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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.
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NOMENCLATURE:

surface aréa between vapor and liquid ‘phase per unit volume

surface area of vapor phase in contact with the wall per unit volume:
surface area of liquid phase in contact'with the wall per unit-volume
friction coefficient between vapor and liquid phases

stationary form and viscous drdag between wall and vapor phase
étationa'ry‘ form “and viscous-drag betweeh°wall and ~1iquid phase
unspecified forces in the momentum equations

fraction of the vapor phase which is at'saturation-

fraction of the liquid ‘phase 'which is-at-saturation-

axial component of acceleration due to gravity

enthalpy of saturated-vapor’

enthalpy of saturated liquid-

rate of vapor generation per unit volume

rate of vapér g’eheration per uhiit'volume due to pressure changes
rate of vapor genération per'unit volume due to temperature changes
préessute

heat flux to vapor phase per unit volume

heut Mux to-liquid phase perunit volume:

entropy of saturated vapor

entropy of saturated liquid
saturation  temperature

in'ternal‘gne‘rgy‘ of vapor phase’

v



internal energy of liquid phase

internal energy of saturated vapo.r

internal energy of saturated liquid

velocity of vapor phase

velocity of liquid phase

intrinsic velocity

vapor volume fraction

liquid volume fraction (o(Q = la)

density of vapor phase

density of liquid phase

density of vapor phase at saturation pressure
density of liquid phase at saturation pressure
timne 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
for 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 Hughes[3] describe governing equations for a seriated continuum for the
unequal velocity, equal temperature (UVET) case. Other authors have described equations
for the unequal velocity, unequal temperature (UVUT) case (Reference 1, for example).

This report documents finite difference forms of the UVET equations, a related set of
UVUT 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) schemell] used in the .
KACHINA codel5] 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 abplicability to all flow
speeds

(2) Compressibility of both phases

'(3) Mass transfer between phases

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



II. GOVERNING EQUATIONS

The description of a two-component seriated continuum requires five field equations
in the case of UVET flows and six field equations in the case of UVUT 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 UVET 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 equ‘ations used for both the UVET model and the UVUT model
are presented in this section. The letters £ 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

I3

) )
jﬁ(apg) + ﬁ—x(apgvg) =.m

and the liquid phase continuity equation is

2 2 2 2
2(ao,) + 3xlate v )

2. MOMENTIM FQUTATIONS

The gas phase momentum equation is -

9 gy 4 9 9,9y = _ , 9P 4 oy
X3 (apgv )v+ ax(apgv v ) o X +my

9 _ % _ 9.
'.Anggz(V '-v) A B v +upgx+F

Wg wg g

M

(2)

(3)



and the liquid phase momeritum equation is

5 8y .8 & ALy . L3p A
5t (0ppV) + g (0Tpgv Vi) = - ot g - m
N L _ 9 _- 2 2 g
- Anggg(v v7) AggBugY T, - F. @

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

au au .
-9 9_9._ - :P
R N m (u ug + 5 )
gs
SR i RN I Iy
ta p[at * X (o )] (5)
and
au au
2 L, & R P
e T A m (ugg - Uy 0,
S
2 at D, 8
vt - [+ & MY |
(6)
In the UVET model the equation for the mixture internal energy is
au au :
L L m 2
(apg +a'p,) at + (apgvg +a plv ) 3% =q - P (G.Vg + oty . (6)
a

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



Py = Py (Patg) Q)

-and/or

Py = P,ug).
L Py ( ul) (8)

For UVET flows, tlie state properties in the two-phase reglon are functions of pressure
alone; so Equations (7) and (8) are replaced by

Pg = PgsiP) (7a)

and

P, = ‘pls(iP) (8)

respectively.

5. CONSTITUTIVE 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' AP and
the mass transfer rate due to temperature differences mAT' as

ms=m +m

AP AT®
The model used for mpp in the STUBE code is
9S 9S 3S N
- en (Tas 8 %7ss ) ( gs g gsl-]
. Eﬁsq Py (Bt TV * ng‘ 2Py \ 3% T _
Map = _TS . h =nh

gs 25 ®
This model is similar to those derived in References 6 and 7.

