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ABSTRACT 

A desire to more accurately predict the behavior of transient two-phase flows has 
resulted in an investigation of the feasibility of computing unequal phase velocities and 
unequal phase temperatures. The finite difference forms of a set of equations governing a 
seriated continuum are presented along with two methods developed for solving the 
resulting systems of simultaneous nonlinear equations. Results from a one-dimensional 
computer code are presented to illustrate the capabilities of one of the solution methods. - 

iii 



- 
AgR . = surface area between vapor and liqhid ph,ase per unit volume . . 

- 
Awg =" surface area of vapor phase in cpntact 'with the wall per unit volume: 

- 
AwI1 = surface area of liquid phase in contact'with the wall' per unit-volirme 

Bgll = friction coefficient' between vapor and liquid phases 

BWg = stationary form and viscous drag between wall and vapor phase 

stationary. form -and viscous.drag between'wall and liquid phase 

un7ssIje.r?ifierl forces in .the'momentum equations : 

fraction of the vapor phase-'which is atlsaturatioh. 

fraction of the liquid ,ljhase-'wMch~is.~,at-saturation; 

axial component.of accele.ration due to'gravity 

enthalpy of saturated.v-apor 

rate of vapor generation per unit volume 

mAp = rate of vapor generation per uiiit'volu.me due to pressure-changes 

m ~ . ~  = rate of vapor generation pefunit volume due to temperature changes 

P = pressure 

q g  = heat flux to  vapor phase per unit volume 

bP llaal flux tbliquid phKw pcr unit volume 

Sgs 5 entropy of satura,ted vapor 

Sys = entropy of saturated liquid 

Ts. = saturation temper'ature 

u = intemal'energy' of vapbi phase. g" 



internal energy of liquid phase 

internal energy of saturated vapor 

internal energy of saturated liquid 

velocity of vapor phase 

velocity of liquid phase 

intrinsic velocity 

vapor volume fraction 

liquid volume fraction (a! = l a )  

density of vapor phase 

density of liquid phase 

density of  vapor phase at saturation pressurt: 

density of liquid phase at saturation pressure 

til~lt: step 

spatial mesh increment. 
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NUMERICAL METHODS FOR SOLVING 
THE GOVERNING EQUATIONS 
FOR A SERIATED CONTINUUM 

I. INTRODUCTION 

The ability to compute hydraulic transients is required to accurately predict the 
phenomena of a loss-of-coolant accident (LOCA) in a nuclear reactor. Since the reactor 
coolant'could be a two-phase mixture during at least part of the LOCA, a possibility exists 
f ~ r  two phases with unequal velocities or unequal temperatures or both. Consequently, the 
homogeneous fluid models used in current reactor system codes may prove inadequate in 
many cases. The desire to more accurately predict two-phase flow behavior has resulted in 
investigations into the feasibility of computing both unequal phase velocities and unequal 
phase temperatures (References 1 and 2, for example). 

Solbrig and ~ughesf31 describe governing equations for a seriated continuum for the 
unequal velocity, equal temperature (WET) case. Other authors have described equations 
for the unequal velocity, unequal temperature (WUT) case (Reference 1, for example). 

This report documents finite difference forms of the UVET equations, a related set of 
W U T  equations,, and two methods developed for solving the resulting systems of 
simultaneous nonlinear equations. Both methods described are related to the Implicit 
Continuous-fluid Eulerian (ICE) method as reported in Reference 4. One of the methods, 
called ICE-PF, is related to the implicit Multifield Flows (IMF) scheme[ l ]  used in the 
KACHINA code[S] and extends IMF to the case of two completely compressible phases. 
The other technique is called the Seriated Continuum Implicit (SCIMP) method and 
includes an implicit treatment of momentum flux. In addition, results from the 
experimental Seriated Tube code. (STUBE) are presented to illustrate the capabilities of the 
SCIMP method. . . 

