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The Use of Cavitating Jets
to Oxidize Organic Compounds
in Water

K. M. Kalumuck

Principal Research Scientist Exposure to ultrasonic acoustic waves can greatly enhance various chemical reactions.
G. L. Chahine Ultrasonic acoustic irradiation of organic compounds in aqueous solution results in oxi-
- L . dation of these compounds. The mechanism producing this behavior is the inducement of
President the growth and collapse of cavitation bubbles driven by the high frequency acoustic
pressure fluctuations. Cavitation bubble collapse produces extremely high local pressures
DYNAFLOW, Inc., and temperatures. Such conditions are believed to produce hydroxyl radicals which are
7210 Pindeil School Rd., strong oxidizing agents. We have applied hydrodynamic cavitation to contaminated water
Fulton, MD 20759 by the use of submerged cavitating liquid jets to trigger widespread cavitation and induce
e-mail: info@dynaflow-inc.com oxidation in the bulk solution. Experiments were conducted in recirculating flow loops

using a variety of cavitating jet configurations and operating conditions with dilute aque-
ous solutions of p-nitrophenol (PNP) of known concentration. Temperature, pH, ambient
and jet pressures, and flow rates were controlled and systematically varied. Samples of
the liquid were taken and the concentration of PNP measured with a spectrophotometer.
Experiments were conducted in parallel with an ultrasonic horn for comparison. Sub-
merged cavitating liquid jets were found to generate a two order of magnitude increase in
energy efficiency compared to the ultrasonic me&86098-22000)00303-5

Introduction When subjected to cavitation, water undergoes dissolution ac-
Ultrasonic cavitation is knowriBrown and Goodmanl]) to K?ers;)rilgast&])the following chemical reactiote.g., Suslick[3],

produce sonochemically activated reactions in water resulting in
the formation of highly effective oxidizing hydroxyl radicals. H.O—H + OH' 1)
Usually this is achieved using ultrasonic horns that send a high 2 '

intensity acoustic beam into the solution and excite microcavities.The free hydroxy! radical OHis one of the most powerful

Such systems have been found to promote a wide range of chegjirgizing agents and is an excellent initiator of chain reactions.
cal reactiong(Suslick[2]) and to be capable of oxidizing dilute oxjgation of organic compounds results in various intermediate
aqueous mixtures of organic compounds. However, such devigggj end products depending on the compound. These include wa-
essentially self limit the efficiency of the process by achieving yapor, carbon dioxide, inorganic ions and short chain inorganic
cavitation only in a thin layer near the surface of the sonifer. 'Hcids(e.g., see Suslicke]; Hua et al[5]: Skov et al.[6]). Often
addition, the efficiency of the transfer of electric power into ultrage jntermediate products also undergo subsequent oxidation.
sonic waves into the liquid is known to be quite low—of the ordefodeling of radical production due to cavitation bubble collapse
of 15-20 percent. , ) o _has recently been performed by Gong and Hiatt
We employ a mechanism for generating cavitation in a wide ynder the oscillating pressure field of an ultrasonic horn or due
body of the liquid by an array of submerged cavitating jets. Thig, |arge fluctuating pressure forces in the shear layer of a cavitat-
process can be made very efficient and benefits in addition froRy and resonating jet, pre-existing microscopic bubble nuclei in
the fact that pumps are quite efficieiof the order of 75 percent e jiquid grow and collapse. There are several competing theories
at converting electriqor othej power into hydraulic power. A for the predominant phenomena that triggers the anomalous chem-
system based on t_hls technology would be relatively inexpensi\eyry present during the bubble collapse. According to one, the
and could be designed into a low-energy technology that Wileneration of a “hot spot” upon bubble collapéecal high tem-
perform at an optimum level creating fast degradation of toxiGerature and pressure regiais responsible for the phenomena
substan_ces With_out_generating carcinogenic materials such as @@8ppirag4]; Suslick et al[8]; Suslick et al[9]). Others suggest
occur with chlorination. that the reactions are due to shock waves or electric discharges
. _ . . enerated at the collapse and the fragmentatitargulis[10]) or
Dissociation of Water and Release of Oxidizing Radicals ?O the plasma like sta?e generated ingthe cf)(llapsging t[,udé@_
Exposure to ultrasonic waves can drive many chemical rea@nt and Mullie[11]).
tions through the generation, growth, and subsequent collapse oRecently, a number of researchers have looked into using ultra-
cavitation bubblege.g., Brown and Goodmag], Suslick[2]). It sound to degrade organic contaminants. The list is too extensive
is universally accepted that this cavitation with its accompanyirig review here. However, a sample of relevant work includes that
local high pressures and temperatures drives these reactions ra@fi¢tua et al[5,12], Kotronarou et al[13,14], Cheung et al[15],
than the acoustic waves themselves. The acoustic waves providid Hua and Hoffmafl16]. Such work has been performed in
means for transferring the energy of the acoustic driver to cavitaeth batch and continuous flow modes using ultrasonic horns and
tion nuclei whose subsequent behavior converts this energy pi@tes. Also recently, a commercial scale process has been em-
pressure, heat, erosion, chemical reaction, etc. ployed utilizing a venturi type cavitation flow loop often in com-
bination with UV irradiation and hydrogen peroxide addition
Contributed by the Fluids Engineering Division for publication in tewanaL  (U.S. Environmental Protection Agengy7]; Skov et al.[6]).
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division

October 14, 1999; revised manuscript received May 3, 2000. Associate TechnicalCavitation Bubble Dypamics. In a pressure ﬁeldg a bubble .
Editor: J. Katz. works as an oscillator with the gaseous contents acting as a spring
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o - Cavitating jets have the following advantages over ultrasonic
v— 5 devices.

1 The cavitation can be made to be much more intense and
aggressive.

2 The location of the cavitation “center” can be more easily
controlled, and multiple centers in a small volume can be easily
provided.

3 From a practical standpoint, a jet based process is simpler,
more flexible, easily scaled up and able to process larger industrial
level quantities of liquid for a given power input.

: ) . ) i 4 As demonstrated in this paper, the jets are significantly more
Fig. 1 Pressure field associated with nonspherical bubble col- efficient.

lapse. Taken from Chahine and Duraiswami  [19]

The dimensionless parameter characterizing cavitation is the
cavitation numberg,

and the inertia being provided by the motion of the surrounding o= Pamy— Py ~ Pamb— Py (4)
liquid. Under external pressure forcing, the bubble undergoes vol- 1/2pV*? AP

ume and shape oscillations. As the bubble compresses the inside _ o e -

pressure grows. wherep is the liquid densityVV* is the characteristic flow veloc-

For a collapsing spherical cavity in a liquid of densjtyinder 1Y, @ndAP is the presence drop across the nozzle. The particular
external steady pressuf,.,, and with gas inside the bubble Value at which cavitation is incipient; is termed the cavitation
having a specific heat ratk) Neppiras[4] has shown that as the INCEPtion number. Thus if the operating conditions for a sub-
bubble collapses, a very high pressure region is generated nearfifg9ed jet are such that/o; <1, cavitation will occur, and as

bubble wall in the liquid with a maximum pressuPe,, given by o/ o; continues to decrease below unity the amount of cavitation
will increase.

Pmax= Pgo , (2) Experimental Setup

Experiments were conducted in several jet flow loops and in an
wherepy, is the initial gas pressure in the bubble. For a value afitrasonic system. Preliminary investigations were conducted in a
k=4/3 he obtained the corresponding temperature cavitation reaction chamber constructed of plexiglass to enable
viewing of the cavitation and flow. Due to the potential for many
Pamb 3) organic compounds to attack plexiglass this cell was not used for
3Pgo actual oxidation tests. Instead, jet cavitation reactors constructed
i ) of stainless steel were utilized.
With Pypp=1 atm, andpg,=0.01 atm,the maximum pressure  One loop was driven by a triplex positive displacement pump
may be as high as 1:210" atm, and the temperature could be aswhich produced a flow of 4.5 gpm at pressures up to 1000 psi.
high as 10,000°K (Young [18]). Thus extremely high values gfhe flow from the pump was sent to a multi-stage cavitation re-
temperature and pressure are generated in a small region agtion chamber. Each stage included a jet orifice plate with mul-
space where the bubble collapse occiBach physical conditions tiple orifices and a stagnation plate located downstream of the
could explain the enhancement by cavitation of the chemical disrifice plate and designed to stagnate the jet flows thereby induc-
sociation of the aqueous medium releasing hydroxyl radicals. ing strong bubble collapse. A second was driven by a centrifugal
However, cavitation bubbles rarely behave spherically. Typpump capable of 56 gpm at up to 75 psi and is shown in the sketch
cally, due to initial or boundary condition asymmetries and t@f Fig. 2. The loop was fabricated of steel piping. Upon exiting
bubble interactingthe bubble, upon collapse, formsagh speed the pump, the liquid flowed into a pipe manifold into which a
reentering jet(Young [18]; Chahine and Duraiswanfl9]). Fig- large number of orifices had been machined. The total fluid vol-
ure 1 presents a calculation we have performed for a bubble caime of this loop was 6.5 liters. Reservoir temperature was main-
lapsing near a solid wall and forming a high speed jet whictained at the desired value by use of a cooling loop inside the
impacts the wall. Visible in the figure are the very high pressuresservoir and immersion of the reservoir in a large tank filled with
in the liquid near the jetChahine and Duraiswaniil9]). Such water and containing a refrigeration coil.
computations show the potential for extremely high pressures not . . L
only in the gas inside the bubble but also in a focused area of theJltrasonic Setup. A sketch of the ultrasonic device is pro-
liquid. In practice, bubbles often occur in “clouds” in which Vided in Fig. 3. The device is driven by magnetostrictive oscilla-
bubble/bubble interaction and bubble deformation effects occlins produced in a nickel stack surrounded by electromagnetic
(Chahine[20]; Chahine and Duraiswanp21]). In cavitating jets,
elongated, rotating, and ring shaped bubble cavities form which
have also been found to collapse with the formation of reenterir Cooling Col Flow _
jets (Chahine and Johnsd22]; Chahine and Genou@23]). +— omient fow

k/(k—1
Paml{k_l)} ( )

ng

Tmax= TO(

Cavitating Water Jets. Cavitating water jet technologsep-
resents one successful attempt to harness and utilize the dest
tive power of cavitation. Various means and nozzle designs can
used to induce the explosive growth of microscopic cavities c’Snoerton
bubbles within a liquid jet. Moving away from the orifice region,
these bubbles encounter higher pressures and collapse. For
ample, by inserting a solid surface in front of the nozzle at a
appropriate distance, nozzle generated cavities can be inducec

P: Pressure Measurement
T. Temperature Measurement

collapse violently on that surface in the high-pressure stagnatic —_— Centifugal Pump

region of the jet so create@ohnson et al[24]; Chahine and

Johnson 22]; Chahine et al[25]). Fig. 2 Sketch of jet loop capable of 56 gpm at 60 psi

466 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



STACK COOLING Table 1 Comparison of power densities for PNP oxidation ex-
BATH periments

AUDIO
OSCILLATOR

TRANSODUCER

200 WATT [sTack watts/ml Type
= ! Ultrasonic 0.36 Batch
1 I Cavitating Jets 0.18-12 Continuous flow
NODAL | | DISPLACEMENT
P SUPPORT N PICK UP COIL
TEST LiQuiD Here,C, is the initial concentratiorC(t) the concentration at time

t, V the liquid volume, and the power expended. The peak value
in the curve ofm*(t) can be used to characterize the peak per-
Fig. 3 Sketch of ultrasonic experimental setup formance of each system. o o

The power used in this efficiency calculation is that which is
imparted to the liquid. For the jet process, it is simply based on
. I . - the hydraulic power imparted by the pump. For the ultrasonic
ﬁ?r']l;a Igiec;f)ﬂg?gozgslgrs EIsz“fll'?]i t\/)e/a\?e%?rﬁr?: t'rt(‘;";&lérg dht?rﬁ]orn, it. is the _acoustic energy dissipated in thg liquid which was
frequency generator and. amplified before being fedpto the coilsyd termm_ed with a calorimetric test by measunng the heat gener-
3/8 in. diameter titanium “button” or “tip” was attached to the- ed. Th|§ gnables use of th@)‘(ldatlon_efflmgncy as a measure
end oi‘ the horn. The amplitude of oscillation of the tip was inipf the efficiency of the partlcul_ar_conf_lguratlon for the cavitation

’ henomenon and removes variations in power consumption due to

tiaIIy_ calibratgd using a bifilar microscope. Its amplitude.w arying pump, motor, or horn configurations. The actual amount
monitored during testing by a sensor whose voltage output is g oo oy that must be supplied to a system employing either the
portional to displacements. The tip displacement amplitude Witrasonic or jet induced cavitation is therefore larger due to these

set to 0.0026 in. peak to peak. conversion inefficiencies. The ranges of the power input to the

The horn tip was submerged 0.125 in. in a 150 ml glass beaker . . ; - ;
filled with 25 ml of test sample liquid. Initially, the submergencgrﬁwlcé pler unit volume(power density we utilized are shown in

was varied, and the value of 0.125 in. was selected because 1
produced the greatest amount of cavitation. The top of the beakeUltrasonic Tests. Sample results of ultrasonic tests of the
was covered with a plastic sheet through which the horn wasidation of PNP are presented in Fig. 4. Figure 4 presents the
inserted. The sample beaker was surrounded with a cooling batkasured concentrations as a function of time for several cases
to maintain a constant temperature. run at a pH of 3.5 and initial concentrations of 8 and 25 ppm for
comparison with the jet oxidation studies. We did not seek to

CONSTANT TEMPERATURE BATH

Measurement Techniques and Procedures. Reagent grade
p-Nitrophenol—*PNP”—(Aldrich, 99 percent phosphoric acid
(Aldrich, 85 percent and sodium hydroxidéVWR Scientific, 1.0
N) were used. The PNP was in crystalline form and was mixe
with distilled water.

PNP concentrations were measured using a UV-Vis spectl = o¢
photometer following the procedures of Kotronarou ef 58] and
Hua et al.[12]. The spectrophotometer was calibrated again
known concentrations of PNP in distilled water at a wavelength «
400 nm after shifting the sample pH to 11 by the addition c
NaOH to enable measurement employing the absorption banc
400 nm.

During testing, 3 ml samples were drawn from the test rese
voir. Following the addition of NaOH, the sample was drawi

25

ppm

Co =25 ppm \\.ﬂ‘\

-
L3}

Y
o
s

p-Nitrophenol Concentration

5 4
through a Gelman 0.2 micron PFTE syringe filter to remove ar :
particulate contaminants such as titanium erosion particles frc T=77°F
the ultrasonic tests. The filtered sample was then placed in 1 0 : w ‘ ‘ ‘ \ ‘
spectrophotometer and its transmittance measured. ] 5 10 15 20 25 30 35 40
(a) Time, Hours

Uncertainty Estimates. The estimated uncertainty in mea-
sured quantities are: flow rate;5 percent; pressure;1 psi; con-
centration,+=0.2 ppm; pH,=0.2; temperature;-1°F. The oxida- 0.7
tion efficiency (defined in Eq.(5)) and the nondimensional N
concentrationC/C, are derived quantities. Their estimated uncet 6 / \
tainties are: oxidation efficiency; 10 percentC/C,, =4 percent. 05

/ \/ 25 ppm, 77 °F
04

wl] N

/NewTi 8ppm, T=;‘N\w T -
ip, , T=77
0.2 lorn Tip, 8 ppm, F

Results and Discussion

Performance Evaluation: Oxidation Efficiency. A key
measure of the performance of the oxidation process is the ene
required to remove a unit mass of a given compound. For over
performance, this can be expressed as the cumulative mass

Oxidation Efficiency, mg/MJ
o

0.1 —

contaminant removed per unit energy expended. When plott Very Eroded Tip, 8ppm, T= 77°F X T=107°F, 8ppm
against time, this represents a running value of the efficiency. v 0 o 5 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 0
define this to be thexidation efficiencygiven by

(b) Time, Hours

(Co—C())*V

m* (t)= (5) Fig. 4 Ultrasonic sonication of PNP at pH =3.5. Top: concen-
txP tration versus time. Bottom: oxidation efficiency.
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optimize the conditions for the ultrasonic horn since this has beémes larger than that of the ultrasonic devig@12 mg/MJ.
experimentally investigated for aqueous solutions of PNP by oti¢hile the investigations conducted have not as yet been of suffi-
ers(Kotronarou et al[13], Hua et al[5,12]). We selected condi- cient scope to state that either the jet or ultrasonic devices are
tions from the literature which were near optimal. These testgerating at their optima, a range of parameters have been inves-
were run at 77°F and 107°F with the rate of oxidation lower atgated in the current study for the jets and in the literature for the
107°F than at 77°F—consistent with the general behavior aftrasonic device. The conditions of Figs. 4 and 5 are near the best
sonochemical reaction rates as described in Sugkd¢k Direct known for each device. If the differences in conversion efficiency
comparison of these results with those in the literature can béinput power to power into the liquite.g., 18 percent for ultra-
done using oxidation rates normalized with applied power. Nosonic, approximately 75 percent for a motor/pymere used, an
malization of results with the applied power shows that our resuléslditional factor of 4 would need to be applied, and the cavitating
are comparable to those in the literature; e.g., the oxidation ratejeff results would exhibit overall energy efficiencies 100 times
Kotronarou et al[13] is 0.89 mg/MJ. Calorimetric measurementsiigher than the ultrasonic device. This suggests strong promise for
showed that approximately 18 percent of the electric power inpapplication of jet cavitation to oxidation.

to the horn was converted to acoustic power and dissipated as he

in the liquid. alIemperature Effect. The results of the experiments of jet

oxidation of PNP indicated the existence of an optimal tempera-

Cavitating Jet Results. Figure 5 presents sample results ofure or temperature range for oxidation efficiency. Figure 6 shows
the oxidation of PNP with submerged cavitating jets conducted the influence of temperature on the oxidation efficiency at three
the flow loop of Fig. 2. The operating temperature was 107%mes during the oxidation process. Performance is seen to be best
which, as described below, was found to produce the best perfat-the intermediate temperature range near 4@°@7°H. Such
mance. The pH was comparable to that of the ultrasonic testshefhavior is consistent with cavitation erosion intensity which is
Fig. 4, and the initial concentration, 8 ppm, was used in the mikrown to achieve a maximum value that is temperature and liquid
jority of the cases in Fig. 4. We can compare the oxidation effdependent. For water at atmospheric pressure, this peak is at ap-
ciencies in Figs. 4 and 5 for achieving a given decrease in PRoximately 50°C(122°F (Brown and Goodmafl]). Above this
concentration. For example, a 50 percent reductfioom 8 ppm temperature the bubble dynamics becoming increasingly ther-
to 4 ppm is achieved by the jet system in 1.5 hrs. while thenally controlled rather than inertially controlled which leads to an
ultrasonic horn requires approximately 30 hrs. The correspondimgrease in vapor pressure and cushioning of the bubble collapse.
oxidation efficiency for the cavitating jet8 mg/MJ is about 25

24
1 X
Co =8 ppm 2 » —
3 0.8 E) x
c 3 A
2 \ oy 20 x S
Q 0.6 a=>
g © IN o 4 hours
2 E
g 04 w 1 2
o 5 ®
8 'E * 5 hours
02 1 g 16 A
\; 6 hours
0 T ; T
0 1 2 3 4 5 14 ‘ ‘ ‘
(@) - H 20 30 40 50 60 70
ime, Hours
’ (a) Temperature, Degrees C
4
70
2 /'\ Co=8ppm 60
23 7 4 N
A 2 50 ~
) 5 /
g 7w N
Qs 2 | e \
E % 30 /L\K\
c =
5 E / AU .
1
°
g 10g //7{/ ~3 \>~
‘Q:\l
4 38 Tt N\
0 T T T T -0 0 10 20 30 40 50 60 70 80 90 00
0 1 2 3 4 5 TEMPERATURE 1N °¢
(b) [—WATER 2-KEROSENE  3—BENZENE 4—ALCOHOL  S—ACETONE
(b) Time, Hours
Fig. 6 Influence of temperature on cavitation effects exhibit-

Fig. 5 Cavitating jet oxidation of PNP: pH =3.8, T=107°F, am-
bient pressure =20 psia, pressure entering nozzles =75 psia,
flow rate =57 gpm, Cy,=8 ppm. Top: time variation of the ratio
of PNP concentration to its initial value. Bottom: oxidation effi-

ing a region of maximum influence.
of PNP at 4, 5, and 6 hours of operation; pH

pressure =21 psia, pressure entering nozzles

(a) Jet oxidation efficiency
=3.8, ambient

=70 psi. (b) Ero-

sion of aluminum as a function of temperature for various lig-

ciency. uids; taken from Brown and Goodman  [1].
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6 eterD,. The cavitation intensity per unit timé.,,, can be ex-

pressed as the product of the number of cavitation events per unit
25 time, N, and the collapse energy of each cavitation evEpt,,
) H=2.5
: / o= NEpup: ©®)
§ 4 The cavity potential energk,,, can be expressed as the product
2 e pH=3.8 of its maximum volume and the pressure difference between the
Q 3 Al . . . . . . .
£ surrounding liquid and the cavity contents which we will approxi-
'-: mate as the ambient pressuf,,. For ring cavities, with a
o 2 maximum cross-section radi ,
5 // // pH=4.5 I Zana;
R 1 pH=63 e Epub= 7D oRiaxP amb- )
o pH=5.0 —~=
2 Ty e m. PHE6 For a ring emission frequency, for each ofn nozzles,lc,,, is
owE i : , 3 given by
0 1 2 3 4 5 6
Ti H I cav=FNEpup- (8)
Ime, fours . .
Using the product of the pressure and flow for hydraulic power,
Fig. 7 Influence of pH on jet oxidation efficiency of PNP: the energy conversion efficiency, can be taken as:

T=107°F, ambient pressure =20 psia, pressure entering

nozzles =75 psia fnEpup

_ _ 2 SaPamb
= 2~ €T 2
12pV;ieQ pViet

CYvheree and the jet Strouhal numb& are defined as:

=e227Syo~ €2, 9)

pH Effect. The values of pH in the flow loops were adjuste

periodically to their set point values by the addition of phosphoric 2R D
acid or sodium hydroxide. The pH was typically maintained = g=—0=03, (10)
within =0.3. Figure 7 provides the results of operation at varying Do Viet

pH. The oxidation efficiencies are seen to strongly depend on pHrha yolume fraction of liquid cavitatedy, is the ratio of the

in a nonlinear fashion with little influence for pH above about 4;4|,me of all ring cavities at their maximum size created during a
As the pH decreases below 4, the rate is found to increase, i0kit time. v and the flow rate:
1 Ycavy .

tially at long times and then at shorter times for decreasing pH.

The data of Kotronarou et dl13] with PNP using an ultrasonic Ve 477Rﬁ1axf
device showed similar behavior. a= = =7Sye?~ €. (11)
To assure that our increased efficiencies with decreased pH Q DoViet

was indeed due to the cavitation oxidation and not solely to pH, a\We see that the parametessand » both increase strongly with
sample of the PNP solution was adjusted to a pH of 2.5 and left {0 This is illustrated by the results of Kalumuck et 6], which

sit for 4 days. Measurement of the PNP concentration after 4 dayRowed, based on numerical simulations using a vortex ring cavity
showed no change from the initial measurement dynamics mode{Chahine and Genou23]; Genoux and Chahine
[27]), that € increases with lower ambient pressures thus increas-

Influence of Cavitation Number. The effects of cavitation both th | fracti f fluid itated and the effici
number were studied by changing the ambient pressure whiff Pt the volume iraction of fluid cavitated and the etficiency
econversion of hydraulic energy to cavity collapse energy.

maintaining the pressure drop across the nozzle constant. The
sults are presented in Fig. 8 for two values of the cavitation num-
ber. The lower cavitation number shows a significant increase @pnclusions
degradation rate which can be explained by the creation of a

larger volume of cavitation created with lower power. Experiments to establish the feasibility of utilizing cavitating
jets for oxidation of organic compounds in dilute aqueous solu-

Ring Vortex Cavities. A simple analysis based on jet cavita-tions were carried out in recirculating flow loops. Baseline tests
tion occurring in vortical structures is now presented. A cavitatingere conducted with an ultrasonic device for comparison. Results
and structured jet can be considered as being formed of a sucagsre consistent with those of the literature. Cavitating jet oxida-
sion of vortex bubble rings of diameter equal to the orifice diamion of p-nitrophenol was found to exhibit a two order of magni-
tude increase in energy efficiency compared to ultrasonic means.
The data indicate an inverse relation of efficiency with cavitation
number which is consistent with the results of a simple jet cavi-

1
tation model. An optimal temperature for cavitating jet oxidation
may be that for peak erosion rates due to cavitation. As with

3 08 ultrasonic results of the literature, cavitating jet oxidation rates
§ Sigma =0.3 improved with decreasing pH.

2 06 These results suggest a great potential for the use of jet cavita-
; \.\ tion in full scale waste treatment and remediation systems.

& 04

o
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On the Stability of Parallel Bubbly
Cavitating Flows

This paper illustrates the effects of the dynamics of bubbles with arbitrary vapor-gas

Luca d’Agostino contents on the inviscid and viscous stability of two-dimensional parallel bubbly flows of
Professor low void fraction. The linear perturbation equations derived for the stability analysis
include the effects of bubble compressibility, inertia, and energy dissipation due to the
Fabhio Burzagli viscosity of the liquid and the transfer of heat and mass as a consequence of compression/
M.S. Student expansion of the noncondensable gas and evaporation/condensation of the vapor con-
tained in the bubbles. Numerical solution of the spatial stability problem for two-
Dipartimento di Ingegneria Aerospaziale, dimensional inviscid shear layers and Blasius boundary layers confirms that the presence
Universita degli Studi di Pisa, 2 Via Diotisalvi, of the dispersed phase is generally in favor of stability. Significant deviations from the
56126, Pisa, ltaly classical results for compressible and incompressible single phase fluids are observed,
e-mail: luca.dagostino@ing.unipi.it especially when the occurrence of large compliant and/or resonant oscillations of the

bubbles greatly enhances their dynamic coupling with the perturbation field. More im-
portantly, the present analysis points out some major differences in the stability of par-
allel flows with noncondensable gas bubbles with respect to cavitating flows containing
bubbles with a dominant content of vapor. Unconditional stability is predicted in the
travelling bubble cavitation limit for low pressures and high vapor mass fraction of the
bubble contents. Results are shown to illustrate these effects for some representative flow
configurations and condition§S0098-220200)00603-9

Introduction face. In this case the dynamic response of cavitation bubbles can
1greatly interfere with the development of the perturbation field,
and therefore with the stability of the flow.

reTravelling bubble cavitation frequently occurs in quasi-parallel
flows that spontaneously develop unstable oscillati@etchov

The crucial role of cavitation in limiting the performance o
hydraulic machinery has long been recognized in the literatu
(Brennen 1], Knapp et al[2]). Its adverse effectefficiency deg-

radation, vibratiqns, fluid dynamic ipstabilitigS, grosion,)eare and Criminale[11], Drazin and Reid12]). In these flows the
common to a wide range of technical applications, but becom@seryed dependence of turbulent transition, bubble response and
especially manifest in turbopumps of cryogenic liquid rocket prqg,_frequency noise on the Euler number indicate that bubble
pellants, which operate near the saturation conditions at extremghhamic effects may play an important role in the flow stability
high specific power levels in the presence of extensive cavitatiqiyarboe et al.[13], Arakeri and Shanmuganath#4], Ceccio
From the physical point of view, cavitation involves complex dyand Brennerj15]). Recently, this hypothesis has also been con-
namic and thermal interactions of the liquid and gaseous phasesiifhed on theoretical grounds by linear stability analyses of par-
the presence of nucleating agents and can develop in a numbeai@d| bubbly flows (d’Agostino et al.[16]; d’Auria et al. [17],
different forms depending on the specific flow conditions. For @Agostino et al.[18]). These analyses were limited to inviscid
detailed review of cavitation phenomena and their relations witfows containing small noncondensable gas bubbles and general-
cavity dynamics and turbomachinery flows the reader is referrgge for dispersive and dissipative bubbly mixtures the classical
to the excellent monographs by Brenrdn3]. linear stability theories of barotropic fluids. The aim of the present

Of special interest because of its frequent occurrence in techaiticle is to illustrate the extensions of the linear stability theory to
cal applications is the analysis of unsteady bubbly cavitating flowsscous case and to parallel flows containing cavitation bubbles
when bubble dynamics effects are explicitly considered. Earligrth arbitrary compositions of vapor and non-condensable gas.
analyses in several configurations of engineering relevance clearlyAccording to the original development of our work on this sub-
showed that even at moderate void fractions the compliant, disgict (Burzagli[19], d’Auria et al.[20], Burzagli and d’Agostino
pative and inertial behavior of noncondensable gas bubbles sigll), this paper specifically focuses on the linear stability of par-
nificantly modifies the dynamic properties of the flow, which beallel two-dimensional bubbly cavitating inviscid shear layers and
comes dispersive and no longer behaves as a barotropic mixt(Mgcous Blasius boundary layers surrounded by a single-phase
(d’Agostino and Brenneri4—6], d’Agostino et al.[7], d’Auria incompressible liquid. ~ Following Rayleigh's and  Orr-
[8,9], d’Agostino and d’Auria[10]). This is especially the case Sommerfeld's classical approaches, the_ linearized perturba_ltlon
when the naturally unstable frequencies of the flow approach tB@uations for a bubbly mixture are derived and the numerical
resonant frequency of oscillation of individual bubbles, thus pr&olutions of the resulting eigenvalue problems are obtained by
viding an efficient mechanism of energy extraction from the pef?eans of a shooting method combined, in the viscous case, with
turbation field to sustain the bubble oscillations. This kind of colP@vey's[22] orthogonalization method, in order to overcome the
pling is relatively weak in bubbly flows at room pressures, but cdfpnVergence problems associated with the mathematical stiffness
actually become quite significant in low-pressure cavitating flo the .Stab'"ty equations at higher Reynolds numbers. _Non-
essentially containing pure vapor bubbles, which are characteriZEffensional quantities are introduced to deal in a synthetic and
by large compliance and important irreversible effects associat%\éStemat'C way with the various parameters involved.
with the evaporation/condensation phenomena at the phase inter-

Bubbly Cavitating Flow Model
Contributed by the Fluids Engineering Division for publication in ticeJBNAL o . . . . .
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division The bubbly cavitating mixture is visualized as an equivalent

March 28, 1999; revised manuscript received April 25, 2000. Associate TechniJ&meQeneouls fluid .\.Nhere. the bUb_b|?S are .treated as iso]ated
Editor: J. Katz. source-sink singularities uniformly distributed in a force-free lig-
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uid with constant properties and low void fractian< 1. Neglect- 10

ing local flow perturbationgRietema and van den Akk¢R3]),
the bubble mass, and the effects of coalescence, dissolution and |4 R |8 2nd resonance _
relative motion, the flow is governed by the continuity, momen- |R/ 0 instability region
tum and Rayleigh-Plesset equations IIA’/PO ok stability region
V.u= 3a DR
U= R Dt af
Du 2+ 1st (Minnaert) |
pL(l=a) 5 =—Vp+u V-[Vu+(Vu)T]
0 2 ‘o I2 ‘4
RD2R+ 3 DR)2 v, DR pg—p 2S 10 10 10 10
o2 2l5t) TARDUT 4 AR ®,, radfs

The dynamics of bubbles containing both vapor and noncoppy. 1 Normalized amplitude of radius oscillations of a bubble
densable gas is described as proposed by Nigmd@4ii25, Nig-  with high vapor mass fracton  (Y,=0.995) in water (7,
matulin and KhabeeV26,27, Nagiev and Khabee{28], Nig- =308K, p,=5kPa and R,=0.15mm)
matulin et al. [29]. In addition to the effects of bubble
compressibility, inertia, and energy dissipation due to the liquid

viscosity and thermal exchanges with the bubble contents, their (3+2WeR
model explicitly accounts for the occurrence of evaporation/ Yy <Y¥= ©
condensation phenomena at the interface and for the presence of (3+2WeRe+WeRy

the temperature and concentration gradients necessary to SUPR@Ire We=2S/R,p, is the Weber number of the bubble. Figure 2
the associated transfers of heat and mass between and withindhgws the stability region for a typical 1 mm radius air-vapor
two phases. bubble in water with the external pressure as a parameter. Notice
If harmonic excitation at frequenay, is assumed, the steady-that the pressure of water bubbles with a dominant content of
state linear oscillations of vapor-gas bubbles are described by $agor increases rapidly with the temperature. Following the tradi-

equation tional classification of “cold” (or inertia) and “warm” (or ther-
b mal) cavitation at lower pressures one may then speak of cold
(—wf—iwL2A+w§)f€= - vapor-gas bul_)bles as opposed to warm vapor-gas bubbles corre-
pLR, sponding to higher values @, .

A " . ) The different spectral responses of cold and warm vapor-gas
whereR and p are the E(i)utntplex aAmeliliutdes of the radius ang},jes are illustrated in Figs. 3 and 4 for several values of the
pressure perturbationBe '“t" and pe™'“" about their undis- vapor mass fraction. In general, for increasing excitation frequen-
turbed valuesR, andp, . The damping coefficient and the natu- jes it is possible to identify four regimes dominated by different

ral frequencywg of the bubbles are given by: physical phenomena:
2N ()= 3Pso YVG n o . compressi_ble at low frequencies, chare_lcterize_d_by a rela-
L prLRg E(w,) Rf) tively flat quasi-static response of the gas, with negligible thermal,
diffusive and inertial effects;
5 3Pso WG 2S » thermal at intermediate frequencies, characterized by the
wg(wy)= 2 - 3 gradual decline of the bubble response under the effect of the
PRy |E(wl)]  pLRg

increasing dissipation associated with the phase changes at the
in terms of the functiorE(w,) (whose expression is reported ininterface;

the Appendix and generalize to arbitrary vapor-gas composition ¢ resonant near the Minnaert frequency, characterized by the
of the bubble content the formally similar expressions obtained Igsponse peak corresponding to the dynamic balance of bubble
Chapman and Plessgg0] and Prosperet{i31,32 for bubbles of compressibility and inertial effects;

noncondensable gas. The partial presspgg of the gas in a ¢ super-resonantbeyond the Minnaert frequency, character-
bubble of mean radiuR, at equilibrium with a liquid of unper- ized by a rapid approach to the incompressible limit under the
turbed pressur@,, temperaturel, and surface tensioB is ob- dominant effect of the inertia of the liquid surrounding the bubble.
tained from py,=pg,—2S/R,, where pgy=pgotPvo IS the
bubble internal pressure and the vapor prespygds equal to the
saturation valuepg(T,). The mass fractions of the vapor,
Yv=pvo/peo» and the noncondensable gas in the bubble,
Ys=1-Yy, are then readily determined as functionsTgf, p,
andR, using the perfect gas equatipr=pRT.

The typical behavior of a vapor-gas bubble is shown in Fig. 1
as a function of the excitation frequeneay . The high frequency
peak is the classic Minneartian resonaftte only one present in
the case of bubbles containing noncondensablg gdile the low
frequency peak is the so-called “second resonan&hch and
Neppiras[33]; Wang[34]) introduced by the presence of the va-

P, =30 kPa

por. Below this resonance the natural frequeg(w,) of the 0 2203 MPa
bubble becomes imaginary and consequently the motion is un- - po=01MPa, P07 77
stable(Fanelli et al.[35,36, Prosperett{31]). For the bubble to 0 20 40 60 80 100
be quasi-statically stabl@aily and Johnso37]), and therefore T.°C

0

also dynamically stable at all frequencies, it is sufficient that

the isothermal (low-frequency bubble natural frequency fig.2 vapor mass fraction Y, as a function of the temperature
sz0= wé(0)>0, which implies(Nagiev and Khabee}28]): T, , for several values of the liquid pressure  p,
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6 : - :
‘R/ R,|5 =09, 1,=305K y 4 pure liquid
/P, |4 _ ___Uo__o___
3t _ O O O
Y, =0.8, T,=304 K O . v©O o 0] R
3 (@) 60 O
? Yy =0.6, T, =300 K g o) b(q)bbly(gayero
:
e rms 777 7777 77
10° 10’ 10° 10’ 10*

o,, rad/s Fig. 5 Schematic of the flow configuration

Fig. 3 Normalized amplitude of radius oscillations of a “cold” .
bubble in water as a function of the excitation frequency o, for Herew andk are the perturbation frequency and the wave number,

several values of the vapor mass fraction Y, for R,=1 mmand X andu are the coordinate and velocity in the streamwise direc-

po=5 kPa tion, andy andv are perpendicular tax and u. The following
system in the complex amplitudes of the perturbatipns, o,
andR is obtained:

6

[R/R,|sf

/P, |4t

K045 = o2 R
KU+ = —lw =
LR0

Y, =0.9, T, =347K
pL(l—a)(—iw 0+ U"D)= —ikp+ u (—K20+0")

Y, =0.8, T, =346 K 1 —iwp (1= a)o=—p +pu (K% +0")

2r 2 2B P
Yy =06, T, =341 K (moi—iw 2+ wg)R=——0
1F J PLMo
¥, =07, 231K where v, = w—KkU represents the Lagrangian frequency experi-
05 3 = ” enced by the bubbles in their motion with the mean flow and
10 10 10 10 primes indicate differentiation with respect to the independent
o, rad/s variabley.
) ) ) ] - In order to reduce the above equations in normal form and
Fig. 4 Normalized amplitude of radius oscillations of a avoid the complexities associated with the differentiation of

“warm” bubble in water as a function of the excitation fre-
quency w, for several values of the vapor mass fraction Y, for
R,=1mm and p,=40kPa

bubble dynamic terms, the problem has been reformulated in
terms of the flow divergences=ikl+o', and vorticity,
f=0'—iko. Upon nondimensionalization of the flow variables
with respect to the reference veloclty, , a typical thickness of
the layer, and the liquid pressupg, the following system irti,

The thermal regime is absent in pure gas bubbgs=0) be- ¥. andT is obtained:
cause of the modest dissipation introduced by the compression/
expansion of the noncondensable gas, and is always present in
warm vapor-gas bubbles. On the other hand, it is practically ab-
sent in cold vapor-gas bubbles, where phase transitions effectivelyy’ = — kT +
damp the resonance peak but are dominated by the inertial effects,
which are responsible for the rapid decline of the bubble response
toward the incompressible limit at super-resonant frequencies. "= (k?—i%, Re)F+U"7 Re
Also notice in Figs. 3 and 4 the rapid increase of the bubble
response with the vapor mass fractidfy. Since the relation o IPUR , OL
AR/R,*Ap/p, approximately holds throughout the frequency +[UT' +(U'U-U"5)ReIM“—
spectrum, the absolute compliand®k of the bubbles increases k
with their radius and inversely with the flow pressure. Hence, ighere tildes indicate nondimensional quantities=Rd/v_ is the
particular, cold cavitation bubbles, which are characterized byg,,, Reynolds number anulz(wL)=U§/c§,, is the (squarediflow

dominant content of vapor and_ very low valuespgf, are much Mach number based on the free-space speed of sound in the bub-
more compliant than warm cavitation bubbles of equal vapor maﬁﬁl mixture when excited at frequenay;

fraction.

iou-70" +—7

—w’—iw 2\ + 0]
3a(1-a)/R;
. . .. In the present formulation the influence of viscosity, surface
The flow equations for a parallel viscous layer containingngjon, layer thickness, pressure, bubble interactions and vapor

vapor-gas bubblesee Fig. 5 are linearized for small perturba- concentration on the stability of viscous layers in bubbly liquids
tions around the meaundisturbegiflow propertiesU(y), P, and  has peen expressed in terms of the following non-dimensional

chi(wy)=
Stability of Parallel Bubbly Flows

Ro: parameters: ReU,d/v , We=2S/R,p,, mr=06IR,,
u=Re{U(y)+0(y)ei(kX7“")}; v=Re{ﬁ(y)ei(kX7‘”‘)} mp=8%Po pL/RovL , 7TB=3C¥(1_0/)52/R§1 and my=Yy /Yy,
_ R _ respectively. The parametetz has been previously identified and
p=Re[p,+p(y)e eVl R=ReR,+R(y)e >« commented by d’Agostino and Brenngh-6] and its importance
Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 473
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in connection with bubble dynamic interaction phenomena héisear eigenvalue problem for the free paramete k. As in the
been confirmed by earlier analysédAgostino, et al.[16,18; single phase case, the set of the admissignerally complex
d’Auria et al.[17]; d’Auria et al.[20]; Wang[38]). In terms of the Vvalues ofw or k (the eigenvalugsis uniquely determined by the

above nondimensional parameters, the isothermal bubble nats.g/wdition that the corresponding nontrivial solutiofise eigen-
te

; } ; ctiong satisfy the boundary conditions. Any two free param-
gfgsi%réc)éy?nd Mach number in the two-phase mixture are ¢ rs can be specified; the remaining one is then determined. Spa-

tially growing oscillations are studied by assigning a real

2 p 25 77% frequency o and solving for the complex wave number
52 =%2(0)= 0 = k=k,+ik;. On the other hand, temporally growing oscillations
Wpo=wg(0)= —Z( + )— 3+ We) r TIKj oth ) p y g 9
B0~ B( 55 pLUs RoPo @( are studied by assigning a real value Kand solving for the
) complexo=w, +iw;. The two cases become identical at neutral
M2=M2(0) = &_ mRE stability, when bothw andk are real. The present analyses focus
0=M%(0)= cf,l - 77%(3+We) on spatially growing oscillations, wheie is the spatial attenua-

o ) ) tion rate of the flow perturbations andr2k, is their wavelength.

For simplicity, in this paper we consider the classical case of\ith current notations a negative value kf therefore implies
Blasius boundary layer with displacement thicknéssThe rel-  amplification of the flow disturbances in the positive streamwise
evant boundary conditions require no-slip at the wdi=0, direction.
0=0 aty=0) and smooth matching with the far-field converging
solution outside the boundary laygr=né with n>1). Assuming Results and Discussion
a stratified flow where the bubbles are present only inside the . .
boundary layer (6:y<nd) as shown in Fig. 5, the latter condi- Inviscid Shear Layer. Expanding on our earlier work on the

tion writes (Burzagli[19]) stability of parallel flows containing gas bubbl¢d’Agostino,
et al.[18]), for illustrative purposes we first consider the spatial
T=—k(1+B)TU—ik(1+B)v stability of hyperbolic tangent free shear layers containing bubbles
o o with different mass fractions of vapor and air. The relevant
T =k?B(1+ B)U+ikB(1+B)v boundary value problem has been solved numerically by means of
~ _ ~ a multiple shooting metho(Stoer and Burlish39]). The integra-
whereg=J1-iw_Rek” and R¢}=0. tion has been carried out using a fourth-order Runge-Kutta routine

The stability equations for inviscid parallel bubbly flows argexirapolated to the fifth ordewith self-adaptive step sizéress
readily obtained as a special case fqr=0. Then, elimination of et g1 [40]) and the eigenvalues have been evaluated iteratively by
the pressure from the linearized perturpatlon_ equations leadsf@ans of a modified multidimensional Newton-Raphson method
the following system in normal fromd'Agostino et al.[16], (stoer[41]). The code has been validated against the single-phase

d'Auria et al.[9], d’Agostino et al[18]): incompressible results by Betchov and Criminglél] and
u” u’ Michalke [42]
0'=iko—i w—i;fi W(iwLGf u'o) Figure 6 shows the spatial attenuation rifeas a function of
L M

the excitation frequency* for a free shear layer with void frac-

oL tion «=0.01 and containing 1 mm radius “cold” vapor-air
— (io 0—-U"D) bubbles of different mass fractiolg, at an external pressure of 5
ke kPa and temperatures ranging from 286 K to 295 K. The results
The classical Rayleigh stability formulations for single phase ifor pure air bubbles and the single-phase incompressible solution
compressible or compressible fluids are readily recovered as spie also shown for comparison. Since valuewdfis always sig-

cial cases by eliminatingd and settinga—0 (cy—) or nificantly smaller than the bubble natural frequenm§~w§OG,

w —0 (cy—Cyo=constant), respectively. the bubble response is dominated by compressibility effects, while
In the following we consider the simple case of twoenergy dissipation and inertia play a relatively minor role. In
dimensional free shear layers of unperturbed velocity profile: single-phase inviscid and viscous fluids the compressibility of the

U.+U, U.—U y medium is known to promote the stability of parallel flows be-
U(y)= St T2 Pt Tl nns cause part of the energy of the perturbation field has to develop
2 2 3 work against the compliance forces of the medium and cannot be

The relevant boundary conditions require smooth matching with
the upper/lower unperturbed far field solutiofssibscripts 1 and o
2):

ik 7,2 -0.05f
0=+A,, — ety VK- wilcy P
' \/kz—wL/CMl’Z :

2 2,2
a:Al,Zety\ k 7‘”L/CM1,2

§'=—ikd+

0.15¢ ) :
whereA, , are arbitrary complex constanfthe principal branch . sﬁgele&hase
of the square root is impligcand the appropriate sign is deter- P T 02 (256 1.
mined by requiring that the solution does not diverge as ’ O¥,=03 (291K)
y— *+ o, All quantities are expressed in nondimensional foder . ) | BY,=04 (295K)
noted by an asterisk in the inviscid cassing the typical width of 028 01 02 03 04 05
the flow 6 and the shear layer velocity differenadé) =U,—U, as .

reference length and velocity. The nondimensional parameters w

used in the inviscid stability analysis are the quasi-static naturlg

|
x ig. 6 Spatial attenuation rate k7 of a shear layer with “cold”
frequency of the gas bUbblesBOG_wBOG‘s/AU’ the bubble ra- bubbles in the compressibility reginl1e as a function of the ex-

dius R* =R/, the vapor content of the bubblg,, and the void citation frequency ®* for several values of the bubble vapor
fraction a. mass fraction Yy. In all cases: wp, =12.85 @=0.01, Rj

When supplemented with the relevant boundary conditions #0.01, p,=5 kPa and R,=1 mm. The incompressible flow so-
the new formulation, the above perturbation equations representtion (a=0) is also shown for comparison.
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Fig. 7 Spatial attenuation rate k7 of a shear layer with “warm” Fig. 8 Spatial attenuation rate k7 of a shear layer with “cold”
bubbles in the compressibility regime as a function of the ex- bubbles in the resonant regime as a function of the excitation
citation frequency w* for several values of the bubble vapor frequency w* for several values of the bubble vapor mass frac-
mass fraction Y. In all cases: w§06=36.5. a=0.01, R;=0.01, tion Y,. In all cases: w§06=0,39, a=0.00075, p,=6 kPa and
p,=40kPa and R,=1 mm. The incompressible flow solution R%=0.1.

(a=0) is also shown for comparison.

conditions, where the greater power necessary to sustain damped
used to sustain fluid dynamic instabilities. Earlier analyses W§rge-amplitude resonant oscillations of the bubbles effectively
d’Agostino et al.[18] generalized this finding to parallel inviscid contributes to stabilize the flow. The amplification rate is rela-
flows containing noncondensable gas bubbles. Hence, the preliely small and, even if the stability limits do not vary much with
ous discussion of the dynamic behavior of vapor-gas bubbles sig;, the curves for different values of the vapor mass fraction
gests that their presence in the flow should have a significantersect each others when the natural frequency moves to lower
stabilizing effect, and that this effect should increase with thgalues asyy is increased. Therefore flows with higher values of
compliance of the two-phase mixture at lower pressures ang are, on some limited portions of the frequency spectrum, less
higher bubble vapor contents, and flow void fractionse. The  stable than flows with lower vapor mass fraction, and the most
results of Fig. 6 confirm these conclusions and are qualitativelyistable frequency undergoes a sudden chdmgele jumping
consistent with those obtained by Draf#8], Blumen[44], Blu-  for Y,=0.5+ 0.6, indicating that the occurrence of resonance can
men et al.[45], and Drazin and Dave}46] in the temporal sta- significantly modify the spectrum of the flow instabilities.
bility analysis of symmetric inviscid compressible shear layers. Finally, in Fig. 9 we illustrate the influence of the void fraction
As a consequence of the small value of the pressure, the absoldte(or, equivalently, of the bubble interaction parameter
compliance of the flow is high and even a relatively modest in,-TB:3a(1_ a)52/R§) with reference to the behavior of a reso-
crease of the vapor mass fraction in the bubbles from gauee nant shear layer containing 1 mm radius “warm” vapor-air

air) to 40 percent reduces the streamwise spatial amplificatior_l "#Sobles withw?, =0.28 andY, = 0.4 at a pressure of 35 kPa and
of the flow disturbances and the range of unstable frequencies to <
perature of 331 K. The results clearly show that the general

less than one half their original values. Figure 6 also shows t L "
the most unstable frequendgorresponding to the minimum of eatures of the flow stabilization near bubble resonance conditions
remain essentially unchanged also at higher temperatures and that

) " ) -
the attenuation ratk}) decreases markedly witily, thus indi an increase of the void fractiamresults in a substantial reduction

cating that the presence of cavitating bubbles not only modifi - e . o
the amplitude of the flow instabilities but is also likely to modify%?the spatial amplification rate of the flow perturbations, with just

. NN : . A . minor modifications of the instability region in the frequency
their spectral dilstrlbutlon by inducing a significant shift towardgpectrum. This finding agrees well with the results for pure air
lower frequencies.

Figure 7 illustrates the results of similar computations for tht(%UbeeS and with the physical interpretation of the parameter

same flow(a=0.01,R,=1 mm) with warm bubbles of different
mass fractiong’y, at temperatures ranging from 341 K to 347 K.

At these higher temperatures the flow presqy@as raised to 40

kPa as a consequence of the increase of the saturation pressure
Compressibility effects are still the dominant phenomenon in the
dynamics of the bubbles and the general features of the solution 2005}
are essentially unchanged. However, the absolute compliance of .
the flow has dropped inversely wifh, and comparison with Fig. k;
6 shows that the magnitude of the stabilizing effects is greatly 0.1}
reduced. The solution for pure air bubbles is close to the one for
incompressible fluids, while the maximum amplification rate and

the range of unstable frequencies are only moderately reduced 0.15 |
even for bubble vapor contents as high as 90 percent. » a=0003

Next we examine the resonant case where the bubble natural 02 . . . .
frequencyw*gffvw*,goG is internal to the range of unstable frequen- o 0.1 02 03 04 05

ciesw* of the flow. As an example, consider the curves plotted in

Fig. 8 relative to an inviscid shear layer with void fraction ig.9 Spatial attenuation rate  k* of a shear layer with “warm”
_ ini ; _ai : i
=0.00075 and containing 1 mm radius cold vapor-air bUbe{‘Qﬂbbles in the resonant regime as a function of the excitation

with “’5062039 and different mass fractions, at a pressure of frequency w* for several values of the void fraction  a. In all
6 kPa and temperatures ranging from 291 K to 300 K. The behasases: wpo,=0.28, p,=35kPa, Y,=0.4 (T,=331K), and R;
ior of the attenuation raté&;" is quite different near resonance=0.1.
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mg=3a(l—a) b‘leﬁ as an indicator of the importance of bubble 0.16

dynamic interaction$d’Agostino and Brennefd—6|, d’Agostino o0.14t

et al.[16,18], d'Auria et al.[17], d’Auria et al.[20]). Since the o 012t

sound speedzM is inversely proportional tay, the stabilizing ef- )

fect of higher void fractions is also fully consistent with the well- o1r

known behavior of parallel compressible flows at increasing Mach 0.081

numbers. 0.06f _
Blasius Boundary Layer. We next consider the spatial sta- 0.041 Smgle}z)?isgsz,ooo'

bility of a Blasius boundary layer in water containing either air or 0.02f 1

air-vapor bubbles. The orthogonalization method by O’'Di{4r¥] ot :

and Davey[22] has been used, together with the shooting proce- 002 , . e 126,000

dure previously developed for the inviscid case, to deal with the ’ 10° 10° 100

diverging and stiff nature of viscous stability problems at high Re

Reynolds numbers. The code has been validated against the
single-phase incompressible results by Jordirid@hand Ng and Fig. 11 Neutral stability curves of the Blasius layer of Fig. 10
Reid [49] for both the spatially and temporally growing oscillafor @z=7.5, wz=1.67 and several values of mp=56,000,
tions. As for the inviscid case, the presence of vapor-air bubblesli®s,000, and 252,000. The single-phase incompressible flow
expected to contribute to the flow stabilization through the effegelution (a=0) is also shown for comparison.
of compressibility and the increase of energy dissipatiooth
thermal and viscoysassociated with the bubble dynamic re-
sponse, especially near resonance conditions where the amplitadéhe flow stability. From the expression of the quasi-static natu-
of the bubble oscillations is large. ral frequency of a gas bubble in terms of the presgyre

We first illustrate the effects of the presence of air bubbles in

the flow. As an example, Fig. 10 reports the spatial attenuation wgo= 3p02 45
ratek; as a function of the excitation frequen@y for a Blasius pPLRG LRy

boundary layer with Reynolds number R&0,000, void fraction
a=0.01, at several pressures ranging from 1 to 20 kPa and ¢
taining 1 mm radius air bubbles in the compressible region of t
response spectrum. The general features of the viscous solu
are qualitatively similar to the inviscid case. As expected, conls’y
parison with the single-phase incompressible solution confirnag
that the compressibility of air bubbles promotes the stability of tq%
flow. The results also indicate that the stabilizing effect is quit
moderate except for pressures on the order of 1 kPa, when
bubble compliance has raised enough for the pressure pertur. &
tions to be able to excite a significant response of the bubbles.
influence of bubble compressibility on the same boundary lay
flow at different pressure levels is well illustrated in nondimen-
sional form by the marginal stability diagrams of Fig. 11 for sevg
eral values of the pressure parametgr=6°\Po/pL/RovL - AP~ 26 surface tension (We0) is shown in Fig. 12. All points of
preciable stabilization only takes place for ‘RE)* and small he two-phase flow solution correspond to weakly super-resonant
values ofwp, both of which promote the interaction of the pergycitation frequencies according to the above equation, whose
turbation flow with the bubble response by increasing the pressifgce on the diagram would be represented by a negative exponen-
disturbances and the bubble compliance, respectively. tial curve just below the instability region. The higher damping
Next we examine the influence of bubble resonance phenomepaqciated with resonant bubble oscillations manifests its usual
tendency to stabilize the flow by inducing a moderate reduction of
the region of instability at all frequencies and Reynolds numbers,
especially in the lower part of the diagram near the curve corre-
sponding to bubble resonance conditions. For the same reason, the

it follows that discrimination of resonance effects in flows of wa-
@87 with air bubbles is practically impossible even at the lowest
essures because the surface tenSighifts the bubble natural

uency in the region of Rel(f, where the resonant behavior
he bubbles is effectively masked by the dominant influence of
mpressibility. However, bubble resonance effects become
adily apparent if the surface tension is neglec®d Q), a situ-
tion not realistic for water-air systems, but nevertheless quite
ful to illustrate the potential impact of bubble resonance on the
d dynamic stability of parallel bubbly flows of nonpolar liquids
ke most cryogenic rocket propellaptsvhich are characterized
{/ low surface tension.

An example of the effect of bubble resonance on the neutral
tability of Blasius layers in water containing air bubbles with

0.012 . Smglep'hase critical Reynolds number increases beyond its incompressible
k; 0 P =20kPa @m=126 flow value, delaying the threshold for the onset of spontaneous
0.006} mp, =5kKPa  wp=0.63
Op =1kPa (=028
0.16 .
of single phase
@
0.12}
-0.008}
I two-phase
-0.012 . . . L " 0.08
0 0005 001 0015 002 0025 003
e
. 0.04f . . . . . . ,
Fig. 10 Spatial attenuation rate  k; as a function of the excita- §00 600 700 800 900 1000 1100 1200
tion frequency & for a Blasius layer in water containing air Re

bubbles in the compressibility regime (@d<wgy) at several val-
ues of the pressure p,=1, 5 and 10 kPa. In all cases: «=0.01 Fig. 12 Neutral stability curves of single phase and two-phase

and R,=1 mm. The single-phase incompressible flow solution Blasius layers containing pure air bubbles in water for wp
(a=0) is also shown for comparison. =400, w3=0.034, wz=7.5 and We=0
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0.16¢ .
single phase 0.16
& o | ole oh
single phase
0.12} two-phase 0.12 gie p
0.08
0.08¢ 0.429
) 0.04 0.060 0-858
0.04¢ . . , 0.00 ) 3 3 o
500 600 700 800 900 1000 1100 1200 4-10 10 4-10 10
Re Re
) - ) Fig. 15 Neutral stability curves of single phase and two-phase
Fig. 13 Neutral stability curves of single phase and two-phase Blasius layers containing air-vapor bubbles in water for g
Blasius layers containing pure air bubbles in water for wp  =1.67, mp=7.5, wp=56000 and several values of =

=620, m5=0.034, mr="7.5 and We=0

self-sustained oscillations of the boundary layer. As the pressuenditions approximately correspond to travelling bubble cavita-
parameterrp is increased, the bubble resonance curve crosses tlen. Hence, the present theory predicts that the occurrence of this
central portion of the instability region and, for an appropriateorm of cavitation should tend to make Blasius boundary layers
choice ofmp and g, divides it in two separate lobéBig. 13. In  unconditionally stable at all Reynolds numbers and frequencies.
this case, the presence of two overlapping regions of instabilhis result is at least not qualitatively inconsistent with the ap-
indicates the existence of two competing most unstable modegarance of travelling bubble cavitating boundary layers on lifting
and therefore the possible occurrence of sudden transitinode surfaces, where the occurrence of transition to fully developed
jumping as the Reynolds number varies across the coexistertaebulence is usually delayed to the bubble collapse region of the
region. Therefore, the presence of resonant air bubbles can sildw.
stantially modify the spectral behavior of the unstable perturba-
tions, but the magnitude of its impact on the neutral stability of
the flow remains relatively modest. Limitations

On the other hand, the flow stabilization is much larger in the . . - . .
presence of vapor-air bubbles, in accordance with the results ob /& Now briefly examine the restrictions imposed to the previ-
tained in the inviscid analyses. Typical examples of the margin@y!S theory by the various simplifying assumptions that have been
stability curves for Blasius layers with vapor-air bubbles in watdpi@de. Specifically we shall discuss the limitations due to the in-

are plotted in Fig. 14 for a fixed value of the composition paranjtoduction of the continuum model of the flow, to the applicability
eter my=Yy /Y% and several values of the pressure paramet Fthe parallel flow assumption to the stability analysis of travel-

7o. It appears that also in the viscous flow case cold bubbl ing bubble cavitating flows, to the use of the linear perturbation

(corresponding to lower values of,) are more stabilizing than proach in deriving the solution, to the neglect of the relative
warm bp bbl gThi result nfirmp the different dyn m? beh motion between the phases and of the local pressure perturbations
wa ubbles. This resuft cor s the ditterent dynamic benays ., neighborhood of each individual bubble.

lor of bubbly cavitating flows in the presence of significant ther- For the continuum approach to be valid the two phases must be
mal effects. Similar stabilization of the flow is also manifest whe inutely dispersed with respect to the shortest characteristic
the vapor concentration in the bubbles is increased toward I'%gth gf thepflow here eithePthe layer thicknessr the wave

critical value at constant pressure( 1), as illustrated in Fig. length A~ 1/, of the perturbations in the streamwise direction.

15. In both cases the marginal stability curves close at high Rem- nce the unperturbed bubble radRis required to satisfy the
nolds numbers and the unstable region becomes progressiv

smaller. Notice, however, that the changes of the critical Reynol gsétr?z?tc\?imihgf atgsumj’ti(;:r?rg;'t;oEfgééi%pi?;igfﬁtﬁ' uni-
number and of the corresponding unstable frequenc_y are relativ m equilibrium radius, this is probably one of the most stringent
modest. Hence, the presence of vapor-gas bubbles in the boun AT ' .

; - . fimitations of the present analysis.
layer is expected to effectively damp unstable perturbations wit

out sianificantly affecting their frequency. More importantly. no- “The parallel flow assumption implies that the layer thickness
; 9 Nty arfecting | q Y. P Y: N99nd the unperturbed bubble radius can be approximated as con-
tice that the instability region eventually disappears for low exte

nal pressures and when the vapor mass fraction approachesﬁtfm for the purpose of assessing the flow stability. Although

. . ; . fe of these conditions is rigorously met in most bubbly cavitat-
critical value for the quasi-static stability of the bubbles. Theslﬁg flows, the first one has been found to yield results in good

agreement with the experiments in barotropic fluids and is usually
accepted in the stability analysis of quasi-parallel flows. On the

& 0.16 other hand, the assumption of constant bubble radius implies the
0.12 invariance _of _the flow pressure and is appro>_<|mately verified in
) bubbly cavitating flows with small curvature, like free shear lay-
single phase ers, jets and wakes, but also in more complex boundary layer
0.08 flows on lifting surfaces, where the cavitating portion of the suc-
tion side is often designed for nearly constant pressure coefficient.
0.04 The perturbation approach simply requires tHatR,|<1, a
condition that can safely be assumed in the analysis of incipient
0.00 I~ ; ; Tot instabilities of laminar flows.
410 10 4-10 R In order to estimate the error associated with the neglect of
¢ local pressure effects due to the dynamic response of each indi-
Fig. 14 Neutral stability curves of single phase and two-phase vidual bubble, we consider the pressure perturbation experienced
Blasius layers containing air-vapor bubbles in water for @z Dy one bubble as a consequence of the growth or collapse of a
=1.67, wg="7.5, w,=0.987 and several values of p neighbor
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Ap=p_

R D?R DR\?] R*/DR\2 Thermal effects are generated by the compression/expansion of
E[RWJF (ﬁ) T ﬁ) ] the noncondensable gas in the bubbles and, more so, by the
evaporation/condensation of the vapor at the interface. They in-
where R=Re{R,+R(y)é® Y} is given by the solution of the volve irreversible transfers of heat in the presence of finite tem-
stability problem. To the same order of approximation used feerature gradients and represent the major source of energy dissi-
develop the present analysis, comparison with the global presspesion, especially in bubbles with high vapor mass fractions.
change: Therefore, they also efficiently promote the flow stability, in par-
. ticular when combined with large bubble compliance or resonance
p=-—pLRo(— wE* iw 2N+ wé)R effects.
then shows that the local pressure perturbations are unimportalgﬁ-he linear stability of two-dimensional parallel inviscid free
if: shear layers andviscous Blasius poundary Iaygrs containing
vapor-gas bubbles has been examined and a suitable sets of non-
13 @B dimensional parameters have been proposed to account for the
) Sa X<1 effects of the various physical parameters of the two-phase mix-
ture. As expected, it has been observed that bubbly flows are
Since the nondimensional damping coefficiért\/wg of reso- always more stable than single-phase ones. Computations show
nant bubbles is on the order of 10 percent or higher in motat the presence of pure air bubbles in water has a moderate
practical situations, this condition is generally satisfied in flowimfluence on the behavior of the flow stability and that such an
with void fraction«<0.01. influence is mostly due to the greater compressibility of the flow
Finally, in order to address the error introduced by the neglechused by the presence of the finely dispersed gaseous cavities. In
of the relative velocity between the two phases, let us consider tth@wv configurations of practical relevance, the resonant coupling
equation of motion for a bubble of negligible mas®inov [50])  with the inertial dynamics of bubbles containing only noncon-
with Stokes’ viscous drag: densable gas is prevented by the presence of the surface tension.
Du 1 Du 1 DR 2y Wher_1 t_he Iatte_r is neglected and the flow pressure is sufficiently
- ~B, = (u—-ug)= TL(U*UB) low, it is possible for the natural frequency of the bubbles to
Dt 3 Dt R Dt ¥R approach the excitation frequency of the flow perturbations. This

whereug is the velocity of the bubble. Linearizing as before angCculrence is responsible for strong spectral deviations of the flow

assuming also foug a perturbation solution of the formg stability from both the_ compre_SS|bIe and |ncompreSS|t_)Ie solutl_o_ns,

—Re{U+ g€/ D1 one obtains: but the overall mggnltuqle of its effects on the marginal stability
B ’ ’ limits of the flow is relatively modest.

Ap

2
of |

- a)E— fw 2N+ w§|

~ a3

a—Og 2 When the presence of vapor in the bubbles is explicitly consid-
— |= = < ered, the effects on the flow stability increase dramatically, espe-
u V1+(6v /0 R)) cially at low pressures and high vapor concentrations. The results

Hence, relative motion effects are unimportant when ©f the stability analysis clearly indicate that bubbles with high

<, IR, a condition that is typically verified even by resonanY2POr mass fractions are far more eﬁe_ctive in dissipating_ the en-
buT)LbIeg especially in low pré)g;ure )éavitating flows y ergy subtracted from the perturbation field because of their greater

compliance and the higher damping introduced by phase changes
: at the bubble interface. These mechanisms are enhanced by the
Summary and Conclusions reduction of the bubble pressure—and consequently the
As anticipated in the introduction and confirmed by the presetgémperature—and are responsible for significant differences in the
theory, the dynamics of vapor-gas bubbles is strongly coupléidlear stability of parallel flows with coldinertial) and warm
through the pressure and velocity fields with the overall dynami¢therma) vapor-gas bubbles. Unconditional stability is predicted
of parallel bubbly flows, both viscous and inviscid, and unden the travelling bubble cavitation limit for low external pressures
suitable conditions dramatically increases their fluid dynamic stand vapor mass fractions approaching the critical value for the
bility. The bubble response to the periodic perturbations of traguasi-static stability.
sitioning flows introduces compliance, dissipative and inertial The present theory has been derived under fairly restrictive
phenomena, and leads to the identification of four different exatmplifying assumptions and therefore it is not expected to pro-
tation regimes, here designated as compressible, thermal, reson@i¥ an accurate description of the stability of real parallel bubbly
and super-resonant. flows. However, the results of this investigation identify the fun-
Compressibility effects play a significant role at all frequenciesamental physical mechanisms responsible for the interaction of
except for super-resonant excitation, and become dominant in the perturbation field with the dynamics of the bubbles and reveal
low frequency limit. They act in favor of the flow stability by a number of effects which may be of importance in real bubbly
absorbing part of the perturbation energy and by generating thed cavitating flows. Even the very simple geometry of the flows
deformations necessary for final dissipation by irreversible pheensidered here can nevertheless provide an introduction to the
nomena. Their importance increases with the bubble compliangeudy of flows of great technical interest. Bubbly cavitating flows
and therefore at low pressures and high vapor concentrations ofrsimilar geometry occur in many fields of applied hydrodynam-
vapor bubbles the pressure is strongly related to the temperatigie such as the study of pump blades, propellers, lifting surfaces,
through the saturation conditions and significant differences arigglves, etc. In these flows the present theory might contribute to
between the stability of parallel flows with cold and warm cavished some light on the influence of the presence of the bubbles on
tation bubbles. the fluid dynamic stability, on turbulent transition and other re-
Resonance effects originate from the dynamic balance betweated boundary-viscous effects, on the most appropriate ways for
the compliant elastic response of the bubble contents and the dantrolling the flow development, and on the possible choice of
ertia of the surrounding liquid. They are typical of bubbles witlnore suitable parameters and laws for efficient scaling of un-
significant amount of noncondensable gas and become importsteady bubbly and cavitating flows.
when the excitation frequency of the bubbles is comparable with
their natural frequency of oscillation. For this to happen relativel
low values of the flow pressure and the surface tension arexﬁ?knOWIEdgmems
general necessary. The occurrence of resonance amplifies the dyFhis research has been supported by the Ministero
namic response of the bubbles increasing the energy dissipatidel'Universitae della Ricerca Scientifica e Tecnologica, by the
and therefore has a stabilizing effect the flow. Agenzia Spaziale ltaliana, and by internal funds of Centrospazio,
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Appendix

The quantityE(w ) in the expressions of the damping coeffi-

cient and the natural frequency of the bubbles is given by:

3'}/ ( 1 RVTO
E=1+— gyl 1— — — yE,E
Zve e v Qy YE1E2
Yvo Rv—Re a
E,= + 2 (1= Yyo) | + Bty
=7 Ruay ( Vo ‘/’VGZVG
az(l_YvO)YvO(lﬁve 1)
zyg(l—Leye) | ¥p
k., RyT RyT, 1
(1+ \/Z)k— °+gve 2+ =
E.— ve Qv Qv
)=
az(lvaO)YvO( e 4 (1/; B 1+z, ﬁ)
3(1-Leyg) i HVE kilkys) a3
, _|(JJ|_R§ , _|0)|_Rg , _|CULR§ _XVG
b Dyg ' - X Ve xve e Dve
Yo=zp cothyzp—1,  yhye=12yg Coth\zyc—1
A a1{(1=Yyo)Re RyTo| 1 a _Rv—Rg
! Rve¥o Qv |3a,’ 2 Cpve
a :SCpVGToLeVG a,= RoQV
N Qv ' " DyeV2aRyT,

= density

thermal diffusivity
evaporation/condensation coefficient
o = angular frequency

bscripts
B = bubble
G = gas
VG = vapor-gas
i = imaginary
L = liquid, Lagrangian
M = mixture
o0 = unperturbed
r = real
S = saturation
V = vapor
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Cavitation observations were made using a highly instrumented 2D NACA 0015 hydrofoll

Roger E. A. Arndt mounted in a specially designed water tunnel. It was found that the dynamic character-
Professor istics of the cavitation vary considerably with various combinations of angle of attack and
e-mail: arndt001@tc.umn.edu cavitation number,o. At higher angles of attack, two types of flow unsteadiness are
observed. At low, a low frequency shedding of cloud cavitation results in a strong
Mark Effertz oscillation in lift and Ap at a Strouhal number, based on chord length, fc/U, of about
Undergraduate Student 0.15. This frequency is relatively insensitive to changes. iAs o is raised, the harmonic
e-mail: Mark.J.Effertz-1@tc.umn.edu content of the oscillations changes significantly. A spectral peak at much higher frequency
is noted that increases in frequency almost linearly with cavitation number. Similar be-
St. Anthony Falls Laboratory, havior is noted in the lift fluctuation§S0098-220200)02503-7
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Minneapolis, MN 55414

Motivation such an operation is dependent on a monitoring system that can
ense the intense sheet/cloud cavitation. The construction of such

Although sheet cavitation has been the object of intense studgé onitoring system is dependent on detailed knowledge of the

over the years, several aspects have not fully been investigatg act of sheet/cloud cavitation on the structure and especially

Examples are the nonstationary load due 1o cavitation, and (N h regard to nonstationary blade loading. The study presented in

mfllgr%?ﬁeaogég? LeStJ%Ctlhotf)f V?QWSL:PC]Z sntqlljgllr?]i m use of structur t]his paper examines the consequence of this type of cavitation,
gn p ourggesting dimensionless parameters as a design tool. The experi-

thickness in order to reduce blackage effects gives reason mgntal results also provide generic knowledge on how to improve
concerns about nonstationary loading and subsequent fat% Vitation monitoring systems.

problems. Another topic is the linkage between shedding physi
and other deleterious cavitation phenomena like noise and ero-
sion. For rotating machinery a substantial number of harmonics
can be naturally present as pressure pulsations. These pulsatiRe¢ation to Erosion Research

can be coupled with sheet cavitation/cloud shedding phenomenaMany researchers have recognized that the basic physics of

resulting in strong vibrations. erosion in pumps and turbines can be simulated by experiments

An example of such phenomena has been found in the S hartially cavitating hydrofoils in a water tunnéAvellan
bladed high pressure fuel turbopurigPFTP used in the space o aI.FZ] Boa/rdon et al€3],£vellan and Duponf4], Abbot et al.

shuttle. Vibration was noted at side band frequencies®tg3, 51| ¢ et al.[6,7]). These studies indicate that maximum erosion

where § is in the range 0@ to 0.3 (€ being the rotational -0 s 4t the trailing edge of a cavity. The cavitation cloud at the

speed. This phenomenon is apparently due to the modulation OftF’aiIing edge contains complex vortical structures that are highly

lower frequency oscillation at the blade passing frequency. Thegsive Several investigators have noted that the erosion process
data of Yamamotd1] suggest thap/() is given by

is modulated at a frequency that depends on the cavity length, i.e.,

B fl/U~0.3. This modulation will be easily detected with the de-
Z =03/ (pumps3 (1) tection schemes used in this study.
Q Kato et al.[8] performed a series of tests using two different

: o P ized foils having an NACA-0015 cross section. Using soft in-
suggesting that cavitation dependent oscillation phenomena §| m inserts moSnted on the suction side of the hydrgfoil they

occurring in the flow passages. ere able to quantify the erosion rate using the pit counting tech-
Although the rotational speeds are very different, the spec%ue_ They also found that they could simulate either bubble

speed of Francis turbines are comparable to that of the HPFTE! . " h itation by simply chanai h le of
Hence the cited phenomena are important in the operation of %Z‘V'tat'on or sheet cavitation by simply changing the angle o

h : ; tack. The so-called ductile probe technique was developed by
droturbines as well. As the power market is being deregulated i S : gl
both the U.S. and Europe §1e power plant ownegrs Willgprobab ackworth and Arnd[9] for application to measuring cavitation
be more inclined to run their turbines in cavitating regimes. Thi g%st?eﬂvsgggll/igialﬁtslgépsgﬁgelzsgicnktmorttg[clhog)i' ﬁecso\r/]vqgsgiu died
operation will be justified by the fact that repair costs will b 9 P 9 q

; ) : ' o Simoneau et alf11] who have also used hydrofoil tests to
relatively less compared to the high prices achieved in high pow velop a unique electrochemical technique for monitoring cavi-

demand periods over the year. . : : ) . . o T
' o I tation erosion. This technique is suitable for monitoring erosion in
There 1S, howe\_/er, an economic limit to operation in the cavy *h turbine models and CIfuII scale turbines. This wc?rk was ex-
tating regime. Major damage can occur, such that the succes§‘§1ded by Bourdon et al3] who demonstrated through labora-
Comributed by the Fluids Endineering Division | bication in tiowa tory tests and field experience that hydrofoil cavitation provides a
ontributed by the Fluids Engineering Division for publication in NAL ; ; ; ot
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiongood SImUIa.tlon of hquturbme cavitation. T.hEy used bO!Lh t.he
June 15, 1999; revised manuscript received March 9, 2000. Associate Techn@lﬁCtr_OChem'_Cal detection method and the vibratory monitoring
Editor: J. Katz. technique originally developed by Abbft2] and Abbot et al.
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[13]. Thus, there is ample evidence that cavitation erosion in hy-
droturbines can be simulated using cavitation hydrofoil tests in a
water tunnel.

Experimental Methods 30m :’ 8228882888 | "eenr
All the experiments were carried out in the St. Anthony Falls

Laboratory (SAFL) high speed water tunnel. This tunng@e-
scribed in Arndt et al[14]) has several unique features, including

ili . Static Pressure
the ability to remove as much as 4 percent by volume of injected Ports
air. This feature was useful in a previous study of the favorable
effects of minimizing cloud cavitation erosion with air injection 90mm

(Arndt et al.[15]). This feature also permits rapid change of dis-
solved gas content. Gas content can be changed in the range
ppm-15 ppm in about four hours. The test section is separated

into two parts by a thin plexiglass sheet. The lower section is 190 NACA 0015
mm square and 1250 mm in length and handles flows up to 30 m -
s~ 1 in velocity. The upper tank contains stagnant water in which Too =

an array of hydrophones is mounted. This barrier between the . . . . .
flow and the hydrophones is approximately acousticallg'g' 2 View of instrumented foil  (left) and mounting plug with
transparent. ansducer positions shown  (right )
The hydrofoil designed for this project is similar in overall
configuration to hydrofoils being used for other cavitation studies )
(Arndt et al.[14]). It is approximately 2D, spanning the test secphath bgtvyeen the foil and the hydrophones was one.of constant
tion in the vertical direction with an NACA-0015 cross section. Ifcoustic impedance. An array of 19 flush-mounted piezoelectric
is mounted in the test section on a circular plug allowing for Bressure tran_sducers was !ncorporated into a remova_lble section of
setting at any desired angle of attack. A force balance can alsotBg suction side of the foil. These were not used in the study
fitted at this position. The overall dimensions are 190 mm in sp&l¢scribed herein, but will be used in subsequent investigations.
with an 81 mm chord. Both instrumented and plain foils can be Velocity measurements were made using a TSI Color Burst
inserted in the test sectidiFig. 1). LDA/LDV system with a beam splitter and an IFA Processor in
The instrumented foil, shown in Fig. 2, is fitted with a row ofthe backscatter mode.
11 static pressure ports. At another spanwise position the foil is
fitted with interchangeable instrumented inserts. One type of iEEXperimental Results
sert consists of an array of conductivity probes for void fraction
measurements. This instrumentation can be replaced by a seco

insert consisting of an array of piezoelectric film transducers : - - h -
g y of b ution, Cp versusx/c, is shown in Fig. 3. In making this com-

described in Arndt et a[.16]. Finally, a third insert can be used in™~-". bi in th di £ th le of K
the same position that is machined of commercially pure alurrg-anson’ a bias error in the reading of the angle of attack was

n%tatic Pressure Distribution. A comparison between the
easured pressure distribution and the computed pressure distri-

num for pitting studies. In addition to this pressure instrumentgliscovered for one of two mounting plugs. It was found that the
tion, two Entran EPX transducers are flush mounted in the circul ?S.t fit between the experimental and theo_retlcal data sets was
plug in which the foil is mounted. They are positioned symmetrffE‘Ch'eveci W_hen a bl_as error 6f2 d(_ag was applied to the angle of
cally with the chord-line at mid position and are 65 nih8 o attack readings. This bias correction, presumably due to a protrac-
apart.

As shown in Fig. 1, the basic instrumentation used in this study
consisted of hydrophones, accelerometers, flush mounted pie 15
electric transducers, and video recording. Two hydrophones we
mounted in the water tank above the test section. The acous

Power Supply

Pressure Coefficient
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Fig. 3 Comparison of measured and theoretical pressure dis-
Fig. 1 Test setup tribution on a NACA 0015 foil
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2.0 —Measurements taken for: oils,’ e=0 T
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Fig. 4 Mapping of cavitation regimes. The lines Il c=constant

are obtained from a linear fit to the cavity length data in Fig. 5. L o )
tion indicates that bubble cavitation occurs at this angle of attack.

Considering the assumptions made in the theory, the agreement

with experiment is quite good. It is also noted that agreement
tor mounting error, has been made in all subsequent plots in th@tween the 2D foil and the elliptic planform foil is quite satis-
paper. In general, the agreement between experiment and theo@g0ry, suggesting that a quasi-2D theory might be good estimate

good, placing additional confidence on the accuracy of the mi& cavity length for elliptically loaded foils.
chining process. The data in Fig. 5 can be fitted by a straight line and extrapo-

lated tol/c=0. From this extrapolation, a simple prediction for

Cavitation Mapping. ~ Figure 4 contains a pictorial display of the inception of sheet cavitation is obtained
the various types of cavitating flow that were observed at various

combinations of angle of attacky, and cavitation numberg. oi=17a (a in radiany (3)
These observations were made on a carefully polished and anggs relation appears to fit the observations reasonably well in the
ized foil. It is important to note that several different cavitatingagnge (2 des <8 deq).

: : e ge (2 deg 9)
regimes occur depending on the combinationcond . The o o )
demarcation between “inception”anet C,,, (computed varies Spectral Characteristics. Large variations in the spectral
such thalo; is always less thar-C,,,,, as expected. At low angle characteristics of the flow are noted at a fixed angle of attack as
of attack, say less than 4 deg, only bubble cavitation occurred. i€ cavitation index is varied. This is seen in Fig. 6. This presen-
intermediate angles of attack, cavitation inception is in the form &&tion utilizes the Joint Time-Frequency Analysi8TFA) of
patchy cavitation. Further lowering of cavitation number results f@mping testsThese specific experiments were made keeping the
sheet cavitation that is dominated by relatively low oscillationdlow at a constant rate while allowing the system pressure to vary
fc/U=0.2. At higher angles of attack;>6 deg, a more complex linearly over time. The measured data are the suction side pres-
sequence of events occurs. The flow is still dominated by shé&tre obtained with the Entran transducer. The JTFA used can be
cavitation. However, the characteristic frequencies of oscillation
increase with increasing, as will be shown in subsequent plots.
Sheet cavitation with large scale break-off of cavitation clouds i<
also observed. A significant variation in the dynamics with varie Ife
tions in o was noted atr=8 deg. 0.9 0.85 0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45 0.4

Cavity Length. The measured cavity length at various angle 0.9+
of attack is presented in Fig. 5 in the form @t versuso/2a.
These data are compared with previously collected data for
NACA 0015 hydrofoil with an elliptic planform of aspect ratio 3 0.7
by Arndt et al.[15]. The comparison is made by adjustindRa .

