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RELAP5/ MOD 2 analysis of LOFT Experiment L9 3

J.C.Birchley

Abstract

An analysis has been performed of LOFT Experiment L9-3, a loss-of-feedwater anticipated transient
without trip,in order to support the validation of RELAPS/ MOD 2.

Experiment L9-3 exhibited a rapid boildown of the steam generat'; following the loss of feed, with
the reactor remaining close to its initial power until the steam generator tubes became sufficiently un.-
covered for primary to secondary heat transfer to be significantly reduced. The ensuing heat up of the
primary fluid resulted in a reduction in power induced by the moderator feedback. The primary system
pressure increased to the safety relief valve setpoint, before the fall in reactor power allowed the
mismatch between primary sys*em heat input and heat removal via the steam generator to be accom-
modated by cycling of the pilo: operated relief valve (PORV).

Comparison between calculation and data shows generally good agreement, though with discrepancies
in some areas. Weaknesses in the code's treatment of interphase drag and in the representation of the
pressuriser spray are indicated, although a shortage of definitive data, particularly in the steam genera-
tor, may also be a factor. The overprediction of interphase drag led to a tendency to underpredict the
initial inventory in the steam generator and alsc, perhaps, to overpredict the ste:un generator heat
transfer while the tubes were being uncovered. There is indication that the pressuriser vapour region
conditions were close to equilibrium during spray operation. The point kinetics model in
RELAPS/ MOD 2 proved a viable means of representing the power history for this transient.

AEE Winfrith

December 1988
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1. INTRODUCTION

The thermal. hydraulic computer cr* RELAPS is to te used for de irwiependent assessment of the Sirewell 'D' *

PWh 9h respect to design basis intaci primary circuit fwlts and srnli break loss-of-coolant accients. In order
to validw die RELAPS code, a series of er.alyses of integrai experiu *nts is being performed using
RELAP5/ MOD 2, Tins paper preset'is ma analysis # LOTT Exper' ment L9 3, whidi was a simulated loss-of-
feedwar* anticipated tramient witbust tnp gerformed under the auspices of ste USNRC. In dus traraient au
feedwates was lov to the steun generator but the control rods fail to denp irso the reactor core. The tramient
eahibited a nu uter of features arrt phenomena that may ocar following certain design basis accidents in
Sirewell 'B', and which the code raust te capable of tepresenting. h phenomena of concern (Ref.1) are:

. Decrease in 50 teat wasfer as accondary side boils down

. S0 leat transfer duri g single phase forced circulation

. Pressure 7sponse during pressuriser insurge

. Maas and energy flows through relief valves

. Pressure respome durbtg operation of pressuriser spray

This report describes the RELAP5/ MOD 2 analysis of L9-3 and examires the code's abihty to represent de
phenomena lirted above. The LOfrr facihty and ha scaling relauve to a enmmercial PWR are described in Sec-
tion 2, ard de conduct and course of Espenment L9-3 are described in Section 3. Sections 4 and 5 present tie
desenption of the RELAP5/ MOD 2 input model for the experiment ard de calculatiom perfonned. h
plenomena of interest are dise.nsed b SeG 6.

2. THE LOSS-OF-FLUID TEST (LOFT) FACILITY
,

h LOFT faciJity ws: a 50 MW (dermal) PWR (Fig.1) designed to urnulate the system response of a com-
mercial PWR during loss-of-coolant accidents arxl intact primary circuit transients. W LOFT facility irror.
potated the major functional components of the pnmary ard secondary systems of a commercial PWR, aad in-
stsurnentation to measure the thermal hydraulic arxl tmclear conditions in detail. The LOFT facility is descril.ed
in derail in Reference 2.

2.1. Facility Description,

i The main feattues of LOFT are suminarised as follows:
|

f. A reactor vessel with an annular dowocomer, a lowe plenum, an upger plenum, and a nuclear core with
lower and upper support stmeture,

11. An intact loop with an active steam gercrator, pressuriser, and two primary coolant pumps connected in
parallel.

| iii. A broken (passive) loop containing pipework with resistance and elevation changes designed to simulate
| the steam geterator and pump, ard two quick. opening blowdown valve assemblies (tle steam generato*

and pump simulators were disconnected for experiment L9-3).

iv. A blowdown suppression system cornisting of a header, suppression tank ard a spray systern. All tioid
discharge from the primary coolant system was directed to the blowdown suppression tank. 'Ibe blow,
down suppression system was designed to simulate de pressure respome of the contsitunent duing a loss-
of coolant accident and did not significantly affect experiment L9 3.

j v. An emergerry core coolant (ECC) injection system consisting of two low head injectiou Wm (LillS)
! pugs, two high head injection system (HHIS) pumps, and two accurantators, aad the associated pire-
!

