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RELAPS/MODZ analysis of LOFT Experiment |.9-4

M\BAKeeviu - Safety Technology Section

/ V

He/ad of Safety Technology Section

As part of a vrogramme to validate RELAPSMOD2 for use in the
an=iysis of certain fault transients in the Sizewell B PWR, the code has
been used to simulate axperiment L9-4 carried out in the Loss-Of-Fluid
Test (LOFT) facility. Experiment L9-4 simulated a Loss-Of-Offsite-
Power Anticipated Traansient Without Trip (LOOP ATWT) in which
power is lost to the primary coolant pumps and main feed is lost 1o the
steam generators but the control rods fail to insert in the reactor cu:

RELAPS/MOD? genera'ly predicted the transient well, although there
were some differences c ympared to the test data. ' “ese differences
are iargely due to the use of power and flow as boundary conditions
and because of uncertainties in the power and flow experimental data.
ihe most noticeable difference was that the steam generator was
predicted to boil down too fast. This is balieved to be partly due to
errors in the RELAPS interphase drag model. The RELAPS calculation
also showed the primary pressure ‘o he very sensitive to the primary
flow rate, making the exact simulation of primary side relief valve
movements difficult to reproduce,
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1. Introduction

2. The Loss-of-Fluid Test (LOFT) facility

3. Description of test L9-4




RELAPS/MOD2 analysis of LOFT Experiment L9-4

®  the pressutiser spray was inoperative due to the primary coolant pump trip

® auxiliary feedwater was initiated 10 seconds after the start of the transient. The
delay simulated the start up time of diesel generators used for emergency power
generation in commercial PWRs,

® steam generalor secondary side pressure was manually controlled by steam
bleed through the main steam bypass valve. This simulated the action of the
steam generator safety relief valves in the commercial plant

The sequence of events in the experiment 18 described briefly as follows -

After the primary coolant pumps tripped, the decreasing primary fiow resulted n
a rapid core coolant tempaerature tise. This initial heatup caused the reactor power
to decrease rapidly, principally due to the effect of moderator density feedback
Vometric expansion of the primary coolant during the heatup caused the primary
pressure 10 increase to the SRV setpoint by 18.5 seconds foilowing which the SRV
cycied four times 10 control the primary preusure. The transition from forced flow to
natural circulation flow began during the pump coastdown and natural circulation was
fully established by approximately 80 s after experiment initiation. By about 200s
sufficient water had boiled off from the steam generator to significantly degrade heat
transfer such thal primary pressure again started to increase lowards the SRV
selpoint, causing further SRV cycling. By the fifth subsequent SRV cycle at 500s, the
pressuriset had filled completely so that discharge through the SRV consisted en-
tirely of single-phase liquid. The SRV cycled a further two times, after which the
steam generator heat transfer and environmental heat losses were sufficient to re-
move the reduced core power and no further SRV cycling took place. At approxi-
mately 1000s primary pressure control was regained as a steam bubble was reformed
in the pressuriser and the primary side deprassurisation rate de creased. The core
heat generation was now sufficiently smali that it could be dissipated by the auxiiary
feedwater flow into the steam generator. The experiment was terminated at 1507s
by reactor trip.

4. RELAPS/MOD2 mode! of LOFT facility

The code version used for the analysis of experiment L9-4 was RELAPS'MOD2
Cycle 38 05 UK Version EQJ

The input mode! was based on trat used previously by GDCD for analysis of LOFT
loss-of-feed fault experiment LP-FW-01 (Ref.3). A noding diagram is given in Fig.2.
The following changes were made to the input deck used for the Rel.3 calculations.-

1. The pressuriser spray was disabled.

2. The pressuriser SRV was modelled as a Irip valve so that it was either fully open
or fully closed depending on the pressuriser pressure in relation to the setpoints.
The SRV flow area was initially obtained from a separate RELAPS calculation
since the actual area of the experiment SRV was unknown. This calculation
modelled only the SRV with inlet and outlet plena, The valve area was adjusted
until the required flow rate was obtained, using the calibration data given in Ref.1.
After preliminary RELAPS transient calculations, some further changes were
necessary to the modelling of the SRV. The area was adjusted slightly and tha
control logic was modified 10 ensure that the valve opened or ciosed fully when
a pressure setpoint was violated. These changes were necessary to obtain the
correct depressurisation rate when the valve was open.

w

Nodes representing lengths of pipe on the broken locop cold leg, which were
blanked off for test L9-4. were deleted.

