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Abstract

A complete technical basis for implementation of the 3-D fast numerics in TRACBO4
is 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
bzen 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
engineering costs. Both of these objectives have been realized.

The efficiency 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 anv 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
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
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.



SECTION 1
INTRODUCTION

TRAC (Transient Reactor Analysis Code) was originally developed by Los Alamos
National Laboratory for the analysis of pressurized water tcnctorn(3). Development
of a boiling water reactor version was initiated in 1979 as a collaborative effort
between General Electric Company and Idaho Nationsl 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 under the BWR Refill

Reflood and FIST 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 intercharged. 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.

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 trnasport model and the two phase level
model. x

o Evaluation and implementation of models for the balance of plant com~
ponents, such as the turbine, the heat exchanger, and the containment.
The treatment of air as an additional field (needed for the conatinment

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
accurate models for the thermal/hydraulic phenomena in the Boiling Water Reactor (BWR),
During this phase the existing semi-implicit numeris with its Courant limited time
step was adequate., However, as this task was completed and application of TRAC-BWR
was extended from large break LOCA analysis to small break LOCAs and transients, the
longer duration of these events created the need for faster numerics.
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At Los Alamos National Laboratory the stability enhancing two-step (SETS) method was
developed for TRAC-P!1(3) and at GE under the Refill/Reflood Program a similar
predictor/corrector method was developed for TRACIOJ(I). These methods for the ID
components led to significant improvements since the most limiting component often
was a 1D 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 1D 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.

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, TRACBO4, 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 GCE and INEL. Figure 1-1
shows the relationship between the two parallel efforts and the interacrions between
the two series of codes,
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SECTION 2
BASIC EQUATIONS

The BWR version of TRAC solves the conservation equations for mass momentum and
energv for the gas and liquid phases. The gas phase can be a mixture of steam and
air, while no air is assumed to be dissolved in the liquid.

The air and steam in the gas phase are assumed to be perfectly mixed and thus having
the same velocity and temperature. Furthermore, Dalton's law applies, i.e.:

P. + P. =P (2-1)

Consequently a total of seven conservation equations are needed: three mass equa-
tions for the steam, liquid and air; two momentum equations for the gas and liquid;
and two energy equations for the gas and liquid.

The three-dimensional conservation equations are:

Cas mass:
3 &
ETY (uos) + 9. (ao8 V!) B rg + M s (2=2)

Mixture mass:

3 et -
;1 ((l'°)°z * ao') + T . ((l-a)ol Vl + a0, V.) - R (2-3)
Air mass:
a -
3t (M.) + 7 (GO. V.) -H. (2<4)
Gas momentum:
ko
9 v c 3 = -
B%*% V"’.’;o—‘ e % Y v Wl
(2=5)
L - 1 1
- — v'-'-—-—f --—.’ 0'
o! ao' g o3 w '3
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Liquid momentum:

-F)+¥ .9V - .l BV o T e 9T] o
3t L i ) ?l-aSpl at R d R
(2-6)
i | VP -3 ] «-=TF + B
Ch (1-050z ig °y [
where Vk = V' - Vl (2-7)
Gas energy:
‘L(ca e) +7V+{ap e V) +P [-3-2¢Vo(a7)] -
it g 8 S 5.8 it 8
(2-8)
* h + + E
Y1g e "gs * %ug * By
Mixture energy:
3 -
3¢ (1) o, e e, o') + 7. ((l-c)ot e, V,* w, e V;)
(2-9)

+ PV« ((l=a) Vlo a V.) “%a q" - !.

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.

2.1 DISCRETIZED BASIC EQUATIONS IN 3 DIMENSIONS

The 3D vessel component in TRAC uses a cylindrical coordinate system as shown in
Figure 2-1.
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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, 0, e specified at the cell center,
Donor cell differeacing is used everywhere:

® for vi*& 20

d
Yooty *soi * Yy

(2-10)
‘i*l for V1+5 <0
v - vV
14k i-Y
& 4 ' = for V 1’5:0
v ( ) = V (2-11)
iod * X 14k v - v
i+l i+3/2 ik
= for vi-H <0
342 -1 w2 w3
V-2 vi-112 n v
;1-: -—---L ----:P' s
- L ] »
%1 % Pt

Figure 2-2, STACGERED GRTD VARIABLES

Using this donor cell technique, the discretization will he 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:
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I+, J,K

1 2 VRN Sulld ORI

Pg,I+k,1,K -

1 1
g ¢+ — f + —— F ] + B
T+ ao' . os Vo2, I44,0.K 82,144, J.K

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

s $e Sp oy SR, S 00
I+k,J,K AII s 4 A:I*l
. J%%1 Yeer, ke * Voot okl * 8%141 Ve 101, 0,k * Vgo,101,5,k0%
".I*k,J.‘ 2 (A'I +* "I’l)

