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lans for reactor and grimary loop natural cirzulation testi in the

Tast Tlux Test Facility (FFIF) are summarized. Detalled pretest planning
with an emphasis on understanding the implicaticns of process acise and model

>
uncertaintiss for model verification and test acceptance ars discussed Sor a
ansitisn %o -atural cirsulation in the reactor core and primary heat trans-

sors lcops from izitial com itisns of 5% of ratad resctor power and 75% of full
o9

i. LITRODUCTION

The TFTF has heen designed %o provide shutdown neat removal utilizin
aatural convective scoling ia the event that the normal forced flow coclin
capability is aot available. (L] A series f tesws are planned Juring “ae
FETT startup program %o confirm plant decay heat rejection capabilities v
natural ecireulation. (2] The primary loop and whole plant testing is Zfocused
sn satisfactory tr isisn to natural circulation assuming lc - of all alac-
srizal power t2 the pumps during oper tion at full power, end-c.-life burz-up
ssadisicns. This paper briefly summarizes this series of planned tests. It
jesoribes the iastrumentation %o e used lu these tests and pr:ovides detailed
sest plans and analyses for the first test in this series; a reactor scram <0
astural cireulaticn fram 5% power and 75% full flow. Tests in an FFIF seccadary
loop of transitiocn %0 natural cireulation from refueling conditicns, a2 secon
major cbjective of the satursl circulaticn plant acceptance test program, have

-

heen completed and are descrivced In more detail in Refarence [3].

2. NATURAL CIRCULATION TEST PLANS

The principal cbjective of the FFTF natural circulation tests is to
sonfirm adequate FFLIF shutdcwn heat rejection capabilisy utilizing a series
of sests which culminate ia prototypic sransients that =_juire minimal extra-
polaticn to the limiting design cases. To facilitate required extrapolaticn
and %o easure that the relevant processes ars understocd, analytical models
will be sufficiently validated to establish their acceptability for safety
avaluation. The progression of tests has Deen desizned %o assure that
sransient fuel cladding temperatures are maintained within normal steady sta
sperating values to minimize the potential for damage tc FFir fuel; protecti
of plant components has been given similar attenticn. A secondary sblective
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of the testing is 5o collect data for furtier refinement of analytical models
used in <he preiictica of natural eirculation periormancs.

The planned sequence of tests for confirming an acceptable trap iticn TQ
natural circulaticn from full pover, maximum burn-up conditions consist of
(1) a reactor scram to natural circulation from 5% power, T3% flow, (2) low
sower (<5%) steady-state natural circulation testis, and (3) aigh power scram
-~ransients %o natural circulaticn conditioms.

The first test (scram from % power) is the principal subjest of tais
paper and will be conducted prior to reactor operation at aigher power. This
test is designed %o provide early sonfirmaticn of sufficient shutdown heat
removal capabilisty iz the reactor vessel and the primary heat transport 120ps
=5 assure adeguate decay 2eat removal during sarly phases of plant power
testing. The detailed test design and slanned evaluation is addressed Telow.

Following the initial ascent to power, a saries of natural circulaticn
tests is planned at low fission power (<$%). These tests will measure lo0P
and core performance during steady-state operaticn utilizizg patural ccnvece
tica in the primary and secondary Zeat Transport Systems. These steady-state
tests are designed to provide ey mcdel verification data izncludl loop
sressure dirop/thermal head correlaticns, in-core inter- and intra-subassenbly
#law redistribution iaformation, and unbalanced lcop heat rejection data.

?inal seriss of reactor scrams to natural circulatiocn is planned frem
the following initial power, flow, and decay heat ccnditions:

. 35% power, T5% flow, L acur at pover
. 75% pover, T5% flow, 1 hour at power, and
., 100% power, 100% flow, 25 hours at power.

The f.2al sransient is highly protosypic of ¢
ump :lectrical pcwer desiga transient, provi
£ =a: adequacy of TFIF decay heat remcval ca
series will support extrapolatican frem this tast
conditt

ting case total loss °f

rather direct confirmaticn
tY. ther tests in the
>

he maximum bdura-up

o Y

Tiial pretest sredictions have not Deen scmpleted for the low power scram,
she stealy-state, or the high power Liansient tests. Preliminary predictions
were previcsly reported in Refereuce (2]. Tetailed analyses fsr the 5% scraz

are repcrzed lauer in this paper. [Final cretest gredictions will be issued
arproximately one month prior %o actual test perfcrmance.

