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SYMBOLS

A ratio of v ipor/1Iquid volume fraction to bubble/droplet radius

an adiabatic sound speed tor the liquid

C drag coefficient

C constant pressure specific heat for the vapor:

C constant pressure specific heat for saturated vapor

C,, specific heat of the liquid

I) Pipe diameter

(E ) , heat conduction t e n for the vapor interim! energy equation

(f ) , heat conduction terra tor the liquid internal ciiurj;;' equation

F resistive force per unit of mixture vo une due t» wall friction uctiit); on the mixture

F resistive force per unit of mixture volume due to wall friction acting on the vapor

f resistive force per unit of mixture volume due to wall friction acting on the liquid

f pipe wall friction factor for tt'tt. vaprtr

(f ) , viscous stress tern for tile vapor nor.entuo equation

v vis ' '

vis

pipe wall friction factor for the liquid

viscous stress tern for the liquid norcuntuci equation £5
H specific enthalpy ol the vapor

It specific enthalpy of the saturated vapor

I specific internal energy of saturated vapor, 3 function of pressure

I specific internal energy of the vapor

J rate of production of liquid mass (or loss of vapor mass) per unit of aixturc volume by cendensa-
c tion.

J rate of production of vapor nass (or loss of liquid nass) per unit of mixture volume by ovaporj-
e tlon.

K lntcrfacial friction function, related Lo the exchange of raonentun between fields

k related to the roughness of the pipe, k /D is the relative sand roughness (sec Kef. 6 p-'i29).

I. latent heat of vaporization

N number of bubbles/droplets per unit of mixture volume

p pressure, assumed to be locally in equilibrium between the two fields

p reference pressure for the liquid equation of state

Q specific turbulent kinetic energy, Q - 1/2 (0.1 v{)

q specific turbulent kinetic energy, q - 1/2 (0.1 (v -v ) |

R heat exchange function, related to the exchange of internal energy,between fields

r bubble/droplet radius

R Reynolds number

R universal gas constant

I " ::: : " '~ " "" "
U-



s characteristic eddy size

T saturation temperature at the pressure p

Tv vapor tcapcraturc

T. liquid tcapcraturc

u vapor "tlocicy, u - radial component, v - axial cuctponent

y^ liquid velocity, u, " radial component, v • axial component

^ V v i s v l s c o u s "ork Kstn for the vapor internal energy equation

'"'•'.''vis v i s c o u s work tens for the liquid internal encrqy equation

X Lockhart-Martinclll parooetcr that relates '» , to 0.

:i function of pressure used in the detensination of C

i, molecular dlffusivlty of the liquid

i constant parancter In the vapor equation of state, T • i.3Q

Vsv function of pressure, related to the saturated vapor V s v " 1 • p/f> vtp) I (p).

volunc of vapor per unit of aixture volune

i tb'o-phasc friction sultiplier for the vapor
v
I. two-phase friction aultlpllcr for the liquid

• effective conductivity of the liquid, accounts for both aolecular and turbulent diffusion of
tleroal energy

<r molecular conductivity of the liquid

• constant for the condensation rute J
c c

constant for tha uvapora'ion rate J

.' klncnatic viscosity of the two phase oixturc

•t kincsatlc viscosity of the vapor

v. kincnatic viscosity of the liquid

. aixturc density, £ » .)' + ft',

,. oicroscoplc density of the liquid at the pressure pg

oicroscoplc density of saturated vapor, a function of pressure

nicroaeoplc vapor density, vapor aass per unit of vapor volunc

.' oacroscoplc vapor density, vapor Bass per unit of aixture volume, i.e., ,'•' - i,-

mlcroscopic liquid density, liquid mass per unit of liquid voluoc

."! macroscopic liquid density, liquid mass per unit of mixture volunc, i.e., p'. : p. (1-0)

t function of II and p used in the determination of the vapor temperature.



