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SYMBOLS
rativ of vapor/liquid volume fraction to bubble/droplet radfus
adiabatic sound speed for cthe liquid
drag coefficient
constant pressure specific heat for the vapor
copstant pressure speciflic heat for saturated vapor
specific heat of the liquid
pipe diameter
heat conduction term for the vapor [aternal cnergy equation

heat conduction term for the liquid internal energ: cquation

resistfve force per unit of mixture vo ume duc to wall frictlon actiog on the mixture
resistive force per unit of mixture volume due to wall friction acting on the vapor

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

pipe wall frictfon factor for the vapor

viscous stress term for the vapor momentum equation

pipe wall friction factor for the liquid

viscous stress term for the liquid momentum cquation
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specific internal encrgy of saturated vapor, a function of pressure

specific internal energy of the vapor

rate of production of liquid mass (or loss of vapor miass) per unit of mixture volume by condensa~

tion.

rate of production of vuper mass (or loss of liquid mass) per unit of mixture volume by ¢vapora-

tion.

interfacfal friction function, related to the exchange of momentum Letween fields

related to the roughness of the pipe, ks/n {5 the relative sand roughness (see Ref, 6 p.529).

latent heat of vaporization

number of bubbles/droplecs per upit of mixture volume

pressure, assumed to be locally in cquilfbriuwn between the two fields

reference pressure for the liquid equation of state

specific turbulent kinetic energy, Q = 1/2 (0.1vi)2

specific turbulent kinetic emergy, q = 1/2 0.1 (vv- vn)]2

heat exchange function, related to the exchange of internal energy, between fields
bubble/droplet radfus

Reynolds number

universal gas constant
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charucteristic c¢ddy size

saturation tcamperaturc at the pressure p

vapor teaperaturce

liquid temperature

vapor velocity, u, - radial component, v, " axial component

liquid velicity, u,

= radial component, v " axfal componunt

viscous work rerm for the vaper laternasl energy cquation

viscous work term for the liquid internal cnerqy equation

Lockhart-Martinelll parameter that relates ¢v to &,

LS

function of pressurc used in the determination of Cp

molecular diffusivicy of the liquid

constant paramcter in the vapor equation of wtate, v = 1.30

function of pressure, related te the saturaced vapor v = 1 fp/psvip) 1, @)

voluse of vapor per unit of mixture volume

two-phase friction multiplier
two-phase friction multiolicer

effective conductivity of the
thermal energy

molecular conductivity of the

constant for the condensation

for the vapor

for the liquid

liquid, accounts for both molecular and turbulent Jdiffusion of

liquid

rate J
c

constant for tha wvaporarion rate Jc

kinematic viscosity of the two phase mixture

kincmatic viscosity of the vapor

kincematic viscosicy of the liquid

oixture density, & = J; + nz

microscopic density of the liquid at thoe pressure Py

oicroscopic density of saturated vapor, a function of pressure

microscapic vapor density, vapor mass per unit of vapor veolume

¢ L oan

macroscopic vapor density, vapor mass per unit of aixture volume, f.e., py F e

microscopic liquid density, liquid mass per unit of liquid volume

macroscopic liquid density, liquid mass per unit of mixture volume, {.e., p; H oy (1-8)

function of uv and p used in the Jetermination of the vapor tomperature.



NUMERICAL CALCULATION OF F.LASHING FROM LONG PIPES

USING A TWO-FIELD MCDEL

wWilliam C. Rivard ang Martin D. Torrey

ABSTRACT

A two~flcld model for two~phase flows, in which the vapor
and liquid phases have different densities, velocities, and
temperatures, has been used to calculate the flashing of water

(rom long pipes,

The IMF (Implicic Multifield) technique is

used to nuserdeally solve the transient cquations that govern

the dynanfc: of cach phasc.

The flow physics is described

with flnite rate phase transitions, interfacial friction, heat
transfer, pipe @all friction, and appropriate state equations.
The results of the calculations are cempared with measured

nlstortes of pressure, temperatuse, and void fraction.

A para-

meter study indicates the relative sensftivity of the results
ta the various physical models that are used.

L. INTRODUCTION

An accurate description of the translent dynam-
fes of sultidimensional two-phase flow 1s necessary
tn order to perform an accurate safety analysis for
light water nuclear reactors.  Such an analysis re-
quires the usape of large, highly complex computer
codes.  Several such codes have been developed
throughout the country under the auvspices of the
Nuclear Regulatory Commission (NRC). To cvaluate
these codes, geveral Standard Problems are being as-
scnbled by the KRC.  Each problem is to be computed
with the various codes and the results compared with
measured data.

