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TPAC-PF1/ MOD 1 CALCULATIONS OF LOPT EXPERIMENT LP-02-6

|
P CODDINGTON

C GILL

SUMMACY

The report describes four TRAC-PFl/ MODI calculations modelling
the OECD-LOFT experiment LP-02-6. This was a 2001 double-ended
cold leg break experiment performed at nearly full power (47 MW)
and with a loop mass flow of 248 kg/s. In the experiment the

l; pumps were tripped and then allowed to coast down naturally a f te rR

the start of the transient. Two of the calculations compared the
results of two versions of the code (12.2 end 13.0), one
incorporated a reduced gap between the fuel and the cladding to

I reduce the initial fuel stored energy, and the other had the TRAC |,

interface charpener sodel switched off. -

Following the opening of the quick acting blowdown relief valves
to initiate -he transient there is a net flow out of the vessel
until about 1econds, at t!hich time the broken loop cold leg
flow out of the vessel drops below the flow into the vessel from
the intact loop cold leg, being driven by the parps' inertis.
This net flow into the vessel, enhanced by clashing of subcooled
liquid in the downcomer ind lower plenum, causes a bottom-up flow
of liquid and quenches about 2/3 of the core. Additionally a

j
top-do*, partial quench, extending to about the 30 inch
alevation, is observed at about 15 seconds. This corresponds to
Lluid xunning back into the upper plenum and down into the core
as the flaid in the pressurizer and steam generator begins to
flow back alcng the intact loop het leg.

The nature of the observed quenching is not entirely clears it
may be genuine fuel pin quenching or simply localised quenching
of the thornocouples.

At 17.5 seconds, the primary system pressure reaches 42 bars, at
which point the Emergency Core Cooling System trips.
Measurements suggest oscillatory flow immediately upstream of the
accumulator injection point in the intact loop cold leg. Except
for two slugs of liquid, totalling about 200-250 kg, compared to
a total accumulator flow of about 1,690 kg, no continuous
bypassing of the downcomer by the accumulator fluid occurs.
Most of it finds ir.s way to the lower plenum. As the water level
here rises, it begins to quench tho bottom of the core at abotit
37 seconds and the quench moves progressively upwards. The final
quench of the uppermost elevations is coincident with the entry
of accumulator nitrogen into the intact loop cold Icg and the
consequent rise in the primary system pressure.

AECW ~ M 2464 3jj
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SUM]4ARY (Continued)

All four TRAC calculations predict similar hydraulic behaviour to
each other. The bottom-up liquid flo,e at 4 seconds extends to
the top of the core, as opposed to just 2/3 of the way up as in
the experiment. The TRAC modellina does not pr 44et either the
bottom-up or the top-down quench at 15 seconds and in110 wing the
subsequent fuel rod dryout the calculated temperature.t are too
high, particularly at the top and bottom of the fuel tods. The
reduced fuel-gap calculations (ZEROGAP and ISHARP) are
considerably better in this respect due to their lower stored
energy The calculations predict no bypass of ECCS fluid in line
with the experiment and all predict oscillatory core inlet flow.
There were differencos, however, in the behaviour of fluid in the
intact loop cold leg, for in some of the calculations the
production of liquid slugs was predicted, in others it was not.
These differences are believed to be due to the sensitivity of
the TRAC condensation model rather than any specific changes to
the models.

All the calculations predict a surge of fluid into the core on
the entry of nitrogen into the intact loop cold leg. However,

the higher rod temperatures in the calculations mean that the
final quench is delayed longer than in the experiment.

The main differenea between the calculations are therefore
restricted to the thermal b9 haviour of the fuel rods due for
example to the different |ispersed flow heat transfer used in
versions 12.2 and 13.0 and the reduced fuel stored energy in the
ZEROGAp and ISHARP calculations.

|

t

Reactor Systems Analysis Divisien
AEE Winfrith

August 1987
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PIOURES

d

1 Major Components of Loft System
,

'

2 Loft Pipino Schematic with Instrumentation
,

4

3 Intact Loop Modalisation ,

t

4 Proken Loop Nodalisation
i

5 steam Generator Secondary Nodalisation |
;

6 Peactor Vessel Nodalisation ;

NB- Ficures 7-77 refer to "JONS", " 0 RIG I N AL" and
Experimental Data

e

7 Broken Loop Cold Lea (BL-1) Pressure-
,

8 Proken Loop-Cold Leg (BL-1) Mixture Density-

+

9 Proken Loop Cold Leg (BL-1) Hass Flow Ra *.e-

10 Broken Loop Coid Leg ( BL-1) Liquid Temperature'
-

11 Broken Loop Cold Leg (PL-1) Vapour Temperature-

,

12 Proken Loop Cold Leg (BL-4) Pressure-

13 Broken Loop Cold Leg (BL-a) - Pressure |

14 Dreken Loop Hot Leg (BL-2) - Pressure

15 Broken Loop Hot Leg (BL-2) -Mixture Density

16 Proken Loop Hot Leg (BL-2) - Mass Flow Pate

17 Broken Loop Hot-Leg (BL-2) Liquid Temperature-

18 Broken Loop Hot-Leg (BL-2) Vapour Temperature-

19 Broken Loop Hot Leg (CL-3).- Pressure
'

I

Mixture Density20 Intact Loop Cold Leg (PC-1) -
i

21 Intact Loop Cold Leg (PC-1) Mass Flow Rate-

'
Liquid Velocity22 Intact Loop Cold Leg (PC-1) -

23 Intact Loop Cold Leg - (PC-1) - Liquid Temperature

24 . Intact Loop Cold Leg (PC-li - Vapour Temperature

25 Pump Speed -

|
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FIGURES (Continued) i

t

26 Intact Loop Hot Leg (PC-2) Mixture Density-

'

27 Intact Loop ;ut Leg (PC-2) Mass Flow Pate-

28 Intact Loop Hot Leg (PC-2) Liould Temperature-

29 intact Loop Hot Leg (PC-2) V1 pour Temperature-

30 Intact Loop Pot Leg (PC-2) Pressure-
,

31 I n *.a c t Loop Hot Leg - Pressurizer Pressure

32 Intact Loop Hot Leg .ressurizer Water Level

33 Emergency Core Coolitig System - Accumulator Water Level

-34 Emergency Core Cooling System - Accumulator Pressure-'

35 Upper Plenum Pressure

36 Lower Plenum Liquid Axial Velocity

-J7 _ Upper _ Plenum Liquid Axial Velocity .

38 Downcomer Liauid Temperature at .5.0 m

39 Downcomer Liquid Temperature at 4.2 m

40 Downcomer Liquid Temperature at 2.4 m

41 Downcomer Liquid Temperature at 0.3 m
i

42 -Lower Plenum Momentum Flux

43 Core Inlet Mass Flow
'

44 Core Outlet Mass Flow

45 Core Liquid Volume Fraction

46 Lower Plenum Liquid Volume Fraction

47 Downcomer Liquid Volume _ Fraction
'

48 CoreTLiquid Mass

49 Vessel Liquid Mass

50 Total Rod Heat Flux

51 Total Slab Heat Flux
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FIGUAES__(Continued)

52 Lower Plenum Average Liquid Temperature
;

53 Cladding Temperature at 2 Inch Elevation (Central Pundle)
,

54 Claddina Temperature at 11 Inch Elevation (Central Bundle)
i

55 Cladding Temperature at 21 Inch Elevation (Central Bundle)

56 Cladding Temperature at 24 Inch Elevation - (Central Dundle)

57 Cladding Temperature at 27 inch Elevation (Central Bundle)

58 Cladding Temperature at 31 Inch Elevation ( ('en t ra l Bundle)

59 Cladding Temperature at . t' Inch Plevation (Central Bundle)'

60 Cladding Temperature at 43.8 Inch Elevation (Central4

Bundle)

61 Cladding Temperature at 49 Inch Elevation (Central Bundle)

62 Cladding Temperature at 62 Inch Elavation (Central Bundle)
,

63 centreline Temperature at 27 Inch Elevatien (Central
Bundle)

64 Cladding Temperature at 11 Inch Elevation (Bundle 2) e

65 Cladding Temperature at 21 Inch Elevation (Bundle 2)

66 Cladding Temperature at 30 Inch Elevation (Bundle 2)

67- Cladding Temperature at 39. Inch Elevation (Dundle 2) |

C1 Cladding Temperature at 49 Inch Elevation (Bundle 2)
'

69 Cladding Temperature at 11 Inch Elevation (Bundle 4) ;

70 Cladding Temperature at 21 Inch Elevation (Bundle 4)

71- Cladding Temperaturc at 2R Inch Elevation (Bundle'4)
'

72 . Cladding Temperature at 39 Inch Elevation (Bundle 4)
i

| 73 Cladding Temperature at 11 Inch Elevation (Bundle 6)
:

_74 Cladding Temperature a't 30 Inch Elevation (Bundle 6)

i 75 Cladding Temperature at 26 Inch Elevation (Bundle 6)
| --

76 Cladding Temperature at 39 Inch Elevation (Bundle 6)'
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FIGURES ??ontinued)

