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SHIELDING CALCULATION TECHNIQUES USED IN 
THE DESIGN CP FOEL STORAGE SYSTEMS 

S. S. Wang J. V. Massey 

NUTECH, Inc. 

ABSTRACT This paper addresses the shielding design and analysis of a 
concrete modular spent fuel storage system. Particular attention is given 
to comparing various computation techniques in determining bulk shielding 
thickness, and also in dealing with the radiation streaming effect through 
the air exit penetration openings in the module. Three computer codes 
QADMOD, ANISN, and DOT-IV were used to solve the same problem. In addition, 
hand albedo calculation were done to augment the result of the QADMOD cal-
culation to properly deal with the surface scattering. 

I. INTRODUCTION 

The NUTECH Horizontal Modular Storage (NUHOMS [1]) System is an 
independent irradiated fuel storage installation designed to store 
irradiated fuel in a safe, dry environment (see Figure 1). It is a modular 
storage facility consisting of a dry shielded canister (DSC)', a concrete 
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horizontal storage module (HSM), an on-site transfer cask, a cask skid and 
trailer, and a hydraulic ram. All the components in the storage system have 
a design life of 50 years or more. The canister is 37 inches in diameter, 
has a half-inch thick steel shell and an internal basket designed to hold 
seven PWR spent fuel assemblies. Both ends of the canister are shielded by 
two-inch thick steel closure plates and a five-inch lead shield plug. The 
HSMs are typically built in eight-module units which hold a year's fuel dis-
charge from a 1,000 MWe reactor. The module walls and roof are made of 3.5-
feet thick reinforced concrete. On the roof slab there are two off-set 
slots (4 inch x 36 inch) which allow air flow to exit. The air inlets are 
in the front face of the HSM. 

This paper describes the shielding calculation techniques used in the 
design of the NUHOMS system. Of particular interest are the shielding 
calculations performed on the DSC-HSM model (Figure 2) which represents a 
NUHOMS test and demonstration unit. The shield plug at the end of the 
canister has two cut-off edges to accommodate a site-specific transfer 
cask. Surface dose rates at several critical detector locations were 
calculated for the purpose of determining the nominal surface dose, in 

Figure 2 
NUHOMS SHIELDING CALCULATION MODEL 
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addition to assessing integrated dose received by operating personnel. The 
overall effectiveness of the bulk shielding was measured by examining the 
dose rates at the centerpoint of the concrete wall (A) and at the DSC 
centerline (G). Dose point I is given to show the overall source stength 
from the canister surface. Dose rates near the air exhaust slot opening 
(points B, C, and H) were determined to address the effect of radiation 
scattering and streaming through the penetrations. Dose points D, E and P 
show the effect of the cut-outs in the DSC end shielding and the reflected 
radiation streaming through the DSC - HSM gap. Three major analyses methods 
(i.e., point kernel plus albedo method, one-dimensional transport and two-
dimensional transport calculations) were employed in solving the problem. 

II. RADIATION SOURCE 

The radiation source strength of the irradiated fuel assemblies (IFA) 
was determined by first using the updated version of the ORIGEN computer 
code (ORIGEN2 [2]) to generate the radionuclide characteristics of the 
fuel. The reactor modeled is a PWR refueled yearly with 22.2 tons of 
uranium that contains 2.9 wt% U-235 as initial enrichment. The fuel is 
irradiated for three power cycles at a specific power of 35.5 MW/MTU, 
resulting in a fuel burnup of 35,000 MWd/MTU. Table 1 gives the summary 
description of the reactor/fuel model. 

The radionuclide characteristics of the IFAs as a function of decay 
time were calculated by 0RIGEN2. The radioactive source term, used for the 
NUHOMS shielding design, is for IFAs which have been discharged from the 
reactor for five years. Table 2 shows the gamma and neutron generation 
rates per a seven assembly-canister. The gamma source includes 
contributions' from fission products, activation products, and actinides in 
the spent fuel. The neutron activities due to (a , n) and spontaneous 
fission are- considered in the neutron source. The U-235 thermal fission 
spectrum calculated by Watt [3] was assumed for the neutron source. 

III. CALCULATION MODEL 

Three computer codes were used in solving the problem. The point 
kernel gamma shielding code QADMOD [4] was used and augmented by albedo 
calculations where penetrations are concerned. The one—dimensional discrete 
ordinates code ANISN [5] was used in a scoping study, and for the estimation 
of the secondary gamma contribution. The two-dimensional transport code 
DOT-IV [6] was used as the verification of the final design. In both the 
ANISN and DOT-IV models the Bugle-80 multigroup cross sections (a coupled 
47-neutron, 20-gamma-ray, P-j, cross section library) was used. 

