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AIMS AND SCOPE. Computational Thermal Sciences is a new international journal designed to provide
a forum for the exposure and exchange of ideas, methods and results in computational thermodynamics,
fluid dynamics, heat transfer and mass transfer in solids, liquids and gases, with applications in areas
such as energy, materials processing, manufacturing and the environment. All modes of heat and mass
transfer will be included: conduction, convection, diffusion, radiation and phase change. Topics to be
covered will also include the laws of thermodynamics, the thermal properties of substances, engine and
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development of new mathematical methods and computational algorithms, and on the other the
application of new or existing methods to the solution of problems in the thermal sciences. Reports of
experimental studies undertaken in conjunction with computational work are encouraged. The
assessment of the accuracy of computational solutions through verification (examining and limiting errors
associated with discretization and with the computational solution methods adopted) and validation
(quantification of errors in the physical models used) are essential parts of any computational study, and
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flow reversal, condensation

1. INTRODUCTION

Combinedheatandmasstransferproblemsareof impor
tancein mary processesand have thereforereceved a
considerableamountof attention.Notable examplesin-
clude cooling towers, waste heat disposalin industrial
processesprotectionof systemcomponentdrom high-
temperaturgasstreamsgoolingof electronicequipment,
and desalinationMany analysesof combinedheatand
masstransferconvectionin channelsare availablein the
literature. Turbulent heatand masstransferin an asym-
metricallyheatedyertical parallel-platechannehasbeen
studiedby Fedorw et al. (1997). One of the platesis
isothermallyheatechndwettedby athin liquid waterfilm,
and the otheris dry and thermally insulated.The film
thicknesss assumedxtremelythin. Onthebasisof their
numericalresults theauthorsshavedthatheattransferis
dominatedby thetransportof latentheatassociatedvith
evaporationof theliquid film. Also, theseresultssuggest
thatheatand masstransferanalogybegin to breakdown
aftertheflow transitionfrom laminarto turbulent.

1940-2503/10/$35.00(© 2010 by Begell House, Inc.
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COMBINED HEAT AND MASS TRANSFER WITH
PHASE CHANGE IN A VERTICAL CHANNEL
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The objective of this study is to investigate numerically the effects of mixed convection heat and mass transfer with phase
change in a vertical parallel-plate channel. One of the plates is wetted by a thin liquid water film and maintained at a
constant temperature, while the other is dry and thermally insulated. The mathematical model is solved numerically by
the finite volume method. Buoyancy forces’ effects on heat and mass transfer and hydrodynamic field are studied. The
results show that these forces have an important effect on the flow field as well as on heat and mass transfer characteris-
tics. Indeed, they act in the opposite direction of the upward flow and induce a flow reversal near the isothermal plate.
Heat and mass transfers are diminished by buoyancy forces, which slow down the flow.

KEY WORDS: numerical study, channel flow, heat and mass transfer, mixed convection, buoyancy forces,

A numericalstudywas performedby Feddaouiet al.
(2003) for modelinglaminar mixed corvection heatand
masstransferwith evaporationof a liquid film streaming
alonganinsulatedvertical parallel-platechannelTheau-
thorsshavedthatthe cooling of thefilm is mainly caused
by latentheattransportassociatedavith evaporation.The
effects of thermaland solutal buoyang/ forceson both
upward anddownward airflow in a vertical parallel-plate
channelhave beeninvestigated numericallyby Azizi et
al. (2007). The platesare wetted by a thin liquid water
film andmaintainedat a constantemperaturdéower than
that of the air enteringthe channel.Caseswith evapo-
ration and condensatiorhave beeninvesticated. Results
shav that buoyang forceshave an importanteffect on
heatand masstransfer It hasbeenestablishedhat heat
transferassociatedvith thesephasechangesnaybemore
or lessimportantcomparedto the sensibleone. On the
other hand, the authorsshaved that flow reversal may
occurfor an upward flow with a relatively high temper
aturedifferencebetweenthe incomingair andthe walls.
The authorsseemto be pioneersin studyingflow rever-
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NOMENCLATURE

b half-channel width (m) x,y axial and transverse coordinates (m)
C mass fraction (kg vapor/kg mixture) Greek Symbols
Cp specific heat (J kg! K—1) By = (M,/M,) — 1, coefficient of mass
D diffusion coefficient (m/s) expansion
D, = 4.b, hydraulic diameter (m) Br = 1/T;,, coefficient of thermal
g gravitational acceleration (n%s expansion (K1)
hgs  latent heat of condensation (kJ/kg) u dynamic viscosity (Pa s)
h heat transfer coefficient (W/K) v kinematic viscosity £ w/p) (m?/s)
k thermal conductivity [W/(m.K)] p density (kg/ni)
L channel length (m) © humid air relative humidity (% )
m/”  condensed mass flux at liquid-air Subscripts

interface [kg/(s M)] a air
Nu,, = % fox Nu,dz, mean Nusselt number AD adiabatic
P, = p + pingz, modified pressure (Pa) mn at the inlet
Sh,, =1 [; Shydz, mean Sherwood number IS  isothermal
T temperature (K) L relative to the latent heat
u,v  axial and transverse velocity m mean value

components (m/s) S relative to the sensible heat
Ve transverse velocity of the vapor at v vapor

air-liquid interface (m/s) w at the wall

salin developingflow with heatand masstransfersince
studieson this subjecthave dealt with fully developed
flow (SalahEI-Din, 1992; Boulamaand Galanis,2004).
Two-phasemodelingof laminarfilm condensatiorfrom
mixturesof a vaporanda noncondensingasin parallel-
platechannel$asbeenstudiedby Siow etal. (2007).The
channelis inclined downward from the horizontal and
hasan isothermalcooledbottom plate and an insulated
upperplate.Resultsfor steam-aimixturesare presented
andthe effectsof changesn the angleof inclination, in-
let gasmassfraction, airflow Reynoldsnumber andinlet
temperatureare examined.lt wasfound thatanincrease
in the angleof declinationsresultsin thinnerandfaster
moving liquid films. The authorsshowv that increasing
airflow Reynolds numberalways produceshinnerfilms
andhigherNusselthumbersA numericalstudyof turbu-
lentheatandmasdransferon mixedcornvectionwith film
evaporationhasbeenconductedy JangandYan (2006).
Theseauthorsconsidera turbulenthot downward airflow
in aparallel-platechannelBoth platesarethermallyinsu-
latedandwettedby aliquid waterfilm. Theinlet temper
atureof thisfilm wassetat20°C. In this study theeffects
of liquid flow rate,airflow Reynoldsnumberandinlet air

temperaturare studied.Their resultsshav thata higher
value of the two latter parametergausedarger sensible
andlatentheattransferandbettermasgransferwhile the
effect of liquid flow rateon heatand masstransferis in-
significant.

A numericaland experimentalanalysishasbeencar
ried outby Tsayetal. (1990)to explorethe detailedheat
transfercharacteristictor afalling liquid film alongaver
tical insulatedflat plate.Freestreamair temperaturevas
setat30°C andinlet liquid film temperaturavastakento
beequalto 30°C or 35°C. Variablethermoplysical prop-
erties are consideredThe resultsshov that latent heat
transferconnectedvith vaporizationmainly causesool-
ing of the liquid film. The authorsaffirm thatwheninlet
liquid temperaturés equalto ambientemperaturelatent
heattransferdue to the film vaporizationinitiates heat
transferin the film and gas flow. Corvective instability
of heatand masstransferfor laminar forced corvection
in the thermalentranceregion of a horizontalrectangu-
lar channelhasbeenexaminedby Lin etal. (1992).The
rectangulachannels thermallyinsulated exceptfor the
bottomwall. Thelatteris maintainechta constantemper
atureandcoveredby a thin liquid waterfilm. The thick-

Computational Thermal Sciences
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nessof this film is neglected,andthusit is treatedasa
boundarycondition for heatand masstransfer Inlet air
temperaturavasfixedat 20°C. The effectsof changeof
bottomwall temperaturerelative humidity of air at the
entranceandthe channelaspectatio areexamined.The
resultsshow thatthe corvective instability is affectedby
changesn inlet air relatve humidity andtemperaturend
alsothechannelspectatio.

Volchkov et al. (2004) reporteda numericalwork on
bothlaminarandturbulentforcedcorvectionof humidair
over an infinite flat plate. A boundary-layetype model
wasusedandthe authorsaim to establishthe validity of
the heat-masdransferanalogy The steamin the humid
airflow may condensaten the plate whosetemperature
is lower thanthatof the airflow. The authorsmadea ma-
jor simplificationby neglectingthe effect of the conden-
satefilm. They claim thatthis assumptioris justified by
the experimentaldatain theliteraturewhich indicatethat
measurementsf theliquid film-air interfacetemperature
in humid-airflows shaw thatit is closeto the saturation
temperatureorrespondingdo the vapor concentratiorat
theplate.

It shouldbe mentionedthat the assumptiorof negli-
gible liquid film thicknesshasbeenextensvely usedin
heatand masstransferproblems(Lin et al., 1992; Fe-
dorov etal., 1997;Ait Hammouetal., 2004;Volchkov et
al., 2004;Azizi etal.,2007).Thefilm wasthentreatedas
aboundarycondition.Thevalidity of thisassumptiorhas
beeninvestigatedby Yan (1992,1993). The authorcon-
ducteda study of laminar mixed corvection with evap-
orationof a liquid film dripping on the innerwalls of a
verticalchannel.The walls areisothermallyheated Yan,
1993) or heatedby a uniform heatflux (Yan, 1992).In
eachcase,the authorconductedtwo studies: one with
the conseration equationssolved bothin liquid andgas
phasesandthe otherwith thicknessneglected.By com-
paring the resultsof thesetwo studies,the authorwas
ableto demonstrat¢hatthe assumptiorof negligible film
thicknesss valid for low liquid film flow rates.

The objective of this study is to investicate the ef-
fect of inlet humidity of laminarairflow in anasymmet-
rically cooledparallel-platechannel.The adoptedmodel
includesanaxial diffusiontermsandthusallows for com-
puting flow reversalsituations.

2. MATHEMATICAL MODEL AND NUMERICAL
METHOD

We considera vertical parallel-platechannel.Oneof the
platesis wetted by a thin liquid water film and main-
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tainedat a constanttemperaturer’,,, while the otheris
dry andthermallyinsulated A hot upwardairflow enters
the channelwith uniform velocity w;,,, temperaturel;,,,
andrelative humidity ¢;,, (Fig. 1). We considerthatthe
liquid film, streamingalongthe isothermalplate, is ex-
tremelythin sothatit canbetreatedasaboundarycondi-
tion. As reportedin theintroduction,this assumptiorhas
beenfound to be relevant for low liquid film flow rates
(Yan,1992,1993).The presenstudydealswith suchlow
liquid flow rates.Steadystateconditionsare considered,
andthe flow is supposedo be laminar Viscousdissipa-
tion, radiationheattransferandDuffour andSoreteffects
arengyligible (GebhartandPera, 1971). Thermodynamic
equilibriumis assumeattheliquid film-air interface.The
physicalpropertiesaretakento beconstantexceptfor the
densityin thebodyforces,whichis consideredo bealin-
earfunctionof temperaturandmasdraction (Oberbeck-
Boussines@pproximation):

P = Pin [1 - BT (T - Tin) - BM (O - Cm)] (1)
With this formulationandthe precedingassumptionghe
governingequationf the problemcanbe written in the
following form:

Continuity:
du v
e + - 0 2
r-Momentum:
@ 4 @ — _apm 4 @ 4 @
P\ "oz Yoy) T ow H\ 922 2y ) (3)

+ Ping (BT (T - ,Ti,n) + BM (O - Cm))

2b

lg

Liquid film
T..Cy

y t ' |

Tin  in

Dry and insulated

L f—— Plate

Uin

FIG. 1: Sketchof the physicalsystem
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y-Momentum:

u@ _A'_v@ _aPm + @ + 6721] (4)
P\ "oz " oy ay M\ a2z T 9,2

P, is amodifiedpressurewhich resultsfrom thelinear
developmentbf thedensity[Eq. (1)]. It is givenby P,,, =

Enegy Equation:
oT 0’T  &*T
%) =G m) ©
SpecieEquation(WaterVapor):
oC oC 0?°C  9°C
or? = 0y?

U-— +v—
2.1 Boundar y Conditions

oT
pCp (u +

Ox

ox oy ©)

At the channelinlet (z = 0), the humid airflow velocity
is assumediniform, andin the xz-directionwith constant
temperaturandmasdfraction,

v=0 T=Ty,, C=Ci; ()

At theisothermabplate(y = 0), theairflow axial velocity
is obviously null (no slip), andits trans\ersevelocity is
equalto that of the evaporatediquid film or condensed
humidair vaporon the plate. The massfractionis that of
saturatiorconditionsat the plate’s temperatureThus

U = Ujn,

whereV e is thetrans\ersevelocity componenbf the va-
porattheliquid-gasinterface Assuminghattheair-water
interfaceis semipermeablé/ e is given by the following
expressionBurmeister1993):

b ¢
170[/1/ 5‘y

u=0, v=Ve, T=T,,

Ve = (9)

y=0

MassfractionatthewettedplateC,,, correspondso satu-
ration conditionsat 73,. It is calculatedby assuminghat
theair-vapormixtureis anidealgasmixture.

At theinsulatedplate(y = 2b),

v=v=0 and {80}
ay y=2b

oT
— =0 (10
|: ay :| y=2b ( )

At the channelexit (x = L), the flow is assumedully
developed Hence

du v 9T 9C

or  9r dr dr

0 (11)

Kassim,Benhamou& Harmand

2.2 Flow, Heat, and Mass Transf er Parameter s

Thelocal Sherwod numberattheisothermablateis de-

finedby
Dy, oC

Cm - C’W 57y y=0

where(,, is themeanmasdraction,definedasfollows:

Sh = (12)

2b
puCdy
Chzzzlgﬁr———f (13)
o Pudy
Thefriction factorattheisothermabplateis givenby
ou
Hay |, _
frs = ———22 (14)
3 PUy
Thefriction factorattheinsulatedplateis givenby
e
Y|y —
fap=——752 (15)
7 PUG

Sincebothsensibleandlatentheatfluxesneartheisother
malwettedplateareinvolvedin this problem the Nusselt
numberis thesumof asensibleandalatentone.Thelocal
sensibleNusseltnumberat the isothermalplateis given

by

3 |,—o
Tm - TW
ThelocallatentNusseltnumberattheisothermaplate
is definedby TsayandYan (1990):

NU.S = (16)

B DypDhgg @
k(l — CW) (TW - Tm) aY

NuL = (17)

y=0

whereT,, is the meanairflow temperaturealculatedoy
thefollowing expression:

26
Jo euTdy
Tn="g——

0

(18)
pudy

Thetwo lasttermsin Eg. (3) correspondo buoyancgy
forces.The magnitudeof theseforcesrelative to the in-
ertiaforceis givenby the Grashofnumber Sincethermal
andmasshuoyang forcesappeatin Eq. (3), two Grashof
numbersaredefined,asfollows:

SolutalGrashofNumber:

(19)

Computational Thermal Sciences
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ThermalGrashofNumber:
D3 (Tw — T
Grp = gBT h (VQVV ) (20)
Theairflow Reynoldsnumberis
inD )
Re= ~ - ! (21)

The liquid waterfilm may evaporatein the airflow, and
watervaporcontainedn thatairflow maycondensatthe
isothermallycooledplate. The rate of evaporation/con-
densations calculatedby theevaporated/condensedass
flux of watervaporattheliquid-air interface:

m// — pD 8£
l—CW 8y y=0

(22)

2.3 Numerical Method

A finite volume methodis usedfor the discretization
of the governing equationgEqgs. (2)—(6)]. A power-law
schemefor the combinedconvection-difusion term is
used,anda block-correctiormethodcoupledwith aline-
by-line procedurds usedto solve the resultingalgebraic
equations(Patankay 1981). The velocity-pressurecou-
pling is treatedby the well-known SIMPLER algorithm
(Patankar1980,1981).Corvergenceof thisiterative pro-
cedureis declaredwhenthe relative variationof any de-
pendentvariableis lessthan10~* andthe massresidual
falls below 10~ atall thegrid points.Thegrid is nonuni-
form in both the streamwiseand trans\ersedirections,
with greaternode density nearthe inlet and the walls,
wherethe gradientsare expectedto be more significant.
Furthermoredifferentgrid sizeswere consideredo en-
surethatthesolutionwasgrid independentResultsof the
grid sensibilitystudyare presentedn Tablel. This table
presentghe valuesof the local sensibleNusseltnumber
Nu, andfriction factorattheisothermablate f. Re; ¢ ob-
tainedfor threegrids100 x 35, 200 x 70, and400 x 140.
It is clearfrom this tablethatchangesn Nu, and f.Rer g

303

not presentechere)are lessthan 5%. Hencewe choose
the100 x 35 grid.

Validationof the computercodeandthe mathematical
modelhasbeencarriedoutfirst for hydrodynamicallyand
thermally developingforcedthermalconvection. There-
sultsarecomparedo thoseobtainedby Mercerin thecase
of a parallel-platechannelwith oneof the platesisother
mal and the other insulated(Shahand London, 1978).
This comparisonpresentedn Fig. 2, concernghe mean
Nusselinumbemu,,,. Underthepremiseof heatandmass
transferanalogy resultsfor masstransferwere obtained
by settingSc= Pr. ThecalculatedneanSherwvoodnumber
is comparedo the Nusselthumberfrom Mercer (Fig. 2).
Our resultsarevery closeto thoseof Mercerreportedin
ShahandLondon(1978).0Othervalidationsin the caseof
mixed corvectionwith heatand masstransferwere per
formed. The detailsof thesevalidationsaregiven by Ait
Hammouet al. (2004).In view of thesesuccessfulali-
dations,the computercodeaswell asthe mathematical
modelareconsideredeliable.

3. DISCUSSION OF RESULTS

The thermoplysical propertiesare taken to be constant
andevaluatedat a referencetemperaturel,.. ; and mass
fraction w,.y obtainedby theseexpressions: T,..; =
(2.Tw+Tin)/3 andwyer = (2.wy +wiy)/3, whereT,,,
Tin, Wy, and w;, are,respectrely, the channels wall
andinlet air temperaturegand massfractions. This spe-
cial way of evaluatingthermoplysical propertiesknown
astheone-thirdrule, hasbeenfoundto beappropriatdor
the analysisof heatand masstransferproblems(Chow
andChung,1983).The propertiesof air, water andtheir
mixture are evaluatedby formulas given by Fuji et al.
(2977). All resultspresentechere have beencalculated
with an aspectratio /20 = 130 and a channellength
L = 2m. Ambientair conditions(channelentrancehave
beerfixedatT;,, = 70°C,u;, = 0.169 m/s(leadingto Re
= 300),anddifferentairflow inlet relatve humidity values
Gin = 10%, 30%, and 70%. The wetted plate is main-

with respectto the grid (aswell asthe otherparameters tainedataconstantemperaturédowerthanthatof airflow,

TABLE 1: Local sensible Nusselt number and friction factor for different ¢grids

x/L =0.025 xL=0.1 xL=0.5 x/L =0.95
Grid (X, Y) Nu, f‘Re]S Nu, f-ReIS Nu, f-ReIS Nu, f-Re]S
100 x 35 2.07| -22.78 | 3.75| -38.23| 4.14| 6.86 | 4.66| 18.36
200 x 70 209| -21.66| 3.86| -37.66| 4.26| 7.02 | 469| 19.2
400 x 140 | 2.18| -21.60| 3.94| -37.01| 4.28| 7.36 | 4.71| 194

®In thetable,@;, = 70%, T}, = 70°C, andRe= 300.
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FIG. 2: (a) MeanNusseltandSherwood humbersib) meanSherwood humber(Sc= Pr)

T, = 20°C (henceC,, = 14.65 g/kg). The valuesof so-
lutal andthermal Grashofnumberare given in Table 2.
We noticethatboth solutalandthermalGrashofnumbers
arenegative. Thusthelasttwo termsin theright-handside
of Eq. (3) arenegative. Thesetermsrepresenthethermal
andsolutalbuoyangy forces.It canbe deducedhatthese
forcesactin the oppositedirectionof the upwardairflow.
Figure 3 presentsaxial evolution of the friction factor
(f.Rers) attheisothermalplate.We obsere that f.Rer g
diminishesrapidly nearthe channelinlet becausef the
boundarylayerdevelopmentThefriction factorevolution
is not monotonic.Indeed,it passedy minimaandthen
increaseso asymptoticvaluesof 19.5,19.2,and18.5,re-
spectvely, for ¢;, = 10%, 30%, and 70% at the outlet
of the channel.Thesevaluesare slightly differentfrom
thatcorrespondingo afully developedforcedconvection
flow f.Re= 24 (ShahandLondon,1978).This indicates
thattheflow field is still developing.We alsonotethatfor
all the consideredvaluesof ¢;,, frs.Rebecomengya-
tivesstartingfrom z/L = 0.008. Thesenegative values
of frs.Recorrespondo axial velocity in the oppositedi-
rectionof theenteringairflow (negative »). Thisis aflow
reversalsituation,which is inducedby buoyang forces.

The magnitudeof theseforcesdependsstrongly on the
valueof ¢;, (Table2) and,in thesamemannertheloca-
tion where f;s.Reis negative. Negative valuesof frs.Re
occurfor 0.008 < z/L < 0.335,0.008 < x/L < 0.390,
and0.021 < x/L < 0.475, respectiely, for ¢;, = 10%,
30%, and 70%. It is importantto note that the minima
of fis.Reoccuratz/L = 0.079, 0.082,and0.088,re-
spectvely, for ¢;,, = 10%,30%,and70%. Theseminima
correspondo the maximumof the buoyangy force mag-
nitude.

Figure 4 presentshe axial velocity profile at /L =
0.088 which correspondso the minimum of f;¢.Refor
©;n = 70%. This figure revealsan importanteffect of
theinlet air humidity ¢;,. Indeed,increasingy;, gives
riseto moreimportantbuoyang forces,which affect the
velocity profile. Nearthe left plate (the isothermalone),
the flow is deceleratedy thesebuoyang forces,which
are so importantthat they overcomeinertia forces, and
thisresultsin anaxial velocity in theoppositedirectionof
themainupwardflow (negative u). Thezonewherenegga-
tive axial velocitiesprevail constitutesarecirculationcell
(i.e.,flow reversalzone).Thedimensiorof thiscell canbe
appreciatedrom the streamlinepatterngFig. 6). On the

TABLE 2: Grashof numbers for different values of airflow inlet relative humidity,

©in(%) 10 30 70
Cin (kg/kg) 0.0196 0.0603 0.148
Gry —3045 —28,262 —83,849
Grr —147,611 —148,723 —151,105
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FIG. 4: Axial velocity profilesat /L = 0.088 for dif-
ferentinlet air humidities

otherhand,Fig. 4 revealsthattheflow is acceleratediear
theright plate(theadiabaticone).Thisacceleratiortoun-
terbalancethedeceleratiorf airflow neartheisothermal
plateto satisfythe massconserationequation.

andoutletfor differentinlet humidities

buoyang forcesthatareasstrongas g, is greater This
distortionis more pronouncechearthe channelentrance
wherethermalandmasgyradientsaregreaterindeedthe
maximumof the axial velocity is shiftedto the adiabatic
plate. Thereairflow is acceleratediueits decelerationn
thevicinity of theisothermalplate.Nearthe channelexit
(x/L = 0.977), thermalandmassgradientsdiminish as
air is cooledandits humidity decreasegascanbe seen
in Figs. 9-10). Thus the magnitudeof buoyancg/ forces
decreasesnd axial velocity profiles tend to the forced
convectionone.As it was mentionedearlier, the flow is
still developing, sothe fully developedprofile is not yet
reached.

Thestreamlinedor ¢;,, = 70%arepresentedh Fig. 6.
This figure shavs therecirculationcell thatis inducedby
buoyangy forces.Thedimension®f thisrecirculationcell
are more importantas ¢;,, is increasedThe eye of this
recirculationcell is locatedat /L = 0.075 andy/L =
0.002. This locationis closeto the minimum of f;¢.Re
andu for ¢, = 70%, ascanbeseenin Figs.3 and4.

Axial evolution of the friction factorat the adiabatic
plate f4p.Reis shavn in Fig. 7. Very closeto the chan-
nel entrance(z/L < 0.006), this friction factor dimin-
ishesabruptly andtakesthe samevalue for ary air inlet

Figure 5 shows the axial velocity profiles near theumidity, ascanbeseenn Fig. 7 (inset).Thisevolutionis
channel inlet and outlet. The case of forced convectidneto theboundarylayerdevelopmentin thisregion,the
is also reported. It is clear that inlet air humidity hasffect of inlet air humidity (and hencebuayangy forces)
an important effect on the flow. Indeed, axial velocitis weak.Beyond this region, f4p.Reincreaseswith the
profiles are strongly distorted. This distortion is due txial positionuntil reachingamaximumatz/L = 0.051,
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2 T T to the adiabatioone,whereit is acceleratedseeaxial ve-

locity profilesin Figs.4 and5). The maximaof f4p.Re

1.8 - are54.51,62.48,and82.11,respectiely, for ¢;, = 10%,

30%,and70%.Beyondz/L = 0.038 andastheflow goes

16 N downstream, f4 p.Re decreasesindeed, in this region,

14 | themagnitudeof buoyang forcesdiminishesthustheax-

' ial velocity neartheadiabatiglateis reducedseeFig. 5).

19 . At thechannelexit, f4p.Retakesthevalues26.61,26.5,

g and 26.28,respectiely, for ¢;, = 10%, 30%, and 70%.

x(m) 1 & = % g — Again, thesevaluesareslightly differentfrom thatcorre-

% R it spondingo fully developedforcedcorvection, f.Re= 24
08¢ 2 || . (ShahandLondon,1978).

Axial evolution of massfractionC' 4 p attheinsulated
0.6~ N plate is presentedn Fig. 8. We noticethat C' 4 is es-
0.4k0dd1s | sentially constanffor ¢,, = 10% andgoesdown in the

othercaseslndeed,asthe insulatedplateis dry, its mass
| . W(\ — fraction is that of air nearit. As inlet air massfraction

C;, 1s always greaterthan C,, (seeTable 2), waterva-
por containedin airflow is condensedn the isothermal
plate.This condensatiois asintenseasC;, (i.e., @;,) is
greater

The massflux of condensedaporat the liquid-air in-
terfaceis shavn in Fig. 9. As indicatedbefore ,waterva-
por containedin airflow is condensedt the isothermal
wettedplatein all casesFor ¢;, = 10%, condensethass
| flux decreasemsapidly andstretcheso zero.Thisindicates
thatthe phasechangeand masstransferat the liquid-air
interface are weak. Indeed, massfractions of air at the
channelentranceand at the wettedwall take very close

80| : 801
60

40+

N 0.15

60 i \ \.. 20
!
|
|

S*Resp . 10% . T T T
. kY
~. - — — - 30% \.\
401 . e - 70% otz N -
\.
N
N 10%
009 A\ - - =--30% 7
20 ] ] ] \, o _ .
0 0.5 1 1.5 2 Cap(kg/kg) \.\ 70 %
x (m) e "\\ _
N '
FIG. 7: Axial evolution of thefriction factorat the adia- N \'\
baticplatefor differentinlet air humidities 003k Seo e )
0.045, and 0.038, respectively, for,, = 10%, 30%, and 05 oE 1 = 5
70%. This increase is due to the acceleration of the flow X (m)

near the adiabatic plate further to its deceleration near the
isothermal one. This is a result of a momentum transfelG. 8: Evolution of the massfractionneartheinsulated
from the isothermal plate, where the flow is deceleratealatefor differentinlet air humidities
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FIG. 9: Condensednassflux at the liquid-air interface
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values(C;,, = 19.6 g/kgandC,, = 14.6 g/kg). Consid-
ering the other cases(;, = 30% or 70%), it is clear
that the condensatiopphenomenordependsstrongly on
the air inlet humidity. In additionto its decreasédueto
the boundarylayer development;referto the forcedcon-
vectioncase),the condensednassflux at the isothermal
plateexhibits local extrema.Theseextremaaremorepro-
nouncedas @;,, is increasedThe local minimum of the
vaporcondensednassflux occursatz/L = 0.038. For
©;n = 70%, this locationis that of the recirculationcell
eye (seeFig. 6). Thusit canbe deducedhattheincreas-
ing of the condensednassflux towardits local maximum
is attributedto the recirculationcell. The latterinducesa
fluid mixing nearthe isothermalplateandthusincreases
the condensednassflux. This onereachests local max-
imum at z/L = 0.088 for ¢;, = 70%. This location
is exactly thatwherethe friction factorat the isothermal
plateexhibitsits minimum.As explainedbefore themag-
nitudeof buoyangy forcestakesits greatewvaluethere(see
Fig. 3). Asthebuoyang force’smagnitudedecreasefbe-
yond z/L = 0.088 for ¢;, = 70%), the recirculation
cell and, as a result, the fluid mixing switch off. Thus
condensednassflux decreasedueto the boundarylayer
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FIG. 10: Air temperatureat the channel midplane
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it goesdownstream.This is dueto a sensibleheattrans-
fer from air toward the isothermalplate. This plate has
to be cooledto maintainits temperatureat 20°C. As re-
ported by Ait Hammouet al. (2004), this situationis
presenteitherin condensatioror evaporationcasesThe
airflow temperaturat the channelmidplaneexhibits two
local extremanearthe channelentrance Theseextrema
are more pronouncedor @;, = 70%. In this case,the
local minimum of air temperatures 44.24°C, which oc-
cursatz /L = 0.046, andthelocal maximumis 46.59°C,
which occursat /L = 0.104. Theseaxial locationsare
nearly closeto that correspondindo the local minimum
andmaximumof the condensednassflux (Fig. 9). Once
again, it is clearthatthe existenceof local extremaof air
temperaturatthechannemidplaneis relatedto thefluid
mixing inducedby flow reversalneartheisothermaplate.
This fluid mixing increaseshe condensedanassflux, and
thustheairflow temperaturéncreasesndeed vaporcon-
densationmeleasefatentheat,whichis partly absorbedy
airflow. Moreover, nearthe channeinlet (z/L < 0.046),
airflow at the channelmidplaneis cooleras ¢;,, is in-
creasedin this region, the magnitudeof buoyang forces
augmentsandits valueis greaterfor large valuesof ¢;,

development.Moreover, at the channelexit, condensed (seeTable2). As theseforcesdeceleratehe upward air-

massflux tendstoward zeroasthe massfractiongradient
becomedblurred.

flow andinduceflow reversal,they increasehe air cool-
ing throughsensibleheattransfertoward the isothermal

Figure 10 presents the axial development of airfloplate.Indeed,airflow is coolerwhen naturalcorvection

temperature at the channel midplang L = 0.0034).

is takeninto accountandif ¢;, is increasedlt shouldbe

The case of forced convection is reported for compakernein mind thatflow reversalis strongeras ¢;,, is in-
son. It is noticed that air is being cooled in all cases aseasedseeFig. 3). Finally, at the channelexit, airflow
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30

temperaturatthechannemidplanetendsasymptotically
to 20°C, whichis theisothermalplatetemperature.

Axial evolution of theinsulatedplatetemperaturd’s p
is presentedn Fig. 11. Remembethat this temperature
is that of airflow at its vicinity. It is clearfrom Fig. 11
that Ty p decreasessthe flow goesdownstream.This
decreasés dueto the sensibleneatremovedfrom air and
transferredo the isothermalplate. A meticulousexami-
nationof Fig. 11 shavsthatasairflow is ascool astheair
humidity atthechanneinlet, ¢,,, increasedThisaresult ‘
of theheattransferfrom thecoolerisothermabplateto the 5 ~ - "~
insulatedoneinducedby the fluid mixing resultingfrom
flow reversal(Fig. 6). Closeto the channeloutlet, 74 p 0
takesthevalues24.78°C, 24.77°C, and24.76°C, respec-
tively, for ¢;, = 10%, 30%,and70%.