77 Cladding Tamperature at 45 Inch Tlevation (Bundle 6)

NB Figures 78-148 refer to "0RIGINAL", "ZEFOGAP" and
Experimental Da ta

7R Broken Loop Cold Leg (BL-1) - Pressure

79 Broken Loop Cold Leg ( BL-1) Mixture Density-

80 Broken Loop Cold Leg (BL-1) Mass Flow Rate-

81 Broken Loop Cold Leg (BL-1) - Liquid Temperature

82 Broken Loop Cold Leg (BL-1) - Vapour Temperature -

83 Broken Loop Cold Leg (BL-4) Pressure-

84 Broken Loop Cold Leg (BL-8) - Pressure

85 Broken Loop Hot Leg (BL-2) - Pressure

86 Broken Loop Hot Leg (BL-2) - Mixture Density

87 Broken Loop Hot Leg (BL-2) - Maen Flow Rate

88 Broken Loop Hot Leg (BL-2) - Liquid Temperature

89 Broken Loop Hot Leg (BL-2) - Vapour Temperature

90 Broken Loop Hot Leg (BL-3) - Pressure

91 Intact Loop Cold Leg (PC-1) - Mixture Density

92 Intact Loop Cold Leg (PC-1) - Mass Flow Rate
_

93 Intact Loop Cold Leg (PC-1) - Liquid Velocity

94 Intact Loop Cold Leg (PC-1) - Liquid Temperature

95 Intact Loop Cold Leg (PC-1) - Vapour Temperature

96 Pump Speed

Mixture Density97 Intact Loop Hot Leg (PC-2) -

9A Intact Loop Hot Leg (PC-2) - Mass Flow Rate

99 Intact Loop Hot Leg (PC-2) - Ligrid Temperature

100 Intact Loop Hot Leg (PC-2) - Vapour Temperature

101 Intact Loop Hot Leg (PC-2) - Pressure
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FICUDES (Continusd)

102 Intact Loop Hot Leg - Pressurizer Pressure
i

103 Intact Loop Hot Leg - Pressurizer water Level

104 Emergency Core Cooling System - Accumulator Water Level

105 Emergency Core Cooling system - Accumulator Pressuro

106 Upper Plenum Pressure

107 Lower Plenum Liquid Axial Velocity

100 Upper Plenum Liquid Axial Velocity

109 Downcomer Liquid Tomperature at 5.0 m

110 Downcomer Liquid Temperature at 4.2 m

111 Downcomer Liquid Temperature at 2.4 m

112 -Downcomer Liquid Temperature at 0.3 m

113 Lower Plenum Momentum Flux

114 Cor.e Inlet. Mass Flow

115 Core' outlet Mass Flow

116 Core Liquid Mass

117 Lower Plenum Liquid Volume Fraction

118 Downcosor Liquid Volume Fraction

119 Core Liquid Volume Fraction

120 Vessel Liquid Mass ;

121 Total Rod Heat Flux
"

122 Total' Slab Heat Flux

123 Lower Plenum. Average Liquid Temperature

124 Cladding Temperature at 2 Inch Elevation (Central Bundle)
,

125 Cladding Temperature at 11 Inch Elevation (Central Bunide)

-126 Cladding Temperature at 21 Inch Elevation (Central Bundle) ,

!

j 127 Cladding Temperature at 24 Inch Elevation (Central Bundle)
;
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FIGURES (Continued)

128 Cladding Temperature at 27 Inch El.evation (Central Bundle)

129 Cladding Temperature et 31 Inch Elevation (Central Bundir

130 Cladding Temperature a* 39 Inch Elevation (Central Bandle)

131 Cladding Temperature at 43.B Inch Elevation (Centtel
Bundle)

132 Cladding Temperature at 49 Inch Elevation (Centra) Bundle)

133 Cladding Temperaturn at 62 Inch Elevation (central Bundia)

134 Centreline Temperature at 27 Inch Elevation (Central
Bundle)

135 Cladding Temperature at 11 Inch 1:levation (Bundle 2)

136 Cladding Temperature at 21 Inch 1:levation (Bundle 2)

137 Cladding Temperature at 30 Inch Elevation (Bundle 2;

138 Cladding Temperature at 34 Inch Elevation (Bundle 2)

139 Cladding Temperature at 49 Inch Elevation (Bundle 2)

140 Cladding Temperature at 11 Inch Elevation fBundle 4)

1 41 Claddin-; Temperature at 21 Inch Elevation (Bundle 4)

142 Cladding Temperature at 28 Inch Elevation (Bundle 4)

143 Cladding Temperature at 39 Inch Elevation (Bundle 4)

144 Cladding Temperature at 11 Inch Elevation (Bundle 6)

145 Cladding Temperature at 30 Inch Elevation (Bundle 6)

146 Cladding Temperature at 26 Inch Elevation (Bundle 6)

147 Cladding Temperature at 39 Inch Elevation (Bundle 6)

148 Cladding Temperature at 45 Inch Elevation (Bundle 6)

NB Figures 149-219 re f er to "ISHARp", "ZEROGAp" and
Experimental Data

149 Broken Loop Cold Leg (BL-1) - pressure

150 Broken Loop Cold Leg (BL-1) - Mixtura Density

151 Broken Loop Cold Leg (BL-1) Mass Flow Rate-
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FIGURES (Continued)

1

152 Broken Loep Cold Leg (DL-1) - Liquid Temperature
'

153 Broken Loop Cold Leg (BL-1) - Vapour Temperature

154 Broken Loop Cold Leg (BL-4) Pressure-

155 Broken Loop Cold Leq (BL-8) - Pressure

156 Broken Loop Hot Leg (BL-2) - Pressure

157 Broken Loop Het Leg (PL-2) - Mixture Density .

158 . Br oken Loop Hot Leg (BL-2) - Mass Flow Pate

159 Broken Loop Hot Leg (BL-2) - Liquid Temperature

160 Broken Loop Hot Leg (DL-2) - Vapour Temperature
.

161 Brcken Loop Hot Leg (BL-3) - Pressure

'

162 Intact Loop Cold Leg (PC-1) - Mi*ture Density

163 Intact Icop Cold Leg (PC-1) - Mass Flow Pate

Liquid Velocity164 Intact Loop Cold Leg (PC-1) - ,

165 Inttet Loop Cold Leg (PC-1) - Liquid Temperature

166 Intact Loop Cold Leg (PC-1) - Vapour Temperature

167 Pump speed

16R. Intact Loop Hot Leg (PC-2) - ~ Mixture Density |

169 Intact Loop Hot Leg (PC-2) - Maso Flow Rate

170 Intact Loop Hot Leg (PC-2) - Liquid Temperature,

>

171 Intact - Loop Hot Leg (PC-i l - -Vapour Temperature - |

172 Intact Loop Hot Leg-(PC-2) - Pressure
.

173 -Intact Loop Hot Leg ~ Pressutizer Presrure

174 Intact Loop Hot Leg - Pressuri=er Water Level

175 1 Emergency-Core Cooling System - Accumulator Water Level-t '

17G Emargency Core Cooling system - Accumulator Pressure

177 Upper. Plenum Presr,ure
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PIGURES (Continued)
I

178 Lower Plenua Liquid Axial Velocity

179 Upper Plenum Liquid Axial Valoc.ty

180 Downcomer Liquid Temperature at 50m

181 Downcorer Liquid Temperature at 4.2 m

182 Downcomer Liquia Temperature at 2.4 m

183 Downcone: Liquid Temperatue at 0.3 m

184 Lower Plenum Momentum Plux

185 Core Inlet Masa Flow

186 Core Outlet Mass Flow
:

187 Core Liquid Mase

188 Lower Plenum Liquid Volume Fraction

189 Downcemer Liquid Voltme Traction
,

190 Core Liquid Volum6 Fraction

191 Vencel Liquid Mass

192 Total Pod Heat Flux j

193 Tothi Slab Heat Flux

194 Lower Plenum Average Liquid Temperature
<

195 Cladding Temperatare ,at 2 Inch Elevation (Central Bundle)

106 Cladding Temperature at 11 Inch Elevation (Central Bundle)
,

.197 Cladding Temperature at 21 Inch Elevation (Central Bundle) ,

198 Cladding Teeperature at 24 inch Elevation (Central Bundle)

199 Cladding Temperature at 27 Inch Elevation (Central Bundic)

200 Cladding Temperature- at 31 Inch Elevation (Central Bundle)

201 . cladding Temperature et 39 Inch Elevation (Central BundUa)

202 Cladding "emperature at 43.8 Inch Elevation (Central
Bundle)

203 Cladding Temperature nt 49 Inch Elevation (Central hundle i'

;
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FIG 11RES (Continued)_ ,

I

$

204 Cladding Temperature at 62 Inch Elevation (Central Bundle)

205 centreline Temperat.urt at 27 Inch Elevation (Central ,

Dundle)

206 Cladding Temperature at 11 Inch Flevation (Bundle 2)

| 207 . Cladding Temperature at 21 Inch T.levation (Bundle 2)
,

20R Cladding Temperature at 30 Inch Elevation (Bundle 2)

209 C1sdding Temperature at 39 Inch Elevation (Bundle 2) ,

t

'

210 Cladding Temperature at 49 Inch Elevation (Bundle 2)

211 Cladding Temperature at 11 Inch Elevation (Pundle 4)
,

212 Cladding Temperature at 21 Inch Elevation (Pundle 4)
i

213 Cladding Temperature at 2A Inch Elevation (Bundle 4)

214 Cladding Temperatura at 39 Inch 11evation (Bundle 4)

215 Claddina Temperature at 11 Inch Elevation (Bundle 6)

216 Cladding Temperature at 30 Inch Elevation (Bundle 6)

217 Cladding Temperature at 26 Inch Elevation (Bundle 6) i

213 Cladding Temperature at 39 Inch Elevation (Bundle 6).

,

219 Cladding Tenperature at 45 Inch Elevation (pundle 6)
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COMMEPCIAL IN CONFIcrNcr

1 INTRODUCTION
|, -

This report provides a description of the results of four
TRAC-PT1/ MODI calculations of the CECD-LOPT experiment LP-02-6. .

This experiment was the third of the high power LCFT laroe break !

experiments (L2-3 and L2-b being the previous two experiments) |
'

and although it was performed at the beginning of the OECD-LOPT
; project, the bcundary canditions for the experiment were i

I

specified by the USNRC. The primary boundary conditions that
distinguish this experiment from the previous experiments L2-3'

and L2-5 were t) increased power, le 47 MW and the fact that the
primary coolant pumps were tripped but not decoupled from their
flywheel systems a?. the start of the trancient. This resulted in
positive (bottom-ap) core flow during the blowdown period, iea

at about 5 secs, but the ragnitude of this flow was less than
that observed-in the earlier experiment L2-3 where the pumps
where kept running, auch that the fuel rod external thermocouples ,

quenched immediately only in the bottom 2/3 rds of the central l'

4 fuel assembly. The remainder of the core (ie the top 1/3 rd) ,

quenched-subsecuen .y during the top-down flow period after about
'

12 sect.

