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Abstract

This report provides the results of a RELAP5/MOD3.2 calculation of Test 6.9a which was carried out on
the BETHSY facility. The purpose of the calculation is to provide validation evidence for the use of
RELAP5/MOD?3.2 for application to faults at Sizewell B which can occur when the plant is in Modes 5
and 6 (and including the use of nozzle dams).
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Introduction

This report provides the results of a RELAP5/MOD3.2 (Ref 1) calculation of
Test 6.9a (Ref 2) which was carried out on the BETHSY facility (Ref 3). The
purpose of the calculation is to provide validation evidence for the use of
RELAP5/MOD3.2 for application to faults at Sizewell B which can occur when
the plant is in Modes 5 and 6 (and including the use of nozzle dams).

The BETHSY facility

The BETHSY facility is a three loop, full elevation, 1/100 volume scale model of a
Framatome three loop PWR of 2775 MWth core power (Ref 3). The BETHSY
facility simulates:

0] the entire primary circuit - pressure vessel, primary piping for three loops
including SG primary sides, coolant pumps and pressuriser connected to the
hot leg of loop 1 via a surge line (the surge line is connected to the top of
the hot leg)

(i)  the secondary system consisting of three SG secondary sides, main
feedwater lines and main steam lines

(iii)  the emergency auxiliary systems including a High Pressure Injection
System, Low Pressure Injection System, accumulators, Auxiliary
Feedwater System etc.

The vessel contains a core simulator consisting of 428 full length electrically heated
rods and 29 guide thimbles of a design (pitch, diameter and length) typical of a

17 x 17 fuel bundle. The downcomer consists of an external tube connecting the
cold legs to the lower plenum of the vessel. The bypass from upper plenum to
downcomer top is simulated by pipework with calibrated orifices. Figures 1 to 4
show schematic layouts of the BETHSY facility.

Test 6.9a

Test 6.9a (Ref 2) consists of the simulation of a loss of RHR with the plant at
mid-loop, decay heat corresponding to 0.5% nominal full power and with the
pressuriser manway open. The SGs were filled with air and isolated. Both gravity
and forced Safety Injection were used to recover from the fault. The systems were
activated dependent on core rod temperatures.

Test 6.9a description
Test 6.9a (Ref 2) was initiated with the primary system pressure (upper plenum) at
1.15 bar, the water level at mid-loop elevation as described above and with the

fluid within most of the primary system stagnant and close to saturation. The
space above the liquid was filled with saturated steam.
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The start of the test consisted of the core power being ramped from zero to

141 kW (0.5% power) in 15 s and the opening of the valve simulating the
pressuriser manway. Boiling occurred very rapidly in the core and this resulted in
increasing primary pressure, steam discharge from the manway and level swell in
the core and upper plenum. Some steam passed up the guide tube, through the
upper head and into the downcomer (henceforth termed the upper head bypass)
where it condensed on the water which was slightly subcooled (both initially and
due to the rising pressure). Two-phase mixture flowed from the upper plenum into
the guide tube, the hot legs, the surge line and the pressuriser. Liquid continued to
be entrained with the vapour into the surge line and pressuriser and the level in the
pressuriser continued to rise causing the system pressure to increase. The boil-off
of liquid led to draining of the cold legs so that condensation in the downcomer
ceased, the upper head bypass flow fell and at about 2000 s the guide tube drained.
By 2400 s the two-phase mixture in the pressuriser had risen to the top so that
between 2400 s and 2600 s some liquid was entrained with the vapour out of the
manway. Further discussion of liquid discharge through the manway is provided in
section 5.

By about 2900 s the upper plenum level fell below the hot leg elevation so that
only steam flowed into the pressuriser. As the boil-off continued, the level in the
upper plenum continued to fall and at about 5000 s the top of the core became
uncovered. The uncovered core started to heat up, the rate of steam generation
fell and the system pressure fell.

At 6045 s gravity injection to cold leg 1 was initiated in response to the hottest rod
temperature reaching 250°C. The mixture level in the core rose slowly but the
upper part of the core continued to heat up. Vapour flow from the core via the
upper head bypass increased and the vapour condensed on the cold injection water
in cold leg 1 and the downcomer. The resulting fall in system pressure aided the
gravity injection since the flow was proportional to the differential pressure
between the injection source at 1.5 bar and cold leg 1. The injection flow was not
of sufficient magnitude to remove all the decay heat and so the mixture level in the
core continued to fall, whilst the core continued to heat up.

