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ABSTRACT

Models which describe momentum exchange in two-phase,
vapor-liquid flows are surveyed. These models are
related to the momentum exchange coefficient formu-
lations used in the SIMMER code. The result is a
set of model-dependent exchange coefficients for
various flow regimes. Criteria for flow regime
transitions and experimental needs in momentum ex-
change modeling are also discussed.
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1

A SURVEY OF EXISTING MOMENTUM EXCllANGE MODELS IN

TWO-PHASE FLOWS FOR USE IN Tile SIMMER FAST REACTOR

SAFETY ANALYSIS CODE

#

CHAPTER I
..

INTRODUCTION

The SIMMER (S Implicit, Multifield, Multicomponent, Eulerian, Recrit cal-i

ln'ity) computer code is being developed at Los Alamos Scientific Laboratory sLASL)

for the United States Nuclear Regulatory Commission (NRC). The code is drsigned

to analyze the complex neutronic and thermal hydrodynamic phenomena that might

occur in a hypothetical core disruptive accident (HCDA). As part of SIMMER develop-

ment, a program has been initiated to verify the code. The process of verification

includes a critical review of models.used in the code, suggestions for improvements

and model addition, as well as the design and execution of experiments to confirm

models or to provide insights into the phanomena which are characteristic of HCDAs.

Sandia Laboratories is a participant in the verification program. The purpose of

this report is to examine in detail the SIMMER coefficients for momentum exchange

between the liquid, vapor, and structure fields and to relate these to existing

models in the two-phase flow literature. The following presentation assumes that

the reader has a general familiarity with the implicit multifield (IMF) method used

in the KACHINA code and with the structure of the SIMMER code.

Figure I-l is a flow chart which illustrates a general approach that may be

taken to verify SIMMER momentum exchange coefficients. The formulation of the

momentum equations in SIMMER is first reviewed and expressed in a form similar to

more conventional and simplified treatments. These simplified models depend upon

flow regime. The major flow regimes are bubbly, slug (churn-turbulent), annular

(including annular mist), and dispersed (drop) flow. Since little information is

available on slug flow, it is not considered in this report. However, some model-

ing work in slug flow is described in References 3 and 4 The existing models

for each of the other flow regimes are considered. Each of these models uses one

.o of the following basic flow-related assumptions:

1. Homogeneous flow -- the liquid and vapor are treated as an average

g fluid with no slip between phases,

2. Separated flow -- the continuity, momentum, and energy equations

are written separately for each phase, and

7
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Figure I-1. Flow Chart for Verification of SIMMER Momentum Exchange
Coefficients

8

- ._, . , . .-.... . . - . . , _ - , . . - . , - . ,



. - .-- - .. - - _-

3. Flow pattern flow model -- similar to the separated flow model with'the
exception that the constraints related to the flow regime geometry are

included.

These assumptions and their ranges of applicability will be examined in detail.

For the moment, it is useful to note that while the present SIMMER-I momentum
~

exchange is basically a separated flow model, later versions of SIMMER will un-

doubtedly become more flow-pattern oriented. For each particular model, certain

mechanisms for momentum exchange are postulated. In this report, care is taken,

to mention these mechanisms and to stress their implications. Finally, the rela-

tionship of a particular model to the SIMMER exchange coefficients is examined.
''

A summary of the momentum exchange models is given in Table I-1.

TABLE I-l

Summary of Momentum Exchange Models

Specifically
Treated in

Flow Regime SIMMER-I? Other Models Where Examined

Bubbly Yes Homogeneous, Chapter IV
Drift Flux

Slug No criffith and Wallis Ref. 3 and 4
Annular No Armand, Martinelli Chapter III

Annular Mist No Wallis, Levy Chapter III

Drop Yes Homogeneous, Chapter IV
Drift Flux

Following a discussion of the specific models for each flow regime, the

problem of flow regime transitions is considered. A number of criteria are

examined with the objective of defining the transition point between two flow

regimes. No specific recommendation for model incorporation into SIMMER is made.

Next, experimental needs related to momentum exchange processes are discussed.
Here the concern is to identify the major problems rather than to define specific

experiments although some of the latter is done.

At the outset it should be noted that the general case treated by SIMMER,

i.e., two-dimensional multiphase flow with heat transfer and phase change, is

considerably more complicated than those cases normally investigated by the

researchers in two-phase flow. In fact, the preponderance of available data

o actually pertains to two-component (air-water), adiabatic, axisymmetric flow.

As might be expected, most of the available mode'e also were developed for this

system. When heat addition is examined, it is usually in relation to the water-
"

steam system at high pressure. One of the reasons for this apparently narrow

range of effort is that the problems inherent in the investigation and description

of multiphase flows are extremely complicated. Hence, it is probably overly

optimistic to expect to develop new, detailed models for momentum exchange co-

efficients. Instead, it is more practical to adapt existing models and '

,

9
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correlations. The advantages of this approach are that the degree of effort is

tractable and that the SIMMER momentum exchange calculations will agree with

accepted methods for the problems where data are available.

Because of time limitations and the lack of knowledge noted previously, a

number of problems are not discussed in this report. These include

1. Two-dimensional effects,

2. The behavior of solids in the fluid fields,
'

3. Particle (drop, bubble) size distributions, and

4. Inlet and area change effects.

Further effort will be needed in these areas.
"

t

.

10

._



CHAPTER II

REVIEW OF SIMMER-I MOMENTUM EQUATION

In order to relate the SIMMER exchange coefficients to more conventional<

two-phase flow models, it is necessary to briefly review the formulation used in

the code. For the Eulerian control volume, the momentum equation of the vapor
'

lfield is
'

Vapor Field

[1] [2] [3] [4] [5] [6]

h(i Y ) + V - (i Y Y ) = -a vp + r,g g - (r +r,fg+$o0g g g g g g eg c g

[7] [8:

gt t' g - gs g (II-1)

where

Ig " "g gD

a = vapor fraction

3

Iet = [ r,g,
m=1

r,gy = mass rate of vaporization for liquid component i
3

cg = EI cgm
m=1

egi = mass rate of vapor component i per unit volume on liquid ir
3 3

,

{ { {regm)skI =
cs

m=1 k=1

(regm sk = mass rate of condensation of vapor component on
structure component k

' Then term by term, the various parts of the equation are

1 = temporal vapor acceleration,

2 = convective acceleration--momentum change across the control volume,n

3 = pressure gradient,

4 = addition of liquid to vapor field at velocity O '
t

11
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M

5 = loss of vapor to liquid field at velocity 9 ,
6 = body force due to gravity,

7 = drag force between vapor and liquid, and

8 = drag force between vapor and structure

Similarly, for the liquid field,

[1] [2] [3] [4] [5]

h i0 +7*f3g (O = -a vp + T 9 - ,g + A, Og g g g cg g g

(6) [7] [8] ..

+Eh+K O -Y -K h (II-2)g gg g g gg g

where

3 3

s" b b (Alm)skA

m=1 k=1

{Agg)sk=massrateofadhesionofliquidmtostructurecom-
ponent k

and the other terms have the same meaning as they do in Eq. (II-1). Note that

term [5] in Eq. II includes both the effects of vaporization ano the effects of

freezing.