A description of the LP-02-6 experiment csn be found in the Quick
'

Look Report, Ref 1.
;

? , TRAC INPUT MODEL AND NODALISATION
'

Diagrams showing the Lort f acility and 1. strument locations are
given in Tiga 1 and 2 while noding diagrams of the TRAC,

representation of the LOPT facility are shown in Figs 3, 4, $ and
6 for all __ the calculations presented in this report, all of which
used the same nodal representation. Thu noding scheme and input
model is based upon the original TRAC-PD2 model which was ;

modified for TRAC-PF1/ MODI at LANL for the analysis of L2-3 and
at AEEW for the analysis of LP-LB-1 (Ref 2). However subsequent
to the analysis of LP-LB-1 the input deck was stodified (Ref 3) to
improve the modelling in the areas of -

(1) Primary coolant loop,and vessel flow resistance.

(ii) Renodalisation of the ECC5 ir.jection line (Ref 4).

(iii) hevision of the fluid volumes and flow areae within the
'

reactor vessel.

(iv) Inclusion of core bypass paths in the reactor vessel (lower
plenum and core to upper plenum and downcomer to upper"

plenum).
'

--- _(v) Revision of the vessel. metal-work heat structures (Ref 5).
,

'

(vi) A revision and inclusion of ambient heat losses.
All of the above are likely to have an influence on the'

calculated results when compared to those calculated for
- experiment LP-LB-1 and in fact some of the revisions, eg (i),
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(ii) and (v) were a result of recognised-inadequacies of that
analysis (see Pets 2 and 3).
The results of the renodalication of the ECCS line can be seen in
Fig 3, and the inclusion of the lower plenum and core to upper
plenum bypass in Fig 61. Also shown in Figs 3 and 4 is the
location of the experimental measurement rakes in the intact and
broken loop hot and cold legs.

3 TRAC CALCULATIONS

As steted above, this report contains the results of four ,

T RAC-PFl / hS"! ca lcola t ions , these ywie performed sequentially and
the resulta et the calculations are presented in three groupe
each contajnfog a pair of calculations together with the
experimental data where appropriate. This report therefore
provides both the results of a limited sen itivity study together
with a comparisen of the TRAC calculat 2 with the experimental
data.

The four TPAC calculations, identified by their dif ferences, are
as follows:-

(1) A calculation using the 'Stan6ard' Winfrith version o'
TRAC-PF1/MODl, Version 12.2 fie code version UK refere;t e
X26). This calculation used the "as manufactured" fuel-
clad gap of 100 ron, on the figures tnas calculation is
labelled "JON'S" and is the subject of a separate report
(Ref 6).

(2) The abo.-e calculation was repeated using ths Winf rith
version of TnAC-PFl/ MOD 1 Version 13.0 (ie code version UK
Reference B03). This calculation ic labelled " ORIGINAL" on
the figures.

(3) Calculation (2) was repeated but with the " fuel ~ clad" gap
reduced to zero to reduce the steady state fuel stored-
energy and hence the peak cladding temperatures during
blowdown . This calculation is labelled "ZERC-GAP" on the ;

figures.

(4) Finally calculation (3) was repeated but with the
| TRAC-pFl/ MODI core interface sharpener logic removed. The
! core interface sharpener logic is a facility for
|_ overwriting the axial mass flux in the core calculated from ,

l the constitutive relations with an externally imposed model !

to produce a," sharp" core liquid level. The interface
sharnener restricts the axial flow of liquid in the-core by
limiting the core cell exit void fraction to be greater
than 90% iriespective of thSt calculated by the
constitutive relations. The operatien of the interface

l, sharpener has been seen to produce unphysical behaviour
during blowdown when applied to reactor calculations and to
produce too sharp a liquid vapour interface during reflood
(Ref 7). Its use is therefore not currently recommended.
This calculation is labelled "ISEARP" in the figures.

|
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A review of the four calculutions is given in Table 1.

4 INITIAL CONDITIONS

The initial conditions for experiment LP-02-6 and the calculated
transients are givea in Table 2. The data f or the ext.eriment was
taken from the Erperiment Ouick LooK Report (Pef 1) and the
Experiment Specification Document (Ref 8). The data for the TRAC

calculations was taken from he "ZERO-GAP" calculation which was
the calculation used as the submission to the OECD-LOFT LP 02-6
experiment comparison exercibe (Ref 9). There are no sig.tfican-

' differences between the initial conditions of the four
calculations and in fact transient calculations 3 and 4 used the
came steady-state calculation.

One major difference between this series of calculations and all
previous TPAC calculations, ie PD2 L2-3 and L2-F (Ref 10) and
PFl/ MOD 1 LP-Lh-1 (Ref 2) and LP-02-6 (Ref 11) calculations is the
improveacnt in the bypass modelling. As we see from Table 2, for

example, the total calculated bypass of ~ 10% in divided into a
lower plenum to upper plenum bypssa of 2.6%, a downcomer to upper
plenum bypaso of 2.26t with the remainder, 5.25%, flowing through
the Reflood Aasist Bypass Valves (RABU). Previously only the
flow through the RABVs was represented.

The power was increased in expcriment LP-02-6 from the 36 MW used
in L2-3 and L2-5 to 47 MW, an increase of ~ 1.3. However the
flow rate was only increased by ~ 25% from 200 kg/sec to 250
kg/sec, producing therefore a slightly increased temperature rise
across the core. The contrasts with experiment LP-La-1 where the
loop flow rate was increased to - 300 kg/see for a small (49
compared to 47 MW) increase in core pawer, producing a
significantly smaller core AT.

The rulative magnitude of loop flow and core power is likely to
influence the vessel hydraulic behaviour during blowdown, as is
the bypass representation for the calculated transients.
The total ace'imulator liquid available in experiment LP-02-6 was

for experiments L2-5 (1.96 m')1.09 m' which ig) lower than thatbut higher than that of experiment LP-IS-1
~

and L2-3 (2.166 m ,

(1.18 m*) (Ref 12). These numbers should be compared with the
vessel volumes of 0.60 m' for the lower plenum, 1.017 m' for the
downcomer (this number was nignificantly ineceased from that_of
0.672 m' used in previous TEAC analyses of LOFT) and 0 272 m' for

the core.

As will be seen from Table 2 the accumulator gas volume used in
the calculatiog is significantly spaller than the experimental
value (0.642 m compared to 0.95 m ). This difference was
introduced into the input deck to compensate for the fact that
the TRAC code places a lower limit on the Nitrogen gas
temperature of 273 K (O*C) ie the frc-ezing point of water, and
that the gas temperature will fall well below this value during
the emptying of the accumulators.

:
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Apart'from the above accumulator ;as volume difference, Table 2
shows that the TPAC calculated initial conditions for the primary
circuit are within the uncertainty levels of the corresponding
measured quantities. There is however a small difference in the
pressuriser volumes used in the calculations (liquid 0.555, steam
0.376 m') compared to those for the experiment (liquid 0.607,
steam 0.39 m*).

5 ANAL' ISIS OF LP-02-6 TRANSIENT,

5(11 Secuence,o,f Events

The sequence of the significant events for LOPT experiment
LP-02-6 are listed in Table 3, where the times of occurrence are
compared with the times predicted by tF* "ZERO. GAP" TRAC

% calculation This is the same caiculation as that for which the ''

initial conditions were presented in Table 2.
I

Experiment Lp-02-6 was initiated (0.0 secsi by the opening of the _
g

BL quick-opening blowdown valves in the broken loops. The reactor
T was scrammed on low hot leg pressure at 0.1 secs and the pumps

were tripped at 0.8 secs. (The pumps were not immediately-

decoupled from their flywheels as in experiment L2-5, but allowed,

to coast down naturally). The pumps coasted down until 16.5 secs
when their rotational speed fell below the trip point and they
were decoupled from their flywheels. Following the opening of
the blowdown valves the system pressure falls rapidly to the
saturation pressure of the hot leg fluid and voids form in the
upper plenum, core and hot leg. The flow into the core quickly
reverses as a result of the large subcooled critical flow out of
the broken loop cold leg. The core therefore rapidly voids such
that the fuel rods begin to dryout in the centre of the core at
about 0.9 secs. The fuel rod cladding temperatures (racorded by
the thermocouples located on the outside of the cladding) rise as

is equalised radially acrcss thethe energy stored within the UO2
whole of the fuel rod. The fuel rod cladding temperatures
continue to rise until approximately 5 secs when a positive flow "

through the core was re-established. This flow through the core
at about 5 secs, occurs as the ficw into the vessel downcomer
from the intact loop, which remains almost constant as a result w

>of the high pump inertia and single-phase nature of the cold leg
fluid, exceeds the falling flow out of the vessel downcomer
through the broken loop cold leg. The brukan loop cold leg flow
falls as the system pressure falls from hot leg saturation
pressure to the cold lee saturation pressure. The flow through
the core at 5 secs is enhanced by the flashing of the cold leg
fluid in the vessel lower plenum and downcomer and the intact
loop cold leg. The positive flow through the core cools the core
and. produces a tapid quench of the cladding (external)
thermocouples in the lower ~ 2/3 rds of the central fuel
assembly. After the system pressure falls below the cold leg
saturation pressure the flow of liquid into the downcomer
decreases as the intact loop cold leg 'aidu, so that this flow
quickly falls below that out of the broken loop cold leg, and the
core ence again 'ampties. After ~ 10 secs therefore the fuel rods
in the core begin to heat up again. A partial top-down quench is
initiated at about 15 secs

AEEW - M 2464 4
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and lasts until ~ 18.5 secs as liquid flowing out of the
pressuriser and along the hot leg into the upper plenum flows
down into the core.