If the system is assumed to be adlabatlc, the UVUT theory can be degencrated to'
UVET theory by setting the phase energies to the saturation values at the prevailing pressure
and setting Fog = ng = 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

u =

g = Ugs(P)

and

(2) Summation of the volume fractions

a+a” = 1.

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 in Solbrig et all8]



[I. FINITE DIFFERENGE EQUATIONS'

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, 0<<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
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,

J-% d I+

The j denotes Xj = jAx - Y2Ax, which is the x-coordinate at thé 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 example, the thermodynamic density of the gas at the cell center
at time, (ty + nAt), is denoted as

n .y )
. F -L)ax, t_ + nat).
(pg)J og((J )ax, t )
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 (Vg)j+l/z' .

— AX >

)

J It jtl

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,
approptiate averages are used. For example
noo_, N, ¢\ PR IX EPPIN 1 ¢
Y. =k X . and (v7). = %[(v?).

1
=3



~ 1. CONTINUITY EQUATIONS

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

n+1 n gyn+l gyntl’
(ap )5 " - (ang); , (apgv )‘]‘1'5’ - (ap )J_; Lot
I\ AX J (10)
and
L yn+l LN, L 2yn+l L 2\n+l »
(05 pl)j - (.OL pQ,)j . (0" QQV )J+1/2 - (0" QQ'V )J-;é =-~n+-|.
At AX Jj (11)

For some flows the centered difference convective fluxes are replaced by donor cell
fluxes in the ICE-PF method. The donor cell flux <Qv> 4 of a quantity Q is defined by

o) o = {""Qj Viwg T Ve 20
J*ts

Qj+] Vj+l§ if VJ""% < 0.

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

n+l n : g n+1
(oo, )™ = (ap Caogy o < .
9] 9 J + it J-% . m
At AX (10a)
and
(alp )n"‘] - (G’Q'p' )n <y, >n+J < > n+l
. 9’ j R’J._ + - = _ﬁ".
At (11a)
2. MOMENTUM EQUATIONS
The finite difference forms of the momentum equations used for the SCIMP method
are



gyn+l gyn TR L 9,9)n+1
(a0gv™) sy = (opgv™)3, , (g Vi) - (apgvive)L -
At AX
n+1 n+1 :
%+ X it Vivn T PgeBgeliey s
N n+l , g\n+l n+1
" (AgBug) iy (V)i + (opg) sy 9, (12)
and
L2 24yn+] '} 2n £ 2 2\n+] £ 2 Z\n+]
(apyv )j+% - (o Py v )j+% (oo vV )J+l - (a PV Vv )j _
At AX
pn+1 _ pn+1 o
(2l T3+ j N 150 B ¢ B ntl 4 gyntl
(@ e ™ m T T M Vg - (AgeBeg) T (v )L
N N+l 2\n+1 L \n+l
- (AwleSL)jP/a (v )j+1/2 + (a pSL)j+‘/Z 9y o

(13)

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

(vg)n+1._ (Vg)g¥%

n s
(apg)j At +
n+1 n+l
n+1 Pj+1 B Pj, 4 an+l
BT AX Mj+15
' n+l , g g\N*
" BgeBge) g, (V) gy,

and

(ap V)" |

(A B )h+1

(Vg)g+] - (Yg}g

g Jts AX

N gyh+1
Vja = OV )j+%>

v + o

o )n+1
j+s °q

Wg-wg’ j+ i+ 9x (122)



Lyn+1 2\n-
( jHs Vh+%+ (2

(V" - w4t
k oFo VN J
J At L7 T jths AX

(a®o*)" J -

Pn+] Pn+1
N L L3 N Y, ( 1 )n+1)

Jths AX it V4 J+hs

S(&. B )M Ayl )

ge gaijths ¢ J+b

Lyn+1 £ \n+l
I [ AR G N

(13a)