4 A steam generator auxiliary feedwater system was added.
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RELAPS/MOD2 analysis of LOFT Experiment L9-4

§ The control system and trip data were mdified 1o represent the experimantal
setpoints for L9-4.  Rel 1 slates thal during the experiment the steam bypass
valve was adjusted manually to control the steam generator pressure belween
specified imis.  No further information describing the valve characteristics was
provided so the bypass valve was modelled as a motor vaive, with a valve ciange
rate as given in the source deck. Refs 1.8 2 gave conflichng values for pressure
Himits within which the steam generator was confrofied, Examination of the ex-
perimental data lud 10 the values given in Rel.2, being adopted e, 6 63 any 697
MPa

6 Rel2 sates that the LOFT moderator reactivity teedback was typical of PWR
end-of-life conditions. This implies a large, negalive moderator temperature co-
efficient. However there was no reaclor physics data available for the LOFT fa-
ity nuclear core under end-ofl-life conditions so it was not possible 16 simulate
reactivity feedback using the RELAPS/MOD2 point kinetics model. Because of
this, the reactor power during the ex _2riment was input as a table of power ver:
sus time. The data for the input table was obtained initially from the LOFT | 9-4
experimental data lape which gave the core power as measured by the ex<core
detectors. To this data was added the contribution from decay heat which was
calculated from the known power history, as described in Appendix 1, using the
ANS 1978 standard. The corresponding power curve is shown o Fig 3,

7. The primary coolant pump coastdown was modelied using an input table of pump
velocity versus time, with data again obtained from the experimental data tape.
The corresponding pump velocity curve is shown in Figd This was done be-
cause preiiminary RELAPS transient calculations, with pump behaviour deter-
mined by hemologous pump curves, showed the pumps 1o be coasting down too
quickly after trip. The design of the pump drive system is unusual since the pump
motor 15 electrically connecled to a generator/flywheel which is. in turn, driven
through a fluid coupling by @ motor (the prime mover). This gives rise 10 uncer-
tainty over tne inertia of the system during coastdown and th.s is belleved to be
the reason for the fast coastdown calculated by RELAPS. Note that in the exper-
iment pump 2 stopped at 37s but pump 1 continued to rotate, driven by natural
tirculation flow, before finally stopping at 732s. In the RELAPS pump velocity ta-
ble. both pumps were set to stop at 37s in order ‘o give slightly improved agree-
ment with the measured ioop tiow.

8 The steam gensrator separator fall-back junction loss coefficient was adjusted to
prevent premature steam carry-under during the early part of the transient.

5. RELAPS/MOD2 Calculations
5.1 Initlal conditions.

Prior to peﬂorming the fransient calculation, a steady state calcuiation was per-
formed in which the RELAPS control logic was used to adjus! the pump speed, feed
and steam flows to obtain the correct initial values for primary mass flow, secondary
pressure, steam generator level and cold leg temperature. In addition, a null tran-
sient calculation was performed to confirm that the steady state was fully converged
The initial conditions obtained at the end of the null transient are compared with the
experiment initial conditions in Table 1 Agreement is seen to be satisfactory.

The first attempts at a transient calculation were unsuccessful. with some calcy-
lations ending in code failure. The main difficulty was that the calculation showed
unusual ‘spikes in the calculated primary pressure. Reducing the maximum

T I = T T S =T ST el = TS SNy W T 1 SRty e
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calculational timestep to 0.01s gave a slight improvement but spikes still remained
The pressure spikes were eventually found 10 be due to the code unexpectediy pre

! dicting dryout in one of the core nodes. Investigaiion revealed that one of the Biasi
| critical heat flux correlations (Biasi B) used by RELAPS was being applied at pres-
i sures outside its range of validity (140 bar). Al pressures above 162.5 bar, the cor- |
n relation actually gave negative CHF predictions and this had occurfed in the '
: calculation of L8-4 when the correlation was selected by RELAPS, as the mass flux fell

below a threshold value (300kg/m?s). This can be seen in Fig 5 which piots the CHF
predicted by both Biasi A & B correlations for a mass flux of 300kg/m's.

