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The power demands of future spacecraft are expected to 9row considerably 1n the near fu- 
ture, and this will require «ore efficient thermal  transport techniques      Due to high 
heat transfer coefficient,  two-phase gas-11qu1d loops §r9 expected to be used for removal 
and transport of heat to space radiators.    The design of such cooling systems requires a 
Knowledge of two-phase flow and heat transfer at reduced and aero gravities.    The objec- 
tive of this study was to develop or extend the earth gravity models for the two-phase 
friction multiplier, the vo1d-gual1ty relation, and the forced convectlve heat transfer 
coefficient to «ero gravity situations. 
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Turbulent mixing length theory   was used to develop a model  for the two-phase*flow and 
heat transfer parameters.    The velocity, density, and temperature distributions were de- 
rived by solving the conservation equations for a continuous medium and assuming equal 
turbulent exchanges of momentum, density, and heat     The flow was assumed to be locally 

owed to **n within the channel.    The results 
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*sho» that the aodel predicts all the correct physical  trends     This aodel contains a free 
parameter «h1ch should be specified fro» experiments at tero gravity, simulated tero 
gravity, or conditions «here tht effect of gravity can be neglected 
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Ik« work described la tbla report wee cwMtcfv as a HMM I Saall 
taelaaae I »novation heeeercb (Slit) prograa to begin to develop better 
aetbode far celculetlag two naaao (laid (law praasure gredleata «ad heat 
traaafer coefficienta that alght occur la taa «MightUaa eavlrooaeni of 
• wit »craft. Hare accurate analytical aathoda are aeedad Co predict 
taa in-flight oarforaanc« af two-phase fluid aaat traaafar systaas la 
aaaaarlaaa to grouad  '«at   raaalts. 

Taa principal Inventlgator was Dr. Davood AMollablan with consultstion 
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iretmudlma af  beelc   factor» affecting  two-phase  flald praaaare drops 
taaparatara distributions. 
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Section 1 

iimwoucTi« 

1.1     iACKbROUM) 

Tb» pomr reaul rearm for the future spacecrafts used In surveillance 

end 4tfMM mssions will be Increasing as th«y grow 1n sophistication 

and capabilities. Military spacecraft ara planned to operate at power 

levels a» big* as a fan hundred fcUomatts in tb« naat 20 years (1). all 

the surplus energy generated 1a the soacacraft east a« transported «no 

ultimately rejected to spaca. Tha only mode of neat transfar to space 

t* radiation, and neat rajactlon 1s accomplished tnrough «sternal 

radiators. According to Reference (2), transport distant«« batata« the 

heat sourcas and tna radiators vary from 1 to SO meters, and transport 

capabilities of tip to S «11 Hon aett-meter* «ay ba na«d«d. 

Tna peasant thermal control methods ara basad on transport of boat «la 

solid conductors and internal radiation, b«at p1p«s, and single-phase 

liquid and gaseous loops. Tna components ere designed for high tem- 

paratura operation and large temperature variations ahen passiv« control 

techniques »n used, neat pipes are passive devices «hieb can operate 

aitn saall teaperature differences and »r^ also used for thermal 

transport in the spacecraft. laben tna solid conductors, internal 

radiation, and heat pipes cannot provide tna necessary transport capabi- 

lity, single-phase fluid loops »r^ employed m soee spacecraft. 

Tne mob operating pouer of the future spacecrafts requires «ore effec- 

tive thermal transport techniques. Tao-phase flow loops can be employed 

for the removal and transport of heat to space radiators. MHh this 

metnoo,  the operating floa rates and temperature differences can be con- 

1-1 
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sidereal* reduced and still obtain a higher UNt transfer coefficient 

then a single-phes« loop. According to Reference (I), 1n a typical coav- 

MrKfft, tu« puap power CAM be reduced by two orders of •egnltude «ed 

tue neat treesfer coefficient increased by two orders of aegnHude. 

nuclear power is presently being considered for «ulti-function c an- 

num cat 10« platform, reder surveillance, and spece stations. Two-phase 

leap« eey be necessary for thermal transport In the spece nuclear paver 

system and other high power devices. 

Due to application in nuclear end chemical industries, research 1n two- 

phase flow hes been In propres* for over four decades. Even tneuen it 

Is a very ceepliceted area, the knowledge in two-phase flow end heat 

treesfer hes been greatly advanced In the lest two decades. Alaest all 

the wort in this field hes been for earth gravity application and vdry 

little hes been dene fer reive a i gravity. Lack of Knowledge of two- 

phese behavior at reduced gravities has prevented its use In space 

applications. However, there has been considerable research en bubble 

and peel aeiiing which can be used fer twe phase flaw studies. 

Eapenaental  end analytical studies en twe pbaia flaw and beat transfer 

nave   been   mitteted   by   MIA  and  aba  Air  «area  Office  of   Scientific 

Research,    •eta and conclusions free these studies ere needed fer design 

of two-pnese beat transfer leaps fm spec« applications. 

1.2  ofwccTivcs *ja stave m i#f#jn 

The present project aaa ween 'undo* bp air Farce drigpt Aeronautical 

laboratories as a »beee 1 Sell pi am a» be stud* twe pass a flaw ana heat 

transfer under aara gravity, flat ewerelt objective of this study was to 

develop or eatend the eerta gravity correlations fer twe pbeae friction 

Multiplier, void-eueiitjr retettee. aad the forced cenvactlve two-phase 

heet trensfer coefficient to aero gravity.    Tbase ere the «ejor engl- 

1-! 
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Mag peraaeton naodod for design of «My t*o-pn«se loop, Generally, 

tut void-o>ality relation Is noodod to reduc« the waebsr of oependont 

variables. The Quality con oo deterained froa hoot Input, «no the 

overall pressure Prop can So calculated by knowing the vold-euallty 

relation. Tn» two phase friction pressure drop it usually expressed in 

tare» of the single phase pressure drop for the tot«» flow considered ss 

lleald s«P s two phsoo awltlpller. A relation for the two-phese 

aultlpller ot reduced gravity Is noooad for tho design of the two-phese 

loop«. Any devic« onus eaploys tho high hoot flu« choroctoHstlc of 

aultipnese flow for hoot transfor will probably So operating under 

nucleate or foixod convective boiling reglees. However, othor flow snd 

hoot troasfor regiae* oro olso passible for such toutpaents as conden- 

sors sad hast pipes. Evaluation of tho forcod convective hoot transfer 

coefficient 1s etseatlel for tho design sad operation of tao-phsse loops 

st rodMCOd gravities. 