In both equations, terms (7] and [8] contain momentum exchange coefficients.

If, for the moment, it is assumed that these coefficients do not change appreciably

in the presence of phase changes (or that this effect is somehow included later),

and the temporal acceleration terms are neglected, then the following equations

are obtained:

Vapor

-avp*V'fE00 - 9E +K ggf0 -O +K 0 W4g g gs gggg 9

Liquid

- (1 - a)?p = v. F Y Y ~ Et+Kg1 1 ~ g ts i
*E III-4I1 t t

W

where

a=a =
g

1-a=a g

12
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1

'

A standard technique in two-phase flow calculation is to write

IF+ }A+ I"
G (II-5)

where
,

'h)p=frictionalpressuredrop,.

[)3 = accelerational pressure drop
..

h)g=gravitationalpressuredrop
'

Combining these. definitions with Eqs. (II-3) and (II-4) (for one-dimensi~n only*) ,

yields

Y Y~ IA,9 " g g,z g,z

~ A,1 " 1 '

a 1 1,z 1,z

-h)c,9
'

I9"Pg=
g g

(II-6b)
1~ dp'G,1 " 1 - a -P9"E9dz 1 1

~ +~ IF,g " gt g,z 1,z gs g,z

(II-6c)
'

v
a gt 1,z ~ g,z + *ts t,z~ IF,1 " 1

Note that all of the exchange coefficients are contained in Eq. (II-6c). Moreover,

the problem of finding the exchange coefficient set is seen to be equivalent to

the common problem in two-phase flow of evaluating dp/dz)p,g and dp/dz)7 g.
1

Clearly, the equation sets (II-1, II-2) and (II-3, II-4) are written for i

separated flow. flowever, these equations can be rearranged to yral?. sevsral other
useful approximations. Adding Eqs. (II-3) and (II-4) gives

o

~Vp=V*fiY0+E00 - U fi + Fggg g g g g t + K ,V + K ,0 (II-7)g g g g

.
1

*
For equations describing the z-component of momentum exchange, the con-

will be used where no ambiguity will arise.vention that V ,, = V and V ,, = Vggg 9

I

1
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where the liquid-vapor interactions disappear. If it is assumed that V =Vg g,.

then the following homogeneous momentum equation is obtained:

V * fp Y ~ O + III~0I- VP " mmm m ms m

where p is the mixture density.* Since distinction is not made between liquid

and vapor,

s

K,+Kg s=K III~0"I

.

Quite often the homogeneous flow assumption is used, particularly for bubbly and

dispersed flow . 5,6 This assumption will be discussed in Chapter IV.

If Eqs. (II-3) and (II-4) are subtracted from one another, then (in one-

dimension)

- - - -

d 2 - (1-a)p V' =g (1-a)p - ap +K v -V
*

g7 op Vgg g g g g g g

K ,(1-a)V -K aV (II-9)+
g g gg g

Eq. (II-9) shows that the rate at which the vapor and liquid exchange kinetic
2

energy (pV ) is proportional to the velocity difference (V - V) between theg g

phases. A slightly different form of Eq. (II-9) is the starting point for the

steam slip momentum model developed by Levy.

Various models for momentum exchange in different flow regimes will be

examined in the next several chapters. The purpose of these examinations will

be to identify terms in the models which are similar to Eq. (II-6) for the

frictional pressure drop and thus to obtain model-dependent definitions of the

exchange coefficients.

9

*

e

In these equations, ng + ag = 1, and the structure volume fraction (as) is
not explicitly considered. When the structure fraction is neglected, the volume
of the control volume is considered as the flow volume only.

14
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CitAPTER III

ANNULAR PLOW

~
The annular flow regime is not considered explicitly in SIMMER-I but is

scheduled for inclusion in SIMMER-II. A typical annular flCw situation is shown

in Figure III-1. The walls of the channel are in contact with a liquid film and..

the gas flows in a central core. There may be appreciable amounts of liquid in

the gas core, in which case the flow pattern is said to be annular mist. The

orientation of the channel is important. If the gas is flowing vertically up-

ward, the liquid film may be flowing either upward (cocurrent flow) or downward

(countercurrent flow) depending upon the relative flow rates. In vertical annular

flow, the pressure drop is strongly dependent upon the liquid film flow direc-

tion. The boundary between downward and upward film flow is known as flooding

and is accompanied by a sharp increase in pressure drop and entrainment.

VAPOR + LIQUID

n
V ^ Vj or Vy fg

I|'

& . .
!

|e

..s

\
-

.\ .-
|

.

'
>

-

, .

r\
-

,

|- JI.

-. ,
.

i | |
1

LIQUID FILM,

>

Figure III-1. Vertical Annular Flow

On the basis of the known flow geometry, some characteristics of the*

momentum exchange coefficient set are immediately apparent. The vapor-structure

coefficient, K ,, is zero since the vapor is not in contact with the structure.g

15



If there is a mobile solid component, then K ,g,) is nonzero; however, some formg
of this exchange coefficient will be needed for all the flow patterns. The wall

shear stress depends only upon K Finally, the vapor-liquid drag is composedg.
of two parts: one is related to the drag at the film-core interfacer the second

describes the interaction between liquid drops and gas in the core. Clearly,

the second interaction is the same as E in dispersed (drop) flow.gg

Several models have been proposed to define the pressure drop in annular

flow. The purpose of a model is normally actually twofold: -

1. To predict the pressure drop, and

2. To predict the void fraction a. .

In most cases a is not known separately. The models considered here are those

developed by Armand, Martinelli et al., Wallis, and Levy. Although various other

models exist, the preceding models illustrate the general approaches to the

problem.

Armand Model for Annular Flow

One of the earliest models developed for annular flow was that of Armand.8,9
The model was originally intended for horizontal, simple annular flow, as shown

in Figure III-2. For this model, the following assumptions are made:

1. Sp/Br = 0, and

2. dp/dz)g + dp/dz)g u dp/dz)F # *#*I #*'

3. The pressure drops in both phases are equal.

I| , I
o

I

| |
'

I I
fl OL)

sP| | DO~ s =

1

|

| 1 l i<
!

5.y i I I ie

i '

!

'*
Figure III-2. Horizontal Annular Flow pattern Used by Armand
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Based on those assumptions, the moinentum equation for the total flow is

just

rdJITw " 7 dz TP (III-1)

where T, is the wall shear stress and dp/dz)TP is the two-phase pressure drop
gradient. Armand furtimr assumes that the film velocity profile is similar to

that in turbulent single-phase flow so
,

oc [Twj4/7 /Y /7E
(III-2)v

.. y \pt/ (Vg

After v is found in terms of the liquid mass ficw rate and some algebra is

applied, the following expression for the pressure drop is obtained

dy H'dz)TP , dj) t *

dz / (III-3)
,

2 ,8

which for a > 0.7, can be approximated as

ITP " t* ,)2 (III-4)
{3

where H' and H are constants and the tern dp/dz)g is the friction drop that would
exist if the liquid film were to flow alone and turbulently in the channel. This

is expressed by

f VE 2dp)t " T6~ Pdz 1-a (III-5)
9

The friction factor is that normally used in single-phase flow and is a function

of Reynolds number and pipe roughness.

