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Analysis of Hypothetical Core Disruptive Accident
in
Prototype Fast Breeder Reactor Monju

(m)

- HCDA Analysis by SAS3ID and VENUS-PM2 Codes -

* *
Masayoshi ISHIDA , Hiroshi ENDO
and Sadanori AOI

ABSTRACT

A study of hypothetical core disruptive accidents (HCDAs) in the
prototype fast breeder reactor Monju (714 MWt) has been conducted by using
SASBD‘ﬁE for the HCDA ~initiating phase analysis and VENUS~PM2 for the
mechanical disassembly phase. A loss—of-flow (LOF) due to the loss of
off-site power and a transient overpower (TOP) due to control assembly
withdrawal, both at rated power, are considered as the HCDA initiators
with a postulated total failure of the reactor shutdown systems.

The preceding work (I} concentrated on the Monju HCDA analysis with
nominal design vglues of the reactivity coefficients. The present volume is
aimed at similar analyses but with pessimistic values of the reactivity
coefficients, in particular, of the sodium void and Doppler coefficients
taking into account their uncertainties. The accident scenarios of each
postulated anticipated transient without scram are studied for the three
burnup stages of Monju: the beginning-of-initial cycle (BOIC); the beginning-
of-equilibrium cycle (BOEC); and the end-of-equilibrium cycle (EOEC).
The maximum sodium void worth used in the present analyses is 3 .88

(1.5 times the nominal value) in the EOEC core and the Doppler coefficient

¥ Fast Reactor Safety Laboratory, Steam Generator Division, O-arai
Engineering Center, PNC

#% Advanced Reactors Engineering Department, Mitsubishi Atomic
Industries, Inc.
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of each core is reduced by 30% from the nominal value. A summary of the
study follows.

The scenario of the 2 cents/sec TOP-HCDA obtained in this study is
much the same as in the nominal case (I). The reactor pow;:r shows a
sudden increase following the onset of FCIs (Molten-Fuel-Coolant Interactions)
in high~powered fuel assemblies but the maximum power level reached is less
than 10 times the rated power and the reactor is shutdown due to the fuel
sweepout reactivity in the F'CI fuel assemblies within 0.1 sec at the latest
after the first FCI onset. The extent of damaged fuel assemblies is largest
in the clean (FP-gas free) BOIC core in which the radial power peaking is
smaller than in BOEC and EOEC cores, and about 26% of the core fuel
assemblies are damaged. In the equilibrium cycle cores the damage extents
are limited to about 5% core-center assemblies. The TOP-HCDA scenario
must be followed by the evaluation of post-accident heat removal from the
partially damaged reactor core.

In the LOF-HCDA the accident enters into the transition phase after
a severe power transient with a net reactivity less than 18 in the initiating
phase, if the negative reactivities due to axial fuel expansion and early fuel
dispersion driven by FP-gases in the fuel in voided assemblies are both
effective . Only when these negative reactivity effects are disregarded, the
LOF accident enters into the mechanical core-disassembly phase where a
large amount of energy is released during a superprompt-critical power burst .
The accident écenario obtained in the present study (II) differs at this point
from the one in the preceding study (I) in which no pessimistic assumption led
to the mechanical disassembly scenario. That is, the assumption of the
pessimistic reactivity coefficients is one of the primary factors which makes
the LOF-HCDA turn into the energetic-HCDA scenario. LOF cases which

enter into the mechanical disassembly phase are switched to VENUS-PM2
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for the evaluation of energy release during the superprompt-critical power
burst .

The energétics eva;luated fof the LOF;ﬁCDA strongly depends upon the
conditions assumed for FCI which turns out the most dominant driving mechanism
for the superprompt-critical power burst. The maximum energy release is
calculated for the EOEC core, and the one in BOEC is lesser. Energetics
in the FP~gas free BOIC core is low due to a milder FCI énd a lower void
worth than in the other two cores,

The LOF-HCDA evaluation must be followed by structural damage
evaluation against the released available work during the postdisassembly
molten core expansion. And the most difficult item left to be studied is the
behavior of a molten core in the transition phase into which the majority of

the LOF initiating-phase scenarios appears to enter.

# Received from the US Department of Energy under the Special Memorandum
of Agreement on LMFBR Safety between US DOE and PNC.
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Table 1.1-1 LMFBR Core Design Comparison”

LMFBR CORE DESIGN COMP.'RISON*

Reactor: Monju CRBRP(Homo . ) SNR-300

Item .
- General -
Power(Mut) 714 975 762
Bumup, Hﬂx/Av. 10.0/8.0 15-0/10.0 8.5,5.7
(10* MWD/MTM)
Core Volume(l) 2335.0 2540.0 2404
Core Eq. Diam.(cm) 178.8 188.1 182.4
Core Height(cm) 93.0 91.4 - 95.0
Axial Blanket Length(cm)
Upper/Lower 30.0/35.0 35.56/35.56 40.18/40.18

Radial Blanket Eq. Diam.(cm) 240.0 244.6 217.7
Core Volume Fraction :

Fuel/SS/Na/Void 33.5/24.5/40.0/2.0 32.2/23.1/42.6/2.1 29.5/19.54/49.3/1.66
Pu Enrichment