I-
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i

work. We FCC system was not used in Experiment L9 3.

vi. A pressure relief litw from the top af the [.ressuriser to die blowdown suppression tank, containing a relief
salve with two open positions designed to represent the scaled discharge capacity of a power operated re- i

liri valve (PORV) in the first positire, and the combined capacity of a PORV and a safety relief valve '

tSRV) in the secorwi position, for a ecm nercial PWR,
;
,

2.2. Scaling mid Related Considerations

%e LOlT facility was scaled to a commetrial 4. loop PWR on tte basis of power, volume, and flow. Not all of
the components in LOIT were scaled by the same amount. however, and the elevation changes in LOTT were
significantly less than the corresponding ores in a commercial PWR. For a transient such L9 3, the features
of the configuration for which scahng is most important are listed below, with the corresp %ng ratios:

Poe r ratio 68:1

Primary coolant system volume ratio 44:1

'
Pressunser volume tudo $3:1

Pressunser PORV and SRV relief capscity appm4 45:1

!ne LOFT lacility is slightly oversized in companson with die power scaling but not enough in alter the essen-
tial r.ature of the trainient response. Ottvr facility characte,istics importt.nt for das transierat are:

,

. Core reactivity

. Recirculation ratio tn sten;n generator -

+ Steam gerwrator elevation

The LOIT core is (naturrxit;,) smaller than a commercial PWR core, and as a consequence was subject to greater
leakage of neutrons and larger radial peaking factors. A idgher enrichment (4%) of U 235 was accordmgly used
in the LOIT fuel rods. We LOFT core was dso invadiated for sutticient tirne only to establish required decay
heat levels for each experiment, with me r-sult that tia burnup was roughly uluivalent to an early stage of irra.

_

diation for a PWR. De combination of lugher enrichment arxl low accum. dated irradiation meant that the '

moderator volj coeffient was representative of a commercial PWR core near the end of a cycle, in those cir.
cumstanct s de core is also in its least reactive (operating) state arxi tir: ATWT is less severt than it otherwise
would te.

The steam generator characteristics of potentia.ly most importance during a loss-of.feedwater transient are the
recirculation ratio an:1 height, since they have the biggest infuence on the changes in secorvJary side heat
transfer coralitions. The riser section is approximately one.thisti the tright of a commercial PWR steam gercra.

- tor nser tiut the recirculation ratio is similar in mr,gnitude to that in a commercial PWR, %e trarnient thermal.
hydraulic resporne (timing and r.ite of heat transfer deg adation) will probably te somewhat different for LOIT

= and for a commercial PWR but the governing processes are likely to te same.

Tte LOIT facility was subject to a number of scaling and other configurational distortions in the primary.
ccolant system e.g. elevadon of the loop arri core, presence of ?' dead" volumes in the broken loop._ These are
signifbant in small break LOCA transients and have r. major influence on the phenomena occurring. ' hey are
much less impo tant in an inta-t circuit fault transie-t such as L9-3, where issues such a: liquid /vepour distribo.
tion, tratuition to natural circulation and counter-cunent flow did not arise.

- A major difference between LOFT and a cornmercial plant is in the height of the pressunser. _ %e LOIT pres--

suriser was approximately one. seventh the height of a comrneresal PWR prer wriser, so that tie interfaced

between the liquid and vapour regiora (and hence any thermal. hydraulic couplir; oetween them), and also the
.

2-

|
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potential foi liquid iruarging into the pressuriser to mix, are mose important in L9 3.

From the above coruiderations, it is concluded that the L9 3 data are suitable for code validation in respect of I
tie plenomena identihed in t.ection I, with the provisos that die pressurivr dynamics tred to te carefully cum-
ired atxt that L9 3 is relevara only to symmetric loss of- feedwater tratumats.

3. DESCRIPTION OF EXPERIMENT L9 3
l

Experiment L9 3, which was performed on 7 April 1982, simulated a loss-of feedwater accident without reactor ,

trip and was the first of two ATWT experiments perfortned in LOFT. The test is desenbed in detail in refer-
'

emes 3 and 4. A brief description is given below.

3.1. Objectives of Experiment L9 3

The programinatic obj;ctives of Experiment L9 3 were to:

1. Provide experimental data for benchmarking pWR *endor's AT%T computer codes as required by the
NRC proposed ATWT nile (USNRC-SECL80-409).

11. Evaluate attemative mettuxis of achieving long term shutdown (without the imution of control rods) dur-
ing an ATwT evant, to address concems defined in the proposed staff rule (Fed: al Register Vol. 46, No.
226).

3.2. Conduct of Experiment L9-3

The experiment was performed in two phases. For the first 600 secs of the tramient only automatic plant pro-
tection systems were shnulated. This phase conesponds ta the penod of 10 minutes dunng which time the au-

. tomatic systems are required, in U.S. practice, to maintain de plant in a safe coralitian, witis no credit taken for
operator interventiort This first phase provided the data relevara to code validation (corresponding to the first
programmatic objective), arv 's the portion of the experirnent analysed in (tw present study.

The initial' conditions for Experiment L9-3 are listed in Table 1. and were representative of nominal PWR
operating conditions. The experiment w?s initiated by terminating all feedwater delivery to the steam gererator.-

The fouowing conditions applied during the transient:

. Au reactor trip setpoints (low steam generator liquid level, high pressure or temperature in the hot leg of the

| primary coolarx system, etc.) were inactivated, arc the tramient was allowed to proceed for 10 minutes with
'

no operator intervention.

. Ihe pressuriser spray, PORV and SRV were operated according to pnmary coolant system pressure setpoints.
'

. The main steam control valve was closed when the steam gererator had boiled partially dry (as indicated by
a lagh primary pressure reading).

. Ihe main stearn bypass valve was cycled on high steam generator pressure to simulate the action of the*

,

| steam gererator safety relief valves.