|Pressure drop equations which take the form of Eq. (III-4) are often written

as

dz
, 4 )d_p)TP ,dp)t 2
dz t (III-6) i

l
D |

where $g is the two-phase friction multiplier based upon the liquid. In Armand's
,,

model,

1

j
*2

H
t" gy _ )2 (III-7)

,

17
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The fact that

2 14 oc
(1 - a)

has been noted independently by Levy.10

As pointed out earlier, the void fraction is not normally known, so Eq. ,

(III-4) alone is not adequate to find the pressure drop. Armand assumes that the

interfacial shear stress depends upon the relative velocity between the gas and
*

liquid so

ITP" }F,g " 2f Ug g,g

where f is the gas friction factor and V , is the liquid velocity at the inter-g g

face. For the assumed film velocity profile

h- VVgg = g

so

N)F,g 9 U= 2f
dz g D v.a

gg7,9)

Taken together Eqs. (III-9) and (III-4) can be solved for both a and the pressure

drop, provided that H and a relationship for f can be found.g

Eq. (III-9) can be solved for a, using

4+hS
a=1- t > 0.9 (III-10)

y[,+5+S

where

m
2
Og

$"m *m
d+1
O Pg t

t S=4 Re | 3 a,p

*t

!I g (III-10a)a' = const.

18
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The empirical constant a' is found to be

I

a' = 0.69 + (1 - $) {4 + 21.9 / Frg) (III-10b)

where Fr is the liquid Froude numberg

2V

I* L " ~ k-

Accordingly, the procedure is to find a from Eq. (III-10) and then solve Dq.
~~

(III-5) for dp/dz)TP'

Although the analysis above applies only to pure annular flow, it is further

assumed that an equation of the form

d do 11J Idz TP " dz t gy , q)i (III-11)

applies for all flow regimes. For $ < 0.9, the void fraction relationship is

taken as

a = 0.834

0 < $ < 0.9

Values of H and i for various flow regimes are given in Table III-1.

TABLE III-l

10
Values of H and i in the Armand Model

Flow Regime a Range 11 i

Bubbly, Slug 0 < a < 0.65 1 1.42

Annular 0.65 < a < 0.9 0.478 2.2
Annular Mist 0.9 < a < 0.99 1.73 1.64

Application to SIMMER

The Armand correlations were initially developed for horizontal annular ficw

i and were later extended to other flow regimes in horizontal two-phase flow. Direct

application of these correlations to vertical annular flow is probably not war-

ranted. flowever, the simplicity of the results is attractive, and correlations
'

of a similar form might be used. Therefore, it is worthwhile to see how the

Armand analysis can be related to SIMMER exchange coefficients.

19
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Reference to Eq. (II-6c) makes evident that

h)TP" I K V ~v (III~12IF,g " g1 g i

. .

where K , is taken to be zeve Hence, from Eq. (III-9),g

I"9 7"')2 68

x - 2f -

91 9 "g D[ Vg g)-V (III-13) '

where f is found from Eqs. (III-10a) and (III-10b). Alternatively, Eq. (III-4) -
g

can be used to obtain

2
I V
t H g

#91 " % gy , ,)2 1-o [V -V} (III-14)g g

The second form is probably easier to use. In either case, the empirical con-

stants a' or H need to be found for vertical annular flow. Suitable correlation

can probably be developed from existing data and other correlations or could be

developed experimentally.

The Armand model does not directly address the exchange coefficient K ,.g

It is important to note that Eq. (III-4) states that

T " Tw TP wt

but does not define the proportionality. If it is assumed that dp/dt) and

dp/dz)g can be neglected (Assumption No. 2 above), then

T

w TP " h
T (T *T as a = 1) (111 15)w i

in order to satisfy Assumption No. 3. Since T is known in the Armand model,
g

T and hence a value for K can be obtained. It should be emphasized, however, |
y is
that neglecting the gravitational term for upward annular flow is a poor j

'

assumption.

11,6
Annular Flow Model of Martinelli et al.

.

A series of well-known correlations was proposed by Martinelli and his

coworkers in which several basic assumptions are made:
'

1. The two-phase flow is considered as the sum of two single-phate
flows, |

2. The static pressure drop is caused by friction alone,

l,

20
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3. The radial pressure gradient is zero, and

4. The cross sections occupied by tr.e single-phase flows remain.

approximately constant.

Assumption No. 1 above implies an annular flow pattern. In addition, the static

pressure drops in both phases are equal.

The two-phase pressure drop is defined as-

d) E[ p = 2f, (III-16a)
..

L

and

Vp
I*

Tp g (III-16b)

where the diameters D and D are defined asg g

2 4^1
Ut*Q

4A '

"

The two empirical factors y and Y are the ratios between the true cross-g g
'sectional flow areas and the areas associated with D and D . The absoluteg g

mean velocities are

NoVg=Ao (III-17a)gg

h
V s'

A (III-17b) ,

and the friction factors are

i f /4'' -r
f =C Re '

=(m/yoy
g g g r (II;-18a) ,g ggg

4

= C Re -s,_ g(NM
f .

in /y D p (III-18b)9 9 9
g ggg

,

21
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where r, s, C and C are functions of the liquid and vapor Reynolds numbers. 4g g

Combining these equations yields

2-r5 h Y ~
({D

t h
-r g g

/ C 2-s s-2g \o f( s / gg
9 9 9

.

Finally, combining them with Eq. (III-16a) and noting that Ag+A =A,
g

.

5-s

[)TP" }g Y *~ (III-19a)g
9.

and

~

2
-

s-2 D 5-s

' TP " T Y "g (III-19b)g g q
. -

where dp/dz)g would be the pressure drop of the gas if it were flowing alone in
the pipe.

If it is assumed that the flow in both phases is turbulent, then r = s = 3.2

and C =C, so thatg g

.

1.5 0.25 0.416 0 . 0 :,3
dp/dz)TP , y

dp/dz)g g { p

(k
*

0.75 (III-20)g

/

For annular flow, y = 1 and y is determined f rom experimentally rneasured pres-g g

sure drops. Martinelli et al., found that !

'2.4dp/dz)
"#dp/dz) tt,g " Ti tt tt

~

s

where $ is the two-phase friction multiplier based upon turbulent flow and

the gas. The factor x isg

0.111 0.555 ;

tt " P (III-22)g

22
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A similar expression for the pressure drop can be written in terms of the liquid-
'

only pressure drop,

dp/dz)TP
*21" dp/dz (III-23)g

Finally, the two single-phase pressure drops are related by

2 dp/dz)g-

X
= dp/dz)g (III-24)

.

The value of X known as the Lockhart-Martinelli parameter varies with the flow''

regime. For turbulent-turbulent flow,

0.9
*Xtt tt

- (r'nc)0.9(g)0.5 (r)0.1
p pg g

< m -2s>

and 4 or $ is found from graphs of 4 versus X. Such a graph is showng

in Figure III-3.
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Figure III-3. Lockhart-Martinelli Parameter (See text for nomenclature,
* Figure reproduced from Reference 6)

Ac pointed ou* by Hsu and Graham,6 the original work of Lockhart and
,.

Martinelli was done for adiabatic, horizontal annular flow at low pressure.

