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The power demands of future spacecraft are expected to grow considerably in the near fu-
ture, and this will require more efficient thermal transport techniques. Oue to high
heat transfer coefficient, two-phase gas-1iquid loops are expected to be used for removal
and transport of heat to space radiators. The design of such cooling systems requires a
xnowledge of two-phase flow and heat transfer at reduced and zero gravities. The objec-
tive of this study was to develop or extend the earth gravity models for the two-phase
friction multiplier, the void-quality relation, and the forced convective heat trensfer
coefficient to zero gravity situations. L

'
Turbulent mixing length theory was used to develop a mode) 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
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show that the model icts all the corvect physical trends. This model contains a free
parameter which should be specified from experiments at zero gravity, simulated zero
gravity, or conditions where the effect of gravity can be neglected.
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The work ribed in this report was comducte. as a Phase I Small
Sueineas Innovat Research (S8IR) program to begin to devslop better
msthods for calculating two-phase fluid flow pressure gradieants and heat
transfer coefficients that might occur in the weightless eavironment of
& spacecraft. More accurate analytical methode are needed to predict
the in-flight performance of two—-phase fluid heat tranefer eystems inm
comparison to ground rest resulte.

The principsl inveetigetor wee Dr. Devood Abdollahian with comeultetion
from Dr. Sslomon Levy. The analytical approach vas beeed on earlier
vork done by the suthore. Thie report was submitted on 22 March 198S.
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Section 1

INTRODUCT I1ON

1.1 BACKGROUND

The power requirements for the future spacecrafts used in surveillance
and defense missions will be increasing as they grow in sophistication
and capabilities. WMilitary spacecraft are planned to operate at power
levels as Nigh as a few hundred kilowatts in the next 20 years (1). All
the surplus energy generated in the spacecraft sust be transported and
ultimately rejected to space. The only mode of heat transfer to space
{s radiation, and heat rejection is accomplished through external
radiators. According to Reference (2), transport distances between the
heat sources and the radiators vary from 1 to 50 meters, and transport
capabilities of up to 5 million watt-meters may be needed.

The present thermal control methods are based on transport of heat via
solid conductors and internal radiation, heat pipes, and single-phase
liquid and gaseous loops. The components are designed for high tem-
perature operation and large temperature varfations when passive control
techniques are used. Heat pipes are passive devices which can operate
with small temperature differences and are also used for therwmal
transport in the spacecraft. When the solid conductors, internmal
radiation, and heat pipes cannot provide the necessary transport capabi-
lity, single-phase fluid loops are employed in some spacecraft.

The high operating power of the future spacecrafts requires msore effec-

tive thermal transport techniques. Two-phase flow loops can be employed
for the removal and transport of heat to space radiators. With this

method, the operating flow rates and temperature differences can be con-
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siderably reduced and still obtain a higher heat transfer coefficient
than a single-phase loop. According to Reference (2), in a typical com-
parison, the pump power can be reduced by two orders of magnitude and
the heat transfer coefficient increased by two orders of magnitude.
Nuclesr power s presently being considered for multi-function com-
sunication platforms, radar surveillance, and space stations. Two-phase
loops may be necessary for thermal transport in the space nuclear power
systess and other high power devices.

Due to application in nuclear and chemical industries, research in two-
phase flow has been in progress for over four decades. Even though it
i1s a very complicated area, the knowledge in two-phase flow and heat
trarsfer has been greatly advanced 1n the last two decades. Almost all
the work in this field has been for earth gravity application and very
little has Deen done for reduced gravity. Lack of knowledge of two-
2 phase behavior at reduced gravities has prevented 1its use in space
applications. However, there has been considerable research on bubble
growth and pool boiling which can be used for two-phase flow studies.

DEOOE  SEREXRE U OS0RL )
-

Experimental and amalytical stugies on twe-phase flow and heat transfer
have been 1initisted Dy WASA ané the Air Force Office of Scientific
Research. OData and conclusions from these studies are needed for design
of two-phase heat transfer lesps for spece applicatienms.

1.2 OBJECTIVES AND SCOPE OF EFFQRY

The present project has beon fundes By Air Force Wright Aeromsutical
Laboratories as a Phase | SBIR pregram to study two-phase flow and heat
transfer under zero gravity. The overal] edjective of this study was to

develop or extend the earth gravity correlations for two-phase friction
auitiplier, void-quslity relation, end the forced convective two-phase .
heat transfer coefficient to zere gravity. These are the major engi-
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neering paremsters needed for design of any two-phase loop. Generally,
the void-quality relation is needed to reduce the number of dependent
variables. The quality can be determined from heat input, and the
overall pressure drop can be calculated by knowing the void-quality
relation. The two-phase friction pressure drop is usually expresse in
terms of the single-phase pressure drop for the total flow considered as
liquid and a two-phase wmultiplier. A relation for the two-phase
suitiplier at reduced gravity is needed for the design of the two-phase
loops. Any devica which employs the high heat flux characteristic of
auitiphase flow for heat transfer will probably be operating under
nucleate or forced convective boiling regimes. However, other flow and
heat trensfer regimes are also possidle for such equipments as conden-
sers and heat pipes. Evaluation of the forced convective heat transfer

coafficient 1s essential for the design and operation of two-phase loops
at reduced gravities.

The present study also consisted of two initial tasks which included a
review of the literature of earth gravity two-phase flow models and
reduced gravity bubble growth mechanisa and pool! boiling. The analysis
s limited to bubbly or slug flow regimes with no nucleation at the
wall. The heat transfer coefficient is therefore applicable to two-
component flows, bubbly flow with small amount of vapor at the wall, or
to the forced convective heat transfer regime.