Among the features of these. solution techniques are: 

(1) A high degree of implicitness allowing applicability to all flow 
speeds 

(2) Compressibility of both phases 

(3) Mass transfer between phases 

(4) Implicit coupling of the phases through the interphase friction 
and the mass exchange mechanisms. 



The description of a two-component seriated continuum requires five field equations 
in the case of W E T  flows and six field equations in the case of W U T  flows. In each case 
the requirement is a continuity equation for each phase and a momentum equation for each 
phase. In addition, equations that govern the conservation of energy for the fluid are 
required. In the case of W E T  theory there is a single, equation for the conservation of the 
average energy of the system, and in the UVUT theory there is an energy equation for each 
of the phases. In addition to the field equations, there are equations of state for all of the 
components and various other constitutive equations. 

The systems of field equations used for both the W E T  model and the UVUT model 
are presented in this section. The letters Q and g are used as subscripts and superscripts 
referring to the liquid and vapor (gas) phases, respectively. Other nomenclature is listed in 
the appendix. 

1. CONTINUITY EQUATIONS 

The gas phase continuity equation is 

and the liquid phase continuity equation is 

The gas phase momentum equation ,is 



and the liquid phase momeliturn equation is 

The "F term" in these equations represents terms such as transient flow forces or 
added mass effects that are often flow regime- or geometry-dependent. This term is not 
necessary for a description of the basic numerical schemes and is not considered in this 
report. 

3. ENERGY EQUATIONS 

The internal energy equations for UVUT flows, written in nonconservative form, are 

and 

In the W E T  model the equation for the mixture internal energy is 

4. EQUATIONS OF STATE 

In UVUT flows and in single-phase flows the thermodynamic densities of the phases 
are determined as functions of the pressure and internal energies from the equations of state 



For W E T  flows, the state properties in the two-phase region are functions of pressure 
alone; so Equations (7) and (8) are replaced by 

and 

respectively. 

5. CONSTIT~UTIVE FLASHING RATE EQUATION - 

The rate of net vapor production m appearing in these equations is assumed to be 
linearly partitioned into two parts: the mass transfer rate due to pressure change m'@- and 
the mass transfer rate due to temperature differences m as AT* 

The model used for mgp in the S m B E  code is 

This model is similar to those derived in References 6 and 7. 

If the gystem is asswmed to be adiabatic, the UVUT theory can be degcncratcd toi 
W E T  theory by setting the phase energies to the saturation values at the prevailing pressure 
and setting F Q ~  = Fgs = 1 in Equation (9). In this case, Equation (9) is a combination of the 
mixture energy equation and the continuity equations. This equation replaces the mixture 
energy equation, Equation (6a), as a field equation. 



6 .  ADDITIONAL RELATIONS 

The additional relations needed to complete the equation sets are: 

(1) Equations of state for the thermodynamic energies along the 
. phase boundary in the UVET case 

and 

(2) Summation of the volume fractions 

Constitutive equations are required to describe mass, momentum, and energy 
'exchange between phases and between the fluid and adjacent surfaces. Examples of 
correlations and models used in these equations can be found h~ Solbrig et a ~ [ ~ ] .  



In order to solve a transient flow problem described by either UVUT or UVET field 
equations with appropriate initial. and boundary conditions on an interval, O<x < L, the 
field equations are replaced by a set of finite difference equations. The interval, 0 < x < L, 
is partitioned into N computational cells of equal length Ax so that L = NAx. The finite 
difference equations are obtained by centrally differencing the field equations on a 

b 

staggered mesh. The difference equations are presented for equal cell sizes. The equations 
for unequal spatial increments are a straightforward generalization of the equal increment 
equations. 

A typical computational. cell for the continuity and energy equations is shown below. 