3. ENERGY EQUATIONS

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

1 n n+1 n+1
(u )™ - )" (u ) - )T
n_-"g’j g’J g g j+s g'j+hs _
(apg)J I + (apgv )J = e
n n-1 g\n gy\n
Qs - Obs (av?).,, - (ov?),
_ N J Jts J-% *gyn
pj[ At + 2AX 2]+ (q )j
‘\n _ Pp__yn
*m)j {ugs - ug * Ogs )3 (14)
and
1 n n+1l n+1
(u)™ - (u,)" (u )%y - (uy)"
n 273 n 2j+/ 273-3% _
(o"0y) At + aTogv7) &X

- )" (u, - u, + PP ‘
L . : 15

J V&s 2P, j (15)

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 into the right side of each of Equations (14) and (15). The Vapor contmulty

equation, Equation (1), is written in the form
o g : ap ap
3a  3v’) .m _a [Pg, g°Pg
ot X pg pg' ot . 9X
This form of the continuity equation is then finite differenced as
n_ n-l gyn g\n
T g ey,
At ' AX '
n n n n-1 n
m. . . = . .
i % | fegly - leg)y N ( g) (pa Yo = loghiy,
()] (67 S oM
9 g’J ‘
Substituting ir}to Equation (14) gives
~ -yt n . n+l n+l
(u )t - ) )y = (u)s
n_9J 9'J g g'jths g'J-% _
(apg)j X3 + (ap v )J A
Y n _ n-1 \n
Pedi 1 og)i = togly oy Badime ™ ©adyon | g
( )n At J AX J
9’3
-nf 1 1 % .n
* (mp); (5"_" E—'). # iy (ugg - ug)y -
gs g 7] (14a)

The liquid energy equation, Equation (15) is modified in an analogous manner to give
n+1
(u)

“n+1 :an ntl
T AR T L (u )iy - y
(alpl)g 2 X LA (0‘292"2)? . AX L2
ayn | n n-1 n n
(pa”)y | (o )5 - (o,)5 pon P )50 (b.)5.s N
——l_n — il + (V') = + (q%)
(0] R ’
o 1 1 n- -n . n o
+ (mp)"? (———— —) m, (u u,); .
I \Pps Pyl J7as A  (15a)

10



~ Equations (14a) and (15a) are forms of the energy equations used for computational
purposes.

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

n+l
, . n+l n
s ~ (F, % )" Gosly = B
( )n+1_ (h )n+1 18 2J At
hys’; AN
n+l \n+1 | n+l n
Lyn+] (st)j+% - ( s'i-% | o n+1 gs)j (Sgs)j
+ (V1" (F o0 )]
J AX K . g g q At
n+l. n+1
- (y9yn+l (Sgs )y - (Sgs)j-5 ) | = ()"
+ (vY), (mply
J 4 oX (16)

4. EQUATIONS OF STATE

For UVUT. flows and single-phase flows, the thermodynamic densities of the phasés

n+l _ n+1 n+l
. = . . 17
(og)3"" = oy (5" (ug) T ~an
and
(pg)g+] = pz (pn+]’ (u2)2+l) A (18)

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

n+l _ o+l
yly™ = pgs Py 19y
and
. n+l
(o, )71 =0, (L) .
2’3 2873 (20)

11



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

n+l _ n+1
(u_); = gS(Pj ) ' :
(21
and »
()T = uy 01T
‘ (22)

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 points 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=0 is shown below.

0 . 1T
The continuity equation for the vapor phase is finite dlfferenced at x=0 using a
forward spatial step as follows

ang)p™ - (o) (aov T - (ang T
0

At (ax/2) (23)

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

N-1 N

12



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

_ n+l gyn gyn+l _ gyn+l
(WQQ)N : (Ctng )N N (apiv )N (otng )N_1 ) rﬁn+] .

At o (Ax/2) N

(24)

The femaining equations for both phases-are differenced-in an analogous manner using
a forward or backward spatial difference as appropriate.

