NAC Atlanta Corporate Headquarters

ff INTERNATIONAL =55 Engineering Drive

Norcross, Georgia 30092
TT0-447-1144
Fax 770-447-1797

sovwanacintl.com

June 29, 2000

U.S. Nuclear Regulatory Commission
11555 Rockville Pike
Rockville, MD 20852-2738

Attn:  Document Control Desk

Subject: Submittal of UMS® Universal Transport System Safety Analysis Report,
Revision UMST-00A - Docket 71-9270 (TAC No. 1L.22452)

References: 1. Request for Additional Information (RAI-1) for the UMS® Universal
Transport System Safety Analysis Report Application, U.S. Nuclear
Regulatory Commission, August 30, 1999

Safety Analysis Report for the UMS® Universal Transport System, Docket
71-9270 (TAC No. L.22452), submitted April 30, 1997, Supplemented:
September 12 and December 24, 1997; April 23, 1998; and May 27, 1999

o

NAC International (NAC) herewith submits ten copies of the responses to the U.S. NRC Request
for Additional Information (RAI-1) for NAC-UMS® Transport System Safety Analysis Report
(SAR), Reference 1. This submittal includes the RAI comments and NAC’s responses presented
in the standard NAC RAI response format, followed by SAR Revision UMST-00A of the
NAC-UMS® Transport SAR.

The revised pages have been prepared in accordance with the following conventions:

e Revision indicators (shading and revision bars) are used to highlight changes. Shading
indicates a revision from SAR Revision 0; while a revision bar indicates a change in the SAR
text flow from Revision 0 or a change from a previous revision other than Revision 0.

e The changed pages for this submittal are designated as Revision UMSS-00A to provide a
unique identification of the pages and changes.

e The List of Effective Pages are all designated Revision UMSS-00A and no revision bars are
used on those pages.

e The entire document is provided in two volumes for your review.

If you have any comments or questions, please contact me or Jim Ballowe at (770) 447-1144.

Sincerely,

S g

b 'homas C. Thompson
Director, Licensing and Competitive Assessment
Engineering & Design Services

ED20000808
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3.0 THERMAL EVALUATION

This chapter presents the thermal design and analyses of the Universal Transport Cask for the 10
CFR 71 normal conditions of transport and hypothetical accident conditions. The analyses
include consideration of design basis PWR and BWR fuel. Results of the analyses demonstrate -
that with the design basis payloads, the Universal Transport Cask meets the thermal performance
requirements of 10 CFR 71 [1] and IAEA Safety Series No. 6 [2].

3.1 Discussion

The Universal Transport Cask is designed to transport one of three classes of PWR fuel or one of
two classes of BWR fuel. Only the bounding evaluation for the PWR and BWR classes of fuel is
reported herein. The bounding case is represented by a configuration consisting of the shortest
Transportable Storage Canister, shortest fuel tube, and shortest fuel assemblies with the lowest
effective thermal conductivity. The fuel assemblies are confined within the fuel basket. The
shortest fuel basket contains the fewest support disks and longest space in the bottom of the cask
cavity. The result is greater concentration of heat and maximized thermal resistance for rejection
of heat through the cavity top and bottom. The shorter fuel tube results in reduced axial

conductance.

{ The design basis heat loads are 20 kW for {ip to 24 PWR assemblies and 16 kW for Dp.tg 56
BWR fuel assemblies. The individual PWR assembly decay heat is hrruted to O 83 kW and the

decay hcat loads for fuel havmg coolmg times: of 5 years or more.

The thermal analyses presented in the following sections use helium as the cover gas in the cask
cavity. The analyses are performed with both air and helium as the cover gas in the canister. The
canister is backfilled with helium in the design basis; therefore, the results with air as the canister
cover gas are conservatively presented for use in the structural evaluations presented in Section
2.0.

3.1-1
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Heat transfer from the Universal Transport Cask to the environment is by passive means only.
No forced cooling is necessary. Conduction and radiation are the means by which heat is
transferred from the fuel assemblies to the fuel tubes and through the tubes to the support disks
and heat transfer disks. Heat is transferred through the support disks and heat transfer disks by
conduction and radiation. Radiation and conduction are the means by which heat is transferred
from the support disks and heat transfer disks to the canister wall and then to the cask caVity
© inner wall. From the Universal Transport cask cavity inner shell surface, heat is conducted
through the lead (gamma shield) and then through the cask outer shell.

The neutron shield region surrounding the outer shell along most of the cask’s length conducts
heat to the neutron shield shell, primarily through the Cu/SS fins located within the NS-4-FR
radial neutron shield material. The stainless steel shell that encloses the radial neutron shield is
exposed to the environmental ambient temperature. Heat is removed from the surface of the
neutron shield shell by convection and radiation. Heat transfer through the cask lid at the top of
the cask and through the bottom forging and enclosed neutron shield material at the bottom of the
cask is by conduction. Because of the insulating characteristics of the impact limiters, essentially
no heat is removed from the ends of the cask. The bounding thermal conditions for the analysis
required by 10 CFR 71 and IAEA Safety Series No. 6 under normal conditions of transport are
presented in Table 3.1-1.

During normal conditions of transport and hypothetical accident conditions, the cask must reject
the fuel decay heat to the environment without exceeding the operational temperature ranges of
the cask seals or other components important to safety. In addition, to maintain fuel rod integrity
for normal conditions of transport the fuel must be maintained at a sufficiently low temperature

TPy S e T

In an inert atmosphere that thermally induced fuel rod claddmg deterioration is preclude

preclude fuel degradation, a maximum allowable claddmo tempera 're of 716°F (380°C) is used

3% ot

for normal conditions of transport for. 5-year cooled PWR and BWR’ fuel; Finally, the thermall y

induced stresses, in combination with pressure and mechanical load stresses, must be below

allowable stress levels.
The temperatures for the various components of the fuel, canister, basket, and cask during normal

conditions of transport and hypothetical accident condition fire are calculated by using finite

element methods. For both normal conditions and the hypothetical accident conditions, the cask

3.1-2
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loaded with PWR fuel and the cask loaded with BWR fuel are analyzed by using separate finite
element models. For each fuel configuration, the thermal analyses of the cask for normal
conditions of transport are performed by using three-dimensional finite element models of the
loaded cask. The cask is transported in a horizontal orientation - Figures 3.1-1 and 3.1-2 show
the gaps in the cask for PWR and BWR configurations, respectively. These models are described
in Section 3.4.1.1 and 3.4.1.2. The thermal analyses of the cask for the hypothetical accident fire
condition are performed by using two-dimensional models of the cask. These models are
described in Section 3.5.1.1.

Results of thermal analysis of the package are presented in Sections 33\:@? and 3.5.6. The results
demonstrate that the maximum fuel rod cladding temperatures remain below 1,058°F for normal
conditions of transport and hypothetical accident conditiong. The thermally induced stresses,
combined with pressure and mechanical load stresses, are within the allowable levels, as
demonstrated in Chapter 2.0. Therefore, the cask design and operation are in conformance with

temperature and thermal stress criteria.

