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1.0 INTRODUCTION 

This paper documents the radiation analysis performed for the storage area of a generic Centralized 
Interim Storage Facility (CISF) for commercial spent nuclear fuel (SNF). The purpose of the analysis 
is to establish the CISF Protected Area and Restricted Area boundaries by modeling a representative 
SNF storage array, calculating the radiation dose at selected locations outside the storage area, and 
comparing the results with regulatory radiation dose limits. 

The particular challenge for this analysis is to adequately model a large (6000 cask) storage array with 
a reasonable amount of analysis time and effort. Previous analyses of SNF storage systems for 
Independent Spent Fuel Storage Installations at nuclear plant sites (for example, in References 5.1 
and 5.2) had only considered small arrays of storage casks. For such analyses, the dose contribution 
from each storage cask can be modeled individually. Since the large number of casks in the CISF 
storage array make such an approach unrealistic, a simplified model is required. 

2.0 METHOD OF ANALYSIS 

The analysis consists of the following steps: 1) create a model of a representative Commercial SNF 
storage mode at the CISF; 2) calculate the gamma and neutron radiation dose rates at the storage 
mode surface and at selected distances from the surface, and benchmark against vendor analyses; 3) 
calculate the gamma and neutron fluxes at the top surface of the storage mode, for input into an 
analysis of the air-scattered (“skyshine”) contribution to dose rates from the storage mode; 4) create 
a geometric model of the CISF storage array; 5) using the storage array model and the results from 
individual storage mode calculations, calculate the direct and air-scattered radiation doses from the 
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entire storage array at selected offzite distances; and 6 )  compare the calculated radiation doses with 
NRC regulatory dose criteria, to establish the regulatory boundary distances. 

This analysis is performed using the following commercially available gamma rayheutron transport 
computer codes: 

QAD-CGGP QAD-CGGP (Reference 5.6) is a code for calculating gamma ray penetrations 
through various shield configurations defined by combinatorial geometry specifications, using 
a point kernel ray-tracing technique. QAD is used for all gamma transport calculations, due 
to its ability to run a large number of cases in a short amount of computer time. 

MCNP 4A: MCNP 4A (Reference 5.7) is a general purpose Monte Carlo N-Particle code 
that can be used for neutron, photon, electron, or coupled neutrodphotodelectron transport. 
MCNP is used only for neutron transport calculations, due to its lengthy execution times. 

Microskyshine: Microskyshine 1.17 (Reference 5.8) is a microcomputer-based program for 
calculating the dose rate due to air-scattering from gamma-emitting volume sources 
interacting with structures. The code is based on line-beam response functions, which are 
determined by empirical fits to Monte Carlo skyshine calculations. MicroSkyshine is used for 
the gamma air-scattered dose calculations because of its microcomputer platform and its 
simplicity of use. 

SKYSHINE-III[: SKYSHINE-III (Reference 5.9) is a code for the calculation of dose rates 
resulting from air scattering of gamma rays and neutrons emanating from plane or volume 
sources. A Monte Carlo calculation technique is used. SKYSHINE III is used for the 
neutron air-scattered dose calculations and for validating Microskyshine calculations. 

The design parameters for the storage system used in this analysis are taken in large part from the 
Westinghouse Large MPC Onsite Storage and Onsite Transfer Safety Analysis Report (SAR) 
(Reference 5.1). Data for other storage systems is extracted from their 1 OCFR72 Safety Analysis 
Reports (References 5.2 - 5.5). General design criteria for the CISF are taken from the DOE Interim 
Storage Facility Design Requirements Document (Reference 5.10). 

3.0 

3.1 

ANALYSIS 

Selection of Representative SNF Storage Mode 

The CISF will be designed to accommodate several different types of SNF storage systems. Table 
1 hts the storage systems currently postulated for use at the CISF, along with their storage mode and 
orientation. 
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Table 1. CISF Storage Modes 

Name Storage Mode Type Storage Orientation 

Westinghouse MPC MPC with concrete storage mode Vertical 

NAC-STC Transportable storage cask Vertical 

TranStor System Dual Purpose Cask (DPC) with concrete Vertical 

HI-STAR 100 Transportable Dual Purpose casMcanister Vertical 

MP- 187ElSM DPC with concrete storage mode Horizontal vault 

storage mode 

storage system 

Currently, there is no basis for assuming any particular mix of the above storage systems at the CISF. 
Therefore, in order to simplify the task of calculating the Protected Area and Controlled Area 
boundary dose rates from the storage area, it was decided to select one type of storage mode as being 
“representative” of all the storage systems. Two factors for making the determination are: 1) there 
must be enough information readily available to accurately model the storage system; and 2)  the dose 
rates must be representative of (if not envelope) those of all the other storage systems. 

