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MONTICELLO BWR SPENT FUEL ASSEMBLY
DECAY HEAT PREOICTIONS AND MEASUREMENTS

1.0 INTRODUCTION

No facility is currently licensed by the U.S. Nuclear Regulatory
Commission {NRC} for final disposal or reprocessing of spent nuclear fuel,
However, by virtue of the Nuclear Waste Policy Act of 1982 (NWPA), the federal
government has made a specific commitment to accept commercially generated
nuclear wastes for disposal by 1998, By the mid-1980s several reactor pool
storage basins will have attained maximum capacity. As a consequence, interim
storage of spent fuel must be provided. If it is not, the continued operation
of nuclear-powered electric generation stations may be jeopardized. Options
for dry storage of spent fuel at reactors are being developed by the utility
industry and the U.S. Department of Energy (DOE} to minimize the possibility of
reactor shutdowns due to lack of spent fuel storage capacity.

Because analyses and testing of dry storage systems are required to
support NRC license applications, the utilities and OOE are actively pursuing
research, development, and demonstration of dry storage systems. Experimental
data to support at-reactor dry storage license applications could greatly
reduce the effort and time required to process applications. However, the data
must adequately characterize a storage System and must be obtained using well-
documented procedures.

Accurate determination of spent fuel decay heat rates is a critical step
in tests, demonstrations, and licensing activities associated with character-
izing a storage facility because peak cladding temperatures are dependent on
the heat generation rates of the spent fuel assemblies. To determine the
maximum heat dissipation capacity of a spent fuel storage system, the total
heat being generated must be accurately known,

For most tests and at-reactor demonstrations of dry storage systems,
obtaining accurate spent fuel decay heat measurements is impractical. Only two
calorimeters are known to exist that can be used to measure the decay heat
output of complete spent fuel assembiies. One calorimeter is at the Engine
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Maintenance and Disassembly Facility operated by Westinghouse Electric Corpo-
ration on the Nevada Test Site; the other is at General Electric's Morris
Operation (GE-MO) in Morris, I1linois. Therefore, it is highly desirable to
show that computer codes such as ORIGEN2 (Croff 1980a,b) can be used to
accurately predict assembly decay heat generation rates.

The evaluation and determination of the accuracy of the ORIGEN2 computer
program is extremely important to the success of tests and licensed at-reactor
dry storage demonstrations. Also, future license applications for interim
storage of spent fuel at reactors will be dependent on the accuracy of codes
such as ORIGEN2 for decay heat predictions. A DOE study involving pressurized
water reactor {PWR) calorimetry has demonstrated that ORIGENZ predictions com-
pare favorably with calorimetry data for PWR fuel (Schmittroth 1984), Similar
studies sponsored by the Electric Power Research Institute (EPRI) and DDE
investigated the ability to predict decay heat rates of BWR 7x7 spent fuel
assemblies from Commonwealth Edison's Dresden Nuclear Power Station and
Nebraska Public Power District's Cooper Nuclear Station (McKinnon et al. 1985,

1986). The Dresden spent fuel assemblies had burnup values of 5 GWd/MTU,
cooling times of 11 to 12 years, and decay heat rates of less than 50 W. The
Cooper assemblies had burnup values of 20 to 28 GWd/MTU, cooling times of 2 to
4 years, and decay heat rates near 300 W, The Dresden and Cooper spent fuel
data did not allow the ORIGENZ code to be adequately evaluated for intermediate
decay heat values.

The objectives of the study reported herein were to perform pre-
calorimetry decay heat predictions of selected Monticello B8WR spent fuel assem-
blies with lower decay heat output than was possible with the Cooper fuel, and
to compare predictions to in-pool calorimetry data. This report includes the
results of the pre-calorimetry analysis, a description of the Monticello BWR
spent fuel assemblies, calorimeter decay heat measurements, axial radiation
scans, and a comparison of the pre-calorimetry predictions to experimental
data, The results of this study show that ORIGENZ can satisfactorily predict

the decay heat of 8WR fuel when the decay heat rate is 50 W or greater. The
predictions were made prior to any data being available, to facilitate an

unbiased comparison of predictions with measurements,
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2.0 CONCLUSIONS AND RECOMMENDATIONS

The results of this study show that ORIGEN2 predictions of BWR spent fuel
assembly decay heat rates agree with all experimental BWR calorimeter data
within a standard deviation of t15 W. The agreement between ORIGENZ predic-
tions and decay heat measurements of Monticello spent fuel is dependent on the
method used to make the decay heat measurements and on the process used to
calibrate the calorimeter. For the Monticello spent fuel studied, the pre-
dictions are within 0 + 15 W and 21 + 2 W for the 1984 and 1985 measurement
methods, respectively. The accuracy of the calorimeter depends on the cali-
bration process, whereas the precision of the measurement is related to the

measurement method,

From this study and previous studies (Schmittroth 1984; McKinnon et al,
1985, 1986), it can be concluded that QRIGEN2 predicts decay heat rates of
spent fuel assemblies satisfactorily when decay heat magnitudes are on the
order of 50 W and greater, Spent fuel storage system tests and demonstrations
simulating at-reactor or interim storage systems can be performed adequately
using ORIGENZ predictions of decay heat rates and do not absolutely require
experimental calorimetry of each fuel assembly. However, to obtain satis-
factory results, the ORIGENZ predictions must be performed using detailed input
information, especially burnup histories,

Results of this study are not applicable to old fuel that has very low
decay heat rates. It is anticipated that decay heat predictions of actinides,
where decay heats are significant in old, cold fuel, may be a problem and
should be addressed. An evaluation of ORIGENZ for predicting decay heat rates

of old, cold fuel is required to verify prediction accuracies.