The thermal results presented in this chapter, and other properties evaluated herein, are used in
other analyses included in this Safety Analysis Report. The material properties and allowable
stresses at the corresponding temperatures are used in the structural calculations presented in
Chapter 2.0. The structural evaluation of components also incorporates stresses resulting from

differential thermal expansion and temperature effects on the cask internal pressure as applicable.
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Figure 3.1-1 Definition of Gap Between Basket, Canister, and Inner Shell for Horizontal
Position of the Universal Transport Cask Containing PWR Fuel
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Figure 3.1-2 Definition of Gap Between Basket, Canister, and Inner Shell for Horizontal
Position of the Universal Transport Cask Containing BWR Fuel
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Table 3.1-1  Thermal Analysis Bounding Conditions - Normal Conditions of Transport

Condition Value

Ambient Temperature per 10CFR71:
Maximum (hot conditions) 100°F
Minimum (cold conditions and -40°F
minimum temperature)

Insolance (for 12 hr per day) per 10CFR71:
Horizontal Flat Surfaces (facing up) 2950 Btu/ft?
Curved Surfaces 1475 Btu/ft?
Vertical Flat Surfaces 737 Brw/ft®

PWR Fuel Assembly Decay Heat, Total: 20 kW
PWR Fuel Peaking Factor 1.1

BWR Fuel Assembly Decay Heat, Total: 16 kW
BWR Fuel Peaking Factor 1.22

3.1-6
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3.2 Summary of Thermal Properties of Materials

The transfer of heat within the cask is primarily accomplished by conduction and radiation. The
thermal conductivities and emissivities of the materials of construction are required for the
thermal analysis of the cask. In addition, certain convective properties are required for modeling
of convective heat transfer at the cask exterior surface. These properties are presented in Tables
3.2-1 through 3.2-13. These tables include only the properties of materials that form the heat -
transfer pathways employed in the finite element models. Materials for small components, such
as valves and trunnions, which are not directly modeled are not included in the property

tabulation.

3.2.1 Conductive Properties

The values for the conductivities of the materials are given in Tables 3.2-1 through 3.2-13.

3.2.2 Radiative Properties

3221 Governing Radiation Principle

Radiation heat transfer between two nodes, i (hotter node) and j (colder node), is accounted for

by the expression:
_ 4 4
q, = oeAF(T; - T}

where
= Stefan-Boltzman constant
=1.19 x 10" Btu/hr-in®-°R*

@]

€ =emissivity
A =surface area

I = shape factor for the surfaces
T, =temperature of i-th node
T, = temperature of j-th node.

3.2-1
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3222 Radiation from Cask Surface

The expression shown previously is considered to be the governing equation for radiation within
the cask and from the cask to the environment. Radiation heat transfer from the surface of the

cask can be incorporated in the model by modifying the convection coefficient as follows:

Q =Qr+qe

where q; is specified as shown for the radiation heat transfer and q., which is the heat transfer by

convection, is ex_pressed as
ge = hA(Ti-Tj)
where h. = film coefficient (Btu/hr - in® - °F).
The q; can be rewritten as
g =OeAF(T? + T)(Ti + T))(Ti - T)) .
By combining both expressions,
Qi = (OeF(T{’ + TT+T)) + ho) A(T; - T))

or
Qi =herA(T; - T))

where  hr = 0eF(T + Ty )(Ti+T)) + he

The effective convection coefficient used for the cask surface (herr) now includes the radiation

heat transfer. In this application, the form factor (F) is taken to be unity.
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3223 Radiation Across Gaps Within the Cask

The gaps represented in the cask model are small compared with the surfaces separated by the
gap. These gaps for both the PWR and the BWR casks are provided in Table 3.2-14.

The total heat transfer can be expressed as the sum of the radiation and the conduction processes.

Qi =qr+qx

where q; is specified as shown for the radiation heat transfer and qi, which is the heat transfer by

conduction, is expressed as
KA
g =— (Ti- Ty
g
where:

ap distance (between two surfaces defined by nodes i and j)

If = (cgonductivity of gas in gap
A =cross sectional area for heat conduction
By combining the two expressions (for qx and q;) and factoring out the term A(T; - T;)/g,
Qi = [goeF(Ty + TH(THT)) + KI[A(T; - Tj)/e]
or
Qi =KerA(Ti - TyYg
where Ko = goeF(Ty" + TA)(Ti+T) + K.
The material conductivity used in the analysis for the elements that constitute the gap includes

the heat transfer by both conduction and radiation. Because the gap is small compared with the

disk thickness, the form factor (F) is taken to be unity.
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3224 Radiation from the Top of the Canister

The radiation heat transfer from the top of the canister is based on the expression:
4 4
qr =ceAF(T - T

where the area (A) corresponds to the basket, lids, and spacer areas, and (g) corresponds to the -

emissivities.

On the basis of the preceding equation, the radiation heat transfer is modeled by using radiation

link elements in the cask three-dimensional model for the following locations:

1. From top of fuel region to bottom surface of canister shield lid;

2. From bottom of fuel region to top surface of canister bottom plate; and,

3. From exterior surfaces of the fuel tubes to the inner surface of the canister shell.
323 Convective Properties

A convective heat transfer coefficient, h., is associated with each surface where convection
operates. Several surfaces must be considered. Surfaces vary by shape and orientation. Only the
cylindrical surface of the cask takes part in the heat removal process, because the ends of the cask

are thermally “insulated” from the environmental ambient thermal sink by the impact limiters.

The cask body surface is represented by a horizontal cylinder in air. From the Standard

Handbook for Mechanical Engineers [5], the heat transfer coefficient, h, , is:
he =0.19 AT** BTU/hr-ft>-°F, for D°AT > 100
where:

AT = temperature difference between surface and air, °F

D = cylinder diameter, ft
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For D = 7.667 ft and AT > 100°F, the value of D’AT > 45,000 is significantly larger than 100.

The expression can be converted into

h. =0.00132 AT®3® Btu/hr-in-°F .
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Table 3.2-1  Thermal Properties of Solid Neutron Shield (NS-4-FR)

Property (units) Value

Conductivity (Btu/hr-in-°F) [6] 0.0311

Density (Borated) (Ibm/in®) [6] 0.0589

Specific heat (Btu/Ibm-°F) [6] 0.39
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Table 3.2-2  Thermal Properties of Stainless Steel

Type 304 and 304L
Temperature
Property 100°F 200°F 400°F S50°F 750°F
Conductivity 0.7250 0.7750 0.8667 0.9250 1.0000
(Btu/hr—in-°F) [14]
Density (Ibm/in®) [14] 0.2896 0.2888 0.2872 0.2855 0.2839
Specific Heat (Btu/lbm-°F) 0.1158 0.1207 0.1272 0.1320 0.135
[14]
Emissivity [23] « 0.36 (300°F) >
17-4PH, Type 630
Temperature
Property 100°F 200°F S00°F 700°F
Conductivity (Btu/hr -in-°F) [14] 0.8417 0.8833 1.0167 1.1000
Emissivity [15] < 0.58 »

3.2-7
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Table 3.2-3  Thermal Properties of Carbon Steel

Temperature
Property 100°F 200°F 400°F 500°F 700°F
Conductivity 1.992 2.033 2.017 1.975 1.867 .
(Btu/hr—in-°F) [14] ' : :
‘Density (Ibm/in’) [24] 0.284 —>
Specific Heat (Btu/lbm-°F) 0.113 »
(9]
Emissivity [16] - 0.80 >
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Table 3.2-4  Thermal Properties of Chemical Copper Lead

Temperature
Property 209°F 400°F 581°F 630°F
Conductivity (Btu/hr -in-°F) [18] 1.6308 1.5260 1.2095 1.0079
Density (Ibm/in’) [18] 0.411 —»
Specific Heat (Btu/lbm-°F) [18] 0.03 '
Emissivity [16] 0.38 (75°F) >
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Table 3.2-5  Thermal Properties of Type 60615T651 Aluminum Alloy

ot

Temperature
Property (units) 200°F 300°F 400°F 500°F 600°F
Conductivity (Btu/hr-in-°F) [14] 8.25 8.38 8.49 8.49 8.49
Emissivity [15] < 0.22 >
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Table 3.2-6  Thermal Properties of Helium

Temperature
Property 200°F 400°F 600°F 800°F
Conductivity (Btu/hr -in-°F) [13] 0.00808 0.00942 0.01075 0.01150
Specific Heat (Btu/lbm-°F) [13] « 1.24 ' - >
Density (Ibm/in®) [13] 4.83E-06 3.70E-06 3.01E-06 2.52E-06