Axial evolution of latentNusseltnumber(Nuy) atthe
isothermalplateis representeéh Fig. 12. Nearthe chan-
nel inlet, Nu; decreaseslue to the boundarylayer de-
velopment.Consideringthe case;,, = 10%, Nuy di-
minishesandstretchedo zeroat the channelexit. As ex-
plainedearliet in this case phasechangeandmasstrans-
fer at the liquid-air interfaceis weak (Fig. 9). The axial
evolution of Nuy, for ¢;, = 10% is monotonousThis
is not the casefor the othervaluesof ¢;,. Indeed,for
©;n = 30% and 70%, Nu;, exhibits a local minimum
andmaximum.The positionsof theseextremadependon
©;» andaremore pronouncedor ¢;, = 70%. Equation

25

==

10%
IIL!L T - — - - 30%
20fk 7 s .

e - 70%

x (m)

FIG. 12: Axial evolution of thelocal latentNusseltnum-
berfor differentinlet air humidities

rametersare exactly the same (cf. Fig. 9). Furthermore,
the development of the two parameters (Nand con-
densed mass flux) is analogous. Thus the occurrence of
the local extrema of Nglis due to the interaction between
the condensation phenomenon and flow reversal, as ex-

(18) shawsthatNu;, dependessentiallyonthemasdrac-
tion gradientwhich s relatedto the condensednassflux

plained earlier. Moreover, we notice that N(i.e., latent
heat flux) increases witlp;,,. Indeed, asp;,, rises, mass

[Eq. (22)]. Thus the extrema locations of these two p#action at the channel inley;,) and then latent heat flux

80 T T T

Tan (°C)

1 1 1
200

x(m)

related to vapor condensation increase.

Figure13 presentsheaxial evolution of sensibleNus-
selt number(Nu,) at the isothermalplate. This plate is
wetted by a thin liquid water film and maintainedat a
temperaturel’, = 20°C, which is lower thanthat of the
airflow at the channelentrancgT;,, = 70°C). So airflow
is cooled.A comparisonof Fig. 13 and Fig. 12 reveals
that the effect of inlet air humidity ¢;,, on Nu, is less
importantthan its effect on Nuy. This is explained by
Eq. (16), which shavsthatNu; is notdirectly affectedby
themassfractioncontraryto Nuy. Ontheotherhand,the
evolution of Nuy presenta minimumwhoselocationde-
pendsslightly on ¢;,,. This minimumis dueto the buoy-
ang force effects, which decelerateghe airflow nearthe
isothermalplate (as shovn in Fig. 3) andthus diminish
the sensibleheattransfer It is importantto notethatthe
minimumof Nu, is obseredat /L = 0.054, 0.043,and
0.027,respectiely, for ¢;, = 10%, 30%, and 70%. Fi-

FIG. 11: Axial evolution of the insulated plate’s tempernally, atthe channelkexit, Nu, takesthevalues4.69,4.69,

ature for different inlet air humidities

and 4.67 for ¢,;, = 10%, 30%, and 70%, respectiely.
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FIG. 13: Axial evolution of the local sensibleNusselt
numberfor differentinlet air humidities

Thesevaluesare closeto 4.86, which corresponddo a
fully developedforced corvectionflow (ShahandLon-
don,1978).

Sherwod numberSh characterizesnasstransferbe-
tweenliquid film streamingon the isothermalplate and

the airflow. The axial evolution of Sh near the isothermal
plate is shown in Fig. 14. An analysis of this figure shows
that Sh evolution is not monotonous. Indeed, at the inlet

Sh

0 0.5 1
x (m)

1.5 2
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of the channel Sh takesimportantvaluesbecausef the
importantgradientof masdraction.It isimportantto note
thatthe minimum of Shis notedat 2:/L = 0.054, 0.043,
and0.027,respectiely, for ¢;, = 10%, 30%, and 70%.
It is clearthat Sh presentghe sameevolution asNus; in-

deed PrandtlandSchmidtnumbergake very closevalues
in thepresenstudy(Pr=0.707andSc= 0.603).Further

more,at the channelexit, Shtakesthevalues5.62,5.60,
and5.58 for ¢;, = 10%, 30%, and 70%, respectiely.

Againit shouldbe pointedout thatthesevaluesareclose
to thefully developedforcedcorvectionvalue(Shahand
London,1978).

4. CONCLUSIONS

Combinedheatand masstransferwith phasechangein

a vertical parallel-platechannelhasbeenstudiednumer

ically. One of the platesis wettedby a thin liquid water
film andmaintainedat a constanttemperaturevhile the
otheris dry andthermallyinsulated Basedon our results,
thefollowing conclusioncanbedrawn.

1. Buoyang forces,which actin the oppositedirection
of the upward airflow, slow down the flow andgive
rise to a flow reversalnearthe isothermalplate. A

recirculationcell appearsearthis plate. Thedimen-
sionsof this cell dependstrongly on the conditions
atthechanneinlet. Indeed,astheinlet air humidity
increasesthe recirculationcell resultingoccupiesa
large partof thechannelength.

2. Watervaporis removedfrom airflow andcondensed
ontheisothermalplate.Therecirculationcell intro-
ducesa fluid mixing betweenthe fluid at the chan-
nelaxisandthatneartheisothermalplate.Thisfluid
mixing intensifieswatervaporcondensationOwing
to theflow deceleratiomeartheisothermaplate,the
condensednassflux is diminished.

3. Increasingthe inlet air humidity decreaseslightly
the sensibleheattransferwhile it augmentsonsid-
erablythelatentheattransfer As theinlet air humid-
ity increasedatentNusselthumberincreaseslueto
theintensificationof watervaporcondensation.

It shouldbenotedthatin all studiedcaseswatervapor
is condensedntheisothermaplate,sothefilm thickness
would increase Thusthe assumptiorof zerofilm thick-
nessmay be inappropriatethis point will be considered

FIG. 14: Axial evolution of the local Sherwood numbeiin the nearfuture by handlingtheliquid film thicknessin

for different inlet air humidities
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expansion.

1. INTRODUCTION

Suddenexpansionpipe with detachedlows is encoun-
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RANS SIMULATION OF EFFECT OF EVAPORATING
DROPLETS ON A TURBULENT HEAT TRANSFER IN
A MIST FLOW IN A SUDDEN PIPE EXPANSION
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A mathematical model of the two-phase mist flow past a sudden pipe expansion using the Eulerian/Eulerian approach
was developed in the case of water and ethanol droplets. The effect of mass concentration of droplets and their size on
the structure of the separation flow region and on the heat transfer were analyzed in detail. The results obtained are
compared with previously experimental and numerical data for two-phase flows developing downstream of sudden pipe
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ticles over the pipe crosssectionare importantmatters
for optimization of evaporation/combstion processes.
Two-phaseseparatedlows with solid particlesbehinda

teredfrequentlyin technicalapplicationsThedetachment backward-facingstepor asudderpipeexpansiorwerein-

affectsmomentumheat,andmassransferprocesseand

to a large extent determineghe turbulent flow structure.
Knowledgeof theturbulentflow field andheattransferin

suddenexpansionflows is importantfrom both theoreti-
cal andpracticalpointsof view. Sudderpipe expansions
arenormallyusedto stabilizeflamein comhustioncham-
bers.Othernumerousapplicationsof sudderpipe expan-
sionsimply their useasstepdiffusersor asheattransfer
intensifieran ductedflows. Thussuchflows have become

asubjectof mary extensie studies Studiesof one-phase

separateflows pastabackward-facingstepwerereported
in mary publications,which arereviewed by Eatonand
Johnstor{1981),Alemasw etal. (1989),Simpson(1996),
andOta(2000).

Two-phaseseparatedlows have beenfound in mary
technicalapplicationsThe effect of solid or liquid parti-
clesbecomesmore pronouncedvith increasingsizeand
concentratiorof the particles.Detailedinformationcon-
cerningthe turbulent flow structure,the velocities, and
temperature®f the phasesand the distribution of par

1940-2503/10/$35.00(© 2010 by Begell House, Inc.

vestigatedby RuckandMakiola (1988),Hardalupa%tal.

(1992),Volkov etal. (1994),Zaichik etal. (1994,1997),
Founti and Klipfel (1998), Fesslerand Eaton (1999),
Zhangetal. (2001), Yuaetal. (2004),and Terekha and
Pakhoma (2008,2009).Theseauthorsshavedthatlight

particlesare entrainedin the circulating flow, whereas
heavy particlesescapérappingin theseparatiorzoneand
presentonly in the shearflow region. In the wall zone,
dispersedmpuritiesareaccumulated.

Zaichik etal. (1994,1997)wereamongthefirst work-
erswho usedthe Eulerian/Euleriarapproachn computa-
tion of gas-particleseparatedlows. The resultsobtained
by theseauthorsfairly well agreewith experimentaldata
obtainedfor two-phasdlows pasta backward-facingstep
andsudderpipe expansionlt shouldbe notedthatin lat-
ter studies gasflow ladenwith solid particleswasexam-
ined.

The only one studyon the flow with evaporatinglig-
uid dropletspasta backward-facing stepwasthe exper
imental work by Hishida et al. (1995). In this paper
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NOMENCLATURE
Cp drag coefficient of evaporating droplets ~ Greek Symbols
Dy;; tensor turbulent diffusion of particles i) @ volume concentration of particles
d droplet diameter (m) € dissipation of the turbulent kinetic energy
ER = (R2/R:)? expansion ratio (Ris?)
H step height (m) T = prd* (18uW), te =Cprprd?*/ (12\Y)
J mass flux of vapor from the surface of particle dynamics and thermal relaxation
evaporating drop [kg/(#s)] time (s)
K4, mass concentration of air and vapor, Subscripts
Ky respectively, in binary vapor-air mixture 0 parameter at the axis of the pipe
Kys mass concentration of vapor at the drop 1 parameter under inlet conditions
surface and evaporating corresponding to A air
saturation parameters at the drop fd  full developed
temperaturd, i current calculation cross section along the
My, mass concentration of droplets axial direction
R absolute gas constant [J/(mol K)] i—1 previous calculation cross section along the
(w)y = —vp(0U/0r), (urvr) turbulent stresses axial direction
in gas and dispersed phases$/(sh) L dispersed phase
w = (1 + ReQL/3/6) P particle
TR reattachment length (m) T turbulent parameter
Y = (1 +0.3Re}/? Prl/s) vV vapor

measurementaere performedusing the phaseDoppler
anemomete(PDA) method.Measuredwere the veloci- 1
ties andturbulentkinetic enepiesof the two phasesthe :
massflow rate of the dropletflow, andthe heattransfer 2R
coeficient from the heatedwall to the two-phaseflow. 1
Thepurposeof this studyis thedevelopmenif themath-

ematicalmodelandthe numericalexaminationof thein- H

A

fluenceof key parametersf thetwo-phasdlow, namely = g (3, .

the massconcentratiorof liquid dropletsandthe droplet c_, Mist

size,on heattransfer 8 : flow

2. PROBLEM STATEMENT G_. :

In this paper, evolution of a downward gas-droplet tur- N !

bulent flow in the downstream region of a sudden pipe 2/-?2

expansion was examined. A schematic of the sudden ex- >« : >
1

pansion gas-droplet flow is shown in Fig. 1. The volumet-
ric dispersed phase fraction was smat (< 10~%) and
the droplets ¢; < 100um) so that, according to VolkovFIG. 1: Schematioof the suddenexpansiongas droplet
et al. (1994), the effects due to interparticle collisiorffow
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couldbengglected All computationsvereperformedfor

monodispersedas-dropletflow anda uniform wall heat
flux (gw = 1 KW/m?). The pipe surfacewasdry sothat
noliquid film from depositediropletsformedonthewall.

This assumptiorfor heatedchannelsvasallowable (see
Mastanaiahand Ganic, 1981). This conditionis valid if

the wall temperatures 40°C superheatedThe droplet
temperaturés assumedo be uniform overthedropletra-
dius.

3. MATHEMATICAL MODEL

The momentumheat,andmasstransferprocessef the
gas and dispersedphaseswere treatedusing the Eule-
rian/EulerianapproachThis approachs basedon using
the kinetic equationof probability density function for
the coordinatesyelocities,andtemperaturesf droplets
in theturbulentflow (Derevich andZaichik, 1988).

3.1 Governing Equations for Heat and Mass
Transfer in the Gas Phase

The systemof Reynolds-aeragedNavier-Stokes equa-
tionsfor atwo-phasesteadystateaxisymmetridiow with

ignoredmassforceshasthe form (Terekha and Pakho-
mov, 2009)

oU; _ 6J®

p@xj o d
OUU:) _ 0(P+2K/3) 0
P 833j n 8.%1' 6l‘j

U, U,
X (w4 ur) 9. T B
j 1
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|:8C'DP|U—UL|+J}
o
al'j

OWT) _ 0 (w, wr
81‘]‘ Ba:j Pr PI“T
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~ Ui =Uwi) 5

+Prgu < Usuj >
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P 633.7-
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0Ky 0T
a(IJZ‘ 8332
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p = P/ (RT) @)

Here C'p is the evaporatingdroplet drag coeficient by
MastanaiatandGanic(1981):

Cpp

Cr =
P, -Ty)/L

where Cpp is the coeficient of resistanceof nonevap-
orating particles,which canbe calculatedfrom the rela-
tionspresentedy Clift etal. (1978):

24/ReL, Re, <1

Cpp =
24/Rey, (1+0.15RE%7) | Rey > 1

Re, = (U — Uy)d/v the particle Reynoldsnumber;.J
is the massflux of vaporfrom the surfaceof an evapo-
ratingdroplet; Ky, is the massvaporconcentrationn the
binary vaporgasmixture; and R is the gasconstantThe
turbulent Prandtl and Schmidt numberswere assumed
constantequalto Prr = Scyr = 0.85.

The equationfor massflux of vaporfrom the surface
of evaporatingdropletcanbe written as

0Kvsg
or

Thefirst termontheright-handsidedescribesornvective
vaporflux, andthe seconds thediffusivity vaporflux.

Turbulent Reynolds stressesand turbulent heat and
massfluxesin the gasphasewere determinedaccording
to the Boussinesdpypothesisthey have theform

J:JKvs—pD

U,  oU;\ 2
— < ujuj >=Vr axj + 9z, — §k6ij
v oT v 8Kv
t>—_——+ 77 s _ _
< i - PTT al‘j7 < witv - SCT al’j

Here s;; is the Kronecler deltaand pur is the turbulent
dynamicviscosity

3.2 Two-Equations Turbulence Model

The equationdfor the turbulentkinetic enegy k& andfor
the dissipationrate ¢ modifiedto the caseof atwo-phase
particleladenflow canbewritten as

Ox;j 78:@ oy ) 0z, 2 0x;
k O¢
X|:E(9Ij:|+H_E+Sk/p
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O(Us)) _ 0 [(, vr) 0E], 0 (Edk
Ox; - Oz, 0. /) 0x; Ox; \ kOr @)
+ S (Ca ill = Cerifo) + Se /o

k
Cufu k>

YT —1- A ) JE &
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The constantsand the dampingfunctionswere adopted

by Hwang and Lin (1998): C,, = 0.09, o = 1.4 —
1.lexp[— (0.1yp)], 0e = 1.3 —exp[— (0.1yr)], Ce1 =
144, Ceo = 192, fi = fo = 1, and f, = 1 —
exp (—0.01yx — 0.008y3); herey, = y/+/vk/€ is the
Taylor microscalelT = — < u;u;. > 0U;/0x; is the
rate of turbulent kinetic enegy productionfrom the av-
eragemotion of the gaseousphase,e = ¢ + &, and

2
£ =2v (6\/E/8r is the rate of dissipationof the tur-

bulencekinetic enegy in thewall zone.

Theadoptionof the Taylor microscaley, in thedamp-
ing functionsandtheinclusionof pressureliffusionterms
in both the k and ¢ equationswere key featuresof the
HwangandLin (1998) model. The designedmodel not
only conformswith thenearwall characteristicebtained
from directnumericakimulation(DNS) databut alsopos-
sessesorrectasymptoticbehaiors in the vicinity of the
solid wall. The performanceof the modelof Hwangand
Lin (1998)is assessedy comparisonwith the exper
iments of the backward-facing step flow with the heat
transferof Vogel and Eaton (1985). The presentmodel
predictedcorrectlythe skin friction andheattransferbe-
tweenthewall andthe airflow.

In Eq. (3), £ = 2 is theconstanin the Rottaapprox-
imation for the correlationsof pressurepulsationswith
deformationrate (see Lumley, 1980). With II/¢ = 1
and; = 0, expression(4) yieldsthe classicalexpression
v = Cy fuk?/€ in theturbulencemodel. The minimum
admissiblevalue of E is unity (seeGatskiand Speziale,
1993).With E = 1, Eq. (3) reducedo vy = C,, f.k? /11
(seeLumley, 1980).In the presentstudy with due con-
siderationgivento datareportedby Volkov etal. (1994),
thevalue E = 2 wasadoptedRelation(3) resultswhen
oneexpandghesystenof implicit algebraicequationsor
Reynoldsstressesn termsof the meanvelocity gradient
(seeLumley, 1980;Gatskiand Speziale, 1993;Volkov et
al., 1994).This modificationof Eq. (3) keepsthe turbu-
lenceequationsunchangedHerethe coeficient , stands

to allow for theinfluenceof dropletsontheshearstresses

(seeVolkov etal., 1994).ThetermsS; andS. character
ize the additionaldissipationof the gas-phase¢urbulence
dueto fine evaporatingparticlespresentn the flow and
dueto the nonuniformparticle concentratiorprofile; for

Pakhomw & Terekhw

theseerms,expressiongreviously usedby Terekha and
Pakhoma (2005)wereadopted.

3.3 Disper sed Phase

The systemof meanequationsgoverning transportpro-
cesseén thedisperseghasehastheform (Terekho and
Pakhoma, 2009)

oU;  6J®

a.il?j d

0 (®UL;Ur;
( L]ULI)_F
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To To Oz
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(4)
=& (T; — Tws)

3.4 Reynolds Stress Mode, Equations for the
Temperature Fluctuations, and Turbulent
Heat Flux in the Disper sed Phase

TheReynoldsstressesyelocity, temperaturdluctuations,
and the correlationsbetweenvelocity and temperature
fluctuationswere calculatedusing the equationsby Si-
monin (1991).Thevelocity andtemperaturdluctuations,
andalsothecorrelationdetweerthesefluctuationswere
calculatedusingtheequationdy Volkov etal. (1994)and
Derevich (2002):
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HGTEDLij = T(< UL UL > +Gu < UU; >), D?U
Te < trur; > +~rg,jetuj > are tensorsof turbulent
diffusionandturbulentheatflux of particles respectrely
(Zaichik et al., 1997).Also f, = 1 — exp(—Q¢L /),
fut = f@u =1- exp(_QtL/T@)i Jue = QtL/T - fue,
andf,o = 1 — exp(—Q** /1) arecoeficientsof droplet
entrainmentinto a large-eddyfluctuationalmotion of the
gasphaseg, = Q¢ /t— f,, whereQ¢x istheinteraction

time betweerthe dropletandeddy(Derevich, 2002):

QF [U-UL|QF <TF
QEL:
FE/|U—UL|, |U—UL‘QE>FE

wherel'® = 2 (< u? >)1/2~QL‘19 isintegrallengthscale
of theturbulenteddy(Derevich, 2002);Q9 = 0.6080QF
andQ¥ = 0.22 k/¢ areLagrangianandEulerianintegral
time scales(Simonin, 1991); and Q' is the interaction
time betweenthe dropletandthermaleddy We assumed
thatQ!r ~ Q¢L (seeTerekhe andPakhoma, 2005).

In system(5), corvective transportof fluctuationsand
temperaturdl), diffusion (1), productionof fluctuations
from gradientsof dispersedphaseaveragemotion and
temperaturélll), andtheinteractionbetweerthe phases
(IV) aretaken into account.To determinethe diffusion
memberin Eq. (5), we usethe algebraicequationfor the
third moments:

o 1 8 (uLiuLj)
<UL1ULJULI¢> =73 <DLkn5:cn
0 (ururk) 0 (ur;urk)
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+ L ox, +or oxy,
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Correlation(6) wasobtainedatthe neglectof smallmem-
bers,determinanfor corvective transfer andproduction
of the third momentsof velocity pulsationsfor the ac-
countof the averagedvelocity gradientsof the disperse
phase.The heat and masstransfermodel for a single
dropletwas describedin detail (e.g., seeTerekha and
Pakhoma, 2005).

+ 219Dk

4. NUMERICAL REALIZATION, BOUNDARY
CONDITIONS, AND TESTING OF THE MODEL

The numericalsolutionwasobtainedusingthefinite vol-

ume methodof Patankar(1980). To corvective termsin

differentialequationsthe QUICK procedurevasapplied
(Leonard,1979).Thediffusion fluxeswerewritten using
centraldifferences.The pressurefield was correctedby
the finite-volume SIMPLEC procedure(Van Doormaal
and Raithby 1984). A computationalgrid was nonuni-
form bothin the axial andradial directions.Refiningthe
grid wasappliedin therecirculationzone,in theflow de-
tachmentregion, andin the reattachmentone.All com-
putationsvereperformedonthegrid with 350 x 120 con-
trol volumes(CVs). Additionally, a seriesof testcompu-
tationsfor a gas-dropletflow with wall dropletevapora-
tion occupying atotal of 500 x 240 CVswasperformed.
Nusseltnumbersobtainedin differentcomputationruns
differedwithin 1% for the single-phasdlow andwithin

2% for the gas-dropletflow with evaporatingdroplets.
The Nusseltnumberbeingrathersensitve to variationof

mean-flov quantitiesandto the temperatureof the two-

phaseflow, in the majority of computationsa grid com-
prising350 x 120 CVswasused.

Initial conditionsatthepipeinletwereusedn theform
of uniform profilesof phaseparametersAt the pipe out-
let, boundaryconditionsconsistedn settingzeroderiva-
tives of variable quantitiesin the longitudinal direction.
At the pipe axis, for both phasesconditionsof symme-
try wereadoptedAt thewall werethewall impermeabil-
ity conditionandthe no-slipconditions For thedispersed
phasewere adoptedthe conditionsof Derevich (2002).
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After precipitationat the channelwall, dropletswereas-
sumedto stick to the surfaceandnever returnto theflow.

At thefirst stage acomparisorwith experimentadata
for single-phasedurbulent suddenexpansionflows was
performedTheseresultswerepresentedn Terekha and
Pakhoma (2008).Comparisomresultsfor two-phaseyas-
dispersecand mist flows behinda backward-facing step
and downstreamof a pipe suddenexpansionwere pub-
lishedin Terekhav andPakhoma (2009a)).

5. NUMERICAL PREDICTIONS, ITS
DISCUSSION, AND COMPARISON
WITH EXPERIMENTAL RESULTS

Pakhomw & Terekhw

terminedasStk = t/t;, wheret; is thetime scaleof tur-
bulencefor the flat detachmentlow (Fesslerand Eaton,
1999):

T =5H/U; @)

It is necessaryto note that relationship (6) was ob-
tainedby Fesslerand Eaton(1999) for the flow behind
a backward-facing step, and for the axial-symmetrical
flows, its applicabilityrequiresseparaténvestigation.
The radial profiles of the dispersedphasemassload-
ing ratio downstreamof the pipe abruptexpansionare
shavn in Fig. 2(b) for variousinitial particle diameters,
d1 =10 um, Stk=0.03,andd; = 100 um, Stk=2.7. It
shouldbe notedthatit entrainsfinely dispersediroplets
into the separatediow readily, which are presentin the
streamthroughoutthe whole pipe crosssection,whereas

All calculationswere carried out for a monodispersed large particles, due to their inertia, almost never enter

gas-dropletmixture. The tubediametebeforeexpansion
2R; = 20 mm, behindexpansionit was2R,; = 60 mm,
the degreeof channelexpansiorwasER = (Ry/R;)? =
9, andthe stepheightwas H = 20 mm. The gas flow
velocity beforedetachmentvas U; = 10 — 60 m/s, and
Reynoldsnumberfor thegasphasewvasRey = HU, /v=
1.3 x 10* —8 x 10%. Theinitial velocity of the dispersed
phasewasU; = 0.8U;. Theinitial dropletsizedvaried
within d; = 0— 100 um, and their massconcentration
changedvithin M, =0—0.1. In theinitial sectiondrops
weremonodisperseandfurtherdown, theflow their size
changedn both directions.Calculationswere madefor
waterandethanoldroplets.The lengthof calculationre-
gion after the tube expansionwas 30 H. The density of
heatflux fed to thetubesurfacewasqy =1 kKW/m?2.
Profilesof theaxial velocity of the particles their con-
centrationsandgastemperaturefor two caseof thepar
ticlesdiameterareshavn in Fig. 2. Small particles(solid
cunes)fall into the separatiorareaandare presentover
thewhole pipe section,andlarge dropspracticallydo not
permeatén theseparatiomreaandmoveonlyin theshear
layer [seeFig. 2(a)]. Increasedparticle size actsto sup-
pressthe entrainmentof particleswith the recirculation
flow becausef increasedstokesnumber For 100 um di-
ametedroplets(dashedturwes),the Stokesnumberis Stk
= 2.5,theentrainmenbf the disperseghasewith thede-
tachedflow beingthereforelesspronouncedThe Stokes
numberof the dispersedphasein the meanmotion Stk
is oneof themaincriterionfor determinatiorof dispersed
phasénvolvementnto circulationof airflow. At Stk 1,
the particlesare involved well into the detachmenino-
tion of thegasphaseandat Stk > 1, thedisperseghase
doesnot participatein the recirculationmotion. It is de-

therecirculationregion. Behindthedetachmenpoint, the
massfraction of fine dropletsdecreasesharplybecause
of intenseevaporationof particlesanddueto the sudden
expansionof the flow field. In the wall zone, owing to
evaporation,the massconcentratiorof dropletsis much
lowerthanin the axial zoneof the pipe.

The temperatureprofiles of the gas phase ©
(T —Tw) / (Th1 — Tw) areshawvn in Fig. 2(c), whereT}
and Ty, are the initial temperatureof the flow in the
detachmentrosssectionand the wall temperaturefor
two casesof waterdropletinitial diameter While mov-
ing downward, the flow the profile of gastemperature
substantiallychangesin the axial region, gas tempera-
ture® > 1 is explainedby local gascooling becausef
adiabaticevaporationof droplets.In the caseof smaller
dropletstheparamete® haslargervalue.Analogousre-
sultshave beenobtainedn measuremenindpredictions
(Terekhev andPakhoma, 2005; Terekhw etal., 2005)in
the studiesof wall mist screensGastemperaturegspe-
cially nearthe wall in caseof the large drops,is higher
(respectiely, thevalue® is lower). Thetemperaturgro-
files directly afterflow detachmentz/H = 2) testify to
anincreasen thicknessof the thermalmixing layer be-
hind a backward-facing step.Intensie turbulent mixing
in the detachmenarealeadsto the factthatthe mostpart
of the temperatureaifferenceis within a thin wall layer
(whosethicknessis about3%—5%of tube radius).Cor-
respondinglythe value of heattransferof the two-phase
flow with the tubesurfaceis determinedoy the intensity
of turbulentmixing of the gaseougphasean thethin near
wall layer.

Figure 3 shaws the distributions of Nusseltnumbers
over the pipe lengthfor waterand ethanoldroplets,cor-
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FIG. 2: (a) Distribution of waterdropletaxial velocity, (b) their massfraction,and(c) gastemperaturdor particles
of minimal initial size(d; = 10 um, solid curves)andfor maximaldiameter(d; = 100 um, dashecturves). H =
20 mm,Re=13,300,Uz; = 0.8U,, T} = Tpy = 293 K, g = 1 kKW/m?, My, = 0.05; (@) 2/H = 2, (b) z/H = 6,
(¢)xz/H =10,(d) z/H =15

respondinglyThelocal Nusselthumberswverecalculated in the relaxationregion. The latter is confirmedby data

by theformula in Fig. 2 shawving that small droplets readily become
qw Ro entrainedwith the separatedlow. Increasingthe liquid
Nu = A (Tw — Tp) dropletdiameterexerts different effects on heattransfer

in theseparatiorflow. Finedropletsevaporatdasterover
whereT;,, = 2/U; R3 fORQ TUrdr is the meangasflow a shorterpipe length; seecurve 2 in Fig. 3) dueto a
temperatureDroplet addition to the airflow resultsin a largerinterphasesurface.As moreandmoreevaporating
substantialmore than twofold) heattransferaugmenta- dropletsdisappeafrom the flow, the heattransferinten-
tion in comparisorwith the single-phaseairflow (curve sity tendsto the valueobsenedin the single-phasdliow.
1), all other conditionsbeing identical. Enhancedheat As aresult,in thedetachmentone therateof heattrans-
transferis obsened both in the recirculationzoneand fer is roughly the sameasin the one-phasdlow; behind
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FIG. 3: Predictedocal Nusselthumberdistribution alongthe pipe length (a) for the waterand (b) for the ethanol
droplets.Thearronvs meanthelocusof reattachmenpoint. M; = 0.05. Curve 1, d; = 0 um (one-phaséow); curve

2,10; curvwe 3,50; curve 4,100

thereattachmenpoint, the heattransferenhancemerin-
creaseslueto dropletevaporationlt shouldbenotedthat
under conditionswith evaporation,the Nusseltnumber
in the flow ladenwith large droplets(d; = 100 um) is
smallerthan the samenumberfor finer droplets(d; =
50 um) over theentirecalculatedlow domain.

Note that dataon Nusseltnumberdistribution fail to
provide quantitatve information on particles’ involve-
mentin recirculationgasmotion.Dataon Nusselthumber

@)

distribution provide only the qualitatve evaluationof the
degreeof dropinvolvementin thedetachedjasflow.
Distribution of the maximal Nusselt number depend-
ing on the Reynolds number, plotted by the step height
and initial velocity of the gas phase, is shown in Fig. 4.
The empirical correlation (Baughn et al., 1989) (solid
lines in Fig. 4) was used for comparison at the single-
phase airflow. This correlation describes well the results
obtained for the flow with pipe sudden expansion un-

10°

Nu
max

10°

10‘ 1 |

(b)

FIG. 4: Maximum Nusselthumberdownnstreanof the pipe sudderexpansionfor the (a) waterand(b) ethanolparti-
clesasafunctionof Reynoldsnumber Solid line is the correlationfrom Baughnetal. (1989).The pointdesignations

andconditionsof predictionsarethe sameasin Fig. 3.
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der the boundaryconditions Ty, = constand gy
const;
2/3

Numax = 0.2Rey;, (8)

whereNUy.x = tmax2Ro/A isthemaximalNusselinum-
ber, plotted by the tube diameterafter the flow expan-
sion. For the single-phasdlow after the abruptexpan-
sion, the resultsof calculationsby this model (Fig. 4,

line 1) correlatesatishctorily with correlation(7). With

arise of Re numbey the local maximal Nusseltnumber
increaseswhat is typical both for the single-phasdlow

andthe gas-droplemedium.For the gas-dropleflow, the
valuesof heattransfercoeficients are higher than the
correspondingraluesobtainedfor the single-phasdlow

(Fig. 4, curnwes 2-4) becauseof evaporationof the dis-

persedhhaseTheincreasean the numberof dropletsand
their initial diameterinfluencesdifferently heattransfer
augmentationA rise of massconcentratiorof droplets
enhancesheheattransferrate.An increasen theparticle
sizedecreasebeattransfetbecausef asignificantreduc-
tion of the contactinterfaceareawhatis obviouslyin the
rangeof low RenumbersTheemploymentof liquid with

lessemphasetransitionheat(ethanol)asa coolantresults
in a value of heattransfercoeficient lesserthanfor the
waterdropletsbothin the areaof flow recirculationand
behindthe sectionof flow attachment.
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ter and ethanol particles (d; = 10 um), heattransfer
growth is obsered in the whole calculationarea.Large
inertial droplets(d; = 100 um), practicallynot dispersed
in the recirculationarea,causean insignificantincrease
of theparameteNu/Nu, in the zoneof the detachedlow,
whereaghenoticeabldncreasef heattransferis specific
for the areabehindthe attachmenpoint, which accords
with our data(Hishidaetal., 1995; Terekho andPakho-
mov, 2009,2010).Useof ethanolasa coolantresultsin a
lessetincreaseof heattransferin the detachedwo-phase
flow comparedvith thewaterdrops.All pointsmentioned
accordwith thedatain Figs.2-4.

