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hnsnar forced convcchon film tm]llng flow cm a wedge IS

analyzed cormdenng the strcamwmc pressure gradient }mposed on
the flow and the strcamwwe buoyancy force (Important because of

the large dcnsl~ dlffcrcncc bet wmm the vapr and llquld ) acting
on the vapor fi!m A two-phase boundary layer model is proposed,

and !hc local slm]lanty mrnccpt IS apphed to obtain an approxl-
rnatc sdubcm of the gcwemmg cquatmns Parametric trends m this

●nalysis show that, for a water-sieam system at atmospheric pres-
sure considered within this study, the dcns]ty difference betwmn

the vapor and hquld IS large enough As a result, both the strcam-
WIW pressure gradlcnt and the buoyancy force exert strong influence
on the vapor flow dynam,cs Wall skn frlctlon results dwplay a

strong de~ndcncy cm the streamwlw buoyancy form driving the
vapor film and the external pressure gradlcnt Prcvmusly observed
“dun frlctmn bucket’ type phenomena with mcrcascd hcatmg of

the wedge arc poswblc when the buoyancy force IS small or nc@lgl

blv Adverse strcamwlsc buoyancy form acbng on the vapor film,

which IS the case on the Icwwr surf act’ of a horlzmtirlly ahgncd

wdgc, may catt-, vapor flow st’parahon In contrast to wall skin

frlctlnn dependency, the wall ht)at.transk’r paramctrr shows a

smondan dcpcndcncc on the strcamwlw prcswrc gradwnt and Ihc
bu(lvan~ Inrcc
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Tlwrrnal conductlwty O( fluld
Charactcrtstlc Icngth of thr wedge

?rcwurc gradlcnt pramclcr

Maw flow rate of vapor per unit area

beat FJuwclt numb.r

Prr.sure

Prandtl numtscr

Local wall }Nwt flux

Nrmdlmrmworul dcnstty.visccmty product ratw

(0. Il. ~PI Ill )

local lIWJId I@ynold’s numb (PI h x /VI )

Vapor film Rcyrwld s number (P*uI ~ /W)

..

● Pow Doctn[al FcIIow, Member AlAA

- Assoclalc l%o(r~sor

+ SIaff Mcmtscr

Temperature

‘Saturation tcmpcraturc

Wall tcmpcralurc

Free-stream Iiquld tcmpcraturc

Stream-wlsc component of vckmty
[nterfac)al (hquld-vapor mtcrfacc~ velocity

Ltqu]d free-stream velocity

Reference velocity
VcrtIcal component of velocity

Stream-wlsc coordlnatr
Normal coordinate

Vapor film thickness

Nondlmcnslonal normal cwrdmatc
Nondimensional vapor film thlcknm%
Nondimensional stream-wise coordmatc,

Z(PI .%)/Fr%

Nondlmcnsional stream-wise coordmatc,

[s/LY””l~m +1)

Prcssuro graciwnt parameter, 2m/(m+l !

Absolulc vtscwty
Dcnstly

Shear stress
Stream functmn

subscripts
v Vapor
L Liquid

Srsprrscnpt9
D1ffercnti~tltm with respect to ?t or% as apphcable

In the recent past, several investtgatmnsl.5 have been mttl.

atcd to understand the Influcncc of boiling on the drag of ots~ts.
$uch information is of mtcrest in analyzing external two-phase

flow in many applications, including drag rcduchon1,2 and molten

fuel rclocahon in posfulatmj nuclear reactor mishap scmwlos 4 In

this connection, nsbmolcd ford convcchon film boiling is analyud

fors wedge geometry The choice of wedge geometry was rnotivat.

d by the fact that a streamwme prewurc gradwnt can be Imptrwd

cm [he flow, which is tkw case for a flow over any ftrti&thickrsess

bocfIt% such as a circular cyhndrr and sphere. Addltmnally, the m.

Bulls of the wedge flow serve as ● guide in understanding film lwil
mg flow and heat han$frr on cyhndricat ●nd spherical gcometnc~,

rnnd these results rnAy be used to dcvlac ●pproximate mlutwrs In
thi~ p~pcr, a ccm?prehcnwvr twmphaae boundary layer model, un.

Ilkc rarlmr rnode13,6* that takes the burryancy force dnvtng the
vapor film and the strram. wtse prmsurc gradwnt into m-count II
proposed and analyzccf

f%w film botlmg is analyzed by mrnmdcring a auhcockf llq-

uid (T- K TUI) with a vdocity Uc flnwtng towards an holhcrrrul

wodRv as shown In FIR 1 (Ftguto 1 dsows a u,mf.lnfinilc wcdgv in

vcrllcal and Iwnumtil crncntatt{ms, the orientatkm h importAnt
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FIg 1. Film boiling ffow”ov~ ● wedgr In vertical and

horizontal oncntatlons.