The following subsections present the specific conclusions and
recommendations developed during this study.
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2.1

CONCLUSIONS

The results of the decay heat predictions and measurements permit the

following conclusions:

2.2

The agreement bhetween ORIGENZ2 predictions and decay heat measurements
of Monticello spent fuel is dependent on the method used to calibrate
the calorimeter and to make the decay heat measurements.

The agreement between predictions and measurements of decay heat
rates of Monticello fuel is the same as that for Cooper and Oresden
fuel if the same measurement method is used. The predictions are

within a standard deviation of +1% W of the measurements.

Using a different measurement method, ORIGENZ underpredicts the
measured decay heat output of Monticello fuel assemblies by a
constant 20 + 2 W. The 20-W offset appears to be an artifact of the

calibration procedure,

The constant term in the calibration curve {i.e., qpy = mx + b) can
account for measurement differences of 40 W based on the 1983, 1984,
and 1985 calibration curves.

The difference between ORIGENZ predictions and calorimeter decay heat
measurements does not appear to be dependent on the magnitude of
decay heat output.

Predicted axial decay heat profiles are in good agreement with
measured axial gamma radiation profiles.

RECOMMENOATIDNS

The results and conclusions of this study led to the following

recommendations:

® Predictions using other decay heat codes should be compared to

experimental data contained in this report, to evaluate prediction
capabilities,
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The source of the differences that exist among calorimeter
calibration curves needs to be determined.

Calorimeter operational methods need to be investigated further to
determine cause and effect relationships between operational method

and calorimeter precision and accuracy.

2.3






































































































REFERENCES

Barry, R. F. 1963, LEOPARD - A Spectrum Dependent Non-Spatial Depletion
Code for the IBM-7094. Westinghouse Electric Corporation, Pittsburgh,
Pennsyivania.

Croff, A, G. 1980a. A User's Manual for the ORIGEN2 Computer Code.
ORNL/TM-717%, Oak Ridge National Laboratory, Oak Ridge, Tennessee,

Croff, A. G, 1980b., ORIGEN2--A Revised and Updated Version of the Oak Ridge
Isotope Generation and Oepletion Code. ORNL-5621, Oak Ridge National
Laboratory, Oak Ridge, Tennessee.

Croff, A, G., M., A, Bjerke, J. W. Morrison, and L. M, Petrie. 1978. Revised
Uranium-Plutonium Cycle PWR and BWR Madels for the ORIGEN Computer Code.
ORNL/TM-6051, Oak Ridge National Laboratory, Oak Ridge, Tennessee,

Halbig, J. K,, and J. C, Caine. 1985, I0N-1 Technical Manual. LA-10433-M,
Los Alamos National Laboratory, Los Alamos, New Mexico. '

Judson, B. F., H. R. Strickler, J. W, Doman, K. J. Eggers, and Y. J. Lee,
1982. In-Plant Test Measurements for Spent Fuel Storage at Morris Operation,

Volume 3: Fuel Bundle Heat Generation Rates. WNEDG-24922-3, General Electric
Company, San Jose, California.

McKinnon, M. A., J. W. Doman, C. M, Heeb, and J. M. Creer. 1985. Decay Heat
Measurements and Predictions of BWR Spent Fuel. EPRI NP-4289, Electric Power
Research Institute, Palo Alto, California.

McKinnon, M. A,, J. W, Doman, J, E. Tanner, R. J. Guenther, J. M. Creer, and C.
E. King., 1986. BWR Spent Fuel Storage Cask Performance Test, Volume I:
Cask Handling Experience and Decay Heat, Heat Transfer, and Shielding Data.
PNL-5777 Vol. I, Pacific Northwest Laboratory, Richland, Washington,

Schmittroth, F, A. 1984, ORIGEN2 Calculations of PWR Spent Fuel Decay Heat
Compared with Calorimeter Data. HEDL-TME 83-32, Westinghouse Hanford
Company, Richland, Washington.

Ref.l






APPENDIX A

CALORIMETER DATA AND CORRECTION FACTORS




APPENDIX A

CALORIMETER DATA AND CORRECTION FACTORS

The first part of this appendix contains the Monticello calorimetry data
arranged in chronological order. This is followed by a summary of Cooper and
Dresden calorimetry data taken from McKinnon et al. (1985, 1986). The final
part of the appendix gives the methodology used to adjust raw calorimeter data
for differences in heat capacity between the calibration and measurement mode
of operation, and the method used to compensate for gamma energy losses during
the measurement mode of operation.
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Bundie ID MT116

Date/Time Bundle Loaded 6-10-85 11:25
Date/Time Bundle Removed 6-10-85 17:35
Pump
t Delta T. Delta T, Toit— Power, W
0 0.00 1.00 74.94
1 0.49 1.48 74.95
2 0.98 1.94 74.97
3 .43 .37 74.98
4 1.86 2.78 75.00
5 2.25 3.16 75.01
"h* Coefficient 0.5177857
Index of Determination (0,9994954
Slope Watts 106.9233
Corrected Slope Watts (0.9842) 105.2336
Ave. Correcteqd Radiation Value 645.9 R/hr
Gamma Watts (0,01499) 9,68
Total Thermal Output 114.9

Bundle (D MT123
Date/Time Bundle loaded 6-05-85 10:50

Date/Time Bundle Removed 6-05-85 19:53

Pump
t Oelta 1. Delta T, Toit. Power, W
0 0.00 0.99 73.62 250.0
1 0.39 1.35 73.63 249.81
2 0.74 1.68 73.64 249,74
3 1.09 2.00 73.66 249,36
4 1.40 2.29 73.67 249,36
5 1.70 2.56 73.69 248.91
"b" Coefficient 0.393893
Index of Determination 0.999952
Slope Watts 60.76778
Corrected Slope Watts (0.9842) 59,80765
Ave, Corrected Radiation Value 468.7 R/hr
Gamma Watts {0,01499) 7.0
Total Thermal Output 66,8
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Bundle ID MT123