The effect of step heights on the heat transfer rate is
illustrated by Fig. 6 for two steps of 10 mm and 20 mm.
Here St max IS the maximal Stanton number for the one-
phase airflow, andy is the flow reattachment length.
The Stanton number was calculated by the formula St =
ol(p Cp Uy); herex is the heat transfer coefficient and
U, is the flow velocity. An analysis of the data in Fig. 6
shows that the heat transfer in the case of gas-droplet
flow increases appreciably (more than 50%) for both step
heights. Predicted heat transfer for the siép= 20 mm
(Stk =1.1) is larger than that fdif = 10 mm (Stk = 2.2)
in the reattachment point. For the cage= 10 mm, the
value St/S§ .« is higher in the area of reattached flow
than in the case of the step 20 mm high. In the recircu-

Distribution of heat transfer intensification paramete;iq, region, the heat transfer féf = 20 mm is higher

Nu/Nw, where Ny is the Nusselt number for singlehan that forr = 10 mm because at lesser Stokes num-
phase detached flow at other identical parameters, is given

in Fig. 5 for the case of the used water (solid lines) and
ethyl alcohol (dashed lines). For the case of small wa-

FIG. 5: Heattransferintensificationratio alongthe pipe
length for water (solid lines) and ethanol(dashedines)
droplets.My; = 0.05. Curve 1,d; = 10 um; 2, 100.
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ber, dropletsare betterentrainedand dispersedhrough
therecirculationflow. The maximumlocusof heattrans-
fer is far behindthereattachmenpoint ((z — zg)/zr =
2 — 4) for H = 10 mm, which canbeexplainedby lower
entrainmenbf the particlesinto thedetachedlow atlarge
StokesnumbersMaximumheattransferfor H = 20 mm
approximatelycoincideswith thereattachmenpoint.

6. CONCLUSIONS

Fine droplets (with a small Stokes humber) get read-
ily entrainedwith the detachedlow, becomingscattered
throughoutthe pipe crosssection.On the contrary large
particlesdueto theirinertia,did notgetinto therecircula-
tion zone,beingthereforepresenbonly in the sheadayer
region. In the wall zone,dueto dropletevaporation,the
concentratiorof liquid dropletsis muchlowerthanin the
axial region of thecylindrical channel.

Addition of dropletsto theflow resultsin apronounced
heattransferenhancementtwofold) in comparisorwith
the single-phasairflow, all otherconditionsbeingiden-
tical. Here augmentatiorof heattransferbothin the re-
circulation zoneandin the flow developmentregion in
the caseof fine particles(StokesnumberStk < 0.3) is
notevorthy. The latter obsenation confirmsthe conclu-
sionthatfinely dispersediropletsget entrainedwith the
detachedlow. Relatively large particles(Stk > 1) added
to the flow almostnever enterthe recirculationzone,the
heattransferintensity in this zone remainsroughly un-
changedandenhancedeattransferis only obsenedin
thereattachmerzone.
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EFFECTS OF HEAT SOURCE/SINK AND RADIATIVE
HEAT TRANSFER ON HYDROMAGNETIC
NATURAL CONVECTIVE FLOW THROUGH A
VERTICAL CHANNEL

Ajay Kumar Singh

Department of Mathematics, C. L. Jain College, Firozabad 283 203, India, E-mail: aksinghnps-
ingh@rediffmail.com

Effects of heat source and radiative heat transfer on unsteady hydromagnetic natural convective laminar flow of an
incompressible homogeneous, electrical conducting, viscous fluid through a porous medium in a vertical channel con-
sisting of semi-infinite parallel walls is studied. The fluid flows under the influence of uniform magnetic field applied
normal to the flow. Using the Laplace transform technique, the solutions for velocity and temperature fields are obtained.
Expressions for skin friction and rate of heat transfer are also derived. The effects of material parameters on temperature
distribution, velocity field, skin friction, and rate of heat transfer are discussed for symmetrical cooling of the channel
walls. The effects of material parameters on velocity are shown graphically, while those of skin friction and heat transfer
rate are presented in tabular form and a corresponding discussion is made. The model finds applications in nuclear heat
transfer processes, metallurgy, and energy systems.

KEY WORDS: heat transfer, natural convection, convective flow, vertical channel, porous medium

1. INTRODUCTION Ingham and Pop (1998), Nield and Bejan (1999), and
Vafai (2000) have presentedca comprehensie summary
Convective fluid flows through porous media are of fu®f experimentalaswell astheoreticalresearctworks on
damental importance due to their broad range of pradieattransferandfluid flows throughporousmediain the
cal applications in science and technology. These inclugi¢senc@andabsencef amagnetidield.
utilization of geothermal energy, thermal insulation in Ostrach(1952,1954)and Berman(1953)studiedthe
engineering, insulation of buildings, control of pollutaritehaior of steadyfree convectie flow and heattrans-
spread in groundwater, design of nuclear reactors, therrigslas well as combinedfree and forced corvectionand
energy storage system, insulation of high-temperatireat transferin consideringconstantwall temperature
gas-cooled reactor vessels, heat exchangers, solar p@wgrlinearly varying wall temperaturerespectiely. In
collectors, nuclear waste repository, chemical catalytic @ddition, Sparrav et al. (1959), Wooding (1963), Aung
actors, food processing, and casting and welding of m&h972), Miyatake and Fuzii (1972), and Haajizadehand
ufacturing processes. Cramer and Pai (1973) have intféen (1984) have mademajor contributions on the con-
duced pioneer work on magnetohydrodynamic convectivectve flow of fluids in vertical channels Singh (1988)
fluid flows through porous media. Recent monographs pfesentecan analysison flow behaior of transientfree
corvective flow whenoneof thechannelwalls is moving
T This paperis dedicatedo the memoryof the late ProfessoiE. R. G.  impulsively. ChandrasekharandNarayanar{1989)have
Eckert (1904-2004)a well-knovn mathematiciarandpioneerin fluid ~ studiedthe laminar free corvection flow undera pres-
mechanics. suregradientthrougha vertical porouschannelwherein
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h distance between channel walls

k*  mean absorption coefficient
K’ permeability of the porous medium
K permeability parameter

K7 thermal conductivity of fluid
M  magnetic parameter

N radiation parameter

Ngr modified radiation parameter
Nu rate of heat transfer

Pr  Prandtl number

¢,  radiative flux vector

S heat source parameter

' time

t nondimensional time

NOMENCLATURE
B Plank’s constant T  dimensional temperature
By uniform magnetic field T, walltemperature
C, specific heat at constant pressure Ty,  initial temperature
g acceleration due to gravity v/ component of velocity
Gr  free convection parameter u nondimensional component of velocity

mean velocity in the channel
Y nondimensional Cartesian coordinate
y Cartesian coordinate

Greek Symbols

p fluid velocity

0 nondimensional temperature

B coefficient of volume expansion
due to temperature

viscosity of the fluid

electrical conductivity of the fluid

Stefan-Boltzman constant

nondimensional skin friction

at the plate= 1

*

A9 aE

thewalls of the channelareheatedor cooled.The effects
of rotationon free corvectionthrougha vertical channel,
encountereth nature(e.g.,in metrology) have beenana-
lyzedby SachetandSingh(1992).JangandChen(1992)
studiedforcedcorvectionin a parallelplate channelpar
tially filled with a porousmediumof high porosity and
obsenedthatthe Nusseltnumberis sensitve to the open
spaceratio and also that the Nusseltnumberis a mini-
mumata certainporouslayerthicknesslependingnthe
Darcy number Hadim and Chen(1994a,1994b)studied
non-Darg mixedcornvectionin a verticalporouschannel
with discreteheatsourcesatthewall andwith asymmetric
wall heating,respectiely. Singhet al. (1996) have stud-
ied analyticallythetransienfreecorvective flow in aver-
tical channekonsideringasymmetricheatingof theplate,
while Paul et al. (1996) have studiedthe transientfree
convectionflow in averticalchannekonsideringconstant
temperatureand constantheatflux on the channelwalls.
Paul etal. (1998,2001),Chen(2004),andTalukdaret al.
(2004)have alsostudiedcornvectionflow betweerparallel
vertical walls filled with a porousmediumunderdiffer-
entboundaryconditions Recently Paul etal. (2006)have
performedananalysisonthetransienbehaior of natural

convectionflow in a porousregion boundecby two verti-
calwalls asaresultof asymmetridheatingandcooling of
thewalls.

Hydromagneticheattransferand fluid flow by natu-
ral corvection as a result of the temperaturalifference
betweentwo parallelvertical walls have attractedthe at-
tentionof researcherbecausef their mary technologi-
cal applications Alpher (1961) hasstudiedthe problem
of free corvection betweentwo infinite heatedvertical
platesembeddedn a porousmediumundertheinfluence
of a magneticfield. Terrill and Shreshtha1965) have
studieda problemonfully developedhydromagnetidree
corvectionviscousfluid flow througha porousmedium
boundedy two vertical plateswith symmetricheatingof
thechannelvalls. Thereaftemary researchersncluding
Jha(1998),Singhetal. (2001),Singh(2005),andSinghet
al. (2005), have studiedhydromagneticcorvective flows
through parallel plate channelsunder different physical
situations.

A generalreatmenof heattransferby combinedcon-
vection and radiationin boundarylayer flow hasbeen
madeby Arpaci (1968)to understandhe nonequilibrium
interaction betweenthermal radiation and laminar free
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convectionfrom a heatedvertical plateimmersedn ara-
diatinggas.Shwartz (1968)investigateda viscousradiat-
ing nonsimilarboundarylayer flow from a stagnatiorre-
gionandaflat plate.ChengandOzisic(1972)investicated
the problemof simultaneougadiationand free cornvec-
tion from averticalplateconsideringabsorbingemitting,
andisotropicallyscatteringluid. Hossainandcolleagues
(Hossainand Takhar 1996; Hossainet al., 1998, 1999)
have studiedthe effect of radiationusing Rosselandlif-
fusionapproximatior[38], whichleadsto anonsimilarity
solutionfor the forcedandfree corvectionflow of anop-
tically denseviscousincompressibldluid pasta heated
vertical plate with uniform free streamvelocity and sur
facetemperatureTheseauthorsuseda groupof transfor
mationsin their papersandthe boundarylayerequations
governing the flow were reducedto local nonsimilarity
equationsvalidatedin both the forced and free corvec-
tion regimes.Recently Molla and Hossain(2007) have
studiedthe effect of thermalradiationon a steady lam-
inar, two-dimensionamixed corvectionflow of viscous
incompressibleptically densdluid alongaverticalwavy
surface.

Accordingto the literaturesuney, it is notedthatthe
free corvection flow with radiation heattransferchan-
nel walls has not beengiven due importance,although
suchflows are encounteredn practicalsituations.This
motivatesthe presenstudy which addressethetransient
naturalconvectionflow of a viscousandincompressible
fluid betweenparallelvertical walls filled with a porous
matrix underthe influenceof a uniform trans\ersemag-
neticfield. The enegy equationof the problemcontains
thetermsdueto theheatsourceaswell astheradiationef-
fect,andthecornvectionphenomenobetweerthewallsis
setby changinghetemperatur®f thewalls to thatof the
fluid temperatureln theinvestigation,the mixed cornvec-
tion boundarylayerflow of anoptically denseandviscous
incompressibléuid with theeffectof thermalradiationis
studiedusing Rosselandliffusion approximation(Brew-
ster 1972). Using Laplacetransformtechnique the ex-
pressiondor the velocity field, temperaturalistribution,
skinfriction, andrateof heattransferarederivedandnu-
mericallydiscussedhroughgraphsandtabulatedfor vari-
ationsof the parametergncountereihto theequation®of
momentumandeneny.

2. PROBLEM FORMULATION

We considerthe flow of anincompressibleglectrically
conductingviscousfluid througha vertical channelcon-
sistingof parallelwalls embeddedn a porousmediumin
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the presencef a constantheatsink. In the Cartesiarco-
ordinatesystem,let the 2’ axis be chosenalong a wall
of the channelin the direction of flow andthe 3’ axis
normalto it. The channelwalls are taken at a distance
h apart. A uniform magneticfield of uniform strength
By (= pHyp) is appliedin the direction normal to the
flow region. Initially, at¢ = 0, the channelwalls and
fluid are at the sametemperaturely,. Whent’ > 0, the
temperaturef thechannelwallsis instantaneouslyaised
(or lowered)to T, (T, # Tp) andthereaftermaintained
constant.The formulation of mathematicakquationsis
basedon the following assumptions(1) the plateis infi-
nite in length so that the quantitiesinvolved in the gov-
erning equationsare independenof z’; (2) the physi-
cal propertiesof the fluid are constant,exceptfor vari-
ation in densityin the buoyang force term of the mo-
mentumequation;(3) the densityis a linear function of
temperaturegiven by p = pg[1 — B (T — Tp)], thatis,
Boussinescapproximationis taken into account(Nield
and Bejan, 1999); (4) the magneticReynolds numberis
very small so thatthe inducedmagneticfield is negligi-
ble (CramerandPai, 1973);(5) the strengthof the mag-
neticfield is smallenoughto neglectJouleheatingsothat
the term due to electricaldissipationis not includedin
the enegy equation(CramerandPai, 1973);(6) the heat
dueto viscousdissipationis negligible; and(7) in theen-
ergy equationyadiative heattransferis takeninto account
(Brewster 1972).

Underthe precedingstatedassumptionghe equations
governingtheflow are

ou’ o%v  oB: , Y ,
@—QB(T—TO)‘H}W—T o 1)
oT Kp T 1 8¢, &

g _Lro % 2 p_qy (2
o pCypoy? oGy 9y pCy ( v @

For the radiative heatflux in Eqg. (2), we invoke the
differentialapproximationusedby ElbarbaryandElgaz-

eri (2004):
) dA

For an optically thick fluid, in additionto emission,
thereis alsoself-absorptiorn(Azzam, 2002),andthe ab-
sorption coeficient dependson wavelength (Bestman,
1985).Hencethe Rosselan@pproximatiorof Eq. (3) for
theradiative heatflux (Datti etal., 2004)is simplifiedas

,  4o0* 0T
&= 3k* Oy’

0B

ot ®)

V-q;:4(T—Tw)/oc2<
0

(4)
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We assumehatthetemperaturelifferenceswithin the
flow are small so thatthe term 74 may be expressedas
a linear function of temperatureHence, expendingT*
in a Taylor’s seriesaboutT, andneglectinghigherorder
terms,we get

T* 2 AT3T — 3T (5)

Theinitial andboundaryconditionsareasfollows:

<0, =0, T=1Ty forall 0<y <h

Kumar

eMgt)

("> o (-

u(y,t) =
n=0
X [Hl (Xna NR; S t) + H2 (Yn; NRa Sv t)]
(11)
Z 1=e¥) [ Hy (X, 1, M, )

+H4 (Yn7 17 Ml; t)i|

>0, u=0 T=T, aty =h (6) Where

u, =0, T,=0aty =0 M

! ’ | -  My=M; ~NgS, M=
We introduce the following nondimensionalquantities Ng —1
andparameters: My = My + Mz, Ms=.5+ Ms,

_y; t—t/—ﬁ u_u' e_T—TO
y_ha _h27 _u7n7 _Tw_TO7
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In view of Egs. (4) and (5) and the previously stated
nondimensionatjuantitiesand parametersthe Egs. (1)
and(2) transformto thefollowing:

ou 0%u

a_Ge)+32—Mw @)
00 020

The initial and boundaryconditions (6) in nondimen-
sionalform areasfollows:

t<0, u(yt)=0, 6(yt)=0,
t>0, u(l, t)=0, 06(1, t)=1, (9)
uy (0, ) =0, 0,(0,t)=0

3. SOLUTION OF THE PROBLEM

Using Laplace transform technique, the solutions of
Egs.(8) and(7), satisfyingthe conditions(9), areasfol-
lows:

D)"Y [Hy (X, N, S, )
n=0

+H2 (Y;Lv NR7 S) t):|

0(y,t) = (= 10

Xp=2n+1—-y, Y,=2n+1+y,

;{exp (721\/2223)

F(Zl7 Z27 Z3a Z4) =

AREA:
erfc( N — \/ZgZ4> + exp (Zl\/Zng)
Zh\ Zy
YAVA
wte( Gz VAL

4. SKIN FRICTION AND RATE OF HEAT

TRANSFER

Theskinfriction (7) attheplatey = 1 is

. (8u) :i(_l)n+lg

Mo
G2 (Dna Cna 17 M7 t)]

n=0
[Gl (Dnac’n;NR7S t) -

G (12)
+ Z n+1 — ]\/I3t |:G3 (Dnucn7NR7M57t)
~ G (Dn, Coy 1, My 1) ]
Therateof heattransfer(Nu) atthewall y = 1 is
ae) = ntl
Nu = = -1
(5y Z:;J( : (13)

x Jy (Cquna NRa M57t)

where

f (Xl,X23X37X4;X5) = Fl (X17X37X43X5)

- F2 (X27X3aX47X5) )
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Cph=2n+2, D,=2n, X,=2n+1—y,

My
My = M; — Np§, Mz= ——2_
2 1 Rsv 3 NR_lv
My =M, + My, M;=5+ M;

1
F (21, Z, Zs, Za) = 5/ ZaZs [exp (-2v2:2s)
VARV
2\/274 — ZgZ4> + exp (Zl\/ ZQZg)
Z\ 2y [ Zo
erfc( N +\/Z3Z4>} + ps
exp <—

Z273
5. RESULTS AND DISCUSSION

— Z3Z.
)

In this study we have examinedthe unsteadynaturalcon-
vective flow througha vertical channelembeddedn a
porousmediumin the presencef a constantheatsource
andradiatve heattransferunderthe influenceof a uni-
form magnetidield. Thesystenof governingegs.(7) and
(8) with the boundaryconditions(9) is solved employ-
ing the Laplacetransformtechnique The temperaturés
coupledto the velocity by the free convection parame-
ter Grin Eq. (7). To illustrate the characteristicof ve-
locity field, distribution of temperatureskin friction, and
heattransferrate (Nusselthumber)of the flow field, the
resultsare numericallystudiedand are presentedyraph-
ically andin takular form. Thesecalculationsshav the
variationsin the velocity field, temperaturalistribution,
skinfriction, andheattransferrate,influencedoy the ma-
terial parameter®f the flow problem,namely the mag-
neticparamete(M ), thepermeabilityparamete(K), the
heatsourceparameter(S), the free corvection parame-
ter (Gr), the Prandtinumber(Pr), the radiationparameter
(N), andthetime (¢). An importantcaseof generalnter-
estviz. cooling of the channelwalls by free corvection
currents(Gr > 0) is consideredwhich is employed for
practicalapplicationsin nucleartechnologyand alsoin
geoplysicalandnaval enegy systemapplications.To be
realistic, the valuesof Prandtlnumberare chosento be
0.025,0.71,1.0, and 7.0, which correspondo mercury
air, electrolytesolution,andwaterat 20°C and 1 atmo-
sphericpressurerespectiely—thefluids generallyused
in enegy and naval/aerospaceéechnologiegKim, 2000;
Ro0sa,1968;Blums, 1987; Ferraroand Plumpton,1966).
The obsenations associatedvith variationsin velocity
field andtemperaturdistributionsareshavn with theaid
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of a numberof graphicalfigures,while that of skin fric-
tion andrateof heattransferis recordedn takular form.

Figurel shavsvariationsin velocity field versusy due
to a changein the magnitudeof the magneticparame-
ter (M) for fixed valuesof the remainingparameterthe
maximummagnitudeof velocity is recordedfor a min-
imum value of M, indicating that a rise in the magni-
tudeof M leadsto a decreasen the velocity consistent
with mary otherstudies(Kim, 2000;R0sa,1968;Blums,
1987;FerraroandPlumpton,1966).Thereforethe hydro-
magneticdrag embodiedin the term —Mwu of the mo-
mentumEg. (7) retardghevelocity in the cooling caseof
the channelwalls by free convection currents(Gr > 0),
whereinthetemperaturés coupledto thevelocity via the
free convectionparametefGr). This is animportantcon-
trolling mechanisnin nuclearenegy systemsheattrans-
fer, wheremomentundevelopmentanbereducedy en-
hancingthe magnetidield.

Figure2 representshe variationsin velocity versusy,
influencedby the changein the permeabilityparameter
(K) for fixedvaluesof theotherparameterdt is obsered
thatthevelocity is elevatedwith therisein themagnitude
of the permeabilityparametefor Gr > 0. In fact,anin-
creaséan permeabilityparametedeclineghebulk porous
resistancewhich increasegshe momentumdevelopment

1.5 Curve M
1 1.0
12— no
2.5
0.9
A
\‘0.6
|
11
I
U o3- v
S=0.5,Gr=15N=3.0,
Pr=0.71,K=20,t=04
OO T T T T 1
00 02 04 06 0.8 1.0

Yy——

FIG. 1: Effect of magneticparameteron velocity field
whenPr=0.71,Gr=15,5 = 0.5, N = 3.0, K = 20,
andt = 0.4
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FIG. 2: Effect of parameteon velocity field whenPr =
0.71,Gr=15,N =3.0,5 =0.5, M =1.0,andt = 0.4

of theflow regime, therebyenhancinghetransientveloc-

ity.
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locity for cooling of the channelwalls (Gr > 0) asthere
wouldbeathinningof thethermalboundaryayerasare-
sultof reducedhermalconductvity, whichin turnretards
thevelocity field.

Figure 4 illustratesthe variationsin the velocity pro-
files versusy dueto a changein the free corvectionpa-
rametelGr) for fixedvaluesof theotherparametersOne
can obsene that the velocity is significantly enhanced
with the increasein the magnitudeof the free convec-
tion parameterincreasein (Gr) physically implies heat
removed from the channelwalls, which resultsin thick-
ening of the thermalboundarylayer, which leadsto an
elevationin thetransientvelocity.

Figure 5 shows the variations in the transient veloc-
ity versusy due to a change in the Prandtl number (Pr),
when other parameters have fixed numerical values. It is
noted that the velocity decreases with an enhanced value
of Prandtl number for externally cooled walls. The max-
imum magnitude of velocity is recorded for a minimum
value of Prandtl number, that is, for mercury, and the min-
imum magnitude of velocity corresponds to water since
the Prandtl number is mathematically defined as the ra-
tio of the momentum diffusivity to the thermal diffusiv-

Figure 3 depicts the variations in the transient velocitly. Higher-Pr fluids transfer heat less effectively than do
versusy due to a change in the heat sink paramefr (lower-Pr fluids, and consequently, a decrease in tempera-
when other parameters have fixed values. It is recordede takes place, which in turn reduces the velocity in the
that an enhanced heat sink parameter decreases thdlee-regime.
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FIG. 3: Effectof heatsource/sinkparametepnvelocity FIG. 4: Effect of free corvectionparameteon velocity

field whenPr=0.71,Gr=15,M = 1.0, N = 3.0, K =

20, andt = 0.4

field whenM = 1.0, Pr=0.71,N = 1.0, S = 0.5,
K =20,andt =04
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FIG. 5: Effect of Prandtinumberon velocity field when
M =10,N =1.0,5 = 0.5, Gr=15, K = 20, and
t=04
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Figure 7 shavs the variationsin the velocity versusy
dueto a changein thetime parameteft) whenotherpa-
rameterarefixed.lt is notedthatthevelocityincreasesis
timeincreaseandtheflow attainssteadystateconditions
for largetimes.

Figure 8 illustratesthe variationsin temperaturever
susy dueto achangen heatsink paramete(.S) for fixed
valuesof theotherparameterdt is obseredthatthetem-
peraturefield decreasethroughoutheflow field with an
increasen the heatsink parameterin fact, the presence
of a heatsink parametereduceghe velocity field dueto
thickeningof thethermalboundaryayer.

Figure9 depictsthe variationsin the temperaturever-
susy dueto a changen the Prandtinumber(Pr) for the
fixedvaluesof the otherparametersWe notethatthe ef-
fect of enhancedvalue of the Prandtinumberis to de-
creasehe temperaturén the entireflow regime asthere
would be a densenessf the thermalboundarylayer due
to reducedhermalconductvity.

Figure 10 illustratesthe variationsin the temperature
distribution versusy dueto a changen theradiationpa-

Figure 6 represents the variations in the transient vameter N) whentheotherparameteraretreatedascon-
locity profiles versug; due to a change in the radiationent. From the graphit is obsered that the effect of the
parameter §V) for fixed values of the other parameters. ihcreasedadiationparameteis to decreas¢hetempera-
is recorded that the effect of enhanced radiation parameteein theflow field. An increasen theradiationparam-
is to decrease the velocity for cooling of the channel wakserimpliesthereleaseof moreheatenegy from theflow
by free convection currents (Gr 0). Increased radiation region by meansf radiation,whichleadsto adecreasin
implies more extraction of heat, resulting in a thickenatletemperature.

thermal boundary layer, which in turn decreases the ve-Figure 11 shows the variations in the temperature field

locity.
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FIG. 6: Effect of radiation parameteon velocity field
whenM = 1.0, Pr=0.71,Gr=15, K = 20, andt = 0.4
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versusy due to a change in the time paramet&rfor

2.0 Curve t

I 04

_— I 06

1.6 1 m 08

— IV 1.0
124 )

0

08!

‘ I\

Yosal  Mm
S=0.5,Gr=15,N=3.0,
Pr=0.71,K=20,t=04

0.04 : : \ :
00 02 04 06 08 1.0

y——

FIG. 7: Effect of time parameteon velocity field when
Pr=0.71,Gr=15,5 = 0.5, N = 3.0, K = 20, and
M=1.0
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FIG. 10: Effect of radiation parameter on temperature

FIG. 8: Effect of heatsource/sinkparametepn temper

aturedistribution whenGr = 15, N = 3.0, Pr=0.71, distribution when Gr = 155 = 0.5, Pr = 0.71,K = 20,
K =20,M =1.0,andt = 0.4

M =1.0,andt =0.4
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FIG. 9: Effect of Prandtl number on temperature distriFIG. 11: Effect of time parametepn temperaturelistri-
bution when Gr = 155 = 0.5, N = 3.0, K = 20, butionwhenGr=15,N = 3.0, K = 20, M = 1.0, and

M =1.0,andt =0.4 Pr=0.71

TABLE 1: Variations in skin friction €) and rate of heat transfer (Nuk(= 20.0 and¢ = 0.1)

M S Gr N Pr T Nu
1.0 1.0 15.0 1.0 0.71 1.73275 2.16874
1.5 1.0 15.0 1.0 0.71 1.27154 -
1.0 2.0 15.0 1.0 0.71 1.92763 1.75437
1.0 1.0 20.0 1.0 0.71 2.06476 -
1.0 1.0 15.0 3.0 0.71 3.45873 1.98458
1.0 1.0 20.0 1.0 7.00 0.95824 7.36843
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fixed valuesof the otherparametersWe obsenre thatthe
effect of the time parameteiis to decreasehe tempera-
ture. This is quite consistentvith the factthatastime in-
creasesthe thermalboundarylayer decreasesyhich in
turn decreasethetemperaturén theflow region.

Table1 representshe effectsof M, S, Gr, N, andPr
on skin friction (1) andheattransferrate(Nu). Thetable
is self-explanatory and ary discussiomraboutthe effects
of theparametersnt andNu seemdo beredundant.

6. CONCLUSIONS

In this article,we have soughtto determinehow thepres-
enceof a magneticfield, heatsource,and radiationpa-
rameteraffects the unsteadynatural corvection bound-
ary layer flow througha vertical channelembeddedn a
porousmediumfor cooling of the channelwalls by free
corvection currents(Gr > 0). The conclusionsof the
studyareasfollows: (1) anincreasdn M, S, Pr, or N
decreasethevelocityfield; (2) anincreasen K or Grin-

creaseshevelocityfield; (3) theflow velocity approaches
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HIGH ACCURACY NUMERICAL APPROACH FOR
NON-SIMILAR MIXED CONVECTION BOUNDARY
LAYER FLOW OVER A HORIZONTAL PLATE
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The mixed convection boundary layer flow over a heated horizontal plate is studied using high accuracy numerical
method. Present analysis is valid when the buoyancy force effects are small compared to forced convection effects. The
mixed convection boundary layer equations are given with the buoyancy term represented by Boussinesq approximation.
The non-similar mixed convection boundary layer equations are solved directly using direct integration method without
any approximation for non-similar terms. Numerical results are reported for assisting and opposing mixed convection
flows for air. Reported results show that both the local Nusselt number and local friction factor values are increasing
with increase in buoyancy parameter for assisting mixed convection flows and decreases with increasing buoyancy
parameter for opposing mixed convection flows. Reported results reveal that both the local Nusselt number and the
local friction factor values are high compared to local similarity and local non-similarity methods for assisting mixed
convection flows and less compared to local similarity and local non-similarity methods for opposing mixed convection
flows. Reported results show that velocity and temperature profiles in the boundary layer are exactly matches compared
to local similarity method for low value of buoyancy parameter (&). For assisting mixed convection flows, the significant
buoyancy effects are encountered for & > 0.05 and the velocity exhibit an overshoot beyond the free stream velocity for
high values of &. For opposing mixed convection flows, the effect of buoyancy is to reduce the velocity compared to pure
forced convection. The thickness of thermal boundary layer decreases with increasing buoyancy parameter for assisting
mixed convection flows and increases with increasing buoyancy parameter for opposing mixed convection flows. Present
study provides an accurate numerical approach to solve non-similar mixed convection boundary flows.

KEY WORDS: mixed convection flow, assisting flow, opposing flow, buoyancy parameter, non-similar
solution

1. INTRODUCTION transferrate from the surface. Thus the study of mixed

convectionflow is of practicalinterest.

Mixed corvection flows, resulting from simultaneous
buoyang/ and forced corvection effects, arisesin ervi-
ronmentalandelectronicscooling processedn studying
forcedcorvective heattransferflow overahorizontalsur
face, it is customaryto neglect the effect of buoyang
forces.Suchapproachmay not be justified becausehe
buoyang force ariseswhenthe velocity is smallandthe
temperaturalifferencebetweenthe surfaceand ambient
is large. The buoyang force inducesa longitudinalpres-
suregradientwhich in turn alter the flow field and heat

1940-2503/10/$35.00(© 2010 by Begell House, Inc.