with respwi to Ihe buoyancy effccis on the flow ●s will b dmcri!wd

latcrl If !he temperature of the wedge 13aswrsed 10 be wffwrrntly
high to prornotc and rnmntain stable film boiling crmditions, s thin
vapor fdm forma cdjacent to the wedge MIrfacc. StAxooled liquid

flows on Iop of this vapor film Past analytical efforts, lncludlng

the current one, dmcribe ttw vapor fdm and hquld flow by boundary

layer behavkor (The vapor film tn forced convection film bolting Is
thin ●nd amenable to the buundary layer ●pproach, and the vlacw

ity and tcmpmaturr dlffcrenttal iwtween the hqu}d free strea)n

●nd the Itquid. vspor inh?rfacr leads to thermal and momentum

hmndary layer forrnatkm in the hqutd flow ) This approach,

calkcf the two-pha~ boundary layer concept, ortgtrmlly was pro

pwd by Cew ●nd Sparrow 2
Walsh and Wllaon6 ●nalynd ttw film boiling flow on a

wedge and obtained a$ymptotlc crprcaskrns for two htnlting CM’I

mmespondlng to mall and Iargv mkmsltngs of Iiqutd They mm
eluded that the strram wise prewurr gradkmt rxcrtrd nn the vtipor

flow domlnatcs the vapur flow dynarruci ●nd attributcrl thit IU the
●mplllicatkm of the premurr gradient cfftwt on Ihc vapor flow

cauwcf by the Iwgc dmwty diffcrcnm httweeti thr liquid and va.

por Nab4yarru’s recent ●saly-tt’ curwfersd Ihr aarrw wedge flow

gemmetry, ncglectrng Irwrtial and convswtive tams in tk vapor
flow momentum and cnmgy rxpaatrons He concludes thaI the Icwal
wall <km fnchon parameter exh]blts a bucket-type “Lehavmr wnth

mcrcased hcatmg of the wed c, when the hquld subcoollng IS

small Our subsequent cffo J rctalmd these terms and cxam]ncd
thclr wgmfwsncc, a slmplc coucttc flc)w mcdcl was proposal to CX.

plain mmc of the physm of the results. For a water-steam system

at atmospheric pressure, the effect of Including the convective en.

ergy terms within the vapor flow ener~ equation was found to tw

negllglblc, h~wevw, the mcrt]al terms wlthln the vapr flOw mo.

orntum quation were found to exert consadera~c mflucrvm on the
results at saturated Ilqu]d condltmns.

None of the analyst@ cot-waler the mflucnce of the stream.

WISC buoyancy force on flow film bmhng For emmplc,, at atrm,.

sphcnc prw~surc fo: a water-steam systcm, the dcnwty dlffcrcncc
between the vapor and hquld IS of the ordrr of 11XX3,and the buoy

ancy fcrrcc dnvlng the vapor fdm over the wedge may h of thv
same order of magnitude as the other terms In the vapor flo’~ m(~
mcntum equation Tfus may exert an equally dormnahng effmt on
the vapor flow dynaml= ●s the stream-wise p~sure gradmnt

Urdcss the wedgr 15 “very thin” and Iws m horizontal orrcntatlon

(Implpng tiiat the stream-wme grawtat}onal form component In
the vapor flow momentum quabon IS rsegllgiblc) or the Froude
number IS very Iargc, tbc buoyancy force may have to be conwdrrrd

m the analyws Consqucnt!y, the analyscs64 neglmtmg the cffr,-t
of the buoyancy force may be valld on!y for hormmtal wedge+ with

a small Included angle 8 As to bc dcmcmstratcd m tlus paper, sciw.
al of thr flow situations m forced cor-wechon fdm boding cnav man.

date the ccmwdcratlon of the buoyancy form on the vapor floh,
which reveals several new features of flow phystcs

?lu~ analysts, ● continuamm of our prwsous cffort,p corwdcrs
the lnflucncc crf the stream-ww buoyan~ force and the pressure
gradlcnt on the vapor flow. Eecausr of this ccmsldcrahon, mart

slmllanty cond]tmns arc not sat]sfmd, mrmpllca!mg the •nalysl~

By using a local similarity techntquc and a fourth~rdcr Rungw
Kutta method, a nurncncal sOluhOn I< obtained for the gcrvcmmg

quatmns Parametric ●nalysls foe a water-steam system at atmo.

sphcnc premm IS pwformml to understand the mtlucncc of bmllng

on skin fnctwn drag and wall heat transfw.

The rcstJlts of this ●nalysis reveal that,unlike the horizon.
tal flat platv &?cwnetry, the don fnctton on ● wedge m a film h~k
Ing flow may Incrcasc bcyoruf Ihc singls-phaw (all.llquld) flow
Icvcl ThIS fcaturl, IS attributed to tk domination of the struam.