13



~ 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+1)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 eijitafinn with
an approptiateiy tormulated 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

W ). o
Pg 3t @3t *ax (g ) = m o
and -
2 ap . .
3 2% 3 8 8
L d% 5{ + 5' (01 OQ,v ) e = fj) s

(2a)

Equations (la) and (2a) are multiplied by pg¢ and Py, respectively, and then added to
eliminate the d¢/0t terms ' ‘
apg 2 apl

3 3_ (.2
Pe - t 00— t pg-gg(apgvg) + Pg 3x (a"ppv

%)
3t g* 3t

= (p. = p,) m.
9V sy

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

30, 9 3o du
%P9 _°Pg 3p, P g
ot ap ot B at
g (26)
and
3t % 3t ¥, 3
(27)

14



for UVUT flows and

op ap

‘a‘fg‘ - a—p3 %‘E‘ (28)
and

%, 0y 4p

9 oP ot (29)
for UVET flows.

Depending on the flow model,  UVET or UVUT, the appropriate state equations,
Equations (26) through (29), are used to eliminate g:—)g- and_sf—s2 in Equation (25).

The resulting equation for the UVUT flow model is

e
©

3p ap u
g Lo _% 9 _49g
(0pg 55~ * *°g 3p ) TPy au, 3t

QL
o+

dp, ou
o % 3 (g0 VI 3 (*
*pg @ 3, ELRL) 3x(@PgV") + pg 3% (aTpgV

Y
= (pg - pg)m. (30)

In the UVET case, the terms -pQ o a_p& 2118_ and Pg alf a_pg a& do not appear in ’
aug ot dug ot -

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

.n+] 3'99 n- X N+l '392- ] Pr]+'| _ l:'n
(o) (sfr'), + (oga) ( <5 ). L
] J J )

Al . »a n+] - n r.]_‘:l-- q
¥ (pza)?+](§gg)j] ik tig) + (p oMM (apg)" gdy - (ugly
) Y9’ At - g J u, j At

| gyn+l _ _,gynt] L antl o f o gin+]
+ ( )n+1 (.OLDQV )j‘*';é (UngV )J‘l/z . ( )H'H (o Q,Q,v )J+1/2 ( ng ')j_},é
"3 Ax Py’ Ax
ntl ° r}+1. _ : | (31).

= (pg - pz)j m j

Equation (10) is replaced by Equation (31) in the system of equations to be sulved.
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"The explicit energy equations, Equations (14a) and (15a), are solved first; then the
remaining equations are solved iteratively until the pressure is converged. The variables,
\other than energy, for a UVUT _prc‘)bl'e.m are determined by iteratively solving:

(1Y The pressure equation, Equation (31), for P
(2) The state equations for the thermodynamic densities, pg and py

(3) The momentum equations, Equations (12) and (13), for v& and
) :
v

(4) Theliquid continuity cquation, Equation (i 1), for the product
(od PQ)-

The void fraction « is computed by dividing the product (O{ng) by thc liguid
. thermodynamic density and subtracting the 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 equatibn, Equation (31), is further modified. First the vapor momentum equation,
Equation (12), is solved algebraically for (cxpgvg) J"_:/i and the liquid momentum equation,
Equation (13), is solved for (oerQvQ) T;/z _Then the momentum equations are differenced
about the point jAx (the left boundary of ccll j) and the resulting equations solved for
(ongvg) Ijﬁ_'l/lz , and (anQvQ) Jn-+l/12 The expressions obtained for (ongvg) ;1;/12 and for

(anpvQ) }11'1/12 are then substituted into Equation (31). This results in feedback of the

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 m Ap- 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

. as as
TS gs LS P

- 2‘ N *
m = == e (Foap ===+ T a'p, ——) —
Ap hgs - hJLs gs g ap s "2 3p 7 ot (32)

The finite difference form of Equation (32) is substituted into the finite differenced
pressure equation, Equation (31), giving the final form of the iteration pressure equation,
Equation (33). The superscripts r and r+1 denote quantities at old and new iteration values
at time (n+1)At. '
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+

At
- (Ax

o+

r+]
J-1

Iteration Pressure Equation

2 o I -
B2 ((py)] af, + (0g)] (a)] )+ P11} G917 (o)) ol + (0 RGN

5 %57 Py 3+ j %54

. ’ a .
vt 2 (B2 ((oza)g + (o@™) ) - ((pg )% ¢ 229y 4 (p M) (o )j)