A search of the available literature (References 5.1-5.5) concluded that only the Westinghouse MPC 
has sufficiently detailed information in its Safety Analysis Report to allow for accurate modeling. In 
addition, the radial and axial surface dose rates from the PWR MPC either envelop or are consistent 
with the other systems. In particular, the top axial dose rates on the MPC are higher than for the 
other casks, due to the top vent design. Therefore, the selection of the Large PWR MPC as a 
representative storage system for the purposes of this analysis is adopted. 

3.2 Source Term 

The MPC source term for QAD and MCNP calculations is taken from Reference 5.1, and is shown 
in Table 2. The reference PWR fuel assembly used in the analysis is the B&W 15 x 15 Mark B8, 
irradiated to 40,000 MWD/MTU and decayed for 5 years. This represents a conservative source 
term for the CISF. The fuel source terms are used to develop an axial distribution where the peak 
burnup node is normalized to 1.0. The top end fitting source term consists of Cobalt-60 from 
activation of the materials in the top end fittings of the fuel elements. For the purposes of performing 
transport calculations, the gamma source terms are apportioned into 18 energy groups, from 0.01 to 
10 MeV. The neutron source is apportioned into seven energy groups, from 0.1 to 20 MeV. 
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Table 2. Large PWR MPC Fuel Source Term 

I I 1 
Source Type Total Source Term (Isec) 

Fuel Gamma 1.45E 17 

Top End Fitting Gamma 2.05E14 

Fuel Neutron 5.46E9 

3.3 Storage Mode Model 

The geometry for the Large PWR MPC storage mode model is developed from dimensions given 
in Reference 5.1. A cross-section of the model is shown schematically in Figure 1. For QAD gamma 
transport calculations, two models are created from the general model. For radial transport 
calculations, the W s t o r a g e  mode is modeled as a series of concentric cylinders with a height equal 
to the active fuel length , i.e., the shields above the active fuel (and the end fitting sources) are 
neglected (since the end fitting sources are small compared to the total fuel region source). This is 
appropriate for the point kernel model, since scattering is not explicitly modeled. For top axial 
transport calculations, the MPC/storage mode is modeled as a series of stacked cylinders with a 
radius equal to that of the fuel region. Radial regions outside the fuel region and volumes below the 
active fuel region are neglected. Separate calculations are performed for the fuel and top end fitting 
source terms. 

For MCNP axial dose rate calculations, the MPC and storage mode are modeled explicitly as shown 
in Figure 1. For radial dose rate calculations, the radial concrete shield cell is subdivided radially into 
8 cells, in order to be able to adjust the neutron importance throughout the shield to improve counting 
statistics. 
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Figure 1. Large PWR MPC Storage Mode Model 
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3.4 Shield ComposiGons 

Shield compositions are taken directly from Reference 5.1, with the exception of the fuel region. The 
shielding analysis in Reference 5.1 utilizes a three-region radial fuel model. Since QAD will only 
handle one source region per calculation, the three radial fuel region volumes are homogenized into 
one volume. 

3.5 Gamma Transport Calculations 

For gamma calculations, dose rates are calculated at the radial surface and at the top of the MPC 
storage mode. Radial dose rates are calculated at the midpoint of the active fuel at the surface of the 
storage mode concrete shield and at other selected distances. This allowed a comparison with the 
values calculated in Reference 5.1. The results are presented in Table 3, and exhibit good agreement 
with the calculations from Reference 5.1. 

Table 3. Large PWR MPC Radial Gamma Dose Rates 

600 meters 1.95E-5 0.171 0.124 1.38 

700 meters 8.27E-6 0.072 0.052 1.38 

N/R = Not reported; N/A = Not applicable 
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Axial dose rates are calculated for two cases, to match the Large MPC SAR analysis: 1) the surface 
of the top shield, and 2) at the centerline of the top vent. The calculation at the top shield surface is 
performed by modeling the storage mode without the top vent (i.e., the top shield covers the entire 
top of the storage mode); this is consistent with the approach taken in the MPC SAR. The results 
are shown in Table 4. The QAD results are within 50 % of the Reference 5.1 results, with the top 
vent values (which are of most interest), being conservative. 

