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ABSTRACT

A reactor sarety code that provides laster-thuan-real-
time capabilitres greativ erhances the elfectiveness of arn
aralvst,  We have developed a rew version of the Trarasient
Reactor Aralvsis Code. TRAC-NPA, which 1s capable of rurning
manv one- and three-dinensional transients faster than real
time or current  computers. TRAC 1s ar [uleriarn finite-
ditterence Code desipgred  to model  transiernt,  two-phase,
multidinefsiorai,  stem -water  [lew  ar ruclear  reactors.
TRAU-NPA 1« tast rurring hoth because 1t emplovs  the
ellrcient  stabpistv-erhencing  two-step  (SETS) “rumerical
method  ard  because  ruch  of the codiny 05 vectorized.
Adaptation of TRAC fer computers with parallel architectures
car turther arc-ease the computational speed We articipate
that rew percrations ol supercomputers will allow creative
rew uses  Jor reactor  saretv codes rurning siprilicantly
laster thar 1eal time.

TRAC-NPA has been coupled to ar interactive graphics
executive to create a versior of the jwdlear Plant Aralyzer.
The Teatures of the esecutive arclvde instantanecus user-
fraendly display ol ca ulatioral vesults. replav. 1estanl
wilh parameter  vartatiorn, anmd arteractive simulation  of
eperater actions, The praphics exccutave thus provides arn
irterlace that car turther erharce the effectiveness oY an
araivet wher the underlving satety code provides faster-than-
real - time simulatior.

This work was furded by the US Nuclear Repulatory Commissior, Offarce of Nuclear
Reyulatory Research. Divisior ol Acerdert Ivaluatoer.



1. INTROLUCTION

The Trarsiernt Reactor Aralvsis Code (TRACI 18 an advanced bhest-estimate
svetems code tor araivzing hight-water reactor (LWR) acoidernts. It s be:np
developed at the Los Afamos Natioral Laboratory urder the sponscrship of the
Keactor Safety Reseurch Divisiorn of the US Nudlear Regulatorv Commission (NRC).
TRAC is used arourd the world for reactor safety applications,

A preliminary TRAC version was completed r December 1976. The [irst
publicly released version was TRAC-P1 (Ref. 2), completed 1r December 1977.
Late, versions, primarviv TRAC-PD2 ard TRAC-PF1. have beer released to over 60
orgamizations.  The last code in the TRAC series. TRAT-PF1/MOD1 (Ref. 3), was
ready to be released 1n Julv 1983, An extensiorn o TRAC-PF1/MODI. TRAC-NPA, was
designed especially tor real-time simulation. TRAC-NPA is described 16 Sec. 1V,

The TRAC code originullv was desipgn~d primarily for the aralvsis ol large-
oreak less-of-coelant acciderts (LOCAs) 1. pressurized water reactors (PwRs).
lowever., followiny the Three-Mile Jsland (TMl) accident. the recessitv for
analysis of longer term smell-break transierts becume very apparent. The semi-
mmplicit rumerical method used in TRAC-PDY? and rarlier TRAC versions is adequate
for shorter term large-break trarsionts but is extremely inetflicient for slower
trarsrents: tha! is., the time-svep sizes resulting ror the meterial Courarnt
stability limi: of the seri-implicit method are much smaller thar reasorable
error cortrol requires.  Arn obwious oure tor this problem 1s the use ol a tully
mmplicit rumerical methbod? howeves . this alternative s net attractive because
1t requires substantial charges ar the TRAC code and multiplies the cost per
cell per step ol the 11 vd-dvrarics solution by a Factor of s1x. The stability-
enharcing two-step (SETS) method® was created to gmprove the running time ol the
:xastary TRAC code with minmmal ampact or the code structure and results,  The
SETS methaod. descrabed an Seo, 11 ebiminates the paterial Courant stabilitv
Limit by adding o stabilizer step to the basic sem-implicit equations.  This
method gnereases only the computation cost per step by 20 to Sou.,

The  SETS mothod  was ampiemented Tor the one-dimensiopal  hvdrodvramie
components ol TRAC PEY and TRAC-PF1I/MOIM and has resulted an faster rurnnming
times for systems that are modeled usipy oniv the one-dirensional components,
For example, the Semiscale Mod- 3 small-hreak test was rur ~10 times laster using

TRAC-PIT as compared to TRAC-DPDY, A ore-dimensional o sieulation ob o TMIE-type
] |



accrdent rurs 10 times taster thar real-time or a Crav-18 computer wher the SETS
rethod 1v used.  The success ol the ore-dirernsiond! SETS method led us to
tormulate o three-dirensiopal externsior tha” has heern 1ncorporated ante the
TRAC-NPA (ode.

TRAC provides for variablz-dimension fluid dvramiest that 18, a complete
three-dimensioral I'low calculation can be used wherever recessary Jor accurate
modeling of multidimensioral flow patterns: the I'low within the other components
ther is treated ore Jdimernsiorallv.  The availabilitv .r TRAU-NPA of the SITS
method lor hoth vre- amd three-dimersivcral tvdrodvramic comporents ircreases the

va-ietv of transients that car be simulated accurately 1 real-time.

