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ANNOUNCEMENT
765 Call for Photographs

The ASME Journal of Heat Transfer is abstracted and indexed in the
following:

Applied Science and Technology Index, AMR Abstracts Database, Chemical Abstracts,
Chemical Engineering and Biotechnology Abstracts (Electronic equivalent of Process
and Chemical Engineering), Civil Engineering Abstracts, Compendex (The electronic
equivalent of Engineering Index), Corrosion Abstracts, Current Contents, E & P Health,
Safety, and Environment, Ei EncompassLit, Engineered Materials Abstracts, Engineer-
ing Index, Enviroline (The electronic equivalent of Environment Abstracts), Environment
Abstracts, Environmental Engineering Abstracts, Environmental Science and Pollution
Management, Fluidex, Fuel and Energy Abstracts, Index to Scientific Reviews, INSPEC,
International Building Services Abstracts, Mechanical & Transportation Engineering
Abstracts, Mechanical Engineering Abstracts, METADEX (The electronic equivalent of
Metals Abstracts and Alloys Index), Petroleum Abstracts, Process and Chemical
Engineering, Referativnyi Zhurnal, Science Citation Index, SciSearch (The electronic
equivalent of Science Citation Index), Theoretical Chemical Engineering
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The seventh “Heat Transfer Photogallery” was sponsored by My wish is that the journal readers enjoy viewing these collec-
the K-22 Heat Transfer Visualization Committee for the 2002 Irtions, acquire knowledge of the state-of-the-art features poten-
ternational Mechanical Engineering Congress and ExhibiligR  tially applicable for their own research, and also promote their
ECE) in New Orleans, Louisiana, held November 17—-22, 200participation in 2003-IMECE Photogallery session presentation
Out of the total 13 presented entries, the peer-reviewed selectioafer to the Call for Photogallery for 2003-IMECE announced in
process identified the top seven for publication in the ASMEr- this volume).
nal of Heat TransfeAugust issue of 2003. Ballots to choose up to
best eight entries were solicited for those who participated and
visited the Photogallery session at 2002 IMECE. The total twentReferences
six b.allo.ts v_vere re.turnEd "?‘”d the ord_er of the pr(_asentation in thi 1] Park, J. S., Kihm, K. D., and Allen, J. S., 2002, “Three-Dimensional Microf-
publication is consistent with the rankings of the final seven based " yigic Measurements Using Optical Sectioning By Confocal Microscopy: Flow
on the ballot. Around a Moving Bubble in a Micro-Channel,” IMECE Paper No. 2002-

The purpose of publishing these photographs is to draw atten- 32790 ) o o
tion 1o the innovaive feaures of optical diagnosiic techniques and?! 1T, .2, ene Sarmel, S, 2008 ‘Cray Dryen Fow of L Fims
aesthetic qualities of thermal processes. To focus on visualizationg) wong, B. T., Mengg, M. P., Vallance, R. R., and Rao, A., 2003, “Modeling of
the text is kept to a minimum and further details should be found  Energy Transfer for Carbon Nanotube-Based Precision Machining,” Proceed-
through the listed references or directly from the authors. The ?g;gofAthetAngial&/leegng A7m29(r)iggn Physical SocietypS) March Meeting
photographs include{1) Optlcallly-sectlonedu-FfIV measur.e- [4] Zhan’g, 315 ;‘ln'd M’angallirli R. M.ﬁ, 2003., “Pool Boiling Heat Transfer in Aqueous
ments using CLSM1], (2) Behavior of aqueous lithium-bromide Solutions of Cationic Surfactants,” Paper No. TED-AJ03-248.
drops in horizontal tube banKg], (3) Low Bond number two-  [5] Beskok, A., and Warburton, T. C., 2001, “An Unstructured H/P Finite Element
phase flow regime transition from slug to annular wavy flow in a Scheme for Fluid Flow and Heat Transfer in Moving Domains,” J. Comput.
microchannel{4) Microscale bubble nucleation from an artificial ~ P"S-174 pp- 492-509.
cavity in single microchanne(5) Thermal transport during nanos- K. D. Kihm
cale machining by field emission of electrons from carbon nano- .

tubes[3], (6) Visualization of ebullient dynamics in surfactant Department of Mechanical Engineering,

solutions[4], and(7) Heat and mass transfer in a peristaltic micro Texas A&M University,
mixer [5]. College Station, TX 77843-3123
Journal of Heat Transfer Copyright © 2003 by ASME AUGUST 2003, Vol. 125 / 541
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Optically—-Sectioned Micre PIV Measurements Using CLSM*

- Full-field flow mapping at the bubble front advancing in a rectangular cross-sectioned microchannel -

J. 8. Park, C. K. Choi and K. D. Kihm J. 5. Allen
Texas A&M University, College Station, Texas NASA Glenn Research Center, Cleveland, Ohio
The Confocal Laser Scanning Microscope® (CLSM) enables optically sectioned p-PIV measurements with extremely

shallew field-of-depth of 1.0-pm and a lateral resolution better than 0.5-um. Hollow sphere, 200-nm fluorescent particles
are used as tracers to achieve a full-field, optically sectioned flow velocity vector mapping, for the region at the gas bubble
front, advancing in two different microchannels of 500-pum by S00-um {Capillary nember = 6.1 1x10%), and 100-um by
T00-pm { Ca = 1.39%10°%) square cross-sections, This work is supporied by the NASA OBPR-Fluid Physics Rescarch Grant
(MAG3I-2712) and the CLSM was purchased by the Permanent University Facility Award from Texas A&M University,

542 /| Vol. 125, AUGUST 2003 Transactions of the ASME

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Aqueous Lithium Bromide (55 wt?) Falling
Over 15.9 mm OD Copper Tube Bank

Water Falling Over 12.7 mm OD Brass Tube Bank
{25.4 mm between tubes)
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4 ms between frames

BEHAVIOR OF AQUEOUS LITHIUM-BROMIDE DROPS IN HORIZONTAL TUBE BANKS
Jesse D. Killion and Srinivas Garlmelia
lowa State University, Ames, lowa

Liguid films falling over banks of internally cooled
horizontal tubes are frequently used to absorb a
surrounding vapor, particularly when the heat of
absorption is high and when high transfer rates and low
pressure drops are required, as in absorption heat pump
systems. Recent studies have shown that, in systems
utilizing water/lithium-bromide, the droplets contribute
significantly to the total absorption rate. It is thought
that the droplets can affect absorption rates both
directly, by absorption on their continuously evolving
surface, and indirectly, by waves on the liquid film
caused by droplet formation, detachment, and impact,
The video frames presented here illustrate the complex

Journal of Heat Transfer

details of the droplet flow modes have been previously
unaccounted for in mathematical models. By revealing the
surface shape evolution and flow features, these images
provide a basis for more accurately predicting the coupled
heat and mass transfer rates.

The tube bank shown comprises 9 copper tubes (139 mm
(D, 159 mm tube-to-tube gap). LiBr solution (53%-wt)
flowed at Rey = 4IVp = 120, where ' = mass-flow-
rate/{ 2xtube length) and P = viscosity, The system was at
24 °C and 1 atm with no vapor flow and no surfactant, The
images were captured with 1024x1024 pixel resolution at
500 frames per second. Similar flow phenomena for the
flow of water over a bank of 6 tubes (0D 12.7 mm, 25.4
mm lube-lo-tube gap) are also shown.

AUGUST 2003, Vol. 125 / 543
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(a} Schematic of Microchannels’ Configuration for Visualization

Outside Annular Glass Channel
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Low Bond Number Two-Phase Flow Regime Transition from Slug to Annular Wavy Flow in a
Microchannel

Sang Young Son and Jeffrey 5. Allen
MNational Center for Microgravity Research, Cleveland, OH
Kenneth D. Kihm
Texas ASM University, College Station, TX

The low Bond number flow (Be = 0.055) regime transition
from slug to core-annular flow is visualized. Visualization uses
an annular microchannel with a length of 12,500 um and inside
diameter (1D of 350 pm. An experimental set-up (a) 15 designed
and applied for the visualization. The test configuration
minimizes the entrance effect on the flow and maintains a
constant mass flow rate of the liguid phase (100 ¢St silicon oil).
The flow regimes ((b), (c), (d), and {¢)) are changing with respect

544 | Vol. 125, AUGUST 2003

to increasing the ratio of Reynelds numbers (Re/Rey ). (b) is
slug flow. (c) and (d) show two transitional modes of regime
changing from core-annular to slug flow. In (c), the higuid film
wave is amplified until liquid pinch-off occurs. (d) shows that the
slug flow, which is gencrated upstream, penetrates the
downstream liquid film wave. The conventional mode of
transition such as chum flow or bubbly flow is not observed in
this experimental conditions,

Transactions of the ASME
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(b) Sequential images of bubble nucleation
in flow boiling
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Microscale bubble nucleation from an artificial cavity in single microchannel

JaeYong Lee™"”, Kyungll Cho’, InSeocb Song’, ChongBo Kim™, Sang Young Sen™™
“MEMS Lab, Samsung Advanced Institute of Technology, Korea
* Dupartmant of Mechanical Engineering, INHA University, Koma
*"Corresponding Author, National Centor for Microgravity Research, NASA Glenn Research Canter, Cleveland OHIO
Bubble nucleation of low boiling from a single artificial Pt-line heater for comstant heat flux condition, and Pt-RTD
cavity has been visualized in a microchannel. Visualization temperature sensors on both sides.  The visualized sequential
uses d4ns pulse light at 532nm wavelength from two images (b) are applied to map the bubble growth (e). The map
resonance Nd:Y AG lasers for the illumination, And in order (e) shows that the bubble growth rate is guite linear ((b), A-I)
to take two sequential images, a progressive scan digital until the bubble forms as an annular flow ((b), K and L). A single
CCD camera with straddling technigque at 50,000 frame per bubble from a cavity explosively grows and fills whole
second. An integrated MEMS device is fabricated for the downstream of channel without coalescence and confinement
imvestigation.  The device is composed with a single with other bubbles ((b), K and L). {d) schematically shows the
microchannel (D, = 6Tpm), a single artificial cavity (Radius difference in the flow regime development between meso- and
of Cavity (R,) = 15um) (a), visualization window, micro-scale flow boiling,

Journal of Heat Transfer AUGUST 2003, Vol. 125 / 545
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Fig. 1: Structure of probe tips and mounted carbon nanotubes (CMTs) for demonstrating the feasibility of
nanoscale machining. (a) Tungsten probe fabricated using electro-chemical etching; (b) Tungsten probe with
mounted single CNT; (c) Enlarged view of the mounted CNT on the probe. /
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Thermal Transport During Nanoscale Machining by Field
Emission of Electrons from Carbon Nanotubes

C. Trinkle, Dr. P. Kichambare, and Prof. R. R. Vallance B. Wong and Prof, M. P, Mengii¢
Precision Systems Laboratory Radiative Transfer Laboratory
Department of Mechanical Enginesring Department of Mechanical Engineering
University of Kentucky University of Kentucky
Lexington, KY 40506 Leximgton, KY 40506
B. Sadanadan and Prof. A. M, Rao A. Bah and Prof. K. Javed
Department of Physics and Astronomy Chemistry Department
Clemson University Kentucky State University
Clemson, 5C 29634 Frankfort, K'Y 40601

We are investigating a new process for nanoscale machining called Threshold Heating and Emission from Manotubes
(THEN). THEN 15 a hybrid process in which the total thermal energy necessary to remove atoms from a workpiece surface
will be applied from two sources: (1) localized energy from a laser beam focused fo a micron-scale spod and (2) a high-
precision electron beam emitted from the tips of carbon nanombes. Computational simulations of the process suggest that
the thermal encrgy is sufficient to elevate the temperature of nanoscale regions on a gold film to well above melting
“temperature,” To experimentally validate the process and simulations, we are fabricating nanotools, similar to those used
in scanning unneling microscopy, that consist of multi-walled nanotubes (MWNTs) deposited by chemical vapor deposition
on etched tumgsten probe tips. This work is supported by an NSF Nanoscale Interdisciplinary Research Team (NIRT) award
from the Mano Manufacturing program in Design, Manufacturing, and Industrial Innovation (DMI-02 10559),

546 / Vol. 125, AUGUST 2003 Transactions of the ASME
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Fig. 1 Baoiling behavior for distilled water, and agueous SD% and CTAB Solutions at q"_= 20 kW/m?

VISUALIZATION OF EBULLIENT DYNAMICS IN SURFACTANT SOLUTIONS

Juntao Zhang and Raj M. Manglik
University of Ciocinoati, Cincinnati, Ohio

Satrated, nucleate pool boiling behavior of agueous
surfactant solutions on a horizontal, cylindrical heater and
the associated bubble dynamics has been experimentally
observed. Two surfactants of different ionic nature,
maolecular weight, and critical micelle concentration, SDS
(anionic, M = 2883, cm.c = 2500 wppm) and CTAR
{cationic, M = 3654, c.m.c. = 400 wppm) are employed,
and the bubbling activity is recorded at different
concentration levels. The growth of nucleating wvapor
bubbles and their motion near the cylindrical heater
surface were recorded by a PULNIX TMC-7 high-speed
color CCD camera with shutter speeds of up to 1/10,000
second. This is interfaced with a PC through a
FLASHBUS MV pro image capture kit that has high-
speed PCl-based bus mastering capabilities (up to 132
Mbytes/s). A FUII 12.5 — 75 mm micro lens was used
on the CCD camera to facilitate high quality close-up

Journal of Heat Transfer

photography. The bubbling dynamics for SDS and CATB
solutions of different concentrations and that of deionized
distilled water are presented. Boiling in surfactant
solutions 15 seen to be more vigorous in comparison to
that in water, and is characterized by clusters of smaller-
sized and more regularly shaped bubbles. With a
significantly higher bubble departure frequency, there is
virtually no coalescence of either the neighboring bubbles
or sliding bubbles that come in contact with others around
the heater's periphery when the surfactant concentration is
smaller than cm.c. However, in post-cm.c. boiling,
increased  coalescence  between  vapor  bubbles  with
considerable surface foaming is observed. Furthermore,
the difference in bubble clusters and number of active
nucleation sites in the cbullient behavior of SDS and
CTAB, are reflective of their different ionic nature,
maolecular weight, and interfacial diffusion charactenstics.
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Fig 2. Time variation of M for Pe=6,000 flow,

Fig 3. Time variation of M™' for Pe=4,000 flow.

HEAT AND MASS TRANSFER IN A PERISTALTIC MICRO MIXER

5. Kumar and A. Beskok,
Texas A&M University, College Station, Texas

We present numerical simulation results of heat and
mass transfer in a peristaltic micro-mixer. The device
consists of a rectangular box with a traveling wave motion
imposed on its flexible bottom surface. Parametric studies
are performed as a function of the Stokes (@) and Peclet
{Pe) numbers, and the normalized wave amplitude (7). Due
to the similarities between the heat and species transport
equations, and the adiabatic thermal boundary conditions,
the results are equally applicable to the species mixing and
heat transfer analyses. Fig. | shows temperature contours
for a=77.5, Pe=6,000, £=0.3 conditions, obtained at
various times. Although the velocity and pressure fields are
time-periodic with a normalized period of T'=x, the heat and

548 / Vol. 125, AUGUST 2003

mass transporl are unsteady. Initial conditions are chosen
such that the final temperature of perfect mixture should
reach &,=0.5. At early times (T<4x). transport is diffusion
dominated, since the flow field is also developing from
quiescent conditions. For later times (Ja=T=4lx)., we
identify strong convective mixing, as shown in the
temperature contours. Mixing efficiency is characterized
using the Mixing index (A), which reaches zero for a
perfect mixture. In Fig. 2, we present variation of the
inverse Mixing Index (M) as a function of the period. The
semi-logarithmic plot shows almost exponential increase in
M for 207<7. In Fig. 3, we present time variation of M’
for Pe=4,000 flows at various Stokes numbers.
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2001 Max Jacob Memorial Award Lecture

Surface Contact—Its Significance
for Multiphase Heat Transfer:
Diverse Examples

John C. Chen

Carl R. Anderson Professor of Engineering, The nature and dynamics of surface contacts often govern heat transfer in multiphase
Lehigh University, systems. Physical scale, time scale, and intermolecular forces all affect basic mechanisms
Bethlenem, PA 18015 of transport between the multiphase medium and a submerged surface. Parameters in one

or more of these domains can be the determining factor for transfer rate and efficiency,
depending on the specific application. Research results for systems as diverse as fluidized
particles and condensing liquids are examined to illustrate this significance. Specifically,

it is shown that for heat transfer to/from surfaces submerged in bubbling fluidized beds,
parameters in time domain are most important. In the case of condensation, it is shown
that substantial enhancement of heat transfer coefficient can be obtained by controlling
parameters in the domain of surface free energ[&0l: 10.1115/1.1566050

1 Introduction rience, e.g., correlations for boiling curves. Fortunately, if one can

Heat transfer between multiphase media and solid surfaces %%ntlfy the domain of governing parameters for surface contacts

encountered in applications as diverse as power oeneratioh & specific multiphase system, the difficulty of engineering
u In application > dIv power: g I(ag*sign is much lessened. Whether it's parameters in spatial, time,
chemical processing, and biological systems. Examples are ste rgy, or other domains, once recognized we can utilize a

tgeneraéorIs, vapfmlordqonget?sgrs, tvvto-phasg heatbexcthangerz, dis Hibination of heuristic knowledge and phenomenological mod-
'Or? re IOI ers, Tluidized el rehac ors an comhus ogs, and m for engineering design and/or to improve the transport process.
others. In contrast to single-phase systems where basic ransg@fit naner seeks to illustrate this point with examples from two

mechanisms are mostly understood, the mechanisms for transpRibrse systems—heat transfer in fluidized beds and dropwise
in multiphase systems still are mostly being developed. One r6g;,4ensation.

son for this is the complexity of interfacial contact at the surface,

which is affected by intermolecular forces, varies with specifig  Heat Transfer in Fluidized Beds, Significance of

phases,. influenced by dimensional scale, anq is often qf tr?‘ns'?’grameters in Time Domain

(dynamic) nature. One common cause of this complexity is the

self-determining nature of phasic distribution found in multiphase 2.1 Background. Fluidized bed is a unit operation in which

media. Whether it's solid/gas distribution in fluidized media, ogas flows upward through a bed of solid particles, suspending the

vapor/liquid distribution in two-phase flows, the local concentrgparticles against gravitational body force. The particles may re-

tion and morphology of individual phases usually are not knownraain suspended in the bed for a long residence tioense-

priori. The hundreds of research papers that are published edtibbling fluidized beflor be transported through the bed with a

year in leading journals and conference proceedings attest to gert residence timéast fluidized bed). In either case, the solid-

importance of this subject, as well as to its unfinished state @&s contact is utilized to promote either physical processes such as

development. heating/cooling, or chemical processes such as combustion or
To design transport systems, engineers use a variety of ggtalytic crackingKunii and Levenspie[2]). In spite of its com-

proaches ranging over the spectrum from the purely empirical maercial success, the technology of fluidization still relies heavily

the deterministic. From the viewpoint of applications, any ap-

proach(or combination of approacheis acceptable if it promotes

sound engineering design. Some well-known approaches can Spectrum of Phenomenological Understanding

located along this spectrum, as illustrated in Fig. 1. The placem For Engineering Design

of any single approach is a matter of judgment and subject

personal opinion. For example, one could argue that Fourier’s l¢

of conduction is a basic principle and should be placed toward tgmpirical Deterministic
deterministic end of the spectrum. However, we note that whe

Josef Fourier published his treatise in 1822, he described the pl o ]
portionality between conductive heat flux and temperature gras

ent as just an empirical relationshigee Lienhardf1]). With bet- T T T T

ter understanding of single-phase transport phenomena, m Fourier’s Transport Laminar | Statistical
deterministic approaches are available for such systems, e.g., Law Analogies CFD Mechanics
Graetz solution for laminar convection. In contrast, design of mu _

tiphase transport systems currently rely heavily on heuristic exp D2~ Dits el SoE

Correlation

Contributed by the Heat Transfer Division for publication in tr@BNAL OF . . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 16Fig. 1 Spectrum of phenomenological understanding em-
2002; revision received January 20, 2003. Associate Editor: V. Dhir. ployed in engineering design
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Heat Transfer Coefficients in Bubbling Fluidized Bed [ ions Based on C ive App!
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Fig. 3 Comparison of correlations to experimental data for
Fig. 2 Example of heat transfer coefficients at surface of ver- heat transfer in bubbling fluidized beds
tical tube in bubbling fluidized bed

approach attempt to correlate a Nusselt number with the fluid
o o ) o . Prandtl number, a modified Reynolds number and the Archimedes
on heuristic knowledge with little in way of unifying theories.nymper, using either the particle diametep) or the tube diam-
Merrow [3] estimates that manufacturing processes that invol\&er (d,) as the characteristic length dimension. This approach has
solid particles often reach no more than 60% of their design gy to dozens of empirical correlations, an example being the cor-
pa(lz_lty,_(;ar inferior to processes that deal with single-phase gasgfation of Borodulya et af[11],
or liquids.

Many fluidized bed applications require thermal control by ex- ps) Cps 024 0.67
traction or addition of thermal energg.g., heat removal in flu- p_g C_pg (1-e)
idized combustons For this purpose, tubes carrying cooling/
heating fluids are often immersed in the fluidized bed, hence (1—¢)%%

Nu=0.74Ar)%?

requiring knowledge of the heat transfer coefficiémtat the im- +0.46Re,Pry) € @
mersed(tube) surfaces for engineering design. Most applications
rely on experimental measurements, which have been reporte re,
various authorg[4—-10Q. Typical results are illustrated by the hd
sample data of Ozkaynak and Chgt for spherical glass par- Nuzk—p
ticles fluidized in ambient air, replotted in Fig. 2. Significant char- 9
acteristics are: dypgU
.- . . Re,= r
 Heat transfer coefficierth) increases steeply as gas velocity Ky
exceeds minimum fluidization velocity(;y). 3
* The heat transfer coefficient attains maximum magnitude at Ar= 9dp(ps—pg)
some specific velocity that varies with particle size. B pgvz

« Beyond the maximum point) declines slightly with further
increase of gas velocity.
« Absolute magnitude dfi is several fold greater than obtained Figure 3, modified from Chem2], compares several different

e=void fraction, volume fraction gas.

by single-phase gas convection at similar velocities.  correlations against each other and against a set of experimental
* The heat transfer coefficient decreases with increasing p@gta, for ambient-pressure fluidization of 240-micrometer glass
ticle size. beads. It is seen that there is very little agreement between the

é\rious correlations and with data, with deviations of order 100%.

Heat transfer tubes located vertically in the fluidized bed, as t%'fairly recent model suggested by Molerus and Schweifizi

case for data of Fig. 2, have axial symmetry due to alignment wi ; . X . N
gravitational body force. Tubes located horizontally do not ha?"'Siders gas convection through the matrix of particles in vicin-

such axial symmetry and one finds significant variations of tY Of the heat transfer surface. This model resulted in a dimen-
\onless correlation for the Nusselt number in terms of the

local coefficient around the tube circumference. Chandran et%\ himed b d the fluid Prandt b lociti
[5] reported variations up to 500% mat different positions on ~rchimedes number and the fluid Prandtl number, at velocities
aboveU ;. This correlation was limited to large particlése.,

the tube surface, for a given operating condition. Geldart groupD particles)and would significantly under-predict
2.2 Models. To date, there is no universally accepted theorthe data of Fig. 3. While all such empirical, convective correla-
for the mechanisms of heat transfer in fluidized beds. It is geneiens are easy to use, their generality is questionable.
ally recognized that gaseous convection, conduction through conA variation of the convective model is that of Martiti4—16]
tacting particles, and thermal radiation can all contribute to heato proposed an analogy between particle motion in fluidized
transfer between the fluidized medium and immersed surfacesds and random motion of gaseous molecules. Utilizing kinetic
For most applications, the combined “convection” due to gas arttieory of gases, Martin developed a model with just one empirical
particles is the major contributor and has been the objective phrameter to predict heat transfer coefficients in fluidized beds.
predictive models. Good results were reported when the model was compared with
A common approach assumes similarity to gaseous convectiexperimental data from several sour¢®artin [16]). Despite this
and assigns thermal resistance to a boundary layer at the hmatcess, the kinetic theory analogy has been challenged by inves-
transfer surfacg6,8,9—11]. The enhancement found at gas velodigators who note that the nature of alternating contacts between
ties greater tha) ¢ is attributed to “scouring by solid particles, particle emulsion and gas bubbles in fluidized beds is qualitatively
decreasing the effective film thickness.” Models following thidifferent than that of contact by particles in random motion.
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For “large” particles, typically with diameters greater than 1 Surface Capacitance Probe
mm, whose thermal response time is long, a contact resistance
approach has been suggested. Such models assume that the ave (Redrawn from Ozkaynak & Chen, 1978}
age temperature of particles does not change while in contact with
the heat transfer surface, and thus utilize pseudo-steady-state con
duction analysis. Adams and Welt§7] analyzed gas convection Shiglded Cables ? -
enhanced conduction in the interstitial channels between the sur-
face and particles, resulting in numerical solutions for distribution
of Nusselt numbers around horizontal tubes. In a similar vein,
Decker and Glicksman18] utilized empirical correlations for

convective heat transfer of packed beds to estimate the Brass
convective/conductive transfer of particles on surfaces submerged Tube
in fluidized beds. Clearly, such approaches are unlikely to be valid / \_

for fluidization of small or medium size particles as encountered
in many chemical and combustion applications.

2.3 Mechanisms and Time Domain Effect. Mechanisti- Dielectric
cally speaking, it is questionable if steady-state convection is an o Insent ~_
accurate analogy for heat transfer in fluidized beds. Visual obser- L

vations in actively bubbling beds indicate that the particle emul-
sion actually remains fairly static, until disturbed by discrete gas
bubbles rising through the bed. Phenomenologically, the best
model for fluidized bed heat transfer may well be the “packet

S

model” suggested by Mickley and Fairbank&9] nearly half a - CEP""”"“ L
century ago in 1955. They considered the heat transfer surface to|
be alternately contacted by gas bubbles and an emulsion of closely -  —

packed particlegpackets). This leads to a surface renewal process
whereby heat transfer occurs primarily by transient conduction

between the emulsion packets and the surface during periods
when the particle packets reside at the heat transfer surface. One
then would need to know the distribution of packet residence

times and the fraction of total time with packet contact—hence

attention is focused on parameters in the time domain.

Three decades after Mickley and Fairbank’s paper, this basic
concept was experimentally confirmed by researchers who were
able to measure transient variations of particle concentration at
heat transfer surfaces. Surface capacitance sensors with flust
mounted electrodes of the type shown in Fig. 4, redrawn from
Ozkaynak and ChefR0], utilized the difference of dielectric con-
stants between gas and solids to obtain real-time measurements o
fluctuating particle concentration at surfaces immersed in fluid-
ized beds. With appropriate electronic circuits operating in range
of several hundred kilohertz, such sensors had response times SeVbma e~ .
eral orders of magnitude faster than the characteristic time scale of

L—tﬂ M —p

NSNS

particle dynamics.

Figure 5 shows a sample trace obtained by Chandra and Chen
[21], indicating the transient variation of particle concentration at
sides of a horizontal tube immersed in a fluidized bed of glagiy. 4 Probe for measurement of solid volume fraction at sur-
beads(mean diameter of 245 micrometgreperating at superfi- face of heat transfer tube in fluidized beds
cial air velocity of 0.63 m/912 times minimum fluidization ve-
locity). It is seen that the particle concentration is highly dynamic,
varying dramatically over time. It is also seen that the instantyvhere 7, is the root-mean residence time of packets at the heat
neous concentration mostly alternated between almost pure @agsfer surface,
(bubble phaseand high concentration approaching that of packed

beds(emulsion packet phaseThis is the behavior hypothesized - 2

by Mickley and Fairbanks. Such evidence of highly transient con- 21 (7p)i

tacts lends support to the surface renewal model, where the time. — le_r1— for stochastic number oh packets.

average heat transfer coefficigh) has proportional contributions

from the bubble phase coefficient) and packet phase coeffi- 241 V(7p)i

cient (hy), @)
h=(1=fy)hy+(fp)hy ) if one accepts the fact that, is small in comparison th,, then

wheref , is the fraction of time when surface is in contact with théhe Mickley-Fairbank model reduces to the following equation for

homogeneous medium of solid volume concentration- £}, KopCod 1— &), |12
Mickley and Fairbanks’ transient conduction analysis yielded the h=fh,=2f, —reee s P (5)
following equation for average packet coefficient, TTp

12 All parameters in Eq(5) can be evaluated from properties of the

KppsCps(1—¢)p
7TTp

h,=2

o 3) solid particles and gas, with the exception of the two time-domain

parameterd, and 7,. Therein lies the difficulty. These two im-

Journal of Heat Transfer AUGUST 2003, Vol. 125 / 551

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Transient Particle Concentration Fraction of Time with Packets on Surface
Fom Chandra and Chen, 1982
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Fig. 7 Fraction of time with particle packets at local position

Fig. 5 Capacitance signal of particle concentrations at heat on heat transfer surface in bubbling fluidized bed

transfer surface in bubbling fluidized bed

around the tube circumference, with resultant variations in the

fluid dynamics of the fluidized bed and to a large extent are n@r fp and 7, but recognized that much more data are required
known a priori. before any gene_ral co_rrela_ltlons could be reallged._ _ _
Some limited information on these time parameters were ob- The data of Fig. 6 implies an added complication in the time
tained using the capacitance-sensors and have been reported iffgain. With residence times of orderls, the Fourier modulus
open literature. For the case of vertical tubes in bubbling bed8r transient conduction in the particle packets would be of order,
Ozkanak and Chef] found that the probability distribution of KT
residence times for particle packets is log normal. The root-mean Fo=—>F —<0[10] (6)
residence times vary with particle density, particle size, gas prop- PsCps(1—8)pdy
erties, gas velocity and bed geometry. Figure 6 plots some of theiis magnitude of the Fourier modulus implies that the conduc-
experimental results, showing that the mean residence tifgle (tion waves in the emulsion packets may penetrate distances of
increases with particle d|ameted‘0. These data also |nd|Cateon|y a few particle diameters during the residence periq’d’
exponential decrease of the mean residence time with increasfigice packing density of particles is reduced in the first layer of
excess gas velocity above minimum fluidization velodityU ¢  particles at a solid wall, one should account for the corresponding
The latter characteristic is consistent with observations that excegguction of effective thermal conductivity in this near-surface
gas velocity increases bubble frequency, so that packets residiggion. It is therefore desirable to modify the Mickley-Fairbanks’
on the heat transfer surface are more frequently displaced. Ithgcket model, originally proposed for emulsion packets with uni-
similar vein, Ozkaynak and Chdd] reported measurements ofform voidage and properties. Chandran and CF2#] obtained
the time fraction when the heat transfer surface is covered Ryimerical solutions of the transient conduction problem, resulting
particle packetsf(;), as replotted in Fig. 7. The time fraction isin a correction factor,) to account for this variation of thermal
seen also to increase with particle size, and decrease with exc@sisductivity in the first layer of particles at a surface. An easier
gas velocity. . . approach is to use effective packet properties, taken at one-half
The situation for heat transfer tubes placed ho”zonta”y n ﬂqhe penetration depth of the temperature wave for the given oper-
idized beds is even more complex and unknown. Measurements@ihg condition.
parameters in the time domain reported by Chandran and Cherrrom solution of the transient conduction equation, we find the
[21] indicate that the absence of axial symmetry causes larggnetration deptt¥), defined as the distance into the packet emul-
variations in both time-fraction f¢) and residence-timef)  sion where 90% of the temperature change is obtained in resi-
dence timer,, to be given by

& —
5 N@pTp
T . £=2.32/a,7, @

where

Packet Residence Times on Vertical Tube erfl =0.9

o 8)
Qpy=————""—.
P psCps(1—&p)
At positions within one particle diameter of the heat transfer sur-
face, we can use an approximation of the local void fraction by fit
to the results of Kubie and Brought$23],

sle—z.oql—ep)(di)(1—0.51((11 ) 9)
p/\ \Up

At positions greater than ong, from the surface, the local void
fraction and packet properties are equal to the values at bulk
emulsion voidageg . It is suggested that the packet model of
Fig. 6 Residence times of particle packets at surface of heat Mickley and Fairbanks be modified for cases whéf@<d, by
transfer tube in bubbling fluidized bed taking effective thermal conductivity of the emulsion packet at
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Modiad PackatModelfor oat Transfr Cofficint ther increases of gas velocity. Comparing Fig. 8 and 3, it is seen
that this modified packet model is substantially better than the

— Mo Packot skl empirical convective models in its ability to calculate effective
700 heat transfer coefficients for fluidized beds. Of course, additional
P comparisons with more extended data would be very desirable.
800 S wozom Based on this limited assessment, we suggest the following
x / \ : conclusion: Heat transfer to surfaces submerged in bubbling flu-
€ 500 * e o . . . > .
S idized beds is governed by parameters in the time domain, namely
H 2 the mean residence timer{) and the time-fraction of residence
§ 400 ﬁ. 4= 610um (f,) of emulsion packets at the surface. With information on these
200 . g two parameters, the modified packet model can provide predic-
'E w tions of the heat transfer coefficiet,
£
§™ 2.4 Further Developments. Further development of this
approach depends on the acquisition of knowledge about the two
100 coormentat Do o ataras s G, 100 time-domain parameters;, andf,,. Lacking such, it is still im-
possible to calculate heat transfer coefficients a priori, for engi-
0 . . . . ..
00 0.1 02 03 0.4 05 06 07 0.8 neering design. The goal is to obtain sufficient knowledge for
Superficial Gas Velecity, mis prediction ofr, andf,, for process conditionge.g., solid and gas
) . » o properties, system geometry, gas velocityany application. This
Fig. 8 Comparison of modified packet model, using time do- author suggests that this goal can be attained by a combination of

main parameters, with experimental data for heat transfer in

bubbling fluidized beds two tasks.

First, the technical community can collect an extended database
of experimental measurements of and f,, over wide range of
operating conditions. Empirical correlations can then be devel-
position of 2. By correlation of results presented by Kunii antbped for these two time-domain parameters, and utilized in the
Smith[24] for packed media with stationary fluid, in the range ofnodified packet model for calculation of heat transfer coefficients.
interest, The capacitance sensing technique, as referenced above, is one

b means for achieving such measurements. Other techniques, e.g.,
Kp=aky optical probes, may also prove to be useful. The range of experi-
mental conditions needs to cover conditions of anticipated appli-
a=3.5-2.5s (10) cations, including variations in gas pressure and temperature,
as well as different type/size of particles and different bed
b=0.46—-0.46¢ geometries.
A second, complimentary task is to develop deterministic mod-
els for the dynamics of particle movement in fluidized beds. Such
e=g,, the bulk void fraction in emulsion packet, models must correctly represent particle-fluid, particle-particle,
(11) and particle-wall interactions. In recent years, promising progress
has been made with two types of multi-phase models. Firstly,
continuum models using local averaging at the scale of the com-

Ks
kg

where, foré/2=d,,

approximately equal tee at Uy,

and foré/2<d,, putational cell have treated the gas and solid phases as interpen-
&R &R etrating continuum media. The resulting Navier-Stokes equation is
s=1—2.04(1—ap)(d—)(1—0.51(d—>) (12) then solved by computational fluid dynami€FD) techniques.
P P Examples of this type of models are the works of Anderson and

The modified “packet model” is then given by Eq&, 10, 11, or Jackson[25] Gidaspow[26], Hrenya and Sinclaif27]. These
12). CFD models have been able to determine bed pressure drop and
At present time, there are insufficient measurements of the kayerage bed porosity. The main difficulty with this continuum
time parameter$, and 7, to fully test this model. However, it is approach is the need for constitutive relations to describe the in-
appropriate to ask the question: for cases where the time-domtarfacial transfer of mass/momentum/energy between the interpen-
parameters are known, can the packet theory accurately preditating media. These constitutive relations, mostly of empirical
heat transfer coefficients? Equati¢h) indicates that decreasing nature, are required to obtain closure of the problem. Van Wachem
f, and 7, has opposite effects on magnitude lnf Would the et al.[28] concluded that the selection of specific constitutive re-
trends indicated in Figs. 6 and 7, when applied to E§s10, 11, lationships could alter the model predictions significantly. Quoting
12), give correct magnitude and trend for the effective heat trartiese authors,“—we have shown how the hybrid drag model pro-
fer coefficienth? To test this issue, we can use the datarfornd  posed by Gidaspo26] produces a discontinuity in the drag co-
f, shown in Figs. 6 and 7 in equatiofs 10, 11, 12and compare efficient, how an order-of-magnitude difference in the normal
the calculated values df to the experimentally measured heastress is predicted by the various frictional stress models—.” An-
transfer coefficients of Fig. 2. This was done, based on the meather difficulty for the present objective, is the length scale—the
curves forr, andf, shown in Figs. 6 and 7, respectively. Thesdéocal averaging at scale of computational cell is usually too coarse
values of the time parameters were then utilized in the modifiéd follow dynamic variations of particle emulsion at heat transfer
packet model, equation&, 10, 11, 12), to calculate predictedsurfaces. Excellent reviews of the potentials and limitations of
values for the heat transfer coefficieht,Results are compared tosuch CFD models are given by van Wachem, J. C. Schouten et al.
experimental values di in Fig. 8, over a range of gas velocities[28] and by Arastoopouf29].
and for two different sizes of particles. While the agreement is not An alternate to the continuum model is the discrete particle
perfect, the comparison is quite satisfactory. The modified packabdel (DPM) using Lagrangian formulation. Introduced by Cun-
model gives good representation of the magnitudds af well as dall and Strack30] for granular flow, DPM tracks the motion of
the trends for parametric variations with gas velocity and particfgarticles by direct application of Newton’s second law of motion
size. For both size particles, the modified model calculated ite the collision process of individual particles. This approach pro-
creasingh as gas velocity exceedéd}, ;, reaching a maximum at vides deterministic representation of particle-particle and particle-
some intermediate velocity, and then decreasing slowly with fuwall interactions. In the recent decade, researchers have extended
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the DPM approach to account for fluid-particle interactions, comoefficients on submerged surfaces, the qualitative results show
centrating initially on the drag force exerted by the fluid upogood promise. Figure 9 presents simulation results obtained by Xu
particles(see for example Tsuiji et dB1], Drake and Waltof32], and Yu[36]for a two-dimensional be¢l5 cm width)of 4.0 mm
Langston et al[33]). More recently, several researchers furthetiameter particles, fluidized at superficial gas velocity of 2.8 m/s
extended DPM models to account for effects of mutual momeby a single gas jet. It is seen that characteristic bubbling behavior
tum transfer between the fluid and particle phases, thus makisgobtained. Figure 10 shows dynamic variations of void fraction,
this approach useful for fluidized beds where such interaction ébtained by simulation for a two-dimensional bed of particles flu-
important. The simultaneous tracking of particle collisions and g&dized by atmospheric air. The gradations of color and shade in-
motion calls for the direct integration of the Lagrangian discreticate instantaneous voidages in the bed. One can expect that if a
particle model with the Eulerian CFD continuum model. Wittheat transfer tube were submerged in this bed, the simulation
various simplifying approximations, Tsuji et al[34] and would predict the dynamics of alternating contact with gas
Hoomans et al[35] have successfully applied this approach tdubbles and packets of particle emulsion. While this figure pre-
model bubbling fluidized beds, with some limitations. Xu and Ysents only 0.09 seconds of the transient dynamics, it is obvious
[36] and Xu et al[37] were able to relax some of these limita-that simulation for longer time duration would give stochastic
tions with more rigorous combination of CFD with DPM, using anformation on the time-domain variables of intereq;,and fp,
collision dynamic model that better represents stiff particlegor any Eulerian control volume at the heat transfer surface. While
These researchers also introduced Newton'’s third law of motiongach simulation results would need to be confirmed by compari-
obtain a rigorous coupling between the particle scale of DPM aisdn to experimental data, one hopes that success can be achieved
the larger cell-scale of CFD. Van Wachem, J. van der Schaaf et with ever improving models.

[38] compared Lagrangian-Eulerian simulations with experiments In conclusion, we can anticipate in the future that the accumu-
and concluded that two-dimensional simulations are in fair agreletion of experimental measurements and numerical simulation
ment with experiments but that three-dimensional simulation igsults for the time-domain parameters, mean residence #jme
required to capture more precisely the behavior of fluidized bedsmd time fractionf,,, will enable the engineering community to
While a detailed review of such Lagrangian-Eulerian models igilize the modified packet model to obtain a priori predictions of
beyond the scope of the present paper, a brief synopsis is waeat transfer coefficients in bubbling fluidized beds.

ranted, in view of the promise of this approach for advancing the

state of art toward prediction of heat transfer in fluidized beds.

The essence of discrete particle mof@PM) is the conserva- . . .
tion of linear and rotational momentum of the particles as the} Dropwise Condensatpn, Significance of Parameters
undergo particle-particle, particle-wall and particle-gas interal? Surface Energy Domain
tions. Following Xu and Yu[36], this can be expressed by New-

ton's 2nd law of motion for a particle, 3.1 Background. It is known that vapor in contact with a

cold surface of temperature below saturation dew point can con-

dv, K dense on that surface as a liquid film, as liquid drops, or as a mix

mid_:mig+ fgi+2 (feij+faij) (13) of the two patterns. Filmwise condensation occurs when the con-

t j=1 densate liquid wets the solid surface, most likely on surfaces with

K high free energies. Dropwise condensation occurs when the solid

|.% = T. (14) surface has low free energy and is poorly wetted by the conden-

tdt =Y sate liquid. Observations of dropwise condensation indicate a

) ) highly transient, cyclic process—the condensate nucleating as

wherem;, v;, |;, o; are the mass, linear velocity, moment ofsmali droplets on the cold surface, which then grow and coalesce

inertia, and rotational velocity of particle respectively. Forces into larger drops. When the large drops reach a size sufficient to
acting upon particlé are the gas drag forcef ), the contact he removed from the surface by external for¢eg., gravity or
force between particles andj (fc;;), and the contact damping vapor shear), they tend to sweep over the surface, absorbing and
force between particleisandj (fj). Tj; is the torque generated wiping small droplets in their path. New droplets then form and
by interparticle contact, as measured to the mass center of partigigw on the wiped surface, repeating the cyclic process. Figure 11
i. On the fluid side, using local mean variables over a computghows a normal-view photograph of dropwise condensation, from
tional cell, computational fluid dynami¢€FD) are based on the | jenhard[1]. It is seen that at a given moment, drops of various

continuity and Navier-Stokes equations, sizes exist on the solid surface. In Fig. 11, one can particularly
96 note the region above the large central drop, showing a path that
— +V+(eu)=0 (15) was wiped by passage of that large drop in which smaller drops
ot are nucleating and starting to grow. On dimensional scale of

I(paell) drops, the heat transfer process is highly transient over time and
ZPge) +V-(pgeuu)=—Vp—F+V-(er)+pseg (16) variable over space. However, on the system scale, a large number
at g g fd i i
of drops and droplets would exist on the solid surface at any one
wherep,, &, U, p are the gas density, void fraction, velocity andime, each in its own history of nucleation, growth. e}nd removal.
pressure, respectivelf is the volumetric interaction force be- OVer a sufficiently large surface, one can thus anticipate an aver-
tween gas and particles, andis the viscous stress tensor. To29€ heat transfer behavior that is essentially at steady state for a

obtain closure of this problem, one needs specific descriptioB€n set of process conditions. = _
(constitutive relations for the various terms in Eqs(13—186. A condensation heat transfer coefficient is commonly defined as

Much of the science and art for these combined LagrangiaW—e ratio of surface heat flux to the degree of subcooling tempera-
Eulerian models lies in the formulation of these constitutive relddré on the surface,
tions, and the reader is referred to the works of Xu and 3@, q
Hoomans et al[35], and Xu et al[39]. h, AT

Numerical simulation of bubbling fluidized beds requires sig- s
nificant computing power, and this is on the horizon as largethere AT,=T,—T,,. In filmwise condensation, the heat flux is
parallel computing systems become available. At the time of thientrolled by the thermal resistance of the liquid film and there-
writing, researchers have successfully achieved two-dimensiofigle the mechanism of film removal directly affects the heat trans-
simulations withO[ 10*] number of particles. While this level is fer coefficient. In case of film condensation on a vertical wall,
not quite sufficient for our purpose of predicting heat transfavhere gravitational body force causes film removal, the classic

(17
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and on the microfilm between drops. This model, here termed the
“micro-film model,” was initially proposed by Jakob in 19382]

and followed-up by several researchers in subsequent decades,
e.g., Welch and Westwat¢43], Sugawara and Katusuiié4].

A different model starts with the premise that when the sub-
cooled surface is poorly wetted by the liquid phase, micro-drops
of condensate nucleate heterogeneously at selected sites on the
solid surface. This concept is analogous to the premise for hetero-
geneous nucleation of vapor bubbles on superheated surfaces in
boiling, and has gained support in recent years. The experimental
evidence of Umur and Griffittd5] confirmed that the surface area
between condensate drops remains dry with no indication of a
microfilm. Thus, this model presumes a cyclic process of droplet
nucleation at active sites, growth by mass addition due to conden-
sation, coalescence due to surface tension effects, and finally re-
moval by body force or shear drag. Since its early proposal by
Eucken[46], this “nucleation model” has been further developed

) . ) ' by a number of authors in recent years, e.g. Graham and Giriffith
][:r'c?,;q iilem?;%pw['i‘]e condensation on vertical surface, photo Fslﬂ Rose and Glicksmdd8], Tanakd49], Rosg50], Wu et al.
Following the concept of the nucleation model, heat transfer
) ) o ~ during dropwise condensation would occur by conduction through
Nusselt analysig1916) [40] gives good predictions for laminar the drops and by vapor convection on the bare solid surface. The
films. In the case of external condensation on a horizontal tulist path generally dominates and has been the focus of attention

the average Nusselt number is given by, for most models. As described by Graham and Griffit#i], vapor
h.D oi(p1—py)hy, [ gD3| ¥4 condensing on a drop surface releases latent heat, which is con-
Nu,= c =0_72§{#(_) (18) ducted through the liquid drop to the solid surface, to be then
Ki ik AT dispersed through the substrate. For condensation of pure vapor

The reader is referred to various heat transfer textbooks for extét an isothermal surface, and neglecting the minor subcooling
sions of the Nusselt analysis to turbulent films and other wegnergy of liquid in the drop, the overall temperature driving force

geometries, e.g. Lienharfil]. (AT,) is comprised of the temperature drops associated with three
The dropwise condensing coefficient can be significantkgsistances,
greater than corresponding filmwise coefficient, as illustrated in AT =AT, + AT, +AT, (19)

Fig. 12 by data of Marto et a[41] for horizontal tubes. In their

experiments, Marto et al. achieved dropwise condensation bnereAT, is the temperature drop due to conductive resistance in
coating the metal tube surface with a thin layer of fluoroacrylic. the liquid drop,AT;. is the depression of saturation temperature

is seen from Fig. 12 that dropwise condensation attained hemsociated with curvature of the vapor/liquid interface, Afiglis
transfer coefficients over three times greater than those in filiie temperature drop associated with mass transfer resistance at
wise condensation. It is also notable that these results indigatethe interface. From thermodynamic and heat flow principles, the
for dropwise condensation to be essentially constant, independtattowing expressions have been derived for the three temperature
of heat fluxqg, and therefore of the subcoolingT. differences for a hemispherical drop of diamefesee Graham

d Griffith,[47], C 152]):
3.2 Models. The mechanism for heat transfer in dropwiséj‘n rifith, [47], Carey[52])

condensation is still in debate. One premise is that there actually AT =Qq/(27Dk;) (20)
exists a liquid microfilm, of ordex1 um thickness, on the solid

surface. As the thickness increases due to condensation, a critical AT, = (%)AT 1)
thickness is reached at which surface tension of the liquid causes ¢ D s

rupture of this microfilm, and formation/coalescence of drops. A )

new microfilm is presumed to quickly form over the uncovered AT;=2Qq/(wD*h;) (22)

wall surface. Condensation then continues on the growing drogfereQ,, is the rate of heat transfer to the hemispherical diyp,
is the diameter of the minimum stable drop, given by

Condensing Heat Transfer Coefficients Dm: ﬂ i (23)
. pih AT
5 ‘ In Eq. (22) h; is the heat transfer coefficient at the liquid/vapor
o interface, derived to be
. . 2 . 2 12
: :g:::uﬂ'::::im. RIS go.;o OISR = thm 2a )( M ) (24)
X T, \2—a/\27RT,
25
%20 wherea, M, andR are the accommodation coefficient at interface,
. molecular weight, and universal gas constant, respectively. Com-
Famvis conorsation el bining Egs.(19-22, we obtain the following equation for rate of
10 } f
L ——— heat transfer to the drop of diameter
° ‘ From Marto et al. 1986 D m
0.00 0.20 0.40 0.60 l_ F
- Qu=7D?| 5—— |ATs. (25)
Fig. 12 Example of heat transfer coefficients for film wise and —t+ —
drop wise condensation 2k, h
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condensation

The wall heat flux under the footprint of a drop with diame®eis
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Fig. 14 Number density of condensate drops as function of
drop diameter during dropwise condensation

“guessed” a distribution to match measured heat fluxes, as indi-
cated on Fig. 14. These authors further determined that the small
drops are extremely important, with over 50% of the heat transfer
being associated with drops Dfless than 10 microns, beyond the
range of experimentally measured drop densities.

Other authors have attempted to develop models for the drop
density. LeFevre and Ro$B4]suggested an empirical function to
represent the distribution in terms of the fraction of wall surface

From Egs.(26) and(23), one can determine the relative effectivearea covered by drops of diameter betw&andD,,

ness of various size drops for condensation heat transfer. Figure
13 shows the sensitivity ofy to drop sizeD, for water vapor
condensing at atmospheric pressure. It is seen that the smaller

D b
) (30)

fozl‘(o—x

drops_ are much more t_effective, with a decrease of two OrderS\Hﬁerer is the diameter of largest drop on the surface, hrisl
magnitude ingq, asD increases from 0.01 mm to 1 mm. Thegn empirical constant assigned value of 0.33 by these authors.

reason is attributable to the shorter path length for heat conductipls function gives the following expression for drop density
in the condensate liquid in the case of smaller drops. Furthgiiribution

implications of this behavior will be examined below.
The heat flux due top drops of diameter betweel and D
+dD per unit wall surface area is,

dg=npQudD (27)

and the total heat flux on the wall surface would be the integr. |

over the entire range of drop sizes,

DX
q= f npQqdD (28)

Dm

4b D\bP-1
) ) (31)

"o=7p,.0?\ D,

Rose and Glicksma8] proposed a model for the cyclic growth
istory of drops, thence obtaining estimatesigfand concluding
that their results can be approximated by using a value of 0.382
for b in Eq. (30 and 31). Their correlation is shown as the solid
line on Fig. 14, indicating reasonable agreement with the data of
Graham and Griffith for water condensing on vertical surface.
Most recently, Wu et al[51] used a random fractal model to

Neglecting the heat transfer to dry areas on the surfaseally obtain drop size distribution, matching their results by numerical
small), the dropwise condensation heat transfer coefficient is thsimulation to heat transfer data reported in literature.

obtained as,
i 1 Dm
X D
hc=7rj npD?| ———|dD (29)
D b.,2
2k, h;

This model is formulated for a wall of isothermal temperaftige

Mechanistically, it is self-evident that the steady-state distribu-
tion of drop sizes results from a balance of the transient dynamics
for drop nucleation, growth, coalescence, and removal. Many,
many parameters would affect this balance, including properties
of the fluid and surface, as well as geometric and operational
conditions. For example, any mechanism that increases retention
of large drops on the surface, e.g., surface tension effects, would
increase the fraction of larger drops. Conversely, mechanisms that

a reasonable approximation for solids of high thermal conductigid removal of drops, e.g., external body force or shear force,
ity and reasonable thickness. For thin walls or walls with lowould increase the frequency of drop removal and increase the
thermal conductivity, there may be significant constriction resigraction of smaller drops on the surface at any moment. The in-
tance associated with lateral conduction resistance in the wall mt@raction of these parameters is highly complex and would be
terial, (see Mikic[53]). dependent of system variations. As Graham and Griffith con-
To apply this model of dropwise condensation, E2Q), one cluded in 1973[47], “It is a disappointment in that a simple,
needs information ong , the distribution of drop density by drop universal dropwise condensation heat transfer correlation appears
size. Graham and Griffittd7] used a microscope camera to meato be out of reach. Separate drop distribution curves will be
sure the population density by drop size, for condensation néeded for high and low pressure and for each fluid-material com-
steam on a vertical copper surface. Some of their data, for wateibatation.” This view is especially valid for any dropwise conden-
atmospheric pressure, are recalculated in terms of the demsity sation under “non-typical” conditions, where all empirical models
and plotted in Fig. 14. Unfortunately, physical constraints of thef np obtained for “typical” conditions would be inapplicable.
equipment limited measurements to drops @f10um. For One class of nontypical conditions is where drop formation is
smaller drops, with diameters less than 4@, the investigators deliberately promoted by specific modification of material proper-
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ties. Indeed, motivated by the promise for high heat transfer cathere the contact anglé is traditionally taken to be the angle
efficients, many researchers have attempted to promote dropwigtween the tangent to the liquid/vapor interface and the solid
condensation. Almost all such efforts utilize the sensitivity of dropurface, measured on the liquid side. From thermodynamic con-
formation on “wetting” behavior of the fluid-solid interface, i.e., siderations, it can be showsee Carey52]) that the net change

on surface tensions and surface energies. This leads us to consididotal system free energy per unit increase of solid/liquid inter-
the significance of parameters in the domain of surface energiéace area, for constant liquid volume and temperature, is

3.3 Effects in Domain of Surface Energies. The funda- IF=[0y, COSO— 0g,+ T4 ] A (36)
mental basis for surface energies arises from intermolecull%j;
forces. In review of basic concepts, recall that intermolecular
forces are considered to consist of a short range repulsive force JF
and longer range electrostatic, inductive and dispersive attractive “a_ Lo cosé—og,+0g]=0 (37)
forces, commonly referred to as the van der Waal forces. The well sl
known Lennard-Jones potentidirschfelder[55]) represents the which gives us Eq(35) again.

d at equilibrium, total free energy is at minimum,

summation of these forces by the equation, It should be noted that Young’s equation is an approximation that
12 5 neglects:
r.0 r0
pLy=4e T) - (T (32) « adsorption of fluid molecules on the solid surface

« variation of interfacial tension in local vicinity of the contact
wherer is the intermolecular spacing and the parametgrse line
vary with molecular specie. In the liquid near a vapor interface, « dynamic effects in nonequilibrium situations.

the molecules are space slightly further apart than in the b%ﬁ?\e reader is referred to Johng&@8] for a detailed discussion of

oung’s equation and its limitations. Wayngg9] also gives an
cellent review of this topic, with special attention on physics of

liquid. This has little effect on the longer-range attractive force

but significantly reduces the short-range repulsive force. With t

discontinuity at the interphase, there results a net force on liq . X
Jhe contact line region.

molecules in direction normal to the interface, that tends to p | ite of | . Vi , L ful
toward the bulk liquid volume. In directions parallel to the inter- !N SPit€ of its approximate nature, Young's equation is a usefu
pcept as we consider the phenomenon of wetting. A liquid is

face, symmetry exists about each molecule so that there is no fig!

force vector parallel to the interface. Instead, there results a ‘fj to be \(/jvettlng i |t|tend§ to spread as.f% fllmdalong the SOI'dd
tension force on the molecules, equal in all directions parallel ragg, ag "convherse y]:ro € Eonweétlrpg I it tﬁn S t% ret.::act an
the interface—hence, “surface tension” of the liquid in contaclP™™ “Peads” on that surface. Force balance shows that If,

with its vapor (,). Thermodynamic considerations show that Oo— Oy
o, is equal to the change in Helmholtz free energy of the surface, —>1 (38)
per unit increase of interfacial surface area. G

The shape of a liquid-vapor interface can be strongly affecteéde contact line tends to pull away from the liquid bulk, thus
by surface tension. The Laplace equation can be derived by fosmgreading the liquid on the solid surface. Conversely, force bal-
balance on the interface, and for liquid drops where the interfaaace tends to pull the contact line inward toward the liquid bulk
is characterized by two radii of curvature,(andr,), results in (beading)when,
the following expression relating pressure difference across the

interface with the surface tensian, , o Tsl 4 (39)
Ty
1 1
P|*PU=G|U(r—+ r_) (33) Thus, Eg.(35) shows that wetting cases correspond ts @
1 2

<r/2. Conversely, nonwetting cases correspong/@< <. A
When spherical symmetry exists;=r,=r, and the interfacial spreading coefficient may be defined as,
pressure difference is,

SpEO'sv_a'sl_O'lv . (40)
P—P,= 291 (34) Anpositive value ofS, corresponds to a net decrease of free energy
M per unit increase of solid/liquid interfacial area, necessary for

The Laplace equation relates interfacial pressure difference, s ontaneous spreading of the liquid on the solid as clearly seen

face tension, and interfacial geometry and therefore can be JtP™ Eq._(36) for_ case of6=0. . . . .
lized in conjunction with equgtions o¥ hydrodynamics to deter- Equation(40) indicates that solids with high surface energies

mine the shape of liquid-vapor interfaces. Alternatively, in af®s=100 ergs/crf) tend to be more easily wetted. Indeed, most
equilibrium situation with negligible hydrostatic pressure, th&0lecular liquids achieve good wetting on high-energy surfaces.
Laplace equation directly gives the pressure difference betweeP energy surfacess, <100 ergs/cr) can be wetted, partially
the two phases. Thus, we find that for spherical droplets of wai@gtted, or nonwetted, depending on the liquid spesiee de
(e.g., condensation drops in foghe liquid pressure can be aSGennes[S?_]). Figure 15 illustrates how the equilibrium contact
much as 2-5 atmospheres greater than the surrounding air pRigle 6 varies on a smooth Teflopolytetrafluoroethylenesur-
sure(for drop diameters of 1—2m). face with the interfacial free energy(,) of n-alkane liquids.

Our interest here is in dropwise condensation on solid surfacéd&arly, the specific pairing of a liquid with a solid defines the
wherein liquid drops exist on solid surface in presence of tHt@lance between surface energies and thus the degree of wetting
vapor phase. Zisma56] and de Genneg57] give good reviews that can be obtained. For condensation, this balance governs
of the fundamental physics for such 3-phase systems. A machk¥aether filmwise or dropwise condensation is obtained. At the
scopic view of the contact line, where the three phases are GAnditions represented by data points of Fig. 15, partial wetting is
contact, can be expressed in terms of the free energy per unit dpglicated and it is likely that condensation of thesalkanes on
of each interface, i.e., the interfacial tensians, og, o, , for the Teflon surface would occur in filmwise fashion, with some
liquid/vapor, solid/liquid, solid/vapor, respectively. Young’s equalinimum film thickness, below which droplet/rivulet formation
tion, derived from equilibrium force balance, relates the contaBEcurs. The situation is notably different for water with its high

angle @ to the three surface tensiofisterfacial energies interfacial energy (59:20"° N/m at normal boiling point the
spreading coefficien§, would be negative and one expects con-
o, COSO= 05, — 05 (35) densation to occur in dropwise fashion on this Teflon surface.
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Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Contact Angle Variation with Surface Energy Terminal Group (R),

n-Alkanes on Teflon Surface \
0.9
038 * MS Bond
*
0.7 L g
Fos *
g *
s Metal Substrate
é 0.4 *
< 0.
3 <
§ o3 E 1f- q
3 onto metal substrate
0.2 &
N HS(CH,),R+M —> MS(CH,), R
Replotted from de Gennes, 1985

o o 0 o %0 250 270 200 Fig. 16 Self assembled monolayer (SAM) on metal surface

Liquid Surface Energy, 5,(10° Nim}

Fig. 15  Effect of surface energy on equilibrium contact angle, Zhao et al., a copper substrate surface was deoxidized and then

from de Gennes [52] L .
cleaned by sputtering in an Arbeam. To develop a nonwetting
surface, the clean Cu surface was then plated successively by ion

From the above, it is clear that the possibility for dropwisdmPlantation of Cr and N. Spectroscopic examination of the re-
lé|tlng surface showed an alloy layer with approximately 12%

versus filmwise condensation is governed by the three surfat d 9% Cr and N content, respectively, along with noticeable

tensions that determine the spreading coefficient, as indicate I ounts of C and O. Metaloaraphic examination of the laver
Eq. (40). All attempts to promote dropwise condensation ha wed that the normél cr stall?nepstructure of Cu had been trgns-
revolved around the adjustment of these parameters in the domai y

of surface energies. Tanasai@0] classified the methods that ©/med into an amorphous state, with accompanying reduction of
have been employed for such purpose as ~30% in elasticity. Since surface energy varies directly with

modulus of elasticity, the new surface was of reduced surface

1. Adsorption of a nonwetting agefite., organic moleculgs energy. Because the low-energy layer thus obtained had thickness
on condensing surface prior to operation. of <10* Angstroms(<1 um), its conduction resistance was neg-

2. Intermittent injection of nonwetting agent into the condendigible and the investigators were able to achieve dropwise con-
ing vapor, for adsorption onto the condensing surface.  densation coefficients up tox310° W/m? K on a vertical surface.

3. Plating the condensing surface with noble metal. In tests with steam condensing on treated copper t(besical
4. Coating the condensing surface with layer of organic polylacement), the authors reported sustained operation for over a
mer. year. Ma et al[65] subsequently coated polymédolyhexafluo-

ropropene and polytetrafluoroethylgren brass surfaces by both
ion-beam implantation and by plasma polymerization. While
dropwise condensation was achieved with high heat transfer coef-
ffcients, these investigators concluded that the properties and du-
Pgl?ility of these coatings were sensitive to deposition process con-
itions (e.g., energy level of ion beamand further study was

All these methods utilize reduction of the solid surface energy
to obtain negative spreading coefficiegy. It may seem that the
plating of noble metals is an exception, in view of the high ene
gies of pure metal surfaces. However, since electroplated surfa
of noble metalge.g., gold, silverare known to be highly active in
adsorption of trace organic compounds, it has been suggested

o . ; 2bmmended.
itis the adsorbed organics that. actually cause Iowenng of SurfaceThe current status for dropwise condensation may be character-
energy on the noble metal plating and promote dropwise condq

- - Ped as a general acknowledgment that surface energy parameters
sation(see W'Ik'ns. et al[61], Woodruff ‘T’md Westwatd62]). are the governing keys, and that the ability to manipulate these
The use of coatings on the condensing surface must overco

three potentially detrimental problems. The additional thermal r _Prameter will determine successful applications of this mode of

sistance through the thickness of the coating may negate any poqltlphase heat transfer in the future.

tential gain from dropwise condensation. This is of importance for 3.4 Further Developments. We next examine two fairly re-
coatings of low thermal conductivity, the case for most organieent developments in manipulation of surface energies that are
materials. In practice this limits the thickness of organic coatingstriguing for dropwise condensation. Both developments are
to a few microns or less. Second, the bond between coating dsbed on chemosorption, the modification of the solid surface en-
substrate must be intimate so as to avoid a contact resistancedryy, by use of self-assembled monolayéBAMs) of organic
conduction across the bonding interface. Finally, for practical opaolecules.

eration over long times, it is necessary for the coating to be robustCertain organic compounds have terminal groups at the two
mechanically and stable chemically. Marto et[a1] evaluated ends of the molecule with very different chemical characteristics.
several different coatings for sustained dropwise condensationFafr example, alkylthiol molecules have one end terminating with
steam and found that the durability of organic coatings dependa™s group, the other end terminating with a (dtoup. The HS

not only on the molecular structure and thickness of the organigoup can strongly bond with metal atoms of the solid surfaces,
material, but was also affected by the chemical activity and sysermitting good adherence of the organic molecule to the surface.
face roughness of the solid substrate. These investigators repoftee attached molecules then self assemble into a monolayer with
organic coatings of fluoroacrylic on Ti/Au surface and othe CH, group sticking up over the surface, as illustrated in Fig.
parylene-D on Cu/Ni surface that sustained dropwise condend®. By judicious choice of the terminal hydrocarbon group, dif-
tion for periods exceeding 12,000 hours. An example of their dafterent levels of surface energy can be obtained, hence controlling
is shown in Fig. 12, indicating dropwise condensation coefficienigetting characteristic of the solid surface. Because the self-
of order 3x 10* W/m? K. Low energy coatings can be applied byassembled monolayers have thickness of order 10 angstroms, they
various techniques, with varying degrees of success in achievipgesent negligible resistance to heat conduction. Thus, the use of
low thickness, durability, and good bonding to substrate. One iself assembled monolayers promises to overcome the three poten-
triguing technique, using ion implantation, has been reported kiglly detrimental problems mentioned above.

D. C. Zhang et al[63], and Q. Zhao et a]64]. As described by ~ Kumar and Whiteside§66] used SAMs of functionalized al-
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Hydrophilic SAM Hydrophobic SAM Test Section for Measurement of Condensing Heat Transfer
(hydroxyl termination) (methy! termination) Coefficients by Wilson Plot Method
(Das et al., 2000)
1to 10 ym l
e T
Drop of
condensed
- ater

Increasing
e e e

e ————
S m———————

Fig. 18 Test section used by Das et al. [67] for measurement
of condensing heat transfer coefficients on horizontal tubes

portance of constrictive thermal impedance in the substrate mate-
rial remains an unsettled issue. For our purpose, the significant
finding by Das et al[67]is proof that self-assembled monolayers

of organic compounds can be used to effectively promote drop-

Condensation on Patterned SAM Surface wise condensation.
Redrawn from Kumar and Whitesides, 1994 The second development of interest addresses the question,
) ) ) . ) “can manipulation of parameters in the domain of surface ener-
Fig. 17  Dropwise condensation on gold plated Si surface with gies not only promote dropwise condensation, but further enhance

patterned seif assembled monolayer coating the heat transfer coefficient during dropwise condensation?” In

seeking enhancement, one objective to explore is the control of

drop size distribution and population density. As noted above and
kanethiolates to control the pattern for dropwise condensatidhustrated in Fig. 13, small drops are more effective than large
Using lithographic stamping, these investigators fabricated palrops in dropwise condensation. Graham and Grifftfi] esti-
terned surfaces on gold plated Silicon with well-defined hydranated the fraction of heat flux due to drops of different diameters,
phobic and hydrophilic regions. Hexadecanethigplotting their results for various population distributions. Figure
[HS(CH,) 15CHz], with methyl termination, formed hydrophobic 20, reproduced from their papédistribution numbers represent
SAM regions, while 11-mercaptoundecanpHS(CH,),;OH], various assumed population distributipngdicates that the cu-
with hydroxyl termination, formed hydrophilic SAM regions.mulative heat flux due to drops with diameter greater than 10
Condensation of water then occurred preferentially on the hydnmicrons account for less than 35% of the total heat flux. This same
philic regions, generating diffraction patterns as desired by theselication of the importance of small drops is seen from the em-
investigators. Figure 1{fnodified from their paperillustrates the pirical correlation obtained by Tanasay&0], reproduced here in
process of dropwise condensation progressing from a bare SAW. 21. This plot shows a remarkably consistent correlation be-
covered surface, to initial formation of a few drops on some of thteveen average heat transfer coefficient and the diameter of depart-
hydrophilic regions, to many uniform drops over all the hydroing drops during dropwise condensation. Since drops grow to
philic regions, before eventually obtaining large drops thaargest size before departure, it is significant that reducing the
bridged over the hydrophobic regions to cover the entire surfaciameter of departing drops from 2 mm to 0.2 mm increases the
For the purpose of these investigators, it was particularly meaaverage heat transfer coefficient by almost 100%. Tanasawa’s plot
ingful that micro-patterns of only micron length scale could bé&urther indicates that this enhancement is independent of the
fabricated with such distinct regions of surface energies. method for drop removal. The data of Fig. 21 included experi-

Das et al[67]used an organic self-assembled monolayer coat-

ing to promote dropwise condensation of steam on a horizontal
tube. SAM coatings of hexadecaneth[aﬂS(Cl-b)15CH3]_were Gontsnsailonon St Sutices
formed on copper, copper-nickel, and gold-coated aluminum tuk Data of Das et al., 2000
to obtained hydrophobic surfaces. The investigators reported t ™
the coated surfaces had large advancing contact angles of 1:

112 deg, reflecting their very low surface energies. The tubes we e —_— el
individually mounted in the apparatus shown in Fig. 18, and col
densing heat transfer coefficients obtained by the Wilson pl = —_— SAMenC

technique. Some of their results for condensation of steam at si
atmospheric pressuf@0 kPA) are replotted in Fig. 19, along with ”g

SAM on AU/Au
—_— .

the corresponding values for condensation on a bare(tuitieout
SAM coating). It is seen that the heat transfer coefficients fig
SAM coated tubes were all greater than those for the bare, (¥ B
coated tube of gold covered aluminum. Filmwise condensati®
coefficients, represented by the Nusselt the(y. 18), are the
smallest of all, being a factor or3 less than the coefficients for
the bare tube. This implied that the gold-on-aluminum surface
the bare tube did obtain at least partial dropwise condensation. | , )
the three SAM coated surfaces, the authors noted that therr 0 5 0o 2 2
conductivity of the substrate material apparently had significant '

effect on the condensing heat transfer coefficient. This is contratly 19 Condensation coefficients for horizontal tubes coated

to the earlier results of Marto et gK1], reproduced in Fig. 12, with self assembled monolayers of organic compound to pro-
which indicated insensitivity to substrate material. Thus, the inmote dropwise condensation

Uncoated AL/Au

Nusselt Theory for Filmwise Condensation
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Fraction of Heat Flux Due to Drops of Different Diameters Vapor Diffusion

(Graham & Griffith, 1973) .
e R P DL A LLL N L) N B R Silane Source  -=---- -
. ! Silicon Wafer
[~
gg 25 —
x
2. _
58 Decyltrichlorosilane
R Curenonc
8 l.5L CURVE  DISTRBUTION NUMBER ~ 3Si(CH,)yCH;
8 Pu
3 -
SE 10 % aé -1 O-sv
é AT-i.0°F
g Tear*212°F
£ o8 {Q/A),=35.000 BTU/He-F12 - § §
’_5-.
Lopeond voeveol 1T
] 10

ol
DIAMETER, D MICRONS Fig. 22 Creation of gradient surface with self assembled

Fig. 20 The dominant contribution of small drops to total heat monolayer

flux during dropwise condensation, from Graham and Griffith
[47]
copied from Chaudhury and Whitesid68], showed the static
contact angle obtained for water drops at various positions along
ments using vertical gravitational force, inclined gravitationdhis gradient surface, varying over a range of aimost 100 degrees.
force, centrifugal force, and vapor shear to induce drop removal A drop of liquid on a surface that has a spatial gradient of
It appears that the primary need is to remove drops from tigelrface free energy would be subjected to unbalanced Young's
condensing surface as early as possible during the drops’ grod@ce. As illustrated in Fig. 24, for a cross-sectional slice of the
cycle, by any means possible. drop of thickness dy, the unbalanced Young's forces is,
The work of Chaudhury and Whitesidé8] promises a novel dF.= T _ + d
development for promoting drop movement. They were able to =0T os)a™ (00 os)pldy
induce drop movement uphill along a 15° incline by application of
surface forces. Specifically, these investigators modified a method

Py °
developed by Elwing et al.69] to create a gradient of surface 10 o ® %
energy on the solid surface. A silicone wafer was exposed to a o ® S0 ®* =
diffusing vapor of decyltrichlorosilane (§3i(CH,)4CHs;), which 08 - . e . ° "
then chemically bonded to the silicone surface as a self assemble( P d °
monolayer. Due to the concentration gradient associated with the 0 ° i
diffusion process, the resulting SAM varied in concentration along & @
the wafer, as illustrated in Fig. 22. Since the selected SAM had ag )

; h ! 04 ° Paraffin Ol Solution 0
hydrophobic terminal group, the free energy of the resulting sur- @ of Si Silicon  Lipophobic |70
face varied with concentration, with lower values @f, where § . Wafer  Glass Slide
SAM is more concentrated. These investigators reported that their 2l o - /////—-7/_//7/ .

. . ’//’, /'//-r 7 /, 7
SAM layer ha_ld a thickness of6 Angstroms at the hydrophobic ! %//////Q///////j/////////
end, decreasing at rate efl Angstroms per mm toward the hy- 00 -
drophilic end. As illustrated in Fig. 22, the resulting surface had a ’
gradient of surface energy, increasing along the wafer surface with p 10
increasing distance from the original source of silane. Figure 23, 02 4 j v v ’
1] 2 4 6 8 10 12
. Position (mn from Hydrophebic Edge)
Correlation between Heat Transfer Coefficients and
Departing Drop Diamter Fig. 23 Variation of static contact angle along a gradient sur-
(Tanasawa, 1991) face, from Chaudhury and Whiteside  [68]
z 051 \l - .
E ol * z
% h"o.ng_?“ 4 o
5, 03} -] o e
~§' EXTERNAL FORGE mﬁ_vﬂ‘&\ﬂo
E‘g' © vapor shear gold plaied ° OBty X
o 02k ® vapor shear silirone ‘resin o \ﬂg,{ o
] o centrifugal force gold plate 3 v
g o inclined surface oléic acid .
i
0‘0.1 62 ! ' 0,'5 — * 150 7:0 -
Departing drop diameler, D (mi) b a
Fig. 21 Dependence of heat transfer coefficients on diameter
of departing drops for drop wise condensation, from Tanasawa Fig. 24 Forces on liquid drop located on surface with gradient
[60] in surface free energy
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Temp Profile in Cond: Block
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Fig. 26 Sample measurements from experiment of Daniel,
\ Chaudhury and Chen [71]

T Cooling water out

These measurements enabled direct calculation of the condensa-
tion coefficient as defined by E¢l7), averaged over the circular
Fig. 25 Test apparatus for condensation on gradient surfaces, condensing area of the block surface. Figure 26 shows an example
Daniel, Chaudhury and Chen  [71] of the temperature profiles measured in the copper block during
condensation. The point plotted at each distance represents aver-
age temperature obtained in 16 measurements over an hour or
more of operation. It is seen that a linear temperature profile was
dFy=0,(C0S6,— Cosby)dy (41) " obtained, the correlation coefficient typically being greater than
The net force on the drop is the integral of Eg41) over the 0.99(0.998 in case of the example in Fig.)2&xtrapolation of
thickness of the drop. This force can induce drop translation alotfte temperature profile to surface of the condenser block and gra-
the surface toward the region of higher surface energy. If tighent of the profile provided quantitative values for wall surface
liquid/surface system has significant hysteresis, the net fortemperature and heat flux, respectively, as indicated in the figure.
would need to overcome the difference between advancing ahbis experimental apparatus was supported on a swivel such that
receding contact angles to sustain drop motion. It is worth notirigsts could be performed with the condensing surface at various
that such motion is not caused by classic Marangoni effect as$wslinations, from horizontal to vertical.
ciated with concentration or temperature gradients in the liquid, Using this apparatus, experiments were conducted in filmwise
but is strictly due to the unbalanced Young’s forces resulting froepndensation, normal dropwise condensation and enhanced drop-
gradient in surface free energy. Chaudhury and Whiteside wemise condensationigradient surface). These different conditions
able to obtain movement of 1-2l water drops, with average were obtained by appropriate treatment of the condensing surface.
speed of 1 to 2 mm/s., upward on a surface inclined 15° fron this paper, we will examine the results for filmwise and
horizontal. enhanced-dropwise condensation. For filmwise condensation, the
Leveraging from above finding, a project was initiated to detegopper surface was prepared by polishing to mirror finish, and
mine if this phenomenon of unbalanced Young’s forces can Iieen coated with a thin film-¢ 10? Angstrom thicknessof silicon
utilized to promote drop removal on condensing surfaces aig vacuum deposition. The silicon was then oxidized by exposure
thereby increase the condensation heat transfer coefficient. Figiwe high temperature air, and plasma treated to remove all traces
25 shows the test apparatus built for this experiment. A coppef adsorbed organic compounds. This resulted in a uniformly hy-
block of 5.0 cm diameter was sealed into a stainless steel vessellinphilic surface, upon which condensation occurred in filmwise
such a manner as to create two separate chambers, each endasmion. For enhanced dropwise condensation, the silicon surface
passing one surface of the copper block. Saturated steam ws subjected to a controlled silanization reaction by vapor diffu-
supplied to one chamber at controlled pressure and flow ragon, as illustrated in Fig. 22. Specifically, the silicon surface was
Cooling water was sprayed onto the block surface in the secofiit oxidized to SiQ, which was then reacted with a vapor of
chamber. In operation, condensation occurs on the block surfad#orosilane (GJSIR), where theR group was a hydrocarbon
in the steam chamber, the latent heat being conducted through ¢hain of various molecular lengths. In presence of atmospheric
copper block to the water-cooled surface. The rate of condensatigater, the chlorosilane reacts with the $i® form a series of
was adjusted by varying the rate of cooling water flow. Duringilicon-oxygen bonds, thus creating a robust self-assembled
experiments, steam flow and cooling water flow would be maimonolayer film. Such SAM films have thickness ©f10 Ang-
tained till steady state thermal conditions were obtained befosoms], and thus are of negligible thermal resistance. As noted
taking measurements. To minimize non-condensable gases in dbeve, the vapor diffusion process causes higher molecular con-
steam chamber, a continuous venting of excess steam was maamntration of the SAM on the regions of the surface in proximity
tained during experiments. In selected tests, video records wévethe chlorosilane source. By judicious placement of the source
obtained of the condensing surface to characterize the condensatative to the surface, we were able to produce various patterns of
removal process. Four microthermocouples were imbedded in t@dient energy on the condensing surface.
copper block to measure its temperature gradient, thus obtainingdne pattern of particular interest was radial-centrosymmetric,
the heat flux through the block. Thermal insulation at sides of thveith highest SAM concentration at the center of the circular con-
block assured essentially one-dimensional conduction in tdensing surface. This was produced by suspending the chlorosi-
block, so that the heat flux obtained in the block represented tlae source at a point 2 mm above the Si surface, directly over the
condensing heat flufg) on the block surface. Extrapolation of thecenter point. The resulting SAM film had highest concentration at
temperature profile to the condensing surface provided the surfdlce center, the concentration decreasing with radial distance. To
temperature T,,), while measurements of steam pressure artharacterize the surface-energy landscape on this surface, static
temperature provided the saturation steam temperatlicg. ( contact angleswith water)were measured at various radial posi-

Cooling water in

562 / Vol. 125, AUGUST 2003 Transactions of the ASME

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



120

1002 o @
8 E i ® o o
1) (e}
€ 807 )
. e}
2
2 60 [ ]
& o}
5wt
8 o
3 o ®

20 |

0 . . A A

0 5 10 15 20 25
Radial Position [mm]

Fig. 27 Static contact angles on a circular surface with radial
gradient of surface free energies, from Daniel ~ [70]: ® SAM with
octyltrichlorosilane; and O SAM with dodecyltrichlorosilane.

Fig. 28 Drop removal pattern during condensation on SAM
surface with radial gradient in surface free energies, from
Daniel, Chaudhury and Chen [71]

tions. Figure 27(Daniel [70]) shows the radial distribution of form surface with gravity induced drop removabmparing Figs.
contact angles on two versions of the test surfaces, fabricated Wi and 11). At least qualitatively, the gradient in surface energy
octyl (R=8) and dodecyl R=10) chlorosilanes, respectively. It appears to have induced early drop removal, as desired.
is seen that these surfaces indeed had gradients of surface freBne result of these experiments was surprising, namely the
energy, with minimum energymaximum contact angleat the speed with which drops moved on the gradient surfaces. Pretest
hydrophobic center and maximum energminimum contact expectation was for drops 6£0.5—1.0 mm diameter to translate
angle)at the hydrophilic rim of the circular surface. Our intentioron the gradient surface with velocity @1 mm/g, as reported
was to promote drop removal radially from the surface by inducdsy Chaudhury and Whitesidé8]. Video records in the present
flow toward the rim edge of the surface. experiment enabled measurement of drop velocity. Figure 29
Condensation tests were performed with these SAM coated ssitows two frames of the video taken 1 millisecond apart. On these
faces having radial gradients of surface energy. For comparisemagnified images, it was possible to track individual drops. In
condensation tests under comparable conditions were also [Fity. 29, the drop identified with numbét) had a diameter of 0.5
formed on the uncoated, uniformly high-eneignydrophilic)sur- mm, and translated a distance of 0.15 cm in this time span. Thus,
face, and on uniformly low-energghydrophobic)surface. Both the effective velocity for this drop was 1.5 m/s. Similar results
sets of experiments were carried out with the surface in upfacing,
horizontal position. Video recordings of the condensation process
showed distinctly different behavior of the liquid condensate in
these different experiments. In the case of the uniform hydrophilic
surface, filmwise condensation was obtained. The condensate col-
lected as a film on the horizontal surface, reaching a steady-state
thickness when overflow drainage at the rim edge balanced the
rate of condensate formation. In contrast, condensation on the
SAM coated surface was of dropwise fashion. As commonly ob-
served in dropwise condensation, droplets nucleated on the sub-
cooled surface, growing by mass addition from condensation until
occurrence of drop removal. The unique feature recorded for

dropwise condensation on our gradient surfaces was the nature of -

drop removal. In as much as the condensing surface was horizon- h e e

tal, there was no gravitational force to trigger drop removal. Also, . Q‘

with minimal steam flow over the condensing surface, there was ‘ ‘..;“.p AN 4l
negligible shear force to cause drop movement. The video records o &;:{%{q_'f'f-. ' oy

showed that drop removal on the gradient surfaces did indeed
occur very efficiently, and that the flow pattern for the drops
followed the radial pattern of the gradients in surface energy.
This result provided qualitative verification of the starting
premise—that unbalanced Young's forces on surfaces with gradi-
ents in free energy can promote drop motion and removal during
condensation.

The visual impression of this process can best be obtained from
the video movies. Figure 28 presents a single frame extracted
from a video sequence, showing the condensate pattern on the
SAM coated gradient surface. While such a snapshot does not
adequately document the motion of drops, it does indicate the
radial pattern of drops flow. Clearly, this pattern of radial flow
paths was a result of the radial pattern of surface energies laid > H\ B
down in the SAM coating process. Magnified observations from a3 - A &,’{I?_\.
such snapshots indicated a relative increase in population of small
to midsize drops with a perceivable decrease in population piy. 29 Video sequence of drop movement on gradent surface
larger drops, when compared to dropwise condensation on uinitime span of 1 millisecond, from Daniel ~ [70]

D
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S
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Enhanced Drop-Wise Condensation on Gradient Surface proximately 2—3 times at such subcoolings. The results shown in
Data of Daniels, Chaudhury and Chen, 2001 . . A . . .
Fig. 30 indicate that the enhancement on gradient surfaces dimin-

100,000 . . . . . .
N ished at hlgher subcoollr!gs, pre_sumably caused by limits in drop-
' . flow capacity relative to increasing heat flux and condensate for-
E o N\ ' mation rate. Nevertheless, even at a surface subcooling of 18°K,
£ 70,000 \E,..,.mnmm.,cm..;m there was a 4-fold enhancement in the heat transfer coefficient.
g o \ We concluded that for dropwise condensation, the parameter
§ soo00 e\ domain of surface free energy is critical. The experiments de-
$ 40,000 scribed above take advantage of parameters in this domain, creat-
£ 3000 \ ing engineered surfaces with gradients in surface energy which
2 200 - — | were observed to promote drop removal at velocitie®[af m/s|,
10,000 Fimdas Gondensation even on horizontal surfaces. While the mechanism for this high-
0 —= — velocity drop movement is an open phenomenological question,
00 50 100 150 200 250 300 o the results indicate very substantial enhancement of condensation
Suboaoled 4., K heat transfer coefficient.
Fig. 30 Enhanced heat transfer for drop-wise condensation on 4 Conclusion
surface with gradient in free energy, results of Daniel,
Chaudhury and Chen [71] The complexities of multiphase heat transfer often can be iso-

lated for engineering purposes by judicious recognition of surface
contact parameters in selected domains. The two diverse examples
were obtained for other drops tracked by the videos. Th esented above illustrate this point. One showed that heuristic
thousand-fold increase in drop velocity over expectation was st po"i‘é:gggﬁy?%g%%ﬁ%%ﬂ&%ﬁ:@ﬁg; fﬁ;:;g?iieﬁgi?ﬁ:: f(é?n
tling. It suggests greater promise for enhancement of condensatis?! . - . -
g 99 9 b rfaces immersed in bubbling fluidized beds. The second showed

heat transfer than originally anticipated. It also raises an intrigui . . . . .
question—what is the mechanism that would induce drop motidpat manipulation of parameters in domain of surface free energies

of such velocity? A hint was found in the fact that this accelerateéef? P€ utilized to gain many-fold enhancements of heat transfer
drop motion occurred only during active condensation. In a seri€gefficients in dropwise condensation.

of tests, it was observed that the accelerated drop motion slowed

significantly when the source of steam was cut off, resuming wh&fomenclature

the steam source to the condenser was restarted. It appears that thg = Archimedes number

mechanism for accelerated drop movement derives from interacc, = Correction factor for small Fo

tion between the condensation process and the unbalance@p = heat capacity

Young’s forces, requiring simultaneous presence of both. D = diameter of tube or bed
One possible mechanism postulated by the co-investigators isp = diameter of drop
the interaction of drop-coalescence process with the unbalanced = diameter of particle

Young's forces. Daniel et a]71]point out that drops grow during  F = \olumetric interaction force between gas and particles
dropwise condensation, and coalescence occurs when neighboringg = Fourier modulus

drops grow into contact. When two drops coalesce, the resulting § = fraction of time in residence at surface

final drop has center of mass located between the centers of theg = gravitational acceleration

two original drops, which represent a net displacement of the K = heat transfer coefficient

original drops. On a surface with gradient of surface energy, they = |atent heat of condensation/vaporization
growth of a condensate drop favors the circumferential edge that|, = moment of inertia of particlé

is in contact with higher energ§more wettablegurface. The re- k = thermal conductivity

sulting coalescence process would preferentially favor that direc-n = molecular weight

tion, thus accelerating the net movement in that direction. Thismi = mass of particlé

postulated mechanism may be correct, but in opinion of then_ = distribution of drop sizes

present author it needs further investigation before complete acyy = Nusselt number

ceptance. The occurrence of rapid drop movement during conden-p — pressure

sation on a gradient surface is an open and intriguing phenomeno-q = heat flux

logical issue. = parameter in Lennard-Jones potential

r
Without fully resolving the mechanism for rapid drop move- ReZ = Reynolds number based on particle diameter
ment, the experiments of Daniel et §71] did provide the first P = pressure

direct proof of principle, that engineering of surface energy gra- pr = Prandtl number

dients can enhance the heat transfer coefficient in dropwise cong, = heat transfer rate to drop

densation. The most telling evidence is found in comparison of R = Universal gas constant

data for dropwise condensation on a gradient surface with data for y = radius of curvature

filmwise condensation on a uniformly hydrophilic surface. Figure = spreading coefficient

30 plots the heat transfer coefficients for these two cases, bothT = temperature

obtained for condensation of saturated steam-&tatmosphere U = superficial gas velocity

pressure on horizontal, up-facing surfaces. Measurements weye . = superficial gas velocity at minimum fluidization
obtained over ranges of subcooled surface temperatures, 2 to 18°I21u = local velocity

for dropwise condensation and 2 to 33°K for filmwise condensa- ;. = |inear velocity of particle

tion. A very obvious enhancement was obtained in the case of y = distance from heat transfer surface

dropwise condensation on the gradient surface. At the lowest suyr-
face subcooling of 2°K, typical for many applications, the heag'€ek Notton

transfer coefficient on the gradient surface attained a magnitude of @« = thermal diffusivity

90,000 W/mK—approximately 14 times the coefficient for film- o = accommodation coefficient

wise condensation. In contrast, normal dropwise condensation one = void fraction

a uniformly hydrophobic surface would see enhancements of ap- ¢ = parameter in Lennard-Jones potential
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¢.; = Lennard-Jones potential sion and Void Phases at the Surface of Heat Transfer Tubes in Fluidized Beds,”
T = Pi AIChE Symp. Ser.74, pp. c1-c9.
. . [21] Chandran, R., and Chen, J. C., 1982, “Bed-Surface Contact Dynamics for
M = viscosity ) Horizontal Tubes in Fluidized Beds,” AIChE 28(6), pp. 907-913.
v = kinematic VISCOSIty [22] Chandran, R., and Chen, J. C., 1985, “Influence of the Wall on Transient
p = density (23] Convection Into Packed Media,” AIChE B1(1), pp. 168—170.
_ f i H B 23] Kubie, J., and Broughton, J., 1975, Int. J. Heat Mass Trah8f.p. 289.
o= s_urface tension, or interfacial free energy per unit area[24] Kunii, D.. and Smith, J. M., 1960, AIChE B, pp. 7178,
T= V'S?OUS strv_ess tensor [25] Anderson, T. B., and Jackson, R., 1967, “A Fluid Mechanical Description of
7, = residence time of packets Fluidized Beds,” Ind. Eng. Chem. Fundang,, pp. 527-539.
w; = rotational velocity of particle [26] Gidaspow, D., 1994Multiphase Flow and FluidizationAcademic Press, San
— i Diego, CA.
§ penetration depth [27] Hrenya, C. M., and Sinclair, J. L., 1997, “Effects of Particle-Phase Turbulence
Subscripts in Gas-Solid Flows,” AIChE J.43, p. 853.
[28] van Wachem, B. G. M., Schouten, J. C., van den Bleek, C. M., Krishna, R.,
b = bubble and Sinclair, J. L., 2002, “Comparative Analysis of CFD Models of Dense
¢ = condensation Gas-solid Systems,” AIChE J47(5), pp. 1035-1051.
g = gas [29] Arastoopour, H., 2002, “Numerical Simula}ion and Experimental Analysis of
i = interface transfer resistance S;s/ff&gfgvxéfyginés?. 1999 Flour-Daniel Plenary Lecture,” Powder Tech-
ic = interface curvature effect [30] Cundall, P. A., and Strack, O. D. L., 1979, “A Discrete Numerical Model for
k = conductive resistance in liquid drop Granular Assemblies,” Geotechniqu29, pp. 47—65.
| = |iquid [31] Tsuji, Y., Tanaka, T., and Ishida, T., 1992, “Lagrangian Numerical Simulation
m = minimum diameter drop of Plug Flow of Cohesionless Particles in a Horizontal Pipe,” Powder Tech-
. nol., 71, pp. 239-250.
p = par_“Cle p_ackets [32] Drake, T. G., and Walton, Ol. R., 1995, “Comparison of Experimental and
s = solid particles Simulated Grain Flows,” ASME J. Appl. Mech62, pp. 131-135.
s = saturation state [33] Langston, P. A., Tuzun, U., and Heyes, D. M., 1996, “Distinct Element Simu-
v = vapor lation of Interstitial Air Effects in Axially Symmetric Granular Flows in Hop-
_ I £ pers,” Chem. Eng. Sci51, pp. 873-891.
w wal .Sur ace. [34] Tsuiji, Y., Kawaguchi, T., and Tanaka, T., 1993, “Discrete Particle Simulation
X = maximum diameter drop of Two-dimensional Fluidized Bed,” Powder TechndiZ, pp. 79-87.
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Temperature Dependence
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Usual heat transfer fluids with suspended ultra fine particles of nanometer size are named

Nandy Putra as nanofluids, which have opened a new dimension in heat transfer processes. The recent
investigations confirm the potential of nanofluids in enhancing heat transfer required for
Peter Thiesen present age technology. The present investigation goes detailed into investigating the
increase of thermal conductivity with temperature for nano fluids with water as base fluid
Wilfried Roetzel and particles of AJO; or CuO as suspension material. A temperature oscillation tech-
nique is utilized for the measurement of thermal diffusivity and thermal conductivity is
Institut fiir Thermodynarmik, calculated from it. The results indicate an increase of enhancement characteristics with
Universitat der Bundeswehr Hamburg, temperature, which makes the nanofluids even more attractive for applications with high
D-22039 Germany energy density than usual room temperature measurements reported earlier.
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Introduction get four combinations of nanofluids. Using transient hot wire
. ._method, the thermal conductivities of the fluids were measured
Heat transfer technology stands at the cross roads of miniatur:-

o o . hich showed significant improvement. The phenomenal increase
ization on one hand and astronomical increase in heat flux on tHe 9 P P

other. The usual enhancement techniques for heat transfer &ﬁhe thermal conductivities of the liquids with the addrdon of

ndly meet th challnge of ever nreasing demand of heat [, YOLe fane paricles s creatd ermendous nirest
moval in processes involving electronic chips, laser applicatio d :

or similar high energy devices. The factors which limit the usutjsl'f;ls rlwr:et]t]rgcftiac?r: tr;gt)lglr;estso ;T:! ggrtlcilr? S;](é iarl]rz;(:e;tahs%rinsmgls-
techniques are many folded. One major limitation is the poor thefo'u problems su 99ing P
e drop become insignificant. The large surface area of the nano

mal characteristics of usual heat transfer fluids. They are ab . A~ .
two orders of magnitude less efficient in conducting heat Corﬁgrtlcles not only reduces the non equilibrium effect between fluid

pared to metals. This inherent inadequacy of these fluids mal?é%d solid but also increases the stability of the particles and sedi-

the heat removal mechanism less effective even with the b‘%?ntatlon problem is greatly reduced. A more recent study by

utilization of their flow properties. uan and Li[5] has shown that even with particles as large as 100

The idea of increasing thermal conductivity of fluids with conM (which is T"?‘ther sub-micr_on particles_, rather than nano par-
ducting particles suspended on them is not new. AfLijand Liu ticles) the stability can be achieved by using very meagre amount

et al.[2] carried out the studies on practical implication of hydro®f laurate sait. - . -
2] P P y Thus the problems of traditional slurries can be eliminated by

dynamics and heat transfer of slurries. However, the usual slurries, '™ ) . : /
with suspended particles of the order of micro to millimeters sufducing the particles to nanometer dimensions. It must be kept in

fer from a number of drawbacks. The abrasive action of the pdp_lnd that the enhancement that is talked about in the above stud-
les, is only that of thermal conductivity. The real enhancement of

ticles causes erosion of components, clogging becomes a mal i ) )
problem in small flow passages and their requirement of mom cat transfer capability of these fluids when used under convective
dition is expected to be much higher as the studies of Ahuja

tum transfer increases the pressure drop considerably. In addi . :
to these the tendency of micro/millimeter size particles to settie)» Sohn and Chef6] for laminar flow and that of Liu et a[2]
under gravity brings fouling and related problems. Thutor turbulent flow indicate. This makes nanofluids a prospective

eventhough the slurries have higher conductivities, they af@ndidate for cooling application such as energy intensive laser
hardly useable as heat transfer fluids from other technologic@ld X-ray applications, super conducting magnets, high speed
considerations. computing systems, fibre manufacturing processes and high-speed

The above bottleneck of slurries with micron or bigger siz&/Prication applications.
particles can be removed by using particles of nanometer dimen-'n€ Need of explaining the results observed above can be ful-
sions. The concept was first materialised by series of reseaﬂ% d by theorising them or fitting them to existing theories. The

works at the Argonne National Laboratory and probably GB3i cafssical @heory of thermal conductivity of fluid with suspended
was the first to call the fluids with particles of nanometer dimers?lid particles is from Maxwel[7] more than a century back
sion suspended in them as “nano-fluids,” which has gained popW_hlch assumes the shgpe of particles to pe spherllcal. This thepry
larity. was subsequently modified for non-spherical particles by Hamil-

The subsequent study by Lee et @] was a detail measure- ton and Crossdi8] for solid to liquid thermal conductivity ratio of
ment of thermal conductivity of two types of nano particles@j More than 100. This formula was further confirmed by Wb
and CuO. The average weighted particle diameter they used wif SPherical particles. However measurement of Lee ef4.
23.6 nm for CuO and 38.4 nm for AD,. These particles were confirmed that even though the model of Hamilton and Crosser
used with two different base fluids—water and ethylene glycol 4] agrees well with AJO;-water or ethylene glycol nanofluid, it

fails in the case of nanofluids containing CuO nanopatrticles. Thus,

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF It Can .be said that .Slmple moqel usmg the concept of suspengons
HEAT TRANSFER Manuscript received by the Heat Transfer Division July 31, 20010f millimeters to micrometer dimensions are doubtful for applica-
revision received January 21, 2003. Associate Editor: S. S. Sadhal. tion to nanofluids. The reason for the failure of Hamilton and
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Crosser[8] model to CuO nanofluid may lie in the fact that the
particles of AbO; used in the experiment were of 38.4 nm size
while that of CuO was 23.6 nm. It is well known that the oxides of
metals are thermally insulators when compared to pure metals.
Hence even though difficult to produce, the recent efforts are to-
wards using pure metal nano powders such as Cu-ethylene glycol
or Cu-transformer oil nanofluids. Xuan and [I5] could enhance

the thermal conductivity of water by using Cu particles of com-
paratively large siz€100 nm)to the same extent as has been done
by oxide particles of Cu of much smaller dimensi@® nm). The
more recent breakthrough was again from Argonne National
Laboratory by Eastmann et &tL0] which brought out the aston-
ishing finding that by using pure Cu nanoparticles of less than 10 |
nm size a phenomenal 40% increase in thermal conductivity can
be attained with only 0.3% volume fraction of the solid. This
indicates very clearly that Maxwell7] or Hamilton Crossef8]
model breaks down completely with decreasing particles size in
the nanometer range. Thus as has been felt by Eastman[ &0 &l.
that the “anomalously increased” effective thermal conductivity
of nanofluids with smaller particles cannot be explained by exist-
ing theories because they do not take into account the phenomena
increase of surface to volume ratio of particles with decreasing
size.

All the investigation mentioned above measured thermal con-
ductivity at room temperature and hence failed to have an insight
to probable enhancement mechanism. Apart from this in all the
cases above measurements were made by a particular variation o
transient hot-wire method. Even though it has been claimed that
this method is suitable for electrically conducting fluids, no dis- s rrn
cussion has been presented on the possible concentration of io SaccV < ————— 20m
of conducting fluids around the hot wire due to the electrical field | ' e o
there. Thus, the present study aims at throwing some light on the
enhancement mechanism of heat transfer by experimentally evalu-
ating the temperature effect on thermal conductivity. The expe't_ii
mental method used here is based on the oscillation method pﬁéfti
posed by Roetzdl11] and further developed by Czarnet$k2].