NUMERICAL CALCULATION' OK FLASHING FROM LONG PIPES

USING A TWO-FIELD MODEL

by

Will ion C. Rivard and Martin D. Torrey

ABSTRACT

A two-field nudc-1 for two-phise flows, in which the vapor
.mil liquid phases liav<: different densities, velocities, and
tcaper.iture:!, has been used to calculate the flashing of water
fr«'a loiif, pipes. The IMF (Implicit MultUield) technique is
used in mi~-iric.il ly solve the transient equations that govern
the tlynaalci of each phase. The flow physics is described
with finite rate- phase transitions, lnterfacial friction, heat
transfer, pipe vail friction, and appropriate state equations.
Tlie results of the calculations are compared with measured
histories of pressure, temperatu.-u, and void fraction. A para-
raetcr study Indicates the relative sensitivity of the results
to the various physical nodeIs that are used.

I. INTRODUCTION

An accurate description of the transient dynam-

ics of eultfdlnensional Cwo-pti.is>- flow is necessary

in order to perform an accurate safety analysis far

light water nuclear reactors. Such an analysis re-

quires the usage of large, highly coaplex coraputer

codes. Several such codes have been developed

throughout the country under the auspices of the

Nuclear Regulatory Commission (N'RC). To evaluate

these codes, several Standard Problems are being as-

scabled by the SKC. Kach problem is to be computed

with the various codes and the results compared with

measured data.

This report describes comparisons of calculated

•esults using the KACHINA code with the data of

Edwards ct al. for Standard Problem No. 1. The re-

sults of a parameter study show the relative impor-

tance of the various models used in the cod" to de-

scribe the macroscopic effects of microscopic proc-

esses. The KACHINA code describes two-phase flow

using separate sets of field equations for eacti

phase. The vapor and liquid phases have different

densities, velocities, and temperatures but r.tu: same

pressure. References 1 and 2 give a detailed dis-

cussion of the field equations and a description of

the IMF (Implicit Multifi. Id) technique that is used

for their numerical solution. Emphasis here is on

the various nodeIs that arc used to describe the

fljid physics of steam-water mixtures relevant to

Standard Problem No. 1. Specifically, these arc the

following:

1. Equations of state for steam and water al-

lowing for compressibility of the liquid.

2. Finite rate phase transitions.

3. Finite rate lnterfacial heat transfer and

friction.

4. Pipe wall friction.

The six field equations and the above models are de-

scribed in Sec. II.

Standard Problem No. 1 Involves the flash boil-

ing of water from a long pipe closed at one end and

suddenly opened co the atmosphere at the other by

the rupture of a diaphragm. Initially the pipe is

filled with water at a temperature of 515°K (467°F)

and a pressure of 69.9 bars (10C0 psig). The pipe is

410 cm (13.44 ft.) long with a 7.32 cm (2.88 in.)



inside diameter.

Edwards et al. have made quantitative measure-

ments of pressure histories at several axial loca-

tions along the pipe wail and measurements of void

fraction and temperature at a location 318.2 cm

(10.44 ft.) from the open end. Comparisons of the

calculated results with these measurements are made

in Sec. III. The agreement is generally good.

The calculations have been performed by treat-

ing the region inside the pipe as one dimensional.

Both one- and two-dimensional descriptions have been

used for the region outside che pipe. No special

conditions have been applied at the pipe exit. The

solution inside the pipe is found to be insensitive

to the detail of the description outside the pipe.

A parameter study indicates that the solution inside

the pipe is sensitive to the pipe wall friction and

insensitive to the phase change rate, the interfa-

cial heat transfer (temperature differences between

the phases), and nhe interfacial friction (velocity

differences between the phases).

31

Kir

Pv pv9

.-Jc>'(£•£)

R(T. - T ) + (w
v I v v

-^*V.(p'u £)-J c- J e .

vis * v'cond'
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(2.5)

.I. THE TWO-FIELD MODEL

Separate sets of field equations are used for

the liquid and vapor to describe the two-phase fluid

dynamics. The field equations for the liquid are

coupled to the field equations for the vapor through

mass, momentum, and energy exchange and the assump-

tion of pressure equilibrium.