Provided that the frictional term dominates, the correlation also applies to

vertical flow at low pressure. For high-pressure boiling systems, improved

correlations have been proposed by Martinelli and Nelson, by Thom, and

23
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by Baroczy. These are attempts to correct for known problems associated with

flow pattern transition and the effects of mass velocity and quality. An addi-

tional criticism of the Lockhart-Martinelli correlation is that

2 1
4 ,C

(1 - a)3

rather than, as noted earlier,
,

4 oc (1 - a)y -

However, this discrepancy does not appear to influence the actual accuracy of the

correlation.

Application to SIMMER

The Martinelli-type correlations offer a simple method of calculating Kgg.
Based on reference to Eq. (II-6c),

'g ij,9 (III-26a)gt * V -V
g g

or

2
' '

dj) 1
'a

E =
dz ij,t (III-26b)gi V -Vg g

where i and j denote the flow regimes of the two phases. The single-phase pres-

sure drop for the liquid phase is

o)g, 2 g y _ ,) 2 (III-27a)f gr yg g

and for the vapor is

f

d )g = 2 [ p 22
[ va (III-27b)g

The friction factors have the normal single-phase values and are functions of
*the liquid and vapor Reynolds numbers.

As with the Armand model, no explicit consideration is given to the true ,

wall shear stress ty)TP. However, since the basic assumptions in the two models

are similar, Eq. (III-15) also applies here. Hence, a value for K , can beg

found. An improved approach for finding K , will be discussed in the nextg

section.
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Annular Flow Model of Wallis
i

10The annular flow model developed by Wallis includes, in a straightforward

manner, the effects of entrainment and the phenomena associated with flooding in

vertical annular flow. This theory is described in detail in Reference 3. Only-
,

those results relevant to momentum exchange modeling are discussed here.

Review of the previous models makes it clear that definition of the inter-**

facial and wall shear stresses is the primary goal. Ideally, the various physical
,

processes at work are included directly in the formulations.

i
Interfacial Shear

In vertical flow, it is necessary to include the gravitational component in

the momentum equation. For the gas core, if negligible temporal and convective

acceleration are assumed,

-4

fE+pg= (III-28)* 9 D [a

where the interfacial shear stress is defined as

fV (III-29)T =fg g ,

As the first approximation, the friction factor at the interface is related to the

liquid film thickness s, by

i

ff = a.005 1+300g (III-30)
'

,

and to the void fraction by

fg = 0.005 1 + 75(1 - a) (III-31)
7

Both of the equations assume the presence of waves on the liquid film and are

approximately correct for s/D > 0.005.*

Based on Eq.-(III-31), the momentum equation can be written as
,

2p V
dp

- dz + p g = 0.005 1 + 75(1 - a) - R=2 (III-32)
g D/ a

A number of corrections can be made to this equation to allow for various effects.

25
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The effect of the liquid film velocity is included by writing

g=hf b 2
g(V - 2VT g g g

where the interface velocity is taken to be twice the average liquid velocity.

The effect of entrainment is accounted for in the following manner. The mass

flow in the core is

.

* ( ~ 'c" g Le

,

where h , is the entrained liquid flow. The average core density is approximatelyg

"c
#c * E- Og (III-34)

9

'

and the equation for the interfacial shear becomes

[h \f

i=3hoggg)(V - 2V (III-35)T g g

where f is defined in Eq. (III-31). Experiments reveal, however, that for highg

entrainment rates or large gas flows, the assumption of a constant fg(=0.005) is
incorrect. This error is corrected by using the homogeneous friction factor for

the core

f = v/079 Re (III-36)c c

where the core Reynolds number is defined as

4S
c

Rec * ItDug

Combining Eqs. (III-36), (III-35), (III-31), and (III-28) yields

-0.25. .

~ *P9 *
g Ds a 9 9 g

(III-37)

.

Correction for the boundary layer in the gas core can also be included if necessary.

.

Wall Shear Stress

I- vertical annular flow, the wall shear stress can be positive (upward) or

negative (downward) depending upon the film thickness and the interfacial shear

stress. This is because of the importance of the gravitational force in the film

!

I
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equation of motion. Hence, an equation such as Eq. (III-15) is not suitable for

the prediction of the wall shear stress.

l6
The wall shear stress can be written as

[2 2)
+hgg+d[ III~30ITT,= g r

where r - r is the film thickness, s (2s = D(1 - a)). Since the second term is~

g

negative (r > r ), it is' clear that _T,can change sign. Experiments show that asg
the gas flow rate is reduced during vertical coeurrent flow, the pressure drop..

d'ecreases to a minimum and then increases until film flow reversal takes place.

For thin films (s << r,), the minimum pressure drop corresponds to the point at '

which the shear stress is zero. Since the wall friction factor is

2T 1~"2
f - W (III-39)

DYtg

it is clear that the value of f , (and hence K ,) can also vary considerably.g

To account for this effect, Wallis writes the momentum equation as

2f",V 2,
- [+pg + B(1 - a)g {pf -p} (III-40)=

g D g

l6where fw' is given by Hewitt and is very nearly

f = 16/Ref Ref < 2000'
y

ff = 0.079 Ref"
* Ref > 2000 '

The value of B is

0.684 Reg < 1000
B = 0.193Re .183 1000 > Ref < 8000

0

1 Reg > 8000

Note that in horizontal flow B = 1, and Eq. (III-40) is simply the momentum
'

equation for the entire flow.
b |

. Application to SIMMER i

|

The momentum equation for the vapor is given by Eq. (III-37) and reference I*

to Eq. (II-6c) shows that

m 4m -0.25

(V -2V)2~Y)* 0.079E g g Dt gg1 g
,

]
, ,
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whers S is defined in Eq. (III-36). If there is no entrainment, then 5c" g*c
In this model then,

26
(Y ~ 2Y)2(Y

1e tfE ~Ygt" D gP g 1 g

+0.079[45cj-0.25 (y77,43)
'

\EDpg/

.

The situation for the liquid-structure exchange coefficient is somewhat more com-

plicated since Eq. (III-40) is written for the combined flow and Eq. (II-4) is

written only for the liquid. Assuming for the sake of simplicity that B = 1, *

Eq. (III-40) then becomes

- h = 2f f
g (III- 2)Il ~ "I# 9 + "#gD L t+#

and Eq. (II-4) can be written as

Y ~Y K v
- dp " 9U gt i q is 1 ,

# * IIII"dz t 1-a 1-a

for the same assumptions used by Wallis. Equating the two equations and solving

for K , yieldsg

2(1 - a)f' V p
y 1 (1 - a) (a)

1)K,= DV V g
#

g 9 O ~#
g g

(Y g) (III-44)
~Y

i

,3,'g l V g

Although this result is somewhat more complicated than that for K it is stillgg,
useful. Ncte that K , = f(Kgg). This condition arises from the coupling betweeng

interfacial and wall shear stress in the film momentum equation.

,

Levy Model for Annular Flow with Entrainment

Levy's mcdel for annular flow with entrainment is an extension of his

work on the application of mixing length theory to two-phase flow. Only a

brief summary of Levy's work is given here; the details are contained in ;

Reference 10.