The method is purely thermal and the electrical components of the
?r]p;p?()rﬁtlrj];so?lreemaev;/]?sy. f;?rﬂl}ciﬁgséﬁﬁ;?%gn\:veh;g gfosgnr(lj?]tclg\fllil:;. ¢ It may be m_entioned here that the true density of particles are
Al,O5 and CuO based water nano fluids at higher temperature wilere than 50 times the apparent density. Hence the volume of the
give more clear idea about the behavior of nano fluids at t}gid was determined by calculating the equivalent weight the

practical range of application since all the single phase coolilg%'d using the true densitineglecting the weight of air frapped

application uses temperatures between room and saturation tdhjae) @nd using that weight the suspension was made. After
perature. making the proper mixture the flask was kept under ultrasonic

vibration for 12 hours. After this no sedimentation was observed
) o _ for the fluids for about next 12 hours and thereafter minor sedi-
Preparation and Characterization of Nanofluids mentation were observed for 3% and 4%®lume) suspensions

The preparation of nanofluid must ensure proper dispersion d#d none for 1% and 2%olume) suspensions. Even though in
nanoparticles in the liquid and proper mechanism such as contbctical applications it is expected to stabilize the particles with
of pH value or addition of surface activators to attain the stabili itable third agent such as oleic acid or laurate salts, in the
of the suspension against sedimentation. In the present experinfdfgSent case this has not been done. This is because of the fact that
ultrasonic vibration is used for dispersing the particles. The nafef time required for the experiments were much less than that
particles were producefby Nanophase Technologies Corpora-re_qu"ed for the fl_rst sedimentation to occur and _th_e addition of t_he
tion) using physical vapor synthesis method. Under atmosphem!rd agent may influence the thermal conductivity of base fluid
condition these particles form loose agglomerates, which are Blf @nd thus the real enhancement by using nanoparticles may
the order of micrometers as can be seen in the TEM photogragtfs©Ver shadowed. To keep consistency with this, for each experi-
shown in Fig. 1. However they can be dispersed in the fluid qui ent freshly vibrated fluid was _used SO tha_t the ex_penmental time
successfully which results in breaking of the agglomerates f 1-5 10 2 hours does not bring out sedimentation. As a cross
some extent giving particles of nanometer range as shown in Fig€Ck, the density of nanofluids was measured and was also cal-
2. The particles of the nano powder show a lognormal size distfdlated from the weight of powder alone and the volume of the
bution. The size distribution of a typical sample is given in Fig. $USPension assuming the rest of the volume to be of water. The
The volume weighted average values of particle diameter fB¥O calculations agreed excellently excluding any possibility of
Al,O; was 38.4 nm while that for CuO was 28.6 nm. As can bdglomerates with non wetted space in between. Thus nano fluids
seen from Fig. 2 the agglomerates of nanoparticles after disp&ere Prepared which are usable for conductivity measurement
sion are much smaller compared to that for the power, whichthout any stabilising agent.
confirms a good dispersion in the liquid. However to compare th@easurement of Thermal Conductivity
results with Lee et al.4] no effort has been made to further break
up the smaller agglomerates. Principle of Measurement. The measurement of thermal dif-

The dispersion of the particles was done by first mixing thisivity and the thermal conductivity is based on the energy equa-
required volume of the powder in the chemical measuring flasion for conduction given by

SE 10.1 D808S

(a) ALOs

(bycuO

1 TEM photographs of agglomerated powder of nano
cles

distilled water and then using Ultrasonic vibration to disperse
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Surface A -D
=0
Reference layer c X=L/2
X=L
™ Surface B

Fig. 4 The fluid volume for analysis

w=— )

Thus with the nondimensional space and time co-ordinates

§=X\/§ ©)

T=w-t 4)
the governing Eq(1) in its one dimensional form can be reduced
to

FT o7 5
98 ot ®)

For the general case of input oscillations with same main fre-
quency but different amplitude and phase at surf@caadB, the

Fig. 2 TEM photographs of dispersed nano particles boundary conditions are given by
T(£,=0,7) =T+ Ugcog 7+ Gg) (6)
T(é& =LJwla,7)=Tp+u,_cog7+G,) @
l ﬂ:VzT 1) Under st_eady periodic con_djtions_ the solution of the differential
a dt Eq. (5) with boundary condition given by Egé5) and(7) can be

In the present case this equation is apolied with the assum tobtained by using method of Laplace transform. The solution can
p q PP PUSE written in complex form as

that the test fluid is isotropic and the thermophysical properties aré

uniform and constant with time throughout the entire specimen u,€'C sinh(£\i) — upe'®o sinh(\i(£—€,)) .
volume. The cylindrical fluid volume considered for analysis with T(§,7)=T,+ - - e
its boundaries is shown in Fig. 4. At the surfadeandB, periodic sinh(&.+i)
temperature oscillations are generated with an angular velocity (8)
given by The complex amplitude ratio between the mid point of the speci-
men and the surface can be given by
- 2u e'Ct Lfliw\Y °
14 T et e N2 | ©)
2t The real measurable phase shift and amplitude ratio can be ex-
pressed as
°f AG _Im(B*) 10
% 8l =arcta ReBY) (10)
£
26} And
g u
i o =Re(BR)?+Im(BE)’ (11)
LW
27 By measuring phase and amplitude of temperature oscillation at
0 the two surfaces as well as at the cengeoint C), the thermal

0 50 100 150 200 250 300 350 400 diffusivity can be determined either from E@LO) or from Eq.
(11). To measure the thermal conductivity directly from experi-
ment, we must consider the temperature oscillation in the refer-
Fig. 3 Volume weighted particle size distribution for Al ,0, ence layer at the two boundaries of the test fluid. The frequency of
particles temperature oscillation in this layer is also same as the frequency

Diameter (nanometers)
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generated in the Peltier elemefalescribed laterand that in the

test fluid. The one dimensional heat conduction in the reference

layer is given by

#Tr  dTg
o ar (12)
w
where {=x\/—. (13)
aR
The boundary conditions for the reference layer are
Tr({=0,7)=T({=0,7) (14)
Interface temperature balance,
N [0 dTg N \/8 aT s
R ar ¢ =0 a d¢ £=0

Interface flux balance.
The solution of Eq.(12) along with boundary conditioril4)
and(15) is given by

TR(L,7,60) =Tt g€ " %0 cosi¢ Vi) + Cluge! (7%

_ i(7+Gg) ; sinl'(g\/i—)
uge'("+ %o COSH&W)]Sinh( " (16)
Where
- )\ aR
C= e \/7 7

The complex amplitude ratio in this case between—D (D
being the thickness of reference layandx=0 is given by

%= cosh {p i) — C sinh({p\i)

Uy /ug)e'®L=Co —cos i
| (L/ue! E0— f(éwf)} )
sinh(£.i)
The real phase shift and amplitude attenuation is giving by
|m(B;;>>
AGg=arctan ——5— 19
" '<Re<BR> 149
and

u

—2 = |Ra(BR)Z+Im(BR)? (20)

Uo

6. Data Acquisition
ystem

uuuuu
Tnm

L1 1
5000

4. DC Power
Supply

5. Amplifier & Filter

N
Thermocouple
leads

1. Test Cell 3. Thermostatic Bath

2. Cooling Water

Fig. 5 Schematic of the experimental setup

ay

A= V(@i+ag), ™

In the solution presented for fluid as well as the reference layer
earlier the fundamental oscillation is considered and the coeffi-
cientsa, and b, are evaluated by numerical integration at the
appropriate location to yield the corresponding amplitude attenu-
ation and phase shift.

tanG,= (24)

The Experimental Set-up and Procedure

The experimental setup has been shown schematically in Fig. 5.
As has been stated earlier a temperature oscillation technique
which is a modification of that used by Czarnetzky and Roetzel
[12] has been used. This technique required a specially fabricated
test cell(1) which is cooled by cooling watei2) on both of the
ends coming from a thermostatic bat®). Electrical connection
provides power to the Peltier element which is a DC power ob-
tained through a convertéd). The temperatures are measured in
the test sectior(discussed laterihrough a number of thermo-
couples and these responses are amplified with amp(8jefol-
lowed by a filter which is finally fed to the data acquisition system
(6) comprising of a card for logging the measured data. The data
logger is in turn connected to a computer with proper softwaye
for online display which is required to assess the steady oscillation
and for recording data. Since in the present experiments the prime
objective is to observe the effect of temperature on the enhance-
ment of thermal conductivity, the control of temperature of the

the thermal diffusivity of the test fluid has already been measurédid is important which is effected by proper adjustment of the
as described earlier and that of the reference layer being knowopling water from the thermostatic bath. However for higher
the thermal conductivity of the specimen can be evaluated frommperatures it is sometimes necessary to increase the input volt-

above formula.

Data Reduction

The temperature oscillation generated by the Peltier elemen
requires to be strictly periodic. The shape of the oscillation
immaterial since any periodic oscillation can be expanded by F

rier series in the form

a el
T(r)= ?O +k21 A, Sin(KT+ 6,)

(21)
where
1 27
ak:;f T(r)cogkr)dr, k=1,2,3,... (22)
0
1 2w
ka;f T(7)sin(k7)dr, k=0,1,2,3,... (23)
0
and
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age to attain the required temperature level which is then fine
tuned to the required temperature by control of cooling water
temperature.

The test section is a flat cylindrical cell as shown in Fig. 6. The
t]I is mounted with its axis in horizontal position. The frame of
Ohﬁe cell is made of POMPolyoxymethyleng which can be ma-
chined accurately and simultaneously acts as the first layer of
insulation. The frame consists of the main part with a 40 mm hole
in it which makes the cavity to hold the test fluid, as well as the
two end plates which sandwiches the water cooler and the Peltier
element at both ends. The hole in the main frame is closed from
both sides with disc type reference material of 40 mm diameter
and 15 mm thickness. Thus the space for the test fluid is formed
which has a dimension of 40 mm dia and 8 mm thickness. The
fluid is filled through a small hole in the body of the cell. The
measurement of temperatures are made at three locations—at the
interface of the Peltier element and the reference layer, at the
interface of the reference layer and test fluid and the central axial
plane of the test fluid. For this purpose Ni-CrNi thermocouples of
0.1 mm diameter were used at the interfaces and 0.5 mm diameter
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Thermocouples thermal diffusivity of the fluid very accurately by considering am-
Frame plitude attenuating of thermal oscillation from the bounddiyid
reference material interfag¢o the center of the fluid. However

ez

\ n
-

LI . .
% //3 for direct measurement of thermal conductivity one has to con-
/%% Reference Layer sider the attenuation at the reference material as well. Since the
/ / / » reference material has been worked upon and the microcracks and
§./ / /i§ | — Peltier Element inhomogenity of material brings out uncertainty in its thermal
g\ Z ﬁ{{\f o conductivity value, direct evaluation of thermal conductivity of
gk I I \ @\ fluid is less accurate. Hence, in the present measurement the value
g\\\f I Hi\ ) of thermal diffusivity for the nanofluid is evaluated from experi-
g% % Cooling Water In ment. Subsequently the density has been measured and specific
E&\ & @\ heat is calculated from handbook, as
SN ] .
E\V/ ) = Cooling Water Out f: MeCp.s+ MyCp 25
> L p.n
™ Test Fluid M+ My
Finally the thermal conductivity is calculated from
f H _ )\nf:anfpnfcp,nf (26)

Fig. 6 The test cell construction Error Estimates

For measurement of thermal diffusivity, the main sources of
experimental uncertainty are the accuracy of thermocouples and
at the central plane from its stability consideration. The therméhe location of temperature measurement. In the present measure-
couples at the interfaces are put in small groove and welded at thent thermocouples with an accuracy of 0.1 K were used and
tip while that at the center hangs from the wall. Before putting thecation was determined with an accuracy 1.25%. Over the mea-
end reference plates, the central position of the thermocouple véged temperature range the accuracy of temperature measurement
ensured through a precision measurement. The entire cell vi&ne out to be 3.4%. This limits the combined uncertainty of
insulated further. The temperature of reference material was givé@asurement within an acceptable limit of 5%. It was observed
periodic oscillation by two Peltier elements (40 r0 mm that for using method to determine thermal conductivity directly
squarefrom two ends. The temperature oscillation in this elemerdine has to take care of uncertainty of the thermal conductivity of
are controlled to obtained two objectives: the reference layer, which is more than 5%. This makes the mea-
1) The oscillation amplitude is adjusted to be kept smagurement more inaccurate and hence has not been used here. As a
afeguard against experimental error the experimental setup de-

gtna?]lﬁm%f tt:g gﬁg; ?:n%j.?oK;ycIJtilenngtljr;??:tofr!l\]/lgc?i)ogeéilnorﬁgnk;asc ibed above was first calibrated by measuring thermal diffusiv-
prop of demineralised and distilled water over a wide range of tem-

ey e mesememon et e Craha ey e ILwas found thal over th emperaur range of 20°C
o ' S 8°C the average deviation of thermal diffusivity from the stan-
calculated to be 850, which is below the asymptotic limit for ons%t rd values of handbooi/DI Warmeatlag 13]) was 2.7%. Over
of natural convection. The measurement with pure water e range from 20 to 30°C the maximum error Waé fOL.lnd to be
known conductivity reconfirmed that no natural convection WER lited to 2.11%. The maximum error was limited to 7% up to
present. temperature 50°C. This gave an indication about the accuracy of
2) The smaller amplitude and accurate adjustment of thRe measurement and showed that over the entire range of mea-
mean temperature of oscillation ensures that for the conductisgrement an acceptable range of accuracy existed. The values of
fluid, test is made at the sought temperature. error in thermal conductivity calculated from error analysis in the

For example a typical temperature oscillation recorded at the [Bf€vious section also matches well with the observed values. The

cations after steady oscillation are reached is shown in Fig. 7.8ghancement thermal conductivity values of nano fluids are mod-
ggte increase of 2% to 36% over the base value of water and

can be seen that the amplitude of the temperature oscillation p -
duced by the Peltier element gets attenuated and its phase ce the present ranges of accuracy is acceptable for the present
e.

shifted as it crossed the reference material. It is further attenua
and shifted as it reaches the center of the test fluid. The theoretical

principle presented earlier reveals that it is possible to evaluate the . .
Results and Discussion

To begin with measurements were done at room temperature for

30 » Al,O5 and CuO nanofluids of water at various particles volume
concentrations. The results presented in Fig. 8 show an excellent
23 - agreement with the measurement of Lee ef4l considering the
O b /A //’A.._L fact that minor differences in particles size existed between them.
% 25 N The room temperatures were also not identical in the two cases,
5 23 —— m":_—l_ still the present measurements confirm the same level of enhance-
g v ment of thermal conductivity as observed by the Argonne group
22 Inerdace Tomperature J using an entirely different measurement technique.
5 18 \ Subsequently measurements were made for the nano fluids of
~ Input Temperature l Al,O5-water and CuO-water with different particles concentration
15 T —F and most importantly at different temperatures, which is the main

! . : - 5290 550 objective of the present work. Figure 9 shows the enhancement of
4000 4230 4500 4730 5000 thermal conductivity of AJO; based nanofluids with temperature.

minutes S . )
It is interesting to see both for 1% and 48@olume) particle
Fig. 7 Amplitude attenuation of source temperature oscilla- concentrations there is a considerable increase in the enhancement
tion in reference layer and in test fluid from 21°C to 51°C. With 1% particles at room temperat{®@&°C)
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 571
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Fig. 8 Enhancement of thermal conductivity at room

temperature Fig. 10 Enhancement of thermal conductivity of water—Al ~ ,04

nanofluids against particles concentration and temperature
and comparison with Hamilton-Crosser ~ [8] model

the enhancement in only about 2%, but at 51°C this value in-
creases to about 10.8%. Thu_s th_e present measurement s'howsr 8lof increase of enhancement in this case in much higher com-
in practical heat transfer application the enhancement achieved ed to that of the 1% nanofluids. which can be observed from
adding s(;nflllﬂ\]/olugmla_ of dna?o partlcle_?hls consnderablyt h'%? e increased slope of the fitted line of the two nano fluids shown.
Zg)/mpare ? t'a ehleve . athpres@m}. b € r_neagsurﬁmen Wt Thys it can be said that the enhancement of thermal conductivity
o concentration shown in the same figifeg. 9) shows one ,shows a dramatic increase with temperature and the rate of this
mor% interesting feature. Here the e”hafjceme“tgoes from 9.4% G ease depends on the concentration of nano particles. As has
24.3% with temperature rising from 21°C to 51°C. The average. . expressed by Lee et @], the Hamilton—Crossé8] model

given by effective conductivity in the form

13 A AAM= DA (=D (A=A 27
Ay )\a+(n_l))\w+ d’()\w_)\s)
. Al,03 (1%) is agreed upon by AD; based nano fluids at room temperature.

This is somewhat contrary to the results of CuO based nanofluid
which did not agree with the model. Figure 10 shows that this
agreement for AlO5-water is somewhat accidental because the
agreement is only good at room temperature. At elevated tempera-
ture even AJOz-water nanofluid disagree with Hamilton—Crosser
12 | model [8] because this model hardly changes the effective con-
ductivity with temperaturdthe change in/\,, curve with tem-
perature for this mod€l8] cannot be distinguishédThis brings
out some insight to the mechanism for thermal conductivity en-
hancement in nanofluids. In ordinary slurries the thermal conduc-
tivity is increased due to higher thermal conductivity of the solid
s particles and hence the combine effective conductivity is some
kind of average of the liquid and solid conductivity. The
Hamilton—Crossef8] is a kind of such average, weighted accord-
1.1 ¢ ing to the particles shape.
Y In nanofluid the main mechanism of thermal conductivity en-
hancement can be thought as the stochastic motion of the nano
particles. Presumable this Brownian like motion will be dependent
1.05 L o on fluid temperature and so this amount of enhancement with
temperature is quite explicable for &) since the particles size
(both for Lee et al[4] and present studywas bigger. At low
temperature this motion was less significant giving the character-
istics of normal slurries which rapidly changed at elevated tem-
perature bringing more nanoeffect in the conducting behavior of
the fluid. This explanation also indicates the reason for the

L A|203 (4% )

1.256

Thermal conductivity ratiol/A water
o

Temperature (°C) “anomalously increased” conductivity of nano fluid containing
Cu particles of less than 10 nm as observed by Eastman et al.
Fig. 9 Temperature dependence of thermal conductivity en- [10]. The main mechanism of enhancement of thermal conductiv-
hancement for water—Al ,05 nanofluids ity there is the increased stochastic motion of the nanoparticles
572 / Vol. 125, AUGUST 2003 Transactions of the ASME
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Fig. 11 Temperature dependence of thermal conductivity en-
hancement for water—CuO nanofluids

Conclusion

o The temperature effect of thermal conductivity enhancement in
rather than the thermal conductivity of Cu because the volumgnofiuids has been presented through an experimental investiga-
fraction used0.5%)was too small to bring about such an effectio, A purely thermal method consisting of temperature oscilla-
by any kind weighted average. Thus the present results indicglg,s 4t the fluid sample has been used for this purpose. The
that itis possible to have a threshold temperature corresponding i@, 4 has heen found to be appropriate for nano fluids both from
each particle size at which the effective thermal conductivity g . . ; -
nanofluids starts deviating from that of usual slurries and the gpceuracy and prevgntlon of natural convection point of VIEW. The
hancement through stochastic motion of the particles start dorfieasurement confirmed the level of thermal conductivity en-
nating. The measurements with CuO-water nanofluid show nafig"ceément at room temperature as observed by others. It was
effect even at room temperature and in this case the enhancerigfher observed that a dramatic increase in the enhancement of
of the conductivity is much higher as shown in Fig. 11. Thé&onductivity takes place with temperature. It is observed that a 2
Hamilton-Crossef8] model gives a value less than that measur€@ 4 fold increase in thermal conductivity enhancement of nanof-
at room temperature. The measurement of enhancement of clids can take place over a temperature range of 21°C to 51°C.
ductivity with particle concentration at different temperature prefhis finding makes nanofluids even more attractive as cooling
sented in Fig. 12 confirms this and indicates the necessity fitwid for devices with high energy density where the cooling fluid
better theoretical model for these for the entire range of tempeig-likely to work at a temperature higher than the room tempera-
ture. In this case the effect of temperature on thermal conductiviiyre. It has been observed that nanofluids containing smaller CuO
enhancement is even more dramatic as it climbs from 6.5% pgarticles show more enhancement of conductivity with tempera-
29% (for 1% particle concentratiorand from 14% to 36%for ture. However the enhancement is considerably increased for
4% particle concentration However, in the case of CuO waternanofiuids with AyO; as well. The effect of particle concentration
nanofluid the rate of change of enhancement with temperature gidg opserved to be more for the ,-water system. The mea-
not change as much with concentration as that observed {Qfements indicate that particle size is an important parameter for
A|203'W%te|.rkna?°ﬂ“'d in th(tehprtetsr?ntheqlsturergents.At th'z plof'rfﬁe observed behavior and the usual weighted average type of
‘gﬁowe?: caltl:upiatg det;(;rffes ot g!ﬂx] sgemiT(I) 82 incrgrsrsé?:; sniqnoceethe odel for effective thermal cono!uctivity is a poor approximation
curve given by them corresponds to a particle conductivity of Ie% the actual enhanpement particularly at t.he hlg.her temperature
than 2 W/m K which is much smaller than value in literaturé2"9€- The resuits indicate that a_stoc_:hastlc motion qf hano par-
(~17.65 W/m K) [L4]. For convenience we have indicated bot cles can bq a probable explanation if future theoretical studies
the curves in Fig. 12. can confirmit. , _

In general, the effect of particle concentration was found to be The main limitation of the previous and the present experiments
less for CuO water nanofluid compared to,®}-water nanofluids 1S the non-availability of nano particles of different sizes for same
which can be attributed to the larger particle size of@J. On Mmaterial which can conclusively indicate the effect of particle
the other hand the effect of temperature was found to be mdii@e. However the present study brings out the important aspect of
predominant in CuO water fluid which is due to the stochastiemperature dependence of conductivity enhancement which can
motion of the particles which arguably will be more mobile withbe used as an important source for a comprehensive theoretical
smaller particle size. treatment in the future.
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Dual Pulsating or Steady Slot Jet
Cooling of a Constant Heat Flux
a k. chaniotis | Surface

- D. POU“kakUS The work presented in this paper focuses on the effect of jet pulsation on the heat transfer
e-mail: dimos.poulikakos@ethz.ch and fluid dynamics characteristics of single and double jet impingement on a constant
Y. Ventikos heat flux heated surface. Specifically, the influence of frequency, amplitude and in par-

. ticular, of the phase difference of the two jets on the temperature distribution of the heated

, surface is examined. The simulations are conducted using a novel, remeshed Smooth
Institute of Energy Technology, Particle Hydrodynamics (SPH) methodology that is based on particle discretization of the
Laboratory of Thermodynamics governing compressible Navier-Stokes equations. It was found that the strong aerody-

in Emerging Technologies, namic and thermal interaction that exists between the gaseous jets and the impingement

ETH, Zurich, Switzerland surface leads to non-linear system responses; with serious heat transfer implications.

Dynamical systems analysis leads to the identification of intermittent periodic/chaotic
behavior above a threshold value of the Reynolds number. As a result, a reduction in the
maximum plate temperature in a window of periodic behavior was discovered.

[DOI: 10.1115/1.1571093

Keywords: Convection, Electronics, Heat Transfer, Impingement, Numerical Methods

1 Introduction figurations(Fig. 1(a)). An early investigation of two-dimensional
_— . . - jet array impingement on an isothermal pldf showed heat
Jetimpingement s a technique for enhancing heat transfer t?r%tnsfer reduction but improved heat flux uniformity compared to
h

is e_mployed_in a variety of applications ran_ging from drying %lhe single jet geometry. Recently, Sheriff and Zumbrunngr1r
textiles and f_||ms, to metal Sheet manufactu_rln_g and to gas.turp'm’?/estigated experimentally the effect of flow pulsation on the
and electronic equipment cooling. Due to its importance, jet i

. t heat t fer has b the topic of ! " 0oling performance of jet arrays and reported improved heat
pingement heat transter has been the Lopic of NUMErous INVESUQag, ey uniformity as well as presence of coherent structures, but
tions in recent yearsee for examplgl—4]). Most of the previous

> AN _no significant enhancement, with respect to the heat transfer char-
studies have focused on optimizing transport processes associated ictics.

with steady jet impingement. Configurations that have receivedrpg tocus and the main novel feature of the present work is the
attention include impingement of axisymmet(@rcular)and slot i, estigation of a pair of pulsed slot jet impingement, in an abso-
(two dimensional jets, with different spacing between the(t |,te sense, as well as in comparison with single pulsed jet im-
and the impingement surface, or different inlet velocity promeﬁingement at the same flow ratgig. 1(b)).
(flat, developed, or inclined and with or without confinement
[1-3,5-11.

More recently, researchers started pursuing experimentally and
numerically heat transfer enhancement via flow pulsafit®~ 2 Governing Equations and SPH Methodology

22]. Some investigations involving jet pulsation show no enhance- ) ) )
ment or even deterioration of heat transfer due to pulsation2-1 Basic Equations. The fundamental system of differen-

[15,17], because the pulsation energy in these studies aff equations governing the motion of a viscous, heat conducting,
mainly the large scales of the flow and not the small structur€8MPressible medium consists of the continuity, momentum and
which can enhance the mixiig5] or because the non-linear dy-€"€rgy equations. The conservation equations fqr a calorically
namic responses of the hydrodynamic and thermal boundary wa_rfect gas without an energy source in nondimensional form are:

ers[17]. Others reported a marginal beneficial effect of pulsation Dp a;

[23,24]. There are also some studies which reported significant —=—p— Q)

enhancemenf13,19,20,25], because of either the interaction of Dt 9%

large scale structures with the boundary lagmeriodic formation Du, 1 ap 1 ar

of vortical structures which impinge upon the heat transfer sur- p=r=" Tt == 2)

face), or because of the secondary flow structdvestex rings) Dt My g%~ Re dx;

[18,19,22]. In summary due to a host of physical reasoRgth

explained in[17-19,22]a variety of heat transfer scenarios are

possible. o foui v 2 dug ®)
The present basic research work considers a pair of slot air jets, T axp o oxp 37 axy

impinging on a heated solid wall at constant heat flux. This jet
impingement arrangement is attractive due to its simplicity and to E __7 K2
the high convective heat transfer coefficients it yields, corresporf)dgv Dt ReProx;

au;  M2y(y—1) au,
ka—xi)—(v—l)pa—XiJr—Re Tix,

ing to low wall temperatures. Most of the studies of jet impinge- (4)
ment with pulsation presented until now focus on single jet €%%he dimensionless numbers that appear in the equations are:
Contributed by the Heat Transfer Division for publication in tt®UBNAL OF POUOLO Ug M0oCpo
N ; L _ 2_ _ P
HEAT TRANSFER Manuscript received by the Heat Transfer Division July 15, 2002; Re=——, = s = (5)
revision received February 14, 2003. Associate Editor: S. P. Vanka. Mo YRTO ko
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fe——2——f Single Jet.
- ST

2

u=0 U:vman(l_ ?)v Tiner=1 (8)
T wherev . is the time dependent maximum velocity of the (at
>L the centerline)

G Umax= Vmad L+ A sin(wt)) ©)]
Pair of Jets.
Lr\?
5]
—B—/ Te—5—s] U=0 v=vpa| 1- 7Bz |- Tiner=1 (10)
’ PR 5

H

) KOO) K As in the case of a single jet,

I_, e Dma Vma”( ”Asm( wti%)) (11)

: _; whereA and w denote the amplitude and the frequency of the jet
pulse,Vax denotes the jet time averaged maximum veloééty

the centerline)and ¢ denotes the phase angle between the two
Fig. 1 Schematic representation of:  (a) a single slot jet im- jets.

pingement on a heated surface; and  (b) a pair of planar air jets

impingement on a heated surface The average jet velocity of the parabolic profile is

= 2Vmax
V= 3 (12)
where Re denotes the Reynolds numidéthe Mach number and The Reynolds number is defined as
Pr the Prandtl number anglis the nondimensional density, the _
nondimensional velocity componentsthe nondimensional pres- _VpDy,
sure, T the non-dimensional temperature,the nondimensional Re= “ (13)

viscosity, k the nondimensional thermal conductivity, and the _ o ) _
nondimensional specific heat at constant volume. The dimensiovereDy, is the slot hydraulic diameteR,= 4B for the single jet

less quantities are defined as: andDy= 2B for the jet pair configurations, respectively.
The top plate is defined as an adiabatic wab-slip, no pen-
X p* t*Ug uf T etration,dT/dy=0), the side outflow conditions are those of zero
Xi=|_—0, p= E' t= L Ui=U—0, T= T_o' gradient @u/dx=dv/dx=dT/dx=0) and ambient pressure

boundary. The impingement plate is defined as a solid (vait
(6) slip, no penetrationheated with constant heat flux. In dimension-
less form this heat flux reads:

ck "
= ==, k=— c¢=-2 Qwail-o
P=oRT M7 o ko " Cuo Q=- KoTo (14)
wherep™ is the density” the velocity component®* the pres- |y order to be able to compare the heat transfer performance

sure,T* the temperaturep® the viscosity,k* the thermal con- between the single jet and the jet pair configurations Fig. 1 we
ductivity, R is the gas constant, argf the specific heat at con- need an equivalency criterion. The criterion is that the same flow
stant volume. rate is issued from the two configurations. As a result, and based
The quantitiesLy, pg, Ug, To, o, Cpo, @andky denote the on the definitions above, the cooling performance of the single jet
characteristic length, density, velocity, temperature, dynamic visenfiguration for a certain Reynolds number will be compared to
cosity, specific gravity, specific heat and thermal conductivity, réhe cooling performance of the jet pair configuration, for a Rey-

spectively, andy is the ratio of the specific heat capacities. nolds number half as large.
The system of the differential equatiofis-4) is closed with the A commonly examined configuratiofi5], i.e.,H/B=5, L{/B
nondimensional equation of state for an ideal gas: =5 andL/B=20 andQ=2 (the value ofQ allows for a visible
rise in the temperature but at the same time the buoyancy effects
p=pT (7)  are negligible)is adopted in all computations unless otherwise
. . noted.
All the thermodynamic ¢,) and transport &,k) properties are  aqgitionally, a numerical simulation of compressible flow re-
dependent on the temperaty@s,27]. quires an accurate control of wave reflections from the computa-

In principle, a particular flow problem may be solved by integ,na| qomain. For accurate predictions, it is necessary to elimi-

gratin_g the mass, momentum and energy. equations, whic_h_ﬁr e the acoustic waves by a mechanism as non-reflecting or
described above, and additionally the equation of state. The init sorbing boundary conditiofig8,29]

conditions are usually prescribed functions that describe the ve-
locity field and the two of the three scalar intensive properties 2.2 Numerical Method. A Lagrangian particle method
(density, temperature and presuoé the flow. (Smooth Particle Hydrodynamics, SPlt used in the present
The computational domains used in the present study are shostady for the discretization and numerical solution of the govern-
in Figs. 1(a,b). The inflow conditions are parabolic velocity proing equations. SPH is a Lagrangian solver of the compressible
file at constantambient)temperature. Navier-Stokes equatio80,31]. The SPH equations are obtained
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Fig. 2 Maximum surface temperature as a function of time
(nondimensional ): (—HM-) Single jet Re=133.3, (-H-) Single jet
Re=266.6, (---H---) Single jet Re=533.3, ( ) Pair jet Re
=66.6, (- -) Pair jet Re=133.3, and (---) Pair jet Re=266.6

Fig. 4 Maximum surface temperature as a function of time
(nondimensional ): (—M-) Steady single jet for Re =266.6, (—)
Steady pair jet for Re =133.3, (—®-) Pulsating pair jet A=0.5,
w=2, ¢=0 for Re=133.3, (-[-) Pulsating pair jet A=0.5, w
=2, ¢=1rad for Re=133.3, (- < —) Pulsating pair jet A=0.5, @
=2, ¢=2rad for Re=133.3, and (-O-) Pulsating pair jet A
from continuum equations of fluid dynamics by interpolating a s&°-> @=2. ¢#=3.14 rad for Re=133.3

of points. The flow quantities are discretized into particles, WheE%rning SPH and applications of the method REBA—36 are
each particler is associated with a mass, , densityp,, velocity recommended). Using the standard SPH formulafidti] and
Uy, Viscosity u,, pressurep, and positionr,. The key idea of :

the method is the representation of the physical quantities aldeas outlined in previous workg4,37], the governing equations

a . .
X " g “11=7) can be discretized as:
linear superposition of kernel functions centered on the particle 7

locations using an interpolation operatdor more details con- Dp N
¢ P peratdo o= pa Vil ) V(1o ) (15)

(a) (b)

17

(d)

Fig. 3 \Variation of the surface temperature as a function of the plate position: (a) single jet, (—)
Re=133.3, (- -) Re=266.6, (---) Re=533.3; (b) pair jet, (——) Re=66.6, (- -) Re=133.3, (-~-) Re
=266.6; (and variation of the velocity near the wall as a function of the plate position ) (c) single
jet, ( ) Re=133.3, (- -) Re=266.6, (-~-) Re=533.3; and (d) pair jet, (——) Re=66.6, (- -) Re
=133.3, (-~-) Re=266.6
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Fig. 5 Maximum surface temperature as a function of time

(nondimensional ): (—M-) Steady single jet for Re =266.6, (—)

Steady pair jets for Re =133.3, (—-@®-) Pulsating pair jets A
=0.5, w=1, ¢=3.14 rad for Re=133.3, (--) Pulsating pair jets

A=0.5, w=2, ¢=3.14rad for Re=133.3, and (- ¢ -) Pulsating
pair jets A=0.5, w=4, ¢=3.14 rad for Re=133.3

whered=(u,v).

Du 1 &p+1
Poi),” My \ox/, " Re

g au g
Hep—) +—p—
xPayl T\axPax/,

where the bracket means discretized quantity with respect to the

particlea.

A general formulation is adopted for the derivation of the vis-
cous terms of the Eq$16) and (17) which accounts for variable

viscosity u (viscosity is a function of temperatyre

Tmax/Tinlet

P VU NNV SRR [ S SO S TOU S |

50
time*

Fig. 6 Maximum surface temperature as function of time (non-
dimensional ): (—M-) Steady single jet for Re =266.6, (—)
Steady pair jets for Re=133.3, (—®-) Pulsating single jets A
=0.5, =1 for Re=133.3, (-0-) Pulsating single jets A=0.5,
w=2 for Re=133.3, and (— < —) Pulsating single jets A=0.5, ®
=4 for Re=133.3
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4/ 9 du 2/9 v
3\ ax] 3\ My,

(16)
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Fig. 7 Maximum surface temperature as function of time (non-

dimensional ): (—M-) Steady single jet for Re =266.6, (—)

Steady pair jets for Re =133.3, (—@®-) Pulsating pair jets A

=05, =2, ¢=3.14rad for Re=133.3, and (—<¢-) Pulsating

pair jets A=1.0, =2, ¢=3.14 rad for Re=133.3

&uk 2

J J
_ K ky. _

+

Jd
Eb: V(b= ta) - a_mw(ra_rb’h))

J
(g vb<uE—u§>-ﬁ—XjW<ra—rb,h>)
(18)

The energy equation reads

DT\ v akaT N akaT L
PeBt) "Re i \ax ax/ T\ ay ay/ | TV
a a a

du  dv M2y(y—1)
<p&+@)>a+ Re

2 (ﬁu ﬁv)2+ au)2+(ﬁu 2
34| ax ay X, Y

]

dv  du\?
(o5 ) J )
where
g [ aT\\ _ E 72
% ka_xi a—ka > Vb(Tb*Ta)'TXizW(ra*rb.h)
+ 2 Vb(kbka)'iw(rarbxh)>
b IXi
P
(; Vi(To—Ta)- a—xiwua—rb,h))
(20)

The particles are moved in a Lagrangian frame, following the flow

paths
<d>*<> R
J— :u
dat/,

Lagrangian numerical methods enjoy the advantage of auto-
matic adaptivity for their computational elements. However, the
flow strain can cluster particles in some regions of the flow field
and spread them apart in another. A novel feature of the present
approach, correcting this deficiency, is the periodic re-meshing

(21)
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Fig. 8 Pulsating pair jets A=1.0, =2, ¢=3.14 rad for Re=133.3: (a) velocity time series, (b)
temperature time series, (c) frequency ( ) of the velocity and (- —) temperature, and (d) two-
dimensional time delay reconstruction of the phase space

and re-initialization of the particle locations that are being disponds to a minimum Nusselt number. Additionally, the maximum
torted by the flow map by high order moment conserving kernefemperature is a critical design parameter for a cooling process,
(remeshed SPHR[/]. exemplified by the reliable performance of electronic equipment.
All the boundary conditions are modeled by boundary particlgsor this reason, the maximum wall temperature will be the basic
(imaginary particles which have similar physical properties tomonitoring quantity in our investigation.
those of the particles that represent the flow field. The boundarysjmulations are performed for 66:8Re<533.3 for the single
particles interact with the interior particles in such a way that t:]gt case, which corresponds to fully laminar jets. The Prandtl num-
necessary boundary conditions are satisfied. More detailed infggy is 0.72 and the Mach number is 0.1. A Mach number less than
mation for the implementation of boundary conditions in the SPH 3 ¢orresponds to a practically incompressible flé@]. For the
method can be found if24,32,35]. More detailed information for SPH simulations, 10,000—80,000 particles are used, depending on

the discretization, and the particle remeshing can be foundt Re
. ) ) . . . ynolds number, and always produced fully resolved solu-
[30,31,37—-40]. For the time integration, an ordinary dlﬁerenthsibns for all the casef24,37].

equatipfp integratof41,42] isl use%‘ W.hLCh can handle stiff a_md IOut of the extensive set of cases that have been simulated, we
non-stiff systems accurately and with optimum computation . > .
cost. In all simulations the thermodynamic and transport prop flave selected a representative group that we shall utilize for quan

I- . i ; ;
ties are dependent on the temperat[26,27]. For the sake of%tat've comparisons. In F'g: 2 the_maX|mum temperature O.f _the
generality, in all simulations we took into account many effec urface is shovyn as a fupcﬂon of time for t.he smgle anq pair jets
(viscous dissipation and variable propertissice we believe that or steady jet mf!ow. It is plear that the jet pair configuration
this led to more accurate and more realistic mode{DNS qual- always features higher maximum temperature when compared to a

ity). Of course the effect of the viscous dissipation term is smaffingle jet of an equivaleritwice as largeReynolds number. This
difference in the maximum temperature between the single jet and

: : the jet pair can be explained from the variation of the temperature
3 Results and Discussion along the platéFig. 3). The convection in the middle of the plate
The local heat transfer coefficient can be expressed as is very weak for the jet pair configuratigiig. 3(b))in contrast to

1 the single jet(Fig. 3(a)) where it is in this region that the maxi-
———— Qal (22) mum convective heat transfer occurs. On the other hand, the tem-
Twai = Tintet perature variation along the surface is smaller for the jets pair
where T, is the jet inlet temperature an,,, is the wall tem- configuration(Fig. 3). It is also of interest to note that the maxi-
perature. The unknown in the above equation is the wall temperaum temperature difference between equivalent Reynolds num-
ture. The corresponding local Nusselt number redds=hL/k. It bers for single and double-jet configurations is increasing,
is clear from Eq.22) that the maximum wall temperature corre-with the increase of the Reynolds number. This means that the

h=
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Fig. 9 Pulsating pair jets A=1.0, =2, ¢=3.14 rad for Re=266.6: (a) velocity time series, (b)
frequency of the velocity, and  (c) two-dimensional time delay reconstruction of the phase space

relative efficiency of the double-jet configuration is decreasinglitude of the pulse. In Fig. 7, the maximum surface temperature
when compared with the single-jet one, as the Reynolds numbgishown as a function of time for two different amplitudes, com-
increases. pared always with the steady single jet and jet pair cases. An
In Fig. 4 the maximum temperature is shown as a function @hportant thermal design finding is that marked decrease of the
time for different phase angle differences of the pulsating jet pamaximum temperature can be achieved by varying the amplitude:
This figure shows that the pulsation of the two jets with amplitudéor A=1.0, an 11% decrease in maximum temperature is found
A=0.5 and angular velocity=2 in phase £=0), increases the compared to the steady jet pair case and a decrease of about 6%
maximum temperature by 0.4%egligibly) and possibly within compared to the steady single jet.
the limits of the modeling accuracy. Increasing the phase differ- The importance of the effect of the amplitude is reported in
ence between the two jets, for examplegte 1 rad, the maximum [16,18,19,21,24Where a major increase of the average heat trans-
temperature decreases by 2% compared to the steady jet pair daseoefficient is found compared with the steady-jet results. As
but it is still higher than that of the single steady jet. the amplitude of the pulse increases the generated vortices pen-
For an even larger phase angle differenge=@Q rad) the tem- etrate more in the wall jet region and boost the heat transfer.
perature is reduced mok&% compared with the steady jet pair For Re=133, a portion of the velocity and temperature time
and it is comparable to the single steady jet. For the maximuseries is shown in Fig.(8), (b), where the unit of “n” represents
possible phase angle difference= 3.14 rad) the temperature is5 time steps of the computation. The velocity and temperature
reduced even moré% compared with the steady paeind is sampling location in this and subsequent figures is designated
now smaller than that of the single steady jet. with a circle in Fig. 1(b). This location is arbitrarily selected, but
The effect of the frequencior angular velocity for the jet pair we have verified that the nature of the results presented is not
and a comparison to a single jet is shown in Fig. 5. Interestinglgffected by this selection. The power spectrum of the signals ob-
the maximum temperature is not a monotonic function of the fréained from longer time series is shown in FigcB where the
qguency, which is also experimentally observed’]. It is also peak inf,=0.31831 corresponds to the frequency imposed from
shown that when the frequency is low, the maximum temperatuttee pulsation(The frequencyf is related to the angular velocity
is higher than the one reached in the steady state case. Thisfishe pulsew, (fq= w/27=2 rad/2r)).
obviously the effect of the prevalence of lower air velocities for a The two-dimensional time delay reconstructiei ] of the ve-
relatively long period of time. Fig. 6 shows the effect of the frelocity signal is shown in Fig. @) where the time delay used is
qguency variation on the maximum temperature for the case about one tenth of the period. It is obvious that the system is
single jet impingement. The pulsation increases the maximurharacterized by a limit cycle behavior, obeying the forcing fre-
temperature compared to the steady c@seot beneficial effect quency of the two jets.
for the stand point of temperature conjrol For higher Reynolds number (Bg = 533.3,Rg,= 266.6) the
One crucial parameter for heat transfer enhancement is the antrease of the pulsation amplitude decreases the maximum plate
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temperature time series, (c) frequency (——) of the velocity and (- —) temperature, and (d)
two-dimensional time delay reconstruction of the phase space

temperaturénot shown here for brevijyan observation similar to accuracy better than 1 in the Reynolds number scale. Further in-
that of Fig. 7. The difference between the steady single jet and thieasing the Reynolds number leads to an increase of the ampli-
steady jet pair is smaller for smaller Reynolds numbers(fge tude of the first sub-harmonid,=fy/2. At the same time, the
=266.6,Rg,—=133.3). For the maximum amplitude of the pulsairajectories in the time delay reconstruction start to separate in two
tion A=1.0, the maximum temperature decrease is approximatalycles as shown in Fig. 10) [45—-47].

12%, compared to the steady jet pair. As the Reynolds number increases further, the amplitude of the
For the Reynolds number R&66.6 the signal is not periodic sub-harmonic frequency=f,/2 becomes dominant and in the
any more(Fig. 9(a)). In the frequency spectra of the velocityattractor the two cycles become unequal. Further increase of the

signal, many sub-harmonics appear, Fig(b)9 The two- Reynolds number (Re258.6) leads to an even smaller sub-
dimensional time delay reconstruction of the signal is presentedhiarmonic(Fig. 11 and Fig. 11(b)), which has frequents f /8.
Fig. 9(c) where the time delay used is about one tenth of tHEhe attractorFig. 11(c)and Fig. 11(d))shows likewise the exis-
period. The calculated maximum Lyapunov exponght] is A tence of that sub-harmonic, as the smaller cycle of the attractor
=0.0075 bits/orbit. This small value of the computed LyapunoFig. 10(d) splits into four trajectories Fig. 1d). The minimal
exponent is however within the numerical error margin, for thisufficient embedding dimension ie=3 (all attractor depictions
Reynolds number, and thus inconclusive. The frequency spectrimthe present work are two-dimensional, however wherever quan-
and the emergence of subharmonics, on the other hand, hinttitative phase-space computations are performed, like in the case
wards a rich dynamical behavior and the possibility of a perioof Lyapunov exponents, higher embedding dimensions are utilized
doubling scenarid45]. This observation guides us in exploringas necessary). It is clear that the system is not following the usual
the evolution of the system as the paraméter, Reynolds num- period doubling bifurcation (period=2period-4= period-
ber) increases from 133.@ig. 8) to 266.6(Fig. 9). 8=etc) [47]. Such incomplete sequences have been observed in
In Fig. 10(a), a part of the velocity signal for R218.6 is fluid dynamic systems(usually coupled with heat transjer
shown (Fig. 10(b)depicts a similar time series for temperajure [48—-50].
The emergence of a second frequency, 1/2 of the main forcingFor even higher Reynolds numbers, ER&83.3), the signal is
frequency of the system, is observéeig. 10(c)). The attractor fully non-periodic, as hinted by the time series in Fig(d)2and
(Fig. 10(d)), shows also that the period of the velocity signal isy the filling up of the spectrum in Fig. 12). The calculated
twice the period of the pulse. The delay is again about one tenthmfiximum Lyapunov exponent is, in this case,=0.37
the period and the embedding dimension is again two. +0.01 bits/orbit, which allows for a confident characterization of
An exhaustive set of simulations has been conducted, in ordhis case as fully chaotic.
to pinpoint the exact Reynolds number that this first period dou- The existence of intermittent intervals of periodicity, within the
bling bifurcation takes place. It was found that this occurs at Reverall chaotic time series, can be deduced from Figa)l[51]
=208, between the two cases presented in Fig. 8 and Fig. 10, withe same behavior is evident in the temperature time series also
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Fig. 11 Pulsating pair jets A=1.0, ®=2, ¢=3.14 rad for Re=258.6, (a) velocity time series, (b)

frequency spectrum of the velocity,  (c) two-dimensional time delay reconstruction of the phase
space n, and (d) focus of the two-dimensional time delay reconstruction of the phase space

We can verify that the apparently periodic portions of the signal ied within the chaotic regime is possible. After the accumulation
Fig. 12(a)are indeed periodic, by examining the relative segment$ bifurcations has occurre@Feigenbauni45]), and the transition
of the time series, Fig. 18) and the corresponding frequencyto chaotic states has been realized, the possibility exists that a
domain signatures, Fig. 1&). This switching from fully aperiodic further increase in the Reynolds number may lead to periodic or
to periodic behavior, for this Reynolds number, has implicatiorguasiperiodic behavior, the famous windows of periodicity in bi-
in the observed maximum temperatures: for the aperiodic intéwrcation theory. By investigating the temporal behavior of the
vals, the maximum temperature presents us with significantbystem for a series of states within the chaotic regime, we identify
larger values and a much more intense oscillatory behavior thamegion of such non-monotonic behavior:
those observed during the periodic intervdigy. 13(a)). There is  Fig. 14(A)shows that from Reynolds number 273.33 until Rey-
a predictable relationship between the operating temperaturenoids number 346.66, the system presents us with a significant
electronic parts and reliability. Materials employed in the manwop in maximum temperature, and a accompanying decrease in
facture of electronic devices have finite temperature limits; whehe temperature fluctuation, signatures of periodic behavior, as we
these limits are exceeded, the physical properties are altered &agle seen from Fig. 13. A much more pronounced drop in tem-
the device ceases to perform its intended function. Failure alperature can be observed if we focus at our control p@hown
can occur gradually as a result of sustained operation at internte+ig. 1(b)) in the flow field, (Fig. 14(B)). Dynamical systems
diate temperatures, producing slow but persistent deteriorationtb&ory predictions are indeed confirmed, if we investigate dy-
materials and finally ending in failure of the device. The perfomamic behavior for the four Reynolds numbers identified in Fig.
mance of such components is affected by high temperatures 1@hB) as(a), (b), (c), and(d):
“finite time” (Fig. 13(b))and not just instantaneous single picks. Figure 15 shows time histories, frequency spectra and attractors
The prevalence of a period doubling bifurcation scenddege for the last chaotic state (Re&273.33,(a), the first periodic state
Fig. 10 and Fig. 11 and discussion for transition frdgi2 to of the identified window (Re280.0,(b), the last periodic state of
fo/8), which moreover presents us with intermittent behavior fdhe identified window (Re333.33,(c) and the first chaotic state
particular values of the Reynolds number, dictates a scrutinizetithe new chaotic regime (Re=346.6@l), after the window in
investigation of the parameter space of interest, guided by engeriodicity has been surpassed. The condition represented by state
neering design considerations: Dynamical systems theory, wh@, has an apparently complex attractor shape Fi¢c)15ut ex-
applied to systems of the nature described herewith, introducesination of the corresponding frequency spectrum reveals a se-
universal behavior laws, when bifurcation and state diagrams ares of distinct peaks, and not the fuller broad spectrum, charac-
concerned. More specifically, it can be observed from a typictdristic of chaos, that we see for example for stda@sand (d),
bifurcation diagram for period-doubling systems, that the possibirig. 15(a),(d).
ity for “discontinuous” behavior for parameter intervals, embed- A Lyapunov exponent computation for this ca&g gives a
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Fig. 12 Pulsating pair jets A=1.0, w=2, ¢=3.14rad for Re=533.3, (a) velocity time series,
(b) frequency spectra of the velocity signal (a), (c) phase space reconstruction of  (a) with time
delay about one fifth of the period, (d) portion of (a), and (e) frequency spectra of the velocity
signal (b)

value that fluctuates around zero, confirming our observatiormrameter scale, however these windows are of significantly
What this set of observations tell us is that there exists an optinshaller width in the Reynolds number scale, and for the system
Reynolds numbefwhich corresponds to Fig. 18), (c)), where under investigation, non-exploitable practically.

the flow rate is the maximum allowing periodic behavior along

with the corresponding desirable decrease for the maximum tem- USi

perature. From a design point of view, this last condition WOU|g] Conclusions

correspond to a very favorable operating point for the configura- A detailed set of two-dimensional resolved simulations for the
tion, since it combines the controlled behavior of periodic flowfjow and heat transfer characteristics of single and pair slot pul-
(that allows for avoidance of sustained maximum temperatusating jets impinging on a hot, constant heat flux surface, has been
peaks), with the highest flow rate that such a periodic state dsnducted. We have investigated the performance of these con-
possible. We must note that dynamical systems theory providiggurations, using the maximum temperature of the impingement
for the existence of additional periodic windows, further down thsurface as the principal design criterion. By varying systemati-
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Fig. 13 Pulsating pair jets A=1.0, =2, ¢=3.14 rad for Re=533.3: (a) maximum temperature; and (b)
maximum temperature using a low pass filter (1-period)

cally the pulsation characteristiGequency, amplitude and phasemance is observed when the jets are pulsating out of phase. More-
angle)as well as the Reynolds number, we have identified optver, guided by dynamical systems theory, we have identified both
mum operating regimes. For the case of=R&3.33A=1.0, » intermittent behavior of the systefperiodic/chaotig for particu-

=2 ande=23.14 rad, we have found an improvement of 6% whelar Reynolds numbers, and more importantly, windows of pure
compared to the single non-pulsating jet. Enhancement in perfperiodicity at post-chaotic values of the Reynolds number. This
latter observation can assist in the selection of particularly favor-
able design regimes, since it allows for all the beneficial features
of periodic behavior(i.e., quiescent behavior of the maximum
temperature with lower average values as elt higher than
intuitively accessible flow rates. The improvement in the maxi-
mum temperature is not very large in an absolute sense but it may
still be important when it comes to sensitive electronics.
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Nomenclature
Roman Symbols

A = amplitude of the pulse
0.5 b |(I)°. - ‘2(I)0I L I3(I)0I L I44I)0I — ls(lm. L Jg‘l)o B = width of the slot jet
) 1 B i,
¢, = specific heat at constant Volume
Reynolds Number D = hydraulic diameterD=2B
Fig. 14 (A) Maximum temperature of the plate, (B) Tempera- f= freque_ncy
ture of a control point as a function of Reynolds number: — fo = pulsation frequency,= w/2m )
Average temperature (A) and (B), (-O-) Maximum temperature, H = distance between jet exit and Impingement Plate
and (- * * ) Minimum temperature h = local heat transfer coefficient
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Fig. 15 Dynamic behavior for the four states identified in Fig. 14: First column: Velocity time series;
Second column: Frequency spectrum of the velocity; and Third column: two-dimensional time delay

reconstruction of the phase space.

k = thermal conductivity of air
L = length of the impingement Plate
LT = slot spacing
M = Mach number
m = mass
Pr = Prandtl number
p = pressure
Q = dimensionless heat flux
Ouar = wall heat flux
r = position vector
Re = Reynolds number at slot exit,
Re = VpD/u
Nu = local Nusselt numbehnL/k

Journal of Heat Transfer

T = temperature

u; = velocity component

= time averaged maximum Velocity of the Jet
V = averaged jet velocity

= time dependent maximum Velocity of the Jet
X; = location vector

Greek Symbols

vy = ratio of specific heat capacities
p = viscosity of air

p = density of air
¢

w

= phase angle difference between The Two Jets
= nondimensional angular velocity of the pulse
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a = particlea Flow Oscillation,” Int. J. Heat Fluid Flow19(2), pp. 115—-124.
b = particle b [24] Chaniotis, A. K., and Poulikakos, D., 2001, “Modeling of Continuous and
pair _ pair slot jet Intermitent Gas Jet Impingement and Heat Transfer on a Solid Surface,” Proc
. . . of ASME International Mechanical Engineering Congress and Exposition,
single = single slot jet New York.

[25] Zumbrunnen, D. A., and Balasubramanian, M., 1995, “Convective Heat Trans-
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Heat Transfer Between Blockages
With Holes in a Rectangular
Channel

Experiments have been conducted to study steady heat transfer between two blockages
with holes and pressure drop across the blockages, for turbulent flow in a rectangular

S. W. Moon channel. Average heat transfer coefficient and local heat transfer distribution on one of
the channel walls between two blockages, and overall pressure drop across the blockages
S. C. Lau were obtained, for nine different staggered arrays of holes in the blockages and Reynolds
numbers of 10,000 and 30,000. For the hole configurations studied, the blockages en-
Department of Mechanical Engineering, hanced heat transfer by 4.6 to 8.1 times, but significantly increased the pressure drop.
Texas A&M University, Smaller holes in the blockages caused higher heat transfer enhancement, but larger
College Station, TX 77843-3123 increase of the pressure drop than larger holes. The heat transfer enhancement was lower

in the higher Reynolds number cases. Because of the large pressure drop, the heat transfer
per unit pumping power was lower with the blockages than without the blockages. The
local heat transfer was lower nearer the upstream blockage, the highest near the down-
stream blockage, and also relatively high in regions of reattachment of the jets leaving the
upstream holes. The local heat transfer distribution was strongly dependent on the con-
figuration of the hole array in the blockages. A third upstream blockage lowered both the
heat transfer and the pressure drop, and significantly changed the local heat transfer
distribution. [DOI: 10.1115/1.1576812

Keywords: Experimental, Forced Convection, Blockages With Holes, Turbines,
Turbulent

Introduction solid ribs in enhancing heat transfer. Although perforated ribs

Various methods have been used to protect turbine airfoils froCaused lower pressure drop, they did not improve thermal perfor-

: . X e : Mance. Increasing the size of the holes, the number of holes, or
th? hgstlle environments in the hot gas p.aths: fllm cooling, tra 1e total hole area did not increase the overall heat transfer.
Spiration cooling, enhanced mt_ernal c_oollng, Impingement cool- Buchlin[6] studied the effects of the configuration and the pitch
ing, and the use of thermal barrier coatings. Han efldland Lau ¢ o forated ribs, the ratio of the open area to the total frontal
[2] surveyed published literature on turbine airfoil heat transfef. o, of the ribsopen area ratio), and the Reynolds number on
and cooling technology. For internal cooling of turbine airfoilspeat yransfer on a surface with periodic perforated ribs in a wind
ribs, pin fins, and impinging jets are often used to enhance t§,ne|. Five types of perforated ribs were tested: bottom hole type,
heat transfer by convection between the surfaces of internal pagaq nole type, arch type, column type, and chevron type. An
sages and the cooling air. Another internal cooling channel coferease of the local heat transfer of up to a factor of 3.0 was
figuration is being considered for the region of an airfoil near thenserved immediately downstream of the perforated ribs, when
trailing edge. Cooling air is forced to flow past staggered holggmpared with corresponding local heat transfer for solid ribs. An
along two or more internal partitions near the trailing edge befoggtimal design was recommended: chevron type perforated ribs
exiting the airfoil through an array of slots along the trailing edg&yith a rib pitch-to-height ratio of 5.0 and an open area ratio of
The cooling airflow through these holes is expected to enhance the3, and Reynolds numbers between 30,000 and 60,000. Among
heat transfer on the two opposite walls between the partitions wighher studies of perforated ribs and partial blockages are Hwang
the holes. et al.[7] and Liou and Chefs8].

There has not been any study of heat transfer for flows throughThe main objective of this study is to examine, for turbulent
staggered hole arrays in channels with the geometry descrikggflow through blockages with staggered holes in a wide rectan-
above. Ekkad et a[3] and Pamula et a[4] used liquid crystals gular channel, the heat transfer on the channel walls between
and smoke for visualization to study the heat transfer in a twitockages. The local heat transfer distribution and the average
pass channel with the two straight passes separated by a dividirgat transfer on one of the channel walls between two blockages
wall with an array of holes. Their results showed that flow imare measured, along with the overall pressure drop across the
pingement and cross flow induced swirls increased the heat trabickages, for different staggered arrays of holes in the blockages
fer in the second pass of the channel. Kukreja and [[Ewcon-  and Reynolds numbers of 10,000 and 30,000, typical for internal
ducted experiments to measure the local heat transfer for turbuleobling of turbine airfoils. Designers of turbine engines should
flows through a long, straight, square channel with ribs of variodi;id the results of this fundamental study very useful.
configurations, including perforated ribs, on two opposite walls,
using transient liquid crystal thermometry. The rib height'toExperimental Apparatus and Procedure
hydraulic diameter ratio and the rib pitch-to-height ratio were i . )
0.125 and 10, respectively, and the Reynolds number ranged fronfEXperiments were conducted to determine, for turbulent airflow

15,000 to 50,000. Perforated ribs were found to be not as goodtA&ugh blockages with holes in a rectangular channel, the steady
heat transfer on the channel walls between blockages. Two geo-

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF mEtrlcally identical test sections were used in this StUdy'.The first
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 15test sectlo.n was a 35-6'9m long reCtangmar channel with a flow
2002; revision received March 7, 2003. Associate Editor: K. S. Ball. cross section of 17.8 citwidth) by 3.05 cm(height). The channel
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heat transfer distributions

To variable
transformers

Fig. 1 Blockages with holes in this experimental study 0.025-mm thick

Inconel thin-foil
heater coated
with liquid
was constructed of plywood with a smooth birch inner surface. |75 . _. 7=
Inside the channel there were two or three acrylic blockages, each
with a cross section that was the same as the channel cross sectio
and a thickness of 1.91 cm. The distance separating consecutive
blockages was 6.35 cm, and the last blockage was installed at a
distance of 7.62 cm from the exit of the channel. Each blockage  siwer paint provides constant voltage
had a row of seven equally spaced holes to allow air to flow boundary at each end of thin-foil heater
through(Fig. 1). The distance between adjacent holes in a block-
age was 2.54 cm, and the array of holes in a blockage was st@f 3 schematics of test sections for average and local heat
gered_W|th respect to that in the next bI_ockage. transfer measurements  (not to scale)

During an experiment, air was drawn into the test channel from
the air-conditioned laboratory with a blower. After the air passed
through the staggered array of holes in the blockages in the test . L
channel, it flowed into a large plenum. A gate valve and a calj- | "€ copper plate was instrumented with eight small gage T-type
brated orifice flow meter, connected in series to the plenum Wi{ﬁopper_—constantarthermocouples._The_thermocouples were In-
PVC pipes and fittings along an open flow loop, controlled al.Eallet_j in deep holes that were drilled into the copper plate in a
measured the mass flow rate, respectively. Figure 2 shows the fgction parallel to the top and bottom surfaces of the block.
flow loop with the first test section. Figure 3(a)shows thg chatlons of the junctions of these thermo-

To measure the average heat transfer coefficient on the expoS@ypPles that were distributed over the 6.35 cm by 17.8 cm area
surface of one of the channel walls between two blockages as B@tween the two blockages with holes. Silver paint was used to
passed through the test channel, the portion of the bottom waliSure good contact between each thermocouple junction and a
between the last two blockages was replaced with a 1.27 cm thigRPPer plate. An ohmmeter was used to check for good contact
copper plate. The copper plate measured 6.35 cm by 17.8 tween each thermocouple and_ the copper plate. Two thermo-
which was exactly the same as the dimensions of the expo&&/Ples were used to record the inlet air temperature.
surface between two blockages. During an experiment, the block® computer-controlled data acquisition system recorded the
was heated by passing electric current through a 6.35 cm by ﬁ%grmoc_ouple outputs during an experiment. Each thermocouple,
cm flexible heater that was attached with silicone adhesive to tR{2N9 With the data acquisition system, was calibrated with a con-
outer surface of the copper plate. Fiberglass and Styrofoam inS{@nt temperature bath and an NIST-calibrated mercury thermom-

lation on the outer surface of the heater minimized extraneof" . .
heat losses. Two digital TRMS multimeters and a current clamp were used

to measure the voltage and current supplied to the heater. An
inclined oil manometer and a U-tube water manometer were used
to measure the pressure drop across the orifice and the pressure

Air exits
to plenum
Tand flow

meter

To variable
transformers

Air Orifice flow meter upstream of the orifice, respectively.

T our (/”e””‘;jfl;’r’::’fzgd Hitk During an experiment, the overall pressure drop across the last
Gargivalve two blockages was also measured. The difference between the
JL _— static pressures at two taps, located at a distance of 1.27 cm up-
Aerviic block stream of the second to last blockage and 1.27 cm downstream of

rylic blockages )
Blower R?Ch"’"g“é“’ Ch“l”lf’e’ with holes Plenum the last blockage, was measured with a U-tube manometer or an
Wit wooden walls g inclined manometer, depending on the range of measurement.

DT e — sy - v = po— Experiments were conducted to determine the average heat

= transfer coefficient on one of the channel walls between two

[nsulation blockages, for nine different staggered arrays of holes in the

Instrumented copper plate blockages and two airflow rates, with corresponding Reynolds
Thermocoupl numbers, based on the hydraulic diameter of the test channel, of

(ple outputs to
Electric heater (power input controlled computer controlled data 10,000 and 30,000.

with variable transformer) acquisition system Table 1 gives the configurations and dimensions of the nine
staggered hole arrays. In seven of the nine cases, the diameter of
Fig. 2 Schematic of test apparatus for average heat transfer the holes was 1.27 cm, and in the other two cases, the diameter of
measurements the holes was 1.91 cm. The center of the holes was located along
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Table 1 Configurations and dimensions of staggered hole arrays in the blockages in this study

Case 1 2 3 4 5 6 7 8 9
Number of Blockages 2 2 2 2 2 3 3 2 3
Diameter of Holes in 1.27 1.27 1.27 1.27 1.27 1.27 1.27 1.91 1.91
Blockages(cm)
Distance from Center of 1.52 1.52 1.52

Holes in First Blockage to
Heated Wall(cm)

Distance from Center of 1.52 1.14 1.14 1.91 1.91 1.52 1.14 1.52 1.52
Holes in Second Blockage to

Heated Wall(cm)

Distance from Center of 1.52 1.14 1.91 1.91 1.14 1.52 1.91 1.52 1.52
Holes in Third Blockage to

Heated Wall(cm)

Symbol for Identifying MM LL LU uu UL MMM MLU MM MMM
Location and Size of Holes

the mid plane of the test channel in cases 1, 6, 8, and 9, and wasere u is the average velocityp and u are the density and
above or below the mid plane of the test channel in the othdynamic viscositym is the mass flow rate, ari/ andH are the
cases. Symbols have been assigned to identify the locations of width and the height of the test channel.

holes in each blockage relative to the mid plane of the test chan-The overall and local heat transfer coefficients are evaluated,
nel: “M” for the center of holes located in the mid plane of therespectively, as

test channel, “U” for “above the mid plane,” and “L” for “below

the mid plane.” he Qc _ V1= Gioss @
The second test section was for determining the local, steady AdTy—Tm) AdTw—Tw)
distribution of the heat transfer coefficient on the exposed surface
of one of the channel walls between two blockages as air passed dc VI—0Qoss
through the test channel. The test section had the same dimensions h= — = — ®3)
AdTy=Tm)  AdTy—Tm)

as the first test section, except that the top wall was a 5.0 mm
thick clear acrylic plate and the portion of the bottom wall bewhereV andl are the applied voltage and currefg,is the area of
tween the last two blockages was covered with a 0.025 mm thigle heated surface, arid, is the average of the inlet bulk tem-
Inconel thin-foil heater. The thin-foil heater was attached to t| rature and the bulk temperature at the downstream edge of the
bottom wall with a double-sided adhesive sheet that was cut to tgpper plate or the thin-foil heater. The latter bulk temperature is
same width as the thin-foil heater. FiguréoBshows the top view determined based on an energy balance Tag, =T+ (VI
of the second test section. —Giosd/ (MCy). ’ '

The power input to the thin-foil heater was controlled with two The average and local Nusselt numbers are defined as
variable transformers connected in parallel, and two digital TRMS

multimeters and a current clamp were used to measure the voltage — hD,,

and current supplied to the heater. NUpp=—— (4)
Thermochromic liquid crystaléover a thin base layer of black

paint) were sprayed onto the exposed top surface of the thin-foil hD,

heater to indicate the temperature distribution when electrical cur- NUDh:T (5)

rent was allowed to pass through the thin-foil heater during an
experiment. The narrow-band liquid crystals, with a sensitivity ofhe Nusselt numbers are normalized with the Nusselt number for
1.0°C, turned yellow when the temperature was 35.2°C. A digitéllly developed turbulent flow in a smooth channel with the same
camera recorded the contours on the liquid crystal-coated surfagelraulic diameter as the test chanripl 492, Incropera and
for five different power inputs, and a computer software was us@kWwitt [9]).
to analyze the pictures and to prepare a contour map to indicate
the distribution of the local heat transfer coefficient. (fo/8)(Rey,— 1000 Pr

Experiments were conducted to determine the local distribution NUpp 0= 1+ 127178 PP 1 (6)
of the heat transfer coefficient on the bottom channel wall be- | ATo/8)™ )]
tween two blockages, for the same nine staggered arrays of hajgseref, is the friction factor for fully developed turbulent flow
in the blockages and the same Reynolds numbers as for the ayierthe smooth channel, and is given lgy. 470, Incropera and
age heat transfer experiments. Separate experiments were piwitt [9])
formed to calibrate the liquid crystals. There were 18 test runs
each for measuring average heat transfer, local heat transfer dis- fo=[0.79 INReyy) —1.64 2 (7
tribution, and overall pressure drop. Each test run was repeated aé
least once, and during each test run, data were recorded multi
times so that there were sufficient data for statistical uncertain éee
analysis of the measured quantities. (Ap/AX)D,,

ased on the measured overall pressure drop across two block-
s with holes, the friction factor is determined as

(8)
=

Data Reduction B pu?/2

The Reynolds number for the flow of air through the test Se_g\;hereu may be calculated frorm. The friction factor is normal-

tion is based on the hydraulic diameter of the test secBign,and  12€d With fo given in Eq.(7).

is calculated as The relative thermal performance is
— . -1/3
puDy, 2m ( Nupp, ( f )
_— TP= o 9
Rebn w o w(W+H) (@) Nupho/ | fo @
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Table 2 Average heat transfer and overall pressure drop results of this study

Case 1 2 3 4 5 6 7 8 9
Hole Location and
Repp Size Symbol MM LL LU uu UL MMM MLU MM MMM
Nupn 214.02 244,75 236.40 214.44 205.57 208.46 224.01 157.03 155.79
Nupp /Nupp o 7.06 8.10 7.84 7.10 6.83 6.91 7.43 5.20 5.16
10,000 f ' 42.79 36.81 39.57 35.89 39.57 40.49 35.25 5.89 5.34
flf, 1,365.2 1,172.8 1,259.9 1,143.4 1,259.1 1,289.1 1,122.0 187.56 169.98
TP 0.64 0.77 0.73 0.68 0.63 0.64 0.72 0.91 0.93
Nupp, 420.65 501.39 482.27 436.84 413.44 399.98 438.76 326.17 320.08
Nupp, /NUpp o 6.01 7.08 6.86 6.18 5.86 5.66 6.44 4.68 457
30,000 f 47.26 42.83 43.30 40.03 44.55 42.83 35.50 5.92 5.08
AR 1,993.6 1,813.1 1,828.6 1,693.5 1,883.9 1,811.9 1,484.1 249.50 214.19
TP 0.48 0.58 0.56 0.52 0.47 0.46 0.57 0.74 0.76

This ratio compares the heat transfer per unit pumping power folockage below the mid plane of the test channel and the holes in
the test channel, with blockages, with that for a smooth chanrtee downstream blockage above the mid plane of the test channel.
with the same hydraulic diameter as the test channel. In both cases, there are only two blockages with holes. The heat
The maximum uncertainty of the mass flow rate is estimated tansfer enhancement is lower in the other three cases with only
be +3.79%. The variation of the pressure drop across the orifie@o blockages: Case M), Case 4(UU), and Case %UL). The
flow meter, measured with a manometer, is the dominating termvalues ofNup,, /Nup, o do not differ significantly in these cases.
the calculation of the uncertainty of the mass flow rate. Using Adding a third blockage with holes upstream of the two block-
uncertainties of 1.6 mm for all dimensions of the test section a@@es lowers the heat transfer enhancement. This is evident when
1.0% for all properties of air, the maximum uncertainties of thghe values oNUyp, /Nupp, o for Case ILU) and Case TMLU) are
Reynolds number is calculated to he4.07% (Coleman _ar]d compared, and when the values for CaséMM) and Case 6
Steele[10]). For all the test runs, the Revalues are within (MMM) are compared. The extra upstream blockage, with holes
+1.5% of the nominal value of 10,000 or 30,000. , that are staggered with respect to those in the blockage upstream
For the average heat transfer measurements, the maximum gfithe heated wall, prevents the air from the open channel from
certainties of the temperature difference, the voltage, and the Cijying straight toward the holes in the blockage upstream of the
rent are+4.90%, +0.23%, and*1.89%, respectively. With these peated wall. A portion of the flow probably impinges on the up-
values, the maximum uncertainty of the heat transfer coefficientdgeam surface of the blockage upstream of the heated wall, and
calculated to bex5.27%. Using uncertainties of 1.6 mm for thelgets drawn into recirculating zones, before turning downstream
hydraulic diameter and 1.0% for the thermal conductivity of ait, 4 passing through the holes in the blockage. The local heat

the corresponding maximum uncertainty of the Nusselt numberys ,qter gistributions, to be presented later, will show that the

determined to be-6.18%. For the local heat transfer measur€syira upstream blockage significantly changes the flow field, and

ments, the maximum uncertainties of the heat transfer coefflcietnb
' - s, the heat transfer on the walls, between the two downstream
and the Nu_sselt number_ane6.86% a_nd_i7.59%, _respectlvz_ely. blockages. The results for CaséMM) and Case §MMM) also
beng gnsa(t;lmum uncertainty of the friction factor is determined tghow that, in the case in which the holes in all three blockages are
— 0970 located in the mid plane of the channel, the heat transfer is higher
on the walls between the two upstream blockages than on the
walls between the two downstream blockages.

Average Heat Transfer and Overall Pressure Drop. Experi-  TheNup,/Nupp, o values in the two cases with larger holes in
mental average heat transfer and overall pressure drop restie blockages, Case 8vM) and Case 9 MMM), are much
have been obtained for nine different staggered arrays of holed@wer than those in the other cases with smaller holes, with values
the blockages and two airflow rates, with corresponding Reynolgtween 17% and 36% lower. Adding a blockage with large holes
numbers, Rg,, of 10,000 and 30,000. These results are presentegstream of the two blockages with large holes again lowers the
in Table 2 as average Nusselt numbers and friction fachug,, heat transfer enhancement.
and f, and average Nusselt number and friction factor ratios, The blockages with the smaller holes in the mid plane of the
Nupp, /Nupp o and f/f,. channel in Case IMM) cause the highest overall pressure drop.

Both the average Nusselt number and the friction factor afde friction factor ratio is lower in Case @MM) and Case 7
higher when the Reynolds number is higher. HowevefMLU) than in Case IMM) and Case 3LU), respectively, indi-
Nupp/Nupp o decreases anfi f, increases as the Reynolds is in-cating that adding a third upstream blockage lowers the pressure
creased from 10,000 to 30,000. The smaller hovith diameter drop across the two downstream blockages. A comparison of the
of 1.27 cm)in the blockages cause higher heat transfer enhandéf, values for Case 8\IM) and Case 9 {MMM) shows the same
ment than the larger holéwith diameter of 1.91 cm with values trend.
of Nup,/Nupp, o between 5.66 and 8.10 compared with values Because of the very large pressure drops caused by the block-
between 4.57 and 5.20. The smaller holes also cause significaryes with holes, the values of the thermal performance ratio in all
larger increase of the pressure drop than the larger holesi/The cases with various hole configurations are less than 1.0. That is,
values in the smaller hole cases are at least six times of thosdhe heat transfer per unit pumping power is actually lower with
the larger hole cases. the blockages than without the blockages. In the cases with the

Among the smaller hole cases, the heat transfer enhancemersiigller holes, the P value ranges from 0.63 to 0.77 for Re
the highest in Case @.L), with the holes in both the upstream =10,000, and from 0.46 to 0.58 for Re=30,000. In the two
and downstream blockages offset toward the heated suffece cases with the larger holes, tfié values are about 0.92 and 0.75,
low the mid plane of the test channel, with the heated copper platspectively, for Rg,=10,000 and 30,000. Adding a third block-
in the bottom wall of the channelThe heat transfer enhancemenage upstream of the two blockages does not significantly affect the
is also quite high in Case @U), with the holes in the upstream thermal performance ratio.

Presentation and Discussion of Experimental Results
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Rep, = 10,000 Rep, = 30,000

Fig. 4 Local steady heat transfer distributions (Nupp!/Nupp o) on heated bottom wall between two blockages with holes in a
rectangular channel for nine different hole arrays. Arrows show direction of main flow.

Local Heat Transfer Distribution.  Attention is now focused fer is generally lower nearer the upstream blockage, and in most
on local heat transfer distributions. In Fig. 4, the local distribucases, the heat transfer is the highest near the base of the down-
tions of N, /Nup, o On the heated bottom wall between twostream blockage. The Ny/Nupy, ¢ distributions have higher val-
blockages with holes are presented, for the nine different hales in the lower Rg, cases. The trend is consistent with that
configurations, and for Rg=10,000 and 30,000. The heat transbased on the average heat transfer results. In all of the cases
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ReDh = 10,000 Reph = 30,000

8.78 7.00

5.72
4.75

4.42 3.60

Fig. 4 (continued )

studied, the ranges of the Ny Nupp, o values presented in Fig. 4  The heat transfer is generally very high near the downstream
are comparable to thelup, /Nup, o values presented in Table 2. blockage. As air passes through the holes in the upstream block-
The Ny, /Nupy, o distribution is strongly dependent on the conage, a portion of the air escapes immediately through the stag-
figuration of the hole array in the blockages. The shapes of tgered holes in the downstream blockage. The remaining portion of
Nupp, /Nupp o contours are similar for Rg=10,000 and 30,000, the airflow impinges on the region of the upstream surface of the
while the magnitudes of Ny /Nupp, ¢ are different for the two downstream blockage between the staggered holes. The air turns
distributions (as stated earlier, higher in the lower Jgecase). toward the top and bottom walls along the upstream surface of the
There are larger spanwise variations of the Nusselt number raiownstream blockage, causing the high heat transfer near the
in some cases than in other cases. The addition of a third blockalggvnstream edge of the heated bottom wall. If the jets through the
upstream also significantly changes the;NINupp, o distribution.  holes in the upstream blockage do not reattach on the heated bot-
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tom wall, a large recirculating region may dominate the spadbe blockage upstream of the heated bottom wall, and may cause
below the jets. The air eventually continues downstream througite jets leaving the holes to spread more than in CagiiN)
the holes in the downstream blockage. The decreasing heat tramghout the third blockage. A portion of the airflow through the
fer toward the upstream blockage and the relatively low hegpstream holes may reattach on the bottom wall, increasing the
transfer near the upstream blockage may be caused by the regiviness of the Nyt /Nupy, o contours. In Case iMLU), there is
culating flow below the jets through the upstream holes. clearly reattachment of the jets leaving the holes. The side walls
In Case 4(UU), the smaller holes in both the upstream anghay contribute to the merging of the two reattaching jets on each
downstream blockages are high above the bottom wall. There &igle of the bottom wall.
pears to be no reattachment of the jets from the upstream holes oihe larger holes in the blockages in CaseMM) and Case 9
the bottom wall. The decreasing heat transfer toward the upstre@MM) cause lower heat transfer than the smaller holes in the
blockage appears to indicate that there is an uninterrupted ba@iier cases. The lower heat transfer is the result of the lower
flow along the bottom wall. There is very little spanwise variatiogverage velocity through the larger holes than the smaller holes
of the heat transfer distribution, except that the heat transfer(fer the same Rg;) and the larger open area ratimtio of the
lower near the side walls. total cross-sectional area of the holes to the channel cross-
The shapes of the Ny /Nupy,  distributions for Case 1IMM) sectional area). The larger total cross-sectional area of the holes
and Case 5UL) are similar to those of the distributions for Caséllows the flow to pass the blockage more readily with less de-
4 (UU). Moving the holes in both the upstream and downstreafgction of thg flow off tr_u_a upstream_surface of the downstream
blockages to the mid plane of the channel or staggering the hofd@ckage. With the addition of a third upstream blockage, the

vertically by moving the holes in the downstream blockage §JYon/NUono distfrigyti;)nhs for Cas?\ QM_MN'? S;:OW seven dis- i
below the mid plane of the channel do not significantly change ti8Cctive zones of high heat transfer on the heated bottom wa

Nupr,/NUpy, o distributions. The contours in Case (MM) and when the jets leaving the upstream holes reattach on the bottom

Case 5(UL) are “wavier” than those in Case 4UU). There wall.
appears to be no reattachment of the jetsonly weak reattach- )
ment of a portion of the airflowfrom the upstream holes on theConclusions

bottom walls. In Case SUL), with the holes in the downstream  geparate experiments have been conducted to determine the
blockage closer to the heated bottom wall, more of the airfloyerage heat transfer coefficient and the local heat transfer distri-
may pass directly through these holes and be deflected toward fygion on one of the channel walls between two blockages with
unheated upper wall, and a smaller portion of the airflow may tukples in a rectangular channel, and the overall pressure drop
toward the heated bottom wall. The result is the slightly lowegcross the blockages. For the hole configurations studied, smaller
heat transfer distribution compared with those in the other tweyles cause higher heat transfer enhancement, but also signifi-
cases. The average heat transfer results also indicate slightly Iowg,ﬁﬂy larger increase of the pressure drop than larger holes. Be-
Nuph/Nupp, o values in Case §UL) than in Case IMM) and cause the blockages with holes cause very large pressure drops,
Case 4UU). the heat transfer per unit pumping power is lower with the block-
In Case 3(LU), with the holes in the upstream blockage belowgges than without the blockages. The local heat transfer distribu-
the mid plane of the channel and those in the downstream bloglon is strongly dependent on the configuration of the hole array in
age above the mid plane, the local heat transfer distributions @@ blockages. The addition of a third upstream blockage also
higher than those in the previous three cases. Because the holesighificantly changes the local heat transfer distribution between
the downstream blockage are above those in the upstream blogie two downstream blockages. Further studies are needed to mea-
age, the flow of air passing through the upstream holes may &@re, or to determine numerically, the detailed flow fields and heat
drawn toward the higher downstream holes, weakening the reginsfer distributions for flows through blockages with holes in
tachment of the flow on the bottom wall. Since the upstream holegannels to better understand heat transfer enhancement with
are located close to the bottom wall, the recirculating flow may hiaese blockages.
affected by the jets leaving the holes. Both the possible reattach-
ment of the jets on the bottom wall and the smaller recirculatin
region below the upstream holes may contribute to the high’gﬁCknowmdgmems
local heat transfer over the entire heated bottom wall and theThe Texas Advanced Research Program/Advanced Technology
“wavier” contours, compared with those in the previous case®rogram sponsored this research.
The average heat transfer results show thaf\bgy, /Nup, o val-
ues are the second highest among all nine cases studied.
The Nupp/Nupy, o distributions for Case 2LL) are very differ-

Nomenclature

ent from those in the previous cases. The heat transfer is the As
highest among all nine cases studied. Although the holes in both Cp
the upstream and downstream blockages are close to the heatedn
bottom wall, there are no isolated high transfer regions to indicate
reattachment of the jets leaving the upstream holes on the bottom
wall. It is believed that, because both the upstream and down- h
stream holes are close to the bottom wall, there is a strong back- H
flow along the bottom wall. This backflow prevents the reattach- |
ment of the jets. The interaction between the jets and the backflow K
may result in vigorous mixing immediately over the heated bot- m
tom wall and the high heat transfer on much of the surface of th&lupp,
bottom wall. NUpp

The addition of a third upstream blockage changes the Ap

3 —=h

Nupp/Nupy, o distribution on the wall between the two down-  Pr
stream blockages. The Ny/Nupp, o contours are “wavier” in dc
Case 6(MMM) than in Case 1(MM). The shapes of the  Jioss
Nupp, /Nupy, o distributions in Case 6MMM) are similar to those ~ Rébn
in Case 3(LU). The additional third upstream blockage may in-

crease the mixing of the flow before it passes through the holes inT,;
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Th =

surface area, fn

specific heat of air, (¢g-K)

hydraulic diameter, m

friction factor

local heat transfer coefficient, \Wh?-K)

average heat transfer coefficient, (af-K)
height of test channel, m

current, A

thermal conductivity of air, Wim-K)
mass flow rate, kg/s

Nusselt number

average Nusselt number

pressure drop, N/f

Prandtl number

rate of convective heat transfer, W
extraneous heat losses, W
Reynolds number

average bulk mean temperature, K
inlet bulk mean temperature, K
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Tmo = bulk mean temperature at downstream edge of heatétieferences

surface, K [1] Han, J. C., Dutta, S., and Ekkad, S. V., 20@as Turbine Heat Transfer and
= in-foi Cooling TechnologyTaylor and Francis, New York, NY.
IW local temperature on surface of thin-foil heater, K [2] Lau, S. C., 2002, “Enhanced Internal Cooling of Gas Turbine Airfoils,” in
T, = average surface temperature of heated copper plate, Heat Transfer in Gas Turbing®. Sunde, and M. Faghri, eds., WIT Press,
K Southampton, UK.
. [3] Ekkad, S. V., Pamula, G., and Acharya, S., 2000, “Influence of Crossflow-
TP = thermal performance ratio Induced Swirl and Impingement on Heat Transfer in an Internal Coolant Pas-
U = mean velocity, m/s sage of a Turbine Airfoil,” ASME J. Heat Transfet22, pp. 587-597.
. . [4] Pamula, G., Ekkad, S. V., and Acharya, S., 2000, “Influence of Crossflow-
V = voltage drop across heater or thin-foil heater, V Induced Swirl and Impingement on Heat Transfer in a Two-Pass Channel
W = width of test channel, m Connected by Two Rows of Holes,” ASME Paper No. 2000-GT-0235.
T . [5] Kukreja, R. T., and Lau, S. C., 1998, “Distributions of Local Heat Transfer
Ax = distance between two pressure taps fo_r measuring Coefficient on Surfaces With Solid and Perforated Ribs,” J. Enhanced Heat
pressure drop across two blockages with holes, m Transfer,5(1), pp. 9-21.
[6] Buchlin, J.-M., 2002, “Convective Heat Transfer in a Channel With Perforated
Greek Symbols Ribs,” Int. J. Therm. Sci.41, pp. 332—340.
. . X [7] Hwang, J. J., Lia, T. Y., and Liou, T. M., 1998, “Effect of Fence Thickness on
m = dynamic viscosity of air, Ns/n? Pressure Drop and Heat Transfer in a Perforated-Fenced Channel,” Int. J. Heat
p = density of air, kg/m Mass Transfer4L, pp. 811-816.
[8] Liou, T. M., and Chen, S. H., 1998, “Turbulent Heat and Fluid Flow in a
Subscripts Passage Distributed by Detached Perforated Ribs of Different Heights,” Int. J.

) Heat Mass Transfedl, pp. 1795-1806.
0 = reference, fully developed turbulent flow in smooth  [9] Incropera, F. P., and Dewitt, D. P., 200Rundamentals of Heat and Mass

; ; : Transfer, 5th ed., John Wiley & Sons, New York, NY.
channel with the same hydraulic diameter as test [10] Coleman, H. W., and Steele, W. G., 198Xperimentation and Uncertainty

channel Analysis for Engineerslohn Wiley & Sons, New York, NY.
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Introduction

An Improved Numerical Study
of the Wall Effect on Hot-Wire
Measurements

Numerical investigations of the heat transfer from hot wires in near-wall measurements
were carried out. Special attention was paid to the effect of the wall thickness, the flow
conditions below the wall and the shear velocity connected to different wall materials.
Compared with previous studies, an improved physical model taking into account the flow
region below the wall in the computational domain was applied. The results obtained
agree well with experimental data in the literature for walls consisting of both highly and
poorly conducting materials. The investigation showed that the shear velocihat/ a
significant influence on hot-wire measurements in the vicinity of a wall. Nevertheless,
discernible effects of the wall thickness and the flow condition below the wall were found
only in the case of a poorly conducting wall. In addition, the results also suggest a weak
effect of the overheat ratio for a wire with an infinitely large aspect ratio.

[DOI: 10.1115/1.1571848

Keywords: Conjugate, Convection, Heat Transfer, Hot-Wire, Measurement Techniques,
Modeling, Shear Flows, Temperature

considered. The natural convection and the viscous heating effect
are negligible under the usual operating conditions of HWA near-

Hot-wire anemometry(HWA) is an important measurement all measurementmall overheat ratioin an air flow[3,4]. The

technique, widely applied to investigations of both laminar an .
turbulent flows. The technique is well developed for standard ﬂoggpendence on the probe lengtlan also be neglected if the end
n

situations. Nevertheless, large deviations occur when measuf

X = ; . gligible level by using a very large aspect ratiéD. As a
ments are conducted in the proximity of a wall, e.g., in the V'SC°¥§sult, the problem can be treated in a two-dimensional frame by

sublayer of a boundary layer, since the heat transfer from the wi S ) ; I
is modified due to the additional influence of the wall. Hence 8n5|der|ng a perfectly aligned probe in the limitlofD — e [S].

gs:reenitelcrnl?sprocedure has to be applied for HWA near-wall Me3t the problem are still complex. Introducing the Nusselt number

Considering a wire of constant temperature arranged normall\tlt!)J (Eqs.(?) and(8)) .fqr character izing the heat @ransfgr from the
the flow direction, its heat transfer coefficidntsee Eq(7)) in a wire, within the validity of continuum mechanics FhIS quantity
free stream depends on the local flow velodity, the physical ggpentds ont. t:](?DR%nmds rrl]umtbert:.RQﬁ/V? th%ttljlstange-t%-
properties of the fluid, the temperature of the wiig and of the ZIaMEter rlfl 1ov/b, b'e overheat ratiar, he ranc nu;n her i r'd
ambient fluidT., (or the overheat ratio'=Ty/T.., T in [K]), the _#=Cp./K= at ambient temperature, the variation of the flui
lengthL and the diameteD of the wire probe, and the state of theProperties with the ter_‘nperature, the_ therm_al conductivity ratio be-
flow (laminar or turbulent). Additional influencing parameterdeen the wall material and the fluid mediudy=k,,/k.., com-
such as the wire-to-wall distancéand the thermal condition at Pined with the boundary condition at the bottom of the solid wall.
the fluid-wall interface are introduced in a near-wall flow. Th&iere the quantities with the suffix are fluid properties evaluated
latter is a final effect of the conjugate heat transfer consisting 8t amb|e+nt temperature. In the literature, the dimensionless
the heat convection in the flow region and the heat conduction @oups,Y =Y U./v andD"=DU /v rather than Re and/D

ect, i.e., additional heat loss to the prongs, can be reduced to a

Ithough the above simplifications can be introduced, the physics

the solid wall. In a theoretical model of the wall region, a Neu@re usually employed as the influencing parameters. They are re-

mann conditioryT/dx=0 can be assumed at the downstream latated to each other in a linear shear flow, i¥!,= VRe(Y¥D) and
eral boundary, whereas the upstream lateral end of the wall canhbé= \/Re/(¥D), as shown by Shi et aJ6].

assumed to take the ambient temperature considering that the wallumerous investigations have been carried out in recent de-
temperature decays at a power rate in this direqtse®, e.g1]). cades devoted to establishing a generic correction procedure for

Hence only the thermal conductivity of the wall matekgl, the the near-wall application of hot-wire anemometry. However, the
wall thicknessH, and the boundary condition at the bottom of theroblem is still not fully resolved in several respects. Durst and
wall remain as the main influencing parameters of the wall regioBanoun[7] noted that the data from HWA measurements in the

It was confirmed experimentally by Jank2] that the state of proximity of poorly conducting wall§2,7—9 show much larger

the global flow is irrelevant for HWA measurements very close tecatter than the highly conducting case. One of the reasons might

a wall, namely within the dimensions of the viscous sublayer ofige the difference in the thermal conductivity of the wall material

boundary layer flow, where the local flow is dominated by themployed in these experiments. This difference can result in large
molecular transport and thus is laminar in nature. Hence withogiéviations in the measured velocities according to the experimen-

loss of generality, only the laminar state of the flow needs to hal study of Gibbings et al[10] and our previous numerical re-

sults[6,11]. The differences in experimental setups and configu-

*Present address: Institutrfiicherheitsforschung, Forschungszentrum Rossedations might also be responsible for the discrepancies among
dorf, Bautzner Landstr. 128, D-01328 Dresden, Germany, Fdi9-351-2602503, different measurements. For examp|e‘ some measurements were

Fax: +49-351-2602383, Email: j.shi@fz-rossendorf.de : : c i
Contributed by the Heat Transfer Division for publication in tt®UBNAL OF carried out in the proximity of the bottom wall of a chanﬁ%]g],

HEAT TRANSFER Manuscript received by the Heat Transfer Division September 11;€-, Without flow ConveCtion below the wa_ll, where_as others were
2002; revision received March 3, 2003. Associate Editor: M. Faghri. performed over a thin flat plate mounted in the middle of a chan-
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nel[2,12], i.e., with fluid flow below the wall. Since the conjugateverheat ratio of the wirer and therefore goes far beyond the
heat transfer problem consisting of the heat convection fromirmvestigations in[6,11]. The results indicate an important influ-
hot-wire in cross-flow and the heat conduction in the solid waéince of the shear velocity for both wall materials and a discernible
has to be considered in the study, the flow on the underside of #itect of the experimental setup in the case of a poorly conducting
wall and the wall thickness are likely to have an important influaall. In addition, the effect of the overheat ratio was found to be
ence on the heat transfer from the wire. Few investigations hawvery weak. Compared with our previous studiésl1], the agree-
dealt with these effects except for that of Durst and Zandln ment with the experimental data was significantly improved due
Nevertheless, the thermal conductivity of the wall material is né® adopting a much more realistic theoretical model. Moreover,
clear in their study and hence their conclusion might deservethe present results are also useful for improving the understanding
re-examination. of the physics related to hot-wire near-wall measurements.

It is also inconclusive in the literature whether the dimension- The paper is organized as follows. First, we give a detailed
less wire diameteD “=DU /v is a suitable independent variabledescription of the theoretical model and the numerical methods.
for the velocity correction needed for HWA near-wall measurefhen the results of the numerical calibration for the hot wire are
ments. The effect of the wire diameter has so far been well reported. Thereafter, the effect of various influencing factors are
confirmed in the literatur§9,12—15]. Nevertheless, a number ofliscussed separately. Finally, a summary of the results is provided.
investigationd9,15—17]reported that the velocity measured by a
hot-wire at a given dimensionless distan¢é from a wall is
independent of the shear veloclty,, although the measurement ; ; ;
of Wills [18] and Gibbings et al[10] show this dependence. A‘[52 Theoretical Formulation and Numerical Method
present,D rather thanD ™" is usually suggested as a dependent 2.1 Theoretical Model. The model configuration employed
variable in the velocity correction procedures commonly adoptéslillustrated schematically in Fig. 1. An infinitely long and heated
in practical applications. Therefore, this issue still has to be cladircular cylinder with a diametdd =5 wm was mounted horizon-
fied by a systematic investigation of the shear velocity effect. tally above the plate to represent the hot-wire probe. Two wire

The situation described above also indicates that the undtgmperaturesl,,=100 and 166.5°C were used, which correspond
standing of the physics behind the wall effect on hot-wire me#e an overheat ratie=1.27 and 1.5, respectively. The fluid con-
surements is still inadequate. This is due to the limitations of ttsédered was air. To simulate the heat transfer from the wire in the
available studies. Most of the experimental investigations carrigiscous sublayer of the boundary layer, inflows with linear veloc-
out so far were simply intended to establish a correction procdy profiles and with ambient temperatuiie,=20°C were pre-
dure, with little attention being paid to the physics of the problenscribed for the flow regions on both sides of the plate. The con-
The information regarding the wall thermal conductivity, the wallugate heat transfer problem consisting of two flow regions on
thickness, the shear velocity of the local flow or even the overhdeath sides of the wall and the heat conduction in the solid wall
ratio of the wire was often not reported. Hence it is usually diffiwas considered. The flow was assumed to be undisturbed at the
cult to deduce a clear physical understanding of the wall influen@p and bottom boundaries. A zero gradient boundary condition
from the experimental data available. Obviously, the numerictr a fully developed flow was assigned at the outflow boundary.
simulation technique has good advantages in resolving this prd¥e-slip and impermeability conditions, namely=0 andV=0,
lem, considering that all the parameters are clearly defined awgre defined at all solid surfaces. A Dirichlet conditiop=T..
that the field solutions obtained are useful for a deep insight infgas applied at the upstream lateral boundary of the wedt (
the mechanisms involved. The limitations of numerical investiga= L1) considering the power-rate decay of the wall temperature in
tions carried out so far are mainly due to their oversimplifiethis direction[1]. Similarly to the outflow boundary conditions of
physical models. For example, the heat conduction in a solid wine flow region, a Neumann conditi@T/dx=0 was used for the
was not taken into account in some studi&s, 17,19]. Instead, the downstream lateral boundary of the wali<L,). Tests were car-
Dirichlet conditionT,,= T.. was applied at the fluid-wall interface fied out with the Dirichlet conditiolf,,=T... The resulting dif-
for the case of highly conducting walls and the adiabéileu- ference in the Nusselt number of the wigee Eq(8)) was found
mann)condition was emp|0yed to model the effect of p00r|y conto be negllglble when the Computational domain was extended in
ducting walls. Such a model was shown to be inappropriate in tHe x-direction toL,/D=8000-10,000 upstream and tb,/D
latter casg6,11]by taking the conjugate heat conduction in the= 10,000-12,000 downstream of the cylinder. The height of the
wall into account. Nevertheless, in these studies the adiabatic ceamputational domain was chosen so thigt=H.U, ,/v..>10
dition was adopted at the underside of the wall, which might kend H, =H,U . ,/v..>5. Such a domain size was proved to be
not an appropriate approximation to physical reality. Probably feufficiently large to obtain reliable numerical resultd].
this reason, the results for poorly conducting walls indicated aThe continuum condition was assumed to be satisfied. The fluid
relatively weaker wall effect than many experimental d&ia@,9]. was treated as being incompressiktlee fluid density was inde-
This drawback can be overcome by extending the computatiop@ndent of the pressyreHowever, the variation of the fluid prop-
domain to include the flow region below the wall. As a result, therties(densityp, dynamic viscosityu, thermal conductivitk and
thermal conditions at both fluid-wall interfaces are parts of thepecific heat at constant pressupg at different temperatures was
numerical solution, rather than being prescribed as a priori bourtekken into account by expressing these quantities as quadratic
ary conditions as before. Such a model is expected to prodysstynomial functions of the temperatufg 6], based on data from
more realistic numerical results and thus to resolve the deviatioihe VVDI-Warmeatlas[20]. The natural convection and viscous dis-
between simulation and measurement. sipation were neglected owing to the dimensions and temperature

The considerations described above motivated the work Kgalues involved. Detailed discussions of the physics and justifica-
ported in this paper. In contrast to our previous investigationg®ns for these assumptions and simplifications can be found
[6,11] the present study is concerned with the conjugate heat[3,4].
transfer consisting of the heat convection on both sides of the wallintroducing U, for the normalization of the velocity compo-
and the heat conduction in the solid watlee Fig. 1). Conse- nents,D for the coordinates, the simplified governing equations
quently, the physical model considered is strongly improved. Twier the flow regions can be expressed in a Cartesian coordinate
wall materials, highly and poorly conducting, i.e., aluminukj, ( system in nondimensional form as follows:

=9186) and mirror glassk{,=29.6), were used for the investi-

gation. This enhanced model enabled us to systematically examine A(p*U¥)

the influence of the wall thicknes$, the flow on the underside of —— =0 1)
the wall (varied by a factorS), the shear velocityl,) and the X
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Fig. 1 Sketch of the physical model for the investigation of HWA near-wall measurements

a(p*U? U}«) aP* 1 9 &Ur '7Ui*> 100, respectivgly. Sgitable combina.ltions of+ Re afid allow us
—_— == + = u* + (2) to vary the dimensionless wire diamet&x"=U D/v (or the
ax axt  Re gy axt o ox} shear velocityU , sinceD=5 um is given)for a fixed value of
A p* UFT) 1 2 . Y* with reference to the relation® "= Re/(YD) and Y*
c* p T = * (3) =+/Re(YD). Hence, both the influence of experimental model
P axy Re Prx* Xy configurations and the shear velocity () effect on HWA near-

wherei, j=1, 2 are the coordinate indices for tkey components, wall mea;ure?ents can be |(;1vest|gigted n d%ta”' Itd's worth po%nt'
tively. The quantities, »*, K*, andc* are dimensionless ing out that the present study could not produce data sets where
respec : MR p Y* varies systematically in a defined range for each constant

properties normalized by the corresponding values evaluated n .
the ambient temperatur.., namely p.., ., k., andc,.., vg}ue ofD™. In contrast, measurements are usually conducted in

respectively.T* = (T—T.)/(Tw—T.) is the dimensionless tem- a given flow U ; fixed) by changing the wire-to-wall distandéin

perature. The dimensionless groups appearing in the govemgﬁ)erlmental investigations, yielding a data set for a congant

. . : . .
equations are the Prandtl number and the Reynolds number, varyingY™. Hence experlmental studies of tED_e effect are
usually realized by repeating the measurements in different flows

fined as (differentU ) or with different wire diameter¢D). Nevertheless,
b _ MaCpe 4 R UgD 4 with the present method we have the relatDii=Y*/(Y/D).
= K., =const  an € v, ) Hence at eacly™* numerical results for three different values of

ivel D" are available, which is sufficient to reveal the influenc®df
respectively. L . . owing to variations olU .
Only the energy equation is relevant in the solid wall. It reduces 1" 4 racterize the heat transfer from the hot wire, the Nusselt
to a Laplace equation governing the heat conduction, since COlimber of the wire was evaluated. The local Nusselt number

stant physical properties can be assumed in view of the smgll, ;) is jefined based on the local heat transfer rate of unit area
temperature difference in the wall region. The energy equation Qi< \vire surface:

the fluid and wall regions is coupled by means of the temperature

continuity and the heat flux conservation at their interfaces, ) aT(r,0)
namely a(0)=h(0)(Tw—Tx)=—k(Tw) (6)
" " ar r=D/2
TF=T: and (ki) :( i ) (5) Wherer and ¢ are the polar coordinates originated at the wire
Iy | Iy, center, anch(#6) is the local heat transfer coefficient at the wire

. . surface. Normalizingg(9) with a reference valueg,=Kkg(Ty
The Reynolds numbers involved were in the range OsR&<2 _T,)/D, one obtains

and the resulting wall distance in wall units covered the range

0.32<Y"=8. In order to examine the effect of the flow condi- q(e) h(e)D K(Tw) aT*(r*,ﬂ*)‘

tions below the platéregionb) on the heat transfer from the hot ~ Nu( 0)= q ~ Tk T Tk o ‘ .
wire, the shear rate below the wall was varied with a factos of ¢ ¢ ¢ (r*=05

=1, 0.1 and 0.02%see Fig. 1). In the case af=1.27, numerical ™

results were obtained for two wall thicknesses, nantkly3 and The mean Nusselt number can be calculated by averaging the
8 mm, and for three distance-to-diameter rathod) =10, 20, and local value over the cylinder surface:
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1 1 T T T ;
Nu= j N U( 0* )dﬁ* (8) O present, constant properties, num., Nu_ vs. Re /,/’

+ present, T-dependent properties, 1=1.27, num., I\Ium(Tm/Tmf0 7 vs. Re i

0 0.9 & present, T-dependent properties, T=1.5, num., Num(Tm/Tm)’o”vs. Re ,}' ]
where ¢ = 6/(2m). Choosingk.=K(Ty) for the definition in Eq. | 7 Eemes st o o e, e R e 7 b
(7), the Nusselt number Nd) reduces to the dimensionless tem- ™ | jiingworth (26}, constant properties, anal., Nu_vs. Re i
perature gradient at the wire surface. It is worth mentioning th 0.7 |~ Wood [27], constant properties, anal., Nu, vs. Re

H 7 i a [ — Hieber & Gebhart [28], constant properties, anal., Nu_ vs. Re
the fluid properties are usually assumed to be constant in me T Nakot & Oarah 9], consant sronentios anal. No. v, Re

theoretical studies. In this case, the Nusselt number is denoted:z 06 | o Coliis & Williams (251, exper., Nu (T /T )" vs. Re,,

Nu,. in the present studly. e

For a clear understanding of the wall effect on the heat transi< 5 |
from the hot wire, the distribution of the dimensionless temper: 2‘5
ture Ty, =(Ty,—T)/(Tw—T..) and the dimensionless heat flux at 3 0.4
the fluid-plate interfacesy¢ = —Y/D,—(Y+H)/D), =

aT 03
k@)w Ky [oT* 02 et
Dy_ TW— T, B Re Pr( W) ' (9) 0.1 . . L
kxe— W 107 107 107 107 10°
c Re, Re,,

was analyzed. Heré.=D/(Re Pr) is used. Consequent, is

equivalent to the diffusion integral of the energy E8) and thus Fig. 2 Comparison of the present results at very small Rey-
reflects directly the wall influence on the heat transfer from tHolds numbers with classical results from the literature

wire. In addition, a quantity called the modified Biot number, Bi,

was introduced. The definition is as follows. Expressing the heat

flux at the fluid-plate interface as calibration relationship at each overheat ratio. Comparisons of the
aT present results with classical results available in the literature are
OQu= ( kKp—| =hu(Ty—T.), (10) presented in Fig. 2. The correlation method for the overheat ratio
W/ due to Collis and Williamq25] was applied for those results
one has obtained for temperature-dependent fluid propefieduding the

present results and the experimental data of Collis and Williams
~ hyt, 1 (IT*1ay*)y, [25]), namely they are presented in the form T, /T.,) %7
=%, RePr T (1D =f(Re,), where Ny,=(ky/ky)Nu and Rg=(UgD/») are the
w Nusselt and Reynolds number, respectively, defined based on the
Physically, this quantity characterizes the ratio of the conductiyoperties evaluated at the filtmean)temperaturerl ,,=0.5(T.,
thermal resistance inside the solid material to the convective therT,,) (T in [K]). No correlation is necessary for other theoretical
mal resistance in the fluid and thus is useful for understanding thesults Ny [5,26—29]obtained by assuming constant fluid prop-
effect of the experimental condition on HWA near-wall measureerties, since the correlation function turns out to be the same as
ments. Nu,=f(Re) in this case. As shown in Fig. 2, the present data
. . . agree well with the numerical results of Dennis et{@0]and the
2.2 I_\lgmerlcal Method. The numerical solution was lc)"’I‘Q'Edexperimental data of Collis and Willian{25]. Excellent agree-
on .thg finite-volume ﬂ.OW solver, FASTEST2[21]. A brief de- ments are also observed with the higher-order analytical results
scription of the numerical features of the code could be found 557,28]in the low Reynolds number range and with the lower-
Shi et al.[6]. In order to accelerate the information propagatio rder analytical solutiongs,26,29]at the limit Re—0. Hence the

during the solution proced_ure, the dfata depend_ence .Of the Encigbve comparisons confirm that the present numerical calibration
equation between the fluid and solid wall regions, i.e., the exs highly precise

change of the conjugate temperature and heat flux at the plate
(interface)was implemented at each inner iteration. Convergence
was assumed to be satisfied when the maximum sum of the nér- Effect of the Physical Model Configuration
malized absolute residuals in all equations was reduced by si

orders of magnitude. _ ) tion on HWA near-wall measurements, numerical simulations
A local grid refinement techniquéor details, see Lange et al.\yere carried out for two values of the wall thickness, nantely
[2_2]) was employed to achieve h_|gh chal resolutlon_ near the h913 and 8 mm, and for various inflow velocities below the wall,
wire. In the computations 512 grid points at the cylinder surfacr?amelyu= —S.G-(y+Y+H) whereS=1, 0.1 and 0.025. The
(D=5 um) and about 2.2:40° grid points for the total compu- investigations were performed both for an aluminurky, (

tational domain were applied on the fiftfinest) multigrid level. - — . .
The grid convergence rate and the grid independence of the n_u9186) anq a mirror glassf,=29.6) wall using a distance-to-
merical results are similar to a previous stidyl]. Richardson dlameter ratioy/D =100 and an overheat ratip=1.27.
extrapolation[23] was applied to reduce the discretization error. 4.1 Highly Conducting Walls. No discernible difference
These measures ensure high accuracy of the present results. 8 predicted in the Nusselt number and thus in the converted
tailed information is provided in SH24]. velocity reading of the wiréJ ,,for an aluminum wall regardiess
. . . of varying wall thicknesses and inflow velocities below the wall.
3 Numerical Calibration Moreover, as shown in Fig. 3, the present numerical results almost
For the purpose of numerical calibration, the heat transfer froovincide with our previous daf{#,11], which were obtained based
the hot wire in free stream was first investigated. Since the amior H=1.5 mm and the simplifying adiabatic boundary condition
ent temperature and the fluid properties are kn@wpriori, the at the bottom of the wall. The physical cause is due to the small
Nusselt number of the wire depends on the wire Reynolds numtikermal conductive resistance inside an aluminum wall according
and the overheat ratio, namely Nd(Re,7). Densely distributed to the analysis of the Biot numbénot shown here; detailed in-
numerical results were obtained in the range 0sOR&<2 for formation is provided in SHi24]). Hence it can be concluded that
7=1.27 and 0.01<Re=<1 for=1.5 in order to establish a precisethe model configuratiofthe wall thickness and the flow condition

Xn order to examine the effect of the physical model configura-
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cannot expect the strongest wall effect for the case of an infinitely
A aluminum, D'=0.01Y", 7=1.27, numeri., Shi et al. [6] - thin wall. This issue as well as the effect of the flow on the
O aluminum, D"=0.01Y", t=1.27, numeri., present underside of the wall can be better understood by an examination
' of the distribution of temperatur€*, heat fluxD, (Eq. (9)) and
: modified Biot number Bi(Eq. (11)) at the fluid-plate interfaces
61 S ' ‘ ‘ (y=-Y andy=—(Y+H)) (for details refer to Shj24]). In ad-
| : : dition, it was not possible to measure the thermal conductivities of
o L : the glass walls used in the experiments of Durst and Zafdln
? ! : Therefore, there is no evidence that the two different walls used
E i , ; : had the same thermal conductivity, which might explain the con-
o . troversy.
o T Pl | ‘ Compared with the present results, the previous stédig-
P i " Co ‘ nificantly under-predicted the velocity reading of the wire owing
s - : Pl f‘% : ' to the inappropriate adiabatic boundary condition applied at the
Y S Car e v bottom of the wall and also due to the small wall thicknelis (
[ SR ' L =1.5mm). Nevertheless, this drawback has no consequence for
2 ‘ ' L ‘ ‘ our conclusion concerning the effect of the wall material in the
0 ! v case of poorly conducting walls. Moreover, the present results for
ngpaare found to be about 1.5-3.5% lower than the correspond-
ing true valueUg in a certain range of wire-to-wall distances
(2.5<Y*<4) when the flow convection below the plate is re-
duced §=0.1 and 0.025). A similar phenomenon was predicted
by Shi et al[6] and can also be recognized from the experimental

data of Ligrani and Bradshal@] and Chew et al.9], which were
below the wall)does not have an discernible influence on HWbtained from measurements directly above the bottom wall of a

measurements in the vicinity of highly conducting walls. channel, corresponding to the c&se 0. Nevertheless, one might

. . suspect that they are unphysical results caused by the limitation of
4.2 Poorly Conducting Walls. In contrast to highly con- . previous physical modé6] or due to the measurement error
ducting walls, the effect of the wall thicknes$ and the flow ¢ ;0 experimental investigations mentioned above. Now this ob-
condition below the wallvaried byS)was found to be not neg- servation U%,.<UZ) can be confirmed. In contrast to the cases

L ) _ o appa<Uo .

ligible in the case of a mirror glass walk;L—29.6_). Th's is dem- S=0.1 and 0.025, this phenomenon was not observed in the case

onstrated by the numerical results presented in Fig. 4. The d@gne same shear rate on both sides of the v@d {), where the

obtained in previous investigatiori§,11] based on a different heat transfer from the wire was enhanced by thé stronger flow

physical model are also displayed for comparison. It can be o Bnvection below the wall.

served that the wire measures a larger apparent velbtjjggain

the case of an increasing flow velocitgrgerS) below the wall or

a thicker wall. The influence of these parameters is more evideit Effect of the Shear VelocityU .

at small wire-to-wall distances, i.eY,"<2. Therefore, it is nec- | der t . hether the sh lodity h .

essary to take these influencing factors into account in the velocitxr: OE ef? Ot exa|_|m\;\r/1: whe er” € shear Ve? Y asl ?_n im-

correction procedure for poorly conducting walls. It is wort rgr; € f‘f: onH nde_atr wa _:ni?sure?wen Swség‘i zilolor;%were

pointing out that the present results are in contradiction with tg@rred outfor various distance-to-diameter ratios,) = 1u, L

measurements of Durst and Zandi, which indicate a stronger @1d 100. This allowed the dimensionless diameter

wall effect in the casefea 3 mm thick glass wall compared with = DY /.. or the shear velocity) r+(D:5 wm fixed)to be varied

an 8 mm wall. Their conclusion is difficult to justify since onelO times for the same value of”". The investigation was per-
formed for the case of an overheat rafie1.27, a wall thickness
H=3 mm, the same inflow velocity on both sides of the wal (

I

appa
w

Fig. 3 Comparison of the present results for the apparent ve-
locity U;'ppa in the case of an aluminum wall with those of Shi

et al. [6]; k%, =9186, Y/D=100, D=5 um

6.5 =1) and for both wall materials, namely an aluminum wadf; (
Omiror glass, k,'=29.6, D=Sym, D'=001Y, t=1.27, H=gmm, S=1, numei. =9186) and a mirror glass walk},=29.6). In addition, the study
Omirror glass, k,, =29.6, D=5pm, D'=0.01Y ", t=1.27, H=3mm, S=1, numeri. . . .
¥ mirror glass, k, =29.6, Desjim, D'=0.01Y ", £=1.27, H=3mm, $=0.1, numeri. was concentrated on the case of small dimensionless distances
s || e e oy s onns | | Y'<5. Outside this range, the effect b, is negligible[6].
5.1 Nusselt Number. The results for the Nusselt number
‘ are displayed in Fig. 5. It is observed that with both wall materi-
45 L o o < als, the heat loss from a hot wire at a given Re increases signifi-
| cantly with decreasiny//D in the case of small flow convection
£ B /@/ (i.e., small Re). As expected, a stronger wall effect is observed in
= o] ; ‘ ‘ i the case of an aluminum wall. Moreover, for a given Re, the
35 E i i @/ influence of the wall material is more evident in the case of a
. ﬁ/ smallerY/D. On the other hand, with increasing Re all curves for
¥ various values ofY/D asymptotically approach the calibration
25 oN results obtained for a hot wire in a free stream, indicating a van-
RSO ishing wall influence.
L ] \©\;_6_,‘;, j‘@l
v e® 5.2 Apparent Velocity Measured by a Hot Wire. It was
15 bl ‘ shown in Shi et al[6] that the shear velocity , has no effect on
0 1 2 . 3 4 5 the average Nusselt number of a hot wire and thus on HWA mea-
Y surements if the hot wire is located outside the wall influence,
Fig. 4 Comparison of the numerical results of the velocity e.g., Y =5. However, this conclusion is no longer true when
reading U:ppa of the hot wire close to mirror glass walls (k% ~ decreases, as demonstrated in Fig. 6. The numerical results show
=29.6) obtained by using different model configurations that at the same&' ™", the apparent Velocitjdgppaincreases with
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 599
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. - Fig. 6 Velocity reading of the wire, comparison between vari-
Fig. 5 The average Nusselt number Nu of a hot wire in near- ougs DH(=U )2)/ ) \?aried by the shegr velocit U. or YID
wall cross-flow for various Y/D, D=5 pm, 7=1.27: (a) alumi- h D*( ?*/F;ID) D=5 y d 127 Hy d ST . I’
. where = , D= mand 7=1.27. H an are irrel-
num wall (k},=9186); and (b) mirror glass wall (k},=29.6). ) > K . .
evant in the case of an aluminum wall:  (a) aluminum wall (kj,

=9186); and (b) mirror glass wall (k},=29.6).

increasingd " (increasingJ , or decreasin//D) atY " <4 for an o )
aluminum wall *=9186) andY* <3 for a mirror glass wall Y/D. As aresult, it is expected that the asymptotic value for the

(k*=29.6). Hence, the present results are in accordance with ilocity reading aty* =0, denoted by, o, also depends
experimental data of Will$18] and Gibbings et al[10], which ©on Y/D. Bearing in mind that diffusion is the dominant mecha-
also indicate aU, influence, but nevertheless contradict thosgism for the heat transfer from a hot wire at sméfl, the effect
studies rejecting the ;. effect[2,9,15-17]. of Y/D or equivalentlyU, on HWA near-wall measurements can

The present results might be more reliable for several reasohs. theoretically justified. In contrast, the numerical results of
First, the numerical results have been carefully validated for tfghatia et al[17]and Chew et al[15] for the adiabatic boundary
calibration curve(Section 3). Moreover, there is an analytical socondition might be insufficiently precieccording to other nu-
lution in the literature[31,32] for the heat conduction from a merical studie$19,32]. The grid independence of their numerical
two-dimensional cylinder close to a perfectly conducting wiall results was also not reported. Therefore, the conclusions from
a semi-infinite space under the boundary conditibp=T,), these studies need to be re-examined. In fact, the influentk of
which for (Y/D)?>1 can be simplified to is noticeable from the results of Chew et [d5], which seems to
be at least as strong as that of the wire diamBtdor Y*<2 in

2 (12) the case of an adiabatic wétkfer to Figs. 4 and 6 of Chew et al.