The j denotes xj = jAx - %Ax, whichis the x-coordinate at the center of the jth cell. In the 
difference equations, subscripts.are used to refer to the spatial coordinate, while superscripts 
refer to the time level. For examplc, the thermodyna~nic density of the gas at tlie cell center 
at time, (to + nAt), is denoted as 

The momentum equations are differenced on a computational cell which is offset 
one-half cell. A typical computational cell for the momentum equation is shown below. The 
gas velocity at the center of this cell is denoted by (v~)~+%.  

That. is, pressure, void fraction, densities, and energies are calculated at cell centers, and 
velocities are calculated at cell boundaries. Whenever a quantity is required at a point where 
it is not determined by a finite difference field equation or by a constitutive equation, 
appropriate averages are used. For example 

n n 
(ps);++ = %[(Qj + (pg)3+, I and (vg)? J = %[ (vg l j -+  + (vg)? J++ 1 



1. CONTINUITY EQUATIONS 

The finite difference forms of the continuity equations used in the SCIMP and ICE-PF 
methods are 

and 

For some flows the centered difference convective .fluxes are replaced by donor cell 
fluxes in the ICE-PF method. The donor cell flux (?) ,+H of a quantity Q is defined by 

Whenever the donor cell technique is used, the finite difference forms of the 
continuity equations are 

The finite difference forms of the momentum equations used for the SCIMP method 
are 



n+ 1  
.n+l  .nt l  n t l  P j t l  - P j  - 

- a .  - (A B (vg - R n t l  
J +% AX t m j t k V j t +  gR gR j t k  ) j t %  

and 

n+ 1  n+ 1  
- R n t l  P j + l  - Pj ' n t l  A n t l  

- 
) j + %  - 

Ax 
n t  1  

'"jt% j + +  - (A gR B gR Inti jt% (vR- ~ g ) ~ ~ ~  

For the ICE-PF method, the momentum equations are written in nonconservative form 
with the momentum flux terms differenced at the old time level (to + nAt). The momentum 
equations used for the ICE-PF method are 

n t l  n t l  
n+ l  Pj+l - P j  - ci 
j +L, AX 

and 



3. ENERGY EQUATIONS . ' 

For UVUT flows and single-phase flows, the finite difference forms of the energy 
equations are 

and 

When these forms of the finite difference energy equations are used for computation 
in two-phase flow situations, the vapor superheats unrealistically, particularly when there is 
mass exchange between the phases. This superheating is due, in'part, to numerical error that 
is eliminated by a modification of Equations (14) and (15). 



The modification of the energy equations is accomplished by substituting a continuity 
equation k t o  the right side of each of Equations (14) and (IS): The vapor continuity 
equation, Equation '(I), is written in the form 

This form of the continuity equation is then finite differenced as 

Substituting into Equation (14) gives 

The liquid energy equation, Equation (1 5) is modified in an analogous manner to give 



Equations (14a) and (1 5a) are forms of the energy equations used for computational 
purposes. 

For UVET . flow, the finite difference form of the combined energy, ' continuity 
. equation is 

4. EQUATIONS OF STATE 

For WUT.  flows and single-phase flows, the thermodynamic densities of the phases 

and 

are determined from the equations of state. For W E T  flows, the densities in the two-phase 
region are functions of pressure alone. The appropriate equations of state are 

and 



Also, in the UVET case, the energies in the two-phase region are saturation values. 
These energies are obtained from the state relationships 

and 

5. . BOUNDARIES 

In addition to the finite difference field equations given, in the preceding sections, 
formulation of a boundary value problem requires information at the end po'ints of the 
interval, U < x < L. Values for some of the variables may be constrained at the boundary 
points for a particular physical problem. The values for those variables not specified by 
physical constraints are obtained by solving finite difference equations written over a half 
cell. The computational cell used at x=O is shown below. 

The continuity equation for the vapor phase is finite differenced at x=O using a 
forward spatial step as follows 

At the end point L = NAx the half-size computational cell used is sllow~l below. 