1-3
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Section 2

BRIEF REVIEW OF PREVIOUS EFFORTS

As mentioned in the previous section, a review of the literature on two-
phase flow and heat transfer at earth and reduced gravity was made. Our
survey showed that very little work has been done on understanding and
modeling two-phase flow at reduced gravities. However, the areas of
pool boiling and critical heat flux have been addressed considerably
more. An excellent review of the literature on the effects of reduced
gravity on heat transfer for studies published by 1966 is given in
Reference (3). Since then, there has been more work on pool boiling,
bubble growth mechanism, and critical heat flux but still very little
work on two-phase flow. One reason for the lack of activity in this
area is the empirical nature of multiphase flow research and the dif-
ficulty in performing such experiments in reduced gravity. Generally,
the reduced gravity tests are performed in laboratory drop towers,
airplane trajectory, high altitude drop tests, and tests performed in
rockets and satellites. However, other methods to simulate reduced gra-
vity conditions have been proposed (4), (5), (6), (7), (8). Reference
(3) has reviewed some flow conditions at 1g where the effect of gravity
is expected to be negligible. Flow velocities above which the critical
heat flux becomes independent of upward (1g) or downward (-1g) flow
direction have been identified.

Results of an experimental study (airplame trajectory) on pressure and
temperature changes in forced convective boiling at zero gravity have
been reported in Ref. (9). It has been shown that the system pressure
increases and boiling oscillations damp out in zero gravity. An experi-
mertal and amalytical work on the two-phase flow regimes has been
carried out (10), where a Froude number criterion is introduced in the

2-1
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Saker's flow map. It has been concluded that the pressure drop
increases significantly as the gravity decreases. Low heat flux convec-
tive botling at zero gravity using a drop tower facility wes studied in
Ref. (11) and, mainly, the budble diameter was determined. Forced con-
vective maximum heat flux under reduced gravity was studied in Ref.
(12), where small diameter heaters were used at earth gravity to simu-
late Yarge heaters at reduced ¢. Two correlations were suggested to be
used under high and low flow rates. The effect of gravity on the criti-
cal heat flux was studied in Ref. (13), where tests were performed in a
vertical test section with 1iquid nitrogen flowing in upward and down-
ward directions. It was found that buoyancy effect on the critical heat
flux decreased with increasing inlet velocity, pressure, and subcooling.
Other two-phase flow studies have reviewed the concept of two-phase loop
application for spacecraft (14) and (15).

As mentioned earlier, compared to two-phase flow, considerably more work
has been done on pool boiling. By reviewing analytical and experimental
efforts, Ref. (3) has concluded that the pool boiling heat flux is not
influenced by the gravity, while the critical and minimum heat fluxes
were found to decrease with decreasing g. However, Ref. (16) has shown
that for 1iquid hydrogen pool boiling, heat flux 1s a direct function of
gravity. Experiments carried out by using a magnetic field to counter-
act the gravitational force, (4) and (5), have arrived at the same
conclusion as Ref. (3) on the effect of gravity on nucleate boiling heat
transfer. Mechanism of bubble growth and departure has been the subject
ef many investigations (17), (18) and (6). The findings are reviewed in
Ref. (2) and will not be discussed here.

2-2
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Section 3

TWO-PHASE VOID DISTRIBUTION AND FRICTION MULTIPLIER

Two-phase flows obey the same laws of fluid mechanics as the single-

. phase flow. There are basically two methods of analysis: differential
and integral. In the differential method of analysis, the desired solu-
tion 1s odtained by solving the differential equations which mathemati-
cally descridbe the flow. In the integral analysis, the form of the
solution is assumed rather than calculated, and the unknown parameters
are determined to satisfy the boundary conditions. Integral method has
been used more frequently for modeling two-phase veiocity and con-
centration profiles, Bankoff (19), Zuber & Findlay (20).

To obtain a mathematical model for the flow, two differeat approaches
can be adopted. The two-phase mixture can be considered as a single
fluid with its own properties, or the two phases can be considered
separately and conservatior. equations written for each phase. In the
latter case, the constitutive equations which descride the transfer of
Mass, momentum, and energy across the interface must be specified. In
the present analysis, the differential method, with the two phases con-
sidered as a mixture, will be used. This approach was used dy Levy (21)
for evaluating the two-phase density distribution and pressure drop.
The same approach will be used here, but the equations will be modified
for zero gravity conditions and also the method will de extended to
solve for two-phase heat transfer,

If we consider a bubbly mixture in zero gravity flowing in a pipe,
because the ratio of surface area to volume of the bubbles is large, the
dreag force would be dominant, and the bubbles will be traveling with
nearly the same velocity as the liguid. Oue to the existence of trans-
verse forces, the bubbles will travel very close to but not exactly

3-1
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along the streamiines, and some relative velocity will exist,
Therefore, the two phases can be assumed to flow in a local homogeneous
state. This means that the velocity of liquid and vapor phases are
equal at every radial position, Hut there may bde & concentration gra-
dient in the pipe cross section.

A force which is normally neglected in fluid flow analyses but is impor-
tant for void distridbution in zero gravity is the 11ft force within the
shear layer. Rotation of a particle due to the presence of a velocity
gradient in the fluyid results in a force normal to the flow direction
and tends to move the particle to the region of higher velocity., At
high relative Reynolds numbers, this phenomenon is known as the Magnus
effect, where the particles experience significant 11ft in the absence
of fluid shear. This force will result in the migration of the larger
bubbles toward the center of the tube in the absence of gravity,

3.1 METHOD OF ANALYSIS AND THE GOVERNING EQUATIONS

In the preseat analysis, the two-phase system is assumed to be a con-
tinuous medium, and the single-phase turbulent mixing length theory is
used to solve for void distridbution and pressure drop. This method was
developed by Levy (21) and is extended here for the case of zero
gravity.