3, NATURAL CIRCULATI(N TEST INSTRUMENTATION

Ia-core instrumeatation for the primary system natural circulation tests
insludes two Fueled Jpen Test Assemblies (FOTAs), a Vibration Open Test
Assembly (VOTA) and an Absorber Open Test Assembly (ACTA). The core map of
Figure 1 shows the .ocation of these assemblies in the core. The FOTAs, cne
in row 2 and the other in row 4, are prototypic of the FFIF Ariver fuel
assemblies wish thermscouple temperature instruments provided in pin wire
wrap, on the duct wall: and in the cutlet ssalk which extends above Lpe sub-
assembly cutlet. Each :OTA has approximately 4k thermocouples distributed
shrougnout the sube-assemdl;, (e.g. see Figure 2). A specially calibrated eddy
surrent Zlowmeter is located .~ each FOTA sube-assembly stalk., Several of the
FOTA thermoccuples will be used "o provide a high Temperature scram signal
during the steady-state natural ciz~ulation tescs; thersby providiag automatic
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sast terminaticn if unexpected :ladding temperatures are measured. The ACTA
contains absorber pins prototypic of a comtrol rod assembly and is alsc
iagtmmented with numerous thermoccuples and ap eddy curTent cutlet flowmeter.
The VOTA is a structural assembly which contains thermoccouples, an Jutlet
eddy current flowmeter, and self-powered fission chambers for measuring
aeutron flux lavels. The two FOTAs and the VOTA are currently installed iz
she sore. The AQTA will be lcaded after the initial ascant o power and will
not be available for the 5% scram test.

™he in-core thermocouples are sxpected o have an accuracy of £1°% - 3%
depending on the success of planned averaging and isothermal calidration
procedures. The FCTA eddy current #lowmeters utilize phase detector elec-
sronics and aave been calibrated in ex-reactor sodium 1o0ps at low flows
o an accurecy of =60 sc/sec. whicha is less than 267 .7 the expected fuelad
sub-assembly flow during the 5% scram test.

In addition toc % instrumentaticn in she OTAs described adbove, each ccore
position is ins‘mumented with an eddy current flowmeter and thermocouples
located ia the instr ment tree above the sub-assembly outlet. This instrument-

tion is expected tc be of limited value for model calidraticn due =o the slow
response time of th: lnstrument tree thermocouples and the possibility of
arass 2low hetween sub-assemblies through the gaj Ttetween the sub-assembly
handling S.eX3ati Lad Lues dott ~f the instrument <ree. Jonetheless, all of
+he Plowmeters nave been calibrated in an ex-reactor sodium Test locp at

nigzh flows and selaected Slswmeters (as snownm in Fig. 1) have bteen provid

with phase detection electronics and have been calibrated in she natural
sirenlation flow range. The selected assemblies Iinclude FCTA "swins" and
neighbers to isolate effects as+ributable =2 the FOTA stalk or to aross flow.

Reactor power will be measured usiag izstalled neutron flux instrumen=-
tation (compensated ion chambers) located in the cavity sutside of the reactor
vessel. These chambers will be calibrated using calorimetric aethods with an
axpected accuracy of (27.4%) during the initial ascenu %o power. The line-
arisy of the ex-vessel chambers down < the low powers used in the natural
sireulation “esss will permit transfer of this calibration. The assumptic
involved can be chaecked using in-core seli-pewersd Iission chambers in the
VOTA. 3ince the reactor thermal power calibration will net Ze don until
after the 5% scram test, the reactor power level uncertalinty i3 expected %0
be +20% for this early test (though the subseguent zOre accurate calivratic
will be transferable tc the test data). The decay aeat ccmputaticn has an
uncer<ainty of =12% for an overall power uncerzalnty of +32%.