A.3

Date/Time Bundle Loaded 6-08-85 17:56
Date/Time Bundle Removed 6-08-85 00:51
Pump
t Delta T. Delta T, Toit_ Power, W
0 0.0D 1,00 74.49 243.02
1 0.49 1.47 74.49
2 0.90 1.86 74.49
3 1.28 2.23 74.49
4 1.64 2.59 74.50
5 2.00 2.92 74.52
"b" Coefficient 0.4710358
Index of Determination 0.99961
Slope Watts 89,5069
Corrected Slope Watts (0.9842) 88,09269
Ave. Corrected Radiation Value 481,9 R/hr
Gamma Watts (0.01499) 7.22
Total Thermal Output 95,3
Bundle ID MT123
Date/Time Bundle Loaded 6-11-85 14:48
Date/Time Bundle Removed 6-11-85 22:38
Pump
t Delta T Delta T Toite Power, W
0 0.00 1.00 72.63 251,15
1 0.36 1.29 12.64 250,14
2 0.67 1.91 72.37 250.29
3 0.92 2.80 71.66 250.19
4 1,11 3.57 71,17 249.94
5 1.25 4,15 70.78 249,87
"h" Coefficient 0.3910716
Index of Determination 0.999987
Slope Watts 59.71666
Corrected Slope Watts (0,9842) 58.77314
Ave, Corrected Radiation Value 472.2 R/hr
Gamma Watts {(0.01499) 7.1
Total Thermal Output 65.9



Bundle ID MT133
Date/Time Bundle Loaded 5-29-85 06:06
Date/Time Bundie Removed 5-29-8B5 16:00

t Delta T

I
8

Delta T,

NP o N = D

"b" Coefficient

1.00
1.58
2.10
2.58
3.03
3.44

Index of Determination

Slope Watts

Corrected Slope Watts (0.,9842)
Ave, Corrected Radiation Value

Gamma Watts (0,01499)
Total Thermal Output

Pump
Ipit_ Power, W

73.78 -~

73.31 248.7
73.84 248.4
73.85 248.2
73.86 248.0
73,88 248.1

0.614893
0,999894
143.3
140.8
790 R/hr
11.8
152.6

Bundle ID MT133
Date/Time Bundle Loaded 6-06-85 12:46
Date/Time Bundle Removed 6-06-85 23:59

t Delta T, Defta T,
0 0.00 1.00
1 0.55 1.50
2 1.03 1,98
3 1.51 2.42
4 1.95 2.85
5 2.35 3.23

"b" Coefficient

Index of Determination

Slope Watts

Carrected Slope Watts (0.9842)
Ave, Corrected Radiation Value

Gamma Watts (0.01499)
Total Thermal Qutput

A.4

Pump
Ipit_- Power, W

73.92 243.93
73.93 245,72
73.9% 245.64
73.97 245,53
73.98 245.56
73.99 245,36

0.5506787

0,99993
119.1774
117.2944
778.9 R/hr
11.67
129.0



Bundle ID MT133

Qate/Time Bundle loaded 6-09-85 05:07
Date/Time Bundle Removed 6-09-85 11:14
Pump
t Delta T. Delta T, Ipit_. Power, W
0 0.00 1.D6 74.59 246,34
1 0.62 1.67 74.60 246.27
2 1.17 2.20 74.61 246,01
3 1.67 2.68 74.62 245,93
4 2.15 3.15 14,64 246.03
5 2.59 3.57 74.64 246.00
“b" Coefficient 0.6207858
Index of Determination 0.999916
Slope Watts 145,2954
Corrected Slope Watts (0.9842) 142.9998
Ave, Corrected Radiation Value 786.3 R/hr
Gamma Watts (0.01499) 11.8
Total Thermal OQutput 154.8
Bundle ID MT133
Date/Time Bundle Loaded 6-12-85 01:43
Date/Time Bundle Removed 6-12-85 09:57
Pump
L Delta T, Delta T, Toit_ Power, W
0 0.00 1.00 69.95 250.88
1 0.47 1.43 69.98 250.66
2 0.93 1.84 70.01 250.69
3 .37 2.23 70,05 250,99
4 1.78 2.61 70.08 250.89
5 2.17 2.96 70.11 250.86
"b" Coefficient 0.4884286
Index of Determination 0.999985
Stope Watts 95.98648
Corrected Slope Watts (0.9842) 94,46989
Ave. Corrected Radiation Value 813.4 r/hr
Gamma Watts {0,01499) 12.2
Total Thermal Output 106.7
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Bundle ID MT190
Date/Time Bundle Loaded 6-08-85 04:15
Cate/Time 8undle Removed 6-08-85 11:53

Pump
t Delta T. Delta T, Toit— Power, W
0 0.00 1,00 74,33 249,25
1 0.48 1.46 74.34 248.68
2 0.91 1,87 74.35 248.02
3 1.31 2.23 74,36 247.28
4 1.68 2,60 74.37 246.89
5 2.04 2.93 74.38 247,04
"b" Coefficient 0.4807143
Index of Determination 0.9999209
Slope Watts 93,11256
Corrected Slope Watts (0.9842) 91.64139
Ave, Corrected Radiation Value 503.3 R/hr
Gamma Watts (0,01499) 7.54
Total Thermal Output 99,2

Bundle I0 MT228
Date/Time Bundle Loaded 5-30-85 04:44

Date/Time Bundle Removed 5-30-85 13:11
Pump

t Celta T_ Delta T, Toit— Power, W
0 0.00 1.00 74,22 --

1 0.49 1.45 74,25 248.82
2 D.90 1.85 74.24 248,89
3 1.29 2.23 74,26 248,71
4 1.63 2.56 74,27 248.61
5 1.95 2.87 74,27 248.50
"b" Coefficient 0.4883215
Index of Oetermination 0.999861
Slope Watts 95.94659
Corrected Siope Watts (0.9842) 94.43063
Ave. Corrected Radiation Value 445 R/hr
Gamma Watts (0.01499) 6.6

