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TRAC-PF1 Code Verification With Data from the OTIS Test Facility

H. T. Childerson, The Babcock & Wilcox Company
R. K. Fujita, Los Alamoo National Laboratory

Abstract

A computer code (T’RAC-PFl/HODl) developed for predicting trnnslent

thenmal ●nd hydrnulic integral nuclear steam supply system (NSSS) response was

benclanarked. Post-mall break losrof-coolant accident (LOCA) dam from ●

scaled, ●xperimental facility, designated the Once-Through Integral System

[OTIS), were obuined for the Babcock 6 U1lCOXNSSS ●nd compared toTRAC

predictions. The OTIS teat- provided a ~hallerging small break LOCA data set

for TRAC verification. The major phases of a cmall break LOCA observed in the

OTIS tects included pres~urizer draining ●rd loop saturation, intermittent

resctor coolant system circulation, boilez-condenser mode, 6nd the !nitial

stages of refill. The TRAC code was successful in predicting OTIS loop

conditions (system preccures ●nd temperatures) ●fter modification of the steam,

generator model. In particular, the code predicted both pool ●nd auxillary-

feedwater lnitiatad boiler-condenser mode heat transfer.

Introduction

A best-estimate, multi-dimensional, nonequillbrlum, themal-hydraulics

computer code hae Ixtn develop~d for the NRC ●t LOB Alsmos. The computer code

is de~i~~d to predict emall bruk LOCAS and other nuclear plnnt transients.

The most recent vcraion of the code, T’MC-PFl/ttODl, was used in this study.

TRAC was us~d to predict overall imt~gral system behavior during ● small break

LOCA tranalent in ● ttst facility simulating the important featuret of ●

Babcock 6 Wilcox (MW) deai~ned nuclear steam supply syctem (NSSS). The

Onte-Through Imtegral Syotem (OTIS) test facility was ● tingle-loop faclllty

with u ;lant to ❑odel pow-r QCQIQ factor of 1686. The OTIS Program was

cooptrstively funded by the Nuclear Regulatory timlsoion (NRC), the El@ctr~c

Power Research Inotltute (EPRI), B&V, ●nd the B6U ovnerm Group (ovners of the

B&w NSss).
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The TRAC predictions ● re compared to doa from two OTIS teats. The firBt

test waa the OTIS nominal test which provided a baseline for comparison of

subsequent off-nominal OTIS teete. Tent initialization and in~tiation were

●imed ● t obtiinlng plant-similar conditions at the time of loop fluid

saturation in a small break LOCA. The second test, the steam generator

characteristics temt, was initialized identically to the nominal tegt. Upon

test initiation, the steam generator secortdary control was ●ltered from the

nominal test. The two tesu demonstrated the came mode of primary-to-

secondary heat transfer; namely, steau generator condensation or boile~

condenser mode (BCM), ●lthough difftring in the uny in which this heat

transfer was lcitlated. Results are presented from the TFMC predictions ●nd

from the two mentioned OTIS tests.

OTIS Facility Description

The OTIS facility was designed to provide ● test fmcillty for separate

●ffect ●nd integral system studies of the natural circulation phase- oi ●

small break LOCA. The facility was a single hot leg ●nd ● single cold leg

(1 x 1 100P) reprecenutioll of the B4~ raised leop NSSS. T’h general

●rrangement of the major OTIS components ●nd cyxtems is ehown in Figure 1.

The loop consinted of one lq-tube once-through steam generator (OTSG), ●

simulated reactor, s pressurizer, ● tlngla hot leg, ●nd ● single cold leg.

Reactor decay heat was simu:atad by ●lectrical heaters fn the re-ctor vetael

capa’ola of 180 KU (614,000 Btu/hr) or nbout 82 tcalcd powar. Othar loop

component includad ● rsactor vessel vent valve, preasuriztr poue-operated

relief valve, ● hot 18g hlzl’rpolnt vent , ●nd ● raactor vos~al upper head vent.

Auxilitry syctems were availabl~ for ccoled high pr-asure injtctlon,

controlled primary laake in five loop locations, ●nd ● secondary forced

circulation ayotam for providing ●uxllimry fc~dwater to the steam generator,

‘ Tho loop configuration was governed by ocsllng contld?ratlons. Th@ mrnjor

SCalllig crltcrlo, in ord~r of priority, ware loop ●legations, post-mall break

LOCA flow phenomena, component vslumes, and irracaverable pros~uro 10SSQS.

