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heat conduction

betwe=n phases per unit of mixture volume

term for the gas internal energy equation

term for the liquid internal energy equation

viscous stress term for the gac momentum equation

viscous stress term for the liquid momentum equation

specific entk.alpy for the gas

specific internal energy for th? gas

condensation rate

evaporatim rate

interracial frjution function for momentum exchange

number of bubbles/droplets per unit of mixture volume

pressure

interracial heat transfer function

uni~:ersal gas constant

saturation temperature

gas temperature

liquid temperature

gas velocity

liquid velocity

viscous work term for the gas internal energy equation

viscous work term for the liquid internal energy equation

void fraction, voluwa of gas per unit of mixture volume

constint for the condensation rate J
c

.
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constant for the evaporation rate J
e

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

macroscopic gas densizy, mass of gas per unit of mixture volume

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

macroscopic liquid density, mass of liquid per unit of mixture
Volm’

.
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ABSTRRCT

Nuncrical calculations of L\e dynamics of initially saturatea water-

steam mixtures in a shock tube demonstrate the ~ccuracy and efficiency of

a new solution techni9ue for the transient, two-dimensionaln two-fluid

equations. The dependence 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 evaluation of mass exchange models.
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l%c numerical ca?.culation 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 >f tw” >hase 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 efficient calculations.

me 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 ful~.yimplicit treat-

ment for all rate processes. The calculated results for a tl#ophase mixture

with equal velocities and temperatures and no phase change, hereafter referred

to as a “frozen” two phase mixture, are compared to the knan analytic solu-

tion2 and excellent agree~ent is nbtained. In particular,

velocities for the rarefaction and shock waves through the

I:hepropagation

‘:wo-phasemixture

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

establishing experiments

nmdels.

phase change on the flow physics l~ith a view towaxd

that would assist the development of mass exchange
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11. FIELD EQuATIONS AND SOLUTION METHODS

The liquid and gas dynamics arc described by separate sets of f.teld

equations that are coupled through mass, momentum, and energy exchange and

the assumption of pressure equilibrium between phases. The time-dependent,

two-dimensional equations ale

ap’
++~.(p;~).J -J(: ,

e

afs u

*+v”(P;Y# ‘- fwP+dy~)+Jeq

-Jc~+ (f)
9 Vis ‘

+ (Je- J=) Hg + R(TL-Tg)

+ (w )“ +(E)
9 v~~ g Cond ‘

(2.1)

(2.2)

(2.3}

(2.4)

(2.5)
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-(J -J)H +R(T
ec 9 9

- Tg) + (wR)
vis

+ ‘Ef)cond

q =pge , “P~=(l-e)Pt ,

P
9

= Pg(PtIg) 1 Tg = Tg(Pt Ig)

# (2.6)

(2.7)

# (2.8)

. (2.9,)

these equations in two-space

5
Anwden. Their Implicit Multi-

speeds and for all degrees of

These 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

dimensions was first proposed by Harlow and

field (IMF) technique is valid for all flow

coupling between the phases. A pressure iteration that uses the ICE tech-

nique to couple the gas continuity equation to the momentu.. 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

The effects of phase

Experience With

niqule,has shown the

equation wjth.in the implicit pressure iteration to a?.leviate.severe restric-

tions in the computational t~KiF2 step for certain cases. A new computer code,

Y.-FIX,has been written for this purpose. K-FIX in,plicitly solves both

solved explicitly prior to the pressure ite:ra.tion.

change are included after the pressure iteration.

the KACHINA code,
6
which utilizes this solution tech-

need to include mass exchange and the liquid continuity
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continuity equaci.ms, both momentum equations, and the portions of both 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 itezation. Detdils of the K-FIX

solution methodology and tl-,ecode

culations with K-FIX ‘m a variety

are obtained with time steps that

than were possible with KACHINA.

description are contained in ref. 1. Cal-

of problems has shown

can often be an order

The inclusion of both

that accurate results

of magnitude larger

continuity equations

within the pressure iteration provides a continuous dependence of the solution

upon the void fraction particularly z~ar the limits of no void and total void.