A. Field Equations

The time-dependent, two-dimensional equations

are as follows:

(2.6)

P|r--^)+Iv-
I«.

D1 u ) • J - J ,
v -v' e c

(2.1) (2.7)

jp u
—~—- + 7 • (p' u u )

dt V—V—V'

J u o-Je —£ c

The source terms containing J and J that ap-

. pear in these equations model the mass, momentum,

"" and energy transfers associated with phase change.

The terms associated with evaporation involve J and

v vis ' those associated with condensation involve J . In

the mass conservation equations, Eqs. (2.1) and (2.3),

(2.2) evaporation produces vapor mass at the expense of

liquid mass while condensation does the reverse.

The mass exchange produces a momentum transfer be-

tween the phases according to Eqs. (1.1) and (2.6).

The liquid momentum decreases upon evaporation at

the rate J ti. while the vapor momentum increases at



this rate. Condensation, on the other hand, de-

creases the vapor momentum and increases the liquid

momentum at the rate J u . The specific internal

energy of the vapor in Eq. (2.3) increases during

evaporation as newly created vapor expands and com-

presses surrounding vapor. The specific internal

energy of the liquid in Eq. (2.7) decreases during

evaporation proportionally to the enthalpy differ-

ence between the vapor and liquid, which is the la-

tent heat of evaporation for bo.'ling between satu-

rated states. During condensation the reverse ef-

fects occur.

These simple models are known to neglect many

elements of the highly complex microphysics of phase

change. For example, the whole process of momentum

mixing and its associated energy dissipation is neg-

lected. Also, no distinction is made between the

thermodynamic state of newly created vapor and the

state of the surrounding vapor or the state of newly

condensed liquid and that of the surrounding liquid.

The relative importance of the various microscopic

processes must be determined through numerous care-

ful calculations and comparisons with experimental

data. It is our intention to develop the simplest

possible models that adequately describe the essen-

tial physics related to the applications of interest.

B. Equations of State

The pressure p is related to the specific in-

ternal energy of the vapor 1 and the microscopic

vapor density 0 for void fractions above a speci-

fied minimum value 8 . When 6 < 6 the mixture is

o o

treated as a compressible liquid, which is discussed

later. For 9 > 8 the temperature of the vapor Tv

is determined from P and 1 while the temperature

T. and the microscopic density p. of the liquid are

determined from I. neglecting the small effects of

pressure on the liquid state. Specifically, for

0 > 6 the vapor equation of state relation is

H -H = /
V SV T.fp)

C (T , p) dT ,
p^ v r / v

(2.9)

where Y (p) and I (p) are obtained from analytic

fits to data for saturated steam. These fits are

given in the Appendix. The vapor temperature is de-

termined from the constant pressure specific heat

relation

where H (p) = Y I > T (p) is the saturation tem-
sv sv sv s

perature at the pressure p given in the Appendix,

and C is given by

YR I , , i-'S)
C (T ,p) = ,, ",, jl + R T (R T Y -lap | .
pv v ' 2(Y- 1) \ u v lv u v' ^ 1 ^

(2.10)

The quantity a depends upon the pressure alone, i.e.,

(2.11)

where C is the constant pressure specific heat of
ps

the saturated vapor given in the Appendix. Solution

of Eq. (2.9) gives the vapor temperature directly as

a function of p and H as

(2.12)

where

(2.13)

The liquid temperature and microscopic density are

determined from lf through analytic fits uo the

water data, which are given in the Appendix.

For non-equilibrium vapor, i.e., vapor for which

Ty < T , Eqs. (2.8) and (2.12) do r.ot apply. In this

case the following relations are used to determine

p and T

p «= p (Y -1)1
v sv ' v

T • T + ( H - H )/C
v s v sv'( ips

(2.14)

(2.15)



These relations and Eqs. (2.8) and (2.12) are iden-

tical for saturated vapor.

