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NOTICE

This report is based on work performed under the sponsorship of the
United Kingdom Atomic Energy Authori . The information in this
report has been provided to the USNRC under the terms of the
Inturnational Code Assessment and Application Program (ICAP)
between the United States and the United ¥Xingdom (Administrative
Agreement - WH 26047 between the United States Nuclear Regulatory
Commission and the United Kingdom Atomic Energy Authority Relating
to Collaboration in the Field of Modelling of Loss of Coolant
Accidents, February 1985). The United Kingdom has consented to the
publication of this report as a USHRC duocument in order to allow
the widest possible circulation among the reactor safety community.
Neither the United States Government nor the United Kingdom or any
agency thereof, or any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability of
responsibility for any third party's use, or the results of such
use, or any information, apparatus, product or process disclosed
in this report, or represents that its use by such third party
would not infringe privately owned rights.
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F13URES

Major Components of Loft System

Loft Pipina Schematic with Instrumentation

Intact Loop Nodalisation

Rroken Loop Nodalisation

Steam Generator Secondary Nodalisation

Peactor Vessel Nodalisation
NE Fiaures 7-77

Experimental Data
Broken Loop Cold Lea (BL-1) -
BProken Loop Cold Lea (BL-1) ~
Proken Loop Cold Leg (BL-1) -
Broken Loop Co.d Leg (BLel) =
Broken Loop Cold leg (BL-1l) =
!roﬁnn Loop Cold Leg (BL~4) -
Broken Loop ColA Lea (BL-B) -
Broken Loop Hot Leg (BL«2) -
Broken Loop Hot Leg (BL-2) -
Rroken Loop Mot Leg (BL-2) -
Broken Loop Hot Leg (BL~2) -
Broken Loop Hot Leg (BL-2) -
Broken Loop Hot Leg [FfL-3) -
Intact Loop
Intact Loop Cold Lee (PC-1) -
Intact Loop Cnld lLeg (PC-1) ~
Intact Loop Cold Leg (PC-1) =
Intact Loop Cold Lea (PC-l) =~
Pump Speed
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Intact Loop Hot lLeg ~ Pressurizer Pressure
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18% Byoken Locp Cold Leg (BL-1) - Liguid Temperature
153 Broken Locp Cold Leg (BL-1) « Vapour Temperature
154 Broken Losp Cold Lec (BL«4) « Pressure
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COMMERCIAL 1IN CONFIDENCE

1 INTRODUCTION

™is raport provides a description of the resulte of four
TRAC-PF1/MODL cslcoulations of the CTCD-LOPT experiment LP-02-6.
™is exneriment was the third of the high powar LCFT larce hreak
erperiments (L2+3 and L2+% being the previous two experiments)
and althoush 3¢ was performed at the beginning of the OFCD=LOPT
prodect, ‘he “iundary conditions for the experiment were
specified by the USNRC. The primary roundary conditions that
distinguis® this experiment fros the previous experiments L2-3
and L2«0 were t! increased power, ie 47 MW and the fact that the
primary coolant pumps were tripped but not decoupled from their
flywheel systems a* the start of the transient, This resulted in
s positive (bottomeop) core flow during the blowdown period, ie
av about 5 secs; but *the magnitude of this flow wae less than
that observed in the ea lie~ experiment L2~3 where the pumps
where kept running, =2uch that the fuel rod eaternal thermocouples
guenched immediately only in the bottom 2/3 rds of the central
fuel assombly. The temainder of the core (ie the top 1/3 rd)
gquenched subsecuen .y during the top-down flow pericd after about
12 secs.

A description of the LP-02-6 experiment can be found in the Quick
look Report, Hef 1.

2 TRAC INPUT MODEL AND SODALISATION

Diagrams showing the LOPT facility and ‘. strume:;: locations are
given in Figs 1 and % while noding disgrams of the TRAC
represerntation of the LOPT facility are shown in Figs 3, 4, 5 and
6 for all the calculations presented in this repurt, all of “hich
used the same nodal representation. The noding scheme and inpul
model is based upen the original TRAC-PN? model which was
modified for TRAC-PF1/MOD1 st LANL far the snalysis of L2-3 and
at APZW for the analvsis of LP-LB«l (Ref 2). However subsequent
to the analysis of LP~LB-]l the input deck was modified (Ref 3) tu
improve the modelling in the areas of:-

(i) Primary coclant loop and vessel flow resistance.
(11! Renodalisation of the ECCS irdecticn line (Ref 4).

(1i4) kevision of the fluid volupes and flow areas within the
resctor vesael.

({y) Inclusion of core bypass paths in the reactor vessel (lower
plenum and core to upper plenum and downcomer to upper
plenum).

(v) Revieion of the vespel metal-work heat atructures (Ref 5).
{vi) A revision and inclusion of ambient heat losses.
All of the above asre likely to have an influence on the

ralculated results when compared to those calculated for
experiment LP-LB-1 and in fact some of the revisions, eg (31,
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{i1) and {v) were a result of recognised inadeguacies of that
analysis (see Pefs I and 3.

T™he results of tne renovalisation of the ECCS line can be seen in
Fig 3, and the inclusion of the lower plenum and core to upper
plenus bypass in Fig 6i. Also shown in Fige 3 and 4 is the
location of the exverimental measurement rakes in the intacr and
broken loop hot and cold leags.

3 TRAC CALCULATIONS

As stete: above, this report contains the results of four
TRAC-PF; "™ zalculations, these <:~e performed seguentially and
the resv' t. .r the calculations are presented in three groups
each containing a pair of calculations together with the
experimental data where appropriate. Thie report therefore
provides both the results of a limited s.ncitivily study together
with a compariscn of the TRAC calculat : with the experimental
data.

