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Heat Transfer

The fourth “Heat Transfer Photogallery” was held at the 199%ditor, Jack Howell, for his support and editorial guidance toward
International Mechanical Engineering Congress and Exhibition the publication of the photogallery entries. The editorial assistance
Nashville last November. The Heat Transfer Visualization Conof Ms. Judith Sierant of ASME is appreciated in the production of
mittee sponsored the session and attracted 13 photo displakg photo collection.
which illustrate phenomena that occur in the presence of a tem-
perature gradient. Eight entries were selected for publication in
this special section of the ASMBournal of Heat Transfer References

The purpose of publishing these photographs is to draw atten- ' _
tion to the innovative features of optical diagnostics and aesthefi Zr’osie?s."’amti ﬁﬁlﬂfﬁigf??f@}ﬁpaCh 582‘310" 2%';"739'5‘5“'”9 of Molten Metal
qua“_tles of thermal _processes. To focus on _the visualization, tE ssn’:ann: M.,'M.ostaghimi, J., and Cr{apr’%ra, S, 1999,I “On a Three-Dimensional
text is kept at a minimum and further details should be foundvolume Tracking Model of Droplet Impact,” Phys. Fluidsl, pp. 1406—1417.
through the listed references or directly from the authors. Tlgrza, M., Boughey, B., and Lindler, K. W., 2000, “A Flat Heat Pipe for Use as a
photographs include visualizations dtt) phenomena of molten ~ Cold Side Heat Sink” Session on Heat PipReceedings of the SSth intersociety
droplet breakup on a solid surfac®) microscale flow Velocity (o Be on tatogagy 0 o o A Ul 24726, AIAA Washing:
mapping using molecular fluorescence velocimeFV), (3)  kim, Kyung Chun, and Kim, Sang Ki, 1998, “Flow Visualization Study on Plume
picosecond laser pulse impact on a surfz{dg‘counter-rotating Behavior in Thermally Stratified Wind,” Int. J. Environ. Conscious Design

hermal cross flows(5) natural convection using interferometry, Manuf., 7, No. 4, pp. 25-35.
thermal cross flo S£5) atural convection us 9 terferomet y’Kihm, K. D., Kim, H. J., and Pratt, D. M., 1999, “Image Corrections for Heated

(6) Ob“que |m_p|ng|ng Je_t using I!qwd_crystal techmqu(@_,) gas Micro-Scale Capillary Pore Flows,” 2nd Pacific Symposium on Flow Visualiza-

loaded heat pipe using infrared imaging, &84 solidification of tion and Image Processin@SFVIP-2), Paper No. OF203, May, Honolulu, HI.

water using liquid crystal thermography. It is now proposed th&thm, K. D., and Pratt, D. M., 1999, “Contour Mapping of Thin Liquid Film Thick-

the journal readers enjoy Viewing these collections, acquireness Using Fizeau Interferometer,” Paper No. NHTC99-224, Aug., Albuquerque,

knowlgdge of the state-of-the-art features pqtgntlally ,appllcabflﬁo, S S., Mao, X. L., Grief, R., and Russo, R. E., 2000, “Dynamics of an Air

for their own researCh, and promote their participation in IMECE Breakdown Plasma on a Solid Surface During Picosecond Laser Ablation,” Appl.

Photogallery session presentatigafer to the Call for Photogal- ~ Phys. Lett. 76, p. 31.

lery for 2000-IMECE announced in this volume Mukherjee, D. K., Prasad, V., Dutta, P., and Yuan, T., 1996, “Liquid Crystal Visu-
. . ’ . alization of the Effects of Crucible and Crystal Rotation on the CZ Melt Flows,”

The web-based revievhttp://wwwmengr.tamu.edu/otherlinks/ ;" qi Growth169, pp. 136146,

htppr/index.asphas been carried out and the review was based @8rumi, A., Ohishi, S., Nakane, I., and Kashiwagi, T., 1995, “Flow Visualization of

the subjective measure of the merit of individual entries, i.e., theirConvective Interference of Water Around Two Cooling Tubes by Holographic

innovative features in visualization techniques, scientific impor-',merffr%m‘é"yv” dproce(fd'ggsv m '“ternst'°”$' Skympog'luz“ ;{‘QF'OW Visualiza-

. _tion, J. P. Crowder, ed., Begell House, New York, pp. — .

tance on heat and mass t_ransfer phenomena, and th_e artigliGso 'R, E.. Mao, X. L., Liu. H. C.. Yoo, J. H.. and Mao, S. S., 1999, “Time-

beauty of the presentation. Sincere thanks go to the following wharesolved Plasma Diagnostics and Mass Removal During Single-Pulse Laser Ab-

participated in the web-based reviews in ranking the entriesiation,” Appl. Phys. A: Mater. Sci. Proces$9A, p. S887.

C. Ammerman, J. Baughn, Y. Bayazitoglu, C. Beckermann,

M. Bussmann, M. Cerza, S. Chandra, T. Y. Chu, R. Douglass, K. D. Kihm

I\S/ll Y( Ekkad, DbKj E_zekJoy}g, A-KH%"ihe'thf- Hov\\]/e:_ll, '\Ii' Hﬁngd, Department of Mechanical Engineering,

. K. Jensen, D. Juric, J. Kim, K. C. Kim, J. Lage, J. H. Lienhard, : .
J. R. Lloyd, S. S. Mao, I. Nakane, J. M. Ochterbeck, C. H. Oh, Texa_s A&M University,
T. O'Hern, and R. H. Page. Special thanks go to the Technical College Station, TX 77843-3123
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PHOTOGRAPHS AND SIMULATIONS OF MOLTEN METAL DROPLETS LANDING ON A SOLID SURFACE

M. Bussmann, S. D. Aziz, S. Chandra, and J. Mostaghimi
Department of Mechanical & Industrial Engineering, University of Toronto, Toronto, Canada

We present photographs and numerical simulations of the imnd the entire impact process pieced together from these
pact of molten tin droplets onto a solid stainless steel surface.photographs.
single-shot flash photographic technique is used to capture dropleTo simulate droplet impact we have developed a three-
impact. An electronic flash unit takes a single 35-mm photograglimensional free surface flow model. The model combines a
of a droplet at one instant after impact. As a droplet falls towardixed-grid finite volume discretization of the Navier-Stokes equa-
the surface it interrupts the beam of a 0.5 mW He-Ne laser. #fons with a volume tracking method to track the free surface
photodiode detects this interruption and signals the time dellycation. The model is capable of predicting complex fluid defor-
circuit, which opens the shutter of a 35-mm camera and then aftaation during droplet impact, including spreading and recoil. We
a preset delay triggers the flash unit, producing gms8luration simulate the growth of instabilities around the rim of an impacting
flash. Impacting droplets are photographed at different stagesdobplet, which leads to splashing and the detachment of satellite
deformation by varying the time delay before triggering the flaskiroplets.
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LAGRANGIAN FLOW MAPPING OF HEATED CAPILLARY PORE AND THIN FILM USING MOLECULAR
FLUORESCENCE VELOCIMETRY (MFV)

J. S. Park, C. McCarty, and K. D. Kihm
Texas A&M University, College Station, Texas

D. M. Pratt
Wright-Patterson AFRL, Dayton, Ohio

Molecular Fluorescence VelocimetrfMFV) technique has with five degrees of inclinationa) and (b) show the flow devel-
been developed and applied to map the Lagrangian velocity fielojgment for the thin film region and the bulk pore region, respec-
for a heated capillary pore and its thin film region. MFV usesively, when the heater is located in the liquid side. For the heater
caged fluorescence dye moleculPextran Photo-Activated Fluo- located in the vapor sidéc) and(d) show the flow development.
rophores of less than 10 nm sjzbat are uncaged and tagged withThe thermally driven flow near the bottom surface is directed to
the exposure to UV line of 355 nm in wavelength and Af- the heater location for both cases and the present study evidences
beam diameter. The tagged molecules are pumped by the b&utuilly three-dimensional flow exists below the meniscus and in-
laser (\=488 nm) for fluorescence and sequentially recordedide the thin film region. Note that the distorted, but similar im-
fluorescence images reveal detailed flow history for amges just below the interface shown(a) and(c) are formed by
extremely small scale flow field such as a microscaldne mirror-like reflection of the real fluorescence image from the
thin film region. For the nearly horizontal pore of 5-mm diameteroncave meniscus surface.
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PLASMA DEVELOPMENT DURING PICOSECOND LASER PROCESSING OF ELECTRONIC MATERIALS

Samuel S. Mao, Ralph Greif, Xianglei Mao, and Richard E. Russo
Department of Mechanical Engineering and Lawrence Berkeley National Laboratory,
University of California, Berkeley, California

Lasers with picosecond and shorter pulse duration are receiviager irradiation of a copper targeshows a series of plasma
much attention due to their capabilities for direct-write microimages at times ranging from 5 to 2500 ps. For the first time,
machining on most materials with minimal lateral damage. Depa- cone-shaped plasma plume has been observed to grow
sition of energy from lasers of large power density inevitablguring the early stage of picosecond laser-material interactions.
creates plasmas that often shield the target and reduce mateFiaé plasma front moves away from the target af bon/s
processing efficiency. Nevertheless, there is little knowledge aluring the laser puls€35 ps), but expands primarily in the
the formation and subsequent evolution of plasmas during lasedial direction after the pulse. The origin of this early-
processing of materials at the picosecond time scale. Such infetage plasma has been attributed to gas breakdown assisted by
mation is essential for precise control of laser energy couplingser-induced electron emission from the target. Beginning at
with target materials, particularly for machining at microscalabout 200 ps, a second plume emerges from the target surface,
depth. which consists of vaporized target material and expands &t 10

We have performed experiments by imaging the spatial awdh/s into the free space above the target. This vapor plume gradu-
temporal development of plasmas during picosecond lasaly reaches the front of the early-stage plasma at times about
processing of electronic materials. The color pl&1®64 nm 2000 ps.
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(a) neutral (b) stable (c) unstable

THE DIFFERENCES IN THE COUNTER-ROTATING VORTEX PAIR STRUCTURES IN A CROSSFLOW
JET SUBJECTED TO VARIOUS THERMAL STRATIFICATIONS

Kyung Chun Kim, Sang Ki Kim, Sang Youl Yoon, and Kyung Hyun Park
School of Mechanical Engineering, Pusan National University, Pusan 609-735, Korea

The instantaneous cross-cuts of the crossflow jet show the wellere supplied to the jet flow only in order to identify the interac-
known kidney shape structures, but the features change their tions between the jet and the crossflow. A 200 mJ/pulse Nd:Yag
pology as well as scales according to the stability of the crossflolaser with optical devices was used to provide a light sheet
Typical images of the counter-rotating structures takex/@&t50 less than 1 mm thickness. The illumination time was set to be
of the round jet issued normally to the uniform crossflow with thé ns. The instantaneous image was captured by a1l digital
neutral, stabl€269 °C/m), and unstable-65.1 °C/m)stratifica- CCD camera and stored in a computer. The pseudo-colored
tions are shown in Figga), (b) and(c), respectively. The velocity images were obtained from the original black and white images
ratio between the jet and the crossflow is 5.8. The correspondittgillustrate the relative concentration fields. The pictures give
Reynolds number based on the jet diamé&mm) and the jet us physical insights implied in the “conning” and “looping”
velocity (5.8 ms/)was 2300. We used the olive oil aerosol havindpehaviors of the plumes which are mainly due to the thermal
2 microns of mean diameter as the seeding particles. The partickestifications.

Journal of Heat Transfer Copyright © 2000 by ASME AUGUST 2000, Vol. 122 / 425

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Upper tube

Lower tube

(a) t=6.20x10%s

(g) t=1.54x10% (h) =1.57x10%

| Fig(©)- 0
Upper |
cooling! d

tube
& ()
|
| Lower
' cooling

| tube
1

8d Fig.(a) Fig.(b)
(k) Test section (1) Sequence of flow pattern

i

L
il

|

|
4|
4
4

(i) t=1.59x10"s () t=1.62x10"s

INTERACTION OF DOWNWARD AND UPWARD CONVECTION OF WATER
BETWEEN TWO COOLING TUBES

Ichiro Nakane and Akira Narumi
Department of Mechanical Engineering, Kanagawa Institute of Technology

Takao Kashiwagi
Division of Mechanical System Engineering, Faculty of Engineering, Tokyo A&T

When water is cooled through 4°C, downward and upward cotubes like a seesaw. Figurés)—(j) shows the interferograms of
vection may be produced due to its anomalous relationship kgis phenomenon, wheg=30 mm and./d=2.0(see Figurek)).
tween temperature and density. In the case of placing two hofihe heart-shaped fringe over the lower tube is formed because the
zontal cooling tubes vertically in a rectangular enclosure, @evelopment of the upward convection at the lower tube is pre-
downward convection dominates the entire flow field in the earlyented by the downward convection from the upper tube. Note
process of cooling. With the progress of cooling, the interaction tifiat, when the upward convection develops further to reach just
downward and upward convection occurs between the two coblefore the bottom of the upper tube, it comes back to the point of
ing tubes. In most cases, the upward convection develoaseart shaped fringe. This behavior repeats several times. Finally
smoothly and becomes dominant between the two cooling tub#se release of supercooling occurs at the lower tube, and then
In a rare case, however, the upward and downward convectitiis behavior is ended. Figur€l) shows a schematic of this
keeps the balance making oscillation between the two coolipyienomenon.
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ADIABATIC EFFECTIVENESS AND NUSSELT NUMBER DISTRIBUTION ON A FLAT SURFACE
WITH AN OBLIQUE IMPINGING JET

J. W. Baughn, M. Dietzel, and J. E. Mayhew
University of California, Davis, California

These pictures show the hue valdealibrated against tempera-produce a uniform surface heat flux. In this case, the hue values
ture) of thermochromic liquid crystals on a flat surface with amepresent the heat transfer coefficient distribution and illustrate the
oblique impinging air jet. region of enhanced heat transfer.

The pictures in the left column are obtained on an insulated Comparing the adiabatic effectiveness distribution to the
surface with a heated jet. For these pictures the hue values repreat transfer coefficient distribution it can be seen that there
sent the adiabatic effectiveness distribution and illustrate the lis- a region of strong variation in heat transfer coefficient
gion of entrainment effects. in which entrainment effects are sméile., high effectivenegs

The pictures in the right column are for the same insulatedutside this region, both adiabatic effectiveness and heat
surface. However, in these pictures the jet is unheated; insteattemsfer coefficient are needed to calculate the overall heat
micro-thin gold coating on the surface is electrically heated twansfer.
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INFRARED PHOTOGRAPHS OF A GAS LOADED FLAT HEAT PIPE

M. Cerza
Mechanical Engineering Department, U.S. Naval Academy, Annapolis, Maryland

A large, gas loaded, flat heat pipe was videographed at horizatepict the effects of a noncondensable gas at heat inputs
tal and vertical orientations with an infrared video camerdetween 200 to 800 W. As the heat input is increased, vapor
The heat pipe was fabricated from sheets of Monel R-40fbmpresses the gas back activating more condenser area. In
and Monel screen and measured 1.2X0MB0 mx0.01127 m. the vertical orientation(second row), the noncondensable gas
The heat pipe evaporator section consisted of a 0.389.305 m is seen to sink down into the central portion of the heat pipe,
area(one heated sideyhile the side opposite the heated sectiomhile water vapor rises up the edges of the heat pipe. The last two
was insulated. The remaining area of the heat pipe servemvs (vertical orientatioh depict a time sequence which shows
as the condenser which was videographed. In the horizontednsient condensation oscillations caused by buoyancy and diffu-
orientation, the heated section was on the bottom. In tls#on effects of the air and water vapor. The condensing vapor
vertical orientation, the evaporator was aligned below theont was seen to switch from side to side. Temperature is in
condenser. The first row sequence of photograffitgizontal) Celsius.
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VISUALIZATION OF SOLIDIFICATION IN A SIMULATED CZOCHRALSKI SYSTEM

Michele Ferland, Debasish Mishra, and Vishwanath Prasad
Department of Mechanical Engineering, SUNY Stony Brook University, Stony Brook, New York

Solidification of water from a crystal seed in a simulated Czossualize the solidification process.
chralski growth system is investigated for various rotation rates of Experiments are conducted for a range of Grashof numbers of
the crystal and crucible. Under the influence of a differentiall#00,000. Interesting temperature fields are seen in the shape of
heating condition imposed by the crystal seed and the surroundsigiple Benard roll type structures to a formation of complex os-
melt, a complex flow and thermal field is visualized. Threeillatory finger like patterns with many different size vertices. A
convection-driving currents, temperature gradient, surface tensigmantitative estimate of the temperature field is obtained via a
gradient, and centrifugal forces due to rotation, along with thsuitable calibration of the liquid crystals in a pure conduction
density inversion of water are responsible for the resulting flostate.
and thermal field. The first set of images captures the temperature field present

Liquid Crystal Thermography is employed to capture the imwith no rotation present in the melt. The next set of images is
ages of the temperature field and the transport phenomena in timeler crucible rotation rates of 1.87 and 4.09 rpm. Crystal rotation
melt. The liquid crystals have a bandwidth of 10°C; starting witkeffects at 3.60 and 9.70 rpm can be seen in the next set of images.
red at~1.2°C, green at-2.1°C, blue at~3.6°C and clearing at In the last set of images, counter-rotation effects of the crystal and
10°C. These crystals are employed in 0.005 percent by volumedacible can be seen f¢i.70, 3.40)and (3.40, 1.70)rpm.
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1999 Max Jakob Memorial Award Lecture

From Heat Transfer Principles to
Shape and Structure in Nature:
Constructal Theory

This lecture reviews a relatively recent body of heat transfer work that bases on a deter-
ministic (constructal) principle the occurrence of geometric form in systems with internal
flows. The same principle of global optimization subject to constraints allow us to antici-
pate the natural (animate and inanimate) flow architectures that surround us. The lecture
starts with the example of the optimal spatial distribution of material (e.g., heat ex-
changer equipment) in power plants. Similarly, void space can be allocated optimally to

Adrian Bela“ construct flow channels in the volume occupied by a heat generating system. The lecture
Fellow ASME' continues with the optimization of the path for heat flow between a volume and one point.
J. A Jones Professor of Mechanical It shows that when the heat flow can choose between at least two paths, low conductivity
Engineering, versus high conductivity, the optimal flow structure for minimal global resistance in
Duke University, steady flow is a tree. Nearly the same tree is deduced by minimizing the time of discharge
Durham, NC 27708-0300 in the flow from a volume to one point. Analogous tree-shaped flows are constructed in
e-mail: abejan@duke.edu pure fluid flows, and in flow through a heterogeneous porous medium. The optimization of

trees that combine heat transfer and fluid flow is illustrated by means of two-dimensional
trees of plate fins. The method is extended to the superposition of two fluid trees in
counterflow, as in vascularized tissues under the skin. The two trees in counterflow are
one tree of convective heat currents that effect the loss of body heat. It is shown that the
optimized geometry of the tree is responsible for the proportionalities between body heat
loss and body size raised to the power 3/4, and between breathing time and body size
raised to the power 1/4. The optimized structures are robust with respect to changes in
some of the externally specified parameters. When more degrees-of-freedom are allowed,
the optimized structure looks more natural. The lecture outlines a unique opportunity for
engineers to venture beyond their discipline, and to construct an engineering theory on
the origin and workings of naturally organized systef®&0022-1481(00)02403-8]

Keywords: Crystal Growth, Geophysical, Heat Exchangers, Heat Transfer, Natural Con-
vection, Optimization, Second Law, Topology, Constructal

Looking Back optimizations that we, the engineers, perform routinely in thermo-

First, | want to thank the Max Jakob Memorial Award com? luﬁr?ll(satﬁirpn ;ZS;gnr; ?r?gnihrﬁgei\irltl:i:)iiel:ju;zzktiat;estherrrosuenndsism the

mittee for this greatest honor in heat transfer. | consider myséﬁ‘f”1 . . :
Better sense means a simpler, easier to understand, and more

very fortunate, to be honored at this stage in my career, and to | f lanati f what ; t Such
have so many friends in heat transfer and thermodynamics all oygheral summary or éxplanations ot what we see in nature. such a
the world. summary is called principle or law. The thirst for better sense—

Research has a lot to do with luck. | have been very lucky, ng?r rationalizing—h_as always been the driving force in the historic
only for coming to America young and at MIT, but also for endevelopment of science. L R
countering extraordinary role models in my path. My cryogenics There are three aspects of t_h|s idea that | empha_5|ze in this
theses advisor at MIT, Prof. Joseph L. Smith, Jr., introduced me!fture and in a new boo1]). First, to start from principle and
the second law and the legitimate role of entropy generation cdfi- &Tive through a mental viewing in the powerful position of
siderations in engineering in general. My postdoctoral advisor fiedicting geometric forms that appear in nature is to practice
Berkeley, Prof. Chang-Lin Tien, changed my direction towart€0ry- The time arrow of theory, from principle to nature, runs
fundamental research and the mainstream of heat transfer. inst the time arrow of empiricism, which begins with nature—
early work that he and | contributed to the now developed fields B¢ Unéxplained observation. Empiricism has been the preferred
natural convection in enclosures and convection in porous medigthod in the study of naturally organized systems, from river
was the result of his vision and coaching. and lung morphology to turbulent eddies anq fractal geometry.
The second aspect is useful to us as engineers. Engineering is
the scienceof systems and processes with purpose. It is the sci-
Looking Ahead ence of the useful. By identifying the principle that accounts for

Instead of a review of highlights from my research past, in thseometnc form in natural flow wellmprove our own vision a.sh
lecture | propose to discuss an issue that has always been 4Rg'INers, as creators. For example, nature impresses us with a

always will be important. The basic idea is that the constrainé(;q“;gﬁgse(?/‘;:L‘ﬁ:h:r%‘;%:%w::s'?r?glgt:)%?nft'(osv(‘)/ L?rcc):gnz(i:;i )anpigii_nity

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF haps, we can use similar structures in engineered systems that

HEAT TRANSFER Manuscript received and accepted by the Heat Transfer Divisioh€guire similar volume-point connections. ) o )
March 20, 2000. Technical Editor: J. R. Howell. The third aspect has to do with the role of engineering in soci-
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ety. Once a noble and revered occupatftiink of Leonardo da heating Q) into working (W), and to do it as well agossible.
Vinci, Sadi Carnot, and the airplane builders during World WafWell,” or better, means moreW from the given inputQ,
I), engineering is now taken for granted. Everywhere we lookyhich is fixed. “As well as possible” means that the pursuit of
from university campus politics to the Nobel prize, engineeringoetter” is subjected to several constrain@y and other physi-
ranks either low or not at all on the ladder of respect. The engial (size)and economic constraints.
neering reality is a lot brighter. Scientists of all ages and typesA power plant owes its irreversibility to many factors, one of
have pondered the origin of shape and structure in nature. Thehich is the transfer of heat across finite temperature differences.
have been wondering about our own origins. Zoologists and gebhis effect has been isolated in Fig([2]). The power plant is the
physicists speak quite freely of design, function, necessity, aMartical segment marked between the high temperdtyrand the
optimization in their descriptions of natural patterns. OptimizatioAmbient temperatur€_. The heat inpuQy and the rejected heat
implies an objective, or a purpose. All these are engineering cdd: must be driven by temperature differences: The white tem-
cepts. This is why | believe that engineers are destined to play@rature gap§y—Tyc and T c— T, account for some of the
role in the quest for a rational basis—a principle—for the genergpace occupied by the power plant. Heat transfer surfiestesvn
tion of geometric form in nature. in yellow) reside in these spaces. The rest of the space is reserved
Many of our engineering colleagues are already proving thfgr the rest of the power plant: For simplicity, this inner space

through bioengineering. Their designs blur the supposed deméiteen)is assumed to be irreversibility free,
cations between the natural and the artificial. Engineers, with their
language and feel for the concepts of objectiperpose), con- :&_ &:

4 Rt ! ” . geri 0. (@)
straints and optimization, are ideally positioned to define the the- Tic Tuc

oretical agenda for life science in this new century. . o . . .
What | am describing is a position that | have advocate%'ethe irreversibility of this power plant model is concentrated in

throughout my work. Our engineering methods are undergoifig® tWo temperature gaps. The simplest heat transfer model for

changes and improvements. In parallel with academic pursuitsf se is the proportionality between heat current and temperature

is extremely important that we test theefulnesf our methods difference,

not only in the real world of engineering but also in the equally Qu=Cu(Ty—Tuc) @

real world of natural systems. If our methods show promise, we HTZHUTH S THC

can improve them further in partnerships and disputes with physi- - _

cists, zoologists, botanists, and medical researchers. In this way Q=Cu(Tie=To)- ®)

even our teaching improves, because it becomes more immedigteh thermal conductanc€( ,C,) is proportional to its area for

and reaches a much wider audience. Even better, the valuehet transfer. This is why the simplest way to account for the

engineering to society becomes more evident to larger groupsfiniteness of the heat transfer surface available to the power plant
is to recognize the constraifit3])

Distribution of Material in Energy Systems

I begin with the most basic example of how heat transfer prin-
ciples shed light on why energy systems are imperfect, and whshereC is fixed. This constraint is adequate when the overall heat
they possess geometric structure—why their hardware is arrangethsfer coefficients of the two surfaces are equal. More general
in certain amounts, and in certain ways in space. A heat engineconstraints, valid for unequal heat transfer coefficients, can also
power plant is a system withurpose. Its purpose is to changebe used.

I A .

Cy+C.=C (4)

— QH
-, A : : = ]
Cu g ! I ¥
W -

Fig. 1 Model of power plant with two heat transfer surfaces, and the maximization of power
output subject to fixed heat input  (Qp) and fixed total heat transfer surface  (C)
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The analytical model is completed by the first law, written fofchannels, hydraulic diameters, fins, gtdhe volume of the de-
the power plant as a closed system operating in steady state ovite is constrained, while the objective is to maximize in a global
an integral number of cycle®y=Qy— Q, . Combining this with sense the thermal conductance between the solid parts “com-
the preceding relations, we obtain the power output as a functipacted” into this volume and the fluid stream that bathes all the
of the conductance allocation fractiar=C, /C, parts.
The opportunity for optimizing internal geometry becomes evi-
ﬂz — T /Ty ) (5) dent if we focus on single-stream heat exchangers intended for
Qn Qy (1 1 cooling electronics. The global thermal conductance of the elec-
N TH_C(§ m) tronics is the ratio between the total rate of heat generation in the
. . o ) package(q) and the maximum excess temperature registered in
_Thls expression can be maximized with respect,tand the result ihe hot SpOts Trax— Tmin)- The entrance temperature of the cool-
IS Xopi=1/2, or ant is T.,,. Desirable are designs with more components and
Chi,0p= CLopt- (6) circuitry installed in a given volume: Desirable is a largerThis
] o | can be accommodated by increasing the ceiling temperatye
In conclusion, there is an optimal way to allocate the conysually limited by the design of electronjcsand by increasing
strained hardwar€C) to the two ends of the power plant, that isthe conductance ratiq/(Tmax—Tmin). The latter sends us on a
if the maximization of power output subject to fixed heat inpugourse of geometry optimization, because the conductance is dic-
(Qn) and fixed siz&C) is the purpose. Equatidié) also holds for tated by the flow geometry.
refrigerating machines modeled in the same Way). We can expect an optimal geometry by reasoning based on the
The maximization oW is shown graphically in Fig. 1. Small comparison shown in Fig. 2. Three competing designs are illus-
conductances strangle the flow of heat, and demand large tefated. The volume and the heat generation (gtere the same in
perature differences. The power output is large when the tempegach design. The hot spots are shown in red: to maximize the
ture difference across the gre@mversible)compartment is large. global thermal conductance means to minimize the areas covered
The first and third frames of Fig. 1 show that when the two cofby red. In the first frame the spacings are wide, the heat transfer
ductances are highly dissimilar in size, large temperature gaps g{gface is small, the global conductance is small, and, conse-
present, and the power output is small. The best irreversille  quently, each heat-generating part is overheégedulfed in red).
perfect)performance is somewhere in the middle, where the con-The competing extreme is shown in the third frame. When the
ductances are comparable in size. o ~_ spacings are too tight, the coolant cannot flow through the pack-
There is now a large body of literature in which models similagge. The heat current is removed only by raising the temperature
to Fig. 1 are used for the purpose of identifying the existence Qfgthe entire volume, including the outlet temperature of the cool-
basic tradeoffs in the conceptual design of all kinds of energpt that manages to flow through.
SyStemS. These models are used for orientation. More refined OpAn Opt|mal Spacing size exists somewhere between the two
timizations, which are based on increasingly more realistic mogixtremes. In this design the void volume allocated to each channel
els, come later in the design proceEs]). The defining character- js ysed to the maximum: In every channel, the boundary layers
istic of this relatively new sector of heat transfer is thenerge just as the coolant flows out of the channel. Very compact
combinationof heat transfer with thermodynamics in the pursuifind successful formulas for determining optimal spacings for
of optimization of global performance subject to global concooling heat-generating volumes have been developed based on
straints. Reviews of the current activity in this area are given intge tradeoff identified in Fig. 2. Reviews can be found(i23—
new line of books[6—16). _ 26]). For example, if the volume is occupied by a vertical stack of
Why start with power plants, when the lecture is also aboglyuidistant heat-generating plates of heightthe optimal plate-

structure in nature? The optimal allocation of conductance meags.plate spacing for laminar natural convection[&7—29)
geometrically, the distribution of hardware in a certain way, in

space. Better performance is achieved when the distribution is Dopt P

relatively uniform, or balanced. Thermodynamically this means ?=2.3Ra.1 @)

that the generation of entropy in the system—its irreversibility—is

distributed in a relatively balanced way between the parts thahere Ra=98(Tmax— Tmin)H/(av). Similar results have been
operate with losses. The greater system works best when its ffiound for other internal configurations of volumetrically heated
perfection is spread around, so that more and more of the intermalumes cooled by natural convection. If the heat generation oc-
parts are “stressed” as much as the hardest working points. Tbers in a bundle of equidistant cylinders with diameRerand
more we think of engineered systems in this way, the more theprrowest spacing between adjacent cylinders, the optimal spac-

look and function like living systems. ing has the scalg30])

The structure of animals has been a big puzzle in biology for 112
centuries. From the mouse and the salamander, to the crocodile Slmw(ﬂ) Ra L4 @)
and the whale, animals are correlated by surprisingly precise H D B

power laws between body size and other flow and performanc?1 . ) ) .
parameter§[17—22). Metabolism, or the rate at which the exergyVnereH is the height of the entire volume. Note that K8) is

of food is consumed, is distributed in balanced and tightly corr@€2rly the same as E¢7). Expresged in terms of the cylinder
lated proportions among the organs. These proportions are faifgmeter and Ra=gB(Tmax— Tmin)D/(av), Eq. (8) becomes

insensitive to animal size. s H\ 13
To predict the distribution of metabolic rate through the body is Zopt (_) Ray 4. 9)
to predict the structure of the animal—its parts, their relative D \D

sizes, and their relative irreversibilities. One way to construct -4, validity of this prediction was confirmed numerically and

theory of structure in living systems is to treat them as energy oo imentally. The numerical data were fitted within 1.7 percent
systems with flows, constraints and, above plipose, just as in by a relation suggested by E@)
o ,

Fig. 1. This is the theoretical line that is explored in this lecture.

Sot_, 72( E) llSRa51/4+ 0.263 (10)
Distribution of Void Space for Flow Channels b 1D o

Another familiar story that holds new meaning in biologicaConstrained volumes with optimized arrays of horizontal heated
design is the sizing of internal details for compact heat exchangesginders were also considered by Fisher and Torrg48té¢ Simi-
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Fig. 2 Three designs for the internal structure of a fixed volume with fixed total heat
generating rate and stream of coolant flowing vertically. The objective is to maximize the
global thermal conductance between the volume and the stream, which is equivalent to
minimizing the area with hot-spot temperatures (red).

lar spacings were optimized for staggered vertical plates agertical channels through which the ambient air cools the swarm.
sembled in a fixed heat-generating voluth@2]). As shown in Fig. 3, the bees construct wider channels when the
If the cooling is by forced convection with fixed pressure difambient air is warm and the required air flow rate is larger
ference A P) maintained between the ends of a stack of plates (f39,40]). Inanimate systems also have optimal internal spacings.
lengthL, the optimal spacing i§33]) Cracks form at surprisingly regular intervals in volumetrically

DT"”‘sz.m;l’“ (11) 5°C
whereIl, =AP-L?%/(na) is a new “pressure drop number.” Pe-
trescu[34] commented on the similarity between Edq%) and

(11), and pointed out that the pressure drop number is as impu
tant as the Rayleigh number. The pressure drop number does &
the optimization of forced convection design what the Rayleig g
number does for natural convection. This observation is reir g
forced by the optimal-spacing formulas developed for other gt
ometries designed for forced convection: staggered plfB&q),
round cylinders in cross-flow[36,37]), and three-dimensional &4
square pin fins on a heat generating surface cooled by impingi&34
flow ([38]). X

30° .
"..".‘ \“

From Principle to Internal Structure

We are entitled to disregard for a moment the reasoning th
generated the optimal spacings reviewed in the preceding secti
We may act as natural scientists, cut open the “animal’—th
electronics package, heat exchanger, or electric winding—al
marvel at the spatial organization of the diversity that we see. W\
marvel also at how much alike are the internal structures of co
temporary systemge.g., two competing personal compuleris
the same way that a zoologist marvels at the similarity in bror
chial tube sizes and numbers in two animals that have nearly t
same mass. In this way wabservestructure, and, just like the
natural scientist, we may go on and measure, correlate, and ce
logue (classify) the dimensions and patterns that we see.

In contrast with this empirical course, the reasoning exposed
this paper has nothing to do with observations. We invoked col
sistently a single principle of purpogglobal maximizationand ] )
constraints, and from this principle veeducedhe optimal inter- Fig9- 3 _The regulation of temperature in a swarm of honeybees
nal structure. We practiced theory. The discovery is that geom&g2D- The left side shows the structure of the swarm cluster at

- . . . a’low ambient temperature. The right side is for a high ambient
rne _form (internal struc_turlnggmerges as _thm_eChamsmhrOngh temperature, and shows the construction of almost equidistant
which the system achieves its global objective.

Jal ventilation channels with a characteristic spacing. Indicated
We are now at that |ate moment in time When we |00k at natur&:e also the heat transfer from the swarm (arrows)‘ areas of

Natural systems also develop internal spacings. Bees control Htive metabolism (crosses), areas of resting metabolism
hot-spot temperatures in their swarm by opening nearly parall@bts), and local approximate temperature.
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cannot be made at infinitesimally small scales throughgube-
cause thek, paths must be of finite length so that they can be
interconnected to channel the total heat curfgito the heat-sink
point. There is only one option, namely:

(i) to optimize the allocation of conductive path to one sub-
system(volume elementat a time; and

(i) to optimize the manner in which the volume elements are
assembled and thek;, paths are connected.

The result developed if42]) is purely geometric: Any finite-
size portion of the heat generating volume can have its shape
optimized such that its overall thermal resistance is minimal. Op-
timized volume elements are then assembled into a larger volume
the shape of which is also optimized. This assembly and geomet-
ric optimization sequence is repeated in steps, from the smallest
volume element to the largest assembly, until the given volume is
covered. One of the features of the structure that emerges—a
byproduct of the construction—is a network kf paths that is
shaped as a tree. All the features of the structure of kigek()
composite material that covers the volume, and all the features of
the associate tree &f, paths are the result of a purely theoretical,
deterministic process guided by a single principle.

The simplest example of shape optimization is provided by the
two-dimensional volume element represented by the rectangle
HoXLg in Fig. 5. The aredHyX L, is fixed but its shape may
vary. The amount ok, material allocated tdioL is fixed, and is
represented by the volume fracti@h=D,/Hy, which is a ma-
terials or manufacturing constraint. The heat curremfy (
=q"HgLoW) generated by this volume element is collected by a
blade Og,L,) of high-conductivity material, and taken out of the
volume through the poiri¥l,. The rest of théd,X Ly boundary is
adiabatic, andV is the dimension perpendicular to the plardg
X Lg. The volumetric heat generation rat€ is uniform. The hot
spot occurs at the poif, which is the farthest from the heat sink

. . . . Mo. Since the heat currenf, is fixed, the minimization of the
shrinking solids(Fig. 4). The spacing between cracks has begfermg| resistance of the volume element is equivalent to the

deduced on the same basis of constrained maximization of globahimization of the peak excess temperature—the temperature
conductance[41]). drop (AT,) from P to M.

Whenk, /k,< ¢o<<1, the conduction through the material is
practically parallel toy, while the conduction through the ma-
Flow terial is along thex-axis. In this limit,AT, or the volume-to-point

In Figs. 2—4 the flow of heat was from a fixed volume to dhermal resistanc&T,/(q"HgL,), is the sum of two contribu-
stream that flows through the volume. In particular, Fig. 2 is retions, one fok, conduction from the corneiLg,H/2) to (L,0),
evant to the optimization of the internal structure of electronignd the other fok, conduction from [,0) to the origin(0,0)
assemblies. In such systems the objective is to install a maximui42]):
amount of electronicé.e., heat generation rata a given volume
such that the maximum temperature does not exceed a certain

Fig. 4 Patterns of cracks on the ground

Distribution of Channels (Streams) for Volume-Point

AT 1 H k L
0 0 0 0 (12)

= X X
level. The technological frontier is being pushed toward smaller q"HolLo/ky 8 Lo  2¢ok, Ho

package dimensions. There comes a point where miniaturizatippig quantity can be minimizegeometrically, that is, by varying

makes convection cooling impractical, because the cooling chafe shape of the system. The derivation of shape from principle is
nels would take too much space. The only option left is to chann@|,strated in color in Fig. 6. The optimal shape is

the generated heat by conduction, along pdthserts)of very
high thermal conductivity k). (m) _2( ko/kp) 112
Lo opt .

Conduction paths too take space: Designs with fewer and (13)

smaller paths are better suited for the miniaturization evolution.
The fundamental problem is how to connect an entire volume with
one point(the heat sink), cf. the formulation given {f42]):

o

“Consider a finite-size volume in which heat is being gener-
ated at every point, and which is cooled through a small YT
patch(heat sink)located on its boundary. A finite amount of
high-conductivity k,) material is available. Determine the
optimal distribution ofk, material through the given volume
such that the highest temperature is minimized.”

The purpose of any portion of the conducting pkthis to be
“in touch” with the material that generates heat volumetrically.
This material fills the volume\(), and its thermal conductivity is
low (ko). The optimal-access problem reduces to the geometfify. 5 Elemental volume with uniform volumetric heat genera-
problem of allocating conducting path length to volumekgf tion rate and high-conductivity insert along its axis of symme-
material, or vice versa. A key observation is this: The allocationy ([42])
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Fig. 7 The first construct: a large number of elemental vol-
umes connected to a central high-conductivity path ([42))

artist. Again, every single geometric feature of the cooling scheme
shown in Fig. 9 is the result of analysis. The fact that at higher
orders of assembly the optimized high-conductivity paths exhibit
the “bifurcated” (dichotomous}tructure of natural tree networks

is also a result, i.e., not an assumption. At no time did the designer
borrow from nature.

The geometrically optimal construction started in Figs. 5—9 can
be continued to a higher order of assembly, until the structured
composite Ko ,kp) covers the given space. One interesting feature
in this limit is that the construction settles into a recurring pattern
of pairing (or bifurcation, from the reverse point of vigwin
which the integer 2 is a result of geometric optimization. For
example, Fig. 10 shows this pairing and size doubling pattern. If
the shaded corner of Fig. 10 is one of the optimized fourth con-
structs of Fig. 9, then the large square domain of Fig. 10 repre-
sents the optimized eighth construct. All the fibers that are visible
in Fig. 10 have the same conductivitly,). The geometric param-
eters, volume fractions occupied by high-conductivity material
(¢i), and the global resistance of each construct, are reported
analytically in tabular form in[2,42]).

Fig. 6 How optimal shape is derived from the minimization of
global resistance between a volume and one point. Three com-

peting designs are shown. The volume and the heat generation From Principle to Tree-Shaped Flow

rate are fixed. Variable is the aspect ratio of the rectangular . Lo

domain. The resistance is proportional to the peak temperature We saw that the geometric optimization of flow access between
difference, which is measured between the hot spots (red) and @ volume and one point takes us to the geometric structure called
the heat sink (blue). The middle shape minimizes the areas cov- “tree.” This geometric pattern and method of deduction bring
ered by red, and has the smallest volume-point resistance. under the same deterministic umbrella a wide variety of natural

phenomena, the “tree” structure which so far has been assumed
to lie beyond the powers of determinism. The examples are liter-
The same geometric optimization principle applies at largally everywhere: trees, roots, leaves, river deltas, river basins,
scales. The next larger volume is an assembly—a construct—ightning, streets, and the pulmonary, nervous and vascular
optimized elemental volumes. Figure 7 was drawn intentionally 8ystems.
look like Fig. 5, so that we may see at a glance that the optimi- The method has technological and theoretical implications:
zation of theH ;X L, shape is the same problem as the optimiza- Technologically, it is possible to construct in a few simple geo-
tion of theHy X L, shape. In place of the low conductivity, this metric steps a near-optimal network for channeling a current that
time we have the effective conductivity;=k,Do/Ho=K,¢o. is generated volumetrically. This finding is important in practice:
When the total volume ok, material contained by the first con-If the designer were to start with the given voluie he or she
struct is fixed, in addition to an optimal shape,(/L,) there is an would have to guesgpostulate)an existing network, and then
optimal way to allocate thé, material, i.e., an optimal ratio optimize(numerically and random)ya prohibitively large number
D,/Dy. of parameters, as is done currently in the numerical simulations of
At the second-construct level the optimal external aspect rativer drainage basins and vascularized tiss(i44,45]).
is H,/L,=2, as in the examples shown in Fig. 8. This figure is Theoretically, it means that at the basis of the tree architecture
discussed in more detail in the section on More Degrees of Fre#-many animate and inanimate systems rests one design prin-
dom. For example, on the left side of Fig. 8 there are only twaiple: the volume-constrained minimization of the global resis-
first constructs assembled into the second construct, and each faate to flow between one point and a finite volutaa infinite
construct has eight elemental volumesee the black & white number of points). Reliance on such a universal design principle
diagram on top of the color plateThere are also optimal ratios of makes the tree network structure—its main features—predictable,
thicknesses), /Dy andD, /D, whereD, is the thickness of the contrary to the prevailing doctrine.
central(thickest) high-conductivity insert. To appreciate how much is new in this geometric construction,
Numerical optimizations of the elemental system, first construittis important to note that one portion of the network pattern
and second construct are exhibited(ia3]) for the more general (namely, the portion formed by the higher-order assemblies, Fig.
case where the assumptiokis/k,< ¢o<1 are not made. 10) is not new. It was first proposed in physiology as a three-
In Fig. 9 we see the optimized fourth construct and its distribwtimensional “heuristic model” for the vascular systeff#6]),
tion of k, material. The square shape of this assembly is an “op¢here it was known empirically that each tube is followed by
timization result,” not an arbitrary choice made by the graphitwo smaller tubes, i.e., each tube undergoes bifurcation. It was
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4) (49D

n;

300, n,=8; left side, n,=2; right side,

0.1, k,p/ko=
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Fig. 8 The internal and external geometry of a second construct optimized numerically
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Fig. 9 The optimized fourth construct  ([42])
Fig. 10 The optimized eighth construct  ([42])

also known that the tube diameter must decrease by a constant
factor (273 during each bifurcation: This result had been de-
rived based on flow resistance minimizati¢@7]) coupled with
the assumption that each tube is continued by “two” tulese
also the section Tree of Convective Heat Currerifbe descrip- More Degrees-of-Freedom

tion of these geometric constructions was made popular throughThe heat trees of Figs. 8—10 do not look entirely “natural.”
the advent of fractal geometry: In fact, a two-dimensional versichhis is due to the simplifying assumptions on which their deriva-
of Cohn’s[46] branching fluid network was presented withoution was based. For example, the high-conductivity inserts were
theory in the book of Mandelbrd#8], where it is proposed heu- always drawn with constant thickness and perpendicular to their
ristically as a “model of the lung.” tributaries. These features served their purpose. They kept the

Fig. 11 Optimal shapes of elemental volumes with spacings at the tips of the high-conductivity channels:
the effect of varying k=k,/kq and ¢o=Dy/H, ([49])
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o Table 1 The effect of increasing the number of first constructs ~
’l\ B A (n,) in the optimized second construct when ¢$,=0.1 and k
=300 ([43])

0.15—— | Figure nz (Tmax_Tmin)minkO/(quZ) (HZ/LZ)é/pZt

IS 13(a) 2 0.0379 1.412
: 13(b) 4 0.0354 1.375
. ] 13(c) 6 0.0374 1.360

—>
.

i
a

changes. The optimal inclination is similar to that of tributaries in
013 . " nature: Pine needles, rivulets and bronchial ramifications point
. n away from the root of the tree.
1 Figure 12 also shows that the volume-to-point resistance of the
0.124— ——— construct,T min=[(Tmax— Tmin Ko /9" A1 lmin» decreases only margin-
0° 5° 10° ally (by 5.8 percentgas the anglexr changes from the perpendicu-
o lar position (@=0deg) to the optimal positiona(=4deg). The
optimized tip spacings of Fig. 11 produce reductions of 20 percent
Fig. 12 The optimization of the angle of confluence between in the global elemental resistance.
tributaries and their common stem in a first construct (¢ These relatively unimportant improvements tell a very impor-
=0.1, k=50, n;=4) ([43]) tant story: The tree design isbustwith respect to various modi-
fications in its internal structure. This means that the global per-
formance of the system is relatively insensitive to changes in
some of the internal geometric details. Trees that are not identical
number of geometric degrees-of-freedom to a minimum, and fave nearly identical performance, and nearly identical macro-
this way they made possible the closed-form presentation of teopic features such as the external shape.
geometric optimization. The robustness of the tree design sheds light on why natural
Constructal trees look more and more natural if their freedom teee flows are never identical geometrically. They do not have to
provide easier access to their internal currents is expanded. In Be€ if the maximization of global performance is their guiding
elemental system of Fig. 5 it was assumed thatkhechannel principle. The ways in which the details of natural trees may differ
stretches all the way across the volume. When this assumptiorrism case to case are without number because, unlike in the con-
not made, we find numerically that there is an optimal spacingructions presented in this paper, the number of degrees-of-
between the tip of thé, channel and the adiabatic boundary ofreedom of the emerging form is not constrained. Local details
the elemental volum¢49]). Figure 11 shows five cases of opti-differ from case to case because of unknown and unpredictable
mized elemental volumes with spacings at the tips, i.e., With |ocal features such as the heterogeneity of the natural flow me-
material all around the tips of thie, blades. This figure also dium, and the history and lack of uniformity of the volumetric
shows how the optimized elemental volume—the smallest builgow rate that is distributed over the system. Marvelous illustra-
ing block of the constructal design—changes as the proportionst@ins of this element of “chance” are provided by seemingly
the composite material change: The elemental shape becomgsgular river drainage basins all over the world. The point is that
more slender as eithéi(=k p/Ko) or ¢po(=Dg/Hp) increases.  the global performance and structuiteee) are predictable, and
When the angle formed between each tnbutary channel andtit® principle that takes the system to this level of performance is
central stem is allowed to vary, numerical calculations of the twaleterministic.
dimensional heterogeneous conduction field show that there existRobustness continues to impress as we increase the number of
an optimal angle for minimal volume-to-point resistance at thgegrees-of-freedom of the geometric design. In Fig. 13 we see the
construct level[43]). This effect is illustrated for a first constructresults of a fully numerical optimization of the second construct
in Figs. 12, where, for simplicity, it was assumed that all theith perpendicular and constant-thickness inseBg,D,,D5),
tributaries are tilted at the santeariable)angle. The position of where all the other geometric parameters were allowed to vary—
the hot spots moves along the top and bottom sides as the anpkeaspect ratios of all the rectangles, large and small, the number
of elemental volumes in each first construet), and the number
of first constructs in each second construagt)( The three de-
signs shown in Fig. 13 have been optimized with respect to all the

n,=2 n,= n,= free parameters except,, and they have been drawn to scale
[N1,0p=8, (D1/Dg)op=5, (D2/Dg) =10]. The figure shows visu-
I ally the effect of fine-tuning the number of first constructs incor-
porated in the second construciy.
| The same effect is documented numerically in Table 1. The size

of the second construcA¢=H,L,) is fixed. The cold spotT,,)

| - is at the root of the tree, and the two hot spots are in the farthest
* H—_ (left-side) corners. The aspect ratld, /L, refers to the vertical/

horizontal external dimensions of the largest rectangle. The best

second construct is the one with=4; however, the neighboring

l designs 0,=2,6) perform nearly as well. The global resistances
I of designga), (b) and(c) agree within seven percent even though
their internal structures are markedly different. Their optimized

external shapes are also nearly the same. The case of F&. 13
was optimized further in Fig. 8, by allowing spacingg mate-
rial) all around the tips of the elementaD §) inserts([4§]). In

(a) ®) ©

Fig. 13 The second construct optimized for minimum resis-

tance in steady volume-point flow, and the effect of changing Fig. 8 the dimensionless temperature is defined Tas(T
the number of first constructs,  n,; see also Table 1 ([43]) —Thinko/(q"Ay).
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ny= 2 4 6
A o =136 1.34 1.36
. min =0.0774 0.072 0.072

Fig. 14 The second construct optimized for minimum time of discharge from
a volume to one point, and the effect of changing the number of first con-

structs, n, (¢,=0.1, k=300, D,/Dy=5, D,/ D,=10) ([50])

Once again, the global optimization principle leads us to vei@ompared are three optimized constructs of the second kind, for
robust (invariant) features such as the global performance levevhich we minimized the cooldown time by varying all the geo-
and the external shape of the construct. Surprisingly, we will ametric features except,. The optimized structures are drawn to
rive at the same conclusions via a completely different optimizaeale. Listed under each drawing are the assumed number of first
tion in Fig. 14. Changes in the internal tree structure, such asenstructs in the structurenf), the optimized external shape
overgrowth and surgergaddir)g_or cutting branchg$as almost |:|2,op1=(H2/|-2)(1):32t. and the minimized dimensionless cooldown
no effect on the globally optimized features. time, T¢. min=te.min @/A2, Whereay is the thermal diffusivity of the

. . . ko, material. The three designs have practically the same global
Time-Dependent Discharge From Volume to Point performance ;) and external shape. Their robustness and in-

In Figs. 5—-13 we saw how the tree structure is derived froternal details support in every respect the conclusions reached on
principle (minimum global resistance, size constraintghen the the basis of maximizing global performance in steady flow be-
flow is steadyfrom volume to point, or point to volume. Practi-tween a volume and one poiftig. 13).
cally the same structure is deduced when the objective is to mini-The volume-point discharge optimization shows clearly why
mize the time of discharge of a volume to a sink, as in lightninghe principle recognized in this work is new on the currently ac-
exhaling, and river basin construction after a sudden downpogepted background. The approach to equilibrium, the direction of
The maximized performance in steady flow is the same as ttime, or the difference between before and after, is the domain
minimization of the time of approach to equilibrium: The mechasovered by the second law of thermodynamics. The objective and
nism that allows the system to reach this objectivihésconstruc- constraints(constructal)principle invoked in this work accounts
tion of optimal flow shape and structure for an equally important part of nature, that is, of everything: The

We demonstrated the construction of the tree for volume-pointechanism for reaching equilibrium faster is the construction of
discharge by minimizing geometrically the cooldown time of amacroscopic flow architecture, i.e., the generation of geometric
initially isothermal conducting solidk,, without heat genera- form.
tion), which is placed suddenly in contact with a boundary sink
point (T ;) [50]. With reference to the elemental volume of FigMore Efficient Structures Look More “Natural”

5 this new problem means thgt’=0, and at the tim&=0 the
entire Ag=HgL, rectangle is at the temperatufe. The energy
stored in this volume flows out through the origin. All the tem
peratures decrease, however, the slowest to do so are the in
taneous hot spot§T,.{t)] located in the farthest corner
=Lg, y=*tH/2). The effective cooldown timg, is defined as
the time when the highest temperature has reached within
percent its finalequilibrium) level,

An interesting trend becomes visible as we continue to relax the
geometric optimization, and increase the number of degrees-of-
freedom optimized at every volume scale. This work was illus-
Stefted in Figs. 11-13. The ultimate move in this direction is to
abandon the assumption that the elemental volumes are rectangu-
lar ([51,52]). We illustrate this by reviewing chronologically the
Eblution of the elemental-volume design with volumetric heat
generation. This is shown in Fig. 15, where each design is optimal

Tmate) = Timin and drawn to scale. The total volume, the volume fractigig (
T o7 ® (14)  =0.04) occupied by the high-conductivity materialack), and
oo the ratio of thermal conductivitieskf /ko=k=575) are the same
where e=0.1. The cooldown time has a sharp minimum withn each design.
respect to the rectangle shagg/L,. Numerical minimization of  The earliest desig(Fig. 15(a))was the simplest, and the rough-
tc in the range 0.03%,=<0.3 and 3<k=<300 showed that the est. The elemental volume was assumed to be rectangular, and the
optimal elemental shape is given by the same formula ag18y. long k, insert was assumed to have uniform thickné3g, The
in which the factor 2 is replaced by 2.11—not a significanthermal resistance is minimum when the large rectangle has a
difference. certain shape—an optimal slenderness ratio. The hot spots are

That the optimized structure in volume-point discharge is theoncentrated in the two corner3 ) that are situated the far-

same as in volume-point steady flow is stressed further by Fig. THest relative to the heat sink. See also Figs. 5 and 6.
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Fig. 15 Evolution of the optimized elemental-volume design for minimum flow resistance be-
tween a volume and one point  ([52]). The numbers in the right column indicate the global
volume-point resistance as a multiple of the resistance of design (d).

The resistance of the optimized elemental rectangle was lodegrees-of-freedom optimized are the aspect ratio of the outer
ered by six percent after abandoning the consianfeature, and triangle and the shape of the high conductivity inseBg€x).
optimizing the profile of thek, channel. In the design shown inThe resistance of design) exceeds by only six percent the resis-
Fig. 15(b), two degrees-of-freedom were optimized: the slendaance of desigrid).
ness ratio of the rectangle, and the shape function of the high-In the triangle-in-triangle structure, the formation of continuous
conductivity bladePy~x*?, wherex is measured away from the hot-spot lines has its origin in the optimization of the aspect ratio
thin end([43]). The hot spots continue to reside in two points—ef the external triangle. When the external triangle is too slender,
the two most distant cornerg .- the hot spot is concentrated in one point: the sharp tip of the

A more substantial reduction in volume-point resistance is regiangle. In the opposite extreme, the hot spots are located in the
istered when the hot spots are distributed continuously over amo corners on the side with the heat sink. The optimal slender-
optimally curved portion of the boundaffig. 15(d)). The design ness is in between, when the hot spot “jumps” from the tip of the
is said to have “constant resistance” because the temperattiangle to the two base corners. At that moment the hot spot
difference between each boundary poifit,g,) and the common traces withT .. the two long sides of the triangle, and the design
heat sink T,,) is constant[51]). Three degrees-of-freedom wereacquires its constant resistance.
optimized: the outer shap&ig~x®®), the slenderness ratio of the Viewed in ensemble, Fig. 15 shows that the performance im-
outer shape, and the shape of Kyeinsert Do~x"9). The global proves at every step, frofa) to (d), and the improvement ranges
resistance of desigid) is only two thirds of the resistance of from the significant to the marginal. When these elemental de-
design @), and 71 percent of the resistance of dedigh signs are assembled into larger constructs, they cover the inner-

Figure 15(c)shows a triangle-in-triangle approximation of themost scales of the tree structure. Designs based on elerf@nts
most polished desigfd). This approximation is also a constant-and(d) cover their allotted spaceacompletely.
resistance design with continuous hot-spot lin@g,{), but the Figure 16 shows the optimized first construct that results from
external triangular shape is assumed, not optimized. The twsing the best elemen(Big. 15(d)). The optimal shape of the area
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new interest in a piece of classical work that, from today’s point
of view, looks even more important. The maximization of heat
transfer ratgor Nusselt numberin Benard convection was a hy-
pothesis introduced by Malkys4]and used in several studies of
convection in pure fluids and fluid-saturated porous media. It was
1 related by Glansdorff and Prigogifg5]to a principle of entropy
eyl generation minimization subject to imposed boundary conditions.
e Constructal theory([53]) develops the connection between con-
s ductance maximization and the optimization of geometric shape
/ of a single finite-size flow element. In this way Malkus’ hypoth-
90 esis becomes part of a more direct and transparent theory of geo-
metrical shape and pattern formation in nature. Constructal theory
NN brings many of the advances made by others in the past under the
NN same determinstic umbrell@l]).
Second constructs can be perfected in a similar way, for opti-
~\ mal external shape of the occupied territory, and for optimal shape
of the new centralk, blade of thicknessD, ([51]). Similar
progress can be made in three dimensi®62]). At the elemental
volume level, we begin with a body of revolution with unknown
diameter variationiy(x), and unknown diameter functiddg(x)
for the high-conductivity fiber. The total volume/g) and the
volume of high-conductivity materialf,V,) are constrained. The
optimal shapes compatible with the presence of hot spbig,)
all over the external surface of revolution afg~x andDy~x.
This cone-in-cone design emerges as the configuration for con-
‘ _ . } stant resistance at the elemental level. The cones become more
allocated to the construct is ?UCh that the vertical dimenstd)) (- slender as the produkth, increases. The optimized first construct
of the structure increases &>, wherex increases away from the exhibits H,~x2 and D,~x, which means that the centrfl,
left end. The optimal thl?knesai)_(l) of the central bladéhorizon-  fier is a cone. The shape of the volume inhabited by the first
tal, black)increases as". In this design the volume fraction of construct is relatively robustnvariant), almost hemispherical.
kp-material in the elemental volumeg¢) and the volume frac-  The flow structures reviewed in this section break new ground
tion averaged over the entire first construgy) satisfy the opti- o several fronts. First, their performance is superior to that of
mized proportionge=(1/2)¢; . . _ _previously optimized paths for minimum resistance to flow be-

The right side of Fig. 16 shows that the isosceles triangle iifyeen a volume and one point. By allowing the external shape of
scribed in the optimized first construct has a 90 deg tip anglgy. fiyed-size domain to serve as a degree-of-freedom, in addition
Unlike the slendemess of the elemental rectangles and triangl§Sye internal structure of the high-conductivity path, it is pos-
(Fig. 15), which decreases wilti, this tip angle is an invariant: gjhje o optimize both the shape and structure to generate designs
it is independent ok¢; . ) ) that maintain a constant resistance between every peripheral point

The increased internal complexity of the first construct has tf(qmax) and the heat sinkT,;,). The architectures that emerge are
effect of decreasing dramatically the resistance in volume-to-pojlore efficient, and look more like the tree structures found in
flo_w. The global_re5|stances of the optimized elemental V°'“”?%ture(leaves, branches, snowflakes, pine cones
(Fig. 15(d))and first construcFig. 16)are The second new aspect is that the theoretical constant-

Toac Trin 1 resistance structures are fractals. T_h_ey do not fill t_heir aII_ott_ed
= (15) space completely because the addition of geometrically similar
a"Aolko  3(kepg)'? elemental volumes can, in principle, be continued indefinitely to-
ward the tips of the first constructs.g., Fig. 16). These structures
Tmax™ Tmin 8 represent a theoretical limit. They are not real because they cannot
q" A, ko - oo be built or seen. (_)nly the approximate, _Eucliqlia_m structures gen-
1 erated using a finite number of elemeqisth a finite-size small-
whereA; andA; are the actual areas covered lgymaterial and est elementgan be built and seef2,56]).
uniform heat generationq(”) in the two figures. Comparing the Furthermore, the continuous hot-spot surfaces of the constant-
two resistances on an equal basis, namals A; and ¢o= ¢, resistance constructs must be both isothernTgl,f) and adia-
= ¢, we see that the first-construct resistance is smaller as soorbatic. The interstitial spaces that are left uncovered by the struc-
the producik¢ exceeds 64/9. This marks thensition from one ture would have to be completely inactive. Then, the uncovered
configuration(elemental)to a more complex onéirst construct) spaces would be filled with useless material—zero heat generation
in the pursuit of better access for the volume-point current. As thigte and zero conductivity. It just does not make sense to work so
productk ¢ increases above 64/9, the first-construct configuratidr@rd on maximizing the use of the volume fraction occupied by
becomes a considerably more effective path for the current, whifee dendritic heat-generating structure, when the uncovered vol-
its elemental volumes become more slender and numerous. ume is not used at all.

Other transition phenomena, all the laminar-turbulent transi- The constant-resistance structure—the fact that this geometric
tions, Rayleigh-Beard convection, and dendrites in solidificatiorform represents the ultimate with respect to minimizing volume-
have been predicted based on the same principle of flow accpsint resistance—lends credence to the thesis that as natural struc-
maximization([1]). In particular, the optimization of access fortures evolve toward better performance in time, they also acquire
heat currents in Rayleigh-Bard convection([53]) leads analyti- shapes that look closer to fractal ones. The classical fractal ap-
cally to predicting the onset of transition and the entire-NR&® proach postulates a priori self-similarity, that is, scale invariance
curve, with the exponent decreasing as Ra increases. This thesf the geometry of the objects, of “invariance in the zoom direc-
oretical progress is made not only for convection in fluids but algd®n.” Constructal theory establishes instead relations between
for convection in porous media. These developments should miccessive scalgSscale covariance,” not invariangeas a “de-

Fig. 16 Optimal external and internal features of the first con-
struct with constant thermal resistance ([51)

(16)

Journal of Heat Transfer AUGUST 2000, Vol. 122 / 441

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



terministic result” of constrained optimizatiaip57]). The quotes Constructal theory is about the geometry-generating principle en-
indicate concepts introduced by Nott4E8], who wrote: visioned by Nottale.

“One of the possible ways to understand fractals would be to Physicists, biologists, and enginet_ars have a joint interest in the
look at the fractal behavior as the result of an optimizatiofPnstructal-theory and constant-resistance concepts. These meth-
process . . .Such a combination may confi®m a process ods provide(i) direct routes to resistance minimization by design,

of optimization under constraint, or more generally of optimifii) rational _(_e_xplanation§ for_ the occurrence of row_structures in
zation of several quantities sometimes apparently contradictd??ture‘ andiii) a deterministic basis for the repeatability, regular-
(for example) maximizing surface while minimizing vol- 1y, e_md_ b_eauty of all such structures, natur_a_l_and man made.
ume ... " Itis flttlng that we end thls_ section on p_omh), which is also _
made in the upper part of Fig. 17. This figure shows the design
that the engineer would produce by covering a larger volume with
four second-construct structures of the type optimized in the se-
quence represented by Figs.(dpband 16. The heat current inte-
grated over the four quadrants of the large square domain is led by
the diagonalD, channels to the center of the cross, which is
cooled by a sufficiently strong stream that flows perpendicularly
to Fig. 17. The lower part of the figure shows the streaklines and
the pattern of high-permeability channels developed numerically,
in time, based on a fully deterministic erosion model of a river
drainage basin[59]). Rain falls on every point of the square
low-permeability domain, and is driven by pressure differences
toward the central sink. The domain is made ofxHll square
grains. At every time step, certain grains were selected and re-
moved(washed downstreanibased on the same constructal prin-
ciple: the minimization of the global volume-point resistance sub-
ject to constraints. The river basin grows and marbleizes itself into
nearly square territories that are served by central main streams.
The similarities (origin and image)between this unexpected
structure(Fig. 17, bottom)and the designed versidRig. 17, top)
are worth contemplating. They reinforce a familiar view, which is
new when seen from the reverse. Familiar is the empirical view
that the more we look at natural systems the more we find that
they operate most efficiently. The reverse is the theoretical direc-
tion of this work: The more we invoke the constructal law the
more we discover that the deduced designs—our own drawings—
look more and more “natural.” The constructal principle works,
in the inanimate, the animate, and the engineered.

Trees of Fins

In this section we turn our attention to the more complex con-
figurations where the flow of heat between a finite volume and
one point is aided by the flow of a fluid. The resulting structures
are trees in which convection plays an important role, but not the
complete role. In every elemental volume convection is intimately
coupled with pure conduction, in a phenomenon of conjugate heat
transfer. The key to developing the optimal flow architecture,
from the smallest elemental volumes to larger and larger con-
structs, is to find this optimal coupling, or optimal balance be-
tween convection and conduction.

Convective flow architectures are of two types, depending on
which portions of the structure are reserved for convection. In the
first type the interstices are occupied by solid that generates heat
at every point, and conducts the heat by diffusion in the manner of
the ko, material analyzed in Fig. 5. Convection is located in the
branches of a tree formed by ducts filled with flowing fluid. The
ramifications of two trees of this type visit each elemental volume.
One tree delivers cold fluid to each element. The other tree col-
lects the fluid heated by the element, and reconstitutes it into a
single stream that eventually leaves the volufi&®]).

The circulatory system performs its mass transfer function and
secondary heat transfer function by using a convective double-tree
structure of the first typésee the section on Trees for Convective
Heat Currents). In the respiratory system the two flow trees are
superimposed, as they rely on the same network of bronchial
tubes, one tree during inhaling, and the other during exhaling.

Fig. 17 The top drawing shows the third construct containing
four constant-resistance second constructs or eight first con-

structs, cf. Fig. 16 ([51]). The bottom figure is the river drainage Engineering applications of trees of convective channels abound
basin generated by a deterministic erosion model based on in the cooling of virtually every enclosed electrical heat-
global flow resistance minimization  ([59]). generating system, e.g., windings of electrical machines, comput-
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Fig. 18 (a) The volume AW that serves as convective heat sink for the concen-
trated heat current g, and (b) the smallest volume element defined by a single
plate fin ([64])

ers, and electrical and electronic packages of many types amalling edge of each plate fifsee the section on Distribution of
sizes. All must be cooled at every point, using forced or natursfoid Space for Flow ChannelsConversely, the spacing is opti-
convection. mal when the time of fluid travel along/ matches the thermal
In the convective tree of the second type the spaces occupieddiffusion time across th®, channel. This feature is illustrated in
conduction and convection are reversed. Convection is in the Fig. 18(c). The optimal spacingHp—Do~H,) is determined
terstices, and is coupled with pure conduction in solid parts, whictmiquely by the lengtiwW and the pressure differenceP main-
form trees. Every interstitial space serves as sink or source for tlaned across the swept volume, cf. Etjl),
current that passes through the root of the tree. Numerous appli-
cations for this flow structure are found in the design of heat 0 pa \V4
transfer-enhanced surfaces for heat exchangers, and for cooling WEZ?H\]\,”“:Z.?(W) . (18)
small scale electronics. In the latter, the tree structures are better

known as fin trees and fin bush¢§1,62]). o )
Let us review the constructal fin-tree problem statement, thiscan be shown that the minimized thermal resistance that corre-

time with reference to the general geometry sketched in Fig. 130Nds to this spacing is also characterized by an average heat
We consider the two-dimensional volume of frontal areand transfer coefficient that is given approximately §$3])
fixed lengthw, whereéW is aligned with the free strean(, ,T..). ) s
The problem consists of distributing optimally through this vol- h=0 555 WSAP
ume a fixed amount of high-conductivit;kr() material, which 0= "W
takes heat from one spot on the boundary and discharges it
throughout the volume. We may think of the boundary gpadt) Herek is the thermal conductivity of the fluid. The factaiP that
as the external surface of an electronic module that must RBpears in Eq(19) refers to the pressure difference that is main-
cooled. In this case the volum@WV is the space that is allocatedtained in thew direction (e.g., by a fan), wheréiyx L, is the
for the purpose of cooling the module by forced convection. Thigoss section of one duct. If tHéy-wide channel is open to one
volume constitutes a global constraint. side (the side that would connect the tips of two successive,fins
As in the pure-conduction applications of the constructgnd if the entire assembly is immersed in a stream of velddity
method(Fig. 5), we start the space filling optimization sequencgen Eqs.(18) and (19) are adequate iAP is replaced by the
from the smallest finite-size scale. The smallest systi “el- 4 namic pressure associated with the free strelRes pU2/2.
emental system” in constructal terminologgonsists of a to- “\yg now proceed toward larger scales by recognizing that at the
dimensional volumédoL oW, in which there is only one blade of o menta) level théng and Hy values are two known constants.
k, material(Fig. 18(b)). The thickness of this bladel . Heatis o eyt yolume is the first assembly of constant frontal area
transfer_red from one boundary spdY,, at the root of the finio H,L,=A,, which is shown in Fig. 19. The shape of this volume
the entire elgmeptal volume. If we .n.egle'ct the. heat tran;fgﬁl/Ll) is free to vary. The assembly is defined by a central
through the fin tip, and use the unidirectional fin conductiog|yqe of thicknes®,, which is connected to all the elemental
model ([63]) the elemental heat current is volumes that are needed to fill t#s,W volume. TheD, blade
o 2hg | 2 connects thg roots of all tHe, fjns. When the nqmber of eIemen-
TooToW D ) Lol 17) tal volume_s |n_th|§ a;sembly is Iarge,_the cooling effect provided
o I p=o0 by theDy fins is distributed almost uniformly along tii, stem.
Unlike in Fig. 5, where it was possible to optimize the shape df this limit the D, stem performs as a fin immersed in a convec-
the elemental volume, in the present problem the thickness of tfiMe medium with constant heat transfer coefficient. The effective
elemental volume Hy) is fixed because it is the same as théeat transfer coefficient of this mediurh,( can be deduced from
optimal spacing between two successivgthick plate fins. The Eq.(17) by noting that eaclq, current flows out of thé; blade
spacing is optimal when the laminar boundary layers that develtpough an area of sizelgW. In other words, we combiné;
over the swept lengthW became thick enough to touch at the=qq/[HW(Tq—T.,)] with Eq. (17) andL,=H,/2, and obtain

(19)

=(2kaoh0)1’2tam{
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These were developed by maximizing the global conductance
(21). Associated results are the number of elemental fips &énd
the twice-maximized conductance.

In Fig. 20 we see the evolution of the twice-optimized geom-
etry of the first assembly, while the size paramétgincreases at
constant volume fraction of fin materiafbg =1000). In other
words, the amount of fin material increases in proportion to the
volume occupied by the fin tree. The drawing was made by as-
suming that¢,=0.1, or®,;=10%¢,. Each frame was drawn to
scale, to show the growth of the volume occupied by the assem-
bly. The role of unit length is played by the thickness of the
elemental volumeH), which is constant. The exhibited struc-
tures were selected to correspond to even valueg ofThe cor-
responding values of the assembly sfzgare also listed.

Two invariant features of the fin trees of Fig. 20 are worth
noting. The overall shape of the volume occupied by the assembly
does not change much as the volume size increases. Another fea-
ture is the thickness of the elemental fidy o, which in Fig. 20
does not vary from frame to frame.

Future work may address various improvements and refine-
ments of the classical fin conduction model that was used in set-
ting up the present analysis and optimization. For example, the
effects of temperature-dependent thermal conductivity, radiative
heat transfer, and spatially varying heat transfer coefficient can be
incorporated at the elemental level, while paying a penalty
through the increased complexity of the analysis, and the need for
2h, )MHﬁ numerical work even at the elemental level. Equatit8) will

| Ly

Fig. 19 First construct consisting of a large number of el-
emental one-fin volumes ([64])

hl—i(ZKPDoho)l’ztanl{ (20) most definitely be replaced by a numerical procedure in the re-
Ho kpDo 2 fined model. The performance of the second construct is described
The D, blade functions as a fin with insulated tip, therefore wélrther in ([64]), which also reports a fully numerical simulation
write cf. Eq.(17) and optimization of the first-construct configuration.
Trees of fins may also be pursued in simpler configurations.
41 2h; When there are only two elemental plate fins in the first construct,

(T,—T.)W koD the assembly has the shape of ar, when the elemental tips are

. - bent downward, the shape of “tau[62,65)).

Two constraints must be satisfied, the total volume, or frontal' - \qirctal trees of fins can also be developed in cylindrical
area @;=H,l,), and the frontal area of all the solidA(; yeometries. The first construct consists of a number of elemental
=D1L1+MDolo), or the volume fractionp; =A,1/A;. Alter-  Gircyar plate fins mounted on a cylindrical stef66]). Fluid is
natively, the cons;ralnts are represented by the dimensionlggieq to flow through the spaces between adjacent fins. Again,
numbersA;=A; /Hg and @, = ¢k, /(hoHo). there are two geometric features that can be optimized, the exter-

The geometry of the construct has two degrees-of-freedom. 4g| aspect ratio of the cylindrical construdiameter/length and
the numerical work detailed iff64]) the two optimized features the ratio between the elemental plate-fin thickness and the stem
were the external shapd,/L; and the internal ratid,/Dg. diameter.

Trees of fins will continue to attract interest as heat transfer
augmentation techniques in heat exchangers, e.g., the cooling of
electronics. More recently, similar structures have generated inter-
est in chemical engineerin@7]) and entropy generation minimi-
zation ([68,69]), where the analyses relied on concepts of fractal
geometry.

1/2

L. (2D

=(2ka1hl)1/2tanl'{

@, =1000
;=01

Trees for Fluid Flow

Analogous tree-shaped paths can be deduced for fluid flow be-
tween a volume and a point, or an area and a point. For brevity,
we omit the details because they are available in the literature
([2,59,70-72]). These constructs come on an impressive back-
ground of older descriptive work that covers several decades. Of
all the tree flows studied in the past, the trees for fluid flow have
been studied the most. Their features have been described quan-
titatively in surprisingly sharggreproducibleerms, notably in the

(A;=52) study of lungs, vascularized tissues, botanical trees, and rivers
IR ([46,73—80]). In recent years, these natural phenomena have been
By op =20 visualized on the computer by means of repetitive fracturing al-
(&, =200) gorithms, which had to be postulated. The origin of the phenom-
I ___L LLLLI1 ] LY enawas left to the “explanation” that the broken pie¢esbuild-
ny o =30 ing blocks from the reverse point of view of constructal theory
(A, =450) are the fruits of a nondeterministic process seff-optimization
and self-organization.
Fig. 20 The evolution of the optimized first construct of plate The analogy with the heat-current trees described in the preced-
fins as the total volume increases  ([64]) ing sections is based on the fact that a fluid flow may exist in more
444 | Vol. 122, AUGUST 2000 Transactions of the ASME
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(a) (b)

Fig. 21 Three-dimensional constructs for flow between a volume and one point: the doubling of
the outer dimension in going from the optimized third construct (a) to the optimized sixth con-
struct (b) ([2,70])

than one flow regime. In the heat flow example of Fig. 5 the twdlical pattern for each sequence of three construct sizes, provided
regimes were high-resistance conduction through most of the nthati=2. We return to this cyclical pattern in the closing para-
terial (ko), and low-resistance conduction through the insertgraph of this section.
(kp). The analogous regimes for pure fluid flow are viscous dif- Another feature of this architecture is that the outer linear di-
fusion and, respectively, streams. In flow through heterogeneaugnsion of the construct of ordeir{ 3) is the double of the outer
porous media the two regimes are Darcy flow and, respectivelfimension of the construct of ordéi). This factor of 2 increase
channel flow through fissures. also applies to the diameters of the largestlecting)ducts of the
The existence, structure, and transport capability of turbulewto constructs. Figure 21 illustrates the doubling of the size, from
flows can be reasoned from the same theoretical viewpoint. S@e third constructa) to the sixth constructb).
the first eddy and growth rate of turbulent shear laygts24]), The internal details do not double their sizes in going from
and the onset of Rayleigh-Bard convection and the entireconstruct(i) to construct {+3). In other words, constructi (
Nu-Ra curve in fluids and fluid-saturated porous mef5a3]). +3) is not the same as magnifying by a factor of 2 every feature
What we recognize as macroscopic structure is none other thgfrconstruct(i). The reason is that the fluid network constructed
the geometric arrangement of the spatial domain of one flow rgheoretically in this line of work has a definitéinite, known)
gime relative to(or through)the territory occupied by the other. beginning: the smallest scal&, or Dy) and the optimized first
The structure is not visible—it is not even an issue—when onbonstruct. The geometry and finite size of this beginning distin-
one flow regime is present. In such cases the lone regime is tgish the present theoretical construction from the algorithms
one with the highest resistance. Note that the volume-to-poiméed in fractal geometry. In the latter, the algorittfrom large to
flows of Figs. 5-16 could also be effected by molecular diffusiosmall) is repeated conceptuallgd infinitum ([48]), all the way
alone, namely, thermal diffusion through a single matekg)(or down to the scale of size zero. Because of the infinite series of
Darcy flow through a single porous medium with low permeabikteps, the fractals-generated image of a certain size could be ob-
ity. Such flows are disorganized microscopically, afthpeless tained in principle by magnifying an image of a smaller size. That
macroscopically. They become visible, as background, only wheoes not happen in any of the constructs derived from principle.
a second flow regime emergésreams, channels). The latter repThe inner cutoff, and the breakdown of the algorithm at small
resents organized motion, @iow with shape. enough scales are as important as any other geometric feature.
Figure 21 is a summary of the volume-to-point flow structure ifhe visible tregchannels)s not more important than the invisible
three dimensions, which is obtained by optimizing each volunflow through the interstitial spaces. The interstices, cutoffs and
element according to the constructal sequence. This figure maydpeallest(finite) size scales are as much a part of natural structures
viewed as a three-dimensional counterpart of Figs. 9 and 10. Tae the tree-connected channels. This is why the geometry of na-
volume is filled mostly with Darcy flow through a porous mediumure is not fractal.
of low permeabilityK. The flow is collected into streams guided In the spring of 1999, while teaching the interdisciplinary
by round tubes with Hagen-Poiseuille flow. The tube diametec®urse based on this materi@l]), we found that some of the
(Dy,Dy, ...), tube lengthgnot shown in Fig. 21), and dimen- features of the structure of Fig. 21 can be deduced much more
sions of each volume scal@lemental, first construct..) are succinctly by optimizing a plane construct consisting of a
results of the optimization principle, and are reported[70]). T-shaped junction(Fig. 22(a)). For simplicity, assume right
The elemental volume is the dark cube highlighted in FigaR1l angles and Hagen-Poiseuille flow with constant properties. Exten-
An important feature of this theoretical structure is that thgive numerical optimization work on constructal trees for conduc-
changes in dimensions settle into a pattern, but only after the ordiein heat transfe[43]) has shown that the optimization of the
of the volume construct becomes high enough. For example, thegle of confluence plays only a minor role in the overall resis-
optimized diameter factor settles Bf, , /D; =23 after the sec- tance of the construct.
ond construct. The factor for tube lengths, 1 /L; exhibits a cy- The streamm; encounters the flow resistance of tlp, ; tubes
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} i In the tree that was optimized step by step into three-
[m==—=—=-=- = dimensional parallelpipedic construdfsig. 21), the tube lengths

| T increase by factors in the cyclical sequence 2, 1, 1, 2, 1, 1.

| The average of this factor for one step ¥32therefore, the op-

I

I

|

e timization of the plane construct of Fig. @9 is a condensed
) bi summary of the optimized three-dimensional construct averaged
-— ' (@) over each three-step cycle. The averaged tree is laid out
. [ (stretched)in Fig. 22(b) so that we may see all the tubes and

i levels (i) of construction. The number of tubes at levek N;
=2'" and the total number of levels is Note that unlike in Fig.
21, in Fig. 22(b)the indexi proceeds from the largest to the
smallest tube, wherk,, andD,, are the fixed dimensions of the
elemental tube.

'
=U

Trees of Convective Heat Currents: Heat Loss Versus

by 4 Body Size
pof No=1 () Consider next the flow of heat from the roots to the edges of the
Ny < canopies of fluid trees such as Fig.(BR This proposal is new

([1,81]). Of interest is the heat lost by an animal through the body
volume situated under its skin.

The trees of blood vessels are one geometric feature under the
skin, but not the only one. The other is thaperpositionof the
arterial and venous trees, so closely and regularly that itudfe
one tree is in counterflow with tubeof the other(Fig. 22(c)). The
existence of counterflows of blood and other fluids is widely rec-

g ognized in physiology[19]). It is also recognized in bioengineer-
ing where it serves as basis for a successful model of heat transfer
through living tissue[82,83]).

The counterflow formed by two tubes of levak shown in the
. | detailed drawing of Fig. 22). The arterial stream is warmer than
[ AT | the venous stream: heat flows transversally, from stream to
W stream. Consider now the adiabatic control surface drawn with

s @J_ dashed line around the counterflow. Since the enthalpy of the
|:> m 4 (@) Wwarmer stream is greater than that of the colder stream, the coun-

— cold i @T terflow convects angitudinally the__ energy  curreng;

m; W = - =m;c,AT;, wherec, is the blood specific heat, ardT, ; is the
% ! stream-to-stream temperature difference at lévélwas known
| L | even earlier in cryogenic engineerif{@,84])that such a counter-
flow sustains a longitudinal temperature gradiekd;/L;, and

NN NNRAANAN

|

Fig. 22 The construction of the tree of convective heat cur- that the convective energy current is proportional to this gradient:
rents: (a) the constrained optimization of the geometry of a ]

T-shaped construct; (b) the stretched tree of optimized con- (micp)2 AT;

structs; (c) the superposition of two identical trees oriented in i~ hip; L (24)
counterflow; and (d) the convective heat flow along a pair of i !

tubes in counterflow  ([81]) In this expressior; andp; are the overall stream-to-stream heat

transfer coefficient and the perimeter of contact between the two
streams. In the case of blood counterflow, the stream-to-stream

in parallel, which are connected in series with dneube. When thermal resistancdai_l is the sum of two resistances: the resis-
the resistance is minimized by fixing the total tube volume we firi@nce through the fluid in the duet D; /k;, wherek; is the fluid
the optimal diameter rati®, , ; /D, =23, just as in the optimi- thermal conductivity, plus the resistance _through_ the solid tissue
zation of the construction of Fig. 21. This old result is known ag'latdsepa_rates two tlfqbé§ltqi Ik, l;/vherek IS th? r’glssue therrglal
Murray’s law ([47]). It is an extremely robust result, because it i§onductivity). Even when the tubes touchjs of the same order

independent of the lengthd (L. ,) and the relative position of @SDi . In addition, since&;~k, we conclude thab;~k/D;, and
the trr)wee tubes. gt thiy P Eqg. (24) becomes

New is the optimization of the lengths when the space allocated q;Lik
to the construct is fixed. Now geometry and relative positions are AT\~ —=—. (25)
taken into account. In the configuration of Fig.(22the space m; Cp
constraint is The double tree structure of fluid streams is a single tree of
2L, L, =constant. (22) convective heat streams with zero net mass flow. The convective

tree stretches from the core temperature of the anfatak0) to
This second minimization of the flow resistance yields the optimgéie skin temperature. The latter is registered in many of the el-
length ratio emental volumesiEn) that happen to be near the skin. The
L many counterflows of the double tree sustain the overall tempera-
I'__” —f=p"13 (23) ture differenceAT (constant),
! n n

. . . . . k
Whlch happens to match the qptlmal ratio of dlameters. The opti- AT:E AT~ %E NiL; . (26)
mized diameter and length ratios are drawn to scale in Fi@)22 = moCp =0
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In going from Eq.(25) to Eq. (26), we used the continuity rela- relation betweert,, and body sizgmassM, or volumeV) we
tions for fluid flow (N;m;=m,, constant)and heat flow(N;q; need to substitute into EG30) two additional relations:

=0, constant). Recalling E¢23), we substitute; =Lof', L, (i) the relation between metabolic raten and body size

=Lof" andN;=2" into Eq.(26), and after rearranging we obtain (M), and
o\ 2KL,f (2 )" 1-1] (i) the relation between the mass-transfer contact @gand
0~(.—) > (27) body size.
My CRAT(2f-1)

' - iy lation (i) is m~M?34 cf. Eq.(29). For relation(ii) we have
Separated on the right-hand side are the quantities that are ¢ rBe : . )
stant, and the quantities that dependhdithe number of construc- the gecf)n;]etrl_c argument outlcljnk()adG[Q]), %pﬁ 786_287.' Thf] th'.Ck'
tion steps). Note that the ratig, /i, is independent of body size N€SS Of the tissue penetrated by mass diffusion during thetgine
(n) because botly, andrh, are proportional to the metabolic rate./ Proportional totyg;. The body volumelor mass)of the tissue
The volume scale is estimated by regarding the stretched treg?’gg€trated by mass diffusion during this time obeys the propor-

a cone in Fig. 22(b). The base of the cdaéi =n) has an area of tionality M~AtgZ. Eliminating toy betweenM ~Aty: and toy

sizeN,L2~2"L2. The height of the cone is of the same order as (A/M)* (see Eq.(30)), and usingh~M>“, we conclude that
the sum of all the tube lengths,.o+L,+ ... +L,=Lo(1 the contact area should be almost proportional to the body mass,

—f7*1)/(1—f). In conclusion, the volume scale is A~M"™® Finally, by substitutingn~M%* and A~M 7" into t,y
o\nq_fntl ~(A/m)?2, we conclude that the time intervals must vary as
v~ Lﬁ(; —= (28) topr M4, (31)

B’his allometric law is supported convincingly by a very large

The relation between metabolic rate and total volume is ob- . ; 4 )
volume of observations accumulated in the physiology literature

tained by eliminatingh between Eqs(27) and (28). The result is ([19-22)
visible in closed form if we assume thatis sufficiently large so :

that (2f )"*1>1 in Eq.(27)andf"* <1 in Eq.(28). In this limit

0o is proportional to 2, andV is proportional to (%/)". From Optimal Geometric Form: A Prevalent Natural Phe-

this follows the nakedly simple result nomenon
logg, 3 The flow of this lecture has been from engineering to nature.
logV 2 (29)  Along the way we reviewed a theory of how geometric form is

generated in nature. Now the theory returns the favor to engineer-
which means that, must be proportional tv**. The proportion- ing: The same principle can be used to perfect the structure of
ality between metabolic rate and body size raised to the power $dgineering systems and to develop concepts for entirely new
has just been predicted, from pure theory. It can be verified nsystems.
merically that Eq.(29) is accurate even for smail The progress of tree designs toward the constant-resistance

The 3/4 exponent that has been so puzzling over the years ibnait (Fig. 15)exemplifies the work that can be done in engineer-
reflection of the optimized ratio of successive tube lengths, iniag. Better global performance is achieved when more of the in-
fixed spacel;, ;/L;=f=2"3 Specifically, if we usé =2"2in ternal points are forced to work as hard as the few hardest work-
the derivation of Eq(29), instead of 3/4 we obtain (la)~ %, ing points. The system is destined to remain imperfect. The
wherea=1/3. The 3/4 exponent is intimately tied to the optimifesistances to the internal flows cannot be eliminated because of
zation that generated the tube lengths ratio subject to the tofag reality of design: Amounts and types of materials are given,
volume constraint, after the ratio of tube diameters had been ofplumes and matchingneighboring)systems are specified, and
timized subject to the tube volume constraint. This double gethe time to contemplate changes is limited. In spite of these con-
metric optimization, the two constrains, and the pairing of tubegraints, we can spread the imperfection around in optimal or
into constructs larger than the fixed elemental volume, is the @¥arly optimal ways. The highs and the lows must be balanced.
sence of the constructal methdd.,2]). The optimal spreading of slopes and differences takes us to the
In conclusion, what had been missing was the combination @fchitecture that serves the global purpose. Geometric structure

(i) the tree architecture optimized for minimum pumping powegprings out of principle.
and(ii) the convective heat transfésr, better, thermal insulation ~ In the engineering of flow systems, the search for geometric
characteristics of two identical fluid trees superimposed in coufonfigurations that offer better global performance subject to
terflow. Putting(i) and(ii) together into a body heat-loss theory oforesent-day constraints is known as thermodynamic optimization,
animal design is the contribution of constructal theory. irreversibility minimization, or entropy generation minimization.

In this lecture | focused on the mechanism through which optimi-
Breathing and Heartbeating Times Versus Body Size  zation is accomplished: the deterministic relationship between the

improvement of performand®bjective, constrainjsand the gen-

. . . .
The proportl_on_allty between heat loss and l_)ody size raised (ﬂgation of flow geometryshape and structuré the system. Most
the power 3/4 is just one of the many allometric laws that can %(? this work was done first in heat transfer

predicted based on geometric optimization subject to constralntﬁz,erformance improvement, or optimization is an old idea and a

([1]). Another famous_ e>_<amp|e is the propo_rtionality betweef:huch older natural phenomenon. It has been with us throughout
breathing(or heartbeatinglime and body size raised to the POWElne history of engineering. Its reach, however, is much broader

1/a. and more permanenEverythingexhibits it. We can be sure that

milr:imisejhs?lmnelcq E)egirngg%g(‘«;g‘g;‘;&g;i ?:Jar;l]gflglg rg?:’ﬁgr'ls_ the performance of power plants—our own performance, really—
| p will continue to improve in time, in the same way that, in time,

stramt,_optlmal b rga;hlng and heartbeating times exist, and 3infall will always generate a more effective dendritic flow
proportional to A/m)*, structure

A 2 If this phenomenon is so old and prevalent, then what is new?
top["'(—m Dl’zAC) (30) New is the streamlining of its study into a single principle, a new
principle distinct from the second law. Most of this work could
whereA, m, D, andAC are, in order, the total internal surface ofhave been done one or two centuries ago, before thermodynamics.
all the tubes, the total mass flow rate of the tree, the mass diffllhe geometric minimization of resistances to heat and fluid flow
sivity, and the driving concentration difference. To predict theould have been accomplished based on Fourier's heat transmis-
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sion and the hydraulics of Bernoulli, Poiseuille, and Darcy. It is a max
mystery that this was not done then, because that period was stilmin
influenced by Maupertuis’, Leibnitz’ and Castigliano’s intuition  opt

maximum
minimum
optimum

that of all possible processes the only ones that actually occur %*l?perscripts
S

those that involve minimum expenditure of “action.” Instead, a

Hildebrandt and Tromb#86] have noted, modern physics em{"), (")= dimensionless variables

barked on a course tailored to the principle of infinitesimal local
effects. The constructal principle is a jolt the other way, a means

to rationalizemacroscopideatures, objective, and behavior.
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Introduction

The ASTM standard for the measurement of heat flux and th
mal propertieg[1]) mandates the use of a guarded-hot-plate ag-
paratus. This apparatus limits the size and shape of the test sp
men to a flat rectangular slab or a rod having circular cro
section. Therefore, it cannot be considered to be a nondestruc
experimental procedure. The test method may be operated ofi
with one-dimensional heat flow and the specimen conductance i
limited to less than 16 W i? K. Errors in the measurements may
be caused by deviations from the idealized assembly configu
tion, heat radiation, temperature gradients in the test specim
specimen thickness, material inhomogeneity, and material phelgﬁ
change. Compliance with this experimental testing method r
quires the establishment of a steady-state condition.

These limitations exclude the measurement of thermal condif&
tivity, k, under a variety of circumstances. For example, it may k%
impractical or even impossible to extract a properly sized a
shaped laboratory test specimen out of the given object. In cry,
genic materials, it is quite difficult to measure the variation o
thermal conductivity particularly because the thermal conductivi%

Inverse Determination of
Temperature-Dependent Thermal
Conductivity Using Steady
Surface Data on Arbitrary Objects

An inverse computational method has been developed for the nonintrusive and nonde-
structive evaluation of the temperature-dependence of thermal conductivity. The method-
ology is based on an inverse computational procedure that can be used in conjunction
with an experiment. Given steady-state heat flux measurements or convection heat trans-
fer coefficients on the surface of the specimen, in addition to a finite number of steady-
state surface temperature measurements, the algorithm can predict the variation of ther-
mal conductivity over the entire range of measured temperatures. Thus, this method
requires only one temperature probe and one heat flux probe. The thermal conductivity
dependence on temperature (k-T curve) can be completely arbitrary, although a priori
knowledge of the general form of the k-T curve substantially improves the accuracy of the
algorithm. The influence of errors of measured surface temperatures and heat fluxes on
the predicted thermal conductivity has been evaluated. It was found that measurement
errors of temperature up to five percent standard deviation were not magnified by this
inverse procedure, while the effect of errors in measured heat fluxes were even lower. The
method is applicable to two-dimensional and three-dimensional solids of arbitrary shape
and size[S0022-1481(00)01703-5]

Keywords: Conduction, Heat Transfer, Inverse, Nonintrusive Diagnostics, Properties

verse parameter identification problerig2—5|). They are often
classified as inverse heat conduction problems. Orlande and
zisik [6] have noted that most work on parameter identification
(r:?_blems has involved the use of finite dimensional minimization
%chniques. That is, a finite number of interior temperature mea-
%yrements are taken and tk€T) curve is iteratively modified
ﬁ?il the difference between the measured and computed tempera-
u}/es is minimized in a least-squares fashion. This means that such
merical procedures require intrusive instrumentation.
r Algorithms involving an adjoint form of the heat conduction
g%uation have also been used to obtain fairly accurate predictions
'thermal conductivities using temperature histories at a single
Sasurement poinf7]). The approach of using unsteady tem-
Sérature measurements means that there is no need for fairly ex-
ensive heat flux probes. On the other hand, the typical inverse

n

ethods for determination & T) via utilization of the unsteady
§mperature measurements have not been demonstrated to work
'Sh arbitrarily shaped multidimensional objedf8—11]) and for
%bitraryk(T) distributions([11]).