In the literature,Mori (1961) and Sparrav and Min-
kowycz (1962)werefirst studiedthe buoyancgy effectson
mixed corvectionboundarylayer flow over a horizontal
plate using perturbationtheory Chenet al. (1977) have
studiedthe mixed convectionboundarylayer flow over a
horizontalplate usinglocal similarity andlocal non sim-
ilarity methods.However, one should note the critique
of variouslocal similarity andlocal non-similaritymeth-
ods discussedn Brewster and Gebhart(1991). The lo-
cal non-similarity methodis an approximatemethodto
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obtain the solution of non-similarboundarylayer equa-
tions. In this methodthe equationsarefirst subjectedo
a coordinateransformationandnon-similartermsin the
equationsaredefinedasnew variables.The transformed
boundarylayer equationsare then differentiatedto pro-
vide differentialequationdor thesenew variables.Such
a procedureof definingnew variablesanddifferentiating
the transformedboundarylayer equationsmay continue
indefinitely However, atsomelevel non-similartermsare
omitted from the formulation,which is to closethe sys-
tem of equations.This measuremales the accurag of
local non-similaritymethoddifficult to assessSchneider
(1979) has obtainedexact similarity solutionfor mixed
corvection boundarylayer flow over a horizontal plate
with the assumptiorof wall temperatureo vary asthe
inversesquareroot of the distancefrom the leadingedge
of the plate. Hussainand Afzal (1988)were studiedthe
mixed corvection boundarylayer flow on a horizontal
plateusingperturbatiortheory A comprehensi review
of mixed corvection flows were given in Gebhartet al.
(1988). Accuratenumericalresultsdoesnot exist in the
literature without approximationfor non-similarterms.
This hasbeenmotivatedthe preseninvestigation.

Here, non-similar mixed corvection boundarylayer
equationgresolvedusingdirectintegrationmethodwith-
outary approximatiorfor non-similarterms.Reportede-
sultsshaw that velocity andtemperaturgorofiles are ex-
actly matchingcomparedto local similarity methodfor
low value of buoyang/ parameterHowever, the velocity
and temperatureprofiles are differ from local similarity
methodfor high valueof buoyang parameter

2. THE GOVERNING EQUATIONS

Considerthe laminar two-dimensionalmotion of fluid
pasta semi-infinitehorizontalplate, with the free stream
velocity andtemperaturelenotedby, U, andT,,. Con-
siderthe flow overisothermakhorizontalplate,for which
the surface temperature(T,,) is greaterthan the free
streamtemperaturg7,,). The leadingedgeof the plate
is consideredasthe stagnatiorpoint. All fluid properties
areassumedo be constantexceptthatthe densityvaria-
tionswithin thefluid areconsidereanly to theextentthat
they contrikute to the buoyang forces.Governingequa-
tionsareobtainedoy invoking boundarylayerapproxima-
tion to the conseration equationsThe steadyboundary
layerequationsalongwith the Boussines@pproximation
to representhebuoyang effect, for thevelocity andtem-
peraturdieldsareasgivenin Gebhartetal. (1988)by;,
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whereu andv arethe velocity componentsn the z and
y directions;g is the gravitationalforce perunit mass;T’
is the fluid temperaturejx and~v are the thermaldiffu-
sivity andkinematicviscosityrespectiely; 3, represents
thevolumetricthermalexpansiorcoeficient. Positve and
negative signsonthebuoyangy termin Eq. (3) referto as-
sisting (flow above the plate) and opposing(flow below
the plate)mixed corvectionflows.

The stream-wisepressuregradient induced by the
buoyang/ force which canbe relatedto the temperature
differencethroughEg. (3) as
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Substitutionof Eq. (5) into Eq. (2), onegetsthe momen-
tum equationas,
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The boundarylayer Egs. (1), (4) and (6) are to be
solvedsubjectto boundaryconditionsare
(y=0):
at the free-stream (as y — c0) : u = Ux;
T="T

at the wall u=v=0; T=T,

()

As thefirst stepin solvingthe systemof partial differ-
ential Egs. (1), (4) and(6) aretransformednto ordinary
differentialequationsisingthetransformatiorfrom (z, v)
coordinatedo (&(z), n(z, y)) coordinatedy introducing

>1/2

The coordinaten(z,y) is a pseudo-similarityvariable
which reducedo a true similarity variablefor boundary
layersthataresimilar. The coordinate () dependsnly

Uss
Va

E,:E,(I), n_y< (8)
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x andis so chosenthat x doestnot appearexplicitly in

the transformedconseration equationsandtheir bound-
ary conditions.In addition, oneintroducesa dimension-
lessstreanfunction F'(&, 1) andadimensionlestemper

atured(&,n) definedas,

Y(z,y)
VU

wherel (z, y) is the streamfunctionthatsatisfythe con-
tinuity Eq. (1) automaticallywith

LB
2,

Substitutionof Egs.(8) and(9) into Egs.(6), (4) and(7),
onegetsthe systemof governingequationsas,

n6+/6dn+£/<aa>dn]
n

T - Ty

B Tw - Too
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F'(£,0)=0, F(£0)=0, 0(£,0)=10 (13)
F(g,00) =10, 0(£00) =0 (14)

wherethe primes denotepartial differentiationwith re-
specton; Pr is thePrandtinumber;é(x) is thebuoyang
parameteandthe expressioras,

B Gr,
Re/?

Xr

(15)

whereGr, = [gB+(T — Two )23 /v? is thelocal Grashof
number;Re, = (Usx)/v is the local Reynolds num-
ber. For assistingmixed corvectionflow (flow above the
plate)whenthe buoyang/ parametef&) is positive value
in Egs. (11) and (12). For opposingmixed corvection
flow (flow belov the plate) when¢, is negative valuein
Egs.(11) and(12). The pureforcedcorvectionflow over
a horizontalplateoccurswhené& = 0. As & is afunction
of x, thesystenof governingEqs.(11)and(12) arecalled
non-similarmixed corvectionboundarylayerequations.
The non-similar mixed corvection boundary layer
Egs.(11) and(12) to be solved with the boundarycon-
ditions as givenin Egs. (13) and (14) to obtainthe ve-
locity andtemperaturerofilesin theboundarylayer. The
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physical quantitiesof interestarethe local Nusseltnum-
ber (Nu,) andthe local friction factor (C';) to know the
corvective heattransferateandskinfriction respecitiely.
Thesequantitiesaredefinedas,

oT
po_ ()0

- =—VRe 0'(£,0) (16)

Nu, =

k Ty — T

du
4 (5),

Cr= s = R&VE(E0) (A7)

whereh,, is thelocal corvective heattransfercoeficient;
k is the thermalconductvity of the fluid; and u is the
dynamicviscosityof thefluid.

3. NUMERICAL METHODS

The non-similar mixed corvection boundary layer
Egs. (11) and (12) are transformedinto five first order
ordinary differential equations Theseordinary differen-
tial equationsare numerically integratedfrom the wall
(y = 0) using fourth order Runge-kuttamethod (RK-
4) with Newton-Raphsorshootingmethodto satisfythe
conditionsat the edgeof the boundarylayer asgivenin
Eq. (14).

Themajordifferencesn the numericalsolutionof the
presentproblemand thoseencounteredn corventional
boundarylayer problemslies in the handlingof integral
termsanddifferentialtermswith respecto & which ap-
pearin Egs.(11) and (12). For the succes®f shooting
techniqueusing a Newton-Raphsormethodrequiresa
very good initial guessvaluesof F”(&,0) and®’(E,0).
Here, grid-searchmethodis usedto obtain good initial
guessvalues.Details of grid-searchmethodaregivenin
Venkatasubbaiaétal. (2006).Integraltermsin Egs.(11)
and(12) areevaluatedusing Simpsons 1/3 rule. For ex-
ample,the evaluationof integral termin Eq. (11) using
Simpsons 1/3 ruleis givenbelov

Mmax
/ Bdn

n=0

—A;[e(o)+4 z_j 0(i)

i=1,3,5

» (18)
+2 > 9(i)+9(n)}

i=2,4,6

whered(0) is thenondimensionatemperaturatthewall
(n = 0); 8(n) is the non dimensionatemperatureat the
free-streantondition(n,.x = 10) Differentialtermswith
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respectto & in Egs. (11) and (12) are evaluatedusing
backwardfinite differenceschemeFor example theeval-
uation of differentialterm with respectto ¢, in Eq. (11)
usingbackwvardfinite differenceschemes givenbelow

OF  Fe ...~ Fi ...
9%

(19)

Ecurrent - Eprevious

To solve the Egs.(11) and(12) for a prescribedvalue
of &, one needsto start by guessingthe valuesof F,
F’ and @ to evaluateintegralsin Egs.(11) and (12) in
addition to guessingthe unavailable starting values of
F"(&,0) and 8/(&,0). The solutionfor & = 0 or & =
Eprevious 1S cOnsideredasinitial guessvaluesto evaluate
theintegralsin Egs.(11)and(12). Thesanputsenablehe
Egs.(11) and(12) to beintegratedusingRK-4 acrosghe
boundarylayer and simultaneouslywith this integration,
F, F’ and 0 valuesare evaluated.Thesevaluesare em-
ployedtoreplaceheinitial gueswaluesfor evaluatingthe
integrals,but theinitial guesse$or F”/(&,0) and®’(&, 0)
valuesareretainedWith theseinputsfor theevaluationof
integrals,integrationof boundarylayer equationsarere-
peatedandnew valuesareusedto evaluateintegrals.This
procedures repeatediy keeping 7"’ (&,0) and’(&,0)
fixedvaluesuntil theinputandoutput ', F’ and® values
lies with in a prescribedtolerance.Then, F"'(&,0) and
0’(&,0) valuesare alteredwith Newton-Raphsorshoot-
ing methodto satisfytheboundaryconditionsattheedge
of theboundarylayer. All numericalcalculationaredone
hereusing doubleprecisionwith 1., = 10 equally di-
videdinto 4000pointsin then direction. The errorcrite-
rion in the shootingmethodcorvergesto lessthan10~2.

4. RESULTS AND DISCUSSION

The non-similar mixed corvection boundary layer
Egs.(11)and(12)aresolvedby Directintegrationmethod
asdiscussedn Section3 without ary approximationfor
non-similarterms.Resultsare reportedfor assistingand
opposingmixed corvectionflows over a horizontalplate
for air. Here,the value of Prandtinumber(Pr) is 0.7 for
all the casesResultsarereportedfor laminarflows with
buoyang/ parametel&) varying from -0.025to 0.3. The
positive valuesof ¢ refer to assistingmixed corvection
flow (flow above the plate) andthe negative valuesof ¢,
referto opposingmixed convectionflow (flow belov the
plate).

Venkatasubbaiah
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FIG. 1: Velocity profilein theboundaryjlayerfor (a) & =
1.0 x 10~% and(b) & = 0.05.

2(a),onenoticethatthevelocity andtemperaturgrofiles
exactly matchescomparedo local similarity method.In
Figs.1(a)and2(a),thereis no visible differencebetween
lines becauseDirect integrationline is superpositioron
local similarity line. As the & increasego 0.05, the ve-
locity andtemperaturerofilesin the boundarylayer are
differ from local similarity methodasshawn in Figs.1(b)
and2(b). Reportedvelocity andtemperaturgorofilesare
high accurag comparedto local similarity methodbe-
causenon-similar terms are evaluatedwithout ary ap-
proximation.Local Nusseltnumber(Nu,) andlocal fric-
tion factor(C) valuesare obtainedusing Egs.(16) and
(17)for & = 1.0 x 10~5. Thesevaluesareslightly vary-
ing comparedo local similarity andlocal non-similarity
methodsas shavn in Figs. 3 and 4. As discussedn in-
troduction,local similarity andlocal non-similaritymeth-
odssolutionsarebasedon approximationfor non-similar
terms.

Local Nusselthumber(Nu,) valuesare obtainedwith
differentbuoyang/ paramete() asshovnin Fig. 3, with

The velocity and temperature profiles in the bounthe resultsof presentinvestigation shovn by solid line.

ary layer have been obtained for the case§ ef 1.0 x

In Fig. 3, local similarity and local non-similarity solu-

10~%,0.05 as shown in Figs. 1 and 2. From Figs. 1(a) artibns are shovn by dottedlines and long dashlines re-
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FIG. 2: Temperatureprofile in the boundarylayer for
(@) & = 1.0 x 1076 and(b) & = 0.05.
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FIG. 3: Local Nusseltnumber(Nu, ) valuesfor assisting
andopposingmixed corvectionflows.
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FIG. 4: Localfriction factor(Cy) valuesfor assistingand
opposingmixed cornvectionflows.

thebuoyang inducesafavorablepressuregyradientwhich

accelerateghe flow and increaseghe Nusseltnumber
From Fig. 3, the corvective heattransfercoeficient in-

creasesvith increasingouoyang/ parametefor assisting
mixed corvectionflow. Whené is negative, thebuoyang/

inducesan adwerse pressuregradientwhich retardsthe
flow and decreaseshe Nusseltnumber This also indi-

catescorvective heattransfercoeficient decreasesvith

increasingouoyang/ parametefor opposingmixed con-
vectionflow. FromFig. 3, thelocal Nusseltnumberval-

uesarecloseagreementomparedo local similarity and
local non-similarity methodsfor very small valuesof &.

As & increasesn assistingmixed corvection flow, the
local Nusseltnumbervaluesare high comparedto lo-

cal similarity andlocal non-similaritymethodsAs & in-

creased opposingmixedcorvectionflow, thelocal Nus-
selt numbervaluesarelesscomparedo local similarity

and local non-similarity methods.ReportedNu, values
areof high accuray comparedo local similarity andlo-

cal non-similaritymethodshecaus@on-similartermsare
evaluatedwithout any approximation.

Localfriction factor(C'y) valuesareobtainedwith dif-
ferentbuoyang/ parameter(&) asshavn in Fig. 4, with
the resultsof presentinvestigation shavn by solid line.
In Fig. 4, local similarity andlocal non-similarity solu-
tions are shovn by dottedlines and long dashlines re-

spectively. From Fig. 3, the variation of Nusselt numbaepectvely. Wheng is positive, thebuoyang inducesafa-
with & is consistent with the expected effects of favororablepressurgyradientwhich accelerateshe flow and

able and adverse pressure gradients. Whénpositive,
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increasesnamginally with increasingouoyang/ parameter
for assistingmixed corvectionflow. When¢, is negative,
theskinfriction dropsoff astheadversepressurgradient
retardstheflow. FromFig. 4, thelocal friction factorval-
uesarecloseagreementomparedo local similarity and
local non-similarity methodsfor very small valuesof &.
As ¢ increasedn assistingmixed corvectionflow, thelo-
cal friction factorvaluesarehigh comparedo local sim-
ilarity andlocal non-similarity methods As ¢ increases
in opposingmixed corvectionflow, thelocal friction fac-
tor valuesarelesscomparedo local similarity andlocal
non-similaritymethods.

Sudderdip of local Nusselthumberandlocal friction
factor valuesappearsat a particularvalue of buoyang/
parameteasshovn in Figs. 3 and4. Physically, this dip
couldbeattributedto a pseudo-interferenceffect caused
by thedeceleratiorf theflow andpiling up of thebound-
ary layer. A combinationof theseeffectstendsto thicken
the boundarylayerandsuppresshe Nu, andCy values.
Similar trendsof Nu, variationare reportedexperimen-
tally by Wang (1982) for mixed corvection flow over a
horizontalplate.

The velocity and temperature fields in the bounda
layer have been obtained with different buoyancy para
eter ¢) and representative velocity and temperature plI(S)-
files are shown in Figs. 5 and 6. From Fig. 5, one ¢
notice that for assisting mixed convection flows, veloci
gradient at the wall is increases as théncreases. For
assisting flows, the effect of buoyancy is to increase t

velocity compared to pure forced convection case=(0)

Venkatasubbaiah

FIG. 6: Temperatureprofilesin the boundarylayer for
differentbuoyang/ paramete(é&).

valueasé increaseskigs. 1 and5, shavs thatsignificant
buoyang force effectsare occurringfrom & = 0.05 on-
rdscomparedo pureforcedcorvectioncase.For op-
osingmixed corvectionflows, the effect of buoyang is
reducethe velocity comparedo pure forced corvec-

Jion. FromFig. 6, onecannoticesthatfor assistingmixed

rvectionflows, temperaturggradientat the wall is in-
reasesnd the thermalboundarylayer thicknessis de-
reasesasthe & increasesThe oppositetrendis shavn

e . ) .
or opposingmixed corvectionflows.

and an overshooting of the velocity beyond its free stream

ik o e
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5. CONCLUSIONS

Resultsof analysishave beenpresentechere for non-
similar laminar mixed corvection boundarylayer flow
over ahorizontalplateusinghigh accuray directintegra-
tion methodwithout ary approximationfor non-similar
terms. Resultsare given for assisting(flow above the
plate)andopposingflow below the plate)mixedcorvec-
tion flowsin air whenthebuoyangy effectsaresmallcom-
paredto forcedconvectioneffects. Thenon-similarmixed
convectionboundarylayer Egs.(11) and(12) are solved
using Fourth order Runge-kuttamethodwith Simpson$
1/3 rule to evaluateintegrals and backward finite differ-
enceschemdor evaluatingdifferentialtermswith respect
to & asgiven in Section3. The velocity and tempera-
ture profilesin the boundarylayer have beenobtained
for small valuesof & asshowvn in Figs.1 and2. Results

FIG. 5: Velocity profiles in the boundary layer for differ-from Figs.1(a)and2(a),shav thatvelocity andtempera-

ent buoyancy parameter)(

ture profilesareexactly matchingcomparedo local sim-
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SURFACE

A.]. Robinson
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1. INTRODUCTION

Perhapsheoldestandmostwidely usedmethodfor heat-
transferenhancemerns nucleateboiling. Whethetin pool

boiling or corvective boiling applicationsthe extremely
high heat-transferatesassociateavith the nucleatepool

boiling phenomenorare intimately linked to the vapor
bubbleswhich form, grow, anddepartat the heatedsur

face. Enegy is introducedinto the liquid by conduc-
tion from the heatedsolid surfaceandis storedwithin a
thin thermalboundarylayeradjacento thatsurface.This
storedenengy is ultimatelyusedto vaporizetheliquid and
causebubblesto form andgrow. In additionto evapora-
tive cooling effects, fluid motionsinducedby bubbleac-
tivity disruptthethermalboundarylayerin thevicinity of

the bubbles,causingenhancednixing andimprovedheat
transferin theseregions(Dhir, 1991).

1940-2503/10/$35.00(© 2010 by Begell House, Inc.

Computational Thermal ScienceX4), 341-358 (2010)

DEPRESSURIZATION EFFECTS ON THE THERMAL
FIELDS AND HEAT TRANSFER DURING HEMI-
SPHERICAL BUBBLE GROWTH ON A HEATED

Department of Mechanical and Manufacturing Engineering, Trinity College, Dublin, Ireland,

A numerical simulation has been carried out which predicts the growth and wall heat-transfer characteristics of a bubble
atop a heated flat surface in an otherwise quiescent pool of liquid. In accordance with the experimental conditions and
observations of Merte et al. (1995), the simulations are carried out on a constant heat flux surface in microgravity, and
the bubble maintains a hemispherical shape with no contribution of a microlayer. The model, computational technique,
and interface tracking methodology provide very high spatial and temporal resolution. This is true for the micrometer-
sized nucleus in metastable equilibrium with its surrounding liquid at the end of the measured waiting time, through
the surface tension, transition, and heat transfer controlled growth domains where the bubble expands to macro-sized.
The simulations indicate that the rapid depressurization of the vapor bubble as it expands occurs in conjunction with
a like drop in the vapor temperature. This establishes a substantial temperature gradient and subsequent evaporative
cooling effect of the heater surface near the moving triple interface. The influence of bulk liquid advection and transient
conduction is discussed in relation to the bubble dynamics.

KEY WORDS: bubble growth, nucleate boiling, contact line heat transfer

The earliestattemptsat developing mechanistianod-
els of nucleateboiling heattransferin the isolatedbub-
ble regime mainly focusedon heat-transfeenhancement
duringthewaiting time betweerbubbledepartureandthe
nucleationof the next bubble. For single bubble events,
the high heat-transferateswere thoughtto be a result
of the destructionof the thermalboundarylayer at the
wall dueto the bubble growth and departurephase. As
a consequencethe waiting time becomesa period of
low thermalresistancelueto transienthermalboundary-
layergrowth, i.e.,transientonductionForsterandGreif,
1959; Mikic and Rohsenw, 1969; Han and Griffith,
1965).A phenomenotfiirst alludedto by SryderandEd-
wards(1956)andvalidatedexperimentallyby Mooreand
Mesler(1961)providedsignificantinsightinto theboiling
procesdy providing evidencethatduringtheinitial rapid
expansionphasea very thin microlayercanform under
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NOMENCLATURE
Notation 1% axial velocity (m/s)
A area(m?) z axial direction (mm)
a coefficient{z2 + r2} Greeksymbols
b coefficient{r.ry + z.2q} x thermal diffusivity (n¥/s)
c coeficient {22 + r?} B1 coefficient{az.. — 2bzne + cznn }
D; radial grid parameter (m) Bo coefficient{arce — 2brye + crqn}
d coefficient{ J=!(ryf1 — znB2)} > thermal boundary-layer thickness (m)
e coeﬁicientg J Yz Ba — rg[sl)} I3 transformed computational coordinate
Cp  specific heat (J/kg K) n transformed computational coordinate
hs, latent heat of evaporation (J/kg) P density (kg/ni)
J Jacobian{z,r. — zem } o surface tension (N/m)
k thermal conductivity (W/m K) 2% angle (-)
n normal direction T time before bubble nucleation
P pressure (Pa) T waiting time
r radial direction (m) Subscripts
R bubble radius (m) l liquid
Sr  grid clustering parameter sat saturation condition
t time (s) sup superheat
T temperature°C) v vapor
U radial velocity (m/s) ff,00 farfield

neaththe baseof the growing bubble.During a complete
bubble cycle, evaporationof the microlayerprovidesad-
ditional surfacecooling during the bubble growth phase.
With transientconductionduring the waiting period and
microlayerevaporationduringtheinitial growth phaseas
the primary mechanism®f heattransfer several models
have beendevelopedwhich attemptto quantify the heat
removal ratesduring boiling (van Stralenet al., 1975;
Zhaoetal., 2002;JuddandHwang,1976;FathandJudd,
1978).

Boiling dynamicsarevery sensitve to a vastarray of
interrelatedparametersnaking exhaustve experimenta-
tion difficult. Furthermore bubble dynamicsare associ-
atedwith smalltime andlengthscalesuchthatmeasure-
mentswith adequatdemporaland spatialresolutionare
difficult to obtain.It hasbeenuntil very recentlythatreli-
abletime- andspace-resokd measurements thevicin-
ity of bubbleshave beenprovided in the openliterature
(Wagneret al., 2006; Demiray and Kim, 2004; Golo-
bic etal., 2007).In particular the pioneeringmicroscale
heat-transfeexperimentsby ProfessordunghoKim’s re-

searchgroupat the University of Marylandhave not only
leadto a refinedunderstandingf the relative contriku-
tionsof transienttonductionandmicrolayerevaporation,
but have unveiled a significantmechanisiof heattrans-
fer which had not beenconsideredoreviously. Utilizing
micoscalesurface-mounhot-wire-typetechnologyit has
beenshavn conclusvely thatduring the departurgphase
of the bubble the inward motion of the triple interface
draws in coolerbulk liquid to the vicinity of the heater
surfaceandestablisheg periodof enhancedheattransfer
dueto transieniconduction(DemirayandKim, 2004).
Lee and Nydahl (1989) were one of the first to put
forth anumericalmodelof bubblegronth andheattrans-
fer for an isolatedbubble growing atop a constanttem-
peraturesurface.In the model both the contribution of
the microlayerandthe superheatednacrolayemerein-
cludedfor abubbleof assumedruncatedspheregeometry
with a sharpwedge-shapedicrolayer For an assumed
initial temperaturgrofile basedn one-dimensionatan-
sient conductionin a semi-infinite solid, the final solu-
tionswereobtainedby tuning anadjustableparametein
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theexpressiorfor theleadingedgethicknesf themicro-
layer until experimentalbubble growth curveswereade-
guately predicted.The resultsindicatedthat microlayer
evaporationplayedthe dominantrole in determiningthe
wall heat-transferatesaswell asthebubblegrowth rates,
with 90% of the enegy for bubble growth provided by
the microlayer However, recentexperimentalevidence
(DemirayandKim, 2004)tendsto disputethesefindings,
with lessthan15% of the enegy requiredto producethe
bubble being contrituted by the microlayer with the re-
mainingprovided by therelaxationmacrolayesurround-
ing the bubble cap.Later, Mei et al. (1995a)presentech
numericalformulation of bubble gronth and heattrans-
fer with geometricalsimplificationssimilar to those of
Lee andNydahl (1989).FurthermoreMei et al. (1995a)
adoptedan analogougparametefor the microlayerasin
LeeandNydahl(1989),albeitfor arangeof boiling con-
ditions,togethemith aseconcempiricalparameteto de-
fine the degreeof truncationof the bubble basedon the
Jacobnumber An importantdevelopmentin this work
wasincludingthesolid phaseandelucidatingts influence
on the enegy transferduring bubble growth, which was
deemedo beimportant(Mei etal., 1995b).Notingthere-
liance of previous computationaimodelson empiricism,
adjustableparametersand other constrainingassump-
tionssuchasassumedbubbleshape\Welch(1998)devel-
opeda “correlation-free”’numericalapproachfor bubble
growth andheattransfer Thisdirectnumericakimulation
utilized a novel interfacetrackingmethodin conjunction
with a finite volume methodon a moving unstructured
mesh.Although excessve compressioranddistorting of
themeshrequiredthatthe simulationsbeterminatedvery
earlyonin thebubblelife, theresultsdid seemto predict
the possibleformationof a microlayerregion beneattthe
bubble.

Sonet al. (1999) successfullyimplementecdthe level
setmethodto captureandadequatelyepresenthe shape
of the vaporliquid interfaceduring bubble gronth on a
constanttemperaturesurface, thus alleviating much of
the difficulty experiencedby Welch (1998) with the un-
structuredneshschemeThe level setmethodcouldalso
handlebreakingand meging of interfaces,which pro-
vided physical insight into the hydrodynamicsand heat
transferof bubble departurein a more realistic manner
comparedvith LeeandNydahl(1989).Sonetal. (1999)
also divided the computationaldomain onto two sepa-
rate regions; the micro region, containingthe thin film
that forms beneaththe bubble where lubrication theory
wasapplied,andthe macroregion, consistingof the bub-
ble andthe surroundindiquid wherethe standardorms
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of the equationof conseration wereapplied.Although
the methoddid not rely on asmary simplifying assump-
tions comparedwith Lee and Nydahl (1989)and Mei et
al. (1995a,1995b)andimproved on the numericalstabil-
ity of Welch (1998), the computationdid rely on a pri-
ori knowledgeof the dispersiorconstantrelatingthe dis-
joining pressurgo the film thicknessin the microlayer
The choiceof the dispersionconstantinfluencesthe ap-
parentcontactangle,which in turn influenceshe bubble
growth dynamicsand heattransfer Apart from a major
adwancemenin computationaimethodsfor this type of
problem themaincontributionsof this work werethe ob-
senation of the inward and outward motion of the triple
contactline, morerealisticcontribution of the microlayer
(~20%), andthe effect of contactangle,i.e., wettability,
onthebubblegrownth characteristics.

The beginning of this centuryhasseena notablein-
creasein the numberof archial publicationsrelatedto
numericalmodelingof heterogeneoububble growth in
partial nucleateboiling along with mary other boiling
scenariossuchascorvective boiling, bubblemeger, and
boiling in minichannelsRegardingnucleatepool boiling
in theisolatedbubbleregime,theworksof Bai andFujita
(2000), Yoon et al. (2001), Robinsonand Judd (2001),
Gensle and Stephan(2006), Fuchset al. (2006), Dhir
(2006),Wu et al. (2007),Stepharand Fuchs(2007),and
Mukherjeeand Kandlikar (2007) are particularly perti-
nent, and the work of Gensle and Stephan(2006) and
StepharandFuchs(2007)arerelevantto contactine heat
transferin theseworksthesurfaceheattransferin theim-
mediatevicinity of the bubblewasinvesticatedfor three
distinctregions:anabsorbedilm regionunderthebubble
wherethethermalresistances very high, a micro region
wherethe heatflux is highest,anda macroregion where
the bubbleinteractswith the bulk liquid to influencethe
heattransfer Gensle and Stephar(2006) studiedthe rel-
ative contritution of themicro andmacroregions,includ-
ing the considerablanfluenceof fluid flow on the heat
transferin the macroregion. Stephanand Fuchs(2007)
built uponprevious work to describethe heatflow in all
threephasesn the vicinity of the bubble during all the
bubbleehullition cycles.By performingenegy budgetsit
wasshavn thatduringthe bubblegrowth anddetachment
period,moreheatwasconsumedy evaporationinto the
bubblethanwassupplied,causinga cooling effect within
the solid andliquid phasesThe bubblerise andwaiting
time hadassociatedvith thema periodof heating,asless
heatwasextractedby evaporationthansupplied.Consis-
tentwith theobsenationsof Mei etal. (1995a)andothers
suchas Guo and EI-Genk (1994),it was concludedthat
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thethermoplysicalpropertieof thesolid phasejn partic-
ular, its ability to storeandreleaseheat,playsa nontriv-
ial role in the bubble growth and heattransfer Further
more, they shoved somequalitatve agreemenbetween
the computationsandrecenthigh-resolutiontemperature
measurementsndera growing bubblein microgravity.
On this last point, one major deficieng in the litera-
tureis the lack of adequatelycontrolledexperimentsfor
validationof numericalsimulationsof bubblegrowth dy-
namicsfor surfaceboiling. The initial thermaland flow
fieldsarerequiredasinput parameterfor numericaimod-
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perimentscan,in conjunctionwith anappropriateaumer
ical simulation, provide rich information with regard to
the thermal-plysicsof heterogeneousubblegrowth and
heattransferthatis not necessarilyavailable from other
works.
Robinson(2002)andRobinsorandJudd(2001)devel-
opeda two-dimensionaimodeland numericaltechnique
which was rigorously validatedagginst all of the space
microgravity and drop tower microgravity surface boil-
ing measurementprovided by Merte et al. (1995). The
modeldevelopedin RobinsonandJudd(2001)is specific

els,andthesearerarelyspecifiedsincethe preponderance to the testcasesuponwhich it wasvalidatedandis at a

of measurementaretaken at earthgravity and/orduring
steadyboiling conditions.Natural corvectionand liquid
agitationdueto previousor neighboringoubblesnot only
negateexactspecificatiorof theinitial andboundarycon-
ditions, but alsoresultin large scattetin measuredbubble
growth curvesfor ostensiblythe samecondition(Leeand
Nydahl, 1989). Typically, the computationakommunity
mustresortto implementinga rather crude approxima-
tion of alineartemperaturelistributionin aliquid bound-
ary layer of thicknessprescribedrom empiricalcorrela-
tionsfor free corvectionfor boththeinitial andfar-field
conditions(Sonet al., 1999; Gensle and Stephan2006;
Fuchset al., 2006; Mukherjeeand Kandlikar, 2007).In
someinstancegGensle and Stephan2006; Stepharand
Fuchs,2007;MukherjeeandKandlikar, 2007),no valida-
tion againstmeasuredubblegrowth curvesis providedto
establishthe efficacy of the computationsln othercases
(LeeandNydahl, 1989;Sonetal., 1999; Dhir, 2006, Wu
et al., 2007),agreementvith measurementss provided
subsequertb tuningoneor moreadjustablegparameters.
Theboiling experimentgeportedn Lee(1993),Merte
et al. (1995), and Lee and Merte (1996) partially over-
come the ambiguity associatedwvith earth gravity and
steadysurfaceboiling experimentsy heatinga stagnant
pool of liquid to the onsetof nucleateboiling in micro-
gravity. Theabsencef ary significantnaturalcorvection,
combinedwith thefactthatthethermalandflow fieldsare
not influencedby previous or neighboringbubbles,pro-
videdthewell-definedinitial andboundaryconditionsre-
quiredasinputparameterfor anaccuratelyposechumer
ical simulation.Photographievidencealsoindicatedthat
microgravity bubblegrowth for this scenariacanbechar
acterizedby alengthy hemisphericagronth stagedueto
the lack of buoyang/ forcesandthe relatively low heat
fluxesfor the testscarriedout. Admittedly, this type of
controlledtest ervironmentand methodologyis not ex-
actlyrepresentatie of fully developedsteady-stataucle-
ateboiling. Evenstill, thewell-definedandcontrolledex-

disadantagecomparedvith othermodelswhichincorpo-
ratemoreadvancedaspectsuchashubbleshapedepar
ture andliftof f, micro region/microlayerevaporationand
conductionin the solid phase Even still, the model uti-
lized a grid generatiorandfront trackingtechniquethat,
in conjunctionwith high temporalresolution,facilitated
numericalstability for a meshthat was suficient to re-
solve bubblegrowth dynamicsfrom the microscaleto the
macroscaleincluding theimmenseacceleratiorbetween
the surfacetensionandtransitiongrowth stages.

