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9 vis

arca of contact betwnen prhases uver unit of mixture volume

heat conduction term for the gas internal energy cquation
heat conduction term for the ]iqﬁid internal energy equation
viscous stress term for the gas momentum equation

viscous stress term for the liquid momentum equation

specific¢ entkhalpy for the gas

specific internal energy for the gas

condensation rate

evaporation rate

interfacial friction function for momentum exchange
number of bubbles/droplets per unit of mixture volume
pressure

interfacial heat transfer function

universal gas constant

saturation temperature

gas temperature

liquid temperatuvre

gas velocity

liquid velocity

viscous work term for the gas internal energy equation
viscous work term for the liquid internal energy equation

vold fraction, voluma of gas per unit of mixture volume

constant for the condensation rate Jc
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constant for the evaporation rate Je
microscopic gas density, mass of gas per unit of gas volume
wacroscopic gas densicy, mass of gas per unit of mixture volume

microscopic liquid density, mass of liquid per unit of liquid
volume

macroscopic liguid density, mass of liquid per unit of mixture
volume
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ABSTRACT
Numerical calculations of the dynamics of initially saturated water-
steam mixtures in a shock tube demonstrate the accuracy and efficiency of
a new solution technigue for the transient, two-dimensional, %two-fluid
equations. The dep~ndence of the calculated results on time step and cell

size are investigated. The effects of boiling and condensation on the flow

physics suggest the merits of basic fluid dynamic measurements for the de-

termination and evaluvation of mass exchange models.
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I. INTRODUCTIOM

The numerical calculation of transient two-phase flow has been re-
ceiving considerable attention recently because of its relevance to the
safety analyses of nuclear power reactors. The dynamics 2f tw~ chase flow
is strongly governed by mass, momentum, and energy exchange between the
phases. Consequently, numerical solution techniques that are highly implicit
in these rate processes are required for accurate and nfficient calculations.
The results of calculations are presented in this paper for the two-phase
flow of an initially saturated water-steam mixture in a shock tube. The pur-
pose of this work is two fold. First., to demonstrate the accuracy and compu-
tational efficiency of a new solution techniquel that solves the transient,
two-fluid model equations in two space dimensions with a fully implicit treat-
ment for all rate processes. The calculated results for a two phase mixture
with equal velocities and temperatures and no phase change, hereafter referred
to as a "frozen" two phase mixture, are compared to the known analytic solu-
tion2 and excellent agreement is nbtained. 1n particular, the propagation
velocities for tﬁe rarefaction and shock waves through the ':wo-phase mixture
are accurately predicted. The effects of time step and cell size cn the so-
lutions obtained are studied for the frozen flow and for several different
values of the boiling and condensation rates. The second purpose is to in-
vestigate the effects of phase change on the flow physics with a view toward
establishing experiments that would assist the development of mass exchange

models.
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II. FIELD EQUATIONS AND SOLUTION METHODS

The liquid and gas dynamics are described by separate sets of fleld
equations that are coupled through mass, momentum, and encrgy exchange and
the assumption of pressure equilibrium between phases. The time-dependent,

two-dimensional equations ate

op!
__-g- e ] = -
3t ¥ (pggg) Je~Te (2.1)
9p' u
-ﬂat +2-(pgp_ggg) =-6Vp + x@z-u ) + 3 uy
) ( g)vis
' I
299 ,g. (o I ] . ] RY:
89 47. (o1 n) = - p[o% + T+ (o] +xleg-u)
+ (Je-Jc) Ho + a('rl-'rg)
+ W) + (& Y (2.3}
( 9)vis ( g)conc'l
api
a0t L (ppug)=3.-9, (2.4)
g uy
s+ Lo (opugu)= - -0 Tp + klug-uy) + 3 n
-3, u + (f")vis (2.5)
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1hese equations have been previously derived by Travis et al.3 and are
easily obtainable from the more detailed set suggested by Ishii.4

A numerical method for the solution of these equations in two-space
dimensions was first proposed by Harlow and Amsden.5 Their Implicit Multi-~
field (IMF) technique is valid for all flow speeds and for all degrees of
ocoupling between the phases. A pressure iteration that uses the ICE tech-
nique to couple the gas continuity equation to the momentum equations with
an additional implicit treatment of the momentum exchange term is the basis
of the technique. The liquid continuity equation and the two internal
energy equations are solved explicitly prior to the pressure iteration.
The effects of phase change are included after the pressure iteration.