In(4Y/D) [15]). Concerning the experimental investigatforly Jankg 2]

This solution can be used as a reference value of the numeriggﬁ presented rﬁsultslfor.varyiUg systematically 0 btained at the
results at the lower limit (Re,—0) for the aluminum wallFig. same values of ", which is necessary for a precise evaluation. A
5(a)), despite that this relation was obtained based on constant—

fluid properties and Nuis defined based Ohc=k ) Equation 1Both failed to predict a reduced Nusselt number for a hot wire close to an

. . adjabatic wall compared with the corresponding free-stream result.
(1+2) can be considered as the _Nusselt nurr_]ber of a hOt_ WIr€ Abpefer to Fig. 8 of JankE2], Fig. 13 of Chew et a[9], Fig. 4 of Kosticand Oka
YT=0 from a perfectly conducting wall, which is a function of[16], and Fig. 8 of Bhatia et al17].-

Nu,.(0)~
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weak effect ofU . with the same trend as the present results ~ 0.6 - T
discernible in his data. In addition, the experimental study ¢ © aluminum, k#=0186,Y/D=100, 7=1.2
Bhatia et al.[17] was limited toY* >3 (refer to Fig. 8 of their O alumninum, k,*=9186, Y/D=100, 7=1:2 /
paper), where thel _ effect is already very weak according to the =—calibration'in free stream, 7=1.2 o
present numerical results. 0.5 -—— "F:ah‘)l‘all nin free stream;1=1:5 ®/ a
The influence ofY/D or U, predicted in the present numerical , &
study is similar to that of the wire diameter reported in the litere v
ture. This supports the dimensional analysis of Shi ef@land Nu g 4 o
also the similarity implied in it. Therefore, it is necessary to tak ) '_ME’T
both influences of wire diameter and shear velocity into accout ; G
As an approximation, the paramet&"=(DU,/v) might be — TRV S s S 2 e
used for the representation of these influences. However, stric A : e
the present results cannot confirm this similarity. Further inves ] L -
gations with variou® need to be carried out to examine how wel
u ;ppa can be described as a function ¥t andD™* for a fixed ‘ \
overheat ratior and experimental setup. Additionally, in view of 107 1072 107"
Eq. (12) and the small Peclet number involved in HWA near-wal Re
measurements, it is worth mentioning that the influence) pbr
Y/D is mainly due to the diffusion effect of the wall rather tharfig. 7 Comparison of the average Nusselt number  Nu of a hot
the change of convection corresponding to different shear ratesfe in cross-flow of a free stream, close to an aluminum wall
the flow. and at different overheat ratios, 7=1.27 and 1.5; k}=9186,
As another evaluation of the numerical results, the experiment‘z/ilD= 100, D=5 pm
datd of Durst et al[12] and Krishnamoorthy et a[14] obtained
with an aluminum wall are plotted in Fig.(& for comparison.
The conditions in these experiments are very close to those of g]

present stud_y, i.e.,_ the same wire diaTeter and a siTiIar overhgalioned above, the results of Chew et[&b] for an adiabatic
ratio. The dimensionless diameter 5" =0.12 andD " =0.07, 5|l seem to be insufficiently accurate. Therefore, it was useful to
respectively. For convenience of comparison, the numerical fepeat the numerical investigation in order to verify the interpre-
sults obtained with 0.06 D" <0.14 are marked. These results argstion of Chew et al[9].
found to agree very well with the experimental data. Therefore, \without loss of generality, the investigation was restricted to an
one might be allowed to conclude that the two-dimensional modgl;minum wall andY/D = 100. Simulations were carried out for
adopted in the present study is acceptable for the investigationft1 27 and 1.5. The results for the Nusselt number together with
HWA near-wall measurements. On the other hand, the appargig calibration results are presented in Fig. 7. The corresponding
velocities predicted fol¥/D =100 are obviously smaller than the oq its for the apparent velocity __versusY* are displayed in
appa

expeiimerltal data in _the (_:ase‘éf<2 owing to t_he_ small values Fig. 8. These results show a slight increaswﬁapain the case of
g_f D" (D :0.'01Y+ f'nhth's case). Infaddltlo_n, it |s|nd0ted(§hat a3 higher overheat rati¢7=1.5). This is in accordance with the
irect cicirr?gj\nscf)fn ctJ lt\le tWt?] slets othgxperlrrltenta atat 0es Nakasurements of Krishnamoorthy et[dl4]and Durst et al[12]
support theJ ;- efiect. INevertheless, this 1S not a reason 1o rejeﬂ..ot shown here). Nevertheless, the overheat ratio effect predicted
the numerical results considering the small differenc&Jinbe- i, the present studyLfD =) is much weaker than that observed
tw:eert'lhthem andf the possmlle experlmen(tsatljerr?k:s. ked in the experimental data. This suggests that the effect of the over-
n the case of a mirror glass walFig. 6(b)), the marked nu- poai ratio can be substantially reduced by using a large aspect

merical results (0.06®"<0.14, 7=1.27 andH=3 mm) also (4ti5 Hence the conclusion of Chew et E] might be largely
agree very well with the experimental data of Durst et[&l]

(D*=0.07, 7=1.29 andH=8 mm). Nevertheless, the thermal
conductivity of the wall materialk}) in their experiment is not
known. The results of Ligrani and Bradshd®@/] extracted from sl L . }%
their paper are much smaller than the other results. This may b e o
due to a number of causes, such as the sBa(l=0.013) and no
flow convection below the wall§=0), etc. in their study. In
addition, the thermal conductivity and thickness of the wall and .
the overheat ratio were not given by the authors. Although both N
experiments were conducted by employing a glass wall, their ther 4| I
mal conductivity could be different, which has been shown to Y vl
have a significant effect on HWA near-wall measuremgéi$0]. o R4

S
g

%ot wire. This interpretation is surely plausible. However, as

(52

¢
i
1
“
Py
Lo
'
v
s

appa
w
Q.

) oy s
6 Effect of the Overheat Ratio 7 &

The effect of the overheat ratipon HWA near-wall measure- 2
ments was first reported by Krishnamoorthy et[d4] and was
confirmed by Chew et al9] and Durst et al[12]. At the same
time, Chew et al[9] also reported that this effect vanishes for a 1
hot wire with a large aspect ratid. (D =250). This is in favor of
the two-dimensional numerical results of Chew ef{ 461, which
also indicate no overheat ratio effect. Hence Chew €i9dlpro-
posed that the effect of the overheat ratio is physically due to the 0 ! 2 ‘r; 4 s &
end effect, namely the additional heat loss in the axial direction of

Fig. 8 Effect of the overheat ratio 7 (=1.27 and 1.5) on HWA

¥ aluminum, D'=0.01Y", 1=1.5
© aluminum, D'=0.01Y", 1=1.27

o

3The data of Durst et a[12] were provided by the authors and those of Krish-near-wall measurements close to an aluminum wall, k;,=9186,
namoorthy et al[14] were extracted from their paper. Y/D=100, D=5 pum
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acceptable. However, according to the present results, this effecty, V = Cartesian velocity components
seems not to completely vanish even for a hot wire with an infi- X,y = Cartesian coordinates
nitely large aspect ratio. Y = wire-to-wall distance

Greek Symbols

7 Conclusions o .
. . . ) . = dynamic viscosity
Numerical simulations of the forced convection from a hot wire v = kinematic viscosity

in cross-flow of both free stream and wall-bounded flow were p = fluid density

carried out in order to investigate the wall effect on HWA near-  + = gverheat ratio="Ty [K]/T.[K]

wall measurements. Special interest was paid to the influence of 7 - \ya|| shear stressy..(9U1y),,

the wall thicknesdH, the flow conditions below the wallvaried 9 = tangential component of a polar coordinate system
by the factorS), the shear velocity . and the overheat ratia. .

Compared with previous studies, an improved physical model tHAgices:

takes the flow region below the wall into account in the compu- 0 = actual value or free-stream case

tational domain was employed. Based on the present numericalppa = apparent value

investigation, the following conclusions can be drawn: = above the plate

below the plate

characteristic quantities

flow region

values at ambient temperattife

values at the filmmean)temperature,
T=(Tw+T.)/2

= at the wire surface or at wire temperature
solid wall

nondimensional quantity

* The experimental setup and model configuration do not have
a meaningful influence on HWA measurements in the case of
highly conducting walls. In contrast, their influences cannot be
neglected in the case when a thin poorly conducting \iel.,
mirror glass,H=3 mm) is involved in the experiment.

« The results indicate that within the influencing range of the
wall, the shear velocityU, or equivalently the distance-to-
diameter ratioY/D has a significant effect on HWA near-wall
measurements. This finding is a new proof to object to the univer-

sal velocity correction procedure, which suggests a single depen-

dence onY*, proposed in the literature.

* The effect of the overheat ratipwas found to be very wea

for a wire with an infinitely large aspect ratio.

e The present results also confirmed the observations of Shi
et al.[6] concerning the negative velocity corrections needed for

HWA measurements close to poorly conducting walls.

+*§§ 38 400w
I

in wall units, ¢ =¢U /v,
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Swirling Effect on Thermal-Fluid
Transport Phenomena in a
sichi Torii | Otrongly Heated Concentric
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Kagoshima University, A numerical study is performed to investigate thermal transport phenomena in circular
1-21-40, Korimoto, Kagoshima 890-0065, Couette flow in a concentric annulus, in which an axially rotating inner cylinder and
Japan stationary outer cylinder are strongly heated under the same heat flux condition. The
. anisotropict?-¢, heat-transfer model together with the anisotropie kirbulence model
' we“'Jel Yang is employed to determine thermal eddy diffusivity. When the inner cylinder is at rest, the
€-mail: wjyang@engin.umich.edu turbulent kinetic energy and temperature variance substantially diminish over the whole
Professor, annular cross-section along the flow, resulting in laminarization, i.e., a deterioration in
Fellow ASME heat-transfer performance at the inner and outer cylinder walls. In contrast, a substantial
Mechanical Engineering and Applied Mechanics, reduction in the turbulent kinetic energy and temperature variance in the laminarizing
University of Michigan, flow is suppressed in the presence of inner core rotation. In other words, inner core
Ann Arbor, Michigan 48109 rotation contributes to the suppression of laminarization in a strongly heated gas flow.

These characteristics in thermal fluid flow with temperature-dependent thermal property
are summarized in the form of dimensionless heat flux parameter versus inlet Reynolds
number with the Taylor number, as the parametgROIl: 10.1115/1.1571086

Keywords: Annular Flow, Computational, Forced Convection, Heat Transfer, Turbulence

Introduction tube walls, the local heat transfer coefficients on both walls ap-

An effect of bromoting the turbulent transoort of heat and m _roach laminar values along the flow, that is, laminarization takes
p 9 P lace; (ii) the existing criteria for laminarization in circular tube

m_(a:ltum_ by the I(_:e(rjltrlfugtalt_force occ(ljjrtsh in a_concenr:_n% ?rnnlfllﬂﬁws can be applied to annular flows as well if the occurrence of
with an inner cylinder rotating around the axis, in Which 1ayi0[y minarization is estimated using a dimensionless heat flux param-

\ggﬂgﬁz ﬁg\?vea\:\%i;ﬂimsulicehs Zvvfllrcl)v]:/l?/\\,/\iltgsorr?ées%er?a(t::z ?ost;tlirr(]:mg:] terq,, ; but (i) annular flows heated strongly from only one side
X P 9 re less vulnerable to laminarization even if the usual criteria are

the other stationarfor both surfaces rotating in the same directiogatisﬁed A similar study has been reported by Fujii ef8l

at c_ilfferent angular velc_)cme)s However, lide information is _Recently, McEligot et al.10] carried out an assessment of several
available on heat and fluid flow in a strongly heated annulus wWit{} .y \lence models in internal gas flows under strong heating.

a stationary outer surface and a rotating inner core. This refleqige, renorted that a turbulence model capable of reproducing the
the difficulty in measuring turbulent quantities in strongly heategd,ract near-wall limiting behavior of turbulent quantities is rec-

flows in a rotating annulus. Although numerical simulations cagmmended to calculate strongly heated turbulent or laminarizing
produce detailed information on transport phenomena, existiggs fiows.

theoretical studies have suffered from assuming constant properthe present study treats the thermal and fluid flow transport
ties in the governing equations. Consequently, few useful resuf§enomena in a concentric annulus, in which an axially rotating
have been retrieved on thermal and fluid flow transport charact@{ner cylinder and an stationary outer cylinder are heated under
istics inside an intensely heated annulus with a rotating inner suiiform high heat flux. In order to shed light on the mechanism of
face, though a coolant in rotating machinery, such as h'gﬂie transport phenomena, the anisotrdpie, heat transfer model

temperature gas mixing devices, is normally subjected to high fl%)f Torii and Yang[11] is employed in the analysis, because the

heating. model satisfies the requirement for near-wall limiting behavior.
Dalle Donne and Meerwalfb,6] measured local heat-transferr,, et thermal conductivity,, is determined using the tem-
and friction coefficients in subsonic turbulent flow through annuli rature variancaZ, and the dissipation rate of temperature fluc-

with large temperature differences between wall and coolant aﬁu tion, e, , together with the turbulent kinetic enerdy, and its

O e e e sl e Emphasis s placed o th efect o heat fux
data.on local heat transfer coefficients from outer and inner cyl- el and inner surface rotation on turbulent k|ne_t|c energy, tem-
) . . . . perature variance, turbulent heat flux, and velocity profiles. Note
mder_s of one-and both-_5|de heate_d annuli to gas with varia t no verification and validation of these results are performed
physical thermal properties. Numerical analysis on heat and flyid .o “hecause swirl introduces major flow-physical complications

flow transport phenom.ena in concentric .annuli with a.stationa%d there is simply no quantitative evidence, i.e., no experimental
inner surface under high heat flux heating were carried out By,

ta as to the validation of the predictions.
Torii et al. [8]. They disclosed thati) when the gas flow is P
strongly heated with the same heat flux level at the inner and outgbyerning Equations and Numerical Scheme

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF Consider a forced flow through a concentric annulus consisting

HEAT TRANSFER Manuscript received by the Heat Transfer Division March 130f & rotating inner cylinder and a stationary outer cylinder under a
2002; revision received February 5, 2003. Associate Editor: S. P. Vanka. uniform high flux heating condition. The physical configuration
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LV, v outer cylinder (heating) Table 1 Empirical constants and model functions used in the

A anisotropic t_z-et heat-transfer model
Wy Flow ——#~ / Cp1 120 Cp, 051 Cpz 052  Cq 0.11
inner cylinder (heating, sl fp1 1.0 fpo 1.0 fp3 1.0 (o 0.11
0, W w rotatmg at Ww ) El & C\ 0.078 B, 34 Ay 35.6
L - Ca1 2.0 Ca2 0.8 a; _ 0.056 ay 0.014
x,U u \ Ry, (k/v)(kle) Yt e))?
A\ X
Flow —® \ fdl 17ex;{f E)
y+ 2
fa2 [1—ex _E)]
Fig. 1 A schematic of the physical system and coordinates ak B
f 1 ex;{ —) R
* { AJVTRE

and the cylindrical coordinate system are schematically shown in
Fig. 1. In analyzing the strongly heated gas flow, dependence of

the gas properties on temperature, as well as the change in gagpU; st) d N k —\ dg; e—dT
density, needs to be taken into accoli]. Based on this idea,to ————=—— _+C5t_puiuj)_ —Cpifpro=ujt—
predict the strongly heated circular pipe flow, Torii and Y403] ax x|\ & 28 29X
employed the governing equations, which are taken temperature . JU oU
dependence of thermal properties into account. As for the similar Corfp— U Ui——— C.of iu-u-—
analysis, Ezato et a[.14] assumed that the fluctuations of the p21p2P | Hi Lox p31p3P T Hi Lax
thermal properties are sufficiently small than their mean values )

and neglected the terms including the fluctuations of the thermal €t €&y

properties. That is, the turbulent fluctuations Xxf u, and c, —Caifarp t=2’Cd2fd2PT' (6)

through temperature fluctuation are neglected. Since the buoyancy

parameter Gr/R?,ee[ is less than 0.1, forced convection dominatesespectively. The empirical constants and model functions in Egs.
Hence, the continuity, momentum, and energy equations for &h—6) are summarized in Table 1.

incompressible fluid, with neglect of the buoyancy force, read as The Reynolds stress; pruj, in Egs.(2), (5), and(6) is deter-

o ) mined using the anisotropic eddy diffusivity representafib®:
Continuity Equation:

— 25 K U, +¢9U k
apV; PULI= = g AiPKT | ¥ o | T e
—=0 )
7 : 1 2k
X 2, Cul Sgij— 5 Spppdij | + 51— (— 8= 6in 6
Momentum Equations: ,321 ﬂ( Bij 3 =kppTil 3:“t8( ij = %in%n
2
apUUy P g [ [aU; AU, — vus s )(NF) .
IX; _(9_)(i ’9_)(] M (9_)(]"‘(7_)(' — pU;jU; (2) imOm/| Gx )
E E . where,
nergy Equation:
=29y,
W ox,, ax,

ACcppUiT) 9 ( aT

é’Xi = (9_)(| )\(?_Xi_ Cppuit) (3)

S, l(ﬂU U +(9U (9U)
The turbulent heat flux-c,puit in Eqg. (3) can be given by an 20 ax dx,  dx; ox
anisotropic eddy-diffusivity representatigphl] as: U, au,
_ K\~ 12\ 24T ek
—CpPUitZfoACpPk(;) (8—) e Here, the turbulent viscosity,, can be expressed in terms of
! ' turbulent kinetic energk and its dissipation rate, referred to as
K\ —2(12\4 ;U the Kolmogorov-Prandtl’s relatiofiL6]:
— — — —_— + —_—
f)\cppk(s) &t %1 0’)XJ' (9Xi) C i k? ®)

= p—-
U, au;\]aT e

@2 6’_X,-_ W (9_)(j' (4) C, andf, are a model constant and a model function, respec-

tively. The turbulent quantitiek and e in Egs.(4)—(7) are deter-
whereC, is a model constant anf}, is a model function. The Mined using equatiorid5]in Cartesian tensor form:

transport equations fa® and e, in Eq. (4) are expressed in the apUik) 9 ok 9y,
tensor form as: r?—x,:a_x, (M+U—k ax; —puiuj—— ox —pe 9)
apuit) o [\ k a2 " dpUje) 9 M.) e e :
(9—)(]_% Cp+C pU Uj|=— o] 2pUJt —Zpst (7—)(]_19_)(] nt o CslfslpEUina—Xj
(5) 2
and Cszfszp ? (10)
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Table 2 Empirical constants and model functions in the aniso- The nondimensional heat flux parametgf is employed to

tropic k- & turbulence model represent wall heat flux. It is defingd] as
Cu Tk s Ces Ce2 C1 Cs + dinGint douout 11
0.09 14 13 1.39 18 0.8 -0.15 qw_(din+dout)(GinletcpinlelTinIet)’ ( )
"
f, (1+£5){1 Xp(,y_)} where d;, and d,; denote the inner and outer diameters of the
JRt \ \70 annulus, respectively, argl, andq,,; correspond to their respec-
; 140.25 ex;g;m tive wall heat fluxes. For annular flows with a rotating inner sur-
el ’ 25 face, the axial and tangential flow fields are also governed by
1_2 3 Rt)? l—exd - 112 dimensionless parameters including radius ratio, inlet Rey-
= 9P ~|% &R~ T nolds number(i.e., Reynolds number at the onset of heating
Renet, and Taylor number, Ta. Rg; and Ta are defined as
2Um( our—Fin) Wi(Fou=Tin)  [TourTi
anlet= m\' out n and Ta— wl ! out n out in
14 rin
12)

The empirical constants and model functions in E@s-10 are The dimensionless parameters are=0.8; q, <0.01; Rgyg
listed in Table 2. Notice that the original model function is slightly=8000—10000; Ta®€~10000; inlet gagnitrogen) temperature
modified so as to simulate the transition from turbulent to lamindrine:= 173 K. In calculation, maximum temperature of the fluid at
flows, whose modification process is described in referéh@g the exit was about 1000 K.

A set of the governing equations is solved using the control- Simulations with grids of various degrees of coarseness are
volume-based formulation of Patan{4i8]. In this procedure, the conducted to determine the required resolution for grid-
domain is discretized by a series of control volumes, with eadhdependent solutions. Throughout the numerical calculations, the
control volume containing a grid point. Each differential equatioAumber of control volumes is properly selected between 72 and
is expressed in an integral manner over the control volume, ahd4 over the cross-section of the concentric annulus and the cor-
profile approximations are made in each coordinate directioigsponding number in the streamwise direction is changed with
leading to a system of algebraic equations that can be solved inJ400 and 2000. Consequently, the maximum relative error was
iterative manner. The SIMPLE(Semi-Implicit Method for estimated to be about 2% by comparing the solutions on regular
Pressure-Linked Equationalgorithm is employed to couple the and fine grids with twice the grid points in the streamwise direc-
pressure and velocity field48]. A staggered grid is consideredtion, while there was only a slightly appreciable differences, 0.8%,
such that the velocity components are located at the control véetween numerical results with different radial grid spacing. In the
ume faces, whereas pressure and temperature are located afaliewing figures, the predictions obtained at>¥2000 and 144
centers of control volumes to avoid the velocity-pressure decot-2000 are shown for the turbulent kinetic energy and the tem-
pling. A power law interpolation scheme is used to evaluate tigrature variance.
values of variables at the control volume interfaces. The dis-In order to verify the turbulence model and to determine the
cretized equations are solved with a line-by-line and the TDMpgliability of the computer code, numerical predictions are com-
(tridiagonal-matrix algorithr The convergence criteria of the re-pared with some existing experimental results in the isothermal
siduals of all equations are assumed to be less thar @btotal flow field. The model is applied to the turbulent flow in an annulus
inflow rates. Since all turbulent quantities, as well as the timéd? the presence of the axially rotating inner cylinder. Numerical
averaged streamwise velocity, vary rapidly in the near-wall réesults are obtained at a location of 220 times the tgbe diameter
gion, the size of nonuniform cross-stream grids is increased, wilgwnstream from the inlet where the hydrodynamically fully-
a geometric ratio from the wall toward the center region of théeveloped condition prevails. Figure 2 depicts the predicted time-
annulus. The maximum control volume size near the center vweraged velocity profile. For comparison, the experimental data
gime is always kept at less than 3 percent of the hydrodynan®it Hirai et al. [3] at Re=10000 and*=0.55, for Ta=0 and
tube radius. In order to ensure the accuracy and validity of calcl@000, are superimposed in Fig. 2. Here, Figs) 2nd (b) cor-
lated results, at least two control volumes are positioned in tfiéspond to the streamwise and tangential distributions, respec-
viscous sublayer, i.ey*<5. A length of 180 diameters is em_tlvel_y. The calculation result agrees WIFh the exp_erlmental resu!ts.
ployed and their volumes in the streamwise direction are distrif? Fig. 3, the calculated turbulent kinetic energy is compared with
uted uniformly. At each axial location, the thermal properties fdhe experimental data of Brighton and Jofi28] at Re=46000,
each control volume are determined at the axial pressure and téfh=0.56, T=0. The predicted results are normalized by the
perature, using a numerical code of referefi®. This is because square of the friction velocity on the outer wally¥,). The tur-
the effects of temperature on properties such as viscosity and theutence model reproduces well the turbulent kinetic energy distri-
mal conductivity have to be taken into account. bution over the whole cross-section of the annulus. The reliability

A hydrodynamically fully-developed isothermal annular flow inof the computer code and the validity of the turbulence model are
the absence of the inner core rotation is assumed at the inlet bmrne out through the above comparisons.
cation, i.e., at the onset of heating. The boundary conditions are
no slip at the inner and outer wall surfaces for velocities arﬂ | d Di .
turbulent kinetic energy, except W amdwhich are given byWw esults an Iscussion
ande=2v(dk/ar)?, respectively. The thermal boundary condi- The effect of inner surface rotation on heat transfer perfor-

tion is constant wall heat flux. As faf ande,, the wall boundary Mmance in a strongly heated gas flow is illustrated in Fig. 4 for
conditions arest?/or =0 ande,= d2(t2/2)/dr2. At the exit, the R8ner=8000 andq,, =0.0041 in the form of Nusselt number Nu
boundary conditions for the dependent variables are obtained j/SUs Reynolds number Re, with Ta as the parameter. For com-
setting the first derivatives in the axial direction equal to zerdarison, the experimental datat g, = 0.00465) of Torii et al[8]
though its second partial derivative, fdr, is zero. The above are superimposed in Fig. 4 as open circles. Figufes$ dnd (b)
boundary condition at the exit is strictly valid only when the flowefer to the performances of the inner and outer cylinder walls,
and temperature profiles are fully developed, because the compespectively.q,, =0.0041 corresponds to the criterion for occur-
tational domain is sufficiently large, as mentioned in the followrence of flow laminarization in a stationary annulus with both the
ing. inner and outer tube wal[8] being strongly heated with the same
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Fig. 4 Variations of local Nusslet number with Reynolds num-
ber Re as a function of Taylor number at qV+V=O.0041 for (a)
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heat flux under the condition of Rg=8000. In Fig. 4, the two
solid straight lines for defining the end of the laminar regime and
the beginning of the turbulent one are the theoretical results for
stationary concentric annuli obtained by Lundberg ef2il.] and
Kays and Leund22], respectively. Note that at a fixed;Rg, the

heat transfer rates in the thermal and hydrodynamically fully-
developed region are different at the inner and outer cylinder
walls. A reduction in the Reynolds number in Fig. 4 signifies a
change in the streamwise location, because the Reynolds number
decreases with the axial distance, resulting from an increase in the
molecular viscosity through heating. As for the experiment, the
uncertainty in the heat transfer coefficients strongly depends on
the accuracy of local heat flux and inner and outer cylinder wall
temperatures. That is, each test section for outer cylinder was
individually calibrated by determining the local electrical resistiv-
ity of the cylinder material and the local effective heat-exchange
coefficient between the outer wall of the cylinder and the environ-
ment. The inside wall temperature of the out cylinder was calcu-
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lated using measured outside wall temperature, in which the un- 8.0
certainty was reduced by taking into account radial and axial Reinet=8000 q+w=0.0041
conductiongincluding the effects of temperature-dependent ther-

mal conductivity, electrical resistivity and the diameter of the b Ta=0

outer cylinder)and radiation from the outside surface of the outer = 6.0 .
- . : . = 72x1000 144x2000

cylinder. The outside wall temperature of the inner cylinder was o

calculated using measured outside wall temperature, in which the = —o— —O— X/D=0

uncertainty was reduced by taking into account radial and axial % ° A e o

conductions in the same manner as the outer cylinder case. These =, 4.0t x/D=60

effects were also taken into account to determine local heat flux. } —a— —F— X/D=1 S50,

For Ta=0 in Fig. 4, the Nusselt numbers at the inner and outer

cylinder walls decrease first in the inlet region due to the thermal 2.0
entrance effect, followed by an upturn, and finally approaching :
asymptotically the laminar correlation further downstream. The

substantial reduction in Nu along the flow is attributed to the e
occurrence of laminarization. A substantial reduction of the heat 0 s

transfer perfqrmance dug to high heat flux h_eatir_lg is in good 0 0.2 0.4 0. 0.8 1.0
agreement with the experimental data, as seen in Fig. 4 and is also

predicted by numerical analysis of Torii et &] and Fuijii et al. (r_din>/(dou’t'"din)

[9]. It is observed for that when the inner surface rotates axially at

Ta=5000, the Nusslet number does not approach the laminar cor- (@)

relation in the downstream region, but Nu in the entrance region
departs from the turbulent correlation, as seen in Fig. 4. This

implies that as the flow goes downstream, a significant reduction 10 n
in the Nusselt number is suppressed by the presence of the inner Reinet=8000 q™y=0.0041

surface rotation. When the fluid flow is imposed with a further Ta=5000

increase in the inner surface rotation to=IH0000, heat transfer &

performance is amplified than the annular channel flow case at a \, 72x1000 144x2000

constant thermal property, as observed in the circular Couette flow 1 -8 —O— X/D":O i

in the concentric annulugt]. In other words, even with applica- N —A— A X/D=60

tion of high heat flux at both the inner and outer cylinder surface ——g— %/D=150

walls, the presence of the inner cylinder surface rotation can sup- 4 1

press a deterioration of heat transfer performance in the annular ;

flow, thus preventing an occurrence of the flow laminarization. 2 4
0

K/ (U%out)inlet
(@)}

Additional numerical results are obtained Gf=0.0041 and
Re,.:=8000 to determine the effect of inner surface rotation on
the thermal flow fields, i.e., the turbulent kinetic energy, velocity,
temperature variance, and turbulent heat flux. The distribution of

02 04 06 0.8

turbulent kinetic energy in the annular flow is illustrated in Figs. (r”“din)/(dout"'din)
5(a) and (b) for Ta=0 and 5000, respectively. The calculation is
carried out for the grid sizes of 1000 and 144:2000. Here, (b)

the turbulent kinetic energl is normalized by dividing it by a . o o i
square of the outer cylinder-wall friction velocity at the onset df'9- 5 Streamwise variation of turbulent kinetic energy profile
heating, (1%,)2,.; @and the dimensionless distances of 0 and 1 ih‘i‘raﬁn”mr flows at Re =8000 and g,,=0.0041 for (3) stationary

. A . . a=0) and (b) rotating inner surface (Ta=5000)
the abscissa correspond to the inner and outer cylinder side-walls,
respectively. One observes that the similar profiles are predicted
for two different grids. It is seen in Fig.(&) that the turbulent
kinetic energy in the absence of inner surface rotationr{@nis increase in the velocity gradients at both side walls, as seen in Fig.
substantially attenuated over the entire flow cross-section af). Furthermore, the inner core rotation causes the tangential
eventually disappears downstredfor example, atx/D=150). velocity W, which is depicted in Fig. 7 and is normalized by the
This behavior is in accordance with the prediction by means of tii@ngential velocity at the inner cylinder waN,, . The tangential
k-& turbulence modgl8]. In contrast, one observes in Fighbat velocity at Ta=0 is zero over the flow cross section. One observes
Ta=5000 that the inner surface rotation contributes to an ethat the tangential velocityV/W,, decreases steeply near the ro-
hancement of the turbulent kinetic energy in the vicinity of théating inner cylinder but becomes almost flat until near the outer
rotating inner wall in the downstream region. This results in sugylinder where it diminishes sharply to zero. It is found that even
pressing the reduction of turbulent kinetic energy on the out#érthe annular flow with a rotating inner surface is heated from
cylinder wall side by rapid flow acceleration due to gas expansiop9th side walls at a heat flux high enough to cause laminarization
because of production df on the inner cylinder wall side. The of flow in a stationary annulus, the inner surface rotation induces
corresponding streamwise variation in the time-averaged veloc§ enhancement in the turbulent kinetic energy, particularly in the
profile is depicted in Figs. @) and (b) for Ta=0 and 5000, re- inner wall region, as shown in Fig.(!5). This is because an in-
spectively. The laminar flow profile is superimposed for comparfrease in streamwise and tangential velocity gradients in the vi-
son. The velocity is normalized using the maximum value at ea€iity of the rotating wall contributes to the production of the
respective relative velocity. It is observed in Figapthat with a turbulent kinetic energy in Eq9).
stationary inner surface, the velocity gradients at both side wallsFigures 8(a)and (b) show radial distributions of the tempera-
are substantially attenuated, forming a velocity profile for a lamture variancet?, in the thermal field at different axial locations
nar flow case. On the other hand, the substantial reduction in floe Ta=0 (the laminarization caseand 5000(the nonlaminariza-
velocity gradient near both side walls is suppressed in the préi®n case), respectively. The calculation is carried out for the grid
ence of inner surface rotation, while the velocity profiles at diffeisizes of 72XL000 and 144:2000. Here the temperature variance
ent axial locations deviate from the laminar one, resulting in aa divided by the square of the local friction temperature at the
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Fig. 8 Streamwise variation of temperature variance profile in
annular flows at Re =8000 and q',,"v=0.0041 for (a) stationary
(Ta=0) and (b) rotating inner surface  (Ta=5000)

terioration of temperature fluctuations in the thermal field. A simi-
lar behavior appears in laminarizing flows through a pipe heated
at a very high wall heat flux13,23]. In contrast, Fig.(8) indi-

cates that(i) when the inner surface rotates around the axis, at-
tenuation in the temperature variance is suppressed near the inner
and outer walls, andii) the temperature variance is intensified
over the whole flow cross section in the flow direction, but a
substantial amplification of the temperature variance yields at in-

outer cylinder wallt¥,, to be in dimensionless form. It is seenner cylinder side. The streamwise change in turbulent heat flux

that no substantial deterioration is detected for two different grigRofiles is depicted in Fig. 9. Here, the turbulent heat fiixt is
In a laminarizing flow, it rapidly diminishes over the entire crosslivided by the product of the friction temperatutg,;, and the

section along the flow, as seen in Fig. 8(a), signifying a fast d?r'lction velocity, u*

Reinet=8000"
Ta=5000

qtw=0.0041

x/D=150 8- ,Tqa=0

O A 1 . 1 / "

0O 02 04 06 08 1.0
(r—din)/(dout—din)

Fig. 7 Streamwise variation of tangential velocity profile in an-
nular flow at Re=8000 and g} =0.0041

Journal of Heat Transfer

out» ON the stationary outer cylinder wall at each
streamwise location. One observes that the normal turbulent heat
flux level in the laminarizing flow-»t, is substantially reduced
along the flow(Fig. 9(a)). In contrast, in the nonlaminarizing flow
case(Fig. 9(b)), the normal turbulent heat flux near the rotating
inner surface is followed by a substantial increase in the down-
stream region, while that near the outer cylinder wall is slightly
increased. Meanwhile, the streamwise turbulent heat fiax,is

not presented here, since it has no direct effect on heat transfer.
Since the eddy diffusivity concept in E¢4) is employed to de-
termine the normal turbulent heat flux,c pvt, in Eq. (3), tur-

bulent heat flux is expressed usiagt?, T, ands,, whose trans-
port equations are directly related ko Hence, reductions in the
temperature variance and turbulent kinetic energy cause attenua-
tion in the turbulent heat flux, resulting in the deterioration of heat
transfer performance in a stationary annulus, as seen in Fig. 4.
However, this trend is suppressed in the presence of inner surface
rotation. It is found, therefore, that the occurrence of laminariza-
tion in the annular flow is affected by heat flux level and inner
core rotation.

Next is to determine the criterion for the laminarization of flow
in a concentric annulus heated under uniform wall heat flux from
both cylinder sidewalls. First of all, conditions should be specified
under which the flow is certainly laminarized. Torii and Ydig |
and Torii et al.[24] established the criterion for the laminarizing
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Fig. 10 A comparison of criteria for the occurrence of flow
laminarization

heated annular cylinder in the presence of inner surface rotation.
Consideration was given to the influence of rotating speed on the
thermal and flow fields. The study has concluded that:

1. With application of heating high enough to cause laminar-
ization of the flow inside an annulus with a stationary inner sur-
face, both surfaces cause a substantial reduction in local Nusselt
L number. The deterioration of heat transfer performance in the
laminarizing flow is suppressed with an increase in the rotational
speed.

2. When laminarization takes place, the velocity gradient in the
vicinity of the rotating wall is diminished along the flow, resulting
in a substantial attenuation in turbulent kinetic energy over the
entire flow cross-section. In addition, both the temperature vari-
ance and turbulent heat flux are attenuated over the whole flow

cross-section in the streamwise direction, causing deterioration in
heat transfer performance.
. . . L 3. In contrast, a substantial reduction in turbulent kinetic en-
flow in a tube and a two-dimensional channel with high heat flux;qy and temperature variance, which takes place in the laminar-
using thek-e and k-g-t*-&; models, respectively. That is, lami-zing flow, is suppressed by inner surface rotation, resulting in
narization occurs when the calculated turbulent kinetic energy @fppression of the laminarization of flow process.
the location 150 diameters downstream from the inlet becomes4. As the rotation speed of inner core in the annulus is in-
lower than one-tenth of the inlet value. The same idea, in whigfieased, the criterion for the laminarizing flow is intensified. This
the criterion is for the turbulent kinetic energy>dD =150 to be trend becomes larger in the lower region of the inlet Reynolds
lower than one-tenth of its inlet value, is adopted in the preseptmber.

study. This is because the streamwise variation of a turbulent ki-
netic energy in the laminarizing flow, as depicted in Fi¢p)5is
similar to that in the strongly heated tube cé24]. The predicte
criterion is depicted in Fig. 10 in the form of inlet Reynolds num-
ber Re,e versus nondimensional heat fluy, with the Taylor

d Nomenclature

Cp

number, as the parameter, in which the predicted criterion for the C,,, C,, C3,C,4, C,;

annular tube flow[8] is superimposed for comparison. It is ob-
served that the criterion in the nonrotation case is similar to that in
the annular flow over a range of Reynolds numbers considered
here, while it is increased with an increase in the Taylor number.
One may thus conclude that if the inner core in the concentric
annulus is rotated around the axis, the occurrence of laminariza-
tion is not predicted by the criteria in the annular flow in the

absence of inner core rotation. In other words, when an annular
flow with an axially rotating inner core is laminarized due to high

flux heating, an extremely high heat flux must be imposed in the
flow beyond the criterion for the laminarizing flow without the

inner core rotation. This trend becomes larger in the lower Rey-
nolds number region.

Summary

The anisotropict_z-et heat transfer model has been employed to
numerically investigate fluid flow and heat transfer in a strongly
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turbulence model constants for
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turbulence model constants for
temperature field

turbulence model constants for
temperature field
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(dour—din), M

heat transfer coefficient, WAK
turbulence model functions for
temperature field
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temperature field

gravitational acceleration, nf/s
mass flux of gas flow, kgh?s)
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Nusselt numbemhD/\
time-averaged pressure, Pa
Prandtl number

heat flux, W/n

dimensionless heat flux parameter,
Eqg. (11)

Reynolds numbeD G/u

inlet Reynolds number, Eq12)
turbulent Reynolds number,
K?/(ev)

dimensionless distancg,

radial coordinate, m

radius ratiof i, /1 oyt

inner and outer radius of the an-
nulus, respectively, m
time-averaged temperature, K
Taylor number, Eq(12)
fluctuating temperature compo-
nent, K

friction temperaturegw/(pcpu*),
K

temperature variance,’K
time-averaged velocity compo-
nents in axial, normal-wall, and
tangential direction, respectively,
m/s

time-averaged and fluctuating ve-
locity components in the; direc-
tions, m/s

inlet velocity, m/s

mean velocity over channel cross
section

fluctuating velocity components in
axial, wall-normal and tangential
directions, respectively, m/s
friction velocity, m/s
dimensionless velocity)/u*
Reynolds stress, s>

turbulent heat flux, mK/s
tangential velocity at the inner
cylinder wall, m/s

axial coordinate, m

coordinates, m

wall-normal coordinate, m

dimensionless distanca? &/ v

thermal diffusivity, nf/s
turbulence model constants for
temperature field

density, kg/m

distance from wall, m

turbulent energy dissipation rate,
mIs’, e = v, Ta, a, Toy
dissipation rate of temperature
variance, Kis, &= adtldy dtld,
molecular and turbulent thermal
conductivities, respectively,
W/(Km)

molecular and turbulent viscosi-
ties, respectively, Pa s

fluid kinematic viscosity, rfis
turbulence model constants for
diffusion ofk, ¢, t?, ande,, re-
spectively

tangential direction

Subscripts

b = bulk
¢ = center or insulated wall
in = inner wall

inlet = inlet

max = maximum

out = outer wall
w = wall

Superscripts

time-averaged value
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Spatial and Temporal Stabhilities
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Loop: Influences of Thermal
v.v.uang | Boundary Condition
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In a natural circular loop, the thermal convection demonstrates various spatial patterns
and temporal instabilities. Problem consists in determining them with respects to thermal
boundary conditions. To this end a multiple scales analysis is applied which resembles the
inherent characteristic of the pattern formation in the Rayleigimdd convection. A
three-dimensional nonlinear model is proposed by incorporating the flow modes derived
along the analysis. The differences of thermal boundary condition are reflected by a
coefficients. For small 6, numerical solution to the model shows that only temporal
instability exists and Lorenz chaos is possible, otherwise, for large values both spatial and
temporal instabilities occur leading to cellular flow and intermittency chaos. The model
predicted some additional phenomena opening for experimental observation. It seems
significant that this study proposes an algorithm for the control of flow stability and
distribution by varying the thermal boundary conditiofiDOI: 10.1115/1.1571846

Keywords: Enclosure Flows, Heat Transfer, Instability, Natural Convection, Nuclear,
Thermosyphons

1 Introduction flow bifurcates into intermittency chaos, i.e., a three-dimensional
Natural circulation loops have been widely studied in the la: tnstable flow stemming from the intermittent period locking of
. o : ocal flow modes. Sano suggested that his heating-cooling mode
several decades, because of their applications in solar water 5o : "
tems, nuclear reactors and geothermal energy system$.1ett. voids sharp changes of tube wall temperature. Th|§ conQ|t|on
Anotrller driving force for the wide studies has been its specis‘f"emS particularly important for generating three-dimensional

situation in nonlinear dynamics, i.e., it is a typical pedagogic ow because the transverse velocity components, originated by

example of Lorenz chad8]. Figure 1 shows the schematic imag_ocal temperature disturbance, could develop into global three-

) . - : S . imensional structures unaffectedly, otherwise, the heated and
ine of the simplest configuration of the loop, which is fabricate . - : -

; . cooled fluid elements are likely to collide head-on keeping the
from a circular tube. The tube is heated from below and coolt?o

from above. Thermal convectiofRayleigh-Bamard convection) VSVir?cnee-?r:?etﬂziron?ZlL boundary conditicr say the heating-
occurs when buoyancy is accumulated large enough. y Y 9

Engineering applications ask for stable operation state, but itg oling mode)originates suc_h_ Important (_Jllsqr_epanmes on flow
ructure and temporal stabilities, it is significant to formulate

early noted that the !nstablllty may cause_d by dynamical reasot%hseoretically the effects; this makes the topic of our study. The
[4-6]. For example, in glass loops, of which the bottom half was .
eHects have not been well modeled partially due to the method-

wholly heated and the top one was wholly cooled, many observg ogy reasons, i.e., it is challenging to determine the real flow

the Lorenz chaos, i.e., a one-dimensional unstable flow with 'Siructure with respect to a specific boundary condition. In fact, the
petitive direction reversals between clockwise and anticlockwisé ; pec P Y L '
Sual way is to obtain a model from the original governing equa-

[7-9]. The phenomenon is well described and hence named by {He . -
Lorenz mode[8—10]. ﬁbns by assuming a priori the flow pattern.[B—14] the Lorenz

However the flow was found to be dependent on the thermrzra]IOC.1e| was found with a presumption Of one-dimensional .POi'
boundary condition(heating-cooling modeand the tube wall seuille flow. Sand16] proposed a three-dimensional model in a

roperty. Jiang et al[11], as an instance, observed no unstabl%im”ar way. He assumed that the flow is three-dimensional at first
ﬁovx? inyé 100 g madé of' cobper tube unlder the same boundaermd then selected, according to his experimental observation, flow
P bp iodes to composite the cellular flow. However, both experimental

conditions a$7]. The reason is that the high thermal conductivit)é . ; . .
- bservation and numerical simulatiphi7—19 found that the four
of the copper tube stabilized the flow. Wang et[4R]and Yuen flow modes also prevail, more or less, in a loop demonstrating

and Bau[13,14]etc. tried to shift the threshold point of the oc- . ional h hat is. in thi |

currence of the Lorenz flow by changing the heating-coolin ne-dimensional Lorenz chaos. That is, in this usual way no mat-

modes and obtained satisfactory results in their experiments. . r_What should be the re_al f'°V."z.We could arrive at as many
In some other experiments, it is found that the boundary Cc)B(_:tlonal flow patterns and instabilities as we want. It is also dif-

- ; Icult to say how many modes are enough to describe a real flow
ditions can even change the flow structure. Sk built a glass EFC’ whether other kinds of flow mode appear at a boundary con-
it

loop; unlike the aforementioned experiments, his loop was onty.. ) L
heated in the bottom quarter and cooled in the top one. As a res ion different from the above ones. Therefore, it is necessary to

he observed a three-dimensional cellular flow structure instead a theoretical method to predict the real flow structure for a

the one-dimensional flow. At larger heating powers, the cellul@Ven thermal b?“”df?“y co_ndition instead of experimental obser-
vation or numerical simulation.

Contributed by the Heat Transfer Division for publication in th®URNAL OF This difficulty is overcome by a Multiple Scales Analy$m]'

HEAT TRANSFER Manuscript received by the Heat Transfer Division April 29, 2002;The_ method was O”g_'nal_ly developed to_analyze the Cr't'c"_al be-
revision received March 5, 2003. Associate Editor: H. Bau. havior of the non-equilibrium phase transitif?l—23 (in [21], it
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2 Fundamental Equations

cooling When we study the flow and heat transfer in the loop, it is by no
means to propose a model or analysis applicable in whatever case.
In this work the simplifying assumptions are th&t) the torus
radius is much larger than the pipe radius, thaRig>r (in most
of the experiment®= R, /r o=~ 33), (2) the flow is a laminar New-
tonian one and incompressiblg) the fluid has constant proper-
ties (except for the use of the Boussinesq approximation for the
density),(4) there are negligible Coriolis acceleration, centrifugal
force and viscous dissipatio() the thermal boundary condition

-X is symmetric about the central vertical axis and is independent of
¢, (6) the tube wall has insignificant axial heat conduction and
thermal expansion. These assumptions do not violate the actual
conditions of the experiments [i7—9,15], etc.]

The governing equations expressed in Cartesian coordinate in

Fig. 1, are as follows,

heating R == —> ' u V.v¥=0 (2.1a)
' %y

g p=0 ‘» poDV*/Dt* = = Vp* + uVA* —p[1- B(T* = T5)]g &,
r,g=0 (2.1b)
=0
DT*/Dt* =aV2T* (2.1c)
Fig. 1 Schematic configuration of a natural circulation loop
and its coordinate system  (r,¢,0) Here we letp=po[1—B(T*—T§)] in the gravity term andp

=po in the others in accordance with the Boussinesq approxima-
tion. ,(0,0,1) is the unit vector in vertical direction.

is called as synergetic analysisvhich resembles the common
perturbatlo_n analy_5|s. As WeII_known, Rayl_elg_hmtﬁed convec- o gqition for Motionless State

tion (RBC in brief)is also a typical non-equilibrium phase transi- S _

tion; the resultant flow pattercalled as dissipative structuf24]) Before the occurrence of RBC, the fluid is in a motionless state
is produced in a process of ‘forming structure through fluctudmentioned afterwards a¢(”’), where energy is transported by
tion’, i.e., it is a result of the competition and self-organizatiomeat conduction. SincR,/r,>1 and the thermal boundary con-
between the fluctuations of many scales in the fluid. The methatition is independent o, it is reasonable to average the tempera-
among other similar ones, is a way to demonstrate this procegge filed in (,9) plane by a bulk value T*(6)
tr_nathem"altitgzlalIy. Around tZedthrt_atihold poitn: of the tph<|alse tran&.'f?gv‘rr*T;*(r,qo,0)dr*/77r(2,. Any boundary condition can be ex-
ion, variables are expanded with respect to a control parameter . o j
(e.g., the excess Rayleigh number-RRg, in RBC); each order E)ressgd efls aﬂ agla}:(ly d'St”bUtenq heatbfhux(a), the governing
corresponds to a fluctuation in that scale. Time is also divided inf§luation for the bulk temperatufi (6) becomes,

fast and slow scales. The fast and slow fluctuations can be sepa-

rated via the multiple scales analy§25—-2§ or the use of mode d°TS —og /r® 3
projection technique$22]. From particular microscopic equa- )\ngdﬁz_ Qin /T G2

tions, this analysis derives a macro equation for finite amplitude

of flow field perturbations, which r_e_presents the final d|SS|pa_t|vgince the thermal boundary condition is symmetric about the ver-
structure. The method has an additional advantage that the mﬂ(gél axis. we casi* into a Fourier series as

nificant fluctuations in smaller scales are automatically neglected. ' s '

In a comprehensive review, Cross and Hohenlefj classi- o
fied the stability problems of nonlinear systems into three types, *_T* 4 *
i.e., Typel of a spatial instability, Type I}l of a temporal insta- Te=Tso nzl Tencosnd (3.2)

bility and Type |, of both. The loop system falls into the Typg |
system where both the spatial and temporal behaviors of the flgye then derive the solutioh? by substituting the series for Eq.
are concerned. The following synergetic analysis includes fiyg 1)ang determining the expressionsTdf, for a specific bound-

stepsi(1) obtaining a solution for motionless state before the onss}y condition. As instances, we obtained the values’f for the
of convection;(2) getting the governing equations for the per- ' ’ S

turbed field about the motionless sta(8) around the threshold ca:ses :)[7—9,15]. In (9], the_ bottom half of ,Ehe loop is heated at
point of flow onset, casting the equations with respect to Rav— 'n and the upper half is cooled &, =T¢ (referred as BC-
—Rg, into a series of linear equations, each denotes a fluctuatibf)- Ts reads,
in that scalef4) solving the linear equations for flow modes pos- .
sibly existent;(5) deriving an amplitude equation for the fluctua- . . (—D)"R2NU(TE —TF)
tion in the basic scale, which determines the velocity of the con-  Ts =0.5(T +T¢)+ > 7 oo
vection slightly above the threshold point. The influences of n=0 7(2n+1)[(2n+1)"+ R°Nu]

thermal boundary condition are then discussed in Section 6 in a Xcog2n+1)0
framework of a multi-dimensional model. The model integrates
basic flow modes of the two categories derived above. The pro- ~0.5Th+T5)+0.318 Ty —T;)cosd for R>1 (3.3)

cess of forming pattern is demonstrated by numerical data; as time

goes on some modes survive to form the final structure and thethe deductiorh is supposed to be independentéin [7,8]the
others are damped off. This process depends highly on the therfaitom half is heated with uniform heat flex,= g, and the upper
boundary condition. half is cooled atTy =T (referred as BC-QJ T becomes,
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- (—1)"4R?Nu-qo/h aT -
T*=(qo/h+T*)+ — +v-VT—w|sing+ >, C,sinnd|=V?T 4.4e
s~ ¢ rZO (2n+1)[(2n+ 1)+ R2NU] at 1122 " (4.48)
Xcog2n+1)6 T=u=v=w=0 atr=1 (4.5)
~(Qo/h+T¥)+1.273qo/h)cosf for R>1  (3.4) Where
In Sano[15], the heating-cooling modeseferred as BC-Sano vv=ul . Ei_l,_wii (4.6)
were to form a uniform vertical temperature gradient in motion- Moo vy Je R 96 :
less state. That is, . .
is the convection term,
TY=0.5T; +T5)+0.5T —TF)coso (3.5) 2 14 1
This ideal condition is named a standard boundary condition, and V2=—2 trato oot O(R™? (4.7)
those with non-zero high modes in E.2) can be considered as or r=de
deformatlon_s to it. o is the Laplacian. The differences of thermal boundary condition
The consistent pressure fieghd is are designated here Iy, ; their values depend of , or,
Ps ~Ps + Ropod cos8—Roped B Ch=n-T§ /AT (4.8)
X AT(1/3 cos P+ 1/24 cos 4H— 3/8) (3.6) For example, we have anz-1<R,
where AT equals 0.318[y —Tg) for BC-TT, 0.5(T; —Tx) for . R2Nu .
BC- 1.27% /h for BC-QT. Con=0, Copr1=(-1)"——F———~(=1", 4.9
C-Sano and 1.2%g /h for BC-Q 2n 2n+1=( (2n+ 12+ RPNU ( (4.9)

for BC-QT and BC-TT and
4 Expressions of the Perturbed Field About C,=0, atn=2 (4.10)
The perturbation fields of/'=v*—0, T'=T*-T% and p’ for BC-Sano.
=p* —p¥ aboutV(® satisfy the following equations,

V.v'=0 413 5 Multiple Scales Analysis of the Steady Flow

poDV'IDt* = —Vp'+uVA' +pogB-T'-e,  (41b)  Asmentioned in the introduction, the onset of Rayleighnael
Convection at the critical Rayleigh number Ra a typical con-
’ * ’ * Ny — 277
DT/Dt* +v'-V(Ts +T")=av=T (4.1c) tinuous phase transition. Theories and experiméffsl5,29],
The boundary conditions are etc.] have shown firstly that the flow velocity is proportional to
(Ra— Ray) *° near the threshold point Raln order to carry on the

Vi=T'=0 atr*=ro (4.2) dynamical analysis, we expand (R&g) as a power series ig,
Introducing non-dimensional quantities, or,
r=r*/ry, t=t*/(r¥a), v=v'l/(alry), [(Ra—Ra)/Ra]=c+e*+e’+ ..., &<l (5.1)
T=T'/(AT/R), p=p'l(poaZr?) 4.3) This expansion will be validated in Eq. 5.20 and the numerical

data in Section 6.2 as well. Accordingly the dependent variables
Equations(4.1) and (4.2) are expressed in terms of the coordiare expressed around their steady values as:
nated systemr(¢,d) as follows(Keep in mind thatR>1 and

— (1) 2@ (2) 3@ (3) —
hence small term®(R~1) are omitted.): 0=£0"+"0T+70F ..., O (U’U’W’T’p)(S 2)
u u 1o 1 &_W:O (4.42) where®() denotes the fluctuations in different scales. And sec-
a r rde RIO ondly at Ra=Rg, the linear problem is asymptotically time inde-
2 2 pendent, i.e. the marginally stable mode survives and all other
a_u +v-Vu— vt _Wwicose modes decay. Slow time dependence must be restored to eliminate
at r R secular terms and thereby extend the range of validity in time to
5 54 timest=0(e~2). The time variable must therefore be rescaled
P u v to timescaler= &t
=— ——RaPrT +Pr Viu— —— — — " : . .
ar apricose cosd '{ u r2 2 é’(p) Substituting Eqs(5.1) and (5.2) into the governing Eq94.4)
and (4.5), we decompose the resultant equations into separate
(4.4b) groups with respect to theorders, which are simply expressed in
v . uv  w2sing the following form:
—+v-Vo+ — ) L :
at YT R LV —gp=vOrNV, VD §i=123,... (5.3)
ap v 2 du HereV=[T,u,v,w] and §P=[0,Vp/Pr] are four-dimensional
== +RaPrTsin ¢ cosé+ Pr| V2 — S+ Je vectors. L is a linear matrix operator. Before discussing the
rde r< reoe boundary condition effects, we makg,=0 for n=2 to simply

(4.4c) the analysis. The time derivatives™ are V)37, which are
o W zeros at orders and &?, and V®=[T,v/Pr] at order &°.
— +Vv-Vw+ = (U cose—v Sing) N(V,V)® represent the nonlinear terms. The expressions of

at R andN(V, V)" are listed in Appendix A.
__9p ; 2 5.1 Onset of Convection. In order to express the steady
" R0 *+RaPrisin 0+ Prv-w (4.4d) flow at Ra=Ra,, we solve the linear equations
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LV @ — P2 /Pr=N(V,V)" (5.9b)

is composed by a general solution and two coupling particular
solutions, or

V@=v@ vy (5.10)

The general solutioVZ) is a Poiseuille flow at ordes?, i.e., it
has the same flow pattern aéglo) but an amplitude an order
smaller thanA(7). Following Eq. (A4), the particular solution
V@ reads:

V{3 =[T{5, cos,U7,cos 20,0,W7,sin26]  (5.11)

with a conservation pressun@{%{zcosm (see Appendix C for
detail). This solution corresponds to the flow maogg in [16].

The mode has 4 localized flow cells in the four quartsee Fig.
2(c)); the circling of the fluid in each cell enhances local convec-
tive heat transfer between tube inner surface and main flow. The

second particular solutiow(? takes a form of:

V{3 =[T{7,cosb cose, (U7 y+ U7, cos 20)cose,

(V{Zo+ V{2, cos 20)cos 20 sin g, W7, sin 26 cose]

Fig. 2 Velocity gnd temperature fields pf the basic flow; In ' (5.12)
each graph the right half shows streamlines ¢, and velocity
components (u,w), while the left one shows isotherms  (solid  with its conservation pressur@{?,+ P{?),cos X)cose (see Eq.
and broken lines correspond to positive and negative values, (C1)). This solution(see Fig. 2(d)Hescribes another kind of local
respectively ) flow cells in the 4 quarters that commonly observed by experi-
ments[17,19] or predicted by numerical simulatiofi8] (they
0 named it local flow re-circulationsThe modev(? corresponds to

V-vii=0 (5-48)  the s, in Sano[16]. The two particular solutiong® and V(2
LV _gph =0 (5.4b) can be approximated by a power series of the radfos the sake

' . ) . . of the difficulty in obtaining their analytic expressions.
to find a convective solution appearing at the lowest critical Ra Similarly in the nonlinear equations,

number. On expanding all quantities in terms of the double Fou-
rier series ing and 6, the solution is found to be in a form ¢ee V-v®=0 (5.13a)
Appendix B for detail:

R LV — P /Pr=N(V, V)" (5.13b)
V= E TS0 2041 SIN(20+1) 8, at order £3. According to the solutions otv(® and V@,
n=0 2(V,V) ® is expressed in EGA6), where the expressions of func-
@ tionsd; ande; were omitted because they have nothing to do with

21 Uf;lo)vz,]sin on 6,0,20 \N(plo)ymcos o (5.5) the following contents. The time derivative becomes,
n= n=

V3 =[0.3464 7)Jo(Kor )sin 6,0,0,A(7) (Ko ) Pr 1]
with a consistent pressui®;_; P5y ,,sin 2rd. We truncate, with- (5.14)

out losing the generality, the Fourier series as follows: . . .
9 9 4 Although we are not bothered to solvé®, its form is of interest,

Vg =[Thy15in6,0,0,W54 ] (5.6) which is,
with denotations of, vO=VvZ+vI+vI+vE+VvE+VvE) (5.15)
1 _ 1) _ A2 . . :
Thg=Ado(kor),  Wig = AkgJo(kor ) (7 v is the general solutionv(?) and V(¥ are two particular

whereA is the amplitude of flow motiony;(x) is the first kind solutions stemming frone,. The modesVs), V& and V&)
Bessel function of order andk; the first zero points od;(x). The  originate fromd; ; they represent different Poiseuille-type flows.

vectorVJ describes a Poiseuille-like flow along the loop. Figur@mong themV ) is really in the form oV}, but we write them

2("’;_) Slho‘l’("s_ its ﬁtructure Wk(‘jer? F;OHZ"N@ :jepressentsq f6]ﬂ°_|‘f‘;] I separately to avoid confusion becad4d) is a particular solution
anti-clockwise. It corresponds to thfe, mode in San .The . (3) \/(3) . N R
stability analysis shows that a pitchfork bifurcation takes place E#lszerent fromVi, . Ve, describes an anti-parallel Poiseuille-type
ow shown in Fig. 2(b).
Ray=kj=33.445 5.8

%= 8 54 Amplitude Equation for V&Y. It turns out thatVy
at which theV(© state gives way tolﬁ,lo). The value agrees well the flow at orders, must satisfy a solvability condition if the
with the experimental results of Sahb5]. nonlinear Eqs(5.13)are solvable, i.e., the Fredholm theorg20]
states that the vector of the right hand side of E§sl3) must be

52 Fluctuations at High £ Orders. At Ra>Ra, the am- grthogonal to the zero eigenvectdky . This is because

plitude of the Poiseuille-like flow is really time dependent that i
A=A(r). According to the solution o¥{yd, the nonlinear term (v v(3) 4 N(v, V)= (v LV @) =(LvE v®)=0
N(V,V)® gets the form of Eq(A4). The solution of the non- (5.16)

homogeneous equations, . .
9 q where for any two variabled/; and V,, the inner product

v.v@=0 (5.9a) (V.,V,) is defined as
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(RaTyTo+ViVy) g (5.17) T%,, which is consequently reflected in E@.4e)by C,,. Since

with () signifying an integration over the whole body. Equatiof}?® Poundary condition ab=1 (BC-Sano)is named standard,
(5.16) thus finally results in a solvability condition for the ampli-Fom the unit value the discrepancy éfepresents the irregularity

tude A(t) =A(r/e2), that is, of the axial distribution ofT% .
5 5 Since in unsteady flow, all the flow modes should be functions
ndA/dt=g"A—§¢-A (5.18)  of time, a real flow pattern is expressed as,
with W= X(t)Wig g+ Xa(t) WG, Sin 20+ Xy (1) WL, cose sin 20

7n=0.1732+Pr 1),
£=(0.036Pf+7.47Xx10 *Pr—0.035/(PrR)>  (5.19)
Equation(5.18) is the simplest amplitude equati¢ar say order-

+ X (1) Wi oCOSe (6.2a)

T=Y(t)Thy1Sin 0+ Z(1) T{g); coso+Zy(t) T{7; cose cosd

parameter equatigrhaving the general form of those derived by +Yc(t)T§,1f,1003¢ sin g (6.2b)
[[24-27,30], etc.for Rayleigh-Baard convection. <1) "
Equation(5.18) resembles a Van der Pol oscillator. &, £>0, u=Xa(t)Up,cos 20+ Xy (1)U 1, cose cos 20 (6.2¢)

the oscillator drives the flow to the final state, reading

v=Xp(H)V{},sine cos 20 (6.2d)
A=+]g?/¢05 (5.20)

IPr=X,(t)P{§,cos 20+ X,,(t) P{}, cose cos 20 (6.2e
At this time the motionless stat® gives way to the steady flow p- _ VPl _ o(DPLizC0s¢ ( _)
V& through a pitchfork bifurcation. From E¢5.20)we see that By substituting these expressions for E@s4), and equating like

the amplitudeA is proportional to (Ra-Ra)%* in the neighbor- €'MS, we have at=0.2,

hood of Rg. The result agrees with the experimental fg&15] X = —5.7832PrX- 0.086458PrY (6.3a)
and the common scaling law of the continuous phase transition.

The amplitude equation implies that this steady flow seems tq'(a: —(15.265420.291PyX,+ 0.019666PrzZ (6.3b)
be stable all along. But this is not true since the actions of the flow,
modes at highes orders become significant at largeAs soon as ~ X,= —14.682PrX+0.017028Prz, (6.3c)
the other flow modes were introduced, we will find afterward that .
further bifurcations occur on the flow structure and temporal sta-X= —14.682PrX+ 0.034055PrY (6.3d)
bility. The routes of the bifurcations depend on the thermal bound- -
ary condition as well. Y=5.7832RaX~Y)+(7.9025XZ —15.055%Y

+0.98506X.Z,+12.641%Y)/R (6.3f)

6 Modeling the Spatial and Temporal Stabilities :
This section is devoted to model the influence of thermal Yc=14.682RaX,~ Y,)+(5.453%XZ, —33.883%Y.

boundary condition on flow distribution and temporal behavior. In +20.0625X . Z + 8.7237X,Z,— 25.831%,Y)/R (6.30)
Section 5 we derived two categories of flow mode. The first is

signified asVpy,, m=0,1,2, ... and sumarized in Eq(B4). The Z=12.714RaX,—Z)+(—3.7635% XY+ 11.841%XZ
flow modesV{, i=1,2,3, andv§), V&), V) belong to this

_ -1 _
category, which signifies the parallel or anti-parallel global con- 0.6798% XY~ 8.7237%Z,)/R (6.3n)
vections in t_he Io_op. The second is termég, ,(ir)n=0,1.%,)- Z,=14.682RaX,—Z,)+ (—5.453% X Y,+33.883%Z,
and generalized in Eq(C1). The flow modes/§ and VY, i L _
=2,3 lie in this category, which represents quadruple flow cells. ~ —13.845% “X.Y+61.536%,2)/R (6.30)

Furthermore, it is argued that only these two kinds of flow mod,&_;«Q 5=1 the model resembles the ELM8 mode[Ir6]with a few
are possible for the present study because of two reasons. Firs&i rences. Equationg6.3) reduce to the Lorenz model when
is found that preserving more highmodes of the series &) in only the termsX, Y, andZ are retained:
Eq. (5.5) produces no new flow modes out ¥y, and V,,. . o .
Second, if we continue the similar deduction process in Section X=—PrX+PrY, Y=(Ra/Rg)X—-Y+XZ, Z=-bzZ-XY
to highere orders, we also find no new flow mode appearing. It (6.4)
seems reasonable to formulate the flow by incorporating these tWﬂereb is a geometrical parameter
categories of flow mode. )
6.1 Model Formulation. To propose a qualitative model 6.2 DiSCUSSion on Numerical Results. we solv_ed the
: | : ’model via a fourth-order Runge-Kutta method with a time step of
we select the first two flow modes from each category and term:lo,4_ The following discussion was based on the results for
them asv(y, V{3, VL), andV(7. Their expressions and solu-g_ 3370 Pr=5; the parameters agree approximately with those
tions are listed in Eqs(B10-14 and (C12-15. Two points  of the experiments ifi7—9,15]. With increases in Rayleigh num-
should be noted that firstly those four modes are solutions of thg; R4 the simulation predicted various flows as functions of the
h(()zr?og(?geous Eg)§5.4), as differs from the deductions of such agefficients. Figure 3 summarizes the transitions of them, where
ViG . ViT andVgY; the later are particular solutions. And seCeach curve designates the border of the two neighboring flow
ondly, an important coefficient appears in the solutions M(L%)) states, which are fitted by the points numerically calculated. Al-
and V(Y. The coefficient accounts for the boundary conditiothough we only calculated the model&t0.01~1.5, itis possible
effects. From Eq(C9) or (C10), we find its direct relation with to get a solution at still larger values. _
C, . i.e., simply, Regardless of the variation 6 the thermal convection starts
always at Rg=66.89. Note that we truncated) at the leading
6=(1-Cy) (6.1) order of the Fourier serigsee Eqs(B8) and(B11)), which leads
It has been shown in Section 3 that the thermal boundary conti-a critical Rayleigh number twice as much as the theoretical one
tion determines the axial distribution of fluid temperature at mRag,= k.
tionless stateT? . If we expandT} in Fourier seriessee Eq.  The convection is steady until further bifurcation occurs. In the
(3.2)), the difference lies in the expressions at the high modsteady flow, the relatioms (Ra— Ra)°*® predicted in Eq(5.20)
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103 . The convergence becomes slower and slower with increasing in

3 P ' ' ' ' ' ' the Rayleigh number until the occurrence of the second Hopf

Intermittency bifurcation at a threshold value Ra1850. This second Hopf is a
subcritical (catastrophic)one, after which a perturbation to the
flow begins to increase with time and makes the flow chaotic.
Figure 6(c)shows the trajectory of versusz in the chaotic flow,
which has the typical butterfly structure of the Lorenz chaos. Fig-
ure 7(a)shows a return map plotted by the maxima of time series
of z. In the map the fractional structure suggests that the flow
behavior inherits from the characteristic of the Lorenz chaos. In
fact, the Lorenz chaos was experimentally observed in loops un-
der BC-QT and BC-TT. The critical Ra for the occurrence of
. Lorenz chaos depends @has well; the Curve-1 of Fig. 3 shows

Ra

1 Steady 1-D flow that a maximum exists at abodt=0.2. The Lorenz chaos is re-
placed by a multi-periodic flow at still larger Rayleigh number.
@ Curve-1 Figure 6d shows the trajectory of the periodic flow fé+0.5,
;ggzzg which appears at Ra>2305. Its return map shown in Fig) 7
% Curve-4 consists in four fixed points rather than the fractional structure.
0 0 ' 0"4 ' OI.8 ) 12 16 It is also shown that in converged solutions the flow modgs

and V() survive while V) and V(¥ are damped off. In other
5 words the spatial bifurcation of the cross-sectional distribution
(r,¢) plane)is prohibited. To summary the result for sméllour
Fig. 3 Transitions of flow behavior as functions of éand Ra. model predicts no three-dimensional dimensional flow but a one-
The curves are fitted by numerical data; each designates a mar- dimensional Lorenz chaos. The conclusion agrees with the experi-
gin of its two neighboring domains. mental results if7-9].

(2) Flow at Larges. For 6>0.86(see the Curve-2 in Fig.)3

the flow behavior bifurcates in a different route as Rayleigh num-
is well fitted up to Ra~300. The steady flow is always onebder increases. We take a non-trivial example of the standard
dimensional. All the steady flows a@unrelated as well. Along boundary condition o#=1, for which the transitions of flow with
converging to the steady state from a fictional original one, thiecreasing in Ra are shown in Fig(§. Figure 8 shows typical
decaying process of the perturbation is direct below=R@5 and result at every state.
oscillatory above it. A supercritical Hopf bifurcation occurs at that This is the case of BC-Sar{é=1). The aforementioned steady
point. In non-linear dynamics, the former steady state is a noflew exists until Ra~1240. Above this value a periodic flow ap-
and the later a focus. As instances, Fig. 4 shows the trajectoriegefirs whose unique frequency is detected by the power spectrum,
the two convergence processes. referred a<f; (see Fig. 8(a)). The numerical data show that at this

(1) Flow at Smalls. With increasing in Ra, the flow behav-t'me. the two flow modes\/f}f and V(Lll) appear slmultan(_eously
ior continues to bifurcate in different routes at differehtWe making the ﬂO.W structure no more one-dimensional. It is to say
discuss at first the case for small(5=0~0.76), which is the that the one-dimensional flow is replaced by a three-dimensional
condition of BC-TT and BC-QT. structure. This periodic flow is just the so-called cellular flow

Figure 5(a)shows, as a non-trivial instance, the transitions dfPserved if15]. The Curve-2 in Fig. 3 suggests that the cellular

; ; _ ; i~ Hlow appears at smaller Ra for largér
o e Ve, o Gapone e A Ra- 1645 & Nofmark DiLraton oceus i th o f the
perturbations to the flow changes again atRa5. Above it, Fig. Periodic flow, making the flow multi-periodicsee Fig. 8(b)TThe
6a shows that the flow direction reverses once time before cdiéimark bifurcation is a Hopf bifurcation for periodic ortp&1].
verging to the steady state. As a result, the final steady flow is fy @ Poincare section, the trajectory of the orbit is a point before
a direction opposite to the original. If ReL793, the flow reverses the Neimark and a _C|rcle after it. T_he _secondary_ oscnlatlon_ fre-
many times during the decaying procésee Fig. 6(b)). This re- quency f, appears in the multi-periodic flow. With further in-

sembles the transient Lorenz chaos that was experimentally fe@se in the Rayleigh numbers, the oscillation of multi-periodic
served by Gorman et g18]. flow becomes complicated, but all its frequencies shown in the

power spectrum can be interpreted of the combination of two
frequencies, andf, in the forml,f,+1,f, wherel, andl, are
integers. But at some particular values of Ra, frequency locking
10 occurs and a quasi-periodic flow is predici@dg. 8(c)); in these
=] r —] cases some frequencies are no longelr, 6f+1,f,.

At Ra,~2002 the spectrum becomes broad and the orbit cha-
otic (see Fig. 8(d)). We have mentioned that this is the intermit-
/ ) / tency chaos. The critical Ra for the occurrence of intermittency

N chaos is very sensitive to the value &fsee Curve-4, Fig. 3). At
108 large &, the flow becomes chaotic at very small Ra. The model
-4 failed to predict Curve-4 for very largédue to the divergence of
the numerical calculation.
) : In summary, the three-dimensional cellular flow and intermit-
-0 ')fo -0 0 300 _ZOOX oo tency chaos are possible for largeThe conclusion agrees with
the experimental results ifl5]. As was mentioned in the intro-
a. Ra=100 b. Ra=800 duction, the discrepancies between the flow in a loop at BC-QT or
BC-TT and that at BC-Sano are due to an intuitional physical
Fig. 4 Typical decaying processes of perturbation about the mechanism. In the former case, sharp changes of tube temperature
steady flow (a) toward a node (b) toward a focus are formed at both cooling-heating connections. They promote the
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Fig. 5 Two typical bifurcation routes predicted the model
109 :
O = - 4
N
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X X
a. Ra=1600 b. Ra=1850
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-5
N
N ] -10 | 1
-15 L
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X X
c. Ra=2200 d. Ra=2330
Fig. 6 Trajectories of the flow at different Rayleigh number for 6=0.5
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X104 o X104 intensive mixture of flow elements and hence prohibit the spatial
'3; J T 85 . —‘ bifurcation in the ¢,¢) plane. Only in this case, the feasibility of
35 L l 4. i one-dimensional formulation is ensured and the assumptions
v’:\ -4 :.' . = 45 ‘ made by Yorke et a[.10]are reasonable. The later case is entirely
=P *.* é 5 | opposite where the sharp changes of tube temperature are re-
g s - Y l é-ss { moved and the evolutions of the bi-directional flow and local flow
N *3, N cells are not influenced. In other words the presence of the high
5 e . J N ] order modes off* affects the evolution of the spatial bifurcation
S EE s asd hea ®5 65 % 555 454 as_  inthe flow.
Zmnax(N) Znax(N) (3) Transition From Lorenz Chaos to Cellular Periodic Flow.
a. Ra = 2200 b. Ra = 2330 Figure 3 also shows another interesting transition, i.e., for

6=0.76~0.86 a transition from Lorenz chaos to cellular periodic
flow occurs at Curve-3. Figure 9 shows a typical trajectory dem-
onstrating this transition. As time goes on, the original one-

Fig. 7 Typical return maps of z in flows for §=0.5: (a) Lorenz

chaos, (b) periodic flow
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Fig. 8 Trajectories of the flow at different Rayleigh number for
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A =
a =
C, =
g=
h

; Ji(x)
400 K
L =
N(V,V) =
Nu =
p,p* =
Pr =
q =
dimensional flow demonstrates the Lorenz-like oscillation for ar, r* =
while and then is replaced by a periodic cellular one. The numeri- ro =
cal data discovered that the Lorenz flow disappears due ?90 R
the appearing of the two flow mod&4$Y andv{Y). This phenom- ~ Ra —
enon helps to demonstrate the interaction between the spatilal-l-*
stability and the temporal one although its existence needs experi-
mental examination. At still larger Ra the cellular flow continues t, t* =
to demonstrate the aforementioned bifurcations. This scope AT =
can be considered as the margin of the two flow bifurcation , w =

200

Fig. 9 Transition from Lorenz chaos to periodic cellular flow
(Ra=1630, 6=0.86)

routes. vV =
_ v, V¥
7 Conclusions and Remarks XY, Z,

widely used in the study of fluid pattern formation, and we applied
it to non-rectangular coordinate system. It seems also significant
that we can vary both the spatial and temporal behaviors by
changing the boundary conditions, i.e., following the reverse ap-
proach one can design a heating-cooling mode in accordance with
6 to obtain a wanted flow. If the presumptions in Section 2 are
relaxed flow modes out of the two categories are expected. Be-
sides proposing methods to shift the occurrence of the Lorenz
1 chaos the present work indicates a wider prospect of the stability
and pattern controlling of natural convection.

Nomenclature

amplitude of flow oscillation

thermal diffusivity, nf/s
coefficient,Cn=nT; /AT

gravity accelerator, kgn/s’

heat transfer coefficienh=q;, /(T —T3),
W/(m?-K)

= first kind Bessel function of order

the first zero point of;(x)

linear operator

nonlinear operator

Nusselt number, 2)h/\ ¢
Pressurep=(p* — p;‘)/(poazlrg), Pa
Prandtl numbery/a

heat flux, W/n

radial coordinatef =r*/ry, m

pipe section radius, m

loop radius of curvatureR=Rg/rg, m
Rayleigh number,dBATr3)/(Rva)
temperatureT=(T* —T%)/(AT/R), K
time, t=t*/(r3/a), s

temperature difference, K

velocities inr, ¢ and @ directions, respectively, m/s
state vector, T,u,v,w)

= velocity vector, (1,v,w), v=v*/(alry)

In this article, we applied a Multiple Scales Analysis to studya - Xb:Xc, . )
the fluctuation and self-organization in the flow in a natural circc» Zo = Variables defined in E¢(6.2)
lation loop. The analysis picked up two categories of flow modegreek Symbols
The study focuses on the influences of thermal boundary condi-

tion on the spatial and temporal stabilities of the flow, as is dis- '85 _ mgmg: EﬁpagzlOnc%%%f-?%enééfﬁ-c-em
cussed in a framework of a three-dimensional model. Main con- . _ expansion l(J)rf](RrgRao)/ll?laon See IE::](S 1)
clusions are summarized as follows. 7 & = coefficients defined in Eq5.19)
1. The multiple scale analysis alleviates the difficulty in deter- ¢ = pipe circumferential angle
mining the flow modes that are possibly existent. An ampli- 6 = loop axial angle
tude equation for the basic Poiseuille flow is obtained froma N = thermal conductivity, WWmn-K)
solvability condition. The velocity of the steady flow in- p = dynamic viscosity of fluid, kghm-s)
creases with the Rayleigh number; their relation agrees with v = kinematical viscosity of fluid, s
general scaling law of the continuous phase transition, i.e., p = density of the fluid, kg/mh
there isAx (Ra— Ray)®® slightly above Rg. 7 = slow time scaleg?t

2. In the model a coefficient is proposed to measure the dif'Superscripts
ference of thermal boundary condition from the standard
one. The numerical solution of the model depends on the ~ — - . .
value of 8. For §<0.76, no spatial bifurcation appears in perturbed field for the static heat conduction state
the cross-section, and the flow demonstrates one- () = variables at(" order
dimensional character. The Lorenz chaos appears at laggnscripts
Rayleigh numbers. Fo$>0.86, spatial instability occurs

variable with dimension

prior to temporal one, making the flow structure three- O = reference value, threshold point for flow onset
dimensional, The flow bifurcates to intermittency chaos af- ¢ = cooling, critical point for flow instability
terwards. For 0.86 §>0.76, the model predicts a transition f = fluid
from Lorenz chaos to cellular flow, which calls for experi- " = heating
mental verification. L = Localized cellular flow modes
m = order of Fourier series fop
It is remarkable to apply the Multiple Scales Analysis to the n = order of Fourier series fof
thermosyphon study, although the detailed mathematic process is P = parallel Poiseuille-type flow modes
quite complicate, as could be remedied by numerically solving the s = motionless state
linear equations for a specific problem. In fact, this method is w = tube wall
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Appendix A N(V,V)®

At the Multiple Scales Analysis, we mak&,=0 forn=2 so as r WESIR 2 NEN 7
to simply the process, the linear operator is, (12
_ - v cos
vZ, 0, 0, sing” (v<1)~Vu<1>— — T"Dwmz)/ Pr
1 2 9 = u®®  sin
—Racospcosf, Vi-—, —— —, 0 1.y, Wy o 2N )2
2 R (v Vo't + ; + R w Pr
L= . (1)
w .
Ra sing coso), 20 gl 0 (V(l)'vw(1)+ R (U cosp=u® sm(P)) / Pr
21 a L) 27 L -
re Je r
Ra sind, 0 0, V2 (A3)
" (A1)

. ) . _ After knowing the solution of/{? , this nonlinear ternN(V, ) )
Note that in section 6, the linear problem was also solved in ik comes:

full form when the influences of thermal boundary condition are
concerned. At this moment, the term with super mark #, i.e.¢sin

2p—1
should be replaces Hysin 6+ _,C, sinnd]. 0346 A(7)Jo(kor) 'R cosd

—[A(7)Jo(Kor ) ]°R™Pr * cose

The nonlinear ternN(V, V) () is different at eacle order; fore N(V. V) () = AP, A4
order it reads (V) [A(7)Jo(kor ) J?R™*Pr tsing (A9)
) 0
N(V,V)=[0], (A2)
and fore? order, it is For &2 order, we have:
|
r v yT@ 4y, yTO 7
25Dy Wy
v vu@ 4y yy®— : R Cose [Pr
(h— 2uu®@ 2w
NCV:V) VY. V@ 4y2. vy 4 ——+ —x —sing|/Pr
w® w®@
v yw 4+ v w4 " (u® cose—v? sing) + " (uV cose—v™V sing) —Ra,T® sing|/Pr
) " (A5)
and for this study, it is in a form of,
[UDTO +(WATO —wOTEYR™sin g+ A(7)3d,(r,cosme,sin(2n+1) §) + A( 7)?°A®e,(r,cosme) cosd
. [A(7)3d,(r,cosl p)sin 20+ A(7)2APe,(r)cose]/Pr
N(V, V)= 3 ) . 5 (2 )
' [A(7)3d4(r,sinl @)sin 20+ A(7)?APey(r)sine]/Pr '
[0.Fw(UZ—VIZ)R 1—RaT ]+ A(7)3d,(r,cos 216,cosl )+ A(7)2APe,(r,cos 6, cosl ) ]/Pr (A6)
|1=0,1,2 m,n=0,1
I
Appendix B and secondly derivingJ, V andP at orderO(R™1) from
Consider the linear marginal problem, du u lov 1w
—+—-+—-—+=—=0 (B3a)
V-v=0 (Bla) a r rde RIO
_op— J u 2 dv
L —dP=0 (B10) _ P RaPrTcose cosf+ Pr( Viu- ——— —) =
where Eq(B2a)implies thatW andT are an order of R larger than ar r2 r2de
U, V and P. Since it is difficult to precisely solve the ordinary (B3b)
equations, we obtain an estimation by firstly solvgand T at ap v 2 au
orderO(1) from ~rogt RaPrTsin ¢ cosf+ Pr( V- —+— %> =0
i 20— re r
RaPrTsin 6+ Prv-w=0 (B2a) (B3c)
V2T+wsing=0 (B2b) For the parallel Poiseuille-type flow modes with the form,
|

Vem= z Teman+1 sin(2n+1)0cosm<p,2 UpmonSin 2n0cosm¢>,z VpmanSin 2n05inm<p,2 Wpm2n COS 216 cosme
n=0 n=1 n=1 n=0

m=0,12 ... (B4)
and the conservation pressuz§_, Pp,2,Sin 2ncosme, we have an infinite set of ordinary differential equations from EBR):
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ViWemot RaTpmi/2=0,  ViTpmit Wemo— We/2=0,
ViWemant R Tpmant 1~ Tpman-1)/2=0,

Vzm,OTPm2n+l_(WPm2n+2_WPm,2n)/2:Or n=123,...

where V2 =d?/dr2+ (1/r)d/dr—m?/r?— O(R"2). Assuming the

solution to be of the form,

Plrr)1,2n: aondm(Kml), Tgaln)nzmlz bon+ 1Im(Kmr),

n=0,1,2, ... (B6)
we obtain the recursive relations:
b,=(2k3/Ra)a,,
1 ( m a) 0 (B?)

Don+1=bon-1+ (2K5/Ra)az,,
n=12.3,...
wherea, is to be determined.

_ 2
Aon=asn-2—2Kybon-1,

The threshold value of Ra for flow occurrence is derived by
re-adding the time derivatives to the equation groujgf, ,,and

Temant1, OF

—k%a+Ra-b=
mat+Ra-b=da/dt (B8)

—k2b+a=db/dt

wherea=37_,a,, andb==%_ob,,,;. (Note thatVZJ,(Ku)

=—k2.) As soon as the eigenvalues of the coefficient matrix of
Eq. (B8) with respect to &,b) have negative real parts, the no-

zero solution is stable, as requires:
Ra=k, (B9)

As instances we list the solutions for the flow modesnat 0
and 1, which are truncated at=0 of § modes, denoting

Vi =[Thg15in 6,0,0,We ol (B10)

with
Teg=Ado(kor),  Whd=AkJo(kor)1  (B11)

and
V5 =[Th{ 15in 6 cose,0,0,We (COS¢] (B12)

with
Tgl),lz Adi(kar), VV(P]EL),OZAki‘]l(klr) (B13)

Among all the flow modesy) appears at the smallest Rayleigh

number that

Ray=k3=233.445

Physically speaking only Y is true at the threshold point of flow
onset, and we name it the marginally stable flow mode. The cor-
responding Rgis just the point for flow onset and the varialalg

is the amplitudeA(7).

As the difference of thermal boundary condition is concerned,

Eq. (B2b) should be replaced by,

V2T+w (B15)

sin0+2 Ci sinna} =0
n=2

although this deformation does not change the expressio‘m‘globf

andV{) .

Appendix C
For the localized cellular flow modes with the form,
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(BS)

(B14)

Vim= 2 Timz2n+1€0¥2n+1) 6 cosme,
n=0

© %

U\ m 2n COS 6 cosme, E V| m,2n COS N6 sinme,
1 n=1

n=
©

2 W\ m 2nSin 2n6 cosme | m=0,1,2 . .. (C1)
n=1

and the corresponding pressurg,_,P, , 2, COS 2ré cosme we
have an infinite set of ordinary differential equations from Eqgs.
(B2):

VaTimit Wim2/2=0,

VZmTLm,2n+ 1+ (WLm,2n+ 27 VvLm,Zn)/2 =0,

(C2)
VWi o0~ RATim 2041~ Tumzn-1)/2=0,
n=123,...
Assuming the solution to be of the form,
Wiman=8zndm(Kml )y Timant 1= Bant 1Im(Kml ),
n=123... (C3)
we obtain the recursive relations:
a,=2k2b,, c4)

An+2=asn+2Kabon_1, boni1=ban_1—(2k%/Ra)ay,,

n=123,...

whereb; is need to be determined.

On considering the differences of thermal boundary condition,
we substitute the series for Eqd2a) and (B15) instead. As a
result Eq.(C2) becomes,

©

V2T mat 21 Wiman(Cons1+Con_1)/2=0  (C5)

©

2
VmTLm,2n+ 1+ 21 C2n—1(WLm,2n+ 1+2n—1_WLm,2n+ 1—(2n—:L))/2
n=

=0 (C6)
VranLm,an Re(TLm,Zn-%—l*TLm,2n—1)/2:0r n=1.23,...
(C7)
If Eq. (C5) is written in a form of,
5 1)

VmTLm,1* EWLm,ZZ 0 (C8)

the following relation is thus obtained,
8= 2, (Con-1=Cans 1) Wim s/ Wi (C9)

=

Here W, ,, o, are also functions o€, ; they can be derived in a
similar way to Eq.(C4). Then the value ob should be deter-
mined. For the simplest case, we truncate &) at the second
order, or,

5=(1-C,) (C10)

For the boundary conditions BC-QT and BC-TT, H4.9) sug-
gests that,

Conr1=(—1)", (C11)
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we haves=1. “Stability Characteristics of a Single-Phase Convection Loop,” J. Fluid Mech.,
tionall e the f fon— hich 67, pp. 65—84.
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Laminar Natural Convection Heat
Transfer in a Differentially Heated
Square Cavity Due to a Thin Fin
on the Hot Wall

Xundan Shi A finite-volume-based computational study of steady laminar natural convection (using
Graduate Student Boussinesq approximation) within a differentially heated square cavity due to the pres-
. ence of a single thin fin is presented. Attachment of highly conductive thin fins with
J. M. Khodadadi lengths equal to 20, 35 and 50 percent of the side, positioned at 7 locations on the hot left
Professor wall were examined for Ra10*, 1(°, 1¢°, and 10 and Pr=0.707 (total of 84 cases).
e-mail: khodajm@auburn.edu Placing a fin on the hot left wall generally alters the clockwise rotating vortex that is
established due to buoyancy-induced convection. Two competing mechanisms that are
Mechanical Engineering Department, responsible for flow and thermal modifications are identified. One is due to the blockage
Auburn Universiy, effect of the fin, whereas the other is due to extra heating of the fluid that is accommo-
201 Ross Hall, dated by the fin. The degree of flow modification due to blockage is enhanced by increas-
Auburn, AL 36843-5341 ing the length of the fin. Under certain conditions, smaller vortices are formed between

the fin and the top insulated wall. Viewing the minimum value of the stream function field
as a measure of the strength of flow modification, it is shown that for high Rayleigh
numbers the flow field is enhanced regardless of the fin's length and position. This sug-
gests that the extra heating mechanism outweighs the blockage effect for high Rayleigh
numbers. By introducing a fin, the heat transfer capacity on the anchoring wall is always
degraded, however heat transfer on the cold wall without the fin can be promoted for high
Rayleigh numbers and with the fins placed closer to the insulated walls. A correlation
among the mean Nu, Ra, fin's length and its position is proposed.

[DOI: 10.1115/1.1571847

Keywords: Cavities, Finned Surfaces, Heat Transfer, Natural Convection, Vortex

Introduction heat transfer reductions of up to 47 percent in comparison to the

Buoyancy-driven convection in a sealed cavity with vertica(fav'ty with no partition was observed. Natural convection in a

sides that are cooled and heated is a prototype of many industﬁ%ﬁgrﬁoctalgﬁ ;Vr']t(;] v?it(;longgf:tcl:rt]lg Egrrnttlaltijocrt]ir?oilg(r)igggtglt \f\t‘;l?\"sgsle
applications, such as reactor insulation, cooling of radioactive P y g

waste containers, ventilation of rooms, fire prevention, solar enymerically studied’5]. For low values of the partition-to-fluid
; U ; ! p T phermal conductivity ratio, reductions in heat transfer relative to
ergy collection and dispersion of waste heat in estugfiegd. It is

generally known that fluid flow in this system is characterized bthe case of cavity with no partition was observed for Rayleigh

a single large recirculating cell. The lighter fluid ascends along t er;]gsrrsrelc?;nl%ﬁé?ﬁt{g;?&eﬁ;&nx Z%y(\j/liftfhe ﬁﬂﬂ?”ﬁé r(;gz;t_ed
hot wall. The fluid then descends along the cold wall as it ge? 9 p P

heavier. For small Grashof numbers, the flow is weak and tf. cting fins on the cold wall was reported by Scozia and Freder-

isotherms are parallel to the vertical walls, indicating that heat S .[6] for Raylelgh numbers of 19-10°. As the inter-fin aspect
tio was varied from 20 to 0.25, the flow patterns evolved con-

transferred by conduction across the fluid. For large Grashof nufff

bers, the flow becomes strong and the isotherms are no lon girerably and the average Nusselt number exhibited maximum

parallel to the vertical walls. This indicates that heat is transferr d minimum values whose locations dept_ended on the value of
by convection and conduction a. Faca$7] reported results of a computational study of natural

. 3 . . .
In a great number of studies, square, rectangular, inclined, sigQnvection(Grashof number range 0b910 —10°) inside an air-

der and shallow cavities with various wall conditions have bedH€d slen?e;‘cavit)(aspgcthratio of ﬁ5‘)\’m: fins/ baf:llez—g.l, 0.3
extensively considered by researchers. Modification of heat tra@ld 0-5 of the cavity width—attached along both the heated and

fer in cavities due to introduction of obstacles and fins attached §8°!€d sides of the cavity. For the fin length of 0.1, multicellular
the wall(s) has received some consideration in recent yeal IQW structure was observed. However, for longer fin lengths, the

[3—10]. Laminar natural convection next to a heated wall withOW broke down into secondary recirculations, in addition to the
single and repeated two-dimensional rectangular roughness &EMary recirculation. As a result, higher heat transfer rates across
ments was studied numerically and experimentaBy. Natural e two sides of the cavity were observed. Nag e{&] studied
convection in an air-filled differentially heated inclined squard® &ffect ofda_ horllzontall thlndpartltéofbr?tr} |?tf|n|te"th?rm§_lﬁcon-
cavity with a diathermal thin partition placed at the middle of itguc,tIVIty and insulaterip aced on the ofleft) wall o a dier-
cold wall was numerically studied4] for Rayleigh numbers €ntially heated square cavity. The range of the Rayleigh number
10°-10°. It was observed that due to suppression of convectioff3S 163_1.06 and three partition lengths placed at three positions
were studied. It was concluded that for a partition of infinitely
Contributed by the Heat Transfer Division for publication in tt®UBNAL OF hlgh thermal COﬂdUCtIVIty, the Nus.se.lt numbe_r on the CO|C_1 .Wa”
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 12WaS greater than the case with no fin irrespective of the position of
2002; revision received March 5, 2003. Associate Editor: H. Bau. the partition on the hot wall. Natural convection in inclined rect-
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Ay the dashed lines in Fig. 1. The coordinate of the i) (ndicates

the position of the fin, i.es,=0 toH (left wall) ands,=H+L to

@ - 2H+L (right wall). A dimensionless variable is defined as fol-
oT ' lows: S,=s, /L.