When 6 < 6 , the mixture is treated as a com-o

pressible liquid with a high interfacial heat trans-

fer rate and interfacial friction. The pressure is

rela .ed to Che microscopic liquid density* as

P " P_ + a»2 (Po-P.J (2-")

where p and p. are reference values and a. is the

adiabatic sound speed for the liquid (see the Appen-

dix). In accord with the high interfacial heat

transfer rate the vapor temperature is set equal to

the liquid temperature, which is determined from I..

The pressure and vapor temperature determine I and

P from the vapor equation of state. This procedure

ensures that p is continuous across 8 . In accord

with high interfacial friction, the vapor velocity

is set equal to the liquid velocity uhen 0 < 6 .

C. Phase Change Rates

The mass exchange between the vapor and liquid

is governed by the evaporation and condensation

rates J and J , respectively. These rates are de~
e £

termined by the following expressions

. A p i 9 (T
S

 RJh ( T i " T
s

) / T s • for T e > T s

= 0 , otherwise

J =>. AP' ( 1 - 6 ) ( T R )
c c v v s u'

= 0 , otherwise

(2.17)

T - T ) / T
s v ' s

for T

(2.18)

where A is proportional to the area of contact be-

tween the two phases per unit of mixture volume.

For N equal si/!e spherical bubbles or droplets per

unit of volume, A is given by

e2/3(4irN/3)1/3 , e < 1/2

A •

(l-9) 2 / 3(A,N/3) 1 / 3 , 9 > 1 / 2 •
(2.19)

*I"or application to Standard Problem No. 1, T. is
essentially constant for G < 6 so that the pressure
depends only upon the density.

Equations (2.17) and (2.1b) assume that the ratf of

energy transfer by diffusion wirhln the liquid and

vapor is large relative to the rate of energy ex-

change from phase change. Ir. accord with this as-

sumption, the bulk liquid and vapor temperatures are

used to determine J and J • A better model in which
e c

the vapor production rate is controlled by the dif-

fusion of thermal energy from the bulk liquid to the

bubble interface is described and demonstrated in

Sec. III.

D. Interfacial Friction

The momentum and energy exchange that results

from the dynamic interaction of the vapor and liquid

phases is modeled through the interfacial friction

function K given by

where

(2.20)

(2.21)

v - Ov + (1 - 0)v (2.22)

xl/J -• < 1/2

I3(l-D)/i«Nil/3 , 0 > 1/2 . (2.23)

and A is as defined In Eq. (2.10). In f.he limiting

cases of 0 -» 0 and G -* 1, liq. (2.20) «,,;>roximutes

the friction between phases as the drag on a single

bubble/droplet times the number of bubble/droplets

per unit of mixture volume.

E. Heat Transfer

The exchange of thermal energy between the vapor

and liquid is modeled through the heat exchsr.-ge func-

tion R. The functional dependence of R upon fluid

and thermodynamlc variables is not restricted. The

influences of extreme values of R were investigated

to determine its relative importance for Standard

Problem No. 1. Constant values of R large enough to

produce equal temperatures between the phases and

small enough to create large temperature differences

(6S°K) were considered.



F. Pipe Wall Friction

For one-diraensional calculations of flashing

from long pipes, it is necessary to model the ef-

fects of wall friction. The resistive forces per

unit cf mixture volume acting on the vapor and liq-

uid are

Adding Eqs. (2.24) and <2.25> we obtain the resistive

force per unit of mixture volume acting on the two-

mixture. This force is respectively '

F = - F - - (2.30)

(2 24) using the expressions for t. in Eq. (2.29).

and

F£ - - (1-9) IfjJpJtvj,
2(l-O)2/2Dj*1,

2 , (2.25)

respectively. These force terms enter the .uomentum

equations, Eqs. (2.2) and (2.6), through the terms

^fv\rls a n d (f^vis" T h e B u l t i P l i e r s *v
 a n d *£

are related through the Lockharf.-Martinelli para-

meter X as

•S-W
where

(2.26)

ftPtvt
2(l-6)Z1

(2.27)

The friction factors fy and f,, depend upon the

Reynolds number a:.J the pipe roughness through the

relation

v.l -h

(2.28)

where the Reynolds number is R • 9v D/v for the
e v v

vapor and R •= (l-9)v»D/v. for the liquid. The
a 2

model is completely defined when $„ is specified.
For the calculations described in the next section,