The four TRAC calculations, identified by their differences, are
as follows:~-

{1) A calecilation using the 'Stancard’ Winfrith version of
TRAC-PF1/10D1l, Version 12.2 fie code version UK refer:: e
X26). This calculation used the “"as manufactured" fuel-
~lad gap of 100 won, on the figures tr:s calculation is }
%abcllod “JON'S" and is the subject of a separate report
Ref €).

(2) The abo.e calculation was repesated using the Winfrith
version of TRAC-PF1/MOD]l Version 13.U (ie codle version UK
Reference B0O3). This calc¢ulation igc labelled "ORIGINAL" on
the figures.

(3) Calculation (2) wae repeated bui with the "fuel-clad" gap
redused to vero to reduce the steady state fuel stored
energv and hence the peak cladding temperatures during
blowdown. This calculation is labelled "ZERC-GAP” on the
figures.

(4) Pinally calculation (3) was repeated but with the
TRAC-PF1/MOD]1 core interface sharpener logic removed. The
core interiace sharpener logic is a facility for
overvriting the uxial mass flux in the core calculated from
the constitutive relations with an externally imposed model |
to produce a "sharp" core liquid level. The interface
sharnener restricts the axial flow of ligquid in the core by
liniting the core ceil exit vold fraction to be greater
than 90% .riespective of that calculated by the
cenatitutive relations. The operaticn of the interface
sharpens: has been seen to produce unphysical behaviour
during blowdown when applied to reactor calculations and to
produce too shar» a liquid vapour interface during reflood
{(Ref 7). 1Its use is therzfore not currently recommended.

This caleculatien is labelled "ISKEARP" in the figures.

AEEW ~ M 2464 2









and lasts until ~ 18,5 secs as liquid flowing out of the
pressuriser and along the hot lez into the upper plenum flows
down Nto the core.

The system pressure falls belcw the accumulator trip peint at

~ 17.5 secs and the ECCS liguid begins to flow into the primary
circuir, the FPIS and LPIS Tegan at 21.8 and 34.R secs
tespectively. The flow out of the broken loop continues to fall
as the primary system pressure falls with no obtvious direct
bypass of ligquid (1e subcooled ligquid in the broken loop cold
leg), except for cne slug of liguid between 30 and 32.% secs.

The lower plenum was estimated to have filled at 30.7 secs

{Ref 1) which is the time that the lowest core thermocouple fie
4t & 2 inch elevation) is observed to guench. This is well in
advance of the time that the accumulator empties. The
acecumulator tank for example empties at about 4R gecs, while an
additional ~ 7 secs is required toc clear the ECC3S line, 50 that
the ECCS sccumulater liguid flow into the intact loop cold leg is
not complete until about 55 secs. Following this the effoct of
the accumulator nitrogean flow into the primarv circuit is seen as
part of the slug of subcocled liquid, resident in the intact loop
ccld leg, is swept out of the broken loop cold leg.

Following the cooling of the fuel rods during the blowdown
period, once the cladding thermocouples dry out they heat up
rapidly in the centre of the core to a temperature of about

800 K, which is clowe to the corresponding fuel temperature. The
claddine temperatures then increase slowly as a result of the
fuel decay heat until the bottom of the core begins to gquench at
about 311 secs as outlined above. Following this, liquid flows
inte the bottom of the core and begins to cool the lower parts of
the fuel rods while the fuel rodA guench progresses intermiztently
up the btottom part of the core roaching the 21 inch elevation at
absut 48 secs. Above the peuk power elevation ie at a heigrt of
greater than about 30 inches, the fuel rods do not begin to cool
until about 42 secs at which time the cladding temperatures range
from ~ 750 K at 31 inches to ~ 500 K at 62 inches. The guench
time of the fuel rods a: these elevations corresponds to the end
of the accumulator liguid £low, with for example times of 54.5
sece at 11 inches, 56 secs at 43.8 inches and 49 inches and 54.5%
gecs agein at €2 inches. (The end of the accumulator ligquid flow
into the primary circuit is estimated to occur at about 55 secs -
gee above). It is postulated therefore that the flow of
accumulator nitrogen into the intact loop cold leg initates the
flow of a slug of liguid into the core as well as one out cof the
broken loop cold leg as descrided above. The mechanism that
leads to this is described in Ref 13 for example. The flow of
ligquid into the core at the time is adble to guer..h the upper
parts of the fuel rods as the majority of the cladding is at a
temperature below the minimum film boiling point of ~ 650 K. The
guench of the core therefcre was complete by 56 secs and occurs
as a direct result of the {low of a slug of ligquid into the
vottom of the core 4Ariven by the syatem prussurisstion as the
flow into the primary circuit from the accumulator changes from
water to nitrogea.
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S(ii) TRAC Calculations

In the following three Sections of the raport we present the
results of the four TRAC calculations of expeciment LP=02..
deecribed in Section 3 and Tatle 1. The results of the four
calculations are presented in the following three groups of
Figures together with the experisenta) measurements where
appropriate.
GROUP 1, Pigure 7 to 77
Calculations (see Section 3 and Table 1)
"JON“'8", "ORIGINAL"

and the experimental data.

GROUP 2, F.gures 78 to 148
Calculations: "ORIGINALY, “ZERO~GAP"

and the experimental data.

GROUP 3, Figures 149 to 219
Calculaticns: “"ZERO-GAP", "ISHARP"
and the experimental data.

The results from each of the above groups is described in turn in
the following Sections. In the first Section a detailed
deszcription of the experimental measurements togethsr with a
comparison with the general results of the TRAC celculations is
provided in addition to comments on the dAifference. between the
two calculations. The subsequent Sections just review the
differences between the calculations and how these influence the
main elements of the calculated transient.