Radial gas momentum:

d 4 d ¢
v v v v v
3 R R 8 R
Ttk t Vg RO v B B B - —F—lt T
d
ko v
’ (=5 e v, eV (—ﬁ-“) ]
W' pegx OF R 1,24%,K
2 1 PI,J*lll -'I,J.‘ [ 1 £ + 1 F )
g, 1,4,k J+ly g - i N R,[,J+&,K
"‘an.J‘htt {2-l2)
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Azimuthal gas momentum:

d d d
av v \Y av v v
: : 8 8 ‘g8 8 6 gR
Tt-ng.I.J.K“: + [v‘z (—51-: ) ¢ v'R (3—1—‘ ) + = (+a ) o+ ] PE
v vV, d
c 3 dé RE
+ (=) [ Vg * == G—-s;0 ] »
w‘ I.J.K“H H " . In-’o"‘!
P P
Y LKl - LK 1 . 1 g,
RN TR ., Ay pgwhlddd
+ B
‘O.I.J,K“j (2-13)
Similar expressions exist for the liquid phase.
Axial liquid momentum: : A
d d d
v av v av
3 Lz Lz 28 iz
T TR SN TR T AT Bhr ) e ¥ 55 lreng,1.x
d
. 2 Caz,
P — Y + V —_—
21-050! ok, 1,K at R2Z d2z 32 T4k, 7,k
P P
1 I’lj.’.‘ - X'J.l [ l 1
- - g - £ + — F 1
®1,14k,7,K 82,0 (T=alo, 18 o, v z,I+%,7,K
* By, 14k, 0,K (2-14)
Radial liquid momentum:
- d d 2
2 v . (v (—w“) .V (--—-av“) 1] (_...av“) " 1’:9_.)
3t AR,I,J4%,K Lz 3z ¢R AR R 36 R 1,J4%,K
Epc 3 avll .
- ( ) [ i ¢V ( ) ] -
(i-uSol 1,34,k 3t RR = 'dR 3R L, Jols, K
1 PI,JH,{ St F7 JRRT™ GNP T B
+ B
AR, I,J+,K (2=15)
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Azimuthal liquid momentum:

d d d
av av v av v Vv
3 48 28 26 20 1o ViR
5t e n et Vi O V% G % L6 ¢t 3 ]x I e
W v v, ¢
- k) AR R B
Pr 13,88 °F 1,J,Kehs
S it T P LR U W
“raLaxe o Raey Sren gl 2 Wl FAEL
* Bio,1,7,Kek (2-16)

2.1.2 Discretized Mass and Energy Equations

The mass and energy equations are integrated over the volume of the cell to give
the total change in mass and energy for the cell.

GCas mass:
N
- 2 (o)) + *.:f (Aap_ v)d -% (r +M) (2-17)
R e T A 8 8, x UK 8 8k
Mixture mass:
; Ng d
¥ = (l=a)p, + ap.) « I (A(l=a)p, V.)
IJR 3t L ® 1k jal S §,10K
Ne
* 351 (Auo' vg)J.IJK- %o Y I (2-18)
Air mass:
N
. () .t (o v)d_  _em M (2-19)
LK 3t ik gel a g3,IJK TLIK a,lJK
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Gas energy:

N
% 2 (0. ¢.) otf(nco.V)‘ + % _P (-gl)
1JX 3¢ 8 B g jel g8 81L,IK LK LK 3t
N
X d [ r E ] (2-20)
+ P I (AavV) =¥ q, *+ + + ] -
1IJK ju1 ‘j.IJK 1JE ig g &S ‘n g 1k
Mixture energy:
Ne
3
'”‘3; ((l-c)o‘ cloea. e‘) + I (A (l-a)ol e, VlOAaa‘ . V')
J.l juln
%
- Pm j-:-l (A(1-a) 'l . uv.)j.ln = ’IJI [q'x + q“ + !.)In (2-21)

In these equations the summation over j indicates the summation over all the faces of
the cell.
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SECTION 3
PREDTCTOR-CORRECTOR METHOD

The predictor-corrector method is a modification of the existing semi-implicit
{ntegration 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
of the matrices to be imverted. This is dome in the predictor step; however, perfect
conservation of the properties such as mass is not maintained. Therefore the second
step, the corrector step, is needed.