Full .l@vatlon scalin~ uac Incorporated in OTIS to malntiin roprooontitive

scmled natural clrculntion ?1OU ratea. Nstural circulation is important for

core cooling during ● small break LOCA in m MN nuclemr steam supp]y ~ystem.
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The flow cheracterimtice in the hot leg were of particular interest.

During the cource of ● small bresk LOCA, the hot leg fluid may be subcooled

llquld, saturated liquid , taturated stesm, superheated @team, or ● two-phase

@tea*liquid mfxture. Froude number a:al~ng was used to preserve the

characteristic flow condition- in the OTIS hot leg. This scaling renulted in

● 6.60 cm (2.6 inch) inside diameter hot leg that WNS twice the diameter

obtiined by purely volmetric scaling.

The reactor vessel, prescurlzer, steam generator, and cold leg were

predominantly volume ccaled. The OTIS power and voltme scale factor

originated with the size of the model steam generator. The ❑odel steam

generator contained 19 full-length and plant-typical tubes, which represented

the 32,026 tubes in the two steam generators in the raised loop nuclear steam

supply system. Therefore, the power ●nd volune scale factcr for OTIS was

l/16q6. The OTIS primary loop volume was 0.286 cubic meters (10.1 cubic feet)

corn} ●d to ●n ideally Bcaled voluue of 0.241 cubic metets (8.5 cubic feet).

The excess loop volwrie over the ideally scaled volume resulted predominantly

from the larger hot leg diameter.

Prototypical loop irrecoverable resistance was maln~ined to preserve the

correct scaled, natural circulation flow rates. The primary piping

irrecoverable preseure Ioes was 10V; therefore, ● fixed plate orifice wafi

inetilled in the cold leg pipe ● t the outlet of the steam generator, and

●nether near the bottom of the reactor vessel downcomer. There orificex

provided prototypical loop resietince in the overall loop as well as in the

subloop involving the reactor, reactor vesoel vent valve, ●nd the downcomer.

An Inherent ●typicality experienced in ●caled test factlitlee 18 higher

piping haat loeseo then is experienced in the plant. The higher model heat

lo~ses rasult from the larger plplng surface ● rea to ●nclosed fluid volume

ratio ●nd instrument penetrations in the model. Active ●nd paamlve insulation

were used on the hot leg, pressurizer, and reactor vessel uppar head to

●lnlmlze the impact of the higher heat lessee. Th@ re-t of the loop was

covered with paasive lnrulation.
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OTIS had ●pproximately 250 instruments to measurt the themal and

hydraulic conditions. Theme instruments were interfaced to a compute~

controlled, higbspeed data ●cquisition system that provided the eapoblllty to

record all instrment readings in 25 milliseconds ● s often as ●very 5 ceconds.

The OTIS instrumentation provided:

● Presmure ●nd differential preBsurr measurements,

● Thermocouple ●nd renfotance temperature detector
❑ easurements of fluid and metal temperatures,

s Fluid level and phase indication by optical vfewports,
fluid conductivity probes, ●nd differential pressures,
●nd

● Pitot tube, head flowmeters, and turbine meters for flow
rate measurements.

Hsss fluxes into and out of the facility were controlled and measured at

the facility boundaries.

@de Description and OTIS Nodal Re~resentitian.—

A version of the Transient !leactor Analysi- tide (TRAC) denoted

TRAC-PFl/tlCIDl is a beet-estimate, multi-dimensional, nunequilibrium,

thermal-hydraulics computer code developed for the NRC at Los Alamns. This

code has a full tw-fluid model in all the on-dfmension.ml components. The

two-fluid model, in conjunction with ● stratified-flow ragime model, improves

handling of countercurrent flow ● s compared to th~ drift-flux model used in

the previous TTUC versions. Also, significant improvements huve been ❑ade to

the constitutive relatlooohipc, heat transfer models, the trip logic, ●nd the

input procedures.

The OTIS test facility was modeled with TRAC one-dimensional components

cinca ●ll OTIS components have large lemgtkto-diameter ratios. OTIS was

modeled with 26 TRAC component that have been subdivided into 148

computational cell-. A TMC component schematic of the OTIS test facility im

shown in Figure 2.
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The once-through eteam generator was noded coartely for these

ealculaticms to decrease computational cocts. The steam generator model NSQ.S

parallel flow channels ti oimulmte the flow of primary fluid through the 19

tubes of the steam generator. Pmrellel channele ●now one to teparate the

tubes that ● re Iwetted ●nd unwetted when using the minimum-wetting auxiliary

feedwater nozzle.

