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Abstract

Flow regime transition criteria are of practicalpiontance for two-phase flow analyses at
reduced gravity conditions. Here, flow regime tidos criteria which take the frictional
pressure loss effect into account were studied ataild Criteria at reduced gravity
conditions were developed by extending an existimgdel from normal gravity to
reduced gravity conditions. A comparison of the lyesleveloped flow regime transition
criteria model with various experimental datasetkeh at microgravity conditions
showed satisfactory agreement. Sample computabbrise model were performed at
various gravity conditions, such as 0.196, 1.6Z13and 9.81 mfscorresponding to
micro-gravity and lunar, Martian and Earth surfagavity, respectively. It was found
that the effect of gravity on bubbiglug and slugannular (churn) transitions in a two-
phase flow system was more pronounced at low lidlaar conditions, whereas the
gravity effect could be ignored at high mixture woletric flux conditions. While for the
annular flow transitions due to flow reversal antset of droplet entrainment, higher

superficial gas velocity was obtained at highewigydevel.

Keywords: Flow regime; Transition; Reduced gravibdicrogravity; Multiphase flow;

Two-phase flow.



1. Introduction

With the advent of modern cooling systems, thedasmg demand to meet stringent
weight- and space-saving design parameters foe Ispgcecraft such as the International
Space Station requires extensive heat removal teuren acceptable internal
environmental conditions. This cannot be accomptishy conventional single-phase
forced or natural convection flows. Hence two-phdsermal systems have been
developed with forced convective boiling flows winicave a controllable heated surface
temperature to yield a relatively high heat transfeefficient and the possibility of
meeting compact space requirements (Grigoriev et1896). In view of the great
importance of this to the thermdlydraulic design of thermal-control systems at oedu
gravity conditions, a number of experiments havenbgerformed for two-phase flow at
reduced gravity conditions by means of a drop towvean aircraft (Heppner et al., 1975;
Dukler et al., 1988; Colin et al., 1991; Zhao arezRallah, 1993; Bousman et al., 1996;
Choi et al., 2003; Takamasa et al., 2003, 2004)th&se experiments, the measured
essential two-phase flow characteristics includémlv fregime, void fraction, and

interfacial area concentration.

The internal structures of the two-phase flow dassified by the flow regimes or
flow patterns. Transfer mechanisms between thepiaase mixture and the wall, as well
as between the phases, depend on the flow regifiés.leads to the use of regime
dependent correlations together with two-phase flegime criteria. The basic structure
of the two-phase flow can also be characterizedtwy fundamental geometrical
parameters: void fraction and interfacial area eotration. The former expresses the
phase distribution and is a required parametebédh the drift-flux model, one of the
most practical and accurate models for hydrodynaamd thermal design in various
industrial processes, and the two-fluid model, Whidescribes in detail the
thermathydraulic transients and phase interactions. Intth@fluid model, the main
difficulties arise from the existence of interfadestween the phases and the associated
discontinuities. Hence interfacial area was intcetlito describe the available area for
the interfacial transfer of mass, momentum and gnewhich is modeled in the

interfacial area transport model, a crucial com@etof the two-fluid model.



The application of the drift-flux and two-fluid mel$ as well as of the interfacial
area transport equation in reduced gravity conastibas enjoyed great success recently.
In the drift-flux model, the constitutive equatiooisthe distribution parameter for bubbly
flow, which takes the gravity effect into accounfive been proposed. The constitutive
equations for slug, churn and annular flows, whiah be applicable to reduced gravity
conditions, have also been recommended based stingxexperimental and analytical
studies. The second essential parameter, drifcitglovas modeled by taking frictional
pressure loss into account in various flow regiigiéibiki et al., 2006). On the other hand,
the interfacial area transport equation was aldersled to reduced gravity conditions.
The constitutive equation for the sink term duevitke entrainment was formulated by
considering body acceleration due to frictional sgtege loss. The newly-developed
interfacial area transport equation agreed satmfiic with experimental data taken at
normal and reduced gravity conditions (Hibiki et 2D09).

In the thermathydraulic system analysis codes developed in a alogravity
environment, the effects of interfacial structurer@vanalyzed by using models of flow
regime transition criteria. Some of these modelsrewextended to microgravity
conditions with some success. For example, the himd®ukler et al. (1988), based on
the critical void fraction at both bubbiglug and slugannular transitions, appeared to
agree well with the experimental data. Lee et H8{) suggested that the bubtsiug
transition happens when the force of eddy turbulectuation is greater than the surface
tension force, and slagnnular transition occurs when the inertial forsegieater than
the surface tension force. The latter criterion tedthe Weber number based model
proposed by Rezkallah and his colleagues (ZhaoRemkallah, 1993; Rezkallah and
Zhao, 1995; Rezkallah, 1996; Lowe and Rezkalla®9)9However, the Dukler et al.
model depends on the estimation of the area-avéragid fraction,a, which has to be
adjusted to fit for different fluids and pipe sizéBousman et al., 1996; Zhao and
Rezkallah, 1993). Moreover, few churn flow in migravity conditions has been
reported. Instead, models of skamnular transition have been proposed to cover this
broad range. Most importantly, no general modelsanous gravity levels, such as the

lunar and Martian levels, exist.