This report describes comparisons cof calculated
wesults using the KACHINAI'Z code with the data of
Edwards ct al.J for Standard Problem No. 1. The re-
sults of a parameter sfudy show the relative impor-
tance of the various models used in the code to de-
scribe the macroscopic effects of microscopic proc-
esses. The KACHINA codc describes two-phase flow
using separate sets of field equations for cach
phase. The vapor and liquid phases have different

densities, velocities, and temperatures but ke same

pressure.  References 1 and 2 give a detailed dis-
cussion of the ficld equations and a description of
the IMF (Implicit Mulzifield) technique that is used
for thefr pumerical solution. Emphasis here is on
the various medels that are used to describe the
(luid physics of steam-water mixtures relevant to
Standard Problem No. 1. Specifically, these are the
following:

1. Equations of state for stecam and water al-

lowing for compressibility of the liquid.

2. Finite rate phase transicions.

3. Finite rate fnterfocial heatr transfer and

friceian.

4. Pipe wall friction.

The six field equations and the above models are de-
scribed in Sec. I1l.

Standard Problem No. 1 involves the flash bofl-
ing of water from a long pipe closed at one end and
suddenly opened to the atmosphere at the other by
the rupturc of a diaphragm. Initially the pipe is
filled with water at a temperature of 515°K (4G7°F)
and a pressure of 69.9 bars (1060 psig). The pipe is
410 cm (13.44 ft.) long with a 7.32cm (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 fr.) from the open end. Comparisons of the
calculated results with these measurements are made
in Sec. IIl. The agreement is generally good.

The calculations have been perfcrmed 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 the interfacial friction (velocity

differences between the phases).

1. THE TwWO-F1ELD MODEL

Separate sets of field equations are used for
the liquid and vapor to describe the two-phase fluid
dyvnamics. The field equations for the liquid are
coupled to the field equations for the vapor through
mass, momentud, and energy exchange and the assump-
tion of pressure equilibrium.

A.__Field Equations

The time-dependent, two-dimensional equations

ave as follows:

%§+z.@;%)-%-%, (2.1)
E?JEV + V-(p'u u )= -6Vp + K(u -u )
v=vov - =R v
M Jegl?,-‘]c Ev+ (fv)vis ’
(2.2)

£}

o' -

v ot va"V‘Ivs_P!‘legv+ (1-9)221

2
+ K(El-.‘_’_v)

1 1
+ @ -3) p(-—-—)
e ¢ Py Py

* R(TQ - Tv) + (wv)vis * (Ev)cond'

(2.3)
o",*-pve ’ pi=p,_(1-6) s (2.4)
Bpi
—— L] ' = -
5e v Ve (ogu)=3 -3, (2.5)
304y
—— - ’ - - -
5e V(PR ) = (1) Tp+K (g, - uy)
+Jc5v-Je22+ (fl)vis *
(2.6)

+ R(Tv - Tl) + (wll)vis + (El)cond'
(2.7)

The source terms containing Je and Jc that ap-
pear in these equations model the mass, momentum,
and energy transfers assoclated with phase change.
The terms associated with evaporation involve Je and
those associated with condensation involve Jc' In
the mass conservation equations, Eqs. (2.1) and (2.3),
evaporation produces vapor mass at the expense of
liquid mass whiie condensation does the reverse.

The mass exchange produces a momentum transfer be-
tween the phasas according to Eqs. (2.¢) and (2.6).
The liquid momentum decreases upon evaporation at

the rate Jeiﬁ while the vapor momentum increases at



this rate. Condensation, on the other hand, de-
creases the vapor momentum and increases the liquid
momentulm at the rate Jc u . The specific interual
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 propertionally to the enthalpy differ-
ence between the vapor and liquid, which is the la-
tent heat of evaporation for bo.liny between satu-
rated states. During condensatiovn 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 nep-
lected. Also, no distinction is made between the
thermodynamic state of newly created vapor and the
state of the surrounding vapor cor the state of newly
condensed liquid and that of the surrounding liquid.
The relative importance of the various micruscopic
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 IV and the microscopic
vaper density DV for voild fractions above a speci-
fied minimum value Bo. When 6 < 60 the mixture is
treated as a compressible liquid, which is discussed
later. For 6 > 60 the temperature of the vapor Tv
is determined from DV and Iv while the temperature
T
determined from I2 neglecting the small effects of

and the microscopic density Py of the liquid are
Specifically, for

pressure on the liquid state.
0> 6o the vapor equation of state relation is

P =0, [(st- NI -«o-n -1)] . (2.8)

where st(p) and Isv(p) are obtained from amalytic
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