In the absence of gravity, the conservation of mass and momentum for 2
two-phase flow in a two-dimensional channel are given by:

_ﬁa. (eu) + ,% (ov) = 0 (3-1)

LR AR TEE TP AT (3-2)
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where x 1s along the flow direction and y is in the transverse direction
seasured from the wall,

Assuming that the turbulent flow consists of an average and a fluc-
tuating component, i.e.,

and taking the time averages of the conservation equations (3-1) and
(3-2), wil) result in

¢ (00) + g8 (ov) + g (6°v') = 0 (3-3)

aReaRe-BegoP-goirn - R 0

In taking the time averages, the following averaging rules were used:

—
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The compressible boundary layer momentum equation is obtained by
multiplying equation (3-3) by u and adding to equation (3-4). The
resulting equation is

-,,1, (;u'z) + ,;- (p;-;) .- % + -5?- (w #) + ,;- (-: p::' - : u'v') (3-9)

3-3
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Equation (3-5) can be written in the following form

*(:\?)45’-(.&\!)--*0{} (3-6)

where v is the total shesr stress which is composed of the viscous or
laminar and apparen: or turbuleat stresses.

tﬂlett-(ug-)-(up'v'*pu'v') (3-7)

In the asbove equation it 1s assumed that the two-phase viscosity does
not vary in the redial direction,

It should be noted that the compressible turbulent momentum equation in
the majority of fluid mechanics literature, Schlichting (22), White
(23), is given in the form which was originally developed by Van Driest
(24). This form of equation is given below,

T TEAL TRF RF 0T RF IS, (3-8)

Mo;-;;Oo‘ '  and the total stress would be

Te, -u*-(o u'v') (3-9)

These equations are the same as (3-4) and (3-7) with » different defini-
tion for turbulent stress. The definition of apparent turbulent stress,
eq. (3-7), fs made here by comparing the turbulent momentum equation,
(3-4) or (3-5), to the laminar equation. The reason for the particular
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grouping in equation (3-8) is that v appears only in the form of pro-
duct with o, However, this 1s not the case if a solution for the den-
sity distribution is desired when the grouping of equations (3-6) and
(3-7) is more appropriate.

It 1s known that the temporal average u'v' is negative and it is nor-
mally assumed that

Q'v' s Cy' o v (3-10)

we further assume that

o'v' = D' o v (3-11)

Using the mixing length theory for the turbulent flow and absorbing the
constants C and D into the mixing length, the fluctuating components of
velocities and density can be written as

u' s y' = [uﬁ_ (3'12)

o' = :’* (3-13)

It is further assumed here that the exchange of momentum and void is
equal; therefore, the mixing lengths for the velocity and density
distridbutions will be equal.

L s "U = "9
If the shear stress is approximated by the wall shear stress, .
equation (3-9) using the definitions of equations (3-12) and (3-13)

becomes

o ——




Lo v 2? (g) (‘-) + 0 ‘z (£)2 . uﬁ (3-14)
dy dy dy dy

Using the Yan Driest (27) mixing length model

!-lv[l-O'f]’

equation (3-14) becomes
w

T, ° 2y $ .4 (1-e ‘f’,’ o B (3-15)
dy dy dy

Since we will be concerned with the mean components, the bar will not be
used in the remainder of this section. The velocity, density, and
pressures, unless specified, will be the mean values.

If another relation hetween p and u 1s found, it can be solved simulta-
neously with equation (3-15) to obtain the density and velocity distri-
butions. In order to obtain such a relation, the forces acting on the
bubbles will be analyzed next.

3.2 ANMALYSIS OF THE FORCES ACTING ON A BUBBLE IN ZERO GRAVITY TwWO-PHASE
FLOMW

The forces acting on a bubble during growth and departure from a heated
surface have been analyzed in References (17) and (2). These forces are
buoyancy, which will not exist in zero gravity, drag; surface tension;
fnertia; and internal pressure. The bubble will depart if the resultant
of these forces is away from the heated wall. For moderate gravities,

3-6
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buoyancy dominates and causes the bubble to depart. At small and zero
gravities, departure may occur for fluids where the surface tension
and/or 1inertia forces result in a net positive force away from the
heated surface.

For flow boiling, a viscous drag force in the direction of the flow will
be acting on the bubbles, which will tend to detach the bubbles from the
wall, For two-phase flow under zero gravity situations, internal
pressure and inertia forces are negligible. Because the ratioc of the
surface area to volume of the bubbles is large, the drag force will be
dominant and the bubbles will be traveling with almost the same velocity

as the 1iquid (local homogeneous flow).

As mentioned earlier, there is an additional force due to the rotation
of a particle which is normally neglected under earth gravity when the
rotation speed is not very large. This 11ft force acts on a particle
rotating either due to the presence of fluid shear or rotating freely in
the absence of fluid shear. At high relative velocities, a rotating
sphere will experience a large 11ft force in the absence of shear. This
phemomenon, called Magnus effect (25), is acted on a rotating particle
at high transiational velocities like a golf or tennis ball. At small
relative velocities, typical of situations expected for two-phase bubbly
flow, the 1ift force due to free particle rotation was theoretically
given by Rubinow & Keller (26) to be

X 8
FL o " pQu (3-16)
where § 1s the angular velocity which for a freely rotating particle fs

given by
Q= 1/2 g
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¢ is the particle diameter, and p is the density of the fluid around the
particle.

Saffman (27) has shown that when the relative velocity between the par-
ticle and the liquid is small and the fluid Reynolds number is large,
11ft force due to particle rotation is less by an order of magnitude
than that due to shear. The lift force due to shear is given by

FLe 1.2 612 012 @l/2 o (3-17)

where u is the fluid viscosity.