S - =0 ! The fin is made of highly conductive materials and the tempera-

E ture of the fin is maintained at the same temperature of the wall to

! which it is attached (Bk1). This represents a limiting case for

1 the thermal conductivity, whereas an insulated fin represents the

. other extreme of thermal conductivity. A fin with a finite thermal
1 H g conductivity will behave somewhere between these two limiting

P __>| : cases. It is assumed that the effect of the temperature on density is

! confined only to the body force term of the momentum equation

! and all other fluid properties are independent of temperature and

'

]

1

eT pressure. The flow field is considered to be steady and the fluid is
E =0 incompressible.
) X
""""""""""""" : » Dimensionless Form of the Governing Equations. Dimen-
sionless form of the governing equations can be obtained via in-
troducing dimensionless variables. These are defined as follows:
— L —>
X_x Y_y U_uL L
L L T T
Fig. 1 Natural convection in a square cavity with a thin fin pL2 , T-T, .
Tpad? T -T @

angular enclosure@spect ratio of 2.5 and highewith perfectly viariablesu, v, and T are the velocity components in the y-
conducting fins attached on the heated wall was numerically stuglrection and temperature, respectively. The presgpyen the

ied by Lakhal et al[9]. Recently, Bilgerj10] reported numerical ahove equation is the “reduced” pressure wherein the hydrostatic
results of laminar and turbulent natural convecti&®a numbers pressure has been removed from the total pressure. Quanptities
10— 10") in enclosures with partitions attached on the insulateghd « are the density and thermal diffusivity of the fluid, respec-
horizontal walls. Practical heat transfer correlations for design g{ely. Based on the dimensionless variables above, the dimen-
similar systems were derived. sionless equations for the conservation of mass, momentum and

~ There are many industrial applications that can be simplifieshergy incorporating natural convection via the Boussinesq ap-
into models of fins/partitions in sealed cavities. Examples can leoximation are:

found in designing an air-conditioned room in which a partition is

installed. Other examples can be found where the heat transfer ou v

through a fluid layer contained in an enclosure needs to be con- WJF WZO' ©)
trolled via attaching fins on the walls. These applications can be

found in solar collectors, nuclear reactors, heat exchangers and Ju Ju JP J°U  9?U

electronic equipment. Upon proper placing of the fins on the walls UxtVoy =" ax ' Pf( Xzt W) , (3)

of an enclosure, the heat transfer rate through the enclosure may

be enhanced or reduced. Hence, studying how the position of the IV oV P AV 2V

fin, length of the fin and the Rayleigh number affect the heat u (7_X+V(9_:_ (7_Y+ ’(WJF N2 +Ra-Pr-6, (4)
transfer rate of the enclosure has great value from practical as well

as theoretical point of views. As for the difference between this 90 90 920 920

study and that of Nag et a[8], a higher range of the Rayleigh U+V—<=—5+"- (5)
number is studied in this paper along with longer lengths of the fin X gY XY

and the number of fin positions are seven as compared to thjg&he energy equation, the viscous dissipation terms are neglected
[8]. In addition, the present study is a logical extension of theyq the reference temperature in the buoyancy term was taken to

recent work of the authofs.1] who reported a detailed parametricye equal tar,. Parameters Ra and Pr are the Rayleigh and Prandt
study of flow and heat transfer in a lid-driven cavity due to thg mpers, respectively. These are defined as,

presence of thin fin. A major objective of this stu@similar to

[11]) is to determine the critical locations where attachment of fins gB(T,—THL® v
bring about marked changes in the thermal fields. Ra:T’ Pr= e (6)
Problem Formulation Quantitiesr and 8 are the kinematic viscosity and thermal expan-

. . . sion coefficient of the fluid, respectively. The dimensionless form
The schematic drawing of the system and the coordinates e boundary conditions are:

shown in Fig. 1. The height and the width of the enclosure are

denoted byH and L, respectively. In this study, only a square On the left wal{X=0): U=V=0,=1,
enclosure is consideredH=L). The depth of the enclosure per-

pendicular to the plane of the diagram is assumed to be long. On the right wallX=1): U=V=0,0=0,
Hence, the problem can be considered to be two-dimensional. The

top and bottom walls are insulated, whereas the left wall is main- a0

tained at a high temperatur&y) and the right wall is maintained On the bottom wally=0): U =V=0,0—Y =0, )
at a lower temperaturer(), with T,>T,. A horizontal fin with

. o 90
lengthl, can be attached to different positions on the left or the On the top wally=1): U=V=0,—

right walls. A dimensionless variabls, for the length of the fin is oY 0,

defined as.,=1,/L. A special coordinate systeiis) along the

walls is adopted with its origin at=0 andy=H, as identified by On the fin: U=V=0,0=6,,.
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Grid Size

Fig. 2 The absolute value of the stream function at the center
of primary vortex, ,, as a function of the grid size ( Ra
=105, S,=0.5,and L,=0.5)

Here 6,, is the 6 value of the wall the fin is attached {0 or 1). Ra=10°
From the equations above, we can see that the dimensionless
rameters governing this problem are Ra, [By, andS;. In this

study, the Prandtl number of the fluid is fixed to 0.707. The Ra

leigh numbers considered are*1a®, 1¢°, and 10. '
Computational Details ’
The solution of the governing equations can lead to a comple
understanding of the velocity and temperature fields for natur
convection in a square cavity with a thin fin. Consequently, th
effect of the fin on the flow and thermal fields can be evaluate
The steady-state governing equations were iteratively solved
the finite-volume-method using Patankar’s SIMPLE algorithr
[12]. A two-dimensional uniformly-spaced staggered grid syste ‘

was used. Hayase et al[’3] QUICK scheme was utilized for the
convective terms, whereas the central difference scheme was u
for the diffusive terms. In order to keep consistent accuracy ov
the entire computational domain, a third-order-accurate bounds
condition treatment suggested by Hayase efld] was adopted.

Ra=10* Ra=10°

Grid Independence Study and Benchmarking of the Code.
In order to determine the proper grid size for this study, a gri
independence test was conducted for the Rayleigh number’of !
in a square cavity with a fin positioned at the middle of the lei
wall. The length of the fin was set to be 50 percentLofFour
different grid densities were used for the grid independence stut
These grid densities were %040, 80‘x 80", 120x 120/, and
160 160". The minimum value of the stream function of the
primary vortex ¢min) IS commonly used as a sensitivity measurt Ra=10° Ra=10"
of the accuracy of the solution. Quantity,, is selected as the (b)
monitoring variable for the grid independence study. Figure 2
shows the dependence of quantity;, on the grid size. Compari- Fig. 3 Natural convection in a square cavity:  (a) streamlines
son of the predicated ., values among four different cases sugand (b) temperature contours [contour level increment of 0.1 ]
gests that the two grid distributions of 220120 and 160
x 160 give nearly identical results. Considering both the accu-
racy and the computational time, the following calculations wergalls as the Rayleigh number increases. This suggests that the
all performed with a 120< 120’ uniformly-spaced grid system. flow moves faster as natural convection is intensified. Figdog 3

The code was tested and verified extensively via comparing thleows the dimensionless temperature contours for Rayleigh num-
results with the benchmark problerfis4,15]. Figure 3(ashows bers ranging from 1Dto 10/. The contour level increments for
the streamlines in a square cavity forRa0*, 10, 10° and 10, each case are kept constant at 0.1. As natural convection is
respectively. The rise of the fluid due to heating on the left waditrengthened, temperature contours show slight deviation from the
and consequent falling of the fluid on the right cold wall createsfaure conduction case with the contour lines becoming skewed.
clockwise-rotating vortex. Another feature of these streamline patnder high Rayleigh number conditions, the degree of distortion
terns is that the streamlines become more packed next to the diden the pure conduction case is very marked and the contour
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Table 1 Comparison of the predicted mean Nusselt number 0.5, 0.625, 0.75, 0.895To achieve converged solutions for these
Nu on the left or right walls of a cavity without a fin with refer- cases, it was necessary to retain the unsteady terms in the momen-
ences [8,14,15] tum and energy equations. This approach is called the false tran-
sient method. The temporal terms were approximated using a

R U L )
@ 10 10 10 10 second-order implicit difference scheme, namely the three-time-
De Vahl Davis 2.243 4.519 8.800 - level scheme. The success of the time-dependent method over the
N [l4t,15|][8] b4 451 682 stationary one suggests that for these parameters a turning point in
ag et al. . . . - ; ;
Present Study 2.247 4532 8.893 16.035 e parameter space is being approach.

Results and Discussion

In order to understand the flow field and heat transfer charac-
lines become almost horizontal lines around the center of the aeristics of this problem, a total of 84 cases were considered. This
closure. Table 1 gives the values of the mean Nusselt number fiavolved studying the effect of a fin attached at 7 evenly-spaced
the left or right walls for Ra 10, 1¢°, 1P, and 10 for a square positions on the left wall. The Rayleigh numbers aré, 100,
cavity without a fin. These values were in excellent agreementf, and 10. The fin's length can be 20 percent, 35 percent, and
with those reported earli¢B,14,15]. Further details of code veri-50 percent of the width of the cavity. The typical number of itera-
fication can be found elsewhef&6]. tions needed to converge was 10,8QIR,000. All the calculations
were performed on a Cray SV1 of the Alabama Supercomputer

Parameters for Numerical Simulations. Tolerance of the Center(Huntsville, Alabama

normalized residuals upon convergence is set to®1f@r every
calculation case. The under-relaxation parametersifor, andT Flow Fields in a Square Cavity With a Thin Fin. Figure
are all set to 0.6, whereas under-relaxation parameter for pressu(®) to 4(c) show the flow fields for a square cavity (Ra0")
correction is set to 0.3. However, converged solutions can not @gh a fin at three representative positions for different lengths of
obtained for 2 cases with Rat€® (L,=0.35, 0.5, and5,=0.5) the fin,L,=0.2, 0.35, and 0.5, respectively. The plots are arranged
and 15 cases with Rato’ (Lp=0.2, 0.35, 0.5, ancB,=0.375, going from left to right with the ascending of ti#& value. For

Sp=0.25 Sp=0.5

Fig. 4 Flow fields for Ra =10* with fins at different positions: (@ L,=0.2, (b)
L,=0.35, and (¢) L,=0.5
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@ (b) ]

Fig. 5 Flow fields for Ra =107 with fins at different positions: (@) L,=0.2, (b) L,=0.35, and (c)
L,=05
p

Ra=10" with the shortest fin I(,=0.2), a large clockwis¢CW) respectively, for the Rayleigh number of*1.0n general, the pres-
rotating cell was observed for all fin positions. The fluid that ience and the character of the primary CW rotating vortex is unal-
heated next to the hot walleft wall) rises and replaces the cooledtered, with a longer fin bringing about more changes to the flow
fluid next to the cold wallright wall) that is falling, thus giving compared to a shorter fin. It was noticed that §r<0.375, as
rise to a CW rotating vortexalso called the primary vortexlt many as two recirculating vortices are found above the fin and
was observed that placing a 0.2 thin fin at various positions nghder the top insulated wall.

only changes the flow fields near the fin, but also the strength ofFor Ra=10%, the streamlines near the fin exhibit similar trends
the primary vortex. This is because the fin blocks the movement e for Ra20*, and in some instances, the stream function
of the fluid and weakens the primary vortex. The effect of thf:'feld exhibits two local minima that was also observed for the

length of the fin and its position on the strength of the primar . . ' .
vortex will be discussed later. By comparing all the cases in Fi ases with no f"m.:'g' 3(a)).7The .ﬂOW flglds for natural convect_lon
ure 4(a), one can see that a fin attached to the middle of the W& @ Sauare cavity (Ra#0’) with a fin at four representative

has the most remarkable effect on the fluid flow in the cavity. A fiRoSitions for different lengths of the fit,,=0.2, 0.35, and 0.5,

redirects the movement of the fluid and weakens the fluid moti@€ Shown in Fig. 5(ato 5(c), respectively. The more packed
within the area above the fin f@,<0.5, whereas it weakens thestream function contours indicate that the fluid moves faster as the

fluid motion within the area under the fin whi8>0.5. A counter Rayleigh number increases. A CCW rotating vortex was observed
clockwise (CCW) rotating vortex that is driven by the primaryabove the fin for most cases with its intensity being more pro-
vortex can be found above the fin f§;,<0.5. Figures 4(bpnd nounced compared to the corresponding cases withR8 The

4(c) show the selected streamline patternslige=0.35 and 0.5, longer fin has more remarkable effects on the flow fields. Upon
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Fig. 6 Variation of the absolute value of  a,,, with the position of the fin:  (a) Ra=10%, (b)
Ra=10°, (c) Ra=10°, and (d) Ra=10"

comparing to Fig. @) placing a fin at the middle of the left wall primary vortex. Placing a fin near the left bottom corner can en-
has marked effect on the flow in the cavity. For many of the casdsance the primary vortex somewhat. This is because the fluid

the stream function field exhibits two, three or even four locghoves slowly in this area and a hot fin place®at-0.8 heats the
minima that was also observed for the cases with no(Fig. cold fluid coming toward it from the right wall.

3(a)). For Ra=10" (Fig. 6(b)) placing a fin over most of the left walll

Variation of the Minimum Stream Function Value of the ~C¢&n enhance the primary vortex. But placing a fin overGs5
Primary Vortex.  For a differentially heated square cavity, as thé-0-8 for L,=0.2, 0.6<5,<0.8 for L ,=0.35 and 0.6<5,<<0.7

Rayleigh number increases, the difference between the stref@lp="0.5 can weaken the primary vortex. This weakening range
function value on the wal(generally taken to be zer@nd the becomes smaller with the increase of the fin’s length. The absolute

extreme value of the stream function figlohinimum or maxi- value of ¢, attains its maximum fo§,=0.375 if placing a fin in
mum, depending on the usage by the reseayohi&tens mono- the top half of the left wall. Also placing a fin near the left bottom

tonically. Therefore, the absolute valueas;,, (minimum value of corner can enhance the primary vortex. For such a situation, a
the stream function fieldcan be viewed as a measure of théonger fin results in a stronger primary vortex. Interestingly, the

intensity of natural convection. So it is necessary to study how ta®solute value off,,, does not change with the length of the fin

length and the position of the fin affects the absolute value of tig; S,=0.625. It is observed that for the case of-REC® (con-

¥min- Figure 6 shows the variation of the absolute value/gf, \ection dominating conductiona fin can block the flow. thus
with the position of the fin. The dash-dotted lines in the figures o naung uctigna oislee

the absolute value o#,,,, in the cavity without a fin. For Ra
=10* (Fig. 6(a)), placing a fin at the middle of the left wall lowers
the absolute value aof,,;, dramatically for all different lengths of _ =
the fins. This is because for the case of=R&" (convection not lceonugr#]er balance each other 8=0.625, regardiess of the fin's
being strong compared to conductjptthe fin's presence brings . i

about resistance to the motion of the primary vortex and it has the_':Igure 6(q)§hows the _varlatlon of g;e absolute value iffin
most remarkable effects on the flow field when it is placed at tH§th the position of the fin when Ral0". One can observe that

aWeakening the primary vortex, but at the same time a long enough
hot fin can heat the fluid and make it lighter resulting in enhance-
ment of the primary vortex. These two mechanisms certainly

middle of the left wall. For a given position of the fin, the devia@ll the computedy,, values are above the dash-dotted line.

tion of the absolute value af,,,, compared to the case with no fin Given the strong effect of natural convection, this means that plac-
becomes more marked with the increase of the length of the fing a fin of any length can always enhance the primary vortex
Except for the fins of different lengths positioned=0.875, regardless of its position. Placing a fin on the top half of the left
introduction of a fin on the left wall weakens the intensity of thevall can weaken the primary vortex somewhat with the increase
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Fig. 7 Temperature fields for Ra =107 with fins at different positions: (@ L,=02, (b) L,
=0.35, and (c) L,=0.5 [contour level increment of 0.05 ]

of the fin's length, whereas placing a fin on the lower half of thea=10°, 1¢f and 1G. This implies that the effect of the hot fin
left wall can enhance the primary vortex with the increase of theeating the flow and enhancing the primary vortex becomes more
fin's length. marked with the rise of the Rayleigh number.

Figure 6(d)shows the variation of the absolute value ¥af;,
with the position of the fin when Ral0’. Placing a fin near the  Temperature Fields in a Square Cavity with a Thin Fin.
top corner of the left wall does not enhance the primary vortekigures 7(a)o 7(c)show the contours of dimensionless tempera-
This is because the fluid is being heated after traveling from tigre (¢) for natural convection in a square cavity (R&0’) with
bottom to the top of the left wall. The hot fin's effect of blockinga fin at four representative positions fbp=0.2, 0.35, and 0.5,
the fluid motion is more dominant than the effect of heating th‘éspectively. The value of on the left wall and the fin is 1,
fluid to enhance the primary vortex in this case. Another interesthereas the value of on the right wall is zero, and the contour
ing case is that of placing a fin &,=0.75. For lower Ra num- |evels are incremented by 0.05. Since the Boussinesq approxima-
bers, the computedy,, reached its maximum value when a fintion was adopted in this study, the energy equation does affect the
was placed a,=0.875. But for Ra<10, it reaches its maxi- momentum equation. Comparing Figure@)7and 3(b), a 0.2 L
mum value wher§,=0.75, instead 05,=0.875. To summarize, long fin at most positions only changes the temperature distribu-
one can observe that most computed absolute valugg,qfare tion locally and the rest of the cavity remains unaffected. This is
smaller than those with no fin for Ral(*, whereas most com- because the primary vortex has not altered too much upon intro-
puted absolute values @f,,, are greater than those with no fin forduction of a 0.2 L long fin and the fin only changes the velocity
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distribution locally. As mentioned before, a fin §<0.5 can S =0.625
weaken the fluid motion in the area above the fin and thus d I _ Sp=0 75
creased heat transfer capability is expected. The diminished te P_c
perature gradient indicated by the marked separation of the te ~ =~ 77T SpT Y29 === == s'p‘o'875
perature contours above the fin is clearly seen for the fins NP

different lengths positioned &,=0.125. The size of this zone of
decreased heat transfer activity expands with the increase of
length of the fin. The temperature contours under the fin are mc
packed than those above the fin. This implies better heat trans
on the bottom surface of the fin than on the top surface vien
=<0.625. WhenS,>0.625, the packed temperature contours aig
observed above the fin, whereas the separated temperature « *
tours are now observed under the fin. This indicates that there
better heat transfer on the top surface of the fin compared to 1
bottom surface whe,>0.625. For longer fins, the temperature
contours to the right of the fin are also affected by the introductic

of the fin. Higher temperature gradients next to the right wall ai
observed while placing the fin close to two ends of the left wa

compared to placing a fin at the middle of the left wall. A s st ians

.....

Variation of the Local Nusselt Number on the Walls of the w
Cavity. In order to evaluate how the presence of the fin affec
the heat transfer rate along the fil@ft) and cold(right) walls, it .t
is necessary to observe the variations of the local Nusselt numb2
on these walls. These are defined as:

————

T e L S

10?

Nu,= 90 38 }
W=--x , (8)
X=0 157 it
0125 0.25 0375 05 0625 075 0.a75
a0 b
Nu, = X , (9) (b
J X=1 s
with the subscriptd andr referring to the left and right walls,

respectively. ¥
In order to present the local Nusselt number variation, the u [~
of the Scoordinate system was adopted. For example, variation 3
the Ny with Y is plotted in graphical form as NwersusS(0 2
~1). The variation of Npwith Y can be treated similarly as Nu
versusS(2~3), going from the bottom to top on the right wall.
Figure 8 shows the variation of the local Nusselt numbers alon
the left and right walls of the cavity with fins at different positions
for Ra=10*. The variation of the local Nusselt numbers along th
left and right walls without a fin are also plotted as the thickec. ©
solid lines and denoted by the symbol Nfhat stands for no
partition). The variation of the local Nusselt numbers on the le - e T ; -
and right walls for the case with no fin are nearly identical. rlght4\'\falls of t_he cavity WEh fins at d'ﬁerem_pos't'ons (Ra
From Fig. 8, one can observe that placing a fin on the left hot'9): (@ Lp=02, (b) L,=0.35, and (¢) L,=0.5
wall always reduces the local Nusselt number on that wall appre-
ciably. This is because the fin blocks the flow near it, thus giving
rise to varied flow patterns on the top and bottom of the fin debove the fin. It is observed that for a fin placed at a fixed posi-
pending on the length and position of the fin. For the case of a fiion, the local Nusselt number near the fin decreases with the
placed at the middle of the left wall, the streamlines on its bothcrease of the fin's length. For shorter fins, the fin has very little
sides appear fairly symmetrieniddle column of Fig. #and the influence on the area that is far from the fin. For example, for a fin
local Nusselt numbers on the left wall both above and below tla S,=0.125, the local Nusselt number distribution at the bottom
fin are nearly identical. If a fin is placed near the top insulateaf the left wall is very close to the case without a fin. Even though
wall (left column of Fig. 4), the development of the boundana fin attached on the left hot wall always reduces the heat transfer
layer on the left wall below the fin is unaltered, however a sigen the left wall, this does not mean that the heat flux brought into
nificant separated regiafiow velocity zone)is observed between the cavity will be reduced because the thermally conductive fin
the fin and the top insulated wall. The variation of the local Nussan also transfer heat into the cavity. When comparing all the
selt numbers on these two parts of the left wall in Fig. 8 anglots in the right column of Fig. 8, one can see that placing a fin
directly linked to the two distinct flow patterns causing significarmn the left hot wall has most remarkable effects on the local Nus-
heat transfer reduction above the fin and less marked or negligiskdt number on the right cold wall with the increase of the fin’s
heat transfer reduction below the fin. For a fin placed near thength. This is directly related to the effect of the length of the fin
bottom insulated wallright column of Fig. 4, a separated region in modifying the streamlines and the thermal boundary layer that
is observed under the fin, however the development of the bournsliformed adjacent to the right wall. As expected, a longer fin will
ary layer on the left wall above the fin resumes after the fluigive rise to the most marked departure for the case with no fin.
travels over the fin. The variation of the local Nusselt nhumbefEhe presence of a fin on the left wall has more marked influence
above and under the fifFig. 8) are directly linked to these two on the top half than the bottom half of the right wall. A fin placed
distinct flow patterns causing significant heat transfer reductiorear the both ends of the left walB(=0.125 and 0.875gan
under the fin and less marked or negligible heat transfer reductienhance heat transfer on the right wall. Placing a finSgt

107

w0l

0425 025 0375 (g.’l 0.625 0.75 0.875

ﬁig. 8 \Variation of the local Nusselt number along the left and
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Fig. 9 Variation of the NNR along the left and right walls of the cavity with fins at
different positions: (a) Ra=10* and (b) Ra=10"

=0.375, 0.5 and 0.625 can reduce heat transfer on the right walkll according to the conservation of energy for the system. With

Placing a 0.5 L fin anywhere except &=0.5 and 0.625 can a fin placed on the hot wall, the difference between the two mean

enhance heat transfer on the top half of the right wall. Nusselt numbers signifies the enhancing or degrading role of the
The variation of the local Nusselt number on the hot left anfih in transferring heat from the hot wall to the cold wall.

cold right walls for Ra=10’ is very similar to other cases with In order to study the effect of the fin on the average heat trans-

low Rayleigh number. However, some details worthy of discuger rate for the left and right walls of the cavity, we introduce a

sion need explanation. The symmetric variations of the local Nugariable called the Nusselt Number RatdNR), with its defini-

selt number above and under the fin for a fin placed at the middlen given as:

of the left wall that was observed in Fig. 8 no longer exists for this

case of high Ra number. This is directly related to the non- m|with 2 fin
symmetric streamline patterns of Fig(€&cond row from topand NNR= ————. (12)
the ensuing temperature field of Fig(second row from top). The NU| without a fin

asymmetry of the Nusselt number for fins placed near the two

insulated walls is similar to those discussed in Fig. 8, however it{g,,5 NNR for every wall (NNRand NNR) can be obtained
more pronounced for this high Ra case. according to Eq. 12. Value of NNR greater than 1 indicates that
Variation of the Mean Nusselt Number on the Walls of the the heat transfer rate is enhanced on that surface, whereas reduc-

Cavity. Another variable utilized to evaluate the heat transfdfon of heat transfer is indicated when NNR is less than 1. Thus,
rate is the mean Nusselt number for every wall. Since the top afitg mean Nusselt number for every wall can be obtained from the
bottom walls are insulated, the mean Nusselt numbers on th@sgduct of NNR and mean Nusselt number for that wall in
walls are zero. The mean Nusselt numb&¥a, for the left and Table 1.

right walls were obtained by integrating Eqs. 8 and 9, as givep Figures 9(ab) ?hOW the variations of NNR for the left and
below: right walls with fin’s position for three different lengths of the fin,

) L,=0.2, 0.35, and 0.5 for Rax0* and 10, respectively. Based
m:f NudY (10) on these figures, it is observed that placing a fir] on the left wall
! =0 always reduces heat transfer on the left wall, since NNRal-
ways less than 1. The deviation of the mean Nusselt numbers on
— 1 the left wall for different lengths of the fin increases with the
NUr:f Nu.dY. (1) increase ofS,. The mean Nusselt number for the left wall be-
0 comes smaller with the increase of the fin’s length, regardless of
For a cavity without a fin with the top and bottom walls insuthe Rayleigh number. This is because the fin can block the flow
lated, the mean Nusselt on the left wall equals that on the righéar the fin and reduce the corresponding convection in that area.

0
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Fig. 10 Curve fitting for the mean Nusselt number:

=10* and 10°, (b) Ra=10° and 107

(a) Ra

placing a fin at the middle of the left wall has more remarkable
effect on the mean Nusselt number on the right wall compared to
placing it on the two ends of the left wall. For the cases with
Ra=10" and 16, a 0.35 L and 0.5 L fin placed at most positions
on the left wall can enhance heat transfer on the right wall. For the
case with Ra=10’, placing three different lengths of the fin at any
position on the left wall enhances heat transfer on the right wall.
The NNR becomes more insensitive to the position of the fin on
the left wall with the rise of the Rayleigh number.

One should note that for low Rayleigh numbers when convec-
tion is not dominant, the isothermal fin is the main source of
energy that is brought into the cavity. For instance, forR&", a
0.5 L fin placed at the middle of the left wall is responsible for
bringing in about 58 percent of the energy into the cavity. The
same fin is responsible for about 30 percent of the energy for
Ra=10". In general, significant energy can be routed through the
fin if the fin is located on the lower half of the left hot wall.

Correlation of the Mean Nusselt Number on the Right Wall.
Since the top and bottom walls of the cavity are insulated, the
mean Nusselt number on the right walll§,) indicates the heat
transfer capability of the system. A correlation in the fornNaf
as a function of the Rayleigh number, the length of the fin and the
position of the fin was obtained. Based on the trends exhibited in
Fig. 10, the general form of the correlation was assumed to be:

NU, = (a,S2+a,S,+ag) RePLE. (13)

For a square cavity with a fin placed on the left wall when Ra
=10"~10°, the recommended correlation is of the form:

Nu,= (0.1213§-0.1202$+0.1809 R 2L 3% (14)
For Ra=10°~ 107, the recommended correlation is of the form:

NU, =(0.0163§—0.0129 +0.1598 R 2974, 3.9, (15)

The values of the coefficien&s, b, andc are summarized in
Table 2. The general trends of the correlation is shown in Fig. 10
where the computed mean Nusselt number for the right wall and
the curve fitting correlations are presented.

Conclusions

1. Placing an isothermal horizontal fin on the left hot wall of a
differentially heated cavity generally modifies the clockwise
rotating primary vortex that is established due to natural

Upon comparing the diagrams on the left column of Fig. 9, one
can see that the effect of the fin's length on NNR becomes less
remarkable with the rise of the Rayleigh number due to the fact
that these three curves come closer. This is because the effect df.
the hot fin heating the flow and enhancing the primary vortex can
compensate the effect of the fin blocking the flow.

Upon comparing the diagrams on the right column of Fig. 9, it
is evident that the mean Nusselt number on the right wall was also
affected by the position of the fin, length of the fin and the Ray-
leigh number. For the cases with Ra0*, the mean Nusselt num- 3.
ber of the right wall exhibits insensitivity to the length of the fin if
the fin is placed near the middle of the left wall. Also notice that

Table 2 Correlation coefficients

convection. Depending on the Rayleigh number, length of
the fin and its position, a number of recirculation regions can
be formed above and under the fin.

Two competing mechanisms that are responsible for flow
and thermal modifications are observed. One is the hydro-
dynamic blockage effect of the fin that directly depends on
the length of the fin, whereas the other is due to the extra
heating of the fluid that is offered by the fin. The extra
heating effect is promoted as the Rayleigh number increases.
Viewing the minimum value of the stream function as a
measure of the strength of flow modification, it is shown that
for high Rayleigh numbers the flow field is enhanced regard-

a,, a,, a;, b, and ¢

a’s
a a az b c
Ra=10*~10° AV* 0.1213 —0.1202 0.1807 0.2979 0.0656
SDF* 0.0585 0.0552 0.0063 0.0173 0.0341
Ra=10°~10’ AV 0.0163 —0.0129 0.1598 0.2979 0.0656
SD 0.0129 0.016 0.006 0.0173 0.0341

*AV: Average
** SD: Standard Deviation
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less of the fin’s length and position. This suggests that tiieeferences
extra heating meChan_ism offsets the hydmdynamic blOCkag?l] Ostrach, S., 1988, “Natural Convection in Enclosures,” ASME J. Heat Trans-
effect and even contributes to the strengthening of the flow  fer, 110 pp. 1175-1190.
field as the Ra number increases. [2] Gebhart, B., Jaluria, Y., Mahajan, R. L., and Sammakia, B., 1888yancy-
4. The symmetric and asymmetric variations of the Nusselt _Induced Flows and Transportiemisphere Pub. Co., New York, NY.
numbers on the hot wall were directly linked to the stream- [3] Shakerin, S., Bohn, M., and Loehrke, R. I., 1988, “Natural Convection in an
l it f th K lati dd Enclosure with Discrete Roughness Elements on a Vertical Heated Wall,” Int.
ine patterns, presence of the recirculations zsnand de- J. Heat Mass Transf31(7), pp. 1423-1430.
velopment of the therm§| boundary layers above and below4] Frederick, R. L., 1989, “Natural Convection in an Inclined Square Enclosure
the fin. As for the variations of the Nusselt numbers on the  with a Partition Attached to its Cold Wall,” Int. J. Heat Mass Tran82(1),
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1 Introduction

The manufacture of optical fibers often requires joining twi
concentric glass cylinders, in which the partially joined cylinders
initially at room temperature are moved into the furnace at a tem-
perature typically in the neighborhood of the glass melting tenn
perature(between 1500 K to 2500 K Since the glass conductiv-
ity is very small, radiation is the dominant mode of heat transf
During the transient, sufficiently large temperature gradient cou,
result in cracking at the interface. As direct measurement of t
temperature field is often impossible, the design and control of tl
joining process has been accomplished by extensive trial-and:
error methods. The ability to predict the thermally induce(g.
stresses caused by the transient heating offers a means to optimiz
the design and improve process speed, which requires a goog
understanding of the transient temperature distribution. In this
per, numerical methods are developed to predict the transient t
perature field and its gradient within the semitransparent glass

An accurate prediction of the temperature distribution depen
on the solution method, and the approximation of the models 2.
scribing the radiative properties of the medium for a given set (2
boundary conditions. Over the past two decades, a number_ 0
researchers have investigated methods to predict energy transrzag
in glass processing, most notably in applications of optical fibér
drawing. Because glass is semitransparent to radiation, emissio:
and absorption exist throughout the medium. The simplest
proach, perhaps, has been to assume the participating mediu
optically thick (or commonly known as the Rosseland’s approxi-
mation) such that the radiative energy contributions from th
boundary and the far away portions of the medium can be
glected. Rosseland’s optically thick approximation reduces the t

Contributed by the Heat Transfer Division for publication in th®URNAL OF

Effects of Radiative Transfer
Modeling on Transient
Temperature Distribution

in Semitransparent Glass Rod

This paper presents a method of modeling the radiative energy transfer that takes place
during the transient of joining two concentric, semitransparent glass cylinders. Specifi-
cally, we predict the two-dimensional transient temperature and heat flux distributions to
a ramp input which advances the cylinders into a furnace at high temperature. In this
paper, we discretize the fully conservative form of two-dimensional Radiative Transfer
Equation (RTE) in both curvilinear and cylindrical coordinate systems so that it can be
used for arbitrary axisymmetric cylindrical geometry. We compute the transient tempera-
ture field using both the Discrete Ordinate Method (DOM) and the widely used Rosse-
land’s approximation. The comparison shows that Rosseland’s approximation fails badly
near the gap inside the glass media and when the radiative heat flux is dominant at short
wavelengths where the spectral absorption coefficient is relatively small. Most prior stud-
ies of optical fiber drawing processes at the melting point (generally used Myers’ two-step
band model at room temperature) neglect the effects of the spectral absorption coefficient
at short wavelengthgx <3 um). In this study, we suggest a modified band model that
includes the glass absorption coefficient in the short-wavelength band. Our results show
that although the spectral absorption coefficient at short wavelengths is relatively small,
its effects on the temperature and heat flux are considerad®Ol: 10.1115/1.1565081

Keywords: Computational, Cylinder, Heat Transfer, Radiation, Transient

tal radiative flux to a simple temperature diffusion term; an effec-
five radiative conductivity can then be used. This approach has
Been used by a number of researchi®aek and Runkl]; Homsy
and Walker[2]; Myers[3]; Choudhury et al[4]) to reduce the
verall problem to a more tractable form in modeling multi-
dimensional radiative heat transfer in glass. Homsy and Walker
e[r2] pointed out that the Rosseland’s assumption would break
?I' wn at the surface, but no method was suggested to correct for
\e errors. An alternative approach is to solve the radiative trans-
Eeer and the energy equations simultaneously using numerical
ethods. Lee and Viskanfa] investigated combined conduction
nd radiation in a one-dimensional glass layer. By comparing the
iscrete ordinate method and the Rosseland approximation
me od, Lee and Viskantgs] concluded that the diffusion ap-
roximation greatly underpredicts the temperature and heat flux
when the thickness or the opacity of the layer is small. In a dif-
Sarent study, Yin and Jalurig6] employed a zonal method to
icpsvestigate the radiative exchange within the neck-down profile of
glass perform for an assumed radial temperature profile. Their
{,mulation results suggested that Rosseland’s approximation un-
errestimates the heat flux only when the radial temperature varia-
t|0ﬂ within the preform is substantial as compared with the
nal method. In these studies, only steady state solutions were
sidered.

he solution to the radiative transfer equation requires an ap-
ap- - . ; -
rﬁr%prlate model to describe the spectral absorption coefficient of

€ glass medium. Myef8] introduced a two-step band model to

gescribe the spectral absorption coefficients of a fused silica glass,
\ghich has been commonly used in the prediction of radiative
ansfer in optical fiber drawing processes. Myers’ band model
neglects the absorption at short wavelengths:8.0 xm), which
has a relatively small value about 0.000.3 cm ! for semitrans-

HEAT TRANSFER Manuscript received by the Heat Transfer Division June 3, 2004%arent glasses. However, the spectral intensity of a blackbody ra-

revision received January 2, 2003. Associate Editor: J. P. Gore.
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diation given by Planck’s functiofsee for example Mode$t])
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suggests that more than 60% of radiative energy concentrates in R
the band 0.2em=\<2.8 um near the melting temperature range <
of glass (1500 K~2500 K). The effects of radiation absorption :
could be considerable in this short-wavelength band, although the ;
absorption coefficient is small. Since the values for the spectral i
absorption coefficient of fused-silica glass at temperatures near !
the softening point were not known, Myers’ two-step band model !
has been based on data taken at room temperature. Recent experi- :
ments(Endrys[8]; Nijnatten et al[9,10]) on typical glasses sug- ;
gested that the absorption coefficient in the 2ZBB<\<4.8 um i
]
1
]
)
]
]
]
]
]
1

C

band near the melting temperature is generally-26% lower
than that at a room temperature of 25°C. L
In this paper, we use the discrete ordinate mett@@M) to
analyze the radiative transfer during the transient stage as two
partially joined, concentric glass cylinders are moved into the fur-
nace. Jamaluddin and Smithl] used the DOM to predict radia-
tive transfer in gas flame in axi-symmetric cylindrical enclosures.
They showed that the results for DOM with, quadrature ap-
proximation was in good agreement with the experimental data, ZT
y
|
]
.
]

w

b

and thatS; approximation did not provide significantly better pre-
dictions but required 60% more computer time. More recently, Y
Lee and Viskant@12]used DOM to predict the spectral radiative
transfer in a condensed cylindrical medium and have obtained
good agreement with the exact solutions. The main contributions
of this paper are summarized as follows:

>

]
P R.
1. We present the radiation model and the solution method for "~ L 1
predicting the two-dimensional transient temperature gradi-
ent in joining two concentric glass cylinders as they are  Fig. 1 Schematics illustrating the transient process
advanced into a furnace at a high temperature. The model
and solution method serve as a basis for the prediction of theGlass is considered a homogeneous material, and scattering of
thermally induced stress intensity factors at the tip of theadiation can be neglected in comparison to absorption and emis-
interface. sion (Viskanta[14]). It is semitransparent to radiation in the spec-
2. Unlike prior works by otherg¢Jamaluddin and Smithl1], tral range G<A\ <5 um and is almost opaque beyond:&n. In
Lee and Viskant412]), which used grid face areas in theaddition, the following assumptions are made in the following
discretized equation in orthogonal cylindrical coordinatermulation:
system, we present the fully conservative form of the two- ) . . . .
dimensional RTE in both curvilinear and cylindrical coordi- 1- The system is axisymmetric and two-dimensional.

nates systems so that the numerical scheme can be used fé The refractive index of the medium is uniform and does not

arbitrary axisymmetric cylindrical geometries. depend on temperature in the considered range.

3. We compare the popularly used Rosseland approximation3: 1he furnace walls are gray and diffuse.
and the numerical DOM in solving RTE for a two- 4. We consider the case where the inner and outer surfaces at

dimensional transient heat transfer problem. Chung et al. the glass interface and in the gap are diffuse for radiation
[13] compared the accuracy between the Rosseland and P-1 feflection and transmission since the glass tcalled pre-
approximations. Since the P-1 approximation drops higher _ form in industry)is not polished.

order terms of the Fourier series for intensities, deviation - During the transient, the glass has not melted. The effects of
from the exact solutioriespecially when the dimension of the small deformation of the glass rod on the view factors
the glass is smallis considerable. Unlike prior comparison can be neglected.

by Chung etal. [13] that consider steady-state one- 331 Formulation. The radiative transfer in a spectrally

dimensional glass layer for which the exact integration sqisorhing-emitting medium is modeled using the following radia-
lution is available, this study offers additional insights fokjye transfer equatiotRTE):
the two-dimensional cylindrical glass rod with an interior
gap. s V(9= k[N o (T) = (1, 9)] €
4. We show the considerable effect of spectral absorption co- o . .
efficient at short wavelengths (0@n<\<2.8 xm) in pre- where the spectral radiative intensity(r, s) is a function of the

dicting the temperature field, which has been neglected RpSition vector, orientation vectos, and wavelength; I, (T) is
the previous studies on fiber draw process. the spectral intensity of a blackbody radiation given by Planck’s

function; «, is the spectral absorption coefficient; ang is the
spectral index of refraction.
2 Analysis The divergence of the spectral radiation heat flux can be ob-

tained by integrating Eq(1) over the whole solid angle
Consider radiative transfer in a glass rod formed by a pair 03477) wyhich ygi]eldsg ac) gledt

concentric fused-silica glass cylinders as shown in Fig. 1. The gap

between the two cylinders is very small as compared to the diam- _ 2

eter of the cylinders. As the rahitially at room temperatupeis Voo =4yl on(T) — x 9:477“\("' s)df) @
translated axially at a relatively slow, constant speed into a cylin-

drical furnace at a specified temperature profile, the cylinders B8y solving the RTE forl,(r,s), the spectral radiative heat flux
come soft and join together at the gap. The interest here isaan be calculated from Equatid8):

predict the transient temperature field of the glass rod as it enters

the fyrnace. In add.ition, it is desired to determine the temperature qth' [,(r, s)n-sdQ) (3)
gradient near the tip of the gap. Q=4r
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wheren is the normal vector of the surface. The corresponding
total radiative heat flux is then given by

CFJ 0y dA (4)
0

Since there is no glass flow during the transient, the energy
equation for control volume fixed with the glagso advection)
only includes conductive and radiative heat transfer as shown in
Eq. (5):

T
pC—r=—V-(~kVT+q) ()

subject to the boundary conditions
aT/or=0 atr=0 (5a) i

—Kkn-VT=(q0pa at the surface (5b)
) ) Fig. 2 Coordinates for two-dimensional axisymmetric cylinder
where p, C, andk are the glass density, thermal capacity and

conductivity, respectivelyn is the normal vector of the glass sur-
face, Oraq,0paiS the net radiative flux at the opaque band on the

glass surface. Natural convection of the air is neglected as COMcre . # and ¢ are the direction cosines & as shown in
pared with the radiative exchange. K 17

The radiation intensity, through emission of the glass mediurﬁ!g' 2, and
depends on the temperature field and, therefore, cannot be decou- w=sin 6 cosy (9a)
pled from the overall energy equation. In addition, the solution to
Eq. (1) depends on the approximation methods, the boundary con- n=sindsiny (9b)
ditions and the glass radiation properties. We discuss below two
methods to solve for the transient temperature distribution; §=cosd (9¢)
namely Rosseland approximation and a numerical scheme usifigen the spectral radiative flux inandz directions can be cal-
the DOM. culated from

2.2 Rosseland Approximation (RA). In the Rosseland’s N
approximation(Modest[7]), the glass is assumed to be optically a rzz wil (10)
thick such that the radiative energy contributions from the bound- =]
ary intensities and the far away portions of the medium are ne- N
glected. Thus, the total radiative flux can then be treated as a P
simple “radiative conduction” as follows: q“:; wil\ & (11)

2 3
q=— 16neT VT=—KoVT (6) and the total radiative fluxes from
3KR M

where the Rosseland mean absorption coefficigntan be evalu- 9= 2 Oy r (12)
ated from the integration of the spectral absorption coefficient =1

with the weighting ofdl,, /dT:

M
n2 =/ n2\ dI =d| 4=, Oy . (13)
:f (K_A) b*dx/f OX i\ @) =T
A 0

KR 0 dT aTt . . . . N
wherew; is the quadrature weights associated with each direction
It can be seen thatg depends on temperature. §; Nis the number of the ordinate directions; avds the num-

The radiative conductivity in Eq6) can be added to the mol- ber of the wavelength bands. Based on the study of Jamaluddin
ecule conductivity in the energy E(p) to account for the radia- and Smith [11], we choose the completely symmetric
tive heat transfer. Although the RA results in extremely conves;-approximation quadrature which integrates the zero, first
nient form, it is worth noting that this diffusion approximation is(half and full rangg and second-order moments of the intensity
not valid near a boundary and the optically thick assumptiaistribution.
should be used with caution.

2.3.2 Transformations and Discretization of RTEDue to the
2.3 Numerical Computation Using DOM. The radiative diameter variation near the bottom of the glass rod,(Bpjis cast
intensities can be solved numerically from Ety) using the DOM into the fully conservative form in a general curvilinear coordinate
(Modest[7]). Once the intensities have been determined in easfistem(«,B)
time step, the corresponding radiative heat flux inside the glass i i i i i i .
medium or at a surface can be solved from E&s.and (4), and drB(p et &ay)ly] N IrB(u' B+ & B)I\] 5 (')
the temperature distribution from the energy equation, (EJp. da B 20

2.3.1 Discrete Ordinate Equation.In the DOM, Eq.(1) is :K}\rB[nilb}\(T)_li)\] (14)
solved for a set of direction§, i=1,2,...N. For an axisym- ) )
metric cylinder, the RTE along each of thediscrete directions Wherea,, a;, B;, andB, are the grid metrics and the Jacobin

can be expressed as is given by
phorly) 1 a(q'ty) o aly ) i _dap) | ag
N TN M _ = = 15
ror r oy +& 97 KNI (M =11 (8) ar.z) B, B, (15)
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 637
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Inside surface ~ Outside surface ~ Outside surface
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X\ e
w [ w €
+
q -
ttH p _
q, " 4
H
g g (b)
Semitransparent band Opaque band
O0<A<5um A>5um
(a)
Fig. 3 Schematics illustrating the boundary conditions: (a) interface of the glass rod; and (b) gap between the two
cylinders.

The angular derivative term in E§14) can be discretized by the gap between the cylinders respectively. The assumption that
using the direct differencing technique proposed by Carlson attte interfaces of the preform are diffuse for both transmission and

Lathrop[15]: reflection implies the following:
(9(77i|i)\) gi+l/2|i)\+1/27gi71/2|i)\*1l2 . J; T)J\rH)\‘f‘p;q;rr .
= 1 =R7: l\=—=——""" ,4'<
P ™ (16) r=R I\ - - u'<0 (20a)
wherei=1,2,... N; for every fixedé. The geometrical coeffi- I mHytpidr,
cient s'*%2 depends only on the differencing scheme, which is z=0": l\=—=—"—"—"""% ¢>0 (20b)
independent of radiative intensity and has the following recursive & ™
formula: | | | L= | I m Hy+py Oy, £<0 (200)
g|+l/2:g|71/2_'_ILL|Wi (17) - . AT P P
wheres?=0 when*?=0. where¢' is the cosine of the angle between fffedirection and
Using finite volume method to discretize the transfer Bdk), the z direction; the superscripts+” and “ —” refer to the quan-
we have tities at the outer and inner surfaces of the cylinder respectively;

i i i1 i i i 7\, Pr, andJ, are the diffuse transmissivity, reflectivity and ra-
[rBlplar T Eaz)lilem[rB(part Eaz)l\]u diosity respectively;:ﬁr , qf,z are the one-way spectral fluxes in
B! B+ € BN In—[rB(1' B+ € B)1\]s the glass in the and z directions respectively; andi, is the
irradiation on the outer surface. Similarly, the radiosities at the

(g2 gim121-1/2) surfaces just outside the cylinder

Wi r=R" 3 =70y, +pyH, (21a)
_ 2 i
el b we =07 I =ria o (21b)
where the subscripte, w, n, ands indicate the values in the N . . N
brackets are evaluated at the eastern, western, northern and south- z=L": Jy=1,05,tpyHy (21c)

ern grid faces, respectively. In order to reduce the number of

. . s .Jhe one-way spectral fluxes are calculated as follows:
unknowns, step scheme is used to relate the intensities on the gri

faces with the nodal values. This spatial differencing scheme can N2 _
guarantee the intensities positive. q;,r:.zl w;l ! u'>0 (22a)
=
2.3.3 Boundary Conditions. The boundary conditions for the N2
DOM are given below. B o :
Symmetry of the CylinderThei" direction along the axis of q“:Zl wily| &' §<0 (22b)
the cylinder is given by =
o . , N/2
r=0:  KL=Ik, w=p (19) 4=, Wil €>0 (22c)
where u' is the cosine of the angle between tH& and ther ot
directions. The irradiationH, is the sum of the energy contribution from all

Interface of the Glass RodFigures 3(ajand 3(b)illustrate the the other surfaces that include the furnace, the cylinder outer sur-
transmission and reflection at the interface of the glass rod, andate, and the top and bottom disk openings.
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Fig. 4 Band model for absorption coefficient: (a) Myers’ band model; and (b) band model used in this study.

K A common spatial grid is used in solving both the energy equa-
H)\,i:E IniFis (23) tion and the RTE. The grid is fixed on the glass rod and moves
j=1 with the rod. The new position of the grid and the view factors of

the glass surface are updated at each time step. In this way, there

whereF;_. is the diffuse view factor from surface elemerib j. . : -
-] )" is no convection due to zone traverse since the glass does not

K is the total number of the surface elements. Equati@dsand move relative to the grid.

(21) are for the semitransparent band. When5 .xm where the In this study, a uniform initial temperature of 300K was used. A

%22%':&2ngs‘lfsesrigdtombuif quclﬁéjr;‘;gdf:gi?es on the outer S rﬁsitivity study showed that a time step of 1 second is enough for

the transient problem. The grid spacing is more condensed near
Jy i =eEp i+ (1—&)H, (24) the bounding interfaces and the gap to account for the steep spa-
’ ’ ’ tial change in the physical variables expected in these regions. A
wheree is the emissivity of the surface; aig, ; is the blackbody  grid-refinement study showed that 2837 (in z andr directions,
emissive power in thé™ surface element. Since the furnace isespectively)grids is enough for the simulation.
opague, its radiosities are also calculated from @4) in all the L .
spectral range. 2.4 Models of Radiative Properties. Thg accuracy of the
Gap Between the Two Cylinderghe transmission and reflec-Solution to the RTE, or Eq(1), depends significantly on the
tion on the gap interfaces between the two cylinders should KBowledge of the radiative properties. Specifically, care must be

considered: exercised to appropriately quantify the absorption coefficient of
the glass and the reflectivity at the glass surfaces at the operating
g 7 T (p +7 p g’ _ temperature.

I\e= - , <0 (25a)  Myers' Band Model for Spectral Absorption Coefficiefigure
4(a) displays the Myers’ bandfg3] for the spectral absorption

oo T (p Y _ coefficient of fused silica glass. The bands commonly used in the

W= - , m'>0  (25b) prediction of radiative transfer in fiber drawing process are given
below:

Since the gap is very thin, it disappears when the glass melts.
Kky=0, A<3 um;
2.3.4 Method of Solution. The computation of the intensity

begins at the grids adjacent to the boundary surfaces along each Ky=4 cml 3 um<a<4.8 um;
specified direction with estimated boundary intensities and pro-
ceeds into the medium. Once the intensities in all the directions k,=150 cm'l, 4.8 um<A<8 um;

are obtained, the one-way fluxes at the boundaries are calculated
and substituted into Eq$21a)to (21c), and the linear equationsMyers approximates the absorption coefficient at a small wave-
for the radiosities on th& surface elements of the outside enclotength \ <3.0 um) as zero, and consequently the radiative trans-
sure are solved. Irradiations on the outer surface of the glass d¢anat that band is not considered. Although the absorption coeffi-
now be calculated in Eq23) and are substituted into E(R0a)to  cient is small (in the order of 0.001 to 0.3 cnf) for
(20c) to update the estimated inner surface radiosities. The orsemitransparent glasses at this band, more than 60% of the emis-
way fluxes at the gap are also updated in the process. Iteratiorsiee power concentrates in these shorter wavelengths for the glass
needed for these updating processes. at the (melting) temperature between 1000K and 250@¢€e for

The energy equatiofEq. (5)) was solved using the finite vol- example, blackbody emissive power spectrum in Modé&g}.
ume method with a fully implicit time marching scheme. Sinc€onsequently, the effect of the absorption coefficient in this band
the divergence of the radiative flux is strongly dependent on tlo& radiative transfer is considerable and cannot be neglected as
temperature, an inner iteration for the temperature is carried outvét be shown in our results. It is worth noting that in Myers’ band
each time step. The time derivative term is discretized by secondedel, the absorption coefficient at the middle band &1
order one-sided difference scheme. <\<4.8um) was based on room temperature.
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-

Modified Absorption Band Model Used in This Studyhe

spectral radiative energy is negligible for short wavelengths ool
<0.2um in the operating temperature range. In the range of © integral solution
0.2 um=<\<2.8 um, taking the multiple reflections into account, 08
the average internal transmitivity, of a silica glass slab can 07
be calculated from the tabulated data of the apparent slab

0.6}

reflectivity and transmissivity iiTouloukian et al[16]). With the
approximation of

miy=e (26)

whered is the thickness of the slab, the average absorption coef-
ficient for 0.2um=<\<2.8 um is determined to be 0.0243 cth

The absorption coefficients of typical glasses near the melting
temperature were measured experimentally by End8jsand
Nijnatten et al.[9,10]; both published data suggest that the ab-
sorption coefficient in the 2.8m=<\<4.8 um band near melting

Dimensionless radiative flux, q/E, ;.

temperature is generally 225% lower than that at a room tem- ' "R
perature of 25°C. In this study, we estimate the absorption coef- (a)
ficient in the 2.8um=<\<4.8 um band to be 3.4 ci. ;

ForA>4.8 um, the absorption coefficient is large and the spec- — l34 DOM so;u"on
tral radiative flux is relatively small. Thus, the glass is considered 5 0.9
opaque for that band. The modified band model is shown in Fig.

fur

: . 0.8}
4(b). The optical thicknesses, for each band based on a rod T = 2000K
radius of 4.5 cm are given as 0.7F T'“’"a"?__ 1000K

glass

6,=0.1094, 0.2um<A=<2.8 um;
6,=15.3, 2.8um<\=<4.8 um;
O—», 4.8 um<\;

Surface Reflectivity The external surface reflectivity can be
calculated from the experimentally tabulated data for the air-to-
media interface by the following curve fiEgan and Hilgeman

Dimensioniess radiative fiux, q /Eb

[17]): et
p*=—0.4399+0.7099>n,,— 0.3319xn2 +0.0636 X1, 0 02 “ r % 08 !
27) b)
The corresponding internal surface reflectivity for any diffuse 1 . .
media-to-air interface is given by —__ S5-4 DOM solution
5% | o mntegalsolution
_ (l_er) I 0.8t
p=l-— (28) =
m £ 07} Tiumace = 2000K
wheren,, is the index of refraction of the medium. In this study, ® o6l Tiass = 1500K
an average refractive index over the whole spectrum is usgd ( % )
=1.42). The consequent reflectivity and transmitivity of the ex- G osf
ternal surface are 0.08 and 0.92, respectively. Those for the inter- - .
nal surface are 0.54 and 0.46. 8 o4r G
S os}
[
c
& o2}
3 Results and Discussions a ol
In order to investigate the effects of the approximation methods
and the models describing the glass radiative properties on the 05 1

transient temperature distribution, a MATLAB program with
C++ subroutines has been written to simulate the process shown
in Fig. 1.

I . . . . Fig. 5 Comparison of the DOM and the integral solutions dif-
3.1 \Validation. Exact integral solution of RTE is avallablefe?ent Cy"ndgr diameters,  T,=2000 K): (g) T,=500K; (b)( T,

for the one-dimensional semitransparent cylinder whose tempesat0oo K; and (c) T,=1500 K.
ture and heat flux only varies in the radial directigtesten[18]).

In order to validate our two-dimensional solution with this inte-

gral solution, the boundary conditions are modified in the codes to

obtain an equivalent one-dimensional solution as follows: the di-

ameter of the cylinder is constant; both the top and the bouﬁgnperatures and cylinder diameters. The radial flux is normalized

intgrfaces Of t_h.e cylinder are assume_d to be optically smooth wj the furnace blackbody emissive power. As shown in Fig. 5, the
unity reflectivities; the temperatures in the glass and the furnag mputed results agree with the exact solutions '
wall are assumed to be uniform so that the radiation intensity does '

not vary in the axial direction. Figure 5 shows comparisons of the 3.2 Simulation and Discussion. In this study, we compare
S-4 DOM solutions and the integral solutions under different glagise following simulations:
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Fig. 6 Temperature distributions:  (a) DOM, new band model; (b) Rosseland; and (c) DOM, Myers’ band model.

1. DOM with a modified absorption band model given in Fig. 1. The characteristic dimension is relatively small, particularly

4(b) inside the gap. These results are consistent with those in
2. RA method with the modified absorption band model (Lee and Viskant§5]) that was computed for glass slab; the
3. DOM with the Myers’ band model given in Fig(a). RA underpredicts the radiative heat flux even when the

thickness of the layer is larger than 1 m.
2. Although the absorption coefficient is relatively large in the
middle band (3.Qum<A\<4.8um), most radiative energy
concentrates in the low wavelength band that is character-
ized by a very small absorption coefficient of 0.0243¢m

Simulations 1 and 2 compare the effects of the optically thick
assumption on the radiative transfer. Simulations 1 and 3 investi-
gate the effects of absorption band models. Of particular interest is
to compare the following:

1. Th istributi f the gl li is- . .
pla(;etgr}:]pgirgtuge distributions of the glass cylinders as dis Another obvious difference occurs at the gap between the cyl-

2. The heat fluxes in both axial and radial directions at the ttﬁders. Based on several observations made in Fig3.and 7(b),
of the gap in Fig. 7. e RA incorrectly predicts the heat flux as explained below:

3. The transient temperature gradient at the tip of the gap in1, whent=86 secondgor Z=0.13L), the major portion of the
Fig. 8. glass rod is outside the furnace and thus the rod is heated

The values of the parameters used in the simulation are given in malunly_by the axial radiative flux from the bottofindicated
Table 1. The temperature distribution of the furnace is parabolic @S “A’in Fig. 1). As shown in Fig. 7(a), the radial flux is
along its wall, and has a maximum value of 2400 K at the middle ~ hegative(or flowing outward)since heat dissipates to the
and a minimum value of 1500 K at both ends. The glass rod of ~€nvironment from the somewhat heated rod as expected. As
length 0.5 m is fed with a constant speed of 0.75 mm/second into @ result, the radial temperature gradient at the tip of the gap
the furnace fronZ=0 to Z=0.5L. is negative as reasonably predicted by the DOM with the

Figure 6 compares the temperature distributions at different lo- modified band model in Fig. 8. Note that the RA underesti-
cations and time. The total heat fluxes, which are defined in Eqs. Mmates the temperature and fails to predict this negative radial

(11-14, are compared in Fig. 7, where a positive axial flux indi- heat flux. Furthermore, it predicts an incorrect temperature

cates heat flowing in the positivedirection, but a positive radial gradient in the radial direction as shown in Fig. 8.

flux indicates heat flowing toward the center of the fod nega- 2. As the glass rod translates further into the furnace, the radial

tive r direction). flux becomes positivéor flowing toward the centgrand
Effects of the Optically Thick Assumptio\s shown in Fig. 6, increases wittr, as simulated by DOM with the modified

the RA method highly underestimates the temperature due to the band model, as expected. The axial flux, however, decreases
assumption that the glass medium is optically thick. Recall that  with r because the view factor is larger at the center of the
the optical thickness is a function of both the characteristic dimen-  bottom than that at a larger radial distance. Note that since
sion and the absorption coefficient. The followings are two causes the axial flux is significantly larger than the radial flux at the
of the error: tip of the gap, the temperature gradient in the radial direction
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Fig. 7 Radiative flux distributions at
model.

z/L=0.15: (a) DOM, new band model; (b) Rosseland; and (c) DOM, Myers’ band

is positive but small. In RA, the temperature inside the inner
cylinder is underestimated. As a result, the corresponding
axial temperature gradient and thus the axial heat flux is
larger than that in the outer cylinder as shown in Fig)7

Figure 8 shows that the temperature discontinuity in the gaé:
results in a large positive temperature gradient at the tip £

the gap. Consequently, there is a peak of radial radiative flux1. |n Myers’ two-step band model, the glass absorption coeffi-

furnace. Thus, the net radiative flux inside the glass as the
process approaches steady state is smaller than that at the
initial transient.

Effects of Band Models of Absorption Coefficier8everal ob-
rvations can be made in Figsch 7(c), and 8:

near the tip. The sharp drop of the temperature gradient after
the temperature is elevated is due to the combination of two
factors: radiative conductivity is proportional Td; the Ros-
seland mean absorption coefficient decreases shapely when
the temperature is increased.

. ltis interesting to note that the axial fluxtat 428 is smaller
than that at=214 in Fig. 7(a). This is because as the glass
is heated near the temperature of the furnace, the emitted
flux by the glass medium is comparable to the flux from the

200

150

2.

cient at short wavelengths (O@m=\<2.8 um) has been
neglected. As a result, the heat flux at that band is not ab-
sorbed(or attenuatedpy the glass medium and thus the
temperature is underestimated during the initial transient re-
sponse as shown in Fig(d.

In addition, as only the radiative energy at the middle band
(3.0um<A<4.8um) is absorbed by the glass in Myers’
model that has &, more than 100 times larger than that at
the short-wavelength band, the radiative flux at the middle
band from the furnace is greatly attenuated along the path
into the glass medium. Consequently, a very large tempera-
ture gradient is formed in the radial direction as shown in
Figs. 6(c)and 8.

. The total flux in the solution using Myers’ band model is

somewhat larger than that using the new band model since
the flux at the short wavelength band is not attenuéadd
sorbed)by the glass media in Myers’ model.

——- DOM, new band model
Rosseland approximation
— - - DOM, Myers band model

As mentioned earlier, sufficiently large temperature gradient
due to the transient heating could result in cracking at the inter-
face and predictions of thermally induced stresses requires a good

understanding of the transient temperature field and its gradient at
the interface. Both Rosseland approximation and the neglect of
the absorption coefficient in the Qui2n<\<2.8 um band have

led to erroneous prediction of temperature gradient. Most impor-

Temperature gradient (K/cm)

-50 1 L L 1 1 L L 1
0 100 200 300 400 500 600 700 600 900 Table 1 Parameters used in the simulation
Time (sec)
a/lR 0.22 b/L 0.15 Tt max 2400 K
Fig. 8 Transient radial temperature gradient at the tip of the R/R¢ 0.75 R/L 0.09 L/L; 1

gap (a/R=0.22; and d/L=0.15).
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s = south side of the control volume
n = normal unit vector of the surface
r = location vector

S = unit direction vector

4 Conclusions Q = solid angle in sr

The transient temperature and heat flux distributions in the pro- ™ ~ spectral d!ffuse trahsnysswnty
cess of heating two concentric, semitransparent glass cylinders P = Spectral diffuse reflectivity
have been presented. Specifically, we have compared two differ- ¥x = Spectral absorption coefficient in o
ent methods in modeling the radiative transfer; namely, the dis- € = €missivity o
crete ordinate method and Rosseland’s approximation. In addition, #' = cosine of the angle between tfth direction and the

tantly, they fail to predict the negative temperature gradient at the
earlier stage of the transient, where cracks at the join interface are
most likely.

we have investigated the effects of the absorption coefficient at r direction

short wavelengths (0.2m=<\<2.8um) on the radiative trans- &' = cosine of the angle between tith direction and the
fer, which has been neglected in the commonly used Myers’ two- z direction

step band model. 5, = optical thickness

Our results show that although the spectral absorption coeffie,8) = general curvilinear coordinates
cient at short wavelengths is relatively small, its effects on the W = west side of the control volume
temperature are considerable since most of the radiative power is Z = axial coordinate direction
at this short-wavelength band under the elevated temperatureghax = maximum value
The temperature is highly underestimated during this initial tran- + = positive coordinate direction for flux; outer surface at

sient and its radial variation is overestimated with the Myers’ band the interface o _
model. — = negative coordinate direction for flux; inner surface at
The comparison between the predictions using DOM and the the interface

widely used Rosseland approximation shows that Rosseland’s sferences
proximation fails miserably when the characteristic dimension Is

small, particularly at the gap between the cylinders even when thét! Ezeli(énubgr'i'nangu?#:cké FSran;inlgfﬁ' ;ﬁ’i:;s:fif)'eief‘i"‘i’ Olf tgi)ggc"'m""“
temperature variation is small. In addition, the assumption of op-  ury 4o 9 oo APRL » PP

tically thick must take into account the glass absorption coeffi-[2] Homsy, G. M., and Walker, K., 1979, “Heat Transfer in Laser Drawing of
cient at short wavelengths where the radiative transfer is Optical Fibers,” Glass Technol20(1), pp. 20-26.
dominant. [3] Myer:s, M. R.(, )1989, “A Model for Unsteady Analysis of Preform Drawing,”
. ' . AIChE J.,35(4), pp. 592—602.
The solutions of the temperature field can be further used in the,; cpoudnury, s. R?,p.jlaluria, Y., Lee, S. H.-K., 1999, “A Computational Method
prediction of the thermal stress intensity near the tip of the inter- ~ for Generating the Free-surface Neck-down Profile for Glass Flow in Optical
face which is important for the design and control of the manu-  Fiber Drawing,” Numer. Heat Transfer, Part 85, pp. 1-24.
facturing process. [5] Lee, K. H., and Viskanta, R., 1999, “Comparison of the Diffusion Approxi-
mation and the Discrete Ordinates Method for the Investigation of Heat Trans-
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Evaporation Heat Transfer in
Sintered Porous Media

A two-dimensional model is presented to predict the overall heat transfer capability for a
sintered wick structure. The model considers the absence of bulk fluid at the top surface of
398 Dix Road. Suite 102 the wick, heat .qonduction resis}ance through the WiCk,. capillary Iimitat.ion, and the onset
Jefferson Cityyl\/IO 6510§ of nucleate boiling. The n_umencal reSL_ths show that t_h|n film evaporation occurring on_ly

: at the top surface of a wick plays an important role in the enhancement of evaporating

H. B. Ma heat t_ransfer and depends on the thin film evaporation, the pa_rticle si_ze, the porosity, a_md

N the wick structure thickness. By decreasing the average particle radius, the evaporation
heat transfer coefficient can be enhanced. Additionally, there exists an optimum charac-
teristic thickness for maximum heat removal. The maximum superheat allowable for thin
film evaporation at the top surface of a wick is presented to be a function of the particle
radius, wick porosity, wick structure thickness, and effective thermal conductivity. In order
to verify the theoretical analysis, an experimental system was established, and a compari-
son with the theoretical prediction conducted. Results of the investigation will assist in
optimizing the heat transfer performance of sintered porous media in heat pipes and
better understanding of thin film evaporatioiDOI: 10.1115/1.1560145
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Introduction thin-film region consisting of three regions: the nonevaporating

g?in film region, the evaporating thin film region, and the menis-

cus thin film region. In the presence of a thin film, a majority of
e heat will be transferred through a very small regdiar 6].

The ability to manage the thermal behavior of various electric
components is of paramount importance in many modern el
tronic systems. Traditionally, the method of choice for dissipati o S -
heat from an electronic system such as a computer chip has b Iﬁen th'r.] film evaporation Is compared_ to boiling h_eat ‘Fa“.s.fer
the use of a finned heat sink in conjunction with a fan or oth —11], Itis found that thin film evaporation can provide S|gn|f|_-
means of convection cooling. These components operate primaggf'tly h_|gher overall _h_eat transter coefficients. When evaporation
on the basis of conduction and convection. The metallic finn&f€4's N @ pool boiling system, the heat tl_ransfer I|_m|t_ at the
unit in effect draws heat from the input heat flux zone and distrik&;’aporat'ng surface depends on the meChan'.Sms of liquid supply
utes the thermal energy such that it may be removed via the flo _and vapor escape fror_n the phase-change !nterface._ In order to
ing air or other fluid of choice. With the unyielding drive to pro-re(.jl.Jce the effects of I|q_U|d e_md vapor flow resistances in the pool
duce personal computers with more rapid processing speeds,%lj'ng system, extensive investigations on enhanced surfaces
example, comes the responsibility to effectively remove the ad uch as the mac.hllned or etched cavifieg structured surfaces
tional heat generated by these more powerful chips. The curr ] Iow-pgrmeaplllty evaporating surfacgk0], and coated sur-
finned heat sinks function adequately from a thermal managemé&#H;€S8,9]including modulated porous-layejisl] have been con-
perspective over a wide range of chip operating speeds, but tthgted resulting in a better understand!ng of heat. trar)sfer mecha-
exists a definite threshold for forced air convection heat transfgiSMs: As a result, the heat transfer limit occurring in the pool
involving finned heat sinks. As the chip manufacturers encroabRiliNg systems has been continuously pushed. Due to the pres-
upon the thermal operating limit set by the standby fin-fan hegpce .of Ilqulq, .however, the resistance to vapor flow still exists
sinks, thermal engineers must devise new means for managingf't‘ﬁ@ directly Ilm[ts the further enhancement of boiling heat transfer
thermal behaviors of these electronic components. One such altBrthe pool boiling systems. In the current study evaporation oc-
native to the well-known finned heat sink is to embed a heat pig!fing only at the liquid-vapor interface in thin film region shown

While the heat pipe presents a promising approach to a higH@rF'g; 1, for which the_resstance to vapor flow is neg_llglble, is
level of heat flux and temperature uniformity, the heat pipe cannibivestigated to determine whether such an evaporating surface
remove extremely high levels of heat flux due to limitations sucpXiSts and how thin film evaporation occurring only at the top
as the capillary force and nucleate boiling. The motivation behiri¥rface of wicks is promoted.
the current work was to determine what effects the thin film Ma and Petersofil2] recently developed a new type of evapo-
evaporation has on the heat transport behavior of the wick strdi@ve surface in which variable microgrooves were used to in-
ture, whether an optimum wick structure exists, and how the valGeease the size, the shape, and the number of interline regions,

for maximum heat removal for a wick structure is determined. thereby increasing the evaporating heat transfer coefficient. Pre-
liminary investigations of this surface indicated that when the

) ) groove width was decreased from 0.6 mm to 0.3 mm, the tem-
Theoretical Analysis perature difference required to remove a heat flux of 10 W/cm

When heat is applied to the evaporating region of a heat pi ould decrease from 16.0 to 8.3°C. Alternatively speaking, the
the heat will travel through the wall of the solid container to reacVaPorating heat transfer coefficient was almost doubled. Using
the working fluid. Provided that the fluid level is not above the tofiS information, a new heat pipe was designed for cooling the

surface of the wick, the heat that reaches the top surface of Xt generation of computer chips3]. By using this device and
working fluid in the wick, as shown in Fig. 1, will pass through dS €nhanced evaporation surface, it was demonstrated that the

evaporating heat transfer coefficient in the evaporator of a heat

Contributed by the Heat Transfer Division for publication in th®URNAL OF pipe, .COUId be SIinflcamly increased. .
HEAT TRANSFER Manuscript received by the Heat Transfer Division March 11, While grooves have been proven to enhance the evaporative
2002; revision received November 1, 2002. Associate Editor: H. Bau. heat transfer coefficient, there are some limitations to the level of
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sintered particles satuarated
with working fluid

d?s
a2

§= T Tds| 2] ®)

Rk

ds
pa=pRT, In[as°] (4)

heat input
respectively. The boundary conditions corresponding to (2§.
are

ds

liquid 6=6y;, &=0; &zo; at s=0 (5)

. where the nonevaporating film thickness is determinedS3y
soli

particle T h
- 1) —1% _ha
T, RT,
do=e (6)
b
- non-cvaporating region As the evaporating thin film profile is obtained, the temperature

. evaporating film region

- - drop across the evaporating thin film can be determined.

If the total number of particles at the top surface of wickig,
the total evaporating heat transfer may be determined by

Np
Q=2 Q @
where the total number of particles is approximately found by
Asp
Np_47'rr2p ®

Fig. 1 Thin film evaporation in sintered particles
andA, is the total area of top surface of sintered porous medium.
From Eqgs.(1) through (8), it may be seen that a decrease in
particle size results in an increase in the evaporating heat transfer.

improvement possible. The work of Ma and Peterf®hshowed Alternatively, the smaller the particle size, the better the evaporat-

that most of the evaporating heat transfer passes through a siif§l| €at transfer performance. However, when the particle size is
region, less than Jum. Unfortunately, current fabrication pro- less than the characteristic length of the evaporating thin film

cesses preclude the further increase of the groove density and"@gon, continued decreases would effectively reduce the evapo-

large-scale manufacture of these types of grooved surfaces. A@HNg heat transfer capacity. Therefore, there exists an ideal par-
result, it is necessary to develop new kinds of evaporative sti€/® Size and packing factor that provides the maximum evapo-
faces, with heat transport capabilities comparable to the thin filfating heat transfer coefficient. _ o _
evaporating heat transfer coefficient required. After examining tra- While for most applications the evaporating thin film region
ditional evaporative surfaces/wick structures used in the designGn be used to significantly increase the evaporating heat transfer,
heat pipes, it was found that sintered metal powders and/or pirS desirable to also reduce the overall thermal resistance, since
ticles could provide a higher thermal conductivity while still fath€ total heat transport capability in a sintered porous medium
cilitating the thin film evaporating heat transfer. depends not onI_y on the evaporating heat transf_er, but also on the
If heat is added to the sintered porous medium fabricated frofifermal conductivity of the sintered porous medium and the cap-
the round particles, as shown in Fig. 1, the heat is transferrd@y flow. Neglecting the effects of convection heat transfer
through the sintered particles filled with the working fluid, reach¥ithin the medium, the temperature drop occurring in a sintered
ing the top surface where the liquid-vapor-solid interface exist80rous layer can be approximated By —Ts=QH/keq, whereH
There, by utilizing the thin film evaporation, the heat is removedg the thickness of the sintered porous medium, agdis the

If the radius of a single particle is known, the evaporating he&fféctive thermal conductivity. It is clear that for a given heat flux,
transfer for that particle may be approximated as an increase in the thermal conductivity would reduce the tempera-

ture drop across the sintered porous medium. The effective ther-
10061 mal conductivity of the porous medium of metallic spheres is a
Qp:2wrpk|(Ts—Tv)f Eds (1) function of the solid conductivityks, the working fluid conduc-

0 tivity, k¢, and the porosity, and it varies drastically between the
where all of the evaporating heat transfer is assumed to pé'g%mng cases, i.e., im.oker=ks and lim. _.,keq=k;, depending
through the micro-region, i.e., the region less thaard [5]. The PN the type of arrangement of the metallic particles. For the
film thickness profile can be described by sintered particles investigated herein, the effective thermal con-

ductivity can be determined Hyl4]

v fr,Rergﬁds ki 2kt ki~ 26 (ks k)] ©
S ae_dps_ fg @ e DKot K+ o (Ko k)
ds ds 25°%(s)p

In order to sustain continuous capillary flow in the wick shown
for the steady-state evaporating process of a thin film, where timeFig. 1, the capillary pumping pressure must meet or exceed the
meniscus curvatureé, and the disjoining pressur@,, can be sum of all other pressure drops. The maximum capillary pumping
found by pressure may typically be expressed as
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Fig. 2 Schematic of two-dimensional fluid flow and evaporation in a sintered wick struc-
ture
20 Based on geometrical simplifications of the sintered perfect sphere
Ap.=p,—pi=— (10) particles, the maximum meniscus radius of the embryo bubble

Fe formed within the sintered sphere particles, i.e., the maximum

wherer is the meniscus radius at the evaporating surface. Thavity, may be approximated in terms of the particle radius as
effective capillary radius for a sintered evaporative surface is de-

pendent upon the size of the sintered particles, the mode of pack- Ty

ing, and sintering process. When the radius of the particles de- rva_Z

creases, the capillary pumping increases, and it is expected that

the size of the individual particles should be as small as possibfeonsidering Eq(13), Eq.(12) may then be expressed as
However, as the particle size becomes smaller, the permeability

(13)

80T 1 1
[15] T Talp)= P (L —) (14)
I'[2)83 fglp Py Pl
K= 3751-¢) (11)  An embryo bubble will grow and a cavity will become an active

nucleation site if the equilibrium superheat becomes equaled or

which here represents the ability of a porous materials to transrgj{ceeded one around the perimeter of the embryo. In order to
liquid, will decrease. avoid the bubble formation near the base of the porous medium,

When the fluid temperature reaches some pressure-dependasttemperature difference between the wall and the saturation
value above the saturation temperature, boiling occurs near teenperatureT,— T,,, must be less than the superheat indicated
bottom of the evaporator resulting in two devastating consgy Eq. (14).
quences. First, thin film evaporation at the solid-liquid-vapor in- Thin film evaporation can provide significantly higher overall
terface dramatically decreases as the boiling condition dominaigsat transfer coefficients, but it is limited by the capillary force
the phase change behavior of the system. Secondly, the vagad by the onset of bubble nucleation. Clearly, there must exist a
generating at the base of the porous medium forms a blanketsef of properties that will optimize the overall heat transfer capa-
vapor near the base of the medium, increasing the thermal resjgities in wick structures investigated here. In order to find the
tance and preventing re-entry of the wetting fluid. Boiling heagapillary limitation and the boiling limitation, the detailed distri-
transfer at the base of the wick should thus be avoided, as thistions of temperature and pressure in wicks have to be first de-
condition could lead to an increased temperature drop across tBgnined. Analogous to the actual heat pipe wick, fluid enters the
wick structure and result in early wick dryout. wick from the side, and is pumped toward the mid-plane of the

If the wick is constructed such that the temperature differengick due to the capillary pumping force, as shown in Fig. 2. One
between the base temperature of the sintered porous medium gn@bjectives in designing a wick structure for the evaporating
the saturation temperaturg,— Ty, remains less than the super+egion of a high heat flux heat pipe is to determine a set of geo-
heat for the nucleation, bubble formation will not occur in thenetric parameters that encourages thin film evaporation at the top
wick. Once the pressure distribution is determined, then by utilizurface of the wick. In defining the top surface boundary condi-
ing the Clausius-Clapyeron relation and considering the surfagen, it is thus assumed that phase-change heat transfer occurs
tension, the minimum superheat for the onset of bubble formatienly at the top surface of the sintered porous medium. It is then to

can be determined by determine what set of parameters could lead to such a condition
20Te(p) (1 1 for the largest anticipated heat flux input. Owing to the small size
T—Tead P = Lp'(__ _) (12) of the wicks investigated here and to the relatively small flow
Nigrop \Pu P rates of the working fluids through the wick, the Darcy Modified
646 / Vol. 125, AUGUST 2003 Transactions of the ASME
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Rayleigh number, RaKgBHAT/a;v; is less than 40 for the
range of configurations considered herein. Since the Nusselt num-
ber due to the convection is less than 1 for these small Rayleigh[™ pata
values, it is reasonable to assume that the contribution of convec-| Acquisition
tion to the overall thermal transport may be negledieél]. Be- System
cause, by assumption, evaporation occurs only at the liquid-vapor-
solid interface on the top surface, the flow in the wick is all
single-phase liquid, and use of the area-averaged velocity, i.e.,

1 AZ (AY
u=AyAZ L Jo updydz (15) »

in lieu of the actual local velocity of the fluid is appropriate. Using

the area-averaged velocity technique, invoking Darcy’s Law, and ® thermocouples
introducing a buoyancy effect term to account for thermally in-

duced flow in the vertical direction, the momentum equations for (a)
the system are

Liquid reservoir

Sintered wick structure

liquid

Power Supply &

Measuring Unit

u=— Kp P (16) Wick
o IX

__Ke|P T-T 17
U__F W_pfgﬁ( —Tsad 17

Additional assumptions include constant property values except

the wick effective conductivity, since it depends on the porosity. b\

With these assumptions and the continuity relation within the

wick, the governing equations describing the temperature distri- (\ \

bution and pressure profile in wicks can be written as \.\

Silicone

V2T=0 (18)

J JP N J JP
ax\Pox| oy \Pay
It should be noted that in the development of the Darcy flow
model, it is assumed that viscous effects are negligible and a slip
condition must accordingly exist between each solid particles and
the fluid. For high velocities, the slip condition no longer holds
true. In these cases an additional friction term can be added as ar
extension to Darcy’s law, i.e.,

a
) =pi98 70 (P(T~Tea) (19)

(b)

PL(V-V)V]=—VP— v (20)
Temperature
With the appropriate boundary conditions, E€E8) and(19) can Length=10 cm Teoaes
be readily solved for the temperature distribution and pressure I} 7353
distribution. ‘ 125146
A
78.!829

Experimental System and Procedure

In order to determine if a set of wick parameters exists for
which the thin film evaporation condition may be established at
the top surface, thus providing a maximum evaporating heat trans-
fer coefficient as the forgoing discussion, the experimental system
shown in Fig. 3(awas established. The setup consisted of a ma-
chined copper housing, to which a sintered porous wick sample
was attached shown in Fig(l8, a reservoir for the liquid supply, ©
a data acquisition system for the temperature measurement, and a
personal computer. Attached to the copper housing were barhg& 3 (a) Schematic of the experimental system;  (b) test sec-
hose fittings that enabled plastic tubing to be used to connect §#: and (c) solid model of the heater fabricated for experimen-
housing with a spigot on a large rectangular tank, which servedt@gon (cylinder diameter is 2.54 cm, top surface is 1 X2 cm?,
the reservoir for the working fluid. By adjusting the height of thend length of rectangular neck is 2 cm )
tank, the surface height of the working fluid could be manipulated
to cause the working fluid to flood the copper housing to the point
where the fluid surface was leveled with the top surface of the
wick sample. The liquid level maintained during the experimeritousing to reduce the effects of contact resistance between the
because the liquid-vapor surface area of the tank was many tinte® components. Thermocouples were implemented to monitor
greater than the liquid-vapor surface area of the wicks tested. the temperatures of the top and bottom surfaces of the sintered

A special mounting stand was manufactured from Lexan polyvick structure as well as the ambient temperature and outer heater
carbonate sheet to enable the heater to be firmly applied to theface temperatures, which were connected in differential mode
base of the copper housing. A thermally conductive paste wasa cold junction compensated 10/Tech Personal DAQ56. In or-
used at the interface between the copper heater and the copfmrto measure the interfacial temperature, a small groove was

RoundHieater ~ 04-DEC-2000 19i55 ST 1/ 1 Vu= 7 lo= dSla= 4§ R= 0
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machined in the base of the sintered porous medium, where thiethe top surface, thin film evaporation occurs and vapor departs
thermocouple tip was mounted using Omegabond® 100 epoxyfrom the wick. Considering Eql1) due to the thermal resistance
The sintered porous wick sample was fabricated from 1G#ross the thin liquid film, the temperature on the top surface can
Mesh, 99.99% pure copper particles prepared based on the recbm-determined as
mended sintering temperature and time ranges of 840—-900°C and
12—-45 minute$17]. Since the thermal and fluid transport proper- Tlyop=Teal P,) + Qp (24)
ties of a sintered porous medium can vary significantly between y=H™ TsalTv 1061
identically prepared samples, it was difficult to isolate the thick- 27 ok [ g gds
ness effect using multiple samples. Thus, an alternative method T o .
was proposed wherein a single, somewhat thick sample, was ce the temperature d!StI’IbUtIOI’] in the wick is obtained, one can
pared for the testing process. Once testing had been completedgirmine the heat flux into the top surface boundary. For steady-
the initial sample, the thickness was decreased by removing layéfateé heat transfer, the heat entering the boundary elements
of the sintered copper particles to allow for subsequent testing aijough heat conduction must be rejected via phase-change heat
the isolation of the thickness effect. transfer at the top surface, i.e.,
In order to achieve a heat flux as high as 1.0 M\/mspecial agT
pure copper block wrapped by a Minco BB010047 bar heater was —keg——(1-dx)=mjh¢y aty=H and xe[0,L/2]
designed and fabricated. The heater was well insulated to reduce ay
the effects of heat loss from the heating elements. To obtain a (25)
uniform heat flux added on the wick structure, the copper bloakhere a segment of the top surface of unit depth and wilth is
was analyzed by means of the ALGOR heat transfer analysis safonsidered. With a mass balance relation for the segmmapt,
ware. In establishing the desired level of uniformity of the heat p v ,(dx-1), and the Darcy flow equation,= —K/udP/dy,
flux at the contacting surface, the copper block with a top contaitte top surface boundary condition for EG9) can be found as
surface of 1x2 crhiand a rectangular neck length of 2 cm, as
shown in Fig. 3(c), was fabricated. i: ﬁ( Ket ﬂ
Avoltage transformer was used to alter the electrical power into ay  K\phig dy

thhe tre3|st|ve hea}:mgdelement. Lhe't V|°|ta?t¢ an;j cqrrLeni iNto 1A, e the energy equation with the required boundary conditions
eater was monitored using a digital mulu-meter. 1he tempergz, o solved, the temperature distribution was used to determine the

tures of the base and top surface were monitored using the st o ratre gradient and the heat flux across the liquid-vapor in-
chart and digital display features in the DAQView software. Whe{érfe?ce at thegtop surface of the wick. With the top SL?rface b%und-

the steady-state temperature was reached for a given power IeXg, coition specified, the pressure distribution was then calcu-
the temperature readings of all thermocouples were recorded. d. The top surface pressure on the vapor side of the meniscus
steady-state temperature was defined as the temperature for Whicht o "4 otermined using the Laplace-Young relation. The satu-
less than one degree of change was observed for 5 minutes, gf,, temperature being a function of pressure was next found for
_contlnuousl_y applied heat. Once the steady state temperature regg “vapor side of the meniscus for each grid point in the wick.
!ngst for a?g/?n T(e)zi/tvratedvxt/ke]re recorded, the pow?ro\llvas increagslng Eq.(14) and starting with an artificially large heat input

in steps o (o] and the process was repeated. value, the critical superheat was calculated for each grid point and

Multiple tests were run for each thickness value tested. Aftah 500 o the local superheat for the onset of bubble nucle-

the range of heat input values of interest had been tested multlgl n. If the superheat at any point in the wick exceeded the criti-

times, several quers of copper pqrticles were scraped from thepﬁ superheat, the heat flux was reduced and the process re-started.
surface of the wick. Once the particles were removed from the 6§ several repetitions, the applied heat flux was finally reduced
container, the new thickness of the wick was measured and {z

aty=H and xe[0,L/2] (26)

corded, and the steady state test process was repeated. Whiles thtihgr;? f?raéjgg{g ﬁgé?é;g;ﬁ_eﬁntﬂarte ?o%hqe?hgeﬁg(itgir::) (;?_l
test housing and heater were well insulated, some heat losses ble heat flux without bubble nucleation wlas bounded. Once
to the combined effects of radiation and natural convection wefigs heat flux for the nucleate boiling limit was determined for a
inevitable. Calculations for the amount of nonevaporative he
loss based on outer insulation temperatures indicated that the |
was equal to 2—-5% of the total heat added on the heater.

en wick parameter set, one parameter value, the wick thickness
example, was increased or decreased and the entire process
was repeated.
. . As the thickness, for example, is reduced, the cross-sectional
Numerical Calculation Procedure area for fluid flow is subsequently reduced. For a given heat flux
Based the experimental investigation specially designed for thgut value, assuming all other properties held constant, a de-
two-dimensional physical model shown in Fig. 1, the twocrease in the wick thickness results in an increase in both the
dimensional model, shown in Fig. 2, was employed. Owing to tHigluid flow velocity and the pressure drop through the wick. The
symmetry, only half of the model was used to calculate the presapillary pumping pressure must be large enough to compensate
sure and temperature distributions. The boundary conditions d¥ the liquid pressure drop in the wick as well as those occurring
cept for the top surface were expressed as follows along the rest of the working fluid flow path. If the total liquid
pressure drop exceeded the capillary limit defined by(EQ), the
q’=0 and i,o atx=0 and ye[OH] (21) heat flux was reduced and the process re-started. Once the capil-

X lary limit was obtained for a given condition, the entire process
o _ _ was repeated. Once both the nucleate boiling and capillary pump-
qQ"=0 and P=P, atx=L/2 and ye[OH] ing heat transport limits had been obtained for a given thickness,
(22)  the lesser of the two calculated heat transfer was accepted as the
P \ active dryout threshold.
q"=0, WZO aty=0 and _ _
Results and Discussion
xe[Lln/2,L/2] 23) Unless stated otherwise, the parameter values for each of the
- JT JP studies below were as follows: working fluid—water;,
q :%:—kw ) WZO aty=0 and =0.635mm;L=50.8 mm;L,=10 mm; e=43%. Because of the
y=0 difficulty in determining the onset of nucleate boiling in the wick
xe[0,L/2] ) and thin film evaporation on the top surface of the wick, the
648 / Vol. 125, AUGUST 2003 Transactions of the ASME
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Fig. 4 Wick thickness effect on the temperature drop (rp

Fig. 6 Wick thickness effect on the evaporating heat transfer
coefficients (r,=0.635mm; £=43 percent; L;=0.01 m; working
fluid=water)

=0.635 mm; £=43 percent; L;,=0.01 m; working fluid =water)

experimental data were obtained by the temperature difference

between the bas@ottom surfacepnd the top surface as a func-

tion of heat flux for a given wick including a known wick thick- an important role for the maximum evaporating heat transfer co-
ness, and continuously from the single-phase flow with the thifficient. The evaporation at the liquid-vapor-solid interface, i.e.,
film evaporating on the top surface to the two-phase flow with thet the top surface, of the sintered wicks can optimize the thin film
nucleate boiling in the wick. evaporation.

Experimental results describing the relationship between wick Achieving thin film evaporation on the top surface of wick
thickness and temperature drop across the sintered wick are preeans the vaporization occurs only on the top surface of wick,
sented in Fig. 4 by plotting the dimensionless temperature defingdd a single-phase flow exists in the wick, which is also the basis
by 0=Tp— Teal Tsar, WhereTy, is the bottom surfacébase)tem-  for the numerical model developed herein. Clearly, the model pre-
perature, andl s, is the saturation temperature corresponding teented in the paper cannot predict the results shown in Figs. 4, 5,
the local atmospheric pressure, equal to 743 mm Hg. As the head 6, where the two-phase flow existed already in wicks when
flux increased, as shown in Figs. 4 and 5, the temperature dibe heat flux level was higher than approximate 200 k¥vAdti-
across the wick increased. When the heat flux was increasediting the highest evaporating heat transfer coefficient obtained for
some value between 50 and 200 kV¥/for the range of wick each wick, which occurred when the heat flux was equal to some
sizes tested, the heat flux necessary for bubble nucleation wasue between 50 and 200 kWAnfor the range of wick sizes
reached, which could be visually observed. Due to the bubhiested, the relationship between the maximum evaporating heat
formation, the region of the wick directly above the heat applicaransfer coefficient and wick thickness was presented in Fig. 7 and
tion zone became saturated with vapor thus blocking the reesmpared with the numerical prediction. While the theoretical
entrance of liquid to the center of the wick, and thin film evapgsrediction was higher than the experimental data, the comparison
ration on the top surface of wick no longer existed. As a result, fprovides insight regarding the importance of thin film evaporation
the heat flux level higher than approximately 200 k\f/rthe in maximizing evaporating heat transfer coefficient, and it illus-
slope of the dimensionless temperatuteyersus the applied heattrates how failing to establish a thin film evaporation condition
flux, q”, was highly linear resulting in a significant decrease of theesults in a significant decrease in the evaporating heat transport
evaporating heat transfer coefficient shown in Fig. 6. This pheapability.
nomenon was particularly pronounced for the thinner wick thick-
ness values. It can be concluded that thin film evaporation plays
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Fig. 7 Comparison of the calculated results with the experi-

Fig. 5 Heat flux level effect on the temperature drops (r, ~mental data (r,=0.635mm; £=43 percent; L,=0.01 m; working
=0.635 mm; £=43 percent; L;,=0.01 m; working fluid =water) fluid=water)
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As discussed previously, achieving thin film evaporation on the
top surface of wicks is limited by the liquid pressure drop and o . ) )
superheat for the onset of bubble nucleation. The numerical sinfi@ncluded that, if it is possible to decrease the bead radius while
lation results, as shown in Fig. 8, indicate that the boiling limit i§aintaining a constant porosity, the bead radius should be as
always less than the limit determined by the capillary pumpirf@fn_a” as possible. The_lmpact of these results is that thlck_er wicks,
failure criterion for the wick configurations investigated here/hich are more readily manufactured and assembled into heat
which has an agreement with the experimental observation. As #ig€s, can provide heat removal capabilities equivalent to the
heat flux was increased to some value between 50 and 200 kw/mere delicate, thin wicks. For wick thicknesses small enough that
for the range of wick sizes tested, the bubble nucleation was e capillary limit becomes dominant, as shown in Fig. 12, the
sually observed. For the range of test wicks, the capillary limfodel predicts that shorter entry lengths will yield larger dry-out
was never reached, even with the maximum heat flux of 1ftgat fluxes. Results presented here can effectively direct the new
MW/m? available from the experimental system. Clearly, thélesign of high heat flux cooling device. For example, if an evapo-
bubble nucleation defined by E€L4) is the primary limit affect- rating surface for a high heat flux heat pipe is fabricated using the
ing the evaporating heat transfer coefficient for the sintered p@Ptimum wick thickness shown in Fig. 10, the simple calculation
rous media investigated herein. from Figs. 7 and 10 indicates that the temperature drop across the

As shown in Fig. 9, when the wick thickness was decreasdfck is only several degrees for a heat flux of 800 k\&/m
from 6 mm to 0.25 mm, the dimensionless temperature difference
between the base and the top surface decreased considerablyCionclusions
dicating a dependency on the wick thickness for a given porosity

and particle size. Numerical results, shown in Figs. 10, 11, and 1g,teq to determine that thin film evaporation occurring only at

all indicate that there exists an optimum wick thickness for MaXihe top surface of a horizontally oriented wick with localized bot-

mum heat flux, which depends on the particle radius, the porosify, heating plays an important role in the enhancement of evapo-
and the entry length,. — L /2. Results shown in Fig. 10 indicate g Pay P g

“*“rating heat transfer and further that there exists a wick that can
. i . ! . f¥rake this occur. When evaporation occurs only at the top surface
Increases. '_Fhe effect of porosity on the optimum wick thlcknes_sd,? the wick and the effect of bulk liquid on the vapor flow, one of

shown in Fig. 11. Based on the results of Figs. 10 and 11, it {§c(ors |imiting the evaporating heat transfer, is removed, the heat
conduction resistance, capillary pumping pressure, frictional pres-
sure drop, and the onset of bubble formation become primary

A theoretical analysis and experimental investigation was con-
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Fig. 9 Wick thickness effect on the temperature distribution
(rp,=0.635mm; £=43 percent; L,=0.01m; working fluid Fig. 11 Porosity effect on the dryout heat flux (rp
=water) =0.635 mm; £=43 percent; L,=0.01 m; working fluid =water)
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Fig. 12 Entry length effect on the dryout heat flux (r a = thermal diffusivity, m/8
=Q.635 mm; T,=373.15K; £€=43 percent; L,=0.01m; workingb '[Z« — }gmjumscizzrsrgfalmexpansmn coefficient, k
fluid=water) 8y = nonevaporating film thickness, m
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factors determining the maximum evaporating heat transfer in the ’L: _ E%Z?Lnéﬁcvﬁggggﬁ Nri//??
sintered wick structure. A two-dimensional model incorporating 0 = dimensionless ten)1/'perature
the heat conduction, capillary limitation, and the onset of nucleate — density, kg/n
boiling was developed to predict the overall heat transfer capabil- (’; _ surface’ tension. N/m
ity in the sintered wick structure. The numerical results show that £ = curvature, M '

it is possible to promote thin film evaporation from the top surface
of a sintered wick by selecting the appropriate particle size, tfibscripts

porosity, and the thickness. By decreasing the average particle ¢ = capillary

radius, the evaporation heat transfer coefficient can be enhanced.qff = effective

Furthermore, there exists an optimum characteristic thickness for ¢ — fiyig

maximum heat removal. In order to verify the theoretical analysis, H = nheated

an experimental investigation was conducted to determine the ef- | — jiquid

fect of the thin film evaporation at the top surface on the total 5 — particle

evaporation heat transfer in the sintered wick structure. Experi- ¢ = gglid

mental results show that thin film evaporation plays an important gat = saturation

role in the enhancement of evaporating heat transfer, and evapo-sp = particle surface

ration occurring at the top surface, where the thin film regions ;, — yapor

were optimized, could reach the maximum evaporating heat trans- y = wall

fer coefficient. Results also indicate that the maximum dry-out

heat flux significantly depends on the wick thickness. While the

theoretical prediction was higher than the experimental data, the

comparison provides insights into how thin film evaporation odXeferences

curring at the top surface of wicks plays an important role for the[1] Busse, C. A., and Stephan, P. C., 1993, “Analysis of the Heat Transfer Coef-
maximum evaporating heat transfer coefficient and how failure to ggg;t of %g’govggl'*eat Pipe Evaporator Walls,” Int. J. Heat Mass Transf.,
establish a_thln film evaporation condition results in significant ]Wayn’eﬁpl':_ C.. 1994, “Thermal and Mechanical Effect in the Spreading of a
decreases in the evaporating heat transport Capab”'t)/- Results 0 Liquid Film Due to a Change in the Apparent Finite Contact Angle,” ASME J.
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Experimental results are presented that show the effect of fin geometry on condensation of
downward flowing zeotropic refrigerant mixture R407C in a staggered bundle of horizon-
tal finned tubes. Two types of conventional low-fin tubes and three types of three-
dimensional-fin tubes were tested. The refrigerant mass velocity ranged from 4 to 23

J.S. Kim kg/nts and the condensation temperature difference from 3 to 12 K. The measured con-
e densation heat transfer coefficient was lower than the previous results for R134a, with the
K. Usami difference being more significant for smaller mass velocity. The effect of fin geometry on

the condensation heat transfer coefficient was less significant for R407C than for R134a.
The effect of condensate inundation was more significant for the three-dimensional-fin
tubes than for the low-fin tubes. By using the dimensionless heat transfer correlation for
the condensate film that was based on the experimental data for R134a, a superficial
vapor-phase heat transfer coefficient was obtained for condensation of R407C. The vapor-
phase heat transfer coefficient showed characteristics similar to the vapor-phase mass
transfer coefficient that was obtained in the previous study for R123/R134a.
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Introduction R134a[2] obtained by using the same experimental apparatus and
those for R123/R134§3] condensing in a staggered bundle of

In accordance with the international regulation on HCFIGQs four types of low-fin tubes

drochlorofluorocarbonsa number of zeotropic mixtures of HFC
(hydrofluorocarbonshave been developed as a replacement f .
R22 that has been widely used as a working fluid of refriger¢':1ti<()ll?[1xpe”mental Methods

and air-conditioning systems. One of the most promising replace-Apparatus and Procedure. The experimental apparatus,
ment candidates for R22 is zeotropic mixture R4QR32/R125/ which consisted of a natural circulation loop of refrigerant R407C
R134a=23/25/52 mass%). This mixture shows the temperatumed forced circulation loops of hot water and cooling water, is
glide of about 6 K during the evaporation and condensation preehematically shown in Fig. 1. Hot water was supplied to the
cesses. While this characteristics can be used to improve the tisiell-side of a shell-and-tube evaporator from an electrically
modynamic cycle performance of refrigerating machines, it aldieated water tank. R407C liquid returning to the evaporator
acts to deteriorate the heat transfer performance of evaporatbpyed through the tubes counter-currently and completely evapo-
and condensers. rated. The test section, shown schematically in Fig. 2, was 63

Horizontal shell-and-tube condensers are commonly used in #i§@lumns xrows) staggered bundle of horizontal finned tubes
centrifugal refrigerating machines. Various types of finned tub&&ade of copper. The odd rows consisted of three active tubes and

with different fin geometry have been developed to enhance shén-e even rows consisted Qf two active tub_es and d“mmy half tubes
9 y P n the sidewalls. The horizontal and vertical tube pitches were 26

o S T o e rsa 25 T, especiely The tbe bunde ws asemtied i a
of R407C in a bundle of horizontal finned tubes. Gabrielii and tical duct with inner dimensions of ¥8.00 mn.

. - Five types of finned tubes with different fin geometry were
Vamling [1] measured the overall heat transfer coefficient of ggteq. The dimensions of the test tubes are listed in Table 1, and

shell-and-tube condenser with R22 and its three replacement cafs |ongitudinal cross-section and close-up of these tubes are
didates(i.e, HFC mixtures R404A, R410B, and R407@s test shown in Fig. 3. Tubes A and B had flat-sided annular flos
fluids. All mixtures showed a decrease in the heat transfer perféiiis), whereas tubes C—E had three-dimensional fins. Tube C had
mance relative to R22, with the decrease being more significgiyfiramid-shape fins. Tube D had saw-tooth-shape fins. Tube E had
for lower heat load. The decrease was most significant for R40&Chree-dimensional structure at the fin tip that was produced by
with the largest temperature glide. the secondary machining of the low fins. Experiments were con-
The objective of the present work is to study the effect of fiducted by using two kinds of test sections. One of the test sections
geometry on condensation of downward flowing R407C in a stagonsisted of tubes A—E. In this test section, tubes B, C, D, and E
gered bundle of horizontal finned tubes. Two types of convelere attached at the seventh and tenth rows, ninth and twelfth,
tional low-fin tubes and three types of three-dimensional-fin tub&&venth and fourteenth rows, and eighth and thirteenth rows, and

are tested. The results are compared with previous results 3¢ other rows consisted of tube A. The other test section con-
sisted of tube A only.

