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This report was prepared as an account of work sponsored by an agency of the United States
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I Abstract-

|

:

} A complete technical basis for implementation of the 3-D fast numerics in TRACB04
in presented. The 3-D fast numerics is a generalization of the predictor / corrector
method previously developed for the 1-D components in TRACB.
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SUMMARY

TRAC-BWR is a best-estimate code for the analysis of Boiling Water Reactor tran-

sients. A major activity in the model development task under the FIST program has
baan the development of more efficient numerical methods for TRAC-BWR. The objective
was to reduce the cost of executing TRAC in terms of computer costs as well as

cugineering costs. Both of these objectives have been realized.

| The efficlency of TRAC-BWR numerical methods has been improved in two ways:

.
an implicit integration technique has been implemented and the overall reliability of
code has been significantly improved. The numerical integration technique is based
on the predictor / corrector method. In this method a two-step approach is taken; in
the first step the discretization in space and time is modified in such a way that
the equations are stable for any time step size, but without increasing the matrix
size of the equations. In the first step the equations are on a nonconserving form.
e.g. mass is not perfectly conserved. A second step is therefore implemented to'

j obtain mass conservation. With this implicit integration method there are no sta-
bility restrictions on the time step size and the only constraint is determined by
the desired accuracy. The method has been extended to cover the three-dimensional
(vessel) component in addition to the one dimensional (pipe) components. For slow
transients this easily gives an order of magnitude reduction in the execution time.

!
The reliability of TRAC has been significantly increased by improving its

; capability to handle discontinuities. In particular, the so-called water packing i

phenomenon, which is caused by discontinuities in void fraction and velocities, has
been eliminated. With the improved reliability, TRAC is less prone to experience
iteration failures. It executes faster and requires less supervision. Consequently,

both execution time and engineering time have been reduced.

In summary, as a result of development under the FIST program the cost of
executing TRAC-BWR has been significantly reduced, thereby enhancing its usefulness

as an analysis tool for BWR transients.

S-1
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A SECTION l''

INTRODUCTIdN-
,

| TRAC (Transient Reactor. Analysis Code) was originally developed by Los Alamos
National Laboratory for the analysis of pressurized water. reactors Development.

of a boiling water reactor version was initiated in 1979 as a collaborative effort ,

between General Electric Company and Idaho Nationcl. Engineering Laboratory (INEL).
_

,

INEL is,the. prime contractor for,the official NRC TRAC BD series of, codes. The work
_, performed by GE has been funded by the USNRC, EPRI and GE ynder the BWR Refill
Reflood and FISI. Programs and has been closely coordinated with INEL.

-, ,
,

Key features of TRAC are a high degree of modularity and a stable numerical method.
TRAC thus provides a framework where models for individual reactor components and
physical phenomena can easily be interchanged. Furthermore, the free specification
of the geometry allows the simulation of almost any geometry ranging.from simple
basic phenomena test through system performance tests to complicated reactor sys-
tems. Consequently, the TRAC tramework is a good base, around which a best estimate

,

BWR code could be developed.
, ,

I

| . .

| The major tasks in the development of a BWR version of TRAC, which,have been addressed ,

'

,under the BWR Full. Integral Simulation Test (FIST) Program are:
!

o Development of the fast numerical method,
o Development of the enhanced boron ernasport model and the two phase level

model.
,

I o Evaluation and implementation of models for the balance of plant com- f
fponents, such as the turbine, the heat exchanger, and the containment,

; The treatment of air as an additional field (needed for the constinment
component) and the generalized heat transfer between components have also
been included.

Early in the development of TRAC-BWR the main emphasis was on the development of

| tccurate models for the thermal / hydraulic phenomena in the Boiling Water Reactor (BWR).
| r

During this phase the existing semi-implicit numeris with its Courant limited time

ctep was adequate. However, as this task was completed and application of TRAC-BWR
tras extended from large break LOCA analysis to small break LOCAs and transients, the

'longer duration of these events created the need for faster numerics.

l-1
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.

|
At Los Alamos National Laboratory the stability enhancing two-step (SETS) method was 1

developed for TRAC-PF1( and at CE under the Refill /Reflood Program a similar
predictor / corrector method was developed for TRACB03 These methods for the ID*

.

components led to significant improvements since the most limiting component often
was a ID component, e.g. at a choked flow location. The 3D Vessel component now

often became the most limiting component. An attempt was made to overcome this limi-

tation by simulating the vessel by a combination of ID components. However, the
| complication of the many 1D components and associated junctions did not produce the

desired improvements in efficiency. Furthermore, the 3D effects that exist, particu-

larly in the bypass and upper plenum of the BWR, could not be simulated adequately.
! Consequently, to overcome this obstacle an effort to generalize the fast numerics to

the 3D Vessel component was initiated. |
}

i This document describes the fast numerics developed for the 3D Vessel component under
the FIST program.

The models described in this report are included in the FIST Program working ver-
sion of the code, TRACB04, and have been made available to Idaho National Engineering*

Laboratory (INEL) for inclusion in future TRACBD versions. The work on TRAC-BWR
development has been split and interactively defined between CE and INEL. Figure 1-1,

shows the relationship between the two parallel efforts and the interactions between
the two series'of codes.

,

.
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CE DEVELOPMENT INTERACTIONS INEL DEVELOPMENT TIME
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~f

Figure 1-1 Major Milestones in TRAC-BWR Development
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SECTION 2 ,5 ' <

BASIC ~ EQUATIONS
d

The BWR version of TRAC solves the-conservation. equations for mass momen'tum:and
.. . . - .- i - -

energy for the gas and liquid phases. -The gas phase can be a mixture of steam and .

r ; air, while no air is assumed to be dissolved in the liquid.

~ . , . . , ..

Theairandsteaminthegasphase~areassumed'to}b.e perfectly mixed and thus having
- the same velocity and temperature. ' Furthermore, Dalton's law applies, i.e. :

;

. ..i

' P +P'=P
.

(2-1)'

+- a
s a

*.

Consequently a total of seven conservation equations are needed: three mass equa- I

'tions for the steam, liquid and air; two momentum equations for the gas and liquid; 8

and two energy equations for the gas and liquid.

3[! ,
f, if'r' x: '

-

,,

<

The three-dimensional conservation equations are:
e. < ,

Cas mass: c.2 -

m 0 2-, . .

3
- (ao ) + 7 (ao -V) T +M (2-2)=
at g g g g g

r,t ;; ,. n c. ,
.

Mixture mass: ' .
, ,

|

| 0 ;)
t 3 .-

V + _V ) =,M ' - -
- ((1-a)o ap ) + 7 ((1-a)p& L , aog gs at -(2-3)i +
at 1 g . i

1n . c. s
,

Air mass: ,

?u i .1 1:r.se ri 6 :w * ,' ta - v
|is 3 .' - 2: - n, e. 1

,,...
>

3
p (30,); + 7 p . (ao, V ) = Mjn< :m n'- K Hl. : A r. . E rn:d C .(2 4),vs .

I

Ca.
% ,. -

W c e :: P 01 -- '

: s- . , - 2 Lc ih " c. > ! S e etm ,_..s ,

s momentum: .

n e-u :.,,af.;pi

3- _.
ko i

c 3 _. _ _

ati,R;+s.a dJ <7'V }J<>t7t;'ct . tie.< <. m . ,a u9- [- V-V +V e VV + V . =
.:R i.1.

,

at g g g aog,

(2-5) .

.1

7j CVI. ft = Ti'7 P b ''

' "f
'T' ^ F ' '+ " B ~ " ''"7~'' ' ' ' ' ' ''~I'' '

' '-
p op Ag p w g

9 g g ,; - __ iy t.

s . . .

1

2-1

- - - - __ . - , _



. - . . . - - - .

Liquid momentum:

h(Y)'+Y+7Y-(g [h Y * * "g g g , R d R

(2-6)

~8+ - F, + B~

(1 )p ig gg g

where VR" gI 1

Gas energy:

h- (ap e)+7- (ap e Y)+P [h + 7 (a Y )] =g g g g g

(2-8),

s

{ q + rh +g +Eig g gs g g-

Mixture energy:

h((1-a)o Y + aoe + ao e ) + 7 + ((1-a)p Y)e eg g g g g

(2-9)

((1-a) Y + a Y ) = q,g + q,g + E,+ PV -
g

These equations are described in detail in Reference 2 and will not be discussed
- here. See Section 8 for details of the nomenclature. The primary purpose of this
! document is to discuss the numerical method used to solve the discretized form of

these equations,
i

2.1 DISCRETIZED BASIC EOUATIONS IN 3 DIMENSIONS

,

The 3D vessel component in TRAC uses a cylindrical coordinate system as shown in
Figure 2-1.

<

2-2
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f Figure 2-1. CYLINDRICAL COORDINATE SYSTEM WITH STAGGERED GRID
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.

The grid is staggered with the velocities specified at the boundary of each cell and

_
the.' remaining properties such as a. P p, e specified at the cell center.