At 7060 s the rod temperature had reached 400°C, gravity injection was terminated
and pumped injection to cold leg 1 was initiated. The pumped injection rapidly
refilled the core, with total core quench being complete by 8040 s. By 9500 s the
mixture level in the upper plenum had reached the elevation of the hot legs,
resulting in the further entrainment of liquid into the hot legs, surge line and
pressuriser, with further liquid discharge from the manway. The upper head bypass
steam flow increased because of the increased condensation potential of the
injection flow. The bypass steam flow then fell as the cold legs became
water-filled, with condensation then only occurring in the top of the downcomer.
The test was effectively terminated at 12410 s when the core power was turned
off. :
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Relevance of test

The phenorhena occurring in the test which are judged to be of most importance
for the validation of RELAP5/MOD3.2 for application during Modes 5 and 6 (and
including use of nozzle dams) are the following:

@ level swell in the core and upper plenum

(i)  liquid carry-over into the hot legs

(i)  counter-current flow and pressuriser surge line flooding
(iv)  RCS pressurisation and gravity drain

(v)  upper head bypass flow and condensation.

The RELAP/SMOD3.2 model

The RELAPS/MOD3.2 model of the BETHSY facility is based upon that
developed originally by INEL for the RELAP5/MOD3 (development version 7 vq)
analysis of ISP-27 (BETHSY Test 9.1.b). The model has subsequently been
revised for application with more recent versions of RELAP5/MOD3 and for
application to BETHSY Test 6.9a. The noding scheme is shown in Fig 5 to 8.

Calculation results

The most significant results of the calculation are compared with the experimental
results in Fig 9 to 22. Experimental results are shown with a solid line and the
results of the RELAP5/MOD3.2 calculations are shown with a dashed line.

Figure 9 shows the pressuriser pressure. There was an initial fall in pressure due to
the manway opening, but this was halted as liquid began flashing to steam. The
pressure subsequently rose due to boiling as the core heat reached its steady value
at 15 s. As the pressure rose, steam was discharged from the manway (Fig 10).
The measured pressure reached a peak of about 1.06 bar at about 2000 s when the
steam relief at the manway approximately balanced the steam generation in the
core. In the calculation the initial pressure fall was greater and the subsequent
pressure rise was greater, but was delayed compared to the test. Figure 11 shows
the pressure in the loop 1 cold leg. The entrainment of a two-phase mixture from
the vessel into the surge line and pressuriser led to a higher pressure in the cold leg
than at the top of the pressuriser. The pressure differentials across the pressuriser
and surge line are shown in Fig 12 and 13 respectively. After about 2500 s,
RELAPS/MOD3.2 is calculating a pressure differential in the pressuriser greater
than measured by about 0.1 bar. Since the velocities and thus dynamic pressure
across the pressuriser are small, this suggests that the calculation is entraining too
much liquid into the pressuriser. This is believed to be due to the interfacial drag
model in RELAP5/MOD3.2 which overpredicts the drag between the liquid and
vapour phases. This causes an overprediction of the level swell within the core and
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upper plenum and thus in the hot legs resulting in too much liquid being entrained
with the steam into the surge line and pressuriser. The differential pressure across
the surge line was reasonably well calculated. There was an initial peak in
differential pressure (reasonably well calculated), presumably due to the initial
surge of low quality fluid driven through the surge line by the initial level swell in
the vessel. Because the cross-sectional area of the pressuriser is about 24 times
that of the surge line, this increase in differential pressure is not observed in the
pressuriser as the low quality fluid enters the pressuriser. In both the pressuriser
and surge line, a peak in the differential pressure occurred in the test at about

2000 s, whereas the peak was calculated to occur at about 2750 s. The effect of
these differential pressure peaks is reflected in the cold leg pressure which peaked
at the same time (Fig 11). The pressure differential across the pressuriser is,
because of the relatively low fluid velocities in the pressuriser, effectively a
measure of the mass of liquid in the pressuriser. This mass initially increased as the
pressuriser filled up with a two-phase mixture, and then fell to a stable value
following the discharge of liquid out of the manway. Liquid discharge is claimed
to occur in the test at either 2400 s to 2600 s (page 17 of Ref 2)or2900 s to

3000 s (page 20 of Ref 2). Note that the experimental data shown in Fig 10 does
not record liquid discharge. It can be deduced from the integrated manway
discharge shown in Fig 4.14 of Ref 2 (reproduced as Fig 14), that liquid discharge
through the manway occurred between about 1900 s and 2300 s. This is consistent
with the fall in differential pressures in the surge line (Fig 13) and pressuriser