The instrumentation in the heat sransport loops during the natural cire
sulation tests includes permanently Installed Resistanc Temperature Detectcrs
(RTDs) in the primary and secondary loops Zor measurement of loop iT. Prizary
loop filow is measured with the zagnetic flcumeter located in the 2cld leg
which has been caliBrated using a Pulsed Neutron Activation (PNA] 4] fls
meter (:5% of reading) which will be operating in a least one of the second-
ary locps. Ia addition, temperature data will Be obtained from numercu
process thermoccuples located in Both the reactor vessel and primary and
secondary loops.

w1

4, TEST DESCRIPTION, SCRAM FRCM LOW POWER (S5%)

The first test planned to address natural sireculatiocn in the FFIT primary
% power (20 Mw), 75% flow.

loop and reactor vessel ls a plant scram frem §)
The primary pump pony motors will Be de-energizes just prior %o reactior scram
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30 that the reactar will undergo a transition o natural circulation following
autcmatic trip of the puap 2ain BOCLOrsS upon scram. The test will be condu.ted
prior to power operation above 3% po.er and after steady cperation for
approximately 1 bour at 3% power. The calcu.ated decay Deat curve following
she transient as soown in Fig. 3. The seccnday locps will be cperated with
pump poay zctors aad with ccld leg temperatur » controlled (via air flow
mcdulation) during the transient.

T™is particulsr test was originally incorporated intc the test program o

prov de experience in plaaning, conducting, and evaluating a transient natur i
girculation experiment at a st.i.caently low reactor power lavel that risk to
she fuel aad the plant camponunts would de minimal even if the plant response

i%it~1i unanticipated tehavior. Izplicitly, a requirement was established
<hat ar significant unanticipated phencmencn be identifi=4. The role of the
~ast was axtended scmewhat when the project alected %0 cu ‘. 1 subsecuent
higher power plant testing upon jemonstration by shis zest & sufficieat slant
natural cireulaticn capability %o safely remcve the iecay aeat asscciated with
she low total buram-up planned through the subsequent test series. To Lset
soth of these sbjectives, it was necessary 0 sharacterize the feasitles range
of normal plant respconse {nence defining an unanticipated result) aand to
astablish a critericn for yermitiing follow-on tests ©0 proceed as planned.
These tasks necessitated svudying the relevant uncertainties (iz plaat Zdata,
zodel parameters, test measurements, ard model structure, and then determining
whether the zest, the iastrumentation, and t2 planned evaluation, given the
uncertaintiss, sculd be expected to xmeet tle cbiectives. This process is the
detailed focus of this paper; such focus providing direct information for
shogse followimg the FFIF tests and serving as an axerci n the develcpment
sf verifizatiocn and validation tecunology.

g §

The analyses performed %o study thkis test have enployed primarily the
Westinghouse proprietary computer program, IANUS [5]. TANUS is a ccmplete
slant simulation similar in structure and purpcse =C the more widely available
TEMO program. 5] The principal simplifying assumptions in the medel pertinent
=0 the low powver test are sharscterized By the inclusion of ooy one fally
jymamic thermal/hydraulic shanrel in the reactor and cne-dimensicnal mcdeling
53¢ the fluid flow process. To compensate for the first assumption, which can
readily he shown tc be invallid with TBR-II data, the mcdel is augment with
a quasi-dymamic treatment of the 2iel-bypass flow (18% of tctal rescicr flow
at steady-state for TFTF) and the use of #1ow dependent factors to axtirapolate
z0 a particular assembly fram +he calculated core average assembly. The
second assumption is not expected %o Be important for this test since the fuel
agsembliss will deminate the loop response and since a flow dependent
aultiplier is again employed to reflect ke affect of intra-channel thermal/
hydr is mixing processes within an assembly. The two flow dependent factors
are generated with FLODISC and CCBRA as discussed in [1]. The sensitivity of
the predicticns for this test %o the assumptions made in deriving the flo
jependent factors and %o the uncertainties in actual plaat multi-~2annel
henavior, are assessed with FLCDISC and CORA 17], which model =i 'ltiple
aydraulically-coupled, adiaBatisc-boundary channels and fuel as - glusters
with the ZNERGY method for interchannel energy transfer, respec.ively. These
programs require an IANlUS-generated core iving pressure or tota. flow tound-
ary condition, with attention required %o ensure mcdel compatibility.
Sensitivity resclts are discussed below.