In this work, we are presenting an inverse numerical procedure
at differs substantially from the iterative approaches and from

versus temperatur&(T), curve is very steep or has inflections |n|t‘ae formulations based on the unsteady temperature measure-

the range of low temperatures. Similarly, thermal conductivity an ents. We start by assuming that measured values of steady heat

specific heat are extremely difficult to measure directly within th : e . !
thin mushy region of a solidifying or melting medium. fuxes (or convection heat transfer coefficientre available ev

. : . rywhere on the surface of an arbitrarily shaped solid. Kirchhoff's
It is therefore very desirable to develop a nondestructive evalf)- : : :
ation (NDE) technigue that can providep information about th ansformation([12]) is then used to convert the governing heat

temperature-dependence of thermal conductivity. Thermal tom onduction equation into a linear boundary value problem that can

raphy and inverse thermal design techniques using the boun(?ge solved for the unknown Kirchhoff's heat functions on the

A P ndary using the boundary element method. Given several
element method offer attractive possibilities for these types %ndary temperature measurements, these heat functions are then
problems. Iterative solution procedures with finite differencing of.

- . ¥ Anverted using numerical differentiatiofg13]) to obtain thermal
finite element methods are the most often used when solving I(pcinductivity at the points where the overspecified temperature

Contributed by the Heat Transfer Division f blication in taua measurements were taken.
ontributed by the Heat Transfer Division for publication in NAL OF ; i i ; _
HEAT TRANSFER Manuscript received by the Heat Transfer Division, April 12, The experimental part of this inverse method requires one ther

1999; revision received, February 14, 2000. Associate Technical Editor: AnOCOuple and one heat flux probe placed sequentially only on the
Majumdar. surface of an arbitrarily shaped and sized specimen. Thus, this
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method is nonintrusive and directly applicable to field testing To summarize, in the case of Robin boundary conditions, an
since special test specimens do not need to be manufactured. Thitgal guess to the boundary values of temperattitdeads to an
method could still use steady temperature measurements at isdtial thermal conductivity functionk(T). Given this informa-
lated interior points if additional accuracy is desingi4]). tion, the Jacobian of the transformed nonlinear heat flux boundary
Our inverse method addresses many of the limitations of tleendition,dQ/du, allows for the solution of the field of Kirchhoff
guarded-hot-plate experimental test method and offers the abilitynctions,u(T).
to overcome most of them. The method is inherently multidimen- The inverse procedure uses knowledge of the discrete boundary
sional and allows for multidirectional temperature gradients in theeat function valuegy; , at the same physical locations where the
test specimen. The computer algorithm for the steady-state invebsrindary temperaturd;;, were measured, in order to yield the
determination of the temperature variation of thermal conductivignknown thermal conductivity curvé(T). In the case of Robin
is noniterative(when steady-state boundary heat fluxes and terheundary conditions, this nela(T) curve will produce a heat flux
peratures are providednd robust, requiring only several seconddacobian that is, in general, different from the initial guess. There-
on a personal computer. fore, in the case of Robin boundary conditions the aforementioned
It should be pointed out that this paper offers a method which socedure must be solved iteratively until the heat fIQXT),
significantly more versatile than our original meth@d5]). The converges to a user-specified tolerance. In most instances, the sys-
present method does not require that experimentally measuteth of equations is only weakly nonlinear, and the initial thermal
surface temperatures must be in equal temperature intervals. Tbaductivity can be a guessed constant. The use of such an itera-
present method also allows that heat transfer coefficients cantlve procedure allows for the temperature-dependence of the con-
used instead of heat flux boundary conditions. The new algorithvective heat transfer coefficiertt(T), as well as for any arbitrary
also accepts experimentally measured temperatures having saemeperature-dependent heat flux boundary condition, such as heat
value, but measured at different boundary points. radiation. The numerical implementation of this nonlinear meth-
odology for well-posed problems does not produce any serious
. . difficulties ([16]). The implementation of this procedure for the
2 Numerical Formulation inverse determination of thermal conductivity has yet to be fully
The governing equation for steady-state heat conduction in mvestigated.
isotropic medium with temperature-dependent thermal conductiv-
ity is an elliptic quasi-linear partial differential equation, 2.1 Solution to the Direct Problem Using the Boundary
_ Element Method. The boundary element methgfil7]) is a
V- [k(MVT]=0 @ powerful computational tool for solving linear and quasi-linear
This equation can be linearized by the application of Kirchboundary value problems. Its effectiveness in solving inverse
hoff's transformation where the temperature variaflecan be problems, such as ill-posed boundary conditions, unknown heat

transformed uniquely to the heat functiar(T), sources, or when temperature measurements are enforced at iso-
TR(T) lated ir}terior points, has been demonstrafd®,141]).
:J' aT In this work, the boundary element method system for steady-
o ko state nonlinear heat conduction was written as a system of bound-
ary integral equationg[19]), valid for arbitrary two and three-
_ K(T) dimensional geometries. A well-posetdirect or analysis)
Vu= k_OVT' ©) problem was created when Neumafam Robin) conditions were

. , ) provided on all boundaries except for a single boundary point
Kirchhoff's transform converts the governing steady-state heghere Dirichlet condition was specified. Integral of all heat fluxes
conduction equation into Laplace’s equatidf,u=0. Dirichlet over the entire boundary had to amount to zero. The boundary of
boundary conditions can also be transformed by applying Kircke test specimen was discretized withe elements connected at
hoff's transformation directly to the boundary temperatures. Negheijr end points witiNgy boundary nodes. The variation ofand
mann boundary conditions can easily be related to the heat flg/ sn over each boundary elemelfine segmentyvas assumed to

Q, in the directionp, normal to the boundary. be linear. The integration over each boundary element was accom-
oT au plished using Gaussian quadrature. In the case where a singularity
Q= —k%=k0% (3) existed at one of the end points of a boundary element, analytic

integration was performed. This discretization procedure allowed
The specification of convective heat transfer coefficients on tifge nodal quantities ofi and du/dn to be factored into matrix

boundaries falls into the category of a Robin-type boundary cof¢rm, [H{U}=[G]{Q}. Thus, the[H] and [G] matrices are

dition. It is a special case of the more general nonlinear heat fliRown because they are strictly dependent upon the Green'’s func-

boundary condition, where the heat flux is a function of tempersion and the geometry.

ture.

3 Inverse Method for Determining k(T) Variation

When heat fluxes are known over the entire boundary via

eady-state measurements taken on the entire surface of the ob-

. . . 1
Here, the boundary temperature is a function of the Klrchhofgct’ the boundary element method can be used to solve for the

function, T=T(u). This condition does not pose any difficultiesyansform of the Kirchhoff heat functions on the boundary.
whenever the temperature is overspecified over the entire convec-

tive boundary. But, in general, an iterative solution procedure, [H{U}=[GKQ}={F} (6)
such as the Newton-Raphson method, will be required. The Robi
condition can be made linear by the use of the Jacoli@hgu,
of the Kirchhoff transformation.

QM =—k——=h(T-T.) @

"he matrix[G] can be multiplied by the vectdQ} to form a
vector of known quantitiedF} so that the matri{H] can be
inverted to obtain the values ¢t} at each boundary node. The
au au\""t 1 (9Q\"? . matrix [H] appears to be well co_nditioned so that re_gulari_zation
(&_n %) + P (E (u"—=u""h (5) methods are not required. A caution should be exercised since the
0 level of ill-conditioning exhibited by the matrikH] could be re-
Since the thermal conductivity variation is unknown, the iteratioduced artificially due to coarse discretization. Since the inversion
must also include the inverse procedure, which will be explaineésl nonunique when only Neumann-tyfieeat flux)boundary con-
in greater detail in the next section. ditions are provided everywhere on the boundary, the arbitrary

n
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constant can be determined by specifying at least one Dirichlet Tio1—Tj1 o
boundary condition. Therefore, a modified Kirchhoff transform is Cj - when j<ipax- (11c)
required.

(7) tivity can be obtained at the same locations where the temperature
T ko measurements were taken. The values of the temperature must be
. - . - sorted in ascending ord€f,,T,, ..., Ty} and identical tempera-
Helre,k% Itia referencz Eondléctlwf[y value fm-q '?_rt]he minimum Fure readings must be discarded. This system repredénts
value ol the measured boundary temperature. The miNiMum Vailis ations fortN unknowns. The additional equation arises from

_?_f Klr?rhhhuosﬁufugﬁtlo—nﬁ'umm}n(;iceugrsoﬁétg?ri?r:{ging&rﬁzr:rzegtﬁéf’the knowledge of the conductivity at the minimum temperature
min yU1— 11— ITmin - i i i
tion. Then, the boundary element method can be used to obt |cr)1|m' At this point both the heat ﬂu}Q|Tmin’ and the normal

the values of the heat functidi} on the entire boundary exceptd€rivative of the heat functiorko(ou/an)|y,  =k(dT/m)lr_  are
at the location of the minimum temperature reading. At this poinknown from the boundary element method solution.
the normal derivative; = (du/dn), will be computed sincd i, The trapezoid rule provided good results, but the predicted val-
is specified there. ues of the thermal conductivity were often oscillatory. Simpson’s
Now that the nodal boundary values {ifi} are known, the rule was attempted to remove this oscillatory behavior and it was
entire field of heat functions is known. At any interior point, theguccessful at doing this, but th€T) curve that it predicted was
values of the Kirchhoff heat function can be obtained in a posgften incorrect at the endpoints of the measured temperature
processing fashion. Since the boundary value problem is ové&ange. Instead, very good results were obtained by simply averag-
specified, a number of steady temperature measurements, tak@nthe results predicted by the trapezoid rule.
either nonintrusively on the boundary, or intrusively, at isolated Regularization was required to properly invert {f&] matrix
interior points, can be used to convert the heat functiog$), Whenever random error was introduced into the temperature mea-
into the corresponding values of thermal conductivkyT), at surements. Tikhonov's regularizati@f20]) is a single-parameter
the same physical locations where the measuring instruments wat@imization where the solution vectdiK/ko} minimizes the
placed. Thus, knowing both vectofs} and{T}, the vector{k}  weighted sum of the norm of the error vector. A minimum error
can be determined by performing numerical differentiatiofigf  norm was found by differentiating E410) with respect to each
A book by Hanser[13] represents an authoritative text on theomponent of the unknown vect¢K/ko} and setting the result
general aspects of ill-conditioning and numerical differentiatiogqual to zero. Substituting the singular value decomposition
For the benefit of general engineering audience we will providevehere[ C]=[E][W][D] ([21-22) and solving for the unknown
detailed set of various numerical differentiation procedures thggctor{K} resulted in
were tested with the objective of finding the most appropriate
algorithm for the determination d€(T). - _ T AT T
In order to evaluate the sensitivity of the algorithm to errors in ko{K}_[E]([W] [WIFAIDAWITDIA = Trmin) {U}
the measurement data, random errors based on the Gaussian prob- (12)
ability density distribution were added intentionally to the tem- . . ) ) . S
perature and heat flux measurements. A random numbeR 0 where [I_] is the identity matrix. T|khon_ov’s regglarlzatlon is a
<1 with a uniform distribution was generated using a Standagfn«_erall_zatlon of Ieast-s_quares_ truncatlor], but instead of simply
utility subroutine. The desired variane@ was specified and error eliminating terms associated with small singular values, they are

TR(T) By inverting the[C] matrix, the values of the thermal conduc-
u=u1+f d

was added to the analytic temperature data PO,y Weighted by a factor (% )\_/wz), wherew are the eigenvalues of
matrix [C]. Larger regularization parameteis, had the effect of
Tn=Tanay= V—20°INR (8) increased smoothing of theT) curve without adding error into

) ) ) ) the solution of the heat conduction equatiph8]).
3.1 Trapezoid Rule for Inverting u(T) Function. Given A similar regularization procedur¢[23,13]) provided even

the value of the computed heat function and the measured tegeater smoothing of the predictk@T) function with the addition
perature at the same point on the boundary, the thermal condgga smoothing matrixS].

tivity can be determined at that point via the inverse Kirchhoff's

transform. The integral can be evaluated numerically using the 1 T T
trapezoid rule. k—O{K}:[[C] [CI+HYSITCT (1-Tm{U}  (13)
N
Tk(T) Knt+kn_g The smoothing parameter, was increased with the increased
Un=Ua le ko dT_TlJrnzz (Ta=Tn-1) 2k ©) " amount of error in the temperature and/or heat flux boundary con-

ditions. The optimal magnitude of was proportional to the
The values of temperatur&,,, are known at a finite number of square of the error in temperature.
boundary locations. At these points, the values of the computed
heat functionu,, are also known. Therefore, the values of ther-
mal conductivity k,,, at these points can be determined using the 3.2 Finite Differentiation for Inverting u(T) Function.
Kirchhoff's transformation. The inverse of the Kirchhoff's trans-As an alternative method, the nodal quantitie$ldf and{T} were
formation can be expressed as a system of algebraic equatieasily converted into values of thermal conductivitg} using

represented in the following matrix form: finite difference formulas. Second and third-order accurate finite
difference formulas for thermal conductivity, , andk; 3, respec-
[CHKI Ko} ={U—=T mint (10)  tively, were used with irregular temperature intervals. Thus,
where the elements of the lower-triangular matf{], have been 5
determined as follows: oo ou (14)
i,2 S
T1
T,-Ty .
Ca=—p— whenj=1 (112) 81107, 0,28
kig=————— (15)
Tj *Tj . . . 5T25T3
Ci= > when i=j (11b) where
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Su1= Ui 1(Ti—Ti— D)2 = u[(Ti=Ti-)? = (Ti 1~ T)?] using Fourier sine and cosine series basis functions, but the results
were less than satisfactory, with large oscillations increasing with

—Ui_y(Ti = T)? (16a) increasing input error.

Su2= Ui o(Ti= T )~ U[(Ti=Ti_2) = (Ti 2= T)?] 3.3.1 Polynomial Basis FunctionsThe thermal conductivity
U (Tie T2 (16b) X;/:rfs.represented by a standard series of polynomial basis func-
Or1=(Tiva=T)(Ti=Ti—a)(Tiv1—Ti-1) (16c) K(T)=cy+CoT+CaT24 ... +cy TV 1 (20)

012= 61(Ti2= T)(Ti=Ti2)(Tis2—Ti—2)  (16d) The Kirchhoff function,u(T), was obtained by analytical indefi-
(T TNT T (T —TNT T nite integration of these polynomials with respect to temperature,
O13=[(Ti2 = T(Ti = Ti2) = (Tia =TT T'_l)](me) thereby yielding an additional basis function coefficient, The
general linear least-squares algorithm then determined the un-
82 =T 1= TOAT—Ti_)%(Tis1—Ti_1) (16f)  known coefficientsgg,Cq, . .. Cy -

5‘%2:(Ti+2_Ti)Z(Ti_Tifz)Z(TiJrz_Tifz)- (169) 3.3.2 Chebyshev Basis FunctionsThe thermal conductivity
o . . variation was represented by the series of orthogonal Chebyshev
Here k; , andk; 3 are the thermal conductivities obtained at the functions,

boundary node with the second and third-order differencing for-
mulas, respectively. These finite difference formulas gave satis-
factory results fork(T) whenever the errors in the temperature k(T)= 2, cycogmarccos)), (21)
measurements were small. The use of finite differencing method m=0

required the discarding of temperature readings that were Withifhere the temperature was affected by a change of variable.
the error bounds of the temperature readings.
_ Ti(Tmin'i'Tmax)/2

3.3 Linear Least Squares for Inverting u(T) Function. (Tmax— Tmin)/2

In an effort to improve the inverse procedure, as well as to utilize In order to use these functions to approximate tif&) data,

an a priori knowledge about the general shape of thermal condtice Chebyshev basis functions were integrated numerically. When
tivity function, k(T), a general linear least-squares algorithnthe explicit polynomial expressions were used instead of the trigo-
([21,22]))was employed. The objective of this approach was to fitometric functions, the basis functions were integrated analyti-
the set ofN data point§ T,,,u,,] to a selected mathematical modelcally. The general linear least-squares algorithm then determined
The general linear least-squares model used a linear combinatibe coefficients of the integrated Chebyshev basis functions.

of M basis functions.

M

(22)

3.3.3 Beta-Spline Basis FunctionsThe Kirchhoff function

M was represented by a piecewise beta-spline of cubic polynomial
U=, cuPm(T) (17) segmentsby(s).
m=1
Nvert 3
where P(T), Py(T), ... ,Pu(T) are arbitrary fixed nonlinear _ .
functions of temperature, called the basis functions. The merit u(m) ,21 kzl bi(B1.B2:8)Visi (23)

function, called chi-squaredy?, is a measure of how well the

models fit the data. It assumes that the measurement errors B¢h segment was regarded as a weighted average of its four local
supplied as standard deviations,, of the temperature. Then vertices, so that each segment was a function of the parameter
" "’ 5(T) in a nondimensional curve-following coordinate system that

M varied from 0 at the beginning of the segment to 1 at the end of
N[ U= X CaPr(To) that segment.
2 m=1
X =E P (18) T—Thin

n=1 n S(T):1+ _T T (Nvert_ l)
The minimum of this function occurs where the derivativeydf e mn
with respect to allM basis function coefficients;,,,, vanishes. . T—Tmin
The resulting system of equations was cast into the following —int 1+ m('\'ven_ D (24)

covariance matrix formulation:
Here, the int{ Jfunction also defines the truncated integer value of

Pi(Th)P;(Ty) N u,Pi(T,) its argument.V,,, are the control vertex coordinates and
{o}= nElT (19)
= n

N
il
gl a—ﬁ by (B1,B2,9) are the basis functions. Giyen a tgmperaﬂ]{ehe
local beta-spline was controlled by the-1 to i+2 vertices,

Here,{c} is the vector of unknown basis function coefficients. Thevhere the index was determined from the above integer trunca-
inversion of the covariance matrix with Gaussian elimination aion. Each basis function was itself described as a cubic polyno-
the SVD algorithm([21,22]) yielded the basis function coeffi- mial.
cients. Knowing these coefficients, the basis functions were dif- 3
ferentiated with respect to temperature in order to obtain the val- )
ues of thermal conductivityk,,, at theN data points. bk(ﬁlﬁZ’S):Zo Cjk(B1,B2)8 (25)

The challenge here was to select an appropriate set of the basis -
functions that best modeled the integral of the thermal conductiVhe unknown constants; \(8;,8,) were fixed quantities, pro-
ity function. In this paper, several basis functions were attemptedded 8, and 8, were fixed. They were found by imposing the
standard polynomials, Chebyshev polynomials, and third-ord#iree connectivity boundary conditions on any two neighboring
beta-splineq[24]), in addition to nonarbitrary basis functions insegmentg[24]). The shape parametgy is referred to as the bias
which a priori knowledge of th&(T) curve was assumed. In theparameter. It could produce clustering towards the end vertices.
latter case, for example, arctangent integral basis functions wéitee second parametes,, is called the tension parameter, and it
used to estimate a step-lik€T) variation. These basis functionswas always positive. For high values 8§, the curve is strongly
were integrated either analytically or numerically. We also triedulled toward the control vertices and, in the limitgs—«, the
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beta-spline is identical to the control polygon. The least-squarisction coefficient affected the(T) curve from the beginning of
fitting algorithm([22]) determined the beta-spline control verticeshe curve T=T,,,) up to the local temperaturd,
as basis function coefficients. The thermal conductivity function
was then determined by numerically differentiating the piecewise )
spline with respect to the temperature. Numerical Results

In an alternative approach, th€T) curve was modeled with || of the above-mentioned methods have been programmed
the beta-spline, while the Kirchhoff function(T), was evaluated and tested on a simple two-dimensional specimen and an uncon-
as the integral of it. ventionally shaped two-dimensional specimen. The general for-
1 (T Nven[ 3 mulation of this inverse methodology is also applicable to arbi-

U(T):kf 21 kzl be(B1,B2,9) Vi, |dT+c, (26) trary three-dimensional objects.
P B et

0 4.1 Results for a Rectangular Plate. Although the inverse

In both cases, the beta-spline curve was either numerically difeundary element method approach with the Kirchhoff's trans-
ferentiated or numerically integrated. When using the differentiorm is directly applicable to arbitrary three-dimensional prob-
ated beta-spline, the basis function coefficients influenced onlyieans, for the sake of simplicity it will be demonstrated on a two-
local portion of thek(T) curve between the—1 toi+2 control dimensional geometry. A rectangular plate test specimen 10-cm
vertices. When the integrated beta-spline was used, each bagide by 1-cm long was used. The opposite ends of the plate were
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Fig. 1 Variation of the thermal conductivity versus temperature for various amounts of input error in temperature (a) o

=0.0°C, (b) 6=0.1°C, (c) 0=1.0°C, and (d) o=5.0°C. The inverse boundary element method results are compared to the actual

linear conductivity versus temperature function, where
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kept at constant temperatures of 100.0°C and 0.0°C, respectively 20 40 60 80 100
The long side walls were considered to be adiabatic. L S B =

When the conductivity versus temperature was a linear func-
tion,

o

[}

o Twomey, sigma=1%
fe} Twomey, sigma=5% -
v Twomey, sigma=10% v
Actual k(T)

k(T)=ko(1+B(T—=To)), 27)

the temperatures and heat fluxes can be found from an analyti
solution ([25]),

B B B
ST24T=| Thort 5 Thot| | 1+ 5 (Thort Teaid

(o]
(o]

IS

(Zhot_ Z(:old)
(Zcold_ Zhot)

For the computational analysis, each of the long sides of theg
specimen was discretized with 40 equal-length linear isoparamet? 2
ric boundary elements. Only four such elements were used or
each of the two short sides. In the case of an actual experimente
evaluation of the surface heat fluxes this means that a single hee 1 LA s B B s R B N R By L BB N S B B A
flux probe was applied at a total of 88 locations corresponding to 20 40 60 80 100
the midpoints of the 88 boundary elements. The forward boundary Temperature (Celsius)
element method solution compared very well with the analytic )
solution, averaging an error of less than 0.1 percent for a wid: 2 Predicted temperature-dependence of thermal conduc-
range of the paramete ([14]). IVity when errors were added to the heat fluxes compared to

the actual linear variation of  k(T)

4.1.1 Linear Variation of Thermal Conductivity.The actual
variation of thermal conductivity versus temperature was linear
between the values ok(T=0°C)=1.0Wm *C and k(T i i i .
=100.0°C)=6.0 W °C. The top and bottom walls of the rect- It is notlceable_ that the predicted thermal conductivity valu_es
angular plate were specified to be adiabatic. The right and left efjff SOmewhat biased towards the hot end of the test specimen
walls were specified with the heat flux taken from the analytitt9: 2). This was most likely due to the fact that the only Dirich-
solution (Q==35.0Wn1?), except for the center of the right let (temperatureboundary condition was specified on the cold

side at which a single temperature measurement was specifl%'aq' This confirms our e_egrher observatidfis8]) that the fart_h_est
T point from the overspecified temperature boundary condition has
min -

The boundary element method computed the Kirchhoff's heg}e greatest amount of bias in the predicted temperature and, sub-

functions at each of the boundary nodes. These heat functio%%quently’ thermal conductivity.

were inverted into values of thermal conductivity at the nodes 4.1.3 Steep Jump Variation of Thermal Conductivitilext,
where the overspecified temperature measurements were Pfe actual variation of thermal conductivity versus temperature
vided. These temperatures existed at discrete locations along W described by the arctangent function.

adiabatic long sides of the specimen.

(&)
w

~
coo o b v e b g by )

(Thot_ Tcold)- (28)

tmal Conductivity (W/m K)

e
N

LI N B L B N L L N LN LN B LA

o
-

Figure 1 shows the predicted values of thermal conductivity _ E _ _ E
versus temperature using various procedures for inverting the k() 2(1 &)Kmin't 2(1+§)kmax
u(T) function. Errors in the temperature measurements were
simulated by adding standard deviations of 0.1°C up to 5(0°C = Kmax— Kmin arctaré w (Trmaxt Tmin)) (29)
percent to 5.0 percentAll of the inverse methods had very good 2m 2

accuracy whenever the errors were less than 1.0 percent. Fo
rors above 1.0 percent, only the Twomey regularization proced
and the linear least squares with polynomial basis functions w

rﬁé're,a is a parameter that sets the slope of the jump inktie
Surve. The top and bottom walls of the rectangular plate were

accurate enough. The beta-spline basis functions were not usedB cified to be adiabatic and the right and left walls were specified
this example. The magnitude of the optimum Twomey regulariz&'—It the heat. flux taken from Er;e well-posed boundary element
tion parametery, was proportional to the square of the averag&€thod solution @==15.0 Wm'®). The boundary temperatures
temperature. The Chebyshev polynomial and beta-spline methg: e taken fro_m the WeII-_posed boundary e_Iement_ method solu-
had problems at the endpoints due to their oscillatory nature. THEN @nd prescribed to the inverse program with varying degrees of
linear least-squares with polynomial basis functions were the m&sfor (=00, 0.1°C, 1.0°C, and 5.0jCFigure 3 shows the com-

accurate because the actual conductivity and Kirchhoff functioR&t€dk-T curves when the Tikhonov, Twomey, and finite differ-
were represented by polynomials. encing inverse methods were used. Again with these methods, the

results were good when the input temperature measurements have
4.1.2 Errors in the Heat Flux Boundary ConditionsThe in- errors with a standard deviation of less than 0.5°C.

verse procedure was also evaluated given errors in the measureigure 4 shows the results of the linear least-squares algorithm
heat fluxes. The behavior of the inverse algorithm on the sam#enever polynomial, arctangent, and Chebyshev basis functions
rectangular test specimen with linear temperature-dependencevefe used. Notice that the use of arctangent basis functions pro-
thermal conductivity was observed with intentionally introduceduced very accurate results, indicative of the advantage of having
errors in the measured heat fluxes of 1.0 percent, 5.0 percent, ahdeast some a priori knowledge of tk€T) function shape. The
10.0 percent. It is remarkable that the inverse algorithm is lesscillatory behavior of the polynomial and Chebyshev basis func-
sensitive to errors in the measured heat flujgg. 2) than in the tions is evident in these figures, but the general nature df({fhg
measured temperatures. This was because heat fluxes werecapre was captured.
plied as boundary conditions to the boundary element method, andeta splines were also used with the least squares in an attempt
the Laplacian operator smoothed errors in these heat fluxes. ©rreduce the severity of these oscillations. Figure 5 presents the
the other hand, errors in the measured temperatures directly affiexstults when using the beta-spline basis functions. Here, the beta-
the results of the inverse procedure. spline was used to approximate th€rl) curve so that the thermal
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Fig. 3 Variation of the thermal conductivity versus tempera- Fig. 4 Variation of the thermal conductivity versus tempera-
ture for various levels of input error in temperature, (a): o

ture for various levels of input error in temperature, (a): o
=0.0°C, and (b): =0.5°C. The boundary element method re-
sults are compared to the actual arctangent conductivity ver-

sus temperature function when  §=1.0°C™1.

=1.0°C, and (b): ¢=5.0°C. The inverse boundary element
method results are compared to the actual arctangent conduc-
tivity versus temperature function when 6=1.0°C™ L.

conductivity was numerically differentiated. The oscillations were 4.2 Inverse Determination of Thermal Conductivity of
somewhat suppressed at low input errors, but they became wotsgpper at Low Temperatures. Thermal conductivity reaches
with input errors above 1.0 percent. Although more beta-splinery high values at very low temperatures because the lattice
vertices produced more accurate representations ¢f(fiecurve waves are harmonic and can be superimposed without mutual in-
at low input error, the reduction in the number of beta-splinterference. There, the lattice thermal conductivity of crystals de-
vertices was needed at higher input errors because the oscillatpeynds upon the grain size. As the temperature increases, the lattice
behavior of the beta-splines needed to be reduced. Consequenilyrations become nonharmonic, scattering is increased, and the
the number of beta-spline vertices had to be reduced from 48 wittermal conductivity decreases sharply. In metals, heat is pre-
no input error, down to six vertices for the cases with 5.0 percedbminantly transported by valence electrons rather than by the
input error. lattice vibrations, but the effect is the same. The electronic com-

As an alternative, the option of fitting the integrated beta-splim@nent of thermal conductivity is dependent upon the scale of the
slightly improved the results. This improvement was probably dumpurities rather than upon the crystal grain size and, in pure
to the fact that the coefficients of the integrated beta-spline hadretals, is one to two orders of magnitude larger than the lattice
more global impact on the least squares objective. Figure 6 deaonductivity. The thermal conductivity decreases sharply beyond
onstrates the ability of the inverse formulation to capture a ste&f.0 K primarily because electrons are scattered by thermal vibra-
jump in thermal conductivity with the integrated beta splines. tions in the lattice.
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Fig. 6 Variation of thermal conductivity versus temperature

predicted with the integrated beta-spline basis functions. The
inverse boundary element method results are compared to the
actual arctangent conductivity versus temperature function
when 6=1.0°C™%.

Journal of Heat Transfer

Fig. 7 Inverse determination of the thermal conductivity of
copper in the cryogenic range. The best inverse results are
shown with various levels of input error: (@) 0=0.0K, (b) o
=0.1K, and (¢c) o=1.0K.
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Fig. 9 Inverse prediction of thermal conductivity variation of
Fig. 8 Temperature contours predicted by nonlinear boundary an arbitrarily shaped specimen made of copper
element method within an arbitrarily shape specimen that was
internally heated and made of copper  (b)

measurements. It is fast and accurate, requiring the knowledge of

. e . ) overspecified steady-state temperature and heat flux or heat trans-
tions had greater difficulty in capturing the curve once the errofs, coefficients over at least a portion of the boundary. The bound-

were increased much beyond 0.1 K. The Twomey regularizationy element method was used to determine the field of the Kirch-
procedure stayed effective beyond errors of 1.0 K. Figu® 7 1yt transform function and its inversion yielded values of thermal

demonstrates that the accuracy of the solution is affected by Hg,qyctivity at the locations and temperatures of the instrument
magnitude of the regularization parameter. The best result exisigd jings. Several different inversion procedures were attempted,
at very high values ofy, and also where the-T curve was the jqc1yding regularization, finite differencing, and least-squares fit-

smoothest, that is, where the integrated functidk/dT, was at {ing with basis functions. The program was very accurate when
the first local minimum. the data was without error. For most of the inversion procedures it

4.3 Applicability to Arbitrary Shapes. To demonstrate the did not excessively amplify input temperature measurement errors
applicability of the general inverse methodology to specimens When those errors were less than one to five percent standard
arbitrary shapes, we developed the geometry shown in Fig. 8. THRviation. Thg program was found to be Iess. sensitive to measure-
object was assumed to be made of a homogenous material witd@nt errors in heat fluxes than to errors in temperatures. The
internally heated cylindrical core and an attachm@uttom sur- accuracy of the algorithm was greatly increased with the use of a
face)kept at a very cold temperature. The forwéditect)bound-  Priori knowledge about the therm_al conductivity basis functions.
ary element method heat conduction algorithm solved for the tef@N€ computational solution required only several seconds on a
perature field in the object such that the internal circular boundagrsonal computer.
was held at a constant temperature of 100.0 K and the bottom of
the cold attachment was held at a constant temperature of O-OA%knowledgments
All other boundaries were assumed to be adiabatic. Figure 8
shows the predicted isotherms in the object made of copper. ~ The authors are grateful for the NASA-Penn State Space Pro-
The temperatures predicted on the outadiabatic) circular tated by Prof. Charles Me_rkle, the National Science Fo_undatlon
boundary by the forward boundary element method were appli€dant DMI-9522854 monitored by Dr. George Hazelrigg, the
as the overspecified boundary conditions for the inverse therm¥f\SA Lewis Research Center Grant NAG3-1995 facilitated by
conductivity problem. Only temperatures were assumed known B- John Lytle and administered by Dr. Cestutis Civinskas, and
the inner circular boundary and the bottom of the attachmer@’ ALCOA Foundation Faculty Fellowship administered by Dr.
Twomey smoothing was used to invert the coefficient matrix arigimin Ruan.
ing from the trapezoid rule. Thg-spline was used as the alterna-
tive method with 16 vertices computed as the unknown coefiNomenclature
cients of the least-squares method. The inversely predicted _— .
thermal conductivity variations with temperature are shown in = objective function .

Fig. 9. This figure shows results with and without intentionally LG = geometric coefficient matrix
introduced errors in the boundary temperature data. Notice that geometric coefficient matrix
the inverse prediction of thi(T) is very good over the entire = thermal convection coefficient
range of measured temperatures for this doubly connected two- Q - thermal conductivity

; ; ; = heat flux
dimensional object. = Kirchhoff's heat flux

q
. {Q} = vector of Kirchhoff's heat fluxes
5 Conclusions R = random number

An inverse computational procedure has been developed to pre- T = temperature
dict the unknown temperature variation of thermal conductivity = u = Kirchhoff's heat function
for arbitrarily shaped test specimens. The procedure is entirely {U} = vector of Kirchhoff's heat functions
nonintrusive and nondestructive, relying only upon boundary z = coordinate
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Greek Letters

a = coefficient of steepness & T curve

B = coefficient of non-linearity ok-T curve
I" = boundary or surface of an object

vy = Twomey regularization parameter

o = standard deviation

Superscripts

meas = measured or specified value
comp = computed or predicted value

Subscripts
analyt = analytic

cold = cold boundary

hot = hot boundary

max = maximum value

min = minimum value

0 = reference value

1,2 = end points of an interval
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Inverse Convection Problem for
Determining Wall Heat Flux in
- ' - Annular Duct Flow

e-mail: hyli@huafan.hfu.edu.tw

W.-M. Yan An inverse problem for unsteady forced convection in an annular duct is presented. The

simulated temperature data taken at the outer wall are used to estimate the time-
Department of Mechanical Engineering, dependent axially varying surface heat flux distribution at the inner wall of the annular
Hua Fan University, passage. No prior information on the functional form of the unknown wall heat flux is

Shihtin, Taipei, Taiwan 22305, R.0.C. needed in the inverse method. The effects of the functional form of the wall heat flux, the

number of the measurement points, and the measurement errors on the accuracy of the
estimation are investigated. It is shown that the reconstruction of the timewise and spatial
variations of the wall heat flux is satisfactory even if the estimated function is not smooth.
[S0022-1481(00)01003-3]

Keywords: Annular Flow, Forced Convection, Heat Transfer, Inverse, Laminar

Introduction Analysis

Inverse heat conduction problems concerned with the determi-pjrect Problem. The problem considered here is the laminar

nation of the thermal boundary conditions, the initial condition, g4y drodynamically developed flow inside an annular dsee Fig.
the thermal properties of a heated body have been generally s shown in the figure, two concentric tubes of circular cross
treated in the last few decades. The texts by Beck dtlaland section have inner radius and outer radius,, respectively.
Alifanov [2] give an excellent comprehensive review about ingjow enters the annular passage with a uniform temperafyre
verse heat conduction problems. While inverse heat conductigid fully developed velocity profila(r). Initially, the whole sys-
problems are now well documented, inverse problems of heat cq8m is maintained at a uniform temperatiie At time t>0, the
vection have just begun to receive much attention. RaghuBath inner wall is suddenly subjected to a heat figi,t), while the
Bokar and Ozisi4], and Liu and OzisiK5] considered the in- oyter wall is kept thermally insulated. The heat exchange between
verse convection problem of determining the inlet temperature gfe flow and wall starts to occur. In this study, the properties of
a thermally developing hydrodynamically developed laminar floghe fluid are assumed to be constant. Besides, only high Peclet
between parallel plates from temperature measurements takginber flow is treated here so that the axial fluid conduction is
downstream of the entrance. Moutsoglfel] investigated the negligibly small. It is intended to provide a first step toward future
steady-state inverse forced convection problem between paraligrk, in which these effects will be considered. Then, by intro-
flat plates. He determined the boundary heat flux of the top wallicing the following dimensionless quantities
from measured temperature data at the bottom wall by using the
straight inversion and the whole domain regularization schemes. X B
Huang and Ozisik7] determined the spacewise variation of the £= Dy, Pe = o
wall heat flux for laminar flow through a parallel plate duct from
temperature data taken inside the fluid at several different loca- at u
tions along the flow. Liu and Ozisik8] estimated the timewise ™ D2 U:ﬁ
variation of the wall heat flux for transient turbulent forced con- h
vection inside parallel plate ducts from simulated transient tem- K(T—Te)
perature data. The unknown wall heat fluxes or inlet temperatures = Do
to be estimated are of one variable in these inverse convection hOret
problems. Convective heat transfer in annular flows is important D, q
in many engineering applications, including, among others, heat Pe=— Q=—7—7—
exchangers, nuclear reactors, and cooling of electronic systems. « 2(1= M) G
The inverse analysis provides an appropriate way to determine 1-)\2
crucial parameters in these applications when direct measure- 2[1_7,2_(_)”] »
ments of the desired quantities, such as the inlet temperature or Di=2(r—r1) U= In'\ 1
the wall heat flux, are not possible. h=2(ro=ri) 1—\2 ! @)

In the present study, the conjugate gradient method is adopted 1+N2+ nx
for the estimation of the inner wall heat flux for unsteady laminar
forced convection in an annular duct from the temperature mee governing equation in dimensionless form for the problem is
surements taken at the outer wall. The unknown wall heat flux tiven by
be estimated is a function of time and space. No prior information
is needed for the functional form of the wall heat flux in the a6 d0 19

o a1
inverse analysis. o, TU 85_4(1 \) .

=

ri

_ro

96
7 —) (2a)

1To whom correspondence should be addressed. with the initial condition and the boundary conditions

Contributed by the Heat Transfer Division for publication in ttmUBNAL OF

HEAT TRANSFER and presented at the 1999 National Heat Transfer Conference. 0(¢,7,0=0 (20)
Manuscript received by the Heat Transfer Division, May 17, 1999; revision received,

February 29, 2000. Associate Technical Editor: D. Zumbrunnen. 6(0,7,7)=0 (2c)
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The step size is determined from

I

6 o o B M-' — — ®
v ¢ v VvV VvV V¥ Mi,k)p b
322 5 [ o

whered6; /dQn, , is the sensitivity coefficient. To calculate the
sensitivity coefficient, we differentiate the direct problem with
respect taQ,, , to obtain the sensitivity problem, i.e.,

a(ae) a(aa) za(a(aa)
77\ Q) TV T\ 30l NS 5\ 75 2o

Insulated

Fig. 1 Geometry and coordinates

d6(§,1, 9a
(E17) _ @) (%)
an 90(£,1.0) _ (%)
PEXNT_ o gm (2) R
—_— , . e
an B d6(0, 96(0,7,7) 7') (%)
The direct problem considered here is to determine the tem- ann
perature distribution in the flow field, while the velocity distribu-
tion, the initial condition, and the boundary conditions are given. i(‘m(g'l”)) =0 (od)
The problem defined by the foregoing equations is solved by the dn\ dQmn
finite difference technique€ 9]). The solution is marched in the
time and the downstream directions. A fully implicit numerical ((79(5 A, T)) =G(¢—&,,7— ) (9€)
scheme in which the unsteady energy storage term is approxi- (?77 dQmn m’ n
mated by the backward difference, the axial convection term b _
the upwind difference, and the radial diffusion term by the centra% M, n=12,... N, where

difference is employed to transform Edg8) into the finite differ- .
ence equations. This system of equations is tridiagonal, which can U(é—&m,7—70)=
be solved efficiently by the Thomas algorith(f®]).

§=&m 7= Ty

0 otherwise (o)

The solution procedure fof can be applied for6/9Q, ,, since
he governing equation, initial condition, and boundary conditions
d6/9Q, , are similar to those foe.
If the problem contains no measurement errors, the condition

Inverse Problem. For the inverse problem, the temperatur
data at the outer wall are provided as an additional input, but t
heat flux at the inner walD(&,7) is unknown. The reconstruction
of the wall heat flux from the knowledge of the measured tem-
perature data can be obtained by minimizing the objective func- J(Qﬁm)<5 (20)

tion can be used for terminating the iterative process, where a

M small specified positive number. However, the measured tempera-
J=2 E (6, x—Zi )? (3) ture data contain measurement errors. Following the computa-
i=1k=1 tional experience, we use the discrepancy princifld ])

where 6; = 6(&;,1,7) is the calculated temperature for an esti- J(QE, J<MNo? (11)
matedQ(§ 7) and Z; \=Z(&;,1,7,) is the measured temperature
taken at the outer walM andN are the numbers of the measuredis the stopping criterion, wheteis the standard deviation of the
data in the¢ and ~-directions, respectively. measurement errors.

The iterative process based on the conjugate gradient methodhe computational procedure for the inverse convection prob-
([10)) is used to determine the unknown wall heat flR&&, 7) lem is summarized as follows:

Qp+l Q — gPdP () Step 1: Solve the sensitivity problem to calculate the sensitivity
mn coefficientd6;  /IQum p -
whereQp, ,=Q(ém, ™), BPis the step sizeolﬁ],n is the direction Step 2: Pick an initial guegs_%n and setp=0.

of descent which is determined from Step 3: Solve the direct problem to compétg, .
p Step 4. Calculate the objective function. Terminate the iteration
p— pgP—1 rocess if the specified stopping criterion is satisfied.
I ((9Qm,n 7 ©) gtherwise go to Fétep 5. PPing
and the conjugate coefficieryP is computed from Step 5: Knowing6; /dQm,n, 6, andZ;, compute the gra-
dient of the objective functio@J/dQy, , .
P12 Step 6:  Knowingdd/dQ, ,, computey” andd, .
mz:l g ((7an) Step 7:  Knowingd6; \/dQmn, ik, Zix, anddf, |, compute
Y= PEET with °=0. (6) BP.
2 ( ) } Step 8:  Knowings® anddp, ,, computeQ¥ . Setp=p+1 and
m=1 n=1 [\ 9Qmn go to Step 3.

Here, 3J/9Qy, , is the gradient of the objective function. It is
determined by differentiating Eq.3) with respect toQp,, to

obtain Results and Discussion
M N 90 The accuracy of the inverse algorithm for the estimation of the
22 2 (0= Zix) ik (7) inner wall heat flux is examined for four test examples by using
3Qm n  i=1k=1 t?Qm,n simulated measured temperature data at the outer wall. The simu-
Journal of Heat Transfer AUGUST 2000, Vol. 122 / 461
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Table 1 Comparison of #(1,1,7) for various grid arrangements |
Exact
o1.17) 10 T - — Estimated === J
T 21X21X%21 41X41X41 81x81x81 Vi \<0'5
0.3 1.07889 0.97874 0.91824 8 [ / ]
0.5 2.63416 2.63966 2.65034 e /
0.8 3.63838 3.74104 3.79660 N [ ]
1 2.67688 2.75278 2.78851 s 6 / g =02
1 \\ N
lated measured temperature d&iaare generated by adding ran- 2k // TSN
dom errors to the exact temperatute,computed from the solu- Y =09\
tion of the direct problem A ‘ N
0
Z=0+o{ (12) 0 02 04 0.6 0.8 1
whereo is the standard deviation of the measurement daima ¢

random variable of normal distribution with zero mean and unit )
standard deviation. In the present study, the radius haifofixed Fig- 3 The exact and estimated wall heat fluxes for
to be 0.5. Equally spaced measurements are taken botk §s=0 M=41, N=41
and 0=sg=<1 for all the examples considered. The data are used as
input to reconstruct the unknown wall heat flux in the inverse . o
problem. We examine the effects of the functional form of th&=0-02, respectively. The standard deviations of the measured
wall heat flux, the number of the measurement points, and tH8t@ are taken to be 0.01 and 0.02, which correspond to 0.7 per-
measurement errors on the accuracy of the estimation. Differ&t and 1.4 percent relative errors based on the maximum dimen-
grid arrangements are used to ensure that the solution of the difief!less measured temperature. Because the sinusoidal functions
problem is grid independent. The results obtained with vario@€e smooth, the wall heat flux is well reconstructed from tempera-
grid points for the wall heat flux of example 1 are given in Tabl&rée measurements taken at the outer wall. It is noted that the
1. It is found that the deviations i@ (1, 1, 7) calculated with grid &ccuracy of the estimation decreasesrascreases. In this paper,
41Xx41x41 and 81x81x81 are always less than 6.6 percent. Tthe inverse convection problem is solved in dimensionless form.
41x41x41 grid points are used for the solution of the directO ggt some ideal of the corresponding dlmenS|onaI.var|abIes', we
problem to illustrate the inverse methodology by considering ngonsider air aff¢=300K enters an annular duct of inner radius
merical accuracy, computational time, and computer memory for=0-01 m, outer radiug,=0.02m, and length. =3.6 m. The
the inverse analysis. To validate the prediction of the moddl€an velocity, the total experimental timg , and the reference
simulated measured temperature data are used as input for 188t fluxdyes are taken as 0.2 m/s, 18 s, and 100 \W/mespec-
estimation of the inner wall heat fluxes. Comparisons between t{¢ely- If 41 measurement points are taken both l&<1 and
estimated and exact values of the inner wall heat fluxes are mafe 7<1. it corresponds to a sensor spacing\of=0.09m and a
in the paper. The estimation of the wall heat flux from the simE@MPpling rate ofAt=0.45s. The actual temperature errors are
lated measured temperature data with no measurement errors, £&;95°C and+1.1°C for 0=0.01 and0=0.02, respectively.
o=0 is examined first. As a result, the estimated solutions cohl€se values are larger than the typical value for thermocouple
verge graphically to the exact values of the wall heat fluxes. Measurement error, .e£,0.25°C. Figure 4 is intended to illustrate
In the first example, the spatial and timewise variations of tH8€ effects of the numbers of the measurement pdihe\dN on
unknown wall heat flux are considered to be sinusoidal functiofid® accuracy of the estimation. In this cad&,and N are both
taken as 21. Comparing Fig. 4 with Fig. 2, it is noted that increas-
Q(&,7)=10Sin(w&)Sin(m7). (13) ing the measurement points from:221 to 41x41 improves the
Figures 2 and 3 show the exact and estimated results of the inAEFUracy significantly. The measurement errors trend to become
wall heat flux at7=0.2, 7=0.5, and==0.9 for simulated experi- MOre correlated as the sampling rate increases and the distance

mental data containing errors of standard deviatien0.01 and between the sensors decrea@s}). Very high cprrelatlon t_)e-
tween measurement data provides less information for the inverse

o=0.02,

R T T T — ] R T L e e
Exact ] Exact
10 - -— Estimated _ - 10 - — Estimated // =05 —
[ / =0.5 ] [ / \
Vi AN
8 [ 7] 8 \ 7
© = f i \
ur — np
¥ L B ¥ Gk . \ _
=4 / e 1=0.2 © - ,/ e S =02\,
r N\ 1 /i v
4 / . 4 f U
= A el S \
2 b \ - S S = N
=0.9 N\ :// // 1=0.9
Lig =
0 ; L 0 B |
0 0.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
< <

Fig. 2 The exact and estimated wall heat fluxes for o=0.01, Fig. 4 The exact and estimated wall heat fluxes for o=0.01,

M=41, N=41
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% 0
12 T j _§ o4
9
r Exact ] E 0.003
o b -— o001 N S
[ — — o=0.02 20
\ &0 5 0
8 [ \ - b
\ é 0'001
= \
up [ -
5 ¢ N \ 0.0y o
= ONNEF02 N N <5
7 h AN N o>
4 % 7]
// A\ \ e
= T A \ <> “a
2 = g=\o9 N \\ ] - e
7= ‘ ‘ SR
0 02 04 06 08 . Fig. 7 The sensitivity coefficient ~ d6(£,0.5,7)/9Q,, used in the

inverse analysis when the measurements are taken at n=0.5

Fig. 5 The exact and estimated wall heat fluxes for o=0.01
and 0=0.02, M=41, N=41 20¢ Sin( ) 0<¢<05

20(1-¢)Sin(wr) 0.5<é<1’

analysis. The computational time and memory also increase unfféggure 8 shows the estimation of the spatial variation of the wall
such circumstances. As a result, X441 measurement points areheat flux atr=0.2,7=0.5, andr=0.9 for simulated experimental
used for all of the results presented in this paper except in Fig.data witho=0.01 ando=0.02, respectively. Overall, it can be

In the second example, the wall heat flux with a triangulsgeen that the estimation of the wall heat flux is satisfactory. As
timewise variation and sinusoidal spatial variation is considere@xpected, the prediction of the wall heat flux is less accurate near

_ £=0.5.
207 Sin(¢) 0=7<05 In the final example, the unknown wall heat flux is assumed to
20(1- 7)Sin(7é) 0.5<r<1

vary in the form
The inverse solutions &@=0.2, £=0.5, andé=0.9 are shown in ™
Fig. 5 from the measured temperature data. The agreement be- 307 Co 55 0=7<05
tween the estimated and the exact values of the wall heat flux is Q(¢, )= , (16)
satisfactory for bothr=0.01 ando=0.02. The prediction of the _ m 05<r<1
wall heat flux is less accurate neex0.5 because the wall heat 201 T)Cos( 2 §’ =T

flux is not smooth there. The inverse solutions when the measureréjCh is difficult to predict for the inverse analysis due to the

ments are taken inside the fluid are also examined. Figures 6 a\(.{j!i]scontinuity presents in the function. Figure 9 shows the exact
7 show the sensitivity coefficientd(¢,7,7)/0Q; at different and estimated results of the inner wall heat fluxéat0.2, &

sensor locations, i.ex=1 and »=0.5, respectively. The magni- _ = ’ . o
tude of the sensitivity coefficient increases as the distance bTe-o's’ andé=0.9 for simulated experimental data containing er-

: tors of standard deviatiom= 0.02. The prediction is less accurate
tween the inner wall and the sensors decreases. As expected,%e[ r7=0.5 where the wall heat flux is not continuous. The acCU-

Q(&,7)= (15)

Q(¢,7)= (14)

shown that the accuracy of the estimation can be improved s ccy of the estimation can be improved if the sensors are located
nificantly when the sensors are located close to the inner wgl y P

However, from the experimental point of view, it is desirable t oser to the inner wall or the measurement errors are reduced. In

. e ; ) o ' is paper, the sensitivity problem can be solved once for giten
:\nlgl?nfrigi%?evﬁmlsn the fluid, which will disturb the flow f'eldand N. The CPU time required for the sensitivity problem with

In the third example, the unknown wall heat flux is assumed M =41 andN=41is 11 minutes on a personal computer with an

be a function with a sinusoidal timewise variation and triangular
spatial variation

127 1
— Exact
% 0, 10 -— o=001 7
5 0 — — 6=0.02 =
8 / 05
§ ; / \
) o) 4 \
§ up L y \ |
" & 6 Z \
§ / - =0.2
9 4 / a \\\ 7]
i % )
“
N r / X AN
2 = S N
= [ = =09 ™\
= Y ! |
> e 0 —
e 0 0.2 04 0.6 0.8 1
PSS <

Fig. 6 The sensitivity coefficient  d60(&,1,7)/dQ,, used in the Fig. 8 The exact and estimated wall heat fluxes for o=0.01
inverse analysis when the measurements are taken at n=1 and 0=0.02, M=41, N=41
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= thermal conductivity

= the number of the measured data in thdirection
the number of the measured data in theirection
Pelect number

dimensionless wall heat flux
wall heat flux

reference heat flux

= radial coordinate

= temperature
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dimensionless velocity
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mean velocity

axial coordinate

= measured temperature data
thermal diffusivity

= step size

= dimensionless radial coordinate
= radius ratio

= conjugate coefficient

= dimensionless temperature

. _ . = standard deviation
Intel Pentium 11 233 MHz processor. If the sensitivity coefficients ; = dimensionless time

are given as input, the computational time required for each casg: = dimensionless axial coordinate
of the inverse problem varies from 8 to 105 seconds. { = random variable
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Heat transfer and pressure drop characteristics of water flow in horizontal tubes with/

without longitudinal inserts used as a heat exchanger tubing was experimentally studied.
l.-W. Huang Testing was p.erformedl on bare tubgs and tubes with square and .rectan.gular as well as
Graduate Student, crossed-strip inserts with aspect ratios AR and 4 and varied ratios of inlet mixed
Department of Mechanical Engineering mean temperature to wall temperature of 088 to 0.97. The Reynolds number ranged from
approximately 250 to 1750 for flow visualization and from 1700 to 4000 for the pressure
drop and heat transfer measurements. Flow visualization, using a dye injection method,
revealed a highly complex flow pattern including a secondary flow formed in the cross
section for crossed-strip inserts. The thermal entrance length was found and correlated in
terms of Re for this type of inserted tubes. The enhancement of heat transfer as compared
to a conventional bare tube at the same Reynolds number based on the hydraulic diameter
was found to be about a factor of 16 at<R€000, while the friction factor rise was only
about a factor of 4.5 at Re4000.[S0022-1481(00)01303-7]

National Sun Yat-Sen University,
Kaohsiung, Taiwan R.0.C.

Keywords: Augmentation, Forced Convection, Heat Exchangers, Heat Transfer

1 Introduction The purpose of the present work is to extend the previous stud-
. ies ([5,6]) for turbulent flow to the developing laminar tube flow
2hd heat transfer with strip type inserts. The geometry and dimen-
processes depend, to a great extent, on the performance of hg&is of the inserts used in this study are shown in Fig. 1. These
exchangers. Consequently, there is considerable engineering efigskrts were chosen to simulate the applications in waste heat
directed toward the development of high performance heat e¢covery system as a recuperator. The inserts were made from
changers. Improvement in performance may result in a heat éXexiglas and considered to be adiabatic. The Reynolds number
changer of a smaller size. For a heat exchanger of a fixed sirange of the experiments was from 250 to 4000 and the Prandtl
improved performance may allow for either an increased he@gmber for the heat transfer study was extended from 2.4 to 4.6.
transfer rate or a decrease in temperature difference between tH§ geometric sizée.g.,H andL) as well as operating condition

flui he | llowing f ffici ilizati e.g., developing floyv and developed flpis tota]ly different
fggfrizijr?;ﬁi,ctasaﬁgs:lig owing for more efficient utilization 0from those of Solanki et a[1,2]and Chen and Hsiel8].

As a practically used displaceable device, a longitudinal rectan-
gular plate is often inserted in the tubes of heat exchangers o Experimental Setup and Procedure
enhance tube-side heat transfer. Solanki €ff1a®] conducted ex- . . . .
. ) - . .. _Figure 2 shows a schematic drawing of the experimental appa-
perimental and theoretical studies for laminar forced convection jn

tub ith ool . ch d Hi8 icall t8tus. There are two test systems; one is for flow visualization,
ubes with polygon inner cores. Chen and Hsi8hnumerically 5,4 one is for pressure drop and heat transfer measurements. This

studied laminar mixed convection in a horizontal tube with a longneans two different, but complementary, apparatuses were em-
gitudinal square core. ployed for the present experiments.
Most studies have been concerned with fully developed condi-

tions. However, it was unclear how the flow develops to the finalvz'”1 blFIown\{ls#tarl]lzagorn. Tc&eﬁir'Tigtal n?eit#i?w usgd f‘n
states for laminar or turbulent convection in a horizontal tub araple constant-nead rese . eignhticontaining abou

. . o R .~3000 L of city water that was supplied with water through an inlet
especially with a longitudinal strip in its core. The developln%t the bottom(see Fig. 2 for details An overflow control valve
process would not only provide insight into the complicated phy$naintained a constant head in the tank. The water from the outlet
ics involved, but also legitimize the fully developed solution. Repassed through a flowmeter first and then to a transparent Plexi-
cently, Hsieh and Wef4] did a numerical study for laminar de- glas tube(14-mm dia. with 2 mm in thicknesswhere the actual
veloping flow in a horizontal tube with strip-type inserts. Furtheexperimentation was carried out. The flow in the tube, and there-
Wu [5] and Liu[6] reported experimentally a two-part study forfore the Reynolds number, was measured by a rotameter.
turbulent air flow in a horizontal tube with longitudinal inserts. Longitudinal strips were inserted into the transparent tube. The
However, the literature on experimental studies dealing with dglfiPS were also made from Plexiglas as shown in Fig. 1. All

veloping laminar convection tube flow with a longitudinal insert i&"S€rts were closely bonded to the tube to insure a tight “spill-
relatively scarce. over” proof seal(i.e., no leak). The visualization of the flow

patterns was aided by injection of colorgslue) dye into the tube.
The dyes were introduced through the upstream plenum and
Contributed by the Heat Transfer Division for publication in tHGUBNAL OF ejeCted from a tube of 1-mm dia. hypOdermIC tubes I’Ight at the

HEAT TRANSFER Manuscript received by the Heat Transfer Division, Jan. 8, 199g¥ater inlet with great care to keep the disturbance due to the dye
revision received, Dec. 14, 1999. Associate Technical Editor: J. Han. to minimum. Formulations of this type resist breakup under highly
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longitudinal strip (LS)

crossed-strip (CS)

2.85m: 10.8m
11.4mm Flo.sm-{
(a) AR=4 (b) AR=1 (c) AR=4
R=1 R'=1 R'=1

insert material : plexiglass
Fig. 1 The geometry and dimensions of the inserts used in this study

turbulent conditiong[7]). This was done to identify the different circular tube, special treatmerié.g., using concave/or convex
types of flow that might exist near the wall and the insert. Thiens)was made to avoid this effect. The experiments were carried
dyes facilitated observation of the behavior of different layers @ut several times to verify satisfactory repeatability of flow pat-
fluid. Table 1 gives the geometric parameters and operating rangess. The lighting was provided by one LPL-BROM CINE 500W
that were used for flow visualization. Due to the refraction of thioodlight. The still pictures were taken using Cannon-AE1 cam-

overflow
water flow in

12 m high water tank

control valve#1

air flow out

pressure
transducer

-------- V pressure tap

control valve#2

electronic timer clock

PCL-818HG PC
data convertion
interface card

Fig. 2 The schematic of the present experimental apparatus
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Table 1 Geometric parameters and operating ranges for flow
visualization study

Parameter Range or value

Reynolds number, Re 250-1750
Inlet water temperature (C) 26:0.5
Outlet water temperature (°C) 26x0.5

Average temperature (°C) 26

Mean velocity, u{m/s) 0.0614(CS,AR=4)-0.413(1LS,AR=1)

Aspect ratio, AR 1.4

Mass flow ratio,(kg/s) 0.000262(LS,AR=1)-0.00784(LS,AR=4)

Geometry of test tubes
(D, =15.88mm, D,=13.84mm)

D) & 68

D=1.56mm D =6.66mm D =4.2mm
LS(AR=1) LS(AR=4) CS(AR=4)

outlet pressures were measured with a piezoresistive-type trans-
ducer, respectively, and differential pressure at a 100-mm interval
each across the channel is measured with a strain-gauge-type
transducer. The test section is formed by the tubes with and with-
out inserts. Unlike flow visualization tests, the inserts here were
fabricated from copper plate 3000-mf0.5-mm)long. In ma-
chining, care was taken to achieve a hydrodynamically smooth
surface finish on the inserts. The side view of the test section
shows the assembled relative positions of the front and end tubes
which form the test duct. As seen in Fig. 3 the inserts were posi-
tioned in such a way that the upstream and downstream plenums
were properly flanged by the adjustment screws. The entering
flow was calmed by the baffles in the upstream plenum before it
entered the duct. An assembled view of the joining of the respec-
tive inlet and exit ends of the test section was shown in Fig. 3.
Table 2 lists the geometric parameters and operating range used in
heat transfer and pressure drop measurements.

The test tube includes a heating part that has a double-tube
structure and is between the tube exit and 3000 mm upstream
from the exit. The inner tube of the heating part which is the test
tube of D=14 mm is made of 1-mm-thick copper plate. A car-
tridge heater was composed of four heating elements and was
filled into the gap between the inner and outer tube which results
in that the air existing in the gap between inner and outer tube was

era with an exposure time of 1/4080/500 s with ISO 400 East- preheated and a constant heat flux condition was reached eventu-
man Kodak 35-mm color slide films. In fact, good flow visualizaally. The wire (1.8-mm gaugeghosen as a heating element was
tion images are obtained from the contrast between fluid with aneade of a nickel-chrome alloy. The heating element is 6.83 mm in

without the dye.

diameter. A detail of the manifolds that illustrates the heating
element is also shown in Fig. 3. The test inserts were inserted into

2.2 Pressure Drop and Heat Transfer Measurements. the test tube. The test tube had a fitting added to each end for
The experiments for determining heat transfer coefficients aattachment. The locations of the thermocouptesal 84 thermo-
friction factor for water flowing in a horizontal duct is shown incouples)used to measure the test section wall temperature distri-
Fig. 2. The duct was made of 14 mft0.1-mm)dia. with a butions as well as flowing water temperature inside the tube at
2-mm thick copper tube. Heat transfer and pressure drop teptaticular positions along downstream distance are positioned as
were done independently. Both used water as the working fluithe same as Lii6]. Temperatures measured at these locations
The pressure drop experiments were done adiabatically. Inlet gmdvided experimental confirmation of the establishment of fully

downstream
plenum

300 plenum <&

upstream

ball valve
o

-

pressure transducer

unit :cm

-

water flow in

water flow out

air layer

fiber glass

heating tube
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20000022
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tube with LS insert

section A-A
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details of B
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IAA
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EUUAANSA resistance wire
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Fig. 3 Test section details

Journal of Heat Transfer

AUGUST 2000, Vol. 122 / 467

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 2 Experimental parameters and operating ranges

conditions pressure drop heat transfer
Reynolds number,Re 1700-4000 1700-4000
Inlet water temperature( C) 2610.5 27.5
Outlet water temperature( C) 2610.5 39.39(bare)-75.87(LS,AR=1)
Ratio of inlet mean temperature 0.88-0.97

to wall temperature

Average temperature(°C) 26 33.45(bare)-51.68(LS,AR=1)

2.4-4.6
Prandtl number,Pr 5.88

Aspect ratio, AR 1,4 1.4
Mass flow rate,(kg/s) 0.000262(LS,AR=1)-0.00784(LS,AR=4) 0.000262(LS,AR=1)-0.00784(LS,AR=4)
Net heat flow rate,Q(W) —_— 2743, 3429, 4115

Wall heat flux, 9., (W/m?) —_— 18287, 22860, 27433

developed flow. Fine gauge=0.1 mm)specially calibrated Type viscosity and the Prandtl number of the water, which are strongly
K type thermocouples were employed with the intent of minimizemperature dependent, as stated before, were evaluated at the
ing the disturbance of the temperature field in the vicinity of thaverage bulk temperature.

thermocouple junctions. The thermocouples were installed inThe tube side local heat transfer coefficient and Nusselt number
holes drilled into the back side of the tube walls to within 2 mm oflue to pure forced convection were calculated as

the surface. Five thermocouples, respectively, positioned just up-

stream and downstream of the tube inlet and outlet were used to Qner= NxAs(Twx= Thx)
measure the temperature at respective positions incorporated with
the corresponding velocity measurements to calculate the inlet and q"=Qne/As, As=7Dyl (1)
outlet bulk mean temperatures.
Electric power was supplied to the test section heating wire by NuX:@

one circuit. The source of power for this circuit was an autotrans-
former, supplied from a standard 220V, 60-cycle a.c. wall outlet. . o )
These autotransformers were designed for a load voltage outpu¥¥é¥ereks is the thermal conductivity of water ark is the area of
0-220 V, with a maximum current of 40 amps. the heated region of the water tu_bens(rDOI). The local net heat
Water flow rates were measured by rotamé@6~3 L/min). transfer r_ateQnet was the electrical power generated from the
This gives the tube-side Reynolds number range from 1700 Rgater with the heat loss to the outside of the test channel de-
4000. The pressure drop along the entire test section was m@gcted(including conduction and radiation heat logséhe sum
sured by means of static manometers. In all, five taps were spf-these two losses was found to be less than ten percent of the
tioned 100 mm apart. The pressure taps were connected by flE¢@l heat input at the worst case. o )
ible PVC tubing to the monometer. All measurements were madeBuoyancy effect was considered negligible since the water was
under steady-state conditions. The fluid properties were calculat¢fd as the working fluid. Actually, the Richardson number
as the average between the inlet and outlet bulk temperature. GERI/R€) was computed for the worst cas¢Re=1700,
erally, it took 1.5 hours to reach steady state at=R&00. Qner=3429 W with strip type insert AR =1) and it was found to
After the establishment of an overflow from the constant hedt¢ about 0.1T,,, was calculated based on the average of several
tank and filling the plenum chambers, the flow control valve we@rcumferential(four for LS inserts; six for CS inseftsempera-
opened to the maximum flow rate in order to wash any air bubblége readings.
or pockets out of the test duct which may have formed while the Tox iS Obtained by energy balance at any streamwise tube loca-
system was at rest. The flow control valve was then adjustedtion, defined asTy,=Tp+qy(7DAX/MC,) where AX is the
the desired flow rate for the run as measured by the rotameter. Eteeam distance from the beginning of heating for the streamwise
inlet bulk temperature was then measured and recorded. Nestgtion of interestm is the water mass flow rate amq) is water
heating was initiated by the adjustment of the autotransformersdpecific heat. The effect of the inserts acted as fins only when the
predetermined voltage outputs. Data acquisition began afteidth of the insert is close to the inside diameter. However, such
steady state operation was achieved. effect as the modifying the temperature of the water in the tube
was considered negligiblé¢8]) especially for that the Plexiglas
insert was chosen.
. The determination of fully developed Nusselt numbers from the
3 Data Reduction experimental data begins with the calculation of the local bulk
The primary goal of this experiment was to determine the potemperature rise based on an energy balance on the flowing water.
sible flow pattern and fully developed Nusselt numbers for watd@ihe calculated and measured local water bulk mean temperatures
flowing in tubes with and without inserts. The independent pararat a particular downstream distance from the inlet was found to be
eters for heat transfer measurement were the Reynolds numliergood agreement within=5 percent. The present results con-
the Prandtl number and the ratio of inlet mixed mean temperatwsisted of 108 data sets obtained from four different tubes.
to wall temperature while for flow visualization the independent The Darcy friction factor was evaluated using the pressure drop
parameters were Reynolds number and downstream position. Time€onjunction with the following equation:

K
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Cross-Section  |Insert Type and Visualized Position

view LS, AR=1

- % (x/D=50)

Flow
Direction

Re=250

Floww
Direction

Re=500)

Flow
Direction

Re=750

Fig. 4 Visualized flow pattern for LS insert of AR=1 at x/D=50 for different Re

(AP/1)D, traced to the uncertainty in the convective heat transfer and is due
-1 (2) mainly to the simplified analysis for the conduction loss correc-
—pu% tion. Although the conduction loss through the insert can probably
2 be estimated to be within two to three percent accuracy, these
whereu,, is nominal(bulk) average velocity of the fluid, is the 0SSes are so small that this might be considered (r)legllglble. The
length of the test tube, angis the density of the fluid. estimated error in the temperature difference is 0.2°C. The result-
ing maximum uncertainty in Nu is six percent.

4 Experimental Uncertainty

Before the experiments, all the thermocouples were calibrated
in a constant temperature bath to ensure the measurement aécu-Results and Discussion
racy of =0.1°C. The voltage input to each finned-type heater was
measured with a sensitivity af 0.5 mV and an accuracy of0.5
percent. Several runs were conducted in which the voltage and i
current for the circuit were measured, and the calculated po
output was highly stable. This procedure resulted in a maximu

5.1 Flow Visualization. Flow visualization was conducted

(?a particular position chosen in such a way that a hydrodynami-
ly fully developed condition was reached to deduce the main
w features and to observe the influence of the insert geometry

: the flow pattern. There are small separation zones near the
uncertainty of+1 percent for the calculated power output. Th n : : NRP
thermophysical properties of the water were assigned an unc pnts of the sides of the inserts but we don't think it would affect

tainty of =1 percent. This was based on the latest values evafii¢ downstream flow at each corresponding fully developed re-
ated at proper temperature and pressure gion much. Although the visual results depend on where ink was

; : _injected, typical photographic sequences are obtained and shown
An error analysis using the method of Mofffd] was per- _ Figs. 4 to 6. The corresponding sketches are shown in Fig. 7.

formed to determine the uncertainty in the experimental data. T, following inf the effects of the i " t d
single largest contributor to uncertainty in the Reynolds numb € foflowing Inferences on the efiects of the insert geometry an
e can be drawn form these figures.

(1700 to 4000)was the measurement of the volumetric flow rate.
The resulting maximum uncertainty in Re ahds 4.9 and 5.3 1 At low Re, the traditional “laminate” type flow pattern is
percent, respectively. The majority of the error in Nu can belearly seerFigs. 4, 5, and 6).
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Cross-Section

Insert Type and Visualized Position

—

view

LS, AR=4
(x/D=85)

Fleww
Direction

Re=500

Direction

Re=1250

=

Flone
Direction

Fig. 5 Visualized flow pattern for

LS insert of AR=4 at x/D=285 for different Re

2 Slight differences in the patterns evolve as the flow movgmrently, these vortices were stretched by a velocity gradient in
downstream, but the major changes occur from one geometryth@ main flow and advected downstreésee, for example, Fig. 6

another and with Re as welFigs. 4, 5, and 6).

at Re=750). It is conjectured4]) that Fig. 4 basically shows two

3 As Re increases, the onset of transition to turbulence occyysirs of symmetric vortex cells inside the cross section for the LS

followed by the sequence of LAR=1), CS (AR=4), and LS
(AR=4) insert(Figs. 4, 5, and 6).

4 Dye injection tests conducted in a bare tibet shown here)
indicated the presence of laminar flow well up to=R800 which
is larger than the present worst case oFR&50 for LS insert of
AR=4 (Fig. 5).

5 Tests at Re>1250 for LS insert &R =4 result in high

enough turbulence that the dyes are thoroughly mixed. It al
suggests that both rotational and crossover patterns exist in fl

over a strip-type insertFigs. 5 and 6which result in a helical-

insert of AR=1. This is perhaps because a secondary flow was
formed and was due to the complex interaction among shear
forces and the geometry of the insert. The similar situation was
also found in Figs. 5 and 6 at low Re500). However, it seems
that the flow becomes more irregular and chaotic aERe0. It

also seems that, however, the turbulence intensity shown in Fig. 5
igymuch higher than the one shown in Fig. 4 for LS insert of
AR =1 due to the presence of more irregular motions in Fig. 5
with AR =4. This is perhaps due to a higher corresponding Re in

like motion of the fluid. The reasons for this are not understood Btd- 5. But, most importantly, it indicates that the LS insert with
this stage. Since no further attempt has as yet been made in thB =4 seems to have stronger local turbulence compared with the
work to visualize or to otherwise study the characteristics of thher two inserted tubes, i.e., CAR=4) and LS AR=1). Ac-

flow past an insert in an open literature, it may provide sonteally, the main flow in tubes with LS insert ’AR=4 has a
physical insight in this regard even under present situation. Theher spatially averaged velocity, which results in a higher heat
flow patterns viewed on different sides of the inserts are not samensfer. This can also been seen later.

and not symmetric with respect to the tube centerline. These ar@n summary, the present complex flow pattern in the inserted

expected and may be caused by experimental errors.

tubes can be possibly attributed to a drag on the disruption due to

In general, based on the present side view, these flow pattep@ssible vortex cell formation in cross section and an increase in
imply that there are symmetric cells. Also, as Re increases,titrbulent intensity caused by the shear lagaso different mean
seems that the strength of symmetric vortices was enhanced. Aplocities in the passages around the ingerts
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Cross-Section Insert Type and Visualized Position

it /

7 CS, AR=4
— (7
/ﬂ% (x/D=45)

Flones
Direction

Re=300

&=  Flow
Direction

Re=450

Flon
Direction

Re=750

Fig. 6 Visualized flow pattern for LS insert of AR=4 at x/ D=45 for different Re

5.2 Pressure Drop and Heat Transfer Measurements From Fig. 8, one can see that the bare tube has the largest

temperature difference followed by LAR=4), CS (AR4),

5.2.1 Temperature Distribution and Nusselt Numbersem- " o @R=1). This is the same as reported by L] for

perature distribution along streamwise distance was measured
a representative dimensionless temperature distribuiiBe
=2300, Q,=3429 W, andg,=22860W/n?) plot is shown in
Fig. 8. In this figure, the ordinate variable is the nondimension
ized temperature difference*, defined ad — Ty /Qpe/ 1K . The ; - = . .
abscissa variable in Fig. 8 is known as the inverse Graetz num?&use LS inserts withR =1 have a higher convective heat trans-
and is a dimensionless representation of the linear ax . . .

P area of the tubes with and without inserts are 1.94 for AR (

coordinate. .
For the longitudinally constant heat flux boundary condition of 1): 2-3 for CS @R =4), and 1.8 for LSAR =4), respectively.

glitbulent air flow. Keeping the other parameters fixed, the small-
est temperature difference in Fig. 8 indicates the best heat transfer
aR_erformance one may obtain. This is partly because the LS insert
with AR=1 provides a larger heat transfer area and partly be-

o due to higher average velocity. In fact, the ratios of surface

the present study as evidenced by this figure, the thermally fuIT;he increase in heat transfer coefficient due to heat tr.e}nsfer area is
developed region is characterized by wall and mean bulk watgpunterbalanced by the lower heat transport capability due to a
temperature that increased linearly as a function of longitudini@wer average velocity for CS insert as compared to the LS in-

downstream position. The most important portion of the wall tengerts. At this stage, the heat transfer increases with a insert for a

perature distribution is the central porti¢r* =4x 102 for all

variety reasons. The blockage of the flow due to the presence of

the cases considerethrough which a straight line has been fittedhe insert increases the flow velocity. The cross flow patterns of

parallel to the line representing the bulk temperature. The vertidge fluid (based on flow visualizatiorby the presence of the insert
distance between this line segment and the bulk temperature ligroves the mixing.

indicates the wall-to-bulk temperature difference used to calculateFigure 9 shows the local Nu along the downstream distance and
the fully developed heat transfer coefficient. The entrance effébe onset of the fully developed Nusselt number value plot, rang-
on heat transfer enhancement can also be explained by such iig- from 42Dto 100D, depending on the tube inside geometry. A

ference and it was also clearly noted especially for tubes withlly developed valugi.e., thermal entrance length,) was de-
inserts. termined when the variation of two consecutive,Nas less than
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Fig. 7 Accompanying sketches of the corresponding plots

one percent. The sequence is that the CS insert AMR+=4 has

the earliest incipience of fully developed value followed by LS The values for constant and exponenim are tabulated in
(AR=1), LS (AR=4), and the bare tube. The fdp value of eacltable 3. Within =8 percent accuracy, one obtains=0.2993

tube is correlated in terms of Re in the form +0.048. This suggests that Reynolds number dependence on ther-
L mal entrance length is not altered for all the four cases under
Be =C(Re)™. (3) consideration.

The fully developed Nusselt numbers are plotted against Re in
Fig. 10. The effect of insert on Nu is shown in Fig. 10. The
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Fig. 10 Nusselt numbers versus Re. Reference cited in figure
is Ref. [12].

corresponding bare tube values are also plotted for reference. It
should be noted that the fluid Prandtl number changed along the
tube; therefore, the left ordinate was so chosen as Rifi/Prow-

ever, the effect of Prandtl number was not considered because the
change of Pr seems not big. In fact, the valug.gf u,, is around

1.01 to 1.10 in the present work. Figure 10 shows that slope of the
Nu/PP* versus Re graph is almost constant even at the low Re
(Re~1000)end, indicating a departure from laminar behavior at
these low Re values. Incorporating with the data from [6J
there is a transition regiof4000<Re<6500)as would be ex-
pected for the bare tube, except for the tubes with LS inserts of
AR=1. Transition from laminar to turbulent flow occurred at
lower Reynolds numbefe.g., Re~3600 for the LS insert &R

=1) than for the bare tubéRe~4000). The increase in Nusselt
number(compared to that of bare tupef up to 16 is possible in

the low Re regionRe~4000)by using the inserted tubes; how-
ever, this value goes down to 2.3 or so in the turbulent regime
(Re=~19,500). The highest enhancement levels in the Nusselt
number over bare tube values are noted in the laminar regime.
This behavior is expected because, as stated earlier, in the flow
visualization for laminar flow, the dominant thermal resistance is
not limited to a thin boundary layer adjacent to the flow. Conse-
quently, the present insert geometry mixing the gross flow is more

Table 3 Constants for thermal entrance length correlation Lo,/D=c Re"”

insert

YP€ | Bare tube | LS(AR=1)

constant

LS(AR=4) | CS(AR=4) Average

C 7.42 7.34

7.79 5.47 —

m 0.35 0.258

0.315 0.274 0.2993£0.048
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effective in laminar flow than in turbulent flow. Moreover, good
agreement with the predictions of the Petukhov correlation can L. Re
seen for testingdata from[6]) in the Reynolds number range of

6500 to 19,500 for the bare tubes without inserts. Fig. 12 Friction factor

f and ratio f/f,
5.2.2 Pressure Drop (Friction Factor). Figure 11 shows the
isothermal friction factor calculated from the pressure drop mea-
surements. Data on bare tubes with different Re are also presergdnding Re read from the top abscjssaspectively. In Fig. 12
in Fig. 11. The present measured values and values obtained frigm tubes with inserts, the curves férwith inserts are almost
Hsieh and Wu[5] are presented for 6500=<Re=19,500. For thparallel to the correspondirfgvithout inserts in the high range Re
laminar regime, the correlation developed by Moddy] was (Re>4000). At Rec4000, the slope undergoes an abrupt transi-
used as a reference. As can be seen from the figure, the restidis representing a change in the flow characteristics.
agree well with the prediction of 64/Re for laminar flow. For the Among three tubes with inserts, it is found that the trend shown
turbulent regime, the correlation developed by McAdah&] in tubes with CS insert oAR=4 seems much like the corre-
was used0.184 Re®?). Transition occurs in bare tubes betweerspondingf curve. However, the other two curves of tubes with LS
2000 and 4000. It is found in Fig. 11 that there is good agreemg®R =1) and LS AR =4) show different slopes.
between the bare tube friction factors presently obtained and theThe transition Re value is lowg2000<Re<2500)%han the
corresponding values in the literature. value expected for a bare tu2300<Re<4000). This change is
Typical results for the friction factors in the tube with insertsalso clearly reflected in the friction factor increase plot. The in-
the corresponding bare tube values, and the ratio of the two @rease in the low Re range is about-2%0 times the bare tube
presented in Fig. 12. In Fig. 12 the ordinates on left and right sidealue. Moreover, the differences for three tubes with inserts in the
refer to the friction factor, and friction factor increagbe corre- friction factor at Re=4000 could not be distinguished.

AR 1 0.5
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Fig. 13 Correlation of Nusselt number
for inserted tubes in the present study

(with bare tube ) and friction factor (without bare tube )
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5.3 Correlations of the Relevant Parameters. It is evident 4 a general correlation of R®/D;, andAR onf andNu was
from Figs. 10 and 12 that the friction factor and the Nusselt nundeveloped for tubes with inserts.
ber for the tubes with inserts is a function of Re and the geometric
parameters of the insert. Therefore, ftand tube averagiiu can Acknowledgment
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Effect of Double Dispersion on
Mixed Convection Heat and Mass
Transfer in Non-Darcy Porous
Medium

P. V. S. N. Murthy'

Department of Mathematics, Similarity solution for the problem of hydrodynamic dispersion in mixed convection heat
|.1T.—Madras, and mass transfer from vertical surface embedded in porous media has been presented.
Madras 600 036, India The flow induced by the density variations is comparable with the freestream flow. The

heat and mass transfer in the boundary layer region for aiding and opposing buoyancies
in both aiding and opposing flows has been analyzed. The structure of the flow, tempera-
ture, and concentration fields in the Darcy and non-Darcy porous media are governed by
complex interactions among the diffusion rate (Le) and buoyancy ratio (N) in addition to
the flow driving parameter (Ra/Pe). The flow, temperature, and concentration fields are
analyzed and the variation of heat and mass transfer coefficients with the governing
parameters are presented50022-1481(00)00703-9]

Keywords: Boundary Layer, Dispersion, Heat Transfer, Mass Transfer, Mixed Convec-
tion, Porous Media

1 Introduction The porous medium inertial effects have been proved to be

Thermal and solutal transport by fluid flowing throughaporou'mportant for moderate and fast flows, i.e., when the pore

L . jameter-dependent Reynolds number is greater than the order of
matrix is a phe_nomen_on of great |nterestlfr0m both the theory aﬂfﬂty. For low-porosity media, the Forchheimer flow model has
appllcatlo_n point of view. Heat trgnsfer in the case of homog%-een proved to be appropriate and it has been widely used in the
neous fde-satura_ted_porou_s media ha_s been studied with relaf] Brks of Vafai and Tier]6,7], Whitaker[8], etc. When the iner-
to _dn‘ferent ap'pllcatlons like dynamlc_s of hot _undergroy_n al effects are prevalent, the thermal and solutal dispersion effects
springs, terrestrial heat flow through aquifer, hot fluid and ignitio ecome important, and these effects are very significant in forced
front displacements in reservoir engineering, heat exchange fid mixed conveétion flows and in vigorous natural convection
tween soil and atmosphere, flow of moisture through porous iﬂbws as well. Thermal dispersion effects have been studied at
dustrial materials, and heat exchanges with fluidized beds. Mqéﬁgth by reséarchers such as Bgat, Kvernvold and Tyvand
transfer in isothermal conditions has been studied with appli [0], Plumb[11], Hong and Tier{12] ,Hong et al[13], Cheng
tions to problems of mixing of fresh and salt water in aquifer nd ’Vortmeye|[1’4] Lai and KuIack[iS] Amiri ana Va{fai[16]
miscible displacements in oil reservoirs, spreading of solutes Eorla et al[17] ar,1d Murthy and SingﬁlS 19]. A brief revie\;v
fluidized beds and crystal washers, salt leaching in soils, etc. Pg]a]- thermal disp,)ersion can be found in é&{ﬁﬂ and Nield and
vention of salt diss_olution into the lake waters near the sea Sho@éjan [20]. Kvernvold and Tyvandil0] argued that better agree-
has become a serious problem of research. . .ment between the theoretical prediction and experimental data can

Coupled heat and mass transfer phenomenon in porous medigdSyptained when thermal dispersion effects are taken into con-
gaining attention due to its interesting applications. The flow ph@l‘fieration appropriately.
nomenon is relatively complex rather than that of the pure therma Coupled heat and mass transfer phenomenon in non-Darcy
convection process. Processes involving heat and mass transfe{dfis are studied by Karimi-Fard et dl21] and Murthy and
porous media are often encountered in the chemical industry, dfhgn[3]. The complexity of the flow increases when higher order
reservoir engineering in connection with thermal recovery prosfects like thermal and solutal dispersion, wall channeling, and
cess, and in the study of dynamics of hot and salty springs of\8qsity variations are considered in the medium. A numerical
sea. Underground spreading of chemical wastes and other poliiqy of double-diffusive free-convection heat and mass transfer
ants, grain storage, evaporation cooling, and solidification are theg square cavity filled with a porous medium has been done by
few other application areas where the combined thermo-solu{ddimi-Fard et al.[21]. A more general flow equatiofDarcy-
natural convection in porous medla_are observed. Combined hFéFchheimer-Brinkma)n coupled with energy and concentration
and mass transfer by free convection under boundary layer appations, are solved using a finite volume technique. The inves-
proximations has been studied by Bejan and Khair Lai and tigation showed that the inertial and boundary effects have a pro-
Kulacki [2], and Murthy and Singh3]. Coupled heat and massfound effect on the double-diffusive convection. The study is
transfer by mixed convection in Darcian fluid-saturated porouglid for N=1 and it neglected the effect of double dispersion
medium has been analyzed by Udi]. The free convection heat which is most important in the non-Darcy mixed convection. A
and mass transfer in a porous enclosure has been studied recegpﬁmariw solution has been presented in Murthy and Sifg&jtor
by Angirasa et al[5]. the free-convection heat and mass transfer in a Forchheimer po-

rous medium.

'Present address: Department of Mathematics and Humanities, REC WarangalThe effect of solutal and thermal dispersion effects in homoge-

AP., 506 004, India. E-mail: pysnm@recw.ernet.in neous and isotropic Darcian porous media has been analyzed by

Contributed by the Heat Transfer Division for publication in ttmUBNAL OF ; ; ; B ;
HEAT TRANSFER Manuscript received by the Heat Transfer Division, April 20,Dagan[22]' A systematic derivation of the governing equations

1999; revision received, January 18, 2000. Associate Technical Editor: With various types of approximations used in applications has
Beckermann. been presented. Using scale analysis arguments, Telles and Tre-
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visan[23] analyzed the double-dispersion phenomenon in a freith the boundary conditions

convection boundary layer adjacent to a vertical wall in a Darcian
fluid-saturated porous medium. Depending on the relative magni-
tude of the dispersion coefficients, four classes of flow were iden-

tified and the heat and mass transfer has been studied.

y=0: v=0,

u=u,,

T=Ty,
T=T.,,

c=cC,

c=C.| @

y—0!

In the present paper, the effect of hydrodynamic dispersion onHere x andy are the Cartesian coordinatesandv are the
mixed convection heat and mass transfer near a vertical surf&4¢raged velocity componentssrandy-directions, respectively,
embedded in a porous medium has been analyzed under boundal§ the temperatureC is the concentrationy is the coefficient

layer approximations using the similarity solution technique. T

ermal expansiong. is the coefficient of solutal expansion,

mixed convective flow is promoted by the uniform freestream ari@ the kinematic viscosity of the fluic is the permeabilityc is
density variations due to the combination of temperature and cdi! €Mpirical constang is the acceleration due to gravity, and
centration gradients. The Forchheimer flow model is consider@8dDe are the effective thermal and solutal diffusivities, respec-

and the porous medium porosity is assumed to be low so that
boundary effects in the medium may be neglected. The heat

{iely. The subscriptsv and« indicate the conditions at the wall

at the outer edge of the boundary layer, respectively.

mass transfer in the boundary layer region has been analyzed foFollowing Telles and Trevisaf23], the expressions far and
aiding and opposing buoyancies for both the aiding and opposiRg ¢an be written agr.=a+ ydu and D,=D+ {du, wherea
flows. The flow, temperature, and concentration fields in Dar@dD are the molecular thermal and solutal diffusivities, respec-
and non-Darcy porous media are observed to be governed {gly; whereasydu and {du represent dispersion thermal and
complex interactions among the diffusion réte), buoyancy ra- solutal diffusivities, respectively. The above model for thermal
tio (N), and Pe and Pe, the dispersion thermal and solutal dif-dispersion has been used extensw_ely by rese_archers like Plumb
fusivity parameters, in addition to the flow driving parameter R4A1]. Hong et al.[13], Hong and Tien(12], Lai and Kulacki

Pe. Due to dispersion effects, heat transfer is enhanced whergad5], Murthy and Singh18,19,24]n studies of convective heat

the mass transfer coefficient becomes less predictable.

2 Governing Equations

transfer in non-Darcy porous media. For moderate and high Peclet
number flows, a linear variation of the thermal and solutal disper-
sions with velocity has been proved to be reasonable, see, for
example, Saffmaf25] and Bear[9]. Similar representation for

Mixed convection heat and mass transfer from the impermeatSi@lutal dispersion can be seen in Dagag].
vertical flat wall in a fluid-saturated porous medium is considered Making use of the following transformation
for the study and the schematic is shown in Figrdproduced
from Lai [4]). The x-axis is taken along the plate ayeaxis is
normal to it. The wall is maintained at constant temperature and
concentrationy,, andC,,, respectively, and these values are as-
sumed to be greater than the ambient temperature and concentra-

_X 2 _ (4 _T_Tw
n=3Pa’ =g om=3 .

©

tion, T,. and C.,, respectively. The governing equations for the

boundary layer flow, heat, and mass transfer from the walD

into the fluid-saturated porous mediw®0 andy>0 (after mak-

ing use of the Boussinesq approximadi@me given by

gu  cyK gu? [K aT (K aC

e f__(g_ﬁT)_+(g_ﬁc)_ W

ay v ady v ay v ay
aT (9T_ J T 2
U&‘i‘vw—w QEW ()
(9C+ (9C_ J JC 3
Uax TP oy oy |\ Py ®)

SRR R RN L

Fig. 1 Coupled heat and mass transfer by mixed convection
from a vertical plate in a saturated porous medium (reproduced
from Lai [4])

Journal of Heat Transfer

d(n)= C.—C.’

the governing Egqs1)—(3) become

Ra
f/+2F Pef /{7 =+ o [ 0"+ No'] (5)
/" 1 ! ’ /"’ n !
0+§f0 +Pe,(f'¢"+f"6")=0 (6)
Le

¢H+ 7f¢!+|—ep%(fl¢/!+f//¢!):0 (7)

and the boundary conditiorid) transform into

7=0: f=0, 60=1, ¢=1
. e _ _nl (8)

p—w: f'=1, =0, ¢=0

The important parameters involved in the present study are the
local Peclet number Re U X/ «, the local Darcy-Rayleigh num-
ber Ra=KgpB16,x/av, which is defined with reference to the
temperature  difference  alone, P¥.d/la and Ra
=KgpBr6,d/av, are the pore diameter-dependent Peclet and
Rayleigh numbers, respectively. The inertial parametef jBe
=(c/Kaldv)(U..d/a)=c KU, /v (in the present study; ,Pe is
varied as a single paramekerthe buoyancy ratio isN
= Bcdw!Brby, and the diffusivity ratio is Le a/D. The Lewis
number is nothing but the ratio of the Schmidt numbeiY) and
Prandtl numbefi/«). The flow governing parameter is Ra/Pe and
is independent ok. Ra/Pe=0 represents the forced convection
flow. The flow asymptotically reaches the free convection flow
limit as this parameter tends te. Pe, and Pg represent thermal
and solutal dispersion parameters, respectively, and are defined
here as Pg=yU..d/«@ and Pg=(U..d/ . It is worth mentioning
that the thermal dispersion parameter, Ras been treated g®e
in the works of Lai and Kulack[26] where the coefficients of
thermal dispersion have been assigned values in the range 1/7 to
1/3. Researchers like Gorla et 1.7], Hong and Tie12], and
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Hong et al.[13], who worked extensively on thermal dispersiol

effects, treated them as a single paramei@s{vyRa), as the 20 i i ' ' ' i K
value of y depends on the experiment. In the present investigatir FPe=0, N=-09, & =256
also, we consider the thermal and solutal dispersion paramet FPe=0, N=-01, B=21 —
Pe, and Pe with y and{ included in the parameters. In EG), 15 FPe=1, N=-09, 2 =45 0
the positive and negative signs represent aiding and oppos FPe=1, N=-01, & =46 4.

flows, respectivelyN>0 indicates the aiding buoyancy aml
<0 indicates the opposing buoyancy.