SAR - UMS® Universal Transport Cask April 1997
Docket No. 71-9270 Revision 0
Table 3.2-7  Thermal Properties of Dry Air

Temperature
Property 100°F 300°F S00°F 700°F
Conductivity (Btu/hr -in-°F) [13] 0.00128 - 0.00161 0.00193 0.00223
Density (Ibm/in®) [13] 4.11E-05 3.25E-05 2.38E-05 1.97E-05
Specific Heat (Btw/Ibm-°F) [13] 0.240 0.244 0.247 0.253




SAR - UMS® Universal Transport Cask

April 1997

Docket No. 71-9270 Revision 0
Table 3.2-8  Thermal Properties of Copper
Temperature
Property 32°F 212°F 392°F
Conductivity (Btu/hr -in-°F) [17] 18.58 18.25 18.00
Density (Ibm/in®) [17] 0.32
0.09

Specific Heat (Btu/lbm-°F) [17]
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Table 3.2-9  Thermal Properties of Zircaloy and Zircaloy-4 Cladding

Temperature
Property ‘ 392°F 572°F 752°F 932°F
Conductivity (Btw/hr -in-°F) [25] 0.69 0.73 0.80 0.87
Density (Ibm/in’) [26] < 0.237 — >
Specific Heat (Btu/lbm-°F) [25] 0.072 0.074 0.076 0.079
Emissivity [25] <+ 0.75 >
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Table 3.2-10 Thermal Properties of Fuel (UQO;)

Temperature
Property 100°F 257°F 482°F 707°F 932°F
Conductivity 0.38 0.347 0.277 0.236 0.212
(Btu/hr—in-°F) [25]
Density (Ibm/in) [26] < 0.396 >
Specific Heat (Btu/lbm-°F) 0.057 0.062 0.067 0.071 0.073
[25]
Emissivity [25] < 0.85 »
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Table 3.2-11 Thermal Properties of BORAL Composite Sheet

Temperature
Property 100°F 500°F
Conductivity (Btu/hr —in-°F)
Aluminum Clad [19] 7.805 8.976
Core Matrix:
PWR (calculated) 3.45 3.05
BWR (calculated) 6.60 7.23
Emissivity [20] < 0.15
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Table 3.2-12 Thermal Properties of Redwood (Air Dry)

Property (units) Value

Conductivity (Btu/hr-in-°F):

Parallel to Grain [23] 0.012
Transverse to Grain [23] 0.005
Density (Ibm/in’) [23] 0.014
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Table 3.2-13  Thermal Properties of Fiberfrax Ceramic Fiber Paper

Property’ Value

Thermal Conductivity. [21] 0.40 Btu in/hr ft% °F

Temperature Use Limit 2 2300°F

1. Grades 550, 880 and 970.
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Table 3.2-14 Gaps Within the Universal Transport Cask

Gap (in.)
Gap Location Cask with PWR | Cask with BWR
Fuel Canister Fuel] Canister
Gap between support disk and canister shell 0.155 0.155
Gap between canister and inner shell 0.275 0.275
Gap between lead gamma shield and inner shell 0.015 0.015
Gap between heat transfer disk and canister shell 0.280 0.315
Gap between canister bottom plate and top of spacer 0.125 0.25
Gap between bottom forging and spacer * 0.25
Gap between spacer and canister bottom plate 0.125 0.25

* Only the base disk of the spacer is modeled in the PWR cask analysis. The cylindrical shells
attached to the base disk are neglected.
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3.3 Technical Specifications for Components

This section provides a discussion of the major components that provide radiation protection and

of the other cask components that must be maintained within their safe operating temperature

ranges.

3.3.1 Radiation Protection Components

Radiation protection in the Universal Transport Cask is provided by gamma and neutron
shielding. The primary gamma radiation shielding components are the materials used in
fabricating the multiwalled body, the end forgings of the cask body, and the cask lid. The
multiwalled body consists of the lead cast in place between the inner and outer stainless steel
shells. Neutron shielding is provided in the radial direction by solid neutron shield material and
in the bottom end direction by a 1-inch-thick disk in the bottom of the cask. The neutron shields
are borated to suppress secondary gamma generation. The capture of neutrons by many materials
produces a secondary gamma ray that must also be shielded; however, when EOB absorbs a
neutron, the alpha particle emitted is stopped locally. Thus, the secondary gamma dose rate is
minimized. The radiation protection components are analyzed for normal conditions of transport

in Section 3.4 and for hypothetical accident event conditions in Section 3.5.

332 Safe Operating Ranges

Six major components must be maintained within their safe operating temperature ranges: the
cask lid O-rings, the lower drain port O-rings, the lead gamma shield, the NS-4-FR solid neutron

T
d

shield, the aluminum heat transfer disks, and the support disks. The support - disks for the PWR
basket are fabricated from SA 693, 17-4 PH, ‘Type 630 stainless steel. For the BWR. basket, the

support disks are fabricated from SA 533, Type B carbon steel: The safe operating ranges for

these components are as follows:

3.3-1



SAR-UMS® Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-00A

Component Safe Operating Range

Cask Lid and Lower Drain Port 265°F to +300°F (up to +375°F for 10

O-rings (EPDM) hours for accident conditions)

Lead gamma shield -40°F to +600°F
.Radial NS-4-FR neutron shield -40°F to +300°F

Aluminum heat transfer disks -40°F to +700°F

PWR basket support disks T40°F 10 +650°F

BWR basket support disk 40°F to +700°E

The safe operating range of the EPDM O-rings, obtained from the technical information
presented in Section 452, ensures that the O-rings maintain their ability to perform their sealing
function. The analyses of Sections 3.4 and 3.5 show that the temperatures of the O-rings are
maintained within the safe operating range during normal conditions of transport and

hypothetical accident conditions.

The safe operating range of the lead gamma shield is based on preventing the lead from reaching
its melting point of 620°F [5]. To preclude localized lead temperatures from exceeding their safe
operating range, Fireblock Protective Coating (FPC) is used to insulate the lead from the high
temperatures that occur during the 10 CFR 71 hypothetical fire accident. The FPC is included
for additional assurance of safety. A 0.125-inch layer of the material is located around the top
corner of the lead gamma shield and at the bottom area where the lead is adjacent to the bottom

ring, i.e., above and below the coverage provided by the radial neutron shield.

The maximum operating temperature limit of the NS-4-FR solid neutron shield material to
ensure sufficient neutron shielding capacity is determined by the manufacturer to be 330°F [6].
The peak calculated temperatures experienced in the Universal Transport Cask neutron shield,
with helium as the cover gas in the cask cavity and helium inside the canister (which is the
design basis configuration), are 293°F for the cask containing PWR fuel and, 28§°F for the cask

containing BWR fuel. The peak temperatures occur only at localized areas. For the remainder of
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Because the temperature of the radial neutron shield exceeds the temperature allowable during
the 30-min hypothetical accident fire, the radial neutron shield is considered lost after the fire
accident for shielding purposes. The necessity for the neutron shield material to remain within
its safe operating range is thus eliminated (See Chapter 5.0 for a discussion of the effect of a loss
of the neutron shield on the cask dose rates). The radial neutron shield is assumed to remain
intact throughout the hypothet1ca] flre and to be removed and replaced w1th air at the end of the

mjthe maximum temperature for all components. . The max1mum ged uction_occurs at
;he 163@,(5 °F) and the inner shell (4°F). . Therefore, it is conservati: perform. \t]mgggthermal
transient analysis with the radial neutron shield in place during the 30 e fire and remove it
at the end of the fire event. This shows that larger quantities of energy @re transferred into the

cask during the fire accident and lesser quantities éﬁ rejected from the cask after the 30-minute

fire.