As 2 baseline for later ccmpariscns, the nominal IANUS predictions for
the planned test are shown in Flgures L and 5, with temperatures and flcws
respectively. Temparatures shown include average assembly mean coolant at
top of active fuel zome, and row 2 FOTA (HFQll) peak coclant at top of active



#uel zone. Flows include she total lcop flow and the estinmated HFOLL peak
temperature rise is predicted o De 31°C sccurring 243 seconds into the event.
Zxtrapclation from the core average state variables calculated by IANUS =c =2
5F0L1 peak measured value was performed using the same Ilow dependent analysis
previously used %o provide the hot channel astimate present in the R0t channel
nodel. The commen mcdel assumptions for the hot channel factor and the IF0ll
predicztions helps assure that the accuracy (2 conservatism) of the EFCLL T/C
prediction can bYe related the TANUS hot channel model. The nearly linear
temperature rise rate Iram A0=120 seconds 2as also teen selacted Jor evalu-
ation as it represents a significant zeasurable process characteristic. The
neatup rate during this pericd is effectively a fnction of decay aeat, ccre
mass, and heat capacity with relatively lcw seasitivity tTOo core hydraulics.

A juasi-equilibrium "steady-state” is reached afer 600 seconds though upper
pertiocns of the outlet piemunm, irrelevant %3 150p thermal aead, will still Dde
aeating.

N

. SENSITIVITY

Ia order %o assess possible alternate outccmes O the test, sensitivicy
sudies were performed with the IANUS model. Two parameters selected for
variation ia the inisial sensitivity study were descay pcwer and pressure drop,
-he most sensitive design-svent parameters. (1] The transient from 5% power
is not sensitive tc pump coastdce tine si peak temperasures occur rela-
tively long after the pump stops and, fwre

T @

her, tests already ccmpleted have
eliminatei most ccastdewn uncertainty. a the periocd immediately followi
the pump ‘castdown a definite relaticmship is axpected between power, Tlow and
T. Deca ' power, treated as a3 parameter, directly represents uncertainty
in power in this relatiomship. Flow, in tura, is determined by well-known
system geometry, AT, pressure drop, and some transient phencmena.
Treating the pressure 4rcp as a parameter amulates the flow uncerta.u™v in
the relationship. Conmsequently, it is inferred that results generated ver 2
nroad range 2f these %wO jarameters encompass most foreseeable outccmes 2 the
actual test. Two significant dependent variables which could be measured
juriag 2 test are tie peak temperature rise and the time of the peax temper-
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in seconds. Figure 6 shows

1

gture rise from the start of the transient

salsulated points of peak HFQLL temperature rise and elapsed time to the peak
2ay rarious aombinations of decay power and core pressure irop. Higher pretiure
irsp causes & nigher peaX temperature later in %time, while higher decay power

1eads to an earlier, higher peak. The test result on this grid will permis
interpolaticn of pressure drcp and decay power multipliers yielding a simply
"salibrated" mcdel, provided nc significant defi_.eccies axist in other areas
of the IANUS model.

Additional semsitivity runs were made %o apalyze the effects of other
potential contridutors to test uncertainty. The sensitivity to mass ia the
upper pin structure was cbtaized. The dass above the core was doubled in 2one
min and was iistriduted very nomuniformly in a second run. The effects in
voth cases were small. Other sensitivities examined in this study were taie
sensitivity of the HFOll T/C reading to the degree of coupling to the mass of
the duct wall, “he sensisivity to fuel gap conductance, and the sensitivity
ts initial power. Predicticns for the flow and temperature measurement for
she “est under sach of these zases are listaed in TaBle I. These predictions
are for: (1) the temperature rise at the tcp 3f the active zone In gFO11,
STuro1y. &t its peak in the transient, (2] the time of the transient peax,
*max, (3] the change in Tgpoll Between 1 and 2 minutes into the test, T1.2,
(%) the locp flow, Wisops 8t Tmax, 5. the flow thr
and 10 minutes after the initiation of the test, |
Wygwnyi. Table II consists of the results of the T
as 3 matrix of sensitivities, reflecting predicted
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system state assuming a unit change (i.e. 100% change) ia each of <= uncerzain
parameters (except for Qo where the uncertainty was bounded Dy a 20% change).