I1. THE SETS METHOD
To demorstrate the SETS rumerival method.” we corsider o simplified model
for ovne-dimernstional. sinple-phase flow 1r a herizortal pipe. The differential

equations for this model are

CLAE (1)
at

;%L + ¥ 0 peV o= -pt o« R
:

ard

.

Noyvoeve s Loy cwkvvr (3)
ot I

Hereo # s the mivrescopre density, 1 s the time, Vois the velucitv, ¢ 18 the
trternal evergy, p s~ the pressure. ard K oos o wall Friction coelfacient that

wiy be a ltunctior of veloortv and flupd properties,
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A stugpered spatial resh 1s used tor the Iirite-ditlerence equations, with
thermodvramic  properties evaluated at  the «cell certers and the velocity
evaluated at the cell edpes.  To ervure stabrplity arnd To muirtalrn cofspstency
with dJdifrerercirg ar previous RAC wversions, [lux terms at cell edpes use

doror-cell averapes of the lorm

<YV> v

i+172 = Y3V o Vi 20

= Yj+1v_l+l/'2 : vj+l/2 <O (4)

Here. Y may be ary state vartable. With this notatiern. the one-dimensional

finite-difference diverpence operator s

VJ . (YV) = lA_i+1/2<\.v>_i+11’2 - Aj_l/2<\'v>j_l/2)/\’0lj . (‘)

where A is¢ the area of the celi edge and vol; the cell volume. The term VOV

becomnes
\j+1/3v1+1/2v = VJ+1/2(\J+112 - ‘j-l.?”AKJ+1/3' VJ+1'2 > O

= Ve 2 s V2V e Vg o0 tol
where

A"j+l/2 = (».S(Ax.-‘ + Ax l

1+1

For the rlow model piver by Lgs. (1)-t3), the combiration of basic and
stabilizer ecquation setls van be writter in several wavs.  One ordering that is
stable evern lor three-dimensional, two-phase llow bepains with the stabilizer
sep lor che equations of methron, as toellowed by a solutior ol the basic

cquation set for all equations, ard erds with a stabilizer step lor the miss and
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ereryv equatiors.  bor this werder:ng. the SITS tirgte-drfterence equations for

Lus. ¢1)-030 are

STABTLIZER FQUATION D MOTION

yrtl _vh . T ur+]
(VX172 = V2738t = Vi oVt
vr+l _ yl vh
+ J(\J+l/2 v]+1/3)vj+112\
1 -
M (Flar - PP
<> 120% 41,0
T v+l T, T
+ RV - Va2 Vi =0 (7
where
g o= 0, v‘”,,v“ <
= 1_ \—=+]/2\'l'. ~ ()
BASTC LQUATTONS
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STABILIZER MASS AND IINIRGY EQUATIONS

R Y At A I TR (1)

(phtle r+l . pTe)/at 4 ¥, - (pFtl r+lyrtl,

Y I TR tETE VAL IR U (12)

A tilde above a variable indicates that it 1s the result of ar intermediate step
ard 18 not the firal value for the time ste;.

The material Courart stabilitv limit 18 elirminated bv the treatment of the
terms VOV ¥ ¢ oV, apd © ¢ PeV duriry the two steps.  Additieral robustnes: has
beer ubtaired with the particular tore for the I'rictior terms and the use ol
ronzere values of g ir the VOV terms.  These speciadl terms for Iriction and VOV

are obtained bv lirearizing similar terms that are fully amplicit ar velocity

U m+1  .yn+tl . 1.+
(Kip1/2¥5e172 V54172 and Vi 2%

Lquztion (7)) simplv represerts a linear svstem 1 the urnknown Vil and s

solved first.  Next. the coupled nonlirear svstem piver by Egs. (8)-(10) s
selved,  Ir practice. this 1s accomplished bv o Newtin steration in which the

lirearized equations are reduced to o lipeor svstem irvolving orly pressure

vartations.  Once these equations are solved. v o0 krown: hence, Egs. (11)
and  (12) are simple  linear svstems,  with unknowns D?+1 and P?+1c?+l.

respectivelyv
The most significant charpe whern the SITS method 1s adapted to two-phase

Flow 1« the additier of predictor metion equations for the liguid and vapor.



These eguations are used to provide o hetter arterfacial drag force ar the
stabilizer metier eauar: re

The extensior o the SIS pothdd te rultidimersioral  flow s
Ctraightiorward  eXeepr 1.0 the equaticl o Eetlon. We found  that  the
stubilizer cyuatior o! metiorn wmav be replated by separate equations for the
veloctty  comporerts:  that s, the coupling amerg the different velocaity
comporentis I'rom the (ross-derivative expressiorns in the romentum flux terms of
these equatiors mav be treated explicatliy.