The primary consideration in establishing the safe operating range of the aluminum heat transfer
disk is maintaining the integrity of the aluminum. According to the MIL-HDBK-5F [7], it can be

shown that aluminum at 700°F retains component performance.

The support disks must _SUppOIt; ¢ and control_the. geometry of, the stored spent fuel.in transport.:
The thermal pegfgyrmance‘gzgpemesaof the 17-4 PH stainless steel PWR support disk, and the SA
533, Type B_carbon steel BWR support disk; are taken from the ASME Code,.Section 11, Part.D;
“Properties” [14].

3.3-3
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34 Thermal Evaluation for Normal Conditions of Transport

The finite element method is used to evaluate the thermal performance of the Universal
Transport Cask for normal conditions of transport as specified in 10 CFR 71. The general-
purpose finite element analysis program ANSYS Revision iﬁ.vg [S] is used to perform the finite

element evaluations.
The normal conditions of transport used in the thermal evaluation of the cask are as follows:

1. Hot Conditions: maximum decay heat generation, ambient temperature = 100°F, solar

insolance (solar insolance applied according to Table 3.1-1)

2. Cold Conditions: maximum decay heat generation, ambient temperature = -40°F, no

solar insolance

3. Minimum Temperature Conditions: no decay heat generation, ambient temperature =
-40°F, no solar insolance (no analysis is performed for this condition because all
component temperatures will be -40°F for steady state conditions).

The objectives of the cask thermal analyses under normal conditions of transport are as follows:

1. Demonstrate that the cask can safely maintain the design basis temperatures required for

fuel cladding integrity under the range of thermal conditions expected during normal

conditions

2. Demonstrate that cask components important to safety are maintained within their safe

operating temperature ranges
3. Provide thermal input to the structural analyses.
The first objective is met by demonstrating that the cask maintains maximum fuel rod cladding

temperatures below ;716°F (B:@"C) during normal conditions.

34-1
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The second objective is met by comparing the results of the analyses with the safe operating

ranges established in Section 3.3.

The third objective is met by using the results of the thermal analyses (as direct import of
ANSYS temperature data, as maximum and minimum component temperatures, or as allowable
look-up temperatures) as input to the structural analyses, which demonstrate that the combined

load stresses are within allowable limits.

34.1 Thermal Models

The finite element method is used to evaluate the Universal Transport Cask for exposure to
normal conditions of transport as specified in 10 CFR 71. This section describes the finite
element models used in the thermal evaluation of the cask under normal conditions of transport.
Separate three-dimensional finite element models are used to evaluate the cask loaded with PWR
fuel and the cask loaded with BWR fuel. In addition, a separate model is used to determine the
volumetric average temperature of the cask impact limiter for normal conditions. The analyses
for normal conditions of transport consider the transport cask oriented horizontally.

For each fuel-loading configuration, the cask is evaluated for normal conditions of transport
using a three-dimensional half-symmetry (180°) finite element model of the loaded cask
including internal components. The three-dimensional finite element models of the cask/internal
components both comprise five parts: basket with fuel tube and fuel assembly; canister; spacer
(between canister bottom and shell bottom forging); transport cask body; and gases between
components. To model the cask in a horizontal orientation, the fuel basket in each model is
modeled in contact with the canister on one side which, in turn, is in contact with the inner shell
of the cask on one side—thus simulating no gap on one side of the basket and canister and a
maximum gap at the opposite side (see Figure 3.1-1 for the PWR fuel configuration and Figure
3.1-2 for the BWR fuel configuration).

Gaps within the models are adjusted to account for differential expansion on the basis of thermal

and defined physical contact conditions. Solar insolance, natural convection and thermal

radiation boundary conditions based on ambient temperature are applied to the outer surface of

3.4-2
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the cask (the sections of the cask body covered by the impact limiters are modeled as adiabatic).
The three-dimensional finite element model for the cask loaded with PWR fuel is described in
Section 3.4.1.1.1. The three-dimensional finite element model for the cask loaded with BWR
fuel is described in Section 3.4.1.2.1.

The models of the cask/internal components (both PWR and BWR) are constructed of ANSYS
three-dimensional, solid brick, thermal conduction elements (SOLID70) to model heat
conduction/combined conduction and thermal radiation, as well as two-node thermal radiation
link elements (LINK31) to model thermal radiation. The analyses of the cask models correspond

to steady-state conditions.

In the three-dimensional cask models, the fuel assemblies are modeled as homogeneous regions
with effective temperature-dependent thermal conductivity. The effective thermal conductivity
of the fuel region in the plane perpendicular to the major axis of the cask is determined for each
fuel (PWR and BWR) by using two-dimensional finite element models representing the cross-
section of a single fuel assembly. The two-dimensional finite element models of the fuel
assemblies consist of the UO; fuel pellets; Zircaloy cladding; and gas between the fuel pellets
and cladding and between the fuel rods (fuel pellet/cladding). Heat generation rates (multiplied
by the respective peaking factors for each fuel) are applied to the elements representing the UO,
and an isothermal temperature condition is applied to the edges of the model representing the
outer surfaces of the fuel assembly. The effective conductivity of the fuel assembly is then
calculated by determining the maximum temperature in the fuel and using a closed form
expression for a square with uniform heat generation. The two-dimensional finite element model
of the PWR fuel is also described in Section 3.4.1.1.2. The two-dimensional finite element
model of the BWR fuel is also described in Section 3.4.1.2.2.

The models of the fuel assemblies are constructed of ANSYS two-dimensional thermal elements
(PLANESS) to model heat conduction and two-node thermal radiation link elements (LINK31) to

model thermal radiation. The analyses of the fuel assemblies models are steady-state.

Additionally, the fuel tube walls and BORAL plate are modeled in the three-dimensional

cask models as homogeneous regions by using effective thermal conductivity properties. The
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effective thermal conductivity of the fuel tube walls and BORAL plate is determined for each
fuel tube (PWR and BWR) by using two-dimensional finite element models representing the
cross-section of a typical fuel tube. The two dimensional models of the fuel tube walls and
BORAL plate consist of the stainless steel tube wall; the BORAL sheet, which is composed of a
sheet of boron sandwiched between aluminum sheets; the stainless steel sheet covering the
BORAL plate; and the gaps separating these components. A heat flux is applied to the inner face
- of the composite tube wall while a temperature is applied to the outer face. The change in
temperature is then used to calculate the effective thermal conductivity. This method treats the
thermal resistance of the different layers as being in series. The effective thermal conductivity
for heat condition parallel to the axis of the cask is computed as a weighted average based on the
thickness of each layer. The two-dimensional finite element model of the PWR fuel tube is
described in Section 3.4.1.1.3. The two-dimensional finite element model of the BWR fuel tube
is described in Section 3.4.1.2.3.

The models of the tube wall and BORAL plate are constructed of ANSYS two-dimensional
thermal elements (PLANESS) to model heat conduction and two-node thermal radiation link
elements (LINK31) to model thermal radiation. The analyses of the fuel tube and BORAL plate

models are steady-state.

A separate thermal analysis from the cask models is performed to determine the volumetric
average temperature of the cask impact limiters. The impact limiters are not explicitly modeled
in the cask thermal analyses previously discussed—the cask surfaces covered by the impact
limiters are modeled as adiabatic. The impact limiter thermal model consists of an axis-
symmetric finite element model of one impact limiter, the cask lid, the cask upper forging, the
fire block inside the impact limiter shell, and the air gap between the cask upper forging and the

impact limiter.