A most useful resuls of taese studies is the imsensitivicy of the temper-
ature rise bhetween 2ne and two miagutas w0 all parameters exceprt the decay
power aand the duct nass coupling. This insensitivicy %0 flow means that one
san estimate the decay power from the FFCLL T/C reading which, iz turn, al.ows
astimates of She reactor pressure drop Ircm the Ilows at peak temperature cr
from the quasi-steady state femperature and “lows. ZSstimates cbtained 7 um
these temperature and f1OW neasursements shoculd be consistent with the va.ues
of Q4 and AP sbtained from the grid ia Figure A. Iz the next section the
appropriate degree of comnsistency is discussed.

The impact of the uncertainties iz the parameter values was assessed U]
tcundiag them and then using the sensitivity matrix to calculate the resulting
uncertainties in tae interpretation of the measured values summariz in
Table ITT. Column 3 in Tacle III presents the measured state uncerzainties
jue %c 2 possible ¢3 change in the shape of the decay heat curve between tle
sime of the peak and the guasi-steady state at 10 minutes. The uncertainties
in Calumns 4=T reflect the results of the Table IT sensitivity studies. The
astimated uncer<aintiss in M,s and in M(Z) represent plausitle bounds; the
uncertainty in the dusu =ass effect was based on a CO run which iandicated
a ccmparatively flat iLemvarature profile across the assembly for the test.
dolumn 3 %z Table IIZ1 coasists of the additional uncertainties in the measured
ralues due to statistical hot channel Jacters.

Column 3 iz Table III is an estimate of the effects of %three known model
structural approximations whose effects were estimated without a direct
scmparison of IANUS sensitivity runs. The three model approximaticns are:

. 2o radial heat sSransfer in the reactor coras or vessel,
. po flow aixing under the instrument tree,
. a single ncde upper plemum without a str tificaticn model.

ALl taree affacts are axpaected %o be small in the low power Test. The
reliance of the analysis of HFOLl temperatures for verific tion minimizes th
affact of heat transfer since all of the sub-assemblies nave pewer-to=-Ilow
ratios wnich are close %¢ that of HFOll. =FOLL nas 2 stalk which prevents
~ross £law Zor the assambly. Finally low £l and plenmum AT should minimize
seratification. Yevertheless, the affacts are relevant for this test and in
the desiznu case and scme uncertainty allcwance was judged tc de appropriate.

Radial heat transfer beyond immediate neigator assemblies will act to
af®actively deposit mcre decay heat in the fuel bypass channels, resulting in
lowered flow through the zore and a later peak temperature - zuch like
imoreased AP and decreased 3. Coolant mixing under the instrument tree will
+and +o reduce the adverse chimney effect caused by the cold scdium in the
instrument tree and reduce instinment ITree pressure drop, both effects causinag
a reduction in core AP, but without benefit in the FOTA., Since flow will bde
.ow and the bypass sodium temperaturs will Be quite close to the upper
plemum temperature, plemum stratification causing bypass stresming into <he
sutlet nozzle will Be negligible. The simplified upper plemm z:ocdel would
ve more significant in the desiga transient. All sthree model approximations
affact only the scre pressure Doundary conditions. Hence, the rate of hest-
up is insensitive %o these uncertainties, and an sstimate of the decay zower
in HF0l1 Sased on heatup rate would Be unaffected B the uncertainties.
Zstimates for the efferts of these structural approximations on flow sensitive
nessurements were obtained By treating them as effactive AP and using the

w
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sensitivity matrix. The sstimates are listed in Column 10 of Table IIl.

The subtotals of uncertainties i, Column 11 represexnt the appropriate
uncertainties .a the measurements wnen the test results are to be used ¢
astimate o4 and AP. That is, these uncertainties will indicate the precision
with which a ietarminaticn of Q3 and AP can be made, given this test. 7o
establish the best posaible estimate, there are six methods of cbtaining Q4
and AP giver in Table -7. The uncartainty ?or each estimate of 34 and AP
is saleulated from tue sensitivites in Table II and the uncertainties in
Column 11 of Table III.

6. EVALUATION OF TEST RISULTS

To satisfy the initial test objective, ve need cnly cbserve that an
unanticipated result is one whica is sutside the bounds specified by the total
a priori predicticn uncertalinaty. Alternately stated, the total a priori
prediction uncertainty represents the resoluticn limit for this test to
uncover upanticipated phencmena ia the FFIT. Failure %o uncever an unantici-
pated result will provide a technisal basis for proceeding with the zatural
cirsulation tast plan for the steady state tests. In these tes*s and
subsequent transient tests, more precise screening o unanticisated pheacmena
zan be performed. Should aa unanticipated result occur in the low power test,
2 more detailed amalysis and a closer examination weuld precede the next
aasural circulation test; scme changes in the follow-on test plan might te
made %o resclve any cutstanding ancmaly.