The system pressure falls below the accumulator trip point at
17.5 secs and the ECCS liquid begins to flow into the primary~

circuit, the HPIS and LPIS began at 21.8 and 34.A secs
respectively. The flow out of the broken loop continues to fall
as the primary system pressure falls with no obvious direct
bypass of liquid (ie subcooled liquid in the broken loop cold
leg), except for one slug of liquid between 30 and 32.5 zecs.
The lower plenum was estimated to have filled at 30.7 secs
(Ref 1) which is the time that the lowest core thermocouple (ie
at a 2 inch elevation) is observed to quench. This is well in
advance of the time that the accumulator empties. The
accumulator tank for example empties at about 4R secs, while an
additional ~ 7 secs is required to clear the ECCS line, so that
the ECCS accumulator liquid flow into the intact loop cold leg is
not complete until about 55 seca. Following this the effect of
the accumulator nitrogsn flow into the primary circuit is seen as
part of the slug of subcocled liquid, resident in the intact loop
celd 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 close to the corresponding fuel temperature. The
cladding' temperatures then increase slowly as a result of the
fuel decay heat until the bottom of the core begins to quench at '

about 31 secs as outlined above. Following this, liquid flows
into the bottom of the core and begins to cool the lower parts of
the fuel rods while the fuel rod quench progresses intermittently
up the bottom part of the core reaching the 21 inch elevation at
about 48 secs. Above the peak power elevation le at a height of
greater than about 30 inches, the fuel rods do not begin to cool
until about 42 secs at which time the cladding tenperatures range
from ~ 750 K at 31 inches to ~ 500 K at 62 inches. The quench
time of the fuel rods at these elevations corresponds to the end
of the accumulator liquid flow, with for example times of 54.5
sees at 31 inches, 56 secs at 43.8 inches and 49 inches and 54.5
secs again at 62 inches. (The end of the accumulator liquid flow
into the primary circuit is estimated to occur at about 55 secs -
see above). It is postulated therefore that the flow of
accumulator nitrogen.into the intact loop cold leg initates the
flow of a. slug of liquid into the core as well as one out of the
broken loop cold leg as described above. The mechanism that
leads to this is described in Ref 13 for example. The flow of

liquid into the core at the time is able to quer.;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

quench of the core therefore was complete by 56 secs and occurs
as a direct result of the flow of a slug of itquid into the
bottom of the core driven by the system pressurisation as the
flow into the primary circuit from the accumulator changes from
water to nitrogen.
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-5(11) TRAC Calculations

In the following'three Sections of the report we present the
results of1the four TRAC calculations of experiment LP-02-6
described in Section 3 and Table 1. The results of the four
calculations are presented in the following three groups of
Figures together with the experimental measurements where
appropriate.

GROUP 1, Figure 7 to 77 -

,

Calculations (see Section 3 and Table 1)
"JON'S", " ORIGINAL"-

and the experimental data.

GROUP 2, F gures 78 to 148

Calculations: " ORIGINAL", "ZEPO-GAP"

and the experimental data.
'

-GROUP 3, Figures 149 to 219

Calculationst "ZERO-GAP", "ISHARP" i
.

and the experimental data.

The results from each of the above groups is described in turn in
the fellowing Sections. In the first Section a detailed
description of the experimental measurements together with a
comparison with the general results of the TRAC calculations is
provided in addition to comments on the differencee 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" Calculations

LOOP BEHAVIOUR

These two calculations of'the LOFT large break transient
experiment 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 performa .
using code version X26 (UK version of LANL code version 12.2) and
the " ORIGINAL" calculation-was performed using cods version B03
(UK version of LANL code version 13.0). There are obviously

,

'likely to be many differences between the two code versions - in
spite of the fact that the code from version 12.1 was formally a
frozen code, however itLis thought that none of these changes,
except for one, are likely to have a significant influence on the
behaviour of a large break calculated transient. V7 consider
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that this observation is confirmed by the results presented in
Figures 7 to 77. The one area in which there is a known
difference between the two code versions that is likely to
influence large break ca.culations are the changen made the
post-dryout heat transfer. This accounts for the difference in
the calculated eladding temperatures which occur primarily during
the reflood period. In esde version X26 the " error" in the
Forslund-Rohsenow dispersed flow heat transfer coefficient fie
the use of the liquid thermal conductivity instead of the vapour
conductivity) had been corrected by the UK. In version B03 the
Forslund-Rohsenow relation had been changed by LANL in such nway
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 the heat transfer
coefficient. This revised value of the Forslund-Rohsenow
dispersed flow heat transfer coefficient introduced by LANL in
version 13 0 was kept-in the equiralent UK version D03. 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 B03 calculation.

The first observation from the results of these two calculationsis that their behaviour particularly that reflected by the global
parameters is very similar especially during the blowdown period
(ie 0.0 to 20.0 sece), where the results of the two calculatione
are almost indistinguishable. The calculated and experimentcl

pressure decay, shown for example in Fig 7 for the broken loop
cold leg and Tig 30 for the intact loop hot leg shows a very good

and acomparison between the two calculations and the experiment,
significant improvement over that calculated for LOFT experiment
LP-LB-1 (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 LP-02-6 is
ascribed to the revised vessel metal heat structures containedwithin the LP-02-6 input deck as these produce a significant
increase in the heat released from the vessel metal-work to the
fluid (cee Pig 51). There is a small difference in the
calculated system pressure between about 26 and 33 secs, with the
"JON'S" calculation providing a better comparison with the
experimental data. It in thought that this difference is
possibly due to different condensation ratea in the intact loop
cold leg and Fig 20 for example shows that during the appsoximate
name time period in the "JON'S" calculation a liquid slug 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
difficult to predict and very sennitive to tne details of the
locy and ECCS flows. This of course is always likely to be the
. situation when large changes in condensation rates are involved.

The broken loop cold leg density and mass flow shown 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 subcooled period and during the saturated flow
period when the calculations are approximately 20 kg/see 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 pressures for
LP-LB-1 and LP-02-6 (see above). The calculated mass flow during
the saturated blowdown per%od is high in spite of the fact that
a critical flow multiplier of 0.84 is used, a value of 1.0 is
used during the subcooleo blowdown. (These numbers eere
inherited from LANL and have not been the subject of a study in.

the UK, however'it would not be possible to justify a number of
less than 0.B4 for the saturated flow period). As observed in
Section 5(i), neither of the calculated transients shows any
direct ECCS bypass , until the accumulator empties at about 53

: sees, whereas the experiment shows the flow of two distinct slugs
of subcooled water through the broken _ loop cold leg (Tigs 8, 9,

10) the first betwen 29 and 33_ secs and the second between 49.5
and 51.5' secs. Both the calculations and the experiment show the
flow of a slug of subcooled liquid coincident with nitrogen
entering the intact loop cold leg from - the accumulator,. however,
the calculated flow is much more extensive than that observed in
the experiment.

Rather surprisingly both of the calculatione show some reverse i

ficw at the measurement location in the broken loop ecid leg,
during the bypass phase of the transient. The "JON ' S"
calculation shows some reverse flow at ~ 43 sees while the
" O RIGIN AL" 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 specified pump inertie and so produces a long coast
down such that the_ pump is not calculated to decouple from.its
flywheel system (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 f aster initial- rundown of the pump such _that,

L the pump decouples from its flywheel at ~ 16 5 secs, because of
! the aubsequent 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 f eature of the pump velocity curve for the "JON'S"
| - calculation is that the pumps were tripped to decouple f rom their-
L flywheels at the experimental time of 16.5-secs. In spite of the
L different pump behaviour seen in the two calculations there is

almost no observable difference in theLintact loop cold-leg flow,
| see for example Fig 21 which shows the cold leg mass flow. .

The intact loop cold leg calculated and experimental fluid
densities show very good agreement up to ~ 12.5 secs, both
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showing for example'the-start of the voiding in the cold leg at
~ 6 secs. Between 12.5 and 20 secs the calculated densities are
slightly higher than_the average experimental value, but well
within the range of the experimental error. The calculated
velocity and hence mass flow are however lower than the
experimental values (bf about 25 kg/see in.the case of the mass !

|flow) during the first 6 sees when the flew is single-phase
liquid. 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 seca, the
,

formation of oscillating slugs of subcooled liquid immediately
upstream of the ECCS injection point are observed starting at
about 21 secs. The oscillatory nature of the liquid slugs can be
seen in the measurements of fluid density, 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-1
(Ref 2) a detailed analysis of the individual density and
momentum flux measurements (not shown 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 behaviour 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 intarmittent siug flow upstream of the
ECCS injection point 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 liquid 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
behaviour 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 quite 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 the slow rundown of the pumps. (This
is in contrast to a positive flow period of approximately
4.5 secs for experiment LP-LB-1 where the pumps were decoupled
from their flywheels at the start of the transient). After
9 seca the flow reverses and two peaks in the mass flow are
observed, the first at ~ 12 secs occurs as liquid flows out of
the pressuriser and back along the = hot leg to the upper plenum
and the second at ~E16.5 secs when liquid from the upside of the ,

steam generator tubes flows back along the hot 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 flow is observed, le at about 6.5 secs in
the experiment but not in the calculations this attributed ,

|
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(Ref 1) to be a consequence of the bottom-up flow through the
core at this time. However no significant hot leg flow is
calculated even when the core interface-sharpner is turned off -- ,

.see Section 5(v). As the hot leg side 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

p are observed between 42 and 51 secs. These later ones presumably
occur as a result of liquid carry over from the core as the lower
part of the core quenches during the period, An increase 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 loop cold leg.

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

The accumulator level and pressure is shown in Figs 33 and 34,
the agreement between the calculations and the experimental
values is now very good following the renodalisation of the ECCS
lina (Ref 3). However no explanation can be found for the
discrepancy between the calculated and measured accumulator
pressure during the period when nitre;.en flows from the tank.

VESSEL HYDRAULIC AND THERMAL BEHAVI{ Q

The vessel hydraulic and thermal behaviour is shown in Figs 35 to
52, while the fuel rod cladding temperatures are shown in Figa 53
to 77. The global vessel behaviour, le vessel mass, lower plenum

l liquid volume fraction etc is shown in Figs 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 alight delay in the filling of the-vessel in the '

"JON'S" calculation as the ECCS liquid accumulates as a slug in
the intact loop cold leg extending upstream of the injection

i point.