Inner/Outer-EC-Core 16.1/20.8 18.7/27.1 24.7/35.6
(Pu-fissile/Putll) —> " (Pu-Total/Putl)
Power:
Av. Power Density(W/cc) 273.0 342.0 290.0
Av. LHGR(W/cm) 210.0 230.0 230.6
Peak LHGR(W/cm) 394.0 480-520 380.0
Coolant:
Inlet/Qutlet Temp.( C) 397 / 529 388 / 535 377 / 546
- Fuel Design -
Core Fuel
No. of Fuel Assemblies 198 198 199
No. of Pins/Assembly 169 217 166
Hex Cell Pitch(mm) 115.6 121.6 114.98
Fuel Pin Pitch(mm) 7.9 7.307 7.9
Duct Outer Face~to-Face(mm) 110.6 116.2 110.2
Duct Wall Thickness(mm) 3.0 3.048 2.79
Clad Outer Diam.(mm) 6.5 5.84 . 5.99
Clad Thickness(mm) 0.47 0.381 . 0.381
Pellet Diam.(mm) 5.4 4.92 5.09
Pellet Height(mm)Core/Ax-BLK 8.0/10.0
Pellet Density(ZTD) " 85 /93 91.3/ 86.5/
Wrapping Wire Diam.(mm) 1.32 1.42 14 Grid Spacers
" Pitch(mm) 30.7 30.0 ——
- Core Reactivity Coeffs. - (used in SAS3D/SAS3A for EOEC-HCDA Analysis)
Max Void Worth($) 2.52** C 3™ 4.68
(EOEC)
Core Fuel Doppler(10~3Tdk/dT)***
Na-In Core -6.8 _5.94 -501
“a"out Core -5.0 -3.77 -3.0
Axial Core Expansion ($/cm) -0.64 -0.7
Beta Effective(10~3) 3.64 3.35 3.04
Prompt Neutron Life Time 0.438 0.425 0.462

(Na-in,micr. sec)

Note: * Data partially from FBCR-19, S50, Nov. PNC
** Not including ex-wrapper sodium worth(about 27Z in Monju, 16X in SNR-300, and
20.4% in CRBRP). The 4.68 $ of SNR-300 includes the ex-wrapper sodium worth.
*** Including axial blanket Doppler contributions(about 10X contribution)
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Table

211

Region Powers of Monju Reactor

Core Region

*
Core Burnup State

"BOI1IC BOEC EOEC
Inner Core 54.3% 52.7%_, 53.0%
Outer Core 39.4 37.8 -36.0
Axial Blankets 22 3.5 4.1
Redial Blanket 4.1 6.0 6.9

Note : * BOIC—Beginning-of-Initial Cycle

BOEC—Beginning-of-Equilibrium-Cycle

EOEC-End-of-Equilibrium-Cycle

Table

21-2

*
Void Worth and Donpler Coefficients

(T. dk/dT x 10°)"

Core Burnup State BOIC BOEC EOEC
Max. Coolant Vaid

0 215
Wor th (§) 21 2 252
Doppler Coeff.‘i(r}
Na-In Core “ -693 -6.55 -6.82

Note

* Nominal design values

#*% Including axial blanket contributions
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Table 21-3
Fuel—Assembly Channel Characteristics in BOIC, BOEC, and EOEC
SAS Fuel Assembly Channel Average Quantities
Beginning-of-Initial -Cycle (BOIC) Core
Channel4 Coolant Subassemblies Subassembly Power./Flow Power* Flow* Power/Flow* Burnup* Voi:Worth**
Zone (Min. -- Max.) (Relative) | (g/eif.sec)| (Relative) | (204MWD/MTM) | (107°ak/k)
1 4 9 1.056 -- 1088 1055 4774 1.065 0.0 0317
2 3 9 1.059 -- 1077 1133 5132 1063 0420
3 5 18 1.033 -- 1088 0971 4442 1053 0472
4 2 6 1.042 -- 1056 1167 5379 1045 0324
5 6 12 1.027 -- 1051 i119 5187 1.039 -0.089
6 8 12 1.007 -- 1.058 0846 3947 1032 -0642
7 4 15 1.017 -- 1.034 1012 4774 1021 0477
8 3 15 1.011 -- L.040 1088 5132 1.021 0697
9 2 6 1.069 -- 1020 1129 5379 1011 0326
10 1 - 6 1.001 -- 1007 1193 5740 1.001 0352
11 5 12 0978 ~- 1003 0911 444.2 0989 0216
i2 1 12 0974 -- 0992 1168 574.0 0980 0749
13 6 24 0954 -- 1011 1055 5187 0980 -0100
14 7 18 0939 -- 0989 0878 4359 0970 -1.097
15 8 18 0782 -- 0950 0728 3947 0.888 -1.113
15 6 6 0873 -- 0876 0942 5187 0875 -0.201

(T)GL-28 T¥6NL ONd
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Table

21—3 (Cont.)

