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EXECUTIVE SUMMARY 

This report documents the decay heat. heat transfer, and shielding anal­
yses of the Gesellschaft fur Nuklear Services (GNS) CASTOR-lC cask used in a 

spent fuel storage demonstration performed at Preussen Elektra•s Wurgassen 
nuclear power plant. The demonstration was performed between March 1982 and 
January 1984, and resulted in cask and fuel temperature data and cask exterior 

surface gamma-ray and neutron radiation dose rate measurements. 

The purpose of the analyses reported herein was to evaluate decay heat. 
heat transfer, and shielding computer codes. The analyses consisted of 1) per­

forming pre-look predictions (predictions performed before the analysts were 

provided the test data), 2) comparing ORIGEN2 (decay heat), COBRA-SFS and HYDRA 

(heat transfer), and QAD and DOT (shielding) results to data, and 3) performing 
post-test analyses if appropriate. Even though two heat transfer codes were 

used to predict CASTOR-lC cask test data, no attempt was made to compare the 
two codes. The codes are being evaluated with other test data (single-assembly 

data and other cask data), and to compare the codes based on one set of data 
may be premature and lead to erroneous conclusions. 

The CASTOR-IC cask is shown in Figures S.l and 5.2. It consists of a 
nodular cast-iron body that provides gamma-ray and neutron shielding. Addi­

tional neutron shielding is provided in the wall of the cask with two con­
centric rows of axial holes containing polyethylene rods (moderator material). 

The maximum surface design dose rate (gamma-ray and neutron) is 200 mrem/hr or 
less, and the average is 20 mrem/hr. Longitudinal fins on the cask surface 
enhance heat transfer from the cask wall. 

The cask inner cavity contains a borated stainless steel basket designed 
to contain 16 boiling water reactor (BWR) spent fuel assemblies. The borated 
material reduces the possibility of criticality when loading fuel under water 

in a spent fuel storage pool. Ouring normal operation. the cask inner cavity 
is filled with an inert gas at a pressure of 0.8 bar (22.76 psia). 

The CASTOR-lC cask is sealed with a multiple-lid system consisting of a 
piimary lid, a secondary lid, and a protection plate. The stainless steel 
primary and ~ec0ndary lids contain elastomer and metallic 0-ring seals, which 
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FIGURE S.l. Elevation View of the CASTOR-lC Cask 
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a.--- - -----154 3 em (5.06 ft) -------+t 

.._---- -----178.3 em (5.85 ft) --------- +1 

FIGURE S.2. Cross Section of the CASTOR-lC Cask 

66.6 em 
(2.19 ft) 

guarantee a high level of leak tightness. The protection plate is made of 
carbon steel and serves as mechanical protection as well as a dust and humidity 
seal. 

The CASTOR-lC cas~ was loaded with 16 Wurgassen BWR spent fuel assem­

blies. Both 7x7 rod and 8x8 rod assemblies were loaded in each half of the 

cask basket. The assemblies are essentially identical to General Electric 7x7 
and 8x8 rod BWR assemblies. 
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The ORIGEN2 code was used to predict assembly decay heat generation rates 

and axial profiles. ORIGEN2 is a general purpose burnup and decay code featur­

ing extensive data libraries containing information on over 1200 nuclides. The 
code is used widely in the nuclear industry to predict decay heat generation 
rates of 8WR and pressurized water reactor (PWR) spent fuel assemblies. The 

code can be used to perform transmutation calcul ations in steps of constant 
power or constant neutron flux levels. The resulting nuclide concentrations 
can be decayed with user-specified time intervals. 

The results of the ORIGEN2 decay heat analysis are shown in Table S.l and 

Figure S.3. The decay heat generat i on rates presented in Table S.1 are for 

TABLE S.l. Predicted Wurgassen BWR Assembly Decay Heat Rates 

il3~ 
Cooling Time 2 Dals 

BB7 1100 
Assfm~ly Burnup, Predicted Dec~ Heat Rate~ W 

10 a GWd/MTU 03/l0/82 06/0 t83 Ol/0 /84 
B476 27.6 846 456 373 
8471 27.6 851 460 376 
B472 27.8 852 461 377 
8476 27.6 851 460 376 
8486 27.6 846 460 373 
8489 27.8 852 454 377 
8490 27.5 846 460 373 
8493 27.5 841 454 371 
8Z701 27.2 717 452 329 
8Z703 28.5 838 398 369 
8Z7D4 28.5 877 467 379 
BZ706 28.3 712 396 328 
BZ707 27.2 877 467 379 
BZ708 28.3 838 452 369 
BZ709 28.5 877 467 379 
BZ710 28.3 877 467 379 
Total 13,398 7,231 5,907 
Average 27.8 837 452 369 
Std. Dev: ±0.45 ±50 ±22 ±16 
%SO of Avg: ±1.6 :!:6.0 ±4.9 ±4.4 

(a) Identification numbers starting wi t h B denote 7x7 rod 
assemblies; numbers starting with BZ denote 8x8 rod 
ass~Jllh lies. 
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FIGURE S.3. Initial and Final Axial Decay Heat Profiles 

three different times during the demonstration. As indicated, the average 
prerlicted fuel assembly decay heat rate at the beginning of the rlemonstration 
was 837 W for a total of 13.4 kW. At the end of the demonstration, the assem­

bly decay heat rates had decayed off to an average of 369 W for a total of 
5.9 kW. No calorimetry of the spent fuel assemblies was performed, so it is 
not possible to assess the accuracy of the ORIGEN2 decay heat predictions. 

The three-dimensional COBRA-SFS and HYDRA heat transfer analyses are 
sensitive to axial decay heat profiles. The initial (pre-look heat transfer 

predictions) and final (post-test heat transfer predictions) axial decay heat 
profiles used for the Wurgassen spent fuel assemblies are shown in Figure 5.3 • 
The profile initially used peaks in the lower half of the assemblies, which was 

questionable. The Wurgassen reactor went through a 100-day coastdown during 
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the last cycle the fuel assemblies were used. This created lower steam voids 
in the upper regions of the reactor core and resulted in power peaking in the 

upper ends of the assemblies. The initial axial decay heat profile did not 
indicate the effects of this long coastdown because higher burnup (decay heat 

rates) would be expected in the upper regions of the assemblies. 

The final axial decay heat profile was predicted using data from in-reactor 

gamma-ray activity measurements. The measurements and ORIGEN2 burnup and decay 
heat calculations for specific axial fuel assembly regions (nodes) were per­
formed to obtain the final, best-estimate, axial decay heat profile. The final 
axial decay heat profile peaks at a higher elevation on the fuel assemblies 
than does the initial profile. No gamma-ray scans of the actual spent fuel 

assemblies were obtained, so it is not possible to assess the accuracy of the 

predicted axial decay heat profile. 

The COBRA-SF$ (spent fuel storage) thermal hydraulics computer code was 

used to perfonm CASTOR-1C heat transfer analyses. COBRA-SFS has been evaluated 

since 1982 with three sets of single-assembly data and three sets of cask data, 
of which this CASTOR-1C cask test data is one data set. COBRA-SFS documenta­
tion is planned to be completed in 1986. 

COBRA-SFS predicts steady-state three-dimensional velocity, pressure, and 
temperature distributicns within spent fuel storage systems. The code uses an 

iterative procedure to solve finite-difference equations for mass, momentum, 
and energy conservation for an interconnected array of channels and structural 
members. It uses subchannel representations with arbitrary flow and thermal 
connections; therefore, the user has a great deal of flexibility in modeling 
complex geometries. Although COBRA-SFS assumes that the fill medium is incom­
pressible, it uses a thermally expandable model to produce buoyancy-driven cir­
culating flows within the system. Heat is transported throughout the system by 

conduction (fluid-to-fluid and solid-to-solid), natural convection, and planar 

radiation (rod-to-rod, rod-to-surface, and surface-to-surface). 

COBRA-SFS predictions of peak cladding temperatures and total temperature 

• 

differences between the peak cladding temperature and the ambient are the most • 
obvious indicators of how well COBRA-SFS predicts the thermal performance of 
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the CASTOR-1C cask. Table S.2 presents pre-look peak clarlding temperature pre­

dictions compared to data. COBRA-SFS predictions are in excellent agreement 
with the data at each total decay heat rate value. However, predicted tempera­

tures at various axial locations do not agree as well as predicted peak clad­
ding temperatures. 

COBRA-SFS pre-look and post-test axial temperature profile predictions at 
the high (13.4 kW) and low {5.9 kW) total decay heat generation rates are pre­
sented and compared to test data in Figure S.4. Pre.-look predictions compared 

well with test data in the upper half of one of the centermost assemblies, but 

suhstantial disagreement (50°C) exists in the lower half of the assembly. An 
erroneous initial axial decay heat profile (Figure S.3) is hypothesized to be 

the cause of the disagreement. 

Post-test predictions of the same axial temperature profiles resulted in 
much better agreement (±l0°C) with test data. The peak cladding temperature 
for the high decay heat rate is slightly overpredicted (±13°C), but the axial 
locations were accurately predicted. The improved accuracy of the predicted 

axial profile was due to the corrected final axial decay heat profile presented 
i n F i gu re S • 3. 

Pre-look and post-test radial temperature profile predictions are pre­
sented and compared to data in Figure S.5. The radial profiles are for an 

axial location of 266 em. Roth the pre-look and post-test predictions agree 
well with test data. The corrected axial decay heat generation rate profile of 

Figure S.3 did not significantly affect temperature predictions at this axial 
location. However, predicted temperatures in the lower half of the assemblies 
were significantly affected, as indicated in Figure S.4. 

Case 
No. 
1 
2 

3 

TABLE S.2. COBRA-SFS Pre-look Peak Cladding Temperature Predictions 
Compared to Test Data 

Peak Cladding 
Total Decay Temeerature, °C 

Heat, kW Measured Predicted 
Total Temeerature Difference 

Measured, °C Predicted, 6C % Diff. 
13.4 374 381 348 354 1.7 

7.2 255 252 226 225 (0.4) 
5.9 221 219 189 192 1. 6 
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The HYDRA steady-state thermal hydraulics computer code was also used to 
perform heat transfer analyses. The HYDRA code has been evaluated since 1982 
using two single-assembly sets of experimental data and three sets of cask 

data, of which this CASTOR-lC cask test data is one data set. HYDRA documen­
tation is planned during 1987 • 
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HYDRA is fully three-dimensional. anrl the governing equations that define 

the conservation of mass, momentum, and energy are solved using finite­
difference formulations. The equations apply to single-phase, compressible 
flow. The momentum equation includes convection of momentum, Darcy drag, and 
orifice drag, and gravitational, pressure, and viscous force terms. Coupled 
heat transfer modes of conduction, convection, and radiation are accounted for 
in conjunction with volumetric heat generation. Rod-to-rod and enclosure 
radiation models can be constructed by input. There is a significant degree of 
flexihility in specifying temperature boundary conditions. Output consists of 

steady-state temperatures, pressures, and velocities. 

HYDRA predictions of peak cladding temperatures and total temperature dif­

ferences between the peak cladding temperature and the atmospheric temperature 
are compared to data in Table S.3. HYDRA prerlictions are in excellent agree­
ment (±10°C) with the experimental data. 

HYDRA pre- look and post-test axial temperature profile predictions are 
compared to the high and low decay heat generation rate data (13.4 kW and 

5.9 kW) in Figure S.6. Pre-look predictions agree well with data in the upper 
half of the cask, but temperatures in the lower half were overpredicted by as 

much as 70°C. As discussed earlier, an erroneous initial axial decay heat 
profile is hypothesized to be the cause of this disagreement. 

Post-test predictions of the same axial temperature profiles agree much 
better (±12°C) with data at all axial locations. The peak temperature for the 
high decay heat case is slightly overpredicted (12°C), but the axial location 

TABLE S.J. HYDRA Pre-Look Peak Cladding Temperature Predictions Compared 
to Test Data 

Peak Cladding 
Case Total Decay Temeerature 2 °C Total Temeerature Difference 
No. Heat 1 kW Measured Predicted Measured a 8C ~redicted 2 ~c % Diff. 

1 13.4 374 383 348 357 2.6 

2 7.2 255 258 226 229 1.3 

3 5.9 221 228 189 196 3.7 

xiv 

• 

~ 

• 



600 

• 500 

E 
(.) 

N 

.. 

• 

0 

' I 

Vertical. Helium 

Total Decay HYDRA 

Heat, kW 

13.4 
7.2 

. '--. 
· ·~. ~, 

··.~o 
·. "L ' · .. ' ' ·. ~\ . . \ 

Data 

. \ 

.... ··\ \ 
~~ .. ~ •• • 0. 
:': tl 
• . I 

Pre-look 

---. . . . . . . . . . . . . 

.· :, I 
•• 1 

o6< I P"/ ... , ... / /' 

