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; Abstract
t
i

This report considers two phase flow phenomena which may occur in horizontal!

pipes during a small break LOCA. .Specifically, it deals with:

i

i 1. Two phase ' flow. regime' transitions

|
2. Liquid entrainment in break flow

!

:

3. . Vapor pull-through

4. Counter-current flow limitation (CCFL).
.

J

| The first three processes influence the mass flow rate through the break,

whereas the fourth one imposts a limit on the liquid flow from the steam1

--

generator through the hot leg back into the core.

The report presents some of the results and correlations available in the
'

literature which can be used to estimate' conditions in a duct or at a break,
,

| that can lead to a two phase mixture reaching the break. These correlations
'

are then applied to a hot leg of a PWR,' LOFT'and Semiscale for quantitative
' estimates. Secondly, the report deals with rules that scale the four. pro-

cesses noted above. These rules are then applied again, to a hot leg of a
.

PWR,-LOFT and Semiscale, to determine the scale distortion-in the latter two
,

facilities.
,

-

| -iii
;
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Calculations indicate that conditions which may lead to the occurrence of

these four processes in a PWR, are bracketed by those scaled to LOFT and to

Semiscale.

It should be stressed that data and correlations available in the literature,

which are summarized and used in this report, of ten do not correspond exactly

to conditions that one could expect in a PWR. Consequently, the results

presented in this report must not be used for definitive quantitative statements.

However, they may be useful for making estimates as well as for guiding experi-

ments and interpreting their results.
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Nomenclature

[M,L,T system of units]

A = cross-sectional area, [L23
c

CD = drag coefficient, [-]

d = break diameter, [L]

0 = pipe diameter, [L]
,

g = gravitational acceleration, [LT 23
,

F = Froude number [-]
;

h = enthalpy per unit mass, [L2T 23
:

) H = height, [L]

j = superficial velocity, [LT 1]-

K = friction factor, [-]

E = length, [L]

L = distance from interface to break (see Figure A-1) [L]
i

P = pressure-[ML 1T 23

q = heat flux [MT 33

: Q = volumetric flow rate, [LaT 1]

t = time, [T]

v = velocity in the pipe [LT 1]
V V = velocity at the break [LT 1]
1

N= 2A volume [L3]=
c

q

4 .W = mass flow rate'[MT 1]

Greek-Letters

a = void fraction [-]
i.

p = angle ~ defined in Figure A-14

0= circulation [L2T)d
:

viii
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A = distortion [-]
7 = kinematic viscosity [L2T 1]

p = density [ML 3]

Ap = p; p [ML 3]g

O = angle defined in Figure A-1

I = wall stress [ML 2T 23

$ = power [ML2T aj

( = perimeter defined in Figure A-1

Subscripts

g = gas

i = interface

1 = liquid

m = model

p = prototype

w = wall

ix
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l. Introduction

This report considers two phase flow phenomena which may occur in horizontal

pipes during a small break LOCA. Specifically, it deals with:

1. Two phase flow regime transitions

2. Liquid entrainment in break flow

3. Vapor pull-through

4. Counter current flow limitation (CCFL).

The first three processes influence the mass flow rate through the break,

whereas the fourth one imposes a limit on the liquid flow from the steam

generator through the hot leg back into the core.

There are two reasons for considering these phenomena. One is generatoi by

the need to perform analyses of small break LOCA the other by the requirement

to conduct appropriate experiments.

From the point of view of analysis, that is of code calculations, it is necessary

to know the composition of the fluid reaching the break. Spacifically, one

needs to know whether it consists of a single phase (gas or liquid) or of a

two phase mixture. Furthermore, one would like to know what criteria and/or

experimental data are available which could be used to estimate this state of

the fluid.



l
i
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2 i

,

From the experimental point of view, it is necessary to know what are the

scaling rules which describe the phenomena noted above. Specifically, do these
;

rules obey the. power to volume -scaling of LOFT, Ref 1, and of Semiscale? Ifi

not, what is the scale distortion and, if desirable, what changes and/or
J

compromises can be made?

!

These questions are relevant because according to the power to volume scaling

(see Appendix B or Ref 1 through Ref 3), velocities scale as

v,
_

f, j_j

#pv>

p

i

[ where 2 ,and f are the length of the corresponding ducts in the model and inp

the plant respectively. Furthermore, power to volume is a time preserving

scale, that is, it satisfies the requirement of isochronicity:

'

t" = 1 1-2'
t

p

However, for gravity dominated, free surface flows which could be expected to

occur in horizontal ducts, it is well known (see for example Ref 4), that
,

j velocities and time scale according to
j

V H
. _ im 1-3m

v H'

p IP'

and

I Ht,_.2, jp 1-4;

I 't E H
p p ,I 1m

;

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

where, H ,and Hj are the depths of the horizontally flowing liquid in thej p

model and in the prototype respectively. The notation, that is nomenclature
i used in this report is illustrated in Figure A-1 of Appendix A.

This report is addressed to both aspects of problem, that is, to analysis and

experiments. First, the report presents some of the results and correlations

available in the literature which can be used to estimate conditions in a duct

or at a break, that can lead to a two phase mixture reaching the break. These

correlations are then applied to a hot leg of a PWR, LOFT and Semiscale for
4
' quantitative estimates. Secondly, the report deals with rules that scale the

four processes noted above. These rules are then applied again, to a hot leg
i

of a PWR, LOFT and Semiscale, to determine the scale distortion in the latter
<

two facilities.
i

It should be stressed that Cata and correlations available in the literature,
,

which are summarized and used in this report, often do not correspond exactly

to conditions that one could expect in a PWR.* Consequently, the results

presented in this report must not be used for definitive quantitative statements.

However, they can be used for making estimates as well as for guiding experiments

and interpreting their results.

4 x
Such cases and resulting restrictions are noted in the discussion of particular

' correlations'and/or-data.<

l
1

.
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[ 2. Two-Phase Flow Regime Transitions
a

:

2.1 Scaling-

;
2

There are several two phase flow regime maps which can be used to estimate
&

flow regime transitions in-horizontal pipes. In what follows, we shall use

that proposed by Dukler and Taitel, Ref 5, which is shown in Figure 2-1. It

can be seen that in the separated flow regime, a necessary (but not sufficient)

condition for single phase flow to reach the break, is for the break to be

located above or below the horizontal interface. Consequently, one of the

processes which will result in a two phase mixture reaching the break can be

associated with flow regime transition, that is, from separated to slug or to
a

annular-dispersed flow.

i

It can be seen from Figure 2-1, that flow regime boundaries depend on the

dimensionless liquid depth: H)/0, and on the Froude number for the vapor

given by:
,

I Pg g
F= 2-1

Vg@D

I that is, the regime transitions are specified by

Ig Fg ciH)f j
| 2-2F= =p

ND )ygapD

It is shown in Appendix A, that in separated flow, the requirement of geometric
' similarity implies egi:ality of void fractions:
i

)

. _ , . . . - . - _ . . . - - - _ _ . _ _ ._ . __
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2-3a, = ap

and of )

[H)j _, f Hj
2-4

D ), (0 /p(

between model and prototype.

Consequently, if geometric similarity is satisfied, it follows from Eq. 2-2

and Eq. 2-4, that flow regime transitions scale according to:

F 2-5F, =
p

Thus, geometric similarity, that is, equality of void fractions implies Froude

number equality and vice versa.

For a given fluid, if transitions occur at the same pressure, then Eq. 2-1 and
.

Eq. 2-5 reduce to';he following scaling rule: ,

I*) f*)b b 2-6=

vs (VH(m lp

.

2.2 Application to LOFT and Semiscale

The preceding results will be applied now to LOFT and Semiscale.

|

|

|
|
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'

It is shown in Appendix B, that the power to volume scaling of LOFT and of

,
Semiscale leads to the following' relation between the vapor volumetric flux

| densities:

2

I \ 2-7 ;
. =1 E
;

J S , D,gp

j where S is the plant to mo' del power ratio
t

&
PS= 2-8.

9,-

)
,

Rewriting Eq. 2-1
4

i

! $g \fT '
'

oF =- 2-9.,

1 * (VgapD},

j and substituting j , from Eq. 2-7 into Eq. 2-9, we getg

.

k

[d -

fD} [ j %)lg g
_ - p g
- 2_10p,, (VgapD)p(ygapD_), S

!

It can be seen that Froude number scaling when combined with the power to-
.

volume scaling, results in a scale distortion given by
:

i

!