WIW b~oyancy form ●nd tk atrcam-wise pressure grsdlcnt both

dninng the vapor flow A tum.~round behavior of tk wall sktn
frwtmn parameter with mcrcased heahng of tk wedge (as demon

stratcd by carlwr studms6,8) t! pssiblc only when the buoyancy

form dnvmg the vapor fdrn is “low” On the lower surface of a
horizontally ●!lgned wedge in ● film boihng flow, the buoyancy
force on vapor film ●cts adversely to the flow dmction. T?w current

●udy dcmonstratm the posslbihty of flow avparabon under such

xhtlons; a feature unnottced until now. However, wall heal.

transftv predwtmns, as srppc :wcftoskm frtctlon prtwflctlons, do nt~t

dcn-amstrate a strong dcperrdcncy on the buoyav form

Conaidcr the phy~lcal cm del dn-rwn tn FIg 1, where the sub.

cooled Ifquid [T-~Tw) with a vekrctty Ue flows tuwards an iaottwr

mal wedge Aa dlscusaed in the introduction, In a stable film bwlmg
flow, a thm vapor film IS assumed to !wm ●djacent to Inc wedgr

aurfacc and hquid flows on top of the vapor film. Stweral tnvestl
gators have modeled the thin vapcrr film flow and lh* Itquld flow

aaaurrung a boundary layer behavforl.3~ Wnequrntly, the
boundary layr~ equatmns of both Ilqu d and vapor flow ●rc coupled
●t the hquid. vaptrr hrtrrfam by thr approprlatr conaervatlon

equation, Thm so c~lled “tw~-phme boundary layer” cuncrpt umf

by ●ll the previous lnveattgators1”3,W Uncludtng the Pr-nt anal
y$fs! tncwporatvs the following ●wumptkms, which arc itrmlmd

brw! , below
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1.

2.

3.

4.

5

Steady, two41mcnsitmal, incompresiblc and Iam]nar flow M
asumcd m both phasm
Propcrtws of both phases arc estmaksf using the “fdm” lem-
pcraturc method.

Radiahon from the solid surface is negl@blc.

The Ilquid-vapor mterfaw M a?isurncd to be smooth and at con-

stant wturatlon temperature Surface tension cffect5 are ae
glcctcd

The hquid free-stream velwity is urwffected by the presence
of the vapor and IIquld bou(idary lays!=

The mccsmpressibdlty assumption is best justifmd a! low vc-

IOC111C5(l;- c 15 ft,/s],l arid Ihc Iam]nar flow assumption m the

~apw film mquwcs Rw.. s 1009 For a water-steam systcm at atmo-

spheric pressure such as the one considered m this model, property

vartatmns (%s L*, k,. PI ] may be mcludcd, and such treatment r~

quircs a vanablc fluid property analysls Instead of such an
approach, fluid propcrtrcs arc assumed constant, and the film

tcmpcraturc method, as suggested s?arllcr,l o IS used to eshmatc the
fluld prsrpcrhcs. Radlahon heat transfer from the surface may bc

ncglcdvd as the calculations (assurrung black surface and using the

cxpcnmcnlal data of Stevens and Wlttcl ] ) reveal that Its contm.
butwn to formal convcctirsn fdm boiling heat transfer under atrnm

sphvnc condlt]ons for a subcoclcd water-steam systcm IS I- than

1% Our recent analysls12 shows that the theoretical wall heat.

transfer prc=dlctions made ncglcctmg radlatlon show httlc dlffcr-

cnct’ under sukordcd flow condlhons The smooth IIqud-vapor
Intvrfacc assumphon, although dlfflcult to realm tn practlcc, has

been reported at a high hquld subcoolmg Ill Away from the lead -

mg edge where the bounda~ Iavcr equatmns arc appllcablc, the

curvature of the hquld. vapm mtcrfacc IS less, and consequently the

surfacr tcnsicm effects may bc unimportant
With the twss-phase boundav Iaycr concept that incorpo-

rates the above assumptmns, gmwmng equatmns can h dcrrved for

each phaw and couplwd at the Itquld-vapor Intcrfacr by the appr(~.

3 The gsrvcmlng qsatlons IEqs. (1 )-pnatc cmnscrvahm> equatmns

(16)1 are surnmanz.d MOW

VAPC3R() <~)

au, +-A.(I
‘X ay

(1)

2$0 (7)

LIQUID(Y “~)

aul + _&l .()-.—

al ay

.?$$.()

LIQUII)-VAPOR INTERFACE(Y “ ~)

(4)

(6)

(7)

(H)

(Q)

(lo)

~*=kL aul

“ C)y x
(11)

p.. ~ (12)

T. = TL = TM, (13)

. ~ aT. k,. @ + m h(c~—. .
ay ay

(14)

BOUNDARY CO!VDIT30XS () = (). Y + ‘)

A[y=O, u.= v,= O, T,=T. (15)

As y + M: III +U, (xj = C Xm,TI +T-, where C Isa conutu (16)

In tk an.il~sm the constant C IS dcfmd as UO/~m where

U() IS a suItablc rcfercncc vckwty (say UO = U& ~=~) and & IS

thr charactcnsuc Icngth of the wedge The Ilqu]d pressure gradl.