Acknowledging the importance of the flow regimens#ion criteria models
under reduced gravity conditions, this study presem extensive survey of existing
models and data at reduced gravity conditions,exteinds the well-established Mishima
and Ishii (M-1) model at normal gravity conditions (Mishima alstiii, 1984) to reduced
gravity conditions. The proposed model with itgadatasets of different fluid property
and pipe sizes is also evaluated. Furthermoregslfdity study is performed to apply the

new model to other gravity conditions such as timat and Martian gravity levels.
2. Literaturesurvey

2.1 Existing data of the flow regime transition boundary in two-phase flow at reduced

gravity conditions

Table 1 summarizes the experimental investigatafrthe two-phase flow regime under
microgravity conditions that have been performexteithe 1970s (Heppner et al., 1975).
Most of the experiments were conducted on paralflajicts such as in KC-135, MU-300,
Learjet and IL-76, since they could provide abdus2f microgravity conditions. Dukler
et al. (1988) performed the tests in a 30-m dreyetowith only 2.2 s of reduced gravity.
The best environment is space and an experimenpesisrmed by Zhao et al. (2001a)
on board the Russian space station MIR. In additofew tests attempted to use two
immiscible liquids with near equal densities (Kaarid Mathur, 1988; Vasavada et al.,
2007) or capillary tubes (Galbiati and Andreini 949 under normal gravity to simulate
microgravity conditions. According to Brauner (199the criterion for a capillary tube

ApgD? y
o

system to be an equivalent microgravity system aadnumber Bo = 6,

where Ap is the density difference between phasgs,is the gravitational body
acceleration (=9.81 nfi®n the Earth’s surface, and 0 fmés zero gravity)P is the pipe
diameter,and o is the surface tension. The Bond number in Gallsiatl Andreini’s
capillary tube experiment is around 0.13, whichithe microgravity range.

Both adiabatic (non-boiling) and diabatic (boilindatasets are available in the
literature. For adiabatic flow, the majority of thesearch has used -aiater systems,
including round tube (Colin and Fabre, 1995; Hublyeaind Rezkallah, 1992) and square

channel (Zhao et al., 2001b). Other investigat@eduvater/glycerin to study the effect
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of liquid viscosity (Rite, 1995), and water/ZonySFE (Bousman et al., 1996) and
carbogal (Zhao et al., 2001a) to study surfacadan#\s for boiling experiments, studies
have been performed using water (Kachnik et alg71%@nd refrigerants such as R11
(Crowley and Sam, 1991), R114 (Hill et al., 198@)l &12 (Hill and Best, 1991; Valota
et al., 2007).

Of the four basic flow regimes under normal gravitg. bubbly (B), slug (S),
annular (A) and churn (C), the first three haverbewostly observed at microgravity
conditions. In addition, Fujii et al. (1995) anddClket al. (2003), conducting horizontal
flow under microgravity conditions, reported plubaglor bubble) flow (P), which has
smooth-nose bubbles, and liquid slug without srbabibles. For churn flow, which has
oscillating gas and liquid slug, only two findingave been reported under microgravity
(Rite and Rezkallah, 1997). A global consensusefdassification of these two records
into churn flow has not been fully achieved, beeans gravity effect would force liquid
slug to flow downwards.

Nevertheless, Hill et al. (1987) found that thensition between slug flow and
annular flow has increasingly rough liquid surfarel droplet mist, similar to churn flow
in vertical up-flow, but without the observation fidw reversal. Hill et al. (1987) found
another new flow regime: “frothy annular”, with ¢ki annular liquid film containing
vapor phase content. Similarly, Zhao and Rezka(tl#93) defined the flow regime
between slug and annular as “frothy stagnular” (FSA), with frothy slug frequently
appearing in the gas phase in the center and anlméd film at the tube wall. This
regime was also reported by Lowe and Rezkallahq}L2hao et al. (2001a) and Valota
et al. (2007) as transitional flow (T). It should hoted that the determination of these
flow types was very subjective, and not accurateugh to distinguish this flow type
from annular flow type. So they can be grouped ttogrewith annular flow regime, and
then only three main flow regimes, bubbly, slugd @mnular (churn) flow, exist under

microgravity conditions.

2.2 Existing models of flow regime transition criteria in two-phase flow at reduced

gravity conditions



Modeling of two-phase flow regime transition at wedd gravity has been developed
along with the construction of microgravity datadmgZhao and Hu, 2000). Proposed
models in the literature include a void fractiorséa@ model (Dukler et al., 1988), a force
balance based model (Lee et al.,, 1987), a Weberbaurhased model (Zhao and
Rezkallah, 1993), and a dimensionless number n(ddghwardena et al., 1997).