The present study also consisted of two Initial tasks ahlch included a 

review of tho literature of earth gravity two-phase flow aodols and 

rodaced gravity bubble growth aechanisa snd pool boiling. The snalysls 

Is Halted to bubbly or slug flow roglaos with no nuclootlon at the 

well. The heat transfer coefficient 1s therefore applicable to two- 

coapoasat flows, bubbly flow with sasll aaount of vapor at the well, or 

to the forcod convectlve hoot transfer reglas. 

1-3 
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Section Z 

MIEF REV1EM Of  PREVIOUS EFFORTS 

As eentionea IN tu« previous section. • r«witw of the I Herature on two- 

pnas* flow and boot transfer et earth and reduced gravity »es M*. Our 

survey HiOMO that »try Mttlt worn baft been done on understanding and 

•odelmg tw-pMM fie« at reduced jrumi«. however, the area« of 

pool »0111119 end critic«! toot flu» beve been addre«sed considerably 

•or». A« escellent review of the literature on tno of fact» of reduced 

gravity on hoot transfer for studios published Ay IMA 1« gl#en In 

Reference (3). Sine« then, there nas been «ore wort on pool boiling, 

bubble growth svxhenlse), and critical boat flux but still vory little 

work on two-pha«« flow. One reason for the lack of activity 1n thl» 

are« la the eaajirical nature of •ultlpnefte flow re«oarch and the dif- 

ficulty In perforwmg such eiperlaent» 1n reduced gravity. Generally, 

the reduced gravity tests »C9 perforated m laboratory drop tower«, 

•irp)»n» trajectory, h1gA altitude drop tests, and tests perfonead In 

rockets and satellites. However, other wethods to slwulate reduced gra- 

vity condition« have boon proposed (4), (S), (A). (7), (•). Reference 

(3) h«« reviewed saw« flow condition» «t lg where the effect of gravity 

1« expected to be negligible. Flew velocities above which the critical 

neat flu» becomes independent of upward (lg) or downward (-lg) flow 

direction have been identified. 

Results of an •»penwent«! study (airplane trajectory) on pressure and 

teaperature changes m forced coevectlve bol'ing at tore gravity have 

been reported in Ref. (9). It ha« been shown that the systew preeture 

increafte« and boiling oscillations dawp out in iero gravity. An tipen- 

aeetai and analytical work on the two-phase flow regie»« hat boon 

carried out (10), where a Freude nuwber criterion 1« Introduced in the 

{•1 
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dliri    flow    nap. It    ÜM    DMA    concluded    tMt    the    prestur*    drop 

iKrNMt significantly at the gravity «tcrtntt. LOW beat fly* ceavec- 

Uve 0011109 «t loro gravity using • drop tower facility «at studied 1« 

••f. (11) and, ealnly, the bubble diaaeter «a» determined. Farced con- 

vactive aexlaua heat flu* under reduced gravity «as studied in Ref. 

(It), illmr* saw 11 diameter heaters «ere weed at earth gravity to slau- 

lata larga heaters at raducad g. T«e correlations «ere suggested to ba 

waad under high and low flow ratet. The affact of gravity on the criti- 

cal haat flu* «at studied 1n «of. (13), «n«ra tests wore performed in a 

vartical tatt »action with liquid mtragan flowing in upward and down- 

ward dlfaction«. It «at found that buoyancy affact on tha critical haat 

flu« dacraatad with 1ncraat1ng mlat velocity, pressure, and subcooling. 

Other two-phase flow studies have reviewed tna concept of two-phase loop 

application for spacecraft (14) and (lb). 

As Mentioned earlier, compared to two-phase flow, considerably «ore wort 

has been done on pool bolting, ly reviewing analytical and experimental 

efforts, Raf. (3) has concluded that the pool boiling haat flux 1s not 

influenced by the gravity, while the critical and miniem« haat fluxes 

were found to decrease with decreasing g. However, Raf. (16) has shown 

that for liquid hydrogen pool boiling, heat flu* 1s a direct function of 

gravity. Experlaaats carried out by using a «agnatlc field to counter- 

act tha gravitational force, (4) and (a), have arrived at the sane 

conclusion as Ref. (3) on the effect of gravity on nucleate boiling haat 

transfer. Mechanism of bubble growth and departure has been the subject 

of «any investigations (17), (18) and (4). Tha findings are reviewed m 

Ref.  (2) and will net be discussed here. 
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W-PHAH VOID OlSTIIlüTIO* OP FI1CTKM NUCTIPIIEI 

Tvo-pMti flex» obey tM saao Iwt of Meld ««cnenics as too slnele- 

pMit flow. There art MtKill, tM «tMt of analysis: differential 

MM Integral. If» tu« differential ••trod of analysis, the desired solu- 

tion ts obtained by solving the differential dentations «HUD MthOMtl- 

colly describe the Mow. IM tu« integral analysis, the for« of the 

solution 1t «»»wood rather then calculated, «no the uKmwo parameters 

are determined to satisfy tHo boundary conditions. Integral method ho« 

beer, used aoro frequently for modeling two-phase »tuxit; end con- 

centration prof 1 los, lentoff (It), Zuber I Findtay (KM. 

To obtain a mathematical model for the flow. tuo different epproeches 

con be adopted. Too tuo-phase mixture con Oo considered as t single 

fluid with it* own properties, or too tue phases con be considered 

separately and conservation equations writton for eech phase. In tHo 

lottor COM, too -onstitutivt aquations which descriee too trontfor of 

•«si, momentum, ond onergy across too Intorfoco must oo »podfltd. In 

too present analysis, too differential net nod. with too two phases con- 

sidered os • mlsture, «ill bo usod. TMs approach was wood by Leey ?l 

for evaluating tn» two-phase density distribution ond pressure drop. 

Too same approach »111 bo usod here, but too equations »111 bo modified 

for toro gravity conditions and also too not nod «111 bd eitendmd to 

solve for two-phase hoot tronsfor. 

If we consider a bubbly mixture 1n joro grav»ty flowing 1n t p1po, 

bocouso the ratio of surfoco aroo to volume of too bubblos Is lorn», too 

drag forco would b« dominant, and tho bubblos «111 bo traveling witn 

nearly the seme velocity as too Mould. Due to the eilstemce of trems- 

verse   forces,   tbe   bubbles   will   travel   vr9   close  to  but   net  exactly 
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«long the itrtMltnts, Mi tw rtlitut velocity »ill ««1st. 