III. NUMERICAL RESULTS

Tht> KACHINA code numerically solves the two-

field model described in Sec. II. The numerical

methodology used in KACHINA is described in detail

in Refs. 1 and 2. For the calculations reported

here the 409.6-cm-long pipe is divided axially into

40 computational zones 10.24 cm in length. The sen-

sitivity of the computational results to the nutiber

of zones in the pipe has been investigated by others

wlt'ii the conclusion that 40 zones provide good spa-

tial resolution. The region outside the pipe in the

neighborhood of the: open end has been calculated in

one and two dimensions to assess the effects of exit

conditions on the computed pressure histories within

the pipe. Additional parameter studies include in-

vestigations of phase change rates, interfacial heat

transfer, pipe wall friction, and interfacial fric-

tion.

The standard calculation is made with a single

column of cells (one-dimensional everywhere), 40

cells inside the pipe and 5 cells outside. Outside

the pipe, phase change is not permitted. The calcu-

lation required about 9 minutes of computer time on

the CDC-7600. The initial data are as follows:

1. Inside the pipe

a.

b.

c.

d.

e.

f.

8-

h.

T^*Tv«502°K (444°F)*

p«69.9 bars (1000. psig)

t* = 0.0001

xl0~2 g/cm3, =0.831 g/cm

two expressions for have been considered

u = u_ « 0
-v -4

N = 10 bubbles per cm

Cd = 0.5

k /D =1.0x10" , which is typical for
s
structural steel pipes

(p/p4) (1-0)
2 and (1-9)

-2 (2.29)
*The measured Initial temperature is 515°K according
to Ref. 3. A new phase change model is described
later that allows the calculations to begin at this
temperature.



The exit is fully open to flow, although
Ref. 3 indicates a peripheral constric-
tion was present that reduced the exit
area by about 13%.

Outside the pipe

a.

b.

c.

d.

T 4=T =294°K (70°F), held fixed

p = 1.0 bar (14.7 psia), held fixed

0 =0.9999
-4

e.

p =6.3x10 g/cm , Pe = 0.935 g/cra

u = u =0
-v — i ,f. N =10 droplets per em .

The initial values of 6 and N are arbitrary. Speci-

fication of 9 as smaller than 0.0001 or greater than

0.9999 has a negligible effect on the results. The

value of N has been varied between 1 and 1000. The

effect of this variation on K is small since v is

small and r depends only on the cube root of M. The

effect on the phase change rates is about a factor

of 5 increase to e factor of 2 decrease in their

values, which effects the details of the early pres-

sure histories but has negligible effect at late

times. The value of is set at = 0.008.

The calculated results are compared with meas-

ured pressure histories in. Figs, la-Ik. Compari-

sons with measured temperature and void fraction At

station 5 are made in Figs. It - lm.

e io 12

Time (ms)

Fig. lb. Early time pressure history at Station 2,
32.6 cm from the open end.

8 10 12

Time <ms)

Fig. l c . Early time pressure history at Station 3,
11A.I cm from the open end.

80

70

60

1 50

£

Fig. la .

1 1

Station 1

— —

I ' l l 1 1 1

8 10 12
Time (ms)

16 18 20

A comparison of KACHINA calculations
(dashed line) with experimental data (sol-
id line). Early time pressure history at
Station 1, 16.8 cm from the open end.

Fig. Id. Early time pressure history at Station 5,
262.7 cm from the open end.
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100 200 300 400
Time (ms)

500 600

Fig. Ik. Late time pressure history at Station 6,
318.2 cm from the open ei.d.

g 500

«

| 400

I
300

Station 5

_

-

100 200 300 400
Time (ms)

500 6 0 0

Fig. 1£. Temperature history at Station 5, 262.7
from the open end.

cm

100 200 300 400
Time (ms)

500 600

Fig. lm. Void fraction history ac Station 5, 262.7
cm from the open end.