The TRAC model incorporated the following provisions to simulate the

OTIS testc described in this paper:

●

●

●

✠

●

●

●

●

Adiabatic boundaries ● t the exterior walls of the
compom,ent6 that were guard he-ted,

Primary zystem leak located St the bottom of th? cold leg
pump fluctifm piping,

High pressure injection located in the cold leg
downstream of the simulated pump discharge region,

Steam generator ●uxiliary feedwster injected just below
the upper tubesheet into the secondary side,

Reactor vessel vent valve locat%d between the reactor
ve~rel upper head ●nd upper douncomer was fully
operational during the trausient,

Orifice plates in the cold leg pump suction pipe ●nd
downcorner were modeled with ●ppropriate lots
coefficients,

High point vent installed ● t the top of tile hot leg
U-bend, ●nd

Level controller combinod with ●uxflfary feec!uater
injection controlled the mteam generator necondary liquid
level ● t prespeclflod aetpoints.

The initial ●nd boundary conditions were specified wfth lRAC fill end

break components. Bremk component were used to npeclfy the steam &enerator

se~ondsry preaoute ●nd thr atmospheric boundsry for the cold lQg euctlon leak,

The @team generator ●uxllfary feeduater flew ●nd the cold leg high preseure

injection flou were controlled by fill component.
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~est De8crlptlon#

Two OTIS tests were examined in detail for TRAC code verificati~n.
These include the OTIS nominal test, Test 220100, and the steam generator

characteristlcc test, Ttst 220402. The initial tondltlonc ●nd operator

●ctions were duplicated in both tests, however, the steam generator secondary

control was varied. The initial loop conditlonc for the tests were defined to

mfmulate plant conditions ● t ●pproxlutely 1-1/2 rninutet ●fter s reactor trip

●nd ●ssumed that the reactor coolant p=p had coasted down ●nd the boundary

systems (high preBsure injection and ●uxiliary feedwater) were ●vailable ●nd

●ctivated. The resulting OTIS initial conditions were 3.72 stsled core power

(where 1% power is 21.4 KU, 73,000 BT1l/hr), reactor coolant system in

subcooled natural circulation, primary premsiwe at 15.17 Hpa (22@0 psia), and

the pressurizer level set ● t 3.05,m (10 feet). The cecondary side was

initialized with ● 2.39 m (4.6 feet) level in the steam generator, with AFk

injected st the upper tlevation ● t ●pproximately 310.9K (IOO”F), ●nd uith

secondary steam pressure controlled ● t 8.15 ?lPa (1162 Fcla) to obuln primary

hot leg fluid temper~tures of ●pproximately 594K (61O”F). During loop

initlallzatlon, high pres~t Ire injection ●nd leakc were not used.

Initiation of these tests was perfomed Sri two steps. Thece steps were

defined to ob~ln pl=nt similar conditions ● t the time of loop fluid

8aturation. The fir~t ttep wss performed by opening the designated leak and

the second wc perfomed ● t the point of pressurizer inventory depletion.

men the pressurizer liquid height reached approximately 0.61 m (2 feet),

high pressure Injection was activeted to the cold leg discharge piping, ● core

power rcmp aimulatlng decay power from 1-1/2 minutes waG lnftlsted, and the

auxiliary fieduater control character:,tlcs were changed. For T@st 220100,

the ●uxiliary feedwater was injected to ob~ln ● 0.91 ❑ (3 feet) per minute

lc~el xncreace until ● 11.6 m (38 fact) control level wag reached. For Tett

220402, ●uxlllary feedwater waa lmjactod st full capacity until ● Secordary

control Iev-1 of 3.20 m (10.5 feet) was reached. In both tests, vhen the

secondary steam generator level reached the control level, the operator

lnltlated ● secondary depreasurftatlon from ●pproximately 6.90 ?iPa (1000 ps~a~

to obmin ● 28K (50*F) per hour second~ry eooldwn.
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Four small break LOCA phase- were predicted ●nd oboerved during these

OTIS tests. These included pressurizer draining ●nd loop $aturatlon,

htermittent reactor coolant system circulation, boile~condenser mode, and

the initial auge. of refill. For Test 220402, the lower steam generator

secondary level resulted in ● later occurrence of the bolle~condenser mode of

●nergy transfer. In Test 220402, the occurrence of the boile~tondenEer mode

with definite lack of a condensing ●urface in the steam generator pool region

confirmed the high ●uxiliary feedwater bGilercondenmer ●ode of heat transfer.