The continuity equation for the vapor phase is differenced at x=L using a backward 
spatial step as follows 

The remaining equations for'both phasesare differenced.in an analogous manner using 
a forward or backward spatial difference as appropriate. 

' 



IV. SOLUTION OF FINITE DIFFERENCE EQUATIONS 

The finite difference equations above are systems of simultaneous nonlinear equations 
solved for the problem variables at time (n+l)At in terms of the values at time nAt. The 
SCIMP and ICE-PF methods for solving these systems of equations are described in this 
section. Both methods are based on the ICE method for homogeneous flows reported in 
Reference 4 and represent extensions of the ICE method to two-phase flows. 

1. THE SERIATED CONTINUUM IMPLICIT METHOD 

The SCIMP method is characterized hy replacing the vapor continuity ~ ~ l ~ ~ i l i i ~ . m  with 
a11 aappropdarely tormulafed pressure equation. The derivation of the pressure equation 
involves combining the phase continuity equations, the phase momentum equations, state 
equations, and the constitutive flashing rate equation. 

First the continuity equations, Equations (1) and (2), are written as 

and 

Equations ( la)  and (2a) are multiplied by pp and pg, rcspcctively, and then added to 
eliminate the aa/at terms 

Now the state equations, Equations (7) through (8a), are differentiated with respect to time, 
giving 

and 



for W U T  flows and 

and 

for W E T  flows. 

Depending on the flow model,. W E T  or UVUT, the appropriate state 'equations, 

' ' ap ap9 
Equations (26) through (29), are used to eliminate -2 and - in Equation (25). 

at at 

The resulting equation for the 'UVUT flow model is 

ap a~ p ?PQ ~ U Q  In the W E T  case, the terms -pp a 2 -lL and pg a - - do not appear in 
aug at sup a t  

Equation (30). Equation (30) is now finite differenced as follows 

Equation (10) is replaced by Equation (3 1) in the system of equations to be sulued. 



The explicit energy equations, Equations (14a) and (15a), are soIved first; then the 
remaining equations are solved iteratively until the pressure is converged. The variables, 
other than energy, for a W U T  problem are determined by iteratively solving: . ~ .  . . 

(1)' The pressure equation, Equation (3 I), for P 

(2) The state equations for the thermodynamic densities, pg and pp - 

(3) The momentum equations, Equations (12) and (13), for vg and 
VQ 

(4) The lirlllid continuity cquatiu~~, Equarion (1 I), for the product 
t.P@,. 

The void fraction a is computed by dividing the  p rod~~c t  (dpp)  by thc liquid 
Ulemodgir~amic density and subtracting tht: result from one. 

With the exception of the pressure equation, the finite difference equations, as 
presented, are in a form suitable for numerical solution. For the iterative procedure, the 
pressure equation, Equation (3 l), is further modified. First the vapor momentum equation, 

Equation (1 2), is solved algebraically for (apgvg) 7;; and the liquid momentum equation, 
Equation (13), is solved for (a!-p~v ) j+H. '+' Thcn the mon~enturn equations are differenced 
about the point jAx (the left boundary of ccll j) and the resulting equations solved for 

n+ 1 Q Q n+l (apgvg) j ~ 1 ,  and (a ppv ) j - K .  The expressions obtained for (apgvg) n+ 1 
j +% and for 

(2-ppvQi 9+l are then subst~tuted into Equation (31). This results in feedback of the 
1 %  

velocity field computation into the pressure field computation, 

Experience solving depressurization problems with mass exchange between the phases, 
using the technique discussed above, indicates the pressure computation to be a sensitive 
function of mAp. This sensitivity requires that the effect of phase changes due to pressure 
changes be fed back directly into the pressure field computation. For the pressure equation, 
the spatial dependence is dropped from the constitutive flashing rate equation, Equation 
(9), and the resulting equation is written as 

The frnite difference form of Equation (32) is substituted into the finite differenced 
pressure equation, Equation (3 I), giving the final form of the iteration pressure equation, 
Equation (33). The superscripts r and rk1 denote quantities at old and new iterationvalues 
at time (n+l')At. 