Donor cell differeucing is used everywhere:

9 f0Y Y
1 i+g 10 j

d "Y
1+h 1+ i+ (2-10)

4

$g g for Vg <0

Y Y~

i+ i-y

d Ax i+h#
gy .

g ( g-)1+V =V (2-11)g y y,

i+3/2 i-
frVg <0, . : Ax,

, - , . .

#"
, +_

.~ ~ .
' ' -

.| . , . .

.5 m

''-
%

. ; .,,?-

s -
' '

f

I4 *> f '
,

5-3/2 r (-. 6- 112 4+in 6+3/2,

'

'
- ;

_v.-in ,vi-2n ~ ..; - vi+in : v_ i.an

e; J,'y e;|,
_ , _

_ e|'

; %, -M,. *i+i,
' '

m i

m.x e "6'd . ) 6 ^ 4+1 [e
''

-

..-- - ;'~ . ,

(- .; w
i / y g ., , n .

'
.

~

Figure 2-2. STACCERED GRID VARIABLES
. ./ ,

....o''*"

Using this donor cell.tec.hnique, the discretization will be shown in the following
sections.

2.1.1 Discretized Momentum Equations

'-The momentum equations (2-5) and (2-6) are discretized directly for each face of
the cell.. Neglecting the offdiagonal terms in the virtual mass, the spacially

- discretized equations become:

Axial gas momentum

um CW v. ~ >' w m i~ T;:- D o' O .n .l- n m.i ?
'

.2-4
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|

3V d av d V SV db +V (l) + A (l) ]V + (Vgz (l)
| St gz, I+ , J K az gR BR R 30 7,q, y,g

ko") [h V
av d

. +( *Vdz ( 3 I "
h

g I+ , J,K I+,JK

-P
1 I+1,J.K 7,y,g g g

~ IE *~

8,I+h.J.K az + mp 1r Tw gz,I+h J.Kp
I g g z,I+ ,J.K

(2-11)
Here, if a property is not defined at the face, linear averaging is used, e.g.:

A*I "I,J.K + Az ,g a ,g,y,g7 7
"I+ ,J K Az +

"

Az gy y

A*I ( ge,I,J.K- go,I,J.K+ + Az gU *Y# y ge,I+1,J,K- ge,I+1,J,K+y ,

30,I+ ,J.K 2 (Azy + Az ,g)y

Radial gas momentum:

d d d *
1 3 3V' v av vb gR ( d ) +I (d) - ge

at gR.I,J+ ,K + (Vgz ( Bz )V +V
3R R 38 Rj

I.J+ .K

d
ko" av

(b+ ("# g) I J+ K
V +V ( )]"

I J+h,K

P,_L I,J+1,K PI,J.K
g "I g ,Lyy.I

_

O #
g.I J+ K J+ #g 8 "g"

R.I,J+ ,K

* R I,J+ ,K (2-12)g,

2-5
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4

Azimuthal gas momentum:_f 3 q _, g.

'

L- _ay .i t : 3'y +d'S-1 ' d '. , y %y . , n %j (.O .2 . 01 1 V " V-d my' nI (3y..

b ' + )
gR R 30 )V + [V ( az ) +V (3 R ) +

Rat g6,I,J K+ gz 7,y,g,q

V 'if V ''' -

. RO +L ,K ",d cRe)d
' ko de L,c 3 c :.

.II e , '. #" n'+
(,, g) I ,J ,K+ [y . V '

ae .. .,

I,J K+ AI < J+ 2 La 1

PI,J,K+1 PI,J,K (1 f +-F}'-11 ,,
t4- -- -

' ' '* --3,t g,I J.K+\' J+\ K+4~. * j '-$ g ' E i #g*
u,,: ,.sx,_, 6 a 3 3

> . .

( I s --O + B (2-13)a;0,I J.K+
.o,3 1.s a u a giam - n ~rd .eaal sda .'o wiin * *: 'nn q o !! , u roU

; Similar expressions exist for the liquid phase.
.,,--

I"''
t

Axial liquid momentum:
--3, C, I * 2 ' (+1~" 'I . .. *

;
n;m ;~ . ,. .f

7.sm ..
.

d
^,,,t-

d d
t 3V av V BV

3 12 tz to 12
( 3 0 )y}I+ ,J.K. tR ( 3R ),at tz,I+ ,J K + [Vt z (., a z ).7 ,

+V-V +
Rr

s je . . . . , , 7 . a. 3 1; . . , , i3 , ., m,.'r,,^ Q . ,. . . ,. , n ., ,
, J--

. .
,

. . 2 - . , a .

- - _ . , - ,. .., _ , . . ,
,

tty C %,L, **I, Eg'(g xi +-

7

ko SV

at RZ + VdZ ( RZ) }- ((1-a)p ) (3
c V =

3Z
t I+ ,J.K I+ ,J.K m7m eo I r& -

'y h ! IW V, vc,

lUI+1,J,Kr PI,J,K ;F-M
.

- I'' - > f + - xF.}4_
*

. a . 4. V
o-V 4

-

il 1 .I t ;r -' ..
2-c.[g - (1-a)p ig a v

.i -..r,

az +\s.e * p
I t t z,I+ ,J.K1,I+ ,J.K

*
tz,I+ ,J.K # (2-14),, . . _

c_..) y, _ ;. 3 eg ,r

Radial liquid momentum: R, '' h C, N' , , m, . ,, ' ., E
'

,-
n , :m . ,n. . , , .

d d d '3V 3V V BV V
3 LR tR 10 1R

t R ,(A.q. . i -4, ! R .'i( 30 ) 10 }I.J+ ,K
-

R _)i
. ,

(VAz ( 3r ) , +V-V + +
RBt tR.I,J+ .K

. ,i .1 , . _ , , ,s
O,,. u , .v u j

.. ; p . . a :3. .ft .X,f*L,. . -4, ,
. 37

'

c RR
((1-a)p )' (3at RR + VdR ( 3R ) }V =-

Ce
(', I - S ? 1 I,J+ ,K I,J+ ,K L p+t I.7g

--
I,J+1,K P ,J.K -1 1

P
1 I

f +-F}
AR ,q ( No g

-

tg o wO y g 7,y,q,gt.I,J+ ,K

,

+B 1R,I,J+ ,K (2-15)
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~ Azimuthal liquid momentum: qm. , a.;)

d d / d, gy y y y
3 i "2- ,av.de - > r - 18 rie 3y10 . 10 1R -

E 10',I,J K+ 3 ' il Sz (RI'k3R}-+
R I 30-; E R' I,J.K+h,-

d
- ko V av ,g

Ic 3 de RO t
t ? d g / Re */ R k 3e ) ,f +J.K+hr,t -(02 ")- ((1-a)p ) 19 A) 2t.>-p4"

p
1 I,J.K+\ aa o e ~ I.s

:nde m un ni
,1 I,J.K+1 - I,J.K , [2 -1 f ,Ly)

# ~ [ 7,[yjg i n3I,I,J;K+%" ^ + j+ K+ "II ^3 # 0 E C l' "
,

1

*
10,I J.K+ (2-16)

3 # '
Discretized Mas's and Energy Eq'uation's* m ,f(.3i UA ' [ (*^1 ? I , m,;(2.7512

,_

IO -33 % 1.9tU If4 *t s .'C n? !:f r TUu; ti| ) a v J n ? li, N I f T Tc ; t c!1t :MIA 9d? Ci!Ol 3 f 1 DI 4 :i; 2

Tha mass and energy equations are integrated over the volume of the cell,Mto give
. l t r, 9 a

th3 total change in mass and energy for the cell.

,
G3 mass:

|
|

f

r N
f3-

+ I (A a o V )d =VIJK (T +M) (2-17)V - (opg)gygIJK Bt g g g g gygj,g 3,gyg
| *

|

| Mixture mass:
;

1

f d
3V (19)Dg + ap ) (A(1-a)p V)+

3 g g ;; Iyg a e
IJK j=1 j,IJK'

f

+ E (A a p V )d 'I# V M (2-18)=

8 8 I "'
j=1. e

-Air mass:

N
f

3 d(ao ) + I (Asp V )j ,IR =V M (2 19)VIJK pt a a g IK a ,IRgyg 3,g

2-7
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Gas energy:

N

*
IJK g g IJK j= IJK8 E E *

N
I

+P I (A a V )d =47g [q +T h,+g +E] (2-20)yg
j=1 j,IJK IJK

1

Mixture energy:

f

7yg g g+ao e) + (A M a o Vg+Aw o V)4 (Mo e g g g g g g g_g j,IJK

f

+P I (A(I-a) Vg + Aav )j ,IJEg IJK bl * Sg * C~~
a 73

In these equations the summation over j indicates the summation over all the faces of

the cell.

|

,

!
a

!
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SECTION 3i

PREDICTOR-CORRECTOR METHOD

The predictor-corrector method is a modification of the existing semi-implicit
integration method in TRAC. The main principle of the method is to modify the
linearization in time in such a way that the equations are numerically stable for
time steps in excess of the material Courant limit, but without increasing the size
af the matrices to be inverted. This is done in the predictor step; however, perfect

conservation of the properties such as mass is not maintained. Therefore the second
ctep, the corrector step, is needed.