'

The local shear stress in a fluid can be written as

2

T *#E I * " u pu (III-45)u pu
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1

I

where u is the local velocity, y is the length dimension normal to u, and t and

t are the velocity and momentum mixing lengths. The second term is normally
neglected in compressible single-phase flow since the density gradient near the

-

wall is small. However, in annular flow it is important to include the mass- i

transfer contribution to the shear at the interface where op/dy is nonnegligible.

Using this approach, the shear stress at the interface can be related to

the relative film thickness by
.

* -U D 2s
c) UU -pc (pg c t

~h > gp or byfor g

}-1/3 D-2s)
tg 1/2 gpg 2s (III-46b)"

-U)/ \-dP/dz /c)(U
U
c (Pt - P fc

-d[<gpfor g

where p 1/3g
R= -

Pg

and U and o are the velocity and density of the core which contains entrainedc c
liquid. The function F' is found from experimental data.

Application to SIMMER

The original purpose of Eq. (III-46) was to find the film thickness from the

pressure drop. However, in advanced versions of SIMMER, assuming that the amount
of entrained fluid is known, the film thickness is available. Hence, Eq. (III-46)

can be solved for T by the following:g

R)- #c) fUc(# -U2 U2s 1 c
i , p, D - 2s 2/3 (III-47)7

j

If the simplification is made that
'

' in

2s = D(1 - h , U *Y
c g' #c * #g

A

g .-

(III-48)dz F Dg ,

-# ~

e ((1 g)) 9 1 9 9 L
4

- c (pap,)2"

29
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and based on Eq. (II-6c)

gt D 6

- L"p(mp C

v 9,4b ,1- gyg

(pj g)2/3 ;777,49)
g

To find K ,, the same procedure as that noted in the Wallis model is fol-g

lowed. As a first approximation, the value of K can be substituted from Eq.gg ,

(III-49) into Eq. (III-44) to find K ,.g

'

It should Le noted that the function F' is found from experimental data. -

Levy's values for F', which were mainly calculated from experiments with air-

water and water-steam systems, do not agree with those found in sodium sys-
tems.1 ,18 .

Summary

An overview of the models for momentum exchango in annular flow is given

in Table III-2. Also included is the SIMMER-I' formulation for dispersed flow

which is discussed in the next chapter. The SIMMER model does not require that in

the steady state the pressure drops in both phases be edual. This is incorrect.l
The models of Wallis and Levy appear to be the most sophisticated: however, the

Martinelli model often gives surprisingly good results. When Table III-2 is

used, care should be taken to recall the assumptions and limitations associated

with each model.

TABLE III-2

Momentum Exchange Models

Annular Flow (see text for nomenclature)

1. SIMMER-I

K n + V -D
9E 2 p 4 g R, Eq. (IV-1)

2 (a ry g

f a p Y a
9 UK = Eq. (IV-6a)

2

?R *sIt "t' 9t
K,= 2Dg Eq. (IV-6b) -

Comments:

1. Intended '7r dispersed flow,
2. Does not preserve equal static pressure drops in steady state,
3. Kg, nonzero,

30
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TABLE III-2 (Continued)

4. Incorrect treatment of interfacial shear, and

5. No flow regime transition difficulties.

2. Armand

;

IP ~

Egg g., g ,

9E
D(V

-V Eq. (III-13 or
g g

Eq. (III-14)

.ft H
Y

P[1-a
**

t a

{V
-V(1 - a)2 g)g

K,=0g .

K , - See discussion of Eq. (III-15)g

Comments:

1. Requires H or f from experiment,
2. Intended for ho9izontal flow, and
3. No treatment of entrainment, wave phenomena.

3. Martinelli

2f
d (1 - a)2 [gK g=y [y Eq. (III-26a)o ggg

Lg

K =0
gs

K , - See discussion of Eq. (III-15)g

Comments:

1. Separated flow model. originally for horizontal flow, |

2. $2 is partially empirical, and
3. For additional assumptions, see page 20.

4. Wallis

-1
-2V)2 y ,y 0.079P YEgi " D g g g g g D g g.q

6 K,=0g

22(1 - a)f' V p

K,= DV V g t
+ *g 9 P ~P,. g

-K ~ U
> 91 V |g

1

l
:

|
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TABLE III-2 (Continued)

Comments:

1. Includes effects of entrainment,
2. Includes vertical flow, and
3. Interfacial shear assumes disturbance waves.

5. Levy ,

C

, 4_Vh[ p. 1- VCS 9 m'
' 'g

9 d5[ Eq. (III-49)p fp

K,=0g

K = same as in Wallic model Eq. (III-49) is used for Kgg gg

Comments:

- 1. Suitable for vertical flow,
2. Deals directly with entrainment, and
3. Requires experimental data for F'.

1

1
i

e !

.

I

I

|
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CHAPTER IV
!

BUBBLY AND DISPERSED FLOW
'

.

SIMMER-I contains formulations for momentum exchange coefficients in bubbly

and dispersed flow. These formulations are also used in the range of void frac-

tions characteristic of slug, churn-turbulent, and annular flow where, because of

the different interfacial conditions, their application is unwarranted. In this

chapter, the general concern is with momentum transfer between vapor and structure

and between liquid and structure. However, some comments concerning vapor-liquid

interactions are also made.

In SIMMER-I, the formulation for the usual exchange coefficient between

liquid and vapor, with vapor as the continuous phase,1 is i

3p a p rC
U E 3 3+ pD y _yx =

gf 2 2 p 4 g f (IV-1)2a r gg p

where r is the liquid drop radius. Although not mentioned in Reference 1, the |p
first term in Eq. (IV-1) is a simplified form of the Hadamard-Rybczynski drag

model for deformable particles.19 The second term describes the form drag. This
definition of K requires that the Weber number for tne liquid dropletsgg

2r p 2y9
V -VWg= , g g

be sufficiently small so that little distortion from sphericity occurs.20 By
the time appreciable distortion does begin, the form drag predominates so that

little error results. Unfortunately, this does not apply for bubbles in a con-

tinuous liquid phase. In this case, there io a sharp transition from Hadamard-

Rybezynski drag to form drag at small bubble distortion.20 This is because of
flow separation at the bubble. Accordingly, the use of the analog of Eq. (IV-1)

for bubbly flow is probably not justified.

Although Eq. (IV-1) is a reasonable formulation for dispersed flow in the

steady state, it does not include all the effects present when droplet accelera-

tion takes place, since strong accelerations in the flow fields can be expected,

in an HCDA calculation, their omission represents a code deficiency. When a ]
'

particle is accelerated, it generates a two-dimensional flow about it. This flow

field possesses kinetic energy and work is done on the field by the particle.
1

|
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For a particle with acceleration, a, in a stationary liquid, the force rdquired
3to produce the acceleration ir

(pP= Hr + a (IV-2)p

This is known as the apparent mass effect since the mass to be accelerated is

larger than the particle mass. In addition to the potential field produced by

the accelerating particle, a viscous flow field also results. The additional *

force which results, known as the Basset force is difficult to calculate since,

it depends upon the earlier particle history. Wallis points out that for laminar
,

flow, and with constant acceleration, the ratio of the Basset force to the steady

state drag is

F
B d

{ " gp (IV-3)

"t

where.d is the particle diameter and t is the time measured from the beginning of

the acceleration.3 Hence, for small time perie n t.he Basset force can be sig-
nificant. When many partim es (bubbless drops, solid fragments) are present, the

magnitudes of the apparent mass and Basset forces are dif ferent. It appears pru-

dent then to examine accelerating systems and to determine proper models for Kg
under such conditions.