. The primary coolant pumps continued to be operated.

|
At the end of this period, the reactor operators initiated a controlled recosery which consisted of primary system

' feed (with highly borated liquid) ami bleed, arxl secondary system cooldown (via cycling of the feedwater sup-
ply).- The control rods remained in the nottual full power position during the ATWT and recovery phases of the
tramient.

|

3
l
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3.3. Summary of Transient

he sequence of events is described briefly as follows:

After tunting off the main feedrater pump, the feed flow started to decicase from its initial value his was
designated as the reference time rero. De pnmary to secondary tieat transfer degraded slightly almost immedi-
ately due to the loss of subcooling of the secomtary coolant, induced by the loss of feedwater. His caused the ;

pnmary coolant temperatures arxl the secordary side pressure to incnase slowly dunng tir first 50 secorxis of |

the tr:.nsient.

The rise in primaty coolant temperature caused the fluid to exparw! wi there was a slow insurge into the pres-
sunser, with a coruequent rise in primary system pressure. This caused die pressuriser spray to tegin cycling at
30 s.

ne secondary side coolant continued to boil off with the result that the tubes started to uncover at about 30 s.
De pnmary to secordary heat transfer then tiegan to degrade more raphily, such that the primary coolant tem.
perature increase, and the truurge to the pvssuriser, resulted in a precure rise that exceeded tic capacity of the
precsuriset spray to control. At 74 s the pressunser PORV openeri

As the steam generator boded dry, the mitial increase in secondary side pressme was revened, as insufficient
i

steam was now being generated to unintain pressure. The main steam control valve was closed at 67.3 s, with
die steam generator lhguid level slightly above the bottom of de indicating range and the tubes substantially t.n-
covered. Following closure of the coin.rol valve, the secordary pressure increased again to the steam bypass
valve setpoint. The small amount of continuing steam generation was then balanced by the bypass flow dunng
two cycles of valve opening and by Pe leakaEe of steam through the main Steam control valve.

The pressuriser liquid level meanwhde continued to tise and reached the top of the indicating range at 90 s.
De subsequent increase in discharge fluid density resuhed in a PORV volumet ic tiow that waa less than die
primary coolant rate of expansion. Ris mismatch caused de primary system pressute to increase again, reach-
ing the SRV setpoint at 107 s, after which the combined SRV arx! PORV capacities were sufficient to maintain
the pressure at or below die SRV setpoit.t.

The increase in prirnary coolant iemperature also reduced the reactor power via die feedback on the moderator
temperature and density. As a result, the primary coolant heat source / heat sink imtralance reduced to the extent
that after the SRV had cycled once, the PORV alone was sufficient to to control the system pressure. De tran-
sient continsed with the PORY cycling and reactor power decreasmg until an approtimate balance was achieved'

between the primary heat source and sink at atwt 200 s, after which cycling of the PORV ceased. During the
following 400 s, the primary pressure ard temperature remained approumately constant, at 15.7 MPa and 595
K. repectively.

At 600 s, the reactor operators initiated a controlied secovery by (a) starting injection of 7000 ppm borated water
into the primary coolant system from the high head injection system (b) starting injectior: of feedwater to the
steam generator, and (c) leiching open the PORV. This operation successfully recovered the plant and retumed
str intact loop hot leg temperature to 583 4 at 1080 s. Ris recovery phase of the experiment is tot analysed in
the present study. The significant events monitored during the transient ue detailed in Table 2.

4. RELAP5/ MOD 2 MODEL OF THE LOFT FACILITY

The code version used for the analysis of Experiment L9-3 was RELAP5/ MOD 2 Cycle 36.05 UK Version E03.
De code is described in references 5 and 6; UK modifications incorpotuted into Version E03 are summarised in
the output fmm running the code version.

Da input model (Ref 7) was based on that previously used by CEGB GDCD for analysis of LOFT loss-of feed
Experiment LP-FW-1 (Ref 8) and loss of on- and off site power ATWT Experiment L9-4 (Ref 9). De noding
diagram for the calculations is shown in figure 2. De following experiment features were included in the input

4
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rnedel:

1. %e pumps were kept tunning throughout the transient.

ii. ~ne pressuriser spray was operated,

iii. Tie experimental pressuriser rebef valve assembly was designed to operate in two positions, to represent
the trlief capacity of a single PORV, aid of a pOkV aral SRV combined. *fhis was represented in the in<
put model by a SRV ami PORY which were modelled as tnp valves that would t= either fully open or ful-
ly closed in re!adon to the setpoints.1 e flow e.reas of the PORY ard SRV were specified to provide
steam flows of 0.66 kg/s at a pressure of 16.2 MPa with the expenmental rtlief valve in the first /pORV1
position, and a flow of 1.52 kg/s at a pressute of 17.2 MPs in the second position.

iv. Le auxiliaty feedwater was disabled.

v. %c steam generator and pump simulators were replaced by a blitxt flange in Experiment L9-3. De nodes
representing the simulators and the pipework dowtuticam thereof were deleted in the input model used for
the analysis.

vi. As stated in section 2.2 the LOFT core moderator feedbac.k characteristics were typical of a commercial
PWR at end of-life coixlitions. The modmior void and temperature reactivity data provided in the Rib
' APS deck for LOPT had teen specified on the basis of core physics calculations perfstmed at INEL to.

support safety analysis of LOFT experiments and had been used in their own post test analysis of L9-3.
In onlet to confinn that the data (;iven are in fact rvpresentative of erxt-of life coexistions, they were com.
pared with the predkted reactivity obtained by core physics calculations for Sirewell 'B' (Ref. 6). Prom
Figure 3. it can be seen that the LOFT n.odel data are at least comparable with the Sirewell prediction at
zero loading of boron. %e reacuvity data were used in conjunction with the RELAPS/ MOD 2 point kinet- 1

les model instead of specifying the power as a function of time, his provides repasentation of the power
reduction as driven by the moderator feedback, ard ensure, that the power transient is consistent with the
thermal hydraulic transient.

vii. Decay heat was calculated by by the code's default decay heat model, which employs the ANS 1973 de-
cay heat data, together with a user specified multiplier (in this case, unity) reflecting best estimate or con-
sevative decay heat levels. Inspecuon of the calmtated decay heat levels shows fair agreement with those
quoted in the L9-3 data n port, bearing in mind that the quoted levels are based on an assumption of
scram occur'ing at 400 s.