en! term m Eq. (6) IS dctcrrmned m the basts of lnwsad hquld flow
consldcraitons using the exIcrna! vcksclty dlstrlbutlon spcclfwd In

Eq (16). By uwsg the ccmtlnultv of pressure rccpnrcment lEq (12)1
and Ihc hquld pr=urc gradmnt, the pressure gradlcnt tmn m the
vap,r flow [Eq (2)] IS dctcrrmnsxf as

.*=. +=plu*I&
h

For Ihc vapor film and the hquid boundary Iaycrs, following

Sparrow rt al ‘ ~ and Sparrrw and YU,14 the kdlowvng vanatk arc
mtroduccd to analyze th]s nonsmilar two.phase boundam Lrtcr

flow (The nonslmilanty IS a dmct result of the consldcr “IIon of

the buoyancy form acting cm the vapor fdm )

( I Irl,. y m-p -!k’’n,ql.. y OyJ *’n
V*X)

(18)

g(A, rl,)=--- -, f(k, rh). ~—

I ( “ r’ (*V’ W ‘“)
--&V au,

As drflnccf by Eq ( 17), k can bc intwprvtccf as a nondimensional
Nrcom. wlsc coord Inatc An ●ltcrnatlvc physical intcrprctatwn of
). n that II IS thr buoyancy force parameter, dcpendcrd on the

Froudv number as follows,

(21)

r’1,and ~1 (Eq, 18) ●rc ttw nondirnensimal tramwcrsc cmrrdlnatcs

(These bccomc sfmilartty cmrrdinates if stmilarsty condltmm arc

cxoctlv satisflcd, as h the case for a horizontal flat plate2 or a

wcdgu flow wtthoul Conwdcrfng tha buoyancy effects )“ T’hc ntmdl

mcvvmmal stream functwn and tho tcmpcrah]rr of the vapw (~ 8*)

and the Ilqutd flow (f, f)I ) arc defined try Eq (19) and F.q (2[)), rc
sp~tlvcly It is h) be noted that under limiting cwnditmn%, thv

abrwr nmsdlmctwkmal ~artablm. reduce to the same nondimcnswrwl

varl~t)lc~ dcflncd by othtw 21M

Using Ihc ahjvv n{mdlmendonal varialhs, Fq$ (1 )-(16) arc
tran,~formvd ttw) l,4s (22) (32) ●$ follows

U.=ln



Lsi*g&= (2(1-2m)a 8’*4*]

h“ m+l

UQUJD (~1 > W)

i+ fi+p(l. i2)=
2(:::)4’:-’s)

I

2(].2m)A f’ti.~~
_L<+f~m

m+l aa 1

UQWTD-VAPOR INTERFACE [% = W ~ qL = flu)

g’mf’

g+ *(:::) A*= R,~(f+*A[fi)#l

~.m R.lnf”

&mr); &,=l

(

,&. JaLR’*Fhi i. F&g+2A(9*

M. ai rrr+l ah )

BOUhlMRY CONDITIONS (% = 0. ~L + ‘)

Alq. =o; g’=o, g+2(fi]L#=o!& ■ 1

Asrll. +-; i+l,6L+l

(23)

(24)

(25)

(26)

(27)

(2U)

(29)

(30)

(31)

(32)

The Arovc trmmbnrsed quations arc partial differcr-mal

quations m 1, TI mordimt? sysmm. Primes refer 10 dlffcrcrmatmn
wnh rcspci to II,, III. m ●pplicable. To solve the above systcm of

quatiorw, the ‘local similarity” mehod pmposmd by Sparrow CI

●l.13 ●nd Sparrow and Yu14 is U* in the cssr?cnt ●nalysm Under

this ●pproxmrution, the derivatives with respea 10 k ●rc pstu.
Lsttd 10 h small ●nd drop out of fhc akrve govcrnlng quations

lEq~. (22 H32)I when k h large. Physically, ● Iargc vahrc of k
means that Ihe stream-svk buoyaq form acting on thr vapor film

is dorrdrunt. As shown in Table 1, the prametm 2 U Fr [WC

Eq.(21)] can assure lwgc valu~ (in turn, A ) In most of Ihc flow

film boillng situations The calalations reporIed in Table 1 were

pcrfurmd for ● 90’ hcluded angle wedge (honurntal ●nd vertical

dir-ions) using the proptim of wamr at ●trnorsphenc prmurc

71w chmackristic Iengfh of the wsdgc varied from 1 cm to 15 cm,

●nd U*m~ is ●ssurnd qual to U-.

With the “’local slmilanty” approximahon, Eqs. (22)-(32)

reduce to the fcrllowmg form.