Iteration Pressure Equation 

r r  r - r  Tt l  (t l2 ( (p . r r  a pr t l  
aj-+ + '  ( p g ) j  (ae)S-4) t J'J+.l ex j - 1  Ax & J J+!z' 



The iteration cycle begins with the solution of the pressure equation. The other 
iteration equations are given in the order in which they are,solved. 

State Equation 

and 

vapor Momentum Equation 
. -- P -.- 

- 
rtl r r+ 1 - ( A  ~ 1 9  \<g I r  J + I ~  ( V ' ) J . + ~  + ( ~ j + \ ~  (pg) j+ l i  ( J ~  



Liquid Momentum Equation 

Liquid Continuity Equation 

A flowchart showing the steps of the iteration is shown in Figure 1. Numerical 

experiments have shown that other arrangements of the discrete field equations are possible 

without affecting the convergence of the numerical technique. 



A 
Update Energies with an E x p l i c i t ,  Step: 

1 

r r t l  
4,. + h  J i 

' r t l  ( A  B ) ' t ( l i  B 
Mass Exchange I d 9 j  19.& 

F r i c t  Ion 

t 
I Solve Pressure Equation pr -prtl  1 
I ~ o m p u i e  Thermodynamic Densities 1 

I I Solve Momentum Equations I 

m 

Solve Liquid Continuity Equation 1 

A N C - A -  9 l l 6  

Fig. 1 U W T  SCIMP scheme flow. 



2. THE ICE-PF METHOD 

. The ICE-PF method is characterized by the simultaneous solution of the finite 

differenced continuity equations, Equations (108); and (1 la), for the pressure and void : 
fraction in each computational cell. 

Let 

and 

The comer brackkts used in Equations (39) and (40) represent either centered differences or 
donor cell differencesra] as is appropriate for the particular problem being solved. 

Assuming that C~ = cQ (P,a) and Cg = Cg (P'aj, the nonlinear system 

c g  = ' o  

cR = 0 

is solved simultaneously for P and a using a modification of Newton's method. 

For the System (41) Newton's method can be written as 

[a] The dono; cell flux (Q) ,+% of a quanity Q is defined by 



The superscripts r and r+l indicate ,old and new iterates at time (n+ 1 )At and 

The centered difference continuity equations, Equations (10) and (1 I), are used to 

obtain approximations to the derivatives in the Jacobian matrix of Equation (42). For 
example 

and 

acp 
Similar expressions are obtained for - a d  

and - using Equation (1 1). a q  . aa;. 

The Expressions (44) and (45) are not yet in a form suitable for computation since the 

partial derivativos 

a(vs)f ~(vg);++H J-% 
, ( a p )  am , and (::lr are required. 

a P; a P; j j 

acg acQ a (v";+~ 
!2 r acv Ij-% 

In addition, the expressions for - and - will include and . - 

ap; a$ a ~ ;  a P; 

Expressions approximating these derivatives are obtained using the fmite differenced 
momentum equations, Equations (12a) and (13a), and the constitutive flashing rate 
equation, Equation (32). 



The finite differenced nonconservativ~ momentum equations, Equations .(l2a) and 
, . . .. . . . . ., ', 

(13a), arb linear in the velocitier (vg) ,:$L , y d  iv??; :?A, , and, may ' be written.. 
. . . . " . . 

and , 

, ,  . 

When, for example, :a > O  and the intrinsic velocity :$A is 'taken to  be 

(vP) :$hi , the coefficients, V 1 and L1, are 

and 

J 

When m ':$- < 0 and the intrinsic velocity v is taken to  be (vP) , these 

coefficients are 

and - -n+l L, = m.. J .1-ri respectively. 