The faive- or sever-poirt. Iinite-ditferernce appreximation used rn the
variveus convective terms of the multidimersional SETS formulatior results ar
several larpe, sparse. harded matrices of  the order of the rumber of
hvdrodynamic cells. IFast solutior of these matrites 18 crucial te achieving
fast rur times for TRAC-NPA.

The stability o! the multidimersiorol SETS lormulatior was tested by
runrirg a number ol dJdifjerent two- ard three-dimersioral rlow problems until
steadv state was wchieved with the muximum time step [ixed at the muterial
Courart  limit ard agarr with the muximur time step allowed to  increase
arhitrarilv.  Ir all cases studied. the steady st es were maintained at the

highest Courart rumber tested. that 1s, Ju_ oon,

T TRAC CHARACTERISTIOS

TRAC 18w trarsient. Pulertar Dinste-ditterence, two=field, multimaterial-
comperert . thermai-hvdraulres codes Some of ity distinguishing characteristros
are summarizeu 1 the following paragraphs,

The thermai-hvdraulic equatrons describe the transfer ol mass. enerpgy, and
momentur betweer the steam-waler phases and the interactior ol these phuses with
the heat Tlow from syster structures. Additioral cortinaily equaliuns ave
avarlable for modelirg o rorcondensable as part ot the gas field and a solute
that moves with the liquid.  Because the interactions are dependent on the I'low
topolegv. o tlow-repime-dependent  constitutrve equatron  package has  beern
incorporated 1rte the code,

TRAC gjncurperates a detarted heat-transfer aralvsis capability for both
the vessel and the foop compornents.  Included is a two-dimensioral treatment ol

tuel-rod heat cenduction with dynamie pipe-mesh rezoning to reseolve both bottom
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flood ard Tallirp-t:lr querch frerts, The heat trarsfer from the luel rods and
other svater structures 1s caliulated using | low-repime-dependent heat-transfes
voellicrents  ohrurned  Iror ¢ generalized ho:rlinp curve  based on Jocal
corditions,

TRAC s compretely medular by phvsical comporent.  The componerts arn .
calculatior are specified through 1pput datal svarlable compurents allow the
user to model wvirtuallv anv PWR desigrn or experimertal configuration. This
gives TRAC preat wversatility ir the possible range of applications.  TRAC
comporert rmodules currertly arclude acvurulators, jipes, plena. pressurizers,
pu' team gererators. tees. turbires, valves. and vessels with associated
irterrals (dowrcomer, lower plerum, core. upper pienum. etu. '.  There is also a
general capability for modeling plant-control systems., trips. and operator
immteractions.

TRAC also 1s modular by function: that 1s, the major aspects ol the
calculations are performed in separate modules. For example., the basic one- or
three-dimensional hvdrodvnimics solutior alporithm. the wall-temperature tield
solutiorn algorithm. the heat-transfer-coetificiert selectiorn. and other functions
are performed ir secparute sets of routines that arc avcessed bv the appropriate

comporent modules.

Iv. THEE NUCLEAR PLANT ANALYZER

The developrert of a aster rurnirg verstor ol TRAC car have significant
economic value simply because of TRAC s widespread use.  ITver o 100 improvemernt
ir rur time car save hundreds of thousands of dellars per vear r computer
costs.  However, there are more important corsequences of the fact that TRAC car
he rur arn real-time. Tor the first time. anteractive hest-estimate engineering
simulation will be possible.

We have coupled TRAC-NPA to ar interactive graphics execulive to create a
Nuclear Pltant Analvzer (NPAY." A block divagram of the NPA software structure is
showr ir Fig. 1.  The NPA provides anteractive control of TRAU topether with
lectable voloer-sereern displav o results at rur tire or an plavback mode.
Display chorces anclude o schematic with o color-coded representation of a
selected svystem vartable presented or a TRAC-rodairgy diagrae and o set  of

time-history (x-v! plots.
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A block drapram of the NPA softwure structure.



There are o rurmher . NPA ohiectives.  The N'v makes TRAC ~ulh more
accessthle to urtraired users.  The NP 10 a7terded 0 handle o]l rrteractie
with the corputiry ervironreni. However, o0 vic erbaries the ellectiveress o
the experienied arcavet Dy tactlitatiny rrput -dech freporation ard debeppiry and
hy displavire results guidckiv an a varie!v oI wavs. For both tvpes ol users.
there will he ancrzased comprehernsiorn o1 resultis andiading easc of “what af”
studies by fpermittarng irnteractrve rurcirg ol tropstiernts  with  operator
irtervertjorn.  The NPA alse will allow computatioral results to bhe exchanged

hetveer sytes arc replave-l.

v, CONCLUSTON

Coupling the TRAU-NPA code, which emplovs the SETS Courart et vaiolating
rumerics i hoth vre-dimersioral and three-dimersioral hvdrodvramic comporents.
with ar interactive praphivs executive provides a powerlul rew tool for reactor

safety upplications.
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