To illustrate the principle of the predictor-corrector method comsider the following
simple system

%% st %% (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
existing numerical method in TRAC yields

g ¢ =-c o -9 ) (3-2)

where C is the Courant number: (:-'%:'E

This equation can be solved explicitly to give 0:". A stability analysis on this
equation gives the following expression for the amplification factor*)

ikax

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

Stability requires |i| < 1 and comsequently we must require C <Il.

*This amplification factor is the growth rate for a disturbance with a wave nvmber
k to the solution.
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If a fully implicitly intcgration method was chosen, Equation (3-1) would be
linearized as

ke o1 g b n+l _ .n+l 3
'3 - 03 c (OJ ‘j-l) “ (3-4)

A stability analysis on this equation gives

\

1
A= (3-5)
1+ C (1055

An examination of this equation reveals that |}/ <1 for all values of C, i.e. the
implicit integration method is unconditionally stable. However, from Equation (3-4)
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.

In the predictor step the explicit and implicit integration techniques are combined
in such a way that outflow is treated implicitly, but inflow explicitly, and the

discretized form of (3-1) becomes

n+l n n+l n
Oj - Oj = - C (OJ - 03_1

) (3-6)
This equation can be solved directly as for the explicit equation and the amplifica-

tion factor is

-i1kéx
(3-7)

e L
+|O
O

It is seen that Equation (3-6) is unconditionally stable.

Consequently, in Equation (3-6) we have the simple solution method of the explicit
formulation and stability of the implicit formulation. The advantages of both
methods are obtained except that the property ¢ is not perfectly conserved.



n+i
i

as the flow into cell i+l is V‘: At and the error in the conservation of the

Consider the flow between cell i and i+1. The flow out of cell { is V¢ At, where-

property ¢ is:
n+l n % , 2 ‘
E=V At (01 ‘.1)'V-5?At (3-8)

The corrector step is needed if perfect conservation of the property ¢ is to be main-
tained. The exact form of the corrector step depends on the problem to be solved and
will be discussed in Section 3.3.

It is worthwhile noting that the error in the property conservation is a second order
term, i.e. the same magnitude as the truncation error in any first order integration’
method. :

In the existing semi-implicit integration me*hod in TRAC, the properties convected
across a cell face are treated explicitly. The only coupling of new time properties
between cells is through the velocity dependence on the pressure difference across

the cell faces. The basic form of the equations after elimination of the velocities
is:

AP
ta N .
- = -
b {0 Bt P G O (3-9)
AT 3=
.
sP
a

IJK

where & represents the difference between new and old time properties and AP is

5. LR
. the pressure change in all the neighboring cells. Multiplving rhis equation with
‘;}l yields
AP
Aa -1 ~ Nf s =
Nor—bum - o . 2o byam” o Wy ol
aT, ]
&
APaJ
IJK

The first row in this matrix equation is the pressure equation, coupling the pressure
change in a cell tn the pressure changes in the neighboring cells. The pressure
equetion ¥§ a system of linear equations with a size equal to the number of mesh

cells in the problem. Consequently, in order to solve the pressure equations, a
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lc x 'c matrix has to be inverted, where lc is the number of cells. For typical BWR
applications 'c 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*

AP N AP
Aa e f z Aa
éIJK AI‘ = EIJ!" jfl 3, 1JK ax' (3-11)
AT AT
L L
& AP.

IJK

To solve this equation requires solving a system of equations of size SNC. 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
[ c c [
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.



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 formulate the convective terms as a
combination 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.

1f a correcLor step to restore 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 Sect on 3.3 it will be shown that this is indeed the case.

3.1 PREDICTOR STEP

The spatial discretization of the 3D comservation equations was shown in Sections 2.1.
In this section the discretization in time will be developed. The modification to

the existing semi-implicit integration technique to generate the predictor step only
affects the temporal discretization.

3.1.1 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
equations for the axial directisn, 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 bv the new time properties and inflow by the old time
properties. The off diagonal terms will be based strictly on old time properties as
Y¢fore. The interfacial shear and wall friction will be based on the new velocities
using a Taylor expansion around the old velocities. The fully discretized axial
momentum equations then hecome:
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Az for V
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L TR e - 42 1 Voo, 143/2 = Rz, 14k -
82141 R X
Pn#l c Pn*l
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aF 3F
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(3-13)
Examination of these equations reveals that they are linear equations in Vn’l ’
+1 n+l n+l gz,1+%,J,K
Viz Loy, J,K* PI J.K and PI#I JK Consequently, the new velocities can be solved
’ » ’ » » . >

for as function of the new pressucec.