Total Thermal Output 101
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Bundle ID MT228

AT

Date/Time Bundle Loaded 6-07-85 14:56
Date/Time Bundie Removed 6-07-85 23:39
Pump
t Delta T. Delta T, Ipit_. Power, W
0 0.00 1.00 74,24 247.39
1 D.39 1.38 74.24 245.60
2 0.77 1.73 74.25 245,60
3 1.12 2.06 74.27 245,50
4 1,45 2.37 74.26 245.39
5 1.75 2.66 74.27 245,34
"h"* Coefficient 0,408893
Index of Determination 0.999981
Slope Watts 66.35593
Corrected Slope Watts (0.9842) 65.3075
Ave, Corrected Radiation Value 94,6 R/hr
Gamma Watts (0.01499) 5.9
Total Thermal OQutput 71.2
Bundle ID MT?Z228
Date/Time Bundle Loaded 6-11-85 01:16
Date/Time Bundle Removed 6-11-85 09:15
Pump

t Delta] Deita T, T,jp.  Power, W
0 0.00 1.00 75.14 245,54
1 0.38 1.37 75.13 245.70
2 0.74 1.71 75.15 245.59
3 1.06 2.04 75.15 245,57
4 1.34 1.98 75.15 245,72
5 1.54 2.76 715.66 245.83
"h" Coefficient 0.4203572
Index of Determination 0.9996919
Slope Watts 70,62686
Corrected Slope Watts {0.9842) 69.51096
Ave. Corrected Radiation Value 459,6 R/hr
Gamma Watts (0.01499) 6.88
Total Thermal OQutput 76.4



Bundle ID MT264
Date/Time Bundle lLoaded 6-D5-85 23:25
Date/Time Bundle Removed 6-05-85 09:05

Pump
t Delta T. Delta T, Toit— Power, W
0 0.00 1.00 73.75 246,74
1 0.34 1.31 73.76 246,61
2 0.65 1.62 73.77 246.73
3 0.95 1.91 73.78 246,71
4 1.23 2.18 73.79 246.81
5 1.50 2.42 73.80 247.09
"h" Coefficient 0.3411072
Index of Determination 0.999974
Slope Watts 41,10271
Corrected Slope Watts (0.8842) 40,45329
Ave. Corrected Radiation Value 371.6 R/hr
Gamma Watts (0.01499) 5.6
Total Thermal Output 46,1
Bundle ID MT116
Date/Time Bundle Loaded 8-27-85 11:41
Date/Time Bundle Removed 8-27-85 19:25
Pump
t Deltajc Dalta T, Ipit_ Power, W
0 .00 1.00 75.54 245.3
1 0.42 1.43 75.54 245.1
2 0.83 1.83 75.55 241.5
3 1.21 2.19 75.56 245.5
4 1.58 2.55 75.57 244.7
5 1.91 2.88 75.57 242.8
"h" Coefficient 0.4376073
Index of Determination 0.999969
Slope HKatts i11.9
Corrected Slope Watts (0.9842) 110.1
Ave, Corrected Radiation Value 632 R/hr
Gamma Watts {0.01499) 9.5
Total Thermal OQutput 119.6
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Bundie ID MT123

A.9

Date/Time Bundle Loaded B8-27-85 20:17
Date/Time Bundle Removed B8-28-85 04:00
Pump
t Delta T. Delta T, .Ipit_. Power, W
0 0.00 1.D0 75.90 245.8
1 0.38 1.36 75.90 244.5
2 0.74 1.71 75.91 244.4
3 1.04 2.03 75.90 243.9
4 1.35 2.32 75,90 246,2
5 1.64 2.60 75.90 245.0
"b" Coefficient 0,3840358
Index of Determination 0.999773
Slope Watts 91.5
Corrected Slope Watts (0.9842) 90.0
Ave. Corrected Radiation Value 482 R/hr
Gamma Watts (0.01499) 7.2
Total Thermal Output 97.2
Bundle ID MT133
Date/Time Bundle Loaded 6-13-85 03:36
Date/Time Bundle Removed 6-13-85 10:52
Pump
t Delta Tc Delta T' Ipit_. Power, W
0 0.00 1,01 71.01 251.71
1 0.58 1.48 71.03 252.44
2 0.96 1.91 71.04 252.55
3 1.40 2.33 71.05 252.56
4 1.82 2.73 71.06 252,30
Y 2.22 3.11 71.08 252.28
"b" Coefficient 0.5017858
Index of Determination 0.999979
Slope Watts 136.3
Corrected Slope Watts (0.9842) 134.1
Ave. Corrected Radiation Value 790 R/hr
Gamna Watts (0.01499) 11.8
Total Thermal Output 146.0



Bundle ID MT133
Date/Time Bundle Loaded 6-13-85 11:33

Date/Time Bundle Removed 6-13-85 18:30
Pump

t Delta T. Delta T, Toit— Power, W
0 0.00 1.01 71.82 251,29
1 0.48 1.48 71.81 250,52
2 0.95 1.93 71.83 250,79
3 1.39 2,35 71.84 250.78
4 1.80 2.74 71.85 250.66
5 2.19 3.12 71.86 250,42
"b" Coefficient 0.5001736
Index of Determination 0.999986
Stope Watts 135.7
Corrected Slope Watts (0.9842) 133.6
Ave. Corrected Radiation Value 790 R/hr
Gamma Watts (0.01499) 11.8
Total Thermal Output 145.4