VAJJOR [~~ < ~=d

(33)

i+mg(i-o (34)

UQLTD(T ~ rh)

F+ f{+p(l-i’). o (3s)

g“-i (37:

g u R“’nf (38)

g“ = R“’nf. (39)

&.o; &.l (40]

J&= JuR”’%%,~ Pr

m
‘s

d-z
(41)

AIq. -Og’=O, B= O,%=l (42)

kql+=;i+i,~+l (43)

Thcw quations [Eqs, (33)-(43)] ●rc xslvrd [descri~ l~tcr) for v~

Ioaty and tcmpmahrrc profiles, ●nd the results ●rc displayed wa
skin fnctmn coefficmnt ●nd Nuswlt r.umber, namely,

Of lhc elghi cxrlwitly pmscrlbablr psrametem in the gov-

%
mdng cquallons [Eqs. 03)-(4S)1 SVen am f+ fbuoydmy forrt

TABLE 1

3
MAGNITUDE OF THE PARAMETER frr

We wrdgt, I CIIS s Lc < 15 cm, Vrrtlcal and Horbonlal Orlenlatlorw

R& T-= 20”C T-. M)”C T-¤ l(NpC

10 2.34 m I(P -17 s lo~ 3.6 nl@- 26 m I(P 5,9 E IN - 4,(1 h IOQ

10i 23 4 x Iof - 1.7R lo~ ?,6 m103-26 E 107 3,5 n lo~ - 4.(-J i 107

Iol 2.3 R I(J- 1.7 R If’t 3.6 a 10 -2.6 n IN $.5 n 10 -4.0 s K+

104 2.3n 10” - I.?m 10’ 3.6 x 10-1 2,6 ! Iol 5.5 B 10”1 4,() s lo~

s n 10’ 9 s lo.? - 06R 1,41 lo’~ - I (I5 2.2 x I(Y4 -. 1,03

4



pmrnm!r), b=“k E
m + I (pressure gradwnt parameter), LX (density

R=~.
ratio parameter), $X w (density -vismwty product rat]o pa-

rameter), pr, (vapor Prandtl number), PCL (hquid Prandtl number)

and Ja (hqu]d submoling parameter, namely, hqujd Jakob number).
For the choice of the eighth paramsner, it is to be noted that TM

(nondwnenwonal vapor frlm thickness) and J& (wall superheat
pararnctcr, namely, vapor ]akob number) are related unpllcltly to

each other by Eq. (41). Orw of i- would sufflcc to obtain a solu -

hon to the above govermng quabons. & done earhcr,a,]s tnc
nondlmens]oiml vapor ftlm thickness Wa is chosen to be the cig,hth

parameter, and the corresponding wall superheat parameter J& IS

calculated from Eq (41 ) as a final step in the solutlon of the gcw-

ermng equations [Eqs. (33&( 45)l. Such a procedure rcducm the
number of iterahons needed to obtain a solubon as duicused m our

earlmr study.8

A fourthader Runge-Kutta method with a shooting tech-.
niquc Ito fmd the rmssing wall shear, 8 (0) ! IS used to solve the mo-

mentum equations of the vapr and hquld flow lEqs. (33) and (35)
alon~ with the conditions Eqs (37)-(39), (42) and !43)1 for the va.
por and liquid velchty profiles This approach IS basically an

extcnston of the MIIIhon strakgy UA for single-phase boundary

layer cquations,l 6 and Its apphcatlon to two-phaw boundary Iaycr

film boiling flow is described m detail m our earlier paper 8 Using

thmc VCIOCIV profiles, the energy equations I Eqs (34) and (M)
along with the condibons Eqs. (40) and (42)-(43)1 of !hc vapor and
hquld phases arc wlvcd in an lmplic]t fuute-difference form The

fwst- and Second-rdcr cross-stream denvatlvcs m the energy equa-

tmns were rcplaccd by ccnwal differerrcc approximations, which
resulted In a mdlagonal matrix for each phase These matnccs
were solved by a slmplc Gaussian ehmmabon scheme to yncld the

temperature profiles.
Using the temperature profiles, the temperature gradient of

vapc-r at the wall, MO) and the terrprature of the Ilquld at the

hquld-vapor Intcrfacc ~rh+.) was detcrmmed by a second-order,

forward flnl!ediffcrcnce approximation The tcm~raturc gradl.

ent of the vapor at the liquid-vapor intcrfacc, @@M.) is calculated

by a second +rdcr backward difference approximatmn The vcl(K-
ity and temperature profiles in cembimtlon with the gradients

then arc uxd to evaluate nondwrsensional skin frrct]on, hcat-

tram fcr and wall superheat p.aramctcrs from Eqs (44), (45), and

(41 ), respxtlvcly. The flow chart of the computer program IS glvcn
m FIg 2.