At low velocities, the drag predictions of Eq. (IV-1) or of other models can

be compared to those obtained using the drift flux model.3 By definition, the
drift flux is

a(1-a)(v - Vy (IV-4)j g= gg

The drift flux physically represents the rate at which the vapor is moving

relative to the superficial velocity of the combined flow. As pointed out by Hsu

and Graham,6 equations for the drift flux imply the use of the momentum equations
for the two fields since the relative velocity (V -V) depends upon momentumg g

exchange. Hence, the relative velocity predicted by SIMMER can be compared with
'

the drift flux model as a check on the code vapor-liquid momentum exchange model.
4As an example, the drift velocity for small bubbles in vertical flow is

9[10 -

- 9-{ 0
e p

V -V = 1.53(1 - a)2
~

*}t
(IV-5)g g

.

Similar equations exist for'large bubble, churn-turbulent and slug flow. The

drift flux model is also a useful tool in correlating experimental data on two-

phase flows, and its use in analyzing verification experiments is worth con-

sideration.
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For momentum exchange between the fluid fields and the structure, the |

exchange coefficients in SIMMER-I are defined as

gg g s
K =fgs g 2D (IV-6a)

*t9 % i
ts 1 2D ~~ "s (IV-6b)

*

.

where a, represents the amount of structure in a computational cell. The fric-
tion factors are found from the liquid and vapor Reynolds numbers using..

f ,g = 3 (',aminar flow! (IV-7a)g g

0f,g=(0.08Re ' (Turbulent Flow) (IV-7b)g g1

The associated pressure drops due to friction are

2

Y *I
F,g+s gs g g "s (IV-Ba)

*

2I0Yd 1 t t 1VF,L+s ={Kgg g 2D "s (IV-Bb)
=

Actually, as written, Eqs. (IV-Ba) and (IV-8b) are incorrect. It can be readily

shown that the frictional term in the SIMMER momentum equations should not depend

on a,. For a typical subassembly, o,= 0.6; therefore, the effect of drag is
3

underestimated. Further, for the friction factor as defined in Eq. (IV-7)

(Fanning friction factor), the correct relationship for the pressure drop is

22f p V

[)p,g,= I "'
D

2PY
[d ) p , g g * 2 ~

L t i
D

>

In the following discussion, Eq. (IV-9) and the associated definitions for

will be used.K , and Kg gg

; The total pressure drop due to drag on the structure is the sum of X ,V and
g

in Eq. (II-7). That is, it is assumed that the fluid-structure drag arisesK ,Vgg

as if two totally independent flows acted on the structure. It is worthwhile to
,

examine this assumption in the light of conventional' treatments of bubbly and mist

flow. The standard technique is to consider such flows homogeneous; no slip is

allowed between the vapor and liquid. Corrections for nonzero slip can be ob-

tained using the drift flux model and radial effects can be accounted for using

the variable density model.24

1

1
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The starting point for the homogeneous model is the mixture momentum equa-

tion (II-8). The frictional pressure drop depends only upon K ,, V,since no-
vapor-liquid interaction is assumed to occur. The friction factor is defined in

terms of a mixture viscosity, U. One common definition is

"

i = xp + (1 - x)p (IV-10)g g

where x is the quality ,

m

x=6 f (IV-11) ,.

9 f

The friction factor for the two-phase flow is

~ !4
f 0.08Re (IV-12)TP

where

P Ymm
Re,= _ D

p

Based on this definition, it is easy to show that

F,m " F,go o

where

! IIY-14)#o 1+x -1 1+x -1E =

9 1 9

and

d[)p,g =2 (IV-15)D

The friction factor is based upon the total flow and the liquid viscosity

-
*

D) 1/4
Emm (IV-16)f , = 0.08f

.
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Based on the' homogeneous model, it is straightfor' ward to write
,

K , = atgg p,V, (IV-17)g

g2 " Il ~ "I* o
PVE mm (IV-18)

.

There is of course no term for liquid-vapor interaction since the velocities are

equal. If there is some slip but V /V - 1 is small,* then as a'first approxima-g
tion,'-

K,= a$ p,V (IV-19)g

K,= (1 a)$,2
o

V (IV-20)g g

The homogeneous model is ofter used successfully for bubbly and mist flows. [
It is therefore interesting to see how the SIMMER formulation compares with this

model for V =.V . The total frictional pressure drops areg g

SIMMER

d )F,s Il ~ "I
[z = 2f V + 2f oVg D m i D 1m

2V

f"ggg* Il ~ "II PE t| I ~21IfP=
D

Homogeneous Model
,

2

( - 2)-O "2 #m 'to toF,s " 1 m

| The terms of interest in both equations are those in square brackets. After.some
i i

| algebraic manipulation and the use of the relationship between quality and void

fraction, it can be shown that'

Re * 1/4 + (1 - a)p Re * 1/4- ~

op f + (1 - o)p f = ap
gg gg g g g g

i
t ' . '
I

*
There is some evidence that V /V seldom exceeds 2 due to apparent massg g

effects (3). ,

i
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and

ofm lo # o "IE*g* + Re *)~ 30 + (1 - o)pg g

where the reduced Reynolds numbers are

Re * = a Reg

Re * = (1 - a) Reg g

Clearly, the two quantities in brackets are not equal. The SIMMER formulation

does not reduce to the well-known homogeneous model when the vapor and liquid
velocities are identical.

,

I

.
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CHAPTER V

FLOW REGIME TRANSITION CRITERIA

With the availability of multiflow regime capability in SIMMER-II, it be-*

comes necessary to establish criteria for switching the calculation from one flow

pattern to another. A number of methods have been proposed for defining the.

transition points:

1. Relative flow rates,

2. Mass velocity and quality,

3. . Volumetric flow fraction and Froude number,

4. Dimensional analysis, and

5. Interfacial wave stability.

In addition, separate criteria for each flow transition have been suggested. It

is not clear which of these approaches is best; however, it appears that the

use of a separate criterion for each transition is the most straightforward. On

the other hand, a consistent method is easier to implement within a computer

code. Several methods will be reviewed briefly here. For a discussion of

special criteria for individual transitions see References 5 and 6.

Establishing a consistent method for treating flow regime transitions is

made difficult by the fact that many factors, not easily included in a model,

are at work. For example, the transition from bubbly to slug flow depends upon

the rate of bubble coalescence. Entrance effects are therefore important.

Similarly, the manner in which liquid is introduced into a vapor flow can strongly

affect entrainment in the development of annular flow. This should be kept in

mind while the methods which follow are considered.

25Dimensional Analysis

|

According to the dimensional analysis approach, the flow transitions can be

examined in terms of gravitational, pressure, viscous, and surface forces, that

is, in terms of the Froude, Euler, Reynolds, and Weber numbers. The classifica-

; tion in terms of these dimensionless numbers is shown in Figure V-1. It should |

be noted that the Reynolds number is contained implicitly because of the use of |
f in the method. The general validity of the actual transition parameters jTP

* shown has not been established. However, the simplicity of the system and its j

suitability for experimental verification (or modification) is certainly attrac- '

tive.