Post-Test 

-·--------
••••••••••• 

,• / .· .., _/ . . ~ .· '- ~ 
w~~ 0• Profile Location .. ·~-~ / ~ • ~ ~-,..--..-B4_7_2...,.1 s_z_7_o3.,_ _ _,_ 

~~~f.( m~~~~~ 

100 200 
T, °C 

. . . . . . . 

8493 

300 

....... . . . . . . . 
. . . . . . . . . ...... . 

. ...... . ........ 
BZ706 

400 500 

FIGURE 5.6. HYDRA Pre-Look and Post-Test Axial Temperature Profile 
Predictions Compared to Vertical, Helium Test Data 

XV 



was accurately predicted with HYDRA. The improved accuracy of the predictions 

was a result of using the improved final axial decay heat profile presented in 
Figure S.3. 

Pre-l ook and post-test radial temperature profile predictions are pre­
sented and compared to data in Figure S.7. The predictions and data are for an 
axial location of 266 em. As shown, predictions agree exceptionally well with 
the experimental data. The improved final axial decay heat profile used in the 
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post-test analysis did not significantly affect the temperature predictions at 
this axial location, but did affect the predictions at other axial locations, 
as indicated in Figure S.6. 

The QAD computer code was used to predict gamma-ray radiation dose rates 
on the surface of the cask. It calculates fast-neutron and gamma-ray penetra­
tio~s through shielding systems using the point-kernel method. The point­
kernel method involves representing the source volume by a number of point 
isotropic sources and computing line-of-sight distances from each source point 
to points of interest on the exterior cask surface. Geometric and material 

attenuations are determined from distances through the shielding regions and 

attenuating characteristics of the shielding materials. 

Predicted and measured gamma-ray dose rates are presented in Figure 5.8. 
Dose rates were overpredicted by as much as a factor of two over most of the 

cask surface with the exception of the lower region. Dose rates in the lower 
region were underpredicted but, because the measured dose rates were extremely 
low (3 mrem/hr), no significance is associated with this disagreement. 

The DOT computer code was used to predict neutron dose rates on the cask 
surface. It calculates neutron and photon particle fluxes in two dimensions 
using the method of discrete ordinates to solve the Boltzmann transport equa­

tion. Balance equations are solved for the flow of particles moving in a set 
of discrete directions in each cell of a space mesh and in each group of a 

multi-group energy structure. Mesh spacing and discrete directions are 
selected by the user, and anisotropic cross sections can be expressed in a 
Legendre expansion of arbitrary order. 

Predicted and measured neutron dose rates are shown in Figure S.9. Dose 
rates were overpredicted by as much as a factor of four over most of the cask 
surface. The overpredictions were probably due to high calculated neutron 
source strengths. 

Overall, the predictions of both the gamma-ray and neutron dose rates are 
considered to be satisfactory. When consideration is given to the fact that 

the cask must attenuate a radiation source several orders of magnitude (three 
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or more) and reduce the level to a relatively low value, agreement between 
predictions and data within a factor of two or three is relatively good. 

The results of this study led to the conclusion that all the computer 

codes performed satisfactorily. Pretest predictions compared satisfactorily 

with experimental data. The only post-test predi ctions that were warranted 
were in the heat transfer area, and they resulted in significantly improved 
predictions as a result of an enhanced axial decay heat profile. No major 

changes to the codes themselves were required to improve comparisons between 
predictions and data; only changes to input information were necessary to 
improve heat transfer predictions. It is recommended that use of these codes 

to support spent fuel storage system testing be continued, that their evalu­

ation be continued, and that the heat transfer codes be documented, to allow 

their use for future design and licensing safety analyses. 
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BWR 

DOE 

DWK 

EOC 

GE 

GNS 

GNS! 

GWd 

H/U 

MWd 

MTU 

NWPA 

ORNL 

PNL 

R&D 

ss 

boiling water reactor 

u.s. Department of Energy 

German Association for the Reprocessing of Nuclear Fuels 

end-of-cycle 

General Electric 

Gesellschaft fur Nuklear Services 

General Nuclear Servicest Inc. 

gigawatt -day ( s) 

hydrogen-to-urani urn (ratio) 

megawatt-day(s) 

metric ton(s) of uranium 

Nuclear Waste Policy Act of 1982 

Oak Ridge National Laboratory 

Pacific Northwest Laboratory 

research and development 

stainless steel 

SYMBOLS AND NOTATIONS 

~n 

r; 

set of wall numbers with a thermal conduction connection to 
wall node m 

set of wall numbers with a thermal radiation connection to 
rod n 

set of subchannel numbers with a thermal connection to rod i 

time step 
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Ax 

£ 

•n 

• 

+ 

A 

8 

c 

axial step 

surface emittance o~ a member of a set 

set of rod numbers with a thermal radiation connection to 
rod n 

prohlem orientation. angle from vertical 

set of rod numbers with a thermal radiation connection to 
wall n 

thermal conductivity 

set of rod numbers with a thermal connection to subchannel i 

viscosity 

set of subchannel numbers with a thermal connection to wall 
m 

density 

Stephan-Boltzmann constant 

set of wall numbers with a thermal radiation connection to 
wall m 

set of wall numbers for walls that connect to subchannel 1 

area fraction 

rod to subchannel i heat fraction 

set of transverse gap connections to suhchannel i 

length of transverse momentum control volume 

area 

eopirical coefficient 

drag. axial loss coefficient, ~iri(al coefficient, or 
specific heat 

Darcy and orifice drag 

hydraulic diameter 
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SY~BOLS AND NOTATIONS (contd) 

f 

Gr 

h,H 

L 

• m 

Nu 

P,p 

Pr 

• q 

q I I I 

R 

r 

Ra 

multiplier (±1) toat gives the correct sign to the 
transverse connection terms 

friction factor 

radiation exchange factor~ surface i to j 

acceleration due to gravity 

gravitational vector 

Grashoff numher 

fluid enthalpy, average film coefficient. or heat transfer 
coefficient 

fuel-cladding gap conductance 

radiation exchange factor based on geometry and emittances 

therma1 conductivity 

length 

mass flux 

Nusselt number 

pressure 

Prandt1 number 

heat generation rate 

thermal radiation transport 

volumetric heat generation in wall 

radial thermal resistance or radius 

radius 

Rayleigh number 

outer radius of the cladding 

Reynolds number 
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Rf outer radius of the fuel material 

u 

v~ 

y 

v 
wr 
Yc 

l 

SUPERSCRIPTS 

n 

* 

transverse gap width 

temperature 

ambient temperature 

cladding temperature 

temperature of the fuel surface 

local surface temperature 

wall temperature 

time 

effective wall thic~ness for heat storage 

effective wall conductance 

transverse velocity 

free steam velocity 

axial velocity 

superficial velocity 

crossflow due to turbulent exchange 

cladding thickness 

factor for effective fluid radial conduction length 

time step level or Nusselt number exponent 

emptrical coefficient 

donor cell quantity 

average value 
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a 

c 

0 

f 

HTR 

HTW 

j 

II 
JJ 

k 

L 

n 

0 

p 

r 

R 

s 

T 

w 

X 

ambient 

cladding or convection 

diameter 

friction or fuel 

subchannel number of generalized subscript for matrix 
notation 

heat transfer from a rod 

heat transfer from wall 

axial level or generalized subscript for matrix notation 

refer to channel numbers on either side of transverse gap 

transverse gap number 

length 

mixed convection or wall number 

rod number 

outside 

pressure 

rarli at ion 

rod 
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CASTOR-lC SPENT FUEL STORAGE CASK DECAY HEAT, 
HEAT TRANSFER, AND SHIELDING ANALYSES 

1.0 INTRODUCTION 

Implementation of spent fuel dry storage systems may be required in the 
late 1980s because several at-reactor storage pools will attain maximum capac­
ity (DOE lg85). Under the Nuclear Waste Policy Act of 1982 (NWPA), the u.s. 
Department of Energy (ODE) is assigned the responsibility for assisting utili· 

ties with their spent fuel storage problems. An additional provision of the 
NWPA is that DOE shall provide generic research and development (R&D) of alter­

native spent fuel storage systems to enhance utility-provided at-reactor stor­
age capability. As a result of these NWPA provisions, and because DOE and 

utilities are planning to conduct tests and demonstrations of dry storage 
systems, analysis tools (computer codes} needed to be identified and evaluated 

during the first few tests and demonstrations. The computer codes are also 
needed to effectively select test conditions, identify spent fuel assemblies. 
select assembly loading patterns, and determine instrumentation placements. 
and to minimize the number of future expensive. time-consuming tests and 
demonstrations. 

The Pacific Northwest laboratory (PNl)(a) selected five computer cOdes to 
support the dry storage system testing and demonstration activities. The codes 
were ORIGEN2 (decay heat), COBRA-SFS and HYDRA (heat transfer), and QAO and DOT 
(shielding), 

ORIGENZ (Croff !980a,b) was selected to predict spent fuel assembly decay 
heat generation rates and radiation source rates. The code has been widely 
used throughout the nuclear industry to perform design and licensing safety 
analyses. 

The COBRA-SFS and HYORA heat transfer cOdes were chosen based on their 
treatment of the equations for mass, momentum, and energy. The codes have been 

(a) The P~ific Northwest laboratory is operated by Battelle Memorial 
Institute for the u.s. Department of Energy, 

1.1 



evaluated since 1982 uslng both single-assembly data and multiassembly cask 
data. Documentation is planned in 1986 and 1987. 

The QAD (Malenfant 1967; ORNL 1977) and DOT (Rhoades and Childs 1982) 
computer codes were selected to predict gamma-ray and neutron dose rates, 
respectively. Both codes have been used extensively to perform storage system 
shielding analyses. 

Among the spent fuel dry storage systems being examined is the CASTOR-lC 
boiling water reactor (BWR) cask designed and manufactured by Gesellschaft fur 
Huklear Services (GNS) of the Federal Republic of Germany. The CASTOR-1C 8WR 
cask demonstration is reported by Fleisch, Einfeld, and Lohrmann (1982). The 
objectives of this activity were to 1) predict decay heat rates of spent fuel 

used during the cask demonstration; 2) predict cask temperatures and dose rates 
prior to having access to test data 1 i.e~, pre-look; 3) compare pre-look heat 
transfer and shielding code predictions with test data to evaluate the codes; 
and 4) perform post-test analyses to improve predictions, if appropriate. 
Comparisons of code predictions with CASTOR-lC cask experimental data reported 

herein wl11 be used~ along with additional comparisons, to qualify the heat 
transfer codes for later use in design and licensing safety analyses of candi­

date dry storage systems. No attempt was made to compare the two heat transfer 
codes because results of the other evaluations have not been completed, and 
a comparison based on one data set may be premature and lead to erroneous 
conclusions. 

Sectlon 2.0 of this report presents the major conclusions drawn from this 
work, along with the important recommendations permitted by the results and 
conclusions. A brief summary of the CASTOR-lC BWR spent fuel storage cask 
demonstration is provided in Section 3.0. Decay heat, heat transfer, and 
shielding analyses, as well as the overall results, are discussed in detail 
in Sections 3.0 through 6.0. 
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2.0 CONClUSIONS AND RECOMMENDATIONS 

The major conclusions and important recommendations resulting fro~ these 
analyses are presented in this section. In general. all the codes performed 
very well. Pre-test temperature and dose rate predictions compared satis­
factorily with experimental data. Selected post-test heat transfer analyses, 
performed with an improved axial rlecay heat profile, resulted in significantly 

better predictions. In all cases, no major changes to the codes themselves 
were required to improve comparisons between predictions and data~ Changes to 
only the input information were necessary to improve heat transfer predictions. 

The documented ORIGEN2 decay heat and QAD and DOT shielding co~es should be 

used for design and licensing analyses of dry storage systems. Once the COBRA­

SFS and HYDRA heat transfer codes are successfully evaluated, they should be 
documented and used for these analyses also. 

2.1 CO~ClUSIONS 

The following specific conclusions resulted from these analyses: 

ORIGEN2 Decay Heat Analysis 

• The initial total decay heat generation rate in the CASTOR-lC cask 
shortly after loading with Wurgassen BWR spent fuel assemblies was 

predicted to be -13.5 kW (840 W/assembly). less than the 16-kW 

(1-kW/assembly) cask design li~it. 

• The shape of the pre~icted axial decay heat profile was significantly 
changed {the peak occurred at a higher axial location) when data from 
an in-reactor radiation scan was used in conjunction with ORIGEN2 to 
determine the profile shape. 

COqRA-SFS Heat Transfer Analysis 

• Pre-look temperature predictions compared very closely with data, 
falling within t2% of the total peak-to-ambient temperature drop 
at al1 three decay heat levels. However~ despite the excellent 
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agreement in peak temperature, there were significant differences 

hetween predicted and measured temperature differences at specific 
axial locations. 

• Pre-look axial temperature profiles for the peak temperature rods do 

not compare favorably with measured profiles. For example, tempera­
tures near the lower ends of the axial profiles were overpredicted by 

as much as 50°C. Temperatures in the upper regions were underpre­
dicted by as much as l0°C~ It was determined that these differences 

were due primarily to an incorrectly specified axial decay heat 

profile. 

• E~isting natural convection heat transfer coefficients significantly 

underpredict heat transfer from the cask surface. resulting in a pre-

1ook predicted cask surface-to-ambient temperature difference that 
was 30 to 40% greater than measured values for all three decay heat 

levels. 

• Both the corner assembly-to-cask surface and the peak rod-to-cask 
surface temperature differences were within 10°C of measured values 
in all three pre-look simulations~ The peak rod-to-cask surface tem· 
perature differences were consistently underpredicted in all three 

cases. 

• The values used for rod-to-fluid convection heat transfer coefft­
cients in the pre-look analysis were based on constant heat flux from 
the rods. The shape of the axial temperature profile suggests that 
the coeff1ctents be changed to those based on constant temperature 
conditions .. 

• The post-test peak temperature predictions compared very closely with 
data. falling within ±2% of the total peak-to-ambient temperature 

drop in all three cases. In addition, there were i~provements in 
comparisons of predicted to measured temperature differences through­

-aut the cask. 

• The use of an axial decay heat profile that reflects the operating 
h1story of tr.~ reactor resulted in much iwproved agreement between 
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the post~test axial temperature profile predictions and measured 
profiles. Near the lower end of the profiles, differences between 
predicted and measured temperatures were less than 5°C in all three 
cases. Near the top end of the profile, the temperatures were under· 
predicted by as much as 10 to l5°C. 

• Both the corner assembly-to-casK surface and peak rod-to-casK surface 
temperature differences were still within l0°C of measured values in 
all three post-test simulations. The decrease in rod-to-fluid heat 
transfer coefficients resulted in slight increases in these tempera­

ture differences for all cases~ 

HYDRA Heat Transfer Analysis 

• Pre-look temperature predictions agreed well with test data. being 
within t4~ of the total pea< rod-to-ambient temperature difference. 
However) predictions of temperatures at some axial locations were in 

significant disagreement with data. 

• Pre-look predictions of axlal temperature profiles were as much as 
70°C higher than test data in the lower regions of the fuel assem­
blies. An erroneous inttial axial decay heat profile appears to have 
been the cause of the majority of the disagreement. 

• Standard natural convection heat transfer correlations for the exte­
rior surface of the cas< resulted in slight (<IO"C) overpredictions 

of cask surface temperatures. This and other similar analyses (Wiles 
et al. 1986, Wheeler et al. 1986) have led to the conclusion that 
existing correlations may not be accurate models for very large 

casks. 

• Post-test predictions of peak cladding temperatures were not notice­
ably affected by the use of a more reasonable axial decay heat pro­

file. However. agreement between predictions and data at other axial 
locations was significantly improved {12°). 
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QAD and DOT Shielding Analyses 

• QAO code predictions resulted tn conservatively high gamma-ray dose 
rates for CASTOR-lC. Predictions were as much as twice as high as 

test data. 

• Secondary gamma-ray contributions to total dose rates were much less 
than primary gamma-ray contributions. 

• DOT code predictions of neutron dose rates were conservatively high 

for CASTOR-lC. Predicted values were as much as a factor of four 
higher than measured values~ Neutron source strengths mdy have been 

the cause of the high dose rate predictions. 

2.2 RECOMME~DAT!ONS 

As a result of comparisons of code predictions with test data, the follow­
ing recommendations are made: 

OR!GEN2 Decay Heat Predictions 

• ORIGENZ should be used to predict decay heat generation rates of 
spent fuel assemblies for interim storage system design and licensing 

safety analyses. This recommendation is based on the results of this 

study and of the Wiles et al. (1986) and McKinnon et a1. (1986a,b) 

studies for BWR assemblies, as well as on SChmittroth's (1984) study 

for PWR assemblies. 

• When ORIGEN2 ls used to predict decay heat generation rates of BWR 

spent fuel assemblies, cycle-by-cycle burnup vaiues must be used to 
ensure good accuracies {±10%)~ 

COBRA-SFS and HYDRA Heat Transfer Analyses 

• The two codes should continue to be used to predict temperatures in 

spent fuel dry storage systems and, once successfully evaluated and 

documented, should be used for design and licensing safety analyses. 

• Predictions of dry storage system temperatures within 25 or 30aC can 
be obtained. Further~ if it is desirable to improve this agreement, 

the following, in order of importance, should be pursued: 
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System geometries, especially gap widths and characteristics of 

contacting surfaces, must be better known to significantly improve 

temperature predictions. 

Detailed in reactor radiation scans or assembly gamma scans should 

be considered in the development of axial decay heat profiles to 

be used as input in future cask analyses, to permit better predic­

tions of axial temperature profiles. 

The effects of free-stream turhulence and mixed convection (free 

and forced) adjacent to the exterior surface of the cask should he 

modeled, to improve heat transfer correlations. 

ln COBRA-SFS, the two-dimensional momentum and heat transfer in 

the regions ahove and helow the basket should he modeled. Sug­

gestions for refinements include radially varying inlet condi­

tions, multidimensional heat transfer hetween solid structures, 

and a computed velocity field. 

Velocity fields should he measured in simulated casks, and CORRA­

SFS and HYDRA predictions should be evaluated with the measured 

distributions to enhance convection heat transfer results. 

• The heat transfer data contained in this report should he used to 

evaluate other heat transfer codes. 