5(iii) “JONS" and "ORIGINAL" Calculaticns

LOOP BEHAVICUR

These two calculations of the LOFT large break transient
experimert LP-02-6 are identical in the sense that they used
exactly the same input deck. The difference between the two
calculations being that the "JON'S" calculation was performe .
using code version X26 (UK version of LANL code version 12.2) and
the "ORIGINAL" calculation was performed using cods version BO3
(UK version of LANL code version 13.0). There are obviously
likely to be many differences between the two code vers‘ons -~ in
spite of the fact that the code from version 12.1 was formally a
frozen code, however it is thougit that none of thesa changes,
except for one, are likely to have a significant influence on the
behaviour of a large break calculated transient. ¥~ consider
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that this observation is confirmed by the regults presented in
Figures 7 to 77. The one area in which there is a known
difference between the t~o code versions that is likely to
influence large break ca.culations are the charges made the
post-dryout heat transfer. This accoun*s for the difference in
the calculated cladding *smperatures which occur primarily during
the reflood period. In c.de version Y26 the "error" in the
Forslund-Rohsenow dispersed flow heat transfer coefficient ‘ie
the use of the liquid thermal conductivity instead of the vapour
conductivity) had been corrected by the U¥. 'n version BC3 the
Forslund-Rohsenow relation had beun changed by LANL in such away
as to correct the "error” in the value of the thermal
conductivity used but to also increase the numerical coefficient
in order to preserve the resultant value of “he heat transfer
coefficient. This revised value of the Forslund-Rohsenow
dispersed flow heat transfer ~gefticient introduc~d by LANL in
version 13.0 was kept in the equivalent UK version B03. The
result of this change can be seen as a more rapid cooling of the
cladding temperatures during reflood with the revised form of the
heat transfer term in the "ORIGINAL" ie BO3 calculation.

™he first observation from the results of these two salculations
is that their behaviour particularly that reflected by the glrbal
parameters is very similar especially during the blowdown period
(ie 0.0 to 20.0 secs), where the results of the two calculationn
are almost indistinguishable. The calculated and experimentel
pressure decay, shown for example in Fig 7 for tne broken loup
cold leg and Fig 30 for the intact loop hot leq shows a very good
comparison between the two calculations and the experiment, and a
significant improvement cver that calculated for LOFT experiment
LP-LB~l (Ref 2). For experiment LP~LB-1 the TRAC calculation
underestimated the primary system pressure after approximately

13 secs. The improvement in the calculation for 1.p-02-6 is
ascrived to the revised vessel metal heat structures contained
within the LP=02-6 input deck as these produce a significant
increase in the heat released from the vessel motal-work to the
£lvid lgee Fig 51). There is a small difference in the
calecilaied system pressure between about 26 and 33 secs, with thc
"JON'S" calculation providing a better comparison with the
experimental data. It is thought that thie difference is
possibly due to different condensation rates in the intac* loop
cold leg and Fig 20 for example shows that during the appioximate
game time period in the "JON'S" calculation a liguid elug forms
upstream of the ECCS injection point whereas one is not formed in
the "ORIGINAL® calculation. Previous experience of large break
TRAC calculations has shown that the details of the intact loop
cold leg behaviour during the accumulator flow period is both
diffinult to predict and very sensitive to the details of the
i0c. and ECCS flows. This of course is always likely to be the
situation when large changes in condensation races are involved.

T™he broken loop cold leg density and mass flow ghown in Figs 8
and 9 show that although the density is well calculated during
the blowdown period the calculated mass flow is overestimated

both during the subcoocled period and during the saturated flow
period when the calculations are approximately 20 kg/sec higher
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than the experimental value. This is a consistent feature of all
of the calculated transients, but is different to that of the
LP-LB-1 comparison (Ref 2), however that probably just reflects
the difference in the calculated primary system prisdsures for
LP-LB~]1 and LP~02-6 (see above). The calculsted mass flow during
the saturated dlowdown per.od is high in spite of the fast that

a critical flow multiplier of 0.84 is uvsed, a value of 1.0 is
used during the subcoolec blowdown. (These numbers -ere
inheritea from LANL and have not been the subject of a study in
the UK, howaver it would not be possible to justify a number of
lees rhan 0.R4 for the saturated flow period). As cbserved in
Section 5(1), neither of the calculated transients shows any
direct ECCS bypass, until the accumulator empties at about 53
secs, whereas the axperiment shows the flow of twu distinct slugs
of subcooled water through the broken loop cold leg {Tigs 8, 9,
10) the firet betwen 29 and 33 secs and the se-und he“ween 49.5
and 51.5 secs. Both the calculations and the experiment show the
flow of a slug of subcooled liguid coincident with nitrogen
entering the intact loop cold leg from thre accumulatur, however,
the calculated flow is much more extensive than that observed in
the experiment.

Rather surprisingly both of the calculatione show some revarse
flew at the measurement location in the broken loop ccld leg,
during *the bypass phase of the transient. The "JON'S"
calcuiation shows some reverse flow at ~ 43 secs while the
“"ORIGINAL" calculation shows reverse flow at ~ 42.5% secs and
46.5 secs, whereas none is observed in the experiment. ‘iven the
good agreement between the calculated and experimental primary
system pressure during this period it is possible that the
reverse flow results from an error in the break pressure used in
the calculation to simulate the presure in the blowdown
suppression tank.