+1 . n+l n+l

vnn-I*H.J.K cvsz.I**s.J.l: o cgz.w,..x.x (PI.J.K = P (3-14)
+1 n+l n+l

vnu-l“i-J.K 0u.I**s.J.ll * Coato, 1,k Pr,ak " Prer,o,0 (3-15)

Similar equations can be generated for the radial and azimuthal directions, and for
any 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:
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Gas Mass
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Mixture Mass
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+ Similar terms for the J and K directions
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Air Mass
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Gas Energy
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+ Similar terms for the J and K directions
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. B s+ h_+ + 1™ e 3-19
k(94" T gh ge* 9 g - 190

Mixture Energy
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(an. .g)I.J.K + ('“)I,J.K' for v.z.l-ﬁ,J,K <o
+ Similar terms for the J ard K directions
™ (3-20)

A 'iJl [qvl : q'. )] !-]IJK

n+*l  n+l _ne+l
Examination of these equations reveals that they are equations in '!JK' a1k T.IJK’

T:;}K. ':;}K and the new velocities at the faces of cell [JK. Here the following
relationships have been used
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Using Equations (1 )y, (3-15) and the equivalent expressions for the
azimuthal d y the new face velocities can be eliminated fr

(3=16)~(3-20 resulting equation is of the form

where F ar k P vecto [ and ‘;"k' re"resents the source terms.

source term exist for t} vessel

€ same discretization

he .-(pr-‘v,‘uf 18




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

S, LJK represents the

((1=a) o )“’l for v+l > o

2 L 1K s, LUK —
My A |V s ((1=a) p.)" for v“"
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(3=30)
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Substituting (3-27)~(3-31) into Equation (3=25) and expressing the source velocities

in terms of the pressure difference using expressions equivalent to Fquations (3=14)

and (3~15) gives

n+l
P
« | "f
Fam b . nm
v i
L
P
* x

v"" : ¥

n*l
) =0
IJK jel

+l
(¥} IJ.IJI

.l
1K " "n

K -
(3-32)
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Here a summation over the sources has been introduced for the case that more than one
ID component is connected to the vessel cell.

In solving Equation (3-32) it is convenient to combine P?}: from the second term

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

n+l
: Nf n+l “' Pnol n+!
F g - Feyix Ty * .4 ¥y P = Peg 1 * O
Ty (3-33)
P
1%

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

AP m+l,n+]

N
m,n+l  |da 8,80l ¢ ,n+l 1,n+l
fux et " fod e oY 1k
at
e
ap
* Ix
'l
m,n+l +]l,n+l +],n+l
» ,En Se3' Tk (AP:J‘ - AP:J.IJ' ) (3-34)

where m is the iteration number (this {teration is called the outer iteration). Here
A is the Jacobian matrix of F

=1JK
m,n+l el
d1y = Ja (IR (3-35)
and
Foﬂ’l i a‘Pf.n;-lm
4, LIK a'-.uOi (3=36)
§, 1K
armnel
snel 81, 1JK
L 3 (’.,aii’_ Pl (3=37)
1JK s, LUK
P m,n+l
N N
a f L]
el .t snely nel ynel
B K LA L ot TR L™ 321 by Bk - Yroow
T
P
'.

LIK (3~38)




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 NETWORK SOLUTION

In the previous section, the final discretized form of the conservation equations
was developed for the faet numerics. A key feature of this Equation (3-34) {s that
its basic form is unchanged from the current semi-implicit formulation in TRAC, and
only the elements in the equation have been modified, {.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 ":J! and omitting the superscript in one gets:

ap 3
“ - f -
A T fl €k O,
or, 1
- (3-39)
' Ix
N
. -~
. 351 Sey tax @Pryg = Oy 1)
where

£ ‘l
x " Pix (3-40)

~ -l &
tJ.!Jt " i E1.1.:1: & (3-41)
-1
5w " e 5, (3-42)

By examination of this equation it is obvious that when all APs are known Aa, AT'.
41‘. and AP. can be obtained through back substitution, Consequently, the task {n
the network solution reduces to the calculation of the change in total pressure,
ap.
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The first row in Equation (3-39) is
Ve
= " Bt ¢ BB R

(3=43)

CL G, Wt )

This is the pressure equation that is solved in the network solution. For an 1D com-
ponent Equation (3-43) reduces to (see Figure 3-1)

S
-

e o e e o e
e -
-
-
P - -
b o e e
:

.~

Figure 3«1, NODALIZATION OF 1D COMPONENT

n s
aP, = (b3}, ¢ L Eah Bt 8 (8P, = 4P, ) (3-44)

.10 8,1

i=1
where

.a is the number of neighboring cells to any given cell; for an internal cell N“
is 2 or 3; for an end cell N“ is 1}

l. is the number of sources to a cell; N. is o for an internal cell; and | for
an end cell.