34.1.1 Analytical Models: Cask with PWR Fuel Canister

The thermal analysis of the cask transporting PWR fuel uses three finite element ANSYS models
as previously described. A three-dimensional model is employed to evaluate the cask in a

horizontal position with the basket in contact with the canister, which, in turn, is in contact with
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the cask inner shell. The fuel regions and the fuel tubes with BORAL plates in this model are
modeled by using effective conductivities. The effective conductivity of the fuel is determined
by a second model, which is a detailed two-dimensional thermal model of the fuel assembly. The
effective conductivities of the fuel tube wall and BORAL plate are calculated by using a third
model, which is a two-dimensional thermal model of the fuel tube. The three ANSYS thermal

models are described in the following paragraphs.

34.1.1.1 Three-Dimensional Cask Model: Cask with PWR Fuel Canister

The three dimensional Universal Transport Cask model is a half-symmetry finite element model
constructed by using ANSYS Revision 5:5 The model considers the fuel assemblies, fuel tubes,
stainless steel support disks, aluminum heat transfer disks, canister shell, lids and bottom plate,
spacers at the bottom of the canister, cask inner shell, lead, outer shell, neutron shield, and
neutron shield shell. The gaps between the individual components are also considered. The
ANSYS model is shown in Figure 3.4-1. As shown in Figure 3.4-1, the internal cavity of the
canister contains the active fuel region: the top and bottom end fittings of the fuel assemblies,
fuel tubes enclosing the fuel assemblies and the top and bottom end fittings, and the bottom

weldment.

For the PWR configuration, two analyses are performed. Gas inside the canister is modeled as
helium in one model and air in another model. Gas inside the cask cavity is modeled as helium,
because the cavity will be backfilled with helium following fuel loading prior to transport. The
finite element model is constructed of ANSYS three-dimensional, solid brick, thermal
conduction elements (SOLID70) to model heat conduction/combined conduction and thermal
radiation and two-node thermal radiation link elements (LINK31) to model thermal radiation.
The principal gaps applied to the model are shown in Figure 3.1-1 and described in Section
3.2.2.3. In establishing these gaps, the differential thermal expansion between the components is

considered. The gap values selected are conservative.

Because the canister is in the horizontal position during transport, the elements for the canister
shell are shifted downwards to simulate contact with the inner shell of the cask. Similarly, the
support disks and the heat transfer dls}\s are shlfted downward to simulate contact with the

(e et

canister shell. As shown i in. Flgur 3,121 ‘2 2:degree contac 15.C w»; rine. ?PSQQLWCCQ
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a neghglble effcct on the thermal analys1s results, since the thermal resistance across the element

St

1s' neghglble ct ’pared to the thermal resistance of the canister shell or the. cask.inner. shell -
be,c‘au_‘sewtha; th‘lglqkl‘esws&qf&j;bi&glegpen_t;,ls, only 0,005 »:.InChf.; The aluminum heat transfer disks are
assumed to have only a line contact with the canister shell because the heat transfer disks are not

subjected to any loads other than their own weight.

To account for differential thermal expansion, gaps within the model are adjusted on the basis of
temperature and defined physical contact conditions. Solar insolance and ambient temperature
conditions are applied to the neutron shield shell when appropriate. Insolance is used at the
exterior surface of the cask and is based on the amount of insolation required by 10 CFR 71 to be
applied over a 12-hr period evaluated in the steady state (applied over 24 hr simulating 12-hr
period of solar exposure and 12-hr period of no solar exposure). The heat flux resulting from

insolation on a curved surface is calculated as follows:

Btu [2 hr 1 ft°
1475 ~ X X = 0.427 Btu/hr-in°.
12 hr-ft- 24 hr 144 in*

Multiplying this value by the emissivity of the cask surface € = 0.36, gives a heat flux resulting
from insolance on curved surfaces of 0.154 Btu/hr-in® . Using the same method and a heat flux of
2,950 Btw/12 hr-ft* (0.853 Btu/hr-in?) gives a heat flux resulting from insolance on flat surfaces
of 0.307 Btu/hr-in”. Applying one-half of the required 12-hr insolance over a 24-hr period to
achieve a steady state solution, as has been done previously in transport cask licensing, is

conservative,
The model is analyzed to determine the maximum temperatures for the basket, canister, cask

shells. radial shielding, and surface conditions under normal conditions of transport. All material

properties are shown in Tables 3.2-1 through 3.2-13.
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The fuel regions (inside tubes) are modeled as homogeneous regions with effective
conductivities, determined by the two dimensional fuel model as described in Section 3.4.1.1.2.
The fuel assembly tube and the BORAL plate, including air gaps on both sides of the BORAL
sheet and the gap between the stainless steel cladding for BORAL and disk, are modeled as one
element thick with effective conductivities, as established by using the_ two-dimensional tube
model discussed in Section 3.4.1.1.3. Only the spacer plate is modeled with the spacer
concentric cylinders. Therefore, only conduction through the helium (modeled using SOLID70
elements) and radiation from the spacer plate to the cask bottom (modeled using LINK31 thermal

radiation links) are conservatively modeled.

The neutron shield of the Universal Transport Cask, consisting of NS-4-FR, steel, and Cu/SS
fins, is also modeled with effective conductivities. The radial neutron shield effective
conductivity is calculated using an electrical resistance analogy. The equivalent circuit
corresponding to Cu/SS, fin, NS-4-FR and Silicon foam is shown below.

Rns Rsi
. o Neutron Shell
8;2;; NN —@ VA » Surface
Surface
Rcu o—
Rs
Rss

Rne = NS-4-FR material

Rsi = gilicon foam betwaen NS-4-FR
and neulron shield shell

Rcu = & mm copper plate
Rss = & mm stainless steel

Rg = stoinless steel] connection to neutron

shield shell
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The axial conductivity, specific heat, and density are calculated on the basis of a weighted
average of the axial cross sectional area and property. Conductivity of the neutron shield
material NS-4-FR (0.031 Btuw/hr-inch-°F) is used as the conductivity in the circumferential

direction. The effective thermal conductivities for the neutron shield are { :

Temperature 100°F | 225°F | 350%E
Radial Conductivity

(Btu/hr in °F) 0380 | 0382 | 0383
Axial Conductivity

(Btw/hr in °F) 0425 | 0424 | D421
Specific heat

(Btu/hr in °F) 0.39 0.39 0.39

Density

Ibm/in’ 0.0589 0.0589 0.0589

In the model, radiation heat transfer is considered from the top of the fuel region to the bottom
surface of the canister shield lid, from the bottom of the fuel region to the top surface of the
canister bottom plate, and from the exterior surfaces of the fuel tubes to the inner surface of the
canister shell. This radiation is modeled by using LINK31 radiation elements. Radiation across

gaps in the model is described in Section 3.2.2.3 and 3.2.2 4.

Radiation at the neutron shield shell surface to ambient is combined with the convection effect by
using the method described in Section 3.2.2.2. The convection heat transfer coefficient is
calculated on the basis of the formula shown in Section 3.2.3. Effective emissivities are used for
all radiation calculations, with the form factor taken to be unity. Effective emissivity is

computed by using the following formula [9] based on corresponding material emissivities:

Eeif = 1/ (1/81 + 1/ € - l)
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Solar insolance is applied to the neutron shield shell surface for the “EE” E:_ondmgg (ambient
temperature = 100°F). A ¢ cosine di dlstnbutlon is con51dercd for. the heat ﬂux sin e“‘t'he?cask s1de
Surface is subjected to_maximum insolation at the top. an Y cro).
hottom while in the horizontal position, The heat flux is determined based on the average value

of 0.154 Btwhr-in” for the curved surface discussed previously! ’

Volumetric heat generation (Btu/hr-inch®) is applied to the active fuel region on the basis of a
total heat load of 20 kW, with an active fuel rod length of 144 inches, and an axial power
distribution as shown in Figure 3.4-2. While CE 14x14 has a shorter fuel length of 128 inches,
the corresponding total heat is only 15.7 kW and the heat density is 88% of the 20 kW over 144
inches. The 20kW over 144 inches is considered to be controlling.