Dukler et al. (1988) assumed that at bubblyg transition, liquid velocity equals
gas velocity, and adjacent bubbles contact eadr,otthich gives a void fraction of 0.45,

and

iy =122j, 1)
wherej; andjq are superficial liquid velocity and superficialsgaelocity respectively.
Similarly, Colin et al. (1991) and Zhao and Rezkal(1993) empirically determined the

critical void fraction to be 0.20 and 0.18, respasy, with the assumption of zero drift
velocity giving

iy =32jg, 2)
and

j; = 456j,. (3)

For the slugannular transition criteria, Dukler et al. (198&)uated the area-
averaged void fraction in slug flow (estimated frdme distribution parametéZ, in the
drift-flux model) with that in annular flow (estirted based on force balance on the liquid
film). Similarly, Lee et al. (1987) conducted thetical force balance analysis on four
basic horizontal flow patterns: dispersed, sluatsied and annular. They claimed that
transition from other flow to stratified flow ocaiwhen body force overcomes surface
tension (superficial liquid velocity less than 0.81s), transition from slug to dispersed
flow occurs when eddy turbulent fluctuation is heglthan surface tension, and transition
from slug to annular takes place if inertial fordeminates surface tension. The last
criterion was also deduced for the Weber numberah@thao and Rezkallah, 1993),
since the Weber number is the ratio of inertiatéover surface tension. According to
Zhao and Rezkallah (1993), the transition from $tu§SA occurs at

_ P,iD

W
& g

=1, (4)
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whereg, is the gas density. The transition from FSA towdanhappens at
We,, = 20, (5)
Similarly, other investigators (Jayawardena et &B97) attempted to find

transition lines on a flow pattern map using a digienless number such as a Suratman

number Bu = Res?/Wey)) as well as gas and liquid Reynolds numbers:

R
Bubbly-slug transition:R;esg =46416%u'%, when 10 < Su < 10 (6)
st
R
Slug-annular transition: 8 = 46416u7%'®, foru< 10
Rey @)

Re, =2x10°®, forsu> 10

where gas and liquid Reynolds numbare defined aRess = o D/ 14 andResq = pgjg D/jg,

respectively.

3. Modeling of flow regime transition criteria in two-phase flow at reduced gravity

conditions

3.1  Body acceleration dueto thefrictional pressure drop

Under microgravity conditions, the gravity force ialin pushes a gas phase faster than a
liquid phase becomes negligible. This major diffee between microgravity and normal
gravity led to the assumption adopted by some rekBees that there was no local slip
between bubble and liquid. However, Tomiyama e{¥98) found through theoretical
analysis that the relative velocity between a @rglbble and liquid flow in a confined
channel exists and is driven by a frictional pressgradient due to a liquid flow. This
was confirmed by bubbly flow experiments at lowuliid] Reynolds numbers (Takamasa
et al., 2004). This single particle system was el to a multiple-particle system,
where the actual body acceleratigg, on the gas phase consists of the body acceleratio
due to the frictional pressure drop at the wgdl(Hibiki and Ishii, 2003):

Os =06 *9r =0c * (8)

A
ppl-a)’
wherea is the area-averaged void fraction, aniglis the frictional pressure gradient in a

multi-particle system, given by



d
MFE(—d—Zj:CI)fMFW, 9)

where @7 is the two-phase multiplier calculated by Lockheastinelli's (1949)

correlation, andMg. is the frictional pressure gradient in a confimbénnel flow with a

single bubble, approximated by
f
MFoo :Epfvfz, (10)

wheref is the wall friction factor.

Recently, the relative motion between gas anddigunases has been successfully
modeled by taking into account the effect of atiwical pressure gradient caused by a
liquid flow (Hibiki et al. 2006):

Bubbly flow
(405, +M1_)o " 18,67 1—a)2[dpjg (1—+a|3|+ MF}
V. = \/E ng Foo x pge Foo
g 2 37 (11)
7 1+17.67 1—a)6/7{ﬁpge(1—a)+'\/'ﬂ
4pg; + M,
Sug flow
— ]/2
J Py (1_ a)
Churn flow
Y4
Vy = ﬁ{[Ang (1_;2/)+ v F]U} , (13)
f
Annular flow
Vg =0. (14)

whereVy; is the void-fraction weighted area-average defoeity.

3.2 Body acceleration considering frictional pressurelossin forced convective flow

For a relatively high mixture-volumetric-flux conidin, the actual body acceleration is
much higher than the normal gravity acceleratiogufe 1 presents the ratio of actual

body acceleration over gravitational body acceilenags/gs, versus the superficial gas

9



velocity, jg, as a parameter of superficial liquid velocify, According to the one-

dimensional drift flux model, the relationship beemj, andj; is
j o
;g:CO(Jg + Jf)"'vgj’ (15)

whereCy andVy; are calculated using equations by Hibiki and I€1003). It is suggested
in Fig. 1 that whernyg is less than 1 m/gjg is close toge, while afterjg becomes higher
than 1.0 m/sgg starts to grow af, increases. Wheji is far less than 1.0 m/sg @nly
increases to 16% higher thgg atjg = 5 m/s. Nevertheless fpr= 1.0 m/sgs can reach
2.8 times ofgg for jg = 5 m/s. Whenjy grows further, void fraction will increase

according to Eqg. (15); so dogs, as indicated from Eg. (8).