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF Th.e. vapor pressure at the tUbe.bundle inlet was meas.ured by a
HEAT TRANSFER Manuscript received by the Heat Transfer Division March 19Pr€cISIion Bourdon tube gage reading to 3 kPa and a Fort'n barom-
2001; revision received November 5, 2002. Associate Editor: V. P. Carey. eter. The local vapor and condensate temperatures just upstream
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Fig. 1 Experimental apparatus Fig. 2 Cross-sectional view of test section

container was closed and the gas sample was introduced into each
and/or downstream of each row were measured by T-type thern§@ntainer by opening the valve at the inlet. Then the valve at the
couples inserted in the test section. A shield and a gutter weféet was closed. The gas samples were introduced to the buffer
attached just above and below the thermocouples that were u&itks just before the measurement started. Assuming a linear re-
for the measurements of vapor and condensate temperatures!&éon between the sampled mass and the peak area of chromato-
spectively. The hot water temperatures at the inlet and outlet @m for each component, equations for the relation between the
evaporator were measured by K-type thermocouples insertedn@ss fractions of R134a, R125, and R3g, {34a, V125, @and
the mixing chambers. The cooling water temperatures at the inlets? and the peak area ratios of the chromatogram were obtained
and outlet of each tube row were measured by two-junction T-tyj¥ using the gas sample of R407C. . o
thermopiles inserted in the mixing chambers. The thermocouplePreliminary experiments were conducted to obtain calibration
and thermopile outputs were read consecutively ten times afirves for the temperature versus e.m.f. relations of thermo-
recorded by a programmable data logger ta\ for the thermo- c_ouples and thermopiles, the temperature versus resistance rela-
couples and to 0.V for the thermopiles, respectively, and thetions of test tubes, the heat loss to the environment from the
average values were adopted as the experimental data. The fiténg between the inlet and outlet mixing chambers of each tube
wall temperature was measured by a resistance thermometry. /W Q; and the sum of heat losses to the environment from the
test tubes and a standard resistor of @ mere connected in series €vaporator, vapor supply duct and test sect@gp. The thermo-
to a 50 A DC current supply to measure the voltage drops. TKkeuples and thermopiles were calibrated by using a temperature
voltage drops were read consecutively ten times and recordedq@ntrolled water bath and a platinum resistance thermometer with
the data logger to 0.4V. In order to avoid the effect of parasitic an accuracy of 0.03 K. For the measurement of temperature versus
voltage, half of the readings were conducted after reversing tFRsistance relation, the test section was evacuated using a vacuum
DC current and the average values were adopted as the exp@ﬁmp to'minimize heat loss from the tube surface. Then water at
mental data. The hot water flow rate was measured ten times b§ &rescribed temperature was passed through the test tubes. The
volumetric flow meter with the accuracy of 0.5% RD. Then th#ater flow rate was kept at a high value so as to minimize the
mean value was adopted as the experimental data. The coofifgiperature drop of water between the inlet and outlet mixing
water flow rate for each tube row was measured by an orifice afd@mberg<0.05 K), and the wall temperature was assumed to be
an inverse U-tube manometer reading to 1 mm.

The local composition of refrigerant vapor in the tube bundle

was measured by a gas chromatograph. Sampling probes made of Table 1 Dimensions of test tubes
a 1.5-mme-o.d. stainless steel tube were inserted just upstreanof =
the odd rows. A shield was attached just above the tip of the probe B C D E F G
to avoid sampling of condensate. The probes were connectecbtgnm)  0.96 1.30 071 070 0.96 0.96 0.50
buffer tanks of the gas chromatograph via small containers fo{mm)  1.38 1.29 087 095 111 143 141
storing samples. Stop valves were attached to the tubing at { rargg oy 0% o bes oAt
inlet and outlet of each container. The tubing was heated to piermm) 188 187 187 185 185 156 156
vent condensation of vapor. Before sampling the vapor, the valygmm) 14.3 14.6 154 155 143 11.2 11.4
at the inlet of each container was closed and the tubing was evaget
ated using a vacuum pump. Then the valve at the outlet of thesed in the previous study for R123/R134a
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Tube A Tube B Tube C Tube D Tube E Tube F Tube G

Fig. 3 Close-up and cross-sectional views of test tubes

equal to the average value of the measured water temperatuseguration temperaturd, ;, is the liquid temperature entering the

For the measurement &, , the water flow rate was kept at a lowevaporator and is the cross sectional area of test section without

value so as to obtain a relatively large water temperature variatisibes. The value o, is obtained from

between the inlet and outlet mixing chambes0.2 K). The value -W T. T 5

of Q,, which was obtained from the flow rate and temperature Qn=WnCu(Th,in= Th,ou) ©)

variation of water, was plotted as a function of the temperaturghereW, is the flow rate of hot water, anfi, j, and T, o; are the

difference between the water and the ambient air. The maximuemperatures of hot water in the mixing chambers at the inlet and

value ofQ, was 12 W at the temperature difference of 20 K. Fooutlet of evaporator, respectively.

the measurement @, , the refrigerant loop was shut at the outlet The heat balance for thath row is written as

of the test section by using a brass plate. The valve at the inlet of

evaporator was also closed. Then hot water was supplied to thePALNX+ N (1=X)Jn=(Q+ Qnt GALR X+ N (1=X)]n 11

shell side of evaporator. After a steady state was reached, the ©

temperatures of vapor in the test section and ambient air wagkere x is the quality,h, and h, are the specific enthalpies of

measured. The temperature difference between the vapor and @&iting condensate and bulk vapor, respectively, and subsoript

bient air increased almost linearly with the heat input to thfor the refrigerant denotes the condition just upstream ofnthe

evaporator. It was found that the heat loss was less than 350 W fov.

the experimental conditions described below. The vapor-liquid interfacial temperatuiig was obtained from
Experiments were conducted at the inlet vapor temperatutée following equation:

T, .in Of about 313 K. This corresponded to the inlet vapor pressure

P;, of about 1.74 MPa. The refrigerant mass velo@tybased on q=ay(Ti—Ty) )

the duct cross-sectiowas changed in four steggabout 4, 8, 16, \herea, is the heat transfer coefficient for the condensate film.

and 23 kg/ms) by changing the power input to heaters installedthe value ofw, was estimated by using a dimensionless correla-
in the hot water tankabout 5, 10, 20, and 30 kW). The condenijgn of the form

sation temperature differenc€T=T,—T,, was changed in four
steps(about 3, 5, 8, and 12 KwhereT, is the local vapor tem- aslay,=f(Rg ,Re) (8)

perature and, is the arithmetic mean of wall temperatures at thﬁ/hereaNu denotes the prediction of the Nussii equation for a

fin root for two or three active tubes in the same horizontal "OWori .
X X orizontal smooth tube, ResGd/u, is the vapor Reynolds num-
The effect of condensate inundation rate on the heat transfer [¢13) e sGdig, P y

formance of the test tubes was studied by changing the numberséitat the tube bundile inlet based on the minimum flow cross-

b h h which th i d ion, Reis the film Reynolds number based on the condensate
upper tube rows through which the cooling water was passed. o,y rate at the tube bottom for one side of a tubés the ratio of

Data Reduction. The average heat flug and the average the maximum and minimum flow cross-sections, andis the
heat transfer coefficient of a horizontal row are respectively dynamic viscosity of vapor. The value of Reas obtained by

defined on the projected area basis as assuming a gravity drained flow for the falling condensate. The
correlation Eq(8) was determined for each tube row based on the
g=(Q+Q)/kadl (1) experimental data for R134&]. The agreement of measured
for R134a with the correlation was within 7%.
a=0q/AT @) In principle, it is possible to estimate the vapor-phase mass

transfer coefficient from the measured data if we assume saturated
conditions for the bulk vapor and at the vapor-liquid interface.
However, uncertainty of the estimated mass transfer coefficient
was large, because the row-by-row variation ygf was small.
Thus we will discuss the characteristics of vapor-phase mass
Q=W.Co(Tc ou— Te.in) (3) transfer by using a superficial heat transfer coefficient for the va-

; . : L por phasex, defined by
whereW, is the flow rate of cooling wateg,, is the specific heat

where Q is the heat transfer rate for a horizontal rdwjs the
number of active tubes in a horizontal rox=2 or 3 and |
(=100 mm) is the effective tube length. The value@fis ob-
tained from the following equation:

of water, andT . ;, and T, ., are the cooling water temperatures in a,=q/(T,—T)) 9
the mixing chambers at the inlet and outlet of each horizontal rowy,q pressure drop in the tube bundle was obtained from the fol-
respectively. lowing equation(3]:

The value ofG is obtained from the following equation: ged 3l

G:(Qh_Qlt)/l.hlg+CpI(Tsat_TI,in)JA (4)

where Qy, is the heat input to the evaporatdyg is the specific wherecy, is the drag coefficient obtained from the experimental
heat of evaporationg, is the specific heat of liquidT s, is the data for R123. The calculated value of the pressure drop was less

Poi1= Pn+L(GX)Z/Pan—l(GX)z/pUJnH—2CD§2l(GX)2/pv(Jrlno)
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than 0.02% of the inlet pressure. In the data reduction, the ther-
mophysical properties of R407C were obtained from REFPROP

Version 6.0[5].

Uncertainty Analysis. According to Moffat[6], the uncer-
tainty in the result of a calculatioR based on a number of mea-
surementsX;, UR is obtained from
21112

(11)

whereBX; is the bias limit ofX; , SX is the precision index of the
mean ofX;, X; is theith variable in the measurements, aelis
the Student’s multiplier at the 95% confidence level. B is
given by

2 J
BX) +2 (tgsﬁsx)

N 12
(Xij = Xim)?
2, N(N—1)

j=1

SX= (12)

whereN is the number of observations aixg, is the mean value
of X;. SinceN=10 for the present experimerityg is 2.262.

A sample uncertainty calculations &, anda and «,, for the
first row are presented here for the caseGyt 8 kg/n?s and

AT=3 K. The measured and estimated values relevant to the un-

certainty calculation are as follow§V,,=0.827 kg/s,SW,=1.9
x10 3kgls, BW,=4.1x10 %kg/s (0.5% of W), W,=3.82
X 10" 2 kg/s (corresponds to the static head of 160 m@W,
=3.34x10 *kgls, BW,=1.14x10 3kg/s (3% of W), Ty

—Thouw=3.28K, ST,;n=0.002K, ST,,,~=0.004K, BT,

=BThou=0.1K, Tcou— Tc,in=2.62K, ST jn=0.003 K, ST out
=0.004K, BT in= BTc ow=0.1K, AT=T,-T,m=3.00K, T,
~T;=1.78K, T;-T,=1.22K, ST,= 0003K ST,= 0081K
BT,=0.1K, BT 0. 15K, Qh—ll 33kw, Q,h—301W Q
—422 2W andQ, 9 W. SinceW, is measured only onc&W,
is not available. ThuS W, is assumed to be equivalentto 2 mm o
static head reading. Substituting these values into(En). for G
and « yieldsUG/G=0.044 andU «/ «=0.099, respectively.

SubstitutingT; obtained from Eq(7) into Eq.(9) and rearrang-
ing yields

1 1]t 13
a, = o as ( )
Thus the relative uncertainty «, / a,, is written as
Ua, (av Ua 2+ a, Uag)2]¥?
w o @) e o
TU—TWUa)2+(TU—TWUaS)2 v 1
Tv_Ti o Ti_TW g ( )

Considering the accuracy of the correlation &ay described pre-
viously, it is assumed thdtl as/as=0.07. Substituting the mea-
sured and estimated values Bf—T,,, T,—T;, T,— T, Ua/a
and Uag/ag into Eq. (14) yields UaU/aU:O.24O. SinceAT
=3 K for the present experiment, it is supposed tHat/ «<0.1
andUa, /a,<0.24 for most of the data.

The variation iny, among five measurements using R407C gas

sample was within 0.15%. Thus the uncertaintyjnis estimated
to be less than 0.15%.

Experimental Results and Discussion

Figure 4(a)shows an example of the distributions of the mea-

sured values of,, T,, T,, and the calculated values &f, and
T; in the tube bundle consisting of tul#e whereT, is the tem-
perature of falling condensate aid, is the saturation tempera-
ture corresponding t8 andy, . Due to the temperature glide of
R407C,T, decreases as condensation proceeds. HowEyelges
not necessarily agree with,. This is probably due to the inac-

curacy in the estimated value ©f,. The condensation tempera-
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Fig. 4 Distributions of measured and calculated quantities in
the tube bundle

ture differenceAT is almost unchanged along the bundle depth.
TheT, decreases with increasimg However,T, is always greater
thanT;. This is due to the heating of falling condensate by the
ulk vapor. Generally, the relation betwegnandT; depended on
he values oh, AT andG. WhenAT and G were large T, was
smaller thanT; for n=5. Figure 4(b)shows the distributions of
the measured values §f 1344, ¥,.125, @andy, 3, and the calcu-
lated value ofx corresponding to Fig. 4(a). It is seen that the
concentration of R134a with a higher boiling point decreases as
condensation proceeds, whereas those of R32 and R125 with
lower boiling points increase.

Figure 5 shows the temperature drop of bulk vapby,,
—T,, in the tube bundle consisting of tube A plotted as a function
of x with G andAT as parameters. It is seen that;,— T, is an
almost unique function of irrespective ofG andAT. This char-
acteristics may be used to estimate the local vapor temperature in
the tube bundle.

Figure 6 shows the ratio of the temperature drop across the
condensate filml;—T,, to the condensation temperature differ-

6 v U ' I M I ' I '
L G (kg/m’s) AT(K) .
5k 3 5 8 12 -
L 8 —O0— — J
4 16 -0 --A---O-- i

Fig. 5 Variation of T, j,—

T, with x
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enceAT, (T;,—T,)/AT, plotted as a function oAT. In Fig. 6, | * (c) G=23kg/m"s
the results for tubes A—E & =16 kg/n? s are compared. Gener- | 'R “ % ]
ally, (T;—T,)/AT increases adT increases, whereas the differ- & ot H '.
ence among tubes A—E decreased@sincreases. This indicates g 10tk @ g a J
that the ratio of the condensate film resistance to the total resis- z "~ F a A ]
tance increases with T. This is due to the suction effect associ- 3 st Tabe A B C D E|]
ated with condensation, which acts to reduce the vapor-phase L Nusselt [Ri34a e 4 ®m v o]
mass transfer resistanf®]. In Fig. 6, previous results for R123/ i RWO7C © & O v O
R134a(=82/18 mass%g¢ondensing on tube F are also shown for 2 . 1 n — e
comparison. The fin dimensions and close-up of tube F are also 10° 5 10! 2
shown in Table 1 and Fig. 3, respectively. This tube had fin di- 4T (K)

mensions close to those of tube A. The experimental conditions

areT,=50°C andG=19 kg/nf s. Comparison of tubes A and F Fig. 7 Variation of a with AT; first condensing row

reveals that the value off{—T,)/AT for tube F is 62 to 71% of

that for tube A. Thus the ratio of condensate film resistance to

total resistance is much smaller for R123/R134a with a mugllly, the effect ofAT is small. For all tubes, Nudecreases as Re

larger temperature glide=21 K) than for R407C with the tem- increases. The decrease is more significant for the three-

perature glide o&=6 K. ~ dimensional-fin tubes C—E than for the low-fin tubes A and B. The
Figure 7 compares the values of for all tubes at the first most significant decrease is observed for tube C with the pyramid-

condensing row without condensate inundation from the uUppgkape fins. It is relevant to note here that the actual value pf Re

tubes. Figures 7¢ec), respectively, show for G=4, 8 and 23 for each data point is more or less different from that shown in

kg/n? s plotted as a function ok T. Comparison of Figs.(2-C)  Fig. 8, because the condensate flow pattern in the tube bundle is

reveals that the effect &b is more significant for smallekT. At considerably different from the gravity drained flow model as-

AT=3K, «a increases by 67 to 94% &5 increases from 4 symed in the calculation of ReThus the experimented data for

kg/m?s to 23 kg/nis. This is mainly due to the decrease in theach tube show some scatter. In Fig. 8, the previous results for

mass transfer resistance in the vapor phase as a result of increasesa[2] and the Nusseli4] equation are also shown for com-

vapor shear. AWT=12K, on the other hand, the increasedn parison. For R134a, Nushows a more significant decrease with

due to the increase i@ is only 8 to 16%. This indicates that theincreasing Rethan for R407C. As a result, the difference in"Nu

decrease in the vapor-phase mass transfer resistance due topHieen R407C and R134a decreases ap iRzeases. For

suction effect was much higher than the vapor shear effect. &407C, the heat transfer enhancement as compared to the Nusselt

G=4kg/nts, where the vapor shear effect is smallestin-  [4] equation increases as Recreases. At Re-10%, the enhance-

creases gradually with increasingT for all tubes. At G ment ratio ranges from 8.2 to 15 depending on the tube.

=8 kg/n? s, a increases gradually with increasing for tubes A Figures 9(a-e), respectively, show Nufor tubes A—E atAT

and C-E, whereas it decreases gradually with increasifdor =3K plotted as a function of Rewith G as a parameter. For all

tube B. AtG=23 kg/nT s, where the vapor shear effect is largestubes, N increases a6 increases. The increase is more signifi-

a decreases gradually with increasiag for all tubes. In Fig. 7, cant for smaller Re At G=8 kg/nt s, the effect of Reis gener-

the previous results for R1342] and the Nussel[#] equation are ally smalll. It is interesting to note here that for the low-fin tubes A

also shown for comparison. Comparison of Figéh)7and 7(c) and B and the three-dimensional-fin tube E with secondary ma-

reveals that ther value for R134a is not affected so much 8y chining on the low fins, Nti increases slightly as Réncreases.

As expecteda is smaller for R407C than for R134a, with theThis indicates that the vapor phase resistance is reduced by the

difference being more significant for smallér The heat transfer mixing of bulk vapor by the falling condensate. AG

enhancement as compared to the Nugddlequation increases as =23 kg/nf s with the smallest vapor phase resistance* Na-

G andAT increases. AAT=5 K, the enhancement ratio for eachcreases with increasing ReAgain, the decrease is most signifi-

tube is in the range of 3.1 to 3.7 and 4.1 to 5.6t 4 and 23 cant for tube C. In Fig. 9, the previous results for R18Zhand

kg/mz s, respectively. ] the Nusselt equation are also shown for comparison. In the case of
Figures 8(a-e), respectively, show Nufor tubes A—E atG  R134a, the effect of is negligible for the low-fin tubes A and B.

=23kg/n? s plotted as a function of Revith AT as a parameter, For the three-dimensional-fin tubes C-E, on the other hand,

where Nd = a(v,zlg)l’3/)\, is the condensation number. Generincreases slightly a8 increases. As was the case of Fig. 7 without
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condensate inundation from the upper tubes, the differenee indecrease in the vapor phase resistance as a result of the combined
between R407C and R134a is more significant for sm&ler vapor shear and suction effects.

Figure 10(a)compares Nt for all tubes atG=8 kg/n? s and Figure 11 shows the vapor phase heat transfer coeffigigfr
AT=3 K. Tubes D and E show almost the same and highest Nuall tubes plotted as a function of Revith AT as a parameter.
whereas tubes A and B show almost the same and loweSt NUhree groups of data with different range of Re Fig. 11 corre-
(about 70 to 95% of tubes D and E depending or) REhe dif- spond to the cases &=8, 16 and 23 kg/ﬁ]s respectively. For
ference among the tubes is relatively large at small &el de- each group, the data with the largest,Rerrespond to the first
creases with increasing Reln Fig. 10(a), the results for R134arow through which the cooling water was passed and the other
[2] are also shown for comparison. At Rel(?, the value of N&i  data correspond to the lower condensing rows. Condensation pro-
for R407C ranges from 38 to 58% of that for R134a depending @eeds as Redecreases. Except for tube B, increases aaT
the tube. The decrease is most significant for tube E that shows thereases. This is due to the suction effect associated with conden-
highest N& for R134a. It is also seen that for R407C, the differsation. Similar results have been observed for the vapor-phase
ence in the Nti value among tubes A—E is reduced to about 50%nass transfer coefficient during condensation of R123/R134a in
of that for R134a. staggered bundles of horizontal low-fin tu§8s. For tube B with

Figure 10(b)shows similar comparison &=23kg/nts and the largest fin spacing, the effect AfT is not clear. This is in
AT=8 K. In this case, tubes D and E show almost the same aadcord with the results shown in Fig. 6, where thealue for tube
highest N for Re<2000, whereas tube A shows the highesB showed a much smaller dependence on the suction than the
Nu* for Rg>2000. The difference among the tubes is more sigpther tubes. In Fig. 11, the relation for single-phase heat transfer
nificant than the case of Fig. . It is also seen that the ratio of[7], «,<Re>°, is also shown for comparison. It is seen thatahe
Nu* relative to that for R134460 to 66% at Re=10° depending value for the first condensing row follows this relation fairly well.
on the tubejs larger than the case of Fig. 10(a). This is due to thElowever, the experimental data for lower condensing rows do not
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necessarily follow the above relation. It is also seen that, except 10* 10
for the data for tubes B and E atT=3 K, the «,, value for all Re,
tubes agrees fairly well with each other. This characteristics is
responsible for the fact that the difference in thé*Nalue among Fig. 11 Variation of a, with Re ,

the tubes is much smaller for R407C than for R18&ke Fig. 10).
It is relevant to compare the present results with the previous
results for R123/R134§3] condensing in a staggered bundle of
four types of low-fin tubes. In this study, the highestvas ob-
tained by tube G which had fin dimensions close to the optimufkcrease was most significant for tube C with pyramid-shape fins.

values obtained by the theoretical analysis of film condensation §f, ihe other hand. the low-fin tubes were little affected by the
R123 in a bundle of horizontal low-fin tubg®]. This tube c?ndensate inunda’tion.

sht?wgd t_hﬁ_va(ljge about 1‘3|7 and 1'h25 tim]t?s %S Iargegas tr(;at %'The a increased a6 increased. The increase was more signifi-
tube n\:zwt in dimensions close to those of tube and  cant for smaller Re The effect ofAT was considerably different
35 kg/nt s, respectively. The dimensions and close-up of tubesdg ending onG. While a increased with increasingT at G

and G are also shown in Table 1 and Fig. 3, respectively. As see . o ; =
from Fig. 6, the ratio of the condensate film resistance to the tota . kg/n?'s, it decreased with increasingT at G=23kg/nf s.

resistance is much greater for R407C than for R123/R134a. Thu is was due to the combined effects of vapor shear and vapor

it is probable that ther value at least 30% higher than that forSl?’Ction on the vapor phase mass transf(_er. FqrRE00, tube D
tube A will be obtained for R407C by a low-fin tube with opti-W'th saw-tooth-shape fins and tube E with secondary machining
mized fin dimensions. on the tip of low fins showed almost the same and highe§tor

Re>2000, on the other hand, the low-fin tube A showed the high-

esta. Comparison with previous results for R123/R134a indicated

) that thea value at least 30% higher than that for tube A is ob-
Conclusion tained by a low-fin tube with optimized fin geometry.

Row-by-row heat transfer data were obtained for condensationComparison with previous results for R134a revealed that
of R407C in a 3x15 staggered bundle of horizontal finned tubegas smaller for R407C, with the difference being more significant
Two kinds of low-fin tubes A and B and three kinds of threefor smallerG. This was due to the increase in the mass transfer
dimensional-fin tubes C—E were tested. All tubes were commégesistance in the vapor phase. By use of the experimental data for
cially available. Generally, the three-dimensional-fin tubel8134a,«, was obtained for condensation of R407C. Thewas
showed a higher than the low-fin tubes when the condensateorrelated fairly well as a function of Rand AT and its value
inundation rate was small. However, the three-dimensional-fimas fairly close to each other among tubes A—E. As a result, the
tubes were subject to a higher effect of condensate inundatidifference ina among tubes A—E was less significant for R407C
than the low-fin tubes and decreased with increasing Rérhe than for R134a.
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Q = heat transfer ratéw)
Q, = heat loss from cooling water tubing between inlet aniReferences
exit mixing chambersWw) [1] Gabrielii, C., and Vamling, L., 1997, “Replacement of R22 in Tube-and-Shell
Qi = sum of heat losses from evaporator, vapor duct and Condensers: Experiments and Simulations,” Int. J. Ref@l§,, pp. 165-178.
test sectionW) [2] Honda, H., Takata, N., Takamatsu, H., Kim, J. S., and Usami, K., 2002, “Con-
_ ; 2 densation of Downward Flowing HFC134a in a Staggered Bundle of Horizon-
q average heat flux Qf a horizontal ro(\W/m ) tal Finned Tubes: Effect of Fin Geometry,” Int. J. Refrig5, pp. 3—-10.
R = result of a calculation based on a number of measuresj Honda, H., Takamatsu, H., and Takata, N., 1999, “Experimental Measure-
ments ments for Condensation of Downward-Flowing R123/R134a in a Staggered
Re = film Reynolds number based on gravity drained flow Bundle of Horizontal Low-Finned Tubes with Four Fin Geometries,” Int. J.
model Refrig., 22, pp. 615-624.
[4] Nusselt, W., 1916, “Die Oberftzhenkondensation des Wasser-dampflZg;t.

Re, = vapor Reynolds numbeu,d/v, Ver. Deut. Ing. 60, pp. 541—546, 569—575.

SX = precision index of the mean o; [5] McLinden, M. O., Klein, S. A., Lemmon, E. W., and Peskin, A. P., 1998, NIST
T. = cooling water temperatur@) Thermodynamic and Transport Properties of Refrigerants and Refrigerant
TE = hot water temperaturé) Mixtures—REFPROP, Version 6.0, National Institute of Standards and Tech-

L . nology.
T = \(ap_or-llqwd interfacial temperatur) [6] Moffat, R. J., 1989, “Describing Uncertainties in Experimental Results,” Exp.
T, = liquid temperatureK) Therm. Fluid Sci..1, pp. 3-17.
Te = Saturation temperatur@) [7] Zukauskas, A., 1972, “Heat Transfer from Tubes in Crossflow,” Adv. Heat

T, = vapor temperaturéK)
mean tube wall temperature at fin root for a horizon-
tal row (K)

660 / Vol. 125, AUGUST 2003

Transfer,8, pp. 93—160.

[8] Honda, H., and Kim, K. H., 1995, “Effect of Fin Geometry on the Condensa-
tion Heat Transfer Performance of a Bundle of Horizontal Low-Fin Tubes,” J.
Enhanced Heat Transfe2, pp. 139-147.

Transactions of the ASME

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Melting of a Wire Anode Followed
by Solidification: A Three-Phase
s.s.sipada | NIOVINQ Interface Problem

Ira M. Cohen A fine metallic wire electrode is heated from below (by an electric discharge) causing

melting and roll-up into a ball by surface tension. After the heating is terminated, a

P. S. Avvaswamv solidification front progresses through the melt until a solid ball is formed and cooled to

) o ambient conditions. In this paper we numerically simulate the heating, melt motion and

Department of Mechanical Engineering and roll up and subsequent cooling and solidification. This is a three-phase problem (solid,
~ Applied Mechanics, liquid, and the ambient medium—plasma/gas) with two simultaneously moving phase

University of Pennsylvania, interfaces, the outer one tracked by orthogonal grid generation conformal with the evolv-

Philadelphia, PA 19104-6315 ing boundary surface at each time interval. A novel observation in this study is that the

wire end first drops until the melt radius equals the wire radius and then it begins to roll
up into a ball consuming the wire. In other words, the inter-electrode gap first reduces
and subsequently increases during an electronic flame off (EFO) discharge heating/phase-
change process[DOI: 10.1115/1.1576811

Keywords: Heat Transfer, Melting, Multi-Phase, Solidification, Surface Tension

1 Introduction problems have been described[B)], and modern mathematical
odeling of melting, solidification, and freezing processes has
gen presented if6] and[7]. The steady state free-surface track-

g problem in an orthogonal coordinate system has been ana-
zed using a finite difference solution of the stream-function-
vorticity formulation for the Navier-Stokes equation [i@]. The

(anode). The liquid metal surface tension causes the molten mé{apteady version of this method has been presente@9]n

to roll up into a ball whereupon the discharge is terminated arjdy9vaason and co-workergl0,11] have described a front-
the melt cools and solidifies. The ball so formed is pressed doW&cking method for multiphase flow and dendritic solidification.
on a bond pad of a chip with some heat and ultrasonic power toVith regard to phase-change problems, both finite difference
form a ball bond. methods[12,13]and finite element method44] have been ap-

It is important to be able to numerically simulate this process #Jied to obtain solutions of phase-change problems with a moving
aid in optimization. The development of the discharge from tH@terfac_e._ Structured and unstructured meshes with a comp_atlble
high voltage pre-breakdown through the ionization avalanche af@t of finite volume procedures have also been employdd]in
current growth to stabilization and steady state aspects of tf8d[15]. Atime variant mesh or a fixed-mesh approach have been
problem has been treated by Qin et[dl]. Here we concentrate Used. In the time-variant mesh method d#], the mesh is regen-
on the heat transfer to the anode, phase-change, melt motion, &ffed at each time step to account for the moving phase-change
then cooling and solidification. This is a transient three-pha#@terface. In the fixed mesh method [f6], the latent heat of
problem and the motion of the phase boundaries is of particulgsion is usually absorbed into the material's specific heat
interest because concentricity, sphericity, and solidity of the bagquivalent specific heat modar enthalpy(enthalpy model), but
formed are all factors in the quality of the ball bond. this introduces a severe nonlinearity in the material property. The

The governing fluid and transport equations are solved numeeithalpy method, proposed|iti7], treats the enthalpy as an addi-
cally in an orthogonally discretized domain. A heat capacitjonal variable. The equivalent specific heat model[t2] and
method is used to account for phase-change at the melting ad8]superimposes the latent heat effect on the specific heat of the
solidifying interfaces. Special procedures are adopted to accosystem over a small temperature intervalX®2) which acts as a
for the moving free-surface of the ball. These include regeneratioange of temperature over which the phase-transition takes place.
of the grid at each time instant. At all instants a bounding coordThis introduces a severe nonlinearity in the specific heat and the
nate line coincides with the mobile free-surface. Results includdoice of AT becomes crucial for convergence and prevention of
the melt shape evolution in time and the temperature distributiescillatory solutions. An effective algorithm that is insensitive to
in the anode. A similar methodology is applied to study the solidthe choice ofAT has been presented [ihi6] which is the method
fication of the molten ball once the discharge is terminated. Rehosen for this study. For the problem of anode melting and mo-
sults presented include the temperature distribution, and the lotan of the free surface, we have chosen a Lagrangian method

In the assembly of microelectronic chips, the most reliabl
means to connect the circuitry in the chip to terminals that conn
with an external device is by a process in which a low ener
plasma dischargé&called an electronic flame off or EF@s used
to heat and melt the end of a very fii@5 um diameter)wire

tion of the moving phase-change interface. since explicit tracking of the moving interface between the arc and
) ) melt is desired. On the other hand, an Eulerian method is used to
2 Literature Review simulate the moving phase-change interface between the melt and

A comprehensive review of early free-surface flow modelin]!® solid regions. This latter choice of an Eulerian method for the
has been provided by Yeurig]. More recent studies have bee elt line was crucial to the success of the numerical algorithm. An

presented ifi3] and[4]. Numerical methods for moving boundary28mpt at a solution with a Lagrangian approach for the melting
was made in the course of the development of this research. Apart

Contributed by the Heat Transfer Division for publication in th®URNAL OF f.rom pl_’OthItlve cost Of. the computation in terms .Of computa-
HEAT TRANSFER Manuscript received by the Heat Transfer Division May 22, 2002',“0“al time (32 MFLOP_ increase from 48 MFLOPs in a sample
revision received February 25, 2003. Associate Editor: V. P. Carey. run), the overall algorithm was stable only for a very narrow
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choice of convergence parameters in the various iterative proag?® smaller than the exemplar problems cited. It is seen that the
dures and for simple geometries. Here, 1 MFL=&P million inclusion of Marangoni force in our problem would at best intro-
floating point operations. Since the full problem consisted of timeluce a 1% correction to our results. This is the justification for the
dependent geometry, the Lagrangian approach for melting wasglect of the surface tension gradient force in our formulation.
abandoned in favor of the Eulerian approach. The velocity field is determined purely by the interaction be-
Referenceq13] and [18] have described both a simplifiedtween surface tensiof) and viscosity ) of the fluid. The
model and experiments for the transient heating of a thin wiegpropriate velocity scale is, then, the ratiti. Thus the time
causing the tip to melt, roll-up of the melt, and subsequent solidicale becomesdi/o, and the pressure scale iso?/u?. The
fication on termination of the arc. The shape of the melt isondimensional equations governing the motion of the melt be-
analytically/numerically determined assuming equilibrium baseghme:
on minimum energy principles. A constant heat flux from the arc
is assumed and is an input parameter for the simulation of the
melting process. The fluid in the melt is assumed static and the
temperature field in the melt is determined by solving the transient . o .
energy equation in a body-fitted coordinate system accounting ffréu andp are respectively the velocity field and pressure in the
phase-change. The domain is remeshed at each time step. CBILL respectively. The Ohnesorge numitgh=pu/(pod)™, rep-
parisons with scaled-up experimental results are presented. TReeNts the ratio of the viscous forces to those due to surface
experimental results included high-speed motion pictures of tignsion[20]. The flow field in the melt has to satisfy tgnamic
melting process for large length-scale and time-scale experimer@gStress-free boundary conditions at the free surface:
(It is very difficult to conduct experiments at the true length scale
that also yield transient temperature daResults forequilibrium NN+ (p—po)to| 5+ =
shape calculations of the free surface indicate a very small influ- Ri Ry
ence of gravity and Marangoni, i.e, surface tension gradient, @fere, 7, is the viscous stress tensor in the mplt; p, is the static
fects. On this basis, Marangoni effects are assumed to be neg}iessure in the melt in excess of the ambient press&g,R,)
gible in this study. A more detailed explanation for the negelect @fe the principal radii of curvature of the free surfaneis the
surface tension gradients in the formulation is included in the nepgfcal surface normal vector, andis the local surface tangent

au
V.-u=0, §?+U-Vw:—Vp+CNFV2u (4)

=0, m:nt=0. (5)

section. vector. The free surface is also subject to the kinematic boundary
condition,
3 Theor
y DR,
3.1 Anode Melting and Surface Evolution. For applica- Dt :u|R:Rs' ®

tions of interest in microelectronic packaging, the typical wire _ . o _ -

diameter(the appropriate length scales d=25.4um, and with WhereD_/Dt is the material derlvatlveRs_ls the position vector of
gold wire in air, the Etvos number EoApgd¥/oc~9x10°5, any point on_the free surfa}ce. A; the interface t_)etween the melt
where Ap, g, ando are the density difference between the tw@nd solid regions, the flow is subject to the no-slip boundary con-
media, gravitational acceleration, and surface tension, respgéion, u-t=0 and the normal velocity condition for a melt-solid
tively. This indicates that gravity has a negligible effect on théterface given by Eq(10) below. o

process compared to surface tension, and it is surface tensioftS noted in[21], the fluid dynamics of the melt is inherently
which is the prime cause for motion of the molten layer. AlthougReupled to the heat transfer because the fluid volume depends on
surface tension forces are important, surface tension gradient &€ heat flux from the arc at the free surface. This volume in-
fects are negligible in this problem. Very briefly, this has to d&§'€@ses in time as more of the anode becomes molten. As the free

with the extremely small radii of curvature that arisere radius Surface moves, i.e., the anode deforms, and the gap between the
~13 um) and very short times for the proceéisall formation €lectrodes is modified which affects the arc. Thus the arc problem
time ~1 msec)as compared with typical problems in which Ma-2ecomes coupled to the fluid dynamics and transport of the melt.
rangoni forces play a role. The ratio of surface tension gradieﬁhus the free surface represents an interface that involves a com-

force to surface tension force may be estimated as: plex interaction between the arc on one side and the fluid dynam-
ics and heat transfer in the melt side. The heat transfer in the melt
do\(dT is governed by
—|| 5= |2mr?
ar/ dr =0.01 for gold 1 al
2mrg 0L forgold W (pO)| 2 +U-VT | =V (¥ T), @)
where,

whereT is the temperature, ardand « are the specific heat and
do . N N thermal conductivity, respectively. The subscriptefers to the
(ﬁ) =052x10" %, o=1.14_, and AT~20°, liquid phase. The energy equation is subject to a heat flux bound-
@) ary condition at the free surface:

over a distance of the wire radiyswice the computed resuilt —xVT-n=gc+0g,—d., (8

Viscous forces are a factor of 10 smaller and gravitational forc@\ff]ere,qc+qn is the energy flux from the electronic flame off
are a factor of 1®smaller. In this context, reference may be mad FO) as discussed ifi21,22], andg, is the thermal loss by ra-

to the study of Liu et alf19] as an example of the importance ofgiation and natural convection from the free surface.
thermocapillary forces in driving flows and in phase change. The | [23], we present an analysis for the steady state EFO respon-

thermal Marangoni number is defined there by: sible for heating and melting the wire anode. The results in terms
do d of representative charged particle and electron temperature distri-
—AT= butions along the wirdsymmetry)axis as well as the resultant
_ aT = 2 heat flux to the wire are provided therein.
Ma = and , 3) . . .
na The heat transfer in the melt is coupled to the energy equation
in the solid phase through the conditions at the solid-liquid inter-

in all cases discussed in R¢19], Ma~1500 or greater. Using the
properties of gold wire as above wiflh=5.13x10"3kg/ms and
a=0.404x10"*m?/s, for our problem, Ma=0.7 or a factor of T=T=Tm, —kVTsn+iVT-n=p\(u—u)-n, (9)

face:
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pi(U—U)-n=pg(Us—u;) - N, (10) The orthogonal grid generation meth(xt:e[z_l] for detail_s)is
. . . used to discretize the evolving anode domain at each instant of
where subscrips refers to the solid phasen refers to meltingn  me . An important consideration in the grid generation process is
is the local surface normal vector at the phase-change inteacgne effect of the sharp corners in a cylindrical anode. A real anode
is the latent heat of fusion, ang is the velocity of the moving siarts with a hooked, jagged edge. In this study, a finite radius of
phase-change interface. The energy equations are also goverigdature equal to 0.1 wire diameters is assumed at the end face of
by the initial and boundary conditions of the phase-change pro cylindrical anode in a plane perpendicular to the curved sur-

lem. The boundary conditions for the solid region include 10SSggce of the cylinder. With this assumption, the problem of genera-
due to radiation and natural convection to the ambient from tlf%n of an orthogonal grid becomes tractable.

Iate_ral surfaces of the anode. The temperature boundary conditioR-he Navier-Stokes equation and the energy equation are trans-
(T=T..) applies at the far end of the anode. formed from the axisymmetric physical domain to a rectangular
3.2 Solidification of the Melt. With the arc extinguished, computational domain. A solution of the nonlinear coupled cova-

the anode loses heat by conduction along its axis and by radiatlé#nt Laplace equatior{24,25]with the prescribed domain coor-
and natural convection from its surfaces. dinates as boundary conditions provides the required mapping of

The velocity field is assumed to be zero in the solid region. [f#€ Physical domain O_f our wire-plane problem to a rectangular
the melt and the solid wire, the temperature field is governed §§mputational domain:

the equations: g o\ a(1oar 0 d faz d (1 9z o
Ton\Tag) ™ G\ GE) T iy T am) T

FrARY:
R=R,, at =0, £€[0,1], R=R;, aty=1, £€[0,]]

aT
(pC)s 7 =V (ksVT),  (pC)y

JaT

E+U~VT) =V-(kVT),
(11)

These two equations are coupled through conditions at the solid®=Ri, at =0, £[0,1], R=R,, at{=1, »<[0,],

liquid _mterface which Were given earlier in Eq’?'). and(l_O). _The whereR(r,z) is the position vector in ther(z) coordinate sys-

equat!ons are also subject to boundary conditionscylindrical tem, and the subscripts t, |, r denote the bottom, top, left, and

coordinates): right domain boundaries, respectivelyis the “distortion” func-

Along the end face of the cylinder @r<d/2,z=1,): tion of the scaling factors, defined as the rdtigh,, in the (&,7)
T=T, coordinate system. Here,

At the ball surface and curved surface of the cylinde@=Ry): ar\? [9z\? or\? [az\?
4 —a =NOu= {5z Tz 0 he=V92= V|5 tloo )
—kVT-n=h(T-T.)+se(T*~T%) § £ 7 7
At the axis of symmetryi(=0,0<z<l,,): whereg,; andgy, are the diagonal components of the covariant
metric tensor. As the distortion functidninvolves derivatives of
VT-n=0. both the unknown mapping functions(§, ),z(£, 7)), the grid

The last condition is just the analyticity boundary condition at th@€neration equations are highly nonlinear and coupled. A finite

singular point of the axisymmetric coordinate system. All the di*0!ume method and a power-law scheiiz6] are used to dis-

mensions are input parameters in the simulation. In the abiove, Crétize the governing equations. Due to the strong nonlinearities,
is the ambient temperaturk,is the convective heat transfer coef-20 itérative algorithm is used for solution. At a given iteration
ficient, € is the emissivity of the material surface, ands the |€vel, a low relative error tolerance of 10 is used. A robust
Stefan-Boltzmann constant. The lateral surfaces are taken to [§3dtigrid solver, MGD9V[27,28]is used to solve the nominally
heat by radiation and convection, while the end face of the cyliiD®ar equations. The grid error is monitored via the Maximum
der is considered to be at ambient temperature. In the convecti@viation from OrthogonalityMDO) defined as

boundary condition, the position vect®; is used to denote the MDO=max|90°— 6, |), where

anode surface wherein lies the geometric difficulty. The boundary R

condition cannot be prescribed in a simple fashion in the axisym- [ 912 ar dr  dz 9z

metric cylindrical coordinate system. This necessitates the genera- ¢=cos hh.l and 912:(?—5 % + % %

tion of an orthogonal boundary conforming grid systé&see[21] (s

for details). Here, g4, is the off-diagonal component of the covariant metric

The initial conditions applicable for the above set are those th&nsor and, ; is the angle between theand » grid line at a grid
exist at the instant the arc is extinguished and the anode cedégationR(r;,z).
melting. The numerical accuracy of the computer programs is tested by
The governing equations are nondimensionalized by the wiggid generation for simple geometries like an annular sector in a
diameterd as the length scald,, as the temperature scale, andbolar coordinate system. In all cases the grid obtained gave an
d?/ a=d?*(pc)../x. as the time scale. The variable propertieDO=<0.5°. For example, for a 4441 grid generated using this
(pc) and « are nondimensionalized by¢).. and «.., respec- method, MDO=0.85° and this represents an orthogonality error of
tively. +0.94% apart from the standard discretization error resulting
This is a two region problem and is nonlinear, in general, due fepm the use of central differences to represent first order deriva-
the presence of the unknown location of the moving interface fives in the partial differential equations. This error G§A £%)
the interfacial conditions. Except for simple cases, only numericad10™ 4.
solutions of the problem exist for most practical applications. The iterative Semi-Implicit Pressure Linked Equation Revised
Next, we describe the numerical methodology to solve the fréBIMPLER) algorithm of [26] is used to solve the momentum
surface, melting and solidification problems using modern corequation(see also the extension to orthogonal coordinat¢29t,

putational techniques. to general curvilinear coordinates j80,31], and to binary sys-
tems in[32]). The procedure employs a staggered grid where all
4 Numerical Methodology the dependent variables except velocities are located at centers of

the finite volumegdiscretization units The velocities are located
4.1 Numerical Methodology for Anode Evolution. The at grid points that lie on the control volume faces. This staggered
anode tip melts and rolls up due to surface tension as more ardgangement prevents pressure oscillations in the numerical solu-
more energy is deposited at the anode surface by the plasma.tion. The algorithm couples the continuity equation with the mo-
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mentum equation and iteratively obtains the correct velocity amgproach. The velocity field is set to zero in the solid phase. In the
pressure fields such that mass conservation is strictly satisfiednumerical solution, the Dirac delta function in Ed3) is replaced
For the interface motion, primitive variables are used in thiey a finite delta function with a large specific heat value over a
solution of the momentum equation. An explicit implementatiosmall temperature interval 2T across the fusion temperature. In
of the kinematic boundary condition of E¢) is used to advance the algorithm proposed if16], nodal temperature values are used
the free surface at each time step. to calculate the property at any given location, and an effective
As mentioned earlier, the heat flux boundary condition at thepecific heat is calculated as an average of the influence of all the
free surface(see equatior{8)) couples the plasma model to theneighboring nodal temperatures. This eliminates the dependence
model for the energy and flow of the melting anode. To model thif the convergence process on the choiceAdf. The reduced
coupling and the free surface accurately, strict enforcement of theergy equation is numerically solved in a geometrically irregular
space conservation laygee[33]) is essential. The space conserdomain consisting of a molten ball at the end of a long cylinder of
vation law essentially is a continuity equation for zero fluid vediameterd.
locity in moving volumes. An integral statement of the space con- The unsteady heat transfer problem is defined in an axisymmet-
servation law is: ric domain while the&,7) grid system is two-dimensional. There-
fore the equations are first written in the,£) coordinate system
E dV=f Un-dA (12) and then transformed to the computation&,») domain. This
Dt J A preserves the axisymmetric nature of the original problem. A finite
] ) ] ] ) volume method and the power law schef@é] for convection-
It simply states that a moving material volume is confined by igiffusion equations is employed to discretize the unsteady energy
bounding surfaces moving at velocity, such that they always equation. The system of discretized equations at each time step is
enclose the same material volume. Although this may seems@lved iteratively using the multigrid solver MGD9V. At the end
belabored point, the inexact nature of computational modeling gf each iteration, the temperature is used to update the properties.
the physics of fluid mechanics necessitates an explicit statemefe Neumann boundary conditions are implemented by artificial
of this constraint. For example, in a numerical implementation @firichlet conditions in the numerical procedure that are updated
integral conservation laws, the integrations are approximated Biter each iteration to simulate Neumann conditions. In a con-
assuming velocities at discrete points to be prevailing over @rged solution, this results in a correct implementation of the
entire cell surface of the finite volume. This approximation caReumann conditions.
lead to errors that propagate and accumulate to significant valuegshe overall simulations were made on a 800 MHz Pentium 3
in a moving boundary problem although they are acceptable pocessor with 512 MB RAM Dell Optiplex GX300 highend PC
fixed boundary problems. These errors accumulate as Mag® took about 0.25 hours for a typical run. Simulations for a
sources or sinks and can significantly affect the accuracy, convgsriety of additional caseot discussed heyavere made using
gence and stability of the numerical algorithm. Here, it is noteghe pittsburgh Supercomputer facility.
that the space conservation law need not be considered for moving
control volumes if only one set of coordinate lines is moviagy.,
vaporization of a fuel droplgr when grid velocities are equal at5 Results and Discussion
opposite sides of the control volume. o ) . e
With regard to the phase-change interface, the equivalent heaMultigrid based simulations were made for solidification of a
capacity method of16]is used(see below), and this successfullyMolten gold ball pendent at the end of a long slender gold cylinder
avoids grid instabilities that usually arise while explicitly tracking(W're)' _Parameters used _for the simulation were: wire diarméter
two interfaces. It may be noted that the explicit tracking of twg L Mil=25.4 um, a wire lengthl,=30d, and molten ball
interfaces(one for the free surface and one for the phase-chanffﬁd'uszo'nd The melting temperature of gold #§,=1336 K.
as required in the present formulatida a challenging numerical 1€ temperature baniiT in the approximation of the Dirac delta

problem and exhaustive numerical experimentation for the ite;%_nction is taken to be 1 K. Even with the choice of 2 K T,

tive relaxation parameters is required in order to obtain satisf e results were found to be insensitiveAd. All physical prop-
torily convergent solutions.

4.2 Numerical Modeling of Solidification. Following the

procedure described ifL6], the two-region solidification is re- Orthogonal Grid System Detail
duced to a one region problem with a jump in the specific heat
over a temperature interval 2T around the melting point for the 14
material. 13
It has been showfil2]that if the heat capacity per unit volume 12
(pc) is defined as 1'1
(pC)s, if T<Tq, 1 5§=
A A
pc=1 PNO(T—Tp), (13) 0.9 §5§§5_
(pC), it T>T z 08 SsSSSss
’ m 07 SSSSSeSSmE
and SSSSLSSSa
06 sSSP SSSSSS
. eSS
Koy if T<Tp, 05 eSS SS
o= i 04 SHSSSSSSS,
ki 0 T>Tn, 03 'w
. . . . -, ’ AL
then, the Eqs(11) along with the interfacial coupling conditions 02 WW
in equationg9)—(10) may be reduced to: 04 Wi",;ff:,;:'o:o‘%"“
oT OB I R |-
pc E+u-VT =V («VT). (14) 0 ; 0.5 1

In Eqg. (13), é is the Dirac delta function. The reduction of therig. 1 (£ 1) grid system detail: all lengths normalized by wire
system to one energy equation allows for the use of a fixed grichmeter
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Fig. 2 Evolution of the free surface of the anode during melting: (a) Free sur-

face at t*=2.53, (b) Free surface at t*=4.69, (c) Free surface at t*=9.56, (d)
Free surface at t*=18.8, (e) Free surface at t*=28.3, and (f) Free surface at
t*=45.2. Arrow denotes location of solid-liquid interface.

erties were from interpolations of handbook data for g@d— tical so the evolution of the free surface can be seen. In Fa, 2
36]. The ambient reference temperaturd js=300 K. the anode tip has just begun melting. The instant is that when the
Figure 1 illustrates an enlarged view for a>680 orthogonal anode tip has a radius of curvature of 10 wire diameters. Due to
grid in the vicinity of the anode tip at an instant when the wire tighe sharp corners of the anode, the heat flux in the anode is maxi-
is the segment of a sphere of diameterdl.®or the grid pre- mum at those points during the breakdown. The anode begins
sented, MDO=0.793° which represents an orthogonality error afelting at the periphery of the bottom. The corners are noted to
+0.88% apart from the standard discretization error resultinget dulled soon after the initiation of the discharge but only sub-
from the use of central differences to represent first order derivéequent to the establishment of about 93% of the steady state
tives in the partial differential equations after one integration oveirrent. The molten liquid from these corners starts creeping to-
each control volume. This error B(A¢%,A %) ~10 4. ward the axis as melting progresses inward towards the axis.
Figure 2 displays a series of figures showing the evolution @hus, the initial melting acts to transfer material from the periph-
the melting anode free surface as the discharge progresses algiygof the anode tip toward the center. This creates a dip in the
with the variation in temperature shown by the color maps. Reghode tip due to the surface tension induced bulge. Thus, the arc
indicates the hottest region and blue indicates the coldest tempeyap reduces as the anode starts to melt. This reduction in the arc
ture. The timet has been normalized by 9.%80 ®seconds gap increases the heat flux from the plasma. As melting
yielding a nondimensional timg . The lengths are all normalized progresses, more of the anode melts and the radius of curvature of
by 1 wire diameter. The ranges of the axes in each plot are idehe free surface keeps decreasing in time to support the growing
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mass of molten liquid. Surface tension acts to support the liquid Isotherms at time 1= 200
once the elastic tension, otherwise present in the solid phase, is
lost due to phase change.

In Fig. 2(b), the free surface has a radius of curvature equal to
1 wire diameter. As more of the melt material flows towards the
center, the tip bulges further down. The rate of reduction of the
gap increases significantly for radii of curvature less than 1 wire
diameter. In Fig. 2(c), the radius of curvature of the tip is 0.75 "
wire diameters, and the interelectrode gap is reduced by about 0.1 interface
wire diameters. In Fig. @), the radius of curvature is 0.5 wire oal \
diameters, i.e., equal to the wire radius. This is the minimum “u
radius of curvature for the anode tip. This is also the instant of 06 -
time when the anode tip stops descending into the interelectrode
gap. The maximum reduction in the inter-electrode gap equals 04 -
0.17 diameters.

We note the surprising feature that the interelectrode gap first 02k
reduces and subsequently increases during an EFO discharge.

Any subsequent melting leads to an increase in the gap. This 0k L L
can be explained by mass conservation and geometry. For the . i V5
large radii of curvature, the volume of molten material is small.
The volume of material in the pendent molten region is the spheFiig. 3 Isotherms at t*=200. Nondimensional temperature ~ T*
cal cap volume. This volume is the difference between the volunsel/ T.. .
of the segment of a sphere and the cone with its base being the
edge of the solid wire and its apex being the center of the imagi-
nary sphere. As the radius of curvature decreases to support the
weight of new molten material, the volume enclosed within thtgmperature. We have also investigated the position of the phase-
spherical segment decreases as the third power of the radius if ¢h@nge interface at different times during this simulation. The
solid angle of the spherical segment were to remain constant.S@lidification progresses from the “neckjoint between the melt
order to accommodate the new material, the solid angle must t@-the solid regioh downwards and towards the axis of symmetry
crease. Moreover, the center of the imaginary Sphere moves ddﬁf‘her than from the outside inwards. For the fine wire discussed
along the axis due to the reduction in the radius of curvaturBere, conduction through the gold is a far larger effect than cool-
These factors result in the dip into the inter-electrode gap. Whé#g by conduction, convection, or radiation from the ball surface.
the radius of curvature equals the wire radius, the molten regionligese observations are also supported in our large scale experi-
a hemisphere, i.e., the solid angle is &teradians. The center of mental studie$37] for this configuration where heat conduction is
the imaginary sphere is at the edge of the straight solid cylindrid@und to be the primary mode of heat dissipation from the molten
region. Any molten material added to the pendent region caudl- The very large thermal conductivity of gold is an advantage
an increase in the radius of curvature which implies a cubic iff? bonding becau;e if solldlflpatlon occurred from the outside in-
crease in the volume of the melt region if the solid angle were ¥Wards, then a shrinkage void of about 10% by volume would
remain 2r steradians. The cone now flips through itself and th@ccur in the center of the ball. Such a void would have a radius of
solid angle decreases as the center of the imaginary sphere mdiut 47% of the outer radius of the ball and would severely
from the solid region into the melt region. A much longer portiofompromise the bond. Thus the calculag_on of solldlflca_thn_must
of the cylindrical solid region melts for each unit increase in thBe done very carefully to assess and mitigate the possibilities for
radius of curvature. These factors now contribute toward an ascéffinkage void formation. This we have done as described in de-
of the melt region and the inter-electrode gap begins to increasd@s above. With solidification that proceeds from the neck down-
shown in Fig. 2(e). Due to the cubic dependence of volume on t§@'ds and towards of the axis of symmetry, the void migrates
radius of curvature, each unit increase in radius of curvature @wnwards until it is ejected from the bottom of the ball as the
sults in a larger ascent of the melt region. This increase in the g&gt Of the melt solidifies and contrad®1].
persists until termination of the discharge. In Figf) 2the anode
tip is shown at the instant of the termination of discharge when the
radius of curvature becomd®* =0.75 or 1.5 times the wire ra- 6 Conclusions

dius. The time instant is* = 45.2 which is equivalent to 0.41 ms.  The heat transfer from an EFO discharge to the anode causes it
Once the radius of curvature reaches the minimum of 0.5 Wifg melt and roll up due to surface tension into a pendent ball at the
diameters, the rate of change in radius of curvature drasticaf|y; of the anode. The theory for the melting and for the motion of
decreases because for a unit change in radius, much more mo{gnfree surface of the melt has been presented. A discussion of
material must be melted. Moreover, as the interelectrode gap rrrent numerical techniques and the numerical methodology for a
creases, the magnitude of heat flux from the arc starts decreasijgiulation of the melting, free surface motion and solidification
and thus more time is required to melt a unit volume of materighrocess(once the EFO discharge is extinguishéws been pre-
The liquid thermal diffusivity is less than the solid, therefore agsented. All of the numerical methodology is based on finite vol-
the thickness of the liquid layer increases, the thermal resistang@e discretization of the governing equations and a multigrid it-
in the wire increases. This also contributes in the increase of thgative solver. Results for simulations of the anode melting and
time period to melt a unit volume of solid wire. solidification are presented. It has been shown for the first time,

The interelectrode gap increases by 0.856 diameters by the et during the EFO discharge, the inter-electrode gap first reduces
of the discharge. In the above discussion, the volume changes &fi@ then increases. The minimum gap is at the instant when the
further exaggerated due to volumetric contraction on melting. radius of curvature of the anode tip equals the wire radius.

The isotherms in the vicinity of the anode tip region after 400 Thermal characteristics such as those presented above are very
nondimensional time steps 6f* =0.5, ort* =200, subsequent to important in determining the optimal conditions to generate
termination of the discharge are shown in Fig. 3. For the choice ifood” balls for bonding. It is possible to avoid distributed po-
parameters, it takes 13 ms for the domain to attain steady statsity and void formation in the ball by systematically understand-
which numerically corresponds to about within 1% of the ambieimig the thermal behavior of the material during this process.

T e = 361

T = 44533 =T,
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Nomenclature

A
c
d
Eo
f

g
h

X, Y,z

area of cross-section, surface afe®)
specific heat capacit{d/kgK)

wire diameter(m)

Eotvos number & gApd?/ o)

distortion function of the scaling factors
acceleration due to gravitym/s), components of

covariant tensofwhen subscripted

convective heat transfer coefficiefW/m?K), scal-

ing factors(when subscripted

wire segment lengtlim)

Marangoni number

normal vector

Ohnesorge numberu Jpod)
pressurgPa)

heat flux(Watts/nf)

radial coordinate

position vector

principal radii of surface curvaturen)
time (s).

unit vector tangent to the melt surface
temperatureK)

velocity vector

volume (m°)

spatial coordinates

Greek Symbols

o
5
AT
Ap

&m,

9N TSR >x o3I

Subscripts

b
c
e

5
D —-

B8O =353 —

thermal diffusivity (m?/s)
Dirac-delta function

temperature interval

density difference

emissivity

curvilinear coordinate

polar angle

thermal conductivity(W/mK)
latent heat of meltingJ/kg)
dynamic viscosity of fluidkg/m s)
axisymmetric body-fitted coordinates
density (kg/m®)

surface tensioiN/m)
Stefan-Boltzmann constant
stress tensor

bottom
conductive
electron

jon, ionization
inelastic

liquid phase, left
melting

surface normal
right

at the surface, solid phase
top

wire

at initial time
far-field
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Heat Transfer Coefficients on the
Squealer Tip and Near Squealer
Tip Regions of a Gas Turbine
Blade

Jae Su Kwak
Postdoctoral Research Assoc. Detailed heat transfer coefficient distributions on a squealer tip of a gas turbine blade
. were measured using a hue detection based transient liquid crystals technique. The heat
Je-Chin Han transfer coefficients on the shroud and near tip regions of the pressure and suction sides
M. C. Easterling Endowed Chair of a blade were also measured. Tests were performed on a five-bladed linear cascade with
a blow-down facility. The blade was a two-dimensional model of a first stage gas turbine
Turbine Heat Transfer Laboratory, rotor blade with a profile of aGE-E® aircraft gas turbine engine rotor blade. The
Department of Mechanical Engineering, Reynolds number based on the cascade exit velocity and axial chord length of a blade was
Texas A&M University, 1.1x10° and the total turning angle of the blade was 97.7 deg. The overall pressure ratio
College Station, TX 77843-3123 was 1.2 and the inlet and exit Mach number were 0.25 and 0.59, respectively. The turbu-
e-mail: jchan@mengr.tamu edu lence intensity level at the cascade inlet was 9.7 percent. The heat transfer measurements
were taken at the three different tip gap clearances of 1.0 percent, 1.5 percent, and 2.5
percent of blade span. Results showed that the overall heat transfer coefficients on the
squealer tip were higher than that on the shroud surface and the near tip regions of the
pressure and suction sides. Results also showed that the heat transfer coefficients on the
squealer tip and its shroud were lower than that on the plane tip and shroud. However, the
reductions of heat transfer coefficients near the tip regions of the pressure and suction
sides were not remarkable[DOI: 10.1115/1.1571849
Keywords: Convection, Cooling, Heat Transfer, Measurement Techniques, Rotating,
Turbines
Introduction plane and squealer tips in a linear cascade and concluded that the

The inlet temperature of gas turbines has been increased"i#f of a sq_ugaler tip, espe(_:ially a suction-_side squc_ealer tip, was
order to increase power output and efficiency. This has resultedPreé beneficial than a flat tip. Yang and Dillg5] studied local
increased heat load on turbine components. The blade tip is ond'6ft transfer coefficients on a turbine blade tip model with a re-
the most critical regions because of the high heat load causeddgpsed cavitysquealer tipin a stationary linear cascade. Based
hot leakage flow through the tip gap. For tlogating blade, there on the measurement at a single point on the cavity floor, they
is a gap between the blade tip and shroud, and flow leaks througiported that the convection coefficients were insensitive to the tip
the gap due to the pressure difference between the blade’s pigap height. Ameri et al.6] computed the flow and heat transfer
sure side and suction side. This hot leakage flow is the majenh the squealer tip of a GEZHirst stage gas turbine blade. They
cause of blade tip failures. ~ observed higher heat transfer in the bottom of the cavity, and the

To reduce the leakage flow and heat transfer on the tip, th@at transfer on the pressure-side rim was comparable to the plane
blades of modern gas turbines are typically grooved chord-wigg case but was higher on the suction-side rim. They concluded
and are called squealer tip blades. The groove acts as a labyr the large heat transfer in the bottom of the cavity was due to
seal to increase f|OW resistance and thus red_uces leakage flow_ impingement containing hot gas. Dunn and Halderfizh
heat transfer. Detailed turbine heat transfer issues and associate .

meéasured time averaged heat flux at a rece¢sgdealer)blade

cooling technology are described by Han et[l. . i . ) .
In open literature, there is limited information on the flow fielotlp for a full-scale rotating turbine stage at transonic vane exit

and heat transfer of a grooved blade tip. Metzger ef2il.and conditions. They usgd hgat fl_ux gauges and found that the Nusselt
Chyu et al [3] investigated heat transfer in a rectangular groovel!MPer on the suction-side lip and on the floor of the recess near
tip model. Their work included the effect of the depth to widtihe leading edge of the blade was higher than that of the blade
ratio and the tip gap to width ratio of a cavity with both movingstagnation value. Azad et 4B,9]studied the flow and heat trans-
and standing shrouds over the stationary grooved tip model. Tigg on the first stage blade tip of an aircraft engine turbine
result showed that the local heat transfer coefficient upstream €i@E-E®). They presented the effects of tip gap clearance and free-
of the grooved cavity was greatly reduced compared to a rectastream turbulence intensity level on the detailed heat transfer co-
gular plane tip model, while the heat transfer coefficient dowrfficient distributions for both plane and squealer tips under en-
stream end of the grooved cavity was enhanced because of #iig representative flow conditions. They used transient liquid
flow reattachment in that region. They concluded that there was @istals technique and found that the overall heat transfer coeffi-
optimum value of depth-to-width ratio for a given pressure diffefsients on the squealer tip were lower than that on the plane tip.
ence across the gap. Heyes et[d] studied tip leakage flow on Azad et al.[10] also studied the effect of squealer geometry ar-

) o o rangement on gas turbine blade tip heat transfer. They found that
Contributed by the Heat Transfer Division for publication in tf@BNAL OF a blade tip with a suction-side squealer was more effective in

HEAT TRANSFER Manuscript received by the Heat Transfer Division August 26; - - -
2003; revision received February 25, 2003. Associate Editor: J. N. Chung. reducing heat transfer than that with a pressure-side squealer.
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Some researchers have studied heat transfer on the plane tip Compressed Air
blade. Mayle and Metzgdi 1] used a two-dimensional rectangu- ‘
lar tip model with and without rotating shroud to find the rotating Pnenmatic
effect on averaged blade tip heat transfer. They noted that the Pressure Controller ‘[Valve
rotating effect could be neglected in order to access the blade tip ‘
heat transfer over the entire range of parameters considered in the '
study. Metzger and Ruefl2] presented heat transfer and flow

Pressure Feedback (\n
|

results in the near tip region of the pressure surface using a blade L1 o)
tip simulation and sink flow. Their model simulated a sink flow % e %{\ 1
similar to the sink like characteristics of the blade tip gap on the rgs el S ///‘/L/
pressure side. Rued and Metzdi#8] presented heat transfer and ~ Camera '} “\?’Zgi

o d Turbulence Grid

flow results in the near tip region of the suction surface using a
blade tip simulation and a source flow. Their model simulated a
blade suction surface with a gap feeding a source flow similar to
the flow exiting the tip gap on the suction surface of an airfoil. Fig. 1 Schematic of blow-down facility
Metzger et al[14] measured local heat flux using heat flux sen-
sors in a rotating turbine rig with two different tip gaps. Bunker
et al.[15] used a hue detection based liquid crystals technique ¢oer, the present study reports the heat transfer coefficients on the
investigate the detailed heat transfer coefficient distributions daade tip surface, the shroud surface, and near tip regions of the
the blade tip surface. Their results were obtained at three differgmessure and suction sides by using a hue-detection based tran-
tip gap sizes and two free-stream turbulence levels with sharpsient liquid-crystals technique in combination with the wide band-
rounded edges. Bunker and Bail¢¥6] studied the effect of width liquid-crystals for the initial temperature measurement. The
squealer cavity depth and oxidation on turbine blade tip heateasurement technique employed in this paper is considered as an
transfer. Teng et aJ17]measured the heat transfer coefficients oimproved step from referenc8—10]. The main objective of this
the plane tip surface in a large-scale low-speed wind tunnel fadilaper is to present an integral data set over the entire blade tip
ity using a transient liquid crystals technique. They concluded theggion that includes the tip surface, the shroud surface, and the
a major leakage flow existed in the mid-chord region, and tHdade pressure and suction surface immediately adjacent to the tip
unsteady wake augmented the Nusselt number at a large tig@gajgvhere very limited data is available in the open literature. The
percent), while the effect of the unsteady wake disappeared wifesent non-rotating blade tip heat transfer data might not be di-
decreasing tip gap clearance. rectly applicable to the real engine rotating blade tip design due to
Some researchers have conducted numerical studies to invelf- effect of rotation, however, the present data could be valuable
gate blade tip heat transfer. Ameri and Steinthordd@y19]pre- in better understanding complex blade tip flows and validating
dicted heat transfer on the tip of the SSN&pace Shuttle Main Vvarious CFD codes. The results are compared with the plane tip
Engine)rotor blade. Ameri et af[20] also predicted the effects of data(Kwak and Han(28]).
tip gap clearance and casing recess on heat transfer and stage
efficiency for several squealer blade tip geometries. Ameri afEkperimental Setup
Bunker [21] performed a computational study to investigate the _. . .
detailed heat transfer distributions on blade tip surfaces for a lar, Ir__llgclgrelsilstse rliovc\)/? ;h(?s,tz(ttigirgraucblgfvxﬁhd%\t\?r?t fzzci;:{ty'v-\l/—i?ﬁ ;esﬁtvzc_ec-
power generation turbine and compared the results with the & y y

. . - aded linear cascade. The definition of blade tip and shroud are
perimental data of Bunker et a[I;S]. Am?” and ngb){zz] also . also shown in the upper part of Fig. 2. The profile of the blade tip
calculated heat transfer and film-cooling effectiveness on fil

. - i¥ available in the open domain or can be provided by the authors
cooled turbine blade mpdels. Ame{ﬂ?,].predlct.ed heat. transfer to the interested researchers. Compressed air stored in the tanks
and flow on the blade tip of a gas turbine equipped with a me

. f alhtered a high flow pneumatic control valve that was designed to
camber line strip.

In addition. Rhee et a[24] studied the local heat/mass transfeFecelve feedback from the downstream pressure to maintain a ve-
on the stationary shroud with blade tip clearancespiane tip
geometry. They used the naphthalene sublimation method and %
concluded that the heat/mass transfer characteristics changed sig- |
nificantly with the gap clearance. Jin and Goldstelh,26]mea- // //% —t
sured local mass transfer on a simulated high-pressure turbine I | CJ
blade tip and near tip surfaces in a large-scale low-speed wind
tunnel facility. They used a naphthalene sublimation technique TE LE
and investigated the effects of the exit Reynolds number, the tip

gap clearance, and the turbulence intensity. Papa g2 2&lmea- 65.7° /
sured average and local mass transfer coefficients on a squealer tip /\
/\

and winglet-squealer tip using the naphthalene sublimation tech- \
nigue in the same facility. They also presented the flow visualiza- / \
tion on the tip surface using an oil dot technique.
Most of the above referenced studies focused on the heat trans- /
fer coefficients on the blade tip surface only for different blade tip \
/>

profiles under different flow conditions except that referefzg / a20°

for the shroud surface measurement and referg2@&Hor near tip Y

regions of the pressure and suction sides. The present paper is a

continuous investigation of the blade tip heat transfer from the /
same research facility as referen¢8s-10]. In reference$8—10],

the heat transfer coefficients on the plane tip surface as well as 8-61““”":_]“

several squealer tip surfaces were reported by using the transient <

liquid-crystals single-color capturing method in conjunction with

the initial temperature measurement with thermocouples. How- Fig. 2 Definition of blade tip and shroud
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consequently to heat the outer polycarbonate shell. For the heat
transfer measurement on the shroud, a 300 W plate heater was
used to heat the shroud plate and removed before the test.

Pressure Measurement and Results

Figure 5(a)shows the definition of blade coordinate and the
location of pressure taps along the blade surface. The pressure
taps were located at 50 percent, 80 percent, 90 percent, and 97
percent height of the blade span on both the blade pressure and
suction side. Figure (b) presents the ratio of the inlet total to the
local static pressureR;/P) along the blade. The pressure was
measured with 1.5 percent of tip gap clearance. The static pressure

locity within =3 percent of the desired value. The inlet of the tegfifference between the pressure side and the suction side is the

section was 31.1 cm wide and 12.2 cm high, and its top, bottom,
and sides were made of 1.27 cm thick polycarbonate plates for the
pressure measurement test. In the heat transfer test, however, the
top plate was replaced with a 1.27 cm thick clear acrylic plate for
better optical access to the blade tip. Two adjustable trailing edge
tailboards were used to provide identical flow conditions through
the two passages adjacent to the center blade. A turbulence-
generating grid of 57 percent porosity was placed 26.7 cm up-
stream of the center blade. The turbulence intensity was measured

90%
80%

7

0,
6 cm upstream of the center blade with a TSI IFA-100 unit. In this 50% Pressure tap
test, the turbulence intensity at that location was 9.7 percent. The | x
turbulence length scale was estimated to be 1.5 cm, which is =———Cx— T T

slightly larger than the grid size. The tip gaps used for this study
were 1.31 mm, 1.97 mm, and 3.29 mm, which correspond to
about 1.0 percent, 1.5 percent, and 2.5 percent of the blade span @
(12.2 cm). Hard gaskets of desired thickness were placed on top
of the sidewalls, the trailing edge tailboard, and two outer guide

JE Jp—
97%] L

blades to create tip gaps of desired height.
During the blow-down test, the cascade inlet air velocity and 13
exit velocity were 85 m/s and 199 m/s, the inlet and exit Mach
numbers were 0.25 and 0.59, respectively. The Reynolds number
based on axial chord length and exit velocity wasxl10°. The

inlet total pressureR,) was 126.9 kPa and exit static press(P¢ '
was 102.7 kPa, which gave an overall pressure ra®gR) of

1.2. Azad et al[8,9] described the detailed flow conditions, in- E‘
cluding the flow periodicity in the cascade. 1.1

L [N L B B B B B L

The blades were made of aluminum and finished with an EDM
machine. The blade had a 12.2 cm span and an 8.61 cm axial

LZN N I B N B L S B e e R R B (N A B N

e e Y g g b

chord length. These were three times larger than the dimension of 1 °

a GE-P blade tip profile. Each blade had a constant cross section - Pressure side R :gé:

for the entire span as shown in the lower part of Fig. 2. Figure 3 - ———me—— 90%
shows the heat transfer measurement blade. The lower potion of - | | N 97%
the blade was made of aluminum, and the upper portion consisted %95~ N T 5.5 =
of an inner aluminum rim with a cavity and an outer shell made of x/C,

a polycarbonate with low thermal conductivity. Figure 4 shows a (b)

detailed view of the blade tip. The thickness and heightof the

squealer rim is 0.229 cm and 0.508 cm, respectively. The height|§. 5 (a) Definition of blade coordinate and location of pres-

the squealer rim is about 4.16 percent of the blade span. Cartridgee taps on the blade; and  (b) Pressure distributions on the
heaters were inserted into the blade to heat the aluminum core afedle pressure and suction side with ~ C=1.5 percent.
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near 20 percent of blade chord. Thus, the path of leakage flow is
shifted toward the leading edge side. This may be due to the
increase of flow resistance near the mid chord region, and result in
the shift of the path of leakage flow toward the leading edge.

As the tip gap clearance increases fr@wr 1.0 percent(Fig.
6(a)) to C=2.5 percent(Fig. 6(c)), the overall value oP,/P
increases, and thB,/P contour shifts toward the trailing edge
side. This indicates that the leakage flow increases and moves
toward the trailing edge side as tip gap clearance increases. As the
tip gap clearance increases, the flow resistance in the mid chord
region may become smaller, and result in the shift of the path of
leakage flow toward the trailing edge.

Heat Transfer Measurement Theory

A hue-detection based transient liquid crystals technique was
used to measure the heat transfer coefficient on the blade tip. The
local heat transfer coefficient over a liquid crystals coated surface
can be obtained using a one-dimensional semi-infinite solid as-
sumption for the test surface. The one-dimensional transient con-
duction equation, the initial condition, and the convective bound-
ary condition are:

kazT_ aT L
Pl 1)
att=0, T=T, @

JT
at x=0, _kﬁzh(TW—Tm); as x—o, T=T;, (3)

The solution of above equations at the convective boundary sur-
face x=0) is the following:
hvat
erfc( \i—) 4)

T T; L h2at
=1—exp —

Tm_Ti k
By knowing the initial temperatureT() of the test surface, the
mainstream temperaturd () at the cascade inlet and the color
change temperaturel {) at time t, the local heat transfer coeffi-
cient (h) can be calculated from Eg4). If the mainstream tem-
perature changes with time, the varying temperature can be rep-
resented as a series of step change. Using Duhamel's

superposition theorem, E¢4) can be written as follows:

main driving force of the leakage flow. On the midspan, the maxi- hyat . hyea(t—m)
mum static pressure difference occurs near 30 percert®f. 1w~ li={Tmo~ Ti}XF| — — +Z Fl—=——|ATmi
The location of the maximum static pressure difference has shifted =t )
toward the trailing edge along 97 percent of the blade span, and
the maximum static pressure difference occurs near 50 percentidtere, F(x)=1—exp(¥)erfc(x),
xIC, . This shift is due to the leakage flow through the tip gap. ATy, is step changes in the mainstream.

To investigate the pressure distribution on the shroud, 46 pres-The experimental uncertainty was calculated by the methods of
sure taps were instrumented on the shroud surface. Figure 6 shéilise and McClintock{29]. Note that the blade tip materigoly-
the inlet total pressure to local static pressure raflg/P) distri- carbonate)has a very low thermal conductivity of 0.18 W/mK.
butions on the shroud surface for different tip gap clearanceBhe liquid crystals color change transition occurred at the surface
Figures 6(a){b), and(c) present the pressure distribution on thavhich was kept at a uniform initial temperature. Test duration was
shroud with a squealer tip, and Figdd shows the result with a smaller(10—-30 secthan the time required for the temperature to
plane tip. The plane tip cagig. 6(d), Kwak and Harj28]) is penetrate the full thickness of the blade tip material. Thus a one-
presented for comparison. A higher valueRyf/P corresponds to dimensional transient, semi-infinite solid assumption was valid
a lower static pressurigh velocity), while a lower value corre- throughout the surface, except near the tip edges. The individual
sponds to a higher static pressiii@v velocity). The black curves uncertainties in the measurement of the time of color change
in the contours indicate blade location under the shroud. (At=+0.5sec), the mainstream temperatuteT(,= +0.5°C),

Comparing the squealer tip cag€sgs. 6(a)-(c)) with the plane the color change temperaturd T, = +0.2°C), the initial tem-
tip case(Fig. 6(d)), the overalP, /P of the plane tip case is much perature AT;=+1°C), and the blade tip material properties
higher than that of the squealer tip cases. This indicates the ledla/k?=+5 percent)were included in the calculation of the
age flow is significantly reduced by using the squealer tip. Alsoyerall uncertainty of heat transfer coefficient. The uncertainty for
high P./P regions move toward the leading edge side for thene local heat transfer coefficient was estimated ta-iBepercent.
squealer tip cases. For the plane tip case, a RidP region(high However, the uncertainty near the blade tip edge might be much
velocity region)exists near 35 percent of blade chord, which ingreater up to 15 percent due to the two-dimensional heat conduc-
dicates that the path of main leakage flow is located near thien effect. The uncertainty in the high heat transfer region also
region. For squealer tip cases, however, a tiRghP region exists might be higher due to the short color change time.

= (d) plane tip, C=1.5%

Fig. 6 Pressure distribution on the shroud surface
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Fig. 7 (a) The relation between hue and temperature; and (b)
initial temperature on the tip for ~ C=1.5 percent.

Heat Transfer Measurement and Results

Two different liquid crystals were used in this study. The 20°C (d) plane tip, C=1.5%,
bandwidth liquid crystals(R34C20W, Hallcrest were used to
measure the initial temperature of the tip surface, and the 4°C Fig. 8 Heat transfer coefficient on the blade tip
bandwidth liquid crystal$R29C4W, Hallcrestyvere used to mea-
sure the color changing time. Calibration was performed to find

the hue versus temperature relation. Afoil heater was placed at {Bgt Reference temperatures were measured by thermocouples lo-
bottom of a 0.635 cm thick copper plate. The black péBB-G1,  ate inside the cavFi)ty and the shroud surface %/o ensure thg same
Hallcrest)and liquid crystals were sprayed on the copper platg,mherature conditions for the initial temperature measurements
Input voltage to the heater was set properly in order 10 increaggy" ihe transient tests. After temperatures reached the desired
the surface temperature by 0.6°C, and enough time was allowgd, o ‘the compressed air was allowed to flow by turning on the
for the temperature to be steady at each temperature step. }8& oniroller. When the mainstream velocity reached the preset
surface temperature was then read by a thermocouple that Wag,e py the end of 4 sec, the color change of the liquid crystals
attached at the surface of the copper plate, and the color of §s recorded at the speed of 30 frames per sec. The test duration

liquid crystals was recorded by the computer. At each temperatyfe o\ o< short enoughl0—30 secto make a semi-infinite solid
step, the hue was calculated from the stored image, and the r sumption. From every pixel at each stored image, hue was

tion between hue and temperature was established for both 2Q, (3 ateq and used to calculate the time from the initial condition
and 4°C bandwidth liquid crystals. FiguréaJ shows the results (about 40—60°C, depending on locatiolo a given hue value

of the calibration for both liquid crystals. 0), which corresponded to the temperature of 29°C for the tip

Before the transient test, the black paint and the 20°C bangyq'sproyd test, and 29.6°C for the pressure and suction sides test.
width liquid crystals were sprayed uniformly on the test surfaccg)

and the test surface was heated. After the surface temperaté%%e to the different view angle and lighting condition, the corre-
. : i h | f is diff he ti
reached the desired temperatyedbout 70°C), the color of the nding temperature o hue value of 50 is different on the tip

e shroud), and pressure and suction side. Then, the local heat trans-
liquid crystals on the test surface was recorded by a RGB co ) P

CCD camera with 24-bit color frame grabber board. From everyr coefficient,h, was calculated from EgS).
pixel of the stored image, hue was calculated and the initial tem-Heat Transfer Coefficient on the Squealer Tip. Figure 8
perature of the test surface was determined using the psifows the heat transfer coefficient distribution on the squealer tip.
calibrated hue versus temperature relation. Figui® presents The plane tip resulFig. 8(d))is presented for comparison. De-
the initial temperature on the tip f@=1.5 percent case. tailed results of the plane tip cases are discussed by Kwak and
After the initial temperature measurement on the test surfadéan [28]. Due to the shadow of the squealer rim, data near the
the 20°C bandwidth liquid crystals were removed. Then the blackvity edge could not be taken. Compared to the plane tip case
paint and the 4°C bandwidth liquid crystals were sprayed on. It {Eig. 8(d)), the squealer tip casésigs. 8(a)-(c)) show a much
noted that the sprayed liquid crystals could result in a rough suower heat transfer coefficient in the cavity. However, the heat
face. The measured roughness of the present liquid-crystal-coateahsfer coefficient on the squealer rim is comparable to the high
blade tip was around 5—10 microns, an averaged value of h8at transfer coefficients of the plane tip. For the squealer tip
microns by using a surface profilometer. However, this study dzhses, the heat transfer coefficients on the squealer rim are gener-
not evaluate the roughness effects on the blade tip heat transédly higher than that on the cavity surface. The heat transfer co-
The test surface was heated until the reference temperatures éféieients near the trailing edge cavity are low because of the
came the same as those of the initial temperature measurementrculation of leakage flow as illustrated in Figa® Figure 9
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Fig. 9 Conceptual view of flow near squealer tip: (a) the cavity
closer to the trailing edge; and  (b) the cavity closer to the lead-
ing edge

presents the conceptual view of the flow near the squealer tip of
the blade. The real flow near the blade tip and in the cavity may be —

fully three-dimensional phenomena. However, Fig. 9 shows the (d) plane tip, C=1.5%
simplified view of the flow in two-dimensional. As the flow tries

to leak through the tip gap, a small vortex may appear near the tip Fig. 10 Heat transfer coefficient on the shroud
of the pressure side. On the suction side, the leakage flow interacts

with the passage vortex and may create the leakage vortex near

the tip of the suction side. The flow inside the cavity may depeq
on the width of the cavity. If the width of the cavity is relatively
small, the leakage flow may not reattach to the cavity, and rec
culation may occur in the cavity as shown in Figap This could

He shroud above the blade tip and on the suction side. The high
pgat transfer region on the shroud may exist along the path of the
main leakage flow. Results show that the main leakage flow may
. - . e ter the tip gap near 10 percent of the blade chord and exit at
explain the low heat transfer coefficient region on the trailing ed 60 percent of the blade chord depending on the tip gap size.

side of the cavity in Fig. 8. If the width of the cavity is relatively . h ;
large, the leakage flow may reattach to the suction side rim or the':.or the squealer tip cases, there are rele_ltlvely high he_at transfer
ions on the shroud above the suction side squealer rim near 10

cavity surface and form a recirculation region near the pressdleeg

- h S A t of the blade chord. The high heat transfer coefficient in
side of the cavity as shown in Fig(l9. This trend happens nearbcreent or ”
the leading edge side of the cavity. The heat transfer coefficielfis €9ion is about 700 Wi/ and is about 70 percent of the
|gh heat transfer coefficient on the cavity surface. The high heat

near the leading edge cavity are relatively high because of t TR . 2.
reattachment ofgthe ?eakageyﬂow. Due to t)r/1e ?ecirculation in tr?r nsfer coefficient in this region may be caused by the shifting of

cavity (see Fig. 9), heat transfer coefficients near the pressure s egitg céf fllg‘;’,‘vk?gﬁgf‘g' l?:aTeF:’at{eiézethn?]Oleleelg?()t\llsa(I?gstﬁ,etlheeagi?]th
of the cavity are lower than that near the suction side of the cavi 9 q p 9

As the tip gap clearance increases figh-1.0 percent to 25 0 “5€ 28 SIOR 1 B T BEIER B Pe e T BAEa0n
percent, the overall heat transfer coefficient increases.

transfer on the shroud above the suction side squealer rim near 10
Heat Transfer Coefficient on the Shroud Surface. Figure percent of the blade chord region. However, the effect decreases
10 presents the heat transfer coefficient distribution on the shroagi the tip gap clearance increases.
surface. The plane tip cag€ig. 10(d), Kwak and Hap28]) is As the tip gap increases fro@= 1.0 percent to 2.5 percent, the
presented for comparison. Compared to the plane tip case, twerall heat transfer coefficient on the shroud increases and the
squealer tip caseFigs. 10(a)(c)) show a lower heat transfer high heat transfer region above the blade tip moves toward the
coefficient. The distribution of the shroud heat transfer coefficietriailing edge. This trend corresponds well with the pressure distri-
is similar to the distribution of the pressure on the shroud dmition on the shroud shown in Fig. 6, as well as the mass transfer
shown in Fig. 6. results by Rhee et a[24].
For the squealer tip casésigs. 10(a)(c)), a low heat transfer
region exists on the pressure side of the shroud surface. As flonHeat Transfer Coefficient on the Near Tip Region of the
leaks through the tip gap, the heat transfer coefficient increasesRmessure Side. Figure 11 shows the heat transfer coefficient dis-
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Fig. 11 Heat transfer coefficient on the pressure side

tribution on the near tip region of the pressure side. The height of (d) plane tip, C=1.5%
the test area was 2.5 cm from the blade tip, which corresponds to
about 20 percent of the blade span. The plane tip re$tds.
11(d), Kwak and Har[28]) is shown for comparison. Compared
to the plane tip caséFig. 11(d)), the squealer tip cag€igs.
11(a)—(c)) shows similar trend and magnitude of heat transfer

coefficient. Results show a high heat transfer coefficient near the

leading edge and the trailing edge. The heat transfer coefficieritsam ﬂ.OW' Compared to the plane tip case, the squgaler tip case
near 10-30 percent of the blade chord are lowest and graduailPVS Slightly lower heat transfer coefficient, but similar trend.
increase toward the trailing edge due to the boundary layer tran- t(.)r ‘h'?;q‘:?a'%.“ph? E'%h htetat tra}nsfer r_eglor: ei('StS alozng tgg
sition. The distribution of the heat transfer coefficient on the pregyc lon side tip. 1his high neat transfer region starts near 2U-—
rcent of the blade chord and corresponds to the leakage flow

sure side is laterally uniform except very near the tip edge. THE

may be caused by the leakage flow entrance effect as showrpmh on the SthUd as shqwn n Fig. 6. The high .heat transfer
Fig. 9. coefflqlent on this region sllg_htly_lncreases as the tip gap clear-
The high heat transfer coefficie(&50 W/n?K) is seen near the ance increases. Between this high heat .transfe.r region andl the
trailing edge and is about 55 percent of the maximum heat transpide tip. there is a low heat transfer region. This corner region
coefficient on the cavity surface. Generally, the heat transfer c ith a low heat transfer coefficient is caused by the separation of

- : P e leakage flow as shown in Fig. 9.
ﬁ:‘gc;r:(tjgg ;r;l% rt]ﬁ:rcg‘\)/ig ;teﬁggzssure side is lower than that Generally, the heat transfer coefficient on the near tip of the

suction side is higher than that on the pressure side and compa-

Heat Transfer Coefficient on the Near Tip Region of the rable with that on the shroud.

Suction Side. Figure 12 shows the heat transfer coefficient dis- Averaged Heat Transfer Coefficient. Figure 13 shows the
tribution on the near tip region of the suction side. The height @iveraged heat transfer coefficient on the blade tip. The local heat
the test area was 2.5 cm from the blade tip, which correspondsttansfer coefficients on the pressure side rim, suction side rim, and
about 20 percent of the blade span. Due to the large view angkvity are averaged at a givehC, location. Results show that the
between the camera and the test surface, data could not be takeat transfer coefficient on the squealer rim is generally higher
from near the leading edge region. The plane tip régudf. 12(d), than that on the cavity. Figures 14, 15, and 16 present the aver-
Kwak and Han[28]) is shown for comparison. All cases show aaged heat transfer coefficient on the shroud, the near tip region of
high heat transfer coefficient region along the suction side of thiee pressure side, and the near tip region of the suction side,
blade tip. This high heat transfer coefficient region may be causezbpectively. For the shroud surface, the average was taken from
by the leakage vortex. As the leakage flow exits from the tip gathe region above the tip only. Results show that, in general, the
the leakage flow separates from the tip surface or the squealer heat transfer coefficient on the shroud surface increases slightly as
and forms a leakage vortex due to the interaction with the maitke tip gap clearance increases fdCx>0.2. However, the heat

Fig. 12 Heat transfer coefficient on the suction side
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transfer coefficients near the tip regions of the blade pressure side
and the suction side are insensitive to the tip gap clearance.

Conclusions

The detailed heat transfer coefficients on the squealer tip, the
shroud surface, and the near tip regions of the blade pressure and
suction sides were measured using a hue-detection based transient
liquid crystals technique. The major findings based on the experi-
mental results are as follows:

1. From pressure and heat-transfer coefficient measurements,
results showed that leakage flow through the tip gap clearance and
heat transfer coefficient on the tip surface were reduced by using
a squealer tip design.

2. The cavity heat transfer coefficient near the leading edge
was higher than that near the trailing edge. However, the cavity
heat transfer coefficient was generally lower than that on the
squealer rim.

3. Generally, the heat transfer coefficient on the shroud fol-
lowed the tip leakage flow path. The shroud heat transfer coeffi-
cient above the tip and the blade suction side was much higher
than that above the blade pressure side.

4. The heat transfer coefficient on the near tip region of the
pressure side was laterally uniform except a higher value near the
tip edge due to the leakage entrance effect.

5. The heat transfer coefficient along the suction side near the
tip region showed a high value due to the leakage vortex interact-
ing with the mainstream.

6. The overall blade tip heat transfer coefficient slightly in-
creased as the tip gap clearance increased.

7. The overall heat transfer coefficient on the blade tip showed
a higher value than that on the shroud and the near tip regions of
the blade pressure and suction sides.

8. By using a squealer tip blade, the heat transfer coefficients
on the tip and the shroud were reduced. However, the reduction of
heat transfer coefficients on the pressure and suction sides were
not remarkable.