In zero gravity, the bubbles will be traveling almost along the
streamiines. Assuming that the models developed for particle suspension
is applicadble to budbbles, the appropriste relation for the 1ift force is
that given by equation (3-17). When two bubbles collide, the resulting
bubble will be larger and, from equation (3-17), the 1ift force will
grow and the bubble will move to 3 new equilibrium position towards the
center of the tube which has a higher velocity.

The main forces acting on the bubble in the transverse direction are the
surface tension force, which holds the bubble together, and the 1ift
force. From the rules of the classical fractione! analysis, the ratio
of these main forces should be constant in order to have similitude be-
tween two systems,

23NV, i g —
- - u -
n ot Kl% "' u (3}') d (3-18)

According to Ref, (28), the critical or breskup radius of a budbdle in &
shear field is given by
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. (3-19)
‘Crit - (%)

It is assumed here that the bubbles coalesce t: the critical size upon
moving to the new radial position. Substituting (3-19) in (3-18), we
will get

f")Crit R .

\ e (3?)’3’

2 3 (3-20)

The critical We, according to Ref. (28), varies from 0.82 to 1.0 for the
range of “G"“L from zero to infinity. Therefore, it can be assumed that

(We)e g, = 1.0

and eq. (2-20) becomes

.

» .....%1_ (3-21)

cu

where c is given by

2%
c o2t o Bb
2 5
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Dividing both sides of the above equation by the liquid density and the
numerator and denominator of the right-hand side by t, results in

£
2 . “'% (3-22)
F]
oL ®, Cu
=
In order to meet the following boundary conditions
“w
w30 us0 peg Q.2
at y® R g = 0 o= pc
equation (3-22) becomes
£ S
™ dy ]
L . = * = (3-23;
pL l cu o DL QL
- oL = %

which is the second relation between density and velocity needed for
calculating the void and velocity distridbution,

3.3 NOM-DIMENSIONAL EQUATIONS AND METHOD OF SOLUTION

In order to solve equations (3-15) and (3-23), they are non-
dimensionslized in terms of the following variadbles

3-10
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4’;‘ =c(o*-p ") u" s o' - 'g’ (3-25)

L 4
l-u";
+ + » dy (3-26)
%.-_}n:p’ 244.;‘ -’2
v e Wy P-4

F

The constants H and F' for single-phase flows have the following values:
=04 and F* « 26 (3-27)

It 1s known that these mixing length constants are independent of fluia
properties and flow rate. It is therefore expected that they wil) be
applicadble to turbulent two-phase flow. It is further assumed that the
two-phase viscosity can be approximated by the liquid viscosity, i.e.,



e

;-

W oe
There are a number of relations for two-phase viscosity which can be
included in the present amalysis without complicating the solution.
However, there is not much justification for applicability of any of
these viscosity relations. Liquid viscesity, which 1s a good approxima-
tion for the adiabatic wall situations, is therefore used.

Equattons (3-25) and (3-26) can be solved simultaneously for the two
variables u* and o* as a function of y‘. In order to have finite solu-
tions near the wall, equation (3-26) should be modified for laminar
sublayer.

Laminar Sublayer Length

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

sublayer. However, within the sublayer u* = y* and
+
2‘—; s ] (3’2.)
dy

which, 1f substituted in equation (3-24), results in

(67) = 0%+ —ppd

+2 1
Laminar - e 1_’:

The above equation can be differentiated to get the following relation

+ +
(4e.,) - ——251 (3-29)

9 Laminar (cy*? « l )2
l-ac¢

| B
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At the edge of the sublayer y’ = ¢' the state variables and their deri-

vatives should be continuous, therefore

at !o .8t
+ +
) = p
! Leminar turbulent
+
ﬂr - 3 u’ - “
dy
ot ¢ 1
’ cc" ¢ -—-—l—
1-0.*
+ + c
(28 .- .. - (3-30)
9 turbulent Y ¢
+ +
(de.) « —x2c$ (3-31)
day Leminar (c6*? o _l_)z
1 - 'h*
L 3 +
(42 - (42

dy' turbulent  dy' Laminer

Equations (3-30) and (3-31) are solved for the sublayer length.
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] - (3-32)
2 co, 1-0" C(l-oc’)

The above equation has a real solution for ’c’ <1/90r p < o /9.

Even though the two non-dimensional state variables v and o’ can bde

solved as a function of y' from the above equations, the results will '
not have much practical use unless rearranged in other forms. In order

to do this, the following relations are derived.

The cross-sectional average density is given by

: ._L“_ 2/;»«

Considering that r = R - y and dr = -dy, the above equation can be non-
dimensionalized to get

+

R
| oed] Sat 0w (3-33)
o

where Q is a dusmy variadble.

The average mass flux is defined as

R
A
A R’

e

This equation can also be non-dimensionalized as follows to calculate a
t new vartadble, 2.
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1ol o KA o'yt (' - Q) & (3-34)

This two-phase Reynolds number 1s defined as

Re « £(2R) . 5 2%, (3-38)

The two-phase friction multiplier is defined as

(3-36)

where the denominator in the above equation is the frictional pressure
gradient if the tota) flow is assumed to flow as liquid, i.e.,

. .o & ¢
Cax's o %.n -

where fo is the single phase liquid friction coefficient given by the
following relations:

f.-ﬁ Re < 2300
Re

f, = 1.84 x 1074 Re¥ %% 2300 < Re < 4000 (3-38)
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TN T =

f, * 0.316 e 0+%S Re > 4000

The wa'l shear is given by
Pr.l,2 6,2
RN . iy TR Y
Therefore, two-phase friction multiplier becomes

2 8
T _—
0

The void fraction for the two-phase flow is calculated from

® "9 (1 - a) ¢ oG °

.-L-L‘:— (3-40)
%
oL - o l-’L

The aree averaged flow quality, Xg» 1s obtained from the following
relation for local homogeneous flow

¥
A%
) W GA

i"nccu‘-oecu

s e &
atatinl ol
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Non-dimensionalizing the equation results in