Thim pair of OTIS tests provides a challenging ●xercise of the ‘HUC predictive

capabilities.

The TRAC calculations were performed in a manner cimllar to the actual

test procedures. A steady-state calculation wan completed to ●statllsh the

desired nteady-aute conditions during the natural circulation mode. The

transient calculation was initiated from the finnl steady-smte conditions and

proceeded in a systematic fashion. The initial conditions for the two OTIS

calculations presented in this paper are identical, thus, a eingle TRAC

steady-state calculation was perfomed to obtain the proper initial conditions

for the trausient predictions. A 1000 second calculation was completed to

tnsure nteady-state conditions were esublished.

Comparisons

In this section, a description and comparison is presented for each of

the observed transient phacea for Taste 220100 and 220402. Both tes’.s

●xperienced pressurizer draining and loop saturation, intermittent circulation

and interruption, boile~condenser mode, and the initial stages of refill.

The ‘f’MC predictions will be presented for primary and mecondary pressures for

●ach of the teats.
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Test 220100

A comparison of calculated ●nd meacured test ●vents for Tect 220100 is

listed in Table 1. In generml, the correc?ondence between the calculated and

●ssured values ie very good. The primary ●y~tem response to many of the

●vents given in Table 1 is best illusuated by the behavior of the primary

system pressure.

The calculated primary system pressure is compared with the ●xperlmentil

dam In Figure 3 ●nd is seen to compare quite well. The more impor-nt events

hsve been ●nno~ted on the figure ● s well ●s the calculated cteam generator

secondary pre6sure. The opening of the leak valve in the cold leg suction

piping resulted in the rapid primary system depressurlzation shown in Figure

3. At 22B ●econdG, the repressurization rate decreased sharply when the fluld

in the hot leg became saturated. Prior to the satura~ion of the primary

fluid, the core power decay ramp, cold leg high pressure injection flow, and

●uxiliary feedwater flow wer~ initiated ● t 150 seconds. The sharp drop in the

secondary aide pressure was cauEed by continuous flow of auxiliary feeduater

during the filling of the steam generator which condensed ● significant amount

of steam on the secondary aide. During this period, the cmall pressure

oscillations in the primary side were condensation induced, resulting from the

Ivteractlon of high precsure injection fluid in the cold leg ●nd steam flowing

through the reactor vessel vent valve from the reactor vessel upper plenm.

This was followed by ● larger pressure increase when the primary flow was

interrupted and the energy removal rate through the leak snd ● teara generator

was less than tile ●nergy ●dded to the primary via core power ●nd high pressure

injection fluid.
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The primary pressure

from 1620 to 2580 seconds

rates were nearly ●qual.

2580 seconds corresponded

remained fairly constant near 10.1 ?lPa (1465 psia)

as the primary system ●nergy removal and addition

The sudden decrease in primary pressure beginning at

to the initiation of steam generator pool boiler-

condenser mode of primary- to-6econdary heat transfer. This increased heat

transfer occurs ● s the cteam generator primary level drops below the secondary

pool, thue, ●xpo61ng ●urface ● rea for primary steam condensation. The high

rate of ●nergy removal from the primary to the secondary side of the cteam

gmerator resulting from the pool boiler-condencer mode phenomena la6ted for

approximately 840 teconds and resulted in a primary pres~ure decrease of about

5.2 PIFa (750 psia). At the end of boile?cond~’nser mode, the primary pressure

became coupled to the secondary pressure which wac near 5.2 HPa (750 psia) and

remained coupled for the duration of the calculation. The refill of the

primary system began at 3300 6econds as the high pressuxe injection flow rate

●xceeded leak flow rate. The pool boileycondenscr mode weak?ned as the steam

generator primary level increased. This weakening resulted in a sign~ficant

decrease in primary system depreB6urization.

Test 229402

The steam generator characteristics test, Test 220402, was used to

characterize the effects of the steam generitor tiecondary level and level

ccntrol on post-small break LOCA transients. This test a~rted from the came

initial condition6 ueed for Te6t 220100. The core power decny, high pressure

injection flow, leak size, leak location, and mteam generator secondary

preseure control were aloo the same as those used in Test 220100.