5/2
A=1(93El 2-11

! 6 (D, h ;

t

!
*

L

, . _ _ _. . _ . - .-.-m , -- , ----._- . . _ - - - -- .- , -
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Table'2-1 below shows this distortion evaluated for hot legs of LOFT and

Semiscale.

:
I

Table 2-1

D(cm) S A

:

. PWR 73.7 1 1

!

' LOFT- 28 64 0.176

i

Semiscale 3.4 ia00 1.46'

-

%

It can be seen'that the value of a for a PWR is bounded by those corresponding
I

, ,

to LOFT and to Semiscale.
i
s

The results are also plotted on Figure 2-1, where L stands for LOFT and 5 for

i Semiscale. We want to evaluate now the effect of scale distortion on the

three facilities. We can distinguish two cases. One, in which all three

j systems: plant (P), LOFT (L) and Semiscale (S) have the same liquid depth

] (H)/0).
The other, in which all three have the same Froude number (F). Both

,

are illustrated.in Figure 2-2.'

;

!

;

|
Consider the case of equal H /0 which implies ' hat the three systems havetj

f . equal void fractions and are geometrically similar (see Appendix A). .The

constant liquid depth H /D, intersects the L, P, and S curves at three different i
; j

values of F (see Figure 2-2). Thus, if conditions in the plant are such that
,

a flow transition occurs say from separated to slug flow, then the hot leg of
f LOFT will have separated flow whereas Semiscale will have slug flow.
,

|

4

5

%

_ - _ - - _ _ _ .,, _ _ - . _ __ - _ _ . - . - - . . . _ , , .
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| |

! FIG. 2-2 EFFECT OF DISTORTION
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Consider now the case of equal Froude numbers. The line of constant F,

intersects the P, L and S curves at.three different values of H /D. Thisj

implies that the three systems will have different liquid depths and void

fractions. Thus again, while a flow transition may take place in the hot leg,

of a plant, LOFT and Semiscale will have separated and slug flow respectively.
.

i

We conclude therefore, that Froude number scaling when used in conjunction

| with the power to volume scaling, leads to a distortion so that one cannot

satisfy simultaneously geometric similarity (equality of void fractions) and

equality of Froude numbers. If one is satisfied, the other is not and vice

versa.

In order to make a quantitative estimate, let us assume that a hot leg in the
.

] plant is half full, that is, (H /D)p = 0.5, therefore o = 0.5. Figure 2-1j p

shows that this corresponds to a Froude number for the plant equal to F = 0.157.'

p

Values computed for LOFT and for Semiscale, corresponding to the two cases
.

discussed above, are summarized in Table 2-2 and Table 2-3 below,

.

Table 2-2

H /D a Fj

PWR 0.5 0.5 0.157

) LOFT 0.5 0.5 0.028
.

Semiscale 0.5 0.5 0.228

i

', -..
., .- . , - - . .. . - -
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i
11-

'

i Table 2-3

F H /D aj

PWR 0.157 0.50 0.50
:

'

i

LOFT 0.157- 0.12 0.95
4

!

I Semiscale 0.157 0.56 0.49

| The relation between H /D und a was determined from Figure A-2 in Appendix A.j

It can be seen from these tables as well as from Figure 2-1, that flow regime

transitions in a plant are bounded by those calculated for LOFT and Semiscale.

Furthermore, these results indicate also that conditions leading to flow,

transitions in Semiscale are rather close to those which cou;d be expected in

a plant..

f

We want to determine now what is the effect of distortion on the time scale.

It is known (see Ref. 1 through Ref. 3) that power to volume scaling preserves

time. It is shown in Appendix C, that for separated two phase flow, time
|

. scales according to

.

2 i 'fHT 'Di
r

[t . [p [D
'

p'l m| 2-12=

km ipp

'
It was noted previously that-when the Froude number scaling is used in conjunction

!

with the power to volume scaling, one cannot satisfy simultaneously, geometric

;

_ _ _ _ _ _ . . _ . - . . . _ - - . _ _ . , . _ . _ . , , _ . - ..- . - . . _ _ , ,
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similarity and equality of Froude numbers for model and prototype. This has

also an effect on the time scale given by Eq. 2-12. Thus, if one satisfies

the requirement of geometric similarity, then in view of Eq. 2-4, the scale of

time becomes

2 i D

[t [ [ 2-13=

P P m

Conversely, if one requires equality of Froude numbers then the ratio of

liquid depths in Eq. 2-12, should be determined from Figure 2-1.

The results obtained by applying Eq. 2-13 to a PWR and Semiscale are shown in

Table 2-4.

Table 2-4

|

f(cm) D(cm) t,/tp

PWR 770 73.7 1

Semiscale 247 3.4 1.49

The distortion is not very severe. Furthermore, as Eq. 2-13 indicates, the

flow processes can be made isochronous by changing the dimensions of ducts so

that

|

|
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,

* E 1 2-14=

p m

is satisfied.

It is important to note that the above analysis was based on the flow regime4

map proposed by Taitel and Dukler, Ref 5, which is valid for steady state
.

only. In a second paper, Ref 6,'these authors investigated experimentally and

analytically the effect of flow transients. They show that "under transient
.

conditions, flow pattern transiente can take place at-flow rates substantially

different then would occur under steady conditions." Since the equations

described in Ref 6, require computer solution, in addition to specifying the
~

pipe inlet conditions (which for Semiscale, LOFT and for a PWR, must be obtained

from a system code), the effect of fast transients on flow regime transition
' and scaling was not considered in this report. However, for a small break

LOCA this effect is not considered to be very significant because the process

is quasi steady. Consequently, the results presented above may be used for

the purpose of estimating the effect of flow regime transitions on the state
.

: of the fluid reaching the break.
,

2.3 Effect of Flashing

|

Since during a LOCA the pressure decreases, the question can be raised as to

what is the effect of flashing on flow regimes? In other words, what is the

effect of~ bubbles being present in the stratified liquid on the transition

from stratified to slug flow or to annular - disperses flow? Such a process

is illustrated in Figure 2-3.
i

.*

.- - - .. . -- . -.
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i

FIG. 2-3 EFFECT OF FLASHING ON
SEPARATED FLOW

!
4

i

j
'l

1
1

i
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1

!

i
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;

i As discussed above,~ transitions from separated flow scale according to the

vapor Froude number that is according to Eq. 2-2. If bubblas are present in

the-stratified liquid, this equation has to be modified to account for the
,

d: creased' density of the lower fluid. Denoting by a , the void fraction due
b

to bubbles in the-liquid, then the density of the lower fluid instead of being

equal to p , b'ecomesj

i

p,= (1-a ) P1 * "b P 2-15"

b g

consequently instead of

j

op = pj p 2-16g

which appears in Eq. 2-2, we should write

= (1 a ) (P ~P ) (I~"b) op 2-17p, pg
*

b l g;

!

j so that Eq. 2-2, becomes now
! .

1

?H\bf'

= {7 g g--3g
F . 2-18=

ygap(1a)0' '

b
i

We conclude therefore that, for a given pressure and for a given liquid depth
<

H /D, the effect of bubbles is to reduce the superficial vapor velocity j ,j g

. required to induce a flow regime transition. This was to be expected in view

; of the Bernoulli effect.

,

4

i

|

,!
'

, . . . _- . _ . . _ . _ _ . . . . - ._, . _ , - . _ . .~
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2.4 Conclusion

1) With a break located above or below the interface in stratificd two phase

flow, mixture rather than a single phase will be discharged through the

break as consequence of flow regime transitions. According to available

data in the literature, these transitions are scaled by Froude number for

the vapor and by the void fraction. In particular, the results show that

at a transition, the equality of Froude numbers between model and prototype '

implies geometric similarity, that is, equality of void fractions and

vice versa.

2) It is shown that Froude number scaling when combined with the power to

volume scaling of LOFT and of Semiscale, results in a scale distortion so

that one cannot satisfy simultaneously geometric similarity dnd equality

of Froude numbers. If one is satisfied the other is not and vice versa.

.

An evaluation of the effect of this distortion on modeling flow regimes

in a hot leg of a PWR, LOFT and Semiscale indicates that flow regine

transitions in a PWR are bounded by thc.e of LOFT and of Semiscale.

Furthermore, the results show that the calculated transitions for Semiscale

are rather close to those which could be expected in a PWR on the basis

of correlations available in the literature.