Although Robinson and Judd (2001) implemented
theirnumericalmodelto investigatethe dynamicsof bub-
ble growth on a heatedsurfacein microgravity, they did
not considerthe influenceof the bubble growth on the
local thermalfields and heattransferalong the boiling
surface,whereasRobinson(2007) shaved that this may
be significant.This investigation is a continuationof the
works detailedin RobinsonandJudd(2001)andRobin-
son (2007). Here, the influenceof the bubble dynamics
on the thermalfield and heat-transfeaugmentatiomear
theadwancingtriple interfaceis quantifiedfor asingletest
caseandthe physical mechanism&xplainedasthe bub-
ble transitsthroughthe surfacetension transition, and
heat-tansfergrowth domains.

2. PHYSICAL MODEL, MATHEMATICAL
FORMULATION, AND NUMERICAL
SIMULATION

2.1 Governing Equations

Figure 1 illustratesthe physical modelemployed in the
mathematicamodelingof this work. As consistentvith
themeasuremenizrovidedin Merteetal. (1995),ahemi-
sphericabubbleis expandingatopa heatedandflat solid
surface.Theconserationequationsvhichadequatelyle-
scribethe bubblegrowth dynamicsarethoseof consera-
tion of mass,momentum,and enegy within the liquid
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FIG. 1: Hemisphericabubblegrowth on a heatedsurface.

phase.As transportphenomenawithin the vapor phase
has nggligible influenceon the heat-transfeicoeficient
(Fuchsetal., 2006),thefluid flow andheattransfemwithin

the vaporphaseis not considerecandthe vaporphases

thusmodeledasa quiescenanduniformtemperaturand
pressuraegion.

In thisinvestigationtheflow of theliquid phaseés con-
sideredto be purely radial, and thereis no contritution
of the evaporatingmicrolayerto bubble growth andheat
transfer As aresultof the purelyradial flow assumption,
the conseration of masswithin the liquid phasereduces
to analyticsolutionsof theradial,U, andtranslational}/,
liquid velocity distributions,

dR R :

T ((r2 T z2)1/2> ) M
dR R 2

V=" ((ﬂ + 22)1/2> cos(y)

Furthermorejntegration of the momentumequationre-
sultsin the ordinary differential equation,which relates
the netpressurdifferentialbetweerthe bubbleinterface
pressurePr,(R), andtheambientstaticpressure Py, to
the hydrodynamicstressesictingon the bubbleinterface,

d®>R dR
+ pl

piR—5

PrL(R) = Poo = iR

o )
In Eq. (2) the normalcomponenbf theviscousstresshas
beenngglected,becausdor the caseconsideredhereit
is nggligible comparedwith the magnitudeof the other
terms(RobinsonandJudd,2001).
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The thermalenepy transferwithin the liquid phase,
andthus,thetime varyingtemperaturaistribution within
theliquid, is describedy theenegy equatiorfor axisym-
metriccylindrical coordinates;

Ca 0T

- l( o Ty
The final setof equationghatis requiredfor a solution
to the bubble gronth problemis relatedto the quasi-
equilibriumforceandenegy balancestthevaporliquid
interface.A quasi-statidorce balanceat theinterfacere-
sultsin the Young-Laplacesquation,which relatesthe

pressuralifferenceacrosgheinterfaceto the surfaceten-
sionstressesuchthat;

or
ot

oT
HUG T

orT

1 3T o*r
v ) ®
z

r@r

L2
R

CombiningEqg. (4) with Eq. (2) resultsin thefamiliar ex-
tendedRayleighequation,

o2 (4BY

P\ a

Finally, anenegy balanceat the interfacewhich equates
theheattransferwithin theliquid to thelatentheatgener
ationwithin thevaporphaseresultsin theexpression

2 [o(2)
)

Py(t) = PL(R) (4)

d’R
dt?

20

(%)

dA = 2nR? (pvh fgﬁ
R(Y) dt

(6)
R dp,
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wherethetemperaturgradientis takenwith respecto the
normaldirection, n, for the instantaneoubsubbleradius,
R(t).

2.2 Numerical Solution

To assuréhightemporakesolutionafourth-ordelRunge—
Kuttaschemevasimplementedo determinghe updated
variablesat eachprogressie time step.The Runge—Kitta
schemanvolvesthe definition of threesimultaneousor-

dinary differentialequationdor the variablesT’,, R, and
dR/dt suchthat

dR
= /1—1[]7 = s = — 7
Y1 y2 =R, y3 i (7)
where
dyy  (hgdpo(yn) \ '/ 1 / oT
291 _ (Bfg k —| dA
dt (3 ar, ) \emr? )" on|,
A (8)
- hfg pvyB)
dy2
292 9
dt Y3 ()]
A (a) Physical Domain
Z, |1=1—
R(t R, T

—
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and
dy'j;_Pv(yl)_Poo_<3y?2, 20)
dt P1Y2 2y puy3

Equation(8) is obtainedby definingthevapordensity p.,,
asafunctionandvaportemperature];,, andrearranging
Eq.(6). Thelastdifferentialequationistedabove wasde-
velopedby definingthe vaporpressureP,,, asafunction
of vaportemperature?;,, andrearrangingeqg. (5). For a
giventime step,thesolutionof theabove systemof equa-
tionsrequiresthatthe valuesy,, y2, andys be known at
the beginning of the time interval, and the fourth-order
Runge—Kittaschemas implementedo determingheup-
datedvalues.

The solution of the three ordinary differential equa-
tionsrequiresthattheinstantaneouthermalfield be pro-
vided for theliquid at eachtime step.This providesthe
temperaturgyradientsnormalto theinterfacerequiredin
Eq. (8). Thetwo-dimensionatemperaturalistribution in
the liquid phasewasdetermineday solving Eq. (3). The
enepgy equationwassolved numericallyon a grid which
wasconstructedisingan algebraicgrid generatiortech-
nique. The grid variablesin the physical domainarede-
pictedin Fig. 2(a). Grid clusteringnearthe vaporliquid
interface,aswell the moving boundary were facilitated
by definingtheinstantaneougrid suchthat

(10

nA (b) Computational Domain
=M: n =1 Far field boundary
z
]
=
g =
«
2 g
B T
E 3
£ 2
>
)
jzl :0 >
0 Bubble interface c=1 €
i=1 i=N

FIG. 2: Meshandrelevant parameterén the (a) physical domainand (b) the computationadlomainsubsequento

coordinategransformation.
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Tz'j = Dj sin(yij), Zij = Dj COS(Yij) (11)

_mfi-1
2\ N-1

where

Yij

D; =R+ (Re — R) (1 — Sptan~! (12

1 j—1 1
A=) = ()

R, wasmaintainedat 2.5 cm for all simulations,and
the term Sk, which determinesthe percentageof grid
pointsneartheinterface waskeptconstantat S = 0.65.
An exampleof the grid is depictedin Fig. 2(a). In or-
derto capturethe rapidly moving interface, a front fix-
ing techniquewas employed wherebythe maving phys-
ical domainwith spatial coordinates(r, z), depictedin
Fig. 2(a), wastransformedonto a stationaryandrectan-
gulargrid within atransformedoordinatedomain(e, 1),
illustratedin Fig. 2(b). Thetransformatioris givenby

7“:7"(571177\)» 222(571177\)7 t=2A (13)

Using subscriptnotationto denotepartial differentiation
with respecto the subscriptvariable thefirst derivatives
of temperaturdecome;

T, = (zqTe — 2:T7)/J

T, = (reTy—rqT)/J (14)
T, =T\ —Trryn — 1oz
Thecontravarientvelocitiesaredefinedas
US=(U—=7rr)zq — (V—22)ry
(15)

Ve=(V—z))re = (U—1)ze

Thetransformednegy equatioronthestationaryrec-
tilinear computationatlomainis thus
Ver,

T+

UeT, x
4 (ﬁ) (aTEE — 9T+ T

04
+dT, + eTy) + (ﬁ) (znTe — 20 Th)

wherecoeficients a throughe andthe Jacobian,/, are
definedin the Nomenclaturesection.

Equation(16) wasdiscretizedusingsecond-ordecen-
tral differencerepresentationsf the spatial derivatives
anda fully implicit first-orderrepresentatiof the time
derivatives. At a given time step, the temperaturdield
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was determinedusing successie over-relaxation(SOR)
by lines. For eachline the resultingsystemof algebraic
expressionawas solved utilizing the tri-diagonal matrix
algorithm (TDMA). The code was developedin FOR-
TRAN 90.

Theinitial andboundaryconditionsusedwerechosen
to beconsistentvith the experimentakconditionsandob-
senationsof Merte et al. (1995). The initially quiescent
anduniformtemperaturdiquid wasallowedto heatdueto
astepincreasen wall heatflux of qé/ att = 0. At theend
of thewaitingtime, T = %, bubblenucleationoccursand
the initial temperaturdield is that which is determined
from theanalyticsolutionof transienthermalconduction
in asemi-infinitesolid,

T(r,z,t =0)=T(2,7) = Teo

// 2
2qw *
L 2 \/kocﬂ /nexp (_ z )
1

4oyT*

dllz

z
W e [ 2
()

For agivenheatflux themagnitudeof thewaitingtime
determineshow much enegy is storedwithin the ther
mal boundarylayer adjacento the heatedwall andthus
influenceghebubblegronth dynamics.This hasbeenin-
vesticatedby Liao et al. (2004),whereit wasfound that
the longer waiting times have associatedigher bubble
growth rates Fromthe momentof bubblenucleationj.e.,
t =1 — 1" > 0, theboundaryconditionsareasfollows;

T(rp, 25, 1) = Ty (1)

//

N 2qid /oy (t + ) /7

Ky

qz/u/ z z (18)
— erfc
Ky wo (t47%)

o

ky

T(Roo, Zoo, t) = Teo

42
X eXp<_ 4ocl(t+fr*)>

or
il t) =
87' (07 Z’ ) 07

T

g—z(r, 0,t)
Theinnerboundaryof theliquid phasds in contactwith
the vapor bubble. Here, the interfacetemperaturds as-
sumedto be equalto thatof theinstantaneousaportem-
perature,T,(¢). In the undisturbedfarfield region, the
temperaturéncreasedn accordancevith theanalyticso-
lution of transientthermalconductionin a semi-infinite
solid. Along » = 0 asymmetryboundaryconditionis im-
posed,whereashe wall heatflux is kept constantalong
theheatedwall atz = 0.
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During heterogeneousoiling, abubblenucleategrom
avapornucleusvhichhasbeentrappedwithin asmallpit,
scratch,or crevice existing on the surface.The radiusof
themouthof thecavity is believedto beanimportantfac-
tor in determiningthe time it takesfor the vapornucleus
to begin significantgrowth becausé partially dictateshe
initial thermodynamistateof thebubble.Thisdimension
is extremely difficult to measureand is rarely, if ever,
given asa part of the measuredariableset, which cor-
respondgo an experimentalbubble growth curve. With
no knowledge of the cavity size from which the bub-
ble nucleatesthe initial bubble radiuswas determined
by assumingthat the vaporis initially saturatedwith a
temperatureequalto that of the wall temperatureat the
end of the experimentallydeterminedwaiting time, i.e.,
T,(0) = T(r,0,7*), aspredictedby Eq. (17). The sta-
tionary hemisphericalapornucleusexistsin metastable
thermodynami@quilibriumwith the quiescensurround-
ingswith internalpressureP,,; (T,,) andextendsfrom the
mouthof a cavity with a radiuspredictedby the Young-—
Laplaceequation,

(19)

2.3 Solution Algorithm

The main component®f the solutionalgorithmaresim-
ilar to thosedescribedn Lesageet al. (2009)andareas
follows;

Settheinput systempressureP,,, heatflux q,// ,and
waiting time t* alongwith relevant geometricgrid
andtime stepparameters.

1.

. Calculatetheinitial temperaturerofile in theliquid
utilizing Eq. (17) andcalculatetheinitial nucleusra-
diuswith Eq. (19).

. Set/ updatethe variablesy; = T, y» = R, y3 =
dR/dt in Eq. (7).

. Apply a time stepand implementthe fourth-order
Runge—HKuttafor the systemof ordinarydifferential
equations(Egs. (8)—(10). The interfacial heat flux
distribution requiredin Eq. (8) is determinecateach
phaseof the fourth-orderRunge—Kitta schemeby
solvingthe enegy equationusingSORlines asdis-
cusseckarlier

. If thegrowth time is lessthanthe presetermination
time, go to step3. If the growth time is equalto the

Robinson

terminationtime, updateall relevant variablesand
stopthesimulation.

2.4 Validity of Assumption
and Simulations

in Physical Model

Theadequayg of thephysicalmodelingandnumericalso-
lution techniquehas beenconfirmedby comparingthe
simulationsagainstanalytical,numerical andexperimen-
tal datafor sphericallysymmetricbubblegrownth in auni-
formly superheatetiquid over an extremelywide range
of boiling conditions(Robinsonand Judd,2001; Robin-
son,2002).Thisis accomplishedby simply settingq{/ =
0.0 W/cn? in Eq. (18), which simulatesa symmetry
boundaryconditionalongz = 0, i.e., (9T/dr) (r,0,t) =
0, aswell asposinga constantand uniform temperature
initially andon the far-field boundary The caseof boil-
ing on a heatedsurfacein which thethermalfield is two-
dimensionalhas also beenvalidatedby shaving excel-
lent agreementvith all of the available drop tower mi-
crogravity andspacemicrogravity experimentsprovided
in Merte et al. (1995)andLee (1993).Someof the one-
dimensionakphericallysymmetricand two-dimensional
nonsymmetricresults are plotted in Fig. 3. Robinson
(2002)performedafull numericalsensitvity analysisjn-
cluding,but notlimited to, ensuringhatthe simulatedre-
sultsweregrid- andtime step—independerandtheplace-
ment of the farfield boundarywas suficiently large to
approximatea semi-infinitedomain.Since R, > R(t),
thefinal termontheright sideof Eq. (12) is not sensitve
to the instantaneoububblesize. Thus,asthe bubbleex-
pandsthegrid locationsareredistritutedwithin the com-
putationaldomainin sucha way thatthe grid pointsnear
the interface are approximatelythe samedistancefrom
theinterfaceatall times(~0.1 um). In thisway adequate
resolutionof thethermalfield canbeachievedfor the3 or-
dersof magnitudencreasen bubblesize.Furthermorein
conjunctionwith thehightemporakesolutionaffordedby
the fourth-orderRunge—HKitta schemethe large thermal
gradientsassociateavith the early growth stagespartic-
ularly whenthe bubbleaccelerateaway from the surface
tensiondomainenteringtransitiondomain(Robinsorand
Judd,2001),areadequatelyesohed.

Becausethis work is approximateand not an exact
numericalsimulation, it is importantto briefly discuss
the majorassumptionsvhich have beenmadeduringthe
physical modelingof the problemsincethey ultimately
determinethe usefulnessand limitations of ary conclu-
sionswhich aredravn from theresults.Furthermoreary
conclusiondravn from the simulationsmustnot be ap-
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FIG. 3: Simulationsversusexperimentalmeasurementir both homogeneoububble growth (openmarkers)and

heterogeneougrowth in microgravity (filled marlers).

plied directly to situationsfor which the assumptionsire
inappropriateThe soundnessf theassumptionsnustbe
specificto the experimentgo which the simulationshave

beencomparedndvalidated As hasbeenmentionedfor

the caseconsiderechere, the surface boiling validation
experimentshave beenprovided by Merte et al. (1995).
Theassumedhitial andboundaryconditionson thether

mal and flow field are all very reasonableconsidering
the experimentalsetupand procedure as discussedre-
viously. In-depthnumericalanalysigs providedby Merte

et al. (1995), which further supportstheseassumptions.

Even still, the constantheatflux boundaryconditionis
difficult to realize experimentally sincethe triple inter
faceis a strongheatsink andmayinducelateralconduc-
tion within the heatersubstrateoward this region. Guo
andEl-Genk(1994)performedcalculationswithin a thin
conductve heaterlayer of SnO, upona thick glasssub-
stratefor the caseof microlayerevaporation,alsoa very
strong heatsink. During the growth phase,temperature
variationswere mostly confinedwithin the 30-um-thick
SnQ;, layer During thewaiting periodsubsequertb bub-
ble departurethe changein the temperaturdield in the
glasssubstratdayeris noticeableBecausehequartzsub-
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stratehasa similar conductvity to glassandthegold film
heatersusedin the experimentsof Merte et al. (1995)
were betweend00 and 1400A thick, it is reasonablas
a first approximationto assumeminimal lateral conduc-
tion, provided the simulationsarefor the bubble growth
stage.Even still, sincethe wall substratehas not been
includedin the physical model, the heat-transfeicoef-
ficients determinedin this study must be consideredas
conserative, becausdateral conductionwill tendto in-
creasethe evaporatve heatflux nearthe triple interface
(Dhir, 2006). The wall temperaturdeneattthe bubbleis
notconsideredndthevaporis considerednsulatedrom
theheatedvall. Sincethebubbleaccelerate® aradiusof
approximatelyR ~ 1.0 mmvery rapidly, the characteris-
tic timescalefor the vaporbubble during the subsequent
transientcanbe approximatedas (R/2)?/o, ~ 150 ms.
Consideringthe bubble as a lumpedsystem,this would
indicatethat neglecting the influenceof the heatedwall
beneaththebubbleon the bubblegrowth rateis appropri-
atefor smallertime valuesandwould becomegradually
lessso astime progressedveyond ~150 ms. This may
partially explain why the experimentalgrowth curves of
bubblesSTS-60.#1,4& 7 andthe numericalsimulations
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shavn in Fig. 3 tendto divergefor valuesof time beyond
approximately200ms.

The geometricsimplification that the bubble expands
with a fixed and hemisphericalshapewith no micro-
layer decreasethe compleity of the problemconsider
ably. The physical mechanism®f microlayerformation,
growth, anddryoutarenotestablishedheoretically Apart
from Welch (1998), who obsened only the possiblebe-
ginning of microlayerformation, the microlayeris typi-
cally definedin anad hoc mannerandis often tunedto
matchsimulationswith experimentsIncluding a micro-
layerin this mannerfor the work carriedout herewould
increasehe growth rateandsizeof the bubblesby a con-
siderablemamgin, possiblyupto 20%. The agreemenbe-
tweenexperimentsandthe simulationwould suggesthat
thisis not rational,andfor the low-heat-fluxcasesunder
investication, no microlayerwas formed. This is some-
what confirmedby the obserationsmadefrom simulta-
neoushigh-speedphotographdaken from the side and
from the undersideof the bubbleswhich were growing
on atransparensurface.Heretheradiusof thedry patch
ontheundersidaggrew attheapproximateateof theside-
view radius.

Some other key assumptionswvhich were made in
simplifying the problem include the fact that non-
thermodynamicequilibrium effects and thermocapillary
corvectionhave beenignored.lt is somevhatdifficult to
provide indisputableargumentsasto the validity of these
assumptionssincethey aretopicsof considerabl@&ebate
in the openliterature.However, it is generallytrue that
the more pureanddegassedhe liquid is, the morevalid
theseassumptiondecome In the experimentsprovided
in Merte et al. (1995), specialcarewastaken to ensure
thatthe R113wasvery pureanddegassed.

3. RESULTS AND DISCUSSION
3.1 Bubble Growth Dynamics

The bubblegrowth dynamicshave beendiscussedn de-
tail by RobinsonandJudd(2001,2004)andaresumma-
rizedherefor completeness hetestcaseunderconsider
ation correspondsvith the growth of a R113vaporbub-
ble on a heatedplanesurfacein zerogravity for anim-
posedwall heatflux of q{,/ 1.138 W/cm?, which is
17.5% of the total heatinput for bubble numberSTS-
60 Run#4in Lee (1993). Experimentaland numerical
resultsindicatedthat this fraction of the heatinput was
transferredinto the bulk liquid with the rest conducted
throughthe quartzsubstratéMerteetal., 1995).The sys-
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tem conditionswere P, 117.3 kPa, Ty,; = 52°C,
T, = 48.8°C,t* = 0.74 s, and T,,(T*) = 83.2°C,
wheret* is the experimentallydeterminedwaiting time
for bubbleSTS-60Run#4.

As the bubblegrows from a micrometersizednucleus
to a millimeter-sizedbubbleit passeghroughthreedis-
tinct gronth domains.Thesearedepictedin Fig. 4 asthe
surfacetensiondomain the transition domain and the
heat-tansferdomain As shown in Fig. 4(a), the early
surfacetensiondomainof growth is characterizedy al-
mostimperceptibleehangesn bubbleradius.As such the
bubble interfacevelocity shavn in Fig. 4(b) is so small
thathydrodynamidorcesonthebubblearenegligible and
surfacetensionis the dominantstressterm on the right
sideof Eqg. (5). Sincethe bubbleis expandingthe vapor
pressuras decreasingalbeitvery slowly. Consequently
therateat which the vaportemperaturelecreasess very
low aswell, asseenin Fig. 4(b). Evenstill, a minutein-
creasen radius,asaresultof the positive flow of enegy
into the bubble, causesa slight drop in the vapor pres-
surewith a correspondinglropin the vaportemperature.
This drop in temperatur@ncreaseghe driving tempera-
ture difference which increaseshe rate of heattransfer
whichin turnraisesthe growth rate.In this way, the bub-
ble expansionaccelerateslue to positive thermal feed-
back,wherebythe growth of the bubbleis responsibldor
escalatingts own rateof growth.

At approximatelyt = 0.0001 ms a suficiently high
heat flux into the bubble is generatedand the bub-
ble growth acceleratevery rapidly. This is evident in
Fig. 4(b), wherea rapid rise of the bubbleinterfaceve-
locity from nearly zeroto 6.5 m/s in the spanof about
1.0 usis obsenred. If the bubblewereto expanduncon-
strainedthethermalfeedbackvould becomesxceptional
and the vapor temperaturewvould drop to its minimum
valueof Ty, (P, ) nearlyinstantly causingphysicallyun-
realisticheatflux levelsandsubsequengrowth ratesand
bubblesizes.To mitigatethis, the rateat which the vapor
pressureandtemperaturalrop is held backby the influ-
enceof the hydrodynamicforcesat the vaporliquid in-
terface.In thetransitiondomain thesurfacetensionforce
in Eq. (5) decreasedueto the expandingradiuswhile at
the sametime the hydrodynamicforce terms, generated
becausedhe bubble must setthe surroundingliquid into
significantmotion, increaseto suchan extent asto be-
comedominantThisis primarily thetermproportionalto
(dR/dt)? in Eq. (5). Theincreasedydrodynamicforces
resultin amoregradualrateof decreasén thevaportem-
peraturebeyond approximately0.001 ms, which in turn
influencesthe rate of heattransferand the growth rate.
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FIG. 4: (a) Bubble growth curvesfor 1D simulationand 2D simulation, and (b) vapor temperatureand bubble

interfacevelocity histories.

Eventhoughthe acceleratiorassociatedvith this growth
domainis considerablethe massof thebubbleis sosmall
thattherateof changeof linearmomentunis still negligi-
ble comparedvith the magnitudeof the forcesactingon
the bubble (Lesage,2009). As such,a quasi-statidorce
balancewhich includesthe dynamicaleffects of the lig-
uid interfacial pressuras still justified.

Thefinal heat-tansferdomainis characterizedby the
factthat the bubble hasexpandedto suchan extent that
the vaportemperaturdnasreachedts minimum value of
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Tiat(Ps) = 52°C. As a result, the thermal feedback
effect, which is fundamentain determiningthe growth
characteristicén the previoustwo domains,is no longer
importantbecausdubble expansionis now occurringat
constantvaportemperatureFurthermorefFig. 4(b) indi-
catesthat the bubble interface velocity diminishessub-
stantiallyin this domainaswell.

An importanteffectin this late stageof growth is that
therateof heattransfer andthus,the bubblegrowth rate,
becomeshighly nonuniformaroundthe bubble surface.
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Theone-dimensionatomogeneoububblegrowth curve,
assuminghattheliquid temperaturealistribution wasini-
tially uniform andequalto thewall temperaturet nucle-
ation (T, = 83.2°C), is alsoplottedin Fig. 4(a). From
thefigure it is evidentthat the heterogeneou&D) bub-
ble growth curve is nearlythe sameasthat for homoge-
neoug(1D) growth in auniformly superheatetiquid dur
ing the surfacetensionand transition grovth domains.
This occursbecausethe bubble is small enoughcom-
paredwith the thicknessof the thermalboundarylayer
above the heatedwall that the temperatureof the lig-
uid aroundthe bubble is nearly uniform. This is illus-
tratedin Fig. 5(a),wheretheisothermsareplottedaround
the bubble for an instantwithin the transition domain
(t = 0.01 ms). Corversely Figs. 5(b) and5(c) illustrate
thatduringtheheat-transferdomainthebubblehasgrown
to suchanextentthatit protrudedrom thethermalbound-
ary layer, thusexposingasignificantportionof its surface
to the subcooledbulk liquid. This hasthe effect of re-
ducingthe net rate of heattransferinto the bubble,and
thusthe obsenred growth rate,ascomparedvith the one-
dimensionagrowth case.

Robinson

3.2 Heat Transf er Near the Triple Interface
3.2.1 Data Reduction

The primary objective of this work is to elucidatethe
mechanisnof heattransfernearthe moving triple inter-

facethatwasnotedby Robinson(2007).Figure 6 shovs
a schematioof the sideview of the bubblein orderto il-

lustratethe main parametersAs will be discussedthe
presenceof the expandingbubble on the constantheat
flux surfaceconsideredherecauses coolingeffectalong
the wall nearthe triple interface.Sincelocalizedevents
arebeing considerecandthe effective wall heattransfer
is characterizedy the intensity of the evaporatie heat
transferat the triple interface, the local heat-transfeco-
efficientis definedas

alf

M) = T -

(20)
Here,T'(r,t) denotes the local wall temperature, and the
instantaneous vapor temperatufg(t), has been chosen
because the primary heat sink near the triple interface is
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FIG. 5: Isothermssurroundinghe growing bubbleat differenttimesduringgrowth: (a) within thetransitiondomain,
t = 0.01 ms;(b) nearthe beginningof the heat-transfedomain,t = 1.0 ms;and(c) within the heat-transfedomain,
t = 100 ms; (top) explodedview and(bottom)closeupln eachfiguretheisothermsareseparatethy 5°C increments.
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FIG. 6: Heattransfemearthe moving triple interface.

thevaporbubbleitself andnotthebulk liquid. Thisdiffers

from Robinson(2007)in which the bulk liquid tempera-
ture,T,,, wasselectedAs depictedn Fig. 6, theeffective

radiuswithin which the heat- transfercoeficientis con-

sidered‘enhanced’is to bedefinedastheradiusatwhich

thewall temperaturdnasincreasedo 95% of thefar-field

temperature;

Reg = T|T(v-)=o.95Tw,ff (21)

Lik ewise, theinstantaneousffective areaover which this
enhancemerdccurscanbedefinedas

Actt = (R — R7) (22)

The areaaverageheat-transfecoeficient actingover the
affectedareais givenby the expression

Regr

1
27tr - h(r) dr

Aeff
Ro

(23)

havg =

SinceT(r,t) — T,(t) asr — R, theheat-transfecoef-
ficient, asdefinedby Eq. (20), approachefinity atthe
triple interface.To provide somequalitative information
regarding the instantaneousrea-&eragedheat-transfer
coeficient, the lower limit of integrationin Eq. (23) was
chosenas R, = 1.001R from the bubbleinterface.The
region R, < r < R.g canbeconsideredn effective re-
gion of bulk enhancementvhereevaporatie effectsare
significantwith regardto heattransfer As such,h,., and
h(R,) canbeconsideredo representherelative strength
of the heattransferwithin this area.
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For qualitatve comparisorof the relative intensity of
the heattransfernearthetriple interfaceandthe farfield
regions,theinstantaneouthermalconductancatthewall
in theundisturbedarfield wasdeterminedy applyingan
approximationof Newton’s law of cooling for an effec-
tive thermalboundary-layethicknessof 6(¢) in a semi-
infinite medium with wall temperaturel’(co,0,t) and
bulk fluid temperaturd’,, suchthat

L/ W A
5(t) ) ;; T(00,0,t) = Too

This can be seento representhe intensity of the heat
transferif there were no bubble present,althoughthe
bulk temperaturdl’,, is usedin Eq. (24), not T, (¢) asin
Eq.(20).

(24)

3.2.2 Medhanismof Heat Transfer

Figure 7 shavs the heaterwall temperaturedistribution
measuredrom thetriple interfaceat differenttimesdur-
ing the bubblegrowth wherethetemperaturatr/R(t) =
1 representtheinstantaneousaportemperature], (t).
As wasdiscussedreviously and shavn in Fig. 4(a),
within the transitiondomainof bubble growth the vapor
temperaturalecreasefrom a maximumof T, (¢t = 0) =
83.2°C to a minimum of T, (P,) = 52°C dueto de-
pressurizatiorof the bubble asit expandsaway from its
nucleugadius.Therateatwhichthisoccurss determined
by therelative influenceof hydrodynamicandsurfaceten-
sion forcesacting on the bubble. In the earlieststageof
thetransitiondomain(roughly0.001ms< ¢ < 0.005 ms),
Fig. 4(b) indicatesthatthe interfacevelocity increaseso
its maximum.As a consequencehe strongliquid advec-
tion nearthe interfacecauseghe temperaturgrofilesto
be lesssteeprelative to the bubble radius, as indicated
in Fig. 7(a). Beyond ¢ 0.005 ms the interface ve-
locity decreaseandthus,the influenceof liquid adwec-
tion diminishes causingthe thermalgradientso become
steeperThis combinedwith the fact that T,,(¢) is near
its minimum value resultsin temperatureprofileswhich
nearlyoverlapastheinfluenceof transientonductiorbe-
comesmoreimportant.During the heat-tansferdomain
the bubble vaportemperaturgemainsvirtually constant
atT:.. (P~ ) andtheinterfacialvelocity diminishesto the
extentthatit haslittle influenceon the wall temperature
distribution. Here the thermal profiles develop as a re-
sultof transientconductionasdepictedn Fig. 7(b), with
the thermalboundarylayer adjacento the bubble grow-
ing with time. The farfield temperaturencreasesabove

~
~
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FIG. 7. Heatersurfacetemperaturalistribution nearthe triple interfaceat differenttimesduring the bubble growth
phasefor (a) transitiondomainand(b) heat-transfedomain.

T,(t = 0) for t > 10 msdueto transientconductionin
the semi-infinitemedium.