5. RELAPS/ MOD 2 CALCULATIONS OF LOFT EXPERIMENT
L9-3

This section describes two calculations for L9-3. The lirre calculation employed the same input deck at was
used in the analysis of L9-4 with the changes described above. The second calculation was performed using an
input deck with a number of funher changes desigred to simulate the experiment more closely,

!

l 5.1. Initial Conditions

Prior to performing the transient calculation, a steady state calculation was performed in which the RELAP5
control logic was used to adjust the pump speed, feedwater flow, secondary pressure, steam generator level, and
primary syster" pressure. A shott null transient calculation was ' ben carried out to confirm that tie sten.ly state
was fully converged. The inRial conditions obtained at the tnd of the null transient are compared with the ex-

,

periment initial conditions in Table 1 Agreement is seen to be satisfactory bearing in mind tlut there is some >

| uncertainty in the data for the liquid and vapour volumes in the pressuriser. The calculatiun sought to match the
' latest information from INEL for the pressuriser dimensions.

5-
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5.2. Transient Calculations

52.1. Preliminary Calculation

!

Die first calculation was perfonned wah tle RELAP5 input model unchanged from de fann used for the j
arulysis of LOFT Exper: ment L9 4 perfomied by CEGD Barnt od. The only changes made to the tuput were
those cortesponding to the initial and bourxlary corklitiorut for Experiment L9-3. Tie objectives in perfonning

,

an initial calculation with an unchanged rnodel were:
|

. in assess the degree to wNch de input model used previously is uniformly applicable over a range of condi,
tions.

. to provide a baselin. calculation from which improvements or sensitivity calculadons can be made.

It was decided to run the initial calculation. at le st at first. for just the early part of the transient in order to
make a preliminary asssenment of the model. Figures 4,5 aul 6 compare the erpetimental and calculated pri.
mary system pressure, the cold leg and hot leg temperamres, and the pressuriser liquid level. The effect of the j

k$s-of feedwater is first indicated ?n the primary system after almut $s, as the loop temperatur-s armi pressure
begin to rise. The calculation sollows de experiment data quite well during tie early stages, to about 40 s,
although the initial increase in temperature is slightly more marked in the calculation. The calculated pressure
transient first devies from the _ data at 24 s,mhen the pressuriser spray flow was initiated prematurely in the
calculation, as a spray r.et point was specified acconting to the experiment specification, whetras the spray did
not begin until the pressure had risen by a furtlet 0.1 MPa. In the experiment the p.essme tien fell rapid $
such that die spray tripped off a few seconds later, to be followed by two funher cycles of spray initiation. Die
calculation eahibited only a gradual reduction in pressure, with the result that tin spray flow continued for the
remainder of the transia.t. This contrast tetween calculation and data has been reported in many RELAPS ana.
lyses of LOFT transkots, for exaruple reference 8.

,

'Ihe discrepancy between calculation arul data for the pnmary system pressure following spray initiation temis to
mask the comparison generally As can te seen from figure 5, tie coolant temperatures contisme to remain in
good agreement until the boildown of the stearn generator leads te 3 general destadation in primary to secondary
heat _ transfer. Since the pumps were running throughout the transient, the int transfer is essentially controlled
by the recondary side conditions, rather than the pnmary and secondary sides as it was in L9-4. A second rise
in coolint temperatures began at about 50 s, with a steady increase in the rise rate as the steam generator tutes
became pmgressively uncovered. The onset of the degradation was slightly delayed in the calculation, but once
initiated the prirnary coolant tempentures increased more rapidly than in the experiment. The hot leg tempera.

_

ture increase was less drarnatic than in the old leg, since the power reduction induced by the moderator feed.
back led to a smaller rise in terrperature across the core. 'The pressuriser level psovides an irxikation of the

'-

average coolant temperature in the primary system. As can be seen from hgure 6, the level increases more shar.-

ply in the calculadon than in the experiment, but at the time the (measured) level was at the top of the irxiicat.
ing r nge, the t!ey were almost coincident. Viis appears to be at variance with tmth the coolant te.uperatures in
tre loops and m.d system pressure. There may be processes occurring in the pressuriser that are not adequately-
matelled (such as the effect of spray flow).

'

The calculated and measured powers are compared in figure 7. The calculated power fell s!!ghtly more just-
L - after th; start of the transient, reflectmg the slightly more pnmounced early tempentmr increase. '!he nature of
jL the later power transients also reflects the respect;ve coolant ternperatute histories. It is wonh noting that the to-
i tal heat generation in the core deling the first 100 s os less in the calculation than in the experiment, but the

calculated coolant temperatures rose by a greater amount. Therefore the intal heat transferred to the secorxiary
'

'

side was less in the calcula!!nn than in the experiment. The reason (s) f7 ths may be either too little iniual in-
ventory in tie steam generator or a degradation in heat tmnsfer at t 'gh a remaining inventory. *ntis will be
examined in the analysis of the secondary side conditions, to follow

.
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in order to check tte matelling of re:ctivity, the reador power is plotted in figure 8 against coolant temperature
2 o the cold leg, for both tie calculation and data. 11ccause of the dilference in teinperature lustories, exact

agreement could r>4 occur, even if the neutronics were repesented exacQ. The closeness of the curves, howev-
er isticates that the reactiuty was modelled adequately foi the purpose of this study, at least.