3 Results and Discussion ,

The resulting ordinary differential Eq$5)—(7) are integrated
by giving appropriate initial guess values 01(0), #'(0), and
¢'(0) to match the values with the corresponding boundary co
ditions at f’(w), 6(»), and ¢(x~), respectively. NAG software
(DO2HAFE routing is used for integrating the corresponding
first-order system of equations and shooting and matching t
initial and boundary conditions. The results are observed up to
accuracy of 5.00075. Extensive calculations have been per , , . . .
formed to obtain the flow, temperature, and concentration fiel ~o 2 4 6 8 10 12 14
for a wide range of parameters<(F ,Pe<2, O<Ra/Pe<l00,

—1<N=4, 0.01<le<100, O<Peg =5, and O<Pg=5. As an n

indication of proper formulation and accurate calculation, the rc

sults obtained here are compared with previously published ana- ) ) ) )

lytical results. Fig. 2 Nqn_dlmen5|onal velocity profiles f'(n) for —1<N<O,

With F,Pe=0, Pe=0, and Pg=0, the present problem re- Le=0.1 (aiding flow)
duces to heat and mass transfer by Darcian mixed convection in
porous media analyzed by Lfd]. By setting the parameteis
=0, Le=1, and Pg=0, the problem reduces to that of non-

Darcian mixed convection along a vertical wall in a saturate%lso clear from both these figures that the inertial effects delay the

porous medium, which has been studied by Lai and KulEt5i. occurrence of this phenomena. The work by [4idid not reveal

The comparison showed that the present results match exaé@f phenomenon; recently Angirasa et[&f] noticed flow rever-

with the results presented in the above works. WNes compa- for N=-0.5 and—1.5 when Le<1 in their study of free-
rable with —1, the temperature and concentration buoyancy ggonvection heat and mass transfer in a fluid-saturated porous en-
. osure. They observed this phenomenon at large values of the

fects are of the same order of magnitude and in opposing dir . . . .
tions. Due to this, the resulting flow does not have the paralllf-goverming Rayleigh number. Mahajan and Angirgda] re-
rted similar observations in connection with free-convection

double boundary layer structure. Contrary to what has been X . AR
ported by Bejan and Khairl], Lai and Kulacki[2] and Murthy ﬂe_ectjt anld mass transfer in the case of opposing buoyancies in clear
uids also.

and Singh[3] found similarity solutions for Le1 and —1<N

<0, and the solutions in the range bf<—1 are impossible.
These contradictions are resolved clearly in Lai and Kulg2ki
In fact, the results presented below uncover some interesting facts

regarding the flow field in the boundary layer, heat, and ma 12 T T T T T
transfer coefficients. L FPe=0, Le=01, 2 =4 -
3.1 Aiding Flow. When buoyancy is aiding the flow, for 10 FPe=0, Le =05, & =20 ——
N>0 (aiding buoyancy casehe tangential velocity evolves from FPe=1, Le=01, =9 .0
nonzero wall velocity to uniform freestream velocity for all value:
F,Pe =1, Le =05, %‘;:42- +

of Le>0. In the case of opposing buoyandy<0), when Le>1,
the flow field follows the same pattern. But wher<e<1, a
distinct feature is observed. The vertical component of velocii
attains negative values near the wall and well inside the bound:
layer. Far from the wall it attains its outer edge boundary cong ,
tion. This may be explained as follows. Whé&h<0 the down-
ward species buoyancy overpowers the upward thermal buoyar
and Le<1 results in larger solutal diffusion than the thermal di
fusion. The favorable action of Ra/Pe to the flow field is countere
by the opposing buoyancyN< 0) and also by the higher solutal
diffusivity (Le<1). The flow reversal is seen when the later ef
fects dominate the flow favoring mixed convection paramete
This phenomena is clearly seen in Figs. 2 and 3. In these figul
the tangential velocity component is plotted against similarit
variable for—1<N<O0 and O0<Le<1.

The Ra/Pe values indicated in the figures correspond to t

minimum Ra/Pe for which flow reversal occurred under the fixe o 2 4 6 8 10 12
values of other parameters. For fixed Le, this value of Ra/Pe i
creases with the decrease in the value of the buoyancy ratio. | n

fixed value of buoyancy ratil, this value of Ra/Pe increases with
the increase in the value of the diffusion ratio Le. This phenomemgy. 3 Nondimensional velocity profiles  f'(#) for 0 <Le<1, N
is seen in both Darcy and non-Darcy mixed convection flows. It is—0.5 (aiding flow)
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Fig. 4 Heat transfer coefficient as a function of Lewis nhumber
when N<O0. Here N=—-0.5, Pe,=0=Pe, (aiding flow).

Now the heat and mass transfer coefficients, in terms of the

Sh
Pei 26

Fig. 6 Mass transfer coefficient as a function of Lewis number
when N<O0. Here N=—0.5, Pe,=0=Pe, (aiding flow).

=0 and Pg=0, the Egs.(9) and (10) reduce to Nu/P}"a2

Nusselt and Sherwood numbers in the presence of thermal and ¢’ (0) and Sh/PE*= —¢’(0). Theeffect of diffusivity ratio

solutal dispersion diffusivities, can be written as

Nu
@,2:—[1+Peyf’(0)]9’(0), 9)

Sh
@,2:*[1+PQV(O)]¢’(O). (10)

and the buoyancy ratio on heat and mass transfer coefficients is
plotted in Figs. 4-7 for two values of inertial parameter
F,Pe=0.1 (near Darcy-region and F,Pe=1.0 (non-Darcy re-
gion). The inertial effects always decrease the heat and mass
transfer coefficients in both opposing and aiding buoyancies. The
increase in the value of the mixed convection parameter increases
the heat and mass transfer rates. It is clearly seen from these
figures that the convection favoring effect of Ra/Pe is countered

With F,Pe=0, Pe=0, and Pg=0, the observations made here,y the microscopic drag due to the increase in the inertial param-
are consistent with those reported by [[4i. It is observed that gter The heat transfer coefficient is observed to increase with the

for Le>1, the heat transfer coefficient increasesNer0 and it

diffusivity ratio in the opposing buoyancy case whereas it de-

decreases foN>0. For Le<1, the situation is reversed. For,Pe raases’in the aiding buoyancy case. This is clearly seen from

2 T T T
F,Pe = 0.1,

1.8

F,Pe = 1.0,

——

s
A
FPe=01, £ =5 4 _
Ra
By g
Ra
B=s

F,Pe = 1.0,
1.6

Le

Fig. 5 Heat transfer coefficient as a function of Lewis number
when N>0. Here, N=4.0, Pe,=0=Pe, (aiding flow).

Journal of Heat Transfer

18 T T T
F,Pe=01, =10
161 pPe=o01, =5 i
b Fpe=10, 2=1-6-
F,Pe =10, £ =5 >
12
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Sh
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Fig. 7 Mass transfer coefficient as a function of Lewis number
when N>0. Here, N=4.0, Pe,=0=Pe, (aiding flow).
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Table 1 —#6'(0) for N=—0.5, F,Pe=1.0 and Pe,=0

Le=1 Le=10
Pe=0 Pg=1 Peg=5 Peg=0 Pg=1 Pg=5

0 1.0 0.5642 0.3989 0.2303 0.5642 0.3989 0.2303

1 1.1583 0.5922 0.4027 0.2305 0.6054 0.4151 0.2368

5 1.6794 0.6793 0.4186 0.2354 0.7244 0.4544 0.2500

10 21926 0.7580 0.4344 0.2405 0.8247 0.4801 0.2568

20 3.0 0.8706 0.4557 0.2465 0.9617 0.5069 0.2627

50 4.7262 1.0768 0.4870 0.2541 1.203 0.5387 0.2684
100 6.7284 1.2797 0.5096 0.2588 1.4347 0.5581 0.2713y,

Pe,l: 2

Ra/Pe f'(0)

Table 2 —#6'(0) for N=1.0, F,Pe=1.0 and Pe,=0

Le=1 Le=10
Pe=0 Pg=1 Pg=5 Peg=0 Peg=1 Pg=5

0 1.0 0.5642 0.3989 0.2303 0.5642 0.3989 0.2303
1 1.5616 0.6603 0.3892 0.1984 0.6377 0.3706 0.1901

Ra/Pe f'(0)

5 3.0 0.8706 0.3771 0.1695 0.8083 0.3411 0.1576

10 4217 1.0203 0.3714 0.1609 0.9358 0.3323 0.1494 ol . ; .
20 6.0 1.2097 0.3657 0.1552 1.1012 0.3269 0.1449 0.1 1 R 10 1c0
50 9.6119 15295 0.3585 0.1507 1.3837 0.3234 0.1423 Z

100 13.7215 1.8237 0.3535 0.1488 1.6492 0.3221 0.1415

Fig. 9 Heat transfer coefficient as a function of Ra

/Pe when
F,Pe=1.0, Le=10.0, Pe,=0 (aiding flow)

Figs. 4 and 5. For fixed values of other parameters, the magnitude

of Nu/P¢/? for N>0 is higher than that foN<0 for all values of for Jarge Pe, in a very small region near the wall, the tempera-
Le considered in the study. This clearly indicates that the buoyire gradient is greatly increased and as a result heat transfer is
ancy ratio has significant effect on the heat transfer coefficiegieatly enhanced dueto thermal dispersion. The wall temperature
than the diffusivity ratio. Figures 6 and 7 clearly indicate thgradient values foF ,Pe=1, for two values oN=—0.5 and 1.0
favorable effect of the Lewis number on the mass transfer coeffire presented in Tables 1-2. The valug @) is dependent on
cient in both opposing and aiding buoyancies. Uniform trend ip_pe and this is evident from the previous studies as well. From

the Sherwood number results is observed with increase in fiqe two tables. it is also clear thd(0) depends on the buoy-
buoyancy ratioN from —1 to 4. '

e . ) ancy ratioN. The heat transfer coefficient written in terms of the
The variation of the heat transfer coefficient with Ra/Pe faqysselt number using Eq9) is calculated from the values of

nonzero values of Bés studied for a wide range of values of Le._ yr(0y for the nonzero dispersion coefficient and is plotted in
The effect of thermal dispersion on the heat transfer is studigghs 8_9 for Le=1.0 and 10.0 respectively. Figures clearly indi-

keeping Pe=0. Consistent with the results presented in Lai andate the favorable influence of thermal dispersion on the heat
Kulacki [15] and Hong and Tief12], the value of- ¢'(0) de-

. : e transfer results. The Nu/B2value increases with increasing Ra/
creases as the thermal dispersion coefficientiRereases. AlS0 pe ~Ajding buoyancy favors the heat transfer, whereas this favor-
able action is aided by increasing the value of Le when0 and

is suppressed by an increase in the value of Le wierD. This

11 T T T is evident from the Figs. %—]9 These results are in agreement with
_ _ a the results reported by La#].
10 x; :g'z’ 2"” _ ‘1’ i B The effect of solutal dispersion on the mass transfer coefficient
ok N =05, P:=5—Q— has been analyzed keeping,P&. The values of- ¢'(0) have
N= 1.0, Pe,=0--6- : been tabulated foF ,Pe=1 and for two values dfl=—-0.5 and
sk N= 10, Pe, =1+

| 1.0 in Tables 3—4. Analogous to the pure thermal convection pro-
cess, the value of- ¢'(0) decreases with increasing values of
Pe . Interestingly, at large Re for large values of Ra/Pe, in a
relatively large regior{larger than that observed for thermal gra-
dients) near the wall, the concentration gradient is greatly in-
creased. But, against this expectation, peculiar behavior in the
mass transfer coefficient is observed. The imbalance between the

Pe,=5..0-

Pei

Table 3 —¢'(0) for N=—0.5, F,Pe=1.0 and Pe ,=0

Le=1 Le=10
Ra/Pe f'(0) Pe=0 Pg=1 Pg=5 Pg=0 Pg=1 Pg=5

0 1.0 0.5642 0.3989 0.2303 1.7841 0.5379 0.2498

oL . g L 1 1.1583 0.5922 0.3888 0.2062 1.9329 0.512 0.2208

0.1 1 10 100 5 1.6794 0.6793 0.3555 0.1463 2.3534 0.4463 0.1534

Ra 10 2.1926 0.758 0.3258 0.105 2.7009 0.3992 0.1109

Pe 20 3.0 0.8706 0.2835 0.0716 3.1686 0.3441 0.0769

50 4.7262 1.0768 0.219 0.0483 3.9815 0.2678 0.0515

Fig. 8 Heat transfer coefficient as a function of Ra  /Pe when 100 6.7284 1.2797 0.1801 0.0383 4.7585 0.2168 0.0403
F,Pe=1.0, Le=1.0, Pe,=0 (aiding flow)

480 / Vol. 122, AUGUST 2000 Transactions of the ASME

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 4 —¢’'(0) for N=1.0, F,Pe=1.0 and Pe ,=0 v T T T

Le=1 Le=10 10F N =-0.5, Pec =0 —o— ;p-
N =-0.5, Peg =1 —— y
Ra/Pe f'(0) Pe=0 Pg=1 Peg=5 Pg=0 Pg=1 Pg=5 0 N = -0.5, Pec =5 ~5— i
0 1.0 05642 03989 02303 17841 05379 0.2498 M= 10, Pe=0-0
1 15616 06603 03892 01984 21381 04773 02078 | V=10, Pe=1-+ -
5 30 08706 03771 0.1695 28864 04215 0.1728 N= 10, Pee=5-0 3
10 4217 1.0203 0.3714 0.1609 3.4061 0.4018 0.1629 o
20 6.0 12097 03657 0.1552 4.0548 0.3858 0.1564  7r ]
50  9.6119 15295 0.3585 0.1507 5.1295 0.3698 0.1514 ~

100 13.7215 1.8237 0.3535 0.1488 6.1278 0.3607 0'14925h
Pe;‘z

Lewis number and buoyancy parameter influence more against:
enhancement of mass transfer results. For=R% the value of 4
—¢'(0) increases with increasing values of Ra/Pe for all value
of Le andN. For large Pg, the value of— ¢'(0) decreases rap-
idly to near zero values with increasing Ra/Pe.

The mass transfer results are not straightforward for analys
The complex interaction between LB, Pe, and Ra/Pe show :
complex behavior for Sh/Ffé curves. The results presented in the . . ; L
Figs. 10 and 11 are for Le=1 and 10 wifjPe=1 and Pg=0. In 0.1 ! 10 100
the case of aiding buoyancy, when=+g, the mass transfer coef-
ficient increases with Ra/Pe and the dispersion mechanism auy-
ments the mass transfer. In fact, these curves are same as the - ;
curves presented fdd=1.0 in Fig. 8(see the Eqs(5)—(7) with ﬁog'sgi1-g/,Iaﬁ:;ngf,eLgoiﬁcl)m&?éiiZ ?I()f\L/Jvr)mtlon of Ra  /Pe when
Le=1). But this is not the case in the opposing buoyancy. When i
N<O0 and Le=1, Sh/FiJé2 increases with Ra/Pe for Pe0 and . . .
Pe=1. When Pg=5, it increases with Ra/Pe up to the value %arge values of Le, the effect of the dispersion parameter is not
and then decreases thereafter. Its value becomes less than'@yrable for the mass transfer up to a certain low value of Ra/Pe.
corresponding value for Pe 1 from Ra/Pe=20 onwards; it mayAso’ there exists a critical value of Ra/Pe after which the disper-

Ba
Pe

be inferred that the strength of the solutal dispersion becom@§n €ffects are significant ir12the mass transfer mechanism. With
insignificant at higher values of Ra/Pe in the case of opposik§=10 andN<0, the Sh/PE* curve for Pe=0 is always at a
buoyancy. higher level than that for Re1 and 5. This shows that as the
Unlike when Le=1, for Le>1, even fdd>0, there is no clear Value of the Lewis number increases, the dispersion effects reduce
pattern for the mass transfer results. From Fig. 11 it can be dhe mass transfer rate at moderate and higher values of Ra/Pe in
served that the curve for Pel is always at a lower level than the opposing buoyancy. Thus the complex interactions between
that for Pe=0. Also, the curve for Pe=5 is at a lower level up FoP€, Le,N, Ra/Pe and the pair Pand Pe prevent us from
to Ra/Pe=5 and from that point onwards the S{ffPealues are making any general statement about the mass transfer mechanism.

greater than the corresponding values of that fof=R This 32 Opposing Flow. The flow field becomes more complex
shows clearly that in the aiding buoyancy case, for moderate \ihen the freestream flow is opposing the buoyancy. Like in the

R T i T 0.55 (7 T T T
0 N =-0.5, Peq =0 —— 9
1 N =-0.5, Pec =1 —— K
N =-0.5, Pe¢ =5 g~ B
9r R 0.5
N= 10, Peg =0 0- E —
N = 1.0, Pec =1 -+- N =-0.5 ——
8  N=10, P =59
=
T 3 : 0.45
Nu
Sh_ 6} E J
P : pe?
Pe?
+
5 a K 0.4
4 + -
a
3t 7 0.35
g *
03l , . .
0.1 1 10 100

Le

Fig. 12 Heat transfer coefficient as a function of Le for various
Fig. 10 Mass transfer coefficient as a function of Ra  /Pe when  values of N when Pe ,=0=Pe,, Ra/Pe=1.0, F,Pe=1.0 (oppos-
F,Pe=1.0, Le=1.0, Pe,=0 (aiding flow) ing flow)
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Ra
Pe

Fig. 13 Mass transfer coefficient as a function of Le for vari-

ous values of N when Pe ,=0=Pe;, Ra/Pe=1.0, F,Pe=1.0 (op- Fig. 15 Heat transfer coefficient as a function of Ra  /Pe in the

posing flow) presence of thermal dispersion effects in non-Darcy flow. Here
F,Pe=1.0, Le=10.0, Pe,=0 (opposing flow).

aiding flow case, the wall velocity depends only on the inertiaiffusivity will not alter the point of flow separation in both Darcy
parameter and the buoyancy ratio. It is independent on the Lewisd non-Darcy flows.

number. Flow separation is the most common feature observed inrhe heat and mass transfer coefficients in opposing flow are
the opposing flows. The flow separation point also depends on fhvesented in Figs. 12—17. As expected, the heat transfer decreases
buoyancy ratio. In the absence of thermal and solutal dispersiwith Le for opposing buoyancy, whereas it increases with Le for
effects, the separation point in the Darcy flow,Pe=0) is seen aiding buoyancy. It is just a reverse mechanism to the aiding flow
to occur at Ra/Pe=2.0, 1.1, 1, 0.5 fbi=—0.5, —0.1, 0, 1.0, case and is clearly seen in Fig. 12. The Ng/Pealues for the
respectively. In the Forchheimer flowr {Pe=1.0) the occurence gpposing buoyancy are at higher level than those for aiding buoy-
of the flow separation is delayed, the separation points are Gdhcy. It is evident from the Fig. 13 that the mass transfer coeffi-
served to occur at Ra/Pe=4.0, 2.3, 2.0, 1.0Ner 0.5, -0.1, 0, gjent increases with Le here also, the Siealues in opposing
1.0, respectively. The presence of thermal and solutal dispersigi,yancy are at higher level than those in aiding buoyancy. Aid-

14T Y

14 T

.............. a N =-0.5, Pe<=0—0——

sl a, N =-0.5, Pe, =0 —— | 1.3
- N =-0.5 Pe,=1——

N =-0.5, Pe, =52 |

1.2
g
1.1r .
1k 1 ' N=10, P ]
N =10, P, =0.0- = 1.0, P =0 0. -
N=10, Pe=1-+. - ] oof N= 10 Pe=1.4. 1
Nu 0.9 + N= 10, Pe,=5-a. 5{1.2 N = 10, ch =5..0 B
Pelh " Pe;
: 4

0.1 1 ~ o0 1

Ra

Ra BRa
Pe Pe

Fig. 14 Heat transfer coefficient as a function of Ra  /Pe inthe  Fig. 16 Mass transfer coefficient as a function of Ra  /Pe in the

presence of thermal dispersion effects in non-Darcy flow. Here presence of solutal dispersion effects in non-Darcy flow. Here
F,Pe=1.0, Le=1.0, Pe,=0 (opposing flow). F,Pe=1.0, Le=1.0, Pe =0 (opposing flow).
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Ve T i ; coefficients is seen with increasing values of Ra/Pe. Here also the
N Lewis number has complex impact on the heat and mass transfer
16} 4 mechanism.
‘o
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N =
Nu/Pg’? =
Sh/Pé? =

ing buoyancy is hindrance to the free stream flow in the opposing pg, =

flow case, so a reduction in the transport quantities is observed. pe =
The variation of Nu/PE* with Ra/Pe in the opposing flow is Pe, =

plotted in Figs. 14—-15 witlr ,Pe=1 for different values dfl and

Pe,. Thermal dispersion enhances the heat transfer rate in both Peg =

N>0 andN<O0 for all values of Le>0. Interestingly, for fixed

Le, and nonzero Re there exists one critical value of Ra/Pe Ra, =

before which the Nu/B€ for N=1.0 is more than that foN Ra =

=—0.5 and after which its reverse is seen. These arguments are T =

evident from Figs. 14—15. uv =
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combinations of PeandN in Figs. 16—17. Here also, the mass XY =
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Nomenclature

inertial coefficient
concentration

pore diameter

mass diffusivity

effective mass diffusivity
nondimensional stream function

= c¢/KU., /v, parameter representing non-Darcian

effects

acceleration due to gravity

permeability

alD, Lewis number

Bcodw! Br6,, buoyancy ratio

nondimensional heat transfer coefficient; ref EQ).
nondimensional mass transfer coefficient; ref Eq.
(10)

local Peclet numbeu . X/«

u.,.d/ o

yU..d/a, parameter representing thermal dispersion
effects

{U_d/a, parameter representing solutal dispersion
effects

modified Rayleigh numbeKgB+6,X/ av
KgBr6,d/av

temperature

velocity components ix andy-directions,
respectively

Cartesian coordinates

transfer coefficient decreases with Ra/Pe, the dispersion effect &teek Symbols

hances the mass transfer, and the existence of critical Ra/Pe for
which the dual behavior of the mass transfer coefficient is ob-

served. In the opposing flow also, the complex interactions be- de —
tween these parameters do not permit a clear pattern for the heat Br B
and mass transfer results. ﬂ; B
v =

. v =
Conclusions 0=
¢ =

Similarity solution for hydrodynamic dispersion in mixed con- B
vection heat and mass transfer near vertical surface embedded ina 7 ~
porous medium has been presented. The heat and mass transfer in

the boundary layer region has been analyzed for aiding and @ubscripts

posing buoyancies in both the aiding and opposing flows. The
structure of the flow, temperature, and concentration fields in the
Darcy and non-Darcy porous media are governed by complex
interactions among the diffusion ratés) and buoyancy rati¢N)

molecular thermal diffusivity

effective thermal diffusivity

thermal expansion coefficient

solutal expansion coefficient

similarity variable

kinematic viscosity

stream function

nondimensional temperature
nondimensional concentration

coefficient of dispersion thermal diffusivity
coefficient of dispersion solutal diffusivity

evaluated at wall
evaluated at the outer edge of the boundary layer
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. _ Engineering, heated horizontal base and cooled upper walls is presented. Nearly every previous study
University OfM'SSOL.”"Cm“mb'a' conducted on this subject to date has assumed that the geometric plane of symmetry is
_.quumb|a,lM0 65211 also a plane of symmetry for the flow. This problem is re-examined over aspect ratios
e-mail: illrw@missouri edu ranging from 0.2 to 1.0 and Grashof numbers front 1®1C. It is found that a pitchfork
K. S. Ball bifurcatior] occurs at a critjcal Grgshof number for each pf the aspect ratios considered,.
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Introduction equations of motion foA=0.2 to 20 and Gr<0® to 1¢F. For the

In this study, consideration is given to laminar natural conve -""S?S thfey C%”T'dered with SYTmethC botgndary condcljtlon_? and
L : : heating from below, no symmetry assumption was made. Trian-
tion in an isosceles triangular enclosure heated from below wi ular elements with linear interpolation were used, and the result-

symmetric boundary conditions. The situation simulates the night- graded mesh was very symmetric. The solutions obtained
time heating of an attic space. Previous studies of this topic hawére all symmetric about the midplane.'

been performed both numerically and experimentally. Several ear-a continuing source of discrepancies in the literature is the
lier studies have been performed for triangular enclosures in gefaculation of average Niaverage dimensionless temperature
eral ([1-3]), but the focus of this paper is on isosceles triangulgfradient)along the base for the triangular enclosure. Akinsete and
enclosures with symmetric temperature boundary conditio@bleman[4] recognized the existence of unbounded heat transfer
heated from below. o _ at the corner of the enclosure where a temperature discontinuity

In modeling natural convection in an isosceles triangular enclgxists, and calculated the limiting value of Nu using a method
sure, nearly every numerical study previously reported in the ligytiined by Collat10]. Poulikakos and Bejdi] proposed start-
erature employed a symmetry condition at the midplane and Py the integration of the temperature gradient from a set distance
formed the simulations using only one half of the physiclyay from the corner, thereby avoiding the singularity. Del
domain. Akinsete and Colem4d] used a finite difference repre- Campo et al[9] proposed a convective Nu defined as the differ-
sentation of the steady-state stream function, vorticity, and energyce petween Nu for the case considered and Nu for pure conduc-
equa_tions _With an adiabatic boundary condition for t_he verticghp, (using the same grid resolutiprSalmun[7] and Hasani and
wall in a right triangular enclosure, and made _the claim that ﬂ@hung[S] did not specifically discuss the problem of the singu-
problem could also represent the case for an isosceles trlangqléﬁ\[ty and reported similar results for their average Nu due to
enclosure due to symmetry. Poulikakos and Béfgused a simi- having used the same grid resolutions.
lar numerical approach, except that transient simulations werea |imited number of laboratory experiments have been con-
performed and an actual symmetry condition was used at the Migliceq for natural convection in triangular enclosures with base
plane for Gr up to 1DandA=0.2 to 1.0. The use of the symmetryheating. One experiment reported in the literature involving sym-
condition for this problem was continued by Ghassemi and Royetric temperature boundary conditions for an isosceles triangular
[6], Salmun[7], and Hasani and Churig]. _enclosure and base heating was done by Flatk The flow was

Del Campo et al[9] numerically modeled natural convection, ported as “turbulent” for Ge3x 10° with A=0.58 and for
in triangular enclosures using a Galerkin finite element meth —8.9%10° with A=1.0. Nu values were inferred using a Wol-

with a stream function-vorticity formulation of the Steady'S’tatf“aston prism schlieren interferometer. Flow patterns were deter-

Comributed by the Heat Transfer Division f biication in tiaua mined qualitatively using a particle-based visualization technique
ontributed by the Heat Transfer Division for publication in ti NAL OF At i ) _
HEAT TRANSFERand presented at the 1998 IMECE, Anaheim. Manuscript receive%nd quantitative measurements_ were taken using a laser velocime
by the Heat Transfer Division, Sept. 11, 1998; revision received, Jan. 6, 2000. Agr. For the heated base experiments, no mention was made as to

sociate Technical Editor: R. Douglass. the symmetry of the flow. Poulikakos and Bejgi®2] conducted
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experiments in a right triangular enclosure with an insulated ver- The computational domain was discretized with a paved mesh
tical wall, and noted that the flow phenomenon should be similaf quadratic triangular elements, and the pressure solution was
to that found in a symmetric triangular space. carried out using a discontinuous pressure approximdfiod).

The purpose of this paper is to provide steady-state numeriddle elements were formed by distributing points evenly grad-
results considering the entire triangular region without symmetigg) along each edge of the computational domain, and the FIDAP
assumptions. Removing the symmetry assumption leads to npaved meshing algorithm was used to generate all grids. The grids
results; specifically, the occurrence of symmetry breaking pitclgenerated in this manner were not symmetric about the geometric
fork bifurcations. Local and mean heat transfer coefficients apéane of symmetry, but the elements were reasonably evenly dis-
presented, and compared with results in which a symmetric flawbuted. Grid independence tests were performed on key param-
pattern is assumed. Flow visualization results from laboratory eaters of this study such as the maximermsomponent of velocity
periments are also provided to qualitatively confirm the numericat the geometric symmetry plane, local and average convective

observations. Nusselt numbers along the base, and the onset of the bifurcation.
As a result of this grid study, the detailed results reported here had
Numerical Model 120, 200, and 260 segmerits half as many quadratic elements

along the base foA=1.0, 0.5, and 0.2, respectively. The ad-

A long airfilled triangular enclosuréPr=0.71)is considered eqyacy of the grids chosen is demonstrated in the grid indepen-
such that the region of interest is two-dimensional with cross segapce study provided at the end of the results section.

tion and boundary conditions as shown in Fig. 1. The Cartesian
two-dimensional Navier-Stokes and energy equations are soly, g . L
in nondimensional form assuming constant properties using tﬁ ow Visualization Study

commercial finite element code FIDAP, version TRuent, Inc., To confirm the numerical predictions of the flow patterns and

Lebanon, NH)subject to the Boussinesq approximation. the existence of a symmetry-breaking bifurcation, a flow visual-
The boundary conditions for the base, the left side, and the riglation study was conducted. Smoke was slowly injected into an

side, respectively, are air-filled triangular enclosure, having a height of 56 mm, half-

length of 112 mm, and a depth of 327 m{nesulting in an aspect
Y=0 (1) ratio of A=0.5). The ends of the enclosure were sealed by Plexi-

U=v=0 and #=1 at— . .
glas plates. The enclosure was constructed of 20-mm-thick alumi-

1 X 1
A A’
1 num plates with milled passageways for circulating fluid to main-
U=V=0 and =0 at——-<X<0 Y=AX+1 (2 tain isothermal surfaces and to impose a temperature difference
) between the base and upper walls. Fine-g@g@05-in.) Type K
1 thermocouples, calibrated to reduce experimental uncertainty,
U=V=0 and 6=0 at O<X=-, Y=-AX+1 (3) Were potted to the aluminum plates using high thermal conductiv-
' ity paste. In the middle of the enclosure, two Plexiglas-covered
. . _slits separated by approximately 86 mm in the third dimension
In the present work, Gr up to Gs considered for aspect ratios . )
_ ’ . .(depth)allowed different cross-sectional planes of the enclosure to
g:epc\i_hllgge?gr ?22 r%;i-r;huorﬂgor; gzgswgivshgz;eﬂ(ﬁgy dﬁzntsgéi illuminated by He-Ne laser sheets, providing the visualization
. ' h X of the flow. By comparing the smoke patterns at the two depths,
the e)t<pderl|)mtental V\gll(ogf Flgcﬁﬁl]_;% Wthh duns:e?d)f/ flow \1:\/313 the flow was confirmed to be two-dimensional for the range of Gr
;\(lepo_r eSt iweend an i e stea y_sla?j O”E;_ Ot te onsidered. The primary experimental uncertainty affecting Gr
avier-slokes and energy equations were solved sul Je‘if 0 {D&s the uncertainty in the measured temperature difference, esti-
above boundary conditions using a convergence criterion of 10mated to be approximately0.1 K based on multiple measure-

for the rms norm of the difference between successive solutighents of a steady variablg14]). This corresponds to an uncer-
vectors normalized by the last solution vector for each dependeginty of +2275 in Gr(for air at 300 K).

variable. Convergence criteria down to 20 were used for select

cases and fou_nd_to result in_negligible_ solution di_fferences frof—‘?esults and Discussion

the chosen criterion. To avoid exceeding the available computer

memory, the successive substitution solution approach was usegymmetric Flow. The assumption of symmetric flow in the
for the relatively coarse grid resolution cases, whereas the seggsceles triangle used by other researchers in defining their nu-
gated solver was used for the relatively fine grid resolutionserical models is in fact correct for low values of Gr. In Fig. 2,
([13)). Both the segregated and successive substitution approaahesstreamlines and temperature contours of the flow are shown
were used on selected cases to ensure that the results werefotGr=10* and for A=1.0, 0.5, and 0.2, respectively. At this
dependent on the approach chosen. To confirm that the steagitue of Gr, for each aspect ratio the computed flow is symmetric
state assumption was appropriate, transient solutions of the eqWah respect to the geometric midplane. The flow rises in the
tions were performed at Gr10° for each aspect ratio, and thecenter of the enclosure and falls along each cold inclined side
solutions were found to be steady. The flow visualization studiegeating mirror image structures that rotate clockwise in the right
(discussed latergonfirm that the flow at Ge 10° with A=0.5is  half and counterclockwise in the left half. The temperature pro-
steady; transition to unsteady flow is observed experimentally ju#ies for Gr=10° are very close to those of the conduction solu-
above Gr=10°. tion, indicating that convection is not important. Figure 3 shows
the flow visualization foA=0.5 and Gr=5000, revealing the ex-
istence of a nearly symmetric flow pattern. Note that this value of
Gr (within experimental uncertainfyis less than the numerically
predicted critical value, G 8930, discussed later. The slight de-
viation from perfect symmetry is attributed to the difficulty in
achieving perfectly symmetric experimental conditions.

For A=1.0 and Gr=10*, the increased buoyancy forces at this
higher value of Gr generate stronger counter rotating convective
cells, but the flow remains symmetric about the geometric mid-
plane (results not shown heyeThe streamlines are qualitatively
similar to those for Gr<0°, but the temperature contours are
Fig. 1 Physical domain and boundary conditions displaced upward from their location at-©10° near the center of
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‘ ‘ Fig. 3 Symmetric experimental flow pattern for Gr =5X10°

and A=0.5
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Fig. 4 Determination of Gr . for each aspect ratio using maxi-
mum horizontal velocity at the geometric symmetry plane

determined by extrapolating to zero the square of the maximum
value of the horizontal velocity at the midplane for values of Gr
above the critical value as shown in Fig. 4. The values of Gr
(b) obtained using this method are also reported on the figureisGr
found to decrease with decreasiAg
The existence of multiple solutions necessitates that particular
care be exercised in obtaining solutions abovg,®ecause both
symmetric and asymmetric solutions can be obtained depending
upon the solution approach. From past experience, if all aspects of

the solution technique are perfectly symmetric, then symmetric
solutions can be obtained at parameters above the pitchfork bifur-
cation point([15]). However, these symmetric solutions are un-

© stable and will evolve to a stable asymmetric solution if a finite
perturbation is applied. These finite perturbations may be a slight
tilting of the enclosure for a few iterations followed by a return to
vertical, asymmetries imposed by using an asymmetric grid dis-
tribution, or the use of a solution algorithm that imposes slight
asymmetries in the resul{&auss-Seidel iteration, for example

h | . local d i Nui d that th For the cases considered here, if started from symmetric initial
the enclosure causing a local decrease 1g.Nuis noted that the ., gitions with no tilting of the enclosure, during iterative solu-

m{;zgﬁfl fg?Thpe%réegt r(r)lfm\:;lr?ccI%sljltgerlgore\{ﬁ(reyv(\),thheerf t\?vl(()mgst ns of the steady-state equations the flow would initially evolve
P y ' PEard a symmetric solution, reachifig some casesgsiduals of

ratios, the flow at Gr 10 is not symmetric and is discussed in thqess than 10°. However, when Gr was above the critical value, as

next wo sections. the computations were continued the residual would start to rise
Pitchfork Bifurcation. As the Grashof number is increasedand then decrease again, this time converging to one of the two
above a critical value the flow is observed to undergo a supercristable asymmetric results. Similar behavior was seen in the tran-
cal pitchfork bifurcation, in which case one of two possible mirrosient cases run above Grwhere the solution would initially
image asymmetric solutions are obtained. For these asymmetimlve towards a symmetric result, then deviate to an asymmetric
solutions, the horizontal velocity along the midplane of the trisolution before reaching a steady state. It is thus concluded that
angle is nonzero. Thus, the branch point of the pitchfork can ladove Gg, the asymmetric solutions in the triangular enclosure

Fig. 2 Streamline (upper) and temperature (lower) profiles for
Gr=10% (a) A=1.0; (A¢=0.0252, A6=0.2), (b) A=05; (Ay
=0.0374, A9=0.2), and (¢) A=0.2; (Ay=0.0316, A#=0.2)
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Fig. 6 Experimental flow pattern for Gr  =10* and A=0.5

©
P
(@R

Fig. 5 Streamline (upper) and temperature (lower) profiles for
Gr=10* (a) A=0.5 (Ay=1.11, A#=0.2), and (b) A=0.2 (Ay
=1.57, A9=0.2)

are stable to finite perturbations whereas the symmetric ones
not. Del Campo et al.9], who considered an isosceles triangula
domain above Gr, did not find any asymmetric solutions. In light
of the nonuniform iterative convergence behavior observed f
these cases, one possibility to explain this fact might be that t
iterative convergence criteria used by del Campo et al. were t
large.

Flow and Temperature Field Above Gr.. As GCr is in-
creased above Gfor the aspect ratio in question, the flow patterr
becomes increasingly asymmetric and the number of circulati
cells is observed to increase. As noted above, at T8 and A
=1.0, the flow is below the critical value and remains symmetris
However, forA=0.5 and 0.2, the flow is asymmet(iEig. 5). For
A=0.5 and Gr=10* (just above Gy as shown in Fig. 5(a), the
central plume is shifted slightly to one side of the midplane ar
the clockwise(right) circulation cell is larger than the other cell.
The temperature contours are shifted upward and spaced relati\
far apart near the base of the plume, indicating a reduction in he
transfer at that location relative to the pure conduction case. T
temperature gradients are increased near the base where the
plumes falling from the upper surfaces impinge upon the base. F
the smaller aspect ratia=0.2 and Gr=10*, many more circula-
tion cells and plumes exist, as seen in Figh)5By comparing the
streamline and temperature profiles of Figh)5it is clear that the
center circulation cell is rotating counterclockwise. The cells t
the left and right of this center cell alternate in direction of rota
tion with decreasing strength. The experimental flow visualizatic
results for Gr=10* are provided in Fig. 6, and these results quali
tatively agree quite well with the numerical results #r=0.5
shown in Fig. 5(a).

For all aspect ratios at Gr10® (Fig. 7), a central circulation
cell exists with counterrotating cells to either side. In each cas
the regions of small temperature gradients near the base are
placed away from the midplane along with the plume. Por
=1.0, one circulation cell dominates the other and the centrﬁ

(b)

c)

D@ wis
L
plume is shifted to one side, rises up to meet the cold sloping wal,

and continues upward toward the top of the triangle as seen in Rigy. 7 Streamline (upper) and temperature (lower) profiles for
7(a). ForA=0.5 with Gr=10° shown in Fig. 7(b), a central cir- Gr=10% (a) A=1.0 (Ay=3.34, A0=0.2), (b) A=0.5 (Asyp=4.93,
culation cell rotating clockwise exists near the midplane of th&#6=0.2), and (c) A=0.2 (A¢=6.73, A#=0.2)
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Fig. 8 Experimental flow pattern for Gr =10° and A=0.5

geometry with counterrotating cells to either side. The flow and b
temperature profiles for the smaller aspect r#ie0.2 are more B .
complex at Gr=10°, where several circulation cells are on either -1 0.5 0 05 1
side of the central one, and many plumes alternately rise and fall (a)

throughout the domain, as seen in Figc)7 (It should be empha-

sized that the results shown are not unique, but are one of the twc 8 ¢ . ' w
possible mirror image solutionsExperimental smoke visualiza- b
tion results for Gr=10° are provided in Fig. 8 which agree quali-
tatively very well with the numerical results for the same condi-
tions provided in Fig. ®).

R L Y Symmetric
7 E Asymmetric | ]

Heat Transfer. As noted above in the Introduction, the local
Nu (dimensionless temperature gradjestunbounded at the cor- Nu
ners of the triangular geometry where the hot base meets the colc’ "¢
side walls. Therefore, determination of an average Nu by a direct
integration of the dimensionless temperature gradient starting
from the closest node to the t{gince the gradient is undefined at
the tip)would yield highly grid dependent results. The average Nu
would be increasingly dominated by the singularity as the grid is
refined. This detail has been poorly handled by most of the re-
searchers who have considered the problem numerically resulting L B
in grid-dependent results that cannot be directly compared. To 2 e 0 1 2
focus on the effect of the fluid motion on the heat transfer and to
avoid the issue of unbounded heat transfer at the tip region, & (b)
convective Nusselt number, Nuis defined as the ratio of Nu at a

o w

given Gr to Nu for the corresponding conduction soluti@n=0). 8 F ' I ! :
The Nusselt number here is computed by evaluating the dimen- - I L W ii’y“::'er"zc ]

sionless temperature gradient on the wall at the finite element r |
Gauss points. By considering the heat transfer in this way, both [

the local and average Nasymptotically approach unity as Gr is 6t
decreased. Nuthus represents the increage local decrease if it 5 F
is less than unity)n heat transfer relative to the case for pure r
conduction and converges both locally and in an average sense é Ny 4 t
the grid is refined. Table 1 summarizes Ny, along the base for c
each aspect ratio as a function of Gr, and it is seen that decreasin 3L
the aspect ratio increases Ny, for a given Gr. This Nil,q is :
computed by simply summing all of the local values for.Nund o [
dividing by the number of valueémade possible since the Nu b
values are located at the Gauss pointde increase in Nuwith 1L
decreasingA is attributed to the multicellular flow pattern de- X
scribed above. oL e

Effect of the Symmetry Assumption. To highlight the dif-
ferences in the local heat transfer depending on whether one as (c)
sumes a symmetry condition, computations were also performed
for selected cases using a symmetry assumption. Note that i@ 9 Nu. along the base for asymmetric and symmetric so-
solutions assuming symmetry used the same number of elemétiigns at Gr =10° (a) A=1.0, (b) A=0.5, and (c) A=0.2
along the base half-length as for the solutions not assuming flow

symmetry. Figure 9 shows the local Nacross the base for both

Table 1 Average convective Nusselt numbers the symmetric and asymmetric cases atG&6° with A=1.0, 0.5,
and 0.2. Ny drops below unity neak=0.3 in the asymmetric
A Gr=10° Gr=10" Gr=10° case withA=1.0, as seen in Fig. 9(a), where a rising plume is
10 10 107 1380 located (Fig. 7(a)). The falling plumes, which impinge on the
05 10 120 219 base, cause a local increase in heat transfer and a clear increase in
0.2 1.0 1.28 2.48 the temperature gradients. This effect is also seenAfer0.5

(Figs. 9(b)and 7(b)), where the number of upward plumes is

Journal of Heat Transfer
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Table 2 Change in average Nu . for Gr= 10° and A=0.5 about 2.5 to 5.0 percent. The peak value of Mugreater by 6 to
12 percent for the asymmetric case compared to the symmetric

Segments Along the Base Nidg Percent Change  gne. Thus, by assuming the flow to be symmetric about the geo-
80 2252 299 metric symmetry plane, the predicted local heat transfer is much
160 2201 0.658 different than for the simulations without symmetry. However, the
200 2.193 0.258 error in predicted overall heat transfer by assuming a symmetry
260 2.187 condition is relatively small.

Grid Independence Study. To ensure the accuracy of the
numerical results a grid independence study was performed. For
. . ach grid and aspect ratio, proportional numbers of elements were
three, as shown by inspection of the temperature contours, or lyeq for each side of the enclosure according to the side lengths.
noting the number of minima in the plot of NuAs indicated in | mhortant parameters such as the horizontal velocity component
Fig. 9(c), the flow pattern foA=0.2 is much more complex, and 55ng the symmetry plane, Grand both local and average Nu
the number of upward plumes is seen to be 6, as evident in eitigle” caicuiated at several grid resolutions and compared. The
Figs. 9(c)or 7(c). ) , grids for the results reported in this paper were chosen such that

In Fig. 9, the maximum value of Nus seen to be higher for the the percent change in Ny, for each aspect ratio was less than
asymmetric cases. Additionally, the percent differences ipfiiu 5 percent. For an aspéct ratio of 0.5, the chosen grid had 200
the asymmetric and symmetric cases shown in Fig. 9 can be M@ ments across the base, as shown in Table 2. Likewisd, for
than 250-550 percent depending upon location and aspect rali§ g anq 0.2, the grids chosen had 120 and 260 segments across
due to the different locations of the convective cells in the asyn base, respectively.
metric and symmetric cases. However, when integrating the locakrq yerify that the grid resolutions based on this criterion were
values of Ny for both the symmetric and asymmetric solutionS,yequate “for resolving local quantities, additional grid studies
the difference between Ny, in each case is only found to be\yere performed for each of the cases included in this study. Typi-

cal results are shown foh=0.5 and Gr=10° in Figs. 10-11,
which show Ny along the base and the nondimensional horizon-
8 - T T T —] tal velocity along the midplane of the triangle, respectively, for

‘ ] each of the grids used. The local values of./duad the horizontal
velocity are observed to converge to one profile as the grid is
refined. Similar trends were observed for all other cases
considered.

To determine the sensitivity of Gtto grid resolution, the ex-
trapolation procedure described earlier was repeated for different
grids for A=1.0. For doubling the grid from 60 to 120 segments
along the base, the percent change in the critical Grashof number
was less than 0.1 percent indicating that the reportedissgrid
independent foA=1.0. Based on the other grid tests performed,
it is expected that the reported values of, G@r A=0.5 andA
=0.2 are similarly grid independent.

Nu
c

. ‘ ] Conclusions
2 -1 0 1 2 Numerical results for laminar natural convection in an isosceles
X triangular enclosure heated from below, considering the complete

physical domain(i.e., using no symmetry assumptionare pre-
Fig. 10 Nu, along the base for A=0.5, Gr=10° using different  gsented for three aspect ratios. At low Gr, symmetric solutions are
grid resolutions obtained indicating that a symmetry assumption is valid. As Gr is
increased, a pitchfork bifurcation is observed in which two steady
asymmetric mirror image solutions can be obtained. Critical val-
ues of Gr have been determined fo+ 1.0, 0.5, and 0.2 with Gr
increasing a9\ increases. The local convective Nusselt numbers
along the base between asymmetric and symmetric cases can dif-
fer by up to 550 percent due to shifting of the convective cells, but
differences in the averaged quantities are no more than five per-
cent. All of the results reported in this paper are based on the
assumption that the flow is two-dimensional near the center of the
enclosure. Flow visualization studies provide validation of this
assumption and the numerically predicted occurrence of the pitch-
fork bifurcation for a geometry witth=0.5. As Gr is increased,
the flow will undoubtedly become three-dimensional and
unsteady.

150 —— —

100 |

50 [/~

i Nomenclature
-100 |

A = aspect ratioH/L

k Gr = Grashof numberg BATH3/1?
-150 ’ ' —t ! Gr, = critical Grashof number
0 0.2 0.4 0.6 0.8 1 L = half-length of the enclosure
Y Nu = Nusselt numberhH/k
Nu. = convective Nusselt number

Fig. 11 Horizontal velocity profile at the geometric symmetry Nu .y = average convective Nusselt number
plane for A=0.5, Gr=10° using different grid resolutions Tc = cold surface temperature
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Ty = hot surface temperature [6] Ghassemi, M., and Roux, J. A., 1989, “Numerical Investigation of Natural
AT = temperature differencd;,,—T¢ Convection Within a Triangular Shaped Enclosuréféat Transfer in Con-

o X Lo . . vective FlowsR. K. Shah, ed., ASME, New York, pp. 169-175.

U= d!mens!onless veloc!ty !n thle'd!reCt!on'UH/U [7] Salmun, H., 1995, “Convection Patterns in a Triangular Domain,” Int. J. Heat
V = dimensionless velocity in thg-direction,vH/v Mass Transf.38, pp. 351-362.

X = dimensionlesx-coordinate x/H [8] Hasani, S. M. F., and Chung, B. T. F., 1997, “Laminar Natural Convection in
Y = dimensionlesy-coordinatey/H a Triangular Enclosure,Proceedings of the ASME Ocean Engineering Divi-
0 = dimensionless temperature'l,’-(TC)/(TH—Tc) sion, D. T. Valentine, and C. C. Jahnke, eds., ASME, New York, pp. 107-116.
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Inverse Design Model for
e—mail:jho‘mj/éllgn;aiﬂjgxitli: Radiati‘,e Heat TranSfer

0.A. EZEkOVE Inverse solution techniques are applied to the design of heat transfer systems where
J. C. Morales _radiation is important. Vari_ous soluti_ons using _inverse methopls are demons_trateq, anc_i it

e is argued that inverse design techniques provide an alternative to conventional iterative
design methods that is more accurate and faster, and can provide a greatly improved first
estimate of a thermal design. This estimate can then be used as a trial design in more
complete thermal analysis programs for predicting system behavior, eliminating many
faulty first design trials[S0022-1481(00)02703-1]

Department of Mechanical Engineering,
The University of Texas at Austin,
Austin, TX 78714-1063

Keywords: Furnaces, Heat Transfer, Inverse, Radiation

Introduction Inverse Design

The presence of significant radiative transfer in high- The analytical/numerical methods for conventional thermal
temperature engineering systems greatly complicates the modgialysis developed in the past have most often focused on math-
ing process. Radiative energy transfer is inherently described ématically well-behaved methods. These methods require one
integral terms. Introducing the radiative flux divergence makes tl@undary condition to be prescribed on each boundary of the sys-
energy equation, which is necessary for thermal system modelingmn, and the system geometry and properties must be given. The
into an integro-differential equation that is highly nonlinear. Dethermal behavior of the control volume can then be predicted. We
tailed first-principles design of these systems is thus difficult, anglight define this class of analytical design methods as “forward”
is only now becoming common because of the power of contemo|ution techniques, where we proceed from a defined set of prop-
porary numerical methods and computer capacity. Conventiorgties and conditions to predict system behavior.
design of complex thermal systems involving significant radiative |n contrast, an inverse design methodology allows specification
transfer still relies to a great extent on experience and prior agk the desiredutcomeof a design, and thetetermineshe design
Such an approach requires specification of the system geomegig; (or some portion of the design $ehat will provide this out-
boundary conditions on each boundary and material propertiggme. Inverse design shares some characteristics with inverse
These conditions are called the “assumed design set.” In contefyathods used in experimental methods, where a measurement at a
porary design, the design set is then used along with the governifigngary is used to infer conditions within the system or at an-
eqqations to predict system behayior. If the pr(_adicted behaviordger boundary as ifL—17]. However, inverse design has signifi-
satisfactory, then the design set is accepted; if not, some valyesy; gitferences that require modification of the methods devel-
within the design set are changed, and the prediction is repeatggaq for inverse experimental analysis.

Iter.ation proceeds in this way until a design set is achieved th tExampIes of inverse design problems ard18,14]. These re-
safisfactorily meets the system requirements. . searchers have examined how the transient thermal boundary con-

Modern simulation tools that solve the coupled equations Qijons on the exterior of a casting could be varied in order that

energy, mass, and momentum transfe_r |ncIu_d|_ng _the effe_cts A freezing boundary within the casting could progress at a uni-
chemical reaction and radiative transfer in participating media C%

: S . . m rate and thus provide uniform grain structure and improved
provide accurate prediction of the behavior of environmental and | castings
energy systems. These tools require the input information note )

above as a design set; i.e., geometry, boundary conditions ere, we concentrate on providing amtial design set for
9 1€, g Y, y qﬂgrmal systems and equipment when significant radiative transfer

properties, along with initial conditions if transient behavior is t . b
be predicted. The flexibility and accuracy of these sophisticat% present. That is, what is the best placement of energy sources

dr > .

oo demands computer speed and capacy,and he cost of N1 % OLITE 1 0 bouncareer e bet gcomeny fr 8
accurate and detailed simulation for even a single design set i . f .

be large. Typical design codes for commercial utility boilers th E:rmal s|31§(jtgm. T.h's tlypedof design problerr|1_|s|, usue(tjlly St?";dy'
include participating media may involve over 500,000 surface arm te,f multidimensional, and incorporates multiple modes of heat
volume elements for sufficient spatial resolution, and require s anster. . PR .

lution of the coupled momentum, ener@wcluding the effects of Inverse d?s'gn sounqls as if it is the peffeCt deglgn tO.OI' HQW.'
radiation in participating medjacontinuity, and chemical speciesever’ when inverse design IS actually appllgd, an |mm¢d|ate diffi-
equations. Because of the time and cost of each of these simfidlly arises. The mathematical model for inverse design usually

tions, satisfactory final design may be limited to a choice frofFauires that the known conditions on one or more surfaces of the

among a small number of design sets. Clearly, the designer shoEYEftem under study beverspecified; e.g., both temperature and

have the best possible initial design set so that the number of caSg&t ﬂll.JX nf1ay be sgecified on the magerial p}assing throcl)ugh an
needed to achieve the desired design outcomes is minimized. annealing furnace. On one qr_more other sur aqesb_oun ary
Here, we examine inverse methods for obtaining an appro)gg_ndltlon is initially speC|_f|_ed, indeed, the objective is to deter-
mate initial design set for use in the sophisticated available desigi’® that boundary conditiofe.g., heater temperature or net ra-
tools. This will greatly improve the practical design of thermal iative flux) that will provide the conditions on the overspecified

and environmental systems, particularly those involving signifpuface. Unfortunately, this type of model leads to formulations
cant radiative energy transfer. that are ill-conditioned mathematically; that is, the solutions from

inverse analysis may be multivalued, sensitive to small perturba-

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF tions in In.pUt values, and in general require mc.)re SOphIStIC&ted
HEAT TRANSFER Manuscript received by the Heat Transfer Division, Oct. 25, 1999Mathematical tools than are required for conventional forward so-
revision received, Apr. 19, 2000. Associate Technical Editor: P. Menguc. lutions. When radiative transfer is significant, the governing equa-
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ficients is then nearly singular. In contrast, forward design of
radiative transfer problems requires solution of sets of Fredholm
integral equations of theecondkind whose solutions are well
behaved. Further, for problems involving radiative transfer the
matrix A is usually full, in contrast to inverse problems that in-

trix inversion is usually not possible because the matrix of coef-
TAY)
\ TZ(Y) \

/ a2 lutions that are susceptible to oscillations. Exact solution by ma-
Surface 3 I
h

Yrom TX), 0:1(%) volve only conduction or convection, where the matrix is sparse
X=x/h or banded, allowing relatively fast solution algorithms to be used.
Solution Techniques for Inverse Problems With Radiation.
|<— w —4 The use of direct matrix inversion, inverse Monte Carlo tech-
niques, the Tikhonov method, truncated singular value decompo-
Fig. 1 Geometry for an inverse radiative transfer problem sition (TSVD), modified truncated singular value decomposition

(MTSVD), artificial neural networks, and the conjugate gradient
method have all been used to solve problems with the form simi-
) ) . . . . . ... lar to that encountered in inverse radiative degidb—17).
tions are integral or integral-differential equations. In their finit¢ Fq; forward problems, direct matrix inversion by Gaussian
difference form, these equations provide a set of coupled highlymination, Cholesky, LU decomposition and QR factorization
nonlinear equations. When placed in matrix form, the radiativge widely used[18]). Some inverse problems can be solved by

exchange among elements causes the matrix of coefficients 0@ ct matrix inversion over a limited range of parameters, or if a
full rather than tridiagonal or sparse as is common in the abser]g?ge error can be tolerated in the solution.

of radiative transfer. _ _ o _ The extensive work on inverse analysis of conduction problems
An illustrative example of a S|mple inverse radiation problem iBy Beck et al[19,20]has laid the groundwork for many solution
the rectangular enclosure shown in Fig. 1. techniques that can be applied to more general inverse problems.

Here, in a typical inverse design problem, both the heat flux aRghis work has been in cooperation with and has drawn upon a
temperature on surface 1 are specified, and the designer wishesdSsiderable body of work in Russif20]). Recent monographs
know the temperature distribution required on surface 3 to provi ©1-24) have further explored techniques for solving inverse
these conditions. The surfaces are gray and diffuse, and no raQjagspiems that arise in property measurement, remote sensing,
tively participating medium is present within the enclosure. Jhe giyctural dynamics, and conduction heat transfer.
is the radiosityemitted plus reflected radiant fluleaving surface A rank revealing decomposition such siagular value decom-

i. When the net energy exchange equations for radiative transffjsjtion (SVD) allows the study of the degree of ill-conditioning
are written for an element on surface 1, the result is of linear systems. SVD is a matrix operation in which a ma#xix
4 L is decomposed into a product of three matridgsW andV. U
ql(x)_slgt‘l‘(x)zgl 2 f Ji(&)K(x,&)dA, (1) andV are orthonormal; i..e., they possess the'propertly tHad
i=1Jo =VTV=1, wherel is the identity matrix. ThaV is the diagonal
atrix composed of the singular values of the mafixHansen

4] describes details of the decomposition and software for car-
rying it through, along with a very clear discussion of the math-
ematical background of SVD.

The singular values; form a nonnegative diagonal & with
gdecreasing numerical values, and examination of their relative
magnitudes provides an important measure of whethigself can

readily invertedA need not be square to apply SVD, which
a ds greatly to the utilitysince we can examine behavior when
(%Jations and unknowns are unequal, irank deficientprob-
ems). The ratio of the largest to the smallest singular values,

; : : w; /wy, whereN is the rank ofA, is called thecondition number
The kernel of the integraK (x,¢;) has the general forrwith of matrix A. The larger the condition number, the more difficult

no attenuating medium presgraf K(x,£) =cosé COSB'/WS%—“ will be conventional matrix inversion oA. If the equation set is

Vn:r;?\rtec?nlSsﬂ?f?s\fenglleaaztv;eggrggsellgérz%r:t]eocrtlmsgur? Surf"ﬁi elﬁl]ly singular, one or more singular values will be zero indicating
. . the impossibility of direct solution by straightforward matrix in-
outward facing normal from these elements. The distance betw: sion of the complete matrik

the_ elements is.l—i : If an absorbing-emitting, cold medium with The availability and power of SVD is the basis for a number of
uir\'l'g?]rr]%ﬂggekrgfse'lsisrrii(lat?t”be%tvgeegxthg elté)m\:evrrwlte's;et;l(ieg ttt?: fotrrqgthods for treating ill-conditioned equation sets of the type that
g P y explas ), arise in inverse design, including truncated singular value decom-

Ilng?)rr zranb:r? rptlr?nsi((::g?fsflcslfgr;gft;heelirr?eezguijrzr\]/-erse roblem resultirﬁosmon (TSVD) and modified TSVD. SVD may also be used as
y Py Y P # aid to interpreting the results and increasing the efficiency of

from discretization of the integral equations describing rad'at'\?khonov reqularization. These methods, along with the applica-

exchange in the absence of conduction or convection can of the conjugate gradient approach, will now be discussed in
formulated in terms of a matrix operatdr and a vector of un- more detail

knownsX,

where the summation is over the bounding surfaces of the enc
sure and the integration is over an individual bounding surfa
Because both the dimensionless temperature distribUiigix)
and dimensionless total radiative flux distributiQq(X) on sur-
face 1 have been specified, the left-hand side of(Epis there-
fore known. Equatior(1) thus has the characteristics of a Fre
holm integral equation of the first kind, and its appearance in t
equation set for the inverse problem causes the problem to
ill-conditioned. For forward problems, one and only one BC i
prescribed on each surface, and equations of this type do
appear.

AX=b @) Regularizatiorj. _As a rt_asylt of discretization, the set of integ_ral

) equations describing radiative transfer has been transformed into a

In surface radiation problems, the vectércontains the un- set of linear algebraic equations. However, the ill-posed nature of

known radiosity distributions on all surfaces as well as the utlhe system for the case of inverse design problems has not been
known temperature distribution on thHgk (unknown) surface. addressed, and an infinite-dimension@ontinuous) ill-posed
Mathematically, inverse thermal design requires solving sets pfoblem has only been transformed intdiacrete ill-posed prob-
equations that include Fredholm integral equations of the firgm. Hanser{25] indicates that a discrete systeX=b is ill-
kind as shown in Eq(l). These are known to have multiple soposed if the following criteria are satisfied:
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1 The singular values oA decay gradually toward zero. cedure is stopped/halted before the high frequency components
2 The ratio of the largest to the smallest nonzero singular valaee resolved or incipient divergence starts, a self-regularized so-
(condition numberof matrix A is large. lution is obtained[28]).

The most popular regularization algorithm is the one known as
khonov regularization([26,27]). This method is also called the
hillips-Twomey or the constrained linear inversion method

. L o ' O . "(‘[18]). In addition, methods based on singular value decomposi-
trix A is ill-conditioned, i.e., the solution is potentially unstable Qion (SVD) have gained popularity among other direct methods.

pertur'bation in the data. These two criteria do not imply that e use of SVD based methods offers several advantages since it
meaningful solution cannot be obtained, but that standard meth Bws study of singular value spectrum of the matfix and

such as Gaussian elimination, LU or QR factorization cannot 3:/

The first criterion indicates that there is no “nearby” probleml-i
with a well-conditioned matrix of coefficients and with well-p
determined rank. The second criterion similarly implies that m

: . ) - . erefore, determination of the degree of ill-conditioning of the
used in a straightforward manner, particularly if a meaningf

. ) stem under consideration.
(useful)solution is to be obtained. Instead, more elaborate met

d b led. N ical methods that Ve this t “For inverse design, the best solution must be chosen based on
0ds must be applied. Numerical methods that can solve S Y&ne criterion; normally, this is some criterion for tradeoff be-
of problem are the so-calle@gularization methods

! tween the perturbation errdEg. (3)) and the regularization error
di Because of th? gradual_ cilecaydof the _Slngul_?r: vaIfueA,c'th_e Eq. (4)). However, this is not in itself sufficient for the designer.
Iscrete system Is essentially undetermined. Therefore, It IS NgCs 5156 necessary that the chosen solution meet two other design
essary to include additional information regarding the solution {Q,jtions. First, thé,-norm based on direct comparison with the
stabilize the problem and to single out a useful and stable soluti '

o ; escribed input conditions must be within some allowable design
Even though there are many types of additional constraints t fterion. This must be met regardless of the value oflgaeorm

can _be i?poﬁzd on the solution, Ey far_tht()el most dobminant"isl ?Eq. (3) used in choice of the “best” solution from a particular
r%((‘;.“.ret "’;]“ 2-horm, or somedoL erhswta e nor:gn, € small. Bagularization method. Secondly, the chosen design solution must
addition, the constraint imposed by the system of equations, |.feet prescribed or heuristic conditions that the designer believes

AX=Db, must be relaxed in order to accommodate the regularizinge onhropriate, such as smoothness of solutions or solutions that

co_rl1_rs]tra|nt. larizati is th it tto red the fi meet some other desirable conditions such as not exceeding a
neé regularization process IS thus an attempt to reduce the NiCa,;m m materials temperature. That is, the designer may choose
tuations of the solution introduced by the ill-conditioned nature

X S 5 X solution with a larget,-norm based on comparison with the
the equations, which is called theerturbation error while not geta P

introducing t h th h thi f th | rescribed input conditions if that solution has other desirable
Introducing oo much error through over-smoothing of the SOy ites. Thus, the chosen design solution may differ from the
tion and thus introducingegularization error Finding the best «

) . . best” regularized solution obtained by any of the methods to be
solutionX™ that provides a reasonable tradeoff between these W, ,ssed. This is a fundamental difference from experimentally

errors is the goal of most inverse solution methods. based inverse problems, where the goal is to find the very best
A measure of the perturbation error is thenorm of the so-  ggution that matches the measured input values.
lution, defined by We now examine the details of four methods for treating in-
L(X*)=|IL(X=X*)| (3) \Verse problems made up of sets of linear algebraic equations. The

) i proofs of the mathematical characteristics of these methods are
whereL is the smoothing operator used on the datsually the carefully laid out in the excellent monograph by Han§24].
identity matrix or first or second derivativandX is the required

design solution. IfL is taken to be the identity matrix, then the Truncated Singular Value DecompositionThe use of SVD
[,-norm becomes the mean variance of the calculated solutigAd the examination of the set of singular values shows why the
relative to the imposed design requirement, and correspondsmatrix A is ill-conditioned. One use of this information is that it
zeroth-order regularization. If is taken as the first or secondallows us to find a problem that can be solved by simply truncat-
derivative operator, these correspond to first and second-oréitg the set of singular values to a smaller set that has an accept-
regularization, respectively. able condition number. The corresponding ma&ix can then be

The regularization error is taken to be the residual norm of ttgenerated, inverted to provide the inverted truncated matrix
solution,R, given by A* "1 and the solution

R=||AX*—D|,. (4)

If X*=X, then there is no regularization error as the exact and X*=A*"b (5)
regularized solution will be equal, and the matrix equation is ex-
actly satisfied; however, the more the solution is regularized by
introducing smoothing, the larger will be the residual nd®m can be generated. The soluti®f will not be exact, because some
The goal of the regularizing algorithm is thus to obtain a baihformation has been deleted by throwing away the smaller sin-
ance between minimizing the fluctuations in the solution as me@ular values. However, the solution can be obtained, and it can be
sured by thd ,-norm while simultaneously introducing the small-made well behaved if a sufficient number of small singular values
est possible residual norm. are truncated. The accuracy of the solution Xdr is then found.
Since the introduction of the concept of regularization byhe forward problem is solved by deleting one of the extra bound-
Tikhonov in the early 1960g[26,27]), several methodologiesary conditions used in the inverse solution, and inser¥igas
have been developed to compute or estimate the solution of ilie boundary condition on the boundary with no originally pre-
posed problems. Hans¢R5 | presents a brief summary of severakcribed condition. Either prescribed condition may be retained on
algorithms that can be classified into two groups: direct and iterdre design surface, but the known temperature is usually chosen
tive methods. Direct methods are those that reformulate the prdiecause it is an easier condition to apply in forward solutions.
lem by introducing additional constraints and estimate the solutitiowever, because forward solutions are unique, retaining either
by using standard linear solvers for the new problem. On the othendition will provide the same result in the forward calculation.
hand, iterative regularization is based on the inherent regularizifige result of the forward solution can then be compared with the
property of linear solvers when applied directly to the originalequired extra boundary condition.
system of equations. During initial iterations the low frequency The first step is to determine the singular value decomposition
components are resolved, while high frequency components asfw-A. A truncated solution is then computed by neglectingrtie
ciated with the solution are found late during the iterative procesmallest singular values of matriX, constituting the truncated
or before the solution starts to diverge. Then, if the iterative preingular value decompositiofTSVD) method. Thus,

494 | Vol. 122, AUGUST 2000 Transactions of the ASME

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Tb q q
6) ¢a<X>=||AX—bH§+Z) a?IILi<X—xo>||§=R2+EO a?Wi(X).
= i=

Modified Truncated Singular Value DecompositioAn im- . . ) ) (1_3)
provement to TSVD is the modified truncated singular value ddherefore, the solutionX, is a function of theregularization
composition (MTSVD) method [29]. This regularization algo- Parametera and the initial solutiorX, . Clearly, a largex repre-
rithm is a two-step procedure. First, an initial approximation igents a highly regularized solution with a small semi-norm as
obtained by computing a truncated singular value decomposititilicated by Eq(13), while a smallx has the reverse effect. That
(TSVD), i.e., discard singular values below a given threshold ar® the solution minimizes the residudirst term on the right-hand
its corresponding singular vectors as for B). As a second step, Side of Eq.(13)), but it is unstable to perturbations in the data.
a correction term to<, is computed from the remaining singularThus, the selection ok is an important part of the regularization
values and its corresponding singular vectors, i.e., from the n@flocess and it must be selected carefully. 3
space of matri¥. In this step, information concerning additional_ The selection of the initial estimad&, is less critical, although

constraints or smoothing characteristics is introduced. it can be used in design to provide a better final solution. A choice
The correction term is calculated after solving the followin@f Xo=0 introduces no bias; other choices and their effects are
least-squares problem fat, discussed below. ) o
Minimization of Eq.(13) with respect toX implies that
minfLV ,Z,—LX )l ™) q
where the matrix represents the smoothing operator that is being @) (X)=2AT(AX— b)+22 a@?LTLi(X—Xo). (14)
applied on the solution and,=(LV p)TLX p- Here, a second de- =0
rivative finite difference operator is used, i.k.js given by At the minimum,®!, should be zero, thus E§14) can be rear-
0 0 ranged as
1 -21 T : 2 T T ¢ 2 T
ATAX+ D, aPL[LX=ATb+ >, a’L[LX,.  (15)
L= o (8) =0 =)
1 -2 1 For example, what is called standard Tikhonov regularization is
0 0 the case when the series is terminated|at0, thusL; becomes
the identity matrixl. That is,
?gd the matriy/,, is formed by the remaining-p singular vectors, (ATA+ aél )X=ATh+ agxo (16)
V.= 9 Another example is the second-order regularization method, for
p=[Vps1, .. Val. ©) which q=2, ag=a;,=0, leaving @, as the only regularization
Then, the correction term is calculated by parameter.
Xe.p=VoZ, (10) (ATA+ a3l ,"Lo)X=ATb+ a3l ,"L X, 17)

b_'I'o complete the regularization procedure, the regularization pa-
rametera has to be determined. There are several ways to find the
optimal value([25]).

Xip=Xp—Xc.p- (11) The L-curve is per_haps the most conven_ient graphical tool fqr
analysis of discrete ill-posed problems. It is a plot of the semi-

This procedure is then repeated for the next larger valyg ahd norm used as a side constraiffk,;(X— X,)||, versus the corre-

the procedure is continued until the solution converges to sponding residual nornf AX-b|, for different values of the regu-

smooth result and further increasesiresult in the appearance of larization parameter. In this way, the L-curve displays the
unacceptable oscillations in the solution. The initial valugd compromise between minimization of both quantities. This curve
usually the one for which the distribution of singular values starig very important since it divides the first quadrant into two re-
to decay rapidly. gions. Hanseh25] indicates that it is impossible to construct any
We have found that MTSVD works well for radiative surfacgegularized solution that corresponds to a point below the
interchange problems. However, for more complex systems withcurve; therefore, any regularized solution either lies on or above
volume-volume interchange as for participating media, it is diffithe L-curve. When plotted in log-log scale, the curve almost al-
cult to assemble the equations in such a way as to allow straigifays has a characteristic L-shaped appearance with a distinct cor-
forward application of the minimization step. ner separating the vertical and the horizontal part of the curve.

Tikhonov Regularization. Solution of ill-posed problems be- Thls corner corresponds to the near optimal value for the regular-

gan after the pioneering works of A. N. Tikhonov in the 19605;“0?] parallm_eteu. Unfortuna;ely, theh_present sLudy has f0L_1nd|
([21,26,27]). His method of regularization considerably broaden t the solutions correqundlng to this comer have undesirable
the bounds of effective practical use of ill-posed problems {gscillations and in some circumstances some components of the
physical sciences. The main idea of the Tikhonov regularizatioUtion vector become negative. Since these components repre-
method is to introduce a side constraint in order to stabilize et € outlgomg radiative eneé?y, Wh'(;]h IS dleﬁned gs polsrl]tlve,h
regularize the problem. Usually, this side constraint is linear, aﬁ?gaﬂve va u?(j are unrz]accep_ta ”e on p yStllca glroyn S, aT oug
allows the inclusion of an initial estimate, if available. The sid& ely may provide a ”?at .ematlca y acceptable SO ution. For larger
constraint involves a norm that can be defined as Values _of the regularization parameter, the sol_utlon has less or no
oscillations, but at the expense of a larger residual error.
W (X)=||Li(X— Xo)|2 (12 Note that if the initial solution estimat¥, is taken as exactly
equal to the solutioX, then the value ofr becomes indeterminate
whereL; approximates théth derivative operator an¥, is an (see Egs.(13-15). In that case, the solutions from Tikhonov
initial (biased)solution estimate. Far=0, the identity operator is regularization reduce to the solutions of Eg). Because these
assumed. The Tikhonov regularization method minimizes ttelutions are known to be unstable, a further regularization, per-
functional ® ,(X), which is defined as haps through TSVOEQ. (6)), must be applied to obtain a solu-

The MTSVD orL-order regularized solution is obtained by su
tracting the correction term from the initial estimate, that is
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tion. The conditionX,= X is, of course, an unlikely scenario, as |ATr™|2
the exact solution is not known a priori. If it is, there is no reason
to be solving the problem.

Because of the nondimensional form of the relations used here,
the values ofX, should have certain attributes in order to bias the
regularization result toward a useful design solution. Because of
the nondimensionalized forms for the temperatures, radiosities, or

radiative fluxes on heater surface, is expected to be positive  The solution norm at each iteratidix ™|, will increase mono-
and of order unity, and we also_ strive to have solutions that af@nically with n, and the residual normjr(™||, will decrease
smooth. In the absence of other information, a valu¥gf[1] is monotonically withn if X©®=0. This behavior can be used to

a reasonable choice. - : L . .
. . . - r -
To determine the value of the regularization parametdor S\?éaglrlggezg L-curve and provide a criterion for stopping the itera

standard Tikhonov regularization, E¢L3) must be solved for
several values ofv. This process is time-consuming and can be Prior Research on Inverse Radiative Design. Recent re-
avoided by using the singular value decomposition of malix search has centered on inverse solutions of design problems where
([29]). The first step is to determine the singular value decompediative transfer is dominant. Recent reviews of the literature are
sition for A, that is to compute the left singular vectous the available on enclosure problems where no participating medium is
singular valuesv; and the right singular vectors So A can be present(15]), or where a participating medium is presgnf7]).
expressed as A zonal method is used if80]to formulate the radiative trans-

fer in a rectangular enclosure containing an isothermal absorbing-
emitting medium, and the characteristitemperature and heat
flux distributions on theUk surface were found. The Jacobi and

. o Gauss-Seidel iterative solution methods were used, with the
wheren is the total number of unknown radiosities. Then, a sol4ormer providing the more stable and accurate results.

I

d(n):ATr(”)—ﬁ-,Bnd("*l)

n
A=UWVT=YD uwv| (18)
i=1

tion for a fixeda can be computed by introducing the filtefrs TSVD was used to solve some interesting two-dimensional fur-
which can be evaluated using nace design problems, and found to work wgl1]). Two con-
W2 straints(net radiative flux and temperature distributipagere im-

fi=———s (19) Posed on all surface boundaries, and the volumetric energy

Wit a generation rate distribution in the medium necessary to satisfy

those constraints was sought. Radiative equilibrium was invoked

Thus, the regularized solution for a fixedX,, , can be computed in some of the medium volume elements in order to make the

by number of equations and unknowns equal. Then, the number of
VAT Wi volume elements where radiative equilibrium was invoked was
Xo= 2 f; vvl = 2 2+' SViu'b (20) reduced, so the number of unknowns was larger than the number
i=1 i =1 Wi ta

of equations, and the TSVD provided a solution that minimized

After a solution for a fixed regularization parameter is obtaine&é'e sumt;)f th? sqll(Jares oft}he medlu_r|1|1 element temlpl)e_ratures. As
additional solutions can computed by only recomputing the filtef§€ number of unknowns became still greater, oscillations were

f, and the matrix multiplications involved in E¢O). gound in the solutions. ) ) .
: P ®0) In [17], an inverse problem was solved in which all boundaries

Conjugate Gradient Method.The conjugate gradient methodexcept one were adiabatic; the remaining boundary was a TQ
is an iterative technique for producing regularized solutions thbbundary with emissivity of 0.5. The required medium tempera-
avoids the explicit decomposition of the matAx Matrix decom- ture and source distributions were found that provided these given
positions such as SVD are inherently time-consuming for largmundary conditions. TSVD was used for the inversion.
matrices, but are an inherent part of the TSVD, MTSVD and Various investigatorg[32—35) have used the modified trun-
Tikhonov methods. Therefore, conjugate gradient solutions ateted singular value decomposition meth@ITSVD). The
often the method of choice for multidimensional problems. Wenplementation of MTSVD for three-dimensional configurations
shall see that the conjugate gradient approach offers particubtwowed that if a large number of surfaces is used in the compu-
advantages for multimode problems where solutions to nonline@tions, then TSVD and MTSVD require considerable memory
equation sets are required. Han$24] points out that the opera- storage and computer time to handle the required singular value
tions used in conjugate gradient regularizati@®R) lend them- decompositionSVD).
selves to parallelization. The discrete ordinates method along with a conjugate gradient

The number of iterations performed, acts as the regulariza- approach was used to find the net source distribution in an
tion paramete([24] pg. 142), as the iterations serve to filter theabsorbing-emitting-scattering medium contained in a two-
higher frequency oscillations in the solution. Thus, a series dfmensional enclosur36]). Measured boundary intensities at
regularized solutions is automatically produced during thigae boundary midpoints were used as input to the inverse problem.
solution—a boon for the designer, who can choose among théithough this is not an application of inverse techniques to ther-
based on other criteria than simply taking the solution with thexal design, it demonstrates the usefulness of the conjugate gradi-
smallestl ,-norm. ent technique in inverse problems.

If the initial guess for the CGR algorithm is taken ¥’ =0, A detailed study of inverse design techniques was carried out in
the auxiliary vectord has starting valuel®=AT—r(©® and the [34], concentrating in particular on a comparison of the MTSVD
residual vector is defined ag™=b—AX™ so thatr@=p and Tikhonov methods for two and three-dimensional enclosure
_ A (0) ; ; ; sroblems with an absorbing-emitting medium.

TR gfcgr? g@ethceef'slg\',?,icr’]gﬂf'irceﬂs'?é&gzjtﬁ?le for inverse prot\- [32,37], MTSVD along with the Monte Carlo-based READ
method([38]) for computing exchange areas for the Hottel zone

[ATr("=Y)2 method were used to solve inverse problems. One practical prob-
an:m lem was the temperature distribution needed for heaters to obtain
2 a uniform heat flux and temperature on the material on the bottom
XM=x0"-1 4 g dn-1 of an industrial furnace.
Tikhonov regularization was used on an inversely posed prob-
rM=r=H_4 Ad(N~D (21) lem to optimize a furnace desigii39]). The author noted the
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existence of nonphysic@hegative)radiosities for certain configu- 3 DAL LA R B BN I B B BN B
rations, and also noted that greater regularization was required a
the grid resolution was increased.

. 23 - -
Inverse Solutions - .

We have investigated the general problem posed in Fig. 1 in ~o
some detail. We examined the effects of boundary condition ~ .
choices and parameter variations on the solutions. We then con L /’/',,— -
sidered the choice of solution methodology on the results. FinaIIyT3(X) — cll
we investigated the effects of grid choice and on the overall ac- [ — ——
curacy of the design. The tradeoffs naturally present between ac T
curacy in achieving the desired design versus generation of non
physical designs are discussed. | ’ N

Before discussing the inverse problem, solutions are given for '
the forward problem for dimensionless temperatufiest/t,q 17 + : —
specified on the enclosure dg,,=T3;=2, T,=T,=1.5, andT,

=Tpoon= 1.0, all surfaces black, and an aspect ratie-h/w B

=0.5. The dimensionless net radiative fI(Dg(X):qne,(x)/atﬁ‘ef

on the bottom surface was found. The result for this traditional L5
forward problem is shown in Fig. 2, for various numbers of ele- 0 05 1 15 N
mentsN on the surfaces. For 20 or more elements on each surface

the results are essentially unchanged, as confirmed by computing X

thel,-norm as a function of number of increments.

Now, a series of inverse problems is solved using second or ular enclosure for various side-wall temperatures T
Tikhonov regularization in which the net flux on surface 1 as =1.0, imposed net dimensionless radiative flux ' o) (X;
found by the forward solution, Fig. 2, is imposed, while varying,orﬁ"’,?ia 2, aépect ratico A=h/w=05 '
other conditions. For example, Fig. 3 shows the temperatures on
surface 3 found by inverse solution when the temperatures on the
two side walls are changed from the original value of 1.5. For thgyns put is approximate. It was chosen by examining the solu-
value of T,=T,=1.5, the original condition off3(X)=2 iS re- tions for a range of values, and noting when oscillations begin
covered, as expected. However, as the side-wall temperaturesgrg,neqar.
lowered, the temperature distribution on the top surface must varyrpe sojutions shown in Fig. 3 would be very difficult to obtain
to compensate and provide the necessary radiative flux on {igng iterative forward solutions, but are shown by Fig. 4 to pro-
bottom surface. L . vide heat flux values very near to the imposed conditigener-

The results of Tikhonov regularization depend on the choice gjiy yithin one percent Similar solutions have been obtained for
the regularization parameter In Fig. 4, the accuracy of the heat, 5iious imposed emissivity values on the side wgB5]).
flux prediction is shown as a function of this parameter for the gjmilar solutions to those produced by the Tikhonov method
cases of different wall temperatures. The error in the predicted, he generated using other inversion techniques. A comparison

and imposed radiative flux becomes greater as the imposed Si#@edictions by different solution methods is shown in Fig. 5 for
wall temperatures deviate more from the original forward prob-

lem. The line separating the regions marked “oscillations” and

(E:? 3 Temperature distribution on top surface of black rect-
¢
T

“over-regularized” is derived from the L-curves for these solu- [Py —
C I L IIIIIII] T III|II| T IIIIIII'I T IlIIIlII T lllllll' TT IH[_
E 3
90 l! : :
r . € IF E
1 ket » s
95 I~ — Q r ]
L ] -~ r h
C ] % “‘é ]
00 F ] N
Tk . e 0.1 F E
o [ 4 + 3
-105 7] F b
L ] 001 F =
-0 = E 3
L N L Oscillations Over-regularized ]
- - - - .
13 N
r ] 0.001 vovond vt s eenod svvnd vvennd vl 2yl
C R 107 10 100 10t 10t 107 10! 10°
120 PR SR SN [N YT ST S NUUS TOSUY WOUY TN (VU TAOUNR WO N AN S
0 0.4 0.8 12 1.6 2.0 @
X Fig. 4 Error in predicted heat flux on bottom surface versus

regularization parameter a using temperature distributions on
Fig. 2 Net dimensionless radiative flux Ql(X)=qnet(x)/(rz‘§‘ef top surface of black rectangular enclosure for various side-

on bottom surface of black rectangular enclosure with Twp  Wall temperatures from Fig. 4,  T;= Tyg40m =1.0, imposed net di-

=T3=2, T,=T,=15, and T;= Tyouom =1.0, aspect ratio A=h/w  mensionless radiative flux Q.(X) from Fig. 2, aspect ratio A
=0.5 =h/w=0.5
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Fig. 5 Comparison of predicted top surface temperature T5(X) in square en-

closure by 3 methods

an inverse radiative heat transfer problem. In this problem tmeent and control. In design, any solution that provides the desired
unknown nondimensional temperatufig(X), on theUk top sur- outcome may be acceptable, and the designer may pick the one
face is to be predicted in a squaftevo-dimensional enclosure that is simplest to implement.
with the bottom surface specified as the design surface. There iFhe inversion methodology used for the base transparent case
no participating medium and all surfaces are diffuse-gray ama@n be applied to a problem in which an absorbing cold isothermal
have an emissivity of 0.9. Each surface is segmented into 20 imedium atT=0 and optical thickness=ah is placed in the
crements. Side walls are &,=T,=1.5, the bottom wall is at enclosure. Again, the side walls areTgt=T,= 1.5, the heat flux
T,=1.0 and has a parabolic dimensionless heat flux distributiam bottom surface 1 is as shown in Fig. 2, and we wish to deter-
Q,(X)=3.2X2—3.2X—6.8. These solutions all have less than ongine the temperature distribution on the top surfacgX). The
percent maximum difference from the prescril@d X). results are in Fig. 6, and the accuracy of the solution is in Fig. 7.
The Tikhonov Oth order solution gives good agreement with As the optical thickness increases, the attenuation by the me-
both the conjugate gradient method with eight iterations and tildé&um requires greater and greater temperatures on the top surface
truncated singular value decompositi6RSVD) with p singular to provide the necessary radiative flux to the bottom surface.
values greater than 16. If we add two more iterations to the CGAgain, these solutions would be quite tedious to obtain using it-
method and retain additional singular values greater thar} irp  €rative forward solutions. Figure 7 shows that the accuracy of the
the TSVD, the solutions are slightly more accurate, but give iBverse solutions becomes poorer as the attenuétiotical thick-
different shape and possibly a less desirdlg#es smoothilesign Ness)becomes large. Note that the functional dependence of the
solution. Figure 5 points out an important distinction between
inverse problems applied to design and those in property measure-

i e Bea i e e e SO e i e
3 L3 ey B B S R N L S BN AN BN B R U B S P E 1=0.01 E
B T - . -— 1=0.05
| - e | L = 2L
i . - i 0F — — =010 E
28 T 12001 S .. - - oo 7=0.50 ]
L  ——— 1=0.05 | T 1=1.0 4
L — — 1010 i g Eo--8 120 -<— E
= — . - -
26 M —oem- 7=0.50 i R - Oscillations " .
F oo m1=1.0 PO R 10" E g__g_a—ﬂ——a—‘u’ﬂ'{l E
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0 0.5 1 15 2 «
X Fig. 7 Error in predicted heat flux on bottom surface versus
regularization parameter a using temperature distributions on
Fig. 6 Temperature distribution on top surface of black rect- top surface of black rectangular enclosure for various medium
angular enclosure containing a gray cold gas with optical thick- optical thicknesses from Fig. 6, T1= Thottom = 1.0, imposed
ness r=ah; T;= Tyouom = 1.0, imposed net dimensionless radia- net dimensionless radiative flux ~ Q,(X) from Fig. 3, aspect ratio
tive flux Q,(X) from Fig. 3, aspect ratio A=h/w=0.5 A=h/w=0.5
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Fig. 8 Error in predicted dimensionless heat flux distribution Q.1(X) for

various levels of surface grid refinement

error on the regularization parameter is different from the tranprocedure for the particular problem. As previously noted, solu-
parent cases in the participating cases. Physically, as the optitaihs to ill-conditioned systems are extremely sensitive to pertur-
thickness increases, the energy from the top wall is greatly atternations in the input parameters and roundoff errors in the compu-
ated before affecting the bottom wall and has smaller influence tational procedure. Improper selection of the solution
the bottom surface. This results in greater uncertainty in the topethodology or any number of other factofe.g., over-
wall temperature results. Similar solutions were obtained by usimggularization, grid choice, ejcmay generate a nonphysical so-
the MTSVD method[35)). lution. It is important to distinguish between the two possibilities

. . . for creating nonphysical solutions. It will be valuable to develop
Grid Effects. As with all numerical methods, tradeoffs also,, johrgach that i) independent of solution methodology and
exist for inverse problems among grid size, relative error a

. ) - . will identify and eliminate problem specifications that have no
computational costs. Unlike other numerical methods, the int ) ty P P

L ) . f]ysical solutions.
play between these parameters in inverse solutions is not wel
understood or characterized. As an example, Fig. 8 shows theéThree-Dimensional Solutions. The numerical techniques de-
error in the heat flux on the design surface based on predictsttibed and used in previous sections can be applied to problems
surface 3 temperatures. The error initially decreases with increa@s-three-dimensional enclosures. As previously noted, it is not
ing grid resolution and then approaches a constant error valueusual to use 500,000 computational elements in a three-
independent of further resolution. This is in contrast to forwardimensional forward design of an industrial furnace. It is most
problems where the total error tends to decrease with increadigely that an inverse design tool that extends the techniques
grid resolution until the errors reach the machine error limits. #hown above would be used early in the design stage of a furnace
appears that roundoff errors from the inversion pro¢ess regu- or heater system to specify approximate heater conditions that
larization) become larger than truncation errors very quickly icould be refined further with detailed forward calculations. In
the inverse formulation. general then, we would assume that a relatively coarse grid
would be used for the inverse solution and that a finer grid would

Existence of Solutions. Nonphysical results may be gener,o ,qeq in the forward cycle of the design project to make de-
ated in two fundamentally different ways when solving an inverse

problem. First, unlike inverse analysis of experimental data where
a boundary measurement is used to infer physical properties or
other system conditions, it is possible to pose condititns de-
sign set)for a design problem that have no physical solution. Ir 30— — L R R R
such cases, the overall problem formulation cannot be satisfi s ; ; § b
without the “solution” predicting nonphysical results such as - 5 : : St .
negative absolute temperatures, negative radiosities, etc. g

In Fig. 9 an example of the generation of nonphysical resulg
is shown. A rectangular enclosure with aspect rdtibas a sur- 2
face at the top with unknown thermal conditions and a desig2
surface at the bottom. The aspect ratio of this enclosure is vari2
from 0.5 to 0.7. For a fixed pre-specified error criteribased on =z
the ability of the predicted solution to satisfy the design condig
tions), the predicted radiosity distribution on the top surface bes
gins to oscillate at larger aspect ratios, and takes negative valliZ
at the edges. The radiosity, composed of emitted plus reflects
radiation, must be positive in a real system. Physical results ce
be generated for the 0.7 aspect ratio if the error criterion is si g
nificantly relaxed(curve with the x markejs These results imply s
that for some cases, a design solution cannot be found within
specified tolerance without the predicted unknown solution be
coming nonphysical.

The other way that nonphysical results may be generated . 9 Radiosity distribution along unknown surface with ge-
inverse analysis is through an inappropriate choice of soluti@metry aspect ratic A=w/h as a parameter

[o]
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Fig. 10 Temperature profiles on the interior surfaces of a radiantly heated process furnace enclosing a transparent
medium by inverse analysis. All surfaces adiabatic except upper half of left end (the heater) and the bottom surface,
which is at uniform temperature and given heat flux distribution. Heater temperature profiles are for cases when the
bottom surface emissivity is varied as shown.

tailed modifications. By adopting a coarse-grid-based inverse skhus, Morale’s results provide a reasonable guide. He shows that,
lution, the relative computational cost of the inversion process figr all cases studied, between 1.9 and 3.5 forward solutions could
manageable. be carried out per inverse MTSVD solution, and between 2.8 and
Shown in Fig. 10 is a three-dimensional rectangular enclosuses against Tikhonov. It is unlikely that accurate solutions could
with no participating medium. The radiative heater is on the uppbe obtained with so few forward iterations; in addition, the mul-
half of the left-hand end of the enclosure. It is desired to maintafiple solutions available from the inverse approach would be
the bottom surface at prescribed heat flux and dimensionless temissed.
perature of 1.0. All other surfaces except the bottom and top-left-
end are adiabatic. The computed surface temperature profiles re-
quired on the heater surface and resulting on the other enclosyre .
surfaces are shown for various emissivities on the bottom surfa anlusmns
This three-dimensional calculation was performed on an IBM Inverse design techniques as outlined in this paper hold the
RS6000 computer system and required two to five minutes pfomise of providing a good initial design that can then be more
CPU time per case. This example shows the power of inversarefully analyzed by conventional detailed prediction of perfor-
design in the design process, as using forward solutions to deterance. This should greatly reduce the cost involved in the con-
mine the correct temperature distributions for achieving the deentional process, and may become a useful tool among the skills
sired conditions on the bottom surface would be extremely tef future designers. Inverse design techniques may also produce a
dious. For problems with participating media, the number dfetter final design in many cases because the conditions assumed
elements and the matrix size become much larger than for tfigs final traditional design can be much closer to the optimum set.
surface radiation problem. Some of the inversion techniques mayThe development of inverse design methods for thermal fluid
become intractable in this case because the matrices are fullsgstems will represent a significant departure in the design process
nearly full, and matrix operations such as SVD become very tim&om the present approaches. There are many hurdles to be cleared
consuming. before both designers and researchers in the thermal fluid area
An important consideration is the relative time to generate aply inverse methods to the wide range of system design
forward solution compared with an inverse solution. For examplproblems that exist. It is first necessary to bridge a gap between
if a few hundred forward solutions can be carried out in the santiee theoretical developments in the mathematics of inverse
time as an inverse solution, then inverse solution for design bmethods and applications to real engineering systems. Following
comes impractical, as an iterative forward solution can be dottet, issues such as accuracy, grid dependence, and constraints
more cheaply in terms of computer time. Mora]88] compared that are relevant to engineers must be adequately documented and
the time for the forward, MTSVD and Tikhonov solutions for theesolved.
problem described in Figs. 1-5, using 100 through 800 surfaceWe believe that the design process is almost always better ap-
nodes. These two methods are the slowest of the four methgaeached by an inverse technique; indeed, design would probably
outlined in this paper; TSVD is generally faster than MTSVD, antlave been developed along these philosophical lines in the past
the conjugate gradient approach is faster than the other thregcept for the mathematical problems inherent in inverse analysis,
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and the development of inverse design methods for thermal flReferences
systems 'nVO_IV'ng significant radiation represents an important derq] rarag, 1. H., 1979, “Temperature Profiles in Combustion Gases by Inversion:
sign alternative to the present approaches.
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Nomenclature

a =

o.crj?(->)>
|

<<CH~O-TWooTsZMTXu——=T
Il

£

xZs
o

>

N< x <X *
Il

radiative linear absorption coefficient, th
area, m; aspect ratioh/w

= matrix of coefficients

truncated matrix of coefficients

vector of known quantities

auxiliary vector in conjugate gradient algorithm,
Eqg. (21).

radiation configuration factor

distance between parallel plates, m
identity matrix

singular value index

radiosity, W/n?

kernel of integral equation

smoothing operator

number of enclosure surface elements
number of iterations

number of retained singular values
energy flux, W/n

residual norm, Eq(3)

residual vector, Eq(21)

dimensionless radiative energy flw|gad/atfef
absolute temperature, K

normalized temperaturé/t

orthogonal matrix

orthogonal matrix

column vectors for orthonormal vectors used in SVD

singular value; width of plate, m
matrix of singular values

solution vector

regularized solution vector
dimensionless coordinate positioth
dimensionless coordinate positioyh
coordinate distance, m

coordinate distance, m

smoothing vector

Greek Symbols

a = Tikhonov regularization parameter, Ed.3); param-
eter in CGR algorithm, Eq.21)
e = surface emissivity
¥ = norm of side constraint, Eq12)
& = Tikhonov regularization function
o = Stefan-Boltzmann constant, 58208 W/m?K*
T = optical thicknessah
& = arbitrary coordinate, m
Subscripts
C = correction term
i = index of surface subdivisions or singular valugs;
derivative
N = rank of coefficient matrix
n = iteration number
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Comparison of Monte Carlo
Surface Exchange With Radiative
Continuum Results in Large

e Nisieanu § Particle Dispersions

P. D. Jones

A Monte Carlo technique follows radiation intensity rays through a dispersion of par-
Mechanical Engineering Department, ticles. Rays reflect from and are absorbed by the surfaces of the particles that they
Auburn University, encounter. Transmitted radiative fluxes are compared with Monte Carlo simulations of a
Auburn University, AL 36849-5341 radiative continuum, using properties from both independent and correlated scattering
theories. Whereas both discontinuous (surface) and continuous representations of the
medium vyield similar results for high porosities (low volume fractions), the continuous
representation yields transmission overpredictions for porosities less than 0.9, using in-
dependent scattering properties, and for porosities less than 0.7, using correlated scat-
tering properties. The overprediction is less severe for less reflective particle surfaces.
[S0022-1481(00)01603-0]

Keywords: Heat Transfer, Monte Carlo, Participating Media, Particulate, Radiation

Introduction participating media have been studied. By allowing random fluc-

o o . ionsin | ions, r ff from particle arrangement latti
Transmission of thermal radiation through clouds of optlcallgztgvgidedocato s, ray effects from particle arrangement lattices

large particles is often solved by assuming a radiative continium.iep, [4] gives an extensive overview of radiative transfer in
The radiative transfer equatidRTE) is solved using appropriate packed and fluidized beds, comparing experimental results to both
overall properties for extinction coefficient, scattering albedo, anéntinuous modelémodified by application of dependent scatter-
scattering phase function. In this work, the real discontinuous gy theory)and discontinuous cell models. The Monte Carlo mod-
ture of such media is preserved and the multitude of particles ang of Kudo et al[3] and Yang et al[5] are found to compare
considered to experience surface radiative exchange between dssdt with the packed bed experimental results of Chen and
one of them. The approach is simple in concept though somewi@tturchill [6], although neither applies over the entire range of
exacting in practice: A Monte Carlo simulation of a large numbeparticle diameter to bed thickness rati&xperimental results for

of energy bundles passes through the entire medium, interactitigh solid fraction dispersions which are not packed are not avail-
with solid particles along the way. The results of this work shoul@ble.)Yang et al[5] examines a random packing of spheres in the
be useful in determining where the radiative continuum assunfdtire medium instead of using a cell model. The average penetra-
tion breaks down for media such as fluidized beds, dispersed sti@D distance of a photon before its absorption or scattering is
pensions, porous solids, and other disctetediscontinuousime- evalu_a_ted as a func_tlon of extinction coefficient. Thg extinction
dia, although the medium characterization will not support t efficient is determined, using a Monte Carlo technique, as the

packed bed limit, and hence only qualitative conclusions may B&ction of energy bundies intercepted by spheres during travel
drawn for that case. Potentially, this work could serve as a benc rough a predetermined distance. Singh and Kavidfigxamine

. . . nonpacked)uspension of spheres in a regular, staggered ar-
marl_< to improve dependent scatte_rlng theory, t_hus expanding gement. A full Monte Carlo approach is employed, and ran-
applicable range for radiative continuum modeling.