Bundle ID MT133
Date/Time Bundie Loaded 8-20-85 10:32

Date/Time Bundle Removed 8-20-85 19:08
Pump

t Deltaglc Delta T, Ipit_ Power, W
0 ¢.00 1,00 73.06 248.0
1 0.50 1.44 73.10 249.1
2 0.96 1.86 73.14 249.2
3 1.39 2.2 73.17 249.5
4 1.81 2.63 73.20 249.5
5 2.20 2.98 73.24 249.6
"b" Coefficient 0.5022501
Index of Determination 0.999968
Slope Watts 136.5
Corrected Slope Watts (0.9842) 134.3
Ave. Corrected Radiation Value 775 R/hr
Gamma Watts {(0.01499) 11.6
Total Thermal Output 146.0
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Bundie ID MT133

Date/Time Bundle Loaded 8-21-85 08:32

Date/Time Bundle Removed 8-21-85 16:18

Pump
t Delta T. Delta T, Toit- Power, W
0 0.00 1.02 74.29 248.3
1 0.49 1.49 74,31 248.8
2 0.95 1.92 74,32 249.2
3 1.40 2.34 74,34 248.8
4 1.8D 2,74 74,35 248.5
5 2.19 3.09 74,37 248.4
"b"* Loefficient 0.5040714
Index of Determination 0.999972
Slope Watts 137.2
Corrected Slope Watts (0.9842)} 135.0
Ave. Corrected Radiation Value 786 R/hr
Gamma Watts {0.01499) 11.8
Total Thermal Output 146.8

Bundle ID MT133

Date/Time Bundle Loaded 8-29-85 15:16

Date/Time Bundle Removed 8-29-85 23:19

Pum
t Delta T Datta T Ipit_ Powere
0 0.00 1.00 78.65 243.6
1 0.49 1.50 78.62 244.9
2 0.97 1.96 78.62 245.3
3 1.39 2.41 78.60 245.,3
4 1.80 2.81 78.59 245,2
5 2.17 3.19 78,58 245.3
"b" Coefficient 0.5128571
Index of Determination 0.9999509
Slope Watts 140.6
Corrected Slope Watts (0.9842) 138.4
Ave. Corrected Radiation Value 769 R/hr
Gamma Watts {(0.,01499) 11.5
Total Thermal Output 149.,9
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Bundle ID MT133
Date/Time Bundle Loaded 8-30-85 14:34

Date/Time Bundle Removed 8-30-85 23:12
Pump

t Delta T. Delta T, Ipit_ Power, W
0 0.00 1.01 79.12 247.0D
I3 0.49 1.49 79.12 245.8
2 0.94 1.95 79.11 245.8
3 1,36 2.39 79.08 246.0
4 1.77 2.78 79.09 245.8
5 2.13 3.16 79.07 245.8
"b" Coefficient 0.4983214
Index of Determination 0.999966
Slope Watts 135.,0
Corrected Slope Watts (0.9842) 132.9
Ave. Corrected Radiation Value 780 R/hr
Gamma Watts (0,01499) 11.7
Total Thermal Output 144.7

Bundle ID MT133
Date/Time Bundle Loaded 8-31-85 02:37

Date/Time Bundle Removed 8-31-85 09:36
Pump

t Delta T, Delta T, Ipit_ Power, W
0 0.00 .01 79.27 247.2
1 0.49 1.50 79.26 247,2
2 0.95 1.96 79.25 247.2
3 1.38 2.40 79.25 247.5
4 1.76 2.79 79.24 247.6
5 2.14 3.16 79.24 247.5
"b" Coefficient 0.5045357
Index of Determination 0.999943
Slope Watts 137.4
Corrected Slope Watts {0.9842) 135,2
Ave, Corrected Radiation Value 777 R/hr
Gamma Watts (0.01499) 11.7
Total Thermal Output 147.0
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Bundle ID MT133

Date/Time Bundle Loaded 9-1-8% 07:30

Date/Time Bundle Removed

Pump
t Delta Tc Delta T, .Ipit_. Power,
0 0.00 1.01 79.77 246.3
1 0.51 1.52 79.77 245.4
2 0.96 1.97 79.76 245.3
3 1.38 2.40 79.75 245.0
4 1.77 2.80 79.75 244.8
5 2.15 3.17 79.75 244 .4
"b" Coefficient 0.5066072
Index of Determination 0.999887
Stope Watts 138.2
Corrected Slope Watts (0.9842) 136.0
Ave. Corrected Radiation Value 778 R/hr
Gamma Watts (0.01499) 11.7
Total Thermal Output 147.8

Bundle ID MT190

Date/Time Bundle Loaded 8-28-85 08:56

Date/Time Bundle Removed 8-28-85 19:58

Pum
t Delta T: Delta T, Ipit_ Power?
0 0.00 1.00 76.43 2440
1 0.30 1.39 76.41 245,2
2 0.77 1.77 76.42 245.9
3 1.13 2.11 76.42 245,.8
4 1.47 2.44 76,43 245.6
5 1.77 2.74 76.43 245.5
"b" Coefficient 0.4098572
Index of Determination 0.99711
Slope Watts 101.2
Corrected Slope Watts (0.9842) 99.6
Ave. Corrected Radiation Value 532 R/hr
Gamma Watts (0.01499) 8.0
Total Thermal Qutput 107.6
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Bundle I0 #7228