The calculated behaviour of the vessel during blowdown shows that
the core, lower plenum and downcomer void during the first 3 to

|
4 secs-as subcooled liquid-flows out of the broken loop cold leg.
The core rapidly empties while the lower plenum and downcomer
liquid volume fractions fall to about 0.7. As the flow of
subcooled_ liquid out of the brasen loop cold leg falls it is
exceeded by the flow of liquid into the vessel from the intact

| loop cold leg so that the liquid volume fractions of the lower
L plenum and downcomer increase. These then fall again after about

6 secs when the flow of liquid into the vessel decreases as the
fluid in the intact loop cold leg flashes. The increase in the
flow of liquid into the vessel produces'a flow of liquid into the
bottom of the core beginning at about a secs. The flow through

~

the core is enhanced by the flashing of the liquid in the lower
plenum and downcomer at about 6 secs and then falls to zero again -

.
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between about 9 and 10 secs as the lower plenum and downcomer
void. (See Fig 35). In addition to the above'fiow of liquic
into the bottom of the core a flow of liquid from the upper
plenum down through the core is observed to occur betwean about
16 and 22 aecs. This is shown as a reverse flow in the core
outlet mass flow, Fig 44.

As stated above, the calculations show that, following the
initiation of the accumulator flow at about 17 secs, the
accumulator liquid flows into and down the vessel downcemer to
fill the vessel lower plenum, and there is no observed direct
bypass of the accumulator liquid out of the broken loop cold leg.
Althoegh of course fluid continues to flow out of the broken loop
cold leg this fluid is saturated and is provided by the flashing
of the liquid in the lower plenum ts the pressure falls. The
flow of accumulator liquid into the lower plenum produces an
increase in tne liquid volume fraction beginnfng at about
25 secs. Almost immediately some small quantity of liquid enters
the bottom of the core and its influence can be seen on the
cladding temperature (thermocouples) located at the bottom of the
core. Initially all the accumulator liquid flows down the
downcomer into the lower plenue so that the liquid volume
fraction rises to ~ 0.75 at about 33 seca. Following this the
liquid flow into the core increases and some liquid begins to
accumulate in the downcomer. At about 40 secs in both
calculations the lower plenum is liquid full and the core liquid
volume fraction is ~ 0.2. (Note this is still some ~ 15 secs
before the end of accumulator injection). After 40 seca vhen the
lower plenum is full the accumulator liquid continues to flow
into the downcomer which therefore rapidly fills, with the
downcomer in the version 13.0 (ie " ORIGINAL") calculation filling
somewhat faster than in the version 12.2 (ie "JON'S")
calculation. The downcomer continues to fill in the calculation
well above the level of the nozzles as a consequence of the fact
that the primary system pressure talls below the boundary
pressure used to model.that in the blowdown suppression tank.
The downcomer begins to empty at about 52 to 53 secs which is
coincident with the end of the accumulator liquid flow as the
primary system pressure once more exceeds that at the break. -

Following this there is a rapid increase in the liquid content of
the core.

As stated above there is no detectable difference in the vessel
behaviour between the two calculations during the blowdown
period,- and although there are some dif f erences in detail between
the two calculations following the initiation of the accumulator
liquid the global behaviour is the same. The differences in
behaviour almost certainly arise from the extreme sensitivity of
the 1-D condensation model which as we have seen produces an
upstream liquid plug in one instance but not in the other, rather
than a specific difference between the two code versions.

As has been stated in relation to the analysis of other LOFT
large break experiments (see Pef 2), the level and interpretation
of the LOFT vessel instrumentation is both limited and dif ficult.
However the lower plenum velocity and moementum flux measurements
(Figs 36 and 42) do confirm the bottom up flow of liquid observed
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during blevdown, ie betuuon shout 4.0 and 9 secs. Also it is
possible to estimate that the peak velocity and mass flux of the
flow was * 1 m/See and between 500 and 1000 kg/m' see
respectively. The downcomer fluid temperature measurements,
located on the broken toop side, also confirm the broken loop

) cold leg measurements in that there war only a small amount of
direct subcooled licuid bypass. Fig 39 for example shows liquid
subcooling only, between 31 and 33 sees and between 50 and 53
secs, prior to the end of the accumulator liquid injection.

CORE THERMAL RESPONSE

Central Bundle

The fuel rod cladding temperatures for the "JON'S" and " ORIGINAL"

k calculations together with the experiment are shown if Figa 53 to "
63 for the central fuel assembly (ie LOFT assembly 5) and in
Figs 64 to 67 for the instrumented peripheral fuel bundles (ie -

LOFT fuel assemblies 2, 4 and 6). In addition Table 4 shows the
axial location of the calculational fine mesh together with the
relative power density at the coarse mesh boundaries.

Two featuren of the calculated temperature transients are
immediately obvious, (1) is the fact that during blowdown (and
therefore for the remainder of the transient) the calculated peak
clad temperatures are more than 100K too high and (2) the fact
that the " ORIGIN AL" calculation (version 13.0) cools faster than
the "JON'S" calculation (version 12 2).
The peak clad temperature of a fuel rod during the initial

'blowdown period of a large break transient is determined
primarily by the transfer of heat from the centre of the fuel to
the cladding as the cladding to fluid heat transfer falls
following dryout and as the heat generated within the core falls
to the decay heat level. This means that the peak cladding
temperature is particularly sensitive to the fuel rod pre-
transient (steady state) stored energy, ie fuel rod centre
temperature. The only unknown parameter of any significance in

-

the calculation of L _ tteady state full stored energy is the
fuel to cladding heat transfer, ie the fuel-clad gap conductance.
In the TRAC code this is determined from the input value of the
fuel-clad gap width, and in both of these calculations this was
set to'the "as manufactured" value of ~ 100 Fons. Because of the
obvious error in the resultant peak clad temperatures
particularly at the bottom of the fuel rods, the influence of
changing the fuel clad gap to fully closed, ie no gap, is
evaluated as part of this sensitivity study (see Section 5.iv).
Calculations of the initial cladding temperature response over
the while core is made more difficult because of the limitations
of the TRAC fuel pin model, for example there is only a single
fuel pin representation for the whole of the core and for this
pin only a single set of radial dimensions can be input. So that
changes in the pin dimensions both axially and between pins
cannot be modelled. hizo changes in the fuel clad gap width and
the fuel and clad dimensions generally, due to n.echanical
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effects, cannot be modelled, only changes due to thermal effects
are coneidered.

From Figs 53 and 54 we see that the fuel rod cladding
temperatures during blowdown of the two calculations are
identi cal and although there are some small differences in the
cladding teaperatures during the refill period the largest and
most consistent difference is the fact that during reflood the
" ORI GI N AL" calculation (version 13.0) cools faster than the
"JON'S" calculation (version 12 2). The major identifiable
difference between the two code versions as was reviewed in
Section 3, is that the dispersed flow (ie void fraction d 0.5)
heat transfer coefficients in the UK version of 13.0 were
significantly higher than those in the UK version of 12.2. (For
the reasons mentioned in Section 3 the LANL version of both codes
would have given the higher of the two heat transfer
coefficients). The higher heat transfer for the " ORIGINAL", ie
v13.0 calculation would of course produce the observed aarlier
cooling of the cladding for identical core fluid conditions.
Although as we see from Fig 48 for example, there are some small
differences in the core liquid mass during reflood, but these on
their own are not enough to be responsible for the different
cladding behaviour.

The experimental cladding temperatures in LOF" are those recorded
by thermocouples attsched to the surface of the cladding. This
has lead to intense speculation both to whether they truly
reflect the temperature of the cladding particularly during the
very rapid quench periods and to whether the thermocouples
themselves induce additional cooling that would not be present on
uninstrumented fuel rods, Both of these questions have been
subject to separate effects experimental investigations at both
high and low pressures (Ref 14 and 15) and a review of this
information is currently taking place at AEEW (Ref 16).

The general response of the calculated and experimental cladding
temperatures during the transient just reflects the vessel
hydraulic behaviour described above. The cladding temperatures
rise rapidly after about 1 see as the fuel rods in the central
assembly begin to dry out, increasing to over 1000K after about
3 secs in the experiment at the peak power location. The
calculated peak temperatures are higher by up to 100K, because of
the too large a value of the steady state stored energy, as
explained above. After approximately 5 sees the surge of liquid
into the bottom of the core produces a rapid cool down (quench)
of the experimentally observed temperatures at all elevations up
to and including the 39 inch level, but not at elevations above
this. In the calculation the cladding is cooled by more than
200K at the 24 and 27 inch elevations, but of course this is not
sufficient to produce a quench. More significant is that in the
calculation the cooling extends all the way to the top of the
fuel assembly so that at the 62 inch elevation for example, where
the temperatures are low because of the lower power, a quench
occurs in the calculation but not in the experiment.

AEEW - M 2464 13

l
1

- __ _ _ _ _ _ _ ____________-_ - --_-___-_ - -



_ _ _ _ _ _ _ - _ _ _ _ - _

Following thu rapid cao1 down (quench) of the thermocouple-
cladding in the experiment, dryout occurs again at the centre of
the core after about 11 secs, and the temperature across the the
fuel rod is once again re-equalised as the observed temperatures
rise rapidly to about 800K. This behauiour is confirmed by the
limited fuel rod centre line temperature measurements which show
the centre of the fuel at the 27 inch elevation (Tig 63) to cool
slowly to ~ 800K at about 15 secs. In the calculated transients
following the blowdown cooling of the fuel rods the cladding
temperatures rise to ~ 1000K, ie some 200Y higher than the
experimental values.

At the higher elevations in the central fuel assembly for the
experiment the influence of the top down flow of liquid from the
upper plenun is seen as the fuel rods quench from the top
dSwnwards between about 15 and 19 seconds. Although a small
downflow of liquid is observed in the calculations (Fig 44)
between 16 and 22 secs. This does not appear to have a major _

influence on the cladding temperatures except at the highest
(62 inch) elevation (Fig 62).