Ta illustrate the principle of the predictor-corrector method consider the following
ciaple system

=-V (3-1)

where V is a known velocity with a positive value.

!

Discretizing Equation (3-1) using a first order explicit method consistent with the
cristing numerical method in TRAC yields

$" - $" = - C ($" - $"_3 ) (3-2)
3

where C is the Courant number: C=V

This equation can be solved explicitly to give (**I A stability analysis on this.

equation gives the following expression for the astplification factor *)

~

1 - C (1-e ) (3-3)A =

Stability requires |1| 11 and consequently we must require C 11.

*This aarplification factor is the growth rate for a disturbance with a wave number
k to the solution.

3-1

.. -



*

1

/ '.r>,"

|

l
.If a fully implicitly integration method was: chosen, Equation (3-1) would be '

linearized as
w r3 M m M a-v a ia m

31alignf + s: p o l f s ba 9. b *,r* s:;fE; r et un : c . n m ,-r m s., 3?' '

rJ: P,n+.l g 7 ,n Lpyg gn+1) y,n+1p s; a:n ? E c' !. 5 ,.,'"(34
-. . j i f u l .j j j-1

vi u.M t .nm m ac.?3rup2 :> ~ : 7 t. ch << s . n: at un at -iscn', .

9;', eny p?nme arc hiv M ,12.n ? crrnC fr..!n~s, nu 'lc .: a , , :- ! i ; m t. u f

nm r. , - . . .m ,w -e , 3 =. . . : > .y c:. ,, . . . . w y1 a n.T . le - n n1 < 3, s d rn,x < I r-d
A stabil~ity analysis on this equation gives

b: w .,:. s K s u:\r.} :it .Mc Na: ice : -c d a w e s t% :: r. br un - nc1* m. < .<' c

.te ' 3 P P 21 . ; t _! C Y |> : 4 37: Srb ,0*J3
~

O
'

A= (3-5)-ikox
nb. e nca (.>1-e n n) :om :?-u.:a t hn q sih ): >:q: ni . vM : :::::ill 2TL + C-

ga& i2 s42 rm :
'

' i . . >An examination of this equation reveals that |Al<1forallvaluesof,d,"....,n the'
_

i.e.

implicit integration method is unconditionally stable. ,However, fr,om Equation (3-4)
. t .. n - 2 r .. :z
it'is seen that the fully implicit method requires the inversion of a matrix of size

N, where N is the number of mesh cells.
, , .r~ ; w g-3. :m i s v a r ',, - nsw_ _ :: v tvletec: i

.

In the predictor step the expli. cit and implicit integration, technique,s are combined.a : m :. n i a.v .: au c: .s.y- uin uu: e yw:. v -1 1 m ;. . n; : _x ; ,,

in such a way that outflow is treated implicit 1 , but, inflow explicitly, and thet a 7y n 1 ud:n :s s u. < p:r: ~
.

discretized form of (3-1) becomes

( ;-a. 4n+1 -4 - - C (+n+1 -en n n - <-

3 J j 3-1) (f '3 - t ( i
. - (3-6)

-

m3. .

This equation can be solved directly-as for the explicit equation and the amplifica-
V= n 2m3 6.t al 3 n Wtion factor is

e . ,.
2 : n r.o ul p :ts: 72 'M1:: J. vly a . vi noi Q n t.s ,f og ed eg: . nur u n syr,

~'

3 7 1.- C e ika
- x

2: u it ic ;r r:: V cd n a ; c p Dc.Ur1 mu eev, oc2 :(g)
1+C

3

(It fis seen that Equation (3-6) is unconditionally stabTe'. .I 3 a.L . .

Consequently, in Equation 2(3-6) we have the simplecsolution m'ethod o( ;the sexplicie:.

_

formulation and stability of the implicit formulation. The advantages of both-

methods are obtained except that the property $ is not perfectly conserved.
,

i
ug

f . ---,.+,rw,

,%:sn s :v.: e n w m:a c .- q s w a: n- m s.u n n:x m.unw r y 2:m

.rc?)alo W: -: +

r r
'3-2
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' ' Consider the ' flow ietween cell ,i a'nd 'i+1'' 'Th'e 'flov 'out 'of , cell i is'V$utl At , where-a ." v - .
.: . , %, ,-, . . .

d.
. . . . , _ _ . . . , a .. ,. , ,; o

.
i

. ct:v e >: uc y nm i cri: yrt a ,au t u A% .L > - % e: .' . ' s tu
astheflowintocelli+1isV([g

'~

at and the error in the conservation of the

r property 34uis::.3ats e n. a c w-- sf1 ~ -u *r.n ';)> u n * -E '
--

($"i - 4"i) = V ,
tusin.>> b uc . .A ca. e i~; ,,

At ( 3-8')E = V At at
. . . , ._ 1 ,., - - ..,+a 3r~ The,,' corrector' step 'is 'needed 'if perfect ' conservation ~of r ,he property 4"is 'to be main-

,,.,e.,,u. _ _ _, ,_ , ... ._ . . .a . .- ._

t

y
tairied; ' The exact-form of ^the corrector ' step 'depe. ,ds 'on the ' pro,bl,em d., . .,,. ..o'be solved and

:. , e s . _
. ,w , . . o ..s. . . - . _ . , - - - , . .~1 . . .._

n
'' ' ' ' . . , p 'e ' " . ... "'

will be discussed in Section 3.3.

i~:. ,

It is worthwhile noting that the error in the property conservation is a second order
,

_. I u f. m
(; term, i.e. the same magnitude as the truncation error in.any first order,inte,gration'

-; a e - , . . . - i -

method. t , T; ! |
; _ ; . .

: sa P.
' a6, ,r,

In the existing semis $plicit integration method in TRAC, the properties convected
across a cell face are treated explicitly. The only coupling of new time properties

between cells :is wthrough ;the velocity dependence ,on :-the pressure . difference-across
thescell, faces.;cThe basic form'of thetequations._after: elimination.of.the. velocities

is: uwLu : r. : , ..y n we en , . av . .. n w : tan 1 : :, =a rc- . .

. gy - ww: wb'

N
Aa f

C (3-9)A AT
IJK + jZ- j,IJK,APj,IJKB=

=IJK < g *

g am m;$3 .

i

APg.[m n 3:.M w~LL ni : C,'=~ ^ . 'm i .i : ~ !? ' '^ ?
w

IJK
>-

...._..__..._.__q.__._._._

where 4: represents the dif ference between new.and.old timer properties and AP),7;g is
, . - > . r, . . . . ,__the,........, ,. pressure changed, n -ill-the. neighboring cells . . ,: Multiplying.+this-equation with --'

'-1 ''AIJK yieldsj uL , r'
.

w .,_ n .

- -

m .) 0 90.0 J^f R. 1:! ;-i ." >
-> , p.

, , , ' > N y >, c P 1,) e m J o -cy:
Ad g

-1 -1

a AT -

g
=IJK. C-j ,IJK -- AP-.j , IJK-- .AT . '7 =IJK -- - B-

(3-10)- + E A=A * *

IJK-< -- - g _ . - . - - - -

.. . <
.AP j -

* -IJK

The fir'st row in this matrix equation is the pressure equation, couplin fth'e'~ pres'sure
. pn;: - co ri se, ca d .22 ~ n: ' m ,e m e. ; m 4: .m - "; ,e=*

change in a' cell to the pressure changes in the. neighboring cells. fThe pressure 1
x.

equO ion is a syeiem of. linear equations with a size equal to the number of mesh
.-n

cells in the problem. Consequently, in order to solve the pressure equations, a

/

s

-7 -
,

~3-3 1
)
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N x N, matrix has to be inverted, where N is the number of cells. For typical BWR
applications N is on the order of 100 or less, making this a manageable process.

From Equation (3-10) it is seen that once the pressures are obtained the rest of the
properties can be obtained by back substitution.

If a fully implicit formulation was chosen, the convective terms in the conservation

equations would depend on the new time step properties in the neighboring cells and

Equation (3-9) would become*

9 #' '

N
ao f as

A (b IJK*+ j,IJK
"

IJK < g > < g >

g
AT ATg g

* *
IJK j,IJK

To solve this equation requires solving a system of equations of size SN . A

comparison of the memory requirement and the number of floating point operations,

required to solve the equations for the semi-implicit and implicit formulation is

given in Table 3-1.
*

Table 3-1

RESOURCE REQUIREMENTS FOR EXPLICIT AND IMPLICIT METHODS

Memory requirement Floating point operations
Method for coefficient matrix needed to solve matrix

N = 50 N = 100 N = 50 N = 100

Semi-implicit 2.5k 10k 0.08M 0.67M

Implicit 62.5k 250k 10.7M 83.8M

*Here a fully implicit formulation of the momentum equations has not been assumed.
If this was the case, the vector size would go up by 6.

i
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It is seen that the cost of the implicit formulation would be prohibitive.