'

Attention is tumed now to the conditions in the steam generator, in order to understard the factors that caused
the observed primary coolant systern trarsient, ard to explain some of the differences between the calculation
armi data. The secondary pressure history is sinwn in figure 9. Following the loss-of.feedwater, the pressure in-
creased gradually (atter a short delay corresponding to the ume over whir.h the feed flow terminated arxl the
trarmt time between the injection point and the boiler.) Tle pressure increased u subcooling was lost from the
liquid entering the bottom of the boiler. As a resuh, ratler more steam was generated for the same quantity of
heat hansferred across the tubes. The secondary pitssure then beFan to restabilise at a slightly higt.er value, and
with a steam gerrration rate and tiow also slightly highet. The initial increase in pressure was slightly more
marked in the calculation, ard dds led m the correspormlingly more marked initial increase in primary coolant
temperatures. There was no apparent depadation in trat uansfer until about 50 s, at which time the pressure

,

began to fall as the rate of steam Fenerat on dropped.

At 67.3 s the main steam control valve began to close. Further steam generation then caused the pressure to rise
onm again untd the steam bypass valve was manually operated to limit the pressure. The calculated fall in
prersure occurral a few seconds later than shown by the data, but was much more dramatic, as if steam gerers-
tion stdderdy ceased. In the calculation the pressure fell to 2.5 MPa compared with 43 MPa in the experiment,

'

Figure 10 shows the steam generator downcomer collaps d level, fcr which there was excellent ugreement
between calculation and data for tin fisst 30 s. From then unut the MSCV was closed the calculated level de.
creased more rapidly than the taeasured level, suggesting there may have teen too small a flow area within ei-
ther the downcomer or boiler, and hence too small an frutial inventory in the calculation. In the experiment the
level was just above the bottom of the indicating range at (;7.3 s whereas the steam generator was altnost empty
in the calculation. Frorn this we may deduce that eitner of both the following states aptied:

1. the calculated initini inventory was too small.

ii. good beat transfer was maintained in tir calculauon at inventones below that at which degradatinn oc-
curred in the experiment. .

Tirse deductions are confumed by figures ll, and 12, which compare the calcultted and expenmental steam
flow, and prim:.ry to secondary hea'. transfer, respect./ely. As can be seen, tin integrated steam flow is less in
the calculation, despite the fact that tirre was less liquid remaining in the stearn generator when the MSCV was
closed.1he plot of heat trarafer as a function of steam generator level, figure 12 shows even more clearly that

L the calculated heat transfer remained almost unchanged during the boildown until the steam generator was al-
most empty.

i

5.2.2. Revised Cakulation
t

in order to try to resolve the discrepancies between calculation and data, and determine whether they weie due
to weaknesses in the cale or ic. the input model, a number of changes wer: made to the input model as follows:

1. T'e bottom mde in the boiler and downcomer of the steam generator were subdivided into two, to seek a
l mare gradual degradation in heat transfer,

ii. ~ ik flow area m the lower part of the steam generator downcomer was inaeased in line with engineering
data on the LOFT facility @ef 10).

l -7-
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iii. T!e f ew resistance of tie steam generator was reduced to increase de circula' ion ratio. (This ard the
prevmai change were intend;d to increase tL irutial imentory in the stearn generator.)

iv. Adjustment of the trip settings 4o match more closely the sneasured conditions at actuation

1he calculation was run to 600 s. The revised model gave results that are quahtatively similar to the origtnal
mode', but with the steam generator boiling dry stic.htly later. The pnmary system pressure history calculatsd
using both models is compared with the data m figure 14 The revised calculation i: tempared with data for de
period to 600 s in figure 15. Tic effect of shghtly higher pressure for spray initiation, and tic higter irutial
steam gercrator liquid inventory results in slightly better itmings for key events, but the Fencial course of the
trarnieru is not significantly changed. Surpnsingly, the rapidity of the pressure increase as the steam generator
boils dry is not changed. The compansons for the hot and cold leg fluid temperatures show a stdft in time by a
few seconds, redect%g the higher steam generator inventory. These qut.atities are shown in figure 16. Tie'

shape of the power history is essentially the sarne as in the previous calculation. Ilowever, there is a temporary
decrease in primary coolant temperature at about the time of hiSCV closure that caused a slight increase in
pcwer, but toe total power generated is closcr to il.a experiment, as shown by Ogure 17

Although tie calculated pressure rise after about Mt s is stdl too rapid, and the timings for initiation of PORV
atx! SRV cycling consequently too cady, it is useful to compare the calculated and measured pressure hiatones

-

for the remairder of the transient. The calculation constrasted with the data in that (i) the SRV was calculated
to open before the pressurise; had tilled with liquid, (ii) the pressure tramient was brought utsler control (by
PORV cghng) considerably later than it was in the expenment. Cycling of the PORV between the open arxl
close setpoints maintained pressure tetween thow points. as occurred in the expenment but with much k>nger

<

d tradon.