The local heat-transfercoeficient distributions near
thetriple interfacearedepictedin Fig. 8, whereonly the
datafor theregionof 0 < R < R.g is plottedfor each
cune. Figure8(a) indicatesthatthe duringthe transition
domainthegeneratrendis for the magnitudeof thelocal

with time. In theimmediatevicinity of theinterfacethisis
becauseheincreasedstrengthof liquid adwectioncauses
the slope of the temperatureprofilesto be smallestfor
the smallervaluesof time asthe coolerliquid penetrates
deeperinto the bulk. In the far field this effect is com-
binedwith the fact that heatsink temperature;, (¢), is
decreasingvith time, reducingthe intensity of the heat

heat-transferccoeficient in the affectedareato decrease transferasthedriving temperaturalifferentialin Eq. (20)
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FIG. 8: Heat-transfecoeficientdistribution nearthetriple interfaceatdifferenttimesduringthebubblegrowth phase

for (a) transitiondomainand(b) heat-transfedomain.

increase$n magnitudefor afixedlevel of heatflux. Fur-
ther, it is alsoevidentthatthe relative penetratiordepth,
R.g, initially increasesandthendecreasewith time. This
is betterillustratedin Fig. 9, where R/ R shavs alocal
maximumthat correspondsvith the maximumin thein-
terfacialvelocity in Fig. 4(b) andconfirmsthenotionthat
strongediquid adwectionis responsibldor largerrelative
penetratiordepthsandheattransfer

In termsof morequalitative informationregardingthe
heat-transfercoeficient, Fig. 10 illustratesthe change

Volume 2, Number 4, 2010

of the representate nearfield h(R,), the areaaveraged
havg, andthe farfield conductancavith time. In the fig-
ure it is clearthat both h(R,) and h,,, decreasesub-
stantiallywith time during the transitiondomainfor the
reasonsliscussedbove. Hereh,,, decreaseBom about
8500W/m? °C at0.0003msto 1100W/m? °C at0.1ms.
Even still, asthe bubble passedrom the transition do-
main to the heat-tansferdomain it is evident from the
local minimumsobsenedin Figs.9 and10thata change
in the mechanisnof heattransferis occurring.Here,the
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decreasingnfluenceof liquid adwectiondueto thedropin

interfacialvelocity becomegounteredy thefactthatthe
T, (t) hasreducedto an extent that transientconduction
becomesan increasinglymore importantmode of heat
transfer

At the beginning of the heat-tansferdomainof bub-
ble growth, Fig. 8(b) shaws a reversalin the trend ob-
sened in the local heat-transfercoeficient of Fig. 8(a)

for the transition domain Here the magnitudeof the
heat-transfecoeficientincreasesvith timerelatve to the
bubble size. The physical mechanisnby which this oc-
curs becomesapparentupon examinationof Figs. 5(b)
and5(c). It is evidentthatthe presencef the now large
andrelatively cold bubble causeghe isothermsto bend
sharply and clusterthemseles aroundthe vaporliquid
interface.This concentratetheisothermsadially around
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thebubble,thusestablishinghetemperaturgradientor-

mal to the bubble interfacewhich is responsibleor the
evaporatve heatflux into the bubble.As illustratedqual-
itatively in Figs. 5(a) and 5(b), the penetrationdistance
from thetriple interfacewheresignificantdeformationof

isothermccursincreasesvith time dueto transienicon-
ductionwith possibldiquid adwectioninfluenceatthebe-
ginningof thisgrowth domain.Thisis quantifiedn Fig. 9,

whereit is obsened that the relative penetrationdepth,
R.s/ R, begins to increaseat the beginning of the heat-

transferdomainandcontinuego do soastime progresses.

Since the bubble is much larger, the effective surface
areaof enhancementd.g, increase®eyond~ 1.0 mm2,

which s significant.Furthermoreig. 10 shows thatthe
magnitudeof h(R,) increaseswith time, indicating an
increasein the intensity of the wall heattransferin the
immediatevicinity of thetriple interfaceastransienicon-
ductiontakeshold. Evenstill, the representatie areaav-
eragedh,.. tendsto level outwithin the heat-tansferdo-
main, remainingjust above h,y. ~ 1000 W/m? °C. Al-

thoughFig. 8(b) indicatesthatrelative to the bubblesize
the local heat-transfercoeficient tendsto increasewith

time, this is offset by the factthat i, is determinecby
areaaveragingwithin aradialcoordinatesystemThus,as
time progresseshe proportionof the surfaceareawhere
h(r) is “low” comparedvith h(R,) increaseslispropor
tionatelywith time asthe bubbleradiusand effectedra-
diusincrease.

4. CONCLUSIONS

A numerical simulation of the hemisphericalbubble
growth on a heatedsurfacein microgravity hasbeenper
formedin orderto elucidatethe mechanisnof heattrans-
fer nearthe moving triple interface. The simulationtest
caseis specificto the transientmicrogravity testcasefor
the onsetof nucleateboiling of STS-60Run#4in Lee
(1993). For this casestudyit hasbeenproposedhatthe
enhancedegion of heattransfer due solely to the pres-
enceand motion of the triple interface,dependson the
bubblegrownth dynamicsDuring the surfacetensioncon-
trolled growth stageenhancemerits neggligible, because
the nearly stationaryand extremely small bubbleis con-
tainedwithin alocal thermalfield thatis nearlyuniform.
In the early stageof the transitiondomainthe interfacial
bubble velocity increasesubstantially causingsubstan-
tial ratesof heattransferandbetterpenetratioralongthe
heatedwall dueto liquid adwectionnearthe triple inter-
face.Furthermorethe increasen the liquid velocity in-
ducesa hydrodynamicforce on the bubblethatrestrains
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therateat which the bubbledepressurizeg€venstill, the
reducinginfluenceof liquid advectiononthe heattransfer
nearthetriple interfaceis partially offsetby anincrease
in theinfluenceof transienttonduction asthevaportem-
peraturewithin the bubble decreasesasit depressurizes.
During the heattransfercontrolledgrowth stagethe bub-
ble hasbecomesufficiently large andthe interfaceveloc-
ity is low enoughthattransientconductionprogressiely
becomeghe dominantmode of heattransfer Here, the
intensity of the heattransferin theimmediatevicinity of
the bubble as well asthe areaalongthe heatedsurface
overwhichtheinfluenceis importantbothincreaseasthe
bubblegrows. However, the representadie areaaveraged
heat-transfecoeficient changesery little, remainingat
approximatelyh,,. ~ 1000 W/m? °C.
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1. INTRODUCTION

Ever since Molina and Rowland (1974), which led to
the Montreal Protocol(United NationsEnvironmentPro-
gramme;1989),provedtheadwerseeffectof chlorofluoro-
carbongCFCs)ontheozonelayer, thesearctfor alterna-
tivesto R-12becamea pressingneedamongtheresearch
communityin the refrigerationsector The Protocolhad
urged both the developed and developing countriesto
shav intensecuriositywith asensef participationto find
definitive waysto mitigatetheimpactof ozonedepletion
posedby the CFCson Earth. Subsequenteetingsheld
in mary countriescalled for a gently declining asymp-
totic productionof CFCs.Evenasscientistssubscribedo
a numberof alternatvesto the R-12 refrigerantsthe ef-
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revealedthatthe Coeficient of Performanc€COP)of R-
134a, retrofitted in an existing R-12 system,was 15%
lower thanthat of the actualR-12 system.Furthermore,
Devotta and Gopichand(1992) had reportedthat due to
higher polarity of R-134a,the solubility with nonpolar
mineraloil, which is the compressolubricant,was poor
andled to accumulatiorof oil in the evaporator After a
prolongedrun, the compressowould be starvingfor oil,
whichis requiredfor lubrication.Jungetal. (1996),Col-
bourne(2000),andGranryd(2001)recommendetydro-
carbonsas prominentsubstitutesor R-12. Furthermore,
hydrocarbonsare miscible with mineral oil, which is a
propitiousfactoropting thoseas suitableretrofit alterna-
tives, but their flammablenaturecausedsevere concern.
Moreover, mary countrieshad postedrestrictionson the

fort to find the bestalternatve is still ongoing.Spauschus permissiblequantity of hydrocarbonsn domesticappli-
(1988),Hambraeug$1991),andmary othershave recom- ancesTherefore againstthebackdropof rising problems
mendedR-134aasaprominentsubstitutefor R-12.How- causedby ozonedepletion, it was prudentto devise a
ever, JungandRadermachef1991)andCarpente(1992) retrofit substancehatcould circumventall the preceding

1940-2503/10/$35.00(© 2010 by Begell House, Inc. 359
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NOMENCLATURE

A area (m) n efficiency
A1, By constants v specific volume (rhikg—!)
C coefficient P density (kg nT3)
D diameter (m) Subscripts
f friction factor amb  ambient
G mass flux (kg m2 s™1) c compressor
h specific enthalpy (J kg') con contraction
k thermal conductivity (W m! K1) cr critical
L length (m) cyl cylinder
m mass flow rate (kgs') d discharge
Nu Nusselt number el electrical
P pressure (kPa) f liquid phase
Pr Prandtl number fg liquid vapor mixture
Q heat (J) flash  flash point
Re Reynolds number s isentropic
t time (s) i inlet
T temperature®C) v inlet vapor
u velocity (m s71) init initial
Vv volume (n¥) I liquid
W work (W) me mechanical
x refrigerant quality 0 outlet
Xy Martinelli parameter ref refrigerant side
Z compressibility factor s suction
Greek Symbols sh shell
n dynamic viscosity (Pa s) sp single phase
w angular velocity (rads') swept  swept volume
x convective heat transfer \%4 valve

coefficient (W nT2K 1) v vapor

issues.Jansserand Engels(1995) had reportedthat the
oil miscibility andoil returnto the compressocasingin

the existing R-12 systemwas possibleby an addition of

hydrocarbonto R-134a.0n the basisof this, Sekharet
al. (2004a,2004b)experimentedwith real-timeR-12 ap-
pliancesusing differentmixturesof R-134a,R-290,and
R-600a.lt wasreportedthata zeotropicmixture, termed
M09 (R-134a/R-290/R-600e01/4.068/4.932%y mass)
worked with enhancederformancan an existing R-12
systemthatwhich hadmineraloil asa compressotubri-

cant. The authorsalsorecommendedhe mixture to bea
drop-insubstitutefor R-12.

Chi and Didion (1982) modeledthe componentsof
a vaporcompressiorsystemas lumpedbodiesand ana-

lyzedthetransienbehaior of aheatpump.Owingto the
complities involvedin modelingthe two-phaseflow in
evaporatorandcondenserthe modelfailedto predictre-
sultscloseto experimentalones.William and Thompson
(1988) analytically modeleda hermeticallysealedcom-
pressorof a refrigeratorinto threesectionsnamely top,
sides, and bottom. Suitable correlationsfor corvective
heattransfercoeficient were usedto capturethe heat
transferinteractionwith theambient Theresultsobtained
from the computerprogramwere closerto the experi-
mentalvalues. However, the heattransferin suction,dis-
chageplenum,andthe compressioprocessverenotin-
cludedin the simulation.Jungand Radermache(1991)
simulatedthe single evaporatorrefrigeratorto compare
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theperformancef pureandzeotropicmixtures.Constant
refrigerationeffect for all therefrigerantsjsentropiceffi-
cieng/ of 0.55to compressqrandlogarithmicmeantem-
peraturedifference(LMTD) methodfor all the heatex-
changerswvere consideredn the precedingmodel. With
theNewton-Raphsomethodtheresultsprovedtheevap-
oratorperformancef R-134ato be 7%—-30%lessthanR-
12. Wangand Touber(1991)recommendea distributed
parametemodelfor large-durationsimulationand cou-
pled a steadystaterefrigerationmachinewith a dynamic
refrigeratedroom model. Many processesre character
ized by statevariablesevolving not only in time but also
in space.The descriptionof such processesgalled dis-
tributed parametersystems,requiresthe use of partial
differentialequationsA distributed parametetechnique
is accuratebecauset directly accountsfor the internal
physics of the devices. The continuity momentum,and
enegy equationghroughouthe componentssuchasthe
heatexchangerarenumericallysolved. The outputsfrom
the model contain details like the refrigeranttempera-
tures, pressuresand vapor qualities.Hence,becauseof
the increasedaccurag and reduceddependencen em-
pirical data,this methodhasbeenusedto modelall the
componentasedin this work. Zhi and Wei (1991) had
simulateda small-scalerefrigeratorwith tube-coil evap-
orator and tube-coil condensewusing a lumped param-
eter model and predictedthat the experimentalresults
would be closeto simulatedones.DomanskiandMcLin-
den(1992)developeda simulationprogram(CYCLE 11)
to evaluatethe performanceof refrigerantandrefrigerant
mixtures. The heatexchangersvere modeledusing ef-
fective temperaturelifferenceandpressuredrop. For the
zeotropicmixture, the heatexchangerareawas divided
into a numberof smallsectionsandLMTD wasapplied
to every section.A polytropic compressiorefficiengy of
85% wasfixed, andfor differentvolumetricefficiencies,
the performancewvas comparablewith the experimental
results.Geofrey and Chen(1994)introducedthe pinch
methodto facilitate the refrigerantcycle simulation for
zeotropicrefrigerantsand proved thatthe COP of the R-
22 systemwasincreasedrom 3.5to 4.5 for a condenser
pinch of 6.5°C, andthe power sarzings was 35%. How-
ever, for apinchof 10°C, the COPwasincreasedo 3.77,
with power savingsof 22%,for abinarymixture (R-22/R-
142b).Chunget al. (1996)developeda one-dimensional
modelto evaluatetheheattransferandpressureropchar
acteristicsof zeotropicrefrigerantssuchasR-134a/R-32
andobsenedthattheliquid nearthefully evaporatedtate
of the zeotropicrefrigerantrequireda correspondingly
highertemperaturghanthat of the lessvolatile compo-
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nent. The nonlinearpropertiesof the zeotropicmixtures
werefoundto play a majorrole in heatand momentum
transfer Johnand Radermachef1997)developeda heat
exchangermodel and reportedthat the refrigerant-side
heattransferdepende@ntheaccurag of theair-sideheat
transfercoeficient. Sincethe air-side heattransferresis-
tancewaslargerthantherefrigerant-sidéneattransferre-
sistancetheinaccurag of the heattransfercoeficientin
therefrigerant-siddadnotsignificantlyaffectedtheover
all heattransfercoeficient. A 20%decreasé theevapo-
rationheattransfercoeficientresultedn a2.7%decrease
in the overall heattransfercoeficient. Metin andNilufer
(2002)testedthe performanceof exchangerdaving dif-
ferentgeometriesinderdry conditions.The heattransfer
coeficient's dependengcon the heatexchangeigeometry
andReynoldsnumberhasbeenproved.

However, an appropriatemathematicakimulationfor
the entire refrigerationsystemis not discussedn exist-
ing studiesto validate the use of zeotropicrefrigerant
in medium-temperatureefrigerationsystemsuchasthe
visi-cooler whichis mainly usedfor vendingcool drinks.
In this article,a generalizedhermal-fluidmodelthatwas
usedto simulateavaporcompressiomappliancdo finalize
therefrigerantmixtureis refinedandpresented.

2. DESCRIPTION OF THE PRESENT
SIMULATION MODEL

The componentof a visi-cooler suchas a hermetically
sealedcompressqrair-cooledcondensercapillary tube,
andevaporatorweremodeledndividually, andtheir gov-

erningequationsvere coupledto evolve the total system
model. Thethermoplysical propertiesareextractedfrom

REFPROR a National Institute of Standardsand Tech-
nology thermophysical propertydatabas€McLinden et
al., 1998).Thebasiccomponentandtheir respectie up-

streamanddownstreaminteractionsareshavn in Fig. 1.

2.1 Compressor

The distributedparametemodelingwasusedfor a com-
pressomwith constantangularvelocity of the crank shaft
andassumegbolytropic efficiengy. Furthermorethe heat
transferto the oil and pressuredropsin the compressor
shellandthe dischage tubeswere assumedo be ngyli-
gible. Equation(1) (William and Thompson,1988)gov-
ernsthe instantaneousweptvolume of the compressor
Consideringhevalve asanorifice andflow asisentropic,
the massflow rate (1) throughthe suctionor dischage
valve wascalculatedrom Eq. (2). Equations(3) and(4)
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FIG. 1: Schematiof thedistributedmodel

governthe pressuradrop in the valuesandthe enegy in
thesweptvolume:

2

nD?
— Lowept [1 — cos (wt)]

V(t) = ‘/::yl + 8

1)
T.TLS = pinCdAcruis (2)

3)

2
APy = Cy

dw
Mmeho = Qc + —

nih; — AP
ar +m 1%

(4)

The overall heattransfercoeficient inside the com-
pressoisweptvolume,outsidethe compressoshell («,),
and inside the compressosshell («;) was calculatedas
perthecorrelationsusedby Padty (1992).Therefrigerant
mixtureis assumedo experiencenggligible changen the
concentrationWith negligible kinetic andpotentialener
gies,theenegy balanceequatiorof theentirecompressor
with theairflow overit is derived asfollows:

moho = mzhz + Qsh

Qsh = Qme + Qel + Qamb + Qc + Qd

(5)
(6)

2.2 Condenser and Evaporator

Thecondenseandevaporatorusedn thevisi-coolerwere
plate-finned-typdeatexchangersThe componentsvere
modeledusinga one-dimensiona¢quationof massmo-
mentum, and enegy, and the overall heattransferco-
efficient was calculatedfor negligible fouling resistance
(Incroperaand DeWitt, 1996). The evaporatorand con-
densermwere divided into two-phaseand superheatede-
gions.In evaporatorandcondensetthe single-phaseon-
vective heattransfercoeficientsin the refrigerantside
werecalculatedrom the Dittus-Boeltercorrelation(Perry
andChilton, 1984).In the two-phaseegion, forcedcon-
vectionheattransfercoeficientswere obtainedfrom the
following correlation(Travissetal., 1973):

For F} < 1:

hrefDi 9 Fl
= PrRe"” | — 7
D pird ( o (7)

Forl < F} <15:
. D. F1.15

hietDi_ pppepo (11 ®)

7l F2
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1 .
Fy =015 — + 2.88X,,%476 (9)
Xtt
where
0.1 0.5 0.9
B P 1-X
Xy=— = — 10
() () ()
For Re < 50:
Fy = 0.707PrRé"® (11)
For50 < Re< 1125:
Fy =5Pr+5In[1 + Pr(0.09636Re — 1)] (12)

For Re> 1125:
Fy = 5Pr+51n (1+Pr)+2.51n [0.00313Re"512] (13)

The air-side corvective heattransfercoeficient for a
plate-finnedheatexchangemwas calculatedusing appro-
priate correlation (Manglik and Bergles, 1995). In the
two-phaseaegion, the convective heattransfercoeficient
wasalsocalculatedrom correlationsavailablein the lit-
erature(Watteletetal., 1994;Cooper 1984;Changetal.,
2000).

2.3 Capillar y Tube

In the capillary tube, the pressuredrop is causedby

momentumloss, friction, and gravitational effects. With

negligible gravitational effects, the pressuredrop dueto

suddencontraction(entrancecorrection)was calculated
using Eq. (14) (Chung, 1998). The capillary was di-

vided into a single-phasezone and a two-phasezone.
The capillary length in the single-phaseregion is de-
fined as Eq. (15) (Bansaland Rupasinghe 1998). The
Prqsn is the pressureat which the two-phaseregion

starts.Thesingle-phasériction factor f,, wascalculated
usingEq. (16):

2 2
P; — P, = G;f{ (Cl —1> + <1+ﬁ2>
. con 1 (14)
« [1 PLTRN a«} }
Uy
1 Dp
Lsp = §W(Pinit - Pﬂash) (15)
g\ 12 1 iz
fsp=28 [(Re) +— (16)
(A1 + B1)?
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where
16

1
2.4571n —59 T 0.27¢

7
Re

16
B, — (37530)
Re
The two-phaseregion was modeledusing Fannoline
expansiorrelations(Stoecler andJones1983). Thetotal

pressuredrop, outlet quality, and outlet pressureof the
capillarytubewerecalculated.

Ay =

2.4 Overall System Simulation

The systemshawn in Fig. 1 hasbeensimulatedby cou-
pling the governingequationsof individual components.
An initial guessof pressure,also called the systems
equalizationpressure was assumedo be prevailing in
both evaporatorandcondenserThe massflow rateof re-
frigerant, dischage temperaturepressureand work re-
quiredfor the compressiomwere calculatedoy compres-
sor subroutine. The outputwas then fed asinput to the
condensesubroutinejn which the quality of the refrig-
erantat the outlet, degree of subcooling,and condenser
duty wereestimatedThe condenseresultswerefed into
the capillary subroutineto estimatethe evaporatorpres-
sureandthe quality of therefrigerantatthe capillary out-
let. Finally, the evaporatorisubroutinevasusedto find the
evaporatorduty and the degree of superheatA cornver
gencewasassumedf the calculatedvalueswerecloseto
the initial assumptionsvith a criterion of 10~3 kg/s for
masdgflow rateand10-% Jfor enegy. Theentireprogram,
whichis acompilationof mary subroutinestookasmary
as25-35iterationsfor the solutionto cornverge. The new
valueshadto be assignedudiciously taken for the com-
pressotinlet condition,andthe analysiswasrepeatedit
is to be notedthatthe programwill make appropriateef-
erenceo propertysubroutineg@sandwhenrequired Fol-
lowing arethemajorassumptionsonsideredn this mod-
eling: (1) the propertyvariationin all the componentss
one-dimensional2) the massflow rateandambienttem-
peratureareconstantandsteady;(3) the pressuraropis
negligible in condenseandevaporator;(4) fouling resis-
tanceis neggligible in the heatexchangers(5) thethermo-
physicalpropertiesaretakenfrom REFPROP (McLinden
etal., 1998);(6) no fluctuationin the angularspeed;(7)
polytropic compressiorandelectricalmotor efficiency is
85%; and (8) negligible oil accumulationin evaporator
andcondenser
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3. TEST FACILITY To conducttestsat variousambientconditions thewhole

. . . setup was kept inside a temperature-controlledoom.
The experimental setup used for this study is SChemaf; e he refrigerantcircuit of the visi-cooler hasto be
ically shown in Fig. 2. The basic circuit of the Visiy,qified to fix measuringinstruments the quantity of
cooler was modified to accommodate the measuring Eh'agespecifiedby the manufcturer(300g) may not be
struments. To measure the temperature, resistance teicient, andhencechage optimizationwill be needed.
perature detectors (RTD) temperature sensors (PTl%}bptimizethechage,thesystemNaschagedwith 250—
with £0.15°C accuracy were placed across all the b§50g of R-12in stepsof 10 g, andthe enegy consump-
sic components. Since capillary tube optimization Wﬁ%ntestwasconductedor32°Cambienttemperaturand
required, four capillaries having 0.86 mm diameter ar\}ﬁth a thermostatsettingof 1°C cutof and 4°C cut-in
Iength 2.13 m,. 2.44 m, 2.74 m, gnd 3_'05 m yvere ?’ufﬁmperaturesThe standardcapillary (2.44 m) was used
ably fixed. A sight glass was provided in the liquid ling,, o study The perday enegy consumptionwith re-
to check the condition of the refrigerant entering imeectto chage quantitywas obsered, andit wasfound
the capillary. Pressure gauges witlh.5% accuracy were thatthe enegy consumptiorper day wasminimumfor a
fixed across the condenser, evaporator, and capiIIary.éBbg chage. Theobtainedquantityof R-12wastakenas
measure the temperature of the refrigerated space, fQUf \oterencao arrive at the equivalentquantity of mix-
RTDs were placed at different locations suitably and COfliresasdiscussedy Sekharet al. (2004b). The thermo-
nected to a data logger. The compressor was connecigdqidetherefrigeratedspacevasadjustedo 1°C cut-
with a watt meter £1 W accuracy) and energy metep anq4oC cut-in, The performancedetailsare experi-
(£0.25% accuracy) to measure the energy Consumpt'%ntallymeasuredaasedon a per day enegy consump-
tion testfor differentambienttemperature€2°C, 26°C,
32°C, 36°C, and43°C. A pull-down testwas also per
g formed, for which we usedthe temperatureenegy, and
S power consumptionfrom a watt meter andthe refriger
S atedspacetemperaturevasrecordedn a dataloggerfor
’ aninterval of 15sto calculatethe COP;thereadingsvere

“ﬁ

? Temperature measurement
Q@ Pressure measurement

O Sight glass

L

loggeduntil the averagespacetemperaturgeached °C.
The experimentswverefirst conductedor R-12, followed
T by therefrigerantmixtures,andthetestingconditionsare
shavnin Tablel.

cegesee

4. RESULTS AND DISCUSSION

Refrigerated
space The experimentswere conductedfor R-12, M0O7, M09,
andM11 for differentchage, ambienttemperatureand
capillary length. A sampleexperimentalresult of pres-
l D suredrop, power consumption,and so on, is shavn in

Table 2. The resultsobtainedfrom the experimentaland
simulatedstudiesarecomparedor the all thetestedcon-

— > 049 ditions, andselectedresultsarediscussedn this section.
ThesimulatedP — V' diagramof the compressoduring
the compressiormprocesf differentrefrigerantsat 32°C
ambientand1°C refrigeratedcabintemperaturess plot-

1. Compressor 6. Capillary tedin Fig. 3, which shavs thatthe compressiorlatiofqr
2. Fan 7. Suction line heat exchanger ~ M09 andR-12is 6.65and 6.9, respectiely. The x-axis
3. Condenser 8. Fan consistof percentagsweptvolumesasthe compression
4. Manifold 9. Louvers andexpansionprocesdakesplace(total sweptvolumeis
5. Ball valves 10. Evaporator 0.758 x 10~° m3). Fromthe calculation,it is foundthat
MO09 hasnearly 1% highercompressiomwork thanR-12.
FIG. 2: Schematiof thevisi-coolertestbench Even thoughthe operatingpressureof M09 are 10%—
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TABLE 1: Testing conditions
Parameters Values \
Refrigerants R-12,M07 (R-134a:hydrocarbon(HC) blend: 93%: 7%
by mass)
M09 (91%: 9 %) and M11 (89%: 11%)
Capillarylengthto check | 2.13, 2.44, 2.74, and 3.05 with 0.86 mm inner diameter
optimum charge quantity
Ambient temperature 22°C, 26°C, 32C, 36°C, and 43C
TABLE 2: Experimental data of the refrigerants for a tested condition.
Refrigerant R-12 | M09 | M11 | R-12 | M09 | M11 \
Capillary length (m) 244 | 244 | 244 | 2.44 | 244 | 2.44
Tams (°C) 26 26 26 32 32 32
Temperature at typical points inside refrigerated spacg
1 1.0 1.0 1.0 1.1 11 1.0
2 1.2 1.1 0.9 1.0 1.2 1.1
3 0.9 1.0 1.1 0.9 0.9 1.0
4 1.0 0.9 1.1 1.1 0.9 1.0
Temperature at some specific poirft€)
Evap. inlet -140| -18 | -184| -13.2| -17.0| -17.4
Evap. outlet -12.2| -13.4| -13.5| -10.8| -11.2| -11.5
Comp. inlet 185 | 16.2 | 16.2 | 21.0 | 182 | 184
Comp. outlet 755 | 685 | 71.0 | 83.0 | 76.0 | 80.0
Cond. outlet 40.2 | 38.0 | 384 | 44.0 | 42.0 | 425
Capill. inlet 36.6 | 352 | 356 | 40.0 | 38.0 | 38.6
Comp. dome 1 63.0 | 604 | 615 | 67.0 | 63.5 | 65.4
Comp. dome 2 63.5 | 60.0 | 605 | 66.8 | 63.6 | 64.8
Pressure at some specific points (kPa)
Evap. inlet 107 | 118 | 120 | 110 | 124 | 126
Evap. outlet 95 110 | 114 | 103 | 118 | 120
Cond. inlet 1180 | 1300 | 1305 | 1223 | 1358 | 1356
Cond. outlet 1170 | 1285 | 1295 | 1210 | 1342 | 1344
Comp. inlet 94 108 112 100 116 118
Comp. power (W) 286 | 290 | 298 | 310 | 314 | 325
Energy consumption (kWh/d) 392 | 336 | 358 | 51 | 425 | 454

20% higherthanfor R-12, becauseof its reducedden-
sity andviscosity the compressionvork shootsup by 1%
only. During the compressiortycle, the maximumtem-
peraturereachedn the compressofor M09 andM11 is
142°C and147°C, respectiely, while it is 187°C for R-
12, which is also for the reasonfor higher COP of the
systemwith M09.

The simulatedpressuredrop along the length of the
capillary is plotted in Fig. 4, which shows that even
thoughtheinlet pressurés high (16.5bar)ascomparedo
R-12(14.2bar),therequiredpressuredrop wasobtained
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with the existing capillary lengthitself. It is to be noted
that the densityand viscosity of M09 and M11 areless
thanthoseof R-12, and hencethe pressuredrop should
be lessthanthat of R-12. However, the simulationstudy
revealedthat the mixturesM09 and M11 have a higher
drynesdfraction at the exit of the capillary, which forces
oneto think that the refrigerationcapacityof M09 will
be lower thanthat of R-12. But eventhoughthe dryness
fractionis morefor mixtures,becausef their high latent
heatof vaporization the mixtureshave higherrefrigera-
tion capacitythanR-12.
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FIG. 3: P — V diagramof the compressiorprocessat  FIG. 4: Pressuredrop alongthe lengthof the capillary
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The variations of temperature along the evaporator agbling is 4°C for R-12 and 3°C for M09. The preced-
condenser coils obtained from the simulation study areg obserationswith respectto heattransfercharacter
plotted in Figs. 5 and 6, respectively. In the case of bagiicsindicatethatthe existing evaporatorandcondenser
mixtures, the boiling and condensation processes are nargsufiicientto operatethe systemwith the new mixture.
isothermal, which is due to the zeotropic nature of the The experimentalresultsobtainedfrom the per day
mixture. The length required for complete vaporizatioenegy consumptiortestaretakulatedin Table 3. When
of the mixtures is almost 20% less than for R-12, whiatomparedo R-12,the M09 has10.8%—17.3%and13%—
indicates that the mixtures possess higher heat transfer&6% lessenegy consumptiorat 22°C and43°C ambi-
efficients. This is a reason in the evaporator for the supenttemperaturegespectrely. Thisis notonly dueto the
heating of M09 and M11 to start earlier by 0.25 m than imetter heattransfercharacteristicand heattransferco-
R-12. In the condenser, it is seen that the degree of sabiicient of the mixture, asdiscussecearlier but alsoto

TABLE 3: Per day energy consumption of refrigerants

Per day energy consumption (kWh/d)
Thermostat Settings Refrigerant | 22°C | 26°C | 32°C | 36°C | 43°C
R-12 326 | 41 | 518 | 538 7.12
Cut-in = °C, cutoff = 3C M09 291 | 357 | 451 | 5.03| 6.2
M11 3.03 | 3.76 | 472 | 522 | 6.52
R-12 323 | 392 | 504 | 5.77 | 7.07
Cut-in =1°C, cutoff =4°C M09 283 | 335 | 425 | 484 | 6.04
M11 3.04 | 354 | 454 | 518 | 6.46
R-12 3.08 | 3.76 | 4.73 | 5.32 | 6.76
Cut-in = 2C, cutoff = 5C M09 262 | 321 | 3.99 | 458 | 5.64
M11 2.9 358 | 429 | 4.78 | 597
R-12 283 | 349 | 44 5.0 6.38
Cut-in = 2C, cutoff = 6C M09 238 | 284 | 362 | 419 | 524
M11 256 | 3.12 | 407 | 469 | 6.0
R-12 276 | 3.43 | 425 | 487 | 6.12
Cut-in = £C, cutoff = 7C M09 228 | 277 | 357 | 402 | 4.92
M11 26 | 3.13 | 3.84| 437 | 551
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erty groupsof R-12 and M09 are betweenl66—144and
236—-200respectiely, for the pressurebetweenl and5
bar Thereforethe propertygroupof M09 is higherthan
R-12 by 30%-50%,which is the reasonfor betterheat
transfercharacteristico@f M09. Even though 30%—-50%
of increasecheattransfercan be expectedin M09 theo-
retically, the actualincreasewith referenceto the lesser
length requiredvaporizationis around15%, and this is
due to the preferentialboiling and masstransferresis-
tancepresenin the mixture. The heattransfercoeficient
of arefrigerantmixture degradesrom the concentration-
averagedsaluesof its individualcomponentcalleddegra-
dationof the heattransfercoeficient. During the boiling
proces®f mixtures themorevolatile componen{MVC),
whichis R-290,is strippedout first from thefluid stream.