SAS Fuel Assembly Channel Average Quantities

Beginning-of -Equilibrium-Cycle (BOEC) Core

Channel® Coolant Subassemblies Subassembly Power/Flow Power* Flow* Power/Flow* Burnup* Void Worth**

Zone # (Min. -- Max.) (Relative) | (g/cf.sec) | (Relative) |(10%MWD/MTM)| (107 ak/k)
/) 5 12 1.075 -- 1153 1026 4442 1113 0.87 0238
2 2 3 1.113 1242 5379 1113 2.05 0178
3 3 12 1.069 -~ 1163 1183 5132 1111 1.45 0532
4 4 12 1.065 -- 1113 1.088 4774 1.098 1.82 0410
5 1 9 r 1009 -- 1111 1.284 5740 1077 067 0550
6 6 . 15 0986 ~- 1115 1123 5187 1.043 072 -0.062
7 7&8 12 0999 -~ 1079 0.889 4153 . 1.031 038 -0.683
8 4 12 0995 -- 1.038 1003 4774 1012 517 0517
9 5 18 0960 -- 1.072 - ., 0927 4442 1.005 476 0516
10 3 12 0954 -- 1.024 1063 5132 0998 589 0769
11 2 9 0995 -- l.Ol‘i 1112 5379 0996 568 0613
12 1 9 0923 -- 1.009 1155 5740 0969 5.75 0664
13 7&8 30 0.879 -- 0982 0.793 4112 0929 4.01 -1.569
14 6 21 0880 -~ 0.952 0993 5187 0922 498 -0.031
15 6 6 0785 -- 0.822 0.865 518.7 0803 536 -0.160
16 8 6 0.782 -~ 0.820 0657 3947 0801 177 -0.355

(T)GL-28 TV¥6NL ONd
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Table

21-3 (Cont.)

SAS-Fuel ~Assembly -Channel Average Quantities

End-of -Equilibrium-Cycle (EOEC) Core

Void Worth**

Channel# Coolant Subassembl i es Subassembly Power/Flow Power” Flow" Power /Fiow" Burnup
Zone # (Min. -- Max.) (Relative) | (g/cf.sec)| (Relative) | (10%MWD/MTM)| (107° ak/k)
1 1 9 1117 -- 1144 1349 574.0 1132 269 0.880
2 3 9 1.085 -- 1161 1.203 5132 1129 312 0658
3 2 3 1.126 1258 537.9 1127 403 0280
4 4 12 1.092 -- 1124 1094 4774 1104 357 0693
s 5 18 1051 -- 1162 1.002 4442 1.087 3.60 0773
6 2 15 1.014 -- 1076 1106 5379 1.038 690 1264
7 2 9 0991 -- 1.069 1157 5379 1.037 747, 0902
8 4 12 1010 -- 1050 1.024 47@4 1.033 6.80 0771
9 6 15 0977 -- 1.074 ‘ 1104 5187 1.025 251 0.086
10 1 9 0981 -- 1.044 1218 5740 1.022 759 1.000
11 7&8 15 0960 -- 1052 0845 4113 0983 257 -0661
12 12 0968 -- 0995 0.906 444.2 0983 6.55 0497
13 7&8 33 0.744 -- 0950 0.740 4098 0870 486 ~1.417
14 6 27 0748 -t 0953 0937 5187 0870 6.65 0134
Note : % Subassembly average

*#% Over core length

(T)GL-28 T¥6NL ONd
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Table 2 ,3-1

Summary of Monju-LOF HCDA Analysis by SAS3D

Note:

* Values are at initiating phase shutdown in non-energetic CDA case, or at SAS3D-to~-VENUS-PM switch in energetic CDA case