34.1.1.2 Two-Dimensional Fuel Assembly Model: PWR Fuel

The effective conductivity of the fuel is determined by a detailed two-dimensional finite element
thermal model of the PWR 14x14 fuel assembly. Taking advantage of the symmetry of the
cross-section of the fuel, the finite element model represents a one-quarter section of the fuel.
The model includes the fuel pellets, cladding, gas between the fuel rods, and gas occupying the
gap between the fuel pellets and cladding. Modes of heat transfer modeled include conduction
and radiation between individual fuel rods for the steady-state condition. The model is shown in
Figure 3.4-3. Thermal analyses of the other PWR fuel assemblies (i.e., 17x17, 16x16, and
15x15) are performed; however, because the PWR 14x14 fuel assembly results in the lowest
effective thermal conductivities, only the analysis of that fuel assembly is presented in this

section.

ANSYS PLANE 55 conduction elements and LINK31 radiation elements are used in the model,
which includes a total of 49 fuel rods (representing a total of 196 fuel rods for the full cross-
section). Each fuel rod consists of the pellet, Zircaloy cladding, and a gap between the pellet and
clad. The gas in the gap between the peliet and clad, as well as the gas between the fuel rods, is

modeled as air in one analysis and helium in another analysis. Radiation elements are defined
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between rods and from rods to the boundary of the model (inside surface of the fuel tube).
Radiation across the gap between the pellet and clad is conservatively ignored. Effective
emissivities are determined by using the formula shown in Section 3.4.1.1.1.

The effective conductivity for the fuel is determined by using a two-step procedure. Using the
fuel assembly model, a uniform temperature is applied to the exterior of the model (see Figure
~ 3.4-3) in conjunction with the volumetric heat generation. From this- analysis, the maximum
temperature located at the center of the fuel assembly is determined. This maximum temperature

occurs at the corner of the model, which represents the center of the entire fuel assembly.

A Sandia Natidna] Laboratory Report [10] defines an expression for use in determining the
maximum temperature of a square cross section of an isotropic homogeneous fuel with uniform
volumetric heat generation. At the boundary of this square cross section, the temperature is
constrained to be uniform. The expression for the maximum temperature is given by:

T =T, +0.29468 22 |
Keff
where:
T. =temperature at center of fuel (°F)
T. = temperature applied at exterior of fuel (°F)
Q = volumetric heat generation rate (Btu/hr-in3)
a = half-length of square cross section of fuel (inch)

Ko = effective thermal conductivity for isotropic homogeneous fuel material (Btu/hr-in-°F).

Using the maximum temperature, located at the center of the fuel, from the detailed fuel
assembly model, the preceding expression is used to determine the K¢ for an isotropic

homogeneous representation of the fuel assembly.

Volumetric heat generation based on the design heat load of 20 kW with a peaking factor of 1.1
is applied to the fuel pellets. The temperature at the boundary of the model is constrained to be

uniform. The effective conductivity is determined on the basis of the heat generated and the
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temperature difference from the center of the model to its edge. The temperature-dependent
effective properties are established by using different boundary temperatures. The effective
conductivity in the axial direction of the fuel assembly is calculated on the basis of a weighted

average of the axial cross sectional area.

34.1.1.3 Two-Dimensional Fuel Tube Model: PWR Fuel

The effective conductivity of the fuel tube and BORAL plate, which is used in the three-
dimensional canister model, is determined by the two-dimensional fuel tube model. As shown in
Figure 3.4-4, this model includes the fuel tube, the BORAL plate (including the core matrix
sandwiched by aluminum claddings), air gaps on both sides of the BORAL plate, and an air gap
between the stainless steel cladding for the BORAL plate and the support disk or heat transfer
disk. The BORAL plate in the PWR fuel tube is composed of 62.34% B4C and 37.66%

aluminum.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used to construct
the model, which consists of eight layers of conduction elements and six radiation elements that
are defined at the air gaps (two per gap). The thickness of the model (x-direction) is the distance
measured from the inside dimension of the fuel tube to the inside dimension of the slot in the
support disk (assuming that the fuel tube is located at the center of the disk slot). The tolerance
of the BORAL plate core thickness, 0.003 inch, is used as the gap size for both sides of the
BORAL plate. The model height is defined to be the same dimension as the model thickness.

A heat flux 1s applied at the left side of the model and the temperature at the right boundary of
the model 1s constrained. The heat flux is determined on the basis of design heat load of 20 kW
with a peaking factor of 1.1. The maximum temperature of the model (at the left boundary where
the heat flux is applied) is calculated by using ANSYS. The effective conductivity through the

thickness of the tube is determined by using the following equation:

q = Kl A/L) AT
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or Keir = qL/(A AT)

where:
q = heat rate applied to inner surface of fuel tube (Btu/hr)
A = area (in°)
L = thickness of composite tube model (in)
AT = temperature difference across the model (°F)
Kesr = effective conductivity (Btu/hr-in-°F).

The temperature-dependent conductivity for heat conduction through the wall (Keg) is
determined by varying the temperature constraint at the boundary of the model and then re-
solving for the temperature difference. The effective conductivity for heat conduction parallel to
the axis of the cask body or in the plane of the tube wall is calculated on the basis of the weighted
average of the thickness and conductivity of the individual layers.

34.1.2 Analvtical Models: Cask with BWR Fuel Canister

The finite element ANSYS models used in the thermal analysis of the cask transporting BWR
fuel are similar to those used in the thermal analysis of the cask with PWR fuel canister
discussed in previous sections. A three-dimensional model is employed to evaluate the cask in a
horizontal position with the basket in contact with the canister, which, in turn, is in contact with
the cask inner shell. The fuel regions and the fuel tubes with BORAL plates are modeled by
using effective conductivities. A detailed two-dimensional thermal model of the fuel assembly is
used to determine the effective conductivity of the fuel. A two-dimensional thermal mode] of the
fuel tube is used to calculate the effective conductivities of the fuel tube wall and BORAL plate.
Another two-dimensional thermal model for the fuel tube is used to calculate the effective
conductivity of the fuel tube wall with no BORAL plate present. These four ANSYS thermal

models are described in the following sections.
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34.1.2.1 Three-Dimensional Cask Model: Cask with BWR Fuel Canister

The three dimensional Universal Transport Cask model is a half-symmetry finite element model
constructed by using ANSYS Revision iSjS: The model considers the fuel assemblies, fuel tubes,
stainless steel support disks, aluminum heat transfer disks, canister shell, lids and bottom plate,
spacers at the bottom of the canister, cask inner shell, lead, outer shell, neutron shield, and
neutron shield shell. The ANSYS model is shown in Figure 3.4-5. As shown in the figure, the.
internal cavity of the canister contains the active fuel region: the top and bottom fittings of the
fuel assemblies, fuel tubes enclosing the top and bottom fittings, and the first stainless steel

support.

For the BWR configuration, two analyses are performed. Gas inside the canister is modeled as
air in one analysis and helium in another analysis. Gas inside the cask cavity is modeled as
helium, because the cavity will be backfilled with helium prior to transport. Conduction and
radiation are modeled by using ANSYS “SOLID70” and “LINK31” elements, respectively. The
principal gaps applied to the model are shown in Figure 3.1-2 and are described in Section
3.2.2.3. In establishing these gaps, the differential thermal expansion between the components is

considered.