0.
for the 3D data to equivalent 2D values, using standard lift ling 0.5

0.8+

theory. For an elliptic planform with an aspect ratio of 3, th(U v

2D |: 3D

Also plotted is the partial and super-cavitation theory of We
tanabe et al[17].> All the data agree except for the 2 deg date 08 09 10 11 12 13 14
The discrepancy at 2 deg is not unexpected since careful insp c

o

2a

)

P

ICourtesy of Professor Watanabe who applied his cavitating flat plate theoryfi#d- 6 JFTA of suction side pressure transducer at 7 degrees
our test setup. The effects of blockage are apparently minimal since the theory agi@@gle of attack. The intensity of the color denotes the ampli-
well with the theory of Acost418] for an unconfined flat plate. tude. St=fc/U.
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Cavitation Number

considered as a Short Time Fourier Transform, described by thig. 8 Average and dynamic characteristics of lift and pres-

following inner product equatiofQian and Cheil19]) sure difference have been found to correlate well with each
other. The abscissa of the power spectra is in Strouhal number,
STF'I(t,w):f s(7) y(r—t)e~io7dr (@) Y

wherey can be considered a window function centeret| ands ) .

is the measured signal. If the ramping rate is sufficiently small, the Further studies were made using the two flush mounted Entran

results are equivalent to the usual FFT. EPX transducers at the _base of the foil to measure instantaneous
Figure 6 clearly visualizes the characteristic change in the fré@lues of the pressure difference between the suction and pressure

quency domain. It is also important to note that Fig. 6 is a consides of the foil. The main intention for using this transducer

posite JTFA plot, containing data collected over different Va|ué:§>nf|gurat|on is to have an mdependent metric for fluctuating lift,

of velocity. This indicates that Strouhal scaling is appropriate. §{"C€ the frequency response of the lift/drag balance may not be

the cited examples, it was found that there was a good corresp8fh €nough to properly resolve the lift dynamics over the fre-

dence between the frequency characteristics in the ramping 8X€ncy range of interest.

periments and those measured under steady state conditions bift order to verify the use of this transducer configuration as a
over a range of cavitation numbers. metric for lift, several tests have been performed. The pressure

At cavitation number less than about (/c=0.73, Type | differ_e.nce measured by the two transducers un.der nonqavitating
mode a strong spectral peak existidicated by a bright red conditions were compared with the theoretical lift coefficient. It
orange color at a Strouhal number,c/U of about 0.15 that is Was found thatAp is proportional toC, as expected. For the
independent of cavitation number. It was also noted that the Idfynamic verification, the\p measurements have been correlated
frequency peak appears to be independent of angle of attackMih an Entran EGAX accelerometer mounted inside the hydro-
well as cavitation number. This is illustrated in Fig. 7 that is foil. The sp.ecn‘.lcs of this verification will .not pe reported here, but
composite plot of Strouhal number for the low frequency peak &3 dynamics in thép frequency domain did correspond to the

a function of cavitation number for various values of angle dfémodulatecaccelerometer response in the lift-direction.
attack. In comparing the measured lift withp as a function of cavi-

At values of cavitation index greater than aboutlc<0.73, fation number, Fig. 8, we can see fundamental differences. At
Type Il mode, a higher frequency, albeit weaker spectral peaRery angle of attack studied, the lift monotonically decreases
dominates. The Strouhal frequency of the weaker tone is almos/§h decreasing cavitation index, whilap peaks at a certain
linear function of cavitation number. If cavity length scaling ig/alue of the cavitation index before a sudden breakdown occurs.
used, the data indicate that this weaker peak corresponds td§ increase oAp just before breakdown is due to a more rapid
constant Strouhal numbebased on cavity lengtrof about 0.3. dgcrease in suction side pressure than the correspondlng pressure
Note the transition occurs at &t of about 0.73. This behavior is Side pressure. At lower cavitation numbers, the opposite trend
predicted by Watanabe et 4L7]. They refer to type Il modes as OCCUrS, Now the_pressu_re S|dc_a experiences a h!gher rate in pressure
1/c<0.78 and type | modes fdvc>0.78. The instability of the drop as the cavitation index is decreasing. This trend is probably
type | modes is caused by negative cavitation compliance. Bd@lated to the placement of the two pressure transducers. How-
types of spectral characteristics are more evidenaat deg. €Ver the average and dynamic characteristics of lift and pressure
These observations are also in agreement with numerical simJfifference have been found to correlate well with each other.

tions that are being carried out in a companion study by Professoflthough the exact physics behind thep measurements has
Song and his colleagues. not been completely resolvedp does appear to be a good indi-

cator of the variation in the cavitation dynamics with At rela-

Lift Fluctuations.  Recent numerical simulations by Song andively high values of cavitation number, a relatively high fre-
He? in a companion study, indicate that pressure side cavitatigiency signature is noted, with frequency following an almost
will occur at positive angle of attack. This was found to be truginear dependence on cavitation number. At low values of the
Periodic pressure side cavitation is observed to occur under cesvitation number, a strong tone is dominant at a relatively low
tain conditions. It is conjectured that this is due to lift fluctuationfrequency that is almost independent of cavitation number. This
associated with the periodic shedding of cavitation clouds that atgnamical feature was noted over a range of angle of attack. Mea-
large vortical structures. A negative lift fluctuation is associateshirements to date indicate that the pealt moccurs at a value of
with each shed structure. Lift fluctuations were observed && where transition from Type | to Type Il modes is predicted by

predicted. Watanabegsee Fig. 5. It is also interesting to note that the addi-
tional spectral content noted in the lift fluctuations at higher val-
2Unpublished work 1. ues ofo is also predicted in the numerical analysis.
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Wake Characteristics. An important consideration is the .
wake characteristics behind a cavitating hydrofoil. During the cur- .
rent study, LDV measurements were made in the wake of the foz Comparison at U=7.5,6=0.79 and oe=5"
in cavitating and noncavitating conditions. Velocity profiles were &
obtained at several cross-sections downstream of the trailing ed©@ —
of the foil. Mean velocity data were obtained and analyzed for z§ Lift
variety of conditions(o and «). To date, two different types of & A
analysis have been performed. These analyses provide insight ir J { )\‘
the problem of predicting bubbly wakes due to cavitation. The
basic idea for both methods is an observed increase in measur
data rate when bubbles are passing through the LDV measureme
volume. This increase is, in general, greater than 10 times that fc

noncavitating conditions. g LDV- Data Rate
Wake Velocity MeasurementsMean velocity profiles for —
cavitating and non-cavitating conditions are presented in k&@. 9 §
o
a -
0 40 0 120 160 200

Frequency [Hz]

Fig. 10 Comparison of lift dynamics with the FFT of data rate
in a cavitating flow. The fundamental frequency corresponds to
a Strouhal number, fc /U=0.15.

(Unne U Y1) Unnax* (/)

The data are presented in a form suggested by the similitude of
' I ' ] ' I T | turbulent wakes

®)

Y
Jxc
wherex is distance from the trailing edggjs the distance normal
x/e=0.82 to the flow measured from the center of the wakés the chord
length andJ . is the velocity at the edge of the wake. It is clearly
evident that the rate of spreading of the wake is significantly
larger under cavitating flow conditions. This effect has been also
reported by other workers in the fie(l{ubota et al[20]). This is
! | J | L [ E | consistent with visual observations. When cloud cavitation is
-1.00 050 0.00 0.50 1.00 present, large vortical structures containing numerous bubbles are
@ Y/ shed into the wake. These clouds of bubbles extend much further
in the cross stream direction than the viscous wake associated
0.15 (—— . . . : - ; : ! with noncavitating flow.
. e =012 Much of the important physics in the process are obscured by
»——e x/c=0.25 ] the averaging process. While the noncavitating LDV signal re-
::’I°=g-g; sembles a typical turbulence signature, the cavitating signal is
c=0. skewed towards lower velocity. The strong negative fluctuations
i in velocity are due to the imprint left by the periodic passage of
! vortical clouds of bubbles. This imprint of the “debris” from the
cavitation process extends much further from the wake centerline
! than a typical viscous wake. This is graphically illustrated in the
~0.05 t . . . . . " ; . " numerical simulations of Song and He shown in Fig. 11. It should
-1 -08 -06 -04 02 0 02 04 06 08 1 g59 phe pointed out that averaged numerical data also agree very
0.15 : : . : , » T ' & well with data shown in Fig. @), for both cavitating and non-
cavitating flow This is shown in Fig. @). In the case of cavitat-

x/¢=0.25 ref

0.10
x/c=0.37

Non Cavitating Flow 3° AcA —Q— x/c=0.12 (Urer—u(y)) \ﬁ: f
: 7 U c
—H-

(Unna 4 [y DU * (/0)°

Cavitating Flow
* AOA=3 Deg.
~ Sigma=0.5

0.;

Non Cavitating Flow e x/c=0.12

o1 «——a x/c=0.25 - ing flow, it is important to note that the numerical simulations fit

A0A=3 Deg. i S Zﬁgg the data close to the trailing edge, but deviate from the measure-
 eaay c=0.

ments further downstream. It is conjectured that this is an effect of
dissolved gas that has come out of solution. The numerical model
considers only vapor that will condense downstream, while gas
bubbles will persist in the wake.

It is also natural to conclude that the gas content in the wake
will show a cyclic behavior. By also considering the fact that
bubbles are counted more efficiently than naturally occurring
LDV seeds in the flow, the average velocity will contain more
Fig. 9 Mean velocity comparison with and without cavitation. weight from the Shed, bubbles. This has an effect on the LDV
y=0 is taken to be that of maximum velocity deficit for the measurements that still needs to be resolved. However, the obser-
noncavitating case. (a) Measured data. (b) Numerical simula- vation that the wake spreading is significantly more pronounced
tions of Song and He. with cavitation is still qualitatively correct.

0.05

(Umax-uy]¥Umax*(x/¢)}*0.5

-1 -08 -06 -04 -02 0 02 04 08 08 1
y/(x"e)™0.5

-0.05
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Vorticity Field of Cavitating Flow on NACA0015 Foil
Sigma=1.4, AoA=5 Deg.

Fig. 11 Numerical simulations of cavitating flow. Shown is the variation over one
cycle of oscillation. Shading denotes vorticity, with dark black being positive.

Dynamics of Cavitation Based on LDV MeasuremeniEhe complex, since more harmonics are noted over a range of sigma
observed cyclical increase in the data rate can be exploited. It wasresponding to well below cavitation breakdown to slightly
found that a plot of data rate versus time could give additionfdwer than cavitation dessinence. At relatively high valuegrof
information regarding cavitation dynamics. The data rate is dewo frequency peaks in lift are noted that are both higher in fre-
fined as the time elapsed between two acquired valid samplesdwency than the strong peak noted at low values.oA typical
the LDV system. In order to process data automatically the deznge of sigma over which the marked change in dynamic behav-
scribed data set is smoothed by creating a curve for the date riateis noted is 0.5 0<1.25.These observations are in very good
versus time that is uniformly spaced in the time-domain. This wagreement with numerical simulations, providing encouragement
accomplished by using interpolation functions in MatLab. Théhat even complex cavitation behavior can eventually be
smoothed set is then processed in a regular FFT algorithm. dimulated
comparing the LDV frequency domain fingerprint with the corre- Observations in the wake of the cavitating hydrofoil indicate a
sponding lift, similarities are found. This is shown in Fig. 10. significant effect of the shedding of clouds of bubbles into the

When analyzing these data we must keep in mind that the fiew. This effect is so strong that fluctuations in the data rate of
sults from the LDV are based on a point measurement. The exiee LDV measurements can be used to measure the frequency of
tence of higher harmonics as seen clearly in the lift spectrum, cslmedding. Numerical simulations appear to capture much of the
be interpreted as an uneven and 180 deg out phase shedding irftheamental physicdeading to the conclusion that a model for
spanwise direction of the foil. However, when the same tendencyglculating the bubbly wake behind a cavitating hydrofoil can be
shows up in the data rate spectrum it is reasonable to believe tHaveloped
the super-harmonics are based on a locally occurring cavitation
s_heddin_g phenomenon. At higher cgvitation numbers, the C_aViﬁFknowledgments
tion regimes start to consist of, as visually observed, shedding of 8 ) )
apparently independent and smaller swirling cavitating structures.This work is supported by both the National Science Founda-
It is very important to note that these features appear to be caign and the Office of Naval Research. Dr. John Foss is the pro-
tured by the numerical simulations. By comparing numerical arfifam manager for NSF, while Dr. Edwin Rood serves as the con-
experimental data, an approach toward calculating the bubﬁfﬁﬁt monitor for ONR. Dr. Kjeldsen acknowledges the receipt of

wakes behind cavitating hydrofoils is emerging. a NATO Science Fellowship that partially supported his stay at
the St. Anthony Falls Laboratory. The authors would also like to
acknowledge the help of Professor S. Watanabe, who generously

Summary made the theoretical calculations of cavity length for our test con-

Cavitation observations were made using a 2D NACA 001figuration utilizing his computer code.
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rogerE. A Amat | NUcleation and Bubble Dynamics

St. Anthony Falls Laboratory, .
University of Minnesota, I " t I F I
Mississippi River at 3rd Avenue S.E. n 0 r I ca Ows
Minneapolis, MN 55414
The cavitation inception process in trailing vortices has been studied for several years.
One of the important findings from these studies is the strong sensitivity to nuclei size and

Brant H. Maines number as well as significant viscous effects. In order to understand the nucleation and
Lockheed-Martin Aeronautics Company bubble growth process in more detail, a photographic study was conducted with the aim
Fort Worth, TX 76101 of developing high quality visualizations of the dynamical growth of bubbles.

[S0098-22000)00403-X]

1 Introduction fully cavitating vortex (Maines and Arnd{10]), and computa-
jional studies to detail the tip vortex flow fielong and Chen

Tip vortex cavitation has been extensively studied in order 1]) and bubble dynamics at inceptiéwang|[12]).

reduce or limit its occurrence. McCormi¢k| conducted one of

the first systematic studies of tip vortex cavitation inception. He
developed a semi-empirical relation by assuming that the radius2f Experimental Method
the vortex core is proportional to the boundary layer thickness on

the pressure side. His hypothesis resulted in the relation Two hydrofoils of elliptic planform with aspect ratio 3 but dif-

ferent cross sections were used for this study. The hydrofoil sec-
o= (a— ag)"Re" (1) tions chosen were a NACA 66415a=0.8, and a modified
. . NACA 4215 (designated herein as NACA 4215NThis variation
where « is the angle of attack and Re is the Reynolds numbep, ¢ross-section results in dramatically different boundary layer
Recent studies carried out over the past decade have refined #pis acteristics at equal lift coefficientMaines and Arnd{3]).

relationship Two sets of each foil were constructed. The smaller set had a root
T chord ¢, of 81 mm and a half span, b, of 95 mm while for the
o;=KC?Re"— T (2) larger sec=129.4 mm and=152.4 mm. Both sets of hydrofoils
= pu? were used for observation of the bubble dynamics and lift and
2 drag measurements. A companion study on “vortex singing” as-

sociated with fully developed cavitation also used the same setup
(Maines and Arndf10)).
. . . Testing was conducted at three water tunnel facilities, two at
McCormick found than=1.4 andm=0.4 in Eq.(1). Maines B ; '

: . the Saint Anthony Falls LaboratoffSAFL) each having a 190
and Arndt]3] found that 0.058K <0.073, depending on the foil mm square cross sectigArndt et al.[13]) and the other at the

cross section, aneh=0.4 in Eq.(2). This is reasonable agreemen\l N )
: : ersuchsanstalt fuWasserbau in Obernach, GermatiyFwW
with other. studies, e.g., Frumaa). Amdt and Keller[5j sEuggest with a 300 mm square cross sectighrndt and KeIIer[5]?ySe\3-
:Ef:'u;Qp?oﬂgr?{%?%ni%yE?zt\)Niiednu}ahfo igﬁgiginéf?;ct‘lﬂ:gg Wtfrr;dno e_ral methods were used to study the bubbl_e dyn_amics withir_1 the
ttlp vortex. These included high speed movies, high speed video,

considered in McCormick’s study. . . : .
NP . - .. _and a newly developed still photographic technique. Noise pro-
The dependence of cavitation inception on liquid tension 'S Plluced by ir}llception F\)/vas recgrdedgsirﬁultaneousI?/ with bothpthe
marily an effect of nuclei distribution. It is well known that tip

vortex flow is very sensitive to the size and number of nuclei iﬂ'ggbzré?\?gﬂ\éf: %fatr;% Sl;tﬂlbgreog))%gfn?écstvevg:glglé?f%’rm ed for sev-
the on-coming ﬂO.W' Lingeul and Latorrg6,7] indicate _that ral values of velocity, vortex strength, and water quality. At
spherical bubbles in the free stream are attracted to the tip vor XEL. high speed movies were filmed with a Fastax camera at
with the rate of attraction related to vortex strength, initial bubbl - NN Sp .
size and distance from the core centerline. In a more recent stugg. 9 rates up to 6000(#aines and Arnd14)). The flow was

. . ' : - St turated with air to provide a sufficient cavitation event rate so
Chahine[8] numerically examined bubble growth characteristic at each film could record numerous events. Data were collected

during vortex capture and cavitation inception for varying liquid _: ) X -
tension. He found significant differences in bubble growth behay>'9 the NACA 66-415 at a velocity of approximately 10.3 m/s

: : . nd at an angle of attack ot ~9deg. High speed video
ior when comparing the capture of bubbles with large growth ratv\?ere recordeg using a Kodak%lggpro 1080 MgtionpAnaIyzer and
and low surface tension to bubble capture with small growth rat:

- . A e fiRager for the NACA 4215M at two different lift coefficients over
and sn_Jrface tension. Since nuclel_typlcal_ly range n size fFF’m gS1ra?nge of velocities. Two recording sessions were performed
few microns to several hundred microns in diameter a S|gn|f|ca$he test schedule wés first conducted in weak wébigh air '
E;’lilerOESt]erR'ﬁé‘{Té:gr,'\Agﬁggg%?fOre inception occurrndt and contenj and then repeated in strong water after degassing. Data

' . . . ere obtained by fixing the velocity and lowering the pressure
du-:irr:e fgg\lljifa?igtnhlisngg pt?c:r:svt/ﬁrﬁﬁ\/: ISv[i)na ?Odvﬂr?;xbl;grbl\?agri?lm\lﬁ{ntil inception occurred. In weak water, inception was anticipated
wate? Lality. This W(I))rk summarizes ag oﬁtion of a lar e?’ ?Ot_o occur close to the tip, thus a close-up lens was used to increase

q Y P ger p agnification of the early stages of inception. A standard 50 mm

gram on the study of tip vortex cavitation inception. Complemen- . T
tary investigations performed include topics on the viscous effercans was used for recording cavitation in strong water. The lens

A . . o c%nfiguration and lighting restrictions limited framing rates in
on cavitation inceptioriMaines and Arnd{3)), the singing of a weak water to 4000 fps. Framing rates in strong water were 6000

where the effects of flow unsteadiness have been suppréessed
Arndt [2] for a review.

fps.
Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division AN Improved method to examine the bubble dynamlcs was also

March 23, 1999; revised manuscript received May 15, 2000. Associate Techniéigveloped to complement the high speed movies utilizing a still
Editor: J. Katz. photographic technique based on the ideas of KEllBfand Cec-
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cio and Brenner{16]. The high speed movie camera impose!
several limitations such as low resoluti6t6 mm formay, a lim-

050

0.454

O Length
B Diameter

ited maximum framing rat€é6000 fp3g and a variable elapsed time
between each successive frame. Since the duration of each rol
film was only one second, the random nature of cavitation .
inception made data collection expensive. This new system hog
ever, is based on 35 mm format film to provide high quality im7
ages and is activated by individual cavitation events. Equivale3
framing rates of 40,000/s have been obtained in practice. Phog
graphs of bubble dynamics for both the NACA 4215M ang
66,-415 were obtained at two lift coefficients and velocities.
The new system consists of a laser beam “trip wire,” ¢
threshold/delay circuit, strobe lighting, and a standard 35 m
camera with extension bellows. As a nucleus or bubble enters 1
vortex core and cavitates, it passes through the laser beam, s
tering light which triggers the delay circuit. At the end of the
delay, the strobe lights are flashed. Test section pressure and ve-
locity are recorded simultaneously with the flash of the strobe
light using pressure transducers. Approximately 12 pictures were
taken for each delay time so bubble characteristics could be en-
semble averaged. Several delay times at each test condition tkéen[11]. The numerical simulations predict large axial varia-
provided a history of the bubble trajectory, and growth behavidions in pressure while the experimental data show smaller axial
during inception. Photographs were obtained using bulb expos@ganges. However, both experiment and simulation indicate that
and high speed film. Thus, relatively high cavitation event ratése minimum pressure occurs very close to the tip.
were necessary to reduce the length of time the shutter was operRirect experimental observation of capture is extremely diffi-
Great care was taken to reduce reflected laser light or ambignit due the small size of the nuclei and their velocity. Thus nu-
light from over exposing the film. The same laser trip wire techmerical studies have been used primarily to study nuclei capture
nique was used at Obernach where observations were made Witihgeul and Latorrd6,7], Chahine[8] and Song and Cheii1]).
the aid of a Kodak 4540 high speed video camera using framifgimulations by Lingeul and Latorre indicate that spherical bubbles
rates as high as 18,000 fps. in the free stream are attracted to the tip vortex with the rate of
Analysis of all photographic data, both video and still, wasgttraction related to vortex strength, initial bubble size and dis-
performed by digitizing each image and subsequently measuriiggice from the core centerline. Capture distance downstream from
the bubble length, diameter, and location. Still photographs welfee wing tip decreases with increasing bubble size and vortex
digitized using a Nikon LS-3510AF 35 mm film scanner at &trength and with decreasing initial radial distance from the core.
resolution of 0.012 mm/pixel to 0.022 mm/pixel corresponding tbhus capture near the wing tip requires a flow field with a high
the magnification of the original photo. High speed video imagesiclei population of large initial radii. This type of nuclei distri-
were digitized using a MIROVideo-D1 frame grabber with resdsution is referred to as weak water.
lutions of 0.098 mm/pixel for weak water and 0.161 mm/pixel for Chahine’s numerical studies extended Lingeul and Latorre’s
strong water. A complete uncertainty analysis was performed wivork by using a three-dimensional model which allowed the
details given in Maine§17]. Approximately 500 different cavita- bubble to deform while being captured. He examined capture of
tion events were studied in total. bubbles with large growth rates and low surface tenghmrein
referred to as Case, land those with both small growth rates and
3 General surface tensior{(Case 1). In Case |, bubbles were observed to
spiral around the vortex while being drawn toward the center.
Capture During growth, large deformations were observed with a reentrant
The first stage of cavitation inception is capture of a nucleus gt forming directed toward the centerline. The presence of the
critical size by the vortex. The primary source of nuclei is the free-entrant jet indicates that bubble collapse or splitting may occur
stream. However, Arndt et dl13] have observed that under cer-before elongation as a cylindrical bubble. A possible example of
tain conditions separation bubbles can become supersaturated @asge | behavior was observed while filming with the high speed
provide additional nuclei to the flow. This is important since sepanovie camera. Figure 2 shows a brief sequence of a large bubble
ration bubbles have been observed to interact with the tip vortering captured from the pressure side of the foil. The bubble
flow as discussed in Maines and Arri@f. grows spherically outside the vortex core in the first three frames
Upon capture, the shape of a bubble during growth is hightp a large diameter and then dramatically deforms in the last
dependent on the surrounding pressure field. During the growitame. Although no re-entrant jet is observed, a large change in
phase, the bubble in a vortex experiences large radial pressbubble shape occurs once the bubble moves toward the centerline
gradients but only small pressure gradients in the axial directioof. vortex core.
Thus one can expect bubble growth in a tip vortex to be non-In Case Il of Chahine’s numerical study, large nuclei with low
spherical. Maines and Arnfit4] described tip vortex cavitation in growth rates may experience extreme elongation, wrapping
terms of four different phases. A spherical nucleus is first dravaround the viscous core region while spiraling inward. Figure 3 is
into the vortex core, apparently from the free stream, and théme trajectory of such a case obtained with the high speed video
grows as a spheroidal bubble. As the bubble travels downstrearamera. One must imagine the three-dimensional trajectory this
growth in the radial directioiperpendicular to the vortex ayiss plot represents. The bubble enters the frame from the pressure
arrested while the bubble continues to grow at an almost constaite and rotates about the core centerline twice before being in-
rate of change in its length as shown in Fig. 1. gested into the center. Video images indicated that growth was
Growth in the axial direction is somewhat analogous to radialow and became mildly elongated before reaching the vortex
growth of a spherical bubble in a constant pressure field. As tinsenterline.
increases, the bubble travels downstream while the elongation ratélowever, most cavitation events in this study were observed
decreases. This behavior is consistent with an adverse axial piiegtally along the centerline of the core as a spheroidal or cylin-
sure gradient very close to the tip as observed experimentally @sical bubble which then elongated along the vortex axis. Once on
Fruman et al[4] and in the numerical simulations of Song andhe core centerline, no helical motion was observed in the high
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Fig. 1 Typical observed bubble growth, o=4.7

Observations of Bubble Growth and

Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 489

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1 / 10 mm x/c, x/c, '

0.085 0075 " i

M '
1icm k 0.101 0.094

2 X3
/ 3

2 . 0.107 0.112
0.123 0.125

C,=0.67

3 / / CL=0.46
- Fig. 4 Cylindrical bubble growth with different values of
,0 C, (NACA 66,-415, U=6m/s; Uncertainty: x /co*1 percent,
" N C,=1.5 percent)

Bubble elongation rates have been observed to vary from 1 to
almost 5 times the free stream velocity. At low elongation rates,
the bubble slowly elongates while traveling downstream. As the

/ elongation rate increases, the bubble nose is observed to remain
/ stationary or at the largest elongation rates, travel upstream
against the flow. Naturally, the tail then travels downstream at
velocities much higher than the free stream. Little is known about
the modification of the flow field by the presence of the bubble.
However, simulations of the single phase flow suggest that sig-
nificant pressure field variations exist along the bubble. As the
bubble extends downstream and enters a higher pressure zone,
elongation rates decrease as shown in Fig. 1. This characteristic of
speed videos and movies. An example of the latter stages of fibble growth becomes more pronounced as lift coefficient in-
ception depicted with a series of photographs is shown in Fig. @€ases. At this final growth stage, the high speed video images
This series was obtained using the laser trip wire technique apigPW that a short segment of the bubble tail is likely to split from
clearly shows the cylindrical bubble growth. Each photograph dii€ main bubble. The split segment is then observed to travel
picts the bubble which best describes the average at that partic@@p/nstream at a rate greater than the main bubble. Small seg-
time. These photographs provide excellent detail not possible w[ifeNts continue to break off until a significant portion of the
the high speed video or movie camera. Close examination reve3fpble has moved into the high pressure region. At this point, the
surface irregularities and two different types of end caps. THgmainder of the bubble collapses and then rebounds.
bubble tail, downstream end, may either appear somewhat spheri¥Vater quality was varied from very weak to quite strong where
igasion of the order of one atmosphere is sustained before incep-

cal or have a pointed tip. In general, the bubble nose appe3f8 ; -
somewhat spherical. In addition, these photographs suggest occurs. The highest bubble growth rates occurred in strong

bubble splitting and bubble coalescence may occur throughout H@ter- Figures 5 and 6 are samples of 179 plots that were prepared
inception process.

Fig. 2 Capture of a large nucleus
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Fig. 5 Typical bubble growth data obtained in strong water
with the high speed video.  (Uncertainty Estimates: x /co<*1
percent, for L =10 mm=3.5 percent, for L=40 m/s=*2.5 percent)

Fig. 3 Typical nucleus trajectory.
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Fig. 6 Typical bubble growth data obtained in weak water with ° i o b e o8 4
the high speed video. (Uncertainty Estimates: x /c,<#*1 percent, utic
for L =5 mm %4 percent, for L=20m/s=*2.0 percent )

Fig. 8 Bubble growth data obtained in different facilities with
different water quality and different observational techniques.

B0 e e ) HSV=High Speed Video, CSP =Conditionally Sampled Photos.
55 g gzpﬁli Zt ’:?Zu - 8‘22 i (Uncertainty Estimates: U =6 m/s=0.75 percent, CSP: L =10 mm
50 t ¢ ) ] +0.5 percent, HSV Strong: L =10 mm=3.5 percent, Weak:
. ] L=10 mm =2 percent )
45+ s
= 40+ -
£ 354 | There are many factors that enter into bubble growth rate. Fig-
~ 50 i ure 8 is a compilation of bubble growth data obtained in different
5 o © © 1 facilities with different water quality and different observational
2 =5 o © 7 techniques. As already stated, water quality, lift coefficient, and
L 20 o © - position of capture are important variables. However, there are
154 © A certain features of the growth process that are generic. It was
o] o . |  observed that the bubble radius reaches an equilibrium value
= T while the length changes at a constant rate. This is due to the
5] U=6m/s C =045 | strong radial pressure gradient that quickly arrests radial growth.
O L I o e B B S S B Centrifugal forces and surface tension are thus balanced by the
0.0 05 10 1.5 20 25 30 35 40 45 50 nternal pressure. The end caps, however, see a pressure differen-
Time (msec) tial and thus continue to expand. A simple model was derived in a
manner analogous to the derivation of the Rayleigh-Plesset equa-
Fig. 7 Effect of capture location on elongation rates. (Uncer- tion utilizing work-energy principles.
tainty Estimates: x /co<=*1 percent, for L =5 mm =4 percent ) As in the case of spherical bubble growth, the kinetic energy
was simply related to the wall velocity of the bubble, or simply
1 2
from the high speed video sequences obtained in one of the SAFL KE= 2 Mu ®3)

tunnels. The differences in bubble growth in weak and strong - . S
water are evident. Note also that the leading edge of the bubkygere it is assumed that is the mass of the fluid displaced by
remains relatively fixed in place while the tail of the bubble conthe bubble, and is equal to the bubble wall velocity. For our
tinues to expand downstream. In addition, bubble growth is inflgase, the bubble expands in the axial direction.

enced by the position of capture. This is illustrated in Fig. 7. Not A control surface analysis for the simple case of a bubble elon-
only is the bubble growth significantly different in weak or strongating in a uniform stream does indicate that for low elongation
water, but it is also observed that, in the case of strong watéites, Eq(3) may be a reasonable estimate of the kinetic energy in
capture and inception can occur a significant distance dowie fluid. Details of this analysis are given in Mair{é]. Thus
stream. In this case the leading edge of the bubble is observedak of change of kinetic energy becomes

move upstream to finally stabilize at the same position observed

. dKE 1. . -

with weak water. T -3 ML2+MLL (4)
wherelL is the bubble length. It is now left to determine the added

4 Bubble Growth Rates

mass of the cylindrical bubble. For the spherical case, the added

During the course of these experiments cavitation was general@ss is easily found. As in the spherical case, the cylindrical
observed only in the later stages of inception after the capturetdbble is a constant pressure surface, however the radius of cur-
nucleus began growing as a cylindrical bubble. Each photograpture varies along the surface. Unfortunately, the location of this
or video frame was digitized, and length, diameter, and positiétirface is in general unknown. Simple representations such as a
were measured subject to the uncertainty discussed previoustankine body or half body which are not constant pressure sur-
For all conditions and events, once the bubble began rapidly eldaces are thus poor models for the cylindrical bubble. To circum-
gating lengthwise no helical motion was observed indicating thgent this problem, we assume that the added mass of the cylindri-
the bubble was stabilized. Only lengthwise growth rates will beal bubble is simply related to volume &~c,,mpriL. Note,
discussed. however, that the bubble shape ratid«(,), does not remain con-
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stant as is the case for a spherical bubble. This expression fc 6
added mass can not be expected to be valid for very long bubble: i s 3
As mentioned before, the work done in elongating the bubble [ .
occurs only at the spherical end caps, thus ! o
. i 3
Rate of Work-4mrZApL i .
& -
where Ap=p;—p.. (5) 5t L2 . "
| |
andp; andp., are the internal and external pressure respectively : 3 N
Combining Eqs(4) and(5) yields i e
24 x b
i Cm 1 4Ap i ¢ NACA 66;415; Weak Water; CSP
CplL+ > L2=—vo (6) = . ® NACA 4215; Weekk Waters CSP
14 o © NACA 4215; Weak Water; H:;Iv
. . .. . . . L] 5 5
which is very similar in form to the Rayleigh-Plesset equation for . P R S e A
spherical bubb|es_ - X NACA 4215; Strong Water Obernach; HSV
In a Rankine vortex, the pressure in the axial direction is con- g 4 1'0 2‘0 3'0 4'0 5'0 elo
stant. Equatior{6) is therefore analogous to the Rayleigh-Plesset ,
equation for a constant pressure differential. Thus the elongatiol Ie (E_u_)_&
rate i L\a/ o

Fig. 9 Correlation of bubble growth rate with theoretical ten-
7 sion in the vortex. (Uncertainty Estimates in /U are driven by
Cm—pU2 the uncertainty in the measurement of bubble radius. CSP LIU
2 Uncertainty <10 percent, HSV L/U Uncertainty ~30 percent )

4Ap

The added mass coefficient,,, can be easily estimated from

typical experimental values fdr andAp. Numerical simulations

and experimental data suggest thatis the order of 1. The maxi- device, varied almost linearly with lift coefficient. It is interesting
mum tension at inception can be determined from the different@ note that the tension sustained during inception in strong water
between the values af at inception of strong and weak water.is only comparable to tension measured with the cavitation sus-
However, this estimate did not always work well particularly irceptibility meter at high lift coefficient.

weak water where bubble growth was often observed at values ofOnly approximate agreement with experiment, using these
o=o0;. This is not clearly understood at this time. However, agimple models, is obtained. This suggests that a more complex
alternate form ofAp can be determined that takes into account tapproach is necessary. As Chahiigpoints out, numerical meth-
some degree the influence of the bubble on the pressure fieldouts offer the best hope of solution. The main complication of the
the core of the vortex. Since observations indicate that the bublalealytical models arises from the requirement that the bubble is a
radii are always less than the viscous core radius, solid body @enstant pressure surface with nonspherical end caps. This sug-
tation can be assumed in the region of the bubble. The rate gsfsts a surface integral approach or boundary element method.
rotation, () is proportional to the circulatiord,. Hence an estimate

of the tension is given by 5 Conclusions
r\2 1 A simple, but effective, photographic technique has been devel-
Ap:p(—z) rf, where l“:ECLUc0 (8) oped to obtain high quality images of the growth process at
a equivalent framing rates as high as 40,000 fps. Bubble growth
Substitution of Eq(8) into Eqg. (7) yields rates obtained in this manner agreed favorably with those obtained

with high speed video. This new still photographic technique pro-
vides not only accurate growth information but also provides an
u_ Lc_0 ) excellent library of high quality images of bubble shape during the
) o ) inception process. This technique circumvents some of the uncer-
As illustrated in Fig. 9, Eq(9) is used to compare the datatainties encountered with high speed video because of its rela-
shown in Fig. 8. Although there is a general collapse of the daf@ely poor spatial resolution.
the scatter is considerable and is disappointing. However, this |SN|th a sufficiently large supply of nuclei, inception is observed
not unexpected in light of all the environmental factors that entgs occur close to the tip of the hydrofoil. Bubble growth in the
into the bubble growth rate. Although the simplicity of E@) has  radial direction is rapidly stabilized at a radius that is somewhat
appeal, it does not describe how much tension can be sustaiggghller than the viscous core. Bubble growth continues in the
before inception occurs. Clearly this factor depends on water quakial direction at a rate proportional to the free-stream velocity
ity (nuclei content Arndt and Keller[5] and Maines[17] have and the square root of the tension sustained before inception.
observed that, for a given water quality, the sustainable tensionwhen the size and number of nuclei are suppressed, relatively
increases with InCI’eaSIng_ lift coefficient. This |S.|"UStratF_.‘d n Flgarge values of tension can be sustained, and the observed location
4, where bubble growth is compared at two different lift coeffifor inception becomes intermittent, with the inception location
cients, but at the same velocity. Comparison is made at each jj&ing equally likely at 0.05x/c<1.0. Numerical calculations
stant when the cavitation bubble is at the same relative position({inpublished confirm this trend.
the vortex. Both cavity length and bubble radius are larger at the
same relative position. This infers that the tension is greater at the
higher lift coefficient as suggested by E§). Measurements of Acknowledgments
tension over a range of lift coefficient by Arndt and Mairi&§] The authors would especially like to thank Dr. Andreas Keller
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Cavitation Nuclei and Bubble
Formation—A Dynamic
Liquid-Solid Interface Problem

Knud A. Mdrch

Associate Professor,

Department of Physics, A model of the formation of cavitation nuclei is developed assuming local detachment of
Technical University of Denmark, the liquid at locations of concave solid surface topography. The detachment is attributed
DK-2800 Kgs. Lyngby, to diffusion of gas molecules into the interfacial liquid, where the liquid-solid bonds are
Denmark strained due to interfacial tension in the liquid. Calculations indicate that attached inter-

facial voids may grow into stabilized cavitation nuclei as a consequence of broad-band

resonance, excited by external sources of noise or vibration in the whole range of fre-

quencies up to the MHz regime. The gas content in the liquid and the amplitude and

frequency of the sound field determine a balance between rectified diffusion of gas into the
void and diffusion out of it due to the excess pressure in the void. In strong acoustic fields
and in supersaturated liquids the voids may grow into bubbles that detach and form free

gas bubbles[S0098-22000)01503-7

1 Introduction the void as a stable spherical segment. The calculations reveal that
at locations of concave solid surface topography small, almost
- . - . lanar attached voids with a very small sub-volume below the
pockets St?b"'ze_d in conical cracks and crevices of submerg?gne of attachment may grow by resonance vibrations into much
hydrophobic solid surfaces. The model explains several featu gﬁger voids shaped as segments of spheres, attached at appropri-
characteristic of cavitation inception, but most solid surfaces ale contact angles
not observed to be hydrophobic, and generally they eXh'b.'t 4The model of cavity nucleation presented in this paper applies
wavy surface structure rather tha_n con_lcal cracks and CIEVICES- olid-liquid interfaces in general, i.e., it applies to the nuclei at
Further, e.g., the dependence of inception on temperature is §8ﬁd surfaces normally termed “surface nuclei” and to those
explained by the Harvey model. “free stream nuclei” (Brennen[4]) which develop at solid par-

In a revised modefMdrch [2]) it is suggested that at locationsy;cjeg embedded in liquid flows. Often such particles are of diam-
of concavesolid surface topography, interfacial liquid tension setsier up to 25um (Crum [5]), and they may develop cavitation

up tensile strain in the bonds between the interfacial liquid and the |ai which cover concave parts of the particle surfaces. It is
SOI'd! ar_1d _that here diffusion of gas m°|eCUIeS. from the b.“”‘_ haracteristic that when solid particles are filtered out from the
the liquid into the orderly structured layer of interfacial liquid, iq its tensile strength increases greati@reenspan and

causes the strained bonds to break one by one, i.e., locally #&hiegg[6]). The model is not relevant to other sorts of free-
interface develops a hydrophobic character. At locationsodf  <iream nuclei.

vextopography, interfacial liquid tension supports the liquid-solid
contact. Further, the convex topography is expected to weaken $he |nterfacial Liquid

orderly structure outside the first layer of interfacial liquid so that ) - o
gas molecules have reduced probability of being caught at theVater between surfaces of mica and silica exhibits effects of an

interface. This supports a hydrophilic interface character at copfderly structure(israelachvili and Pashlef7]), and computer
vex locations. Investigations by force spectroscopy of watepimulations of water at F100) and P(111) surfaces show that
stainless steel interfaces have indicated that interfacial voids oc&jPund 300 K the interfacial layer of water molecules has an es-

(Mortensen et al[3]), but their relation to the topography of thesSentially soliql-like structure, while the next layer is relatively or-
solid is not yet established experimentally. derly and biased toward hexagonal ice-1, though essentially

Diffusion of gas into a void formed by detachment of the liquididuid-like. The third layer is only weakly biased toward hexago-

from a concave solid surface might explain that at the pressure _|ce-1(xia et ?I' [8].)' Tlhk's supports tf:e ther?ry th(?t water ex-
which the liquid is saturated with gas, a planar liquid-gas interfadg?!ts & more or less ice-like structure also when adjacent to nor-

developed. Normally, however, such an interface would not sé’p_al solid surfaces. The more orderly the structure, the smaller its

isfy the angle of attachment at the locus of solid-liquid-gas COl5‘,_00rdination number, and it favors the migration of gas molecules
tact, and it would contract to form a convex gas-liquid interfacdNtO such domains. At concave surface elements, _the convergence
At static conditions this interface would shrink by preferentia?f the surface normals strains the structure of the interfacial liquid
diffusion of gas from the void to the liquid. However, as soun ght at the solid surface so that the molecular bonds are weak-

and vibrations are present in most flow systems it is appropriate%ed' Therefore gas molecules present in the structure tend to

: : : ak the bonds. Thus, it is expected that at locations of high
consider the dynamics of an attached void. The present paé)%\cave curvature, solid surfaces tend to be hydrophobic and that

shows that an attached void may be at resonance, or clos re an appreciable interfacial liquid tension occurs. At locations
resonance at arbitrary frequencies up to the MHz-regime when i pp q >
convex curvature, where the surface normals diverge, the or-

radius of contact, the contact angle of the gas-liquid interface al \v ch fth ‘s reduced already b d the fi
the total void volume are suitably related. In such cases, rectifi rly character of the structure is reduced already beyond the first
' ' erfacial layer of water. This supports hydrophilicity, but inevi-

. . . . . . |
diffusion may ensure a diffusion balance as required to maint E\b .
Y q g ly hydrophilicity also depends on the molecular structure of the
_ _ o o solid surface itself. These considerations explain why dissolved
Contributed by the Fluids Engineering Division for publication in ticeJBNAL

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiongas in combination with partlcles in the I|qu(d3reenspan and

January 17, 2000; revised manuscript received May 2, 2000. Associate Technitsichiegg[6]) or _boqnding solid walls is important for the tensile
Editor: J. Katz. strength of the liquid.

Cavitation nuclei were suggested by Harvey e{ &].to be gas
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3 Resonance of an Attached Void

Let us consider an axisymmetric, concave solid surface from
which the liquid has detached locally so that a gas filled void has
developed, the detached liquid-gas interface being a segment of a
sphere of radiusS, and centered aD as shown in Fig. 1. It is
attached to the solid along a circle of radilg, at an angled,

(the segment anglewith the horizontal plane. The void volume
consists of the volume of the spherical segment and the sub-
volumeV; below its plane of attachment. The conditions of reso-
nance for this void will be investigated. The vibrating interface
itself and the motion of the liquid outside the interface can be
modeled by the volume flow from a dipole as

Qq: =M, sin ot (1)
and superposed by a monopole given as

2 coséb,

M, sin wt 2)
(] . H

which cancels the disturbance from the dipol#/até,. Both are 0

located atO and considered for radii=S=S,+ §S(4,t), where

8S(6,t)=56S(6,t)q+ 8S(0,t),,, is the local liquid-gas interface

displacement from equilibrium and the subscriggegmmdm indicate

the components related to the dipole and the monopole, respeg: 1 Concave solid surface with attached void. The liquid-
tively. The local displacement of the liquid-gas interface of thgas interface is modeled by a dipole superposed by a related

Om=

void becomes monopole in  O.
8S(60,t) = 5S(0,t)4(cos 6—cos b,). )
The velocity field in the liquid space is given by a radial com-
ponent as During resonance vibrations of the void an energy balance is

maintained between the potential energy of the gas-filled void, its

3 2
U= u(01)| cos 0( S(O,t)d) _ cos 00( S(O,t)d) } ) surface energy, and the kinetic energy of the liquid, so that

and a tangential component as

. 3
Uy= u(o,t)d%}(s(o’t)d) .

f EpotdQv"—f EsurfdAsurf'i'f Exin dQI}_O- (6)
Q A Q

v surf

at

(5)  The fluctuations of the void volume are given as
The locus ofu, =0 divides the liquid space into two domains, I ) .

one having the void-liquid interface=S, 0=<6< 4, as its inner g U_f 2mS(6,1)sin 6dod(55(6,1))
boundary. This domain carries the kinetic energy of the liquid

corresponding to that of the real liquid in the half-space bounded 2 63(0,0)3
by the real solid surface. The other domain is the one related to =| (1—cos 05)28S(0t) g+ 3
the dipole drain placed i@ instead of being a drain at infinity and o

to the non-relevant part of the monopole field. Actually, the solid @)
surface shifts the tangential velocity into a radial flow, but it does

not change the kinetic energy of the liquid field. and the changes of the potential energy of the void by

8S(6,t)=0 J #=0

(1—cos 00)3) S

J;) Epotd‘Qv:f (poc_pg)d(aﬂv)

v

53(0,t)3

2
= (P—Pg0) TSY (1—0S 6,)25S(0t) 4+ §(1—cos 6,)°

(o]

KPg0 53(0,t)3

2
+ | 7S (1—00500)255(0,t)d+§(1—cosﬁo)3

2
) )

(o]

T
3 S¥(2—cos B,(1+cog 6,))+ Vs
It is assumed that the gas pressure is express@g=apg o(£2, 0/,)".

The change of the surface energy of the void due to its vibration is determined from

J&S{O,l)d J&S{O,l)d d Jao ,
Equrt dAguri= oc————— S% sin 027d6 | d(5S(0t)4)
5S040 surt = surt ss(on)g=0 d(S(0,t)q) ( 0=0 ) ¢

2

58(04)g  (1-cos 0,)3 ( 8S(01) 4 ©

So 3 So
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Finally, the kinetic energy within the volum&@, bounded by 10
the void surface =S, 0<#< 6, and byu, =0, which by Eq.(4)
implies cosf=r-cos,/S(0t)y, is

0 1 S(0t)y cos/cosb,
f EkindQI:f EPJ (u2+u2)27r? sin 6dr
Q 6=0 r

=S(08)g
=G(0,) mpu(01)3S(0)3 (10) 1
for 6,<90 deg, and where =
G(6,)= 1> co,+CoSH,+ co§0o( - 1—3+ 1 In cos 6, |. 2
6 8 24 4 o

(11)

Inserting Eqgs. (8)—(10) into Eqg. (6) and using p..—pgo 0.1
=—20/S, we find

1008~

d285(0t)4 ~
T=_H(00)'K(V: 100,50) 3S(0,t)g (12)
whereV? =3V,/(27S%) and in which
(1—cos 6,)* O'010.1 1 10 100
H(0o)= 3 130 f,/ MHz
1—— cosf,+6 cog 6,+cos 00(— In cos 00——)
4 2 4 Fig. 2 Resonance map for hemispherical voids in water at

13) concave solid surface elements. p,=1-10° Pa, =0.075 N/m,
H(6,) comes from the kinetic energy term and is positive for ak=1.
0, while
K(VE 1 00,S0) V¥ <1.25 the resonance fre i I
s <1l guencies are very nearly those of free
spherical gas bubbles of radi& (Minnaert[9]), shown as the

9KP. a e "
- cos 6 i pS2 Cuxestzmlcnzgﬁgiltions a freéspherical gas bubble shrinks and it
2 o * p
2pSo| 1~ 2 (1+cos 65)+ Vs ’ dissolves in a time (Epstein and Plessgt0]), but at oscillating
pressures of frequency high compared-;& rectified diffusion of
9« A 8 (14) gas into the bubble may balance its shrinking. Likewise, an at-
0, . 1—cosé, tached hemispherical void will shrink at static conditions essen-
> (1+cog 6,)+ V2 tially as the free bubble does, but in cases of resonance vibrations

the shrinking may be balanced by rectified diffusion. A correct
may be positive as well as negative in dependence of the vadtimate of the conditions for achieving a balance depends on the
parameters. The resonance frequefgyof the attached void is resonance conditions and the gas content in the liquid. In Fig. 2

expressed as the curve 1004 is shown to indicate a tentative frequency limit
1 above which the voids may grow into stabilized cavitation nuclei,
fOZZ_(H(go),K(V* ,00,S,)) 2 (15) Wwhile below such a limit they shrink. .
™ Now, the hemispherical void represents the limit of a self-

and approaches zero at certain conditions. In such cases the §G#Pilizing void. At liquid detachment from a solid the hydropho-

mally high resonance frequency degenerates and the void Eg:_lnterface conditions implicate a small contact anfje There-

comes sensitive to the whole spectrum of low frequency pressifEe: also small values af, are most important in the study of the

fluctuations characteristic of general noise and vibrations. WoWth and shrinking of interfacial voids. _ _
broad-band resonance occurs. Considering Eq(15) for lower values off, we find qualita-

tively similar resonance curves, exemplified by Fig. 3 in which

0,=5 deg and Fig. 4 in whichd,=45 deg. Here broad-band

. . resonance occurs even for vanishifj. A physically flat solid

4 Discussion surface does not give rise to detachment, but at solid surfaces with
We consider a hemispherical voié,=90 deg, and introduce roughness initial detachment may arise locally at the bottom of

its radius of attachment expressed as concave surface elements. When gas molecules enter the interfa-

cial liquid and locally make it hydrophobic so that initial liquid

Ro=So Sin o (16) detachment occur} is inevitably small, but from Fig. 3 we see
Eq. (15 now becomes that even then the liquid-gas interface may be stabilized by broad-
112 band resonance at smal}, corresponding to the local degree of
:i 9Kp-, A 9K 17 hydrophobicity. With a large content of dissolved gas in the lig-
° 2w 2pR3(1+V%) pRS 1+V* ' uid, the rectified diffusion is strong and the voids may grow and

) L ) stabilize at largeR, and 6, as apparent from Figs. 4 and 5.
which for the case of water-solid interfaces at atmospheric pres-rigyre 5 presents curves of broad-band resonance of attached
sure and room temperature and on the assumptior=el iS  5jifies relatingd, and R, for selectedv . We see that by the
shown in Fig. 2 at selected segment sub-voluMgs It appears jnfiuence of sound and vibrations, essentially planar attached
that for V% > 1.25 broad-band resonance occurs. Close to this limeids, developed by detachment of the liquid from hydrophobic
iting value broad-band resonance is connected to voids with vasgncave solid surface structures, and initially with a very small
small contact radiR,. As V3 is increasedR, increases. When radiusR,, may develop into significantly larger voids of consid-
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10

R,/ pm

R,/ pm

0.01

0.1 1 10 100 0.1
f, 1 MHz, [

Fig. 3 Resonance map for spherical segment of angle
6,=5 deg

erable void curvature if the solid surface topography leads to a
increased sub-volume! and the voids are attached at large con-
tact angle. We notice that the actual liquid-gas-solid contact ang (.01
is the sum ofé, and the local angle of the solid surface with the 0 30 60 90
plane of void attachmenp. Such voids may be in balance at the 0, / deg.
locus of attachment if the strength of the liquid-solid bonding
changes with the interface curvature from hydrophobic contact@l. 5 Graph of broad-band resonance conditions in water,
concave locations to hydrophilic contact at convex locations aslating void attachment radius R, to segment angle 6, and
argued in the above considerations of gas diffusion into the intesegment sub-volume V%
facial liquid.
We also notice that if an existing void shrinks, e.g., due to a
reduced noise level, it does not necessarily dissolve, but it may
survive as a smaller void of reduced sub-volume, still with a sig-
nificant angle of attachment. The sound level is decisive for the diffusion balance, but even a
small attached void may have a relatively large radius of curvature
of its water-gas interface, so that only a small excess pressure has
to be maintained in the void, and at broad-band resonance a
threshold of rectified diffusiofSafar[11]) may vanish. Stabilized
voids act as cavitation nuclei which at exposure to a sufficient
tensile stress in the liquid explode into large vapor cavities. We
see that these voids are dependent on numerous parameters related
to the solid surfaces and to the liquid as well as to the dynamic
conditions present in the system considered. At normal conditions
of operation most of these parameters are highly statistical, and it
explains that the tensile strength of water—and of liquids in
general—is a highly statistical quantity. In flow systems, such as
water tunnels, the noise level may be quite low, and then shrink-
ing of the interfacial voids could be expected to result in a high
tensile strength of the water within a fairly short period of time,
i.e., at sufficient distance from the propeller. This is not observed
0.1 and it might be conjectured that a void, already grown to a large
size on a solid-liquid interface of multiple large and fine scale
roughnesses may be prevented from shrinking due to local pin-
ning at the fine scale roughnesses along its contour of attachment.
In ultrasonic cleaning facilities it is observed that large, e.g.,
millimeter sized bubbles form on the container walls at specific
locations. These locations are interpreted to be corrugations that

10

0.010 1 1 16 100 supply a significant sub-volume below relatively large, attached
' f, / MHz voids which have not reached diffusion balance when they have
grown to a hemispherical form at the moderate frequencies ap-
Fig. 4 Resonance map for spherical segment of angle plied, usually in the 20—40 kHz range. Therefore they grow fur-
0,=45 deg ther and develop into bubbles attached to the solid surfaces. Small
Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 497
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voids do not reach hemispherical form at these relatively low t
frequencies, and therefore they do not develop into regular u,
bubbles. Uy

When intensive, high frequency sound is applied, e.g., 1 MHz, u(0;t)4
large numbers of small bubbles are generated throughout the lig-

uid. These bubbles are supposed to develop from sites on the Vi
numerous micrometer and sub-micrometer size particles normally
present in a liquid. The initial voids formed here must be notably Vi

smaller than the particles themselves. It requires high frequencies
for such voids to develop beyond a hemispherical form and ex-55(¢,t)
pand into small free bubbles as actually observed in the bulk ofs(¢,t),
water.

It is apparent from the above analysis that attached voids dgs(g,t),,
veloped at solid surfaces are closely related to the gas content of
the liquid and to the roughness of the surfaces. This agrees well 6
with experimental observations of the influence of these param- 0,
eters on the tensile strength of water and on cavitation inception
(Briggs[12], Keller [13,14]). A remarkable influence of tempera- K
ture on the tensile strength of water is also obse@tygs[12],

Keller [13]). A maximum value is found at about 10°C in highly (’;
filtered water as well as in technically cleaned water, though the Ts
absolute values of maximum tensile strength in the two cases are @
very different. The strength decreases sharply toward very low

values as the freezing point is approached, but only slowly at Q,
increase of the temperature. The present model of void formation
offers an explanation based on the molecular bonding in the in- ®

terfacial liquid at locations of convex solid surface topography.

Here the number of liquid layers showing bias toward hexagonRleferences

time

radial velocity

tangential velocity

velocity of liquid-gas void interface induced by
dipole for =0

void volume below plane of attachmefstub-
volume of spherical segment

V¢ normalized by the volume of a hemisphere of
radiusS,

displacement of liquid-gas void interface
displacement of liquid-gas void interface by
dipole

displacement of liquid-gas void interface by
monopole

angular coordinate

angle of liquid-gas interface at contact point
=angle of spherical segment

polytropic exponent of the gas in the void
density of the liquid

surface tension constant of the liquid

time for a spherical cavity to go into solution
local inclination of solid surface relative to plane
of void attachment

liquid space(volume

void space(volume

angular frequency
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Effects of Air Entrainment on the
Ability of Air Vessels in the
rs.ee | Pressure Surge Suppressions

Associate Professor,

Mechanical and Production This paper describes a new and efficient model for the study of air entrainment effects on
Engineering Department, the responses of a typical horizontal air vessel. The effects of air entrainment on the
National University of Singapore, pressure surges for unsteady flow in a pipeline system were investigated. Studies showed
Singapore 119260 that entrained, entrapped, or released gases in the transient fluid system tend to amplify
e-mail: mpeleets@nus.edu.sg the first pressure peak, increase surge damping, and produce asymmetric pressure surges

with respect to the static head. The pressure surges showed longer periods of down-surge
and shorter periods of upsurge. The upsurge was considerably amplified and down-surge
was marginally reduced when compared with the gas-free case. With the horizontal air
vessel installed, studies showed that the effects of air entrainment on the maximum tran-
sient pressure can be considerably reduced with an appropriately configured air vessel.
[S0098-22000)00203-7

Introduction Effects of Air Entrainment on Air Vessel Responses

When an air vessel is installed in a pumping system, it is usu-For the air vessel installed on the pipeline at a point B in Fig. 1
ally used as an extreme pressure surge protection device for the general governing equations can be obtained fron{ 6jand
unsteady flow conditionéClarke[1]). For the present study, the Wylie et al.[7]. However, at any instant of time, the effects of air
air vessel has the shape of a horizontal cylinder and it is placedtrainment on the air vessel performances is newly modeled here
immediately downstream of the pumps and the check valves. Ittigough its continuity equation as
designed to turn high frequency, high pressure transients into low dh
frequency, low pressure oscillations in the fluid system. The hori- A vkt 1= A (h)) —t+ApV-k:11+ Kk A (Vi —virL
zontal air vessel has a number of advantages over both the open dt ' R '
top surge tank and the valve type surge suppressor. The air vessel 1)
can be bui_It smaller than the open surge _tank with greater dam\lf?ﬁereKtsrﬂAp(V:(fll—Vikill) is due to the effects of air entrain-
ing effect introduced by the compressibility of the enclosed aiment. The value oKt is of the order of 1.4 obtained through field
Environmental problems associated with ambient pollution a’?ﬂeasurementé_ee and Cheongg)).
debris in the open surge tank are avoided and less space is genefyr the air column inside the air vessel, the general Gas Law

ally required. And, in addition, for concealment in flat terrain, th@overning the compression and expansion of the volume of air in
horizontal air vessel may prove more attractive as the requirgth tank is given byFox [6])

height clearance is much lower than that of the vertical air vessel. e i1 ek
When pumps trip, fluid is drawn from the vessel into the pipeline Pa [Va "1"=Pg[Val" 2
and the volume of air within the vessel expands, causing the ai

pressure in the air vessel to drop. The rate at which the pressurg iise) ‘an appropriate value of the polytropic coefficient of expan-
the air vessel drops is dependent on the initial air volume, the, myst pe selected. Values in the range 1.0 to 1.4 are normally
thermodynamic process which the air goes through, and the rate,ated for n. Thorley and LastowiecKi9] recommended a value
which the liquid is being drawn out of the_ vessel. The ESDU datg 1 3 10 1.4 if little or no heat transfer is expected and values
and Graze and Horlachgl] charts provide an estimate of theqinser to 1.0 if significant heat transfer occurs, effectively render-
initial air volume, Vol required by the air vessel. This initial i the process isothermal. To restrict the inflow into or outflow

estimated volume of the air vessel is usually very much ovglym the air chamber, an orifice is usually provided between the
estimated and will require computer simulations to optimize its

size and configuratiofMartin [3]). Charts(Fok [4]) can also be
used for the preliminary sizing of an air vessel needed for a pipe-
line system. These charts can be used to determine the size of
air vessel for a pipeline to keep the maximum and minimum pres:
sures within designed limitéEvans and Crawford5]). The air
vessel volume is obtained by giving an allowance factor to theZ
initial air volume. This allowance is typically in the range of up to & 7,1 \\l \

25 percent. Throttling is usually not included in the above selec= !/ v
tion of the air vessel size. Graze and Horladt#rshowed that air

chambers are under utilized if optimum bypass throttling is not
included with the air chamber installation. However, throttling is g ,
usually done on inflow as throttling on outflow into the pipeline
might cause column separation.

"In estimating the gas expansion characteristics within the air
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chamber and pipeline. A ratio of 2.5:1 between the orifice lossesnt at atmospheric pressure head. The fraction of gas absorption
for the small inflow and outflow is commonly used. Alli\ii0], is @g,~0.3 and the fraction of gas releaseds,~0.6 (Pearsall
Angus[11], and Evans and Crawfolé] are some of the histori- [13], Kranenburd 14], Provoos{15]). For the comparative study
cal works on the use of air chambers in pumping stations to coof constant wave speed cases, the present study assune@00
trol transients generated by power failure to the pumps. Equationthe fluid system even when the transient pressure falls below
(2) is valid only over a very short interval of time specified by dhe gas release pressuf@<Pg at any poin}, i.e., the system is
At value. The value oh=1.0 (isotherma) is used for “slow” assumed completely free from the influence of entrapped air. The
processes whila= 1.4 (adiabatig is assumed for “fast” transient above model expressions in E¢$) and(2) are very significantly
systems. The difference in the extreme transient pressure respdatifferent from that obtained by Pearsgll3], Fox [6], Chaudhry
of a fluid system can be of the order of 20 percé@taze and et al.[16], and Wylie et al[7].
Horlacher{2]) for different values oh used. When reversed flow is encountered in the pump, the check
The wave speed for the fluid system with air entrainment iglve is assumed closed. Downstream of each of the above pro-
given through a newly modified model of Lee and Pejd\iz] files is assumed a constant head reservoir. The method of charac-
K p teristics applied to the above pressure transient problem with vari-
P (1_8_k)_(_ I ﬁRJr 2) ®) able wave speeda() and any grid pointi) along the pipe can be
w "\K np‘ eE obtained from Chaudhry et dl16] or Fox[6]. They will not be
repeated here. The results obtained in this work are for a compu-
%%ion with mesh pointdl=1001. Grid independence studies have
en done previouslfLee and Cheon§12]) and will not be re-
peated here.

ak=

The transient computation of the above fraction of air content
Eq. (3) along the pipeline depends on the local pressure and lo
air volume and is given by

p!< Un Po 1/n

I

S'IT'Jrl_(_l(_p.-#l) el and 8l(§+l_(_k_p +1) €0, (4)
|

k+1

(@ for pf*'=py and e k

Results and Discussion
Ss'é“-i—agreg: ekt l=¢k"1 (4q)

i1 1o kel ] ] The effects of air entrainment on pressure transients generated
(b) for pi""=py ande7’ ">eq" "+ ageq With a time delay of py the simultaneous pump trip of all pumps operating in a pump-

k+1
T

KaAt: ing station with the undulating pipeline contour as shown in Fig. 1
pk | 1n were investigated with the horizontal air ves$Eigs. 2 and 3

ektl= _k|+_1) (ek— Qgaty) (4p) installed at point B. The pumping station uses three parallel cen-

Pi trifugal pumps to supply 1.08 m/s of water to a tank 19.7 m above

the sump level, through a 0.985 m diameter main of 4720 m
length. The pumpset moment of inertiacluding the flywheelis

! Ln ) 33.30 kgn? for each of the operating pumps. The air volumetric

—) (&7 + agagy)- (4c)  void fractione studied was in the range of 0.000 to 0.030.

Py Figure 4 shows the typical effects of air entrainment on the
The present study set the absorption of free gases and the gu@ssure transients at a point(dlnmediately downstream of the

lution of dissolved gases with a time delay KaAt andKeAt, check valvesand at a point Gat the peakof the pipeline contour

respectively, and an instant cavitation at vapor pressure under six (6) different air entrainmente) values. Several distinct

transient conditions. Typical values used fida and Ke are pressure transient characteristics can be observed from the numer-

1.000. Thes&a andKe values are currently under fine tuning forous numerical experiments performéd: The pressure peak var-

the better prediction of the pressure transients. However, therdds with thee and it is above that predicted by the constant wave

proof in our study to show that botka andKe are slightly larger speed models=0.000 with the transient time that occurs differ.

than 1.000 and tha€a>Ke. For water saturated at atmosphericThe frequencies of the pressure transient are noted to decrease as

pressure the gas release pressure hBay) &pproaches that of the ¢ increases(ii) The transient peak pressure increases as-

vapor pressuré.e., 2.4 m water absoluteA typical free air con- creases from 0.000. However, the increment stops when the air

tent in sewage at atmospheric pressure is about 0.1 percent; éh&rainment value reaches the range of above 0.010, after which

free gas content evolved at the gas release head is about 2.0 gertransient peak pressure began to dip. The initial increase of the

(c) for pr*i< pg and at a time delay dKeAt:
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Fig. 3 Schematic model and computational characteristic grid of horizontal air vessel at
location B

maximum transient pressure, as explained by Lee and Pejofirst pressure peak is dependent upon the rate of deceleration of
[12], is due to the fact that the lower average wave speed delafs flow after the pump trip. Further investigations show that, for
the wave reflection at the reservoir. This delayed reflection wouddgiven pumpset inertia, the maximum pressure peaks need not
therefore allow a more complex variation in pressure interactiorecessarily occur at the minimum or maximum air entrainment
to occur in the system, culminating in a peak at a specific transidatels (0.000 and 0.030 respectively in the present stutfycan
interval. (iii) When air was entrained into the system, the pressuoecur at an intermediate critical range of air entrainment value.
transient showed long periods of down surge and short periodsTdfis range of critical air entrainment value can only be obtained
upsurge when compared with the gas-free constant wave sp#adugh numerical experimentation for a given pumping system.
case. From past experiences, surge measureraorissor|17], Figure 5 shows the effects of air entrainment on the local varia-
Lee and Cheon{g]) indicate that the damping is faster in realitytion of the wave speed with respect to the transient pressure and
indicating that more energy dissipating mechanisms than the @ime. If there are evolution and subsequent absorption of the gas
dinary friction are at handiv) The degree of amplification of the in the liquid along the pipeline, the initial increase of the local
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Fig. 4 Effects of air entrainment on pressure transients. Imme- Fig. 5 Effects of air entrainment on local wave speeds. Imme-
diate downstream of check valve  (A): === At the peak location diate downstream of check valve  (A): === At the peak location
of pipeline profile (C):—. of pipeline profile (C):—.
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wave speed caused by the higher transient pressures at the pu ot ]
ing station may be small but it is very often followed by a delaye
substantial local wave speed and pressure upsurge as show
Fig. 5 for variouse values. This delayed substantial local wave
speed increase following the pressure upsurge due to gas rele
at the gas release head along the pipeline was also observec
Clarke[1]. The arrival of the substantial pressure upsurge at tl o
pumping station generates a positive pressure transient with
resulting increase in local wave speed that travels upstream
ward the reservoir. This positive pressure transient raises the wi

0005 0o
speed along the pipeline and the increased positive press| = ®
causes the free gas present in the flow to dissolve, so increas| z» g
the effective bulk modulus and thus the wave sp@sdshown in ' £
Fig. 5. This positive pressure wave was then reflected off tr
downstream reservoir as a negative pressure wave. Due to
0+

higher pressure upstream of the reservoir, this negative press
wave travels rapidly and arrests the high pressure upsurge at
pumping station. Hence, the substantial pressure upsurge \
present for a short duration. As the surge damping due to los:

=2t
and the presence of air content sets in, the pressure down-st| = = © ®
along the pipeline usually does not subsequently fall below tt
gas release head, and a regular oscillating pressure surge with | & 3
resulting wave speed periodic variation will then be observe
Hence, the entrainment of free air and the release of gas at the
0+ — 0+

release head reduces the local wave speed considerably and . 5 e - . o
duces a complicated phenomena of reflection of pressure wavcs
off these “cavities.” The lower local wave speed also increasq_sI 6 Effects of air entrainment on resident water volume in
the duration of the pressure down-surge as compared with tllﬂg.tank. Immediate downstream of check valve  (A): ===, At
duration of the pressure upsurge. The above characteristics Wgkepeak location of pipeline profile  (C):—.

also observed experimentally by Whiteman and Peaf&8il9,

Dawson and Fok20], and Jonssofil7]. There are several reasons

given in the literatures for the increase in the peak pressure and . . . . . .
local wave speed during the pressure transient with air entralh€rical simulations at different air entrainment values for the
ilous extreme pump operations. Numerical experiments also

ment. Jonsson attributed the increase in peak pressure and vt . - - .
owed that air vessel is an effective surge suppressor only if the

wave speed to the compression of “an isolated air pocket” in th hmplementary pumpset inertia is of sufficient magnitdet
flow field after the valve closure. Dawson and Fox attributed tHe> P y pump > g
cessary largeFor low pumpset inertia, the rate of decrease of

increase in peak pressure and local wave speed to the “cumula & bump head was often so rapid that it prevented the air vessel
effect of minor flow changes during the transient.” Through th pump P P

X ; . fom having sufficient time to respond in order to minimize the
numerous numerical experiments performed on the variable WaVE o me pressure surdes
speed model, the authors observed that the greater peak pressure P ges.
obtained for the variable wave speed model is due to the fact that

lower average wave speed delays the wave reflection at the re§epmparison With Field Measurements

voir and thus allows a greater complex variation in pressure inter-gig|d measurementd_ee and Cheong8]) were carried for a
action to occur in the system cumulating with a peak at a specifignylated case mentioned in this study in order to verify the va-
transient interval. Falconer et 421] also showed through com- jigity of the simulations. Monitoring of the transient pressures was
puter studies that it is possible for a low wave speed to increasgnducted at location Aimmediate downstream of the check
the pressure peak, even though a lower wave speed also impliegRe of the pump within the pumping station for the pumping
reduced change in pressure head for a given velocity change. main as shown in Fig. 1. The transducers used are piezoresistive
Figure 6 analyzes the corresponding effects of the air entraighsolute pressure transducers with the capability of measuring
ment on the maximum and minimum volume of resident water &ubatmospheric pressures. Measurements were carried out with
the air vessel under extreme pressure transient conditions. Duréigultaneous three pumps trip with the air vessel isolated. The air
the pressure down surge with=0.000, when the transient wateryessel is installed along the pumping system at B as shown in Fig.
volume in the air vessel reaches zero for about 20 seconds, thejairhis air vessel can be temporarily deactivated., shut-off
vessel is able to recover from the return positive pressure suigging the field measurements. The corresponding transient pres-
with water re-introduced into the air vessel. Subsequently, theresigre at a location A of the pumping main obtained through the
no further complete draining of the water inside the vessel. Whearge analysis above are reproduced for comparison in Fig. 7
the air content is increased #=0.001, the duration of the water without the air vessel. The computed results with a specified
draining down below zero level is considerably reduced to abog=0.001 value compared very well with the corresponding field
10 seconds. Fog=0.005, the down draining of the water belowmeasurements. There are proper phasing of the computed pressure
zero level diminished. It should be noted here that down drainirgirges when compared with the field measurements. The magni-
of the resident water in the vessel should be kept to a minimundes of the computed and measured pressure surges are in good
whenever possible. If excessive amount of air from the air vessgjreement. The air entrainment level is estimated to be of the
gets into the pipeline system, this may caused “air lock” andrder of ¢~0.001. This air entrainment value was obtained
column separation problems. Thus, although adequate amounttebugh the analysis of the resulting acoustic signatures of the
air in the air vessel is required to control the maximum magnitudew through the electromagnetic flow meter with respect to the
of the positive pressure surges, there must also be sufficient vptecalibrated acoustic signatures of the flow through the electro-
ume of water in the air vessel to prevent the resident water fromagnetic flow meter with a known amount of air introduced into
draining dry during down-surge. Thus, the optimum size and cotie system. The known amount of air introduced was through an
figuration of the air vessel will have to be obtained through nwir compressor and an air flow meter. The air flow volume was
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z Nomenclature
Z a = wave speed
& A, = cross-sectional area of the pipe
Ai(hy) = cross-sectional area of the tank
0 ¢ = parameter of pipe constraint
) D = mean diameter of pipe
_[ ) Time (s) . E = modulus of elasticity of water
r ! ' 150 e = local pipe-wall thickness
0 50 100 g = gravitational acceleration
Fig. 7 Comparison with field measurements (air vessel h, = height OT water In the tank
isolated ) H = gauge piezometric pressure head
Hy = gas release pressure head
i = node point axi= (i —1)Ax
K = bulk modulus of elasticity of pipe
60 o " Computed resulis 60005 : P, = absolute pressure of the air in the air vessel
Field Messurement recorder output = 77 77 P, = gas release pressure
. t = instantaneous time in transient flow
E V = flow velocity
ES V, = volume of air in the air vessel
% a4a = fraction of gas absorption
k: ag, = fraction of gas release
g e = fraction of air in liquid
g g9 = fraction of free gas in liquid at atmospheric pressure
= g4 = fraction of dissolved gas in liquid
0 pw = density of liquid
Time (s}
t }
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A Turbulent Model for
Gas-Particle Jets

J. Garcia This work is concerned with turbulent diffusion in gas-particle flows. The cases studied
Professor correspond to dilute flows and small Stokes number, this implies that the mean velocity of
the particles is very similar to that of the fluid element. The classicalrkethod is used
A. Crespo to model the gas-phase, modified with additional terms for the kearduations, that
Professor takes into account the effect of particles on the carrier phase. The additional dissipation
g-mail: crespo@enerflu.etsii.upm.es term included in the equation for k is due to the slip between phases at an intermediate
scale, far from both the Kolmogorov and the integral scales. This term has a proportion-
Departamento de Ingenieria Energética ality constant equal to 3/2 of Kolmogorov constang,.@n this paper, a value of 3.0 has
y Fluidomecanica, been used for this constant as suggested by Du et al., 1995, “Estimation of the Kolmog-
Universidad Politecnica de Madrid, orov Constant @ for the Langarian Structure Using a Second-Order Lagrangian Model
C/José Gutiérrez Abascal, 2 of Grid Turbulence,” Phys. Fluidg, (12), pp. 30833090. The additional source term for
28006 Madrid, Spain the e equation is taken as proportional to/k, as is usually done. In all experiments

analyzed the particles increased the dissipation of turbulent kinetic energy. A comparison
is made between the results obtained with the model proposed in this work and the
experiments of Shuen et al., 1985, “Structure of Particle-Laden Jets: Measurements and
Predictions,” AIAA Journal 23, No. 3, and Hishida et al., 1992, “Experiments on Par-
ticle Dispersion in a Turbulent Mixing Layer,” ASME Journal of Fluids Engineering,
119 pp. 181-194.[S0098-220200)02103-9

Introduction tion for k, and either a sink or a source term in the equatiorefor

. . . . . depending on the value of the Stokes number. In this work, we do
~ Turbulent dispersion of dilute concentrations of discrete pagpt change the classical coefficients of the: model, and we
ticles is present in many industrial applications such agnly introduce two additional sink terms, due to the particles in
pulverized-coal reactors, spray combustor, cyclone separators, ﬂmi/equations fok ande. Yuan and MichaelideE5] calculate the
pneumatic transport of particulate material. Even, in some cagéissipation of turbulent energy due to the particles as the drag of
droplet flows can be studied with the same models that previot® particles multiplied by their relative velocity, integrated over
flows. In fact, the model proposed in this article was first appliedl® minimum of the eddy lifetime or the time that it takes the

; ticle to cross the eddy, and compare it to the productiok of
to the case of propane stored at its vapor pressure, so that_ﬁﬁ% to the vortex shedding and the disturbance of the flow by the

release from below the liquid level, produces a two-phase flashifjf e “They conclude that, for small particles, such that the Stokes

jet, Garca and Cresp¢1]. number is smaller than one, as it happens in the cases considered
The majority of numerical models used for engineering analysis this work, dissipation dominates. Yarin and Hestr{@li study

are based on the solution of the Reynolds-averaged Navier-Stokes interaction of particles, of arbitrary sizes and a turbulent fluid

equations for the carrier phase. The most common model used ®gment, taking into account that for coarse particles the wake

turbulent flows is the classicite model. When the particle massMay be turbulent; their model considers both enhancement due to

N o - arse particles and suppression due to small ones. They apply
concentration is small enough, it is not necessary to modify ﬂ?ﬁeir results to several configurations, however, for a turbulent jet,

k-e model. Otherwise, the turbulence model for the continuugey consider only coarse particles. Shuen ef7lstudied turbu-
phase has to be modified in order to retain the effect of particlggt particle-laden jets injected into a still environment. They pro-
on the turbulence. The general approach is to modify the singleesed a modifie#t-¢ model, but theC,; constant varies in a wide
phase flow equations for conservation of turbulence intensity arehge(0,1-5 depending on the experiments used to calibrate it.
dissipation. In the present work, an additional term is included in None of the previous authors give a specific functional depen-
each equation. dence of the dissipation term due to the particles with the average
A compilation of experimental data by Gore and Croj@ flow variables, allowing the problem closure. A method proposed
indicated that large particles generate turbulence. The data sfy-Levich[8] has been used here to estimate the distribution, for
gested that the transition occurs when the particle size is abétiferent turbulence scales, of relative turbulent velocities between
1/10 of the integral length scale. In our case the particle diamet@@ticles and gas, and from those to estimate the additional dissi-
are smaller than 1/10 of the turbulent scale and dissipation dorfition as the product of drag and relative particle velocity. It turns
nates. For the cases of this work the volumetric fractions are in tAlt that, for the practical cases considered, the most significant
range 103 to 10°© and the Stokes numbers are below one: theglip velocities between phases occur at an intermediate scale, far
according to Elgobashi and Truesdg], the particles should pro- from both the Kolmogorov and the integral scales, whose order of

duce an additional dissipation &f Squires and Eatop4], using Magnitude is determined. The dissipation term turns out to be
data from direct numerical simulation of particle-laden isotropierc’pc’.rtlonal to the m’ass concentration of particles and end
turbulent flows, evaluate the particle influence on the productié:_r(?ntalns Kolmogarov's constant that has been assumed @, be
and dissipation ok, and find that the classical consta@t,,, can =3 from Du et al[9). The dissipation term in the equation for

either increase or decrease with mass loading depending ongé been assumed to be of the fo@ps(e/k)e,, as it is usually

Stokes number. They also find an additional sink term in the eq ]?eTlr?et\r/]glulgecr)?ct:urdr?aesrlggqe?wn:aiteﬁl'c[ea(ﬂélstfg%rgsb;rf]ictjtifgtv?/ir;h
. e3 ’

experimental results of Shuen et [@]. Further comparisons have

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; : iohi ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionbeen made with experiments of Hishida et[&ﬂ]. This value of

December 5, 1997; revised manuscript received April 4, 2000. Associate Techniat3 is within the usual range found in the literature.
Editor: J. Eaton. Fessler and Eatofl2] obtain for a large Stokes number a
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simple expression for the extra dissipatien,, that is inversely value ofu. For the different turbulent scales, larger than the
proportional to the particle time constant, but they recognize thiiplmogorov scale and smaller than the integral scale;\
the experimental data contradicts this result. The expression fourdo, we have:
in this article is, however, independent of the particle time con-
stant, and applies for small Stokes numbers.

The system of equations is solved numerically using the

» For the gas phase the characteristic time will gy
~Mvg~N?¥e and the acceleration,

SIMPLER procedure and a finite volume discretization, with a dv Var A 23
code developed by the authors for axisymmetric jets. S~ 2~ b= i 9)
dt  Tgp Tg A
Diffusion Model * For the particles the characteristic time of interaction will be

) _ the time it takes them to cross the eddy, ~\/u, , so that
The averaged turbulent flow equations for a homogeneous mix- the acceleration will be,

ture have been used, together with thoself@nd e, needed to

calculate the turbulence transport terms. du uy Uy u? 10
P dt Tp Mu, X (10)
a—Xj(ij)=0 1

Introducing the accelerations calculated in E(®. and (10)
into Eq. (8), we obtain for the relative velocity

o'?vi (91)]' 2 07p
p| Z-+ ——=| = 7 Gk Tox TPO @ g3

J J
x; (pvjvi) = %,

(9X]‘ &Xi 3 u)\%A(ppv)IIZ : 1 (11)
dJ d gy 9K BppV+ 5 CppgSA
(;—Xj(PUjk):&—xj o 7% +P—pe—pe, 3) 2
J p p whereA and B are constants that cannot be determined with the
Mt 0 € order of magnitude analysis. From this expression it can be seen
—(pvjg)= —| ——|+(C,P-C ——S 4 ; g .
24 (Pvye) IX; \ o IX; (Cex 2P) k —* @ thatu, should have a maximum for a certain intermediate value of

\. For small\ the last term in(8) is negligible, and the relative
(alocity of the particle is like the gas velocity and tends to zero
ike (¢\)*3 on the other hand, for large the first term of the
right side of(8) is negligible and the particle tends to follow the
gas flow(it has been assumed in this work that the Stokes number

The additional termsde ;) andS, in the equations fok ande,
respectively, account for the dissipation due to the particles, a
will be evaluated latel? is the production term df, andu;, is the
turbulent viscosity

v [dv;  dv; k2 is smal). The maximum value ofi, is given by
=i o T | M Cup (5)
i i i auy _ s 1 Pp \
The classical constants of tikee model have been used W—O:Mu max= N~ Cope S (12)
C,=0.09, C,;=1.44, C,,=1.92 ©6) _— %(d)l/3(8)l/3(&> 1/3(i 1/3 13
a'k:1.0, 0'3:13 max pg CD
A conservation equation for the mass fraction of particles, is The value ofA* is much larger than the particle side=V/S,
also needed and increases linearly with it i€y is constant. It is assumed that
P 0 (| g Y the most important contribution to turbulence dissipation due to
—(pv;Yp)= _<_t _p) where ay=0.7 (7) the particles occurs at the scalé. The value ofe, will be ob-
IX; IXj \ oy X tained by multiplying the dissipation produced by each particle by

Gravity has been neglected in this work, this is in accordance withe humber of particles per unit mass

the experiments used for comparison. Stationary flow is assumed. v g\ U*3
The dgnsny depends on particle concentration pasp4/(1 Sp’“FDragU*_dpa”CD —Q)Tvp (14)
=Y,), if pp>pgy and¥, is not close to one. Pp Pp
introducingu* from Eg. (13) it is obtained
Dissipation Term Due to the Particles £p=CeY, (15)

The following assumptions have been made: where all magnitudes have canceled exaephdY,,. It includes

- The density of the particles is much larger than the gas ded<constanC that in a previous work by Gamand Crespfl] was
sity, and Basset forces and virtual mass can be neglecteddetermined by comparison with experiments from a flashing jet.
« The volume fraction is small enough, so that particle-particle FOr the Stokesian case and spherical particles the valu@ of

interaction can be neglected. can be more precisely inferred from theoretical considerations. If
« Froude number is large enough so that gravity can be n&e rewrite Eq.(14) averaging over all the turbulence scales, we
glected compared to inertia. can write it in an exact form
The equation of motion can be written in terms of the relative Y Y
velocity 3=vgfvp as &p=(Fprag) Wp = T—p<U2) (16)
p _d3 p
du dvg 1 P6
PV i =PoY g~ 3 CopgSwi (8)

where in the Stokes limitFp,g=3muud and Tp=ppd2/18/,b. In
From this equation, using an order of magnitude analysis pretder to estimatéu?), the Fourier transform of Eq8), that in the
posed by Levici8], it has been estimated how the relative velocStokesian limit is

ity u depends on the turbulent scale, and it has been found to what du  dv. u
_ 9V

scale corresponds the maximum valueuofn this work, we will —=_9_ - (17)
assume that turbulent dissipation is determined by this maximum dat dt 7,
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is made, and it is obtained the following relationship between theIntroducing the characteristic time of the particley,
modulus of the transform vector of the gas velocity and relative p,d?/(18u), the characteristic velocity in the Kolmogorov

velocity scale,vgm:(e)\o)l’?’, the characteristic time of the Kolmogorov
~9 scale, 7,0=MAg/vgo, and the Kolmogorov scale, \q
~2__ Yg ~(ulpgy)¥ e the following expression for the slip velocity is
u (18) 1Pg
1 obtained
1+ —-
w°T 3/4
’ u~(@)—r‘S d? (24)
Then, assuming that at these small scales, turbulence is quasi- Py (M/Pg)54

homogeneous and isotropic, the relationship between the speq{@,n, using Eq(16), the source term for the turbulent kinetic

of gas velocity and relative velocity is energy will be given by
1 p 32
Su(0) = Sylw) —— (19) epm(—p)( ) @y, (25)
11— Pg) \ (1l pg)
w TIZJ &, is now proportional tad? and will vanish for light particles.

This equation can be found also in Hing&3]. Since we have Expression(25) is only valid for very small particles, such that,_
assumed that the scales of interest are in the inertial subrartfse< Tho, that iredpartl'ctlaefj rl;]uICh smaller thantlthosle appez.iﬁlng in
(r. '<w<r,7), and the presence of particles does not affect in € experiments described below, consequently only(Eh).wi

3 A0/ ; : o be used in the following. For very small particles, the value pf
first approximation the carrier fluid, the Lagrangian time spectru@an be negligible, even for finite values ¥}, (see also Graham
of the gas can be written, in first approximation, in the fornEM]) '

Sg(w):(SCOIﬂ-)sw’z, whereC, is an universal constariKol- '

mogorov’'s constantappearing in the Lagrangian velocity struc- )

ture function(D, = Cgyer, wherer is the time difference in the Numerical Model

correlated velocitigs The value of the average of the square rela- The system of Eqg1)—(7) is solved numerically, using a code

tive velocity will be given by developed by the authors, based on a finite volume discretization.
3 [ Copm 2 3 The _SII\_/IPLER procedure was used to treat the coupling between
(u¥y== f 0 dw==Cyer (20) continuity and momentum equations throqgh pressure. The equa-
™ 1 2 P tions are assumed to behave in a parabolic way in the streamwise
w275 +1 direction, neglecting the diffusion in that direction. This allows a

marching method to solve the system of equations. In the simula-
and substituting Eq.20) into Eq.(16) an expression for the addi- tion of the jet the axisymmetric condition is applied, so that the
tional dissipation is obtained fluxes at the axis are assumed to be zero, and boundary conditions
are applied at infinity. In the mixing layer the flow is assumed
two-dimensional, and, in order to reproduce the experiments of
Hishida et al[11], boundary conditions were applied at the con-
S ) ) . fining walls limiting the flow. In both cases a constant pressure
which is similar to the one obtained by Grah@id] if the deriva-  condition was fixed at the exit. At the entrance the flow conditions
tive of the Lagrangian autocorrelatid®( (0) is 3Coe/4k, which are fixed for velocity and turbulent kinetic energy, according to
seems to be the case as shown by Hdjé: the experimental conditions. Nonuniform Cartesian grids are used,

Pope[15] gives forCy a very wide range of values, from 5.0—that are more refined at the axis of the jet and at the entrance. For
6.5. Other authors referred in the review paper by Pope give véhe mixing layer case, the grid is more refined in the center, on the
ues going from 2.1 to 5.9. A more recent work, Du et 8], gives confining walls, and also at the entrance. In order to check the grid
a value of 3.6:0.5 for the Kolmogorov constant using a secondindependence, different grid sizes were tested, up tox300
order Lagrangian model of grid turbulence. In this paper, theells, and it was found that a grid of 18@0 cells was appropriate
value Cy=3, suggested by Du et al., has been used. for both casegjet and mixing layey.