Th«r«'or«, the two phases can be assuaed to flow In • leCel I—p— 

»tit«. Thii w«ns that the velocity of liquid end vapor pkiMi «r« 

•qu«> at «very r«di«i position. t>ut ther« ae> be a concentration gra- 

dient in the pipe cross section. 

A fore« which 1» normally neglected 1n fluid flo» analyses but 1s lapor- 

t«nt for void oittriDution in iero gravity Is the lift fore« within the 

sheer layer. Rotation of • perticl« duo to th« pr«s«nc« of a velocity 

gradient to the fluid results In • fore« nomel to the flo« direction 

and toiMJs to tew to« particle to th« region of higher velocity. At 

high relative Reynolds nuabers, this phenomenon Is known as th« Magnus 

effect, «nor« tn« p«rtul«s experience significant lift In th« «bs«nc« 

of fluid sHoor. TH1s forco »111 result In th« e1gr«t1on of th« larger 

bubbles toward the center of the tube In the absence of gravity. 

3.1 KTMOO Of ANALYSIS AW TMt bOVERhlNb EQUATIONS 

In the present analysis, the two-phase systea is assuaed to be a con- 

tinuous eedun, and the single-phase turbulent «1x1ng length theory 1s 

used to solve for void distribution and pressure drop. This aethod was 

developed by Levy (21) end Is extended here for the case of lero 

gravity. 

In the ebs«nc« of gravity, the conservation of aass and 

two-phase flow in a t«o-d1aenslonel channel are given by: 

tue for a 

•£ 1*0 • |y U») - 0 (J-l) 

"»•"e*--.W<"* (1-2) 
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<wm*m 

•»»•re R 1s along tne flow direction and y 1s m the tnmvtrM direction 
aeasured from the «all. 

Assuamg   that   tne   turbulent   flow   consists   of   *r>   average   and   a   fluc- 

tuating coaponent.  I.e., 

y • Ü" • u' v » 7 • v* p • P • P* p • 7 • P* 

and taking the tiat averages of the conservation equations (3-1) and 

(3-2), «111 result In 

jj (**) »fj (PV) •1y(pV) • 0 (3-J) 

In taking tne tiat averages, tne following averaging rules were used: 

•J7 • jj(f)      I • 6 • P • G     i  •"* - F • 6 

Tne coapresslble boundary layer aoaentua equation is obtained by 

aultipl/1ng equation (3-3) by u and adding to equation (3-4). Tne 

resulting equation 1s 

jf (pu2) • ,£ (etiv) • - g • ^ If (|| I ^ (-« p'v' - p yV)    (J-l) 
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Equation (3-6) can be «rittw in th« following for« 

4*?)*+ul+..t*t (3-6) 

«Mr« T is th« total shear »tress which U 

learner «no «pporcn: or turbulent stresses. 

of tu« viscous" or 

T. • t • („A) - (, f  *') (3-?) 

In the above equation 1t 1s assuaeu that the two-phase viscosity doos 

not «try In th« rulil dlroctlon. 

It should b« notod that th« coapressible turbulent «oaentu« equation In 

th« aejorlty of fluid «echanics literature. Schlicht In« (22), «Hit« 

(23), U g1««n in the for« «Men «as originally developod by Von Driest 

(24). This for« of equation 1s five* below. 

e«fc• «<{£. -#^(«^.«|«;.vi (3-8) 
-] 

whirl p« • p v • p'v'      «nd th« total str«ss would oe 

1 " xt * Tt ' M 17 " •* •'**> (3-9) 

Th«»« equations ere th« sea* as (3-4) and (3-7) «1th a diff«r«nt ««flnl- 

tlon for turbulent stress. Th« definition of apparent turbulent stress, 

eq. (3-7), is «ad« here by comparing, th« turbulent «oaentu« equation, 

(3-4    or  (3-»),  to th«  l*alnar equation.    Th« reason  for th« particular 
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grouping in equation (3-8) 1s toot » iipttrt only In toe for» of pro- 

duct with p. However, this U not tno COM if * solution for the den- 

sity distribution is desired «Hon the grouping of equation* (1-4) ood 

(3-7)   u «or« appropriate. 

It is hnoun that tno temporal average «'»' is negative ood It is nor- 

Mlljr assuoed toot 

•'»'   •   -C  u'   •   V* (3-10) 

wo further assuwe tn«t 

eV • -0 •'   • «' (3-11) 

Using the wiling length theory for tno turbulent flow and absorbing tno 
constants C and 0 into tno oiling longth, tno fluctuating components of 

velocities «nti density can bo written as 

u# " "' " *uo7 (J-l2) 

•' " «p Jf IM« 

It Is furtnor assumed nor« tn«t the exchange of momentum and void Is 
equal, therefore, the mixing lengths for tno velocity and density 
distributions ulII be equal. 

1 * *u ' »p 

If tno shear stress 1s approximated by tno nil sheer stress, t 

equation (3-9) using the definitions of equations (3-11) and (3-13) 

bocc 
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.  . t-it» (£ü,  («£) •; tJ (Üt,2 # „Ül 
e>    «y •* oy 

(3-14) 

Win« tu« Ven Dnost  (27) ailing lungtn aodei 

t • * [   1  - t 4 ]* 

«en i3-l4i 

'. • 
«V Ä-1 (,y)   (1   -  «   -f,a   •   „£ü 

«y «y «y 
(J-14) 

Slue« «tnii M concerned with the ween co«pon*«its, the Mniiiwtbt 

MM« In tu* reMln«*r of th1» section. Tut velocity, density, and 

»rttltirtt, unless specified, «ill  be til« MIA value*. 

If another relation between o and u 1s found, it ton be solved simulta- 

neously with equation 3-lb to obtain the d»n$u; and velocity distri- 

butions. In order to obtain tuen a relation, t<te forces acting on tue 

»let »HI N analyzed next. 

3.2    ANAIVSIS Of   TM£  FOKtS ACT I« (ft A ftUMU   IN ZEW 6MV1TV  TMO-PHASE 

Mi 

The forces acting on « bubble during growth and departure froa * heated 

surface have keen analyzed in lofertnees (17) and (?). These forces »rt 

buoyancy, which »ill not tust In zero gravity, drag, surface tension; 

inertia, and internal pressure. The bubble «111 depart if the resultant 

of  theee forces  is  «way  fro» the heated wall.    For woderate gravities. 