1
|

|
.

39

i
. , _ . - . . - , . - .. -- .,. - .- ._



F ully developed
concurrent gas-liqu:d flow

Preswo grschent Surface tension
controtted Gravity controlled Controlled

b> - Col 0 b< -cos 8 F[e' < 16 - cos

E> 6 con e < 10 < 16

_ (Tay6or bble) Capillary .

C p< bubble

Orspersad annulse Wave Others,

Gil - alD > 4 r ,n
- Gy{ '

m

- G(1 - alDe 4 T,,,, --

et si

_ Falling fdm
(downflow)

|Othert

Figure V-1. Flow Transition Criteria Based on Dimensional
Analysis (Figure from Reference 25).

Volumetric Flow Fraction and Froude Number

The volumetric flow fraction and Froude number approach is to correlate

the vapor volumetric flow fraction

3

8"j j (V-1)

with the Froude number

Fr=f(t $gkA|#

(V-2)gD

The transition points are

1. Bubble-Plug -- 6 = 0.05 Fr .20

0.152. Plug-Dispersed Plug -- 6 = 0.12 Fr
0.13. Dispersed Plug-Emulsion -- S = 0 5 Fr

4. Emulsion-Film Emulsion -- B = 0.65 Fr .05u

5. Film Emulsion-Drop -- 6 = 0.85 Fr .02

The second through' fourth flow patterns encompass churn-turbulent and slug flow. ,

This general approach has been used by Griffith and Wallis to define the slug

flow region.4

40
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27Wave Phenomena

The interaction between phases of different velocities leads to waves. An

example of this is the well-known Kelvin-Helmholtz instability. According to

Kutateladze,28 the wave stability depends on the ratio of dynamic to surface
forces and can be expressed as

u*/p]~
K= (V-3)*

174
9UH (P L)~PH

%

where u* is the critical velocity of the lighter phase, p is the density of Utec
continuous phase,'and the subscripts H and L denote the lighter and heavier

fluids. The critical values of K are given in Table V-1. This model has been
2used by Fauske to describe boiling flow regimes in an HCDA.

TABLE V-1
27

Flow Transition Criteria Based on Wave Stability ' |

Flow Transitions K-Value Continuous Phase

Breakdown of Bubbly Flow 0.3 pc"PH
Breakdown of Churn-Turbulent

Flow 0.14 p =p ;c L
Flooding of Liquid Film

(onset of annular flow) 3 p =p *

c 3
Liquid Film Entrainment -

(onset of annular mist ;

flow) 3.7 pc"PL
h
:

It would certainly be useful to compare the models outlined above with one !

another and with existing data on flow pattern transition. The need for new

experiments in this area is not clear although it certainly cannot be ruled out
7

at this time. With respect to the inclusion of transition models in SIMMER, it

should be noted that the momentum models do not agree at the transition points. ,

Hence some smoothing is needed to avoid numerical difficulties when the flow

regime changes. !

*

#
e

k

+
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CHAPTER VI

EXPERIMENTAL NEEDS

* A series of generic needs related to momentum exchange can be readily

identified, i.e., major uncertainties exist which are independent of a particular

model or flow regime. These uncertainties are directly related to the simplify-%

ing assumptions made in the models discussed above. In particular, the'following

questions need to be considered:

1. What is the effect of rapid acceleration on momentum exchange?

The normal assumption is that steady state models and correla-

tion can be. applied to transients with rapid acceleration.

Because of apparent mass and Basset forces, this may be a

serious error. In addition, the nature of flow transitions

may be seriously affected. Very little experimental data

are available for such conditions.

2. How strongly do heat transfer processes affect momentum exchange?

The particular manner in which mass or density changes occur

is often neglected. However, in boiling systems for example,

the effects of bubble formation, increased momentum transfer

near the wall, and nonequilibrium vapor quality are all sig-

nificant. How these effects can be inc]nded in SIMMER is

unclear, and experiments appear necessary.

3. What is the effect of a two-dimensional flow field?

Many models assume that the flow is essentially one-dimensional.

The application of these models to a two-dimensional flow field

may be unwarranted. Evidence of pressure drops at bends and

area changes in two-phase flow suggest that such effects can

be significant. One would expect such effects to be important

during sodium voiding, at partial blockages, and when sub-

assembly walls fail,
s

4. How important are inlet effects?

Because of the coupling between heat transfer and fluid mechan-

tes in diabatic two-phase flow, there are no true steady-state

velocity or temperature profiles. Entrance effects can exist*

for very large length-to-diameter (L/D) ratios. This can also

c strongly influence the range at which flow regime transitions

occur. These effects are often neglected in computer codes

although their importance may be great.

1

I

I

!
i
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Although not discussed in this report, the problems of particle-particle

and particle-fluid drag which will arise in SIMMER-II will probably also require

experimental efforts.

In addition to these general concerns, specific model-related problems exist

which require verification. Whenever possible, the verification should be accom-

plished through a comparison of a SIMMER calculation, using the model in question,

with available experimental data. An example of this is the drift velocity of
'

*
bubbles in bubbly flow which was mentioned in Chapter IV. New experiments are

required where the data are insufficient or if new information is needed in the

course of model development. Until the requisite code-experiment checks are per- ,

formed, it is not possible to define new detailed experiments. However, in addi-

tion to the generic needs indicated above, several areas are worth noting. The

behavior of liquid-vapor shear in bubbly. flow should be very carefully verified.

Similarly, it is important to have adequate models for flooding, flow reversal,

and rates of entrainment in annular flow. Other concerns may exist in slug and

drop flow but they have not yet been identified.

|
i

t

"b
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CHAPTER VII

SUMMARY

The purpose of this report has been to review existing models used for
,,

momentum exchange coefficients in SIMMER. A variety of models was considered
for the bubbly, annular, and drop flow regimes. For each of the models, the

and K , were developed and, where possible, compared to theD forms of K Kgg, gg g

formulations contained in SIMMER-I. Care was taken to state the assumptions

associated with each model and to relate them to the types of problems addressed

by SIMMER. In addition, the question of phase transition criteria was briefly

examined, and several methods for establishing the transition points were noted.

Finally, the question of experimental needs was addressed. Those needs are
related to the validity of the model assumptions under HCDA conditions. The point
is made that in some cases the models can be verified by comparing SIMMER cal-

culations to existing expert =antal data, while in others new experiments will
often be required. The appropriate approach can only be determined by carrying
out the necessary calculations. It is felt that by systematically testing
existing models where possible and by performing experiments and model develop-
ment only where necessary the verification process can be most efficiently carried
out.

Q

4

45

. ._- . ~ . . -



References

1. C. R. Bell et al., SIMMER-I: An S ylicit, Multifield Multicomponent,Im,

Eulerian Recriticality Code for LMEBR Disrupted Core Analysis, LA-NUREG-6467-
MS, January 1977.

2. A. A. Amsden and F. H. Harlow, KACHINA: an Eulerian Computer Program for
Multifield Fluid Flows, LA-5680, December 1974.

3. G. B. Wallis, One-dimensional Two-phase Flow, McGraw-Hill, New York, 1969.

4. P. Griffith and G. B. Wallis, "Two-Phase Slug Flow," Journal of Heat Transfer,
,

83, 307-20, 1961.