Upon test initiation, the secondary level was increa6ed from 1.52 m (5.0

feet) to 3.20 m (10.5 feet) at full auxiliary feedwater capacity. After the

secondary level reached the 3.20 m (10.5 feet) ●legation, the facil~ty level

coritroller was ueed to maintain the level ● t 3.05 ❑ (10.O feet). But during

the test, the level controller ❑alfunctioned and the operator was forced to

intenene and ●anually control the secondary level. In order to compensate

for the reculting level vsriatione, the measured level was used ae a boundary

condition for the TKAC calculation.
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The predicted results for Te6t 220402 do not compare with the data as

well as did tho6e for Test 220100 because of imprecise modeling of the

●uxiliary feedwater flow anti liquid level control to obtain the desired level.

Table 2 chows a comparison cf calculated and measured occurrences of certain

key ●vents. The comparison between the calculated ●nd mwasured times is

eatlsfactory for the fi:st 2000 seconds of the transient. The major

difference wa6 the time higkelevation auxiliary feedkater induced

boiler-condenser mode heat tran6fer begins, i.e., 3000 meconds predicted by

TMC and 3940 6eccnds indicated by the experimental data. For auxiliary

feedwater induced bolle~condensor mode, steam generator primary etee~

condensation occurs due to injection of colder auxiiiary feedwater near the

top of the steam generator rather than being caused by a primary level below

the secondary pool as in Test 220100.

The primary and eecondary pressures are compared In Figure ~1. The e9rly

commencement of predicted boile~condenaer mode and the cbnge in the

depressurization rate at 4300 seconds are ehown in the figure. Otherwise, the

agreement between the calculated and measured primary pressure was very goc)d.

The effects of the high-elevation auxiliary feedwater injectfon was

significant in this test because of the increaaed condensing area that

resulted from a low primary-61de collapsed liquid level. Therefore, the

timing and rate of auxlllary feewater injection were very important parameters

in accurately predicting the hlgkelevation auxiliary feedvater

boile=conde~lser ❑ode phenomena.
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Conclusions

The TRAC-PFl/tlODl post-test predictions of OTIS Tests 220100 and 220402

have shown that TRAC can ●imulate with reasonable accuracy the major phases of

a small break LOCA an oboerved In these two teata. The draining of the

pressurizer ●nd 10UP saturation, interruption of natural circulation, prinary

pressure oaclllatlons caused by steam/water mixing in the cold leg, pool and

high-elevation auxiliary feedwater boiler-condenser mode, and the initial

stage~ o:’ primary refill were successfully pre\Jcted. The ability to

adequately predict tl]e maas dlatributlon in the system was primarily

reepon61ble fo’c t- overell good predictlon6 of the phenomena observed In the

tests.

OTIS TeEt6 220100 and 220402 were important tests for TRAC verification

purpose? a6 these teatu provided two different acts of boile~condenser mode

heat transfer data that are ●xpected to be applicable for analy6i6 of Babcock

& Wilcox reactor systems. Successful olmulation of these tegts have given

confidence in using TRAC as an analytic tool to investigate the thermal-

hydraullc behavior of Babcock & Wilcox type test facilitie6 and reactor

6ySt12111S.

,
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Table 1
Comparison of Key Tes=e~c for OTIS Test 220100

Even t

tild leg suction leak initiated

Ommence core power decay ramp,
high pre6surc injection flow and auxiliary
feedwater flow

Hot leg U-bend fluid saturated

Initial primary flow interruptica

Steam generator secondary on level
control

High precsure injection fluid reaches
the cold leg leak region

Ci3mplete interruption of uatural
circulation

Beginning of pool boile~condenser mode

Refill of primary system begins

Pool boile~condenser mode terminated

Time (Seconds)

Calculated ?leasured

o 0

150 151

228

220

852

1080

144)

2580

3300

4020

205

212

785

800

1030

2540

3200

3980
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Table 2—.
Comparison of Key Test Events for OT?S Test 220402

hen t

Cold leg tuction leak initiated

Commence core power decay ramp, high
pressure injection flow ●nd ●uxiliary
feedwater flow

Hot leg U-bend fluid saturated

Steam generator mecondary on band control

Initial primary flov interruption

Complete Interruption of natural
circulmtlon

Oeglnn!ng of high-elevation ●uxiliary
feedwater boile~condenser mode

Refill of primary sy~tem L?glns

Time (Seconds)

Calculated ?!easured.—

0 0

150 115

204 185

348 324

206 2C4

810 715

3000 3940

4878 4578

,
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Figure 1. 011S Test Facflfty
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Figure 2. OTIS Nodal Representation
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