3.3 Extended Mishima-Ishii (M—1) model

Under normal gravity, the M model has been successfully applied for a flogime
transition in vertical upward flow. In the N model, the transition from bubbly flow to
slug flow was presumed to occur at an area-averagedfraction of 0.3. The slug flow
to churn flow transition was postulated to occuewlthe mean void fraction of the entire
region exceeded that of the slug-bubble sectionckorn flow to annular flow transition,
two mechanisms were proposed: (i) flow reversaligoid film section, and (ii) the
destruction of liquid slugs or large waves by entreent or deformation.

The effect of body acceleration, which is importanteduced gravity conditions,
was not considered in the-Mcriteria. In following, the Ml model will be modified
using body acceleration, taking account of theibial pressure drop. The extendedIM
criteria may be utilized to estimate the flow regitnansition criteria at reduced gravity
conditions.

Mishima and Ishii (1984) stated that the-Mmodel is applicable for atwater
flow and steam-water flow under steady-state afg-tleveloped flow conditions. If the
tube length is short, inlet flow condition wouldedt the final flow pattern. However, if
the tube length is long enough, the flow regimeha fully-developed region can be
predicted by the proposed model.

3.3.1. Bubbly to slug flow transition

10



Figure 2(a) shows a schematic diagram of bubdlyg transition models under reduced
gravity conditions. Mishima and Ishii (1984) adaptidne assumption that coalescence
occurs when the gap between two bubbles is lessatmibble diametddy,, which leads
to the sphere of influence being D§. Hence the critical void fraction at the trangitig
given by

Dy

= 0.296= 03. (16)
. b

This assumption still holds under reduced gravitnditions. In addition, by taking
account of the frictional pressure drop, the voatfion-weighted drift velocity is
modified as (Hibiki et al. 2006)

18.67(1—a)2[A,09(1— a)+ M F}

1/4
Apg+M_ o Apg+M,
Vy =ﬁ{( Me.) } LT (17)
o 1+1767(1-a)®" Bg(L-a)+ M,
Am + MFoo

Note that this criterion is not applicable in sositiations where bubbles cannot freely

pack with each other, such as flows in extremelglsdiameter pipe.

3.3.2. Slug to annular (churn) flow transition

Mishima and Ishii (1984) attempted to find the meand fraction in the slug bubble
section and equate it to the mean void fractiorr dhve entire region. At first, potential
flow analysis was adopted to estimate the mean fration of the slug bubble section.
However, the wall friction effect on the liquid flowas not considered. By considering
body acceleration due to friction pressure drop, Bernoulli equation of the flow field
around the slug bubble in Fig. 2b becomes
Pr
2
wherey, is bubble relative velocity, ardis distance from the nose of a slug bubble. The

[(avr ) —02] = Apggh, (18)

resultant local void fraction at a distance from ttose becomes

V295h0p/ py

alh)= : ,
J29,h00/ o +(C, ~1)j + 035/Apg,D/ p;

(19)
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whereD is the hydraulic diameter of a pipe.

Secondly, to find the length of a slug bubble, Mgl and Ishii applied force
balance to the liquid film around the slug bubflee force consisted of gravity force and
wall friction:

f 2 2

Epfvfsle _gAmGA(l_asb)’ (20)
where v, is the terminal film velocity in the slug bubblecsion, andas, is the void
fraction corresponding to the terminal film velgciThis equation is not modified here
because it already took account of the effect a¥idy on the wall shear. Furthermore, Eq.
(20) also suggests that the terminal film veloditycomes zero under zero gravity
condition. This assumption is reasonable, because tis actually no force pushing the
liquid film flow downwards.

The final transition criterion is modified as

r 075

A D 1/2 A D3 1/18 )
L Iz PrVs ]

Under normal or reduced gravity conditions, whdnara flow occurs, Eq. (21) can be

a,, >1-0813

used to predict the transition between slug andrrchilow. Nonetheless under
microgravity, as explained earlier, churn flow megiis replaced by other regimes such
as frothy slugannular (Zhao and Rezkallah, 1993) or transitidi@ah (Zhao et al.,
2001a; Valota et al., 2007), and hence can be g@uth annular flow. So the transition
criterion in Eq. (21) can be deemed as the tramsitietween slug and annular (churn)

flow.
3.3.3. Annular flow transition due to flow reversal

Although down-flow of liquid film along large buldd would not happen at zero-gravity
conditions, it can still occur under reduced-gnagituations. At these environments, i.e.,

Moon or Mars, churn flow regime could exist, an@ tinansition between churn and

12



annular due to flow reversal in the liquid film ¢dthappen. Mishima and Ishii (1984)

gave the criterion as

jg:/®fGDW—01Q. (22)

In extending this transition to reduced gravity dibions, the gravity termgg, in Eq. (22)

is not replaced bygs because the body acceleration due to the frictipressure drop

becomes zero at flow reversal conditiops Q).