.-^  -.  .  - - - i i IW.IIO.II  O i •   • •   • 



buoyancy doainates awl CMMS the bubble to depart. At «Mil and iero 

gravities, departure aay occur for fluids «here the surface tension 

and/or Inertia forces rtult In « not posit«»« fore* «My fro« the 

booted »urfoco. 

For flow toiling, • viscous drag fore« In the direction of the flo« «lit 

Oo acting on the bubbles. ««Ich «111 tond to detach the bubbles fro» too 

»oil. For t«o-phate flo« under zero gravity situations, intern* 

pressure end inerti* forces ore negligible, because the ratio of toe 

surface »r— to voluea of toe bubbles is large, the drag force «111 be 

doalnant and the bubbles «ill oo traveling «1th «least the see» velocity 

at the Houid (local noaogeneous flow). 

At Mentioned earlier, there 1s an additional force doe to the rotation 

of a particle «hlch it normally neglected under earth gravity «hen the 

rotation speed is not »ery largo. THIS lift force acts on a particle 

rotating either due to the pretence of fluid theer or rotating freely In 

the absence of fluid shear. At high relative velocities, a rotating 

sphere «111 experience a largo 11ft force In the absence of shear. This 

pheaoaenon, called Magnus effect (25), 1s acted on a rotating particle 

at high translational velocities like a golf or tennis ball. At saall 

relative velocities, typical of situations expected for t«o-phase bubbly 

flo«, the lift force due to free particle rotation «as theoretically 

given by Rubine* A Keller (26) to be 

I' 

I d* p 0 U (J-lo) 

given 

0 1s the angular velocity which for a freely rotating particle is 

Q • 1/2 
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fl 1s the partute dieawter, art p is the «wiHj of the fluid around the 

HrtHli. 

Seffaan (27) HAS shown that when the relative velocity between the par- 

ticle art trt liquid 1s swell art trt fluid Reynolds nuaber is large, 

11ft force due to particle rotation it less by an order of magnitude 

tnar that due to shear.    The lift force due to shear is given by 

FL.81.2ul/2pl/2u <$7> 
1/2,2 (1-17) 

where u is the fluid viscosity. 

In zero gravity, the bubbles »ill be traveling alwost along the 

stre awl Ines. Assuamg that the aodels developed for particle suspension 

1s applicable to bubbles, the appropriate relation for the 11ft force 1s 

that given by equation (3-17). »her t»o bubbles collide, the resulting 

bubble »111 be larger »no. fro» equation (3-17), the lift force »111 

gro» art the bubble »ill aove to a new equilibria» posHion towards the 

center of the tube »Men has a higher velocity. 

The «am forces acting on the bubble m the transverse direction are the 

surface tension force, »nich holds the bubble together, art the lift 

force. Fro» the rules of the classical fractional analysis, the ratio 

of these «am forces should be constant in order to have siailitude be- 

tween two systi 

20.3 u1'2 cl/2 u 
I 

<£>"' «2 

«i i" 'm - <#'"« (3-18) 

According to Ref. (28), the critical or  breakup radius of a bubble m a 

shear field is given by 
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*Cru * 

2c  (re), 'Grit 

~~S  (3-19) 

It is assuaeo nere that the bubbles coalesce lc the critical size -j#on 

•oving to the ne* radial position. Substituting '3-19, in (3-18,, M* 

•1)1 get 

(llt)CrU    1/2       M 

(J-20) 

Tbe critical Me. according to Ref. (28), varies fro» 0.82 to 1.0 for the 

rant» of Mg/u, fro» zero to infinity. Tberefore, u can be assuaee tnat 

(H.)CrU - 1.0 

and e«;. 3-20; becoaes 

P • 
CO 

(3-21) 

re c is given b> 

c • 
kl . 4o.r 
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Dividing both sites  of  tlM above equation by  the  liquid tensity and tn« 

numerator and aanoannator of the r1fHt-H«nd side by  t    results 1n 

(3-22) 

M du 
TW d"y 

TV 

In order to «Mt tu« following boundary conditions 

at  y • 0    u • 0    o"oL    |ü « — 

•« *  " *   |y ' °   I ' »c 

equation  (3-22)  bee 

_*.   lit 
**   dy p- 
  •-£. (3-23) 

!kCM\jL 
• »l " »c 

»men   is   the   second   relation   between   density   «nd   velocity   needed   for 

calculating tn« void and velocity distribution. 

3.3    NOM-OINEMSIOML EQUATIONS AW MITHOO OF  SOLUTION 

In    order    to    solve    equations      3-It      «nd     (3-23),     they    are 

di«ension«11zed m term of the following variables 

PL 

3-10 
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^ 

(3-24) 

F'.F 

to ftt 

«» c : r 
1 • »c 

(3-2S) 

4P i * • 4y 

u    dy 

dy F 

<3-2i) 

Tiw co«stMtt> N MM F    for sina,)«-pb*s« flow« >M«t tbo follovtno, v«)u*s 

H •  0.4    Mid    f     -   2b (3-27) 
r. 

It »s «noun tl*ot thos« «1*109 '4*»fth constants art 1noooondent of fluid 

proaortios and flo» rato. It 1s tnoroforo tipoctod tbat tnoy «ill bo 

applicable to turbulent two-pnas« flow. It 1s furtnor assuatd tb«t tht 

tMO-pbot« viscosity CMI bo approxiaatod by tno liquid viscosity, 1.0., 

3-11 
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Tnere art • number of relations for two-pnaie viscosity mblch can be 

included m the present analysis mnout camp I letting the solution. 

However, there it not much justification for applicability of any of 

these viscosity relations. Liquid viscosity, which 1s a good appro*ina- 

tion for the adiabatlc «all situations, is therefore used. 

Equations i-?b and (3-26) can be solved simultaneously for tno two 

variables u and p* as a function of y*. In ordor to have flnlto solu- 

tions noar tno «oil, equation i-?6 should b« nodifiod for laminar 

sublayer. 

Laminar Sublayer Lengtn 

Equation (3-25) is valid for both tno turbulent core and tno laminar 

sublayer. However, within tno sublayer u* • y* and 

•£• 1 (3-21) 

which, if substituted in equation (3-24), results in 

(• ) • p • 1— 

Mm*»      !V 

The above equation can t* differentiated to 90t the following relation 

<*£) •   -S-mULl!  |M« 
dy    Laminar    (cy*1 • —L_)' 

3-1? 
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At MM «49* of  tu* soolayor / -  «* tut »tat* »aMotolo* and tiwlr OOM- 

«ativot »Howl« t» continuous, tnortfore 

•t   ,*.«* 

•                      • 
•                 "   p • LdBlnar           torbulont 

•7 

• • t      l 

•c 

rf • '                  ^                .•                                 1*-») 
**    turpuJont       *                       § 

{••- 1                -        - « C •                                                                      rim 

**    Law«***      <c*4' t      l        \l 

• 

dy    turOulont        iy    .mmr 

• 

Equation»  (3-30) and (3-31) ht% tolvod for KM »uOlayor  lonoth. 