5. J. G. Collier, Convective Boiling and Condensation, McGraw-Hill, London,
1972.

a

6. Y. Hsu and R. W. Graham, Transport Processes in Boiling and ivo-Phase
Systems, Hemisphere, Washington, 1976.

7. S. Levy, " Steam Slip - Theoretical Prediction from Momentum Model," Journal
of Heat Transfer, 82, 113-24, 1960.

8. A. A. Armand, "The Resistance During the Movement of a Two-Phase System
in Horizontal Pipes," AERE-TRANS-828.

9. H. Someith, "Halbempirische Modelle nach Lockhart-Martinelli, Armand und
Chenoweth-Martin," in Seminar Uber Zweiphasenstromung, Kernforschungszentrum
Karlsruhe, IRE External Report 8/66-8.

10. S. Levy , " Prediction of Two-Phase Annular Flow with Liquid Entrainment,"
International Journal of Heat and Mass Transfer, 9, 171-88, 1966.

11. R. W. Lockhart and R. C. Martinelli, " Proposed Correlation of Data for-
Isothermal Two-Phase Two-Component Flow in Pipes," Chemical Engineering
Progress, 45, 39-45, 1949.

12. R. C. Martinelli and D. B. Nelson, " Prediction of Pressure Drop During
Forced-Circulation Boiling of Water," ASME Transactions, 70, 695-702, 1948.

13. J. R. S. Thom, " Prediction of Pressure Drop During Forced Circulation
Boiling of Water," International Journal of Heat and Mass Transfer, ~7,
709-24, 1964.

14. C. J. Baroczy, "A Systematic Correlation for Two-Phase Pressure Drop,"
Chemical Engineering Progress, 62, 232-49, 1966.

15. G. B. Wallis, " Annular Two-phase Flow, Parts I and II," Journal of Basic
Engineering, 59-82, 1970.

16. G. F. Hewitt and N. S. Hall-Taylor, Annular Two-phase Flow, Pergamon Press,
Oxford, 1970.

17. A. Kaiser, W. Peppler, and L. V6r6ss, Untersuchungen der Str6mungsform,
des Druckabfalls and des Kritischen W8rmeflusses einer Zwelphasenstr6mung
mit Natrium, KFK-2086, April 1975.

18. A. Kaiser, W. Peppler, and L. V6rdss, " Type of Flow, Pressure Drop, and
Critical Heat Flux of a Two-phase Sodium Flow," Nuclear Engineering and
Design, 30, 305-15, 1974.

19. S, L. Soo, Fluid Dynamics of Multiphase Systems, Blaisdell, Waltham,
Massachusetts, 1967.

20. A. A. Amsden, T. D. Butler, and F. H. Harlow, Numerical Study of Downcomer
Flow Dynamics, LA-NUREG-6797-SR, May 1977.

21. A. B. Basset, Hydrodynamics, Dover, New York, 1961. .

22. K. D. Lathrop, ed., Reactor Safety and Technology, LA-NUREG-6698-PR,
February 1977.

23. M. G. Stevenson et al., " Report on the Analysis of the Initiating Phase of a *

Loss-of-Flow (Without SCRAM) Accident in the FTR," ANL/ RAS 74-24, Septem-
ber 1974.

24. S. G. Bankoff, "A Variable-Density Single-Fluid Model for Two-phase Flow
with Particular Reference to Steam-Water Flow," Journal of Heat Transfer,
82, 265-72, 1960. ~~

46

, , , _ _ , ._ _ . _ . . _ _ . _ - _



- . ~ . - . . .. ., .,

1

|

|

|

|
i

|
|

|

References (Cont).
|

|

. ;2 5. E. R. Quandt, " Analysis of Liquid-Gas-Fiow Patterns," Chemical Engineering ;
Progress Series 57, 61, 128-35, 1965. '

26. B. K. Kozlov, " Forms of Flow of Gas-Liquid Mixtures and Their Stability i

Limits.in-Vertical Flow," cited in Hsu and Graham,; Transport Processes in.
Boiling and Two-Phase Systems-(Reference 6).

27. H. K. Fauske, " Boiling Flow Regime Maps in LMFBR HCDA Analysis," ANS-~~
Transactions, 22, 385-86, 1975.

* 28. S. S. Kutateladze, " Elements of the Hydrodynamics of Gas-Liquid Systems,"
Fluid Mechanics-Soviet Research, 1, 29, 1972,

t

t

|
,

|

4

. *

|

|

47



._ , - .. .-

%

DISTRIBUTION:

U.S. Nuclear Regulatory Commission 5423 G. A, Carlson I

(285 copies for R7) - 5423 J. E. Powell
Division of Document Control 5425 W. J. Camp
Distribution Services Branch 5425 D. II. Nguyen
7020 Norfolk Avenue 5425 E, G. Bergeron
Bethesda, MD 20014 5425 R. J. Lipinski

5425 R. W Ostensen
Brookhaven National Laboratory (3) 5425 D. C. Williams
Upton, NY 10073 5425 M. F. Young *

Attn: O. C. Jones 5430 R, M. Jefferson
T. Ginsberg 5450 J. A. Reuscher
G A. Greene 5452 J. S. Philbin *

5700 J H. Scott
Argonne National Laboratory 5800 R. S. Claassen
0700 South Cass Avenue' 8266 E. A Aas
Argonne, IL 60430 3141 T. L. Werner (5)'
Attn: P. Abramson 3151- W. L. Garner (3) *

For: DOE / TIC (Unlimited Releose)
Los Alamos Scientific Laboratory (6) DOE / TIC (25)
P.O. Box 1663

'

(R, P. Campbell, 3172-3)
Lot Alamos, NM 87545
Attn: C. Bell

- J. Boudreau
J. Scott
L. Smith
R. Alcouffe r

R, Renninger

Oak Ridge National Laboratory
P. O. Box Y
Oak Ridge, TN 37830
Attn: T. Kress

Dynamics Technology
3838 Carson Street, Suite 110
Torrance, CA 00503
Attn: D. Ko

1260 K. J. Touryan
1261 D, F. McVey
1261 R. D Boyd
1261 D. O. Lee
5100 J, K, Galt |
5200 E, II. Beckner 1

5300 O, E. Jones

5400 A. W. Snyder
5410 D. J. McCloskey

,

5411 D. A. Dahlgren !

5411 R. K. Cole
5420 J. V, Walker'

5420 P. S. Pickard
5422 R. L. Coats
5422 . S. W. Eisenhawer (15) *>

5422 R, M. Elrick
5422 H. G. Plein
5422 J. B, Rivard
5422 G. L, Cano
5422 K. O. Reil
5422 D. W, Varela

$ U.S GOvfMMENf PmmH4 0FFICE 1976.,177 000100F

.. g g -

, . . . _ , . , , . _ . . - _ _ _ . ~ - , , . _ - . _ . . - . . _ . - - _ _ _ _ . . . _ .._ __ ._. . _ . . _



Cs

.

120555003927 1 R7
US NRC
SECY PUBL IC DOCUMENT ROOM
BRANCH CHIFF
HST LOBBY
W A S H I NG T :)N DC 2r

*

.