Rearranging Equation 3,44 to

N i
n '
AP‘ - ’f‘ (ej.‘)‘ A'j,t - (bi}l . ,51 (lei.‘)l (APt - A'.j.‘) (3=45)

315



and rememiering that [ui .]‘ is only non-zero for an end cell the, system of linear
equations can be solved to give

"
AP, =d _+ ¢ e, _a% (3=46)
O e T
where A'PJ o 18 the change in AP across the source junctions
. - -
e.8. A P“ - AP“ Arl (3-47)

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

e Tl

Figure 3-2, JUNCTION OF ID COMPONENTS

Let 3‘01 be a vector describing AP across all junctions in the svstem including ID-1D
and 1D=3D junctions. For cell 11. Fquation (3=46) can be written as

APy Ay v e BT (1-48)
Similarly for cell k. Equation (3=48) can be written as
By ®hy * &, Z'FJ (3=49)
Subtracting (3=48) from ()=49) and remembering that
Q‘Pj“ “ aPg = 0Py, one gets
2 - I - by -
[ TR T TR O Z'f, (3=50)

16



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

COMPONENT §

eonaniil,

Figure 3-3., JUNCTION OF 1D AND 3D COMPONENTS

For cell tl Equation (3-46) can be written as

Ry 4y, 0y, 0 TR

Substracting AP from this equation and remembering that

X

3 -
A%P - "t A!!

113 1 X

. - Y . -
00y dyy v ey, TE, -0,

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

g: TF «F . p . W

whare TP” 1s a vector of all the pressure changes for the ID component,
Equation (3-53) can be solved to give

I'fj - 5 .« p W

£ 8§ 12

(3-51)

(3-52)

linear

(3-53)

(3-54)

(3=55)

(3=56)

In Equation (3=41) A'.J‘ - APIJ' , 1% AP across a junction to a ID component.
L

Consequently, Equation (3=43) can be written as

g-i‘!’-t‘loge-ﬂj

»1

(3=57)



Substituting Equation (¥=54) into this Equation, one gets:

Qom.rioic-fr‘orOW] (3-58)

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

From there on the rest of the solution consists of back substitution, K"; is

obt .ined from Equation (3=54), the changes in individual pressures in the 1D compon~
ents are obtained from Fquation (3-46), and finally the changes in a, T.. T‘ and P.
are 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
into the neighboring mode, conservation of properties {s 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

l)‘ hence,

the energy equations makes the energy equations of a non-conserving form
4 corrector step to precisely conserve energy is futile.) To conserve mass, the
corrector step solves the mixture mass Equation (2«17) to obtain the new void
fractions. The mixture mass equation is discretized using a fully implicit

technique as:

_ nel n
‘!JK [((1=a) 0, * 10.) = ((1-a) p, + ua.) llJl -

ne+| n+l .
ad g ((1=a) o)y ¢ for Vot ux2°
I*.J.K “ot‘ho-’o‘ n+l nel
((l=a) p0,) for V
L7 1+1,J,K lz, 1+, 1,k < o
n+! nel .
. Y1 (°°|)IJR for vla.tOH.J.l -°
..’t*OJO‘ ‘l .l At
(ap )" for v < 9
' "l.-’.. ”.t"s.-’.‘
n+l +1
- ((=a) o)y 1,0k for 'nu.x-t..J.x 2
M SRS AR SN o ol
((l=a) pl,!.J.l for L2, 1=k, 1K < 0
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wel for V"’l

(”.’t-l.J.l g2, I-4,7,k 2 °
s 'nOI ol
82,14, 0.k asl ! R LN L
(a0 )y 5k for Vot .k ¢°
+ Simiilar terms for the J and K directions. (3-59)

In this equation, the densities and velocities are those calculated in the pre~
dictor for step u+l.

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

((1=a) o‘):;: for '::!!JI 20

n+l +1
MOt * A 1m | Vet

n+l +1
((l=a) °g).,131 for v:o.tJl <0
n+l 1
2 (q..)le for ':..IJR 0
. v“” - (3=60)
. n+l *1
(u.)..l“ for V'.".mt « o

Again, the densities and velocities are the new values obtained from the predictor
step. Substituting Bquation (3-40) into (3=59) gives an equation in only the new
void fractions, which can be arranged to be of the form:

¢
sl nel
Ak %o Bpgy o et 89y
(3=81)
'.
nel nel

Dividing this equation with “IJ!’ gives an equation of exactly the same form as the
pressure Equation (J=43) and the network solver can be used unchanged to obtain the
new void fractions. Since Equation (3-59) (s on a conserving form, the mixture
mass is conserved perfectly,