3) It is shown that because of this distortion the scale of time is not

preserved, that is, flow processes in model and prototype are not

isochronous. For Semiscale this cifect is not very severe. It is shown
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also that by changing duct geometry, these processes can be made to be

isochronous.

4) It is shown that the effect of bubbles in the stratified liquid is to

reduce the vapor flux required to induce a flow regime transition. This

decrease is to be expected in view of the Bernoulli effect. The flow

regime transition criterion proposed by Dukler and Taitel, was modified

to account for the presence of bubbles.

.

|

|
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3. Liquid Entrainment-in the Break

1

*
.

3,1 Scaling
,

- When the break is located above the horizontal interface, liquid can be entrained
<-

in break flow as a consequence of flow regime transitions analyzed in the

preceding section, or due to vapor acceleration (Bernoulli effect)-in the
,

vicinity of the break. The latter is illustrated in Fig. 3-1. No informa-

tion, either from experiments or analysis, was found in the literature dealing
,

with the processes illustrated in Fig. 3-1.

I

However, experimental data and analyses are available in the literature which:

deal with liquid withdrawal from a large reservoir through a side orifice'or
(

slot, and through a vertical pipe. Both are shown in Fig 3-2, together with-

criteria for incipient liquid entrainment through side orifices

V f L 2
9 3-19 9 1 3.25 (3 )

JgapL
9

*

and through slots
,

i~ V f L
99 9 2 1.52 (3 ) 3-2

JgapL
j 9

derived analytically by Craya, Ref 7, and verified experimentally by Gariel,

Ref 8 This figure shows also the criterion for entrainment in the vertical
;

direction, proposed by Rouse, Ref 9,
,

1

7

ce- 1' r = c =q=-'+ $ ? +T"w * &rs- ^'-e7 7 e te W ==
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FIG. 3-1 ILLUSTRATION OF LIQUID ENTRAINMENT
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,

9
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Correlation for incipient withdrawal - Ref. 9
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b. Liquid withdrawal through side orifice and/or slot.
Correlations for incipient withdrawal - Ref. 7 and Ref. 8
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FIG. 3-2 LIQUID WITHDRAWAL DUE TO BERNOULLI EFFECT



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

21

.

'
V f 3/2

([L9 9
)- 3-3> 5.7

JgapL
g

i

i

It is realized that the results in these references do not correspond to PWR

conditions. For example, the experiments were conducted with two incompressible

fluids at atmospheric pressure, neither the effects of pipe geometry nor of

.the liquid ~ flow were accounted for etc. Nevertheless, these results are useful'

for-several reasons.

1

Fir _st, Eq 3-1, Eq 3-2, and Eq 3-3, show that break location with respect to
,

:

f the interface (side or vertical withdrawal) and break geometry (orifice or

. slot) have an important effect on scaling the conditions for incipient liquid

entrainment. Note, that these two parameters determine the relation between

the vapor Froude number'(based on vapor velocity through the outlet) and the

L /d ratio. Consequently, one should not expect that a single criterion will
g

i

i describe incipient liquid entrainment through breaks in horizontal pipes.

.

-Secondly, for. small breaks in large pipes, the effect of pipe curvature on the

. velocity field in the vicinity of the break in not very large. Consequently,,

the flow through an orifce located in a vertical plane (such as illustrated in

! Fig. 3-2) may be a satisfactory approximation to the flow through a break on
!

the side (at 90 ) of a pipe. A similar argument can be made for a break

' located at the top (at 0 ) of the pipe. Furthermore, in small breaks, the
,

[ velocity of the liquid is'small when compared to the vapor velocity in the

(_ ' vicinity of.the break, so that in relation to this vapor, one could assume
|
| that the liquid is stagnant.

. -. . , . - - - , - .-- , - . - . .- . .- --
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These observations lead us to conclude that although Eq 3-1, Eq 3-2 and Eq 3-3,

i - do.not correspond exactly to PWR conditions, they still may be useful for the 1

,

purpose of estimating incipient liquid entrainment through breaks in a PWR,
i

LOFT and Semiscale. This will be done in the section that follows.

3.2 Application to LOFT and Semiscales-
!

1

; Incipient liquid entrainment criteria listed in the preceding section are all

of the form

#~U ([L
V m
U 1C ) 3-4

JgapL
9

:

|. where the constant C and exponent m = 1, 3/2, 2 depend on the location and

geometry of the outlet.

.

! Assuming that the process in the plant and in the model occurs at the-same .]
pressure and that the vapor flow through the break is choked, then4

i

V -V 3-5-

gm gp

and Eq 3-4 leads to the following scaling relation
1

:

h_fdm)m/m+1/2
~

l

'

3-6

9P kP[,

!

!

. . -- _. -- _ - _ _ - - . - . - _ - _ - - - - _ _ .
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which can be expressed also as

)m/m+1/2
,

0 .IL IIL' I d

([j m -
.m _p ,3 3-7;

(d D, (Djpp

It is shown in Appendix A, .that in separated flow, the requirement of geometric

similarity, that is, of' equal void fractions, implies, also the equality

I L) 'L)
\

'

m ( /p
1

i It follows therefore from Eq 3-7, that the scale distortion is given by
1
'

m/m + 1/2
A = p 3-9+

(dp; D,

Table 3-1, below shows the results of applying Eq 3-6 and Eq 3-9, to a PWR,

LOFT and Semiscale for the case of a side orifice, that is for m = 2.

Table 3-1
i

D- d
(cm) (cm) L,/ L, A

PWR 73.7 11.4 1 1,

LOFT 28 1.62 0.21 0.55

Semiscale 3.4 0.28 0.052 1.12
.

'

This table indicates that the calculated incipient liquid entrainment in a PWR,

is bounded by those calculated for LOFT and Semiscale.

!
t

s

e-. __ =c - ,- - - - - w ~ .,v. ,
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In order to estimate the range of L /d, over which one could expect liquid
g

entrainment in the hot leg of a PWR, we use the criterion for incipient liquid

entrainment through a side orifice, that is, Eq 3-1, which can be expressed

also as

Jp9 L 2.5V
9 3-100 > 3.25 (3 )

Jgapd

At 1000 psia, the critical velocity for the vapor is aproximately 500 m/sec,

and with a break diameter equal to d = 11.4 cm, Eq 3-10, yields

L

9 < 4.5 3-11
d

Consequently, liquid entrainment would cease when the liquid level has reached

a distance of approximately 51 cm below the break center. This is rather

high, more than one would have expected. Perhaps, the value of the constant

and/or of the exponent in Eq. 3-10, are not strictly applicable to pipe flow.

It is evident that experimental data would be needed to resolve this question.

Nevertheless, the results indicate a high propensity for liquid entrainment.

3.3 Conclusions

(1) With a break located above the interface, liquid can be entrained in

break flow as a consequence of vapor acceleration in the vicinity of the

break. No data were found in the literature dealing with this process.

_ _ _ _ _ _ - - .
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(2) However, experimental data and analyses were found which deal with liquid

withdrawal from large reservoirs through a side orifice or slot, and

through a vertical pipe. They show that break location with respect to

the interface as well as break geometry have an important effect on

correlations which peraict incipient liquid entrainment through a break.

-(3) An application of available correlations to PWR, LOFT and Semiscale

indicates a high propensity for liquid entrainment. Furthermore, the

results show that conditions for incipient liquid entrainment calculated

for a PWR are bounded by those scaled to LOFT and Semiscale.

|

!

l

i
l

|
|

|
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,

| 4. Vapor Pull-Through
i

1

(

With'a break located below the horizontal interface, vapor can reach the break

because of vortex formation or by being pulled-through in a vortex free flow.'

!

j Both processes are illustrat'ed in Fig. 4-1. No information was found in the

literature on these processes for conditions of interest to a PWR. Specifically,

data on incipient vapor pull-through for pipe flow at high pressures were not
'

found.

I

However, experimental data and correlations are available on incipient pull-i

through drains in large reservoirs for vortex as well as for vortext free

flows. These correlations are useful because they indicate the form of scaling

relations. Furthermore, when liquid velocities are low, as in the case for

small break LOCA's, one could use the available correlations (valid for draining

large reservoirs) and apply them to facilities of interest in order to estimate

the conditions which may lead to incipient vapor pull-through. This will be
4

; done in the two sections that follow.

o
,

! 4.1 Vortex Flow

Experimental data and analyses are available which deal with vortex motion in

draining liquids. In what follows we shall use the results reported by Daggett

and Keulegan, Ref. 10, and by Plesset, Ref. 11.