QAD and DOT Shielding Analyses 

• The QAD and DOT codes should continue to be used to predict dose 

rates in spent fuel dry storage systems. 

• Magnitudes of radiation source terms should he determined more 

accurately if better prediction accuracies are desired. Space- and 

energy-dependent neutron and gamma-ray source strength measurements 

are desi rahle. 

• Shielding analyses of one or two casks should he performed with a 

Monte Carlo code to provide an independent check on methodology and 

determine if more accurate predictions are practical. 
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3.0 CASTOR-1C SPENT FUEL STORAGE CASK PERFORMANCE TEST 

To add to the current body of knowledge and to gain operational experience 
in dry spent fuel storage, a program for handling and monitoring spent fuel 
containers was initiated by the Federal Republic of Germany, using a cask of 

the CASTOR-1C type. This program was carried out at the Wurgassen Nuclear 
Power Plant by the German Association for the Reprocessing of Nuclear Fuels 
(OWK) in conjunction with the Preussen Elektra utility. The CASTOR-1C spent 
fuel storage cask and cask performance test conducted at the Wurgassen plant 

are briefly described in this section. 

3.1 CASTOR-lC CASK 

The Gesellschaft fur Nuklear Services (GNS) CASTOR-1C cask (GNS 1983, 

1985) is designed to safely store and remove the decay heat from 16 BWR spent 
fuel assemblies for extended time periods. A cutaway drawing of the CASTOR-1C 
cask is shown in Figure 3.1. The cask consists of a thick-walled nodular 

cast-iron body, which is cast in one piece. The body physically protects the 
fuel assemblies and provides radiation shielding. The central cavity of the 

cask contains a stainless steel basket that separates and supports the spent 
fuel assemblies. The top of the cask is sealed using a multiple-lid system. 

The overall cask dimensions and design specifications are summarized in 
Table 3.1. Each major component of the cask is described in more detail below. 

3.1.1 Body 

A cross section of the CASTOR-lC cask is shown in Figure 3.2. The nodular 
cast-iron body has an overall length of 5510 mm (18 ft) and a maximum outside 
diameter of 1730 mm (5.7 ft). The side wall thickness {without fins) is 
approximately 440 mm (17.3 in.). Gamma-ray and neutron radiation are shielded 
by the cast-iron wall of the cask. For improved neutron shielding through the 

side, two concentric rows of axial holes in the cask body wall are filled with 

poly-ethylene rods (moderator material). The rods are 60 mm (2.4 in.) in diam­
eter and extend axially from the bottom of the cask to above the top elevation 
of the fuel assemblies. The maximum dose rate (gamma-ray and neutron) on the 

3.1 



551.0 em 
(18.1 ft) 

Primary Lid 

HIE~-:--- Cooling 
Fins 

L 
1111

,__ ___ 173.0cm ___ _,..J 
r (5.se tt> ~~ 

FIGURE 3.1. Elevation View of the CASTOR-lC Cask 
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TABLE 3.1. CASTOR-1C Cask Dimensions and Design Specifications 

Cask overall length: 
Cross section: 
Cask cavity width: 

Cavity length: 
Side wall thickness without fins: 

Lid thicknesses: 

- primary 1 id 
- secondary lid (including moderator) 

- protection plate 
Bottom thickness: 

Moderator dimensions: 
- number of polyethylene moderator rods 

- rod diameter 
- thickness, secondary lid 
- thickness, bottom 

Number of cooling fins: 
Cask fuel assembly capacity: 

Cask atmosphere: 
Cavity pressure: 

Weight: 
- empty cask 
- loaded cask 

cask surface is designed to be 200 mrem/hr or less. 
for the average surface dose rate is 20 mrem/hr. 

551 em (18 ft) 
173 em (5.7 ft) 

66 .6 em ( 2.2 ft) 

456 em (15 ft) 
44 em (17 ft) 

34 em (13 in.) 
13 em (5 in.) 
8 em (3 in.) 
44.7 em (18 in.} 

80 
6 em {2.4 in.) 
6 em {2.4 in.) 
4.2 em (1.7 in.) 
48 
16 
helium 

0.8 bar (11.76 psia) 

76.6 ton 
81.1 ton 

The maximum design value 

The outside surface of the cask varies as a function of axial level. Near 
the top and bottom of the cask, the surface is a cylinder 81905 mm {6.25 ft) in 

diameter: with four flat surfaces machined so the minimum flat-to-flat distance 
is 1730 mm (5.7 ft). In the axial region of the fuel assemblies, a set of 

48 axial cooling fins is provided to enhance the removal of heat by natural 
convection. A cross section of the CASTOR-1C cask illustrating the cooling fin 
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.._------ -1 54.3 em (5.06 ft)-------.. 

14-----------178.3 em (5.85 ft) ---------.. 

FIGURE 3.2. Cross Section of the CASTOR-lC Cask 

66 6 em 
(2. 19ft) 

geometry is shown in Figure 3.3. The fins are 120 mrn (4.7 in.) long, 50 mm 
(1.97 in.) wide at the base, and are spaced approximately 112 mm (4.4 in.) 
apart. The outside of the cask is protected by an epoXY resin coating in the 
fin area. The fins are also covered with a high-emissivity paint to aid in 

transferring heat from the cask surface. The remainder of the cask surface is 

covered with a corrosion-resistant nickel coating. 

The thickness of material from the bottom of the inner cavity to the exte­
rior bottom of the cask is approximately 450 mm (17.7 in.). The major portion 
of this 1s cast iron. However, some of the cast iron is machined from the 
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FIGURE 3.3. Cooling Fin Geometry 

bottom of the cask and is replaced by concentric rings of polyethylene that 
serve as neutron shields. A semi-permanent steel cover plate is secured over 

the rings to hold them in place. 

3.1.2 Cavity and Basket 

The cask inner cavity is square, 666 mm (26.2 in.) wide, and 4560 mm 
(15ft) long. The bottom of the cavity is sloped slightly to enhance draining 
of fluid. The inside of the cask, including the sealing surfaces, has a nickel 
coating for corrosion protection. A support plate is placed on the bottom of 
the cavity to provide a level support for the basket and fuel assemblies. 

The basket is of welded construction and is made of borated stainless 

steel to reduce the possibility of criticality. The basket divides the cavity 
into 16 regions, each designed to contain a single BWR spent fuel assembly. A 

cross section of the fuel basket is visible in Figure 3.2. The stainless steel 
plates used to construct the basket are 10 mrn (0.4 in.) thick, and the overall 

basket width is 640 mm (25 in.). This leaves a gap between the· hasket anti 
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cavity wall of approximately 13 mm {0.5 in.) on all sides. The basket is 
designed to allow the top and bottom portions of the cavity to be open. This 
allows gas flow between adjacent assembly tubes and natural circulation inside 
the cavity. The basket also serves as a path for conduction heat transfer from 

the center assemblies to the cask body. 

During normal operation the cask is filled with helium. The use of this 
inert gas inhibits corrosion and results in a higher peak cladding temperature 
limit. In addition, helium has a high conductivity, which enhances heat trans~ 
fer in the cavity. The primary disadvantage is that an extensive sealing sys~ 

tem is required to contain the gas. The cavity pressure during normal cask 

operation is 0.8 bar {11.76 psia). 

3.1.3 Lid System 

The CASTOR-1C cask is sealed with a multiple-lid system consisting of a 
primary lid, a secondary lid, and a protection plate. The three lids are shown 

in Figure 3.1. The primary cover is constructed of stainless steel and has an 
outside diameter of 1200 mm (3.9 ft) and an overall thickness of about 340 mm 
(13.4 in.). The secondary cover is made primarily of stainless steel and has a 
1415-mm (4.6-ft) diameter and a 130-mm (5.1-in.) thickness. Some of the stain­
less steel in the secondary cover is replaced with concentric polyethylene 
rings that act as neutron shields. The protective plate is made of carbon 
steel and serves as a general mechanical protection against outside forces as 
well as dust and humidity. Each lid is bolted directly to the cask body. A 
combination of multiple elastomeric and metallic seals for each cover guaran­

tees a high level of leak-tightness. The maximum leak rate is designed to be 
10-7 t/s. 

3.2 WURGASSEN BWR SPENT FUEL ASSEMRLIES 

Sixteen BWR spent fuel assemblies from the Wurgassen reactor operated by 

Preussen Elektra were loaded in the CASTOR-1C cask during testing. The fuel 

assembly designs and decay heat predictions required as input for the heat 
transfer and shielding analyses are described in this section. 
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3.2.1 Designs 

Four different basic types of BWR assemblies are generally acceptable for 

storage in a CASTOR-1C cask: 
• assembly type 7x7 General Electric (GE), Exxon 

• assembly type 7x7 (revised GE) 
• assembly type 8x8 (GE, Exxon) 
• assembly type 8x8 retrofit (GE). 

The spent fuel assemblies used in the Wurgassen CASTOR-1C cask test were 
the GE 7x7 and 8x8 assembly types. The design characteristics of these two 

assembly types are listed in Table 3.2. The Exxon BWR fuel assemblies of the 

TABLE 3.2. Characteristics of Typical General Electric BWR Fuel Assemblies 

Assembly length 

Fuel rods 
Number 
Length 
Active length 
Outside diameter 
Wall thickness 
Pitch 
Material 

Tie rods - fueled 
Number 
Outside di~meter 
Wall thickness 
Materia 1 

Spacer capture rods 
Number 
Outside diameter 
Materia 1 

Spacers 
Number 
Material 
Springs 

Tie plate material 

7x7 Assembly 

4354 mm (171.40 in.) 

49 
3964 mm (156 in.) 
3683 mm (145 in.) 
14.3 mm (0.563 in.) 
0.89 mm (0.035 in.) 
18.7 mm (0.738 in.) 
Zr-2 

8 
14.3 mm (0.563 in.) 
0.89 mm (0.035 in.) 
Zr-2 

1 
14.3 mm (0.563 in.) 
Zr-2 

7 
Zr-4 
Inconel-X 
304 ss 
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8x8 Assembly 

4354 mm (171.40 in.) 

63 
3964 mm (156 in.) 
3733 mm (147 in.) 
12.5 mm (0.493 in.) 
0.86 mm (0.034 in.) 
16.3 mm (0.640 in.) 
Zr-2 

8 
12.5 mm {0.493 in.) 
0.86 mm (0.034 in.) 
Zr-2 

1 
12.5 mm (0.493 in.) 
Zr- 2 

7 
Zr-4 
Inconel-X 
304 ss 



7x7 and 8x8 type are also acceptable for storage. Their dimensions and speci­

fications are quite similar to those of the GE fuel assemblies. 

General Electric fuel assemblies contain fuel rods {and one center water 
rod in the 8x8 bundle only) spaced and supported in a square array by the lower 
and upper tie plates. A typical GE 8x8 fuel assembly is shown in Figure 3.4. 
The upper and lower tie plates are 304 stainless steel (SS) castings. The 
lower tie plate has a nose-piece that supports the fuel assembly in the reac­
tor. The upper tie plate has a handle for transferring the fuel assembly from 

one location to another. An Inconel-X® expansion spring on the upper end plug 
shank of each fuel rod keeps the rods seated in the lower tie plate. 

Upper Tie Plate 

Spacer Detail 
r r 

' 
.. 

' 
I ' 

' 

' 

Casting 

W- Spacer Positioning/Water Rod 
T- Tie Rod 

FIGURE 3.4. Typical General Electric 8x8 Fuel Assembly 

8Registere~ trade name of Huntington Alloys, Inc., Huntington, West Virginia. 
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Besides the standard fuel rods, two other rod types are used in the fuel 
assembly: tie rods and a nonfuel water rod. The eight tie rods in each assem­
bly have lower end plugs that thread into the lower tie plate casting and upper 
end plugs that extend through the upper tie plate casting. These tie rods 
support the weight of the assembly only during fuel handling when the assembly 
hangs by the handle; during operation, the fuel rods are supported by the lower 

tie plate. 

3.2.2 Predicted Decay Heat Generation Rates 

The ORIGEN2 code (Croff 1980a,b) was used to predict decay heat generation 

rates of the Wurgassen BWR spent fuel assemblies used in the CASTOR-lC cask 

performance test. A brief description of ORIGEN2, a summary of the input, and 

predictions of the decay heat rates of each assembly are provided. 

3.2.2.1 ORIGEN2 Computer Code 

The ORIGEN2 code (Croff 1980a,b) is widely used in the nuclear industry to 
predict decay heat rates of spent fuel assemblies. This general purpose burnup 

and decay code features extensive data libraries containing information on over 
1200 nuclides. The code can be used to perfonm transmutation calculations in 

steps of constant power level or constant neutron flux level. The resulting 
nuclide concentrations can be decayed with user-specified time intervals. 

Output options are available for decay heat rate as well as spent fuel compo­
sitions and radioactivity. 

A standard version of the ORIGEN2 code was used to predict the decay heat 
rates of 16 Wurgassen BWR spent fuel assemblies used during CASTOR-lC BWR cask 
performance testing. The code was benchmarked with a standard problem to 
ensure that the predictions are what would be expected from the code as it 
would be received from the Oak Ridge National Laboratory (ORNL) Radiation 
Shielding Information Center. 

ORIGEN2 results are based on a large library of one energy group cross 
sections of the nuclides. These cross sections are the result of extensive 
calculations starting with a numerical description of the cross section of each 
isotope as a function of neutron energy. The basic cross sections are averaged 
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over the energy range of 17 ~eV to 0 eV using a computed neutron energy spec­
trum. Neutron spectrum caiculations are performed with a composition appro­

priate to a specific reactor core design and operating condition. The user is 
provided with various data libraries, each representing a reactor type, core 
loading, and operating condition. There is one BWR cross section library for a 
235u enriched core; this actinide library has the numerical designation 252. 

Associated with it are activation product library 251 and fission product 
library 253, which were generated using the same neutron spectrum used to 

generate library 252. 

A special concern in making decay heat rate predictions with ORIGEN2 for 
BWR fuel, as opposed to PWR fuel, is the effect of appreciable steam voids on 

the neutron spectrum. The ratio of plutonium to uranium fissions and the 
actinide composition at a given burnup are influenced by differences in the 
neutron spectrum. Assembly decay heat rates are determined by different fis­
sion product yields for uranium and plutonium and by the mix of actinide iso­

topes in the spent fuel. A series of calculations was performed to evaluate 
the sensitivity of decay heat rates to variations of core steam void frac­
tions . A version of the LEOPARD code (Barry 1g63) was used to calculate the 
effect of unit cell steam voiding on the one group spectrum-averaged cross 
sections of the isotopes responsible for most of the decay heat. The change 
in the spectrum-averaged cross section at a given void fraction relative to the 
ORIGEN2 library default void fraction of 31.6% was determined for a range of 
void fractions. These relative change factors were used to alter the cross 
section of ORIGEN2 library 252 via code input for a series of ORIGEN2 cases, 
each representing a particular core steam void fraction in the range of 0% to 
90%. As a result of these sensitivity calculations, it was found that core 
void variations of 0% to 90% can cause the decay heat rate to vary by 11% to 
30%, depending on the time out of reactor. 

The spectrum used in computing libraries 251, 252, ann 253 was calculated 
assuming a GE BWR-6 assembly (8x8 rod array) at 31.6% core average steam void 

fraction (Croff et al. 1978). The Wurgassen fuel assemblies used in this study 
were of a different 7x7 and Bx8 rod design. The void fraction that has the 

same hydrog~n-to-uranium (H/U) ratio as the 31.6~ used in calculating the 
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ORIGEN2 library is 38% for the Wurgassen 7x7 rod design and 37% for the 8x8 
rod design. The H/U ratio is a reasonable basis from which to determine the 
equivalent void fraction because it is a measure of the relative moderation 
and absorption rates that determine the form of the neutron spectrum. The 

Wurgassen BWR assemblies had an average operating void fraction of approxi­
mately 40%. which is close to the 36% and 37% equivalent void fractions of the 
library. Therefore. no corrections for void fraction were made. 

3.2.2.2 0RIGEN2 Input Specifications 

Wurgassen fuel assembly data are summarized in Table 3.3. Decay heat from 
neutron activation of assembly structural materials is usually less than 5% of 

the total decay heat, and over 95% of this amount comes from cobalt. Generic 
values of other elements such as gadolinium, which contribute activation heat­

ing, were used and obtained from Croff et al. (1978). The Zirconium-2 cladding 
was assumed to contain 10 ppm of cobalt. 

Before the decay heat analysis was performed, it was anticipated that 
individual cycle burnup values would be required for accurate 0RIGEN2 predic­

tions. End-of-cycle (EOC) burnup values for each Wurgassen spent fuel assembly 

TABLE 3.3. Wurgassen Fuel Assembly Design Data 

Fuel rod outside diameter 
Cladding thickness 
Fuel rod pitch 
Shroud internal flat-to-flat 

Shroud thickness 

Assembly pitch 
Zr-2 weight 
Total stainless steel weight 

Steel with 2000 ppm cobalt 

Steel with 200 ppm cobalt 

7x7 Assembly 
14.29 mm (0.563 in.) 
0.8 mm (0.032 in.) 
18.75 mm (0.74 in.) 
134 mm (5.28 in.) 
2.1 mm (0.083 in.) 
152.5 mm (6.0 in.) 
46 kg (101 lb) 
8.7 kg (19 lb) 

3.98 kg (8.8 lb) 

4.72 kg (10.4 lb) 
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8x8 Assembly 

12.5 mm (0.492 in.) 
0.85 mm (0.034 in.) 
16.25 mm (0.64 in.) 
134 mm (5.28 in.) 
2.54 mm (0.10 in.) 
152.5 mm (6.0 in.) 
50 kg (110 lb) 
3.2 kg (7 lb) 

3.2 kg (7 lb) 

o.o kg (0 lb} 



are presented in Table 3.4 in tenms of gigawatt-days (GWd} per metric ton of 

uranium (MTU). Burnup values shown in Table 3.4 are very unifonm from assembly 

to assembly. 

All assemblies were initially enriched to 2.5 wt% 235u averaged over all 

rods in each assembly. Sensitivity studies were conducted using ORIGEN2 with 
different enrichments to ensure that calculated decay heat rates based on a 
single average assembly enrichment closely approximated average decay heat 
rates from ORIGEN2 based on individual rod enrichments in the assemblies. 

TABLE 3.4. Wurgassen BWR Assembly Burnup Histories 

Assembly(a) 

8467 

8471 
8472 
8476 
8486 
8489 
8490 

B493 
8Z701 

8Z703 
8Z704 

BZ706 
8Z707 
8Z708 
Bl709 

BZ710 

EOC2 

8.8 

8.1 
8.o 

8.1 
8.8 
8.0 
8.6 
8.6 
9.0 
8.9 
7.5 

9.0 
7.5 
8.9 
7.5 
7.5 

Burnup, GWd/MTU 
EOC3 EOC4 
15.2 21.0 

13.3 
14.0 
13.3 
15.2 
14.0 
14.7 
14.7 
15.4 
14.8 
13.3 

15.4 
13.3 
14.8 
13.3 
13.3 

21.2 
21.4 

21.2 
21.0 
21.4 
20.9 
21.0 
22.1 

21.8 
20.9 
22.1 
20.9 
21.8 
20.9 
20.9 

EOC5 

27.6 

27.6 
27.8 
27.6 

27.6 
27.8 
27.5 
27.5 

27.2 
28.5 
28.3 
27.2 
28.3 
28.5 
28.3 
28.3 

(a) Identification numbers starting with B denote 
7x7 rod assemblies with 195 kg U content, while 
numbers prefaced with BZ indicate 8x8 rod 
assemblies with 185 kg U content. 
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Power histories for the assemblies were determined from EOC burnup values 
shown in Table 3.4, and from the reactor operating history shown in Figure 3.5 • 
The specific powers indicated in Figure 3.5 are based on a design core power of 
18 MW/MTU. Assembly power histories within a reactor operating cycle were 
calculated by multiplying ratios of incremental burnup for the cycle to the 
core average incremental burnup for that cycle by the core average specific 
power history. The resulting specific power history used as input to ORIGEN2 
is shown in Figure 3.6 for assembly B467. The input file for the ORIGEN2 pre­

diction of the decay heat from B467 is presented in the Appendix. 

3.2.2.3 ORIGEN2 Predictions 

ORIGEN2 predictions of decay heat generation rates of each Wurgassen spent 

fuel assembly are presented in this section. Also included are calculated fuel 
assembly axial decay heat generation profiles. Both predicted decay heat gen­
eration rate magnitudes and axial profiles are needed as input to heat transfer 

computer codes as discussed in Sections 4.0 and 5.0. 

3.2.2.3.1 Predicted Decay Heat Generation Rate Magnitudes. Predicted 
assembly decay heat generation rate magnitudes on the three test dates are 

shown in Table 3.5 for each of the 16 Wurgassen assemblies. lhe predicted 
decay heat rates are remarkably similar because of the similarity of burnup 