6 R

b sk s i i

(3-41)

Using equations (3-34) amd (3-41), the flow quality s calculated as

follows:

‘0
°e .
Y [ (1-s") o* (" - @) a0

i rt
--,-5 [ o' u* (R* - Q) 90
L (4]

The cross-sectional ares average voic becomes

.-l)“-—l:—’!-_
[ | A &
) -2

L

(3-42)

We next define the following void and quality relations to absorb the

effect of system pressure.
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Therefore,
ot s1-," (3-43)
[F
: (1-0") u* (R* - Q) @0
X.’ . —2 - (3-44)

Rf
f o' ut (R* - Q) aQ
0

Method of Solution

For a given value of the constant c:

1. A non-dimensionalized center |ine density, o, *s 15 assumed,

2. The non-dimensional sublayer length, 6'. is calculated from

equation (3-32).

3. The governing equations are integrated using equations (3-28) and
(3-29) for y* < &' and equations (3-25) and (3-26) for y* > &* to
calculate the state variables u’ and p’ as a function of y'. .

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

formed to calculate o + 2
3, Re, ¢,°, .", and x.’ from equations

3-18

.
3..
adaltad et S gt atat aa et



(3-36), (3-39), (3-43), and (3-44).

Therefore, for a given value of the constant c, the state variables are
calculated 2s a function of Y' and o'+ In agdition, because for every
y‘ and ’c" there are specific Re, o.’. x“. -.‘. and 002. the void
fraction and two-phase friction multiplier can be expressed as a func-

tion of x.‘ and Re,

A computer program, ZR0OG, was developed to perform the above calcula-
tions. This program uses the SFODE integration algorithm which solves a
system of ordinary differential equations using Adems predictor-
corrector method. ZROG was written in FORTRAN, and the calculations
were performed on a Compupro (with MP/M operating system) and on an
IBM-PC/XT (with MS-DOS operating system). All the routines were written
in double precision to reduce the round-off errors. The program GRAFIT
(developed by Golden Software) was used to generate the plots. This
routine only connects straight 1ines between points and no curve fitting
is performed.

3.4 RESULTS AND DISCUSSION

The parameter ¢ introduced in equation (3-21) is actually a propor-
tionality constant which is a combination of the constant K‘ and the

similitude ratio K3.
. ol . 8

K3 K3

c

The value of ¢ should be determined from experiments, but because it
affects the length of the laminar sublayer given by equation (3-32),
some order or magnitude approximation for this variable can be made.

Van Driest's (24) mixing length equation used here is actually a con-
tinuous relation which can provide an eddy diffusivity applicable all
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the way to the wall, However, equations (3-25) and (3-26) are not con-
tinuous close to the wall, which makes it necessary to imtroduce &
sublayer region, as discussed before. Because the molecular afffusivity
is expected to die out for y' « 10 to 30, from Table 3-1, which is for
'c’ = 0.1, 8 value of the order of 1/100 seems to be appropriate. Table
3.2 gives the sublayer leagth for ¢ = 1/200 and 1/400 for different
values of centerline density.

Tedle 3-1
¢* values for ’c’ « 0.1
- N 1/10 1/100 1/200 1/400 | 1/1000
| 1.0 4. 14.91 21.08 29.81 47.14
Teble 3-2

6* Values for ¢ = 1/200 and 1/400

0. °* 0.01| 0.02] 0.03| 0.0¢| 0.05| 0.06| 0.07| 0.08] 0.09

0.1

c=1/200) 14.51) 14,91 | 15.34] 15,83 ) 16.36| 16,97} 17,68 | 18.52 | 19.59
c*1/400 | 20.52| 21.08| 21.70| 22.38 | 23.14| 24,0 | 25,0 | 26.19| 27.7

Velocity and density distributions for %c* = 0.1 and for different
values of ¢ are shown in Figures 3.1 and 3.2. The density profile be-
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comes flatter for smaller c. Figures 3.3 to 3.6 show u' ang e’/ac‘ for
C = 1/200 and c = 1/400. As discussed in the previous section, for the
given value of ¢, two-phase friction multiplier and void fraction can be
expressed as a function of flow quality and Reynolds number. Figures
3.7 to 3.10 show ¢ 'f, ang o' s a fuaction of ' for c = 1/200 and
c = 1/400. Predictions are presented in this form to adsorb the effect
of system pressure and the choice of single-phase friction coefficient
relation,

The two-phase friction multiplier using the single-phase friction factor
selected here, equation (3-38), is shown in Figures 3.11 and 3.12. At
earth gravity, the two-phase friction multiplier is expected to decrease
with increasing mass flux. An opposite trend is shown ‘n Figure 3.11
and 3.12. This is due to the fact that, even though ¢ ’f drops with
increasing mass flux, fo given by equation (3-38) has a stronger depen-
dence on Re which resuits in an increasing two-phase multiplier. For
larger values of c, the two-phase multiplier may show the same trend as
the earth gravity case. In any event, the true coefficient for calcu-
lating the two-phase pressure drop, as shown in equations (3-36) and
(3-37) ts ’oz'o' which reduces with increasing mass flow. In Figure
3.11, the two-phase friction multiplier for Reynolds nusder of 3000 is
larger than for Reynolds number of 5000. The reason for this tremd is
that the single-phase friction coefficient in the transition region de-
tween Re = 2300 and Re = 4000 goes down which results in an increasing
two-phase friction multiplier. As mentioned earlier, the ~lotting
routine used here connects the dcGata points with straight lines.
Therefore, siope changes such as the ones seen on Figures 3,2 and 3.6
around y*=10 could have been avoided if more data points were avaflable
or a curve smoothing technique wes used.