The basic principle of the predictor-corrector method is to abandon the requirements
of perfect conservation in the predictor step and fomulate the convective terms as a
chmbination of old an new time properties, such that outflow from a cell is given by
the new properties, but inflow from the neighboring cells is given by the old proper-
ties. Consequently,-the basic form of the equations would be that of Equation (3-9),
the resource requirement would be that of the semi-implicit method, and the stability
behavior that of the implicit method.

Q 9-

il'f a corrector step to yestore perfect conservation can be devised, that is not more
resource-intensive than the semi-implicit method, the predictor-corrector method has
a clear advantage by combining the best features of the semi-implicit and implicit

, methods. In Section 3.3 it will be shown that this is indeed the case.

4

-
.

3.1 PREDICTOR STEP

'

The spatial discretization of the 3D conservation equations was shown in Sections 2.1.

In this section the discretization in time will be developed. The modification to
i.

the existing semi-implicit integration technique to generate the predictor step only

affects the temporal discretization.

3.1.1I Momentum Equations

The spatial discretization of the momentum equations was shown in Section 2.1.1. In
developing-the temporal discretization, let us consider gas and liquid momentum

'I equations for the axial direction, Equations (2-11) and (2-14). As mentioned earlier,

the main modification affects the convective terms. In the convective terms the

diagonal terms will be calculated using a combination of old and new time properties,
,,

'

such that outflow is given by the new time properties and inflow by the old time

{, sproperties. The off diagonal' terms will be based strictly on old time properties as
&,. W ore. The interfacial shear and va,ll friction will be based on the new velocitiess -

using a Taylor expansion around_the old velocities. The fully discretized axial

momentum equations then become:

1

y

y
a ; :. 3

.

1
1 ,

t 3-5
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h

Ezf1+,J.K Ez,I ,J,K
~

A*I,

#
gz,I+ ,J.K > 0

y +1 ,y gz,I+ ,J.K + at V"gz,I+\,J.K4 ~
+1nn> :

.gs.I+ ,J.K' -

z,I+3/2,J,K z,I+ ,J,K
,

| A*I+1

I#
gz,I+ ,J.K < 0

,

. SV d V V dn
I(E)lgR (l)+ - at ' . [V +

3R R 30 I+\,J.K;

y +I _ y"Rz,I-
n
Rz,I+

Az for Vdz 1"7
kp n

V +l ~V
+ ( o )I+ ,J.Ka h h * A" Vdz z,I+3/2 Rz I+

~ "

g
as for Vh * " DW J

}
.

n+1 n+1
| _ Jg I+1,J,K I,J.K + B" at

~

-gt

i g,I+ ,J.K A*I+ 8** * * *O

1

1-

af of
gy +1, yn ))gf , 1 gy +1 , yn ) , __,,tgat n nn

, ,.

j (ap ) 7,q,y,g tg. SV , gz 82 BV 12 tz
g g gg z,I+ J.K

|
f

1 3F 3F
(y +1 _ yn )j(y +1 _ yn)._E [yn. v n v n

" '8* 8* 3V tz tzo ,I,J.K gz M z,I+ ,J.K-g

| (3-12)
n+1 n i~V'

12,1+ ,J,K tz,I+ ,J,K

az y

# 12.I+ ,J K 1

*A
(z,I+3/2,J,r,"

'

~

z,I+ ,J,K. tz,I+h,J.KdI+ ,J.K z I+ ,J K

A*I+1

# iz,I+\,J.K "
,

3V- d V av dn

- at [Vg( *) + (3 ) I +h.J,K'

I_

3-6
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a

+t
y"Rz , I +b - y"Rz,I--

Az for Vdz > ~- y
kg

((1-a p )'I+ ,J.K
~O "

V"Rz , I+3 / 2 - V"Rz,1+
~-

R Rz z
i g y

0*I+1 I+ ,J K*~

-

n+1 n+1
~

1 I+1,J,K I,J.K + B" , atge, -

D ,I+ .J K ' 0*I+\
'''#', '

1

(y"+1 _ y" ) + 35
of

a(,(*r*I_y"1:))^fi AAt 8 _ E.1[g +
+ ((1-a)pg )7 q,y,g tg av , gz gz e

, ,,7 q,y,gg

PF 3F
*I

[F" + av" (V"*l - V" ) + aV" (V"Lz - V"22)]_
at

w gz gzD ,I+ ,J.K g, g z,I+ ,J,KL

(3-13)

Examination of these equations revenis that they are linear equations in V 7 q,y,g,

v"1 .s.J.Kr?3,K==4e?*.1,a,K- coa * actr en a v tecici c = d =atv d
'

fer as function of the new preszures.

g I+ ,J.K " gz,I+ ,J K * Ugz,I+ ,J K (# ,K +1,J,K (~~

'

z I+ ,J K " 12,I+ ,J.K * iz,I+ ,J.K' ,K 1.J,K
~

Similar equations can be generated for the radial and azimuthal directions, and.for
cny source connection to the cell.

These equations are then used as shown in the next section to eliminate the velo-
cities from the convective terms in the mass and energy equations.

'

3.1.2 Mass and Energy Equations'

The spatial discretization of the mass and energy equations was shown in Sec-
tion 2.1.2. As mentioned earlier, the main modification affects the convective

~

terms. In these terms outflow is calculated using new time properties and inflow
from a neighboring cell is calculated using old time properties. The heat transfer
rates and'the vapor generation are based on the new properties. The fully dis-
cretized mass and energy equations then become:

3-7
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1
!

Gas Mass l

v [(ap )" (ap ) IIJK "-

g g

l

'(ap )n+1 if y +1n-

>
g I,J.K 88eI+heJ K

,

t+h,J,K y +1
n

A-

gz,I+ ,J.K (,,)n gg yn
. g I ,J.K

' I"#
. g I-1.J.K if V 1gs,I ,J.K gg.'~

I ,J.K gz,I ,J,K (,,) if v
gz,1 ,J.K

.

+ Similar terms for the J and K directions

gg (T +1 + M +1)Iyg
. n n At (3-16)+V

g g

Mixture Mass

y [((1-a) og+an [ - UM pg + @ghn "g

I'((1-a) o ) for V$ g g,y,g10
-

g

^I+h,J.K z I+ ,J.K
~

((1-a) p for V$ I+ ,J.Kg

,(op )n+1 y +1n
3

g 1 J,K 8z,1+h,J K ,

* A + ,J.K VI 8 I+heJ K (ao )0 for E 4 0g 7 q,y,g

'((1-a)o){-1,J.K ffg I ,J.K 1
n+1~A

I ,J,K 1z,1 ,J K
((1-a) p ) f. g ,K I-h,J.K 1#

'(ap ) for f I ,J K ' 1g ,g,y,g g
V +1 At

n
- A ,q,y,g gz,1-h,J,K7

(,,g)n+1 for 4g " 0,

. . . . . ,

+ Similar terms for the J and K directions

+1"

## (3-17)I.1K m,IJK

r

,_
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F
-g,- .

.-

!

*

.

i: *

!1 iAir. Mass
i .

[(so,)"* .~.(ao,)"]73g' 4 =
73

[:

(oo,) K
' I I+ ;J.K 1

.

A+y.J,K 3 1+ ,J.K n
-

(,,a 1+1 J,K f,, y + 1I n <,
3 ,1+ ,J.K

,

(oo,){-1.J,K I* 1z I ,J.K
n+1 at~

a)n+1 for V"* I-h J.K
I ,J.K ss.I ,J.K

I J.K gz, -!<0

,

+ Similar terms for the J and K directions :

*

. , ,IJK-'y +1
.

' 'n. gg (3-18) !
.a IJK f.

.

cas'gnergy i

.- --(ao . )" + r"* 1 (a + 1 _ o ) j
a a)"*I

n n
'IJK.- :((mo , :

a a IJK

(80g 'g) ,K 3: I+h J.K 1I"

~

+h J.K g: I+ ,J.K
(,,g ,g)n for V"*l <oI+1.J.K 3z,1+ ,J.K

,

i

("#g 'g) -1.J.K - 3: I-h,J K E#

y +1 atn
A-

("# * )n+1 for V"*1 <oI ,J,K gz,I ,J,K

g g I,J,K gz,1-h.J.K- .

+ Similar terms for the J and K directions

n+1- for V"*l, >,
I ,'J K sz,I+h,J K o

n1 n+1 ,

- P +K . ' I+h.J.K gr,I+ ,J KIJ n n+1 . . <" #I+1.J.K .as I+h.J.K l.