values. The standard deviation of burnup is only ±1.6% about the average 
burnup for all 16 assemblies. At 434 days cooling time, the standard deviation 
of the predicted decay heat rate is ±6.0%, which reduces to ±4.4% for the long­

est cooling period. 

3.2.2.3.2 Predicted Axial Decay Heat Profiles. The three-dimensional 
COBRA and HYDRA thermal analyses (Sections 4.0 and 5.0) are sensitive to axial 
decay heat profiles. The initial axial decay heat curve (burnup curve) pro­
vided for the Wurgassen spent fuel is shown in Figure 3.7. As shown, the curve 

peaked in the lower half of the assemblies. The pre-look heat transfer analy­
ses showed that the initial axial decay heat profile may not represent that 

from the actual fuel assemblies used in the CASTOR-lC cask performance test. 
The final conclusion that the initial axial profile may not be applicable was 
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TABLE 3. 5. Predicted Wurgassen BWR Assembly Decay Heat Rates · 

Cooling Time 2 Da~s 
434 887 1100 

Ass~m~ly Burnup, Predicted Oeca~ Reat Rate 2 ~ 
ID a GWd/MTU 03/10;82 06/06/83 61;05/84 

8476 27.6 846 456 373 
8471 27.6 851 460 376 
8472 27.8 852 461 337 
8476 27.6 851 460 376 
8486 27.6 846 460 373 
8489 27.8 852 454 377 
8490 27.5 846 460 373 
8493 27.5 841 454 371 
8Z701 27.2 717 452 329 
BZ703 28.5 838 398 369 
8Z704 28.3 877 467 379 
RZ706 27.2 712 396 328 
BZ707 28.3 877 467 379 
BZ708 28.5 838 452 369 
BZ709 28.3 877 467 379 
BZ710 28.3 877 467 379 
Total 13,398 7,231 5,907 
Average 27.8 837 452 369 
Std. Dev: ±0.45 ±50 ±22 ±15 
%SO of Avg: ±1.6 ±6.0 ±4.9 ±4.4 

(a) Identification numbers starting with R denote 7x7 rod 
assemblies; numbers starting with BZ denote 8x8 rod 
assemblies. 

based on the fact that the Wurgassen reactor went through a 100-day coastdown. 
This created lower steam voids in the upper region of the reactor core and 
resulted in higher burnups in the upper ends of the fuel assemhlies. The 
initial axial decay heat profile did not indicate the effects of the long 
coastdown because higher burnup would be expected in the upper regions of the 

assemblies. 

To provide the best-estimate axial decay heat profile required for the 

thermal analyses, information was obtained on the average axial burnup values 
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FIGURE 3.7. Initial Decay Heat Profile 

for 14 axial assembly regions (nodes) at the end of cycle 5 (EOCS). In addi­
tion, data from in-reactor gamma-ray activity measurements, which were averaged 
in the radial direction, were made available for the final 3 months of cycle 5. 

A weighting scheme was devised, which preserved the nodal decay heat rate 
and satisfied the condition that the average axial burnup calculated for 
cycle 5 matched the profile supplied. Next, an ORIGEN2 burnup calculation 
using the Wurgassen power history for cycles 2 through 5 was performed over a 

range of specific powers bracketing the axial node burnup range. The ORIGEN2 
burnup results were then decayed out to the measurement dates of March 10, 

1982, and June 6, 1983. This provided an ORIGEN2 decay heat rate for each 
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weighted nodal burnup. The resulting axial decay heat rate profiles are shown 

in Figure 3.8. The profiles are relatively insensitive to cooling time. 

Therefore, both the curves for March 10, 1982, and June 5, 1983 are shown as 
a single curve. The axial profiles peak near the core horizontal midplane at 
node 7. The initial and average final axial decay heat profiles are compared 
in Figure 3.g. The effect of the long reactor power coastdown is indicated in 

the final decay heat profile by the peaks occurring above the assembly axial 
midpl anes. 1 , 
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3.3 TEST DATA 

On March 1, 1982, the CASTOR-1C cask was loaded with 16 spent fuel assem­
blies from the boiling water reactor of the Wurgassen power plant. Fuel assem­
blies chosen for the test program were typical of those with cooling times of 
approximately 1 year; they represented a typical loading for the CASTOR-1C 
cask. Ouring the next 2-year period, measurements were taken of both the tem­
perature distribution inside the cask and radiation dose rates on the cask 

surface at different spent fuel decay heat levels. The results of these meas­
urements are described in the following paragraphs. 
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3.3.1 Heat Transfer 

Temperature distributions in the CASTOR-1C cask and spent ·fuel were mea­

sured using 25 thermocouples. The axial and radial locations of these thermo­

couples are shown in Figure 3.10. Of these 25 thermocouples, 17 were attached 
to fuel rods at six different a xi a 1 locations. Because the 1 oadi ng pattern of 
the spent fuel had half symmetry, only fuel assemblies in one half of the cask 
were instrumented. The fuel rods that were selected were primarily on the 
diagonal from the cask center to the cavity corners through both the 7x7 rod 

and 8x8 rod fuel assemblies. 

Cask temperatures were monitored continuously throughout the test, but 
three specific data sets, corresponding to different decay heat levels, were 

selected to use in evaluating computer predictions. The first data set was 
taken on March 10, 1982, approximately 1 week after loading, which corresponded 
to a high decay heat level (13.4 kW). The second set was taken 15 months later 
on June 9, 1983, and corresponded to an intermediate decay heat level (7.2 kW). 

The final data set was taken on January 5, 1984, approximately 2 years after 
loading, and corresponded to a low decay heat power (5.9 kW). Predictions of 
decay heat rates for all three cases were discussed in Section 3.2.2. The 

temperature data for the three data sets are given in Table 3.6. The peak 

cladding temperature for the high decay heat case was 374°C, well below the 
specified temperature limit of 400°C (GNS 1983, 1985). 

To examine the trends represented by the data, axial and radial plots of 
the data are given in Figures 3.11 and 3.12, respectively. Figure 3.11 shows 
axial temperature profiles for the fuel rod having the peak measured tempera­
ture for all three decay heat levels. The fuel rod with the peak temperature 
for the high decay heat case (13.4 kW) was located in the centermost 7x7 fuel 
assembly, near the center of the assembly, and was instrumented with thermo­
couples 3 through 7, as shown in Figure 3.10. The fuel rod with the peak 

temperature for the medium (7.2 kW) and low (5.9 kW) decay heat cases was 

located in the centermost 8x8 fuel assembly, near the center of the assembly, 
and was instrumented with thermocouples 10 through 14. Note that the peak 
temperatures at all three decay heat levels occurred in tbe elevation range of 

2700 to 3100 mm (106 to 122 in.). 
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TABLE 3.6. CASTOR-lC Cask Test Temperature Data, oc 

Thermocouple 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
23a 
24 

Room Temp. 

Qtotal = 13.4 kW 
103/10/82) 

275 
351 
325 
366 
374 
357 
186 
374 
373 
295 
368 
370 
302 
202 
361 
346 
248 
267 

72 
78 
50 
50 
59 
56 
45 
26 

OtQtctl = 7. 2 kW 
106/09/83 ) 

185 
235 
235 
245 
245 
240 
125 
250 
250 
210 
255 
252 
190 
130 
240 
230 
165 
185 

55 
60 
47 
45 
48 

n.a. 
39 
29 

Otqtal = 5.9 kW 
iOl/05/84) 

168 
210 
210 
218 
218 
211 
116 
220 
220 
190 
221 
221 
170 
120 
214 
205 
149 
165 

55 
60 
48 
47 
48 

n.a. 
42 
32 

Radial temperature profiles at the 2655-mm elevation for all three decay 
heat levels are shown in Figure 3.12. The profiles were measured along the 
diagonal through the 8x8 fuel assemblies, and are represented by thermocouples 
9, 12, 15, 16, 17, 23, and 23a shown in Figure 3.10. Note that temperature 
drops from the surface of the cask to the amhient are less than 35°C in all 

cases, a small contribution when compared to the ma ximum overall temperature 

drops through the cask of -348°C. The primary temperature drops appear to 

occur in the outermost fuel assemblies. The temperature profiles in the 
interior assemblies, by contrast, appear to be smooth and relatively flat. 
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COBRA-SFS and HYDRA predictions are compared to these temperature data in 
Sections 4.3 and 5.3, respectively. 

3.3.2 Shieldlng 

A limited amount of dose rate data were acquired to evaluate the QAD 

(gamma-ray) and DOT (neutron) shielding codes. Measured axial dose rate pro­

files are presented in Figure 3.13. Both the gamma-ray and neutron profiles 
peak near the axial midplane of the cask (250 mm, 98 in.). The peak dose rates 
are relatively low: -10 mrem/hr. 
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4.0 COBRA-SFS HEAT TRANSFER ANALYSIS 

The COBRA-SF$ {Spent Fuel Storage) computer code was used to predict tem­
perature and velocity distributions in the CASTOR-lC spent fuel storage cask. 
Results were obtained for three different decay heat levels. In this section, 
a description of the COBRA-SFS code, the conservation equations, and modeling 
capabilities are presented, along with a comparison of COBRA-SFS predi~tions 

with test data. 

4.1 COBRA-SFS COMPUTER CODE 

The COBRA-SFS code is a steady-state, lumped finite-volume computer code 

that predicts flow and temperature distributions in spent fuel storage systems 
and fuel assemblies under mixed and/or natural convection conditions. Derived 
from the COBRA family of codes (Rowe 1973; Stewart et al. 1977; George et al. 
lg8o; Khan et al. 1981), which have been extensively evaluated against in-pile 
and out-of-pile data, COBRA-SFS retains all the important features of the COBRA 

codes and extends the range of application to problems with two-dimensional 
radiation and conduction heat transfer. This capability permits analyses of 
single- and multiassembly spent fuel storage systems with unconsolidated or 
consolidated fuel, with a variety of fill media (Creer 1984; Cuta, Rector, and 
Creer 1984; Wiles et al. 1986; Wheeler et al. 1986; Rector, Cuta, and Creer 

1986). 

COBRA-SFS provides finite-difference solutions to the equations governing 
mass, momentum, and energy conservation for incompressible flows. Analyses are 

conducted using a subchannel approach in which the flow areas of assemblies or 
storage systems are divided axially into discrete control volumes for which the 
conservation equations of mass, momentum, and energy are written. These equa­
tions are then solved using an iterative implicit method. The energy equations 

for the coolant, rod cladding, fuel, and structural members (walls) are solved 
simultaneously in a plane. Axial conduction in the structural members is 
modeled. A nonparticipating, gray body radiation heat transfer model also 
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allows two-dimensional radiant heat exchange among all solid members in an 
enclosure and is iterativ~ly coupled to the rod and wall energy equations. 

The flow field may be either user-prescribed or internally calculated as a 
function of the gravitational and dynamic pressure losses. Specifications of 

heat losses from the boundary may vary circumferentially and axially, and can 

include both radiation and convection heat transfer. Axial heat transfer from 

the subchannel model to plenum regions (regions above and below the fuel assem­

blies) also can be modeled. 

In the following sections, the COBRA-SFS modeling capabilities are out­

lined, and a brief description of the conservation equations is given. 

4.1.1 Modeling Capabilities 

COBRA-SFS allows simulations of a wide range of dry storage systems via 

input instructions. In addition to the multiassembly cask analysis described 

in this report, applications have included analyses of single-assembly spent 

fuel storage systems under multiple orientations and fill media (Lombardo et 

al. 1986) and analyses of both single- and multiassembly consolidated fuel 

storage systems (Creer 1984; Cuta, Rector, and Creer 1984; Wiles et al. 1986; 
Wheeler et al. 1986; Rector, Cuta, and Creer 1986). The code contains thenmal­

hydraulic models for pressure drop, turbulent mixing, diversion crossflow, 

buoyancy-induced flow recirculation, and conduction and radiation heat trans­
fer. A versatile fuel rod model allows simulation of consolidated fuel assem­

blies. The code's capabilities and limitations are outlined in Table 4.1. 

4.1.2 Conservation Equations 

The COBRA-SFS code solves the conservation equations of mass, momentum, 
and energy in a fuel assembly or fuel storage system using finite difference 

equations derived by performing suitable balances on finite control volumes. 

Empirical relationships are used where needed to close the set of equations. 

The fluid control volume for continuity, axial momentum, and energy is 

characterized by a flow cross-sectional area, A; an axial length, ~; and a 

gap width, S, for the connection between itself and adjacent control volumes. 
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Modeling 
Capabilities 

Program and 
l/0 Control 

Limitations 
and 
Assumptions 

TABLE 4.1. COBRA-SFS Capabilities and Limitations 

Finite-volume 
Steady state 
Triangular, square, or 

consolidated rod arrays 
Recirculating flows 
Zero net flow solution 
Interassembly and intra-

assembly heat transfer 
Nonparticipating radiation 

(planar) 
Mi xed geometry 
Variable axial grid spacing 

Constant prescribed flow 
Zero net fl ow 
Restart and post-processing 

dump 
Decoupled hydrodynamics 

(no buoyancy) 
Fully coupled hydrodynamics 
Echoed input 
Result execution and time 

monitoring 
Variable/constant fluid 

properties 
Pressure drop initialization 

scheme 
Data "roll" option for large 

problems 

Incompressible flow 
Finite-volume approach 
No free-field capability 
One-dimensional boundary heat 

transfer 

4.3 

Multiple flow regions 
Fluid conduction and 

turbulent mixing 
Pressure drop model 

(network and subchannel) 
Variable property rod model 
Variable boundary heat 

transfer 
Prescribed heat flux 
Plenum heat loss model 
Use of specified or prescribed 

flow regions 
Variable fluid properties 



Figure 4.1 shows the relationship of a subchannel control volume to a fuel 

storage system; a typical subchannel control volume is also displayed . Any 
series of control volumes connected axially is considered a subchannel. In the 

following equations, the finite-difference terms are presented with the 
corresponding word definitions given in brackets immediately below each 
equation. The list of symbols in the Nomenclature section of this document 

should be referred to for explanation of the notat i on. 

Continuity Eguat ion (for subchannel i) 

n v. 1A. 1P~ 1 v .A.P~ - (P - p ) 
j = 

J- J- J- J J J + t ek (uk \Pk")j A ~t 6X. 6X. 
J J kt'F. 

1 

[mass J [axial mass J [lateral mass] ( 4.1) = + 
storage transport transport 

The asterisk denotes that donor cell values are convected by the associated 

velocity. 

Storage System 

Subchannel 

Fuel Assembly Control Volume 

FIGURE 4.1. Subchannel Definition 
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Fluid Energy Equation (for channel i} 

n A (ph - (ph) l v.lA.lp~lh~l v.A.p~h~ 

j = J- J- J- J- J J J J 
+ E ek ( uk \Pkhk) j ~t ~X. ~X. 

J J ke:'f . 
1 

[energy ] = [axial energy] + [lateral energy] 
storage transport transport . 

+ t 
nel.. 

1 

A H 
HTR R ( T _ T) 
~X. C 

+ E 
!lEt. 

1 

A H 
HTW W ( T _ T) 
~X. W 

J n 

+ [rod heat flux] 

+ [lateral conduction] 
heat transfer 

J m 

+ [wall heat flux] 

+ [turbulent energy] 
exchange 

All other forms of energy transport that are not explicitly represented in 

Equation (4.2) (e.g., potential and kinetic energy) have been neglected. 

Axial Momentum Equation (for channel i) 

( ( )n) A.lv.lv~lp~l 
A 

pv - pV J- J- J- J-.,__ ______ j :: --'------------
~t ~X. 

[

axial ] 
momentum 
storage 

J 

[

axial momenum] 
= transported 

axially 

p - p 

(4.2) 

- ( j -1 j) 
+ A 

j ~X. 
J 

\WT 
+ E !;X (vii - vJ) 

kt'f . 

+ [pressure] 
gradient 

4.5 
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+ [turbulent momentum] 

exchange 



-- -+- P.V.Iv. IA. 1 (f c ) * 
2 oh t1 x j J J J J 

- A pg cos a 
j 

_ [irreversible friction] _ [gravitational] 
and form losses head 

(4.3) 

In the derivation of the axial momentum equat ion, it is assumed that all 

irreversible losses can be obtained by use of suitable friction factors and 
loss coefficients applied to the bulk velocity. Al so, it is assumed that pres­
sure changes linearly along the control volume, and the shear stress terms due 
to flow in the adjacent subchannels can be neglected. 

Transverse Momentum Equation 

The momentum control volume length, 1, and gap width, S, define a trans­
verse momentum control volume as shown in Figure 4.2. Inside this control 
volume, the transverse velocity is normal to the transverse gap; the flow is 
assumed to have no transverse component outside the transverse momentum control 

volume. 

Subchannels 

FIGURE 4.2. Transverse Momentum Cont rol Volume 
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n 
SA x ( P *u - (p *u ) L J. S ( ) • S ( ) * 

j At = k vj-1 pu k,j-1 - k vj pu k,j 

[

lateral ] 
momentum 
storage 

= [transverse momentum] 
transported axially 

+ [pressure gradient} (4.4) 

A further assumption in the transverse momentum equation is that there are no 
applied body forces in the transverse direction. 

Fuel Rod and Cladding Energy Equations 

By assuming that 1} there is no heat transfer axially, 2} the heat is 
generated uniformly throughout the fuel at a given axial location, and 3} the 

fuel properties do not vary with the radial variation in temperature, the 
cladding temperature is obtained by performing a lumped energy balance on the 
claddi~g material at each axial level. The finite-difference form of the 
equation used is presented in Equation (4.5}. 

T - T n 
c c 

At 

[
energy ] 
storage 

+ [heat transfer] 
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In Equation (4.5), it is assumed that the temperature is uniform around 
the circumference of the cladding. The film coefficient, HR, is given by user­
specified correlations, and the gap conductance between fuel pellet and clad­
ding, Hg, is assumed constant. F;n and F;m are gray body radiation exchange 
factors that account for multiple reflections within an enclosure. F;n is a 
coefficient for rod-to-rod heat transfer, while F;m is a coefficient for rod­
to-wall heat transfer. Both are derived by assuming constant surface emis­
sivity. The gray body exchange factors can be user-prescribed or calculated . 
internally by specifying black body view factors and surface emissivity values. 
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As before, Fim and F;n are the gray body exchange factors from wall node i to 
wall node m and rod node n, respectively. Axial heat transfer from the walls 

to a plenum region can be included at the end axial levels. 
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4.2 COBRA-SFS MODELS AND INPUT 

A three-dimensional, half-symmetry model of the CASTOR-lC cask was used 
for the COBRA-SFS analysis. A half-symmetry model was dictated by the arrange­

ment of 7x7 and Bx8 rod BWR fuel assemblies and by the radial decay heat dis­
tribution. This model, the boundary specifications, and properties used, are 

described in detail below. 

4.2.1 Cask Body 

A radial cross section of the computational cell arrangement used to 

represent the cask body is presented in Figure 4.3. A total of 136 wall nodes 
at each axial level are used to model the heat transfer through the cask body. 
Of these, 40 are zero-thickness nodes that represent the temperatures on the 
outside and inside surfaces of the cask body. These surface nodes are neces­
sary to accurately calculate the radiation heat transfer at the cask surfaces. 
Surface fin models are described in Section 4.2.3, which is devoted to boundary 
specifications. 

Wall conduction heat transfer in the radial, circumferential, and axial 
directions is modeled by specifying the appropriate thermal resistance terms 
between adjacent nodes. The input thermal resistance values may reflect a 

composite of materials and parallel and/or series heat transfer paths. For 
example, wall nodes containing both polyethylene neutron absorber rods and cast 

iron are modeled using a composite conductivity. 

4.2.2 Cask Basket and Fuel Assemblies 

A radial cross section of the computational cell arrangement used to 