The observation and conclusions from this study are limited for
the stationary blades. Cautions need to be taken in extending the
results to the rotating blades. In addition, the overall pressure ratio
in this non-rotating blade cascade was lower than the real engine
rotating blade conditions.
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Livermore. CA 94551-0969 Spectral radiation intensities leaving diametric and chord-like paths for six non-sooting
’ flames were measured using an infrared array spectrometer. The spectral radiation inten-
Jav P. Gore sities were also computed using the mean property approach and a time and space series

simulation approach. Turbulence/radiation interactions (TRI) in these flames were inves-
Sehool of Mechanical Engineering, tigated by comparing the two sets of computations to _the experimental data._ Th_e effects of
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Introduction Frank et al.[2] calculatedl, for a methane/air partially pre-

Accurate computation of radiation heat loss is very important ml_xed flame(flameD defined in Ref[.z] and Iat_er n this papgr
determining the nitric oxidéNO) formation in some nonluminous USiNg the mean property method with the emission only and the
turbulent flameg1-3]. For a small control volume in the flame, EMission/absorption approximations for a diametric path/gx
the time averaged net radiation heat I0§5)( consists of energy =45. The emission only approximation led to a factor of two
emitted @) by the participating media in that volume to thelncrease in the computed intensities. However, experimental data
Surroundings minus the energy absorb@)( by that media from for an evaluation of their predictions were not available.
the incident radiation fielf4]. The incident radiation is a summa- Kounalakis et al[13] developed a stochastic time and space
tion of spectral radiation intensities,( from all directions. Since series(TASS) simulation method to account for TRI in turbulent
the radiation quantities are determined by the sca&nperature CO/H, flames. By using measured mixture fraction statistics, they
and species concentratiorfields through highly nonlinear rela- achieved excellent calculations of meap within 10% of the
tions, Q. andQ, may differ a lot from the calculations based orexperimental data. More recently, Zheng et al. studigdor a
the mean scalar properti€s]. These effects of fluctuations in theturbulent CH/H,/N, jet flame by adapting a tomography-like
scalar fields on the mean radiation quantities are referred B&SS simulation[14]. This study indicated the importance of in-
turbulence/radiation interactioi$RI) [6,7]. The determination of vestigating TRI forl, leaving horizontal chord-like paths in ad-
Q. only requires single-point statistics of the turbulent scalar fieldition to those leaving the diametric paths. The flame considered
while the determination 0@, requires more complicated multi- jn Ref. [14] is one of the Sandia workshdp5] flames. Well-

point §tatisk:ics|. he eff ¢ ) _documented experimental data for velocity and scalar fields of
During the last two decades, the effects of TRI in NON-S00tNGat and other workshop flames are already available in the litera-

jet flames have been investigated using measurements and cQifs [15-1§. The data forl, of additional workshop flames
putations of I, leaving horizontal diametric radiation paths ) A '

through the flames. The computations of mearincluding the which are very useful for the evaluation of the radiation sub-

effects of TRI have relied on stochastic simulation approachéQ.Odels incorporated in the current and future computational tools,

The effects of TRI in various flames have been evaluated by cofff€ necessary. . .
Motivated by this, the present work consisted of the following:

paring the differences between the mdancalculated by using
the mean scalar properties and those calculated using the stochag: |nstantaneous, leaving diametric and various chord-like
tically simulated scalar properties. Both sets of calculations haygihs at three heights from six workshop flames were measured by
been compared with experimental data. Significant effects of T éing a fast infraredIR) array spectromete(FIAS) [19]. The
were observed in hydrogen flampg8], with stochastically pre- turbulent jet flames to be studied here consist of opéNd flame

dicted mearl, being as much as twice those based on the me : :
property (MP) calculations. The measurdg were closer to the ] two Ch/Hz/N, flames[17] and three piloted Cifair

results of the stochastic calculations. In contrast, the measured gﬁg]e;[ls]a the TASS simulated instant lar fields. th
stochastically computed meayg for most diametric paths in car- . = asedonthe simulated instantaneous scalar fielas, the
bon monoxide flamek9, 10]were only 10~30% higher than thoselnstantaneou:t_)\ were calculated by integration of the radiation
computed using the MP method. TRI enhancements approachfffj'sfer equatioiRTE) for non-homogenous paths over a range

100% were observed only for the diametric path near the flarRé Optical thickness.

tip. Moderate level§10~30%)of TRI enhancements in medg 3. The mearl, were also calculated by integration of the RTE
were also reported for GHflames by Jeng et aJ11] and for a Uusing the mean scalar properties. The effects of TRI in these
CH, /H, flame by Hall and Vrano§12]. flames were studied by comparing the méarirom the MP cal-

culations to those extracted from the measurements and the TASS

Contributed by the Heat Transfer Division for publication in ttmugnaL oF — calculations.
HEAT TRANSFER Manuscript received by the Heat Transfer Division September 16, . .
2002; revision received March 20, 2003. Associate Editor: S. T. Thynell. In the I, calculations, the measured mean properties and other
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Table 1 Flame conditions [2] Diametric path Chord-like

Normalized / path (typ)
D (burner Stoichiometric K /
diameter), Flame Height —
Flame  Fuel mixturgby volume) mm Re L stoichd _\\ Flame
DLR_A 22% CH,, 33% H,, 45% N, 8 15200 64 \\ section
DLR.B 22% CH,, 33% H,, 45% N, 8 22800 68
C 25% CH,, 75% air 7.2 13400 47
D 25% CH,, 75% air 7.2 22400 47 .
E 25% CH,, 75% air 7.2 33600 47
H3 50% H,, 50% N, 8 10000 3615] >
x
//
_//

statistics for the scalar field45-18 were adopted to isolate the

uncertainties of specific computational fluid dynami€$D) and > r
combustion models. r
. IR
Experimental Method
spectrometer
The radiation measurements were conducted at the Turbulent

Diffusion Flame(TDF) Laboratory and the Turbulent Combustion
Laboratory(TCL) at Sandia National Laboratories. The operating. ; d calculati |
conditions for the flames under investigation are listed in Table %é?i'ialtioneii(t)gzgi{asor measurement and calculation on spectra
whereL 4ich iS the height above the burner at which the measure

Favre averaged mixture fraction reaches the stoichiometric value

[2]. The flow facilities for the simple jet flamg®LR_A and B,

H3) and the piloted flame&C,D,E) have been discussed elsewherg, e the combination of the bias limit and the precision limit gave

[1,17,18], and20] and will only be briefly described here. an overall system uncertain®5% confidencejn the order of

The simple jet burner, on which flames H3, DIARand B are 1094 The overall uncertainty was dominated by the precision
stabilized, is a long tube with an inner diameter of 8 mm tapergg,;;

to a thin edge. The piloted burner, on which flames C, D, and E
are stabilized, has a main jet diameter of 7.2 mm and a pilot
diameter of 18.2 mm. The main Glair jet is partially premixed .
with an equivalence ratio of 3.125% CH, by volume). The lean Computational Method
premixed pilot flame burns a mixture ot8,, H,, CG,, N,, and For all six flames, the mean spectral radiation intensities were
air, having the same enthalpy and equilibrium composition asfiest computed by adopting the mean property distributions along
CH, /air flame with an equivalence ratio of 0.77. Both burners cahe radiation paths ignoring TRI. The RTE was solved for various
be moved in three dimensions for positioning. Air co-flows weraon-homogeneous paths through the flames using the RADCAL
fed for all six flames through a wind tunnel, with velocities of 0.3rogram with a narrow band radiation mod&p,23]. The prop-
m/s for the simple jet flames and 0.9 m/s for the piloted flameserties needed for the computations were taken from the experi-
For each flame, the instantanedydor the diametric and many mental data available in the literatUre5—18 discussed briefly in
chord-like paths at three heights were measured using FIA$ the next section.
Figure 1 illustrates the geometry for the spectral radiation inten- Time and space series analyses that account for TRI were also
sity measurements and calculations. The spectral range of twmsidered in present work. The instantaneous multipoint realiza-
FIAS is from 1.4 to 4.8um covering the important molecular tions of the scalar properties along the non-homogenous radiation
radiation bands of KD and CQ. The mean spectral resolution ispaths were simulated first by using the single point experimental
42 nm with a maximum of 70 nm at=1.5 um and a minimum of data and TASS analysis. Then, the instantandgusr that path
33 nm atA=4.5 um. The spatial resolution of the present meawere calculated by using RADCAL. Finally the me&p were
surements is 2 mm based on the FIAS optics. The sampling ratetained from the 6000 simulated realizations for each radiation
for the individual wavelengths is 6250 Hz. For each radiatiopath.
path, 6000 samples were collected. The wavelength readings corThe TASS based computation, involving a tomography-like
responding to the pixels were calibrated by using 6 different ngsrocedure to determine the integral length scalgps glong the
row band IR filters in conjunction with a black body source. Theadiation paths, has been discussed in detail elsewldreand
intensity responses of each pixel were then calibrated using thél only be briefly described here. In order to simulate instanta-
black body source operated at 6 different temperatures. The bankeous scalar realizations, the fluctuating value of a time varying
ground noise signals were subtracted during the measurementscalar at a specific spatial location is modeled as a linear combi-
Experimental uncertainties were estimated following the guideation of its nearby spatial values, its previous temporal value and
lines in Ref[21]. The bias in the data is due to the uncertainties @ random shock. The model parameters can be determined by the
the calibration process. The uncertainty in the output voltage duawo-time/two-point scalar correlations, which are assumed to be
ing calibrations was experimentally found to be less than 2%xponent decaying. The measured single-point PDFs of scalar
(95% confidence). The uncertainties in the wavelength readipgoperties in conjunction with prescriptions of the integral length
and the black body temperature also affect the accuracy of intemd time scales for scalar fluctuations are required as the model
sity response calibration. In the present study, since the uncemputs.
tainty in wavelength reading was 10 nm and the uncertainty in theThe integral time scalesr() are determined using the Taylor’s
black body temperature was 1 K, the uncertainty in mgamea- hypothesis as long as velocity data are available. For some cases,
surements caused by these two factors was only 0.5%. Therefdrewever, the velocity data are not available. Therefgrandl,
the combined bias limit is of the order of 2%. The precision limiare determined separately. A least mean squbBkS) scheme
(95% confidencedue to finite sampling time available in the conwas developed in the present work to determine the best-fit inte-
tinuous scanning process was experimentally found to be less tiugal scales. Spectral radiation intensities at two wavelengths were
10%. The measurements were repeatable within this range. Them@asidered in order to minimize the computational time. The pro-
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cedure involved calculations of RMS values and power spectral 2000 T3
densities(PSD)for the spectral radiation intensities and is briefly tg Jos
described as follows, 17
Step 1: Gues$, and 7; so that a time series of instanta- ]
neousl, can be simulated. Jos
Step 2: Obtain RMS and PSD from the simulated instan- 1™
taneous values. ]
Step 3.1: Calculate the error square in RMS for selekted .
and\,. 1902
Step 3.2: Calculate the error square in PSDNpandX,. ]
Step 3.3: Calculate the weighted mean square éelor
Step 4: Check the least error criteria to iteratd cand 7, . 0.0
ie., 0.6
Je de g
3I,_o and ar|_0:>|"7' 1) b{ o &g
When applying this scheme, and 7, were determined succes- § \g
sively and several iterations were required to reach the least mean & [
square error. This scheme can be extended if considering more 0.2
than two wavelengths.
The accuracy of the calculated spectral radiation intensities is ]
affected by the accuracy of the adopted scalar data. The uncertain- 2000 - 20 0.0
ties in temperature and species,(CQO,) concentration mea- i x/D =20
surements are 3% and 4% respectidly,18]. The computational 3 a 706
uncertainty resulting from this depends on wavelength and the 1500 |- ! A< .
optical depth. As an example for a homogeneous segment of 10 [ <—a'- gﬁf “—1
mm within a diametric radiation path in flame DR at x/D Lo 1 704
=60, the computational uncertainty in the emitted intensity was 1000 - B‘ﬁ 8‘3,. -
estimated and described in the following. The mean scalar prop- B Py / B [\
erties for this segment are temperature equal to 1838 K, mean o0 ”\3%_])9 “a \y 702
H,O mole fraction equal to 0.191 and mean Lole fraction 500 - BN
equal to of 0.042. The resulting computational uncertainties in the r 8. 8\\
spectral radiation intensities at=1.81, 2.51, 2.72, 2.91, 4.31, and et e 13 g0
4,54 um are estimated to be 11%, 6%, 5%, 7%, 5%, and 10% 0.00 0.06 0.12 018 024
respectively. rlx
Input Scalar Experimental Data Fig. 2 Temperature distributions in flames DLR  _A (circle) and

. . o . B (square)
Figure 2 illustrates the temperature distributions in flames

DLR_A and B. The mean temperatures are within 50 to 100 K of

each other for the two flames. &AfD =20, the mean temperature

in these flames reaches a peak at a radial location aro(nd ] o -

=0.08, which defines the mean radial location of the flame sheéford-like paths. The mean spectral radiation intensities for the
The mean temperature peak moves closer to the flame axisdigmetric path (/x=0) and for one of the chord-like paths are
x/D=45 and reaches the axis @D =60 defining the flame tip. selected here for_ furthgr dlsc_us_,smn. At a flxe_d axial location, the
The normalized temperature fluctuation& (/T mea), Which de- meanl, for the dlametrlc radlatlo_n path are higher than thos_e for
fine the levels of turbulence in temperature and are the basis st of the chord-like paths, which are shorter. The mean inten-
the TRI, are similar in flames DLR and B. The fluctuations in Sities for some chord-like paths that are near the flame sheet lo-

the mean flame region are stronger than those near the flame &%iéon are higher than those for the diametric path. However, the
by up to a factor of 4. chord-like paths selected here are always farther out on the lean

sented in Fig. 3. At the axial locations @D =230 and 45, the Much higher relative RMS intensities compared to those for the

mean temperature distributions are in a small range for the thi@i@metric path. i o N
flames, even though the fuel flow rate increases significantly fromMeasurements and calculations of spectral radiation intensities
flame C to D and D to E. At the downstream locationxg®  for x/D=20, 30, and 40 in flame H3 (HN,) are illustrated in
=60, however, significantly higher temperatures can be obsern/el@s. 5—7. The results of the TASS based computations are pre-
for the flames with the higher Reynolds number. For all the piented together with the mean property calculations and experi-
loted flames, the normalized temperature fluctuations reach th@gntal data. The spectral radiation intensities for this dilute hy-
peak values at a radial location away from the flame axis. ~ drogen flame, with 50% nitrogen by volume, are relatively low.
The temperature distributions of flame H3 are illustrated in Fig.he 1.87 and 2.7um bands of water vapor dominate the spectra.
4. At x/D=20, the mean temperature profile has a peak aroufid this flame, the combustion process is complete at approxi-
r/x=0.06. The mean temperature peak is near or at the flame a%ately Lswicn/D=36. Therefore, the measured melgnat x/D
for the two downstream locations. At all three axial locations, the 30 and 40 are almost identical and are 50% stronger than those
normalized temperature fluctuations in the region away from ti#x/D=20. Thel, calculations ignoring TRI agree with the mea-

axis are stronger than those near the axis by factors of 2 to 4.Surements quite well for diametric paths therefore the effects of
TRI are not significant foll, leaving these paths. The MP ap-

. . proach seriously under-estimated the mearfor the radiation

Results and Discussion path leavingr/x=0.09 atx/D =20. The TRI enhanced the spec-
At each of the three axial locations in the 6 flames, spectrhl radiation intensities by about 80%. The TASS calculations,

radiation intensities were measured and calculated for mahgwever, successfully captured the TRI enhancements. The TRI
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Fig. 3 Temperature distributions in flames C (circle), D Fig. 4 Temperature distributions in flame H3

(square), and E (triangular )

tion intensities remain almost constant in spite of the 50% in-

enhancements for the radiation path leaviig=0.06 atx/D crease in the fuel input. This is a result of similar flame structure.
=30 andr/x=0.05 atx/D =40 were around 25%. For the diametric paths, the calculated mdgnignoring TRI

Measurements and calculations of spectral radiation intensitiegree with the measurements quite well. For the paths away from
for downstream locations a/D =20, 40 and 60 in the DLRA the flame axis, however, more than 50% under-prediction can be
flame (CH,/H,/N,) are illustrated in Figs. 8—10. In this flame,observed indicating very strong TRI. Especially, the MP calcu-
the spectra are dominated by radiation from water vapor and CQated meari, from the 2.7um H,O/CO, band almost disappears
The measured medn atx/D =40 are much higher than those affor the path ar/x=0.12 mm atx/D = 60.
x/D=20. Thel, at x/D=60, which is near the stoichiometric Measurements and calculations of spectral radiation intensities
flame height Lgoicn/D=64), are slightly higher than those atfor x/D=30, 45 and 60 in the flame Dpiloted CH,/air) are
x/D =40. For the diametric paths at three axial locations, both thiéustrated in Figs. 14—16. These spectra are also dominated by
mean property and the TASS based calculations agree with tiagliation from water vapor and GOBeing close to the stoichio-
data. Thus, the effects of TRI are weak for the diametric pathsetric flame heightl(.ic.n/ D =47), the measureld are the high-
For chord-like paths, where the meblpare one third to half of est atx/D=45 and decrease on the upstreath)=30) and the
those for the diametric paths, the mean property method signifiewnstream X/D =60) sides. For the diametric paths, the calcu-
cantly under-predicts the spectral radiation intensities for the 2ations based on mean properties under-predict the radiation inten-
um H,O/CO, band and the long wavelength wings of the 418  sities by 5 to 20%. The present MP calculations for the diametric
CO, band. Around the peak of the 48n band, the experimental path atx/D =45 are in agreement with the results of Frank et al.
data lie mostly between the TASS and MP results for the selecte]. Up to 50% under-prediction is observed for paths away from
chord-like paths. The reasons for the differences in the experiméhe flame center at all three heights. The calculations considering
tal data, the mean property and TASS based computations for Tl (TASS), however, match the experimental data very well for
diametric paths near the band center of the 4B CO, band all radiation paths. Thus, the effect of TRI is significant in this
deserve further study. As illustrated in these figures, TRI are siffame.
nificant for regions away from the axis for this flame, where the Figures 17-19 and 20-22 present the spectral radiation inten-
turbulent intensities T;ns/ Tmean @re higher. sities for two additional piloted CHair flames with lower and

Figures 11-13 demonstrate the mean spectral radiation interf8gher Reynolds numbers. There is no significant change in the
ties for the flame DLR_B, which has a 50% higher Reynolds nunmeasured stoichiometric flame height because of the momentum-
ber than the DLR_A flame. The stoichiometric flame height doentrolled nature of this quantity. For chord-like paths at identical
not change significantlyL(s;,icn/D=68) due to the momentum- radial locations and height above the burner, the measured radia-
controlled nature of these flames. In addition, the measured radian intensities are greater for flame E than those for flame D,
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Flame H3: D = 8 mm, Re = 10,000, x/D = 20 Flame H3: D = 8 mm, Re = 10,000, x/D = 40
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Fig. 5 Spectral radiation intensities in flame H3 (x/D=20) Fig. 7 Spectral radiation intensities in flame H3 (x/D=40)

which are greater than those for flame C. This is a result of thecrease in temperature. Similarly, the spectral radiation intensities
increasing radial extent of the hot gas region with increasing Rer the diametric paths were slightly under-predicted by the mean
number as indicated by Fig. 3. The changes for diametric pathgoperty method. Significant under-predictid68%) occurred for
however, are small compared to the significant increases in th&ths away from the flame axis in both flames using the mean
fuel flow rate especially for the flames D and E. This is a result @froperty method. In contrast, the TASS provided significantly im-
self-absorption of radiation over a longer path and effects of iproved estimates of TRI for all conditions.

creases in volumetric combustion rates by turbulence without an

Flame DLR_A: D = 8 mm, Re = 15,200, x/D =20
Flame H3: D = 8§ mm, Re = 10,000, x/D = 30 T T T
T SRSV S UL B B Forix=0 1
2000 Calculation  Data =0 3000 |- Calculation  Data ]
TASS
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Fig. 8 Spectral radiation intensities in flame DLR _A (x/D
Fig. 6 Spectral radiation intensities in flame H3 (x/D=30) =20)
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Flame DLR_A: D = 8 mm, Re = 15,200, x/D =40 lame DLR_B: D =8 mm, Re = 22,800, x/D =20
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Fig. 9 Spectral radiation intensities in flame DLR _A (x/D Fig. 11 Spectral radiation intensities in flame DLR B (x/D
=40) =20)
Conclusions 1) For all the flames studied, the mean spectral radiation inten-

In order to evaluate the effects of turbulence/radiation interagities for the diametric paths reach maximum near the axial loca-
tions (TRI) in non-sooting flames, spectral radiation intensities fdfon corresponding to the stoichiometric flame height.
six well-documented flames burning various fuels and with differ- 2) In the range of this study, the effect of Reynolds number on
ent Reyno|d3 numbers were investigated experimenta”y and Coﬁ*ﬂe mean radiation intensities is not strong. This observation is

putationally. The specific conclusions are as follows, inconsistent with the scalar measurements.
[Flame DLR_A: D = 8 mm, Re = 15,200, x/D = 6 Flame DLR_B: D = 8 mm, Re = 22,800, x/D = 4
e e ] LU S
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Fig. 10 Spectral radiation intensities in flame DLR _A (x/D Fig. 12 Spectral radiation intensities in flame DLR B (x/D
=60) =40)
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Fig. 13 Spectral radiation intensities in flame DLR B (x/D Fig. 15 Spectral radiation intensities in flame D (x/D=45)
=60)

are higher. The stochastic time and space series simulation method
adapted in the present study successfully captured the effects of
3) In these six flames, the effects of TRI are not significant forRI on meanl, for all the paths.
regions near the flame axis. Therefore mean property approach for
radiation heat loss calculations is adequate for these paths. K led
4) In these six flames, the effects of TRI are significant fo’rA‘C nowledgment
regions away from the flame axis where the turbulent intensitiesThe Indiana 21st Century Research and Technology Fund sup-
ported this work with a grant to the Mid Infrared Sensing Diag-

Flame D: D = 7.2 mm, Re = 22,400, x/D = 30 Flame D: D = 7.2 mm, Re = 22,400, x/D = 60
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Fig. 14 Spectral radiation intensities in flame D (x/D=30) Fig. 16 Spectral radiation intensities in flame D (x/ D=60)
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Flame C: D = 7.2 mm, Re = 13,400, x/D = 30 Flame C: D = 7.2 mm, Re = 13,400, x/D = 60
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Fig. 17 Spectral radiation intensities in flame C (x/D=30) Fig. 19 Spectral radiation intensities in flame C (x/ D=60)

. . . " ~ Nomenclature
nostics and Control Consortium with additional support provided

by the Air Force Office of Scientific Research. Experiments at D = burner diameter »
Sandia were supported by the Department of Energy, office of n = Spectral radiation intensities
Basic Energy Sciences. Dr. Andreas Dreizler, from TU Darmstadt, Q = time averaged heat loss/gain
Germany, provided the velocity data used in this work. His kind ~ r = radial distance

help is highly appreciated. X = height above burner exit

N = wavelength

Flame C: D = 7.2 mm, Re = 13,400, x/D = 45 Flame E: D = 7.2 mm, Re = 33,600, x/D = 30
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Fig. 18 Spectral radiation intensities in flame C (x/ D=45) Fig. 20 Spectral radiation intensities in flame E (x/D=30)
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Fig. 21 Spectral radiation intensities in flame E (x/ D=45)

Flame E: D = 7.2 mm, Re = 33,600, x/D = 60
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Fig. 22 Spectral radiation intensities in flame E (x/D=60)

Subscripts
a = absorption
e = emission

r = radiation
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Bubble Nucleation on Micro Line
Jung-Yeop Lee
Hong-Chul Park Heaters

Jung-YeuI Jung Nucleation temperatures on micro line heaters were measured precisely by obtaining the
I-R (current-resistance) characteristic curves of the heaters. The bubble nucleation tem-
Ho-Young Kwak perature on the heater with &m width is higher than the superheat limit, while the
e-mail: kwakhy@cau.ac.kr temperature on the heater with broader width ofuBn is considerably less than the
superheat limit. The nucleation temperatures were also estimated by using the molecular
Mechanical Engineering Department, cluster model for bubble nucleation on the cavity free surface with effect of contact angle.
Chung-Ang University, Seoul 156-756, The bubble nucleation process was observed by microscope/35 mm camera unit with a
Korea flash light of us duration. [DOI: 10.1115/1.1571844

Keywords: Bubble Growth, Heat Transfer, Microscale, Phase Change

Introduction Zen
. L . —(P,—P )n1’3——/ Vi (1)
Device miniaturization evolved from IC-based micro- vioe 3
fabrication technology has brought forth rapidly increasing impor-
tance of understanding fluid flow in micro channel and phase Zem s

change in micro geometry. Especially bubble nucleation on micro Fre= nZ )

heaters, which has been successfully utilized for bubble jet print- 6

ers[1], has many potential applications of bubble powered micro

thermal machineg2]. Considerable studies on boiling proces3he energy to separate a pair of molecugsgiven in Egs.(1)

have been performed so far with various metal surfaces for eand (2) can be obtained when molecular properties such as ion-

hancing heat transfd8], with small diameter of metal cylinder ization potential, polarizability, and van der Waals’ diameter of

[4] related to enhancing the critical heat flux, and with a smatholecule are provided. If any cluster, an aggregate of the liquid

patch[5] for cooling electronic chip. However extensive study ofnolecules in the metastable state meets the stability condition, the

the boiling process on smooth surface in atomic scale is raremaolecules in the cluster vaporize spontaneously by breaking the

present. Therefore, for clear understanding of the mechanismintieraction between molecules.

bubble nucleation on micro heaters, more study is required forUsing the kinetic theory argument analogous to the condensa-

future applications. tion case, they also obtained the steady state nucleation per unit
In this study, bubble nucleation and growth on micro line heatolume. With the minimum free energy for the formation of the

RT RT 3)

ers were investigated experimentally and theoretically. Two typestical cluster, Eq(2), the nucleation rate of the critical cluster,
of micro heaters with different width of am and 5um but with ~ J,.(nuclei/cn? s), is given by
same length of 5um and thickness of 0.52am were utilized.
Dielectric liquids such as FC-72, FC-77, and FC-40 were em- keT\Y7 Z [ &, |]Y2 3v,,| 28
ployed as working fluids. DC voltage to the heaters was increased Jncz,BN( ) Z[— (—) 77(—)
in 0.01 V~0.1 V increment to obtain I-Rurrent-resistangehar- 2mm/ [ 187 | kT 4
acteristic curves for the heaters, from which the temperature for AH AH 7/ s
bubble nucleation can be deduced. Bubble nucleation process was ~ex;{ - -N~exr{ -— —m) n23
also observed by using microscope/35 mm camera unit usth 6 \ksT
duration flash light. Also the temperatures for the incipient bubble
nucleation were estimated by using the molecular cluster modEWwe choose a level for the nucleation rate of the critical cluster,
[6,7] for bubble formation. Jne, the Eq.(3) becomes a relation for determinimg . With n,
and the molecular properties known, the vapor presfRyeand
the corresponding superheat limit is found from EL).

. For the case that liquid is in contact with a solid surface on
A Vapor, Bubble Formation Model Based on Molecular which no cavity exists, the nucleation temperature with consider-
Interactions ing the effect of contact angle may be obtained by the following

The essential element of the molecular cluster model for vap@ﬁuation[S]-

bubble formation is that the surface energy for the formation of
the critical cluster grounded at the molecular level is utilized Fpncd CN~ g/ p1?)
while keeping the kinetic formalism of the classical theory of T= K /[ 3.
S

(4)
nucleation. In this model, it is also assumed that the driving force
for the clustering process is just the chemical potential difference ) _ )
of liquid molecules between the saturated state and the metastaéiiereC is the pre-exponential factor in E(g), and the factord

one. and¢ account for the volume and surface area truncation, respec-
Employing the assumptions mentioned above, Kwak and pdjyely of the bubble due to the contact angle, which are given in
ton [6] obtained a stability condition of the critical cluster and thé\vedisian et al[8].

corresponding free energy for the bubble formation. These are, The surface nucleation rate may be obtained by using the fol-
lowing equation9].
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Fig. 1 Schematic (a) and enlarged (b) view of micro line heater N / e
s ST Tungsten
e / (End Point
. \\/ B /
where T is the measured heating rate, which is about T
X 107°C/s for the micro line heater used in this study so that tt (b)
nucleation rate for the micro line heater employed is about
10 cmés. Fig. 2 Schematic of acryl chamber and tungsten probe tip

contacting on driving pads

Micro Line Heater

heater. In fact, once the heater was wetted by methanol or ethanol,

the heater was damaged permanently or resistance of the heater
ame infinity.

DC-voltage current standaffokogawa 2553Wwas used to sup-

; ly current to the heater. The current and voltage to the heater

same length of 50+0.&m and thickness of 0.5230.0@n and \F/)vgre monitored simultaneously. Calculated heategr resistances ob-

two different width of 3=0.1 um and 5=0.1um. No cavity Was yaineq by this measurement were also compared to the values by

found on the micro line heaters fabricated when we |nspect%‘eCt measurement. DC voltage to the heater was increased by

(a) Experimental Apparatus and Procedures. Two types
of micro line heater have been designed and fabricated by us
the standard IC proce§0]. The polysilicon heaters fabricated on
the 0.8 um silicon dioxide layer with P-type prime wafer have

those with microscope and CCD camera. Two driving pads, whigf 'y increment to obtain current resistan¢eR) characteristic
connect with the line heater electrically, have dimension of 1 rve for each heater-liquid combination, from which the tem-

><.100 pm- The pads were made by .d.eposmon of alumlnt{m fil erature for bubble nucleation on the heater-liquid system can be
with thickness of 0.7um on the polysilicon pads. Schematic an educed. More fine increment of 0.01 VV was employed near the

Kucleation point to measure the bubble nucleation temperature

shown in Fig. 1. : .
. N accurately. Experiments were carried out under room temperature
A pressure tight test chamber as shown in Fig) 2vas made . condition of working fluids. At each interval of experiment, which

acryl. Inner dimension of the chamber to hold working fluid iSvas a ; ; ;
A pproximately 5 min, wait for 10 s or so to see whether
30x30x10 mm. Two 4 mm OD copper tubes that provide CUyybble formation occurs. Such interval of 5 min is enough to

rent to the heater as well as working fluid to the chamber Welg intain the liquid temperature at room condition.

connected to the probe tips in the chamber through the two si eRubble nucleation process was also observed by using

of the wall. Two tungsten probe tips which have 2 diameter icr5c0pe-CCD camera or microscope-35 mm camera unit with
end were contact with the aluminum film pads. The other en sflash(PaIfIash 501pf us duration.

whose diameter is 0.5 mm were forced to contact with the copper

tube inside the chamber as shown in Fith)2 (b) A Model for Micro Line Heaters. The heater works
Fluorinert liquids such as FC-72, FC-77, and FC-40 were emhen a current is applied through the two driving pads that have

ployed as working fluids. However methanol and ethanol turneduch larger volume than that of the heater. The silicon substrate

out to be not appropriate for working fluid to the polysiliconbeneath the silicon dioxide layer acts as heat sinks. Applying the

enlarged views of the micro line heater on the silicon wafer a
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energy conservation to the differential element in the heater, 21
one may obtain the following heat diffusion equation for the
heater{10].
—— Theory
(72T 1 9T 205 ®  Experiment
—_— — + J—
2w T (6)
where, —
) £
o s
ap = (7)) 8
* Copp £
ke 1 h[1 2\ Jpy¢ &
s:—s—+—(— —)— ' (7-2)
pZnS Kp\z, w Kp
and
J?Po
T,=T.+— 7-3
r kpg ( )
The steady state solution of E() can be obtained with appro- 185 . . . . - T -
priate initial and boundary conditiod40]. The temperature dis- 0 2 4 6 8 10 12 14
tribution along the line heater at the steady state by solvinddg. Current [mA]
is given by[10] i i i
Fig. 3 Calculated (—) and experimental (@) I-R characteris-
J?po coshive(x—L/2)] tics for the polysilicon heater of 50  X3X0.523 um?in FC-72. The
T(X)=T,— e s e (8) theoretical characteristics was obtained with po=5.90
Koe  coshiye(L/2)] X1074 Q-cm and £=0.75X10"%/°C.

The resistance of the heater can be obtained by considering the
power dissipation in the heater. That is
L L the other hand, for the Bm-width heater, the nucleation tempera-
Po _ : . R
R,= f dRy(T)= —— [1+ &T-T..)] 9) ture 389.7 K is less than the sgperheat limit by as much as 31.3°C
0 wz, where heterogeneous nucleation might take place. The measured
— _ ~_nucleation temperatures on the micro line heater in FC-72 are
whereT is the average temperature of the line heater and is giveertainly lower than that of 451.2the critical temperature of
by FC-72)obtained by Lin et al[11]. The measured temperature by
1 (L N Je us may be the minimum temperature for bubble nucleation at
T T (T — yE Y given conditions. In fact, it has been found that the bubble nucle-
T Tdx=T,—(T,—T.)tan L L (10) ; - - !
LJo 2 ation temperature on the Ta/Al micro heater immersed in water

. . e . depends crucially on the applied heatin
Of course, the theoretical solution of the heat diffusion equation game experirr){ent was ggne with ar?ot%i fluorinerts such as

for the micro line heater and consequently the resistance heateg@l77 ang Fc-40 and similar results were obtained. The measured

steady state given in E¢8) and(9), respectively, were obtained , ,cjeation temperatures along with the superheat limit calculated
with assumption that both ends of the line heater remain at g

. . . . . the molecular cluster modgb] and the thermodynamic limit
amb_lent temperature during heatl_ng process. This assumption Wa8mated by the Berthelot equation of st&l8] are given in
conflrlmed tr? be frleaso?ablehbyaflnltehelem%ntk;o\na[)’zsj} HhOW' Table 1. The adjusted values of resistivity and its temperature
ever large heat flows from heater to the pads because there exigissicient for liquid-heater combinations to obtain the nucleation

large temperature gradient at the boundgig]. Therefore, the temperature are aiso given in this table. Only slight change in the
nucleation temperature was determined by fitting the theoretica

I-R curve to the measured I-R curve with adjusting the property
values of polysilicon heater such ag and {. This procedure,
which is a key element in this study, is crucial to measure the
correct temperature for bubble nucleation on the heater.

420 -

Results and Discussions

Measured I-R characteristic curve up to the bubble nucleation
point for the 3um-width heater in FC-72 is shown in Fig. 3. The
corresponding theoretical I-R curve which is fitted closely to the
measured one by adjusting the variables such as polysilicon resis-
tivity (po=5.9%10"%Q-cm) and its temperature coefficien (
=0.75X103/°C) is also shown in Fig. 3. Hardly one can obtain 340
such closely fitted curves by adjusting the variables related to the
heat transfer mechanisp1]. With these adjust values @f, and 220 4
&, one can obtain the accurate nucleation temperature, which is :
shown in Fig. 4. For the heater with Am-width, the measured 200 |
and theoretical I-R curves are shown in Fig. 5. The temperature
distribution along the line heater at the bubble nucleation point is 0 © 20 a0 40 50
also shown in Fig. 6. Drastically different nucleation temperatures X [umi
for the different width heaters were obtained. For ther3-width
heater, the bubble nucleation temperature 430.4 K is certairfly. 4 Steady state temperature distribution along the 3 pmm-
greater than the superheat limit of FC-72, 421.0 K by 9.4°C. Omidth line heater at the current of 13.45 mA

400 -

380 -

360

Temperature [K]
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for the 3 um-width heater but error af:2.0°C for the Sum-width
heater in the measurement of the nucleation temperature. Also the

124 - heater temperature is very sensitive to the input current for such
narrow width heater, for example, 0.5 mA increase in the current

—— Theory yield 30.0°C increase in heater temperature foruth-width

®  Experiment heater. This is a reason why we did not usgri-width heater in

this experiment. The uncertainty in the thickness of heater,
+0.004um and the uncertainty in the current to the heatdy,05
mA give error of £1.0°C respectively so that the total uncertainly
in the measurement of the nucleation temperature for tjsn3
width heater is about-12°C. The total uncertainty in the mea-
surement of the nucleation temperature for thens-width heater
is only =3°C under the same uncertainty in the variables con-
cerned. However, the comparison of electrical resistance between
measurement and the calculation values by the relaton
=poL/(Wz,)) at the ambient temperature provides us the dimen-
sion of heater, 5mXx3.1 umX0.527um for 3 um-width heater
and 49.9umx5.1 umx0.527 um for 5 um-width heater. The
estimated nucleation temperatures with these dimensions of
20 heater, which are listed in Table 1, certainly reduce error in the
Current [mA] measurement of heater temperature considerably.

Even with taking account of the error in the nucleation tempera-
Fig. 5 Calculated (—) and experimental (®) I-R characteris-  ture measurement, bubble nucleation on tham-width heater
tics for the polysilicon heater of 50 X5X0.523 um®in FC-72. The  was found to occur above the superheat limit of liquid. This ob-
theoretical ~characteristics was obtained with po=6.09  servation indicates that enough liquid volume evaporated is
X107* Q-cm and £=0.80X107%/°C. needed for bubble formation so that thinner width heater needs
higher nucleation temperature and consequently sufficient evapo-
E%tled volume for nucleatiofi4]. For 2um-width heater Lin et al.

Resistance [Ohm]

resistivity and its temperature coefficient values depending on § ] have observed that bubble nucleates at near the critical tem-
liquid-heater combinations employed can be seen. It should Srature of liquid

noted that the uncertainty in the width of heate.1 um gives ™) o0 o hiy heterogeneous nucleation even on a cavity free sur-
substantial error 0f:20°C for the 1um-width and of£10.0°C face takes place on the Am-width heater. With the nucleation
rate of 16*-10"¥cn?s, the nucleation temperatures depending
400 on contact angle, which are obtained by E4.are shown in Fig.
7. With a contact angle of 110 deg, which supposed to be reason-
able for such well wetted liquids, the nucleation temperature turns
out to be good agreement with the measured values as shown in
Table 1. Note that the minimum surface temperature required for
bubble formation in water on a 6amXx65 um heater element
used in commercial thermal ink-jet printers is about 178.p9¢
which is also certainly far below the superheat limit of water
while the highest nucleation temperature measured was 560 K at
the heating rate of 0.25%0°°C/s. One may obtain the homoge-
neous superheat limit at the contact angle of 0 deg, as shown in
Table 1. For the cases shown in Fig. 7, appropriate nucleation rate
values were employed to obtain smooth nucleation temperature
curve up to the boiling point. The nucleation rate values are
10'%¥cm? s for FC-72, 1&cn? s for FC-77 and 18/cn? s for
FC-40. Note that the ionization potential for the fluorinerts, which
o 10 2 30 % 50 are not available at present, were estimated so that the nucleation
temperature at the contact angle of 180 deg becomes the boiling
point of liquid as shown in Fig. 7, which was suggested by Ave-
Fig. 6 Steady state temperature distribution along the 5 pm-  disian[9]. The polarizability of working fluids was obtained by
width line heater at the current of 18.34 mA

Temperature [K]

X [pm]

Table 1 Measured nucleation temperature depending on heater width in various fluorinerts
and the liquid superheat limits estimated by theoretically.

Heater Measured Superheat
width Nucleation Limit, Adjusted resistivit§* , po (2-cm)/
Liquids (uem) TemperatureK) Ts(K) and temperature coefficierg(/°C)
FC-72 3 430.4 421.0 5.90%x10 %/0.75%x10 3
5 389.7 (414.8) 6.09x107%/0.80x1073
FC-77 3 467.8 473.2 5.90%x107%/0.78x10 3
5 4245 (458.7) 6.11x10 4/0.79x10°3
FC-40 3 515.7 515.8 5.91x1074/0.80x1073
5 464.2 (499.2) 6.09x107%/0.84x10°3

*Calculated from the Berthelot equation of state.

** |isted values of resistivity and temperature coefficient for polysilicon ar& IG5 * -cm and 1.2X.0"3/°C respectively
[Lin and Pisano, 1991
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500 500 501, pulse duration, 0.ns) with an appropriate delay. The dura-
tion of current applied to the heater was about 280and the
exposure time of 35 mm camera was-800 s. As shown in Fig.

b 460 8(a) the bubble continues to grow until heat supply to the heater
stops. After the heat discontinues, the bubble turns to decrease and
finally collapses. The period of growth is almost same as that of
L 420 collapse. As clearly seen in first two frames of Figa)3 when a
spherical bubble formed from the spheroidal shape of superheated
liquid layer above the heater, the bubble dimension shrank be-
I 380 cause the evaporated liquid which covers the heater broadly accu-
mulates to become a bubble. This finding suggests that a bubble
can form on the micro line heater if enough evaporated volume
k340 above the heater is creatg#]. Also the measured bubble nucle-
ation time of 30us is good agreement with the predicted value by
Oh et al.[16]. Note that the average temperature achieved at

r 480

I 440

| 400

Temperature [K]

F 360

320 r 320

300 : . : : ; . . . 300 steady state, which was measured by a bridge circuit and a dy-
0 20 40 60 80 100 120 140 160 180 namic amplifier is about 433.0 K18]. This measured value is
Contact angle [6] much higher than the minimum temperature for bubble nucleation
as shown in Fig. 6. In Fig.(®) side view of the bubble growth for
Fig. 7 Predicted nucleation_ temperature \_Nith contact angle for the case of applying longer duration of current of 13.56 (BA/)
FC-72, FC-77, and FC-40 with the nucleation rate values of 10 *,  t the 3 um width heater is shown. The bubble nucleation tem-
10* and 10*/cm? s respectively perature in this case is about 430.4 K as shown in Fig. 4.

Microscope/CCD camera unit was employed to take these pic-
tures. About 30 ms was taken until the bubble grows to become
Lorentz-Lorenz formuld15]. The temperature dependence of ththe length of the heater.
saturated liquid density and the effective diameter of the mol- At the time of nucleation, 3@s, the bubble radius estimated by
ecules were estimated by the Gunn-Yamgt&] method. To esti- this correlation is about 4.am. The number of molecules inside
mate the vapor pressure dependence on pressure, a correspondtiegvery first bubble, 78 molecules estimated by the ideal gas
states formula by Dong and Linhafi7] was employed. law suggests that the bubble may be formed from the evaporated
As has been observed in the previous study by Lin efldll, volume of zzw?, which is about 210 * um? for 3 um-width
the liquid around the heater turns out to be white before theeater. Assuming that the bubble can nucleate with this minimal
bubble nucleation occurs. This may be due to the evaporationarhount of evaporated volume, smaller width heater needs more
liquid adjacent to the heater. A series of bubble nucleation, growidrger evaporated layer thickness for bubble formation.
and subsequent collapse processes were visualized when the \/(rglt- luSi
age of 3 V was applied to the pm-width heater in FC-72. A onclusion
delay generatofSRS DG535)with zitter of 50 ps only supplied  The bubble nucleation temperatures on the micro line heater
the current to the heater and voltage signal to the f(&siiflash were measured precisely by obtaining the I-R characteristic curves

P 4P 4F 9F 9F -9

30 us 35 ps 45 ps 65 us 125 ps

“T0 130 30 [

175 us 225 us 275 us 325 us 375 us

#

|

(a

30 ms 90 ms 150 ms 450 ms
(b)
Fig. 8 Bubble nucleation and growth when a finite current pulse of 200 ps is applied (a) and
bubble nucleation and growth when longer duration of current is applied to the heater (b)
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 691
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of the heater. The nucleation temperature on ther3-width Greek Letters

heater is higher than the superheat limit estimated by molecular _ ; .
. . = accommodation coefficient

cluster model for bubble nucleation by-80°C, which could be B _ ;

; . .~ . AH,,, = enthalpy of evaporation
also predicted by analytically. On the other hand, the actlvatlonAHf = enthalpy of fusion
temperature for nucleation on thesgn-width heater is consider- en = energy needed to separate a pair of molecules
ably less than the superheat limit of liquid, where heterogeneous ¢ = temperature coefficient of resistivit9.0012°C)
nucleation may occur. T_he meqsured temperature fo_r the hetero- po = resistivity of polysilicon heater (7.4210~® ohm-m)
geneous bubble nucleation are in close agreement with the values | = _ o o¢ 0o cilicon heater (2.3210° kg/n?)
estimated by using the molecular cluster model as applied to a "" y of poly ' 9
surface with appropriate value of contact angle. In addition, tifeubscript
bubble nucleation time of 3@s, predicted by the previous analy- ¢ = critical cluster or critical size bubble
sis for the micro line heater has been confirmed by the visual
observation of microscope/35 mm camera unit with a flaspof Acknowledgment
duration, so that one can predict the bubble nucleation process ofThis work has been supported by grants from the Korea
the heater reasonably with the molecular cluster model for bublggience and Engineering Foundation under Contract

formation. No. 1999-1-304-002-5.
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Nomenclature

As = heater area
C, = heat capacity of polysilicon heat€r00 J/kg-°C)
F, = free energy needed to form n-mer cluster
h = convection heat transfer coefficief®84 W/n?/°C)
J; = current density
J, = nucleation rate of n-mer cluster per unit volume
Js = nucleation rate per unit area
kg = Boltzmann constant
k, = conductivity of polysilicon heate{34 W/m/°C)
ks = conductivity of silicon dioxide layef1.4 W/m/°C)
L = heater length
m = mass of molecule
n = number of molecules in a cluster
N = number density
p, = vapor pressure
p.. = ambient pressure
R = gas constant
R, = resistance of heater
s = thickness of silicon dioxide layer
T = temperature of liquid
T = melting temperature of liquid
T, = superheat limit of liquid
V,, = effective molecular volume of liquid
w = heater width
z, = heater thickness
Z = coordination number
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c.uonanno § [V]odeling of the Effective Thermal
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A. Carotenuto ConductIVItv Of Rough Steel

Prof. Mem. ASME -
N. Massarotti The upper and lower bounds of the effective thermal conductivity of packed beds of rough
spheres are evaluated using the theoretical approach of the elementary cell for two-phase
Dipartimento di Meccanica Strutture Ambiente e systems. The solid mechanics and thermal problems are solved and the effects of rough-
~ Territorio (Di.M.S.AT), ness and packed bed structures are also examined. The numerical solution of the thermal
Universita di Cassino, Via Di Biasio 43, conduction problem through the periodic regular arrangement of steel spheroids in air is
03043 Cassino, determined using the Finite Element Method. The numerical results are compared with
Italia those obtained from an experimental apparatus designed and built for this purpose.
[DOI: 10.1115/1.1578504
Keywords: Contact Resistance, Heat Transfer, Packed Beds, Porous Media, Spheres
1 Introduction the thermal conductivity of each phadé) the structure of the

solid phase(iii) the contact resistance between the unconsolidated
particles(as a function of the superficial roughness of the sphe-
s) and(iv) the mean applied pressure on the packed bed.

The effective thermal conductivityk,, rigorously defined on
the basis of the local volume averaging metdi is an impor- roi
tant parameter in porous medla_. Its proper evaluation has been PInfortunately, experimental data of the effective thermal con-
Interest for.a wide range of engineering problems such as pac tivity of stainless steel spheroids packed beds as a function of
bed catalytic reactor2—4], drying processef5,6], processes in- o1 the ahove-mentioned influence parameters are not available in
volving transpiration cooling7], in a nonisothermal catalyst pel-jierature. Consequently, ifL5] only a qualitative comparison of
let, in the thermal process of oil recovery and in a variety of othefe numerical results with the experimental data available in lit-
technologles[8—_12_]. The problem of determlnlng the ei‘fectlve_erature was carried out.
thermal conductivity of a saturated porous medium has been in-gqr this reason, in the present work, the authors have designed
vestigated in hteratgre by various authors and many theoretiGgdq puilt an experimental apparatus able to measure the effective
and numerical solutions have been propdsk8+18. The results thermal conductivity of porous media as a function of the most
available demonstra.te that the value is |nﬂuer.]ced by Se\./eral important influence parameters accurately measured.
parameters such a€) the thermal and mechanical properties of Furthermore, because of the calculative difficulty of the three-
the multiphase porous mediufii) the phase volumetric fractions, dimensional model reported ifi5], the authors propose a new
and (iii) the geometrical shape and the spatial distribution of th@umerical two-dimensional simplified model comparing the nu-
solid matrix and, in particular, the contact area between the soligerical results with the experimental data.
particles.

Due to the great number of the parameters involved inkthe .
evaluation and their wide variability, it is extremely difficult to2 EXperimental Apparatus
formulate a model that completely defines the effective thermal The experimental apparatus, reported in Fig. 1, is a hybrid ar-
conductivity. Recent research tends to simplify the porous medi@ngement of two typical measurement configurations of the ther-
structure and provide some useful applicative results. In fact, aml conductivity that arefi) the heat flowmeter andii) the
reported in[19,20], the effective thermal conductivity of randomguarded hot plate instrument. The apparatus measures the effec-
arrangement of solid particles fully saturated by a single phasee thermal conductivity on the base of one-dimensional steady
fluid presents two limits, the thermal conductivities of the solidtate comparative method. Energy is supplied at the top of the
and liquid phase and the applied pressure being the same. Bpparatus by means of electrical resistance and it is withdrawn
upper bound can be obtained considering face-centred cub&ing a water cooling system at the bott¢ig. 1(a)).
packed beds of monosize spheroi@d&CC), whereas the lower The packed bed is bounded, both above and below, by two
bound can be represented by simple cubic packed (8@susing structures made up of reference mateflabamglas®)between
the same spheroids. Even if the applications of these packed &g copper parallel plateig. 1(b)). The dimensions of the mea-
configurations are restricted, their analysis allow to point out gilrement chamber are large enough to allow the arrangement of a
the variables involved in the problem description and to develdieat number of spheroids, assuring a valid effective thermal con-
theories that could be extended to study more complex pac tivity measurement from a statistical point of view and in ac-
beds such as the random ones. cordance to the Representative Elementary VolURiEV) defini-

In [15] a theoretical model is presented to predict the effectiiion [5.21]. The choice of a parallelepiped as measurement
thermal conductivity of simple cubi¢SC) and body-centered cu- chamber(with a base of 19.5X19.5 cﬂmnd_ a height of 15 cm)
bic (BCC) packed beds made up of stainless steel spheroids sallowed the authors to test theoretically different cubic intercon-

rated with a single phase fluid as a function simultaneousl§)of Nected pack arrangements such as simple and face-centered cubic
ones.

Contributed by the Heat Transfer Division for publication in th®URNAL OF Under t.he above me.ntl.oned hypothgses and neglectlng .the
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 5pross-sectlonal area variation, the effective thermal conductivity,
2002: revision received March 14, 2003. Associate Editor: V. Prasad. ke can be evaluated as:
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Fig. 1 (a) The experimental apparatus; and (b) Measurement chamber
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wherekg|s and kg|; are the Foamglas® thermal conductivity o
the upper and lower structure respectively evaluated at their me

(1) bottom of the sample. In order to assure both one dimensional
heat transfer and heat flux differences smaller than 3 percent, a
thermal guard system was built around the measurement chamber
(Fig. 1(a)).

2 The copper plate temperatures are measured by means of min-
iaturised Pt100 resistance thermometers inserted in 2 mm holes at

@) the center of each 1 cm thick plate. These resistance temperature
detectors were calibrated using a thermostatic bath at the Labora-

ftory for Industrial Measurementd AMI) at the University of

ssino. The bath is characterized by a stability of 0.005°C and an

temperatureL, is the packed bed height,|s and L|; are the uniformity of 0.02°C ?“q a Pt25 transfer standandth an uncer-
thickness of the upper and lower comparative material respd@inty equal to 0.014°fdirectly traceable to the National primary

tively, andTp; is the temperature of tHéjth copper platéFig. 1).

standards. The calibration curves were obtained on the basis of 7

As stated by Eq(1), the thermal conductiviti, in the packed calibration points in _the range O to 80°C_using the generalized
bed is evaluated as the arithmetic average ofkhebtained by least squares techniquy@2,23]. The combined standard uncer-
equating the heat fluxes measured at the top, middle and at tamty was equal to 0.08°C in the above mentioned temperature
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Table 1 Thermo physical and mechanical properties of the contribution to the heat transferred can be estimated by applying a
materials constituting the apparatus parallel plate gray body model of conductive and radiative heat
transfer. The ratio of radiative transfer to conductive transfer can
then be evaluated 481]:

Thermal conductivity Young modulus Poisson ratio

Material k/(W-m™1.K™Y E/(MPa) v
Foamglas® 1.5.10°4.T/°C+4.10 2 radiation 4wsT%D @
Copper 398 P
100Cr6 Steel 60 200000 0.30 conduction Ke
(spheroids) wherew is the Stefan-Boltzmann constanstis the spheroid emis-

sivity (assumed equal to 0,IT ,, is the packed bed mean tempera-
ture (assumed equal to 310 K, represents the measured effec-
tive thermal conductivitywhose order of magnitude is assumed
range. The acquisition data system, interfaced by means of a Rual to 1.0 W m*K ™) andD is the spheroid diameter. Conse-
232C connector to a personal computer, allows a scan intergalently, the ratio of radiative transfer to conductive transfer is less
equal to 1 minute. than 2 percent. The thermo-physical properties of the materials
Concerning the porous medium, the experimental tests warsed in the apparatus are reported in Table 1.
carried out on two different packed bed structu(®€ and FCC) Regarding the steel 100Cr6 constituting the spheroids, four
of steel spheroids. The spheroid diameter was chosen considesagple sets with different superficial characteristics were used. In
that in traditional studies of heat conduction in porous mé@#d order to have a wide experimental range, the peak height standard
relatively small particles are used in order to neglect the effects @éviation surface roughness, varies from the value after a lap-
radiation, and the sample dimensions are chosen so that opig machining(c=0.02 um) and the one referred to a grinding
dimensional heat flux is achieved. On the other hand, if the ditrface machiningo=1.2 um) (Fig. 2). The superficial roughness
mensions of the spheroids are too small, it would be difficult to sef the spheroids has been measured using a Talysurf profilometer
up a particular interconnected pack arrangement. For this reaseith a vertical resolution of 0.8 nm, and a data sampling interval
the diameter of the spheroids was chosen equal to 19.05 mminna horizontal direction of 0.2%m. Typically, three traces ran-
order to overcome the above mentioned difficulties and, to allowdmmly distributed on the spheroid surface were determined for
manual positioning of the spheres in the packed bed. The radiatiieee different spheroids obtained through the same machining

““W‘\""“‘M*W
=
)
O

T

Spheroid 910 um
A
S
i
;
(a)

Spheroid
R e

Spheroid

Fig. 2 Surface roughness and mean absolute slope of the spheroids used in the analysis: (a)
lapped spheroids (¢=0.02 um and m=0.0017), (b) prelapped spheroids (0=0.11 um and
m=0.0054), (c) hard grinded spheroids (0=0.96 um and m=0.0231), and (d) soft grinded sphe-
roids (o0=1.20 um and m=0.0270)
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Table 2 Uncertainty analysis of the effective thermal conductivity experimentally evaluated in
the case of face-centered cubic packed beds of lapped spheroids

Standard Contribution to the combined
Quantity uncertainty standard uncertainty
X; u(x) uko/Wm tK? Ui(ko)/ke 107

kes=0.048 WnT 1K1 1.2103Wm K1t 0.018 2.68
ke[=0.044 W nT 1 K™* 1.1103wWm 1K1 0.016 2.32
AT¢=24.00°C 0.1°C 0.0023 0.34
AT;=22.64°C 0.1°C 0.0021 0.31
AT,=1.82°C 0.06°C 0.028 4.2
Ls=4.0510°?m 3.010%m 0.0053 0.79
L;=4.06102%m 3.010%m 0.0046 0.68
L,=4.610%m 1.010°%m 0.014 2.17

process. Furthermore, a three-dimensional Finite Element Methiodorder to minimize the uncertainty in the evaluation of the thick-

(FEM) code[25] was used both in the design and in the characiess of the reference material, since it is a porous medium, the

terization of the experimental apparatus and to verify the heat flahickness of the copper plates is determined in several p@ists

to be one-dimensional and const®6]. In particular, an order of points), using a three-dimensional coordinate measuring machine

magnitude of the characteristic response time was found to @MM) with an uncertainty equal to 3.01+L/m) um whereL

circa 60—70 hours. is the measured thickness. Subsequently, under the same load con-
ditions, the thickness of the sandwich structure is measured. From

2.'1 _Experimental Uncertaintit_es of the Apparatl_Js_. The the difference of the measurements obtained, on the baf&y if
estimation of the measured effective thermal conductivity depenﬁj%vas possible to determine the reference thickness and the cor-

on different parameters as reported in Eds-3. The correspond- \oq4nding uncertainty. Using the same CMM, it was possible to
ing standard uncertainty(k), is evaluated by considering theverify the hypothesis of the constant area assumed for the four
standard uncertainties of the input quantitieske(dx;) -u(xi), copper plates. For example, in Table 2 the standard uncertainties
where (ke /dx;) are the sensitivity coefficients of each paramet€ft i input variables are réported for the case of face-centered
or physical quantity; (kg|z,ATg,ATy, Ly, L|g) [27]. Applying cubic packed beds of lapped spheroids.

the above mentioned procedure in the hypothesis of uncorrelate his table shows that the most important contribution tokthe
variables, the combined standard uncertainty can be evaluateduﬁﬁ:'ertainty is related to the temperature drop across the measure-

kel 5\ 2 kel 52 dkel |2 ment chamber. In order to reduce such contribution the authors
U?(Kel ) = el -UP(Kg| g) + m) UA(AT )+ m) intend to improve the experimental apparatus using Pyrex as ref-
Fls B m erence material. In this way it is possible to reduce the uncertainty

2

) in the evaluation oA T, because this parameter increases.
-u (Lm) +

2
) 'U2(|—|/3) By using the procedure reported[i2i7], in order to estimate the
uncertainty budget for Eq1), it is possible to obtain a maximum
(5) uncertainty in the evaluation of the measured effecti\l/e thermal
where 3 is equal tos or i as the upper or lower structure isconductlvny. This uncertainty is equal to 0.025 Wi ! (cor-

consideredAT,, is the temperature drop across the measuremdfePonding to a relative uncertainty of 4.7 pergdat the FCC
chamber Tpsfmsz), AT Il?s the tempeﬁ’ature drop across the Packed beds and to 0.016 WK " (corresponding to a relative
structure. A uncertainty of 4.4 percenfor the SC packed beds in the whole

As regards the standard uncertainties of the temperature and $¥gerimental range.
temperature differences, it must be pointed out that:

kel g
L

kel g

2
- +
U“(AT,,) (9L|B

 the temperature uncertainty is evaluated on the basis of fo%r Numerical Model
different contributions such a$) calibration uncertainty = The effective thermal conductivity was defined [ib] on the
(0.08°C), (ii) copper plate temperature uniformit§0.01/ basis of the local volume averaging method. This methodology
(2v3)°C, obtained from the numerical simulations carried owtllows one to analyze the temperature distribution only in an el-
for the characterization of the experimental appapat(is) ementary cell(Fig. 3). A three-dimensional model was used in
copper plate temperature stabilif.2/(2v3)°C, evaluated [15]to evaluate the effective thermal conductivity of simple cubic
considering the maximum oscillation amplitude experimerand body-centred cubic packed bed of stainless steel spheroids as
tally observed at operating conditions in the middle point od function of the thermal conductivity of each phase, the structure
each copper plajeand (iv) the data acquisition system un-of the solid phase, the contact resistance between the non-
certainty for the Pt100 electrical resistar(©e02 (}). consolidated particle and the applied pressure. It is important to

< only in the evaluation of the temperature difference uncepoint out that the combined thermal and mechanical three-
tainty, the presence of correlation must be considered. In fadimensional model is very expensive from a calculative point of
(i) the temperature sensors were made by the same manufaew. Consequently, the authors propose a new two-dimensional-
turer and they belong to the same production (@), the axisymmetric model that takes into account a detailed description
temperature sensors were calibrated at the same time usimgh of the mechanical contact of the curved rough surfaces of the
the same primary standar(ii) the stability and uniformity spheroids and of the heat transfer in an equivalent unit cell.
uncertainties of the temperature sensors have the same ordérhe new model proposed in this paper is based on the simpli-
of magnitude, andiv) the time drift of the acquisition data fied hypothesis that for regular sphere arrangement andkgor
system is the same for all the temperature sensors. For thesk,, wherekg andk, are the thermal conductivities of the steel
reasons, considering that the correlation factor increases smheroids and air respectively, the influence of the spheroids spa-
the temperature drop diminishes and that the observed tetial distribution on the three-dimensional thermal field, and con-
perature differences are lower than 20°C, the authors assusaguently on the effective thermal conductivity, can be neglected,
a correlation factor equal to 0.7. once the mechanical contact has been correctly simulated as a
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X

Fig. 3 Elementary cell in a) SC and b) BCC packed beds

function of the load and of the solid matrix structure. Under thehere R; and R, are the radii of the two spheroids in contact.

above mentioned hypotheses an equivalent two-dimensional d@lliring the contact, each asperity of height modeled with a

can be defined as shown in Fig. 4. The first dimensidn,is spherical summit of constant radius, measured from the peak

determined in accordance with the spheroid diameters, and tieght mean line, is flattened by an amowrt,z) (Fig. 5):

second dimensionB, on the basis of the three-dimensional cell

porosity. In fact, the two-dimensional modified elementary cell Wew(r,2)= z=g(1)

presents the same porosity value of the corresponding three- ' 0 for z=g(r)

dimensional elementary cell. For this reason, the dimenBiam . .

the SC packed bed is greatd8/D =0.56, than the correspondingv"h.ere g(r) |s_the separation between_ the rough surface peak

one in the FCC configuratiom8/D=0.46, (Fig. 4). he!ght mean line and the smooth equivalent sphere, and can be
As regards to the contact mechanics, the contact pressure dfgtten as(29]:

tribution p(r) and the contact radiws, (Fig. 4), have been evalu- r2

ated by means of an iterative methodology, similar to those re- g(r)=go+ ﬁ+8(r) (8)

ported in[28,29]. The main difference between these and the

present procedure is that an elasto-plastic model is here intighere S(r) is the axial deformation of the equivalent sphere of

duced to describe the asperity deformation for spherical surfacesdiusR, r is the contact radial coordinate, aggl is the distance

while in [28,29]only an elastic deformation is considered. Théetween the undeformed sphere and the peak height mean line at

use of the elasto-plastic model is necessary in accordance to e contact centeiFig. 5).

evaluation of the plasticity index [30] for the four profiles  As mentioned before, three different deformation regimes of the

(Table 3). In fact, on the basis of the applied load, the elastasperities in contadelastic, elasto-plastic and plastitan be ob-

plastic contribution to the total contact area varies from 54 percesérved in the problem examined. Transition from the elastic to the

(lapped spheroidsto 99 percentsoft grinded spheroids elasto-plastic regime is obtained for a value of the deformation
The present model is based on an equivalent contact betweesgaal to[31]:

smooth deformable sphere and a rigid rough pla2&]. The

for z>q(r)

(@)

. . 2
equivalent smooth sphere radiRscan be evaluated 428]: _[37\H
Wu=| g | P C)
1 1 1
R R_l + R_2 (6) Where_>w~«0.4 for meta_llic material§31], p is the equivalent peak
summit curvature radius equal to:
1 1 1
—=—4 — (20)
T p P11 P2
wherep, andp, are the peak curvature radii of the two spheroids
steel in contact,H is the Brinell microhardness of the softer material,
- ' and[28]:
T~ 28]
> _ 1 (14 1-43
( air D — ==+ —= (112)
E E, E,
contact area
steel
Table 3 Micro-geometrical properties of the spheroids
—————t o*lum m* v
B
Lapped spheroids 0.03 24103 1.08
SC FCC Pre-lapped spheroids 0.16 76103 1.99
Hard-grinded spheroids 1.36 3.3102 4.32
Fig. 4 Modified elementary cells adopted in the numerical Soft-grinded spheroids 1.70 3.810°2 4.69
model
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Fig. 5 Mechanical model of the surfaces in contact

Transition from the elasto-plastic to the fully plastic regime is W
reached at the valug1]: ’ 3.7 p-H- \/—tl()\zfl)JrZ)\E*(wlsztl)
Wi =KWy (12) 61=E P
whereK is a factor that can be experimentally determifi28l]. In \ /E _ * _
the present paper, the authors report the relationship proposed in 3-mp-H- o (A1) B (Wip =Wy )
[32]to estimate its value, which relat&sto all the variables that
influence the mechanical behavior of the surface: 0,=H—0; (19)
* 0.5 *
Ke S i*) (13) 8y= \/E ETOH-5)
Hlo 3 VWi - (Wep—Wyy)
whereo* is the square root of the sum of for each profile in and for the elastoplastic area a polynomial functional relationship
contact. [31]:
Introducing a statistical Gaussian distribution for the peak WeWer |2 We W, |3
height®(2): Agp=7-p-W-| 143 —tl) —9. —tl) } (20)
) Wip— Wi Wip— Wy
®(2)=Ny 1 exr{— l(i) } (14) the continuity of the function and its derivative at the limitg;
27 2\o* andw;, are preserved for both the pressure and the area.
The proposed Eq4$18),(19)represent an improvement respect
where to the elasto-plastic pressure law assumed3ih], that can not
1 assure the continuity of the pressure derivatives being a logarith-
Ny= mic one.
+oo 1 1/ z)\2 However, Eq(16) can be used to calculate iterativglr) only
Zﬁj —ex;{ - —(_*) }(ZPZ—ZZ)dZ if go is determined at the starting integration pogtt) (see Eq.
-0 o*\2m 2\o

(8)). This value can be obtained from the balance between the

(15 contact pressure distribution and the applied load, which is stated
is the number of peaks per unit arg®,33], the contact pressureby the following equation:
p(r), is equal to a
e FC:2-77~J r-p(r)-dr (22)
p(r)=f F(r,2)®(2)dz (16) ;
z=g(r) where F is the component of the applied load normal to the
where the force acting on the single peak of heigH(r,z), is contact surface between the two spheres. _
equal to (i) 4/3E*-p-w3? in the elastic regime W<w) At the_ beglnn_lng of the iterative procedure a Hertzian pressure
[28,31],(ii) 27pH - w in the plastic regimew>w,,) [28,31], and dlstrlbutlon[28] is assumed fop(r). Then, the deformatio(r)
(iii) Fep(r,2) in the elastoplastic regimeng;<w=w,.,): of the equivalent sphere, introduced in E8), is obtained through
P the solution of the elastic problem for the equivalent sph2asd.
Fep(r,2)=PepAgp (17) The distancey, is iteratively evaluated by coupling E(L6) with

Eg. (21). The new pressure distribution can be now evaluated
ﬁ?rough Eq.(16) and used to restart the iterative procedure to
evzluate the contact radius. Since the contact effective pressure

whereP., andA., are the elastoplastic contact pressure and ar
respectively.

The material IS gssumed to be homogeneous and Isotropic s asymptotically to zero far from the contact center, the contact
these characteristics are preserved during the deformation, th &lius can not be precisely defined, and its value has to be arbi-

fpre the.derivatives of the mechanical properties should be Cot'?ér'ly determined28]. In the present model the contact radas,
tinuous in the hypotheses of absence of phase changes or matelighs-ined for a value aj(r) equal to 4*. This value assures an

inclu§ions. By "."ssuming for the elastoplastic pressure an e”ipti(‘(-f"’ilror less than 0.02 percent on the total number of the contact
functional relationshig32,33]

asperities.
P. =[5 + W 18 _The convergence of the iterative proc_edure is reache(_j when th_e
ep=[01 27 O5(W—Wip)’] (18) difference between the new contact radius and the previous one is
where less than 0.2 percent. A detailed comparison between the present
698 / Vol. 125, AUGUST 2003 Transactions of the ASME
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Table 4 Coefficients of Eq. (25) [32] ment with those reported if28,29]. Furthermore, if the contact
radius increases, according to Eq49),(20) the mean contact

Coefficient Value pressure decreases and, consequently, the mean contact conduc-

c —1.12010°1 tance decreases in accordance to @24,).

c, -5.25810 ! When small contact pressures occur, the gas could give not
8.57710 ! negligible contributions to the heat transfer in the contact region

C4 —8.794.10°3 [36,37]. The authors have evaluated the air contribution through

Cs 207510 the additional thermal conductance of the hjr, in accordance to

Co 1.355107 the model reported if37].

¢ 1.018

Hence, the thermal conductivity of the contact sgqt, is de-
termined as

ke=(hc+hy)-gy (26)
contact model and experimental and numerical data of different — .
agreement. From the contact pressure distribution, obtained us#¥§rage undistorted gap between the two spheroids in the contact

the above mentioned iterative procedure, the mean contact praot(Fig. 4). . i ) )
sure,p, can be evaluated as The effective thermal conductivity for the two-dimensional axi-

symmetric elementary cell is obtained in accordancglias
_ (a) :_Equdv
ATy V AT

The average thermal contact conductarht;e,cqn be evaluated as whereq is the thermal flux{ ) is the volumetric mear andV
a function of the mean contact pressure using a functional relge the cell height and volume respectively, ax@ is the tem-

2-a- [3p(r)-r-dr

— (22)

p=

ke= (27)

tionship similar to those reported [64,35] perature drop across the e|ementary cell.
_ kem* [p\” The temperature field in the modified elementary cell is ob-
he=a- — '(ﬁ (23) tained using the FEM with the following boundary conditions
g
wherem* is the mean absolute slope of the equivalent profile in T(0=r=B,z=0)=0 (28)
contact,a andy are two coefficients depending only on the plas- T(0<r<B,z=D)=T* (29)
ticity index, ¥, defined as
dT(r=0 and r=B,0<z<D)
B E i 1/2 -0 (30)
V= qlR (24) ar
In particular whereB is the radius of the elementary cell afd is an imposed
P ' temperature.
E* -m* 1 The discretization of the domain was obtained using triangular
a=1+ H Cy+ ot Jr linear elements. The mesh sensitivity analysis showed that a mesh
20 (25) of 11,000 element can be considered satisfactory from a calcula-
E*.m* Cs tive point of view.
Y= Cat T Concerning the uncertainty in the numerical evaluatiorkof
(1+ce- W)™ as previously shown, the functional relationship is

valid for p/H=<0.05 and 1<¥=<10 and where the coefficieots _ P

reported in Table 4, were obtained by means of a least squares ke=ke(ks Ka Bs,vs,Hs, 0" ,m",Fe ,Rs, b,p) (31)

regressiorf32], for materials with & value equal to circa 0.4. whereE,, v, Hg, andRg are the Young modulus, the Poisson
The dimensionless contact radius and mean thermal conduatio, the Brinell microhardness and the radius of the steel sphe-

tance trends against the equivalent peak height standard deviatioids, ¢ is the porosity, and, is the thermal conductivity of the

are reported in Fig. 6(aand 6(b)respectively. For the same ap-air in the elementary cellFig. 4). The combined standard uncer-

plied load, the contact radius increases as the surface roughrtessty, u(k.), of the effective thermal conductivity numerically

increases, in accordance to the assumption that the contact raéwaluated is determined by considering the standard uncertainties

corresponds to a gap ofs#. The results obtained are in agreeof the input quantities. The complexity of the functional relation-

a/aHz

(a) (b)

Fig. 6 (a) Dimensionless contact radius; and  (b) mean thermal conductance trends versus the equivalent peak
height standard deviation
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Table 5 Uncertainty analysis of the effective thermal conductivity numerically evaluated in the
case of simple cubic packed beds of hard grinded spheroids

Standard Contribution to the combined
Quantity uncertainty standard uncertainty
Xi u(x;) ukdWm K1t ui(k/ke 107

ke=60Wm 1K™? 3.0 wm ik 0.004 1.03
k;=2.70102Wm 1K™ ! 1.410°Wm 1K1t 0.017 4.36
E,=200 GPa 4.0 GPa 58103 1.49
vs=0.30 0.02 4.0103 1.03
Hs=8316 MPa 249 MPa 8.710°3 2.24
0=1.0510°%m 1.0510 " m 0.015 3.74
m*=0.033 0.0020 0.002 0.51
F.=0.983 N 0.01 N negligible
¢=0.476 0.019 0.012 3.08
R=9.525103m 3.010°m negligible
p=1.310°%m 6.610 " m 7.410°3 1.90

ship does not allow one to obtain a mathematical formulation t&*, varies for a contact force of 0.98 and 0.79 for the SC and FCC
evaluate these coefficients analytically. Therefore, the most swetementary cell respectively. It should be pointed out that the load
able approach to determine the sensitivity coefficients seems todming on the packed bed is applied gravimetrically and friction
the numerical approach based on the differei@&g. In Table 5 contribution between the upper Foamglas® structure and the walls
the standard uncertainties of the input variables are reported in @ be neglected because of the presence of a smaliwgtipa
case of the evaluation of the effective thermal conductivity ndimension lower than 1.0 mmThe dots correspond to the experi-
merically evaluated for simple cubic packed beds of hard grindedental data with the corresponding measurement uncertainty,
spheroidgFig. 2(c)). whereas the continuous line represents the values obtained from
By applying the procedure reported [ia7]to estimate the un- the numerical model with the corresponding uncertainty range
certainty budget in the case of uncorrelated variables, one daashed lines). The experimental results confirm the existence of
obtain a maximum uncertainty in the evaluation of the numericah upper(FCC) and lower(SC) bound and a wide range for the
effective thermal conductivity equal to 0.033 WK ™! (corre- effective thermal conductivity of random packed bed of spheroids.
sponding to a relative uncertainty of 5.9 pergefar the FCC Concerning the surface roughness, these results point out the great
packed beds and to 0.029 WK ~* (corresponding to a relative influence of this parameter dk,. In particular, Fig. 8 shows a
uncertainty of 6.9 percenfor the SC packed beds in the wholesignificant increase in the effective thermal conductivity as the

experimental range. surface roughness, and consequently the thermal contact resis-
. ] ] tance between the spheroids, diminishes. In the roughness range
4 Comparison and Discussion of the Results examined, a maximum variation of the measured effective thermal

For one of the experiments performed, the temperature of tRenductivity between the lapped and soft grinded spheroids is
four copper plates is reported in FigaJas the time varies. From ©Psérved equal to 24 percent and 27 percent for FCC and SC
this figure, it can be seen that the characteristic time for the éh@cked beds respectively. . )
perimental system is about 60 hours, in accordance with the value! '® Present numerical model is in excellent agreement with the

obtained from numerical simulations carried out using a threXPerimental values in all the ranges analyzed. In particular, the
dimensional Finite Element Method. maximum percentage difference between numerical and experi-

Even if the characteristic time is so long, in order to assure tppgental results is less than 6 percent assuring the compatibility of
one-dimensionality and the conservation of the heat flux, tfige data.
authors verified that only 7 to 8 hours are necessary to have varéa- C USi
tions of the effective thermal conductivity of 0.01 WK™ onclusions
respect to the value obtained in the stationary regisez for A two-dimensional-numerical model, based on the equivalent
example Fig. 7(b)). elementary cell and finite element analysis, to calculate the effec-
In Fig. 8, the effective thermal conductivity of FCC and SQive thermal conductivity of compressed packed beds of steel
packed beds as the surface roughness of the spheroids in contgatigroids saturated with a static gas) is reported. The numeri-

70 : 0.45
e P4 oW K
040 |
03s |
10 ‘ i 030
0 10 20 30 40 50 te/h 60

t 3 5 7 9 tme/h 11

(@ (b)

Fig. 7 (a) Typical temperature; and (b) effective thermal conductivity trends measured
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0.52

| 047

keA(Wm™' K')
=3
r-s
(3]

oPYum 13

1.2

(@)

Fig. 8 Effective thermal conductivity as the peak height standard deviation varies for

037 -

(b)

(a) face centered cubic, and (b) simple

cubic packed bed (dots are experimental data with the corresponding measurement uncertainty, continuous line is the present

numerical model with the corresponding uncertainty represented by dashed lines

cal results are compared with the experimental data obtained from r
an apparatus constructed for this purpose. The main innovation of R
the current theory is that the model explicitly takes into account S(r)
the particle roughness. In fact, it clearly shows the effects of the T
surface roughness on the effective thermal conductivity of the T*
bed: conduction is significantly higher for the smoother than the u
rough steel spheroids. Unfortunately, the lack of published results \%
of the effective thermal conductivity of spheroid packed beds, that X;
include an accurate measurement of particle roughness, does not y
allow the authors to compare the present theory with other pub- w
lished experimental data. The model is proved to be in very good z
agreement with the experimental data provided, without the need

to assume unrealistic adjustable parameters. The authors plan to a
extend their analysis to the effective thermal conductivity of %

packed beds of spheroids considering the variations of other p&;, §,, &5

rameters such as the spheroid material, the static gas and its pres- AT =
sure, the applied load and the packed bed structures including g =
random or disordered ones. However, this analysis should serve as =
a useful starting point for developing models for such H&&. d(z) =
A =
Nomenclature v =
a = contact radius, m P
A = area, M v
ay; = Hertzian contact radiu¥(0.75-F. p)/E, m 7=
B = equivalent two-dimensional cell radius, m -
¢, = coefficients in Eq(25) (i=1,...,7) $ —
D = equivalent two-dimensional cell height and () =
sphere diameter, m L
E = Young modulus, Pa ! _
E* = equivalent Young modulus, Pa |' _
F = force, N e
F(z) = force acting on the single peak of heightN Subscripts
g(r) = surface separation, m a =
g, = average undistorted gap, m =
go = distance between the undeformed sphere and the e =
peak height mean line at the contact center, m ep =
h = thermal contact conductance, WK ™1 F =
H = Brinell hardness, Pa m =
k = thermal conductivity, W m*K ! Pj =
K = constant in Eq(12) s =
L = thickness, m t1 =
m = roughness mean absolute slope t2 =
m* = combined mean absolute slope of the two con- 1,2 =
tacting profiles
N, = peak number for a unit area, ™
p(r) = contact pressure distribution, Pa References
p = mean contact pressure, Pa
q = thermal flux, W n12

Journal of Heat Transfer

)

radial coordinate, m

radius, m

sphere deformation, m

temperature, K

imposed temperature, K

standard uncertainty

two-dimensional equivalent cell volume2m
physical quantity

axial coordinate, m

contact interference, m

peak height evaluated from the profile mean
line, m

coefficient in Eq.(25)

coefficient in Eq.(25)

coefficients in Eq(19)

temperature drop, K

emissivity

porosity

peak height distribution, 7

constant in Eq(9)

Poisson ratio

peak summit curvature radius, m

peak height standard deviation, m
combined peak height standard deviation of the
two contacting profiles, m
Stefan-Boltzmann constant, WK 4
plasticity index

volumetric mean

mean value

lower

upper

air

contact

effective

elasto-plastic

Foamglas®

measured

jth copper plate (=1, ... ,4)

spheroid

transition from elastic to elasto-plastic regime
transition from elasto-plastic to plastic regime
surface 1,2
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Thermosolutal Convection in a
Partly Porous Vertical Annular
M. Benzeghiba CaVItv

S. Chikh Numerical solutions for thermosolutal convection in a vertical concentric cavity partly
; o filled with a porous medium are presented in this paper. The cavity is subject to pre-
Departement de Genie Mecanique, USTH, selected horizontal temperature and concentration gradients. The general Brinkman-
B.P. 32, EI Alia, Bab Ezzouar 16111, Alger, Forchheimer-extended Darcy model is adopted to formulate the fluid flow through the
Algeria porous matrix in the cavity. The effects of the controlling parameters on the flow patterns

and heat and mass transfer behavior are thoroughly documented. Different flow structures
are produced in the course of the computations, which respond to the geometric param-

A. Campo eters, fluid nature, thermofluid dynamic parameters and porous matrix characteristics.

Department of Mechanical Enginegring, The collection of numerical results elucidates that the double diffusion zone varies and,
The University of Vermont, besides it is strongly dependent on the coupling between the Prandtl and Lewis numbers.
Burlington, VT 05405, USA Moreover, the variations of the Sherwood number show the presence of an extended range

of double diffusion phenomena within the conditions pertinent to Darcian flow at Da

=10"5. It has been discovered that a partly porous annular cavity is more efficient than
a fully porous annular cavity. This aspect may have a beneficial impact on engineering
applications in the areas of filtration and thermal insulatiofDOI: 10.1115/1.1589501

Keywords: Double Diffusion, Heat Transfer, Laminar, Mass Transfer, Porous Media

1 Introduction number. Shipp et a[9,10]performed a study on double diffusion

. . . in vertical annular encl r nd analyz he eff f wall cur-
During the last three decades, innumerable theoretical, numeri- ertical annular enclosures and analyzed the effect of wall cu

cal and experimental studies have dealt with natural convectiXﬁture on the mechanism of transition from a flow driven by op-

confined to vertical enclosures completely filled by a fluid, con225'"9 buoyant fprces o a flow .'FdUFGd by aldlng thermal anq
solutal forces. This peculiar transition is accompanied by a multi-

letely filled with a porous medium or partly filled with a porous’;. : -
ﬁwedia/m. In the areg of fluid-filled cavitFi)es )t/he numericalpstudi licity oflflowdstructures, which are susceptible to the nature of
; ' the initial conditions.
of Thomas and De Vahi Davil], Kumar and Kalanf2] and Porous enclosures have also been the subject of a vast number

Khellaf and Lauriaf 3] are representative of the effort. Dlrectlngof studies. Trevisan and Bejda1] used a Darcy model to solve

the attention to porous cavities, Lauriat and Prdgdaarried out icall d b | Ivsi th lutal i
an exhaustive literature review and showed the importance lygmerically and by scale analysis a thérmosolutal convection
blem in a rectangular porous cavity. These authors reported

channeling on the heat transfer across the cavities. At the safi8

period, Campos et a[5] reported that a partly porous armular\/ariations of the Nusselt and Sherwood numbers as a function of

cavity presents better thermal insulation than a completely poroti.lhg Lewis number in referenc_e to the su_perposition mo_del of ther-
cavity. mal and solutal buqyant forcéise., opposing or.coo'peratmgThe
Most recently, the trend in the research community has shift§d e authors carried out a parallel study with imposed thermal

to the examination of simultaneous heat and mass transfera§|'d concentration gradients at the vertical active walls of the en-
double diffusion convection in enclosures. As expected, this sitgloSure and explored the significance of the aspect ratio on the
ulticellular flow regime. Mamou et a]12] considered the same

ation is generally more complex than those when each phenoffi . ) A -
enon acts alone. Double diffusive convection is encountered RioPlem treated in11] and analyzed it analytically and numeri-

many practical engineering applications, such as crystal growfiily: The outcome of this investigation showed the presence of a
applied to semiconductors, melting and solidification processesTitiPlicity of stationary solutions; this peculiarity was more pro-
binary mixtures, storage of liquefied gases, underground infiltrdounced for opposing buoyant forces. Later, Goyeau €]

tion of pollutants and many others. An in-depth literature surveymulated a solidification process by considering a Darcy-
revealed that most of the works in the area of annular cavities wgdnkman model in a porous cavity saturated by a binary fluid
restricted to the analysis of thermal convection. The majority GHPiect to horizontal thermal and concentration gradients. Their
the studies dealing with double diffusive natural convection haygSults reported a significant effect of the permeability on heat
been restricted to rectangular enclosures subject to horizontal tHEgnsfer, which is more complex than in thermal convection. At
mal and concentration gradients. Most of the research was focudag Same time, Nithiarasu et gl4] relied on a generalized non-

on one of two options for convection with dominating thermal oP@rcy @pproach to numerically predict the double diffusive natu-
solutal buoyant forces. In this context, Beghein et[&] estab- ral convection in a rectangular enclosure. A strong influence of the
lished numerical correlations to quantify the transport of pollufuoyancy ratio, both on flow pattern and heat and mass transfer,
ants suspended in air at low Lewis numbers. For tall rectangul§fS found in this publication. Recently, other authors considered
cavities, Han and Kuehiv,8] predicted numerically and also vi- ouble diffusion in annular vertical porous cavity. Mar(_:oux et al.
sualized experimentally by way of the electrochemical techniqlié®] reported on the good agreement between analytical and nu-

the multicellular flow structure that occurs at high values of Lewid!erical results with a Darcy model whereas Benacer et14l]
showed in their study the significant effect of both the Darcy

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF number and the radius ratio on heat and mass transfer with a

HEAT TRANSFER Manuscript received by the Heat Transfer Division May 3, 2002,Brlnkman model. . . .
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Fig. 1 Schematic of physical domain

less attention in the literature until the appearance of a recehploying a partly porous annular cavity. Focusing on a non-
study by Gobin et al[17] and Merrikh and Mohamafi1l8]. For Darcy flow model, they predicted a decrease in heat transfer at
the first group the aim was to analyze the displacement of th@v permeability even if the porous layer has a good effective
solidification front in a tall rectangular enclosure; these authotBermal conductivity. Besides, it was noticeable that the opposite
modeled the mushy zone during the phase change process usieffect occurs for a Darcian flow.

saturated porous medium. The results demonstrated in a convinctThe present study is devoted to the analysis of simultaneous
ing manner a decrease in heat and mass transfer at the wall fdremt and mass transfer caused by natural convection in a partly
low permeability of the porous layer. The second group workeidled or a completely filled porous vertical annular enclosure.
out their problem with a general model; it was found that therf8uch a geometry may be encountered in energy batteries, in ther-
was significant difference between Darcy model and the genenmadl insulation and in storage of liquified gas in cryogenic sys-
model predictions. Their results showed thatfge>1, increasing tems. The formulation rests on the general Darcy-Brinkman-
permeability ratio decreases flow penetration from one layer Enrchheimer model for the fluid motion in the porous region. This
another while the opposite effect was observedKpr<1. Ben- work copes with the effect of the relative magnitude of the ther-
zeghiba and Chikj19] carried out a preliminary investigation mal and the solutal buoyant forces through the buoyancy itio

Table 1 Comparison of the average Nusselt and Sherwood numbers in annular cavity for Ra
=10% N=1, A=1, K,=5, Pr=0.71, and Le=0.86

Partly porous case

Fluid case E=0.3, Da=10 3, £=0.7
Relative Relative Relative Relative
difference difference difference difference
Mesh Nu (%) Sh (%) Nu (%) Sh (%)
11x11 2.298 . 2.154 S 1.813 B 1.683 .
21x21 2.302 0.191 2.149 0.261 1.847 1.895 1.713 1.775
31X31 2.244 2.510 2.100 2.259 1.816 1.712 1.688 1.471
41x41 2.230 0.653 2.088 0.592 1.807 0.496 1.681 0.438
51x51 2.222 0.339 2.081 0.307 1.803 0.191 1.678 0.155
61x61 2.219 0.151 2.079 0.138 1.801 0.096 1.677 0.081
71X71 2.217 0.090 2.077 0.090 1.801 0.038 1.676 0.026
Table 2 Comparison of the average Nusselt number in the fluid filled annular cavity for A
=10, K,=2, and Pr=1
Relative Relative Relative
Present difference difference difference
Ra study Ref[1] (%) Ref.[2] (%) Ref.[3] (%)
104 2.399 2.333 2.83 2.355 1.87 2.394 0.18
5.10% 3.768 3.758 0.27 3.718 1.34 3.759 0.23
100 4.495 4.568 1.60 4,558 1.38 4.588 0.16
704 | Vol. 125, AUGUST 2003 Transactions of the ASME
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Table 3 Comparison of the average Nusselt and Sherwood numbers in a porous filled rectan-
gular cavity using the Darcy model for A=1, K,=1, E=1, Pr=1, Le=1, N=0, and R,=1

Relative Relative Relative
Present difference difference difference
RaxDa study Ref[23] (%) Ref.[13] (%) Ref.[24] (%)
50 2.023 2.02 0.148 1.98 2.17 1.97 2.69
107 3.144 3.27 3.85 3.11 1.1 3.07 2.41
4.107 7.766 9.69 19.85 7.77 0.05 7.58 2.54

Table 4 Comparison of the average Nusselt number in a porous filled rectangular cavity with
the Darcy-Brinkman-Forchheimer model for A=1, K,=1, E=1, P,=1, N=0, R,=1, and £¢=0.4

Relative Relative Relative
Present difference difference difference
Rar Da study Ref.[25] (%) Ref. [4] (%) Ref.[14] (%)
1071 4.66 4.39 6.15 4.36 6.88 4.49 3.78
104 104 21.268 20.59 3.29 18.4 15.58 21.99 3.28
Streamlines Isotherms Isoconcentrations

T

—
-

©

Fig. 2 Flow, isothermal, and isoconcentrations patterns in fluid case for different radii ratios, Ra
=10% N=-3, Pr=7, Le=21.71, and A=1: (a) K,=1, ¥ ,,=—6, AW=05, ¥, ,=0; (b) K,=4, ¥,
=—0.45, A¥=0.5, ¥ ,,=0.6; and (c) K,=20, ¥;,=—0.2, AW=0.1, ¥ ,,=1.1.
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as well as the physical properties of the solvent and solute repre- 8

sented by the Prandtl and Lewis numbers. These combined effects ¢

are analyzed in detail and documented extensively in terms of two 4 L /
2

key parameters: the porous layer permeabildg) and the porous

layer thicknesgE). I % < #
[1Y S—— SN T, it S A .

2 Mathematical Formulation 4 /

We consider a vertical annular enclosure of heightlosed at B / K=
the bottom and at the top by two insulated disks being imperme- :::ﬁr:;o i
able to mass transfer. The inner cylinder is maintained at a con- 44 \\{ i =
stant high temperature and high concentration, while the outer 1 . L
cylinder is kept at a constant low temperature and low concentra- Y 0.2 0.4 0.6 038 1.0
tion. A homogeneous and isotropic porous layer of thickress (a) r-r,

(which may play the role of a filter or a layer of insulatjois
inserted in the annular gap and placed at a distéc&om the 10— e = VUG I A B
hot inner cylinder as shown in Fig. 1. ! vy ‘ j'\\k

An incompressible Newtonian fluid, constituted by a solvent 08 &ﬂ — T 2
and a solute, fills the annular cavity and saturates the porous me- > "} P
dium completely. The porous-fluid assembly is subject to the ac- 06 - VS{/"/
tion of horizontal thermal and concentration gradients. We assume ' j@// N
that all thermophysical properties of the fluid are constant, except 2z A \‘\\‘
the density in the buoyant term. Here, the Boussinesq approxima- %4 ‘\.\ e —e—Kr=1 1
tion is represented by the additive relation T~ e —o—Kr=4

02 A ; —A—Kr=20 |
p=pil 1= Br(T=T,)= Bc(C—Cy)] (1) A
where the subscriptstands for a reference state corresponding to O 5 4 3 2 A 4? 2 3 4 5 6 7
the average conditions between the values of the quantiges (b) Y,
perature and concentratipmt the inner and the outer vertical
walls. Fig. 3 Velocity distribution in the middle plans in fluid case for

Under steady state, axisymmetric conditions, and laminar reifferent radii ratios, Ra =10%, N=—3, Pr=7, Le=21.71, and A
gime, the fluid motion in the open and porous regions of threl: (a) Axial velocity at z=0.5; and (b) Radial velocity at r
cavity is described by a general Darcy-Brinkman-Forchheimé&t0.5.
model by virtue of the so-called one-domain approach. This ap-
proach avoids considering explicitly the conditions at the porous/
fluid interface as in Gobin et dl17]. This problem was addressed
by several authors among them Alazmi and V4f20] who re- In these equations, the length scale is the gap wddthe velocity
ported most of the previous works. Besides, viscous dissipatisnale is the reference velocity/d where « is the fluid thermal
and thermodynamic coupling due to Sored Dufour effects have diffusivity, the temperature scale 5T, and the concentration
been neglected. Actually, the fluid is considered as a porous nseale isAC.
dium having unitary porosity and infinity permeability. Under At this stage, it should be mentioned that the paramiterEq.
these circumstances, the governing equations reduce to (Berepresentative of the ratio of solutal to thermal buoyant forces
Navier-Stokes equations. The abrupt changes at the fluid-porogan be either positive or negative because the volumetric expan-
fluid interfaces are handled by averaging the thermophysical pragien coefficient3. can take both signs positive or negative, de-
erties via the harmonic mean as suggested by Patdiddr pending on the nature of the fluid and the solute.

Moreover, within the porous layer local thermal equilibrium is The boundary conditions pertaining to cooperatifhg>0) or
invoked. opposing (N<0) thermal and solutal buoyant forces can be con-

Accordingly, the double diffusive natural convection phenomnsidered at unison: That is
enon is governed by the following dimensionless equations of

conservation of mass, momentum, energy and species. at I’i=1/(Kr—l) \7=6 9=05 S=05 (72)

V-V=0 ) o
atro=K,/(K,—1) V=0 6=-05 S=-0.5 (7b)
1. P R,
~V.Vu=—-—+ —Prv2u+Ra PfA+N-S]
e Jz £ . . d6 S
atz=0 and z=A V=0 —= —=0 (7c)
Jz Jz
A ®
=+ = u
Da " \Da For the evaluation of the heat and mass transfer rates across the
cavity under steady-state conditions, it is evident that the average
1\7 Voo »® R N . Pr G V 4 Nusselt and the average Sherwood numbers are not functions of
e VYU T T " 2| 7| Da Jﬁ' [|t' @ the dimensionless radial coordinate Both numbers are ad-
equately computed at the inner wall of the cavity as recommended
V.Vo= R.V20 ) in Trevisan and Bejafill]. The corresponding expressions are:
5 o2 Nu="tnko) [ 1= 2% v u6] 8
gV.VS:L_eV IS (6) u=4 n(K,) . or Tu-6).dz (8)
706 / Vol. 125, AUGUST 2003 Transactions of the ASME

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



regions to capture the high gradients. In this regard, several au-
.dz (9) thors have adopted irregular grids with exponential variation
(Khellaf and Lauriaf3]) or geometric progressiofBenard et al.
. . [22]).
3 Numerical Solution In the present work, an irregular exponential distribution of
The set of governing Egs(2)—(6) subject to the imposed nodes in the radial direction in conjunction with a uniform distri-
boundary conditions in Eq7) is solved numerically by the finite- bution of nodes in z direction was employed. A441 grid turned
difference based control volume method. The power law diffeput to be reasonable enough to handle the details of the flow
encing scheme is utilized and the SIMPLER algorithm is implestructure. Additionally, it is worth commenting that a lower num-
mented to handle the velocity-pressure coupling as in Patanker of nodes did not allow to retrieve the final flow pattern and a
[21]. Thereafter, a line-by-line technique is applied to solve tHer grid did not affect the flow structure and yielded variations in
resulting system of algebraic equations. average Nusselt and Sherwood numbers less than 0.6%. Table 1
In the closed partly porous cavity, steep velocity, temperatugives a quantitative sample of mesh convergence study for the
and concentration gradients are present in several zones suclagage heat and mass transfer coefficients.
the boundary layers along the walls, at the fluid-porous-fluid in- The convergence criterion was set at a maximum relative error
terfaces, and between the cells in the multicellular regime. Cofor all dependent variablesu(v,6,S) to be less than I¢. In
sequently, very fine grids become necessary in these particutatio form, this statement corresponds to the relation

aSJr S
E u.

Sh="lIn(k §
_K n( r) 0

Streamlines Isotherms Isoconcentrations

; R
i “ ‘ _,\‘
@ § ] \\W

(b)
Fig. 4 Effect of A on flow, isothermal, and isoconcentrations patterns in fluid case for Ra =10 N
=-—3, Pr=7, Le=21.71, and Kr=5: (a) A=1, ¥,;,=—0.35, A¥=0.05, ¥ ,,,=0.7; and (b) A=10, ¥,
=-2, A¥=0.5, ¥ ,,=6.
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Fig. 5 Effect of A in partly porous cavity for Ra =10* N=—1.5, Pr=7, Le=21.71, Kr=5, E=0.3, r;

=0.35, and Da= 1073

=4 A=10

¢n+1_¢n to be less than 0.5%. To validate the computer code, we first
—|<10* (10) compared our numerical results with published ones for a fully

" fluid cavity by setting the porosity of the porous matsixequal to

) _unity and the Darcy number Da equal to infinity. Several compari-

Furthermore, other authors have added another stringent criterighns have been made against the semi-empirical relationships pre-
which relates to the average Nusselt and Sherwood numbers QRaq by Thomas and de Vahl Dafig and Kumar and Kalam
the vertical active_walls. For instance, Trevisan and B@jdnzs]_ [2], as well as the numerical findings of Khellaf and Lauf@
suggested that this error should be smaller than 1%. In a simi{gfin the houndaries of these three references, the numbers listed
manner, we echoed this proposal and have coupled the lafietahe 5 showed excellent agreement, e.g., the difference in the
criterion to the former one in order to establish an eEdon Nu computed average Nusselt number does not exceed 3%. Next,
and Sh) switching to porous cavities, the numerical results were compared
with those available in the literature under the premises of a Darcy
regime. Table 3 illustrates these comparisons for the average heat
and mass transfer coefficients at a Lewis number of unity which

Max

Nu; — Nu,

E= Nu; + Nu, (11)
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yields an equal value for Nu and Sh; the comparisons are of sat- 8 oo T T
isfactory quality. The detected maximum difference with the re- o Nuo Sh Pr=7 o
sults of Goyeau et a[13] and Getachew et aJ24] is less than | TR Flud o
2.7%. The discrepancy with results of Trevisan and BER81 is 6yf O Dam10 O
equal to the one found by the authors of the two other papers with [| —A—Da=10"—4—
this reference. This is due to the size of the mesh used by Trevisan
and Bejan[23]. The accuracy is quite good in comparison with yy, sh 5
referenceqg13] and [25] in which non uniform grids were used
with finer step size in order to detect the solutal boundary layers.

Other authors have utilized the general Darcy-Brinkman- 2
Forchheimer model including inertia terms. The proper compari-
son with these references is reported in Table 4. For instance, the ;
difference with the results of Nithiarasu et fl4]is smaller than 0 buade v y = pros
4%. The slight discrepancy with the results of Beckermann et al. ()
[25] and Lauriat and Prasdd] may be due to a possible differ-
ence in the porosity considered by these authors, which was not
indicated explicitly in their papers. Moreover, the discrepancy - ' Nu sh )
with the results of Lauriat and Prasfd]] at Da=10* may be Pr=07 —@—Flid -0 rd
explained by the fact that the authors used a finite difference 3 —e—Da=10"~0- | H
method with regular grid while non uniform grid with a finer —A—Da=10" A~ |
mesh at the walls is used in the present study. It is worth men- »
tioning that Nithiarasu et aJ14]have also reported a discrepancy 2 b e
between their results and the ones of Lauriat and Prigga®ver- Nu, Sh 9\ 4
all, the comparisons serve to confirm and validate our numerical A * = R
code. T A 3 I ]

ES

\O\‘D‘

4 Results and Discussion

Results of the numerical simulations are presented in this sub-
section with the objective to better understand the coupling be-
tween the_r_mal and solutal buoyancy driven flows in vertical as. 6 variations of Nusselt and Sherwood numbers with
nular cavities and also to evaluate the rates of heat and mass, Card a _ _

. " - eWwis number for Ra =10%, N=—3, A=1, and K,=5
transfer in these cavities. Despite of the superabundance of param-
eters, for the sake of brevity, only a selected number of them are

analyzed in depth while others are maintained fixed. L . -
In order to investigate the effect of geometry, the curvature affye rectangular cavity, it is evident that in Figb2for an annular

the aspect ratio of the vertical annular cavity are examined f?f’“"ty (K;=4) and in Fig. 2(c)for a nearly cylindrical cavity
vast ranges of the radii ratio<lK,<20 and the aspect ratio (Kr=20), the thermal gradients induce a second cell. This cell
0.25<A<10. For simplicity,r; is kept constant whereas, is ©ccupies the upper zone of the cavity and, asnreases, takes
allowed to vary. Two types of fluids are considered which enconqVver the solutal cell, which had been established in the lower part.

pass numerous applications of air and agueous solutions. In viélle a@bsence of symmetry is also exhibited in the thermal and
of this, we opted to test aiiPr=0.7 and 0.01<Le<1Gnd water concentration fields. AK, =1, the isotherms show a conductive

(Pr=7 and 0.01<Le<10Q3s the two fluids filling the cavity. The regime, which manifests a domination of thermal diffusion over
dynamic parameters representing the driving forces are analyA@ital diffusion. When the radii rati(, increases, the cylinders
through an ample buoyancy ratie 5<N<5, covering both &€ further and further far away from each other and the surface
ranges of aiding and opposing thermal and solutal buoyancy &f€2 of the outer cylinder becomes increasingly higher than the
fects. The influence of the porous matrix is investigated throug%'ﬂ”er one. Consequently, the gradients are perceptibly smaller at
its thickness (6<E<1), its permeability (Da=0"2% or 10°5) _he outer wall asitis cl_e_arly illustrated through the concentration
and its thermal conductivity (& R,<100) while maintaining the field which now is stratified at the bo_ttom of the cavity, particu-
porosity constant at a value e#0.4. It should be mentioned thatlarly.at Kf:ﬁo'.The effect. of lenladrglng tze k(])uterhsulf:face larga
the case related to a cavity absent of porous matrix, referred hé‘?@ft.:ve o t_de llnner ofneh IS also | eg!ctes _tl_hr_oufg the v?‘_ocny
as the fluid case, is obtained by setting the permeability at infini ofiles in midplanes of the cavity In Fig. 3. This figure confirms
(Da—) and assigning a unitary value to the porosity=1). e loss of symmetry a,>1 and the decrease of the fluid cir-

: £ tion near the outer cylinder, as well as solutal stratification at
Unless otherwise specified, the temperature and concentratfph® . P o= T
fields are represented in all the plots wifh,;,=—0.5, A§=0.1 the bottom of the cavity. In fact, in Fig.(8) for K,>1 the mag-
6. —0.5andS...—-05AS=01S..~05 The pa‘rtly poroﬂs nitude of the radial velocity in the zone where the fluid motion is
max . min =~ sk ~max b

case indicates a centered porous layer occupying 30% of the inly dug to solutal forces i; smaller than. its counterpart in t.he
width with R,=R,=1. In the companion set of figures, the left per region where the flow is thermally driven. For the remain-

and right vertical sides correspond to the inner and outer cyliﬂf':‘r part of t_he study, we used a ”JOder?“e Valuef(#S' .Wh'Ch IS
ders, respectively. representative of an annular cavity of intermediate size.

The effect of aspect ratio is further reported in Figs. 4 and 5.
4.1 Effect of Cavity Geometry. The influence of the cur- The fluid case is first considered in Figadfor A=1. Here, we
vature of the vertical annular cavity in the fluid case is analyzembserve that the fluid is mainly driven by the thermal buoyancy
first. The streamlines, isotherms and isoconcentrations are illaelivering the largest cell occupying the core of the cavity in a
trated in Fig. 2 for three values of the radii ratio, nami€ly=1, 4 zone of constant concentration. The solutal gradient gives rise to
and 20. In theory, the case of infinite curvature characterized byo minor cells in the lower left and upper right corners where
K,=1 represents a rectangular cavity in FigaR In practice, this concentration stratification occurs and near the inner cylinder.
limiting configuration is generated numerically by settikg For taller cavitiesA=10 in Fig. 4(b), several thermal cells ap-
=1.001. The flow patterns are displayed for a situation of oppopear in the cavity. Indeed, the presence of a multicellular structure
ing buoyancy forces, which seems to be of greater interest. Unliledue to the fact that the solutal stratification cannot go above a

Le
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Fig. 7 Effect of N on flow, isothermal, and isoconcentrations patterns in fluid case for Ra =10% Pr=7,
Le=21.71, A=1, and K,=5: (@) N=—5, W¥,,=—0.16, AW=0.02, ¥,,,=0.28; (b) N=—15 ¥,
=—0.05, A¥=0.2, ¥,,=3.18 and —0.15; and (c) N=5, ¥;;,=0, A"=0.2, ¥ .,=3.

certain height without being destabilized by the thermal gradient. With higher aspect ratiosA=1), the effect of the active walls
The flow driven by thermal buoyancy forces imposes itself withiis amplified and two thermal cells appear. An important cell shows
the stratification zone yielding the thermal cells that are mog in the upper right zone because of lighter fluid and another of
dominating as the flow progresses upward. Each thermal cell magser magnitude shows up in the opposite corner. In the space
be seen as corresponding to a small cavity. The interfaces betweetween the two cells, a fluid motion of solutal origin possesses
the cells(thermal cell to solutal cell and solutal cell to thermalyeak circulation. As opposed to the fluid case, the partly porous
cell) constitute regions of high shear and local thermal and solutgdse retains this flow structure even with very tall cavitiés (
gradients as it is revealed in the temperature and concentrationo). Hence, the role of the porous matrix is to stabilize the flow
fields. It is worth mentioning that similar structures, but for rectayoiding the formation of a multicellular pattern.
angular cavities have been reported by Lee and Hé1. _ _ _ _
Figure 5 represents the flow patterns, isotherms and isoconcend-2  Effect of Fluid Nature. In this subsection, we consider
trations for the partly porous case with a buoyancy ratioNof two types of fluids which are frequently encountered in a multi-
= —1.5; this characterizes a transition regime between the oppdégde of practical engineering applications, namely aqueous solu-
ing and aiding buoyancy forces. For shallow cavities of aspelé®ns with Pr=7 and air with Pr=0.7. The types of solute cover a
ratio A=0.25, the active walls are restricted areas, and the sglde spectrum of Lewis number ranging from 0.01 to 10 with air
mode of heat transfer is conduction, while mass transfer occurs &§a solvent, and from 0.01 to 100 when water is used as a solvent.
convection because of the small mass diffusivitg=21.71)in  The Lewis number, which embraces the relative importance of
the thin boundary layers along the vertical walls. It should béermal to mass diffusion, has a direct bearing on the heat and
mentioned that the thermal and concentration fields are differenass transfer coefficients as exemplified in Fig. 6. At first, we
in the porous region because both the solid matrix and fluid conetice the equality between the heat and mass transfer coefficients
stitute transport media for heat effectively, whereas mass transéiLe=1 for both the fluid case as well as the partly porous case in
has only the fluid as a vehicle. the non-Darcian flow. Then, for a simple Darcy flow in a weakly
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Fig. 8 Effectof Nin partially porous case for Ra =10 Pr=7, Le=21.71, A=1, K,=5, and Da=10"3: (a)
N=—5, ¥, =—0.15, AW=0.05 ¥, =0.4; (b) N=—15, ¥ ,,=—0.1, AW=0.1, ¥, =15 and —0.05;
and (c) N=5, ¥ ;,,=0, AW=0.1, ¥, =13,

permeable porous matrix (Dako ), the equality is reached at a Sh=1.115 L&?% for N=—1.5
value of Lewis number between 2 and 3. This is explained by the 34
fact that the porous layer with a small permeability reduces mass Sh=2.351 L&3% for N=2

diffusion for both solvent$Pr=0.7 and 7). The role played by the . .
permeability of the porous medium on the average Nusselt agg’te that these correlations are independent of the Prandil num-
Sherwood numbers is also illustrated in Fig. 6; this issue is §f- This peculiarity was confirmed in the work of Thomas and De
singular importance on both transfer coefficients in the range ¥ahl Davis[1]when treating pure thermal convection. In addition,
0.1<Le<3. Whenever Le<0.1, the presence of thermal convewdr correlations are close to the ones of Trevisan and Béjah

tion and mass diffusion is accentuated. So, with or without theho proposed a proportionality between Sh andi.for Pr>0
porous layer, the flow is driven by the action of a thermal buoyaghd Le>0 in the case of a vertical plate.

force exclusively. Thus, there is no influence of Da on the Sher-

wood number. For Le3, mass transfer occurs by convection 4.3 Effect of Buoyancy Forces. The relative importance of
whereas heat is transferred by diffusion. Under these circumdoyancy driving forces is expressed by the buoyancy ttmd
stances, the driving force is produced by solutal buoyancy. Hengg, impact on flow patterns, isotherms and isoconcentrations is
there is no effect of Da on the Nusselt number. Moreover, in thstrated in Figs. 7, 8, and 9 for an aqueous solution witk Pr
non-Darcian flow regime, the porous matrix placed equidistant Kl‘egative values oK corresponding to opposing forces are caused

the cavity has a greater influence on the thermal cell, which . . : .
cupies tﬁ/e core gf the cavity. For instance, the fluid motion Oﬁy negative coefficient of concentration expansion. In order to

thermal origin is reduced, while the fluid driven by solutal forceAccomodate the transition zone in our analysis, we decided to
which is of higher magnitude near the vertical walis, is marginallgover the range-5<N=<5. It is important to recognize that so-
affected. Furthermore, in the rangeBe<<10 in conjunction with Iutions based on scale analysis are not valid for the rsfit_e

a non-Darcian regime (Dal0 %), the following correlations can approximately near unity and, on the other hand similarity solu-
be proposed for purposes of evaluating the mass transfer codifis are impossible to obtain, Li and L#7]. Three values dfl
cient. (=5, —1.5 and 5)are considered sufficient to represent the flow
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Fig. 9 Effect of N in partly porous case for Ra =10* Pr=7, Le=21.71, A=1, K,=5, and Da=10"%: (a)
N=—5, ¥,,,=—0.14, AW=0.05, ¥, =0.22; (b) N=—15, ¥, ,,=—0.06, AW=0.02, ¥, =0.4 and —0.05,
—0.01; and (c) N=5, ¥ ;,=0, AW=0.02, ¥, =0.3.

structures for different situations of thermal or solutal force domreported in Fig. 7(cindicating that a monocellular flow is ob-
nation. Figure 7 is associated with the fluid case.Rer—5, we tained; a situation similar to thermal convection but with thermal
observe the opposition of two cells: the one driven by thermahd concentration boundary layers developing in the same direc-
force occupying the central upper zone with a clockwise fluion. The insertion of the porous layer strongly affects the flow

motion, and the cell driven by solutal force in the bottom part oftructure as reported in Figs. 8 and 9. For a highly permeable
the cavity where the fluid is denser and near the vertical walls apg,— 10~3) porous matrix, Fig. &), the flow driven by solutal

with a counter clockwise motion. The plots of isotherms and is &%rce settles mostly in the first compartment near the inner cylin-

concentrations manifest a nearly conductive mode of heat trans I while in the outer part of the cavity the flow driven by thermal

with very a small fluid circulation, and the development of conz : :
centration boundary layer on the active walls generating the flufi(am(.3 takes over. T_he thermal C?" dominates in that part as shown
circulation of solutal origin. in Fig. 8(b). AsN increases, Fig. 8(c), the thermal cell pushes

ForN=—1.5 in Fig. 7(b), the flow changes its structure and th’%)wn the solutal one, starting from the outer compartment near
thermal cell, which becomes the main cell, settles almost in th€ Outer cylinder to end up occupying the whole cavity for the

entire cavity. The cells of solutal origin are confined in the cofcase of aiding thermal and solutal forces. In fact, the porous ma-
ners. In fact, at this value & the driving forces are still opposed triX moderately alters heat convection but it does not affect heat
to each other, but the thermal buoyant force takes over the solug@nduction, since the effective thermal conductivity of the porous

force. This transition zone is characterized by the developmentgdium is taken equal to the fluid one. However, mass transfer is
a thermal boundary layer on the inner cylinder, and a hesitatisnbstantially affected because of the considerable reduction of
between the top and bottom of the vertical walls for the starting ofass diffusion. Indeed, within the porous layer the fluid is the

concentration boundary layers. The cooperating caée §) is only medium allowing mass transfer and the solid matrix acts as a
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Fig. 10 Variations of Nusselt and Sherwood numbers with

buoyancy ratio for Ra =10* A=1, and Kr=5

regime at higher values df, at N=—2 for Da=10"° and in a

whole range—1.5<N=<0 for Da=10°. Indeed, within this
brake. With a less permeable porous layer €18 %), Fig. 9, it range, mass convection is substantially weakened, but still exists
is almost like a divided cavity with two compartments separatdtgar the vertical cylinders, while heat transfer occurs only by
by the porous wall. Figure 9 shows the flow structure with near ozgugegp.a-rlgrsggl?gvr?ggn Moplthmgcrir(]jizilgaatl\?vg Ir?otihclz %L%’:st'ﬂgn
independent fluid motions in ea(_:h part of the cavity. A_solut Qymmetry is lost in these plots for P7 and Le—100
monocellular pattern is obtained in the inner compartn{€igs.
9(a) and 9(b)). In the outer part of the cavity, the thermal cell 4.4 Effect of Porous Matrix. The impact exerted by the
occupies most of the space because of the curvaiire5) porous layer centered midway between the two cylinders is ana-
which reduces considerably the flow driven by solutal buoyandyzed through its thickness and the ratio of the effective thermal
although the Lewis number is greater than 1. In the case of aidingnductivity to the fluid conductivityr, . As expected, the porous
forces (N=5), Fig. 9(c), the fluid is convected near the verticamatrix offers a resistance to mass transfer. Thus, increasing the
walls and is quasi stagnant in the center of the cavity as it @rous layer thickness reduces the mass transfer coefficient as
shown through temperature and concentration fields. Thougheitidenced in Fig. 11. With respect to heat transfer, the insertion of
should be mentioned that in the transition zoMé=(—1.5) we the porous layer reduces the Nusselt number attaining a minimum
may switch from a thermal regime to a solutal regime just byalue at a critical thickness depending on the permeability as re-
varying the permeability of the porous medium Figéh)7 8b), ported for the case of air in Fig. (). This is indeed a remarkable
and 9(b). Reducing Da renders the porous layer as an obstacleesult from the standpoint of thermal insulation. However, particu-
mass transfer and consequently the solutal cell is pushed avaryattention should be brought to the limiting case of a completely
from the outer compartment. In terms of heat and mass transf@rous cavity, which is connected to a better heat transfer coeffi-
coefficients, Fig. 10 illustrates the variations of Nu and Sh for @ent. This result is in agreement with the one reported by Chikh
types of fluids, Pr=0.7, Le=0.86, and Pr=7, Le=100. For thet al.[28]and may be explained by the fact that the porous matrix
case of moist aifFig. 10(a)), the double diffusion is obtained afacts as a resistance to the flow from the hydrodynamics point of
N= —1 independently of the Rayleigh number or the permeabilityiew. Within the porous matrix of small effective thermal conduc-
of the porous matrix. In fact, for a Lewis number close to unityivity corresponding tdR,=1, the magnitude of heat transfer by
the opposition of the thermal and solutal driving forces of equabnduction is of the same order as convected heat by the fluid.
magnitude occurs dfl=—1, as previously reported by TrevisanHence, the convected heat is reduced implying a decrease in the
and Bejan11]. Moreover, it should be pointed out that the presNusselt number. Figure 1) displays the variation of Nu and Sh
ence of the porous layer eliminates the equality of Nu and Shfat water (Pr=7). With the same featuréBa, R,) of the porous
N=—1. A slight decrease, about 15%, is observed in Sh as wamtrix, paradoxically heat transfer is augmented by the presence
previously shown by Benzeghiba and Chiki®]. For the case of of the porous layer and resulting improvement is independent of
brine (Fig. 10(b)), the double diffusion regime takes placeNat Da. Essentially, it is similar to the first cagEig. 11(a)), but ex-
=—3. This is due to the fact that thermal and solutal buoyandyibiting a critical thickness equal to zero. The augmentation of the
forces do not cancel each otherNit —1 because of the differ- Nusselt number above the critical point may be due to the fact that
ence in thermal and mass diffusivities at=€00. Multicellular for air a thick layer is necessanEf Eica) t0 reduce the fluid
flow, which is particularly unstable, is observed n&ar —1 at circulation. This phenomenon is responsible for better heating in
Pr=0.7 andN=—3 at Pr=7. The insertion of the porous matrix the fluid, while a thin layer produces a reduction of fluid circula-
reduces the transport by convection and yields a double diffusitan in the case of water. The influence Rf on the heat transfer
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24 ” T T T the fluid type, the magnitude of driving forces as well as the
Da=10° | —®—N=-3 characteristics of the porous matrix. It is demonstrated that the
22 \ ——N=-15 [ flow structures are quite complex when buoyancy effects are ar-
N —e—N=3 |] ticulated with the porous matrices. This unique combination adds
2.0 = complexity and substantially alters the flow patterns and the heat
?\ and mass transfer regimes. Thus, it was concluded that double
WL diffusion occurs in a wider range df for Darcian flow condi-
u S N S tions. Moreover, the numerical results indicate that partly porous
16 A——. » cavities ensure better filtration performance and superior thermal
] insulation behavior when compared to a fully porous cavity.
14 -
| Y : P
qobeo i e i Nomenclature
1 20 40 60 80 100
(a) R, A = aspect ratio ffi/d)
C = solute mass fraction
16 e C; = microscopic inertial coefficient=0.35)
S e S e C, = reference concentratiorC{+C,)/2
2N A S *-e D = mass diffusivity of the solute in the fluid, #s
18 Da = Darcy number(K/d?)
t d = gap width R,—R;), m
14 e = porous matrix thickness, m
L E = dimensionless thickness of the porous matexd
No o T g = acceleration of gravity, mfs
Ny H = height, m
k = thermal conductivity, W/m.K
1.2“" . K = permeability of the porous medium,?m
: K, = radius ratio €,/r;)
1l Le = Lewis numberna/D).
1 N = ratio of buoyancy forcesf.- AC/B+-AT)
(b) Nu = Nusselt number, Eq8)
P = dimensionless pressure/{p(a/d)?)
Fig. 12 Variation of Nusselt number with conductivity ratio in Pr = Prandtl number #g / ag)
porous layer for Ra =10*, N=-3, Pr=0.7, Le=0.86, A=1, and R = radial coordinate, m
Kr=5 r = dimensionless radial coordinat&/d)
R; = radial position of the porous matrix, m
r, = dimensionless radial position of the porous matrix
coefficient is reported in Fig. 12. It is observable tiigt has R, = viscosity ratio (we/ue)

practically no effect on mass transfer since the fluid is the onlyRy
material that sustains the transport of concentration within tHeay
porous medium. So, Sherwood number is not included in thiRa,
figure. The evolution of Nu with respect ®, seems to strongly S
depend on the permeability of the porous medium as shown iish
Figs. 12(a)and 12(b). Indeed, with a highly permeable porousSc
layer (Da=10"%), the fluid circulation is slightly affected. T
Thereby, the convected heat at the inner wall is not altered sigT,
nificantly. On the contrary, an increaseRy is beneficial because U
it improves the heat conduction. For instance, since the Nusselt/
number may be expressed as the ratio of the convected heat to the
conductive one, the end result is that Nu increases Rjitas may Z
be confirmed in Fig. 11(a). It is worth mentioning that an excep- z
tion is made for the case &= — 1.5 in the transition regime of
double diffusion which is related to a Nu that is nearly constal
For a weakly permeable porous matrix (&0 %), the cavity is
divided in two compartments and the porous layer constitutes &c
barrier to the fluid motion outwards. The fluid confined in the
inner compartment is then heated more vigorously, yielding &7
higher Nusselt number at the inner wall. Both rates of heat con-
duction and heat convection tend to be amplified, but such that tAC
ratio (Nu) is also increased. AT

a

&

5 Conclusions ©®
14

Simultaneous heat and mass transfer by natural convection is,
investigated for a vertical annular cavity partly filled with a po- ¢
rous medium. Temperature and concentration gradients are apy
plied in the horizontal direction on this cavity. The interactio
between the thermal and solutal buoyancy forces driving the flo
may be either aiding or opposing to each other. Numerical resultsc
are presented for several situations involving the cavity geometryeff
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thermal conductivity ratio Kqs/kg)

thermal Rayleigh number (@;-AT-d% av)
solutal Rayleigh number (NRay)
dimensionless solute mass fracticdd C,)/AC
Sherwood number, Eq8)

Schmidt number ¢ /Dg)

temperature, K

reference temperaturd (+T.)/2, K

axial velocity, m/s

velocity vector

radial velocity, m/s

axial coordinate, m

dimensionless axial coordinat&/d)

r&;.reek Symbols

thermal diffusivity, nf/s

coefficient of concentration expansion
(Be=—1lp[dpl3C]y)

coefficient of thermal expansioB3¢= —1/p[dpl/dT]c),
1/K

concentration differenceQ;— C,)
temperature differencel(,—T.), K
porosity of porous matrix

dynamic viscosity, kg/ns

kinematic viscosity(u/p), m?/s

density, kg/n

dimensionless temperaturé  T,)/AT)
stream function, ffis

bscripts

cold
effective property of porous medium
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Time Scales for Unsteady Mass
Transfer From a Sphere at
staniey J. kieis | LOW-Finite Reynolds Numbers

e-mail: kleis@uh.edu
The problem of unsteady mass transfer from a sphere that impulsively moves from rest to

Ivan Rivera-Solorio a finite velocity in a non-uniform concentration distribution is studied. A range of low

) o Reynolds numbers (R&) and moderate Peclet numbers (Pe ranges from 5.6 to 300) is
Department of Mechanical Engineering, investigated (typical of the parameters encountered in anchorage dependent cell cultures
University of Houston, in micro gravity). Using time scales, the effects of flow field development, concentration
Houston, TX 77204-4006 boundary layer development and free stream concentration variation are investigated.