During th]s analysis, the effect of approximating Infinity In

the hquid boundary Iaycr by a finite distance, the tolerance Ilmll

on wttsfpng the boundary conditions at the outer edge of the liquid

boundary Iaycr, ●nd the grid spacing in the vapr film and the llq-
uld Iaycr wcm cxarnincd for various currditions These tests and

random chccksng of the results during the mums? cf cumputatsons

were used to assess the numerical uncertainty of the rcsuks. Accu -

ran, was sahsficd up to the third dccnmal place in mow of t}csc

calculations. Based on these tests, the free+ trcam boundary cmrdl-

tions at infinity were satished at ● finite dmenwrn, rhm,, ● 6,

with ●n accuracy of c = ]0”’. ~ combination of gnd SIzrs ‘Jscd In

this study, ●s used carltcr,8 is ,givcn in Table 2

TABLE 2

GRJD SIZES

w Art,

0.001- 000s 0.0031

O.ms -0.5 0001

0.5-10 Otos

1,0- 5.0 0.01

AtIL - ■ 0,03
—.
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Fig, 2. Flow Chart

Because of the coupled nonlinearity of the governing diffcrcn

tial cquahons, the fourthardcr Run~Kutta method along with
the shooting technique used m the Soluhon methodology an serwl.

tivc to the starting input value of s“(O). Typ\cally, the initial input
.

value of 8 (0) at prescribed vatu~ of TM and ottwr pararnctcrs 15

chosen by following the prrvious pattcms of changes of g“(o) with
w C%oosmR a low value of w initially and increasing it steadily

would facihtatr easier gucsdrrg of the starting input value of E“(O).

After the mihal Input value of g“(~) IS given to s“art the Runge-
Kutta promcfurc, convcrpm is obtained by ustng a bias@mn

.
method to refine !hr wall shear $ (0) If the flow is acAcrattd

strongly (I C., at Iargc parametric values O( the buoyancy force pa-

24

ramctcr F1 , say 100), the tolerance limit of satisfying the free.

strrarn bnundary condition was mmeased from ld tu 1(73 or 1LY2
Rcfci, ing to thv flow charI (Fig. 2), it IS to bc noted that

two convcrgcncc crilcria ●rc ! pwficd fur the mlubon 0( vapor and

tiquid momrnium mpatmns The fiml one, (f’- l)< Oandlf’ll< r,,,

usd when the vapor is fh,wlng faslcr than the Ilquld and ihc SCC.

ond cnl~~)n,(f’ . 1)> Otilf II ~ r, is UA when the Itqutd ,S

c



flowing faster than the vapor When the liquld-va~r mtcrface IS
nearly equal to the free stream velooty, the hqu)d boundaq layer

does not cxmt, and computations wth elthcr condmon produced
essentially the same results.

The current numerical procedure initially was verifwd by

reproducing the mults of lto and Nshikawal 5 and Nckayama,7
whsch are the limit cases for the current analysis. Comparkms

with Nakayama’s results are reported in our earher stud# and for

the sake of brewty, they ●re not repeatmi. A water-steam systcm

at atmospheric pressure with sutmmlings from 20 to 100”C and en-

compassing wall superheats of 1~ to WC is considered in thts

study. FIuld properties were evaluated at the rqective fdm tern
peratures of the vapor and liquid. Mcause the vapor Prandtl num-

&(- l) varies &I@biy in the above wall superheat range, a

constant valur of uruty was assignsxl. With the computed parame-
ters, Ca]cuiahonz wem performed by varying one parameter at a

ttme. Calculations typically were performed at the hmiting val-
ues of each parameter.

It is to be noted that on a vertical wedge with an upward flow

(Fig. 1), the stream-wise component of buoyancy force ●cting on the
vapor f]lm always aids the vapor flow on troth surfaces of $Ae

wccfgc. However, on ● horizontal wtigc (Fig. l), It is favorable to

the flow on the upper surface and opposes the flow on the lower SUP

face. Thus, the current analysis with a favorable stmam-ww com-

ponent of buoyancy force 15 equally vahd for the verbcal wedge
with an upward flow and the upper surface of a horizontal wedge

Figures 3-5 show ttw influence of the favorable local buoyan-
-,

cy force parameter,%, on local skin friction ad heat transfer. A

2s
low value of the buoyancy force parameter, Fr , imphcs that either

the ncmdtmenslonal stream-wme length \ IS small or the local
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Froude number is large (meaning domination of velocity effecw over
-.,

gravity effects). As ~ increases from 0.1 and 1(XI (which implies

t domirWion of the favorable buoyancy force driving the va~r
flow), Figs. 3 and 4 illustrate that the local skin fnct]on parame-

Nu. /U. \~,=,
ter, C~, ~ / 2, and the local heat-transfer parameter, ~ W ,
also inmcase This trend is understandable because favorable tluoy -

ancy force accelerates the vapr film flow, remdtrng in higher va-

por flow velocities (Fig 5), which should cause ●n increase m local
wall skm friction and heat transfer.