In the equation for the dissipation of turbulent kinetic energy an
additional source term has been introduced, that takes into accognt : . :
the effect of particles. The form of this source tefsink) is *Results and Comparison With Experiments
similar to the expressions used in the majority of khe models A comparison is made between the numerical results obtained
for particle flows with the model proposed, and the experimental results from Shuen
et al. [7] (Figs. 1-4 for a particle jet, and Hishida et dl11],
(Figs. 5—8 for a turbulent mixing layer. The experimental condi-
tions are given in Tables 1 and 2, respectively. The same value for
the C,_; constant C.3=0.9) is used in all cases. This value has
The constanC,; is calibrated from the experimental values repeen obtained by comparison with the first set of experiments of
ported in the experiments of Shuen et[&l]. The value obtained Shuen et al[7].
by a least square fitting §,.5=0,9. Berlemont et a[.10] propose
that C,3=1,9, and Squires and Eatdd] give a value that de-
pends onY,, and f_or small values of, tends tng_3:1,2. . Table 1 Experimental conditions of Shuen et al. [7] experi-

For smaller particles such that<r,,, the following analysis, mnents
also of Levich[8], applies. In this limit it can be seen that in Eq

3
spZECOEYp (22)

€
SS=C£3F8p (22)

(17) the term on the left-hand side representing relative accelera- Case 1 Case 2
tion, of order ofu/7yq, is negligible compared ta/7,, and the Particle properties:
balance of the other two terms can be expressed by the followingsauter mean diametesm 79 119
expression Loading ratio 0,2 0,2
Jet exit velocity, m/s 24,1 24,2
Vano Jet exit mass flux, kg/fs 6,06 6,50
u~ 7.3 (23)  Air velocity, Uo, m/s 26,1 29,9
0
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Table 2 Experimental conditions of Hishida et al. [11] experi- model

ments 0,04 - s experiments (Shuen et al.)
------ single-phase (model)
Case 1 0,03 -

Particle properties: o

Mean diameterum 42 S

Mass flow rate, g/s 7.5 2

Density, kg/nd 2590 2
Air velocity, m/s

U, 13

U, 4 A

T T 1
0 20 40 x/d 60 80 100

(&) Comparison With Shuen et al. EXperimgnts. Figures Fig. 3 Axial variation of centerline gas-phase turbulent kinetic
1 and 2 correspond to cases 1 and 2, respectively, of Shuen &¥argy for a jet (case 1)

periments, and show the distribution of axial mean gas-phase ve-
locity. The numerical results exhibit a good agreement with ex-
periments. In Figs. 3 and 4 is represented the axial variation of tt 0,04 model

centerline turbulent kinetic energy of the gas-phase, made nao A & experiments (Shuen et al.)
dimensional with the square of the exit velocity. The values pre 0,03 v -..... single-phase (model)
dicted by the model are lower than experimental ones. The reasg!

for this may be that our model uses an isotropic turbulence mod2 0,02 -|
(k- mode), and that the turbulent properties are calculated as i

a homogeneous flow. The turbulent kinetic energy calculated is ¢ g g1 |
averaged value of the streamwidleigh values in experiments

and radial distributiorflow values in experimen}slt may also be 0
that our model assumes small Stokes numbers, and conseque

from Eqs.(12) or (19) the contribution tdk for large\ or smallw 0 20 40 4 60 80 100
will be neglected, whereas in reality it may be a significant value.

In Figs. 1-4, are also presented the model results for nonparti€ig. 4 Axial variation of centerline gas-phase turbulent kinetic
situations. It can be seen that the model proposed here substaergy for a jet (case 2)
tially improves the agreement with experiments. The particle dis-

sipation increases the velocity and decreases the turbulent kinetic

energy, particularly in the region of high particle concentratio 0.2

near the exit, and upstream the self-similar region.

el
s+ streamedse (Hishida et al)
| -~ »  transversal (Hishida et al.)
(b) Comparison With Hishida et al. Experiments. In 0,15 ’ b - - - gingle-phase (model)
Figs. 5 and 6 are shown the results obtained for turbulent fluctt I'(\

tions in a mixing layer, made nondimensional with the velocit 0,1

- i L
1,2 - model |Ik (' K' . A

14 4 experiments (Shuen et al.) o+ s " =
081\ T single-phase (model) 0.1 -0,05 0 0,05 0,1
¥ (mm)
Fig. 5 Transversal distribution of velocity fluctuations at X
=200 mm downstream for a mixing layer. ——Model
0 TR (2KkI3)Y4 (U= U,); A vi/(Ui—U,), B v,/ (U;—U,) Hishida et al.
T T T A“ [11]
0 20 40 4q 60 80 100
Fig. 1 Axial variation of centerline mean gas-phase velocity 02- _— ise (Hishida et al.)
for a jet (case 1) . )
015 | o = transversal (Hishida et al.)
! Na Vil single-phase (model)
1,2 ] model Y
1 4 experiments (Shuen el al.) 0,1
) single-phase (model)
0,05 1
0 \
-01 -0,05 0 0,05 0,1
: y (mm)
0 20 40 x/d 60 80 100 Fig. 6 Transversal distribution of velocity fluctuations at X
=250 mm downstream for a mixing layer. —Model
Fig. 2 Axial variation of centerline mean gas-phase velocity (2KIYH (U= U,); A vy (Ui—U,), B v,/ (U;—U,) Hishida et al.
for a jet (case 2) [11].
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1,2 4 = madel Nomenclature

a 7 = L ) C = constant in Eq(15)
2 084 single-phase {model) Cp = drag coefficient
I 05 C, = Kolmogorov’s constant
&E 0.4 [ C.1, C.2, C, = constants ok-& model
=y d = particle diameter
_i_. B Forg = drag
o g = gravity
0,2 k = turbulent kinetic energy
-0.04 -0.02 0 0,02 0,04 L = integral scale
p = pressure
y (m) P = production term ok
Fig. 7 Transversal distribution of fluid mean velocity at X S = transverse particle area
=200 mm downstream for a mixing layer S, = source term foe
T = characteristic time
19 . u = relative velocity
' ——modsl v = velocity
= 11 : 4 REpBTaNS, (HIRhie ) ai,) v, = axial velocity fluctuation
2 08 singhe-phass (mace() vy = transverse velocity fluctuation
S 0B+ V = particle volume
5 04 Y = mass fraction of particles
= g Greek
5 024
=~ o/ &;; = Kronecker delta function
| e = dissipation rate ok
-0.2 - ; N = turbulence scale
-0,04 -0,02 ] 0,02 0,04 N\o = Kolmogorov scale
yim) u = viscosity
my = turbulent viscosity
Fig. 8 Transversal distribution of fluid mean velocity at X p = density
=250 mm downstream for a mixing layer o, 0., oy = Prandtl numbers
Subscripts
differenceU;—U,. Our model is compared with the experimen- a = air
tal data obtained by Hishida et &l1]. In the experiments, turbu- g = gas
lence is not isotropic, and the transvems(;, and streamwisey, , p = particle
turbulent fluctuations are actually different; we have compared N = length scale

them with the calculated value of kB)Y2 In spite of that, the
agreement seems to be quite acceptable. It should be also noted
that the calculated value corresponding to the turbulent kinetic
energy is between the values corresponding to streamwise %@8
. e . ferences
radial turbulent velocities. The peaks observed at the sides corre-] carc Je 0 sel of Turbul A ch
1 i i~inA L] Garca, J., and Crespo, A., 1997, “A Model of Turbulent Two-Phase Flashing

Sp(l)lnd .tO tlhe. tur?]UIent kIr]etIC erl]ergyd.p.mduced fat the COdnf8|nlnd Jets,” FEDSM97-3584Proceedings of the ASME Fluids Engineering Divi-
walls simulating the experimental conditions. In Figs. 7 and 8 are  gjon'Syummer Meetinglune, Vancouver, Canada.
shown the calculated values of the mean velocity variation[2] Gore, R. A., and Crowe, C. T., 1989, “Effect of Particle Size on Modulating
through the mixing layer and its comparison with Hishida et al. _ Turbulence Intensity,” Int. J. Multiphase Flow5, pp. 279-285. _
[11] experiments. In Figs. 5-8, are also presented the model reLS] E!ghObE.lShl,. S. E., a_nd Truesd(_ell, G.C., 199%, Dlre'ct Simulation of Particle

- . . . Dispersion in Decaying Isotropic Turbulence,” J. Fluid Mec42 pp. 655—
sults for nonparticle situations. As should be expected, the particle g
dissipation reduces the spreading rate of velocity in the sheaps] squires, K. D., and Eaton, J. K., 1994, “Effect of Selective Modification of
layer, and decreases the peak values of turbulent kinetic energy. Turbulence on Two-Equation Models for Particle-Laden Turbulent Flows,”

; ; ; ASME J. Fluids Eng.116, pp. 778-784.

HIOW?Ver’ the ggl;eemt_ant Vr\]”th experu(w;enta(ljl lrisu'tﬁ IS ﬁnOt 519[5] Yuan, Z., and Michaelides, E. E., 1992, “Turbulence Modulation in Particu-
c ea.ry 'mprQVe _y using the _prOPOS? mO el for the efrect 0 late Flows—A Theoretical Approach,” Int. J. Multiphase Flo¥8, No. 5, pp.
particles as in the jet case, particularly in Figs. 7 and 8 for velocity — 779-785.
profi|es_ This may be due to the fact that the cons@m was [6] Yarin, L. P., and Hetsroni, G., 1994, “Turbulence Intensity in Dilute Two-

; ; ; i Phase Flows—1,2,3,” Int. J. Multiphase Flo&0, No. 1, pp. 1-44.
chosen by comparson with the Jet experlments [7] Shuen, J-S. et al., 1985, “Structure of Particle-Laden Jets: Measurements and

. Predictions,” AIAA J.,23, No. 3, pp. 396—-404.
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S Ahe‘ the interface. The position of the interface is determined by solving a transport equation
. of the maker density function, one of front-capturing methods. The present method per-
forms the dissolution of mass of a dispersed phase into a continuous phase as a notable
feature. Moreover, transfer of the dissolved mass is solved in the continuous phase. At the
T interface, mass diffusion flux is calculated both for the boundary condition of mass trans-
and OCgan E_ngmeenng, fer and for the shrinkage of a droplet. For the validation of the present method, three case
Universily of Tokyo studies are successfully demonstrated: rise of single droplet, dissolution from a rigid

7-3-1 Hongo, Bunkyo-ku, - ) o B .
Tokyo 113-8656, Japan sphere, and dissolution from a rising dropl€80098-220£00)01303-]

Master-Course Student

Department of Environmental

1 Introduction shock surfaces are transferred, so that the present method adopts

The injection of liquid COLCO?) at the depth of 1000-2000 L 012l variation-diminishingTVD) scheme to suppress artif-
m in the ocean is one of the feasible and economical options fC '

I Ofsince it is still not cheap to treat a number of droplets by direct
the mitigation of so-called greenhouse effe(@sy., Herzog et al. gimylations with current computing facilities, we only focus on

[1], Ohsumi[2], Nakashiki et al.[3], and Ozaki[4]). Emitted the movement of a single droplet. For the same reason, the thick-
LCO2 at the depth of 1000-2000 m in the deep ocean is believgélss of mass boundary layer is assumed to have the same order of
to form a plume of rising droplets, which entrains surroundinghagnitude as that of momentum boundary layer in this study.
seawater. The LCO2 droplets are dissolved out during the rise aiecordingly, high Schmidt number problems such as the LCO2-
water of large concentration of CO2 is expected to peel out of tikeawater systems, Sc which is about 1000, are left for the future
rising plume, to sink as a density current and to intrude into thehallenge. Moreover, the formation of CO2 clathrate hydrate is
surrounding stratified ocean, the density of which is equal to thignored.

of the CO2 rich water. From an environmental point of view, itis The problems we tackle in this study afé) the movement of
important to know how fast CO2 is diluted for making biologicafhe interface between a droplet and a liquid continuous ptiase;
impacts insignificant. Therefore, slow dissolution in laminar droghe dissolution of mass from the droplet to the continuous phase

let flow is preferred to rapid one of turbulent spray in order tfrough the interface(3) the shrink of the droplet because of the

avoid locally low pH region and to enlarge the dissolution disdissolution; and4) the transfer of dissolved mass in the continu-
tance in the vertical direction ous phase for low Sc problems. This article explains the present

The purpose of this article is to develop a CFD code for weFDP method in detail and case studies done for its validation.

phase flows with unidirectional dissolution from a dispersed phase

into a continuous phase. Direct CFD codes of front-capturing ty .

for bubble/droplet flows have been developed by a number%? Numerical Method

researchers, such as Kanai and Miygdh Tomiyama et al[6], 2.1 Governing Equations for Two-Phase Flow. Since we
Gueyffier and ZalesKi7], and Bidoae and Rad8]. The interface are interested in liquid-liquid two-phase systems, in which the
is expressed by a variety of scalar-function methods, e.g., volumensities and viscosities of both phases do not differ very much
of fluid (VOF), marker-density functioiMDF), VOF in micro- compared with gas-liquid systems, a one-fluid model is adopted
cells, or the level-set methods. On the other hand, Matsumdbd, therefore, both phases are treated just like one kind of fluid
et al. [9] applied a front-tracking method using the boundarywhere the density and viscosity vary depending on the fluid on the
fitted coordinates to single-bubble flows. Although it seems th&POt. The governing equations of three-dimensional, transient, and
the front-tracking type gives more accurate representation of tif@thermal two-phase flows are the conservation laws of mass and
interface shape than the front-capturing type because it tracks fig@mentum

interface in the geometrically direct way, grid skew may cause ap

numerical inaccuracy when the deformation of the interface be- 2t TV (pu)=0 1)
comes large. Tryggvason et &l.0] developed an explicit front-

tracking mesh for bubble/droplet flows, in which the interface isg p 1 T
expressed by the moving mesh in the orthogonal grids whicfy (PU)+ V- (pul)==Vp+ =50+ 2 V- [w(Vu+(Vu) )] +f
never move. This seems to confirm the grid skew problem. )

H h lected the MDF method b the front- ) . . . . .
ere we have selecte © mehod because e ro\r/]v'heref will be given in Section 2.3. In the cells including the

capturing method with volume fraction has more flexibility in erface, the density and viscosity are volume-averaged in each
coping with large curvature, coalescence, pinch-off, etc., than tC Il using MDFE®, (®g=1—®,,0=P,=<1) as follows

front-tracking type. In the numerical procedure of the MDF, steep
p=Pg+Pppplpg (3)
1Currently, Chief Officer, Maritime Technology and Safety Bureau, Ministry of _
Transport, 2-1-3 Kasumigaseki, Chiyuda-ku, Tokyo 100-8989, Japan. p=®g+®puplpp 4)

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; ; F—
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionThe MDF has a value of 1 and 0 in the dlspersed and the continu

April 1, 1999; revised manuscript received March 31, 2000. Associate Techni@@HS phases, respectively. .In the inte!‘face cells, the MDF .iS re-
Editor: M. Sommerfeld. garded as the volume fraction of the dispersed phase. For simplic-
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ity, densities,py and pg, and viscosities,u, and ug, are .
constants in this study, even though the dispersed phase is dis- J A
solved into the continuous phase.

2.2 Movement of Interface. The movement of the inter-
faces is computed by a front-capturing method using the MDF,
following a series of successful simulations about free surface
flows (e.g., Kanai and Miyatfl1]). The transport equation of the
MDF, which is solved to move the position of the interface, is
given by putting Eq(3) into Eqg.(1) and dividing Eq(1) into each

phase.
I pp®a)
— AV (pa®p) =T )
-
I pg® i
Aeee) - (pept) =T ©) !

whereI will be given in Section 2.5. Here Fig. 1 Schematic of interface cell

U=Up=Ug (7)

is assumed in the interface cells since the density difference be2.5 Boundary Conditions. If not mentioned in each case

tween the two liquid phases is small compared with that of gastudy, zero-gradient condition is imposed on outer boundaries,
liquid systems. This also means that the mass-averaged velocitgish as side, top, and bottom boundaries, for velocity, pressure,
the same as volume-averaged velocibgu,+ ®gug , which sat- and concentration. For rising-droplet simulations, the top bound-
isfies the solenoidal condition if the dissolved volume of the digwy is inflow, and, therefore, the standard pressure is given, ve-

persed phase is simply added to the continuous phase locities are given as the negative value of rise velocity, and the
concentration of CO2 is set to be 0. Since ELp) is solved only
V-u=0 (8) in the continuous phase, the dissolution fNi€/Re Sc is given at

the interface as a boundary condition. This flux also gives the rate
To determine the position of the interface, Eg). is solved by at which the droplet shrinks
using a third-order TVD scheme utilizing the Minmod limiter for
the advection term. EquatigB) is used for obtaining the Poisson _ § Ve
equation for pressure. V Re Sc

(13)

2.3 Surface Tension. Surface tension is treated as a bodyAs shown in Fig. 1, the gradient of concentration is calculated by
force in the NS equation only at the interface cells.

yo- &€ 14
1 T h (14)
f=—knS/V 9) . . .
We The concentration of the dispersed-phase mass at the interface on
the continuous-phase side is set to be that of saturation. Because
where Eqg. (14) is a linear approximation, there must be some errors.
Equation(12) in steady state without flow in the spherical coor-
k=V-n (10)  dinates is
Vb, d’C 2dC
= Yo, (an ar? Trar (13)

H’@e analytical solution under the boundary conditio@s; Cg at
r=Ry, andC=0 asr—», is

R,Cs dC Ro,Cs
= Y (16)

Here®d, is smoothed by using the averaged values at vertices a
otherwise,n looses the cell-wise continuity.

2.4 Mass Transfer in Continuous Phase. There is no =
liquid-gas phase change and the concentration of dissolved mass r ' dr r
is small, so that the Stefan flow is ignored. It is also known th
CO2 easily dissolves into water under the wide range of tempe
ture and pressure, but not vice-ver@ag., Wiebe et al[12]). C(r=h)-Cg Cg

%t_ r=Ry the error of the first derivative can be estimated that

C
Therefore, the dissolution of the dispersed-phase is regarded as h R R—S (17
unidirectional diffusion from the dispersed phase at the interface. 0 0
An advection-diffusion equation for the dissolved mass conceAs shown in Fig. 1, the maximurh is a half of the cell size.
tration C is solved in the continuous phase after obtaining flowhen the diameter of the spherical droplet is as lonly &mes of

field at each time step. the cell size, the error is at most

1

Re SCVZC (12) Eupper: N+ 1 (18)

&C+V C)=
E .(u )_

. . . If N=28, the estimated error is at most 3.4 percent.
In the interface cells, mass transfer is also taken into account only
in the continuous phasghe hatched part in Fig.)1lwhere the 2.6 NS Solver. The NS solver used in this study is based on
solenoidal condition in each phase is satisfied considering the ¥ee WISDAM code that has been developed by our group of the

locity of the interface movement. University of Tokyo for more than a decade.g., Miyata et al.
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[13], Miyata et al.[14], and Sato et al[15]). The WISDAM
adopts a finite-volume formulation and an explicit MAC-type 200 L
algorithm
At
un+l:u*__vpn+l (19)
P 150 -
*=u+At V+11V V+VT+1+f
u*=u u-Vut g Lu(Vut(Vu) )]+ =29 <
(20) 100 |-
where the Poisson equation for pressure is solved to attain
incompressibility — 40x40x100
1 1 50 - — — 46x46x115
— - — 50x50x125
V(—Vanrl):EV'U* (21) ........... 56::56:140
P — - — §0xB0x150
The variables with upper suffin+1 indicate the values atn( | i
+1) time step and the others are the ones titne step. Pressure 0 5 10 15
and Cartesian components of velocity are allocated in a staggered t(1 -a)gldo]”2

way. For the convection term in the NS equation, a fifth-order

upwinding is used while a third-order upwinding with a TVDFig. 2 Time history of rise velocity of droplet depending on
scheme is applied to the advection terms in E§sand(12), the grid size for Case 1-2

variables of which are defined at cell center.

2.7 Computation Procedure. First of all, grids of constant U. IS set to be 0.1 m/s, considering that the order of magnitude of
size are provided in the computational domain, where local griéfe velocity of a droplet, the diameter of which has the order of
refinement is not adopted. After setting the initial conditions, i.emagnitude of 0.01 m. At this Reynolds number, flow is laminar,
the rest state, Eq5) is solved to determine the position of theSO that no turbulent model is taken into account. _
interface at each time step of evolutionary explicit algorithm, !N order to examine the grid dependency of the method, rise
where p, is constant and, consequently, differentiated out. The
MDF is reset to be 0 or 1 at each time step, so that only interfa~=
cells have nondigit values and the interface is kept within one-c
size. Any numerical errors during the transport of the MDF lead
the erroneous change of the volume of a droplet. This must de
riorate the accuracy of physical shrinkage of the droplet. Ther
fore, it is necessary to calculate the dissolution rate and the v
umes of the droplet before and after the transport, respective
and to recover the erroneous volume at each time step.

Using this MDF, the density and viscosity are calculated b
Egs. (3) and (4), and the NS equation is solved by the above
mentioned NS solver. In rising droplet simulations, to keep th
droplet at the middle of the computational domain, the negati
value of acceleration at its gravity center is added to the mome
tum equation as inertia. Once velocity field is obtained, (E8) is
solved in the continuous phase to transfer dissolved CO2. Ti
process is iterated in a time-marching way, where time increme
is determined by setting both the Courant and diffusion numbe
to be 0.2, the latter of which is based not only on kinemati
viscosity but diffusion coefficient of mass transfer.

N PR

D S PR D RPN
PR D D D PSPPI

3 Case Studies

3.1 Rise of Single Droplet. The present method is first ap-
plied to three-dimensional simulations of rising droplets. Mas
transfer at the interface is not considered in this case. Table
indicates the conditions of the simulations. The reference veloci

Table 1 Conditions of simulation for rising droplets 1
parameters Case 1-1 | Case 1-2 | Case 1-3
Domain 1-B Domain 1-A
Size of Computation Domain 4.0x4.0x5.0 2.0x2.0x 5.0
40 x 40 x 100
46 x46 x 115
Number of Grid Points 50x 50 x 125
12x112x 140 | 56% 56 140 | 56x 56 x 140 | 56 x 56 x 140
60 x 60 x 150
Density Ratio (0,/0,) 0.988 (b}
Viscosity Ratio (44, /4 ) 0.644
Weber Number (We) 2.53 I 7.58 Fig. 3 Velocity vectors around droplet and contour line of
Reynolds Number (Re) 500 [ 1500 MDF (0.5) for Case 1-2. Numbers of grids are (a) 56X56X140
Froude Number (Fr) 0447 [ o258 and (b) 60X60X150, respectively
512 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME
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Fig. 4 Time history of rise velocity of rising droplet. (a) Case
1-1. Solid line and broken lines denote results in Domains 1-A
and 1-B, respectively. (b) Case 1-3.

velocities of a droplet for various grid sizes with time are shown
in Fig. 2. Grid convergence is seen to be attained when the grid
size becomes as small as 0.085756 cells in the horizontal ®
direction, in other words, 28 cells for the diameter of the initial )

spherical droplet Figure 3 denotes velocity vectors around the. - _
droplet and a contour line of the MDF of 0.5, which actuall;?;gé_? Contour map of vorticity for Case 1-3.  (a) t=7.2. (b)
indicates the interface, in two grid systems & 5x140 and 60

X60x150, respectively. It is observed that the shape of the drop-

let and the velocity field, such as circulations in the droplet, al
almost identical.

Figures 4a) and(b) indicate the time histories of rise velocity
for Cases 1-1 and 1-3, respectively. Physically, these cases corre3.2 Dissolution From a Spherical Droplet without Flow.
spond to different droplet-diameters for the same liquid-liquitfo verify the present dissolution algorithm, a simple problem with
system. Grid size was chosen to be 0.G&>7or Case 1-1, simu- an analytical solution is solved, that is, mass transfer from a rigid
lations were done in two different computational domains. Thephere with infinite sink around it. In this case, there is no flow.
resultant rise velocities seem to oscillate with time and haveTable 2 states the conditions of this simulation.
phase difference between each other. Although unsteadiness is
thought to be physical, numerical artifacts, such as computational
domain sizes, may cause its ignition. It is also considered that,Table 2 Conditions of simulation for dissolution from a rigid
terms of time-averaged values, Figajtsuggests small domain- sphere

thie droplet when the velocity is large &t 8.7. This fact may be
associated with the oscillatory movement of rise velocity.

size dependency.
Figure 4b) shows a distinct oscillatory tendency with time in parameters
rise velocity. To investigate this, the contour lines of vorticity on | Size of Computation Domain 20x20x2.0
a vertical plane slicing the droplet centertat7.2 and at=28.7 ; -
are shown in Fig. 5. These timings correspond to a hollow and a| Number of Grid Points 56 x 56 x 56
hump, respectively, of the time history of rise velocity shown in | Reynolds Number (Re) 525
Fig. 4b). A strong vortex ring is attached to the droplet when the -
rise velocity is small at=7.2, while the ring moves away from | Schmidt Number (Sc) 1.0
Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 513
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Fig. 6 Time history of Sherwood number for dissolution from
rigid sphere without flow
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An analytical solution of this problem follows. The diffusion _

flux at the surface of the sphere is solved under the boundéj§' 7 Time histories of rise velocity and diameter of rising
conditions:C=Cg atr =R, andC=C., atr=2R, oplet with mass transfer at interface. Solid and broken lines

denote results for Grid 4-1 and 4-Il, respectively.
d C CS_ C:x:

ScRedr  °™RY ScRe
On the other hand, mass transfer coefficient at the inteldse to make grid dependency insignificant. In this context, for the

(22)

defined as finer grids(Grid 3-11), computational results can be reliable until
q:4wRSk’(CS— C.) (23) the shrinking 'diameter becomes as Iong as 26 cells. A(_:cordir_lgly,
the computation was stopped at such timing, the nondimensional

Equations(22) and (23) give time of 12.0.

2 Figure 8 denotes the time histories of resultant Reynolds and
k' Sc Re= — (24) Sherwood numbers based on the rise velocity and the diminishing

0 diameter of the droplet for Grid 3-ll. Also shown is the time
From the definition of the Sherwood number, we obtain history of the Sherwood number calculated by the Ranz-

Marshall’'s equation
Sh=2Rgk’ Sc Re=4 (25)

_ ) _ _ Shyy= 2.0+ 0.60RNY2ScH3 (26)
The time history of the Sherwood number resulting from this ) ) o ) )
simulation is shown in Fig. 6. It is almost identical to the analytiT his equation was obtained for a rigid sphere in uniform flows. It
cal solution and its error is about 3 percent from the solution & ot necessarily expected that the both Sherwood numbers match
Eq. (25) when the steady state is attained. This error is inevitabRecause the droplet is deformed and flow around it is unsteady.
and reasonable because of the present method described in $6¥tbooks suggest some modifications for droplet flows, such as

tion 2.5, Shymu /Shry =S¢\ 1 1.9 27)
3.3 Dissolution From a Rising Droplet. Finally, we ap- here
plied the present method to a rising droplet flow with mass trans-
fer at the interface. Conditions of this simulation are stated in a=U,/Ug (28)
Table 3. The nondimensional numbers are based on the LCO2- = . . .
seawater system except for Sc, which is set 1.0 here and it riﬁt,‘hls simulation, simulatetl), /Uy is about 0.97 and, therefore,
lower than that of reality. Again, velocities are nondimensionaMrm/Shrw=1.7. The Sherwood number, Sh, resulted from the
ized by 0.1 m/s. simulation is in moderately good agreement with,Qi obtained
Figure 7 denotes the time histories of rise velocity and diameter
of the droplet, the latter of which is calculated assuming that the
droplet is spherical. The results of using two grid systems are
almost identical until the nondimensional time of about 7.0, when
the grid size of Grid 3-I comes to be about 0.0885 his may

300

mean that 26-cell disposition for the droplet diameter is sufficient 250
200
Table 3 Conditions of simulation for dissolution from a rising
droplet 150 ¢
parameters Grid 3-1 | Grid 3-11 100
Size of Computation Domain 2.0x2.0x4.0
Number of Grid Points 60 X 60 X 120 | 70 X 70 X 140 5 ds0
Density Ratio (0,/0, ) 0.90 ,.i
Viscosity Ratio (4, /44, ) 0.10 of 5 L L L ol
Weber Number (We) 1.17 t[(1-c)g/d]'?
Reynolds Number ( Re) 525
Froude Number ( Fn) 0.451 Fig. 8 Time histories of Reynolds number and Sherwood num-
Schmidt Number (Sc ) 1.0 ber of rising droplet with mass transfer at interface for Grid 4-2.
- 3 Solution of Ranz-Marshall's equation for rigid sphere is
Saturated Concentration (Cg) 0.14 Kg / m superimposed.
514 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



C
Cs
C..

d

(a)

(b)

Fig. 9 3D shaded images of rising droplet with mass transfer
at interface. (a) Iso-surface (20.0) of Laplacian of pressure.
Iso-surfaces (0.05 Cs,0.13 Cs) of mass concentration.

(b)

by Eq.(27), though it is still necessary to compare it with experi-
ments to assure the validity of the present method. Shem
Figure 9a) shows an iso-surface of the Laplacian of pressure,
which denotes the position and the shape of vortices. The dro RM
seems to be deformed to an elliptic shape. Ring-type and
horseshoe-type vortices are clearly visualized in the wake of the UY
deformed droplet, as is generally seen in the wake of a sphere
about this Reynolds number. Figuréb® shows two iso-surfaces Un
of C. It is observed that the dissolved mass attaches the fringe of UYs
the vortices in the wake. UU
|

Ur
. \
4 Conclusions Vq

A numerical simulation method has been developed for solving We
two-phase flow with mass transfer through the interface. The in-
terface is determined by a front-capturing method solving the
transport equation of marker density function. Surface tension is ®a
treated as a body force in the NS equation. From the interface,
mass of the dispersed phase dissolves into the continuous phas&®s
and diminishes at the rate of dissolution. Transfer of the dissolved &
mass is obtained by solving an advection-diffusion equation for its  #«
concentration in the continuous phase. MA

Three case studies were carried out to validate the present#s
method. Rise of a droplet was simulated and verified by confirm- P
ing grid convergence. Simulated Sherwood number of a rigid Pa
sphere without flow was in good agreement with an analytical P8
solution. Finally, dissolution from a rising droplet was simulated @
successfully. It was visualized that horseshoe-type vortices are
attached by dissolved mass in the wake of the deformed droplet.
The simulated Sherwood number was compared moderately well
with the solution of an empirical equation.

Nomenclature

mass concentration, Kgfn

saturated concentration, Kgim

concentration at infinite distance, Kg?m
nondimensional diameter of droplet

reference length: initial diameter of droplet, m
diffusion coefficient of dispersed-phase mass in con-
tinuous phase, fifs

nondimensional body force vector

U/\gd, Froude number

gravity acceleration, m?s

unit gravity vector

distance between interface and volume-center of in-
terface cell

mass transfer coefficient at interface, m/s

k/U nondimensional mass transfer coefficient at in-
terface

unit normal vector to interface

nondimensional pressure

nondimensional mass diffusion flux at interface
nondimensional coordinate component in radial direc-
tion of a droplet

$BV44x nondimensional radius of a droplet assum-
ing that its shape is sphere

0.5 nondimensional radius of initial droplet
podoU/ g Reynolds number

Uy Re Reynolds number based on rise velocity
nondimensional area of interface in an interface cell
mol(poD) Schmidt number

dok/D=k’ Sc Re Sherwood number

Sherwood number given by the empirical Ranz-
Marshall’s equation

modified Ranz-Marshall's Sherwood number for
droplets

(pa®aup+ pg®PgUp)/ (pa®a+ pp®Pg) Mass-averaged
velocity vector

velocity vector of dispersed phase

velocity vector of continuous phase

reference velocity, 0.1 m/s

nondimensional interfacial velocity

nondimensional rise velocity

nondimensional volume of an interface cell
nondimensional volume of droplet

podoU?/ o Weber number

mass flux of dispersed phase at interface by dissolu-
tion

volume fraction of dispersed phase or, in other
words, marker density function

1-®,, volume fraction of continuous phase
nondimensional curvature of interface
nondimensional viscosity

viscosity of dispersed phase, Kagys)

viscosity of continuous phase, Kgis)
nondimensional density

density of dispersed phase, Kg/m

density of continuous phase, Kgim

interface tension, Kgfs
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A Numerical Investigation of the
v.araaniar | DEtachment of the Trailing
DepartmentofAerZi;Zi;CEri;siizzlr?;ed PartiCIB From a Chain

. landMelchanics, - - - -
mesvaumes - Sedimenting in Newtonian and
e-mail: patankar@aem.umn.edu

«wne | Viscoelastic Fluids

Associate Professor,

Department of Mechanical Engineering Particles sedimenting in a viscoelastic fluid form chains. It has been observed in experi-
and Applied Mechanics, ments that, sometimes, the last particle in the chain gets detached. In this paper, we
University of Pennsylvania, investigate this phenomenon. It is known that a long chain falls faster than a single
Philadelphia, PA 19104-6315 particle in fluids. This long body effect tends to detach the last particle from the chain.

The wake effect and the normal stress effect are the mechanisms that work against the
long body effect. The last particle is not detached if the inertial wake effects are strong
enough to cause substantial drag reduction on it. The detachment is also restricted by the
elastic normal stress of the viscoelastic flUi80098-220200)01003-9

1 Introduction above the other was not realized in their dynamic simulations.
eBrird et al. [8] suggest that the critical distance of separation for
21id-to-end settling may be associated with a negative wake. The
issue of separation of patrticles falling, very slowly, one above the
ther is still an unresolved one.
At higher Reynolds numbers two particles falling one behind
tal data show that two spheres settling slowly along their line € other in Newtonian ﬂ-UIdS eXthlt a tendency to draft, kiss, and
?umble(JosepI‘[G]). Drafting and kissing are seen because of the

centers fall with a common term_lnal_ ve!outy._ Riddle et ] wake effect and tumbling is related to the stability of long bodies
presented an e>§per|mental investigation in Wh'.Ch the dlstancg tfgﬂing in a fluid. A trailing sphere caught in the wake of a leading
tween two identical spheres falling along their line of centers in

. lastic fluid d ined f . f 1 Th Ghe experiences a reduced drag and thus falls faster than the lead-
viscoelastic fluid was determined as a function of time. Th&Y, sphere. This is drafting. The increased speed of fall impels the
found that, for all five fluids used in the experiment, the sphe

A W initial . g i '$%iling sphere into kissing contact with the leading sphere. In
attract for small initial separations and separate If they are Nligision to the inertial effect, the normal stress effects cause two

close(Fig. 1). This led to the definition of critical initial Separa'}a;rticles to attract, in a viscoelastic fluid, if their separation is not

Many researchers have studied the interaction between sph
settling in Newtonian and viscoelastic fluids. Goldman ef{ 4.
have obtained exact numerical values, in the creeping flow lim
of the terminal velocities of two identical, arbitrarily oriented
spheres settling in a Newtonian fluid. Their results and experim

tion. The Reynolds number in their study was less than 0.05. It ry large.

therefore, fair to say that the phenomenon they observed was dug cnain of spheres falling behind a single sphere in Newtonian
to the elastic effects of the fluid rather than the inertial effects.or viscoelastic fluids, at very low Reynolds number, converges
Theoretical investigqtion has been attempteq to expl_ain eih the leading sphere to form a longer chéffig. 2. The long
above phenomenon. Highly successful perturbation theories haygin of spheres behaves like a long object and tends to fall faster
been developed, based on the second-order fluid nieeel [3] han 5 single sphere. The weight of a long body increases in
and Brunn4]). Brunn[5] applied these schemes to the interactiogoportion to its length but the drag exerted by the fluid on it does
of two sedimenting spheres. His analysis shows that the sphefigfiincrease in the same proportion. This causes a kissing contact

always attract, in apparent disagreement with the observationRfeen the chain and the leading sphere. Due to the inertial
Riddle et al.[2]. Using the second-order fluid model, José¢ph

attributed the tendency of attraction to the normal stress effects.

He also mentioned that shear thinning, which is generally ob-

served in most viscoelastic fluids, would enhance the attraction

between the spheres. Feng et[&l} performed two-dimensional

numerical simulation of the interaction of particlesrculan in an

Oldroyd-B fluid. They carried out two kinds of simulations of

particles settling along their line of centers at low Reynolds num-

ber, viz. static and dynamic. They calculated the drag on the top

and bottom particles in their static simulations. Their static simu- S<§ A
lation results were in qualitative agreement with the experimental
observations of Riddle et dl2]. The repulsive force between the —_— e
two particles, which they obtained from their static simulations,

was very weak and was easily drowned out in their dynamic simu-

lations. As a result the separation of two particles released one far

Contributed by the Fluids Engineering Division for publication in ticeJBNAL F_lg. 1 Ph.enomen(_)n Of_ critical dlstancef‘ with two Sphere.s set-
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiontling in a viscoelastic fluid. The mechanism of attraction is ex-
October 20, 1999; revised manuscript received April 18, 2000. Associate Technigd@ined by compressive normal stresses (Joseph [6]). The
Editor: M. Dhaubhadel. mechanism of separation is yet unresolved.
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cal method. Then we will present results on chaining in Newton-
ian and viscoelasti¢Oldroyd-B) fluids. In the end conclusions
will be presented.

Long body falls
faster 2 The Numerical Scheme

The numerical scheme is described in detail by[#0] and Hu
and Patankalr11]. This scheme solves the full non-linear Navier-
Stokes equations for the fluid in conjunction with the Newton’s
equation of motion for the particles. For a viscoelastic fluid, the
momentum equation is coupled with the constitutive equation of
an Oldroyd-B fluid. The equations are solved by the EVSS
formulation.

A finite element technique based on moving unstructured grids
is used to simulate the motion of large numbers of particles in a
flowing liquid. A generalized Galerkin finite element formulation,
which is second-order accurate in space, is used to discretize the
Fig. 2 Formation of long chains in Newtonian and viscoelastic equations. Upwinding is not used in the convective terms. An
fluids. This chain configuration is unstable in Newtonian fluids arbitrary Lagrangian-EuleriafALE) technique is adopted to deal
whereas it is stable in viscoelastic fluids in slow flows. with the motion of the particles. At each time step, the grid is
updated according to the motion of the particles and checked for
element degradation. If an unacceptable element distortion is de-

tected, a new finite element grid is generated and the flow fields

effects the long chain structure becomes unstable and tumble%ﬁg projected from the old grid to the new grid. The generalized

higher Reynolds numbers. Such turing happens at nonzero RRY £ Gajerkin finite element approach used here gives rise to a set

nolds numbers in Newtonian fluids, whereas in viscoelastic fluids onlinear algebraic equations, which are solved via a quasi-
it happens at relatively higher Reynolds numbers depending RR\yton scheme. The corresponding linearized system is solved

the EUid (Liu anq Josepﬂij]l). . Kin th fasi by an iterative solver using a preconditioned generalized minimal
There are various mechanisms at work in the case of a Singl&iqa| algorithm. Initially, the particles are positioned in the

sphere falling behind a chain of spheres. The trailing sphere is fipkq \yith a zero velocity. The particles are then released and the
always attracted to the chain. In viscoelastic fluids, it is seen t%ﬁgﬂon of the combined fluid/particle system is simulated using a
St

+O +0O00

there is attraction if the separation between the trailing sphere gty .eqyre in which the positions of the particles and of the mesh
the chain is not very large. As shown in Fig. 3, the trailing spheige \pdated explicitly, while the velocities of the fluid and the
detaches from the chain when the distance between them exc particles are determined implicitly. HO] and Hu and
a critical value(Joseph[6]). This observation is similar to that paiankaf11] have reported convergence tests and benchmark so-
seen in the experiments by Riddle et[&]. However, sometimes, lutions for this numerical scheme.
an attached sphere in a chain gets separated. In this case the criti-
cal separation for detachment is zero. Although this phenomengn ; :
looks similar to that observed by Riddle et ], it is not clear if "s Nor-1d|men-3|onal Earameters o
it is caused by the same mechanism. It is also not clear whethefconsider a viscoelasti®©ldroyd-B) fluid with constant proper-
the phenomenon of critical distance in chains is peculiar to tii€s. Let# be the viscosity\; be the relaxation time anil, be
viscoelastic fluid model. It is difficult to experimentally study thighe retardation time of the fluid. Led be the diameter of the
phenomenon in Newtonian fluids since a perfectly aligned chaifcular particleg be the gravitational acceleratiop, be the den-
configuration is not stable. However, this difficulty can be ovesity of the particle ang be the density of the fluid. Le3, be the
come in numerical simulations. critical distance of separation and let there Ngarticles in the

In this paper, we Study the phenomenon of detachment of pgpadlng chain. Considering the width of the channel to be Iarge
ticles from a chain. We perform two-dimensional dynamic simignough to exclude the wall effects we get
lation of particles in Newtonian and Oldroyd-B fluids. In our _
simulations, there arbl particles(cylinders in the leading chain Se=1(dips.prom A1 k2, GN), @
and a trailing particle is placed with some initial separation. Waheref is some function. Applying Buckingham’s Pi theorem we
found that the detachment of a particle from a chain is not peculig@n write:
to the viscoelastic fluid model. It can also be observed in New-
tonian fluids under certain ideal conditions. (%) —fl N Ps 7 ISR @)

. . R . . ’ , 7 2 .
In the next section, we will make a brief mention of the numeri- d ps pfd@ pide N

Note that:
n Fro-5 Ny De
———=——and —=—,
pidygd Re pid>  Re

where Re is the Reynolds number, Fr is the Froude number, and
§>S De is the Deborah number. The ratio of dimensionless numbers is
c used in the expression for critical distance since the characteristic
velocity of the problem is not known beforehand. We use an
Oldroyd-B model with\, /A ;=1/8.N\1=0 orA,/\;=1 results in
a Newtonian fluid.

S<S

4 Chaining in a Newtonian Fluid

A vertically falling chain configuration is unstable in Newton-
Fig. 3 Phenomenon of critical distance for chains settling in ian fluids. In our simulations we consider a chain sedimenting
viscoelastic fluids along the centerline of a vertical chan€ig. 4). The width of the
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less cavitation occurs. We do not consider this phenomenon.
Hence there is always a thin layer of fluid between the particles.
1: . In our simulations we have a “collision scheme” which keeps the

tra111ng p article particles separated by some minimum distaftde and Patankar
O [11]). If the particles stay together, the separation distance is

found to reduce to the one set by the collision scheme in all our
P ) simulations. This is as close as the particles can get and is equiva-
initial separation lent to zero separation for the purpose of our simulations.

When the initial separation is increased to 1.5 times the diam-
eter of the particles we see that the trailing particle falls faster,
indicating attachment. On further increasing the initial distance of
separation to two times the diameter of the particle, we see that
the trailing particle now falls slower than the leading chain indi-
Leading chain cating further separation. This clearly indicates that the phenom-
enon of critical distance in a sedimenting chain is not peculiar to
the viscoelastic fluid model and can be seen in Newtonian fluids
as well.

The leading chain behaves like a long body and tends to fall
faster than a single particlghe long body effegt Consequently,
if the trailing particle is far behind the leading chain there is
separation. But when the trailing particle is in the wake of the
leading chain it experiences reduced drag and may fall faster than
the leading chain, causing attachment. Thus we see attraction due
to the wake effect. Competition between the long body effect and
the wake effect gives rise to the phenomenon of critical distance
of separation in a Newtonian fluid.

gravity

Fig. 4 Numerical simulations are performed in a channel with
the walls wide apart (the channel width is 15 times the particle
diameter )

h lis taken | h inimize th Il off D 4.2 Effect of Number of Particles in the Leading Chain.
the Symmetry of the problem. the vertcal chain configuration (ECNSIC @ Case withs/p~1.005 and FIYRe=0.026. The ini-
stable during the simulations éven in a Newtonian fluid |.t?‘al dlste_mce_ of separation be_tween the Ieadmg chain and the trail-

: ing particle is zero. We consid&f=2 and 3. Figure 6 shows that

4.1 Phenomenon of Critical Distance of Separation. To for N=2 all the particles fall with a common velocity indicating
demonstrate the phenomenon of critical distance of separation in@detachment. FoX=3, the leading chain falls faster than the
Newtonian fluid we consider a case with=2, p./p;=1.01 and trailing particle, indicating detachment. Increase in the number of
FI*%Re=0.026. Figure 5 depicts the plot of velocities of the leadParticles in the leading chain induces detachment. o
ing chain and the trailing particle as a function of time for three Increase in the number of particles in the leading chain in-
different initial separations. If the trailing particle falls with acreases both, the long body effect and the wake efteete is a
velocity less than that of the leading chain then we have sepaféonger wake behind a chain falling fagtefhe long body effect
tion; if it falls faster then we have attachment. No detachment @@minates as the number of particles in the leading chain is in-
said to occur if the magnitude of the difference in velocities of thereased. Consequently, the critical distance of separation de-
trailing particle and the leading chain is less than 40Figure 5 Creases with increase in the number of particles in the leading
shows that for zero initial separation all the particles fall with &hain.
common VEIOC”Y |_n_d|cat|ng no de_tachment. 4.3 Effect of Density Ratio. We setN=3 and FP¥Re
_ Note that the_ initial separation Is not e.Xf*Ct'y equal to ZEro dl“30.026. The initial distance of separation between the trailing
ing the simulations. We set the initial distance of separation bga ioje and the leading chain is zero. We consider two cases with
tween all adjacent particles to 0.01 times the particle diamet r'/pf:1.005 and 1.01, respectively. Figure 7 shows that the trail-

Separation between particles in a liquid is never exactly zero Lﬁfg particle separates from the leading chain when the density

1.1 0.65

7 in.sep.~0, Terminal Re=2.38 A N=3, Re~1.38
1 e in.sep.=1.5d : """"""""""""""""""""""""""
0.825 0.487 ~
q S in.sep.=2d ~ N=2, Re=1.27
2 | . - |
3 0.55 » ) 2 0.325
° i1y Trailing particle ° A Trailing particle
T — Leading chain b Leading chain
0.275 1 0.162 —
0 B0 L L L L I L LY LN LI IR B 0 T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 0 2.125 4.25 6.375 8.5
time _ time
Fig. 5 Phenomenon of critical distance in Newtonian fluids, Fig. 6 Effect of number of particles in the leading chain. Initial
N=2, ps/p;=1.01 and Fr%%Re=0.026 separation ~0, ps/p~=1.005 and Fr%%Re=0.026.
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1.2
1] Den.Ratio=1.01, Re=2.70
4 /e Trailing particle
> 0.8
78) ] — Leading chain
R N
i Den.Ratio=1.005, Re~1.38
0.4
0.2 IIII|IIIl|lll||lITI||III|IIII||IIIIIIIF

0 1 2 3 4 5 6 7 8
time
Fig. 7 Effect of density ratio. Initial separation ~0, N=3 and
Fro%/Re=0.026.

1.2
b 0.5
J Fr / Re =0.026, Re = 2.7
1 —
Y 2 A Trailing particle
2 0.8+
g ] Leading chain
ERNS 5 ) Re = _
06 P IR = 0.00, Re= 07
0.4 —
0.2 T T T T I L I T T TT l T 11T I LB | L i T T
0 1 2 3 4 5 6 7

time

Fig. 8 Effect of viscosity. Initial separation ~0, N=3 and

ps/p=1.01.

ratio is 1.005. When the particles are dengey/p;=1.01), there

0.5 7
0.45 —: ----------- Trailing particle
] Leading chain
0.4
2 ]
g 0.35
° . De/Re=0., Re~0.76
0.3 N T T
] De/Re=2.4, Re~0.73
0.25
o M
0 S 10 15 20
time
Fig. 9 Effect of fluid elasticity. Initial separation ~0, N=2,

ps/p=1.003 and Fr%%Re=0.026.

Oldroyd-B fluid and a Newtonian fluid while keeping all other
parameters the same. Consider a case With2, ps/p¢=1.003,

and FP¥Re=0.026. The initial separation between the trailing
particle and the leading chain is zero. Figure 9 shows that the
trailing particle gets detached in the Newtonian fluid whereas in
the Oldroyd-B fluid there is no detachment. This suggests that the
elasticity of the fluid induced attachment. The tendency to attach
in a viscoelastic fluid is due to the normal stress effects as ex-
plained by Josepf6].

Riddle et al.[2] had observed that for large initial separation
(greater than 5 times the diameter of the parjidlee trailing
particle tends to detach due to some viscoelastic effects. As men-
tioned before, this has not yet been explained theoretically and is
not captured in any of the numerical simulations. Our simulations
do not capture this effect either. Nevertheless, it should be noted
that the tendency to detach due to the viscoelastic effest®b-
served by Riddlg is important for large initial separations
whereas the tendency to detach due to the long body effect is
active even for zero initial separations. Thus, for small initial
separations, long body effect is a dominant phenomenon and es-
pecially so for the detachment of the last particle from a chain.

Figure 10 shows the separation of particles from a chain in
viscoelastic fluids. It shows that the last two particles in a chain of
six particles are detached from the chain one after the other.

is no detachment. Increasing the density ratio increases the wake

effect (indicated by higher Reynolds numbewhich induces at-

tachment. This causes the critical distance of separation to i

crease with increase in the density ratio.

4.4 Effect of Viscosity. We now setN=3 and pg/ps

=1.01. The initial distance of separation between the trailing pau
ticle and the leading chain is zero. Increase in the viscosity of th
fluid is manifested through increase ir’BiRe. We consider two =
cases with F¥¥Re=0.026 and 0.052, respectively. Figure 8%
shows that the trailing particle remains attached to the Ieadir’a:) QLI ~ ==
chain when F+¥Re=0.026. Increasing the viscosity increases the

drag on the particles and reduces the Reynolds nurtiigr 8).

The inertia effects become less dominant at lower Reynolds nur
ber, reducing the wake effect. This causes the critical distance
separation to decrease with an increase in the viscosity of tt

fluid.

5 Chaining in Viscoelastic Fluids

We consider an Oldroyd-B fluid with,/\;=1/8 and De/Re
=2.4. In the case of Newtonian fluids, De/R@. We study the

0.16

0.14J

0.12
0.1

0.08 Leading chain, Re=0.173

0.06 — T~

0.04 —

0.02 ﬁ

0 cov b by v P e v by e by v by gy

0 10 20 30 40 50 60
time

70

Fig. 10 Sequential separation of particles from a chain of six
particles in a viscoelastic fluid, ps/p/=1.001, Fr®Re=0.026

effect of viscoelastic properties by comparing chains in amnd De/Re=2.4
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6 Conclusions Nomenclature

In this paper, we have investigated the phenomenon of detachd = diameter of circular particles
ment of a trailing particle from a leading chain, frequently obDe = X\,U/d; Deborah number
served in sedimentation experiments involving viscoelastic fluidsFr = U?/gd; Froude number
We performed two-dimensional dynamic simulation of particles g = acceleration due to gravity
in Newtonian and Oldroyd-B fluids. We found that the detach-N = number of particles in the leading chain
ment of a particle from a chain is not peculiar to the viscoelastiRe = p;Ud/ 7; Reynolds number
fluid models. It can also be observed in Newtonian fluids underg = separation between particlésee Figs. 1 and)3
certain ideal conditions. S. = critical distance of separation for the detachment of the
A chain of particles behaves like a long body and tends to fall trailing particle
faster than a single particle, inducing detachm@né long body U = characteristic velocity of the problefdefined as the
effecy. The mechanisms that work against this are the wake effect velocity of the leading chain
and the normal stress effect. The wake of the leading chain rey = dynamic viscosity of the fluid
duces the drag on the trailing particle. This causes attraction. INg = relaxation time of the fluid
viscoelastic fluid, the normal stress effect also causes attractiqo2 = retardation time of the fluid
The long body effect competes with the wake and normal stress, = density of the fluid
effects to give rise to the phenomenon of critical distance of sepg;, = density of the solid particles
ration. If the initial separation of the trailing particle from the
leading chain is less than this critical distance then there is attrdeferences
tion otherwise there is separation. The critical distance of separa-] Goldman, A. J., Cox, R. G., and Brenner, H., 1966, “The slow motion of two
tion depends on various flow parameters. Knowledge of the func- ide_ntical arbitrarily oriented spheres through a viscous fluid,” Chem. Eng.
tional form of this dependence can be used to determine the Sci., 21, pp. 1151-1170. . .
X . . 2] Riddle, M. J., Narvaez, C., and Bird, R. B., 1977, “Interactions between two
rheological properties of the fluid. spheres falling along their line of centers in a viscoelastic fluid,” J. Non-
In our numerical simulations, we chose a wide channel to mini-  Newtonian Fluid Mech.2, pp. 23-35.
mize the effect of channel walls. In some experiments, the pari3] kj%ﬂn&é&é&iiﬁgﬁ[ggemnggggn of Samga”%amc'es in non-Newtonian fluids,” J.
ticles (Sphere.)sare _dropped in a slit V\.Ihose gap IS_SlIghtIy blgger_#] Brunn, P., 1980, “The motic’)np%f rigid barticles in viscoelastic fluids,” J.
than the particle diameter. This confines the particles to move in " Non-Newtonian Fiuid Mech7, pp. 271-288.
two dimensions. In this configuration, the long body effect will be [5] Brunn, P., 1977, “Interaction of spheres in a viscoelastic fluid,” Rheol. Acta,
reduced since the drag on a chain of spheres will be more linearl }Slsgpn46Dl_I§65i996 “Flow induced microstructure in Newtonian and vis
dependent on .th(.e length of the Qha'f‘- In an. infinite domain, th coelz:?stfc quids’,” Keynote presentati¢paper no. 95gaat the5th World Con-
drag on a chain increases logarithmically with the length of the  yress of Chemical Engineering, Particle Technology Track, Second Particle

chain in the creeping flow limit. Technology ForumSan Diego, CA.
[7] Feng, J., Huang, P. Y., and Joseph, D. D., 1996, “Dynamic simulation of
sedimentation of solid particles in an Oldroyd-B fluid,” J. Non-Newtonian
Fluid Mech.,63, pp. 63—-88.
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Flow Characteristics of
Transitional Boundary Layers
on an Airfoil in Wakes

H. Lee1 Transition characteristics of a boundary layer on a NACA0012 airfoil are investigated by
Graduate Student measuring unsteady velocity using hot wire anemometry. The airfoil is installed in the
incoming wake generated by an airfoil aligned in tandem with zero angle of attack.
S.-H. Kang Reynolds number based on the airfoil chord varies fromx2(° to 6.0x10°; distance
Professor between two airfoils varies from 0.25 to 1.0 of the chord length. To measure skin friction
coefficient identifying the transition onset and completion, an extended wall law is devised
School of Mechanical and to accommodate transitional flows with pressure gradient and nonuniform inflows. Varia-
Aerospace Engineering, tions of the skin friction are quite similar to that of the flat plate boundary layer in the
Seoul National University, uniform turbulent inflow of high intensity. Measured velocity profiles are coincident with
Seoul 151-742, Korea families generated by the modified wall law in the range up fo=¢0. Turbulence

intensity of the incoming wake shifts the onset location of transition upstream. The tran-
sitional region becomes longer as the airfoils approach one another and the Reynolds
number increases. The mean velocity profile gradually varies from a laminar to logarith-
mic one during the transition. The maximum values of rms velocity fluctuations are
located near y =15-20. A strong positive skewness of velocity fluctuation is observed at
the onset of transition and the overall rms level of velocity fluctuation reache8350n

wall units. The database obtained will be useful in developing and evaluating turbulence
models and computational schemes for transitional boundary layer.
[S0098-22000)01603-3

Introduction nation of laminar and turbulent properties. Conditionally sampled

The fi the blad £ turb hi v hiah urbulence does not show fully developed turbulent flow charac-
€ Tlow over the blades of turbomachinery are usually nig ristics, and the nonturbulent part does not show laminar flow

three dimensional, turbulent, and unsteady due to their complgxaacteristics. Therefore, linearly combining the laminar and tur-
geometry and interaction between the rotating and nonrotatiggient properties is questionable even for flows without pressure
blades. The flows are transitional over a considerable part of theadient(Kuan and Wang5]; Sohn and Reshotki®]).

blade, especially in machines of compact design and small sizeMislevy and Wang[7,8] investigated the effects of adverse
Therefore correct prediction of skin-friction and heat transfer cgressure gradients on momentum and thermal structures for a de-
efficients in the transitional boundary layer are important for d¢:eloping boundary layer. They reported that highly turbulent
veloping highly efficient compressor blades and predicting hehear layer is generated in the near wall' €7) pretransition
spots on turbine blades. However, the transition procedure is coffigion. They also observed a broader region of streamwise veloc-
plex and affected by many parameters. Many studies investigatg?ﬂl_mtuat'on in the transverse direction unlike the zero pressure
the flow structure and modeling the transition procedure ha adient flows. .

been done in the past. Most of them have focused on steady flo Jhe European Research Community on Flow Turbulence and

. ) past. . y _(‘f’gmbustlor(ERCOFTAQ special interest group made an experi-
with highly turbulent freestream, pressure gradient, streamling,nia) database of the transitional boundary layer, and applied the
curvature and unsteadinegsee review papers by MaylEll; ayajlable turbulence models to verify them for transitional flows
Walker[2]). However, it is still interesting to expand our knowl-(Savill [9]). However, a turbulence model for accurate prediction
edge of physical aspects of the transitional boundary &y, of the transition on the blades in various conditions is not avail-
bypass transition developing on the blade in the highly turbuleable. More data are needed to validate turbulence models and
steady flows CFD techniques.

Many studies on the effects of freestream turbulence and presThe present study provides an experimental data set of a tran-
sure gradient have been performed on flat plates, since they §ifional boundary layer on the NACAQ012 airfoil located in the
the most influential parameters on the boundary layer transitiotf'f.rbwent wake generated by_angt_her upstream airfoil. .Th'.a transi-

. . tiopal boundary layer on an airfoil in the nonuniformly distributed
The isolated and combined effects of freestream turbulence

X . A estream velocity profile is a more realistic case of turbomachin-
adverse pressure gradients were studied parametrically, base¢, Qo since there are extra strain and curvature effects. Jeon

turbulent intermittency in the boundary lay@ostelow et al[3],  gnq Kang[10] measured boundary layers on a flat plate in wakes.
Gostelow and Walker4]). They reported similar transition be-They reported that the Computational Preston tube Method
havior based on the measured intermittency and the linear com{@PM), proposed by Nitsche et dl11], is a simple and conve-
nient method to measure the skin friction in the transitional
- boundary layer. However, it is quite difficult to obtain accurate
'Present address: Senior Research Engineer, LG Cable, Ltd., 555, Hogye-Daggta over the flat plate due to thickness of the leading edge spe-
Dongan-Ku, Anyang-Si, Kyounggi 431-080, Korea. cially in the nonuniform flow. Numerical schemes also have dif-

Contributed by the Fluids Engineering Division for publication in ticeJBNAL : : ; . . . _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionflcuItIes in accurate treatment of the knife edge, since grid gen

February 4, 1999; revised manuscript received February 14, 2000, Associate TégRation is usually developed for round edges of turb_om_aChinery
nical Editor: D. Williams. blades. The boundary layer flow on the NACA0012 airfoil devel-
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ops under an adverse pressure gradient on the curved surfaceitgxand velocity fluctuations are measured with a single hot wire
cept in the vicinity of the leading edge. Strong turbulence inteprobe (DANTEC 55P15. The anemometer is calibrated using a
sity of the incoming wake over the leading edge of the airfodtandard Pitot tube and the output is fitted to a fourth order poly-
stimulates the boundary layer transition. The wakes were usuatlgmial. The output of the hot wire anemometer is low-pass fil-
generated by putting rods of small diameter upstream in previotgsed at 3 kHz and sampled Wi k samples/s for 20 s by the
studies. In such cases, unnecessary vortex shedding appeared fi@rbit analog to digital conversion boafData Translation 2833
the cylinder and large velocity defects were hard to obtain. Moiestalled in a PQ(Intel 80386. The probe is traversed vertically
natural and stable wake profiles of high turbulence intensity couftbrmal to the wall by a traverse unit with 0.01 mm resolution
be obtained by installing another airfoil upstream in the preseimstalled on the roof of the test section and controlled automati-
study. The flow condition of the present study represents flows @ally by the PC. The incoming wake profiles are measured with
the turbomachinery more closely than that of a flat plate. Wé-wire probe(DANTEC 55P63. A single wire calibration proce-
expect that these data will contribute to development and validddre was applied to each wire independently on the base of effec-
tion of turbulence models and computational schemes for transire velocity (cosine cooling law The instantaneous velocity
tional flows. Since the flows are carefully measured at low Regndv were obtained by adding or subtracting each effective ve-
nolds numbers, the data are also quite useful and interesting lacity component. Forty-eight channels of Scanivalve with a pres-
people to develop low speed and small airfoils. sure transducetMKS 220CD) are used to measure multi-point
) static pressures.
Experimental Program
o . . Measuring Skin Friction.  Although the skin friction is an

Facility and Instrumentation. The experiment was con- jmportant parameter for boundary layers, it is difficult to measure
ducted in a closed-type wind tunnel. At a flow speed of 30 M/, the transitional region. Jeon and Kafigd] showed that CPM
the background turbulence level was 0.3 percent-pass filtered i 3 proper correlation of the displacement factor is useful for

at10 kl—_|27 and the ﬂ.OW uniformity 0.'36 percent. .Th? variation 0measuring the skin friction in transitional boundary layers. In the
the static pressure in the test section without airfoils is less tharr1esent studv. we extended the wall law given by CPM to include
0.5 percent of dynamic pressure. Two NACAOQ0012 airfoils ar! Y, 9 y

vertically mounted in tandem with zero angle of attack at th&'® effects of pressure gradients; the hot-wire measurement of the

center of test sectioW 600 mmxH 300 mmxL 2000 mm). The Mmean vel_ocity is emplpyed to detgrmine thg u_nknown parameters
upstream airfoil has 44 static pressure holes of 0.8 mm and t#eCPM, instead of using conventional multi-sized Preston tubes.
downstream airfoil has 40 holes. The schematic of the arrangee initial distance of the hot wire from the wall, is also an
ment is shown in Fig. 1. Strips of sandpag@20 grade are unknown parameter in the extended wall law to obtain the wall
pasted on both sides of the upstream airfoil betw¥erl75 and shear stress. The extended wall law assumes following family of
195 mm to generate a stable wake flow. Streamwise mean velpesfile with three free parameter& (,K,,K3).

e Jy* 2(1+Kay™) . W
0 1+[1+4(Kyy A 1+Kay ) (1—exp—y " V1+Kay/K,))?1%° Y
I
whereu™” is the streamwise mean velocity apd is normal dis- Recently, Choi et al[13] calculated the transitional boundary

tance from the wall in the wall unik,, K, andK; correspond to layer on a flat plate using the Direct Numerical Simulation tech-
the von Karman constam, the van Driest constait ™, and the hique. Skin friction computed directly by DNS is compared with
pressure gradient parametét;=p*=v/pu(dp/dx), respec- that computed by the extended wall law using the DNS data, as
tively, in the fully turbulent boundary layer. Het, is set to the Shown in Fig. 2. The maximum deviation between the two values
standard value of 26. Therefore three unknowig, friction ve- IS 5.6 percent. This shows that the extended wall law can be
locity u,, andy, are determined using measured values of veloguccessfully used to measure skin friction.

ity in the region ofy " =5-40. The values ofi, andy, are ini-  yncertainty Analysis. The uncertainty levels for hot-wire

tially obtained by a conventional linear fii{ =y ) with three or measurements are” estimated according to Yavzuku#t The
four mean velocity data near the wall. With these initial values,

the three unknowns are determined by iteration of @&g}. The
correlation of displacement factor of Preston tubes in the CPM is
very important for the measurement of skin friction, because er-

rors of CPM mostly depend on displacement fadtéang et al. 4103 { —e—DNS(Choi et al.,1988) T
[12]). However, in our measurement, the errors due to the dis- —F extended wall law turbulent; G =0.582/ R,02
placement factor are not existent because interaction between hot 3103
wire and wall is negligible even gt =5.

£S laminar: C¢=0.664/R,0-5
2103

TRAVERSE NORMAL TO THE WALL

TRIP BY SANDPAPER

y I-PROBE
i BOUNDARY LAYER
—
— X 10-3
FLOW 105 106
UPSTREAM AIRFOIL INCOMING DOWNSTREAM AIRFOIL
‘WAKE Rx
. AIRFOIL CHORD, c=300mm
Fig. 2 Comparison of the extended wall law with the DNS data
Fig. 1 Schematic of the arrangement of airfoils for skin friction
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major uncertainty comes from the difference of the hot-wire out- Table 1 Transition extents in 6 cases tested
put before and after the measurement; this is due to air tempera

ture variation and the dust contamination. Air temperature varia- Distance Rey”g'ds

tion during measurement was within 0.3. The maximum deviation. , o t;’?}”;ﬁg” ?;Togr Xslc (Xe—Xg)/c

of calibrated velocity is 2.0 percent when compared with the re- s E 7S

calibrated velocity after the measurement. Combining other uncgﬁgg 8 S(iaf;gle 1ai6f0i| 66-00 16%5/{0’%%0 9559/330%0
: - = P o=1. _

E;\lnty factors with Fhe flow condition and callbratlon_of theCASEZ Gle=10 20 75/300 100/300
probe, the uncertainty level for the measurement of I-probe §5sg 3 Gle=1.0 20 105/300 120/300

2.35 percent. Mean velocity and the rms velocity fluctuation wekgASE 4 G/c=0.5 2.0 95/300 110/300

obtained by real-time data reduction technique. Therefore, th@ASE 5 G/c=0.25 2.0 85/300 90/300

have the same uncertainty levels. The range of uncertainty anaty

sis for I-probe measuremetih the boundary layeiis restricted to

u=4 m/s, because meaningful data were obtained within this

range for the boundary layer measurements. domain. For the single airfoil, the measured distributions of pres-
In addition to the factors considered in the I-probe measursure with different flow speeds coincide well with the calculated

ment, misalignment of the probe to the flow must be considereésults on the both sides as in FigaB From the leading edge to

for the X-probe measurements. Simply we put the mean yalil.5 percent of chord, the flow accelerates under favorable pres-

angle of the wire as 45 degree following specifications of theure gradient, and decelerates after that under adverse pressure

maker. No yaw angle calibrations were made. Since the progeadient. When an airfoil is installed in the wake, the pressure

misalignment is within one degree, the total uncertainty level falistribution on the downstream airfoil changes due to the wake as

the X-wire velocity measurement is 2.96 percent. shown in Fig. 8b). As the distance between two airfoils de-
In the transition region, we applied the extended wall law toreases, the mean velocity defect of the incoming flow increases

estimate the skin friction coefficient. The maximum deviation beas expected. The minimur€@, on the downstream airfoil in-

tween the modified wall law and the measured velocity profilereases and moves downstream.

was 2.25 percent. We simply estimated the uncertainty level of theProfiles of the mean velocity, turbulence intensity and Reynolds

friction velocity by the extended wall law with the change ofhear stress are measured using an X-wire to confirm two-

mean velocity within 2.25 percent deviations. We found that thdimensionality of the wake at three locationd/¢=0, +0.35 at

uncertainty level of the friction velocity was 4.2 percédi4 per- 1.5 chord downstream of the single airfoil in the uniform flow,

cent for skin-friction coefficientCs). CASEOQ. The X-wire measurements showed that the wake flow is
two-dimensional and the wake thickness is about 10 mm. Bound-
Experimental Results and Discussion ary layer velocity profiles were measured along the mid-span of

The ali t of the airfoil i firmed by checki tthe downstream airfoil. The transition regions for six cases are
e alignment or the airioll IS confirmed by checking Symmelgetarmined from the measured skin friction coefficients and sum-

ric static pressure distributions on the airfoil, which are shown Marized in Table 1. CASE1. CASE2. and CASE3 are to investi-

_Fig. 3. The solid line shows th_e potential flow SO'““Q” con_sic_ie_ jate the effects of Reynolds number for the distance between two
ing wall blockage, and dotted line shows the values in the infini

rfoils of one chord length. CASE3, CASE4, and CASE5 were
performed to see the effects of distance between two airfoils for
fixed Reynolds number.

05 ' . . .
,,,,,,,,, single airfoil caloulation @ Boundary Layer in the Uniform Flow.  Transitional bound-
—;blocklage corrected:alculat‘on ary I_ayer on the airfoil in a uniform flow, Wlthout an up_st_ream
~  1op side: B=6.0x10 airfoil (CASEQ, was measured as a baseline case. Variations of
& top side:R=4.0x10° skin friction coefficient are shown in Fig. 4. Transition starts at
v bottom side R,=500(X=185 mm and ends aR,= 860 (X=235 mn). Tran-

o i sition is assumed to start and end at the locations of local mini-
mum and maximum values of skin friction, respectively. Local
skin friction in the laminar region is smaller than that of the flat
plate boundary layer under zero pressure gradient due to the ad-
verse pressure gradient on the airfoil. In the turbulent region, the
value of skin friction is 20 percent smaller than that of the zero
pressure gradient boundary layer, which agrees well with the re-

0.2 : L L L 10-2 |
. Cy=0.0256/R 025
0.1F E ci=0e642R, 7 g .
0 I E .5
-0.1 o { K=-0.46x10-6
& G 1034 ; Ry=860 F
-0.24% r S K=-0.7x106
] single airfoil [N Ke0.35x10-6
-0.37 -0 Gle=1.0 E ¢ Ra=500
-8 Gle=0.5 & CASEO ¢
-0.47 @ GJ6=0.25 L '"0"'Mislevy and Wang (1996a) ; K=-0.51x10 6
~E-- Mislevy and Wang (1996a) ; K=-1.05x10 -6
05 . . . ; 104 T
0 0.2 0.4 0.6 0.8 1 100 1000
X/c Re
Fig. 3 Distributions of static pressure (a) for single airfoil and Fig. 4 Variations of skin friction for CASEO  (uncertainty for C;
(b) for airfoil in wakes (uncertainty for C, is +0.015) is +8.4%)
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Fig. 5 Profiles of (a) streamwise mean velocity, (b) enlarged view of (a) and (c) rms
velocity fluctuation for CASEO  (uncertainties for u™ and u’'*t are £4.8%)

sults of flat plate boundary layer under adverse pressure gradiafier the end of transition is still steeper than that of the flat plate
(Mislevy and Wand 7]; the transition onset Reynolds number aturbulent boundary layer under zero pressure gradient. This is
the start of transition decreases even for weak adverse gradieskpected because the turbulent boundary layer on the airfoil, even
Although there are no experimental data of skin friction on airfoilgfter the end of transition, does not reach the equilibrium state. An
at low Reynolds numbers, Kerho and Bradd] studied transi- enlarged view of Fig. &) over the region of 5y*<100 is
tional flow on a NACA0012 airfoil using an intermittency signal.shown in Fig. b) with corresponding profiles of the extended
They reported that the transition startsi@t =0.65 and the length -1 jaw. The valid region for the extended wall law becomes

of transition is, Kg—Xg)/c=0.125 atR=7.5x10° based on large fromv* <30 i fter the on f transition ¥ < 1
chord length. In spite of the difference in test conditions, the e qegindoofytrJSSiélrJ]St after the onset of transition yo <100 at
tent of transition and the onset location of transition are quite The rms profiles éf streamwise velocity fluctuation are shown

similar to the results of the present study. in Fig. 5(c). The transition onset in this study corresponds to the

Several profiles of streamwise mean velocity are shown in Fi - ¢ turbul on. Th h | loci
5(a). Experimentally determined parameters of the extended waifation of turbulent spot creation. Thus, there are large velocity

law are also given in Fig.(8). The boundary layer thicknesé uctuations in the pre-transition, so called laminar like region, due
(u=0.9,) is 0.8—6.0 mm fromX= 135 to 275 mm. Before the © Tollmien-Schlichting(T-S) waves and their nonlinear interac-
onset of transition, velocity profiles coincide well with the relatioion- As the transition starts, the fluctuation grows quickly. Just
y* <4 deviates from the law of the wall due to wall cooling effect!’ ~ becomes as high as 6(03 percent of freestream velocitgt

of the hot-wire. From the onset of transition, the mean velocity” =40. The value ofi’  is nearly constant betwesri =10 and
profile slowly changes and converges to the logarithmic profiR0. The location of local maximum moves to the boundary layer
after X=235 mm. The velocity profile in the logarithmic regionedge during the transition. It suggests that vortices generated dur-
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ing the transition period move upward from the wall. The distriFig. 7 Profiles of (a) streamwise mean velocity and  (b) turbu-

bution ofu’* form a typical fully turbulent flow as expected. Jusience intensities of the upstream wake for CASE1  (uncertain-

before the onset of transitioX,= 175 mm,u’* shows two peaks ties for u, u” and v’ are +2.96%)

aty*=5 and 30, whose values are about 1.8. As the boundary

layer develops, the outer peak moves to the external boundary

layer and the inner peak is flattened. The valuei©f is nearly 15 percent ofU.. to 10 percent aR decreases from 6:010° to

3.0 betweery™ =5 and 15 aiX=185 mm (transition onset 5.0 2.0x 10°. The turbulent intensities of the wak@u) at X/c=

betweeny*=10 and 20 atX=195 mm, and 4.1 between”™ —0.1 increase from 2.4 perceniCASE]) and 2.7 percent

=10 and 30 atX=205 mm (mid-transition. The peak point of (CASE2 to 3.7 percentCASE3.

u’* continues to move to the external boundary layer during the To determine the range of transition, we show distributions of

transition. The streamwise turbulence intensity at the location 8fin friction coefficient for G/c=1.0 for different Reynolds-

maximumu’* is almost 80 percent of the total turbulence intendumber cases with respect ¥oor Ry in Figs. 8a) and (b), re-

sity, implying high anisotropy due to streamwise vortices. spectively. In the transition region, the skin friction increases
Power spectral densitig®SD of velocity fluctuation near the

wall (y/6=0.1) at several streamwise locations are shown in Fig.

6. In the region 0iX=135-175 mm, two dominant peaks of the 10-2 L L L L L
PSD appear around 1200 and 1800 Hz. The primary peak occurs —O— CASEO (R=6.0x105)
at 1200 Hz, which corresponds to a two-dimensional T-S wave. —O— CASE1 (R=6.0x105)

— CASE2 (R=4.0x105)

At X=135 mm, far away from the onset of the transition, T-S 5 CASE3 (Ro2.0x105 _
waves develop up to the transition onset pdjpeaks af=1200 = S =

and 1800 Hz The waves grow and the values of PSD become
more than 18 times that atX=185, where turbulent spots de- &
velop. After that, T-S waves do not grow anymore; the spectrum
becomes more flattened and shows a similar distribution of fully
turbulent flow. Walker and GostelofiL6] reported that there ap- 1031
pears a primary peak corresponding to a T-S wave and several
harmonics for mild adverse pressure gradient flows; this trend is : ————— :
similar to our case. 0 50 100 150 200 250 300

()

Effect of Incoming Wake on the Boundary Layer. With the X{mm}
baseline data for the uniform flow described above, the effects of
the wake on the boundary layer development and transition are 102 ' ' ' ' '
investigated. The effects of Reynolds number and distance be-
tween the two airfoils are discussed.

Reynolds Number Effect. The characteristics of the bound-
ary layer developing in wakes are quite different from those of a
single airfoil in a uniform flow because turbulence intensity, &
length scale and mean strain in the wake strongly affect the tran-
sition mechanism. Mean velocity and turbulence intensity profiles

of the incoming wake for CASE1R=6.0x10°) are shown in 1084 T SAEY

—O— CASE1
Figs. Ma) and(b), respectively. As the wake approaches the nose Cooase2 ®)
of the downstream airfoil, the velocity profile becomes disturbed . . . . . :
due to the blockage. The'-maximum occurs at the location of 0100 1105 2105 3105 4105 5105 6105

maximum shear stress amd maximum occurs at the centerline

of the wake as usual case. The measured data show good wake
symmetry. The wake thickness is about 60 percent of airfoil thiclfg—lg_ 8 Variations of skin friction for different Reynolds num-
ness as seen in Fig.(&. As Reynolds number decreases, th@ers with respect to  (a) chordwise location and  (b) Reynolds
thickness of the wake increases and the velocity defect decreasgfber based on chordwise location  (uncertainty for C; is
as expected. AK/c=—0.557 the velocity defect decreases froni8.4%)

Ry
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Fig. 9 Profiles of (a) streamwise mean velocity for CASE1 and
ut is +4.8%)
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[mm] i 1

(a) (uncertainty for

much more gradually than in the natural transition of the baseline
CASEO. The transition commences much earlier than that in

CASEOQ, which is typical of bypass transition in a turbulent free

stream. This will be discussed in detail later.

Profiles of streamwise mean velocity for CASE1 are shown in
Fig. 9(a) in wall units with parameters of extended wall law ob-
tained during the CPM procedure. An enlarged view of Fig) 9
for the range of 5y <100 is shown in Fig. @) with profiles of
extended wall law. A new laminar like boundary layer start to
develop from the leading edge in the external shear layer of the ] X
incoming wake. The new layer shows a typical linear profile of ]
u™=y™" over the transition onset locatigk=60 mm). During the
transition, the mean velocity profile changes gradually from a

(b) enlarged view of

= - O «me

Or+xoO0C @

Xg=60

X=105

Xg=155 [

laminar one to a logarithmic one. At the end of the transition, the 0 T

logarithmic region is relatively short due to the low Reynolds
number R=6.0x10°); the slope of the logarithmic profile is

steeper than that of a flat plate boundary layer. As the Reynolds
number decreases, the logarithmic region becomes shorter at the 4 L

end of transition due to the adverse pressure gradigitshown
herg. The valid region for the extended wall law at the onset of
transition decreases forsy * <20, since the incoming wake dis-
turbs the boundary layer. As the flow moves downstream, the B
valid region of the extended wall law grows. At the end of tran-
sition, this region grows up tg <100, corresponding to the

(b) e

inner region for the turbulent boundary layer. The extended wall %D.?% &
law is valid for the newly developing layer near the wall, and such 1] »
information is carefully used to obtained the wall shear stress o o

using the CPM.

The rms distributions of streamwise velocity fluctuation for
CASE1 R=6.0x10°) and CASE3 R=2.0x10%) are shown in
Figs. 1@a) and (b), respectively. The maximum value of *
reaches 3.512 percent of free stream velocitjst after the onset

Ob+XoO @O

X=60
Xg=105
X=125
X=145
X=165
X=185
X=205
Xg=225 |
[mm]

y+

100

of transition (X=75 mm). Although this value is much lower than Fig. 10 Profiles of rms velocity fluctuation

that of CASEQ, this does not mean that turbulence is suppresgeiifor CASE3 (uncertainty for

Journal of Fluids Engineering

utis +4.8%)

1000

(a) for CASE1 and
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by the wake; it simply implies that the transition occurs much
earlier in wakes as seen in Fig. 8; thus, the skin friction coefficient

3%7

is larger for CASE1—-3. The location of maximum* occurs at z 10y poF °Tu=7.1%
aroundy " =20 during the transition for CASE1-3, and moves a £ '20‘57 fﬂg ]
little closer to the wall although it moves away from the wall for '3043, o 3
CASEQ. Note that the peakK * aroundy* =20 at transition onset 405 Xio=0.227 p Xo=0.123 pXe=0042 (o) |
reaches 3.5 for CASE1 and CASE3. For CASHS3! reaches its '5002 y T T 1;’0 ' RARDAN

maximum value of about 4.0 gt =20 andX= 145 mm(initial WU, viUko (%)

stage of transition The local maximum ofu’* occurs aty*

=20 through transition, and their values decrease to 2.X% atFig. 13 Profiles of turbulence intensities of incoming wakes

=225 mm(the final stage of transitionAt the end of the transi- (& for CASE3, (b) for CASE4 and (c) for CASES (uncertainties

tion, the peak values ofi’* are 1.8, 1.9 and 2.4 for CASEZ1, for u’and v’ are £2.96%)

CASE2, and CASE3, respectively. This shows that the reducing

flow speed improves the near wall resolution of the hot wire.

However, the characteristics of the boundary layer are nearly un-
changed. The skewness distribution of the velocity fluctuation is
quite similar for three casgsot shown).

For CASES3 of a relatively low Reynolds number, the PSD of
velocity fluctuation in Fig. 11 shows that the flow is fully random
throughout the transition region. PSD distributions for CASE1-3
are different from the one for CASE@SDs for CASE1-3 are
almost the same; CASE3 is shown onlfpuring the transition,
there is no dominant peak as for CASEQ, implying that the tran-
sition processes do not experience T-S wave formation; it directly
passes to spot formation.

Y(mm)
3

-409 X/c=-0.557

Airfoil Distance Effect. As the distance between the two air-

104 sttt foils decreases, the turbulence intensity and the velocity defect of
03 b E the incoming wake increases, and the wake thickness decreases as
103 E shown in Figs. 1@), (b), and(c). Turbulence intensity profiles of
£ 203 E
> 301 E
-40 3 X/c=-0.067 E 102 : : : : ;
-50 T
0. 11 11 11
U
10
0 & &
=10
€ -20 4
£ —e— CASE3 (G/c=1.0)
> 304 —E— CASE4 (G/c=0.5)
—=— CASES (G/c=0.25)
-40 3
-50 : 10-3 T T T T T
05 0 50 100 150 200 250 300

X(mm)
Fig. 12 Streamwise mean velocity profiles of incoming wakes
(a) for CASE3, (b) for CASE4 and (c) for CASE5 (uncertainty for Fig. 14 Variations of skin friction for different airfoil distances
uis *2.96%) (uncertainty for Cyis *8.4%)
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Fig. 15 Profiles of streamwise mean velocity  (a) for CASE3, (b) enlarged view of (a),
(c) for CASES5 and (d) enlarged view of (c) (uncertainty for u™ is +4.8%)
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14 F
the incoming wake at three locations for each case are shown in 01 3
Figs. 13a), (b), and(c). As the distance between the two airfoils ¢ -1 F
decreases, the difference betwa€nandv’ gradually increases, 21 & E
i.e., the flow becomes more anisotropic; the maximumand o
turbulence intensity increase as expected. 81 3 3
As the turbulence intensity increases, the skin friction over the 41 )] b
blade increases, transition onset location moves upstream, and the 5
length of transition region decreases as shown in Fig. 14. Differ- 1 10 100 1000 10000

ences inC; for CASE3-5 in the laminar region are much larger
than those for CASE1-3 in Fig. 8. For CASE1-3, the starting y*
points of virtual boundary layer are the same; however, wake
thickness are all different for CASE3-5, so that interaction be-
tween the incoming wake and boundary layer changes the virtual 21 E
starting point of boundary layer. As a resuli;-distributions in

CASE3-5 show larger differences than those do in CASE1-3.

However, the slope of;-variation before transition is similar for 04 3

these three cases. o 1] 3
The streamwise mean velocity profiles for CASE3/¢=1.0)

and CASE5 G/c=0.25) are shown in Figs. 1® and (c); en- 27 F

larged views of@a) and(c) with profiles of extended wall laws are 3] 3

shown in Figs. 1&) and(d), respectively. Thei-profile shows a 4] © F

gradual variation starting from the linear distribution at the tran-

sition onset to a logarithmic one at the end of transition. Valid -5 . . .

region for the extended wall law grows fropd <15 (at the onset 1 10 100 1000 10000

of transition to y* =100 (at the end of transitionfor both cases. y+

The extended wall law cannot represent the initial incoming wake.