Table 4. Large PWR MPC Storage Mode Axial Gamma Dose Rates 

Fuel Dose End Fitting 
Rate Dose Rate 

Location Distance (mh) (mr/hr) 

Topshield I Contact I 1.36 I 3.36 

Top Shield I 1 meter I 0.84 I 2.27 

Top Vent I Center I 172.6 I 498.4 

Total Dose 
Rate 

(mm 
4.72 

3.11 

671.0 

6 

4 

427 

QADf 
MCNP 

0.79 

0.78 

1.57 

The gamma flux at the top vent is also calculated to provide an input to the air scattered gamma dose 
rate analysis. QAD runs are made for dose points at six locations along the vent radius, and the 
resulting 18 energy -group gamma fluxes are averaged over the top vent total area. It is not expected 
that the energy distribution of the results are accurate, since the point kernel calculational technique 
of QAD does not explicitly model down-scattering from higher energy groups into lower groups. 
However, as discussed in Section 3.8, the results yield a generally conservative source term for air- 
scattered dose calculations. 

3.6 Neutron Transport Calculations 

Axial and radial neutron dose rates are calculated using MCNP. The axial results are presented in 
Table 5. 
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I. 

Table 5. Large PWR MPC Storage Mode Axial Neutron Dose Rates 

I Location I DoseRate(mr/hr) I 
I MCNP Calculations 

Center of Top Vent 1.88E2 

Average over Top Vent 1.68E2 

Top Shield, midpoint of shield 

Average over Top Shield 

Large MPC SAR 

I TOP Vent 

While the dose rates at the top of the shield are in good agreement with the results from the Large 
MPC SAR, the dose rates at the top vent are not. However, a comparison of the gamma dose rates 
(from Table 4) to the neutron dose rates in Table 5 shows an apparent discrepancy in the MPC S A R  
calculation. The ratio of gamma dose rate to neutron dose rate should be roughly the same for dose 
points at the top vent and the top shield; the QAD and MCNP values show this behavior. However, 
the MPC S A R  values do not: the gammdneutron ratio at the top vent is around 100 times the ratio 
at the top shield. Therefore, the results calculated in this analysis are used for the skyshine source 
term. Moreover, the subsequent skyshine analysis (Section 3.8) shows that the neutron contribution 
to the &-scattered dose is negligible even using the MCNP source term. 

In addition to the dose rates reported in Table 5, axial neutron fluxes in 7 energy groups from 0.1 to 
20 MeV are also calculated. These neutron fluxes are used as input to the neutron air-scattered dose 
calculation discussed in Section 3.8 

. Results of neutron calculations in the radial direction at contact and 1 meter are presented in 
Table 6. 

Page: 8 



Table 6. Large PWR MPC Storage Mode Radial Neutron Dose Rates 

Location Dose Rate (mdhr) 

MCNP 

Average over Fuel Height 4.15E-2 

Contact at Fuel Centerline 2.47E-2 

1 Meter at Fuel Centerline I 1.95E-2 I 
Large MPC SAR 

Contact € 1  

I Meter I € 1  I 
These results show agreement with the Reference 5.1 results, to the extent of verifying that direct 
neutron doses from the MPC storage mode are insignificant, when compared to gamma doses. 

3.7 CISF Storage Area Layout 

The layout of the CISF storage area is assumed to consist of vertical storage casks placed on concrete 
pads 18.29 m (60 feet) wide and 469.4 m (1540 feet) long, with 2 rows of 75 casks per pad (150 
cash total). The casks are 3.81 m (12.5 ft) in diameter and 5.5 m (18 ft) high, and are spaced 6.096 
m (20 feet) apart (center-to-center). Approximately 1000 MTU of SNF is stored per pad. Figure 
2 shows the layout of the CISF storage yard, and the potential dose points evaluated in the analysis, 
and Figure 3 shows the layout of a single storage pad. 
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Figure 3. CISF Storage Pad Layout Model 
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3.8 Storage Area Dose Calculations 

The doses from the storage array are evaluated at three locations as shown in Figure 2 (mid-array, 
mid-pad, and array end) for distances of 20,50,100,600, and 700 meters from the nearest row. The 
mid-array location produces the highest total doses, although the variation among the three locations 
is less than 50 percent. Direct gamma doses for “fiist TOW’’ casks are calculated by summing the 
results of QAD runs for each cask in the row at the selected dose point. For casks in the second and 
subsequent rows, the shielding effect provided by rows between the row of interest and the dose point 
is included by modeling the intervening rows as concrete cylinders of the same dimensions-as the 
storage cask. A simple geometric model was constructed to estimate the “viewing fraction” for each 
cask; these results are used to reduce the number of QAD runs required to characterize the storage 
array. In practice, rows beyond Row 3 (i.e., rows 4 - 40) do not contribute significantly to the total 
dose. However, this conclusion is dependent on the size and spacing of the storage casks; a greater 
distance between casks (and/or casks of smaller diameter) may result in a more significant 
contribution from the “back rows” of the storage array. 