3 ap 5 " Pg 5 Yop
(pg - o )5 (T)% 3 3S,
Pg’y *'s’§ _3s 25
(h -k )" ((953(“°)(6p s * zsa( )J(ap)J)]
gs  2s’j
ap
=ph r : [INY
0 - (togel] G, + (o] G225 )
(Og p Y (1 )" 55
97) 1 .
(h - h ):' . ( QS)J (apg)J( ap J (Fls)n'l' (Cl ;("—a%é)'])]- At(pl-pg)g imAT
gs 257} ~ “
B (o)} [(angy®)],, - (a0v®)}, |+ G2 (o)} [(0P0yv)4s - (a*ov")5, ]
(éz)z (p,)" p(ao vivT L - 2 (ap vIv3)t ; (ap vIT)"
ax! Pty 1PV g g V5 g J—l]
2 . - |
) (09)3 C(a%pzvivl)g+] -2 (a%pgvlvg)g + (alpzvgvz)g_]}
B ()" (A gBugr® S, = (uggv® 5, ) - 85 (o)} (8,5, - AugBn™)])
2 B
+ e (o - pg)g[(( D, = 00T, ) - ((Agﬁsgévg""z))rw (Agyde®-vj. P)]
2 2
A g o)) (o) (zwg)J L)+%}gx (og (e e s
g\ n+l Ny, R\ fdpo\ N N+l n\
+ (pga)§ (aug ; ((”9\3 (ug)s )+ leg; (;—%) . ((UK)J (Uy)y )

(33)
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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

a r+l yntl
(o)™ = oy (PTF', ()T |
9°J g 9°J (34)
and
(e)F" = oy (] ()]
(35)
Ayapor Momentum Equation
+) ;. g\r+} gy\n .
(a)‘?,‘( )r/(V)-:/'(OLDV)-j,, 1 +] +1
3+ itk - Iy g s, - [(av )J+1 (o )§+1 (vg)gﬂ
Prﬂ - PrH .
+] +] r j+] j
- @Oy f (5] - - el S
ar N r gyr+l Lyr
+ mJ+l2 J+‘ - (AQQBQQ j+"2' (( )J+1 ( )J+1 )
(- ) (V(J)‘+1 Y‘ ( )t""]
v Vg wq Jtu LA RAPLY LR AP (36)
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Liquid Momentum Equation.

roo ol g+ L. .8\ - 4
(01 Ty o5 (M - oM, o [(a"v") ()T (AT
At ax | ivs Palge Y g
o Pr+1 Pr+1
PUR L B2 2V o e Lyr T3+ TPy
- v )J_l, (055 ML ] = = @M,
AR o el o ogyr )
0y g = (g8 )l (0150, - 09, )
Lyr+T 2yr r+1
37
Liquid Continuity Equation
L yr+l L.n L A+l 8 Ryr+]
SR - (0700 ) \ (00gv™) 4y, - Tog Vi “p+l
At Ax J (38)

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~conve;gence of the numerical téchniquc. 4
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Fig. 1 UVUT SCIMP scheme flow.
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2. THE ICE-PF METHOD

. The. ICE-PF method is characterized by thq simultaneous solution of the finite
differenced continuity equations, Equations (10a), and (11a), for the pressure and void
fraction in each computational cell. '

Let A
N H n+1 -
‘ 1 n, At gt sn+]
¢9 = (ap )n+ - (ap ), + =1 p Vv = ap vI -m. At A
: g’ gJ X < 9 >J+3§ < 9 >,]*1/z J A (39)
and
n+l ntl
Cﬂ. - (alpz)g*’] _ (alpz)‘fjl + 22 [d p v > <0.2p v2,>. + r;lg'” At
i+ i-% (40)

The comner brackets used in Equations (39) and (40) i'epresent either centered differences or
donor cell differences{al as is appropriate for the particular problem being solved.