Combining Eq. (22) with drift flux model, the fih@ransition curve can be

obtained in the final form

. 1 P,
=01 - S|,
Js %1c”+mn m@GD] (23)

where the void-fraction weighted area-average agfocity is calculated with Eq. (12),

which will be different from the original M model.

3.3.4. Annular-mist flow transition due to onsetobplet entrainment

As explained earlier, no flow reversal happens umzéeo- or micro-gravity conditions.
Thus, the criterion for the churn to annular tréosidiscussed in Section 3.3.3 would not
hold. On the other hand, another criterion duentodestruction of liquid slugs or large
waves by entrainment or deformation proposed byhiia and Ishii (1984) remains
sound. As is shown in Fig. 2c, entrainment happeinsn the drag force on the liquid
wave crest from the gas-shearing flow exceedsulface tension force

F,2F,. (24)

After introducing non-dimensional parameters, Isdmid Grolmes (1975) obtained the

transition criterion as
oY
jgz(ang ,0} N}:fo.z’ (25)
Py

where

13



v2
_ g
N,q =:uf/|:pfa gGA,O} (26)

and L is the dynamic viscosity of the liquid. To examitiee applicability of this
transition criterion to reduced gravity conditiotise gravity termgg in Egs. (25) and
(26), is set as 0.02gy (0.196 m/$), and the obtained superficial gas velogigyis 0.457
times the originajy value by usingge = 9.81 m/é. Although the use of a value g§
chosen to fit the data cannot be justified at alfumental level, it is interesting to note
that, choosingge = 0.0y (which, incidentally, is the typical value prevag in the
parabolic flights were most of the data were ol#d)ndoes result in an acceptable
correlation. It should be noted here that the iappbn of Eq. (25) may result in
unphysical result becaugg= 0 m/s atgs= 0 m/€. There is very limited date taken at
purely zero gravity level and thus the flow regitrensition criterion very close to zero
gravity should be readdressed when the mechanishdata become available in future

studies.

4. Results and discussion

Figures 3-10 show all the datasets in Table 1 adoogrto working fluids and
investigators. Figure 3 depicts the adiabatiearbogal data (Zhao et al., 2001a). Figure
4 plots the adiabatic aMj-water data for channel size 625.4 mm (Lee et al., 1987,
Dukler et al., 1988; Choi et al., 2003; Fujii et, d1995; Heppner et al., 1975). Figures 5
and 6 contain the water data by Colin with hiseaflues (Colin and Fabre, 1995; Colin
et al., 1991) and Rezkallah with his colleaguescitg¢tby and Rezkallah, 1992; Zhao and
Rezkallah, 1993; Rite and Rezkallah, 1997; Lowe Redkallah, 1999), respectively.
Figure 7 shows the aiwater and aiglycerin/water data by Rite (1995). Figure 8
demonstrates Bousman et al.’s (1996) data orwaier, airwater/glycerin and
air-water/Zonyl FSP. Figure 9 illustrates the data eattransfer fluids such as Freon-11,
R114, and R12 (Crowley and Sam, 1991, Hill etZ087; Hill and Best, 1991; Valota et
al., 2007). Figure 10 shows the-airater data in a capillary tube at Earth surfaceitra

(1 - gn) by Galbiati and Andreini (1994).

14



Figures 3-10 also compare the microgravity datehwite predictions by the
present model (red thick curves) and other existimaglels at microgravity (~6 gn)
conditions on thgg—js plane. As is shown by arrows in Fig. 3, the bubtayslug
transition “B-S” is shown in red thick solid curve, the slug tmalar (churn) “SA(C)”
transition is drawn as red thick dash curves, aoith Inave a slope close to°45he
annular-mist flow transition (due to droplet emtraent) calculated with Eq. (25) is
plotted with red thick dash-dot line located at top right on the flow regime map.
According to Mishima and Ishii (1984), this tramsit is actually between slug and
annular (mist) flows, “SA(M)”, rather than between churn and annular flo.
summary, these three curves can predict the tramsibetween bubbly, slug, and annular
flows.