-

>-

"I-1.J.K g I-b,J.K if

~A I-h.J,K ss.I-h J.K *
a"I , J K . for V +1' <o+1 n

gz,I ,J,K -

,

,.
Y
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t

}

+ Similar terms for the J and K directions

+V .I4 gg+ f h7yg g g,+ 9 ,g+ E at (3- M)

Mixture Energy-
f
1

gg g g + ao e )"* - ((1-a) o oV [((1-a) o o g g + ao e)I "
g IJK

I
l

(P '(1-a))"y*f,
*

'((1-a) o e )"y +g g

- # 12 I+ ,J.K 1
*

I+ ,J.K V"Lt.I+ ,J.K<
A-

n1
III'") #1 "1)nI+1,J,K + P +J.K ( "n

I. I+1 J,K.,

f*V$zI+,J.K'-

' ((1-a) o e)$_g,y,g+P O-a){-1.J.Kg g ,g

*

~ ^I ,J.K [n+1
**

iz,I ,J.K OE

((1-a) p e )I .K*( (~
,K'

' #
z,I ,J.K1*gg

+ 01 s11ar terms for the J and K directicn3

-)"1K+(r-)"1K.rerC'1.s,2,K
- '<a g 1-g

A ,q,y,g V, 1-

g g,,7 q,y,g

("#g *g +1.J.K * I .K " +1.J.K' ' # #-

g I+ ,J.K

, n n+1 n n+1
8 8 I" '#' I' ' I~I' ' ' 8*' '#'

Y +1-n~A
I ,J.K gs,I ,J K at

I"#g "g ,K*I* .K' I #
z I ,J.K - -

+ Similar terms for the J ard K directions

+V I4wi * 9 * at ( -20)IJK. wg a IJK

Examination of these equations reveals that they are equations in P"'I, a"* , 7"gyg,g
T"g P",{yg and the new velocities at the faces of cell IJK. Here the following,

relationships have been used

;'

t 3-10
.

-



_ _ _ _ - _ . - - . - _ _ _ _ _ _ -

n+1
8 (p +1. T"*I. P"*I) (3-21)

n
o p,

8 8 *

e"*I g (P"*I T**l P"*I) (3-22)= e
g g a

*
g (P"* . T"g*) (3-23)p"g = o

g (P"*I. T"g* ) (3-24)
*

e"g = e

Using Equations (3-14) (3-15) and the equivalent expressions for the radial and
asinuthal directions, the new face velocities can be eliminated from Equations
(3-16)-(3-20). The resulting equation is of the form

p 'n+1*

Na f. .

F(, J + I F ~ " -
, yyg fj.IJK JK_

i

6P* IJK

where F and F are vector functions, and I #*?'***"E" "h* * "#"* ******g IJK

"*IM ,

g
n+1 M

I , at (3-26)"
IJK M<

a
E

g
'E'

" IJK

A source tere exists for the vessel cell whenever an ID component is connected to the
cell. Using the same discretization technique as for the cell faces, the source
terms can be expressed as

# #g gs IJK 1
*

* ~ ^S.IJK s IJK I3~ Ug

("# )S.IJK g .IJK
# 'g

3-11.
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a

where the source velocity is measured positive going out and ( )S. IJK represents the
property in the connected ID cell.

- ((1-a) o ) for V"g gyg 1 og
*

a S.IJK V "is,IJKVM =-A
*l

,

g g g,,) ,1) n for V"is IJK < oS.IJK

("#g) J # 1g IJK
*

gs.IJK

(ap )S.IJK I#
g g IJK -

~

(ap,)" for V"* 1o,

'M = - A .IJK IJK
~

a s .g
(ap,),, ,7yg for s IJK *

a )"*f + (Pa)"y*f for V , gyg 1 o(op
g g

VE = - A,,gyg E
g g yyg

I"O * )s IJK * J "s.IJK IJK#g g

(3-30)

e)"yf+(P(1-a))"y* for(s,IJK 1
*

'((1-a) o g g

E, = - A,,7yg V[,gyg
Wa(,gyg for(,7yg. ((I-"I Di *t)s,IJK + Pgy <o

(ao e)"yf+(Pa)"y*f for V" 1
*

g g g IJK
+ V"*I

I"Og 'g)s IJK * I# IJK *I "s.IJK
~

-

Sub'stituting (3-27)-(3-31) into Equation (3-25) and expressing the source velocities
in terms of the pressure difference using expressions equivalent to Equations (3-14)
and (3-15) gives

,n+1,

P
N N

Y I' 3 * ~ * ~ ~
g 1JK fj ,IJK IJK sj j IJK,

1,
P,. - (3 32)

3-12



Here a summation over the sources has been introduced for the case that more than one
' 1D component is connected to the vessel cell.

In solving Equation (3-32) it isconvenienttocombineP"y*ffromthesecondterm 6

with the first term. This gives the final form of the discretized mass and energy

equations.

' , ' n+1

a g N,N

fj ,IJK (* * ~ "
g IJK JK ej j IJK

g3

1 (3-33)
,P .
* IJK

The fully discretized mass and energy equations are non-linear equations and are
Colved using a standard Newton Iteration technique.

' p ' m+1.n+1 N3
'"* 0" *l

AP"*IJKj, '"*I
l

A"IJK 6",'"IJK=5 + E*

AT IJK j=
< , pg

AT,
*AP '

* IJK

N"
g,m.n+1 (AP"IJK - AP"j* I '"* l)

*l'"*I, g (3-34)j,IJK s ,IJKpg
where m is the' iteration number (this iteration is called the outer iteration). Here
A is the Jacobian matrix of E '

=IJK

(j"g* =Ja((j"g*I) (3-35)
Cnd

gp.n+1
p n+1 fj,IJK

(3-36),_

j,IJK 3p .n+1m
j,IJK

37 n+1
gen +1 sj,IJK

3,)g,,

j,IJK 3 (p em n+1 ,p en+1 )m
IJK sj,IJK

'p ' m,n+1
N Na f aI'"*I =-Y( T ,)IJK '"*I I*

IEfj ,IJK (P"j '"IJK) - E Fsj (P"IJK - P"j'", *JK)
-

IJK g s I,g g

i

P*.
I
'

IJK (3-38)
:
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Equation (3-34) is the final form of the discretized continuity equations. The
solution of this equation will be described in Section 3.2.

3.2 NET 10RK SOI.UTION

. In the previous section, the final discretized form of the conservation equations
was developed for the fast numerics. A key feature of this Equation (3-34) is that

its basic form is unchanged from the current semi-implicit formulation in TRAC, and
only the elements in the equation have been modified, i.e. no new elements have
been added and none deleted. Consequently, the existing network solution can be
applied without any change. For the sake of completeness, the network solution
will be reviewed here.

Multiplying Equation (3-34) by [fyg.and omitting the superscript in one gets:

'AP '
N |

As f. .

f j.IJK j.IJK
" *' '

g IJK 3g
AT

,apk (3-39)
* IJK

N
s .

jfg j.IJK bR sj.UK
* ~

where

kJK "0 (3-40)*
JK IJK

.

'

- -1
-c ,gyg , (3 41)C =ggyg j

*
y,73g

.IJK " $ JK j . IJK (3~42)*

By examination of this equation it is obvious that when all APs are known Aa, AT '
R

AT . and AP, can be obtained through back substitution. Consequently, the task ing

the network solution reduces to the calculation of the change in total pressure.
AP.

I
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The first row in Equation (3-39) isj.

N
f

|- A$JK kJK h,IJKI g b ,IJK
* *

g g

~

N*
h

)[g (se],7,g}t (AP - AP+ yyg aj ,IJK

This is the pressure equation that is solved in the network solution. For an ID com-

ponenr. Equation (3-43) reduces to (see Figure 3-1)

L

i i I i | '
SOURCE 1 || | | g 3 | SOURCE 2

b | I | ! $2i 1 I e

i

e

/i
s

I ,/

SOURCE 3,

IJ

Figure 3-1. NODA!.IZATION OF ID COMPONENT

n s

APg = @g}g (ej,g}g AP),g _ (sc),g}g (APg - AP,),g) (3- W+ +
g g

,,,,e r e

N, is the number of neighboring cells to any given cell; for an internal cell N
n

is 2 or 3; for an end cell N, is 1;

N, is the number of sources to a cell; N, is o for an internal cell; and I for
an eni cell.

! Rearranging Equation 3.44 to

Pi, H,
AP

_ (c),g) AP),g = W }g + -(sc),g) (APg - AP,y,g) (3-49-
g g

_g

3-15
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andrementeringthat(sc{,,]g is only non-zero for an end cell the, system of linear
equations can be solved to give

s

g,, a4 j, (3-46)AP =dg+ E eg
s=1

8
where a P),, is the change in AP across the source junctions

A*P)g = AP)g - AP (3-47)e.g. g

Let two ID components be joined together in a junction as shown in Figure (3-2).
,

1
,

N NTI NMT k ;

I h.g

dI II iI

QTMen JuMCTIONS orHgM JuMCTIONS 2

N'0" 4 ,

1

Figure 3-2. JUNCTION OF ID COMPONENTS |

Let be a vector describing 'aP across all junctions in the system including ID-ID
and 1D-3D junctions. For cell i , Equation (3-46) can be written as #

g

,

A gg = dgg + egg . M) (3-48)P
|

>

Similarly for cell k , Equation (3-46) can be written as
.

AP,=dka*'ks'' W I3~49)g j

Subtracting (3-48) from (3-49) and remembering that

!
86 P I Pjik * A ke - A gg one gets

A*Pjgg = o , - dit * N ~I)*D (3-50)g km ll j

3-16
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A 1D component is connected to a 3D component as shown in Figure 3-3.