(Fig 12) and the fall in cold leg pressure, which occurred between about 2000 s
and 3000 s (Fig 11). Figure 19 also confirms increased discharge from the manway
during the period from 1900 s to 2300 5. All of these pressures and differential
pressures are reduced to steady values by 3000 s, reflecting the steady static heads
in the surge line and pressuriser, since the liquid masses in the two regions remain
constant, with steam discharge out of the manway and steam inflow from the

loop 1 hot leg. Liquid discharge was calculated to occur between about 2200 s
and 3100 s (Fig 10). The total quantity of liquid discharged through the manway
was calculated to be considerably more than occurred in the test (Fig 14). Inthe
calculation, the peaks in pressures and differential pressures were delayed
compared to the test due to condensation effects described below and due to liquid
discharge from the manway.

The system pressure is affected by steam discharge from the manway and by
condensation of steam on the slightly subcooled water in the downcomer and in the
cold legs after the cold legs have drained sufficiently to form a mixture level. The
calculated pressures in the loop 1 cold leg (Fig 11) and in the pressuriser (Fig 9)
were initially below those in the test due to overprediction of condensation, since
the steam discharge from the manway is well predicted (Fig 10 and 14). The steam
condensing in the downcomer and cold legs was drawn through the guide tube and
upper head bypass. Figure 15 shows the flowrate, whilst Fig 16 shows the
pressure drop across the guide tube. The calculation exhibits considerable
two-phase flow, whereas only steam flow occurred.in the test. Note that the single
BETHSY guide tube extends from the upper head down to an elevation
approximately half way between the upper core plate and the bottom of the hot leg.
It is open at the bottom and has three slots near the bottom. In contrast, the
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. Sizewell B guide tubes extend down to the upper core plate and have slots at

approximately the same elevation as the slots in the BETHSY guide tube. The fact
that the Sizewell B guide tubes extend down to the upper core plate and thus draw
flow directly from the core may have a significant effect on the flow behaviour in
the upper plenum and bypass.

‘When the condensation ceased (1900 s in the test and 2600 s in the calculation
(Fig 16 and 17)), the cold leg pressure continued to rise. However, in both test
and calculation, shortly after condensation ceased the liquid discharge from the
manway ceased and the cold leg pressure fell (Fig 11) due to the greater steam
relief. The calculated cold leg pressure remained above that of the test due to the
greater liquid hold-up in the pressuriser (Fig 12).

The void fractions in the cold and hot legs of loop 1 are shown in Fig 17 and 18
respectively. The cold leg started to void at about 100 s in both test and
calculation and was empty by 2000 s in the test and 2600 s in the calculation. Note
that it is believed that the maximum void fraction of 0.87 observed in the data
corresponds to complete voidage and is the result of a calibration error.

The total mass inventory in the primary circuit is shown in Fig 19. The inventory
reflects the manway discharge (Figs 10 and 14), with the higher discharge in the
calculation during the first 6000 s (Fig 10) resulting in a lower inventory. The
liquid discharge from the manway, calculated to occur between 2200 s and 3100 s,
was considerably higher than measured and resulted in the significant
underprediction of mass inventory until after injection refilled the system. The
underprediction of mass inventory was contributed to by the mass loss error
inherent in RELAP5/MOD?3.2 calculations. The maximum mass error (a loss) was
only about 2% at the time of minimum inventory (Fig 22).

After the hot leg had emptied, the vessel level fell due to the continuing boil-off
and the top of the core started to uncover at about 5000 s in the test and about
3500 s in the calculation. This can be seen in Fig 20, which shows the core heat-up
of the hottest rod. It is evident that the heat-up rate is greater in the calculation
than in the test. The uncovering of the top of the core reduced the rate of steam
production and hence reduced the discharge from the manway (Fig 10). The
primary system pressure started to fall (Fig 9 and 11). The fall in pressuriser
pressure was much more severe in the calculation than in the test, this reflecting the
fact that at the elevation of the pressuriser pressure tap (cell 5308 in the RELAP
deck), the mixture level in the pressuriser fell through cell 5308 and thus reduced
the static pressure at that elevation. This did not occur in the test. This supports
the belief that RELAP5/MOD3.2 overcalculates the interfacial drag and this caused
excessive liquid to be drawn into the pressuriser earlier in the calculation. The
pressure differential across the pressuriser did not change significantly in the test or
calculation during this period (Fig 12), suggesting that the liquid content within the

_ pressuriser was not affected by the falling steam flow and that the pressure

differential was caused by the liquid content in the pressuriser, this dominating the
pressure differential due to the steam flow. However, the pressure differential
across the surge line fell in both test and calculation, this being due to the reduced
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frictional pressure loss due to the reduced steam flow, there being little liquid held
in the surge line. Since the fall in surge line differential pressure results from the
fall in steam generation in the core due to the uncovery, and since the fall in
differential pressure in the calculation is greater than that in the test, this suggests a
more severe uncovery in the calculation than occurred in the test.