Accident Category: LOF  Reactor Core State: BOIC
Input Condition Case I 'REAC.BE. | REACEXNRC|’REAC.RP [*REAC.  [*REAC.BE. | REAC. |TREAC.RP.
Result c2116 c2117 c2115 GAPCON, BURN EXNRCBURN| BURN
cz2118 c2119 c2a120 c2121
504 P M.F. |50% F M.F. 50% F .M.F. |Same to Same to Same to Same to
Fuel Slumping Model (Slumping Criteria) | or or Case RP Case BE Case EXNRC | Case RP
Surface Melt Surface Melt
Clad Rupture Criteria 50% F.M.F. [50% F .M.F, |50%F.M.F.|50% F .M.F, (50% Fuel Areal Melt Fraction) '
Rip Len%h {em) 15.0 5.0 5.0 K 15.0 5.0 5.0
FCI Model Rip Area (cm cm) Cavity Area | 0.1 0.1 0.1 0.1 0.1 0,1
Particle Radius (pm) 1i7.0 100 100 100 17 100 100
g e (ms) 10.0 0.0 10.0 10.0 10.0 0.0 10.0
Fuel Dispersal due to [ FP gas Yes No No No Yes No No
vapor Yes Yes Yes Yes Yes Yes Yes
Other Conditions ":éi Fl?tn/hr . 180 Day Burnup
Doppler 70% of Nominal Value
Reactivity Coeffs Na Void 150% of Positive and 50% of Negative Nominal Void Coefficients
100% of 100% of
xial Core Expansion | Nominal None None None Nominal None None
Max , Net Reactivity($) 1,011 1.001 1,003 1.016 0.899 1.025 1,095
& Time (sec) 17.185 14.949 15175 14,742 16,820 14 .780 14 .974
Max . Relative Power (P/P,) 515 401 543 790 30.5 383 5800
Core Average Void Fraction (%)* 61.8 43.6 39.2 36.8 56.0 35.3 35.3
Molten Fuel Mass{kg) & 5410 5140 5150 4870 1080 1870 2
Core Melt Fraction (w/o) 80.7 76 .6 76,9 72.7 16 .1 27.9 30.0
Molten Fuel Average Temp {K) & * 3700 3700 3680 3570 2947 3080 3070
Energy above Fuel Solidus (MJ) 3480 3320 3270 2810 300 620 660
Reactivity Component for Fuel
Initiating Phase Shutdown Dispersal — ) - =T |Switeh to VENUS-PM2
Average Net Reactivity Ramp Rate during|
Superprompt Critical Excursion($/sec) 74 43 1.4 14.3 - 20.8 4.7
Duratien of
Super Prompt Critical State(ms) 34 1.0 0.8 47 - 8.6 7.3
Accident Category: LOF Reactor Core State;: BOEC
Input Condition # |1 REAC.BE (2 REAC. 3 REAC.RP {4 REAC 5 REAC .NSS.| 6 REACJFCI25|7T REACFCIS| 8 REAC. 9 REAC. 10 REAC,
Case ID c2222 EXNRC. c2223 FPSLP FCI25.CNT.[ AXEX, FP. FCIo BURSTFCI GAPCON
Result c2224 cz230 c2225 c2228 c2229 c2231 caz27 c2226
50% F M.F, |50% F M.F.| 50% F.M.F,
Fuel Slumping Model (Slumping Criteria) |or or Same to Case RP (Case /3)
Surface Melt Surface Melt
Low Stress
Clad Rupture Criteria 50% F .M.F. (50% Fuel Areal Melt Fraction) 25% F M.F., 10% F .M.F, Burst Failure 50% F M.F.
Rip Length (cm ] 15 . 0 0 Same to Case RP
FCI Model Rip Area 1 Cavity Area (0.1 .1 Same to Caso RP
Particle Radius 7 {00 00 Same to Case RP
Mixing Time (ms) 10.0 .0 0.0 Same to Case RP
Fuel Dispersal due to{FP gas Yes No No Yes No No Yes No No No
vapor Yes Yes Yes Yes No~ No Yes Yes Yes Yes )
13 Btu/br .
Other Conditions ;’,2 . F w/he
Doppler 70% of Nominal Value
Reactivity Coeffs .| Na Void 150% of Positivo, and 50% of Negative Nominal Void Coefficients
100% of 100% of
Axial Core Expansion |Nominal None None None None Nominal None None None Non:-
Max . Net Reactivity (¥ 0,953 _ 1,071 1,102 0,991 1,146 1,087 1.134 1,086 1.109 1,097
& Time (sec, 16,109 14.241 147,459 14,448 14,458 16.777 14 .460 14 .454 14 .456 14,402
Max . Relative Power (P/P, ) 61.6 3260 6050 197 11460 5420 7330 5310 7020 6350
Core Average Veid Fraction (%)* 95 .8 38.0 39.0 75.2 39.0 49.2 39.0 38.0 38.2 37.7
Moiten Fuel Mass (kg) & » 3280 3260 3350 2420 2300 2280 1870 1910 2300 2170
Core Melt Fraction (w/o) 49,0 48.7 50.0 36, 544 33.9 27 .9 28.4 34 .4 32.3
Molten Fuel average Temp. (K) & * 3310 3240 3250 3080 3130 3110 3070 3080 3130 3080
Energy above Fuel Solidus (MJ) T480 T T 300 820 800 620 630 820 0
Reactivity Component for Fuel _ Fuel Switch to
Initiating Phase Shutdown Dispersal | S"iteh to VENUS-PM2 Dispersal | VENUS-PM2 Disassembly Phase
Average Net Reactivity Ramp Rate durin, - - - - - - - - - -
Superprompt Criterical Excursion ($,/sed 25 - 30 30=-35 50 - 55 15 = 20 45 - 50 25 - 30 30-35 30-35
Duration of _ -
Super Prompt Critieal State (ms) 3.6 4.4 4.8 6 5 5 5 5
Accident Category: LOF Reactor Core State: EOEC
Input Condition # |1 LF.REAC | 2 LF.REAC |3 LF.REAC |4 LF.REAC | 5 LF.REAC | 6 LF.REAC |7 LF ,REAC |8 LF,REAC |9 LF.REAC.
& Case ID . EXNRC. RP. FPSLP, NSSFCI25, | LRIP,FCI. | BURST,FCI.| BURST.FCI.|] GAPCON.
Result C€2316 C2318 c2n7 c2321 c2320 C2323 C2319 PINIGL2324 C2322
50% F M.F . 50% F M.F.
Fuel Siumping Model (Slumping Criteria) | or 50% F M.F, | or Same to Case RP(Case #3)
Surface Melt Surface Melt
Clad Rupture Criteria 50% F M.,F ., (50% Fuel Areal Melt Fraction) 25% F M,F.| 50% F M,F, | Low Stress 50% F M.,F,
Burst Failure
Rip Length (em) 5.0 0 5.0 5.0 5.0 30.0 5.0 0 5.0
FCI Model ﬁiE Area (¢m -cm) Cavity Area oA 0.1 0.1 0.1 0.6 0.1 o1 0,1
Particle Radius 17 00 100 100 100 100 100 00 100
Mixing Time (ms; [ 70 10 70 10 10 0 10
Fuel Dispersal due to|FP gas Yes No No Yes No No No No No
SS vapor Yes Yes Yes Yes No Yes Yes Yes Yes
Otber Conditions .. Cavity Area Midplane 3 Failure 714 Btu/
=0,138cm FCI Pin Groups | hr ft2F
Doppler 70% of Nomina) Value
Reactivity Coeffs | Na Void 7 150% of Positive, and 50% of Negative Void Coefficients
100% of
Axial Core Expansion | Nom in:l None None None None None None None None
Max . Net Reactivity ($) 0.968 1.101 1.099 0,969 1.174 1.200 1.092 1,102 1.101
& Time (sec [15.269 13.572 13.77 13.79 13.71 13.776 13.773 13.773 13.663
Max . Relative Power (P/R, ) 63 .1 5620 4230 112.5 10990 17200 4590 4103 4780
Core Average Void Fraction{t)* 85.9 29.0 29.0 61.0 28.3 30.0 28.8 29.5 29.8
Molten Fuel Mass (kg) & * 2550 1870 2650 2680 2016 2370 1700 2290 3100
Core Melt Fraction (w/o) 38.7 28 40 40 30 35 .4 25 .4 34.2 46.3
Molten Fuel Average Temp. (K) & * 3230 3030 3190 3190 3110 3140 3090 3160 3230
Energy above Fuel Solidus (MJ)}* 1045 577 1030 1 704 863 576 860 1270
Reactivity Component for Fuel Switch to Switch to Fuel Sweep-|
Initiating Phase Shutdown Dispersals | VENUS-PM2 | VENUS-PM2{ out (Ch.6) & Switch to VENUS-PM2
Dispersals
Average Net Reactivity Ramp Rate during| - -
Superprompt Critical Excursion($/sec) 3 40 40 51 25 35 40
Duration of - -
Super Prompt Critical State (ms) 6.8 4.9 5.2 5.3 6.6 4.1 5.4