X.o.1, I
At low values of the buoywry force parameter, Fr ,

the skin frschon parameter, C,, ~ / 2, initially decreases,

reaches a minimum, and starts increasing with increasing wall su-

perheat parameter Jav. This type of “turn-around” behavior of the

local skin frictioit pararrwter wfth increased heating of the wedge
is the result of the domination of the streamwise pr~rv gradient

and the buoyancy force driving the vapor film (as to be dcrmm-

stratcd later) at higher wall superheats. Additionally, It can be

observed that the local skin friction parameter, CI, *&I 2, ●t

u. 10,Ioodm
higher vnlues of the buoyancy form parameter, Fr

nc-t exhibit the bucket-t~ phenorne”non with inmeascd heating of
the wedge; rather, the trend is a tmmotonic increase with an in-

crease in the wall superheat parameter, jav, Although lhe

“bucket” type of phenomenon exhibited by the skin friction param-

eter has been obwrved earlier by Nabyama7 (whose ●rulysis does

not consider the effects of stream-wise buoyancy force on the vap

flow), the latter trends exhibited by the local s~n friction parame-

ter ●t higher valum of tl.c buoyancy force parameter cannot be real-

ized without considering the buoyancy effects.
The above tw,nds exhibited by the slun friction parameter can

be ?xplaintd M ● sirnplc manner (on a first-order tMs{s) by approxi-
mafirg the vapor film flow locally ●s ● “Couctte flow, ” Such a
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mcde] has been used by & authors to exphun some of the trends

in forced convection film boiling on a wedge (without buoyancy cf -

fmts).8 A integrahon of the Couette flow equations of the vapm
flow leads to ● quadratic velcmty profdc, and using this, the wall

shear on the wedge can be wnttcn as

()ah U!!+ ?L!pl. u,xs +(pl-pv)lhT.=~, — (46)
a~ ,.O

=P. & ~, ~

In the ncmdlmcnslortal variables of the current analysm, the above
equahon w rcwnttcn a5

In the ●bove quation, g-(~) comprises the viscous shear contr-

ibution (wtthout the effect cf pressure gradient, for example, a flat.
plate film boiling flow) of the vapor film Ifirst term cm the right

side of Eq. (47)], the inffuencc of the external stream-wiw prewurc
gradlcnt on the flow (second term), and ttw effect of the local

stream-wise cumponent of buoyancy on the vapor film (third term).
When the buoyancy force driving the vapor film is low, the dun

fru-tion characteristics ●re dominated by the first term at low wall

sqerheats ●nd by the second term at tughcr wall supwheals. Pr~

dicbona m Table 3 (calculated by using numerically obtained valurs

3
of g,, M) ●t low values of Fr (ssy , 0.1) Illustrate this hypothesis
very clearly Thus, the turn-around behawor of the local skin fnc

tion parameter with increased heating of the wedge (1.c., increas-
ing Jav) is a result of Uw domination of the stream-wise pressure

yadmrt and the buoyancy force driving Ihc flow ●t higher wall

Q

superheats. At a higher value of Fr (say 100), predictions in
Table 3 show that the skin friction beluvior is domiruted by the

buoyancy form temn in Eq. (47). Thus, the incrwsing trend of the
local skin frfction parameter with increased healing of the wedge

(as observed In Fig 4) can be attributed to ths overwhelming dom-

ination of the streamwiae buoyancy force Figures 3 and 4 also show

tht the increase in the buoyar-ry force parameter causes the Iucal

‘(k)
tall heat-transfer parameter, ~ ~ , to Increase, however, the

Increase is not ●s Iarfy as the skin friction parameter.

The influence of the pre%ure gradient pararrwter, s, on the lo-
cal skm friction and heat transfer is shown in Fig. 6. Fqpre 6 shows

tha! higher values of the pressure gradient parameter, ~, improves
the local wall heat transfer and wall skin friction. An examination

of Eqs (33) and (47) reveals that the pressure gradient parameter,

~, and the density ratio parameter, c@, should qualitatively ex-
ert the same Influence as the favorable buoyancy form parameter,

u
Fr , because an increase in these parametric values signifies the ac-
celeration of the film boiling flow leading to increased wall skn

‘IT===”’”””“po-’- ‘rl-2s

●r.-l.o.#-a”

L.

L
m-o, I, m-1/3: ● , m-1: ●

“ ●*
=*O,

x

03 .

-+ w“ .

~–”-r--r-- 1
04 0.s

::,
1 1.2

o,- 1 1 I , —4
O* 0s I 1

JOa~

FiG. 6 Influenm of the p~wsre grrdient pararnetcr, m,

7



TABLE 3

CALCULATIONS ILLUSTRATING COIJETTE
FLOW HYPOTHESIS

0.159

0.333

0.705

——

g“(o)

58.8

54.05

72

g=o.l

I
w Ig’1

n
I I

14,4 I 48 I 9.6

%. 10.0
%

0.195 330.4 0.02 1.57 78.50 :2 239.9

0.322 433.23 0.03 1,96 65.33 Is 359.9

0.62 803.87 0.06 2.89 48,17 36 719.7

friction and heat transfer. To conserve 3pace, figures illustrating

the effect of the density ratio parameter P@ on local skin friction

and wall heat transfer are not shown llse density ratio parameter,

WA, varies from approximately 2000 to 2800 in the current analy-

()
M, w

sis. Although the wall heat-wansfer parameter, ~ k , shows

an Increase as the density ratio parameter increases, this improve

ment is marginal.
Figure 7 shows the influence of the liquid subcooling parame-

ter, JaL. ]aL = O represents saturakf water, and JaL = 0.15 repre

sents highly subcooled (ss y, 20”C ) water at atmospheric pressure.
With increased liquid subcoolin~ the local wall heat transfer pa-

()
*.&

ramcter, m ~ , increases (signifying an increase in the local

wall heal-transfer coefficient). This is to be expected because

h - kJ& and sutiling the liquid will deuease the vapr film

thickness &. This trend afso cm be conjwtured from the interracial

energy balance lEq. (14)1, which implies that as the liquid subcool-
ing mcreascs, vapor generation at the liquid vapr interfaced+

mases because less energy is ●vail able for vaFor production.