Assuming that C2 = C% (P,) and C& = C& (P,a), the nonlinear system

¢9=0
41
-0 41
is solved simultaneously for P and « using a modification of Newton’s method.
For the Systerﬁ (41) Newton’s method can be written as
— 1 r - r ]
3¢9 5c9 Pr+] gr
or 1 s -
aP. da,
J J _
ac* ac* r+1 gr
—~ Ao, -C -
J
oP. da,
J J - (42)

" [a] The donor cell flux <QV> j+y of a quanity’ Q is defined by
OR [V 17 Yy 2 0

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

aptH1 2 prtl _pr
J J J
. r+l r+l r :
Ao . = . - Q. .
uJ aJ aJ 43)

The centered difference continuity equations, Equations (10) and (11), are used to
obtain approximations to the derivatives in the Jacobian matrix of Equation (42). For

example
P .
oor r (op,) gy’ gyr
acd N o (apg> \ 944, a(v )j+35 L1 (av )j+l§ (apg)r
an at 3ij AX aP; 2 X P/
- i
(°“’g)j_>2 a(vg)'.‘_p2 " (avg)J_%(apg'Y‘ ) a_nl?L
AX 3Pt AX L A
J oo (44)
and
g gyr
r (p.v7) (p,v°)
acd A (9921, + LA L R 1 S (am)r.
0% At 2 A% 2A% dat
J : (45)
ack ack
Similar expressions are obtained for —™— and ——— using Equation (11).
BP}' - 3ozjr .

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

partial derivatives

3(v8)! IO : . -
it , L , (%I;)r , and (g(rxn-)r. are required.
) S oP} . i
i ] ]
'3 9 3L, AL,
In addition, the expressions for 9C and 9C will include ¥ and J /2.
‘ anr aO(jr aP]r aPJF

Expressions approximating these derivatives are obtained using the finite differenced
momentum equations, Equations (12a) and (13a), and the constitutive flashing rate
equation, Equation (32). :
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The finite differenced nonconservative mqmer{tum equations, Equations (12a) and
(13a), are linear in the velocities (vg) ?_:i)z and(vQ) ?-:12 _ ahd_ ‘maly' be ‘writ‘té‘n“

g\n+l e+l
Vy (v I P I A P

and . : ‘ :

gy\n+1 : i n+l  _.|
L1(V )j+g * L2(V )j+g "L3'

(46)
When, for example, m }‘:1}2 >0 and the' intrinsic velocity v 5‘_:})2 is taken to be

d }1;'1}2‘ , the coefficients, V] and L1, are

(agpg)n ] . :
o " e _ -
" it P Mgt RgBgr T Augug
and _
l-l - Anggz’

J .o .- .
When m ?.:-1)2 < 0 and the intrinsic velocity v ?:1}2 is taken to be (v8) 5‘.;5}2 , these

coefficients are

(agog). 5
V, = ——d*% 4R B+ R
1 At 9% g 'AWQBWQ
and :
_ en+l ry .
Ly Fee Ag Jz,Bg o - Tespectively.

Similarily expression§ may be obtained vby inspection from Equations (12a) and (13a) for
V7, V3, Ly, and L3 for the cases. m ?-:Ll}z >0and m ?Il/lz <0.

Solution of the linear System (46) produces

g\n+l _ _ (47)
(jay = pEmm LoVs - Vobs!
and
Cgoantl 1 o\ , 48
(Vye = pemw bV * Vbl “9
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DETM =V, Lz -L{Va is the deterrpinént of the system. Then the momentum equations are
differenced about the point (j-%2)Ax and the resulting equations solved simultaneously for
(v8) }‘_}2 and (vQ) ?_}'}} . Now the expressions for

+1 +1 +1 +1
oy 2N, 0, 2 '
4l ntl’ nt] > and o+]  Aare obtained by formal differen-
oP. oP, oP, oP,
J J - N ]

tiation of Equation (47), Equation (48), and the analogous equations for - (v8) ?j}z
and (vQ).}‘j)z.