(T)S2-28 TP6NL ONd
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Table 2.3-2 Summary of LOF~-HCDA Energetics Calculated by SAS3D-to-VENUS-PM2 Switch
Initial Conditions 1 EXNRC| 2 EXNRC| 3 RP |4 RP |5 GAPCON|6 BURST.| 7 BURST,
& VENUS-PM2 Case ID C2224 C2318 C2223( C2317| C2322 FCI FCI.PIN3G
Results ' C2319 C2324
Reactor Core State BOEC EOEC BOEC |EOEC | EOEC EOEC EOEC
Insertion-Reactivity @ '
Ramp Rate ($/sec) 42 95 78 80 98 85 72
Max . Power (P__ /P ) 860 4420 2430 3000| 3010 3740 2940
Max . Net Reactivity ($) 1.018 1.126 1.065| 1.096[ 1.080 1.102 1.083
*
Duration of Superprompt
Critical Exouraion (msf 2.6 6.0 25 | 1.8 2.3 5.1 3.5
Total Energy Released (MJ)** 2190 6660 3910 4240| 4550 6140 4900
lcalculated Total Molten Fuel Mass (kg) 3830 5950 5680 5530 | 5650 5670 5460
Results b;
VENug_;’;Mz Molten Fuel Average Temperature (K) 3880 4320 4080 4120] 4190 4210 4050
Active Core Fuel Average Temp. (K) 3460 4160 3880| 3910| 3990 4010 3840
r# to 1 atm. 62 356 213 232 263 275 204
Fuel Vapo
Work (My) L) (P-1.0)dV Work 38 263 146| 162 185 200 145
at Na Slug Impact: A/B## 25/38 | 110/160 | 63/94 161 /102 74/111 85/128 63/96

Duration since switch to VENUS-PM2
Energy calculated since switch to VENUS-PM2

# Work by isentropic expansion
A: For cover gas volume of 27 .8 m>

B: For 70 m3

@ Equivalent ramp rate to table~lookup reactivity insertion

(T)GL-28 T¥6NL ONd
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Table 2.3-2 Summary of LOF-HCDA Energetics Calculated by SAS3D~to-VENUS-PM2 Switch (Cont .)

Initial Conditions 8 FCI25 | 9 FCI25 | 10 LRIP.| 11 EXNRC| 12 RP.
& VENUS-PM2 Case ID C2225 C2320 | FCIL2323 BURN BURN
Results C2120 C2121
Reactor Core State BOEC EOEC EOEC BOIC BOIC
Insertion-Reactivity @
Max . Power (P__ /P ) 8170 8160 10650 2120 3890
Max . Net Reactivity ($) 1.155 1.164 1.196 1.064 1.080
¥
Duration of Superprompt
Critical Excursion (mss) 3.8 3.2 5.0 4.1 3.4
o
Total Energy Released (MJ) 8080 8250 9260 4650 6050
Calculated Total Molten Fuel Mass (kg) 6280 6280 6380 4840 5860
Results by
VENUS-PM2 | Molten Fuel Average Temperature (K) 4790 4750 5110 3870 4480
Active Core Fuel Average Temp. (K) 4670 4640 5010 3620 4280
to 1 atm. 690 676 992 96 418
Fuel Vapor# (P-1.0)dV Work 539 2
Work (MJ) S 529 802 61 310
. A /gt |
at Na Slug Impact: A/B 210/296 | 205/295 | 305/434 | 31/50 109/168
Note % Duration since switch to VENUS-PM2

* % Energy calculated since switch to VENUS-PM2

Work by isentropic expansion

3

## A: For cover gas volume of 27.8 m

B: For 7Om3

@ Equivalent ramp rate to table~lookup reactivity insertion

(T)SGL-28 T¥6NL ONd
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Accident Category: TOP