A.14

Date/Time Bundle Loaded §-20-85 22:35
Date/Time Bundle Removed B8-21-85 07:00
Pump
t Delta T. Oelta T, Ipit_ Power,
0 0.00 1.00 73.58 248.5
1 0.36 1.33 73.59 248,7
2 0.70 1.63 73.62 248.9
3 1.02 1.92 73.63 248.9
4 1.31 2.20 73.66 248,9
5 1.60 2.44 73.69 248.8
"b" Coefficient 0.3682501
Index of Determination 0.999961
Slope Watts 85.4
Corrected Slope Watts (0.9842) 84,1
Ave. Corracted Radiation Value 421 R/hr
Gamma Watts (0.01499) 6.3
Total Thermal Output 90,3
Bundle ID MT264
Date/Time Bundle Loaded 8-28-85 21:59
Date/Time Bundle Removed 8-29-85 05:59
Pump
t Delta Tc Delta T, Ipit_- Power,
0 0.00 1.00 76.92 244.,7
1 0.33 1.31 76.91 244.3
2 0.62 1.61 76,90 244.3
3 0.91 1.88 76.89 244.4
4 1.17 2.16 76.89 244.6
5 1.41 2.41 76.88 244.,6
“b" Coefficient 0.3326072
Index of Determination 0.999942
Slope Watts 71.8
Corrected Stope Watts (0,9842) 70,7
Ave, Corrected Radiation Value 373 R/hr
Ganma Watts {0.01499) 5.6
Total Thermal Output 76.2



TABLE A.l1. Summary of Cooper and Dresden BWR Calorimetry Data

Measured
Cycle Measured Minus
Cycle Form 30  Summary Hinus Cycle
Measured Form 30 Summary Total Total Farm 30 Summary
Assembly  Measurenment Decay Based Based Burnup, Burnup, Based Rased
1D Date Heat, W Pred., W Pred,, W GWd/MTU  GWd/MTU Pred., W Pred,, W
DN212 03-0ct -84 3i.2 29.7 88,0 5.280 5.280 1.5 -56.8
DN212 18-0ct-84 19,5 29,7 29.7 5.280 5.280 -10,2 -10.2
cz10z2 25-Sep-84 62.3 83.5 76.8 11.667 10,733 -21.2 -14.5
£7102 14-Dac-84 70.4 42.2 75.6 11,667 10.733 -11.8 -5.2
C7147 04-Nov-84 276,17 2496.4 276.9 26,709 24,952 -19,7 -0.2
£z1438 23-0ct -84 273.5 293.6 277.5 26.310 24,868 -20.1 -4.0
ci192 27-Sep-84 342.6 364.9 354.9 26.324 26,091 -22.3 -12.3
£7195 30-0et-B4 255.5 289.6 262.3 26,392 23.906 -34.1 -6,8
£z1205 24-Sep-B4 324.0 329.5 335.3 25,344 25,793 -5.5% -11.3
cZ20% 04-0ct-84 361.5 326.6 332.4 25.344 25,793 34.9 29.1
C2205 08-0ct-84 343.5 325.1 330.9 25,344 25.793 i8.4 12.6
cl20% 09-0ct-84 352.9 324.8 330.6 25.344 25,793 28.1 22.9
£z2205 23-0ct-84 331.3 320.6 326.3 25.344 25.793 11,2 5.5
CZ205 24-0ct-34 338.7 320.3 326.0 25.344 25.793 18.4 12.7
7205 29-0ct-84 327.5 319.1 324.8 25.344 25,793 8.4 2.7
CZ205 02-Nov-234 31301 18,5 324.1 25,344 25.793 -5.4 -11,0
c2205 05-Nov-84 311.4 317.0 322.6 25,344 25.793 -5.6 -11.2
€Z2205 06-Nec-84 314.0 308.2 313.7 25,344 25.793 5.8 0.3
Cz205 12-Dec-B4 331.2 306.5 31,9 25,344 25,793 24.7 19.3
€Z205 22-Dec-84 317.1 303.6 309.0 25.344 25.793 13.5 R,1
£I205 14-May-85 289.7 276.0 240,9 25,344 25.792 13.7 8.8
7205 28-May-85 308,0 273.6 278.4 25.344 25,792 34.4 29.6
2209 28-0ct-84 2719.5 295,1 291.3 25.383 25.056 -15.6 -11.8
2211 20-0ct-84 256.0 302.7 283.2 26,679 24,958 -6.7 12.8
c2211 20-May-835 240,3 266.6 249.4 26,679 24,958 -26.3 -9.1
cz222 04-Nov-84 355,7 346.2 345.8 26,692 26,665 9.5 9.9
1225 02-0ct-84 327.3 321.4 jze.s 25.796 25.905 5.9 4.5
CZ239 30-0ct-34 366.5 358.8 357.3 27,246 27.130 7.7 9.2
£Z246 02-Nov-84 320.9 364.4 356.4 27.363 26.760 -43.5 -35.5
CZ246 05-Nov-84 341.7 363.4 355.4 27.363 26,760 -21.7 -13.7
€259 28-0ct-84 247.6 293.3 265.2 26,466 23,930 -45,7 -17.6
CZ259 20-Dec-84 288.5 284.0 256 .8 26.466 23.930 4.5 3.7
CZ259 14-May-85 254.1 260.0 235.1 26.466 23.930 -5.9 9.0
£Z2264 23-0ct-34 263.8 292.6 262.5 26,496 23,767 -28.8 1.3
1277 28-0ct-84 262.7 290.9 262.5 26,474 23.7891 -28.2 0.2
cizii 26-May-85 243.0 261.2 235.7 26,478 23.891 -18,2 7.3
2285 06-Dec-84 278.4 326.8 313.8 27.141 26.065 -48.4 -35.4
€2236 29-May-85 284.,2 290.8 279.3 27,141 26,065 -6.6 4.9
cZ296 03-Nov-84 256,7 297.0 281.1 26.388 24.973 -40,3 -24.4
C1296 21-May-85 251.9 266.0 251.,7 26.388 24,973 -14,1 0.2
72302 24-0ct-84 285.6 290.8 289.0 26.594 26,432 -5,2 -3.4
2308 (1-Nov-84 269.7 298.7 287.2 25,815 24,817 -29.0 -17.%
cz3ll 27-0ct-84 356.9 340,1 328.5 27.392 26,455 16.3 28.4
C2315 08-Dec-84 328.0 j17.2 303.1 26.881 25.685 10.8 24.9



TABLE A.1l. (contd)