Experience with the KACHINA code.6 which utilizes this solution tech-
nique, has shown the need to include mass exchange and the liquid continuity

equation within the implicit pressure iteration to alleviate severe restric-

tions in the computational time step for certain cases. A new computer code,

Y~FIX, has been written for this purpose. ¥K-FIX implicitly solves both
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continuity equavions, both momentum equations, and the portions of hoth in-
ternal energy equations that account for changes in internal energy due to
rate processes. Momentum convection and viscous stresses may be easily in-
cluded within the pressure iteration or evaluated explicitly before it.

The effects of energy convection, work, and heat conduction on the internal
energies are included after the pressure iteration. Details of the K-FIX
solution methodology and the code description are contained in ref. 1. Cal-
culations with K-FIX n a variety of problems has shown that accurate results
are obtained with time steps that can often be an order of magnitude larger
than were possible with KACHINA. The inclusion of both continuity equations
within the pressure iteration provides a continuous dependence of the solution
upon the void fraction particularly rncar the limits of no void and total void.

III. RESULTS

The results of calculations with K-FIX are presented here for a shock
tube that is initially filled with saturated water-steam mixtures at pres-
sures of 0.5MPa and 0.1 MPa separqted by a diaphragm. The mixtures are
considered homogeneous with a void fraction of 0.05 in the high pressure
region and 0.10 in the low pressure region. The interfacial friction coef-
ficient K and the interfacial heat transfer coefficient R were set large in
all cases so that the velocities and temperatures of the two phases would be
very nearly equal. The state equations that describe the thermodynamic pro-
perties of water and steam are given in ref. 7. The phase change rates for
boiling and condensation are also given in ref. 7 and are repeoted here for

convenience
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—_— L} " A
I, = A Apy© ('I's R) ('19‘-'1'3)/?$ . for T > T
= 0 , otherwise (3.1)
L
= ¢ - -
I, = Aol (1 6)('1‘s Ru) (Ts 'rg)/'rs , fgr 'rg<'rS

= (0 , otherwise (3.2)

where A is proportional to the area of contact between the two phases Der unit

of mixture volume. For N equal size sphericai bubbles or droplets per

unit volume, A is given by

62/3 (4‘nN)l/3 , 6<1/2

A= (3.3)
a-0%3 w3, e>12 .

These expressions are known to neglect certain essential elements of the
microphysics of phase change, e.g., the effects of heat conduction, but they
do contain sufficient physics for our present purposes.

Calculations were performed first for the frozen two-phase mixture
by setting the phase change rates identically equal to zero. The results
of these calculations, with a time step of St =100us and a cell size of
8z =10mm are compared to the analytic solution of Wendroff (see ref. 2).
Figures 3.la - ¢ show profiles of pressure, void fraction, and velocity at
a time of 2ms after the diaphragm, which is initially positioned at
2=0.5m, is ruptured. The results of the numerical calculation (solid
line) are in excellent agreement with the analytic solution (dashed line).
The shock propagates to the right with a velocity of 54.8m/s into a mix-

*
ture with a sound speed of 33.9m/s. In the compressed stite behind the

*The sound speed corresponds to the propagation velocitv of small distur-
bances through the mixture under the conditions of velwucity and temperatur:
equilibrium between phases according to ref. 2.
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shock the void fraction is 0.0408, the pressure is 0.261 MPa, and the
liquid and gas velocities are 3.38m/s. The rarefaction propagates to
the left with a speed of 104.0m/s at its head and a speed of 53.7m/s

at its tail. The speed of the rarefaction head corresponds to the sound
speed in the frozen two-phase mixture, which is considerably less than the
sound speed in either pure water, 1.23Km/s, or pure stcam, 0.582 Km/s.