represent the cask basket and fuel assemblies is presented in Figure 4.4. The 
stainless steel basket is represented by 34 wall nodes at each axial level. 
The BWR fuel assemblies are modeled using a detailed rod and subchannel nodali­
zation. A typical 7x7 rod assembly is modeled using 49 rods and 60 fluid sub­
channels. A typical 8x8 rod assembly is modeled using 64 rods and 77 fluid 

subchannels. The resulting half-symmetry cask model consists of a total of 
170 wall, 452 rod, and 548 subchannel nodes at each axial level. The basket 
and fuel assembly region of the cask is modeled using 18 uniform axial nodes • 
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Heat is removed from the fuel assemblies through the basket and cask hody 

to the atmosphere by all three modes of heat transfer: conduction, convection, 

and radiation. Within each assembly, heat is transmitted from the rods to the 
basket by conduction through the fluid. Fluid conduction between adjacent sub­
channels is modeled hased on a transverse control volume of specified gap width 
and centroid-to-centroid length. The conduction shape factor (defined in Sec­
tion 4.1) was assigned a value of 1.0. Conduction heat transfer through the 
basket is modeled by specifying the appropriate thermal resistance between. 

adjacent wall nodes. It was assumed that there was no additional thermal 

resistance at the welded junctions between the hasket plates. Heat transfer 

from the basket to the cask inner wall was modeled using a thermal resistance 

derived by assuming a 13-mm (0.51-in.) helium gap. 

The overall contribution of convective heat transfer is dependent on the 
flow field established. For these simulations the flow field is obtained by 

adjusting the total pressure drop until 1) the pressure drop across all chan­
nels is equal and 2) the total net flow rate is zero. Thus, the flow resis­

tance of the fuel assemblies and basket are important convection component 
parameters. The rod and wall friction for all subchannels except those adja­

cent to the cavity surface are modeled using a friction factor expression of 
f = 100/Re, which is for a square rod array with typical BWR pitch-to-diameter 

ratios (Sparrow and Loeffler 1959). The wall friction for subchannels adjacent 
to the cavity surface was modeled using the standard friction factor expression 
for fully developed laminar pipe flow; f = 64/Re (Kays and Crawford 1980). 

Heat transfer from the rods and walls to the coolant was prescribed 
through the use of a film coefficient of the form Nu = 4.364 (Kays and Crawford 
1980) for the pre-look predictions. This formulation is an analytical solution 
of the energy equation for a constant heat rate and fully developed velocity 
and temperature profiles in a circular tube. The film coefficient was evalu­

ated as a function of temperature at each location. 

Each BWR spent fuel assembly, surrounding basket fuel tube, and cavity 

wall is treated as a separate thermal radiation enclosure. Rod-to-rod, rod­
to-wall, and wall-to-wall radiative heat transfer within each radiation enclo­

sure is prescribed using gray body exchange factors. The exchange factors for 
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each BWR spent fuel assembly are derived using geometric view factors for one­
quarter pin surface segments. This subdivision of the fuel rod surface, when 
determining view factors~ has previously been shown to be adequate in deter­
mining the proper radiative heat transfer from a rod bundle (Cox 1977). 

4.2.3 Roundary Specifications 

The computational noding model described earlier extends radially· outward 
to the cask surface. Within this model the wall and fluid energy equations are 
solved simultaneously. Boundary conditions are provided to the model by speci­

fying heat transfer coefficients that describe the heat transport from the 

cask surface to the ambient air. The two coefficients of interest are 1) heat 

transfer from the cask barrel to the ambient and 2} heat transfer from the cask 

ends to the ambient. 

The outside surface geometry of the cask varies as a function of axial 
level. In the axial region of the fuel assemblies, a set of 48 axial cooling 

fins is provided to assist in removing heat by natural convection. The amount 
of heat being removed by natural convection from a finned surface is calculated 
using the Nusselt number expression (Chaddock 1970) 

(4.7) 

where Ra is the Rayleigh number, b is the distance hetween vertical fins, and L 
is the total vertical length of the fin. 

Heat is removed from the fins by thermal radiation also. The amount of 
heat removed is calculated using a composite gray body exchange factor. This 
factor is calculated using Hottel •s method (Cox 1977) and is hased on the 
surface emissivities and the black body view factors between the cask and fin 
surfaces and ambient air. The ambient air was assumed to be a black body 
surface at a temperature of 26.7°C (80°F) in the pre-look analysis. 

Near the top anrl bottom of the cask, the outer surface of the cask is 

essentially a smooth cylinder. The amount of heat removed by natural convec­
tion is calculated using the Nusselt number expression for vertical cylinders 

in air at 1 atm (Lindeburge 1981): 
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Nu = 0.13 (GrPr)0•33 (4.8) 

The top of the cask is represented by a horizontal flat plate. The Nusselt 
number expression for this geometry in air at 1 atm (lindeburge 1981) is 

Nu = 0.14 {GrPr)0.33 (4.9) 

The rarliation heat transfer from the top and smooth side surfaces is 
derived from the expression for heat transfer between parallel plates and the 

cask. As hefore, the amhient air is assumed to he a hlack hody at a tempera­

ture of 26.7°C (80°F) for the pre-look analysis. 

The hottom of the CASTOR-1C cask rested on a supporting surface. Recause 

the surface temperature and contact resistance were unknown, the bottom surface 
of the cask was conservatively assumed to be an adiabatic boundary. 

The heat transfer correlations used are summarized in Table 4.2. 

4.2.4 Material Properties 

The material properties used to develop the CASTOR-1C model are presented 
in Table 4.3. Most of these properties were obtained from GNS (GNS 1983). 
Constant thermal conductivities are specified for cast iron and the poly­
ethylene neutron moderator. However, the thermal conductivity for the fuel 

basket is specified as a function of temperature. As stated earlier, the 
thermal conductivities are not used in the COBRA-SFS code directly, but are 
used to determine the resistance coefficient between adjacent wall nodes. A 

TARLE 4.2. Roundary Heat Transfer Correlations 

Ttpe Region Natural Convective Co~onent 

Radial Fins Nu = 0.112 (Ra•b/L0.534 [l-e-129/(Ra•b/l)]0.284 

Radial Smooth Nu = 0.13 (GrPr)0.33 

Axial Top Nu = 0.14 (GrPr)0•33 

Axial Bottom Adiabatic 
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TABLE 4.3. Material Properties and Surface Emissivities 

Thermal Conductivities 
Nodular cast iron = 0.35 W/ cmK 
Neutron moderator = 0.15 x lo-2 W/cmK 
Fuel basket = (9.503 + 1.445x1o-2T - 4.989xlo-2T2 + 3.33xlo-9T3) lo-2 W/cmK 

where T is temperature in °K 

Surface Emissivities 
Fuel rods = 0.8 
Fuel basket = 0.4 
Nickel-plated surfaces = 0.25 
Painted fins = 0.93 (Measured) 

preliminary CASTOR-lC simulation was performed using an average value for the 
thermal conductivity to estimate specific temperatures to evaluate the thermal 

conductivity for each connection. 

A list of surface emissivities is provided in Table 4.3. The nickel­
plated surfaces correspond to both the inside surface of the cavity and the 

outside surface of the cask above and below the fin region. 

4.2.5 Modeling Uncertainties 

In the design information used to develop t he CASTOR-lC cask model, a 

number of uncertainties exist, affecting the ability to accurately predict the 

cask thermal performance. The following parameters introduce uncertainties 
into the analysis: 

• The basket-to-cask wall gap is assumed to be a nominal 13 mm 
(0.51 in.). No effort has been made to account for thermal expan­
sion or eccentric positioning of the basket within the cavity. 

• The fuel assemblies are assumed to be perfectly vertical and posi­
tioned in the center of each basket fuel tube. In reality, the fuel 

assemblies will probably lean against the side of the fuel tube for 
support. The resulting eccentricity affects the heat transfer from 

the assembly to the basket • 

• Natural convection heat transfer from the outside surface of the cask 
is difficult to predict accurately. The correlation selected is 

4.15 



hased on vertical rectangular fins extending from a flat surface in 

a static environment, which may not accurately model the physical 

system. 

• The hottom surface of the cask is assumed to ~e arliahatic. In 
reality, there will be heat transfer to the supporting concrete sur­
face, which depends on the contact resistance hetween the surfaces. 

4.3 COBRA-SFS SIMULATIONS COMPARED TO DATA 

The COBRA-SFS computer code was used to predict the temperature and 

velocity distributions in the CASTOR-lC cask using the three-dimensional model 

described in Section 4.2. Two sets of simulations were performed. A set of 

pre-look simulations, which were performed without any prior knowledge of the 

data, were compared to the measured data. Following the comparison, improve­
ments in the computational model were recommended and a set of post-test simu­

lations was marle. An assessment of the COBRA-SFS predictive capabilities is 
given based on the comparison of pre-look and post-test results with measured 

test data . An outline of the evaluation procedure follows. 

To properly evaluate code predictions, several comparisons of code pre­

dictions to data must be made. The most ohvious comparison is of peak cladding 

temperatures. However, comparisons of temperature differences between compo­
nents in the cask and comparisons of axial temperature profiles are needed to 
thoroughly evaluate the cask model. Pre-look comparisons of peak cladding 
temperatures may he used to assess the predictive capabilities of the code. 
However, the pre-look comparisons are directly affected by the accuracy, reli­
ability, and completeness of the cask input description as well as test data. 

4.3.1 Pre-Look Simulations 

Three pre-look simulations were made, each corresponrling to a different 

total decay heat level. To perform pre-look predictions, cask internal pres­

sure, cask loading pattern, assembly decay heat generation rates, and ambient 
temperatures were supplied for each run. The axial power profile was the 
burnup curve shown in Figure 3.7, because it was assumed that it was calculated 
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from in-reactor activity scans. The ambient temperatures for the three cases 

were not known initially, so a temperature of 80° (27°C) was assumed • 

The most obvious indicator of how well the COBRA-SFS code predicts the 
thermal performance of the cask is the comparison of peak cladding tempera­

tures. However, because ambient temperatures used in the simulations are not 
equal to the measured values, it is more appropriate to compare total.tempera­
ture drop from the peak cladding to the amhient. Both peak cladrling tempera­
ture and total temperature drop comparisons for all three cases are presented 

in Table 4.4. 

Predicted total temperature differences compare very closely to test data, 
falling within 2% in all three cases. Despite the excellent agreement between 

total temperature differences, it will be shown later that there are differ­
ences between predicted and measured temperature drops in specific regions of 

the cask. 

Comparisons of predicted axial temperature profiles to test data for all 
three decay heat loads are shown in Figure 4.5. As stated previously, pre­

dicted peak cladding temperatures compare favorably with measured test data. 
However, temperature~ near the lower end of the axial profile are overpre­
dicted. For example, the temperature of the lowest measured position on the 
peak rod is overpredicted by approximately 50°C in the high decay heat case. 
In addition, temperatures in the upper region appear to be slightly underpre­
dicted. For example, the temperature at the highest measured position on the 
peak rod is underpredicted by approximately 10°C in the low decay heat case. 

Case 
No. 

1 
2 

3 

TABLE 4.4. CORRA-SFS Pre-look Peak Cladding Temperature Predictions 
Compared to Data 

Peak Cladding 
Total Decay Tem~erature, °C Total Tem~erature Difference 

Heat 2 kW Measured Predicted Measured, ~c Predicted, ~c % Diff. 
13.4 374 381 348 354 1.7 
7.2 255 252 226 225 (0.4} 
5.9 221 219 189 192 1.6 
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Differences between predicted and measured axial temperature profiles 
could be the result of several contributing factors. One possible reason is 

that the amount of natural circulation occurring within the cask is not being 
accurately predicted. Under stagnant conditions, the axial temperature profile 
will mirror the axial decay heat profile except for axial conduction effects. 
When a significant amount of natural circulation occurs, the axial temperature 
profile is skewed upward, cooling the lower regions and heating the upper 
regions. The lack of data regarding the cask flow field makes any evaluation 
of the predicted convection difficult. However, experience with other test 

simulations give confidence in predicted flow velocities (Lombardo et al. 1986; 

Wiles et al. 1986; Wheeler et al. 1986). 

Another possible reason for the difference between predicted and measured 
axial temperature profiles is an improperly specified axial decay heat pro­

file. As stated earlier, the axial burnup curve in Figure 3.7 was selected 
because it was assumed that it was determined from in-reactor activity scans. 
As discussed in Section 3.2.2, it has been determined that the curve shown in 
Figure 3.8 more accurately reflects the actual axial decay heat distribution in 
the fuel assemblies. Note that the new decay heat curve is skewed upward when 
compared to the initial curve (Figure 3.9). 

The ability to correctly predict peak cladding temperatures suggests that 
important physical phenomena occurring within the cask are properly modeled 

with CORRA-SFS. However, the radial temperature profiles shown in Figure 4.6 
illustrate greater local temperature differences between predicted and measured 
values and suggest where changes to the cask model can he made. For example, 
cask surface temperatures are overpredicted in all cases, which suggests a 
deficiency in cask surface convective or radiative heat transfer correlations. 
Comparisons of predicted and measured temperatures in the interior of the cask 
are complicated by differences in predicted and measured surface temperatures. 
More meaningful comparisons can be made when predictions and data are compared 

using temperature differences, rather than absolute values • 
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FIGURE 4.6. Comparisons of CORRA-SFS Pre-Look Radial Temperature Profile 
Predictions With Test Data (266-cm Elevation) 

To determine the important temperature differences to be used for evalua­
tion, it is important to understand the heat transfer phenomena occurring 
within the cask. The important heat transfer phenomena in each cask region 
are briefly described below: 

• On the cask surface, heat is removed hy both natural convection and 
thermal radiation. Most of the heat generated leaves through the 
side of the cask; relatively little leaves through the top or bottom. 

The side temperature is characterized by two thermocouples at the 
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3055-mm (120-in.) elevation (Figure 4.4). A comparison of side­
to-ambient temperature differences will be used to evaluate this 

region. 

• The only mode of heat transfer through the cask body is solid conduc­
tion. Because the cask body geometry and thermal properties are well 

known. there is little potential for differences . The cask inner 
surface can be characterized only by the single thermocouple at the 
3853-mm (152-in.) elevation. which is adjacent to the upper end of 

the axial profile. Comparisons of this temperature with the lower 
cask surface and rod temperatures will yield biased radial tempera­
ture differences. Therefore, evaluation of the cask body model could 

not be performed separately, but was done as part of the cask cavity 

evaluation. 

• The heat generated by the spent fuel assemblies in the cavity of the 

CASTOR-1C cask is removed by all three modes of heat transfer. Heat 
is transferred to the cask inner surface through the basket and 

through the outer ring of assemblies. The steep radial temperature 
gradient through the corner assemblies indicates a significant amount 
of conduction and radiation heat transfer through the outer ring of 

fuel assemblies. The heat transfer through this region is evaluated 
by comparing the temperature difference between one of the center 

rods of the corner 8x8 rod assembly and the cask outer surface. 

o The total heat transfer through the cavity region, including heat 
transfer through the basket and outer fuel assemblies, is evaluated 
by comparing the temperature difference between the peak rod tempera­
ture in the centermost 8x8 rod assembly and the cask outer surface. 

To summarize, the primary temperature differences used to evaluate the COBRA­
SF$ radial temperature profile predictions are the cask surface-to-ambient 
temperature difference, the corner assembly-to-cask outer surface temperature 
difference, and the peak rod-to-cask outer surface temperature difference. 
Each of these temperature differences is examined in more detail below • 
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4.3.1.1 Cask Surface 

Comparisons of predicted to measured cask surface-to-ambient temperature 
differences are presented in Table 4.5. Surface temperatures are from two 
thermocouples, one on the base surface and one on a nearby fin, at the 3055-mrn 

(120-in.) elevation. Note that surface temperature difference are conserva­
tively overpredicted by 30 to 40% in all cases. This indicates that the con­
vective and/or radiative heat transfer components are underpredicted. 

The radiation heat transfer component is defined by two parameters, the 

surface emissivity and surface area. The surface emissivity is a measured 
property of the paint used on the fins and will not deviate significantly from 
the specified value. The equivalent surface area is calculated using view 

factors based on the fin geometry and is a constant with respect to that geom­

etry. Therefore, the radiative heat transfer component is well defined. How­

ever, the convective component is not so well defined. 

The correlations used in determining the surface convection heat transfer 

were discussed in Section 4.2.3. These correlations were developed based on 
ideal geometries and test conditions. For example, the correlation for free 
convection heat transfer from vertical fins is derived from rectangular fins 
attached to a flat surface suspended in a perfectly stagnant environment. In 

reality, the cask geometry consists of trapezoidal fins on a cylindrical sur­
face. Even more significant is the range of applicability of the correla­
tion. The primary dimensionless parameter used in the correlation is the 
Rayleigh number (Ra). The Rayleigh number determines the flow regime for most 

TABLE 4.5. COBRA-SFS Pre-Look Predictions Compared to Measured Cask 
Surface-to-Ambient Temperature Differences 

Case Total Decay Tem~erature Difference 1 °C 
No. Heat 1 kW Measured Predicted i Diff. 

1 13.4 33 46 39.4 

2 7.2 19 25 31.6 

3 5.9 16 21 31.3 
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vertical surface natural convection correlations. The flow is turbulent for 
Rayleigh numbers greater than 1010 with a transition region in between. The 
data set used to develop the correlation is taken from small fin arrays 
(l ( 25 em, 10 in.), and has Rayleigh numbers less than 108, which indicates 
laminar flow. The CASTOR-lC cask, however, has a relatively large length scale 

(L > 4 m, 14 ft), which results in Rayleigh numbers greater than 1011 • No 
correlations for turbulent flow in vertical fin arrays similar to those on the 

CASTOR-lC cask were found in the literature. It was therefore concluded that 
the surface-to-ambient heat transfer is not accurately modeled by conventional 