The authors of Ref. 10, present data and correlations for predicting incipient

vapor pull-through due to a vertex reaching the drain at the bottom of a'

'|
,

. _ _ _ ._- -- - - - .
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PULL-THROUGH A BREAK
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vessel. Using the nomenclature shown in Fig. 4-1, where r, stands for the

initial circulation and V for the velocity of the liquid at the drain, Daggett

and Keulegan proposed the following correlations

d - 17.5 x 10 3 E 4-1
<

y-g

for

S < 3.3 x 104
If

and
I II

> 4-2
VL - 150p

for

E > 3.3 x 104
6

In order to use these correlations we have to estimate first the Reynolds

number. Assuming choked flow at the break, at 1000 psia the velocity is

approximately 20 m/sec. and with d = 0.23 cm we obtain for Semicale

= 4.25 x 105 4-3

Consequently, we should use Eq. 4-2, which indicates that incipient vapor

pull-through is independent of the break size.

Assuming that the processes in the model and in the plant take place at the

same pressure, Eq. 4-2 reduces to the scaling relation given below

i,
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"
$ 4-4

fp' p

j In order to proceed one needs data and/or relations for calculating the circula-
/

tion F. Such-information is not available for conditions of intersst. In

what follows we shall use the scale ~of circulation proposed by Plesset, Ref. 11,

! given by
4

E

4

} F * d/gL 4-5g

!

Substituting Eq. 4-5 in Eq. 4-4 yields the ratio (model to prototype) of

liquid depths for conditions of incipient pull-through due to vortext flow at
,

the break, thus

i
'

2

L, (dy );
f

4-6I L II T S
*

2P- i p;
a

which can be expressed also as:
;

i 'L' D lLI
4-7'( ; m * ( j p

!
,

Since for~ geometric similarity, that is, for equal void fraction we have (see
i

. .

L Appendix A) i

.

4

p {

(0,m= ( D j| p
-

-

- 4-8t '

i

|

u

I
|

, .. _ . . . . , _ , . . _ , . - . . ..,m_. e ,, , , , , . . - , . . .,m.., -rm.. . , ry, . , ..r..- r y _...-.%,n - . , . . _ , _ - _ . -
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we obtain from Eq. 4-7,-the distortion

f =| _4-9 |A=
(pi (.m,m-

,

Table 4-1, below shows the distortion evaluated for a hot leg of a PWR, LOFT 1

.

and Semiscale

Table 4-1

D 5 A
Cm4

PWR 73.7 1 1

LOFT 28 64 0.041,

i. Semiscale 3.4 1500 0.015

From these results and Eq. 4-7, it appears that incipient vapor pull-through ,

due to vortex formation, will occur at a greater liquid depth, (L /D), thatg

is, at lower void fractions a, in a PWR than in either LOFT or Semiscale. In '

other words, these results indicate,that a PWR has a higher propensity for

vapor pull-through than either LOFT or Semiscale.
,

i

4.2 Vortex Free Flow

Several references are available which present experimental data and analyses

of vapor pull through in vortex free flow during drainage of tanks. In what

follows we shall use the results reported by Lubin and Hurwitz, Ref. 12.

i

E_. _
-- . - . _. __ ,_
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3

These authors present experimental data together with an analysis of the vortex

free. pull through mechanism. Two correlations for predicting incipient pull-
t

through conditions, were derived and verified experimentally. These were-

.

L, )
/23

v5, t

-10
Jgapd (7,

for

L; 3
7< 1

and

5/2
VS, fL )

3.25 '(
,d2 4-11.,

/gapd J

for4

L
fy> 1

Poth correlations are plotted on Fig. 4-2, with L = H , since the break isg f

at the bottom.4

Assuming that the processes in model and prototype occur at the same pressure

and that the flow at the break is choked, Eq. 4-10 leads to the following

scaling relation when L /d < 1g
! t

,

fd)E|i L 1

4-12* *
L jl/3-pp

or

I[L i D Lg I J f
4 13j - =

1/3 - D, (D j p(D /m S

I

s
,

_ . . ___ _ _ _ _ _ _ .. . , _ , . . -
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from which we obtain the scale distortion:

0l
~ 4~14Ay=S l/3
D,

whereas, when Lf/d > 1, we have from Eq. 4-11

4/5L _ f' d i
Em m1 _ 1

4-152/5
L
2P (dP1 5

Or

[LI 1 D IL l
f - E - 4-16

g

2/5(D;m 5 D, (D j p

whence the scale distortion
.

y=1 (f0 \'

b g75 4-17
5 ( mi

Table 4-2 below, shows the two distortions evaluated for the hot leg of a PWR,

LOFT and Semiscale

Table 4-2

D S A a
1 2(cm)

PWR 73.7 1 1 1

LOFT 28 64 0.656 0.53

Semiscale 3.4 1500 1.89 1.16

i

i
1
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,

_l
;

.The-results indicate that conditions which may lead to a vapor pull-through in
,

a PWR.are bounded by those scaled to LOFT and Semiscale,
.

If we assume that the prototype and model have the same void fraction and that

the conditions in the plant correspond to incipient pull-through, then these
3

result indicated that vapor will be pulled'through in LOFT but not in Semiscale.
,

We shall estimate now the conditions' for vapor pull-through in a PWR. Assuming

again that the velocity of the choked flow is approximately equal to 20 m/sec,
.,

,

we find for a break diameter equal to d = 11.4 cm, that
|

.

!

Vf.

20 4-18
Jgapd

and Fig. 4-2, shows that vapor pull-through will occur if

Lg
g- < 2.1 4-19

that is, when the depth of the liquid above the break is less than appro-
,

ximately 24 cm. Although this value may not be exact, nevertheless the results

indicate a propensity for pull-through.

4.3 Conclusions
.

] 1. With a break located below the horizontal liquid interface, vapor can

reach the break due to vortex formation or by being pulled through in a
?

i

,

;
,

_, e - . _ - . _. _ . ,
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:

vortex free flow. No data were found in the literature on these processes

for conditions laf interest to PWR.4

L

f

; . 2. However, experimental data and correlations are available in the literature

on incipient' pull-through for both vortex and vortex free flows during

drainage of tanks.
;

!
'

i 3. An application of correlations for vortex flow,, indicates that for

conditions of interest to a PWR, LOFT and Semiscale, incipient pull-through-

does not depend on break size. The results also indicate that both LOFT
;

and Semiscale have a lower propensity for vapor pull through due to

vortex flow, than a PWR.
:

i

4. An application of correlations proposed for vortex free flow, indicates
;

that incipient pull through conditions in a PWR are bracketted by those

scaled to LOFT and Semiscale. Furthermore, these results also. indicate

! a considerable propensity for vapor pull through a small break in a PWR.

| For example, for a break diameter equal to 11.4 cm vapor pull-through

will occur when the depth of the liquid above the break is approximately

24 cm or less.
:
J

!

T

|
,

_- 2. - - - - . . . - . , - . -- _ , - - . - , _ _ . - . - . - - - . - -. ..v
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:

$- 5. Counter Current Flow limitation in Horizontal Pipes

i
i

- 5.1 Scaling

,

In a small break LOCA,'the steam generator may operate in a " reflux boiler"
,

mode, so that liquid condensing in the primary side will ' flow through the ho

; leg back into the core. This return flow is gravity dominated. Since the

liquid and the vapor are in counter current flow, the question arises as tot-

whether or not the CCFL phenomenon can occur. This question is important
,

. -

because if CCFL can occur, then.the liquid may be prevented from flowing back.

L

into the core. It is evident that CCFL can have an effect on the distribution,
.

r

r

of the liquid in the system and, therefore, on the inventory in the core.
,

i
,

Experimental data on CCFL phenomena in horizontal pipes, applicable to PWR

conditions were not found in the literature.
,

!