Following the blowdown cooling and the re-equalisation of the
f u e .1 rod temperatures, ie after ~ 15 secs, the cladding
temperatures rise slowly as the core is steam cooled and the
vessel fills with water from the accumulator. This continues
until the first sign of reflood cooling occurs at about 30 secs
which is well before the accumulator empty time of ~ 54 seca.
The temperature rise turns over at about the same time in both
the experiment and the calculations (particularly the " ORIGINAL"
vl3.0 calculation) especially towards the bottom of the core, ie
below ~ 21 inches. Above this, ie up to 31 inch level the
cooling effect of the core flows is seen in the experiment, but
not in the calculation until - 40 secs, when as Fig 48 shows
there is an increase in the flow of water into the core. Above
the 31 inch elevation both the experiment and calculations show a
cooling of the duel rods after 40 secs. The cooling of the
cladding particularly in the experiment is distinctly oscillatory
in nature, indicating an oscillating flow at the core inlet, this
in likely to arise both as a result of increases in the core -

pressure as steam is produced and as a reduction in the pressure
in the intact loop cold leg as steam condenses on the subcooled
accumulator liquid.

The fuel rod cladding in the central fuel assembly continues to
cool and subsequently quenche, auch that, except at the very
bottom of the corer the quench takes place coherently over
significant lengths of the core. The following for example shows
the quench times at the various elevations in the central
assembly, and we see that
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Elevation Cuench Time
'

2" 31 secs
11" 46.7 secs
21" 46.7 secs
24" 54.2 secs
27" 54.2 secs
31" 55.8 sees
43.8" 55.8 secs
49" 55.8 secs
62" 54.6 seco

the core quenches at the 11 and 21 inch elevation at ~ 47 secs
while the remainder of the core, le 24 to 62 inches quenches
between 54 and 56 secs. The final core quench (ie between 54 and
56 secs) occurs at the same time as the termination of the
accumulator liquid flow and the initiation of the accumulator
nitrogen flow, and as is explained in Ref s 13 and 17 and above
this produces a surge of liquid both out of the broken loop cold
leg and into the core. The coherency of the final quenches
indicate that for thi.s experiment, and for LOFT in general, the
quench process is dictated by the fluid conditions, rather than
thermal conditions within the fuel rod. In this sense it is
different from the propagating quench fronts observed in slow
forced reflood experiments. The experimental quench temperature'
in this experiment are by and large determined by the fuel rod
temperatures at the time of the "end of accumulator" intlow of
liquid into the core, but are typically less than 700K cven at
the peak power elevation. As explained above the relation of the
observed quench temperatures in LOFT to a minimum in the boiling
"Tmin" has been the subject of several separate effects studies,
some of which (Ref 15) have shown that at reflood pressures
(typically ~ 3 bars) the presence of the external thermocouples
can promote quenches at *emperatures higher that "Tmin". The.

fuel centre line temperatures (Fig 63) show that in line with th6
separate effects studies (Ref 15) that the quench of the external
thermocouples quickly promotes cooling radially across the fuel.

In the calculations the surge of liquid into the core at
~ 54 secs (Fig 48) which results from the termination in the
accumulator liquid flow, produces an increase in the cooling of
the cladding; but because the temperatures are typically 200K too
high-at this time and no account of the influence of the external
thermocouples on the quench process is allowed for, the final
calculated quench is delayed by some 40 to 50 secs.

Peripheral Bundles

The fuel rod cladding temperatures for the three LOFT peripheral
instrumented bundles 2, 4 and 6 are shown in Figs 64 to 77.
Fuel assembly 4 is located between the intact loop hot leg and
the broken loop cold leg, fuel assembly 2, between the broken
locp cold leg and the broken loop het leg and fuel assembly 6
between the broken loop hot leg and the intact loop cold leg,
this arrangement is shown in Fig 611. All of the instrumented
rods except one, 4G08-21 (Fig 70), are located on the side of the
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peripheral bundles adjacent to the central bundle, whereas rod
4 GOR is located towards the middle of asserbly 4.

The thermal behaviour of the peripheral bundles, particularly
that of ? and 6, for the most part just mirrors the behaviour of
the central bundle, except that the temperatures are lower as the
result of the lower power level. The fuel rods dryout as the
core voids during blowdown, reaching a peak temperature of ~ 900K
at the peak power elevation in all 3 bundles. The bottom-up core
liquid flow produces a rapid cooldown (quench) of all of the
instrumented rods, even at the highest elevation of 49 inches,
between 6 and 9 secs. In bundle 6 the fuel rods dryout again
after about 12 secs rising rapidly to a temper-ture of ~ 650K to
700K then more slowly to a peak reflood temper %ture of 750K~

(Fig 75, rod 6H12-026). ? bundle 2 the 'uel rods dryout at
about 12 sees, but are th-a " quenched" again at all but the
bottom elevation from the top-downwards between 14.5 and 18 secs.

I These rods then dryout between 18 and 21 secs rising to a peak
temperature of ~ 700K (rod 2614-011, Fig 64). In fuel assembly -

4 Eigs 69 to 72, we see that folloving the blowdown " quenching"
the fuel rods do not immediately drycat again, so that the
resultant reflood peak temperaturas are significantly lower, ie
less than 600K. From the instrurented rod located in the middle
of assembly 4 (ie rod 4G08, Fig 70), we see that at this location
the fuel rods do not drycut during the blowdown period. The
lowest elevation on assembly 4 dryout at about la sees in lina
with the fuel rods in assembly 2, while the higher elevations do
not dryout until about 29 to 30 seen. 4

Cooling of the rods during reflood begins at about 29 to 30 secs
at the 11 inch elevation (Figs 64, 73) in bundles 2 and 6 and
this is consistent with the temperature measurements for the
central bundle (see previous Section). Following this the _'

thermocouples show an oscillatory behaviour similar to that
observed in the cetral bundle, and again provide a confirmation
of the likely oscillatory flow conditions at the core inlet. The
cladding temperatures for bundles 2 and 6, during this reflood
period lie between ~ 600K (2H13-049, Fig 68) and 750K (6H15-026,

.

Fig 75) and these therefore are the temperatures from which the [
fuel rods quench. The quench times for assemblies 2 and 6 are

{given below; these as with the quench of the central fuel
assembly show that the quench (of the thermocouples) is
determined by the fluid conditions rather than the thermal
behaviour of the fuel rods. For example the quenches occur
coherently and are most likely coincident with the flow of liquid
into the bottom of the core. In addition the final quench at the
top of the peripheral fuel rod bundles occurs at ~ 55 secs, which
again is in line with the data from the central fuel assembly,
and
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1

I

He i gh t, ASSEMBLY 2 ASSEMBLY 6

11 inch 46.7 secs 40.8 sees
21 inch 43.3 secs :-

47 secs26 inch -

30 inch 49 secs 49 secs
'

39 inch 54.6 sees 54.6 secs
54.6 secs45 inch -

49 inch 52.5 secs -

results from the surge of liquid 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
"highi initial fuel stored energy and (2) the " ORIGINAL" (ie
v13.0) calculation coole quicker during reflood than the "JON'S"
(v12.2) calculation. In addition to these, the first of the
above leads to an overestimation of the cladding temperatures for
bundle 6 during reflood of between 100 and 200K (eg rigs 74 to
77). Finally in bundles 2 and particularly 4 where in addition
to the experimental bottom-up blowdown quench the fuel rodo are
subsequently quenched from the top downwards, the calculated
temperatures which do not show this asymmetric top-down cooling
are some 300K too high.

5(iv) *" ORIGINAL" and "ZERO-GAP" Calculations

The "ZERO-GAP" calculation was the second in the series of TRAC
sensitivities performed as part of the comparison with LOPT
experiment.LP-02-6. This calculation was performed because of
the obvious overestimation of the steady-state fuel stored energy
calculated in the first two calculations when the "as
manufactured" fuel clad. gap was used. In the " ZE RO-G AP"
calculation the fuel clad gap was set to zero, while in all other
ways _the calculation _was identical to the " ORIG INAL" calculation
(ie it used code version B03, the UK version of LANL code version
13.0). As would be' expected the major effect of the above change
is to the calculated core cladding temperatures, however it might
be anticipated that 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, anC.Figa 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 bicwdown 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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some inct ance.s bee nase of an error 4n t he T RAZ (v13.0) heat
. transfer logic that artificially quenches sone rods during '

the blowdown period (Pef 18), see for example Fig 146.

An inproved fit to the overall blowd wn temperatures could
obviously be made by adjusting the fuel clad gap along the lenath
of the fuel rods, le a closed up gap at the bottom and a
partially open one at the top. However for this to be more than
just a " fitting" exercise additional information ought to be
available either from fuel PIE cr a fuels code.

In the centre of the core, eg Fige 127, 128, where the "ZEFO-GAP'
blowdown peak temperatures are now well-represented, the
calculated temperatures fall to ~ 800K as a result of the botton-
up core cooling, and subsequently rise to about 850K as the
cooling diminishes and the temperatures across the fuel rod
equalise out. In the experiment the recorded temperatures on the
external thermocouples cool down rapidly to the seturation -

temperature as a consequence of the bottom-up liquid flow, but
then rise to ~ 800K as the cooling diminishes and the
temperatures across the red rc-equalise. The average rod
temperature therefore after the blowdown cooling is only sene SOK
higher in the "ZERO-GAP" calculation than in the experiment.
This shows therefore that at this elevation the net heat transfer a

from the cladding to the coolant is only marginally smaller in
the case of TRAC compared to the experiment. The difference in
the net cooldown of the fuel rod could therefore be well-
accommodated within the uncertainty of the inlet fluid
conditions, without requiring major changes to the TRAC heat
transfer package. The above observations also apply in general
to the lower core elevations, although the difference between the
TRAC "ZERO-GAP" and experiment clad temperatures after the end of
the blowdown cooling are in some instances somewhat higher.

In the upper part of the central fuel bundle and generally across
the peripheral bundles, differences between the calculated and s
experimental fluid conditions make comparisons more difficult. -

At the 43.8 inch elevation (Fig 131) for example, we see that [
(1) The calculated cladding temperature shown dryout well in

advance of the experiment.

(2) As mentioned above the "ZERO-GAP" calculated peak clad
temperature is lower than the measured value (assumed to be
due to a partially open gap towards the top of the corei.