30 COMP 0msNT

c0MPONsNT4

IIJet t

\ ID oTHam JuncTxpos

Figure 3-3. JUNCTION OF ID AND 3D COMPONENTS

For cell i Equation (3-46) can be written asg

APgg = dgg + egg * M) (3-50

Substracting AP from this equation and remembering thatgyg

8
yg3 = APg g - APgygAP

4|g3=dgg + egg * M ) - AP8 (3-$2)gyg

For all junctions. Equations (3-50) and (3-52) will thus form a system of linear
equations:

[* M =D + F (3-53)[ *
y

where F is a vector of all the pressure changes for the 3D component.
Equation (3-53) can be solved to give

M)= I' fF (3-54)+

[I*where E' D (3-$$)=

[I * I (3-56)T =

In Equation (3-43) AP7yg - APgyg,, is AP across a junction to a ID component.
Consequently, Equation (3-43) can be written as

|

F = ij ge *M (3-57)c * +
3

3-17
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Substituting Equation (3-54) into this Equation. one getst

g + F = Bj + IP + r * IP] (3-58)Sc .

Equation (3-58) is the final equation in the network solution. It is a system of
linear equations that can be solved for pressure changes in the 3D component

K isFrom there on the rest of the solution consists of back substitution.
ebt: tined from Equation (3-54), the changes in individual pressures in the ID compon-
cnts are obtained from Equation (3-46). and finally the changes in a. T . T i and P,
cre obtained from Equation (3-39) and its equivalent for the ID components.

3.3 CORRECTOR STEP

!
Since new properties are convected out of a node but old properties are convected

i into the neighboring mode, conservation of properties is not maintained by the
predictor step. The goal of the corrector step is to precisely conserve mass. (At

! this time no attempt is made to precisely conserve energy since simplification of
II| the energy equations makes the energy equations of a non-conserving form I hence.

c corrector step to precisely conserve energy is futile.) To conserve mass. the
i corrector step solves the mixture mass Equation (2-17) to obtain the new void '

!

| fractions. The mixture mass erluation is discretized using a fully implicit
| technique ast
| *

g + 10, b - ((1-a) og + oo dV ((04 o =gyg g gyg
|

-

((t-a) o )"*g f' vex.1+b.J.K 1g
V- ^1.b.J.K i .1+b.J.x

m - 3 , g.i,,,, f- v";'.1.b 2.K .
-

2,
*

(oo,)"3g f" Vgs,1+b.J.K 1 !

*V
ss.1+b.J.K

)n+1 for v",*I.1+b.J.K *
-

o

((1-a)o)"*k,j,K f".

g tr.1-b.J.K 1'
n.i+A l-b.J.K f8*1-h'J'"

m-a)o)"h f'Vg ia.1-b.J.K*-
,

3-18
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(**g)$1.J.K
~

' ' ga I-b J.K I
*

I ,J.K at + V E, yg at,g ,g gyg
("O ),I J.Kg gr I ,J.K *# -

+ Similar terms for the J and K directions. (3-59)
|

Ia this equation, the densities and velocities are those calculated in the pre-

dictor for step n+1.

The source term is calculated as indicated in Equation (3-28) but using a fully
| implicit technique.

((1-a) o ) for(sIJK 1
~

g

( a} J " "As.IJK IJK
((\~*) O ) tot gyg < og JK.

I"O ) IOT IJK 1 *g
+ V" (3-6Mg gyg

("O 'g JK gs IJK " * -
Again, the densities and velocities are the new values obtained from the predictor

j step. Substituting Equation (3-60) into (3-59) gives an equation in only the new
| v:id fractions, which can be arranged to be of the formt

i N

^IJK A" J IJK * j,IJK JK
" A"

g

(3-61)
N*

Sc) (aa y+g - aa,)+1,gyg)
n1 n+ I
g

j-t

Dividing this equation with Agyg, gives an equation of exactly the same form as the
pressure Equation (3-43) and the network solver can be used unchanged to obtain the
cow void fractions. Since Equation (3-59) is on a conserving form, the mixture
cass is conserved perfectly.

Ta determine the amount of air relative to steam and to get perfect air conservation,
the air mass Equation (2-18) is discretired using a fully implicit technique est

# I" ~*I "
1JK a IJK .
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,n+1 g,, y +1gr .1+h.J .K , , -
n.

aIJK

- A + J.K A"
I g I+h.J.K n+1 g # y +1n

"aI+1.J.K st.1-h.J.K .

n+1 # y +1 -n-

"a.I-1.J.K st.I-h.J.K 1
* A

I .J.K I-h.J.K g .g
*,,I.J.K # as.I-\.J.K * *- a.

+ Similar terms for the J and K directions.

E,gyg at U-W+V gyg

..r. .. . ( ,>
Ihe source teru is given as

* I'#IJK gs.IJK 1
# "~ ~

IJK JK s e IJK
" #IJK gs.IJK "

Substituting Equation (3-63) into (3-62) gives an equation in only the new air mass
concentration, which can be rearranged to be of the form

N

A A" "I AmIJK JK IJK * j.IJK gjg
g

(3-64)
N

-Am[,)gyg)Sc) (Am,+ g g

This equation is again of the same form as the pressure Equation (3-43) and the
network solver is used unchanged to get the new air concentration.

3-20



_. - --

|

SECTION 4

WATER PACKING

Water packing is a numerical phenomenon that is introduced by the discretization in
space. In order to describe the water packing phenomena, let us consider
Figure 4-1.

l h3

_.

ons
Ht

pips-- .

___

|
,

| /s/r/
| r ve

viuouco V.

Figure 4-1. WATER PACKINC

Figure 4-1 shows a case of rising water level that is notorious for producing water
packing especially if the liquid is subcooled. Below the level the liquid
velocity is V, and above the level the liquid velocity is sero. If condensation at
the level was present, the liquid velocity above the level would be negative.

The liquid velocity as function of elevation is plotted in Figure 4-1 and it is
seen that a discontinuity or jump in the liquid velocity exists at ttie level. This
discontinuity moves upward with the velocity V,.
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With a finite discretization in space asishown on Figure 4-1, the velocity at
boundary i + would be zero until the level crosses the boundary and then it would

w - - 1,3 r r.be V . Ifthetimestepsizeisatand"thenohelengthisaz,thepressurediffer-
o

ence between cell 1 and i + 1 necessary to change the liquid velocity from zero to
.

in one' time' step will be:,, ' ^ , , " , y.. , 3 ' '
a5.. . . , . ,.~~ '-%1 . ..u. . . . .. i- , , ~ ' ~~

V-
'

o
1p' :a r. 3 Td .nnw .t, 'I * 1, ; a +v' ' i 1 ^ * 's L :? 1: .? s

*
*ac|':,

V '4

#*
1 (4-1)

-

Typical numbers of Az = 1.0m, og = 1000 kg/m , V, = 1 m/see and at = 10 s sec, result8

Apressurespikeofthis{magnitudeissufficienttosignifi-'5in AP = 5.0 x 10 Pa.
cantly perturb the execution of any code. jFurthermore, reduction of the time step

i t f

size, just makes the problem worse. | { . , , _ . .. _'
| t

| , i

This phenomenon can occur whenever a discontinuity exists. In practlie, however, it
6, ,

is only a problem when the void approaches zero, where the inertia is high and the
I 1 1

compressibility is low. ! ,p, .|
. : 1 ,!
n , ,

A possible solut{oII'vo3d'Se to re6Ee~th'e nodeisize Az to better' doulatithe fact'

that the liquid velocity actually changes over an in finitesim. ally 'sh5rt distance.
| . , . a

However, that vos1d increase the number of mesh | cell to the pot't?ofimaking!i n the cost
t | p. -

..

of the calculati4,ns prohibitive. Thus, speciallmessures are needed i,o '.tesolve this.

problem of water packing. W # d'7.[:'

. ,

.f-x M i; ,

Ns - q,

If the void fraccion and liquid velocity change { continuously asifunction|alithe axial
distance, the vo d and liquid velocity at boundary i + wouldbehave(as'inficatedin
Figure 62. !

, . . _ . _ ,-._.;
i

. , _
.

. i

- at:

V
h h'

#, 4hr'. .r. nsn
i . v, . .

7934 'F'ii l' 'a r, e di I- *
, . , ,, .W 1o; . r i t 'f t t . < 1 '4 *

.
,

.ls s ;< ! i ; *q:' "hv i! % s, . t i k, :i .. t m. t :t,i n t t 4
i .