ConsequenUy, an increase m liquid subcding results in less vapor
generahon, leading to thinner vapr films. As shown in Fig. 7, sub-

cooling the hquid (at the parametric values shown in the figure)

demcases the wall skin friction parameter. This trend is to be an-
ticipated on the basis of Eq. (47) derived from the Couctte flow hy -

(3 )2
= 20

potheais. For this buoyancy dornlnated flow, f.r , similar to

U. 100
the trends as shown earlier for Fr in Table 3, the buoyancy

force term in Eq (47) dominates the characteristics of the wall skin

friction, ●nd the influence of the other two terms in Eq. (47) is mb

nor ‘h mrntrfbution of the buoyancy fc,rm tenrs in Eq. (47) is lin-

mrly proportional to the vapw film tMckness Any decrease in
vapor film ttdcknesa as ● result of inmeased liquid subcooling wfll

reduce the local wall skin friction ●s shown In Fig. 7.

The influence of W demsity-vfasosity ratio parameter R and the
liquid PrandU number PrL are not shown In order to conserve spacr.

For the water-steam system under consideration, the denalfy -

vfscoslty ratio parameter R varfes from 0.155x Id to 0.272x Id

●nd the liquid Prandtl number varies from 1.75 to 30 Ilse density -

vfscosity ratio parameter affects the local wall heat-transfer

predkthna marginallyin the parametric range considervcf.

An increase in the liquid Prandtl number translates the skin friction

and heat-transfer curves toward lower wall superheats,

As ment]oned earhcr, on the bottom surface of the horhnta]
wedge, the strearn-wiw component of buoyancy force acting on the

vapor film is adverse (Fig. 1), i.e., it opposes the motion of vapor

film. In the current analysis, this effect is simulated by the nega.

45
tivr values given to the buoyancy force parameter Fr . FIgum% 8
and 9 show the influence of opposing buoyancy force on flow film

-IE===a

“o+,~
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x. ‘s ‘ ‘s

Fig. 7. lnflucw of liquid aubmmh% parametvr, jaL,
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Laminar forced convection fdm bihrlg flow on a wedge IS an-
alyzccf Because of Its fmtc tkuckness, the wedge WIII impose a
stream-wise pressure gradlcnt on the flow, which IS the caw for the
flow over any frrutely thsck body For a water-steam system at at-

rnosphorrc pressure considered in thss study, the den~ty dtffcrcnm
betw:een the hquid and vapor is large enough to warrant considera-

tion of the buoyancy force on the film boiling flow. A two-phase

boundary layer model mnsidering the above two effects for the first
time is propm?d, and a numericol Soluhon to the governing equa.
tions IS obtained by using the concept of local similarity Below are

our mapr observabons.
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F]g. 8 Opposing stream-wise buoyancy force pararnster effect,

2 Wr

boihng This opposing buoyancy force slows down the vapm film,
and the skin fnctlon at the wall rtduces If the opposing buoyancy

%
force IS large enough (as sigrufwd by the larger value taken by Fr,

-1 .0), the vapor film may stagnate and separate. A typical veloc-

ity profile of the vapor film close to separation is illustrated in the

right panel of Flg 9 Onm again, the effect of the opposing buoy.
ancy force parameter is marginal in wall heat-transfer predictions
(Fig. 8).

I
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2
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Ulllf

Unlike the honimntal flat plate geometry, the skin friction on
a wedge in a fdm boilm~ flow may increase tmyond the smgle-
phaw (all liquld) flow level. This feature is attributed to the

dominahon of the strearn-wise buoyancy force and the external
pressure gradlcnt driving the vapor flow
A turn-around behavior of the wall skin fncoon parameter

with increased heat!ng of the wcdgr (as demonstrated by ear-

lier studles)6,B IS possible only when the buoyancy force dri-

ving the vapw film IS “low “

On the lower surfacv of a horizontally aligned wedge m a f}lm
boding flow, the buoyancy force on vapor film acts adversely

to the flow direction. Under such mndibons the current srudv
demonstrates vapr flow separation; a feature unnohced unhl
Sww.
Wall heat-transfer predictions, as oppsed to skm friction

predictions, demonstrate a secondary dcpende~ on the buoy-
ancy force paramelcr.

Subcooling of liquid increases the wall heat transfer coeffl-

crent and translates the local skin fnchon curv.s toward
higher wall superheats.
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