To determine the amount of air relative to steam and to get perfect air conservation,
the alr mass Equation (2«18) is discretized using a fully implicit technique as:

n+l n
T B T T
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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

P------q

GAS
"

poeeeoa

~

Figure 4~1. WATER PACKING

Figure 4~1 shows a case of rising water level that is notorious for producing water
packing, especially {f the liquid is subcooled. Below the level the liquid
velocity 1is Vo and above the level the liquid velocity is zero., If condensation at
the level was present, the liquid velocity above the level would be negat ive,

The liquid velocity as function of elevation is plotted in Pigure 4~1 and it ia

seen that a discontinuity or jump In the liquid velocity exists at the level. This
discontinuity moves upward with the velocity Vo.
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With a finite discretization in space as shown on Figure 4~1, the velocity at
boundary i + % would be zero until the level crosses the boundary and then it would
be Vo. If the time step size is At and the node length is Az, the pressure differ-
ence between cell 1 and { + | necessary to change the liquid velocity from zero to
'o in one time step will be:

AP = 4 [*] Vo
T" L ¢ (4=1)

Typical numbers of 4z = 1.0m, 9, = 1000 kg/m®, V, = | m/sec and O¢ = 107? sec, result
in 4P = 5,0 x 10° Pa. A pressure spike of this magnitude is sufficient to signifi-
cantly perturb the exescution of any code. Furthermore, reduction of the time step
size, just makes the problem worse.

This phenomenon can occur whenever a discontinuity exists. In practice, however, it
is only a problem when the void approaches zero, where the inertia is high and the
compressibility is low.

A possible solution would be to reduce the node size 32 to better simulate the fact
that the liquid velocity actually changes over an in finitesimally short distance.
However, that woyld increase the number of mesh cell to the point of making the cost
of the caleculatiens prohibitive. Thus, special measures are needed to resolve this
problem of water packing.

If the void frnclton and liquid velocity change continuously as function of the axial

distance, the vold and liquid velocity at boundary { + % would behave as indicated in

Figure 4-2,
a
[ "
L 2 Vo »

Figure 4~2, CONTINUOUS CHANGE IN NODAL PROPERTIES
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In this case, no problems exist for the numerical integration since the properties
- are continuous.

For a discontinuity, the void fraction and liquid velocity and boundary { +
change as indicated in Figure 4-~3.

10 S e

— - + -
‘o o

Figure 4~3. DISCONTINUOUS VARIATION IN NODAL PROPERTIES

In this case, the water packing phenomenon occurs.

One way of dealing with this problem, which was previously used in TRAC, was ¢

reduce the l1iquid {mertia by some large factor (typically 10°) {f a pressurs spike
was detected. This had the effect of allowing a change in the liquid ve ..ity for
a very small 4P, This vorked in most cases but sometimes tended to lov: the

pressure to a constant value. Furthermore, this solution was only implemented for

internal boundaries, and not for junctions between components.

A different approach, which has been very successful, is to ensure that as the void
fraction approaches zero, it does so continuously,
*"

‘ Mern2

[ o

Figure 4-4, MODIFICATION TO DISCONTINUOUS VARIATION PROPERTIES WITH WATER PACKING
LOGIC
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As the liguid level approaches boundary i + %, the void in cell {1 will gradually drop

to zero., However, gi

smoothing out this transition as indicated in Figure 4-4, the water packing can be

, Changes abruptly from one to zerc when a, reaches zero. By

eliminated. This is accomplished through a modification to the momentum equation.

n+l, m . " . [
Let 3y Ik be the latest value for the void fraction in cell IJK and 3y g A0
n+l, m+l . " v
estimated value for %y g in the next iteratiom, (Figure 4-5). 3y g COP be

obtained from equation (3-39) since the second eslement in B' is the change in 5 1f

the neighboring pressures do not change

> n+l,.m ' | ‘
S o * H!TK ] 4=2)
Tolet the void fraction approach zero gradually, a corrected void fraction is

calculated as (see Figure 4-5):

n+l,.m "
‘ n+l,m , 1K 1x :
LXK . g O T el ) (4=3)
1K

This modification is chosen as it resuits in a cortinuous variation in o, has a

continuous slope at iteration m, and it approaches zero asymptotically at iteratiom

1

m L
n+l, m+) ¢
For {teration m + to give in 1 rx * 8y more ligquid must be removed
from ce 1JK. the amount 1is
v ( -
“m - { -ls )
1JX IJE "¢ "*rx "LIK -
This is accomplished by modifying the ligquid velocities at the faces of cell 1JK
For example, the velocity at face | + %, ., K 15 modified, resulting in the new
velocity
" ~
A ((1=a ‘1.'u0 | n+l.m P S TN
4 . ’ v _ |
: e TL [+%,].% Lz, 14%,J.K LIK A,
el " 10
1 - ] ‘
iz, o s P ntim . Ea .
' *y,J,K “hy,J K
vhere A, is the sum of the areas for a faces ¢ " K whore the water

s LJK
packing modification is to be done




Here it is worth noting that with the expomential chosen in E-uwation (4-13) Am ~ At?,
i.e. the modification to the velocity goes to zero as At goes to zero.