1

However, Wallis'Ref. 1, reported data on flooding for air-water flowing
:

through a horizontal, rectangular (2.54 cm x 2.54 cm) channel. The experi-

: mental results were correlated by equation:
!,

L

5

Idg fg
_

7 a /2
1 3 5-1

-

Jgap0

i
|

Visual observation of the CCFL process indicated-that it is associated with an;
,

. instability of long waves. Indeed, as Wallis noted Eq. 5-1 is in agreement

I

i

l'

_ _ _ ___ __ . . . . . . - - . . . . . . . . . . _ . . . , . _ . . . .. _ . . . , . _ .
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^with theoretical results reported by many authors who analyzed the stability

-of stratified (two-fluid) flows.

i

Additional experimental data and analyses of stratified flows, which may.be of
' interest to the present problem,.are available in the literature. They are

concerned with' gravity-or density currents, that is, with the intrusion of 0
;

heavy fluid into a mass of a lighter f.uid illustrated in Figure 5-1. This
!

phenomenon occurs.in meteorology when a cold front moves in; and in hydrology,

; when a muddy water or salt-water intrude into a mass of fresh water.
t

; Von Karman, Ref. 14, derived an equation for the speed V of propagation of a

density front,

4

VJp2
) 5-2=

JgapHi

j the notation is shown in Figure 5-1. Whereas, Keulegan, Ref. 15, and Grubert,

Ref. 16, presented experimental data and correlations for calculating the

f length, L , of an arrested wedge:g

!
,

t .5 -2.5O
L _1 fH I ,Jp1

'

IgapH i V 5-31g _ <

F ~ 30 [2 Pi ) ( gg3pg}

Where T is the kinematic viscosity of phase 2.| 2

- _. _ _ . .. - ._ _ _ _ - _ __ _ . _ - - _
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The notation is illustrated again in Figure 5-1.
.

It is realized that the results reported in Ref. 13 through Ref. 16, do not

correspond to PWR conditions. Nevertheless, the results reported in these

references ate useful because they in'dicate the form of correlations for

' calculating processes that bear a similarity to.those under consideration
,

here. Consequently, the equations above will be used in the section that

follows to estimate the conditions which may lead to CCFL, in a hot leg of a

PWR, LOFT and Semiscale.

5.2 Applications to LOFT and Semiscale
,

It can be seen that Eq. 5-1, is of the same form as Eq. 2-1, that is, the CCFL
i

correlation in horizontal pipes obeys the Froude number scaling. Consequently,i

when used in conjunction with the power to volume scaling of LOFT and Semiscale,

it will lead to a distortion given by Eq. 2-11, which is evaluated in Table 2-1.

Figure 5-2 shows Eq. 5-1 together with the results scaled to LOFT and Semiscale.

It indicates that conditions which may lead to CCFL in a PWR, are hounded by

those calculated for LOFT and Semiscale. As in the case of Eq. 2-10, these

results show also that because of this distortion, one cannot satisfy simul-

taneously the equality of Froude numbers and of geometric similarity, that is,
r

equality of void fractions for the three facilities. This conclusion could be

illustrated in Figure 5-2, in the same way as it was done in Figure 2-2.

| In order to obtain a quantitative estimate of conditions that may lead to CCFL

in a PWR, we shall assume a void fraction of o = 0.5. Taking the pressure ofp

|
'

, .- __ _ , . _ , . _
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1000 psia and with D = 73.7 cm, we obtain from Eq. 5-1, the mass flux of vapor

G = 15.7 lb/sec ft2 which is equivalent to a power of 1.04 x 104 Btu /sec.
g

These are surprisingly low values. Although, they may not be exact, neverthe-
i

less, they tend to indicate a high propensity for CCFL phenomena occurring in a
|

| hot leg of a PWR.

! Before applying Eq. 5-2 and Eq. 5-3, perhaps we ought to describe briefly the

similarity between the phenomena they model and the present problem. As vapor

condenses in the steam generator, it will flow through the hot leg back into

the core. This flow is gravity dominated. Under some conditions (if the hot

leg was initially dry) we can visualize this flow as a liquid front (wedge)

advancing through the hot leg. As noted above, Eq. 5-2 predicts the speed at

which a denser fluid will propagate through a lighter one. While Eq. 5-3

predicts the distance (from the inlet) for the dense fluid wedge to be arrested

by a lighter fluid flowing in the opposite direction.

For an advancing wedge to be arrested, it is necessary to super-impose a flow

of the lighter fluid in the opposite direction. According to Eq. 5-2, this

flow scales as:

j JE H
o 9 E

5-4=
9

Vg.apD

it obeys therefore, Froude number scaling. It can be seen that this equation

is of the same form as Eq. 2-2. Consequently, the comments and conclusions

i
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made with respect to the-latter, apply also to Eq. 5-4. For examp % , the

distortion is given by Eq. 2-11, which would indicate that the condition for '

arresting an advancing liquid wedge in a hot leg of a PWR is bounded by those

scaled to LOFT and Semiscale. Specifically, if in a PWR the wedge is at the

point of being arrested, in LOFT it would still advance, while in Semiscale it

; would have been already arrested.

In order to estimate the length of a liquid wedge arrested by the vapor flowing

in the opposite direction, we use Eq. 5-3 expressed in the nomenclature of

this report:

I .520.5
I I l I 'g@D2, 1 D 'gapD

5-5- = -r-

-(- pgj (jg30 r |pf j0 g

If the pressure is the same in model and prototype we obtain then the following

scaling relation:

2

1) lj)2.5 I D,) f2 I#

5-6*
D D D

k im \m k
.

k APp

which in view of Eq. 2-7, can be expressed also as

l

25(D,\ (E)i
E .S

5-7=

kglm (g- (g f ppi

!

i

~

.

l

_ - - - - - . . . _ . . . _ ._ .__ _ _ _ , _ _
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the distortion is then
|
[

7I
D*I2. 5,

; A=5 5-8(gi' p<
t

| Table 5-1 below shows this distortion evaluated for the hot legs of LOFT and

Semiscale.
|

1

Table 5-1,

!

D(cm) S a
.

PWR 73.7 1 1

1
-

| LOFT 28 64 36

Semiscale 3.4 1500 0.39

The results indicate again, that the calculations for a PWR are bounded by

.

those pertaining to LOFT and to Semiscale.
.!

1

To make an order of magnitude estimate of this arresting length, let us assume
i

a decay power of 7.55 x 103 Btu /sec, which at 1000 psia corresponds to a vapor!

mass flow of W = 116.5 lb/sec and with a pipe diameter of D = 73.7 gives a
g

] vapor Reynolds number equal to 4.65 x 106 The superficial vapor velocity

being approximately j = 350 cm/sec, Eq. 5-3 yields for the ratio
g

f323

.

B

:

_ _ _ __._ _ . _, . _ _ , - _ _ . _ . _ _ . . . _ . . _ . _ __... ,_ __ _
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whence the length is E 2 82 ft. Since in a plant the length is of the order

of 25 ft, we could conclude that for the assumed conditions, the liquid could

flow back into the core.

5.3 Conclusions

1) Experimental data on CCFL phenomena in horizontal pipes, applicable to
'

PWR conditions were not found in the literature.

2) However, some data are available on air-water flooding in a rectangular

(1 in x 1 in) duct, Ss well as on the propagation of density fronts and

on their length when arrested.

3) Available data on air-water flooding in horizontal ducts indicate that

tne process induced by an instability of long waves, is scaled by the

vapor Froude number. The latter being a function of void fraction.

An application of the proposed correlation indicates that conditions

which may lead to CCFL in a PWR are bounded by those scaled to LOFT and

Semiscale. These results also indicate a potential for CCFL phenomena

occurring in a PWR.

4) Available correlations for calculating the length of an arrested liquid

wedge show that this length is a strong function of the velocity of the
|lighter phase. The correlation indicates that the condition for arresting

an advancing liquid wedge in a hot leg of a PWR is bounded by those

-
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scaled to LOFT and Semiscale. Specifically, if in a PWR the wedge is at

the point of being arrested, in LOFT it would still advance, while in

Semiscale it would have been already arrested.
~

.

I

,

!
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:

6. Conclusions
t

]

Each preceding section presents a list of conclusions pertaining to a particular

process. Here we shall summarize only those which are concerned with facilities. ,

;

l

6.1 Flow Regime Transitions

I

; 1) It was shown that Froude number scaling when combined with the power to

! volume scaling of LOFT and of Semiscale results in a scale distortion
!

(see Eq. 2-11). Calculations indicate that conditions which may lead to

flow regime transitions in a PWR are bounded by those scaled to LOFT and'

| Semiscale (see Figure 2-1 and Tables 2-1 through Table 2-3).

2) It was shown that because of this distortion the scale of time is not
i preserved, that is, flow processes in model and prototype are not isochronous.

For Semiscale this effect is not severe (see Table 2-4). j
,

i

j 3) It was shown that the effect of flashing is to reduce the vapor flux
!

i required to induce a flow regime transition. The flow regime transition

|- criterion proposed by Dukler and Taitel was modified to account for this

effect (see Eq. 2-18).
*

,

6.2 Liquid Entrainment at the Break j

1) For PWR conditions, no. data were found in the literature dealing with the
i

processes illustrated in Figure 3-1. However, experimental data and
i

i

|

!