Sirnilarily expressions may be obtained by inspection from Equations (12a) and (13a) for 

V2, V3, L2, and L3 for the cases a?) > 0 and m < 0. 
J+ 2 

Solution of the linear System (46) produces 

and 



. . 

DETM = V 1 L2 - L1 V2 'is the determinant of the. system. Then the momentum equations are 

differenced about the point Cj-%)AX and the resulting equations solved simultaneously for 
9 .n+' (vg) ~2 and (v ) ,.)41 . Now the expressions for 

n+ 1 n+ 1 n+ 1 n+ 1 
a ( ~ g ) j + ~  a(vQ),+% j-% a(vP) j-y, 

dp*+' apn+l ' ,. and are obtained by formal differen- 

J j 
apn+ ' 

j 
apn+l 

\ 3 

tiation of Equation (47), Equation (48), arid the analogous equations for (vg) $2 
and (vP),f-tfr . 

- n+l . n-t. 1 
am. am. 

In order to  obtain approximations tn A and -.-- .- a finitc difference form 
ayn+l 

&p+ I 
j j 

of Equatioll (32) is differentiated and the following cxpressiv~~s are used in the approximate 

Jacobian matrix 

The dependent variables for a UVUT problem are determined by solving: 

(1) The energy equations, Equations (14) and (1 S), for u~ and us 

(2) The continuity equations, Equations (39) and (40), for P and a 

(7) The rnomcntum tyuai iu~~s,  Equations ( IZa) and (13a), for vg 
and v9 I 

(4) The state equations for the thermodynamic densities, pg and p ~ .  

The explicit energy equations are solved first, followed by an explicit update of the 
momentum equation; The pressure and void fraction are then determined iteratively by 



solving the system [Equation (41)] as described above'. The-velocities are readjusted during 
the iteration cycle to account for the changes in pressure using 

and 

Also the thermodynamic densities are updated during the iterative cycie using Equations 
(34) and (35). A flowchart showing the flow of the ICE-PF method.is given in Figure 2. 

The ICE-PF method is a "cell-by-cell" iteration. That is, the full set of iteration 
equations are solved in a mesh cell before moving to the next cell. This is contrasted with 
the SCIMP method in which an equation i s  solved on the whole finite difference mesh 
before solving the next equation. 
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Fig. 2 UWT ICE-PF scheme flow. 

L 

S t a r t  

Pressure Chonge 

( 6 ~ ~ ) ;  -+ ( 6 b p  I it' 
p- 

A No - 

updote  Energies w i t h  an E x p l i c i t  Step: 
n n t i  

(uI)~ +(.ul ) j  

( ug 1: - l ug  )Yt' 

, 

t 
Updote Veloc i t ies w i t h  on Expl ic i t  S tep :  

n t !  
)7+1 /2+(v l )  j t 1 / 2  

n t i  
( v e  ) 1 + 1 / 2 ~ ( ~ g  ) j + { / 2  

. r , r + l  
(mnt ) ,  + ( m A t I j  

Update MOSS ( i t ,  B ~ Q ) ;  - C ~ A ~ O B ~ P )  r + l  
Exchange 

ond F r i c t i o n  (iwlBwt)i -+ ( A w f  BWg):" 

r t  1 
( A w g ~ w g ) I  +(bwp B w g )  

+ 
Updote Pressure ond Void Froct ion 

Using the Continuity Equations 

P!-L PI+' , a!-ma!+ '  
J J J I 

1 

1 .  
Readjust Velocity Fields 

( v i  I;+ ("1 , ('9 ( v g  
. ..-. -- 

t 
Update Phose Densities from 

Equations of State 
' r r  + 1 p p + ' ,  ( % I j  + ( p g I j  

.. -. . . - 

Update Moss Exchange Rule due to  



V: COMPUTATIONAL RESULTS ... . *. . 