The other existing models are also shown in theréig. Eqgs. (1)—(3) are located
with thin purple short-dash, magenta dot, and cghort-dash-dot lines, respectively,
with a 45 inclination. The predictions by Egs. (4) and (& shown by two vertical lines
(grey solid line: S-FSA transition, black dash li€SA-A transition). In addition, the
B-S transition prediction by Eq. (6) is a blue dash-tihe parallel to Egs. (1)—(3).
Finally, the SA transition (green dash-dot-dot line) predictedBxy. (7), depending on
the value of3, is either an inclined line in Fig. 3a—d or a weatline in Fig. 3e—f. The
legends of the transition curves in Figs. 4-10tlaeesame as those in Fig. 3. Note that the
B-S transition curves predicted by the present madélEgs. (1), (2) (3) and (6) are not
shown in Figure 10 because they are not suitabledpillary tubes due to the reason

explained in Section 3.3.1, and only data of slud) @annular regimes are plotted.
4.1 Comparison of the present model with existing models and datasets

4.1.1. Bubbly to slug flow transition

A total of six models of the bubbtglug transition are plotted gnvs.jq map. Egs. (1)—
(3) do not depend on any other parameters and%rargle lines, with Eq. (3) on the
left, EqQ. (2) in the middle, and Eq. (1) on thehtign addition, the BS transition curve

predicted by Eq. (6) is also parallel to thesedleguations, since it can be rewritten as

15



. 1 Vs 2/3:
= I STEE
b 464.16[vgj Jg 27)

which is also subject to fluid properties and pijgmeter. Similarly, the predicted curve
of the present model at-Ogy is almost parallel to them, but it deviates froBi # the
right when superficial gas velocity decreases. Fthendrift flux model, the superficial

liquid velocity can be found as

(1)
Jf_(co<a> 1}]9 ng' (28)

If the first term on the right hand side of Eq. X28dominantj: will be proportional tgg,

and the curve on thgr plane will have a slope of 45However, because of the
existence of the frictional pressure gradient,dh# velocity would not be equal to zero
at 0— gn conditions. Thus the predicted curve of the presedel on thgg: plane will
deviate to the right when superficial gas velodiégreases.

Figures 3-9 show that the present model agreesrgén well with the
experimental data at the-B transition. Nevertheless, among other existinget®) the
line of Eq. (1) is closest to the present model fitsdthe data rather better than other

models. The line of Eq. (6) has poor agreement thighFreon data in Fig. 9.

4.1.2. Slug to annular (churn) flow transition

As is shown in Figs. 3-10, the prediction by EQ. (@hao and Rezkallah, 1993) of S-to-
FSA transition is a vertical solid line on thej: plane because the transition is assumed
to depend on a Weber number, which is only sultigecduperficial gas velocity. The
prediction by Eq. (7) (Jayawardena et al., 1997admoader SA transition is a vertical
or a 45 dash-dot-dot line depending & value. Similarly, the prediction of the present
model at 0— gy for the SC transition is approximately parallel to that the B-S
transition, due to the same reason explained inldbe section. However, the slope
difference between the present model and Eq. (Waee significant for capillary tube
data at 1 gu.

In Figs. 3-10, only two data points of churn flove glotted, as in Fig. 4 (c). As

explained in Section 2.1, the slug to churn trémsiis actually the transition between
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slug to annular (churn) flow. The agreement betwbenpresent model and the various
datasets is fairly good. In addition, Jayawardera.&s (1997) correlation was developed
using the atrwater and Freon datasets, and generally agreesheitmajority of the data,
except aircarbogal data and-1gy capillary tube data. Moreover, Zhao and Rezkadlah’
model of the S-FSA transition in Eq. (4) agrees with their own data in Figs. 6 and 7,

but tends to underestimate compared with othesdtta

4.1.3. Slug to annular-mist flow transition

The prediction by the present model on thé ansition at 1 gy does not depend gn

as shown in Eq. (25). Rather it is represented bgracal line. Since the contribution of
gravity to the actual body acceleration is neglmifor the SA(M) transition, the
original M-I model is not changed, and the value of 0da2is chosen forgg for
microgravity conditions because majority of the exments in literature were performed
at parabolic flight. Existing model being compaigedq. (5) (Zhao and Rezkallah, 1993)
on the FSAA transition at 0- gy, which is mostly located on the right of the prase
model, except for large pipe diamet& £19 mm) in airwater condition and data of
R114 and R12 in Fig. 9. Nevertheless, wign> 1¢, Jayawardena et al.’s (1997)
prediction on slug to annular transition also giaegertical line, which is on the left of
the line of Eq. (5), except for Fig. 3 (d) whichshea pipe size of 40 mm. For cases where
Su < 10, the 45 line predicted by Jayawardena et al. (1997) il harcompare with the
present SA(M) models.

Figures 3-10 show that the present model geneagiiges well with the majority
of existing datasets. Annular-mist flow and rollwgan microgravity have been observed
by several researchers (Bousman, et al. 1996; ZhdoRezkallah, 1993; Dukler et al.
1988). There is a plenty of evidence of the ocaweeof entrainment in microgravity.
Zhao and Rezkallah’s model in Eq. (5) of the F8Aransition fits well with their own

data in Figs. 4 and 5-(a), but over-predicts agatieer databases.