The predictions using the present mode) can be compared to earth gravity
data. Unfortunately, the void-quality data in the majority of the two-
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phase flow literature is presented either as a function of thermodynamic
quality or it is reported for very low qualities. The void as a func-
tion of flow quality can be obtained fram the available literature, but
this requires more time, Oue to project limitations, this comparison is
not performed in this phase of the program. However,K the two-phase
friction myitiplier from the present mode! is compared to earth gravity
data. This is shown in Figure 3.13 which is reproduced from Reference
(29). The two-phase friction multiplier for Re = 50,000 and c = 1/200
and 1/400 are shown as a function of flow quality. From Figures 3.7 to
3.13, 1t can be concluded that the parameter c does not have a signifi-
cant effect on the void-quality relation, while it strongly affects the
two-phase friction multiplier. Figure 3.13 also shows that the two-
phase multiplier increases with increasing the parameter ¢ and, for
values of 1/200 and 1/400, the two-phase multiplier is significantly
sl ler than the earth gravity results. This is in contrast to conclu-
sions of Ref. (10), where the pressure drop was shown to increase as the
gravity was reduced. [t is believed that the present model represents
the physical phenomenon correctly, but the value of c used in the pre-
dictions may be too small. As discussed in Section 5, this model pre-
dicts an fincreasing void fraction approaching the homogeneous
distribution and a decreasing two-phase friction coefficient, ¢°2 fo' as
Reynolds number is increased. The two-phase multiplier should be iarger
than, but approaching the homogeneous distribution as the Reynolds
number is increased. Figure 3.13 shows that the two-phase myltiplier is
smaller than the homogeneous value. A larger value of ¢ (on the order
of 1/20 to 1/50) would result in a larger two-phase sultiplier and a
decreasing trend with increasing Reynolds number. Such values of ¢
correspond to sublayer lengths of 5 to 10 and will not affect the void-
quality relation significantly. ODue to time limitations, predictions
with larger values of c were not performed in this phase of the project
but are recommended for the future,
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Following the drift flux approach (20), the generalized void-quality
mode|l can be expressed as

o= A (3-45)
[ opV, .
ol x+=2(1y) ] » 28
oL 6

where <o is the void distribution parameter and VGj is the drift velo-

city. For the case of local homogeneous flow, ch = 0 and

e - (3-46)
Pe
o[ x+—1(1-x) ]

L

<o is usually determined from experiments, and it varies between 1.0 and
1.2 for earth gravity bubbly flow. In the present analysis, an attempt
was made to find the void distribution anzlytically using the analysis
of the forces acting on the bubbles. However, there 1S an unknown fac-
tor, c, which should be determined from experiments. At very high
pressures, the two-phase flow at earth gravity will be nearly homoge-
neous. In addition, °L/°G decreases with increasing pressure, thereby
reducing the effect of gravity on the flow. In the adbsence of zero gra-
vity test results, high pressure vertical two-phase flow tests can be
used to estimate the parameter C.
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U+ VS Y+ FOR R4+CL=D. 1

'
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01/C=10 A1/C=100 ©1/C=200 X 1/C=400 + 1/C=1000

Figure 3.1. Effect of the Parameter c on the “elocity Profile for

+
Pe = 0.1
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Figure 3.2. Effect of the Parameter c on the Density Profile -
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Figure 3.3. Effect of Center Line Density on Velocity Profile
for C = 1/200
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W0+ VE. Y+ FOR 1/C=200
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Figure 3.4. Effect of Center Line Density on Density Profile
for C = 1/200
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Figure 3.6. Effect of Center Line Density on Density Profile
for C = 1/400
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Figure 3.7. Two-Phase Friction Factor vs. Modified Flow Quality
for C = 1/200
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Figure 3.10. Void Quality Profile for C = 1/400
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Figure 3.11. Two-Phase Friction Multiplier vs. Mndified Flow Qualtity
for C = 1/200
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Section 4

TWO-PHASE HEAT TRANSFER COEFFICIENT

As discussed in Section 2, the two-phase heat transfer coefficient at
earth gravity depends on the flow regime and whether the bulk liquid is
subcooled or saturated. The heat transfer regimes for forced convective
boiling are shown in Figure 4.1. The boundaries of the saturated forced
convective boiling are shown in Figure 4.2. The present analysis 1s for
saturated two-phase heat transfer which covers the nucleate boiling
regime (regions C and D in Figure 4.1) and the forced convective regime
(regions £ and F in Figure 4.1) where there is no nucleation at the
wall. As shown in Figure 4.2, the forced convective boiling can occur
at any flow pattern, but normally at earth gravity this heat transfer
regime occurs with the annular flow.

The majority of the existing correlations (30) and (31) are of the fore

Rep = Moo T (xge)

where h" and "fo are the two-phase and single-phase liquid heat
transfer coefficients, respectively, and %o is Martinelli parameter.
These correlations have been developed for the forced convective region
and have been modified for the application to saturated nucleate boiling
regime. The Chen (32) correlation, however, 1is applicable to both
regimes and has been developed by adding the contribution due to both
mechanisms of heat transfer,

The present analysis should basically be valid to any mode of heat
transfer which is contrclled by the temperature difference in a narrow
region close to the wall. However, because the velocity and density
distridbutions developed in the previous sectior are used, the analysis
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ts valid for no vapor bubble at the wall. This will cover heat transfer
for two-phase, two-component flow and single-component forced convection

. regime with dubbles within the liquid film or for nucleate boiling with
a2 *mall number of nucleatior sites, where fluid density at the wall can
be approximated by the 1iquid density.