In all three models, the fuel material inside the canister is modeled 
as a homogenized cylindrical source zone with diameter approximating the 
outermost dimension of the fuel assemblies (88.06 cm). Masses of fuel, 
structural materials, guide tubes, hardware, etc., are all taken into 
consideration. Table 3 shows the material densities used in each model. 

A. DOT Model 

In the DOT model, cylindrical coordinates were used with reflected 
boundary conditions assumed at the midplane of the module and at the 
centerline of the canister to simulate the symmetric system (Figure 3). 
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Table 1 

SUMMARY DESCRIPTION OF REACTOR/FUEL MODEL 

Parameter Value 

Reactor 
Thermal power, MW(t) 2,300 
Average specific power, MW(t)/ 

MTIHM 
35.5 

Average fuel burnup, MWd/MTIHM 35,000 
Irradiation duration, 

full-power days 985.0 
Refueling cycle length, 

full-power days 328.33 
days at 78.9% capacity factor 416.7 

Fuel Assembly 
Initial enrichment, wt% U-235 2.90 
Overall assembly length, m 4.057 
Cross section, cm 21,504 * 21.504 
Fuel element length, m 3.861 
Active fuel height, m 3.658 
Fuel element OD, cm .9055 
Fuel element array 15 * 15 
Fuel elements/assembly 204 
Assembly total weight, kg 643.3 
Uranium/assembly, kg 426.5 
U02/assembly, kg 483.8 
Zircaloy/assembly, kg 129.8 
Hardware/assembly, kg 29.7 
Total metal/assembly, kg 159.5 

3 Nominal volume/assembly, m 0.1876 
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Table 2 
SOURCE TERM FOR SHIELDING ANALYSIS 

(PER 7-ASSEMBLY-CANISTER) 
GAMMA SOURCE: 4.01 + 16 photon/sec (1.48 + 16 MeV/sec) 

MEAN ENERGY 
(MEV) GROUP FRACTION 

0.4 7.42-2 
0.8 8.08-1 
1.3 1.14-1 
1.7 2.96-3 
2.2 1.69-3 
2.5 7.39-5 
3.5 1.21-5 
6.15 1.98-8 

NEUTRON SOURCE: 1.17 + 9 neutron/sec 
N(E) = 0.484 e sin h v/ 2 E 

Table 3 

MATERIAL DENSITIES 

DOT S ANISN QADMOD 

Mixture 

Fuel, active 

Ai r 

clos ur e P la te 

Fuel, Inactive 

L e ad Plug 

Concrete 

Nuclide Atom density !Atom/b-cm) Ma ter ial Mass density (q/cc) 

U-2 35 
U-238 
0 - 1 6 
Fe-56 
Zr- 90 
B-1 0 
C-1 2 
Stainless Steel 

2. 0438-5 
3.2011-3 
6. 7807-3 
3.987 1-4 
1 . 3 561 -3 
1.2483-4 
1.6046-4 
4.0224-3 

Uranium 
Iron 
Air 

1.273-0 
6.074-1 
1.854-1 

0 - 1 6 

N-14 
1 . 061 7-5 
3 . 957 3-5 

Air 1.220-3 

S ta i n le s s Steel 

Stainless Steel 

Pb 

8.6610-2 
1 .2416-2 

3.3512-2 

Iron 

Iron 

Lead 

7.860-0 

1.15 1-0 
1 . 1 35+1 

H 
0 
Na 
Mg 
Al 
Si 
S 
K 
Cu 
Fe 

7.770-3 
4.387-2 
1.048-3 
1.486-4 
2.453-3 
1.581-2 
5.640-5 
6.934-4 
2.916-3 
3. 1 28-4 

Cone re te 2.300-0 
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SECTION A-A 

Figure 3 
DOT - IV MODEL OF HSM 
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Macroscopic cross-section data were prepared by the Group-Organized Cross 
Section Input Program [6]. An S^P-j approximation with an unbiased angular 
quadrature set was used to obtain the neutron and gamma fluxes at the HSM 
roof and the DSC end shield. Fifty-six fine mesh points were assigned 
axially with mesh spacing no more than 1.14 cm near the vicinity of the duct 
opening in order to scrutinize localized streaming effect. 