III. RESULTS

The results of calculations with K-FIX are presented here fox a shock

tube that is initially filled with saturated water-steam mixtures at pres-

sures of 0.5MPa and O.lMPa separated by a

considered homogeneous with a void fraction

region and 0.10 in the low pressure region.

fj,cientK and the int~rfacial heat transfex

diaphragm. The mixt’wes are

of 0.05 in the high pressure

The interracial friction coef-

coefficien’c 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 repscted here for

convenience
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Je = ~e AP; ~ (TSRU)5 (Tt- T~)/Ts , for Tk ~ T=

= O , othelwise

Jc = acAp; fl-6)(T~Ru)+(T -Tg)/T~ , for Tg6T
s s

= O , otherwise

where A is proportional to the area of contact between

of mixture volume. For N equal size sphericai bubbles

unit volume, A is given by

I
~2J3

(41TN)1’3 ; 0< 1/2
A=

(1- ~)2’3 (4 TTN)1’3 , !3 >1/2 .

(3.1)

(3.2)

the Wo phases per unit

or droplets per

(3.3)

These expressions are known to neglect certain essential elements of the

microphysics of phase change, e.g., the effects of heat conduction, but the>’

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 6t= 100Bs and a cell size of

6z=10mm are compared to the analytic solution of Wendroff (see ref. 2).

Figures 3.1a- c show profiles of pressure, void fraction, and velocity at

a time of 2ms after the diaphragm, which is initially positioned at

z=O.5m, is ruptured. The results of the numerical calculation (solid

line) are in excellent agreement.with the analytic solution fdashed line).

The shock propagates to the riqht with a velocity of 54.8m\:j into a mix-

●

ture with a sound speed of 33.9m\s. In the compressed st~te behind the

●The sound speed corresponds to the propagation VelOCitV Of’ sll’i:l~l distur-

bances through the mixture under the conditions of velf~city and temperature
equilibrium between phases according to ref. 2.

.
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shock the void fraction is 0.0408, the pressure is 0.261MPa, and the

liquid and gas velocities are 3.38m/s. The rarcfaction propagates to

the left with a speed of 104.Om/s at its head and a speed of 53.7m/s

at its tail. TINEspeed of the rarefaction head corresponds to the sound

speed in the frozen two-phase mi~turc, which is considerably less than the

sound speed in either pure water, 1.23Km/s, or pure steam, 0.582 K@s.

The dependence of t:]ecalculated results upon the cell size and time

.;tepwas .inves:igated by performing additional calculations. The effects

of the step were studied by holding the cell size fixed at 6x=10mm and

reducing the time step to 6t=10ps and then to 6t=lps. The pressure pro-

files obtained are shown in Figs. 3.2a-b for comparison. The results are

generaily unchanged but slightly more accurate, particularly in t??erare-

faction, due to the improved integration in time. With~the smaller time

stepsl sound signals psopagate much less than one cell -percycle and hence

are nmre accurately followed as they ‘rove through the computing mesh. With

these s-11

an ex@icit

essentially

time steps the implicit solution technique reduces essen’.ially to

stheme. The state beind the shock and the shock position ire

Unf:hanged. The effects of cell size were studied by holding the

time step constant at 6t=JOOl!s and reducing the cell size to 6z=5mm and

then to 6z=2.5nun. The pressure profiles that were obtained are shown in

Figs. 3.3a-b and are essentially identical with that obtained for 6z=10mm.

The effects of phase change upon the fluid dynamics

by considering separately the effects due to boiling and

due to condensation. Calculations with both boi~ing and

were investiga’.ed

then the eifccts

condensation
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occurring simultaneously were also made and their results :C prcsunted

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, =cd mass exchange rate (Je-Jc) at a time of 2ms for Ae=O.O1.

The plofiles arc mu “1different than ~.hoseobtained without phase change.