However, as fluid moves downstream, the boundary layer thickig. 17 Skewness profiles (&) for CASE3, (b) for CASE4 and
ness grows, so that the valid limit of the extended wall law ir€) for CASES5 (uncertainty for  Sis +7.05%)

creases a¥ increases, which is shown by Figs.(fbband (d),

respectively. In CASES5, the differencesuroutside the boundary

layer along the streamwise direction are much smaller than those o
in CASE3, becaus€; -variation is smaller in CASE5 shown in _ Skewness distributions show the edges of the boundary layer
Fig. 14. and wake more clearly as shown in Fig. 17. The maximum posi-

Theu'* profiles for CASE5 G/c=0.25) are shown in Fig. 16. tive skewness appears at the onset of transition near the wall in all

The maximum o’ * (16 percent otJ..) occurs in the interval of cases. At the onset point, the turbulent region occurs intermit-
" X P o2 . tently and produces a lot af-fluctuation around it as shown in
y"=15-20 as in CASEL. At transition onset point, the values

. b ) ig. 19. This results in a positive peak of skewness as in Fig.
maximum u’” are 3.5 and 3.0 for CASE®Fig. 10b)) and 17(3) As the fluid moves downstream, the spot extends and
CASES (Fig. 19, respectively. These values are consistent wityreads in both time and space, thus the value of the positive peak
the criteria for transition onset suggested by Sharma €0dl. §ecreases. The skewness distribution always shows two valleys
and Mayle and Schulg18]. During transition, theu’" profiles qguring transition. Inner valleys represent the remains of the in-
become flattened near the peak. The region for flattened profilgsming wake. Since the boundary layer grows in the streamwise
corresponds to the one for the logarithmic profile and grows in thgrection, these valleys move away from the wall. As the distance
streamwise direction, which is consistent with the mean velociyetween the two airfoils decreases, the inner valley loses its iden-
profiles. At the end of the transition, the flattened profile extenqlﬁy at the end of the transition. This is because the incoming wake
up toy" =80, suggesting that the logarithmic region develops ug'initially located closer to the centerline for CASE5 as shown in
toy™=80. The tails ofu’ “-profiles abovey " = 100 are due to the Fig. 12. Thus, the incoming wake maintains its identity closer to
incoming wakes; however, the exact location of the wake is hatide wall, even after transition for CASEfFig. 17), than for

to determine from thes’ *-profile. This will be discussed in de- CASE3. Thus, the inner valley loses its identity faster than
tails from the skewness data. CASER3 as the logarithmic region grows at almost the same rate
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20 transition as shown in Fig. 19. However, it is not proper to deter-

turbulent(X=275mm) mine the onset point by intermittency, because velocity signal
before transition is also intermittent. In the middle of the transi-

tion, the small-scale fluctuation is more apparent than that at the
onset of the transition. At the end of the transition, the small-scale
turbulence grows completely, and the velocity signal becomes the
same as that in CASEQ.

—~ 20
middle of transition (X=205mm)

ut): (m/s

Conclusion

We have obtained a database for the transitional boundary lay-
ers on an NACAOQ012 airfoil in various incoming wakes. This can
be used to validate turbulence models and simulation schemes for
turbomachinery in the future. Conclusions of the present study are
as follows:

20

laminar(X=135mm}

0 T T T T
o] 20 40 60 80 100

1 We have extended the CPM procedure by using “the ex-
At (msec)

tended wall law” to include the pressure gradient effect. This
approach is successfully applied it to flows around airfoils with/
without incoming wakes to determine the onset and the end of the
transition. This extended wall law is found to be consistent with
the velocity profiles which vary from laminar to turbulent ones.

2 Bypass transition occurs in flows around an airfoil when in-
coming wake is turbulent.

3 When an incoming wake is present, the transition onset shifts
upstream and the transition length becomes smaller as Reynolds
10 number increases and as the airfoil gap decreases.

X=165mm (middle of transition) 4 In the transition region, the value of maximwrh* occurs in

%MMMWA the interval ofy* =15-20 and the value is 3.0-3.5 for different

inflow conditions at transition onset point.
X=105mm (onset of transition)

Fig. 18 Velocity signals at y/6=0.1 for CASEO

1 1 £

10
X=225mm (end of transition)

5 The skewness is found to be an effective measure to locate
the various regions when the boundary layer and the incoming
wake interact with each other. The skewness is also found to be a
good indicator for the onset of transition since it reaches the posi-
tive peak at the onset of the transition.

u(t); (m/s)
o

10
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Fig. 19 Velocity signals near the wall  (y*=5) for CASE3

Nomenclature
A" = van Driest constant

for CASE3-5. An interesting observation is that skewness distri- ¢ = chord length of airfoil

butions are quite different during the transition for CASE3-5 Cp =

(when incoming wakes are differgnHowever, at the end of tran- Ct
sition, all three cases have the same skewness distribution for K
y*=<100. This suggests that the dynamics of newly developing G

boundary layer is not affected by the variation of incoming wakeg., , K,, K,
This validates the use of common turbulence models after transi- u,
tion irrespective of the freestream turbulence. p

Velocity Signals. The instantaneous velocity signals from a
hot wire anemometgHWA) for 100 ms aty/ §=0.1 are shown in
Fig. 18 for CASEOQ. However, it is difficult to decide whether the
instantaneous flow is turbulent, since the velocity fluctuation in
the boundary layer grows during transition. This is consistent with
the report by Mislevy and Wan$] that the magnitude of three-
dimensional instability can be of the same order of that of turbu-
lent spots. Thus, it seems to be meaningless to determine the
transition onset location from intermittency. They reported that U
the adverse pressure gradient affects and disguises the turbulent Uu
spots, even under weak pressure gradient, and the magnitude of U(Q
waves can be of the same order as the magnitude of turbulent u
spots.

For CASE3 where the incoming wake is present, the velocity

signal is more intermittent than that for CASEO at the onset of the u'*

Journal of Fluids Engineering

u' v’ =

static pressure coefficient, B¢ p..)/pU2
skin friction coefficient, Z-W/pug

= acceleration parameteryp/(u2)(du,. /dx)

distance between two airfoils

parameters of CPM

friction velocity

static pressure

Reynolds number based on airfoil chord,

U.clv

Reynolds number based on chordwise distance,
U, X/v

Reynolds number based on momentum thick-
nessu.6/v

= skewness factor
= inlet turbulence intensityy/(uZ+ 2v?)/3/U (%)

flow speed at far upstream

streamwise mean velocity

instantaneous velocity

normalized mean velocity/u

rms of streamwise and normal velocity fluctua-
tion

normalized rms velocity fluctuatiom'/u,
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X = streamwise distance
X = longitudinal coordinate from leading edge
y = normal distance from the wall
y* = dimensionless distance from the wally/v
Yo = initial distance of the probe from the wall
Y = normal coordinate t&XZ plane
Z = spanwise coordinate
& = boundary layer thickness
k = von Karman constant
v = dynamic viscosity of air
6 = momentum thickness
p = density of air
7w = wall shear stress
Subscripts
© = far upstream value
e = freestream value
E = end of transition
S = onset of transition
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Rough Wall Turbulent Boundary
w.rrachie | Layers in Shallow Open

Research Assistant,

D. J. Bergstrom Chann9| FIOW

Professor,
. o An experimental study was undertaken to investigate the effects of roughness on the
Department of Mechanical Engineering, structure of turbulent boundary layers in open channels. The study was carried out using
University of Saskatchewan, a laser Doppler anemometer in shallow flows for three different types of rough surface, as
Saskatoon, Canada S7N 5A9 well as a hydraulically smooth surface. The flow Reynolds number based on the boundary
layer momentum thickness ranged from 1400 to 4000. The boundary layer thickness was
R. Balachandar comparable with the depth of flow and the turbulence intensity in the channel flow varied
Associate Professor, from 2 to 4 percent. The defect profile was correlated using an approach which allowed
Department of Givil Engineering, both the skin friction and wake strength to vary. The wake parameter was observed to
University of Saskatchewan, vary significantly with the type of surface roughness in contradiction to the “wall simi-
Saskatoon, Ganada S7N 5A9 larity”” hypothesis. Wall roughness also led to higher turbulence levels in the outer region
of the boundary layer. The profound effect of surface roughness on the outer region as
well as the effect of channel turbulence on the main flow indicates a strong interaction,
which must be accounted for in turbulence modgh098-220£00)00803-9
Introduction can be thought to comprise two regions. In the inner region, the

- . appropriate velocity scale is the friction velocity,, and the
The turbulent boundary layer is likely the most important eng.iépr%thpscale is the ¥/iscous length scale) (here,rtzyiTs the kine-

neering flow from a practical viewpoint, since it is encounte_red Ihatic viscosity and/or roughness heigkt for a rough surface. In

?ﬁg outer regionyJ . remains an appropriate velocity scale, but the

sively and almost continuously over the past ninety years. Y

there still remains numerous important research questions reg fgraduate texts teach that the overlap between the inner and
ing the structural characteristics of turbulent boundary layers, agg;qa, regions is characterized by a “universal” logarithmic veloc-
directly related to this, our ability to model or predict such ﬂovyty profile sometimes referred to as the law of the wall. This
parameters as the skin friction coefficient in practically relevaniyqfije jeads to the skin friction correlation for smooth surfaces.
i.e., complex, flow configurations. One feature of turbulent boun?—he effect of roughness is to produce a downward shift in the
ary layers which continues to warrant the attention of researchan%arithmic profile, which is commonly expressed by the rough-

i

both experimental and computational, is surface roughness an s functiolAU *. Hama[6] showed that this function is related

effect on momentum transport in the boundary lagfatel[1]). qt%;he local skin friction coefficien€; . For a rough wall bound-

Bgfor a pipe the diameted). Following Millikan [5], most un-

Surface _roughness is not only widely_encountered in industri layer, the complete velocity profile may be written in the
flow applications such as flow over turbine blades or flow throu llowing ,form

duct systems, but it becomes critically important in environmenta
flows, where surface roughness is dominant. In this paper, the L1 N N y
topic of surface roughness will be investigated in the context of U =;Iny +C—-AUT+ TW 3
relatively shallow open channel flows. Although there are clear
differences between the canonical zero pressure gradient bouwtiere,U"=U/U,, y"=yU_/v, « is the Karman constan€ is
ary layer and that in open channel flow, the effect of surface smooth wall constantAU ™ is the roughness shiffl is the
roughness on the velocity field is found to be similar. Coles wake parameter amdis a universal function of/ 8. For a

Nikuradse [2] carried out extensive measurements in pipasugh surfacey is defined as the distance from the top plane of
roughened by sand grains and established the framework of ¢l roughness elements to the point of interest plus the distance to
understanding of rough wall turbulent flow. Since then, it hathe virtual origin denoted. Typical values of the two constants in
come to be accepted that with increasing Reynolds number thg. (1) are k=0.41 andC=5.0, but these values vary slightly
skin friction of a rough wall turbulent flow deviates from that ofbetween experiments.
the smooth wall and becomes dependent on the relative lengtiThe outer region of a boundary layer is most often studied
scale of the roughness as well as the Reynolds nuifitzeri and using the velocity defect law, which relates the difference between
Motohashi[3]). At still higher Reynolds numbers, the skin frictionthe freestream velocity, and the local velocity to the distance
becomes independent of Reynolds number and depends solelyfrom the wall and the outer pressure gradient, i.e.,
the roughness scale. This regime has come to be called “fully
rough.” The earliest rough wall experiment on a two-dimensional Ur—u+ :g(x f dpe) @)
turbulent boundary layer is that of Prandtl and Schlichting
Their study led to the well-known Prandtl-Schlichting formula fo
skin friction for a fully rough plate.

For both smooth and rough surfaces, the mean velocity profi

@

Nikuradse established that for pipe flow, the velocity defect law is
%Iid except close to the wall, no matter whether the wall is
ooth or rough. Clausdi7] and Hama[6] demonstrated the

validity of the velocity defect law for boundary layer flows on

Contributed by the Fluids Engineering Division for publication in ticeJBNAL . f . o mifi
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionbOth smooth and rough walls. Since these earlier studies, signifi

March 23, 1999; revised manuscript received February 14, 2000. Associate TectiNt attention has been given to rough surfdéesuya and Fujita
cal Editor: D. Williams. [8], Perry and Abel[9]; Bandyopadhyay10]; Perry et al[11]; as
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well as the review by Raupach et fl.2]). The velocity distribu- cent. They attributed the disparity to the neglect of the role of the
tion in open channel flows has also been studied in the contextwadike component of the velocity profile in the Prandtl-Schlichting
inner and outer layers, see for example, Nezu and Riliand formulation.
Xinyu et al.[14]. Two additional factors that complicate the analysis of rough-
A topic of current debate is the effect of surface roughness evall boundary layers are the effects @) an external pressure
the velocity characteristics in the outer layer. Using Eg, the gradient and?2) freestream turbulence. In the open channel flows
specific form of the defect law becomes: being considered here, the pressure gradient is negligible since the
change in the free surface elevation is small. On the other hand,
1 [y the boundary layer is affected by the moderate levels of turbu-
- ;'n(g) (3) lence generated upstream of the roughness test section. For
smooth-wall boundary layers at elevated turbulence inte(iBity,
Bradshaw{25] argued that the log-law holds when there is local
%—:quilibrium in the near wall region. Hancock and BradsH2&|
measured various terms in the turbulence energy transport equa-
tidh at Tu<6 percent and found the boundary layer to be in local
equilibrium. More recently, Thole and Bogaf@7] extended the

211

U;—U+:7 y

W(l)—W(S)

which indicates that the velocity deficit in the outer region i
strongly dependent on the magnitude of the wake parani&ter
The wake parameter is generally regarded as dependent
streamwise location. Colegl5] initially proposed that for a

smooth-wall zero pressure gradient turbulent boundary ldyer, ~.— . : . )
. existing smooth-wall data to turbulence intensity values as high as
would be 0.55 at high Reynolds numbers, but I4#5] gave an Tu=20 percent. Among other findings, they confirmed the valid-

asymptotic value of 0.62. The recent smooth wall experiments IW . -
L of the log-law at high freestream turbulence and noted signifi-

Osaka et al[17] exhibited a Reynolds number dependencelfor : :

However, an asymptotic value of 0.62 was observed at sufficien ant alterations of the outer region of the boundary layer. Based

. " the measured velocity spectrum, they found that at Tu
high Re,. For subcritical smooth-wall open channel flows, Nezu. 20 percent, the freestream turbulence penetrates deep into the

and Radi[13] also reported a Reynolds number dependence, tWL\II region. Experimental evidence also suggests that the strength

indicated that the wake parameter remains nearly constaflt atof the wake is strongly altered at high freestream turbulence lev-

els. Blair[28] and Hancock and Bradshd®&9,26 showed that as
e freestream turbulence increases, the outer region of the bound-
. ; . ~~ ary layer exhibits a depressed wake region. At a turbulence level
that I is |_ndep+endei1t of the streamwise d|sta_rxcehe velocity of Tu=5 percent for example, the wake was essentially nonexist-
defect ratio Je —U ") turns out to be a function of/5 alone gt | the recent smooth-wall study of Thole and Bog@id, an
(Tani [18]) Tani [18] commented thatlﬂg - U+) is also a weak asymptotic value ofI= —0.5 was observed.
function of C¢, and this dependence precludes the possibility of The summary discussion above indicates that there is reason-
even approximate equilibrium for smooth wall boundary layerghle grounds to suggest that surface roughness in a turbulent
(Tani and Motohashi3]). As will be shown later, incorrect wake poundary layer can modify the mean velocity profile, even outside
strength may contaminate an estimate of the skin friction Coeffhe roughness sublayer. In support of this hypothesis, the present
cient, and hence the roughness shift, in rough wall flows. paper reports some new measurements of the mean velocity pro-
In considering the effects of surface roughness, often the sfige in a shallow open channel flow for three different types of
cific characteristics of the roughness elements has been giygighness elements, as well for a hydraulically smooth surface.
minimal attention. Two main types of roughness have been idef specific interest is the effect of roughness on the strength of the
tified in the literature. Following the terminology of Perry et alyake, as well as the variation in skin friction resulting from dif-
[19], these are referred to dstype ord-type roughness. If the ferent velocity defect profiles. Consideration is also given to the
roughness function depends on Reynolds number based on dfect of the upstream turbulence intensity on the boundary layer
roughness height and friction velocitk (=kU_/v), it is termed structure. Although comparisons will be made to similar studies
k-type roughness. Experiments have shown thakityge scaling which considered flat plate boundary layer flows, it is important to
is not obeyed by grooved surfaces when the cavities are narrowetognize that in an open channel flow, the outer edge of the
on a smooth surface with a series of depressions. This typeb@undary layer is influenced by the free surface which causes a
roughness scales with outer variablése boundary layer thick- local maximum in the streamwise velocity component to occur a
ness,s, or the pipe diameted) and is known asl-type. distance below the surface. This effect modifies the magnitude of
It has been generally accepted thak-&ype roughness only the wake parameter, which is further modulated by the effects of
influences the flow structure in the immediate vicinity of the susurface roughness as shown in the results presented below.
face. For a rough-wall boundary layer, the wall similarity hypoth-
esis(proposed by Townsen@0] and slightly modified by Perry
and Abell[9]) states that outside the roughness sublayer, turbulent .
motions are independent of the wall roughness at sufficiently hi perimental Setup and Procedure
Reynolds numbers. This would suggest that the turbulence strucThe experiments were conducted in a rectangular cross-section
ture over a significant portion of the boundary layer should bepen channel flume. The flume was 0.8 m wide, 0.6 m deep, and
unchanged in spite of significant alterations to the surface chard® m long. The sidewalls of the flume were made of transparent
teristics of the wall. However, recently evidence has been broughtmpered glass to facilitate velocity measurements using a laser
forward which challenges the notion that wall roughness effedBoppler anemometer. A contraction and several stilling arrange-
are confined to the roughness sublayer. For example, recent lm&nts used to reduce any large-scale turbulence in the flow pre-
freestream turbulence experiments on rough surféses for ex- ceded the straight section of the channel. The channel bottom was
ample, Krogstad et aJ21]) have shown a significant deviation ofmade of brass and the slope was adjustable. For the present ex-
the wake strength from that proposed by Coles. @Htgpe rough- periments, the channel bottom was set to be horizontal. The
ness experiment of Osaka and Mochiz&@#] at Re;=5300 gave change in water surface elevation was less than 1 mm over a
IT=0.68. More recently, Young and Bergstrd23] obtainedIl = streamwise distance of 600 mm implying a negligible pressure
=0.43 for a perforated plate. A number of previous rough wafjradient. Figure 1 shows a schematic of a typical velocity distri-
experiments were re-evaluated by TafB] and thell values bution in an open channel. In contrast to the canonical zero pres-
obtained fell in the range of 0.4-0.7. Mills and Haf@#] re- sure gradient boundary layer, the velocity profile decreases gradu-
marked that extensive rough wall turbulence experiments carriallly from its maximum value ay= 6 to a slightly lower value at
out at Stanford University gave skin friction coefficients that dethe free surfacey~h. The free surface is also known to damp the
viate from Prandtl-Schlichting formulation by as much as 25 pewall-normal velocity fluctuation.

=0.2 for sufficiently high Reynolds numbers. Xinyu et 4]
made LDA measurements in super-critical open channel flows
varying bed slopes and obtained a valudb£0.3. In the event
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Free surface Table 1 Summary of test conditions

= Test | Typeof |Depth, | U, | Tu(%) 3 [ H | Re
surface | h(mm) | (m/s) | (aty=38) | (mm) | (mm)
SM1 | Smooth | 100 [0737| 31 % | 356 | 129 | %625
Maximum velocity U, SM2 | Smooth | 80 |0331] 33 4 | 417 | 133 | 1380
SM3 | Smooth | 50 |0463| 24 337 131 1750
PF1 | Detforated | 100 | 0702 | 33 | 349 | 135 | 2450
PF2 | Perforated | 75 | 0604 | 32 40 | 373 | 135 | 2250
y=h y=5 PF3 | Perforated | 50 | 0482 | 3.1 35 | 290 | 141 | 1400
SG1 | Sandgrain | 100 | 0622 32 50 | 420 | 137 | 2620
SG2 | Smdgran | 75 | 0495 | 35 a1 [ 397 | 137 1970
SG3 | Sandgrain | 50 | 0448 | 25 39 | 348 | 138 | 1560
I WM1 | Wiremesh | 100 | 0773 | 29 45 | 507 | 150 | 3020
WM2 | Wiremesn | 75| 0675 | 28 @ | 480 | 150 3240
Fig. 1 Schematic of typical velocity profile in an open channel WM3 | Wiremesh | 50 | 0519 25 40 | 497 | 152 2580

Three types of surface roughness were employed. A 1.4 ntive first measurement location for each surface roughness. The
thick and 1.5 m long sheet with circular perforations arrayed inflow was found to be two-dimensional with a variation of less
hexagonal pattern was used as one of the surfaces. The perforatizm 1 percent of the freestream velocityj. Close to the bot-
diameter was 2.2 mm with a 4.0 mm spacing between centetsm wall (i.e., y<0.8 mm, y-steps of 0.05 mm were used to en-
giving an openness ratio of about 43 percent. A 1.2 mm diametsure that sufficient data were taken in this range. This was neces-
sand grain roughness was coated on to a 1.75 m long plywosaky to allow a dependable estimatelbf for the smooth plate by
sheet using a double-sided tape. The third rough surface employesblving the velocity gradient at the wall.
was a 1.3 m long stainless steel wire mesh. The mesh was made ah the present experiments, a freestream velocity in the range
0.6 mm wires with 7.0 mm centerline spacing, giving a ratio 09.33<U,<0.77 m/s was considered. A summary of the test con-
centerline spacing to wire diameter of about 12. Figure 2 showlitions is provided in Table 1. Here, the turbulence intengity)
sections of the perforated and wire mesh roughnesses. of the external flow is specified gt= 6. From the test conditions

To ensure a turbulent boundary layer, a trip was located 3.5 specified in Table 1, the boundary layer thickness varied from
downstream of the contraction and spanning the width of thgproximately 80 percent of the channel depth at low speed to
flume. The trip was composed of 3 mimedian diametempebbles approximately 50 percent of the depth at higher speeds.
glued to the bottom of the channel as a 40 mm long strip. The
perforated platéPF) and sand grain roughne6SG) were located Determination of Shear Stress
at about 1.1 m downstream of the trip, while the wire mesh screen

was located 1.2 m downstream of the trip. A reference axial p One of the central questions in boundary layer experiments is

sition (x=0) was located 1.3 m downstream of the trip. For th e determination of the wall shear stress, and hence the friction

smooth wall(SM), measurements were made at an axial station %é?louty. Different methods used include direct measurement

_ : e.g., with a floating element gaugeperforming a momentum
x=0.50m. For the W|re_mesh roughne@¥M), measurements balance, or by fitting the mean velocity to a standard profile. For a
were made at axial locations & 0.30 and 0.50 m for each test

+ _
condition. The measurements on the perforated plate and s oth wall turbulent boundary layeAU™ =0), the wall shear
grain roughness were conductedkat0.10, 0.25, and 0.52 m, for stress is commonly determined by fitting to the mean velocity
each test condition e ' ' profile measured near the wé&known as a “Clauser plot). The

Velocity measurements were carried out along the centerlif§!0CIY profile is assumed to follow a logarithmic form, i.e.,
using a single-component fiber-optic laser Doppler anemometer U=« tlny"+C (4)

(Dantec Ing. The present system uses a 300 mW, air-cooleot1 . . .
Argon-lon laser(lon Laser Technology The laser Doppler an- | N€ use of a Clauser plot technique is well established for

emometer system was operated in a backscatter mode. DetailSgPOth-wall low-freestream turbulence boundary layers, and has

the operating parameters of the laser Doppler anemometer carf been assumed to be va!id in high freestream turbulence flows
found in Balachandar and Ramachandfa0] and are omitted (Hancock and Bradsha26]; Thole and Bogard27]). For a

here for brevity. The fiber optic probe was mounted on a threémOOth surface, if a sufficient number of data points is obtained
dimensional traversing mechanism. Each direction of the traveMgry close 0 the wall (" <5) a more dependable estimate of
ing arrangement was stepper motor driven and controlled byUa=(7y/p)™“ can be obtained from the slope of the velocity
computer. Preliminary experiments were conducted to examiREofile in the viscous sublayer using the relation

the variation of mean velocity profiles in the spanwise direction at du

Tw= M d_y (5)

wherer,, is the wall shear stresg,is the fluid density ang. is the
absolute viscosity of the fluid.

Previous rough wall experiments demonstrate that a Clauser
technique may not be reliabl@erry et al.[19]). For a turbulent
boundary layer developing over a rough surface, @&g.is as-
sumed to describe the mean velocity. Then, description of a mea-
sured velocity profile on a rough wall requires the determination
of four parameters, namelyd,, AU*, IT ande. A reduction in
the number of parameters to be fitted is obtained by choosing to
work with the velocity defect form of the velocity profile given by

Fig.2 Types of rough surfaces used:  (a) perforated plate (PF), EQ. (3). By subtractingy ™ from its valueU at the edge of the
(b) wire mesh (WM) boundary layer, the roughness parametéf™ is eliminated. A
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commonly used form for the velocity distribution in zero pressurgreferred in the present discussion. Although not shown, the curve
gradient boundary layers on rough surfaces is Harf&'sormu-  fits resulting from Eq(9) were considered and found to compare
lation. For small values of/é, Eq.(3) is dominated by the loga- favorably with the experimental data bf/U,.

rithmic term and is therefore written as

Results and Discussion

1 y
t_1t=__ 7 +
Ue -U Kln( 5*U§> 0.6 (y/0"Ue=<0.045 () Mean Velocity Profiles. Figure 3 shows the distribution of
the mean velocity profiles in physical coordinates. The profiles for

For larger values of/é, the wake contribution dominates andeach type of roughness collapse onto each other, although there is

Hama proposed the following function some Reynolds number dependence for all profiles except the
2 wire-mesh. The characteristic “blunt” profile typical of a turbu-

UQ—U*zQ.G{l— _+) (y/6*Uf>0.045 (7) lentboundary layer is clearly evident. The effect of roughness is

36" U, to increase the surface drag resulting in the velocity profile of the

rough surface being less “full” when compared to a smooth sur-
face profile. It is also clear from this figure that the wire mesh

T - exhibits the highest deviation from the smooth profile while the
y/8*Ug =0.045 ory/6=0.15. Bandyopadhyaj10] suggests that o forated plate shows the least deviation. This suggests that even

the Hama profile could be fitted to obtain a reliable estimatd of though the wire itself has the smallest diamef@6 mm com-
irrespective of the surface. He also argued that since the Clausgfed with 1.2 mm for the sand grain, and 1.4 mm for the perfo-
technique matches the profile in the logarithmic region, which |Syion depth, the mesh roughness exhibits the greatest resistance

thin, there are only a few data points to work with. In contrast, thg, the present set of test conditions. Further evidence of this trend
profile matching using Hama'’s formulation covers virtually thei pe discussed later.

entire region. The values olU, andII in the present study were determined
It has been observe(Bandyopadhyay[l_O]; Perry et aI.[_ll]; following an optimization procedure similar to that outlined in
Krogstad et al[21]) that the value of skin friction velocity).  rogstad et al[21]. The optimization was carried out by fitting
obtained from the Hama formulatidiEgs. (6) and (7)) is consis- Eq. (3) to the experimental data, using E@) for the wake func-
tently higher the_m that obtained from either a momentum balangg, Specifically, we sought the iterated valueldf and I that
or by extrapolating the Reynolds stress to the wall. Bradsl¥\V g5y the best fit to Eq3) while ensuring a log-linear relation
suggested that this may be due to the strength of the wake, a8, .=0.41. In Fig. 4, fits of Eq(3) to some of the present
implied by Eq.(7), being too small. With_ recent evidence of theexperimental datéTests SM2, PF1, SG3 and WMare shown.
dependence dff on Re;, roughness anthigh) turbulence levels, Following Press et al[34], p. 502, we computed the chi-square
the usefulness of a defect law such as that of Hama which fixggripution of the fitted curve and the experimental data in the
the value ofll may be limited for the present experimental CONfange 0.ky/6<1 as a quantitative measure of the goodness-

ditions. Krogstad et a[21] employed a formulation that does noty¢ it for the plots shown in Fig. 4. It was noted that the fits gave
implicitly fix IT but rather allows its value to be optimized. They, good representation of the experimental data at 99.5 percent
confidence level. For the smooth wadll,. was also determined by
fitting a straight line toU*=y™* for y* <5 following the proce-

y) 2 dure outlined in Balachandar and Ramachand&dh The differ-

In both cases, the displacement thickné%sis used as the refer-
ence length scale. Equatiori6) and (7) connect smoothly at

used the formulation proposed by Finley et[&2], and later used
by both Granville]33] and Hancock and Bradshg®&9], namely,
y

wl L= = y
S| 2l S

Equation (8) is the simplest polynomial satisfying the two
boundary conditionécorrect slope and function valydsoth near 1.00
the wall and the boundary layer edge. Krogstad ef2i)], com-
bined Eqs(3) and(8) to obtain

y y 2}
Zl-@rem|1-| %
5) ( )[ (5) 0.75 -

=t

which is a more sophisticated expression for the mean velocity
profile which can be fitted to the experimental data to obtain the 0.50
optimized values ofJ ., II, ande. Of special importance is the
explicit determination of the wake strendth and the expectation

of a more accurate estimate of the friction velocity,. The
virtual origin, ¢, is generally a small fraction of the roughness
height,k, which itself is small relative to the boundary layer thick-
nessé. For example, Krogstad et dR1] reported a typical value

of e/k=0.25 for their 0.69 mm thick wire mesh measurement.
Except in the very near wall region where the value:6§ com-
parable toy, the effect ofe will be negligible over a significant
portion of the flow. In the present study, our focus is on the outer
part of the flow and no attempt was made to deterngin€or the 0.00 y T T y T '
rough wall measurements reported herein, the wall normal dis- 00 0.2 04 06 0.8 1.0
tance,y, was measured relative to the top of the roughness ele-
ments. As mentioned earlier, the principal object of the present
study is to examine the effect of surface roughness on the oug§. 3 variation of mean velocity in outer coordinates for
layer, more specifically ol values. In order to bring this effect rough and smooth surfaces  (uncertainty in  U/U,: +2 percent,
out more clearly, the use of E€B), in conjunction with Eq(8), is  y/é&: +4 percent)

(1+611)— (1+4IT)

5 (8) ence between the smooth-wall. values as obtained from the two

f= U—1+ b [
VAR T

+(1+4I1)

) v

H SO b O D> O X X +

025 £

o]
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Fig. 5 Determination of log-law constant, r« (uncertainty in
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3
ing the minimum value of the curve in the generally accepted

Fig. 4 Determination of ITand U,: Fitto Eq. (4) (uncertaintyin  log-law region. It should be pointed out that this procedure was
U™: %4 percent for smooth surface and ~ +6 percent for rough  very sensitive to noise so that direct use of experimental data was
surfaces, y/éo: *4 percent) avoided to obtaimlU*/dy™. Instead, a best fit to the experimental
data was used. The present results indicate that the von-Karman
constant« was indeed 0.41 for all the test conditions. This value is
different methods was for all cases less than 4 percent.0rhe comparable toc=0.412 reported by Nezu and Rddi3] at simi-
andlIl values obtained for all data sets are summarized in Table|2y test conditions.
together with the experimental values of the skin friction coeffi- The distributions of the velocity defect for the smooth wall data
cient, the roughness functiohU *, and the roughness Reynoldssets in the present study are shown in Fig)6The solid line is a
number,k*. Similar to the observations made by Krogstad et afit to Hama’s function(Egs.(6) and(7)) which is representative of
[21] for a zero pressure gradient boundary layer, there is a cleacorrelation which fixes the value &f implicitly. For the pur-
variation in the relative strength of the wake with the type ogbose of comparison, the results of Thole and Bodam at both
roughness. Specifically, the smooth plate has the lowest wakever and higher freestream turbulence values are also shown. It
strength {I=0.08) while the wire mesh has the highest strengtbhould be noted that the study of Thole and Bod&d consid-
(IT=0.48). The value ofI =0.08 obtained for the present smootrered a boundary layer with significant and sustained freestream
plate is similar to the value of 0.1 noted by Kirkgoz and Ardichoturbulence, while our data pertains to a shallow open channel flow
glu [35], but lower tharl1=0.16 obtained by Nezu and Rddi3] where the notion of “freestream” becomes ambiguous. Even
in their open channel flow experiments at similar test conditionthough our study considered a boundary layer in an open channel,
The present valuel[=0.08) is, however, quite different from thethe smooth data fall within the envelope of Thole and Bogard’'s
suggested value of 0.55 for a typical smooth wall zero pressuveundary layer data for a zero pressure gradient. In R, €he
gradient boundary layer. This difference is most likely due to botthefect velocity profiles for all data sets are consistently lower than
the free surface effect present in open channel flow and the elould be predicted by Hama's functions. In fact, if one insists on
evated turbulence levels. the smooth plate flowTest SM3 following the Hama fit, aU ,

In order to ensure that=0.41, a plot ofy " (dU*/dy*) versus value of about 0.0165 m/&ompared with 0.0210 m/s obtained
y" was obtained for each measurement. A typical set of plotsfi®m Egs.(3) and(8)) would be predicted. This would give a skin
shown in Fig. 5. As indicated by Spal486] and Balachandar and friction coefficient that is 40 percent lower than otherwise ob-
Ramachandraf80], the value of« ! can be established by seek-ained. It should be recalled that for the smooth case, the value of

U, obtained previously closely matched that determined from the
slope of the velocity profile at the wall. Following Bradshfsi],
Table 2 Summary U,, Il and other related parameters one is tempted to attribute the consistently lower values)of
obtained from the Hama functidand henceC;) to the strength of

Test Ry [Uclemt) | Cnl0” | T [ AU | ¥ the wake, as implied by Eq7), being too large for our experi-
SM1 2625 324 3.80 0.11 ments. In Fig. @) all the data set¢smooth and rough surfages
SM 2 1380 1.55 439 0.10 from the present experiment are shown. Consistent withlthe
SM3 1750 2.10 4.14 0.08 values summarized in Table 2, the wire mesh surface which has
PE1 2450 305 361 035 the highestI value follows the Hama formulation most closely. If
$F3 7550 %0 371 036 one used_the Hama formulation fo_r the wire mesh, the skin fric-
tion coefficient predicted would still be 4—7 percent lower than
PE3 1400 220 420 030 those summarized in Table 2. Similar to Krogstad ef2i], one
SG1 2620 293 450 | 025 |28 | 35 may conclude from Fig. ®) that the velocity profiles for the
8G2 1970 228 422 030 | 18 | 27 rough wall boundary layers being studied are significantly differ-
SG3 1560 2.10 439 024 [ 15 25 ent from the smooth case both in the wall region, and also in the
WM 1 3920 4.13 570 048 | 7.1 | 25 outer part of the flow.
WM 3 3240 355 353 049 T6z I 21 The velocity profiles normalized using wall parameters are
W3 5550 375 558 o T5s T T shown in Fig. 7. The strengths of the wake produced by the per-
forated plate and sand grain roughness are nearly eddal (
Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 537
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Fig. 7 Velocity distribution in inner coordinates (uncertainty
in y*: 4 percent)

SM1
SM2
SM3 which implicitly fixes the wake strength & =0.55 is an errone-
PF1 ous approach for the open channel flow boundary layer being
PF2 studied.
PF3 In Fig. 7, the effect of surface roughness is to shift the velocity
SG1 profile down, and to the right, relative to the profile on a smooth
wall. This effect can easily be discerned with the wire mesh pro-
viding the largest shift. The shift in the velocity profile and to a
lesser degree the shape of the profile are strongly dependent on
the type of roughness employed. The roughness function of each
profile and the corresponding roughness Reynolds numier (
=kU_,/v) are summarized in Table 2. One notes that even though
the mesh diameter is only half as thick as the average diameter of
the sand grains, it gave the highest roughness function. The
amount of shift produced by the perforated plate is minimal. For
the tests conducted on the perforated platests PF1, PF2, and
PF3, no noticeable shiftAU ") was observed suggesting that the
mean velocity profile is essentially similar to the smooth wall data
— — e except for the strength of the wake.
1E-3 0.01 y 0.1 1 Figure 8 shows the variation of the skin friction coefficie@t,
(b) 5 with Re, for all surfaces, albeit for only a narrow range of Rey-
nolds numbers. The broken line is a fit to the recent low-
Fig. 6 (a) Velocity defect distribution for smooth wall: present turbulence intensity smooth-wall empirical relation of Osaka et al.
and previous data. (b) Velocity defect distribution for smooth [17]. Also shown for the purpose of comparison is the skin fric-
and rough surfaces: solid line is a fit to Hama profile (IT  tion coefficient correlation derived from a one-seventh-power law
=0.55) for smooth turbulent boundary layer, i.€;=0.02 R§Y®. The
presentC; values for the smooth surface are consistently higher
than the low turbulence correlations. The agreement between the
=0.24-0.36), while the wire mesh has the strongest wakgesent data and the skin friction correlation based on the power
strength. The evident reduction of the wake strength for all thew improves as Rgincreases while a better agreement is ob-
profiles may be attributed to the relatively higher turbulence levederved in comparison to the correlation of Osaka efHI] at
in the outer channel flow as well as the free surface effect. Aswer Re;,. One should recall that an increase in freestream tur-
mentioned earlier, the wake component for the smooth plate Hglence necessarily increases the skin friction coefficient. The de-
almost nonexistent; these results are similar to those of Hancaghtion of the present skin friction coefficieffor an open chan-
and Bradshav29,26 for a boundary layer at similar turbulencenel) on a smooth surface from those predicted for a boundary
levels. In fact, if the friction velocity obtained from a Hama for-jayer in low freestream turbulence is comparable to that predicted
mulation is employed for the SM3 data, a slopexof'=3.2 and by Hoffmann and MohammadB7] at similar turbulence levels.
additive constant o€=7.2 will be required for the experimental As one would expect, the skin friction coefficients for the sand
data to follow the well-established log-lagee Fig. 7. Further- grain and wire mesh data are significantly higher than the smooth
more, the universality ofi* =y* will be invalidated. This result wall data. Contrary to expectation, however, the skin friction val-
leads one to conclude that use of a correlation such as Hamaés obtained for the perforated plate are slightly lower than the

20 4
.
U -U{ o

15

BH S PeOD> O+ %X X

10
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Fig. 8 Variation of skin friction coefficient with Re o for smooth
and rough surfaces (uncertainty in C;: %6 percent for smooth
surface and =12 percent for rough surfaces, Re ,: %5 percent)

The variation of the shape factbrwith C; is shown plotted in
Fig. 9. Also shown are the rough wall boundary layer data set
(sandpaper andé-grooved surfacesof Bandyopadhyay10] at
low turbulence levels, and the smooth wall data of Hancock and
Bradshaw[26] at moderately high turbulence levels. The solid
line represents the fit to the following equation

oS
H=|1-G > (20)

where, G is the Clauser shape parameter. Following Bandyo-

padhyay{10], we adopted a constant value®f=6.1. The agree-
ment between the fit and both the smooth and rough wall experi-
mental data is reasonable, irrespective of the type of roughness
and irrespective of the distinction between open channel and zero
pressure gradient boundary layers. One can infer that as the
roughness effect increasés,increases and (2)Y? decreases in
Fig. 9. The present wire mesh data and the low-intensity
k-grooved results of Bandyopadhyay are concentrated at the far
left of Fig. 9, while the present smooth data and those of Hancock
and Bradshaw?26| are found at the far right in the figure. The
present sand grain and low-intensity sandpaper data of Bandyo-
padhyay{ 10] lie between these two extremes. This zonal distribu-
tion according to type of surface suggests that the effect of
surface-type dominates the freestream turbulence effect in the vi-
cinity of the wall.

Turbulence Intensity

smooth surface data, although they are higher than the correBefore considering the results for the rough surfaces, the
sponding low-turbulence skin friction values. Attempts were madgreamwise turbulence intensity for the smooth case will be com-
to vary theCs values for either the perforated plate or the smoot§ared to other measurements reported in the literature in order to
surface to avoid this apparent contradiction. However, such aissess the effect of the turbulence intensity of the exterior flow.
tempts gaveC; values that predicted significantly larger log-lawalthough comparisons are made to the boundary layer measure-
slopes for the smooth surface or significantly lower slopes for thgents of Thole and Bogai@7] and Hancock and Bradshd&9]
perforated plate. Furthermore, the resulting fits to B3).were at similar and different freestream turbulence intensities, the
generally not good. One may recall from Fig. 7 that the perforateflesent case considers an open channel flow where the flow region
plate produced no shift in comparison with the smooth wall plotgytside the boundary layer is somewhat different, both in terms of
Assuming that the strength of the wake is related to the value gfean flow structure and turbulence length scale.

Ct, one may expect a less significant alteration of the skin friction The distribution of the streamwise turbulence intensity for the
for the perforated plate.

smooth wall tests is shown in Fig. 10 using the friction velocity
and the boundary layer thickness as the normalizing scales. The
agreement between the present smooth data and the other studies
at comparable intensities appears reasonable. Specifically, the

T
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Previous

2.5
Present Previous
v SM 4  Bandyopadhyay (k-grooved)
7 m PF @ Bandyopadhyay (sandpaper)
® SG v Hancock & Bradshaw;
A WM smooth (3 <Tu (%) < 6)
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1.5 4
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© /Cf)llz
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(uncertainty in  H: =4 percent)

Fig. 9 Variation of shape factor
cient (C; for smooth and
freestream turbulence values

Journal of Fluids Engineering

A SM3(2.4%)
® SM2(33%)
B SML(3.1%)

> Thole & Bogard, 1996 (1.0%) 4% Hancock & Bradshaw, 1983 (4.56%)
W Thole & Bogard, 1996 (100%) 7 Hancock & Bradshaw, 1983 (3.45%)

3.0
2.5
ur.m+
20 vV Vv v
v v
v v v
{ X
&
" Lol
A, Le .45= PN N
1.0 AwA S
‘IAEQ‘?QV 7 .
AZAI‘AI.s LI I )
0.5 AA A
AA A
0.0
1 T T T
0.0 0.5 y 1.0 1.5
8

Fig. 10 Variation of turbulence intensity on smooth surfaces
at various freestream turbulence levels  (uncertainty in v, :
+5 percent, y/é: *5 percent)
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1 The effect of roughness on both the mean velocity and, to a
+ SMI . . . .
% SM2 lesser extent, the streamwise turbulence intensity, varied for the
X SM3 three different roughness elements.
o PFI 2 The value of the wake parametél, was also observed to
2 gg vary with roughness element. For each of the rough surfaces, the
* SGI value of IT increased over the smooth wall value in this experi-
A sG2 ment, approximatelyl=0.08-0.11.
; \SNGQI 3 In fitting the velocity defect law, the correlation used by
& w2 Krogstad et al[21], which did not fix the value ofI implicitly,
B WM3 was found to yield a more consistent and accurate estimate for the
skin friction coefficient than a formulation such as that of Hama
y which fixes the value ofl.

2.0 4 Comparisons with boundary layer data in the literature for
elevated freestream turbulence intensities suggest that one effect
of the higher turbulence level in the channel flow outside the wall
region was to increase the skin friction coefficient. However, this

+ SMI effect was observed to diminish as the wall roughness increased.
X Sm2 5 Finally, even though the boundary layer in an open channel
Z 15)1;413 flow is influenced by the free surface, many of the flow charac-
s PR teristics, in particular those that pertain to surface roughness, are
o PF similar to those observed in a canonical zero pressure gradient
* 5GI boundary layer.
: §8§ A general conclusion of the present study is that bed surface ef-
o WMl fects, in this case due to roughness, can influence the flow struc-
& WM2 ture in the outer region of the boundary layer, which contradicts
B WM3 the wall similarity hypothesis. This conclusion has important im-
0 T T plications for predictive models for near-wall flows, which then
1 10 100 1000 10000 face the challenging task of incorporating the specific effects of
y* different roughness elements. A final observation is that the non-

confinement of rough wall effects to the inner region and the
Fig. 11 Variation of turbulence intensity for ~ (a) smooth and (b) penetration of outer turbulence intensity deep into the wall region
rough surfaces (uncertainty in  uf_: +5 percent for smooth suggests that rough-wall flows in the presence of elevated turbu-
surface and =8 percent for rough surfaces ) lence intensities may be an ideal flow for studying the interactions

between the inner and outer regions of the turbulent boundary

layer.

present data and the data of Hancock and Bradshaw at

Tu=3.45 percent are similar in the range<0.755. Figure 10 Acknowledgments
suggests that as the freestream turbulence increases, the intens
profile becomes more flat, implying that the outer turbulence E
penetrating more deeply into the boundary layer.

In Fig. 11(a) and 11b) all the data set¢smooth and rough
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1 Introduction investigate developing turbulent flow in a pipe. They have showed
that transport equation for intermittency based on the Reynolds-

Turbulent boundary-layers are intermittent close to the fre veraged quantities eliminates the need for the wall functions and

stream where the flow alternates between turbulent and irro Us thek—e— model can be applied to complicated wall-
tional states. Intermittency at a point is defined as the fraction B5unded turbulgnt flows

time flow is turbulent at that point. Characteristics of the outer The zero pressure-gra{dient flat-plate boundary layer is the sim-
intermittent region are important for understanding the entrai lest test case for the model. Measurements in an axisymmetric
ment process, in which the outer irrotational fluid becomes turbEbundary-layer flow on the outer surface of a circular cylinder
lent by acquiring vorticity. This process is governed mainly b i}h boundary-layer thickness greater than the cylinder radius

large e_dd_ies. The interface_separating_ turbulent_ and non;urbul Sfa>1; hence termed thiglshow that the intermittency is larger
zones is influenced by eddies of all sizes and is sharp, irregu i

. o : X mpared to the flat-plate boundary-layer. Thick axisymmetric
and changes rapidly. The prediction of intermitterigy of wall- boundary-layer flow is relevant to several engineering applica-

bounded flows has not received much attention as intermittenc%i%s (Dewan and Araker[8]) and is a good test case for the
not as important as the skin friction coefficient and drag which afg e

governed mainly by the near wall dynamics.

The objecti f thi is to study the R Ids- d
Eddy-viscosity based— e model is widely used to compute © objective o this PAPET 1S 10 SWCY the reynoes-average

k—e—7y model for the flat plate and thick axisymmetric
wall-bounded and free-shear flows. Byggstoyl and Kollmbhin ), nqary-layers. Section 2 provides the details of the turbulence
proposed a condition&l— e— y model in which momentum equa- jode| and the numerical method used. The modeling of the inter-
tions for the turbulent and irrotational zones and transport edYiittency equation and the effect of intermittency on mean and
tions for turbulent kinetic energy and its dissipation are solvegl,y,jent quantities has also been described in Section 2. Section

with a contribution of the turbulent-irrotational interface to thesg compares the predicted mean and turbulent quantities with mea-
equations. They solved the intermittency transport equation basgffements for the two flows.

on the turbulent zone quantities. Subsequently, they extended their

model to the second moment closuyigyggstoyl and Kollmann

[2]). The second-moment conditional model is difficult to imple-

ment for wall-bounded flows as near wall modifications for sucB Governing Equations and Turbulence Model

models are much more complex compared to the eddy-viscosityrpe following equations in the cylindrical coordinate system
based models. are solved. The boundary-layer assumptions are assumed to be
Recently, Cho and Chun{g] proposed thek—e—y model \jig The computations for the flat plate boundary-layer are made

based on the Reynolds-averaged quantities, which is simpler cQfithe |imiting case withr/a— 0, wherea is the cylinder radius.
pared to the conditiondt— e—y model. The model of Cho and

Chung[3] is superior to the condition&— e— y and second mo- Continuity.

ment models in predicting the intermittency of free-shear flows. u 19

They showed that the effect of entrainment on the rate of dissipa- —+——(rv)=0 (1)
tion of turbulent kinetic energy considered in their model removes gx - ror

the weaknesses of the standarde model in predicting different  sgreamwise Momentum Equation

nonbuoyant free-shear flow@xisymmetric jet, plane far wake,

and plane mixing-layer The standardk— e model overpredicts au au

the growth rate and turbulent quantities of the axisymmetric jet Ut o =var
and underpredicts that of the plane far wake and the plane mixing-

layer. Thek—e—y of Cho and Chung3] has been extended to u andv are the mean velocities in the streamwigeand radialr)
the plane momentumless wakéhn and Sund4]), axisymmetric directions, respectively.

plume (Dewan et al[5]) and plane pluméKalita et al.[6]). Re-
cently, Wang and DerkselY] have used thé&c— e—y model to

Ju
[r(vv)] o @

2.1 k—e—vy Model. In the present work we have used the
following eddy viscosity relation proposed by Cho and Ch{®lg
to account for the contribution of the outer irrotational fluid
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where, y denotes intermittency and the model constant equal tok®%e2gu/dr 3y/or. The magnitude of depends on the
=0.10. In the limit of fully turbulent flom(y=1) the above rela- rate of entrainment. If the entrainment is by the inward movement

tion reduces to the standard eddy-viscosity relation of the outer irrotational fluidas in a jet or in a plumetheny at a
K2 fixed location decreases and vice-versa. A reductioty means
—c — (4) reduction in turbulent length scaleor an increase ire as |
e ~K¥e.

where, the standarki— e model constant, =0.09. Intermittency  €ho and Chund3] proposed this model by modifying the
(y) profile, turbulent kinetic energgk), and its dissipatiore) are model of Byggstoyl and Kollmanfi2] which was used with the

obtained from the following transport equations. conditionalk— e and Reynolds stress transport models. Dewan
Turbulent Kinetic Energy et al.[5] modified the model of Cho and Chuf8] to account for
the effect of buoyancy on intermittency and studied intermittency
ok ok 14 ve| | ok of the axisymmetric plume. Recently, Kalita et f] have ap-
U to o= o f vt o) |ar +Py—e ®) plied this model to the plane plume. Note that the intermittency
L L equation does not require any special near wall treatment. Cho
Rate of Turbulent Kinetic Energy Dissipation and Chund 3] also modified the dissipation equati¢®) by add-
Jde Jde 1 9 v \] de € ing the termc I €’/k with the model constant_,=0.1. This
uﬂ +v i E[ r( v+ U_—) ar +cle Py term accounts for the effect of entrainment and is significant. Its
€ inclusion in the dissipation equation removes the limitations of the
€2 €2 standardk— e model in predicting different free-shear flowde-
+Cul ' 052? (6) scribed in Section 1

2.3 Numerical Method. The governing equations were
solved using the control volume meth@@atankarf12]). Power-
- . L - law schemgPatankaf12]) in the cross-stream direction and up-
the low-Rek = e model of Chien was used, which is quite accuratg, scheme(Anderson et al[13]) in the stream-wise direction

in predicting the near wall quantities for the flat plate boundang, o ,ceq. Grid independence was checked and achieved. For one
layer (Patel et al[9]). The predicted characteristics of the oute ical case with Re=736 increasing the number of radial grids

region are independent of the near-wall modifications as in t :

outer region all the low-R&— e models reduce to the standard_ 42530&/_%5:“;/%5%?3 ellg thﬁlr:: %aggpe;g;n? rll(_jh:: c%tm?)ﬁ'tzgti ons
k— e model. Therefore, the near wall version used in the modelli : ’
not importantc.,=1.35,¢c,.,=1.88,0,=1.0 ando .= 1.3 are the
constants of Chien’'s low-Reynolds numbler- ¢ model (Patel

et al.[9]). In the present work we have added the third term on t

where,P, = 1,S? is the production of turbulent kinetic energy with
mean strain rat&S=[Jdu/dr + dv/dx]. For the near wall region,

3ported in this paper are using 100 radial grid points. To resolve
sharp gradients close to the wall about 30 grid points were located
méithin y*=50. An axial step size equal to the smaller of five

RHS of the dissipation equation and its effect is discussed in tﬁgblayer thickness and 25 percent of momentum thickness was

J ; - o Used(Patel et al[9]).
next section. It may be noted that in Section 3.1 predictions u5|Hae
the low-Rek— e model of Chientermed as th&— e model in the At the wall u andk were set to be zera was computed based

. : . on Chien’s low-Rek— e model and the intermittency was set to
present papgremploy the standard eddy viscosity relatieh. unity at the wall(Wang and Derksefi7]). At the free-stream the

2.2 Intermittency. Libby [10] was the first to propose a variablesk, e, andy were set to zero. Computations were started
model for a guessed transport equation for the intermittencufficiently upstream of the region of interest. At the starting point
Dopazo[11] derived an exact transport equation for intermittencg small trigger in the values df and e was given to initiate
by multiplying the instantaneous continuity equation by the inteturbulent flow. Computations were made to study the dependence
mittency indicator function and taking the ensemble average. Thé results on the free-stream turbulence level defined Tby
intermittency indicator function is used to distinguish between the 1/U..[ 2k/3]*? (White [14]) by considering three values df
two zones and is equal to one in the turbulent zone and zero in #gual to 0.5 percent, 1 percent, and 2 percent, wherds the
nonturbulent zone. The exact intermittency equation involvéeee-stream velocity. The results reported in the present paper are
terms accounting for the transport of intermittency due to the relmdependent of values &fande at the starting point and the value
tive motion of turbulent and nonturbulent zones, and productiaf free-stream turbulence level. The code was validated with the
terms. The following modeled equation for intermittency is solverksults reported by Patel et &8] for the flat plate boundary-layer

using the low-Re&— e model and for the axisymmetric jet by Cho
u 4 +v v =Dy+S, ) and Chund3] using the Reynolds-averag&d- e~y model. The

X ar 9 predictedC;, H, mean and turbulent quantities were within 2

D, represents the transport gfdue to the mean velocity differ- PErcent of those reported in the above refereriBesvan(15)).

ence between the turbulent and irrotational fluids and is effective . )

only in the intermittent region. The following diffusion model for3 Results and Discussion

D, is used (Cho and Chung[3]): Dgy=(1/r)(a/ar)[r(1 .
¢] g -

— N (vlog)(aylar)], with the model constant,=1.0. 3.1 Flat Plate Boundary-Layer. Figures 1 and 2 compare

Sy represents the conversion rate of the outer irrotational flu e predicted intermittency and turbulent Kinetic energy profiles at
into the turbulent fluid and involves the geometry of the interfac .89_2600 with measurements by Klebanfifi] for the flat plate

: : ; oundary-layer with zero pressure gradient. The prediction of in-
The following model forSy is used, with the model constants . o T
Cg1= 1.6, Cgy=0.15, C4e=0.16 (Dewan et al[5]) termittency by the conditiondt— e—y model of Byggstoyl and

Kollmann[1] and the prediction of turbulent kinetic energy profile
Py k2 gy dy € by low-Re k— e model of Chien(hereafter termed as the— e
Se=Cqu V(1= ) 1= +Cor 5 o -~ Ca¥(1= ) T (8)  mode) have also been shown in Figs. 1 and 2, respectively. The
U prediction of intermittency by the Reynolds-averaded e— vy
The last term in the model foBy accounts for the effect of en- model is superior to that by the conditioria e~y model (Fig.
trainment. This term, however, is negligible for most flows. Herg). While using the Reynolds-averag&d- e—y model, the Eq.
I'= (K" €?)U; 1(UU)Y(aU;)1(ax;)(3yldx;) is the intermit- (6) for dissipation has been modified to account for the effect of
tency interaction invariant and is a measure of the change in ieatrainment, by adding the term containing intermittency interac-
termittency due to the entrainme(@ho and Chund3)). In the tion invariantl’. The effect of entrainment on dissipation depends
present work with boundary-layer assumptidhis approximately on the direction of motion of the interface and its magnitude de-
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1.2 T T T T Table 1 Predicted skin friction coefficient and shape factor for
Reynolds-Averaged k — ¢ — v Model flat plate boundary-layer at Re ,=2600 compared with the mea-
" surements
Conditional £ — € — v Model « - -
11 Measurements + + + 4 Low-Rek—e—y Low-Rek—e€
B Quantity Measurement model model
CiX10° 3.42 3.41 3.43
08 + E H - 1.34 1.35
06 . . .
model fails as here the value of the constaptin the eddy-
gl viscosity relation becomes three to four times its original value of
0.09. They suggested that this is probably due to the intermittent
04 r T nature of the flow close to the free stream in wall-bounded and
free-shear flows. It may be noted that the predictions of the eddy-
viscosity by the relatioit3) are consistent with the observations of
02 b 4 Cazalbou and Bradshalil7] and show a large increase in the
value of the constarg,, close to the free-stream.
3.2 Thick Axisymmetric Boundary-Layer. For this flow
0 L s the computations have been compared with measurements for the
0 2 25 following three cases{a) Re,=4800 andé/a=4.59; (b) Re,

=3200 andd/a=7.57; and(c) Re,=736 and Rg,=4350 (6/a
=40). Transverse curvature effects in the outer region become
more important as the value éfa increases. Figure 3 compares
Reynolds shear stress profiles for the céme Figures 4 and 5
compare intermittency and Reynolds shear-stress profiles for the

d h ; . For boundarv-| f case(b). The measurements of intermittency profile by Lueptow
pends on the rate of entrainment. For boundary-layer flow the Haritonidig 18] and of Reynolds shear-stress profile by Luep-
effect is to slightly increase dissipatigor decreasé) in the outer tow et al.[19] have also been shown in Figures 3, 4, and 5 for

intermittent regior(Fig. 2). The overall deviation between predic'_comparison. For the cagb) the predicted intermittency profile by

Fig. 1 Predicted intermittency profiles for the flat plate bound-
ary layer at Re ,2=2600 compared with the measurements

ments is goodFigs. 1 and 4 Here largery is observed because
D less constraint on the motion of eddies compared to the flat-
late boundary-layer. With an increasedfa the Reynolds shear-
fress in the outer region decays faster compared to the flat plate
oundary-layer as turbulence generated in the near wall region
sustains larger area compared to flat plate boundary-(&ygr3).
e decay of Reynolds shear-stress in the outer region is larger

that the values of the skin friction coefficient and shape fact
predicted by the two models are almost the same.

There is a debate in the literature on the effect of the out
irrotational fluid to the eddy viscosity. Based on the DNS data f
the flat plate boundary-layer, Cazalbou and Bradsht@ have
shown that close to the free-stream the standard eddy-visco

0.01 T T T T ¥ T T T
0.002 T T T T T T T T T
Reynolds-Averaged k — ¢ — v Model  ~—— Reynolds-Averaged k M
0009 - i ynolds-Averagy — €=y Model ——
k — € Model — - — k Model
— € Model —— —

Measurements + + +

0.008 4 Measurements & & ¢
0.0015 -
0.007 4 ,
++
0.006 | a +
+ Measurements for
ki, 0005 1w oot f o\ T, feveke ]
0.004 b
0.003 1
0.0005 b
0.002 §
0.0 b
0 [N 1 1 0 1 1
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
y/8 : /8
Fig. 2 Predicted turbulent kinetic energy profiles for the flat Fig. 3 Predicted Reynolds shear-stress profiles for thick axi-
plate boundary-layer at Re ,=2600 compared with the measure- symmetric boundary-layer  (Re,=4800, é/a=4.59) compared
ments with the measurements
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1.2 T T T T

Reynolds-Averaged k — ¢ ~ v Model

Measurements + + +

25

Fig. 4 Predicted intermittency profile for thick axisymmetric
boundary-layer (Re,=3200, é/a=7.57) compared with the mea-
surements

for the casdb) compared to the cagea) because of larger value of

Table 2 Predicted skin friction coefficient and shape factor for
thick axisymmetric boundary-layer at Re  ,=4800 and é/a=4.59
compared with the measurements

Low-Rek—e—y Low-Rek—e
Quantity Measurement model model
CiX10° 4.61 3.84 3.80
H - 1.16 1.16

Table 3 Predicted skin friction coefficient and shape factor for
thick axisymmetric boundary-layer at Re  ,=3200 and é/a=7.57
compared with the measurements

Low-Rek—e—vy Low-Rek—e€
Quantity Measurement model model
CiX10° 4.80 3.88 3.85
H - 1.113 1.116

Table 4 Predicted skin friction coefficient and shape factor for
thick axisymmetric boundary-layer at Re ,=736 and Reg s
=4350( 6/ a=40) compared with the measurements

Low-Rek—e—y Low-Rek—e
Quantity Measurement model model
CX10° 7.84 4.74 4.72
H 1.115 1.045 1.047

the boundary-layer thickness in the latter. The models correctly

predict this behaviofFigs. 3 and &

Tables 2, 3, and 4 compare the predicted skin friction coeffpy the two models for the caséb) of thick axisymmetric
cient and shape factor with the measurements by Lueptow et Bpundary-layerFig. 5 leads to underprediction of the skin fric-

[19] for caseqa) and(b) and Willmarth et al[20] for case(c) of
thick axisymmetric boundary-layer. Here ReéJ..alv and Rg
=U..04/v, WwhereU,, is the free-stream velocity, is the cylinder

tion coefficient(Table 3. Results for other cases also show simi-
lar trends. The large underprediction@q for thick axisymmetric
boundary layers by different low-Rle— e models has been dis-

radius, 6, is the momentum thickness for axisymmetric flowsussed by Dewan and Arake#]. They have shown that different

(Willmarth et al.[20]), andv is the kinematic viscosity. Under-

low-Reynolds number modifications to the standirde model

prediction in the maximum value of Reynolds shear stress profilgge unsatisfactory in predicting the near-wall characteristics of

0.002 T T T T T T

L T T
Reynolds-Averaged k — ¢ — v Model ———
k—eModel ——_
+ Measurements + + +
0.0015 .
Mg
a Measurements for
DEl flat-plate
w000y Py / '
0.0005 [ -
0s 1 1 1 P I |
0 02 04 06 08 1 12 14 16 18 2
y/é

Fig. 5 Predicted Reynolds shear-stress profiles for thick axi-
symmetric boundary-layer  (Re,=3200, é/a=7.57) compared
with the measurements

Journal of Fluids Engineering

such flows. They have shown that a small modification to the zero
equation model of Cebe¢P1,22 by replacing the standard ex-
pression of displacement thickness for planar flows by that for
axisymmetric flows leads to superior predictions compared to that
using different low-Rek— e models.

Tables 2, 3, and 4 show that tke- e — y model with the effect
of intermittency on dissipation does not lead to any improvement
in the predicted skin friction coefficient compared to the low-Re
k— e model of Chien. The predicted mean and turbulent quantities
by the two models are almost same. This is because the effect of
entrainment on dissipation accounted for in the Reynolds aver-
agedk— e— y model marginally affects the flow in the outer re-
gion only. In contrast, for most free-shear flows the Reynolds-
averaged— e— vy significantly improves predictions compared to
the standardk— e model.

The results show that the present Reynolds-aver&ged— y
model accurately predicts the outer region of wall-bounded flows.
The fact that this model is also appropriate for different free-shear
flows shows that it could be a universal model for intermittency.

4 Concluding Remarks

We have shown that thHe— e— y model based on the Reynolds
averaged quantities is adequate to predict the intermittency of
wall-bounded flows. Making near wall modifications to this model
as used in any low Reynolds number version of khee model
results in a model which can be used to study the near wall and
outer characteristics of the turbulent flat plate boundary-layer and
thick axisymmetric boundary-layers. This model is appropriate to
study intermittency of different free-shear flows and removes the
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algebraic eddy viscosity and curvature-corrected mixing length concepts, the latter of
which is a linear function of the gradient Richardson number. To include the complete
Richardson number effects, the local streamline curvature effects in the gradient Rich-
ardson number are kept. To overcome the mathematical difficulty of keeping all of these
local streamline curvature terms, an innovative nonconstant-parameter perturbation so-
lution technique is successfully applig&0098-220200)00903-2

Introduction the gradient Richardson number [Re., |.=«y(1—8R))] to ac-

Lo ount for the streamline curvature effect on the turbulence. Dif-
Turbulent flows along curved walls with finite curvature can b?erent mixing length corrections were derived by So and Mellor

classified_as complex shear flows due to the appearance Of[é]‘and So[7] as nonlinear functions of the; Rumber. The R
extra strain rate introduced by the wall curvature. The effect @{;mper used for curved flows is a dimensionless parameter rep-
convex wall curvature on the near-wall turbulent flow is to supresenting a measure of the production of turbulence by centrifugal
press the outward diffusion of turbulent kinetic energy from thforces to that by shear effects. Meroney and Bradsf&vdevel-
wall, whereas the opposite is true for concave wall curvatu@ped a curvature wall law using a mixing length correction based
(Bradshaw([1,2], So and Mellor[3-5], So[6,7], Meroney and On & momentum integral equation assuming that the velocity pro-
Bradshaw{8], Hunt and Joubefi9], Barlow and Johnstofit0]). file in the inner layer is proportional tg'°. Also, So[6] devel-

The common experimental observation made is that wall curv@Ped a curvature wall law using a similar mixing length correc-

ture reduces the distance from the wall over which the classid¥n. In their derivation, however, approximate forms of the R

log-law for a flat plate is accurate. It was also found that th@Umber were used to obtain closed analytic solutions avoiding
athematical complexity.

fractional changes in _the skin friction coefﬁcner_n on a curved wall' Wilcox and ChamberkL1] proposed a curvature wall law from
are an order of magnitude greater than the ratio of boundary Ia%ler

thicknesss to the radius of curvature of the wdl Accordingly, singular perturbation after simplifying the— o turbulence

th Il di ionl locit fil d {nodel according to the boundary layer approximation and adding
e near-wall dimensionless mean velocity profile on curved wallg 5 oyrvature terms. In addition, Galperin and Me[b2] used
deviates from that on flat walls.

. . . L algebraic Reynolds stress model to obtain a curvature law as-
There exist two basically different flow situations near a curve%j

. ) ; ming an equilibrium, constant-flux layer over curved surfaces.
wall: (2) the curved channel case with one near-wall velocity and the "opjective of the present investigation is the development

shear stress in a plane parallel to the wall, dodthe swirling-  3nq analysis of an improved curvature law for the strongly curved
axial case with an additional velocity and stress component Wh'ﬁlfbnvex as well as concavehannel case. This improved law
act in the curvature axiéi.e., axia) direction. Not surprisingly, features the incorporation of the completerRmber expression

the local flow details are substantially different for these casesy a |ocal, rather than an averaged, basis with the goal of obtain-
For example, for the swirling-axial case the near-wall vector r¢ng an increased range of accurate applicability.

sultant velocity is not exactly in the opposite direction to that of

the corresponding resultant shear stress, whereas for the curved

channel case they are generally considered to be exactly opposite

in direction. Furthermore, there is an extremely wide range of theevelopment
Tix | 77 atio that can occur for the swirling-axial cases, and thus pollowing the linear mixing correction suggested by Bradshaw
certain analysis assumptions are typically needed there regardin®], the law of the wall on curved surfaces can be obtained by
an anisotropic mixing length, stress-strain rate relationships, integrating the shear stress in the near-wall region using

andw* definitions, etc. Because of the different near-wall physics

a log law specifically for curved channel flows, as well as one . :plz(d_w_ ﬂ 2 1)
specifically for swirling-axial flows, is needed. ro f\ldr r
As a result of the analogy between flows with curved strearwith
lines and buoyancy-induced flows, Bradshfiy2] proposed a
correction to the mixing length distribution as a linear function of l.=xy(1-BR) )

Commibuted by the Fluids Endineering Division f biication in oA where the empirical constagtwas originally proposed to have a
ontributed by the Fluids Engineering Division for publication in NAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionValue between 4 and S for a concave wall, and between 7 and 8

March 23, 1999; revised manuscript received February 14, 2000. Associate Teclmr a convex wall. Th? particular form of the gradient Richardson
cal Editor: D. Williams. number Rused here is suggested by B@&] as
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Next, the functionf and the mean velocitw™ are expanded in
terms ofe as

f=fo+ef,+62f,+0(s%) and ©)
wh=wg +ew; +e2w, +0(e%) @)

from which one obtains the relationship betwderandw;" as

if — +

; ehi=ny <o dy

Unlike conventional perturbation approachd$], where the
perturbation parameter is usually chosen as the dimensionless
group of constants in the governing equation, the present formu-
lation uses a nonconstant perturbation parameter which includes
both the dependent and independent variables in its definition.
This is why thes' term appears in the derivative on the right-hand
side of Eq.(8). Substituting Eq(6) into Eg. (5) and equating the
Fig. 1 Definition of coordinates for the concave and convex terms containing:' on both sides gives the algebraic relationship
surfaces among thef; as

d(e'w") @)

g% f3—f3=0

RW (Z_VV+RW ) 113121, — (3+28) 12— 2 fof 1+ 2 fo=0

*y\dr *y

= W W () £2:3f2f,— 2 fof )+ 3fof2—2(3+28)fof — 2
dr R=xy +2f,+3f,—1=0

Note that the previous use of the gradient Richardson numbervifhich give the solutions ag=1, f;=1+28, andf,=44 and

wall law derivations involved only approximations to the abovétc. Note that the zeroth-order solution corresponds to the classi-
definition, i.e., R=2(w/R)/(dw/dr) by Meroney and Bradshaw cal law of the wall while the higher-order solutions fgfaccount

[8] and R=8.33(y/R) by So[6]. Substituting Eq.(3) into the for the curvature effect, and thus are functionspfThrough a
mixing length correction and combining it with the shear stresgareful term-by-term examination of E(g), one finds the rela-
one obtains a dimensionless, nonlinear, ordinary differential equ@nship betweerf; andw;" as

tion as "

dwg w;
°—{1+(3+2p)g}*+(29+3¢*) f —{g°~ (28-1)g°}=0 fo=ky" o=ty 77 fo ©)
(4) y y =R
where the definitions of f=«xy"(dw'/dy*) and g f + LW ¢ W2
=KW, + Ky f —-—
=xy"w*/(y"=R") are used with the dimensionless variables 17 KWy Ty yTxRT ! 2Ky yTxRT O (10)
defined asw*=w/w*, y"=w*y/v, R*=w*R/v and the wall Wt
shear velocityw* = (7/p)*?. The negative sign foR" and dr fom D kW L oV f oyt 2 g 11
=—dy are used for concave wall curvature, and vice versa for 2= oKW T HY y R 2 d y"rR" 1 (1)

convex curvaturésee Fig. 1 It is implied in the derivation of Eq.

L P L .
(4) that a local equilibrium layer exists in the near-wall region an A calrzeful %amlgaiul)n oW /\INld tk\:VI:Itcﬁ IS (i.btglnalble by CO'T;I'
that the shear stress is constant in the normal direction within tH&""9 gs(10) and(11), reveale atthe ratio Is always smaller

layer (So and Mellof5], Barlow and JohnstofL0], Gibson[14], than 1.1 for both convex and concave curvature WRérnis larger
Galperin and Mellof12)). than 10,000. Therefore one can conclude that the second- and

Two important facts arise regarding the functiérmdg. First, higher-ordem;” solutions are reasonably negligible in the practi-
the classicali.e., non-curvegllaw of the wall forw* is obtainable cal application range of " if R™ is not much smaller than 10,000.
whenf equals unity. This occurs as the functigiwhich contains Accordingly, by solving the algebraic equatipg. (10)] for wy
the curvature effecisgoes to zero, or equivalently @&8" ap- and the ordinary differential equatidiq. (9)] for wy , one ob-
proaches infinity for the case of a flat plate. Second, the functiesins the approximate solution fer™ as
g is much smaller thahin order of magnitude for the range pf .
near the wall over which the law of the wall applies, even with [1_ fay ]w*
strong curvature R*~10,000). This is equivalent to the state- (1+f)y"+=R"
ment that the gradient Richardson number is much smaller than

+ + +
unity in the near-wall regioSo and Mellof4], Hunt and Joubert :1 |ny_ 1 fa (1+f)y =R ]
[9]). kK a k1+f; | (1+f)a+R"
Because Eq(4) has no exact analytical solution, an innovative R
perturbation technique similar to that of Kim and Rh¢d8] was +a a_—] (12)
applied taking the functiog as the nonconstant perturbation pa- (1+f)a*xR"

rameter based on the aforementioned observation concerning fhe. . \ \which is choser(as for a noncurved surfacepproxi-

functionsf andg. The first step is to consider the nonlinear dif- . + . .
ferential equation as a nonlinear algebraic equation. Taking t eately as 10.5, is thg " location where the wall law profile and

curvature functiong as the perturbation parameter denoted:as € linear sublayer meet, and the curvature temhas been
one obtains a nonlinear algebraic equationffas evaluated as 2. The + and — sign notation corresponds to

convex and concave curvature, respectively. The classical law of
f3—f2—{(3+2B)f2—2fle+(3f—1)e?+(28—1)e°=0 the wall is recovered wheR" approaches infinity in Eq(12),
(5) which corresponds to a flat plate. Note that the effect of surface
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roughness is not included, as a hydrodynamically smooth surface
has been assumed. It is expected that there exists little correlation
between surface roughness and wall curvature, thus a conven-
tional technique to account for the surface roughness on a flat
plate can be applied. Also, a simplication to EtR) can be made
without loss of accuracy by neglecting the second term on the
right-hand side because the magnitude of the first term on the
right-hand side is much greater than that of the second term in
most of the practical CF* range. For example, the magnitude
of the second term is just 1 percent of that of the first term at
y* =100 whenR™* is 30,000.

N
(&1

N
o

Mean Velocity w+
o

Discussion

-
o

It has been observed that pairs of longitudinal roll cells, which
are similar to Taylor-Goertler vortices, often exist along concave 10 100 1000
walls (Meroney and Bradsha{8], So and Mellof3]) resulting in Wall Coordinate y+
spanwise variations of flow structure, whereas the convex wall
curvature does not create such roll cells. Because of the limitatiply. 2 comparison of the present curvature law of the wall
of two-dimensionality of the present analysis, the present law (S—) with measurements (So and Mellor [5]) along a concave
unable to show the three-dimensional spanwise variation of th@ll (R*=35,000); [(—A—): the classical log-law, (—B—):
mean turbulence structure. Instead, it is assumed in the presatoney and Bradshaw [8], (—C—): Wilcox and Chambers
study that the mixing length correction effectively represents thé1], and (—D—): So [6]]; [(OOO):x=159.49 cm, (XXX):x
spanwise-averaged, two-dimensional flow changes due to conc&A66.95 cm; (+++):x=174.47 cm; (0OO0):x=182.37 cm].
curvature.

Because of the nature of perturbation analysis, the present so-
lution, i.e., Eq.(12), deviates(underpredictsfrom a more accu- ments. One of the possible reasons for this may be over-
rate numerical solution(from the fourth-order Runge-Kutta estimation of the mixing length correction in the outer layer, es-
method of Eq. (4) as the local value of functiog increasesi.e., pecially for the empirical constarg.

R" decreases and/gr" increases However, a careful examina-  Figure 4 shows the comparison of the mean velocity profiles on
tion validated the use of the present solution with accuracy inaaconvex wall with strong curvature wheRs" is approximately
practicaly™ range even for strong curvature cases. For exampl3,500(Galperin and Mellof12]). It is shown that the deviation
the relative error from the numerical solution is less than 3 percenbm the log law is opposite to that of the concave case. The
for both concave and convex cases wiithis 10,000 and/* is  present law is shown to be generally in closest agreement with
200. measurements. A similar result can be found in Fig. 5 where the

The present curvature law of the wall is compared with theonvex R is approximately 17,40@So and Mellor[4]). Here
measurements obtained with different curvature and other presgain one finds a very narrow' range where the classical log-
ous laws(Meroney and Bradshay8], So[6], Wilcox and Cham- law is realistic. Thus it is clear that the currently common use of
bers[11]). In the comparison the following constants were corthe classical log-law as a wall function form of a wall boundary
sistently applied:ia=10.5, k=0.415. Thusw"=2.43Iny*+4.9 condition in the CFD computation of flows on curved walls
was obtained for the classical log-law profile. One should be re-
minded that the constants are not universally fixed, but vary some-
what according to each individual's preference. Thus a different
combination of the constants may be applied. In the comparison,
B=4 is used for both concave and convex curvature for the
present law, whereas different values are used for the other laws
as given in the literature by their developers.

In Fig. 2 the mean velocity profiles are compared for a concave
wall whereR" is approximately 35,000. The symbols represent
the measured profiles at different streamwise locations by So and
Mellor [5]. By comparison with measurements, it is shown that
the classical log-law is limited to a small rangeyof only out to
approximately 50. The curves of the present law and Meroney and
Bradshaw([8] show very good agreement with measurements,
whereas the curve for the classical log-law largely over-estimates
asy’ exceeds about 100. A similar trend of the mean velocity
profiles and reduced log-law region was observed near a concave 10
wall by Barlow and Johnstgii0] as shown in Fig. 3, wher@™ is
approximately 10,100. It is found here again that the present cur- 10 100 1000
vature law of the wall agrees with measurements increasingly well Wall Coordinate y+
as one proceeds in the flow direction. Note that the deviation from
the classical log-law profile begins at an even loyérvalue than
was found in Fig. 2 due to the increased curvature effect. Ho )
ever, one should be reminded that the wall law values for conca e_) with measur+ements (|.3ar|ow and ,JOhnSton .[10]) along a

. . . concave wall (R*=10,100); [(—A—): the classical log-law,
cur\(ature were shown in a spanwise averaged sense as _dls_cu§s_e _): Meroney and Bradshaw [8], (—C—): Wilcox and
earlier. A maximum value oiv*, followed by a decrease in its chambers [11], and (—D—): So [6]]; [(OOO): flat; (XX X): @
value, always occurs in the outer layer for all compared curvatugg15 deg; (+++):0=30deg; (OO0):6=60deg; (HMEM): 0
laws of the wall, whereas this does not appear in the measue?5 deg].

N N
o ()]

Mean Velocity w+
o

\gi_g. 3 Comparison of the present curvature law of the wall
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Fig. 4 Comparison of the present curvature law of the wall
(——) with measurements along a convex wall (R*=13,500);
[(—A—): the classical log-law, (—B—): Meroney and Brad-
shaw [8], (—C—): Wilcox and Chambers [11], and (—D—): So
[6]]; [measurements were adapted from Gibson  [14] and Galp-
erin and Mellor [12]]; [(OOO): x/ 6,=9.0; (XX X):x/5,=14.3;
(+++):x/6,=21.7].

In the comparisons with measureme(fgys. 2—3, it has been
shown that the profiles of the laws of the wall are not in good
agreement with measurements yor lower than 20. One possible
reason for this disagreement seems to be the existence of the
buffer layer in the region where the present equilibrium layer
assumption is not valid. Also note that for all measured cases the
mean velocity profiles vary at different streamwise locations. This
variation occurs due to the streamwise change of wall shear stress,
thus changingv* andR™ as the wall curvature effect develops
(Barlow and Johnstoh10]). However, all of the curvature laws
were plotted using the fully developd&i” value as the reference
curvature parameter. Therefore, it is possible to obtain a slightly
different comparison of the mean velocity profiles when the
changes oR" are considered along the downstream direction.

Summary

In contrast to the two previous mixing-length derivations of a
curvature law of the wall, which used only approximatee.,
incomplete R numbej corrections to the mixing length, the
present derivation keeps all of the streamline curvature details in
the R number definition on a local, rather than on an averaged
basis. In order to incorporate the local curvature effect and handle
the resulting increase of mathematical complexity, an innovative
nonconstant-parameter perturbation analysis similar to Kim and
Rhode[15] was applied. Specific findings are:

1 The new curvature law is found to give good agreement with
measurements for all four test cases.

should be avoided. The deviation of the mean velocity from the 2 It is now more clear that the complete-Rumber mixing
classical log-law profile is primarily due to the term in the leftlength curvature correction well describes the effect of wall cur-
hand-side parenthesis, which is the first-order perturbed solutieature on the turbulence structure in the near-wall region.

in the present law.

Note that the use of the previously recommendgreualue of

3 For best agreement with the measurements considered, it ap-
pears that the empirical constghin the mixing length correction

7-8 for convex wall with the present wall law does not give good around 4 for both convex and concave cases. This finding
agreement with measurements. Howeves,\alue of 4, which is agrees with the previous results obtained by So and MgBbr

the same value as the one used for the concave case, was fourBBigicause of its empirical nature, however, the universality ofghe
result in better agreement. It is well coincident with the resultalue is not clear, and needs more investigation.

derived by So and Mellof3] through an analytical and experi-

mental correlation. Discussions of the different choicesGwal-
ues can be found in Galperin and Mellpgt2], So[7,13], and
Adams and Johnstdi7].