(3) In the experiment the bottom-up liquid flow is limited so
that the temperature of thermocouple does not fall to '

saturation, whereas in the calculation more extensive
cooling is observed, and finally;

(4) The rod thermocouple cools to saturation at 19 secs due~

to the top-down flow of liquid from the upper plenum and
this is not predicted in either calculation except at the
highest elevation (ie at 62 inches, see Fig 133).
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As stated 4bove differences 1, $'and 4 arise because of
inaccuracies in the calculated core blowdown fluid conditions and
the sensitivity of_the thernal response to them, and for this
reason it is not easy _to_see how.to improve the accuracy of the
calculacion. 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 between the two calculations and their relation to
the experimental data. As might be expected there are only 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 subcooled bypass at ~ 31 seca,
estimated to be between 80 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 durir.9 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
producingfsome rapid liquid slugs after ~ 38 secs. This movement
and= accumulation =of the-ECCS liquid in the intact loop cold log,
through the behaviour of the condensation model, then modifies
-the subsequent core reflood. An additional consequence of the
different intact loop cold leg behaviour is that-the pump in the
"ZERO-GAP" calculation runs down slightly quicker after
~ 45 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 f rom the accumulators, the liquid
begins to accumulate, producing an increase.in the intact loop
cold leg density, (Fig 91), at about 85 seca.

Finally the other observable difference between_the two
calculations, is that following the end of the accumulator liquid

~ flow, t'ne 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 " ORIGIN AL" calculation.
So that af ter SS 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 rite results from the different mass
flow and densities calculated along 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 thin time.

5(v) "ZERO-GAP" and "ISHARP" Calculations

The fourth TRAC-PFl/ MODI calculation ("ISHARP") of experiment
Lp-02-6 performed was a repeat of the previour "ZERO-GAP"
calculation (coda version UK B03,.LANL 13.0) except that the core
interface sharpener logic was bypassed. The reason for carrying

6 out this calculation was to examine the effect of bypassing this
'ogic in an integral calculation. Previous analysis of separate
effects reflood experiments (Ref 7) had recommended bypassing
this logic as the best way of modelling the core 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 differences
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 possibly via the heat input to the
fluid from the fuel rods, differences in the leap behaviour.

Mie results from the two calculations together with the
experimental data, where appropriate are shown in Figs 149 to .

219. The most striking feature of the comparison taken as a i

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 LOFT
(primarily because of the size and location of the core) the
cooling _ of the fuel rods 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 temperatures are subject to the error in the heat
transfer logic (Ref 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 liquid
mass (Figs 185, 186 and 189), show for the ISRARP calculation, as

! would be expected, that during blowdown more of the liquid
flowing-into the bottom of the core flow-out 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 calculations, as the lower plenum-fills. After ~ 40 secs
L the-core-flow esci11ations for the "ISHARP" calculation increase

in magnitude with the liquid traction (Fig 190) oscillating
between ~ 0.2 and zero, this is also reflected in the behaviour
of the downcomer_and-lower plenum volume fractions (Figs 189 and
108), 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 accumulator liquid flow at ~ 54 sees the succe of
liquid into the core occurs in both calculations, only the )
absence of the interface sharpener logic in the "1 SHARP" j
calculation allows more of the liquid to flow out of the top of i

the core and so the mass of liquid retained in the core is
slightly less. Also the subsequent oscillations in the core
liquid content that result from the fuel rodo quenching are
greater in magnitude for the "ISHARP" calculation.-
As stated above, the above differences in the coro hydraulics
produce only small changes tc the cladding temperatures. At the
peak power elevation of the central fuel assembly, Figs 197 to
200, we see that during bla-down the "ISHARP" transient cools
somewhat quicker following the bottom-up flow of liquid as liquid
flows through the core rather than being retained at the bottom.
However the period of cooling is slightly shorter so-that the net
heat 1cas 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 ~ 50K 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 (le 20 to 30 inches) reflood cooling in the
calculations begins just prior to 40 secs and although the
cladding temperatures level off they do not fall (in the "ISFARP"
calculation) until after the " post accumulator" flow of liquid
into the core at ~ 54 secs. This just reflects the slightly
lower average core liquid content in the "ISHARP" calculation
during this period. However following 54 secs the cooling is
such that both calculations have near identical quench 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, so that
the resultant cladding temperatures-during blowdown are lower
than both the "ZERO-GAP" calculation and the experiment. Towards
the top of the core (Figs 201 to 204) the overcooling and
resultant quenching of the fuel rods due to'the botcom-up flow of
liquid is'even more exaggerated for the "ISHARP" calculation (aee
Fig 203) and although some influence of the top-down flow of
liquid.is seen this is not enough to extend the' area of quenching
below that resulting from the bottom-up liquid flow.

A comparison 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 spurious cooling produced by
this error'which is restricted to high void fractions is more
prevalent in the "ISHARP" calculation than in the other 13.0
calculations because of the changed core hydraulic conditions.

The changes in the loop flows produced by the change in the core
hydraulic modelling are very small. As a result of the slightly

,
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lower quantity of heat +ransferred from the core to the coolant.

d ring the early part of reflood the system pressure falls just
bolow that used to represent the BST, so that liquid flows back
along the broken loop cold leg at ~ 48 secs. As a consequence of
the increased flow out of the top of the core during blowdown for
the "ISLARP" calculation one might expect to see a change in the
intact and broxen loop hot leg flows, and although a small
increase in tha broken loop hot leg flow is seen (Fig 158) at
~ 9.5 secs the change is very small .

As might be expected there are some changes to the intact loop
cold leg behaviour during reflood (Figs 162, 163) but again these
are small and the flow of liquid up-stream of the ECCS injection
point is limited to a short period of between ~ 38 to 48 secs for
both the "ISHARP" and "ZERO-GAP" calculations. These cold leg
flow esci11ations occur either in part or whole as a consequence
of the pressure induced oscillations in the core flow rather than
being induced by enanges in the cold leg condensation. This ;

contrasts with the experimentally obse.ved intact loop cold leg
flow oscillations which extend for most of the accumulator flow
period, ie from ~ 21 to 54.5 sees, and must arise at least
initially from the condensation of the intact loop steam flow by
the subcooled ECCS liquid.

6 SUMM1JtY AND CONCLUSIONS

This report compares the results of four TRAC-PFl/ MODI
calculations with the experimental data for the LOPT large break
experiment LP-02-6. The four calculations compare changes to;
code version, ie versions 12.2 and 13 0, fuel pin modelling, ie
"as manufactured" and zero steady state fuel clad gap and to core
hydraulic modelling, le with and without the core interface
sharpener logic.

The features that distinguish the LOPT LP-02-6 experiment from
the previous 200% double-ended cold leg break experiments L2-3
and L2-5 and the subsequent experiment LP-LB-1 were the fact that
it was performed at near full power (ie 47 MW) with a relatively
low loop flow (248 kg/sec) and therefore a high core AT and the u

fact that the pumpe were tripped and allowed to coast down
naturally at the start of the transient. This contrasts with
L2-3 where the pumps were kept running and L2-5 and LP-LB-1 where
the pumps were decoupled from their flywheels at the start of the
transient.

The transient was initiated at time zero by the opening of the
quick acting blowdown refief valvts, and the upper plenum and
core rapidly void as subcooled liquid flows out of the broken
loop cald leg. As the core voids the reactor power falls and the
fuel rods dry out. The cladding temperatures rise as the stored
energy in the fuel equalises out across the fuel pin. The
subsequent behaviour of the fuel rods during blowdown in LP-02-6
is dictated by the core hydraulics as for the other LOPT large
break experiments. The balance of liquid flow into the vessel
downcomer is such that after - 4 secs there is a net inflow as
the broken loop cold leg flow falls, as the system pressure falls

AEEW - M 2464 22
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to the ' cold leg' saturation pressure, and the inertia of the
' ' pumps produce a flow of liquid along the intact loop cold leg

close to the steady state value. The net inflow into the vessel
producen 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 6" the externel
thermocouples fall to saturation. However an cidition to the'

bottom-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 is sufficient to
cool the external thermocouples to saturation at all elevations
f rom the top of the core down to 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 the
observed LOFT fuel rod behaviour is indicative of what is
happening on the unistrumented fuel rods, and this is currently
the subject of a separate investigation. However an indication
of the heat removed from the instrumented fuel rods can be
obtained from the thermocouple temperatures flowing the blowdown
cooling, when the fuel rod temperatures are once again
re-equalised. At the peak power elevations, in between about 24
and.30 inches the cladding temperature rises to - 800K.

-The primary system pressure falls to the accumulator trip point
of 42 bars (600 psi) at about 17.5 secs and accumulator liquid
begins 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 liquid along the intact loop cold
leg starting at about-21 secs. This flow continues until the
flow of accumulator liquid into the intact loop cold ler
terminates at ~ 54 seca. The accumulator liquid flows 1.ito and
down the downcomer filling the lower plenum. The broken loop
cold leg measurements supported by the downcomer measurements
located on the broken loop side show that there is no continuous
bypass of subcooled liquid. However a slug of subcooled liquid
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

roughly about 100 kg; compared to the-total. accumulator volume of
1.69 m ie -1,690 kg. An additional slug of subcooled liquid,

flows along the broken loop cold leg at ~ 50 seca, again with a
total mass of roughly 100 to-150 kg. Because of the small scale
of the LOFT f acility 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 sings of
subcooled liquid alonc the broken loop cold leg there is a flow
of two-phase saturated fluid as the liquid in the lower plenua
continues to flash and steam and entrained liquid flow from the
vessel to the BST.
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The lower plenum fills rapidly with ECCS liquid so that the
bottom cf the core begins to cool again at ~ 31 secs. Following t

this time cooling is observec progressively up the core with a
turnover, in the cladding temperature rise above 30 inches
occurring at aoout 40 siscs. The most noticeable effect observed
by the claddir.g thermocouples once reflood cooling starts is that
they behave in an oscillatory aanner. This is attributed to an
oscillatory c>re flow which is likely to occur as a result of a
combination of core-steam generation oscillations and intact loop
cold leg ecndensation induced oscillations. Just as the core
inlet hydraulics determines the fuel rod cooling it also
determines the fuel rod quench. Except at the very bottom of the
core a significant degree of coherency is seen in the fuel rod
quench, for example in the central fuel assembly the 11 inch and
21 inch thermocouples and some of the 15 inch thermocouples all
quench at 46.7 secs, and above 24 inches the final quench~

occurs between 54 and 56 secs. The final quenv.. coincides with
the termination of the accumulator iiquid fits, and results from
a surge of liquid into the core as the reduction in condensation
and the presence of the accumulator nitrogen causes the intact
loop cold leg pressure to rise. The rise in the intact loop cold
leg pressure also causeo some of the ECCS liquid located in the
intact loop cold leg and at the top of the downcomer to flow out
of the broken loop cold leg to the BST. Because of the blowdown
cooling of the core the maximum cladding temperature at 54 secs~

when the surge of liquid into the core occurs is only ~ 700K, so
that the whole of the core in experiment LP-02-6 is cooled and
quenched by the liquid from the accumulator.