4.2 Sample computation of the present model at reduced gravity conditions

To examine the effect of gravity on two-phase floegime transition, sample

computations of the present model (thick lines) #redoriginal M-I model (thin lines)
17



were performed at various gravity levels. Majoruasgtions for these calculations were
(1) air-water at 1 atmosphere and (2) a pipe size of 25 Rigure 11 plots the flow
regime transition on thig—; plane under 0.02 gy (0.196 m/$), 0.165- gy (1.62 m/$),
0.379- gy (3.71 m/$), and 1- gy (9.81 m/$), corresponding to micro-, lunar, Martian
and Earth surface gravity respectively. SimilaFig. 3, the B-S transition curves are on
the left, the SA(C) transition curves are in the middle;&A (churn-to-annular transition
due to flow reversal) are located the right bottamd the SA(M) transition boundaries
are plotted on the right and top.

The prediction of the original M model for B-S transition at 6 gy is 45-angle
line, because the void-fraction-weighted drift \ap becomes zero at zero gravity, and

the transition line becomes

] =(ﬁ—1}jg. (29)
However, at 1- gy, due to the existence &, the prediction of the M model shifts
right asj: decreases. Another interesting observation ofitfuges is that the predictions
by the M-I model at 1- gy and O- gy are close to each other at a higher mixture
volumetric flux. This suggests that the effect odwity becomes insignificant as the
mixture volumetric flux increases.

In the present model, because of the frictionasgues gradient, the drift velocity
would not be equal to zero at-Ogy conditions. Thus the predicted curve of the presen
model on thgy—j; plane is on the right of the W model. Nevertheless, the difference
caused by frictional pressure drop is less undergy conditions. For the majority of
working fluids, Vg in the present model deviates from that in thel Mhodel afterjq
reaches 1 m/s, and becomes about doubled in vdleajyis 10 m/s. The exceptionally
high drift velocities are for high-pressure-auater flow in a capillary tubeld(= 1 mm),
whereVy; will increase up to 8 times the original valuer fioese three conditions, the
deviation of the resultant bubbly to slug transitzurves from 4%angle is much wider,
which can be seen in Fig. 10.

For similar reason, the prediction of the origiNatl model at 0- gy on S-A(C)
transition is a 4%inclination straight line. But the-&(C) transition by the present
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model is located higher than that by the originatiMhodel, because present model
predicts lower void fraction than the-Mmodel, as suggested in Eq. (21). With an
increase in gravity from 6 gy to 1 — gy, both void fraction and drift velocity increase,
which pushes the transition further away from thiginal 45 angle, and the -&\(C)
transition lines moves right as superficial gasoe#y decreases. For both-8B and
S-A(C) transitions, the differences between the pressdel and the M model under
lunar, Martian and Earth surface gravity are vanalé In addition, as mixture velocity
increases, the difference in gravity level decrsasethg,—j: plane. This is because the
effect of gravity is reduced as the two-phase mextolumetric flux moves faster.

For annular flow transitions due to flow reversadlanset of droplet entrainment,
different gravity level causes different superfiagas velocity, with highejy for higher
Oc value. The predicted annular flow transition cgraeie to flow reversal are close to a
vertical line on thgq—js plane, which means that superficial liquid velpdias weak
effect on the transition. Thejig values are smaller than those for annular flowsitéon

due to onset of droplet entrainment.
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5.Conclusions

Flow regime transition criteria are of practicalpiontance for two-phase flow analyses at
reduced gravity conditions. In view of this, floegime transition criteria, which take the
gravity effect into account, were studied in detéiie results are as follows:

(1) Literature survey found that churn flow regime doest exist under
micro—gravity conditions, where only three flow regime=wor: bubbly, slug, and
annular. However, under other reduegidavity conditions, such as Moon or Mars,
four main flow regimes exist: bubbly, slug, chuand annular.

(2) The flow regime transition criteria, which takee thictional pressure loss effect
into account, was developed by extending Mishima kshii's model (1984) to
reduced gravity conditions. The bubbly-to-slug flawansition adopted the
modified drift velocity considering the frictiongressure loss effect; the slug-to-
annular (churn) flow transition criterion was refged by considering reduced
gravity effect; the annular flow transition critemi due to flow reversal was
removed for zeregravity conditions; and the annular-mist flow triios
criterion due to onset of droplet entrainment ie thriginal M-I model was
adopted by considering that the gravitational aaredion was kept as a 0.6y
(0.196 m/$) for micro-gravity conditions.

(3) A comparison of the newly developed flow regimensition criteria model with
various experimental datasets taken at micrograatditions shows satisfactory
agreement.