N
(6,1

N
o

Mean Velocity w+
o

10

100 1000
Wall Coordinate y+

10

Fig. 5 Comparison of the present curvature law of the wall
(——) with measurements (So and Mellor [4]) along a convex
wall (R*=17,400); [(—A—): the classical log-law, (—B—):
Meroney and Bradshaw [8], (—C—): Wilcox and Chambers
[11], and (—D—): So [6]]; [(OOO):x=61.0cm; (XXX):x
=138.4cm; (+++):x=149.9cm; (00O0): x=170.2cm;
(HEN): x=180.3cm].
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Nomenclature
k

turbulent kinetic energy
corrected turbulent mixing length
coordinate in radial direction
radius of wall curvature

gradient Richardson number

= velocity along curved wall
wall shear velocityf = (7/p)
coordinate along curved wall

coordinate normal to curved wall

y* where the law of the wall region begins
empirical constant

turbulent boundary layer thickness
perturbation parameter

= von Karman constant

kinematic viscosity of fluid

coordinate in circumferential direction
density of fluid

shear stress

= turbulent dissipation rate

-
Il

=P o=
I

=
*
Il

1/2]

E 9D IITX®OWRK X
Il

Superscript
+ = dimensionless wall quantity
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A Simultaneous Variable Solution
Procedure for Laminar and
Turbulent Flows in Curved

sianrong Wang' § Channels and Bends

Graduate Research Assistant

Siamack A. Shirazi Direct Numerical Simulation of turbulent flow requires accurate numerical techniques for
Associate Professor solving the Navier-Stokes equations. Therefore, the Navier-Stokes equations in general
orthogonal and nonorthogonal coordinates were employed and a simultaneous variable
Department of Mechanical Engineering, solution method was extended to solve these general governing equations. The present
The University of Tulsa, numerical method can be used to accurately predict both laminar and turbulent flow in
Tulsa, OK 74104 various curved channels and bends. To demonstrate the capability of this numerical

method and to verify the method, the time-averaged Navier-Stokes equations were em-
ployed and several turbulence models were also implemented into the numerical solution
procedure to predict flows with strong streamline curvature effects. The results from the
present numerical solution procedure were compared with available experimental data
for a 90 deg bend. All of the turbulence models implemented resulted in predicted velocity
profiles which were in agreement with the trends of experimental data. This indicates that
the solution method is a viable numerical method for calculating complex flows.
[S0098-22000)01803-4

Introduction viscosity expression. The results with and without modifications

. . to the k-7 model as well as other turbulence models used are
Advances in computing power of supercomputers and complf,

- : ; - ) ) . FeVvaluated by comparing velocity profiles and turbulent kinetic en-
tational fluid dynamics will soon allow direct numerical SO'”t'orbrgy predictions with experimental data for a 90 deg bend. The
of complex turbulent flows in complex geometries. However, d :

’ . - ) bredictions from the standaide model in a commercially avail-
rect numerical simulation of turbulent flow requires accurate n

. . . . X ible CFD code were also compared with present results and with
merical techniques for solving the Navier-Stokes equations. The

. i : erimental data.
simultaneous variable solution method proposed by Bentson ancjJ
Vradis[1] is an attractive method for solving the Navier-StokeE)
equations because of its numerical accuracy, efficiency and ro
bustness. The method proposed by Bentson and Vradis was later Vradis and Bentson Simultaneous Variable Solution
extended to two-dimensional laminar flow in curved boundariedethod. Vradis et al[2] developed a simultaneous variable so-
(Vradis et al.[2]) and to three-dimensional flow in the Cartesianution method for solving laminar flow in two-dimensional
coordinates by Pradd3]. However, the applicability of the straight and expanding channels using the orthogonal and nonor-
method to highly curved geometries was not addressed by ti@gonal curvilinear coordinate systems. But, this method is not
previous investigators. Thus, the simultaneous variable methapplicable to highly curved channels and bends as it is discussed
for solving the Navier-Stokes proposed by Bentson and Vifddis in this section.

has been extended and generalized to the Navier-Stokes equatiohg the present work, the simultaneous variable solution method
in general curvilinear coordinates. Additionally, to make the solwas extended to turbulent flow computations by using the time-
tion procedure useful and practical for its use in current engine@veraged continuity and momentum equations for a steady, in-
ing applications, the method was extended to turbulent flow corgompressible, Newtonian, and two-dimensional flow. Assuming
putations by implementing several turbulence models. Turbulen@t the Reynolds stresses are linearly proportional to the strain
models implemented include modified versions of the mixing@te tensor by a turbulent or a scalar eddy viscosity, the equations
length model developed by Baldwin and Lomfa and the low- used are
Reynolds-number two-equatidar model developed by Speziale au  dv
et al.[5]. In addition to numerical difficulties encountered in tur- 5+ rrin
bulent flow computations, turbulent flow in curved channels is y
dominated by strong streamline curvature effects. These effects gy du lop o { au] J { (au av)]

Ve

considerably change the behavior of the turbulent kinetic energyu X +v W == ; X + x| “Vax + @ W + X
@

J dv
} + @ { 2 Vew}
(3)

B~ . whereu, v, andp are the time-averaged velocity components in
Currently with Baker Atlas, Houston, Texas. the Cartesiarx andy directions and time-averaged pressure, re-
Contributed by the Fluids Engineering Division for Publication in tl&/dNAL . ! y .I .I . . : . v g P ure,

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionSPectively. The effective viscosity, is defined as

March 18, 1998; revised manuscript received February 7, 2000. Associate Technical _
Editor: G. Erlebacher. ve=v+uv, 4)

evelopment of the Numerical Solution Procedure

0 1)

and the dissipation ratéCheng and FarokHi6]). Thus, two dif-
ferent methods were used to modify tker model for strong
streamline curvature effects. One method was to include the Ri- dv v lop 4 au  dv
chardson flux number in the turbulent time scafg transport U7 ¥V 50 =7 D50 5o Ve 5ot o

equation and the other method was to directly modify the eddy
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wherev is the fluid kinematic viscosityy . is turbulent eddy vis- Ay
cosity which is calculated from an appropriate turbulence model
discussed in the Turbulence Modeling section. —

The above equations were transformed into nonorthogonal cur- D RN
vilinear coordinates by -

J J\1 5 \ n
Yo og Yegn|T (5a) s

J
ax

d ( d J ) 1 b
Y x,]a§+x§(97] 3 (5h) gl |
where 7 and ¢ are the coordinates in the transformed computa-
tional space, andis the Jacobian of the transformation defined by Fig. 1 Coordinate system of bend
I=XeY = XY -
Using the staggered grid method, Efj) was discretized at the
center of the cell where pressure is defined. Equati@ghand(3)
were discretized at the velocity location and> velocity location, b b 0
respectively. The convective terms in the transformed equations 1 T2
were discretized by the second-order accurate upwind scheme. Bi=|b21 by bag (8)
The diffusion terms were discretized by the second-order centered b b b
difference scheme. The boundary conditions for velocities and 3 Fe2 Mes
pressure were treated in a similar manner as Vradis ¢2hlthe ) ) ] ) )
boundary condition for pressure used a modified equafiem The elements of this matrix that cause problem arise from discreti-

(6)) which includes the effective viscosity for turbulent flows ~ Zation of the continuity equation and the pressure terms in the
momentum equations. Some of the elementB;imrise from dis-
J ap J ( Ye dU J Xg du cretizing the continuity equatiofEq. (1)). These elements are
P R == |+ R —
pan XnYe an ey an e an e an
bi1=y,/AE bp=—X /A7y 9

YoXe | vet | +Y Ve | vert ——
dn\ "J dn AN Other elements that cause problem arise from the pressure term of
v Ju 9 Ve P X the momentum Eqg2) and(3). They are
p et (M e ]

X¢ y
©) bzszm: bas=— ang (10)
The resulting system of algebraic finite-difference equations are
nonlinear due to the convective terms. The equations were linear-

ized by freezing the coefficients of convective terms to the prev\f‘!hereé represents the siream-wise direction apukpresents the

ous iteration level. Finally, a system of linear equations attéansverse direction as shown in Fig. 1.

. o2 L : As the bend angle approaches 90 deg, the derivatiyemdy
formed with a block tridiagonal coefficient matrix of X33 approach zergat §=90 deg,x; =y, =0). This means that in this

elements region the elementd;;=b;,=b13=b,3=b33=0 and the matrix
B, C becomes singulathe determinant of matriB is zerg. Therefore,
o Wy | E; it was found that this method with the form of governing equa-
Az By Cp W, E, tions used above is not suitable for highly curved geometries such

. (") as 90 deg bends and channels.

A, B,
2 Generalization of the Simultaneous Variable Solution
where, W, =[uj; ,v;; ,p;;]", Ai,B;,C; are 3x3 coefficient matri- Method. The simultaneous variable solution method described
ces. In the above 83 matrices, the first three rows, that&,, above is efficient, accurate and robust. However, the form of the
b,;, andcy;, result from discretizing the continuity equation. Theyoverning equations used above limits its applications to small
second three rows result from discretizing $hemomentum equa- bend angles. This method becomes more generally applicable if
tion. The last three rows are obtained from discretizingxingo-  the Navier-Stokes equations using the covariant or contravariant
mentum equation. The system of Eg) was solved by a block components, employing the orthogonal or nonorthogonal curvilin-
tridiagonal solution method described in Anderson ef&l. ear coordinates, are used. In this study, the equations in orthogo-

Using the above procedure, turbulent flow in a straight channgl curvilinear coordinate/Varsi[8]) were used. The equations
was computed. In the computation of turbulent flow in straighdre

channels, the method was found to be robust and no und&fementum equations:

relaxation parameters were necessary for either velocity or pres-

sure, and the method worked well. However, when this method 2

was applied to a 90 deg bend, the method resulted in singular EEJFXEJF UV dhy V7 oh,
matrices and the method failed. By conducting numerical experi- hy ¢  h, dn  hih, dn hihy, 9¢
mentation, it was found that singularities in the coefficient matri-

ces resulted for bend angles(measured from the inlet as shown :_iﬁ_th +i i(h hor )+i(h27 )

in Fig. 1), greater than 70 deg. To investigate the reason for this, h? 9¢ "¢ hih, |ge" T2 gyt

the discretized system of equations was considered. The source of

the problem was found to be in theB“matrix.” In Eq. (7), the _ L‘?_hZT (11)
diagonal matrixB; is given by h,h, 9¢& """
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UV VoV UV sh, U2 ohy tor, y*=u,y/v; u, is the frictional velocity,x=0.4, A* =26,
ettt e e Kn=0.0168 andC;,=1.6. In Eq.(15), F e andFyep, are given
hy 9§ h dm hahy 9 hihy 9¢ by following equations

1 ohy 1 (9 d
- 4+ ——1{—(h? +—(h4h Frieb=1(no intermittency is used for internal floys
i, 9 "6 R, |3 "2 T Gy (M2 e ’ "us)
1 6h2 XF
T (12) Fuae=the smaller of or . 2™ & 17
h2 &77 7 wake kaymaxugif/Fmax ( )

Continuity equation: where C=0.25, Yimayx and F . are determined from Eq18).

9 9 F max IS the maximum value oF (y) that occurs in a profile and
7 (h,U)+ 77 (h,V)=0 (13)  ymaxis the value ofy at whichF ., occurs.
whereU is defined as the velocity in the stream-wigedirection, F(y)=ylo[[1-exp—y"/A")] (18)

andV is defined as the transverse velocity component or the ve-
locity component in the direction normal to stream-wiggor the
direction normal to the flow direction, arftf andh, are geomet-
ric terms. The stress;; in Egs.(11) and(12) is

Modification of u, which was used in defining® was con-
ducted to overcome its singularity(=0) in the separated flow
region. The modifiedu, is given by the following expression
(Baldwin and MacCormak12])

Tij=*p5ij+2veDij (14) 1 aU
whereD;; is the mean rate of strain tensor. UT=§( | Tullpt Ky - ) (19)
Equations (11)—(13) were discretized and solved simulta- Yly+=e0

neously to obtain flow velocity components and pressure. In dis-
cretization of Eqgs.(11)—(13), the convection terms were dis-
cretized by the second-order upwind scheme; all other terms w
discretized by the second-order central difference scheme.
boundary conditions for the velocity components were obtained v,=C,f kr (20)
by a second-order polynomial extrapolation. The details of this e

extrapolation procedure and the results can be found in Welng where C,=0.09, f, =[1+ 3.45//RgJtanh*/70) and Re
The pressure boundary conditions were obtained by simplifyingk#/v, f, is the wall damping function that is needed for
Eq. (12) using the no-slip boundary conditions, i.&l=0 andV  asymptotic consistency.

=0 at the wall. All terms in the remaining equation were dis- The transport equation for the turbulent kinetic enelgyis
cretized by the second-order central difference scheme at the wall.
To close the system of equations, the next step was to define the
eddy viscosity by employing a turbulence model.

2 Thek-7Model (Speziale et al[5]). Inthek-rmodel, the
turbulent eddy-viscosity is related to the turbulent kinetic energy,
Zand the turbulence time scale,by

V-Vk=27,:D;;—ki7+V-

VT
v+ P Vk) (21)
where v_ is the turbulent eddy viscosity computed by ER0),

o o=1.4 is an empirical constan¥ is the fluid mean velocity
Turbulence Modeling in Curved Ducts vector, V is the gradient operator defined in the two dimensional

Two-equation turbulence models and algebraic Reynolds str@g@se asV = (1/h,)(3/€)é;+ (1/h,) (3l dn)é,. 7; is the Reynolds
models are commonly used for engineering predictions of turbstress tensor which is defined ﬁ§= —(213kéij+2v,Dj; . & is
lent flows. Among the two-equation turbulence models, the statiie Kroneker delta anb;; is the mean rate of the strain tensor.
dardk-¢ model and its variants are most widely used. But, in the The turbulent time scale of Eq. (20) is modeled by the fol-
ASME’s CFD Biathlon(Freitas[10]), it was shown that the stan- lowing equation
dardk-e model provides different solutions when using different

CFD codes. This may be caused by the different wall functio _ B T . 2 vy

treatments in the different CFD codes. In the present work, severdl ¥ 7= 2(1 = Cel (o 7ij :Dij + | v+ o Vk-Vr

other turbulence models were considered, namely, a modified ver- )

sion of the Baldwin-Lomax mixing-length model, a low- B Vr vy _
Reynolds-number two-equatidar turbulence model developed s o V7-Vr+ V.|| v+ UTZ)VT +Cefp—1
by Speziale et al5] and an algebraic Reynolds stress model de- 22)

veloped by Thangam et dl11]. None of these models require a
wall function. Thek-7 model has the advantage that the turbulenggnere i j

time scaler has a natural boundary condition at the wat=0) < 1=1.44C,=1.830,,=0,=1.36, andf, is the wall damping
e . e . T T . ’

anditis a Iow-ReynoIds-number model. Therefore, kivemodel ._function that is needed for asymptotic consistency for the turbu-
does not need the wall function treatment at the wall. The vario t time scale transport equation which is given by

turbulence models that are used and their modification are de-
scribed below. . 2 Rée
R
proposed by Baldwin and Lomapd] was used in the present N .
numerical method for its efficiency and simplicity. In the mixing- Modifications of the ke Turbulence Model. The two-equation
length model of Baldwin and Lomapd], the turbulent eddy vis- turbulence models, including ther model (Speziale et al[S]),
cosity was related to a length scale and a velocity scale, by do not include the streamline curvature effects. Therefore, modi-
‘ ' fications of thek- model were conducted by including these ef-
(V2 inner= 7| @] Y=<V crossover fects. Currently, there are several ways of modifying the two-
Vr (7)) oo™ KmCooF waiF y>y (15)  equation turbulence model to include the streamline curvature
7/outer™ hmi-cpt wake” kleb crossover effects. Two methods were selected, which direincluding the

Where: YerossoverlS the value ofy where @) ouer= (V) imner» @nd  Richardson flux number in the transport equation as used by
/= xky[1l—exp(y*/AT)], |o| is the magnitude of vorticity vec- Tamamidis and Assani$l3], and (i) modifying the eddy-

r}j , and », v, have the same meaning as Egl).

fo= [1—exp—y*'/5)].

1 The Mixing-Length Model. The mixing-length model
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viscosity expression as suggested by Cheng and FafékHor 100.0

=
the k- model. In this work, both modifications were extended to §
the k-7 turbulence model equations. %
After including the Richardson curvature number modification, % 100
the turbulent time scale transport Eq(22) becomes z
- T, 2 v, -,-é:
VV’T:2(1_C9|)ET”D”+E v+ o Vk-Vr E 10
2 v v 5
*—(V+ T VT-VT+V-((V+ T)Vr) 5
T T2 T42 £ 0.10
+(Ceaf2(1-C/Ry) —1) (23) g
whereCr=0.3, and R is the curvature Richardson number given £
b 8 001 = T T T T T T T
y s
10 100 1000
LU aru) o4
it= 7T r_2 T ( ) Number of Grid Spacing in 1
wherer is the radius of curvaturé) is the velocity in the stream- Fig. 2 Typical grid refinement results

wise direction.

An alternative way to modify the turbulent eddy viscosity is by
including pressure strain which is neglected in the stan#ard jngicating second order accuraéglottner [17]). For the results
model. Based on the pressure strain model of Launder g14ll.  shown in Fig. 2, as well as other cases considered, nonuniform
and after some manipulations, the eddy viscosity expression, igrids were used. Figure 2 was based on 20, 40, 80, and 160 grid

Eq. (20) becomes points in the direction for the 90 deg bend calculations. Figure
r 1-C, 2 indicates that if 60 to 70 points are used in thdirection, the
v,=f,kr 1—¢p,E ¢, o= pk—14C, (25) accuracy of the calculated velocity at the centerline can be ex-
r

pected to be larger than or about 2 to 3 percent. Also, note that the
whereC, andC, are empirical constan{€;=1.5,C,=—0.35, rate of convergence of the numerical results agrees with the the-
andp, is the production of turbulent kinetic energy. oretical result if the grid is sufficiently refinedor approximately
o o 60 or more grid points in they direction. A total of 150 grids
3 The Standard k-£ Model. In this investigation, a com- \yere used in the streamwise direction of which, 30 nonuniform
mercially available CFD code, called CEXCFX [15]) is also grids were used in the upstream section, 60 uniform grids were
used. Several different turbulence models are available in CFXsed in the bend section and 60 nonuniform grids were used in the
but only the standarthigh-Reynolds-numbgk-e model employ- downstream section. A grid refinement study was conducted in the
ing a standard wall function was used for comparison to th@reamwise direction by doubling the number of grids in each
present models(Equations used in CFX are also presented byection. The results obtained at several locations were examined
Wang[9].) Not much work has been done to validate this CFand the results were nearly the safmelative error for velocities

code in the literature; a work by Edwards et 6] discusses ere less than one percenTherefore, for the comparison of the
validation of this CFD code for two- and three-dimensional ﬂOWS‘esults’ 150 grids in the streamwise direction were used.

Numerical Solution . .
) . _ _ ~Results and Discussion

The time-averaged Navier-Stokes equations were discretized
and solved simultaneously to obtain the flow velocity componentsChannel Flows. Results using the present numerical solution
and pressure. In discretization of the transport equations, the cpnecedure were first compared with the results obtained by Vradis
vection terms were discretized by the second-order upwired al. [2] for laminar flow and very good agreement were ob-
scheme. Other terms were discretized by the second-order ce@rved. Turbulent flow in a straight channel studied by Hussain
tered difference scheme. The discretized equations were sohesdl Reynold$18] was used as the next test case for the simulta-
iteratively by a method described by Bentson and VratflsAf- neous variable solution method using tke turbulence model
ter one iteration and solving for the velocity components and presad the mixing-length model. The flow was computed using 50
sure, the turbulent eddy viscosity was updated by solving the gawenuniform grid points in thg direction such that the value gf
erning equations for the turbulence models. for the first grid point near the wall was about 0.5. The channel is

The accuracy of the numerical solution was checked by refinihgng enough to allow the flow to become fully developed. Given
the computational grid. The procedure used to determine the r#tte inlet parabolic or logarithmic velocity profile, the simulta-
of convergence is described by Blottnd7]. Richardson’s ex- neous variable solution method converged with no relaxation for
trapolation was used to perform an extrapolation of the results ttee velocity components and pressure. The predicted mean veloc-
“zero-mesh width,” i.e., the exact solution. The truncation erroity profiles using the mixing-length model and tker model are
in the calculation of the streamwise flow velocity, at the centerlineompared with experimental data of Hussain and Reynjd&s
and at 75 deg downstream of the beitite geometry for this case and are shown in Fig. 3. In Fig. 3, the velocity is normalized by
is described below, see Fig),6vas used to determined the rate othe centerline velocity, and the distance from the wgllis nor-
convergence. malized by half of the channel height. It can be seen that the

Using this procedure, the convergence and accuracy of the muediction using thé-7 model agrees very well with the experi-
merical solution was checked by refining the grid in both thmental data. The agreement between the mixing-length model
streamwise and normal directions. The truncation error in calc(denoted by M-I prediction and data is also good. In Fig. 4, it
lated value of the centerline velocity as a function of the gridan be seen that ther model yields a logarithmic velocity profile
spacing in each direction was determined by comparing the cahd the prediction agrees very well with the experimental data.
culated values with the “exact” or the extrapolated value. A typi- In Fig. 5, prediction of turbulent kinetic energy using tke
cal result is shown in Fig. 2 for turbulent flow in the 90 deg bendhodel is compared with Kim et a[.19] prediction that uses a
discussed below. The line shown in Fig. 2 has the slope of Bw-Reynolds-numbek-¢ model and with the direct numerical
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: of\o ©  Direct numerical simulation [19]
v . veve ke model [19]

:
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i

1

3 ... — k-t model

K

. 1 | | | T | T I | | I T | I | T 1
[o] Exp. data of Hussain and Reynolds [18] [} 40 80 120 160 200 240 280 320 360 400
Mixing length (M-L) model

U/Umax

Dimensionless Wall Coordinates, y*

' I k-t model
02 — Fig. 5 Turbulent kinetic energy predictions for a channel flow
(Re=7,725)
S L L LIS NN B L BN LN L I
00 01 02 03 04 05 06 07 0§ 09 10 11 six and a curvature radius to height ratio of 3.R{¢ R;)/(2H)
Dimensionless Distance From Wall (y/h) =3.5). The flow velocities and turbulent quantities were mea-
sured at stations U1, U2, 15 deg, 45 deg, 75 deg, and D1 which
Fig. 3 Channel flow dimensionless velocity profiles (Re are shown in Fig. 6. The overall experimental uncertainty reported
=32,300) for the streamwise velocity compondfut) was reported to be 1.5

percent and for the turbulent stress measurement was about 5
. . o ) percent forU’U’ and 10 percent for other turbulent stress com-
simulation results from them. From this figure, it can be seen thgbnents. The numerical simulation was carried out starting at the
the k-7 model gives a better prediction of the peak of turbulenyy station(see Fig. 6and ending at the down stream end of the
kinetic energy than the low-Reynolds-numbee model in the qyct. To specify inlet conditions at the inl@g1 station, velocity
near-wall region. and turbulent kinetic energy profiles were obtained from curve fits

Turbulent Flow in 90 Deg Bend. Turbulent flow in a 90 deg to the experimental data. The results using the mixing-length

curved channel or bend with the Reynolds number of 224,000 w&9de with 150<70 (150 in streamwise direction and 70 across
investigated experimentally and numerically by Kim and Pat&l€ channelgrid points are shown in the following figures and
[20] and was selected as the next test case for flow model ver#€re used to compare with solutions from other models. The re-
cation. The experimental data was gathered for a 90 deg cun@ts using the commercially available CFD cd@X) are also

duct of a rectangular cross section with an aspect ratio of one-fJ€sented. In the computation of the flow field using the present
numerical model, no under-relaxation parameters were used in the

solution procedure for the velocity components and pressure.
However, when the ratio of the bend curvature radius to channel

30 — . : .
M-L model prediction height was below 2(i.e., (R,+R;)/(2H)<2), under-relaxation
- —— k-t model prediction factors for the velocity components were needed to obtain a con-
25 | O Duta (Hussian and Reynolds [18] verged solution. The results presented below are compared with
- the experimental data at the centerplane of the rectangular duct.
£ T For thek-7 model and the modifiek-~ model, they * values for
A 20— the first grid point away from the wall was selected to be 0.3
= ~0.6 (note thaty™ varies along the bendFor the standarét-¢
é -
= 15
>
2 . Ul
= > » U2
2 10 — 150
g H Flow
E N > 450
=) \ 4
5— > by
_ 750
O T T TTTItIm LR BLELARLL T T TTTITIm LELLELULRLL !I L}
l | DI
0 1 10 100 1000
Dimensionless Wall Coordinates, y*=yu /v
Fig. 4 Channel flow dimensionless velocity profiles in the wall Fig. 6 Velocity measurement locations in a 90 degree bend
coordinates (Re=232,300) (Kim and Patel [20])
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Fig. 7 Predicted velocity profiles using mixing-length model
and k-7model versus data (Kim and Patel [20]) at U2 Station, U 4
is the centerline velocity at station Ul

model used in CFX, thg* values for the first grid points away
from the wall was around 40—100. This is due to the wall function

that is used in the standakds model.

o
s
12 =
£
5 ] 0 By da[20]
04 M-L model
) P k-t model
02
B B LA B S S
0.0 02 04 0.6 08 1.0
yH

Distance from the Inner Wall at Station D1

Figure 7 shows the predicted streamwise velocity profile usifgd- 9 Predicted velocity profiles using mixing-length model

the mixing-length(denoted by M-I model and thek-r model
compared with the experimental data at the U2 station. FiguresDé

and k-7 model versus data (Kim and Patel [20]) at 75 deg and
stations

and 9 show the predicted streamwise velocity profile by the

mixing-length model and thie - model compared with the experi-

mental data at the 15, 45, 75 deg and D1 stations. It can be seen ) o ] ] )

that at downstream regions, such as the D1 station, the moHt that the simple mixing-length model used in this work gives
predictions near the walls of the channel are not as good as tHigtty good velocity predictions as compared with the experimen-
predictions at the upstream stations. Overall however, it is surprfdl data for this complex turbulent flow near the inner wall. The

U/Uo

[==3
‘ °S g oz
P T T A T

1.2 —1 _
1.0 — 3
0.8 —{
S 0.6 —
S ] <] Exp. data [20]
0.4 — M-L model
1 .. k-t model
02 —
0.0 — 1 T 1 ' 1 |
0.0 0.2 0.4 0.6 0.8 1.0
y/H

Distance from the Inner Wall at Station 45
Fig. 8 Predicted velocity profiles using mixing-length model

and k-7 model versus data (Kim and Patel, [20]) at 15 and 45
deg stations

Journal of Fluids Engineering

k-7 model gives slightly better predictions in the outer wall region
than the mixing length model. Figure 10 shows the velocity pro-
files at the 75 deg station predicted by the origikat model
denoted byk-7 model; thek-7 model with the Richardson curva-
ture number modification in the transport equation denoted by
k-7 model with Rit for 7 equation; and th& r model with modi-
fied eddy viscosity by including pressure strain denotedkty

Exp. data [20]

H FUEER R k-t model
- ——— k-1 model with Rit for T equation
g 06 — e k-t model with SC for eddy viscosity
] Ul W
0.4 — Hi Flow >
435"
= >
= 750
0.2 wmut D1
0.0
) | I I i | T | T
0.0 02 04 0.6 0.8 1.0
y/H

Distance from the Inner Wall at Station 75

Fig. 10 Predicted velocity profiles using k- models versus

data (Kim and Patel [20]) at 75 deg station
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08 — leb2 | —— kamodel with SC for eddy viscosity
© T ~ .
2 06 — 5 _ =~ = « kmodel with Rit for t equation
s ] 0  Exp.data[20] g 1B
04 —- M-L model
T - k-& model (CFX)
02 —
R L L L ILEN L
0.0 02 04 0.6 08 10
yH

. . y/H

Distance from the Inner Wall at Station 45 Distance from the Inner Wall at Station D1
Fig. 11 Predicted velocity profiles using mixing-length and k-&
models versus data (Kim and Patel data [20]) at 15 and 45 deg

stations

Fig. 13 Predicted turbulent-kinetic energy profiles using k-7
models versus data (Kim and Patel [20]) at 45 deg and D1
stations

modgl with SC for eddy viscosity. 't. can b‘? seen that th? mOd'f"With the mixing-length model with the present numerical method

versions of thek-7 model give _velomty profiles that are similar t04nd the experimental data at the 15, 45, 75 deg and D1 stations.

the standar-7 model prediction. .  Again, at the downstream regions of the bend where streamline
Figures 11 and 12 show predictions of the velocity profileg atre effects become stronger, such as 75 deg and D1 stations,

using CFX and employing the standeke: model as compared yhe model predictions near the channel walls are not as good as

the predictions at the upstream stations. Overall, bottkth@nd

the mixing-length models give similar velocity profiles.

16E2 7 yul U2,
14E-2 — Hi Flow .
S 12E2 — —F -
= R
1.0E-2 —
5 80E3 -
6.0E-3 —
4.0E-3 —
0.0 T L I L -
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0.0 02 04 0.6 08 1.0 0.0B+0 1
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Distance from the Inner Wall at Station 75 0.0 ViH
12 — Distance from the Inner Wall at Station 45
1 o0 24E-2 —
1.0 ~ ~ u
1 2.0E-2 —
0.8 — u
R . H 1.6E-2 — o  Exp. data
g 06 — ) . H N T k-1 model with SC for eddy viscosity
2l [} Exp. data (Kim and Patel [20] ". 12E2 — kee model
04 —: - H
; M-L model b 8.0E3
02 =i k- model (CFX) H
ok 3 4.0E-3 ‘
00 D
' I I ! l I l l I 0.0E+0 = T ¢ I T T T
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yH yH

Distance from the [nner Wall at Station D1

Fig. 12 Predicted velocity profiles using mixing-length and k-g
model versus data (Kim and Patel [20]) at 75 deg and D1
stations
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Distance from the Inner Wall at Station D1

Fig. 14 Predicted turbulent kinetic energy profiles using modi-
fied k-7 and k-e models versus data (Kim and Patel [20]) at 45
deg and D1 stations
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A Flow Visualization Study
of Vortex Interaction With
the Wake of a Sphere

Graduate Researlc\g/.ksssislt!alr?t A study of the interaction between an initially columnar intake vortex (hereinafter re-
ferred to as the primary vortex) and vortex structures in the wake of a single sphere
J. S. Marshall (hereinafter referred to as secondary vortices) is performed using a series of flow visu-
Associate Professor alization experiments, in which a sphere is towed toward a stationary vortex with ambient
g-mail: jeffrey-marshall@uiowa.edu axial flow and gradually decelerated to rest at a specified distance from the vortex core
axis. Both the primary vortex core and the boundary layer of the sphere are visualized
lowa Institute of Hydraulic Research and using laser-induced fluorescent dyes of two different colors, which are illuminated either
Department of Mechanical Enginesring, with a laser sheet or a laser volume. The strength of the primary vortex is measured using
The University of lowa, particle-image velocimetry, which is also used to measure the strength of the secondary
lowa City, IA 52242 vortices in select cases. The form of the sphere wake in the presence of the primary vortex
and the effect of the induced velocity from the secondary vortices on the primary vortex
are studied for different values of the vortex-sphere separation distance, the sphere di-
ameter, and the primary vortex core radius. Weak secondary vortices are observed to
induce formation of small-amplitude waves of varying core area on the primary vortex,
eventually forming a turbulent sheath surrounding the primary vortex. Stronger second-
ary vortices have an increasingly strong effect on the primary vortex, including large-
amplitude variation in core area, outward ejection of fluid from the primary vortex core,
and breakdown of the primary vortepS0098-2202000)01403-9
1 Introduction during interaction with the vortex. The present paper reports on an

Vortex interaction with blunt bodies is of importance in awideexperlmental study of vortex interaction with a sphere wake,

variety of fluid flow applications, ranging from row-inducedWhere we use the sphere as representative of a wake-generating

. . . . . - ‘b immer in a vortex flow.
noise and vibrations in aerodynamic and turbomachinery apphcaQdy nme sed a vortex flo . S
Previous work on inviscid vortex-sphere interaction is reported

tions to turbulence modification by particles, bubbles, or dropIeE) Dhanak[10], who uses a vortex filament approximation, to-

in two-phase flows. For problems of noise and vibration sourcg ther with a éut-off mode{Moore and Saffmgr?ll]) for thé

?teaéert;)dynz’t?g;;nglgggsm%?pgiry ;?spel:]cﬁtr']o?hsé \é%tg;tgen {ﬁgularity in self-induced filament velocity, to compute the bend-
y up » VOt P : ing of the vortex in the presence of the sphere. Dhanak also de-

spherig turbulence, or intake vortices interact with the fuselage ves a linear approximation for small vortex displacements when

the aircraft and downstream control surfaces or rotors. A disc%—e sphere is sufficiently distant. Pedrizzétt2] examines the

sion of the effects of vortex-body interaction in rotorcraft aerOdX?ortex-induced boundary layer development on a sphere for the

Bﬁ{gﬁs’t\fﬂ.Inhséggcﬁb\';sg“i/te?sbiri)mdﬁgtar;ﬁes'[?g;g;égpof case of instantaneous startup of the vortex from rest, using the

dispersed F;rticulate h,ase mav either su ress? or enhance rtex filament model to predict the external vortex-induced flow.
P P P Y PP nd generation during vortex-sphere interaction is studied using

turbulent kinetic_ _ene_rgy_of the fluifCrowe et aI.[Z_]). Data on an inviscid flow model by Knio and Tingl3] and experimentally
turbulence modification in two-phase flows compiled from a vaﬁy Minota et al.[14]

riety of sources by Gore and Croys[e] s_how that turbulence The sphere wake generated by a columnar vortex flow at low
enhancement occurs when the particle sizes are larger than at% LH:

10 percent of the turbulence integral length scale and turbule ere Reynolds numbers (2Res<100) is examined in a series
attenuation occurs for smaller particle sizes. Gore and Ci@ye humerical computations by Kim et 415,16, both for a single

. Do columnar vortex and for a vortex pair. The sphere is held fixed in
propose that the partlcle wake generation in the turbulent ﬂowﬁsi’ese computations and the vortex is advected at some fixed dis-
primarily responsible for turbulence enhancement.

N tudi f vortex int " ith blad d cvii tance above the sphere by a uniform flow. This Reynolds number
umerous studies of vortex nteraction wi ades and CyliNs pejow the critical value for periodic vortex shedding from the

dripal bodies have been pgrforn)ed, as describe_d in the reV'anere, and the sphere wake decays substantially over a distance
articles by Rockwel[4], .Do_IlgaIsk| et al.[5], and Kim and Ko- of a few sphere radii. One effect of the vortex-induced velocity
Cﬁeld is to cause the sphere wake to become asymmetric at Rey-
folds numbers for which the sphere wake is symmetric in a uni-
form flow.

primary vortex of secondary vorticity shed from the body surfa
(due to the vortex-induced flowincluding a recent study by

Krishnamoorthy and Marshdll7] on vortex interaction with a thin We also note that several recent studies have examined aspects

blade and.studlesf by L.|0u EtéB] and Krlshnamoorthy et 3[9]. of vortex-vortex interaction that are pertinent to the topic of the
on vortex interaction with a circular cylinder. However, very little

work has been reported on viscous vortex interaction with bodi current paper. In particular, Melander and Hus4aif] report a

such as a sohere. in which the bodv wake plavs a sianificant r rect numerical simulation study of a large-scale vortex im-
P ' y play 9 fersed in background turbulence, and similar computations using

Contributed by the Fluids Endineering Division for bublication in tea rapid distortion theory are reported by Miyazaki and HUrg]. A
ontributed by the Fluids Engineering Division for publication in tl NAL H : : P _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionreVIeW of turbulence evolution in the vicinity of large scale vortex

January 7, 2000; revised manuscript received May 18, 2000. Associate Technfi@Ws IS given by Marshall and Benindtl9], which includes dis-
Editor: K. Zaman. cussion of both the modifications to the turbulence due to the flow
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induced by the vortex and the modifications to the vortex induceylindrical tank. The vortex is trapped at the top of the cylindrical
by the turbulence. Computations of an individual vortex loopank by an inverted funnel that is sealed at the top with a Plexiglas
wrapping about an initially columnar vortex are reported bplate, which both stabilizes the vortex and increases the core ra-
Krishnamoorthy and Marshall7]. A study of the axisymmetric dius. The sphere is supportegt B 3 mmdiameter hollow metal
interaction between a columnar vortex and a series of periodimd, placed on the side of the sphere opposite the vortex. Five
vortex rings (of both same sign and alternating sign vortitity sphere sizes are used in the experiments, with diameters of 9.5
wrapped around the columnar vortex is given by Marsfgd], in -~ mm, 19 mm, 25 mm, 38 mm, and 50 mm.
which it is shown that weak vortex rings induce standing wave The sphere is initially translated toward the vortex at a constant
oscillations on the columnar vortex but strong vortex rings strigelocity of 0.01 m/s, and is then gradually brought to redta
vorticity in thin sheets from the outer part of the columnar vortexleceleration of 0.05 misat a separation distan@between the

The present paper reports on a series of flow visualization esphere leading edge and the vortex symmetry axis. The sphere
periments that examine the interaction of the wake generated btowing speed is set by a computer-controlled screw drive mecha-
spherical body brought to rest near an initially columfmaimary) nism, so as to minimize vibrations and maintain a specified tow-
vortex for Reynolds numbers sufficiently high that unsteady vomg speed and deceleration rate. Experiments with different sphere
tex shedding occurs from the sphere. The focus of the study isttanslation and deceleration rates did not produce qualitatively
examine the entrainment of the sphere wake into the vortex adifferent results.
the response of the primary vortex to interaction with the sphereThe laser-induced fluorescence technique is used for flow visu-
wake (secondary vortices. The experiments investigate this interalization, with solutions of dyes that fluoresce at two different
action for different values of the sphere diamelfleand vortex- colors. The primary vortex is visualized using dye that fluoresces
sphere separation distanBaising a combination of flow visual- red (Sulfurhodamine 640and the sphere wake is visualized with
ization using laser-induced fluorescen@dF) and quantitative a dye that fluoresces yello{®hodamine chloride 590vhen ex-
measurements using particle-image velociméRiV). A variety posed to light with wavelength in the range 500—-600 nm. The
of different interaction processes are observed to occur in tbges are excited by the green line of a continuous argon ion laser
experiments depending upon the vortex-sphere separation distafvath wavelength in the range 457-514 hniPhotographs are
and the sphere diameter relative to the vortex core radius. Theaken using both a 35 mm still camera and a standard video cam-
interactions include entrainment of the sphere wake into the pera, with frame rates of approximately 4 and 30 frames per sec-
mary vortex core, formation of waves of varying core area on thend, respectively. The green laser light is filtered out so that only
primary vortex, generation of an upstream propagating breakdowre emitted light of the dyes is recorded on film. A sketch showing
on the primary vortex by the induced velocity from the sphertne different laser sheet imaging planes and the parameters gov-
wake vortices, and attraction and intermittent attachment of tleening the sphere-vortex interaction is given in Fig. 2. Most of the
primary vortex to the sphere surface. visualization is performed in a vertical plane that slices through

The experimental apparatus and procedures are describedhim symmetry axis of the primary vortex and the sphere center
Section 2, along with characterization of the primary vortex flowlabeled A in Fig. 2. In some cases, visualization is also per-
field. The experimental results, reported in Sections 3—4, illustrefmed either in a horizontal plane that bisects the sptabeled
different regimes of vortex-sphere interaction as the paramet&sn Fig. 2) or in a volumetric section of the flow.
S/D andD/o are varied. Conclusions are given in Section 5.  The yellow dye is gravity fed into the sphere boundary layer

from an external reservoir. The flow rate of yellow dye can be

2 Experimental Setup and Procedure finely controlled by adjusting the gravity head and a needle valve

A sketch of the experimental apparatus is given in Fig. 1. T aced in the feed line. The yellow dye enters into the boqndary
primary vortex is generated in water in a cylindrical inner tani@yer through 25 small hole€l mm diametey for spheres with
(diameterH =30 cm), about which is placed an outer rectangulafia@meter greater than 20 mm and through 13 holes for spheres
tank (101 cmx43 cm cross-section and 123 cm highat houses
the sphere and the support arms of the two carriage. Water is
circulated through the system via tangential inlet jets at the top of
the inner cylindrical tank and an outlet orifice at the tank bottom.
A steady vortex is generated within about 20—30 minutes after
starting the water circulation along the center axis of the inner

Water Supply
Into Tangential Jets
=1 - :u -4 - n}— -
Sphere _| T
Support 1> l«— Outer Tank
Te
— | [ | Inner Tank
Orifice ﬁ i
Water Exit
Fig. 2 Sketch illustrating the coordinate system, the param-
Fig. 1 Schematic of the experimental apparatus, showing the eters oy, I'c, S, and D used to characterize vortex-sphere in-
circular inner tank and rectangular outer tank, the water inlet teraction, and the position of the  (A) vertical and (B) horizontal
and exit, the primary vortex, the sphere and the sphere support laser sheet illumination planes
Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 561
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For the experiments reported in this paper, the measugesnd

o, of core radius, based on the azimuthal and axial velocity com-
ponents, respectively, aig,=4.5+=1.0 mm ando;=10x2 mm.

The maximum axial velocity iv,5,=208+=20 mm/s and the av-
erage axial velocity over the core radiusvig=131+15 mm/s.
The vortex circulation id c= 24X 10>+ 1x 10° mn¥/s.

The PIV method is also used to investigate the velocity com-
ponent in the radial direction for the primary vortex. An estimate
of the radial velocity associated with the primary vortex in the
interval between 2—4 core radiiy from the vortex center is ob-
tained by dividing the observed radial displacemam of the
streamlines after one rotation by the time interalrequired for
the fluid to rotate about the vortex core at that radius. The average
radial velocity in this interval,—2.8 mm/s, has a magnitude of
about 1 percent of the local azimuthal velocity magnitude.

v, w (mm/s)

Fig. 3 Experimental data for azimuthal velocity v (circles ) and The primary vortex is held in a fixed state for all experiments,
axial velocity w (triangles ) for the primary vortex as a function with axial flow parameteA=2moyW,/T"c=0.15+0.05 and vor-
of radial distance r from the center of the inner cylindrical tank. tex Reynolds number Re=T'¢/v=2.5x 10*. The axial flow pa-

Best-fit curves are drawn for the azimuthal velocity (solid line )

; ¢ . rameter is much less than the critical value of about(M&rshall
and axial velocity (dashed line ).

[21]), such that waves of variable core area can propagate both
upstream and downstream on the vortex cm, the vortex is
subcritica). The axial flow parameter does not have a major effect

with diameter less than 20 mm. The holes are distributed ever@) the vortex-sphere interaction except for cases where the sphere
around the sphere surface. Red dye is injected into the primapyVery close to the vortex core, and the primary vortex behavior
vortex within the inverted funnel at the top of the inner cylindrical the current experiments is expected to be typical of other sub-
tank, and carried downward by the ambient axial flow within theritical vortex states. LettindJs=I"c/2m(S+0.5D) denote the
vortex core. The LIF photographs have been digitally processed%ﬁ‘b'ent velocity induced by the columnar vortex at the location of
insert the sphere profile and to convert the colors to grayscaie€ sphere center, the sphere Reynolds numbes=ReD/»
with the yellow dye appearing darker than the red dye. =Re,/2m(0.5+S/D) varies in the experiments in the range
The azimuthal velocity field within and outside the primaryt000—4000. The experiments examine the sphere wake-vortex in-
vortex core is measured using a particle-image velocim@ry) —teraction for values of the rati§/D spanning the intervat-0.5
system, which uses a double-pulsed Nd:YAG laser synchroniz&d® D=3. At the lower limit, YD =—0.5, the sphere center lies
with a CCD camerd1317x 1035 pixel3. Data processing is per- In the center of the inner cylindrical tarflan the initial position of
formed using autocorrelation with the TBisightsoftware with a the vortex symmetry axjs For each value of/D, experiments
time increment ofAt=0.7 ms near the vortex core aad=1.0 With five different values oD/ (ranging from 2.1 to 11)lare
ms for the outer part of the vortex. The PIV data is obtained witRerformed. _ o ]
a spacing of about 1 mm between vectors and 50 percent overla@ther dimensionless parameters implicit in the experimental
of interrogation regions. Neutrally buoyant polycrystalline parS€tup are assumed to have negligible effect. For instance, the ef-
ticles are used for flow seeding, with specific gravity 0002 fect of the tank wall is believed to be small since the rai¢1 of
and with more than 90 percent of the particle diameters less th#fphere diameter to inner tank diameter ranges from 0.03 to 0.17,
10 um. The seed particles are formed into a milky suspension th4tth D/H less than 10 percent for all but the largest sphere diam-
is injected into the flow through the inverted funnel at the top diter. Likewise, the vortex is assumed to be nearly columnar at the
the inner cylindrical tank. PIV images are acquired after the paftart of each experiment, since flow v_|suaI|zat|or_1 pictures indicate
ticles have dispersed thoroughly within the test region. The instaffi@t the gradient in vortex core radiudg,/dz, is less than 2
taneous PIV datécircular symbolsin Fig. 3, acquired from five Percent within the experimental measurement regidnich spans
different images, scatter about the best-fit cuis@lid line) with approxmately five sphere diameters along the vortex on either
root-mean-square deviation of 3.6 percent of the maximum agide of the body
muthal velocity. The core radius, is set equal to the value of
at which the best-fit curve has a maximum, and the circuldtign 3 Effect of Vortex on Sphere Wake

@s obtained_ by fitting the expressidic/27r for azimuthal veloc- When a sphere is placed in the vicinity of the primary vortex,
ity from a line vortex to the measured data for large values. of o \ortex.induced flow generates “secondary vorticity” on the
The axial velocity profllew(r) O.f the primary vortex is mea- here surface that diffuses outward and is convected behind the
sured by photographing the motion of a large number of sm Ehere to form the sphere wake. For very large values/of
(0.5-1 mm diametémeutra}ly buoyant i_mmisciblg dye globu!es S/D>1), the flow induced by the vortex at the sphere location is
(bromobenzene and paraffin oil mixed in proportion along with gy niform and the sphere wake closely resembles that caused
fat soluble dy which are released through a hypodermic need uniform translation of a sphere in a still fluid. The form of the

at the top of the tank and carried downward by the vortex axigh oy structures present in the wake of a sphere immersed in a

flow. _The measured axial velocity profile is well fit byaGaussm[]niform flow has been studied by numerous investigators for

function of the form sphere Reynolds numbers in the range 300«A@henbach22],
W(r)=Wmax€Xp(— %/ a?), (1) Magarvey and Bishof23], Magarvey and MacLatchj24], Saka-

) . ) moto and Haniy25], Tanedd 26]). For sphere Reynolds numbers
whereo, is another measure of the vortex core radius@pg,is  greater than about 300—-400, this flow is dominated by nearly
the axial velocity on the vortex centerline. The axial velocity da'éeriodic shedding of hairpin vortex loops. These vortex structures
(triangular symbols in Fig. 3have a root-mean-square scattefym an interconnected “street” of hairpin vortices, which is il-
about the fit(1) (dashed curveof 8.3 percent 0nay. The aver- sirated schematically by Achenbal@®] and reproduced in Fig.

age axial velocity over the core radiug,, is defined by 4. For Reynolds numbers just above the critical value for onset of
2 (o vortex sheddindup to about Re=420), this hairpin vortex street

WO:_ZJ rw(r)dr=0.63Wm.y. (2) appears very regular, vvjth each Iqop 01_‘ nearly the same strength

o1Jo and with the same spacing and orientation. As the Reynolds num-
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Fig. 4 Schematic representation of the interconnected vortex
loop structures in the wake of a sphere immersed in a uniform
flow (reproduced from Achenbach [22])

ber is further increased, the hairpin vortex street becomes increas-
ingly irregular, both in terms of the vorticity separation point on
the body surface and the orientation of the vortex loops far away
from the body. Evidence for the presence of vortex loops with
alternating sign vorticity, which can be viewed as an extreme case
of hairpin oscillation with the vortex loop detachment point on
alternating sides of the sphere, is presented by Sakamoto and Ha-
niu [25] for Reynolds numbers greater than about 800 and iflg. 5 LIF photograph in the horizontal plane B showing the
computations by Tomboulides et §27] and Johnson and Patelsphere wake entrainment into the primary vortex core for a
[28]. case with D/oy=4.3 and S/D=2

As S/D decreases in the vortex-sphere interaction problem and
approaches unitybut still with the sphere outside of the primary
vortex core, the vortex-induced flow past the sphere become
increasingly nonuniform, with higher velocity on the side of th
sphere closest to the primary vortex. The wake form in this ca
becomes similar to the problem of a sphere immersed in a unifo
shear flow, which was studied by Sakamoto and Hd@8l.
These authors report that the sphere wake configurdtien the

&

lameters behind the sphere. Beyond this distance, the hairpin
ps have drifted slightly in the vertical direction, so that the
rizontal light sheet passes instead through one of the loop legs.
e point of wake detachment from the sphere is noticeably
shifted toward the primary vortex, corresponding to the high-

general form of the wake vortex structurés a shear flow does velocity side of the sphere. The wake vortex loops are observed to

not differ substantially from that in a uniform flow. Sakamoto an§f°th advect azimuthally around the primary vortex and to drift
Haniu[29] make the following observations on the effect of backiadially inwards toward the primary vortex. This radial drift,
ground shear on the sphere wakB:the point of vorticity detach- Which eventually leads to an entrainment of the wake vortices into
ment from the body shifts toward the high-velocity side of thd1€ Primary vortex core, is consistent with the direction of the
sphere and remains fixe(R) the wake vortex loops are alwaysseh"'ndUCG(.1 velocity of vortex loops of a single sign shed only
shed from the high-velocity side of the sphere and do not exhitfP™ the high-velocity side of the sphere, as indicated by the
the irregular oscillation in orientation characteristic of the Sphelrgsults of Sakamoto e_mq Ha_m[GQ] for a Sph?re immersed in a
wake in uniform flow for Rg>420, (3) the critical Reynolds uniform shear flow_. Similar |nwa_rd radial drift of _the secondary
number for onset of periodic vortex shedding decreases with sh(‘:‘gpex structures is observed in the computations of vortex-
rate, and(4) the Strouhal number of the shed vortex loops incYlinder interaction by GosslgB0].

creases slightly with shear rate. The data of Sakamoto and Hanif* Schematic diagram showing the form of a single loop-like

[29] are reported for values of the shear paraméterGD/Ug secondary vortex structure as it wraps around the primary vortex,

whereG is the shear gradient, ranging between about 0.05 afd well as the definitions of various parameters used to character-
0.25. The shear parameter can be interpreted simply as the difféf. e secondary vorticity structure, is given in Fig. 6. The ex-
ence in the ambient velocity on the two sides of the sphere dividBgrimentally observed values of vortex loop radial drift rate varies
by the mean ambient flow speed relative to the sphere. For thgM between 4-7 times the measured maximum radial velocity
vortex-sphere interaction problem, the effective shear parametefP .h<|e (;/qfrttex W'ﬂt‘)om the S”pfgjege prr]esﬁstee. Sdectlodn t)>2 S?] this ‘
the sphere location can be estimated from the difference of tffflal drift must be controlled by the flow induced by the wake

vortex-induced velocity on the near and far sides of the sphere (,%R{tex loops. The inward drift of the wake vortex loops appears to
written in terms ofS/D as e led by the loop nose, which is the region with greatest curva-

ture of the vortex lines and hence the largest self-induced velocity.
1+2(S/D) As the nose of a vortex loop propagates radially inward, it en-
T 2(9D)(1+9D)" ®) counters greater azimuthal velocity than do points along the loop
) legs. This difference in azimuthal velocity with radial position
The range 0.058K<0.25 considered by Sakamoto and Haniyjves rise to stretching of the vortex loops, resulting over time in
[29] corresponds approximately to variation D over the in-  glongation of the loops, increase in loop spacing, and decrease in
The effect of the vortex on the sphere wake is examined in thea heuristic model for the radial drift rate of the secondary vor-

current paper for values &/D of 2 and 3, corresponding to atex loops can be formulated using the local-induction approxima-
sphere Reynolds number in the range 1000—1500. For these Y@ (LIA) to write

ues ofS/D, the discussion in the previous paragraph suggests that

the shear induced by the vortex has a strong effect on the sphere dR I'sk

wake. An LIF photograph showing a cross-section of the sphere FTia E['ﬂ(S/KU’S)+B], (4)
wake in the horizontal plane B is given in Fig. 5 for a case with

S/D=2 andD/oy=4.3. Cross-sections of the nose region of thevhereB is an Q1) quantity that in LIA is assumed to be small in

hairpin loops are clearly visible for a distance of about four sphesemparison to the logarithmic term {#) (Arms and Ham431)).
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Fig. 6 Schematic diagram showing the loop-like form of the 0 2 4 6 8 10
secondary vortex structures and the parameters os, I's, K, D/c
and R used to characterize the secondary vortex entrainment 0

into the primary vortex: (&) side view, (b) top view . . . . .
P y @ (b) top Fig. 8 Plot of experimental data for the dimensionless entrain-

ment rate as a function of D/oy. Cases with S/D=2 are de-
i noted by a circle, and cases with S/D=3 are denoted by a
81 triangle.

only the slope of the data in this figure is significant. For values of
R/oqy less than about 1.5, significant deviation from the linear

variation is observed, which is believed to be due to a combina-
tion of the effect of strong curvature of the loop legs from wrap-

ping around the primary vortex and the effect of velocity induced

by azimuthal vorticity generated within the primary vortex.

The circulationI'g of a secondary vortex loop for sufficiently
large values ofS5/D is expected to be proportional to the product
of the mean velocity past the sphety;=1"c/[27(2+0.5D)]
and the sphere diametBr Dividing dR/dt by Ug(D/a) yields a
dimensionless radial drift rate that is expected to vary only as a
ol 1 function of D/ . The dimensionless radial drift rate, plotted ver-

50 100 150 200 250 susD/oy in Fig. 8, is found to vary between 0.048 and 0.062
5 without any perceptible variation with/o for the different ex-
(t-to) FC /21 O, perimental cases considered in the present study.

||||||||||5|W|Il

o

Fig. 7 Experimental data for variation of radial position R() of 4 Effect of Sphere Wake on Vortex

the nose of a wake loop from the primary vortex center and the h d | dth .
best-fit lines for cases with ~ S/D=2 and three different values of As the secondary vortex loops wrap around the primary vortex,

D/ oy: 4.2 (circles ), 5.6 (triangles ), 8.5 (squares ) they induce stretching of the primary vortex core in the region
in-between the loop legs and axial compression of the primary
vortex outside of this region. This axial stretching/compression
results in thinning of the primary vortex core in-between the two

The loop nose curvature is affected both by the axial self- loop legs and bulging of the core on either side of the loop legs.

induced velocity due to curvature of the loop legs from wrappingor cases wher&/D is large, the wake loops are weak compared

around the primary vortex and by the stretching of the loop durirtg the primary vortex and they have only a small effect on the
the entrainment process. The first of these effects tends to geimary vortex, accumulating over a long time to form a sheath of
creasex while the second tends to increaseThe flow visualiza- weak turbulence surrounding the primary vortex core. The loops
tion experiments suggest thatemains approximately constant asn this case cause small perturbation waves on the outer surface of
the loops wrap around the primary vortex. Variation of the loofhe primary vortex core, but have no dramatic effect on the vortex.

core radius during entrainment is not significant since this terLIF photograph showing a cross-section in the vertical plane A

appears only in the integrand of the logarithm(4. for a case with weak wake loops is given in FigaP(for S/ID

If we therefore assume that the right-hand side(4fis ap- =3 andD/oy=4.3). The labels 1-3 in this figure identify three
proximately constant during entrainment of the vortex loop, thgairs of cross-sections of a single wake vortex loop, where cross-

radial positionR(t) of the wake loop should decrease linearly irsection pair 3 has made one full rotation and cross-section pair 2

time. This simple model neglects both the velocity induced byas made one-half rotation more than cross-section pair 1 around

other vortex loops in the wake and the velocity induced by thbe primary vortex. Each cross-section pair contains two patches,
azimuthal vorticity field within the primary vortex. Neverthelessindicating cross-sections of the two loop legs with vorticity orien-
the assumption of linear variation Bfwith time is in good agree- tated in opposite directions. As the loops begin to move into the
ment with the experimental data for all cases examined for valuester regions of the primary vortex core, the axial flow within the
of R between the initial value and about 1—-2 times the core radipsmary vortex advects the loops downward. The pronounced de-
of the primary vortex. For example, typical entrainment data farease in core radius as the loop wraps around the primary vortex
the wake vortex loops is shown in Fig. 7 for cases vt =2 is clearly evident in this figure. The separation distance between
and three different values @/o,. We note that the initial time the legs of the loops appears to remain on the order of the sphere
for data recordingt,, differs for the different cases studied, sadiameter. A close-up view of the interaction of a single loop with
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Fig. 10 LIF photograph showing interaction of the primary
vortex with a single strong vortex loop in the vertical plane A
for a case with D/oy=4.3 and S/D=2

a circuit surrounding the core of the vortex loop and numerically
integrating the tangential velocity component about this circuit.
The circulation ratid"s/T'¢ is found to be 0.16:0.02 for the case
shown in Figs. 10—11, for whicB/D=2 andD/oy=4.3. For a
case with sphere diameter increase®ie (= 8.4, andS/D main-
tained at 2, the circulation ratio increases Ig/I'c=0.18
+0.02. The reported uncertainty I is evaluated by repeating
the circulation measurement for different circuits surrounding the
(b) loop core. In the case of weak sphere wake vorticesrespond-
ing to largeS/D), it is difficult to obtain PIV data for vertical

cross-sections of the wake vortex loops due to the strong out-of-
vortices in the vertical plane A for a case with D/oy=4.3 and  plane flow induced by the azimuthal velocity of the primary vor-
S/D=3. Figure 9(a) shows an overview with three cross- tex. PIV measurements of the vortex loop cross-sections were
sections of a wake loop and Fig. 9 (b) shows a close-up of the

region marked by a rectangle in (&) showing the primary vortex
response to a single cross-section of the loop.

Fig. 9 LIF photograph showing a cross-section of the wake

b\ ) A AR bt NINININENENENEN
the primary vortex is shown in Fig(®) for the part of the flow in F ey 222§S§§§ § § NRR §
Fig. 9a) marked by a rectangle. The thinning of the primary 3 é' 7 %???253§§ N § §\ \ \
vortex in-between the two cross-sections of the loop legs and the Sk / ? M - W j \i R
vortex bulging just outside of the loop legs is clearly observed in R 2 3 / g \} . l, \i %
this figure, although the amount of variation in vortex core area is - 7 K\if YRRl
small because the loop strength is weak compared to the strengtt  1f . INS==2270 0700
of the primary vortex. - S 1 | =

As S/D decreases, the wake loop strength correspondingly in- 0 ‘ é — 4!, — ‘\é\‘”f ek é At
creases. For example, a LIF photograph of a flow cross-section in x/G
the vertical plane A is shown in Fig. 10 for a case W&tD =2 0
andD/oy=4.3. Two cross-section pairs of a wake vortex loop are (@)

observed, with one located on either side of the primary vortex.

The response of the primary vortex is qualitatively similar to that 4

shown for weak wake loops in Fig. 9, although the vortex thinning

and bulging is more pronounced due to the fact that the wake

loops are stronger. Also, fluid appears to be ejected from the pri- -

mary vortex and to wrap around the loop legs in certain cases, as@ »

observed for the upper right-hand loop cross-section in Fig. 10.

The distance separating the loop legs increases with time due tc

the self-induced velocity caused by curvature of the legs around

the primary vortex. 0
A sample of instantaneous PIV data for a cross-section of a

secondary vortex loop leg, corresponding to the region marked by

a rectangle in Fig. 10, is given in Fig. () for the velocity

vectors and in Fig. 1(b) for the streamlines in the—z plane. The

velocity cannot be resolved near the secondary vortex core CErigy 11 PIV data for the region marked by a rectangle in Fig.

due to the combined effects of out-of-plane motion and high rag, showing (a) velocity vectors and

tation rate. The strength of the vortex loop is obtained by drawingane

3

(b) streamlines in the x-z
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Fig. 13 LIF photograph showing the vortex after attachment
onto the sphere surface. The flow is illuminated in the vertical
plane A, for a case with D/oy=4.3 and S/D=0.5. A dashed line
indicates the axis of the undisturbed vortex.

the bottom of the photograph is located at a distance of 27 cm
above the sphere center. The vortex breakdown initially has the
form of a sudden spiral kink in the primary vortex, as shown in
Fig. 12a). Behind the spiral kink, double helical oscillations are
(@) (b) observed that degenerate into turbulence wrapped around a central
columnar vortex. A vertical cross-section in Fig.(hRshows or-
Fig. 12 LIF photographs showing an upward traveling vortex _ganlzed turbulent structures wrapped around'the primary vortex
breakdown, for a case with D/o,=4.3 and S/D=1. The flow is  Just after passage of the vortex breakdown spiral. Data for vortex

illuminated in a vertical plane, where the bottom of the plane is breakdown propagation speeds are given in Table 1 for cases with
27 cm above the sphere center. In (&), the leading part of the D/oy=4.3 and different values d&/D. The breakdown speed is
breakdown is observed to have the form of a kink in the vortex, obtained by measuring the distance traveled by the spiral kink
which is followed in  (b) by organized turbulent structures using a video camera over 3—4 video frames, and the uncertainty
wrapped around the inner part of the vortex core. in propagation speed measurement is estimated to be less than 2

percent. Cases with no vortex breakdown sometimes exhibit
) ) small-amplitude bending or axisymmetric waves on the vortex
successful only for cases with fairly strong wake vortex loops, fQlpstream of the sphere position, with amplitude on the order of
which the velocity induced by the loop is sufficiently large com10—20 percent of the vortex core radius. These waves could be
pared to the azimuthal velocity induced by the primary vortex. clearly distinguished from cases with vortex breakdown, for
For cases with sufficiently strong vortex loops, the primary Vokyhich there exist large-amplitude helical waves on the vortex core
tex is observed to respond to the velocity field induced by thgith amplitude on the order of 1-3 times the core radius, and
wake vortices by formation of a traveling vortex breakdown thajbsequent degeneration of these waves into turbulence. Spiral
propagates upward on the vortex. LIF photographs showing theeakdown forms similar to that observed in the current experi-
cross-section of the primary vortex during and immediately aftefients have been reported by numerous other investigators for
passage of the breakdown are shown in Figal for a case delta wing vortices and swirling flow in tubésee review articles
with D=1 andD/oo=4.3. In this figure, the flow is illumi- by Hall[32] and Leibovich33]). Traveling breakdowns similar to
nated in a vertical plane that is raised above the sphere, such gk observed in the current experiments are examined in previous
theoretical and experimental work on vortex-blade interaction by

Marshall [34], Krishnamoorthy and Marsha]B5], and Marshall
Table 1 Data for propagation speed W of the upward propa- and Krishnamoorthy36].

?atmg vortex bre"".kgown induced by the sphere wake vorticity When the sphere is brought very close to the primary vortex,
or experiments with D/ ;=43 the primary vortex is found to become attracted to the sphere and
SD+0.5 2maWIT e may even attach to the sphere surface. The primary vortex attach-
ment to the sphere typically occurs a few seconds after the sphere
8 5 %‘é(l) is brought to rest and lasts for a period of 2—3 seconds. After this
1.0 029 time, the primary vortex detaches from the sphere and reforms
15 0.25 along its initial axis in front of the sphere, exhibiting large-
amplitude bending oscillations near the sphere leading edge. A
566 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME
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Fig. 14 Regime plot summarizing the occurrence of break-
down of the primary vortex  (circles ) due to interaction with the
sphere wake and intermittent vortex attachment to the sphere
(triangles ). Best-fit solid and dashed curves are drawn to indi-
cate three different flow regimes: (1) no vortex breakdown or
attachment to sphere, (2) vortex breakdown but no attachment
to sphere, (3) both vortex breakdown and attachment to
sphere. Experimental uncertainty is indicated by error bars at-

D/oy>6. The critical value o6/D for onset of vortex attachment
to the sphere is nearly independentfo, with (S/D),;=0.6
+0.1.

5 Conclusions

An experimental study has been performed of the interaction
between an initially columnar primary vortex with the wake of a
sphere decelerated to a fixed position within the flow field. The
results are categorized using two dimensionless parameters
formed from the vortex-sphere separation distaScéhe sphere
diameterD, and the vortex core radius,. The sphere wake ap-
pears to have the form of a series of hairpin vortices that are
entrained into the primary vortex core while rotating around the
vortex. The wake entrainment rate is controlled by the self-
induced velocity of the secondary wake vortex structures. The
strength of the secondary vortices increases as the $Aflode-
creasegfor S/D larger than about unily Weak secondary vorti-
ces cause only small-amplitude waves on the primary vortex core,
until after long time a turbulent sheath of vorticity originating
from the sphere wake surrounds the primary vortex. For stronger
secondary vortices, the primary vortex core exhibits substantial
thinning in the region in-between the secondary vortex loop legs
loops and bulging outside of this region. Sufficiently strong sec-
ondary vortices are observed to induce an upward propagating
vortex breakdown on the primary vortex. The breakdown has the
form of a spiral kink, followed by a double-helical oscillation that
eventually breaks down into turbulence. For cases where the
sphere is placed quite close to the primary vortex, the vortex

tached to the data points. L . .
becomes attracted to the sphere, resulting in an intermittent attach-

ment of the primary vortex onto the sphere surface. Both onset of
vortex breakdown and of vortex attachment to the sphere are
mapped in the space of the two parame®® andD/oy.
. ) ) Typical applications of vortex interaction with wake-generating
LIF photograph in the vertical plane A showing an example Q§ogies occur in situations where the body is moving relative to the
vortex attachment to the sphere is given in Fig. 13 for a case Wifgrtex. For instance, in a turbulent two-phase flow, the particles
S/D=0.5 andD/o(=4.3. The initial axis of the primary vortex is may have significant motion relative to an eddy if the Stokes
primary vortex core passes around the sphere in order to reach gy or greater. It would therefore be of interest in future work to
lower half of the primary vortex core. In all cases examined fQixamine the extent to which the results reported in the current
which the primary vortex attaches to the sphere, a traveling bregdgper can be extended to cases where the sphere is translated
down propagates upward on the primary vortex and the vorteieadily past the vortex. Also, while most of the phenomena re-
core radius is significantly greater above than below the sphergorted in the paper are believed to be essentially invigsitte
The apparent primary vortex attraction to the sphere observg vorticity is shed into the sphere waki would be of interest
in our experiments is similar to that predicted from inviscid theoryy examine modification of the observations reported here for
by Dhanak[10] and Pedrizzettj12]. This inviscid attraction oc- sphere Reynolds numbers in-between the range 1000—4000 con-
curs because the vortex is deflected to one side by the inducggered in the current study and the range 20—100 considered in
velocity from the vortex image in the presence of the sphere. Tkige computations of Kim et aJ15]. Sphere Reynolds numbers in
side deflection leads to curvature of the vortex filament, whidhe range 100—1000 are of particular importance for many two-
generates a self-induced velocity that drives the vortex into tigase flow problems.
sphere. While this mechanism may underlie the observed vortexDespite the need for further work, the present results should be
attraction to the sphere, we suspect the actual vortex responseftaise for assessing the effect of particle wakes on turbulent co-
be quite a bit more complex. In particular, when the sphere figerent structures in two-phase flow problems. For instance, if the
placed close to the primary vortex, its wake is quite strong. Thaaximum and mean values of the separation distance between a
wake vortices are observed to impact back onto the front end dirticle center and an energy-containing eddy are assumed to be
the sphere after one rotation around the primary vortex, formingapproximately one-half and one-quarter, respectively, of the tur-
donut-shape annulus of wake vorticity. The role that the sphepelence integral length scalethen the parametes/D employed
wake plays in modifying the primary vortex attraction to thén the current experiments can be approximated J®
sphere is complex and not yet understood. =0.25(0/D) —0.5. The experimental data compilation of Gore and
The conditions for onset of breakdown of the primary vorteCrowe [3] indicates that particle wakes will enhance the fluid
and of attachment of the vortex to the sphere are indicated in Figrbulence ifD/1>0.1, which using the above relationship implies
14 in the space of the two paramet&® andD/oy. The pri- S/D<2. This range of/D is observed in the present experiments
mary vortex response to the sphere is categorized in this maptancoincide with conditions where the sphere wake vortices have a
terms of three regimes. In regime 1, the sphere is sufficientygnificant influence on, and may possibly lead to breakdown of,
distant from the vortex that neither vortex breakdown nor attacthe primary vortex. The present study therefore indicates that un-
ment to the sphere occur. In regime 2 only vortex breakdowder conditions where the particle wakes enhance fluid turbulence,
occurs, and in regime 3 both breakdown and intermittent vortélxe wake vortices will have a significant effect on the coherent
attachment to the sphere occur. The critical valug/@f for onset structures of the turbulent flow. This observation may have bear-
of vortex breakdown is found to decrease rapidly with increase ing, for instance, on the experimental findings of Rashidi et al.
D/oy for D/oy<6, but to asymptote to§D),,=0.8+0.1 for [37] for two-phase turbulent wall layers, who report that large
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Pulsating Flow in a 90 Degree
o.seninas | Bifurcation

D. S. Mathioulakis The pulsating flow field in a 90 deg bifurcation was examined by performing LDV mea-
Assistant Professor, surements in a model with square cross-sections and equal branch flow rates. The three-
e-mail: mathew@fluid.mech.ntua.gr dimensional separation zones of both branches were studied revealing details of their
temporal evolution. During acceleration the flow was attached, but close to the peak flow
Department of Mechanical Engineering, condition, separation initiated at both branches. The basic feature of the reverse flow
Fluids Section, zones at a given time instant was that these shrank streamwise in a direction perpendicu-
National Technical University of Athens, lar to the bifurcation plane and grew at the symmetry plane. Flow instabilities were
Zografos 15710, Greece strong in the horizontal branch during acceleration, in contrast to the vertical branch in

which these appeared during deceleration. Comparison of this flow field for a particular
time instant with the flow field under steady inlet conditions and similar Re, revealed that
for the steady case the flow separated in the horizontal branch upstream of the unsteady
case.[S0098-22020)03002-9

Introduction eration phasdPetersen et al.7]). Moore et al.[8] in a similar

The unsteady flow in a curved duct or a duct branch constitutgsOdel’ employing magnetic resonance imaging as velocimeter,

. A . . . und that during exercise conditions flow reversal was reduced,
an interesting fluid mec_hanlcs problem,_ due to the formation ?ut the velocity profiles were more skewed due to the higher Dean
time dependent separation zones associated with vortex sheddﬁ\ b
time varying shear stresses, as well as strong secondary moti n"gE : . .
From a practical point of view, the study of such flows assists in d ag'()i?g&;ﬂﬁ? Argegzurgmsg? g\(fi rggﬁéﬂegn%frbggazwagxgh'
gaining more understanding about the origin of vascular diseaﬁésatile conditions by us?ng an electrochemical method %n the
like atherosclerosis which happens to occur at branches ranch wall of the smaller radius of curvature the shear stresses

Cuéﬁf,igzéhﬁ, :rllj(r?}aar; cg;%ur:aégrnyes%sgﬁ]rp. in vitro at duct branch der steady conditions were found to take smaller values than at
y e_opposite wall(of higher radiug varying in the streamwise

of various angles between parent and daughter tubes and Vanalﬁgction like a damped sine wave. The same tendency was also

flow waveforms. The shape of the branches has been norm : : ; :

. . rved in the instantan hear str for the time varyin
based on models of blood vessels like the aorta, carotid etc. Wcazg bic: Wit;] ﬁi hseraex?:u?ggﬁssaf;aiﬁrﬁsziloev rtatz A r?un?e)r/i- 9
circular or rectangular cross sections, whereas the inlet flow wave- 9 :

; - : . cal study by Kawaguti and Hamarj@0] focusing on the shear
Lor:);g?o'?)gaicp(:lrl]seztlnqe.g., sinusoidal with a nonzero meaor stress distribution in a 90 deg 2-D bend under pulsating conditions

Fernandez et alf1] studied numerically the steady and un_and low Re predicted an amplitude shear stress peak at the main

steady flow in a symmetric bifurcation of rectangular cross secti(%jriltug(t:liJl [Tﬂeinungﬁ?nrgrgatlhsetubéfurcf:g?&:g?ﬁé F;I(; :,Ict?r!daaggrgﬁjp'
giving emphasis upon the separated region. Siouffi gRalising P yp

a pulsed Doppler ultrasonic velocimeter in a symmetric bifurcal'?-Ifurcatlon W't.h rigid and distensible WaII_s, which showed the
erParated regions on several cross sections, and more recently

tion of rectangular cross-sections realized that during accelerat . .

the maximum of the velocity in a branch was shifted toward th%i':;ﬂgerﬁ;ﬁg%ﬂ;&?ﬁ’;{g%g{‘fﬂE;l;rgfgﬁal] results with LDA
center of the cross section in contrast to the highly skewed_ profllesThe objective of this work was to study expérimentally the flow
of the steady case. They also found that the downstream mﬂuerf‘%?d in a 90 deg bifurcation under pulsating conditions. Although

gtfetgg tg::g?e\éﬁfsdgmz?gt%]t \%iég?elénstf;ﬂ'n&fj’c%%rgBﬁtrﬁ € most appropriate model for bioengineering applications would
Y ; p include circular ducts, it was decided to use square ducts instead.

LDA data obtained in a two-dimensional bifurcation of the humaxfhe simplicity of their shape would ease any comparisons with

EaDrthrﬂeggﬁpe/hwg:tlggN;Iiok\ilvetvgzﬂgsgg?n 1’:}%2?{; el;ﬂ'&?f;tisé%n%lumerical predictions, allowing also comparisons with the flow
: fi(?ld under steady conditions recorded in the same model. More-

{Eotﬂgl ;?a;ldugilgt%%cec; Iﬂec:\?vt'gﬂrme gg\éve\{;?;tfgﬁb'ls'ﬁﬁd' E'; gcggra ver, the majority of the relevant published works include only
gnly 9 ' 9 980 profiles in each cross sectional area passing through the center

natham|5] employing a human pulmonary medel found that th f the ducts. In the present work, the plane walls of the model

velocity profiles under physiologic waveforms were quite unifor .
during acceleration tending to become skewed at peak systole H8wed LDA measurements to be made in the whole cross

in the deceleration phase, during which the secondary flow w %2:3i’rﬁerr:g%enssa:%ﬁ?%?g'on for the detailed description of this
significant. Ku and Giddeng6] in a carotid bifurcation model '

found that flow separation was retarded at the bifurcation apex

when acceleration took place, in contrast to steady flow whidExperimental Procedure

separated under the same Re. Using flow visualization in an ab‘l’his work constitutes an extension of a previous study, in
dominal aorta model, with its main branches under rest and exgy, .

cise conditions, the flow patterns were identified during all phas gﬁiCh the flow field of a 90 deg bifurcation of square cross-
. > . . . ctions (4640 mn?) (see Fig. 1 was examined under steady
of a physiologic waveform, being quite complex during the dece%ﬁlet conditions(Mathioulakis et al.[19]). In order to minimize

Commibuted by the Fluids Endineering Division f biication in oA any flow disturbances entering the model, it was connected up-
ontributed by the Fluids Engineering Division for publication in NAL ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionStream foa stralght Square duct2m Iong, and the latter to the exit

September 22, 1998; revised manuscript received February 26, 2000. Assoc%tea. convergent nozzle of 25:1 contraction ratio attaChed to a
Technical Editor: D. R. Williams. settling chamber. In the present work, fldqwatep entering the

Journal of Fluids Engineering Copyright © 2000 by ASME SEPTEMBER 2000, Vol. 122 / 569

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



40 3

1

ﬁi

)
vertical branch T
<,
o 2
=4 ‘G
entrance N 2
2 o
307 i
_ T ® % @ % ® B B
N Time (sec)
o |
x Fig. 2 Typical velocity time-record at model’s inlet
547
le N
I ”

Fig. 1 Bifurcation model (dimensions in mm ) coordinate

system so that the Womersley paramete(a=R,w/v) whereR is the

hydraulic radius, took values from 2.9 to 14.4. It was found from

this study that fora=2.9 the velocity profiles did not differ dur-
model was time dependent, being increased and decreased viaggacceleration and deceleration, so that the flow behaved essen-
rotating spherical valve which disturbed the flow established B@llY like a quasi-steady one. Increasing caused the unsteadi-
gravity. The valve was located downstream of the model, afgSS 10 become more pronounced. However, for higtabove

. S , the flow tended to become uniform, with high values of the
opened and closed in a periodic way by a PC controlled stepRgljocity gradient only close to the walisee also McDonalftL4]

motor (400 steps per revolutionand a 60:1 gear ratio speed-ang Hughes and Howl5]). Therefore, it was decided for the
reducer. The high gear ratio was necessary for the smooth rotatisent study to use==8.76 orT=32.7 s which is a physiologi-

of the valve about its closed position, for a total angle of 183 value(Pedersen et a[7] and Bharadvaj et a[16]). The flow
degrees. It should be noted that the flow was not significantlyas not quasi-steady and the LDV could record the spatial veloc-
affected by the motion of the valve when it was open more thaty gradients in the selected measuring grid. The velocity signal
10 degrees, due to low induced hydraulic losses. In order to matkgitized with a sampling rate of 10 Hz was conditionally aver-
the flow vary harmonically as possible, the motion of the valva@ged over 5 period&lin and Clark{17] suggest two periods to
was adjusted, following a trial-and error-procedure, by changi§tlisfy ergodicity for Re peak value of 1208ith time instantt
the width and the number of pulses sent to the stepper mofof corresponding to a value close to the minimum flow rate. This

controller. Figure 2 includes a typical velocity time record at thEather small number of periods was a trade off between a reduc-
model inlet 9 yp y ion of the integration time and the smoothness of the obtained

Th ial velocit t db velocity profiles. Downstream of the bifurcation where flow insta-
€ axial velocity component was measured by a oné ComMpisies”were significant, time records were smoothed out before

nent Laser Doppler Velocimeter, with a measuring volume esfjhase averaged contours were obtained. Maximum precision error
mated to be 108600xm with the longer dimension along thefor a 95 percent confidence level was of the ordet-éfmm/s, or
bisector of the laser beam$or more details see Mathioulakis 7.5 percent of maximum velocity.
et al.[19]). Measurements were taken at a grid of 81 poidtsim Based on volume flow meters, inlet mean flow rate was 1210
apar}, at each measuring station, which corresponded to a crasBmin +2 percent while the mean flow rates of the two branches
section of the duct. All measuring points are referred to a Cartarere equal within an uncertainty of3 percent. Performing a
sian coordinate systef®, y, z) as shown in Fig. 1, whose origin is spatial integration of the velocity distribution at the model en-
located at the beginning of the bifurcation, with directiobeing trance, the flow peak was found to be equal to 2500 ml/min,
normal to the bifurcation plane. namely, Re varied between 0 to 1150 with a mean value of 560.
Before initiating the measurements in the bifurcation model, tigased on ensemble averaged profiles at the entrance of the model
pulsating flow field in a straight square duct of the same crosthe flow rate for 8 time instants within a periddwas calculated
section was studied. The peridd varied from 279.6 s to 11.15 s as follows:

vT 1 2 3 4 5 6 7 8
ml/min 340 1251 2390 2500 1682 590 28 0.17

Velocity measurements were carried out at three regions in th&60 mm, being 10 mm apart while in the vertical one four sta-
model, namely at its entrance, its extension, referred to as tliens, namely ay=44 mm, 56 mm, 67 mm and 80 mm were
horizontal branch, and its vertical branch. Since preliminary meaxamined.
surements had shown that the upstream influence of the bifurca-
tion was not significant, more attention was focused upon bo ; ;
branches of the bifurcation where the flow separated from tr%esults and Discussion
bottom of the horizontal brancty&0) and the sharp bifurcation (a) Model Entrance and Horizontal Branch. The un-
edge of the vertical brancix=0, y=40 mm). Therefore, in the steady character of the flow at the model entrance and its exten-
horizontal branch six stations were examined fram0 to x sion is depicted in Fig. 3 for three time instants, namely during
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acceleration {=3T/8), flow peak {=4T/8) and decelerationt( ther during deceleration. It is important to notice that although the
=6T/8). The phase-averaged axial velocity contours of Fig) 3 flow rate between time instantsT8 and 4T/8 increases only by
(x=-160,20,40 mm) show that there are no flow separatich6 percent, there is a significant change of the flow field. There-

zones during acceleration, in contrast to flow pégilg. 3(b), x
=0,20,40 mnm at which these appear a&=20 mm, growing fur-

fore in this unsteady flow it is the time dependent pressure gradi-
ent which controls the flow rather than the Reynolds number.

10 16 20 25 30 35 40
Z (x=40, t=3T/8)

(®)

20 26
Z (x=-160, t=6T/8)

16 20 26
2 (x=20, t=6T/8)

Z (x=60, t=6T/8)

Fig. 3 Horizontal branch axial velocity contours
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(cm/s), (a) Flow acceleration,
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(b) flow peak, (c) Flow deceleration
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Fig. 4 Horizontal branch. Perturbed velocity time record. Fig. 6 Entrance region. Near wall velocity time-records (x=

—10 mm).

Apparently, the imposed favorable pressure gradient for the accel-
eration of the fluid shadows the adverse pressure gradient duatwing this phase, the existence of which was verified through
the bifurcation itself, washing out any negative flow regions of thigow visualization. However, it should be pointed out that the peak
deceleration phase. This phenomenon of reattachment has beepeak velocity amplitude in this region was of the same order
identified by others like Rindt et g]3,18], Ku et al.[6], Perktold like that at the model entrance. Based on previous works treating
et al. [11]. At flow peak the flow in the entrance region is attwo-dimensional unsteady external flowlglezaris and Telionis
tached, while ak=20 mm it separates from both corners of th¢21], Mathioulakis and Telioni§22,13) where the amplitude was
bottom wall and further downstream there are negative velocitiegagnified in the separated shear layers several times with respect
across the whole width of the bottom wall. to the freestream amplitude, it was expected to have a similar
During the deceleration phase (Fig. 3(c), x= phenomenon in this configuration. However, the confinement of
—160,20,40,50 monnot only do these separated regions grow, buhe flow between the four walls of the ducts and its strong three-
there is also negative flow in the entrance region of the model adiinensional character may give an explanation for the suppres-
especially at the four corners of the duct. The most significaston of the velocity amplitude in this case.
feature of the flow field fox=0 is that at a given time instant the The influence of the unsteadiness was examined through the
separated region close to the vertical walts=0Q, z=40 mm) is phase-averaged profiles at the midspan plare20 mm) in order
progressively reduced streamwise, in contrast to the middle séc-make comparisons with the steady cabtathioulakis et al.
tion z=20 mm where this increases. More specifically, at statidi9]). Axial velocity profiles were drawn foz=20 mm and three
x=10 mm tox= 50 mm this reverse flow region increased linearlyime instants about the middle of the periggee Fig. 5,x
from y=8 m toy=24 mm, with higher negative velocities at the=10,20,30,40 mmwhich corresponded to about the same Re of
midspan planeZ=20 mm). Due to these higher negative velocisteady case. We notice from this figure that the flow downstream
ties, the flow accelerated in the remaining part of the cross sexd-the bifurcation is attached until the flow peak is reached and
tional area, reducing the back flow in these regions. A simildhen this separates from a point between20 and 30 mm(on
behavior was recorded under steady inlet conditions for Rdanez=20 mm), its region growing in an upstream direction as
=1200 (Mathioulakis et al.[19]) in the same model, in which well as from the bottom to the ceiling of the duct. It should be
downstream ofx=114 mm the flow became positive over thementioned that in the steady case the flow separatec at
whole cross section. It is clear that in this kind of flow field=10 mm, namely about 1/2 diameter upstream. Therefore, there
separation and reattachment is a complex process. The thiieea solid indication that unsteadiness moves the separated regions
dimensional character of steady laminar flow in rectangular bifudownstream. The same observation has been made also in pulsat-
cations has been studied numerically by Neary ef20] where ing external flows of small amplitudéathioulakis and Telionis
interesting topological features were revealed. [13]). An estimate of the wall shear stress variation in time and
The time-records in the present study were perturbed in tBpace can be obtained from the closest to the (gaihm) velocity
region x=0 (see Fig. 4 with a mean frequency of 0.4 Hz anddistribution. Although this distance is not so sm@bout 10 per-
especially during the acceleration phase. This is attributed to a®ent of the duct widthwe believe that since the flow was laminar,
herent vortices being generated at the separated region and s$tezhr stresses varied in proportion to these velocity changes. Fig-

t=4T/8
4 t=3T/8 4 t=5T/8
34 34
g 2 T
£ 24 E E 21
< < A
2] i z, 2
8 icam 8 8
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“ °f o
osiidmr
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Fig. 5 Horizontal branch. Instantaneous velocity profiles at t=3,4,57/8 and z=20 mm.
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Fig. 7 Vertical branch axial velocity contours (cm/s). (a) Flow acceleration, (b) flow peak, (c) flow deceleration.

ure 6 includes three time records of the near wall velocity at peak, andc) their amplitude does not differ significantly in space.
=4, 20 and 32 mm, a little upstream of the bifurcation=( The same tendencies were also found downstream of the bifurca-
—10 mm). The conclusions drawn from this figure a@:there tjon, atx=10 mm.

is an increase of the shear stresses from the bottom to the ceiling

of the duct,(b) their spatial differences become minimum at flow (b) Vertical Branch. Phase-averaged axial velocity con-
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branches They predicted high stresses at the inner walls of the
branches and lower at the outer ones.