natural convection correlations. It may be possible to develop an improved 

correlation from the test data, but the new correlation would be limited in 
application to the CASTOR-lC cask geometry and the site-specific test condi­
tions. Therefore, because an appropriate convection correlation was not found, 
the cask surface heat transfer component in each post-test simulation was 
increased to obtain the measured cask surface temperature. This approach was 
employed only as a means of correcting the surface temperature difference so 
that the interior cask temperatures could be evaluated directly. 

4.3.1.2 Corner Assembly-to-Surface 

The second temperature difference used for evaluation is between one of 

the center rods (Rod 28) in the corner 8x8 rod assembly and the cask surface. 
Comparisons of predicted to measured temperature differences are presented in 
Table 4.6. Note that agreement is within 3% in all three cases. This is 
especially significant when considering that the steepest radial temperature 
gradient is located in the outer ring of fuel assemblies. This indicates that 
the cask body and the important modes of heat transfer in the corner assembly 
are accurately modeled. 

4.3.1.3 Center Assembly-to-Cask Outer Surface 

The final temperature difference used for evaluation is between one of the 

center rods in the center 8x8 rod assembly and the cask outer surface. Com­
parisons of predicted to measured temperature differences are presented in 
Tabl e 4.7. In all cases the temperature differences are underpredicted • 
Although the difference in each case is less than 4%, the absolute magnitude 

nf the difference is comparable to that of the surface temperature difference. 
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TABLE 4.6. COBRA-SFS Pre-Look Predictions Compared to Measured Corner 
Assembly-to-Cask Outer Surface Temperature Differences 

Case Total Decay Tem~erature Difference 1 °C 
No. Heat 1 kW Measured Predicted % Diff. 

1 13.4 189 188 {0.5) 

2 7.2 117 120 2.6 

3 5.9 101 102 1.0 

TABLE 4.7. COBRA-SFS Pre-Look Predictions Compared to Measured Peak 
Rod-to-Cask Outer Surface Temperature Differences 

Case Total Decay Tem~erature Difference 1 °C 
No. Heat 2 kW Measured Predicted % Diff. 

1 13.4 315 308 (2.2) 

2 7.2 207 200 (3.4) 

3 5.9 173 171 (1.2} 

These differences, when added, offset each other and give excellent total tem­

perature difference comparisons. When surface temperatures are corrected, a 

corresponding correction must be made to peak cladding temperatures. To deter­

mine the source of the differences in peak cladding-to-cask outer surface 

temperature differences, the parameters describing the primary modes of heat 

transfer must be examined. 

One path for removing heat from central assemblies is through the stain­

less steel fuel basket. The resistance along this path is a function of the 

gap between fuel assemblies and the basket fuel tubes, the thermal properties 
of the basket material, the welded connections in the basket, and the gap 

between the basket and the cavity wall. It was assumed that the fuel assem­
blies were centered in the basket fuel tube, creating a uniform fuel assembly­

to-fuel tube gap around the periphery of the assembly. Eccentrically located 

assemblies give lower peak cladding temperatures. The thermal properties of 

the stainless steel used in the basket are well known quantities with low 

uncertainties. The welded junctions between basket plates were assumed to 

have negligible thermal resistance. Considering the size of the welds and the 

degree of quality control, this is a good assumption. The value used for the 
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gap between the basket and the cavity wall was based on the assumption of a 

perfectly centered basket. When the basket is eccentrically located, local 
temperatures near the larger gap are increased, but peak temperatures decrease 

due to a reduction in overall resistance. Thermal expansion of the basket 

relative to the cask results in a lower peak temperature. Assuming no expan­

sion of the cask body and using a typical coefficient of expansion for stain­

less steel, the maximum reduction in the basket-to-cavity wall gap was deter­

mined to be less than 10~. Therefore, no change in gap width was made for the 

post-test analysis. 

Heat is removed from the fuel rods in the central assemblies by thermal 

radiation, conduction, and convection. Radiation heat transfer is defined by 

the geometry and the surface emissivities of the fuel rods, basket, and inner 

cask wall. The emissivities are a function of both the material type and 

surface condition. Unless the emissivities are measured directly, significant 
uncertainties are associated with their values. The fraction of total heat 

removed by radiation increases as the total heat load increases. Therefore, 

an incorrect radiation model would result in an error that changes as the heat 

load increases. No such trend appears in Table 4.7. Therefore, the same emis­
sivities used in the pre-look analysis were used in the post-test analysis. 

The amount of heat removed by natural circulation within the cask is 

defined by friction factor expressions and heat transfer coefficients. The 

magnitude of velocities in the flow field are moderate, with a maximum assembly 

average velocity of less than 12 em/sec (5 in./sec). The lack of data regard­

ing the cask flow field makes any evaluation of the predicted flow field dif­

ficult. However, experience with other test simulations give confidence in the 
flow parameters used (Lombardo et al. 1986, Wiles et al. 1986, Wheeler et al. 
1986). In addition, because magnitudes of gas velocities are low and the fluid 
has a low thermal capacity, a large adjustment in the friction factor or other 
flow parameters would be required to affect the temperature distribution. 

Therefore, the same flow parameters were used in the post-test analysis as used 

in the pre-look analysis • 

The convection heat transfer coefficients between rods and fluid, which 

are expressed in terms of Nusselt numbers, directly affect the temperature 
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distribution within the cask. A Nusselt number of 4.364 was specified for the 

pre-look analysis. This value is derived from an analytical solution of the 
energy equation by assuming a constant heat rate and fully developed velocity 
and temperature profiles in a circular tube. It has been demonstrated in other 

validation studies (Lombardo et al. 1986) that a Nusselt number of 3.658 results 
in a better comparison between simulations and test data. This value will 
create a greater resistance to heat from the rods to the fluid, which will 
result in an increase in the peak cladding temperature. 

4.3.2 Post-Test Simulations 

The evaluation of pre-look simulations resulted in the identification of 

three primary improvements to be made to the CASTOR-lC computational cask 

model: 

• specification of a new axial decay heat profile that more accurately 
reflects the power history of the Wurgassen spent fuel assemblies 

• use of a Nusselt number of 3.658, rather than 4.364, to describe 

convection heat transfer from the fuel rods to the gas 

• increasing the cask surface heat transfer coefficient to obtain the 

correct surface temperatures. 

Following implementation of these improvements, a second set of three simula­

tions was performed, each corresponding to a different decay heat level. The 
temperature results were then compared with data to evaluate the model. The 
comparisons demonstrate the improved ability to predict the peak cladding 

temperature and axial and radial temperature profiles. 

The primary indicator of how well the COBRA-SFS code predicts the thermal 
performance of the cask is the comparison of peak cladding temperatures. Both 
the peak cladding temperature and total temperature drop comparisons for all 
three post-test analysis cases are presented in Table 4.8. As in the pre-look 

analysis, the results of the total temperature drop compare very closely to 

test data, falling within 2% in all three cases. 

A major problem identified in the pre-look evaluation was that the shape 

of the axial temperature profile was incorrectly predicted. As stated earlier, 
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Case 
No. 

1 
2 

3 

TABLE 4.8. COBRA-SFS Post-Test Predictions Compared to Measured Peak 
Cladding Temperatures and Total Temperature Differences 

Peak Cladding 
Total Decay Tem~erature 2 oc Total Tem~erature Difference 

Heat 2 kW Measured Predicted Measured 2 ~c ~redicted 1 ~c i Diff. 

13.4 374 376 348 350 0.6 
7.2 255 251 226 222 (1.8) 
5.9 221 220 189 188 (0.5} 

the temperatures near the lower end of the axial profile were severely over-
predicted, in one case by approximately 50°C, and the temperatures in the upper 
region were slightly underpredicted. The cause was determined to be an incor­

rectly specified axial decay heat profile. As a result, a new axial decay 
heat profile was calculated based on detailed in-reactor radiation scans (Sec­
tion 3.2.2). This new axial profile was then used in performing the post-test 
cask simulations. 

Comparisons of the predicted peak cladding axial temperature profiles with 

test data for all three decay heat cases are shown in Figure 4.7. The compari­

sons show a dramatically improved agreement between predictions and data. Near 
the lower end of the axial profile there is excellent agreement, with a maximum 
temperature difference of less than 5°C in all cases. Near the top of the pro­
file there is still good agreement, with a maximum temperature underprediction 

of between 10° to 15°C. This improvement in the axial temperature profile pre­
diction illustrates the importance of providing accurate input to the code. 

The radial temperature profiles for all three post-test simulations are 
shown in Figure 4.8. Predictions are in excellent agreement with all test 
data. 

The primary temperature differences from the pre-look analysis, which were 
used to evaluate the COBRA-SFS radial temperature profile predictions, are the 
cask surface-to-ambient temperature difference and the peak rod-to-cask surface 
temperature difference. The effect of the computational modeling changes 

resulting from the pre-look analysis on each of these temperature differences 
is examined in more detail below • 
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4.3.2.1 Cask Surface 

A comparison of predicted to measured cask surface-to-ambient temperature 

differences is presented in Table 4.9. Predicted temperature differences were 
obtained by adjusting the surface heat transfer coefficient until the predicted 
surface temperature was within 1 or 2°C of the measured temperature. As 
explained in the pre-look discussion, this approach was employed only as a 
means of correcting the surface temperature difference so that the interior 

cask temperatures might be evaluated directly • 
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TABLE 4.9. COBRA-SFS Post-Test Predictions Compared to Cask 
Surface-to-Ambient Temperature Differences 

Case Total Decay Tem2erature Difference 1 
oc 

No. Heat 1 kW Measured Predicted % Diff. 
1 13.4 33 35 6.1 

2 7.2 19 20 5.2 

3 5.9 16 17 6.3 

4.3.2.2 Corner Assembly-to-Surface 

The second temperature difference to be used for evaluation is between one 

of the center rods (Rod 28) in the corner 8x8 rod assembly and the cask sur­
face. Comparisons of post-test predictions to measured temperature differences 

are presented in Table 4.10. The comparisons show slightly better agreement 
with the data (a maximum differences of 2%) than the pre-look predictions. In 

either case. the difference is well within the uncertainties of material prop­

erties and geometry. 

4.3.2.3 Center Assembly-to-Cask Surface 

The final temperature difference to be used for evaluation is between one 
of the center rods in the center 8x8 rod assembly (Rod 28) to the cask sur­
face. Comparisons of post-test predictions to measured temperature differences 
are presented in Table 4.11. In all cases temperature differences are either 

predicted correctly or slightly underpredicted. The maximum difference was 
reduced from less than 4%. in the pre-look analysis to less than 3% in all 
three cases. This slight improvement is attributed to the reduction of the 
value of the Nusselt number. which defines the convection heat transfer coeffi­
cients from rods to fluid, from 4.364 to 3.658. This change resulted in a 

TABLE 4.10. COBRA-SFS Post-Test Predictions Compared to Corner 
Assembly-to-Surface Temperature Differences 

Case 
No. 

1 

2 

3 

Total Decay 
Heat 1 kW 

13.4 

7.2 
5.g 

TemEerature Difference 1 °C 
Measured Predicted i Diff. 

189 190 0.5 
117 117 o.o 
101 99 (2.0) 
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TABLE 4.11. COBRA-SFS Post-Test Predictions Compared to 
Peak-Rod-to-Surface Temperature Differences 

Case Total Decay Tem~erature Difference 2 °C 
No. Heat, kW Measured Predicted i Diff. ............. 

1 13.4 315 308 o.o 
2 7.2 207 202 (2.4) 

3 5.9 173 171 (1.2) 

increase in predicted temperature because conduction and radiation are 
the primary modes of heat transfer in the radial direction. In both the pre­

and post-test predictions, the error is well within the uncertainty of the 
material properties and the geometry. 

4.4 ADDITIONAL COBRA-SFS SIMULATIONS 

A set of six additional simulations were performed to more fully charac­

terize the thermal performance of the CASTOR-1C cask. The results of these 

simulations are presented in this section. Four of the simulations are used to 
examine the effect of cask orientation and backfill medium on the temperature 
distribution within the cask. The remaining two simulations predict the maxi­

mum allowable total decay heat rates to reach a peak cladding temperature of 
400°C for different backfill media. Descriptions of the six simulations are 
presented in Table 4.12. The ambient temperature of 26°C and total decay heat 

rate of 13.4 kW corresponds to the test conditions of the high power data set 
taken on March 10, 1982. The decay heat axial profile for all additional 

simulations is the same as the corrected profile used for all post-test 
simulations. 

The peak cladding temperature results for the first four simulations are 

presented in Table 4.13. Only the horizontal, helium case was predicted to 
yield peak cladding temperatures of less than 400°C. The vertical, nitrogen 
case was predicted to produce peak cladding temperatures of 417°C, which is 
near the 400°C allowable. However, the horizontal, ni t rogen and vertical, 

vacuum cases resulted in peak cladding temperatures signficantly above the 
400°C allowable. Figures 4.9 and 4.10 show the peak cladding axial temperature 
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TABLE 4.12. Additional COBRA-SFS Simulation Descriptions 

Simulation Backfi 11 Cask Ambient Total Decay 
Number Medium Orientation TemEerature Heat Rate 1 kW 

1 Nitrogen Vertical 26°C (79°F) 13.4 

2 Vacuum Vert i ca 1 26°C ( 79°F) 13.4 

3 Helium Hori zonta 1 26°C (790F) 13.4 
4 Nitrogen Horizontal 26°C {79°F) 13.4 
5 Helium Vertical 38°C (100°F) to reach 400°C 

6 

profiles for 

Nitrogen Vertical 38°C (100°F) to reach 

TABLE 4.13. COBRA-SF'S Predictions of Peak Cladding 
Temperatures 

Backfill Cask Peak Cladding 
Medium Orientation TemEeratures 

Nitrogen Vertical 417°C (782°F) 
Vacuum Vertical 499°C (930°F) 

Helium Horizontal 394°C (741°F} 

Nitrogen Horizontal 493°C (920°F) 

400°C 

different media with the cask in a vertical and horizontal orien-

tation, respectively. The vacuum case is shown in both figures because it is 

insensitive to the cask orientation. For the cask in a vertical orientation, 
the axial temperature profile for the nitrogen case is skewed upward as com­
pared to the helium and vacuum cases, indicating a significant amount of 
natural convection. In contrast, the helium temperature profile indicates 
relatively little convection. The vacuum axial temperature profile mirrors the 
decay heat axial profile, indicating that convection is not an important mode 
of heat transfer in the vacuum case. 

When the cask is placed in a horizontal orientation, the effect of natural 

convection within the cask is virtually eliminated . The axial temperature pro­

files for both the nitrogen and helium cases are similar in shape to the vacuum 
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case. The peak cladding temperature in the nitrogen case is 493°C (920°F), an 
increase of 77°C (138°F) over that for a vertical orientation. There is little 
difference between the nitrogen and vacuum cases, indicating that radiation is 
the dominant mode of heat transfer in the horizontal nitrogen case. In con­
trast, the peak cladding temperature in the helium case is 394°C (741°F), an 
increase of only 18°C (32°F) over that for a vertical orientation. 

The results of the last two simulations, which predict the assembly decay 
heat rates required to achieve a peak cladding temperature of approximately 

400°C, are summarized in Table 4.14. The cask is predicted to dissipate 13% 
more heat with a helium backfill gas than with a nitrogen backfill gas for 

approximately the same peak cladding temperature. Figures 4.11 and 4.12 

compare the axial temperature profiles for these cases with those calculated 
using the high power (13.4 kW), March 10, 1982, test conditions for helium and 
nitrogen cases, respectively. It should be kept in mind when comparing these 
profiles that the ambient temperatures are different and that the March 10, 
1982, assembly heat generation rates are not uniformly identical. The decay 
heat in the high power test run was concentrated toward the center of the cask, 
resulting in higher temperatures than for a uniform heat generation case. 
Therefore, comparisons between the two axial temperature profiles must be made 
with care. 

TABLE 4.14. COBRA-SFS Predictions of Maximum Allowable Total 
Decay Heat Rate 

Backfi 1l Assembly Decay Total Decay Predicted Peak Cl add.i ng 
Medium Heat 2 W Heat Rate 2 kW Tem~erature 2 °C 

Helium 875 14.0 398 
Nitrogen 775 12.4 400 
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5.0 HYDRA HEAT TRANSFER ANALYSIS 

In this section, the pre-look (before analyst was provided experimental 
data) and post-test heat transfer analysis using the HYDRA thermal hydraulics 

computer code are described. After the pre-look analysis was performed and 
predictions were compared to data, post-test predictions were completed. This 

approach provided an unbiased evaluation of HYDRA predictions and the identifi­
cation of refinements that improved predictions. 

The numerical basis and features of HYDRA are briefly discussed along with 
the geometry model, material properties, and important heat transfer and ther­

mal hydraulic correlations. HYDRA predictions, both pre-look and post-test, 
are presented and compared to CASTOR-1C test data. Best-estimate predictions 

of the cask heat dissipation capability with uniform fuel assembly heat genera­
tion rates are presented for vertical and horizontal cask orientations with 

both nitrogen and helium hackfill gases. 

5.1 HYDRA COMPUTER CODE 

HYDRA is a fully three-dimensional thermal hydraulics computer code that 
solves equations of continuity, momentum, and energy by finite difference tech­
niques. The code is currently under evaluation using applications ranging from 
simulations with known solutions to full-scale spent fuel storage system tests 
(Creer 1984; Wiles et al. 1g86; Wheeler et al. 1986). The use of HYDRA for 
predicting the operating characteristics of the CASTOR-lC spent fuel storage 
cask is one in a series of simulations being performed to evaluate and qualify 

the program for design and safety analyses. 

The time-dependent conservation equations of momentum and mass for com­
pressible fluids are used as the basis for calculating single-phase flow 
fields. The time-dependent conservation equation of energy with convection and 
heat sources is the basis for calculating the temperature field. These conser­

vation equations are as follows: 
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Momentum 

where t = time 

Mass 

Energy 

m = mass flux 

~ = area fraction 
p :: density 

~ = gravitational vector 
p = pressure 

0 • Darcy and orifice drag 

l! = viscosity 
~ = superficial velocity. 