FIG. 5: Temperature distribution along the length of thelencethe vaporat the initial stageis rich in MVC, and
evaporator coil at 32 ambient and IC cabin tempera- the liquid is rich in the low volatile component(LVC),

tures
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FIG. 6: Temperaturalistribution alongthe lengthof the
condenseat 2°C ambientand1°C cabintemperatures

a lower compressiorratio exhibited in the P — V' dia-
gram.FurthermoregventhoughM11 hasa pressuraa-
tio closerto R-12, the enegy consumptionis still bet-
ter than R-12, which is due to the presenceof hydro-
carbonin the mixture. Jung et al. (1989a, 1989b) re-
portedthat underfully suppresseducleateboiling con-
ditions, the heattransfercoeficient of two differentflu-
ids could be directly rated basedon the liquid prop-
erty group(® = (¢, 1./1ur)"*k%°). This propertygroup
was evolved by regroupingthe thermoplysical property
in the Dittus-Boelterheattransfercorrelation.The prop-
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which is R-600a.Thusthe concentratiorof the LVC in

theliquid is higherthanatthe vaporliquid interface,and
the concentratiorof the MVC at the vapokliquid inter

faceis lowerthanin thevaporphaseHencetheMVC has
to diffuse from the bulk liquid to the interfaceandthen
to the bulk vapor phase which resultsin anincreasen

masstransferresistanceThis resistanceancreasesvhen
the compositiondifferenceof MVC is large betweerthe
liquid andvapor This masstransferresistanceds one of

the reasondor the degradationof the heattransfercoef-
ficients. Furthermore the temperatureglide in mixtures
affects the heattransferprocessas a result of the tem-
peraturevariation (equilibriumtemperaturejvith the de-
pletion of liquid evenif the pressurds constantin mix-

tures, becauseof the temperatureglide, the wall super

heatdecreasesasthe vapor quality increasesTherefore
the influenceof the nucleateboiling componentwhich

depend®nwall superheatalsodecreasedueto thetem-
peratureglide. Therefore gventhoughR-134ahasbetter
heattransfercharacteristicthanR-12,the presencef the
precedingphenomenaeducesthe enhancemenin heat
transferthatcanbeachievedwith pureR-134a.

The compressompowver with respectto time during
pull-down testis plottedin Fig. 7. From the simulation
studies, it is found that M09 is superioramongthe all
themixtures,andhenceit is takenfor experimentalcom-
parisonwith R-12. Thefigure shavs thatthe compressor
consume2%—4%higherpower for M09 ascomparedo
R-12.But for the samethermostasettingsthe pull-down
time for M09 is only 39 min, whereast is 49 min in the
caseof R-12. Fromthe power consumptiortest, it is ob-
sened that the total enegy consumediuring pull-down
is 0.214kWh for M09, whereast is 0.255kWh for R-
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FIG. 7: Variationof compressopower with time during
pull-down at 32°C ambientand1°C cutoff temperatures

12. The compressowork obtainedfrom simulationand
experimentalstudyis plottedin Fig. 8. The deviation of
predictedvaluesfrom the experimentaresultsis lessthan
12%, which provesthe validity of the simulationmodel.
The curves also shav that the mixture M09 has1.6%—
2.5% and 0.7%-1%higher compressowork than R-12
in theoreticabndexperimentaktudiesrespectiely.

The COP valuescalculatedfrom both the simulation
and experimentalstudiesare comparedn Fig. 9, which
shaws thatthe COP decreasesith anincreasein ambi-
enttemperaturelt is to be notedthat the predictionsfor

Sekhar, Raja, & Mohan Lal

—R-12(P) * R-12(E)
—-"MO09 (P) 4 MO9 (E)
254 e M1l (P)  * MII (E)

P - Predicted
E - Experimental
1 T T T T T
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Ambient Temperature (°C)

38 42

FIG. 9: Variation of experimentaland predictedCOP
with ambienttemperaturet 1°C cabintemperature

improvementin COPascomparedo R-12in simulation.
Also, by experiments the improvementin COP of M09

wasfoundto be10.4%-16.3%Eventhoughthecompres-
sorwork of theMO09 is higherthanthatof R-12,dueto its

higherrefrigerationeffect, higherCOPis possible.

5. CONCLUSIONS

On the basisof the resultsobtainedfrom both simula-
tion andexperimentaktudiestheflowing conclusionsre
made.

R-12 are closer to experimental results than M09 because

the existing heat transfer correlations are well defined fod-
a pure substance. The mixture M09 shows 15.5%—18.55%

360 1 * R-12(E) —R-12(P)
~ £ M09 (E) —- M09 (P)
€340 * MIL(E) -~ MII(P) .
5 5 + A
£ 320 - e
=
e
2 300
g 280 7
&) | E - Experimental
260 P - Predicted
240 T T T T T
22 26 30 34 38 42

FIG. 8: Variation of experimental and predicted compres-4,
sor power with ambient temperature &Clcabin temper-

ature

Ambient Temperature (°C)

TheP-V diagramof the compressousedin thevisi-

coolershavs thatthe M09 has20% and16% higher
pressurén suctionanddischage, respectiely, than
R-12.However, the pressureatio of M09 was5.8%
lessthanthatof R-12for the samesystemoperating
conditions.Even thoughthe operatingpressure®f

MQ9 arehigherthanR-12,it shavs only 1% higher
compressionvork thanR-12.

. The theoreticalinvestigation on visi-coolersshavs
thatthe existing condenseandevaporatorare suffi-
cientfor M09.

. The betterheattransfercharacteristicef M09 have
resultedin a 20.4%shorterpull-down time, leading
to 10.8%—19.6%essperdayenegy consumptiorin
spiteof a 2%—4%highercompressopower.

The capillary tubeusedfor M09 is the sameasthat
usedin the R-12 system.Hencethereis no needto
changehe capillarytubewhile M09 is chaged.

Computational Thermal Sciences
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5. Sincethe HC componentin the M09 is only 0.09,
masdractionflammability of therefrigerantwill not
beaseriousssue.

. The maximum deviation of the predicted results
from experimentalaluesfalls within 12%.This val-
idatesthemodel. Thecontinuoussaferunningof the
systemfor 18 monthsproved the oil miscibility of
the M09 with mineraloil.
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acceptable and the estimated parameters are reliable.

mation

1. INTRODUCTION

As a resultof the growing needfor high-strengthJow-
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ESTIMATION OF THE ABLATIVE PARAMETERS IN
ABLATIVE COMPOSITES USING NONLINEAR
PARAMETER ESTIMATION METHODS
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In this article, nine ablative parameters of ablative composites are estimated using nonlinear inverse methods. The
mathematical model of the ablative composite when exposed to a thermally harsh condition has been developed on the
basis of the decomposition of the resin and formation of the char layer at a critical temperature. Three zones of virgin
material, pyrolysis zone, and char layer along with two moving boundary surfaces are incorporated into the thermal
model. The Levenberg-Marquardt method is used for estimating the unknown properties. Considering the nonlinear
behavior of the inverse problem and the insulating behavior of the composite, the convergence of the solution method is

KEY WORDS: modeling, high-temperature properties, thermal properties, carbon fibers, parameter esti-

tureandfiber orientation. They alsodevelopeda method-
ology for the estimationof thesetwo propertiesin the
samecompositematerialsduring curing (ScottandBeck,

density and high-temperaturenaterialsin the aerospace 1992b).Subsequenstudieshave beendevotedto thein-

industry compositenaterialsareincreasinglyusedin de-
mandingstructuralapplicationgn which they maybe ex-
posedto thermally harshconditions.A good estimation
of theirthermoplysical propertiess requiredfor predict-
ing their performancen actualworking conditions.As
thereis no available standardor testingthesematerials,
thereis aneedfor aninversecodethatestimatesequired
propertiesusingmeasuredemperatureg working con-
ditions.In thisarticle,nineablative parametersf ablative
phenoliccomposite designedor thermalprotection,are
estimatedisingparameteestimationrmethods.
Inversemethodsare commonlyusedfor thermoplys-
ical parameterestimation problems. Beck (1966) es-
timated the thermal conductvity simultaneouslywith
the volumetric heat capacity of nickel using the one-
dimensionaltransienttemperaturemeasurementsScott
andBeck (1992a)estimatedhesethermalpropertiesfor
carbon/epoxycompositesas a function of the tempera-

1940-2503/10/$35.00(© 2010 by Begell House, Inc.

versesolutionof differentparameteestimationproblems
in compositeqTaktak et al., 1993; Canalho and Neto,
1999).

Owing to the importanceof the ablatve insulatorsin
the aerospaceéndustry much researchhasbeencarried
outregardingthebehaior of thistypeof compositesome
of which can be found in referencebooks (Rohsenw,
1973).Someotherworksregardingthermalpropertiesof
ablative compositegOhlhorstetal., 1997),ablationchar
acteristicsof ablating insulators(Norman and Ronald,
1961; Firouzmanestand Aref Azar, 2004; Nesmelw@ et
al., 2003), and use of thesekinds of insulatorsin the
aerospacendustry(Sohi,1971)areconcernedvith direct
problemsn ablative composites.

Therearefew publicationson the inverseproblemsin
ablative compositesFour notableworks in this field in-
cludeWilson (1965),CozzensandFox (1978),Hakkaki-
Fard and Kowsary (2008), and Kanersce and Kanerce
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Arrhenius constant (1/s)
specific heat (J/kgK)
activation energy per unit mass (J/kg)
» enthalpy of gases from pyrolysis per
unit mass (J/kg)
identity matrix
thermalconductvity (W/mK)
number of sensors
Greek Symbols
€ very small value or the fraction of
resin transformed to gas
AH, specific pyrolysis heat (J/kg)
AH. specific heat of ablation (J/kg)
o density (kg/n)

=

oo W

I
k
m

o standard deviation of the measured
temperature errors

Subscripts

ab ablation

c char

g gases from pyrolysis

My specific pyrolysis mass flow rate (kg?s)

NOMENCLATURE

specific ablation mass flow rate
(specific mass flow rate of ablated char)

(kgan

e

M  total number of temperatures measured
by each of the sensors

m  total number of temperature measurement
by all sensorgm = m x M)

n number of unknown parameters

P pyrolysis

q(t) heat flux (W/nt)

R gas constant

S surface

S objective function, Eq. (13)

v virgin material
Superscripts

i number of iteration
ablation temperature
temperature

time (s)

transpose of a matrix
position (m)

SR

(1999). The first two onesusedexperimentaltechniques
for estimationof unknavn propertiesn ablatingcompos-
ites. The third one is a function estimationsolution of
surface heatflux in a charringablatorusing the conju-
gategradientmethodwith adjointproblems.n the work
of KanevceandKanersce (1999),sevenparametersf the
ablatingcompositeareestimatedisingtheinversetech-
niqueandtheLevenbeg-MarquardimethodIn thatwork,
ablationtemperaturendthe specificheatof the compos-
ite areassumedo be known, but in the presentstudy it
is assumedhatall of the ablationparametersf thecom-
positeareunknownn. This is becausehe ablationtemper
atureplaysanimportantrole in the ablationprocessand
this parametediffersfor aspecificcompositevhile using
differentworking conditions.

2. DIRECT PROBLEM

The geometryof a one-dimensionaablationproblemis
illustratedin Fig. 1. Whenthe composites subjectto ex-

tremeheatloads,decompositiorof the resinandforma-
tion of charlayerarebegun.Whenthetemperaturatthe
surfaceof thecharlayerreacheshecritical ablationtem-
peraturethe outerlayer of the formedcharbeginsto ab-
late. In this situation,two processe¢charformationand
ablation)take placesimultaneouslyThreezonescanbe
formedin the material: the virgin material, the pyroly-
siszone,andthe charlayer (Fig. 1). In the mathematical
formulationpresentedn the following, we assumehere
aretwo zones(Fig. 2): thevirgin andthe charzone;that
is, a simplificationis made,and we assumehe pyroly-
sisis collapsedon theinterfaceof thevirgin andthe char
layer. It canbe seenin Fig. 1 thatthe boundariess; and
so aretwo moving boundariesind ss is a stationaryone.
Also, theregionidentifiedby &, representthecharlayer,
andthe region representedby - is the virgin materials
zone. The governing differential equationsfor the ther
malfieldsin two regionsare(Hakkaki-FardandKowsary
2008;Kanevce andKanerce, 1999; Hakkaki-Fard, 2006)
asfollows:
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FIG. 1: Zones within the ablating composite
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FIG. 2: Statesof the zonesandthe sensorsat the end of
theexperiment

0T
e
s1(t) <z < s2(t)

or

. aT
+ mpcg%

= PcCe

e (1)

LPT_ar
UamQ_p'U'UaT
s2(t) <z < s3(t)

)

while theboundaryconditionsaregivenby thefollowing:

oT
oT or .
_k07ax = —kU% + my - AHp T = S2 (t) (4)
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oT
k5= =0 x=s3(t) )
andtheinitial conditionis givenby thefollowing:
T(,0) = T (6)

Theinvolved parameterin the precedingequationhave
beendefinedin thenomenclature.

The ablationmodelinvolvestwo zonesandtwo mov-
ing boundariess; andss, andafixedboundaryss. Cor-
respondingequationgor definingboundariesregivenas

follows:
t

Me

s1(t) = o, (7)
t .
s2(t) = [ —2— at ®)
J Pv — Pc
s3(t) = const 9

To completethe systemof equationsof the in-depth
ablationmodel, it is necessaryo include equationsfor
calculatingthe pyrolysis massflow rate. The motion of
the pyrolysis zoneis definedby the kinetics of the phe-
nolic resindecompositionlt is assumedhat the rate of
decompositiormay be expressechy a first-degreereac-
tion:

% =B, (PUP—PC —€ (:v,t)) e FT (10)

Utilizing Eq. (10), the massflow rate of the pyrolysis
gascanbeexpresseasfollows:

83
v~ Mc -K
Thp = /pv Bp <ppp — 5) exp (M) dzx (11)
v

82

Now that the setsof equationss completedthe im-
plicit Laasonemmethod(referto Tannehilletal., 1997)is
usedto descretizedime and spacederivativesto achieze
the solution. This methodhas a first-orderaccurag in
time with a truncationerror of O[At, (Ax)?] andis
unconditionally stable. Common forward or backward
second-ordespacefinite differenceshave beenapplied
to the boundaryconditions.Owing to the high heatflux
and low conductvity of the insulator small time and
spacestepsareselectedo achievethenecessargccuragy.
Moreover, becauseof the movementof the boundaries,
the volume of fluid method(VOF) (Jonget al., 2005)is
used.In the VOF method thefractionfunctionis defined
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to beequalto 1.0in the charor the virgin region and0.0
in the ablatedregion. By usingthe VOF method thereis
no needto regrid the insulatorin eachtime. This makes
thecomputatiormuchmoreefficient. In the next section,
theinverseproblemis developed.

3. INVERSE PROBLEM

It is assumedhatall of the ablationparameterinvolved
in Egs.(1)—(11)areknown in thedirect problem,but the
nine parametersreunknowvn in theinverseproblem.The
unknovn parameterareablationtemperaturé’,, thermal
conductvity of chark,, densityof charp.., specificheat
of charC,, enthally of gasesrom pyrolysis H,,, specific
pyrolysisheatA H,,, specificablationheatA H., andAr-
rheniusconstants3, and £. Theseunknowvn ablationpa-
rametersanbegatheredn asingleunknovn vectorP as
follows:

P= [TaykcypcyccpraAprAHchva} (12)

Theseunknonvn parameterareto beestimatedisingtem-
peraturesneasuredy sensordocatedinsidethe insula-
tor, asseenin Fig. 2. The surfaceheatflux ¢(t) andthe
initial temperaturel, are assumedo be known in this
inverseproblem.lt is worth mentioningthat our first try
for solving the problemwasinitially assumedo be our
10th unknavn, but we found that becauseof the very
small sensitvity of this parameteto the measuredem-

peraturesijt is not possibleto estimateit independently

andtogethemwith otherunknavns.It shouldalsobenoted
thatdueto theoccurrencef hightemperaturealuesnear
the active surfaceandits deteriorationduring the experi-
ment, commonthermalsensoranay not withstandsuch
harshconditionsandareburnedout (Fig. 2). Ontheother
hand,if thesensorsirelocatedfarfrom theactive surface,
the sensitvity of the measuredemperaturego the re-
quired parameterseducesappreciablythereforethe de-
terminationof the optimal sensofocationis not an easy
taskin this work. A deepsensitvity analysisshouldbe
performedto determinethe bestlocationfor sensorsin
Fig. 2, the statesof the sensorsandinsulators’regionsat
theendof theexperimentareillustrated.

To estimatehe nine ablative parameteri theinverse
problem,a nonlinearoptimizationproblemis definedin
which finding the minimum of the sumof squaredliffer-

enceshetweenexperimentaland calculatedtemperatures

is sought:
M
SP)=>_ Z [T:; (P) = Y; ;)7

i=1 j=1

(13)

Hakkaki-Fardetal.

wherem is the numberof sensors)/ is thetotal number
of temperaturesneasuredy eachof the sensorsy; ; s
arethe measuredemperaturesandT; ; s arethe calcu-
latedtemperatureatthemeasuremenbcationsusingthe
proposednodelEgs.(1)—(6) andarbitraryvaluesfor un-
known parameters.

Thustheproblemin handmaybe cateyorizedasanon-
linear programmingoptimizationone. One of the meth-
ods for solving this type of problemis the Levenbeg-
Marquardtmethod(LMM), asdescribechext.

3.1 Computational Procedure for Inverse
Method

The inversesolution algorithm basedon LMM is aniit-
eratve method,andthe computationaprocedureor the
estimationof the unknavn parameterst iterations can
be summarizedsfollows (moredetailsof which maybe
foundin thebookby Ozisik andOrlande(2000)).

1. Solwe thedirectproblemgivenby Egs.(1)—(6) with
— .
available estimatedP* to obtaintemperaturdields
in virgin andcharmaterialsT’( P?).

2. ComputesS from Eq. (13).

3. Computethe sensitvity matrix X? definedby the
following equation:

i 6T171 8T171 8T1,1 T
OP, P, 0P,
aTLQ 8T1’2 8T1_]2
or, 0P, ap,
aTL]u 8T17]\4 8T1,M
oP, OP, op,
Xrxn= 14
x aTQJ 8T2,1 aTQ,l ( )
oP, 0P, opP,
8T272 8T272 6T272
oP; 0P, oP,
Ol OTo M 0T, M
| 0P 0P, 0P, J

P, to P, denotethe componentof the unknavn
vector P. Parametenn is the total numberof tem-
peratureneasuremerity all sensorgm = m x M).
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4. Solwethefollowing linearsystemof equatiorto find
APO):
[Au) I+ xT0 XW} AP — xT()

% (Tu) _ Y(i)) 13)

wheresuperscriptl’ denoteghe transposesign and
vectorsT andY aredefinedas
TV =[Ti,, T Ty ar, Ton, T
7 1,1, £1,2y «-oy L1,M, £2]1, 12,2,

Z (16)
.......  Tont] ™

eyt
Yg = [Yl 1, Y112’ ) YLM, Y2,17 }/2,27
....... Yot]?

wheretheinitial valuefor A() is setto 0.01.

17

5. The updatingrule for the LMM’ s algorithmis then
appliedto determinethe unknavn vector:
PUHD —pO) L AP® (18)

6. Solwe the direct problemof Egs. (1)—(6) with this

new estimatedP’** to obtain7T (P*™!), thencom-
puteS, asdefinedby Eq. (13).

7. If S(PHY) > S(PY), replaceA’ by 10 x A* and
returnto step4.

8. If S(P*) < S(P?), acceptthe new estimated
P! andreplacer’ by 0.1 x A%,

9. Checkthestoppingcriteriagivenby Eq. (19):

S(P") <u 19)
Stopthe iteration procedureif it is satisfied;otherwise,
replacei by i + 1 andreturnto step3.

For errorless(nonnoisy) temperaturedata, the p in
Eqg. (19) can be chosento be an arbitrary small value.
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Whenthe measuredemperaturesontainnoise,asis the
casein a real experiment,we do not expect the tamget
function definedby Eg. (13) to becomeequalto zeroat
thefinal iterationstep;therefore,accordingto a sugges-
tion by OliveiraandOrlande(2004)aswell asColacoand
Orlande(1999),we usethefollowing expressiorfor .

w=mx M x > (20)
whereo is thestandardieviation of themeasuredemper
atureerrors.

4. RESULTS AND DISCUSSION

We now examinethe presentanalysisfor estimationof
thenineunknavn parametersollectedin thevectorP in

Eqg.(12).For all testcasesonsideredn thiswork, theab-
lative materialis a carbonphenoliccompositewith prop-
ertiesasgivenin Tablel of KanesceandKanesce(1999).
Thethermalconductvity, density andspecificheatof the
compositeat room temperaturarek, = 0.76 W/mK,

pv = 1340kg/m®, andC, = 1249 J/kgK. The thick-
nessof the slabwastakenas9 mm, andthe slabwasas-
sumedo beinitially attheuniformtemperaturef 300K.

The domainis discretizedinto a fine grid network with

Az = 2 x 10~%m. The durationof the experiment,that
is, thetotaltime of heatflux exposurewasassumedo be
4.5s. Heattransferon the compositesurfacewasconsid-
eredin combinedcorvective-radiatve modesasthe fol-

lowing equationandits valueis shawvn in Fig. 3:

q(t) = he(Ty — T5) + 590(T4 - T4)

g s
- ESO-(T;L - Ts4urr)

(21)

with the corvective coeficientof i, = 19, 700 W/m? K,
ambient gas, and surroundingtemperatureof T,
3170 K, Tsurr = 300 K, respectiely. The emissvity co-
efficientsfor gasandsurfacearee, = 1 ande, = 0.8, re-
spectvely. To calculatey (¢) atary timestep(2 x 10~ s),
the value of T in the precedingequationis taken asits

TABLE 1: Actual properties of the used carbon phenolic composite

Ce Cy Pe Pv ke k,
(IkgK) | (IkgK) | (kg/m?) | (kg/mP) | (W/mK) | (W/m K)
1978 1249 1019 1340 2.407 0.76
E/R B, T, AH, AH, H,

(K) (s (K) (J/kg) (J/kg) (J/kg)
2.3x10* | 9.9x10% | 2870 3.2x108 | 7.5%x10% | 1.3x10°
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FIG. 3: Applied heatflux onthecompositesurfacein the
parameteestimationprocedure

valuein theprevioustime step.It is assumedhatthesen-
sorsarecapableof sustaininghightemperaturéo 2000K,
anddatareadingsveretakenevery0.1s. Thethermocou-
ples are placedin the virgin materialat appropriatelo-
cations.Someof the thermocouplesnay be burnedout
during the courseof the measurementn this situation,
it is assumedhat the burned sensorsreturn zero val-
ues; henceit doesnot affect the mathematicaformula-
tion given previously. The minimum numberof sensors
usedfor this problemby which reasonabl&esultscould
be obtainedwasthree;thereforethetotal numberof tem-
peraturaeadingghathasbeentakenin this simulationin
accordancewith the sensorimitations was 82 samples.
Thesethreesensorsverelocatedatz =17, x=1.3"",
andzx = 1.6™™ (x is the distancefrom the active sur
face).Threesetsof datawereusedin this study: (1) er
rorlessdataby which the inversealgorithmis tested;(2)
datacontainingadditive errorsbasedon what was pro-
posedby OzisikandOrlande(2000)ashaving a Gaussian
distribution with standarddeviation equalto 0.5% of the
ablatingtemperaturethatis, 0 =8.5 K; and(3) datacon-
taining errorshaving a Gaussiardistribution with stan-
dard deviation equalto 1% of the ablatingtemperature
(correspondingoughlyto a17K error).

Theinitial guesdor P in aninversealgorithmis very

Hakkaki-Fard et al.

while agoodonehelpsthe bettercornvergenceof the pro-
gram.For example,if thedensityof the charlayeris cho-
senbiggerthanthatof avirgin material(i.e.,awrongini-

tial guess)jt may causethe directsolutionto diverge on
thewhole.Table2 shavsthegeneratedéhitial guessega-
rameterdor this study Thesevaluesare obtainedsome-
whatrandomly;although,aswassaidearlier their orders
of magnitudeareassumedo be known.

Figure4 illustratesthe reductionhistory of the objec-
tive functionalwith respecto the numberof iterationsin
LMM for thedifferentlevelsof measuremergrrors.Fig-
ure5 illustratesnoisytemperaturelataacquiredfrom the
direct problemusedfor parameterestimationin the in-
verseprocedure.

The estimatecparametersor differentcasesarecom-
paredwith actualparametersn Table 3. The root mean
squareerror of the estimatedvectorP with respecto ac-
tual P givenin Table3 is definedas

m M 2

1
RMS = p—d ZZ (Ti; (P) =Y )

j=11i=1

(22)

The estimated parameters are sufficiently accurate con-
sidering the fact that the used material is an insulator that
causes the measured temperatures to have a low sensitiv-

ity to the surface heat flux.

“w g=17
107 |- - =0= = g=85
- —— g =0.0
_% 10" -
£ f
=
3 .
=
Q 10° “JL'A.
kY
Yy
‘ N
10" s
10° 10 10

. . Number of iterations
importantfor the convergenceof the algorithm. Gener bt b

ally, the choiceof initial guessdependn someknowl-
edgeaboutthe order of magnitudeof theseparameters. FIG. 4: Reductionhistory of the objective function for
An improperguessmay causethe programto diverge, differentcases
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TABLE 2: Initial guess for unknown parameters
T, Pe ke C. E/R B, AH, AH, H,
(K) (kg/m?) | (W/m K) | (J/kgK) | (K) (s (J/kg) (J/kg) (J/kg)
2800 | 1005 | 2.28 1873 | 2.4x10% [ 7x10% | 5x10° | 6 x 10° | 1.0 x 10°
TABLE 3: Estimated parameters for different cases
RMS| E/R B, AH, H, AH, Ce ke Pe T, Noise
(K) x107% | x1076| x1076 | x107% | x107% | (I/kgK) | (W/mK) | (kg/m?) | (K) variance,
(K) (s | Qkg) | (/kg) | (Ikg) o
(K)
0.23 | 2.26 8.00 6.75 1.76 3.15 1856 2.23 1014 2873 | 0
9.70 | 2.18 7.12 7.06 3.77 3.91 1355 2.47 982 2852 | 85
16.70| 2.23 12.0 4.72 3.69 2.64 1843 2.16 988 2880 | 17
0 2.3 9.9 7.5 1.3 3.2 1978 2.41 1019 2870 | Actual
parameter
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FIG. 5: Noisy temperaturesisedfor parameteestima-
tion (o0 = 17 K)

guessegbarametergerrorlessata)

rameterestimationprocedurevaslimited to 2000K (be-
causeof the sensofimitations), the temperaturerofiles

Figures 6-8 illustrate the comparison of the computetitainedfrom estimatedparametersnatchwell with the
temperatures at the sensor locations using actual, esimperaturgrofile obtainedby actualparametergvenat
mated, and the initial guessed parameters separatelyhighertemperaturedt shouldbe notedthatthesekindsof
different noise levels. These figures can be used to assaesslatorsareappliedfor long periodsin their real appli-
the accuracy of the estimated parameters. As is showrtations;thereforeit is very importantthat the estimated
Figs. 6-8, while the temperature range used for the garameter®btainedfrom sensortemperaturedn a lim-
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thalpy of gasesrom pyrolysis(H,), despiteits highrela-

tive error valueof 190%, doesnot have ary major effect

onthedesignaspect®f theablative compositeproblems.
Theimportantparameteof T,, thetemperatureat which

the ablationof compositeis started,hasbeenestimated
very preciselywith relative errorof lessthan1%.

5. CONCLUSION

In thisarticle,nineablatve parametersf aphenoliccom-
positewereestimatedisingLevenbeg-Marquardts algo-
rithm. Resultsmatchwell with actual parametersit is

possibleto usethis procedureor otherablative compos-
itesandestimatetheir unknovn ablatve parametersThe
enthally of gasesfrom pyrolysis (H,,) could not be esti-
matedprecisely andthis parametercontraryto the abla-
tivetemperaturd,, doesnothave akey rolein thedesign
of suchcomposites.

FIG. 7: Comparison of computed temperatures at the
sensor locations using actual, estimated, and INitREFERENCES

guessed parameters (noise lewek 8.5 K)
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VISCOUS DISSIPATION EFFECTS ON HEAT
TRANSFER FOR OSCILLATING FLOW IN A PIPE
PARTIALLY FILLED WITH A POROUS MEDIUM
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A numerical study is reported here to investigate a laminar incompressible oscillating flow and heat transfer into a finite
length pipe of circular cross section partially filled with an annular lining of porous medium. The porous substrate is
attached to the wall, which is heated with uniform temperature. The flow in the porous material is described by the
Brinkman-Lapwood-Forchheimer extended Darcy model with variable porosity. The model for the energy transport is
based on the local thermal equilibrium assumption, between the fluid and the solid phases, and takes into account the
viscous dissipation effects. The control volume—based finite element method (CVFEM) is used for solving the governing
differential equations system with an unequal order velocity-pressure interpolation. A comprehensive analysis of the
influence of the Darcy number, the Womersly number, the thermal conductivity ratio, the heat capacity ratio, the porous

1. INTRODUCTION

The currentresearchnterestin fluid flow andheattrans-
fer in porousmedia, beingdocumentedn several com-
prehensie bookspublishedrecentlyby Nield andBejan
(1999), Vafai (2000), Pop and Ingham (2001), and Ing-
ham and Pop (2002), is motivated by numerouspracti-
cal applicationgthat canbe modeledor approximatedas
transportthrough porousmediasuchas thermalinsula-
tion of buildings, pacledbedheatexchangersgeothermal
systemsdrying technology catalyticreactorspetroleum
industries,andelectroniccooling. Owing to thesediffer-
ent applications,specialattentionhas beenpaid to the
internalflows in ductsandchanneldilled completelyor
partially with porousmedia.lt is notavorthy thatrecent
investicationshave focusedon the useof porousinserts
to obtain heat transferenhancementsvith a minimum
of frictional lossesFurthermorepartialfilling eliminates
contactbetweenthe porousmateriallayer and the fluid
layer, which decreasebeatlossesrom the porousmate-

1940-2503/10/$35.00(© 2010 by Begell House, Inc.

layer thickness, and the Eckert number is presented and discussed throughout the article.

KEY WORDS: numerical, CVFEM, viscous dissipation, heat transfer, oscillating flow, porous media

rial to the surface.lt is worth mentioningthat for mary
industrialapplicationsthereis no needto fill completely
thesystemwith theporousmedium;ratherapartialfilling
is sufficient(Mohamad2002).