V 
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i»./_LTi,./Ij£1._L_, 
>/    « Co/ » - »c c <l * »c 

(3-32) 

The «too*« equation bas a nil  solution for »c* < 1/9 or »£ < p^/9. 

Eeen tbouob the two non-dioensionel statt variables u «no D coo be 

solved as • function of y* fro» tbo above equations, the results «111 

not have «och practical MM utilttt rearranged m othor for«», in order 

to do tun, tbo following relations «ro derived. 

Tbo crots-sectional   average density  Is 91 »on by 

/•dA      ±L    »rdr 

Considering tbot r • | - y end dr - -by, tbo above equation can bo non- 

dlaens lone Hied to 90t 

%#*;jbj[    p* <•*-<»« (3-33) 

•bora Q is a dweay variable. 

Tbo avoraoo nass flux is doflnod as 

I pudA 2 /_  purdr 

Tbls equation can also bo non-diaensionaliied as follows to calculate a 

variablt, 2. 
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1 . fi . -L.   I     ,V (•* - 0) «Q (3-34) 

TMl  two-pn«se Rtynoids nuabor  Is OOflnod at 

K« . S-IM - 2 a* z (3-3*) 
it 

Tu« t«o-phfli< friction aultlpllor 1s dof.nod as 

•0   - — (3-34) 

»hor« the denominator in the above aquation 1» the frUUonal prestur* 

gradient »f the tot«) flow Is assuaeo to flow as liquid. I.e., 

- (A) . f -SL (3-37) 
Oil   ° 4pLl 

•here f  1« th« single phase liquid friction coefficient 91*00 by the 

following relations: 

f - **- to < • 0  Re 

f0 •  l.M 1   10"4 •o0#U' ?300 < Ro < 4000 (3-3i) 

3-1S 
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1Q •  0.316 ftt •0.«b 

TU« H>1 ikNr is 91 van by 

Tnortfort, t«o-pn«s# friction «ultiplitr box 

1   77 (3-M) 

Th# void fraction for tht two-ph«** flow it cilcuUtod fro* 

I • ^ (1 - •) • » 

.JLJL.lxjL 
•l • »6 i.a 

(3-40) 

Tftt   *rw   ivtrigM   Mow   quality,    t#,    1s   obtained   froa   tht   following 
rotation for  local  noaooonoous flo* 

*,- — • — 
* 

%*%•%•%•! 
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\ / - u P6 dA t,% JQ        • 

R 

u  rdr 

I 

&>6 J0     • M (»-y) «* 
•T 

ia»ntlon«liimg tfet donation  rttults   In 

7 "    ,•,       Jo    • - <• - o) « (3-41) 

Using equations (3-34) «fid (3-41), tUt Ho» quality It calculated as 

foil« 

(3-4?) 
If i (lV) M* (•* - 0) <K) 

*L        JO 

Thd cross-sactlonel   arta average  »oic becoats 

•L 

Mt ne«t define the following void and quality relations to absorb ti 

tffoct of systea pressure. 
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^^»^ 

..... u-i, 

«.'•«. 

Therefore, 

• .a 

• *a 

1 u*  (•* - Q) dQ 

(3-43) 

(3-44) 

Aethod of Solution 

for 4 91 von value of the constant c: 

1. A  non-d lawns tonal wed  center   line density,   p *     ff  assuawd. 

2. Tne non-d iewnslonal sublayer length, *.*, is calculated fro» 

equation  (3-32). 

3. The governing equations tr* integrated using equations (3-28) and 

(3-») for y* 1 «* and equations (3-24) and (3-26) for y* > 4* to 

calculate the state variables u   and p* as « function of y*. 

4. At every step, the integrals (3-33), (3-34), and (3-44) »rt per- 

ft to   calculate   P • 2 1  •   ne,    • 
0 .   «S and it     fro»   equations 

• 

1-1H 
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(J-3*).  (3-3§).  (3-43), Mi  (3-44). 

Therefore, for * given value of tu« constant c, too state variables ere 

calculated At a function of V4 «no pc*. In addition, because for every 

y* •** PC*. there «r« specific It. P#*. jj*. «j*. «no p ', tu« »old 
fraction and t»o-phase friction aultlpHer con be expressed as a func- 

tion of Ä§* and Ho. 

A computer program, ZR06, «as developed to perform the above calcula- 

tion*. This program uses the SfOO€ integration algorithm which solves a 

system of ordinary differential aquations using Adam predictor - 

corractor aathod. ZA06 «as «ritten 1n FOtTHAM, and the calculations 

»ere performed on a Coapupro (with NP/M operating systaa) and on §n 

1W-K/XT (with MS-DOS oparatlng systaa)).    All tna routines «ere «ritten fc 

m doubl« precision to reduca tna round-off errors. The program SftAfIT 

(developed by «olden Software) «as used to generate tne plots. This 

routine only connects straight Unas between points and no curve fitting 

Is parforaad. 5T 

3.4    »ESUITS A» DISCUSSION 

Tne   paraaatar   c   Introduced   in   equation     3-21     Is   actually   a   propor- 

tionality  constant 

slaintude ratio A, 

ttonality  constant   which   1s  a   combination  of   tna constant  A.   and  tne 

'3* 

S       <3 L 

Tne value of c should be deterainad fraa experiments, but because It 

affacts tne length of tne laalnar sublayer given by aquation (3-32). 

order or aagnHude approximation for this variable can be 

Van  Oriest's   (24)  mixing  length  equation  used  here  Is actually a con- 

tinuous   relation  which  can  provide en eddy  diffus1v1ty  applicable  all 
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tn« *4, to toe Mil. NNtvtr, equation* i-2b an« J-») «r« not con- 

tinuous dote to tbe mil, «Men Mates it necessary to introduce « 

sublayer region, as diuutMd before. Itciutt tne molecular dtffwsivity 

Is  «apected  to die out  for /  -  10 to  30.  fro» Tool« 3-1, «Men  ti  for 

PC • 0.1, i value of tho ordor of 1/100 
3.2 gives tbe sublayer lengt" for c • 

values of contort in« density. 