) . X . . ; domly oriented bundles of energy are allowed to interact with

~ Previous works with discontinuou§.e., discrete or noncon- spheres in their paths. Particle properties are restricted to direc-
tinuum) models usually address a dense particulate suspensj@fhal independence, and periodic boundary conditions are applied
and treat it as a regular assembly of cells of identical geometiy. the lateral directions to simulate a one-dimensional bed. In
Vortmeyer[1] reviews a series of such radiative models, concluarder to speed up the solution convergence, an energy partitioning
ing that identical cell models are only applicable if the opticanethod is used rather than a random number to decide whether a
thickness of the medium is very large and direct incidence frobundle is absorbed or reflected at an impact point. Palmer et al.
non-neighboring cells can be safely neglected. An example of th&] apply an approach similar to that of the present work, in that
approach is given by Chan and Tig2i, which analyzes radiative arrays of cylindrical reflector elements are modeled both as a col-
transfer through packed beds by determining the scattering diection of discrete surfaces, and also as an equivalent radiative
gram Of a unit Ce”_ So|utions are Obtained using Monte Carﬁpntinuum. Slgnlflcant differences in I’esults are found betWeen
sampling techniques, though the radiative flux incident on eatpg two cases. , , , ,
neighboring cell is considered to be diffuse. Similar work is re- 'N€ present work might be viewed as an extension of Singh and

ported in Kudo et al[3], which examines different types of pack-K?r’]'agfy[37]htgriacallfssarr§32§t?g (;aSZé ﬁdtgrreaer;g:)n;qegsrlr(::wale?zﬁ??é
ing and variations in volume fraction. In the present work, the unﬁmdeled gy a Monﬁe Carlo ray trgcing procedure throughout the
Il of fix metry is avoided, and both optically thick and thin .. ! L
cell of fixed geometry is avoided, both optically thick and entire medium to evaluate radiative transfer through the suspen-

Comtibuted by the Heat Transfer Division f blication i taua sion for a large range of radiative and geometrical parameters.
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perfect specular reflectors to account for rays traveling into thlistribution works well for nonpacked dispersions, it can only
cube from neighboring regions. Any other boundary conditiorgualitatively model a randomly packed bed, and only for cubic
can be employed since no simplification towards one or tw@acking geometries.
dimensional simulations is made. The spherical particles may beAll the dimensions of the problem are normalized by the side
either specular, diffuse, or partially specular reflectors which akength of a nodal cube. Consequently, the dimensionless side
sorb and emit radiation. The directional distribution of radiariength of the medium is given by the number of particles in each
propagation in the medium as a system is tracked, and variationdifection. The dimensionless diameter of the spherical partitjes
the radiative properties of specular particles with the Idpalr- (actual diameter divided by nodal cube side lengtn be varied
ticle surface)polar angle is considered. between 0 and 1Fig. 1). The former case represents a uniformly
distributed, disperse particulate medium. In the latter case, the
Analysis spheres touch each other and the medium has the lowest possible
) o ) ) ) porosity for the present implementation of the mo@mple cu-

The following analysis is applied to a gray medium in thermajic)  aithough this gives too structured an array and too much
and radiative equilibrium in order to illustrate the essential prasorosity to actually be used in packed bed cases. After the release
cesses of radiative propagation .by surface reflect!on W|th|n_tla,¢ each energy bundle at the bottom boundary, or after each im-
complex morphology of the medium. With appropriate attentiopact on the side boundaries, the position of the particles in the
to the emissive term and spectral indices of refraction, a nongrgysdium is changed in order to maintain independence from a
case could be considered. With coupling to an energy equati%rticular array of particle locations.

combined mode cases could be considered.
Monte Carlo Method. The Monte Carlo technique starts by

_Features of the Discontinuous Model. A uniform three- re|easing energy bundles from the bottom boundary and then trac-
dimensional mesh is generated in the medium, and a spherigg) them until they are absorbed by a particle or by a boundary.
particle is associated with each node. The sphere centgiations of the emission points on the lower boundary and di-
(Xc.Ye,2Zc) are located in random positions about the node accorghctions of emission are determined using Monte Carlo direct
Ing to simulations. For a diffuse, isotropic bottom boundary, the direc-

Ax tions of emission ar€ 9])
Xe=Xe+| 5 —Trs|(2R—1
c— %c ( 2 s)( x—1) w:zﬁRlp:(/;e[O,Zﬂ-) @
- Ay ] T
Ye=YcT T_rs (2Ry—1) 9=Sln_l(\/R—9)$GE O,E .
Az i i i
2.=7.+ 77%) (2R,—1) (1) ;Pee coordinates of the energy bundle after it travels a dist@nce
whereR,, R,, R, are random numbers between 0 and 1. Over- X=Xg+1,P
lapping of particles is automatically avoided. Thus the medium is
pseudo random, in that each particle must stay within a defined y=yq+I,P (3)
cell, although it takes on a random location within that cell. As
compared to a fully random distribution of particles, the pseudo- z=274+15P

random distribution has the advantage of maintaining a uniformh | —si l—si . Al he di

number density, while allowing neighboring particles to be loiherel; =sin6cosi, |,=sin6siny, andls=cosg are the direc-

cated randomly with respect to each other. This limits unnecess (RN cosInes of _the ray. To_determl_ne the coordinates of _the inter-

streaming effects caused by uneven number densities, and redF&40" Point with a spherical particle, y, andz are substituted

the number of particle distribution realizations which must pE1o the spherical surface equation:

simulated before results converge. However, the pseudo-random v )2 ERVRY) N2 .2

distribution becomes less random as the ratio of particle diameter (X=X "y =ye) (27 2)"= T @

to cell size increases, and the particles become effectively fixedThe discriminant of the second-order equatiorPiis computed.

space within the cell boundaries. Thus, while the pseudo-randdfnhis discriminant is positive, the equation has real roots and the
solution is the smaller of the tw@2]), the other impact point
being impossible for opaque particles since the energy bundles do

top boundary (dack, cold) not penetrate the pa_rticles. _ _ _
- The spherical particles may be considered to be either diffuse or
® “ @ ® o0 specular reflectors, or a combination of these. If the particles are
% g f specular, then directionally dependent reflectivity and absorptivity

upon the complex index of refraction of the particle matefil).

The incident polar and azimuthal angles at a spherical particle
surface are computed from the direction of the in-coming ray and
the normal at the surface. The direction of a reflected ray is found
from Snell’s law as

“‘ ® ® ® , ‘—7‘1 functions are predicted by Fresnel's equations, which depend

specda

§=§+2§ 1A (5)

in which the unit sphere surface nornfaln,,n,,n;) is

X—Xcn ~Vea Z—Zy.n
am X%, Y y°j+ °k. (6)

r.S S rS

botiorn boundary (black, hof)

For diffuse reflectors, random polar and azimuthal reflection

Fig. 1 Two-dimensional view of the particle suspension com- angles are simply generated by the Monte Carlo method in the
putational field local coordinate system. However, in order to keep track of the
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Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



bundle trajectory, the direction cosines in the overall medium cc € 00% e ey T
ordinate system must be determined. The direction of the reflectt § o012 [ diffuse reflectors hot bottom boundary |
ray 1s £ ooto [ €Y hot top boundary
:§ ’ 3 AN 40996 C eemmmmeenes 5
a” A LA A 3 o008 [ ]
§,=sin #, cos ¢, t;+sin 6, sin ¢, t,+ cos 6,h v
—_— e —— @) & 0006 [ ]
Lin Iz lus a
o £ o004 L ]
WhereI.”l, I, , andl; are the Iocgl dlreptlon cosines,, t, are $ o002 [ $-0.732 1
two unit tangent vectors at the point of impact and perpendicule é
to each other, where £ 0000 Bt b Lo TS
R 0O 10 20 30 40 50 60 70 80 90
~ UXA . AXty polar angle, degrees
==, =— (®)
A2l [AXt,| g 0014
. . 2 [ specular reflectors ' ho‘});;,;,'n'l;o'l;n;,;; o
andv is an arbitrary vector. 'é 0.012 ik - 4.46 - i31.5) A NV 1
At its interaction with a particle, the energy bundle can beg o010 [ w7 $=0.996 \ hot top boundary 1
absorbed instead of reflected. Sineg the absorptivity of a par- % W T {
; - X s 0008 [ A ]
ticle, can be seen as the probability of absorption of a bundle i x [ p ¢ ]
the interaction point, a random numbRg between 0 and 1 is % 0006 L - 4
generated and iR,< ag, then the energy bundle is absorbed. Até cooa [ £ ]
radiative and particle thermal equilibrium, for any energy bundle.2 ., | $=0.732 3 1
absorbed by a sphere, another one is emitted by the same sph § VAPPSR ]
from a random position on its surface and in a random directiors 9000 Bt ittt . L
The polar and azimuthal angles corresponding to this random p 0O 10 20 30 40 50 60 70 80 90
sition are polar angle, degrees

Fig. 2 Directional distribution of the dimensionless radiative
flux in two cases: energy bundles released from the bottom;
and from the top boundary, respectively

27 (0,
f f singdody
0 0

RH: 27 (m
f f sin 6d6d ¢
0 0

_ 1-cosé,
-—

Monte Carlo techniques are notorious for CPU time consump-
tion. Care is taken to check for collisions only with particles in the
octant of a generated or reflected direction, and to consider par-
ticles for collision in order of distance from a beam origin. Using

= 60,=cos (1-2R,)

e
J, o
0

an Ultra2 Model 2200—dual 200MHz UltraSPARC processor,

CPU times of roughly 0.5 min per energy bundle are achieved.
As a means of verification, the present model was operated for

a limiting case of a medium with a single sphere. Analytic solu-

Ry=—7r—
J,

0 tions for both perfectly emitting and perfectly reflecting spheres

are within one percent of model predictions for all porosities.
Based on these studies, a base simulation éfet@rgy bundles
was chosen.

and the random position is
X=X+ ¢ Sin 6 COSi,
Y=Y+ rgSing.siny,

Z=2.+r5C0S0, . (10)  Results and Discussion

The emission direction is determined from relations similar to Ed. Figures 3 and 4 show the dimensionless flux on the top bound-
2). ary (analogous to transmission for the case of a black bottom
If Eq. (4), with X, y, andz obtained from Eq(3), has no real boundary), for media comprised of diffusely reflecting particles
solution P, then the energy bundle strikes one of the boundingith £¢=0.4 (Fig. 3), and of specularly reflecting particles with
surfaces. In order to account for the contribution in radiative=4.46, k=31.5 (Fig. 4, representative of a highly reflective
transfer from the regions beyond the computational domain, theetal). Porosity is varied by altering the size of the particles. The
side walls are considered to be perfect specular reflectors. Thigiation of dimensionless flux with the parameitéid (medium
means that each time a ray strikes one of the side walls, it reflefisight to particle diameter ratio, which for fixed porosity is di-
according to Snell's law. The energy bundles that end up back gsttly proportional to optical thicknes$ias the same trend for
the bottom face are absorbed and their history ends at this poisither diffuse or specular particles. Figures 3 and 4 show analo-
The energy bundles that manage to get to the top boundary gefis results computed by a Monte Carlo solution of the RTE,
recorded together with the corresponding incident angles withwhich assumes a radiative continuum. The properties of the con-
precision of one degree. Examples of directional flux output atgiuous model are determined by independent scattering theory:
shown in Fig. 2. Note that Fig. 2 shows directional flux in 1-deg
increments for a simulation of ¥otal bundles(approximately
800 CPU hrs.). Hence, the average number of bundles represented
by each point in Fig. 2 is only about 10This accounts for the
somewhat uneven appearance of Fig. 2. Flux integrated over all
directions is, of course, much smoother. The total number of en- 8
ergy bundles absorbed by the top boundary is used to determine ;,_ ° . o R : :
the dimensionless hemispherical radiative flux at the top ¢ 3W(S|n® ©cos8);  diffusely scattering media.
boundary.

0=pg
B: Qexlﬂ'rng

$=1; specularly scattering media

(11)
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Fig. 3 Comparison of Monte Carlo solutions for discontinuous Fig. 5 Comparison of Monte Carlo solutions for discontinuous
and continuous models  (independent scattering theory ) at dif- and continuous models for different particle radiative
ferent porosities—the diffuse case properties—the diffuse case

For large spheres @ ¢ /A>1), diffraction causes radiative en-whereas differences appear for lower porosities. That is, while a
ergy to be scattered forward within a very narrow ar{g®d) from radiative continuum solutiofRTE) using independent scattering
the direction of transmission. Thus diffraction can be neglectésl a good approximation for high porosity particle suspensions,
and treated as transmission. It is also neglected in the discontisueh a solution severely overestimates radiative transmission
ous model. Hence, for large particles without diffractiQq,, through lower porosity suspensions. Note that transmittance in
=1. For the arrangement in this model, the dimensionlss Figs. 3 and 4 is shown on a log scale. The continuum approach
=1, whereN, is the number density defined by the number of thegeats the medium as being composed of a multitude of point
spheres in the volume@unity) of the bed. Since thermal radiationscatterers and having a certain extinction coefficient. As the par-
is basically infrared, the assumption of large spheres is satisfigtles become larger relative to their computational ¢édicreas-

for rg>10um. ing porosity), they cannot be approximated as point scatterers and

For high porosities(>>0.9) the continuous and discontinuousthe continuum approach breaks down. Note in Figs. 3 and 4 that

models (RTE and surface radiatipnproduce similar results, the difference between the continuous and discontinuous models
varies only slightly withH/dg (medium thickness; number of ball
rows). Thus, it may be inferred that the coarseribsdl size rela-
10° tive to medium thicknegsof the medium has only a slight effect
=L L T [ T T T T 7 7T T T §095%6 on the validity of the continuum assumption.

RTE results were also computed using the dependent scattering
theory of Kamiuto([10], not shown). Dependent scattering im-
proves the RTE results, delaying divergence between the continu-
ous and discontinuous results ¢a<0.7, though in other respects
following the same trends as Figs. 3 and 4. Porositiegc0.7
might be considered to come into a range where the pseudo-
random medium starts to exhibit a tendency towards streaming
effects due to the constraint of larger particles within a fixed vol-
ume computational cell. However, it should be noted that stream-
ing effects(through the pseudo-random mediumould tend to
increase transmittance, whereas all results reported here show a
transmittance for the discontinuous simulation which is lower than
that predicted by continuum methods. If discontinuous effects are
unimportant, then correlated scattering theory should work as well
for a simple cubic packed bedp&0.476) as for a randomly

T

.......... $=0.966

T lllllll

102

|

dimensionless flux exiting the medium

specular reflectors Tt
(n-ik=446-i315  TTteeeel

--------- discontinuous model packed bed, except for perhaps a bit more transmittance in the

i 0 i1 11)

continuous model (independent scattering) cubic bed, as allowed by streaming effects. And yet it is the con-

tinuum model which gives the overprediction.

10 e b b L 1 The effect on transmittance of differing particle radiative prop-
0 20 40 60 80 100 erties is shown in Figs. 5 and 6 for diffuse and specular reflectors,

respectively, foH/d,=40. For diffuse reflectors, results for sev-

eral values of particle emittance are shown. For specular reflec-

Fig. 4 Comparison of Monte Carlo solutions for discontinuous tors, four cases are considered: high reflectance metalliclow

and continuous models  (independent scattering theory ) at dif-  reflectance metalli¢Ni); high reflectance dielectricn(=6); and

ferent porosities—the specular case low reflectance dielectricn(=1). Figure 5 shows that divergence

medium height to particle diameter ratio, H/dg
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10° conditions(instead of specularly reflecting boundaries on a wide
'sp;ct'"a}re'ﬂe'd;rs rrrrrrrreR e mesh), and energy partitioningnstead of probability-based ab-
discontinuous model sorption). Transmittance is plotted against optlce_1l thlckngss,

""""" 4 =1.5(1-¢)H/ds. The present model predicts consistently higher

4 transmittances, and gives results for high porosity which are simi-

continuous model

i oAl | lar for the discontinuous and the continuous approaches. The
oNi Singh and Kaviany model predicts lower transmittances than the
B An=6 . continuous model even for the highest considered porosity. The

differences shown in Fig. 7 are interesting in that they indicate

on=1 hces shown 1 . nt .
potential difficulties in setting up a truly confirming experiment.

g
-

] Conclusions

Given a sufficient number of energy bundles and assuming the
< absence of modeling errors, the Monte Carlo method might be
considered to offer the most correct solution to radiative transfer
problems that can be availablgl1]). The present full Monte

. Carlo simulation of surface radiation interaction with a pseudo-
randomly arranged suspension of optically large, spherical,
opaque particles shows that radiative continuum models do not

dimensionless flux exiting medium
=
o

10 Livgd v b e b ey correctly predict the behavior of such media at low porosity
0.4 05 0.6 0.7 08 0.9 1.0 (dense suspensionsor for reflective (low emittance)particles.
medium porosity This may be due to the fact that as particles attain finite diameters
with respect to the interparticle distance, the medium becomes
Fig. 6 Comparison of Monte Carlo solutions for discontinuous significantly inhomogeneous and might not be properly be de-
and continuous models for different particle radiative scribed by the homogeneous continuum model with properties
properties—the specular case determined by the independent scattering theory. The discrepancy

can be improved by using correlated scattering to develop the
effective continuum properties of the medium, though divergence
between the discontinuousurface radiation Monte Caflaand between continuous and discontinuous simulations still occurs. It
continuum assumptiofRTE) results increases with decreasings also found that deviation between the continu@RiE) and the
particle emittance as well as decreasing porosity. Figure 6 shodiscontinuougsurface radiationmodels depends only slightly on
that divergence increases for higher reflectance particles and dls® coarseness of the mediuexpressed here hbiy/d).
for more metallic particles. Figure 6 confirms that for isotropic
scattering in the continuous model, particle surface properties aj
not important([9]). Since the difference between them is insig‘?_\l%menclature
nificant, identifying marks are omitted from the continuum results ds = dimensionless particle diameter
lines in Fig. 6. Figure 6 demonstrates that there is a significant __H = dimensionless medium depth
effect of particle surface properties in dispersed media, as pre- i,j, unit vectors inx,y,zdirections
dicted by Monte Carlo simulation. = absorptive index
Figure 7 compares the present results with those of Singh andl,,l,,I; = direction cosines
Kaviany[7], which considers a fixetstaggeredparticle arrange- n = refractive index
ment (instead of pseudo randomwith periodic lateral boundary i = unit surface normal
n{,n,,n3 = normal components ix,y,zdirections
N, = number density
0 P = dimensionless pathlength

%)

= ~> L
I

19 1 7 "1 T Qe = extinction efficiency

[ perfectly reflecting particles ] g:.9, = dimensionless hemispherical radiative flux re-

S present work i flected and transmitte(ﬂﬂux/aT‘l‘)

N, — Singh and Kaviany } rs = dimensionless particle radius

. oontlnupu; mo:j:lila i R, Ry R,
(Singh and Kaviany) R,.Ry,R,= random numbers between 0 and 1

L J $,§ = incident and reflected ray direction vector
§ ---------- $=0.992 t;,t, = unit vectors tangent to the particle surface
£ . TSa TS T,,T, = bottom and top boundary temperaturs,
g 10" L MRS - ¥ = arbitrary vector
g E ., T~ ] X,y,z = dimensionless energy bundle coordinates
- C N L ] X¢,Ye.Ze = dimensionless sphere center coordinates

= \ ¢,0'4“7‘6 .. . Ax,Ay,Az= dimensionless side length of unit cell

i N T T  Greek Symbols

S~ T . a = absorptivity
= T~ - & = emissivity
e~ 0 = polar angle
2 ® = angle between incident and scattered rays
10" 1 ] } | ! ] 1 | 1 | 1 | 1 _ : P
ps = particle reflectivity
00 20 40 60 80 100 120 140 o = Stefan-Boltzmann constant, 5820 8 W/m? K*
optical thickness 7 = optical thickness
¢ = porosity
Fig. 7 Comparison with Singh and Kaviany model & = scattering phase function
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1// = azimuthal ang|e [3] Kudo, K., Yang, W. J., Taniguchi, H., and Hayasaka, H., 1987, “Radiative

® = Scattering albedo Heat Transfer in Packed Spheres by Monte Carlo Methdtgat Transfer in
. High Technology and Power Engineerinigemisphere, New York, pp. 529—
Subscripts 540.

[4] Tien, C. L., 1988, “Thermal Radiation in Packed and Fluidized Beds,” ASME
J. Heat Transfer110, No. 4(B), pp. 1230-1242.
[5] Yang, Y. S., Howell, J. R., and Klein, D. E., 1983, “Radiative Heat Transfer

¢ = particle center
d = departure point

i,r = incident, reflected Through a Randomly Packed Bed of Spheres by the Monte Carlo Method,”
II' = local ASME J. Heat Transfer]05, No. 2, pp 325-332.
s = sphere(spherical particle [6] Chen, J. C., and Churchill, S. W., 1963, “Radiant Heat Transfer in Packed
v = volume Beds,” AIChE. J.,9, pp. 35-41.

X,y,Z = X,y,zdirections [7] S?ngh, B P., and_Kf_alviany, M., 1991, ‘.‘Independent Theory Versus Direct
0, = p0|ar, azimuthal directions Simulation of Radiation Heat Transfer in Packed Beds,” Int. J. Heat Mass

1,2 = bottom, tOp boundaries Transf.,34, No. 11, pp. 2869-2882. ) ) .
. X R . . [8] Palmer, B. J., Drost, M. K., and Welty, J. R., 1996, “Comparison of Equation

1, 2, 3 = perpendicular directions in local coordinate system

of Transfer With Simulations on Large Arrays of Cylindrical Reflector Ele-
ments,” Numer. Heat Transfer, Part BO, No. 3, pp. 271-289.
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Introduction

For the past three decades, microprocessor technology has ;E)ro-
duced increasingly denser and faster chips. These advances In
chip design have also produced increased power dissipation RE
quirements. To handle the increased heat dissipation requiremé’n
of these chips, direct liquid immersion cooling, involving boilin
heat transfer between the chips and the coolant, is consider
practical method for handling the large amount of heat generate
from high watt density device@Bar-Cohen[1]). Compared with
forced convection cooling schemésoth single and two-phage
pool boiling heat transfer is considered to be the more attractl}/re
alternative because it is generally less complex and easier to sgaal
However, pool boiling must rely on enhancement techniques
achieve the high heat flux requirements predicted for future

electronics.

Large-scale area enhancement using a single or an array of fi
is one such method that has been studied for the enhancemen?réi
pool boiling heat transfer. Haley and Westwafel studied a
6.4-mm diameter, 30.6-mm long single horizontal copper fin i
isopropyl alcohol and R-113 and found that multiple stable boi
ing modes could occur simultaneously and at adjacent pOSitiOrII]]
along a fin, thus showing the highly complex nature of boilin
from fins. As a result, Lai and Hs8], and more recently Liaw
and Yeh[4], have presented theoretical models of multiple-mo
boiling from single fins in order to study this phenomenon.

Klein and Westwatef5] provided the first experimental study
of boiling from a multiple pin fin array. Using 6.4-mm diameter
19 and 28.6-mm long copper cylindrical pin fins positioned hor
zontally in R-113 and water, they found that a fin spacing of onl
about 1.6 mm was wide enough to allow all fins to behave ind
pendently, even for nine or ten fin arrays. Mudawar and Anders
[6] also studied single and multiple copper pin finned surfaces |

Pool Boiling Heat Transfer From
Plain and Microporous, Square
Pin-Finned Surfaces in Saturated
FC-72

The present research is an experimental study of “double enhancement” behavior in pool
boiling from heater surfaces simulating microelectronic devices immersed in saturated
FC-72 at atmospheric pressure. The term “double enhancement” refers to the combina-
tion of two different enhancement techniques: a large-scale area enhancement (square
pin fin array) and a small-scale surface enhancement (microporous coating). Fin lengths
were varied from O (flat surface) to 8 mm. Effects of this double enhancement technique
on critical heat flux (CHF) and nucleate boiling heat transfer in the horizontal orientation
(fins are vertical) are investigated. Results showed significant increases in nucleate boil-
ing heat transfer coefficients with the application of the microporous coating to the heater
surfaces. CHF was found to be relatively insensitive to surface microstructure for the
finned surfaces except in the case of the surface with 8-mm-long fins. The nucleate boiling
and CHF behavior has been found to be the result of multiple, counteracting mechanisms:
surface area enhancement, fin efficiency, surface microstructure (active nucleation site
density), vapor bubble departure resistance, and re-wetting liquid flow resistance.
[S0022-1481(00)02603-7]

Keywords: Boiling, Enhancement, Experimental, Finned Surfaces, Heat Transfer

FC-72 and FC-87 and found that their single fin modeling ap-
roach could be extended to predict the boiling curves of their
multiple fin surfaces with reasonable accuracy. Kumagai 7 4l.
roduced an extensive study of boiling from relatively small cop-
e%rs rectangular fin arrays. They tested various fin len(fitte 10
mm), thicknesse€).2 to 1.5 mm), and spacing8.28 to 2 mm)as
qﬂell as base surface orientation in R-113 and determined an “op-
eda .o h .
wauzed fin array design. Later, Yel8] proposed a design
method to obtain an optimum array of longitudinal rectangular
fins. Kumagai et al[7] also found that the longitudinal fin orien-
.tation (base surface is vertigaprovided better, more stable heat
nsfer performance than the vertical fin orientatibase surface
orizontal). On the other hand, Guglielmini et g, found that
}tr?e vertical fin orientation of their copper square pin fin array
surfaceg0.4 and 0.8 mm width and spacing, 3 mm lppgovided
thtly better heat transfer performance than the longitudinal
ntation.
nother method which has been studied extensively for the
%nhancement of pool boiling heat transfer is small-scale surface
F_nhancement using a variety of techniques: surface roughening,
gchanically produced reentrant type surfaces, porous metallic
Oatings, and microporous coatings as well as others. Two meth-
ds of particular interest are surface roughening and microporous
O%oatings. Due to severe aging effects, surface roughening has re-
ceived little sustained interest. Chaudri and McDoufHl| mea-
sured the long-term nucleate boiling performance of an abrasive
treated tube and found only temporary benefits. Nishikawa et al.
11] also observed that the effects of surface roughness diminish
ith increasing pressure. A relatively new method for surface
nhancement is the microporous coating developed by O’Connor
d You[12] and Chang and Yoi{13,14]. The coating is a sur-
fAce treatment technique used to increase vapor/gas entrapment
volume and active nucleation site density by forming a porous
structure with cavities much smaller than conventional metallic

Contributed by the Heat Transfer Division for publication in thBURNAL OF .
HEAT TRANSFER Manuscript received by the Heat Transfer Division, June 1gpOrous coatings. Chang and YfL6] have shown that, compared

1999; revision received, Apr. 17, 2000. Associate Technical Editor: T. Chu. to a plain surface, the microporous coated surface augmented
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nucleate boiling heat transfer coefficients by about 330 percembporous coating technique was previously developed by
and increased critical heat fluCHF) by approximately 100 O’Connor and You[12], further refined by Chang and You
percent. [13,14], and patented by You and O'Conhdé]. The coating is a

The objective of the present work is to investigate the poslurface treatment technique used to increase vapor/gas entrapment
boiling heat transfer performance of a double enhancement tegllume and active nucleation site density by forming a porous
nique which utilizes a multiple square pin fin array on a horizontatructure of about 0.1-&m size cavities. The ABM coating was
flat surface with a microporous coating surface enhancement. Bgmed from the initial letters of its three componertkiminum
combining a small-scale surface enhancement with a large-scpéeticles/Devcon Brushable Ceramic  epoxylethyl-Ethyl-
area enhancement, the overall heat transfer performance coki&ytone (M.E.K.). The mixture of the three components was
potentially be increased beyond the heat transfer performance spray-coated over the finned surfaces using an Iwata HP-C air-
tained using only one method. To the authors’ knowledge, rwush. After the carrie(M.E.K.) evaporated, the resulting coated
research has been done on the combination of micron-scale dayer consisted of microporous structures with aluminum particles
face enhancements with fin arrays. The heater surfaces are ifiato 20 um in diameter)and a binderDevcon Brushable Ce-
chined from solid copper blocks. An initial matrix of five differentramic), having a thickness @£50 um. The microporous coating
fin lengths were considered: (flat surface), 1, 2, 4, and 8 mm.
Additional fin lengths of 0.25 and 0.5 mm for the microporous
coated surface were added to better understand the effect of fin
length on CHF. All testing is performed in saturated FC-72 at

atmospheric pressure, under increasing heat flux conditions, and Ther;”aqgfg’uﬂp’e
with the base surface in the horizontal upward-facing orientation Power Vert to
(fins are vertical). supply _I_"Vé/j'— ambient
Experimental Apparatus and Procedure ol

Test Facility. The pool boiling test facility used for the Vl"ate'
present work is shown in Fig. 1. The test liquid, saturated FC-72 o O ransicent
at atmospheric pressure, was contained within a stainless steel o5t vossel teflon tube
pressure vessel, 406 mm high and 154 mm in diameter, which was

heated by three band heaters located on the sides and bottom o
the chamber. A cartridge heater was located in the bottom of the
chamber to provide additional heating during degassing and prior
to tests. The test vessel was insulated with 15-mm-thick foam
insulation. An external water-cooled condenser was used through- v
out the testing to prevent loss of test liquid. A copper-constantan Liquid
thermocouple was placed within the test vessel to measure bulk level
liquid temperature. Atmospheric pressure was maintained by vent-
ing the vessel to ambient. The test heater assembly was mountec
to a stainless steel support bar and immersed in the test liquid. The
test liquid surface was maintained at approximately 150 mm
above the test heater.

A DC power supply was connected in series with a shunt resis-
tor and the test heater. The shunt resistor, rated at 100 mV and 10
A, was used to determine the current in the electric circuit. A
measured voltage drop across the test heater was used to calculat
the heat flux applied to the test heater.

The test heater design is shown in Fig. 2. The heating element
is a thin tantalum film and a titanium nitride film. The heating
element was sputtered onto a 0.5-mm-thick silicon nitride coated
silicon wafer along with copper for solder connections. The total
heating element electrical resistance was abou®2The heating
element side of the wafer was soldered to copper tape for the
power lead connections while the other side of the wafer was
soldered to the finned copper block. The finned copper blocks
were machined from solid pieces of copper with a 10 x10
mmx2 mm base surface and 0, 0.25, 0.5, 1, 2, 4, and 8 mm fin
lengths,L. A 5X5 array of square pin fins with a fin thickness,
of 1 mm and fin spacindy, of 1. mm was machined on the surface
using a high-speed steel slitting saw blade. The base of the copper
block contains two thermocouple wells centered in the base sur-
face and spaced 5 mm apart and 5 mm deep. The copper/heater
assembly was attached to a Teflon substta@mm thick)using
a 3M epoxy(1832L-B/A, k~0.067 W/m-K). The completed test
heater was then mounted in a Lexan frame and surrounded by 3M
epoxy to generate a flush-mounted heating surface. The surface
condition of the finned heaters is “machine roughened.” The flat
surface was also created using the same machining process in
order to obtain a comparable surface roughness. All surfaces were
cleaned with acetone prior to testing.

For the microporous coated heater tests, the coating used is the
ABM coating introduced by Chang and You4]. The mi-

Two band
heaters at
side walls

Sight
glass

heater

Cartridge

copper finned block
base: 10 mm x 10 mm x 2 mm
fins:t=1mm,b=1mm,L=0-8mm

heating element

Teflon Substrate

Fig. 2 Test heater design
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provides no significant increase of the heat transfer surface areansfer coefficients showing negligible surface microstructure ef-
Detailed descriptions of the coating are provided by O’Conndects. The incipient superheat values showed a decreasing trend
and You[12]and Chang and Yo[d3,14]. with increased “surface roughness.” The incipient superheat val-
ues for the present plain machine roughened surface varied within

_Test Procedure. The test chamber was heated to the test ligy \onq6 of 16 to 28 K for three consecutive runs while Chang and
uid s saturation temperature using t_he three band heaters an_d%% [15] reported a range of 25 to 40 K for their highly polished
cartridge heater. Once at its saturation temperature, the test Ilqg

. 8 . ; f d Ch d Youd ted incipient heats t
was boiled vigorously for two hours in order to remove dissolve ace an ang and Y¢li4] reported incipient superheats to

. o | han 10 K for their ABM surface. O’
gases before testing. Boiling curves were then generated for eq ess than 10 K for their surface. O'Connor and Yad]

surface tested. There was a two-hour delay between runs to au%\éibuted the decrease in incipient superheat for their microporous
: . ) ting compared to plain surfaces primarily to the presence of
the heater and test section to return to steady state. Three cons g b b P y P

%’er embryonic bubble diameters produced by increased vapor/

tive runs were conducted for each heater 'tested. Identical boili s entrapment in the microstructure. The rougher surface of the
curves for each surface assured the consistency and repeata INsent machine roughened surface is expected to have larger

of the data. " - . ) ;
. cavities(larger embryonic bubble sizethan the highly polished
hHeat EUX v]\cllas controlled bylgloltage (ljngult. After each Voétzggurface and thus exhibit decreased incipient superheats. The
changetheat-flux increment a 15-second delay was imposed beg,cjeat0 boiling curves of the three surfaces show significant in-

fore initiating data acquisition. After the delay, the computer reseaqeq in heat transfer coefficient relative to increasing surface
peatedly collected and averaged 125 base surface tempera Blfghness. For instance, at 10 Wiciihe machine roughened and
measurements over 15 seconds until the temperature differefge,nqr0us coated surfaces exhibited heat transfer coefficients

between two consecutive averaged temperature measurementsor \var rcent an rcent higher than the hiahl I-
all thermocouples was less than 0.2 K. The test section at t}fg'8 ere 80 percent and 300 perce gaer “han 'he Mgy po
di

point was assumed to be at steady state. Steady-state con hg] ed surface, respectively. Chang and Yaa] attributed the

I hed imately 45 ds aft hh Rer heat transfer performance of the microporous coated surface
was usually reached approximately seconas atter each Ngal, reased external vaporization, smaller departing bubble sizes,
flux increment. After reaching steady state, the heater surface

bulk fluid temperatures were measured and the heat flux was %pgrlgggrsgﬂtém?egeparture frequencies produced from the mi-

culated. For heat flux values greater thaB0 percent ofgcy, As shown in Fig. 3, the surface microstructure significantly

instantaneous surface temperature was monitored for 45 secogflg g gl as well as incipience and nucleate boiling perfor-
after each increment to prevent heater burnout. Each instanta- ” .
ce. Thay¢éye values for the present machine roughened sur-

neous surface temperature measurement was compared with T

. ) e ranged from 18.7 to 19.1 W/émwhile Chang and Yo(i15]
previous sFeady state surface temperature measu,rement. If a t%%orted a range of 13.2 to 16.0 W/eifor their highly polished
perature difference larger than 20 K was detectgq,- was as- surface and Chang and Y@@4] show a range of about 25.3 to

sumed and the power shut off. Thg,- value was computed as 2g 5 W/cn? for their microporous coated surface. In comparison,
the steady-state heat flux value just prior to power supply shytyper's[17] correlation given by

down plus half of the increment.

o
Experimental Uncertainty. Uncertainties for the heat-flux Q'c':HF,z=ﬁh|vpi/2[ga(p|—pv)]”“ (@)
and temperature measurements were estimated for the present
heater. Substrate conduction losses were estimated based orptBglictsqf,,-,=15.1 W/cn? for saturated FC-72 at atmospheric
values reported by O’Connor and Y¢u2], whose heater had apressure. Since Zuberf47]correlation does not take into account

similar construction as the present one. Taking into account ba{e effects of surface microstructure, it fails to accurately predict
measurement and substrate conduction errors, the uncertaint 'Ir|1_": for enhanced surfaces. Chang and Ya8] classified par-

heat flux @) was estimated as 16, 6.0, 6.1, and 6.2 percent at Ogzje enhancement coatings into two groups: microporous and po-

16, 80, and 120 Wicfy respectively. In addition, temperaturerous. If the coating thickness was less than the superheated liquid
measurement uncertainty was estimated considering thermocouple

calibration error, temperature correction for the embedded ther-
mocouples, and thermocouple resolution error. The uncertaintv
for temperature measurement wa.4 K. a3l

Results and Discussion

The effects of combining an area enhancentsqgtiare pin fins)
and a surface enhancementicroporous coatingwere investi- z
gated utilizing 1 crfi (10 mmx10 mm)opper base surfaces with i I
different fin lengths: Qflat surface), 1, 2, 4, and 8 mm. Both plain £ |
and microporous coated finned surfaces were tested in saturat1§
FC-72 at 1 atm. All testing was performed under increasing hea< 27

flux conditions and in the horizontal, upward facing orientation. =

10'

Additional fin lengths of 0.25 and 0.5 mm for the microporous 10° |
coated surface were tested to better understand the behavior 8 I
Jéur at fin lengths between 0 and 1 mm. H
4

Effect of Surface Microstructure for Flat Surfaces. The 3t — ‘

effect of surface microstructure on pool nucleate boiling heat ) —A— plain, highly polished (Chang and You [15])
" . . . . —8— plain, machine roughened (present study)

transfer andjc,- was investigated by comparing the present plain —~ microporous coated (Chang and You [14])
machine roughened flat surface with a highly polished plain sur- ; .
face previously tested by Chang and Y[di ] and a microporous 10 10 2 3 4 5678 4 2 3 4 5
(ABM) coated surface previously tested by Chang and Mai].
Figure 3 illustrates the flat surface pool boiling test results with AT 4 (K)

the three different surface conditions. The single-phase natural
convection data of all of the surfaces exhibited comparable heat Fig. 3 Surface microstructure effect for flat surfaces
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layer thickness, it was termed “microporous” while coatings with '

thicknesses greater than the superheated liquid layer thickne 30| —e— flat CHF
were called “porous.” Using Zuber'$17] hydrodynamic model 2| L=1mm .

of q¢ue, Polezhaev and Kovalej18] tried to explain the en- i ::;i';m >
hancement om¢,,- of porous coatings as due to the structure of 10" Fl == L=8mm | LS ¢ =
the coating influencing the vapor jet spacing rather than the Taylc 7 I

wavelength. Tehvof19] used Haramura and Kattof20] macro- nTE‘ el _

layer dryout model of|’,.- to explain the enhancement gfi,cof & 4 [ AdustedL=8mm

porous coatings as due to an increase in the macrolayer evapo S~ [ Sufacedata

tion time caused by the presence of the porous layer. Althoug-= 2

these hypotheses could explain the microporous coated surfa ©

results, neither of them explains the enhancemengQf: ob- e I §
served in Fig. 3 for the machine roughened surface. This indicate 21

that the enhancement af;,- for plain, roughened surfaces is H

primarily due to the increased number of active nucleation site 4

provided by the microstructure. 3

Method for Analyzing Experimental Finned Surface
Data. Prior to discussing the results of the finned surfaces,

method for determining the surface averaged heat transfer coef 10 2 5 4 5678 o 3 4 567
cient, h, and the heat sink efficiendilso called the overall sur-
face efficiency),7,, from the experimental data must be estab- AT, (K)

lished. For a finned surface, the heat sink efficiency is given by
Fig. 4 Plain, finned surface boiling curves based on total sur-

1 As (1 )= ay @ face area
7]0 At 77f hATb

where the individual fin efficiency isy=tanh(ml)/mL;. For a

in fi — - 1/2. _ additional heat transfer degradation mechanism not seen in the

square pin firLc Lit.m andm (4h/kt_) : Ea.(2) can be nu L=1, 2, and 4 mm surface data. This behavior was seen to be
merically solved foh since all other variables are known. Orite repeatable, even for different surfaces. Kumagai efz.ob-
is known, 77, can be calculated. This method is used to calctateserved that boiling did not occur at the fin tips of their longest
and 7, in the following analysis of the present finned surfacgactangular finned surface in R-113 even N4y Although the
experimental data. Although this one-dimensional approach fgk ¢ transfer mode at the fin tips in the present study could not be
the finned surface data reduction is not considered very accurgiermined, it is believed that the degradation in heat transfer
it is believed to provide a good means for the comparison of ”b‘zerformance is due to a non-boiling region near the fin tins-
boiling behavior between the plain and microporous finnédce temperature too low to sustain boilinghis degradation
surfaces. mechanism decreases the active or “effective” nucleate boiling

Plain, Finned Surface Nucleate Boiling Results. The boil- heat transfer surface area and, therefore, shifts the boiling curve of
ing curves of the plain finned surfaces with different fin lengthfe L=8 mm surface downward when plotted based upon total
are shown in Fig. 4. Unless otherwise noted, “plain” refers to the€a, as seen in Fig. 4. By assuming that the effective surface area
uncoated, machine-roughened surface discussed previously Offhe L=8 mm surface is approximately equivalent to the total
this graph, the heat flux based on the total finned surface(finea Surface area of ah~5 mm surfaceshown as a dashed line in
and base surface apea plotted versus the base surface superhedtid- 4), the boiling curve of thé =8 mm surface became nearly
Since boiling fins can have non-uniform heat transfer coefficieng@incident with theL =1, 2, and 4 mm surfaces. This indicates
(Srinivasan and Shaf21]) and thus temperature variations, théhat only about 60 percent of the=8 mm surface is effectively
surface superheat based on the temperature at the base of thelf@{tsferring heat and that~5 mm is the optimum fin length for
(AT,=T,— T is used.T, is taken to be the temperature at théh€ present plain, finned surfaces.
top of the base surfadd mm above the thermocouple location  The fin tip wall superheat value of the=8 mm surface at the
A one-dimensional correction was applied to the thermocoupfest steady-state point prior to CHF was estimated at 12 K using a
measurements in order to obtdig. The flat surface data servesStandard one-dimensional steady-state conduction analysis and as-
as a reference for comparison. The single-phase natural conv@¢Ming that the heat transfer coefficient along the fin is constant
tion data for all surfaces show only a small degree of scatter tH#€ average value shown in Fig. Rithough the estimate is not
is the result of uncertainties in surface area and temperature me@psidered very accurate, it shows that the fin tip temperature is
surement. For all of the finned surfaces, boiling generally initiatery near the minimum temperature required for nucleation,
in a “patchy,” localized fashion and spread to the rest of th#&/hich supports the previous conjecture of a non-boiling fin tip
surface as the heat flux was increased. For a given surface, $agdition.
boiling initiated in the same locations for all runs indicating the Below g{~7 W/cn? (L=1, 2, and 4 mm cases), the finned
presence of “preferred” nucleation sites produced by the machigurfaces in Fig. 4 show boiling curve slopes approximately equal
ing process. These preferred sites were generally at the fin edifeghe flat surface boiling curve indicating comparable nucleate
and explain the virtual absence of temperature overshoots.  boiling behavior. However, at heat fluxes abayg~7 Wicnt?,

The nucleate boiling performance of the plain surfaces showrse boiling curves show a noticeable decrease in slope. Similar
some interesting trends. From Fig. 4, it can be seen that the baiends were seen in the boiling curves of Kumagai ef&l.and
ing curves are showing different behaviors relative to fin lengtiGuglielmini et al.[9]. Haley and Westwatd2] have shown that
ThelL=1, 2, and 4 mm surfaces are nearly coincident and shastable film, transition, and nucleate boiling along with free con-
comparable heat transfer performance upgfg- while the L  vection can occur simultaneously and at adjacent positions along a
=8 mm surface shows a significant degradation in heat transféngle, horizontal fin in isopropyl alcohol and R-113. However,
performance. The significant degradation of the8 mm surface Visual observations as well as the relatively low wall superheats
relative to the other finned surfaces indicates the presence ofaboveq; ~7 W/cn? indicate that initiation of localized film boil-
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crease in the average heat transfer coefficient over the flat surface
data. This is most likely due to a larger number of active nucle-
ation sites than the flat surface created by the machining of the
fins. Betwgenq{’wS—lOW/cn?, the finned surfaces reach a
maximum h value and then decrease with increasing heat flux
while 7, reaches a minimum value and then increases slightly

3 with increasing heat flux. This behavior corresponds to the degra-
E dation in heat transfer from the increased re-wetting fluid resis-
2 tance discussed previously. The more rapid declink with in-

1=

creasingy; of theL =8 mm surface shows the further degradation
in heat transfer performance caused by a reduction in effective
boiling area from poor heat sink efficien@gss than 60 percent as
shown in Fig. 6)which has also previously been discussed.

The heat flux based on the ba&® projected)surface area,
which is considered most useful for microelectronics cooling ap-
plications, is plotted in Fig. 7. Figure 7 shows that for surfaces
with fin lengths from 1 to 4 mm the heat transfer performance
improve proportional to surface area. However, any further in-
0 5 10 15 20 crease in fin length does not significantly improve the heat transfer

9", (Wicm?) performance due to a reduction in the effective area for nucleate
boiling as shown by thé =8 mm surface.

o

Fig. 5 Plain, finned surface average heat transfer coefficients . . -
9 g Microporous, Finned Surface Nucleate Boiling Results.

The boiling curves of the microporous coated finned surfaces with
ifferent fin lengths are shown in Fig. 8. The heat flux based on

ing at the base of the fins is not the cause of the observed sl . . )
base surface area is plotted along with the plain, flat surface

changes. Instead, it is believed that the degradation is primarf ¢ Fig. 7 f ¢ For clari v th | boil
the result of increased bubble departure resistance due to the p afrom Fig. 7 for reterence. or, clarity, only the nucleate boil-
ence of the fins. The heat sink geometry increases the vajdy Portion of the finned surfaces’ boiling curves is shown. The
bubble residence time by providing resistance to the departi cleate boiling performarjce. .Of the microporous coated surfaces
bubbles. The longer bubble residence time increases the flow feat t% L:|8_ mm) fShOW %gmﬁ%antly Ik?wer surface S|Uperh§"".}.s
sistance on the approaching re-wetting liquid causing liquid st4f@n the plain surfaces. This shows the superior nucleate boiling
vation and ultimately producing a temporal localized dry-out sitgharacteristics of the microporous coated surfaces over the plain
ation near the base of the fins. This would cause a decrease in J{§aces, which has already been discussed in detail by Chang and

heat transfer coefficient and increase in the base surface temp ( [13-19. However, the most striking feature of 't.he mi-
ture, as seen in Fig. 4. Also, the flow path blockage provided roporous coated surface results is that the nucleate boiling curves

the fins further increases the re-wetting liquid flow resistanc8! @ll fin lengths, including the flat surface, appear to collapse to

however, this effect is believed to be small compared to the effddf® curve when plotted relative to the base surface. This shows
of the longer bubble residence time. that the nucleate boiling heat transfer coefficiépased upon a

- . . given base areajan be increased with the application of the mi-
_The average heat tr_ans_fer coefficiemt,and the heat sink effi- croporous coating, however, no further improvement is gained by
ciency, 7,, of the plain finned surfaces were calculated baS?ﬁcreasing the fin length. Chang and Y[@2] have observed that

upon pre\_/iou_s discussions and plptted versus the toyal surface & neat transfer performance of microporous coated surfaces un-
heat flux in Figs. 5 and 6, respectivdlye flat surface is assumed

to have a heat sink efficiency equal tp. At heat fluxes below
qy~5 Wicn?, the finned surfaces in Fig. 5 show a sizable in-

fiat : 91.7
: oo~

=~

0d o e e e i

L o S —— Lt=1mm | |
02 : : -0~ L=2mm

: = L=4mm
—~— L=8mm X

00 ; ; i 10° 2 3 4 5678 44 2 3 4 567

0 5 10 15 20

AT, (K)
q", (Wiem?)
Fig. 7 Plain, finned surface boiling curves based on base sur-
Fig. 6 Plain, finned surface heat sink efficiency face area
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transfer coefficients
Fig. 8 Microporous coated, finned surface boiling curves
based on base surface area

Rainey’s curve fit compares well with the present curve fit given
by Eqg.(3). Historically, the exponent oA T, has been taken to be
- = ) about 3 for nucleate boilingRohsenow23]) and 0.75 for laminar
der saturated nucleate boiling conditions is unaffected by changgs, hoiling (Bromley [25] and Berensofi26]). The exponent of
in either surface area or inclination, therefore, it is interesting 4 onAT, when q/<50 W/en? indicates that the primary heat
see that the nucleate boiling heat transfer performance of Ensfer mode is nkl)JcIeate boiling while the exponent of 0.62 on

present microporous coated finned surfaces is unaffected " o

changes in fin length. In general, the heat transfer surface al i” Whe.nqb.>50 W/qn? |nd|9ates the presence of the temporal
%-out situation previously discussed.
t

does not affect nucleate boiling performance unless the numbe o better compare the effect of the microporous coating on the

active nucleation sites becomes limited and does not increase wi . -

increasing heat flux. In contrast to the plain finned surfaces in F l_JcIeate boiling performance, the average heat transfer Coef_f|0|ent

7, the microporous coated finned surfaces’ boiling curves in Fig. sed on the total surface_area of the 1, 4 and 8 mm mi- .
groporous coated surfaces is plotted alongside the corresponding

are nearly coincident indicating that the microporous coating ré; ! I .
moves this form of surface area dependency by providing a mu Fi"n surface data in Fig. 9. The much higher heat transfer coef-
lents of the microporous coated surfaces illustrate the profound

higher number of active nucleation sites. The effect of changes |ﬁ[ . : o
face area only becomes evidentgt,., which is discussed effect that the microporous coating has_qn the boiling perfor-
sur y Gehr mance. The maximum heat transfer coefficients forltke4 and

later. . . . 8 mm microporous coated surfaces occurred at about the same
Another interesting feature of the microporous coated surfacgs fl | he s h 50 W/en? d sianifi

is the noticeable change in slopedt=50 Wicn?. As discussed €at flux value as the slope c anggs ¢ yvren ) an signimes

IS the T ; T the point at which the temporal dry-out situation begins to occur

previously, a similar trend was observed in the plain surface dalgyne pase of the fins. Although the heat transfer coefficient is

in Fig. 7 but at much lower heat flux values and was attributed @, .y higher for the microporous coated surfaces, the heat sink
the presence of a temporal dry-out situation caused by |ncrea%qzﬁciency is only mildly reduced by about ten percefmot

bubble departure resistance. It is postulated that the same dedigs,n) “This shows that the differences in nucleate boiling heat

de_1t|on mechanism is responsllble _f_or the change in sl_ope .Of Gnsfer performance between the plain and microporous coated
microporous coated surfaces’ boiling curves shown in Fig. urfaces is primarily due to the differences in surface
QO’Connor and Yoy 12]observed that a number of small bUbble%icrostructure

near the surface of their microporous coated horizontal flat heater
fed large hovering vapor mushrooms just prior dg,e. This Effect of Fin Length on CHF. Figure 10 shows the effect of
bubble departure behavior provides a more stable heat remofiallength onq¢, relative to the base surface area. Zub¢t'g]
mechanism and delays the formation of the temporal dry-out sitgerrelation, Eq.(1), is also plotted(by multiplying ngF,Z by
ation due to increased vapor bubble residence time. A simple twp/A,)) for reference. The plain surfaces appear to show a direct
line power-law curve-fitta simplified form of Rohsenow'$23]  relationship betweeny, .= and fin length(constantq; .., for
correlation)given by fin lengths up to 4 mm. However, when increasing the fin length
gn=1600-ATZ* for qp<5x10° W/m? (3) further, gy e deviates from this trend showing significant degra-
dation. The dashed trendline in Fig. 10 illustrates this behavior.
qp=1.08x10°- ATp® for qy>5x10° W/m? (4)  The degradation imZ, is consistent with early discussions re-

is proposed to approximate the nucleate boiling curves of the ngi2rding the degradation in nucleate boiling performance of the

croporous coated, finned surfaces shown in Fig. 8. The curveRIgin surfaces due to a non-boiling region at the tips of the fins

developed by Rainej24] for microporous coated flat surfaces of2Nd appears to support the previously estimated optimum or tran-
different sizes and various inclination angles is also shown in Figition point ofL~5 mm. Kumagai et al.'$7] data shows a simi-

8 and is given by ar transition behavior in saturated R-113.
, - The microporous coated surfaceg, e values, also shown in
qp=1100-ATy". (5)  Fig. 10, appear to show a different behavior with fin length than
514 / Vol. 122, AUGUST 2000 Transactions of the ASME
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Fig. 10 Critical heat flux versus fin length Fig. 11 Normalized critical heat flux versus fin length in the

short fin region

Conclusions

pears to follow a direct relationship with fin length. At a fin Iengtl‘h a-rl;ggn? gﬁtl,,bggﬁgi th ea t\,\}ﬁ?ﬁ fignaf)m)ercrin anﬁrfoafcg e%?\lﬂgeﬁqnent
of 8 mm, the effects of surface enhancementoéqe in Fig. 10 (microporous coatingand an area enhancemésquare pin fins)
again becomes a factor. The microporous codted mm sur- yas investigated using 1-éflush-mounted copper surfaces. The
face repeatedly showed no degradation|in.,,- as was observed effects of surface microstructure on the nucleate boiling curve
in the plain surface results. This seems to be due to the miere also investigated using three different surface conditions:
croporous coating’s nucleation enhancement characteristics. Higin polished(from Chang and Yo(i15]), plain machine rough-
relatively low fin-tip temperatures of the=8 mm surfaces may gnpeqd (present study), and microporous coat@&hang and You

be too low to sustain nucleate boiling on the plain surface but args)) Al tests were performed in saturated FC-72 at atmospheric
high enough to sustain nucleate boiling on the microporous coa ssure under increasing heat flux conditions.

surface. Applying the same one-dimensional conduction analysis
used for the plain surface, the fin-tip wall superhe®T ;) of the » The effects of surface roughness on the pool boiling heat
microporousL =8 mm surface at the last steady-state point priafansfer of flat surfaces were found to be significant throughout
to CHF was roughly estimated at 19 K. Unlike the pldin the entire nucleate boiling curve. An increase in surface roughness
=8 mm surface, this estimated temperature is much higher thafduced a decrease in incipient superheat and temperature over-
the minimum temperature required for nucleation, indicating ghoot and significantly increased the nucleate boiling heat transfer
boiling fin-tip condition. However, it is expected that the Micoefficients and CHF. The effects are considered to be directly
croporous coated surfaces would experience degradatigfjn related to active nucleation site density differences.
similar to the plain surfaces at fin lengths greater than 8 mm.  « For the plain finned surfaces, the heat transfer performance
Decreasing the fin length from 1 to 0 mm in Fig. 10 appears tan be significantly enhanced with the addition of square pins up
show a moderate deviation off\,- behavior for the microporous to a fin length of about 5 mm. Above 5 mm, it is believed that the
coated surfaces. To investigate this behavior, two additional nsurface temperature of the tip portion of the fins is too low to
croporous coated surfaces with fin lengths of 0.25 and 0.5 msustain boiling which reduces the “effective” boiling area and
were tested and plotted in Fig. 11. The low fin length region gjrovides no additional improvements in heat transfer
Fig. 10 is shown in Fig. 11. The¢, data is normalized with performance.
respect tog,, . As can be seen from Fig. 11/ o, for the  * The microporous coated finned surfaces provide significantly
microporous coated surfaces drastically decreases with the addgher heat transfer coefficients over the plain finned surfaces. In
tion of fins and then becomes relatively constant with values sinfiddition, the nucleate boiling curves of the microporous coated
lar to Zuber's[17] correlation. Whileql.ys for the flat surfaces is Surfaces collapse to one line regardless of fin lenGtn fin
significantly affected by enhancement of the surface microstr§N9ths up to 8 mmpand are well correlated with a two-line
o . ‘power-law curve fit.
ture (as shown in Fig. 3), the comparalig,, values of the plain

- ) R . e * It is believed that the presence of the pin fins produces a
and microporous finned surfaces indicate insensitivity to Surfaﬂ?sistance to vapor bubble departure, which increases the bubble

enhancement. This indicates tiog, for the present microporous resigence time and causes a change in boiling curve slope of both

coated finned surfaces is limited by hydrodynamic mechanisi}g plain and microporous finned surfaces. The longer bubble resi-
rather than by the surface microstructénember of active nucle- gence time would also increase the flow resistance on the ap-
ation sites). Unlike flat surfaces, finned surfaces have adjacent ?ﬁ‘gaching re-wetting liquid causing liquid starvation and ulti-

opposing walls, which increases the level of bubble crowding atgately produce a temporal localized dry-out situation near the
given heat flux. As the heat flux approactig,-, the increased pase of the fins.

bubble crowding would more effectively block the re-wetting lig- « At fin lengths up to 4 mm, the CHF behavior for the present
uid flow and could causggy to occur at a lower heat flux than finned surfaces appears to be independent of surface microstruc-
an equivalent flat surface as was seen in Fig. 11 for the ntisre. As a result, Zubersl 7] correlation provides a good estimate
croporous coated surfaces. of CHF for both the plain and microporous coated finned surfaces.

the machined surfaces. From 1 to 8-mm fin lengtise,- ap-
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At a fin length of 8 mm, the plain finned surfaces deviate from this__ Cooled by Nucleate Boiling,” AIChE J13, No. 4, pp. 817-821.

trend due to the non-boiling tip condition previously stated; how-

[4] Liaw, S. P., and Yeh, R. H., 1994, “Fins With Temperature Dependent Sur-
face Heat Flux-Il. Multi-Boiling Heat Transfer,” Int. J. Heat Mass Tran8f,

ever, the microporous coated surface does not deviate due to the yo 10, pp. 1517-1524.

superior nucleation characteristics of the microporous coating.
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Nomenclature

A = area, M
b = fin spacing, m
g = acceleration due to gravity, /s
h = average heat transfer coefficient, W/
h,, = latent heat of vaporization, J/kg
k = thermal conductivity, W/m-K
L = fin length, m
L. = corrected fin length, m
m = fin efficiency parameter
q” = heat flux, W/inf
t = fin width (thickness), m
T = temperature, K
ATy = surface superheal,,— Tgy, K
AT, = base surface superhedt;,— Tgy, K
n: = individual fin efficiency
7o = heat sink efficiency
p = density, kg/m
o = surface tension, N/m
Subscripts
CHF = critical heat flux
b = base surface
| = saturated liquid
sat = saturated conditions
t = total surface
v = saturated vapor
w = heater surfacéwall)
Z = CHF prediction of Zubef17]
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Optical Properties in the Visible
of Overfire Soot in Large Buoyant
Turbulent Diffusion Flames

Nonintrusive measurements of the optical properties of soot at visible wavelengths

S. S. Krishnan (351.2-800.0 nm) were completed for soot in the overfire region of large7 (RW)
buoyant turbulent diffusion flames burning in still air at standard temperature and pres-
K.-C. Lin sure, where soot properties are independent of position and characteristic flame residence
time for a particular fuel. Soot from flames fueled with gaseous (acetylene, ethylene,
G. M. Faelh1 propylene, and butadiene) and liquid (benzene, cyclohexane, toluene, and n-heptane)
3000 Francois-Xavier Bagnoud Building hydrocarbon fuels were studied. Scattering and extinction measurements were interpreted
e-mail: gmfaeth@umich.edu to find soot optical properties using the Rayleigh-Debye-Gans/polydisperse-fractal-
aggregate theory after establishing that this theory provided good predictions of scatter-
Department of Aerospace Engineering, ing patterns over the present test range. Effects of fuel type on soot optical properties
The University of Michigan, were comparable to experimental uncertainties. Dimensionless extinction coefficients
Ann Arbor, MI 48109-2140 were relatively independent of wavelength for wavelengths o£&00 nm and yielded a

mean value of 8.4 in good agreement with earlier measurements. Present measurements
of the refractive index function for absorption,(i8), were in good agreement with
earlier independent measurements of Dalzell and Sarofim and Stagg and Charalam-
popoulos. Present values of the refractive index function for scatterigg,) Fhowever,

only agreed with these earlier measurements for wavelengths ef5800nm but other-

wise increased with increasing wavelength more rapidly than the rest. The comparison
between present and earlier measurements of the real and imaginary parts of the complex
refractive index was similar to Bn) and F(m). [S0022-1481(00)02203-9]

Keywords: Combustion, Fire, Flame, Participating Media, Radiation

Introduction tion and compression as well as potential effects of surface irregu-
{8rities on measured reflectance propert{xs5,9]). In order to
avoid these error sources, other studies involvesitu measure-
rg@ents of extinction and scatterin@2,10—12]); unfortunately,

Information about the optical properties of soot is needed
develop reliable nonintrusiveoptical) measurements of soot

properties and estimates of continuum radiation due to soot . T
flame environments. Substantial information about the optic ese studies have a number of deficiencies as well: Soot structure

properties of soot is already known, as follows: Soot consists §fnerally was not characterized, Rayleigh and Mie scattering ap-

nearly monodisperse spherical primary particles that collect inRjoximations were used to analyze the measurements that have

mass fractal aggregates having broad size distributions, soot B¢t Proven to be very effective for soot aggregates, questionable

mary particle diameters and aggregate sizes vary widely but sépProximations involving either graphitic-based dispersion mod-
fractal properties appear to be relatively universal, soot optic@ls or Kramers-Kioig causality relationships were adopted in
properties in the visible can be approximated reasonably well §pme cases, and there has only been limited consideration of ef-
Rayleigh-Debye-Gans scattering from polydisperse mass fracdiggts of fuel type on soot refractive index propertigk 13—16]).
aggregateqcalled RDG-PFA theory and current estimates of A recent study of the refractive index properties of soot due to
soot optical properties in flame environments are mainly limited/u et al. [17] sought to resolve concerns about earlier work.
by excessive uncertainties about soot refractive index propertiBgese experiments considered soot emitted from buoyant turbu-
(see Faeth and Kdii [1] and references cited thergiMotivated lent diffusion flames in the long residence time regime where soot
by these observations, the objective of the present investigatiproperties are relatively independent of position in the fuel-lean
was to measure soot optical properties at visible wavelengtligyerfire)region and residence tinmgl8-19). Measurements in-
emphasizing dimensionless extinction coefficients and refractiekided soot density, structure, gravimetric volume fraction, and
indices. scattering and absorption properties. These data were analyzed to

Earlier studies of soot dimensionless extinction coefficient arfthd soot dimensionless extinction coefficients, fractal dimensions,
refractive index properties in the visible are briefly reviewed iand refractive index properties based on RDG-PFA scattering
the following, more details can be found in Charalampopoulageory. RDG-PFA theory was successfully evaluated and soot re-
[2], Faeth and Kyl [1], Jullien and Botef3], Koyli and Faeth fractive indices were independent of fuel type and in good agree-
[4], Tien and Led5], Viskanta and Mengu[6], and references ment with earlier work. On the other hand, dimensionless extinc-
cited therein. Some past determinations of soot refractive indicgsn coefficients were significantly smalléby 40 percentthan
involve ex situ reflectivity measurements of_ compressed SOQlgrlier measurements reported by Dobbins ef20] and Choi
sampled[7-9)); these results have been questioned, however, duea| 121]. This last difficulty clearly raises concerns about the
to potential changes of soot properties caused by sample coligggociated measurements of refractive index properties reported
— by Wu et al.[17].

To whom correspondence should be addressed. In view of these observations, the present study of soot optical

Contributed by the Heat Transfer Division for publication in ti®URNAL OF . . . g .
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regime. The approach was similar to Wu et[dl7] where mea- agreement between present and past measurements of the dimen-
surements of gravimetric soot volume fractions and soot extinsionless extinction coefficients of soot than before.

tion and scattering properties were analyzed using RDG-PFA __ . . N
theory to find dimensionless extinction coefficients, fractal dimen- Optical Measurements. Soot scattering and extinction prop-

sions, and refractive index properties. Flame conditions incIude(?glijerie";’eljgergefgrsunr%‘;sfﬁlr'g;’nvg%f:”t ?/Q(rjioize\svr[a%/i’li%trll_égc\/tere as
iety of liquid h fuel ing in sti . .
\;ﬁrley of gaseous and liquid hydrocarbon fuels buring in SIollows: 351.2, 457.9, 488.0, and 514.5 nm using an argon-ion

laser(4W, Coherent Innova 9034632.8 nm using a He-Ne laser
(28 mW, Melles Griot MG53036 405.0 nm using a mercury
lamp (100W, Oriel 6333, and 800.0 nnifor extinction measure-
Experimental Methods ments only)using a laser diodé¢700 mW, SDL-2360-P8 The
incident beams were passed through a polarization rotator and
_Apparatus. Present test flames were large buoyant turbulef{echanical chopper and then focused at the axis of the exhaust
diffusion flames burning in still air within the long residence timey,ct. The collecting optics for scattering measurements were
regime. The test flames were provided by gas and liquid-fuelggyynted on a turntable so that scattering angles of 5-160 deg
burners injecting fuel gases vertically upward. Soot propertigg|d be considered. The collecting optics had a collection angle
were measured by collecting the combustion products in a hogglg 7 msr, dichroic sheet polarizer filtet4 and 10 nm band-
having a 152-mm dlameter vertical exhaust duct. MeasuremeQfgiths for laser and lamp sources, respectiyeheutral density
were made at the exit of.the exhaust duct where properties acrgRars and a photodetector. The extinction measurements em-
the flow were nearly unlform; nevertheless, soot co_ncentratloBﬁjyed similar but rigidly mounted collection optics, designed fol-
were measured along the optical path so that extinction measytying Manickavasagam and Mehgl23] to reduce contributions
ments co_uld be referenced to conditions at the duct axis where &ltorward scattering to less than one percent. An optical system
other optical measurements were made. Note that using a collggysing and darkroom conditions in the laboratory minimized op-
tion system in this way does not affect soot structure and optiGals| noise due to ambient lighting.
properties becaus_e_ they are universal in the overfire re_gion forRaerigh scattering from propane gas was used to provide an
present test conditiong14]). A water-cooled burner having azpsoiute calibration of the scattering measurements. Absolute dif-
diameter of 50 mm described by Sivathanu and F4&8] was ~ferential scattering cross sections of soot were found from ratios
used for the gas-fueled flames. Uncooled burers having diagy-the detector signal for soot and propane, based on the Rayleigh
eters pf 51 and 102 mm were useq for the I|qU|d-f_ueIed ﬂam%attering properties of propane from Rudder and HaeH and
adjusting the fuel flow rate to attain steady pool fires with thgyer [25]. Total volumetric scattering cross sections were found
liquid surface roughly 10-20 mm below the burner exit. by integrating volumetric differential scattering cross sections
Sampling Measurements. Aside from routine sampling mea- OVer the spherical surface while extrapolating to find contributions
surements of gas temperatures and compositions at the measufinfie near forward and backward scattering directions as dis-
location, sampling measurements included soot structure afi¢pSed by Wu et al17]; the corrections of the total volumetric
gravimetric volume fractions. Other soot properties of intere§€attering cross sections due to these extrapolations did not ex-
during the present study, e.g., soot density and composition, w&fed 25 percent.
drawn from Ko/l and Faetfj14,19]and Wu et al[17]for simi-
lar soot populations.
Soot structure was found by thermophoretic sampling antheoretical Methods
analysis using transmission electron microsc¢piEM), follow- ) ) o N ) )
grids into the flow at the exhaust duct axis. Sampling times wegtinction coefficient is a useful optical property that provides a
surface with soot in order to avoid overlapping aggregates on tH€0,21]). This parameter was found for present test conditions
grid. Effects of aggregate size on sampling bias were less than&sed on Dobbins et l20], as follows:
percent from estimates based on Rosner et2d]. Samples of Ko=—XIn(1/1,)/(Lf,). 1)
400 primary particles selected from more than 50 aggregates were € ° oY
used to find the mean value of, with an experimental uncer- Values off, were nearly constarivarying 14 to 20 percenbver
tainty less than two percei®5 percent confidenge the present optical path; nevertheless, an appropriate average
Gravimetric volume fractions were measured following Wiyalue was used in Eq1) based on several gravimetric measure-
et al.[17]. This involved sampling the flow and measuring th&ents off, along the path. Experimental uncertaintieskgf (95
volumes of soot and gas collected. The sampling probe wigrcent confidengevaried between 14 percefecetylene at 351.2
aligned with the exhaust duct axis and had a 13-mm-diameter infét) and 24 percen{n-heptane at 800 nm), dominated by uncer-
connected to a 47-mm-diameter Gelman filter. The filter was cof@inties in the soot volume fraction determinations along the opti-
nected to a vacuum pump through a flowmeter and valve. TRal path.
flowmeter was fitted with a manometer and calibrated over theEefractive Index Properties. Measurements of refractive in-

required range of inlet pressures and flow_rates us@ng a wet tag properties were based on RDG-PFA theory, adopting the ap-
meter. Soot_sample_s were collected for a timed period using t\iﬂpoach of Wu et al[17], therefore, only results from RDG-PFA
filters, one in the filter holder. and the.second to mechanical eory specifically used during the present study are discussed in
collect soot from the sample line and filter holder. The mass gf- following. The main assumptions of RDG-PFA theory are as
soot was found by weighing the filters before and after S""rm:’l"?gll(%ws: Individual primary particles satisfy the Rayleigh scatter-

using an electronic balance. Given these measurements, the $00t. .0 i w00 " <ot aggreqates satisfv the Ravleigh-Debyve-
volume fraction could be computed from the known soot densn%gnsprDG) scat{ering a%%rogimation, p?rlimary pﬁrtigles ar)é

Satr;]"npleotllmes V‘;ere Ienlgthy and sevgra(lj.s?hmplvfss alonglg the Op: erical and monodisperse, primary particles just touch one an-
path and repeat samples were required; therelore, a laser exUhga  the number of primary particles per aggregate satisfies a

tion system was used across the sampling duct exit to insure tal o, probability distribution function, and the aggregates

fl_ame conditions were accurately repeated. In addltlon,_grawm%-e mass fractal-like objects that satisfy the following relationship
ric soot volume fractions were measured at more locations alo ):

the optical path than before. These two changes from the appro
used by Wu et al[17] are felt to be mainly responsible for better N= kf(Rg/dp)Df. )
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These approximations have proven to be satisfactory during past ~ Table 2 Summary of soot structure properties @
evaluations for soot at a variety of conditioi$4—16,19]); they

were also evaluated by comparing predicted and measured scat- Fuel (r?rg]) N N - D (o0)°
tering patterns during the present investigation, as discussed later. 9 9 oo
__Values of the measured volumetriw scattering cross section, Gas-fueled flames:

Q2,(qd,), satisfied power-law behavior at large angles, similar to éfﬁ;?gﬁge g; 2%; gég gg igg%g
results illustrated for soot emitted from gas fqeled flames by Wupropylene 41 460 227 30 1.T002)
et al.[17]. Thus, values of the fractal dimensidd;, needed to _Bqéafdiered ; 42 1.79(0.03)
find the refractive index function for scatterirfg(m), were found Liquid-fueled flames:

) . i Benzene 50 552 261 35  1.70.05)
based on the rgsults of RDG-PFA theory in the large-angle re Cyclohexane 27 1.80(0.06)
gime, as follows: Toluene 51 526 252 3.2 1.79.07)

n-Heptane 35 260 173 2.4 1.79.06)

Ds=—dIn(Q?,(pdy))/d In(qd,) 3)

where all parameters on the right-hand side of «Bqare known aSoot in the overfire region of buoyant turbulent diffusion flames burning in still air
in the long residence time regime with ambient pressures and temperatures of 99

from_ the measurements. Experimental Uncerta'm Percent g spa and 2983 K, respectively. Soot density of 1880 kglitom Wu et al.
confidence)of the D¢ measurements are less than five percent. [17]; k;=8.5 with a standard deviation of 0.5 from iéi et al.[26]. Values ofd,,,
Values of the refractive index function for absorptidi(m), N, Ny, ando, from Koyli et al.[27]and Koyli and Faettj14] except when noted

were found from RDG-PFA theory, as follows: otherwise. Listed in order of increasing molecular weight for gas and liquid fuels,
respectively.
_y/(a_ (a2 PFrom present scattering measurements in the wide-angle regime averaged
E( m)_)\(Qe Qs)/(677f“) (4) over wavelengths of 351.2—632.8 nm with standard deviations for each fuel in

Eﬂ?rentheses.

~a Aa H i i
whereQg andQg are the measured volumetric extinction and totaf", present TEM measurements.

scattering cross sections whilg is the gravimetrically measured
soot volume fraction. Experimental uncertaintiés percent con-
fidence)of E(m) varied between 14 percefdcetylene at 351.2
nm) and 24 percentn-heptane at 632.8 nmCorresponding val- n-heptane)hydrocarbon fuels burning in still air from burners
ues of the refractive index function for scatterifg(m), were naying diameters of 50—-102 mm with heat release rates of 2—7
found from RDG-PFA theory in the large-angle regime, as fokyy. Characteristic residence times were computed using the cor-
lows: relation of Sivathanu and Faefi8] finding values of 254—333
— o4 Dina 3 ms which places present flames in the long residence time regime

F(m)=2)"(adp)™1Qy, (qdp)/ (377K ) ©) ([19]). Present measurements were confined to the fuel-lean over-
where all parameters on the right-hand side of this equation diwe region of the flames.
either known or measured after adoptikg=8.5 based on the  Soot structure properties for present test conditions are summa-
measurements of Kidu et al.[26] for soot similar to the present rized in Table 2. Primary particle diameters are in the range
measurements; e.g., soot emitted from large buoyant turbuleB2-51 nm, with standard deviations of 17—-21 percent of mean
diffusion flames in the long residence time regime and fueled witralues and were reasonably monodisperse as concludedyiy Ko
acetylene, propylene, ethylene, and propane. The experimemtatl Faet19] for similar conditions. For the present ranges of
uncertaintieg95 percent confideng®f F(m) varied between 19 primary particle diameters and wavelengths, values of the primary
percent(acetylene at 351.2 nmand 26 percen{n-heptane at particle size parameterg,=2=d,/\, were in the range 0.16—
632.8 nm). Finally, given values @&(m) andF(m), their defini- 0.46, with the maximum value being the largest yet considered for
tions provide two equations to solve for the real and imaginagvaluating RDG-PFA predictions of soot optical properties. The
parts of the soot refractive indexp=n-+i«k; the experimental mean numbers of primary particles per aggregate were known for
uncertainties oh and « are comparable t&(m) andF(m), re- soot from a number of the fuels from i and Koyl and Faeth

spectively. [14] and these values are summarized in the table. The values of
d, andN yield typical aggregate dimensions of 1000—10,000 nm
Results and Discussion which is larger than the visible wavelength range and provides

significant potential for scatterin1]). Values of the fractal di-

Test Conditions. Present test conditions are summarized imensions were measured as described in connection witkBEq.
Table 1. The flames involved both gasedasetylene, ethylene, and were found to be properly independent of wavelength for a
propylene, butadieneand liquid (benzene, cyclohexane, toluenegiven fuel within experimental uncertainties; therefore, mean val-
ues ofD; for each fuel are summarized in the table. It is evident
that effects of fuel type are also small, yielding a mean value of
Table 1 Summary of test conditions 2 D¢=1.79 with a standard deviation of 0.05 when averaged over

all wavelengths and fuels.

Formula M d Q t,° , . o .
Fuel (-) (kg/kgmol)  (mm) (kW) (ms) Dimensionless Extinction Coefficients. Present measure-

ments of dimensionless extinction coefficients are plotted as a
329 function of fuel type(fuel molecular weightand wavelength in

Gas-fueled flames:

Acetylene GH, 26.04 50 6.16 .

Ethylene GH. 28.05 50 514 317 Fig. 1. The mean value of present measurements averaged over all
Propylene GHg 42.08 50 6.58 333 fuels and wavelengths is 8.4 with a standard deviation of 1.5. In
Licﬁjlféa%glréed fames: He 54.09 50 170 254 addition, the mean value averaged over all fuels at each wave-
Benzene ' He 78.11 51 340 292 length is shown as a dashed line on the plots for referepce pur-
Cyclohexane Hy, 84.16 102 500 315 Poses. These average valuesqfat each wavelength considered
Toluene GHg 92.13 51 250 274 during the present measurements are summarized in Table 3.
n-Heptane GHie 100.20 102 410 303 There is a tendency for overfire soot from acetylene and n-heptane

to yield dimensionless extinction coefficients near uncertainty
#Soot properties measured in the overfire region of buoyant turbulent diffusion flamigsgits that are smaller and larger than the rest, respectively. It is

burning in still air in the long residence time regime with ambient pressures al ; ~
temperatures of 390.5 kPa and 298 3 K, respectively. Listed in the order of in- Tglt’ however, that these differences may be due to experlmental

creasing molecular weight for gas and liquid fuels, respectively. difficulties. In particular, acetylene soot involved the presence of a
bComputed from correlation of Sivathanu and Faeit8]. tarry residue not seen for soot from the other fuels which could
Journal of Heat Transfer AUGUST 2000, Vol. 122 / 519
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Fig. 2 Measured dimensionless extinction coefficients of soot
‘1’-2 in the visible as a function of wavelength. References cited in
: figure are Refs. [20] and [21].
0.8 —--—.——.—.———.!.’—'———
[ A =351.2nm . .
0.0 . 1 . 1 R due. Taken together, these results suggest remarkably little varia-
o 40 80 120 tion of K, for wavelengths of 400—800 nm. In contrast, the earlier
MOLECULAR WEIGHT (kg/kgmol) measurements of Wu et 4l17] for soot emitted from acetylene,
) ) ) o o propylene, ethylene, and propane-fueled flames in the long resi-
Fig. 1 Measured dimensionless extinction coefficients of soot dence time regime yielded a smaller value Kf=5.1 with a

in the visible as a function of fuel molecular weight and

standard deviation of 0.5, although their observations of small
wavelength

effects of fuel type and wavelength were similar to the present
study. Repeated testing could not confirm the findings of Wu et al.
[17]during the present study, however, and their observations will
cause overestimation of the soot volume fraction while n-heptanet be considered any further in the following.
measurements involved small soot concentrations and signal-tott js interesting thak is relatively independent of wavelength
noise ratios of extinction measurements. Thus, in view of tha the visible in spite of the strong variation of absorption and
rather similar values of dimensionless extinction coefficients @kattering cross sections for the RDG scattering approximation.
the other six fuels, it is concluded that effects of soot type on thigy exampleQP~1/\ and QP~QP,~ 1/\* for primary particles
parameter are small. Similar small effects of fuel type were al$gder the RDG scattering approximation. Scattering from aggre-
observed by the soot refractive index properties considered duriigres of primary particles under RDG-PFA theory exhibits a re-
the present investigation as will be discussed subsequently. Ngigted sensitivity to changes of wavelength; nevertheless, the gen-
bly, Sivathanu et al[28] find similar relatively small effects of era trend toward decreasing optical cross sections with increasing
fuel type on the specific absorption coefficients of soot in prggavelength when refractive indices remain constant is similar.
mixed flames fueled with methane, propane, and ethylene.  Thys, the relatively small variation df, with wavelength for the
Values of the dimensionless extinction coefficient, averageglesent test range requires compensating variations of the refrac-

over all the fuels at each wavelength, are plotted as a functionife jndex functions,E(m) and F(m). Results to be considered
wavelength in Fig. 2. Other measurementaffor soot formed g, psequently will show that this is the case.

from the combustion of crude oil from Dobbins et f20] and

from the combustion of acetylene from Choi et [@1] are also Scattering Patterns. The RDG-PFA scattering theory was

shown on the plot for comparison with the present measuremergigaluated for soot resulting from combustion of each fuel at each

Clearly, the results of all three studies are in excellent agreemewavelength in order to justify the present approach to find soot

In addition, the results of Choi et d21]tend to support the idea refractive index properties nonintrusively. Typical examples of

that present results for acetylene were affected by the tarry reifiis evaluation can be seen from the scattering patterns illustrated
in Fig. 3. The results shown in this illustration represent the lim-
iting scattering conditions for the present experiments: toluene at

Table 3 Refractive index properties and dimensionless extinc- a wavelength of 351.2 nm which represents the largest Valug of

tion coefficients in the visible 2 and thus potentially most questionable condition for the use of the
evaluation; and ethylene at a wavelength of 632.8 nm which rep-
A (nm) E(m) F(m) F(m)/E(mY n K Ke resents the smallest valuexf and thus potentially the least ques-

3512  0.24(0.06) 0.13(0.03) 063 138 044 74.3) t@onable co_nditions for the use of the RDG sce_ttter_ing_ approxima-
405.00 0.76 ... ... gg(oy tion but still a concern because soot refractive indices tend to
457.9 0.27(0.06) 0.26(0.079 0.87 1.64 0.62 8(1.5) increase with increasing wavelength which could lead to failure of
488.0  0.28(0.04) 0.25(0.07) 0.93 160 062 8(1.9) the RDG scattering approximatigfl7]). The agreement between
5145 0.29(0.04) 0.27(0.06) 0.98 162 066 88.5 aagyrements and predictions is seen to be excellent at both lim-

SSS;% 0'2.7.(.0'04) 0'44.(.9'15) 117 ?'99 .0.'.8 ° 9.83(211'%)5 its, justifying the use of RDG scattering theory to find refractive
index properties for present conditions. Furthermore, plotsvof
agtandard deviations are shown in brackets. cross sections as functions of the modulus of the scattering vector
POnly extinction measurements were made at 405.0 and 800.0 nm. (see Wu et al[17] for typical examplesand the invariance of
“Benzene and toluene were excluded at 457.9 nm. fractal dimensions with wavelength discussed earlier, all show

dvalues of F(m)/E(m) were obtained from the correlation for all fuels in studiesthat resent scattering measurements properly reached the large-
made in the visible thus far. p 9 properly g

eMeasurements were not made for the gaseous fuels and n-heptane at 405.0 nniNgle(power-law)regime required to use Eqgs) and(5) in order
‘Measurements were not made for the gaseous fuels at 800 nm. to find refractive index properties.
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Fig. 3 Typical measured and predicted scattering patterns of i o ]
soot in the visible Fig. 5 Measured values of the refractive index function F(m)
of soot in the visible as a function of fuel molecular weight and

wavelength

The refractive index functiorE(m) was found from Eq(4)
based on present measurements of volumetric extinction and tot
scattering cross sections, and the gravimetric measurementsbg
soot volume fraction. The resulting valuesifm) are plotted as

he refractive index functiorfr(m), was found from Eq(5),

ed on present measurements of abseluteross sections in

. . .~ the large-angle regime, present gravimetric measurements of soot
a function of fuel type(fuel molecular weightand wavelength in volume fraction, TEM measurements of primary particle diam-

;I%wi (l)\?l}e;ne \r/)?(l)ltf ?ofgérg%‘WZ‘(/eerlae%Z?h_Ollr?erszllat\t'ei;ggl\s/éligese]to r, present measurements__of__the fractal dimensions, and values
E(m) are also summarized in Table 3. Effects of fuel type fop he fractal prefactor from Kylu et al.[26]. The resulting val-

L2 o ues ofF(m) are plotted as a function of fuel tyg&uel molecular
E(m) are qualitatively similar to those for the re[ated propdtly weight) zgng Wavglength in Fig. 5. Mean valueyspi averaged over all
with values for acetylene and n-heptane departing from the m 0 '

e .
values to a somewhat larger degree than the(jeisied by ethyl- fhe fuels, are also shown on the plots for each wavelength; these

_ average values df(m) are also summarized in Table 3. In this
ene forE(m) to a greater degree than féf,). Nevertheless, ef case, values for acetylene continued to be smaller than the rest

fects of fuel type on these plots are within experimental uncertaifiziop, may be attributable to the tarry residue observed for this
ties and itis concluded th&i(m) is independent of fuel type over soot, discussed in connection with the dimensionless extinction

the present test range. coefficient measurements. Scatter of the measuremerfg oy
also progressively increases with increasing wavelength due to
progressively increasing difficulties in maintaining adequate

0.4 o T T signal-to-noise ratios for the Rayleigh scattering measurements
_______ o - __ . Qe _____ from propane gas used to provide an absolute calibration of the
02 | (] ®e soot scattering measurements. Thus, effects of fuel type on these
A =632.8 nm . )
plots do not exhibit any consistent trends and are comparable to
4 MEASUREMENT (TYP.) J experimental uncertainties and it is concluded fB@mn) is inde-
ERAN EN pendent of fuel type over the test range, similaEfon).

...... ® g ---Cgg---- Present mean values &(m) and F(m), averaged over all

o . . S
o2 k- ° i fuels types, are plotted as a function of wavelength in the visible
A=514.5nm in Fig. 6. Present results were used in conjunction with the earlier

3 MEAN VALUE (TYP) laser extinction measurements ofyid and Faetti16]in order to
VRN SE obtain another nonintrusive estimatek(fm) andF(m). This was
LY e done by matching the values &{(m) for the two data sets at
""""" . P 514.5 nm and then using present measuremenigdb compute
02 r i A=457.9nm | values ofE(m) from the extinction measurements of Wo and
Faeth[16]in the visible. Then values df(m) were obtained from
003 N these estimates d&(m) using a general correlation for the ratio
0.4\ EN C
° F(m)/E(m) developed from present measurements which is sum-
_______ ® o ._._._ oo marized in Table 4. These calculations were completed for acety-
cre ”
02 ® ° . lene, propylene, and ethylene soot which were the only fuels con-
A=351.2nm sidered during both studies; notably, W0 and Faettj16]did not
0.0 1 1 1 L L observe significant effects of fuel type during their investigation.

120 The agreement between values Bfm) and F(m) from the
present investigation and those extended fronyldand Faeth
Fig.4 Measured values of the refractive index function, ~ E(m), [16]is excellent for wavelengths greater than 400 nm but present

80
MOLECULAR WT. OF FUEL (kg/kgmol)

of soot in the visible as a function of fuel molecular weight and results are somewhat smaller than the extended results as the near
wavelength uv is approached. The present value€6m) andF(m) progres-
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4.0 T =T T [16] that are significantly larger than the present results at 351.2
B STOOv SYMBOL 7 nm, as discussed earlier. In this region, however, present results
S DALZELL & SAROFIM [8] > 1 are thought to be more reliable because they do not involve the
STAGG & CHARALAMPOPOULOS [29] a approximations used to extend the results ofyKioand Faeth
1.0 | KOYLU & FAETH [16] A = . . .
=08 E PRESENT STUDY ° 4 [16], they consider many more fuels, and given the behavior of
s F 4 the results of Kglu and Faetli16]at this wavelength, it would be
04 | 4 very difficult to rationalize the behavior &€, observed in Fig. 2
P B . — 7 near this wavelength.
on < o A .
02 |- o o"o o ovo 4 Present measurementsffm) in Fig. 6 agree with the results
04 J extended from Kgll and Faeti16]for wavelengths greater than
10 3 400 nm but only agree with the ex situ studies for the wavelength
0.8 4 range 400-500 nm. Overall, present measurements increase more
1 rapidly with increasing wavelengths than the ex situ measure-
g0 4 ments illustrated in Fig. 6. Present results are consistent with the
* 0.2 4 qualitative trends oF (m) observed by Wu et a]17] not plotted
in Fig. 6, although the magnitudes Bf(m) differ from present
0.1 results due to the problems discussed in connection with the mea-
800 400 WAVELINGTHOm) " surements oK,. In addition, the rapid increase &f(m) with
wavelength in the visible is also consistent with valueskaf
Fig. 6 Measured mean values of the refractive index func- relatively independent of wavelength in the visible as discussed
tions, E(m) and F(m), of soot in the visible as a function of earlier. Finally, somewhat reduced valuessgim) andF(m) for
wavelength. References cited in figure are Refs.  [8], [16], and  the ex situ measurements compared to the present in situ measure-
[29]. ments, as seen in Fig. 6, is consistent with problems of correcting

the ex situ measurements for effects of surface voidage of the
) ] o ) ) o compressed soot samples used for reflectometry measurements in
sively increase with increasing wavelength in the neassimilar  the visible—a criticism of the ex situ measurements of soot re-

to the observations of Vaglieco et §12], and do not suggest anfractive index properties that has been raised by Felske g91al.
approach to a resonance condition for soot which would cause

E(m) andF(m) to peak in this region, similar to the behavior of Refractive Indices. Given E(m) and F(m), the real and
graphite(see[10,11]). Increasing(m) andF(m) with increasing imaginary parts of the refractive indices of soot can be found as a
Wave|ength over the present test range is not unexpected’ héWJ_Ction of Wavelength. Similar to the other refractive index prop-
ever, because this behavior is needed to explain Khys rela- erties of soot, effects of fuel type onand x were comparable to
tively independent of wavelength in the visible for soot aggregatéxperimental uncertainties. Thus, values)aind « averaged over
that satisfy RDG-PFA scattering behavior. the present results for soot from all the fuels, are plotted as a
Several earlier measurementsigim) andF(m) are illustrated function of wavelength in Fig. 7; these average values afid
in Fig. 6. These measurements include the classical ex situ refl@ge also summarized in Table 3. Several earlier measurements are
tometry measurements for soot in the fuel-lean region of acetyle@s0 shown on the plots as discussed in connectionf(th) and
and propane/air diffusion flamétaken as the average for the twoF (M), €.g., the in situ results extended fromywand Faetj16]
fuels) due to Dalzell and Sarofif8] and the more recent ex situ@nd the ex situ results from the reflectometry measurements of
reflectometry measurements for soot in premixed propane/Blalzell and Sarofin{8] and Stagg and Charalampopoul@®].
flames due to Stagg and Charalampopoi28]. Other ex situ Present values m‘agrge_wnh the other measurements well within
reflectometry measurements for soot in the fuel-lean regions ®fPerimental uncertainties. On the other hand, present values of
acetylene and propanefair diffusion flames due to B4ftéhave ©nly agree with the other measurements within experimental un-
been omitted from the plot because they yield value&(@h) and ~certainties for wavelengths of 400-550 nm and generally increase
F(m) roughly half the values of the rest and these results have With increasing wavelength more rapidly than the rest. An excep-
been subsequently duplicated. Finally, earlier well-known in situ
measurements of soot refractive index properties in the visible due
to Lee and Tien[11], Chang and Charalampopoulds], and 400
Vaglieco et al[12] have not been included on the plots due to the
difficulties with these measurements mentioned earlier; e.g., the

STUDY SYMBOL
DALZELL & SAROFIM [8]

all involve questionable models for the optical properties of soo S‘BAGQ&CHARALAMPOPOULOS [29] g
i i 7 H KOYLU & FAETH [16]
some involve questionable soot transport properties in cas | present STUDY ° i

where dynamic scattering measurements were used to estim
soot aggregate properties, and some involve questionable apprc
mations associated with either graphitic-based dispersion mode
or Kramers-Kronig causality relationships used to close the prc
cedure to find soot refractive indices.