,
N 4.1 GOVERNING EQUATIONS
The conservation of energy for a two-dimensional channel is given by

.c’(ul[n;’_[)._’.(xﬂ.)“.!.“ (6-1)
x dy 9y oy dx

where ¢ 1s the dissipation term., Following the same approach as in the
previous section, it can be assumed that for the two-phase turbulent
flow, the temperature consists of an average and a fluctuating com-
ponent, {.e.,

TaTasT

Using the averaging rules shown in Section 2 and taking the time average
of equation (4-1), we will get

s

. "'31: Pl | @ o7 Osé 3? ? g
C ——’c —m— o — - — S om—
pouT ’pvay a’(K:y) cp o'V (c’va)
Q:QQu‘
dx

If i1t is assumed that the specific heat does not vary with y, the above
equation reduces to




- — o T ] 3? —._-olT___i g
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In the compressidle flow literature, the term - c' o'v’ a-f/ay in the
sdbove equation is combined with the transverse convective term to get

et 1] —T_ _23.8,
c -— ¢ C L e«.8, + 4-3
p oY ’ov’y o ue (4-3)

where in comparison to laminar enerzy equation

" Yeminar * Uurdylent

Q'-K,ﬁoc ST (4-4)
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The above definition for the heat flux is equivalent to assuming

o'v' T < v ] (4-5)

in equation (4-2) and defining (4-4) dy comparing (4-2) to laminar
energy equation,

In the superheated region near the wall, it is assumed that

"%

vTI'e.Ce T
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Applying the mixing length theory and using equal mixing lengths for the

' momentum and heat transfer, we will get
T 2 2 -¥ .2 war
2 o f = - H & — 4-5
q, -~ Wy [1-e 7] - (4-5)

4.2 MON-DIMENSIONAL EQUATIONS AND METHOO OF SOLUTION

Equation (4-5) 1s non-dimensionalized using the definitions of equation

(3-23) and
l -
‘ﬁ
o gy Tl
T = (t,- N (4-6)

If we drop the bar convention representing the mean component of the
flow, (4-5) reduces to

a1t - l (4-7)
:_0 -, . o - .
’ Wy [(1-e ﬁ:] P g:';,.}-
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It is known that the two-phase Prandt] number can de approxisated by the
value corresponding to the 1iquid, 1.e.,

PraPr

N AAREEN

Equation (4-7) can be integrated along with the differential equetions

for o* ane o' given by (3-28) and (3-29) for y' < ¢ and equations .
(3-26) and (3-28) for y* > 4°. Therefore, for a given value of the

constant ¢, the state varisble T* will be calculated as a function of '
y' ana ot




gy _— L i i D Jie o oo oo ASB S S Shi S

In order to calculate the heat transfer coefficient, a mixed mean tem-
perature is defined as follows

Shc, T, =fouc Ta, (4-8)
For constant c’, we will have
R
2 4 ouT (Rey) dy
Te ® p= (4-9)

Non-dimensionalizing (4-9) and defining a heat transfer coefficient as

2+ agiihuee (4-10)

will result in
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Nusselt number is defined as

«ARE . Re Pr .
e 22 :; (4-12)
;%J ’00010 (R’-y’) dy’
o

The method of solution consists of integrating (4-7) along with
equations (3-28) and (3-29) for y* <« &' and equations (3-25) and (3-26)
for y’ > &', m every step the integral in equation (4-12) is performed
and a Nusselt number is calculated. All the solutions are performed for
"L = 1.0 in the present analysis.

The computer program IROG, discussed earlier, actually solves the system
of three differential equations for the state variables o, o, and T,

4.3 RESULTS AND DISCUSSION

Temperature distridbutions for a given value of the center line density
(0: = 0.1) ana different values of c are shown in Figure 4.3. The
change in the slope in this figure at around y' = 10 is not really pre-
dicted by the model. This s due to logarithmic scales, the few
availadle points bdetween y' = 0 and 10, and the method of plotting.
However, the change in slope and increase in temperature at larger
values of y’ (e.9., y’ = 100 for c = 1/400) is representative of the
true phenomenon. This rise in temperature at larger y' s due to
incressed void within the flow., Figures 4.4 and 4.5 show the tem-
perature distridution for ¢ = 1/200 and 1/400 and different values of
the center |line density.

The Nusselt nusmber predicted by equation (4-12) is not a function of Re
and Pr, alone, and it varies with the center line density. Similar
solutions for the single-phase turdulent flow in a pipe express Nu in

-.'a“."‘.-..
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terms of Re and Pr alone. The reason for this is that, in agdition to
the differential method as described for the two-phase flow sbove, the
single-phase models assume 2 velocity profile to calculate the state
varisbles ot the tube center |ine.

The Nusselt nuabers for ¢ = 1/200 and 1/400 for different Re and ’c’ are
shown in Tables 4-1 and 4-2. It cen be seen that Nu increases with Re
as expected. Nu decreases with increasing center line density but
reverses this trend st certain Reynolds numders. The reason for this
reversal in the trend needs to be investigated.

4-7
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Teble 4.1 - Huseelit Nuaber se » Function of Beynelds Buaber
ond Conter Line Density for C=1/200 end Prei .0

v
e
¢
o 3000 $000 7000 10000 20000 $0000
e
0.01 .27 $7.%2 70.64 02.%7 108.60 196.70
0.02 2.8 8.14¢ 68.18 01.92 112.%0 179.40
0.02 %.086 $9.96 66.31 80.%4 118.20 190.60
0.04¢ ».N $2.11 64.73 79.3%0 119.00 196.060
0.08 .99 $0.80 63.2¢ 77.99 119.90 199.90
0.06 .02 9.99 61.9?7 76.66 114.90 201.%0
0.07 33.40 4.9 60.% 7.2 114.10 202.%0
0.08 .68 47.99 $9.5 73.9¢ 113.00 200,20
0.09 ».17 % .96 $0.09 72.%8 111.7%0 201.60
0.10 2.9 45.49 % .9 71.64 110.3%0 200.10
4-8
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Table 4.2 - Nusselt Buaber o¢ o Function of Reynolide Nuaber
ond Center Line Density for C=1/400 end Pre=1.0