The calculated and experimental intact loop cold leg behaviour is
shown in Figs 20 to 26, the first point to note is the different
pump behaviour as shown in Fig 25. The “"ORIGINAL" calculation
used the INEL gpecified pump inertia and so produces a long coast
down such that the pump is not calculated to decouple from its
flywheel systiem (ie at a velocity of 75 rads/sec) until after

70 sece, this is consistent with other calculations of the pump
behaviour, see for example Ref 11, Fig 79. The experimental
curve shows a much faster initial rundown of the pump such that
the purp decouples from its flywheel at ~ 16.5 secs, because of
the asubseguent reduced inertia the pump velocity increases during
the bypass phase of the transient as a result of the ECCS related
condensation induced pressure drop across the intact loop. The
main feature of the pump velocity curve for the “JON'S"
calculation is that the pumpe were tripped to decouple from their
flywheels at the experimental time of 16.5 secs. 1In spite of the
different pump behaviocur seen in the two calcvlations there is
almost no observable difference in the intact loop cold leg flow,
see for example Fig 21 which shows the cold leg mass flow.

The intact loop ¢old leg calculated and experimental fluid
densities show very good agreement up to ~ 12.5 sec¢s, both
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showing tor example the start of the voiding in the cold leg at
~ § secs. Between 12.5 and 20 secs the calculated densities are
slightly higher than the average experipental value, but well
within the range of the experimental error. The calculated
velocity and hence mass flow are however lower thaa the
experimental values (by about 25 kg/sec in the case of the mass
flow) during the first 6 secs when the flow is single~phase
liguid. Following this the experimental fluid velocity and
therefore mass flow falls rather more abruptly than the
calculated values.

Following the initiation of the flow of liquid from the
accumulators into the intact loop cold leg at ~ 17.5 secs, the
formation of oscillating slugs of subcocled liquid immediately
upstream of the ECCS injection point are observed starting at
about 21 secs. 1The oscillatory nature of the ligquid slugs can be
seen in the measurements of flujd densitv, mass flow, fluid
velocity and temperature These observations are consistent with
the behaviour of all of the other LOFT large break experiments,
although as was mentioned in the analysis of experiment LP-LB-l
{Raf 2) a detailed analysis of the individual density and
momentun flux measurements (not ghown here) shows that the fluid
flow is unlikely to be one of a simple 1-D slug moving back and
forth along the cold leg pipe. The calculated behavicur is not
one of an oscillatory slug although the calculated fluid
densities, Fig 20, show that in the case of the "JON'S"
calculation there is some intermittent s.ug flow upstream of the
FCCS injection peint but almost none in the case of the
“ORIGINAL" calculation. It is not possible currently to offer an
explanantion for the different behaviours. Both calculations
produce a stable liguid slug downstream of ECCS injection
location.

The broken and intact loop hot leg comparisons are shown in

Figs 14 to 19 and 26 to 32 respectively. The differences in the
Sehaviour of the two calculations in both the broken loop and
intact loop hot legs is almost negligable. However both
calculations underestimate the broken loop hot leg fluid density
and mass flow after the first few seconds, although the errors on
both measurements are guite large.

The flow in the intact loop hot leg remains in a positive
direction for approximately the first 9 secs as a result of the
pressure drop provided by \‘he slow rundown of the pumps. {This
is in contrast to a positive ilow period of approximately

4.5 secs for experiment LP-LBE-] where the pumps were decoupled
from their flywheels at the start of the transient). After

9 secs the flow reverses and two peaka in the mass flow are
observed, the first at ~ 12 secs occure as liquid flows out of
the pressuriser and back along the hot leg to the upper plenum
and the second at ~ 16.5 secs when liguid from the upside of the
steam generator tubes flows back along the het leg. In both of
these instances Fig 27 shows that the magnitude of the reverse
flow peaks is much greater in the calculation than in the
experiment. During the initial (0 to 9 secs) positive flow
period an increase in fiow is observed, le at about 6.5 secs in
the experiment but not in the calculations this attributed

AEEW - M 2464 9
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(Ref 1) to be a consequerce of the hotstom-up flow through the
core at this time. FHowever no significant hot leg flow is
calculated even when the core interface sharpner is turned off -
see Section S(v). As the hot leg mide of the reactor drains the
hot leg mass flow falls, and the flow becomes positive again at
about 30 secs. However in the experiment a surge in the hot leg
flow is seen at about 26.5 secs, and several peaks in the flow
are observed between 42 and S1 secs. These later ones presumably
cccur as a result of liquid carry over from the core as the lower
part of the core quenches during the pariod An increazse in the
hot leg flow is seen at ~ 54 secs in both the experiment ard the
calculations coincident with the surge of liquid into the core
following the initial injection of accumulator nitrogen into the
intact loor cold leg.

The depressurisation and water level of the pressuriser is shown
in Figs 31 and 32, the calculated depressurisation rate is
slightly faster than the experimental value as a result of the
underestimation of the initial pressuriser liguid level.

The accumulater ievel and pressure is shown in Figs 323 and 34,
the agreement between the calculations and the experimental
values is now very good following the renodalisation of the ECCE
lina {Ref 3), However no explanation can be found for the
discrepancy between the calculated and measured accumulator
pressure during the period when nitr- en flowe from the tank.