To assess the effect of the exit region descrip-

tion on the pressure histories in the pipe, the full

two-dimensional flow was calculated outside the pipe.

The velocity fields for the vapor and liquid are

shown in Fig. 2 for tlu exit region and a portion of

the region inside the pipe. The pressure histories

that were obtained differed by less than 0.7 bars

(10 psi) from those obtained with the purely one-

dimensional standard calculation. For the two-dimen-

sional calculation, the pressure was held fixed at

1.0 bar along the right and top boundaries of the

exit region and phase change was permitted outside

the pipe.

The phase change rate multipliers, \ arid X ,
e c

were chosen to approximate the early time pressure

history at Station 7. Figure 3 shows the sensitiv-

ity of the calculated pressure histories at early

time to variations in A and X over the range from

0.01 to 1. The value of 1.0 corresponds closely to

an equilibrium phase change while the value of 0.01

gives a phase change rate that is clearly too slow

I i i i i

I I i i i

I I i i •

I i i > i

I i i i .

i • i •

I i i i •

l i i .

/1 i .

inn
urn
II ! I I

inn
mm

111

mm
mi

Fig. 2.

(b)

Velocity vectors for the vapor (a) and liq-
uid (b) in the exit region and a portion of
the pipe. The length of the velocity vec-
tors is proportional to the speed. The
maximum vapor velocity ia 23.9 cm/sec and
the maximum liquid velocity is 16.4 cm/sec.
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Fig. 3. Calculated early time pressure histories
for various phase change rates compared to
measured data (solid curve) at Station 7,
401.7 cm from the open end.

to match the early time data. The value of 0.1 was

used to obtain the results shown in Figs. la-Jm.

The calculated pressure histories at late times dif-

fer by less than 0.7 bars (10 psl) for X and A be-

tween 0.01 and 1.

The heat transfer rate between fields was var-

ied to investigate the effects of unequal phsse tem-

peratures on the pressure histories. Differences in

the vapor and liquid lempcraturc-b ranged from 2°K

for large values of the heat transfer coefficient

(R<=104) to 65°K for small values (R=l). The ef-

fects on the calculated pressure histories was les.;

than 0.7 bars. The results shown in Figs, la - lm
t,

correspond to R =10 .

The effects on interfucial friction were inves-

tigated by considering a range of values for the

momentum exchange function K. Calculations were

performed for K as given by F,q. (2.20) and for a
i,

constant value of K=10 . In the first case, vapor
4

velocities of 2.4x10 cm/sec and liquid velocities

of l.bxlO cm/sec were produced near the open end

at a time of 100 ms. For the constant K=10 the

vapor and liquid velocities differed by less than

1.0 cm/sec for the entire blowdown. The calculated

pressure histories are shown in Fig. 4 for Station

5. K was computed according to Eq. (2.20) to obtain

the results presented in Figs, la - lm.

The pipe wall friction models had the largest

influence on the calculated pressure histories.

The two models that were investigated are given in

Eq. (2.29). The results are shown in Fig. 5 for

Station 5 at late time. Hie pressure histories show

70

60

•« 50
a
~ 40
2
S 30

10

Fig. 4.

Station 5

- - - Standard. Eq. (2.20)
— K = I04 g/cm'sec

100 200 300 400

Time (ms)

500 600

Calculated late time pressure histories for
two values of the interfacial friction co-
efficient compared to measured data (solid
curve) at Station 5, 262.7 cm from the open
end. The vapor velocity is typically 50?
higher than the liquid velocity near the
exit for the standard calculation and essen-
tially the same as the liquid velocity for
K = 104 g/cm3-sec.

negligible differences at early time. The results

given In Figs, la- lm were u'tained with C>j = (1 -H)

The results of the standard calculation differ

most with the data near each end of the pipe. These

differences are not sensitive to any of the para-

meter variations that have been considered and have

also been noted for calculations performed with the

SOLA-DF" code on this problem. A significant dif-

ference, which should not be overlooked at this

point, is that the calculations have been performed

for an initial liquid temperature of 502°K rather

60
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Fig. 5. Calculated late time pressure histories for
two pipe wall friction models compared to
measured data (solid curve) at Station 5,
262.7 cm from the open end.