v
Be
| J
Rho $000 7000 10000 20000 $0000 100000
¢
0.01 46.41 63.02 85.43 12¢4.10 170.00 229.60
0.02 45.%2 61.83 2.2 123.% 106.%0 266.20
0.03 44.68 60.69 79.9% 121.9% 19¢. 20 204.00
0.04 .60 99.99 78.43 120.60 197.80 295.9%0
0.08 43.73 $7.080 76.48 118.70 199.7 202.80
0.086 "@.07 9.7 7¢.69 116.00 199.60 206 .70
0.07 42.02 $8.02 72.92 114.90 199.20 208.60
0.00 41.9% 94.08 71.07 113.%0 198.20 30%.40
0.09 41.14 3.9 7.27 111.% 196.70 309.10
0.10 30.21 2.» 68.73 109.% 19¢.00 307.90
.
2
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Fin, 4,) Reqfons of Heat Transfer in Convective
Boiling
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Fig. 4.2 Boundaries of Saturated Forced Convective Boiling
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T+ V. Y+ FOR R+CL=0.1

LOG T+

“# LS v v v L4 v P 1

000 O0S0 100 180 200 280 300 380 400
we v+

O1/C=10 41/C=100 O01/C=200 X 1/C=400 + 1/C=1000

Figure 4.3. Effect of the Parameter c on the Temperature Profile
for o' = 0.1
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T+ V6. Y4 FOR 1/C=200

0.80

0.80

0.40

0.20

0.00

-0.20 ) ] B | ~v = Y . 1 ) | 4
000 O0S0 100 1850 200 280 300 380 400

Lwe v+

L 4 .

D'c - ,01 A-OC"M OOC".“ xpc".-. “c".lﬁ

Figure 4.4. Effect of the Center Line Density on Temperature Profile
for ¢ = 1/200
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T+ V5. Y+ FOR 1/C=400

LOG T+
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L3 L J B L b o L w k 4 .
0.00 100 180 200 250 300 350 400 1
Wwe Y+ -

s .
Oe' =00 Do '=02 Qo'=08 xp'c.08 4o°c.10

Figure 4.5. Effect of the Center Line Density on Temperature Profile .
for ¢ = 1/400 1
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Section 5

CONCLUSTONS AND RECOMMENDATIONS

Turbulent mixing length theory was used to develop models for two-phase
friction multiplier, void-quality relation, and two-phase heat transfer
coefficient under zero or negligible gravity. Differential method of
spproach was used to solve the governing equations for the conservation
of mass, momentum, and enerqgy. The mixing length mode! of Van Driest
(24) was used here, and a sublayer region was considered to avoid
discontinuity in the numerical solution. The non-dimensional velocity,
density, and temperature were used to solve for the desired variables.
This model contains a free parsmeter, c, which ideally should be deter-
mined from experimental results.

In this amalysis, 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 11ft force which
acts on the bubbles and drives them to the region of higher velocity.
Physically, this model predicts the correct trends for the two-phase
flow. As the Reynolds number increases:

e The bubbles will be more uniformly distributed and the flow becomes
more homogeneous.

® The void fraction increases and the distridbution approaches the
homogeneous distridbution,

° The two-phase friction factor, ¢ 2

o fc' decreases.

° Nusselt number increases.

However, it is believed that the values for c used in the predictions
are too smell and ¢ on the order of 1/20 to 1/50 will be more
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appropriate. This will result in two-phase multipliers larger than

homogeneous which will approach homogeneous distribution as Reynolds
number 1s increased.

The Nusselt number predicted by this mode! is a function of Reynolds
number, Prandt| number, and the velocity and density distributions which .

| are specified through the center line density. The predicted Nusselt
nusbers reverse their dependence on center |ine density at a specific
Reynolds number, as shown in Tables 4.1 and 4.2, This is related to the
temperature distribution as thown in Figures 4.3 ta 3.9,

‘ Certain trends predicted by this mode! need to be investigated further
to establish the theoretical bases of the mode!. These are:

1. The predictions should be performed for larger values of c (1/20 to
1/100) and the resylts compared to homogeneous distribution as flow
velocity incresses.

2. The assumption of v = T, 3¢ q = q, should be evalvated, and the
possidility of including the exact relations

ter -h Qe (1-5
should be investigated.

3. The void-quality and two-phase multipliur should be compared to
more earth gravity datas.

e

4. The temperature profile and its dependence on center density should
be studied. ‘B
5. The effect of Prandt]! number on temperature distridbution and ’ :

Nusselt number should be investigated.

‘
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6. Nuclestion at the wal) was neglected in the present model. The
possibility of extending the model to include nucleation needs to
be investigeted.

The free parameter in the present mode! needs to be specified more
accurately., Obviously, experimental results under reduced gravity or
conditions which simulste the flow behavior at zero gravity sre the
ultimate test of the model. These types of tests should be considered
in the fyture, and they can be used to establish the parameter c. In
the absence of such experiments, high pressure two-phsse flow test
resy’ts can be used for better estimation of c. An alternative approach
should also be considered which consists of selecting a constant
sublayer length and allowing the model to calculate ¢, velocity, den-
sity, and temperature distributions. A series of two-phase flow tests
have been designed and planned for the future space shuttle flights
(36 ). The design for these experiments is based on esrth gravity
models. It will be very beneficial to review these designs in view of
the pradictions by the present mode! and also study the possibility of
enhancing these tests to calculate the parameters needed for this model,
which seems to be the only one for Zero gravity.

In addition to the asbove recosmendations, which are mainly for
establ ishing the present approsch, efforts are needed to study the flow
regime transitions at zero gravity and also other possidble two-phase
flow and heat transfer regimes.
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