seem to b« eperoeriete.    Tool« 

1/200   ano   1/400   for   d1ffor«nt 

Toblt 3-1 

4* «aloes for »c* • 0.1 

c 1 1/10 1/100 1/200 1/400 1/1000 

4* 1.49 4.71 14.91 21.0« 19 61 47.14 

Table 3-2 

4    Values for c  -  1/200 and  1/400 

< 0.01 0.02 0.03 0.04 0.04 0.04 0.07 0.06 0.09 0.1 

c-1/200 

c-1/400 

14.51 

20.42 

14.91 

21.06 

14.34 

21.70 

14.93 

22.3« 

14.3« 

23.14 

14.97 

24.0 

17.46 

24.0 

16.42 

26.19 

19.49 

27.7 

21.06 

29.61 

Velocity   and   density   distributions   for   „c*   .   QA   ^   f0f   -1fftfWl 

values  of  c  ere snow»   in Figures  3.1  and  3.2.    The density profile be- 

i-?i 



*  for UM   fl«tt«r   for   uNllir  c.     Figures   3.3  to  3.6  «ho« u    and  p  /p£ 

c •  l/?00 «MO c  •  1/400.    At discussed  in the previous  section,  for the 

given value of c, tae-fMM fnetten Multiplier «no void fraction can oe 

expressed   at   a   function  of   fie» quality  and  Reynolds  number.     Figures 

3.7   to   3.10  the«  * 2f    end   •*  at   a  function of   ,*  for  c •  1/200 and 
o    o 

c • 1/400. Predictions are presentee in this for« to absorb the effect 

of tytton pressure end the choice of single-phase friction coefficient 

relation. 

The two-phase friction Multiplier using the single-phase friction factor 

selected  here,  equation   (3-31),   is   shown   in  Figures   3.11  and  3.12.     At 

eerth gravity, the two-phase friction Multiplier 1s expected to decrease 

uun   increasing  «ess   flu«.     An  opposite  trend   is  shown  N  Figure  3.11 

and   3.12.     This  1s duo to the fact  that,  even  though  • 2f    drops uitn 
oo 

increasing «ass flua. f given by equation (3-30) has a stronger depen- 

dence on Ac which results 1n an increasing two-phase Multiplier. For 

larger values of c. the two-phase Multiplier May show the seae trend as 

the earth  gravity  case.     In  any  event,  the true coefficient  for calcu- 

lating the two-phase pressure drop, as shown in equations (3-361 and 

(3-37) is a0
2f0. whlcn reduces with increasing MOSS flow. In Figure 

3.11,  the  two-phase  friction Multiplier  for  Reynolds  number of   3000  is 

larger than for Reynolds nunber of S000. The reason for this trend is 

the* the single-phase friction coefficient in the transition region be- 

tween Re - 2300 and Re • 4000 goes down which results m an increasing 

two-pnase friction Multiplier. As Mentioned earlier, the ^lotting 

roufne used here connects the data points with straight lines. 

Therefore, slope changes such as the ones seen on Figures 3.2 and 3.6 

around y*-lO could have been avoided if aore data points were available 

or a curve smoothing technique was used. 

The predictions using the present Model can be compered to earth gravity 

data.    Unfortunately,  tne void-quality data  m the Majority of  the two- 
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plus« flow literature is prtiffitM lUlttr as i function of thermodynemic 

quiHtj or u is reported for very low qualities. The «old as a func- 

tion of flow quality con be obtained fro» the aval lobte literature, but 

this requires wore tiae. Due to project limitations, this coMperison is 

not performed in this pnase of tne program. However, tne two-phase 

friction multiplier from tne present model 1s compered to earth gravity 

data. This 1s Shewn in figure 3.13 which is reproduced fro» Reference 

(29). Tne tuo-pnase friction multiplier for Re - SO,000 and c • 1/200 

and 1/400 *rt shown as a function of flow quality. Fro» Figures 3.7 to 

3.13, it con be concluded that tne parameter c does not hove a slgnlfi- 

cont effect on the void-quellty relation, while it strongly affects the 

two-phase friction Multiplier. Figure 3.13 olso shows that the two- 

phase aultlpHer increases «1th increasing the parameter c and. for 

values of 1/200 and 1/400. the two-phase Multiplier 1s significantly 

sauller then the earth gravity results. This 1s In contrast to conclu- 

sions of Ref. (10), where the pressure drop was shown to Increase as the 

gravity was reduced. It 1s believed that the present wodei represents 

the physical phenomenon correctly, but the value of c used m the pre- 

dictions may be too small. As discussed m Section S, this aodel pre- 

dicts     on     increasing     void     fraction     approaching     the    homogeneous 

distribution ano a decreasing two-phase friction coefficient,  o.2 I   , as 

Reynolds number is increased. The two-phase Multiplier should be larger 

then, out approaching the howogeneous distribution as the Reynolds 

neater 1s Increased. Figure 3.13 shows that the two-phase aultlpHer 1s 

see11er than the hojoogeneous value. A larger value of c (on the order 

of 1/20 to 1/50) would result m a larger two-phase Multiplier and a 

decreasing trend «ith increasing Reynolds number. Such values of c 

correspond to subloyer lengths of S to 10 and «ill not affect the void- 

quality relation significantly. Owe to time limitations, predictions 

«ith larger values of c were not performed m this pnase of the project 

bu* »rt recommended for the future. 
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following   the   drift   flu*   approecr   (20).   the   generalized   void-quality 

•Mil  can o« express«* as 

:0 L  x »^(H  ]    •   ^L 

a. 6 

(J-4S 

where c0   is  the  voic distribution parameter  «no  n      is the drift velo- 

city.    For the cose of local n—BMnaous flow, V.    • 0 and 

c0 [ x t-3 (1-x) 3 

(*-*•) 

cQ is usually determined fro» experiments, and it wanes between 1.0 and 

1.2 for earth gravity bubbly flow. In the present analysis, an attempt 

•as aede to find the void distribution analytically using the analysis 

of the forces acting on the bubbles. However, mere is an unknown fac- 

tor, c, which should be determined fro» experiments. At very high 

pressures, the two-phase flow at earth gravity will pe nearly hoaoge- 

neous. In addition, ©i/e6 decreases with increasing pressure, thereby 

'•educing the effect of gravity on the flow. In the absence of zero gra- 

vity test results, high pressure vertical two-pnase flow tests can be 

used to estiaete the parameter c. 
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Section 4 