VESSEL HYDRAULIC AND THERMAL BEHAVI' »

The vessel hydraulic and thermal behaviour is shown in Figs 235 to
£2, while the fuel rod cladding temperatures are shown in Figs 53
te 77. The global vessel behaviour, ie vessel mass, lower plenum
ligquid volume fraction etc is shown in Piges 43 to 48, for the two
| calculations, there is of course¢ no direct experimental

| equivalent data. The results from the two calculations are
virtually identical during the first 20 secs, while after this
there is a slight delay in the filling of the vessel in the
"JON'S" calculation as the ECCS liguid accumulates as a slug in

| the intact loop cold leg extending upstream of the injection

i point.

l The ca.iculated behaviour of the vessel during blowdown shows that

f the core, lower plenum and downccomer void during the first 3 to

| 4 secs as subcocled liquid flows out of the broken loop cold leqg.
The core rapidly empties while the lower plenum and downcomer
ligquid volume fractions fall to about 0.7. As the flow of
subcooled liguid out of the br.<en loop cold leg falls it is
exceceded by the flow of liguid into the vessel {rom the intact

| loop ¢0ld leg sc that the liquid volume fractions of the lower

| plenum and downcomer increase. These then fall again after about

l 6 secs when the flow of liguid into the vessel decreases as the
luid in the intact lmop cold leg flashes. The increase in the
flow of liquid into the vessel produces a flow of ligquid into the
bottom of the core beginring at about 4 secs. The flow through

| the core is enhznced by the flashing of the liguid in the lower

' plenum and downcomer at about & secg and then falls to zero again

ATEW - M 2464 10
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Height ASSEMBLY 2 ASSEMBLY 6

11 inch 46.7 secs 40.8 secs
21 inch 43.3 secse -

26 inch - 47 secs
30 inch 4 secs 49 secs
39 inch 54.6 secs 54.6 secs
4% inch - 54.6 secs
49 inch 52.5 secs -

results from the surge of liguid into the core following the
change of fluid flow, from the accumulator into the intact loop
cold leg from that of water to nitrogen.

The calculated cladding temperatures for the peripheral bundles
just reflect the general behaviour of those for the cantral
bundle, ie (1) the blowdown peaks are too high because of the
“high" initial fuel stored energy and (2) the "ORIGINAL" (ie
v13.0) calculatior. cools guicker during reflood than the "JON'S"
{vl12.2) ecalculation. In addition to these, the first of the
above leads to an overestination of the cladding temperatures for
bundle 6 during reflood of between 100 and 200K (eg Figs 74 to
77). Finally in bundles 2 and particularly 4 where in addition
to the experimental bottom-up hblowdown gquench the fuel rods are
subsequently quenched from the top downwards, the calculated
temperstures which do not show this asymmetric top-down cooling
are some 300K too high.

S({iv) "ORIGINAL" and “ZERO-GAP" Calculations

T™e “ZERO-GAP" calculation was the second in the series of TRAC
sensitivities performed as part of the comparison with LOFT
experiment LF-C2-6. This calculation was performed because of
the obvious overestimation of the steady~state fuel stored energy
calculated in the first two calculations wher the "as
panufactured” fuel clad gap was used. In the "ZERO-GAP"
caleulation the fuel clad gap was set to zero, while in all other
ways the calculation was identical to the "ORIGINAL" calculation
{ie it used code vercion BD3, the UK version of LANL code version
13.0). As would be expected the major erfect of the above change
ig to the calculated core cladding temperatures, however it might
be anticipated “hat this change could influence the heat
transferred to the fluid and hence the hydraulic behaviour.

The improvement in the calculated cladding temperatures during
blowdown for the "ZERO-GAP" calculation can be easily seen in
Figs 124 etc for the central fuel bundle, ancC Figs 136 etc for
the peripheral bundles. However one consequence of reducing the
fuel clad gap over the whole length of the fuel rod, as is
required by the TRAC simplified fuel rod model, is that the peak
temperature during blowdown at the top of the core is now
underestimated, This can be seen particularly in the central
fuel b'ndle at all elevations above about 40 inches.

Note Comparisons of the TRAC calculations with the experimental
results for the peripheral bundles is made difficult in
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As stated above differences 1, 5 and 4 arise because of
inaccuracies in the calculated core blowdown fluid conditions and
the sensitivity of the thermal response to them, and for this
reason it is not easy to see how to iwprove the accuracy of the
calculaction. However it does go to show that an accurate
calculation of the core blowdown hydraulics is a pre-requisit to
the calculation of the core blowdown cooling.

As a full review of the loop and vessel behaviour is contained in
the previous Section we only comment here on the observed
differences betwaen the two calculations and their relation to
the experimental data. Ae might be expected there are oniy minor
differences in both the loop and vessel hydraulic conditions
between the "ORIGINAL" and “ZERO-GAP" calculations. In line with
the comments in the previous Section we cee that neither
calculation produces any direct bypass of subcooled ECCS liquid,
whereas the experiment shows subcoocled bypass at ~ 31 secs,
estimated to be between B0 and 130 kg. The calculated broken
loop mass flow (Fig 80) also shows that there is no reverse flow,
ie flow from tne BST to the reactor vessel in the "ZERO-GAP"
calculation, as there is in the "ORIGINAL" calculation between

~ 42 and 48 secs. This results from the fact that the system
pressure is fractionally higher in the "ZERO-GAP" calculation due
to the increased heat transfer from the core fuel rode to the
coolant.

The calculated intact loop cold leg behaviour during refill, as
explained in the previous Section, is very sensitive to the
details of the calculated transient particularly through the
condensation model and this can then feed back and influence the
vessel refill and early core reflood behaviour. Figs 91 and 92
which show the intact loop cold leg density and mass flow,
upstream of the ECCS injection point, show that there is a
difference in the behaviour of the two calculations during the
refill {accumulator flow) period, with the “ZERO-GAP" calculation
producing some rapid liguid slugs after - 38 secs. This movement
and accumulation or the ECCSE liguid in the intact loop cold leg,
through the behaviour of the condensation model, then modifies
the subseguent core reflood. An additicnal consequence of the
different intact loop cold leg behaviour is that the pump in the
“ZERO=GAP" calculaticon runs down slightly quicker after

~ 4% secs, (Fig 96).