The steam generator pressure and level are compared in figure 18 ars! 19, respectively, lhe revised pressure
history is in better agreement, mairdy tecause die pressure had not fallen so far, arxl slightly more liquid was
remairdng, at the time of htSCV closure. One of the changes to the model was that the htSCV was closed at r

J
the same pressure as obtamed in the expenment. The time of closure, however, was almost identical, apparent.
ly because the total heat transfer 1 ', and hence steam generated op to this point, were in close agreement with
-tperiment, This is conftnned by figure 20, whh compares calculated and measured steam flows. liowever,
the steam genemtor pressurt did not nse to the stexn bypass setpoint in the calculation, so tlere was rm bypass
flow calculated.

Agreement fer primary to secorphry heat tramfer, showra in figure 21, was not greatly ddferent, apart from the
later onset of heat transfer degnwlation. The finer Inling at tie bottom of the steam generator was expected to
result in smoother degradation in heat tmnsfer as the tubes uncovered. Instead, the neat transfer was more un-
stable, possibly lycause there was more liquid remaining when the MSCV was closed.

6. DISCUSSION
1he transient cakalation is now discussed in gerrral, and in respect of panicular aspects of interest.

<

6.1, General

The RELAP3/ MOD 2 calculation gave a reasonable simulation m the expenment, timugh with some discrepancy
for particular aspects of de transien'. The first N) s were web predicted, except for the sharp drop in pressure
following spray hdtiation. Tir most importan* factor controllmg the transient is the primary to secondary heat
trmsfer dunng boildown of r" stearn generator. "This affects the balance (or imbalance) between primary sys,
tem heat input and removal which, m tum, dictates the primary coolant temperature transient, the pressure tran-

*.
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sient, aid the timings for PORV and SRV opening and closrog In panicular the calculated steam generator heat
transfer was only about ten percent of the decay heat level. We actual heat trarufer is difficult to quantify fiom
the data, but dere is indication (e g. figeN 2 ') that it was being underpredicted in the calculation.

%e rooderator driven power reduction eventually ressured the pnmary system 1. cat balance. %e balance was .

reached somewhat later in the calculation than in the experi*nent, but both exhibited a period in which the paes-
sure was controlled by cycling of the PCRV, Subsequeuly lozes to the environment arxl metalwork, and etearn -

flow through the (leaking) htSCV were suuicient to temove the decay heat with die PORY closed During this
period slow changes ;n primary pressure occurred as the relative magnituda of these factors varied. The calcu.
lation did net match the data exactly during this last stage of the tramient, but the differences are probably ex.
plainable in terms of acertainty in steam leakage arxl iri die unount of liquid remaining in the secorxiary side
after cycling of tie bypass valve.

A consequence of the differenas between calculadon and data is that the tinungs of key events, arxl their order
are different. his is more apparent in Experiment L9 3 than it was in L9-4 because of the greater number of
events happening within a short space of time. We timing of the events influenced the boundary corm 4tions,

(e.g. rpray flow), so that comparisn of the code via comparison of the pressure trace is complicated.

6.2. Primary to secondary heat transfer -

De must *Wicant discrepancy between calculation cad data was the rate at ihich the primary to secondary
heat transin uegraded as the steam generator boded dry. %e calculation exhibited an urxliminished heat
transfer until the boildown was almost complete, wlereupon the;a was a sudden drop in heat tmnsfer, arxl a con-
sequent increase in primary system pressure. he hea; transfer history is affected by two factors: (1) the relatmn
between heat transfer and remaining inventory, (ii) the initial inventory.

Comparison between the first calculation and tin data shows the primary to secondary feat transfer to fall
prem turely as well as too sharply. Inspection of the steam now cordisms that the initial inventory. must have
been too small by at least 100 kg (about five percent) ux! very probably more. We main factors that affect the
initial inventory are (i) the configuration of the steam generator, (U) tie rectreulation rutio, (iii) the interphase
drag, arxl (iv) the subcooled void. Le effect of changes made to the input model to increase the inventory are
shown in figure 20, which shows the 'otal steam flow up to the time of htSCV closure to be close to experiment.
he initial inventory was probably arill too small since comparison of the level indicate an undetestimate of
liquid remaining at the time of htSCV closure. Since the changes made were as large as was thought to be sen-
sible, there remains the likelihomi that shortcomings in the interphase drag and subcooled void models resulted
in too idgh a void fraction initially in tic riser.

We sudden nature of the drep in steam generator heat transfer was thought to be due to use of too coarse a no.
dalisation. The sme: ring of the liquid over each fluid cell rueans that too large an area of die tubes remaim
wetted until the fluid cormiitions change to thrse corresponding to dryout. Subdividing the nodes at die bottom

.of the steam generator was expected to reduw this effect. llowever de behaviour prover, ,o be essentially as
~ before, Figures 22 and 23 show the calculatwi liquid fracuon and heat tramfer in each node in the ti.ser. Prior
to closure of the htSCV, the liquid fractions decreased more or less tc. ether, so that instems iI showing a
sequential emptying, the liquid was still smeared to a large extent. As a result the leat tramfer remained Inghi

in all the nodes until tiey weie all nearly empty, whereupon the heat transfer fell sharply in all of them. 'Ilds
appears to be a.tributable to an overestimate of interphase drag, so that liquid is curied up into the higher nodes.

|
|~

'

De heat tramfer fluctuated considerably during the later stages of die boildown. %is was due,'in part, to the

.

redistribution of a quantity of liquid in the downcomer at the time of htSCV closure, temporarily increasing the i