- ntl - ntl
om, om,
In order to obtain approximations tn —m— and - -J -— a finite difference forin
n+1 n+l
an aaj

of Equation (32) is differentiated and the following expressions are used in the approximate
Jacobian matrix '

+1
T Ty S, N+l
om. S. : ) 3 3 g5 1
J J gs X L
Spn ] & Rl pnt [ng"‘pg 57 T Fas¥ Py 3P ]j it 49)
n+1 -

’n+] _T n+'l n
am, S. oS 3S, an+l P, " - P,
Baan- A T Nl [ngpg = Fo e 3P ]. —J—;G;——AL-

J gsj 48y ] (50)

The dependent variables for a UVUT problem are determined by solving:
(1) The energy equations, Equations (14) and (15), for up and ug
(2) The continuity equations, Equations (39) and (40), for P and «

(3) The momentum equations, Equations (12a) and (13a), for v8
and v2 /

(4) The state equations for the thermodynamic densities, Py and pyg.
The explicit energy equations are solved first, followed by an explicit update of the

momentum equations. The pressure and void fraction are then determined iteratively by

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

N, -
+] 2 5(v )j+b r+l r
(WO = (VBT — (et L Pl
It J*s apg N : 51)
and . .
gy
j'Hé J+1/2 ’ apr ' J j-"
J

(52)

Also the thermodynamic densities are updated during the iterative cycle 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 is solved on the whole finite difference mesh
before solving the next equation. :
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Fig. 2 UVUT ICE-PF scheme flow.
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V. COMPUTATIONAL RESULTS _

]

This section documents a comparison of STUBE code calculations with data from a
pipe depressurization experiment by Edwards and O’Brien[9]. 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 465C9F. The experiment: 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 11).

1,200 T T T T 1 T T I T T

i Pressure- Measurement GS -1 .

1,050 — ===~ STUBE Code Colculated Pressure. . . —

® ,

900 ’ I-____ 12.89 1 —— o) an' |

Clot‘n.: E J P .s‘l".lon

—~ 750 |- -
(-]
»
o

o 600 —
3
[
(4
<

o 450 ]

300

150 — —
s,.~~
o I ! | | TTymeeeey =4 + ~
(o] 60 120 180 240 300 360 420 480 540 600
Time after Rupture (msec) ANC-A-913)

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 taken from Solbrig et all81. :
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Fig. 4 Long-term comparison between measurement and STUBE code calculation of pressure at GS-4 in Edwaids' experi-
ment.

The internal 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 was calculated hy averaging the precssurc in the
fitst cell upstream of the break and the ambient pressure. The outlet boundary was modeled
using the full flow area and no loss coefficients.

Shown 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 11 illustrate short-term comparisons with a time scale of 0-15
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 amnount, 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 G3-7 in Edwards’ experi-
ment.

In Figure 4 the STUBE code results and the experimental data are shown at the center
of the tube (GS-4). 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 code 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.

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
model 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.
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Fig. 6 Comparison of experiment and STUBE code calculation 6f void fraction at GS-5.

A plot of the liquid and vapor velocities at the center of the pipe is given in Figure 8.
During most of tlic lransient, the vapor velocity is higher than the liquid velocity. A
maximum slip ratio near 10 is reached at about 380 mascc. This value is in close agreement
with the value computed from the theory of Levy[lol. At approximately 400 msec, the
pressure inside "the pipe drops below ambient, and the vapor flow reverses directions -
throughout the pipe. The liquid velocity doea not becoiie negative, 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 (O 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 experimentally measured (Figure 10). The pressure
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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 Torry[1 1,
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Fig. 7 Comparison of vapor and liquid velocities at GS-1 in Edwards’ experiment.
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Fig. 9 Short-term comparison between measurement and STUBE code calculation of pressure at GS-1 in Edwards’ experi-

ment.
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V1. 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
cquations are 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
method can also be recast as a cell-by-cell method in a straightforward manner. Preliminary
computations with a cell-by-cell version also gave satisfactory results. The SCIMP method is
formulaled 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 experimental data indicates that further work is required on
the constitutive models employed in the STUBE code. Needed improvements presently
identified 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
flows, 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 mass
and energy exchange associated with changes in pressure, which are computed inside the
itcration loop.

The computational results presénted in Section V and other unpublished results from
the STUBE code indicate that the basic numerical models presented are capable of
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computing unequal Velocities and unequal temperatures in two-phase flows. The numerical
schemes could be used as the basis for a complete UVUT OR UVET reactor systems code.
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