T
v

B -H_ = CP(TV, p)dTV , (2.9)

Ts(p)

where HsV(P) = Yoy Isv

perature at the pressure p given in the Appendix,

» Ts(p) is the saturation tem-

and Cp is given by

2 ~5
1+RuTv{(RuTv) —40.pl 2 .

YR,
Cp(Tv’ p) = oD
(2.10)

The quantity o depends upon the pressure alone, l.e.,

alp) = (RuTs)zgl- [2(7— l)CpS/YRu-ll-ZH"P ’
(2.11)

where Cps is the cons:ant pressure specific heat of

the saturated vapor given in the Appendix. Solution
of Eq. (2.9) gives the vapor temperature directly as

a function of p and Hv as

T = (2.12)

T
v =3 + Zup/TRu ,

where
_2(60-1) 4 _ 2 2,%
(1. p) Y, (u,-H ) + T_+(1."-dap/R ) .
(2.13)

The 1liquid temperature and microscopic density are
determined from Iﬂ through analytic fits co the
water data, which are given in the Appendix.

For non-equilibrium vapor, i.e., vapor for which
T, < Ts' Eqs. (2.8) and (2.12) do not apply. In this
case the following relations are used to determine

p and Tv
peo (v -11 (2.14)

T, = T+ (Hv-Hsv)/Cps . (2.15)



These relations and Eqs. (2.8) and (2.12) are iden-
tical for saturated vapor.

When 6 & eo, the mixture is treated as a com-
pressible liquid with a high interfacial heat trans-
fer rate and interfacial friction. The pressure is

rels.ed to the microscopic liquid density* as

2
p=rp,*ta (og-0,) (2.16)

where Py and ¢, are reference values and ay is the

Lo
adiabatic sound speed for the liquid (see the Appen-
dix).

transfer rate the vapor temperature is set equal to

In accord with the high interfacial heat

the liquid temperature, which is derermined from Il’
The pressure and vapor temperature determine Iv and

Dv from the vapor equation of state. This procedure
ensures that p is continuous across 80. In accord
with high interfacial friction, the vapor velocity

is set equal to the liquid welocity when 0 < Go.

C.__Phase Change Rates

The mass exchange between the vapor and liquid
is governed by the evaporation and condensation
rates ]e and J_, respectively. These rates are de-

termined by the following expressions
J =2 AD'G(TR)% (T, -T)/T for T, > T
e ‘e 2 s u i 's’''s* L s

= 0, otherwise (2.17)

=) 1] - ‘i - )
J.=2 a0 es)(rs nu) (Ts Tv)/TS » for T ST,

= 0 , otherwise (2.18)

where A is proportional to the area of contact be-
tween the two phases per unit of mixture volume.
For N equal size spherical bubbles or droplets per

unit of volume, A is given by

52 3t/ | 512

5> 1/2 . (2.19)

-0 amypt?,

*Tor application to Standard Problem No. 1, TE is
essentially constant for 6 € 8 so that the pressure

depends only upon the density.

Equarions {2.17) and (2.16) assume that the rate of
energy transfer by diffusion wirhin the liquid and
vapor is large relative to the rate of energy ex-
change from phase change. In accord with this as-
sumption, the bulk liquid and vapor temperatures are
used to determine Je and Jc- A better model in which
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. 11I.

D. Interfacial Friction

The momentum and gnargy exchange that results
from the dynamic interaction of the vapor and liquid
phases is modeled through the interfaeial friction

function K given by

o 3 - 12v 2
K eocdh_.v 9£|+ i (2.20)
where

o= p; + pa N (2.21)
v = Ovv + (1- O)vi R (2.22
eI A v 172
rs
3 -naani, w2, (2.23)

and A is as defined in Eq. (2.19), 1ln the limiting

cases of 0 » 0 and 0 » 1, £q. (2.20) approximates
the fricrion between phases as the drag on a single
bubble/droplet times the number of bubble/droplets
per unit of mixture volume.
E. _leat Transfer

The exchange of thermal energy between the vapor
and liquid is modeled through the heat exchanpe func-
tion R. The functional dependence of R upon fluid
and thermodynamic variables is not restricted. The
influences of extreme vaiues of R were investigated
to determine its relative importance for Standard
Problem No. 1.

produce equal temperatures between the phases and

Constant values of R large enough to

small enough to create large temperature differences

(65°K) were considered.