Boiling has raised the pressure 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 rarefactim, 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 mid reduces the difference between the liquid and satura-

tion temperatures. The void fraction increases rapidly in the region where

boiling is occurring due to the production of vapx and the displacement of

liquid to the xight, which destroys the concept of a “contact surface.” The

velocity profile is much narrwer than in the case without phase change and

is no longer nearly symmetric about the position z=O.5m. The effect of

changing the boiling race 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=O.l. At the lower boiling rate the

pressure proriic is intermediate between that obtiined with ae=O.O1 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 l= =0.1 h 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 ~e=O.OO1.
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The strength of tle shock no longer incrcascs as ~e is incrcascd above a

value of 0.1. The void fraction peaks 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

5m and a time step of 100us. The results are essentially unchanged as

the time step and cell size are individually reduced. A cell size of 5mm

was used for these results instead of vhe previous value of 10mm because

of a change in detail of the pressure step at z =0.5m with the larger cell

size. In practice this change is small enough to be of no real concern,

hut is simply the normal loss of

resolution.

The cffect6 of condensation

detail that occurs

alone were studied

with decreased spatial

for various values of

the coefficient ~c with the boiling rate set identically to zero. Figures

3.6a-d show the calculated profiles of pressure, wid fraction, velocity,

and mass exchange rate at a time of 2.Oms for AC=lOO. The results show

a decrease h shock pressure that is accompanied by a decrease in shock

velocity. r .2 pressure behind the shock is redllcedby 10% and the shock

velocity is reduced by 2B% 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 rarcfaction is increased to match tht lower shock pressure,

which leads to higher fluid velocity. The small velocity step at about

z=O.5m results from the sharp rise in void fraction and the conditicnt

from the liquid continuity equation, that ~“ (l- e) $ should ve~ nearly

vanish. Condensation occurs very rapidly across the shock for this value

of ~c and iu limited in magnit.udc behind the shock by the very small void.



Piqn. \. ~., . i: rr@ti;@cti~~~Y” For 1== 1~ the shock velocity is reduced by

218 ly~l~tc,l .~~:,ltt VaIUO Wiam phase change- ~SOt no constant state

axiu?% t~i.?* ,m.~t,n~WLuecn the nhock and rarefaction tail, since signifi-

cant C.,)f..)..,r,,*:,pmIS cuvurring thro~hout this region. The void fraction

docri~;l.1,.h.:,*GZ,l:T ~. ~ minimum v~lue of 0.013 between the shock front and

r, #-o.5m. The profiles for a== 10 are intermediate to

41.1 theme with ~c= 100.

Gk-m were o)~tainedwith a time step of 100Ps and a cell

Eizc of ;.’.- •~,.1●rc csscn’:lallyinvariant as &t and 6Z are red~lced. For

a cell n:s- {Jf li,~, houcvcr. laxqe varjdtions occur in the solution as

the t:i~” bi!.cf ho ~du~ Similarly, for a time step of 100Ps large varia-

tiol)u CWKU? a~ the c’.IIsize is increased to 10mm. Figures 3.8a-b show

profilo:. ,1:pesnmrv obt~ined with 6t.=100Bs, 6z=10uun and it=lOvs,

6z=’1OG. sc.im:tkvi.]y, LO illustrate these solution variations. The shock

pressurt! v.)rLmsJ@LoJkcally in time with a period equal to the transit

time of tl~- @b~4 fr~~~one cell center to the next. In Fig. 3.8b the full

pressure tine ~~irthv shock occurs across a single cell, which is indicative

Condensation causes these solution vari-

high that the void fraction is reduced

compared to t!!etransit time of material

throuyh thu nl.wk, =U ~nAmm transit time occurs when the s:hwk is one

CO1l ~l~~k al~~~~ ~~w~ by ~z/U where u is til~shock speed. When the void

fraction 111red’SrJ to ~azIY zero the l,iquidcontinuity equation requires

gh~t ~,pyi ~m very Id’a:ly~cro. Since the shock is by nature c’on.pressivel

this canr~~to~~”ur‘lt~~n me shock. Consccylently, in an attempt to alleviate

z
G
=
G
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this eituation, the shock pressure rises to accelerate the shock and re-

duce its thickness.