One interesting feature of both the calculation and the
experiment observed in the intact loop cold leg is that following
the exhaustion of the nitrogen from the accumulators, the liguid
begins to accumulate, produring an increase in the intact loop
cold leg density. (Fig 91), at about B5 secs.

Finally the other cobservable difference between the two
calculations, is that following the end of the accumulator liquid
flow, tne pressure drop from the reactor vessel to the BST
produced by the flow of nitrogen steam and water is smaller in
the "ZERO-GAP" calculation than in the "ORIGINAL" calculation.

8o that after 55 secs the system pressure (see Fig 114 for
example! is lower in the "ZERO-GAP" calculation. Fig 114 however
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also shows that it is now closer to the experimental value., The
difference in this pressure ri.e results from the di{ffarent mass
flow and densities calculated 2long the broken loop cold leg
{Figs 80 and 79) after 55 secs, and these differences result from
the way liquid has accumulated in the intact and broken loop cold
legs and along the top of the downcomer prior to this time.

Si{v) “ZERO-GAP" and “ISHARF" Calculations

The fourth TRAC-PF1/MOD]1 calculation ("ISHARP") of experiment
LP~02-6 performed was a repeat of the previour "ZERO-GAP"
calculation (code version UK B0O3, LANL 13.0) except that the zore
interface sharpener logic was bypassed, The reason for carrying
out this calculation was to examine the effect of bypassing this
2gic in an integral calculation. Previocus analysis of separate
effects reflood experiments (Ref ?7) had recommended bypassing
this logic as the best way of modelling the vore void fraction
above the quench front and previous plant studies had also shown
that the interface sharpener logic could produce unphysical
liquid holdup in the core during blowdown. As the differunces
between the "ZERO-~GAP" and "ISHARP" calculations relate to the
core hydraulics, one would expect to see differences primarily in
the core flows and from these differences in the fuel rod
cladding temperatures, and poesibly via the heat input to the
fluid from the fuel rods, differences in the locop behaviour.

The results from the two calculatione together with the
experimental datu, where appropriate are shown in Figs 149 to
219. The most striking feature of the comparison taken as a
whole is that the difference between the two calculations is
relatively small. The resultant cladding temperatures for
example (Figs 195 to 219) are very similar, this just amplifies
the fact that for large break transients performed in LOPT
(primarily because of the size and location of the core) the
cooling of the fuel rode during both blowdown and reflood is
dictated by the system hydraulics in the loops and the vessel
downcomer .

It should be noted, that as for the previous calculations
performed with code verison 13.0, the “ISHARP" calculated
cladding temperaturea are subject to the error in the heat
transfer logic (RKef 18) described in the previous Section. (See
for example Figs 195, 206, 207, 212, 213 and 217).

The core inlet and outlet flows together with the core liguid
mass (Figs 185, 186 and 189), show for the ISHARP calculation, as
would be expected, that during blowdown more of the liguid
flowing into the bottom of the core flow cut of the top and so
less accumulates in the core. After the flow into the core
during blowdown, liquid re-enters the core just after 30 secs in
both caleculations, as the lower plenum fills. After ~ 40 secs
the core flow oscillatione for the "ISHARP" calculation increase
in magnitude with the liguid fraction (Fig 190) ocscillating
between ~ 0.2 and zero, this is &lso reflected in the behaviour
of the downcomer and lower plenum volume fractions (Figs 189 and
188), so that the average quantity of liquid in the core after
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40 secs is slightly less for the "ISHARP" calculation. Following
the end of the sccumulator ligquid flow at ~ 54 secs the surge of
liquid into the core occurs in both calculations, only the
absence of the interface sharpener logic in the "1SHARP"
calculation allows more of the liquid to flow out of the top of
the core and so the mass of liquid retained in the core is
slightly less. Also the aubseqguent oscillations in the core
liquid content that result from the fuel rods quenching are
greater in magnitude for the "ISHARP" calculation.

As stated above, the above differences in the core hydraulics
produce only small changes tc the ¢ladding temperatures. At the
peak power elevation of the central fuel assembly, Figs 197 to
200, we see that during bi.wdown the "ISHARP" transient cools
somewhat quicker following the bottom-up flow of liquid as liguid
flows through the core rather than being retained st the bottom.
However the period of cooling is slightly shorter so that the net
heat lcss from the fuel rod to the coolant is about the same. So
that following the blowdown cooling the calculated cladding
temperatures in the centre of the core rise to about the same
value, ie ~ SOK higher than those in the experiment. If anything
the "ISHARP" calculated blowdown temperature transient is in
close agreement with the experimental data.

At these elevations (ie 20 to 30 inches) reflood cooling in the
calculations begins just prior to 40 secs and although the
cladding temperatures level off they <o not fall (in the "ISHARP"
caleulation) until after the “post accumulator” flow of liquid
into the vore at ~ 54 secs. Thie just reflects the slightly
lower average core liquid content in the "ISHARP" calculation
during this period. However followina %4 secs the cooling is
guch that both calculations have near identical gquench times.

At the bottom of the central fuel assembly (Figs 195 and 196) the
initial dryout of the "ISHARP" calculated fuel rod is delayed,
due in part to the heat transfer error described above, 80 that
the resultant cladding temperatures during blowdown are lower
than both the "ZERO~GAP" calculation and the experiment. Towards
the top of the coce (Figs 201 to 204) the overcooling and
resultant quenching of the fuel rods Jdue to the bottom-up flow of
ligquid is even more exaggerated for the "ISHARP" calculation (see
Fig 203) and although some influence of the top-down flow of
liquid is seen this is not enough to extend the area of guenching
below that resulting from the bottom=-up liguid flow.