The dependence of the calculated results upon the cell size and time
itep was invescigated by performing additional calculations. The effects
of time step were studied by holding the cell size fixed at §x=10mm and
reducing the time step to 6t =10us and then to St=1lps. The pressure pro-
files obtained ar2 shown in Figs. 3.2a-b for comparison. The results are
generaily unchanged but slightly more accurate, particularly in the rare-
faction, due to the improved integration in time. Withithe smaller time
steps, sound signals propagate much less than one cell per cycle and hence
are more accurately followed as they wove through the computing mesh. With
these small time steps the implicit solution technique reduces essen*ially to
an explicit scheﬁe. The state hbeind the shock and the shock position e
essentially unchanged. The r.ffects of cell size were studied by holding the
time ster constant at 8t =100}'s and reducing the cell size to §z=5mm and
then to §z=2.5mm. The pressure profiles that were obtained are shown in
Figs. 3.3a~-Db and are essentially identical with that obtained for 8z =10 mm.

The effects of phase change upon the fluid dynamics were investigoted
by considering separately the effects due to boiling and then the eifects

due to condensation. Calculations with both boiiing and condensation
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occurring simultancously werc also made and their resulte re presented
later. To investigate the effects of boiling alone, calculations were per-
formed for various values of Ae with tke condensation rate set identically

to zero. Figures 3.4a -d show the profiles of pressure, void fraction,
velocity, and mass exchange rate (Je-Jc) at a time of 2ms for Ae==0.01.

The profiles are mu 1 different than those obtained without phase change.
Boiling has raised the pressurec at the tail of the rarefaction so that the
shock is significantly stronger. The shock pressure and the shock velocity
are increased 72% and 32% respectively over their values without phase change.
The rarefaction, on the other hand, is significantly weakened and its penetra-
tion to the left is reduced as the system boils towards equilibrium, which
raises the pressure and reduces the difference betwecen the liquid and satura-
tion temperatures. The void fraction increases rapidly in the region where
boiling is occurring due to the production of vapor and the displacement of
liquid to the right, which destroys the concept of a "contact surface." The
velocity profile is much narrower than in the case without phase change and
is no longer nearly symmetric about the position z=0.5m. The effect of
chanjing the boiling rate is seen in Figs. 3.5a-b. The pressure profile in
Fig. 3.5a corresponds to a boiling rate with Ae==0.001 while the pressure
profile in Fig. 3.5b was obtained for Ae==0.1. At the lower boiling rate the
pressure proriic is intermediate between that obtained with Ae==0.01 and that
obtained without phase change. The shock is strengthening while the rare-
faction is weakening. The void fraction peaks at 6 =0.19 and the maximum
velocity is 4.72m/s. The boiling rate with Ae==0.1 is an infinite rate

for practical purposes. The liquid and saturation temperatures are equal

to within 0.15°K compared to differences as large as 10°K for A, =0-001.
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The strength of tie shock no longer increases as Ae is increased above a
value of 0.1. The void fraction pecaks at about 6 =0.52 and the maximum
velocity is 5.86m/s.

These calculations with boiling only were made with a cell size of
5mm and a time step of 100us. The results are essentially nnchanged as
the time step and cell size are individually reduced. A cell size of 5mm
was used for these results instead of ithe previous value of 10mm because
of a change in detail of the pressure step at z=0.5m with the larger cell
size. 1In practice this change is small enough to be of no real concern,
but 1s simply the normal loss of detail that occurs with decreased spatial
resolution.