.3: im *. "' " li wi v-' '
n in .w M o . n om ? vtrmz '

< '
,

& t. f i ! ,.nl e. R n ,, n t>.r, R i ~,ncc f. ~1 Je.. a v . ,

. - . -

L a. j |p . v 1 b . + ' ' I hit Cmt, |f u >> "N tfr il i : . 94

! a : .) ?;rt' >.'o :cR1 es#sM .fu,d W- v. 2 9 6 5 ,- 71 m: 'irr ! ' '

i

t .): v t l,ft, ,u .: . ;i *, si . -
i

i Figure 4-2. CONTINUOUS CIIANCE IN NODAL PROPERTIES

. ,
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b
i

|

l

|

f 9'In' th'is ease. 'no prob'1'eme ^ exist * for''the' numerical: integration since' the properties /' l

Y ~are 'c'entinuous.~ . ,u nah m i ~? saa m l y? 2T"rd s eep m % j , g. 2< . :;w s . c s ,a

| 9J ns: yt6q m e,v ud ; , *o en3Y1 +, 5s m: t Ne t u cal:!a n:a tt s y e g n ; c.' 3 :

For a" discontinuity.'theivoid' fraction-and liquid velocity and boundary i + If dah
change as indicated in Figure 4-3.

, o. ?r he R1 ;Tu 1 not w i blo" td) 4c: srir n se; %' ' 21 ' I "i irl~

oc
1.J-

$ k P.fi *[*f. ( l %- :ii U21 'I) , e '' I h "| % ll jj 4' ., -17 (II 1 . 'I ha# i w 1 E J I J 3.*Jd 'IC .] *,c t

12 u -t.o
v-o

. : a . . :, 'su 'E ct1 wvnh hv v .:13 0:n n t' ' wo sr.n . mi %.-?n w

nntrh 3 ;- r. v.na x :- y p r ! ~ n fd31 o suf f. .

J; , I ' f' .. 9-, ..

,

' .4 v

(Wi +,. .., ,, , ,o
..|.4 .4 {, t.i

%v dr ubTet. . . . F. : n ; .. .v. .s ..,s, .r

to te
-e nwa t 2w) n b %vns,s

Figure 4-3. DISCONTINUOt!$ VARIATION IN NODAL PROPERTIES
%3 (, RI" lj J.I ,,c I v; :

., ,

Iri this case, the water packing phenomenon occurs. '''C ''

n:'

One way'of dealing 'with this'probles twhich 'was preViously.us'ed *in rTRAC, .Vas'te r <

t 8reducei he : liquid inertia'byesome largelfactor (typically 10 -) :ifia' presser 6 spike,
was detected. This had the ef fect of allowing a change in the liquid veluity!for::
a very small AP. This worked in most cases but sometimen tended to lou the

pressure > t.o a .c.on.s. tant -.value.1 T.urthe rmore . I this " so lut, ion ,swas,.onl,y,implemen teq 1f o, r,,. .. y.g , . - . 1

internal boundaries. and not for junctions between component,s.,7 ..7 g . , ,, g,,

3 -

52different approach, which has been very successful,-is,to ensu p rthat as the void-

fraction approaches zero, it does so continuously.
n. U , > h nu' ed: 4= v> 2 n x w t. t . e r ! ,o,,.s: - a h m ue:u m -t a ,i.

.

ma v: "t g. r ..~ r- <; . ; ; , - N., ,1 ,,,,.,s ,,, ,, r, v p.

1 r a t x!

10 g

v.*. v O, \ 3
, * I ' ''y 'j - | * " t' q ,

. - ,

|p|, t1.o t , , , ,, ,;y 1, L ~, ,,,

i, .ft,s. , 4. ..

d..v :_ -_ " I * c.. _ . , _ . . . . .

'' 'D''
,. ,9 ; | '' 3GM n i -t>'

i

zme & s ,' , , .w .;
' ' '-

,

. a 'S. ) ., y ,, m; ' , . m.,,'a . . . , , . . < n;

Figure 4-4. MODIFICATION TO DISCONTINUOUS VARIATION PROPERTIES WITH WATER PACKING
LOGIC
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As the liquid level approaches boundary i + , the void in cell i will gradually drop
maches sero. hto aero. Bowever, sg , g % ab a ptly f u n one to m o d en og

smoothing out this transition as indicated in Figure 4-4, the water packing can be-
eliminated. This is accomplished through a modification to the assentua equation.

be the latest value for the void fraction in cell IJK and a*gygLet a* ** an

' ** *
estimated value for a in the mest iteration. (Figure 4-5). e ,can be
obtained from equation (3-39) since the second element in l' is the change in a if
the neighboring pressures do not change

'"h (Bh)2 (4-2)= +

Telet the void fracties approeck sero gradually, a corrected void fraction is
calculated as (see Figure 4-5):

a+1.s e

a a esp (- "IJK ) 4-3)c a+1,s "IJK
~

'

=
tyg gg ,,g ,

*12K

This modification is chosen as it results in a cot.tinuous variation in a. has a
coatismose slope at iteration a, and it approaches sero asymptotically at iteration
a + 1.

For iteration a + 1 to give in m*g '"*I
= 3

" more liquid must be removedUK
from cell IJK. He amount is:

*
gyg gyg og (agyg agyg) (4-4)V8E *

This is accomplished by modifying the liquid velocittee at the faces of cell IJK.
For example, the velocity at face I + , J. K is modified, resulting in the new
velocity

A IA.J.K
f+1 sis ,1+,J.E ** IJK A"IA.J E III'*) 8 3 ,a+1.m

d

1 14.J.K. g ,, . T,IR
_

1s.16.J.E g g g_,) ,i)d.nn m A + ,J.K * At (4-5)!+\ J.K I

where A ,IJK is the som of the areas for all faces to cell IJK where the waterT
packing modification is to be done.

4
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Here it is worth noting that with the exponential chosen in Uuation (4-3) Am % ata,
i.e. the modification to the velocity goes to zero as at goes to zero.

The water packing logic is turned on if the following conditions are met.

*(a*g < a"y '" g < 0.09)and aa +0gg

neighbor >0.1 for at least one neighboring cell.a

!

i.e. the void fraction in cell IJK is approaching zero and there is room for the

extra liquid removed from cell IJE in one of the neighboring cells. It should be
noted that with the second criteria, the capability of the code to predict water

hammer is not affected.

I

.

t

|
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SECTION 5 '

v!? n c.) q :; w r " p w i mA cpn m ., a o 01 int'o - nrma L: . m y

Jun o' -i? :.21 Mo m u n v DEVELOPMgNT:AS$ESSMgNT: **g ,J . m t s.m et gP

Il ''TRACB04'hasThe'de'elopment'alAssebsmeni'M':heIastnNerics'forthE'3D'c6mponen'tI
inv o

I~ciu'ded"testingfEcBrr'ekishlementation'andValidation"todemonstratetheperfor-in
, , . , . _. , .

-

' ' mance'of the' fist numerics" "TyplBal' examples'on'iih'is' testing will"be shown'in"this.

' " ' m aM'nna@sect' ion ? * ^ " 'I " ' " d AG ''''M' " " ' *

my mn: n ~ k , d. + : - !: : ; mo m t ! p t a :M. n < .d r at m s m:' -: ':L

N# ^ T 86
5.1 TESTING FOR CORRECT IMPLEMENTATION

i
IThe testing for correct implementation'of'the first numerics has included two types !

of testing. For cases where'only'one dimension of the vissel, component is ut111 red, f
, , , , . . ,q. m ..,,7,,,, ,m, .,..- _- . . . .

Iit is possible to compare with the fast numerics for the one dimensional component,
,,..e. .. . . . .

which'wis developed forlTRACR05.,. In performing thisJcomparison, a temporary editivas

implemented into TRACiand.the_ individual matrix elements.were, printed out. Exacti
~

agreement was not expected"duelto minor differences inNhE implementation of consti- r

u .o w it.n.. t o- ; m . e ...

tutivescorrelations for..the s 1D and 3D components, but.very;close agreement shoulda
exist. An example of such a c'omharison is shown in Table 5-l'for a case of a fioEing
two phase-mixture of approximately 50% void fractiono3It=is... peen that the difference

is" W the order 0.01% o.'t.? r'1'es,s',"which is judged to b'e acEeptable~in light of the **
. . . .. x.. am . . .. w .t t

mentioned differences between.1Drand 3D components.33This. type of comparison was,
conducted using both very smallind very large time steps wh$r'eby both the time step
invariant part and time. step. dependent part of the matrix!alements could be tested

Ud" ' '~ """N'indiO12ually. **

wr .':.v men *:.. t ,t.
, ..w

'f R.O +1'?hafj.i- ini. N,'t . f,i3

For cases where several dimens'io'ns in the 3D component were 'used simultaneous 1y'.'the

testing.was conducted byrcomparing the fast numerics to the:old_ semi-implicit numerics
. , . , . , , a

for ' th,e' 3D component.,m" Again,wexact agreement is not. expect'eit since significant'n.n r. . + - # ., .~ . . ,. . ,

differences existed in tl.e, implementation of the constitutive. correlations between
the ID and 3D components for the'old numerical method, particularly for the intbri
facial; heat transfer. ..An:important part of the implementation of the fast numerics i

forjh'e~ 3D component was thEt ih'e' formulation of the b.3EN 'equAttons and the soltition
l

,m.c ; - 14, e- .nti.e .

method as far as possible.was made consistent with the,lD1 component. Consequently as
statsd.. exact agreement i..etween'old and new method is not expected, but similer'*I

. ,,,, e

m + ,r

results should be obtained. An example of such a comparison is shown in Figure 5-1
and 5-2. In the test case, a two-phase mixture with 50% void fraction was injected
in cell 3 ord extracted,f rom cell-8.* The fluid vould t simultaneously ' flow 'in, two M4

directions, the radial and the asimuthal. Due to the centrifugal force on th4' fluid.