Present measurements B{m) illustrated in Fig. 6 generally
fall within the span of the other measurements, agreeing withi
experimental uncertainties with the other measurements for wav
lengths greater than 400 nm. The only measuremenEy o) at
shorter wavelengths are the extended results oflikand Faeth

L L 1
Table 4 Correlation of F(m)/E(m)? 0‘1300 400 500
WAVELENGTH (nm)

Wavelength(nm) 351 400 425 450 480 514 633

Fig. 7 Measured mean, real, and imaginary parts of the com-
F(m)/E(m) 063 075 080 085 091 098 1.17pjex refractive index of soot in the visible as a function of
wavelength. References cited in figure are Refs. [8], [16], and
2Correlation developed using present measurements for all fuels. [29].
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tion not shown on the plot, however, is a recent theoretical estype on soot refractive index properties in the visible offer sub-
mate of k=0.8 at 632.8 nm made by Mulholland and Mountairstantial reductions of effort for estimating soot optical and radia-
[30] based on the measurements of the specific extinction coeffire properties that definitely merits further study.

cients of acetylene and ethylene soot due to Mulholland and Choi

[31], combined with a coupled dipole calculation, which is i

excellent agreement with present measurements at t%gknowledgments

wavelength. This research was supported by the Building and Fire Research
laboratory of the Institute of Standards and Technology, Grant

Conclusions Nos. 60NANB4D1696 and 60NANB8D0084, with H. R. Baum

. . . . serving as Scientific Officer.
In situ observations of soot optical properties were undertaken

for wavelengths of 351.2-800.0 nm considering soot emitted
from buoyant turbulent diffusion flames in the long residence timdomenclature

regime where the properties of soot in the overfire region are ¢ — optical cross section

independent of position and characteristic flame residence time. § — purner diameter

Soot was observed for a variety of gas and liquid hydrocarbon ¢ = — primary particle diameter

fuels (acetylene, ethylene, propylene, butadiene, benzene, cyclo- D': — mass fractal dimension

hexane, toluene, and n-heptaheirning in still air. Data analysis E(m) = refractive index function for absorption,
was based on RDG-PFA scattering theory for soot, which was Im((m2—1)/(mP+2))

evaluated successfully for primary particle size parameters as ¢ _

) ; », = soot volume fraction
large as 0.46 at a wavelength of 351.2 nm and real and |mag|nai3/(m) = refractive index function for scattering
parts of the complex refractive index of soot that reached values | (M2—1)/(nP+2) '
of 1.99 and 0.89 at a wavelength of 632.8 nm. Major conclusions = (—1)¥

of the study are as follows: — light intensity

~ — —.
Il

1 Present dimensionless extinction coefficients were relatively wave number, 2/\
independent of fuel type and wavelengtfor wavelengths of ki = fractal prefactor
400-800 nm)yielding an average value of 8.4 and a standard K. = dimensionless extinction coefficient
deviation of 1.5. These results are in excellent agreement with L = light path length
earlier measurements of Dobbins et[d3] and Choi et al[21] m = soot refractive indexn+ix
for similar overfire soot populations, resolving discrepancies be- M = molecular weight
tween these and earlier studies and the findings of Wu ¢13]. n = real part of soot refractive index
2 Present values of the refractive index function for absorption, N = number of primary particles per aggregate
E(m), were relatively independent of fuel type and agreed within Ny = geometric mean of the number of particles per aggre-

experimental uncertainties with earlier ex situ reflectometry mea- gate
surements of Dalzell and Sarofif8] and Stagg and Charalam- modulus of scattering vector, 2k s#i@)
popoulog29]for the wavelength range where they could be com- volumetric optical cross section
pared(400—630 nm). = burner heat release rate
3 Present values of the refractive index function for scattering, radius of gyration of an aggregate
F(m), were relatively independent of fuel type and agreed with t, characteristic flame residence time
the earlier ex situ reflectometry measurements of Dalzell and Sa- x, = primary particle size parametesd,/\
rofim [8] and Stagg and Charalampopoul@9] for wavelengths
of 400-500 nm; otherwise, present values F(fm) increased
more rapidly with increasing wavelength than observed before, ¢ = angle of scattering from forward direction
although such behavior is consistent with dimensionless extinc- & = imaginary part of refractive index of soot
tion coefficients being relatively independent of wavelength over A = wavelength of radiation
the present test range. psa = ratio of total scattering to absorption cross sections
4 Present values of the real and imaginary parts of the refrac- op = standard deviation oD
tive indices of soot were relatively independent of fuel type. o = standard deviation of number of particles per aggre-
Present values of real part of the refractive index of soot agreed gate from geometric mean
with the ex situ measurements of Dalzell and Sardféhand  supscripts
Stagg and Charalampopoul[@9] within experimental uncertain- ,
ties: on the other hand, similar agreement for the imaginary partof & = absorption
the refractive index of soot was only observed for wavelengths of &V = average value
400-550 nm while otherwise increasing with increasing wave- € = extinction o
length more rapidly than the rest. One exception to this was a [ = horizontal polarization o
recent theoretical estimate af at 632.8 nm due to Mulholland ij = incident(i) and scatteredj) polarization directions
and Mountain[30] which agrees with present results within ex- S = tota! scattering
perimental uncertainties. v = vertical polarization
5 Present soot refractive indices did not exhibit an approach to  © = initial value
a resonance condition in the near that is observed for graphite; Superscripts
instea}d, present refractive indices declined continupugly with de- aggregate property
creasing wavelength as the nearwas approached, similar to the p = primary particle property

findings of Vaglieco et al[12] for amorphous carbon and soot. @) mean value over a polydisperse aggregate population

@mO'OQ
I

Greek Symbols

a

Extending present observations of dimensionless extinction co-
efficients to other soot populations should be approached Wighferences
caution; in particular, the present overfire soot involved large ag-l] Facth, . M., and Kgld, . ., 1995, “Soot Morphol 4 Ovtical P
; F i ; ; : aeth, G. M., an u, U. O, , “Soot Morphology and Optical Prop-
gregates Wlth Slgnlflcant effects of scatterlng and behaVIO.r mlgh£ erties in Nonpremixed Turbulent Flame Environments,” Combust. Sci. Tech-
be very different for the small soot aggregates found in soot g 108, pp. 207—229.

growth regions. On the other hand, relatively weak effects of fuel[2] Charalampopoulis, T. T., 1992, “Morphology and Dynamics of Agglomerated
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An Experimental Investigation of
the Transient Characteristics on a
Flat-Plate Heat Pipe During
Startup and Shutdown Operations

Y. Wang This work presents an experimental investigation of the thermal performance of a flat-
. plate heat pipe during startup and shutdown operations. Using the analytical model
K. Vafai developed in a previously study, analytical and experimental results on the effect of input
Professor, Fellow ASME power and cooling heat transfer coefficient on the thermal performance of the heat pipe
are presented and discussed. The results indicate that the wick in the evaporator section
Department of Mechanical Engineering, provides the largest resistance to the heat transfer process followed by the wick in the
The Ohio State University, condenser section. It is found that the heat transfer coefficient has an insignificant effect
Columbus, OH 43210-1107 on the maximum temperature difference across the heat pipe where this difference refers

to the maximum difference on the outside surfaces of the flat-plate heat pipe. However, as
expected, the input heat flux has a substantial effect on the temperature rise where the
temperature rise refers to the temperature increase on the outside surface of the heat
pipe. It is found that the temperature difference across the heat pipe depends mainly on
the input power. The heat transfer coefficient strongly affects the time it takes to reach
steady state while input power has a substantially smaller effect. Empirical correlations
for the maximum temperature rise, the maximum temperature difference and the time
constants are obtained. The experimental results are compared with the analytical results
and are found to be in very good agreemg®0022-1481(00)01803-X]

Keywords: Experimental, Heat Pipes, Heat Transfer, Modeling, Transient.

1 Introduction pipes for startup and shutdown operations. The effects of input
Jrower and heat transfer coefficient on the performance of the
ﬂgt-plate heat pipe were investigated.

There is a very limited number of experimental investigations
ailable on flat-plate heat pipes. Furthermore, these few investi-

The flat-plate heat pipe finds numerous applications such a
electronics cooling and spacecraft radiator segmé@ies[1] and
Petersori2]). The flat-shaped heat pipe also finds applications fod

very localized heat dissipation where it is difficult to effectively,5iong reported system-specific applications and testing data for
utilize aconvgntlonal cylindrical heat pipe due to the limited he' e flat-plate heat pipes. In addition, the heat pipes utilized in
source and sink areas. However, the research work on heat piggsse experiments were based on a simpler structure than those
has begn mal.nly focuseql on the traditional .cyllndncal heat piRoposed and analyzed by Vafai et al. Among the very few ex-
for a wide variety of applications, and there is far less work coryerimental investigations in this area, the works of Kikuchi et al.
ducted on the flat-plate heat pipe. In earlier studies by Vafai apgl], Basiulis et al[8], and Thomson et a[9] can be cited. Kiku-

his co-workers, both analytical and numerical investigations weggi et al.[7] had carried out experiments on an electrohydrody-
conducted for the vapor and fluid flows as well as for the heaamic flat-plate heat pipe. The heat pipe was 100 cm in length and
transfer characteristics for the startup process of a flat-plate h¢@tcm in width, and employed three electrodes. The orientation of
pipe. Vafai and Wan3] investigated the overall performance ofthe heat pipe was horizontal in their study and Freon 11 and 113
an asymmetrical rectangular flat-plate heat pipe. They developedere separately used as working fluids. It was found that Freon 11
pseudo-three-dimensional analytical model for steady incompresgs superior to Freon 113 from the point of view of thermal
ible vapor flow in the flat-plate heat pipe. Detailed physics of th&ansport. Heat transport capabilities up to 150W were recorded.
transport processes within the heat pipe were analyzed and esBasiulis et al[8] conducted experiments to test the performance
lished. Zhu and Vafaj4] conducted a three-dimensional analytiof flat-plate heat pipes for cooling printed wiring boards. A maxi-
cal and numerical study for the steady incompressible vapor afim power input up to 100 W and heat fluxes up to 2 Wicm
liquid flow in an asymmetrical flat-plate heat pipe. Their result@ere reported for the tested heat pipes. Thomson dBalper-
demonstrated that the vapor velocity profile is nonsimilar arf@med experiments to investigate the application of flat-plate heat
asymmetrical and that the transverse pressure variations are snf4fes in cooling of high-power amplifie($iPA) for communica-
Later, Zhu and Vafafi5] developed an analytical model to predicl“on satellites. The s_urface _temperatures of the heat pipe were
the transient thermal behavior of asymmetrical flat-plate hetéasured for three different input powers. In the above studies, no
pipes during the startup process. The temperature distributioffdtical wicks were reported and the condensate return path was
within the heat pipe walls and liquid-saturated wicks were oot specified. Addmonal_ works dealing W|t_h some restricted as-
tained analytically. Wang and Vafé6] developed an analytical PECts of flat-plate heat pipes can be found in Ref8—16. Once

model for predicting the thermal performance of flat-plate heggain, it should be noted that the heat pipes utilized in these works
were substantially simpler in form than that analyzed by Vafai

Contributed by the Heat Transfer Division for publication in tt@BNAL OF et al.[4,6,17]. A more recent investigation of the thermal perfor-

HEAT TRANSFER Manuscript received by the Heat Transfer Division, July 3, 1999imance _Of a flat plate hea'_: pipe Is given in Wang _and VEISH )
revision received, Feb. 23, 2000. Associate Technical Editor: D. Poulikakos. In this work, an experimental and analytical investigation is
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conducted to characterize the thermal performance of a flat-pli 2Le ™
heat pipe. The effects of input heat flux and heat transfer coel
cient on the thermal performance of a flat-plate heat pipe a

investigated experimentally. The temperature and heat flux dist / q,
butions as well as empirical correlations for the maximum ten W *qc *qc
perature rise, the maximum temperature difference within the he
pipe, and time constants are presented. The experimental res
are compared with the analytical results by Wang and & ai condensation  evaporation  condensation
Lo o e T L
2 Analytical Modeling X condensation vertical
The analytical model for startup and shutdown operations d - 2L *qc - wick
veloped in Wang and Vafd6] was utilized to predict the perfor- (@)

mance of the experimental heat pipe. A summary description

the essential parts of the analytical modeling is given below.
The main assumptions for the analysis for the flat plate he vapor channel

pipe are(1) the heat transfer in the wick is by conducti@g) the

temperature in the vapor phase is uniform at any given i3,

the thermal properties of the heat pipe wall and the wick are tak

to be constant, an@) heat transfer along the top heat pipe wal

and wick in the longitudinal direction is small and is neglected.
For a startup operation, the heat transfer process in the heat

is divided into five regimes. The first regime starts when power

turned on and ends when the thermal front reaches the wall-wi

interface of the evaporator section. Following this period is tr (b

second regime, which starts when the thermal front resumes from

the wall-wick interface and ends when the thermal front reachE§. 1 Schematic of the flat-plate heat pipe: (&) geometry of

the wick-vapor interface of evaporator section. In the third réhe heat pipe, (b) cross-sectional view of the heat pipe

gime, the thermal front resumes from the wick-vapor interface and

reaches the wick-wall interface of the condenser section. The

fourth regime starts when the thermal front progresses from tE;

I

@ o

e

A

wick-wall interface and ends when the thermal front reaches t gshlggec: for trt"S expe:!meni}/vliitlow Corfnpanyf, Ihnc),hwas .at- h
outside wall surface of condenser section. In the fifth and fingfc along the centerline of the top surface of the heat pipe. The

Seﬁg)osed side of the heater was insulated. The heat pipe can be

regime, the outside wall surface of the condenser section begin ded into four sections. e one evaporator section on the to
increase. For the shutdown operation, the input power is zero aq{?f Lo P P

there is only one regime. During this regime, the heat pipe terfiENter, wo smaller identical condenser sections on the top, lo-
peratures in all heat pipe walls and wicks decrease with time. cated on either side of the evaporator section, and a larger con-

For each period, the temperature distributions in the heat pigglr;_ser sezc_tlon onhthe b_ottc;fﬁr:g. n. | The h .
walls and wicks along the normal direction are presented usin igure tlsdak?c .em?tlltlz oft ?hexperlmgnta tseXJpL. € ;aat pipe
second-order formulations, which are functions of time. Based 23‘)”6” € h_oleon ally in the expercljmenh. er)n(anh rame,
separate energy balance for heat pipe walls and wicks and intgy- mm in thickness, was constructed to house the heat pipe.

; _The function of the Lexan frame was threefold) to support the
face energy and temperature balance at the wall-wick and wi ne fut
vapor interfaces, detailed analytical models are developed ?at pipe(2) to reduce the heat loss through the four edges of the

each regime in the startup operation. For a shutdown operati at pipe, and) to insure uniformity of gap thickness around the

similar procedure was utilized and a separate model is obtain gat pipe. Taking into account thermal expansion, the inner di-

The derived models consist of close systems of equations, wh@ﬁﬂz%gzt()f ith: f;?]rgz?{sngﬁadﬁ};ﬁg‘;gtﬂhﬁqnatgﬁ;ufgg (ijr;rrt]ﬁir(]:il-on
can be solved numerically. pipe,

In the simulation, the temperature distribution within the heﬂess was installed between the Lexan frame and the heat pipe. The

pipe at the end of the startup operation is taken as the initig Pi¢ insulation material allows the heat pipe to expand at el-
temperature distribution for the shutdown operation. In this wor vated temperatures. The flexible insulation material also reduces
the steady-state conditions are assumed to have been reach iih cﬁnlﬁzlsvtg: Léger;ithniéog ﬁgﬂfg fr{et?reageeat%geéross section
the relative deviation between the input and output power is Iesi$ 9 . N : .

the channel was rectanguldfig. 2b)and its inner dimensions

than 0.2 percent. Similarly, during the shutdown operation, it 2 ST ! .
assumed that the heat pipe reaches its original temperature if e 217 mm in width, and 45 mm in height. The length of the

temperature rise at the outside wall surface of the evaporator Sgggnnel was 540 mm. The frame enclosing the heat pipe was
tion is less than 0.3°@6]). Securely mounted within the chamber.

The center part of the top wall of the channel was detachable.
; The thermocouple wires and the power cord were fed through the

3 Experimental Setup and Procedure detachable top wall; therefore the thermocouple wires and the

Figure 1 is a schematic of the flat-plate heat pipe. The heat pigewer cord caused a minimal disturbance on the fluid flow
was 190.50 mm in length, 139.70 mm in width, and 34.93 mm ifhrough the channel. In order to seal the top detachable plate,
height. The working fluid for the heat pipe was water. The heahother Lexan plate as well as a gasket were used as shown in Fig.
pipe walls were made of copper plate, 3.175 mm thick. Attachedb). To insure uniform channel height for each of the three chan-
to the inner surfaces of the heat pipe wall are porous wicks, @sls, identical spacers were constructed for each section as shown
shown in Fig. 1. In addition, vertical wicks are used to provide @ Fig. 2. This design produces three channels for the water flow
secondary return mechanism for the condensate. The vapor regignshown in Fig. ).
is composed of four identical channels. The wicks were composedCooling water enters the water tank through the water supply as
of sintered copper powder with a thickness of 1.651 mm. The pogBown in Fig. 2(a). The water pressure and flow rate were stabi-
radius of the wicks was 3210 ®m and their porosity was 50 lized by the water tank. The cooling water enters the test section,
percent. The permeability of the wicks wax 20 *?m?. A flex- which houses the heat pipe frame and the heat pipe. The flow rate
ible heater(139.7 mm in length and 50.8 mm in widttspecially was measured with two float flow meters with different flow rate
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Fig. 2 Experimental setup: (a) experimental system, (b) cross-sectional view of the chan-
nel, (c) location of thermocouples on the heat pipe surfaces

ranges. The measured parameters include temperatures on the ddjatent thermocouples was 12.7 mm, except for the thermo-
pipe surface, the temperature of the cooling water at inlet acduples at the end, which were separated 19.1 mm from each
outlet, the flow rate, and the input power. In each experimentather, as shown in Fig.(2).
run, the average heat transfer coefficient was maintained constantn order to monitor the heat loss through the insulated surfaces,
Thirty E-type thermocouples were utilized to measure the tdhermocouples were also installed on both the inner and outer
and bottom surface temperatures at the centerline of the heat pipefaces of the Lexan frame. In addition, two thermocouples were
with fifteen on each surface of the heat pipe. In order to reduce timeorporated to monitor the cooling water temperature at the inlet
disturbance, a 6-mm by 0.3-mm groove was machined in the heatd outlet, and three thermocouples were mounted on the inner
pipe walls and a high conductivity cement was used to imbed tearface of the bottom channel wall directly beneath the heat pipe.
thermocouples within the heat pipe wall. The spacing betwedine room temperature was also measured with two thermo-
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couples. The temperature data was collected through a data acdjable 1 Uncertainty in heat transfer coefficient measurements
sition system. The temperatures were sampled every second. Z#

data were collected through the data acquisition system. V\77Frvn'2°C) 285 500 800 1000 1260
For a typical experimental run, the flow rate was adjusted to 2 +5.8% +7.6% +10.1% +11.8% +13.9%

desired level. After reaching a steady flow rate, a desired heatef™
power was applied. The power supply was turned off when
steady-state conditions were achieved. The steady-state conditions

were assumed to have been reached when the changes of\hereq,, . andq,, . are the heat fluxes at the wick vapor inter-
maximum temperature reading was less than 0.2°C within at legg¢es of the evaporator and condenser section, respectively. As-

90 seconds. Experiments were conducted to investigate the th&iming a linear temperature distribution, these heat fluxes can be
mal behavior of the heat pipe during startup and shutdown prespresented as

cesses. In addition, to analyze the cyclical operation of the heat
pipe during startup and shutdown processes, the power was turned =k Toww,e(t) = Ty (1) 9
back on when initial conditions were achieved after the shutdown Guwo (1) =K hy ©
process and the procedure described above was repeated.

Tv(t)_Tww,c(t)

qu,c(t):kwh— (10)

4 Data Reduction and Uncertainty Analysis . .
i ) whereT,(t) is vapor temperature, arg, andk,, are the thickness
The heat fluxes on the outside surface of the heat pipe We{gd conductivity of the wick. The conductivity of the wick can be

calculated by determined by(1])
Q ki t+Kks— (1—¢)(k—ks)
—_- 1 _ _ | S | S
de=72, @ K= kKei=K| PR T —— (11)
whereQ is the power supply anfl. the heat transfer area of thegypstituting Eqs(8) and (9) into (7) yields
evaporator section. The heat transfer coefficient was obtained by
AT t)+AT t
h Q (2) T,,('[): e Wa,oe( ) C wa,oc( ) (12)

conv™ Ac(Twa,oc_ Too) A9+ AC

whereT,,, o IS the average temperature on the outside condense
surfaces at steady state and is the temperature of cooling wa-
ter, A, is the heat transfer area of the condenser section, and

The maximum uncertainty in temperature and power supply
readings wast 0.1°C and=* 3.4 percent, respectively. The un-

certainty in the measurement of the thickness of the walls and
de=heond Twaoc(t) = Tw(1)) 3) wicks was= 0.001 mm while the uncertainty in the measurement

. . . of the length, width, and height was abatit0.01 mm. Using the
whereq_ is the heat flux over the entire condenser section. Thfathod of Kline and McClintock19], the uncertainties in the
temperature at the heat pipe wall-wick interface of the evaporaiQla; transfer coefficient measurement were determined and are
section can be found from displayed in Table 1. The overall energy balance was also

Uehwa checked and was found to be satisfied well within less than four
Tww,e(t) = Twa,oe(t) Tk (4) percent.

wa
where T, (t) is the temperature at the wall-wick interface Results and Discussion

Twaoee(t) is the outside wall temperature of the evaporator section Figure 3 shows the temporal temperature rise for the outside

andh,, andk,, are the thickness and conductivity of the heagface of the heat pipe for different input heat fluxes. As ex-
pipe wall. The temperature at the heat pipe wall-wick interface @fcted, the maximum top wall surface temperature increases with

the condenser section is similarly obtained from an increase in input heat flux. However, an increase in the input
de(t)hya heat flux has less of an effect on the bottom surface temperature of
Towwe()=Twaoct) + ——. (5) the heat pipe since the heat flux at the condenser section is smaller

Kwa than that of the evaporator section. The time that it takes for the

It should be noted that Eq$4) and (5) provide a linear extrapo- Startup operation to reach steady state is almost the same for these
lation of instantaneous experimental data based on the measu@i cases, which indicates that input power has an insignificant
surface temperatures. As such they approximate the thermal sgffect on the startup time over the range considered in this work.
age, which is implicitly built in the measured surface temperatufghe input heat flux-time histories are plotted in Fig. 4 for the four
values. It should be noted that the storage terms for all differepases shown in Fig. 3. As expected, the heat flux in the condenser
layers of the flat-plate heat pipe are fully accounted for in thgection increases with an increase in the input heat flux.

analytical solution. Since the thermal conductivity of the solid Figure 5 shows the transient temperature rise on the outside
wall is relatively high, the following approximation is invoked atwall surface of the heat pipe for different heat transfer coeffi-
the heat pipe wall-wick interface in the evaporator section faients. As shown in Fig. 5, increasing the heat transfer coefficient

extrapolating the data reduces the wall surface temperatures on both the evaporator and
_ condenser sections. As can be seen in Fig. 5, increasing the heat
TwaoelD)=Tuwe(t). (6)  transfer coefficient reduces the time it takes to reach steady state.

Similarly, the following approximation is made at the heat pipdhe heat flux-time histories for various heat transfer coefficients
wall-wick interface in the condenser section for extrapolatingre plotted in Fig. 6. As can been seen in Fig. 6, for a fixed input

data: power increasing the heat transfer coefficient reduces the time it
takes to reach steady-state conditions. For all these figures, the
Twaoc(t)=Tywc(t). () maximum deviation for the relative temperature errors between
An energy balance between the evaporator section and the c8Ralytical and experimental results is from 2.4 percent to 7.9
denser section yields percent.
Figures 3 to 6 show excellent agreement between the measured
Owo, el ) A= Oup, (D) Ac (8) and the analytical heat flux and temporal temperature distribu-
528 / Vol. 122, AUGUST 2000 Transactions of the ASME
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Fig. 3 Temporal temperature rise for the outside surfaces of the heat pipe for different
input heat fluxes

tions. As can be seen in Figs. 3 and 5, the measured temperaturgigures 7 and 8 show the outside surface temperature distribu-
distributions are a little lower than the analytical temperature ditens in thez direction for two typical cases. Strictly speaking, the
tributions under steady-state conditions. This can be attributedheat transfer along the top wall is two-dimensional, normal as
the secondary heat conduction path, i.e., the longitudinal condweell as along the wall. The heat is predominantly transferred in
tion across the top heat pipe wall, which was not considered in ttiee normal direction from the evaporator section to the condenser
analytical model. section through the evaporation of working fluid and condensation

-
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Fig. 4 Heat flux variations for different power inputs
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Fig. 5 Temporal temperature rise for the outside wall of the heat pipe for various heat
transfer coefficients

of the vapor. The top wall also provides a secondary conductiemhance the heat pipe performance by reducing its maximum tem-
path for the heat flow in the longitudinal direction. However, thiperature rise and the maximum temperature difference within the
is a relatively minor pathway as evidenced from the good agreleeat pipe.

ment between earlier cited model by Wang and V@#diand the The transient temperature distributions in the normal direction
experimental results. Heat transfer through the secondary path eaa plotted in Figs. 9 and 10 for two different input heat fluxes. As
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Fig. 6 Effect of heat transfer coefficient variations on the heat flux distribution
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can be seen in Figs. 9 and 10, the wick in the evaporator secticompared to the startup operation.

contributes the largest resistance to the total heat transfer. Théigure 11 shows that a decrease in the heat transfer coefficient
wick in the condenser section also offers a significant resistancesio an increase in input heat flux results in an increase in the
the total heat transfer resistance. After the power is turned off, theaximum temperature rise. However, the maximum temperature
heat pipe tends to have a more uniform temperature distributiondifference within the heat pipe is not sensitive to the changes in
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the heat transfer coefficient. The maximum temperature rise reféne analytical results is quite small. However, the deviation in-
to the largest temperature increase on the outside surface of theases with an increase in the input power. This maybe attributed
heat pipe. As can be seen in Fig. 11, variations in the heat transfetarger contributions of the secondary conduction path for higher

coefficient have less of an effect beyamg,,,> 1000 W/nt. It can

input heat fluxes.

be seen in Fig. 11 that the deviation between the experimental and/ariations of maximum temperature rise in terms of the heat
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Fig. 11 Effect of variations in heat transfer coefficient and input power on the maxi-
mum temperature rise

transfer coefficient and input heat flux can be represented takes for the temperature rise to reach 63.2 percent of its maxi-

shown in Fig. 12. This leads to an empirical correlation givemum value for a startup operation, and likewise as the time it

below: takes for the temperature rise to drop 63.2 percent for a shutdown

operation. As can be seen, there is a very good agreement between
Or= ( 9.66+1'—57 9.X 107 (13) the analytical and experimental results. Based on the results given

\ Neony in Fig. 14, the following empirical correlations for the heat pipe
where time constants for the startup and shutdown operations are
obtained:

5580 W/nf< g=< 15,500 W/nf
285 W/(nf°C)=<hgn=<1260 W/(nf°C).

In the above equations is the input heat flux in W/fhandh,,
is the heat transfer coefficient in \W#?°C). The empirical corre- te.dowr= 31.7—0.0321h,n+ 1.44X10 hZ
lation predicts the data with an average error of 1.6 percent. As .

expected, as in many empirical relationships, ELB) includes 285 W/(11f°C) <heon,< 1260 W/(nfSDC) (16)
system dependent parameters within it. Due to various parameters

that are involved in the flat plate heat pipe, more general relation-

ships can be obtained through the use of analytical results p x 1072

sented in Wang and Vafdi6] which have been shown in the 1.6 T y " " T T
present work to be in very good agreement with the experimen
results.

Figure 13 displays the maximum temperature difference with
the heat pipe as a function of the input heat flux, where th
difference refers to the maximum temperature difference on t g
outside surfaces of the flat plate heat pipe. As shown in Fig. 1 2
the heat transfer coefficient has an insignificant effect on t &
maximum temperature difference. The heat input is the main fe - 1.3}
tor, which determines the maximum temperature difference. Fi 2‘:
ure 13 indicates that the analytical maximum temperature diffe 81
ence is slightly larger than the measured one, which could <°
attributed to the secondary heat transfer path as discussed pr
ously. Based on Fig. 13, the following correlation can b 1.1}
obtained:

AT = —0.30140,Xx 1072, 5580 W/nf< (< 15,500 W/n% 1 . : ; . s -
14) 0 0.5 1 15 2 2.5
( MRy M2°CW

teup=35.2-0.0341h,,,1.50¢ 10" °hZ,,,
285 W/(nf°C)<hcon< 1260 W/(nf°C) (15)

where, g, is the input heat flux in W/t

Figure 14 shows the time constants for both analytical and emig. 12 Compact representation of the maximum temperature
perimental results. These time constants are defined as the timdsé in terms of the heat transfer coefficient and input heat flux
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whereh,,,, is the heat transfer coefficient in YW2°C). Equation
(15) predicts the experimental results with an average deviation of
8.4 percent for the startup operation, while E§6) predicts the
experimental results with an average deviation of 14.7 percent for
the shutdown operation. It should be noted that the four vertical
wicks and four edges also affect the time constants.

Figures 15 and 16 show the temporal temperature distributions
on the outside surfaces of the heat pipe for a cyclical operation.
For the second and the consequent operation cycles, the initial
temperature was taken as zero in the analysis, while that was not
the case on the experimental side. As shown in Figs. 15 and 16,
the initial temperature for the consequent startup operation does
not affect the overall performance significantly. Therefore, Egs.
(13)—(16) can be utilized for the startup and shutdown processes
during any of the operational cycles.

6 Conclusions

This work presents an analytical and experimental investigation
of the thermal performance of a flat-plate heat pipe during startup
and shutdown operations. The effects of input power and the heat
transfer coefficient on the thermal performance of the heat pipe
are investigated. The results show that the wick in the evaporator
section provides the largest part of the total thermal resistance,
and the wick in the condenser section also contributes a significant
part of the total resistance. It is found that the maximum tempera-
ture rise increases linearly with input heat flux. For smaller values
of the convective heat transfer coefficigbelow 500W/(n3°C)),
increasingh.,,, results in a decrease in the maximum temperature
rise, while for larger heat transfer coefficientsabove
700W/(nf°C)), increasinghqon,, Would have a relatively insignifi-
cant effect on the maximum temperature rise.

It was also found that the maximum temperature difference
within the heat pipe mainly depends on the input power while
variations in the heat transfer coefficient did not have a significant
effect. The heat transfer coefficient strongly affects the time it
takes to reach steady state while input power has only a slight
effect. Empirical correlations for the maximum temperature rise
as a function of input heat flux and heat transfer coefficient, and
the maximum temperature difference as a function of input heat
flux were determined. Correlations were also given for the time
constants in terms of heat transfer coefficients. The experimental
results for the maximum outside surface temperature rise, maxi-
mum temperature difference, heat flux, and time constants were
compared with the analytical results and were found to be in very
good agreement.
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Introduction Despite the technological importance of solid thin films in ther-

. . mally sensitive applications, no molecular dynamics calculation of
Novel materials such as buckyballs and buckytubes, highly P thermal conductivity of solid thin films as a function of thick-

rous and_ultrathin films, and quantum wires and dots are form"l"w%ss has been reported before. Related studies, however, have
the building blocks of an exciting new world of submicron depeen mage. Mountain and MacDond[@®]) calculated the tem-
vices. For instance, solid thin films with characteristic d'mens'orlﬁerature dependence of thermal conductivity for two and three-
from tens to hundreds of nanometers are key components qfensional 1000-particle solid films. Kaburaki and Machida
integrated-circuit transistors and quantum-well lasers. Device pgfynd that increasing the number of particles in a one-dimensional
formance in these applications is very sensitive to operating te@hain increases thermal conductivity. Kotake and WaK8ii
perature. Overheating in semiconductor lasers, for example, igowed for a two-dimensional solid system subjected to a con-
major obstacle to increased output power and integrafioh.  stant flux that the resultant temperature gradients sharply increase
For the best design of micro and nanodevices and thin-film maigs the system width is decreased. Recent work by Volz and Chen
rials, knowledge of thermophysical properties such as thernf@] indicates that solid nanowires exhibit a strong reduction in
conductivity is of paramount importance. thermal conductivity as compared to the bulk.

It is well known from measurements on thin films that such
materials display markedly lower thermal conductivities than their
bulk counterparts. Several approaches exist to predict the thin-fi . -
thermal conductivity for materials where heat conduction b odel of Argon-Type Solid Thin Films
quantized lattice vibrations, or phonons, is dominant. These ap-Using the molecular dynamics technique in a three-dimensional
proaches include kinetic theory, the Boltzmann transport equati@gmputational domain, the current paper calculates thermal con-
and the Monte Carlo computational technique. Such methodgjctivity in a solid argon-type model system as the thickness in
however, can have difficulty handling the nonuniformly distribone dimension is varied. Although argon is not a real thin-film
uted impurities, voids, cracks, dislocations, and complex geormaterial, it is the best choice for an initial thin-film thermal con-
etries present in real films. Numerous studies, for example, thatdfctivity molecular dynamics study. One important reason for this
Inoue et al.[2] show that the molecular dynamics technique i& the availability of a good intermolecular potential for argon.
well suited for the study of nanoscale phenomena in solid-phaee widely accepted Lennard-Jones 12:6) potential matches
materials. Molecular dynamics is a computational method théxperimental data for bulk fluid argon reasonably well, employs
simulates the real behavior of materials and calculates physigaaningful physical constants as parameters, and possesses a
properties of these materials by simultaneously solving the equ@mple, two-body form which requires much less computation
tions of motion for a system of atoms interacting with a giveime than more complex potentials involving three-body and
potential. This method provides a needed supplement to expdhgher terms([7]). A rigorous quantum-mechanical approach is at

mental measurements, which can be extremely difficult at suBfeSent not feasible for systems of more than a few atoms because
length scales. such a method is too numerically intensive. The efforts of many

workers, for example, Cdi8], are currently directed toward this
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body of existing work on argon-type systems and that the argol (@

model, as noted by Kristensen et [@)], should reveal fundamen- ) Heat Flow Cold 531 A
tal phenomena not only for argon but for a wide variety of mate- —_— ’
rials. Also, the argon model, unlike models of more technologi-
cally relevant materials, should span from the microscale regim
to the bulk regime in a reasonable computational domain size du
to its short phonon mean free path.

After establishing a firm foundation for pure thin films, the
argon model can then be extended to thin-film systems with im-
purities, pores, defects, and other types of complicated structure +M«
To get the most quantitatively accurate results for a given mate ”
rial, a potential specific to that material should be used, but tc 14)’,‘
predict qualitative trends, which is the aim of this paper, the argor
model is a sensible choice.

Maximum Wavelength

Computational Procedure

Several molecular dynamics approaches can be used to calc
late thermal conductivity10]. The nonhomogeneous nonequilib-
rium approach was chosen for the present work because it prc
vides a direct physical representation of heat flow in a thin film. A
new nonhomogeneous nonequilibrium program, based on th
equilibrium classical molecular dynamics subroutines of Allen
and Tildesley[ 7], was written and used for all simulations. ¢

The general approach of the program is to apply a constant he kyx
flux to an argon-type solid system, calculate the resulting tempere
ture gradient, and determine the thermal conductivity by a simple ] ] ) ]
ratio of flux to temperature gradient. The reverse method, ff{9- 1 Simulation cell schematic drawings: (&) bulk thermal
which the system boundaries are kept at constant temperatuf@ductivity, - (b) perpendicular thermal conductivity
and the resultant flux is calculated, was initially tried. This was
abandoned in favor of the current scheme due to the slow conver-
gence of the heat flux value. The execution of the program pro-
ceeds as follows. First, the simulation cell is constructed of face-
centered cubic unit cells. Each unit cell contains four atoms and o\ [ou)°
corresponds to two atomic planes of atoms. Each atom is assigned bLirij)=4eLs T\ @)

a type according to its spatial position: “hot,” “cold,” “regu- ! N

lar,” or “fixed.” The configuration of the simulation cell dependsOnly the neighbors of an atom within a certain cutoff radius,

upon whether bulkFig. 1(a))or perpendiculafFig. 1(b))conduc- 2.60;, are included in the force calculations because faraway
tivity is to be calculated. Bulk materials are simulated by usingtoms have a negligible contribution to the total force on a given
periodic boundary conditions, in which the actual simulation cefitom. This molecular dynamics convention keeps computation
of a small number of atoms is essentially repeated infinitely in &iime manageable.

three coordinate directions. A drawback of this method is that it After equilibration, a heat flux is imposed on the system by

suppresses phonons in solids with wavelengths larger than #uding a fixed amount of energy to hot atoms and removing the
simulation cell sizg[7]). same amount of energy from cold atoms at every time step. This

For thin films, periodic boundary conditions are used in twinduces heat flow in the-direction from the hot region to the cold
coordinate directions. Fixed atoms, which remain at their latticegion across the regular atoms. The algorithm of lkeshoji and
positions for the entire simulation, are usually used in the thir¢Hafskjold [12], which is used to apply the flux, alters kinetic
“thin” direction to enforce an adiabatic boundary condition. Inenergy in the hot region by scaling each hot atom’s velocity by the
some simulations, a free boundary condition was used in the tiame factorR and by subtracting the same small velocity,
direction. For these cases, the flux and initial temperature valufiesm this scaled velocity. The values Bfandv,,, which change
had to be lowered to prevent evaporation of the surface atoms, andeach time step, are chosen to conserve momentum and to add
much longer simulations had to be run to reach steady state. Fible desired amount of energy. A similar procedure is followed for
lowing the example of Kotake and WakU®], four planes of the cold atoms, except kinetic energy is subtracted rather than
fixed atoms are deemed sufficient to simulate an infinite wall degided.
to the short range of the interatomic forces. All nonfixed atoms areinstantaneous temperatures in each atoxaptane are calcu-
given an initial temperature by choosing their velocities accordirigted using the formula
to the Maxwell distribution at that temperature. After this, the
program advances the difference equations of motion for a short
equilibration period to allow a realistic thermodynamic state to be T= mZ vZ/3N kg 2)
established. =1

The difference equations come from the widely used “velocit . . L
Verlet” algorithm ([11]). In this algorithm, new atomic positions%here the squares of the magnitudes of the atomic velocities in a

are calculated based on old positions, velocities, and forces. \p@rticular plane are summed in accordance with the equipartition

locities are calculated using a two-step scheme, in which :?inciple. The time-averaged temperature, standard deviation of

Maximum Wavelength Fixed Cold

Ny

forces are used to advance old velocities to “half-step” velocitie emperature, and standard error of temperature are then calculated
new forces are calculated from the LJ potential using the n \Q’reach plane. The standard error of the planar tempergtGié]

positions, and new velocities are found using the half-step veloci- _
ties and new forces. The LJ potential is o1y = 01N 2Tcore] Trun ©)
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040 where the mean free pattMFP) in argon at the given planar

) temperature([14,15]) and highest tabulated speed of sound for
fluid argon from the CRC HandbooKl6] are used. The fluid
argon value was used because solid argon values were not avail-
able. The assumption of E¢4) is supported by the work of Volz

et al. [17], who found good agreement between the autocorrela-
tion time and the kinetic theory mean free time for molecular
dynamics simulations on solid argon.

Figure 2 shows a pair of example temperature profiles; the mag-
nitude of the standard error is indicated by the error bars. In this
figure, the five regular atom-planes in the center display a linear
profile and the sourcénhot) and sink(cold) atoms on either side
show the expected parabolic curvature. The slope of the best line
015 -+ A S S T T SR S fitted to the temperature profile of the regular atoms

1 2 3 4 5 6 7 8 9 10 11 12 13

e
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&
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Fig. 2 Temperature in each x-plane of a five regular plane E i 2 (T — 2 _l 2 @
simulation for fixed and free boundaries =1 0'(2-|—|> =1 ‘T<2T|) =1 0(2T|> =1 0(2T|>
b= P 2 P2 5)
DR DR pop
=10\ 1=1 o) =1 9(1)

depends on the simulation run time at steady state and on the
characteristic time over which the instantaneous planar tempera-
tures are self-correlated. For simplicity, it is assumed that

Teor=MFP/vg, (4) and the probable error of this slope

(R EEEPEAREET)

are found using a weighted least-squares methbal]). Results and Discussion

Finally, thermal conductivity is found from ] ] ) )
General Comments About Simulation. The simulations

k= —ade/ 2b (7) were run on DEC 3000 workstations, an AlphaServer 2000, and a
Dell Optiplex GX1p PC running the Linux operating system. The
where the factoa/2 accounts for the fact that the plane spacing igumerical differences in results across the different platforms
one-half the lattice parameter. Note thagy is not exactly the were negligible. Computation time varied from a few hours to
same as the ideal imposed heat flux due to small nonzero flu&yeral days, depending on the sizes of the systems considered.
that occur in they and z-directions. The actual heat flux throughThe total simulated time varied from tens of picoseconds to nano-
each regular plane is calculated from particle positions and velo§econds and was chosen to be proportional to the characteristic
ties at regular intervals throughout the simulation using the equiiermal diffusion time estimated for each system. Two types of
tions of Irving and Kirkwood 19], and the time averages of thesghermal conductivity simulations were run: bulk and perpendicu-
planar calculated fluxes are then spatially averaged over the retfu- Critical input parameters for the simulations are listed in

lar planes Table 1; other input parameters and detailed results for each simu-
lation are listed elsewhel@0]. Standard LJ nondimensionaliza-
( (q|>) 1 tions for temperature and thermal conductivity are used in the
2 / — (8) simulations:
=1 O(q) 1=1 9(q)

to yield effective flux. The standard error of planar flux is calcu-
lated as above for temperature in E§), and its squared recipro-
cal is used as the weighting factor in E£§). For each simulation, Parameter Value
the expression for error propagation in Press efldl] is used to

Table 1 Simulation parameters

calculate the probable error of effective flux LJ well depth parameter 1.67x10 %7
LJ equilibrium separation parameter 34 A
Argon atomic mass 66.3x10 2"kg
P 5 IQeff 2 Boltzmann’s constant 1.38X10" 23 J/K
Qo™ > Tl aay (9) Lattice constant 531 A
=1 a Time step 1fs
Imposed dimensionless heat ffux 1.0
and is also used to find the probable error of thermal conductlwf}lOSS -sectional unit cefls 4
nit cells in each hot or cold regién 2
Unit cells in each fixed region 2
\/ ok ak) 10
k= T e éqe Ub db (10) *Parameters for specific simulations have been varied as noted in text.
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2
= kB—T k* = kE ﬂ. (11)

€L Ke e e .
Since all parameters are dimensionless, the superscript will henf(VC) flve) N~
forth be dropped.

Two important criteria for the simulations are tleg; is nearly
the same as the imposed flux, and that the temperature profiles
reasonably close to linear. The profiles should not be expected
be completely linear, since thermal conductivity displays somr
temperature dependence. If the two criteria above are not satisfi
the thermal conductivity calculation, which is based on the Fol
rier law, is not valid. It was found that the typical reason that th
criteria are not met is a too-short simulation time, although in vel
preliminary simulations lack of energy conservation due to a tot
large time step and explosion of the lattice due to a too-sm:
initial lattice spacing also occurred. It was observed that simul
tions not run long enough to attain a steady state yielded values
Jefr lower than the imposed fluxes and showed distinctly nonline:
temperature profiles. This is reasonable, since a finite time is re-
quired for the film to reach steady state after imposition of thigig. 3 Velocity distributions at ~ T=0.5 for various cross sec-
heat flux at the boundaries. The flux discrepancies disappeafg#s and sampled time steps:  (a) 4X4, 10,000; (b) 6X6, 10,000;
and the temperature profiles became more linear as the numbef@f* 4. 30,000; (d) 6X6, 30,000
time steps in the simulation increased. Due to the difficulty in
choosing a simulation time long enough to satisfy the criteria yet
short enough to avoid undue computational burden, a trial-and-
error process had to be followed to find values fqy,. Values  Use of Eq. (2)to calculate planar temperature throughout the
roughly 20 times the characteristic diffusion time were found susimulation assumes that a local thermodynamic equilibrium is es-
ficient to satisfy the criteria. For the thermal conductivity simulatablished in each atomic plane. Tenenbaum ef2i] and Haf-
tions reported here, the,; values were all within four percent of skjold and Ratkjg22] assert that local thermodynamic equilib-
the ideal imposed flux and the temperature profiles were reasegium is established in molecular dynamics simulations of
ably linear. nonequilibrium fluids provided that the control volume thickness

Momentum conservation, as expected, was found to hold &x-roughly equal to the mean interatomic distance. If true for flu-
actly for the present 96 and 252-atom bulk simulations. In bulls, it is even more likely to be true for atomic planes in solids
simulations with more atoms, and in all thin-film simulationspecause the increased density causes increased interatomic inter-
however, the algorithm of Ikeshoji and Hafskjold2] did not action that aids interplanar energy transport. To test whether local
strictly conserve instantaneous total system momentum. Instesithrmodynamic equilibrium was established in the present case,
the instantaneous momentum fluctuated rapidly about zero, #he velocity of a single central atom in each regular, hot, and cold
time-averaged system momentum value. The reason for this is pine was monitored for the last 10,000 and 30,000 fs df a
known, but is thought to be the result of small accumulated ne=0.5 simulation of a thin film with seven regular planes. Two
merical errors due to roundoff and truncation of the potential @ifferent values of cross section, or numberyainit cells by the
the cutoff radius. The standard deviation of the momentum flugnit of z unit cells, were used: %4 (32 atoms/planeand 6x 6
tuations for the bulk and free-boundary thin-film simulations wag2 atoms/plane). Figure 3 shows a histogram of xe), y
several orders of magnitude smaller than that for fiXed-bOUndq@l)’ andz(*) velocity components of the central atom for a rep-
thin-film simulations, indicating that there may be some wall efesentative regular plane along with the Maxwell distribution at
feCt that WOI’kS against momentum Conservation. Considering thﬁé time_averaged p|anar temperature_ The figure C|ear|y shows
the wall atoms influence the motion of the regular, hot, and coifiat while there are some discrepancies between the Maxwell dis-
atoms without themselves being affected, in a manner analog@gution and the calculated velocity distribution for the 10,000
to a wall of infinite mass imparting impulses to impinging billiardcases, the 30,000 cases show much better agreement for both 4
balls, it is reasonable that momentum is not strictly conservegt4 and 6x6 cross sections. Since,, for all simulations is
Despite the lack of exact momentum conservation, no significaghger than 30,000 fs, it is reasonable to assume that the real
difference was found between the thermal conductivities for ﬁXQgh|Cu|ated Ve|0city distribution is even closer to a perfect Max-
and free-boundary simulations for both a 3 and a 5-regular pla@gilian. Increasing the cross section fronx 4 to 6X6 causes a
case at a mean lattice temperatdre 0.27 (Table 2). Thus, the mych less dramatic improvement of the velocity distribution for
observed small deviations from zero total momentum are not ijoth 10,000 and 30,000 at this temperature. This result suggests
portant for the purposes of this paper. that longer simulations may be more effective than increased
cross sections in attaining local thermodynamic equilibrium. The
Maxwellian nature of the velocity distributions and the linear tem-
perature profiles in the calculations indicate that the local thermo-

T*

f(ve) ; f(ve)

Table 2 Effect of boundary conditions on thermal conductivity dynamic equilibrium assumption is justified.
Thermal Bulk Thermal Conductivity.  Bulk thermal conductivity was
Configuration Conductivity Error calculated for simulation cells of various sizes at dimensionless
Free boundary 0.391 0.075 mean lattice temperatures of 0.3 and 0.5 to check the agreement of
three regular planes the model with experimental data for bulk solid argon. Mean lat-
Fixed boundary 0.402 0.075 tice temperatures were found by spatially averaging the steady-
three regular planes state time-averaged temperatures of the regular atoms. Each data
Fr?_e boundary 0.474 0.051 point in theT=0.5 case has a different cross section, increasing
ive regular planes - R
Fixed boundary 0.444 0.044 with the number of atoms fro_m>22 to 8% 8 The_conductlvmes,
five regular planes at each temperature, normalized by the dimensionless experimen-

tal value corresponding to that temperat(23]), are illustrated
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Fig. 4 Calculated and experimental bulk thermal conductivi-

ties at 7=0.3 and 0.5 versus number of atoms Fig. 5 Planck spectral distribution. Shaded areas indicate the

fraction of total phonon emissive power allowed by the molecu-
lar dynamics simulation.  (a) and (b) illustrate the effect of tem-
perature, and (c) and (d) illustrate the effect of domain size.
in Fig. 4. The error bars represent the normalized standard error of
thermal conductivity(Eq. (10)) for each simulation.
For both temperatures, the calculated bulk thermal conductivity The figures also suggest a guidelingA ,e,(T) should be as
is observed to increase as the number of atoms is increased. Wgh larger than 1 as possible. This will make the phonon frac-
dependence of calculated macroscopic properties on the numiyen approach 1, ensuring that molecular dynamics simulations
of particles in a molecular dynamics simulation is a well-knowsield bulk-like results. A Wien’s law formulation for phonons can
artifact[24]. A recent example of the particle number dependenbe used to estimate/\ e, T). Taking the derivative of E¢(12),
of bulk thermal conductivity can be found in Kaburaki et al.’sterating forC,, and substituting yields
[25] calculation of solid bulk argon thermal conductivity for 256
and 500-atom systems, which shows a similar number dependence Apearl =0.2 L/Npear=5LT. (14)

to that found in the present paper at comparable temperatures. Ti&easing the computational domain size at a given temperature,
key to getting accurate bulk results from the molecular dynamieg is shown going from Fig.(6) to Fig. 5(d), also increases the
technique is to choose conditions that allow the finite simulatigaction allowed by the simulation. In the limit of infinite domain
cell to represent, as closely as is feasible, an infinite bulk domaifize the fraction becomes 1, but as discussed above, using higher
True bulk-like behavior is indicated by minimal size dependenggmperatures is the most computationally economical choice.
of the calculated values. Ideally, this could be accomplished byA simulation cell size of 512 atoms, which corresponds to a
simulating a very large number of atoms, but in practice this i/stem with eight regulax-planes of 4 4 cross section, yields
computationally quite burdensome. thermal conductivity values af=0.5 not much smaller than

It can be seen in Fig. 4 that the resultsTat 0.3, as compared those with a significantly larger number of atoms. For computa-
to those aff = 0.5, display a steeper number dependence and caional efficiency it was thus assumed that four unit cells were

stitute a smaller portion of their corresponding bulk experimentabequate to represent infinite length in a particular direction. In
value. This shows that for the same number of atoms, simulations

run at higher temperatures better capture bulk behavior. A simple
explanation for the more bulk-like behavior at higher temperature<
is that the phonon mean free path is shorter, so the ratio of t 14 - - *’ i , o
mean free path to characteristic simulation cell dimension

smaller. In the bulk limit, this ratio is much less than 1. > Bulk experimental
Another interpretation is offered by the concept of phonon r: g
diation ([26]). This concept, strictly valid in the ballistic limit of 8
heat conduction in which the local thermodynamic equilibrium i 2
not reached, can nevertheless offer some value in understancco)
the current results. Figure 5 thus uses the Planck forrti@la)) g
e(\)=27Cy/\3(e%2MT—1) (12) é
to estimate the spectral distribution for phonon “emissive power g HEER T =019
under various conditions of temperature and computational d-%
main size. Here the constants g _ \
5 A Calculated (T=03) @ Calculated (T =0.5)
Cl: hvg C2= hvs/kB (13) 7z ¢ Calculated (T=04) M Calculated (T =0.6) ‘
are defined using the speed of sound rather than the speed of li 0.2 ‘ ! - o o '
Figures 5(a)and 5(b)show that for a given maximum allowed s 53 hi3 7.3 ) 8.3 & 105
phonon wavelength, which is equal to the characteristic dimensi Dimensionless Film Thickness

of the simulation cell, raising the temperature increases the ) )

allowed phonon fraction due to the decreased peak phonbid- 6 Calculated, bulk experimental, and equation of photon

wavelength. radiative transfer (EPRT) thermal conductivities versus film
thickness at various temperatures
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the perpendicular thermal conductivity simulations of the followmean free path. Thicker films may need to be simulated in order
ing section, then, X4 cross sections were used to represent “into see unmistakable asymptotic behavior. On the other hand, it is
finite” length in they and z-directions. possible that asymptotic behaviisroccurring, and that it is sim-

. . . . ply obscured within the envelope of the error bars.
Perpendicular Thermal Conductivity. Figure 6 displays the ™o tourth observation is that within error, the bulk thermal

calculation results for normalized perpendicular thermal conduganquctivities in Fig. 4 are the same as the 0.3 and 0.5 thin-
tivity versus dimensionless film thickness at several mean lattiggy, conductivities for comparable-direction thickness. This re-
temperatures. A thin film thermal conductivity estimate based Q¢ was puzzling at first, because it contradicted the expectation
Majumdar’s equation of phonon radiative transff@8])is shown  yh4¢ the calculated bulk values would always exceed calculated
for comparison. As in the bulk case, the results at each tempefgi_fiim values even for comparable domain sizes. Phonon mode
ture are normalized by the experimental conductivity value at th@éunting in solid state physics, however, indicates that periodic
temperature. For clarity,_ film thickness is nondimensionalizeq tﬁbundary conditiongbulk) ‘and fixed end boundary conditions

a rather than by the typically used,; and only one error bar is (ihin film) yield the same number of phonon modes for the same
shown for each set of temperature data. The error bar magnltl{qﬁnber of atom¢[31]). This means that the abovementioned pho-
corresponds not to the actual calculated error at the correspondifag fraction for similarly sized bulk and thin film configurations is
thickness, but to the largest error of the set, which occurs at thgnijar, so the thermal conductivity will also be similar. There is
dimensionless thickness 4.5 for all sets. A heat flux value of 1ything intrinsic about periodic boundary conditions that changes
was used in theT=0.6 case because the higher fluxes causg value to differ from the thin film value. Support for this argu-
steady state to be reached sooner. Film thickness, which was V@ent can also be found in Table 2, which illustrates the effect of
ied by adding/subtracting atomicplanes to/from the computa- free versus fixed boundary conditions on thin film thermal con-
tional cell, corresponds to the thickness of the regular atoms plggctivity. The results imply that the thermal conductivity calcu-
the thickness of the three hetplanes and the three caleplanes |ated in a molecular dynamics simulation is affected by the physi-

nearest the regular atoms. _ _ ~cal dimension of the film but not by the boundary conditions.
It is critically important to note that unlike the bulk simulations

discussed above, which in the ideal case display little size/numbeEffect of Varying Computational Parameters. To investi-
dependence, thin film simulationshould reveal thickness- 9ate the effect of the chosen parameters on the thin film molecular
dependent properties due to the effect of the boundaries. As fhgamics results, several simulations with differing values of
film thickness increases, the boundary effect should be less pfdese parameters were run. As discussed above, changing the
nounced and the calculated results should approach the bulk tgundary configuration has no effect on the calculated thermal
mal conductivity value. As anticipated, Fig. 6 shows that therm§Pnductivity. It does, however, influence the magnitude of the
conductivity at all temperatures increases with film thickness. Tigmperature profile. The fixed boundary profile is higher than the
unexpected undulation of th&=0.5 curve is fully contained freée boundary profile for both the 3 and S-regular plane cases
within the envelope of its error bars. listed in Table 2. The profile for the 5-plane case is plotted in Fig.
Four observations should be made from the calculated data. Thel "€ discrepancy in the temperature profiles is probably caused
first is that the conductivities of lower-temperature films constitutgy the two percent expansion exhibited by the free-boundary film.
a smaller fraction of their corresponding bulk values than idenfFXPansion causes an increase in the LJ potential energy, resulting
cally sized higher-temperature films. This is in agreement with t#@ & decreased kinetic energy and thus a decreased temperature.
temperature trends displayed by the bulk results, and shows théR0; it can be seen from Fig. 2 that the adiabatic walls present in
thin-film size effects are more pronounced at lower temperaturd® fixed boundary case appear to have some moderating effect on
The second is that the molecular dynamics values for thernjif temperatures of the outermost hot and cold planes. Since the
conductivity atT=0.6, while showing the same trend as the equzp_oundary condition sm_1ulat|ons use a lower flux, it was also nec-
tion of photon radiative transfer results at the same temperatuf§Sary to explore the influence of this parameter. Table 3 shows
are higher in magnitude. This can be explained by the fact that t{i&t varying the flux for a film with three regular planesTat
mean free path and values used in Eq4) above were inserted _=O.5 does not cause any significant change in thermgl_ conductlv-
into the equation of photon radiative transfer model. The med: The use of a different flux for the boundary condition simu-
free path, as estimated above, is only a ballpark figure,varid lations is thus unllkely to be_ the cause of_any u_nusual effects.
undoubtedly on the low side since it is for high-density fluid Anothe_r parameter investigated in the S|mulat|c_)ns was the num-
argon. ber of unit cells in each hot/cold region. The thickness of these
The third observation is that while the expected behavior is aR@th” regions was reduced to 1 unit cell from the usual value of
asymptotic increase of the thin film results toward the bulk valug, Unit cells to see the effect on thermal conductivity. Figure 7
the thicker films for theT=0.5 and 0.6 cases appear to havgfustrates that bath regions dq contribute to thermal conductlwt.y,.
thermal conductivities that exceed their corresponding experimgifgcause decreasing their thickness decreases the conductivity
tal bulk values. This discrepancy is about 30 percent forThe value. This suggests that the thickness of the film should be de-
=0.6 case. Using a similar nonhomogeneous nonequilibriuffy€d not just in terms of the thickness of the regular atomic
method on a fluid argon system of comparable size to theBknes, but should also include the thickness of the bath atoms.
thicker films, Ciccotti and Tenenbauf9] calculated a bulk ther- Including the entire thickness of the bath regions in the length
mal conductivity 20 percent above the experimental value. A re4ould effectively shift the two unit cells/bath curvaenceforth
son for these discrepancies could be the fact that experimerfi@fled “A”) two thickness units to the right relative to the one
samples always contain impurities and imperfections that redu¢@lt cel/bath curve("B"). This, however, would cause a differ-
thermal conductivity below its ideal maximum value. Thént discrepancy: the conductivity for B would be higher than that
“sample” in the simulation, in contrast, is a perfectly pure single
crystal. As its thickness increases it is reasonable that the conduc-
tivity may at some point exceed the experimental value while still

being lower than the ideal maximum value. Also, there is no ob- Table 3 Effect of imposed flux on thermal conductivity

vious reduction in the rate of conductivity increase for the thicker Thermal

films, whose maximum thickness 10.5 corresponds to about five  Flux Conductivity Error
times the mean free path. An explanation may be that the resutts 06 0,699 0144
affirm the validity of the criterion of Flik et a[.30], which holds 1.0 0731 0.149
that perpendicular thin film thermal conductivity size effects are 1.4 0.683 0.095

important when the film thickness is smaller than seven times the
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Table 4 Effect of simulation time on thermal conductivity

>
2] Percentage
‘B AX A 7y,,6 X6 7, due to 7,
= Configuration 7un Ratio oy Ratio Difference
=
8 32.9 ps, 260.0 ps 7.90 3.92 50%
— 3 regular planes
‘é‘ 45.9 ps, 360.0 ps 7.84 4.87 62%
& 5 regular planes
= 61.1 ps, 400.0 ps 6.55 4.62 71%

——— . 7 regular planes
ks L unit cell/bath 128.4 ps, 440.0 ps 3.43 2.63 77%
= 05 mes—m=====_2 unit cells/bath 9 regular planes

: 147.9 ps, 440.0 ps 2.97 2.70 91%
g 04 Ballc Expeammeiil 11 regular planes
Z ‘ ‘ 169.6 ps, 440.0 ps 2.59 2.43 94%
0. + T S ‘ A 13 regular planes
1.5 25 35 4.5 55 6.5
Dimensionless Thickness of Regular Atoms

Fig. 7 Effect of number of unit cells per bath on thermal used for the &6 runs were always longer than those for the 4
conductivity X4 runs. Sincery, in Eq. (3) is roughly inversely proportional to

the square root of,,,, it can be seen that the thermal conductivity
error is approximately inversely proportional t,,. This can be
for A. If only the first three hot and cold bath planék5 unit used to estimate the effect of simulation time on error and to try to
cells) nearest the regular layers are included in the definition &olate the effect of cross section. The steady-state time ratio in
film thickness rather than all four bath plan€s unit cells)on Table 4 is found by dividing-,, for the 6X 6 case by that for the
each side, A shifts one thickness unit to the right and fiilectly 4Xx4 case, and the thermal conductivity error ratio is found by
on top of B. This is the desired result, because the same thickne&sding the error of the 4 4 case by that of the 66 case for the
of atoms at the same temperature should necessarily producewhgous film thicknesses at their corresponding steady-state simu-
same calculated value of thermal conductivity. The fact that onlgtion times. The percentage column divides the error ratio by the
three of the bath planes on either side appear to influence therniale ratio, and is an estimate of the percentage of the difference in
conductivity is reasonable, since the cutoff radiuso2i6corre- error between the 44 and 6x6 cases that is due to differences
sponds to a thickness of 1.7 unit cells. The fourth plane is two uriit simulation time. Table 4 indicates that for largg,, most of
cells away from the regular atoms and thus is too distant to intehe difference in error betweenx4 and 6x6 thermal conduc-
act with them. This also indicates that three planes of fixed atortigity results is attributable to the simulation time difference,
rather than four could be used to represent the fixed wall boundaviile at smallr,,,, the cross section difference appears to make
condition. some contribution to the difference in error. Increasing the cross
The final parameter investigated was the cross section. Figureegtion, increasing the number of time steps, or increasing both
shows thermal conductivity versus film thicknessTat0.5 for yields more precise thermal conductivity results. Longer simula-
4X4 and 6X6 cross sections. The error bars for th& 4l case tion times are more desirable, however, since they are less com-
were made heavier than the<® error bars for clarity. Within the putationally demanding than larger cross sections. As in the dis-
error bars, the 86 case shows no discernible increase in thermalssion of local thermodynamic equilibrium above, it is
conductivity over the &4 case. Since large lateral dimensiongoncluded that longer simulation times are the best way to obtain
were not necessary to obtain good thermal conductivity valuggmod thermal conductivity values from molecular dynamics simu-
this result implies that the4 4 case is large enough to capture théations.
essential physics. Also, the unusual curvature discussed above for
the 4x4 case disappears and the error bars shrink consideralgoncluding Remarks

These two effects cannot be attributed to the increased cross sec-

tion alone, however, because the steady-state simulation timed hiS paper explores the thermal conductivity of solid systems in
both bulk and thin-film configurations using the molecular dynam-

ics computational technique. As expected, the argon model yields
results close to experimental data for bulk materials and predicts
increased thermal conductivity observed for thin-film materials as
film thickness is increased. Modest overprediction of thermal con-
ductivity observed for the thicker films is probably caused by the
perfect purity of the idealized argon model used in the simula-
tions. Normalized thermal conductivity is substantially reduced in
the colder films, indicating that thin film effects are more pro-
nounced at low temperatures. Bulk systems with larger character-
istic lengths and higher temperatures show better agreement with
experimental data than those with smaller values; mean free path
Calculated (4 x 4) anc_l ma>'(imum phonon wavr_elength arguments are pr_esented to ex-
Ciledlansd (6:3:6) _plaln this beha\_llor. Ch_anglng _the b(_)undary condltlons_ ar_u_j the
imposed fluxes in the thin film simulations produces no significant

Bulk experimental change in thermal conductivity.

Two important criteria for valid molecular dynamics simula-
tions are that the calculated effective flux be nearly the same as

—
—

—

o
=]
§

o
o0

I
23

Normalized Thermal Conductivity

o
o

flrmem e e b

4.5 5.5 6.5 715 8.5 9.5

) the imposed flux and that the temperature profiles be reasonably
Dimensionless Film Thickness _ close to linear. The following recommendations are suggested as
computationally efficient ways to satisfy these criteria. First, the
Fig. 8 Effect of cross section on thermal conductivity smallest cross section possible that yields reasonable conductivity
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values should be used. Second, a good initial choicefgris 20

times the characteristic thermal diffusion time. Third, to reduce 7,
the error for a particular simulation, simulation time should be ¢,

correlation time
steady state simulation run time
Lennard-Jones interatomic potential

Teorr =

increased rather than cross section. Fourth, if the exact value of .

temperature is not critical, simulations should be run at as high>4/Perscript
temperature as is feasible. High fluxes are also desired because * — dimensionless
they too cause quicker attainment of steady state and better aver-

aging. Finally, fixed boundary simulations should be used for thReferences

films because they allow the stable simulation of a wide range of

conditions.

This work has shown that molecular dynamics can be a power:
ful tool for predicting the thermal behavior of solid thin films.
Future work should be done to apply this versatile, conceptually
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An Experimental Study of Molten
Microdroplet Surface Deposition
and Solidification: Transient
Behavior and Wetting Angle
Dynamics

The basic problem of the impact and solidification of molten droplets on a substrate is of

D Attinger central im_portance to a host_ of processes. An impor_tant and_ novel such process in_the
. area of micromanufacturing is solder jetting where microscopic solder droplets are dis-
Z. Zhao pensed for the attachment of microelectronic components. Despite the recent appearance
. of a few numerical studies focusing on the complex transient aspects of this process, no
D. Poulikakos analogous experimental results have been reported to date to the best of our knowledge.

Such a study is reported in this paper. Eutectic solder (63Sn37Pb) was melted to a preset
superheat and used in a specially designed droplet generator to produce droplets with
diameters in the range 5@.00 um. In a first series of experiments, the size, temperature,
and impacting speed of the molten droplets were maintained constant. The primary vari-
able was the temperature of the substrate that was controlled in the range from 48°C to
135°C. The dynamics of molten solder microdroplet impact and solidification on the
substrate was investigated using a flash microscopy technique. The time for the comple-
tion of solidification from the moment of a solder droplet impact on the substrate varies
between 15Qis and 350us. The dynamic interaction between the oscillation in the liquid
region and the rapid advance of the solidification front was visualized, quantified, and
presented in this paper. In a second series of experiments, the evolution of the wetting
angle between the spreading drop and the substrate was recorded and analyzed. No
quantitative agreement with Hoffman’s correlation for wetting was found. It was estab-
lished that the wetting angle dynamics is strongly coupled with the evolution of the
droplet free surface. Two successive regimes were distinguished during the spreading.
The influence of the initial impact velocity and substrate temperature on the dynamics of
the measured wetting angle was described in both regimes. To the best of our knowledge,
this study presents the first published experimental results on the transient fluid dynamics
and solidification of molten microdroplets impacting on a substrate at the above-
mentioned time and length scales that are directly relevant to the novel solder jetting
technology[S0022-1481(00)01403-1]

Laboratory of Thermodynamics
in Emerging Technologies,
Institute of Energy Technology,
Swiss Federal Institute of
Technology (ETH),

8092 Zurich, Switzerland

Keywords: Droplet, Heat Transfer, Manufacturing, Microscale, Visualization

1 Introduction phenomena, such as the dynamic behavior of the wetting angle

Scientific research interest on droplet-surface interactions h%%tween the substrate and the drog[&l), the thermal contact

recently increased, driven by a need for an in-depth understandh Sistance between splat and substrate as well as the rapid solidi-

o new aspectsof toplt mpact phenomena rat s mporanfig " Breromencilol, ncudng peierogereous fucleaton
emerging technologies such as spray depositfds2]) and pi- ’ P 9

coliter size solder droplet dispensing. Picoliter size droplet dié[-ﬂ)' These are typical mesoscopic phenomena, whose physics is

pensing (the application to which the present work is directl>pft_en related to microscopic phenomena and cannot be understood
relevant)is used for advanced surface mount technolo¢B¥T) using the classmgl continuum approach. A common way to h_andle

in the packaging of electronic microchips. In this technolog)}hes.e mesoscopic phenomgna Is to mat(;h experiments with nu-
monodispersed arrays of molten metal microdrop(2s-100xm herical or analytical models in order to estimate the needed model

in diameter)are printed on a substrate, each microdroptet parameters. Usmg this approach, Se"e.“?" temperature measure-
bump) forming an electrical connection. Important advantages ents under relatively largemm size)solidifying droplets have

picoliter size droplet dispensing over other bumping technologi gentperftorrphed ar:d matfcrsr?d ;’%"th nulmen?al tsmu_la;tlons '8 (:xier
are the flexibility and low cost, because neither masks nor screé estimate the values of the thermal contact resistance between

are required[3,4]). tﬂg splat and the substrafg8—10]) or to estimate the nucleation

Many physical phenomena related to the prediction of bunffmpPeraturé[8).

shape and metallic properties are not well understood. ThereﬂjsThe evolution of the wetting angle during droplet spreading

still a lack of basic understanding and modeling capabilities fG'S© contains largely unresolved physics. The wetting angle be-
avior at the molecular level is governed by intermolecular forces

Contributed by the Heat Transfer Division for publication in tHGUBNAL OF ([11]) The relation, if any, between the molecular angle and the

HEAT TRANSFER Manuscript received by the Heat Transfer Division, Oct. 25, 1999r;nacroscop'ic anglévisible with a low-power micrqscope, and
revision received, Apr. 11, 2000. Associate Technical Editor: T. Avedisian. measured in the present stody also not well establishe@12]).
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Empirical correlations, such as Hoffman’s 1dfit3]), express the impact events per drop, one can capture different stages of the
dynamic evolution of the macroscopic wetting angl@s a func- process in each event and piece together from images of droplets
tion of the capillary number Ca and of the equilibrium wettindaken at progressive stages the entire impact, spreading, and so-
anglea., for steady flows under conditions of negligible Webetidification process. Key parameters describing the droplet spread-
number ([12]). In the impact of a droplet on a flat surface, théng process, i.e., splat/substrate contact area, splat diameter, and
fluid dynamics is unsteady and the Weber number based on thigkness as well as the wetting angl8]), can be subsequently
contact line velocity is not negligible. Therefore, the motion of theeasured from the recorded pictures of spreading droplets. The
droplet free surface near the contact line and the dynamics of filesh techniques rely therefore on the generation of droplets in a
bulk fluid may influence the value of the wetting angle. Furthefighly repeatable manng22,25,24,26]since the impact process
more, in a molten droplet impact, there is the additional contribif reconstructed from images of several impact events.

tion of heat transfer, which can drastically change flow properties Good quality images of a droplet spreading process have been
by glassification, or can even arrest the motion of the contact li@Ported in the literature using short-duration flash photography
by solidification. Fukai et al[14] and Pasandideh-Fard et g8] ([22,9])for millimeter-size droplets, and flash videograph961])

used experimentally measured advancing and receding wettfR§ droplet diameters of the order of ém to about 1 mm. To
angles in their numerical models to study the effects of surfag&emplify, the study of Pasandideh-Fard et[@l.reports a visu-
wetting on the spreading and recoiling motion of a droplet aﬂ@,llzatllon.of impact and solidification of relatively larg@pprox. 2
impingement on a dry surface. However, since these angles a_{HH‘) liquid metal tin drops on a cold substrate. Hence, the result-
substrate temperatures have been measured for rather larger &g Weber number value of We71 does not correspond to the
tems, with respect to both time and space scales, the questifgtively low Weber domain (4We<10) encountered in pi-
arises if the conclusions can be applied to smaller scales of {ff¥!ler Size solder droplet dispensing that is the focus of the

; S Al ; ; ; esent research. In the present study a flash videography tech-
Iég\sdtirtzend in picoliter size solder droplet dispensing and Spraﬁ{que, coupled_with_ a digital grabbing of the images for the ease
A promising approach to obtain direct insight in the thermo(-)f postprocessing, is developed and implemented.
physics of picoliter-size molten droplet impact is the high-speed
visualization of such a process. If it were possible to observe, with Experimental Setup
enough time and space resolution, the spreading and solidificatio
dynamics of picoliter solder droplet impact, in addition to the
direct information that the experiments would provide, a compallf-].
son with numerical studies of the same problem, such as thosegdlglo
Waldvogel and Poulikakogl5] and by Xiong et al[16], would ct
be feasible. Such experiments are reported in the present pape
key finding of the above two papers is that a strong coupli
occurs between heat transfer, fluid dynamics, and phase cha
leading to a wavy surface of the solder bumps. Although thY&
wavy surface appears in both numerical and experimental stud - . . ; ; .
e It iedng only the shape of the completly solifie, Y 0110 2 elecic plse o 2 pesociecnc matera 11 1
microbump), there is still a significant discrepancy between nu P

; ; . : e ejected from an orifice at demand in accordance with the electric
merical results and final shape micrografis]). A visualization ulse frequency. After oscillating, the ejected tiny amount of

of the microdroplet in motion accompanied by relevant quantit netal assumes a spherical shape due to minimization of surface

tive measurements contributes significantly to the understandi{??q;]Sion energy. The process is termed solder jetting at demand

of this phenomenon. o : ; .
A variety of visualization techniques have been applied in th‘léhe jetting apparatus used in the present study is shown schemati

: . A - LI ally in Fig. 1.
e.xperlmental investigations of droplet impact dynamics, including Solder is melted in an enclosed reservoir by resistance heating.
high-speed camera techniqués7-21), flash. photographﬁzzl— The molten solder reservoir is pressurized with nitrogen to insu-
2.4])’ and flash .V|deograpt(jz25—26). There is one .basm'dlstmc- late the melt with a chemically inert environment and provide
tion between .hlgh—speed camera and flash technlques. the for k pressure for jetting. A nitrogen flowing as a curtain around
records the highest number of frames from a single event, wh path of the droplet toward the substrate limits the interaction
the latter reconstructs the event by patching together seve\(ﬁh the surrounding air and prevents, at least to a good extent
frames taken at different instants from several reproducible ' '
events. In our case, the expected short duration of the phenom-
enon(of the order of 100 microsecondsrevented the use of most
high-speed cameras. For example, even a very fast CCD camera D3 Sk preaste
such as the Kodak EKTAPRQL0, 500 partial frames per second
and available in our laboratorgould only give a rough qualita-
tive recording of the phenomenon. Intensified CCD cameras have
a time delay between two frames smaller than 50 ns and could
have solved the time resolution problem. However, this expensive
technology only allows recording a limited number of frani@@$o

rﬁ.l Molten Solder Microdroplet Deposition System. To
vestigate the dynamic process of impact and solidification of
liter size molten metal droplet on the surface of a semicon-
or device, a molten solder microdroplet jetting device was set
pHpat ETH Zurich with technical assistance from MicroFab Tech-
jologies Inc(Dallas, TX). The method used for the generation of
nodispersed picoliter-size droplets of solder at demand with the
ential of use in the manufacturing of electronic components
s described if[3]) and ([29]), and is summarized as follows.

] T '_=.‘:': co-flow

miolien
solder
TEsErvinir

30) of a single event[27]) so that the reconstruction problematic g l
of one event from several reproducible events would have arisen [LUUULF PR
in this case as well. The high-speed 16-mm camera technique has A
not been considered because of its complex machinery, high costs, ""“"'L“Lj”“”f_ | capillary
and difficulty of implementatiorf[28]). slecve | | ke

In contrast with the methods discussed above, the flash photog- heate 2 H“"x,: s co-flow
raphy and flash videography techniques are stroboscopic methods R substrite prifice
whereby a variable number of short-pulse illuminatighsto 10 a- tuble & E

pulses)are produced at specific instants during each event and
recorded by a 35-mm camera or a CCD camera, respectively. By. 1 Schematic of the picoliter size solder droplet deposition
generating a sequence of identical drops and practically identiepparatus
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droplet oxidation. Molten solder temperatures in the reservoir and wavedarm generator

the capillary tube are both monitored by thermocouples and con- —.ﬂ.ﬁ.". —
trolled through the heaters. The waveform of the drive pulse for ! PR !”H”J_‘“'"i
solder jetting is electronically generated and digitally controlled. = I i

By varying the waveform, the diameter and the velocity of ejected _l—E] r . ® gl
solder droplets can be altered in the ranges of 50—4®0and

1-2.5 m/s, respectively. The alloy used in this study is a eutectic
tin lead solder63 percent Sn-37 percent Plith 99.99 percent
purity, specially developed for solder jetting by Witmetaal B. V.,
Holland. Delay time between droplet ejection can be changed by
varying the waveform driver frequency for droplet generation.

wifer maorized
substrare  ®-y table

However, the repeatability of droplet diameter and ejection veloc- = '"“::I =

ity is greatly improved when the frequency of droplet ejection is PC: Conlo]ler i

maintained constant during the experiment. In the present study, a

droplet generation frequency of 12 Hz was used. Fig. 2 Flash videography technique used for recording the

After ejection from the orifice, a solder droplet travels approxisolder droplet deposition process
mately 1 mm and impacts the substrate mounted horizontally on a
motorized x-y precision staggPhoton Control PTS 1000, En-
gland). The substrate in the present study is a semiconductor Wwering, with a flash energy of 0.1 J/burst. The time resolution of
fer (EM Marin, Switzerlangl cut to a die size of approximately the sequence recording is also increased up to 300 nanoseconds
10x50 mm. The wafer consists of the following layers from togluring the first stage of the spreading.
to bottom: 0.1zm-thick Au, 0.3um Ti90W alloy, 1um silicon Images of the droplets are acquired with a Jai M10 progressive
nitride (conductivity A =2.33(+ —0.11) Wm *K "%, heat capacity Scan CCD camereDenmark)in triggered mode and are digitized
pCo=2.62(+—0.22F10 °Im 3K ™Y ([30) and 675um and stored in the image processing PC. An example of the picture
P-silicon. The substrate wafer slide is mounted on a heated copﬁéﬁ“ty of a droplet in motion is given in Fig.(B). As a result of
plate with a thin layer of thermal interface past¢éTC Electro- high power optical magnification, the ambient light introduces
lube, England)between the wafer and the copper plate, with little optical noise on droplet images, and the flash light acts there-
—0.84 Wm 1K L, The wafer top T ¢ and bottom Ts o) surface fore as a shutter. The waveform generator that activates the solder
initial temperatures are measured with two K-type fhermocouples
(Omega 304 SS9), the former being epoxied on the wafer with a
1-mme-size island of conductive epoxpV138M/HV998 Novar-
tis, Switzerland)with A=0.6 Wm *K™1. The bead diameter of
the thermocouples is 256m. The copper plate temperature was D
PID-controlled to varyT, , between 48°C and 135°C. Since the
wafer slides used in printing have to be frequently replaced, the
temperature measurements are carried out on another wafer slide,
permanently deposited on the copper plate, and moved under the
printhead at the same conditions as the wafer slide where droplets
impact. Both radiation from the metallic parts of the printing de- F
vice and convection from the co-flow increased significantly the
wafer temperatures. They stage motiori2 mm/s)is so slow that
the thermocouples reach a steady-state value before passing under
the jet orifice and maintain it after passing by the jet orifice.
Therefore the transient temperature effect is considered to be

(a) 100 pm s

>
o
1=
=]

negligible.
2.2 Visualization of Solder Droplet Deposition Using Flash (b)
Videography. As described in the Introduction, the technique D

used for the visualization of droplet impact and solidification is a
flash videography techniqug26]) where only one image is taken

at one instant during the impact and solidification process for each
drop studied. The imaging system used to record the droplet depo-
sition process is shown schematically in Fig. 2.

Backlighting for the first series of experiments is provided by a
Xenon flash light unitHamamatsu L4634 The flash energy is
0.15 J/flash and the duration of each burst of flash jgsiwith
less than 200 ns jittering. The time resolution of the sequence
recording is set to ms. A Fresnel lens is used to provide uniform
and intensified(focused)backlighting field for the microscope.
The droplet images are magnified using a microscope objective
(Microtech Zoom 70, USAwith 29 Xoptical magnification on the Fig. 3 Measured points on the droplet surface. Points A and G
CCD matrix plane, which provides a space resolution of An2 d'et'ermine_ the droplet wetting area qliar_neter. D is the_ highest
in the object plane. The conditions for the wetting angle measunésible point of the surface, when viewing from the side, not
ment are slightly different from the first experiments in this pape?."é":g’;gt dg‘zr%fegihsgr\zg;zydrgg; tdrlwsétiZE(t:?-i f;%?veDtrt]c; iﬁ?_‘
The optical magn[flcatlon is |ncreased up to 3.6 times. In order. e (identified by the segment AG ). The shadow below the
ca_pture the fa_st k'nema_t'_cs during the beginning of the Spread'@ﬁ’faee and the light spot inside the droplet are optical effects.
(with contact line velocities of the order of 2 to 4 m/a faster The accuracy in determining the vertical and horizontal posi-

Xenon flash light unifFX-HSPS, Wedel, Germahys employed. tion of A and G decreases for wetting angle values near 90 deg,
It provides a shorter flash duration of 150 ns with less than 60 asd larger than 110 deg, respectively.
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jetting device sends a signal with a preset delay to trigger the flaj~
light when a solder droplet hits the substrate. To record the pr
gressive stages of solder droplet spreading and solidification, 1
delay time between droplet ejection and a burst of back lighting
increased between successive images.

In order to provide a free impact surface for each impingin
droplet, the motorized-y stage is maintained at a constant linea. 5us
speed of 2 mm/s in the focal plane of the microscope durir
experimental runs. This translation velocity of 2 mm/s is abot
three orders of magnitude smaller than the impact velocity of 1
m/s. In a reference frame attached to the translation stage, t
motion corresponds to a deviation from the vertical direction ¢ 4g,¢
the impact smaller than 0.1 degrees, thus negligible.

Ous 100 pm=

180 us

substr:

2.3 Image Analysis and Discussion of the Experimental
Uncertainties. Image analysis is carried out using an image prc
cessing softwar¢Optimas 6.2, Media Cybernetics, Ugfat al-  15us
lows the measurement of droplet area and the motion analysis
selected points for a sequence of images. Figure 3 shows a I s
surement example of droplet wetting area diamétiéstance be-
tween A and G)and droplet heightdistance from point D to
segment AG). It should be emphasized that such measureme gq ;¢ 135 s

involve uncertainties, due to the human identification of the me
sured points. In the case of clearly defined points such as in F|__
3(b), 20 measurements of the points on the same image yielt =¥

standard deviatioriin percentage of the initial droplet diameter
of 0.06, 0.54, 0.91, 0.44 and 0.16 percent for the vertical positic ;
of D, the distance between D and segment AG, and the position #2HS
the single points A and G, as well as the wetting area diamet
respectively. It is worth noting that a wetting angtdarger than
110 deg can cause significant optical blurriag in Fig. 4, 3Qus),
and therefore increase the error for the wetting area diameter.

The choice of a flash videography technique that consists gop
building an impact sequence from a series of single pictures, ez
of them taken from a different droplet requires a highly reprodut
ible process. There are several factors that can influence the
producibility of droplet release and solidification. We examinea,
with the s_etup used for.the first serie_s. of .eXperimentS’ twc.) POSS”H .4 Spreading, oscillations, and freezing of a solder droplet
perturbation sources, i.e., the stability in the drop position a a flat substrate. Initial conditions: Vvo=1.54m/s, d,
velocity as well as the importance of the wafer heating due to thegg pum, T,,=210°C, T,,=48°C.
heat released by solidification of the previous drop. ' '

The positions of the top, bottom, left, and right extreme points
of 99 solder droplets in the same conditions as in the experiment
have been measured with a constant delay between ejection atéren, Eq. p, V, andc, are the number of droplets, the heat
flash. The standard deviation in the horizontal position of the exeleased by droplet solidification and subcooling, the density, vol-
treme right and left position is, respectively, 1.32 percent and 1.4ne, and heat capacity of each layesf the wafer. In the case
percent of the diametgBO um), and the standard deviation in thewhere 300 dropletgi.e., 3 sequences of 100 dropat 210°C
vertical position for the top and bottom points is 2.2 percefilmpact a wafer slide of the same composition as the one used in
(¥1.76 um) and 1.72 percent, respectively. The maximum stanhe experiments, we maintain that the wafer temperature increase
dard deviation in the vertical position corresponds to a jitter in th&T is less than 0.1K, and is thus negligible. The transient effect of
droplet ejection of+1.17 us. Since this error is markedly largerthe previous droplet impact on the actual drop can be calculated
than the error due to the human identification of the measuradcurately numerically, but we obtained an acceptable estimate by
points, the major cause of uncertainties in the measurementsagsuming that the entirgq is released at timé=0 in a half-
due to the needed repeatability of the visualization technique. sphere of an infinite radius. In other words, we consider that each

The magnitude of wafer slide heating due to the heat releasg@plet acts as an instantaneous heat source on the surface. In this
by solidification of the previous drop has been evaluated in twsase, an analytical relation exists for the temporal and local evo-
ways. First, we estimated the final increase in the wafer tempetation of the temperatur31]). Considering a pitch distance be-
ture after the impact of a series of droplets that corresponds to @ween droplets of 166 micromete(sorresponding to a printing
experimental conditions. Then, we estimated if the transient lodaquency of 12 Hz), the maximum transient temperature variation
heat release of a previous drop would affect the initial conditioritie to heat released by the previously impacting droplet for a
for the actual drop. The final temperature increase was estimatistance of 166 micrometers from the heating source, was found
as follows. Assuming that the heat released by the drops increagege 0.03 K in a gold hemisphere and 0.13 K in a silicon hemi-
the wafer temperature uniformly, we express the temperature Bphere, and is thus negligible.

creaseAT of a typical wafer slidg10 mm by 50 mm surfage A further difference between the experiments and the ideal case
of a spherical droplet impinging on a substrate is that there are
nEo still small residual shape oscillations from the ejection process at
AT= ——— (1) the instant of impact. Hence, the droplet shape at the time of
2 piViCpi impact is not absolutely spherical. This error can be estimated by
]

observing the maximum error in nonsphericity on the pictures
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right before impact: At the distance used for printing, the diamet&able 1 Initial conditions for the first series of experiments
oscillation amplitude was-5 percent of the droplet diameter. Apertaining to the overview of the spreading and solidification
series of measurements showed that the phase lag betweenPtAgeSS

oscillations of the horizontal diameter and the vertical dlameu—:bo mis) 152+0.06

equalsm, thus this oscillation should not influence the measurer, (°c) 48 62 81 08 118 135
ment of droplet size, based on the visible area. Accordingly, the Re 381

measurement of droplet velocity before impact was based on theWe 4.4

motion of the two points at the extreme left and right of the Ste 0.77 0.69 o.sg 0055 048 0.37 0.27
droplet. Their height is a bit more difficult to determine than, for p; 0.025

example, the height of the bottom point of the droplet, but it does
not oscillate in the vertical direction.

3 Results sequence, the timé=0 corresponds to the last picture before
impact. The maximum corresponding error in determining the
3.1 Experimental Conditions. Two series of experiments time t=0 when the droplet contacts the substrate is therefore 5
were performed. The first series was focused on the transient bg: The produced drops had a mean diamdigin the range of
havior of the spreading and solidification process. The second 7 to 83.9um and a velocity, in the range of 1.49 to 1.58 m/s,
series was focused on the wetting angle dynamics. In the figith average values of 81.4m and 1.52 m/s, respectively. The
series, sequences of molten solder microdroplet impingement opraracteristic numbers, defined in the Nomenclature, are shown in
colder wafer, such as those shown in Figs. 4 and 5, have begdble 1. They are based on the following values for the thermo-
recorded for different initial temperatures of the top surface of thghysical  properties: ¢=0.345Jm2,  =0.00262 Pas, L
wafer (T,,=48, 62, 81, 98, 118, and 1357CThe temperature _ 42 0o Jlkg,Cp1=238 kg'K™L A;=25Wm 'K~ andT,,
T o 0f the bottom surface of the wafer was measured to be in eagq83ocy and on the average measured values of velocities and
case 5 to 6 K lower thaif, o. Each sequence was reconstructegigmeter.
from about 100 frames, the delay between drop release and flashe second series of experiments, focusing on the evolution of
being increased in steps of 4s between each frame. In eachne \etting angle, was performed with a more precise lighting, an
increased optical magnification, and time resolution, as described
above. Four sequences of data were collected, where the surface
temperatures and the initial impact velocities were varied as
shown in Table 2. The mean value of the initial diametgwas
slightly smaller than in the first series of experiments (74.1
+2 um), and has been used for the calculation of the Reynolds
and Weber numbers. The remaining experimental conditions were
the same as in the first series of experiments.

0 80 pm— 75 JiS 180 us

3.2 Qualitative Investigation of the Spreading and Solidi-
fication Process. Figure 4 shows a reconstructed sequence cor-
responding to an initial wafer temperatureg, of 48°C. A quali-
tative inspection of Fig. 4 reveals that the spreading tidefined
as the time taken by the droplet to spread to its maximum contact
area)is approximately 3Qus.

The subsequent contour shapes caused by the upward motion of
the droplet fluid indicate that the fraction of solidified mass is
small within the first cycle of the droplet oscillation. The large
variation of droplet height during the subsequent oscillation also
120 us 225us  suggests that the damping effect of viscous force is less important
than the effect of surface tension force.

In the case of impact on a substrate with g the radial
pressure gradient induced by the impact drives the process of
. droplet spreading[6,32,5,33]). Surface tension forces, liquid vis-
30 us 135 s 240pus  cous forces, and solidification work together to arrest the droplet
spreading. According to Bennett and Poulikakd2], surface ten-
sion effects dominate the termination of droplet spreading over
viscous effect when

We<2.8 RE47. )

For the droplet impingement conditions in Fig. 4, the right-hand
side of the above equation has a value of 42.3. Comparison with

45 us 150 pus 255 us

Table 2 Initial conditions for the second series of experiments

60 us 165 us 300us  focusing on the evolution of the wetting angle
vo (M/s) 2.35 2.31 1.49 1.51
T2o°C) 145 59 65 119
Re 546 537 348 350
We 9.7 9.4 3.9 4.0
Ste 0.22 0.70 0.67 0.36
Fig. 5 Spreading, oscillations, and freezing of a solder droplet Oh 0.0057 0.0057 0.0057 0.0057
on a flat substrate. Initial conditions: vo=1.49m/s, d, Pr 0.025 0.025 0.025 0.025
=84 um, T,,=210°C, T,,=135°C.
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Fig. 6 Time evolution of the spread factor B, with the substrate temperature T, as a parameter. The error
is estimated in Section 2.3.

the Weber number, about ten times smaller, indicates that ttiop surface are due to a strong coupling between solidification
condition for the droplet deposition shown in Fig. 4 is well intcand oscillations, which was suggested by numerical results per-
the surface tension domain concerning the relative influence tafning to a comparable parameter rars,16]).
viscous dissipation and surface tension. Solidification can influence the spreading. This occurs by freez-
Solidification effects can influence droplet moti¢i83]). Ne- ing at the wetting ling[35]), or by destruction of kinetic energy
glecting the presence of contact thermal resistance between hiyesolidification([9]). The parameter measuring the spreading is
substrate and the droplet bottom, the ratio of spreading tigge, the spread factor, defined as the ratio of the diametiof the
to the solidification timets, can be estimated frorh33]) wetted substrate area over the initial droplet diamdgerA com-
. parison between Figs. 4 and 5 shows a significant increase of the
tspel ts=ONSte/Pr. 3) maximum spread factoB, ., when the substrate temperature is
The ratio calculated from the above equation is 0.17, indicatingcreased to 135°C. Assuming heat transfer between the substrate
that the droplet spreading time is smaller than the solidificaticand the droplet only affects the spreading by delaying the solidi-
time. It is expected that the above ratio will be further reduced fication start([6,33]), the increase 0B, With increasing sub-
the presence of interface thermal contact resistance. Accordingsttate temperature shows that solidification influences the
Fig. 4, the spreading time is approximately 26 before the re- spreading.
coiling motion in the liquid region. No changes of the droplet Other effects caused by an increase in the substrate temperature
shape are visible for the points located at the top of the droplte visible in comparing Figs. 4 and 5. The final height decreases
contour after 255us. Assuming that the arrest of droplet oscillaand ripples are no longer visible: the droplet assumes a lens shape.
tory motion is caused by solidification and not by viscous damg-hese and other phenomena are discussed in the next section,
ing (which is reasonable since four visible ripples on the drowhich considers measurements from pictures of droplet spreading
surface indicate that solidification arrested most of the drop mtsr increasing initial substrate temperatures.
tion), the ratio of the measured droplet spreading time to solidifi-
cation time is 0.12. This agrees relatively well with the prediction 3.3 Quantitative Investigation of the Spreading and Solidi-
of Eqg. (3). fication Process. The time evolution of the spread factg,
While droplet solidification is significantly slower than dropletmeasured as in Fig. 3, is shown in Fig. 6 with the substrate initial
spreading as shown above, it is also obvious that the subsequentperaturd, ,as a parameter. The time resolution ig$ In the
oscillatory motion of the droplet is strongly affected by solidififirst 15 us after impactg increases from 0 to about 1 in a similar
cation. First, it can be shown by counting the number of framegay for all values ofT, , examined. However, the attained final
for each oscillatory cycle that the oscillation frequency is invaluesg.. depend markedly ofi,,. These final values increase
creased with the upward propagation of the droplet solidificatianith substrate temperature f@p o between 48 and 98°C, and are
front, which reduces the total liquid mass of the droplet. Numeralmost constant for higher temperatures. The dynamic nondimen-
cal simulations suggested that the oscillation frequency of an imsional parameters of impact, including We, Re, and Oh numbers,
pacting droplet is closely related to the droplet natural frequeneye approximately the same in every case. The difference is the
([34)) thermodynamic parameter for phase change, the Stefan number,
for (ol pyVy) V2 4) calculated in Table 1. The similar behavior @ft) for T, in the
PV range 98 to 135°C indicates that above 98i@., below Ste
whereV, is the liquid volume. As the solidification front propa-=0.48), there is no dependency gfon the Stefan number. This
gates into the molten region, the remaining liquid mass of thmplies that solidification does not influence the spreadingrfgy
droplet decreases, which results in an increase of the oscillatiover 98°C. Therefore, the assumption that the droplet spreads first
frequency. Second, Fig. 4 confirms that the ripples visible on tlad solidifies subsequently appears to be valid in this range of
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Fig. 7 Time evolution of the dimensionless visible droplet height over the substrate H, with the substrate

temperature T, as a parameter. The error is estimated in Section 2.3.