B. ANISN Model 

The ANISN code was used with an SgPg approximation for calculating the 
dose rate at detector A. Cylindrical coordinates were used in this ANISN ; 
model. For detector E, an ANISN calculation using slab geometry along the 
axis of the canister was performed using an S-2

P3 approximation. 

C. QADMOD Model ^ 
H 

In the QADMOD approach, the DSC-HSM system was modeled with Cartesian 
coordinates as shown in Figure 4. For detectors A, B, C, and H the dose 
rates are determined by first•calculating the exiting energy flux from the 
canister surface (assuming a lead buildup factor). The gamma flux from the 
concrete surface is calculated by using the canister surface spectrum as a 
source in conjunction with concrete buildup factors. 

The first-order scattered gamma radiation to detector C is calculated 
by first estimating the direct line of sight surface areas in the slot (See 
Figure 4). Then the Chilton and Huddleston [7] formula is used to calculate 
the differential dose albedo 

C K (6 ) 1026 + c 
a (E , 0 , 9, «|»> = * (1) 

° ° 1 + tcosQ / J o COS0 

where K (0g) is the Kleir.-Nishina differential energy scattering coefficient 
for scattering angle 0g, and C1 and C 2 are parameters dependent on the 
initial energy of photons. 

The total dose due to reflected gamma-rays in the slot is 

DR = j D (E , 0 ) cose a (E , 0 , 0, <j>) d& dfl ,(2) s J o o o o o o o 
o bounded by A ; s 

where D0 (EQ, 0Q) is the dose due to gamma ray of energy Eq, incident at 
angle o 
V 

A personal computer program was written for this part of the 
calculation. 
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SECTION A-A 

Figure 4 
QADMOD MODEL OF DSC-HSM 
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IV. RESULT 

Results of the shielding calculations using the three computation 
techniques described are given in Table 4. The gamma and neutron dose rates 
along the centerline of the module roof are plotted in Figures 5 and 6 
respectively. 

As expected, at points away from the air exhaust duct, the radiation 
dose on the roof surface was treated satisfactorily by all methods. The 
lower concrete density applied in the QADMOD model (2.3 g/cc vs. 2.46 g/cc 
in DOT) could be part of the reason that the QADMOD result is higher at 
detector A. 

The neutron and gamma dose outside the canister surface at detector I 
shows satisfactory agreement between all the calculations. 

As explained in the previous section, the QADMOD result of the gamma 
dose rate at the air exhaust slot opening (detector C) includes the direct 
attenuation component (200 mrem/hr) and the first-order reflected component 
calculated by the albedo method. (1800 mrem/hr). It is lower than the DOT 
result for two reasons: (1) multiple surface reflection was not included, 
(2) the DOT analysis models the slot penetration circumferentially whereas 
the QADMOD analysis models the actual slot size and geometry. 

Near the module front opening and at the canister end shield, 
scattering from the module interior concrete wall contributes significantly 
to the dose level at the shield plug surfaces (detectors D, E, F and G). 
This causes underestimations by both the QADMOD and ANISN calculations. 

Table 4 
SHIELDING ANALYSIS RESULTS 

DETECTOR 
GAMMA DOSE RATE (mrem/hr) NEUTRON DOSE RATE 

(mrem/hr) DETECTOR 
DOT - IV QADMOD ANISN DOT - IV ANISN 

A 4.7 + 0 8.0 + 0 3.3 + 0 3 .9-2 2.3-2 

B 3.7 + 0 5.3 + 0 . 3 .4-2 

C 4.5 + 3 2.0 + 3* — 2.9 + 0 . — 

D 4.8 + 4 3.1 + 4 5.9 + 3 2 .0-2 — 

E 1.8 + 4 8.0 + 2 7.7+ 1 4.1 + 2 7.3 + 2 

F 4.8 + 4 1.3+1 — 5.7 + 2 — 

G 1.3 + 3 3 .5+1 8.0+ 1 3.1 + 3 3.0 + 3 

H 3.2 + 0 2.0 + 0 — 2.0-2 — 

I 3.2 + 7° 2.2 + 7 1.9 + 7 3.1 + 3 3.0 + 3 
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DISTANCE TO M I O P L A N E OF M O D U L E (cm) 

Figure 5 
GAMMA DOSE RATE AT ROOF OF HSM 
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Figure 6 
NEUTRON DOSE RATE AT ROOF OF HSM 

CMKT85,03-02 

In addition to the results presented here, it was also found that the 
secondary gamma, radiation does not contribute significantly to the dose at 
any of the detector locations. In most cases, the secondary/ primary gamma 
ratio is less than 1%. 
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