than the measured value of 515°K. When the calcula-

tions are performed for this higher initial tempera-

ture the early time pressure histories approach 34.6

bars (502 psia), which corresponds to the saturation

pressure at 515°K and is about 7 bars (100 psi)

above the data. In Ref. 6 it is suggested that the

liquid temperature at the bubble -'.nterface, rather

than the bulk liquid temperature, controls the ini-

tial production of vapor. At later times when sig-

nificant turbulence is generated it is postulated

that the temperature difference between the inter-

face and bulk liquid essentially vanishes and the

bulk liquid temperature controls the boiling. Cal-

culations performed in Ref. 6 with a model to re-

present this showed good agreement for the early

time pressure histories and significantly improved

the agreement at late time at Station 6. No im-

provement, however, was found near the open end of

the pipe. This difference is discounted in Ref. 6

by the fact that calculations for another pipe dia-

meter agr:e well with data near the open end. Based

on this demonstration the model certainly appears to

have merit but suffers from the fact that it re-

quired an a priori knowledge of the 13°K temperature

difference.

A model is proposed here that will predict this

temperature difference as a natural consequence.

This model is based on the well-known relation for

the asymptotic growth of a small bubble when the

growth is controlled by conduction of heat from the

bulk liquid to the bubble interface. The asymp-

totic rate of bubble growth is given by

6 PS
dt

(3.1)

For simplicity at this stage of development, we neg-

lect the initial inertia dominated growth associated

with very small bubbles. The quantity K is the ef-

fective thermal conductivity of the liquid. At

early time it is the molecular conductivity. At

late times it increases sharply as turbulence de-

velops according to the relation

(2q)V

The two terms in the square bracket describe the ef-

fects of turbulence on the transfer of thermal energy.

The term on the far right accounts specifically for

the effect of relative velocity between the phases

where the characteristic eddy size scales to the bub-

ble radius and q is the specific turbulent kinetic
n

energy given by q=l/2 [O.l(v -v^)] . The other

term accounts for the effects of turbulence in the

absence of relative velocity where the scale s is

given by s~D/20 and Q= 1/2 (0.1 v ^ ) 2 . The constants

0.05 and 0.005 are empirically determined relaxation

rates.

With this model the rate of production of vapor

density is

3t

18.0 Ci 3 I

'"P..

The results of calculations are shown in Figs.

6a - 6b for early time at Station 7 and for late time

at Station 6, respectively. The agreement with the

data lends support to the model, which now allows us

to perform predictive calculations directly from the

measured initial data. The rate give i by Eq. (3.3)

shows a sensitivity to the initial bubble radius.

Future research should hopefully allow us to bound

some initial bubble radius from considerations of

nucleating sites and the initial, inertia dominated,

growth rate.
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(3.2)

Calculated early time pressure history with
the conduction limited phase change model
compared with the measured data (solid
curve) at Station 7, 201.7 cm from the open
end.
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IV.

Calculated late time pressure history with
the conduction limited phase change model
compared to measured data (solid curve) at
Station 6, 318.2 cm from the open end.

SUMMARY

Two effects were investigated with the KAChlNA

code that could not be investigated with the drift

model used in Ref. 5, namely, large relative veloci-

ties and large temperature differences between the

phases. The calculated results, however, were not

sensitive to either of these effects and hence the

drift flux model and the two-field model gave essen-

tially the same results. This should be expected

for this problem, since the one-dimensional zones in

the pipe necessarily result in mixture dynamics de-

termined essentially by the liquid and only very

slightly by the vapor. Furthermore, the pressure

field is largely determined by the liquid tempera-

ture due to phase change so uiat the vapor tempera-

ture and density are nearly inversely related. For

problems where the phases are separated or where

they dynamically interact and have much different

temperatures, we would expect the two-field descrip-

tion to be superior to the drift model. In applica-

tion to reactor safety analysis these situations are

likely to arise, for example, in the downcoraer during

emergency cooling.