Because the canister is in horizontal position during transport, the elements for the canister shell
are shifted downwards to simulate contact with the inner shell of the cask. Similarly, the support
disks and the heat transfer disks are shifted downward to simulate contact with the canister shell.
As shown in Figure 3.1-2, a 2-degree contact is considered for the gaps between the canister shell
and the cask inner shell and between the support disk and the canister shell. This contact is
simulated by using appropriate conductivity (100 Btu/hr-inch-°F) for elements at the contact
locations. The aluminum heat transfer disks are assumed to have only a line contact with the
canister shell because the heat transfer disks are not subjected to any loads other than their own

weight.
To account for differential expansion, gaps within the model are adjusted on the basis of

temperature and defined physical contact conditions. Solar insolance and ambient temperature

conditions are applied to the neutron shield shell when appropriate. Insolance is used at the
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exterior surface of the cask and is based on the amount of insolation required by 10 CFR 71 to be
applied over a 12-hr period evaluated in the steady state (applied over 24 hr stmulating 12-hr
period of solar exposure and 12-hr period of no solar exposure). The heat flux resulting from

insolation on a curved surface is calculated as follows:

Bt 12 h z
1475—— 220 U o 6 427 Brwhrein?
12 hr- ft* 24 hr 144 in®

Multiplying this value by the emissivity of the cask surface, € = 0.36, gives a heat flux resulting
from insolance on curved surfaces of 0.154 Btu/hr-in®. Using the same method and a heat flux of
2,950 Btu/12 hr-ft* (0.853 Btu/hr-in®), gives a heat flux resulting from insolance on flat surfaces
of 0.307 Btwhr-in®,

The model is analyzed to determine the maximum temperatures for the basket, canister, cask
shells, radial shielding, and surface conditions under normal conditions of transport. All material
properties are shown in Tables 3.2-1 through 3.2-13.

The fuel regions (inside tubes) are modeled as homogeneous regions with effective

All sides of the BWR fuel tubes do not contain the BORAL plate. Therefore, two different two-
dimensional BWR fuel tube models are analyzed to establish the effective conductivities used in
the three dimensional analysis of the cask with BWR fuel. The models consist of the BORAL
plate (where applicable), including gas gaps on both sides of the BORAL sheet (where
applicable), and the gap between the stainless steel cladding for the BORAL and the support

disks and heat transfer disks. These models are discussed in Section 3.4.1.2.3.

The radial neutron shield of the transport cask for the BWR configuration is identical to PWR

configuration. The modeling of the radial neutron shield is described in Section 3.4.1.1.
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In the model, radiation heat transfer is considered from the top of the fuel region to the bottom
surface of the canister shield lid, from the bottom of the fuel region to the top surface of the
canister bottom plate, and from the exterior surfaces of the fuel tubes to the inner surface of the
canister shell. This radiation is modeled by using LINK31 radiation elements. Radiation across

gaps in the model is described in Sections 3.2.2.3 and 3.2.2.4.

Radiation at the neutron shield shell surface to ambient is combined with the convection effect by
using the method described in Section 3.2.2.2. The convection heat transfer coefficient is
calculated on the basis of the formula shown in Section 3.2.3. Effective emissivities are used for
all radiation calculations, with the form factor taken to be unity. Effective emissivity is

computed by using the following formula [9] based on corresponding material emissivities:

Eest = 1/ (l/eg+1/8-1)

Solar insolance is applied to the neutron shield shell surface for the £Hot” condition (ambient
temperature = 100°F) A value of 0.154 Btu/hr-inch? is used as the heat flux at the neutron
shield shell surface on the basis of the 1,475 Btwhr-ft> heat flux for a curved surface.

Calculation of the heat flux resulting from insolation on a curved surface is discussed earlier in

this section.
Volumetric heat generation (Btu/hr-inch®) is applied to the active fuel region on the basis of a

total heat load of 16 kW, a shortest active fuel rod length of 144 inches, and an axial power with

a peaking factor of 1.22 as shown in Figure 3.4-6.

34.1.2.2 Two-Dimensional Fuel Assembly Model: BWR Fuel

The effective conductivity of the fuel is determined by a detailed two-dimensional finite element
thermal model of the BWR 9x9 fuel assembly. Taking advantage of the symmetry of the cross-
section of the fuel, the finite element model represents a one-quarter section of the fuel. The
model includes the fuel pellets, cladding, gas between the fuel rods, and gas occupying the gap
between the fuel pellets and cladding. Modes of heat transfer modeled include conduction and

radiation between individual fuel rods for the steady-state condition. The model is shown in
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Figure 3.4-7. Thermal analyses of the other BWR fuel assemblies (i.e., 7x7 and 8x8) are
performed; however, because the BWR 9x9 fuel assembly results in the lowest effective thermal

conductivities, only the analysis of that fuel assembly is presented in this section.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used in the model],
which includes a total of 20.25 fuel rods (representing a total of 81 fuel rods for the full cross-
- section). Each fuel rod consists of the pellet, Zircaloy cladding, and a gap between the pellet and
clad. The gas in the gap between the pellet and clad, as well as the gas between the fuel rods, is
modeled as air in one analysis and helium in another analysis. Radiation elements are defined
between rods and from rods to the boundary of the model (inside surface of the fuel tube).

Radiation effect at the gaps between the pellet and clad is conservatively ignored. Effective

The effective conductivity for the fuel is determined by using a two-step procedure. Using the
fuel assembly model, a uniform temperature is applied to the exterior of the model (see Figure
3.4-7) in conjunction with the volumetric heat generation. From this analysis, the maximum
temperature located at the center of the fuel assembly is determined. This maximum temperature

occurs at the corner of the model, which represents the center of the entire fuel assembly.

A Sandia National Laboratory Report [10] defines an expression for use in determining the
maximum temperature of a square cross section of an isotropic homogeneous fuel with uniform
volumetric heat generation. At the boundary of this square cross section, the temperature is

constrained to be uniform. The expression for the maximum temperature is given by:

A

Qa-
Kerr

T, =T, +0.29468

where:
= temperature at center of fuel (°F)

Te
T. =temperature applied at exterior of fuel (°F)
Q

= volumetric heat generation rate (Btw/hr-in®)
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a = half-length of square cross section of fuel (inch)
Keg = effective thermal conductivity for isotropic homogeneous fuel material (Btu/hr-in-
°F).

Using the maximum temperature, located at the center of the fuel, from the detailed fuel
assembly model, the preceding expression is used to determine the K for an isotropic

homogeneous representation of the fuel assembly.

Volumetric heat generation based on the design heat load of 16 kW with a peaking factor of 1.22
1s applied to the fuel pellets. The temperature at the boundary of the model is constrained to be
uniform. The effective conductivity is determined on the basis of the heat generated and the
temperature difference from the center of the model to its edge. The temperature-dependent
effective properties are established by using different boundary temperatures. The effective
conductivity in the axial direction of the fuel assembly is calculated on the basis of the material

area ratio.

34.1.23 Two-Dimensional Fuel Tube Models: BWR Fuel

The fuel tubes in the BWR fuel basket differ from those in the PWR fuel basket in that not all
sides of the fuel tubes contain BORAL. Therefore, two effective conductivity models are
necessary—one fuel tube model with the BORAL plate (a total of 10 layers of materials) and
another fuel tube model with a gas gap replacing the BORAL plate (a total of 4 layers of
materials). Additionally, the BORAL plate in the BWR fuel tube is composed of 16.46% B,C
and 83.54% aluminum, whereas the BORAL plate in the PWR fuel tube is composed of a
62.34%—37.66% composition of B,C and aluminum.