The effects of condensation alone were studied for various values of
the coefficient Ac with the boiling rate set identically to zero. Figures
3.6a -d show the calculated profiles of pressure, void fraction, velocity,
and mass exchange rate at a time of 2.0ms for Ac==100. The results shuw
a decrease 1n shock pressure that is accomparied by a decrease in shock
velocity. " .2 pressure behind the shock is reduced by 10% and the shock
velocity is reduced by 28% when compared to their values without phase
change. The void fraction is reduced to nearly zero behind the shock by
the condensation of steam and the influx of liquid from the left. Expan-
sion thrnugh the rarefaction is increased to match the lower shock pressure,
which leads to higher fluid velecity. The small velocity step at about
z=u0.5m results from the sharp rise in void fraction and the conditicn,
from the liquid continuity equation, that V* (1-0) 17y should very nearly
vanish. Condensation occurs very rapidly across the shock for this value

of Ac and is limited in magnitude behind the shock by the very small void.
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Prewnvee jrofiten for Ac=10 and Xc=1 are shown for comparison in
Fign., v, '3 .4 gesjectively. For Xc-l. the shock velocity is reduced by
218 e ared with Lts value without phase change. Also, no constant state
exfnty 41 sre gegtom bwiween the shock and rarefaction tail, since signifi-

Cant cupder rav:. s is eccurring throughout this region. The void fraction

docreaties s;rat.slly to & minimum value of 0.013 between the shock front ard
about t). gasiey -, g»0.58. The profiles for )«c=10 are intermediate to
“hosie wyt?, =1 ang those with Ac= 100.

The roo 5tg ahnn Wele ohtained with a time step of 100pus and a cell
Bize of .. wm 4t atc esscntially invariant as 6t and 6z are reduced. For
a cell risee of Jiam, however, laige varjations occur in the solution as
the time¢ utsg 4w resucnd, Similarly, for a time step of 100Uus large varia-
tions uciur as the oell size is increased to 10mm. Figures 3.8a -b show
profilen of presaurve obtained with 8t =100us, 6z=10mm and ¢t =10yus,
6z =10e 1eq;cutively, to illustrate these solution variations. The shock
pressure vatfles joricically in time with a period equal to the transit
time of the alexch from one cell cer'ster to the next. 1In Fig. 3.8b the full
pressurc tine for the shock occurs across a single cell, which is indicative
of insufficient njatial resolution. Condensation causes these solution vari-
ations when the rate s sufficiently high that the void fraction is reduced
to ncar scro in a tine that is short compared to the transit time of material
throuyh the alswh. The Aininum transit. time oncurs when the sheuk is one
cell thick and §s glven by §2/U where U is the shock speed. When the void
fraction in redsed to nearly zero the liquid continuity equation requires

thot Vs u. be very 10aTly zero, Since the shock is by nature conpressive,

this cannot ocvur within the shock. Consequently, in an attempt to allcviate
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thie situation, the shock pressure rises to acceclerate the shock and re-
duce its thickness.

The resulte of calculations for both boiliny a2nd condensation with
>7e=°'01 and Ac =100 are shown in Figs. 3.9a-d. The pressure profile is
dominated by the effects of boiling. The shock strength is substantially
increased and the rarefaction is substantially weakened. The void frac-
tion profile clearly ieflects the combined effects. A ncac zero void re-
sldes behind the shock whers condensation is occurring whila a large void
exists near the rarefaction tail due to boiling. The combined effects of
bolling and condensation recult in a mnch steeper and somewhat stronger
spike in vuid fraction than occurred with boiling alone. The spike
in the velocity profile results directly from this and the previously
mentioned condition from the liquid continuity equation that
Ve ((1-9)51)“=0. The peak condensation rate through the shock is larger
than for condensation alone due to the increase in shock pressure compared
with the result in Fig. 3.6a. S:milarly, the peak boiling rate i3 larger
than for hoiling alone due to the decrease in pressure n2ar the rarefaction
tail compared with the result in r'ig. 3.4a. The small spike in pressure at
about z=0.5m is due to the high condeasation rate there that results from
the influx of steam from the left. The results shown were obtained with

St =100us and §z=2.5mm. Further reductions in time step and cell size

produce no significant changes in the results.