T,0. This is indicated by the good agreement between the fingplat and substrate in Fig. @0 us), which makes the accurate
spread factor we measured fdy, above 98°C $~1.6) and measurement of the maximum spread factor difficult.

results from an analytical relation of Pasandideh-Fard €i38l]. Figure 7 shows the time evolution of the dimensionless visible
This relation estimates the maximum spread factor in the absemntreplet heightH over the substrat@lefined in Fig. 3 as the maxi-

of solidification to be 1.65 with our mean values of Re, We, anshum height when viewing from the side at any time instance
with an advancing wetting angle value of 135 deg in the earlyith T, as a parameter. It should be emphasized that the visible
stages of spreading. It is worth noting that the above analyticdoplet height does not always correspond to the height of the
relation is based on the assumption of a reasonably high Reynaidt®rsection of the axis of symmetry with the free surface. For
number, so as to produce a thin boundary layer in the liquid aseikample, simulations by Waldvogel and PoulikaKd$] have
spreads, which is only partially valid in our case R&81). We shown that, in the early stages of the spreading, the height of the
found it interesting that this relation predicts within five percenintersection of the axis of symmetry with the free surface is
the spreading ratio of our measurements in the absence of sol&faller than the droplet height visible from the side. The motion
fication (i.e., when the substrate initial temperature is higrhis of the droplet height shown in Fig. 7 can be termed as a damped
is why we have tested the extension of this relatip®]) that oscillation. Figure 8 shows the final, maximum and minimum val-
considers solidification effects by assuming that the influence oés of the visible droplet height, each corresponding to a fixed
solidification is manifested by kinetic energy destruction. In this

case, the model results do not agree well with our experimental

results. The calculated maximum spread factors lie between 1.52

and 1.57, and our experimental values are between 1.20 and 1.69. - -

One possible reason for this discrepancy could be that solidifica- 120 ] + « final height

tion influences the spreading by arresting the wetting line via + maximum height
freezing rather than by destroying kinetic energy. In a published 1007 . * - minimum height
numerical study pertaining to the same parameter range as this= 0.80 1 .

experimental study, Waldvogel and Poulikakd$] have shown T + +

that freezing at the wetting line controls wetting line arrest. This 0604 . + +
has also been observed experimentally by Schiaffino and Sonin ) - ) . .
[35] for low Weber numbers. However, the history of the spread 940 1 - :

factor g for the lowest substrate temperatirg,=48°C (Fig. 6) 0.20 L
shows a maximum value (ﬁ significantly blgger(elgh_t percen@) 40 50 60 70 80 90 100 110 120 130 140
than the final value oB. This measurement, concerning the high- T_2,0[°C]

est Stefan numbeg(0.77) of our measurement range, would con-

tradict the hypothesis that freezing at the wetting line controls th&y. 8 Final, maximum and minimum droplet nondimensional
maximum spreading. This apparent contradiction is probablyv&ible height H as a function of T,,. The error is estimated in
consequence of the significant blurring at the contact betwesaction 2.3.
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Fig. 9 Solidification time  t4 as a function of T,,. The experi-
mental values refer to the apparent solidification time, and the
order of magnitude values refer to Eqs.  (5) to (8).

substrate temperature. The maximum visible height is measured
from the beginning of first recoiling, and the final visible height is
measured by averaging the height of the ten last frames of each
visualization series. The final maximum and minimum values of
the visible droplet height decrease monotonically witgy,. At
temperatures below 98°C, the monotonical decrease of final
height with substrate temperature can be correlated with the in-
crease 0fBax With substrate temperatuc€ig. 6).

Quantitative information about the solidification time has been
extracted from Fig. 7 as follows. We assume that the droplet is
frozen when the droplet height remains constavithin =2 per-
cent of the initial diameterjor a time length more than half a Fig. 10 Determination of the apparent dynamic wetting
period of its oscillationgcorresponding to a series of ten succesangles. Angle «, is determined by points  (1,G,A), and angle ag
sive frames). The apparent solidification time is then defined di (H.A,G). The measurement incertitude ~ da comes primarily
bitrarily as the time of the first frame of the above mentionefiom the positioning of A and H, its value is estimated ~ +/—12
series. The apparent solidification time is represented in Fig. 9°f%-
depends nonmonotonically df, o, with a minimum of about 165
us at T, ,=98°C. This nonmonotonic dependence of the apparent

solidification time onT, , indicates a nonmonotonic dependence\/orth noting thath, expresses both the effects of convection in

of the effective solidification time o, 5, as calculated in previ- P :
. : g 0 ; the liquid part of the splat and conductive heat transfer at the
ous numerical simulation§15,16]). An order of magnitude ex- g P P

planation of this nonmonotonic dependence of the solidificati splat/substrate interface. These two heat transfer modes have been
! h spectively examined b{{37]) and ([10]) matching experiments
time on T, is presented hereafter. If we neglect the effect % P y by37)) ([10] g exp

h d subcools der that th ith numerical or analytical models. Although the goal of our
superheat and subcooling, we can consider that the ert_(.""{gyanalytical model is to give a physical explanation of the observed
released by the solidification of the droplet is constant with I'on-monotonic dependence of the solidification timeTor and
Spect toTo: not to provide quantitative results, the estimated va]uehpf
Es=pVL. (5) agrees in an order of magnitude_ sense with the result_éloﬂ).

The effect of thermal contact resistance on the spreading dynam-

ics cannot be accurately pursued with the present approximate

The solidificaiton timetg is expressed as follows:

Es model. A thorough study of this effect has been performed by
te=—. (6) Xiong et al.[16], who matched the shapes of solidified droplets
q with the shapes obtained by numerical simulations at different
We also assume that the heat fijpcan be expressed by Biot numbers.
q=heS(Tp—Ts0) (7) 3.4 Investigation of the Wetting Dynamics. The visualiza-

tion method presented here allows the measurement of the evolu-
tion of the apparent wetting angle This angle is always mea-
T o, sured at the contact line between the droplet and the wafer
S= Zdoﬁw (8) substrate, as shown in Fig. 10, which is a representative frame for
our wetting measurements. Each frame allows a double measure-
is the contact surface between splat and droftled final spread ment of«, on the left and on the right of the droplet. A graphical
factor B.. is measured from Fig.)6 The variation of the solidifi- estimate in Fig. 10 yields an angular precisionzof2 deg. It is
cation timet therefore only depends ay i.e., on the product of worth noting thate can only be considered to bewsettingangle
S(increasing withT, o) and the temperature differen@ecreasing as long as no solidification has occurred at the contact line. Indi-
with increasingT, o). The coupling of these two opposite trendsators of the fact that solidification has not occurred are for ex-
leads to a minimum in the solidification time. Values of the scample the temporal evolution of the spread factor and the tempo-
lidification time calculated by this order of magnitude model deral variation of the apparent wetting angle. The experimental
scribed above are plotted in Fig. 9. The value of the effective headnditions for the experiments on wetting dynamics are slightly
transfer coefficient used in Eq7) (h,=4.3*10° (Wm 2K™1)) different from the first series of experiments performed in this
has been determined by minimizing the differences between tsteidy, as described above. The time resolution of 300 ns used is
model and the experiments results, in a least square sense. Ml below the jitter due to instabilities in droplet ejection, so we

whereh, is an effective heat transfer coefficient and
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Fig. 11 Evolution of the wetting angle @ as a function of the spread factor B for the specified initial
substrate temperatures T, and impact velocities v,. The angular error is estimated in Fig. 10.

have selected to base our interpretation of the results on plotscofmbination of a plateau and a small zone of increase and subse-
the wetting angle as a function of the spread fagialfFig. 11) quent decrease af for fe[1.1,1.3. It is worth stressing that,
instead of as a function of tim@ig. 12). although not explicitly extractable from Fig. 11 because time is
Figure 11 shows the evolution of the apparent wetting anglenot a coordinate, oscillations of the value @fat the maximum
as a function of the spread factgrfor the four cases described invalues ofg (for exampleB= 1.6 andB=1.8) were observed. Wit-
Table 2. These cases differ by the impact veloaityand the ness to this fact are the frames between 45 and 5 Fig. 5.
initial substrate temperatur€, . At least two regimes can be The results fora in the first regime can be interpreted as fol-
distinguished in Fig. 11: a first regime whesedecreases linearly lows. The decrease of the apparent wetting angle value with the
(8<0.8), and where the behavior is comparable in the four mespread factor corresponds qualitatively to the predictions of Hoff-
surement sequences, and a second regige(.8), where no man’s experimental correlatiqfl2,13]), which expresses that the
consistent behavior for all cases can be observed. In the first veetting angle decreases with decreasing capillary numessis
gime, measurements and a general optical inspection of the frarttes case in the early part of the impact, because the spherical
do not reveal significant angle and shape differences between theplet shape induces a contact line velocity that decreases with
four examined cases, defined by their respective initial impaine):
velocitiesv and surface temperatufig o: (2.35,145),(2.31, 59),

(1.51, 119)and (1.49 m/s, 65°C). A linear curve fit in this first a=fror(Catfgi( aeg) (10)
regime yields the following correlation, plotted in Fig. 11: foon(Ca—4.54C4%°  Cac0(0.1), 1)
a(B)=160deg-713,3<0.8. 9)

The second term in the parenthesis of ELD) is a correction
The second regime can be either a horizontal plateau actor for the influence of the equilibrium wetting anglg,.

~90deg) terminated by a region where the valuexaiscillates Theoretical verification of Hoffman’s correlation has been ob-

at the maximum value g8 as in the casél.51, 119), or a regime tained for the case of perfect wetting{,=0) via hydrodynamic

of increase and subsequent decrease a$ in the case®.31, 59) analyses by Voinov and Tanng38,39]. Equatior{11) expresses

and (1.49, 65), wherex first increases to a local maximum andthis correlation for the range of capillary number that pertains to

then decreases to a final value of about 90 dbg interpretation our study[40].

of the results in Fig. 11 is aided by plots such as Fig. 12, whereHoffman suggested analytically that flow inertia could influ-

time is a coordinate). The last cae35, 145)can be viewed as a encea for We>0.015(13]). The analyses of Tanner and Voinov
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Fig. 12 Time evolution of the spread factor B, the contact angle «, the first ripple angle v, and the
first ripple nondimensional height ~ Hy; in the case (vo=2.31m/s, T,,=59°C). The error is estimated
in Section 2.3 and in Fig. 10.

focused on the slow viscous flow regime, neglecting flow inertisolidified solder drople¢80 um diameter)and heated the slide at

in the Navier-Stokes equations. Publications can be found stating0°C during two minutes. Framéa) and (b) in Fig. 13 are top
that inertia effects on the wetting angle can be ignored for Gaews of the droplet respectively befofat solid stateand at the
=<0(0.1), without commenting on the influence of the Webegnd of the heating. The drastic increase of diameter of the drop
number ([40]). However, most of these wetting studies are pefyring melting indicates that the melting drop wets the substrate

formed. with high viscosity oils. In the first regime of the_dmplebery well creating a film-like structure, corresponding to a small
spreading observed in this study, the measured contact line velo

ties of 2-4 mis corespond to Ca of the order OC(!]'uiIibrium wetting angle. We used atomic force microscopy
1510 2-3.210°2 and simBItaneousI to We of the order of 7fAFM) in order to quantify the wetting angle value as follows.
. | ’ y '{He slide was removed from the heater right after heating and

to 28. These moderate Weber number clearly implies that the flu ) .
inertia is not negligible in comparison with capillary forces. Thi€ooled on a steel surface at ambient temperature in order to freeze

indicates the existence of situations where inertia is not negligitfe® equilibrium wetting angle. It is worth noting that AFM mea-
even at low Ca, for example in the case of low viscosity materiagirements of a liquid surface, in particular of a contact line region
such as liquid metals. at relatively high temperatures are not very reliable and difficult to
A second limitation of Hoffman’s correlation and of its hydro-perform since AFM has been developed for solid surfaces. Imple-
dynamic justifications is that they are expressed for steady flowsentation in liquid and molten interfaces measurements is at best
only. Therefore, the application of Hoffman’s correlation to amt its infancy([41]). The measured values of the frozen contact
unsteady droplet impact is questionable. However, since Hofingle, from the border of the contact line up to nine microns from
man’s correlation is the only widely known available general wetat jine, were smaller than 30 dégig. 13). Even if the equilib-
ting correlation, it is worth comparing it with our measurements;m angle were 40 deg, the dynamic angles values calculated
p Qe s fetio e e son S Sy <o o o e
Fvely from 59 deg to 65 deg and from 77 deg to 81 deg as

equilibrium wetting angle is a prior unknown, and since we only. d ligrwhich still d i ith th d
measured an average velocity at the contact line, meaning an cussed earligrwhich still does not agree wi € measure

erage Ca. Assuming an equilibrium wetting angle near zero, thé§dues that all lie between 90 deg and 140 deg. The fact that a
values of Ca of 15102 and 3.210 2 correspond via Egs. Single correlation Eq(9) could be extracted from impacts with
(10)~(11) to wetting angles of, respectively, 59 deg and 77 de§ifferent velocities(Fig. 11) also suggests that Hoffman'’s corre-
The assumption of a small equilibrium wetting angle value hdation is not valid in the first part of the curve describing our
been confirmed to some extent in this study experimentally. Toeasurements. Since Hoffman’s correlation does not account for
this end, we placed on a microheater a wafer slide supportinghee bulk fluid inertia and the influence of the free surface shape in
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Fig. 13 Contact angle measurement with atomic force microscopy. The two vertical

lines determine the position of the angle measurement on the splat profile. Frames (a)
and (b) show the top view of the same  (previously solidified ) drop before (a) and after
two minutes heating (b) above its melting temperature  (180°C).

the vicinity of the contact line, further measurements had to beately constant at 90 deg f@> 1, while the characteristic point
performed in order to consider the influence of these phenometfescribing the location of the first ripple falls on the contact line.
on droplet spreading. This absence of bending of the free surface near the substrate

The influence of the free surface motion near the wetting angteuld be explained by an impact velocity lower than in the case
on this same angle can be examined by tracking the position of {235, 145).
first free surface ripple relative to the contact line. A characteristic We also attempted to test Hoffman’s correlation in the second
free surface point describing the location of the first ripple is theegime for both our high substrate temperature cases. Contact line
lowest point above the substrate where the horizontal cross seelocities were estimated to be 1.44 m/s and 0.84 m/s for the cases
tion of the droplet reaches a local maximum, represented by poi@t35 m/s, 145°Cand(1.51, 119), respectively, in the ranges of
B (or F) in Fig. 3(this point can fall on the contact line, e.g., wheng e (1.4,1.8) and1.2, 1.6). These velocities correspond to Ca of
the drop has a meniscus shap&n indicator of the influence of 1.1*1072 and 6.310 3. The resulting wetting angle values ob-
the first ripple position on the contact angleis the angley, tained from Hoffman’s correlation, assuming again an equilibrium
defined as the angle BAGr AGF) in Fig. 3. It is worth noting wetting angle of zero, are 53 and 43 deg, respectively. These
that y cannot be defined when points B and (ér F and G) values differ greatly from the measured values of about 90 deg. It
coincide. This “first ripple angle”y, when defined, is plotted in should be noted that this finding is not sensitive to the assumed
Fig. 12 as a function of time for the cag&31 m/s, 59°C). A clear value of the equilibrium wetting angle: even if the measured equi-
relation betweenr and y during this first part of the spreading islibrium angle were 40 deg, the wetting angle predicted by Hoff-
obvious, and is also visible in the three other wetting angle meaan’s correlation would be increased by less than 11 deg, which
surement sequencésot plotted in Fig. 12 for clarity as well as is far from sufficient to yield agreement with our measurements.
in the frames 2 and 3 of Fig. 5. The nondimensional height of the
first ripple above the substrate,, is also plotted in Fig. 12 in .
order to determine unequivocally the position of the first ripple.4 Conclusion

The second regime of the spreading>0.8) allows a better  To the best of our knowledge, this study presents the first ex-
insight into the relation betwees and «. In Fig. 12 these two perimental results on the transient fluid dynamics, wetting, and
angles values exhibit a coordinated increase and subsequentaididification of molten microdroplets impacting on a substrate,
crease foit € [ 15,30us]. This indicates that the apparent wettingvhich are directly relevant to the novel solder jetting technology
angle and the bending of the free surface over it represented bjn manufacturing of microelectronics. It was shown that the
are dependent. This makes sense physically, for example, whigples on the solidified drop surface are due to a strong coupling
one considers the limit case where the contact line freezes sbétween flow oscillations and solidification, as was suggested by
denly and the first ripple continues to advance because of the bekrlier numerical results pertaining to a comparable parameter
fluid flow, as in case$1.49 m/s, 65°Cand(2.31, 59)in Fig. 11: range([15,16]). The value of the substrate temperature was varied
Here the apparent will increase only because of the combinatiorin order to study its influence on the spreading and solidification
between bulk fluid dynamics and heat transfer, and not becauseguadcess. Transient measurements of the droplet height above the
wetting phenomena. Frames 3-5 in Fig. 4 show a similar increamgbstrate have been carried out, showing a damped oscillation.
and subsequent decrease of the value of alpha, as in the measDre-results suggest that the solidification time depends nonmono-
ment (1.49, 65). It is worth noting that the apparent recedingnically on the substrate temperature. This finding, although ap-
observed in both low-temperature casemy. 6, Fig. 11, and Fig. pearing counterintuitive, is supported by a simple order of mag-
12) is not consistent with the fact that solidification arrests theitude analysis. Transient measurements of the spread factor
spreading at low temperature. The exact reasons are not clear tsluswed that the substrate temperature significantly affects the
at the present time. spreading for substrate temperatures ranging from 48°C to 98°C

Another increase and subsequent decrease of the value of(Ste=0.77 to 0.48). This indicates that spreading is arrested by
smaller than in both low-temperature cases, is also observedsulidification at the wetting line. At higher temperatures, the
Fig. 11 in one high temperature cag35, 145). This can also be spread factor was practically independent of the substrate tem-
correlated with a bending of the free surface above the substrpgrature. Measurements of the wetting angle for different condi-
and a corresponding increase of Contrary to both low- tions of impact velocities and substrate temperature have also
temperature cases, this bending is probably caused by the biodlen carried out. It was established that the wetting angle dynam-
fluid motion instead of solidification, since the latter only affectgs is strongly coupled to the evolution of the droplet free surface
the motion of the contact line at a later stage. In the other highnd no quantitative agreement with Hoffman’s correlation was
temperature cas€l.51, 119)the wetting angle remains approxi-found. Two successive regimes during the spreading have been
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distinguished. The influence of the initial conditions on the evo-  Molten-Metal Droplets on Electronic Substrates,” ASME J. Heat Transfer,

lution of the apparent wetting angle was analyzed in both regimes[S]
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Nomenclature

Ca

o
rTIo>caMas

capillary number v o 1)
specific heatd kg * K™%
diameter(m)

energy(J)

frequency(s %)

heat transfer coefficiertWvm 2K %)
nondimensional heighi(visible height)/q)

latent heatd kg1

Ohnesorge numbefWe)"%Re)
Prandtl number gc,\; %)
heat transfer ratéw)
Reynolds numbergy odox %)
surface(m?)

Stefan numberdy(Tp,—TooL %)
time(s)

temperaturéK)

volume (m°)

velocity (m s°%)

= Weber number gv3doo %)
Greek Symbols

a = apparent wetting angle
B = spread factor
y = first ripple angle
A = difference
N = thermal conductivitWm™*K %)
u = dynamic viscosity(Pa s)
p = density(kg m™3)
o = surface energyJm ?)
Subscripts
0 = initial
1 = droplet
2 = substrate top surface
3 = substrate bottom surface
11 = first ripple
c = contact line
e = effective
eq = equilibrium
I = liquid
m = melting point
max = maximum
s = solid, solidification
spr = spreading
o« = final, arrested
References

and Experimental Investigation of Interface Bonding via Substrate Remelting
of an Impinging Molten Metal Droplet,” ASME J. Heat Transfer18, pp.
164-172.

[8] Bennett, T., and Poulikakos, D., 1994, “Heat Transfer Aspects of Splat-
Quench Solidification: Modeling and Experiment,” J. Mater. S@9, pp.
2025-2039.

[9] Pasandideh-Fard, M., Bohla, R., Chandra, S., and Mostaghimi, J., 1998,
“Deposition of Tin Droplets on a Steel Plate: Simulations and Experiments,”
Int. J. Heat Mass Transf41, No. 19, pp. 2929-2945.

[10] Wang, G. X., and Matthys, E. F., 1996, “Experimental Investigation of Inter-
facial Thermal Conductance for Molten Metal Solidification on a Substrate,”
ASME J. Heat Transfer]18, pp. 157-163.

[11] Blake, T. D., and Haynes, J. M., 1969, “Kinetics of Liquid/Liquid Displace-
ment,” J. Colloid Interface Sci.30, pp. 421-423.

[12] Dussan, E. B., 1979, “On the Spreading of Liquids on Solid Surfaces: Static
and Dynamic Contact Lines,” Annu. Rev. Fluid Mecil, pp. 371-400.

[13] Hoffman, R. L., 1975, “A Study of the Advancing Interface, I—Interface
Shape in Liquid-Gas Systems,” J. Colloid Interface SB0, pp. 228—-241.

[14] Fukai, J., Shiba, Y., Yamamoto, T., Miyatake, O., Poulikakos, D., Megaridis,
C. M., and Zhao, Z., 1995, “Wetting Effects on the Spreading of a Liquid
Droplet Colliding With a Flat Surface: Experimental and Modeling,” Phys.
Fluids, 7, No. 2, pp. 236-247.

[15] Waldvogel, J. M., and Poulikakos, D., 1997, “Solidification Phenomena in
Picoliter Size Solder Droplet Deposition on a Composite Substrate,” Int. J.
Heat Mass Transf40, No. 2, pp. 295—309.

[16] Xiong, B., Magaridis, C. M., Poulikakos, D., and Hoang, H., 1998, “An In-
vestigation of Key Factors Affecting Solder Microdroplet Deposition,” ASME
J. Heat Transfer120, pp. 259-270.

[17] Inada, S., Miyasaka, Y., Mishida, K., and Chandratilleke, G. R., 1983, “Tran-
sient Temperature Variation of a Hot Wall due to an Impinging Water Drop:
Effect of Subcooling of the Water Drop,Proceedings of the Joint ASME/
JSME Thermal Engineering Conferenaél. 1, ASME, New York, pp. 173—
182.

[18] Pederson, C. O., 1970, “An Experimental Study of the Dynamic Behavior and
Heat Transfer Characteristics of Water Droplets Impinging Upon a Heated
Surface,” Int. J. Heat Mass Transi.3, pp. 369—-381.

[19] Savic, P., and Boult, G. T., 1955, “The Fluid Flow Associated With the
Impact of Liquid Drops With Solid Surfaces,” Report No. MT-26, Nat. Res.
Council Canada.

[20] Toda, S., 1974, “A Study of Mist Cooling”(2nd Report: Theory of Mist
Cooling and Its Fundamental Experimentdeat Transfer Japan. ReS8,,No.

1, pp. 1-44.

[21] Ueda, T., Enomoto, T., and Kanetsuki, M., 1979, “Heat Transfer Character-
istics and Dynamic Behavior of Saturated Droplets Impinging on a Heated
Vertical Surface,” Bull. JSME22, No. 167, pp. 724-732.

[22] Chandra, S., and Avedisian, C. T., 1991, “On the Collision of a Droplet With
a Solid Surface,” Proc. R. Soc. London, Ser.482, pp. 13-41.

[23] Stow, C. D., and Hadfield, M. G., 1981, “An Experimental Investigation of
Fluid Flow Resulting From the Impact of a Water Drop With an Unyielding
Dry Surface,” Proc. R. Soc. London, Ser. 873, pp. 419-441.

[24] Wachters, L. H., and Westerling, N. A. J., 1966, “The Heat Transfer From a
Hot Wall to Impinging Water Drop in the Spherical State,” Chem. Eng. Sci.,
21, pp. 1047-1056.

[25] Mundo, C., Sommerfeld, M., and Tropea, C., 1995, “Droplet-Wall Collisions:
Experimental Studies of the Deformation and Breakup Process,” Int. J. Mul-
tiphase Flow21, pp. 151-173.

[26] Yarin, A. L., and Weiss, D. A., 1995, “Impact of Drops on Solid Surfaces:
Self-Similar Capillary Waves and Splashing as a New Type of Kinematic
Discontinuity,” J. Fluid Mech. 283, pp. 141-173.

[27] Ohl, C. D., Philipp, A., and Lauterborn, W., 1995, “Cavitation Bubble Col-
lapse Studies at 20 Million Frames Per Second,” Ann. Physipzig), 4, No.

1, pp. 26-34.

[28] Levin, Z., and Hobbs, P. V., 1971, “Splashing of Water Drops on Solid and
Wetted Surfaces: Hydrodynamics and Charge Separations,” Philos. Trans. R.
Soc. London, Ser. A269, pp. 555-585.

[1] Orme, M., 1993, “A Novel Technique of Rapid Solidification Net-Form Ma- [29] Hayes, D. J., Wallace, D. B., and Boldman, M. T., 1992, “Picoliter Solder

terials Synthesis,” J. Mater. Eng. Perforrg,,No. 3, pp. 399-405.

Droplet Dispension,”ISHM Symposium 92 Proceedingsp. 316—321.

[2] Orme, M., Huang, C., and Courter, J., 1996, “Deposition Strategies for Conf30] Arx, M. v., 1998, “Thermal Properties of CMOS Thin Films,” Ph.D. thesis,

trol of Microstructures Microporosity and Surface Roughness in Droplet-
Based Solid Freeform Fabrication of Structural Materiald/félt Spinning,
Strip Casting and Slab Castiniylatthys, E. F., and Truckner, W. G., eds., The
Minerals, Metals and Materials Society, Warrendale, PA, pp. 125-143.

[3] Hayes, D. J., and Wallace, D. B., 1998, “Solder Jet Printing: Wafer Bumping
and CSP Applications,” Chip Scale Re2, No. 4, pp. 75-80.

ETH Zurich.

[31] Poulikakos, D., 1994Conduction Heat TransferPrentice-Hall, Englewood
Cliffs, NJ.

[32] Bennett, T., and Poulikakos, D., 1993, “Splat-Quench Solidification: Estimat-
ing the Maximum Spreading of a Droplet Impacting a Solid Surface,” J.
Mater. Sci.,28, pp. 963-970.

[4] Waldvogel, J. M., Diversiev, G., Poulikakos, D., Megaridis, C. M., Attinger, [33] Schiaffino, S., and Sonin, A. A., 1997, “Molten Droplet Deposition and So-

D., Xiong, B., and Wallace, D. B., 1998, “Impact and Solidification of

Journal of Heat Transfer

lidification at Low Weber Numbers,” Phys. Fluid8, pp. 3172-3187.

AUGUST 2000, Vol. 122 / 555

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



[34] Fukai, J., Zhao, Z., Poulikakos, D., Megaridis, C. M., and Miyatake, O., 1993[38] Tanner, L. H., 1979, “The Spreading of Silicon Oil Drops on Horizontal
“Modeling of the Deformation of a Liquid Droplet Impinging Upon a Flat Surfaces,” J. Phys. D: Appl. Physl2, pp. 1473-1484.
Surface,” Phys. Fluids A5, pp. 2588—2599. [39] Voinov, O. V., 1976, “Hydrodynamics of Wetting,” Fluid Dyn11, pp. 714—
[35] Schiaffino, S., and Sonin, A. A., 1997, “Motion and Arrest of a Molten Con- 721.

tact Line on a Cold Surface: An Experimental Study,” Phys. Fluiispp. [40] Kistler, S. F., 1993, “Hydrodynamics of Wetting,” Wettability, Berg, J. C.,
2217-2226. ed., Marcel Dekker, New York.

[36] Pasandideh-Fard, M., Qiao, Y. M., Chandra, S., and Mostaghimi, J., 1996411 Haferl, S., Poulikakos, D., and Zhao, Z., 1999, “Employing Scanning Force
“Canillary Effects During Droplet Impact on a Solid Surface.” Phys. Eluids Microscopy to Investigate the Dynamic Wetting Behavior of Liquid Micro-
piiiary 9 P P ' ys. ' droplets on Smooth Surfaces: Gathered Experiences,” Poster Presentation, Eu-
8, pp.IS_650—8659.h | “Mol | ropean Research Conferendd&dJRESCO)Solid/Fluid Interfaces: Complex
[37] Zarzalejo, L. J., Schmaltz, K. S., and Amon, C. H., 1999, “Molten Droplet Fluid Interfaces, Castelvecchio Pascoli, Italy.

Solidification and Substrate Remelting in Microcasting, Part I—Numerical[42] waldvogel, J. M., Poulikakos, D., Wallace, D. B., and Marusak, R., 1996,

Modeling and Experimental Varification,” Heat Mass Transfé4, pp. 477— “Transport Phenomena in Picoliter Size Solder Droplet Dispension,” ASME
485. J. Heat Transfer]18, pp. 148—156.
556 / Vol. 122, AUGUST 2000 Transactions of the ASME

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Forced Convection in High
Porosity Metal Foams

This paper reports an experimental and numerical study of forced convection in high

V. V. Calmidi’ porosity (~0.89-0.97) metal foams. Experiments have been conducted with aluminum

. metal foams in a variety of porosities and pore densities using air as the fluid medium.
R. L. Mahalan Nusselt number data has been obtained as a function of the pore Reynolds number. In the
numerical study, a semi-empirical volume-averaged form of the governing equations is

CAMPmode, used. The velocity profile is obtained by adapting an exact solution to the momentum

Department of Mechanical Engineering, equation. The energy transport is modeled without invoking the assumption of local

University of Colorado at Boulder, thermal equilibrium. Models for the thermal dispersion conductivity, &nd the inter-
Boulder, CO 80309-0427 stitial heat transfer coefficient, Jp, are postulated based on physical arguments. The

empirical constants in these models are determined by matching the numerical results
with the experimental data obtained in this study as well as those in the open literature.
Excellent agreement is achieved in the entire range of the parameters studied, indicating
that the proposed treatment is sufficient to model forced convection in metal foams for
most practical applicationd.S0022-1481(00)01903-4]

Keywords: Convection, Experimental, Heat Transfer, Porous Media, Thermal

Introduction in which the medium has a distinct but continuous and rigid solid
Forced and uoyancyincucedconvection n porous media nRESE 21 8 1 e ey e el e
been studied extensively for over 50 yegsse Kaviany 1] for a As a result, most of the past studies on packed beds, and granular

good review on the subjectHowever, most studies in this cat- di t licable t tal f Th is th
egory have been restricted to packed beds and granular mater%%,ous media aré not applicable to metal foams. There IS thus a
€d to develop a fundamental understanding of the transport phe-

since they have direct application to naturally occurring porod¥ . L )
y bp y gp ipmena in these foams. As shown later in this paper, both numeri-

media, with porosities in the range 0.4-0.6. As discussed belo | and . tal studi " ded t te heat
there are relatively few investigations of transport phenomena‘ﬁ‘fil and experimenta’ studies are currently needed to generate hea

very high porosity medide>0.9) such as metal foams. transfer information for practical applications. .
Only during the last ten years, transport phenomena in metaIEnergy tranqurt in porous media ha; .ge.nerally been studied
foams have started to receive attent{fi—6]). Hunt and Tier{2] with the assumptlor_l of local thermal equmbrl_um among the two.
studied forced convection in metal foams with water as the fluﬁhases' Th?t is, asingle hqmogeneous equatlon IS .used to describe
phase. Using the technique of volume averaging, and under {fansport with the assumption that th_e solid and fluid phasgs have
simplifying assumption of local thermal equilibrium, they showed® Same temperature field. Following such an assumption, the

that a single energy equation could adequately describe forcdffctive stagnant thermal conductivity,, of a porous medium
convection in metal foams. Sathe et [@] studied combustion in 1S used to account for the solid and fluid phase conductivities. The

metal foams as applied to porous radiant burners. Lee ¢ghl. Stagnant conductivitk,, is sometimes augmented by the disper-
studied the application of metal foams as high-performance af©n conductivityky . Dispersion is a hydrodynamic phenomenon
cooled heat sinks in electronics packaging. In their experiment4hich becomes prominent at high Reynolds numbers, especially if
study, they demonstrated tha 1 cnf chip dissipating 100 W ke is small in magmtude._ Se\_/eral e_mp!rlcal and analy_tlcal studle_s
could be cooled using an aluminum foam heat sink, and a lofjave attempted to quantify dispersion in porous and fibrous media
power muffin fan. Recently, Calmidi and Mahajg5i addressed ([2,7—9). The general conclusion is that at high Peclet numbers,
heat conduction in aluminum metal foams. They obtained expek IS linearly proportional to the local flow velocity.
mental data and developed an analytical model for the thermalUnder certain situations, however, the assumption of local ther-
conductivity, taking into account the open-celled structure é¢hal equilibrium has to be relaxed. Such a condition might arise
metal foams. Bhattacharya et 8] extended that work to cover a when there is internal heat generati¢8]) or when the difference
wider range of solid to fluid conductivity ratios. Further, the andh the stagnant conductivities of the solid and the fluid phases is
lytical model was refined to address issues of isotropicity. significant. The latter situation is encountered when metal foams
Our review suggests that there are no thermal transport stud@g used with low-conductivity fluids like air or water. With local
in the literature(pertaining to high porosity metal foainthat (a) thermal nonequilibrium, the solid and fluid temperature fields
employ experimentally validated thermal conductivity data), have to be obtained separately. In addition, appropriate coupling
consider local thermal nonequilibrium among phases, (@hdc- IS necessary between the solid and fluid phase energy equations to
curately consider metal foam microstructure. The focus of th&ccount for the interfacial heat transfer.
paper is to take these factors into account. The focus of this study is forced convection in metal foams.
Metal foams(Fig. 1) can be broadly classified as porous medi&irst, the experimental method used to obtain Nusselt number data
for a number of aluminum metal foam samples with air as the
To whom correspondence should be addressed. Currently at the Advanced THstid medium is described. Following a discussion of the appro-
mal Engineering Laboratory, IBM Microelectronics, 1701 North Street, Endicott, NYoriate form of the governing equations of momentum and energy
13760. _ o in metal foams, the details on the numerical method used to solve
Contributed by the Heat Transfer Division for publication in tiBUJRNAL OF : . .
them are provided. Finally, the numerical results are compared

HEAT TRANSFER Manuscript received by the Heat Transfer Division, May 17,-" ! . @
1999; revision received, Feb. 14, 2000. Associate Technical Editor: R. Douglasswith the experimental data to obtain values of empirical constants

Journal of Heat Transfer Copyright © 2000 by ASME AUGUST 2000, Vol. 122 / 557

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



glass tube to a fan/motor assemighot shown in figure)down-
stream of the test sample. The direction of air flow is from left to
right as shown in Fig. 2. Very low conductivity styrofoam was
used to block the space around the sample to fully prevent flow
bypass. A pressure transducer was used to measure the pressure
drop across the metal foam sample. An orifice plate was used to
measure the flow rate through the metal foam sample.

The metal foam samples were brazed to 9.5-mm thick alumi-
num skins on two sides. On one of the skins, grooves were cut to
isolate a section of the metal foam. Patch heaters were fixed to
this isolated portion of the skin between the grooésg. 3). The
resulting physical dimensions of the heated section of the metal
foam are 63 mmx45 mmx114 mm. The grooves in the skin were
loosely filled with insulating material to prevent conduction losses
from the heated to the unheated sections. Then, two(thimm)

Fig. 1 Picture of a typical metal foam sample grooves were cut in the metal foam below the grooves on the skin
(Fig. 3). This was done to prevent back-conduction of heat from
the heated to the unheated sections. This isolating scheme ensures
in the thermal dispersion and the interfacial heat transfer coeftirat fully developed flow enters the heated section of the metal

cient models. foam (Calmidi [10]). Six 36-gage T-type thermocouplésxial
thermocouplesvere fixed along axial locations in the skin as
Experiment shown in Fig. 3. For some samples, two thermocouples were fixed

A schematic of the experimental setup is shown in Fig. 2. At off-center locations25 mm from the centgr Two additional
minum metal(alloy T-6201)foam samples of size 63 mx#5 thermocouples were used_ to monrtor the ambient temperature and
mmx196 mm were used in the experiments. Table 1 lists tfhie temperature of the air at the midplane pefore it entered the
characteristics of the samples that were used in the experimdiftated section. The total flow rate was estimated according to
The porosity is the void volume fraction and the pore density 8SME/ISO-5167-1:1991 using the pressure drop across the ori-
the number of pores per unit length of the mate(@®!, pores per fice plate as well as the temperature and pressure of the air enter-
inch) and, d; and d, are the average fiber diameter and por#g the orifice plate. The average velociguperficial)of air flow-
diameter, respectively. The porosity of each sample was estimated through the metal foamy,, is then the average flow rate
using the weight of a given volume of the sample and the densitjvided by the area of cross section.
of aluminum alloy T-6201. The fiber diametel;,, was measured  During a typical experiment run, the speed of the motor was
using a microscope, and the pore diamedgr, was estimated by adjusted such that the flow velocity was set at a desired value. The
counting the number of pores in a given length of material. Bofhower input to the patch heaters was set between 15-35 W. The
d andd, are average values. The pore denéRPl)is a nominal temperature readings indicated by the thermocouples were moni-
value supplied by the manufacturer. tored until they reached steady state. This took approximately

For each experimental run, a metal foam sample was placedsin1o minutes depending on the flow velocity. It typically took
a plexiglass tube. Air flow was achieved by connecting the pleXonger at lower flow velocities. The temperatures were monitored

for an additional interval of five minutes to ensure that steady
state had indeed been reached. Steady state was assumed if the
Insulatiqq (for ducting) temperature did not vary more than 0.1°C during a five-minute
Metal Foam e, phsmikoougles Orifioe Pl interval. The temperature readings of all the thermocouples with
respect to the ambient temperature were noted. The temperature
variation along the axigx-direction)was within 15 percent of the

: AIR FLOW___= average value, while the temperature variation perpendicular to
the axis(z-direction)was less than 0.1°C in all the experimental
runs. The air temperature before it entered the heated section
(T;,) was also measured. It was slightly higher than the ambient
.l '\ temperature Tymp, but always less than two percent of the maxi-

mum wall temperature, indicating that back-conduction effects
T"“ra:ssd“l‘;ﬁer Pressure were negligible. Figure 4 shows the ddveall temperature varia-
Transdugar tion) collected from a typical experiment for SampléTable 1).
The data collected for all the samples is documented in Calmidi
Fig. 2 Schematic of the experimental setup used for the [10].
forced convection experiments Using the measured wall temperature data, the heat flux is con-

Table 1 Characteristics of metal foam samples used in experimental study

. ‘df (m) dp (m) K kse kfe

# Porosity PPI Fiber Dia. Pore Dia. f (*10" m?) (W/m-K) (W/m-K)

1 0.9726 5 0.00050 0.00402 0.097 2.7 2.48 0.0256
2 0.9118 5 0.00055 0.00380 0.085 1.8 6.46 0.0237
3 0.9486 10 0.00040 0.00313 0.097 1.2 4.10 0.0248
4 0.9546 20 0.00030 0.00270 0.093 1.3 3.71 0.0250
5 0.9005 20 0.00035 0.00258 0.088 0.9 7.19 0.0233
6 0.9272 40 0.00025 0.00202 0.089 0.61 5.48 0.0242
7 0.9132 40 0.00025 0.00180 0.084 0.53 6.37 0.0237
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Metal foam Heaters Skin The effect of varying the power input to the heaters was also
investigated to verify that nonlinear effects like buoyancy, radia-
tion, and property variation were negligible. In all cases studied,
the Nusselt number was found to be nearly independent of the
input power.

The experimental error estimate can be made based on the ac-
curacies in the measurement of the individual quantities. The error
(thermocouple calibration and resolution of the data acquisition
device)in the estimation ofAT,,4 is 0.3°C. Based on the pub-
lished accuracies of the voltmeter and ammeter, the error in the
estimate ofg is two percent. The errors in the estimate of the
length and area are neglected because they are extremely low
(<0.3 percent of the measured quantitBased on these values,
the error in the estimate of the Nusselt numbers is 4.3 percent.
This estimate is based on a representative valusTof,q of 8°C.
Based on the accuracy of the pressure transducers, the error in the
estimate of the velocity is 4.1 percent.

Grooves filled with insulation

L

Fig. 3 Schematic of side and top views of metal foam samples Analysis
used in the experiments .
The steady volume-averaged momentum equation that governs

fluid flow in porous media is given by

verted into an average Nusselt number. The average temperature
AT, is defined as the average of the six values of the tempera- )% p

p M f
ture measured. That is, ?V°UU= —Vp+ ;Vzuf Ky~ \/—RHuHu. (4)
n
E Twi / n—"Tin (1) In Eq.(4), the drag due to the fibers is represented by the familiar
=1 non-Darcy formulation. The third term on the R.H.S. of E4).is
wheren is the number of points where the wall temperature wdbe traditional Darcy term which is used to account for the pres-
measured. It is noted that, although this value is not the actifalre drop due to viscous friction at the walls of the fibers, and the

average wall temperature, it does represent an appropriate scal®usth term is the nonlinear correction and represents the pressure
represent the temperature difference. Next an average heat tratigp due to the form drag and the flow separation that takes place

AT g™

fer coefficient is defined as at higher Reynolds numbers. A linear superposition of the two
— terms as shown here is semi-empirical, but has been known to
h=0a/(AAT g (2)  match experimental data in many situatiofig,8,11-13]). A

whereq is the power input to the heaters afds the area of cross Modified form of Eq.(4) was used by Calmidil0], Chapter 3, to
section of the metal foam. From this, an average Nusselt numisi§termine the permeabiliti, and the inertia coefficient, of the

is calculated usin metal foam samples. These are listed in Table 1.
g _ The energy equations for the solid and the fluid phases based on
Nu=hL/ke (3) thermal nonequilibrium are

wherelL is the length of the heated section of the metal foam, and

ke is the effective thermal conductivityk{.+kse) as given in o:i JTs +i T, AT o
Table 1. IX se IX &y se (?y sfAsfl I's f
20 [~ e e

L 4fuo=0.61 m/s .
L xwo=1.00 m/s ]
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Fig. 4 Variation in wall temperature with average flow velocity (Sample 2,
Table 1)
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Ty 0 aTy 9 aTy Based on earlier wor[{2_,7_]), the following model is proposed for
(pCp)tu X ( (KretKg) W) + 7y ( (kretkgq) W) the dispersion conductivity:
K u
+hsas(Ts—Ty). (6) k_d:CD(Rq<Pre) e (12)
e o]

The coupling between the two equations is achieved using the

interfacial term which represents the heat transfer between the '[]lMCEq (]_2), the coefficient of thermal dispersi(ﬂD , remains to
phases via a heat transfer coefficient;, and the specific surface pe determined. As a simplification, this model fiey does not
area,ass. It is important to note that Eqs5), and(6) are semi- account for wall effect§/19,20])except through the change in the
empirical and are not the full volume-averaged forms of the eRelocity profile near the wall.
ergy equationg[14,15]). The full volume-averaged treatment is One of the most comprehensive models for the interfacial heat
considerably complex, and has been solved exactly only fort@nsfer coefficienthy;, for packed beds is by Wakao et al.
one-dimensional system of parallel capillary tufEES]). How- ([17]). For foamed materials, however, no such general model
ever, it is noted that the semi-empirical treatment employed hesgists. However, the radial temperature gradients within the fibers
has been successfully used in the past to model transport in bggls expected to be small and it is reasonable to use the Nusselt
of sphereq[17,18]). number correlation for external flow over a body of an appropriate
An analytical model for obtaining the effective conductivity ofcross section. Based on a correlation developed by Zuka{@kéas
metal foams has been derived([i5]). Their experimentally vali- for cylinders in crossflow in the range of Reynolds numb@ts—

dated model was based on the structure of metal foams. It1i§00), a model for the interfacial heat transfer is proposed as
reproduced as follows:

b b hedy
rlo (1-nlT Nugy=—— = CrR&PPS" (13)
f
b) (koK) 2D . .
1+ == k¢ + 3T (ks—ks) In Eq. (13), an empiricism has been introduced in the form of the
undetermined coefficie@;. The Reynolds number is based on

ki +

_1 the cylinder diameter and Pr is the fluid Prandtl number. In apply-
E_ E ing this correlation, the noncircular cross section of fibers has to

2 L be considered. However, upon examination of the Nusselt number
( (7)  correlations for external flow over bodies of varying cross sec-

4ar
K+ —=

3V3

wherer =0.09, and the ratid/L is given by

E)(k —k) tions ([22]), it appears that the exponent of the Reynolds number
L) has a weak dependence on the cross section. The multiplicative
constant in Eq(13), however, varies considerably. Based on these

observations, Zukauskas' correlation has been modified as shown

3 4 in Eq. (13). Further, it is noted that, in Eq13), the Reynolds
—r+ \/r2+4(1—s) _( 2—rl 14+ — )/3 number is based on the fluid velocity near the fiber. Hence, due to
2 J3 the presence of the solid matrix, its point value is=Red;/ev).

L > 2 . The solid-fluid interfacial surface area for arrays of parallel cylin-
3 ( 2—r( 1+ T ) ders intersecting in the three mutually perpendicular directions is
3
(8) 3mds
. . . . . . Ast=—7 (14)
The solid-phase conductivitke,, is obtained by setting; =0, in dp

Eq. (7). By doing so For metal foams, this expression is modified by taking the struc-
b b \/§ b -1 ture into accountii.e., open cells shaped like dodecahedra, and
2 r( L) (1- r)(E) >0 noncircular fiber cross-sectiprBy doing so, the values af, and
Kee= (_) + + ] d¢, as given in Table 1, are multiplied by 0.59, and 1
V3 1+ byks  2(b 4r (b —e ((1=2)/009 " ragpectively(see[10], Chapter 1before being
L/3 3L 3EIL ks used in Eq(14).
) The transport equation&gs. (4)—(6)) are nondimensionalized
using —X=x/H, Y=y/H, U=u/u,, 60=(T—T;,)/AT,,4 Where

Similarly, ke is obtained by settinggs=0 in Eq.(7), u, is the average velocity entering the chaniéis the height of
b b the channelA T, is the average wall temperature, ahg in the
r(— (1—r)(—) inlet fluid temperature. The resulting equations are
2 L L
kfe: (_ 2
3 b} (—ky) 2(b dU_ 2 y_ps R 2_
ket | 1+ T 5= kit 5(T) (ko) v~ eVt o fVe(U*=1) (15)
3 p -1 1 (d%6s d?o
gff 0=B—i(ﬁ§+ 7|~ (65— 61) (16)
S
2 1o . (10)
r a0 J Da a0
AT ([ a0
AT Uox &X((qurfe+CDU)&X
Values ofkg. andk;, obtained using Eq$9) and(10) are listed in 9 (( Da ) agf) Bi;
Table 1. +SllezeTCoU |5t (65— 01)
In Egs.(5) and(6), the dispersion conductivity is assumed to be oY || R&cPrre oY ] Re&Pre
isotropic. That is a7
kdX: kdy: kd . (11) Whel’e
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ug VK JK herasH? herasH VK a specified error of 1C°. This method of calculating the velocity
Rec= Da=W Bis:k— Bif=k—. profile was checked by solving the full two-dimensional momen-
v se fe 18 tum equation, Eq(4) in a rectangular domain with an aspect ratio
(18) (length to heightpf two using the ADI Method of Peaceman and
Note that B and Bi are not constants but vary along theRachford(see[24]). The fully developed velocity profile obtained
y-direction, sincehg; (Eq. (13)) depends on the velocity. In Egs.from this simulation was identical to the exact solution given by
(15)—(18), all quantities excepfp andC+ are known. Eqg. (21). Since computational time could be saved considerably
The heat dissipation from the heated wall occurs both throu@ly using the exact solution, it was employed for all further
the fluid phase and the solid phase. Hence, the total heat tragsmputations.
ferred can be written as The energy equations were solved using the ADI finite differ-
L JT JT ence scheme of Peaceman and Rachff2d]). The convective
i 7t term in the fluid-phase equation was discretized using first-order
(kse +Kse )dx. (29) i ] P €q a I using C
Iy Iy upwind differencing for increased stability. The diffusion terms in

Writing Eqg. (19) in nondimensional form, an average Nussel&nh
number for the heated surface is

q=hLAT = —f
0

e solid-phase and fluid-phase equations were discretized using
ree-point stencils in each direction. To avoid energy balance
problems, the numerical domain was extended by five percent at
hL LH Koo 905 Ko 00 the inlet and the exit. Extensions of 10 percent and 15 percent had
Nu=k—: —f o 0_Y+ k—&—Y)dX. (20) no effect on the temperature field or the Nusselt number in the
e 0 e e heated section. The equations were marched to asymptotic steady
Equation (20) has been formulated to directly compare experiState. The convergence criterion for steady state was that the
mental results with model predictions. change in the solid-phase and fluid-phase temperatures was less
than 10* between successive iterations. At steady state, a heat
: balance within one percent was obtained. A time-step of size 0.03
Numerical Procedure was found to be an efficient value. While reducing the time-step
A schematic of the numerical domain is shown in Fig. 5 alongelow this value did not have any effect on the final solution, the
with the orientation of the coordinate axes. Numerical boundagpnvergence rate slowed down.
conditions are also shown in Fig. 5. For the heated wall, the ex-
perimentally determined wall temperature profile is specified. The
temperature gradients for both the solid phase and the fluid ph&@gd Dependency and Code Validation
are zero on the insulated wall. At the inlet, the fluid is assumed to . . . L .
A constant grid spacing was used in tkalirection and a vari-

enter at the inlet temperatuig,,. At the exit, a zero diffusion : . ) L . .
condition is assumed for the fluid phase. This assumption is n?é)-le 9?'0' spacing was used in thedirection. The varlable grid
Was laid out in three layers. In Layers | and lll, adjacent to the

sonable, since advection is expected to be the dominant modeh ted and insulated walls. r tivel nstant arid in

transport in the streamwisg) direction. The solid phase is as- eated a sulated walls, respectively, a constant grid spacing

sumed to be insulated at both the inlet and the exit. AY was used. In Layer Il, sandwiched between Layers | and Ill, a
é/arlable grid was used. Table 2 summarizes the results obtained

A fully developed velocity profile is prescribed at the inlet. This,” . .
; " . : . during the grid dependency tests for one of the test saniplss
velocity profile (function of Y alone)is calculated using the exact[lo]’ Chapter 4with Re =84.1.

solution for the second-order nonlinear ODE, ). Followin . . . .

Vafai and Kim[23], the exact solution due Eﬁlow throug% a The Erst COIT'mnd'r;”Tablﬁ 2Yrgfers to th_lghconstantdgnddspr?c(ljng
D ' . . in Layers | an in theY-direction. The second and thir

channel is given by expressing the pressure drop in terms of columns refer to the number of grid points in Layer Il and the

center-line velocity. It is reproduced below: total number of grid points in th&-direction, respectively. The
A+B ) fourth column is the number of grid points in the heated section
1—| =z |(cosiD(1—-2Y+C))) along theX-direction. Based on the grid dependence study, the
grid parameters listed in the second row were used for all
A=¢f Re/6D& B=¢/(4D&)+2A (21) computations.
In order to validate the code, numerical results were compared
1 }ﬁ A+ B) 1 b A+B to those of Yokoyama and Mahaj5] as summarized in Table

u=u,

C=- Bacos A 2 3. The numerical result§25]) are indicated within parentheses.
. . . .. _P€ in Table 3 is defined accordin 5]).
Since the average velocity,, and not the center-line velocity is g 125
known, the center-line velocity had to be guessed and iterated
until mass balance was achieved. That is, the integral of the non-
dimensional velocity over the height of the channel is unity within ~ Table 2 Results from grid dependency simulations

AY nY2 nY nxheat Nu
Fully developed Tif= i?\ - 5104 51 63 80 10.97
flow enters Adiabaticwall 3y 0y — [ 2.5:10* 51 73 80 11.02
—_— S— 25104 101 123 80 11.02
v 251074 51 73 120 11.02
— 1 METAL FOAM —
 » X — Table 3 Comparison of numerical results with those in
/ \\ Yokoyama and Mahajan [25]
% Heated Wall (67= 05 = 8,/x)) 90,0)-0 Pet Cp=0 Cp=0.025
efs—j"=0 xS D DTV
o 5000 64.9(64.5) 80.1 (79.4)
7000 75.5(75.0) 98.5 (97.9)
Fig. 5 Schematic of numerical domain with boundary condi- 10000 88.8(88.1) 123.6 (124.9)
tions
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Results and Discussion To understand the relative magnitudes of the various transport
Using the numerical code, computations were performed for tﬁgir;?er??gtae’s't;f tﬁze:]lélattg ; )ﬁ;} 'nli tl?iz sg Il(tjhgr}g Jgf'g;g?%ig %?t
conditions of the experiments to verify if the results could b & nondimensional heat transfer ratt two components of Eq.

matched in a reasonable manner, and to determine appropri ;
values forCp and C;. The experimental data was colleg?edﬁn%) are plotted. Clearly, the fluid-phase component accounts for

the range of nondimensional parameters,cRel-135, Da a Teglég'bly small po_réllon (I)f thegotal heat rate.dF_urth_er, |t_|s_hl_ocal
~5X10 °~1x10°2, and Pg2.6X10 °—7.5x10°%. Note value decreases rapidly along the streamwise direction. This can

. ' ' : ’ be explained as follows. The predominant mode of transport from
that the effective Prandtl number values are extremely small co

; ) tHe heated surface to the fluid is by conduction through the solid
pared to the fluid Prandtl numbéd.707)due to the high thermal o0 a0 interfacial heat transfer from the solid to the fluid
conductivity of the metal foam.

First, the condition of zero dispersidie., Co = 0) was studied phase. Due to the efficient interfacial heat transfer, the fluid tem-
3 L., Lp— .

Figure 6 shows a plot of the Nusselt number as a function Bgrature is close to the solid temperature. This has an effect of

. ; _ creasing the fluid temperature gradient at the ¢msllthicken-
RexPr, for different values oCy with Cp=0. The results are for :IEE? the boundary layer), and consequently the local heat transfer
e

Sample 2, and the experimental points are shown by the solffe 'r\ther, since the fluid conductivity is much smaller than the
symbols. As expected, the Nusselt number increases with incregsgy

in C+ since the efficiency of heat transfer between the two pha:
improves. However, note that there is practically no difference In

tr|1e cotmptlqutedthresultls mT‘I'>bO'.52 'nd'cda.‘tt.'ng ﬂlft the 7pha;]ses atrqwot been taken into account. It can be seen from the plot in Fig. 8
close 1o the thermal equilibrium condition. Figure 7 SNOWS U a¢ the heat transferred directly to the fluid from the heated wall
varlatlon_of the temperature profile along the transverse d'reCt'@ negligible compared to the heat transferred interfacially from
?ht thed_mgi[i!ane fchththree d'tfferem tRheynoltljlstnumberts. N%tf e solid to the fluid. Hence, the dispersion phenomenon that pri-

e adiabatic wall temperaturé.e., the wall temperature mgrily enhances the wall heat transfer, is expected to be low.

= 1) for the solid and fluid phases is not the same as the ambi?—‘? ure 9 shows a plot of the total Nusselt number as a function of

temperature for all three values of ReHowever, as Re in- R;lfPre for Sample 2. The plots are for two different valuesGsf

conductivity, the net heat transferred from the wall to the
dis low.
In the numerical results presented so far, thermal dispersion has

creases, the adiabatic wall temperature approaches the ambél hown in the figure. For ea@y value, two lines are shown
temperature. The indication is that the thermal boundary layer ey are the results of numerical simulations with and without the

the heated wall decreases with increase ip Re inclusion of dispersion effects. For the simulations for which dis-
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. . . Fig. 8 Solid and fluid phase local heat transfer rate. Sample 2,
Fig. 6 Nu as a function of Re ,Pr, for different values of Cy. Re,=103.8.

Data are for Sample 2.
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562 / Vol. 122, AUGUST 2000 Transactions of the ASME

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 4 Characteristics of foam samples used in Hunt and effect on the overall transport is negligible because, as mentioned
Tien [2] before, the dominant mode of transport is by conduction through
the solid phase and interfacial convection, which is largely unaf-

K* 10 k ks . : _ . : :
No. Material & d,(cm) (mD) . (W/r;e_K) (W/me_K) fected by Q|sper5|9n. The V§|lﬁD—0.1, used for |IIustrat_|ng this _
is not entirely arbitrary. It is based on order of magnitude esti-
H% g 8-8; 8-% g'éz 8-%%7 %-%77% %-5588 mates in([7]). In any case, it is clear that it is difficult to accu-
H3 Ni 097 01 006 0089 0854 0.579 _ratt_ely quantify dlsper5|o_n effe_cts when the solid-phase _conductlv-
H4 Al 097 02 48 017 2.19 0579 ity is much larger than its fluid-phase counterpart, as is the case
H5 Al 0.94 0.25 170 0.30 3.84 0.558 here.

Although an accurate estimate Gf, cannot be made by using
the metal foam-air experiments, an estimateGaf is possible.

400 —— 71— From Fig. 9, it is seen that a good match of the data with the
numerical results is obtained with;=0.52. This value is repre-
sentative of heat transfer from cylinders in crossflg241]). Fur-

ther, as will be seen later, this value Gf is sufficient to model
forced convection transport in metal foams with water as the fluid
phase. We note here that a two-equation model for energy may
not be necessary for all combinations of experimental data. How-
ever, a detailed study that establishes bounds for nondimensional
parameters for which two-equation analyses are necessary may be
useful for application to practical situatiorisee, for example,
[26]).

The only other experimental and theoretical work that addresses
forced convection in metal foams is that of Hunt and Tjén
Their study used foams made of aluminum, nickel, carbon, with
0 L T water as the fluid phase. Hence, the fluid conductivity is not a
negligible fraction of the effective conductivity. Consequently,

RePr, dispersion effects are expected to be much higher. Although an
. ) ) error was found in the numerical calculatiofhich eventually
Fig. 10 Nusselt number as a function of Re  «Pr, for different |4 to the conclusion tha@,=0.025), the experiments seemed to
values of Cp (Sample H3) be in order. Of the seven samples used in their experiment, five
representative samples were chosen for analysis (see Table
) _ _ . 4). The conductivities in the last two columns of Table 4 were
persion effects were included, a val0g=0.1 was used. As it iS eyalyated using the expressions developed in this stEdgs.
evident from the figure, dispersion has no significant effect on thg) (10)). Since water was used as the fluid phase, interfacial heat
total transport. This is immediately clear by re-examining the thejrnsfer was efficient and all samples satisfied local thermal equi-
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mal dispersion model postulated earlier, librium conditions as expecteC;=0.52 was used for the com-
Kq putations, based on the aluminum-air study described earlier.
k—=CD(Rq<Pre). (22) To study the dispersion effect numerically, Sample H3 was
e

chosen for investigation. The average heat transfer coefficients
For k4 to have any significant effect on the overall transport, ivere extracted from their experimental Nusselt numbers and used
must be at least of the same order of magnitudéasFor a here for comparison. The computed Nusselt numbers for different
typical value of RgPr,=0.3, andCp=0.1, k4 is merely three values of the dispersion coefficient,,, are shown in Fig. 10
percent of the total stagnant thermal conductivity. Although itslong with the experimental data. A reasonable fit is obtained for
value is still seventimes higher than the fluid conductivity, theCp=0.06. As expected, and unlike in the aluminum foam-air
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Fig. 11 Comparison of numerical simulations (this study) with the experi-
mental results in Hunt and Tien  [2] for samples in Table 4

Journal of Heat Transfer AUGUST 2000, Vol. 122 / 563

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



20 T T
I+ Sample 1 + j
L o Sample 2 N 4
o
I ... Simulation R b
151 e I
L i ]
- '.‘#'-'. 4
3 I s % 1
= 10— 7 % .
L - @ 4
b + Q>. 4
L i o_%u ]
L - i
2 _
Sr o i
O_ 1 . R N I ]
o] 50 100 150

Re‘

Fig. 12 Nusselt number as a function of Re
samples (Table 1)

 for the five PPI

L Sample 3 J
+ P 11_
- . . + o J
.. Simulat
| imulation _'._."‘h- |
L e -
10 &
L + .
3 I = 1
2 L 4 g
L - ]
+°
sk .
[¢] L ] 1 . ! 1
0 20 40 60 80 100 120
Rex
Fig. 13 Nusselt number as a function of Re , for the ten PPI

samples (Table 1)

15T T T T T T T T T T T T T T
I+ Sample 4 + ]
N
o Sample 5 + 1
L ... Simulation ++ @ 4
10l 4.7 R -
L FIRRANY ¥ J
L P i
3 He S
= L o & ]
L + .<>" i
s Ko _
° -
0 i L P L
¢] 20 40 60 80 100
Re

K

Fig. 14 Nusselt number as a function of Re
samples (Table 1)

« for the 20 PPI

15 T T T T T T T T v . . Y
L 4+ Sampie 6 i
o Sample 7 R
L .. Simulation ":::9.4. |
10f e E |
L LS |
3 [ O ]
= L ‘0,41- ]
._-‘+
" 9_,-.-4? |
5r o a
0 L L R 1
0 20 40 60 80
ReK

Fig. 15 Nusselt number as a function of Re
samples (Table 1)

k for the 40 PPI

enhancement compared to the low value of three percent obtained
earlier for the aluminum-air combination. The experimental re-
sults in([2]) are plotted in Fig. 11 for a thermal dispersion coef-
ficient value of 0.06. A good fit is obtained for all samples, sug-
gesting thailCp=0.06 is appropriate.

By analyzing the data collected in this study for foam-air com-
binations, and that published in Hunt and T[&r] for foam-water
combinations, the coefficien&; andC values of 0.52, and 0.06
seem reasonable. As a last check, numerical simulations were per-
formed for the same experimental conditions of all samfleble
1) used in the present study. The results of these simulations are
plotted in Figs. 12—15 as a function of the Reynolds number,
along with the experimental data. Once again, a very good fit with
the experimental data is obtained confirming the valueSpand
C; to be good. However, the following point is noted. There
appears to be a systematic deviation between the experimental and
computed results for high Reynolds number. In particular, the
numerical results appear to underpredict the experimental Nusselt
number for Re>80. The indication is that some other transport
enhancing effecte.g., turbulencejnay be taking effect. No such
systematic deviation is observed in the experimental results of
Hunt and Tien[2]. However, the maximum Reynolds number in
that study was around 60.

Summary

A detailed study of forced convection in metal foams has been
performed. The goal of the study was to quantify thermal disper-
sion and thermal nonequilibrium effects in metal foams. To this
end, both experimental and numerical methods were employed.
Experiments were performed with a wide variety of aluminum
metal foams. Results indicate that for foam-air combinations, the
transport enhancing effect of thermal dispersion is extremely low
due to the relatively high conductivity of the solid matrix. How-
ever, for foam-water combinations, ours and past available results
indicate that thermal dispersion can be very high and accounts for
bulk of the transport.

A thermal nonequilibrium model was used in all cases. The
values C;=0.52, andC,=0.06 were found to be appropriate.
Currently, forced convection transport in foamed materials is be-
ing studied using foams of other materiétsrbon, copperalong
with various fluids(air, water, FC-72)in order to reconfirm the
results of the present study. Those findings will appear in a future
publication.

combination used in this study, the dispersion effect is consider-

able here. In this particular case, heat transfer enhancement du
dispersion is almost 80 percent. Using E2R), and a representa-
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Estimating Number of Shells in
Shell and Tube Heat Exchangers:
A New Approach Based on
Temperature Cross

Multipass heat exchangers are often designed by using the rule of thgmb.F5, which

is rather arbitrary. F; falls sharply with the increase in temperature cross. Hence, only a
limited temperature cross can be allowed. The ability to accommodate temperature cross
increases rapidly as the number of shell passes is increased. Though many investigators
have emphasized the importance of temperature cross in exchanger design, it has as yet
not been explicitly accounted for in the design. This paper introduces a new approach for
estimating the number shells in a shell and tube exchanger which directly accounts for
temperature cross, rather than routing this effect through ¢t X, (Ahmad et al.’s
parameter, which is again a correction factor not directly related to temperature cross).
The approach is compatible with the established design procedures and bypasses the F

It generates better designs by defining maximum permissible temperature cross, than the
traditional designs based on specifying minimum permissikle Expressions have also
been provided which correlate the present formulation with that of Ahmad et al.
[S0022-1481(00)00803-3]
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1 Introduction passes, lowF; values force the designer to go for higher shell
Shell and tube heat exchangers have long been establishe(%?ssrsnaatrizlingzge;‘;s' Hendey is used as a criterion to screen
industry standard because of several advantages including hig ans.

hen multishell arrangements are found necessary, it becomes

heat transfer coefficients and compactness, ease of ConStrUCt'%ﬂinent to estimate number of shells required. This is done using
|

and maintenance. In case of the simplest shell and tube exchan - = . h
the 1-2 type, the liquid in one tube pass flows in counter ﬂog/yﬁg];;gaeltaglc[iﬁrror approach or the explicit formulation given

while in the other pass flows in parallel relative to shell fl(fd. . . N
1). The method of calculation of log mean temperature differenc This paper describes a new approach for estimating the number

LMTD for counter flow as well as parallel flow, is well estab-sehe”S in a shell and tube exchanger which directly accounts for

lished([1]). For a case, like that of 1-2 shell and tube exchang _ermperature cross. The approach is compatible with the estab-

where both types of flow co-exist, an analytical expression f?P h:g adrtzsgsnfé)ﬁg\(/:ve;jures and bypassesfpe Its main advan-
estimating effective temperature difference has been developed B )

Underwood[2] and later modified by Bowman et dB]. In this 1 The number of shells are calculated explicitly.

design practice, a correction facter is introduced into the basic

heat exchanger design equation, Eb).to take into account the

above phenomena,

Q=UA(LMTD)F; where O<F;<1. 1)

The F+ factor can be represented as the ratio of actual mea  — T ———— |

temperature difference in a 1-2 exchanger to counter flow LMTI
for the same terminal temperatures. The physical significance
F+ is given by many author§4-6J).

The difference between the outlet temperature of hot flliid, l,

and that of the cold fluidt, is thermally significant, and is called
temperature cros§ negative, andemperature approacif posi-

tive. When there is a large temperature cross in a 1-2 exchang L

local reversal of heat flow may be encountered, requiring exce »
sive exchanger area or even making the design infeasible. Tt

fact manifests itself into low values d¥;. Since the ability to (

accommodate temperature cross increases with increasing st

| T

1Address for correspondence: 71/3, Govind Puri, University of Roorkee, Roorke
247667, India.
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2 It generates better designs by defining maximum permissibleAhmad et al[7] have given an analytical expression for calcu-
temperature cross, than the traditional designs based on rulesdating number of shells directly,
thumb for specifying minimum permissibfer .

3 The procedure is conceptually better as it directly accounts In (1-R9
for the effect of temperature cross, rather than routing this effect (1-9)
throughF+ or Xp (Ahmad’s parameter, which is again a correc- N=—7"w (6)

tion factor not directly related to temperature cposs

. ) ) whereN is real (noninteger)number of shells, and
Expressions have also been provided which correlate the

present formulation with that of Ahmad et &r]. R+1+ JR*+1-2RXp
W= . (7)
R+1+VR?+1-2Xp

Equation(6) gives a value oN that satisfies precisely the cho-
n value ofX, . The problem now is, what should be the design
value of Xp? And how it will affect temperature cross and, con-
-T, sequentlyF+? Though Ahmad et al. emphasized the importance
(2) of temperature cross in exchanger design, they did not explain
how Xp accounts for temperature cross. Their choice of value of

2 The F¢ Correction Factors

Fr has been correlated as a function of dimensionless ritios,,,
andS, where

-
heat capacity ratioR= !
tr—ty

and Xp=0.9 is based offr=0.75 atR=1, which is again arbitrary.
to— What if a designer wants to use a lower valueXgf? How much
thermal effectivenessS= 2 11 ©) improvement in temperature cross aRg shall be achieved by
T—ty° this?

SinceF+ is used to screen alternative designs, before resorting
to detailed design calculation, designs with unacceptablyHqw
values are discarded. A commonly used rule of thumb requirgs Accounting for Temperature Cross
F+>0.75 for the design to be considered practical. However, the . L
use of this ad hoc criterion for 1—2 exchanger is arbitrary, and canSincé a 1-2 exchanger is a combination of counterflow and
lead to poor designs if not used with cautidi7,8]). Frank[9] parallel-flow passes, it may be expected that the_outlet tempera-
recommends that the 1-2 exchangers should not be desigHé® of one process stream cannot approach the inlet temperature
where F; factors approach a vertical slope, as small departufé the other very closely{1]). In fact, the difference between the
from the design point can result in precipitous decline of corre@utlet temperature of hot fluidl,, and that of the cold fluidt,
tion factor. Thus, the advice to the designer to refrain from déas particular thermal significance and introduces the terminology
signing with F1<0.75 comes mainly because of steep slopes of temperature approach, temperature “meet,” and temperature
the F1 curves in that region, which prohibits the designer to estfl0SS, as
mateF+ correctly. Secondly, the performance becomes sensitivewhent,<T,, there is temperature approach.
to small departure from given temperatures. Therefore, small fluc- hent.=T, th is t t t
tuations in terminal temperaturésonsequently, irs) will lead to whent; =T, there 1S temperature meet.
considerable variation in the value d¥;, leading to poor  whent,>T,, there is temperature cross.

operability. For a 1-2 exchangeF; falls sharply with increase in the value

of temperature crosst4{—T,). At large temperature cross, local
3 The Xp Design Method reversal. of heat flow leads to waste of heat transfer area..lﬂence,
Ahmad et al[7] have given an alternative approach based oonly a limited temperature cross can be aIIoweq. The ability to
the fact that for. any value R there exists a maximum asymptotic commodate a temperature cross increases rapidly as the number
of shell passes is increased.

value of S, defined aSm, and can be expressed as A dimensionless groug, proposed by Walesl0] and Guly-

2 ani and Mohanty11] accounts for the extent of temperature ap-
- 4) proach or crossG is defined as
S R L VR L @

T,—t
A 1-2 exchanger designed f&=S;,,, will not be feasible, =2 2 8)

since it corresponds 6= —. Ahmad et al. defined an accept- Timty
able design having the value & as a fractionXp, of Spax. Fr decreases moderately with decreasing posBwealues, but
Accordingly, falls sharply both where the temperature megt0) and where
S=S,.u Xp Where O<Xp<1. (5) the G values are negativétemperature crogs This fact is re-

] o vealed in Fig. 2, which shows the effect & on F; for 1-2
However, they don't provide a sound criterion to select thexchanger. From this figure, it is also evident that the higher the
design value ofKp. Also, Xp does not reflect the effect of tem-R, the sharper is the fall iRy .
perature cross. The parametelG is related to parameteR and S, by the
equation

4 Design for Multipass Exchangers G=1-S(1+R). )

Designers often encounter situations where eithelFthés too
low or the slope of; versusS curve is too large. If this happens,
the designer might be forced to consider multipass exchangersc.;

Traditionally, the designer would approach a problem requiri
multiple shells by trial and error. By assuming a number of shell
usually one in the first instance, tig is evaluated. If thé=1 is

For any value oR there exists a minimum asymptotic value of
(corresponding td=1= —), say G,, Which represents the
aximum temperature cross theoretically feasible in 1-2 ex-
anger. The expression f@, is (relevant derivations are pro-
vided in Appendix

not acceptable then the number of shells in series is progressively Yl

increased until a satisfactory value Bf is obtained for each Gmm:w_ (10)
shell. JR?>+1+(R+1)
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Fig. 2 Effecton G on Fr Fig. 3 Variation of F;with R for G=0

A 1-2 exchanger designed f@&= G, will not be feasible. Any . = . . . . , .
increment inG from G, will makemtlpme exchanger feasible, andntuitive, and straightforwardy is chosen by the designer's deci-

improve exchanger effectiveness aRd. Let the desired incre- sion on how much temperature cross he is going to allow in the

ment beY. Then design. Here, two cases may be considered:

_ 1 Do Not Allow any Temperature Cross. This criteria per-
G=GpintY (11) tains toG=0; or Y= —G,,. Figure 3 shows the variation &
whereY is a constant set by the designer. Now, the expression #ith R for G=0. Figure 4 shows variation df; with S for G

estimating the number of shells can be written as =0. Both figures reveal that fa@&=0, F>0.8. Also,F is mini-
mum atR=1, and increases wheR is either increased or de-
n (1-RGy) creased. Hence, if no temperature cross is allowed, it means that
(R+Gy) F is always greater than 0.8vhich is indeed the value df
T TThw (12)  recommended by some investigajoiBhis serves as a convenient
) ) criterion for calculating the number of shells. Substitut@e- 0
whereGy is G for multipass exchanger, and in Eq. (A17) of the Appendix, we get
R’+1(R+1-RY)—(R+1)(R-1-R
e VR Y)— (R+1)( /P
VR?+1(R+1-Y)—(R+1)(R—1-Y)
Y can be correlated witiXp as(see Appendix for derivation 1.00
1-2 EXCHANGER G=0
2(R+1)(1-Xp) (19)
RZ+1+(R+1) 0.95
Alternatively,
C(R+1(2-Y)-YYR*+1 15 0.90
P 2(R+1) ' (15)
6 The Significance ofY u 085

It must be noted that unlikE and Xp, Y is not a correction \_‘//
factor.Y is a measure of the extent the temperature cross is awn 0.80 ISO-G CURVE, G=0
from the limiting value G,). In that sense, it is similar tG. As ' ISO-F, LINE, F, = 0.80
it is directly related to the terminal temperatures of the exchangs
it may be seen as a “primary” parametdike R, S, andG), as
against the secondary parametéffs and Xp). Hence,Y clearly 0.75
reflects the designer’s attempt to reduce the temperature cross

ISO-F LINE, F, = 0.75

7 The Criteria for Selecting Y 0.0 0.2 0.4 0.6 0.8 1.0
While the design value of is chosen so as to avoid the [

regions of steep fall, and that of th& is chosen on a similar

basis, the criterion for selecting a design valueYofs simple, Fig. 4 Variation of F;with S for G=0
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Fig. 7 Comparison of Xp and Y parameters

Fig. 5 Comparison of G=0 criteria with F;=0.75 criteria

always greater than 0.75. This region is always feasible. In region
B, 0.022<¥<0.1225, feasibility of F;=0.75 criteria is

In R+ Gy R-dependent.
_\1+RGy The designer is usually too colloquial to tife concept. He
N= In(R) : (16) would like to know the value of ; at the assumeW (or Xp). The

. o o _value of F; can be readily obtained fro® by using linear equa-
Figure 5 compares this criteria withy=0.75 criteria. The region {jong provided by Gulyani and Mohanfg1].
below the iso-Gine (or iso-Fy curve)is the region of multipass |t js worthwhile here to compare all the three approadites
exchangers. From this figure, it can be readily known WhethitrT approach, theX, approach, and th¥ approach). In Fig. 7,
designer has to opt for a multipass exchanger, using either of {ag_v ang iso-% lines are shown on standafe plot for 1-2
two criteria(G=0 or F+=0.75). exchanger.

2 Allow Some Temperature Cross. Based on the chosen _ This figure serves two purposes. It gives the valué pfland
and using Eq(13) and(12) the number of shells can be estimatedp) at the selected value of. Secondly, it gives the estimate of
Figure 6 shows the effect of on Fy for 0.1<R<1.0 (it actually (thus temperature crosfor the chosen value dfy (or Xp).
amounts to range dR: 0.1<R<10; sinceF is the same foR Figure 7 also reveals that, to be compatible with the existing
and 1/R. There are three regions in Fig. 6 marked as A, B, and €€sign practiceé=>0.75; orXp=0.9), a value off in the range
In region A, Y<0.022,F is less than 0.75 for all values &. ©O-1t0 0.15 may be selected.

This region isalways infeasibleln region C,Y=0.1225,F+ is
8 Effect of Y on Number of Shells,N

Figure 8 shows the effect &fon N for R=0.2 and for different

1.00 Gy values. Figure 9 shows the effectYbbn N for R=1.0 and for
1-2 EXCHANGER different Gy values. These figures reveal that bothand Gy
0.95 contribute to increase the number of shells. At higher temperature
0.80 - cross, the effect o¥ on N is more pronounced. Figures 8 and 9
may also be used to estimate the number of shells for givand
0.85 G and chosery.
0.80

9 The Effect of Rounding Off N

075 +——— <L —— AL L
- 070 4 / It must be mentioned here that the number of shells computed
’ using Ahmad et al.’s expressidiq. (6)) as well as the expres-
0.65 aiways ] sion developed in this pap€Eq. (12)), is in fact the rea(nonin-
0.60 _inf?sibl! always feasible teger) number of shells. However, in actual practice, the design
' can have only an integer number of shells. Hence, the number of
0.55 — shells obtained from Ed12) is rounded off to next integer. This

0.50 - Region & Region8 | RegionC results in improvement ifY.
' § feasibility “&_’ Now, the designer would like to know thatM is rounded off
0.45 - ? dependson | oS to integerM, how much isY improved? This can be calculated
040 - > V’a"’lel"f"?“ N - from following expression:
0.01 0.10 1.00 ., R-1 JRZ+1(W—1)+(R+1)(W+1) 17)
Y R-W JVR*+1+R+1
Fig. 6 Effectof Y on Fr whereY’ is improvedY, and
Journal of Heat Transfer AUGUST 2000, Vol. 122 / 569
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5 M = number of shellginteger)
N = real (nonintegernumber of shells
R = heat capacity ratio,T; —T,)/(t,—1t;) dimensionless
. -0.15 S = temperature efficiencyt{—t,)/(T,—t,) dimension-
less
=z Smax = Maximum value ofS, defined by Eq4)
2 T, = hot fluid inlet temperature
2 T, = hot fluid outlet temperatureg
2 t; = cold fluid inlet temperaturek
° t, = cold fluid outlet temperatures
2 AT = actual mean temperature differenée,
g Xp = parameter defined by Ahmad et al., defined by Eq.
z (5), dimensionless
Y = parameter defined by E¢l1), dimensionless
Appendix
0 ‘ ‘ ’ Derivation of Expessions for Computing Number of Shells
0.00 0.10 0.20 0.30 0.40

Based on Temperature Cross. Here, the expressions for com-
Y puting number of shells based on temperature cross in an ex-

changer are developed and described.
Fig. 8 Effect of Y on number of shells, N for R=0.2

Start With the Following Definitions and Relationships.

G=1-S(1+R Al
1+RG\M 18 S ) (A1)
BT (18)  where
Equation(17), used in conjunction with E¢18), gives improved R= - and S= -t
Y (i.e.,Y'") for integer number of shellsl (>N). In fact, Y should t,—t T,—1t;
be calculated at bothM-1) and M shells; in some cases, the
designer may find¥ at (M-1) shells acceptable. This might es- _ 2
sentially be the case while targeting for shells in heat exchanger Stmax= R+1+ \/m (A2)
networks, where rounding, say, 3.1 shells to 4 shells, may escalate
the total cost target. The designer may want to optimize between S= S Xp (A3)
“three shells with a bit lowery”” and “four shells with higher
Y on the basis of total cost targets. G=GyntY (A4)
Nomenclature Estimating Gyin -
F+ = LMTD correction factor, dimensionless Gmin=1-Snaf1+R)
. : (A5)
G = (T,—t,)/(T,—t;), dimensionless .
Gmin = Minimum value ofG, defined by Eq(10) G —1— 2(1+R)  JRHI1-R+1
n = value of G for N-pass exchanger min RZy1+R+1 JR?+1+R+1
LMTD = log mean temperature differende,
Estimating G at a Given Y.Assume a value oY. For feasible
design,G= G, +V.
10 Substituting Eq(A5) in Eq. (A4),
G JR?+1-R+1+Y[JR?+1+R+1]
B JR?+1+R+
R°+1+R+1 (16)
i. JRF1(1+Y) = (R+1)(1-Y)
i JVRZF1+R+1
N
‘S Estimating S at a Given Y.From Eqs.(Al) and (A4),
é G=1-S(1+R)=Gpn+Y
Z 1-G,—Y 2(R+1)—Y[JRZ+1+R+1]
S= = (A7)
R+1 (R+1)[VRZ+1+R+1]
2 Y Y
S= =Shax~ 57
JRZ+1+R+1 R+1 R+1
0
0.0 of1 012 0{3 04 Estimating G at Given X From Egs.(Al) and (A4),
G=1-S,Xp(1+R) =1 2Xp(1+R)
Fig. 9 Effect of Y on number of shells, N for R=1.0 war JVR?+1+R+1 (A8)
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JRZ+1—(R+1)(2Xp—1)
JRZF1+R+1 '
Relating X% to G. From Eqgs.(Al) and (A3),
S= SmaxxPZE
1+R

1-G JR*+1+R+1 \/R?+1+R+1(1

PTI¥R 2 2(1+R)
Relating Y to %. From Eqgs.(Al), (A3), and(A4),

G=1-S(R+1)=1-S,xXp(R+1)=Gpj, +Y

Y=1~Gpin— SnaxXp(R+1)

zl_\m?+L4R+1) 2Xp(R+1)
VR?+1+(R+1) JR?+1+(R+1)
_ 2(R+1)
R 1+ (R+1)

(1-Xp)
and
Y=Sna(R+1)(1—Xp).
Relating % to Y. From Egs.(Al), (A3), and(A4),
1-Gpin—Y -~ (R+ 1)(2_Y)_Y\/R2+l

=5 R+1) 2(R+1)
N JR?+1+R+1 4 Y
P77 2(RT1) T SR
Relating N (Number of Shells) to Y.
1-RS\N
o l1-s
N 1-RSN
1-S

where

1-RS 1+RG
W= =

-S R+
1-S R+G (A7)
(A9) _ 1+R(GpntY)
~ R+GpntY
_\/Rz-i-1(R+1+RY)—(R+1)(R—1—RY) (A18)
JVRZ+1(R+1+Y)+(R+1)(R-1-Y)
If N is Rounded Off to Next Integer M (&N), How Much Y is
Improved?
| 1+RGy
n
(A10) __\ R+Gy
InW
W= — In| RO A19
W=V " Ry, (AL9)
1+RGy|™
All (N
( ) w R+ Gy
From Eg.(Al17), G;=RW-1/R—-W=G,,+Y' whereY’ is
(A12) improvedY.
g RW-1 RW-1 JRP+1-R+1
(Als) T R-W min~ R—-W 2114+ R+
R°+1+R+1 (A20)
v R—1 VR*>+1(W—1)+(R+1)(W+1)
- R-W JRZF1+R+1
(A14) Eq. (A20), used in conjuction with EGA19) gives improvedY

(i.e., Y") for the integer number of sheld (>N).

where S is value of S for one shell andsy is value of S for the

N-shell exchanger.
Inverting Eq.(A14),

1-RS,
m(l—sN)
N=—T1"Rrs
In( TS )
since
1-RS, 1+RG
(T?EJ: R+G -
Hence,
1+RGy
m(R+GN)
=

Journal of Heat Transfer
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Flow and Heat Transfer
Correlations for Porous Fin
v | 1IN a Plate-Fin Heat Exchanger

e-mail: seoykim@Kkist.re.kr

Assoc. Mem. ASME The present experimental study investigates the impact of porous fins on the pressure drop
and heat transfer characteristics in plate-fin heat exchangers. Systematic experiments
J. W. Paek have been carried out in a simplified model of a plate-porous fin heat exchanger at a
controlled test environment. The porous fins are made of 6101 aluminum-alloy foam
B. H. Kang materials with different permeabilities and porosities. Comparison of performance be-
tween the porous fins and the conventional louvered fins has been made. The experimental
Thermal/Flow Control Research Center, results indicate that friction and heat transfer rate are significantly affected by perme-
Korea Institute of Science and Technalogy, ability as well as porosity of the porous fin. The porous fins used in the present study show
Seoul 130-650, Korea similar thermal performance to the conventional louvered fin. However, the louvered fin

shows a little better performance in terms of pressure drop. For compactness of the heat
exchanger, the porous fins with high pore density and low porosity are preferable. Useful
correlations for the friction factor and the modified j-factor are also given for the design
of a plate-porous fin heat exchanggg0022-1481(00)01103-8]

Keywords: Experimental, Finned Surfaces, Heat Exchangers, Heat Transfer, Porous
Media

Introduction metal foaming([4]). Therefore, it is expected that the overall per-

Heat exchange processes are indispensable to modern ther{rﬁérp&r;gisogglate-fm heat exchangers can be improved by using

engineering applications. On this account, tremendous studies OFpe iterature surveyed reveals that much research on the po-
heat exchangers have been performed to enhance thermal traggs materials can be found, mainly in energy-related problems,
port between fluids during past several decafieh. Recent stud- which include the utilization of geothermal energy, the control of
ies have concentrated on the development of high-performanssiiutant spread in ground water, high performance insulation,
compact heat exchangers to reduce energy consumption as wektas ([5]). Recently several papers have emphasized substantial
material cost. heat transfer enhancement by using porous inserts in a flow pas-
Various types of compact heat exchangers have been developade([6—11]). However, efforts to get flow and heat transfer data
for specific applications. To exchange thermal energy between @dghe porous fin for the design of compact heat exchanger are not
and liquid especially, compact heat exchangers with extended se@ing accomplished. S .
faces in the gas-side, such as wavy fin, offset strip fin, and lou-" the present study, a simplified model of a plate-fin heat ex-
vered fin, are often utilized. Such fins substantially reduce ti§f@nger, as shown in Fig. 1, is selected to investigate the impact

gas-side thermal resistance, which always acts as the major fadd lIhe_porous fin on a plate-fin heat exchanger in detail. _The
of degrading the performance of plate-fin heat exchangers. simplified model emulates one flow passage of a conventional

- - ate-fin heat exchanger. A porous fin is placed inside a channel,
To date, the louvered fin is known to be the most efficient a which two channel walls are maintained at a constant tempera-

effective surface geometry in view of enhanced heat transfer r e. The correlations of friction factdrand thej-factor for the

and it is being widely used in automotive and a_ircraft air-coole%frous fin will be sought to provide a design parameter for heat

heat exchanger$2,3]). However, the manufacturing process of @xchangers. Further, we scrutinize the performance of the porous
louvered fin is rather complicated in that it requests a heavy fin in a plate-fin heat exchanger, compared with that of the lou-

nancial investment for maintenance. Furthermore, the louvered {igred fin.

has another potential disadvantage in structural strength since it is
made of a very thin aluminum sheet. Consequently, there has been
a demand for a new compact heat exchanger with fins that have a
high heat transfer rate, and structural strength as well as a simple
manufacturing process.

In an attempt to respond to the demand, we have focused on the
utilization of a porous metal fin in place of the conventional lou-
vered fin. The impetus is a high-surface-area-to-volume ratio as
well as enhanced flow mixing due to the tortuous path of the
porous fin. In addition, it has excellent characteristics in the struc-
tural strength as well as the simple manufacturing process of

1To whom correspondence should be addressed. Thermal/Flow Control Research
Center, Korea Institute of Science and Technology, P.O. Box 131, Cheongryang,
Seoul 130-650, Korea.

Contributed by the Heat Transfer Division for publication in tH@UBNAL OF (a) Plate-fin heat exchanger (b) Simplified model
HEAT TRANSFER Manuscript received by the Heat Transfer Division, June 24,
1999: revision received, March 10, 2000. Associate Technical Editor: M. Hunt. Fig. 1 Schematic configuration of the problem
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Thermal wall surface temperature. At steady state, the temperature devia-

/‘ insulation tion along the hot walls was less than 0.2°C. All the channel walls
Copper water .
ket were thermally insulated.
P > d To measure the inlet air temperature, three copper-constantan
Porous fin /4~ / thermocouplesOmega AWG36)were used at 5 mm upstream of
Hot water : the test section. Five copper-constantan thermocouj@esega
TESCIVOIr  ——p | Hlotwaer AWG36) were also horizontally distributed at 5 mm downstream

P h—

i ki of the test section to measure the air temperature at the outlet. The

J downstream air temperatures measured at the core region in the

o
"

=

< Thermocouple channel were slightly lower than those at the wall region. For a

> W é array high flow rate, the maximum deviation between the thermo-
y Al couples was about 6.2 percent. By averaging the temperatures
" y measured upstream and downstream of the test section, the overall
gty temperature rise of air was evaluated. The overall temperature rise

of air was varied from 20.4°C to 33.8°C according to the flow rate
and the specimen.