Reactor Core State: BOIC

Summary of Monju TOP-HCDA Analysis by SAS3D

or
Surface Melt

Surface Melt

Input Condition # |1 REAC.BE| 2 REAC, 3 REAC.RP | 4 REAC., 5 REAC. 6 REAC, 7 REAC.RP, | 8
& Case ID €3109 EXNRC. C3108 LRIP.FCIL, FCI7T5 GAPCON, BURN.,
Result C3110 c3113 c3111 c31t2 C3114
Fuel Slumping Model (Slumping Criteria) | 50% F M.F. or Fuel Surface Melt Same to Case RP (Case #3)
Clad Rupture Criteria 0% F M.F. 50% F M,F, |75% F M,F, | Same to Case RP
Rip Length (cm) 15.0 5.0 5.0 30.0 5.0 5.0 0
FCI Model Rip Area (cm -cm) Cavity Area | 0.1 0.1 0.6 0.1 0. . .1
[ _Particle Radiug {um) 7 100 100 100 ] 100 00
Mixing Time (ms) 10 0 10 10 10 10 [}
Other Conditions 714 Btu/hr. |180 Day
fn2. P Burnup
Doppler 70% of Nominal Value
Reactivity Coelfs , Na Void 150% of Positive, 50% of Negative Nominal Void Coefficients
50% of
Axial Core Expansion | Nominal None None None None None None
Max . Net Reactivity ($) 0.180 0,216 0.227 0,253 0.395 0,199 10,839
& Time (sec 60.400 42.770 42,770 42,760 42,353 38,322 38.723
Max . Relative Power(P/B, ) 3.52 3.63 3.68 3.81 6.02 2.82 18.8
Core Average Void Fraction(%)* 5.3 4.9 5.0 5.2 7.0 4.9 19.5
Molten Fuel Mass (kg) & 1623 1593 1593 1538 2885 1074 1598
Core Melt Fraction (w/o) 243 23.9 23,9 23.8 43,2 16.1 24,0
Molten Fuel Average Temp .(K) & , 2973 2973 2973 2973 3086 2973 2973
Energy above Fuel Solidus {MJ) 435 425 4 42 972 283 427
Reactivity Component for
Initiating Phase Shutdown Fuel Sweepout from FCI Channels
Average Net Reactivity Ramp Rate during - _ - - - - -
Superprompt Critical Excursion($/sec)
Duration of - - - - - - -
Super Prompt Critical State (ms)
Accident Category: TOP Reactor Core State: BOEC
Input Condition # 1 REAC.BE |2 REAC, 3 REAC.RP.|4 REAC. 5 REAC, 6 REAC, 7 REAC, 8 REAC,
& Case ID [skF1)] EXNRC, c3212 LRIP ,FCI, LRAD.FCI. FCI60 BURST.FCI GAPCON,
Result C3213 C3219 C3218 C3220 C3215 C3217
Fuel Slumping Model {Slumping Criteria) 50% F M.F, or Fuel Surface Melt Same to Case RP{Case #3)
Clad Rupture Criteria 50% F.M.F. 60% F M.F.|Burst Failure |
T‘L(_)—' p Length (cm 15.0 5.0 5.0 30.0 5.0 5.0 5.0
FCI Model Rip Area {cm *cm) Cavity AreL 0.1 0.1 0.6 0.1 0.1 0.1
Particle Radius ) 17 100 100 100 250 100 100
Mixing Time (ms 10 [4) 10 10 10 10 10
Other Conditions ;’:241? /e
Doppler 70% of Nominal Value
Reactivity Coeffs .|Na Void 150% ot Positive, and 50% of Negative Nominal Void Coefficients
50% of
Axial Core Expansion | Nominal None None None None None None None
Max . Net Reactivity (8) 0,258 0,472 0.325 0.340 0.283 0.532 0.286 0.361
& Time (sec 41.801 32,887 31.400 31.381 31.389 35 .690 34.332 31.016
Max . Relative Power (P/P,) 3.1 4,83 3.44 3.502 3.23 6.7 4.9 3.28
Core Average Void Fraction {%)* 4.9, 7.0 4.9 4.9 5.4 6.4 5.6 4.9
Molten Fuel Mass (kg) & 350° 698 467 456 464 1290 1826 335
Core Melt Fraction (w/o) 5.2 10.4 7.0 6.8 6.9 19.3 27.3 5.0
Molten Fuel Average Temp. (K) & 2973 2973 2973 2973 2973 2975 3000 2973
Energy above Fuel Solidus MJ) 98 195 13 1 130 362 536 94
Reactivity Component for
Initiating Phase Shutdown Fuel Sweepout from FCI Channels
Average Net Reactivity Ramp Ratc during - - _ - - - - .
Superprompt Critical Excursion (8/sec) :
Duration of - - . - - - - -
Super Prompt Critical State (ms}
Accident Category: TOP Reactor Core State: EOEC
Input Condition # 1 TP ,REAC.| 2 TP.REAC, |3 TP.REAC. {4 TP.REAC. |5 TPREAC. |6 TP.REAC. T 8
& Case ID BE EXNRC RP LRAD.FCI, BURSTXFCL| GAPCON,
Result . C3314 C3316 C3315 C3319 C3317 C3318
50% F M.F, 50% F M.F.
Fuel Slumping Model (Slumping Criteria) 50% F M.F. |or Same to Case RP (Case #3)