a + 1t ( p) = -V•(m) 

where cp = specific heat 
T = temperature 
A= thermal conductivity. 

(5.1) 

(5.2) 

( 5.3) 

The source term, q, in the energy equation represents heat generation and 
thermal radiation heat transfer. The latter is given by an expression of t,e 

form 
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where H;j is an exchange factor based on geometry and emittances • 

A thermodynamic state relationship of the form 

p = f (p, T) (5.5) 

i s required, as are other relationships needed for definition of temperature­

dependent material properties. 

The conservation equations are converted to finite-difference equations 
using the locally one-dimensional philosophy embodied in Spaulding's Hybrid 

scheme [see for example, Patankar (1980}]. Both the energy equation and the 
three linear momentum equations are solved using an alternating-direction 
algorithm described by Douglas and Gunn (1964). The linking of the momentum 
equations with the conservation of mass equation is accomplished in a manner 

consistent with the spirit of the CTS SIMPLE algorithm described by Raithby and 
Schneider (1979,1980). 

HYDRA uses a Cartesian coordinate system for the computational mesh in the 
inner cask cavity (fuel basket region). A cylindrical coordinate system is 
available for convenience in calculating temperatures in the surrounding cask 
body. When both coordinate systems are invoked to model a cask, the code will 
automatically align the two systems and enforce conservation of energy at their 
interface . 

HYDRA has been designed to provide a user-oriented input interface, elimi­
nating the need for internal code changes. Any application for which the code 

is an appropriate choice can be completely described through the construction 

of an input file. The user may optionally request a formatted echo of the 
input file to confirm that the intended parameters are actually those used by 
the code. A selectable commentary monitoring the progress of the code toward 
a steady-state solution is available, as is a summary of energy balances. 

5.3 



Finally. results may be written to a tape at the conclusion of a run in the 
event that the user may wish to restart the solution from its most recent 

point. 

5.2 HYDRA MODELS AND INPUT 

The complete description of a given simulation is contained on an input 
file. The input file is read by HYDRA. and the information contained is stored 

and used to guide subsequent execution of the code. This section describes 
some of the information on the input file: the computational mesh, material 
properties, and correlations. Modeling uncertainties associated with the 

CASTOR-1C cask are also discussed. 

5.2.1 Computational Mesh 

A transverse cross section of the cask was illustrated previously in Fig­
ure 3.2. This cross section shows a square cavity inside the cask whose out­
side surface is approximately cylindrical. Figure 5.1 shows the corresponding 
computational mesh employed and indicates the alignment of the computational 
mesh with various physical features of the cask. Cartesian coordinates are 
used in the cask cavity, and a cylindrical coordinate system is used to repre­
sent the cask body. 

An elevation view section of the cask is seen in Figure 3.1. A corre­
sponding axial cross section of the computational mesh is shown in Figure 5.2 

and indicates the location of physical cask features relative to the computa­
tional mesh. 

The code computes a temperature and three mass fluxes (if a fluid is 
present) corresponding to each computational cell. The shape and location of 
each cell is selected, insofar as practical, to coincide with physical struc­
tures or boundaries of the cask and its contents. The accuracy of predicted 
temperatures and mass fluxes is influenced significantly by how well the com­
putational mesh is aligned with the physical structure. 

5.2.2 Material Properties and Correlations 

Material properties were obtained from the cask topical safety analysis 
report {GNS 1983, 1985) and from Touloukian and Ho {1970). The material 
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properties used for all simulations are listed in Table 5.1. Effective thermal 

conductivities were estimated for those computational cells containing more 
than one material. For those simulations where the backfill is denoted as 
vacuum, it is to be understood that the actual backfill is nitrogen gas at low 
pressure. The pressure is high enough, however, so that the mean free path of 
the gas is less than any significant lengths (gaps). The properties used for 
the vacuum simulations are, therefore, those of nitrogen. 

The total heat transfer from the external surface of the cask to ambient 
was computed by HYDRA for both convection and radiation modes acting in 

parallel. Heat transfer correlations were used to predict convection heat 

TABLE 5.1. Material Properties 

Thermal Conductivity (W/cm2°K) 
Stainless steel 
Boron steel (Radionox) 
Nodular cast iron 
Epoxy 
Concrete 
Air 
Helium 
Nitrogen(a) 

Specific Heat (W sec/g°K) 
Helium 
Nitrogen 

Viscosity (g/cm sec) 
Helium 
Nitrogen 

Emittance 
Fuel cladding 
Fuel basket 
Cast iron (nickel-plated) 
Cast iron (smooth) 
Cast iron (painted fins) 
Stainless steel 

0.09215+(0.1465E-3)T 
0.079+(0.21E-3)T 
0.5162-(0.3205E-3)T 
0.15E-2 
0.017 
0.688E-4+(0.634E-6)T 
0.52E-3+(0.32E-5)T 
0.75E-4+(0.6167E-6)T 

5.234 
1.053 

0.700E-4+(0.400E-6)T 
0. 794E-4+(0.355E-6)T 

0.8 
0.4 
0.25 
0.3 
0.92 (Measured) 
0.2 

(a) Vacuum properties were the same as those for nitrogen 
because the vacuum was actually low-pressure nitrogen • 
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transfer from the external surface of the cask to ambient. The correlations 
used for all external surfaces relate the Nusselt number, Nu, to the Rayleigh 

number, Ra, and are of the fonm 

Nu = C[Ra(L)]" (5.6) 

The values of C, n, and the significant length, L are listed in Table 5.2. 
Correlations for smooth surfaces were taken from Sissom and Pitts (1972) and 
the correlations for finned surfaces were estimated from Chaddock (1970). 

5.2.3 Modeling Uncertainties 

Typical spent fuel storage casks are large and complex thermal hydraulic 

systems; hence, some uncertainty about how best to construct an accurate over­

all model will always be present. These uncertainties lead inevitably to 
approximations, some of which may be difficult to quantify. Most uncertainties 

may be placed within one of three broad categories: 

1. basic information that is application-specific and measurable (e.g., 

cask dimensions, heat generation rates, ambient conditions) 

2. information generic to most applications (e.g., property values, 

correlations) 

3. decisions about how to achieve the best match between a particular 
code and the application (e.g., computational mesh, internal 

algorithms). 

TABLE 5.2. Convective Heat Transfer Correlations 

Surface c n -- L, em 

Vertical 0.13 1/3 172.0 

Horizontal-heated surface 0.14 1/3 172.0 

facing up 
Vertical fins o. 75 1/4 8.0 

Horizontal fins 0.5 1/4 8.0 
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Some of the more important factors falling within the above categories include: 

• The information shown on cask drawings may not entirely reflect the 

as-built cask geometry. Design information and not as-built infor­
mation was normally used as HYDRA input • 

• Dimensional tolerances may be particularly significant when they 

influence small gaps with important thermal resistances. The input 

to HYDRA specified nominal dimensions. 

• Potential eccentricities, such as the actual location of the basket 

within the cask cavity, are a source of uncertainty. Other eccen­
tricities, such as the location of a fuel assembly within a basket 

fuel tube, are certain to occur and can substantially alter some 

thermal and flow resistances. The input to HYDRA specified no 

eccentricities. 

• Assembly decay heat generation rates and corresponding axial profiles 

have a direct impact on predicting cladding temperatures. Both heat 

generation rates and axial profiles are amenable to experimental 
determination, and that is the preferred approach. Predicted values 

were used as input to HYDRA. 

• All material property values possess a range of uncertainties, 

although the range for most well-characterized materials is usually 

not significant. Exceptions include the emittance of some material 

surfaces, especially if the surface has been altered by some process 

(e.g., corrosion, crud, oxidation, or sandblasting). The HYDRA input 

file specified values believed to be typical. The potential conse­
quences of a range of emittances values on predicted temperatures 
have not been investigated. 

• Convection heat transfer coefficients, as employed on the outside 
surface of the cask, are known to result in approximate local heat 
transfer rates. The HYDRA input file specified heat transfer coeffi­

cients based on information obtained in the open literature for con­

ditions similar, but not identical, to cask surfaces. 
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• Some boundary conditions may be difficult to determine. An example 

is the heat loss from the cask bottom to the concrete floor upon 
which it rested. The HYDRA input file specified a relatively small 

rate of heat loss. 

• Some uncertainties are inherent in the use of discrete solution 
methods. An example is the trade-off between mesh coarseness and 
accuracy. The conservation equations have been formulated within 
HYDRA in an entirely consistent fashion. Thi s means that any desired 
numerical accuracy may be achieved by using a sufficiently large 

number of computational cells. The practical trade-off is between 
accuracy and computer time and costs. The optimum is difficult to 

determine a priori. 

• Another source of uncertainty results from limitations of models 
constructed internal to the code. Thermal radiation models are a 

good example. All radiation enclosures within the cask are three­
dimensional. Two-dimensional radiation models are used extensively 
within HYDRA for practicality. The errors associated with this 
approximation can be reduced, but not eliminated, by careful 

selection of a computational mesh. 

Finally, there is a fourth category of uncert ainty not mentioned pre­
viously--human error. The internal coding or input specifications intended may 

not be what is actually present. This situation is at its worst when the 
offending mistake results in an error that is both significant and unobtrusive. 

5.3 HYDRA PREDICTIONS COMPARED TO DATA 

Pre-look and post-test predictions of temperatures are compared to experi­
mentally measured test data in this section. All pre-look predictions were 
conducted without the modeler having access to the experimental results (except 

cask internal gas pressure and the ambient temperature} and having not pre­

viously modeled the CASTOR-lC cask. The post-test prediction results, which 
conclude this section, are much improved over pre-look predictions and are in 
substantial agreement with test data. 
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The post-test predi ctions benefitted from comparisons between predictions 
and measured temperature data. These comparisons resulted in one modification 
to the code input files. Post-test predictions used an assembly axial decay 
heat generation rate profile believed to be more representative than that used 

in pre-look predictions. This modification is briefly mentioned now as an aid 
in interpreting the pre-look predictions. 

5.3.1 HYDRA Pre-Look Predictions 

This subsection includes selected temperature profiles showing the com­

parison between pre-look predictions and measured data. Comparisons are made 

for each of the three test runs that occurred on three separate dates. All 
~est runs were conducted with the cask oriented vertically and backfilled with 

nelium gas. Most of the discussion of code predictions and comparisons to data 
is d·eferred until post-test results are presented. 

Predicted and measured axial temperature profiles presented in Figure 5.3 

s haH that temperatures are overpredicted (70°C) in the lower half of the cask 
~ihile temperatures in the upper half are underpredicted (70°C). Comparisons 
between predicted and measured peak cladding temperatures are satisfactory 
(l0°C). However, axial positions at which peak temperatures occur are not 
satisfactorily predicted. 

Figure 5.4 shows three radial temperature profiles at an axial elevation 
of 266 em. The agreement between predictions and data (l5°C) is acceptable 

over the radius from cask center to external surface. Agreement is satisfac­
tory because of the fortuitous axial location of the thermocouples; agreement 

at other axial locations would not be as good, as indicated in Figure 5.3. 

Clearly, one or more phenomena are not properly accounted for in the 

mathematical description of the cask if it is tacitly assumed that no serious 
experimental data problems exist. This matter will be pursued in the following 

subsection on post-test simulations. 

5.3.2 HYDRA Post-Test Predictions 

This subsection begins with a statement and expl anation of the single 

input file modification that was applied to all three runs. Next, post-test 
comparisons are illustrated graphically as counterparts to those presented 
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previously for pre-look comparisons. This subsection concludes with a dis­
cussion of the results of the simulations, to provide additional insight into 

CASTOR-lC cask performance. 

After the experimental data were made available and compared to pre-look 

predictions, the HYDRA code and its input files were reviewed carefully. The 

experimental data were accepted as provided, and the experimental procedures 
were not examined for deficiencies that could result in errors in the reported 
temperature, or backfill pressure or composition. The code itself was reviewed, 
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and no evidence could be found to support a change. A modification to the code 

input files could, however, be supported. 

The modification to input files found to be uniformly warranted was 
mentioned briefly at the beginning of this section. It is restated here with 

amplification. Post-test predictions use an assembly axial decay heat 
generation rate profile believed to be more representative than that used in 

the pre-look predictions. 

Pre-look predictions showed that temperatures in the lower half of the 

fuel assembly were overpredicted, while those in the upper half were under­
predicted. More than one factor could promote such a trend (for example, 
insufficient upward convection). A careful review of the results of this and 

previous HYDRA applications (Creer 1984, Wiles et al. 1986, Wheeler et al. 
1986) suggested that the most likely cause of the discrepancy was the use of an 
inappropriate assembly axial decay heat generation rate profile. Further 
investigation revealed that the reactor had undergone a coastdown that had not 
been properly accounted for in the initial calculation of the axial decay heat 
generation rate profile. Additional details may be found in Section 3.2.2, 
Predicted Decay Heat Generation Rates. 

Selected predicted and measured axial temperature profiles are shown in 
Figure 5.5. The predicted axial profiles are in much better agreement with the 
data than pre-look predictions. The largest discrepancy occurs in the peak 
cladding temperatures for the high decay heat test run. This discrepancy is 
l2°C, which could be reduced to 6°C if adjustments were made for surface 

temperature overpredictions. 

Figure 5.6 shows predicted and measured radial temperature profiles at an 
axial elevation of 266 em. These profiles are virtually identical to those 
shown previously in Figure 5.4 for the pre-look results, a change of axial heat 
generation rate profile did not affect temperatures at this axial elevation by 

any substantial amount. 
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Some observations are in order regarding the pre-look and post-test 
simulations before the additional simulations are described. Section 5.2.3 
contains a list of potential uncertainties inherent in any application. The 
one having the most significance for CASTOR-lC is repeated here for emphasis : 

• The total heat generation rate and the axial heat generation rate 

profile have a direct impact on predicted cladding temperature. Both 
the total generation rate and the axial profile are amenable to 
experimental determination, and that is the preferred approach. 
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An estimate of the effect that the heat generation rate axial profile may 
have on temperature can be obtained by comparing Figures 5.3 and 5.5. The 
predicted temperatures at an axial elevation of 163 em for the high decay heat 

profiles are 365°C and 301°C, and the respective normalized local generation 
rates are 1.1g and 1.03. The percentage difference in local temperatures is 
24%, and the percentage difference in local heat generation rates is 16% (the 
total heat generation rate is the same in both cases). The differences 'at 
other axial elevations may be more or leSS 5 and other heat generation rate 
profiles may also be expected to yield different results. 

The above concern regarding the heat generation rate profile also applies 
to assembly heat generation rates. It is estimated that the percentage uncer­

tainty in the predicted total decay heat generation rate described in Sec­
tion 3.2 is ±5% (one sigma confidence level). The percentage uncertainty in 
the profile is similarly estimated at ±10%. Considering these uncertainties, 
the agreement between predicted temperatures and measured data is perhaps 

better than what might be expected. 

5.4 ADDITIONAL HYDRA SIMULATIONS 

Six additional HYDRA simulations are described in this section. These 

simulations were performed to provide additional insight into the expected 

thermal performance of the CASTOR-lC cask under conditions where no data cur­
rently exist. Two of the simulations predict the maximum allowable cask decay 
heat dissipation; the remaining four examine various combinations of cask 

orientations and backfill gases. 

The six simulations are: 

1. uniform assembly decay heat rates to reach 400°C, vertical orien­
tation, helium backfill, 38°C ambient temperature 

2. uniform assembly decay heat rates to reach 400°C, vert i ca 1 ori en­

tat i on 5 nitrogen backfi 11, 38°C ambient temperature 

3. vertical orientation, nitrogen backfill, March 10, 1982, test 

conditions 

5.17 



4. vertical orientation, vacuum backfill, March 10, 1982, test 
conditions 

5. horizontal orientation, helium backfill, March 10, 1982, test 
conditions 

6. horizontal orientation, nitrogen backfill, March 10, 1982, test 
conditions. 

The relevant test conditions of March 10, 1982, are: 

• 13.4 kW total power with each assembly generating its unique amount 
• 26°C ambient temperature. 

The axial decay heat generation rate profile employed is the same as the cor­
rected profile used for all post-test simulations. The backfill pressure for 

all simulations is 0.75 bar, except for the vacuum (low-pressure nitrogen) 
backfill simulation, which uses 1 mbar. 

The results of the first two simulations establishing the decay heat 
required to reach approximately 400°C are summarized in Table 5.3. The 

assembly and total decay heat predicted to be dissipated by the CASTOR-lC cask 
while maintaining peak cladding temperatures near 400°C were 844 W and 13.5 kW, 
respectively, using helium, and 731 Wand 11.7 kW, respectively, using nitro­
gen. Therefore, the cask is predicted to dissipate 15% more heat with a helium 

backfill gas than with a nitrogen gas for approximately the same peak cladding 
temperature. 

Figures 5.7 and 5.8 show fuel rod temperatures versus axial position for 
the two simulations. Also shown on Figure 5.7 for information are data and the 

post-test prediction of the high power (13.4-kW), March 10, 1982, test run. 

TABLE 5.3. HYDRA Peak Cladding Temperature Predictions for Uniform 
Assembly Decay Heat Generation Rates 

Predicted 
Assembly Decay Total Decay Peak Cladding 

Backfill Gas Heat, W Heat 2 kW Tem2erature, oc 
Helium 844 13.5 396 
Nitrogen 731 11.7 401 
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When comparing the new simulations to post-test results, note that the ambient 