“
re

Conclusions

velocity ”(cm/s)

-

LDA measurements were performed in a 90 deg bifurcation
square section model under pulsating inlet conditions with Re
varying in the interval 0 to 1150, Womersley parameter 8.76 and
-y equal branch flow rates. The main objective of this work was to
present a detailed picture of this unsteady three-dimensional flow
field, providing data for the whole cross-sectional area of the
ducts, information which is missing in the majority of the pub-
lished relevant works. Axial phase-averaged contours depicted the
flow field at characteristic time instants within a period, namely
during acceleration, flow peak, and deceleration. During accelera-
tion the flow was attached in the parent tube and its extension
tours are shown for this branch in Fig. 7 during acceleration @lthough for similar Re but under steady conditions this was sepa-
=2T/8), flow peak (=4T/8) and decelerationtE6T/8). It is  rated. At flow peak reversed flow zones appeared downstream of
interesting to notice that despite the 90 degree bending of the 0, first at both corners of the bottom wabk£20 mm) and
streamlines the flow during acceleratiofFig. 7(a), y further downstream negative flow covered the whole width of the
=44,56,67 mmis essentially attached, excluding a very thin rebottom wall. In the deceleration phase back flow appeared up-
gion across the sharp bifurcation leading edge-Q) where at stream of the bifurcation at the four corners of the duct while
stationsy=44 mm andy=56 mm the flow is stagnant. At flow dowpstream of this, a large portion of the lower part of the Cross-
peak(Fig. 7(b), y=44,56,67,80 mmand deceleratioliFig. 7(c), Section was covered by negative flow. The characteristic feature
y=144,56,67 mmreverse flow is present, as in horizontal branctf the flow for this phase and>0 is that the reversed flow region
Namely, flow separates from the bifurcation sharp leading edgBfinks along the parallel to the bifurcation plane watts=0,
(x=0, y=40mm), diverting the flow toward the remaining thre =40mm) for increasing stations, while at the same time it

: PRET - ds at mid-planez&20 mm). A similar process was re-
walls of the tube where it exhibits higher velocities. As expectet‘?Xpan . -
the maximum of the velocities is located close to the bifurcatio brded for the steady case. Due 10 instabilities of the detached

trailing edge k=40 mm) due to centrifugal forces, in contrast t Shear layers the velocity time records in the horizontal branch
) S ' StIQvere disturbed including frequencies higher than the fundamental,
the horizontal branch which is close_r to _the duct center. A _S|mll%r pecially during the acceleration phase, but the velocity ampli-
feature of the separated flow evolution in space like in horizon de was of the same order like the inlet one.
branch happens here: namely, the reversed flow shrinks streamy, the vertical branch where the flow turned an angle of 90 deg
wise in a dlrec_tl_on normal to the bifurcation plan_e, so that the floyhe flow field resembled the steady one, being less skewed. The
becomes positive at the two corners>of 0 earlier than at the flow, separated from the bifurcation leading edge, forced the fluid
center of the cross-section. The only difference between the haiward the remaining three walls of the cross-section. During the
zontal and vertical branch is that for the latter this process égceleration phase the flow was attached but at flow peak and later
stronger, which is most probably due to secondary velocitiesm it separated, forming a region of negative velocities whose
which provide momentum to the retarded fluid of the separateddth increased in both directions, in a plane normal to the axial
regions. Therefore the skewness of the profiles is diminishédw of this branch until the end of the period. However, again
faster normal to the bifurcation plang) than along the radial like in horizontal branch, the separated region shrank streamwise
direction (x), in the streamwise direction. Similar behavior wa$ a direction normal to the bifurcation plane. Excluding a thin
observed in the steady case, but there the skewness of the profigg#on close to the walls where the flow was varying in time
was stronger. s_mo_o_thly, in the rest of the cross-section flow instabilitit_es were
The temporal variation of the velocity in the vertical branc@lgnlflcant. In cont_rast to the horlzo_ntal branch, here the instabili-
was smooth only in a thin region close to the three walls Wheg@s appeared during the deceleration phase, probably due to en-
the flow was attached. In the remaining area the instabilities of tH@Ncement of secondary motions during this phase. Finally, ac-
detached flow were predominant, especially during the decelef;g-rd'ng éof the hnegr wall verI]OC|ty.|.vaI?es hth?] s'hear Iséressehs
tion phase. A characteristic velocity time record is shown in Fi increased from the bottom to the ceiling for the horizontal branc

8. The disturbed flow during deceleration has been also verifigg"gd from the bifurcation leading edge to the opposite wall for the

o rtical branch.
by others(Naiki et aI._[4] Sung and quanatharliﬁ]_, Pedersen Although the results of this work cannot be applied directly to
et al. [7]). However, it should be reminded that in the presen{;emodynamic applications mainly due to the noncircular shape

work quite the opposite was happening in the horizontal branclk the ducts, it is noteworthy to observe that global flow charac-
This difference might be attributed to the secondary flow which {gristics had the same trends as in physiologic flows e.g., reverse
strong in this branch. According to the experimental evidence fbw zones and wall shear stresses temporal variation. Moreover,
Rieu et al[23] in a symmetric bifurcation with rectangular crosswe believe that the simple geometry of the model provided an
sections under pulsatile conditions, the secondary motion was e@sier understanding of this unsteady flow field.
hanced during the deceleration phase, which might disturb the
flow in our case as well.

According to the velocity profiles the shear stresses are ex-
pected to take high values at the three sides of the cross-sectiffknowledgements

where the flow is attached, with the highest at the wall opposite of This work was partly supported by the General Secretariat of
the bifurcation leading edge, being maximum at the peak of tiResearch and Technology of Greece in the context of the research
flow. Similar conclusions are drawn from a recent numerical worogram “Haemodynamic Parameters in Arteriosclerosis.”
by Shipkowitz et al[24] which emphasized the wall shear stres¥hanks are also extended to the valuable criticism of the review-
distribution in four branches of a human aofthac and renal ers.
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Fig. 8 Vertical branch. Perturbed velocity time record.
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Introduction

Early studies that dealt with the transport of air in the huma
lung were focused on overall resistance to the breatfihgand
the mechanics of regional ventilatip]. However little attention
had been focused on the flow characteristics in individual bronc
West and Hugh-Jond8] were the first to focus on the flow char-
acteristics by visualizing the flow of water in casts of trachea a
main bronchi. They showed that disturbed flow was evident at &
physiological flow rates even with local Reynolds number of 20
Schroter and Sudloy] studied the flow profiles in two succes-
sive generations of large-scale symmetrical models of junction
the human bronchial tree. They observed that small variations
the sharpness of the flow divider and radius of curvature of the
walls creating the daughter branched tubes markedly influenc%]
the flow. The basic flow pattern they observed had been recofl;
firmed in several subsequent observatigis-8] and[9]). Flow
visualization denoted prominent but complex secondary flow
which were poorly predicted by hot wire techniques for air spee
of these magnitudes. They showed that a pair of vortices w
established in the daughter tube during inspiration while a set :
four vortices was established in the parent tube during tljtu
expiration.

To overcome the unreliability of the hot wire at very low spee
which is the case for the flow inside the human airways, OJgon
designed a pulsed-probe anemometer to measure steady th &
dimensional velocity fields typical of pulmonary trachea-bronchi
airflows. Apparently, Olson was the first to measure the secondar’

Mechanics of the Flow in the
Small and Middle Human Airways

Steady divergent flow (inspiration directed) is measured using Laser Doppler Velocimetry
in a large-scale model carefully mimicing the morphometry of small human airways. The
anatomical features, which induced vorticity in the flow from vorticity free entrance flow,
are evaluated under conditions of convective similitude. The flow pattern in the daughter
tubes is typical of laminar flow within the entrance to sharp bends (Dean numbeo)

with rapid development of strong secondary flows (maximum secondary velocity is 45
percent of mean axial velocity). The secondary flow consists of two main vortices, with
two smaller and weaker secondary vortex activities toward the inner wall of curvature.
There appears to be time dependent interaction with these vortices causing warbling at
specific flow conditions. The calculated vorticity transport along the flow axis showed
interaction between the viscous force at the new boundary layer development along the
carinal wall and centrifugal force of curvature, with a significant influence by the up-
stream flow prior to entering the actual flow division. This interplay results in an over-
shoot of the calculated vorticity transport comparable to flow entering curved bends and
suppression for the tendency to separate at the inner wall of these tight bends. The
maximum primary flow velocities are skewed toward the carinal side (outer wall of
curvature) and development of a second peak occurred with convection of the high ve-
locity elements toward the inner wall of curvature by the strong secondary flow.
[S0098-220200)01903-9

mild exercise respiration for both inspiratory and expiratory flows.
The axial velocity profiles contrasted to other observations
owed a high degree of asymmetry with peak velocities near the
carinal side for both flat profile and jet like profile at the entrance
{Q the bifurcation.

"One should bear in mind that using hot wire anemometer to

easure the secondary velocities is inaccurate since the secondary
d:%mponent in most part represents a small portion of the axial
6omponent, especially where the axial component gets &l
near the wa)l. Indeed Isabey and Chafhg0] faced that problem.

Yao Zhao and Baruch Lieb¢t1,12 used a two-velocity com-
Bénent Laser Doppler Anemometer and water as a working me-
lum to measure the velocity field in a 70 deg symmetrical bifur-
%iion with lesser curvature than previous studies. The water

dium did not allow simultaneous matching of Reynolds and
an numbers to the presumed physiological conditions.

It should be noted here that Ols¢i] used realistic airway
eometry based on a real size lung cast. On the other hand, re-

archers such as Chang and EI-Md®ly and Yao and Lieber

] claimed that using a realistic geometry complicates perform-
r(]_)g detailed measurements. Therefore, they used an idealized bi-
urcation. The first used a kind of idealized model to achieve both
orrect airway geometry and ease of measurements, but no geo-

etrical details have been reported. The latter used an idealized
mmetric model based on mathematical expressions to simplify

complicity of the flow geometry, especially for computational
e. Yao and Lieber assumed that the cross sectional area is con-

current in the bifurcating tubes with both flat and parabolic inlqﬁ rr(:’;?c):]h;osu?ehpooﬁégeb)tj'{_l"cr)cr;fi'glr&' (‘a"t’héjc_g] violates the realistic bi-

velocity profiles. The downstream development of the secondaH/

velocities showed rapid and complex development of the pair ofThe present work is carried out within the context of a project
vortices observed qualitatively by Schroter and Sudidiv N which the flow patterns in symmetric and asymmetric bifurca-

Chang and El-Masnyj9] studied the primary flow in a four tions with different geometrical parameters, based on realistic air-

; . y geometry[13,14], are investigated using laser-Doppler ve-
generation asymmetric model of the human trachea and Cenﬁ/'y%imetry. As a first step in the investigation, the steady flow

bronchi using hot wire anemometer. They measured velocity dgévelopment in the average anatomical model of the small airway
tributions at two different flow rates characteristic of quiet an ronchi and bronchioles, a 70 deg symmetrical bifurcation model

Comibuted by the Fluids Engineering Division for publication in fied with 1/7 curvature ratio, is investigated. Both axial and secondary
ontribute Yy the Flulids Engineering Division for publication in NAL R ¢ : : : . -
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division\/(:'\locIty proflles, measured at several axial locations in the bifur

August 10, 1999; revised manuscript received May 3, 2000. Associate Techni€Ation model, will be presented in this paper. This study is the
Editor: S. Banerjee. “baseline” observation for an airway structure to function analy-
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sis. The observed flow patterns have high influence on convecti s \/
mixing, particle deposition, volume flow distribution, gaseous “ J
scrubbing, and convective-diffusive axial dispersion mechanisn .
all critical features for respiration.

1-Control Valve

Experimental Procedure s E-rlomeser
The model used in the experiments is sketched in Hig). 1t 4-Stegnotion Tan
consists of two halves of Perspex produced by milling. The mode 6-Straightener
has 2-in. diameter parent tube, 1.5-in. diameter daughter tube, a \4 7-Honey Como
10.5 radius of curvature, yielding a curvature ratio of 1/7. The e et
transition zone, the area between the parent and daughter tube NERN 10-Laser
subdivided into an “elliptical region” and a “carinal region.” _
The elliptical region is defined as beginning with the onset of th{™"a—

transition zondi.e., beginning branch expansjoand ending at a
point where the lateral arc of this elliptical cross sectiomjor
axis) approximates the smaller daughter tube’s circularity. At this
point the curvature of the parent tube’s lateral walls has blended

into the curvature of the daughter tube’s lateral wall as shown in

Fig. 1(a). Beyond this elliptical expansion, a prism-shaped carind} the carinal region the area increases by 13 percent. The geom-

region is defined. This carinal region consists of a complex threézy of the model tested represents the mean anatomical details of

Fig. 2 Flow system

dimensional shape that exhibits progressive carinal indentati Hanch points in the 4 to 16 branching. It corresponds to medium

and ends at the circular onset of the daughter branch. The Ia Ismall bronchi and bronchioles to terminal bronchial conducting
point occurs at the midpoint of the carinal spur. In the eIIiptica‘filIrWayS at the entrance to the zone of the lung where oxygen is

region of the transition zone, the cross section changes shape ﬁ%ﬁswely diffused into the blood.

circular to elliptical keeping the cross section area constant Whi[ o g?r Tvﬁ?\eé;slt pulc';licnegd ;ns?xf}g\{vas{zl)ﬁ?zmggg%Is?ol(?g'.l'éll iSn%edlng

yielded the best LDV signal. The seeded air passed through a
stagnation tank and conditioned through sets of perforated discs,
fine screens, and straightener before entering the model. After
passing through the model, the air discharged to the atmosphere
through a 10-diameter long circular tubes at the exit of the two
daughter branches to minimize feed forward disturbances from the
atmosphere. A Hastings Model HFM mass flowmeter upstream of
the atomizer is used to monitor the flow. The output of the flow-
meter is displayed and monitored on a computer during each ex-
periment. A control band of-1 percent of the desired flow rate
was set for each experiment. Data acquisition would pause when-
ever the flow rate drifted outside the band, and would resume
when the regulator brings the flow back within the band.

Velocity measurements are carried out at eleven axial locations
in the bifurcation:1/d=—1.61, —0.88, —0.34, 0.0, 0.21, 0.47,
0.73, 1.23, 1.73, and Bwherel is the axial length andl is the
daughter tube diameterPosition 0 is at the flow divider, and the

Carlnal reglon
Elliptical region

f Angulation

(a) transition from the circular inlet to the daughter tube entrance
starts froml/d=—1.61 as shown in Fig.(b). The locations are
chosen according to the expected rate of velocity alterations. The
velocity components are measured in rectangular grids at each
axial location along arrays parallel and perpendicular to the plane

Station vd of symmetry[15]. The laser is placed on a three-dimensional tra-
No. versing mechanism driven by three stepper motors, allowing a
traversing resolution of 0.025 mm in all directions. At each point
1 -L61 the laser beams are placed at two different planes in the model—
g :égg the plane of bifurcation and the normal plane—by combinations
4 -0.34 of turning the optics train 90 deg and the model was turned 90 deg
5 0.0 around its axis. This yields four velocity components at each
6 0.21 crossing point between the horizontal and vertical arrays: two
7 0.47 cross velocity components,andv in X andy directions, respec-
8 0.73 tively, and two measurements for the same axial compomeitt,
;90 i%g z direction from two different planegsee Fig. 1b)). The two
1 223 measurements of the same axial component allowed an estimation
% of the uncertainty based on repeatability. The uncertainty, which
w is defined based on the difference between the two measurements
at each crossing point, was estimated to*tie85 percent of the
X mean entrance velocity. This uncertainty might come from the

inaccuracy of placing the model relative to the LDA measurement
volume and variations in the mean flow rate. Based on 60 data
(b) points, the correlation coefficients between the uncertainty and the
velocity gradient, mean velocity, rms, and the position inside the

Fig. 1 (a) Symmetrical model configuration; (b) (i) measure- model were 0.448;-0.216, 0.353, and 0.13439, respectively. This
ment stations and (i) velocity components shows that the uncertainty is most correlated to the velocity gra-
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dient. The difference between the measured and calculated totent grids. However, the uncertainty is within the expected limit
flow rates was 4.85 percent. This represents the overall accuraeysuch a three-dimensional flow with high swirling motions.

of the measurements, including the uncertainty of calculating the

volume flow rate in 3-D flow with high swirling motion based on

finite measurement grids. Looking at the overall accuracy of t@esults

measurements, 4.85 percent, and the repeatability of the measurd-igure 3 shows the overall development of the axial velocity
ments,*=1.85 percent, one might realize two major sources of tifeeld from the inlet to the parent tube to the exit at one of the
uncertainty. The first one is the accuracy in adjusting the flow taughter tubes and at R&500. Positioni/d=0.0 is at the flow
the same value at the beginning of each experiment. The secondiigder, with minus and positive signs indicating respectively lo-
the accuracy of predicting the flow rate based upon finite measuoations upstream and downstream of the flow divider. The veloc-

cs e Vd=+2.23
1/d=0.0
I/d=-1.61
1 va=+21
cs Ic
1 .
h b 1/d=2.23
. Wd=0 i
Yd=+1.73
| va=+123
Vd=+73
1.4
1.2 -
>
g 2 0.8
200
§ 0.4 § 0.4
024 yd=-1.61 0.2 Vd w+.47
4]

c \ T T T T T 1 T T T U T T T T T T T
-1 -08-06-04-02 0 02 04 06 08 1 -1 08-06-04-02 0 02 04 08 08 1
Dimensionless Radius Dimensionless Radius

Fig. 3 Downstream development of the primary velocity in the plane of bifurcation at
Re=1500; CS is the carinal side and IC is the inner of curvature
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0.3 indicates that the reversal flow becomes more pronounced. The
secondary flow boundary layer thickness increases as one moves
across the major axis toward the innermost axis or the inner wall
0.25 1 of curvature(Fig. 7). This indicates that the centrifugal force be-
comes more effective in shifting the flow toward the center of the
transition zone where the flow divider eventually locates.

Figure 3 shows that the flow divider affects the primary flow in
the plane of bifurcation in the transition zone. Figure 6, however,
shows that the primary velocity in the normal plane stays flat
throughout the same region. The influence of the wedge-shaped
divider is thus confined mainly to planes normal to its leading
edge. Figure 3 shows that the effect is relatively pronounced at
I/d=—0.34, and decreases as one moves upstream from the flow
divider such that it is barely noticeable Hd= —1.35. At the
beginning of the transition zone Hd= —1.61 the velocity profile
is essentially flat, indicating that the upstream influence of the
flow divider is not significant upstream of this location. At the end
of the transition zone and at the entrance to the daughter tubes, the
flow is skewed toward the inner wall of curvature of the daughter
tube.

Dimensionless Radius The exit of the transition zone represents the entrance flow to
the daughter tubes. The flow in this zone is affected by the chang-
Fig. 4 Secondary flow at the inlet to the model  (/d=—3.4) ing cross-sectional shape, the increasing cross-sectional area, and

and first measuring location  (//d=—1.61); CS is the carinal the downstream flows in the daughter tubes.
side and IC is the inner of curvature

0.2 1 —o—|/d=-34
--a - /d=-1.6

0.15

0.1 A

Dimensionless Velocity

-1 -0.6 0.2 0.2 0.6 1

Daughter Branches

ity is normalized to the mean velocity at the inlet to the model. The overall development of the flow in the plane of bifurcation
The radial distance is normalized to the parent tube radius in ty&hin @ daughter tube can be seen in Figs. 4 and 5. In the axial
parent tube and the transition zone, and is normalized to th&W. an inflection point starts to appear in the profile | &

daughter tube radius in the daughter tube. Flows in different rg-0-47 indicating the initiation of the double humped profile. As
gions of the model will be discussed in the following sections. ShOWn in Fig. 5, this phenomenon is related to the secondary flow
development that brings the higher velocity fluid from the vicinity

Inlet Conditions of the outer wall outwards the inner wall of curvature. The inflec-
tion point becomes more pronounce as the flow proceeds down-
In any bifurcating flow with high secondary flow, a well-stream and eventually develops to a double peak profilddat
defined inlet flow is of special importance. The inlet flow condi=2.23.
tion is investigated in detail to determine the inlet mean velocity Figure 5 shows the secondary velocity distributions inside the
profile, and the presence of secondary flow or high fluctuatiataughter tube at several axial locations. In comparison to a curved
level that might trigger flow instability. tube model with a similar geometry, the secondary flow in the
The flow system yielded a flat profile at the entrance of th@aughter tube develops faster downstream from the flow divider,
model, with a boundary layer thickness of 10 percent of the divhich agrees with Sobey’s expectatift6]. The maximum sec-
ameter at Re 1500 based on the diameter of the parent tube. Alsshdary flow occurs approximately between 25 dbg inlet to the
the flow system ensured that the flow is going parallel to the axigughter tubeand 28 deg compared to 40 and 60 deg in a curved
of the model to within=0.5 degree. Figure 4 shows the secondanyibe model with a similar curvature. At the inlet of the daughter
flow at the inlet of the model/d= —3.4, and at the first measur- tube, the tangential component of the secondary flow is in general
ing location,|/d=—1.61, where the transition zone starts. It isimilar to that found at the corresponding location within a curved
clear that essentially no secondary flow is observed at the inlettabe model except it is more developed. However, the component
the model. Even alt/d=—1.61 no significant secondary flow isof the secondary flow in the plane of bifurcation does not agree
observed. The fluctuation level of the incoming flow is also cruwith that of a curved tube at the outer wall of curvature. This
cial. Since in any point within the flow field, it is important todisagreement may be related to the development of a secondary
decide whether any instability is due to the fluctuation in the insortex near the inner wall of curvature. The secondary vortex
coming flow or introduced by certain bifurcating parameters. Thgecomes evident dfd=0.47 and apparently reaches its maxi-
fluctuation level, represented as rms of the mean axial velocity,risum strength at the end of the curve sectiof/dt=1.23.
investigated for different Reynolds numbers and different arrange-
ments of the flow conditioning. The fluctuation level at=RE500 Shear Stress Distribution

's 0.75[15]. The magnitude of wall shear stress, or the velocity gradient is

-, an important parameter for the problem being studied. Figure 8
Transition Zone shows the gradient of the axial velocity component on the carinal
Figure 5 shows the secondary velocity distributions in the traside, inner wall, and the uppédor the lower wall at different
sition zone at/d locations of —0.88 and—0.34. The two mea- downstream locations. Generally, the axial velocity gradients fol-
suring planes are placed perpendicular to the local axis of tlev the developments of the boundary layer thickness on those
daughter tube, or at 10 and 19 deg with respect to the axis of toeations. On the carinal side, the gradient is very high at the inlet
parent tube respectively. Along the local normal planel/dt to the daughter tube where a new boundary layer starts to develop.
=—0.88, the flow is going toward the centerline. The magnitudaside the daughter tube, the velocity gradient decreases very rap-
of the secondary flow velocity decreases while the boundary layidty near the inlet. At a small distance further downstream, the
thickness increases toward the minor axis. At the minor axis, aate of the decrease slows significantly. On the inner wall, the
inflection point can be seen to develop at the wall, signifying arelocity gradient is much lower than that on the carinal side, and
onset of reversal flow inside the secondary flow boundary layehe rate of the decrease is more gradual in general. On the upper
At 1/d=—0.34 in Fig. 6, the normal plane secondary velocitpr the lower wall, the velocity gradient decreases slightly in the
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Sketch for the Secondary Flow Pattern
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Fig. 5 Secondary velocity components in the normal plane and plane of bifurcation at different axial locations from
the flow divider (//d=0.0) at Re=1500
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Fig. 6 Downstream development of primary velocity in the normal plane at different
axial locations (//d) at Re=1500; CS is the carinal side and IC is the inner of curvature

transition zone. After entering the daughter tube, the velocity grdaughter tube on the flow development. Additionally, the results
dient increases as one move downstream and then decreases imtlieate the importance of the geometry of the transition zone in
straight section of the daughter tube. The initial increase in tlilee bifurcation model as predicted by other SofEy] and Synder
velocity gradient in the daughter tube is related to the developnd Olson19].
ment of the low velocity region at the inlet to the daughter tube, The secondary current can be quantified more conveniently by
which in turn depends on the development secondary current. defining a mean vorticity. Olson and Synd€r18] defined three
) . circulation paths as shown in Fig. 10. The inviscid core path is
Discussions taken along the plane of symmetry and the upper surface of the
Figure 3 shows that the axial flow pattern undergoes a signifiP®, the maximum circulation path is taken along the plane of
cant shifting as the flow proceeds downstream the flow dividety™mmetry and the locations of maximum secondary velocity, and
This flow shifting can be described quantitatively by (:alculating;'ve boundary layer path is simply the difference between the first
the first moment of the axial flow at each axial location 0 paths. The mean vorticity is defined as:

X\ S 3 (WXa)rdrd ¢ r 1
2= ) (=Ra 3€V-d8 @
a el oWrdrde A AT,

whereW is the axial velocity ana is the daughter tube radius. \here s is taken as defined above for the three different paths.
Since the data are obtained over a Cartesian grid as defineRon and Syndefr18] scaled the transverse motion in the central

Section 2, the data are transferred to the cylindrical coordinaigse to the radius of the tuba. and the boundary layer swirl to
and then Eq(1) is performed numerically over the cyIindri(:a:?E .

e U ) . . aR)2, whereRis the radius of curvature. As can be seen in Fig.
grid. Figure 9 shows the first moment at the inlet and exit of ) 9

> . . , the general characteristics of the mean axial vorticity devel-
daughter tube in the bifurcation model. Results from the curv g Y

X ment are comparable to the curved tube. The vorticity over-
tube experiments of Agraw@l7] and Olson and Snyd¢i8] are  p s hefore approaching a steady value, with the rate of devel-

included forf_comparlson. F'gur:.? 9dshowsdthr;11t the Centernof_l_rrrgbmem being faster in the bifurcation. Overall, the bifurcation
mentum or first moment is shifted toward the outer wall. '$)roduces less mean axial vorticity compared to the corresponding

indicates one fundamental difference between the bifurcati Mkations in the curved tube except in the boundary layer at the
model and the curved tube model. In the bifurcation model tnﬁwtrance to the daughter tube

center of momentum is shifted toward the carinal side, while in a
curve tube model it is shifted toward the inner wall of curvature. Comparison With Previous Work. Yao Zhou and B. Lieber
This indicates the strong influence of the entrance condition to thEl] used a simplified bifurcation model that does not represent
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Fig. 7 Secondary velocity components in the transition zone at two different axial locations, Re =1500; CS is the

carinal side and IC is the inner of curvature

any anatomical branch. The general features of the primary wesults reported here for R&500. As shown in Fig. 5, the tan-
locities in both the plane of bifurcation and the normal plane agential component of the secondary flow does decrease signifi-
evident in both works, the flow is skewed toward the outer wall afantly in the curved section of the daughter tube. It decreases, for
curvature in the plane of bifurcation and aM" shaped profile is example at the centerline, from 36 percentl/a=0.0 to 13.4
observed in the normal plane. However, the development of tpercent ai/d= +1.23, end of the curvature, and reaches 6 per-
inflection point and the appearance of the second peak in tbent atl/d= +2.23, exist of the model. Also our results for even
primary component close to the inner wall of curvature are motewer Reynolds numbers, not shown here, support our conclusion.
pronounce in the present work. The appearance of the secdndhe transition zone, Yao and Lieber observed only a diminished
peak is very important in stepping up the velocity gradient at threagnitude of the secondary velocities while in this study strong
inner wall of curvature and consequently preventing flow separsecondary velocities were observed in the transition zone. Ves-
tion as can be seen in Fig. 3. Some differences do exist regardiiges of the secondary velocities were observed as fal/és

the development of the secondary velocities. They concluded that-1.61 upstream the ridge, see Fig. 10.

the tangential component of the secondary flow don’t undergo a

significant decay inside the curved section of the daughter tube for

Reynolds number lower than 2089. This does not agree with the
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Fig. 9 The downstream evolution of the transverse shifts in

Fig. 8 Dimensionless wall axial velocity gradients at different the axial velocity, expressed as the first moment (Xla), Re
downstream locations (//d) at Re=1500 =1500
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Conclusions parent and daughter branches appears to play a key role in phe-
The flow in a symmetric bifurcation model typical to humangfmvir:gcseuscr,‘[haesJ\?;?Lﬂggf;?ggt'ggat{]heed:vvggfgfvrglgf rsneecr?tnc?f_
airways is studied. The primary and secondary velocities at s%}/}é flow ' ’ P
; .

eral streamwise locations are measured, and comparisons wi

several previous studies were made. The results reveal that while

the general features of the flows are similar, there are significgReferences
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Improvement of the Performance
of a Supersonic Nozzle by Riblets

This paper describes an experimental study of supersonic internal flow over a riblet
surface mounted on a channel wall to reduce pressure loss and improve the performance
of a supersonic nozzle. The magnitude of the static pressure in the pressure-rise region
observed in channels with riblet surface became lower than that for a smooth surface, and
the significance of its difference was indicated by uncertainty analysis estimated at 95
percent coverage. The Mach number distributions obtained by traversing a Pitot-tube
showed that the separation point moved downstream and the size of the separation region
became small when using riblets. Furthermore, it was found that the stagnation pressure
loss reduction was as large as 56 percent in the uniform supersonic flow field at a Mach
number of 2.0, and 29 percent in the separation reg[@2098-22000)00103-4

Tokyo, 108-8548, Japan

to obtain information about the characteristics of riblets under

various flow conditions in a wide range of Reynolds numbers, in

order to apply riblets to the practical flow-field. In contrast to
merous studies of riblets at low speed, few studies at high Rey-

1 Introduction

It is well known that, in a thermofluid machinery utilizing a
supersonic internal flow, a turbulent boundary layer developi
a!ong the channel wall causes unfa}vorable friqtional qrag, ail%ids number(i.e., transonic or supersonic spgdtave so far
gives rise to large entropy production by the interaction WitQaen carried out. For instance, Squire and S&vilexamined the
shock waves. These phenomena play a major role in momentyih s of riblets on drag-reduction at high subsonic speed by us-
and energy losses of working fluid; therefore, an establlshmentig% a blowdown-type wind tunnel with V-groove riblets mounted
a method of a turbulent boundary layer contr_ol has b_een expeci§ifl the floor of the tunnel. In this experiment, a maximum drag-
to improve the performance of the thermofluid machinery.  requction of about 7 percent was obtained at a Mach number of

A riblet, which is a longitudinally microgrooved surface, is ongy 8g. They also observed shock wave/boundary layer interactions
of the passive drag-reduction techniques, and its systematic #grriblet surfaces at a Mach number of 1.5 with the shadowgraph
search was initiated at NASA Langley Research Center in ordergfotograph flow visualization technique. Gau@jtmeasured the
reduce the fuel costs of airlines. Since Waldfj showed that wall shear stress on a riblet surface at a Mach number of 1.25. He
symmetric triangular or semi-circular with sharp peak riblets prandicated that drag-reduction on the order of 7 percent was
duced turbulent drag reduction as much as 8 percent, the effaghieved at optimum flow conditions, and that misalignment of a
tiveness of riblets has been demonstrated by many researchgiget with the flow direction should be smaller than 30 deg. Their
Moreover, with recent advances in experimental techniques agidies suggested that riblets can reduce the skin-friction drag in a
direct numerical simulatiofDNS), progress was made towardhigh speed flow-field. However, these experiments deal with su-
understanding the drag-reduction mechanism by riblets. Bachmrsonic external flows, and the characteristics of the riblets for a
and Smith[2] performed hydrogen-bubble flow visualization tosupersonic internal flow remains still unknown.
investigate the behavior of low-speed streak structure above riblefThis paper describes an experimental study of the riblets
surfaces. Chofi3] observed the change of the near-wall structurmounted on the wall surface of a supersonic nozzle. The perfor-
in the turbulent boundary layer by using hot-wire/film anemommance of applications utilizing a supersonic internal flow is gen-
etry and smoke-wire technique with a sheet of laser light. Suzukially estimated by nozzle efficiency, diffuser efficiency, stagna-
and Kasag[4] measured the turbulent flow-field in the near-waltion pressure loss and so on. We therefore have to know the effect
region with the aid of a three-dimensional particle tracking velocif riblets on these efficiencies, in order to operate the applications
metry (3-D PTV), and showed that the turbulent intensities anét the appropriate conditions. In the present work, from the com-
the Reynolds shear stress were decreased near riblet surface. pafison of pressure distributions in the supersonic nozzle with a
first DNS of a turbulent flow over riblet surfaces was performetiblet surface and a smooth surface, we determined the nozzle
by Chu and Karniadakigs]. Their results suggested that the dragperformance quantitatively on the basis of a stagnation pressure
reduction achieved was approximately 6 percent in the transl&Ss.
tional and turbulent regimes. Choi et 8] also solved the three-
dimensional Navier-Stokes equations via DNS to shed light on t2e Experimental Apparatus and Measurement Proce-
mechanism of drag-reduction by riblets, and discussed the diggres
modification mechanism based on the relationship between the

average diameter of streamwise vortices and the spacing of riblets| €XPeriments were carried out in an indraft supersonic wind
As was mentioned above, riblets can modify the near-w nnel installed with an asymmetric, two-dimensional converging/

structures of the turbulent boundary layer without addition iverging(CD) nozzle as shown in Fig. 1. The air introduced into

power, and hence they have been expected to be an attractive §ICD nozzle is accelerated up to the maximum Mach number of

T . : C and finally exhausted into the vacuum tank with a volume of
for drag-reduction in many engineering applications. On the oth r 76 ni. The experimentation time was about 25 seconds under

hand, since riblets are passive means of drag-reduction, we hay . o . -
P 9 present experimental conditions. A cross-sectional configura-

Commibuted by the Fluids Endineering Division f biication in oA tion of the nozzle is depicted in Fig. 2 showing the principal
ontributed by the Fluids Engineering Division for publication in NAL ; ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiondlmensmns' The nOZ.Z|e has a 400 mm long rc_ectangular Worklr.]g
August 24, 1999; revised manuscript received May 2, 2000. Associate Techniggction of constant width 30 mm, anfi the location Qf the throat IS
Editor: K. Zaman. 75 mm downstream of the nozzle inlet. For the riblets experi-
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Fig. 3 Cross-sectional view of the riblet surface with principal
dimension

conditioner

S ||
was calculated from the wall static pressure and the stagnation
] ] o pressure using isentropic relationship. The static pressure mea-
Fig. 1 Experimental apparatus and schematic diagram of mea- surement through the boundary layer revealed that the static pres-
surement system sure was almost constant along the direction normal to the bottom
wall, thus, the variation of the static pressure was not considered
significant when the transverse distribution of Mach number was
ments, a thin polyethylene terephthald®ET) film on which calculated. Moreover, the mean streamwise velocity profile was
micro-grooves were machined regularly was attached to the fifgduced from the Mach number distribution by assuming the con-
bottom wall over the whole surface by an adhesive tape. We igtant stagnation temperature, which corresponds to the adiabatic
vestigated two kinds of triangular cross-section riblets, having theall condition.
same rib spacing and different heights as shown in Fig. 3. In the
present paper, we call the nozzle with these riblets surfaces #s Resylts and Discussion
“Channel A” (s=0.050 mm,h=0.022 mm and “Channel B”
(s=0.050 mmh=0.027 mn), respectively. The experimental re- 3.1 Wall Static Pressure Distributions. Since riblets
sults obtained from Channel A and B were compared to thoseuld lead to a drag reduction in a turbulent boundary layer, it is
from the channel with the flat bottom wall to which a smooth filnmecessary to comprehend the growth of boundary layer in the
was attached. nozzle. Figure 4 shows the streamwise velocity profiles in the
In order to obtain the wall static pressure distributions, pressupeundary layer developing over the smooth surface for the oper-
holes of 1.5 mm diameter were arranged on the top convergiraging pressure ratio d?,/Pys=0.1. The air flow is accelerated to
diverging wall at 25 mm intervals along the streamwise directiosupersonic flow in the measurement region, and core flow Mach
The spatial distribution of stagnation pressure was measured mymber achieved ttM =2.3 atx=225 mm, as will be shown
traversing a flattened Pitot-tube with the tip dimensions of 0.8 mhater. It can be seen from Fig. 4 that measurement values are in
width and 0.4 mm height. Measurement values obtained from flatasonable agreement with the power law profile for a turbulent
tened Pitot-tube were checked against those from conventiobaundary layer. For the low pressure ratiB,(Pys<0.2), we
cylindrical Pitot-tube. It was found from this comparison thabbserved similar velocity profiles as seen in Fig. 4, and thus, we
there was no significant effect of the probe tip on measuremeastognized the growth of a turbulent boundary layer above the
values and time response. The Pitot-tube was driven by the ohettom wall under the present operating condition.
direction transverse gear with stepping motor which has a posi-The wall static pressure distributions along the streamwise di-
tioning accuracy of=0.1 mm, and automatically moved awayrection are plotted in Fig. 5 for various operating pressure ratios.
from the bottom wall to the top wall at 0.25 mm intervals. MeaEach data oPy/Pgs represents the average value obtained from
surements of static and stagnation pressure were conducted by a
multichannel pressure management syste$canivalve,
48D9GM). Output voltage from differential pressure transducer 1.0

(Scanivalve, PDCR23Dis acquired every 0.01 s by a personal }
computer through A/D converter, and converted into pressure sig- o x=150mm
nals by fitting the pressure-voltage curve which was calibrated %2 ° —175mm
statically at the operating condition. A Mach number in the nozzle — !
® x=200mm
X x=225mm "
Pressure hole (15- 4 1.5) ——— [1/7th power law 'Q
(Top view) 'l
of i g2 0.5 7
2525 1®
375 ,5(
Y4
4
y o Pitot tube Smooth surface 55&
S - o Pb/Pos = 0.1 X
@ ' Flow —= X§
0 ry __—’
Throat _ 0
75 Riblet or smooth surface 0 0.5 1.0
400 u/Uo

(All dimensions in mm)
Fig. 4 Nondimensionalized streamwise velocity profiles in
Fig. 2 Schematic cross-sectional view of the converging !/ boundary layer (uncertainty in u/Uy=%*0.019 and in y/é
diverging (CD) nozzle and coordinate system ==+0.0015)
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Fig. 5 Wall static pressure distributions along the Xx-direction 0.4
for various operating pressure ratios
0.4

10 independent measurements. When the operating pressure ratic

is small enough to allow an adiabatic expansion throughout the

nozzle, i.e.,P,/Pps<0.2, the static pressure distributions for 0.4

Channel A and B are in close agreement with the distribution for

the smooth channel. On the other hand, for the case,@dPyg

=0.3, we can see that the wall static pressures for Channel A and

B are lower than that for the smooth channel downstream of the

initial pressure rise point. In particular, when the pressure ratio

reachesP,/Pys=0.4 and 0.5, the start point of pressure rise on

the riblet surface shifted about 25 mm downstream of that for the

smooth surface. For cases with higher pressure ratiB,@P g

=0.6, however, the location where the static pressure starts to

increase is almost the same for all channels, and the pressure

difference between the riblet surfaces and the smooth surface be-

comes small with an increase in the operating pressure ratio. ‘ ‘ . ‘ .
In order to discuss whether the wall static pressure difference 0.0 00 150 200 250 300

shown in Fig. 5 is quantitatively significant, we evaluate the un-

certainty intervals associated with the pressure measurement at 9& x(mm)

percent coverage. As mentioned in the previous section, the volt-

age signal from the pressure transducer is amplified by a sigféd. 6 Uncertainties of wall static pressure measurement. Er-

conditioner, and sampled digitally with the A/D converter. Theor bars extend uncertainty interval at 95 percent coverage.

bias limit of the pressure transducer is withit0.06 percent in-

cluding nonlinearity and hysteresis. This value is considered to be

negligible compared to other elemental bias limits. Therefore, the

blags I?mlt occurFr)lng from the signal conditioner and A/D converte gn nd a boundary layer. Therefore, the behavior of the pressure

is dominant in all subsequent data processing, and the ovelcgﬁtrlbutlon discussed in the previous section suggests that an ex-

system bias limit is estimated to be 645 Pa. Figure 6 presents E-@manon of the variation of flow properties through the boundary

resulting uncertainty which is calculated from the overall systeffYe! IS quite important.

bias limit and the precision index based on a series of pressur(%rO illustrate the overall appearance of the flow-fields, the de-

measurements. In the region of 100 mx<300 mm, where veloPment of Mach number profiles in Channel A is compared

pressure difference is clearly observed for-0R, /Pos=<0.6, the with that in the smooth channel in Fig. 7. For the two pressure

uncertainty interval of nondimensionalized wall static pressure E?[t'os Py/Pos=0.1 and 0.2, Mach number profiles in Channel A

95 percent coverage B, /Pos=0.0065. It can be found that are in good agreement with those in the smooth channel, and the

this uncertainty interval is small enough that the pressure difgniform flow field, whose maximum Mach numberN=2.3 at

ence between Channel A or B and smooth channel is significantiil, 220 MM, is produced for<275 mm. The flow above the

the present experiment. The wall static pressure distributions m@2itom wall is slightly decelerated due to the back pressure varia-

sured forP,/Pys=0.3 indicate the occurrence of a shock wave on near the nozzle exitxe300 mm, but a shock wave or a

boundary layer interaction. Therefore we can confirm that riblef$Paration bubble is not observed. When the pressure ratio reaches

have the effect of changing the static pressure distribution in t é’/POS 0.3, the decelerated flow at the bottom wall side devel-

shock wave/boundary layer interaction region in the supersorf@S @ large scale separation, in which there is a difference in the
nozzle. profile between the two channels. In particular, the differences

observed ak=225 mm and 250 mm suggest that a flow decel-
3.2 Flow Pattern in the Channel. Wall static pressure in- eration in Channel A starts downstream compared to the smooth
creases gradually along the streamwise direction. This phenoohannel. This trend corresponds to the fact that the start point of a
enon is closely related to the interaction between a shock wameessure rise for Channel A movesxe 225 nm which is slightly

0.3
02
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Fig. 7 Development of Mach number profile along the
x-direction for Channel A and the smooth channel (uncertainty
in M==%0.09 for Channel A and in M==0.07 for the smooth
channel)

ration point on the bottom wall is estimated to be in the region of
250 mm<x<275 mm for the smooth channel, and in the region
of x=275 mm for Channel B, respectively. Taking into account
the result discussed in Fig. 7, it is found that the separation ap-
pearing in Channel B extends within a narrow region compared
with that in Channel A, and the separation point moves down-
stream. WherP, /Pys= 0.4, the size of the separation region in
Channel B is smaller than that in the smooth channel, but larger
than that in Channel A, in contrast to the casePgf/Pys=0.3.
These facts mean that there exists an optimum riblet size in re-
stricting a separation and it is determined in accordance with the
flow conditions, such as pressure ratio and Mach number.

3.3 Reduction in Stagnation Pressure Loss by Riblets.In
order to operate a supersonic nozzle with high performance, it is
required to keep pressure loss small through the nozzle, and thus,
we have to comprehend the behavior of a stagnation pressure in a
supersonic nozzle with riblet surface. In the present study, we
generate stagnation pressure distributions inxtyeplane in the
center of the nozzle by using over 1200 Pitot-pressure data mea-
sured in the region of 75 m#x<325 mm.

In Figs. 9 and 10, contour plots of nondimensionalized stagna-
tion pressurdP,/Pyg obtained from three channels are compared
for the two operating pressure ratios which characterize the typi-
cal flow-pattern in the present experiment. Whegp/Pys=0.1
(Fig. 9), the highest stagnation pressure region which is bounded
by broken line occupies the supersonic core flow region and exists

downstream of the separation point for the smooth channel, fas x<<250 mm in Channel A and B, and far<225 mm in the

seen in Figs. 5 or 6. FoP,/Pys=0.4, the Mach number at

smooth channel, respectively. Furthermore, in the downstream of

=175 mm in Channel A, where the gradual pressure rise occuad, channels, a low stagnation pressure region extends from the
is higher than that in the smooth channel. Furthermore, a fldwttom wall side, which corresponds to the flow deceleration re-

separation above the bottom wall still appearxat250 mm in gion as seen in Figs. 7 and 8. It is suggested from the above
the smooth channel and downstreanxef275 mm in Channel A, comparison that riblets improve the flow-field in the supersonic

respectively. Therefore, we can find from these results that ribldtew regime, although there is no clear difference in Mach number

have the effects of shifting the separation point downstream aptbfile among the three channels. Ry/Pys= 0.4 (Fig. 10), it is

of restricting the growth of the separation region.

apparently shown that a high stagnation pressure is maintained

In Fig. 8, we compare the Mach number profiles developing imear the riblet surface, especially for Channel A. In addition, the
Channel B with those in the smooth channel. PgirP,s<0.2, a size of the lowest stagnation pressure regi®g/P,s=0.3) ob-
uniform supersonic core flow is realized in the region of 75 mraerved in channel A is smaller than that for the other two chan-
<x=<275 mm of Channel B, and the behavior of the Mach nunmmels. Although there are no noticeable differences between the
ber profile closely resembles the results obtained from the othmmtour pattern for Channel B and that for the smooth channel,
two channels. On the other hand, there exist some differenceddwer contour lines above the riblet surface of Channel B slightly

the Mach number profile among three channels Ry/Pgyg

approach to the bottom wall compared to contour patterns for the

=0.3. From the transition in the Mach number profile, the sepamooth channel. Therefore, it is found from these facts and the

75 100 125 150 175 200 225 250 275 300 325

o Channel B
— Smooth surface

|

X {mm)

Y

gy ]
Jlﬁﬁjﬁjijj

75 100 125 150 175 200 225 250 275 300 325

X (mm)

—— M
I g
75 100 125 150 1756 200 225 250 275 300 325 X (mm)
oM
Po/Pos=04 -
i]]Eﬁj§§§§}
75 100 125 150 175 200 225 250 275 300 325 X {mm)

Fig. 8 Development of Mach number profile along the
x-direction for Channel B and the smooth channel (uncertainty
in M==0.08 for Channel B and in M==0.07 for the smooth
channel)
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previous discussion of Mach number profile, that the riblet

Channel A

100 200 300  x(mm)
Fig. 9 Contour plots of stagnation pressure for the operating

pressure ratio of Pp/Pys=0.1 (uncertainty in Py/Pys=
+0.0066 for Channel A, in Py/Pys=%*0.0097 for Channel B and

in Py/Pys==*0.0068 for the smooth channel )
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Fig. 10 Contour plots of stagnation pressure for the operating 1.0 “\Q\ ]
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tion of Fig. 9 ) e o\o o
om0 0.4
NS .
05 | I 28
- [o % —
mounted on a nozzle wall delays occurrence of a separation ¢ 1.0 N S o o
yields the improvement of a stagnation pressure field. Fo-d-n. e
For the complex flow-field where a separation region develo) R
with the increase of an operating pressure ratio, it is important 0 T e 03
investigate the relationship between the local variation of a sta 05 } : B.’JX
nation pressure and the overall performance of a superso 101 teg .
i i T~ 0 9
nozzle. Hence, we introduce the averaged stagnation press ~%.2.0
which is defined as the integral mean over the channel heigist ‘*"‘Q\\i
follows: \Q\Q,,D
0.2
1 (H | | 1
Po=1] Po(x,2)dz (1) 0.5 B o ' ' ]
HJo 1.0 ~g
~QR..0 ©
. o R N 0.1
The averaged stagnation pressure distributions along the strei ~$ 2
wise direction are presented for the three channels in Fig. 11. ‘9\9/
the throat location ok=75 mm, the stagnation pressure of the ai Charmal A |
flow has almost the same value as that at the channel inlet. As 0.5 °
air flows downstream, the initial stagnation pressure decreas ® | Channel B
and finally, 25-50 percent of the inlet stagnation pressure is lo: - ¢ - | Smooth surface
at x=325 mm. WhenP,/P,s=0.1 and 0.2, we can observe the
reduction in a stagnation pressure loss in the region of 125 0.0 ! ! |
<x=275 mm for Channel A and B. In particular, the stagnatio 0] 100 200 300 400
pressure for Channel A is remarkably higher than that for tt x (mm)

other two channels, at=150 mm, 175 mm, and 200 mm. The
Sléta/gFr)latE)g 3presdsure tdlstrlbg;ﬂi)ri;épstreef\ml;of;éZS_rgrArf] for Fig. 11 Streamwise variation of stagnation pressure, defined
Pp/Fos=0.5 and upstream of= 175 MM 10rF, /Fos=U.4, @l = 5416 integral mean over the channel height, for various oper-
in fair agreement with the distribution fd?,/Pos<0.2, and the 4(ing pressure ratios

reduction of a pressure loss is also observed XAtl75 mm,

where the large reduction in a stagnation pressure loss is realized,

the difference ofPy/Pys between Channel A and the smooth

channel is Po/Pos=0.078-0.13, and the difference betweenyeqyction in a stagnation pressure loss is observed in the region of
Channel B and the smooth channelHg/Pys=0.022~0.10, re- 225 mm=x<275 mm of Channel A, with decrease in the size of
spectively. These values are found to be larger than the expefiseparation region.

mental errors, because the uncertainty interval for nondimension- ) o )

alized stagnation pressure By/Ps=+0.0065- =0.0066 for 34 Riblets Efficiency. The above mentioned phenomena
Channel A, Py/Pos= +0.0091+0.0097 for Channel B, and |nd|c§te tha:jt ﬂblets influence the flow-field wnt;} adhlgh-lc\j/lach f
Py/Pys— = 0.0064 = 0.0068 for the smooth channel, res|Decnum er, and thus, it is necessary to investigate the dependence o

tively. Therefore, we can recognize that a stagnation pressure I-a iblet efficiency on a flow Mach number. For the present pur-
tvely. - . 9 . g P B%%e, we define the reduction ratio of a stagnation pressure loss as
is reduced by riblets in a supersonic flow regime.

On the other hand, in Channel A and B, a stagnation press&?gows

decreases rapidly beyond=225 mm for P,/Pys=0.3, andx

=175 mm forP,/Pys= 0.4, respectively. Downstream of these =1— — )
: . . . I S’

locations, a flow separation occurs as mentioned earlier, thereby a P

low stagnation pressure in the separation region reduces the inte-

gral mean of a stagnation pressure. In particular, a large amountgfereP,=1— Py/Pys is the amount of a stagnation pressure loss
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Mo Fig. 13 Streamwise velocity profile in law of the wall coordi-

Fig. 12 Reduction ratio in stagnation pressure loss as a func- nate (uncertainty in u*=%0.4 and in y*=%3.2)
tion of Mach number

u 1 U,
—=——1In y+5.0

“4)
at each measurement section, and the superscriptRofahd u, 0417y,

“S” rtﬁpr?sent the riblet channel and the smooth channgloyever, it is difficult to apply Eq(4) to compressible turbulent
re?:?egrg?%/.summarizes characteristicsiofas a function of the boundary layer, since a variation of mass-density loses the unique-
9 R fess of definition of a friction velocity,. In order to solve this

maximum Mach numbel , at each measurement section. All o . . . o
the data plotted in Fig. 102 are the results obtainedFigrP problem, Winter and Gaudgt0] introduced effective friction ve-
lualgity U, which was defined as the following equation

=<0.4, where a supersonic core flow is kept. Here, the evaluat

uncertainty interval associated with, is =3.6~%*6.4 percent. . 1

This figure shows tha, increases with Mach number throughout u'=1/zF.Ci-Ug, F= \/1+0.2M(2) 5)

the range of 1.80M<<2.0 for both channels. In particular, for the 2

flow-field in Channel A, where the flow in the core region stayand finally, they proposed law of the wall equation as follows

supersonic downstream of the throat and there is no shock wave )

or separation, riblets result in a high efficiency gf=46~56 u 1 uy

percent aM,=2.0. At P, /Pys= 0.4 for Channel Ay, of 16~29 u_' = @In U_ +4.05 (6)

percent is achieved in the range of £.M,<1.7. The condition T 0

in this case corresponds to a flow-field in which the separatidrhey reported that the empirical equatit®) gave the best fit to

region above the riblets surface is smaller than that above tthee measurement data for the range of<IM;<2.8. In the

smooth surface. In contrast, there exist few data having a negatpresent experiment, the free-stream Mach number was24,

value in the range of 18M ;< 2.0, which means an increase of aand hence we used the above mentioned relationship to estimate

stagnation pressure loss. In this case, a stagnation pressuréhésskin friction coefficient. The experimental results are in good

maintained at high value near the riblet surface. However, sinagreement with the law of the wall equation, and the skin friction

the stagnation pressure in the core flow region is strongly reducerkfficient determined by Clauser's meth@auser[11]) is Cs

by a shock-wave, the stagnation pressure averaged in the walld.0028 atx=150 mm andC;=0.0027 atx=175 mm, respec-

normal direction finally decreases. tively. These values seem to be reasonable for the turbulent

. . . . . boundary layer, although the spatial resolution in the Pitot-tube
3.5 Estimation of Optimum Riblets Size. A large number traverse%s tgo coarse t% resolvepthe near-wall structure. With ref-

of drag measurements have revealed the optimum riblet hieight erence to these values, we calculate riblets sizés ainds® by

et + + ;
and spacings”. Here,h” ands™ are represented in law of the yqqming the local skin friction coefficient to be within a range of

wall coordinate, and defined as follows 0.002<C¢<0.004 for 1.5<M<2.0. Consequently, the riblet
spacing is 20.&s* <33.5 for Channel A and B. The riblet height
h+:hUT S+:5Ur 3) is 8.8<h™<14.7 for Channel A and 10s8h* < 18.1 for Channel

B, respectively. These results are satisfied with the conditions of
h* <30 ands* <30, and so we find that the conventional opti-

whereu. is the friction velocity and is the kinematic viscosity, MUm size of riblets is also applicable to the supersonic internal

respectively. For instance, Wal§h] indicated that the optimum flow. Therefore, the drag-r_eduction mechanism for the su_pe_rsonic
h* ands* required to obtain a maximum drag reductionhis internal flow may be considered to be related to the restriction of

—s*=12 for V-groove riblets having the aspect ratio lofs the movement of streamwise vortices and similar to the drag re-

=1.0. Walsh and Lindemar|9] reported that the maximum drag-dUCtion me(_:hanisn_ws for low Spfed flows. Both are in the same
reduction of 7 to 8 percent was achieved for V-groove riblets Wilﬁlrag reduction regimeh(" <30, s*<30). However, in order to
h*=13 ands*=15. Furthermore, Walsfl], Square and Savill clarify the drag-reduction mechanism, detailed study of the near

[7], and Gaudef8] suggested that, when riblets are designed f a|l:1|| structuretfodr turbufletnt boun(lj(ary layers in a supersonic flow-
h* <30 ands* <30, a net drag reduction can be expected over £ IS expected as a future work.
wide range of Reynolds numbers. In this section, we try to evaly- c USi
ate the optimum size of riblets under the present experimen?&l onclusions
conditions and compare it with the conventional results. The flow-field in the supersonic nozzle with a riblet surface was
Figure 13 shows streamwise velocity profile in the law of thexperimentally investigated. The effects of riblets on the nozzle
wall coordinate ak=150 and 175 mm for the smooth channel. Irperformance were discussed based on the reduction ratio in the
the case of an incompressible turbulent boundary layer, meatagnation pressure loss. The comparison of the experimental re-
velocity profile near the wall is written in the form of the law ofsults between the riblet channels and the smooth channel lead to
the wall as the following conclusions:

590 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1 The magnitude of the static pressure in the pressure-rise re-U,
gion observed in the riblet channels becomes lower than that for u
the smooth channel, and it is found that its difference is significant u,
by uncertainty analysis estimated at 95 percent coverage. X,Y,Z

2 The streamwise development of Mach number distributions
shows that the separation point moves downstream and the size of
a separation region becomes smaller by using riblets. S

3 When the flow-field without a shock wave and a separation is
realized, the highest stagnation pressure area, which occupies the
supersonic core flow region in the riblet channel, is extended com- v
pared with the smooth channel. For the flow-field with a separa- p
tion, a high stagnation pressure is maintained near the riblet sur- 7,

maximum velocity

time-mean velocity in the-direction

friction velocity

coordinate system with origin at the center of the
leading edge of the bottom wal, streamwisey,
wall-normal; z, spanwise

boundary layer thicknedslistance from wall at
which u=0.9U)

reduction ratio in stagnation pressure I¢Es|. (2))
kinematic viscosity of air

density of air

wall shear stress

face and the size of the lowest stagnation pressure region beco@ﬁﬁerscripts

smaller than that for the smooth channel.

4 To obtain a quantitative estimation of riblets efficiency, the ( )"
reduction ratio in a stagnation pressure loss is introduced, and
hence, it is found that the efficiency achieved up to 56 percent

nondimensionalized value hy, and v

the uniform flow-field at a Mach number of 2.0, and 29 percent #‘eferences
the flow-field with a separation above a riblet surface. It is sug-[1] Waish, M. J., 1982, “Turbulent Boundary Layer Drag Reduction Using Rib-
gested from this fact that riblets improve the performance of a, lets,” AIAA Paper, 82-0169.

. | ith ithout fl i Bacher, E. V., and Smith, C. R., 1985, “A Combined Visualization-
supersonic nozzie with or without Tiow separation. Anemometry Study of the Turbulent Drag Reducing Mechanisms of Triangu-

lar Micro-Groove Surface Modifications,” AIAA Paper, 85-0548.
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e-mail: kuro@mach.me.ynu.ac.jp In order to control and suppress performance curve instability characterized by the posi-
Jun Matsui tiv_e_ slope of head-capacity curve of a mixed_ flow pump, a very simple passive method
. utilizing shallow grooves mounted on a casing wall parallel to the pressure gradient
- Associate PTUfESSQF (J-groove) is proposed. The optimum groove dimension and location for suppressing such
e-mail: jmat@post.me.ynu.ac.jp an instability are determined experimentally. Results show that shallow grooves of ad-
. . equate dimension and proper location can suppress such instability perfectly without
Hiroshi Imamu_ra decreasing the pump maximum efficiency. The remarkable effect of shallow grooves is to
~ Research Associate decrease both the swirl strength and the propagation of reverse flow at the impeller inlet
e-mail: ima@post.me.ynu.ac.jp region, through angular momentum absorption owing to mixing of groove reverse flow

. and swirl flow, yielding recovery of impeller theoretical hef80098-220200)02603-]
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Yokohama National University,
79-5 Tokiwadai, Hodogaya-ku,
Yokohama, 240-8501, Japan

Introduction requires complicated mechanisms and utilizes additional machin-
. : : ery that eventually decrease the overall efficiency and reliability.
The radial grooves mounted on stationary casing wall of aThe present study is thus aimed at a very simple common pas-

LOX-Pump had a remarkable effect on reducing swirl of rota; . . -
- X ive method of suppressing the performance curve instability by
tional flow at the back of the impeller. Even though the groov ilizing shallow grooves mounted parallel to the pressure gradi-

were very shallow, such as only of 0.5 mm in depth, they cou t on the casing wall of a mixed flow pump. Such shallow

reduce the SW'” strength cor_15|deral()I§_u_rc_Jkaw§1 et al[l])._lt is, ooves mounted parallel to the pressure gradient are terrded “
therefore, predicted that the idea of utilizing this mechanism cou&? oves” Hereafter groove means J-groove
be one possible way of controling and suppressing severalrp . authors proposed in their previous WQQO,Z]] similar

anorr_lalous phenomena cause_d by rotational flow, such as rota s of groovegradial shallow grooves i.e., parallel to the pres-
stall in vaneless and vaned diffusers, performance curve instal lljre gradient and thus J-groovie suppress,rotating stall in the
ity characterized by positive slope of head-capacity curve, rotatiggnebss and vaned diffusers

cavitation, and draft tube surge.
According to Greitzef2], various complicated devices have . . .

been developed and proposed to suppress each of these anom%%%hamsm of Suppressing Swirl by J-groove

phenomena, but a common and simple method of suppressindradial shallow grooves(J-groove of proper dimension

these phenomena has not been proposed. mounted on diffuser wall/walls had been able to suppress rotating
Performance curve instability, characterized by positive sloall perfectly in both a vaneless diffusé¢urokawa et al[20])

of head-capacity curve, sometimes causes severe pressure os@ifia- a vaned diffuse(Kurokawa et al.[21]) for the entire flow

tion and vibration, and hinders normal and smooth operation. Aange. Even though the grooves were very shallow sucll as

cording to Hergt and Star@&] there are two types of instabilities =1 mm, the increase in flow angle was significant. A strong

in a diffuser pump. One is caused by back flow at an impeller inlgtoove flow e.g., for¢=0.10, 30 percent of the main flow in

(called Part Load Whirl, PLWand the other is caused by backgrooves ofn=32,d=3 mm, w=10 mm on the upper wall of the

flow in a diffuser channe(called Full Load Instability, FUIL Ac- diffuser (width 18 mm) was shown to flow against the main flow.

cording to Kurokawa et a[4], the former(PLW) is caused by a Experimental findings and theoretical consideratigkarokawa

sudden drop of theoretical head due to the swirl of reverse floweital. [20]) revealed that the remarkable effects of J-groove are

the impeller inlet of a mixed flow pump. According to Kurokawacaused by the following two mechanisms; one is a remarkable

[5], the latter(FLI) is caused by rotating stall in a diffuser pumpdecrease in tangential velocity at the diffuser inlet owing to mix-
To suppress instability and surge of a mixed flow pump, ang between the main flow and the groove reverse flow, and the

active method of water jet injection at the impeller inlet has beegther is a remarkable increase in radial velocity due to the groove

proposed recently, where jet injection in the counter rotating dieverse flow. Both effects have the same contribution to increase

rection of the impeller has been found effective to enlarge the stttile flow angle.

margin between the design point and the positive slope region of

the head-flow characteristiGoto[6]). To suppress the instability Experimental Apparatus

caused by stall and surge of axial, centrifugal compressors an

fans, passive methods of casing treatments have also been

posed([7-19)). The active control method proposed by Gp&d

rdl:he mixed flow pump tested in this experiment is shown sche-
rr)n?itically in Fig. 1. It is equipped with an impeller of 5 blades, a
diffuser of 7 guidevanes, and a swirl stop about 20 mm upstream
Commibuted by the Fluids Endineering Division f blication in (OUBNAL of the impeller inlet tip.Ng and o of the impeller are 830 and
ibu y uids Engineering Division for publication in ; ; : ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division0'33’ resDeCtlvely' The Impe“er inlet ang‘ﬁ is 21.0 deg and

May 18, 1999; revised manuscript received March 27, 2000. Associate Techni@ditlet angles, is 31.4 deg. The impeller tip clearance is 0.7 mm
Editor: D. Williams. and inlet and outlet tip radii are 97.6 mm and 123.5 mm, respec-
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When the J-groove is installed in the test pump, a remarkable
improvement of head-capacity and efficiency curve is attained as
described later. Because it is believed that the groove dimensions
(w, d, I, n) and location would influence the performance-curve
instability, various combinations of dimensions and locations are
tested, and finally the optimum combination is determined.

Initially the grooves are formed by thin rubber pieces pasted on
the surface of the casing wall by a quick-drying adhesive, as

-

Suction Pressure
Measuring Tap 7 %

w 7 _ _ _ shown in Fig. 2a). However, from the practical point of view, the
‘ < ( grooves are to be formed by machining. The hill part of the
MP_\ groove should be flat to the upstream and downstream casing
wall. To realize the utility of J-groove in such a practical case,

further tests were performed by altering the casing wall as shown
in Fig. 2(b). The casing wall is trimmed to a slot of 4 mm in depth

in the region of the optimum location, and rubber pieces are
pasted in the slot to form J-grooves of different patterns. The hill
surfaces of the grooves are finished flush with the upstream and
downstream connecting wall.

To examine the mechanism of angular momentum absorption
resulting from the mixing of groove reverse flow and swirl flow,
pressure gradients between holes No. QFig. 2(b)) on the bot-
teyn and hill of the groove and the suction pressure measuring tap

cated 61.5 mm upstream and 713.0 mm downstream of the impRi€ measured for a wide flow range. The velocity distributions at

ler inlet tip, respectively. Pump discharge is calculated from tHB€ Section 7. mm upstream of the impeller inlet tip are also mea-

pressure difference across an orifice of radii ratio 0.8. All theUred with traversing a 5-hole Pitot probe.

pressure differences in this experiment for the steady cases are ] )

measured with differential pressure cell transducers of suitadfesults and Discussions

capacities. The impeller is driven at a constant speed of 1460 rpm -

and the blade tip clearance is kept fixed at 0.7 mm throughout 8|r|i(gli?nalOprcls?;S?rInZﬁcr:fgr&irr];gtecrlijsrt\i/;s glf EEZ I:sstt gljjr;n;?.ar-ghghown

experiments. The test Reynolds Nq,=RU,r, /v is 3.6x 1¢P. A X o .
Because the positive slope of the head-capacity curve is caugé{othe symbolD in Fig. 3. The performance curve instability with

; . : rapid drop of head-capacity and efficiency curve can be seen
by the rapid drop of theoretical head due to a strong swirl @Iearly at¢=0.135, which is about 65 percent of the BEP and is

reverse flow at the impeller inlet of a mixed flow PUMP eferred to as critical flow coefficient. The flow range of perfor-
(Kurokawa et al.[4]), the J-groove is utilized upstream of themance curve instability is seen from .30 ercent t0965 eFr)cent of
impeller inlet. This anticipates that the groove flow would su Y P P

p_
press both the swirl and reverse flow at low flow region, and'® BEP.

might not affect the pump performance at the high flow region (2) Effect of J-grooves on Instability. Comparisons of test
including the Best Efficiency PoifBEP). results are illustrated in Fig. 3 for three different cases i.e., no

groove, J-groove of 2&4 mnfix5mnmt and that of 28
G?”O) ve 55

Suction Cosing

Fig. 1 Mixed flow pump tested (Ns=830)

tively. The suction and discharge pressure measuring taps are

x 2 mnfx 10 mn¥'. The third caseg[]) represents the optimum
i dimension of the J-groove determined by the present study.
i ~ Comparing with no groovéO), a remarkable improvement is
?&\ seen for the J-groove of 28 2 mnf'x 10 mmt" (CJ)). No positive
slope of the head-capacity curve is seen. It can be seen that the

Suction Press.
Measuring Top

12 T T T T T T T T T 0.9
21% 50% 61% 100% (BEP)
\ Swirl Stop ‘
; 1.0 1
(a) B_ -
0.8+ 40.6
Casing 7
Press. meus:mﬁg tap No. ) o i 0.6 4 E=3
} ‘. 3 \ 0.4 1 —40.3
i ! ‘ // I
i QT =75 mpeller 0 2 n
! FE ’
‘ 13.8 149,
“low -1, |-ess +&‘1 e
—— Swirl Stop 0.0 . T . T . T . T r T 0.0
(b) 0.00 0.04 0.08 012 0.16 ¢ 0.20
Fig. 2 Location of J-groove on the casing wall, (a) Grooves Fig. 3 Comparison of performance curves. Uncertainties of o,
formed on the surface of the casing wall, (b) grooves formed &, 7, and n are *1.4 percent; *0.7 percent; *=1.1 percent and
under the surface of the casing wall +2 percent, respectively
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grooves do not produce additional hydraulic loss, as because the
efficiency increases in the flow range of the performance curve
instability, and the maximum efficiency is not influenced at all.
However, in case of J-groove of 284 mnf'x5 mm"(V),
only a slight improvement is attained. A large instability still re-
mains, although the total sectional area of J-groove is same in
both the cases. This indicates that the width of J-groove has key
importance.

(3) Velocity and Pressure Measurements. In order to un-
derstand the reason for the remarkable improvement in head-
capacity curve, the changes in meridional and tangential velocity

distributions at the impeller inlet between the J-groove of opti-
mum dimension (28<2 mnfx10mnt') and no groove are

shown in Fig. 4.

The velocity distributions shown are measured for the BEP

(¢p=¢,, denoted byO) and for ¢/¢,=0.731), 0.61A),

0.50V) and 0.219). Itis already shown in Fig. 3 that the flow at

12 T "—e' Head loeff. y Without groove]
’ —— C for hole No. 0 with groove ]
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s 10 . Hill —v——a o]
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Q
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which performance curve instability occurs is about 65 percent Big. 5 Comparison of pressure coefficient at the hill and bot-

the BEP, and unstable range is about 30 percent—65 percent oftfie of J-groove. Uncertainties of

Cp: ¢ and are =1 percent,

BEP. The comparison of with A and V with ¥ reveals the *1.4percentand =*0.7 percent, respectively

mechanism of suppressing the instability by J-groove.

Figure 4 clearly shows that the reverse flow with large swirl

velocity begins at a flow a little higher thagy/ ¢,=0.61, which

coincides well with the onset of the performance curve instabilitk) are shown in Fig. 4; however it is not a fair comparison as the

shown in Fig. 3.
Comparison of velocity distributions fap/¢,=0.61 (A with
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Fig. 4 Velocity distribution at the impeller inlet section. Uncer-
tainties of V,,/U,; V,4/U, and z/b, are £3.3 percent; *3.3 per-
cent and =*2.2 percent, respectively. (a) Meridional velocity
component, (b) tangential velocity component
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flow was unstable and fluctuated suddenly in case of no groove.
However, for¢/ ¢,=0.50, the flow was much more stable and it
is fair to compare. Thus the comparison\@fwith ¥ reveals that

V, is largely decreased and the region of reverse floy<0) is

also reduced by the J-groove.

To understand this phenomenon, the pressure gradient in the
axial direction along the casing surface is shown in Fig. 5 only for
the optimum J-groove dimension. Here two kinds of pressure co-
efficients, i.e., static pressure coefficients at the bottom and hill of
the J-grooves are shown. Holes No. 0—4 in Fig. 5 correspond to
the pressure measuring taps No. 0—4 shown in Hb). Z, is
defined by the nondimensional pressure difference between hole
and suction tap i.eAp=Pnoie— Psuc-

It is seen from Fig. 5 that all the pressure coefficients at the
BEP are almost equal except for the pressure at hole No. 0, which
is about 25 mm downstream of the impeller inlet tip. This means
that the optimum groove location is a low pressure rise region
such that no groove flow occurs and causes no effect on the stable
region. It is also seen that the pressure of hole No. 1 at the bottom
of the groove is exceptionally high, especially in the low flow
region and at the hill is moderate. Pressure in the other holes show
slight differences in the stable flow rangé* 0.135). However,
when the performance curve instability occurs¢at 0.135, low
pressure rises in the main flow direction and pressure of holes No.
1 and 2 at the bottom of grooves are higher than at the hill, until
the unstable range exist30 percent—65 percent of the BERhe
pressure of holes No. 3 and 4 at the bottom and hill of groove
remains the same. When the flow is lower than the unstable range
(¢p<30 percent of the BER the pressure of hole No. 1 at the
bottom of the groove becomes exceptionally high compared to the
hill as mentioned earlier, but the pressures of holes No. 2, 3, and
4 at the bottom of the groove fall lower than at the hill.

The above results reveal that at the onset of instability, a jet
flow forms automatically in the J-groove, and flows against the
main flow up to a low pressure region where it mixes with and
increases the main flow.

Based on the mechanism of radial groov&sirokawa et al.
[20]), suppression of swirl and inlet reverse flow in the present
case is also caused by mixing between the swirl flow and the
groove reverse flow. In the J-groove, a jet flow occurfede to
the sharp pressure gradigitt the opposite direction of the main
flow. This groove flow has no angular momentum, but the main
flow has large angular momentum near the wall when the impeller
inlet swirl occurred. So a large angular momentum absorption
occurred when the groove reverse flow mixes with the main flow
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Fig. 6 Effect of groove length on instability. Uncertainties of
&, ¥, 7, and npare £1.4 percent; *0.7 percent; *1.1 percent and
+2 percent, respectively

Fig. 8 Effect of groove number on instability. Uncertainties of
&, ¥, 7, and nare =1.4 percent; *0.7 percent; *1.1 percent and
+2 percent, respectively

near the wall. If the impeller inlet flow had no swirl, then th
groove reverse flow would not have any angular momentu
absorption.

It can, therefore, be mentioned that the mechanism of J-gro
is quite different from those of casing treatmefjts|-[19]). The

everal characteristic curves are illustrated in Figs. 6, 7, 8, and 9
corresponding to the variation §fd andw, n and the location of
oQ/' roove.
igure 6 reveals that the optimum groove length is about 32

o > . mm. The longer grooves decrease the maximum efficiency,
g-groo_ve does not utilize any additional equipment such as Chav%ereas the shorter grooves can not attain perfect suppression of
er, air-separator, recess vane, honeycomb, Amann ¢tH|.

; - . instability although they are very effectiviéhe decimal in the
Miyake et al.[16,17], Azimian et al.[18], and Smith{19]. Rather _ : : S : . :
it utilizes the flow behavior itself. Either the geometry or the” Igtigudrlem;e ?ns('j?cnag;?ﬁa?\tﬁéag&igJﬁ}ngﬁzg\\;S% e";ﬁ"igginv?ﬁ ethrange
location or both of the J-groove are different from those in th al
conventional casing treatments, such as the circumferential, radfécl dsg mm for tr?e cfa}\_se oW—_lOrr]‘nml. GI;jQOVr(]BS those are Itool
axial, skewed, reversed skewed, blade-angle groove/slot used. sy decrease the efficiency in the low discharge range. It also
Boyc’e ot al [9’] Amann et al [1i] Takata and Tsukudfi2] indicates that the performance curve instability is not improved by

. " . the grooves ofv=5 mm. However, from Fig. 8, the grooves of
Greitzer et al[13], Fujita and Takatq15], and Smith{19). w=5 mm can attain sufficient suppression of instability when the

(4) J-Groove Dimension and Location and Their Effects number of grooves is doubled.
on Instability. To obtain the optimum groove dimension and From Fig. 9 (where, +1 and —I indicate the portion of the
location, the effects of the J-groove dimension on suppressing #e8gth of groove downstream and upstream of the impeller inlet
instability is studied using the groove patterns shown in Fig. #ip, respectively it is seen that the insertion of long grooves into
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Fig. 7 Effect of groove depth and width on instability. Uncer- Fig. 9 Effect of groove location on instability. Uncertainties of
tainties of ¢, ¥, 7, and n are =1.4 percent; *0.7 percent; *1.1 ¢, &, 7, and npare 1.4 percent; *=0.7 percent; *1.1 percent and
percent and =2 percent, respectively + 2 percent, respectively
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the impeller channel yields stability, but reduces efficiencynpeller inlet region for the no groove case and hill of the
whereas the shorter grooves can not attain stability. Here it canbgroove are shown in Fig. #8). The results show that the fre-
mentioned that insertion of the long portion of grooves into thguency distribution for both the cases are mostly an agreement,
impeller channel reduces the impeller work. but the power spectra for the no groove cases are higher. These
From the application, machining and cost point of view, thligh power spectra and pressure pulsations in no groove com-
shallow depth and lower number of J-grooves is the best. Thus th&red to that of J-groove are considered to be due to the strong
optimum dimension of J-groove within the tested range igl asinlet swirl.
=2 mm, =50 mm,w=10 mm, andh=28 and the optimum lo-

cation is from 39 mm upstream to about 11 mm downstream 0¥(6) Criteria of O_ptimum J-groove Dimension.  The effects
the impeller inlet. of length, depth, width, and number of J-grooves are correlated.

Again the width is more effective than the depth. To gain perfor-
(5) Pressure Pulse and Frequency Analyses.To examine mance curve stability without an efficiency penalty, there must be
the pressure pulse and pulse frequency around the impeller outlehsistency among the number, depth, width, length and location
and in the groove region of impeller inlet, pressure pulse measugé-J-groove.
ments with semiconductor pressure transducers have been pefrom the experimental results, a logical number is deduced and
formed and FFT analyses have been done for J-groove anddefined as the J-groove Efficient NGE No).
groove cases. B
Pressure pulse and pulse frequency at 26 mm upstream of the JE No=WRXVRXWDRXDLDR @
impeller outlet tip are seen to be similar at the BEP for th@here, WR=Width Ratio i.e., total groove widthn(x w) divided
J-groove and no groov@ot shown cases. Fokp/ p,=0.61, the by circumferential casing length at the groove mean depth and
amplitude of the pulsed pressure for the J-groove was seen todaging mean diameter, \A/R/olume Ratio i.e., total groove vol-
90 percent of the no groove case as shown in the window viewiimne (x| X wxd) divided by the impeller inlet volumémpeller
Fig. 10a). inlet areaximpeller tip axial length, WDR=Width Depth Ratio
The pressure pulse spectrum fpf¢,=0.61 for J-groove and i.e., w/d and DLDR=Downstream Length Depth Ratio, i.e.,
no groove are also shown in Fig. (8). The blade passing fre- length of groove downstream of the impeller inlet tipl) divided
quency(NZ) of the tested pump is 122 Hz. The results show thady depth of grooved).
the frequency distribution and power spectra for both cases agre@he significance of the JE No. is shown in Fig. 11, where the
well and there is no rotating stall. abscissa represents the JE No. and the ordinates represent head
The pressure puls@ot shown at the hill of J-groove and with instability and drop of maximum efficiency. Here head instability
no groove, 9.3 mm downstream of the impeller inlet tip, were seésidefined as the ratio of sudden drop of head coefficient in case of
to be similar at the BEP for both the cases, but were more unstablgroove compared to the no groove case. Although the uncer-
in the case of no groove than at the hill of J-groove. An increaseainty measurement of efficiency is about 2 percent, Fig. 12
fluctuation amplitude occurred with decreased flow. clearly shows the trend of the maximum efficiency drop against
The pressure pulse frequency distribution #f¢,=0.61 at J.E. No. It is seen that to gain perfect stability, the JE No. should
be =0.17. It can be seen that groove geometry at lower JE No. is
narrow or short or lacks the optimum locati¢g., less insertion
0 of the groove into the downstream sjder a low number of
o . ‘ ' grooves. This causes insufficient angular momentum absorption,
— and fails to suppress sufficient swirl strength and eventually fails
-104 Nz T Eoriov(;ve‘ to gain stability. On the contrary, groove geometry which has a JE
oS 2Nz 8 No. larger than 0.17 is too wide or too long or lacks the optimum
3NZ 1 location (e.g., too much insertion of groove into the downstream
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side or too large in number of grooves and excessive angulaw = width of J-groovelmm]
momentum absorption occurs including strong groove reversez = distance from the casing wdlinm]
flow demanding large shaft power and decreases the maximuny = efficiency

efficiency. Hence the optimum groove geometry is that» = kinematic viscosity of fluidm?s]

JE No=0.17. o = nondimensional specific spegtN/60),Q/(gH)%*]
) ¢ = flow coefficient[ Q/A,U,]
Conclusions p = density of fluid[kg/n*]
The conclusions are summarized as follows. ¥ = head coefficienfH/(U2/2g)]

The J-groove of optimum dimension and proper location cafy, = drop of head coefficient
suppress the performance curve instability completely, and canr — shaft power coefficienttP/0.5pA,U3]
make a stable pump operation possible for the entire flow range. )

The J-groove of optimum dimension and proper location doex/PScripts
not decrease the peak efficiency, rather it increases the efficiency = inlet (at root mean square radjus

in the flow range of performance curve instability. 2 = outlet (at root mean square radjus
Velocity and pressure measurements have revealed the mecha- = meridional component
nism of suppressing the instability as described below. n = best efficiency point

Groove flow flows against the main flow and mixes with the ¢ = tangential component
swirl flow near the impeller inlet tip region, while reducing the
swirl strength and the region of reverse flow in the critical floiReferences
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Effect of Relative Impeller-to-
Volute Position on Hydraulic
Efficiency and Static Radial Force
Distribution in a Circular Volute
Centrifugal Pump

The hydraulic performance and radial hydraulic force characteristics of a circular volute
centrifugal pump are strongly affected by the impeller to volute relative position. For a
typical design configuration the geometric center of the impeller will be coincident with
the volute geometric center. However, assembling a circular volute pump with the impel-
ler center eccentric from the volute center can radically alter both the hydraulic perfor-
mance and the radial hydraulic force characteristics. In particular, at the design flow
coefficient an optimum impeller to volute relative position exists where the efficiency is
maximized and the resultant radial force is minimized. At the optimal relative position a
5 percent and a 3.5 percent increase in the efficiency was realized compared to the
centered positions for the circular and spiral volutes, respectively. In addition the nondi-
mensional resultant radial force at the design flow coefficient was reduced from 0.045 at
the centered position to 0.005 at the optimal position for the circular casing. This value of
radial thrust is similar in magnitude to the radial thrust for the spiral volute operating at

the design flow coefficient. By assembling a circular volute pump with the appropriate
relative impeller to volute position the design simplicity of a circular volute can be
utilized without compromising pump hydraulic performance or radial force characteris-
tics as compared to a typical spiral volufes0098-220200)02303-9

Introduction Despite the voluminous research done on hydraulic forces, very
little work has been reported in the open literature on the effect of

for-{:zg %z?da:g gggglftzgdban: C(ll:’l?:i];[lljfyatlhﬁn hiﬂ;?ucl;cérn;ﬁ;acii%pelIer to volute relative position on the hydraulic performance
volute or diffuser ump s bzst su ortgd b Qrackin pthe higstoO? radial hydraulic force characteristics of centrifugal pumps. The
pump PR y 9 gresent paper investigates the effect of impeller to volute relative

gft fesﬁa][;[?g]ln tnholls etlrtza. E;;nde; t?]t Bl]'”? cc:séa etn? l'%]‘ daige Fosition on both hydraulic performance and radial hydraulic
epano conducted some of the earliest documente ®SHrces in a circular volute end suction laboratory centrifugal

gations on impeller forces in centrifugal pumps. Stepanoff pr ump
posed a simple empirical model based on impeller geometry,
pump operating head and the normalized pump capacity for the
calculation of resultant radial forces. Agostinelli et fd] ex- Test Apparatus
tended Stepanoff's model to account for the effect of specific
speed on radial forces. Bihellgs] developed a universal equation
to predict static radial pump forces applicable for a wide range
pump types and operating conditions. Hergt and Kri¢gémea-

sured the impeller forces and moments on a range of spe
speed pumps with spiral volutes. In addition, the effect of impell
center with respect to the volute center at 4 equally spaced ang
positions and one eccentricity ratio was reported. Kanki €f7al.

examined the effect of number of impeller blades on the radi

de Ojeda et al[9] and Baun and Flacki3] have documented
{:ﬁe pump and flow loop discussed in this paper. Therefore, only

e apparatus details specifically pertinent to the new results pre-
Cﬁl%nted in this paper will be reviewed. The nominal design point of
épe pump is 6.3 /100 USGPM at 2.03 m(6.66 fi) total dy-

ic head at an operating speed of 620 rpm. These parameters

give a design specific speed,=0.547(1495 US unity a design
fah)w coefficient, ¢,=0.061, and a design head coefficiegt,
=0.458. The details of the pump hydraulic design are given in

forces in double volute and vaned diffuser casing pumps, 1 2 and 3 the i I h iral vol ; d th
Chamieh et al[8] investigated hydrodynamic impeller forces an 1gs. 1, 2, and 3: the impeller, the spiral volute casing, and the
ircular volute casing, respectively. The pump casing consisted of

stiffness matrices for a single volute and circular volute centrifu-" . . ' ; '
gal pump. More recently, de Ojeda et f8] combined the exit u‘a\ radially split pressure chamber into which volute inserts were

momentum flux and static pressure distributions around the impI stalled. The volute inserts were securely located by clamping the

front and back halves of the pressure casing together. O-rings
ler of a double volute pump 1o evaluate a total resultant rad'gfound the flow path perimeter of the volute inserts ensured a

icalstucies have beon undertaken 10 predict the racil hydra Ve Seal between the volute nsert and the front and back
essure chamber walls. The flow path profiles for the different

forces in centrifugal pumps, Domm and HefdO], Lorett and . . ;
. volute inserts were NC machined from Plexiglas sheets and have
Gopalakrishnaij11}, and Fongang et &12] to name only a few. a two-dimensional cross section as shown in Figs. 2 and 3. All

_ _ o o surfaces of the volute flow paths were constructed of polished
Contributed by the Fluids Engineering Division for publication in ticeJBNAL

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division(OptlcaIIy C|ea) PleXIQIas' The volute cut water to Impe”er radius

July 2, 1999; revised manuscript received May 15, 2000. Associate Technical Editfﬁtiosvrﬁcvlrz andragy/ra, were 1.688 and 1.063 for the circular
B. Schiavello. and spiral volutes, respectively. The volute throat arégss Ly,
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Fig. 1 Plexiglas impeller
by= 25.8 mm
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Fig. 2 Spiral volute (SV)

Fig. 3 Circular volute (CV) with definition of impeller eccen-
tricity

Journal of Fluids Engineering

1.3 —_ T T T 11
1.254 =1
2. _F E
> 12§ Jo9
s { =
- = -]
51.15: {08 £
2 o E Fy
£ 11fF H07 8
g = i @
1.05F o6 8
s F 17
s 1F 405 o
= = ] [
s i{,. &
30.957 —;0.43
N F - —0.0° E
2 ok ———— SV iy, (s-o.o,e__o.oc) 10_3§
g F ——a—— 8V, (¢=0.0,6,=0.0°) 132
SossE ——6—— CVyly,, (c=0.0,6,=0.0° Joo
2 E ——e— CVun, (£=0.0,6,=0.0° 1™
3 e CVuyly, (£=0.545,0,=46.0°) EFP
08F s CVn,, (e=0.545,0,=46.0° 1™
o7sbao L d4y
0 0.25 05 0.75 1 1.25

Normalized Flow Coefficient ¢/¢,,

Fig. 4 Hydraulic performance: centered SV, centered CV and
optimally located CV  (e=0.55, 6.,~46 deg). (Uncertainties:
APl pei=*0.01; Al f,=*+0.007; Anl 7,,~*0.01.)