The second test objective, verificatlon of sufficient plant natural

imiclation capability %o permit plant testing at higher power levels, can

+ met by performing an approximate calibration of the model Dy estimating
she most sepsitive parametars, 34 and AP, usinag the low power test res .it.
Jince these are caly two of many actual uncertainties {plant data parameters,
model structure), the estimates for o3 and 4P are pected to be distored
#eem real values. T2 ccmpensate for the known approximations iavelved, th
error bounds from the iztersecticn of the six methods in Table IV will be
used to gZenerate an extreme, conservative astimate of Q3 and AP. This
sopititutes a2 "worst case" estimate of results of the low power test.
%0 allow for potential uakxown error scurces, we use this result as we wou'd
use a nominal value and we apply the comservatism of the "safaty evaluatic
mcdel”. Iven with this conservative procedure, tie 2 rgin to the established
1imit is sufficiently large to allow an expectaticn of a successful test
regult. From this result we conclude that the low power test, while inherently
imprecise, is suited to the intended jpurpose. Should the final estimate De
beyond the established limit, additispal evaluation or supplemental testing
will Be performed.

+ O
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7. SUMMARY AND CONCLUSION

In the FPTF natural circulation acceptance tes® plan a low power scram
test will be performed prior to operation of the plant ata power level above
5%. This test result will be used %o jetermine offective values of decay
power and reacior pressure drops; these values will be used as nominal imputs
to the "safety evaluaticn model", providing an approxizmate, Jut sufficiently
accurate calibration to the model to permit demonstration of safe decay heat
removal through the ensuing test series, pecding completion of additional,
more precise natural circulation tests. The meaning of the low power test<
measurements will be partially cbscured Dy TANUS model simpli_ications,



parameters and plant data uncertainties, and the measurement inaccuraciles.

As a result the determination cof decay pover and pressure drop is less certain
+han measurement errors alone would indicate. This study establishes a priori
sounds for total uncerzainty and also prescribes the use of redundant
measurements %o help %o improve the quality of the determination. Az
uncertainty-c sadened criterion for model acceptance is alsoc develcped. The
~opelusicn is that the proposed test is designed =o satisfy the established
sblectives., Murther the technigques applied zere, when uncertsaiaties are
lLarge, may also prove useful for designing and avaluating future tests planned
for model verification and validation.
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Table 11

Sensitivity Matrixz for 5% Transient Natural Circulation Test

MEASUREMERTS PARAMETEKS
Transient ap Q, Upper Structure  Duct Qo(‘i)- Axial Distcibution
Mass of Mass
e on(°C) 6.3 21 0.63 1J . 34 2.8
o 136€) 28 45 7.5 - 25 6 0
1, 2(°0 0 8.8 0 1 1A 0
w|2.oop(%) -0.0541  0.071 -0.02 -0.02  0.079 0
Wiron (%) -0.0973 0.27) 0.02 0.05 -0.079 0
Steody Stale
Tron (7O 1.6 9.4 0.3 2.2 1. 0
T ~0.0811  0.106 0.035 -0.01 0,086 0
Wiron (%) -0.0973 0,212 0.040 -0.02  0.087 0

! The variation

in predicted values for o 100/ change in the porameter (c‘uccpl Qo).

2 Al Nows are expressed as percent of design flow.
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Table 1V

Uncertainty in Decay Heat (Qd) and I

wegsure brop (AP)

Method Measurament Uncerlainties

1 " Qd ab
! 'Hﬂ)" ['max] - 0.29 0.53
2 L Wioop t'max 0.24 1.7
’ ¢ Wieon M . 2.2
: Teon B9 ‘ 1.0
5 Wi {ss) 1.3
6 . Wiion (ss) » 2.1
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APPENDIX C

PRETEST PREDICITONS OF THE THERMAL
AND HYDRAULIC RESPONSES OF THE FUELED
OPEN TEST ASSEMBLIES TO THE 5% POWER

NATUAL CIRCULATION FFTF PLANT STARTUP
TEST, HEDL-TC-1778, OCTOBER 1980