The air-scattered (“~kyshine’~) component of the gamma and neutron doses are calculated by inputting 
gamma and neutron flux distributions calculated by QAD and MCNP at the top vent of the storage 
mode into the Microskyshine (gamma) and SKYSHINE-III (neutron) codes. Some gamma 
calculations are also performed with SKYSHINE-III to validate the Microskyshine results and 
provide a comparison to the neutron doses. The skyshine source is modeled as an isotropic (upward 
only) disk source of the same area and at the same distance above the ground as the storage mode 
top vent. Calculations are performed for individual casks at selected locations in the storage array 
(typically, 10 casks per row for the first row of pads 1 ,5,10, 15 , and 20). Results for the remaining 
casks are interpolated from these individual values, and the results summed over all casks in the 
storage array. 

The air-scattered neutron dose rates are determined by MCNP scoping calculations on individual 
casks to be approximately a factor of 50 lower than the gamma doses, and so are neglected in the 
summary calculations. 

The total calculated gamma doses from the storage array are shown in Table 7. Note that the air- 
scattered component is significant only at large distances from the storage array. 
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Table 7. Gamma Dose Rates from CISF Storage Area 

To verify the conservatism of using the QAD-generated skyshine source term, an additional air- 
scattered gamma dose calculation was performed using an 18-group gamma source term calculated 
using the MCNP code. As shown in Table 8, the total dose rates using the QAD model are slightly 
nonconservative close to the storage array, but are conservative at larger distances. This result 
demonstrates that the QAD model is adequate for modeling the skyshine source term. 

Table 8. Comparsion of QAD and MCNP Skyshine Dose Rates 

I Gamma Dose Rate (mrhr) I 
Distance McNP/ Direct QAD Source Term MCNP Source Term 

Dose QAD (m) Skyshine Total Skyshine Total 
~~ 

20 6.26 2.46E-1 6.5 1 3.84E- 1 6.64 1.02 

50 1.54 1.73E- 1 1.7 1 2.39E-1 1.78 1.04 

100 5.32E-1 1.09E-1 6.41E-1 1.29E-1 6.61E-1 1.03 

600 3.28E-3 2.22E-3 5.47E-3 1.21E-3 4.49E-3 0.82 

700 1.35E-3 1.11E-3 2.46E-3 5.54E-4 1.90E-3 0.77 

3.9 Determination of Regulatory Boundaries and Design Criteria 

To establish the regulatory boundary distances for the CISF, the calculated gamma doses from the 
storage array are compared to the NRC regulatory dose limits in 10CFR72 for the Protected Area 
(25 mr/yr), and the limits in 10CFR20 for the Unrestricted Work Area (500 mr/yr, or 0.25 mr/hr), 
and the Restricted Area (2 mr/hr), The resulting distances are shown in Table 9. 
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Table 9. Calculated CISF Regulatory Boundarks 

Location Criteria Distance (m) 

Protected Area Boundary 25 m/yr 700 

Unrestricted Work Area Boundary 0.25 mr/hr 200 

Restricted Area Boundary 2.0 mr/hr 50 

Using these results and the calculated dose rate at 2 meters (in Table 3), the following conservative 
storage cask radiological design criteria were developed for the CISF: 

0 Dose rate at 2 meters from any vertical surface shall be less than 10 mr/hr. 

0 Contribution to dose from air-scattering shall be less than 50% at distances greater than 
50 meters. 

4.0 SUMMARY AND CONCLUSIONS 

The radiation doses from a large (6000 cask) commercial SNF storage area at a generic Centralized 
Interim Storage Facility are calculated using commercially available gamma ray and neutron transport 
codes. The Westinghouse Large PWR MPC storage mode is used as the model for the CISF storage 
casks. NRC regulatory boundary distances and storage cask radiological design criteria are 
determined from the calculated gamma doses. The principal conclusions drawn from this analysis 
are as follows: 

1. 

2. 

3. 

4. 

5.0 

5.1 

For SNF storage arrays using current storage cask designs, neutron doses are negligible 
compared to gamma doses at large distances. 

For large close-packed storage arrays, only the first few rows of casks contribute significantly 
to the gamma dose. 

The air-scattered component of the gamma dose is only sigmfkant compared to the direct 
component at large distances from the storage array. 

The QAD point-kernel technique, coupled with the Microskyshine line-beam response 
function approximation provides an adequate methodology for calculating’ga6xna radiation 
doses from a large SNF storage array with a reasonable amount of effort. 
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