temperatures are different and that the March 10, 1982, assembly decay heat 
generation rates are not uniform. 

Figure 5.8 shows the results for nitrogen and vacuum backfill environ­
ments. The vacuum profile is for March 10, 1982, test conditions, and the 

nitrogen profile is for both March 10, 1982, test conditions and for a 11.7-kW 
total decay heat load and a 38°C ambient temperature (Part 71 licensing cri­
teria). The predicted peak temperatures are 480°C in vacuum, 435°C in nitrogen 
{13.4 kW and March 10, 1982, test conditions), and 401°C for a 11.7-kW total 

decay heat load and an ambient of 38°C. The influence of convection is clearly 
seen by comparing the vacuum curve to the nitrogen curves. Convection is not a 

significant transport mechanism in the vacuum case. Another interesting 

feature--how the peak cladding temperature changes in response to a change in 
total power--is shown by comparing the two nitrogen curves. A 15% change in 
total decay heat (11.7 kW to 13.4 kW) resulted in a 12% change in peak cladding 
temperature (47°C) after adjusting for the different ambient temperatures. It 

should be recalled that the heat generated in each fuel assembly is uniquely 
different in the 13.4-kW case; therefore, a comparison with the 11.7-kW case is 
not exact. However, the commonly observed nonlinear character of coupled con­
duction, convection, and radiation transport modes is indicated. 

Figure 5.9 shows predicted axial temperature profiles for the cask in a 

horizontal orientation compared to predicted and measured profiles in a ver­
tical orientation. Profiles in helium and nitrogen backfill gases are illus­
trated, along with previously shown measured and predicted profiles for the 

vertical, helium test runs. Axial convection is not significant in the hori­
zontal simulations and, as Figure 5.g suggests, axial convection is relatively 
unimportant in the vertical, helium backfill test run because predicted peak 
cladding temperatures are essentially equal and their locations are only 
slightly displaced. Predicted temperatures with nitrogen in a horizontal 
orientation are significantly hotter (50°C) than those in helium cases. The 

profile is symmetrical about the axial midplane of the fuel assemblies, indi-
' eating a lack of convection • 

• 
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The observations made and conclusions drawn from these simulations apply 
specifically to the CASTOR-lC cask. They may not be valid in all respects to 

casks of different configurations. The relationship of peak cladding tempera­
ture to decay heat and the relative importance of conduction, convection, and 
radiation transport are especially dependent on cask and basket designs. 
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6.0 SHIELDING ANALYSES 

This section includes discussions of the QAD and DOT codes used to perform 

the pre-look shielding analyses. The codes, the models and input. and the com­
parisons of predictions with experimental data are included in the discussions. 

The pre-look predictions were in satisfactory agreement with data, so no post­

test analyses were performed. 

6.1 QAD COMPUTER CODE 

The QAD code was used to predict gamma-ray dose rates on the CASTOR-lC BWR 
cask outer surface. QAO and the models and input used to describe the cask are 

discussed in the following sections. 

6.1.1 QAD Description 

The QAD code (Malenfant 1967; ORNL 1977) was used to predict gamma-ray 

radiation dose rates on the outer surface of the cask. The code calculates the 
fast-neutron ar.d gamma-ray penetrations through various shielding configura­

tions using the point-kernel method. The point-kernel method involves repre­
senting the source volume by a number of point isotropic sources and computing 
the line-of-sight distances from each of these source points to the points of 

interest on the cask exterior surface. From the distances through the shield­
ing regions and the attenuating characteristics of the shielding materials. 
geometric attenuation and material attenuation are determined. 

The QAO code has evolved through several stages to the version used for 
this analysis, QAD-CG (ORNL 1977). It contains the MORSE combinatorial geom­
etry subroutines (Straker et al. 1970) which permit accurate descriptions of 
physical systems. 

6.1.2 QAD Model and Input 

The CASTOR-1C cask has one-eighth symmetry; therefore, it was not neces­
sary to model the complete cask in detail. Figure 6.1 shows an elevation view 

of the cask model with the origin of the coordinate system at the bottom center 
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of the cask. Relative axial positions are shown. and. for illustration. the 
basket is separated from the end fittings. fuel, plenum, tie plate, and 
handles. The feet of the basket are not shown in Figure 6.1. Gaps between 
portions of the lids and between the lids and cask body are omitted; thus. the 
height of the cask model in Figure 6.1 is slightly less than that given in 
design drawings. Dimensions for cylindrical components are shown, and the 
various lids are shown as one region. 

The cross section of the cask between elevations 46.5 em and 477.1 em is 

shown in Figure 6.2. Only one-fourth of the cask was modeled in detail. and 

the cooling fins were omitted because the dose rate measurements were taken 
between the fins at their base. The radial locations of the polyethylene mod­

erator cylinders that provide radial neutron shielding are shown in Figure 6.3. 
A total of 80 moderator cylinders are contained in the cast-iron body of the 
cask. A top view of the cask (upper right corner) is shown in Figure 6.4. The 
smaller circle at R = 81.5 em is the top lid, which sits on the cast-iron cask 

body. A bottom view of the cask is shown in Figure 6.5. The full circle at 
R = 81.5 em is the bottom plate covering the neutron shield. 

The basket and fuel assemblies are shown in Figure 6.6. The fuel assem­
blies were modeled as homogeneous mixtures of fuel, cladding, and helium. 

likewise, the end fittings, plenums, tie plates, and handles were assumed to be 
homogeneous mixtures. Their cross-sectional areas were the same as the fuel 

cross sectional area. 

It was assumed that the stainless steel in the end fittings contained 
200 ppm of cobalt while the stainl ess steel in the plenum, tie plate, and 
handles contained 2000 ppm of cobalt. It was assumed that the 7x7 assemblies 
contained 195 kg of uranium, while the 8x8 assemblies contained 185 kg of 
uranium. The elemental and basic material densities used in the QAD model are 
given in Table 6.1 • 
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Neutron and photon source terms for the fuel were based on the ORIGEN2 
calculations described in Section 3.2.2. The average exposure of the fuel 
assemblies loaded into the cask was 27,850 MWd/MTU. The range of exposures was 
27,200 to 28,500 MWd/MTU. The neutron source term was 8.409 x 108 n/sec. The 

average values of the most important photon groups are given in Table 6.2. 

Because the variance in exposure was very small, it was assumed that the X-Y 
shape was flat. The shape of the photon source in the Z direction was based on 
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Moderator Tube Centerline Coord1nates 

ID No. X, em Y. em R, em 

1 41.68 57.07 70.67 
2 34.16 53.67 63.62 
3 50.32 50.32 71 .16 
4 42.20 48 84 64 55 
5 48.84 42.20 64 55 
6 57.07 41 .68 70.67 
7 53.67 34.16 63 62 
8 61 .53 31 .66 69.20 
9 56.42 25.19 61 .79 

10 63.44 20.86 66.78 
11 57.0 16.05 59 22 
12 63.5 10.7 64.40 
13 57.0 5 .35 57.25 
14 63.5 0 63.50 
15 570 -5.35 57.25 
16 63.5 -10.7 64.40 
17 57.0 -16.05 59.22 .. 18 63.44 -20.86 66.78 
19 56.42 -25.19 61 .79 

• FIGURE 6.3. Radial Locations of Polyethylene Moderator Rods 
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FIGURE 6.4. Top View of Cask 

the relative burnup curve shown in Figure 6.7. The implication is that the 
photon source strength is nearly proportional to burnup. Values were read from 
Figure 6.7 for input to QAD. The relative values are given in Table 6.3. 

In addition to the gamma-rays from the fuel, other gamma-rays are produced 
in the stainless steel structural materials because of the presence of the 

cobalt impurity. During irradiation, neutron captures by 59co produce 60co, 
which has a half-life of 5.272 years. Each 60co decay results in two photons, 

one with an energy of 1.332 MeV and the other with an energy of 1.173 MeV. 
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FIGURE 6.5. Bottom View of Cask 

The 60co activity was calculated using the XSORN code (ORNL 1969). The 

fuel and the regions above and below the fuel were modeled as slab regions. 
Above the fuel, the exit void fraction is assumed to be 0.742. The 60co 
activations in each region are given in Table 6.4 for an exposure of 
27,850 MWd / MTU. A composite correction factor of 0.608 was applied to each 
number to account for in-reactor decay and post-irradiation decay . The decay 

factor assumes a measurement date of March 10, 1982. 
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Cask Basket and Fuel Assemblies 

The activation rate as a function of position within each region was also 

calculated with XSDRN. The values used in QAD are given in Table 6.5. Again. 
a flat source distribution was used in the X-Y plane. 
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Material 
Neutron shi e 1 d 
Stainless steel 
End fittings 
Fuel 
Plenum 
Tie plate 
Handles 

TABLE 6.1. Material Densities for QAO Input 

H 
0.065 

Dens itt, g/cm3 
c 0 Cr Mn Fe 

0.692 0.163 
1.426 0.158 5.702 
0.271 0.030 1.085 

0.402 

0.043 0.005 0.173 
0.797 0.089 3.188 
0.032 0.004 0.126 

Basic Material Densities 
Material Density, g/cm3 

Iron 7.25 

Stainless steel 
Polyethylene 

Zirconium 

7.92 
0.92 
6.49 

Ni 

0.634 
0.121 

0.019 
0.354 
0.014 

TABLE 6.2. Photon Source Strengths for QAO Input 

E2 MeV Photons/sec 
1.25 1.376 +15 
1.75 1.020 +14 
2.25 1.457 +14 
2.75 2.943 +12 

6.9 

Zr u 

0.565 2.990 

1.128 
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TABLE 6.3. Axial Gamma-Ray Source Shape 
for QAD Input 

a 

Z1 em Relative Value 
68.0 0.50 

• 75.0 0.70 

90.0 0.97 

llO.O 1.13 

130.0 1.18 
150.0 1.18 

170.0 1.19 

190.0 1.18 

210.0 1.16 

230.0 1.14 

250.0 1.12 

270.0 1.08 

290.0 1.07 

310.0 1.04 
330.0 1.01 
350.0 0.97 

370.0 0.87 
390.0 0.74 
410.0 0.53 

420.0 0.43 

425.0 0.37 
430.0 0.30 
433.4 0.25 

TABLE 6.4. 60co Source Strengths for QAO Input for 
Sixteen Assemblies 

Re9ion Activations 2 atoms Source 2 r/sec 
End fittings 2.01 +21 1.02 +13 

.. Plenum 3.14 +22 1.59 +14 
Tie plate 1.22 +22 6.18 +13 

Handles 2.88 +21 1.46 +13 
• 
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TABLE 6.5. Axial 60co Source Shapes for QAO Input 

End Fittins _ Plenum Tie Plate Handle 
Relative Relative Relative Relative 

Z, em Value Z, em Value z, em Value Z, em Value 

46.5 0.09 433.4 1.28 475.0 1.10 477.1 1.30 
55.0 0.43 440.0 1.34 476.1 1.00 480.0 1.27 

60.0 1.03 450.0 1.16 477.1 0.90 485.0 1.03 
65.0 2.24 460.0 0.89 490.0 0.80 

68.0 2.75 470.0 0.58 494.1 0.65 
475.0 0.53 

6.2 DOT COMPUTER CODE 

The DOT code (Rhoades and Childs 1982) was used to predict neutron dose 

rates on the cask outer surface. DOT and the model s and input used to describe 
the cask are discussed in the following sections. 

6.2.1 DOT Description 

The DOT code calculates neutron and photon particle fluxes in two dimen­
sions using the method of discrete ordinates to sol ve the Boltzmann transport 

equation. Balance equations are solved for the flow of particles moving in a 
set of discrete directions in each cell of a space mesh and in each group of a 
multigroup energy structure. Discrete directions are selected by the user. 
The mesh spacings are also selected by the user. Anisotropic cross sections 
can be expressed in a Legendre expansion of arbitrary order. 

The DLC-85 library (Ford et al. 1980) was used for this analysis. It is a 

coupled neutron/photon library with P3 cross sections. The neutron cross 
sections are represented in 22 energy groups, and the photon cross sections are 
represented in 21 energy groups. 

6.2.2 DOT Models and Input 

The cask was modeled using R-Z geometry as shown in Figure 6.8. The fuel 
and structural material were modeled as a homogeneous mixture. Likewise, the 

end fittings, plenum, tie plate, and handle regions are homogeneous mixtures 
with the structural material. 
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The radial neutron shield (polyethylene cylinders) was modeled as an 
annular region containing a homogeneous mixture of polyethylene and cast iron. 

A 2-cm-thick air region surrounding the cask was included in the model so the 
dose could be obtained 1 em from the cask. The material atom densities or 
volume fractions are given in Table 6.6, depending on whether microscopic or 
macroscopic cross sections were used from the DLC-85 library. 

The flux-to-dose (mR/hour per particle/cm2/sec) conversion factors (A~SI 
1977) were calculated with the DOSE code, which is a module in the AMPX system 
(ORNL 1978). The code calculates conversion factors based on ANS Standard 

6.1.1-1977. 

The neutron source strength and spatial distribution is based on the 

ORIGEN2 calculations described in Section 3.2.2. The source strength increases 
rapidly with exposure, as shown 1n Figure 6.9. Consequently, the axial neutron 
source distribution is much more peaked than the burnup distribution. The 

TABLE 6.6. DOT Material Atom Densities or Volume Fractions 

Region 

Iron 
Neutron shield 

Iron and polyethylene 

End fittings 
Fuel 

Plenum 

Tie plate 

Handles 

Material 

Fe 

c 
H 
0 
Fe 
c 
H 
0 
ss 
UD2 ss 
Zr 
ss 
Zr 
ss 
ss 

6.14 

Atom Density, 
a/b-ern Volume Fraction 

7.82 -2 
3.47 -2 
3.88 -2 
6.10 -3 
3.46 -2 
1.94 -2 
2.17 -2 
3.40 -3 

0.1630 
0.2088 
0.0414 

2.41 -3 
0.0610 

4.81 -3 
0.4029 

0.0421 

·. 
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relative axial neutron distribution is shown in Figure 6.10. The input to DOT 

was based on Figure 6.10, ~nd the relative values are tabulated in Table 6.7. 
The radial neutron source shape is assumed to be f l at because the assembly 
exposures are tightly clustered about 27,850 MWd /MTU. The absolute neutron 

source strength for calculations {8.409 x 108 n/sec) was based on ORIGEN2 

values calculated for each assembly. 

6.3 SHIELDING PREDICTIONS COMPARED TO DATA 

QAD and DOT dose rate pre-look predictions are compared to experimental 

data in the following sections. Because pre-look predictions compared favor­
ably with the data, no post-test predictions were performed. 

6.3.1 Gamma-Ray Dose Rates 

Gamma-ray dose rates on the surface of the cask were calculated at a 
number of positions on the side, top center, and bottom center of the cask. 
The predicted dose rate at the top center was 0.04 mrem/hr and the predicted 
dose rate at the bottom center was 1.28 mrem/ hr. These compare with measured 

values of 0.4 mrem/hr and 2.0 mrem/hr, respectively (GNS 1983). These dose 
rates are so low that they are of little consequence. 

Predicted dose rates on the side of the cask are compared to measured 
values in Figure 6.11. The calculated curve is for the flat side of the cask 

at an angle of 4° (see Figure 3.10, Section 3.3). Predicted dose rates are 
approximately a factor of 2 higher than measured values. However, the angular 
position of the measured data was not made avail abl e. The calculated dose rate 
at 45° is 60% lower than the calculated dose rate at 4°. If the measured data 

are at 45° , the predictions would be in good agreement with measured values. 
The secondary gamma-ray contribution to the dose rate is negligible compared to 

the primary gamma-ray dose rate. 
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TABLE 6.7. Axial Neutron Source Shape for OOT Input 

Z, em Relative Value Z, em Relative Value 
72.5 0.01 265.0 1.26 
77.5 0.01 275.0 1.22 
85.0 0.02 285.0 1.19 
95.0 0.23 295.0 1.15 

105.0 0.57 305.0 1.11 
115.0 0.94 315.0 1.07 
125.0 1.24 325.0 1.01 
135.0 1.48 335.0 0.95 
145.0 1.70 345.0 0.88 
155.0 1. 74 355.0 0.80 
165.0 1.74 365.0 o. 71 
175.0 1.72 375.0 0.59 
185.0 1.67 385.0 0.46 
195.0 1.63 395.0 0.37 
205.0 1.58 405.0 0.20 
215.0 1.52 415.0 0.09 
225.0 1.47 421.9 0.04 
235.0 1.41 425.8 0.03 
245.0 1.35 429.6 0.02 
255.0 1.30 433.5 0.01 

6.3.2 Neutron Dose Rates 

Neutron dose rates on the surface of the cask were calculated at a number 
of positions on the top, side, and bottom. The predicted neutron dose rate 
profile on top of the cask is shown in Figure 6.12. The average measured 
neutron dose rate for the top of the cask is 0.2 mrem/hr (GNS 1983). The dose 
rates are so low that they are of little consequence. 

The predicted dose rate profile on the bottom of the cask is shown in 
Figure 6.13. The dose peaks at the bottom center of the cask at a value of 
12 mrem/hr and drops off rapidly with radius. The edge of the neutron shield 

at a radius of 52.9 em is visible as a hump in the curve. No measured neutron 
dose rates were provided for the bottom of the cask and thus, no comparison 

could be made. 
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The predicted dose rate profile on the side of the cask is compared to 

measured data in Figure 6.14. Predicted dose rate values are approximately a 
factor of 4 higher than measured values. High calculated values could be due 
to high neutron source strengths. Reducing the predicted dose rate profile by 

a factor of 4 results in good agreement with the measured data. The predicted 
dose rates represent a circumferential average, while the angular location of 
the measured data were not specified. Thus, there could be a discrepancy due 
to the location of calculated values versus the location of measured values. 
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DRIGEN2 INPUT FOR ASSEMBLY 6467 



TABLE A.l. OR!GE~2 Input for Assembly B467 

-1 
-1 
-1 
T!T 8467 
BAS METRIC TON 
LIP 0 0 0 
LIB 0 1 2 3 251 252 253 9 3 0 1 4 
PHD 101 102 103 10 
INP 1 1 -1 -I 1 1 
RDA BURNUP TO 27600. 11oJD/MT 
SUP 
!RP 21 • 00 34.78 1 2 4 2 
DEC 25.00 2 3 4 0 
IRP 107.00 34.78 3 4 4 0 
DEC 108.00 4 5 4 0 
IRP 258.00 34.78 5 6 4 0 
DEC 313.00 6 7 4 0 
!RP 319.00 15.08 7 8 4 0 
DEC 324.00 8 9 4 0 
!RP 334.00 18.85 9 10 4 0 
DEC 339.00 10 I 4 0 
!RP 493.00 18.85 1 2 4 0 
DEC 495.00 2 3 4 0 
!RP 498.00 14.88 3 4 4 0 
!RP 499.00 7.44 4 3 4 0 
IRP 584.00 18.83 5 6 4 0 
DEC 625.00 6 7 4 0 
IRP 638.00 18.85 7 8 4 0 
DEC 642.00 8 9 4 0 
IRP 695,00 18.85 9 10 4 0 
DEC 697.00 10 1 4 0 
IRP 714.00 18.85 1 2 4 0 
DEC 943.00 2 3 4 0 
IRP 945.00 9.45 3 4 4 0 
IRP 1199.00 17.48 4 5 4 0 
DEC 1202.00 5 6 4 0 
!RP 1223.00 14.87 6 7 4 0 
DEC 1225.00 7 8 4 0 
IRP 1242.00 14.87 8 9 4 0 
IRP 1253.00 12.68 9 10 4 0 
IRP 1259.00 10.50 10 1 4 0 
DEC 1267.00 I 2 4 0 
IRP 1310.00 8.75 2 3 4 0 
IRP 1325.00 5.25 3 4 4 0 
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fABLE A.l. (contd) 

IRP 1352.00 4.37 4 5 4 0 
DEC 1571.00 5 6 4 0 
IRP 1573.00 5.76 6 7 4 0 
IRP 1580.00 8.68 7 8 4 0 
DEC 1583.00 8 9 4 0 
IRP 1626.00 17.36 9 10 4 0 
!RP 1628.00 7.22 10 1 4 0 
DEC 1631.00 1 2 4 0 
IRP 1632.00 8.68 2 3 4 0 
!RP 1900.00 17.36 3 4 4 0 
IRP 1920.00 11 • 88 4 5 4 0 
DEC 1930.00 5 6 4 0 
IRP 1961.00 11 • 61 6 7 4 0 
IRP 1991.00 10.97 7 8 4 0 
IRP 2022.00 5.76 8 9 4 0 
SUP 
MOV 9 I 0 1 • 0 
DEC 425. I 2 4 1 
DEC 434. 2 3 4 0 
DEC 444. 3 4 4 0 
DEC 882. 4 5 4 0 
DEC 987. 5 6 4 0 
DEC 891. 6 7 4 0 
DEC 90!. 7 8 4 0 
DEC 1248. 8 9 4 0 
DEC 1340. 9 10 4 0 
DEC 1431. 10 I 1 4 0 
HED 1 DISCHARGE 
HED 2 MAR 1 • 82 
HED 3 MAR IOM.92 
HED 4 MAR 20. 82 
HED 5Jlt-l l , B3 
HED 6JUN 61'1.83 
HED 7 JUN 10. 83 
HED 8 JUN 20. 83 
HED 9 JUN 1 • 84 
HED 10 SEP 1 • 84 
OPTA 8 8 8 8 7 8 8 8 7 8 8 8 8 8 8 8 8 8 8 8 s 8 8 8 
OPTL 8 8 8 8 8 e a 8 7 8 8 8 9 9 8 8 8 8 8 8 8 8 8 8 
OPTF 8 8 8 8 7 8 8 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 
OUT 10 1 0 -1 
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TABLE A,l. (contd) 

STP 4 
4 1000 3.0 50000 .oa 60000 28.3 70000 18.9 
4 80000 224. 1 90000 00.0 110000 000.0 120000 0.0 
4 130000 5.66 140000 oo.o 150000 00.0 160000 8.26 
4 170000 0.0 180000 0.0 220000 4.72 230000 4. 7 
4 240000 294.5 250000 4. 72 260000 530,8 270000 33.0 
4 2130000 4. 72 290000 4.72 400000 230969.0 420000 00.0 
4 470000 o.o 480000 0.06 490000 o.o 500000 3774.4 
4 72000 18.4 740000 5.4 0 o.o 
2 9223'50 26000. 922380 974000. 0 0.0 
0 
END 
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