A modified code version was produced by AEEW which hnearized the calculated ‘»

CHF from the value calculated at 140 bar down to 2ero al the critical pressure of 221
bar. This was found to remove the problem and subsequent calculations were par-
formed using this code version. It should be noted however that a large discontinuity
remains when the code switches between Biasi A and Biasi B correlations. Fig6
compares the CHF given by the modified Biae. B correlation with that given by the
BW-2 correlation {(Refd). It is seen that the two models are in good agreement at
pressures above 70 bar

__———

The preliminary calculations were also found to be sensitive to the calculational
timestep. This sensitivity 10 timestep size was found to be due 10 numernical oscil-
lations in the steam genaerator separator during the first few seconds of the transient |
Some adjustinent was made to the resistance of the liquid fall-back junction to re- i
move these oscillations. When this was done the sensitivily to timestep was no
longer present,

R

Having identified and resolved these various problems, a final RELAPS calculation
was nerformed This is described below

5.3 Comparison of final calculation with experimental results

The calculated primary and secondary pressures during the transient are shown
in Fig.7.8 & 9 together with the corresponding experimental results. It can be seen

T S —————

: that RELAPS predicts the primary pressure well in the first 40s of the transient, al-
though one extra SRV cycle is predicted due to a slight discrepancy in the primary to
: secondary heat transfer, The SRV cycle at 128s is not however predicted, indicating

that too much heat is being taken oul of the primary circuit.

Between 100 and 220 s the primary pressure stays fairly constant whilst steam ,
generator boil down continues. The calculated steam generator liquid level is com- :
pared with the measurad level in Fig. 10 It can be seen that the calculated level falls
more rapidly than in the experiment. (Note that two scaies are used in Fig. 10 to be
consistent with LOFT terminology. where a level of 0.0m actually corresponds to a
leve! 2.95m above the tubesheet | The measured steam generator level suggests that
in the experiment steam genarator dgryout occurred at about 6008, which is 230s iater
| than predicted by RELAPS. (Note that after 500s the measured steam generator level
. appears to remam at 0.25m. This is a false reading because the lower pressure tap-
ping for the level indicator is 0.25m above the tube sheel, so levels below this value
are oulside the measurement range).

———

From about 220s the calculation predicts that the primary heatup resumes again
causing the onset of a secand phase of SRV cycling al 296s. In the experiment the
heatup resumed slightly earlier at approximately 200s with SRV cyciing commencing
at 3308, which suggests a more gradual heatup than predicted by RELAPS. The rea-
son for this discrepancy is probably difference between the predicted and actual rates
at which the heat sink is lost. Figs.11 & 12 compare the measured and predicted hot
i and cold leg temperatures. The over-rapid increase in calculated cold leg temper-
ature shown in Fig.12 is again attributable to the calculation of too rapid a loss of heat |
sink between 300 and 800 s. The result of the above is that RELAPS predicts a pri- |
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maty heat-up which, although starting later, is more rapid than in the experiment and
larger in magnitude, so that SRV cycling recommences aarlier ih the Calculation

In the second phase of SRV cycling, the final SRV cycle is calculated 1o occur at |
8408 which compares quite wall with §78s in the experiment, although RELAPS pre- |
dicted 25 SRV cycles during this phase compared {o the 7 cycles which actually 100k |
place. This is again presumed due to discrepancy in the calculaled primary 10 sec- ‘
ondary heat transfur. Also, during this period, the calculation shows the secondary
side pressure 10 be cycling between the high and low pressure setpoints. This 1s |
probably because the RELAPRS model of the steam bypass valve tontrol istoo c.ai ez, ;