When the maximum rod temperature reached 250 °C, the gravity injection was
initiated. The injected flows began at 6045 s in the test and at about 6090 sin the
calculation, as shown in Fig 21. In the test the gravity injection flow was slightly
greater than the manway flow (Fig 10) and this caused a slight increase in the
primary system mass inventory (Fig 19). Because of the higher cold leg pressure in
the calculation (Fig 11), the injection flow was less than the manway flow (Fig 21
compared to Fig 10) and so the inventory continued to fall (Fig 19). The injection
flow caused an increase of bypass steam flow (Fig 15) due to increased
condensation in the downcomer and loop 1 cold leg. Because of the lower
injection flow in the calculation, the bypass flow was much lower than in the test
until pumped injection began. The condensation contributed to the reduction in the
pressure in the cold leg (Fig 11) and the pressuriser (Fig 9) and thus reduced the
manway flow (Fig 10). The effect of the condensation can be seen in the loop 1
cold leg with a reduction of the void fraction in both the test and the calculation
(Fig 17). However the effect of the injection on the core was such as to increase
the rate of heat-up because the subcooling of the injection flow reduced the boiling
in the covered part of the core and therefore the steam cooling of the uncovered
part of the core was reduced. Because of the faster heat-up rate in the calculation,
the maximum core temperature reached 400°C at 6450 s and pumped injection was
initiated (Fig 21). The pumped injection started at 7100 s in the test.

In both test and calculation the initial injection flow was much greater than the
manway flow and refilling of the primary system occurred. The injection flow was
subsequently increased in a step-wise manner as shown in Fig 21. The peak core
temperatures occurred at 7480 s in the test and 6940 s in the calculation and
complete core quench occurred at 8040 s and 7940 s respectively. The increase in
steam generation during the rapid core quench caused an increase in the system
pressure in both test and calculation (Fig 9 and 11), the increase in pressure in the
calculation being much more than in the test. In the calculation the increased
steam flow into the pressuriser increased the surge line differential pressure

(Fig 13) and entrained liquid out of the manway between 7000 s and 8000 s

(Fig 10). In the test there was no liquid discharge from the manway during the
core quench period (Fig 14). This provides further confirmation of the effect of
the over-calculation of interfacial drag in RELAPS/MOD3.2 and its effect on
entraining too much liquid with the steam into the upper plenum, hot legs and
pressuriser.

The relatively higher injection flowrates after 8000 s resulted in more significant

condensation on the pumped injection water in the loop 1 cold leg (Fig:17). This
resulted in a fall in pressure in the system (Fig 9 and 11).
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By 9000 s in the calculation, the vessel had filled up to the hot legs and liquid
began to be entrained into the loop 1 hot leg (Fig 18) and the surge line and then
into the pressuriser, increasing the differential pressures across the surge line and
pressuriser (Fig 13 and 12) and thus the cold leg pressure (Fig 11). Flow into the
hot leg did not occur in the test until about 9500 s (Fig 18) and into the pressuriser
until after 10000 s (Fig 12). The calculated differential pressure across the
pressuriser (a measure of the liquid mass in the pressuriser) remained above that
measured (Fig 12) and resulted in considerable liquid discharge through the
manway after 10400 s in the calculation and afier 11000 s in the test (Fig 10

and 14). The loop 1 cold leg became nearly-filled in both the test and the
calculation at about 10000 s and remained full (Fig 17).

The rising level in the upper plenum resulted in the calculation of two-phase flow
through the upper head bypass after 10500 s (Fig 15), in contrast to the test which
only exhibited vapour flow. In the test the vapour flow gradually fell as the cold
leg filled until the condensation was only occurring at the top of the downcomer
and the flow became negligible. In the calculation, the two-phase flow continued
until the end of the calculation (Fig 15).

Summary of calculation
The calculation exhibited the following compared to the test:

()  Excessive two-phase flow into hot legs, surge line, pressuriser and out of
the manway. This is believed to be the result of the interfacial drag model
in RELAP5/MOD3.2.