X bg=2785mnf (4.3 in?), are identical between the circular and
the spiral volute casings. Figure 4 shows the normalized hydraulic
performance for the spiral volute, the centered circular volute, and
the circular volute located at the optimal eccentric positide-
tailed discussion to folloyv The best efficiency head and flow
coefficients of the spiral volute in the centered condition,
svpeps=0= Pret AN sy peps=0= Prer, rESPECtively, are used to
normalizeall head and flow coefficient data. To facilitate simple
and direct comparison of the efficiency between the two volutes
and the various relative positions tested, all efficiencies have been
normalized by the efficiency of the centered spiral volute at the
design flow which corresponds to the bep and hence is symbolized
bY, 7svbeps=0= Mrer- The mechanical setup, stuffing box seal,
suction shroud seal, magnetic bearings, couplings and shroud
clearances were the same between the spiral volute and the circu-
lar volute at all eccentric test positions. Therefore, normalized
efficiencies greater than one/ 7,1, represent an increase in
hydraulic efficiency while normalized efficiencies less than one,
7l n,<1, represent a decrease in hydraulic efficiency. The pump
rotor is supported radially and axially with magnetic bearings that
also serve as active load cells for the measurement of hydraulic
forces. The static and dynamic properties of the load cells have
been rigorously characterized and a detailed assessment of their
respective measurement uncertainties have been quantified, Baun
et al. [14] and Fittro et al.[15]. In addition, verification of the
hydraulic force measurement capabilities of the apparatus was
FeTonstrated on a spiral volute centrifugal pump, Baun and Flack
13].

Test Program

A testing program was conducted to study the effect of impeller
to volute relative position on hydraulic performance and static
impeller force for a centrifugal pump with a circular volute cas-
ing. The circular volute insert was centered in the front half of the
pressure casing with dowel pins. From this position inside mi-
crometers were used to map the clearance around the outside pe-
rimeter of the volute insert and the adjacent pressure casing wall.
To set the volute in an eccentric position the dowel pins were
removed and gauge-blocks and/or shims were inserted between
the outer perimeter of the volute insert and the adjacent pressure
casing walls. The casing insert was positioned to a tolerance of
0.13 mm(0.005 in). For each eccentric test case the casing insert
was repositioned with gauge blocks and clamped firmly in place
between the two pressure casing halves. A search for the relative
impeller to volute position that produced the highest hydraulic
efficiency was conducted by systematically varying the volute
center position relative to the impeller center and measuring the
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resulting pump hydraulic performance and radial force character- Fy= 2kl 'TNTR"TA,R™INI
istics. Twenty discrete test positions were used as shown in Fig. 5.

The nondimensional eccentricity ratie, and attitude anglef., FYz%ktthNTRfTAnylNll
of the twenty test positions are given in Table 1.

The calibration factork,,, was then adjusted based on a linear
Experimental Technique regression of the applied load versus the indicated load. The ad-
. . o dition of this procedure reduced the nondimensional uncertainty
The experimental technique used to make the static/time avgf-5 typical force measurement from approximately 0.008 to ap-
aged impeller force measurements was described, in detail, By imately 0.002. This reduction in the force measurement un-
Baun_anq Flack13]. The c_>n|y addition to these_procec_iures was t ertainty was primarily achieved by eliminating the strong depen-
makein situ force calibrations on each magnetic bearing/load cellance of the force uncertaintF, on the uncertainty in the shaft

This was accomplished by applying know weights normal o & tering positionAx and Ay, within the magnetic bearings as
axis of the shaft with a pulley-and-cable apparatus. The compgy,en by Baun and FlackL3], Eq. (7)

nent of the applied load acting on each bearing was determined

and compared to the indicated bearing force as obtained from oF 2 (aF 2 (sF 2 | 9F 2
Baun and Flack13], Eqg. (5), AFz{ —Ak) +| == Ai| +|=Ai,| + .—Aiw)
ak ~ dig din Ay
+ aFA' )2+(8FA0)2+ ﬁFA 2+ aFA ’
R I's 20 x 2% ay y
JF 270.5
+ R
(ab Ab)
-—01\5\\ Approximately 90 percent of the total force uncertainty;, was
~.g = 0.727 due to the magnetic bearing gap uncertaintiegsx~Ay
12 14 N ~+0.00001 m(£0.00025 in) which in turn are due primarily to
~-o\\.16 unavoidable system misalignment introduced during apparatus
S~ = 0545 assembly.
o8 R
.. N
\\\ e = 0364 Results
\
N Translation Along Y-Axis (#.=35deg. A representative
9 = OOQll plot of the head and efficiency characteristics for a progressive
* | - series(.= constant35 deg, 0.364¢<0.818 of impeller to vo-
2 ) X lute relative positions is shown in Fig. 6. For reference the nor-
/ malized head coefficient)/ ¢, versus the normalized flow co-
/ efficient, ¢/ ¢,f, at the centered positior=0.0, is included. For

low normalized flow coefficientsp/ ¢,<0.2, they/ i, charac-
Fig. 5 Matrix of test positions. (Uncertainties: Ag=~=+0.003, teristic for the centered case is the highest with a shutoff value of
A6,~=*0.15deg.) approximately 1.245. In contrast for high normalized flow coeffi-
cients, ¢/ ¢+ 0.8, they/ ¢ Characteristic for the centered case
is the lowest. Focusing attention on the characteristics &or

Table 1 List of test positions for CV =constant35deg, 0.36%¢<0.818 a clear progression in the

Position Eccentricity Attitude normalized head coefficient is seen as the relative position is
No. Ratio (€) Angle (6;) moved along the positivg-axis frome=0.364 t0=0.818. The
1 0 125.0 normalized shutoff head coefficient drops from 1.23 to 1.19. The
5 0.091 125.0 genera_l shape of the_ r_10rmalized head coefficient curves at low
3 0'091 356 normalized flow coefficientsp/ ¢,¢<0.3, changes from having a
: - positive slope fore=0.364, to being almost flat far=0.545, to
4 0.091 305.0 having an increasingly negative slope f6£0.636,6=0.727, and
5 0.091 215.0 £=0.818. At higher normalized flow coefficienis/ ¢,.>0.7, the
6 0.364 57.5 variation in the head characteristic between each position is less
7 0.364 35.0 pronounced, however, a clear trend is still evident. All the curves,
8 0.364 24.0 with the exception oE=0.818, intersect between the normalized
9 0.364 12.5 flow coefficients of 0.9 and 1.0. At higher flow rated/ o,
10 0.364 0.0 >1.0, the ordgring of the head coefficien‘_[ curves are revgrsed
T 0.545 12.5 from the ordering at shutoff. The progression in the normalized
efficiency, 9/ 7., is more difficult to identify on a lined plot such
12 0.545 350 as Fig. 6 because the changes are small. As the relative position is
13 0.455 24.0 systematically varied frone=0.364 toe=0.727 two trends are
14 0.545 46.0 apparent(1) The peak normalized efficiency increases from 0.985
15 0.727 46.0 to 1.04.(2) The normalized flow coefficient at which the peak
16 0.545 57.5 normalized efficiency occurs increases from 1.0 to 1.1. The peak
17 0.636 35.0 normalized efficiency drops to about 1.0 as the eccentricity is
18 0.727 35.0 incregsed t@=0.818. The nor.malized efficiency for the centered
0 0.818 35'0 case is the lowest for normalized flow rates above about 0.7.
: : Representative plots of the magnitude of the nondimensional
20 0.727 240 resultant radial forcef, and the orientation of the resultant force
600 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME
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Fig. 6 Variation of normalized head coefficient and normalized Fig. 8 Variation of resultant force vector orientation (6y) with

efficiency with relative position along  Y-axis for the CV. (Un- Telative position along  Y-axis for the CV. (Uncertainties:
certainties: Apl Ppe=+0.01; A h=+0.007;, Anl g APl P =*0.01; AF~=*0.002; Ae==*+0.003; A O ,~=*+0.15deg.)
~+0.01.)

. . . ... trated in Fig. 8. As the relative position is varied fran0.092,
vector, 6, as a function of the impeller to volute relative position, _ 515 o deg tos=0.364, §,=35.0 deg the orientation of the
e . . y Ve .

along theY-axis are shown in Figs. 7 and 8, respectively. Thesgce vector at shutoff changes progressively from 190-58 deg.
figures include the forces at the centered position0.0) and the - ¢ grientation of the force vector at shutoff remains constant at
forces for a small positives=0.092, 6= 35.0 deg and negative 5g yeq for all other eccentricity rati¢s=0.545, 0.636, 0.727, and
£=0.092,0,=215.0 deg perturbations about the center along th%ﬁl& Above the normalized flow coefficients/ o> 0.3, the

Y-axis. Figure 7 shows that the centered condition produces figantation of the resultant force vectors for the relative positions,
smallest force magnitude at shutoff;=0.015, but a large force __q g2 0,=215 deg, £=0.0, 6,=0.0 deg, ands=0.092, 6,

magnitude F =0.045, at the design flow condition. However, the_
force magnitude characteristic for the centered condition is nea
flat for ¢/ o> 0.7. In contrast when the impeller is at the relativ
position, e=0.818, §,=35.0 deg, the largest shutoff force is ob

35 deg all converge and become approximately collinear. In ad-
EJ}ﬁon, the angular orientation of the force vectors for these three
$ositions becomes increasingly positive as the flow coefficient
D . increases(#;~284 deg at runoutindicating that the resultant
served,F=0.133 and a minimum force; =0.02, is observed at {qce vector is rotating in the direction of impeller rotation. This
the normalized flow coefficient)/ ¢~ 1.2. The general shape of o irasts with the angular orientations of the force vectors for
the resultant radial force characteristic for the positiens).545, ositions, s=0.364, 0.545, 0.636, 0.727 and 0.818. These posi-
0.636, 0.727 and 0.818 are similar to the shape of the resultg%s all have a common valué;~58 deg, at shutoff, are collin-
force characteristic of a spiral volute pump. The shape of ey 1o normalized flow coefficients less than 0.3 and rotate oppo-
radial force characteristic for a spiral volute pump, which is welliie 5 the direction of impeller rotation as the flow coefficient is
known, is characterized by a maximum at shut-off and a minimufcreased. The force orientations at run-out for these five positions

near the design flow rate, Stepansj. , vary progressively from g;~—75 deg at £=0.364, 0,
Systematic trends in the orientation of the resultant radial forcesg deg to#;~30 deg at:=0.818, d,= 35.0 deg
. .818,0,=35. .

vector, 6;, as the relative position is changed are clearly illus-
Force Contour Plots. Nondimensional resultant radial force
contour plots at the normalized flow coefficientg ¢~ 0.0, 0.5,
0.16 L S HLEL N o A L i B 0.75 and 1.0 are shown in Figs. 9, 10, 11, and 12, respectively.
T A (£=0091,0,=2157 These contour plots were generated using all 20 test cases as
(£=0.0,6,=0.0° . . : )
———«—— (e=0.091,6,=35.0° given in Table 1 and shown in Fig. 5. The contour level scales are
— 2223233223233 consistent between figures. A nondimensional force gradient,
— v (£=0.636,0,=35.0°) |dF/de|, is defined as the change in force resulting from a change
L e in relative position. To calculate the force gradient at each flow
° rate the hydraulic center, point of minimum fordey center of
the 0.0—0.01 contour levelas selected. This point will have a
nondimensional force magnitude of approximately 0.005. A line
was extended from the hydraulic center perpendicularly across 3
complete contour levels. The force gradigjutF/de|, was then
calculated as(dF=0.0358¢=length of ling. An eccentric test
position corresponding to the hydraulic center was not taken at
each flow rate. Therefore, Figs. 10 and 11 do not show a 0.0-0.01
force contour level and the hydraulic center was approximated as
the center of the lowest contour level shown on each respective
I 'olzs' L 'ols' i I75| - : am— figure. In addi_tion to force magnitude contour levels, Fig_s_. 9-12,
Normalized Flow Coefficient ¢/, : show force orientation vectorgy, at each of the test positions.
Figure 9, force contours at/ ¢,.= 0, shows that the hydraulic
Fig. 7 Variation of nondimensional resultant force (F) with ~ center occurs at the relative positier0.092, 6.=305.0 and that
relative position along  Y-axis for the CV. (Uncertainties: the magnitude of the force gradientF/dz| is approximately
A @l P =+0.01; AF==0.002; Ae~=+0.003; Ad,~+0.15deg.) 0.23. Comparing Fig. 104/ ¢,=0.5, to Fig. 9,¢/ =0, re-
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Fig. 9 Nondimensional force contours (F) at the normalized Fig. 11 Nondimensional force contours (F) at the normalized
flow coefficient, ¢/ @,;=0.0 for the CV. (Uncertainties: AF flow coefficient, ¢/¢,=0.75 for the CV. (Uncertainties: AF
~+0.002; A/ P ~*0.01; Aé&==+0.001; A¢==*0.001.) ~+0.002; A/ P ~*0.01; A&==*0.001; A{==*0.001.)

veals that:(1) As the flow coefficient is increased the hydraulicdial impeller force at each flow rate form a continuous locus of
center shifts tae~0.2, 6,~30.0 deg.(2) The force gradient has points originating neae=0.092, §.=305.0 at¢/¢,=0.0 and
decreased to approximately 0.18 as indicated by a reduction in #héending in a line oriented &t,~46.0. The force gradient de-
number of contour levels from 13 to 10. Progressing to Fig. 1treases from approximately 0.23 to 0.12, a factor of 1.9, as the
¢l = 0.75, the trends observed between Figs. 9 and 10 arermalized flow coefficient increases from 0.0 to 1.0,
continued:(1) The hydraulic center has moved up and to the rightspectively.

and is approximately located at=0.42, §.=40.0 deg.(2) The The force orientation vectorg, , in each of Figs. 9—12 show a
number of contour levels has decreased to 7 resulting in a redgonsistent characteristic of radiating outwardsvay from the

tion in the force gradient to approximately 0.15. Figure 12, radi&lydraulic center with a slightclockwise twist in the direction of
force contours atp/ .= 1.0, shows a continuation of the trendsmpeller rotation. Using this qualitative observation, the force gra-
previously observed between Figs. 9, 10, and 11. The hydraulients can be resolved into radial and tangential components and
center has continued to move up and to the right farther into tivgerpreted as radial and cross-coupled position stiffnesses, re-
first quadrant and is now located &+0.545, 6,=46.0 deg. The spectively. The radial position stiffnesses are negative, in the
number of contour levels has decreased to 5 and the force gradissnhe direction as the displacements, and the cross coupled stiff-
has decreased to approximately 0.12. Figures 9—12 show that tlegses act in the tangential direction such that forward impeller
relative impeller to volute positions which minimize the total rawhirl will be promoted.
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Fig. 10 Nondimensional force contours (F) at the normalized Fig. 12 Nondimensional force contours (F) at the normalized
flow coefficient, ¢/ ¢,=0.5 for the CV. (Uncertainties: AF flow coefficient, /=10 for the CV. (Uncertainties: AF
~+0.002; A/ P ~*0.01; Aé==+0.001; A¢==*0.001.) ~+0.002; A/ P ~*0.01; A&==*0.001; A{==*0.001.)

602 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



09 0.16 T T 315
08 Normalized Efficiency 014 270 &
- Wl it - 1 W
w0 0.7 F 1.035 8o12F 4225 8
e E 1.03 S 3 17
o E- 1.025 3 ]
= 08 [ 1.02 E 0.1 —1180 g
@ s E 3
o \ 1.016 = o ] o
] 2 1.01 @ 0.08 J13s =
§ m SN 1.005 b ; ] g
4 1 = ]
£ F 0.995 S 0.06 o0 2
g 03E 0.99 S s e 1 £
s F 0985 2 0.04 45 @
() 02k 0.98 g E o
N = . 0.975 = SVF (c=0.0) ] =
© - 6=55 T 0.02 ———— Ve, (c=00) 10 %
€ 01F 5] P —&—— CVF(c=0.0) ] D
s B z b —o—— €V (:=0.0) ¥ dus &
Z oF - - — 5 —p% r —=——— CVF(g=0.545,0,= 46.0°) ]
F E — = CV,(e=0585,0, = 46.0°) ]
- | 0.02 Bt | IR ETET ! L -90
01F ? 0 0.25 0.5 075 1 1.25
5 Normalized Flow Coefficient ¢/¢,,,
0o b Lo b
04 -0.2 0 0.2 04 Fig. 14 Magnitude and orientation of resultant hydraulic force:

Normalized Horizontal Position, § centered SV, centered CV and optimally located CV  (&=0.55,

0.~46 deg). (Uncertainties: A/ p=~=*0.01; AF~=0.002;
Fig. 13 Normalized efficiency contours  (8;) at the normalized A0.~*+0.15deg.)
flow coefficient, ¢/ p,=1.0 for the CV. (Uncertainties: A 9/ ¢
~=+0.01; A/ P, =~*0.01; Aé=*+0.001; A{==+0.001.)

run-out the total angle swept by the force vectors @92 and
—148 deg for the spiral volute and the optimally located circular
volute, respectively.

The shut-off and run-out vector orientations, the directions of
rotation, and the total angles swept from shut-off to run-out by the
ce vectors for the spiral volute and the centered circular volute
e entirely consistent with their respective counterparts as re-
rted in the literature, Stepandf]. Figure 15 is included as a
mparison of the normalized volute areAs,, as a function of
gular position,d,, measured form the volute tongue for the

o : it §piral volute, centered circular volute=0.0) and optimally lo-
efficiency island centered nea0.545,60,=46.0 deg is distinctly cpted circular volutez=0.545, 09:4t6.0 de)g. The I?/oluteyarea

higher than the others, with a maximum normalized magnitude r the optimally located circular volute converges for @,

1.035. This contour is located at the same relative volute to in%-46 deg, diverges for 46 degd,<225deg then converges

peller position as the minimum force contour at the design f|0\£( : . L

Lt - . ; o . ~dgain between 225 deg,<288 deg before diverging into the
coefficient, ¢/ ¢rer= 1.0 (Fig. 12. Around this position the effi- yisnare section of the volute. The observed differences in the
ciency contours are close together, indicating steep efficiency g‘[ﬁw'gular orientation of the force vector for the optimally located

e e o e s vlute ar ey due 0 o facore) The fow exing
range of impeller to volute relativeypositions he impeller does not experience a strong interaction with the
' volute tongue. In contrast, Miner et dl16] showed that for a
spiral volute the tongue stagnation point rotates from the dis-
Comparison of Optimum Position With SV and Centered charge(throay side of the tongue to the insidempeller side of
CV. Figure 4 shows a comparison of the hydraulic performance
for the spiral volute, the centered circular voluite=0.0) and the
optimally positioned circular volutge=0.545, 6,=46.0 deg. 22 T T T T T T T T T T
The centered circular volute has a lower hydraulic efficiency for
all normalized flow coefficients above 0.5 as compared with the
spiral volute. At the design flowp/ ¢,= 1.0, the centered circu- 18
lar volute has a normalized efficiency/ 7,.~0.985. However, 16
the normalized efficiency of the circular volute increases to 1.035
when the impeller is located at the optimal eccentric position.
Figure 14 shows a comparison of the resultant radial fdfcand
the orientation of the force vectors;, for the same three volute
configurations. The optimally located circular volute has a radial
force characteristic with virtually identical magnitude to that of
the spiral volute over the complete flow range. However, the an-
gular orientations of the resultant force vectors for the spiral vol-
ute and the optimally located circular volute are quite different. 4
From shut-off to¢/ ¢,= 0.5, the angular orientations of the force
vectors are approximately the same at 63.0 deg.#7@,.>0.5
the force vector for the spiral volute begins to rotate in the posi- R TR T T T T o TR BT
tive direction(direction of impeller rotationwhile the force vec- Angular Position in Volute 6,°
tor for the optimally placed circular volute rotates in the negative
direction. Between the normalized flow coefficients,<O#/ ¢ Fig. 15 Normalized volute area (A,) versus angular position
<1.1, the orientation angles for both volutes diverge sharply. At volute (8,)

Efficiency Contour Plots. A normalized efficiencyn/ e,
contour plot at the design flow)/ ¢,e= 1.0, is shown in Fig. 13.
The efficiencies used to generate this contour plot are not nec
sarily the highest efficiencies observed at each particular test Te}
sition, but rather the efficiencies at the design fleWg,=1.0.

As with the force contour plots, this contour plot was generat
using all 20 test cases as given in Table 1 and shown in Fig.

L
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the tongue as the flow rate is increased from shutoff. Therefote®nal spiral volute casing while improving the hydraulic effi-
the local high pressure region associated with the tongue stago@ncy and maintaining virtually the same

radial

tion point rotates in the direction of impeller rotatiai2) As the characteristic.

recirculating flow is accelerated through the converging flow
channel, 0 deg 0,<46.0 deg(Fig. 15, a Bernoulli effect pro-
duces a low-pressure zone. This low-pressure zone grows as

direction of impeller rotation.
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Nomenclature

] Ay = normalized volute flow areac]/(rzsy—r2)
Conclusions b, = flow passage width at impeller exit
The effect of impeller to volute relative position on hydraulic ~ Ps = volute width _
¢ = clearance between volute and impeller

performance and radial impeller force characteristic for a circular
volute casing pump were investigated. The results for a circular ©€X
volute casing withr 3¢\ /r,=1.688 were compared with the cor-
responding measurements for a spiral volute casing kith/r ,

=1.063 and\;=0.547; the two volutes had the same throat areas. d

eccentricity (&%+y?)'?)

resultant hydraulic force
nondimensional forcef((pr3w?bh,))
acceleration of gravity

The following important observations were made: H = pump total discharge head
. . . » Ly, = volute throat height
1 An optimum impeller to volute relative position was found Ns = specific speedgQY2(gH)%4)
for the circular volute pump characterized by an eccentricity ratlopmput ~ motor torques e

£~0.545, and attitude angl®.,~46.0 deg.

2 At the optimum position an increase in hydraulic efficiency
of about 5 percent and 3.5 percent over that of the centered cir-
cular volute and the spiral volute, respectively, was observed aty \3(
the design flow coefficient. '

volume flow rate
impeller outer radius
volute cut water radius
coordinate directions

3 At the optimum position the magnitude of the radial force )g( _ ﬁocﬁ&?;tézgigﬁgiagggieon; f@r(?(n; c_ern t)e)r
characteristic for the circular volute is virtually identical to that of y = Y direction displacement fromacenzter
the spiral volute over the full flow range. ¢ = nondimensionay position (//(rs—r»))
4 For low flow coefficientsg/ ¢,< 0.8 the angular orientation A = uncertainty(generio 8
of the force vectors are approximately the same for both the op- _ _ eccentricity ratio €x/(rs—r,))
timally located circular volute and the spiral volute. As the flow & = flow coefficient (Q/(w237ﬂ’2b )
coefficient increases above the design coefficient the orientation B o 0 22
of the force vectors diverge, becoming increasingly negative for ¥ = head coefficientdH/(w°r3))
the optimally located circular volute and increasingly positive for ~ @ = impeller angular velocity
the spiral volute. Above the design flow coefficient the force ori-  # = fluid density
entation vectors for each volute asymptotically approach a com- 7 = efficiency @gHQ/Pinpu) o
mon value. ® = volute frame angular coordinate direction
5 The head, efficiency, and resultant radial force characteristics e = €ccentricity vector orientation angleolute frame¢
of a circular volute pump can be varied in a systematic fashion by ¢r = force vector orientation angkeolute frame
assembling the pump with the appropriate impeller to volute rela- ¢ = tongue anglévolute frame
tive position. 0, = angular position in volutévolute frame

6 Impeller to volute relative positions exist for which headSubscripts

curve stability is improved at low flowéshutoff) while the head

- n = SV design conditions
coefficient is reduced at bep and runout flows. bep — best effici int
7 There exists a locus of impeller to volute relative positions ep = Dbest efliciency pon
ref = reference conditioiSV, bep,e=0)

along which the total force is minimized at a particular flow rate.

8 As the flow coefficient is increased fromp/¢ =0 to Abbreviations

ol pre=1.0, the sensitivity of the force gradient to a displacement gy,
away from the point of minimum force decreases. cVv
9 The minimum force line represents a locus of unstable equi- N
librium points. As the relative impeller position moves away from
the point of minimum force the components of the force gradie
are predominantly radial, in the same direction as the displa

of impeller rotation. In a dynamic system where the impeller is

forward impeller whirl.

spiral volute
circular volute
numerically controlled
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Effect of Wake Disturbance

Frequency on the Secondary Flow

Vortex Structure in a Turbine
Christopher G. Murawski B|ade Cascade

Research Engineer,
Propulsion Directorate,

Air Force Research Laboratory, USAF, An experimental study of the effect of wake disturbance frequency on the secondary flow
Wright Patterson AFB, OH 45433 vortices in a two-dimensional linear cascade is presented. The flow Reynolds numbers,
. . based on exit velocity and suction side surface length were 25,000, 50,000 and 85,000.
Kambiz Vafai Secondary flow was visualized by injecting smoke into the boundary layer and illuminat-
Professor, Fellow ASME, ing it with a laser light sheet located at the exit of the cascade. To simulate wakes from
Department of Mechanical Engineering, upstream blade rows, a set of spanwise cylinders were traversed across the front of the
The Ohio State University, Columbus, OH 43210 blade row. The flow visualization results with a single wake disturbance reveal that the

recovery time of the secondary flow vortex structure decreases as the wake traverse
velocity is increased. The results of flow visualization with multiple wakes showed that
wake disturbance frequencies below the axial chord flow frequency allowed complete
recovery of the secondary flow vortex structure before the next wake encounters the blade
leading edge. Wake disturbance frequencies that exceeded the axial chord flow frequency
resulted in no observable recovery of the secondary flow vortex structure. Axial chord
flow frequency is defined as the axial velocity in the cascade divided by the axial chord
length of the turbine bladd S0098-220200)02203-3

Introduction ders were placed upstream of test blades to study the effect of

The losses in a turbine stage may be divided into three Cate%r]pulated wake interactions on midspan flow phenonErmrly

ries: endwall secondary flow loss, profile loss, and end wall t
clearance los¢Sharma and Butlel]). Secondary flow in a tur-
bine passage is created by two mechanisms: the boundary |
interaction with the leading edge creates a horseshoe vortex,
streamwise vorticity is created in the blade passage from the nfir Work. _ _
mentum defect in the boundary layer as the flow turns through thePT€Vious research efforts into unsteady wake disturbances on
blade passage. The vortices entrain the freestream flow and efigivnstream blade rows have concentrated on the mid-span region
wall boundary layer. As a result, secondary flow regions embo f, the turbine cascad_es. The research presented here will fc_)cus_on
considerable momentum losses resulting in total pressure los<B8, effects of wake disturbances on the secondary flow vortices in
which are detrimental to overall turbine efficiencies. the endwall region of a turbine cascade. During wake passing
The development of secondary flow in a stationary linear tugvents, four phenomena contribute to the dlsturbance of the sec-
bine cascade was documented by Wang ef2lusing still pho- ondary flow vortex structure. They are: the dynamic changes to
tography, smoke wires, and a laser light sheet. Their secondﬂ'ﬂ? inlet flow angle as a result of the velocity deficit in the wake,
flow vortex model accurately depicts the near endwall flow behathe effect of the velocity deficitnegative jex in the wake, el-
ior in a stationary linear cascade. Similar flow behavior was olgvated levels of turbulence in the wake, and wake disturbance
served in the present study, and shall be discussed later. frequency. The experimental effort presented in this paper will not
Low pressure turbine aerodynamics has received greater attggldress the quantitative distribution of these effects. The vortex
tion recently through efforts of Halste4d], Murawski et al[4], structure will be affected by dynamic changes in the inlet flow
Qiu and Simorj5], Lake et al[6], and Matsunuma et d7]. Itis angle. This will not result in the complete destruction of the vor-
well established that for some low pressure turbine blades, thattas. Secondary flow vortices will exist in high freestream turbu-
the flow Reynolds number decrease to low levels the profile loence environments. However, during a wake passing event the
increases. In a study of annular cascade flow, Matsunuma ettamporary change in local turbulence level, as well as, the velocity
[7] found that as Reynolds numbers decrease, the endwall passéeficit in the wake compound to destroy the secondary vortex
vortices increase in size, resulting in significantly higher secongtructure. In the gas turbine engine, wakes from upstream stages
ary flow losses. Gregory-Smith et §8], utilizing a linear turbine are generated continuously. The frequency of these wakes will
cascade, also showed that as the endwall boundary layer thickngge an effect on the stability of the secondary vortex structures.
increases, which occurs as Reynolds numbers decrease, the pashe purpose of this research is to investigate the effect of wake
sage vortices become broader. ) ) ) frequency on the secondary flow vortex structure. This research
Wake interaction occurs in the gas turbine engine environmeghs conducted in a linear turbine cascade in order to study the
due to the relative motion of the rotors and stators. Numeroggy field in greater detail than are possible in actual turbine en-
experimental efforts have been conducted in which moving cylnaames. The flow Reynolds numbers were 25,000, 50,000, and
85,000. To visualize the three-dimensional vortices, the boundary
Contributed by the Fluids Engineering Division for publication in tBNAL  |ayer flow was seeded with mineral oil smoke and illuminated by
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . .
@alaser sheet. The illuminated flow was recorded using a high-

August 10, 1999; revised manuscript received March 27, 2000. Associate Techn :
Editor: D. Williams. speed video camera at 200 frames per second.

, Dullenkopf et al.[10], Han et al.[11], and Halstead12]).

sing moving cylinders to study the details of unsteady wake

{ggﬁrbances on a downstream blade row has proven to be a valu-
research tool, and we have employed a similar technique in

606 / Vol. 122, SEPTEMBER 2000 Copyright © 2000 by ASME Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Experimental Method —
Wake Generator

Experimental Apparatus. A linear cascade was employed to . Cylinder Assembly

study the low pressure turbine airfoil. A schematic of the test e

apparatus is provided in Fig. 1. Air is pulled through the apparatus P d ¢

by a 20 HP motor operating a centrifugal blower in the suction . léll)sttrfamt‘_Survey
ot Location

mode. Air flow through the test rig is controlled by a variable Camera 3

speed motor controller. The wind tunnel inlet bell-mouth directs ‘

the flow through a 53 cm square by 20 cm deep honeycomb flow D] /.g C

straightener. The flow continues through a 7:1 converging nozzle

to the 11.4 cm by 40.6 cm flow channel. Tailboards ~
The cascade used in this experiment is illustrated in Fig. 2. It

contains four geometrically identical, low pressure turbine blades

with an axial chord length of 10.36 cm, and a span-to-chord

length aspect ratio of 1.1. The suction surface length is 15.24 cm.

Relative
Velocity X Inlet Angle
Relative

- to Cylinder\

The pitch-to-chord ratidsolidity) is 0.88 and the flow is turned Inlet
through 95 deg. The three flow Reynolds number cases in this Cynnqe{wmw
study were 25,000, 50,000, and 85,000. Reynolds number is based Veloally
on exit flow velocity and suction side surface length.

The wake generator was designed to model an actual gas tur- Fig. 2 Test section

bine engine blade passage. The wake generator contains a moving
floor and ceiling shuttle into which cylinders are inserted. The
wake generator assembly is traversed across the tunnel in th%low Visualization

o - The test section walls are constructed of
transver irection. Th wak nerators traverse, remainj . . :
ansverse directio eS€ wake generaiors averse, remainipd, plastic for visual access to the test section. Smoke was pro-

s v o J°20 B o Ao Smoke generator which vaponzes minerl
9 y I. The smoke from the generator was injected into a 1.6 cm

stream of the blade rotor. The cylinders are located 6.35 cm up-
stream of the airfoil row. The wake generator cylinders are 9, ameter copper tube located at the upper and lower edges of the

. X X . - “Inlet of the bellmouth. The smoke was ejected through fourteen
mm diameter with a 91.7 mm pitch. The cylinders are drlveg 48 cm holes in the copper pipe. The smoke traveled into the
I

gc(;orfisth?hfclamt,\cl)tg?ttrr]aaysIzt?;ﬁcgias?;?ea\fv\éil%gtfirfwro?r]h%?/gscﬁo%"moum and remained within the boundary layer. This method
) : ) ’ flow visualization has some advantages over the smoke wire

was sustained by driving a push bar via 1 horsepower DC ;
electric motor. The velocity history of the translation slide Wamethod employed by Wang et 2] as the wires can create local

recorded using a slotted bar and a photo-diode assembly ?urbulence in the flow field, while the method used in this study
) does not create extra turbulence. This method has the same limi-

tation of requiring that the Reynolds number remain low in order
to record clear video images. The beam from a BNA:YVO,)
laser was expanded into a sheet to illuminate the flow, allowing
imaging of the smoke laden vortices. The laser emitted a visible
Inlet 432¢cm  514cm 26.0cm beam that was gree®32 nm). The location of the laser sheet is
T Plane < > | illustrated in Fig. 2. When the wake generator was not used, video
images were recorded at 30 frames per second using a Panasonic
— CCD camera with a 1:1.4 25 mm Electrophysics TV Lens, shutter

speed of 1/500th of a second, and lens aperture of f1.4. When the
Flow wake generator was used, a high speed video system was required
— Inlet to capture the vortex-wake interaction. High speed video images
™ were recorded at 200 frames per second using a NAC Inc. camera.
I The same lens was utilized, with a shutter speed of 1/2000th of a

second, and an aperture of f2.6.

n
o
=)
[}
3

A
Y

\
Il Wl

w8em | \ va il
| -
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AAARAA.

il

a8em | Flow Sraightener Instrumentation. Instantaneous local velocities were mea-
%Jf \ sured using a single element hot-wire probe. Mean inlet velocity
\ \l \ fdlatable and total pressure measurements were made using a pitot-static
69.8 cm | b probe. The airfoil's surface static pressures were measured using
\ | ‘ 22 static pressure ports installed at midspan on the surface of one
\ \J blade. The surface static pressure test blade was inserted in blade
‘X,/‘ ‘ \ position 2 in the test section. One pressure tap is located near the
‘ front stagnation point, nine surface pressure taps are on the pres-
\ sure side of the test blade and 12 static pressure taps are on the
suction side of the test blade. The ports are connected to stainless
1245 om \ Circular to stegl tubing manifolded to a Scanivalve selector. Three different
\ Rectangular Validyne pressure transducers were used to cover the range of
\ Transition cascade pressures. Instrumentation output voltages were acquired
o using a National Instruments Data Acquisition Board. National
Y " T Blower Exhaust | Instruments LabVIEW software was utilized for data acquisition.
— The experimental uncertainties were determined based on the
method of Kline and McClintocK13]. The uncertainty of the
‘ L < 149 KwMotor velocity measurements resulting from pressure transducers and
\ | single wire, hot wire anemometer velocity measurements was cal-
culated to be less than 2 percent. The maximum uncertainty in the
Fig. 1 Experimental setup pressure coefficient was calculated to be less than 4 percent.
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Results

Inlet Velocity Profile. To verify an acceptable inlet flow, a
velocity survey was performed using a single-element hot-wire
probe. The survey was taken two blade chords upstream of the
leading edges of the cascade blades at mid-tunnel height. The
maximum variation from the mean inlet velocity was 3.57 per-
cent, which occurred at a Reynolds number of 50,000. The aver-
age inlet freestream turbulence intensity was 0.61 percent.

Surface Static Pressure Surveys. Figure 3 illustrates the sur-
face static pressure survey for the cascade at the Reynolds num;
bers used in this study. For all Reynolds numbers, the flow is
attached for the whole length of the pressure side, which is the
lower portion of the plot. The suction side is the top portion of
Fig. 3. For all Reynolds numbers, the results show a separation

— [blade suction side
=== blade pressure side
ps [l prossure side leg of
vorex gyslem
&5 [ suckon side leg of
wories System
w [l induced wall vores
|pc I suction side
cormar vorbax
5c [l pres=ure sida
COFMEr Worbe

occurring near 68 percent axial chord on the suction side. The
largest boundary layer separation on the suction side was recorded
for a Reynolds number of 25,000. As the Reynolds number is
increased the point of flow reattachment moves forward, thus de-

Fig. 5 Secondary flow vortex structure model

creasing the size of the separation_ bubble. These results are siiminate a large portion of the blade passage. A two-dimensional
lar to those reported by Murawski et 4#] and Murawski and fjo region is still present at the exit of the cascade on the cen-

Vafai[14,15 in the same cascade used in this study, and Qui aggljine of each blade. The two-dimensional region is approxi-
Simon[5] and Lake et al[6] in larger test rigs with the same mately 2.54 cm in height.

blade goemetry.

The behavior of the secondary flow seen in this study is very

Secondary Flow Symmetry. The linear cascade in this ex-Similar to that observed by Wang et g2]. In Fig. 4 the second-
perimental study has a chord to height ratio of one. At low Ref@Y flow vortex structure at the exit plane of the suction surface of
nolds numbers, large regions of secondary flow will exist. Figut@€ Plade contains four vortices. Figure 5 is provided to explain

4 is an image of the secondary flow as it exits the cascade. A Iar’@@

origin of these vortices in a linear turbine cascade. Figure 5

vortex is seen in the corner of the endwall and suction side of eagS created by applying the Wang et ] flow model to our
test blade. The vortices at the exit of the cascade have grownPi&Sent results. The largest vortex is the passage vortex, which is

—4A—Re =25000 |
—DO- Re=50000 |

- -9 - ‘Re=85000

0 10 20 30 40 50 60 70 80 9% 100
Percent Axial Chord

Fig. 3 Static pressure survey

Fig. 4 Secondary flow vortex structure at the Cascade Exit
Plane

608 / Vol. 122, SEPTEMBER 2000

created from the pressure side leg of the horseshoe vortex system.
From the video it was seen that the passage vortex is very stable,
and remained fixed in place. Two smaller vortices are wrapped
around the passage vortex. Wang et[2].had shown that these
vortices are the suction side leg of the horseshoe vortex and a wall
vortex induced by the passage vortex. The fourth vortex is a small
suction side corner vortex which is present in the corner of the
endwall and the suction surface, under the larger multi-vortex
structure.

Wake Generator Motion. Three configurations of the wake
generator were tested. The first case was the wake generator op-
erated without any rods in place to study the effect on the vortex
structure of the moving shuttle without cylinders. The second case
was the wake generator fitted with a single bar, to study the re-
sponse of the secondary flow vortex structure to a single wake
disturbance. The third case was the study of multiple wakes, with
the intention to simulate the blade/wake interaction in real gas
turbine engines.

Figure 6 illustrates typical velocity histories for each of the
wake generator cases. Table 1 provides a summary of the wake
generator characteristics. The wake generator assembly traverses
from the pressure side toward the suction side of the blade set,
moving across the front of the blade set from blade 4 toward blade
1. The wake generator assembly velocity was varied by setting the
wake generator motor at 10 percent, 20 percent, 50 percent, and
80 percent of its maximum speed. The wake generator moves for
0.35 seconds for a motor setting of 10 percent, to 0.1 seconds for
a motor setting of 80 percent. The high-speed video camera
records at 200 frames per second, resulting in 70 frames for a
motor setting of 10 percent and 20 frames for a motor setting of
80 percent. The wake generator assembly motion and the high
speed video camera frame rate was more than adequate to record
the reaction of the vortex structure to the flow disturbances.

Characteristics of Wakes From Cylinders. The wake gen-
erator assembly was traversed at different speeds which results in
wakes with different characteristics. Table 2 presents the charac-
teristics of the wakes from the wake generator cylinders. This
experiment was conducted at three different Reynolds numbers
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Fig. 6 Wake generator velocities with motor control set at (a) 10 percent, (b) 20 percent, (c) 50 percent, and

(d) 80 percent

(25,000, 50,000, and 85,0p@nd four motor generator settingsin inlet angle is about 5 to 3. The change in flow Reynolds number
(10 percent, 20 percent, 50 percent, and 80 percent of total moéod relative inlet angle of the wakes has an effect on the wake/
speed. The relative inlet angle of the wake approaching the bladdade secondary flow interaction.

set varies with changes in the flow Reynolds number and wakeTable 2 shows that the Reynolds numbérased on relative
generator traversing velocity. At a steady inlet velocity, as theelocity and cylinder diametgfrom the wake generator cylinders
velocity of the wake generator cylinder increases the relative inletmain below 9000. The relative velocity is the velocity the wake
angle of the wake approaching the blade goes down. For the cgsaerator cylinder experiences by vector addition of the inlet flow
of Reynolds number of 25,000, the inlet angle varies by threefolatlocity and motion of the wake generator. At these Reynolds
from about 36 degrees at low wake generator sgeetke gen- numbers, the boundary layer on the wake generator cylinder is
erator motor setting of 10 percertb 13 degrees at the highestlaminar and the boundary layer will separate at 80 degrees from
wake generator speedwake generator motor setting of 80 perthe leading edge of the cylindéincropera and DeWitf16]).

cend. At the higher Reynolds number case of 85,000, the changeThe characteristics of the wakes from the cylinders were not
measured in this study. However, the cylinder wake characteris-
tics should not differ from the result reported by Halstead et al.
[12]. Halstead et al[12] measured the wake characteristic of cy-

Table 1 Wake generator characteristics -4l ! 1= WWdn ’
lindrical rods and summarized their findings in several graphs

Gwake Wake | Steady |Frequency| Time at which we will use to estimate wake width, total velocity deficit,
enerator Case State of Wakes | Constant . . . . .
Motor Velocity {Hz) Velocity peak turbulence intensity and turbulence intensity width. The
Setting (m/s) (Seq) width of the cylinder wake at the leading edge of the downstream
None 0.90 None blades was 1.905 cm. The total velocity deficit of about 25 per-
10% | Single 1.00 None 0.295 cent, peak turbulence intensity in the cylinder wake of 14 percent,
Multiple 1.07 11,66 and turbulence intensity wake width of 3.096 cm.
None 1.59 None
20% Single 1.69 None 0.110 ;
Multiple 181 19.73 Moving Wake Generator Cases
None 3.39 None i i i
50% | Simgle 253 Nome 0.037 hMovmg Shuttle With No Wake _ GengratorS\/Iovmg th_e _
Multiple 3.69 40.23 shuttle W|th_ no Wake generators was investigated to determine if a
None 451 None short duration moving floor segment ahead of the blade set would
80% | Single 4.78 None 0.021 destroy the secondary vortex structure. In this case, the 50-cm
Multiple 4.78 52.11 wide shuttle moves in front of the blade set, from the suction side
Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 609
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Table 2 Characteristics of the wake generator cylinder Table 3 Single wake vortex recovery results

Reynolds | Wake Generator | Vortex Recovery
Wake Wake Case Relative Wake Number | Motor Setting (%) Time (Sec.)
Generator Inlet Angle Generator
Motor (degrees) Re # 25000 10 0.08
Setting 20 0.06
Reynolds Number = 25000 50 0.04
S 3555 5 80 0.04
one . one 10 0.06
10% Single 34.56 2259
Multiple 33.62 2309 50000 20 0.06
None 27.82 None 50 0.05
20% Single 26.91 2829 80 0.03
Multiple 25.88 2930 10 0.02 - 0.025
None 17.11 None 85000 20 0.02 - 0.025
50% Single 16.60 4478 50 0.02
Multiple 16.06 4625 80 0.02
None 13.74 None
80% Single 13.12 5734
Multiple 13.12 5734
Reynolds Number = 50000 and similar to that seen in Fig. 4. Blade 2 is located at the center/
None 2392 None right portion of Fig. 7. Blade 3, which is_ on the_left side of Fig. 7,
10% Single 42.90 3759 shows an undisturbed vortex structure in both images. In K. 7
Multiple 42.20 3810 the single wake generator cylinder is located upstream of Blade 2.
20% Sl\fggfe g 52 e At the left of Fig. 1b), the vortex structure on blade 3 is intact. At
Multiple 35.03 4361 the center/right portion of this image the single wake generator
None 26.87 None cylinder destroys the secondary flow structure.
50% Silllglci gggz gg;g A single wake disturbance is sufficient to temporarily disrupt
M;I‘Otge 65 Neno the vortex structure. The vortex structure was disrupted in every
80% Single 21.83 6994 case. Once the wake disturbance had passed, the secondary vortex
Multiple 21.83 6994 structure re-establishes quickly. The disruption-to-recovery time
Reynolds Number = 85000 recorded by the time-indexed high-speed video recorder varied
Nome 45.04 None with the wake generator motor speed and is presented in Table 3.
10% Single 47.35 5912 This table shows that for the lower Reynolds number cases
Multiple 46.88 5965 (25,000 and 50,000the vortex recovery time is reduced by half
None 43.65 None
20% Single 42.97 6390
Multiple 42.27 6465
None 34.60 None
50% Single 34.04 7764
Multiple 33.42 7904
None 30.52 None
80% Single 29.66 8937
Multiple 20.66 8937

toward the pressure side of the blade. For all the flow cases the
reaction of the secondary flow is similar. The moving wall seg-
ment in front of the blade set does not destroy the vortex struc-
tures. None of the vortices appear to change size during the dura-}
tion of the shuttle movement. The passage vortex is pulled closer
to the suction side. The vortices that ride on top of passage vortex
are also pulled toward the suction surface. The suction side corner
vortex remains intact and is also pulled toward the corner as the (a)
floor traverses across the front of the blade set. As the velocity of
the traversing floor is increased, the vortices react in the same
manner. The secondary flow vortices respond quicker as the speec
of the shuttle is increased. The moving floor never destroys the
secondary flow vortex system. However, the vortices respond
more quickly to the increased speed of the flow disturbance.

Single Wake Disturbances. A single wake generator rod was
traversed across the front of the blade passage to document the
reaction and recovery behavior of the secondary flow vortex struc-
ture. The data collected in Table 3 were recorded using a constant
source laser and a video camera with a 200 Hz frame rate. Images
captured from the high speed video camera were not of sufficient
quality for presentation in printed form. For illustrative purposes, &
clearer images were recorded using a pulsed laser and a digital s
camera with a frame rate of 30 Hz. Figure 7 presents the flow
visualization results with one wake disturbance event using the (b)
pulsed laser. The flow behavior seen is exactly the same as that
captured by the high frame rate camera. An undisturbed vortey 7 Flow visualization with single wake passing event. (@
structure is seen in Fig.(d) because the single wake generatoundisturbed vortex structure;  (b) one vortex structure intact
has not been activated. The vortex structure is relatively stalded one vortex structure destroyed
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when comparing the lowe$10 percentand the highest80 per- well mixed to contain coherent vortex structures. Before the wake
cen) wake generator motor settings. For a Reynolds number obntacts blade 2, the horseshoe vortex system on blade 3 has
85,000, the vortex recovery time does not differ in each case. Fecovered from the single wake disturbance. Immediately follow-
the lower Reynolds number cases the vortex recovery time is &ig the wake, the passage vortex reappears briefly without the top
fected by the large change in relative inlet angle and wake Rayding pressure side leg of the horseshoe vortex system. After-
nolds number. Using Table 2 and Table 3, it is seen that theards, three smaller vorticéwall vortex induced by the passage
largest drop in vortex recovery time occurs when the relative inlgbrtex, suction side leg of the horseshoe vortex system and suc-
angle is halved. For example, at Reynolds number 25,000, ttien side corner vortexrejoin the passage vortex in a semi-stable
vortex recovery timgTable 3 significantly reduces from wake system. It should be reiterated that this process occurs in a small
generator motor setting of 10 percent to 50 percent. Howevevindow of time, from disruption to resurrection of the secondary
when the Reynolds number is 85,000, the relative inlet angle orflpw vortex system.

decreases by 40 percent from the lowest to highest wake generatqr, | . . .
motor setting, resulting in only a minimal change in vortex recov-qvIUItIple Wake Disturbances. Al the_ wake generator cylin-
ery time. ders were installed to record the reaction of the secondary flow

For the lower Reynolds number cases, it was shown that th@rtex structure with multiple wake disturbances. The observa-

time for vortex recovery decreased because the relative angletI f1S 1N Table_4 were recorded by using a constant source laser
eet and a high spe€¢d00 Hz frame ratevideo camera. How-

the wake had decreased. Each wake of the wake generator cyﬁ . - . ; )
er, as in the previous section, the video images were not of

der may be viewed as a local region of highly turbulent, momeftve’ - S .
tum deficient flow. Each blade cuts the wake as it interacts wigti/fficient quality to present in printed format. Therefore, for illus-
ive purposes, Fig. 9 presents the flow behavior for multiple

the blade's leading edge, then each passage swallows a hi ke passing events with images recorded using a pulsed laser

turbulent slug of wake flow. When the relative angle of the wak - -
is decreased, the interaction time at the leading edge is decres®a @ digital cameré&30 Hz frame rate The flow behavior out-
ﬁged in Fig. 9 is similar to the flow behavior seen on the high

and the quantity of turbulent flow through the blade passage ed video. The disruption of the secondary flow vortex system

also decreased. These factors result in a quicker vortex recove . . ;
time q |SR§1 very dynamic process. Figuréad shows the undisturbed

Figure 8 illustrates a single wake disruption of the vortex sy¥2rex structure, prior to the start of the wake generation. The

tem in the linear cascade. The following sequence of wake afj@<e generator moves from left to right in this figure. In Fip)
vortex interaction resulted from studying the high-speed viddg® mu!tlple bar wake generator has entered thg wind t_unnel andis
images. As the shuttle containing the single wake disturbance c§J|Sturbing the vortex structure on blade(lgft side of image

inder moves, the entire vortex structure reacts to the motion of t @'le the _vort_ex strucj[ure from blade (2enter/right side of im-
floor ahead of the blade set by migrating closer to the sucti@¢g® "emains intact. Fig. @) shows the vortex structure has re-
surface. The wake first strikes the pressure side of blade 3. ered on blade 3 as the wake generator has moved to a point
wake is cut by blade 3, at the same time the leading edge hor@ddway between the cascade blades. The vortex structure is intact
shoe vortex is destroyed. The cut wake begins to convect through Plades 2 and 3. In Fig(@), cylinders on the multiple bar wake

the blade passage. When the wake encounters the suction sid rator ha_ve moved to a point in front of each cascade blade
blade 2, it disrupts the pressure side leg of the horseshoe vor results in the destruction of the vortex structure on both
system. At the same time that this occurs, the leading edge "fldes 2 and 3. N .
blade 2 will cut the wake, creating a highly turbulent slug that wil]_—Of €ach case the bar spacing is held constant. The velocity of
move through the blade passage. The highly turbulent slug is fjlg wake generator shuttle changes from case-to-case which re-
sults in a change in passing frequency of wake disturbance events.
Referring to Table 1, as the velocity of the wake generator system
increases the frequency of the wake increases. It should be noted
that at a turbine blade flow Reynolds number of 50,000, the time

— blaga suction side for the flow to traverse the blade set in the axial direction is
== blace pressure side approximately 0.0382 seconds. This may also be restated as an
g el axial chord flow frequency. The frequency of axial flow through

suction side leg the turbine blade cascade, is 26.2 Hz. The axial chord flow
-;’”“““:;"f:m frequency €;) for each Reynolds number case is provided in
B suction skis Table 4. _ _ _

T et Figure 10 illustrates the multiple wake passing results observed
I prosawo cido with the high speed video camera for a Reynolds number of

wiion 50,000. At the lowest wake generator motor sett{h percent

and 20 percent it was observed that the vortex structure was
disrupted by each wake passing event. However, the time between
each wake passing event is long enough to enable the vortex

Table 4 Multiple wake vortex recovery results

Wake Frequency of
Reynolds Generator Wakes ( ) fw Observation
Number | Motor Setting (Hz) }7
(%)
10 11.66 0.89 Recovery
25000 20 19.73 1.50 None
fr=13.1Hz 50 40.23 3.07 None
80 52.11 3.98 None
10 11.66 0.45 Recovery
50000 20 19.73 0.75 Recovery
fr=262Hz 50 40.23 1.53 None
80 52.11 1.99 None
10 11.66 0.26 Recovery
85000 20 19.73 0.44 Recovery
fr=44.5Hz 50 40.23 0.90 Recovery
Fig. 8 Single wake flow model 80 52.11 117 None
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Fig. 10 Multiple wake with vortex recovery flow model

lar manner as seen in the single wake disturbance case. Once the
wake passes the leading edge of the blade, the horseshoe vortex
begins to regenerate. For the Reynolds number case of 50,000, the
single wake passing disturbance case at 10 percent and 20 percent
wake generator motor setting established that the vortex structure
would reassert itself in 0.06 second$.6 H2. As seen in Table

4, the 10 percent and 20 percent wake generator motor setting
case for multiple wakes established wake frequency of about
11.66 and 19.73 wakes per second, respectively. Since the time
between wakes in the 20 percent case is less than the single wake
vortex reestablishment time of 0.06 seconds, we may conclude
that vortex recovery time is not as important as the ratio of wake
disturbance frequency to axial chord flow frequency. For both low
wake generator motor setting cases the frequency of the wakes
was below the axial chord flow frequency of 26.2 Hz. The sec-
ondary flow vortex system is able to reestablish and grow through
the blade passage before the next wake hits the blade leading
edge.

For Reynolds number of 50,000 and wake generator motor set-
tings of 50 percent and 80 percent of the maximum power, there
was no visible recovery of the secondary flow vortex structure at
the exit of the blade passage. Table 4 shows that the wake distur-
bance frequency for the wake generator motor setting of 50 per-
cent and 80 percent was 40.23 Hz and 52.11 Hz, respectively.

(@) These wake frequencies exceed the turbine axial chord flow fre-

quency of 26.2 Hz. There is not sufficient time between wake

Fig. 9 Flow visualization with multiple wake passing events. passing disturbances to allow for the recovery of the secondary
(@) Undisturbed vortex structure;  (b) One vortex structure de- flow vortex structure in the blade passage.

stroyed and one vortex structure intact;  (c) Upstream wakes Table 4 shows that the trend described above is valid for the

atbou_t tobdfhstroyt Vo”tex tStr“Ct“reS? (d) Upstream wakes de-  ther Reynolds numbers. The vortex structure only recovers when
stroying bofh vortex structures the frequency of the wake disturbances are below the axial chord
flow frequency.

structure to recovetsee Table ¥ The vortex pattern was short .

lived, and was quickly disrupted by the next wake passing evet(r\(.OnCIUSIonS

At higher wake generator motor spee@gake generator motor The present study investigated the reaction of the secondary

setting of 50 percent and 80 percgrthe interval between wake flow vortex structure in a turbine cascade with variable wake fre-

disturbance is so close that it will not allow the secondary floguency. Reynolds number was varied from 25,000, 50,000, and

vortex structure to regenerate. 85,000. The secondary vortex structure recorded in this study was
The wake disturbance destroyed the vortex structure in a simbmpatible with established secondary flow theory. Cylinders
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were traversed across the front of the blade row to simulate tiMomenclature
bine blade disturbances. The velocity of the wake generator as-

_ . _p.y/LaU2
sembly was varied from 1.0 m/s to 4.8 m/s. The high-speed cam-CP = local pressure coefficient Bin—Ps)/2 pUour)

era, with a frame rate of 200 frames per second, proved adequate & = wake generator cylinder diameter
to visualize the reaction of the vortex structure to the flow [+ = axial chord flow frequency
disturbances. fw = wake disturbance frequency

The flow visualization was carried out for three different cases, Psi = Static pressure along the blade surface
First, the movement of the wake generator shuttle with no wak&Tin = total pressure at inlet of the blade set
generators was investigated. The short duration shuttle motionR€ = Reynolds numberyoyr (SSL/v)
without wake generators did not destroy the secondary flow struc®SL = suction surface length _ N
ture. In each case, vortices remained intact and were temporarily 'Y = freestream turbulence intensity,dUjoca)
pulled to the pressure side of the turbine blade. The vortex strudour = average velocity out of the blade set
ture returned to its original configuration when the wake generatou;,,,; = root mean square of fluctuating component of stream-
shuttle stopped moving. The vortices respond quicker, but in a wise velocity
similar manner, as the shuttle speed was increased. Upear = local mean streamwise velocity
Next, a single wake generator rod was placed in the shuttle and x = distance downstream from cylinder
traversed across the front of the blade set at various velocities. v = kinematic viscosity
The single wake disturbance temporarily disrupted the vortex p = density
structure. When the relative inlet angle of the wake was decreased
by half, from the low to high speed wake generator assembly
cases, the vortex recovery times were decreased by half. The
higher wake generator velocity resulted in a decreased relathaeferences
inlet angle and a decreased quantity of higher turbulence wakeél] Sharma, O. P., and Butler, T. L., 1987, “Prediction of Endwall Losses and
flow through the blade passage. It was observed that the second- fgcondagg':'oz‘g’z in Axial Flow Turbine Cascades,” ASME J. Turbomach.,
ary vortex structure began to recover even while a neighboring,| wang: -, olson, s. J. Goldstein, R. J. and Eckert E. R. G., 1995, “Flow
blade is immersed in a wake disturbance event. Visualization in a Linear Turbine Cascade of High Performance Turbine
Finally, all the wake generators were installed and run at varied Blades,” ASME Paper No. 95-GT-7. _ )
velocities. The space between the wake generator cylinders wa$§/ ga'Stead'TD-bE.-' 1958 ‘I‘DBO;”dar’ty aver De"set'otpmlf”.t in Multi-Stage Low
kept constant which created wake disturbance frequencies from 1 yiesi® T 0e% 0 CoCtan, 1o S K Simon. T. W, and
Hz to 52 Hz. It is shown that to sustain the destruction of the ~ volino, R. J., 1997, “Experimental Study of the Unsteady Aerodynamics in a
secondary flow vortex structure, the wake disturbance frequency Linear Cascade with Low Reynolds Number Low Pressure Turbine Blades,”
must exceed the axial chord flow frequency. When the wake dis-_ ASME Paper No. 97-GT-95. . . .
turbance frequency is below the axial chord flow frequency, thel®) Su S 09 SIon, . W, 1997, “An Expermertal iestgaton of Traner
secondary flow vortex structure is able to re-establish itself be- paper No. 97-GT-455.
tween each wake disturbance event. [6] Lake, J. P., King, P. I., and Rivir, R. B., 1999, “Reduction of Separation
The ratio of wake passing frequency to axial chord flow fre- lég_sgzezzon a Turbine Blade with Low Reynolds Number,” AIAA Paper No.
guency in a gas turbine engine will be dependent on the number 1 Matsunu.ma, T., Abe, H, and Tsutsui, Y., 1999, “Influence of Turbine Intensity
blades, rotational speed, and the mass flow through the engine.” on Annular Turbine Stator Aerodynamics at Low Reynolds Numbers,” ASME
S_econdary flows create thg secon.d greatest profile losses in th[g] gz:gggrl;l% n?gHGITa—lél.Graves b and Waldh 3. A. 1985 “Growth of
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Numerical Study of the Thrust,
Energy Consumption, and
woomu nakasnima | | TOPUISIVE Efficiency of a Three
mmeesssse - Joint Bending Propulsion
Kyosuke Ono Mechanlsm

Professor
Faculty of Engineering, In our previous paper, we proposed a numerical method based on the discrete vortex
Tokyo Institute of Technalogy, method for a bending propulsion mechanism of fish or cetaceans in water, and we dem-
2-12-1 0-okayama, Meguro-ku, onstrated its validity by comparing the results with an experiment using a three joint
Tokyo 152-8552, Japan bending propulsion mechanism. In this paper, using this numerical method, we will ana-
lyze the characteristics of the thrust, energy consumption, and propulsive efficiency of a
three joint bending propulsion mechanism in terms of normalized propulsive speed and
the phase differences of the adjacent joints. We found that the thrust decreases due to the
increase in the lift force as the normalized propulsive speed increases when all the joints
move in phase. We also found that the propulsive efficiency has a maximum value when
the normalized propulsive speed is 0.8 and when all the phase differences between the
joints are 100 degree$S0098-220£00)01203-7
1 Introduction with pointed edges. Katz and Weifk3] analyzed a slender wing

with passive chordwise flexibility. Cheng et fl4] developed the
fully three-dimensional rectangular or triangular plate theory.

he authors’ final goal, which will be discussed in a future
per, is to design and produce a bending propulsion mechanism

The swimming movements of fish or cetacegascompanied
by the undulatory motion of their bodies of interest to scientists
and engineers; therefore, this topic has been studied by man
researchers from a hydrodynamical perspective. One primary s ; . P ;
ject in this field of research is the lunate tail, which is seen amo %r practical use. However, since it is not desirable from a me-
fast swimming animals. Lighthill1] applied the two-dimensional c_anlcal perspgcgve to _bund a mechanical .and control system
airfoil theory of aerodynamics to the caudal fin of fish and andVith numerous joints which can completely simulate the smooth
lyzed the characteristics of the thrust and the propulsive efficienéfpdulatory motion of fish or cetaceans by their highly flexible
in terms of the amplitude ratio between the heaving and pitchifpine. we will have to design a propulsion mechanism with fewer
motions and the location of the pitching axis. He found that tHEints which can be built and controlled easily. Therefore, first, we
maximum propulsive efficiency value of the fin exceeds 90 pehave to establish a theoretical method which is applicable to that
cent if the flow does not separate from the fin. Following Lighttypes of multiple joint propulsion mechanism and will have to
hill's study, there have been many theoretical studies about tABalyze the mechanics of propulsion mechanism because all of the
same topic. Wu[2], for example, also analyzed the two-Studies to dat¢as we mentioned aboyare not about a multiple
dimensional flat wing and compared his theory with experimentiglint propulsion mechanism but are about the lunate (aile
measurements of a porpoise’s tail. Katz and WéBisanalyzed plate) or the undulatory bodysmoothly waving plate
the propulsive performance of an airfoil with chordwise flexibil- Therefore, the authors have already developed a numerical
ity. Chopra[4,5] extended this study to include three-dimensionahethod which is suitable for multiple joint propulsion mechanism
rectangular wing and two-dimensional wing with large amplituddased on the discrete vortex method in our previous pégar
In addition, Chopra and Kamié], Cheng and Murilld 7], Bose kashima and Ong15]). The discrete vortex method is widely
et al.[8], and Karpouzian et a]9] studied the performance of theused to calculate the flow around simple objgés example, an
three-dimensional lunate tail. Triantafyllou et E10] showed ex- airfoil with separated flow done by Kafd6]), and it is easy to
perimentally that the optimal efficiency of an oscillating foil isformulate and requires less calculation than other more precise but
obtained at the frequency of the maximum amplification of théme-consuming numerical methotfer example, the finite differ-
wake vortices. ence and the finite element methpdg/e also have shown its

Another important subject is their undulatory bodies. Lighthilalidity by comparing its results with an experiment about a three
[11] applied the slender body theory of aeronautics to the trarjsint propulsion mechanism and found that the experimental pro-
verse oscillatory movements of slender fish whose cross-sectiiilsive speeds were 65—80 percent of the predicted values.
varies gradually. He showed that the propulsive efficiefvdyich ~ The goal of this paper is not to study the characteristics of the
is defined as the ratio of the forward work necessary to overcorggypulsive speedwhich was done in our previous papebut to
frictional drag and the total work necessary to produce both thrys{oyige other important propulsive characteristics., thrust, en-
and vortex wake is essentially very high. wWie] extended this ergy consumption, and propulsive efficiehogf a three joint
theory to include slender fish, whose transverse cross-section,ihding propulsion mechanism using our developed method.
the rear of their maximum span section was a lenticular in Shagﬁce the motion of the mechanism has too many degrees-of-
freedom to analyze it globally, we therefore have focused on the

Contributed by the Fluids Engineering Division for publication in ticeJBNAL motion of a more simple one. i.e.. with the same amplitudes of the
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division. . les f I th T c’j ith unif h diff
December 6, 1999; revised manuscript received March 13, 2000. Associate TechRINt angles for all three joints and with uniform phase differences

cal Editor: A. Ghoniem. of the adjacent joint angles.
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2 Numerical Method and Definition of Analyzed X M
» Sy —2 ) = 1 5
Quantities 2 | Mz | =2 B ®)
1= 1=
Figure 1 illustrates an analytical model of the four-link and " N
three-joint bending propulsion mechanism in water. We have as- 329bu<1)
sumed that the leading edge of the first link can move freely only le W~z | = ]21 To) (6)

in the x direction because our experimental setup has a structure
that uses an air slider to avoid the instability of an unsupportathere Eqs(5) and(6), respectively, represent the translation mo-
mechanism. According to the discrete vortex method, the sheé@mn in thex direction for the mass center and the angular motion
layers shed from the trailing edge of the bending propulsicaround the mass center. These two motions are solved simulta-
mechanism and the boundary of the mechanism are approximate®pusly with the boundary conditions of the fluid flow. We have
represented by the point vortices. Pressure folggsand F,,, presented an iterative calculation for this coupled system and have
(which act on the bending propulsion mechanjisran be calcu- discussed its validity in a previous pap@takashima and Ono

lated by the following Blasius equation [15)).
) ) Since the motion of the mechanism has too many degrees-of-
Fo_iE _'r d_W dzt i ﬁ Wdz (1) freedom to analyze it globally, in this paper, we have focused on
pX o2 Jo\ldz P ot c : the motion of a more simple one, i.e., with the same amplitudes of

the joint angles for all three joints and with uniform phase differ-
Using the point vortices, Eq1) is rewritten in the form ences of the adjacent joint angles. We should note that the motion
of the mechanism in this simplification can represent the traveling
M M wave motion if the number of joints is large enough. This uniform
pr—iny=21 fpx<j)—i21 foyii phase difference is represented for a three joint mechanism in the
= = form

©,= o, )

D3=2dy. (8)
1 In the computer simulation, all quantities were calculated in the
normalized system. The steady average propulsive speed is de-

sv(k) _ K
Zsu(k) ™ Zbu(j) fined asU where the symbol represents the averaged value.
UsingL andT, U is normalized in the form

U*=UT/L )

* .
In the square bracket of E(R), the first term represents the quasi-Whl.eg: nz)errr)rzgﬁzeg(tjsi;heutnog\?vae“rzfg \lﬁarlf::.for the motion is com-
steady lift force, the second represents the lift force due to the put p q

shed vortices in the wake, and the third and fourth represent h'éetEdO\?ertr:)? tshuemoci)rfntsh(iasrgaﬂgg;?eﬂoa\ivse{h%f tr:g dtgéfifj?rzgt?oﬁiglf-
inertial force of the added mass of fluid. P J b

Since drag due to fluid viscosity cannot be taken into account'ﬁ\ed torque and the bending angular speed. Thus, the normalized

the discrete vortex method, this type of drag has been empirica’l‘hc/’wer is represented as

identified in an experiment that measured the flow speed of the 3 EY)
tank and the dragNakashima and Onfl5]). From that experi- E*(1)= 2 T5 (1) —P (20)
ment, we found that dra§ for our experimental setup can be p=1 at
represented as the function of flow spaédn the form

M
=p fi(uwfivw)zl Tho())
=

|

M N
2 > Toyl
j=1 k=1

N
Tooip— 5 Msoo—
ot Zbu(j)JrlkZl ot | 2

+
= ¥

The normalized averaged energy consumpl%n is defined as
Fp=0.327 U7 [N]. A3) time average o_E*(t) over one period of time. We have further
defined propulsive efficiency as the ratio of the normalized av-

The mass of the bending propulsion mechanism is representggéige energy?, consumed for the drag due to fluid viscosity in

by a set of Q|scretlzed '“”ﬁped _masse_rsij(). The joint angles of one period of time to the total consumed enekjy, in other
the mechanism change sinusoidally in the form words

Op(1) = Op maxSIN(wt—Dy) (p=1~3,d;=0).  (4) =t

fx
7

== (11)

Thus, the motion of the mechanism is determined by solving the

following two equations of motion - = . )
In addition, energy consumptide* can be divided into four com-

ponents in the form:

) E* =Ep+Ef+Epy T Ef 12)
N, *" i whereE,, andE, are the energy consumed for the pressure force
M in the x direction and they direction, and theE;, is the energy
12 consumed for the drag due to fluid viscosity in thalirection.
Since the pressure force and the drag due to fluid viscosity in
e cccid ) Shed vortex Ty direction balance for the one period in steady state, we can say
Control point r } thatE},~ — Ef, when the velocity of every position of the mecha-
Y Bound vortex Thii Thoi bM) nism in thex direction can be regarded as equal. SiB¢gis very
2 v+D small, we finally obtained
0 a X Mass myj) mjs1) —* _E*
fx px
7]2E—*: E* . (13)
Fig. 1 Analytical model of a three joint bending propulsion 4 Py
mechanism This relationship of propulsive efficiencyis used in Section 3.3.
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3 Results and Discussion see in Section 3.3 that the highest propulsive efficiency is ob-
31 Th ch istics When ghg=0 D - tained when ¢y=100deg. As seen in Fig. (&, when ¢
: rust Characteristics en ¢o=0Deg. First, we _ T ; Y

analyzed the thrust characteristics in terms of the normalized pro-O deg,Fp, s almost constant in the range of smidf and then

pulsive speed. Figure 2 shows the thr(messure forceF},, its quagiatipally decreas*es. as*. increase.s. The val_qe .M* where
x =t . the F7,-line and theF-line intersect is the equilibrium normal-

.componentsllszl, px2 @nd dragep as t.hfe functhn of normal- ized Bropulsive speed.

ized propqlswg speed* when all of the joint amplitudes are 5.2 Let us consider this characteristics of thrE%; in light of its

deg. The inertial force of the added mas$,, comes from the componentd?,’;xl andEsz. As seen in Fig. @), inertial force

: : . cc
first and second terms of E(®), and lift forceFy,, comes from F%. is almost proportional tdJ*. This is because the inertial

m*e third and fourth term_s: Thus, the sum of componéiffs and  force of the added mass is proportionalltg, (as shown in Eq.
Frxe eq_uals total _thrustx. Note tha_t, in _thls calculatlon_, th_e (2)) andT'}, is almost proportional tdJ*. However,F#,, has a
propulsive speed is not solved by our iterative method but is given

o . . g
beforehand as the constant value. Therefore, the force balanc@iﬁ't've certain value as degegses to zero. This is becguse
the x direction is not yet retained. Componerits,, , F¥,, and 'y, does not become zero whel is zero because of the motion

their resultant forcd=3, are defined as positive values when the%eloc'ty. of the mechanism. On the other_ h_and, lift fo'_’égﬂ .
P = ) " uadratically decreases. The reason for this is that the lift force is
produce a positive thrust, whilej is defined as a positive value =

. * . *
when it produces positive drag. proportional to {'y,-U*) (as shown in Eq(2)) and thatl'y, is

Figure Za) shows the results whet,=0 deg and(b) shows almost proportional t&J*. The reason why the lift force is nega-
the results whemb,=100 deg. These two values of phase differtive is that the pitching motion of the whole mechanism is a re-
ence ¢, were chosen because they are special values. In otlaetive motion. Therefore, the resultant forgg, is almost con-
words, we have already found that the highest propulsive speedignt in the range of a small* and then quadratically decreases
obtained whenp, =0 deg(Nakashima and Onfd.5]), and we will < \j* increases.

Let us examine the above-mentioned results schematically. Fig-
ure 3 shows the motion of the bending propulsion mechanism
during a half of a period of time for various normalized speeds,

I
- g ] where the leading edge of the first link is arranged at the same
] Fo(T=098) ———- point although it propels. In Fig. 3, for a small normalized pro-
T pulsive speedFig. 3(a), for example, the bending motion of the
2 mechanism is dominant while the pitching motion of the whole
% = mechanism is much smaller. On the other hand, as for a large
il normalized propulsive speeg#ig. 3(e), for examplg, the pitching
W& motion of the whole mechanism seems to be dominant and its
o} bending motion is much smaller than the pitching motion. This
g pitching motion is caused by the lift force that is produced by
E ‘-\( uniform flow U* with the mechanism’s cambered posture. There-
L AN . fore, the lift force becomes dominant in the case of a large nor-
I '\\ it malized propulsive speed.
N,
-1 TV VRN T SR FUVUOE TN ST R HOU SN ST S .\\
0 1 2 3 =0
Propulsive Speed , T 7
(a)
—t=T1
02——r—+——T—T——+ (a)
T F'p(T=099)
N [ o T
Tﬁ? —t=0
*E‘ /F*px
ILL'. - F*pxl ™~ ]
LR oof Ay g _g-—ad =102
1% -,
R Fos (b) (¢)
1]
2
e
= 5
. —1=0
ook @: —t=T
0 1 2

Propulsive Speed , U*
(¢) {f)
(®) _ _ : . . .
Fig. 3 Motions of the bending propulsion mechanism during
Fig.2 Thrust F,, its components Fh,, Fh,,, and drag Fj as half a period of time: (&) U*=0.31, ¢,=0deg, (b) U*=0.62,
functions of U* when 6,.,=52deg (p=1~3): (@ ¢, Po=0deg, (c) U'=1.11, $o=0deg, (d) U"=188, ¢=0 deg,
=0 deg, (b) ¢»o=100deg (e) U*=2.14, ¢y=0deg, () U*=0.16, ¢po=100deg
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3.2 Thrust Characteristics When ¢po=100deg. Next, Fig. maximum (0.65 when U*=0.8. In order to examine these re-
2(b) shows the thrust characteristics whgg= 100 deg. Here, the syits, let us consider the characteristics of the energy consumption
inertial force of the added masfs;jxl is positive whenU*~0. components. Figure 5 also shows the averaged energy consump-

However, it decreases &$* increases in contrast to the case ofion componentsEg,, Ej, as functions of U* when ¢,
¢o=0deg. This difference between two cases is caused by the 00 deg. As seen in Fig. 5; E}, is zero whenU*~0, and at

difference bethen the two motions of the mec“?”'sm- In Othﬁlrst increases ad* increases, but, finally, rapidly decreases. This
words, wheng,=0 deg, the postyre pf the mechanism becomes|§caused by the fact that the thrust decreases monotonously from
cambered shape, as is shown in Fig&)3(e). However, when . Tk . o

$o=100deg, the motion of the mechanism is thought to be &hPositive value aU*~0 (as is shown in Fig. ®)) and that
undulatory(traveling wavé motion (although it is not clearly ob- — Ep is the product of the thrust arid*. On the other handzy,
served in Fig. &)) because the second joint is lagged for 100 dedf first increases from a positive value, and decreases after peak-
behind the first joint and the third joint is also lagged for 100 del§jg, as is seen in Fig. 5. Therefore, propulsive efficiendyhich
behind the second joint. As for this traveling wave motion, thrug the ratio of—E;X to E;y as shown in Eq(13)) increases first

is produced when the traveling speed of the wave is faster than then zero agJ* increases, and, finally, rapidly decreases.
propulsive speed. Therefore, when the traveling speed is constant

(i.e., phase difference, is constant, the increase in the propul- 4 Conclusions

sive speed causes the thrust to decrease, as is seen inljig. 2 . . .
On the other hand. lift force componeﬁf, is very small for In this paper, we numerically analyzed the characteristics of the
- e x2 ) thrust, the energy consumption, and the propulsive efficiency of a
all U™ value. This is caused by the fact that the mechanism almqgtee joint bending propulsion mechanism in which all the joints
doesn’'t have a cambered postuvenich causes the lift forein  haye the same amplitudes and uniform phase differences. The
contrast tog,=0 deg. results are summarized as follows:

3.3 Characteristics of Energy Consumption and Propul- 1 From an analysis of the thrust characteristics, we found that,
sive Efficiency. Figure 4 shows propulsive efficiency as the when all the joints moved in phase, the inertial fofaich gen-
function of phase differencé, for various normalized propulsive erates positive thrustincreased proportionally with the normal-
speedU*. As is shown in this figure, propulsive efficiency ized propulsive speed. The lift forogvhich generates negative
reaches its maximum whegi,= 100 deg andJ* ~1.0. Thus, we thru_sb mcreaseo_l proportionally to the second power of the nor-
have shown more detailed characteristics of propulsive efficienB}f!ized propulsive speed. Thus, the resultant thrust decreases due

in terms of normalized propulsive speed w 100deg in O the increase in the lift force as the normalized propulsive speed.
gig. 5. As shown in this figurg propulgive effii?gn:w/vas a? its Inaddition, we found that, when the uniform phase difference was

100 degrees, the inertial force generated thrust due to the undula-
tory motion of the mechanism, and that the lift force was almost

zero.
® 100 e 2 From an analysis of the energy consumption and propulsive
= r 1 efficiency, the maximum propulsive efficiency was 0.65 when the
52 normalized propulsive speed was 0.8 and when the uniform phase
5 difference was 100 degrees.
£ 50
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& 380 -90 0 0 180 Nomenclature
Phase difference , ¢ , , deg. M = number of bound vortices
N = number of shed vortices
Fig. 4 Propulsive efficiency # as the function of the uniform Xy .Y, = coordinates of the bound vortex
phase difference ¢, for various normalized speed  U* Xg,Ys, = coordinates of the shed vortex
t = time
0.03 I'y, = strength of the bound vortex
et I'g, = strength of the shed vortex
3 mg, = mass of discretized lumped mass
LB 0.02 ~ 0, = angle from the mass center at the bound vortex
= = point
L 0.01 g Ij = moment of inertia of the lumped mass about the
) 0 3 mass center
3“ b foxii) »Tpyy = Pressure force of thgh point
? ~0.01 2 fxiy Tyiy = sum o_f the pressure force_ and drag due to the
G g fluid viscosity of thejth point
~0.02 3 Fpx:Fpy = pressure force o
) & Foxi.Fpy1 = pressure force due to inertial force of the added
-0.03 _ mass ,
0 Fpx2:Fpy2 = pressure force due to lift force
Propulsive Speed , T T, = moment acting on the mechanism
Uy vy = velocity of thejth point
_ U, ,v.,, = Velocity of the uniform flow
Fig. 5 Propulsive efficiency #» and its components  Ej, and i = -1
E;y, as functions of U* when 6,.,,=5.2deg (p=1~3), ¢, zZ = X+iy ) ]
=100deg W = complex velocity potential
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p = fluid density
Fp = drag due to fluid viscosity
0, = bending angle of theth joint
T, = torque of thepth joint
Omax = amplitude of the joint angle
® = angular frequency of the joint angle
®, = phase difference from the first joint
¢ = phase difference of each joint
U = average propulsive speed
U* = normalized propulsive speedUT/L
Uy, = velocity of the transverse wave
L = total length of the bending propulsion mecha-
nism
T = period of the motion of the bending propulsion
mechanism
m, = actual mass in the normalized unit area
E = consumed energy
E,x,Epy = energy consumed by the pressure force
tx» Efy = energy consumed by the drag due to fluid vis-
cosity
n = propulsive efficiency
() = time average of )
( )* = normalized value of ) by L, T, andm,
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Darcy’s Experiments and the
Deviation to Nonlinear Flow
As‘sjo-ciellt-e.P!Efgs!sl(ﬁ R e g i m e

Mechanical Engineering Department,

Southern Methodist University, Many important technological and natural processes involving flow through porous me-
P.0. Box 750337, Dallas, TX 75275-0337 dia are characterized by large filtration velocity. It is important to know when the tran-
sition from the linear flow regime to the quadratic flow regime actually occurs to obtain
B. V. Antohe accurate models for these processes. By interpreting the quadratic extension of the origi-
Technology Development Staff Member, nal Darcy equation as a model of the macroscopic form drag, we suggest a physically
MicroFab Technologies Inc., consistent parameter to characterize the transition to quadratic flow regime in place of
Plano, TX 75074 the Reynolds number, Re. We demonstrate that an additional data set obtained by Darcy,

and so far ignored by the community, indeed supports the Darcy equation. Finally, we
emphasize that the cubic extension proposed in the literature, proportional tcafke
mathematically valid only for R€1, is irrelevant in practice. Hence, it should not be
compared to the quadratic extension experimentally observed wherOgRE).
[S0098-22000)01703-X]

Introduction coefficientk calledhydraulic conductivityrelated to the filter me-

. N . dium, correlating the pressure-drop and the average fluid speed as
By taking the semivariogram of one set of Darcy’s experimen- g P P 9 P

tal data to verify the validation of Darcy equation, Davis eff &]. Ap 1
concluded that'... Darcy’s law was not validated by Darcy’s —= EU Q)
experiment.” A natural question is: If Darcy’s law is not validated e

by the experimental data, would there be a valid extension of ilt[?i

This question is not new, neither are the inconsistencies beh'Hg?e\,\;ﬁggarpcengozleﬂ?oah;tff?res ?rrgr?]'rtlﬁzl QVS;%LCJ)E]C H@). called
previous attempts to answer it. Y €d ' q

Our purpose is to provide a fresh look into the proposed non- Ap
linear extensions to the Darcy equation by revisiting some of the — :(ﬁ) U )
historical events following the publication of Darcy’s bogXarcy e K

[2]). We also reinterpret the physical phenomenon behind the de- , . .
viation from Darcy equation to propose a physically consiste esented aBarcy’s Lawin most textbooks and papers. Equation

dimensionless parameter for determining the transition to nonliff) has the hydraulic conductivity of the original Eq (1) substi-

ear regime. This is a very important issue to the accurate modelittied PYK/x, whereK is calledspecific permeabilitya hydraulic

of many important technological and natural processes, such ameter mdependent of fluid properties, ané the fluid dy-

horizontal strip castingKuznetsov,[3]), enhanced cooling of NamiC viscosity. o .

electronics(Lage et al.[4], Antohe et al.[5]), and underground  Only years after the publication of E{L), the effect of fluid

contaminant transpott.age[6]). viscosity was_observed, |nd|re(_:tly, by changing the temperature of
Finally, we consider an experimental data set obtained gge fluid flowing through the filter, as reported by Hazef It

Darcy that satisfies the Darcy equation. This particular data S&&S not until much later that the fluid viscosity appeared as an

has been ignored by, or unknown to, those questioning the valigifflividual parameter in the Darcy equation, e.g., in ¢eu[8].
of the Darcy equation. e refer to Eq(2) as theHazen-Darcy equatioio distinguish it

from the original Darcy equation, Eql).
Observe that Eq$1) and(2) areglobal (or macroscopit equa-
Historic Events tions, i.i_., thely do_no_tdinfer t'r:e complic:llted quid-soIidfinkt]erac-
It was in 1856 that Henry Philibert Gaspard an(@arcy[?__]) gg?sutsan:g?eﬁ;?e inside each tortuous flow paglores o the
had his report on the public fountains of Dijon published. arsgne Jules Emile Juvel Dupuit(Dupuit[9]) (and not Forch-
The more technical aspects of his essay were detailed in SeYRfimer[10], as believed by many drawing a parallel between
appendices. ) ) Prony’s equation for modeling flow in open chann@sony[11])
In AppendixD (pp. 559—608 Darcy describes an experimentalyn flow through porous media, was the first to proposed an ex-
apparatus built to test the hydraulic efficiency of a uniform crosgspsion to Eq(2), namely
section sand filter under steady unidirectional flow. The experi-
mental results obtained by Darcy were presented in terms of volu- Ap
metric flow rateQ (in liters per minutg¢ and pressure difference 0= —-aU—-pU? 3)
across the filter(in meters of water-column Using the filter e
cross-section surface ars#o find the average Darcy, or seepage,
fluid speedJ = Q/s, the height of the filter medium colurme and
the total pressure difference across the filigy, Darcy found a

The physical phenomenon responsible for the quadratic term of
Eq. (3) is theform forceimposed to a fluid by any solid surface
obstructing the flow path. This resistivieo unidirectional flowy
force was proposed by Newtdhl2] pp. 260—262to be propor-

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; f i ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisiontIonal to the fluid density and to the average fluid velocity square.