Experiments were started by inducing air flow to the channel
and by maintaining the water jackets at constant temperature after

M 1 .
Dien Hy‘;’éﬁiﬁiﬁide' installing the test specimen to the channel. The temperatures were
[ Microtector | DR230 monitored during the heat-up time by a data acquisition system
(Yokogawa DR230). After reaching a thermal steady state, the
Fig. 2 Experimental apparatus temperature data were recorded on the storage device for data
analysis.
Experimental Apparatus and Test Procedure Test Specimen and Data Reduction

A schematic diagram of the experimental apparatus is shown iny
Fig. 2. The experiments were conducted in a channel fabricatedrﬁg1

Plexiglas of heightH=9.0mm and widthW=90.0mm. Test igtinct pore densities, i.e., 10, 20, and 40 Riires per inchat
specimens of aluminum-alloy porous fins were made_of h(_elg e same porosity of=0.92, and four different porosities, i.e.,
H=9.0 mm,W=90.0mm, and length =30.0 mm as depicted in . _q g9 .92, 0.94, and 0.96 at the same pore density of 20 PPI,
Fig. 2. Pressure taps were installed at 5 mm upstream and dowg-qescribed in Table 1. The surface-area-to-volume gatibthe
stream of the test section. The outlet of the channel was openja., s fin increases as the pore deng®pl) increases or the
the atmosphere while the inlet was connected to a calming cha ity decreases. The permeabiktyf the porous fin gradually
ber in which rt]he compressed air at ‘# zliltm WI"?IE mdgcgd thrgug Bcreases with an increase in the pore density due to the increased
rotameter. The rotameter was carefully calibrated by a bubllg, friction. It is noted that permeability of the porous fin with 20
flow meter. Frontal air velocitied; tested in the present experi- oo is proportional to (% &)2, which shows a peak at=0.94. It
gents l:janged frt?m 0548 r(r;/s to :3”?4 T./S’ ﬁn.d :t]e corre;pondmy be attributed to the change of microscopic pore shape accord-
_eyno S _humber Dased on the 1N Neight was Re .74 the porosity of the porous fir{g12]). The permeabilities of
=270-2050. To measure the pressure drop through the test Spﬁé' porous fins were determined by using the Forchheimer-
meni tthe pr?i'/sl'gg manpmetétlbyvr\]/er mlcrotectord143DW|th a8 extended Darcy model after measuring the pressure drop through
re?l‘?NL(j)lﬁgtowater 'axg]tslnmvg?jsrof?g (:\:av?/eurséerﬁounte d on ba he porous fin. The effective thermal conductivity of the present

. ; | ' copp rEBrous fin is little affected by the change of pore density while it
side walls of the channel to provide a constant wall temperat %elinearly increased by the decrease of poroElsy]
_condmon. The water circulation loop supplle_d hot water to the he friction factorf and the modifieg-factor j* a;e defined to
jackets, as seen in Fig. 2. The temperature difference between trs%ess the pressure drop and the heat transfer rate of the fins:
wall surface and the inlet air was set at 35°C during the expeﬁ- P P )

he test specimens used in the present study are porous fins
de of aluminum-alloy 6101 foam. The porous fins have three

ments. The inlet air temperature was about 20°C. Three clamps A 2pAP

were used to reduce thermal contact resistance between the jacket N (1)
X X ; A, G

wall and the test specimen. As the compression loading of clamps ¢

was increased, the outlet air temperature approached an _ nsh _

asymptotic value that was considered as a condition for minimal j*= PPR= 4. 2)

contact resistance. Three copper-constantan thermocouples GcCp
(Omega AWG36)were also inserted between the jacket wall anth Eq. (1), the entrance and the exit loss coefficients are neglected
the surface of the test specimen to verify the uniformity of th€14]). A, indicates the minimum free flow are&,= A, whereA

Table 1 Test specimens of porous fins

Surface-area Effective
to-Volume Thermal
Pore Ratio Darcy Conductivity
Porous Density Porosity B=A,IV Permeability Number ke (W/mK)
Fin (PPI) € (m?/m?) K (m?) Da=K/H? [13]
1 10 0.92 790 2.36x10°7 2.85%x10°3 5.33
2 20 0.92 1720 1.07x10°7 1.30x10°3 5.56
3 40 0.92 2740 7.15x10° 8 8.63x10 4 6.01
4 20 0.89 2020 8.96x10° 8 1.08x10°3 6.77
5 20 0.94 1510 1.30x10° 7 1.57x10°3 4.27
6 20 0.96 1240 1.16x10°7 1.41x10°3 2.82
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is the frontal area of the porous fiA=WH. A, is the total heat sure drop and the mass velocity were, respectively, 2.8 percent
transfer area of porous fins, i.,=A;+A,, whereA; andA, and 1.5 percent at 95 percent confidence. Then, the uncertainty in
are the fin area and the base area, respectipé$ythe density and the friction factor was about 4.6 percent.
AP the pressure drop through the fir3, is the mass velocity, = The uncertainty of the modifie@factor that can be derived
G.=pU;, whereU; is the frontal velocity. from Eq.(7) is
In Eq. (2), the modified-factor includes the surface efficiency - > > > >
ns Of the fin to compare the thermal performance of the porous fin 9] _ \/(ﬂ +( 5ATm) (%) +(E 5_Pr) (11)
with that of the conventional louvered fin. Since it is difficult to i* AT ATy, A, 3 Pr)°
evaluate the surface efficiency of the porous fin, we have mul}l:

! e t Re=1530, for example, the inlet, the outlet, and the wall tem-
plied the known value of the surface efficiency for the convenp—elra,[ures were varied within0.08, 0.16, and 0.22°C at 95 per-

cent confidence, respectively. Therefore, the uncertainti€sTin
and AT,, were, respectively, 0.6 percent and 2.0 percent in 95
A percent confidence level. The uncertainty in the Prandtl number
7ls=1—A—(1—7/f)- (3) (6Pr/Pr) was 0.7 percent. Consequently, the uncertainty in the
o modifiedj-factor was estimated by 2.4 percent.

tional louvered fin to itg-factor correlation([15]). The surface
efficiency 74 of the louvered fin is obtained from

The fin efficiencyy; is calculated from([16]) ) .
Results and Discussion

7 :M 4 Before presenting the results for the porous fins, it is necessary
f I ’ ) . .
m to confirm the appropriateness of the experimental test model.
Thus, the benchmark test by using a conventional louvered fin has
where " . -
been performed, and the friction afpdactor values experimen-
%h tally obtained were compared with the previous friction and
m= o (5) J-factor correlations for the louvered fins in Fig([38,3,15]). The

louvered fin used in the present benchmark test has a dimension of

Here, the fin length is the half of the channel height defined by/Ouver pitchL,=1.0mm, louver length ;=8.0mm, fin height
|=H/2—t. Thet is the fin thickness ankithe thermal conductiv- H=9-0 mm, fin pitchF,=1.88 mm, flow depttF;=26 mm, and
ity of fin. The calculated surface efficiency of the louvered fiin thicknesst=0.1 mm. 3Surface-area-to-vo|ume ragi of the
used in the present study was in the range of 0.93—0.98. louvered fin is 1320 rifm?. ]

Theh denotes the convective heat transfer coefficient for the air!n Fig. 3, the friction factors of the present louvered-fin model

side that is determined from the overall energy balance witho@f® estimated to be comparable to the Achaichia and Cowell's
considering contact thermal resistance: correlation ([18]) for Rg ,>200. The correlation presented by

Chang et al[3] yields slightly lower values than the present lou-
G.CprAAT vered fin data. It may be attributed that the fin height of the lou-
A AT (6) vered fins used in Chang et &8] is about two times larger than
AAT c c
the present louvered fin. However, the trend of the friction factors
In the present model of the porous fin, therefopgh equals the according to the Reynolds number based on the louver pitch is
overall heat transfer coefficieid. Then, the modified-factor very similar. The-factors of the present louvered fin show a good

nsh:U:

from Eq. (2) is expressed as agreement with the correlation by Chang and WEHg)]. Conse-
quently, it is believed that the present experimental model for fins
_ A A_T 213 ) is satisfactory to estimate the fin performance of a plate-fin heat
"= A, AT, exchanger with reasonable accuracy.

. ) ) Figure 4 shows the friction factdr for the porous fins as a
In Eq. (7), the temperature difference of air between the inlet afction of the Reynolds number. The Reynolds number is based
the outletAT and the logarithmic mean temperature differencgp, the fin heightd and the porosity is 0.92. For comparison, the

(LMTD) ATy, are friction factor of the louvered fin tested in the present study is also
AT=T,—T;, (8)
AT,= =l ©) F
™ IN(Ty—T)/(Ty=To)1’ i

whereT;, T,, andT,, denote, respectively, the air inlet, the air
outlet, and the wall temperatures.

The uncertainties in the present experimental results were esti-
mated by the single-sample experiment analysis described by
Kline and McClintock ([17]). The uncertainties for the friction 0.1
factor and the modified-factor were mainly attributed to the
variation of temperature, velocity, pressure, and the thermophysi-
cal properties of fluid while the effect of geometric uncertainty of
the test section was meager. Therefore, the uncertainty of the fric-
tion factor can be expressed by

2 2 2
VT T
(10

€ p AP A,
In Eq.(10), the uncertainties of the porosiyand the total surface Re
areaA, were 1.1 percent. The density variation was generally less
than 1.5 percent because the friction factor was evaluated from thg. 3 Comparison of the friction and  j-factors for the present
results of the cold-flow experiment. The uncertainties in the preisuvered fin with the previous correlations

2
+

2

0.01 R N

5GC)2
G. )’
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Fig. 6 Friction factor correlation of the porous fins
Fig. 4 Effect of pore density on the friction factors of the po-

rous fin at £=0.92

To derive a correlation of friction factors for the porous fins, the
f data in Figs. 4 and 5 are converted by using the nondimensional

plotted in the figure. The friction factdrdecreases gradually aSparameters such as Ba A./A, and L/H, as demonstrated in

Re increases. The friction factbof the high permeable porous fin o P
of 10 PPl is much higher than that of the lower permeable poro 9 t6' ;I'If:je_n, ;th's found tthet‘t (tjhe frlct|0r|1| factofs‘ort the porcl)us
fins. This is attributed to the relatively small surface area of tH&'> '€St€d In the preésent study generally merge 1o a single curve

high permeable porous fin. It is also noted that the friction factdfith maximum 15 percent deviation:

of the louvered fin is slightly higher than that of the porous fins at 2 AL 021A. L
low Reynolds numbers. As Rencreases, however, the porous f=—  C_— 4 ;,2_0_.
fins are shown to have higher friction factors compared to the Rey-DaA, H Da” A, H

louvered fin. . . _ ___Here, Da denotes the Darcy numb€tH?. If the porous fin is
The_effect of_porosny yarlr_:ltlon of the porous f|r_1 on th_e frictio onsidered as a local volume averaged continuous medium, the
factor is also displayed in Fig. 5. The pore density is fixed at g;)oove definition of the friction factor can be expressed in terms of

PPI. The porous fin of high porosity=0.96 shows a higher fric- ¢ hressure drop in a smooth porous channel without fins. Rear-
tion factor. Although the dimensional pressure drop decreast%?]ging the above equation yields

with the increase of the porosity=0.92([11]), the friction factor
defined in Eq(1) increases due to the relatively rapid decrease in (AP/L)H 1 0.105
the surface area. It is also noted that the porous fins of porosity pUz ReDa ' Da?
£<0.96 have similar friction factors without displaying any !
monotonic decrease. It is caused by nonlinear behavior of thes interesting to note that Eq13) is exactly the same as the
pressure drogpermeability)according to the variation of poros- Forchheimer-extended Darcy model for porous media with an in-
ity, as mentioned in Table 1. ertia coefficient ofCg=0.105([5]). In Eq. (13), the inertia coef-
ficients Cg of the present porous fins are slightly varied from
0.095 to 0.115 according to the pore density and the porosity of
the fin.
1r Now we shall deal with the modifiegfactor to show the heat
[ transfer characteristics of the porous fins. Figure 7 displays the
effect of pore density on the modifigefactor j* of the porous
fins as a function of Reynolds number. The porosity is 0.92. As
Re, increases, the modifigefactors are decreased and the corre-
sponding convective heat transfer raltesre increased. This is in
- accordance with the previous results by Huang and VEfai
. Amiri and Vafai[19], and Kim et al[11]. The modified-factors
i are substantially pronounced as the pore density of the porous fin
becomes small. It is also observed that the modifiedtor of the
louvered fin used in the present study shows a similar value to that
of the porous fin with 10 PPI.
The effect of porosity of the porous fin on the modifjefdctor
j* is also exhibited in Fig. 8. The pore density is fixed at 20 PPI.
The modifiedj-factor values of the porous fin with=0.96 are
L L higher than those with lower porosity. For the fins of low porosity
10° 10 £=<0.94, the modifieg-factors show similar values. This may be
caused by the combined effect of the surface area and the effec-
Re, tive thermal conductivity according to the change of the porosity
(see Table 1).
In an attempt to get a modifigefactor correlation of the porous
fins, the nondimensional parameter, the Darcy number Da, is em-

(12)

(13)

—®— 20 PPL,e=0.96
r —a— 20 PP1,e=0.94
—&— 20 PPL,e=0.92
—— 20 PPL,e=0.89

0.1

10

Fig. 5 Effect of porosity on the friction factors of the porous

fin at 20 PPI
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Fig. 7 Effect of pore density on the modified J-factors of the Fig. 9 Modified j-factor correlation of the porous fins

porous fins at £=0.92

ployed again. When the modifi¢dactor data in Figs. 7 and 8 are Volume is expressed byshB. Here we should distinguish the
converted using this nondimensional parameter, the data mergéifpside performance from the aforementioned modifiéattor.

a single line in the log-log plot exhibited in Fig. 9. Then, it givesVhile the modifiedj-factor shows the heat transfer from a unit
a simple modified-factor correlation with maximum 17 percentheat transfer surface, the air-side performance represents the total

deviation for 276<Re,<2050: heat transfer that can be obtained in a unit heat-exchanging vol-
) 0489~ 0451 ume. Therefore, the porous fin with IgwWactors can show a high
j*=13.73Re; ***Da*%). (14)  air-side performance when it has a high-surface-area-to-volume

The above equation implies that thermal performance of AI-allgg‘tio' Also, the friction power consumption per a unit volume can

porous fins can be easily predicted from measuring permeakility®® evaluated by{14])

at a known flow rate. It should be noted here that the above UAAP A,

modifiedj-factor correlation has similar functional relationship to =TA Vv
0

that for conventional heat exchangéi3]):

kL n Figure 10 delineates the air-side performamgleg and friction

J*=C(ReM), (15) power EB characteristics for the porous fins&at0.92. The air-
whereC denotes a constant ands the finning factor that reflects side performanceyshp of the porous fin increases with an in-
the flow geometry effects of the fin. Thus, it is obvious that therease in the friction poweES. As the pore density PPI in-
Darcy number Da in Eq(14) implicates the equivalent finning creases, the;shB at the same friction power is pronounced. At a
factor of the porous fin in heat exchangers. low friction power range, theyshB of the louvered fin is higher

Compactness of a heat exchanger is another important desigan that of the porous fins. When the friction power exceeds

parameter. Therefore, the volume goodness factor will be consiEB>10%, however, thephB of the porous fin with 40 PPI is
ered here. The air-side performance of the porous fin for a unit

(16)

0.1 - 10°
L o 096 I —®—10PPI, £=0.92
—&—-20 PPI, £=0.92
®-e=0.94 [ —4—40 PPL £=0.92
—a—£=0.92 | —o—Louvered fin
——=0.89 —_
]
E
% E 10° ©
ll
4
0.01 A ] 10 e
102 10° 10* 10’ 107 10° 10* 10°
Re, EB (W/m’)
Fig. 8 Effect of porosity on the modified j-factors of the po- Fig. 10 Effect of pore density on the air-side performance
rous fins at 20 PPI nsh B of the porous fins at £=0.92
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10° Nomenclature

—€—20PPI, £=0.96 A = frontal area of test specimém?), A=WH
—®—20PPI, £=0.94 A, = heat transfer area at the base of porougif), A,
—&—20PPI, £=0.92 =WL
—*—20PPI, £=0.89 A. = minimum free-flow aredm?), A.=cA
% A; = fin surface area of porous fim?)
& A, = total heat transfer surface area of porous(firf), A,
2 1oL =Ait+Ap
o C, = specific heat at constant press@igkgK)
=" Da = Darcy numberK/H?

Dy, = hydraulic diametefm), 2H
E = friction power, Eq.(16)
f = friction factor, Eq.(1)
h = length-averaged heat transfer coefficient, 8.
(W/m?K)
bl ol H = height of channe(m)

10 Lo aenant Ll L uu
10 100 1000 10° 10 j = Colburnj-factor, j=(h/G.C,)Pr?
* = modifiedj-factor, Eq.(2)
k = thermal conductivity of fin
K = permeability of porous fifm?)
L = length of porous fifm)
L, = louver pitch of louvered fir{m)
PPI = pores per inch
Pr = Prandtl numbery/«a
= Reynolds number based on the fin heightU;H/v
= Reynolds number based on the louver pitch of lou-
vered fin,U;L, /v

EB (W/m’) J

Fig. 11 Effect of porosity on the air-side performance nshp of
the porous fins at 20 PPI

comparable to that of the louvered fin. Therefore, it may be mor &
beneficial to use the low permeable porous fin at the high-volu &p

flow range. T. = inlet air t tureK
Influence of porosity of the porous fin on the air-side perfor- i ~ mfl ar etmpera uréK)
mancenshB and the friction power consumptidBg is also de- o = outlet air temperafurék)

picted in Fig. 11. As the porosity decreases for a fixed pore den- WV — wall tem_peratur_e{K)
sity of 20 PPI, theph of the porous fin increases. Therefore, it =i — frontal air velocity(m/s)
may be concluded that the porous fins with low permeability and W = width of channe(m)
low porosity are preferable in terms of the compactness of hedateek Symbols

exchangers. B = heat transfer surface area to volume ratig/m>),
A,V
AP = pressure drop of air flouPa)
Conclusion AT = temperature difference of air between the inlet and the

outlet (K), Eq. (4)
= log mean temperature differen¢¢), Eq. (5)
& = porosity
= density of air(kg/m)
= kinematic viscosity(m?/s)
= fin efficiency
= surface efficiency

An experimental investigation on the effect of porous fin in &

simplified model of plate-fin heat exchanger has been perform T

Six aluminum-alloy porous fins of various permeabilities and po-

rosities were selected to scrutinize the performance of porous fins P

for the application to plate-fin heat exchangers. Comparison of ¥

heat transfer and friction characteristics between the porous fing”t

and the conventional louvered fin was made. 7s
Experimental results indicate that the friction factor is much

lower for low permeable porous fins due to relatively larger SUbseferences

face area. The louvered fin exhibits slightly higher friction factor

values than that of the porous fins at low Reynolds numbers[!] ‘é\genbsb*NF;WL;olrﬁgd'P rinciples of Enhanced Heat Transfefohn Wiley and

When the Re_yr]o'ds_m_"mber is high, however, the porous f!“s[z] Sahn’oun, A, and Webb, R. L., 1992, “Prediction of Heat Transfer and Fric-

show much higher friction factors compared to the louvered fin." " tion for the Louver Fin Geometry,” ASME J. Heat Transfa14, pp. 893—

The modifiedj-factors of the porous fins decrease as the pore 900.

density increases or as the porosity decreases. It is noted that tf&l Chang, Y.-J., Wang, C.-C., and Chang, W. J., 1994, “Heat Transfer and Flow

X L Characteristics of Automotive Brazed Aluminum Heat Exchangers,

present porous fins have a similar thermal performance compared sspRAE Trans. 100, No. 2, pp. 643—652.

to the conventional louvered fin; however, the louvered fin showsg4] Gibson, L. J., and Ashby, M. F., 199Cellular Solids Cambridge University

a little better performance in terms of pressure drop. The friction  Press, Cambridge, UK.

and heat transfer correlations for the porous fins have been oi?! Ka"lia“y' M., 199k1~P””°ip'95 of Heat Transfer in Porous Medigpringer-
Verlag, New York.

tained by employlng the Darcy number, Da, and the geomemca[G] Hunt, M. L., and Tien, C. L., 1988, “Effects of Thermal Dispersion on Forced

parameters such a&./A, and L/H. It is also found that the Convection in Fibrous Media,” Int. J. Heat Mass Tran$fl, pp. 301-309.
porous fins with low permeability and low porosity are preferable [7] Huang, P. C., and Vafai, K., 1993, “Flow and Heat Transfer Control Using a
to compactness of plate-porous fin heat exchangers Porous Block Array Arrangement,” Int. J. Heat Mass Tran36, pp. 4019—

’ 4032.

[8] Huang, P. C., and Vafai, K., 1994, “Analysis of Forced Convection Enhance-
ment in a Channel Using Porous Blocks,” J. Thermophys. Heat Trarffer,
pp. 563-573.
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Optimization of Matrix Heat
“.pavanfumar 3 Fxchanger Geometry
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e-mail: gvenkal@acer itm ermet.in Matrix heat exchangers are used in a number of applications such as helium liquefiers,

sorption refrigerators, and in Kleemenko cryocoolers. In this paper the methods for the
optimum sizing of balanced flow and unbalanced flow matrix heat exchangers of rectan-
gular and circular shapes are presented. Using the methods developed, the relative size of
matrix heat exchangers of rectangular and circular shapes are compared.
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1 Introduction to account for the the presence of low thermal conductivity spac-
ers in between the copper or aluminum plates. The perforated
. O : ._plates were treated as fins to account for the thermal resistance of
in 1949 by M_cMahon et al1] and are finding Increasing use InPhe plate. Sarangi and Barcl@¥] first showed that the attainable
the recently introduced _Kleemenl(mlxed refrigerant cascaie effectiveness is a strong function of the number of plate-spacer
cryocoolers, as well as in very low temperature systems Such ag. i the heat exchanger. Their study clearly showed that the
;orption refrigerators a_nd Helium II systems. A deta_lilec_i desCri‘%ﬁltrix heat exchanger can be treated as a conventional heat ex-
tion of the chronological developments, the fabrication techyanger only when the number of plate-spacer pairs is very large.
niques, and the heat transfer phenomenon in matrix heat &fey " however, neglected the effect of lateral thermal resistance
changer has been presented by Venkatarathnam and SE2&ngi i, the wall as well as the thermal resistance of perforated plates,

A matrix heat exchanger essentially consists of a stack of COnich are both non-negligible in all practical matrix heat ex-
per perforated plates alternating with stainless steel or plasfigangers. Most of the later workers have adopted the approach of
spacers. When bonded together they form a monolithi_c block Wiglarangi and Barclaj4] and have taken into account the effect of
leak free passages for two or more streams exchanging heat Wthnite number of plate-spacer pairs while analyzing the steady
one another. The main purpose of the spacers is to decreasedfife as well as the transient response of matrix heat exchangers.
longitudinal (axial) heat conduction through the wall. The spacers Venkatarathnanfi5] presented an analytical expression for the
also serve to increase the convective heat transfer coefficientsdgjsctiveness of a matrix heat exchanger in terms of the different
interrupting the flow. Matrix heat exchangers can be made @{ermal resistances including the thermal resistance of the perfo-
many shapes. The most common & rectangular shape with yated plates and the effect of finite plate-spacer pairs as follows:
two passages shown in Fig. (b) circular shape with two or more

passages shown in Fig. 2, afw rectangular shape with multiple NTUef

Perforated plate matrix heat exchang@¥igy. 1) were invented

passages, originally used by Flemif&] as shown in Fig. 3. € NTUgg+ 1 (»=1) @)
1.1 Heat Transfer Phenomenon. The heat transfer be- 1— e~ NTUgq(1-7)
tween the streams is essentially controlled by the following resis- e=———— o (v<1) @)

A NTUg(1—)
tances: 1-ve e

wherev is the heat capacity rate ratio and NJ{Us the effective
number of heat transfer units and is defined for the balanced flow
éfle) and unbalanced flowm(< 1) cases as follows:

« convective heat transfer resistance in the flow chanfpes
forated plates)

« conduction resistance offered by the perforated plates in
ther flow channel NTU,

« lateral conduction resistance offered by the plates

« longitudinal conduction resistance of all the walls of the ma- N(1-a)(l-ay)
trix heat exchanger N1 a)(1-ap) +1-agart (1—ag)(1—ay)/ntu,

The convective heat transfer coefficients depend on a number (,=1) ©)
of geometrical parameters such as the plate porosity, ratio of the
plate thickness to perforation diameter, ratio of the plate thickness nin(e)
to spacer thickness, alignment of perforations in adjacent plates, NTUer= nxIn(e)+v—1
and the type of perforations usédrcular holes, rectangular slits, i ) . ) )
etc.). General convective heat transfer correlations that take if{§€re ¢ is an intermediate variable) is the number of plate
account all these effects are not yet available. Some authors h§P&Cer pairs, ntus the number of heat transfer units per sidés
presented convective heat transfer correlations applicable f§f @xial conduction parameter of the walls, and,gtis the
some range of parameters, and for very specific cesf2]). imensionless conductance of the entire perfor_ated plate forming
A number of methods have been developed during the last e two flow channels and the wall and are defined as follows:
years to analyze the performance of matrix heat exchangers. In 1-a;
most of the initial studies, the matrix heat exchanger was treated ktay
as a conventional heat exchanger, but with the wall having differ- o=
ent thermal conductance in the lateral and longitudinal directions

(v<1) 4)

4+ —
ntUpyo ) 1_CY1

K= v,
1—a1 1—a/2

1+ kas+
- ntup,o
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Fig. 3 Schematic of a matrix heat exchanger of rectangular
geometry with multiple passages

stream-1

Fig. 1 Schematic of a matrix heat exchanger of rectangular

geometry with two passages
(\), the number of plate-spacer pairs), and the overall dimen-
sionless thermal conductance (ngh of the perforated plate are

kA, /s 1 1 1 v related as follows:
CTA = ot . ®
NMep) Mo Fiths Ap FNtha = (r=1,\p—). @)
In the above expressidh is a factor dependent on the geometry ntw, o

of the perforated plates. The expressions for the geometry fector Balanced flow conditionsy=1) will exist in matrix heat ex-
and nty; , the dimensionless conductance of the perforated plathangers used in cryorefrigerators operating with helium only
in theith channel, and ;, the lateral dimensionless conductancevhen the operating temperature lies between 300K and 80K and
of the separating wall for rectangular, circular, and annular geoR¥hen the flow rates of the two streams are equal. At lower tem-
etries are given in Tables 1 and 2. peratures, however, the flow will be unbalanced even when the
Though a number of workers analyzed the performance of migow rates of the two streams are equal because of the variation of
trix heat exchangers, very few studies are available on the desigecific heat of helium with pressure. The flow will also be un-
(sizing) of matrix heat exchangers. Recently, Venkatarathf@mn balanced in many matrix heat exchangers used in Kleemenko
presented a method for the optimum sizing of a two-channel mayocoolers operating with a mixture of gases. There is a need for
trix heat exchanger of rectangular geometry with balanced floyesign methods for balanced and unbalanced cases as well as for
condition (»=1). The study was based on the assumption that thgatrix heat exchangers of circular shape, and to account the dif-
lateral thermal resistance §1j) of the wall is negligible com- ferent resistances neglected in refereri6é which are non-
pared to that of the perforated plate in either channel (1/0tu negligible in most practical matrix heat exchangers.
Also the longitudinal heat conduction through the wall separating The main aim of this paper is to derive comprehensive methods
the two streams was only taken account in the analysis. Longifiér the optimum sizing of matrix heat exchangers of rectangular
dinal conduction through the walls separating the fluid from thgnd circular shapes taking into account all the thermal resistances
environment was not considered in that analysis. With the aboyad to compare the sizes of matrix heat exchanger of circular and
assumptions, Venkatarathna] showed that for an optimum
design, the overall longitudin&hxial) heat conduction parameter

Table 1 Expressions for the dimensionless plate conductance
(ntu ) and geometry factor F.

Stream-2 Stream-1 Stream-2

4 Shape nty F
s Rectangular (WIk)/(Hmcf 3
Perforated plate Circular (arlk)/(mc 8
LRR 3, 1, R R
! Annular (mlk)l(ine,)  (R-RY| 5~ gR-gR* 5 Ing’
b Spacer
Table 2 Expressions for X and X\,
Parameter N Ap
Rectangular ks,b(3W+2|'-!l+2H2+6b) kPIW
(two channel) sn(mep), b(me,),
Iy
Stream-1 Stream-2 ks (R +R,) L —
Circular W (nc,) |n(Ri+b
Fig. 2 Schematic of a matrix heat exchanger of circular L Pl R
geometry
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rectangular shape for meeting required heat transfer and pressure G3
drop constraints. In the case of matrix heat exchanger of circular AP=n¢— (12)
geometry, it is not clearly known whether the inr(eircular) or p

outer (annular)channel needs to be chosen for the low pressUighere¢ is the drag coefficient which has been found to be gener-
stream so that the overall volume is minimized. Authors from tr@y independent of Re for Rel60 and weakly dependent on Re
former Soviet Union have shown a preference for the circulggr Re<160([7,8]). In the above expressioB, is the mass flux

shape, whereas those in other parts of the world have predo’fﬂ'rough any perforation andis the density of the fluid.
nantly preferred the rectangular shape. A comparison of volumes

of matrix heat exchangers of rectangular shape with two and three2.1  Assumptions. The optimization problem is based on the
channels and a matrix heat exchanger of circular shape is fi@fowing assumptions:
available in the open literature. This problem is also addressed i

. ™ The number of plates in the exchanger is large and can be
this paper.

treated as a continuous variable.
2 The heat exchanger will be designed such that the allowable
2 Optimum Sizing of Matrix Heat Exchangers pressure drop on the low-pressure side is utilized fully.

3 The thermophysical properties do not vary along the length
The design of a perforated plate matrix heat exchanger essen- ¢ ihe heat gxghangepr. P y g g

tially consists of choosing the following:

« a heat transfer surfadgype of perforation, porosityp), plate
thickness(l) and spacer thickness)). 3 Optimization Procedure
» overall dimensions such as the heat exchanger widith the It is customary to use dimensional variables such as length,

height of the plate in eaqh channéﬂ{,l—_lz) in the case of rect- width, or height of the heat exchanger in all optimization studies.
angular plates, and the diameter or radius of the different chann R the other hand, most analytical and experimental results are

R, ,R)) in the case of circular plates, as well as the number . ) . .
E)Ie;te-sl)pacer pairg) to be used F')I'hese dimensions are iIIustrateEesented in terms of dimensionless variables or groups. In order
) use the information generated in analytical studies, it is benefi-

in Figs. 1 and 2. cial to convert the dimensional variables of the optimization study
In this work the methods for the selection of overall dimeninto dimensionless variables. Following Venkatarathri& di-
sions, width, height in the case of a matrix heat exchanger @fensionless variables nii, nty ,, and nty, are used in the
rectangular shape, or outer and inner radius in the case of a mapi&ce of width and height of the plate in each of the fluid flow
heat exchanger of circular shape are derived for a given surfagbannels in the case of a rectangular shape matrix heat exchanger.
Also, the criteria for the choice of a particular geometry ign the case of a matrix heat exchanger of circular shape,

discussed. ntus ;, Nty , are used as the variables of the optimization study.
The volume(mass)of a matrix heat exchanger affects the perThere are several advantages in using dimensionless groups as

formance of a heat exchanger in three different ways: design variables instead of dimensional variables such as width,
1 A large volume will result in an increased heat leak from thgelght’ ete.

ambient and hence result in a lower effectiveness. * It may be possible to derive closed-form analytical relation-
2 A large volume(mass)also increases the cool-down timeships between different dimensionless groups.

considerably.  Realistic starting points can be used in optimization studies,

3 A large volume will also necessitate a larger refrigeraftased on prior analytical and experimental studies.
charge in the system, particularly in the case of Kleemenko cryo-* Certain limits can be imposed for the dimensionless variables
coolers in which the fluids undergo a phase change in the h&ased on earlier studies, or to satisfy mathematical or physical
exchanger. limits. For example, the fin efficiency will vary between 0 and

) ) ) 1, ntu ; between 0 and 25]), etc. It is difficult to impose similar

It is therefore necessary to design cryogenic heat exchangggsits on dimensional variables such as length, height, or width.
for minimum volume. In optimization studies the function that isp;g approach is particularly helpful when a new type of heat
minimized or maximized is normally termed as the objectivgychanger design is being optimized or the designer is somewhat
function. In the case of the matrix heat exchanger, the desigisyperienced and lacks a feel for the physical size of the heat

should also meet the requirements of heat l@ftectivenessps  gxchanger that may be required to meet a given heat duty.
well as pressure drop requirements. These are normally termed as

constraints. The optimization problem can be expressed math-The procedure followed for the optimization of matrix heat ex-

ematically as follows: changers consists of the following broad steps:
Objective Function 1 expression of the design variables in terms of relevant di-
L . mensionless variables/groups.
Minimize (Volume) or min(n(W+2b)(Hy+H,+3b)] 2 expression of the objective functiémolume)and constraints
(rectangular 8) (press_ure drop, and effectiveness requiredterms of di-
mensionless groups.
or minn(R,+b)?] (circulan 9) 3 formulation of the Lagrangian equations and solution of the

equations to derive algebraic relationships between the dif-

The dimension®,H,, H,, b, andR, are shown in Figs. 1 and 2. ferent parameters.

Constraints

€= e(specified (10) 3.1 Optimization of a Matrix Heat Exchanger of Rectan-
gular Geometry. The dimensionless plate conductance param-
AP=AP(allowablg (11)  eter nty; and the number of heat transfer units per plate néue

Normally the pressure drop of the low-pressure stream is mdigPendent on the plate widifw) and the plate height in each
critical than that on the high-pressure stream in most cryogerfig@nnel ;) as follows:

heat exchangers including the matrix heat exchanger. The pres- K. WI hA”WHI

sure drop is a function of the number of plates and can be ntup'i=(Hp. ) " ,=(.—) . (23)
determined using the following expressida]): mep/; mep
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In the above expression the heat transfer coeffidiehts deter- APpm2p202
mined using the expression n:Kntufﬁ1 with K= T (23)

= Y i
Nu=CRe” (C and y function of surface geomety As in the case of a matrix heat exchanger of rectangular shape,

) o _ (_14) the objective functiorfvolume)as well as other parameters such
Using the above definitions of nguand nty ;, the dimensional as nty ,,\,\, can all be expressed in terms of the dimensionless
design variable$l; andW can be expressed as follows: design variables nty and nty, using the Egs(20), (21), and

: . 23).
W= (@)t ot (=1, s @
(“’1)0'5 9%t L2 0s M2 4 Solution Procedure

Hi=|—-—] ntu, ;" ntu’ H,= ntu, ;- g

S b1 N 4 PR Up 1 ntu?'fﬁl

: The design problem can now be fully expressed in terms of
(16) " gimensionless parameters namely;ntunty ,, and nty ; in the

where B;, w;, and y; are dimensionless constants made up afase of rectangular geometry andmtunty , in the case of cir-

surface characteristics and thermophysical constants and magdsr geometry. The constrained optimization problem can be

flow rate as follows: converted to an unconstrained one by the Lagrangian multiplier
. 118 . technique and a new objective functigh) can be defined as
Bm| | = _Mepd | (pp 7" gi=| e follows:
Pll-y ' A”Ik:C/\md/ |. ol kel )
: : (17) L=V+Z(e— fspecifie()- (24)

AB-the above expressiafis a constant, andgpeciieqis the effec-
\Rll\_/eness required and is specified to the designer. The necessary
ﬁgnditions for optimum to exist for rectangular and circular ge-
ﬂ{getries are as follows:

The pressure drop in matrix heat exchangers is a strong fu
tion of the number of plate-spacer pairs. Assuming that the allo
able pressure drop on the low-pressure side is fully utilized, t
number of plate-spacer pairs can be expressed in terms of

design variable ntu using Eqs(12), (15), and(16) as follows: oL JL oL JL |
=0 =0 =0 —==0 rectangu
APp < tufﬁl (K APplpzwi) " antu 4 antu , antu, 4 oz ( gular
n= G2~ ntu;’; T b (18) (25)
JL JL

K is independent of Reynolds numb@e) or the design variable =0 = % =0 (circulan. (26)
ntu in the turbulent flow regime but is function of rtin the case ontu ; ontu 4

of laminar flow since¢ is a function of the Reynolds number Re.
The exact definition oK in laminar flow regime will depend on
the particularé correlation used.

The objective function, namely, volumqg. (8)) as well as
other parameters such as ptu\,\, can all be expressed in
terms of the dimensionless design variables using Eds.and
(16).

3.2 Optimization of a Matrix Heat Exchanger of Circular

4.1 Solution of the Optimization Problem for a Matrix
Heat Exchanger of Rectangular Geometry. The optimization
problem can be solved only by a numerical solution of all the
equations that result from expressions in Eg8) and(26). How-
ever, some analytical solutions can be obtained relating the differ-
ent parameters from one of the conditions.

4.1.1 Balanced Flowr=1). One of the conditions for the

Geometry. The major dimensions of a matrix heat exchanger q pt;kr]n eurgzjlfgvaﬁlst’e%/rggt;grl‘) inotr(lléqc.:gsze))é)fe zs%gﬁﬁgzeﬁims(
circular shape are the outer radil®} of the heat exchanger and _ 1) condition:

the radius of the annular channdRj. In the case of circular '

geometry, the number of heat transfer units per side; (htand

the dimensionless plate conductance parameter, (ntare de- Nty 1 nx + T =0. (27)

fined as follows: o ’
Substitution of expressions for and nty , (based on total foot

Ky hA"7R?I print area of the spacer, see Tablgito the above equation
Ntu,j=——; Nt =———; . -
omc + (mcy), yields the following:
P p
2
hA” 7(R2— (R;+b)?)l 2 1 ksb (w,)05 05 058
= N\ o= - —+ - 2 — | ntu, Nt !
Nt 2 (Mc,)s (19) Nty N SN(MCy); .21 U b T
Using the above definitions of ntyand nty ,, the dimensional (28)
design variable®; andR, can be expressed in terms of dimenWhen the width of the heat exchanger is much larger than the
sionless design variables as follows: plate height H;<W), Eg. (28) reduces to the following expres-
05.. 058 sion:
Ri=Q7nty (20) ,
RE=0,ntft+ Qontfz+ 26 [0t b2 (21) Moy ok, (WZH- (29)

where(); and (), are dimensionless constants made up of thelf the lateral thermal conductance of the wall is assumed to be
mophysical constants, surface characteristics, and mass flow radisity (A,—=) as in Ref.[6], then Eq.(28) will reduce to that
as follows: derived in Ref[6]:

mc,d ARG
7A7IK,C; |\ TPnd

Yi

i | (i=1,2. (22) m\"pt:nt_u,m (W>H;, Ap—=). (30)
As in the case of rectangular geometry, the number of plates 4.1.2 Unbalanced Flow(r<1). Solution of the equation
can be expressed in terms of the pressure drop constraint as (6l=/dntu, ;) =0 will yield the following expression in the case of

lows: unbalanced flow heat exchangers:

582 / Vol. 122, AUGUST 2000 Transactions of the ASME

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1.045 T T T T T ™ Table 3 Heat transfer and friction factor correlations for a per-
1.04 | Shape : Rectangular _ forated plate matrix heat exchanger
-v=0.1, Ng,=0.42
1035 | avegl’ 077 StPHP=C R¢’ 300<Re<3000
103 | 3v=0 6, Myin=0.52 C=0.00036((1 p)p—0.2)~2%7 0.3<p<0.6
‘ 4--v=0.6, Tlfm—o 83 7 n=-—4.36:10" 2% p —-2.34 Ref. [8]
1.025 ¢ g 16.34 Re %%, geigg
e
=102 - gs,m (1 707—p)2/2 Ref.[8]
1.015 ¢
1.01 |
1.005 |
1 . solutions, one corresponds to a very high value of paind nty ,
and another to nty and nty , between 0 and 2. Since the volume
0995 1 1 1 1 I 1 1
0 02 04 06 08 1 12 14 is directly proportional to nty, and nty,, the later solution set

should be adopted. Also, analytical and numerical studies of Ven-
katarathnanp5] and Venkatarathnam and Saraf@jj confirm that

the maximum value of ntuwill be less than 2 for most cases of
rectangular geometry. Analytical and numerical studies under-
taken by us show that the maximum value of;nttould be less
than 4.5 in the case of a matrix heat exchanger of circular geom-
2 1 etry. Using this information the search space for; iatad nty, can

_ —)1“ (W>H;) (31) be reduced to a very narrow margin of 0 to 5. With this procedure
Ntu, o Ap there is no need to check for the other solution set.

. . . . We have used the Newton-Raphson method to successfully ar-
Whe_reF IS a function of the-heat capacity rate rafig and other rive at the solution for a large variety of problems with starting
design variables as follows: values of nty,=nty ,=ntu, ;=1. In the case of a matrix heat

1[1-¢]? exchanger of circular geometry, the starting values used are
“ ol ne (32)  ntu ;=nty; ,=1.
The main strength of the procedure presented above lies in the
Figure 4 shows the variation dTwith ntus, 75, andv. In order expression of the volumé and the effectivenessin terms of the
to simplify the analysis it was assumed thatntenty ,=nty;  dimensionless design variables {u nty, and nty,
and nty ;= ntu, ,=ntuy, (equal thermal resistance in two chan-analytically.
nels). The equivalent fin efficiency was evaluated using the ex-Equationg25)and(26) turn out to be long and complex. How-
pression derived by Flemin@], ever, using a modern mathematical program such as Maple, Math-
ematica, or Mathcad, one can obtain the final solutions directly,

ntu;

Fig. 4 Variation of I' with ntu ¢;

N opt=

7 :;. (33) without expanding Eqg25) and (26). The whole procedure can
" ntu be programmed in Maple or Mathematica in about 20 to 40 lines.
1+ 3ntu, The method for sizing of a matrix heat exchanger can now be

. . ) summarized as follows:
It can be seen from Fig. 4 that the maximdhwill be close to 1

even under extreme design conditions. Therefore, for all practicalRectangular Geometry
purposes, Eq(28) can be used even for unbalanced flon<(1)
conditions. Substitution of Eq(28) into Egs. (3) and (4) will
result in expressions for the effectiveness of optimum rectangular,
configurations.

It can be easily shown using the L'Hospital rule that E2fl)
will reduce to Eq.(29) when (v=1). For any given plate cross
section A=W=H), an increase in width will result in an increase
in longitudinal heat conduction, but a decrease in plate conductionCircular Geometry
resistancgdue to decrease in plate heighEquations(29) and
(31) express the ratio of longitudinal and lateral resistances of the
wall that must be maintained for achieving highest effectiveness
(for a given areapr lowest plate aredvolume) for a required
effectiveness. In the case of circular geometry, the lateral heal
transfer path between the streams is fixed by the dianfater)
of the plate used, and these two cannot be varied independently as
in rectangular geometry. Closed-form solutions have become pos-
sible in the case of rectangular geometry only because of tge | d Di .
dimensionless approach adopted for the optimum study. Results and Discussion

In most practical heat exchangers the aspect ratio is quite high;The optimum size of a matrix heat exchanger of rectangular and
and the longitudinal heat conduction through the outer walls in tloircular geometry was determined for different operating condi-
lateral heat transfer path (are@b(h;+h,)) is much smaller tions (v, NTUg, andAP) encountered in a typical helium lique-
compared to that through the walls that separate the streams &ad using the methods discussed above. The design constants,
those parallel to it (area3Whb). Equationg29) and (31) can heat transfer, and flow friction correlations used in our study are
therefore be used without much loss of accuracy for most matigiven in Tables 3 and 4. All the results presented in this section
heat exchangers. have been obtained by using the methods presented in this paper

As with any nonlinear equation set, multiple solutions can exisind are optimum values. The computations were performed using
for the given problem. The correct solution of pfuand nty, is the Newton-Raphson method with a convergence criteria of
that which will result in the least volume. In general, three sets GfOe-5 for different dimensionless parameters which are normally
ntuy ,, Nty ,, and nty, satisfy Egs.(25). Of the two positive in the range of 0 and 5.

+ ExpressWandH; in terms of nty; and nty ; using Eqs(15)

and (16).

ReplaceW andH; in all other expressions\(\,, nty, o) with

expressions given in Eq§l5) and(16).

» Solve Egs.(25) simultaneously by Newton-Raphson tech-
nique with starting points nfy= ntu; ,=ntu, ;= 1.

» ExpressR; andR, in terms of nty ; and nty , using Eqs(20)
and(21).
* ReplaceR; and R, in all other expressionsn(A,,ntu, o)
t with expressions given in Eq&20) and (21).
» Solve Eqs(26) simultaneously by the Newton-Raphson tech-
nique with starting points nfy= ntu ,=1.
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Table 4 Design constants adopted 3000

Mul}li_ple cnannei ----------
; —~ wo channe
Variable Value “e 2500 | Shape: Rectangular
Perforation diameter 0.5 mm S v=1

Thickness of perforated plate 1 mm g

Thickness of separator 1 mm € 2000 -

Plate porosity 0.3 5

Density of helium in cold channel 0.48 kgim ] 1500 |

Density of helium in hot channel 4.72 kg/m =

Thermal conductivity of plate material 200 WLmK) £

Thermal conductivity of spacer material 12 WImK) S 1000 |

Effective thermal conductivity of He 118.5 mW(mK) ° ).
Specific heat of helium 5.26 kJ(kg K) 15

Viscosity of He 15 uPas 9 500

010 15 20 25 30 35 40 45 50 55 60
The effectiveness of a high effectiveness heat exchanger suc NTUgi
as a matrix heat exchanger will be less than that predicted using
commonly usede-NTU relationships because of irreversibilitiesFig. 6 Variation of heat exchanger volume with NTU ¢ for rect-
such as longitudinal heat conduction, effect of finite number @ngular (two-channel and multiple-channel ) shape matrix heat
plate-spacer pairs, etc. An effective NTU (NJ)can be defined €xchanger with balanced flow conditions
taking into account all the irreversibilitigggs. (1)—(4)).
The effective NTU is thus the equivalent number of heat trans-
fer units of a conventional heat exchanger without any irreverghannel heat exchanger is much lower than a corresponding two-
ibilities which has the same effectiveness as that of a matrix hedtannel heat exchanger, particularly at low allowable pressure
exchanger with different irreversibilities under consideration. TH&ops. When the allowable pressure drop is higl2000 Pa), and
NTUg; helps in the comparison of heat exchangers subjectedtfi® effectiveness is less than about 95 percent, the volume of a
different irreversibilities as well as those not subjected to differeftatrix heat exchanger in the two cases is nearly the same. The
irreversibilities on a common denominator basis. major advantage in using multiple channels, however, lies in the
The volumes of a matrix heat exchanger of rectang(tiap- overall aspect ratiowidth to breadthpf the heat exchanger. It can
channel)and circular geometries for the same heat duty are cofe seen from Fig. 7 that the aspect ratio for a multichannel heat
pared in Fig. 5. It can be seen that the volume of a matrix he@¥changer has a ball park value of 4, compared to about 14 for
exchanger of circular shape is also dependent on the channel u¥éerchannel rectangular matrix heat exchangers.
for the low-pressure stream as shown in Fig. 5. It is evident thatFigure 8 shows the effect of height of separating wall It can
the use of inne(circwar) channel is preferab|e to the use of anbe seen that the volume of a matrix heat exchanger nearly doubles
nular channel for the low-pressure stream. The least volumehy increasing the spacer width from 1 mm to 2 mm, at all values
required when the rectangular two-channel matrix heat exchan§&NTUe . Any increase in the width of the separating wallsee
is adopted at all effectiveness (NI#) conditions. The difference Ig l) will result in an increase in lateral thermal resistance be-
between volumes of a matrix heat exchanger of rectangular aif¢een the streams as well as a decrease in the longitudinal thermal

circular shapes, however, is small for NJU less than 20(or resis_tance and will require therefore hi_ghervolu_(rama)._ln most
effectiveness less than about 95 perent matrix heat exchangers, the effect of increase in longitudinal heat

Figure 6 shows the volumes of an optimum matrix heat exonduction is more predominant than a decrease in lateral thermal

changer of rectangular shape with two and three charfRgls. 1 ~conductance. The value dfadopted, in general, depends on ef-
and 3). The size of the three-channel heat exchanger can be f@étiveness of the bonding between the spacers and the perforated
termined by assuming it to be two two-channel heat exchangergdigtes and the bonding strength. Figure 8 is thus an indirect indi-
parallel, but with the advantage of having one outer wall leg@tor of the relationship between the effectiveness of the bonding
(because of symmetrycompared to a normal two-channel hea@nd the overall volume of the matrix heat exchanger.

exchanger_ It can be seen from F|g 6 that the volume of multi- Figure 9 shows the variation of radii of the two channels of a
matrix heat exchanger of circular geometry for two ca€&k and

C2). In case C1 a much smaller flow cross section is provided for

4000 T T T T

w
[6)]
(=]
o

L v=1
AP=2000 Pa

500

—
5
= 3000
(3]
2 2
s 2500 ©
g 5
o 2000 2
f: 8 10 | 1
£ 1500 o) AP (Pa)
[=]
° S 8t —— 1000 -
£ 1000 s R — 2000
35 é L e 3000
4 5z 8
z

Three channel

) ( L ' . L (

0 L L
10 15 20 25 30 35 40 45 50 55 60

NTUeﬂ 2 L L 1 L ! L 1 L L
10 15 20 25 30 35 40 45 50 55 60
Fig. 5 Effect of the matrix heat exchanger geometry on the NTU
heat exchanger volume. (R: rectangular, C1: circular geometry
with low-pressure stream in the inner channel, C2: circular ge- Fig. 7 Variation of an aspect ratio with NTU 4 for a rectangular
ometry with low-pressure stream in the annular channel. ) shape matrix heat exchanger with balanced flow conditions
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Shape: Rectangular
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200 Rep eersseees gs?pezﬂectangular { 500

b=2 mm 180 |
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140 |
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20— 500
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2500
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1500

1000
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Volume of heat exchanger (cm3
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Reynolds number in low pressure channel, Re,
Reynolds number in high pressure channel, Re,

—_
(=]

NTU 4

Fig. 8 Variation of volume (V) with NTU . for a rectangular
matrix heat exchanger at different values of separator thick-
ness (b)

Fig. 10 Variation of Reynolds number in a low-pressure chan-
nel and high-pressure channel with NTU 4 for a rectangular
shape matrix heat enchanger with balanced flow conditions

the high-pressure stream compared to the low-pressure stream.

When the low-pressure stream is passed through the annular cHfan-Conclusions
nel (case C2), the flow cross section and also convective heat
transfer area available for the high-pressure stream is much highet
than that for case C1. The lateral heat transfer path, however®
also longer in case C2 compared to case C1l. Consequently, tfYe
conduction resistance in case C2 will be much larger than ¢ . .
Cl. The increase in conduction resistance will be much largiver than all other configurations.

than increase in convective heat transfer area in case C2 compared 't 1S Preferable to use the inner channel for the low pressure

to case C1, necessitating use of larger heat exchanger volume>t'€am and the annular channel for the high-pressure stream, in
Figure 10 shows the variation of Reynolds numbers of high arige case of a matrix heat exchanger of circular geometry. .
¢ The low-pressure stream is more likely to operate in a lami-

low-pressure streams in a two-channel rectangular shape matrix . . . ) ) .
heat exchanger. It can be seen that the Reynolds numbers %E flow regime, particularly at high effectiveness in an all opti-
higher than 16Gcorresponding to a turbulent reging@])) at all mum matrix heat exchanger, and in a turbulent flow regime in the
values of NTU; andAP in the case of high-pressure stream an§aS€ ©f & high-pressure stream.

much less than Re of 160 for the low-pressure stream. A similar

observation can also be made in the case of matrix heat exchaRgsmenclature

ers of circular geometry. While the results show that laminar flow

regime will exist in the low-pressure channel of optimized matrix =~ A = heat transfer arean)

heat exchangers, very little data are available on the variation of A” = heat transfer area per unit volume of pléte?/m?)
Nusselt numbefNu) at such low Reynolds numbers. Shevykova A, = foot print area of the spacém?)

and Orlov[8] presented a correlation for the friction factor for b = height of the separatdm)

laminar flow regime, but not for heat transfer. Even in our case, C = constant in Nusselt number correlatit®q. (14))

The volume of a matrix heat exchanger of rectang(tano
nnel)and circular geometry are quite close at NJjless than
At higher values of NTL} the volume of a matrix heat ex-
nger of rectangulafmulti channel)geometry will be much

we have extended the correlation of Shevykova and Cji#dvo d = perforation diametefm)
low Reynolds number, even though they are valid only at Re F = geometric factoXEq. (6))
>300. G4 = mass flux through any perforatidkg/ns)
H = Plate height in any channéin)
h = heat transfer coefficiertV/(m?K))
40 r : . . . . . . — K = intermediate constant
8; — Ro k = effective thermal conductivity\W/(mK))
as | ) i i | = plate thicknesgm)
Shape : Circular m = mass flow ratgkg/s)

AP=2000 Pa R, Nu = Nusselt number
n = number of plate-spacer pairs
nty = number of convective heat transfer units per stream
(=hA/mc,)
nty, = dimensionless plate conductany. (6))

[
o

Radii of circular MHE (mm)
N
[$))

20t nty, , = overall dimensionless plate conductarieeg. (6))
p = plate porosity
15 [ R; = inner radius of the circular shape matrix heat ex-
changer(m)
10 ) ) ) . ) ) , . . R, = outer radius of the circular shape matrix heat ex-
10 15 20 25 30 35 40 45 50 55 60 changer(m)

= Reynolds number

spacer thicknesgém)

volume of the heat exchangém?®)
= plate width(m)

constant

NTUg¢

Fig. 9 Effect of channel used for the low-pressure stream on
the channel radii. (C1: low-pressure stream in the inside chan-
nel and C2: low-pressure stream in the annular channel. )

N§<wc;DU
Il
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Greek Letters

a = intermediate parametenE& exp(—nty))
B = intermediate parameteE 1/(1-vy))
I" = intermediate factofEq. (32))
y = exponent in Nusselt number correlatitiq. (14))
P = pressure drop in the low-pressure chanifz)

e = heat exchanger effectiveness
nin = fin efficiency (Eq. (33))

x = intermediate paramet€Eq. (5))

N = overall axial conduction parameter

(=keAy /sn(inc,),)

\p = dimensionless lateral conductance of the separating

wall (see Table 2)

w = viscosity of the fluid(Pa.s)

v = heat capacity rate ratig(mcp),/(mcp),]

¢ = drag coefficient{Eq. (12))

p = density of the fluid(kg/m®)

¢ = intermediate parametéEq. (5))

¢ = intermediate parametéEg. (17))

Q) = intermediate parametéEq. (22))

w = intermediate paramet€Eq. (17))
Subscripts

1 = cold fluid

2 = hot fluid

eff = effective
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= 1,2 channel numbers
= plate

overall

= spacer

separating wall
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Influence of Crossflow-Induced

Swirl and Impingement on Heat

Transfer in an Internal Coolant
s.v.exad’ § Passage of a Turbine Airfoil

Assistant Professor,
Assoc. Mem. ASME

e-mail: ekkad@me.Isu.edu Detailed heat transfer distributions are presented inside a two-pass coolant channel with
crossflow-induced swirl and impingement. The impingement and passage crossflow are
G. Pamula generated from one coolant passage to the adjoining coolant passage through a series of
Graduate Student, straight or angled holes along the dividing wall. The holes provide for the flow turning
Mem. ASME from one passage to another typically achieved in a conventional design by a 180-deg
U-bend. The holes direct the flow laterally from one passage to another and generate
S. ACharva different secondary flow patterns in the second pass. These secondary flows produce
L. R. Daniel Professor, impingement and swirl and lead to higher heat transfer enhancement. Three different
Fellow ASME lateral hole configurations are tested for three Reynolds numbers-{R£00, 25,000,
50,000). The configurations were varied by angle of delivery and location on the divider
Mechanical Engineering Department, wall. A transient liquid crystal technique is used to measure the detailed heat transfer
Louisiana State University, coefficient distributions inside the passages. Results with the new crossflow feed system
Baton Rouge, LA 70803 are compared with the results from the traditional 180-deg turn passage. Results show

that the crossflow feed configurations produce significantly higher Nusselt numbers on the
second pass walls without affecting the first pass heat transfer levels. The heat transfer
enhancement is as high as seven to eight times greater than obtained in the second pass
for a channel with a 180-deg turn. The increased measured pressure drop (rise in friction
factor) caused by flow through the crossflow holes are compensated by the significant
heat transfer enhancement obtained by the new configurdi&9022-1481(00)03103-0]

Keywords: Forced Convection, Heat Transfer, Impingement, Swirling, Turbines

Introduction channels of rectangular cross section, and they provided regional
Heat transfer augmentation inside airfoil internal channels is ﬁ:;ﬁ?ﬁ%ﬁiﬁﬁ‘g{g orr;\t/? deeg’p’rgsc;tf:?a?g'd:nuéer:e";?ltlfaﬁ;?g:‘d
important issue for the gas turbine industry. As turbine inlet ten)- . P P P

) . - measurements inside serpentine channels. Fan and Md#per
peratures are increased, there is a greater need for more efficient, .

- . - . . . _studied heat transfer in two-pass smooth channels connected by a
cooling. Several strategies are being examined by various inv

tigators where combinations of turbulated serpentine passa}%go'r?;?t ttl:;rr']'s:—et}ei{]g%?‘:ﬁ;eghtgﬁn?:cé%;h?gciglezsggf;"r:go on
cooling, impingement cooling, double-wall cooling, and film cool- ) P

ing are considered. The focus of this study is 1o investigate gg}ass(heat)transfer distributions |n3|d¢ two-pass and three-pass
O i . smooth channels connected by a series of 180-deg turns. Ekkad
alternative internal cooling strategy where additional secondar

. N Han[6] focused on the 180-deg turn region and presented
flows and heat transfer enhancement are generated without radzll}:e%qailed heat transfer distributions around the turn region. They

alteration to the existing internal designs of cooling passages. TM icated the strong three dimensionality of the flows due to the

strategy consists of replacing the conventional U-bend betvveg trifugal forces and their effects on heat transfer. Flow through

g;gntw%ep?fsggneé:'gé”1(3(32])n\ggpna ti%”;\slo()fa(;yslg]g%'call (r;)(;l)es the 180-deg turn causes enhancement and nonuniform heat trans-
9 viding w ing P 9. " _ fer distributions in the second pass immediately downstream of

The cylindrical holes permit lateral injection from the first passa turn. A more recent study by Hibbs et ET] indicates that

o the second passage; this leads to a combination of 'mpmgemsgid-induced secondary flows and heat transfer nonuniformities
and crossflow-induced swirl in the second passage. This combngt & also present under conditions of rotation
tion of impingement and swirl is expected to provide a higher an Several other researchdf§—11]) have all fo.cused on enhanc-

more uniform _heat transfer in the sec_:ond passage. If agmﬁcam heat transfer in both the first pass and second pass using rib
enhancement in the second passage is obtained, this strategy fllBulators. The maximum enhancement reported in the second

e oL el 1, ass f  Serponine chanel il a combinaton of he
9 discrete rib turbulators is around six to seven times higher than the

fer loads are most significant. : !
There have been several studies on two-pass channels repofrlt'% developed flow Nusselt numbéDittus-Boelter Equation

in the literature. Boyld 1] provided centerline heat transfer coef- ecently, it has been observed that swirl induction in the flow
- 5Oy P ids in heat transfer enhancement. This has been investigated by

ficient information inside serpentine passages. Metzger and Saé%a : :
. zer et al[12], Ligrani et al[13], and Moon et al.14]. They
[2] presented Nusselt numbers near sharp 180-deg tums in SMoEhte swirl by injecting air into the tube through tangential jets

along the wall. Hedlund et dl15] presented measurements inside
Contributed by the Heat Transfer Division for publication in tf@JBNAL OF a tubular swirl chamber for SImU|atlng twrbine blade internal cool-

HEAT TRANSFER Manuscript received by the Heat Transfer Division, Aug. 4, 1999',r!g' Swirl cooling appears t(_) b_e a p_romlsmg alternative to using
revision received, Apr. 12, 2000. Associate Technical Editor: J. Han. discrete turbulators for achieving higher heat transfer enhance-
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Fig. 1 lllustration of channels with  (a) 180 deg turn (b) holes

lateral injection holes are drilled through the divider wall between
the two channels and the turn is eliminated. The holes are angled
at 8=0 deg and 45 deg towards one sidewall to produce different
swirl flow conditions in the second pass. The location of the hole
on the divider wall is also a parameter in the configuration. For
each case, three flow channel Reynolds numbers of 10,000,
25,000, and 50,000 are tested. It is expected that the heat transfer
distributions on the two sidewalls will be different for all cases
due to strong impingement on one wall. Results are presented for
both sidewalls of the two passes, which represent the pressure side
and suction side surfaces of the airfoil. For comparison, results are
also presented for a two-pass channel connected by a 180-deg
turn.

Experimental Setup

Figure 2 presents a schematic of the experimental setup. The
experimental setup consists of an image processing syR&B
Color CCD Camera, Color Frame Grabber Card, PC and Imaging
Software), temperature measurement system, flow loop, and the
test section. The RGB camera is focused on the test section and
the color FG card is programmed through the software to analyze

ment. All the above studies are, however, in circular one-passal-time images for color signals during a transient heat transfer
tubular channels and are not similar to the system proposed in test.

present study.

The flow circuit consists of an air supply from a 300-psi com-

The present study, as indicated earlier, focuses on investigatiprgssor. The air is regulated and metered through a standard ori-
an alternative approach for heat transfer enhancement without dige meter to measure the flow rate through the test section. The
nificantly altering the internal cooling design existent in thair is then routed through an in-line air heat8rkKW) controlled
present cooled blades. The aim is to deliver the coolant from fitsy a temperature controller system. The air from the heater is then
passage to second passage through lateral slots along the dividiivgrted away from the test section with a three-way ball diverter
wall. Lateral injection leads to a combination of impingement andalve. The heated air temperature is monitored by the temperature
crossflow-induced swirl and is expected to produce significanbntrol unit by measuring the heated air temperature immediately
heat transfer enhancement in the second pass. In this study, dbenstream of the heater. When the valve is flipped, the air is

J—

H—-

()

1]

i

Ar from

Compressor

?.

RGB Camera

Frame Grabber Board
& Computer
Temperature Controller
Diverter Valve

Heater

®
©
1
2.
3.
4.
5.

6. Thermocouple

7. Digital temperature
Recorder

8. Test Section

9. Temperature Recorder
Board & Computer

Fig. 2 Experimental test setup
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Fig. 3 Three test channel configurations; (a) Case 2, (b) Case 3, (c) Case 4

routed through the test section. A series of honeycomb strips amehoted as Case 1. In Case 2 the divider wall consists of normal
a mesh help produce a uniform flow at the entrance into the tesigled holeg3=0 deg)and the lateral jets are expected to im-
section. pinge on the opposite secondary wétp wall). The holes are
Figure 3(a)shows a schematic of the test section. The teplaced such that the hole centerline is 1.27 cm from Wall 1. In
channel is a 5.08-cm square cross section through the 60.96-Cse 3, the holes are angled @45 deg. The holes are posi-
length. The channel length to hydraulic diameter ratidl) is  tioned such that the flow is directed towards Wall 1, and the exit
12. There is no 180-deg turn for the channels connected by gation of the hole centerlines entering the second pass are 1.27
holes. All of the flow passes through the holes. There are no hol§§ from Wall 1. In Case 4, the holes are also angleg-a45 deg,
along the divider wall for the first 30.48 cm of the channel Iengtcgut with the exit hole centerlines located 3.81 cm from Wall 1.

from entrance (/D =6). The 12 holes are then evenly distribute his case is different than Case 3, in that, the lateral angle is

over the next 30.48 cm of the channel length. There are 12 h.olﬁ?ected away from the nearest wall to the hole location.
of 1.27-cm diameter each. The holes are spaced two-hole dlam=I'he heat transfer measurements are made only on Wall 1 and

eters(centerline to centerlineapart from each other. The lateral . .
hole locations on the divid?zr vF\)/aII were designed to produce diY—Va” 2 of the Plexiglas test section. The surfaces are coated on the

ferent swirling flow conditions in the channel. The ratio of thén.Side with a thin layer of liquid crystalHallcrest: R35C1W A

total area of all the holes to the turn region area in the 180-d n black paint .C.o"’.lt.'ng IS sprgyeq behind the liquid crystal coat-
turn case was 0.6. The thickness of all the walls in the test sectibly 0 ensure visibility of the liquid crystal color changes when
was 1.27 cm. The primary walls are designated Wall 1 and Wémew_ed _from the outside. Onc_e the test section is coated with both
2. These walls are the channel walls that are exposed to the p,t,gg_llqwd crystal and black paint layers, the_ insides of the channel
sure and suction surfaces of the airfoil. The top and bottom wafiée opaque. Thermocouples are placed at inlet and outlets of each
are only exposed to only the coolant fldim the actual turbine Passagéa total of four)to measure the local bulk temperature of
blade). These are considered secondary walls for convection cdbe heated air as a function of time. The transient thermocouple
ing in actual turbine blades. The endwall is the wall that is ex@utputs are digitized during the test using an eight-channel A/D
posed to the blade tifblades)or the plenum region for the vane. system. Since the air temperature from a sudden switching of the

Figure 3(b)shows the three hole configurations viewed fronvalve does not produce a step change, it is important to measure
the side of the test section. The two-pass with the 180-deg turntlie transient response of the air temperature.
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Procedure and Data Reduction $moke Images

The air mass flow rate is set for the required channel Reynol
number condition, and then heated through the in-line air heat
The temperature at the exit of the heater is set based on sc
qualification tests to produce acceptable liquid crystal colc
change times during the transient test. The heated air is initia
routed away from the test section. The temperature measurerr
system and the image processing system are set to trigger
initiating data measurement at the same instant. When the aiil :
heated to the steady required temperature, the diverter valve /

flipped to let the hot air into the test section. The thermochrom

liquid crystal coating is heated by the hot air and changes col

when it reaches its display color range. Liquid crystal color ten

peratures are pre-set and are calibrated under lab lighting corig) caces (b} Case3
tions. The liquid crystal used in this study has a narrow bana

(1°C) with the initial red color appearing at 35.1°C, then greepig. 4 Smoke flow visualization results for ~ (a) Case 2, (b) Case
color appearance at 35.4°C, and finally blue color at 35.9°C. ThBe(c) Case 4

image processing system maps the test section intox300

pixel locations and monitors each location individually for color

changes. The reference point in this study is set as the appearance

of green color during the transient. Thresholding was used to de-

termine the actual color appearance during the transient test. T
the image processing system will provide time of color changes

q‘g{ﬁn the measured thermocouple locations. The time-step changes

every pixel when it reaches 35.4°C. The test duration is typical je then |nclud§d into the. equation to ob.taln a function of the form
a maximum of 150 seconds. The air temperature is set such tH}{en below. Since the air temperature is not a step-change func-
the times of color changes for all pixels are between 10-13@n but ime-dependent, Metzger and Lar§6] proposed to use
seconds. During the time period, the test section does not viold#€ Duhamel's superposition integral to include the time-
the semi-infinite solid assumption. dependent heated air response into the above equation. Assuming

The test section is made of Plexigfaso that a semi-infinite negligible axial conduction, the surface temperature response
solid assumption can be applied on the test section wall. The lo€al,) of the exposed semi-infinite wall with a convective boundary
air bulk temperature for each axial pixel location is interpolatecondition can be written a§10])

a 200 40 B0 800 1994

Case 3

Fig. 5 Detailed heat transfer distributions for all channels at Re =25,000
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as: time of color change; = 3 percent; thermal properties of wall
(a,k)-=5 percent; mainstream temperaturd@,,- +3 percent;
X[AT 1] 1) color change temperatu.ré',w-iZ percent; .in‘itial temperature,
m(j.j=1) T;- +3 percent. The maximum uncertainty is incurred at the areas
where ATy, ;-1 and 7; are the temperature and time-stepf shortest or longest color changes. The shortest color chaifiges
changes interpolated from the digitized temperature outfits. time of color change is lower than five secongsoduce uncer-
and T; are the heated air and test section initial temperaturdgjnty levels as high as:14.5 percent. The uncertainty in friction
respectively. Plexiglass properties, thermal diffusivity) and factor measurement is on the order-08.0 percent based on the
thermal conductivity(k), are known. The time, of color change uncertainty in pressure differential measurement and mass flow
to green is measured by the image processing system. This equaasurements.
tion is applicable at each pixel location on the test surface. The
equation is solved at every pixel location to obtain the local he
transfer coefficient,h. Ekkad and Han6,10] used a similar

approach. o . o . Flow Visualization. Flow visualization was performed using
The overall friction factor for any configuration is .determlnegmoke flow injection. The image processing system was triggered
by measuring the pressure drop across the test sedtiB).(The o capture continuous frames from the initiation of the smoke
friction factor is defined ad=2AP(D/L)/(pV?). The overall flow. The sequential grabbing of frames was curtailed when the
measured friction factor is normalized with a calculated frictiorest section was completely filled with smoke. The saved images
factor for the same length of a straight smooth channel given byere then animated to determine the flow behavior inside the
fo=0.046 Re %2 channels. The smoke flow visualization was performed at a low
The average experimental uncertainty based on the methodtw rate condition(low Reynolds numbegr Although the flow
ogy of Kline and McKlintock{17]is on the order of=7.4 percent. conditions in the actual heat transfer tests are different, these vi-

C{h\/a(t—rj)
erf K

] The individual uncertainties in the measurement are listed below

N
h?a(t—1
TW_Tizz: {1—ex;{ a(kZ TJ)
=

Eltesults and Discussion

Re = 25000

I
L Case 2 B el -

| Wall &
Two Pees

T
L Case 4 —— walt .

Well2
r Two Pess 7

] 1
-5 1] 5

x/D

Fig. 6 Spanwise averaged Nusselt number distributions on both walls
compared to a two-pass with turn for Re  =25,000
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Fig. 7 Effect of flow Reynolds number for each case on Wall 1

sualization experiments were used to provide better understand@ase 3. The jet exits are farther from Wall 1 in this case which
of the complex heat transfer distributions inside the channel. Thauses the higher impingement location. After impingement on
visualizations were performed only for the channels with latergVall 1, the flow behavior appears to be similar to that for Case 3.
holes. The 180-deg turn channel has been widely investigatébe strong vortical structure from the smoke flow visualizations
previously so it is not presented. provide qualitative proof on the presence of the swirl induced due
Figure 4 shows the smoke flow patterns in the second pass. Ttbémpingement on the walls of the channel for Cases 3 and 4. It
camera was placed to view the inside of the channel from the however, not very clear for Case 2.
endwall side so the captured images truly reflect the flow patterns . L
at the farthest location of the channel from the inlet/exit location. Heat Transfer Measurements. Detailed heat transfer distri-
For each case with holes, only one of the sequential frames bugions are presented for all four cases at three char!nel Reynolds
presented. For Case 2, the flow appears to exit the hole into fHémbers of 10,000, 25,000, and 50,000. In presenting these re-
second pass as a jet. The jet seems to impinge on the top wall &H#s, the primary goal is to compare the heat transfer performance
ricochets back towards the divider wall. The jet breaks up into twier Cases 2, 3, and 4 with that of the baseline Case 1.
structures. The first structure almost immediately re-impinges onThe detailed Nusselt number contours are presented for Re
Wall 1 and is pushed downward by the crossflow. A small recir=25,000 in Fig. 5. The top figure shows the distributions for Case
culation region is formed at the right-hand bottom corner of thk (180-deg turn). The results for both Wall 1 and Wall 2 are the
second pass. For Case 3, the jets strongly impinge on Wall 1. T$gme so data for only one wall is presented for Case 1. However,
distance from the exit of the hole to the wall is very short thutesults for both walls are presented for the other three cases. The
producing a strong impingement. The jet is deflected towards thiglewall on which impingement occurs first is called Wall 1 and
top wall where it is redeflected toward Wall 2. The flow appeathe opposite facing wall is called Wall 2. The lower passage in
to roll into a vortex with the core flow being the slowest. Thd-ig. 5 is the inlet passagdérst passjand the upper passage is the
slower flow is then pushed downstream by the crossflow. Fexit passaggsecond pass). Based on the surface heat transfer
Case 4, the jets appear to impinge strongly on Wall 1. The indistributions and the pressure measurements, a conceptual sche-
pingement location along the wall is at higher location than fanatic of the flow pattern is shown for each case.
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Fig. 8 Effect of flow Reynolds number for each case on Wall 2

The first pass or inlet passage is minimally affected by thehannels connected by 180-deg turns. The present results are con-
changes in configuratiofCases 1-4as seen from the color con- sistent with the results for smooth channels presented by Ekkad
tours. This observation is encouraging since enhancements in &mel Han[6,10].
second pass are not associated with heat transfer reductions in tHeor Case 2, the air enters axially in one direction into the first
first pass. The second pass, expectedly, has different Nusselt npasss and is routed into the second pass through the series of
ber distributions depending upon the configuration. For Case straight laterally directed holes. The heat transfer coefficient is
where the air turns into the second pass through a 180-deg twstipngly enhanced on Wall 1, which is closer to the hole row. The
flow separation and reattachment are clearly observed past laerally injected flow undergoes a sudden expansion through the
bend. The first-pass airflow impinges directly on the endwall arftble and impinges along Wall 1 causing localized high heat trans-
turns 180 deg towards the second pass. The flow is then pulfed regions for each jet location. The lower heat transfer below the
away from the divider wall due to the centrifugal forces generatechpingement region is due to recirculation of slower separated
by the turn and thus heat transfer is enhanced near the outer \flallv. The flow after impingement on Wall 1 is redirected by the
as the flow impinges on to it. The secondary flow is then pushédp wall towards Wall 2. The other side of the jet expansion
back into the middle of the duct and mixes with the main flowtowards the channel cenjetirectly impinges on the top wall and
structures and enhances heat transfer over the entire span immedso deflected towards Wall 2. The jet impingement location on
diately after the turn. Further downstream of the turn, the floWwall 1 is at a higher location from the divider wall for the jets
appears to become more spanwise uniform and tends to approaear the endwall. The impingement location is shifted downward
fully developed flow conditions. The heat transfer is unevenlypwards the exit, due to the increasing strength of the passage flow
enhanced only for a distance of two hydraulic diameters dowas it moves towards the exit. The passage flow near the endwall is
stream of the turn. Due to this reason, there is a necessity ninimal and increases as the number of jets increases from the
provide turbulators to enhance the heat transfer in serpentieedwall to the exit of the second pass.
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Fig. 9 Effect of flow configuration  (case) on Wall 1 for each Reynolds number

For Case 3, the air is routed from the first pass into the secotidn (X/D) on both walls for each crossflow injection case with
pass through a series of angled holes directed at Wall 1. The dirdat baseline 180-deg turn case at=R¥®,000. Due to high reso-
impingement causes extremely high Nusselt numbers on Walllation of the measurement technique, only some of the data points
Also, the effect of passage crossflow is reduced as the impingge marked with symbols to avoid confusion. There are around
ment is strong and jets travel a very short distance before 900 data points in each curve. The Nusselt number for fully
pingement. For all 12 jets, the location of impingement on theéeveloped flow (Ng) in a channelDittus-Boelter Equationwas
wall is at nearly the same spanwise location relative to the jet. Theed for normalizing the experimental results. All the four cases
strong impingement on Wall 1 also produces a fairly high Nussalhow small variation in the first pagilet passagef{X/D=0)
numbers on the upper side of Wall 2. This effect is most noticgtusselt number distributions. Also, both the walls for each case
able on Wall 2 close to the endwall of the passage where tBRow similar heat transfer ratio (Nu/puvalues. In the second
signatures of individual jets can be seen. As the flow movgsiss, the primary impingement wéWall 1) for Cases 2, 3, and 4
downstream and the crossflow gets stronger, the discrete effectalgfays shows the highest enhancement with values as high as 10.
the individual jets can no longer be observed. The Nusselt numbers exhibit wavy patterns reflective of jet im-

For Case 4, the jets are located closer to Wall 2, but are ofiingement. However, the wavy oscillations are sntabbout 30
ented in the same direction as in Case 3, and impinge on Wallgercentyelative to the baseline. All three injection Ca$2s3, 4)

The impingement is strongest for the middle jets. The heat transhow significant enhancement over Case 1 with Case 3 showing

fer enhancement is significant on the impingement \0Aall 1) the most uniform enhancement levels through the channel length.

with the heat transfer enhanced only on the top half of Wall 2. Thgn wall 2, all three cases again show enhancements over Case 1.
schematic flow pattern show(irig. 4) identifies the reasons for For Case 3, the Wall 2 data is nearly three times higher than the

the higher enhancement in the top corners of Wall 1 and Wall 2gse 1(180-deg bendyata. For Cases 2 and 4, the Wall 2 data

a small recirculation zone in the bottom right corner, and slowglso shows enhancement although they are more modest.

fluid at the left bottom corner of the channel. . Figure 7 compares the effect of Reynolds number on spanwise-

Figure 6 presents the spanwise-averaged results comparing b€raged Nusselt number enhancement for each case on Wall 1.
heat transfer enhancementyMly,) versus the streamwise loca-This is the impingement wall for Cases 2, 3, and 4. For Case 1, the
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Fig. 10 Effect of flow configuration (case) on Wall 2 for each Reynolds

number

Nusselt number ratio is similar at all Reynolds numbers througkxceed 20. Further increase in Reynolds number produces lower
out the duct. The highest enhancement after the turn region dtusselt number ratios around 8—9 due to increased crossflow ef-
tained for this configuration is about three times the fully devefects. The crossflow velocity versus local jet velocity is the pri-
oped value for channel flow. For Case 2, Nusselt numberary reason for the Reynolds number effect for this case. At
enhancement is at similar levels in the first pass at all Reynolitsver Reynolds number, the generated crossflow velocity in the
numbers. In the second pass, the Nusselt number ratios indicsgéeond pass due to accumulation of coolant is much smaller than
impingement like distributions with peaks and valleys for Réhe local jet velocity through each hole. For Case 4, the Reynolds
=10,000 and 25,000 with slightly lower values at higher Reyaumber effect is negligible. The Nusselt number ratios are similar
nolds number of 25,000. However, at R&0,000, the Nusselt through the duct for all Reynolds numbers.

number distribution is different than for the other two Reynolds Figure 8 compares the effect of Reynolds number on spanwise-
numbers and the wavy impingement induced behavior is rmveraged Nusselt number enhancement for each case on Wall 2.
longer seen. It appears that at such high Reynolds numbers, Reynolds number effect is very small for Cases 1, 2, and 4. It
configuration produces significant streamwise crossflow effecppears that the channel flow effect is predominant for all these
reducing the effect of local impingement. However, the Nusseattises and hence the Nusselt number can be normalized with the
number ratios are comparable to that at lower Reynolds numbéuly developed flow Nusselt number for that particular Reynolds
and still considerably higher than the baseline case. This indicatesmber and the data collapses on to a single curve. However, for
that the crossflow jets impart a strong degree of swirl to the crogSase 3, this is not evident. The Nusselt number enhancement ratio
flow, and lead to enhancements in heat transfer. Nusselt numbecreases with increasing Reynolds number. This may be due to
ratios are highest closer to the exit than at individual upstreatime increasing crossflow effect for higher Reynolds number cases.
(X/D>0) impingement locations. For Case 3, the impingeme#tiso, for this case, the first impingement of the jets on Wall 1 is
effect is the strongest. First-pass results show very small effectatfonger, creating a ricocheting flow toward the opposite wall that
Reynolds number. For the second pass, at a low Reynolds numperduces a fairly strong impingement on Wall 2 leading to the
of 10,000, the impingement effect causes Nusselt number ratioshigh Nusselt numbers observed.
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P using a precision manometer. The Darcy friction factdy {s

computed using the known pressure dra@gP) across the entire

Figure 9 compares the effect of different configurati¢reses) [WO-pass channel and the mass flp¥/(= G) through the channel.
for each Reynolds number for Wall 1. At R&0,000, all cases The Darcy friction factor |s_normaI|zed by the Darcy frlc_tlo_n fac-
produce similar heat transfer levels in the first pass. In the secd@fl of @ smooth channel given dg=0.046 Re®? The friction
pass, Case 3 produces the highest enhancement due to strofgféer ratio (/o) is computed for each channel at a particular
impingement on Wall 1. Case 1 produces lowest heat transﬁjynolds number. The overall averaged Nusselt number ratio
enhancement. Case 2 shows lower heat transfer enhancemerfhNit/Nuw,) is obtained by averaging the detailed Nusselt number
the region neaX/D=1 and increases towards the exit. Case distributions of both walls for both passes so as to obtain a single
produces the opposite effect with higher heat transfer arouhlisselt number enhancement value for the entire channel irre-
X/D=1 and decreasing toward the exit. At-RB5,000, Cases 2, spective of the channel configuration. TRa/Nu, value is plotted
3, and 4 produce similar levels of enhancement in the impinggyainst the correspondirfgf, for the channel in Fig. 12. At low
ment region(See Fig. 6). Case 1 produces significantly lower he@eynolds numbers of around 10,000, Case 3 provides significantly
transfer enhancement than the other three cases. ABRE00, higher heat transfer enhancement than all other channels but also
Case 4 produces the highest heat transfer enhancement closgréides higher friction factor ratio. At Re25,000 and 50,000, it
the endwall and decreases with increasing streamwise crossflgyhears that all three cases with crossflow injection appear to
distance. Case 3 produces opposite effect with lower heat tranglesduce similar heat transfer enhancement levels. However,
near the endwall and higher heat transfer toward the exit. Thighong the three cases, Case 2 produces the lowest friction factor
may be attributed to longer impingement distance from hole exftio. The heat transfer enhancement is around 4.0 times the fully
and stronger crossflows pushing the jets away from the wallfeveloped Nusselt number and friction factor is around 10-12
Case 2 does not show impingement like enhancement distrijynes higher than the smooth channel friction factor.
tiOI’]S as seen for the Other cases. Th|S Implles that the Iatera”y]'he therma| performance Of the Channel is Computed using the
directed jets do not impinge on Wall 1 at this high Reynoldgrmulation suggested by Gee and WéhB]for ribbed channels.
Eumber, a?d instead contribute to increasing the swirl and thus [-Fﬁe thermal performance parameter is given $=\9J/(\|Uo)/

eat transfer. — )

Figure 10 compares the effect of different configurationg/fO)m' The thermal performance parameter for each case is

(casesfor each Reynolds number for Wall 2. All four cases proPlotted against Reynolds number in Fig. 13. Case 3 provides the

duce similar heat transfer enhancement levels in the first paBighest thermal performance parameter value at a Reynolds num-
Case 3 produces the highest enhancement at all three Reyndigls Of 10,000. At higher Reynolds numbers, Cases 2, 3, and 4
numbers in the second pass. Cases 2 and 4 produce similar Ie9é?§?|“°e similar thermal performance values. Based on Figs. 11~
and Case 1 produces the lowest enhancement as expected. 13, it can be concluded that channels connected by orifices instead

Figure 11 compares the overall averaged Nusselt number raff& 180-deg turn provide higher heat transfer enhancement. How-

(ﬁu/Nuo) for the second pass for Cases 14 to averaged NusSYE" the pressure drop penalty is also higher for such channels

number ratios for rib turbulated second pass of a two-pass channel
with 180-deg turn from Chandra et 4B], and Ekkad and Han

[10]. Both Chandra et a[9] and Ekkad and Haf10] did not 3
provide any results for pressure drop to compare overall perfor- o5 #Case 1 A
mance results. Ekkad and Hfh0] has only one sidewall ribbed ’ m Case 2
whereas Chandra et dl9] has both sidewalls ribbed in their %’3 2 ACase 3 .
study. It is clear that all the three geometries introduced in this E x Case 4 X A ¥
present study outperform the 90-deg and 60-deg rib effect in the 3 1.5 X
second pass. These comparisons clearly show the effectiveness of § ¢ .
these new cooling geometry channels compared to conventional £
designs. 0.5
Overall Pressure Drop and Heat Transfer Distributions. 0
Overall pressure drops through each of the channels are measured 1000 10000 100000

at all three Reynolds numbers using static pressure taps that were
placed along the top and bottom secondary walls to measure the
overall pressure differential across the entire row of holes or tifgy. 13 Overall thermal performance parameter compared to
turn. The pressure differential was measured in inches of watgynolds number for each case

Reynolds Number
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compared to a smooth channel with 180-deg turn. Since there isu = dynamic viscosity of air
no data available on thermal performance parameter for two-pass = density
channels in published literature, comparisons are not provided. 7 = time step used in integration
Conclusions Subscripts
This paper presents detailed heat transfer measurements insidg
two-pass channels connected by a series of holes on the divider.
wall. Three lateral hole-injection configurations are tested and
compared to the common 180-deg U-turn channel. For each cas
results are presented for three channel Reynolds numbers o
10,000, 25,000, and 50,000. Detailed heat transfer distributioReferences
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Transient Double Diffusive Convection ditions are imposed at the vertical boundaries of a rectangular cell

. . . containing a binary fluid. The present paper refers to the experi-
in a Vertical Enclosure With mental studies reported in the bibliography on melting of ice in an
i i+ aqueous solution. This has been experimented by Huppert and

Asymmetrlcal Boundary Conditions Turner[3] or Benard et al[4] among others, but there have been
very few attempts to propose a complete numerical simulation
S. Merguit (5,6 .

_mail- ; ) It has been shown elsewhe(see[4]) that a purely convective
e-mail: mergui@fast.u-psud.fr model could retain the main double diffusive mechanisms and
. simulate the dominating transport phenomena present in the prob-
D. Gobin lem: A binary fluid at an initial concentratio@, is initially at rest

in a rectangular cavity at a uniform temperatdig; at timet*

FAST-UMR CNRS 7608Universities Paris VI and Paris =0, the temperature of the left wall is raised to a temperature
Xl), Campus Universitaire Bament 502 T,>T,, and a uniform concentratio@,=0 is specified at the

right wall, while its temperature is maintained B§. Only the
91405 Orsay Cedex, France process of cell formation has already been studied and the purpose

of the present paper is to analyze the time evolution of heat and
species transfer in relation with the flow structure.
This study deals with the numerical analysis of transient heat and
species transfer by natural convection in a binary fluid vertical
layer. The cavity is differentially heated and a solutal buoyanc, . .
force is created by imposing a concentration step at one vertical Governing Equations
wall: This refers to the experimental situation where the compo- The coupled thermal and solutal convective flow created in the
sition gradient inducing the solutal buoyancy force is created bgnclosure is essentially a transient process and the time-dependent
melting of pure ice in a salty solution. The constitution of the flowquations have to be considered. The dimensionless tempefature
structure and the time evolution of the heat and mass transfend concentratiop are defined using, andC,, the initial tem-
characteristics are studied for opposing body forces over a rangeerature and concentration of the solution, as the reference values.
of thermal and solutal Rayleigh numbers. The numerical resuffhe dimensionless length and time are defined ubirandH?/ v
allow to provide a better insight into the mechanisms driving thes the reference quantities.

heat and species transfer at high Lewis number thermohaline ) ) . )
convection[S0022-1481(00)00303-0] Equations. The flow is assumed to be laminar, incompress-

ible, and the fluid satisfies the Boussinesq approximation. In terms
of the variables defined above, the governing dimensionless equa-
Heat Transfenjons in the binary liquid are the following:

Keywords: Computational Double Diffusion,
Modeling, Natural Convection

V-V=0, 1)
] a0 1
1 Introduction ST TV Vo=5A0, (2
Thermosolutal convective flows in multicomponent fluids are
met in a large range of natural phenomena or industrial processes. ﬁ _ 1
e +V-Vo A, 3)
The competition between thermal and solutal buoyancy forces at LePr
leads to complex flow structures and the understanding of their
interaction with heat and mass transport is relevant in many fields, ﬂ +(V-V)V=V2/— VP+(Gr 0+ Grse)k. (@)
such as vulcanology, oceanography, materials processing, separa- at

t'OR or S|°|'.d'f'c"?‘t'°n procelssgs.l difficul imulate in labora.T N€ classical dimensionless parameters appearing in the equations
ctual situations are relatively difficult to simulate in labora-, o yhe thermal and solutal Grashof numbers, built on the height
tory experiments under controlled conditions, due to the Ilmlta-f the enclosure G T —TOH%22 and Ge— C
tions in specifying composition boundary conditions. Among th@ 3 2 G 9A7(T1~To) Y 5=98s(Co
many possible configurations in double diffusive convection C1)H™/»”. We will also use the ratio of the buoyancy forces
([1,2]), we will focus our attention on situations usually desigt\ — C's/Grr). The fluid properties are combined in the Prandtl

nated as “lateral heating,” where temperattce heat flux)con- and Lewis numbers. .
The initial conditions are zero temperature and concentration.

o whom correspondence should be addressed All the walls are assumed to be rigid, impermeable except the cold
Contributed by the Heat Transfer Division for publication in tf@JBNAL OF wall. The horizontal walls are adiabatic. The boundary conditions

HEAT TRANSFER Manuscript received by the Heat Transfer Division, Aug. 6 10998€ #(x=0,zt)=1 at the hot wall, 6(1/A,z,t)=0 and
revision received, Apr. 11, 2000. Associate Technical Editor: C. Beckermann.  ¢(1/A,z,t)=—1 at the cold wall.
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Numerical Resolution. The set of coupled equations govern-Time =0.0050  Time=0.0271  Time=0.0465  Time =020 Time = 0.40
ing the problem and the associated initial and boundary conditio
is solved using a finite volume technique directly derived from th
sIMPLER method proposed by Patankar]. Time integration uses
a first-order implicit scheme and the centered scheme is retair
for spatial discretization of the convective terms. An ADI proce
dure using a vectorized version of the TDMA algorithm solves th
linear systems of discretized equations, and convergence at e
time step is checked using the? norm of the residues of the
continuity equation.

The computational grid used in the foregoing calculations i
usually defined as follows:

-

=

=
=

1 In the vertical direction a regular grid is used, since multicel
lular patterns with size changing cells are expected: ForAthe
=3 aspect ratio studied hereafter, 281 regularly spaced nodes
usually required in order to describe the flow structures.

2 The grid used in the horizontal direction is irregular, sinc
higher gradients are located close to the walls. The major co
straint is due to the solutal boundary layer thickness, whose orc
of magnitude may be estimated from the usual scaling [8ys (b)
based on the solutal Rayleigh number (RN Le Rap):dg =S
~HRa; Y. The number of nodes of the irregular grid must bt
such that at least five or six nodes are present in the solutal boul
ary layer. On the other hand the irregular node distribution mu
be smooth enough to describe the thicker thermal boundary lay
This is the reason why a sinusoidal distribution has been preferr
to a geometrical progression: Most simulations have been pt
formed using a 93 node horizontal grid.

3 The accuracy of the calculations has been assessed by ct
parison with a reference solution obtained by an independe (c)
pseudo-spectral Chebyshev algorithm described in L e{@s.

For a typical case of double diffusive convectiom=3, Fig. _1 Time evolution of the streamlines  (a), isotherms (b),
Pr=11,Le=192, Ra=10°, N=—22), the reference solution and isopleths (c) (A=3, Pr=10, Le=210, Ra;=9X10°, N=—22)
[10] has been compared to our finite volume calculations, using
either a centered or a hybrid discretization scheme, with two dif-

ferent time-stepst=5x10"° and 8t=1.5x10"°. The Nusselt osolutal cells can develop in the bottom part of the stagnant
number for the centered scheme solution differs by less than tgne 'in a region where the vertical density gradient is weaker.
percent from the reference solution for both time-steps while the The set of numerical simulations presented in the following
hybrid scheme underpredicts the Nusselt number by about nig&.iions has been performed in order to study the influence of the
percent. The relative differences on the Sherwood numbers arejghensionless parameters on the average heat and mass transfer at
the order of one percent for both schemes and time-steps. Ag,@ yertical walls and on the behavior of the thermal cell. The
consequence, the results presented hereafter have been obtgiaedmetric study is limited to the influence of the thermal Ray-
from computations using a centered scheme and a tlmef%tep|eigh number Raand of the buoyancy ratibl. The other param-
=5x107°. eters are kept unchanged:=Pr0 and Le=210 are typical of aque-
ous solutions and the aspect ratid= 3. Moreover, the solutal
3 Results Rayleigh numbe_rs have been chosen in such a way that the stag-
nant zone remains stableo thermosolutal cell Hence, the range
The discussion of the results deals essentially with the heat agfd parameters under study is 8<N<-75, 2.7xX10°<Ra;
mass transfer evolution, but we first recall a few aspects of the 5x107 and 1.5X10°<Ras=<2.5X10%.
flow structure.

|

o . ) . Heat Transfer. The dimensionless heat flux in a vertical

Building Up of the Flow Structure. A typical time evolution  ¢ross section of the enclosure, the average Nusselt number, is
of the different fields is displayed in Fig. 1 fok=3, Pr=10, (efined as
Le=210, Rg=9X 10°, N=—22. At early times of the process, N N
an ascending thermal natural convective flow develops along the Nu:J (z)dz=J ‘?_'9_ PI{UB)
hot wall. The hot fluid horizontally crosses the top of the cavity ¢ X
and competes with the upward solutal boundary layer developing
along the cold wall. During an initial transient stage, the core getsA characteristic time evolution of the average Nusselt number
filled with the heated fluid by horizontal layering and a thermat the hot wall (Ny(t)) and at the cold wall (Nyt)) is depicted
recirculation cell is created, in the same way as in pure thernial Fig. 2 for a set of values of the buoyancy ratio at a given
natural convection. The thermal cell remains uniformly at the inthermal Rayleigh number. A transient evolution corresponding to
tial concentration while the temperature field gets vertically stratihe development of the thermal boundary layer and to the building
fied. The ascending fluid along the cold wall has a lower concenp of the temperature stratification in the thermal cell can be ob-
tration than the core and accumulates in the upper part of therved. This stage is also illustrated by the evolution of the tem-
cavity building up a very low velocity zone, called the “stagnanperature field depicted in Fig. 1 foé= —22. At early times of the
zone.” This zone is fed by the cold side only and is not penetratguocess, the decrease in the hot wall Nusselt number is not mono-
by the fluid from the hot boundary layer. Heat transfer in the tojnic: This feature is also present in the pure thermal convection
of this zone is clearly diffusive while the concentration field isimulation (N=0) displayed in the figure, proving that it is due to
vertically stratified. Depending on the range of parameters, théhe evolution of the temperature field. After a transient stage,

dz. (5)

0 0
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Fig. 2 Time evolution of the average heat transfer at the cold and hot walls (A=3, Pr=10, Le=210, Ra;=2.5X10%, N=—8)

and hot walls (A=3, Pr=10, Le=210, Ra;=9X10°)

tion in the pure thermal convection limitN(=0). If we refer to

Nu,(t) =Nuc(t) (let us notet=tqs the corresponding timeand laminar thermal_c_onvection in fixed enclosures, for a given
then both the cold and hot average Nusselt number slightly ddtandtl number, it is well known that the Nusselt number may be
creases. expressed asR&?°. The simulation in the pure thermal case at
Also visible in Fig. 2 is the influence of the solutal buoyancypr=10, yields a valuég=0.312, which is reasonably close to the
force attenuating the average heat transfer. For a given valuecggfficient identified in(6). This value is also in good agreement
Rar, the Nusselt number indeed decreases with increabindt  with the 0.32 value reported in previous reference studies
is expected that the average heat transfer increases with increasing).
Rar, N or Ra; being held constant. To correlate the influence of Let us now examine the further time evolution of the heat trans-
each dimensionless parameter on the Nusselt number, we searfdr aftertys. As previously said, there is a slow decrease in the
classical power-law dependence of Nu dhand Ra as Nu average Nusselt number, Nu, as defined by (Bjjcorresponding
=A N|3R£. As the process under study does not reach a steamythe dimensionless average heat flux on the whole height of the
state, the Nusselt number value used to establish such a correlaclosure. As previously observed, the flow is structured in two
tion is the value at=tqs. It can be checked that choosing thedomains: a stagnant zone where the heat transfer is mainly diffu-
values of Nu at a time corresponding to the same height of teeve and a thermal convection cell of decreasing heighs,. In
stagnant zone for all cases leads to the same correlation. Trder to study the contribution of each zone to the heat flow, we
identification of the exponents from our set of resitse decade will define a “cell” Nusselt number, Ny, corresponding to the
for N and two decades for Rpleads to the following correlation, dimensionless heat flux on the height of the thermal cell:
illustrated in Fig. 3:

ZTH
NUgs=0.322 1+|N|) ~*TR&?, 6) NUeer= L ¢(2)dz.