'. amount of liquid in the riser, and in part to the tendency of the code to predict large changes in local heat
tram er as a luid cell empties. -f f
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6.3. Pressuriser reponse

An adduional discrepancy is the rate at which the pnmary pressure increased as the pressuriser filled. For a
given level increase, RELAP5/ MOD 2 calculated a pressure that wu peater than shown ty the expenment data.
A contnbutin3 actor is t!c underprediction of the trat ternoved frten the $apour by tie spray. In order to as.f
sess tie ponible inagnitude Of diis effect, a furtl+r servitivity calculatko not to be regarded as a best esttmate,
was perfonned in which the pressuriser was assumed te tx m equilibrium from the tirne at which tie spray flow
was initiated. This assumption matimises the heat transfened from the vapour to the liquid. and shouki certain-

i ly overstate it, in fact. The resulting prest,uriser leve. ar.d pressure tramients are shown h. figures M 25 and 26.

1

Prior to sp% dow the rise in pressure with level is accurately calectateo, Following spray .ctuation, there is a ,

'drop la pressure not effectively sunulated, followed by a rise with level with a lesser gradient than before. In-
voting equihbrium in the pressuriser as the initiation of spray llow gave irnprovernent in t!c relatioriship
between evel and pressure, aid a closer agreement in gradaent. However, tte initial decrease in pressure was
still too small, and these is the possibility that the liquid in tie spray line was much cooler ttu.n the cold leg
temperature assumed in the calculations. The ef fect of initial spray line temperature would last for <nly a few
secomls of spray flow, however.

'

6.4. Mass and (nergy flows through relief valves

Assessmen' of the representation of mass ard energy flows through the PORV ard SRV is complicated because
the fluid corxiitions in the relief line differed between experiment ard calculation. The relief line flow arx! pres.
sure are shown in figures 27 arwt 28. (A furtter sensitivity case in which the subcooled discharfe Coeflicient for
the PORY was increased from 1.0 to 1.8 (specifically to seek nyeement with data) is d3 played.) Prior to filling
of tha pressuriser the calculated flow rate thrcugh the PORY and SRV agreed with tie specifie'l flow for steam
ami with the data for the PORV flow. In the calculation the SRV opened once before the pressuriser filled, and
again afterwanis, whereas the SRV opened only after the pressuriser tilled in the experiment.

The underestunate of the PORV tiow when liquid was being Oscharged affected the rernainder of tte pressuie
trrisient, as was reflected in rue extra tirne before the pressure was brougt.t down to the PORV closing setpoint.
The calculation with the subcooled discharge coefficicos for the PORY increa ed to 1.8 gave (as expected) good
agreement for the flow and the erasuing pressure transicot. In pamcular, tie period during which the SRV

,

remaired open, and the time of initiation of PORV cycling was closely matched. This calculation, like the pre- '

vious one with equdd > um assumed in the pressuriser is intended mamly as a sensitivity, rather than a true best
estimata. llowever, the discharge characteristics may, in fact, be known with more ccitainty for plant studies
than for LOFT,

6.5. Shortage of experiment data

A shortcorning of the LOFT facility is the paucity of instrumentation in the steam generator. Data are not avail-
able for void distribution, mixture level, or tube temperatures in the riser, and the initial inventory and recircula-
tion ratio is not known exactly. This makes assessment of the two fluid modelling in RELAP5/ MOD 2 less clear.

6.6.- Code problems

The following problems widi the node are noted.

i. The onset of carryunder results in a surge of two-phase fluid from the downcomer to tie steam dome, nxi
,

an increase in vapour generation. In all the calculations tere, attempt was made to suppress this by reduc-
|
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ing the value of VUNi> fir such that carryurtler did not occur until the stearn genentor w as almost totally
oid.

ii. Tir use or the M'~RVLV type for PORV and spra, valve actuation can cause the valve to open only par-
tially when the setpotnt is readied. This may have affected the pr b ninary ed revised calculation * in
which, on close inspection. it was found that only a fraction of the full spray was occurnng for a consider-
able time. This dkt not affect the conclusion conceming die relation between pressuriser pressure and lev-
el but probably affected the pressure drop wlen the sprvy flow initiated. %e sire of this effect is not
known, but is boutxted by the talculation in uluch equilibrium was assumed.

6.7. Run-time characteristics

The semi. implicit numerics option was used in the calculations. Since the pumps were running, the primary
Gow was large enough for the calculation to be Courant hmited thnughout die transient. The controlling volume
was the node just downstream of tie pumps, cell 150 01. The calculation ran with a cpu /transiers ratio of about
2.1, Calculation to 600 s required 1236 s on the liarwell Csay.2.

7. CONCLUSIONS

1. Calculations have been pertonr.ed of LOFT Experiment L9-3, a loss-of feedwater anticipated trarnient
without trip, in orde, to validate the code RELAP5/ MOD 2 for future use.

ii. The studies show that the course of tran ient can be faisly well simulated, but it is necessary that tin ini-
tial inventory in the steam generator be wrrectly calculated. (It is ret certain that this has been achieved
here, although for plant analysis, the initial inwntory would nonnally be known with some confidence,
even though it is uncertain for LOFT).

bl. Several features of the transient calculated fairly accurately, in particular the time at which steam g. nera-
tot heat sink wa= essentially lost (given good estimate for initial inventory), the end point of the primary
coolant temperature transient, and the effect of the PORV cycling in controlling the primary pressure
(given correct discharge flow).

iv. T1w: calculations suggest shortcomings in the RELAP5/ MOD 2 treatment of interphan drag. This led to
too sudden a loss of steam generator heat sink which could not be overcome by renodalisation of the
lower part of the steanu generator.