APPENDIX

EQUATION OF STATE FUNCTIONS AND PARAMETERS

The various functions and parameters th.it are

presently being used to describe the equations of

state for steam and water are given here. These

functions and parameters relate to Eqs. (2.8) -

(2.16). The constants given are in (g - cm - sec - °K)

units with pressure in dynes/cm . Comparisons of

calculated state properties with steam table data

are given in Tables A-I through A-III. Table A-I

gives the comparisons for saturated steam, while

Tables A-II and A-III give the results for superheat-

ed steam and subcooled water, respectively.

1.0666 + i.O2xlO"9p - 2.548 xlO~17p2, p < 2.0 xlO 7

1.0764 + 3.625 xlO~ Up - 9.063 xlO~19p2, p > 2.OxlO7

2.6194xlO10- 4.995 xlO15/(3.403 xlO 6 + p), p < 2 . O x l O 7

2.5896xlO10 + 6.35p - 1.0583x10~7p2, p > 2.0xl07

Y = 1.30

11



T = 117.8 (10"6p)0'223 + 255.2s

C s = 9.5875 xlO6 ( l .O-TB /647.3)-° '8 5 6 6

v = 0.2 (10-6p)-°-8A26

P_ = 6.992x10

°-8 3 1

= 1 .234x10

2 . 9 5 O x l O " 3 ( 1 0 " 6 p ) " 0 " 2 1 5 9 , p « 1 . 5 x l O 7

2.178 x10 ' 3 (10"6p)"°-1038 , p > 1.5 x107

= 6.2x10

T. = 273.0 + 99.65 (2.402x10~10I) + 0.4830 (2.402x10'

- 0.4168 (2.402 xlO'1OIj,)3 + 0.1183 (2.402 x

[1.1171 - 0.2789 (2.402 xlO~IOI£) + 0.2895 (2.402 x

- 0.0994 (2.402 x + 0.0146 (2.402 x lO"

TABLE A - I

COMPARISON OF CALCULATED PROPERTIES WITH

STEAM TABLE DATA FOR SATURATED STEAM

„-(> -10
PxlO

1.01
4.76

15.55
39.78
85.93

165.35

Calc.

373.3
422.0
472.4

523.0
573.2
623.2

T

Data

373.0
423.0
473.0

523.0
573.0
623.0

HsvX l°

Calc.

2.676
2.740
2.798

2.797
2.753
2.544

Data

2.676
2.745
2.791
2.800
2.751
2.568

C
DS

Calc.

2.002
2.368
2.942
3.942
6.139

16.065

x l O

Data

2.034
2.T20
2.883
3.918
6.148

15.8

12



TABLE A-11

COMPARISON OF CALCULATED PROPERTIES WITH
STEAM TABLE DATA FOR SUPERHEATED STEAM

-6
p v

5.16xlO~*

3.48 xlO"4

4.30xl0"3

3.03 xlO~3

1.93 xlO"2

1.36xlO~2

4.46 xlO"2

2.81 xlO"2

V 1 0

2.583

2.889

2.710

3.041

2.811

3.181

2.702

3.144

Px 10

Calc.

0.99

0.99

9.89

9.98

50.55

50.71

101.30

101.10

Data

1.0

1.0

10.0

10.0

50.0

50.0

100.0

100.0

Calc.

423.8

634.0

520.3

727.8

630.6

849.4

634.9

875.1

Tv

Data

423.0

623.0

523.0

723.0

623.0

823.0

623.0

823.0

TABLE A-1II

COMPARISON OF CALCULATED PROPERTIES WITH
STEAM TABLE DATA FOR SUBCOOLED WATER

, x 10-10

0.4178

0.5445

0.6731

0.8042

0.9393

1.0808

Calc.

373.2

403.6

434.4

465.9

498.6

533.0

Data

373.0

403.0

433.0

463.0

493.0

523.0

Calc.

0.9587

0.9365

0.9070

0.8731

0.8345

0.7884

Data

0.9599

0.9366

0.9093

0.8780

0.i419

0.7992
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