F. Pipe Wall Fricction
For one-dimensional calculations of flashing

from long pipes, it is necessary to model the ef-
fects of wall friction. The resistive forces per
unit ef mixture volume acting on the vapor and liq-

uid are

2.2 2
F, =~ B(fv PeYy © /2n)¢v s (2.24)
and
- - 2 2 2
Fp = - (1-9) [fz Py vy (1-9) /29]@2 . (2.25)

respectively. These force terms enter the .womentum
equations, Eqs. (2.2) and (2.6), through the terms
2 2
(fv)vis and (fi)vis' The multipliers ¢ ° and ¢
are related through the Lockhart-Martinelli para-

meter X as

2 2
Qv = X @l N (2.26)
where
ki
fpplvl2 (1 6)2
X= - . (2.27)
2 .2
fov™90
vvw

The friction factors fv and IE depend upon the
Reynolds number a:.d the pipe roughness through the

relation“

£, . 0. s =%
v, 2 1.74 - 2log o (2k /D+18.7 f0 /ne)

(2.28)

where the Reynolds number is Re = eva/vv for the
vapor and R - (1- 8)v,D/v, for thezliquid. The
model is completely defined when @E is specified.
For the calculations described in the next section,

2 .
two expressions for ®E have been considered

0% = (o/py) (1-0)2 and @Ez = a-9"2.  (2.29

Adding Eqs. (2.24) and (2.25) we chtain the resistive
force per unit of mixture volume acting on the two-~

phase mixture. This force is respectively *

2 2
f,ov f o, v
T L A A A
F= 7D and F _——ZD—'—" (2.30)

using the expressions for @22 in Eq. (2.29).

III. NUMERICAL RESULTS

The KACHINA code numerically solves the two-
field model described in Sec. 1I.
methodology used in KACHINA is described in detail
in Refs. 1 and 2.
here the 409.6~cm-long pipe is divided axially into

The numerical
For the calculations reported
40 computational zones 10.24 cm in length. ‘the sen-
sicivity of the computational results to the number
of zones in the pipe has been investigated by others5
wita the conclusiorn 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 1s wade with a single
column of cells (one-dimensional everywhere), 40
cells inside the pipe and 5 cells outside. Qutside
the pipe, phase change is not pcrmitted. The calcu-
lation required about 9 minutes of computer time on
the CDC-7600.

1. 1Inside the pipe

a. TE =T; = 502°K (444°F)*

b. p=69.9 bars (1000. psig)

c. ¢=0.0001

d. 0, =3.93x107 g/en’, p,=0.831 g/cm’

The initial data are as follows:

e. u =u =0
—t

4 3
f. N=10 bubbles per cm
-5 Cd=0.5

h. ks/D=1.0 x 10-3, which 1s typical for

structural steel pipes

*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.



i. 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%.

2. Outside the pipe
a. Ti'-=Tv=294°K (70°F), held fixed
b. p=1.0 bar (l4.7 psia}, held fixed
c. 9=0.9999
L. -4 3 3
ov—b.lxw g/em”, o =0.935 g/cm

L

u =u, =0
v i 3

f. N=10 droplets per cm™.
The initial values of & and N are arbitrary. Speci-
fication of 8 as smaller than 0.0001 or greater than
The
The

0.9999 has a negligible effect on the results.
value of N has been varied between 1 and 1000.
effect of this variation on K is small since v is
small and r depends only on the cube root of N. The
effect on the phase change rates {s about a factor
of 5 increase to 2 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 00 is set at r}c.=0-008.

The calculated results are compared with meas-
ured pressure histories in Figs. la-1lk. Compari-
sons with measured temperature and void fraction at

station 5 are made in Figs. 1£ - lm.