Tiere is reason to believe thtt the phases may be close to equilibrium during spray operation. De calcu-v.
lated pressure rose too rapidly in relation to the liquid :evel, Thus affecting the sequence of pressuriser
filling and PORV, SRV actuation, and hence the mass and energy flows The main cause of this discrepar>-
cy appears to be the under representation of heat removal from the vapour during spray operadon.

vi. Simulation of the event sequence and timings for this transient is fairly challenging, due to the number of
events and setpoints reached in a short space of time. The uncertainty in the pressure response during
spray operation, arxi discrepancy in the steam generator heat transfer during boildown, made it difficult to
obtain exact agreement for the timings for which setpoints were rearbed. Calculation of the event se-
quence depenJs also on how setpoints are defined (e.g. on time, pressure in certain location, other setpoint,
etc.). This could cause difficulties in some piaru apphcations where some setpoints are defined on a con-
dition while o'hers might be on time.

vil. Use of the RELAPS/ MOD 2 points kinetics rnodel proved a viable means of calculatmg the power tran-
sient. This ensured that tbc reactivity arH thermal hydraulic transients rema ned in step.

11 -
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Table I trutial Conditions for Expenment L9 3

I CALCULATED
PARAMETER MEASURED

PRELIMINARY REVISED
PRIMARY COOLANT SYSTEh!

Mass flow kg/s 467.6 467.7 467.7
Ilot leg pressure MPa 14.98 14.95 14.94
Temperature across core K 19 4 19.2 19.2
Cold leg tenperature K 557.0 559.V 558 6
Ilot leg tr operature K $76.4 578.2 577.8
Boron concentration Ppm 694 . -.

REALTOR VESSEL

Power level MW 48.7 4R.7 48.7
_

PRESSURISER

Steam volume m3 0.40 a 0.473 0.437
Liquid volume m3 0.53 a 0.515 0.551
Liquid ternperature K 615.2 613.4 613.5
Pressure MPa 14.98 14.91 14.91
Liquid levei m 1.00 0 975 1.039

STEAM GENERATOR

Liquid level m 3.15 3 !$ 3.15
Liquid temperature K 544.4 544 6 544.5
Pressure MPa 5.61 5.62 5.62
Mass flow kys _ 25.7 25.45 25.46

As given in Experiment Data Report; revised estimates c.re 0.45 arxl 0.55 m3 for vapour and liquid volumes.a
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Table 2 L;quence of Events for Expentnent 1.9 3

TlhiU (secondo
EVENT CALCULATED '

ACTUAL l
PREllhi REVISED

hiain ferdwater pump (npped off 0.0 0.9 0.0
Pressuriser spray valve cycling inititted 29.5 210 41.5
Steam gerrrator htSCV closed 67 3 67.3 a 67.6 bi-

i Experiment primary PORY operrd 73.8 60.2 c 67.0 d
Pressuriser liquid level reached top of 90.0 95.6 .-

irxlicating range (1.83 m above bottom)
Steam generator hquid level reached bottom 94.5 60.6 6R.1

,

; of indicating range (0.25 m above bottom) i

Experiment prianary SRV opened 96.8 64.5 c 75.0 d j
Experiment primary SRV closed 10' 76.4 c 82.8 d
Esperiment prbaany PORY closed 123 159.2 d-

Experiment prirnary PORY ;ycling initiated 125.4 163.1d-

Experiment PORV cycling terminated 208 -e-

End of AT'VS phase / start of recovery 601.1t i
- -

i Env3 of calcul.ition 600.0--- -..

|

a setpoint defined by time

b setpoint defired by SG pressure
'

-e setpoint defined by nominal pressure

d setpoint dellred by actual pressure

; _ e was still cycling at 600 s

|

|

|

!

i
!

|
|

|

|J _
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10. SLPGtMENT ARY NOTES

1 L ABST RACT (?oo no,w or e,s>

An analysis las been performed of LOFT Exp:riment L9-3, a loss-of-feedwater anticipated transient
without trip,in order to support the validation of RELAP5/ MOD 2,
Exp*,riment L9-a exhibited a rapid boildown of the stam generator, following the loss of feet!, wig
the r . actor remaining close to its initial power until the steam geneator tubes tuame sufficiendy un-
coverest for primary to secondary beat tiansfer to be significantly reduced, ne ensuing heat up of the
primary fluid resulted in a reduction in power induced by the moderator feedback. De primary system
pressure increased to the safety relief valv setpoint, before the fall in reactor power allowed the
mistnacci: between pr. mary system heat inpct and heat re:noval via the steam generator to be accorn-
modated by cycling of the pilot operated relief valve (PORV),
Cotuparison between calculation and data shows generally good agreement, though with discrepancies
in some areas. Weaknesses in the code's treatment of interphase drag and it the rel'resentation M the
pressuriser epray are indicated, although a shortage of definitive data, particularly in the steam genera-
tor, may also le a factor. The ovespredieth,a of interphase drag led to a tendency to underpredict the
initial . inventory in the steam generator t * i also, peahaps, to overpredict the steam generator heat
transfer unile the tules were being imcovered. nere is indication that the pressuriser vapour region
coc-$itions were close to equilitxium during spray operation. ne point kinetics model in
RELAP5/ MOD 2 proved a viable means of representmg the power history for this transient.
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