TM0-PHAS£ MEAT  TRANSFER COEFFICIENT 

As   dncutMd   in   Section   2,  the  two-phase  toot   transfer   coefficient   #t 
— 

earth  gravity   depends   on  the  flow  regie*  anc  whether   the  but*   liquid  is 9 

subcooieo or saturated. The heat transfer regiaes for forced convective 

Oozing «re shown in Figur« 4.1. The boundaries of the saturate« forceo 

convective boiling «re Shown in Figur« 4.2. The present analysis is fo' 

saturated   two-phase   heat   tnmftr   which   covers   the   nucleate   boiling e 

regie»  (regions C  end D  in Figure 4.1    ano the forced convective regiwt 

regions   E   and   f   in   Figur«   4.1)   where   ther«   is   no  nucleation   at   the 

wall.     As  shown   in  Figur«  4.2,  the  forced convective Oozing can occur 
a* 

at   any   flow  pattern,   but   noretUy  at   earth   gravity  this  heat   transfer e 

regtae occurs with the annular flow. 

The «ajonty of the e«isting correlations  !'J0:  and (31) *rt of the fore 

Sp " hfo f (*tt> * 

•be«"«   lyp   end   hf     »r^   the   two-phase   and    single-phase    liquid   heat 

transfer   coefficients,   respectively,   and   ^     is   «arti*. parameter« 

These  corr«iat ions ha»« been developed  for the  forced convective region »   . 

ano ht^t been «edified for the application to saturated nucleate boiling 

regiae.      The   Chen   '12)   correlation,   however,   «s   applicable   to   bot»* 

regiaes and  has  been  developed  by  adding  the  contribution  due  to  both 

ihanisan of heat transfer. • 

The present analysis should basically be valid to any «ode of heat 

tr$n%f9r which is controlled by the teaperatur« differenc« m a nirrg, 

region close to the wall. However, because the velocity and density 

distributions   developed   m  the  previous  section  §rt  used,  th« analysis 
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It ««ltd for no »*por Bubble at tno «|U. This «ill cover hoot transfer 

for tuo-pheso. t*o-cDeponent flow end smgl «-component forced convection 

rtqim »ltd bubbles within the li«|g<d file or for nucleoto bollino nth 

• «on nuoftor of nudeotior suos, «Aero fluid density «t too «oil con 

fro oopronaoted by the liquid dom'ty. 

4.1     fiOVERN!« EQUATKMS 

The conservation of enorojr for a  tvjo-d1eensionol   channel   it give« by 

m   (« il • » il) - -i (t il) • u A • „o (4-i) 
}> »y *y >y dx 

» is tno dissipotion tor«. Following tno soar approach os in tno 

previous section. It con bo assueed thot for tno tvjo-pnas* turbulent 

'low.   tno   toaporoturo   consists  of   on   average   «no   •   fluctuating 

. I.«.. 

T • T • r 

Using tno averaging rules  shown  In Section ? ond temng tno tie» average 

of equation (4-1), «o »ill  get 

c, ö • *• c    o" ;il - -* H 21)   - c    o'v1 il - T±U. vT) 
* %* 9 »y 9y »y P >y »y        P 

•   U 

If  it  is «ssuaoo tnot  tno spet'fic noot 

equation roducos to 

not   vory »1th y, tno above 
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>y       >y »y >y     * 

(4-2) 

•«»•»• 

In   tno  cuapriisiblt   flow   Mttraturc,   the  tor«  -  c     0'v'   lT/|y   m   the 
P 

«bove equation  • « coMmod «Hh tho tr«ntv«r%« convoctlvo tor» to oot 

(4-3) c r ; il • c  .711. - ü • ä • ^ 
p in        P        >y »y       »i 

«*«rt  in coaMMion to  l«am«r energy oOMtlon 

\o«"»«r * 4turb«io*t 

14-4] 

Too «bove «tftittioti for too noot  Hu«  is oojitvilont  to «stuoing 

•V   T   <   <   ,'T"   0 (4-5) r 
1«   OQMtio*    (4-?)   one   Otfiftinf    (4-4)   by   caaparm«   (4-2)   to   lo»1n*r 

•noroj *qu«tion. 

In too »uporoooiod r#9ion noor tno Mil ,   u   1% at «MOO tMt 

q " o^ 

••T*   •  - C »'   T' 
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Applying tu« ailing length theory «no using »oa«i  «1i1ng lengths for the 

•Bwntii and heat  trans for, ue wi 11  90t 

• - K 
>w p Jv   iy »y   »y 

(•-5) 

4.2    WM-OlNINSIOHAi.  EQUATIONS ARD «TH00 Of  SOLUTION 

Equation   (4-|)   is non-0 lawns tonal "ed  using tho definitions of equation 

(3-?3)  and 

5 
T* •    CA     !  5      (T    .T, (4-4) 

If «t drop the Mr convention representing the 

fie«, |4-S) reduces to 

111 
• 

1 

of  tne 

(4-7) 

It is known that the two-phase Prandt1 nunoer can be approiiaeted by the 

value corresponding to the Mould, i.e., 

Pr • PrL 

Equation (4-7) can oe integrated along «1th the differential equations 

'or p* en« W given oy (3-M) end (J-») for y* « 4* and equations 

(3-14) and (J-W) for y* > 4*. Therefore, for a given value of the 

constant c. the state »aMahle T4 «m he calculated as a function of 

y    and • • 
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In orOor to calculate tho no«t tr«nsf*r cotffuitut, a alioO 

por«tur» n do*inod «s follow» 

•ten  ti 

. T.    -/-CpT-Ä 6 A c 

For constant c  , ««til  n«*o 
P 

(•-8) 

u T   '•-,) dy 
(4-§) 

Won-Oiaanslon«nr1n9 (4-9) §nd dofiMoo, « hoot  tronofor cooffidont a« 

Si * • 

VT. 
(4-10) 

•111   r««u1t  m 

ö f A 

» • JL* 

. •  .»•    o.   . • 

(4-11) 
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ausseit n r is defined as 

L± Re Pr 

#F •••••• 
(4-1?) 

*Vi 

The aethod of solution consists of integrating (4-7) «to*? with 

equations J-?B «ml (3-29) for / « '* and »quations (3-2S) and (3-26) 

for y* > **. At ovorjr stop the Integral In equation (4-12) It performed 

and * ausseit nuaoer is calculated. AM the solution» are performed for 

Nk • 1.0 1n tne present analysis. 