!

, __ . - _ , _ _ . . _ - _ . . - , , . _ . , , _ . . _ ._ ---
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correlations on liquid withdrawal from large reservoirs (see Figure 3-2)

| . indicate that break location with respect to the interface, as well as

] break. geometry have an important effect on incipient liquid entrainment.

~2) An application of these correlations (see Equation 3-2) to PWR, LOFT and,

Semiscale indicates a high propensity for liquid entrainment (see Eq. 3-11).
I The results show also (see Table 3-1) that conditions which may lead to

j incipient liquid entrainment in a PWR, are bracketted by those scaled to
i

LOFT and Semiscale.4

!
,

.

6.3 Vapor Pull-Through

1

1) For conditions of interest to a PWR, no experimental data were found in
f

the literature dealing with incipient vapor pull-though due' to vortex

formation. Data are available, however, on vortex effects during the

drainage of large vessels'(see Equation 4-1 and Equation 4-2).

An applicaticn of these correlations indicates that for conditions of

interest to a PWR, LOFT and Simiscale, incipient pull-through does not

depend on break size (see Equation 4-2). The results also indicate (see

Table 4-1) that a PWR has a higher propensity for vapor pull through due'

,

to the vortex flow then either LOFT-or Semiscale.

|

| ' 2) No experimental data were found in the literature on vapor pull-through
1

in a vortex free flow for conditions of interest to a PWR. However,

experimental data and correlations are available (see Equations 4-10 and|

4-11) for vortex free pull-through drains in large vessels.

_ _ - - . -. . . _ _ . -.
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An application of these correlations to a PWR, LOFT and Semiscale indicates

that conditions which may lead to an incipient vortex free vapor pull-through

in a PWR are bracketted by those scaled to LOFT and Semiscale (see Table 4-2).

| Furthermore, these results indicate also a considerable propensity for vapor

{ pull through a small break in a PWR (see Equation 4-19).

;

'
6.4 CCFL in Horizontal Pipes

i

|

1. Experimental data on CCFL phenomena in horizontal pipes, applicable to PWR

conditions were not be found in the literature. .However, some data are

available on air-water flooding in a rectangular horizontal channel.
,,

An application of the proposed correlation (see Equation 5-1) indicates

that conditions which may lead to CCFL in a PWR are bracketted by those

scaled to LOFT and Semiscale (see Figure 5-2). These results also

indicate a potential |or CCFL phenomena occurring in a hot leg of a PWR.

f

2. Available correlations (see Equation 5-5) for calculating the length of

i an arrested liquid wedge (see Figure 5-1) shows that this length is a strong

function of the veloc.ity of the lighter phase. When applied to a PWR, LOFT,

and Semiscale the correlation indicates that the condition for arresting an

advancing liquid wedge in a hot leg of a PWR is bounded by those scaled to

LOFT and Semiscale (see Table 5-1).

1

i |

.

I

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

|

6.5 State of Fluid Reaching the Break

|

The data base of correlations used in this report does not correspond to PWR

conditions'. Consequently, definitive quantitative statements on the precise

state of the fluid reaching the break cannot be made. Nevertheless, the

results indicate that due to flow regime transitions and/or liquid entrainment

and/or vapor pull-through there is a great propensity for a two phase mixture

reaching the break during most of the transient.

.
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Appendix A )

Geometric Similarty for

Separated Two-Phase Flow

Using the notation shown in Fig. A-1, the geometric relations of interest to

scparated two phase flow, can be expressed in terms of D, 0 and p, thus one

obtains:

a) for the cross-sectional area occupied by the vapor:

02
g 7 [0 - sin e cos 0] A-1A =

b) for the void fraction:

a=h[G-sin 0cos0] A-2

!

c) for the three perimeters in dimensionless form:

(I - sin e A-3
D

L
_S" = 0 A-4
D

* -

11 - 0 A-5
0



A-2

|

!

%

T g a

# L

I Ii _
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!

4

|

i

I
,

Ilco

|

|
FIG. A-1 DEFINITION OF NOTATIONS
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.

d) for the dimensionless depths of the liquid:

HE1 (1 + cos 0) A-6
D 2

and of the vapor

H

d = f (1 cos 0) A-7
D

e) for the dimensienless distances from the break

L

d = f [cos E cos 0) A-8
o 1

and

1 1
-=7 [cos 0 - cos ) A-9
D

|

Geometric similarity between model and protetyna requires that

8, = Op A-10

and

O*O A-11m p

.

.

.
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It follows then from Eq. A-2 through Eq. A-9, that the following relations are

automatically satisfied:

A-12a, = ap

I b \ __ |[ b-
i A-13i

(D) p(D I m

& \ (l 1
*(m p

fw I _ [I A-15

|[b ~ E 0~ j
fw

]m p

[H I I H) A-16E 2= (U / p(D m" j

(H) 'H)
_9 A-17

; =
(D j.\ j pm

g\ _!yl l A-18
(D , p(D m

,

_fll
f A-19 lf

(0 ,m- \D p;

t!e conclude therefore, that in separated two phase flow, geometric similarity

implies the equality of void fractions and vice versa.

1

1 Lde note also that instead of 0, one could have selected for the independent |

variable any of the other geometric relations say, for example, H /D. In thisg

case the void fraciton becomes



_.

.

.

A-5

lI'(1 - 1)
w

1 I 2H 2H H

-1 ( 7 - 1) - ( - 1)
g g ga= cos A-20g. D

which is plotted in Figura A-2.

i

_ _ _ _ _ . _ . _
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Appendix B

:

Power to Volume Scaling

B.1 Requirements and Implications

In this section we shall discuss the power to volume scaling method together

with its requirements and implications.* This is being done here in order to

compare this approach to the scaling of separated two phase flow through

horizontal pipes. This latter analysis is carried out in Appendix C.

For single phase, one-dimensional vertical flow, the equations which describe

tiu conservation of mass, momentum and of energy are:

$ 9W+ _O 8-l-

'bl %

.p 9 r _ _27 ._ D - jg(9* u
or n m a<

(w + f0 )4 14 9? UM '

+V g_3+
<n

=
A< % %

Mor additional information and applications to experimental facilities, the
reader is referred to Ref. I through Ref. 3.

_ _ _ _ - _ _ _ _ .
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It is noted that th'se equations are also applicable to two phase flow under

the assumption that the two phases have equal velocities and temperatures.'

Introducting the following dimensionless parameters

f f _~_ {3 f_~
,

' h, Y f,
'l. f Oo I ToI I

o

T$ 'I

F 0f= f $=% 5+= Yt.; (' = e ,I (_ TT

< e.# y lj q,
j

where the subscript zero, denotes the reference scale, Eq. B-1 through Eq. B-3

can be expressed in dimensionless form, thus

1(* 'at,'9fV b-ro
.+. _

9 {i . fa D

t r ?, t, Tp+ ' Y. g o, t.' 1* ug '# ' s t,' / / 'd tr* _^ _
. to f,0* W , dso

.
F?

t

W .b, 9V

' S t, ' p A-6t
_

, Go .\'

,

g) 001, ' p*q+) Y, $,bo 'T g _q
'

f'

y 2,
. av . % e. h.> r

6L,?,'g+ Y' ?. ' 7 ?P
'

4 +
s(, E. , 9 t* f. (', &. , 7h*,

4

I

. . . .

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

.

-
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Consequently, if the similarity is to be achieved between processes observed in

a model and in the prototype, it is necessary to satisfy the following

identities

'
,

8% \|

Cb 17b 3-p

sTs .m ,

I ? I' ? ( 3-9__

( |Y m ( k* Ts

r , r

I Kot I KV b -10_.
~

6c 4< ,7.., ,

j b' jf'
'

3 -u:=
9 9 .?- sm <

3 hb l $h
3~ 11Ge ek m & Rh ,y. s.

?> 7'
' '

(k (k ?
.

b^O-:=
(

s w.

where for simplicity, we have omitted the subscript zero. Let us examine now

the implications of these identities.
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The dimensionless group which appears in the mass conservation equation,

Eq. B-5, is referred to in the literature as the Strouhal number. Referring

now to Eq. B-6 and En. B-7, it can be seen that this numbe'r scales also the

fluxes of momentum and of enthalpy. Consegeuntly, if a model and prototype

have equal Strouhal numbers, then the rates of change of mass, momentum and of

enthalpy (given by the left hand sides of Eq. B-5, Eq. B-6 and Eq. B-7) in the

two systems will be similar. It is evident that when these rates of change

| are high (such as in a case of a large LOCA), the equality of Strouhal numbers

cust be maintained.