For the range of parameters considered, the development of the flow field has a negligible
effect on the time variation of the Sherwood number (Sh). The Sh time dependence is
dominated by concentration boundary layer development for early times and free stream
concentration variations at later times[DOI: 10.1115/1.1576813

Keywords: Forced Convection, Mass Transfer, Microgravity, Spheres, Unsteady

1 Introduction sphere is uniform and independent of time. For a uniform free

. o . tream velocity field, solutions for the Nusselt numtéu) were
The physical problem motivating the present study is the U@ tained for small and large times. Feng and Michaeli@¢sana-

steady transport of dissolved oxygen to freely suspended cell TX@ h
gregates cultured in a bioreactor in the micro gravity environme ed the problem of unsteady heat ransfer on a sphere in a creep-

of space. The anchorage dependent mammalian cells first forrﬂ]gﬂow for very low Pe. With a steady_, fully developed flow with
confluent monolayer on the surface of small micro carriers70 uniform temperature, a step change in temperature was imposed

um dia.). Then, individual cell covered micro carriers attach t n the sphere and a singular perturpatlon technique was gsed to
others to form aggregates, which remain nearly spherical for 1d the Nu expressions for asympto_tlcally small and Iarge times.
semblages as large as 3 mm in diameter. The cell-covered mi r%r.f‘sympé?t'call¥ Iargte Ze,fKon%pllv andfpar_;EW fSItUd'.ed a d
carriers are suspended in the culture media by slowly stirring tRENIar probiem ot unsteady torced convection. 'ne flow Impose
bioreactor vessel. As the cells metabolize, they consume oxy the sphere corresponded to the Stokes solution with a high Pe,
at a nearly constant rate for a concentration above a critical valyd)ich implies a thin thermal boundary layer. Solutions for Nu

and below this value, the oxygen consumption decreases agvéée obtained for rl]arge ﬁmcli:smaltlj tlrr]nes_ for high Pe. call
function of the oxygen concentration. This critical value is in ger]- or S|tuat|o|?s w de_re t ]? ean dt fe tlmg are not a_tsymptottl)ca {j
eral low (~1% air saturationfor animal cells[1]. Thus, a con- 'arge or small, studies of unsteady forced convection are base

stant oxygen consumption rate is a reasonable model for tH@ON numerical solutiong5—9]. Abramzon and Elatg] numeri-
present purposes. pally sol\{ed the case of unsteady heat transfer on a sphere fO( an
The aggregates of cells travel in the bioreactor with a locijteérmediate Pe that ranges from 1 to 10,000. A steady creeping

environment that is continuously changing. That is, the local floffPW Was assumed and the temperature of the sphere was allowed
field and concentration distribution vary with the position of th&? vary with time. It was concluded that the characteristic time of

aggregate. These aggregates move with a relative velocity th&@ting or cooling of the sphere is comparable with the time re-
corresponds to the difference of velocity between the fluid and tH&iTed to stabilize the thermal field near the sphere. Thus, a quasi-
cells. In micro gravity, the Reynolds numbéRe), based on rela- steady approach would not be valid for this type of unsteady
tive velocity, that the aggregate experiences are in general IQfPPIEM- , ,
with values that range fror®(0.01) toO(0.1) and with a Peclet Bentwich et al[6] made use of the Boussinesq transformation
number(Pe) that varies fromO(1) to O(100). modified for time dependency to solve the time dependent diffu-

This mass transport scenario in the bioreactor can be modefi@? €quation in steady incompressible flow over a sphere. The
as the transport of scalars to a sphere in a laminar flow field. TREthOrs were able to extend previous results restricted to high
values of Re and Pe for the sphere are given by those correspoﬁa(-:le_t number to a range of Peclet numbers from 1 to 1000. The
ing to the position of the cell aggregate in the bioreactor. Thus, t8W field was assumed irrotational and steady. The initial fluid
problem is unsteady, three-dimensional, and with time dependé perature distribution was assumed uniform, with a step change
boundary conditions. in the (uniform) sphere temperature.

The problem of unsteady forced convection to a sphere for lo Brauer[7] presented a theoretical discussion of the mass trans-

Reynolds numbers has been studied for asymptotically large 6 through the interface of a spherical fluid particle. Limiting
small Pe. For low Pe, Konopliv and Sparrd@] analyzed the C@S€s of internal and external mass transfer resistance and zero

unsteady heat transfer from a sphere in a steady laminar fl ption systems were investigated. Creeping flow was assumed for
They considered two types of transient problems started by sifi€ surrounding fluid. ) ) _

denly exposing the sphere to a flow field of a different tempera- F€Ng and Michaelidei8] numerically investigated the problem
ture: one when the sphere is isothermal but its temperat fheat transfer from a sphere with uniform surface temperature at

changes with time and the other when the temperature of tAi9h Reynolds and Peclet numbers. Transient results were com-
puted for a step change in surface temperature with an initially

Contributed by the Heat Transfer Division for publication in th®URNAL OF uniform external te.mperature field.
HEAT TRANSFER Manuscript received by the Heat Transfer Division July 12, 2002; Juncu[9] numerically solved the problem of heat and/or mass

revision received March 10, 2003. Associate Editor: A. F. Emery. transfer from a sphere with internal circulation assuming creeping
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flow. The conjugate problem, where the transfer resistance inside
and outside the sphere are comparable, was investigated assuming
uniform temperature/concentration inside the sphere. Again, the
transient results were computed for a step change in sphere
temperature/concentration with an initially uniform external scalar
field.

These studies provide some insight, but are different than, the
problem of mass transport in the bioreactor. First, a different type
of boundary condition is specified on the surface of the sphere. In
the bioreactor, a uniform mass influx of oxygen on a spherical
surface is used as a model to represent the oxygen consumption of
the aggregate of cellgl,10]. Second, the local flow field that Fig. 1 Mesh of the computational domain
surrounds the spher@aggregate)is unsteady and non-uniform.

Third, in the bioreactor, the scalar concentration in the fluid ap-

proaching the sphere is varying with time. The evolution of the ) )

local flow field, the development of the concentration boundafjfer mesh was employed in order that the numerical scheme
layer and the motion of the sphere in a non-uniform concentratiéfuld resolve the higher gradients of velocity and concentration

distribution can all affect the development of the local concentriat exist in the region near the sphere. Tests were conducted in
tion distribution that surrounds the sphere. order to ensure that the domain size and the mesh resolution were

In this study, the unsteady mass transport on a sphere is num@Rpropriate(for details, see Rivergl0]). o o
cally solved for the range of parameters typically found in the F_|gure 2 shows the effects_of overall domain size on the distri-
bioreactor operated in space. The purpose is to analyze the diffétion of surface concentration for the smallest and largest Pe
ent processes that affect the development of the concentratf@$es. The vertical scale has been expanded to show the small
field. A better understanding of the fundamental processes of #fifferences between the two domain sizes. The surprisingly small
unsteady mass transport to a Sphere can be Very he|pfu| in mgerences result because, even fOr:M, the concentration dis-

solution of the more complicate problem of mass transport in ti@bution reaches the free stream value over a much shorter dis-
bioreactor. tance than is required for the velocity distribution. The outer por-

tion of the velocity distribution for the smaller domain is
. significantly distorted by the presence of the outer boundary con-
2 Mathematical Model dition. However, the velocity distribution over the region where
Consider a concentric spherical domain about the sphere thtla¢ concentration varies is not much different from the larger do-
extends to a large, but finite distance. In this domain, the flow main results. Thus, the convective transport for the two cases is
assumed axisymmetric about an axis in the incoming flow direnearly the same.
tion, incompressible and laminar. The fluid is considered Newton- For the constant wall mass flux boundary condition of the
ian with constant viscosityy, and density,p. The scalar is as- present study, the mass transfer results will be accurately deter-
sumed dilute with a constant mass diffusiviti),g, that mined when the surface concentration distributions are correct.
corresponds to a binary mixture. Based on these assumptions, Thes, Fig. 2 shows that either domain size would be adequate for
governing equation for the unsteady mass transport problem iscomputing mass transport. The larger domain was used for all

results.
0—C+(J~V)c: Pe 1V2c 1) Figure 3 shows the dimensionless surface concentration distri-
at* ' butions computed with two different mesh resolutions atR&9

and Pe=236. Mesh resolution | had 22 radial nodes and 72 azi-
muthal nodes as described above. Mesh resolution Il had 44 radial
nodes and 144 azimuthal nodes. Again, the vertical scale has been
expanded to show the small differences. The Re and Pe values are
ﬁge largest of the present investigation, resulting in the steepest
gradients of velocity and concentration. The results indicate that

where the dimensionless fluid velocity, and concentration dis-
tribution, ¢, are normalized with the free stream velocity, , and
concentration,C.,, respectively. The nondimensional time,,
results from normalizing the timet, with the time scalet.;
=d/U.,. The Peclet number is based on the diameter of t
sphere and is defined asP¥..d/Dg.

The average Sherwood numbéSh) is defined as Sh
=h,,d/D g, Where the mass transfer coefficient is averaged over
the surface of the sphere 1 ; : ;

T 1 Qw
h""KLCx(l—cW)dA' @) 8 [--oasa

The mass influx at the surfaog,,, and the free stream concen-
tration, C.., are specified by the boundary conditions, while the g
concentration distribution at the surface of the spheyg, has to 0.94 B
be obtained from the solution of the mass transport problem. o

3 Numerical Solution Technique h

—a—Pe=56,d =12
The spherical domain was divided into a finite number of small 0.8 ~o— Pe=5.6, d2=24 |
control volumes or elements and the governing equations were o Pe=236, o =12
solved using a two-dimensional axisymmetric model. Figure 1 088 | |, pesass, =2 7
illustrates the meshed domain used in this simulation. The grid :

was uniformly spaced in the angular direction using 72 nodes. In 0.86 ! ! . : *
the radial direction, an overall domain size of 12 sphere diameters 0 30 60 90 120 150 180
in all directions from the centef24 radii) was selected with 22 o(degrees)

nodes. The radial direction grid was non-uniform with a finer

mesh close to the sphere and a coarser mesh in the outer regioRigA2 Domain size effects on wall concentration distributions
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1.0 : . ; ] the false diffusion presented in other interpolation techniques such
as the first order upwind. The diffusive term was approximated
with a central difference method of second order. A finite differ-
ence second order implicit scheme was used to discretize the gov-
erning equations in time.

The Navier-Stokes equations were solved on a staggered grid in
order to avoid unrealistic results such as oscillation in pressure
or fluid velocity. A scheme based upon the coupled pressure-
velocity correction method was used to solve the momentum

----- Mesh Resolution ! equationg 14].
092 Mesh Resolution Il s The Navier-Stokes equations and the scalar transport equation
Re=0.59, Pe=236, d =24 were solved in a sequential manner. That is, the flow field was
, . d,

calculated first and then the velocity values were used for the

0.90 [ s . ! )
solution of the scalar transport equation. lterations were per-
formed until the normalized residual for the continuity equation

0.88 : ‘ : : ! was reduced by more than four orders of magnitude.

0 30 60 90 120 150 180

6(degrees)

) ) ) - 4 Results and Discussion
Fig. 3 Mesh resolution effects on wall concentration distri-
bution The general unsteady mass transport problem can be thought of

as having three different mechanisms that affect the concentration

field that surrounds the sphere. The first mechanism is time de-

the mesh resolution | is sufficiently fine to resolve the velocity al ndent transport due to the development of an unsteady flow
concentration gradients. Mesh regolution I was used for all rgsurlﬁgld' The second mechanism is changes of the concentration field
The high Sc values of interest for the present st(@y=380) sulting from unsteady scalar flux at the sphere surface. The third

limits the experimental results available in the literature to test t echanism is variations of the free stream concentration boundary

: B ndition due to the motion of the sphere in a fluid environment
computational scheme. Kramefd1] " 1946 cor_lducted heat ith a non-uniform concentration distribution. To determine the
transfer measurements on a sphere in a small oil tunnel. The |

e h .
range of that study was fromv0.5 to 12. The spherical domain’ portance of each of these mechanisms in the mass transport

. L rocess for the range of parameters of interest, some special cases
described above was used to compute Sh over a similar Re raflge 9 P P

o X - fe investigated.
as shown in Fig. 4. Also shown is a heat transfer correlation : : :
Whitaker[12], evaluated for Pr=380. The Whitaker correlation i In the first case a sphere is located in a fully developed, steady

- ! o - ow field with a uniform initial concentration field. At timeé
shown only down to Re=3.5, since this is the lower limit Oﬁ:0, a step change in the uniform mass influx boundary condition

applicability for the correlation. The present results are genera}l\%/
in good agreement with Whitaker and Kramers. The departure
Whitaker is assumed to be indicative of applying the correlation %
the lower limit for which it was developed. The agreement with
Kramers is very good, with a slight departure at low Re. Rivergr

specified on the sphere surface. This case is used to study the
velopment of the concentration field, independent of the flow
Id developmentsecond mechanism

The second case consists of the unsteady forced convection
oblem with a step change in the free stream velocity with the
calar flux at the surface held constant. The sphere is impulsively
arted at=0 from rest to a finite velocity. The initial concentra-

The governing equations were solved using the CED softw tion distribution of this case is given by the solution of the steady
9 9 €q 9 ass diffusion problem. The boundary conditions are a constant

iy . "
package FLUENT™ that is based upon a Finite Volume Metho hd uniform mass influx of species on the sphere and a uniform
A second-order upwind scheme was used to interpolate the c%%

vective termg13]. This scheme was chosen because it minimiz 5&?;?‘220%02? E[er?etr?tglr%r; '21;2?1 ;iﬁlirsfrlr? édi.slr;thfg}segase, the impor-

The third case is the same as the second case except that the
velocity field undergoes a step change from rest to the steady state
25 e ] velocity field att=0. This case, when compared with the second
I case, shows the dependence of the solution on the velocity field
] development.
i The second and third cases were chosen to study the problem as
1 the mass transport solution goes from one steady state solution to
another. The zero velocity initial state was chosen to give the
largest change possible between the initial and final states. A uni-
form initial concentration distribution was not used for this case
1 because that problem results in a more complicated solution due
L ] to simultaneous changes in both velocity and mass influx bound-
10F % - ary conditions att=0. Also, other initial spatial distributions
e ] (other than that due to steady state diffugitend to have signifi-
cant changes in the far field spatial distribution over the time it
®  Present Results, Sc=380 takes for the sphere to pass through the domain, thus further com-
X Kramers (1946), Pr=380 1 plicating the transient response.
Whitaker (1972) 1 Each of these three cases was studied over a typical range of Re
b 1 and Pe values that the sphere experiences in the bioreactor in
0 —m—— S — micro gravity. The results obtained from the numerical solution of
0 5 10 16 X
Re the unsteady mass transport for each case are first presented then
the importance of each of the mechanisms mentioned above is
Fig. 4 Comparison of computed results with accepted results analyzed with the use of appropriate time scales.

[10] was able to show, with a computational domain similar t
Kramers’ oil tunnel geometry, that the low Re difference is due t
increased blockage effects from the tunnel.

Nu, Sh
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_Fig. 5 Mass transport response for a step change in mass Fig. 6 Time response of the average surface concentration for
influx a step change in the mass influx boundary condition

4.1 Step Change in Mass Influx(Case 1). Since the flow
field is steady for this case, the unsteady mass transport problemagvection in the overall mass transport process, and the growth
modeled with the scalar transport E@.) with constant coeffi- of the concentration boundary layer is independent of the flow
cients(with respect to time). Assuming the axis of symmetry to béeld. For times larger than the convective time scalg, the

the =0 axis, the initial and boundary conditions are convection process starts to be important, and the Sh curves for
Pe=5.6 and Pe=300 diverge from the one forBeapproaching
c(r.o.)=1, t<0, ®3)  their steady-state values. The other Pe values considered also
dg, . present similar behavior. The Sh converges to steady state faster
Vc(0.50,t)= r, t>0, (4) asthe Peis increased because the concentration boundary layer is
C-Das thinner for larger Pe and the free stream velocity is larger.
c(r,.,0,0)=1, (5) A similar behavior in the response of the Nu values, for the

analogous heat transfer problem, was observed in the numerical
Jc solution of Abramzon and Elatgs]. However, the asymptotic
g 0H=0 atg=0 and f=m. (6)  steady state values for Nu were lower because a Dirichlet bound-
) o ] ) ary condition was specified on the sphere instead of a Neumann
For these equations, the radiusis scaled with the diametet, poundary condition as in the present study.
of the sphere. Conditiof8) refers to an initial uniform concentra- ] ]
tion distribution att=0. Condition(4) represents the step change 4.1.2 Time Scales.For case 1, the sphere moves in a steady
in the surface mass influx of species. Conditi@ indicates a flow field with a uniform concentration distribution. That is, after
uniform concentration specified on the outer boundary of the d#e step change of uniform mass influx is imposed on the sphere,
main. Condition(6) is a result of (assumed)symmetry in the the concentration boundary layer grows with a concentration
problem. value at its edge equal to the constant free stream concentration.
The velocity field in Eq.(1) is obtained by solving the steadyFor this case, only time scales that correspond to the development
Navier-Stokes equations. The boundary conditions are: no-sfipthe concentration boundary layer need to be considered. Other
and no-penetration of fluid at the surface of the sphere andti@e scales of the unsteady mass transport process due to the

normalized uniform velocity of the fluid imposed at the outeflevelopment of the flow field and the free stream variations of the
boundary of the domain in the=0 direction. concentration are not relevant for this case.

) Two types of time scales for this case are considered. First, the
4.1.1 Mass Transport Responselhis mass transport prob- time scales that are traditionally used to normalize the time for the
lemis numerlcally solved for a Pe that varies from 5.6 to 300. Fansteady mass transport prob|em are presented_ Later, a new
Sc of 400, the Re ranges from 0.014 to 0.75, respectively. Figufgethod to compute time scales that produce better results for
5 shows the time variation of Sh for these Pe values and for thgger times is presented.
mass diffusion probleniPe=0). The locations of one convective Figure 6 shows the variation of the computed average wall
time scalet;,=d/U., are indicated on the figure for P&.6 and  concentration differencegy,, with respect to the dimensional

Pe=300. The Sh starts from a large value and decreases Contifiya t for different Pe values. The normalized wall concentration
ously until a steady state solution is approached. The initial lar erencec* is defined as
w

value for the Sh number can be understood by referring to its

definition (see Eq.2)). The Sh is proportional to the surface in- . (1—cy)

tegral of the scalar flux divided by the difference between the wall CWZ(l_T), (7)

and free stream concentrations<(t,,). After the uniform mass w_st

influx is imposed fort>0, the value of the concentration differ-wherec,, ¢; correspond to the asymptotic steady state value of the

ence (1 c,) is very small resulting in large values for the Sh. Asurface concentration.

the concentration boundary layer develops, the Sh decreases bd-e results are presented in terms of the surface concentration

cause the value of (4c,,) increases. difference as an alternative indication of the mass transport re-
Notice in Fig. 5 that the Sh curves for £6.6 and Pe=300 sponse. Since the free stream concentratidn, and the mass

collapse with the mass diffusion solution for times smaller thalitux, d,,, are constants, the variation of Sh with time is directly

the corresponding convective time scale for each Pe. For timi&dated to the variation of the surface concentration difference,

shorter than one convective time scale, diffusion dominates thg. For t>0, thec}, values increase at different rates until an
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1.2 ; . x T . <0.5. This collapsing for the small times can be explained as
follows: For small times, the development of the concentration
boundary layer is again independent of the Pe because the mass
transport process is dominated by pure diffusion. That is, the time
scalet., has removed the Pe dependence introduced by the Pe
1 dependent scaling af}, . For larger times, t(* >0.5), convection

start to be important and the development of the concentration
boundary layer depends upon the values of Pe. For the low Re
situations of the present study, the dimensionless velocity field

e pes remains constant and the concentration fields change with Pe.
e=5.6 . . R
& Pe=15 . Thus, the time scalé,, cannot predict well this dependence on
o Pe=50 Pe, resulting in a convergence f, to steady state at different
0z L - - - Pe=300 i rates for larger times. This is a manifestation of the nonlinear
velocity distribution over the concentration boundary layer thick-
ness, where linearity was assumed in the original model. As the Pe
0 . ! : ! L is reduced, the concentration boundary layer thickness increases
0 5 10 18 20 25 30 and nonlinearity of the velocity profile becomes more important.
" =tU,, /d Modified Convective Time Scalén order to find a time scale
that is more appropriate for large times and lower Pe, the follow-
Fig. 7 Time response of the average surface concentration for ing approach was taken. Consider the two processes that deter-
a step change in the mass influx boundary condition using as a mine the development of the concentration boundary layer for this
time scale t,=dU, transient problem: diffusion that produces an increase in the thick-

ness of the concentration boundary layer and convection that
tends to reduce it. Two different time scales exist for these com-
asymptotic steady state value of 1.0 is reached. Thecurves peting processes. A diffusive time scalg= 82/D g defined in
approach steady state faster as the Pe is increased. terms of the thickness of the concentration boundary |d@yeand
Traditional Time Scales For Pe>1 a natural choice for thethe mass diffusivityDag, and a convective time scalg
time scale is the convective time scéle=d/U.. . Figure 7 shows =d/U,, whered is the sphere diameter atl, is the velocity
the variation ofc}, as functions of dimensionless tim&=t/t,; at the edge of the mass boundary layer. Equating the time scales
=tU.. /d for the same Pe values considered above. tqo andt.3 at some position in the boundary layer, an equation in
The ¢}, variations witht* show thatt,;=d/U., is not an ap- terms of Pe is obtained as
propriate time scale because the mass transport responsés in 5.\2/U
still show high dependence on Pe. Pe*1:(£> ( ‘”“)_ (8)
Konopliv and Sparrow4] proposed a modified diffusive time d U
scale to normalize the time for low Re and high Pe as po |ow Reynolds numberéRe<1), the velocity field can be
tq1%(d’/D pg) PE™*. This time scale is based upon an assumeghtained from the Stokes’ solutiofsee for example Eq(5) in

linear variation of velocity in a thin scalar concentration boundar¥pramzon and Elatf5]). The ratio of velocityU s,,/U.. at a lo-
layer and is obtained by equating the diffusive and convectivetion g=/2 is given as

time scales at a point in the boundary layer development. This can

also be written in the form of a convective time scaletgs U sm 823+97°+3z

=(d/U..)P€"%. Figure 8 shows the variations of the wall concen- T @)= 8 3 ©)
. ; P ) . e 8 (z+0.5

tration difference,cy,, with the nondimensional timé* =t/t., _ _

=(tU../d)Pe Y for the Pe values used above. Ttfecurves for Wherez=oy,/d. Using Eq.(9), Eq.(8) can be written

the different Pe values collapse to a single curve for a tifne 71_22(823+922+32) 0

8(z+0.5°

The following procedure was used to compute the characteristic
time scale of this unsteady problem. Firsts computed from Eq.
(10) for a given Pe. Second) 4, is determined from Eq9) for
this z. Third, the computed time scalg is obtained as

. tea=d/U g=0d/U..f(2). (11)

Figure 9 shows the wall concentration differencl, variation
with the dimensionless time* =t/t.; for each Pe. The surface

6 Pe=5.6 concentration differences;, , collapse into a single curve for the
-B— Pe=15 - different Pe fort* >1. Thus, the computed time scale effectively

—o— Pe=50 removes the Pe dependencedf for large times. For smaller

- % - -Pe=300 i times (* <1), diffusion dominates convection and the curves de-

part from a single curve.
In the proposed method the variation of the fluid velocity within

0 L L ! L the concentration boundary does not have to be linear. That is, the
0 1 2 3 4 5 computed time scalgs is not restricted to asymptotically high Pe
= (tUwPe_m)/d values. Since, the Stokes’ solution was used to obtain the velocity
Usm, the method applies for Rel (a maximum Re of 0.75 was
Fig. 8 Time response of the average surface concentration for used in the computation afy).
a step change in the mass influx boundary condition using as a For the moderate Pe range of interest, the proposed method
time scale t,,=(dU,)Pe~® improves the collapse at larger times, but worsens the collapse at
720 / Vol. 125, AUGUST 2003 Transactions of the ASME
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Fig. 10 Mass transport response for a step change in the free

Fig. 9 Time response of the average surface concentration for stream velocity

a step change in the mass influx boundary condition using the
computed time scale t.3=d/Ug,

viscous region. This is appropriate because, for these low Re val-
s, the inertia effects are small compared with the viscous and
ssure gradient effects. Thus, the velocity field development is
minated by viscous diffusion. Note thét, was selected as the
characteristic length fot;q because, for the large Sc considered
4 Sc=400), the thicknes&, of the concentration boundary layer is
small compared with the thickness of the viscous region. Thus, the
part of the flow field that affects the development of the local
4.2 Step Changes in VelocityCases 2 and 3). The prob- concentration distribution is primarily that near the sphere, within
lem of unsteady mass transport is solved for a sphere that is imdistances,, .
pulsively moved from rest. These cases are modeled with the unFigure 11 shows the transient response of the Sh computed for
steady scalar transport equation, En). For case 2, the velocity cases 2 and 3 for Pe of 40 and 236. For a Sc of 400, these Pe
field is determined from the solution of the Navier-Stokes equa&alues correspond to Re of 0.1 and 0.59, respectivily=2.95
tion for a step change in the free stream velocity from=0 at X 10 *m/s for Re=0.59 antl.,.=5% 10~ ° m/s for Re=0.1). The
t=0 to U..=constant fot>0. For case 3, the step change in thgime has been normalized with a convective time scele
velocity field is from rest to the steady Stokes solutiortal. =t/t.,. The effect of the velocity field development on the mass
The concentration field boundary conditions are a uniform magansport response is very small. This difference is small because
influx on the sphere and a uniform free stream concentration figye ratio oft;y/t.; is small. For Re=0.59 and 0.1, the ratios of
from the spherdon the outer domain boundaryrhe initial con- t,,/t., are 0.009 and 0.006, respectively. Thus, the velocity field
centration field corresponds to the distribution of the steady mass
diffusion problem. A sufficiently large domain was chosen in or-
der to have a solution that is insensitive to the size of the domain.
The concentration field development for case 2 is subject to all
three of the mechanisms identified above: flow field development,
concentration boundary layer development, and free stream con-
centration variationgin the sense that a new boundary layer is
developing within an existing nonuniform concentration field
Case 3 is a nonphysical situation that, when compared with case
2, is used to isolate the effects of velocity field development.

shorter times. This is a result of the concentration boundary Ia)}é‘?
passing through a diffusion dominated growth process for sh
times, followed by a Pe dependent growth at larger times. For t
limited Re and Pe range of interest, no single time s¢ibelf
independent of timecan collapse both the diffusion dominate
and the convection dominated processes.

o

—&— Re=0.1, Pe=40 case 2 ]
--#x-- Re=0.1, Pe=40 case 3 -
—6&— Re=0.59, Pe=236 case 2 q
- -4&--Re=0.59, Pe=236 case 3

T T

Sc=400

Sh
o

4.2.1 Mass Transport Responselhe response of the Sh to a
step change of the free stream veloditase 2)is shown in Fig. [
10 for a series of Pe values that range from=Be to Pe=236. 5F
The Sh responses start from the diffusion value of 2 for all the Pe r
considered. After the sphere is impulsively moved, the difference 4 |
(1—c,,) decreases with time resulting in a continuous increase in L
the Sh until a steady state value is reached. A more rapid conver- 3 |
gence of the Sh to steady state is obtained as the value of the Pe it [
increased. 7 e

4.2.2 Time Scales.By defining appropriate time scales for
the different development mechanisms, it is possible to assess the
relative importance of each mechanism in the overall Sh ti
dependence. : . LS

Velocity Field Development Time Scaldo characterize the fgi?;?g;;:sgf)gzﬁjﬁgﬁsjsizn'gsglléttlggd];fis?oiteespfﬁ)wrf]%?d'rflo\r/e t
evolution of the flow field(first mechanism the diffusive time g an initial diffusion distribution is specified for both simu-
scalet;q= 82/ v, is selected as representative of the growth of thations.

t'=tU,/d

rrIl—(?g. 11 Effect of the evolution of the flow field on the mass
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Fig. 12 Response of the normalized Sherwood number using

a convective time scale, f,=dU.. Fig. 13 Response of the normalized Sherwood number using

a convective time scale with time delay

L S This type of response to a time varying free stream concentra-
development time is much shorter than one convective time sc l?n (at the edge of the concentration boundary lagan also be

and diff_erences in the ve_Iocit_y field development cause negligib\)?ewed as follows. In a time dependent boundary layer problem, it
de'I:ays gtthe cogcentrapo? f|el_(|gl_ devglopl)g_wr:entth_ d mechanism [2kes some time for concentration variations at the outer edge of
ree stream toncentration 1imeé scalgne third mechaniSm b ¢oncentration boundary layer to propagate through the layer to

for this case corresponds to variations in the local concentrati c . L .
field due to the motion of the sphere through the initial dif‘fusiog13 sphere surface. This time is a diffusion time through the
1

concentration distribution. The time scale of this process is ju pundary layer thicknessy, = 5n/Dag !Vh'Ch must be equal to
e associated convective time scale=d/Ug,. This type of

the convective scalg,;. A value of 6.35¢; corresponds to the . . . ) o
time for the sphere moving &t., to travel a radial distance from UMe delay is typical of first order systems with time dependent
houndary conditions.

the center of the sphere to the position where the initial conce
tration is 99% of the free stream concentration. .
The transient response of the Sh for different Pe values usifg Conclusions
this convective time scale is shown in Fig. 12. Here, the Sh hasThe transient mass transport to a sphere starting at one steady
been normalized as state condition and moving to a second steady state condition in
response to a step change in velocity has been studied. Special
_ Shx—Shw o (12) cases have been presented to illustrate the relative importance of
Shyy—Sh«_o’ the three mechanisms: concentration boundary layer development,
] ) velocity field development, and time dependent free stream con-
wheret* =t/t;;=tU../d. Fort*>0 the SH increase at different centration field. From these cases, the following conclusions can
rates until they approach a value of*Shl for t*>22. In this pe drawn.
dimensionless time, the Slvalues approach steady state faster as There is more than one time scale associated with the develop-
the Pe decreases. Also, forP40 the curve for Shis nearly the ment of the concentration boundary layer. For smaller times, dif-
same as for Pe=5.6 while the curves for higher Pe are distinctusion is the dominant process and the growth of the concentration
For low Pe values, the concentration boundary layer is thigkoundary layer is independent of Pe. For longer times, convection
and the free stream velocity is a good estimation of the charactgecomes important and the mass transport response depends upon
istic velocity U 5, . Therefore, the Sh curves tend to collapse witkhe Pe. A time scale based upon a convection velocity at the edge
the convective time scale. For higher Pe values, the concentratiginthe concentration boundary layer is presented that provides
boundary layer becomes smaller relative to the hydrodynamieod collapse of the time dependent surface concentration curves
boundary layer. Thus, the velocity ratio at the edge of the concer different Pe. The computed time scales using this method are
tration boundary layer 5,/U.. becomes smaller as the Pe invalid for a larger range of Pe values than those obtained in previ-
creases. In this case, the time scale for the growth of the concers investigations, because the variation of the fluid velocity
tration boundary layet.;=d/U 5, increases relative to the timewithin the concentration boundary layer is not assumed linear.
scale associated with the effect on the local concentration fiedkhough, the Stokes solution is used in this method, the
due to the motion of the sphere in the nonuniform concentrati@@mputed time scales are shown to provide good results for Re
distribution,t;; =d/U.,. Thus, the higher Pe cases are delayed ifp to 0.75.
time relative to the low Pe cases. For the Re and Pe considered in this stuy&e varies from
Figure 13 is a plot of Shvariations as functions of dimension-0(0.01) toO(0.1) and Pe does fro®(1) to O(100)), the evo-
less time after subtracting the time for boundary layer developrtion of the flow field has a negligible effect in the time response
ment, t* = (t—ts3)/te;. The times for concentration boundaryof the Sherwood number. That is, the flow field develops much
layer development,;, are shown for each Pe. The near collapsgaster than the concentration field.
of the SIf to one curve indicates that the choice of a convective For this problem and this range of parameters, the unsteady
time scale with a Pe dependent delay, for concentration boundangss transport process is primarily a function of two convective
layer development, is a realistic model for this situation. This caime scales. For short times, the dominant time scale is that asso-
also be supported by the collapse of the" $iots for times less ciated with the concentration boundary layer development. For
thant.3 when plotted as functions af =t/t.3 (not shown). longer times, the time scale associated with the free stream con-

Sh¢
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centration variationthe convective time scalés dominant. By
subtracting the time for concentration boundary layer develop-

ment, the results scale well with a simple convection time.
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Nomenclature

A =

Sphere surface arefmn?]
Scalar concentration normalized By,

= Normalized surface concentration differencg=(1

- CW)/(]- _Cw_st)

Free stream concentratioikg/m®]

Mass diffusivity of species A into fluid media B,
[m%/s]

Sphere diametefm]

= dimensionless domain outer diameter

Surface-average heat transfer coefficigwt/m? K]
Surface average mass transfer coefficigmis]

Nusselt numbemd/ «

Peclet numberdU., /D g

Prandtl numbery/a

Mass flux of species at the sphere surfd&g/n? s]
Sphere Reynolds numbeatl.. /v

Radial coordinate normalized h

unit vector inr direction

Schmidt numbery/D g

Sherwood numbeh,,d/D g
Normalized Sherwood number,

SH* = (Shx — Shx—)/(Shy— Sh« ~0)

= Time,[s]

Time normalized by a time scale

= Convective time scaled/U.,

Convective time scaled(U..)Pe"?

= Convective time scaled/U g,

Diffusive time scale, §%/D 5g)Pe 23

Diffusive time scales2/D ag
Viscous diffusive time scal@ﬁl/u
Free stream fluid velocitym/s]

Journal of Heat Transfer

v = Fluid kinematic viscosity[m?/s]
p = Fluid density,[kg/m®]
0 = Polar coordinaterad]

Subscripts
st = Steady state value
w = Surface or wall value
» = Free stream value for viscous region
odm = Concentration boundary layer thickness value
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College of Technology at Jeddah, The purpose of this paper is to demonstrate the importance of the use of the exergy
P.0. Box 42204, Jeddah 21541, analysis in the optimization of the geometry of a periodic-flow regenerator. The optimum
Kingdom of Saudi Arabia geometry of the regenerator is determined using the unit cost of exergy of the warm air

delivered as the objective function. The running cost is determined using different unit
costs for the pressure component of exergy Bnd the thermal component of exergy

E*T, which are evaluated separately. The ratio of the two unit costs has been calculated
for an air-conditioning application in which the regenerator is used. A mathematical
model of condensation, evaporation, thermal conductivity and heat transfer is presented
for calculating the fluid and matrix temperatures effect on the regenerator performance.
The governing differential equations have been formulated in terms of the characteristic
dimensionless groupdl;, A, and Z). [DOI: 10.1115/1.1589504

Keywords: Exergy Analysis, Heat Transfer, Heat Exchangers, Optimization, Regenera-
tors, Thermoeconomic

Introduction This paper presents a numerical model of a periodic-flow re-
erator with non-hygroscopic material in which condensation
evaporation occur. A finite difference method has been used
alculating the fluid and matrix temperatures and the moisture
ent distributions, and applied to the steady-state performance

Regenerators are heat exchangers in which the hot and c§
fluids flow alternately with as little physical mixing between thefor c
two streams as possible. The amount of energy transfer is depggﬁt

dent upon the geometry and_ thermal pro_pertles of the matrix @Rder conditions of finite rotational speed, finite heat conduction

well as fluid and flow properties of the fluid stream. . and finite mass transfer, and evaluated for different parameters.
Mass transfer plays an important role in many industrial prorpe thermal conductivity paramet®y, presented by Jassif8]is

cesses such as removal of pollutants from plant discharge streapagq to determine the influence of thermal conductivity of the

by absorption, the stripping of gases from waste water, the diffgsaterial on the regenerator performance &hdnd A method is

sion of adsorbed substances within the pores of activated carbgged to determine the effectiveness. The regenerator effectiveness

air conditioning, etc. _ ~ has been evaluated over the following range of the dimensionless
Condensation can occur in regenerators when the matrix tefarameters.

perature is below the dew-point temperature of inlet exhaust air.

The performance of a regenerator in which only sensible heat is k*=C*=(hA)*=(A)*=1.0
transferred has been analyzed by several authior§]. Hausen 50.0=A=0 [A=(2AAn/(Act+Ap)]
[2], van Leersum and Ambro$d] studied the effect of both sen- ! ¢ ¢

sible heat and latent heat. 50.0=11=0 [II,= (21111, /(T +1I})]

Hausen[2] has considered the problem of condensation in a
: : ) 0.016=2,=0

regenerator using a graphical step by step process of solution t
based on the finite difference techniques. His method is approxi-In this paper, the governing differential equations are formu-
mate, and the only results given apply to extremely low temperkted in terms of characteristics dimensionless grollps A,
ture applications of the regenerator. van Leersum and Amipddse and Z; .
have modeled condensation and evaporation processes in a regemhe theory which has been developed by Jag§ifand Kotas
erator using a finite temperature scheme. Although they describattl Jassini7] is applied here to an air-conditioning rotary regen-
the mathematical model used, few details of the numerical modshtor to determine the effect of mass transfer on the performance
of finite difference scheme are given. They have also shown thged the cost rati®. .
effect of condensation and evaporation on the regenerator perfor-
mance. van Leersum and AmbrojgE have compared their nu-
merical results for their model with experimental results and halegenerator Performance
shown good agreement. van Leers{f) described a numerical  tpe gyerall regenerator effectiveness may be defined as,
method which allows accurate simulation of a counter flow ther-
mal regenerator when condensation and evaporation occur. 1 1( 1 1 )

— = | —t —— 1
HEE 2\HEE, HEE, @
Contributed by the Heat Transfer Division for publication in th®URNAL OF . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division September 1d?or symmetric and balanced regenerator, the effectiveness for hot

2002; revision received April 1, 2003. Associate Editor: J. N. Chung. side and cold side are
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(ic,), 0=t
Nh w (1j) = Wa, ;“ , Wc,e
i (ij) | (f+1.g)
M,c,), —0 @ o0—» (M, ). —»0 @ o0—>»
N, p, (i) (ij+1) N, p, g (hg+1)
I(m,j) Tafg)
- t(lg =t n'wp
th,e ’ Wh,e w (],g) =W; ( )c

NC

Fig. 1 Schematic representation heat exchange elements of a rotary regenerator

(thi—the)
N =, —tey)
_(tc,e tm)
HEEC_(th,l CI)

The overall humidity effectiveness is pres
mean,

1 1 1 1

== +
HEE,, 2|HEE,,, HEEy,,

For symmetric and balanced regenerator, the humidity eff

tiveness for hot side and cold side §8d,

~Whe
—We,i

Wh i

HEBun =
il

where

Z Wi o(LL,)

Whe

1 N¢
_c,e:N_ Z c, «(L1,9)

and
L1=N,+1

The Mathematical Model

and Le is the Lewis relation and is equal t¢8&l.

(2a) (Awy, 1) represents the mean difference between the absolute
humidity in the air and at the matrix surface which is given by
(2b) AWy, = (L12)[Wy(i,j) + Wi + 1)) ] = (L[ Wsap(i,i)

+Wsa,h(ivj+1)] (8)
Considering the energy balance for an element as shown in Fig. 1,
the energy transferred to the element by convection plus the en-
ergy accumulated in the element due to conduction, plus energy
téansferred to the element by mass transfer must equal the energy
storage in the element. Thus,

ented as a harmonic

®)

.. . . h( )h . . .

(4a) th(IvJ)_th(|+1aJ)+ZL?T[TWh(I :J)+Tw,h(|_1aJ
+1) = 2Ty n(i,]) = 2Ty n(i,j + 1) + Ty n(i + 1)) + Ty p(i
w syt S G 4]
' (hA), = T

~ NpAy . .

(5a) = W[Tw,h(lv] 1) =Tyn(ih))] ©)
The outlet fluid temperature, humidity and matrix temperature

(5b) for an element on the side &, can be obtained from the fol-

lowing simplified equatiori6]
th(i+1,j)=R1ty(i,j) +R2[ Ty n(i,j) + Tws(i,j+1)] (10)

Wh(i+ 1)) =R3wWn(i,]) + RA[Wsan(i,]) + Wsan(i,j+1)]
11

The following assumptions have been used in the derivation of

the mathematical mode{1) The convective mass transfer coeffi-

Tw,n(i,j+1)=R5tp(i,j) +R6[wn(i,j) —wp(i+1])]

cient is constant throughout the regenerator; é)dThe trans-

ferred water vapor is condensed and evaporated at the same cross

section viewed in the fluid flow direction.

The mass transfer rate equation for hot side can be expressed as

(8]
. W (ﬁA)hAW
h ﬂy L av,h
where
hn
Bh LeCp h =Hmp

Journal of Heat Transfer

—R7Tyn(i,)) +R8[ Ty n(i = 1))+ Ty n(i—1,
+ 1)+ Tyn(i+1j)+Tyn(i+1j+1)] (12)
Since the longitudinal heat transfer by conduction to the first

row elements and transfer from the last row elements is zero, the
matrix temperature at the first and last row can be stated as

(6)
Twh(Lj+1)=R9ty(1,)—R10T, (1))
TRIY Wy (L)) —wn(2))]

() , ,
FRIATwn(2) + Twn(2 +1)]

(13)
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Twh(Np,j+1)=RItp(N; ,j) —R10T,, n(N; ,j)
+ Rll[Wh(Nr 1j)_Wh(Nr+ 1:j )]
FRIZA Ty n(Ne = 1))+ Ty n(N, = 1,j+1)]

(14)
Similarly, for an element on the side df; the rate equation is
aw. (BA)
m(::(;_yc = TCAWav,c (15)
he ), 16
ﬁc—m =hmp (16)

and Aw,, ) represents the mean difference between the absol
humidity in the air and at the matrix surface, is assumed to be

AWav,c=(1/2)[Wsa,c(f ,9) +Wsa,c(f1g+ 1]

—(12)[w(f,9) +we(f+1,0)] 17)
Substituting Eq(16) into Eq. (15), we have
awe  (hA),
me= 0y - LLECp_C AWau,c (18)
The specific heat of cold side air can be expressed as
Cp,c=cp,a+wau,ccp,v (19)
Cp,c andcy , , for the element on side of . are evaluated at,, .
where
We i +W,
Way o= (20a)
teitte
av’c:% (20b)
Rearranging Eq(18), we have
E[w(f+1 ) —we( f )]=MAW (21)
NC Cc 79 C ’g NCNrLeCp’C av,C

The energy balance fok,. side is

kK.(A) N, A
(AN, [2T,.o(f,9)+2T,, o(f,g+1)

tc(erl,g)—tc(f:Q)jLThA)c

~Tue(f=1,9) = Ty o(f =19+ 1)~ Ty o(f+1,9)

h,m).A
—TW,C(f+1,g+1)]+( oMcAe

WX[WC(f—"—l!g)_WC(fig)]

_ NeAc
= N, T we(19) = T, +1)] (22)

The outlet temperatures and humidity of the elements on the

side of A, can be obtained as followsee Appendix A)

tc(f +1,0)= Sltc(ffg) + Sz[Tw,c(fig) + Tw,c(f ,g+1)]

w(f+1,0)=S3w(f,g)+ S4[Wsa,c(f ,9) +Wsa,c(f:g+ 1]
(24)

Tw,o(f,9+1)=S5t:(f,g) +S6[wc(f,g) —wc(f+1,0)]
- S7Tw,c(fag) + 88[TW,C(f_ 119) "'Tw,c('f - 1:9

+1)+ Ty (f+1,9+ Ty (f+1,0+1)] (25)

The matrix temperature for the last and first row can be stated

as

726 | Vol. 125, AUGUST 2003

Tw,c(1,0+1)=59t,(1,9)— S10T,, .(1,9) +S11 w(1,9)
~We(2,0)]+ S1 Ty o(2.0)+ Tu(2,9+ 1)]
(26)
o(Np,g+1)=8S9t,(N,,g) —S10T,, (N ,9) + S1 w(N, ,9)
—W(N +1,0)]+S1 T, (N, —1,0) + Ty, o(N;
(27)

Tw

-1,0+1)]

Calculation Procedure

The governing differential equations are solved by finite differ-
ence technique following the approach proposed by Holmberg for
mass transfef8]. The solution has three boundary conditions as

Wentioned by Jassifi6] and the same procedures are used for the

special case wheH,=1I.=0 and for the evaluation of the ma-
trix temperaturg 3]. Another condition for absolute humidity is
added here

Wh(L)=wh; j=12... N, (28)

We(lg=We; 9=12...N, (29)

The specific heat capacity of moist air should be evaluated at
tap.n @andw,,  (similar to Eqs.(20a) and (20b) except the sub-
script should be changed td". In order to find their values, it is
necessary to calculate the average temperature and relative humid-
ity. Therefore an estimate can be made by assumingtihg
=ty andwy, h=W; .

The absolute humidity of the air at the matrix surface is related
to the surface temperature. When this temperature is lower than
the dew-point temperature of the exhaust aig;(,) the conden-
sation will occur, the saturation absolute humidities are obtained
from the following equations,

va sh
W, p=0.622 - 30
sah Patm_ Pus,sh ( )
P
Wy o=0.622——2C (31)

Patm_ va,sc

where

P,ss=the saturation pressure of water vapor at the matrix sur-
face temperature

P.m=atmospheric pressurd01.325 kPa)

The absolute humidity at the inlet states and the relative humid-
ity can be obtained from

P
Wy = 0.622=—2 (32)
' Patm_ Pv,h
P
Dp==0 (33)
va,h
W, =0.622—2>— 34
o I:)atm_ Pv,c ( )
P
o =—2° 35
¢ PUS,C ( )

where

P,=partial pressure of water vapor

P,s=saturation pressure of water vapor at air temperature
(ASHRAE fundamental$9]).

The moisture of the exhaust air is transferred on the matrix
surface by condensing, when the surface temperature for elements
falls below the inlet dew-point temperature of the exhaust air
doin- The surface temperature for element is expressed by

o Tun(, D +Ten(,j+1)
Tuna( )= e

(36)
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From this temperature, the saturation absolute humidity, ,, QD =0
for the element would be evaluated, and is expressed by,

w0y = Woan(lD)F Woan(ij +1) P LN A AW AVAVA o=
sahav ) 2 ‘,Y\Mixing
If Ty ha(i,]) is less thandy,p,, the absolute humidity for the Tei=To
next nodewy(i+1,j) obtained from Eq(11) after the saturation _}——V\/VW\]_'___G*_
Pc,e ce P, X

absolute humidity for both nodes are obtained from 7).

The gas temperatures for the first row on the side\gfare R LR R L L L e
known and the matrix temperatures for the first column are als / Control Surface
known. The calculation begins with the first element in the first
column, but from the finite temperature difference equations it [§g. 2 Control surface used in the analysis of the regenerator
seen that, in order to solve it for the matrix outlet temperature for
a particular element, it is necessary to know the matrix tempera-
ture of the next element. An estimate of these temperatures can be )
made by determining the temperature distribution for zero cofXergy Analysis
duction[10], setting the constan(&8), (R12),(S8), and(S12)to A rotary regenerator used in an air-conditioning system is opti-

zero. And it is necessary to know the air relative humidity for thgyized using the unit cost of the energy of the warm air delivered
next element to evaluate the average matrix temperature using Eélthe objective function.

(36). An estimate of this temperature can be made by assuming it
to be equal to the first element temperature, then the absolutéObjective Function. It is common practice in thermoeco-
humidity for the second row calculated from Ed1). Then the nomics to select the unit cost of the prodegkgp, as the objec-
matrix temperature for the next element which is assumed will liwe function. The unit cost of the product is obtained by dividing
calculated from Eq(12). Now the result should be compared witithe cost rate of operating of the regenerator by the output. The
the first value, if the difference is nearly zero, then it is satisfiecbst rate of operation consists principally of the cost of investment
and calculation can be continued for next element and so @and the running cost. Because of lack of cost data, the cost of
Otherwise the first matrix temperature value that is assumaw/estment is excluded. Consequently, the unit cost of the product
should be replaced by the new value, which is calculated form Bgill be expressed as
(12), and the calculations repeated. After the calculations are com- .
pleted for this side the average temperature and the average rela- ce :f:_R (40)
tive humidity should be calculated and compared with the first PROD™E
values. If the differences are nearly zero, then the calculation with . .
conduction can be carried out. Otherwise, the first values shouiereCg is the running cost rate, arg}, is the exergy flow rate
be replaced by the new values and the calculations repeated. Phéhe heated air.
problem is solved for no conduction case to obtain the initial Consider now the exergy balance for the control region, shown
estimate of matrix temperature for the problem with conductiof? Fig. 2, which comprises the matrix and the part of immediate
Now with this initial estimate of all element temperatures thgnvironment where the waste gas rejected from the regenerator
calculations are carried out. Notably, the next element matrix terflixes with ambient air temperature.

erature, which is used to calculate the average matrix tempera- —aT, “AP , SAT , CAP AT, AP, AT , =AP1_ .
Fure (see Eq.(36)) has been taken from the ca?culation with FI’)]O Eni+Eni TEci TEci —[EcetEcetEneTEnel=1 (41)
conduction. Therefore, the next element matrix temperature whichin this expression each exergy flux is split into the pressure
will be calculated from Eq(12) should be compared with the first componente2? and the thermal compone&T. These are, re-
value. If the difference is nearly zero, then the calculation can R@ectively, zero when the stream pressBreP, or temperature
continued. Otherwise, it should be replaced by the new value afd- T |n this paperP, is considered as the exhaust pressure of

the calculation repeated. After several iterations, an energy bghth streams, and, as the exit temperature of the hot stream.
ance will be made. Same calculation procedures mentioned aboveyne of the LHS of Eq(41) can now be identified as desired

>

can be used for. ‘ output and those remaining as the input. These are:
The condensed water vapor begins to evaporate on the hot-fluid . )
side as soon as the matrix surface temperature exceeds, the Eou=Ece (42)
The evaporation on the hot side is limited [8] and
wy(i+1,))=wy; 38 : - : : :
oL ) =R+ B+ BT+ E2F @3)

On the other hand, if the matrix temperature still includes SOME e idealization of the input and output terms carried out above
points lower thard,; , (dew point temp.), these points will follow . P p

the matrix to the cold side and moisture from them will begin & b?sg[id O?ﬂ tihen samfe pgln(:tlplishu?]edrln the formulation of the
evaporate. We assume that all the moisture deposited during ﬁ{g.ge ce _ce cy o f"‘ eat exchanger. AT Ap
matrix heating period will completely evaporate on the cooling Since the input consists of both forms of exergy, andE*P,
period. Or in other words, the amount of moisture deposited ddhey will be allocated the appropriate unit costs; and cjp,

ing a particular time interval in the hot period will evaporate durrespectively. Hence, we get the cost rate of the input in the fol-
ing the corresponding time interval in the cold period. Tf@gs  lowing form:

m% w4 L)t )] mhg w1001 Cin=Cir(Enl+Eg) +cip(Enf +E2T) (44)
IS We(T+1,9)—we(f,9)|= Wh(1,]) —wp(1+1, . A . : L
Neg=h ¢ g ot Np =1 tl] " : If the running cosCg is considered equal tG;, , the objective
(39) function may be written in a dimensionless form as a cost ratio.

where R— ChroD EﬁT"‘ EéuT"‘ Fu( Eﬁ,'i:+ E?'.’ (45)
_ c € - -
f=12...N cir EST
i=N,+1-f where
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Control surface

Control surface Fig. 4 Control surface of the air conditioning for determining

. . the unit cost of waste air
Fig. 3 The motor-fan assembly for generating the pressure

component of exergy EAP

This process takes place at near-environment temperature and
therefore, as shown by Kotd$2], its exergetic efficiency is equal

FW:CAP (46) here to the fan isentropic efficiency. Hence,
Cat EAP
Introducing the physical exergy relations of a perfect gas into Ns= (49)
Eq. (45), we get Esh
th 't The mechanical-electrical efficiency of the motor is defined as
thi—To—To In(—') +tei—To— T, In(—’) follows:
7 To ' To .
R.= E
— toe == 50
tee=To—To |n(_|_—o) 77m,el_"E; (50)
y—1 AP, AP, From EQgs.(49) and (50)
Fu —)To In| 1+ P +In(1+ ) p .
+ Y ° ° (47) E®"= ns7m,eiEel (51)
tee—To—To |n(t_|f_"3) The exergy cost equation for motor-fan sub-assembly is
0/ . . .
EAPCZP: EelCet Zm F (52)

whereAP =P —P, andAP.=P.;—P,.
Note that the exit temperatutg . is an average temperature,where 7,  is the investment cost rate for the motor-fan sub-

owing to the fact that the matrix temperature varies with angulggsemuyj

coordinate. o _ _ As shown by Tsatsaronis and Winhdl#ll] the magnitude of
To evaluateR,, it is necessary to obtain the valuestpf and the capital investment rate of such fans is typically about 15% of

the pressure dropAP, andAP,. The value oft. . is evaluated the cost of electric iNPUE(Cey, i€.,

using the presented finite difference technique, while the values of . .

AP, and AP, are evaluated as the inlet pressure minus the ex- Zy r=0.15E,Cq (53)

haust pressureR;) for hot and cold sides. Combining Eqs(52) and (53)

—_ E
Welghtlr?g Factor o . | cgpzl.ls%cel (54)
As defined by Eq(46), the weighting factor is a ratio of the E
unit cost of the pressure component of exerdjy, to that the Using Eq.(51), we get
thermal component of exergj .

The weighting factor is calculated for an air-conditioning appli- cE= 1.15 c (55)
cation in which the rotary regenerator is used. Expressions will be AP MsTm,el ¢!
obtained in the following sub-sections for the two unit costs iﬁl ki —0.85 andn.=0.82 i
terms of unit cost of electricityGe, . aKing 77m,e = Y.0o andns=v.6z, We g&
cip=1.65 cg (56)

Determination of the Unit Cost of Exergy of Waste Air
From an Air Conditioning System B—The Unit Cost of the Temperature Component of Exergy,
. cit. Forthe purpose of this analysis, the total system consisting
A—The Unit Cost of the Pressure Component of EXery, Cf 5 central heating boiler and the heat spéaebuilding), as
The pressure component of exergy, which is delivered to the 1§5oun in Fig. 4 is divided into two subregions
generator with the gas streams is generated, in the case of appli- '
cation considered here, in a motor-driven fan, as shown in Fig. 3. Subregion Aconsisting of the boiler and part of the heated
Consequently it can be obtained without a reference to the plantin space adjoining the CH radiator.
which the regenerator is used. The exergetic efficiency of the fane Subregion Bconsisting of the interior of the heated building.

IS It is assumed that
EAP .
Y=— (48) 1. Qg crosses the central surface between subregions A and B
Esh at the temperature of the roof.
728 | Vol. 125, AUGUST 2003 Transactions of the ASME
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2. The temperature of the room varies negligibly and viscous The unit price of fuel used in a power statioﬁ _is lower than

dissipation due to alr movement in the_room alS(.) neg||g|b_l%f used in a boiler. Therefore, if it is 50% lower, then,
Hence, there are no irreversibilities taking place in subregiofi

B. ci=1.5¢ (68)
A Subregion A. Applying the exergetic cost balance to subregion The unit cost:ff' can be related tog, by the fact that the cost of
, we have . : . .
] . ] fuel is regarded as a proportion of total cost of electric generation.
ERcR=E(C{+2Za (57) Kotas and Jassiffv] have shown the relation betweep andc,
~ At this stage it is necessary to consider the investment cost re
Z, . Then the capital investment rate is given by Kdthg]. cf =0.1467¢, (69)
5 _a‘Cy (58) Substituting Eqs(68) and (69) into (67), then
A=
top ci=25.25X1.5X0.1467¢,=5.556¢, (70)
Whecre . Subregion B. If an exergetic cost balance is applied to subre-
a“=capital-recovery factor gion B, it can be shown that
_ ™ (59) Eaci+EQci=EScq
[(1+ipNY—1] Since
Ca=capital cost of boiler E,+EQ=EQ (I.)=0
top=time of operation ATEC=Er  (Ie)
and and

i, =interest rate on the capital

€ € _ A€ — €
NY=period of operatior(years) CATCL=Cr=Cat

Assume Then
Ca=GBP1500 c$;=5.556¢, (71)
top=4000 h Substituting Eqs(56) and(71) into Eq. (46), we get
i =15% _ 165G _
=5 556¢, 0.3 (72)
NY=20 years

Numerical Example

. In order to study how mass transfer and thermal conductivity in
Zp,=GBP 239.6 per year the fluid flow direction influence heat transfer, the temperature
distribution has been calculated with and without mass transfer
and thermal conductivity for the following parameter values and
inlet air conditions which are typical to an air conditioning appli-

Then, the investment ra\‘:éA can be obtained

Assume also
E;c{=GBP800 per year

Z, 2396 cation. .
A 27 . (60) Mass flow rate=m=m.=40kg/s
Ecf 800 Wheel diameterD,,=4 m
H Regenerator lengthL = 0.666 m
ence,
EQcg=1.3Ect (61)
EQcg=1.3EcS (62)
From the thermodynamic considerations,
. m(NCV)e _
Cr= :I.SE—8 Ct (63)
The exergy flow associated with heat transfer is
o Qr(Tr—To)
S (64)
Tr
Qr
Teoms= 7 (NCV) (65)
with Zlonly
Substituting Eqs(65) and (64) into (63), we get ~ = = with Z, and mass transfer
Tre 0.00. 1 r ;
cc=1.3 ce 66 0 0 20 30 40 S0
R Neom TR— To) f (66) A
If we let TR=294.15K, T,=273.15K, 7com=0.75 and '
¢=1.04, then, Fig. 5 Longitudinal heat conduction and mass transfer effect
. (=5, t, ;=293.15K, t,;=263.156K, C*=(hA)*=(As)*=1, ®
Cr=25.25¢ (67) =01.4, ang ®.=0.8) ‘ ° ’
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1.00, 1.00,

without mass transfer
= = ~ with mass transfer -7
m m
& = N
0.80] 0.80] N
0,80 0.60]
0.40] 0.40]
0.20] 0.20] .
without mass transfer
— = — with mass transfer
0.00. 0.00. - —rorr 1
0 10 20 30 40 50 0 i 2 3 4 5
n, Rc
Fig. 6 Mass transfer effect (A,=10, t,=293.15K, t,; Fig. 8 Relationship between HEE and R,

=263.15K, C*=(hA)*=(A/)*=1, ®,=0.4, ®,=0.8 and Z,=0)

Figure 5 shows the effect of mass transfer and thermal conduc-

Matrix porosity=o=0.8 tivjty at the same time for. fixed valyes of all parameters. Clearly
Weighting factor=F,=0.3 this figure shows that an increase in the conduction parardeter
Inlet waste gas tenvvaeratmfeh =9293.15K will produce a reduction in the effectiveness. It also shows the
Inlet fresh air temperaturet n 263.15 K effect of mass trapsfe_r on th(_a regenerator performance. The effect
Atmospheric temperatureTEL 273.15 K of mass transf(_ar is diminishing while the overall reduced length
Hot side relative humidity®,=0.4 A S approaching zero. .

Cold side relative humidity®.=0.8 Figure 6 show_s that, for_ particular values &f and Z; (A,
Material=mild steel =10 andz;=0) with increasing the overall reduced peridd the

From the numerical example the inlet fresh air temperature is
lower than the atmospheric temperature, then the thermal compo-

- . Table 1 The values of (L/d),, (HEE),, and (R.)
nent of energyE:| has been considered. veu (L/d)op (HEE)op aNd (Re)inn

Z=0
Results and Discussion without mass transfer with mass transfer
The results were obtained using the finite difference techni_qg@/d)Op (HEEp  (Rdmn  (L/d)op  (HEE)yy (R
that presented in this paper. From the results which were obtalnﬂdo
several general observations can be made. 450.0 0.8843 2.891 450.0 0.8556 3.2129
29.31 . y T
% without mass transfer
— — — with mass transfer
s 28:84F "\
— \
w4 D
S st O
X
3] £ 27.90f
g
:
5 78
=
2 5
3
X 26.96F
~
~N
1 ~
i 25.49F S
withont mass transfer ~ o
— — = with mass transfer
26.01 . : s .
0 x y o , 0.0 02 0.4 0.6 0.8 1.0
0 100 200 300 400  S00 = €00 700
y/L
y/L
Fig. 9 The effect of moisture transfer on hot-fluid temperature
Fig. 7 Dependence of R.on L/d distribution for (A ,=10, I1,=5, Z,=0)
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Fig. 10 The effect of moisture transfer on cold-fluid tempera-

Fig. 11 Absolute humidity distribution in fluid flow direction
ture distribution for  (A,=10, I1,=5, Z,=0)

for (A,=10, II,=5, Z,=0)

ferred to the cold side, where it is expended in evaporating the

regenerator effectiveness HEE decreases rapidly. The eﬁectcgpdensate. Thus, the matrix must not only transfer the sensible
mass transfer is diminishing while the overall reduced period €@t but also the latent heat. .

approaching zero. Flgu_re 11 shows the points alpng the matrix path Wher(=T con-

Figures 7 and 8 show the effect of the ratitd and effective- densation starts. The condensa_tlon occurs when the mat_rlx tem-

ness on the regenerator performance criteria. From these figupggature falls below the dew point temperature. These points oc-

the following conclusions can be drawn.

1. The effect of mass transfer on the performance criteria for
the numerical example given in previous section is about

cur at the following values of/L for the periods state[B]

0.2

10%. 05

2. WhenlL/d is less than 320 the effect of mass transfer is
diminishing for reasons which have been explained above.

y/L p
0
. pn/2
0.8 Ph

L . . ) Table 2 gives a comparison between the experimental results
In terms of the objective functiorR;, the optimum hydraulic ptained from referenck4] and the results of the analysis pre-

diameter for the two casdwithout mass transfer and with massseneq in this paper and shows good agreement. It also shows the
transfer)are shown in Table 1. Figures 9 and 10 show the ter?égenerator humidity effectiveneésee Eq/(3))

perature distribution of the fluid streams in the flow direction is
shown against the dimensionless flow lengttL. The curves Conclusions
have been plotted both for the case without condensation and with i o
condensation. As will be noted the effect of mass transfer is play-As Will be seen from the above example, the cost ratio is made
ing sufficient effect on the fluids temperature distribution. TheP of the costs of compensation for the destruction of the two
curves have been plotted for three positions of the duct undesmponents of exergi*" andE-P. Since the compensation for
consideration during each half revolution for the hot and colexergy destroyed in the heat transfer process has to come from the
periods. earth’s natural resources, the objective function used in this paper
Also Figs. 9 and 10 show the regenerator matrix transfer timeay be directly relevant to the problem of conservation of natural
sensible heat and latent heat from one side to the other, this wesources.
derstood by the fact that the latent heat, which is released onOne of the features of the optimization technique that presented
condensation on hot side, is picked up by the matrix and is trane-this work is the use of the weighting factét,,, which reflects

Table 2 A comparison between presented analysis results and van Leersum and Ambrose

results [4]

Ref.[4]  Presented analysis results

th.i tei Wi We i results
At Ht K K (kgvap/kgd,a.) (kgvap/kgd,a) HEE HEE HEE,,

10.00 2.00 293.15 273.15 0.0058 0.0029 0.8200 0.82251 0.318
10.00 5.00 293.15 273.15 0.0058 0.0029 0.7800 0.78630 0.250
10.00 2.00 297.15 273.15 0.0075 0.0029 0.8100 0.81652 0.492
13.66 3.2065 308.10 287.58 0.0306 0.0054 0.7610 0.76674 0.585
13.46 3.1820 318.44 289.33 0.0259 0.0069 0.7962 0.80591 0.415
13.28 3.1544 324.84 290.86 0.0189 0.0060 0.8476 0.84789 0.116
13.24 3.1600 324.60 291.61 0.0209 0.0074 0.8383 0.84001 0.167
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the different values of the unit costs of the two components of gap _
exergy. Although in the present work the valueFgf was deter-
mined from thermoeconomic considerations of the exergy conser-_h.i

Ece = cold side outlet pressure component of exergy
AP = hot side inlet pressure component of exergy

AP

vation processes in the plant in which the regenerator is usedEne = hot side outlet pressure component of exergy

Clearly, the use of the weighting factor can be extended to otherEéiT =

types of heat exchangers.

A numerical method used to calculate the temperatures and abzaT
solute humidity distributions in a periodic regenerator with non -
hygroscopic material, using finite temperature difference, is gen-Eh,e
eral and can be used for other application of rotary regenerator. ¢
Furthermore, the technique developed for optimizing finite differ- 7
ence mesh size leads to a high degree of precision in the results A
and shorter computing processing times. The finite difference
mesh size is obtained from equations that are given in reference II

[6].

Nomenclature

A
As

(At
(A9*

R12

Z,
w

heat transfer are@ccording to subscript(m?)

(according to subscript(m?)

total available conduction AL) .+ (Ag)p, (M?)
conduction area ratio A /(Ag)p, (MP)

fluid specific heat capacity,J/kg K)

regenerator matrix specific heat capacitykg K)
unit cost of exergyaccording to subscript

heat capacity rate ratiofr(c,)./(mcp)n

matrix element diameter, m

dew-point temperature of the exhaust air.
weighting factor

heat transfer coefficientW/m? K)

mass transfer coefficientm/s)

enthalpy of evaporation of air-vapor mixtur@/kg)

(hA).+(hA),

convection conductance ratidhA)./(hA),

heat exchanger effectivene@ccording to subscript
irreversibility rate,(W)

regenerator matrix thermal conductivityV/m K)
total thermal conductivity, K.+ Kkp,)

matrix thermal conductivity ratio,k( /k;)

matrix length,(m)

lewis relation,h/hy,pcp,

mass flow rategkg/s)

regenerator matrix maggg)

finite difference cold side period intervals

net calorific value{J/kg)

finite difference hot side period intervals

finite difference regenerator length intervals
period of operatior{according to subscript(s)
cost ratio, defined by Eq47)

= dimensionless, see Appendix A

dimensionless, see Appendix A

gas temperaturéaccording to subscript(K)
regenerator matrix temperatu¢@ccording to sub-
script), (K)

flow length coordinate measured from fluid inlén)
investment cost rate (GBPY

thermal conductivity parametel,(As); /L(hA),
absolute humidity

Greek Symbols

p

Y
X

Eout =

AP
Ec,i

732 1

fluid density, (kg/m?)
ratio of principal specific heat capacities
exergy, specific exerggW, J/kg)

The exergy flow rate of the heated air
= cold side inlet pressure component of exergy

Vol. 125, AUGUST 2003

solid area available for longitudinal heat conduction

total heat transfer coefficient times heat transfer area,

cold side inlet thermal component of exergy
= cold side outlet thermal component of exergy
hot side inlet thermal component of exergy

hot side outlet thermal component of exergy
porosity

efficiency (according to subscript

reduced IengthhA/r'ncp (according to subscript
reduced lengthh A p/M,,c,, (according to subscript

product cost rate

—AT

AT
Eh,i

AT

¢ = fuel exergy factorg; /INCV
& = relative humidity(according to subscript
¢ = exergetic efficiency
Subscripts
a = dry air
av,— = average
¢ = cold side
el = electrical
f = cold side row number in finite difference grid, fuel
g = cold side column number in finite difference grid
h = hot side, humidity(according to subscript
hu,c = humidity for cold side
hu,h = humidity for hot side
i = hot side row number in finite difference grid, inlet
j = hot side column number in finite difference grid.
m = mechanical
min = minimum
op = optimum
ov = overall
p = product of combustion
r = finite difference mesh size for regenerator length.
R = room (space to be air conditiongd
S = isentropic
sa = saturation
t = total
v = water vapor
AP = pressure component
AT = thermal component
Superscripts
AP = pressure component
AT = thermal component
Appendix A
Hot Side (Ay,).
2N, — Ay, Ay 2N,Le—A4,
Rl=-————, R2=-—-——, R3= = —+—
2N, + A}, 2N, + A}, 2N,Le+A4,
Ra——h  pg 1RL
2N Le+Ay’ ~ R2+2H1+H3’
R6= —H2
~ R2+2H1+H3
R7— R2+2H1-H3 RS H1
~ R2+2H1+H3’ ~ R2+2H1+H3’
R 1-R1
~ R2+H1+H3
Rlo_R2+H1—H3 R11— H2
~ R2+H1+H3’ " R2+H1+H3’
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R12——H1
" R2+H1+H3
where
_ kn(A9nN, _ hy pmpAy, _ NnAn
2L(hA)y, (hA), LN,
Cold Side (A,).
2N, — A, Ac 2N,Le—A,
Sl=-———, S2= , S3=
2N, + A, 2N, + A, 2N,Le+A,
e Ac 5 1-81
" 2N,Le+A.’ " S2+2E1+E3’
- E2
" S2+2E1+E3
_ S2+2E1-E3 . E1l
" S2+2E1+E3’ " S2+2E1+E3’
< 1-81
" S2+E1+E3
0 S2+E1-E3 <1
1 TS24+ E1+E3’ T S2+E1+E3’
S2= 5 EivEs
where

Journal of Heat Transfer

E1: kC(AS)CNI' i E2: hU,Cr.nCAC’ E3: NCAC
2L(hA) (hA), TN,
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On Natural Convective Heat Transfer obstacles within parallel plate channels, which allows general be-

havior to be obtained. This led to composite correlations for heat

in Vertical Channels With a transfer being proposed for forced convection on an isolated
i _ heated modulé¢2,3] or arrays of module$4,5] in ducts, taking

Smgle Surface Mounted Heat-Flux into account the module geometry and possibly its thermal con-

MOdule ductivity. The aspect ratio of the channel and location of the mod-

ule are obviously not relevant parameters as they would be in
natural convection. On the other hand, for natural convection in a

G. Desrayaud vertical channel only global correlations are given for a single
e-mail: gilles.desrayaud@insset.u-picardie.fr heated modulg6] or arrays of module§7,8].
LETEM/INSSET. Universitede Picardie. 48 rue Raspail Numerical experiments are reported here for laminar natural

convective airflow in a channel containing a single two-
dimensional rectangular transverse element located along one
channel wall. A planar source of uniform heat flux input is posi-

BP 422, 02109 Saint-Quentin, France

A. Fichera tioned at the base of the protruding element. The geometry is
DIIM, Universita di Catania, Viale A. intended to represent an individual electronic flat-pack module. As
Doria 6 95125 Catania, Italy pockets of recirculating flow appear within the channel, the terms

in the equations that give an elliptic character to the model are
retained. A composite correlation of the module temperature is

) ) o presented as a function of all the parametric variables.
This paper presents the numerical predictions of heat transfer and

fluid flow characteristics for natural convection in a vertical
channel with two-dimensional protruding heat-flux module as ap-
plied to the cooling of electronic components. The investigation umerical Solution
for a configuration consisting of a single module mounted on a . . . . -
vertical adiabatic wall. An attempt was made to combine the tem- S0Verning Equations. In this paper, a laminar flow inside a
perature of the module for all the dimensions of the module intovfrtlcal aQ'abat'S channel originating from the uniform surface
single composite correlation, along with the numerical data. ~ N€at flux inputqg at the base of a surface-mounted rectangular
element is considered. The flow under consideration is shown in

Keywords: Channel Flow, Electronics, Heat Transfer, Naturafig. 1, along with the coordinate systems employed. The protrud-
Convection ing heat source is of widttv and of height. Its axial position on
the vertical platex., is at the mid-height of the module. The
transverse dimension is taken large enough for a two-dimensional
flow to be assumed. The PCBs are treated as adiabatic, and the
) o essential features of the natural convection were studied.

The problem of heat transfer convective cooling in electronic The full elliptic equations governing the flow are solved nu-
equipment packages and particularly in the packaging of compuiggrically, using the control volume method under the Boussinesg-

systems has gained considerable attention during the past two fi§iy assumption. The dimensionless equations are written in
cades, because of the reduction in the component size, which dfong conservative form,

creases the heat flux per unit volume and consequently the tem-

perature level [1]. Packaging constraints and electronic

considerations as well as system cooling modes lead to a wide J Vv

variety of cooling systems. These methods include natural and 0_X+ 0—Y=O @
forced convection in duct flows, impingement cooling, and phase

change heat transfer. Natural convective cooling of electronic de-

Introduction

vices has recently received a renewal of interest owing to thejuu) 4(VU) P 92U 92U
proliferation of office and home computing, i.e., the use of low —~—+ T+KU: X Pr(er N7 + RaP®
cost personal computers. This results in a preference for air-cooled (2a)
systems whenever the application requirements allow it.

Attention is here focused on the printed circuit boafB€Bs)
usually found inside computers. As pointed out by Young and AUV)  a(VV) P, 2V 52V
Vafai[2] the problem of cooling electronic devices has often been X + v +KV=— ' + P’(W + W) (2b)
idealized to the thermal analysis of heat generating rectangular

Contributed by the Heat Transf_er Division for publication in_tf_mJQNAL OF AU  aVe) 20 %0
HEAT TRANSFER Manuscript received by the Heat Trgnsfer Division January 4, — 4~ T = —+ —Z) 3)
2001; revision received October 8, 2002. Associate Editor: T. Y. Chu. X ay X Y
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A=1/d Table 1 Effect of grid refinement on various local and global
U T variables, Ra =10°, w*=0.125, h*=0.5, A=5
Adiabatic base plate Adiabatic smooth plate Meshes {, ,N,) M W ax O
(32, 100) 40.22 45.75 0.0822
(32, 150) 39.84 45.53 0.0812
(22, 200) 38.16 44.67 0.0886
(32, 200) 39.17 45.20 0.0809
Heated Module (42, 200) 41.14 46.30 0.0804
% 9 _,
0<X<A at Y=1: dY (Right wall) (5b)
uUu=v=0
1 o=sY=1
a6
Fig. 1 Computational domain and coordinate system X =0 or =0
at X=A: Outlet
Vv 0- Ju v P =0
axX T aX ay’ m
The geometric dimensions, velocity and temperature difference (6)

were adimensionalized byt, a/d and AT=qgd/k,. In the fol-  The dimensionless mass flow rate was calculated at any horizontal
lowing, we considered that the conductivity ratiois that of the |pcation X by M =[iudy.

solid-fluid conductivity A =k,/k,) in the solid part and\=1 in
the fluid region. The solid and fluid parts are taken into account Numerical Method. The control volume procedure is utilized
through the use of the purely numeridélparameterK —« for to discretize on a staggered, non-uniform Cartesian grid the non-
the solid part an& —0 for the fluid part. linear system of governing equations and boundary conditions
The governing parameters are the Rayleigh number and tvih the second order centered scheme for the convective terms.
Prandtl numberK being a control parameter used to distinguisfhe SIMPLER algorithm proposed by Patank@fis employed to
solid and fluid regions. solve the coupling between continuity and momentum equations
through pressure. The conservation equations were cast in tran-
sient form and have been solved by implementing the alternating
Ra=gpBqed*/k,va Pr=via=0.71 direction implicit(ADI) method, which transforms the discretized
partial differential equations into tridiagonal systems of algebraic

The computational domain can be restricted to the space kg"?_uatlons that are solved by a vectorized version of the Thomas

tween plates, excluding the entrance and exit regions outside %orlthm.

channel for large enough values of the Rayleigh number. It is Validation of the Numerical Method. The grid structure for
assumed that there is no transport of heat by conduction througdmputations was optimized by performing a systematic grid in-
the boundary aKk=0, and that the fluid enters the channel at thedependence study. The grids were non-uniform in nature and dis-
ambient temperature with parabolic velocity profiles. The entran@ébuted over the fluid and solidmodule) regions to adequately
pressure is calculated using Bernoulli's equation. No-slip boundapture steep velocity, pressure and temperature gradients arising
ary conditions are imposed at the channel walls. They are ingiem to the presence of the isolated heat flux module. The com-
lated except at the base of the solid obstacle which receivep@ations were done on increasingly finer grid size distributions
prescribed heat fluxgy, . for a Rayleigh number Ra10° and a module sizey* =0.125
andh* =0.5. The parameters used to check the grid independence
of the computational results were the mass flow rafg ,( maxi-

V=0,— =0 mum of the stream-functior(,,.,) and mean temperature of the
X module @,,), and are given in Table 1 for various grid arrange-
0sY<1l at X=0: 6=0 Inlet  (4) ments. It is noted that the differences in the mean temperature,
. mass flow rate and maximum of the stream function between the
Pm=—0.5M2 (42,200)grid and the(32,150)grid or the(32,100)grid are less

than 3 percent. Accordingly, thé32,100) seems to be a good
0=X=Xc—0.5h* and Xc+0.5h*<X<A

90 Table 2 Range of independent parameters
—=0
at Y=0:y 9Y Parameters Range
U=Vv=0 Ra 51C¢, 5 1¢, 10, 2.5 16, 5 1@, 10
Pr 0.71
A 5627
Xc—0.5h* <X<Xc+0.5h* w* 0.125, 0.25, 0.5
h* 0.25,0.5,1
a6 1 A 5, 8, 10, 12
AT Xe Inlet (0.5+h*/2), Center A/2)
=0: Y ) )
at Y=0: d Left wall (5a) Outlet (A—0.5-h*2)
U=Vv=0
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 735
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«

(a)Ra=10*  (b)Ra=10° ()Ra=10° (d)Ra=10" (e)Ra=10° (fRa=10°

[0.2, 1:9(1)] [1:31(5)] [1:5105)] [from 0.01 (outside isoline) in 0.02 steps]

M =9.33 M =31.17 M =45.83 6, =0210 6, =0.132 6, =0.097

Fig. 2 Streamlines (a, b, ¢) and isotherms (d, e, f) for three different Rayleigh numbers, h*
=1, w*=0.25, A=5, Pr=0.71

compromise between accuracy and reasonable CPU computings are given in square brackets in the legend with characteristic
time and is considered to be suitable for the present study.  values. Three different regions can be distinguished inside the
To check the adequacy of the modelisation of the solid and flughannel.
parts(K-parameter in Eq(2)), our results are compared with those In the region just below the module, the fluid is heated by
of Said and Krang10] who performed a numerical and experi-conduction only and the heating extends slightly further upstream
mental investigation of natural convection in an isothermal cha(see Figs. 2(¢f)). A stagnant zone exists in the lower base corner
nel with a single rounded obstacle. These results are in qualitatifethe module but no eddy was detected. The shear force of the
agreement. main stream is unable to promote an anti-clockwise eddy and the
main flow streamlines are closer and closer to the inside corner for
increasing Ra numbéFigs. 2(a-c)). It appears that this is attrib-
Results and Discussion utable not to mesh coarseness but to the boundary layer vyhich
o ) _ develops on the bottom face of the module and becomes thinner
_ Examination of the governing equatiofts-3) reveals that the \yhen the input heat flux increases. The buoyancy flow along the
independent parameters are the Rayleigh nurtiay, the Prandtl 1,4izontal surface, upwardly oriented, inhibits the formation of a

number(Pr), the conductivity ratio of the module to the fluid), separated eddy at the inside lower corner. It should be recalled
and geometrical parameters. From Fig. 1, the latter are the fga; the hase plate is adiabatic and consequently, no thermal

duced height and width _of the module, its position on the ba%%undary layer can develop along its surface, upstream of the
plate, and the aspect ratio of the channel. deuIe.
ca
I

In ortdtte_r to qalcglatebmmtensm()jr_]tl_esi pa(r)a(;r;%tgrvswfoknumerl n the second region, the flow is redirected into the by-pass
computation, air at ambient conditionk,(=0. MK) Was ;e and accelerates. The crowding of the streamlines near the

taken as the cooling fluid and silicork =148 W/mK) as the o ioa) surface of the heated module clearly indicates that the
material of the protruding module. Thus, the fixed input paranﬂ)'uoyancy boundary layer is more and more vigorous. Although

eters utilized in the simulations wereP0.71 andA =5627 in the h ) g
solid part so that we can consider that the module acts as a pergggtformatlon ofvena contractat the module is evident, the flow
never separates at the leading edge of the motaleer front

fin (A—¢°). Avery high ratio of the module conductivity to air is rner)along its vertical surface, owing to the weak velocity of
used to focus on heat transfer and fluid flow characteristics insige g 1S ' 9 y
atural convective flows.

the channel. Numerical simulations were first conducted to det .
mine the heat transfer and flow rates for various sibesght and At the upper front corner of the module, a flow separation takes
width) of a module located in the center péat X.=A/2) of the place, even at moderate_ values of Ra, and an anti-clockwise eddy
left wall of a channel of aspect ratia=5. Table 2 shows the de\_/elops along th_e horizontal downstream face of the module_.
parametric range adopted for this study. Air was selected for &S €ddy has a triangular shape due to reattachment of the main
generality as the cooling fluid. ow on the vertical adiabatic base plate. _
In the third zone, downstream of the module, a wall plume-like

Effect of the Rayleigh Number. Figure 2 displays the con- behavior near the channel base plate develops as can be seen in
tours of the stream function and isotherms for three different vatig. 2(d-f), which presents the isotherms. This figure shows that
ues of the Rayleigh number 401, and 16, and a fixed dimen- the plume occupies less and less space as the Ra number in-
sion of the heat modulen(* =0.25,h* =1). Isovalues of the solid creases. A large recirculating zone downstream of the module,

736 / Vol. 125, AUGUST 2003 Transactions of the ASME
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A)wr=0125, b)w* =025, ©wr=05  dw =05 ew*=05

h*=1 h*=1 h*=1 h*=0.5 h*=0.25
[1,46(3)] [1,45(3)] [1,4303)] [1,36(3)] [1,30(3)]
M =40.56 38.27 32.44 28.51 27.25
§m =0.116 0.107 0.096 0.067 0.043
Fig. 3 Streamlines for various sizes of the heated module, Ra =5 10°%, Pr
=0.71, A=5

located along the smooth adiabatic plate, then supplies additiotiaés close to the plate are distorted. This leads to the onset of a

ambient airflow coming from the outléFigs. 2(b-c)). The deep pocket of recirculating flow within the channel for such a moder-

penetration of this recirculation zone is substantial, constrainirage value of the Rayleigh number. Nevertheless, such recirculation

the area of the anti-clockwise eddy to be small, although increafses not substantially modify the heat transfer inside the channel

ing in strength with the Ra number. The width of the outletbecause it is located along an adiabatic plate.

recirculating zone also increases with the Ra number while the

wall plume becomes thinner. The outlet recirculation originates gtract of the Module Geometry. The effects of varying the

from _the stagnant zone situaFed near the_adiabatic smooth pl‘?ﬁ%dule width are demonstrated in Figga3c) for three different

Looking at Fig. 2(a), Ra 10", it can be noticed that the stream-y,igths, the height being fixed. The input heat flux is then kept
constant and for the same geometrical dimension of the channel,
the Rayleigh number is also unchanged. The values of the main
flow characteristics are given in the legend of the figure. At such

_ 020 T T T T a high Rayleigh number, Ra5 1%, an anti-clockwise eddy al-
0 1 1 ways occurs at the downstream horizontal face of the module,
™ 0.18 10° even for small widths. Increasing the width increases the size of
0.16_' this eddy but the presence of an outside recirculation inhibits its
expansion largely downstream of the module. The outside recir-
0.14 culation zone increases in size but only slightly in strength with
increasingw* owing to the mass flow rat¥ which decreases.
0.124 This reduction is of 6 percent order for an increasevif from
0.104 0.125 to 0.25 while a 20 percent diminution is observed whi&n
I increases from 0.125 to 0.50. It should be noticed that at the
0.081 upstream bottom face, no eddy was ever detected at the lower
] base corner whatever the computational grid used.
0.06 - Streamlines of Figs.(8—c) show that as the height of the mod-
ule increases the downstream eddy extends its size downstream
0'0400 " T and increases in strength. It can be noticed that the total heat
: 0.1 0.2 0.3 04 , 05 injected inside the channel is proportional to the height of the
w module although the Rayleigh number is the same owing to the
Fig. 4 Temperature variation of the heat flux module versus its way in which it is constructedusing the width of the channel as
width for two Rayleigh numbers, A=5, Pr=0.71 the dimension reference argl d/k, as the temperature refer-
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 737
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0.2 — ' = recalled that the behavior of the module has been studied for a
Center Module Position Ry 4 . .
A=S 8 10 12 (w, b) 450, perfectly condyctlng encapsuland (- ). '!'hus, a single com-
Py 0.125 025 YA posite correlation of the form was determined.
6 * 025 025 . 750,
m L 0.5 025 0,,=0.687 Ra®13h* 0708 oy* + h* ) 0517 1 —y*) 00791
< 0.125 0.5 e m=0.
v o 6 o5 oi g — (X+0.5h)/A] 0004 7)
A 0.125 1 s
004 ® ©° ° ®02 1 g - The empirical correlation predicts the numerical data with an
| ] =] @ & 0.5 1 s, K .
¥y average error of 2.5 percent and a maximum individual error of 5
<l percent. The strong dependence on the height of the heated mod-
0.08 4 Pl I ule is evident in Eq(7) while only slight dependence is noted on
Prad the unheated length above the module and on the flow constric-
e A=5 tion. These findings agree qualitatively with some previous work
0.06 lalet Outlet w  h of Hung and Shiay6]. The correlation is illustrated with the
s g Z Oo‘f g; numerical data and the-/—5 percent error-lines in Fig. 5. Al-
e e o 025 1 though some grouping of the data is evident and was found else-
> I 05 1 where, the low error of Eq.7) in representing over 85 numerical
. experiments attests to its accuracy. Note that the correlation is not
0.04 T valid for flush-mounted heaters.

0.04 0.06 008 01 5 o ation 2 Extra computation$20 for each of the 2 casebkave also been
" carried out for two different locations of the module, designated as
the inlet (at X.=0.5+h*/2) and outlet(at X,=A—0.5—h*/2)
correlation (7). The straight line is the line of equality between !ocatlon. For th'$ reason, a “chimney effect” has been introduced
prediction and numerical experiments, and the broken lines are into the correlation through the use of the length of the unheated
+/—5 percent channel above the heated modyl&,— (X.+0.5h*)]. Neverthe-
less, care must be taken using this correlation for locations of the
module near the inlet. Indeed, Naylor et 1] showed that for
isothermal smooth channel a separation bubble forms at the chan-
nel entrance for high values of the Rayleigh numbers. This sepa-
. . . .ration bubble can reach the module, modifying the overall module
ence). The wall-plume like flow being more vigorous, more ﬂu[ eat transfer and thus the module temperature.

has to be supplied to the plume and the outside recirculatlon-l-he last group of Eq(7), the chimney effect group, is normal-

through the outlet is greater and greater. This constrains the eqlgé(d byA so that the correlation could extend over various chan-

in the downstream direction and inhibits its growth in size but nQfg aspect ratios. It should be noticed that some computations
in strength. This is readily seen on Figse3c) on which the \yere carried out it =8,10,12 for a centered module of various
streamlines are equally spacéy step 3). Due to lack of space, gizes. Only slight variation of the module temperature was noticed
isotherms are not presented here because there are very similgjten increasing, the other geometrical parameters being kept
those shown in Fig. @). _ o fixed. These calculations are illustrated in Fig. 5 as open symbols
A knowledge of the module temperature is of crucial importor the same range of the Rayleigh numbers as before. The lower
tance in the design of the PCB for the reliability and useful life tgajue of the new average error, i.e., 2.34 percent, obtained for all

electronic components. Figure 4 gives the variation of the module the 125 numerical experiments indicates that the new data fit
temperature versus the width of the module for three differegkry well with correlation(7).

heights and two Rayleigh numbers. It must be recalled that the

module temperature is uniform, its thermal conductivity bein .

very large. The curves are shifted down when the module heidanclusion

decreases whatever the Rayleigh number. It can be observed thathis work represents an investigation of the natural convective

for the lowest value of Ra and a given height, corresponding &oling of a single, two-dimensional heated element located on

the same input heat flux, the temperature of the module decreagge wall of a vertical insulated channel. Numerical experiments

with a greater slope for the lowest width. The highest temperatufgsre performed to investigate the effect of heat source protrusion

is always reached for a flush-mounted sousg&=0. When the on the flow field and heat transfer characteristics. A composite

Rayleigh number is high, the decrease in the temperature is almostrelation of the numerical temperature data of the module for all

monotonic. module sizes and position, Rayleigh numbers, and channel aspect

ratios was formulated, and was found to agree with the numerical

Composite Data Correlation. One of the goals of this study data with an average error of less than 2.5 percent, all individual

was to develop a composite correlation for all the parameters. TR@ors being lower than 5 percent.

correlation is presented so as to illustrate more clearly the trends

in the data and can be used to support the qualitative observations

made about the dependence of the module temperature on Af&nowledgments

problem parameters. Numerical simulations were performed overrhe authors acknowledge the help of D. Mea with some of the

a broad range of the geometric paramet@eble 2). computational work. This work was supported by research grant
The height of the module strongly influences its temperaturgio. 991182 from the IDRIS-Computer Cent@trench National

the input heat flux being proportional to the base surface arealgétitute for Advances in Scientific Computations

the module. Hence, the parameter was taken into account to

construct the correlation. The peripheral surface of the heated

module (2v* +h*) was also chosen as a parameter, the horizo lomenclature

tal areas of the module being non-negligible compare to its verti- A = aspect ratio of the channel (d)

cal surface. The flow constriction (Aw*) presented by the pro- d = width of the channel, m

truding heater was also included in the correlation. It should be g = gravitational acceleration, n.$

Fig. 5 Numerical versus predicted module temperature for the

738 / Vol. 125, AUGUST 2003 Transactions of the ASME

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



h = height of the module, m The Synthetic Kernel (SKy) Method
k = thermal conductivity, W.m*K™? . LN
K = control parameter Applled tO Thermal Radlatlve
,\_; = g_eight of tre Channe'fylm Transfer in Absorbing, Emitting, and
= dimensionless mass flow rate : :
Ny, Ny = number of cells in they and x-direction Isotroplcally Scatte”ng

= dimensionless motion pressure Homogeneous and Inhomogeneous

P
Pr = Prandtl number . . .
s = uniform heat flux input at the base of the module, SOIId Spherlcal Medlum

w.m?
Ra = Rayleigh number based ah Zekeriya Altag
T = temperature, K Professor

Ty = ambient temperature, K
X, Y = dimensionless cartesian coordinates
X. = position of the mid-height of the module

C
U, V = dimensionless velocity componentsxrandy direc- Mesut Tekkalmaz
tions Graduate Student

w = width of the module, m e-mail: tmesut@ogu.edu.tr
Greek Symbols

e-mail: zaltac@ogu.edu.tr

e _ _ Osmangazi University, School of Engineering

—_ 1 ’

g _ :Eg:mg: gf;asr']\gitgnoége‘?ﬁgfe'gt’ cr:?‘.?luid & and Architecture, Mechanical Engineering Department,
» = kinematic viscosity of fluid, s . ' 26480 Bati Meselik, Eskisehir, Turkey

0 = dimensionless temperature
0 = dimensionless mean temperature of the module _ ) o

¥ = dimensionless stream function The SK; method is proposed for solving radiative transfer prob-
lems in solid spherical participating medium. The method relies

AT = i 4
reference temperature differenogg/ka), K on approximating the integral transfer kernels by a sum of syn-

Subscript thetic kernels. Then the transfer equation is reducible to a set of
N-coupled second-order differential equations. The method is
0 = at reference temperature benchmarked against the exact and the discrete-ordinates method
a = relative to the air solutions for various optical radius and scattering albedos. Spa-
s = relative to the module tially varying scattering albedos are used to test the performance

. of the method in inhomogeneous media. Three quadrature sets are

Superscript proposed for use with this method, and their convergence to the
* = dimensionless variables exact solution is investigated. It is demonstrated that thg, SK

method possess the capability of solving radiative transfer prob-

lems yielding excellent solutions in solid spherical media.
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increase the number of discrete directions, but the ray effect is stillin this paper, theSKy method is employed to solve radiative

persistenf1]. Additionally, in curved geometries a great deal ofransfer in isotropically scattering participating one-dimensional

difficulties are to be overcome due to RTE streaming term whidolid spherical media and the performance of the quadrature sets,

involves the directional derivative of the intensity. On the otheBet-1, 2, and 3, which were proposed in R&fl are explored by

hand, RITE completely eliminates the angular dependence of tb@mparison of the test problems with the exact and DGM

incident radiation by integrating the radiative transfer equaticsolutions.

over all solid angles. Since the angular variable is completely

removed, the integral method is dimensionally simpler than the

RTE. However, the solution of RITE, which provides the exac L .

solution of thermal radiative transfer problems, leads to denée The Radiative Integral Transfer Equation

matrices in multi-dimensional geometries which result in severe The radiative integral transfer equatio(RITEs) for the inci-

limitations on the number of grid points that can be treated withktent energy and the net heat flux for a spherical shell were derived

out incurring prohibitive requirements for the computationaby Viskanta et al.[10]. To save space, the derivation will be

memory and execution time. skipped here and the integral equations in the zero limit of the
The Synthetic Kernel§Ky) method deals with the exact inte-inner shell radius will be considered. The medium is absorbing,

gral equation and involves an exponential approximation to itamitting and isotropically scattering. Then the dimensionless

transfer kernels. Then, the integral equation for the incident emonochromatic RITEs for one-dimensional solid sphere can be
ergy can be reduced to a set of coupled second-order differentigltten as

equations for which proper boundary conditions can be found. e

The method was first proposed and applied to the integral neutro _ o , I e T YT
transport equation for homogeneous and inhomogeneous prot:b(T)_fl(THL,:OS(T E(|7= ) —Ea(rt 7)) ——
lems[2-5]. The results for homogeneous media were excellent Q)
yielding 3 to 4 significant digit accuracy while for the inhomoge- ( N

neous systems which included problems of stepwise varying me;, o N i ,

dium properties agreed remarkably well with the numerical solu'?tI(T)_fZ(T)Jr L,:OS(T ) |7—7'| B[ 7= 7) = Be7 1)

tions of the integral equation, DOM, and spherical harmonics. It L

was also shown that the method did not exhibit the ray effect +Eg(|7— 7))~ Eq(r+ 1) m'dr @)
[3-5]. The method was first successfully applied in thermal radia- S ATTT T2
tive transfer field by solving the radiation-conduction problem in . . . . . .
plane-parallel medium by Altd®] where theSKy, equations were Were 7o is the optical radius, an@(r) is the isotropic source
coupled with the energy equation. The method was later appliedtiction which is defined as

an absorbing, emitting, and isotropically scattering homogeneous S(7)=4m[1—Qq(7)]6% 7)+ Qo(7)G(7) (3)
rectangular medium7]. It was shown that with the proposed ) ] )
“corrected” boundary conditions the accuracy is enhanced yieldthere Qq(7) is the space-dependent scattering albedo given by
ing errors of a few percent. However, the foregoing studies us@87/8, whereg=o(7)+x(7) is the extinction coefficient while
the Gauss quadrature set in the half range, referred to as Set-¥if and «(7) are the space-dependent scattering and absorption
this paper. TheSKy method was recently extended to homogecoefficients, respectively arfd —Qq(7)]16%() is the dimension-
neous, inhomogeneous and linearly, anisotropically-scatteringss blackbody radiation intensity. For the isotropic incidence of
participating, plane-parallel media, and two new quadrature séggliation intensity),,, on the surface of the sphere, the boundary
were proposed to obtain solutions with greater accuracy at ld@tegrals become

order SKy approximations[8,9]. The solutions were compared |

with high prder spherlcal harmonic®(), DOM (Sy) and inte- fi(7)= —W{ToEz( To— 7) — ToEa( T+ 7)

gral equation solutions. It was demonstrated that the performance 27

of Set-2 was superior at low order approximations sucls Kg N

and SK; yielding better or comparable solutions $g,g and P4, *+Eq(70=7) = Eg(70+ 7)} )
approximations. and

f _ N [=770E3(70— 7) = 770E3( 7o+ 7) — (7ot T)Ea( 7o+ 7) + (70— T)Es(70— 7) 5
AN722] +Ei(ro- 1) ~Es(rot ) ©

3 The Derivation of the SKy Equations ever, this technique provides an approximation for oBl(x),
approximations fom>1 can be obtained through successive in-
tegrations using theE,, 1(x)/dx=—E,(x), recursive property

of the exponential integral functions which also yields the same
form of Eq. (6). But these approximations do not necessarily sat-

To introduce theSKy approximation, then™ order exponential
integral function E,(x), is replaced with the following finite sum
obtained by the N-point Gaussian summation over inte(@Al):

| N isfy the real spatial moments of the exponential integral functions
— m—2,—Xpud,, = m=2,—x/py for m>1.
Em(X) jo'“ e rdu ,Zl Wntn € (©) To begin the derivation of th&Ky equations, the approxima-
tions for them™ order exponential integral functions given by Eq.
wherew,, and u, are the appropriate Gauss quadrature weigh{6) are substituted into Eq¢l) and(2). Upon defining
and abscissas, respectively. These quadratures which are for vari-
ousN values tabulated in Ref11] are referred to as Set-1. Using

the format of the exponential approximatio_n EQ.(x), ve_trious G, (7)= JTO S(T/){ef\rﬂ/ﬂn_ef<7+7r)/ﬂn}7/d7/
guadrature sets can be generated by matching the spatial moments 2T, J =0

of the real and approximaté,(x) as discussed in Reff8]. How- @)
740 / Vol. 125, AUGUST 2003 Transactions of the ASME
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and due to the externally isotropic unit incidence of radiation at the
1 (o r— surfac_e_of the spherez_ro; that is_,, Iw=1. The hemispherical
Un(7)= = J S(r’)[ - eIl o= (T 7 g reflectivity for optical radiuses ranging from=0.1tor,=10 are
" 27° ) _g |[7—7' determined for scattering albedos frofly=0.2 to (2;=0.995.
The reflectivity is defined aR=q" (7o)/m, where q* () is
+Mnef|rf r’llun_lune%ﬁ r’>/un} dr’ (8) computed fromg™ (7o) = 7+q(70).