Clad Rupture Criteria 50% F .M.F ,(50% Fuel Areal Melt Fraction) Burst Failure |50% F .M.F,
Rip Length {cm) 15.0 .0 0 5.0 5.0 5.
FCI Model Rip Area (cm -cm) Cavity Area 21 o1 0.1 0.1 o1
Pariile Radiis (] 117 Gy 5 20 160 5
Mixing Time (ms, 10 ] 10 10 0
2 Cents/sec (Cavity Area HEDL Burst |714 Btu/
Other Conditions External Reactivity =0.138cm? Failure hr .t JF
Insertion Correlation  |Gap. Con.
Doppler 70% of Nominal Value
Reactivity Coeffs .| Na Void 150% of Positive, and 50% of Negative Void Coefficients
50% of i
Axial Core Expansion| Nominal None None None None None
Max . Net Reactivity (8) 0.570 0.532 0.566 0.535 0.223 0,535
& Time (sec 46.150 34.374 34.716 34.703 39.01 34.815
Max . Relative Power (P/R, ) 6.19 5.73 6.25 5.77 4.21 5.26
Core Average Void Fraction ()" 6.5 6.4 6.1 5.8 7.0 6.1
Molten Fuel Mass (kg) & 641 760 822 814 1680 670
Core Melt Fraction (w/o) 9.6 1.4 2.3 12,2 25.0 10.0
Molten Fuel Average Temp .(K) &* 2974 2974 2974 2974 2980 2974
Energy above Fuel Solidus (MJ) 180 213 231 238 476 188
Reactivity Component for Ch .1 Fuel Ch.11 Ch.1 Fuel
Initiating Phase Shutdown Sweepout Fuel Sweepout| Sweepout

Average Net Reactivity Ramp Rate during
Superprompt Critical Excursion($/sec)

Duration of
Super Prompt Critical State {(ms)

Note: * Values are at initiating phase shutdown
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Figure 21—1 Reactor Vessel Inlet Flow Coastdown Curve during

LOF Accident
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Axial Fuel Expansion Reactivity Feedback
Fuel Dispersal by Retained FP~-Gas

More Retained FP-Gas in Restructured Fuel
Stationary Liquid Film Model

Figo 2.1-3
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o Fuel Dispersal by Retained FP-Gas

o Constant Gap Con.(714 Btu/hr.ftz.Fl——CGAPCON )

o Larger Failure Ri

o FCI Onsets at o Low Stress Burst o Larger Particle
Lower Melt Frect. Failure Size (x2.5)

(25%)

| \ \
CLRIP.FCI ) C FCI25 ) (BURST.FCI) GRAD.FCI )

High Stress Burst
Failure for TOP

Main Differences among Parameter Run Cases
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lstteaatc‘:etor First Onset Timings : Under Nominal Reactivity Coefficients
B(2) CR(4) SLP(4) DSP(4) FCI(15)
BOIC ; + } } ;
16.235s kel s = g ~{10ms |~
B(2) CR(5)SLP(2,5) No FCI DSP(5)
BOEC | | 1 1
14.715s s = i
B(1) CR(1) SLP(1) No FCI DSP(1)
EOEC } } i :
14.019s fe1s - !
First Onset Timings : Under Conservative Void and Doppler Coefficients
B(2) SLP(4) FCI(16)
BOIC - ; : :
14.368s  P1s —{10mst— DSP(4)
B(2) CR(5) DSP(5) No FCI
BOEC } H— -
13.257 k1s= SLP(5)
i
B(1) CR(1) DSP(1) No FCI
EOEC } H—i

12.:5015 15+ :“SLP(1)

Note: B - Boiling
CR -~ Cladding Relocation
SLP - Fuel Slumping, DSP - Fuel Dispersal
FCI -Fuel/Coolant Interaction
Number(s) in ( ) is the channel number

Figure 2 ,3~1 First event onset timings in Case BE of LOF~-HCDA
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React . -
S::t(; or First Onset Timings: Under Nominal Reactivity Coefficients
B(2) CR(4) FCI1(16)
BOIC 5 ot 1
15.337s SLP(4) DSP(4)
omc B(2) CR(5) SLP(5) FCI1®)  1s/cm for Pre-SLP,
T 1 ¥ ! -
13.984 s \Dsp(s) 10ms/cm for Post-SLP
Bp) CR(1|) SLI,P(1) Fcrga)
EOEC - — H
13.348 s DKSP(1)
First Onset Timings : Under Conservative Void and Doppler Coefficients
B(2) SLP(4) DSP(4)
BOIC } +— }
13.001 s FCI(13)
B(2) CR(5 FCI(10)
BOEC I _ LEn 1s/cm for Pre~SLP, 10ms/cm for Post-SLP
12.178 s SLP(5) DSP(5)
B(1) CR(1) FCI(6)
EOEC [ ] 1 1

! LY T g
11.481s SLP(1) DSP(1)

Note: B - Boiling
CR ~ Cladding Relocation
SLP - Fuel Slumping, DSP - Fuel Dispersal
FCI - Fuel/Coolant Interaction
Number(s) in ( ) is the channel number

Figure 2.3-2, First event timings in Case EXNRC of LOF-HCDA
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gteaatc;tor First Onset Timings : Under Nominal Reactivity Coefficients
B(2) CR(2) FCI (16)
BOIC : +— !
15.337s 15+ SLP(4) —{ 10ms~—
B(2) CR(5) SLP(5) No FCI DSP(5)
BOEC : : ?
13.984s 15+
B(1) CR(1) SLP(1) FCI(11)
EOEC } } ; +—+
13.348s k15~ ! —={10md— DSP(1)
First Onset Timings: Under Conservative Void and Doppler Coefficients
B(2) SLP(4,12) DSP(4)
BOIC ; i— }
13.001s 'FCI(13)
B(2) CR(5) FCI(8) 4
BOEC F + -t 1s/cm for Pre-SLP, 10ms/cm for Post-SLP
12.178s $LP(5) DSP (5)
B(1) CR(1) FcCI(6)
EOEC I N !
11.481s SLP(1 Dsp(1)
Note: B - Boiling

CR - Cladding Relocation

SLP - Fuel Slumping, DSP - Fuel Dispersal
FCI - Fuel/Coolant Interaction.