The results of calculations for both boiling and condensation with

~e=O.O1 and ~c=lOO arc shown in Fiqs. 3.9a-d. The pressure profile is

deminat.edby the effects of boiling. The shock strength is substantially

increased and the rarefaction is substantially weakened. The ~:oid frac-

tion profile clearl-yieflects the combined effects. A ncac zero void re-

sides behind the shock where condensation is occurring whil~ a large void

exists near the rarefaction tail due to boiling. The combined effects of

boiling and condensation result in a mlwh steepex und 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

V“((l-e)llg)=o. 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 is larger

than for boiling alone due to th~:decrease in pressure naaz the rareiaction

tail compared with the result in I’ig. 3.4a. The small spike in pressure at

about z=O.5m is due to the high Condei]satbn rate them that results from

the influx of steam from the left. The results shown were obtained with

6t=100ve and 6z=2.5mm. Further reductions in time step and cell size

produce no significant changesin the rcsilltg.
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Iv. SUMMARY

Nmerical calculations with the K-FIX code have been made for the

transient, two-phase fluid dynamics in a shock tube using a two-fl,lid

amdel. 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 fluid dynamics are shcwn for

different phase change rates. As the shock passes through the initially

saturated mixtuie, condensation takes place through the shock and behind

It, which reduces the shock pressure and velocity. On the ohker hand, as

the rarefaction propagates into the saturatea mixture boiling occurs, which

tends to restore the pressure and hence reduce the propagation v,~locity of

the rarefaction head. The results demonstrate the efficiency and accuracy

of the highly implicit solution method used in K-FIX. The import.arlceof

epatial resolution through the shock is dmonztrated when the shocked ma-

terial undergoes condensaticm. As the condensation rate is increased, the

cell size must be reduced so that the transit time for material through the

shock iS

lational

adequate

on the order of the e-folding time for void reduction. ThcIcalcu-

results arc invariant to reductions in time step and cell size once

spatial resolution is achieved. The sensitivity of tilefluid dy-

namics to changes in the

that basic fluid dynamic

tablishing mass cxchangc

boiling and condensation rates stronyly suggests

measurements would provide valuable data for ~a-

ratcs.
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3.4b.

3.4C.

3.4d.
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3.6d.

3.7a.

3.7b.
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Pressure profiles at t=2ms witiout phase change.

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

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

Pressure at t=2ms for 6t=10Us, dz=lOmm”without phase
change .

Pressure at t=2ms for dt=lps, dz=lOmm without phase
change.

Pressure at t=2ms for 6t=100ps, 6z=5mm without phase
changn.

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

Pressu:o at t=2ms with boiling Only.

Volume fraction of void at t=2ms with boiling olily.

Velocity of liquid and gas at t=2ms with boiling only.

Mass oxcbango rate at t=2ms with boiling only.

Prcssuro at t=2ms for ~am O.OO1 with boiling only.

Pressure at t=2ms for ~e=O.l with boiling only.

Pressure at t=2ms with ~ndcnsation only.

Voluno fraction of void at t=2ms with condensation only.

Velociky of liquid and gas at t=2ms with condons,~;iononly.

Mass oxchanqo rata at t=2ms with condensation only.

Prcuwuro at t-2ms for AC-

Pressure at t=2ms for Ac-

Prossura at t-2ms for 6t-
only.

10 wiLS.condcnaation only.

1 with condensation only.

100us, 6z=10nm with condensation
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Fig. 3.Bb. Pressure at t=2ms for 6t=10ps, 6z=10mm with conc’,cnsa-
tion only.

Fig. 3.9a. Pressure at t=2ms with boiling and condensation.

Fig. 3.9b. Volume fraction of void at t=2ms wi’~ boiling and condona-
tion.

Fig. 3.9c. Velocity of liquid and gas at t= 2ms with boiling and con-
densation.

Fig. 3.9d. Mass exchange rate at t= 2ms with boiling And condensation.
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