The computer program ZROG, discussed earlier, actually solves the system 

of three differential equations for the state »arables u*. p*. end T*. 

4.3 «SUITS AHO DISCUSSION .1 

Temperature distributions for a given value of the center line density 

||L • 0.1) «nd different values of c «re shown in Figure 4.3. The 

cheage m the sloe« In this figure at «round y* • 10 1s not reelly pre- 

dicted hy the «edel. This 1s due to logarithmic scales, the few 

aval fehle points between / • 0 and 10. and the aethod of plotting. 

However, the change m slope and increase in temperature at larger 

values of y* (e.g., y* • 100 for c • 1/400) 1s representative of the 

true phenomenon. This rite in teaperature at larger y* is due to 

increased void within the flow. figures 4.4 and 4.J show the tea- 

perature distribution for c • 1 ?0u and 1/400 and different values of 

the c-nter Mae density. 

- 

• 
1 

The Rüttelt number predicted by equation (4-12) is not a function of he 

ead»rL «lone, end it varies with the center line density. Slallar 

solutions  for  the  »ingle-phase  turbulent   flow  m a  pipe eipress Ru  1n 
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ttf« Of tt and »r «Ion«. TUt rooton for thu 1ft that, 1« add«tio» to 

to* differential aottiod at ooftcnood for too tMO-o*o«o flow atovo. too 

ftlnglt-pftaftt «OdtU aftfttfO» • volocHy profH» to colculttO tl»t fttOtt 

•ariaola* *t  tHo tub* cofttor  Hat. 

THo HoSftoH »«ton for c > 1/200 «id 1/400 for dlfforort It and »c* art 

SMMO 1n Taolo« 4-1 and •-*. It cod bo ftoor. that ftu locrootos «U* lo 

a» tiooctod. Hv OtcrtaftOft wMh tftcroofttftf, cootor Ho* do*«'ty but 

rovorfto« tM* tro»d ot cortoln i.oy«o'd» 

rovortol  1n tNo trood noodft to 00 1«»Oftt1fattd 

k 

TUt   rttfton   for   tMft 

••: 
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Section 5 

CONCLUSIONS MO REC0NMENDAT10NS 

Turbulent «1110« length theory was used to develop models for two-phast 

friction multiplier, void-quality relation, «no two-phase neat trans»*' 

coefficient under zero or negligible gravity. Differential net hoc of 

approach «as used to solve the governing equations for the conservation 

of mass, momantun. and energy. The m1«ing length model of Var Driest 

(24) «as used here, and a sublayer region «as considered to avoid 

discontinuity In the numerical solution. The non-dimensional velocity, 

density, and temperature «ore used to solve for the des'^ec varieties. 

This model contains < free parameter, c, which ideally should be deter- 

mined fro» experimental  results. 

e       The bubbles will be «ore uniformly distributed and the flew 
•ore homogeneous. 

•       The   void   fraction   increases   and   the  distribution   approaches   the 
is distribution. 

•       The two-phast friction factor,  # * f  , decreases. 
O        O 

e       husselt number increases. 

tr,   it   is   believed  that   the  values   for  c   used   in the predictions 

•r^   too   smell    and   c   on   the   order   0t    \/JQ   to   I'M   will   be 

S-l 

In this analysis, the flow was assumed to be locally homogeneous, but 

the void distribution was allowed to vary within the channel cross sec- 

tion. The driving force for this distribution is a lift force which 

acts on the bubbles and drives them to the region of higher velocity. 

Physically, this mode1 predicts the correct trends for the two-ohase 

flow.    As the Reynolds  number  increases: 

• 

•    • 
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appropriate.      TM«   »111    result   In   two-pnase   eultlpMers   larger   then 

homogeneous   which   Mill    approach   nawogeneous   distribution   es   Reynolds 

The Rüsselt nuaber predicted by tun eodel is • function of Reynolds 

n«o«r, »rendtl nuefter, «no tit« velocity «no density distributions which 

ere specified through the center lino density. THo predicted eosselt 

nuefeer* reverse tneir dependence on center line density at a specific 

Reynolds nuafter, as shown in Tastes 4.1 end 4.2. This N related to the 

teapereture distribution as shewn in Flfures 4.3 to 4.9. 

Certain trends  predicted by  this eodel   need to be   investigated  further 

to establish the theoretical bases of the woo*'.    These ere: 

1. The predictions should be performed for larepr valves of c (1/20 to 

1/100) and the results coopered to homogeneous distribution es flew 

velocity increases. 

I. The assumption of ' • 'f « q • ^ should be evaluated, and the 

possibility of including the exact relations 

f ...i -*» 

should be investigated 

• s it - *i 

1.      The   «oid-queMty   and   two-phase  •eUlplier 

•or« earth gravity data. 

should  be  c red  to 

4.      The tewperetur« profile and its dependence en center density should 

be studied. 

h.      Th«   effect   of   »r«ndti    nuaber   on   teeeerature   distribution   and 

Rüsselt nuaber should be investigated. 

i,i  i * •• *•• «  • -*     * * ** 
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6. »wcloot Ion et the «II «•« neglected 1n the present nod* . The 

possibility of ••tending tu« node I to Include nucleetlon needs to 

00   investigated. 

'he »r»# pinattf 1n the present node' flood« to bo specified «or« 

Accurately. Obviously, eipdrlejyntal results under reduced gravity or 

condition* oJ»1cH simulate the float behavior at yero gravity ere the 

u1t1e»te toot of tho «»«101. These typos of tests should be considered 

in the fwtur«, end they can DO used to estebHsh tHo pereneter c. In 

too abtöne« of such «iperinents, blob prettur« two-phat« Mow tost 

r«su'ts con bo usod for bot tor estimation of c. An alternative approach 

should also bo consider«* which consists of selecting. • constant 

sublayer length end allowing, the node' to calculate c, velocity, den- 

sity, and teeeyeratur« distributions. A series of two-phase fie* tests 

neve boon designed and planned for the future space shuttle flights 

(Jo). Tho design for these «iperiaentt Is based on earth gravity 

nodels. It »ill bo very boneflclel to review those designs in view of 

tho predictions by the present node! and also study tho possibility of 

enhancing those tests to calculate the parameter« needed for this node', 

which teens to be the only one for zero gravity. 

In addition to the above roc a—indot loos, which »r^ o»1n1y for 

establishing the present approach, efforts are needed to study the flow 

regie» transitions at yero gravity and also other possible two-phat« 

flow and hoot  transfer regions. 
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