A comparisun between the two calculated cladding temperature
transients for the peripheral fuel bundles is made almost
impossible because of the error in the heat transfer logic
described above and in Ref 18. The epurious cooling produced by
this error whizh is restricted to high void fractions is more
prevalent in the "“ISHARP" calculation than in the other 13.0
ealoulations because of the changed core hydraulic conditions.

The changes in the loop flows produced by the change in the core
nirdraulic medelling are very small. As a result of the slightly
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to the 'cold leg' saturation pressure, and the inertia of the
pumps produce a flow of liquid aleng the intact loop cold leg
close to the steady state value. The net inflow into the vessel
produces a small bottom-up core flow which is enhanced by the
flashing of the cold liquid in lower plenum and downcomer. The
core flow primarily cools the lower 2/3 rds of the fuel rods - to
the extent that the recorded temperatures ~~ the external
thermocouples fall to saturution. However .n z4dition to the
pottom-up flow there is a significant downflow at about 15 secs,
as liquid flowing back along the intact loop hot leg from the
pressuriser and the up (hot) side of the steam generator tubes
accumulates in the upper plenum, This downflow 1s suffizient to
cool the extarnal thermocouples to saturation at all elevations
from the top of the core down tc about 30 inches. Therefore the
whole of the core is subjected to blowdown cooling either from
the bottom-up flow or the top-down flow and the central region
from ~ 30 to 40 inches experiences both. This “"double” cooling
is unique to experiment LP-02-6 and reduces significantly the
core stored energy.

There has been considerable speculation as to whether thre
observed LOFT fuel rod behaviour is indicative of what .s
happening on the unistrumented fuel rods, and this is currently
the subiect of a separate investigation. However an indication
of the heat removed from the instrumented fuel rods can De
obtained from the thermocouple temperatures flowing the Llowdown
cooling, when the fuel rod temperatures are once again
re-equalised. At the peak power elevations, ie between about 24
and 30 inches the cladding temperature rises to ~ BO0OK,

The primary system pressure falls to the accumulator trip point
of 42 bars (600 pei) at about 17.5 secs and accumulator liguid
regins to flow into the intact loop cold leg. In line with all
the other LOFT large break experiments the measurement rake
immediately upstream of the ECCS injection location indicates an
oscillatory flow of subcooled liguid along the intact locp cold
leg starting at about 21 secs. This flow continues until the
flow of accumulator liquid into the intact loop cold le~
terminates at ~ 54 secs. The accumulator liguid flows i1.to and
down the downcomer filling the lower plenum. The broken loop
¢old leg measurements supported by the downcomer measurements
located on the broken loop side show that there is no continuous
bypass of subcooled liquid. However » slug of subcooled ligquid
is observed to flow along the broken loop cold leg between ~ 29
and 32 secs, the total mass of this slug is estimated to be very
roughlg about 100 kg; compared to the total accumulator volume of
1.69 m°, ie ~ 1,690 kg. An additional slug of subcooled liguid
flows along the broken loop cold leg at ~ 50 seces, again with a
total mass of roughly 100 to 150 kg. Because of the small scale
of the LOPT facility and therefore the relatively high metal-work
hest flux the primary system pressure never falls below that in
the BST. So that in addition to the flow of the two sluje of
subcooled liguid alonag the broken loop cold leg there is a flow
of two-phase saturated fluid as the liquid in the lower plenuax
continues to flash and steam and entrained liquid flow from the
vessel t¢ the BST.

(%]
()
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the core at ~ 28 secs. The subsequent core inlet flow is
oscillatory as a result of steam production in the core, and the
fuel rods begin to cool at ~ 32 secs at 11 inches and at ~

39 secs at 21 inches.

One region where there is a difference in the behaviour of the
four calculations is ir the intact loop ccld leg during the
accumulator liquid flow period. In scme cases liguid slugs form
upstrean of the ECCS injecticn point and in othe~ cases not.
These differences are attributed to the sensitivity of the TRAC
condensation model to small changes in the steam and liguid fiowe
rather than to any specific wodelling changes between the four
calculations. In none of the calculations however was the
salculated flow similar to the experimental observations, and
because no bypass was calculated the differences in the
calculated intact loop cold leg behaviour =2nly had a very mincr
effect O] the vessel refill and subsequent core reflood.

In all of the calculatione a surge of liquid into the core occure
as a result of the pressurisation of the intact loop cold leg as
the flow from the accumulator chranaes from subcoovled water to
nicrogen. This liquid surge effectively fills the small LOFT
core and so the fuel rods coocl. The final au.ach i{s delayed
because the cladding tempsratures are at least 80 to 100K higher
than the equivalent experimental values and no modelling of the
influence of the external thermocoup)as on the guench process (s
included in the calculations.

One may c¢onclude therefore that although small variations were
observed in the hydraulic behavicur of the tour calculations,
because no changes were made to the following seasitive areas the
general behaviour of all the calculations was the sane; ie the
nature of a LOPT transient is determined Uy:

- the hHlowdown cooling, in which the calculations show :tve
much bottom-up flow and not enought top~down.

- ECCS bypass, none is calculated and only small slugs of
direct bypass are ohserved in the experiment.

- the slug of liguid forced into the core fcllowing the
termination of the accumulator liguid flow, which is
sufficient to cool/quench the whole of the "ghort" LOFT

core.