Measured
Cycle Measured Minus
Cycle Form 30  Summary Minus Cycle
Measured Form 30 Summary Total Total Form 30 Summary
Assembly  Measurement Decay Based Based Burnup, Burnup, Based Based
iD Date Heat, W Pred., W Pred,, W GWd/MTU  GWd/MTU  Pred., W Pred., W
CZ318 07-Dec~84 - 217.6 297.9 287.0 26,568 25,600 ~20.3 -9.4
€z331 24-Sep-584 162.8 161.8 169.4 21.332 22.334 1.0 -6.6
€2331 21-Dec-34 1380.1 158.3 165.8 21.332 22.336 21.8 14.3
Cz337 01-Nov-84 3477 346.4 346.0 26,720 26,691 1.3 1.7
7337 24-May -85 300.4 295.,5 295.2 26,720 26,691 4.9 5.2
£Z342 07-Dec-B4 280.1 J20.1 307.7 27.066 26,013 -40.0 -27.6
€342 26-May-85 300.0 286.1 275.0 27,066 26,018 13.9 25.D
€1346 27-0ct -84 388.7 376.5 369.9 28,043 27,559 12.2 13.8
€348 31-0ct-34 342.3 355.5 343.1 27.481 26.910 ~-12.7 =5.3
€2351 10-Dec-34 313.8 297.1 300.8 25.753 26,074 16,7 13.0
CZ355 28-0ct-84 290.5 293.0 285.9 25.419 24,803 ~2.5 4.6
£2357 08-Dec-84 320.3 326.3 318.9 27,140 26,528 -6.0 1.4
CZ369 25-0ct-84 347.6 348.3 336.6 26.578 25.630 -0.7 11,0
2370 28-Sep-84 288.1 292.4 292.7 26,342 26,367 -4.3 -4.6
£z37z 27-Sep-8% 288.8 286,3 296,13 25,848 26,748 2.5 -8.5
CZ319 04-Noy-84 287.4 296.9 291.3 25.925 25.438 -3.5 -3.9
2398 27-0ct-84 372.0 361.0 351.9 27.478 26,749 11.0 20,1
CZ415 26-Sep-84 289.3 286,7 296.6 25.363 26,752 2.6 -7.3
CZ416 31-Oct -84 319.8 339.1 322.0 27.461 26.077 -19.3 -2.2
C2429 26-0ct-24 385.6 375.4 3747 27.641 27,586 10,2 10.9
£2430 31-0ct-84 353.3 344.2 3445 26.825 26,8438 9.1 3.8
£2433 25-5ep-84 287.4 281.6 285.6 25.977 26,350 5.3 1.3
£Z433 21-May-85 256.7 252.7 256.3 25,977 26,350 4,0 0.4
7460 09-Dec-84 313.5 308.9 305.5 26,512 26,222 4.6 4.0
CZ466 28-Sep-34 joz. 309.4 299.9 26.077 25,280 -7.3 2.2
CZ468 11-Dec-84 325.,3 317.9 308.1 26,757 25.932 7.4 17.2
CZa7z 26-5Sep-84 325.0 321.2 323.8 25.957 26,171 3.8 1.2
£2473 10-Dec-84 293.2 297.6 285.1 26,519 25,409 -4.4 8.1
£Z498 25-0ct -84 359.4 345.0 347.3 26,4827 26,660 14.4 12.1
{2508 09-Dec-34 310.0 309.6 304.0 26,357 25,882 0.4 6.0
€Z515 25-Sep-84 294.0 83,4 277.9 27.737 26,728 5.6 16.1
Cis15 26=-0ct-84 296.0 282.7 272.4 27.737 26.728 13,3 23.6
£2526 01-0ct-84 395.4 384.2 396.9 27.5496 28,511 11.2 -1.5
CZ526 22-May-85 321.8 23,1 322.1 27.596 27.511 -1.3 -0.3
Ci528 25-0ct -84 297.6 282.,5 293.8 25.715 26,748 15.1 3.8
£Z531 30-0ct -84 347.2 343.7 343.0 26,699 26.686 4.0 4,2
£Z536 27-Sep-84 295.2 296.1 294.8 26,589 26.473 -0.9 0.4
Czn42 08-Dec-84 31L.e 312.4 303.9 26,691 25.969 -0.5 8.0
£z545 11-Dec-84 295.2 300.6 287.8 26,668 25,535 -5.4 7.4
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DETERMINATION OF HEAT CAPACITY CORRECTION FACTOR

I. Calibration Runs

A. Volume of water in calorimeter = 133.4 gal measured heater attached.
Weight of water = {144.5)(8.3 1b/gal) = 1107.2 1b

B. Weight of pipe holding calibration heater = 151 1b

C. Heat capacity of system
(1107.2 1b)(1.0 Btu/1b°F)
{151 1p}(0.11 Btu/1b°F)

1107.2 Btu/°F
16.6 Btu/°F
1123.8 Btu/°F

II. BWR - Dresden Fuel Element

A. Volume of water in calorimeter
BWR fuel assembly displaces 8.08 gal
(8,08 gal){8.3 1b/gal} = 67,1 ib
Thus, 1107.2
- 67.1
1040.1 1b in calorimeter

B, From published information
UD, = 398.8 1b (197 kg U/bundle)

Height of hardware = 216.8 1b

C. Heat capacity of system
During fuel runs, the calibration heater was removed; therefore, the
volume of water would be increased slightly.

151 1b as stee]l = 18,2 1b as water (equal volumes)

1040.1 1b

+ 18.2 1b

1058.3 1b

(1058.3 1b}(1.0 Btu/°F)
{ 398.8 1b)(0.06 8tu/°F)
( 216,.8 1b){0.11 Btu/°F}

1058.3 Btu/°F
23.9 Btu/°F
23.8 Btu/°F

1106.0 Btu/°F
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1123.8 - 1106.0 = 0.0158
1123.8
Correction factor = 1! - 0,0158 = 0.,9842

The correction factor is used to reduce the measured thermal output
("slope" watts) to correct for bias between heat capacity of system
during calibration and actual fuel assembly runs.