After 700s the core power is balanced by auxiliary feedwater 1o the SG boiling off,
together with the steam generator environmental heat losses, and the primary pres-
sure begins to fall. RELAPS predicts this primary cooldown weil, From about 700s
onwards, the power level remains essentially constant at around 1.5MW. this leve!
being determined, via reactivity faedbacks, principally by the heat reinoval capability
of the supplied auxiliary feedwater. The calculation still shows the secondary side
pressure to be oscillating between the setpoints during the primary cooldown, again
because the control of the steam bypass valve is 100 coarse

Pressuriser liquid levels for the calculation and the experiment are shown in
Fig 13 Apart from the slightly different initial hiquid levels, the inttial pressuriser in-
surge during the heatup is well predicted. In the test, the pressuriser iquid level
reached the tep of the measuring range (1.8m) after 437s and did not fall back intc the
measuting range until 11258 In the calculation the pressuriser filled at 375s, after
which single-phase liquid was discharged through the SRV, until approximately 1200s
when, because of the more rapid cooldown, volumetric contraction of the primary
fluid caused a steam bubble to reform in the 1op of the pressuriser. The void traction
at the SRV is shown in Fig.14.

5.4 Computing time

The RELAPS calculahons were peiformed on the Harwell CRAY2 computer. The
1500s transient took 2578 s of CPU time to calculate, The maximum time step size
was 0.05s for the first 700s of the transient and 0.1s for the remainder.

6. Discussion

6.1 General

In general RELAPS/MOD2 gave a reasonable prediction of the experiment, bearing
in mind the lack of information available to describe some aspects of the experiment
The first 40 s of the transient containing the initial heatup and first phase of SRV cy-
cling are well predicted. it is during this phase of an ATWT that the highest core
powers occur and the primary pumps coastdown, giving most rause for concern te- !
garding the possibility of Departura from Nucleate Boiling (DNB). he accuracy of this |
part of the caiculation is therefore encouraging. |

The remainder of the transient is less well predicted, although the main phenom-
ena of natural circulation, secondary beil down, pressuriser insurge and outsurge and |
primary cooldown are still reasonably represented in terms of trends and timescales.

The most important factor governing the calculation of L9-4 is the primary to =ec-
ondary heat transfer rate, particularly as the core power is input as a boundary i
dition with no reactivity feedback. In the early part of the transient prior to steam
generator dryout, the steam generator heat transfer is dominated by the heat transfer
coefficient on the primary side of the tubes, the heat transfer regime being convection
to sub-ccoled liquid under conditions of reducing primary flow. Aftar the steam gen-
erator dries out, the primary 1o secondary heat transfer is dominated by the heat

7
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6.3 Sensitivity to input power

The uncertainty in the core power measured by the ex-core flux deteclors Is
quoted to be + 2.0MW (Ref 1). The previous power history used o calculate the de-
cay heat contrihytion was also measured using the ex-core detectors and is therefore
subject to the same uncertainty. The uncertainty in the initial power level is quoted
in Ref.1 10 be + 54MW and it is not clear how this power level was obtained. in view
of these uncertainties it s likely that there is some inaccuracy in the input core power
tabie and this may partly explain the rapid steam generator boildown.

6.4 Sensitivity to steam generator neding

The RELAPS steam generator mode! consists of five nodes in the seconda y side
boiter region, four of which model the tube bundle. it can be seen from Fig 10 that
the discrepancy between calculated and actual level increases with time, effectively
in a series of steps. Each of these steps corresponds 1o dryout occurring in a RELAPS
node and this suggests that a better prediction of the level could perhaps be achieved
by increasing the number of nodes at the bottom of the riser.

6.3 Shortage of experimental data

No reactor physics data was provided for end-of-iffe core conditions, nacessitating
the use of a power table in the present calculation. Since the core power in exper-
iment L9-4 is controlled by reactivity feedback, the calculation would have been a
good test of the RELAPS point kinetics model and inclusion of point kinetics with
feedback would aiso have rendered the calculation to be less sensitive to primary
flow The omission of the data from the Experimental Data report is therefore disap-
pointing.