Stotion |

Pressure (bors)
g
_—

0~
° | ] ! L | I { H
[s] 2 q 6 8 10 12 14 16 18 20
Time (ms)
Fig. la. 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. 1b.
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Fig. 1lc.
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Early time pressure history at Station 2,
32.6 cm from the open end.
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Early time pressure history at Station 3,
116.1 cm from the open end.
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3

' \ Staton S

Fig. 1d.

io 12 14 6 18
Time (ms)

Early time pressure history at Station S,
262.7 cm from the open end.
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Fig. lm. Void fraction history act Station 5, 262.7

cn from the open end.

To assess the effect of the exit reglon descrip-
tion on the pressure histories in the pipe, the full
two-dimensicnal flow was calculated outside the pipe.
The veloclity fields for the vapor and liquid are
shown in Fig. 2 for the exit region and a portion of
the regicn Inslde the pipe. The pressure histories
that were obtailned differed by less than 0.7 bars
(10 psi) from those obtained witin 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, Ae and AC.
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 Ae and lc over the range from
0.01 to 1.
an equilibrium phase change while the value of 0.01

The value of 1.0 corresponds closely to

gives a phase change rate that is clearly too slow

i1
LIt
T1tres
b1ty
Trives
(iteaq
Ve
Vitre:
[ NEYRY

leeen 'Ilf
e

\ 1

(a) (b)

Velocity vectors for the vapor (a) and lig-
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 is 23.9 cm/sec and
the maximum liquid velocity is 16.4 cm/sec.

Fig. 2.
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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- Im,
The calculated pressure histories at late times dif-
fer by less than 0.7 bars (10 psi) for Ae and Ac be-
tween 0,01 and 1.

The heat transfer rate between fields was var-
fed to investigate the effects of unequal phase tem-
peratures on the pressurc histories. Differences in
the vapor and liquid temperatures ranged from 2°K
for large values of the heat transfer coefficient
(Re= 104) to 65°K for small values (R=1). The ef-
fects on the calculated pressure histories was less
than 0.7 bars. The results shown in Figs. la-1lm
correspond to R= 104.

The effects on interfacial friction were inves-
tigated by cousidering a range of values for the
amomentum exchange function K. Calculations were
performed for K as given by Eq. (2.20) and for a
constant value of K= 10&. In the first case, vapor
veloritioa of 2.4 xlOA cm/see and liquid velocities
of 1.6 xlOa cm/sec were produced near the open end
at a time of 100 ms. For the constant K= 104 the
vapor and liquid velocities differed by less than
1.0 cm/sec for the entire blowdown. The calculated
pressure historles are shown in Fig. &4 for Station
5. K was computed according to Eq. (2.20) to obtain
the results presented in Figs. la~ Im.

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).
Station 5 at late time.

The results are shown in Fig. 5 for

The pressure histories show
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Fig. 4. Calculated late time pressure histories for

two values of the interfacial friction co-
efficient compared to measured data (solid
curve) at Sctation 5, 262.7 cm from the open
end. The vapor velocity is typically 50%
higher than the liquid velocity near the
exit for the siandard calculation and essen-
tially the same uas the liquid velocity for
K= 10% g/cm3~sec.
negligible differences at early time. The results
given in Figs. la- lm were uvitained with ¢:= (l-fU_l.
The results of the standard calculation differ
most with the data near each end of the pipe. These
differences ave 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, 1s that the calculations have heen performed

for an initial liquid temperature of 502°K rather
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Calculated late time pressure histories for
two pipe wall friction models compared to
measured data (solid curve) ar Station 5,
262,7 rm from the open end.

Fig. 5.



than the mcasured 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 1s suggested that the
liquid temperature at the bubble interface, rather
than the bulk liquid temperature, controls the ini-
tial production of vapor. At later times when sig-
nificant turbulence is generated it 1s postulated
that the temperature difference between the inter-
faze 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
tivwe 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 :Im:erface.7 The asymp-
totic rate of bubble growth is given by

6 c, Kk [fT,-T Z
de %P5 (T s G0
dc mr P L : *

For simplicity at this stage of development, we neg-
lect the initial inertia dominated growth associated
with very small tubbles. 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

K=Ky +Ky lo.05s(2Q)!’ /a2+0.0051'b (Zq);’/az .
3.2

10

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-
le radius and q is the specific turbulent kinetic
energy given by q= l/2[0.1(vv -vg)]z. 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 (ﬂ.lvz)z.
0.05 and 0.005 are empirically determined relaxation

The constants

rates.
With this model the rate of production of vapor

density is

3’  18.0C, 5 p, Kk /T, -T \°
v _ s e L s .

at To, rlL

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: 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.