(@)  Too much condensation in the downcomer and cold legs. The effect of
over-calculating the condensation rate on a fault such as this is complex.
For example it reduces pressure which increases the condensation rate
further by increasing injection flow and drawing more fluid through the
bypass (a positive feedback process). The fall in pressure may also increase
flashing and level swell in the core. From the results of the calculation it
can be concluded that the conservatively low mass inventory resulting from
the interfacial drag model more than outweighs any benefits resulting from
the effects of over-calculating condensation.

(i) A more rapid core heat-up during the core uncovery. It is believed that this
is caused by the calculation of too deep a core uncovery as a result of
-underpredicting the primary system mass inventory. The deeper uncovery
results in reduced steam generation in the covered part of the core and
hence reduced steam cooling of the uncovered part of the core.

(iv) A delay in the time at which core uncovery begins. This is believed to be
caused by the interfacial drag model resulting in excessive level swell.
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There was also a mass loss from the system during the calculation. This amounted
to approximately 18 kg by the end of the calculation. At the time of minimum
mass in the system the mass loss was only about 2%.

7 Conclusions

A RELAP5/MOD3.2 calculation of BETHSY Test 6.9 has been performed to
provide validation evidence for the application of RELAPS/MOD3.2 to faults in
Modes 5 and 6 (including the use of nozzle dams).

The results show that all the major phenomena of the test were calculated. The
major concerns with regards to RELAPS/MOD3.2 resulting from this validation
relate to the over-prediction of interfacial drag between the liquid and vapour
phases and the over-prediction of condensation. The over-prediction of interfacial
drag can have effects on level prediction, break and other flows and condensation.
Care will have to be taken when applying RELAP5/MOD3.2 to reactor
calculations to ensure that uncertainties due to the errors introduced by the
interfacial drag model are accounted for in a conservative fashion. For example,
the delay in core uncovery shown by the calculation, resulted from the interfacial
drag model causing an over-prediction of level swell. This calculational effect may,
under other circumstances, result in the calculation of no core uncovery whereas a
shallow core uncovery could in practice occur.

The calculation also exhibited the mass loss error inherent in RELAP5/MOD3.2
calculations; although the maximum mass loss was only about 2% and did not
seriously affect the calculation.
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Figure 3 - Primary cooling system - elevations
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Figure 4 - Pressure vessel - general view
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Figure 6 - RELAP5/MOD3.2 BETHSY vessel noding scheme
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Figure 8 - RELAPS/MOD3.2 BETHSY loops 2 and 3 noding
scheme '
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Figure 12 - AP across the pressuriser
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NNC

Figure 13 - AP across the surge line
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Figure 14 - Integrated manway discharge
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Figure 15 - Upper head bypass flowrate
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Figure 16 - AP across the guide tube
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Figure 17 - Cold leg 1 void fraction
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Figure 18 - Hot leg 1 void fraction
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Figure 19 - Primary system mass inventory
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Figure 20 - Hottest rod maximum temperature
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Figure 21 - Gravity and pumped injection flowrate
BETHSY6.9a

-nlu lllllllllllllllllllllllll LR S el L .. . nlm
. . . . . . . -
: X : : . : . .
, . . . S . .
O S S S K -
) . : . . ' ' vy
. . . . . .
U S S o e o1 L e <
; : X : ; ; o’
s S U A I N R Y
' . f ' ' . ) <
X . . : I .
: X . : DA
R L S DN LN R S e [ AR TR 8w
, ] ' t » . 0
: . . . .
e S (LI e e IO e~
» . . >
. . :
X . : -4
A S S e S N AU Y e 2
[ [ . - [
+ “ vt
3 i »
M . . 0
R S S L SO S U n
g L ©
m :
s .
3 L e e et S A I b A m
w ' [ [} o
) N , s
8 . . . =
S X : . =
g : : : Q
M. . . X o m
[~ Y """ T " ~-a- - -aseeang e e b PR I B O LA H
] [—] IS
§ : “ . s
F :
> . M
H ' i
E ” i
' T T SO I B «~
R S it TTE g
[ .
W .
: o)
3 ' =
a8 . 2]
g S S S S I NI - =
=~ S e e R H 0 Q
LN 1 ' )
E3 [}
2 ! m
= H
= i 5
g 2 M
z [—]
= ) ®© [ b n - = o - =
vy (] > —] ] 1] (] (—] = (-3 -

(s/29) syeamoyq ssepy

Page F21 WP5917



Zzo C5166/TN/001
Issue 01
Figure 22 - RELAP5/MOD?3.2 mass error
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