L Conclusions

1. As part of a GDCD programme to validate RELAPS’MQD2 for future use, caicu-
lations have been perform~d to simulate LOFT experiment L9-4, a loss-of-offsite-
power anticipated transi it without trip in which the primary coolant pumps
coastdown and main feed to the steam generators is lost.

2. The transient was generally well predicted by RELAPS/MOD2 particularly the ini-
tial primary heatup which is the phase of the transient where DNB is mos! likely
1o occur. The primary coolant system remained sub-cooled throughout the tran-
sient.

3 RELAPS predicted the steam generator boiidown to be significantly faster than in
the experiment, which subsequently affected the remainder of the calculation.
The reason for this is not clear at present but it is likely that inaccuracies in the
input power and primary flow are the main contributory factors. Systematic er-
rors in the calculation of the void fraction in the riser region may also have con-
tributed to an underprediction of the initial steam generator mass inventory.

4. Due to lack of data, pump coastdown and reactor power had to be specified as
boundary conditions. This caused the calculation to be very sensitive to the pri-
mary coolant flow rate, to the extent that changing the flow within the measure-
ment uncertainty band had a large effect on primary pressure. it is believed that
the inclusion of reactivity feedback modelling would have alleviated this sensi-
tivity.

5 RELAPS/MOD2 was found in this study to be applying the Biasi critical heat flux
correlation outside its range of validity, resulting in calculation of a negative crit-
ical heat flux at pressures above 1625 bar. The coding has been modified in
RELAPS5/MOD2 Cycle 36.05 to correct this error.
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According 1o the 1978 ANS Decay Meal Stancard ANSIANS 5.1 1979 a power
pulse at time 8 results in decay heat at time t -

“hare 2, 4 are given in Table 7 of ANSI/ANS 5.1 1979,

fu’ operation between times L and U, decay heat at time t 1s therefore given

by -
‘=23
< 8. J' " A= '
D, el P{t)gap ds ;
=23
= _E_ \—‘ = At . 48
D, 0 i_{a,a L Plsie ds

Il it s assumed .hat P(s) is made up of ~traight line segments, thus in
general the functions to be evaluated are of the form

¥

(A + Bs)e"'ds
i

This is -

Aje“ﬁs + wa“dx

1
S o e e i

=~ A[S-]+ (s & - [ 2~ as)
RO T 1)

Af 2] v &= - &
- -i‘-; [Aie" + Bsie" - Ben)

e i e T |

==L [((A + Bs)i - Bl

= L [((A + BUJ ~ Ble% — ((A + BL)s ~ Ble%]

If we write -

ul - ) -
constii) = % -;?- [(A + BUIL,— Bie"Y ~ ((A + BLIA, ~ Ble™"]

the decay heat at time t is thus:-
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10 WY I EMENTARY NOTES

T ARSTRALY (300 wovens o oy

At part of & program 1o vahdate RELAPSMOD?Z for use in the
analysis of certain fault transients in the Sizewell B PWR, 1he code has
been used 1o simulate experiment L9-4 carried oul in the Loss-OFluld
Test (LOFT) facility. Experiment Lb-4 simulated a Loss-O-Offsite
Fower Anticipated Transienl Without Trip (LOO ATWT) in which
power is lost 1o the primary coolant pumps and main feed is lost 10 the
Steam generators but the contro!l rods fail to insert in the reacion core

RELAPS'MOD2 generally predicted the transient well, although there
were some differences compared to the test data These differences
are largely due 1o the use of power and flow as boundary conditions
and because of uncertainties in the power and flow experimental dala
The most noticeable difference was thal the steam generator was
pradicted 1o boil down too fast. This is beleved to be partly gue to
errors in the RELAPS interphase drag model. The RELAPS calculation
also showed the primary pressure (o be very sensitive 1o the primary
fiow rate, making the exact simulation of primary side rehef valve
movements difficult to reproduce

mmtn-umm»utww-.mmm»umwmu‘

RELAPS /MOD2

LOFT Experiment L9-4

Loss-of-Of fsite-Power Anticipated Transient Without Trip (Loop ATWT)
fault transients
Sizewell B PKR

NEC FORM 3w (0 #
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