F1CIAL

r
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IV. SUMMARY

Numerical calculations with the K-FIX code have been made for the
transient, two-phase fluid dynami~zs in a shock tube using a two-fluid
model. The results are compared with an analytic solution, which is valid
in the absence of phase change, and excellent agreement is obtained. The
effects of boiling and condensation upon the flunid dyna@ics are shown for
different phase change rates. As the shock passes through the initially
saturated mixture, condensation takes place through the shock and behind
it, which reduces the shock pressure and velocity. On the oater hand, as
the rarefaction propagates into the saturated mixture boiling occurs, which
tends to restore the pressure and hence reduce the propagation valocity of
the rarefaction head. The results demonstrate the efficiency and accuracy
of the highly implicit solution method used in K-FIX. The importance of
spatial resolution through the shock is demonstrated when the shocked ma-
terial undergoes condensaticn. As the condensation rate is increased, the
cell size must be reduced sio that the transit time for material through the
shock 1is on the order of the e-folding time for void reduction. The calcu-
lational results are invariant to reductions in time step and cell size once
adequate spatial resolution is achieved. The sensitivity of the fluid dy-
namics to changes in the boiling and condensation rates stronyly suggests
that basic fluid dynami~ measurements would provide valuable data for ~s-

tablishing mass exchange rates.
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Pressure profiles at t=2ms without phase change.

Volume fraction of void profiles at t=2ms without phase
change.

Velocity of liquid and gas profiles at t=2ms without phase
change.

Pressure at t=2ms for 8t =10pys, 8§z =10 mm without phase
change.

Pressure at t=2ms for 8t =1lus, §z=10mm without phase
change.

Pressure at t=2ms for 6t =100us, 8§z =5mm without phase
changa.

Pressure at t=2ms for 8t =100us, 6z=2.5mm without phase
change.

Pressu:e at t=2ms with boiling only.

Volume fraction of void at t=2ms with boiling only.
Velocity of liquid and gas at t=2ms with boiling only.
Mass oxchange ratc at t=2ms with boiling only.

Press.uro at t=2ms for Aa = 0.00)1 with boiling only.
Pressure at t=2ms for Ae-o.l with bolling only.
Pressure at t=2ms with ccndensation only.

Volume fraction of void at t=2ms with condensation only.
Velocity of liquid and gas at t =2ms with condonsa.:ion only.
Mass exchango rate at t =2ms with condensation only.
Pressuro at t=2ms for Ac- 10 wi.i. condensation only.

Prossure at tuw2mg for Ac = 1 with condensation only.

Prossure at t=2ms for 6t = 100us, §z=10mm with condensation

only.
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Fig.

Fig.

Fig.

Fig.

Fig.

3.8b.

3.9a.

3.9b.

3.9c.

3.9d.

Pressure at t=2ms for 8t =10us, 8z=10mm with conccensa-
tion only.

Pressure at t=2ms with boiling and condensation.

Volume fraction of void at t=2ms with boiling ani condena-
tion.

Velocity of liquid and gas at t=2ms with boiling and con-
densation.

Mass exchange rate at t=2ms with boiling and condensation.
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Fig. 3.4c. Velocity of liquid and gas at t=2ms with
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Fig. 3.6b. Volume fraction of void at t=2ms with
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Fig. 3.7a. Pressure at t=2ms for A =10 with
cor ‘ensationh only. ©
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Fig. 3.8b. Pressure at t=2ms for $t=10us, §z=10mm
. with condensation only. '
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Fig. 3.9a. Pressure at t=2ms with boiling and
condensation. i
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Fig. 3.9c. Velocity of liquid and gas at t=2ms with
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