Corvective heattransferin a compositesystemfluid/
porousmediumhasbeenthe topic of several studiespu-
blishedin the literature (Poulikalos and Kazmierczak,
1987;HuangandVafai, 1994;Chikhetal.,1995a,1995b;
Zhangand Zhao, 2000). Recently a numericalstudy of
heattransferenhancements a cylinder partially filled
with porousmediawith isothermalboundaryconditions
has beendeveloped by Mohamad(2002). Renatoand
Marcelo(2003)have investigatednumericalsolutionsfor
sucha hybrid medium, consideringa channelpartially
filled with a porouslayer throughwhich fluid flows in a
turbulentregime.Costaetal. (2004)dealtwith numerical
simulationof non-Darciarflows throughspacegartially
filled with aporousmedium.In this study theflow within
the porousmediumis modeledby the Brinkman-Forch-
heimerextendedDarcy model,andthe porosityvariation

381
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k thermal conductivity (W m! K1)

NOMENCLATURE

A,  dimensionless oscillation amplitude S porous layer thickness$, = r—r1/R—r4
C,  specific heat capacity at constant pressure ¢ dimensionless time

(@K 1kg™) T  dimensionless temperature
D channel diameter (m) U dimensionless velocity vector
dp particle diameter (m) Greek Symbols
Da Darcy numbea = K, /D> «  Womersly numbex = /Re, /2
Ec Eckert numbeific = py (UIIMX)Q/C]«ATref w  oscillatory frequency
F geometric function € porosity

K porous medium permeability @ ny  dynamic fluid viscosity (Kg m' s~1)
P dimensionless pressure p  density (Kg nT3)
Pr Prandtl numbelRr = p;Cp¢/ky A permeability ratioA = Ko /K
Re, kinetic Reynolds nhumber, Subscripts
Re, = pwD?/py f  fluid
R, heat capacity ratiaR,. = (pc)sd/(pc)f fr oscillatory frequency
Ry, thermal conductivity ratioRy = ksa/k; sd  solid
r,z  dimensionless radial and axial coordinates i initial or inlet
7 radius of the fluid region oo free

A binary parameter

hasbeenneglected DengandMartinez(2005)have con-
sideredthe two-dimensionaflow of a viscousfluid both
over andthrougha porousmedium.In the fluid-only re-
gion, the two-dimensionaflow field is governedby the
Navier-Stokes equation.The Brinkman—etendedDarcy
law relationshiphasbeenconsideredn aporousmedium.

2006) have studiedexperimentallyheattransferin oscil-
lating flow througha channelfilled with open-cellalu-
minum foam with a fully interconnectegore structure
andwith differentporesizes: 10, 20, and40 PPI. Kho-
dadadi(1991)hastreatedanalyticallyan oscillatoryflow
througha porouschannelboundedby two impermeable

Jenand Yan (2005) have presenteda three-dimensional parallel plates. Sozenand Vafai (1991) have presented

modelfor the analysisof the fluid flow andheattransfer
in asquarechannebpartiallyfilled with a porousmaterial.
In this study the porosity variation and viscousdissipa-
tion effectshave beenneglected.

Another potential applicationof fluid flow and heat
transferin porousmediais found in thermal machines
operatingwith aninternaloscillatingfluid flow (e.g.,Stir-
ling engineregeneratorsnternalcomhustionenginesfil-
ters). However, they may play a greaterrole in the near
future dueto their ability to operatewith variousenegy
sourcedroughtexternally: biogas,solareneny, geother
mic enepy, heatcollecteddownstreamof industrialpro-
cesseghermoacoustigvasteheatupgradingln thiscase,
therearemary areagequiringfurtherinvestigationto bet-
ter predicttheir performanceindguidefuture designgor
thesemachinesOneimportantapplication,for example,
is for oscillatingflow regeneratorsLeongandJdin (2005,

an analysisof oscillating compressibleflow through a
pacledbed.Fu etal. (2001) have studiedexperimentally
heattransferin a porouschannelsubjectedo anoscilla-
tory flow. They concludedhatthelength-aerageNusselt
numberof oscillatoryflow is higherthanfor steadyflow.
An experimentalnvesticationof thetemperaturéncrease
dueto viscousdissipationin an oscillating pipe flow has
beerreportedby Velardeetal. (2003).Janlowski andMa-
jdalani(2003)have consideredlaminarflow in aporous
channelwith alarge wall sectionandweakly oscillatory
pressureFang (2004) hasinvestigatedthe heattransfer
of oscillating and steadyflows in a channelfilled with
a porousmedium.Oscillatory flow in microporousme-
dia appliedin pulsetube and Stirling-cycle cryocooler
regeneratordiasbeeninvesticgatedby Chaet al. (2008).
The authorshave establishedh systematicexperimental
and ComputationalFluid Dynamic (CFD) basedproce-
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dure for the quantificationand directional permeability
and Forchheimers coeficientsfor porousstructuresun-
dersteady-periodi¢dlow conditions.

Regardlessof the relative importanceof the frictional
heatingcomparedo the other heattransfermechanisms
in a compositesystemfluid/porous medium, there are
some applicationswhere one is willing to inspectthe
viscousdissipationeffects. The effect of viscousdissi-
pation hasbeenincludedby Inghamet al. (1990)in the
studyof combinedree andforcedcorvectionin aporous
mediumboundedby two vertical walls. Yee and Kami-
uto (2002) have treatedthe viscousdissipationeffects
on forced corvection heattransferin cylindrical pacled
beds takinginto accountthe porosityvariation.EIl-Amin
(2003) has consideredthe combinedeffects of viscous
dissipationand Joule heatingon magnetoldrodynamic
forcedcorvectionover a nonisothermatylinder embed-
dedin a fluid-saturatedporousmedium. Magyari et al.
(2003) have treatedthe uniform forced corvection flow
in a fluid-saturatedoorousmedium adjacentto a plane
surface. The effect of viscousdissipationis includedin
the enegy conseration equationas a quadraticterm of
the Dargy velocity. The effectsof viscousdissipationon
thermalentranceneattransferin a parallelplate channel
filled with a saturatedborousmediumwere investicated
analytically on the basisof a Darcy model by Hooman
andBandyy (2004).Nield etal. (2003)have useda modi-
fied Graetzmethodologyto investicatethethermaldevel-
opmentof forcedconvectionin parallelisothermalplates
filled with a saturatecporousmedium.This study takes
into accounteffectsof axial conductionandviscousdis-
sipation.The effect of viscousdissipationon the steady
free corvection in a squarecavity filled with a porous
mediumhasbeenreportednumericallyby SaeidandPop
(2004). His resultsshav that the viscousdissipationef-
fect reducegshe heattransferrate and decreasethe av-
erageNusseltnumber Seddeek(2006) has reportedin
his study the influenceof viscousdissipationand ther
mophoresison Dargy-Forchheimermixed corvectionin
a fluid-saturatedporousmedium. Berlettaand Magyari
(2007)have givena unified analyticalapproachto Darcy
mixedcornvectionwith viscousdissipatioreffectsin aver-
tical porouschannel.

Studiesof forced corvectionheattransferfor oscilla-
tory flow into apipepartiallyfilled with aporousmedium
are relatively scarceand often incomplete.Kim et al.
(1994) have presented studydealingwith heattransfer
from a pulsatingflow in a channelfilled with a porous
mediumand maintainedat constantemperatureln this
study the Brinkman-ForchheimerextendedDarcy model
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hasbeenused.The porosityvariationandtheviscousdis-
sipation effects have beenneglected.Guo et al. (1997)
have investigatedthe pulsatingflow andheattransferin a
channelartially filled with a porousmediumattachedo

thewall pipe. In this study axial diffusion, inertiaterms,
porosity variation, and viscousdissipationeffects have
beenneglected.Dhahri et al. (2003, 2006) have investi-
gatedforcedpulsatingflow andheattransferin conduits
in acompositesystemfluid/porousmediumwithout con-
sideringtheviscouddissipatioreffectsin theenegy equa-
tion. To the bestof the authors’knowledge, the viscous
dissipationeffectson heattransferfor oscillatingflow in

a compositesystemfluid/porousmediumhave not been
investicatedin the openliterature.

The aim of this article is a numericalinvestigation of
aforcedoscillatinglaminarflow into a cylinder partially
filled with an annularlining of porousmedium.In the
presentwork, the Brinkman-Lapvood-Forchheimerex-
tendedDarcy modelwith variableporosityis employed.
In the enegy conseration equation the viscousdissipa-
tion termis included.The poroussubstrates attachedo
the wall, which is heatedwith uniform temperatureln
this study efforts are focusedon identifying the effects
of emeging parameter®n flow and heattransferprop-
ertiessuchasthe Darcy number the Womerslynumber
thethermalconductvity ratio, the heatcapacityratio, the
porouslayerthicknessandthe Eckert number

2. MATHEMATICAL FORMULATION

The analysisis carriedout for an oscillatinglaminar, in-
compressibleaxisymmetriciwo- dimensionaflow into a
cylinder partially filled with anannularlining of ahomo-
geneousandisotropicporousmedium,which is attached
to the wall (Fig. 1). The wall of the cylinder is heated
with uniform temperatureThe fluid entersthe pipe at a
uniform axial velocity with periodicalvariationsaccord-
ing to thefollowing relation:

U; = Upax Sin wt (1)
wherewt is the phaseangleof the cross-sectionainean
velocity, w is the oscillatoryfrequeng, and Uy, is the
maximumcross-sectionaheanvelocity.

Theporousmediumis saturatedvith aNewtoniansin-
glefluid phaseandassumedo bein localthermodynamic
equilibrium. The thermoplysical propertiesof the solid
matrix and of the fluid areassumedo be constantVis-
cousdissipationeffectsareincludedin the enegy equa-
tion.
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Fluid flow and heattransferin a compositesystem where
fluid/porousmediumis describedby massconseration,
momentum,and enegy equations.Particular forms of by =2
transporequationsn aporousmediummaybederivedin
termsof averagemacroscopivariables(Whitakag 1977;

(VU
0z Or

(5 (5)+ (%)

Vafai and Tien, 1981; Vafai, 2005; Dhahri et al., 2006). B eA A, eFAY? ul) (un2
Thedifferentialform of theseequationsanbe expressed b Re,Da Ty Dal/? ul) (U
asfollows:

It is worth mentioningthat the governing equationsare

Continuity Equation: writtenin aunifiedway for thefluid regionandtheporous
oU  19(rV) region by introducinga binary parameterThis parameter
% i e = 0 (2) isdefinedasA = 1 in theporousregionandA = 0 in the
0z " r Or fluid region.
MomentumEquation: Thenondimens_ionalrariablesz_indparameterarecon-
structedon the basisof thefollowing scales:
ou A, 0
E + 7@ |:< ( - 1) > :| Lref == 1D, AT'ref == T‘w - 1—‘7:7 Uref == Uma)u
= . P =oU?
4 &lg A } -1 rUv tref o’ ref pUmax
2 ror
A, OP 1 182U 10 [/ aU ®) Thedi_mensionlessumbgrsapdparameterarisingin the
=759 "Re |92 + Tar \"or equationsystemarethekinetic ReynoldsnumberRe,, =

12 wD? /v, the dimensionlesscillation amplitude A, =

y ( Ae N A, Fel U|) U Tmax/ D basednthemaximumfluid displacement , .,
DaRe, 2 VDa the PrandtinumberPr = p;C,¢/ky, the Darey num-
berDa = K, /D?, thethermalconductvity ratio R;, =

vV A, D N 1 ) v ksa/ky, the heatcapacityratio R. = (pc),, / (pc);, the
ot 2 9z {{ ( B ) + } } EckertnumberEc = (1 Umax)” /C; ATy, andthe per
A 18 meabilityratio A = K,/ K. Herev is thekinematicvis-
t5 25 {[ < - 1) } TVV} cosity, k; is the thermalconductiity of the fluid, K is
5 (4) thepermeability K, is the free streampermeabilityof
— A oP + L {8‘2/ + 12 (ravﬂ the porousmedium,andz .. is the maximumfluid dis-
2 or 0z ror \ Or placement.
1% eA A, FeAl/? ulv Equationg3)—(5)shaw thatRe,,, A,, Da,Ec, R, Ry,
" Re,2 " \DaRe, + 2 Da Ul Pr, and.S aresimilarity parameterfor anincompressible

) oscillating flow and associatedheattransferin a pipe of
Enegy Equation: circular crosssectionpartially filled with a porousmate-
rial. For thevariableporositycasethe permeabilityof the

T | 4 1 porousmedium K andthe geometricfunction F' canbe
ot 2 {AM(e-1)+(1—-¢)R]+1} representedsin Ergun (1952)andmay be expressedn
{ 0 (UT) + 10 (rTV)] 1 thefollowing improvedform (Vafai, 1984):
0 r Or PrRe,
: e e3d? 1.75
X 1 K= i PR F = (6)
A(e—1)+ (1 —¢)R]+1} 5) 150 (1 —¢) V150¢?
0 —({(A(e—1)+ (1 =) R+ 1}7) where dp is the particle_diameterand € denotesthe
% medium porosity Accordingto an experimentalobser
ﬁﬁ (T A l(e=1)+(1—¢) Ry +1} 3T) vation given by Robeeet al. (1958) and Benenatiand
ror or Brosilow (1996),the porosityin a randomlypacled bed
ol is dependenbn the distancefrom the wall. A common
+Ec Re, +Ad: practiceis to consideran exponentialdecayingfunction
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to approximatehespatialporosityvariation.In this study
the porosity distribution throughoutthe porousmedium
canberepresentetly thefollowing equation(Dhahrial.,
2006):

—0.5a2 (1— T )

1+ are N )

£ = €00
wheree, is the porosityfar from the wall, while a; and
ay are empirical constantsVariable ¢, was chosento
be 0.37,whereaghe chosernvaluesof a; andasy are,re-
spectvely, a; = 1.7 anday = 6. Thesevaluesleadto a
goodapproximationwith the availableexperimentaldata
(Amiri andVafai, 1994).

2.1 Boundar y Conditions

Initially, thefluid is at restandthe nondimensionatem-
peraturds equalto 0. Theassociatethoundaryconditions
areformulatedasfollows:

At theCylinderlinlet (z = 0 for 0 < r < 0.5:

U=sin (wt), V=0, and T=0 if wrt<180°

oU vV oT .
__ P — > o
92 . 0, and . 0 if wt>180

At theCylinderQutlet(z = L for 0 < r < 0.5:

:O7

U=sin(wt), V=0, and T =0 if wt > 180°

ou aVv oT .
= - = = = < °
7% s 0, and ER 0 if wt<180

At the CylinderWall (r = 0.5):
U=V=0 and T =1

Owing to the Symmetry Requirementat the Cylinder
Centerling(r = 0):
o _
or

V_E_

0

3. NUMERICAL PROCEDURE

In this study we have useda two-dimensionallami-

385

Accuragy testswere performedusing different sets of

grids in the z — r directions: (111 x 31), (151 x 51),

and(181 x 71) for differentlocalvariableqU, V', T, and
P). Theresultsobtainedusinga finer grid of (181 x 71)

do not reveal discerniblechangesn the predictedheat
transferand flow field. Furthermore,thereis a differ-

encearound2% betweenthe resultsobtainedusing this
finer grid and thoseobtainedusing (151 x 51). Thusa
(151 x 51) meshsize was usedin this computation.In

the presentcomputation,typically 5-10 iterationswere
requiredfor theselocal variablesto achieve corvergence.
Furthermore the time resolutionwas suchthat one os-
cillation periodwasdivided by 3600time stepsduring a
cycle. The grid was selectedas a trade-of betweennu-
mericalaccuray, stability, and computationatime. The
convergencecriterionadopteds thattherelative variation
of velocity andtemperaturdieldsbetweertwo successie
iterationsis smallerthan10~%. For the presentproblem,
satishctoryresultsare obtainedwherethe initial veloci-
ties arearbitrarily chosento be zeroeverywhere.In this
case the steadyperiodicstateis reachedafteronly a few

cycles.

4. RESULTS AND DISCUSSION

To validatethe establishechumericalprocedurethe pro-

posed numerical methodologywas extensvely tested
with resultsfor threedifferent situations:(1) for a lam-

inar forced corvectionin a heatedpipe subjectedo re-

ciprocatingflow (ZhaoandCheng,1995)(Fig. 2), (2) for

the caseof pulsatingflow in a channelwithout a porous
medium(Cho andHyun, 1990) (Fig. 3), and (3) for the
caseof nonpulsatinglow in achannebpartiallyfilled with

a porousmedium (Poulikakos and Kazmierczak,1987;
Guoetal., 1997)(Fig. 4).

For casel, thereweretypical variationsof axial ve-
locity andfluid temperaturenearthe entranceof the pipe
(z = 6.2) for A, = 15 andRe,, = 64 atdifferentradial
positionsduringonecycle (0° < wt < 360°) (Fig. 2). As
displayedin Fig. 2, the presentnumericalresultsarein
fair agreementvith the publishedones.In case2, thera-
dial variationof the axial velocity at differentaxial posi-
tions is presentedAs depictedin Fig. 3, the agreement
betweenthe predictedand publishedresultsis very sat-
isfactory In case3, the nonpulsatinglow corresponds$o

nar versionof the control volume—basedinite element the casewherethe thicknessof the porousmediumnear

methoddescribedby Baliga and Patankar(1980, 1983)
andDhahrietal. (2003,2006). The Tri-Diagonal-Matrix
Algorithm (TDMA) solver solves discretizedand lin-
earizedequationsystemusingthe SIMPLER algorithm.
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the wall is equalto 20% of the pipe radius(S = 0.2)
andthe pressuredrop (B = —9P/0z) = 0.32. Figure4
shaws the axial velocity profile for differentDarcy num-
bers.lt canbe seenthatfluid flow is stronglysubordinate
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FIG. 1: Schematic of a finite length pipe of a circular cross section partially filled with a porous medium.
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FIG. 2: Instantaneouselocity profiles,U, for M = 5 and A = 0.344. Solid line shavs the presentalculationsat
wt = 310°. Measurementsf Chaoetal. (1990): (diamondsz = 0.005; triangles,z = 0.0432; circles,z = 0.263).
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on Darcy number Furthermorepur numericalresultsare
in satishctoryagreementvith thoseprovidedin theliter-
ature.

In all computationperformecdhere thedimensionless
oscillationamplitude the Prandtinumbey andthe cylin-
der length were chosento be 4, = 2.5, Pr=7, and
L = 40D, respectiely. Several samplecomputation®es-
tablishedthata pipelengthequalto 40 timesits diameter
(L = 40D) is compatiblewith theexistingboundarycon-
ditions.

5. DYNAMIC FIELD

To understandhe developmentof the flow in a pipe,the
axial velocity profilesin the fully developedregion are
shown in Fig. 5(a). As expected the presencef the in-
ertiaterm andviscousforcesgeneratedy the solid ma-
trix affectedsignificantlytheaxial velocity. Thereforethe
flow is accelerateth thecentralzone wherealocal max-
imum can occur dependingon the porouslayer thick-

FIG. 3: Comparison of the steady nonpulsating velooesssS, and deceleratechearthe interface fluid—porous

ity profile in the fully developed regionS = 0.2, B =

medium.In the porouslayer, accordingto the porosity

0.32 [solid line, numerical; circles, analysis obtained byariation,the axial velocity reachesa secondocal max-

Poulikakos et al. (1987) and Guo et al. (1997)].

2.0

1.5 -

= 1.0 -

0.5 -

0.0

0.0

0.5

1.0

r
FIG. 4: Temporalvariationsin (a) velocity and(b) tem-
peratureat z = 6.2 andat differentradial positionsfor
A, = 15 andRe, = 64 [solid line, numerical;dashed
line, Zhaoetal. (1995)].
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imum with the velocity overshootmearthe wall. Another
point derived from this figure that the axial velocity in
theporouslayeris very smallcomparedvith the samein
thefluid layer Owingto the highresistancef the porous
layer, fluid is squeezedutfrom the porousmediumto the
fluid layer Thereforethe fluid coming from the porous
layer pushesthe peakof velocity toward the inlet. It is
interestingto note from this figure that the thicknessof
the dynamicboundarylayer formednearthe wall is sig-
nificantly affectedby the porouslayerthicknessFurther
more, thereis an optimal value of S dependingon the
Dargy numberfor which the flow rate in the fluid and
porousregionsis maximum.The effect of Darcy number
on the axial velocity profile is depictedin Figs.5(a)and
5(b). For smallDarcy numbertheporouslayeris consid-
eredlesspermeableandconsequentlyconvective actii-
tiesaresuppresseth theporouslayer.

A physicalgquantityof greatinterestin engineeringp-
plicationsis the skinfriction coeficientbasedntheflow
data.Theskinfriction canbewritten asfollows:

H (%%)7"20.5

pUZ

max

Cr =

Figure 6(a) illustratesthe temporalvariation of skin
friction for differentvaluesof the porouslayer thickness
S. It canbe seenthatthe friction lossesareaffectedsig-
nificantly by the porouslayer thickness Higher friction
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FIG. 5: Effectof S onthevelocity profilesU (r) for dif-
ferentDarcy numbersfor o« = 5 at wt = 90°: (a) Da=
10~4; (b) Da=1.

0 60 120 180 240 300 360
losses are found fof = 0.5. In addition, there is an op- (©)

timum value ofS (S = 0.4) for which the friction losses

are lower. It is interesting to note that; is found to FIG. 6: Temporalvariationof the friction losses(a) for
increase with the Womersly number[Fig. 6(b)]. This differentvaluesof S (Da= 10"* and« = 5), (b) for
is can be explained by the fact thal; is affected by differentvaluesof « (S = 0.2 andDa= 10"*, and(c) for
convection. It is worth mentioning that using a poroutdifferentvaluesof Da (S = 0.2 andx = 5).
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mediumwith high Darcy numberreducedriction losses s
[Fig. 6(c)]. As aresult,to reducethefriction lossesthere
is a needto usea porousmediumwith high Dargy num-
ber, or a partial filling is sufficient with a lower Dargy
numberto reducethefriction losses.

As far asthe pressuradropis concernedthe temporal
variationsof thepressuralrop A P areplottedin Fig. 7. It
canbe concludedrom Fig. 7(a) thatthe partialfilling re-
duceghepressurelrop.Theexistenceof anoptimalvalue
of S around0.4for which thepressurealropis lower con-
firms this behaior. It canbe seenfrom Fig. 7(b) thatthe
profiles of the pressuredrop decreaseawith the increase
of «. Two mainreasonsnaybe attributedto the decrease

of this pressuradrop. First, the radial velocity gradients 3 p o w - . 0
adjacentto the pipe wall becomesteeper;consequently @)
the friction force decreasewvith the increaseof «. Sec- 2

ond,theinertiatermdecreasewith «. Figure7(c)demon-
stratesthat the amplitudeof A P becomesmallerwhen
the Dargy numberincreasesThis implies that the resis-
tanceto the porousmatrix generatedby viscousforcesto
the flow becomedarge asDa decreasedt is interesting
to notethatthe useof materialwith high permeabilitycan
reducesignificantlythe pressureirop.

For fixedvaluesof Daandx, AP andU arenearlyin
phasebutthey arein oppositephasewith C; (Fig. 8). An-
otherpoint depictedfrom this figureis thathigh pressure
correspondgo high flow velocity, which shows that the
phasdlifferencebetweerthevelocity andpressuralropis

very small. An increaseof Darey numberat afixedvalue 0 w w1 w0 w0 %o
of « affectedconsiderablythe magnitudeof AP, U, and (b)
C' andthedifferencephasesThe samephenomen&ave 2 | | |

beenfoundfor a fixed value of Da andan increasingo.

It is worth mentioningfrom this figure thathigh pressure
correspondgo high flow velocity, which shows that the .
phasedifferencebetweenvelocity and pressuredrop is

very quitesmall.

Da=1d4

6. THERMAL FIELD

Thermal field behavior has been compared with that ob-

tained by neglecting the viscous dissipation effects. It can

be concluded that the viscous dissipation causes an in-
crease of the temperature [Fig. 9(a)]. From a practical

point of view, the heat generation caused by viscous dissi- o o m gy w0 w s

pation plays a role in the development of the temperature (©

field in the porous pipe when the value of the permeabil-

ity takes a considerably small value. Moreover, viscobdG. 7: Temporalvariation of the pressuredrop (a) for
dissipation affects the nature of the developing tempedifferentvaluesof S (Da= 10"* andx = 5), (b) for
ture profiles. Near the inlet(= 0.266), the fluid heats up differentvaluesof « (S = 0.2 andDa = 10-%), and(c)
rapidly for large values of Ec. In addition, the fluid temfor differentvaluesof Da (S = 0.2 and« = 5).

Volume 2, Number 4, 2010
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0 60 120 18? 240 300 360
Wi
(b)
FIG. 8: Temporalvariationsof the axial velocity, pres- " ‘
) T oo03 04 05

suredrop,andfriction lossedn thefully developedregion 0 o 0
for differentDarcy numbers(a) « = 5 (Da= 10~* and (©)
— - —4 _ —
Da=1)and(b) Da=10"" (« = 5 anda = 10). FIG. 9: Instantaneousadial variationsof the fluid tem-
peratureat differentaxial locationsat wt = 60° (a) for
differentvaluesof Ec, S = 0.2, Da= 1074, « = 5,
perature reaches alocal maximum value near the interfdge= 5, andR. = 5 (z = 0.266 andz = 39.73) and(b
of the fluid-porous layer. This local maximum is signifiandc) for differentvaluesof S (z = 0.266 andz = 39.73,
cantly affected by the Eckert number Ec. Near the outketspectiely), Da= 104, « = 5, Ec=0.1, R, = 5, and
(z = 39.73), the fluid temperature increases in the centr&l. = 5.
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zone.For Ec = 0.1, the fluid temperatureeaches local 32
minimumin the centralzone.For large valuesof Ec, the
fluid temperatureand the imposedwall temperatureare
equal.

Neartheinlet (z = 0.266), the temperaturencreases
in the porousregion to reacha maximumvaluenearthe

28 -

24 -

fluid—porouslayer interface. This is dueto the porosity »
variation effect [Fig. 9(b)]. Nearthe wall, the tempera- S
ture increasedo reachthe prescribedwall temperature. z
Thislocal maximumvalueis affectedby the porouslayer 2l
thickness Nearthe outlet (z = 39.73), we obsene the
inversephenomenoifFig. 9(c)]. st
Processinghe numericalresultsof the thermalfield,
the heattransferpropertiesarenow examined.Onephys- 4
ical quantity of interestis the local Nusselthumber de-
finedas 0 0 ;o 120 135]9 z;o 3(;0 360
Nu(z,t) = hsy D S <8T> (a)
keff or r=0.5 36 T - .
Near the inlet (z = 0.266), the time evolution of 2t

Nu(z, t) reacheoptimumsvaluesthat are strongly sub-
ordinateon S. As time increasesthe local Nusseltnum-
ber deceaseto reacha zerovaluefor a phaseanglede-
pendingon the porouslayer thickness.Near the outlet
(z = 39.73), Nu(z, t) decreasetm reachthezerovaluefor 20}
aphaseangledependingon the porouslayerthicknessS
for (wt < 180°). For (wt > 180°), thetime evolution of
Nu(z, t) reachesxtremevaluesdependingon the porous
layer thickness.Near both extremities(z = 0.266 and
z = 39.73), the partial filling reduceshe local Nusselt
number(Fig. 10). It canbe seenfrom this figure thatus-
ing a pipe without a porousmediumor completelyfilled
with aporousmediumenhancetheheattransferate.The ‘
nonlinearitytrendsobsenedin thelocal Nusseltnumber 0 60 120 w0
profilesfor differentvaluesof S aredueto theviscousdis- (b)
sipationeffects.Moreover, Nu (z, t) increasesvith anin-
creasef o. Thishappenslueto thefactthathigh « leads FIG. 10: Temporalvariationof thelocal Nusselthnumber
to high inertia forcesand thus fastermovement,which Nu(z, t) asafunctionof S at differentaxial locationsfor
enhanceshelocal heatgeneratiofFig. 11(a)]. Da=10"* « =5, R, = 5, R. = 5, andEc=0.1: (a)
We now move to examinethe effect of viscousdissi- z = 0.266 and(b) = = 39.73.
pation.It is clearfrom Fig. 11(b) thatanincreaseof the
Eckert numberreducesthe local Nusselthumberlevel.
Theprofilesof Nu(z, t) for lower Ecarein oppositephase timal value of Ry, for which the Nu(z, ) is maximalin
with thatfor high Ec. It is apparenfrom Fig. 11(c)that bothextremities.At the two extremities,the Nu(z, t) de-
adecreasin@f theDarcy numberintroducesionlinearity creasesvith R, [Fig. 11(e)].In this caseusingamaterial
into the local Nusseltnumberprofilesat thetwo extremi- with high capacityreduceghe heattransferrate. This is
ties.In generalthe overall heattransferrateis enhanced canbeexplainedby thefactthatthe solid will absorbthe
with anincreaseof R; dueto large temperaturggradi- heattransferredoy the fluid. Furthermorenearthe inlet
entsaffectednearthewall [Fig. 11(d)].It canbeobsered (z = 0.266), for R, around20, thelocal Nusselthumber
herethatwith viscousdissipationeffects,thereis anop- is equalto zero. This trend canbe explainedby the fact

28 |

24 -

Nu(z,t)

16 -

12 |

®

'S
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FIG. 11: Temporalvariationof thelocal NusselthnumberNu(z, t) for S = 0.2 (z = 0.266 andz = 39.73) for (a) for
differentvaluesof « (Da=10"%, Ec= 0.1, R, = 5, and R, = 5), (b) for differentvaluesof Ec (Da=10"%, & = 5,
Ry, = 5,and R, = 5), (c) for differentvaluesof Da(«x = 5, Ec=0.1, R, = 5, and R, = 5), (d) for differentvalues
of R, (Da=10"% Ec=0.1,x = 5, andR. = 5), and(e) for differentvaluesof R, (Da=10"%, Ec=0.1,R; = 5,
andx = 5).
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FIG. 12: The averaged local Nusselt numbér versusS (a) for differentvaluesof « (Da=10"%, Ec=0.1,R;, = 5,
andR,. = 5, (b) for differentvaluesof Ec (Da=10"*%, & = 5, R, = 5, and R, = 5, (c) for differentvaluesof Da
(«=5,Ec=0.1,R;, = 5, andR, = 5, (d) for differentvaluesof R;, (Da=10"% Ec=0.1,x = 5, andR. = 5), and

(e) for differentvaluesof R. (Da=10"%,Ec=0.1,R; = 5, andx = 5).
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thatthewall temperaturés equalto thefluid temperature Baliga,B. R.andPatankayS.V., A new finite-elemenformula-

nearthewall.

tion for convection-difusion problems,Numer Heat Trans-

The variations of the time-averaged local Nusselt num-fer, vol. 3, pp.393-409,1980.

berNu = fr fol/fT Nu(z, t)dt versus the porous layerBaliga, B. R. andPatankar S. V., A control-wlumefinite ele-
thickness, whergr represents the oscillation frequency, mentmethodfor two-dimensionafluid flow andheattrans-

are illustrated in Fig. 12. It is interesting to note that the

variations ofNu versusS for «, Ec, Da, R,, and Ry,

are polynomial. It can be seen from this figure the exis-
tence of an optimal value &f depending on these several

emerging parametersy Ec, Da, R, and Ry;) for which
the Nu nearbothextremitieshasanextremevalue.

7. CONCLUSION

Numericalsimulationis performedhereto investicatethe
effectsof viscousdissipationon heattransferfor oscillat-
ing flow in acompositesystenfluid/porousmedium.The
velocity, the friction losses,the pressuredrop, the tem-
peraturethelocal Nussellhumberandthetime-averaged
local Nusseltnumberarepresenteé@nddiscussed.

The specificconclusionsderived from this study can
belistedbriefly asfollows:

1. The axial velocity reachesa maximumvalue at the
pipe centerlinefor an optimalvalueof S depending
ontheDargy number

2. Phaseangledifferencesbetweenthe magnitudesof
AP,U,andCy areaffectedby Daor «.

3. Partial filling reducesfriction lossesand pressure
drop for oscillating flow in a composite system
fluid/porousmedium.

. Thefluid temperaturdeatuprapidly dueto viscous
dissipationeffects. Theseeffects changethe nature
of thetemperaturegrofiles.

5. An increasingof Ec reduceghelocal Nusseltnum-
ber.

6. Thereis acritical valueof S dependingn R;, or R,
for whichthelocal Nusseltnumberis minimal.

7. Thereis acritical valueof S dependingf theemeng-
ing parameters, Ec,Da, R., and Ry, for which the
time-averagedocal Nusselthumberreachesan ex-
tremevalue.
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