. L L Benchmark Problem 2. A cold solid spherical medium
the incident radiation and the radiative heat flux can be recast(’a§(7):0) with linear and quadratic variations of scattering al-
N bedo which was solved by Tsai et f1.2] using DOMS; is con-
G(T):fl(7)+z WG (7) (9) sidered. Scattering is isotropic. Additionally, exponential and co-
n=1 sine growing/damped oscillations, which were used in plane-
N parallel medium problem§3,9] are also considered to severely
. test the approximation and its effects with respect to spatially
q(T)_fZ(T)Jrer WinGn(7) (10) varying source term not only in the medium but also near the
) o ) ) walls. The medium is also subject to the externally isotropic unit
Taking the derivative of Eq(7) with respect tor and with the incidence of radiation on the surface of the spheye; 1, and has
inspection of Eq(8), one obtains the following relation betweerg constant optical path,=1. The average valugy(r) over the

an(7) anddGy(7)/d medium is equal to 0.5 in all cases.
dG,(7) The relative per cent error of the reflectivity is computed as
An(7) =~ g (11) follows:
On the other hand, by taking the derivative of E8).with respect R%= (RG)‘LR"""F”OX X 100 17)
to 7and observing Eq.7) and rearranging, the following equation Rexact
is obtained: Thus, the term “error” throughout this paper will be used to imply
1 d the relative per cent error computed by E#j7). _
= d_r[Tzq”( ]=-G,(7)+S(7) (12) The integral an@S Ky equations are solved using the techniques

described in Refl8]. From the solution of the integral equations,

Eliminating g,(7) from Eq.(12), using Eq(11) and Eq.(3), and We generated the same solutions in five-decimal places as cited in

rearranging yields th&Ky equations for the spherical geometry:Ref. [12] for 0,=0.5, linearly and quadratically varying albedo
cases. Thus, our solutions and those of provided in [Reflwere

,1 d| ,dGy(7) B 4 identical. TheS; solutions for exponential and cosine-varying
T M2 g 7 dr | T Cn(1)=4m[1=Qo(n)]6%(7) scattering albedo cases are obtained using the quadratures and
numerical procedure provided in R¢l.2].
+Qo(7)G(7), The memory requirement for th&Ky approximation for one-
n=12,.. . N (13) dimensional geometries is approximately the same as that of

plane-parallel geometrig8]. However, the computation time is

Equation(13) with Eq. (9) constitute coupled second-order differ-affected by the nature of the physical problem under consider-
ential equations subject to boundary conditions; at the center ation. For instance, if the boundary is diffuse and/or specularly
reflecting, then the solution algorithm has to be an iterative one,

dGn(0) -0 (14) since the boundary ternfg(7) and f,(7) will now contain the
dr intensity and/or partial heat fluxes which converges as the solution
and at the surface for the incident radiation and heat flux converges. Also, the con-

vergence th& Ky equations using an iterative algorithm, even for
dG, (7o) 1 1 isotropic diffuse boundary condition, depends on the magnitude of
dr o n Gn(70)=0 (19 the scattering albedo. It is our experience that the solutions are
) ) . _ obtained for absorbing-dominant medium within 5—10 iterations
Equation(14) is the natural symmetry boundary condition whilayhjle for scattering-dominant medium solutions iterations are
Eq. (15) is obtained by inspecting,(7) anddG,(7)/d7 at 7 gpout 15-25.
= 79. These boundary conditions are mathematical boundary con-Thjs study was carried out on a Pentium |1l 667 MHz processor
ditions in nature, and are used regardless of the physical boundgiyh 128 Mb RAM. Several cases of grids ranging from 50 to 800
conditions since the physical boundary conditions are already efitervals are considered to ensure grid independence of the pre-

+

bedded in the boundary ternfig(7) and f,(7). _ sented solutions. In Table 1, a comparison of the computed reflec-
Substitution of Eq(11) into Eqg. (10) gives an expression for tjyity and computational time&pu time)obtained with the exact
the net radiative heat flux as and SKy approximations using Set-2 are given for the=1 and
N 4G.(7) 0,=0.5 case of benchmark problem 1. The optimum number of
=f _2 24Gn(7 16) 9Orids is 200 for the present case; however, for optically thicker
a(n)="fy(7) Winhty (16) . . . .
n=1 dr (79=5) geometries 400 grids are used. The computational time

with 800 grid elements is 18.48, 0.017, 0.131, 0.281, 0.502 and
0.505 seconds for the exact, a8k, through SKs approxima-
. . tions, respectively. The computational advantage of the method
4 Results and Discussion even for high order approximations is clear.

The following benchmark problems have been set for the com-
parison of theSKy solutions using quadrature Set-1, 2, an[B3
with the exact integral and DOMNg solutions.

which requires the knowledge of ony,(7).

4.1 The SKy Approximation Solutions in Homogeneous

Medium. The exact solutions and the errors using 81§, ap-

proximation of orders up to 3 with all three quadrature sets are
Benchmark Problem 1. The problem of radiative transfer in tabulated in Table 2. The errors fro8K; approximation with all

a cold solid spherical medium¥(7) =0) with a constant scatter- three sets increase with increasing scattering albedo. For Set-1,

ing albedo(homogeneous medidmand transparent surface is conthe errors are high for optically thin systems; fes=0.1 the

sidered. Scattering is isotropic. The only source in the mediumeésrors change from 0.03 percent fr,=0.2 to 0.7 percent for

Journal of Heat Transfer AUGUST 2003, Vol. 125 / 741

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Comparisons of grid sensitivity and computational time

(cpu) for case 7,=1 and Q,=0.5 case

Number of grids used

50 100 200 400 800

R CPU R CPU R CPU R CPU R CPU

Method (sec) (sec) (sec) (sec) (sec)
Exact 0.54230 0.020 0.54227 0.218 0.54226 0.704 0.54226 3.414 0.54226
SK; 0.53225 0.001 0.53221 0.002 0.53220 0.004 0.53220 0.008 0.53220
SK, 0.54229 0.005 0.54225 0.009 0.54223 0.020 0.54223 0.039 0.54223
SKs 0.54228 0.009 0.54223 0.018 0.54222 0.036 0.54222 0.102 0.54222
SK, 0.54230 0.014 0.54225 0.028 0.54224 0.087 0.54224 0.209 0.54224
SKg 0.54232 0.019 0.54227 0.049 0.54226 0.163 0.54226 0.331 0.54226

18.48
0.017
0.131
0.281
0.502
0.505

Table 2 Comparison of the exact reflectivity solutions with those of
scattering albedo and optical thickness

(Benchmark Problem 1 )

SKy method for various

7o

Method Qg 0.1 0.5 1 2 5 10
0.200 0.8995H 0.59961 0.38060 0.18909 0.07833 0.05715
Exact 0.500 0.93580 0.72417 0.54226 0.34893 0.20521 0.17038
0.800 0.97374 0.87698 0.77496 0.62840 0.45319 0.39165
0.995 0.99923 0.99667 0.99337 0.98682 0.96805 0.94118
0.03 0.25 0.32 0.35 0.57 0.82
0.200 -0.01 —0.06 —0.06 0.13 0.64 0.82
0.02 0.13 0.39 0.83 2.08 3.03
0.18 1.53 1.86 1.54 211 2.28
0.500 -0.05 —0.40 —0.43 0.40 1.99 2.28
0.13 1.12 2.29 4.09 7.23 9.17
SK,
' 0.47 3.87 4.78 3.18 3.37 3.57
0.800 -0.13 -1.10 —1.42 —0.02 3.12 3.57
0.32 2.87 5.87 10.08 15.21 18.40
0.70 5.98 7.71 4.61 0.34 0.18
0.995 —-0.22 -1.82 —2.72 -1.92 —0.13 0.18
0.48 4.48 9.42 17.33 28.72 34.31
0.02 0.03 0.01 0.03 0.05 0.07
0.200 o* —0.02 —0.03 -0.01 0.04 0.07
0 0.01 0.01 0.02 0.09 0.17
0.12 0.16 0.01 0.11 0.14 0.14
0.500 —0.01 -0.11 —0.16 —0.07 0.08 0.13
0.02 0.07 0.06 0.06 0.24 0.39
SK
? 0.31 0.41 -0.11 0.07 0.12 0.11
0.800 —-0.03 —0.30 —0.44 —0.26 0.05 0.11
0.04 0.19 0.16 0.08 0.26 0.42
0.47 0.63 —0.35 —0.20 —0.03 —0.05
0.995 -0.06 —0.48 —-0.74 -0.57 —0.08 —0.05
0.06 0.31 0.26 0.03 —0.07 —0.08
0.01 0 0 0.01 0 0
0.200 0 —0.01 —-0.01 0 0 0
0 0 0 0.01 0 0.02
0.06 —0.02 0.01 0.01 0.01 0
0.500 0 —0.03 —0.05 —0.03 0 0
0.01 0.02 0.02 0.01 0.01 0.01
SK:
’ 0.16 —0.08 —0.01 0.01 0.01 -0.01
0.800 —0.01 —0.09 —0.13 —0.08 0 —0.01
0.01 0.06 0.06 0.01 0 0
0.24 -0.14 —0.04 0.01 —0.01 —0.03
0.995 —-0.02 -0.14 —0.22 —0.16 —0.02 —0.03
0.01 0.10 0.10 0.03 —-0.01 —0.03

*Reflectivity values at the surface of the sphere.
8In each box, the values from top to bottom are the percent relative errors for Set-1, Set-2 and 3, respectively.
** The truncated error value in two decimal places is zero.
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0.01 T T . T is increased and convergence to the exact solution is achieved. For
high order approximationdN=4, the performance of all three
quadrature sets become identical. It should also be noted that in all
the cases presented here the ray effect was not observed in the
solutions for the incident energy and/or the heat flux.

In Fig. 1, the absolute error of the incident energy as a function
of space € Geyacf 7) — Gskn(7)) is depicted forQ)y=0.5 andr
=1 mfp for theSKy approximations of order 1 thru 4 using Set-2
to illustrate the convergence of the solutions throughout the me-
dium. As the order of approximation is increased, 81§, solu-
tions converge the exact value, but, for low order approximations,
solutions for the incident energy or heat flux may oscillate around
zero horizontal line. This behavior is analyzed in detail in R&f,
and it is closely related with the accuracy of the synthetic kernels.
However, in any case, for any medium properties, the solutions to
the exact values within the solution domain are assured.

0.00

Absolute Error

4.2 The SKy Approximation Solutions in Inhomogeneous
-0.04 T T T T T T T T T Medium. The solutions for linearly varying scattering albedo
0.0 0.2 0.4 0.6 08 1.0 cases with th& Ky approximation of orders up to 4 with Set 1, 2,
0 and 3 are tabulated comparatively with the exact &d12]
] o ] solutions in Table 3. The cases considered@gé7)=27/3, 0.2
Fig. 1 Absolute error of the incident energy as a function of +27/5, 0.4427/15, 0.6-27/15, 0.8—27/5, and 1-27/3. In the
space for (=05 and 7,=1 mfp with the - SKy approximation first three cases, the scattering albedo increases towards the sur-
face of the sphere. ThH8K; approximation for)y(7)=27/3 case
yields the errors of 2.26, 0.07, and 2.67 percent for Set-1, 2, and 3,
0,=0.995. Similarly, forry=0.5 the errors range from 0.25 per-respectively. These error values 8K, and SK; approximations
cent for ()4=0.2 to 5.98 percent fof),=0.995, and forr=1 are 0.26,—0.15, and 0.07; and 0.03;0.05, and 0.02 percent, for
these errors range from 0.32 percent foy=0.2 to 7.71 percent Set-1, 2, and 3, respectively. While the errorSgfapproximation
for (=0.995. The best solutions for all optical configurationgs —0.06 percent, and th8K, approximation with all three sets
are achieved with quadrature Set-2,3i; approximation yield- yields errors less than 0.02 percent.(hy(7)=0.2+27/5 case,
ing the maximum errors 0f0.22,—-1.82,-2.72,—1.92,—-0.13, the errors forSK; throughSKs approximations are 2.05;0.14,
and 0.18 percent forrp=0.1 to 7o=10, respectively for(}; and 2.46 percent; 1.96;0.15, and 0.07 percent; and 0.020.05,
=0.995. The errors are much less as the scattering albedo deed 0.02 percent, for Set-1, 2, and 3, respectively. The error with
creases yielding the exact solutions for absorbing medium whig approximation is—0.08 percent. Th& K, approximation using
the errors with Set-3 are worse than those with Set-1. As the orddirthree sets yields errors less than 0.01 percent yielding solutions
of approximation is increased, the errors are reduced for all oplietter thanSg. In Qy(7)=0.4+27/15 case, the errors fdBK;
cal configurations, but the maximum errors are generally observibdough SK; approximations are 1.9%-0.33, and 2.32 percent;
in optically thin medium. InSK, approximation using Set-3, the 0.05,—0.16, and 0.07 percent; and 0.010.05, and 0.02 percent,
solutions for optically thin systems are better than those of Setdr Set-1, 2, and 3, respectively. While the error wihis —0.09
and Set-2, fol),=0.995, yielding the errors of 0.06, 0.31, 0.26percent, withSK, approximation using all three sets are reduced
0.03, —0.07, and—0.08 percent forry=0.1 to o= 10, respec- below 0.01 percent. In the next group, the scattering at the core of
tively. In SK; approximation, the maximum errors 6f0.24 per- the sphere is highest. I804(7)=0.6—27/15 case, the error with
cent,—0.22 percent, and 0.10 percent are observedder2 and Sg becomes—0.10 percent, and th&K; approximation errors
0,=0.995 with Set-1, 2 and 3, respectively. The errors in magising Set-1 are smaller when compared to the first three albedo
nitude are further reduced as the order of $1§, approximation alternatives while the order of errors using Set-3 remains the

Table 3 Reflectivities of the benchmark problem 2 for linearly varying scattering albedo cases

Scattering Albedo§)y(7)

Method 213 0.2+27/5 0.4+27/15 0.6—27/15 0.8—217/5 1-27/3

Exact 0.55957 0.55205 0.54532 0.53941 0.53441 0.53038
Sg 0.55990 0.55247 0.54581 0.53997 0.53502 0.53103

0.54690" 0.54074 0.53493 0.52955 0.52456 0.52000
SK; 0.55919 0.55281 0.54713 0.54641 0.53808 0.53487
0.54464 0.53848 0.53265 0.52717 0.52205 0.51732
0.55814 0.54122 0.54503 0.53964 0.53511 0.53154
SK, 0.56042 0.55290 0.54617 0.54028 0.53528 0.53126
0.55918 0.55168 0.54496 0.53907 0.53409 0.53010
0.55938 0.55192 0.54524 0.53941 0.53448 0.53055
SK; 0.55985 0.55233 0.54558 0.53967 0.53466 0.53065
0.55946 0.55194 0.54520 0.53930 0.53429 0.53026
0.55957 0.55205 0.54530 0.53939 0.53438 0.53035
SK,4 0.55967 0.55215 0.54541 0.53950 0.53449 0.53046
0.55953 0.55203 0.54528 0.53937 0.53437 0.53034

In each column, the values from the top to bottom are for Set-1, Set-2, and Set-3, respectively.

Journal of Heat Transfer AUGUST 2003, Vol. 125 / 743

Downloaded 06 Dec 2010 to 141.219.44.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 4 Reflectivities of the benchmark problem 2 for quadratically varying scattering albedo

cases
Scattering Albedo)y(7)
Method 47/15+0.572 0.4—47/15+0.572 0.6—87/15+0.57° 1—167/15+0.50?

Exact 0.56871 0.55292 0.54619 0.53534
Sg 0.56882 0.55321 0.54656 0.53582
0.5543%* 0.54165 0.53587 0.52552

SK; 0.56694 0.55358 0.54793 0.53898
0.55203 0.53940 0.53358 0.52302

0.56648 0.55197 0.54581 0.53598

SK, 0.56954 0.55376 0.54703 0.53620
0.56821 0.55247 0.54576 0.53497

0.56837 0.55271 0.54605 0.53537

SK, 0.56901 0.55320 0.54646 0.53559
0.56861 0.55281 0.54608 0.53522

0.56870 0.55289 0.54616 0.53530

SK, 0.56882 0.55301 0.54628 0.53542
0.56867 0.55288 0.54615 0.53530

#n each column, the values from the top to bottom are for Set-1, Set-2, and Set-3, respectively.

same. The errors with Set-2 slightly increase. The errorS#yr tion using Set-2 is again superior to the other two sets; but in the
through SK; approximations are 1.83, 1.30, and 2.32 percen§K, approximation with Set-3 yields solutions better than Set-2.
—0.04, —0.16, and 0.06 percent; and 0.860.05, and 0.02 per- As the order of approximation is increased all three quadrature
cent, for Set-1, 2, and 3, respectively. {ly(7)=0.8—27/5 and sets yields smaller errors and they also have converge the same
QOo(7)=1-27/3 cases, the error witBg approximation is—0.12  solutions.

percent while theSK; approximation errors are 1.84,0.69, and  The solutions for exponential and cosine variation of scattering
2.31; and 1.96-0.85, and 2.56 percent for Set-1, 2, and 3, realbedo cases with th8 Ky approximation of orders up to 4 with
spectively. TheSK, approximation errors are-0.13,—0.16, and the three quadrature sets are tabulated comparatively with the ex-
0.06; and—0.22, —0.17, and 0.05 percent for Set-1, 2 and 3act andS; solutions in Table 5. The following exponential and
respectively. While the maximum errors wiSK; approximation cosine variation of scattering albedo cases are considered:
are 0.05 percent, the errors wiK, approximation are reduced () (7)=0.790988e ", Q,(7)=0.790988¢ X~ 7, Qy(7)=0.5

to less than 0.02 percent in both scqttering albgdo cases. Overgy 5; cos 127+ and Q(7)=0.5+0.5(1— 7)cos 127(1— 7). In
assessment reveals that, Bi; approximation .usmg Set—2_ yields Qo(7)=0.7909886 ™ and Qy()=0.790988¢ 1~ cases, the
much pette_r solut_lons than }he other two sets; however, n$_t{;3e . SK; approximation yields errors of 1.07%,0.41 and 1.35 percent,
approximation using Set-3 is better. As t_he order of approximati d 3.21,-0.18 and 3.83 percent, for Set-1, 2 and 3, respectively.
is increased all three quadrature sets yield smaller errors and se error values fdK, approximation become-0.09, —0.09

the performance of the quadratures become nearly identical. and 0.03; and 0.26-0.24 and 0.11, for Set-1, 2 and 3, respec-
. e 4 fivel ..On’ the otHer ’ha.nd, while fhe’errorsw l a roxinlwation

with the SKy approximation of orders up to 4 with the threeare Z0 12 and 0.07 percent, for the expon?ntiglpcases respec-
guadrature sets are tabulated comparatively with the exacS@ndt ’ : ' !

; - : . jvely, in SK3 approximation, the errors are reduced -t®.01,
%fg;‘;“i“:;f&'g;azb'%;‘('T)TZ%LOHZ";’/T&C&S;S ‘};‘Z é;’f&fre‘io.oa and 0.01; and 0.05:0.08, and 0.03, for Set-1, 2, and 3,

respectively. In cosine growing/damped albedo casesS Kyeap-
_87',/15Jf0'572 and 90(7)21_167'/215+0'5"2' The SK; ap- proximation yields errors of 2.1-0.16 and 2.53 percent, and
proximation for Qo(7)=47/15+0.57" and Qo(7)=0.4-47/15 1 g9 —0.39 and 2.32 percent, for Set-1, 2 and 3 dng(7)
+0.57 cases, W_hlch scattering albedo is greater near the surface 5+0.5rcos 12r+ and 0o(7)=0.5+0.5(1— 7)cos 127(1
of the sphere, yields errors of 2.53, 0.31 and 2.93 percent, and) = respectively. TheSK, approximation yields the errors of
2.04, —(_).12 and 2.45 percent, for the cases a_nd fc_)r Set-1, 2 andy37, 0.01 and 0.3 percent; and 0.64).14 and 0.09, for Set-1, 2,
respectively. These error values 8K, approximation are 0.39, and 3, respectively while the errors wiy approximation are
are reduced to 0.06;0.05 and 0.02 percent, for Set-1, 2 and 3approximation are below 0.07 percent with all three sets. The
respeczuvely. TheSg approximation Zerrors forQo(7)=47/15  performance of the quadrature sets are the same; as previously
+0.57° and (¢(7)=0.4-47/15+0.5r" are —0.02 and~0.05 mentioned scattering albedo cases where Set-2 is betteSkith
percent, respectively. On the other hand, 81, approximation and Set-3 withSK, approximations.
for Qo(7)=0.6—87/15+0.57 and Qy(7)=1—167/15+0.572
cases, which scattering albedo is higher at the core of the sphere#-3 Error Assessment at Low Orders. The argument pre-
yield errors of 1.89;-0.32 and 2.31 percent, and 1.830.68 and sented in Refs[8], [9] on the accuracy of the synthetic kernels
2.30 percent, for the given cases and for Set-1, 2 and 3, respa@d the quadrature sets is also valid here. The solutions of the
tively. These error values f@K, approximation are 0.07-0.15 cases of benchmark problem 2 with scattering albedos decreasing
and 0.08 and-0.12, —0.16 and 0.07, and foBK; the errors are towards the surface are less than those of increasing towards the
further reduced to 0.03;0.05 and 0.02 percent, for Set-1 througtpurface of the sphere. This outcome is the opposite of that of the
3, respectively. The errors fd8K, approximation are less than plane-parallel medium sinde, (| 7— 7'[) term of the integral ker-
0.02 percent for all cases considered. Bgapproximation errors nel at7= 7" has a singularity. However, the integral kernel of the
for Qq(7)=0.6—87/15+0.572 and Qq(7)=1—167/15+0.572 plane-parallel medium consists of orf;(|7— 7'|) [8] whereas
are —0.07 and—0.09 percent, respectively. TI8K; approxima- the integral kernel for the incident radiation in spherical medium
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Table 5 Reflectivities of the benchmark problem 2 for exponential and cosine varying scatter-
ing albedo cases

Scattering Albedo{),(7)

Method 0.7909886 ™ 0.790988¢e (1-7 0.5+0.57cos 1277 0.5+0.5(1-7)cos 12r(1— 1)

Exact 0.46360 0.64401 0.54935 0.54165
S 0.46416 0.64443 0.54973 0.54214
0.45863° 0.62335 0.53781 0.53141
SK; 0.46551 0.64517 0.55021 0.54376
0.45732 0.61935 0.53546 0.52908
0.46400 0.64232 0.54787 0.54144
SK, 0.46403 0.64557 0.54928 0.54241
0.46344 0.64329 0.54772 0.54116
0.46364 0.64372 0.54823 0.54147
SKs 0.46373 0.64452 0.54958 0.54192
0.46354 0.64381 0.54892 0.54151
0.46359 0.64400 0.54839 0.54153
SK, 0.46364 0.64418 0.54948 0.54174
0.46358 0.64393 0.54937 0.54162

88 each column, the values from the top to bottom are Set-1, Set-2, and Set-3, respectively.

is a combination oE,(|7— 7'|) andE,(7+ 7'). Thus, the errors SK; approximation with Set-3 is slightly better than the other two
associated by each exponential integral function compensate $ets for optically thin systems; however, for optically thick sys-
each other and since the number of exponential integral functioiesns, all three quadrature sets yield the same order of magnitude
of order 1 and 3 are encountered in the transfer kernels—Eys. errors.

and (2)—a different trend from the plane-parallel geometry is to

be expected. On the other hand, the success of Seti{8%* is
due to Set-3 satisfying also the first spatial momentEg{x) Nomenclature

which is demonstrated in REB]. Yet the convergence of t1&Kj En(X) = n™ order exponential integral function
approximation to the integral equation solution is not affected by G(7) = dimensionless incident radiation

the number and/or the order of exponent_ial ir_ltegfals of the trans- (=27Tf1—1| (r,)dp)

fer kernel_s, and_ as the order of approximation is increased the G,(7) = functions defined by Eq7)

SKy solutions yield the exact RITE solutions. | = dimensionless radiative intensity

= incident isotropic radiation intensity on the sur-

lw

5 COI’\C|USIOnS face of Sphere

The SKy approximation is applied to RITEs in one-dimensional R = reflectivity _ _ _
spherical isotropically scattering participating homogeneous and S = dimensionless isotropic source function defined
inhomogeneous medium, and tB&Ky equations along with the by Eq.(3)
proper mathematical boundary conditions are derived. The bench- T = temperature

mark problems consisting of a wide range of optical configurd4(7), f2(7) = boundary terms defined by Edg) and(5)
tions and spatially varying scattering albedos are used to compare ~ d(7) = dimensionless radiative heat flux

the SK,, solutions with those of the exact and DOBY. Based on (=211 (7,n) ndp)

the results presented, the following conclusions have been drawn: q,(7) = functions defined by Eq8)

1) The method is computationally very cheap and memory ef- r= rag!al variable
ficient. The cpu time with 800 grids for the exa8tk, and SKs fo = ra '35 -
are on the order of 18, 0.13 and 0.5 seconds, respectively, which Wn = quadrature weights
makes even high order approximations, suclsKs, very attrac- Greek Symbols
tive to be used.

. . . Q, = scattering albedé=«/p)

2) Since the method is derived from the RITE rather than RTE, B = extinction coefficient
the ray affect, which is a problem associated with the angular « = absorption coefficient
discretization, is not observed in the solutions. _ ;

3) The solutions with increasing orders converge the exact so- p = angular cosine

; . . . mn = quadrature abscissas
lution regardless of the optical thickness and scattering albedo o = scattering coefficient
variations. Even in the presence of a highly oscillating source in ¢ = dimensionless temperature={/T,)
the medium, such as cosine variation of albedo cases, the results 7 = dimensionless optical variable:(Er)

even with theSK; approximation are in excellent agreement with
the exact solutions. )
4) The performance of the quadratures are as followsSkg ~Subscripts

79 = optical radius €& Brg)

approximation Set-2 is better than the others yielding maximum n = n component of th&Ky equation

errors of 2.72 percent in highly scatt(.aring. medium and-1 + = outgoing

whereas the errors for absorbing medium is less than 1 percent — = incoming

occurring in optically thick medium; 8K, approximation Set-3 .

in optically thin and moderate medium is better, however, in Oéuperscrlpt

tically thick medium Set-1 and Set-2 yield identical solutions. The " = dummy integration variable
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This paper addresses fouling in a family of seven copper helici%ﬁnsm"ed to the 3.05 m long test sections by condensing R-114
ribbed tubes. Series of semi-theoretical linear fouling correlatiord” the annulus side of the test section. Condensed R-114 is re-

for long term combined precipitation and particulate fou"ngturned to electric heated boilers. Plain tube 1 and helical-rib tubes

(PPF) in cooling tower systems and for accelerated particulaté' 3+ 4. 5 and 8 in Table 1 were tested at 1300 ppm concentration
fouling were developedDOI: 10.1115/1.1571090 and at Re=16,000. The tests were conducted using aluminum

oxide particles(3.0 um average particle diamejesuspended in
8.0 pH city water. The fouling resistance has an uncertainty of

Keywords: Cooling Towers, Fouling, Heat Transfer, Heat RECO\i-l 8%
ery o
Introduction Table 1 RP*/R" at the end of the testing period and

The two subject areas of fouling and enhancement have be@if"/Rf;" at the end of one cooling season

developed mainly independently for many years. Watkingbn

had attempted to bring the two areas together in an early papefUP®  R{P7RET  RPTRE! B 7 ple
Rabas et a![Z] monitored the fouling characteristics of helically > 515 871 1.96 118 281
corrugatedindented)steam condenser tubes in an electric utility 5 3.40 5.42 1.82 1.04 3.31
plant for 15 months. Botf3] and Epsteiri4] described informa- 3 2.26 5.34 1.64 1.05 3.50
tion on particle deposition 6 1.57 n/a 1.54 1.01 2.02
' 7 1.51 n/a 1.60 1.05 7.05
8 1.25 4.40 1.37 0.98 9.77
Contributed by the Heat Transfer Division for publication in tHBUBNAL OF 4 1.13 3.76 1.18 0.95 9.88
HEAT TRANSFER Manuscript received by the Heat Transfer Division July 26, 2002; 1 1.0 1.0 1.0 1.0 n/a
revision received February 11, 2003. Associate Editor: J. N. Chung.
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Fouling Data Analysis and Discussion 10

. —@— Accelerated particulate data
Li et al. [7] have shown: A Longterm ng data
—— Equations (3a) and (3b) b
RY 8 - /
o =C7 @

where=(j/j,)/(f/f,) is the efficiency index and subscripp™
indicates a plain surfaceC is a constant, which is determined
from the fouling tests. In principle, E¢l) can embrace all fouling
mechanisms providing the fouling is asymptdtrd.

Table 1 lists the fouling factor ratid®*YRf>"at the end of the
testing period andREF7REFF at the end of the cooling season.
Figure 1 shows th&? arT/Rf and theR{"7R{ " versus the clean
tube 7 in Table 1. TheR; arYRPa” ratio linearly increases with

Rf PPF/pr PPF and R' Parl./R'p Part.

increasing:
Part 0 T T T T T T
Rpan =21.36p—16.70 2 105 120 135 150 165 180 195 210
pn
Equation (2) has an average deviation of 4.1%. Figure 1 also Fig. 3 R{P/Ri;T and R/ R versus By

shows that th&{"7R{} "is not able to be correlated as a function

of ». Since Eq(1) is based on the heat-mass transfer analogy, it is

automatically assumed that the fouling deposit is formed by a

large amount of individual particles’]. The effect of cohesion

between the particles and the tube surface is not included. Thigigasing saturation concentration beyond certain temperature. As a

valid for particulate fouling instead of PPF. Inverse solubility saltsonsequence, crystalline deposits start to form if such solutions

(mostly CaCQ and MgCQ in cooling tower waterjexhibit de- contact heated surfaces. The particulate fouling deposits primarily
on the surfaces between the ribs and on rib tip surfaces. The
nominal internal surface argA) based on a plain tube, the refer-
ence surface in above Egd) and (2), has been use widely in

9 particulate fouling data analysis of enhanced tul¥s Figure 2
® Accelerated particulate data ® shows that significant physical PPF deposits cover the total_ inter-
8 | |~ Long term PFF data nal surface of a tested tube 5 after the completion of tests in one
— Equation (2) cooling season. The PPF deposits on the total internal surface

(A including the surfaces between ribs, rib tip surfaces, and side
surfaces of ribs, due to the deposit cohesion. This is the reason
why the RfP7R{F T is not able to be correlated as a functionspf
In order to |nclud|ng the difference betwedy, andA, we intro-
A duced an area indexg=(A,/A)/(Ac/A.p) into equation(1):
RFP7RE; = 8. No information exits of the physical meaning of
B7. The helical rib roughened tubes probably provide some of the
attributes of a rough tubéocal flow separations which is re-
flected in%, and some of an internally finned tublarge surface
area increase), which is reflectedfn

Figure 3 showsRf*YR{2" and RfP7R{F " versus the clean tube
By in Table 1. As we expected tH@PE"’t’RP*"rt is not able to be
correlated as a function g8z. On the other hand, the{"7RE>"
T T T T T ratio linearly increases with increasimgy;:
090 095 100 105 110 115 120

R' PPF/Rfp PPF and R’ Pa"'/pr Part.

n RPPF

—fe=B7  10.0>p/e=5.0 (3a)
Fig. 1 R{PIRET and R/ R versus 7 Rip
RPPF

R -8.1837—11.11 ple<5.0 (3b)

Equation 3(a)and 3(b)have an average deviation of 5.8%. For
transverse ribs ¢=90 deg), reattachment will occur, when the
pitch of roughness is larger than approximately five rib heights
[7]. For helical rib roughness tubes, whefD;<0.04 in this
study, the fouling process is mainly determined by the separated
flow caused by the pitch of ribs. It is interesting to know that there
is only one linear range foR; arF’Rpa"m Fig. 1. This is another
Fig. 2 A photo of fouled (upper photo) and unfouled (lower hint of the difference between partlculate fouling deposition and
photo) tube 5 after completion of tests PPF deposition. The particulate fouling deposits mainly exist in
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the interfin region of the test tube. The actpéé increases as the N onte Carlo Simulation of Radiative

fouling deposits continue to fill in the interfin region. When thei_l . .

fouling resistance reaches asymptotic value,pgheof each heli- Heat Transfer in Coarse Fibrous
cal rib roughness tube will be larger than five. Figufe)dn Li Media

etal. [7] shows that theRf*VR{" in Table 1 is close to
asymptotic value. On the other hand, PPF deposits exist on the

total hea} tra(rj]sfer ;ur;acesl of thef tlljbes. Tge aqmiarl]va#uels Eugen Nisipeanu
remain closed to the/e values of clean tubes as the fouling

deposits increase, which is confirmed by Fig. 2. Therefore, the'?éuent’ Inc., Evanston, IL
are two ranges in Fig. 3 corresponding pde=5.0 and p/e

<5.0, respectively. Peter D. Jones
Mechanical Engineering Department, Auburn University,
AL 36849

Conclusions

_The fouling resistances of helical rib roughened tubes wef§jrect Geometric Monte Carlo modeling of a fibrous medium is
higher than that of plain tube at low R&6,000)for both practical yndertaken. The medium is represented as a monodisperse array,
long-term PPF and accelerated particulate fouling. with known solidity, of randomly oriented cylinders of known in-

With respect to PPF, thRf"7R{" Fratio linearly increases with dex of refraction. This technique has the advantage that further
increasingB- »; There are two linear ranges of fouling characterradiative properties of the medium (absorption coefficient, scat-
istics corresponding t@/e<5.0 andp/e=5.0. With respect to tering albedo, scattering phase function) are not required, and the
accelerated particulate fouling, the ratio I@?aWRfS“Iinearly in- drawback that its’ Snell- and Fresnel-generated dynamics suggest
creases with increasing; There is one range of fouling charac-a limitation to large, smooth fibers. It is found that radiative heat
teristics. flux results are highly dependent on bias in the polar orientation

angle (relative to the boundary planes) of the fibers. Randomly

oriented fiber results compare well to both the large (specular

radiosity method) and small (radiative transfer equation) limits,
Acknowledgment while the results of previous experiments lie within the range of

The author would like to thank Prof. Ralph L. Webb at Penl-?)imulation results generated using varying degrees of orientation
State and Prof. Arthur E. Bergles at RPI for their valuable cont ias. [DOI: 10.1115/1.1571092
butions.

Keywords: Heat Transfer, Insulation, Monte Carlo, Porous Me-
dia, Radiation
Nomenclature
A = nominal internal surface area based on plain tubfe, m
A, = cross sectional area,’m

A, = inside wetted surface area’m Introduction
e = internal rib height(average value), m In studies of radiative transfer through fibrous materials, the
f = fanning friction factor, dimensionless medium is usually represented as spatially continuous and the
j = Colburnj-factor (= StP#), dimensionless Radiative Transfer EquatiofRTE) is applied, using radiative
p = axial element pitch, m properties determined from experiment or by applying electro-
R¢ = fouling resistance, fK/W magnetic theory. In the present note fibrous media are represented
Rf = asymptotic fouling resistance,?aK/W as discrete arrays of rangiomly .Iocate.d and oriented cylindrical
surfaces. Bundles of radiation intensity are released from the
Greek Letters boundaries of the medium in a Geometric Monte Ca@MC)

simulation. The bundles interact as surface reflections and absorp-
tions with the fibers in their path. By more detailed representation
of the fibrous medium morphology, this method avoids break-
down of radiative continuum near the boundaries of the medium,
and allows bias in the fiber orientation direction to be conve-
References niently considered. Snell's laws are used for fiber-surface reflec-
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B = areaindex, A, /Ap)/(Ac/Acp), dimensionless
n = efficiency index, {/j,)/(f/f,), dimensionless
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Analysis If
The fibers are randomly oriented, infinitely long, straight cylin-

ders. The fibers are limited in axial extent only by the rectangular 0 i e
boundaries of the medium. Bent fibers could be represented by Vu2+v p?+v
two or more of these cylinders. Fiber intersection volumes are
ignored. A= i+ —Au ANE (©)
Randomly oriented cylinders are generated in a three- # VuZ+vv JuZ+v
dimensional rectangular control domain of variable size. One of
the control domain corners is the origin of the global coordinate A 1 v
system. Randomly oriented position vect§rare generated hav- then
ing a lengthS (Fig. 1).
S=AX+puy+ vz (1) I X
is the equation of a plareP normal to¥ at a distancé from the XYl Zta =Xityj+zk=1 Vi e =A >z/ “)

origin, where{x, y, z} is the global coordinate system afidu,v} Z4
are the direction cosines of. A local coordinate system (g|ates the local to the global coordinate system.
{x,y1,2;} is constructed with one axtg normal to plane®P, and  The equations of a cylinder normal to plaR® in the local

the other two included in the plar€ig. 1): coordinate system are
th=Ni+puj+ vk R%= (X = X10)*+ (Y1~ Yio)
Lixty, -t puk zen )
== (2 . . o
[i|xt, Vu2+v? wherex, andy,, are the coordinates of a point arbitrarily chosen
on planePP, andR is the fiber radius. The local coordinate system
R fnxfl Vul+ ,,2?_)\M°+)\V|2 is used in order to construct cylinders that are not necessarily
tr= = . centered around the position vectar By applying Eq.(4), the
|fn><f1| w2+ 2 infinite cylinder equation in the global coordinate system becomes

Rz_[(M2+ V) (X—=Xo) =Ny~ Yo) = A2 = 2) P+ (2= 2) =y —Yo)
- . : ©)

Randomly oriented cylinders with random offsets from the posbottom boundarythough still emitting in others. The coordinates
tion vector are generated until the desired volume fraction is obf an energy bundle after it travels a distaritare
tained. A representation of just a few randomly oriented and po-

sitioned fibers is shown in Fig. 2, along with a representative X=Xst11P

intensity bundle path. o Y=Yt 1,P )
The bottom boundary of the control domain is taken to be hot

and black, emitting radiative flux simulated as energy bundles z=74+I13P

released from random positions and directions. The top boundary

is taken to be black, cold in some cases, and cooler than ere{Xs; Ysu, Zogt initially represent the starting position of the

dle &s; andyg, are random, ands; corresponds to the top or
bottom boundary), anfl,,1,,l5} are the direction cosines of the

O
Fig. 1 Generation of randomly oriented cylindrical fibers Fig. 2 Three dimensional view of a fibrous medium
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 749
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bundle’s random direction. Writing Eqé?7) into Egs.(6) yields a in the medium. These cases are readily solved using a radiosity
relation whereP defines a point of intersection between thenethod with specular view factors. GMC results agreed to within
bundle and a cylinder. The discriminant of this second order equa% with the radiosity method for a horizontal cylinder and* 10
tion in P is computed. If this discriminant is positive, the equatiomundles. GMC results are essentially identical to radiosity results
has real roots and there is an impact at the smaller of thg2yo for a vertical cylinder and Yobundles.
the other impact point being impossible for opaque fibers. The|n the continuous limit, GMC results were checked against
incident polar and azimuthal angles relative to the fiber surface aynte Carlo simulations of a radiative continuu@ontinuous
computed from the direction of the in-coming ray and the surfaggonte Carlo, CMC, as derived from Mode$8], by Nisipeanu,
normal at the intersection point. [4]). The CMC simulations use both Linearly Anisotropic Scatter-
At the point of impact with the fiber's surface, the energyng (LAS, with specified angular distribution coefficigrats well
bundle is absorbed or reflected depending on the absorptivity £ an embedded Scattering-on-C¢8€) method[4]. In the later,
reflectivity of the fiber. The surface radiative properties are préhe scattering direction compliments an incoming ray's polar
dicted by Fresnel's equations, which are functions of the fibehgle from the axis of a randomly oriented scattering fiber, but it
material complex index of refractiom=n—ik. Reflections by is assumed that in the small fiber limit, the azimuthal scattering
individual fibers may be taken as specular without loss of acchngle about the fiber axis is uniformly distributed. Comparison of
racy [1]. The direction of a reflected ray is determined usingMC results to CMC is described in the Results section. CMC
Snell’s law: with LAS was itself verified against an exact integral solution of
the RTE[3], agreeing within 1% for Obundles.

§=§+2§-0[A ®
in which the unit surface normal(n,,n,,nz) is Results
Vg Test case parameters are chosen in order to allow qualitative
n= _|Vg| (9)  comparison to the experimental results of Tong ef5l. concern-

ing fiberglass insulation material 2.540 2 m thick with a so-
andg is the right-hand side of the surface equation of the cylindéitlity of 0.0033 and a meafthough not uniformfiber diameter of
given by Eq.(6). The bundle is followed in its newreflected) 6.9 um. The directional bias of the fibers, if any, is unknown.
direction, from §s,Yst,Zs) at the impact point until it either These parameters represent a practical engineering example of the
strikes another fiber, reflects off tiiperfectly specularsides of application of disperse fibrous media, and are considered here
the medium, or exits the medium through its top or bottom sueven though the ratio of fiber diameter to wavelengthiow ends
faces. For each reflection of each bundle, each fiber is checkeddétthe diameter distribution and for longer radiatively significant
possible impact. If more than one fiber shows a possible impagtavelengths)is very near the accepted limit of applicability of
then the closest is taken as the true impact. geometric scattering. Tong et al. measured the total heat flux un-
If the energy bundle is absorbed by an interaction with a poiger vacuum conditiongadiation plus a small amount of fiber-to-

on the fiber surface, and then re-emitted from the interaction pofitber conduction between black boundary plates at varying hot
(a consequence of radiative equilibriynthen its direction is boundary temperatures and a fixed cold boundary temperature
taken to satisfy an overall diffuse directional distribution. A loca308 K); results are reproduced in Fig. 3.
coordinate system is chosen with one unit vedtoat the impact  Figure 3 shows CMC radiative heat flux results of both LAS
point on the fiber surface and axially directed, and the other derd SC for the physical conditions of Tong et al.'s experiment.
fined by Tong et al. derived theoretical radiative properties for these con-

o ditions using a random fiber orientation, yielding a wavelength-

t=t, <. (10) averaged extinction coefficient825 mi'%), scattering albedo
(0.605), and angular distribution coefficient for LA®.804).

The direction of the emitted ray is given by These properties were used in the gray CMC simulations. The

&=t ta+ligh= 2+ [igng— vl ino+ wling) i+ (ul);

+V||1nl+||3n2_)\||1n3)J+(V||2_/.L||ln1+)\||1n2+||3n3)k 300 I__IGM(I;(rar;dom') T ! i T T T T i
=1+ + 15k (11) [T RIESO)
. . . . 250+ o GMC (vertical fibers) 4
where the local direction cosines result from a random local azi- w GMC (fibers atﬁz © .
muth, and a local polar angle whose probability density function < b experimental data)
corresponds to a diffuse distribution. = i
If Egs. (6) and(7) with unknownP have no real solution, then szoO» o
the energy bundle strikes one of the bounding surfaces. The side & | 1
wallls are considered to be perfect specular reflectors in order to §
account for contributions to radiative transfer from the regions g 1501 . 1
beyond the computational domain. The energy bundles undergo £ | M
multiple reflections, absorptions, and/or re-emissions until they §.’ . s
eventually get to the top or bottom boundaries. The total number % 100¢
of bundles that pass through the top boundary determines the ¥ | ]
transmitted flux. =
Energy bundles are released until the transmittance of the me- 501
dium becomes stationary to within at most 3%, which requires as i
many as 10 bundles for higher optical thickness@epresenting
over 200 hours of run time on a 200 MHz UltraSPARC proces- 950 370 380 390 400 410 420 430
sor). For lower optical thickness, stationarity within 0.1% is T, (K)
achieved with a few as fundles(20 to 30 hours). No results !
are reported that use fewer tharf' Hundles. Fig. 3 Comparison between Monte Carlo solutions for con-

In the discontinuous limit, GMC results were checked againghuous media with various fiber orientations, and the experi-
the cases of a single fiber, placed both horizontally and verticallyental data of Tong et al. (1983)
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1.0 : fibers. The results are very similar, suggesting that as long as the
particle orientation is random, the particle shgparying from
spherical to cylindricalmay be relatively unimportant. This sug-
gestion holds only for randomly oriented scatterers.

Confidence in the applicability of GMC to fibrous media would
certainly benefit from future research in such areas as: sensitivity
to index of refraction variations; non-smoathon-specularjiber
surfaces; and less idealized descriptions of the fibrous medium
geometry. The present computational implementation of GMC is
rather cumbersome, though future improvements should make a
wider variety of results more readily available.

G - - © cylinders
e—e spheres

0.8

@
o

e
»

dimensionless flux exiting medium

0.2 q Conclusions
A Geometric Monte CarldGMC) model is developed for ra-
] diation in discrete(non-continuum fibrous media. Unlike con-

tinuous mediumRTE) models, GMC requires only volume frac-
tion, fiber diameter, fiber orientation, and fiber material complex
index of refraction as parameters; independent computation of an
. . . i extinction coefficient, scattering albedo, and scattering phase
Fig. 4 Comparison of Monte Carlo solutions for fibers mod- . ' T - .
eled as infinitely long, randomly oriented cylinders, and sus- function are n.Ot necessary. However, applicability Of.GM.C to fi-
brous media in small diameter, long wavelength situations re-
pended spheres . ) .
mains to be demonstrated. GMC results for fibrous media suggest
that:

0'010 100 1000

H/2R

Lo .. 1. The distributi f pol ientation directi f the fibers i
LAS and SC results agree well, indicating that use of SC mlgme © cistribuition O1 potar onentation cirection ol the Nhers 13

. . . - ry important to radiative flux; comparison between the GMC
allow CMC simulation without explicit knowledge of the angulaiegits and experimental results cannot be meaningful without
distribution coefficient.

. ..._knowledge of the orientation distribution in the experiment.
Figure 3 also shows GMC results for the boundary conditions 2. In the geometric limit, the shape of randomly-oriented scat-

anddfsolidity_ ?}f TO?.% et 3'."5 experir?eGnt, mode:jing a monlodisp;]er:fgring particles in a discontinuous medium or solid matrix may be
medium with a fiber diameter of 6.4m and a wavelength- re|atively less important, as indicated by the similarity of fibrous

averaged index of refraction for glass of 148X 10" (derived medium and spherical suspension results for equal volume frac-
from the data of Hsieh and S{g]). Agreement between GMC ion, and fineness parameter.

and CMC results is quite good, though this should be regarded as
somewhat fortuitous since the GMC results did not consider fiber
diameter variations, while the radiative properties derived by Tong
et al. are integrated over a particular fiber radius distributio

Also, the index of refraction itself was averaged for the GM omenclature

simulations, instead of more properly averaging the heat flux re- A = transformation matrix: global to local coordinates
sults over a range of spectral simulations. This was done because f, = volume fraction(solidity)
of the extreme run times required by present GMC simulations, g = left-hand side for the surface equation of a cylin-
and because the intent of the present results is to serve as a gen- der
eral illustration, as follows. H = plane-parallel medium depth, m
Primarily, Fig. 3 shows GMC results under varying conditions i, j, k = unit vectors inx, y, z directions
of fiber orientation bias. Practical fibrous media might not be ac-,, I,, I, = direction cosines
curately represented by randomly oriented fibers, especially in i = unit surface normal
mat applications. Figure 3 shows GMC results in which the fiber P = dimensionless pathlength
orientation azimuthal angle is random, but the polar ariga- PP = plane perpendicular on the position vector
tive to the boundary plangss fixed at 0, 45 deg, and 90 deg. R = fiber radius, m
Figure 3 shows a significant dependence of the GMC results on % = real numbers domain
fiber orientation. Radiation is mostly back-scattered by horizontal S = distance from origin to planBP
fibers, and the best transmittance is for vertical fibers. Results both g5 ¢ = original and scattered ray direction vectors
from randomly oriented fibers and from Tong et al.’s experiment §, & = incident and reflected ray direction vectors
lie within the range of the orientation bias results. Clearly, quan-  { '{ — ynit vectors included in planeP
titative comparison between GMC and experimental results will i = unit vector parallel to direction of cylinder
require knowledge of the fiber orientation bias in the experimental -|“- — boundary temperature, K
test art[cle. o L . U = position vector
The_ issue dqf the _apphcablllté/_ of th%drad|at|\éef contlrr]\uqm Ias- X,y,z = position coordinates
sumption to discontinuous media is addressed for spherical par- "'~ ~ _ . ; ;
ticles by Nisipeanu and Jon¢&], with the conclusionpthat thep Au, v = direction cosines of cylinders
assumption is not valid for solidities greater than about (@g- .
pending on the particle reflectance and the desired accurgy SUPSCripts
way of extending this conclusion to cylindrical particlgiers), e = emitted
Fig. 4 shows the ratio of radiative flux at a cold boundary to hot i, r = incident, reflected
boundary emissive power for a variety of finenessatio of me- | = local
dium thickness to particle diameter—indicative of number density st = starting point
of scatterers, correlated with optical thickneasdifferent solidi- 1,2 = hot, cold boundary

ties for both spherical particles and randomly oriented cylindricall,2,3 = perpendicular directions in local coordinate system
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from 0.32 to 206um,” Sol. Energy,22, pp. 37-43. at all. For these reasons the unified method has been suggested.

Unified Wilson Plot Method 2 The Unified Wilson Plot Method
S For any two-fluid heat exchanger, the overall heat transfer co-
for Determining Heat Transfer efficient is given by:
Correlations for Heat Exchangers L1 1A
U:h_i+2l R|+h—OA—; 1=1,2,...q0. 1)

Teresa B. Styrylska - , , )
If, additionally, the finned cooler is considered, the above equa-

Agnieszka A. Lechowska tion takes the form:

e-mail: alechowska@ptys.wis.pk.edu.pl 1 1 A

U R 2 R AT A @
Cracow University of Technology, Institute of Thermal
Engineering, ul. Warszawska 24, 31-155 Krwko wherey is a coefficient connected with condensation of air mois-

T ' ture, which is equal:
Poland
AXmy,i+Q
X=——— ®)

The paper deals with the unified Wilson plot method used for Q

obtaining heat transfer correlations for finned heat exchangers. Bnd 7 is the fin efficiency for the straight fins, defined by:
this approach, the direct nonlinear regression is implemented. The

numerical example with uncertainty analysis is included as well. :tanr( vhe) @
[DOI: 10.1115/1.1576810 K Yhe

. . . The valuey in formula (4) is the fin efficiency parameter given
Keywords: Convection, Data Analysis, Energy, Finned Surfaceﬁy:
[2Xho
Y= kféf . (5)

Heat Transfer, Heat Exchangers, Parameter Estimation
1 Introduction The unified Wilson plot technique allows us to consider differ-

For design and analysis of heat exchangers, it is necessarget flow regimes, but requires all test data on one side of the
evaluate the average heat transfer coefficients, if not available, changer to be in one flow regime and no phase changes in the
one or both fluid side surfaces. If they are to be determined fagid streams flowing through the exchanger. Other limitations
both fluid sides of a heat exchanger or for the case when tbR/en by Shal1] are relaxed.
thermal resistances on both fluid sides are of the same order of et us assume the following heat transfer correlations for the
magnitude and we want to determine an accurate heat transgfgtside and inside of the exchandeespectively) 2]:
correlation on the unknown fluid side, the Wilson method appears
to be very useful. The main idea of Wilson technique is to split the _ hode

overall thermal resistance, previously determined, into individual Nu, k_O:CO Re} Py, (6)
thermal resistances. In order to obtain the overall thermal resis-

tance, inlet and outlet flow rates and temperatures on both sides of h;d 4

the heat exchanger and heat transfer rate have to be measured. Nui:Ti:Ci Re" P"io' - (7)

Afterwards, we need to make the precise energy balance of the
heat exchanger, and to apply a suitable statistical procedure offhe finned exchanger belongs to the group of highly effective
data analysis. When the modified Wilson plot techniques are dpeat exchangers with high values of overall heat transfer coeffi-
plied, the linear regression is used as a statistical procedure. Dignts. In that case the left-hand side of E8) has very small

to the fact that only linear regression is used to estimate the walues. It may cause some numerical problems, that is whyZg.
knowns, the number of unknowns cannot be greater than 2 in tisebeing inversed in the adjustment procedure. Assume four un-
modified Wilson method. One of the modifications of Wilsorknowns:C,, p, C;, min Egs.(6) and(7), and take into account
method, which allows us to estimate 3 unknown parameterstfe following notations for indirectly measured quantities:

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF _ -~
HEAT TRANSFER Manuscript received by the Heat Transfer Division May 16, 2001; X1= K IO'A’ X2=Re, (8)
revision received February 24, 2003. Associate Editor: G. Dulikravich. iP i
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k [ [ 9y1 Y1) ]
\ x= PR (6'_) (5_>
de R (9) Bl 2 ,Bn z,
Xg=—F——, Xy= ,
: NE: e ; :
kidr Ay ( ay; ) ( ay,-)
B=| |55 . 17
2xk P A B, IBnl, ()
Xs= \| =g, Xe= X pratt “‘. (10) o T
deﬁfkf d . .
Equations(2) for all data points take the form: (%) (%)
‘951 7 aIBn z,
[ 2 R+ c
X21 The vector of corrections to the measuremenitsthe vector of
-1 corrections to the unknowns, and the vector of residuals of the
Ty constraint equationsy, haves, n, andr elements(respectively).
\/_x3jx§f2 tanh( \/_xp’zxsj) + Coxﬁjx6j ! In steady-state heat transfer in a heat exchanger, the overall heat

transfer coefficient is equal:

=0, j=12,...r. (12)
Let us arrange the constraint equatighg) into the form: U Q (18)
~ AFAT
Yilag, @z, ... \as,B1.B2, ... .Bn) =0, (12) m
where: a; (t=1,2, ... 5) is the indirect measurements, that isvhereAT, is the log-mean temperature difference.
overall heat transfer coefficied and expressiong,, ... Xg, The preliminary calculations and the error propagation rule

which are functions of direct measurements, it means inlet agdow that among all indirectly measured quantities, the overall
outlet mass flow rates, temperatures and heat transfer rate, asdt transfer coefficient/ has the highest measurement uncer-
Bk (k=1,2,...n) are the values to be determined, in the papetainty. The other quantities, that ig, ... X can be treated as
constantsC,, C;, and exponentp, min Nusselt correlations.  exact values. In that case, the number of measurensesqsials
When indirectly measured quantities, denoted WY the number of constraint equationsThe matrixA becomes a unit

=[U; ,X"lj, o 1X°6j] and preliminary values of unknowns, de-oneA=—I and constraint equatior(46) take the form:

noted bsz:[CZ, ,p°,Ci,m’], are inserted into Eq$12), they are

not satisfied. The residuals of those equations are calculated as: Bu—v=w. (29)
Yillados oools,20,20, 000 Z0) = — W (13)

In accordance with the error propagation rule, the uncertainty of
To ensure that Eqg12) are satisfied, corrections to measureU equals:
mentsv, (t=1,2, ... s) and corrections to preliminary values of
unknownsu, (k=1,2, ... n), need to be added as follows: \/(
SU

auz.z(au)zAz )
&—6)5Q+m O(AT )%, (20)

yj(|1+U1.|2+U2, e ,IS+U$,21+U1,22+U2, P ,Zn+un):0.
(14)

Functionsy; are extended into Taylor's series in the vicinlty
(1,z), as follows (the powers higher than the first one are ney
glected):

2 o2 el
L vit o ] vet| o] Ut
(aal I ! ‘?as I s (?181 2 !

where §(AT,,) is the uncertainty of log-mean temperature differ-
ence calculated according to the error propagation rule, as well.
he uncertainty of heat transfer area has been neglected.
The basis of the unified approach is the assumption that all
(9y] quantities of the problem(measurements and unknovwnare
8,8 ) Up treated as observations, as it has been suggested by Mjkfail
Nz, and applied to the Wilson plot method by the authors of this paper.
Observations are those variables, for which covariance matrix is

—yillula sz, -0 Z0), J=12,...7 (15)  known a priori. In this procedure, the extension of the covariance
what can be expressed in matrix notation as: matrix a p.riori of the meqsuremerﬁ by the additiopal covari-
ance matrix of the preliminary values of unknowhsis needed.
Av+Bu=w, (16) The extended covariance matrix a priori is given by:
whereA andB are ther X s andr X n matrices of coefficients of F 0
the measured quantities and unknow(mespectively): Ez[ I (1)
0 R
day I dag), The covariance matrices a priori of the real d&aand of
° preliminary values of unknownB, have the forms:
A (%) (%) 1
(9&/1 I ﬂas Is ! (5U1)2
: F= ,
2 (2 L
| \daa)y, das), | (8Ug?
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BPNOOOO0O000UNPEWORPNOWRWINIWOLOW©
DNOOUIOOOOUIRNOpuioo~NuToNTIow~Na~No N

ro1 - Table 1 Directly measured quantities
(5C;)? My Tig Too M Ty Ty QX X
L No. [kg/s] [°C] [°C] [kg/s] [C] [°C] [W] [g/kg]l [g/kgl
1 057 278 143 0.85 76 10.2 9650 11.0
(5p°)2 2 093 279 16.0 0.85 7.6 10.8 11750 10.9 1
F,= ) (220 3 057 281 139 122 76 9.6 10550 114
1 4 093 279 159 122 7.6 10.1 12900 11.2 1
_ 5 058 281 182 0.81 7.4 12.0 15750 20.8 1
(5(:‘;)2 6 093 283 209 0.82 7.5 13.0 19300 20.7 1
7 058 280 174 1.22 75 10.9 17350 20.6 1
1 8 057 314 149 0.82 41 86 16300 16.7 1
- 9 093 308 179 0.82 41 95 19200 16.4 1
(5m°)2 10 057 314 141 1.28 40 7.3 18200 16.8 1
o . . - . 11 092 311 17.1 122 39 81 22000 165 1
The covariance matrik, has elements, which are determined byi2 0.39 285 120 101 51 7.8 11550 13.9
Eq. (20), while the covariance matrix of the preliminary values oft3 1.12 287 176 1.02 50 93 18750 140 1
unknownsF, has to be assumed by the researcher. Due to the fa 075 288 147 141 50 7.9 17150 139 1
hat the unknowns have uncertainties approaching infinity in cla o.r4 282 188 102 101 133 13700 176 1
tha | pproaching Yy 96 0.75 352 147 1.01 41 7.8 16050 9.5
sical sense, the elements of covariance mdishould be much 17 076 286 19.9 102 45 103 25650 259 1
greater than the elements of covariance mafjix The prelimi- 18 074 288 148 102 51 85 14900 126 1
nary calculations show that the uncertainties of unknowns can 8;2 %g'i igi ig% g% g; igggg %gg %
i % of the preliminary values of ) ' ) ) ) ' )
assumed to be as high as200% p y 21 076 288 157 101 50 8.8 16500 14.2 1
unknowns. 22 074 287 152 1.02 51 8.6 15500 13.7 1
We need to introduce the block matrix of coefficients of mea23 8-;2 %g-g }gil i-gg g-? g-g ig;gg %g-g %
s#rements gind unknowl?s, kt]re?ted.as observations, as well. N%\é/, 074 348 218 141 42 100 35030 315 1
the constraint Eq(19) take the form: 26 090 352 262 061 41 153 28950 312 2
— 27 091 356 281 0.61 10.2 195 23950 31.7 2
Av=w, (23)
where: . v Table 2 Values of Reynolds and Prandtl numbers and overall
A=[—1 B], v=| |. (24) heat transfer coefficients
u
The matrixA hasr X (s+n) dimension and the extended vector v,
contains the correction vector of measured quantitiemd the No. Re Plo Re Pt [W/mK]
correction vector of preliminary values of unknowasand has 1 16943 0.694 14295 9.79 868
The solution of so formulated adjustment problem is expressed 431 %?ggg 8:282 %842121 8:32 1?)231
by [5,6]: the vector of corrections to measurements and un- g 17147 0.693 13963 9.51 1208
knowns: o 6 27394 0.693 14428 9.32 1371
V—EAT Ty -1, 7 17168 0.694 20672 9.69 1341
V=FATAFAT) W, (25) 8 16850  0.693 12833  10.69 1031
and thea posterioricovariance matrix of measurements and un- 9 27410 0.693 12990 10.53 1130
ooMm o osm by ba
Ga=F—FAT(AFAT)"'AF. (26) 12 11619 0694 15750  10.66 935
; ; . 13 33112 0.693 16256 10.41 1211
Estimates of the measurements and unknowns are given by: 14 29955 0.694 21981 10.66 1197
e I v 15 21858 0.693 18771 8.83 1210
a=|~|= 27) 16 22072 0.693 15542 10.84 922
B z ul’ 17 22406 0.693 16429 10.32 1554
18 21954 0.694 16085 10.53 1056
3 Example 19 22245 0.694 16127 10.50 1100
) _ o _ o 20 22245 0.694 15972 10.50 1091
In this section, the tube-fin air cooler having plain fins on an 21 22521 0.694 15980 10.50 1129
array of tubes was tested. Water was passed through the tube-sidé2 21945 0.694 16119 10.51 1084
and air—through the shell-side. For this exchanger, 27 data point%?1 gigg? g'ggi %gggg }82; }8;1
were te;ted. Table 1 shows the values of directly measured quansg 21602 0.693 20442 10.43 1701
tities of inlet and outlet mass flow rates, temperatures, heat trans26 26129 0.692 10574 9.51 1405
fer rate and humidity of air, which are subject to uncertainties as 27 26352 0.692 12650 T 1436
follows:  om,=ém;=0.01[Kg/s], OT1o=6Tpa= 08T = 0Ty
=0.1[K], 6Q=30[W], 6X=0.1[g/kg]. - -
The directly measured quantities of inlet and outlet mass flow 1
rates, temperatures, heat transfer rate and humidity of air allow us 20
to calculate the values given in Table 2, that is: values of Reynolds
and Prandtl numbers and overall heat transfer coefficients. Based 1
on geometrical information and the data from Table 2 we can 1.0
evaluate the vectot'=[U; X3, ... X5], j=1.2,...5 The F= 1 . (28)
guantitiesx,, . .. Xg are treated as exact values. In this way the -
vector| is reduced to the form™=[U3, ... U;, ... U/]. 0.05"
The preliminary values of unknowns are assumed as in litera- 1
ture[2]: zT=[Cf) ,p°,Ci,m’]=[1.0,0.5,0.023,0.8 while the pre- ﬁ
liminary values of measurements, it meds, are given in Table - Y

2. The uncertainties of unknowns have been assumed to be as higfile the uncertainties of overall heat transfer coefficigiis are
as aboutx200% of the preliminary values of unknowns, i.e.determined by Eq(20).
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The matrixB, in the considered example, is expressed by: h;d
, Nu=-—=0.04 R&7PP*  10500=sRg=22500 (32)

I (&) 71 (% 1| ] ki
3Co/ ap o aCi) om . The quality of fit of the derived correlations with experimental
: : : : 7.5%, what indicates a high quality of fit. Furthermore, it should
ﬁ 2y, % ay, be noticed that the fin efficiency was directly taken into account
B=| luc, @ ‘op o . om "

data is shown in Fig. 1. The relative error of U is not higher than
without any additional iterative scheme.
ap e om
4 Conclusions
We have presented that the unified Wilson plot method is an

9 Y 9N WY useful tool for determining heat transfer correlations for heat ex-
9Co/ op ). G . om changers, if only we are able to write one Nusselt correlation for

- ° P md one side of the exchanger and there are no phase changes in the
i=12,...7. (29) fluid streams. This approach has no other limitations of modified

) . ] methods and allows one to determine any number of unknowns

The computer prograrfwritten in Fortran 95has been written for arbitrary chosen heat transfer correlations, if the number of
to estimate the unknowns and their uncertainties. The prograipplementary data is large enough. It is worth to mention that the
consists of three parts. First, all required geometl’ical informa’[iqﬂ;at transfer correlations may have any form’ not On|y the form of
and measurement data are provided and indirectly measured quaBnomials. When we apply the unified method—it means we
tities, i.e., overall heat transfer coefficients, are calculated. Th@at the unknowns as observations with covariance matrix a
dimensions of vectol, z, w, v and of matrices, A, G have to priori—the solution is more stable than in the classical approach,
be given. Then, uncertainties of indirect measurements and ae-, when the constraint equations have the form of ELS) or
sumed preliminary values of uncertainties of unknowns have to bE9). Moreover, the fin efficiency can be taken into account in a
provided to create _the covariance matrices a prigriand F,.  direct way, what is the main advantage of the suggested unified
Finally, the matrixA is created, using matriB (Eg. (17)). The plot technique.
second part of the program implements iterative scheme suitable
to nonlinear problems. At each of the iterations the extended Ve&eknowledgments
tor of corrections to indirect measurements and unknowrs ) )
evaluated(Eq. (25)). The corrections are added to the current We thank Dr A. Guzik for access to his computer programs and
values of measurements and unknowns. The corrected values i@ during the course of this research.
the current step are the base of iteration in the next step. The
iteration procedure is continued until the corrections do néfomenclature
change within the desired accuracy. In the last part, the estimates o — neat transfer arefmn?]

of measurements and unknowas(Eq. (27)) and the covariance A = tube outside primary surface aréaithout the area of

matrix a posterioriG; (Eg. (26)) are evaluated. The uncertainties fins) [m?]
of the estimates are the square roots of diagonal elements of the C = constant in heat transfer correlations
matrix G d = inside tube diametdm]
The estimation procedure was convergent to the following re- de = equivalent diameteim]
sults: F = log-mean temperature difference correction factor
h = heat transfer coefficiedtV/(m?K)]
C,=2.000+0.097 he = fin height[m]
p=0.5200+0.0091 i = evaporation enthalpy of ajd/kg]
C,=0.0400+0.0039 (30) k = thermal conductivityfW/(mK)]
m=0.740+0.016 m = tube-side Reynolds number exponent
m = fluid mass flow ratg¢kg/s]

Finally, the following heat transfer correlations were obtained: dry air mass flow ratgkg/s]

da —
h.d n = number of unknowns
Nu,=—— =2.0R€%?Pi®, 11600<Re,<33100 (31)  Nu = Nusselt number
Ko p = shell-side Reynolds number exponent
Pr = Prandtl number
q = number of resistances
Q = heat transfer ratBw]
1e0 R = heat conduction resistanée’K/W]
1700 & r = number of constraint equations
1600 Re = Reynolds number
1500 s = number of measurements
%o o T = temperaturdK]
§1m U = overall heat transfer coefficiefitv/(m?K)]
gm X = humidity of air[kg/kg]
=

Greek Letters

1100

1000 Ez = vector of estimates of measurements

s00 L1 B = vector of estimates of unknowns

200 x = coefficient defined by Eq.3)

800 800 1000 1100 12:'0 1300 1400 1500 1600 1700 1800 5f — fln thicknesim]
measured .
AT,, = log-mean temperature differenfi]

Fig.1 The comparison of measured and estimated values of U y = fin efficiency parametefrl/m]
using the unified Wilson plot method n; = fin efficiency
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Matrices

A

matrix of coefficients of measurements

Introduction
Kakac et al.[1], in their survey of the influence of variable

B = matrix of coefficients of unknowns properties on natural convection, report that a special correction
F, = covariance matra priori of measurements for Nusselt number-versus-Rayleigh-number correlations is sug-
F, = covariance matra priori of unknowns gested for a fluid, such as an oil or water, whose viscosity varies
| = vector of measurements exponentially with inverse absolute temperature. This correction,
u = vector of corrections to unknowns apparently first suggested by Akd@i] to correlate his numerical
v = vector of corrections to measurements solutions to similarity formulations, for this effect for the laminar
w = vector of residuals of constraint equations state is to multiply the correlation for constant properties by a
z = vector of preliminary values of unknowns factor (w./u,)" to obtain Nu=C Ra™(u../u,)". Fuijii etal.
Subscripts [3,4]successfully correlated their measurements for an electrically
. heated vertical cylinder in this way, findimg=0.21 for a constant
1 = inlet temperature boundary condition ang-0.17 for a constant heat
2= qutlet flux boundary condition. They also found that evaluation of all
f = f'“_ properties at a reference temperattye-T,,— (1/4)(T,,—T..) en-
i = inside ables the correlation for constant properties to be accurate without
0 = outside any other correction. Ito et gi5] later applied the integral method
to the same problem without additional recommendation. Later,
References Chu and HickoX 6] showed that evaluation of all properties at the

[1] Shah, R. K., 1990, “Assessment of Modified Wilson Plot Techniques for ofilm temperature enabled their measurements of natural convec-
taining Heat Exchanger Design Datafeat Transfer 1990Proc. 9th Int. Heat  tion from a horizontal plate at the bottom of a rectangular enclo-
2] ;La:theRr Clgnféi,dpgéiéu—dgﬁh 1608, “Heat Exchangers” ibandbook of sure, cooled at the top and filled with corn syrup, to be correlated
Heat ’Tra.nsf.e’zr, Third Editioﬁ, W. M. Ii;ohsenow, J. P. Hartnett, and C. Yound’,vIth n=0_.035, a much smaller value of the exponent_.
eds., McGraw-Hill, New York, Chap. 17. According to Kakac et al[1], the only known basis for the
[3] Briggs, D. E., and Young, E. H., 1969, “Modified Wilson Plot Techniques formultiplicative viscosity correction, other than its success in corre-
8Etainirl1£g He;t Tragsfer Cgrrelat'i\lonsgfzor sh;;” and Tube Heat Exchangerygting measurements and calculated results, is the procedure set
[4] Khartabil, b Fr.?%hris),/tgr?s'en?ﬁgf N..‘and Richards, D. E., 1988, “A Modifieilorth earlier by Sieder and Taf] to correlate measurements of
Wilson Plot Technique for Determining Heat Transfer Correlations,” 2nd ukn€at transfer coefficients for fully developed laminar flow of oils
National Conference on Heat Transfer, Glasgow, Vol. Il, pp. 1331-1357. in tubes. The Sieder-Tate viscosity correction exponent is
(5] 'I\D"”;haD”(;nEn-élind Fﬁfbﬁ?srr?;?n:lé Cv \}ﬂabse“’aﬂons and Least SquardsP-A  =(,14, close to the values found for natural convection. Oskay
[6] B:Jandt, S, 1%97Statisticyal and Co.mputational Methods in Data Analysis and Ka_kac[8,9] demonstrated that. t.he exponent Of. th‘? VISC_OSI_ty
Third Edition, Springer Verlag, New York. correction depends upon the conditions of the application, finding
the best value of the exponent to be 0.152 for mineral oils in
laminar flow in tubes.
In the following, an analytical basis for thew(, /)" form of
the viscosity corrective term for the Nusselt-Rayleigh number cor-
relation for constant properties will be developed. Closed-form
solutions will be obtained to the integral form of the laminar
boundary layer equations for natural convection from a vertical
plate to a liquid whose viscosity has an exponential dependence
on inverse absolute temperature. The functional form of the vis-
cosity correction and the numerical value of its exponent will be
discerned from these solutions. The basis for selecting a reference
temperature at which viscosity can be evaluated to enable the
correlation for constant properties to be used without other cor-
rection will also be shown.

Correction for Exponential
Dependence of Viscosity on
Temperature for Natural Convection
by an Integral Method

Louis C. Burmeister
e-mail: kume@mecheng.me.ukans.edu

ASME Mem.,
Department of Mechanical Engineering, University of
Kansas, Lawrence, KS 66045

Formulation and Solution

It is common to correct for the effect of exponential dependence! e physical configuration for the problem of natural convec-
on inverse absolute temperature of the viscosity on the Nusdign from a vertical plate.under consideration is |IIustrat¢d in Fig.
number for laminar natural convection by mu|t|p|y|ng the Correl. The wall temperature is taken to be less than the environmental

lation for constant properties by a factafu../u,,)" to obtain temperature so that flow is downward. The integral foff] of

Nu=C Ra*4(u../;1,)". That there is a sound basis for the func-the x-motion and energy equations, respectively, are

tional form of this corrective term is newly shown by employing A(5ui,) P Ju(y=0)

an integral method to obtain closed-form solutions to the laminar - +g,8f (T-T,)dy=v—— Q)
boundary-layer equations for the case of a vertical plate of speci- 2 0 ay

fied temperature immersed in such a liquid. The basis for t

alternative means of correction by using the correlation for con-

stant properties with viscosity evaluated at a special reference [ ouy(Ty—To)i] JdT(y=0)

temperature is also shown[DOI: 10.1115/1.1573228 X B, (2

Keywords: Boundary Layer, Convection, Heat Transfer, Naturavhere
Convection 1
u
=| —eody (3a)
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O . y two parametersy, andé, to be determined in the course of solv-

4 ing Eqgs.(1) and(2). So doing is analogous to taking the velocity
boundary layer and the thermal boundary layer thickness to be
different. Thus,s andu, are parameters whose values best enable
the x-motion and energy equations to be satisfied on the average
v X over the boundary layer for the profiles used. Settif{g=0)

g =0=u(y=d) gives the constants of integration as

”—J edn)dn/j L
Mo Jo oM

The viscosity depends upon the inverse absolute temperature as

Mo 1 1
el
Under the assumption that the absolute temperature T does not

vary greatly from the film temperaturé=T,,— (1/2)(T,,— T..)
the viscosity ratio is taken to be

1
C,=0 and Clsz
0

Wall Fluid

®

/

B2 exd +bo] ©)
Fig. 1 The physical situation and coordinate system H
in which
1 u 2
i4=f (—) dy (3b) b BlTw— T
0\t T T

Except for the temperature dependence of density that is taken o .

into account only in the buoyancy term of the x-motion equatior],n€ plus sign is used if the wall temperatufg exceeds the

all properties other than viscosity are taken to be constant. ~ ambient temperatur&.., while the negative sign is usedTi, is
Similarity solutions[1] reveal that the viscosity variation pri- 1€ss thanT.,. For mathematical convenience, the caseTgf

marily affects the velocity distribution, having much less effect ofr T- is pursued in this study. S

the temperature distribution. Therefore, a temperature distributionAfter substitution of the temperature distribution of £4) and

for Egs.(1) and(2) can be obtained by requiring a polynomial tothe Vviscosity ratio of Eq(9) into Egs.(6) and(7), the integrals are

satisfy the five conditions of known temperature at the wall and gvaluated with the aid of Maplgi1] to be

the edge of the boundary layer, local energy equation at the wall

and at the edge of the boundary layer, and vanishing heat flux at 6b?l =b¥?z*q erf(b¥?) —erf(z)]+ (b+ 1)exp( —b) — (z?

the outer edge of the boundary layer +1)exg— ) (10a)

T(y=0)=Ty, T(y=98)=T., &T(y=0)/ay*=0, &#T(y

— 5)Iay?=0, aT(y=6)lay=0 2bY% = w7 erf(bY?) —erf(z)] (10b)
So doing results in, withy=y/ 4, and
0=(T=T)(Ty=To)=(1-7)? (4)

3C;=1+[(b+1)exp —b)—1]/[#*?b%%rf(b)] (10c)
A velocity distribution for the same service is obtained in a

different way in order to incorporate the influence of variablgith z=b"%1— 7). The velocity distribution follows substitution

viscosity. Because of the slow motion of the fluid, the body angf Eq. (10) into Eq. (5) as

shear forces are expected to be nearly in equilibrium so that

d(uaulay) Bb%— = — (b+ 1)exp —b) + (22+ 1)exg( — 22
o~ 9BT-T.) 5=~ (brDexp —b)+(Z*+ Dexp ~7%)
Two integrations with respect to y give an approximate velocity (b+21)exp—b)—1

[erf(bY?) —erf(z)] (11)

distribution to be erf( b1/2)

u=uy[1(7)+Cyli(n)+C;] (5)
Use of the temperature distribution of B¢, and the velocity
distribution of Eq.(6) in the two integrals of Eq(3) leads, with
7 o, (7 the aid of Maplg11], to
=[5 [ o
1/2 —(b+ _ 2

and b7 — 5 erf(b™2) [1-(b+1)exp(—b)]

16 6771/2erf( bl/2)

()= Jon%dn 7 B bYqb(b+1)/3+b/2+5/4]exp —b)
2

where

(12)

As has been done by othdf4.0], p. 393, the lead coefficient on
the right-hand side of E(5) is taken to beu; so that there are and
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1/2|
36b9’2i4={ - (%)

1(b+1)exp(b)r Aw=h(Ty—T.)=—kdT(y=0)/dy

erf(b'?) The local heat transfer coefficiehtfollows from this as
27 7\ 112 k 96(p=0)
— | = 1/ = — —
+32(2) ]erf[(2b) %] 5 an
Use of Eqs(16)—(18) in this relationship then gives
2 1—(b+1)exp—b)|5 b 5 oh h . T, T pr 14
TR e |4 |\Ptg/eR—20) h_, L 9ATW=T. - U4
k 8C, av,, 10i,
21 11 3712 Pr+ 355
+bY2 T+ Zb+b? exp(—2b)— ——[(b+1) _ 3G
The average heat transfer coefficignbeing /3, the average
X exp( —b)+1]erf(b¥?) (13) Nusselt number Nu—Rayleigh number Ra relationship is
If the wall temperature exceeds the temperature of the ambient Nu 8T i Pr., va
fluid the familiar error function erf() [12]in the solutions is then ?: 3| 8C, —10'— (19)
replaced by the less familiar Dawson’s integral dawgpn(2], R ! - _'4_
both functions that are recognized by Mapld]. However, the 3Cii
]cc:c())”rgillvusmns that flow from that case are the same as those th'% the case of small viscosity variation for whidh—0, it is
Use of these distributions in Eg4.) and(2) enables them to be found with the aid of Mapl¢11] that
rewritten as o1 (1 49b ) c 1 1 1 b ) )
) i=—|1—=b+ .../, == |1+ =b+...|, i,
_deoufia) | gBATy =Tl i " 112y 8l 49
dx 3 s (14 L[, 229
=——|1-—=b+ ...
and 1296 220
d(ou,i) 2a The average Nusselt number for=0 is
dx 5 (19 Nu 4[1 P ¥
The functional forms of yand & are assumed to be Ra4 3 ﬂP—ZSO
L.+-—
5=K,xP (16a) 243
and For Pr,=0.73 as it is for air, this becomes
u; =K x° 16b Nu
| 1=Ky (16b) N
as done in the constant-property c@sd], p. 393. Use of these Ra/
Zssunjed forms in Eq¢14) and (15) results in, for thec-motion which is only 2% below the recommendgtB] value of 0.555 on
quation, . .
the right-hand side. For small values lof the Nusselt number
—i4(K1Kp)%(25+ p)x?s" 2P~ 14+ (gB|T,,— T..|/3)K5x?P dependence upon the parameigs
=K,Cqv.X° Nu(b) 29 2983 1 bt
and, for the energy equation, Nu(b=0) 162 4640Pr i @ o
243
iK;K3(s+p)xst2P~1=24
. . . Comparison of this result with the series
Since these two relationships hold for &llthe exponents must all
be the same in each. Thus, e ™=1-nb+...
2s+2p—1=2p=s and s+2p—1=0 for the expansion of an exponential justifies the approximation
S that
from which it is found that
n
s=1/2 (17a) NUb) oy [ B (20)
Nu(b=0) My
and ) )
in which
p=1/4 (17b)
With th | f dsin hand, it i t found that _ 2 1 2983 ! —0179&'5094 21
i ese values fop ands in hand, it is next found tha =162 12620 280 | = Pr 71152 (21)
K,=8a/(3iK2) (18a) P+ 513
and The ratio in Eq(20) ameliorates the consequences of inaccuracies
8av.C, 10i, in the assumed profiles.
Kg=- = ( + = ) (18h) Equation(20) is the functional form of the correction that is
98| T T 3iC,Pr, sought. The variation of the Nusselt number ratio versus the vis-
. . cosity ratio predicted by Eq$19) and (20) is shown in Fig. 2.
Discussion y P y Eqél9) 20) g

There it can be seen that E0) with n=0.167 is a good ap-
The Nusselt number can be obtained from the foregoing resulpsoximation for the moderate Prandtl number, 200, that is

The heat fluxq,, at the plate is related to the temperature differcharacteristic of water; it can be shown tmet 0.176 is a good

ence and to the temperature gradient as approximation for the large Prandtl number, Rr1C°, that is
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21°C<T.,.<62°C, use of the average values witk-0.176 gives
T,=T,—0.334(T,,— T..). Although the 0.284, 0.333, and 0.334
values of the coefficient of the temperature difference are above
the 1/4 value recommended by Akdgil and Fuijii et al[3], there

is agreement that the reference temperature is closer to the wall
temperature than is the film temperature.

dimensionless form oB, see Eq(9)
constant in the viscosity-temperature relation-
ship, see Eq(8)

constant

constant of integration, see E()

constant of integration, see EG)

specific heat at constant pressure, J/kg°K
Dawson’s integral=exp(—2)[§exp@A)dy
natural numbere=2.71828 . ..

error function,= [3 exp(—77)dz
gravitational acceleration, nf/s

local heat transfer coefficient, WK

average heat transfer coefficient(1/x) [§hdx’
integral, see Eq(3a)

integral, see Eq3b)

velocity distribution integral, see E@6)
velocity distribution integral, see Eq7)
thermal conductivity, W/m°K

constant, see Eq18a)

constant, see Eq18b)

constant exponent, see HG3)

exponent of the viscosity ratio, see E¢0) and
(21) .

Nusselt numbers=hx/k, dimensionless
constant exponent, see Hd6a)

Prandtl number=1/a, dimensionless

heat flux, W/nf

Rayleigh number=gg|T,,— T..|x3/av, dimen-
sionless

constant exponent, see H46b)

absolute temperature, °K

X-component of velocity

parameter, see E¢5)

distance along the wall from the boundary layer
origin, m

distance normal to the wall, m

10° T T T T T — T T T
ok
ol _
F .
8 4
L ==
5 /._f,fv“"/
o ar //1./-7'{" o= b
E == A Nomenclature
= e e -- n=0.167 ]
a ¥ b =
Z B =
2r C —
Cl =
CZ =
Cp =
4019 el I S S | — dawsone):
10-3 2 3 456710.2 2 3 456710-1 2 3 4567100 e =
Koo/ ey erf(z) =
g =
Fig. 2 The ratio of Nusselt number with temperature- h =
dependent viscosity to Nusselt number with constant proper- F _
ties versus the ratio of ambient viscosity to wall viscosity T
| =
i, =
characteristic of oils. These values differ slightly from the findings ]‘ —
by Fuijii et al.[3], partly due to the fact that effects of curvature I, =
result in velocity and temperature distributions that differ from K =
those used in this analydig4]. Ky =
To see that evaluation of the viscosity at the film temperatyre Ko =
reduces the exponent of the viscosity correction, note that the nzq _
Nusselt number is then given by n =
Nu e 1/4 . n
1A —) — (22) Nu —
CRa¢ Moo Mw B
Appealing to the temperature dependence of(By.this relation- Ppr _
ship can be rewritten as q=
Nu 11 Tw e\ Ra =
=P Bl [N | T
CRaf T. Tw 4(T30+TW) Mw s =
It is seen that the new exponeantof the viscosity correction term T =
is less than the value n as u=
Tw U, =
m=n— ———— 23 1
AT,+Ty,) (23) X =
This result can be compared with that of Chu and Hick@kfor
which the temperaturel,, of the heated strip was 315.7 to y =

347.6°K and the temperatur€, of the top was 277.1°K to Greek
323.1°K. With the averages of these values it is predicted that

a =
~ R —————— B =
m~0.167 4(3001330 0.036 5 =
This result is in fair agreement with their finding that=0.035. n =
The reference temperatufe at which to evaluate the viscosity 0 =
so that the constant property correlation can be employed can be 4 =
ascertained in a similar way. For this reference temperature v =
T =
Nu _(Mr)lm(/‘«oc)n p =
CRa" \uw/ | pw Subscripts
In parallel with the previous manipulation, it is found that £ =
Nu Bj1 1 1 1 r=
crat OMalT TN, vz
Setting the exponent on the right-hand side equal to zero leads to
Tw References
T =Ty~ mﬂ*m) (Tw—T)  (24)

If n=0.179 as shown by Eq(21), Eq. (24) gives T,=T,,
—0.284(T,,—T..); if n=0.167 to fit the complete solution plotted
in Fig. 2, Eq.(24) givesT,=T,,—0.333(T,,— T..). For the condi-
tions of Fuijii et al.[3] for oils in which 56°C<T,,<152°C and
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thermal diffusivity, =k/pC,, mé/s

coefficient of thermal expansion, g
boundary layer thickness

dimensionless distance normal to the wally/ &
dimensionless temperature, see E.

dynamic viscosity, kg/ms

momentum diffusivity,= u/p, m?/s

natural numbers7=3.14159 . . .

density, kg/mi

evaluated at the film temperature
evaluated at the reference temperature
evaluated at the wall temperature
evaluated at the ambient temperature
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Of EH D-Enhanced Forced COﬂVGCtiOﬂ of EHD-enhanced forced convection in a horizontal channel.
Using Two-Way Coupling

Formulation and Numerical Method

M. Huang The geometry considered is a two-dimensional channel with a

: length of 21 cm and a height of 6 cffig. 1). This channel has
Graduate Research Assistant exactly the same dimensions as that used by Yamamoto and

Velkoff [8] so that their experimental data of electric field can be

F. C. Lai used for comparison in the present study. The walls are electri-
Associate Professor cally grounded and maintained at a constant temperatufig, of

Air with a uniform velocityu; and temperaturg; is introduced to
School of Aerospace and Mechanical Engineering, the channel. A fine wire is suspended in the center of the channel

and is charged with a direct current at a high positive voltage to
generate the electric field. Four applied voltage® 12.5, 15, and
17.5 kV) are considered in this study. Due to the symmetry of the
problem, only half the channel is used for computations.
Numerical results are presented for heat transfer enhancemeniThe governing equations for the electric field are derived from
using electric field in forced convection in a horizontal channeMaxwell equations and are given 9]

The main objective of the present study is to verify the assumption

that is commonly used in the numerical study of this kind of prob- v2y=_ P (1)

lem, which assumes that the electric field can modify the flow field €0
but not vice versa (i.e., the so-called one-way coupling). To thig,q
end, numerical solutions are obtained for a wide range of govern-
ing parameters(Vy=10, 12.5, 15 and 17.5 kV as well as u p 1

=0.0759 to 1.2144 m/s) using both one-way and two-way cou- —Vpe-VV+ 8—+ BVpc-u=O. @)
plings. The results obtained, in terms of the flow, temperature, and
electric fields as well as the heat transfer enhancement, are thor-
oughly examined. Since the difference in the results obtained by
two approaches is insignificant, it is concluded that the assump-
tion of one-way coupling is valid for the problem considered.
[DOI: 10.1115/1.1578505
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Clearly, it is the third term in the above equation that provides the For one-way coupling, the algorithm used to calculate the elec-
coupling from flow field to electric field. If one-way coupling istric field is the same as that proposed by Yamamoto and Velkoff

assumed, Eq2) is simplified to give [8]. In this approach, the electric field can be determined indepen-
2 dently of the flow field following the steps outlined below.
p
Vpe-VV= 8—; 3) 1. The potential distribution is first calculated by solving Eq.

(1) with the assumption of no charge density.
The corresponding boundary conditions for the electric field are: 2. After the potential distribution is known, the charge density
V=V, at the wire (4a) can be determined by solving E@®) with an initial guess of the
charge density at the wire.
3. Given the charge density, the potential distribution can be
——=0, at the channelinlet and outlet=0,L)  (4b) recalculated using Ed1).

x 4. With the newly available potentials, the charge density can
V=0, along the grounded waly=H) (4c) be updated by solving Eq2). . .
5. The process is repeated until both potential and charge den-
Vv . sity converge. When converged, the current density on the ground
W_O’ along the centerlingy=0) (4d) surface is calculated using
The governing equations for the flow and temperature fields are: L oV
| = f pcb )L dx (13)
u  dv 0 . 2
ox gy ®) . . .
If this value agrees well with the experimental dg&# then the
Ju au 1 ap ( J2u 2u> pec IV electric field is determined. Otherwise, a new charge density at the
—tUu—+v—= — ——, (6) wire is assumed and the process is repeated from(&ep
2 2
N X % p ax ax= gy pox For two-way coupling, the electric field has to be determined
P J g 1 J 2 Py, simultaneously with the flow field. At each time step, the electric
Pl v — v p i &_’ (7) field is first calculated, followed by the flow field. After the flow
at X 5)’ p 3)/ ay p dy field is determined, the electric field is recalculated using the most
recently available velocity data. As such, the numerical approach
aT 9T T PT T based on the two-way coupling is more computationally intensive
ot +u X v (;y -a % + 3_y2 (®) (and thus more time consuminthan that of one-way coupling.

To evaluate the heat transfer results, the local Nusselt number at
The last term in the momentum equations, Hg$.and (7), rep- the wall is calculated by
resents the electric body force, which provides the coupling from

electric field to flow field. The effects of Joule heating have been _Dp Ti—Tw (00
shown negligible for most heat transfer applicatiph8]. NUX_T Tw—Tm aY (14)
The dimensionless governing equations in terms of the stream V=t
function and vorticity are given by The average Nusselt number can then be obtained from the local
e X 22 Y o Nusselt number by
APV 1 (A
oX=  dY Nu= Kf Nu,dX. (15)
FIOIS IO N 0} 0
G Y X aX oY For periodic flows, the time-averaged Nusselt number is deter-
2 o mined by averaging the Nusselt number over a period of oscilla-
1[50 . 0\ i dpc vV dpe av) tion and is given by
T Rel gx2  gv2 Y 9X  oX Y 1 e

2 2
00 ¥ 6 _oVo6 1576 476 (11) Whererp is the period of oscillation, and Nu is determined from
Eq. (15) at each time step.

VitV —==|—+—.
07’ oY aX X dY Pe axX2  gY?
. ) . o A finite difference method based on the control volume ap-
Since the electric characteristic velocity is no longer a con- BloaCh [11] was used to solve the governing equatidiss.

stant in the two-way coupl_ing ap_prc_nach, we use the inlet veloci 11) subject to the boundary conditions imposéEd. 12). A
u; as the reference velocity. This is different from most studigsniform grid (225%33) has been shown to produce satisfactory

ba_ls:ﬁd on one-wag_ co%phr[gd—G]. ditions for the f 4 terfesults[12]. A time step of & 10 * was used in the present cal-
te cof(relspon |.ng oundary conditions for the flow and 1€y, |ations. To ensure that the oscillation in flow and temperature
perature fields are: fields is not induced by numerical stability, the time step has been

X=0, Q=0 ¥=Y, 6=1. (12a) reduced to 10° and 5< 10 ° and nearly identical results were
obtained.
= L ﬂ_o ﬂ_o 3_9_0 12b To validate the code, heat transfer by forced convection with-
THYOo9X T o9X T oaxX (12b) out electric field in the same conditions were calculated and
compared with the empirical correlatidiq. 17)available in the
a0 i
Y=0, Q=0, W¥=0, W:O' (12¢) literature[13].
NU 7 55 0.024x*) 114 . X
Ay Up="1. — , XF= .
Y=1, Q=——, W¥=1, 6=0. (12d) 1+0.0358x* )PPt Dy Re Pr
aY? 7
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The discrepancy found varies from one to six percent, dependi
on the Reynolds number, which is acceptable in the considerat'(a)
of the uncertainty involved in the correlation itself.

Results and Discussion

It has been reported that the flow field under the influence (b)
corona wind can develop into steady or oscillatory modes deper
ing on the strength of flow inertia and electric body fofd2].

The same phenomena were observed in the present study. (C)
relative magnitude of flow inertia and electric body force can k
quantified by the EHD number, which is defined below,

HI (d)
(18)

Nenp=

bpuizAp
It is the ratio of the electric body force to inertial force and is(e)
expressed in terms of the measurable quantftid. When the
value is zero, it represents pure forced convection. When the vaiue
approaches infinity, it becomes the corona wind dominated floply 3 Flow fields at V,=15kV and Re=450, (a) =57.9, (b)
As reported by Lai et al[12], oscillatory flows usually occur =585, (c) +=59.1, (d) 7=59.7, and (e) +=60.2, (two-way cou-
whenNgyp>1. pling, A¥=0.2)

When the flow and temperature fields are steady, the results
obtained from one-way and two-way coupling are exactly the
same. Both show that a secondary fléve., recirculating cell
appears directly above the wire as the result of the interactic
between the corona wind and the primary flow. As the Reynol((a
number increases, the strength of the recirculating cell decreas
The impingement of the corona wind on the wall perturbs th
thermal boundary layer. It increases the local heat flux at the r
gion directly above the wire. However, the perturbation of therm((b)
boundary layer by the corona wind is suppressed when the Re
nolds number increases.

When the flow and temperature fields become oscillator‘(c)
which usually occurs at a low Reynolds number and a high a
plied voltage, the results obtained from one-way and two-we
coupling are still quite similar but there exist slight difference:
between them. Figures 2—-5 show the variation of flow and ter(d)
perature fields(in terms of streamlines and isotherms, respec
tively) through a complete cycle of oscillation. The semicircle ir
the center of the lower boundary indicates the location of the wir(e)
For this particular case, Vo=15kV and Re=4504;
=0.057 m/s), one notices that there is a small difference in th..
oscillating period despite the similarity in the flow and tempera}:-

ig. 4 Temperature fields at

: - - Vp=15kV and Re=450, (a)
ture profiles. Also there is a small phase shift between these tvq\_/=55.8’ (b) 7=56.4, (¢) 7=57.0, (d) 7=57.6, and (e) 7=58.2, (one-

results. Nevertheless, both results have captured the nature of {Re coupling, A6=0.1)

flow oscillation. When no flow is introduced to the channel, the

(a) (a)

(b)

(©)

(d)

(e)

Fig. 2 Flow fields at Vy=15kV and Re=450, (a) v=55.8, (b)
7=56.4, (c) +=57.0, (d) 7=57.6, and (e) 7=58.2, (one-way cou-
pling, AW=0.2)
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(e)

Fig. 5 Temperature fields at

Vp=15kV and Re=450, (a)
7=57.9, (b) 7=58.5, (c) =59.1, (d) 7=59.7, and (e) 7=60.2, (two-

way coupling, A#=0.1)
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clear that most changes in the potential and charge density takes
place at a location far away from the wire. Also, the magnitude of
these changes is observed to be proportional to the distance from
the wire. The charge density at the wire is found to be 9.62
X 10~ 4 C/m® when one-way coupling approach is used while it is
9.71x10 4 C/m® when two-way coupling approach is applied.
The ion velocity is found to vary from-160 to 160 m/s, which is
more than 30 times of the inlet air velocity. As a result, the modi-
fication of the electric field by convective air is minimal. How-
ever, it is interesting to observe that the electric field also becomes
oscillatory when the flow and temperature fields are oscillatory,
which is something cannot be revealed using the one-way
flow field is induced by the electric field alone and remains stablapproach.
Four recirculating cells produced by the corona wind locate sym-For the present study, the heat transfer enhancement is defined
metrically about the center of the channel. When an external flaag the ratio of the Nusselt number resulted from the application of
is introduced to the channel, the symmetry of corona-induced floelectric field to that without the electric field. The heat transfer
is destroyed. As a result, one can clearly observe the regeneragmmancement is shown in Fig. 7 as a function of the EHD number.
and destruction of the secondary cells in the flow field, which iRor oscillatory flows, the time-averaged Nusselt numbers along
turn produces a wave-like isotherm pattern in the temperatuséth its maximum and minimum values are presented. As ob-
field. The periods of oscillation as predicted by one-way couplingerved, oscillatory flows usually occur at a large EHD number
and two-way coupling are mostly the same. For the cases in whi@le., a low Reynolds number at a given electric fiedahd nor-
they are different, the difference is usually sm@dss than 0.1 mally lead to a higher heat transfer enhancement. For oscillatory
dimensionless time flows, the average Nusselt numbers predicted by both approaches
The reason why the prediction of flow and temperature fieldge nearly the same. But, there are slight differences in the maxi-
using one-way and two-way coupling agrees so well is attributedum and minimum values. From the figure, one also observes
to the small change of the electric field by the bulk airflow. For thtéhat heat transfer enhancement increases with the applied voltage
range of inlet velocities considered in the present study, it is fourahd is negligible when the EHD number is less than 0.1. The
that the modification of electric field by air flow is quite negli-maximum heat transfer enhancement can be as high as 3.5 times
gible. To produce a noticeable change in the electric field by coaf that without electric field. Although the applied voltage may
vective air, one needs to increase the inlet velocity substantiaigem high in the present application, the current involved is con-
(for example,u;=5 m/s, which is about four times of the maxi-siderably low. As such, the power required is very small, which
mum velocity considered in the present studyrom Fig. 6, itis make this an effective heat transfer enhancement technique.
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Fig. 6 Maodification of electric field by air flow, V,=15kV and
u;=5m/s: (a) charge density, and (b) potential (one-way
coupling—solid line, two-way coupling—dashed line )
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Fig. 7 Heat transfer enhancement as a function of EHD number:

(@) Vo=10.0kV, (b) Vo=12.5KV, (c) V,

=15.0kV, (d) V,=17.5kV
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Conclusions V = electric potential[V]

Numerical results have been presented for heat transfer en- V%; S:ﬁchrr:gigﬁf:g'aellgé?ce Vg)ltg’\t/i]allv
hancement in forced convection by electric fields. Although two % v = Cartesian coordinatém]p 0
different approache¢one-way and two-way couplingvere used X \)(/ = dimensionless Cartesian coordinatés; x/H, Y
to determine the interactions between the electric and flow fields;” —v/H e
their differences are usually negligible. The results thus justify the _ thgrmal diffusivity, [m?s]
use of one-way coupling in earlier studies. Further analysis shows B e % _ 1
that the ion velocity driven by charge mobility is typically two- o = permitivity Qf fret_e spazceao—8.854><10 Fim

v = kinematic viscositym“/s]

order of magnitude larger than the inlet air velocity, which also

lends the support of formulation based on one-way coupling. In
summary, corona discharge is found to be an effective way in heat
transfer enhancement. The enhancement increases with the ap-P¢
plied voltage and can be as high as 350% from the present study.”<0
Both numerical approaches predict the existence of oscillatory Pec

dimensionless temperaturel € T,,)/(T;— T,)
fluid density,[kg/m®]

space charge densifyC/m®]

space charge density at the wif&/m®]
dimensionless space charge dengityipco

flows, which is the main mechanism for the high heat transfer ™ ~— d!mens!onless timey;t/H .
¥ = dimensionless stream function
enhancement. . . =
Q) = dimensionless vorticity
Nomenclature
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