Number(s) in ( ) is the channel number

Figure 2,3-3. First event onset timings in Case RP of LOF~-HCDA
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1000 — A LRIP.FCI(EEC)
Note :
@ : BOIC
900 |- B : BOEC
A : EOEC
800 |-
700~ m FCI25(BEC)
= A FCI25(EEC)
v i
i Core Burnup State
E 600}l
< Case ID
o
-
H
(] -
2 500
~
o
Q.
o
> @ RP.BURN(BIC)
] 4001
&
0 A EXNRC(EEC)
&
E 300 BURST .FCI(EEC)
@ A , GAPCON(EEC)
A RP(EEC)
200l Al RP(BEC)
BURST .FCI.PIN3G(EEC)
100} @ EXNRC.BURN(BIC)
@ EXNRC(BEC)
0 1 1 | |
o] 50 100 150 200

Equivalent Reactivity Ramp Rate ($/sec)

Figure 2.5-1 Summary of LOF-HCDA energetics by SAS3D/VENUS-PM2
calculations
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Note : Open Mark - Under nominal reactivity coeffs.
Dark Mark - Under conservative void and Dopbler coeffs.
O @ ; LOF Cases
¢ ‘ s TOP Cases
104 |—
- —— ( ® RP.BURN)

= i RP
2 - (EXNRC.BURN) BE
- B SDFRIC.SLP
2 \\b 0-PE____ BURST.FCI
ot
F{,’; - \ GAPCON
g FCI25
[2 3 cs)RP
o 10 — Q
_§ n FCIT75 (TOP)
o =
& i RP
9 TOP Cases
= L
g *®

- % GAPCON(TOP

102 l ! ] | ] ] i
0 1 2 3 4 5 6 6.7
Molten Fuel Mass (10%kg)
o) .15 .30 .448 .597 . 147 .896 1.0

Figure 2,5-2,

Core Melt Fraction

Molten core states at the end of initiating or disassembly phase of
parameter run cases for LOF and TOP-HCDA's (BOIC Core)
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Energy above Fuel Solidus (MJ)

Note : Open Mark - Under nominal reactivity coeffs.

Dark Mark - Under conservative void and Doppler coeffs.

O B : LOF Cases
0 ¥ : TOP Cases

104 —
- g FCI25
i B RP
EXNRC
B a
. a
| BURST FCI\ifJDIZ'i EXNRC
BE By | Q
BE [m] RP
GAPCON
103
FPSLP

& BURST.FCI(TOP)

EXNRC

i uf TOP Cases

RP
| &LRAD.FCI, LRIP.FCI

2 L_e‘ \ \ \ \ \ \ ]
10" o 1 2 3 4 5 6
Molten Fuel Mass (103 kg)
0 .15 .30 .448 597 . 147 .896 1.0

Core Melt Fraction

Figure 2.5-3 Molten core states at the end of initiating or disassembly phase of

parameter run cases for LOF and TOP-HGDA's (BOEC Core)
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Energy above Fuel Solidus (MJ)

10

-
(@}

10

w

82-75(1)

Note : Open Mark - Under nominal reactivity coeffs.

Dark Mark - Under conservative void and Doppler coeffs.

A A : LOF Cases
v Y : TOP Cases

Energetic LOF-HCDA 's under
Conservative Void and
Doppler Coeffs.

— LRIP.FCI
- /BURsT.rcA FCIZ
B ( A EXNRC
B A
- A GAPCON
n A EXNRC
LRIP.FCL 4§ A FCI2
TOP Cases BURST.FCI
- 4&35‘ \\n\\
- BURST .FCI(TOP)
/ Non-Energetic LOF-HCDA's
B # (Entering Transition Phase)
n ' under Nominal Reactivity
Coeffs.
I | I ! 1 ]
0 1 2 3 4 5 6 6.7
Molten Fuel Mass (10> kg)
0 .15 .30 .448 .597 JTAT .896 1.0

Figure 2.5-4.

Core Melt Fraction

Molten core states at the end of initiating or disassembly phase of
parameter run cases for LOF and TOP-HCDA's (EOEC Core)
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TOPs w/o Scram

ACCIDENT (Nominal & Conservative) EARLY

_ INITIATION _ TERMINATION

Intact In-place

Subassembl Cooling
LOFs w/o Scram LOFs w/o Scram
(Conservative) (Nominal & Conservative +
Fuel Expansion/FP-gas Dispersal)
———— ——— Qe —— — - CORE DISRUPTION} q
| PHASE
l TRANSITION |
| —_PHASE _ |
ore Disruption
| Core Disraptt |
|
| —— |
| MECHANICAL GRADUAL FUEL |
| |-._DISASSEMBLY —-REMOVAL __ |,
: Energetic Dispersal Melt-out, Boil-out '
L
DAMAGE EVALUATION

Work-Energy,
System-Response

POSTACCIDENT
HEAT REMOVAL

Note : * Nominal : With nominal reactivity coefficients
Conservative: With conservative void and Doppler coefficients

Figure 2.5-5. Monju Reactor Core-Disruptive-Accident Evaluation Path
Structure
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