(4) Sample computations of the newly developed flowimegtransition criteria
model were performed at various gravity conditiofus, example 0.196, 1.62,
3.71, and 9.81 miscorresponding to mickgravity and lunar, Martian and Earth
surface gravity, respectively. It can be revealeat for bubblyslug transition
and slugannular (churn) transition, the effect of gravity ftow regime transition
in a two-phase flow system is more pronounced etidtv liquid flow condition,
whereas the gravity effect can be ignored at higiture volumetric flux

conditions. However, for the annular flow transitidue to flow reversal and
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onset of droplet entrainment, higher superficiad galocity is obtained at higher
gravity level.
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Captions of Tablesand Figures

Table 1. Summary of microgravity two-phase flow ineg experimental

investigation.
Fig. 1. Actual body acceleration at Earth surfacviy.
Fig. 2. Schematic diagram of flow regime transition

Fig. 3. Comparison of flow regime transition modeigh air-carbogal data at

microgravity condition.

Fig. 4. Comparison of flow regime transition modeigh air-water data at

microgravity condition.

Fig. 5. Comparison of flow regime transition modelth air-water data at

microgravity condition by Colin and his colleagues.

Fig. 6. Comparison of flow regime transition modeigh air-water data at

microgravity condition by Rezkallah and his colleag.

Fig. 7. Comparison of flow regime transition modelth air-water data at

microgravity condition by Rite (1995).

Fig. 8. Comparison of flow regime transition modelth data at microgravity

condition by Bousman et al. (1996).

Fig. 9. Comparison of flow regime transition modelth Freon data at

microgravity condition.

Fig. 10. Comparison of flow regime transition madeith high-pressure

air-water capillary tube data at normal gravity coraaiti

Fig. 11. Example computation of flow regime traiositmap in for airwater in

atmosphere at reduced gravity conditions.
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Tablel

; - D Length | Gravity Flow regimes _
Authors Fluids Facility (mm) (mm) level B B—s | s = sclc |s7 [T TA | s | A Fig
Air - water 12.7 637 7 7 30 18 33
KC-135 25.4 609 +0.02.0y 3 3 29 13 14 | g
Bousman et al. 1996 Air - 12.7 637 4 4 20 21 29
" water/glycerine 254 609 4 4 11 11 15
Air -water/Zonvl 12.7 637 4 4 16 7 28
Y 25.4 60¢ 3 |3 2¢ 13 | 14
Choi et al., 2002 Alr - water MU-300 10 600 $0.02gy | 20 12 | 10 9 6| 4
Colin et al., 1991 Alr - water Jet 40 3170 <0.08y | 47 38 5
6 17 16 6
Colin & Fabre, 1995 Air - water Jet 1C 3170 <0.03gy | 17 23 9 5
19 19 26
Crowley & Sam 199 R11 KC-13E 6.3F 952.t 1 8
- Learjet 12.7 1060 <0.02gy | 4 9 1 8
Dukler et al., 1988 Air - water Drop Tower 9525 157 0 6 4
Fuijii et al. 1995 N- water MU-300 10.5 500 0.0dx 5 16 8 3 4
o o . 20 65
(f;sl;zlatl & Andreini, Air - water (Cle:lpll)lary tubes 1 250 oy 48 50 | 10
O 62 31
Heppner et al., 1975 Air - water KC-135 25.4 20 1R 5 4 24 4
Hill et al. 1987 R114 KC-135 15.8 1830 <0.1gy 2 1 6 9
Hill & Best, 199! R1Zz KC-13¢ 8.7/11. 240( 0.02%-gy 3 1€ |9
Tg‘g'z‘erby & Rezkallah, | i \ater KC-135 9.525 900 8| 7| 25 9 6
Kachnik et al. 1987 Water (boiling) KC-135 6,81 | 1500 +0.01gy | 2 2 8 N/A
Karri & Mathur 1988 Oil - water 25.4 19 2 17 2 19 | N/A
Air - water 10
Lee et al. 1987 N, - water KC-135 6 750 +0.019gy | 2 2 5 4
; Lewis DC-9
Lowe & Rezkallah 1999 | Alr ~water 9.525 1050 18| 4 45 5 3 7 36 6
Air—water 18 | 5 184 83 44
ir—509 16 9
Rite, 1995 AIr—S0%GW_| 135 9.525 1050 <0.08q 7
Air —60%G/W 20 13
Air —65%G/W 23 15
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KC-135

Rite & Rezkallah 1997 | Ajr —water 9.525 1050 12 39 7 17 6
KC-135

Valota et al. 2007 R12 12.7 1220 19 40 11 9

Vasavada, et al. 2007 ‘é\gate"Thermi”O' 25.4 2800 gy 15 2 N/A
KC-135

Zhao & Rezkallah 1993 | Air—water 9.52512.7| 1050 <0.08y | 7 44 51 | 16| 6
MIR

Zhao et al., 2001a Air—carbogal 10 356 Ogn 13 2 15 11| 3
IL-76

Zhao et al. 2001b Air—water fg)‘jf;e 960 <0.04gy | 14 7 14 | 5| NA

Noting: B (Bubbly), S (Slug),P (Plug), C (Churn)(Transition), A (Annular)
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