This section documents a comparison of STUBE code calculations with data from a 
pipe depressurization experiment by Edwards and ~ ' ~ r i e n [ ~ ] .  In this experiment a straight, 
pipe 13.44 feet long with an inside diameter of 2.88 inches was filled with subcooled water 
initially pressurized to 1,014.7 psia at a temperature of 4650F. The experimen't was 
conducted' by breaking a diaphram at one end of the pipe so tHat the fluid emptied into the 
surroundings. Data were taken at locations designated as GS-1 through GS-7, with GS-1. near 
the break and GS-7 near the closed end of the pipe. The location of the measuring devices of 
interest are shown on the plots comparing experimental data and the calculated results 
(Figures 3 through 1 1). 
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Fig, 3 Long-term comparison between measurement and STUBE code calculation of pressure at GS-1 in Edwards' experi- 
ment. 

The pipe depressurization experiment was modeled for the STUBE code by nine equal 
size computational cells, with uniform initial pressure and enthalpy distributions along the 
length of the pipe. The flow regime during the transient was determined by Baker's flow 
regime map, and consistent friction correlations were used to compute interphase and wall 
frictions. All correlations used by STUBE to obtain the results presented in this document 
are taker, fi.om Solbrig ct d[8] . 
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Fig. 4 Long-term comparison between measurement and STUBE code cdculntion nf pressure st CS-4 in Edwads' experi- 
ment. 

The h~ter~ia l  energy of each phase was computed, using the appropriate energy 
equation when there was no mass' exchange between the phases. When there was mass 
exchange between the phases, the internal energies of the liquid and vapor phases were 
taken to be saturation values at the local pressure (UVET flow). 

The pressure at the.outlet boundary w& calculated hy averaging the prcssure in the 
first cell upstream of the break and the ambient pressure. The outlet boundary was modeled 
using the full flow area and no loss coefficients. 

Shorn in Figures 3 through 11 are comparisons of experimental data and STUBE 
code calculations. Figures 3 through 8 illustrate .long-term comparisons with a time scale of 
0-600 msec. Figures 9 through 1 1 illustrate short-term comparisons with a time scale of 0-1 5 
msec. 

In Figures 3 through 5, calculated pressures are compared with data at the open end, 
center, and closed end of the pipe. Figure 3 shows that the outlet pressure as presently 
computed underestimates the experimental data by a considerable iunount, indicating a 
more refined model is needed for the outlet pressure boundary condition. 
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Fig. 5 Long-term comparison between measurement and STUBE code calculation of pressure at GS-7 in Edwards' experi- 
ment. 
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In Figure '4 the STUBE code results and the experimental data are shown at the center 
of the tube (GS4). The pressure is overpredicted up to 60 msec. This could be due to the 
model used for phase change due to pressure change or to the initial enthalpy distribution. 
Past 60 msec, a low pressure is calculated by the STUBE cod.e for the long-term transient. 
This result .is- typical of many fluid dynamic codes and could be caused by the outlet 
boundary condition. 

Figure ' 6  shows a comparison of long-term transient void fraction at GS-5. Figure 6 
illustrates a reasonable agreement between the STUBE code calculation of void fraction and 
the experiment. 
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*\ 

The results of the calculated phase velocities at the outlet are shown in Figure 7. No 
experimental data were obtained in the experiment for the phase velocities and, 
consequently, no comparisons can be made. The gas phase velocity is much higher than the . 
liquid because of the lower mass of the vapor. The oscillations which appear in the velocities 
between 10 and 100 msec are correlated well with changes in the flow regime. The Baker 
illadel prcdicts that the flow starts in separated flow,, switches back and forth between 
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separated and annular flow, and eventually remains in annular flow until near the end of the 
transient, when the regime reverts back to separated flow. These oscillations evidence the 
need for smoother transitions between regimes. 

,-, Euperlmrntal Data at  G S - 5  I 

9'- I I I I I I I I I 1 
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Fig. 6 Comparison of experiment and STUBE code calculation of void fraction at GS-5. 