5-1
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the liquid would tend to collect in the outer ring. whereas the vapor would primarily

flow in the inner ring. This is seen in Figure 5-2 where the void fraction in cell 6

is compared for the two calculations. The void in the vessel was initialized at a

value of 50E and after going through a transient. the void in cell 6 reaches a final

value of 312. This is seen in both cases. However, in the case of the fast numerics.

the transition is seen to be somewhat slower. This is a result of the numerical

diffusion inherent in the more stable implicit numerical methods, when large times
steps are taken.

Table 5-1

COMPARISON OF 'A' MATLII FOR ID AND 3D FAST NUMERICS

AC0EF ID VALUES 3D VALUES I DIF.

1.1 3.950678E-06 3.951298E-06 0.016
2.1 5.06084BE-06 5.060746E-06 -0.002
3.1 9.363116t+00 9.363813E+00 0.007
4.1 1.003686E+01 1.003665E+01 -0.002
5.1 0.0 0.0

1.2 3.640277E+01 3.64020$E+01 -0.002
2.2 -7.055 904E+02 -7.055763E+02 -0.002
3.2 1.009908E+08 1.009887E+08 -0.002
4.2 -8.388447E+08 -8.388279E+08 -0.002
5.2 0.0 0.0

1.3 1.100845E-01 -1.101546E-01 0.064
2.3 -1.099909E-01 -1.099886E-01 -0.002
3.3 -2.138908E+05 -2.136963E+05 -0.091
4.3 -2.134902E+05 -2.134859E+05 -0.002
5.3 0.0 0.0

1.4 -3.317188E-04 -3.317187E-04 -0.000 i

2.4 -1.105353E+00 -1.105331E+00 -0.002 |
3.4 -9.202743E+02 -9.203746E+02 0.011 ;

4.4 5.987460E+05 5.987340E+05 -0.001 1

5.4 0.0 0.0

1.5 -8.351036E-07 -8.357871E-07 0.082 ;

2.5 -8.309857E-07 -8.309691E-07 -0.002 I

3.5 -8.118153E+00 -8.118881E+00 0.009
4.5 -8.108095E+00 -8.107933E+00 -0.002 9

5.5 .1.0 3.115511E-06 *not j
relevant

]
I

* Comparison is not relevant since TFIDI value is reset to 1.0 when no air is i

present.

|

I
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Figure 5-1. SINGLE-LEVEL, TWO-RING, FOUR-SECTION VESSEL

Cross-hatched face is blocked, i.e. flow area in azimuthal direction is sero.
Shaded face is also blocked however, both PIPE 19 and PIPE 2d each with a flow

'' area of Im8 are attached normal to the shaded face so that the FILL adds mass to
cell f5 and the BREAK removes mass from cell #8. PIPE If and PIPE 29 both contain
,a single cell.one meter, i,n length.. -
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,

i Good agreement in the final value is observed, but differences exist during the

transient. Care must be taken during transients to control the time step size such
th:t any numerically introduced error remains at an acceptable level.

Brcd on these results, it has been concluded that the fast numerics for the 3D

component in TRAC has been correctly implemented.

5.2 PERFORMANCE TESTING OF FAST NUMERICS

Is crder to determine how much could be gained in execution time from the fast
,

numerics, i.e., how much the time step size can be increased without a significant ,.-

reduction in the accuracy of the simulation and what this means for the overall }>
cxecution time TRACB04 has been compared to the PSTF blowdown test 5803-01.
(Figure 5-3 through 5-9.) The geometry of the PSTF test is shown in Figure 5-3 and

I th3 TRAC nodalization is shown in Figure 5-4. A vessel component was used to

cimulate the PSTF vessel and a pips componaut was used for the break pipe. , 7,,

1
.

Two calculations were conducted with an upper limit on the time step (CMULT) of 100
cnd 400 times the material Courant limit. The time steps used in the two calcu-

,

lations are shown in Figure 5-5. For comparison, the old numerical method used

time steps in the order of I-2 msec. Initially, while the level is dropping the '
+

,

time step is controlled by the rate of change for the void fraction irk the cell ,

| cantaining the level. As the break pipe is uncovered and a rapid change in the '

br:ck flow takes place, the time step is temporarily reduced to a low value in the
ordsr of the material Courant limit. This is to be expected since an accurate
celculation of fast changes requires small time steps. However, as the levels drop
below the break pipe and the break flow is essentially single phase steam, property
ch nges become more sedate again and the time step size quickly increases to its
maximum allowed value. This is clearly seen for the case of CMULT = 100. For -

'

CMULT = 400, the time step is intermittently controlled by the rate of change in
,

ths vessel pressure. Consequently, a further increase in CMULT would not signifi-
'cantly increase the achieved time step size.

/
-

,
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The system pressure and break flow for the two calculations are si.0wn in Figures 5-6
and 5-7. Virtually the same results are obtained. In Figure 5-8 and 5-9 these
results obtained with TRACB04 are compared with the actual data and earlier results
obtained with TRACB01 which uses the old semi-implicit numerical method. Since

numerous changes in the basic equations constitutive correlations have taken place
between TRACB01 and TRACB04, identical results between the two calculations are not~

obtained.

It is seen that excellent agreement with the data is obtained and it can be con-
cluded that large. time steps can be taken_without loss of accuracy.

The runtime statistics for these cases are shown in Table 5-2. .It is observed that

a substantial reduction in run time has been obtained. The reduction in runtime is
not proportional to the increase in time step size as the iteration count tends to
increase with the time step size, i.e. as larger changes are calculated per step,
more iterations are needed for convergence. However, the advantages of longer time

steps clearly outweighs the cost of additional iterations giving a large overall
I

| gain.
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Table 5-2

EXECUTION STATISTICS FOR PSTF LIQUID BLOWDOWN

Semi- Fast Fast
implicit implicit implicit

numerics numerics numerics
CASE (TRACB01) (TRACB04) (TRACB04)

CMULT 1.0 100. 400.

Execution time 1309.0 84.31 66.06

Problem time 39.50 60.12 60.06

Execution /probles time. 33.14 1.40 1.01

Execution / problem time 66.0* 1.40 0.424

for last 20 seconds

*For_last two seconds of problem
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SECTION 6

CONCLUSION

A fast implicit numerical method has been developed and implemented for the 3D
- component in TRACB04. Together with the fast numerics developed earlier for the ID
components in TRACB, the fast numerics scheme is available for the entire hydraulic
model in TRAC. Consequently, the time step size is no longer limited by the
material Courant limit, but by the accuracy of the calculation.

!

The fast numerics has been extensively tested and it has been demonstrated that the
I model is correctly implemented and that a large reduction in execution time can be

obtained particularly for slow transients without loss of accuracy.

.
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SECTION 8
,

i

NOMEECT.ATURE |

Symbol U_ nit Description

A m' Flow area

.A N/A Matrix (Eq. 3.34)

!

B. N/A Vector (Eq. 3.34)

2B m/sec Momentum source

Courant number ;C -

C N/A Vector;

,

6 Pa Vector (Eq. 3.53)

d Pa Coefficient (Eq. 3.48)

E J/m3 sec' Energy Source

Matrix (Eq. 3.53)E -

| e J/kg Specific energy

' Vector (Eq. 3.48)e- -

F N/A Vector (Eq. 3.32)
.

'E - Patrix (Eq. 3.53)'

2 2i
F, kg/m 3,c Wall Friction

2 z
f kg/m sec Interfacial shear-

Matrix (Eq. 3.58)C, -

2g m/sec ~ Acceleration of gravity

h J/kg Specific enthalpyg
Imaginary unit-

Ja N/A Jacobian Matrix

k m"I~ Wave number

k - Virtual mass coefficient

8M kg/m .see Mass source

m kg Mass

~P Pa Pressure-

-8-l'
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NOMENCLATURE (Continued)

Symbol Unit Description

q W/m Volumetric heat flux3

R m Radial dimension

N/A' Vector (Eq. 3.34)Sc ,

T K Temperature

e see Time

V m/s Velocity

34 m Volume

x m Length

z m Axial dimension
Greek Symbols

, Symbol Unit Description

Void fractiona -

i

$ N/A Parameter (Eq. 3.1)

i

3p kg/m Density

Amplification factorA -

3r kg/m see Vapor generation rate

Azimuthal dimension-0 -

i

r

|

|-
'
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NOMENCLATURE (Continued)

Subscripts

Symbol Description

a Air

e Continuous phase

d Dispersed phase

g Cas

1 Index

I Axial index

j Index

J Radial index
K Azimuthal index

1 Liquid

R Radial
R Relative

s Saturated
v Wall
z Axial,

e Azimuthal

4

Superscripts

Symbol Description

d Donor cell

a Iteration count

n Time step

,

I
'

8-3
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