The results from the four TRAC-PFl/ MODI calculations bear a large
degree of similarity particulary in their hydraulic behaviour.
They all thersfore, in the main, produce the same global
transient and suffer from the same modelling deficiencies. Those s

sensitivities performed for a specific reason, og reducing the
steady state fuel clad gap obviously produced the desired result
of lower cladding temperatures.

In spite of the fact that the calculated transients overestimate
the observed subcooled flow in the broken loop cold leg, flow

'

into the core after ~ 4 secs extends'to the top of the core and
quenches the 62 inch elevation whereas in the experiment the
" quench" only reaches the 45 inch level. However whereas in the
experiment the subsequent top-down liquid flow " quenches" the top
of the core particulary in the peripheral fuel bundles no such
-cooling is observed in the calculations. Therefore particularly
towards the top and the bottom of the core the calculated fuel
rod temperatures after blowdown are higher than the experimental
values. In the centre of the core however (ie ~ 24 to 27 inches)
for the "ZERO-GAP" calculations the calculated cladding
temperatures are only about 50K too high showing that the net
heat loss from the fuel rod for the calculations is onl" slightly
lower than in the experiment.

In all four calculations there is no direct bypass of the ECCS
subcooled liquid so that, as in the experiment, the lower plenum
fills up rapidly with some liquid first entering the bottom of
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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 seca at 11 inches and at~ ~

39 secs at 21 inches. i

One region where there is a difference in the behaviour of the (

four calculations is in the intact loop cold leg during the I

accumulator liquid flow period. In some cases liquid slugs form
upstrean of the ECCS injection 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 liquid flows
rather than to any specific r.odelling changes between the four
calculations. In none of the calculations however was the
calculated flow similar to the experimental observations, and
because no bypass was calculated the differences in the
calculated intact loop cold leg behaviour only had a very minor
effect on the vessel refill and subsequent core reflood.

'

In all of the calculations 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 changes from subcooled water to
nitrogen. This liquid surge ef fectively fills the small LorT
core and so the fuel rods cool. The final qu.ach is delayed
because the cladding temperatures are at least 80 to 100K higher
than the equivalent experimental values and no modelling of the
influence of the external thermocouples on the quench process is
included in the calculations.
One may conclude therefore that although small variations were
observed in the hydraulic behaviour of the tour calculations, '

because no changes were made to the following sensitive areas the
general behaviour of all the calculations was the sane; le the
nature of a LOFT transient is determined ty:

- the blowdown cooling, in which the calculatione show too
much bottom-up flow and not enought top-down.

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

- the slug of liquid forced into the core following the
termination of the accumulator liquid flow, which is
sufficient to cool / quench the whole of the "chort" LOPT
core.

The thermal response of the core to the above hydraulics is of
course different for the different calculations, with those
calculations with the reduced fuel stored energy (ie zero fael
clad gap) producing results closest to the experiment. However
the very limited fuel pin model available in TRAC restricts the ,

modelling ability to better simulata the obcerved thermocouple
behaviour.

t
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TABLE - 1__

TRAC CALCULATIONS

NJ LABEL @DE VERSION FUEL CLAD INTERFACE
GAP WIDTH 3HARPENER

LOGICLANL E

1 * J ON S" 12.2 X26 100 eon Yea

2 " ORIGIN AL" 13.0 B03 100 son Yen

3 "ZERO-GAP" 13.0 B03 0.0 Yes

4 "ISHARP" 13.0 B03 0.0 No

,

:..

l

,
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TABLE 2

INITIAL CONDITIONS FOR EXPERIMENT LP-02-6

TRAC
Parameter galculated Experimental

Value Value
~~

Primary Coolant System ,

Temperature across core (K) 34.5 33.l*l.4

Hot leg pressure (MPa) ;5.04 15.0920.08

Cold leg temperature (K)- 556.7 555.921.1

Mass flow rate (Kg/s) 248.1 24A.7t2.6
'

primary coolant pump injection 0.0 0.09220.003
-(both pumps) (A/s)

Core bypass pipe flow (Kg/s) 6.5 i
iHot' leg nozzles bypass flow (Kg/s) 5.6 J Not
J measured

Reflood assist valve flow 13.1 J directly
rate (Kg/s)

1

1
Total core bypass flow (Kg/s) 25.2 s

Reactor Vessel
.

Power level' 47.0 46.021.2

Maximum line heat generation 15.07 14.921.1
rate (KW/fts- (Av rods)

16.20
(Peak rods)

,

Steam generator secondsry side

Presrure (MPa) S.62 -

Steam generator feedwater flow 2.53 -

rate ~(Kg/s)'
,

_

Pressuriser

3Iiquid volume-(m ) 0.555 0.60720.02
'

Steam volume (r3) 0.376 0.3920.02

AEEW - M 2464
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TABLE _2 (Continued)

water temperature (K) 615.4 615 615.8

Pressure (HPa) 15 03 15.320 11

i Liquid level (m) 1.26 1.0420.04
:

|Broken Loop

Cold leg temperature (K) 556.7 55326

Hot leg temperature (K) 556.1 56026
,

Reflood aswist valve leak flow 13.1 -

rate (Kg/s).
,

Suppression Tank

Pressure (gas space) (KPa) 15.04

>

Emergency Core Coeling System

Accumu5atorliquidlevel (m) 1.05 -

37.ccumulator liquid volume (m ) 1.315 1 2360
(tank)
0.36 0.4559
(line)

Accumulator gas volume (m# 1 0.642 0.9506

Accumulator pressure (MPa) 4.11 4.1120.06
'

Accumulator liquid temperature (K) 302.0 30226.1

.Figh pressure injection flow 1.50 1 0410.04
rate (4/s)

i High pressure injection liquid 302 1 30527
temperature (K)

. Low pressure injection flee 3,5 -
-

Rate (i)
Low pressure injection liquid- 302.9 30527

temperature CR)

i

AED1 - M 2464i ,
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TABLE 3
,

C11 Rot? OLOGY OF EVENTS FOR EXPERIMEftr LP-02-d
,

,

Event TRAC
Calculated Experimental

Value Value ;

Blowdown valvcs opened 0.0 0

End of sub-cooled blowdosn 0.05 0.0510.05
,

0.120.01Reactor scrammed -

Primary coolant pumps tripped 0.8 0.810.01

Cladding temperatures _ initially 0 32 0.910.01
deviated from saturation

End of sub-cooled break flow 4.9 4.020.5

Maximum cladding temperature 4.6 4.910.2 i

(1061 K 6 24 in) reached [

(blowdown) .

Bottom-u[corerowet initiated 4.2 5.210.2

Bottom-up core rewet complete 13 1 9.110.2

Partial core top-down quench 14.810.02
initiated .

.

Pressuriser emptied 13.6 15.510.5

16.520.01Primary coolant pumps disconnected c-

from flywheels

Accumulator injection initiated 16.6 17.520.5

Partial core top-down quench complete IR.620.2 ;

High pressure injection initiated 22.0 21.820.01

Lower plenum refill complete 26.5 to 48.2} .

(frou void) f
I

Lower plenum refill complete 28.7 1 30.720.2
(thermocouple)

Iow pressure injection initiated 35.1 34.810.01

AEEh' - M 24 64
1 ,
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TABLE 3 (Continued)

Maximum cladding temperature 40.5 4120.2
(929.7 K @ 24 in) reached (reflood)

Accumulator empty 40.0

Accumulator injection complete 53.0 5715a

Core quench complete 91.1 5610.2

* Ref I calculates the accumulator injection complete time by
extrapolating from the time tho accumislator is empty to the
time the connecting piping is empty assuming a constant mass

_

flow

-)

_

$
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TABl.E 4

CORE AXIAL FINE ME.SH ELEVA710NS AND RELAT!Yr. POWER
^

DlN S I'TY

J

Fine Height Power Density
Mesh

Metres Inches
2

* 1 0.0 0.0 0.59415
2 0.07625 3.0
3 0.1525 6.0
4 0.22875 9.0

* .5 0.305 12.0 1 35550
6 0.362 14.25
7 0.419 16.50
8 0.476 18 75

* 9' O.533 21.00 1.54060
10- 0.59025 23.25
11- 0.6475 25.50
12 0.70475 27.75

* 13 0.762 30.00 1 47230
14 0.8762S 34.5
15 0.9905 39.0
16 1 10475 43.5

* 17 1.219 48.0 0.78851'

18 1.33325 52.5
19 1.4475 $7.0
20 1.56175 61.5

* 21 1.676 66.0 0.029700

'

Fluid dynamic cell boundaries* i

S

4 .g

6

|
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CORE L'.7 ASS COMPONENTS

The top of level 3, third radial ring, is linked for each of
the four azimuthal sectors to the botton of level 11 (rings 2 -

and 3) by four TEE components. T'ia krrizontal side arms of |
the TEES are connected to the outer surface (ring 3) of level |
8.

The arrangement is such that Bypass TEE Components 101 and
1 (3) at levels 3 and 11,3, 0 =103 are connected to r =

while E37 ass TEE Components 102 and 104 ore connected to ,

2 (4 ) at level 3 and r = 2, (4) at |2, 9 =3, 0 =
~

r =
1evel 11. (Thi s is to allow for the Upper Plenum Hot Le g |
connections in radial ring 3 azimuthal sectors 2, 4 at '

level 11).
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