A plot of the liquid and vapor velocities at tht: center of the pipe is given in Figure 8. 
Lluring most of tilt: Lransient, the vapor velocity is higher than the liquid velocity. A 
maximum slip ratio near 10 i s  reached at about 380 mscc. Tllis valut: is in close agreement 
with the value computed from the theory of k v y [  lo] .  At approximately 400 msec, the 
pressure inside 'the pipe drops below ambient, and the vapor flow reverses directions 
throughout the pipp. The liquid velocity docs not becirlllt: rlegutivo, but the average velocity 
of the liquid and vapor does. The negative flow increases the pressure above ambient, and 
the vapor velocity becomes positive again. No STUBE runs were made beyond 500 msec to 
check whether the vapor velocity oscillations damp to eventually reach a steady state. 

Figures 9 through 11 show short-term (0 to 15 msec) pressure comparisons. The 
outlet pressure undershoot shown in Figure 9 is caused by the break boundary condition 
which has been discussed previously. At the center of the pipe (GS-4) the STUBE code 
calculates pressures higher than experi~~lenlally measured (Figure lo). The pressure 



calculated at the closed end, (GS-7) shown in Figure 11, is higher than experimental. The 
pressure dip at 4 msec was not predicted with the STUBE code, because it uses a mass 
transfer model which assumes equilibrium thermodynamics. An example of the pressure 
prediction using nonequilibrium thermodynamics in the mass transfer model can be found 
in Rivard and Tony[ l l ]  . 
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Fig. 7 Comparison of vapor and liquid velocities at GS-1 in Edwards' experiment. 
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VI. CONCLUSIONS 

Finite difference equations have been derived which numerically model the governing 
equations for a seriated continuum. The difference equations are the basis for two numerical 
schemes which are used to compute both unequal phase velocities and unequal phase 
temperatures in transient two-phase flows. The difference equations are highly implicit, 
allowing application to all flow speeds. A disadvantage to an implicit formulation is the 
requirement of solving a tightly coupled system of nonlinear equations. 

In Section IV the SCIMP and ICE-PF methods for solving the finite difference 
equations u e  described. The ICE-PF method allows the solution to proceed on a cell-by-cell 
basis, whereas SCIMP solves each equation on the entire finite difference mesh. The SCIMP 
metllod can also be recast as a cell-by-cell method in a straightforward manncr. Prelimiriary 
computations with a cell-bycell version also gave satisfactory results. The SCIMP rncthod is 
f~r~ni l la led with the momentum flux terms at the advanced time level; the ICE-PF method 
has them at old time. Preliminary investigations indicate that a satisfactory version of 
ICE-PF with implicit momentum flux can be formulated. 

Although the SCIMP pressure predictions presented in Section V compare favorably 
with results from homogeneous flow models, the lack of agreement between the 
computational results and the cxperime~ltd data indicses that further work is required on 
the constitutive models e~~lyloyed in the STUBE code. Needed improvements presently 
idmtificd include: 

(1) Outlet boundary conditions 

(2) Smoothing the friction terms during flow regime transitions 

(3) Constitutive equations for the slug flow regime 

(4) A method of applying steady state flow regime maps to transient 
flaws, especially for low-tlow cases - 

( 5 )  Constitutive equations for interphase mass and energy exchange, 

Additional work' is also required on the energy equations. With the energy equations outside 
the iteration loop, further investigation is.required to detcrmine how these affect the &ass 
and energy exchange associated with changes in pressure, which are compi~ted inside thc 
iteration loop. 

The computational results presented in Section V and other unpublished results from 
the STUBE code indicate that the basic numerical models presented are capable of 

r 



computing unequal velocities and unequal temperatures in two-phase flows. The numerical 
schemes could be used as the basis for a complete UVUT OR W E T  reactor systems code. 
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