The water packing logic i{s turned on {f the following conditions are met.

Gt 0 (o3« '.1.:.. wd ol < 0.99)

L nt >0.1 for at least one neighboring cell.
i.e. the void fractiom in cell IJK is approaching zero and there is room for the
extra liquid removed from cell IJK in ome of the neighboring cells. It should be

noted that with the second criteria, the capability of the code to predict water
hasmer is not affected.
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EXPONENTIAL CURVE

Figure 4~5. WATER PACKING MODIFICATIONS TO VOID FRACTIONS
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SECTION 5
DEVELOPMENT ASSESSMENT

The developmental assessment of *he fast numerics for the 3D component in TRACBO4 has
included testing for correct implementation and validation to demonstrate the perfor-
mance of the fast numerics. Typical examples on this testing will be shown in this
section.

S.1 TESTING FOR CORRECT IMPLEMENTATION

The testing for correct implementation of the first numerics has included two types
of testing., For cases where only one dimension of the vessel component is utilized,
it is possible to compare with the fast numerics for the one dimensional component,
which was developed for TRACBO3. In performing this comparison, a temporary edit was
implemented into TRAC and the individual matrix elements were printed out. Fxact
agreement was not expected due to minor differences in the implementation of consti-
tutive correlations for the 1D and ID components, but very close agreement should
exist., An example of such a comparison {s shown in Table 5-! for a case of a flowing
two phase-mixture of approximately 50T void fraction., It is seen that the difference
is in the order 0.01% or less, which {s judged to be acceptable in light of the
mentioned differences between LD and 3D components. This type of comparison wvas
conducted using both very small and very large time steps vhereby both the time step

invariant part and time step Jdependent part of the matrix elements could be tested
individually.

For cases where several dimensions in the ID component were used simultaneocusly, the
testing was conducted by comparing the fast numerics to the old semi~implicit numerics
for the 3D component. Again, exact agreement {s not expected since significant
differences existed in the implementation of the constitutive correlations between
the ID and 3D components for the old numerical method, particularly for the intere
facial heat transfer. An important part of the implementation of the fast numerics
for the D component was that the formulation of the basic equations and the solution
method as far as possible was made consistent with the D compenent. Consequently as
stated, exact agreement between old and new method is not expected, but similar
results should be ohtained. An example of such a comparisen (s shown (n Figure 5«1
and 5«2, In the test case, a two~phase mixture with 50% vold fraction was injected
in cell 5 and extracted from cell A, The fluld would simultansously flow in twe
directions, the radial and the azimuthal, Due to the centrifugal foree on the fluid,

5=1



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 50T and after going through a transient, the void in cell 6 reaches a final
value of 31Z. 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 wore stable implicit numerical methods, when large times
steps are taken.

Table 5-1
COMPARISON OF "A' MATLIX FOR 1D AND 3D FAST NUMERICS

ACOEF b vALURS 30 _VALUES 1018,
1.1 3.950678E-06 3.951298E-06 0.016
2,1 5.06084BE-06 5.060746E~06 -0.,002
1,1 9.367116E+00 9.363813E+00 0.007
4,1 1.003686E+01 1.0036658+01 -0,002
S.1 0.0 0.0
1,2 3.6402778+01 3.640205E+01 =0,002
2,2 =7.055904E+02 «7,055763E+02 0,002
3,2 1.009908E+08 1.009887E+08 «0,002
4,2 -8, 8844 TE08 -8,388279E+08 =0.002
5.2 0.0 0.0
1,3 1. 100845E-01 =1.101546E-01 0,064
2,3 «1.099909F-01 =1.099886E-01 «0,002
3,3 =2.138908E+0% «2.136962E+05 -0,091
4,3 «2.13A902E+05% =2, 1 Y4R59E+05 0,002
3,3 0.0 0.0
1,4 «3.317188E-04 =3.317187E-04 «0,000
2,4 =1.105353E+00 =1,105331E+00 -0,002
3.4 =9,202743E+02 =9.,203746E+02 0.011
b4 5. 987460E+05% 5.987340E+05 0,001
’I‘ 0.0 0.0
1,% ~8.351036E-07 ~8.357871K-07 0.082
2.5 -8, J0O9RSTE-07 «~8.309691 F-07 «0,002
3,5 ~8.118153E+00 8.1 18881E+00 0,009
4,5 8. 108095E+00 “8,107933E+00 =0,002
5.5 1.0 3. 11551 1E-06 *not

relevant

“Comparison is not relevant since TFINT value ia

present .