Thus, (measured watts){0.9842) = corrected watts.

CORRECTION FOR GAMMA HEAT LOST FROM THE CALORIMETER VESSEL

Because the walls of the calorimeter are not thick, some radiation passes
through and does not contribute to the temperature rise within the calorimeter.
It is essentially "lost" and, if not compensated for, will result in a negative
bias in the calorimetric determination of the thermal output of the fuel.

In this analysis the following bases and assumptions apply:

1, Gamma energy absorbed in the inner steel shell of the calorimeter is
transferred as heat to the water in the calorimeter.

2. Gamma energy absorbed by the foam insulation is insignificant and is
ignored.

3. Gamma energy absorbed in the outer steel shell of the calorimeter is
transferred to the basin water, as infinite heat sink,

4, From dose rate measurements made by ion chambers mounted on both
sides of the outer shell, the attenuation factor due to the steel
shell was determined to be 2.16.

The average energy of the gamma radiation traversing the outer shell may be
calculated from the attenuation coefficient using the expression

0
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where [ is the intensity of the transmitted radiation

I
0
x is the surface density of the absorber = g/cm

is the intensity of the incident radiation
2

g is the mass attenuation coefficient - cmz/g.

The wall thickness is 0.953 cm (0.375 in.) and the surface density {0.953 cm)
is multiplied by (7.86 g/cm3) or 7.49 g/cmP.

L= %—1n . or =-?l1§ In 2.16 = 0.1028

A mass attenuation coefficient of 0.1028 for iron corresponds to a gamma
energy of 0.345 MeV (U.S. HEW 1970, p. 138).

At an energy of 0.345 MeV, 1 R/hr is equivalent to an energy fluence rate
of 5,25 x 10° MeV/cm® (U.S. HEW 1970, p. 132).
12

Because 1 W is equal to 6.24 x 10"~ MeV/sec,
5.25 x 10° Mey 1 watt sec 8.41 x 107} watts
1 R/hf' = 5 X 17 = vl
clm sec 6.24 x 10 MeV cm

The calorimeter vessel is 15 ft long and 22 in. in diameter. Its surface
area at the inner surface of the outer shell is 3.1416 x 21.25 in. x 180 in. +
2 (3.1416)(21.25/2)2 = 12,795 in.2 = 82,550 cm?.

For an ocuter surface dose rate of 1 R/hr the inner surface dose rate is
2,16 R/hr, Hence, the gamma eneryy lost from the calorimeter for an outer
surface dose rate of 1 R/hr is

2 -8
2.16 R/hr 82550 cm'_ x 8é41 x 10 _ watts _ 5 51499 watt
cm R/hr
correction _ J.01499 watt
factor 1 R/hr gamma at outer surface
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APPENDIX B

ORIGENZ INPUT

This appendix contains the operating histories used as input to the
ORIGENZ computer code, and the complete ORIGENZ input for fuel assembly MT133.

TABLE B.l. Monticello Spent Fuel Assembly Operating History

Days Core Average
Cycle Date Since Startup Power, MW/MT

1 2-19-71 0 0.0
1 18 0,54
1 57 0

1 95 5.45
1 120 0

1 145 14,17
1 157 0

1 187 14,17
1 195 0

1 266 13.08
1 347 0

1 507 16.90
1 514 0

1 518 11.99
1 530 0

1 664 17.44
1 671 0

1 3-02-73 742 17.44
2 5-19-73 820 0

2 843 14.39
2 852 0

2 892 16.79
2 903 0
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TABLE B,1. ({contd)}

Days Core Average
Cycle Date Since Startup Power, MW/MT
2 952 16.13
2 960 0
2 998 16.13
2 1003 0
2 1119 14.06
3 5-19-74 1185 0
3 1203 13.08
3 1207 0
3 1230 15.48
3 1235 0
3 1358 14.93
3 1362 0
3 1365 10.36
3 1371 0
3 1-09-75 1420 13,73
4 1449 0
4 1546 16,13
4 1549 0
4 9-11-75 1665 12.64

8.2















MOV
OEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
OEC
HED
HED
HED
HED
HED
HED
HED
HED
HED
HED
HED

OPTA
OPTL
OPTF
out
STP

E o e B N R

Mmoo

9 1 0 1,0
3400, 1 2 4 1
3431, 2 3 4 0
3459, 3 4 4 0
3490, 4 5 4 0
3520, 5 6 4 0
3551, 6 7 4 0
3581. ;7 8 4 D
3612, 8 9 4 0
3763, 9 10 4 0
391, 10 11 4 O
1 DISCHARGE
2 JAN 1, 85
J FEB 1, 85
4 MAR 1, 85
5 APR 1, 85
6 MAY 1, 85
7 JUN 1, 85
g JuL 1, 85
9 AUG 1, 85
10 DEC31, 85
11 JUN 1, 86
888878887888888
88888888788881828
888878887888888
11 1 0 -1
4
1000 3.2 50000 0,1
80000 134685.6 90000 10.7
130000 37.4 140000 36.6
170000 5.3 180000 2.0

240000 959.9 250000 49.9
280000 1653.4 290000 7.7

470000 O,

640000

1

2.5

922350 2250,

480000 25,1

720000 19.0

[ex]ye wis v}
e m
oo
el o el
oo 0o
oo o oo
oo o oo

922380 977500.

B-?

oo o 0o
oo 0o oo

60000 120.9

110000
150000
220000
260000
400000
290000

740000
0

15.0
36.1
52.1

2022.4
238910.3
2.0

9
.0

70000 49.4
120000 2.0
160000 9,1
230000 7.9
270000 16.5
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