August 27, 1998; revised manuscript received April 26, 2000. Associate TechniddSiNg this concept tOQether. with E@), Eq.(3) is rewritten as the
Editor: M. Dhaubhadel. Hazen-Dupuit-Darcy equatign
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Ap The inertia dogmaof flow in porous media has influenced
0= e RU*C/JU2 (4) many scientists to generate other misconceptions. For instance, a
comment made by Bargk 6] led Hassanizadeh and Grfi7] to
whereC is a form coefficient related to the geometry of the soliéghcorrectly correct aypo on their original paper by stating that
permeable medium angis the fluid density. The last two terms* ... macroscopic inertial forces have been shown to be small at
of Eq. (4) represent the lumped viscous drag and the lumped fortime onset of nonlinear flow. . ” - macroscopic inertia forcegr
drag, respectively, imposed by the solid porous matrix to the flowenvective inertinare zero in steady unidirectional flow through a
ing fluid. Although these two effects are always present in tif@mogeneous and isotropic porous medium.
flow, the viscous effect will predominate at low enough fluid The desire by many investigators to obtain a macroscopic equa-
speeds. We regard E¢4) as amacroscopic momentum balancetion similar to Eq.(4) from the microscopic Navier-Stokébl-S)
equationof fluid flow through a porous medium. equation governing the fluid flow inside each pore is also influ-
Ward[13] proposed to replace the form paramefein Eq.(4) enced by the inertia dogma. See, for instance, Wodie and Levy
by c/K¥2 where the dimensionless parameteras believed to [18] who suggested that the linear term of E4).can be obtained
be a universal constant. Ward’s suggestion results from a dimdrem the viscous term of the N-S equation by performing a
sional analysis involving only four basic parameters, i.e., he adouble-scale asymptotic expansion on pressure and vel@oity
sumed that the pressure-drop versus fluid-speed relationship, fgt orde) followed by the volumetric averaging of the resulting
(4), would depend only otJ, K, p, and u. Therefore, the form equation. They went on to indicate that for very slow fl(Rey-
coefficientC would depend on the permeabiliyof the medium. nolds number much smaller than unityn the case of macro-
This is incorrect because the permeability, as linked to viscogsopic isotropy and assuming the convective inertia term of the
drag, relates to theffective surface areaf the solid porous ma- N-S equation to be of the same order of the viscous term, a second
trix. The form coefficientC, on the other hand, does not dependrder approximation leads to a macroscopic equation similar to
on the extent of the surface, but on tfeem of the solid matrix EQ. (4) but with the rightmost term being cubic in the fluid speed
(form defined as the variation of the cross section area of the sdiistead of quadratic. The same result was obtained also by Mei
matrix). Moreover, if Ward’s suggestion was correct tiisshould and Auriault[19] via theory of homogenization. They then con-
be a universal constant, something which has been shown, étwded that the quadratic deviation from Hf) must be associ-
instance by Beavers et dll4] and Antohe et al[15], not to be ated with the anisotropy of the porous medium. An important

the case. aspect overlooked in their analysis is the fact that the quadratic
deviation from Eq(2) has been observed experimentally even for
Inertial Force isotropic media. Moreover, the deviation is observed at a Rey-

) ) ) nolds number of the order unity or greater, hence outside the
The concept ofinertial force is traced back to Newton's yaidity range of their analysis.

Philosophiae naturalis principia mathematica&’he Principia
Newton[12]. At the beginning of his book, Newton presents eig h d b
definitions forming the basis for his three Laws. The two mos e Reynolds Number

important definitions for us are definition no. 2, or the definition In several studies, e.g., Wyckoff et 420], Ward [13], Fand
of quantity of motionand no. 3, or the definition dfiertial force et al.[21], the permeability based Reynolds number,

or the force that measures how difficult it is to change the quantity

of motion of a body. Together with Newton’s second law, we can Rq:pu K12 (5)
state that theehange in quantity of motiois identical to thein- "

ertial force that is equal to theesultantof all forces acting upon was used to indicate the departure from the linear Hazen-Darcy
M obeen model, Eq.(2), in fully developed steady unidirectional flow

Observe that the left side of E(}) being zero reminds us that,
macroscopically, the fluid in and out of a permeable medium wi
uniform cross-section, under unidirectional and steady flow, re-
tains its quantity of motiorfor momentum Therefore, the fluid
has zero macroscopic inertial force.

Because Eq(4) is macroscopidn nature, the right-side terms
represent, macroscopically, all the considered forces acting u
the fluid. Of special interest is the rightmost term of E4), the
term arising from thdorm force often referred to as thimertia APap
force or theinertia term This terminology is confusing because Reyp= L2 (6)
with constant macroscopic momentum, the flow presents zero in-
ertial force. Even if referring to the effect of tineicroscopic(pore Wherea and L are the microscopi¢pore scalg and the macro-
level) inertial force of the fluid, this terminology is inappropriatescopic length scales of the medium, respectively, and assuming
still because the microscopic inertial force must be equal to tilee terma®AP/uL as representing the velocity scale of the flow.
resultant ofall forces acting on the fluid within a pore. But we But this velocity scale is correct, from E), only if K anda?
know that the form force is only one of the forces acting on thieave the same scale and when the pressure-drop versus fluid-
fluid within a pore(viscous forces at the pore level will also affectspeed relationship is linear. Observe that for high fluid speed the
the change of quantity of movement—or the inertial force—of thgressure-drop becomes proportionallid, which suggests from
fluid). Eq. (6) a Reynolds number also proportionallé what is incon-

The confusion is created, we believe, because the form forcesistent with the usual definition of the Reynolds number.
proportional toU?, and in certain cases the fluid inertial for@e Because steady, fully developed and unidirectional flow
the time rate of momentum changis also written as velocity through a uniform cross-section duct has zero macroscopic inertia,
square. We know, however, that the rightmost term of &j. the Reynolds numbers of Eg&) or (6) have no physical mean-
corresponds to a force, which happens to vary with This force ing, i.e., they should not be confused with a quantity representing
is inertial relatedas much as any other force is, i.e., via Newton’she ratio between macroscopic inertial and viscous forces. This
second law. Another strongly distinctive factor is that the micrasbservation is simply an extension to flow through a porous me-
scopic form force is not proportional to the fluid viscosity but irdium of what has been remarked by Batchdl@8], and more
general the microscopic inertial force, or the force resisting thecently by Bejarj24], regarding steady, fully developed flow of
change of movement at the pore level, is. a clear (of porous mediumfluid.

hrough a porous medium, a direct consequence ofirteetia

Some other authors, like Wodie and Lepd8], prefer using a
characteristic pore length scale in placekof? in Eq. (5). The
Reynolds number definition used recently by Firdaouss ¢23].

can make things even more confusing. Indeed, a Reynolds number
P&h be written in terms of the fluid pressure-drop
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We made an important point when we wratexcroscopic in- Table 1 Modified experimental data for e=0.58m
ertia in the previous paragraph. Observe that the Reynolds nur

ber (Re) currently used to predict the transition from linear to Y(10 °mis) Ag(kpg) k(10’28 ;n?’s/kg)
quadratic flow regime in porous media is based on the macro- i:gg 82.'7 2:88
scopic fluid speed. When attempting to use the macroscopic Reto 424 84.1 2.92
infer transition from linear to quadratic regime, one is ignoring the 4.05 79.7 2.95
lack of pore-scale information brought about by the macroscopic 378 74.8 2.93
2.62 49.2 3.09
Re. 2.48 48.1 2.99
Lack of physical meaningn a macroscopic sensand lack of 2.08 39.2 3.08
pore-scale information hinder the use of the macroscopic Re asa 1.33 23.1 3.33
parameter to predict the transition to nonlinear regime. 0.62 10.9 3.30

Using a Reynolds number to characterize the zero-inertia;
steady unidirectional flow through a porous media leads to other
abnormalities, such as, for instance, the writing of the form force
term as function of the fluid kinematic viscosity, as done recenthame data showing a reasonably good fit. We present our own
by Firdaouss et a[.22], p. 335. curve fit in Fig. 1, using the Darcy equation, Egd), and the
Even more surprising is the use of a Reynolds number to esjuadratic Eq(4). Indeed, the quadratic curve fit seems better.
mate the macroscopic transition from a viscous dominated flowFirdaouss et al,22] went on to show, again assuming only the
regime (Eq. (2), or linear regimg to a form dominated regime two last data points of Table 1 as satisfying Ef), that a nor-
(Eq. (4), or quadratic regime The Reynolds number has no in-malization technique based on the Reynolds number at maximum
formation on the form drag effect. What should be used to chasressure-drop indicates a deviation to cubic flow regime. The nor-

acterize the departure from the linear regime, we suggest, is f@lization is based on calculating the quantity
physically meaningful ratio between the form forbg and the
viscous forceD ,, from Eq. (4) Ap 1

eU k
Dc CpU? pCK y=— o)
D, [ul. # @) apy 1
” (—)U eU k
K max

Observe that there is no ambiguity in the definition of the forcdf0M €ach data point, and then plotting the results versus the cor-
ratio Eq.(7). There are no possible choices of scales as in the cd88P0Nding ratio=Ap/Appay. _ )
of trying to define a proper Reynolds numiisee comment on p.  F'om Eq.(8) we conclude that the experimental data points
334, Section 2.1, of Firdaouss et f22]). Also, Eq.(7) requires Satisfying Eq.(1) exactly will havey=0. If the data follow the
prior knowledge of the form facto€ value for the medium, an Guadratic extension to Darcy equation, thershould be linear
obvious prerequisite for determining when the form force pavith X. If the data follow a cubic pressure-drop versus fluid-speed
comes predominant. relation, theny versusx should foII_ow a _quadratlc_curve.

Therefore, the transition from linear to quadratic regime is in- Although not explicitly stated in their paper, it seems that at
deed media-specificontrary to what has been traditionally advol&aSt one point of a certain data set must be assumed to follow Eq.
cated. The transition is that of the drag switching from beindgl) SO that the hydraulic conductivitiy (or the permeabilityk)
linear to quadratic with the fluid speed, and the drag depends Bfcessary in E¢8) can be determined. Unfortunately, the results
the form (shape and extent of the interface fluid-solid within the®f the Firdaouss et al[22] normalization technique depend
porous medium. Hence, the transition must depend on the inter§§Pngly on the value dt, which depends on howis determined.
geometry of the porous media, i.e., be media-specific as \H@ne assumes, for instance, that only the Igst data point o_f Table
propose. 1 _satlsfles th_e Darcy equation and then c_Jbtaln a valula_munm it,

Unfortunate as the previous statement might be, our propositigﬂs val_ue will differ from the value obtained when using the Ia_st
is a challenge to theoreticians and, more importantly, to expefV© Points and, by consequence, the results from the normaliza-
mentalists working with fluid flow through porous media. There ii0n technique will be different. - o
a need to investigate how the geometry of the porous matrix af._As a practical example of how sensitive the normalization tech-
fects the drag effect. Very little is known in this regard. nique is to the chosen value &f we present the two graphs of

Coincidentally, the use oD./D, reduces the scattering of Fig. 2. The upper graph is the result of the normalization proposed
experimental hydraulic data obtained with permeable media of
very different forms as shown in Fig. 1 of Macdonald et[a5],

p. 200—note their Reynolds number is identical to &, with C 200

replaced byc/K2. 20 (epm) T opemestan | P
¢ linear curve fit Eq. (1) J‘ /

Darcy’s Experimental Data % S — ’

Darcy [2] presents the results dive carefully performed ex-
periments. Four of them, using different sand-column heigh
(e=0.58, 1.14, 1.71, and 1.70 metaand keeping the pressure
under the filter equal to the atmospheric pressure, were reporte
on p. 592 of his manuscript. Table 1 presents the set of exper
mental results obtained usimeg- 0.58 m, in terms of average fluid
speedU and total pressure difference across the filter, assum-
ing water at 10°C §=999.7 kg/m). Asterisks denote tests per-
formed under strong pressure oscillation. 0

By assuming that only the two last data points of Table 1 follow
the Darcy equation, Firdaouss et [#2] attempted to indicate that
the entire data set of Table 1 could not be fitted by the Dargyg. 1 Darcy experimental data of Table 1, and least-square
equation. However, Davis et dll] presented the curve fit of the linear and quadratic curve fits

100

50 4

5 6
U (107 m/s)
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to determinek we observe a better agreement between linear pro-
file and the experimental results than with the quadratic profile.

Dauvis et al[1] have applied a different validation technique to
the original Darcy equation, considering only the data of Table 1.
The suggested method tests if there is any correlation between the
residuals, defined as

1
8(U) = glAp(U)—Ap(U))] 9)

where we calculate a theoretical pressure dkgp for every fluid
speed using the theoretical model to be validated, and then com-
pare the results with thAp values obtained experimentally. In
case of validating the Darcy model, Ed.), one must determine
first the k value from the best curve fitting. For the quadratic
extension model, Eq4), one must determink(=K/u) and C

from the best fitting.

The semivariance used to estimate tloerelation between the
residuals is presented in more detail by Delhon{@@l. Briefly,
the semivariance is a function of thag-distance(distance be-
tween two experimental pointaind defined as

N(AU)

2N(AU) Zl [8(Ui+AU)—58(U)T*  (10)

o(AU)=
whereU; is a certain fluid speed\U is thelag-distancebetween
two experimental fluid speeds, ah{AU) is the number of pairs
of experimental pointd U units apart. If the semivariance tends
3 3 : ; to a finite value as thiag-distanceAU increases then the residu-
15— ; . 1 B , i als do not correlate and the theoretical model is valid. Otherwise,
0 02 04 0.6 0.8 1 the residuals correlate and the theoretical model is invalid.

X The results of Davis et al.1] to validate the Darcy equation
based upon the data in Table 1 indicated an increase in variance as
lines are for quadratic  y-x relation; dashed lines are for linear the fluid speedor pressure drq)plncreases, n othgr words, an
y-x relation. Upper graph:  k=3.30X10~® m3s/kg obtained from apparent systematic re_Ia_tlonshlp b_etween the reS|duaIs_. Based on
a single data point. Lower graph:  k=3.00X 108 m3/kg from th_ese resqlts Darcy original equation would not be validated by
best linear fit of five points. this experimental data set. One of the possible causes, as sug-
gested by Davis et al.1], could be asystematic measurement
error. A more likely explanation is simply the departure from the
linear flow regime.

To substantiate our point, we first assume the data of Table 1 to

by Firdaouss et a[22] usingk=3.30x 10"8 m3s/kg obtained by follow the linear model, Eq(1). We then curve fit the data and
considering only the last point of Table 1 as satisfying Bg.  obtaink=K/u=2.909x 10~® m® s/kg from the best fit. With this
The results can be compared with tirerersusx linear (dashed k value and Eq(1), we calculate a theoretical pressure drop,
line) and quadrati¢continuous ling profiles, shown in the graph. for every fluid speed and compare the results with the experimen-
Observe that thg-versusx graphs of Firdaouss et d22] as- tal Ap values of Table 1. In this case, the maximum pressure-drop
sume the linear profile to start at the origirx=0, as if only the deviation defined ag\p—Ap,|/Ap is 14.8 percent. Repeating the
point Ap=U=0 satisfied Eq.(1). However, the linear profile same procedure, but now assuming the data to follow the qua-
should start from the first point believed to deviate from By, dratic model, Eq.(4), instead of Eq.(1), we obtaink=3.385
for which y#0, because the data points with smallep were <10 8 m®s/kg, C=1.1689< 10° m, and a maximum deviation of
assumed to follow Eq(1) (so thatk or K could be determinggd 3.8 percent only.
therefore, they must yielg)=0 when using Eq(8). If the graphs ~ Moreover, the variance technique for testing the suitability of
of Firdaouss et al.22] are redrawn with this correction in mind, Eq. (4) reveals smaller residuals and more uniform variance, as
the discrepancy between linear and quadratic deviation beconséswn in Figs. 3 and 4. It is evident that the quadratic model
much smaller. See the upper graph of Fig. 2, for instance, wheefrelates better the experimental data of Table 1.
the data seems to follow more closely the linear profile than theUsing Eq.(5) the maximum Reynolds number for the data of
quadratic profile. Table 1 is Rg=0.0235, a value well below the usual value of 0.1
The weakness of the Firdaouss et[@R] normalization proce- for transition to quadratic regime. So, based on the Reynolds num-
dure is that one can not determine beforehand how nfany ber criterion the flow should be in the linear regime. On the other
which) data points in Table {or from any experimental data $et hand, the maximum ratio of form to viscous forces, Ef}, is 0.2
satisfy the Darcy equation. Now, observe the lower graph of Figndicating that the magnitudes of these forces are in fact less dis-
2. This graph presents the results of the same normalization teshmilar than suggested by the Reynolds number criterion.
nique, but in this case using E(B) with k=3.00x 10 & m3s/kg The fifth, and so far ignored, or unknown, data set was obtained
resulting from considering the last five data values of Table 1 & Darcy withe=1.1m and the results presented in p. 593 of his
following Eq. (1) (in this casek is determined from the best linearreport, shown on Table 2. Contrary to what is stated in Firdaouss
curve-fit of the last five data points, passing through the origiret al.[22], p. 336,this is the most extensive of all data sets.
Observe how different the results are when compared with theAn analysis of the experimental data in Table 2 leadskto
upper graph. Even some negative values are obtaineg, for =2.809<10 8 m®s/kg from the linear Eq(1), with 7.4 percent
which case the normalization technique is meaningless. Agamaximum pressure-drop deviation. For the quadratic (Bpwe
considering the linear profile starting from the last data point uségve: k=2.909x 10" 8 ms/kg, C=0.4293x 10° m, and a maxi-

Fig. 2 Normalization results of data in Table 1—continuous
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Fig. 3 Residuals between the experimental pressure drop of
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Fig. 5 Darcy experimental data of Table 2, and least-square
linear and quadratic curve fits

Table 1 and the theoretical pressure drop obtained from the
quadratic Eq. (4) with K/u=k=3.385X10"8m3y/kg, and C
=1.1689X10° m the quadratic model, Eq4), are presented. Both cases present
very similar results with the semivariance tending to a finite value
asAU increases. In this case both models seem valid, so the effect
mum deviation of 7.1 percent. The corresponding fitting curvesf the quadratic extension to Darcy equation must be negligible.
are shown in Fig. 5. There is no clear indication that the quadraticThe maximum Reynolds number from the data of Table 2 is:
is better than the linear equation as either one seems to correlate

fairly well the experimental data of Table @vithin what one

would expect to be the experimental uncertainty of the data col- 4
lected by Darcy. H) u
The semivariance technique applied to Table 2 points towarkpa/m) n
similar conclusion. In Figs. 6 and 7 we present the residuals a 2 x
the semivariances of the experimental data to the linear mod .
Eqg. (1). In Figs. 8 and 9 the residuals and the semivariances frc - x =
0
12 - .
4 2]
(10° P2y
tIl2 =
0.9 4 4
0.6 -6> " ' R ' ! '
0 0.5 1 15 2 2.5 3 35
U (10° m/s)
03 Fig. 6 Residuals between the experimental pressure drop of
Table 2 and the theoretical pressure drop obtained from the
T I - Darcy Eq. (1) with k=2.809X 1078 m3s/kg.
0.0 S e Ma, LB L) ..' Ll - " X
0 1 2 3 4 5 6 :
AU (107 m/s) o
(107 P2
2
Fig. 4 Variance of the residuals between the experimental " .
pressure drop of Table 1 and the theoretical pressure drop ob- 5
tained from the quadratic Eq.  (4) .
Table 2 Modified experimental data for e=1.1m .
U(10 3 m/s) Ap (kP3 k(1078 m3s/kg) ] -
3.26 128.3 2.79 " " =
3.17 126.3 2.76 x . L
3.12 1234 2.78 - .
3.02 121.7 2.73 » . -
3.14 121.1 2.85 - . . LN
2.58 95.0 2.99 0 - i I . N .
i%g gég 22734 0 0.5 1 15 2 25 3 35
. . . -3
1.37 56.7 2.66 AU (07 m/s)
1.50 54.7 3.01
0.78 29.2 2.93 Fig. 7 Variance of the residuals between the experimental
0.72 29.2 2.71 pressure drop of Table 2 and the theoretical pressure drop ob-
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4 Therefore, the only way to physically satisfy their hypothesis

without imposing the isotropicity of is for the quadratic velocity

deviation to be zero.

. . From their conclusion that the deviation must be cubic in ve-

. locity we observe a direct relationship between the order of the

term Rgp in their hypothesis and the order of the deviation. If one

g hypothesizes that when the pressure gradient is reversed the seep-

age velocity is also reversed up to a perturbation term of order

2 x O(Rep), instead of O(R_epz) as in their equatiot(3.12), then the

» deviation turns out to be quadratic in velocity instead of cubic.

As the cubic extension can also be written in terms of, Rad

the analysis is only valid for Rel, the effect of this cubic exten-

- sion on the pressure-drop is irrelevant in practibés was pointed

‘ ‘ ‘ ‘ out by Mei and Auriaul{19]). This aspect is supported by con-

0 0.5 1 L5 2 25 3 35 sidering Eq.(3) of Koch and Ladd27], p. 36, together with the

uaotmsy  results forky andk; shown in their Fig. 1. Observe that even for

Re=3 (greater than unity the cubic term accounts for only 1.25

Fig. 8 Residuals between the experimental pressure drop of percent of the total pressure drga value, in fact, within the

Table 2 and the theoretical pressure drop obtained from the numerical error, estimated at 3 percent, see p. 35

quadratic Eq. (4) with K/u=k=2.909X10"8m3s/kg, and C

=0.4293X10° m Conclusions

A careful historical review provides the correct interpretation of
the physical meaning of the quadratic velocity extension, pro-
Re=0.0151, and the maximum ra;io of form to yiscous forces isosed by Dupuif9], to the original Darcy equation. This qua-
only 0.04. Both parameters indicating that the viscous forces pigratic extension modeling the bulk form drag force effect of the
dominate. Therefore, the so far overlooked fifth experimental dadalid porous matrix depends only on a form factor and on the fluid
set presented by Darcy indeed seems to support the Daghsity.

(kPa/m) -

equation. Although our paper is not concerned only with the history of
science, we should never forget the educational impact of pub-
Cubic Extension lished papers. Let alone history, our emphatic reference to Du-

) ) ) ) _ puit's work (which should be a required reading for those working

Mei and Auriault[19] presented a theory valid for isotropicin the field of flow through porous medidrings to light a fun-
homogeneous medium showing that a cubic extension to thgmental contribution ignored by many: the physical explanation
Darcy equation evolves from the inertia term _of the Navier-Stokesshind including a quadratic velocity term to the original Darcy
equation, as long as the Reynolds numbemisch smaller than equation. The explanation, not found in Forchheimer's work, is

unity. They note that ... it is not possible to use these datagiven by Dupuit who educates us on the inclusion of the quadratic
{_ava|lable experimental datéo draw any conclusion on the iner-tgrm in Darcy’s equation to account for the form drag imposed by
tia correction. the porous matrix on the fluid flow. This fundamental piece of

Firdaouss et al[22] also presented a theorgimilar to the jnformation is enough to disallow the misleading userrtia-
theory presented by Wodie and Lej38]) to demonstrate that the re|ated terminology in reference to the quadratic term.
deviation from the linear flow regimg@arcy equationcan notbe  Therefore, the use of a parameter representing the ratio of in-
quadratic in velocity but cubic. Their fundamental hypothesis isrtia forces to friction forces, such as the Reynolds number, in a
that the seepage velocity of the fluid through a periodic porositerion to determine transition from linear to quadratic macro-
medium is unaffected by reversing the pressure gradient. scopic flow regime is physically inconsistent. A new dimension-
The seepage vel_omty is invariant Wlth_ the reverse of the Prégss parameter representing the ratio between viscous and form
sure gradient only if(1) the form factorC in Eq. (4) is invariant  fgrces is proposed to predict the transition.
when reversing the flow; of2) the form forceD. is negligible.  Ajthough one of the data sets presented by Darcy seems indeed
to follow the quadratic extension model proposed by Dupuit, a
second data set in Darcy’s manuscript so far neglected by the
3 community supports the Darcy equation.
o A cubic velocity extension to the Darcy equation finds no ex-
(10722 ) perimental support at the present. This deviation, mathematically
m’ restricted to very small Reynolds numbers, is completely indepen-
dent from the quadratic deviation and it has no relevance in prac-
tice. Moreover, no physical justification for a cubic term is avail-
= able at the moment.
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| Pressure Measurements in Highly
suentvasiiata - \fiscous and Elastic Fluids

Alparslan Oztekin

Sudhakar Neti Pressure measurements in ﬂo_ws of highly viscous and elasti_c fluids are of_practi(;al

importance in polymer processing and rheology systems. Special problems arise during
such pressure measurements. High fluid viscosity results in excessive dynamic response
time (rise time) of the pressure measuring systems. This is true for systems that consist of
manometers as well as pressure transducers attached to the base of a small hole at the
wall. We model the dynamic response and examine related disturbing effects. These
systematic errors in pressure measurements include hole-pressure effects, instabilities in
cavity flow, and the time lag of the disturbance wave. We consider static and dynamic
flow systems of a polymer solution (PIB/C14/PB Boger fluid) to study these problems and
show that instantaneous pressure measurements in these systems can effectively be per-
formed.[S0098-220200)02703-4

Jacob Kazakia

Department of Mechanical Engineering
and Mechanics,

Lehigh University,

Bethlehem, PA 18015

1 Introduction assess the pressure measurement errors due to these disturbances.

. . . . ne such error is caused by non-Newtonian elastic normal stress
In industrial polymer processing systems such as extrusion, 8 y

jection molding and fiber spinning, monitoring the pressure dur'nalnd fluid inertia, and it is referred to #le-pressuresffect. In-
the process is of great importance. Pressure measurements caﬁ}ﬁ?m'es of flow in and past a cavity of highly viscous and elastic

used to characterize the temporal structure of complex flows 0 s are another source of flow-related disturbances to pressure
polymeric fluids (Yesilata et al.[1.2] Kim et al. [3]). Pressure easurement. Pressure measuring systems with pressure taps in-

data can also be used to characterize rheological properties of %[]ue?e a creeping flow past a deep cavity, and such flows are sub-

. . o ject to elastically-driven flow transitiond?akdel and McKinley
fluid (Bird et al. [4], Walters[5], Hatzikiriakos and Dealy6], [15], Kim et al.[3]). The issue of time lag in pressure measure-

Dealy[7]). . ments caused by the slow propagation of the disturbance wave

fid (wator, ai, 0.1 conlidored Qe roLtine Since no epecig a22Kia and RIVIIL16], Y00 and Josepfi.7) i also considered
o d P this work as yet another possible source of systematic errors.

gtrﬁglrer?;ig rlfscf)sr lli?gﬁjr\?iglégzgyaﬁg /%?n:lzztg ﬁf&;kl: af%éllyc-)n mel’he experiments and theoretical models that characterize the
meric fluidg pressure measurements could be problematic evgxnamlc response of the pressure measuring systems are de-

for moderate frequency respongk Hz). Problems encountered Cribed in Sectlg_n 2. Syi:e_mgtlc (_1|stu3rbanges to lthe pressure m_ea;i
include dynamic response time of the measuring system and Otﬁgreme_nts are discussed in Section 3, and results are summarize
systematic disturbances. Understanding and resolving these pr'cr)]b- ection 4.
ltﬁirzswroerlli‘ted to pressure measurements are the primary focuiof Dynamic Response of the Measurement System

Dynamic response of pressure measurements using recessedvo types of pressure measuring systems are considered. These
transducers may have severe limitatiéWéalters[5], Tanner and are:(1) fluid-filled columns(manometry and(2) transducers con-
Pipkin [8]). Due to that and possibly other considerations, pregected to flow pipes by fluid-filled columns. We describe theoret-
sure measurements in polymeric fluids have been performié@l and experimental modeling that identifies the parameters de-
mostly using transducers mounted flush over a surface. Even tefmining the response time of both of these systems.
flush-mounted transducers other difficulties may persist. Since thelhe test fluid used in the present experimental measurements is
size of pressure-sensing element is usually relatively large, itdsPIB based polymer solution, referred as PIB Boger fluid. It
difficult to mount these transducers over a surface of a duct thatci@nsists of a solution of 0.31 percent polyisobutyl¢RéB) dis-
small in size and obtain “local” pressure measurements. This $lved in 94.86 percent polybute(®B) and 4.83 percent tetrade-
particularly true in rheological devices that usually include dées cane(C14). The rheology of the fluid is given elsewhe(@hiang
capillary or sli) (Macosco[9]). Another significant problem is in €t al.[18]). The fluid is highly viscous and elastic. The viscomet-
mounting these transducers over a curved surface. This is not ofifyproperties of the test fluid were measured using the Rheomet-
practically difficult, but is also a possible source of measuremeftés RDA-Il rheometer. The zero-shear-rate viscometric properties
errors. Differential pressure measurements are advantageous wi@vs,= 17 Pas, =31 Pas,7,=48 Pas, and;=2 s, all deter-
sensitive measurements are to be made, but it is impracticalnigned at 23.5°C. Here,, is the zero-shear-rate Oldroyd relax-
measure differential pressures using flush-mounted transducaiign time, 7, and 7 are, respectively, zero-shear-rate polymeric
(Lodge and De Vargagl0]). and solvent contributions to the total viscosityy= 7+ 7,.

In this paper, we study and model the parameters that influefd@w and pressure measurements in this work are performed at
dynamic response of standing colummanometry and of re- temperatures between 23°C and 24°C.
cessed transducers. We thus establish the feasibility of using sucection 2.1 describes the experimental setup, measurement
systems for dynamic pressure measurements. We also consiigihods as well as the theoretical model, and the solution of
some possible disturbances to the pressure distribution in the fle@uations governing fluid-filled columrisanometry. Results of
resulting from the presence of a small hole at the wall boundirgxperimental measurements and theoretical predictions are pre-

the fluid (Broadbent et al[11], JosepH12], Lodge[13,14)), and sented and discussed in this section. Corresponding information
for transducer systems is presented in Section 2.2.

Contributed by the Fluids Engineering Division for publication in ticeJBNAL : ; ; :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division 2.1 Rise Time in Vertical Tube Systems(Manometry).

May 3, 1999; revised manuscript received May 9, 2000. Associate Technical Editb(l.(:"asurement of s_tatic pressure Wit_h Standing COlumns_Of liquids
M. Dhaubhadel. is very common since it is simple, inexpensive, and reliable. Al-
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Fig. 1 Schematic of experimental setup for manometry (@) t (min)

system

1.0
though the output is usually read by a human operator, the pos- ] 536 mm
sible errors and accuracy of measurements are comparable to a2
transducer systems. The respofisge or fal) of a liquid column 0.8 | o° -
to the application of static pressure change requires a finite o
amount of time. Normally, for inclined and other manometers that |
have low viscosity liquids with specific gravity of the order unity, 0.6 -
for static pressure applied of the order of several millimeters of i
water, the “total” rise time could be a few seconds. In contrast
with that, for viscoelastic fluids that are highly viscous, such as
those considered here, with viscosities approaching tens of Pa.s,
the rise time could approach several hours.

The prediction of this rise time is very useful when one plans
experiments where the pressure measurements are important. In
this paper, we describe a method of predicting this rise time for
applied pressures that are steady and time-dependent. Compari-
sons of the predictions with experimental measurements for vari- 00 —— : .
ous types of applied pressures and various geometries are pre- tt
sented. The experimental apparatus for manometry system () t
consists of a PVC tank approximately 300 mm in diameter and ) ) i : )
450 mm in height connected to a horizontal pipe 12.7 mm i ? 2 I;|e|gh|t_ %f the fluid af] a function of (t;_me for d'f{eregt b
diameter and 0.62 m long, as shown in Fig. 1. We refer to thy #;fngn:}gﬁéffoféessure shown in  (2) dimensional and  (b)
horizontal pipe as the flow pipe. Small holes are drilled at various
locations in this pipe so that vertical tubes of radiRys=3.2 mm
can be utilized to measure the change in pressure at the flow pipe
wall due to a pressure change in the storage tank. Vertical tuldegces compared to the viscous forces is determined by Deborah
are connected to these holes by smaller tubes of raBius and Reynolds numbers that are given by=Dg(y)u/R and Re
=2.3mm and length’;. The height of the fluid in the vertical =2puR/7(y). Here \;(¥) is the shear-rate dependent Oldroyd
tube is measured as a function of time within an accuracy t¢laxation time of the fluid,y is the shear ratey is the fluid
1 mm. velocity, Ris the radius of the tubg, (=890 kg/n?) is the density,

Initially the fluid in the vertical tube is at height,. We denote and 7,(7y) is the total shear viscosity of the fluid with the zero
the difference between the height of the fluid column at tiraed ~ shear rate value of lign., 7o(y) =48 Pa.s. The relaxation time
the initial height/’, by x(t). The maximum value of designated is defined ag4], A;(y)=Ny(¥)/(27,(¥) ¥?), whereN; is the
asXmax is the indication of static pressuReapplied to the tank, at first normal stress difference ang,(y) is the polymeric contri-
time t=0, as measured in the flow pijggee Fig. 1L Experimental bution to the total viscosity. We define the Deborah number in
data corresponding to the height of the fluid as a function of timterms of the zero-shear-rate value of the relaxation time
was recorded and is displayed in Fig. 2 for three different appligtim.,_.o A1(7)) which is aboti2 s for the test fluid used in the
pressures. Figure(&) presents the results in dimensional fornpresent experiments at=23.5°C.
while Fig. 2b) presents the same results in nondimensional form. The maximum values of the Deborah and Reynolds numbers at
As shown in the figures, for the highly viscous fluid used in thedbe very early stage of the fluid rise are £8.05 and Re
experiments, rise times are extremely long even for low pressures).003 for the largest pressure change considered here. These
The solid lines in the figure correspond to the analytic predictiemall values of De and Re justify neglecting the elastic and iner-
described below. tial forces in the analysis described below. The effect of tempera-

In the analytic description used here, we neglect surface tenre is not considered since all experiments were performed at
sion, inertial, elastic, and compressible effects. A rough compariearly constant room temperature.
son shows that for the tubes and fluid used in this experiment,We model the rise of the fluid as a fully developed incompress-
surface tension forces are negligible compared to gravity aitde Poiseuille flow in tubes. When the operating pressure is high
pressure forces. The relative importance of elastic and inert@ich as in polymer melt processing compressible effects may need

x/x

04 N

0.2 4

Journal of Fluids Engineering SEPTEMBER 2000, Vol. 122 / 627

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



to be considered by including bulk modulus in the model. W 10 , — T
denote the pressure drop in the tube of radiysand length/;

(see Fig. 1 asAP, and the pressure drop in the longer tube ¢
radius R, as AP,. At any given instant, the sum of the two
pressure drops equals the difference between the applied st St
pressurepgXmax @and the hydrostatic hegsgyx(t), i.e.,

AP;+AP;=pg(Xmax—X(1)). @

These pressure drops are related to the flow veloaitjeand u,
in the short and longer tubes by

+—— t;=5min
A——a t; = 10 min
— t; =20 min

-X )x
max max
<D
T

870U,/ 8moUy(/ 5+ X
AP, MoUy L Ap,— 7o 2|:(g§2 )

max,cal

2 S

(x

Using the continuity equation and noting that under the prese
assumptions the rate of changexomust equal the velocity,,
we obtain 10 3

(t -t )/t
ulRizqugz% R2. ©) P
Fig. 3 Relative error between the predicted and measured
We can express the pressure drops in termaxadit. Substitution  Xmax as a function of  (t,—1,)/ts for three different values of  t;
of these expressions intd) produces the following differential
equation for the determination aft)

dx
7 = Xmax— X 4)

SR
/i—g + /ot
R T,

879
pgR% pipe. Hence, when the pressure increBss applied to the main
. . . . . » conduit, the fluid is already way ahead in the vertical tube closer
The solution of this equation, with the initial conditior=0 at  {g the corresponding.,. From an analytical point of view this

time t=0, is requires the solution of the differential E¢4) with an altered
t initial condition x(0)#0. The pressure measurements discussed
—=—X—(1+A))In(1-X), (5) so far deal with a step increase in pressure that is applied to
ts stationary fluid. It is worth noting that a similar description of the

where X=x/X,., the nondimensional parameterA, problem is also valid when the fluid is flowing through the main
=(/1(R2/R1)4+m?2)/xmaxx and the time scalé is given byt flow pipe. In fact, as we shall see later, similar arguments and

_ . . e -~ 2. modeling are valid even when the applied pressure is time-

E(g)"gﬁ'ﬁai{/t(f))g;%oﬁfamggtfsr;ﬁg Ezgiegr:gihioweggﬁfeg] d'g?édependent. In all such cases it is preferable to have a low rise time
: ' and a small measurement time.

are represented by various symbols.

For an applied pressure of about 13.5 kPa, it is seen that it take®.2 Rise Time in Fluid-Filled Transducer Systems. In this
approximately 24 hours for the column height to approach its fingéction, we describe a method of pressure measureffignt4)
value(=~1362 mm). For lower pressures the final height is reacheghich utilizes a system consisting of a transducer combined with
at shorter times but still considerable amount of time is needeal fluid filled short pipe(pipes for differential pressure measure-
The experimental measurements agree very well with the modeénts. In the present experiments the transducer used in Vali-
used here. Having verified the validity of our analytical predicdyne DP 15 with 0.5 percent of full-scale accuracy. The pressure
tion, we now consider the utility of such an approach for timetransducer results reported here are of 1 percent or better accu-
dependent pressure measurements in the main flow pipe. Isaty. The pressure transducer is connected to the main flow pipe
possible to predict this pressufer equivalentlyx,,,) by observ- wall with pressure taps and tubing. The output of the transducer is
ing the rise of the fluid in the manometer for a relatively shoonnected to an A/D board with 12 bit resolution in a 80486 PC to
time; thus avoiding a long wait? We assume that the geometficovide time dependent pressure measurements.
parameter {1 (R, /R;)*+ /) is known. Inspection of E¢(5) re- Electronic pressure measurement such as described above is
veals that two observationg andx, of the fluid column height at more suitable for capturing time dependent pressure fluctuations.
timest,; andt, are sufficient to predicty andx,,,x. Theoretically We develop an analytical model for this system using arguments
speaking, these observations can be done at any two tijeesd  similar to the ones presented in Section 2.1. The geometric dimen-
t,. However, to minimize errors, the largér andt, are, the sions of the system, such as the lengthand diameteb; of the
better the prediction will be. This issue is illustrated in Fig. 3ube connecting the transducer to the main flow pipe, the length
where we plot the relative error between the predicted and actugl and diameteD, of the transducer chamber are shown in Fig.
Xmax Versus {,—tq)/ts for three values of, (5, 10, and 20 mip 4. The transducer reading consists of an estimate, dhe pres-

The timet, is varied betweel, andt,. Heret is estimated using sure directly applied to the transducer diaphragm by the fluid. We
the first two measurements. As can be seen from the figure, for thieuld like to relate the pressukReto the pressur®, at the bottom
worst case of;=5 min andt,=8 min the error in predicting,ox ~ Of the connecting tube, which is the relevant pressure. A change in
is less than 10 percent. This error decreases significantly asP, is reflected by a change id with some time delay due to the
—t, is increased, reducing to less than 1 percenttas {;)/ts high viscosity of the fluid as explained earlier. We model the flow
goes beyond 0.5. In order to give a clearer understanding of timethe tubes and derive an analytic prediction of this delay.

effect of the parameters on the rise time we introdugg, the The transducer/pipe combination system for pressure measure-
time required forx to reach 99 percent of,.. We then obtain ments is filled with the flowing fluid, and the back of the mem-
from Eq.(5) t;ise=ts(4.605A, + 3.615). As expected, loweg and brane is vented into the atmosphere. The diaphragm deflection

A; result in decreased rise times. is small and is linearly related to the press&rapplied by the

Another way of accelerating the rise of the fluid would be tdluid on the membrane. The volume changé the cavity due to
overload the vertical tube, i.e., to start at an increasgdvhich the deformation of circular membrane of diamef®p into a
does not correspond to an equilibrium pressure in the main flapherical shell with a deflectioni, is given by
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% W We note that the time scal&g, of this system is different from
fj the time scalefg, of the manometry system. We also note that
g > some device details not considered in the present modédingh
72 as swelling and deformation of the connecting tube, hardening of
A 2 the transducer membrane, ¢tmay introduce additional but small
4 i ‘g - errors in the time scal€;, but most likely leave the nature of Eq.
é P ? ~ (11) unaltered. In view of the above complexities, we evaldate
“ g from experimental observations rather than from its definition.
ﬁ D, ;/,; We now consider the general case of a time dependent pressure
g 4 P.(t) and obtain the solution of the differential Ed.1) with the
Z 7 Qf///////ﬁé initial condition P=P, att=t, as
N
N CPa(7)
% P=Pyexd (tg—t)/Ts]+ T exd (r—1)/Tg]dr.
~ =19 S
\ 12)
% For the case of constait,, one obtains
§ > P P
N Y 5 =1+| 5~ 1]exd (o~ )/ Td]. (13)
E..s a a
N

We consider the following experiment for the verification of the
prediction derived above. With the exit valve of the main flow

o

’r’_’

% pipe closed, compressed air was used to apply a known pressure

Q increaseP, to the fluid in the tank connected to the flow pipe, at

§ a known time {,). This air pressure increase in the tank induces
N %%m\\\\\\\\\m\ 2 a fluid pressure increade, at the pressure tap position of the

main flow pipe, which in turn causes the output of the transducer
to start increasing. Initially, at the time of application of the pres-
sure increase, the reading of the transducePisP,=0. The
magnitude of the applied pressupg is checked by an indepen-
MMM ESEE E E E s dent measurement of the air pressure in the tank. These two pres-
sure readingsP and P,, are recorded simultaneously after the
initiation of the pressure increase and shown in Fig) &s a
function of time. In Fig. Bb), we show the analytical prediction
(solid line) obtained from Eq(13) using the conditioiP,=0. The
relationship turns out to be

—>

Fig. 4 Schematic of fluid-filled transducer  /pipe system

v 7y " a(/,\? 6
m(D,22 2|7 3D, |’ ©)
The continuity equation for the incompressible fluid in the pipe-
transducer system implies that 60F Is
wD%  dV @) sof § . e ]
_u:_’ I».....;;-'
4 dt = 4F H ‘ K
which in view of (6) and for small/, /D, gives & 5} e \:)
o
1(D2 2d/, @© 20F
u= | = .
2\D;) dt 1ok
Since/, is linearly related td®, say with diaphragm constakt 0 . ) S
P=k/’v , we can write 0 200 400 600 800 1000 1200
(a) time (s)
1 (D;\%dP o
“=2\p,) ar ®) 1
The length of the transducer chambeft,] is small compared to 0.8f
the length of the connecting tube’{) and the diameter of the
chamber D,) is large compared to thaD(;) of the connecting <06F
tube. Consequently, we can neglect the viscous pressure drop due E
to flow in the transducer chamber and write 04f
3279/ 0.2f
p,—P=191y, (10)
D3 0
where we use the fully-developed flow approximation neglecting 6
gravity, inertia and elastic effects, ang is the total viscosity of (b)
the fluid. Combining Eqs(9) and (10), and with the delay time _ ) . .
. - 2 4 . Fig. 5 Pressure readings for multiple-step-sequence experi-
constanfT given by Ts=167,/,D5/kD7, we write ments: (a) Multiple-step increases applied  (shown with solid
dp line) and pressure readings by transducer /pipe system (shown
T— +P=P (11) with closed symbol ), (b) the comparison between the results of
Sdt a experimental and theoretical model
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P measured’s=11.9+1 s for the experimental apparatus used, pro-
P—=1*exr(*t/Ts). (14) vides a value fort,=54.8+4.6 seconds. From Fig.(® we see

a that when the frequency d¥(t) is low (t,=6t,), the transducer
The measured values lag behind the analytical prediction initiallig capable of capturing the pressure wave measuring its amplitude
The discrepancy between the analytical and experimental res@tsurately. Figure ®) illustrates the results fot,=t,. As t,
is dramatically reduced if the experimental results are shifted éhops below 2, the transducer does not have a chance to record
time so that the initial time of the disturbance is matched fahe full amplitude of the wave with the situation getting progres-
analytical and experimental results. Such a time shift is justifigdvely worse for increased frequencies.
considering that we start measuring time from the instant the pres-The analytical model described earlier is valid for all frequency
sure is increased at the holding tank, and since it takes a finReeSsure pulses considered here and it can be used to predict the
amount of time for the disturbance to reach the point in the maffi@l amplitudes based on readings corresponding to pressures ear-
flow pipe where the pressure tap is located. This time shift is qui'ﬂér in the cycle. To_ develop and illustrate this approach, consider
often negligible for low viscosity fluids but not for fluids of high Fig. &) which depicts the transducer response for a square wave

viscosity used here. This issue is considered in more detail With periodt,=t,/3. We useP;,P3,Ps, ... . to denote the maxi-
Section 3.3. mum pressures recorded during the experiment and
We now consider more complex pressure variations corrB2:P4.Pe. ... . for the minimum pressures. Using the procedure

sponding to square wave pulses with various periodsPi).  indicated below our model can predict this data. ,

Figures 6a)—(c) illustrate these results. In Fig(® a square wave _ AS was indicated earlier, the solution of the differential equa-
of low frequency,t,=6t,, is illustrated. Herd, is the period of tion governing the response is given by Eg3) for a constant
the pressure variatiofof P(t)) andt, is the time required by the @pplied pressur@,. For P,=0 we have

experimental apparatugor the transducerto record a pressure
equal to 99 percent of a step increase of the pressure. From Eg.

(14) we can obtaint,=4.605T. This result combined with a P=Poexf (to—t)/Ts]. (15)

The first maximum respond®; occurs when the source pressure
tt=6 is switched fromP,=P,, to P,=0, at timet=t,/2. Using the
fact that at timet=0, P=0, from (13) we obtain

=1-2, (16)

PIP_ .,

whereZ=exp(-t,/2T;), and we note that its value varies between
zero(for t, /T—20) and unity(for t,/Ts— 0). Specifically for the
case shown on Fig.(6), we haveZ=0.464. It can be easily
shown that using Eqg13) and (15 we obtain at times=t,, t
=3t,/2, t=2t,, etc. the expression

P, P; P,
=2(1-2), 5 =5=1+2°
Pmax ( ) I:)1 I32

and so on for

P/P,..

P2n+1 _ P2n+2

=14+22+ ... +Z%
P p, —1+Z z 17)

In the limit of n—o, Egs.(17) predict

l_ P2n+1 1_Z 1
|m = =
now Pmax  1-2% 1+Z

and

. Pos Z(1-2) z
lim =

= = 18
now Pmax  1-Z°  1+Z (18)

Clearly, asZ tends to unity(vanishingly small period the limit-
ing values ofP,,,.,; andP,, ., are equal tdP,5/2. Again, using

(c)

Fig. 6 Pressure variations of square wave pulse with periods Egs.(13) and(15), we obtain the responde/P ,, for all values
t,/t, of (a) 6, (b) 1, and (c) 0.33 of time as
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P
1+ znfl)exp[(ntpft)/Ts] for nt,<t<(n+1/2,
P Pmax
= 19)
Pmax P2n+1
P—exp[((n+1/2)tp—t)/TS] for (n+ 12t <t<(n+1)t,
max
I
with n=0,1,2 ... .. andPy=0. The comparison between meaHigastani and Pritchard19] and Tanner and Pipkin8].
surements and predictions shown in Fig. 6 clearly brings out ti®@wnsend[23] also has investigated the hole pressure effect in
utility and merit of the analysis described above. pressure driven flows in slit geometry. The results of Townsend’s

The technique described here was used to measure instantamerical simulations agree well with the prediction by the theory
neous static pressurer normal force at the wall in inertialess developed by Tanner and PipKi&]. More recently, Malkus et al.
viscoelastic flow of PIB Boger fluid through a 4:1 contractiorf21] investigated the validity of the theories outlined in EB0)
geometry(Yesilata et al[1,2]) and viscoelastic flow in a planar by performing numerical simulations for Maxwell and Johnson
square cavityKim et al.[3]). Differential pressure measurementsand Segalman fluidéJohnson and Segalmd@4]), and showed
between two points were made in these experiments by connebat these approximate theories have a wide range of applicability.
ing each endport) of the transducer to the base of small holes at The primary goal here is not to detect the hole-pressure effect
the wall, ensuring that geometric parametdi®., diameter, or to characterize the rheological properties of the test fluid. On
length of the connections are nearly the same for both ports. Suttte contrary, the objective here is to determine the influence of
measurements in viscoelastic flow systems provide informatidimese disturbances, if any, on the pressure measurements con-
about temporal structure of flows that are otherwise very difficutucted to study the structure of flow. In order to do this we have
to detect. conducted experiments with flow through a circular pipe. Direct
measurement of hole-pressure effect was not possible due to the
curved surface of the conduit/pipe. Instead, we compared pressure
measured at the wall using a pressure tap with predictions of the
hole- Pressure drop in pipe flow. For sufficiently low flow rates,
oyd-B rate equation can model the fully developed flow of

3 Systematic Disturbances in Pressure Measurements

3.1 Hole-Pressure Effect. In viscoelastic flows,

pressure effects may occur when the pressure or normal stres B fluid | ine. Oldrovd-B i del oredi
points on the wall is determined by attaching manometers or pred>-Boger fluid in a pipe. Oldroyd-B constitutive model predicts

sure transducers to the base of a small hole at the wall. As de.constant(shear rate independentiscosity and first normal
scribed by JosepFL2], the presence of the hole disturbs the flowt'eSS difference in a pure shear fiBird et al.[4]). Rheological
and introduces errors in the measured pressure due to inertial SAgracterization of the fluid used hef8hiang et al[18)) indi-
normal stress effects. The disturbances resulting from inertial &2t€s that the viscometric prc_)pertle_sl of the fluid are nearly con-
fects can be minimized if the hole size is very small. Howeveptant for values of shear rate<8s™". For the low Reynolds
Broadbent et al[11] has reported that it is not sufficient to usd'Umber(inertiales pipe flow of Oldroyd-B fluid, equation equa-
small holes to eliminate the disturbances arising from fluid elaons governing mass and momentum conservationVane=0
ticity. Joseph [12] suggested a critical diameterd,, d, @0 V. T.—VPZO, vyhereV is the nabla operator in polar coordi-
=(\,7/p), and argued that disturbances due to inertia domina@esu is the velocity vector an& is the pressure. The total extra
whend>d, and disturbances due to normal stress dominate whefessr is decomposed as= S+ 75, wherey=(Vu+(Vu)') is
d<d.. For the test fluid used in the present experimedts, the rate of strain tensor and)(’ denotes transpose. The polymeric
=195 mm and the diameter of holes usde; 2.3 mm at all loca- contribution S to the extra stress tensor is given by the
tions. Hered<d,, and contributions from inertia are negligible. Oldroyd-B model(Bird et al.[4]) as

The elastic contribution to the pressure is explained by the fact
that the extra elastic normal stress along the curved streamlines S+
near the hole tries to lift the fluid out of the hole, as a weight on

a sagging chaitJosepH{12]). Since the fluid is not lifted out of g 5o|4tion to the conservation of mass and momentum equation

the hole, the tension on the chain is balanced by the differenceiii, £q (21) for fully developed axi tric pipe fl f Old-
the pressure. Higastani and Pritchft@] proposed a simple rela- ro|yd flﬂié is) oriuly developed axisymmetric pipe flow o

tion between the hole-pressure effect and the primary normal
stress at a circular hole over a flat surface, and is similar to that r\2 8noU du,
proposed by Tanner and Pipkf®]. Elastic contribution to the  UAr)=2U 1—(5) . P=Po=—fa—2, Srz=77p7,
pressure is given b{Bird et al.[4])

. . au,
p_p,—1 J NNy (20) Sm Sy Su=Su=Sw=Su=0.  (22)
3Jo 1Y)

DS
——(Vu)T-S—S-Vu

Dt =77- (21)

. , , HereU is the average velocity in the pipe of radiBsA; and 7,
whereN,, N, are first and second normal stress differeneesis  4e respectively the zero-shear-rate Oldroyd relaxation time and
the shear stress, P is the undisturbed pressure in theRyli@the  o\vmeric contribution to the total viscosity. For this flow system,
pressure measured at the hole, gnid the undisturbed shear rateEq. (20) and Eq.(22) imply that

with no hole. Equatiorf20) suggests that the hole pressure effect
is independent of the size and the shape of the hole. This is ex- 1 (wS,(¥) 1 (auz)z 16)\ (U)Z
=3 M7Pl B
wall

perimentally verified by Pritcharf20] in the range of 0.3-7 non- P—P1=3 o Ta(¥) dTrzzg’\Nip o 3 R
(23)

dimensional hole sizes.

Several investigators have used E2Q) to determine rheologi-
cal properties of fluids by measuring the extra pressure caused b omparison between measured and calculated pressure indi-
the presence of a hole over a flat surfgdéalkus et al.[21], cates that there is no discernible hole-pressure effect, as shown in
Lodge and De Vargakl0Q], Lodge[13,14], Lodge et al[22]). A  Fig. 7. We use Eq(23) to predict the hole-pressure effect despite
slit-die rheometer with transverse slot was used in these studihe fact that this model was developed for holes over a flat sur-
since it is a simple geometry and it matches with the theory ¢dice. We compare our pressure measurement against the calcu-
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1 tically driven flow instabilities in the cavity flow might cause
measuroments systematic disturbances to pressure measurements.

5 Gk The critical value of the Deborah number for the onset of the
PO elastic flow instability in the inertialess cavity flow of PIB based
- o e Boger fluid is reported to be about 0.86r aspect ratios unity or

JOS 06} —— prediction . .

2 greate). Pressure measurements were conducted in pipe flow for
% - flow rates up to De-4.5 (De=4.5 for the pipe flow corresponds

o 04} to De=27 for the cavity flow in the pressure measuring system
but the pressure traces did not indicate any dependence in time.
The pressure measurements in the main flow appear not to be

influenced by possible disturbances in the cavity flow.

@
N
T

0 ‘ L L ‘ L L ) 3.3 Time Lag of the Pressure Wave. Another possible sys-
0 0.2 04 06 08 tematic error in pressure measurements in the flow of polymeric
(@ z/L fluid is due to the slow propagation speed of the disturbances in
viscoelastic materials. Kazakia and Riv([ih6] and Yoo and Jo-
251 (L2)R = 22 seph[17] showed that the shear wave speed or the speed of vor-
i _ x 4 . = ticity waves for Maxwell fluid is given byc=(7y/\1p), where
BEAREE S - 1o and\, are zero shear rate total viscosity and relaxation time,
""" respectively, ang is the density of the polymeric material. The
predictions ofc provide a good description for the experimentally
I determined wave speed in several polymeric systems including
15} M1 Boger fluid (Hu et al.[26]).
[ The systematic error due to the time lag in our pipe flow ex-
(L-z)R =10 perimental systenidescribed in Section)Zan be estimated with
..... == — te=/1/c=(/3\1pl 7o)*?, where/;=1m is the total distance
------------ between where the pressure input is applied to where it is mea-
[ sured. According to this equation a lag time of approximatgly
L T T S S S 2 - =6 s is predicted for pressure information to be transmitted from
®) b tank to the transducer. Results of our static experimes Fig.
e 2(a)) indicate that the time lag is abbd s in thepressure mea-
surement. The discrepancy between the predicted and measured

20

T

Pi2r,,

Fig. 7 (a) Axial pressure distribution in inertialess circular

pipe flow of a PIB /PB/C14 polymer solution at different values time lag is not surprising. The experimental setup and measure-
of flow rate (or De). (b) Pressure at two axial locations depicted ments involve wave propagation in an elastic material in a three-
as a function of De in creeping pipe flow of PIB Boger fluid. The dimensional domain with nonrigid boundaries.

predictions by Oldroyd-B model are shown by solid lines with-

out the hole pressure effect and by dashed lines with the hole

pressure effect. Open symbols denote measurements using

standing fluid columns  (manometry ) and solid symbols denote

measurements using transducers. 4 Conclusions

Experimental measurements and theoretical modeling of the
dynamic response of pressure measurement systems, which in-
clude transducers connected to a hgeessure tapin the wall of
in Fig. 7) the pressure hole effect given by E83). The measured & oW system, have been performed. Disturbances such as hole-

9.7 b g y B89 pressure effects, instabilities for flow past a deep cavity, and time

ressure dat to De=9) agree well with calculated pressure ) .
b &p ) ag P a9 of pressure waves that could impede pressure measurements in

that did not include hole pressure effect. This indicates that me’}? hiv Vi d elastic fiuids h b full ined
surements in viscoelastic flow of typical polymeric solutions wit Ighly viscous and elastic flulds have been carelully examined.
nstabilities due to flow past a deep cavigyressure tap and

recessed transducer system can be made without significant orﬂ e
y g e-pressure effects have been shown to be unobtrusive in mak-

tribution from hole-pressure disturbances. Similar results haIng desired fluid pressure measurements in pipe flow for a highly
been reported by Lodge and De Vargas]. They have indicated elastic(and viscousPIB Boger fluid. The time lag of the pressure

h ical ibuti f hole- ff P . . S
]tcr;tn tg%iziocggin?olitlt%ré (fjlowoo? Sg?;;lérremeeéd?g(/a )S"rti?igeﬁ]eyvave due to the slow speed of sound in such fluids can be signifi-
: ; capt, but can be estimated well.

ometry. This range appears to be below the accuracy range . X . .
y ge app y g he primary conclusion of this work is that pressure measure-

most transducergfrom 0.1 to 1 percent of full scaleused in ! . . : !
practical applications. Lodge and De Vargas] have claimed to ments in flows of highly viscous and elastic fluids can be success-
detect the relatively small hole-pressure errors. Their objectifid!ly made when proper care is taken. Temporal and spatial struc-
was the measurement of the normal stress difference of the p [es of complex unsteady viscoelastic ﬂOWS. can be characterized
meric fluids. Sing dynamic pressure measurements. Quite often, such pressure
measurements can identify flow features much better than other
3.2 Instabilities in Cavity Flow. The pressure measuringtechnigques.
system used in the present experiments consists of transducer& step change in time of applied pressure manifests itself as an
combined with fluid filled pipes. The pressure transducers are caxponential change in measured pressure with a time constant that
nected to the base of a small hole in the wall of flow system witls a function of system geometry, and fluid properties. This is also
pressure taps and tubing. Hence the pressure measuring sydtei with the use of manometers for pressure measurement. For
includes the viscoelastic flow of a highly viscous and elastic fluidynamic pressure measurements, the response tifheof the
past a deep cavity. Such viscoelastic recirculating flows have besrstem is also a function of system as well as fluid properties, and
examined by Cochrane et §25]. For flow rates above the critical can be evaluated using the procedures given in this work. To
value, the inertialess viscoelastic flow past a cavity is subject &@hieve accurate dynamic pressure measurements, the response
elastic instabilities(Pakdel and McKinley(15], Kim et al. [3]), time of the system must be smaller than the period of the pressure
which can lead to time-dependent pressure variations. These efgesturbation.

lated pressure witlsolid line in Fig. 7 and without(dashed line

632 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Acknowledgment

We are grateful for the support provided for one of the authors

(B.Y.) by the Harran University, Turkey to complete this work.

Nomenclature

A; = expressed in Eq5)
D, = diameter of the tube
D, = diameter of the spherical membrane
d. = critical diameter
De = Deborah number, dimensionless flow rate
k = diaphragm constant
N, = first normal stress difference
N, = second normal stress difference
P = pressure
P, = applied pressure
R = radius of the tube
Re = Reynolds number
S = polymeric contribution to the total extra stress
t = time
ts = time constant
T, = time constant
t, = period
t, = response time
u = fluid velocity in the tube
U = average velocitfEq. (16))
V = volume change in cavity
Z = defined in Eq(11)
X = axial position
X = non-dimensional axial position
y = shear rate
AP = pressure drop
no = total viscosity of the fluid
np = polymeric contribution to the total viscosity
ns = solvent contribution to the total viscosity
N1 = relaxation time
p = fluid density
T = total extra stress
T2 = shear stress

/1 = length of the tube

/, = length of the tube

/, = diaphragm deflection
Subscripts

1,2 = tube 1 and 2

max = maximum value
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Fanning factors in isosceles-triangular ducts are examined. Dat%p

Carlson and Irvind3] and Schiller[4] had done experimental
research on fully developed pressure drop in triangular shaped
ducts. Their experimental data have deviation from the smooth
circular tube line. Carlson and Irvine noted that the circular-tube
correlation, with the hydraulic diameter, predicts values some 20
percent high for a 4-degree apex angle, and 5 percent high at a
38.8-degree apex angle. And they also noted that the calculation
method of Deissler and Tayl§8] underestimates the friction fac-
tor by almost as much as the hydraulic diameter rule overesti-
mates it for the 12 and 22.3 degree ducts.

There was little experimental data for apex angles greater than
60 degree in literature. And until now there is no proper correla-
tion for isosceles triangular ducts reported. Therefore, the purpose
of the investigation reported here was to obtain friction factors for
isothermal, fully developed, laminar, and turbulent flow in smooth
isosceles triangular ducts having apex angles that varied from 100
to 147 degrees. Moreover, an area equivalent round diameter is
proposed to use in the Reynolds number.

paratus

obtained in the literature were examined for deviations from the The sketch of the experimental procedure used to obtain pres-
smooth circular tube line. It was found that the constant C in aure drop data is illustrated in Fig. 1 and Fig. 2. In the setup used,
form of the Blasius equation 4f R&®=C decreases as the apexwater was pumped from the water pool into the elevated tank that
angle does within the extent of experiments, and has 20 percent

low deviation at 4 degree. For the apex angles greater than 60

degree, it was found that the constant C decreases as the apex | —Elevated tank

angle increases. It is thus concluded that the hydraulic diameter is e
not the proper length dimension to use in the Reynolds humber to
insure similarity between the circular and triangular ducts. In-
stead, if an area equivalent round diameter is used in the Rey-
nolds number, the deviations from the smooth circular tube line is
within ~6 percent. By using this area equivalent round diameter,
it is demonstrated that circular tube methods may be readily ap-

/—Overﬂow pipe

———Draw-off-air pipe /—Test section

-

. L - . . . . WValve
plied to triangular ducts eliminating large errors in estimation of e

friction factors.[S0098-220200)00503-4

Introduction

It has been common practice in the fields of fluid mechanics to [¢—— STATION ———
utilize the hydraulic or equivalent diameter in predicting turbulent

l¢-Water pool

Fig. 1 Sketch of the experimental procedure

l¢— Hydrodynamic Entrance = TS1 |TSZ |TS3 |TS4

pressure drop along duct lengths having noncircular cross sectior_>[ >

But there is often great deviation from the circular tube line by 2.13m |0.45m 0.45m|g.45m 0.45m| o

using the hydraulic diameter in the Reynolds number, and there-

fore .man,y {iuthors have suggested various modifying methods,;qal 2 Sketch of the positions of the pressure holes distribut-
predict friction factors. In case of rectangular ducts, for examplgyg over the test sections  (TS)

Joneq 1] uses a “laminar equivalent diameter” to form the Rey-
nolds number, which is in turn used in any circular tube correla- ) . .
tion for friction factors. And in case of annuli, Brighton and Jones Table 1 Dimensions of experimental ducts

[2] modify the constan€ in the Blasius equation on the basis Oprex angle, deg.

the experimental data.

Contributed by the Fluids Engineering Division ofif AMERICAN SOCIETY OF

99.5 114.7 127.9 147.1
Hydraulic diam., mx 10° 10.63 8.631 6.815 4.252

Hydrodynamic entrance
length, hydraulic diam. 200.4 246.8 312.5 500.9

MECHANICAL ENGINEERS Manuscript received by the Fluids Engineering DivisionIndividual test _sect_ion 42.3 52.1 66.0 105.8
December 25, 1999; revised manuscript received February 7, 2000. Associate TégRgth, hydraulic diam. ' ' ’ ’

nical Editor: M. Hajj.

634 / Vol. 122, SEPTEMBER 2000

Copyright © 2000 by ASME Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.148. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



had an overflow pipe to maintain a fixed water level, then flowedhck to the water pool. The flow rates were determined by mea-
through a duct and past an abrupt entrance and into the hydrodyfing the volume of water during a known time interval. The

namic entrance section where it became fully developed. It theertinent dimensions of the duct are listed in Table 1 for the
entered the test section where the pressure drop readings werdous apex angles investigated.

made, which consisted of four identical test sections in series.
These multiple sections served to check on the reproducibility of
the measurements and to insure that the flow was fully developéQj
After leaving the test section, the water flowed through a duct a
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Fig. 3 Fanning factor versus Reynolds number 2 ~ a=99.5 deg
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Fig. 6 Fanning factor versus Reynolds number 2  a=147.1 deg
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Presentation of Results. The experimental data are presented
the form of Fanning factor against Reynolds number. These

ﬁ\ﬁ'o quantities are defined as follows

_de AP X
T2t p @)
and
dou
o eup (2)

where P is pressurep is the density of the fluidf is Fanning
factor, L is the pipe lengthd, is the hydraulic diametewy is the
average velocity in flow direction, Re is Reynolds numheiis
the dynamic density of the fluid.

For each duct angle, Fanning factors were measured in the
laminar, transitional, and turbulent regimes. Figures 3, 4, 5, and 6
show the experimental Fanning factors for apex angles of 99.5,
114.7, 127.9, and 147.1 degrees, respectively.
and Modified

Area Equivalent Round Diameter

Reynolds Number

It is known that if the curve #Re=64 is extended from lami-

nar into turbulent regime, we will obtain the value of Fanning
factor that is much smaller than the turbulent one at the same
Reynolds number. A peculiarity of turbulent flow in a triangular
duct is that where there are very acute corner angles the thickness
of the viscous sublayer can become large relative to the distance
between adjacent wall surfaces. This leads to what is sometimes
described as coexisting laminar and turbulent flow in the duct.
The shear stress then tends to be very much lower in the acute-
angle corners. So considering this configuration effect on Fanning
factor, we suggest an area equivalent round diameter be used in
Reynolds number. An area equivalent round diameter may be de-

fined as
Ty

a

Fig. 7 As isosceles-triangular duct
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Fig. 8 Comparison between Eq. (4), Eq. (5), the Blasius equation, and experimental

data
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Numerical Properties of the Discrete
Gas Cavity Model for Transients

h= a 4
T 2tga “)
S0
a
dse ®)
mtga
T
Ps=mdse=a tga (6)
The modified Reynolds number may be defined as
d
Rer = =4 %
y7s

The relation between Reand Re is

4S 4 P
—.up —-—-Up
d P PP
Ret— sl _Ts S _Re - =kRe (8)
M M M Ps

where P is the perimeter of the isosceles triangle=a(1
+1/sina); and k=P/Ps=(1+1/sina)tgalm, only related to
half of the apex angle.

If Re* is substituted for Re in the Blasius equation, we have

4f(Re*)92°=0.316 9)
or
4f RP2°=0.316 %=C (10)
Figure 8 shows a comparison between Ej.and the experi-

Jim C. P. Liou
Professor, Department of Civil Engineering, University
of Idaho, Moscow, 1D 83844-1022

Wylie's discrete gas cavity model offers a simple way to simulate
transients in liquids with a small amount of free gas, and to model
vaporous and gaseous cavitations. It uses a constant and gas-free
wave speed to avoid interpolations and a weighting factor to con-
trol numerical oscillations. The model has an intriguing ability to
capture features associated with pressure-dependent wave speeds.
This paper describes a von Neumann analysis on this model,
shows why the need for the weighting factor and how to select it,
and explains why the model exhibits variable wave speed features.
[S0098-2202(00)00703-3]

Introduction
When a small amount of free gas is distributed in the liquid

mental results of Carlson and Irvine, Schiller, and the triangu'%ntained in a pipeline, the flow can be regarded as homogeneous.

ducts having apex angles of 99.5, 114.7, 127.9, and 147.1 degr
respectively.

Discussion and Conclusion

R gas makes the wave speed pressure dependant. This depen-

dency causes difficulties with the widely used method of charac-
teristics with specified time intervals. One way to deal with the
variable wave speed is to use interpolatiddylie [1]). Alterna-
tively, Provoost and Wylid2] introduced a discrete gas cavity

It has_ been shown in Fig. 8 that _the use of an area equw_ale Bdel in which the free gas is lumped at computational sections
round diameter to calculate a modified Reynolds number yiel Rd the liquid between sections is gas-free. As a result, the wave

excellent agreement between E§) and the experimental data.

For the 4.01 and 7.96 degree ducts, E®). underestimates the
friction factors, but the deviation from the experimental data

speed is constant and interpolations are no longer needed.
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This model uses a weighting factor to control numerical oscil- The increase of the gas volume at a section over a time step is
lations. Although a heuristic guideline for choosing this factor hasguated to the net liquid outflow integrated over the time step. A
been givenWylie and Streetef3]), no numerical analysis of this weighting factory is used in this integratiorisee Eq.(5)). By
model has been performed. This paper presents such an analysipressing the liquid flows and the gas volume in terms of head, a

quadratic equation results which enables an explicit solution for
Discrete Gas Cavity Model the head and subsequently all the unknowns. The solution is un-
stable wheny<0.5, stable but contains oscillations when

This stgdy neglepts the frictional resisFance to ﬂ'OW.. B.etweeg 0.5, and stable but damped whet0.5 (Wylie [4]).
computational sections, the transient motion of the liquid is mod-
eled by the conventional waterhammer equatigWéylie and | inearization
Streete{ 3]). At computational sections, the equation of state for )
the gas and the continuity equation for the gas volume apply. ThisThe gas volume versus absolute gas partial pressure head hy-
is explained in terms of Fig. 1 where a computational grid witRerbola(Eg. (3)) can be represented locally around a heetdby
two spatial computational reach&s, one time stegt, and three a Stralght_llne. With this linearization, the gas continuity equation
computational sections are shown. The free gas in each half ozapproximated locally as
Ax is lumped at of the nearest computational section. The liquid _c HO+L_ 0
in the reaches is gas-free and has a constant bulk modulus and 3 5 J ] =(QMI-UMY
mass density. There are four variables at each section: piezometric =~ (H*—=Z—H,) At ! !
headH, gas volumeV, flow entering the sectiotd, and flow _ n_yyn
leaving the sectio®. (1= (Q=Up) ®)
n the method of characteristics, the two (_:ompatibility_ equaEquationg(1), (2), and(5) form a linear system from Whichn*l,
tions relating the head and flows at grid poinfs-@n), (j.n Y"** andQ]** can be solved. The properties of this numerical

+1), and (+1,n) are(Wylie and Streetef3]) scheme are Janalyzed next.

Hf"'=H] ,+BQ],—BU}"* 1)

von Neumann Analysis and Results
HTH:HTH_BUTHJFBQ?H ) The solutions to Eqs(1), (2), and (5) can be expressed by a

in which B=a/gA, a=gas-free wave speed=gravitational ac- discrete Fourier series. Consider one typical term in the series and

celeration A= pipe cross-sectional areAx=length of a compu- let

tational reach, and =diameter. Equation§l) and(2) are valid Hj‘:h exp(i(,BnAt+aij)),U}‘:u exp(i (BnAt+ ojAx)), .

only along theC+ characteristic defined bjxx/At=a and the (6)
C— characteristic defined bfx/At=—a, on the distance ver- Q?:q exp(i(BnAt+ ajAx))
sus timet plane. A Courant number of unity, based on the gas-free . .
wave speed, is implied in Fig. 1. whereh, u, andq are unknown constantg is an unknown vari-
An isothermal volume versus head relationship is assumed &&@l€, o=27/\ with A =wave length of a sinusoid, and-,—1.
gas cavity Substituting Eq(6) into Eqs.(l),_ (2), and(5) res_ul_ts ina I_mear
system of homogeneous equations. For non-trivial solutiorts of
n+1_ Cs u, and g, the determinant of the coefficient matrix of the linear
Vi THYI_7-H ®) system of equations must be zero. This condition yields the fol-
_ _ ! ’ _ lowing equation for expAt)
in which the constanC; can be computed fronfWylie and ] ] ) )
Streeter[3]) 2(Cy exp(i BAt) +Cp) (expli fAL) — expli oAx)) (exp(i BAL)
PoagAXA —exp(—ioAXx))+B(exp(iBAt)—1)(exp(i2BAt)—1)=0
e “ )

where Py=a reference absolute pressueg,=void ratio atP,, where C;=¢(H*—Z—H,)pg/aPyacA and C,=Cq(1— )/ .

p=liquid mass density,Z=elevation of the pipe, andH, The three roots of this equation cannot be expressed analytically.

=gauge vapor pressure head of the liquitf —Z—H, is the However, they can be evaluated numerically. Results show that

absolute partial pressure head of the free gas. The isothermal gat 1 has a zero argument and roots 2 and 3 are conjugate to each

behavior is assumed because the distributed free gas before lumther. The roots depend on the absolute partial gas pressure head,

ing is visualized as very small bubbles. the amount of free gas, the mass density and the gas-free wave
speed of the liquid, and the extent of discretization as represented
by oAx (explained later The areaA in C,, C,, andB can be

V. H factored out so that the roots do not depend on it.
’ Let N be the number of computational reaches with a length of
u Q Ax such thatNAx=pipe lengthL. Let M be the number oAXx’s
. S PN &-n+1 within one\. The cAx in Eq. (7) can be expressed as
A_27TL_2’7TA_27T 8
A= TN T MA T M ®
At ex &= Thus the effects of wave length and the extent of numerical dis-

cretization can be represented simply by. A plot of
exp(—ImpBAt) againstM, called an amplitude portraitCunge

et al. [5]), displays the behaviour of the amplification and the
damping of the numerical scheme over ranges of wave length and

- ; - 1" the extent of discretization.
/ J ] The ratio|Re 8|/o represents the propagation speed of a sinu-
<> soid. Divide this propagation speed, herein called the numerical
Ax wave speed, by the physical wave speed of the gas-free liquid to
Fig. 1 The computational grid and variable definitions obtain
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|Reg| 2 0.80
o |RepAt|  |ReBAt| 2 ———
a  caAt  oAx =[Re BAt' ©) 2
. . : . g 075 =10
This wave speed ratio is plotted agaildtto obtain the phase i =1
portrait of the numerical scheme. Spurious oscillations occur 2
when the ratio deviates from unity. Qr,',‘ 0.25and 0.75
. 0.70
~ 0.49, 0.50, and 0.51
Example §
The example problem in Wyligl] and Provos and Wyli¢3] 2 0.65 —l
was used. It is a frictionless horizontal pipe with=3000 m,D 4
=0.61m, p=992kg/n?, a=981.4m/s, Z=10.3m, and ag g
=0.002 atPy,=101325 Pa. Initially it has a steady flow of 0.89 = 0.60
m%s and a head of 60 m at both ends. The outlet head is kept.2
constant. Starting &t=0 s, the inlet head is lowered to 58 m in 5]
0.204 s and then kept at that level. The volume versus absolute §
head relationship is linearized &t* =59 m. 0.55 ' f ! I I 7 I

2 4 6 8 10 12 14 16 18 20

20 computational reaches per wavelength, M
1.8 — W=025 Fig. 4 The phase portrait using the conjugate roots 2 and 3
1.6
§ 14 — The amplitude portrait using the root with zero argument is
2 shown in Fig. 2. It is seen that=0.5 produces an amplification
'*; 1.2 0.49 0.50 factor of 1.0 for allM. Curves with¢<0.5 lie in the unstable
=l region and curves withy>0.5 lie in the stable region. For all
‘g’ 1.0 curves withy=0.5, their damping increases ®sincreases and
£ 08 - eventually reach their own asymptotes.
= Numerical evaluations of the root with zero argument show that
g 0.6 — RepAt=1r for all ¢ values. Therefore, the phase portrait is simply
a straight line with an intercept of zero and a slope of 0.5. Nu-
04 - 0.75 X -
merical waves always lead the physical wave for dhgreater
0.2 than 2. This lead causes spurious oscillations which will be
’ 1.00 damped out when &=0.5 is used.
0.0 T T T T T T T I The amplitude portrait using the conjugate roots is shown in

Fig. 3. Like the first root, a/ of 0.5 yields an amplification factor

of unity for all M. Curves withy<0.5 lie in the unstable region
and curves withy/>0.5 lie in the stable region. Unlike the first
root, all curve converges to unity &4 increases. Thus the nu-
merical damping per time step is less when more computational
reaches are used.

The phase portrait using the conjugate roots is shown in Fig. 4.
1.50 For all ¢ values, the numerical wave speed lags behind the physi-
cal wave speed. AM increases, the lag becomes smaller and all
Y= curves approach a common asymptote.

2 4 6 8 10 12 14 16 18 20
computational reaches per wavelength, M

Fig. 2 The amplitude portrait using the first root

1.25 unstable The Numerical Wave Speed at LargeM

Following the derivations of Wylie and Stree{&], the physi-
cal wave speed of a low void fraction gas-liquid mixture can be
expressed as

a
a'= (10)

\/1 + Poaoa
0.75 stable pg’(H*~Z—H,)?

amplification factor
(e
<)
|

©

~

O
|

in which a’ =the wave speed of the mixture. For the example,
a'la=0.7892.

The phase portrait in Fig. 4 shows that, for the solution com-
0.50 T T T T T T T T ponent associated with the conjugate roots, the wave speed ratios
2 4 6 8 10 12 14 16 18 20 glso approgch_ an asymptote c_)f O.7€{@Qalu§1te_q aM =30). This

is not a coincidence. Evaluations of the limiting value aida

computational reaches per wavelength, M are made for ranges of absolute partial pressure head and amount
of free gas. The results are shown in Fig. 5. Hifa dots fall on
Fig. 3 The amplitude portrait using the conjugate roots 2 the curves of the limiting value for all the conditions tested.
and 3 Therefore, wheiM is sufficiently large, the numerical wave speed
638 / Vol. 122, SEPTEMBER 2000 Transactions of the ASME
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1.0 e - o the solution process, the local unknowri in Eq. (5) is first set to
0.9 8 0 /’ 4 the knownH'. A trial Hjn+l is computedH* is then updated by
' q°,° Ve / / the average oH] and the trialH]"** for the next iteration. This
0.8 é‘& S process is repeated untilj‘*1 converges.
Q'/ éﬁ» )t'( / Large amplitude transients where the inlet pressure head was
=] 0.7 S/ / lowered to 10.3 m(the pipe elevationlinearly in 0.204 seconds
‘é 06 / S o / / ] were computed by this procedure usigg=1. The results are
= 0P ; / & /( ' 4 : shown in Fig. 6. The traces reflect the spreading of the negative
8 0.5 —e : cxb A8 pressure wave propagating toward downstream, and the subse-
o K quent steepening of the positive pressure wave reflected from the
) / Y constant and higher head at the downstream end. The gas volume
> 0.4 ] &' F .
< / versus pressure head hyperbola was closely tracked by the itera-
03 —/ / / &,:e et b tion process.
02 - ' / 2 _' / : Summary and Conclusions
/ /V"(' / The discrete gas cavity model of Wyljd] was linearized by
0.1 1 4 ka.w"' ‘ approximating the volume versus pressure head hyperbola locally
0.0 4 ‘ : with a straight line. This resulted in a linear finite difference
’ scheme on which a von Neumann analysis was carried out.
1 10 100  Through iterations, the linearized scheme converges to the origi-
nal model. Thus, the numerical stability and phase properties of
absolute gas partial pressure head in m thedlirrear scheme are expected to indicate those of the original
model.
Fig. 5 Wave speed ratios. Numerical wave speed /gas-free The results show that the numerical wave speeds lead the physi-
wave speed (dots), mixture wave speed /gas-free wave speed  cal wave speed in one of the solution components irrespective of
(lines) the value of the weighting factap. The effect this phase error,

however, can be damped out by using greater than 0.5.
For the remaining solution components, the numerical wave

equals the wave speed of the gas-liquid mixture. This is why tis@eeds lag behind the physical wave speed. This phase error de-
discrete gas cavity model can capture the steepening of a positgases and eventually disappears as more computational reaches

pressure wave and the spreading of a negative pressure waveare used. This vanishing phase error enables the discrete gas cav-
ity model to exhibit the pressure-dependent wave speed of a low

; ; void ratio gas-liquid mixture.
Extending to Nonlinear Problems A ¢ approaching unity should be used beca(beit offers
For large-amplitude transients, the nonlinear gas volume versgt@ater damping to reduce the numerical dispersion in the solution
pressure behavior must be modeled correctly. This can be accaf®mponent associated with the first ro@) it produces less phase
plished by iterations. Iterations use the fact that only the slope @fror in the solution components associated with the conjugate
the gas volume versus pressure head hyperbola affects the sedigts, and(3) although the numerical damping in the solution
tion. The hyperbola can be tracked by adjusting this slope usisggmponents associated with the conjugate roots is greater, the
the mean pressure head between two consecutive time stepsddmping can always be reduced by using a laier
We noted that, although a largé yields a more accurate
numerical solution, one should not use Mrso large that the gas
70 volume becomes significant relative to the liquid volume between
= two adjacent computational sections. This limitation of the dis-
crete gas cavity model has previously been pointed out by Wylie
and Streetef3].

60 —
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Erratum: “Large Eddy Simulation of Flow Past a Square Cylinder:
Comparison of Different Subgrid Scale Models”
[ASME J. Fluids Eng., 122, No. 1, pp. 3947]

A. Sohanker, L. Davidson, and C. Norberg

In the above paper, E@4) was printed incorrectly. The correct equation appears below:
Equation(4) on p. 40 should read:

P _lckkyz_P _leKa/z:> Ck)n+1
k:g: A xfsgsT 1K Z* (*

11— A @
_ _7P g k\ng 32
=| Px—P, + A(c*) ks o
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