T™he thermal response of the core to the above hydrvaulics is of
course different for the different calculations, with those
calculations with the reduced fuel stored energy (ie zero foel
clad gap) producing results closest to the axperiment . However
the very limited fuel pin model available in TRAC reatricts the
modelling ability to better simulate the obrerved thermucouple

behaviour.
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TABLE 1
TRAC_CALCULATIONS

N2 LABEL ¢:ODE_VERSION FUEL CLAD  INTERFACE
AR ) GAP WipTh  3HARPERER
LANL UK B ) -

1 *JONS" 12.2 x26 100 won Yes

2 “ORTGINAL" 13.0 8O3 100 won Yes

3 "ZERD=GAP" 13.0 BO3 0.0 Yes

4 " ISHARP" 13.0 BO3 0.0 No

AEEW - M 2464



W @ =ave T oants b

TABLE 2

INITIAL CONDITIONS POR FXPRRIMENT LP-02-6

TRAC

Parameter Calculated Experimental
Value Value
Primary Coolant System
Temperature across core (K) 34.5 33.121.4
Hot leg pressure (MPa) 1 5.04 15.0910.08
Cold leg temperature (K) $56.7 5§6.921.1
Mass flow rate (Kg/s) 248.1 24R.712.8
Primary coolant pump injection 0.0 0.09220.003
(both pumpse) (4/s)
Core bypass pipe flow (xg/s) 6.5 J
Hot leg nozzles bypass flow (Kg/s) 5.6 ; Not
| measured
Reflood assist valve flow 13.1 j directly
rate (Kg/s) !
}
Total core bypass flow (Kg/s) 25.2 i
Reactor Vessel
Power level 47.0 46.0%1.2
Maximum line heat generation 15.07 14.921.1
rate (KW/ft, {Av rods)
16.20
(Peek rods!

Steam generator secondary side
Presrure (MPa) 5.62

Steam generator feedwater flow 2.53
rate (Kg/s)

Pressuriser
Ligquid volume (m?) 0.55%
Steam volume (r?) 0.376

AEEW - M 2464
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TABLE (Continued)
Water cempersture (K) €615.4
Pressure (MPa) 15.03
Liquid level (m) 1.26
Rroken Loop
Cold leg temperature (K) $54.7
Hot leg temperaturs (K) 556.1
reflond sswist valve leak flow 13.1
rate (Kg/s)
Suppression Tank
pressure (gas space) (KPa) 15.04
Emergency Core Cocling System
Accumulator liquid level (m) 1.08
‘ecumulator liquid volume (m®) 1.31%
(tank)
0.36
(line)
Accumulator gas volume (m*) 0.642
Accumulater pressure (MPa) 4.11
Accumulator liguid temparature (K) 302.0
High pressure injection flow 1.50
rate (+/9)
High pressure in‘ection liguid 3021\
temperature (K)
Low pressure injection flow %.9
Pate (1)
Low pressure injection liquid 302.9

temperature !

AEEW ~ M 2464

3l

T S ST S S—— —— R S C— D P ——

$15.6:5 .8
18.320.11
1.0420.04

5853t6
$60:6

-

1.2360
0.4559

0.,9%06
4.11:0.06
302%6.1
1:0410.04

3087

305*7
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TABLE 3

CHROMOLOGY OF EVENTS FOR EXPIRIMENT LP-C2-¢
Fvent TRAC
CaléUlated
alue
Blowdown valves opened 0.0
Frd of sub-cooled blowdosn 0.0%
Feactor scrammed -
Primary eoolant pumps tripped 08
Cladding temperatures initially 0.32
deviated from saturation
End of sub-cocled break flow 4.9
Maximum clcadtn? temperature 4.6
(1061 K & 24 in) reached
(blowdown)
Bottoa-u§ core rewet initiated 4,2
Bottom~up core rewet complete 13.1
Partial core top-down guench
initiated
Pressuriser emptied 13.6
Primary coolant pumps disconnected -
from flywheels
Accumulator injection initiated 16.6
Partial core top-down guench cowmplete
High pressure injection initiated 22.0

Lower plenum refill complete
{from void)

Lower plenum refill complete
(thermocouple)

low pressure injection initiated

AEEW - M 2464

t6.5 to 48.2)
{

I
28.7 I

35.1

Experimental
gsIuo

0
0.0520.08
0.1%0.,01
N.8%0.01
0.910.01

4.0t0.8%

4.910.2

5.2%0.2
9.120.2
14.8:0.02

15.520.5
16,.520.01

17.5%0.5%
1A.620.2
21.8%0.01

20.720.2

34.820.01






CORE AX FINE MRSR

Fine
Mesh
Metres
LA | 0+5
2 0.07625%
3 0.1952%
- 0.22875
¢ 3 0.30%
& U.362
7 0.419
] 0.47¢
LI 0.523
10 0.59%02%
il 0.6475%
12 0.70475%
* 13 0.762
14 H.87625
1% 0.9905
16 1.10475
* 17 2219
8 1 33328
19 14478
20 1.56178
LA} | 1.676

Helght

TABLE 4
VATIONS ARD RELATIVE POWER

Inches

w ;W O
0000

- - &

12.0
14.29
16.5%0
18.7%
21.00
23.2%
25.%0
27.7%
30.00
34.5%
39.0
43.5
4R.0
2.5
$7.0
61.5
66.0

* Fluid dynamic cell boundaries

AEFW - M 2464
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Power Density

0.59415%

1.38880

1.54060

1.47230

0.788851

0.029708
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CORE R.TASP CONPONENTS

The top of level 3, third radiul ring, is linked for each of
the four azimuthal sectors to the bottor of level 11 (rings 2
and 3) by four TEE components. T “origontal side arms of
the TEEs are connected to the outer surisce (ring 3) of level
8.

The arrangement is such that Bypass TEE Components 101 and
103 are connected to r # 3, & = 1 (3) at levels 3 and 11,
while Bypass TEE Components 102 and 104 ure connected to
r = 3, & = 2 (4) at level 3 and r = 2, & = 2, (4) at
level 1l. (This is to allow for the Upper Plenum Hot Leg
connections in radial ring 23 azimuthal sectors 2, 4 at
level 11).
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