If the moc' I and prototype have the same fluid and the processes occur at the

same pressure, Eq. B-13 is satisfied. With Strouhal numbers being equal,

| Eq. B-7 then indicates that the rate of pressure change will have a similar

effect on the energy content of the two systems. It is evident that if the

l
effects of decompression and/or recompression are to be scaled, then both'

Eq. B-8 and Eq. B-13 must be satisfied.
.

The effect of wall heat flux is scaled by Eq. B-12. If we require that the

events in model and prototype occur at the same time, then with pressures
|being equal, Eq. B-12 :ci.ces to 1

.

.-

k I h dg

_. __
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,

D2 fining the total volume and power of the system by

{ $ <. h''T=

cnd -

h= lS 3 -I k

Eq. B-14 can be expressed also as

h! ? %-|7=

* m

Furthermore, when the time scale is preserved, that is, for isochronous events
,

.

; in model and prototype, the equality of Strouhal numbers, Eq. B-8, reduces to

(f)m I )P B-18*

Defining the volumetric flow rate by

*

.i

Q = vA B-19c

then in view of Eq. B-15, we obtain from Eq. B-18 and Eq. B-19 the ratio of

volumetric flow rates
:

~B-20=

|
,

i

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

|1

; Since the. processes take place at the same pressure and with the same fluid
i

j Eq. B-10 can be expressed also as

!

yW
p 'p

b
_

B-21

Vm
i

It follows then from Eq. B-17, Eq. B-20 and Eq. B-21 that

b = _R . = b_ B-22P
f

*m O "l7,,,m m

which expresses the power to volume scaling relations.

,

We note, that when Eq. B-22 is satisfied there is a one to one relation between
4

the corresponding terms of the mass and energy conservation equations for model

and for prototype. In other words, in going from model to prototype the

effects of various process accoiinted for in Eq. B-5 and Eq. B-7 are preserved

without distortion.
c

I

Satisfying the similarity conditions for mass and energy conservation with

Eq. B-22, it remains to establish the requirements for scaling the effects of

pressure, friction and gravity in the momentum equation, Eq. B-6. Note, that

the effect of inertia has been already accounted for (scaled) by the equality

of Strouhal numbers, Eq. B-8.

i

|

For pressure, friction and gravity to have a similar effect in model and

i prototype, Eq..B-9 through Eq. B-11 must be satisfied. Since the requirements

!

. m , ei- p. - -c - g r--, .ger. -..4., . ,w -7 --
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of isochronicity and af equal properties have been already invoked, these

three equations reduce respectively to

(v2)m = A B-23(vE)p 8

v
* =A B-24

2
P

[hKv],=A3[c Kv]p B-25
c

i

If the effects of pressure, gravity and friction are to be identical in the

model and prototype, then the values of the distortion coefficients A , A andy 2

A , should be equal to unity. Eq. B-23 and Eq. B-24 are two relations for3

scaling velocities and lengths. However, a third relation was already specified

by the equality of Strouhal numbers which for isochronous events reduces to

Eq. B-18. In order to satisfy simultaneously, these three relations, it is

necessary to preserve elevations and velocities between model and prototype,

that is,

f

E=1 B-26#
m

and

v

[m
=1 B-27

I
i

|

.
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'

B-8-
!

.
i

.

The requirement cf equal elevations imposes in turn, a requirement for scaling j
>

,

cross sectional areas which is obtained from Eq. B-15 and Eq. B-26, thus ;

f
A 7 - j B-28 |cp _

'h.S
cm

|
'

The requirement for scaling the effect of frictional forces, Eq. B-25, then
\

,

j becomes
,

, , ,

1K K=

j ,9 *N B-29 i
.% ,y

!

| To summarize, the effects of each of the terms appearing in the three conserva-

1 tion equations are preserved in model and prototype wit 50ut any distortion, if
J

one satisfies the requirements of:
!
!
:

a) Equal pressures and properties:;

1

t ,

!

f? ?P

i-
. - _

$m 8-30h $w
t

!
i -

I

! '

| b) Power to volume scaling relations:
! i

: i

- |
'

'

-9i

'p7 Wr. W, <,
ur .A

j e
i - d B-31

= = =
i

; .k Y, k V-
:
i

,

,, .r - -, . - . . ,- , -.-.,w-.- s,,. ,, ,- .,,,. - ,.-.%.m-- ., ,, m .- +.y-.
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4

| which imply isochronicity:
1

I
[ B-32I a:

--

1,-

,

c) Equal elevations,

k*
i=

| B-33*

i
:

) which together with Eq. B-31, specifies the ratio of cross sectional areas

given by Eq. B-28. Note,- that Eq. B-33 and Eq. B-32 imply also equal
,

velocities, Eq. B-27.

d) Equal frictional effects:,

.

5

~, ,

,Y 'I
'

g _
g

ge
-

A' B-34i

,m .?,

.

I

If some of these requirements.are not satisfied, then the effects of some of3

1

the processes observed in model and prototype will be distorted.'

i

|

!

|
.

|
|

_ _ . __.. ., .. _ . _ . _ _ _ __ _ _ _ . , ,
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B.2 Applications

We want to determine the volumetric flow rates of the vapor, that satisfy the

power to volume scaling. We can easily obtain such an expression if we assume

that the effect of pressure decrease on vapor formation is small when compared

to that of the decay heat. This is a reasonable approximation for slow

decompression rates associated with small breaks. The vapor flow rates are

obtained then from an overall energy balance, that is, from

&=p h Q B-35
g fg g

Since the vapor superficial velocity j , is related to Q by
g g

=b B-36.

J Ag c

It follows then from Eq. B-35 and Eq. B-36 that

. @ B-37

9 P h Ag fg c

whence

E)Ij fp ) I A1 I D
C I,9* B-38'=

OJ (A * \@< \ m<
~

gp ci

where S is the plant to model power ratio

I

* 8-39 !

S = *2m
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i

I

These are the relations which were used in the body of the report.

'

In order to relate S to the break size, we note that volumetric flow rates

scale according to

4

fYj 11 f P
,

O~ d. i d, ; B-40 !

1

j

assuming that the flow of the break is choked then
4

'v = v, B-41-

p

,

and Eq. B-40 reduces to

.,
.

d 2
B-42S=( )

J

;

which was also used in the preceeding sections of this report.

.
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Appendix C

| Two Fluid Model Scaling of Separated

Flow through Horizontal Pipes
;

C.1 Formulation

!

! In this section we shall examine the rules for scaling separated two phase flow

in horizontal ducts using the two fluid model. We shall assume the phases to

be in thermodynamic equilibrium, flowing adiabatically and consider small break

phenomena for which the rate of depressurization is slow. Consequently, we can

omit the two energy equations and formulate the problem in terms of the mass

conservation equations

^g o.0 0 . 7 { 0 -4 t t l = o c-l
, 7T

7Wl 9 , yg l = 0i 4 c-1
9t h

and the momentum conservation equations

8(k ,Of ( k. = _ Ibf ( f fi bl Tu fu + E $i C'3
f

it 'M M 'll

M = _. l @ ? l , ?p % _ q u Yg - D Yr c-YggiR% , e,f *3 i
3

13 13 l '1
where the variables are area averaged.* Note, that the pressures and

^A detailed derivation and discussion of area averaged equations for the two-
fluid model can be found in the PhD dissertation: "Thermo-Fluid Dynamics of
Separated Two-Phased Flow," by G. Kocamustafaoguari, Georgia Institute of
Technology, Dec. 1971

,

|

|
|
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;

are not equal because of the hydrostatic effect. Following the " hydraulic"

approximation they can be obtained from the transvers momentum equations when
,

the inertia tems 'are neglected thus
-

8

i

-t!Q}U C~[t. a ti L
Z

and
,

C-bf = gi - fbjg

where igi and 7/i are'the pressures just above and below the interface.