It .shoullq b‘? no_ted that th.e 0.25 exponent fo!crlaasmg from Figure 4 depicts the time evolution of those quantities Nor
the identification is not particularly expected, since the boundaLy_8 Ra=2.5X10. We can observe that Ny<Nu, the differ
layer approximations used for the derivation of the classical scal- >~ Nt o ’ )
iné Iawgri)n natural convectiofsee[8]) do not necessarily apply in ence corresponding to the contribution of the stagnant zone to the
this range of parameters. The correlation has been derived, h&Ilvqbal heat transfer. This diffusive contribution is not negligible

. i and increases with time, from six percent &ttgs (Zry
ever, in terms of (3 |N|) in order to recover a relevant correla =0.835) to 14 percent at= 0.8 (zry=0.640). Also plotted in the

figure are the previous Nusselt number correlat®nassessed at
t=tgys and the same correlation as a function of a time-dependent
thermal Rayleigh number based oy, :

-
o
(=]

aN=-8
] oN=-15 1 0B(T1—To)Z3y
1 oN=-22 Raey= —————.
aN=-50 | | .
eN=-75 It can be seen that the Ny decrease is identical to this latter
correlation, involving that the heat transfer evolution in the ther-
= mal cell is directly related to the decrease in its heightcNu
~73% . Moreover, since the Nusselt number is identical at both
o walls, the heat balance between the stagnant zone and the thermal
] i cell is zero. This clearly denotes that the thermal cell behaves like
S e a differentially heated cavity of heiglz;; with adiabatic condi-
tions at the bottom and top boundaries, despite the presence of the
stagnant zone and the shear between the ascending solutal flow
and the downward thermal boundary layer along the cold wall.
Let us now consider the time evolution of the local Nusselt
1 number distribution on the cold wall along the normalized height
10 (14N> Ra® 100 of the thermal cell ¢/zy), displayed in Fig. 5. The figure shows
a significant increase in the local heat transfer at early tithes
Fig. 3 Correlation Nu =f(N,Ray) =0.05 and 0.1during the development of the stratification in the

rva

Y
o
n

Average Nusselt number at the cold wall at tgg
N
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the buoyancy ratio. After a transient stage corresponding to the
development of the solutal boundary layer and the building up of

0.8 the stagnant zone, the Sherwood number slightly decreases. Fig-
0.8 ure 6 points out an increase in the mass transfer thfor a
) given value of Rg. As expected, it can be shown that the Sher-
0.7 wood number increases with increasingsRaN, or Ra being
given. One might expect a negligible separate influenc@ljpbn
0.6 the mass transfer and a SRa@ZS correlation, since the usual
E boundary layer correlations apply for solutally dominated double
S 057 y diffusive convection. This could not be quantitatively assessed
04 from our calculations, since the Raange of our results is too

limited.

In addition, the time evolution of the average Sherwood number
for the purely solutal case is plotted in the figure. This situation,
representing th&l—« limit (Ra;=0), is the analog of the “fill-

Z / +:;g§ ing box” configuration studied by Worster and Leit€h2]. The
0.1 1 ~ teo7 general trend of the Sherwood number evolution is similar for the
0 { T different values ofN represented in the figure, and the highest
0 5 10 1‘5 value 0fN(N_= _—75) used in the simulation is seen to be very
Nu(T/A, 2,1 close to the I|m|t_where the therma_l effect _has no impact on mass
& transfer. The horizontal concentration profile for the purely solutal
Fig. 5 Local Nusselt_number_distribution at the cold wall along case is little affected even by the strong thermal effecNat
the thermal cell at different times  (A=3, Pr=10, Le=210, Rar  _g for which the relative difference on the average Sherwood
=9X10% N=-8) number is about 12 percent. This feature is also confirmed by the

local mass transfer distribution along the cold wabt shown).

Along the thermal cell, the local mass transfer ftd=—8 is
thermal cell. For the next three times, a striking feature of thiswer than for pure solutal convection, while it is much closer in
representation is the similarity of the distribution especially in thghe stagnant zone. Moreover, it can be shown that the local mass
20 percent top and bottom parts of the wall. Elsewhere, the loagdnsfer at a given height remains remarkably constant in time in
heat transfer at a given height increases. Defining the averagetd decreasing thermal cell. Thus, the overall decrease in the av-
the local Nusselt number on the thermal cell as erage Sherwood number is due to the variation in the stagnant
zone.

1 ZTH 1
o qo(z)dz:Z—Nuce”, _
TH Jo TH 4 Conclusion

it can be shown that this quantity slightly increases as the thermalThe numerical simulation of transient thermosolutal convection
cell height reduces and varies #g;*. This feature confirms that of a binary fluid in a differentially heated enclosure with asym-
the thermal cell surprisingly behaves like a differentially heate@etric concentration conditions is studied to approach the prob-
cavity of heightzyy . lem of melting of a pure solid in a binary mixture. The present

. . . _analysis concerns the average heat and species transfer in the sys-
Mass Transfer. The dimensionless mass flux in a verticalem "pefore destabilization of the stagnant zone.

cross section of the enclosure, the average Sherwood number, i$he study, limited to a given range of parameté?s and Le

defined as numbers of aqueous solutions, opposing buoyancy forces, domi-
PP nating solutal effegtat relatively high thermal Rayleigh numbers,

Sh=J ——Sdudg) |dz. (7) confirms the heat transfer characteristics observed in the experi-
ol dx ments by Mergui et al.13]. However, the numerical simulations

rAe not in quantitative agreement with the measurements, and the

ber at the cold wall is depicted in Fig. 6, for a set of simulation@redicted time evolution of the building up process is still signifi-

obtained at a given solutal Rayleigh number and various values@tly Slower than in the experiments. This might be due to the
fact that the model assumptions concerning the boundary condi-

tions at the cold wall do not account for phase change. A space
and time variation of the interface temperature and composition

A characteristic time evolution of the average Sherwood nu

200 [4 - N=-8 may arise from dissolution at the ice-liquid front in the areas

190 ¢ —N=-22 where the melting rate is lothe stagnant zone). The model is
+ 180 © ——N=-75 currently developed to solve the fully coupled interaction between
é ? ——purely solutal double diffusive convection and phase change in order to describe
31701 the real boundary conditions at the interface.
g 160 +
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Magnetic Field

2 The Equations

S. Saravanan Consider a two-dimensional square cavity of heigthtand
Junior Research Fellow lengthL (Fig. 1(b))filled with the fluid. The cartesian coordinates
(x,y) with the corresponding velocity components,«) are as
indicated in the figure. The vertical walls locatedyat 0 andy

P. Kandaswamy =L are isothermal but maintained at different temperatuigs

Professor and 6, (6.<6,), respectively. The bottom and top of the cavity
are assumed to be thermally insulated. The gray@yd magnetic

Department of Mathematics, Bharathiar University, field B, act normal to the/-direction. To analyze the natural con-

Coimbatore 641046, Tamil Nadu, India vection of liquid metal in the presence of a magnetic field, it is

assumed that the induced magnetic field and viscous heating are
negligible and the liquid metal is not magnetized. The thermal
Oconductivityk of the fluid is assumed to vary linearly with tem-
perature as

e-mail: pgk@bharathi.ernet.in

Keywords: Cavities, Finite Difference, Heat Transfer, Liqui
Metals, Natural Convection
k(0)=kJ[1-a(0—0.)] (1)

1 Introduction wherea is the temperature coefficient of thermal conductivity and

Proper selection of coolant is crucial in many thermodynamicHl€ subscript refers to the reference state at the cold wall.
systems. For example, in the case of nuclear reactors an enormouse nondimensional equations governing the laminar two-
amount of heat energy is released. Nowadays liquid metals/alk%'l_'i"ens'onm mcompressmle ro_vv of the fluid un.der_ consideration
metals and their alloyéiike NaK alloy) are used in slender tubesWith constant physical properties except density in the external
surrounding the nuclear core to absorb and remove the[tgat force and thermal conductivity are
There are some special features connected with the heat transfer ig_ y1,+ VT,
these metals. These have high thermal conductivity and hence low

Prandtl number ranging from 0.005 to 0.03. Especially the liquid =(UPR){Txx+Tyy— [ TTxx+ TTyy+ T)2<+ T$]} 2

alkali metals have low density, low viscosity and high thermal 2

conductivity which make them suitable for heat transfer media (UL VEy=CrTy+ {xxt fyy—Ha Vx @)

(coolant)in exothermic reactions. Moreover the low melting and ¥ A 4
. . . . xxtWyy=—{¢ (4)

high boiling points of these metals enable to handle them in the

liquid state with high temperature more efficiently. U=¢y, V=—iy, where (=Vy—Uy, (5)

The pioneering works in convection in tubes and enclosures AL the initial and boundary conditions
those of Lighthill[2] and Wilkes and Churchill3], respectively. y

Earlier studies on natural convection in enclosures include experi- =0: U=V=¥=T=0; 0=<X, Y=1

mental studies of Eckert and Carlsigt, Elder[5], and numerical

studies, for example, by Polezha@], Catton et al[7], and Mal- ™>0: V=Vy=¥y=0, T=1 Y=0 ©)
linson and de Vahl Davig8]. In relation to direct numerical simu- V=W, =Po=0 T=0- Y=1

lation of convection in low Prandtl number fluids, we refer to XY ’

Joneq 9] and Hadid and Roukl0]. Hall et al.[11] and Nicolette V=U,=¥,=0, Ty=0; X=0 and 1.

Contributed by the Heat Transfer Division for publication in tt@BNAL OF The diffusion scales ar&=x/L, Y=y/L, U=uL/y, V=uL/v,

_ 2 — 12 _
HEAT TRANSFER Manuscript received by the Heat Transfer Division, Oct. 1, 10997 = t¥/L*, W=¢lv, {=wl*/v, T=(6-6.)/(6h—6.). The vor-
revision received, Apr. 4, 2000. Associate Technical Editor: P. Ayyaswamy.  ticity at the walls is calculated using,,,= —¥,, wheren is the
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Fig. 1 (a) The dependence of k on @; (b) physical configuration;  (c) correlation of present numerical results with
others; (d) transient responses of Nu * for various mesh sizes

) . Table 1 Effect of # on steady-state Nu *: (Pr,=0.054, A=1)
outward drawn normal to the surface. The nondimensional param-

eters are the Grashof number=6gB(6,— 6,)L3/v?, the Prandtl Gr Ha 7 Steady-State Nu Max ¥
number Py=v/a,, the Hartmann number HaB L (o/u)Y?, the

aspect ratioA=H/L=1 and »=(60,—6.;). The local Nusselt
number is Nu=Ty at the hot wall. The average Nusselt number is

2x 10 0 0 1.1972 27
(1.11444[28))

0.5 1.8633 25
expressed as 0.9 4.4665 21
1 (A 50 0 1.0013 1.05
Nu* = A f NudX. 0.5 1.4757 11
0 0.9 3.7905 1.02
100 0 1.0002 0.27
3 Numerical Solution 0.5 1.4734 0.32
The Egs.(2)—(6) are solved numerically by finite difference 0.9 3.7861 0.3
technique with a uniform mesh. The numerical procedure fol- 2% 10° 0 0 2.2296 102
lowed is similar to that of Jones and CE9] except for the 05 (1'9§251793[728]) a7
advective terms. We use forward difference and central difference 0'9 7'1139 74
approximations for time and space derivatives, respectively, in the 50 0 10578 10.3
advective terms. The Alternating Direction Implicit sche(f@0]) 0.5 16046 10.8
and Successive Over Relaxation method are used in each time 0.9 4.0047 9.6
step. This is repeated for each of the next time levels until the 100 0 1.0059 2.76
steady-state solution is obtained satisfying the convergent criteria 05 1.4869 3.2
used by Rudraiah et dl28]. For verifying the code, we used the 0.9 3.8070 3.1
results of Wilkes and Churchi[l3], Rudraiah et al[28], and the
Journal of Heat Transfer AUGUST 2000, Vol. 122 / 603
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Fig. 2 (a), (b), and (c) Steady-state isotherms for Gr =2X10% »=0, 0.5 and
0.9; (d) velocity profiles at midheight  (X=0.5) for Gr= 2X 104, different 7, (e)
and (f) steady-state isotherms for Gr =2X10° »=0 and 0.9

experimental correlation of JakdB1]. All these papers provide comes to a steady state with N&1.8633. This together with the
steady-state Nufor natural convection with Boussinesq approxi-decrease in stream function values shows conductive mode of heat
mation. By settingn=0, we found our results match welFig. transfer is reduced. Thus the heat transfer from the hot wall to the
1(c)and Table 1). It is well known that the finite difference comadjoining fluid begins to drop. Further increasesirtonfirms the
putation suffers the numerical errors, especially the truncation ebove fact. Thus in general the heat transfer at the hot wall does
ror. Thus the computations were carried out withx31L, 41xX41, not get transported well to the cold wall because of the reduction
51x51 and 6161 grids. Figuréd) shows the effect of grid size in the conduction and convection modes. For higher Gr values a
on the average Nusselt number for=G2x 10°, »=0.5, Ha=0, typical flow behavior is seen with increased speed of circulation
and Ha=50. We observe that these similar curves attain aim¢see Table 1). Figures 2(a@nd (f) depict the same behavior for
the same steady-state value. The slight increase in the valuespefo, 0.9 at Gr=2x 10° with a stratified core corresponding to
steady-state Nuis due to the increase in the number of grichigher Gr as reported by Bejd@2].

points at the hot wall. Hence it is assumed that the computational

results from the present code are independent of the grid size. The

detailed results in the remainder of the paper are all from>a4l
grid.

) ||

4 Results and Discussion

The effect of temperature-dependent thermal conductivity ¢
buoyancy induced convection in the presence of a uniform ma
netic field is investigated numerically. The computations are cz
ried out by fixing Gr as X 10* and 2x1C°, Pr, as 0.054 corre-
sponding to liquid metals and varying » is a measure for the
variation of the thermal conductivity. Increase in the valuenof @ (b)
denotes a decrease k{#). For example, in the case of liquid
Sodium(Pr=0.011),a=0.00051 and hence ranges from 0.1 to
0.31 for a temperature difference of 200 K to 600 K by fixing the
cavity length as 0.01 m. The value afare still higher for some
liquid alloys whose deviation ik(#) againstd is more. The range
for »is 0= 7n<1. »=1is excluded as it correspondskg=0.

Figures 2(a)to 2(d) show the effect of thermal conductivity
variation on buoyancy driven convection in the absence of ma
netic field Ha=0 for Gr=2x 10*. Figure 2(a)corresponds taj=0
(constantk(6), i.e., k(6)=k;) and 2(b)and (c) correspond to
7=0.5, 0.9(varying k(9), i.e., k(8)<k.), respectively. Stream-
lines are not displayed here as they depict a simple clockwi|l \\o00———""——
rotating unicellular flow pattern. We notice that aéncreases the 075 05 0.75
lower part of the isotherms near the hot wall begins to crowd arc) (d) ' ' !
starts forming a thermal boundary layer. This is clearly seen in
Fig. 2(c) showing only a meagre quantity of heat is propagateelg. 3 (a) Steady-state streamlines for Gr =2X10°, Ha=100,
from the hot wall to cold wall across the cavity. We also observg=0; (b) and (c) steady-state isotherms and streamlines for
from Fig. 2(d) and Table 1 that an increase ip reduces the Gr=2X10° Ha=100 and #%=0.5; (d) velocity profiles at mid-
convective flow. Table 1 shows the heat transfer ratezfe0.5 height for Gr= 2X10°, Ha=100 and different %
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When an external magnetic field of value H&00 is applied 0. cold wall temperaturéK)
parallel to gravity, a horizontal body force is induced. So the 6, = hot wall temperaturéK)
streamlines are stretched horizontally and isotherms become # = dimensionless temperature coefficient of thermal con-
nearly parallel and equidistant, i.e., the magnetic field retards the ductivity (a(6n— 6.))
vertical velocity of the fluid particles except near the hot and cold stream functionm?/s)
walls where the forces due to local density variations dominate. dynamic viscosity of fluidPa.s)
This is also observed from the nearly vanishing vertical velocity at kinematic viscosity of fluie-u/p (mP/s)
the midheight in the middle of the cavity. Figuréa3 shows the density of fluid (kg/n?)
corresponding streamlines. But no attraction of streamlines to- electrical conductivity of fluid1/(Q.m))
wards the hot wall is observed. This attraction is an expected one . — {imensionless time
because of the Lorentz force. Figure®)Band (c) show the flow = vorticity (1/s)
pattern when Gr2x 10°, Ha=100, and»=0.5. Now the stream- = dimensionless stream function
lines are attracted towards the hot wall as anticipated and hence ; = dimensionless vorticity
the convection across the cavity is highly damped. This shows the .
drawback of takingk to be a temperature-independent quantity>4PSCript
Figure 3(d)shows the increase in the vertical velocity near the hot ¢ = reference state at the cold wall
wall due to attraction. Also the isotherms are attracted to the hot h = reference state at the hot wall
wall, with an increase in steady-state Nurhis implies that the
heat energy from the hot wall remain only in the neighborhood of
the hot wall because of the reduced conductive and highly redu
convective modes.
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exchange in a catalytic monolith with square or circular channe®adiant Flux Within a Cylindrical Tube
where a system of radiative integral equations was used to mod
the radiative exchangeee, e.g.[7]). Note that, since the systemg}erd and lengthl (see Fig. 1).

of integral equations is often coupled with a complex system The temperature distribution along the cylindrical wall is a
differential and algebraic equations that models channel interq(ch-own funcrt)ion ofX=x/d. The ends 0? the ¢ I)i/nder a=0 and
tion and other processes in the catalytic combustor, the conven~, i Y
. - . - { X=1/d=L may be considered to be black surfaced atand
tional numerical methods for the integral equations often mak respectively. or open to blackbody surroundinas at these tem-
the problem intractablésee[7]). To illustrate the efficiency and _2’ p Y, P Y 9

accuracy of the method in the present note we study an examBFgratureS' Suppose that the emissivitis the same for all sur-
of radiant heat transfer problems in detail. aces. Then the governing equation for the dimensionless radiosity

is given by

e . . - .
}3\3 an example we consider a circular, cylindrical tube of diam-

,8(X)=504(X)+(1e)[F(X)+ 63F(L—X)

f T(x)

L
+J BOK(X—¢dg/, 1)
T, a | T 0
whereB(X)= B(x)/ch‘l1 is the dimensionless radiosity on the sur-
! face of the cylinderg(X)=T(X)/T, is the specified dimension-
. S ! less temperature distribution wifi(X) being the absolute tem-
: | perature along the cylindrical wall, and,=T,/T, is the
1 dimensionless temperature of the end of the cylindet=at. (see,
< 1 e.g.,[6,1,2]). The functiorF(X) is the configuration factor from
the end of the cylinder &=0 to a differential ring aiX on the
Fig. 1 Model for radiative transfer between a gray cylindrical cylindrical wall and is given as followssee Eq(34))in Appendix
tube C of Siegel and Howell1)):
3
1200+ ° 2nd-order
tjo
10001 ° 1st-order y°
8001 + Oth-order &°
6001 - numerical

4001

2007

—
0 0.1
X
Fig. 2 Comparison of approximations and numerical solution for dimension-
less radiosity on inside surface of a cylinder with e=L=0.1
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Fig. 3 Comparison of approximations and numerical solution for dimension-
less radiosity on inside surface of a cylinder with e=05and L=1
X24+0.5 Equation (4) was first solved by using the product Nystro
F(X)= W,TX, (2) method and arN-point equal-interval quadrature rule with arbi-

trary weight suggested by Press et @B], pp. 791-794). The
I_mesh sizeN was taken very large€N=20L for (4)) so as to pro-
vide accurate numerical solutions for evaluation of the accuracy
of the approximations developed below.

andF (L — X) is the configuration factor from the end of the cyl
inder atX=L to a differential ring aiX on the cylindrical wall and
can be obtained frort2) by substituting_ — X for X. The function

K(IX—¢]) is the configuration factor between two differential-  zeroth-Order Approximation.  Taking the first term of the
rings atX and £ on the cylindrical wall(see Eq(33) in Appendix Taylor series expansion &t=X of B(£), namely B(X), in the

C of Siegel and Howell1]) given by integral of (4) gives

|X—&[[(X—&)?+1.5] L
K(IX—=¢h=1- [(X—82+1]%% ®3) ,B(X)wf(X)-F(l—e)ﬂ(X)foK(|X—§|)d§.

Defining f(X)=e0*(X)+(1—€)[F(X)+ 0iF(L—X)], we can This leads to the zeroth-order approximation to the solyéioX):

write Eqg.(1) as

X)e — 5
ﬂO( )_ l_(l_E)IL(X)I ( )

L
B(X):f(X)Jr(l—E)f BEOK(IX—¢&)dé. (4)
0 where
This is a Fredholm integral equation of the second kind with the

L
kernel K(|X— £|) being continuous but having discontinuous de- |L(x):f K(|X—¢&)dé=1—F(X)—F(L—X)
rivatives atX=¢. 0
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Fig. 4 Comparison of approximations and numerical solution for dimension-
less radiosity on inside surface of a cylinder with e=05and L=5

andF is given by(2). As is seen in the first model problem, thisintegrals in the above equation can be evaluated analytically or
approximation is only of qualitative value in most cases. Higherumerically so, if3(™(X) can be determined, theth-order ap-

order approximations can be derived similarly as before butproximationg,(X) to B(X) will follow from (7).

modification is needed since the kerigl|X— £|) has discontinu- ) L ) )
ous derivatives aX= ¢. First-Order Approximation. Note that the integral irt4) can

be split into the sum of two integrals:
Higher-Order  Approximations. Improved approxima-
tions can be obtained as before by taking more terms of the X L
Taylor series expansion &=X of B(¢) in the integral of(4). j K(x_g)lg(g)ngrJ K(&—X)B(&)déE.
Thus, if 0 X

1 Thus differentiating both sides &) gives
B(E=~BX)+ B (X)(E=X)+ ... +EB(”)(X)(§—X)”,

X
(6) B (X)=t"(X)+(1-e) fo K'(X=§)B(§)dé

it follows that

L
- fx K'(§=X)B(£)dé

L
B(X)*f(XH(l—E)B(X)f K(IX—¢|)dé
0 Taking (&) = B(X) in the above integrals and rearranging lead to
L the result
Jr(l—e)ﬁ’(X)f0 K(IX=€D(E=X)dé+ ...
B'(X)=1"(X)+(1—€)[K(X) = K(L=X)]B(X). ®)
— L
+ :Ig(m(x)f K(|X— &) (£—X)"d¢. (7) Substituting this intd7) with n=1 implies the first-order approxi-
n! 0 mation 8,(X) to B(X):

Journal of Heat Transfer AUGUST 2000, Vol. 122 / 609

Downloaded 07 Dec 2010 to 193.140.21.150. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



2000t N
1500t
° 2nd-order
° lst-order
10001 + Oth-order
numerical
5001
0 > - 1) T T T I :
5 10 15 20 25 30

Fig. 5 Comparison of approximations and numerical solution for dimension-

less radiosity on inside surface of a cylinder with e=0.5and L=30
810X = FX)+ (1= )l (X)F'(X) R(X)=f(X)+ (1= &)l (X)F (X) + (1= e)l5.(X)
)
where AX)=1—(1= &)1 (X) = (1= &) 1 O[K(X)—K(L=X)]
L — (1= €)1, OO{K" (X) + K’ (L=X)
IlL(X): J;) K(|X_§|)(§_X)d§ +(1*E)[K(X)*K(L*x)]2}
can be evaluated analytically or numerically. with

Second-Order Approximation.To derive the second-order ap-
proximation we differentiate both sides (&) to obtain

1 L
o (X)=3 fo K(IX—€))(é=X)?dé.

B"(X)=1"(X)+ (1= e)[K'(X)+K'(L=X)]B(X) _ N . -
Higher-order approximations may be derived similarly, but
+(1-e)[K(X)—K(L=X)]B'(X). (10)  their expressions are very complicated and not given here.

This, together with(8) and (7) with n=2, gives the second-order lllustrative Calculations. The zeroth, first, and second-order
approximationg,(X) to B(X): approximations were compared with the accurate numerical solu-
tions fore=0.1, 0.3, 0.5, 0.7, 0.9 and=0.1, 0.5, 1, 5, 10, 20, 30,

60 in the case whef; =1 and the wall-temperature distribution is

(X)= ix) (11) linear:
where 0(X)=1+6X/L.
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Fig. 6 Comparison of approximation and numerical solution for dimension-
less radiosity on inside surface of a cylinder with e=0.1and L=30

However, only some of thede.g., in the case whea=0.1, 0.5 in Fig. 6. Also, all the zeroth, first, and second-order approxima-
andL=0.1, 1, 5, 30)are shown here because of the length limitdions are very accurate overall for=0.1 (Fig. 7) and slightly less

All computations were carried out using Maple V Release 4 aaccurate fol.=0.5. However, for 0.5.L <20 all the approxima-
an IBM Pentium Personal Computer, and it took only severébns give highly inaccurate results fer0.1.
minutes to get all the computed results.

It is seen from the computed results that for large values of .
(e.g.,e=0.5) the second-order approximations are in good agreg_onclusmns
ment with the numerical solutions for all values bof(see, e.g.,  This paper presents a simple yet effective method based on the
Fig. 2-5), and in particular, all the zeroth, first, and second-ord&aylor series expansion to solve a class of radiative heat transfer
approximations are in an excellent agreement in the case wh@oblems between greay surfaces represented here by a class of
€=0.9 for allL. When e=0.3 (not shown), the second-order ap-second kind Fredholm integral equations. The approach leads to
proximations are in reasonable overall agreement with the numeair approximate solution of the problem which can be expressed
cal solutions for allL except forL=1 in which case the approxi- explicitly in a simple, closed forniEgs.(5)—(11)) and which can
mation is slightly less accurate near the endXat0 of the be effectively computed on any modern Personal Computer using
cylinder. For largd. (e.g.,L=10) all the zeroth, first, and second-symbolic computing codes such as Maple. So the approach can be
order approximations give excellent approximation except neeasily applied to deal with enclosures involving more than one or
the peak in the radiosity close to the endXat L of the cylinder two surfaces, e.g., radiative exchange in a catalytic monolith with
and, withL getting larger, the accuracy of the approximations isquare or circular channels where a system of radiative integral
increasing for alX, while, for smallL (e.g.,L=<0.5)all the zeroth, equations was used to model the radiative exchasge, e.g.,
first, and second-order approximations are good approximatips).
and, withL getting smaller, they are getting more accurate for all To illustrate the efficiency and accuracy of the method in the
X. In the case whea=0.1, all the zeroth, first, and second-ordepresent paper we presented a detailed study for an example of
approximations are in an excellent agreement with the numericatiant heat transfer problems represented here by the integral Eq.
solutions for large. (L=20) except near the peak in the radiosity(1). For large values of (e.g.,e=0.5) the second-order approxi-
close to the end &=L of the cylinder where the approximationsmations give good approximation for all valueslgfthe ratio of
are not very accurate even for very laigée.g.,L =60), as shown the length of the cylinder to its diameter. When=0.3, the
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Fig. 7 Comparison of approximations and numerical solution for dimension-
less radiosity on inside surface of a cylinder with e=0.1and L=0.1

second-order approximations are still of sufficient accuracy overd{3] Atkinson, .K. E., 1997,The Numgrical Solution of _Integral Equations of the
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An Ana|ytica| Model to Predict rectangular channels and validate the model against the experi-
mental data obtained by authd#s5]for condensation of R-410A

Condensation of R-410A in in rectangular channels.

a Horizontal Rectangular Channel
Analytical Model

7. Guot Based on the experimental results discussed by [Gyand
’ . Guo and Anand4], the condensing flow in a rectangular channel
Graduate Research Assistant in the current study was in stratified wavy flow regiffég. 1(a)).
) The flow of liquid phase within such a flow regime tends to be
N. K. Anand activated by both the vapor shear force in the direction of the main
Professor flow and the gravitational force. This is particularly the case when

the longer edges of the rectangular channel are in the vertical
. . . direction. The physical mechanism on the vertical walls of the
Department of Mechampal Engineering, Texas A&M channel is that the gravitational force that tends to pull the con-
University, College Station, TX 77843-3123 densate down the channel wall is much stronger than the vapor
shear force that tends to pull the condensate in the direction of the
main flow. Thus, a condensate film forms on the inner top wall of

An analytical model to predict condensation heat transfer coefff2€ channel and grows in thickness as it flows down along the side
cient in a horizontal rectangular channel was developed. The tot4flls. The bottom portion of the tube is filled with a liquid pool
local condensation heat transfer coefficient was represented H@t transports the condensed liquid through the channel in the
the weighted average of heat transfer coefficients for each wdlirection of the main flow. . o
The analytical predictions compared well with the experimental The heat transfer mechanism in stratified wavy flow regime is
data on the condensation of R-410A in a rectangular channel. TR@nSidered to be dominated by the conduction across the film at

mean deviation was 6.75 percef80022-1481(00)00503-X] the top and side walls of the channel. However, wavy surface
effects on the flow along the bottom wall are not considered in

. this model. In the current model, separate analyses are conducted
Keywords: Channel Flow, Condensation, Heat Transfer, Phasg ca|culate the heat transfer through the top, the vertical, and the
Change bottom walls as shown in Fig.(h). For the heat transfer through
the condensate layer of the top wall of the channel, the von Kar-
man analogy between heat transfer and momentum transfer is
Introduction used. For the heat transfer through the vertical walls, the mecha-

. o . ._nism is very similar to that in external falling film condensation.
There are numerous investigations on condensation of refrlgqrﬁe external film condensation on a vertical plés shown in

ants inside circular tubes. A summary of these investigationsrg 1(c)) was first studied by Nussdisl. For this reason. heat
presented in Table 1. However, a limited number of investigatoég' ©) y el6]. y

h wudied 4 i d two-oh f ; ; ransfer analyses for gravity-driven internal film condensation rely

ﬁve SIU 'Il'e con Ensadl(ar;ba}n 3'5\/6‘3% ow n trec gngu avily on the extensive theoretical development for external con-
channeis. Troniewski an rigit] and Wambsganss et 82,3]  jonsation. The heat transfer through the bottom wall of the rect-
studied two-phase air-water flow in vertical and/or horizontal recf:

| h ls. Thev develobed thei fl . ngular channel will be calculated by finding the depth of the
angular channels. They developed their own flow regime maps, iy nool flowing through the channel. The total local heat trans-

and proposed methods for calculating pressure drop in such 8 is calculated by weighted averaging of the heat transfer coef-

phase mixture flows. Guo ’?‘Ud Anaiid] measure_:d regionally ficients for the top, the vertical, and the bottom walls of the chan-
averaged heat transfer coefficients for condensation of R'410AHBI at each cross section

a rectangulaf0.5 in.x1.0 in.)horizontal channel. The longer side
of the channel cross section was parallel to the gravitational vec- —  hiopAiopT NverticaPverticat Nbottonfbottom
tor. Their experiments were conducted over a mass flux range of = _ 1)
. . Ato +Avert|cal+ Abottom

30-2200 kg/s.r refrigerant saturation temperature range of 7.8— ) P )
36.7°C, and saturation pressure range of 1.02—2.23 MPa. Thdn EQ. (1), A is the inner surface area of unit length of the
model presented in this work is a combination of numerical ari@ctangular channehp, Averical, @NdApoom are the surface ar-
analytical procedures. R-410A is an azeotropic mixture &fas of the top, the side, and the bottom of the channel, respec-
HFC-32 and HFC-125 each 50 percent by weight. R-410A cofively. The a.nalytlcal model dgveloped in this paper is validated
denses and boils with a temperature glide of less than 0.5°C, ttsthe experimental data obtained by Guo and Anfajénd Guo
behaves as a single component refrigerant. The database for d&d- The current model differs significantly from the ones reported
densation heat transfer and models to predict condensation Heathe literature for condensation in horizontal circular tubes
transfer coefficient in rectangular channels is crucial to the desighable 1)and the differences are detailed in Gitid.
of plate-_fin heat e_xch_angers. S".‘a” _rectangu!ar channels are "®Prieat Transfer Through the Top Wall. To predict heat
resentative of plain-fin geometries in plate-fin heat exchangefs,qfer coefficient across the top wall,{) of the channel, the
Plate-fin hea}t exchangers have certain unique characterlst[(;s SY6H Karman analogy between heat transfer and momentum trans-
as I_arge ratio of heat transfer _s_urface to volume and ability (E%r was used. The details can be found elsewlg®. Here a
aqh]eve true countefflow conditions. They also _promote goggliey summary is presented. Variation of temperature and velocity
mixing. These plate-fin heat exchangers are considered for apgli-ye v._dgirection was neglected. Accordingly, the variation of
cation in vapor-compression cycles. The azeotropic mixtu at transfer coefficient witl-direction was also neglected. Be-
R-410A is considered as a chlorine-free replacement for HCF f'ause the film is thin compared to the downstream length, the
22. The main objective of this study is to develop an analyticyls .| poundary layer approximations have been adopted. The
model to predict local condensation heat transfer coefficient H?essure gradient term in the momentum equation was neglected
—_ ) ) . as it is very small compared to viscous and turbulent shear stress

;ﬁ;’gz ‘é"(')t::ezogﬁgfn”;e’Sr':‘(;'ﬁlz' l')'; addressed terms. The energy equation was integrated across the condensate

Contributed b th” Heat Transfer Division for publication in taua film with von Karman'’s Universal Velocity Profile. The integra-

Yy the Heal ranster Division Tor publication in NAL OF . .

HEAT TRANSFER Manuscript received by the Heat Transfer Division, Nov. 141i0n was performed over the laminar sublayer and buffer layer.
1998; revision received, Feb. 21, 2000. Associate Technical Editor: P. Ayyaswamhhe shear in the buffer layer was assumed to be approximately
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Table 1 Correlations and analytical models for stratified flow in horizontal channels

Investigators Model equations Comments
Nusselt[6] pi(p=p,)gh,x » external condensation on a vertical wall
Nu(x):0.94:{—k|MIAT * analytical
Chato[10] pi(pi—p,)gh, D] « internal condensation—circular tube
Nu=0.55 k— - analytical
1 AT  Heat transfer through top only
Jaster and Koskj11] pi(pi—p,)gh, DM « internal condensation—circular tube
Nu=0.728% # - experimental correlation
AT « heat transfer through top only
Rosson and Myerg9] (p1—p,)gh * internal condensation—circular tube
NUup=0.31 R@* e U « experimental correlation for Ny
P kiwAT
/3 Re » von Karman analogy for Njdiom
NUsotton= _PuvBRe * laminar flow assumed at the bottom
In(1+5 Py)
51+ ——F——
Pr
Pobsort?) e ORE? (o= pah DR oy 2
P 1+ 1,118 ki AT
NUporoni—Traviss[12] experimental correlation for annular * NUpooni—Tfor both laminar and turbulent flow
flow
Guo[5] Nu,;—von Karman analogy * internal condensation—rectangular channel

Nuyenica—Nusselt's approach

NUpooni—liquid pool depth accumulated from top and

vertical walls

« all analytical
* NUpoitoni—fOr both laminar and turbulent flow

Top Model

- von Kam\a{Analogy

722 & Z

, e

1
A Vertical Model

Z - Nusselt's Approach
7

% 4

g 2

7
2

Bottom Model

- Liquid Pool Thickness
(b)

Fig. 1 Model. (a) Idealized schematic of the stratified wavy flow during condensation.
calculating heat transfer through the top, the vertical, and the bottom walls.
condensation on a vertical wall modeled by Nusselt
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equal to the shear at the walt/(r,,=1.0), and the ratio of the u-velocity profile of the falling film should be the same as the one
eddy diffusivity of heat to that of momentum was assumed to lmbtained by Nusselt. A schematic of the physical situation mod-
unity (Pr=gy/ey=1.0). Based on this simplifying assumptioneled by Nusselt is shown in Fig(d), which is assumed to be at a
an expression foAT is obtained as location with fixedz as shown in Fig. 2(a). Starting with the
governing two-dimensional boundary layer equations:

5 Py [ 1 inui i
L Y I P (5 Pr+1)|. @) Continuity equation
Cpl TwA P Pr &u o
The heat transfer coefficieht,, is defined so that x T 7y =0. (7)
q Momentum equation ix-direction
A =NoAT. 3) q
2
f9u au u  (p—py)9
Then u— va—y=v| oy +T~ (8)

p|Cp| /Tw Compared to the interfacial shear and the pressure gradient in the
hiop= 4 main flow direction, the pressure term in tklirection(direction
. parallel to the vertical wallsis negligible. Knowing that the
or in terms of the Nusselt n”mbbFopDh/k crossstreanty) component of velocityp =0 everywhere, further

oD - simplification results in the conservation equatiguy 9x=0 be-
I“Yh w
Nior™ 2, N E/

(5) cause ofv=0. The momentum equation reduces to
2

A correlation to predict local shear stress in horizontal two- 0:(p|—pv)g+/.l,|(?—2 9)
phase flow is not available. It may be reasonable to assume the %
local shear to be not drastically different from the average shejith boundary conditions
This assumption does, in fact, lead to fairly good correlation of
data with the Lockhart and Martinelli meth$d] used to evaluate u(y=0)=0 (10a)
the shear stress at the wall. Accordingly, the expression fgy,Nug g
can be expressed in terms superficial friction factigs) (and lig-
uid Reynolds number (Reas

¢ Ra 2
NUop= 5 : © Subject to the boundary layer assumptions, thenomentum
5+ ﬁln(S Pr+1) equation reduces todP/dy=0. Thus the formulation for

: y-momentum is quasi two-dimensional.

5+—|n 5Pi+1)

5
5+ P—nln(S Pr+1)|.

Jdu e b
oy V=9=0. (10b)

The details for obtaining), andf,s; can be found in Gu@5].

Heat Transfer Through the Vertical Walls. To calculate
the heat transfer through the vertical walls of the rectangular chan-
nel, the method of external film condensation on a vertical plate
by Nussel{6] will be adopted. There is at least one problem with
applying Nusselt’'s approach to the internal condensation that has
not been formally addressed. Nusselt’s theory assumes that the /
condensate flow is entirely driven by the gravity in the downward z
direction. In an internal flow, however, a finite shear stress always y
exists in the mean flow direction. This is indicated schematically
in Fig. 2(a). This shear stress will curve the streamlines of the ¥ u(y)
condensate, so that they are not straight down as assumed. Thus,
the Nusselt type solutions appear to be strictly applicable only for |1
zero shear cases, or cases of stagnant vapor. The finite vapor w
velocity is in fact what ultimately creates the transition from
stratified flow to annular flow. ~ \

The physical model in Fig.(2) illustrates the effect of a vapor . Liquid film at various
flow (or a finite shear streg®n external condensation on a verti- (a) L 9 locations
cal surface. It is assumed throughout this analysis that the inertial
forces are negligible in comparison with the viscosity, gravity,
and pressure forces, and that the convective heat transfer is neg- 0 -
ligible in comparison to the conduction across the film. These are
the classical Nusselt assumptiofi§]); hence much of the analy-
sis follows his original integral analysis. Based on the literature
review, these assumptions should be applicable to the present
study where the Prandtl numbers are greater than unity and the
Jakob numbers are much less than unity.

Starting with the Nusselt's pioneering analysis, we can derive
our new equations with horizontal vapor friction imposed on the
falling film. In the current study, the vapor flowing in the main 1 k-l k kvl
direction of the channel did impose a strong drag force on the (b x
falling liquid film. However, this drag force imposed by the vapor
in the z-direction should not affect the-velocity profile of the Fig 2 condensation along the vertical wall. () Schematic for
liquid film in the y-direction due to the gravity. For this reason, agondensation of a flowing vapor on a vertical wall. (b) A control
any fixed cross section in the-direction (streamwise), the volume and discretization grid on the vertical wall.

Vertical Wall
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Integrating this equation twice and applying the boundary coelement, Green’s theorem can be used to express each of the
ditions, we obtain the following relation for thevelocity profile bracketed terms in Eq20) as integrals. This, combined with the
of the liquid film at any fixed location in the-direction as shown chain rule, results in the following equation:

in Fig. 2(a): -
B (m-pv)g( _y_2) m,= L L
u= —,LL| y5 7] (11) 1 1

A small element with unit width is shown on Fig(8. The mass
flow rate per unit width in the-direction due to this gravitational

dmy 96 dmg as

5&4-%5 dzdx. (21)

Neglecting energy advection, a first law statement on an arbitrary
element of the liquid film gives

component of the flow is designated mg Q: fchy, - (22)
.= p §udy: pi(pi—p,)9d° (12) Based on the assumption that the convective heat transfer is neg-
9 F 0 3y ' ligible in comparison to the conduction across the liquid film, the

o ) ) ) classical Nusselt approach leads to a linear temperature profile,
The derivative of the gravity driven mass flow rate with respect {ghich results in the heat transfer coefficient being given by
dis then given by
. ki
dmy _ pi(pi—p,)9d° h=-. (23)

(13)
ds M
. L . . The heat transfer rate can be expressed in terms of the heat trans-
Now let us consider the effect of vapor-liquid interfacial fric-tor coefficient as

tion (7;) in thez-direction. Neglecting inertial terms and the pres-

sure gradien{which is appropriate for the external case the . X2 (22
z-momentum equation results in Q= h(x,z)ATdzdx. (24)
Xy 471
9w . . .
0=pu—>, (14) Combining Egs(21)—(24), and realizing that the area of integra-
ay tion is arbitrary, on rearranging, the following partial differential

equation foré arises:

subject to
w(y=0)=0 (15a) %ﬁ_ﬁJr dms 95 _ KAT (25)
ds ox dé 9z h,dé°
oW T;
W(y: 0)= o (15b)  substituting for the derivatives from E¢L3) and Eq.(18) into
Eq. (25) gives
Integrating Eq(14) twice and applying boundary conditions gives 5
a linear relationship for thev-velocity component g(pi—p,) & a_5+ 7-,_6 (9_5_ KAT (26)
14 ox v, | dz - h|v5 '
w= Ey' (16) Equation(26) is a quasi-linear, first-order hyperbolic partial dif-

) . ) _ ferential equation. Only initial conditions are needed to solve this
The w-velocity profile can also be integrated across the film tgyperbolic equation:

determine the shear driven mass flow rate per unit width in thé
x-direction. The result is x=0, 6(0,2=6,y(2); (27)

M= p f EWdy— 7% (17) z=0, 4(x,0=0. (28)
s— Pl = .

2
° B In Eq. (27), 81(2) is the local condensate film thickness from the

The derivative of the shear driven mass flow rate is then given kP wall of the channel, which can be estimated by

dms Ti o k| Dh
ams _ 7o o= = .
dé 7 (18) op Niop  NUgp

(29)

Conservation of mass over an element of thickn@fom x, to  Once the solution to Eq26) is found, the heat transfer coefficient
X, andz; to z, (shown in Fig. 2(b)requires that the net flow into can be determined as a function of bottand z using Eq.(23).
the element due to gravity, shear, and condensate formation Tiee average local heat transfer coefficient at any cross section is

Zero: then determined by
mg(xl) - mg(xz) + r-ns(zl) - mS(ZZ) + r-n(:: 0. (19) I(I
. . Nyertical2) = 1 (B (30)
Solving Eq.(19) for the condensed mass flow rate, expressing the | s(x,2)dx
other terms in integral form, and grouping the integrals inxhe B Jo '

andz-directions, gives
2 In Eq. (30), B is the height of the rectangular cross section.
S : ) The closed-form solution for Eq26) is complicated, the nu-
Me le [Mg(5(0x2,2)) = my(3(x1,2))Jdz merical method was chosen to directly solve this equation. The
partial differential Eq.(26) can be simply discretized by using
X . finite difference method with first order accuracy. The final accu-
+ L [Ms(8(x,2)) —ms(8(x,21)) Jdx. (20) racy of the numerical solution will mainly depend on the grid size
! used and the convergence criteria implemented.
If the derivatives of the gravity and shear driven mass flow rates, Following the discretization index as shown in FigbR Eq.
given by Eq.(13) and Eq.(18), exist and are integrable over the(26) can be discretized as
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Fig. 3 Liquid refrigerant film thickness on the vertical wall due to condensation. (a)
G=143.8kg/lsm?2. (b) G=178.1kg/sm?2.
P|(P|_Pu)9(5i,k)2(5i,k_ 5i—1,k)+ P|Ti5i,k(5i,k— 5i,k—1) Max St O <102 (36)
M Ax M Az 5h|k -
_ kAT 31) whereN andN+ 1 are iteration levels.
hi, 6k’ Figure 3 shows the calculated local film thickness on the verti-
o o cal wall for two different mass flow rates. In these two plots, the
By defining three coefficients vertical axis represents the location along the channel vertical wall
5 from top to the bottom(dimensionless value from 0 to).1The
Al pi(p1—p,) (5 k) g AT Si k and ~ kAT horizontal axis represents the film thickness normalized with re-
- wAX ' T owAz - h, 8«  spect to the hydraulic diameter of the rectangular channel. Each

(32) curve describes a film thickness profile az-docation along the
main flow direction of the channel with a local quality) of the
the liquid film thickness is written in the form of two-phase flow. The curve with the highest local quality is the
film thickness profile at the entrance region of the channel, and the

_AG_1kt B k-1 C curve with the lowest local quality describes the profile at the exit

Gi k= A+B (33) region of the channel.
The calculated film thickness curves on the vertical wall of the
The initial conditions are rectangular channel illustrate the condensation characteristics as
expected. As the refrigerant condenses, the liquid layer grows as it
61,k= Sropk and & ;=0. (34) flows downward from the top to the bottom on the vertical wall.

) ] ) The liquid film thickness at the topx(B~0) is the one calculated
The Gauss-Seidel method was used to iteratively solve the eqgam the analytical model for the top wall of the channel. The
tion. The variables; , appearing in the three coefficientse., |iquid film from the top wall is combined with the condensate
nonlinearity)is the result from the previous iteration. To obtairformed along the vertical walls from top to the bottom, then it is
grid-independent solution, the average of film thickness on th@rried down to the bottom of the channel to accumulate in the

vertical wall is calculated: liquid pool.
K maxi Comparing curves for different local qualiti€s) reveals that
max I max . . . .
the film thickness increases as the two-phase flow quality de-
- 2’1 Z’l (6i,kdxd2) creases along the main flow direction. This indicates that a larger

(35) amount of liquid refrigerant is accumulated on the vertical wall at
Avertical lower qualities. It also explains that as vapor flow slows down, the
— interfacial shear acting on the liquid layer by the vapor flow de-
Increase ofi max andk max results in a change (ﬂlemca|. The creases as the quality decreases.
criterion for grid independence is that the relative change of Comparison of Fig. @) and Fig. 3(byeveals that as the refrig-
Svertical DEIWEEN two consecutive grid sizes is less than three perant mass flux increases, the film thickness decreases. Smaller
cent. For most of the cases the grid sizd ofax=14 anck max amount of liquid refrigerant is adhered on the vertical walls as the
=11 satisfied this criterion. Convergence criteria for the solutiomass flux increases due to the higher vapor and liquid velocity in
was set such that the main flow direction. These two figures also shows a common

Overtica™
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characteristic which is that the thickness of the first liquid filndepth of the refrigerant liquid pool increases as the liquid film
curve with the highest local qualitgx) is significantly less than thickness increases on the top and vertical walls along the stream-
the thickness of other curves that are at further downstream loegise distance (mean flow directioh The increase of condensate
tions of the channel and with lower local qualities. This phenonalong z due to the heat transfer through the bottom wall is ne-
enon is particularly significant in Figurg@. The film thickness glected. Based on the above assumption, the liquid pool depth
increases at a higher rate in the entrance region, while in thkould be equal to the total condensate film thickness from the
further downstream section of the channel the film thicknegsds of both vertical walls.

growth rate is much smaller. At the channel entrance, there is no

or little liquid film attached to the channel walls. The heat transfer 5 —25 37)
coefficient at the entrance is high. As the liquid film grows along bottom™ < maxk

the channel in the main flow directian the liquid film acts as a . . o .

barrier against the heat transfer between the condensing refrigki$ known thatdpauomis the depth of the liquid refrigerant flow-
ant and the cold wall. After a certain length, the growth of th&9 On the bottom of the channel, adg.y «is the film thickness
liquid film slows down and finally approaches a stage where the?t the end of the vertical walls of the channel. The only heat

is no more increase in liquid layer due to the heat transfer acrdgansfer through the bottom of the channel is due to the tempera-

the vertical wall. Dobsori8] drew the same conclusion by ana{ure gradient across the liquid pool.

lyzing the characteristic solution of E¢26). In his discussion,

Dobson implied that the film thicknes$grows within a certain (Tsar Twan)

range in the direction . After liquid film is fully developed, the "= k%— = Npottond Tsat™ Twar) (38)
thickness would be unaffected by the interfacial shgain the ottom

direction ofz at any fixed value ox-axis. .
From Eq.(38), the local heat transfer coefficient for the bottom of

Heat Transfer Through the Bottom Wall. ~As the liquid re- the channel along any locatianis calculated from
frigerant accumulates to the bottom of the channel due to gravi-

tational action, the heat transfer across the bottom wall of the K
rectangular channel would be lower compared to the heat transfer Noottond Z) = _ (39)
across the top and vertical walls of the channel. Still this portion Sbottond 2)

of heat transfer can be considered as the heat transfer across the

refrigerant liquid pool depth accumulated on the bottom of t . .
channel. It is assumed that the liquid refrigerant accumulated ‘i psults and Discussion
the bottom portion of the rectangular channel is mainly due to theln this section, the results from the analytical model described
condensation from the top and the vertical walls. Accordingly, tha the previous sections are compared with the experimental re-

S Current Experimental - Guo (1998) Correlation - Dobson (1994)

Current Analytical Correlation - Rosson&Myers (1965)
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Fig. 4 Comparison of the analytically predicted local Nusselt number with the
current experimental data for the rectangular channel and the correlations of oth-

ers for circular tubes. (a) G=739kg/sm? (b) G=1142kg/sm? (¢c) G
=143.8kg/sm?2. (d) G=178.1kg/s m?2.
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450 predicted and experimental values is 6.75 percent, and the maxi-
mum deviation between these two is 34.3 percent, which is con-
siderably better than the correlations from the literature.

T

400

™

350 Summary

An analytical model to predict local condensation heat transfer
coefficient in a horizontal rectangular channel was developed. The
local heat transfer coefficient for the top, the vertical, and the
bottom walls were determined separately. The total local conden-
sation heat transfer coefficient was represented as the weighted
average of the heat transfer coefficients for each wall. The von
Karman analogy was used to determine the condensation heat
transfer coefficient along the top wall. The classic Nusselt analy-
ses for condensation on a vertical wall was modified to obtain a
first-order partial differential equation for the liquid film thickness
along the inside of the vertical wall. The resulting partial differ-

r ential equation was solved using a finite difference technique. The
oo b Lo e b b b b e liquid film thickness, along the bottom wall, was determined by

100 150 200 250 300 350 400 450  the mass balance of the liquid condensate, from the top and ver-

Nu - Currental Experimental (Guo, 1998) tical walls, and the heat transfer coefficient was determined by the

energy balance. The analytical predictions compared well with the

Fig. 5 Comparison of the experimental data of Guo  [5] with ~ €XPerimental data on the condensation of R-410A in a rectangular
the current analytical predictions channel obtained by Gul&]. The mean deviation was 6.75 per-

cent.
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Figure 4 shows the graphs of both experimentdlly]) and
analytically obtained local heat transfer coefficient as a functi
of the quality. The four sets of test runs for different mass ﬂuxjgomenclature
were chosen to represent the entire range of the experimental con- A = area, M
ditions investigated[5]). As can be seen from the graphs in Fig. B = height of cross section of rectangular channel test

4(a), at a mass flow rate of 73.9 kg/s>nmhe correlations by tube, m
Rosson and Myerg9] and by Dobsorj8] overpredicted the ex- c, = specific heat, J/kg K
perimental measurements of GL®|. The reason for the signifi- Dy = hydraulic diameter of rectangular channel, m

cant difference between analytical predictions and experimental § = friction factor

data at low mass fluxes could be due to the fact that the conden- G = mass flux of condensing refrigerant, kg/é m
sation along the bottom wall is neglected in the present analytical g = acceleration due to gravity, ni/s

model. At low mass fluxes greater amount of refrigerant gets con- h = heat transfer coefficient, WAK

densed along the bottom resulting in greater resistance to heath,, = latent heat of refrigerant, J/kg

transfer. While at higher mass flow rates, as shown in Fig. 4, the m = mass flow rate, kg/s

difference between the experimental data and the predicted values k = thermal conductivity, W/m K

are getting smaller to an acceptable rarfigéhin =10 percent). N = number of data points

The comparison also indicates that, at low mass fl& ( Nu = Nusselt numberhD/k

=73.9kg/s M), the current analytical model predicts the experi- P = local pressure, N/f(psi)

mental results better than the correlations of the other investiga- Pr = Prandtl number of liquid refrigeranty,cp, /k,
tors. Details of calculation of experimental uncertainty is given o — peat flow rate, W

elsewhere ([5]). Any experimental data with an uncertainty q’" = heat flux, W/
greater than ten percent were discarded by Guo and Ai@graahd Rq = Reynoldé number of liquid refrigerant
GUO[S]. G(l_X)Dh/,LL|

The predictions of the current analytical model are compared g — mean deviation
with the current experimental data in Fig. 5. To compare the  _ temperature, K(°C, °F)
closeness of two sets of data, the definition of the mean deviatignv w = velocities in ,thex y, 2-directions. m/s
is introduced: X = Martinelli parameter

local quality of condensing refrigerant
coordinate direction along the vertical walls of the

14 [h cali— N i 2 | h |
S= \/N E ( analyticalj experimental, . (40) rectangular channe
i=1

<
I

=
Il

y = coordinate direction along the horizontal wall of the
cross section

z = coordinate direction of the rectangular channel along

The agreement is very good. The mean deviation between the the flow direction

hexperimental,
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Greek Symbols Subcooled Flow Boiling in

» = void fraction Circumferentially Nonuniform and

6 = film thickness, m . .

e = eddy diffusivity Uniform Heated Vertical

p = dynamic viscosity, kg/m s i

) — Kinematic viscosty. s Channels With Downward Flow

p = density of refrigerant, kg/fh

7 = local shear stress, N/m - Q. Peatiwala

‘@ - Lvivf?(;f:r?csee pressure drop multiplier 71B Barakat Al-Haidry Memorial Market, Block “E”,

North Nazimabad, Karachi 74700, Pakistan

Superscripts e-mail: gpeatiwala@hotmail.com

N = iteration number

_ = averaged

Subscripts R. D. Boyd, Sr.

bottom = bottom wall Fellow ASME, Honeywell Professor of Engineering and
¢ = condensation Director of the Thermal Science Research Center
fr = friction (TSRC), Department of Mechanical Engineering, Prairie

= gravity View A&M University, Prairie View, TX 77446

g
H = heat e

e-mail: ronald boyd@pvamu.edu
h = hydraulic diameter -boyd@p
|
k
q

i = inlet or index inx-direction or vapor-liquid interface
= index in z-direction .
= liquid refrigerant Results are presented for new experimental data for subcooled
Is = liquid superficial fI_ow boiling heat transfer in circumferentially nonl_mn‘o_rm (single-
M = momentum side) and uniformly heated tubes. Although the Liu-Winterton cor-
s = shear r_elation had better agreement at low power levels an(_:i axial loca-
sat = saturation tions, Shah'’s cc_)rrelatlon had better agreement at higher power
top = top wall levels and at axial locations near the center of the heated length.
v = vapor refrigerant Both _correlatlons c_)verpredlcted the data near the exit. Therefore,
vertical = side wall adqmonal corrglaﬂonal developmen.tal work is .needed for_ local
(axial) flow boiling heat transfer in circumferentially nonuniform

w = wall of the channel heated channel$S0022-1481(00)00603-4]

t = turbulent

tt = turbulent vapor flow and turbulent liquid flow Keywords: Boiling, Forced Convection, Multiphase Flows,
It = laminar liquid flow and turbulent liquid flow Nonuniform Heat Flux
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usually to(1) decrease the experimental complexit®) directly minimized by using a pneumatically controlled metering valve.
use previous single-phase data as a basis to isolate the boilifter exiting the control valve, the fluid flows to a heat exchanger,
contribution, and3) to avoid the inclusion of the complexity of where its temperature is set to a desired value by adjusting the
circumferential heat flux variations on the channel inner waltonstant temperature bath. After exiting the heat exchanger, the
From the literature, it is clear that there has been much woflkiid passes through the turbine flow meter and enters the un-
completed for flow boiling heat transfer correlations for a uniforrheated “flow developing” section or upstream part of the test
heat flux distribution. Correlations presented by Ch&h Shah section which has a length greater than 40 times the test section
[2], Kandlikar [3,4], Steiner et al[5], Gunger and Winterton diameter. The fluid then enters the heated section of the test sec-
[6,7], and Boyd and Men@] cover different fluids, vast ranges oftion. A downstream pneumatically controlled valve is used to con-
flow rates, the entire spectrum of quality, and low and high sulrol the test section exit pressure. The heated fluid then passes
cooling. Some of these correlations are recommended for bdhrough another heat exchanger where the energy generated in the
saturated and subcooled flow boiling. These correlations are val@t section is removed partially by using tap water. Finally, the
for only smooth tubes, and one must avoid using them when offuid flows back to the reservoir and the flow cycle is completed.

entation is important.

As stated above, several researchers have proposed correlation €St Section Description. The test sections are 2.235-m long

for the prediction of heat transfer coefficients in flow boiling Sysc_:opper tubessee Fig. 1(b)), and consist of two part&) an up-

tems. But to simplify the heat transfer modeling and reduce t% eamtunheat_edlsec_tciionhto ia(éilitatet_rodeevtiIopment,(tamd "
experimental complexities, most of the research efforts have b _dns(;t_eam ts'ng e-sl 62582 ed sec (Ijo?ﬁ ort .g pzje.se” tcase, e
limited to heat transfer correlation for uniformly heated channel1Side diamete(D) was 25.4 mm and the outside diameter was

In addition, very little effort has been made to study heat transfi ﬁ'-l'ShmT-ZZ | d ¢ " f the test ton i
in complex and nonuniform heated channels. e 1.22-m long downstream portion of (he test section IS

In this paper, the results of flow boiling heat transfer in nonunhe""telgI wEh heatﬁr tapes which vary in width be_tsedfozn(atgblfv\?ie_lrrﬂ-
form or single-side heated tubes are presented, and the experi . Each tape has a power generation capacity of 2. - 'he

tal heat transfer coefficients are compared with selected existiigi'e test section is insulated to minimize the heat losses which
single-phase and two-phase flow boiling correlations. In order accounted for in the data reduction. In addition to the primary

establish a basis for the comparisons with data for the single-si& par';s of the main ttest feCt'Or:' each gaét hast press?rteh-
heated channel, base line comparisons for uniformly heated chgrf'Perature measurement ports upstream and downstream of the

nels are made with data frord) the literature, and2) from the €St Section. o

same flow loop used to produce the single-side heat flux data byt "€ heated part of the test section is divided into seven 0.203 m
with uniformly heated wall conditions. Among the two-phase cor‘@‘xIal intervals. .At each O_f the aX|aI_ locations, there are seven
relations considered are heat transfer correlations for uniforn@errnOCOUpIeS installed circumferentially at the angles of/@,
heated tubes developed by SH& and Liu and Wintertor{9]. 78, 72, 578, 3ml4, andmT radlans_, with 0 corresponding to the
Because they are frequently used by many designers and resea?@1€ of symmetry at the heated side.

ers in a variety of engineering fields, the selected single-phasepata Reduction Analysis. Forty-nine local temperature mea-
correlations are(1) the Dittus-Boelter correlation, ant?) the  syrements are made on the outside surface of the heated portion of
Petukhov correlation. Using the results from the above compagfre test section for each experiment. These outside temperatures
sons, we will(1) assess these correlations and data for the uniforgie related to the inside wall temperature in order to determine the
heat flux case, an@) adapt the correlations to the single-side heahside heat transfer coefficient. Figure 2 shows the model used for

flux case. the data reduction. This model was used to compute a circumfer-
. entially averaged heat transfer coefficient from the circumferen-
Experimental Summary tially averaged wall temperature. The latter temperature was com-

A series of experiments were run to obtain the axial heat trargdted from the seven wall temperature measurements made on the
fer coefficient distribution for both the uniform and single-sid@utside of the test section at each of the seven axial locations.
heated configurations. Results for two experimental test cases arBriefly, this approach involves estimating the inside channel
presented. These cases involve both uniform and single-sidell temperature by using an equivalent uniformly heated tube
heated configurations under identical flow conditions. The resuligose diameter is equal to the ratio of four times the flow cross-
are presented for Freon-11 flowing in a 25.4 mm inside diametggctional area to the heated perimeter. This is done by accounting
(i.d.) tube, with a mass velocityG) of 210.0 kg/n%s, an inlet for the temperature drop across the flow channel wall and the heat
temperature of 22.6°C, and an exit pressure of 0.1843 (aBa losses(convection and radiatigrfrom the test section to the am-
solute). The external heated surface area for the single-side hedtigt. An iterative scheme was necessary to compute the inside
case was 0.0512 The outside diameter of the heated channavall temperature. After accounting for finite heat losses, the cir-
was 28.4 mm. Peatiwala and Boyf{l0] presented two- cumferentially averaged heat transfer coefficient is given by
dimensional wall temperature measurements in the circumferen-
tial and axial directions for the above noted flow conditions. In hm=A/B, (1)
addition, comparisons were made with similar data for horizontgJhere
flow ([11]). Further results were presented in terms of circumfer-

entially and axially averaged heat transfer coefficients. The Ka ) ke Ke

present work extends that study by presenting axial variations of A_(r )Bl In(a) * halp| a(Tm_Tm)'
the heat transfer coefficient and comparing these variations with

selected correlations. The detailed description of the experimental B=B,+B;+B,,

flow boiling loop (see Fig. 1(a)), the test sections used, the ex-

perimental procedure, and error analysis are summarized below. B1=Pprc/Aksg,

Flow Loop. The flow loop is shown in Fig. (&). The
Freon-11 flows from the reservoir to the filter, where the contami- Bo=(Tm—T.)
nant is removed before the fluid enters the positive displacement
pump. The positive displacement pump requires a net positive
suction of at least 0.02 MPa. After leaving the pump, the fluid Bs=(Tn—T.)

) Kc Ke [rc
mh%mf@ﬂﬁ

ke (T8 ) ke
ol [l o

. h..r
passes through the pulsation damper. The damper reduces the b
pressure and flow oscillations. The pressure fluctuations are atsal
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Fig. 1 (a) Schematic of the vertical downward flow boiling loop. (b) Wall tempera-

ture measurement locations: (/) cross section locations, (i) axial locations along
heated length.

tive heat losses to the surroundings. Using this model, the mean
heat transfer coefficienth(,) at a given axial location was ob-
tained.

In Eq. (1), Ty is the bulk fluid temperature arkl is the outside  Uncertainty Analysis. This study has resulted in the determi-
surface area of the copper tubomain A). At each axial loca- nation of circumferentially mean heat transfer coefficients from
tion, the circumferentially averaged heat transfer coefficient wageasurements dfl) the test section outside local wall tempera-
computed from the circumferentially averaged wall temperatutgre; (2) the flow conditions, which include flow rates, exit pres-
(Tm). The circumferentially averaged temperature was computedre, and inlet and exit bulk temperatures; d8jithe ambient
from the seven wall temperature measurements made on the cepnperature. The relationships between these quantities were sum-
per tube outside surface at each axial location by using the pieggarized in Eqs(1) and (2). Following the approach outlined by

wise linear approach used by Reid et [l2]. Using their ap- Moffat [13,14], the uncertainty in the heat transfer coeffickept
proach, the circumferentially averaged outside wall temperatuge

can be related to the seven circumferential measured temperatures
(T at 0 radiansT,,, at w/4, T3 at 37/8, etc.)by the equation
given below: ohy,=

r
B4:Bl _B

r k
In(—c) + —Bln
g Ka

N

21112

[ ohp, 2 (ahm
(a—xléx,) + (9_C|6CI ’ (3)

- 2T 1+ 3T+ 2T 3+ 2Tyt 2T s+ 3T e+ 2T 7

2) where X; represents all independent variables &)drepresents
m 16

corrections used to account for calibration defects, system-sensor
interactions, and system disturbance errors. The double indices in
The temperaturd ,, was used in Eq(1) to account for the tem- Eq. (3) imply summation over all independent or correction vari-
perature drop across the channel wall, and convective and radibtes. The uncertainty ih,, can be approximated by
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whereA andB are given in Eq(1). SinceA andB are not actually
independent variables, their relationships with these variables an

as follows:
. 6B=Function T, , Ty, T¢,Pp), 6
SA=FunctionTp,,P,,T..), (5) (T T T Pp) ©
so that so that
240.0 +————t———— = ———f——— 5000.0
X ]
220.0 @ Measured Wall Temperature (Chen & Tuzla) 1 15000
L - - & -+ Measured Bulk Fluid Temp. (Chen & Tuzla) ] .
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Fig. 3 Comparisons of low heat flux, single-phase heat transfer data with predictions. Q
=125.0 kW/m?; g=500.0 kg/m?; D=15.7mm; and T,,=120°C (Chen and Tuzla [15]).
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Fig. 4 Comparisons of correlations  (C) with experimental Freon-11 data for single-phase and
two-phase heat transfer coefficients for uniform and single-side heated vertical smooth channels

with downward flow for the following flow conditions: G=210.0kg/m?s, D=25.4mm; Z=2,
=0.6096 m, with an exit pressure of 0.1843 MPa  (absolute)

| 9B 2 [ 9B 2 [ 4B \2 [ 9B 2112 +0.7 kPa;(5) for mass velocity, 8.4 kg/fs; and(6) for tempera-
=|| — 4+ — + | — 4+ — ° . . ~
éB (§Pp5pp) ((ﬂ—m‘ﬂ—m) ﬁngT“) aT, oTy ture, +0.2°C. This resulted ih,,~ + 14.6 W/nfC.
The uncertainties for each measurement in this experiment 5@SUHS
as follows: (1) for geometric measurement$,0.1 mm; (2) for Before the single-phase correlations were used for comparisons

voltage,*=0.05 mV;(3) for current,=0.005 mA;(4) for pressure, with our experimental data, they were compared with single-phase

Test Case: R1210; Downward Vertical Single-Side Heated; I. D. 25.4 mm Smooth Tube; G =210.0
kg/m®s (1.14 GPM); Axial Location = 22 (0.2032 m)
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Fig. 5 Comparisons of correlations  (C) with experimental Freon-11 data for single-phase and
two-phase heat transfer coefficients for single-side heated vertical smooth channels with down-

ward flow for the following flow conditions: G=210.0kg/m2s, D=25.4mm; Z=2Z,=0.2032 m, with
an exit pressure of 0.1843 MPa (absolute)
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Test Case: R1210; Downward Vertical Single-Side Heated; I. D. 25.4 mm Smooth Tube; G =210.0
kg/m?s (1.14 GPM); Axial Location = 26 (1.016 m)
800.0 T} v ——r +—r + + t u

+ Experimental Data, Single-Side Healed (Present Work)
r Shah's C. (with Dittus-Boelter's C.), Single-Side Heating
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600.0 T

[ ONB Predicted Via,
500.0 {- the Davis-Anderson

Correlation N
4

Single-Phase Two-Phase

2c)

400.0 +

(

3000 +

200.0

Circumferentially Averaged Heal Transfer Coefficient, h
W/m

100.0 £

FUTEEY

0.0 b et
0 100 200 300 400 §00 600 700 800
Net Power Generation (W)
Fig. 6 Comparisons of correlations  (C) with experimental Freon-11 data for single-phase and two-
phase heat transfer coefficients for single-side heated vertical smooth channels with downward flow

for the following flow conditions: G=210.0kg/m?s, D=25.4mm; Z=Zs=1.016 m, with an exit pres-
sure of 0.1843 MPa (absolute)

data produced by Chen and TuZlsb] and Boyd[16]. It is im-  Z, all correlations overpredicted the ddtee Fig. 6). This over-
portant to note that the Chen and Tuzla water data was produgeddiction at larger values & may be related tdl) the flow
using a very low heat flux of 125.0 kW/mFor comparison at passing into a fully developed flow boiling regime, afg) the
higher heat fluxes, Peatiwala and Boffd7], Fig. 3 in that pub- inability of using D, alone to account for the circumferentially
lication) show that the Petukhov’s correlation has better successnuniform heat flux, orientation effects, as well as the three-
than the Dittus-Boelter correlation. However, Fig. 3 in the presedimensional two-phase effects—all of which would become more
work shows that the Dittus-Boelter correlation faired better aignificant asZ increases. Very few if any existing correlations
lower heat fluxes. As Boyd and Meri§] demonstrated, Shah’s can address these effects simultaneously.

correlation has good predictability for high heat flux conditions in

the partial nucleate boiling region when it is used along wit€onclusions

Petukhov's correlation rather than the Dittus-Boelter correlation. When used directly in the single-phase regime, the Liu-

: : ! ; 1%hterton correlation compared well with the single-side heated

obtained at an axial location near the middle of the test secti®d, . 11 qata whel. was chosen as the characteristic length

X . - t .

\tI)VIttTl the_fabove né)te_d sllngl_t(aj-pf;]as? %ng two(;phase cg_rt_relatlog_s Itchwever, Shah’s correlation characterized the data better in the
oth uniform and singie-side neated bounaary conditions. "Rﬁo-phase region. Since all correlations overpredicted the data

none of the correlations selected accounts for orientation, we

e SO - . ar the exit of the test section for the two-phase region, addi-
ticipate only qualitative comparisons. Before the COMmPparisons g{§5| correlational development will be needed to completely
discussed, it should be thEd that t_he effects of s,_mgle-sude heat racterize flow boiling heat transfer and nonuniform circumfer-
was accounted for by using a particular correlation as usual wi

. . S tial heating effects. Finally, good agreement was obtained be-
the exception of using the thermal hydraulic diamety)(as the oo the correlations for uniformly heated channels and water
characteristic length in place of the channel diaméBgr So that

D, is given by 4, /P,, , whereP,, is the heated perimeter and data under the following conditiongl) for low heat fluxes §

is the flow channel cross-sectional area. With this definition 6<le5 kWwinf), the Dittus-Boelter correlation is recommended for

D;, one readily observes the effect of the different referencsemgle‘ph‘"’lse convectior2) f?r high hegt flu?<es (125 kw/facg
lengths in Fig. 4 for both a uniformly heated channel and the 30:000 kW/nf), Petukhov's correlation is recommended for
single-side heated channel. As shown in the figure, there is quaiif9!e-phase convection; aii@) for high heat fluxes, Shah's cor-
tative agreement with the data in the single-phase region and gdgh'mon is recommended for partial nucleate subcooled flow boil-
agreement with Shah’s correlation in the two-phase region. P69

the single-side heated case and at further upstream axial locations,

there is fairly good agreement between all single-phase correfseknowledgments

tions and the data foZ between 0.203 and 0.416 m. After the .
ONB, Fig. 5 shows that there is better agreement between the dc%Th'S work was supported under NASA contract #NAG9-631

and the Liu-Winterton correlation at upstream locatiors ( & under DOE contract DE-FGO3-97ER54452.
<0.4m) and lower power levels. However, for increased valu
of Z between 0.4 m and 0.8 m or at higher levels of power, Fig.‘fjomenclature

and Peatiwala and Boyd17], Fig. 5 in that publicationshow D = channel inside diametém)
that Shah’s correlation gave better predictions. At larger values of G = mass velocity(kg/m?s)
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suming immiscible molten metals, and accounting for distinct Ke(Trm—T2) Q
properties between metals and phases, it was found that flow pat- —Wh~U or *=c,Pe,. 4)
terns depend on signs and magnitudes of surface-tension coeffi- s
cients, the asymmetric temperature profile, and locations of tE@idently, Eq.(4) is applicable for both low and high-power-
interface between dissimilar molten metals. In contrast to surfadensity welding. Linear relationships can be seen for both moving
widths, the depths are relatively insensitive to Marangoni conveliae and point sources in the range of a high Peclet nur(jaér).
tion induced by negative surface tension coefficients of dissimil&wift-Hook and Gick[11] found c;=2.07 in a high speed limit
molten metals. for analytical solutions in high-power-density welding. A gradual

In this study, the fusion zone shapes in welding dissimilar metlecrease in the slope of the dimensionless beam power as the
als are measured and analyzed. In the case of Marangoni conyeeelet number decreases is attributed to the welding speed gradu-
tion induced by negative surface tension coefficients, the predally reducing its effect on heat transfer. High and low-power-
tion of fusion zone depths based on a pure heat conduction modehsity welds are further discussed as follows:
is reliable. Scaling the heat conduction equation, the results deter- . . . .
mine the fusion zone depths in the joint of dissimilar metals. The (&) High-Power-Density Welding. The surface width of the

L - : usion zone can be scaled by the opening radius of the cavity or
proposition is verified by photographic measurements. the energy distribution parameter of the beam in the range of a

high Peclet number. This is because the surface width of the fu-
. sion zone decreases with increasing welding speed. The surface
Experimental Procedure width, however, cannot be less than the cavity opening radius.
A bead-on-plate weld was made for workpieces Al 1050, puReplacing the surface width by the energy distribution parameter,
copper, and iron with an electron-beam welder having a maximugg. (4) becomes
accelerating voltage of 60 kV and a welding current of 50 mA.
The joint planes were finished by a grinding machine and a
grinder polisher with a mixture of 1-mm alumina and water on
branners. It was further cleaned with spirits in an ultrasonic way
cleaner to remove oxide layers and debris. The focal spot w,
adjusted on the workpiece surface because of its strong influel
on the depth of penetratidfi8]). After welding, the specimen was
cut, mounted, and polished by 800—2000 grit emery papers. Hig
purity alumina of 1-0.05 mm were used for polishing. Chemics
solutions to etch the specimen were also required. The chemi
etchant for Al 1050 was 10 ml HF and 15 ml HCI, 90 mj®{
while that for Cu is 10 ml HN@ 90 ml H,O and for Fe was 25
ml HNO;, and 75 ml HO. The fusion zone was observed by & ===
zoom microstereoscope with magnification of 3—10. The coefi gl
cient of determination for the depths will be shown in the corre
sponding figures. A scanning electron microstereoscope with E[&
(Energy Dispersive Spectrometavas used to examine micro- &
structures and analyze concentrations after polishing by t&=
grinder polisher with a mixture of 0.05-mm alumina and water o
branners.

System Model and Analysis

A low-power-density beam produces a molten region or fusic(a)
zone with a depth-to-width ratio of around unity. On the othe
hand, a high-power-density beam can produce a cavity or keyhc
This results in a deep penetration with the depth-to-width rat
much greater than unity{9]). In this work, predictions of the
fusion zone depths are described as follows:

A Welding the Same Metals. The unsteady energy equa-
tion in the heat-affected zone around the molten pool is

ITs o, ,
F—UWfQSV Ts. (1)

Provided that Eq(1) is scaled as

t. o o2 1

which indicates that as time scalg>a./U? a quasi-steady state
can be assumed. The global energy balance on the solid-lig
interface is scaled by ‘

ksg h~O0. 3
5 wh~Q @

In view of less than one-hundredth of beam power, latent heats f§. 1 Photographs of fusion zones in Al-Fe welding with ac-

melting and solidification can be ignored. A substitution of &). celerating voltage 50 kV, welding speed 0.04 m /s, and welding
into Eq. (3) leads to currents of (a) 12 mA, and (b) 20 mA
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*=c,Pe, . (5) quence, the analyses in part A can be used effectively. The accu-
racy of this assumption is verified by experimental data, as will be

The use of the energy distribution parameter rather than the sgeen later.
face width of the fusion zone or cavity opening radius is due . .
the fact that the energy distribution function is an independef€Sults and Discussion
quantity that can be measured prior to welding. Furthermore, theExperimental measurements of the fusion zone depths in weld-
energy distribution parameter is related to the energy density ing aluminum or copper to iron were conducted. In contrast to the
cident on the surface of the workpiece. As the Peclet numbsurface widths, the depths of the fusion zones are relatively insen-
decreases a decrease in the welding speed increases the susfitige to Marangoni convection induced by negative surface ten-
width of fusion zong([11,10]). Hence, Eq5) is inaccurate. sion coefficients of dissimilar molten metal$,7]). This is be-
cause most energy is transferred to the edges of the molten region

b) Low-Power-Density Welding.Scaling the surface width :
of(th)e fusion zone in Eq(.4); cannot%e simpglly obtained becaus\%nd the energy to the bottom is reduced. As a consequence, the

surface width is strongly affected by Marangoni convection. Ho rediction of fusion zone depth based on a pure heat conduction

ever, in most cases, low-power-density welding induces the m%J_odel is more reliable. The effects of beam power on fusion zone
ten region with depth-to-width ratio of the order of unifd2]). epths in welding aluminum to iron are shown in Fig. 1. The right

To a first approximation. it is feasible to cho h. Equation and left-hand sides are iron and aluminum, respectively. A divi-
(5) then yie?é)s ' ose-n. £q sion in the ruler is a millimeter. Although fusion zone depths of

aluminum and iron are different for a low power of 600 W, the

Uh depth-to-width ratios are of the order of unity, as shown in Fig.
— =cayn. (6) 1(a). The difference in depths of aluminum and iron increases by
Us increasing beam power to 1000 W, as presented in Fig. The
pth-to-width ratio on the side of aluminum is around 3, which
plies the existence of a cavity in the aluminum. In this study,
e fusion zone in aluminum is proposed to be modeled from a

B Welding Dissimilar Metals. A scale analysis for study- high-power-density welding. On the other hand, a unity depth-to-
ing the joint between dissimilar metals is difficult. To a first apwidth ratio in iron is simulated by a low-power-density welding.
proximation, it is proposed that the fusion zones in dissimilafrhe formation of the cavity in aluminum results from a higher
metals are, separately, identical to the fusion zones in welding thepor pressur€ 13]). Considering the free surface temperature to
same metals. For example, the fusion zones on the sides of de-2000 K, vapor pressures of Fe and Al are, respectively, around
minum and iron in Al-Fe welding are determined by the fusiod0 and 800 Pa. The sharp boundary between fusion zones of alu-
zones in Al-Al and Fe-Fe welding, respectively. As a conseninum and iron is due to the same order of magnitude of Ma-

The empirical constart; depends on Marangoni convection, theéle
energy distribution parameter, and several unknown minor effect

SEI/BE, 126720 ®
— W WM A e~ —]
Alka, 970 W
FeKa, 511 ) )
28KU
(a) ()
SEl/BE 84657 *
AANAARAAAN
AlKa_ 696 i i . ; . .
fra-ri8 WMW{W
FeKa, 368 FeKa, 366 i ' i
{_ A A
- - < - | o T T T T

(b) (d)
Fig. 2 (a) Fusion zone, and concentration profiles at (b) upper, (c) intermediate, and (d) lower locations in Al-Fe welding with
beam power 1000 W and welding speed 0.045 m /s
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b)

Fig. 3 Photographs of fusion zones in ~ (a) Al-Al, and (b) Fe-Fe
welding with accelerating voltage 50 kV, welding current 20
mA, and welding speed 0.04 m /s

(b)

g. 4 Photographs of fusion zones in Fe-Cu welding with ac-
rangoni numbers with negative surface tension coefficients f@éleratmg voltage 50 kV, welding speed 0.025 m /s, and welding
dissimilar molten metals. The molten pool is not well mixed, becurrent of (a) 20 mA, and (b) 30 mA
cause fluid flow is upward near the interface between dissimilar
molten metals and velocity component normal to the interface is
small.

Figure 2 shows profiles of concentration on three horizont&ig. 1(b), it is found that the fusion zone depths of aluminum in
planes across fusion zones of aluminum and iron. Metals on tte joints between the same metals and dissimilar metals are
left and right-hand sides of Fig.(@ are, respectively, iron and roughly the same as shown in Figa3, even though the fusion
aluminum. Concentration profiles of aluminum and iron at an upone shapes are different. Depths of the fusion zone in iron are
per position are shown in Fig.(®). The upper figure representsalso similar in welding the same and dissimilar metals, as shown
roughness on the position measured. The total length for meadurfig. 3(b). This leads to a proposition to determine the fusion
ing is 2.941x10 3 m. The lower two figures, respectively, showzone depth of a dissimilar joint from an analysis of the same
concentration profiles of aluminum and iron. The ordinate denotesetals.
concentration from 0 to 100 percent while the abscissa is horizon-Figures 4(ajand(b) show the variations of the fusion zone with
tal spatial location. It can be seen that a rather sharp bound&gam power in welding copper and iron. Evidently, an increase in
exists between the solidified aluminum and iron. Hence, moltdieam power increases depths of fusion zones. Depths of copper
metals of aluminum and iron are immiscible during melting anend iron are nearly identical in contrast to the joint between alu-
solidification processe§6,7]). Since the sum of the concentraminum and iron as shown previously. Although vapor pressures of
tions for aluminum and iron is less than 100 perc@tom per- molten iron and copper are, respectively, around 40 and 400 Pa,
centage), other minor elements such as Si, Mg, Zn, P, S, andriixing due to strong Marangoni convection, as can be seen later,
exist in the fusion zone. Similar results are shown in Figs) 2 reduces the distinct depths of the fusion zone in iron and copper.
and (d). Several sudden drops take place in the bulk phase lofcontrast to that in welding Al-Fe, strong Marangoni mixing is
aluminum due to the existence of pores by referring to the figuragiributed to a significant difference in the product of the surface
for roughness. tension coefficient-to-dynamic viscosity ratio with temperature

An investigation of the difference in the fusion zones in weldgradient(or Marangoni numbebetween dissimilar molten metals
ing dissimilar metals and the same metals is crucial. Referring {®,7]). Interestingly, even though the melting temperatures of
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Fig. 6 Measured and predicted dimensionless beam power

(@) versus Peclet number for different beam powers in Fe-Cu weld-
ing
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Fig. 5 (a) Fusion zone, and concentration profiles at  (b) upper Pe. 1 Fe in 4l- Fe |
and (c) lower locations in Fe-Cu welding with beam power 1000 n . Q=1000W
W and welding speed 0.04 m /s . Qm500W
A Q=750W
. . . X Q=600W
copper and iron are, respectively, 1358 and 1810 K, the difference B ®)
in depths of the fusion zone or the solid-to-liquid interface in R - 0.89 ’ ‘ ‘
copper and iron is negligible. This is attributed to a high tempera- 01 -
ture gradient near the cavity base. If the beam power is 1000 W, 1 10
the energy distribution parameter is 1 mm while the liquid thermal Jn

conductivity is 100 W/m-K, and the temperature gradient at thgy g Measured and predicted Peclet number versus square

cavity base is 3.240° K/m ([14]). A temperature difference of root of operating parameter for Fe in Al-Fe welding with differ-

452 K then occurs in a distance of K40 *m, which is only ent beam powers

five percent of the fusion zone depth. Figure 5 shows concentra-

tion profiles of iron and copper on two horizontal planes across iron is shown in Fig. 6. Thermal properties are chosen to be the

the fusion zones. Metals on the left and right-hand sides of Figean values evaluated at the temperature between the ambient

5(a) are, respectively, iron and copper. Strong mixing is revealethd melting temperatures and dissimilar metals. The energy dis-

by gradual variations in the concentrations of iron and copper fribution parameter is estimated to be 0.5 mm. Equat®rgov-

fusion zones, as shown in Figgb and (c). erning a deep penetration shows an agreement with experimental
The dimensionless beam power versus Peclet number, with dheta for different beam powers and welding speeds. The devia-

energy distribution parameter as a length scale, in welding coppiems between the predictions and measurements can be due to
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certainties in thermal properties. The dimensionless beam powep] cary, H. B., 1989,Modern Welding Technology2nd Ed., Prentice-Hall,
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is shown in Fig. 7. It can be seen that experimental data are clos] Tinkler, M. J., Grant, I., Mizuno, G., and Gluck, C., 1983, “The Effects of
to Eq.(5) for different beam powers and welding speeds. Figure 8 Re.5|d|.’1‘al Impurity and Mlcroa}lloylng .Element_s on Weldability and Weld Prop-
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. .|4] Belton, G. R., 1976, “Langmuir Adsorption, the Gibbs Adsorption Isotherm,
length scale, versus the square root of operating parameter i
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equations leads to different results that differ from those put forth
in their paper. Specifically, some of the calculated values qf.Nu
for d,=1.59 mm in Fig. 6 of their paper are incorrect. This can be
proven by comparing their numerical results with the exact.Nu
which is obtained from analytical solutions for velocity and tem-
perature distributions in the case of no dispersion. The momentum
Eqg. (9) in their paper can be analytically solved to yield the
closed-form solution for the velocity distribution as folloWg ]):

Discussion: “Heat Transfer
Measurement and Analysis for Sintered
Porous Channels” (Hwang, G. J.,

and Chao, C. H., 1994, ASME J. Heat
Transfer, 116, pp. 456-464)

. . z+1\2 3
S. J. Kim and D. Kim U=|_=7) |3Vt 3¢ ) TR ¥
Department of Mechanical Engineering, KAIST, s
Taejon, Korea where
Our purpose in this discussion is to demonstrate that some of _ TS
the results stated in Hwang and Chao’s paper appear to be in _R_edp\/— Da= Lz x:w
error. We can show that a recalculation of Hwang and Chao’s p eH 2F;
|
\/2U 3 \/SU 3
=¥ 3F. 2F +2F v 2FSU for DY 1
\/ \/ Da -~ Da 2
z(Y)=
\/ZUMJF +\/ ; 1-v)+/ 22y for ==y=1
— — — —<Y=1.
=Y NpaY=tpa ™3
2Ux+ 3Ux+
[
In the case of no dispersion, energy E@) and(11) in their 2 1
paper can be reduced to BS—E 12( U+ Z_FS) 1 e
Aexp=zB|—-1
2
d?0s Bi[U
0=Bi(6= 05+ Gvz @) ~U.(nA+B) | Y+ 5| S {(n2)?~(InA)?}
U= 65— 0. ®3) m )I A(z—1) 5
N T E )" Az (5a)
Equations(2) and(3) can be merged into Ed4).
q s(2) ® g ) for 1/2<Y<1,
d?6, Bi )
v ° —BiU (4) 0s=§ U,InA-12 Ux+ Y+— —{ (Inz)
1 AexpB)(z—1
_ _ _ _ _ —(InA+B)%—12 )l M (5b)
By integrating Eq.(4), the analytical solution for the solid tem- 2Fs) " (AexpB)—1)z)’
perature distribution can be obtained as follows:
for 0sVY<1/2, where
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Fig. 1 Comparisons of the fully developed Nusselt number;

(a) analytical result for no dispersion,

limiting cases

\/

A=

2U+3+
* 2F,

S E

N
ot Z—FS*

Now the fluid temperature distribution can be obtained by re

ranging Eq.(3) as

form of Nu,, can be obtained as
N 5k} Bi .
U=~ 3k Oy (7)

where 6;,= [5U 6;d .

NS
°°+2_FS

0f=t95*U.

(b) numerical results for

R
Da “ Da’

(6)

From the definition of the overall Nusselt number, the analytica_l

Figure 1 shows the relation between ;Nuand Rgq. For the
case ofw=c (no dispersion), the numerical resu{tsoken line)

2000 7 Hwang and Chao (1994) :
B d=0.72mm
® d=1.59mm
Present study :
""" D=0.375, ®=1.5 (with the assumption)

— DF1.4, ©=1.5 (without the assumption)
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Fig. 2 Comparison of the fully developed Nusselt number

persion), similar deviations between our resuétstted line)and
the results of Hwang and Chdsingle-dotted broken lineexist
for Re;>200, as shown in Fig. 1(b). Note thatv=«"" in Fig. 6
of their paper should be replaced byw=0.""

In addition, it is worth mentioning that Hwang and Chao em-
ploy an inappropriate assumption in their paper. They assumed
that the effective thermal conductivity of the fluid is negligible.
However, the effective thermal conductivity of the fluid is not
negligible in comparison with the thermal dispersion conductivity
when Rq is small, because the thermal dispersion conductivity
decreases with Re Re; in their paper ranges from 0 to 500 which
is not large enough to neglect the effective thermal conductivity.
Hence in their case the neglect of the effective thermal conduc-
tivity of the fluid can result in more than a ten percent error.

Hwang and Chao proposed thHa{=0.375 andv=1.5 in order
to match their numerical results to the experimental results by
using the inappropriate assumption and their simulation code.
Now we tried to obtain the more appropriate valueDefandw
for which our numerical results, without neglecting effective ther-
mal conductivity, can match the experimental data of Hwang and
Chao. From Eqgs(11) and (12) in their paper, it can be clearly
seen that increasinD, or decreasingv has the same effect on the
thermal dispersion conductivity. Therefore, by adjusting either
or w, it is possible to match the numerical results to the experi-
mental results. In our numerical simulatioD, is selected as a
variable for adjustment, sincB, is proportional to the thermal
dispersion conductivity, as shown in Ed.1) in their paper. On
the other handw is fixed at 1.5 which has been consistently used
in previous studieg[2,3]). From our numerical simulation for the
condition that Hwang and Chao proposed, it can be shown that
D,;=0.375 andw=1.5 are not appropriate, as denoted by broken
lines in Fig. 2. Without using the assumption of Hwang and Chao,

AWhich neglects the effective thermal conductivity of the fluid, our

numerical results are shown to be in good agreement with the
experimental results of Hwang and Chao wHep=1.4 andw
1.5, as denoted by solid lines in Fig. 2.
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of Hwang and Chao start deviating from the analytical results PP

(double-dotted broken lineof Eq. (7) when Rg>200, as shown

in Fig. 1(a). In contrast with the results of Hwang and Chao;——

results from our numerical simulatigouble-dotted broken line  Note from the Editor: Professor G. J. Hwang passed away last
in Fig. 1(b))for the same problem are in excellent agreement wityear, and despite repeated attempts, the Editor was unable to lo-
the exact Nu, of Eq. (7) (double-dotted broken line in Fig(d)). cate or contact the second author, C. H. Chao. Any response from
For another limiting case whei2,=0.375,w=0 (maximum dis- Dr. Chao will be published in a later issue.
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