5-2
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Figure S5-1, SINCLE-LEVFL, TWO-RING, FOUR-SECTION VESSFL

Cross~hatched face is blocked, {.e, flow area (n azimuthal direction (s zero.
Shaded face (s also blocked; however, bhoth PIPE 1@ and PIPE 20 each with a flow
aren of Im” are attached normal to the shaded face so that the FILL adds mass to
cell #5 and the BREAX removes mass from cell #8, PIPE |¢ and PIPE 20 both contain
a single cell one meter in length.
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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
that any numerically introduced error remains at an acceptable level,.

Based 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

In order 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
execution time, TRACBO4 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
the TRAC nodalization is shown in Figure 5-4. A vessel component was used to
simulate the PSTF vessel and a pip. compone.t was used for the break pipe.

Two calculations were conducted with an upper limit on the time step (CMULT) of 100
and 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 1-2 msec. Initially, while the level is dropping the
time step is controlled by the rate of change for the void fraction {rt the cell
containing the level. As the break pipe is uncovered and a rapid change in the
break flow takes place, the time step i{s temporarily reduced to a low value in the
order of the material Courant limit. This is to be expected since an accurate
calculation 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
changes 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
the 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 sl.own in Figures 5-6
and 5-7. Virtually the same results are obtained. In Figure 5-8 and 5-9 these
results obtained with TRACBO4 are compared with the actual data and earlier results
obtained with TRACBO! which uses the old semi-implicit numerical method. Since
numerous changes in the basic equations constitutive correlations have taken place
between TRACBO! and TRACBO4, 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

gain.
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EXECUTION STATISTICS FOR PSTF LIQUID BLOWDOWN

CASE

CMULT

Execution time

Problem time

Execution/problem time

Execution/problem time
for last 20 seconds

Table

5=2

Semi- Fast
implicit implicit
numerics numerics

(TRACBO1) ~ (TRACBO4)

1.0 100.
1309.0 84.31
39.50 60.12
33.14 1.40
66.0% 1.40

*For last two seconds of problem

< paziset

T POIICSAHH

Fast

implicit

numerics
(TRACBO4)
400,
66.06
60.06
1.01
0.424
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Figure 5-8.
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SECTION 6
CONCLUSION

A fast implicit numerical method has been developed and implemented for the 3D
component in TRACBO4. Together with the fast numerics developed earlier for the 1D
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
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

NUMENCILATURE

N/A

n/sec?

N/A
Pa
Pa

J/m3? sec

J/kg

N/A

kg/m? sec?

kg/m? sec?

m/sec?
J/kg
N/A

o |

kg/m? sec

kg
Pa

Description

Flow area

Matrix (Eq. 3.34)
Vector (Eq. 3.34)
Momentum source

Courant number
Vector

Vector (Eq. 3.53)
Coefficient (Eq. 3.48)
Energy Source

Matrix (Eq. 3.53)

Specific energy

Vector (Eq. 3.48)
Vector (Eq. 3.32)
Matrix (Eq. 3.53)
Wall Friction

Interfacial shear

Matrix (Eq. 3.58)

Acceleration of gravity

Specific enthalpy
Imaginary unit

Jacobian Matrix

Wave number

Virtual mass coefficient
Mass source

Mass

Pressure



.

NOMENCLATURE
Unit

W/m
m

N/A

sec
m/s

(Continued)

Creek Symbols

Unit

N/A

kg/m?

kg/m? sec

8-2

Description

Volumetric heat flux
Radial dimension
Vector (Eq. 3.34)
Temperature

Time

Velocity

Volume
Length

Axial dimension

Description
Void fraction

Parameter (Eq. 3.1)

Density

Amplification factor

Vapor generation rate

Azimuthal dimension
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NOMENCLATURE (Continued)

Subscripts

Description

Air

Continuous phase
Dispersed phase
Gas

Index

Axial index
Index

Radial index
Azimuthal index
Liquid

Radial

Relative
Saturated

Wall

Axial

Azimuthal

Superscripts
Dcscrigtion

Donor cell
Iteration count

Time step
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