If we neglect the effect of surface tension then

l~DS i =1 tig

J

Substituting Eq. C-5 and Eq. C-6 into Eq. C-3 and Eq. C-4 and expressing them in

terms of the void fraction we obtain
,

i

|

NL ki
_

(V tw C-fYt f lYl fQ _

:ui-a) n e o-J) Ac 0%
4

l

9L 'l3
- _ _

L 91 c

i !
!

l' i Y \U
~

h ) _ _Q %gf + y +a4 n a< w oc At "-qp
|

4

6

a- -- w , , - - ~ -
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Two coments 'should be made with respect to these equations. First, the void

fraction gradient tems which appear in Eq. C-8 and Eq. C-9, make these

equations hyperbolic, that is, they make the problem "well posed." Secondly,

these two tems account for the effect of' gravity in horizontal flow. Were

it not for them, the equations could not model gravity dominated flows of

interest here.

| The four equations, that' is, Eq. _C-1, C-2, C-8, and C-9, describe the two

fluid model for separated horizontal flow. In the section that follows, they

will be used to obtain the scaling relations appropriate to this two-phase

flow regime.
i

*
C-2 Scaling Requirements

Introducing the following dimensionless parameters for the liquid phase:
,

6, _ A t* _ I
$+ _ 1 ( | _ / )+ _l-d

-

) -

To lo
) r -

I~Je
,

G a. .

4 ii t Vt 7(g = fg f y+ M 4('

h=N g
I L = r "

);

(to $ o - tig,io is
$

C -10# 4 y',
$.th = Ut ,T'

?y tu =i = ,

No $lvot

TT gu ,+ r,-
g = _,

I( (g, Y Dh,(T~?(abt jo

i

with a similar set for the vapor phase, we can express the four conservation

eouations in dimensionless fom thus:-
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Similarity between model and prototype requires equality of corresponding

dimensionless groups. If we assume geometric similarity and equal properties

this implies the following equalities for the liquid phase;
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and for the vapor ;
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These two sets are coupled through.the two equalities which scale the momentum

exchange at the interface between the phases, that is, for the liquid:

! ??c , Q ic $, ~'

q f }, 1*

(1 %; 1. h. . .-- (t(4; Q[, b c-n
1,

. , ,r
.

and for the vapor

IO o 4 i. f.
'~

t p cDIf dr, 4) pie e
C L C~133 =

(%o ' l. D, kV/ 2, le ,. yi
g,

,

Comparing the similarity requirements for a two fluid model, that is, Eq. C-15

through Eq. C-21, with those for the homogeneous flow model, that is, Eq. B-8

through Eq. B-11, it can be seen that not only the number of eoualities has been

doubled, but that two additional relations, Eq. C-22, and Eq. C-23, have appeared

to account for interfacial momentum exchange.

The problem can be made tractable by noticing that the scales of time Io/
and of length f. , which appear in 'the liquid and vapor sets of equations are

the same. Consequently, they can be eliminated from the enrresponding

equalities in the two sets. For example, from Eq. C-15, and Eq. C-19 we obtain

the similarity requirement

'O . 'O , } _C - M'

g g

3. ye. b

The same requirement is obtained from Eq. C-16 and Eq. C-20, Eq. C-17 and ;

i
'

Eq. C-20, Eq. C-22, and Eq. C-23, whereas Eq. C-18 and Eq. C-21 yield
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Let us examine now the implications of these requirements.
,

Eq. C-24-states that the slip ratio in the model and in the prototype must be

equal. Since we have already invoked geometric similarity, that is, equality

of void fraction.

o(% =dp C-1G

Eq.'C-24 implies that

[
{j o '

'

ir

<to f
C. - 1 -)_

((o ' I(g ' 4-
-

Consequently for similarity, the model and the prototype must have the same

ratio of superficial velocities.

/

Eq. C-25 states that the model and prototype must have the same ratio of
%

friction factors. Now, available correlations, for example that of Martineli

and coworkers, show that for a given fluid and flow regime, this ratio depends

only on the ratio of superficial velocities. Consequently, if Eq. C-27 is

satisfied so will be Eq. C-25.

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

We conclude, therefore, that if Eq. C-26 and Eq. C-27 are satisfied, then one

needs to consider the set of equalities for or,e phase only (say Eq. C-15

through Eq. C-18) and one coupling equality (say Eq. C-22). The five equalities-

pertaining to the other phase are then satisfied automatically.

,

Let us consider the equalities pertaining to the liquid phase, that is, Eq. C-15

through Eq. C-18 and.the interfacial momentum coupling equation Eq. C-22. It

| will be instructive to compare this set to the corresponding one valid for the
I

homogeneous model, that is, to Eq. B-8, B-9, B-10 and B-11. It can be seen 4

I

that the Strouhal number equality appears in both sets. Secondly, the terms

which scale the pressure and the wall friction are of the same form. However,

these two sets differ in the groups that scale the effect of gravity. Note

thatEq.C-17hasan). term which does not appear in Eq. B-11. It will be

seen that because of this difference, the two sets obey different scaling

rules.

Following the same reasoning as in Appendix B, we shall require first the

equality of Strouhal numbers:

r$s$s- . Y(o N* .l c zg
_

fo JPo
, ,,

1

Since the flows are gravity dominated, we want to account properly for the

effects of gravity. Consequently, we want to satisfy also

_ - -_______ --
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We observe now that if both equations, that is, Eq. C-28 and Eq. C-29, are to

be satisfied, we cannot preserve the scale of time unless

1 1,,-
$. -

C-3 0
,D,,_ ,D,p

However, Eq. C-28 and Eq. C-29, can be satisfied simultaneously, if the

velocity scales according to

g u kQ O~3I

so that these two equations reduce to one requirement for scaling time,

I io b.. (_Q
l. , /e <Y4w-

and a second one which scales the velocities:

N fko
, C-33= -

17 i D>p

We conclude therefore, that if Eq. C-33 and Eq. C-32 are satisfied, then the

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

~

. effects of. mass flux, of.mementum flux and of gravity will be. preserved in

scaling from model to prototype,,

l.'
9

Consider now the equalities that scale the effects of pressure, Eq. C-16, of

.

wall friction Eq. C-17 and of interfacial drag Eq. C-22 which in view of
4

]
Eq. C24, and Eq. C-28 and Eq. C-33 reduce respectively to

.

| I '
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;

We note.first that Eq. C-34 and Eq. C-32 cannet be satisfied simultaneously.

) Since for gravity dominant horizontal flows it is more important to perserve !

i the effects of gravity which is satisfied by Eq. C-32, then Eq. C-34 indicates
.

~

!

that the presure gradient effect will be distorted. For horisontal flow, and

in particular for counter current flow, the effect of this distortion should

a not be serious because the flow of the liquid is determined primarily.by

gravity and interfacial drag.

. . . . ~ - - - - , .
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Tha effect of interfacial drag is scaled by Eq. C-36. Experimental data seem

to indicate that the drag coefficient depends primarily on the void fraction.

Since the requirement of geometric similarity implies the equality cf void

fractions, these experimental results would imply then the equality of drag

coefficients. If this proves to be the case, then Eq. C-36 would reduce to

the equality of the A[]) ratio between model and prototype. This, in turn,

may result in a distortion of the frictional effects given by Eq. C-35 unless

the K factors are the same in model and prototype. It is evident that further

examination of available data is needed in order to clarify these questions and

establish more precisely the rules to scale interfacial drag and wall shear.

C-3 Discussion

To summarize the preceding results. The rules for scaling separated two

phase flow (adiabatic and with no mass exchange) using the two fluid model are

expressed in terms of two sets of four equations, (one set per phase) plus

two coupling equations for momentum exchange at the interface. Assuming

geometric similarity, that is, equality of void fractions, Eq. C-26, and of

| properties, these equations reduce to Eo. C-15 through Eq. C-23. If

Eq. C-27 is satisfied, which together with the equality of voids implies equal

slip, then one needs to consider only one set, say Eq. C-15 through Eq. C-18,

and one coupling equation, say Eq. C-22.

The five other equations pertaining to the other phase are then satisfied
i

automatically.
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; For separated horizontal gravity' dominated flow the requirement to preserve

I the effects of mass flux, momentum flux, and of gravity, leads to a distortion

of time scale given by Eq. C-32 and-to a velocity scaling rule given by Eq. C-33. ,

However, the effect of pressure gradient is then distorted. Since the flow of

Ithe liquid is determined primarily be gravity and interfacial drag, the effect

of this distortion is not serious. Available experimental data need to be
I'

examined further in order to establish more precisely the rules for scaling 1

the effects of wall shear and of interfacial drag given by Eq. C-35 and Eq. C-36 |;

; respectively.
.
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