Station 7
Conduction Limited Phose Change

Pressure (bors)
E-Y
a
]

Time (ms)

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.

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

IV. SUMMARY

Two effects were investigated with the KAChINA
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 tu 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 onc¢-dimensional zones in
the pipe necessarily result in mixture dynamics de-
termined essentialiy by the liquid and only very
slightly bv the vapor., Furthermore, the pressure
field is largely determined by the liquid tempera-
ture due to phase change so that 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. 1In applica~-
tion tq reactor safety analysis these situations are
likely to arise, for example, in the downcomer during

emergency cooling.

APPENDIX

EQUATION OF STATE FUNCTIONS AND PARAMETERS

The various functions and parameters that are
presently being used to describe the equations of
These
functions and parameters relate to Eqs. (2.8) -
(2.16).
units with pressure in dynes/cmz.

state for steam and water are given here.

The constants given are in (g - cv - sec - °K)
Comparisons of

calculatad 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 + 4.02x 10 p - 2.548x10"7p2, 5 < 2.0x107
YSV =
1.0764 + 3.625x 10 11p - 9.063x107%2, p > 2.0x10’
2.6194 x 1010 - 4,995 % 101/(3.403x 20%+p), p < 2.0x10”
I =
sV
2.5896 x 10%0 + 6.35p ~ 1.0583x10"7pZ, p > 2.0% 10’
Yy =1.30

11



-6 ,0.223

T = 117.8 (107%) + 255.2
C_ =9.5875x10% (1.0- T _s647.3)”0-8566
ps 8
v, = 0.2 (1076)~0+8426
7
P = 6.992x10
plo = 0.831
~ 5
ag = 1.234 x10
2,950 x 1073 (107%)70-21%% [ < 1.5x107
v =
)
2.178x107° (107871038 5 1 54107
Kl = 6.2x104

T, = 273.0 + 99.65 (2.402x 107101 ) + 0.4830 (2.402%1071°1,)
- 0.4168 (2.402x107°1)° + 0.1183 (2.602x 10701 )"
0y = [1.1171 - 0.2789 (2.402x107°%1)) + 0.2895 (2.402x107'°
- 0.0994 (2.402x10—1011)3 + 0.0146 (2.402x10'1012)4]_1
TABLE A-1

I

2

2
l)

COMPARISON OF CALCULATED PROPERTIES WITH
STEAM TABLE DATA FOR SATURATED STEAM

Px107° T n_ x10710
. s sv

Calc. Data Calc. Data
1.01 373.3 373.0 2.676 2.676
4.76 422.0 423.0 2.740 2.745
15.55 472.4 473.0 2.798 2.791
39,78 523.0 523.0 2,797 2.800
85.93 573.2 573.0 2.753 2.751
165.35 623.2 623.0 2.544 2.568

12

Calc.

2.002
2,368
2.942
3.942
6.139
16.065

Data

2.034
2.7320
2.883
3.918
6.148
15.8



TABLE A-11

COMPARISON OF CALCULATED PROPERTILES WITH
STEAM TABLE DATA FOR SUPERHEATED STEAM

10 6

B Px10 T
3‘!_ Iv x 10 x 10 T
Sale.  Data  Cale.  Data
5.16 x10™" 2.583 0.99 1.0 423.8 423.0
3.48:1(10_4 2.889 0.99 1.0 634.0 623.0
4,30 x 10-3 2.710 9.89 10.0 520.3 523.0
3.03 :{10“3 3.041 9.98 10.0 727.8 723.0
1.93 x10-2 2,811 50.55 50.0 630.6 623.0
1.36 xlO-2 3.181 50.71 50.0 849.4 823.0
4.46x10-2 2.702 101.30 100.0 634.9 623.0
2.81x 10"Z 3.144 101.10 100.0 875.1 823.0
TABLE A~111
COMPARISON OF CALCULATED PROPERTIES WITH
STEAM TABLE DATA FOR SUBCOOLED WATER
-10
lelo _ E& E&
Calc., Data Calc. Data
0.4178 373.2 373.0 0.9587 0.9599
0.5445 403.6 403.0 0.9365 0.9366
0.6731 434.4 433.0 0.9070 0.9093
0.8042 465.9 463.0 0.8731 0.8780
0.9393 498.6 493.0 0.8345 0.8419
1,0808 533.0 523.0 0.7884 0.7992
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