The effective conductivity of the fuel tube and BORAL plate, which is used in the three-
dimensional canister model, is determined by a two-dimensional fuel tube model. As shown in
Figure 3.4-8, this model includes the fuel channel, gas gaps between the fuel channel and fuel
tube. the fuel tube, the BORAL plate (including the core matrix sandwiched by aluminum
claddings), gas gaps on both sides of the BORAL plate, and a gas gap between the stainless steel
cladding for the BORAL plate and the support disk or heat transfer disk.
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Additionally, the effective conductivity of the fuel tube without the BORAL plate, which is used
in the three-dimensional canister model, is determined by another two-dimensional fuel tube
model. As shown in Figure 3.4-9, this model includes the fuel channel, gas gaps between the
fuel channel and stainless steel fuel tube, the fuel tube, and a gas gap between the stainless steel

cladding and the support disk or heat transfer disk.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used to construct
the models. The model with the BORAL plate consists of 10 layers of conduction elements and
8 radiation elements that are defined at the gas gaps (two per gap). The model without the
BORAL plate consists of four layers of conduction elements and four radiation elements that are
defined at the gas gaps (two per gap). The thickness of the models (x-direction) is the distance
measured from the inside dimension of the fuel channel to the inside dimension of the slot in the
support disk (assuming that the fuel tube is located at the center of the disk slot). In the model
containing the BORAL plate, the tolerance of the BORAL plate core thickness, 0.0045 inch, is
used as the gap size for both sides of the BORAL plate. The height of the models is defined to

be the same dimension as the thickness of the models.

In each analysis, a heat flux is applied at the left side of the model and the temperature at the
right boundary of the model is constrained. The heat flux is determined on the basis of the
design heat load of 16 kW with a peaking factor of 1.22. The maximum temperature of the
model (at the left boundary) and the temperature difference (AT) across the model are calculated

by using ANSYS. The effective conductivity is determined by using the following formula:

q = Ke(A/L) AT

or
Kerr = GL/(A AT)

where:
q = heat rate applied to inner surface of fuel tube (Btu/hr)

A =area (inz)
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L
AT = temperature difference across the model (°F)
Ker = effective conductivity (Btu/hr-in-°F).

hickness of composite tube model (in)

1l

The temperature-dependent conductivity (Keg) in each analysis is determined by varying the
temperature constraint at the boundary of the model and then re-solving for the temperature
difference. The effective conductivity for the parallel path is calculated on the basis of area ratio -

of material.

34.1.3 Cask Impact Limiter Thermal Model

As described in Sections 3.4.1.1 and 3.4.1.2, the cask impact limiters are not explicitly modeled
in the 3D cask models. In these models, the cask ends enclosed by the impact limiters are
modeled as being adiabatic surfaces. The cask impact limiters are evaluated thermally for
normal operating conditions in this section. Specifically, the volumetric average temperature of
the redwood material in the cask impact limiters is calculated using an ANSYS finite element
model. Taking advantage of the symmetrical geometry of the cask impact limiters about the
major axis of the cask, the finite element model is an axisymmetric representation of one of the
impact Jimiters with the cask oriented in a horizontal position. This represents the orientation of
the impact limiters during normal transport. The cask impact limiter thermal model is shown in
Figure 3.4-10.

The finite element model of the cask impact limiter is constructed of PLANESS axisymmetric
thermal elements, and radiation and conduction heat transfer across air gaps within the model are
accounted for using effective thermal conductivity properties for air using the method described
in Section 3.2.2.3. Air gaps are modeled between the cask and impact limiter based upon
nominal dimensions. Additionally, a 0.125-in. thick layer of Fiberfrax®.Ceramic Fiber Paper is

modeled between the impact limiter redwood and the cask mating surface of the impact limiter.

A heat flux of 0.13 Btu/h-in?, which represents the package contents, is applied to the interior
surface of the cask lid. This heat flux is obtained from the thermal results for the 3D cask model
with the PWR canister and air as the canister cover gas (described in Section 3.4.1.1) by
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conservatively assuming the heat transfer rate to the cask lid is equal to the heat transfer rate to
the canister shield lid.

Heat fluxes representing the normal conditions solar heat loads are applied to the cylindrical and
vertical flat end surfaces of the impact limiter as shown in Figure 3.4-10. The solar heat flux
applied to the vertical flat surfaces of the impact limiter 0.0769 Btu/h-in? model (which is in the
normal transport orientation) are calculated in the same manner described in Section 3.4.1.1.1
using the prescribed solar heat flux value of 737 Btu/12-hr-ft2. A solar heat flux of 0.154 Btu/ht-
in? is applied to the cylindrical portions of the cask and impact limiter modeled.

A steady-state heat transfer analysis is performed using the ANSYS model described in this
Section. The volumetric average temperature of the cask impact limiter redwood material (Tavg)

is calculated from the results of the thermal steady state analysis.

34.14 Personnel Barrier Thermal Model

According to 10 CFR 71.43(g), a package must be designed, constructed, and prepared for
transport such that in still air at 100°F and shade, no accessible surface of the package has a
temperature exceeding i185"13 in anexcluswe use shipment. Compliance with 10 CFR 71.43(g)
is demonstrated by performmg a computational ﬂLlld dynam1cs (CFD) analysis on a finite

element model of the a1r between the cask surface (1 e neutron shleld shell) and the personnel

ELUHJ.l.&,l_tet,l:ctments andis presemed in Figure 3.4-11;

Because of oeometncal symmetry only one- half of the cask and the air around the cask 1s

m,o_delwth_e air be_ty,v,eenihe, casksuﬁaccs.andtthe_ Ders_onnel bamer,becaus_e it results:m a;hlgher:alr
velocity and more heat is carried o the top. of the. personnel bartier; Along the centerline of the

model the honzontal velocxty component is spemfled to be zero. The nodes at the 1ocat10n of the

the pressure 1s set to aUnosphencdpressure w1th"fjm emperature constramed to m100°f?3 The

ot phverinch:
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portion of the model corresponding to the cask surface constrains both the horizontal and vertical

components of the velocity to be zero.

The cask and personnel barrier are not explicitly modeled in this analysis—only the air
surrounding the cask is modeled. It is conservative that: "thé"ﬁérédﬁﬁéljﬁﬁi‘riéi"isﬁnbt ie){;ili'c’iﬂi;

lmearly dlstnbutcd W1th the bottom and top temgeratur

e

respectlvely

Since the personnel barrier is not explicitly modeled, its temperature is considered to be the
temperature of the air at coordinates that correspond the location of the personnel barrier surface.
The maximum temperature of the personnel barrier occurs at the top most location at the
nperatures. at’ key. points  from’ the analysis. using: the. model

centerline of the model. The‘f

described above are shown in Figure 3.4-12;

34.1.5 Test Model
The methods previously described have been used in previous transport cask licensing and are

sufficient to show that the Universal Transport Cask meets the criteria set forth in Section 3.4.

Therefore, no thermal test model is created.
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342 Maximum Temperatures

Using the thermal models described in Sections 3.4.1.1 and 3.4.1.2, temperatures for the PWR and
BWR cask body, canister, basket, and fuel rod cladding are determined for three normal conditions
of transport: (1) maximum decay heat, 100°F ambient temperature, and solar insolance; (2)
maximum decay heat, -40°F ambient temperature, and no insolance; and (3) no décay heat, -40°F
- ambient temperature, and no insolance. The maximum temperatures of the principal PWR and
BWR cask components, canister, basket components, and fuel rod cladding are shown in Tables
3.4-1 and 3.4-2 for the first two environmental conditions listed above. For the third environmental
condition (i.e., no decay heat, -40°F ambient temperature, and no insolance), no analysis is
necessary because all package temperatures will equilibrate to -40°F. The cask body maximum

allowable component temperatures are shown in Section 3.3.2 and Table 3.4-3.

Using the thermal model described in Section 3.4.1.3, the volumetric average temperature of the

redwood in the impact limiters is 135°F.

343 Minimum Temperatures

The minimum temperatures of the cask and components occur with no heat load and -40°F.
These conditions yield a uniform -40°F temperature throughout the Universal Transport Cask

package. All package components are capable.

344 Maximum Internal Pressures

In the following sections, the maximum internal operating pressures for normal conditions of
transport are calculated for the PWR and BWR Transportable Storage Canisters and for the
Universal Transport Cask cavity. The maximum internal operating pressures for the canisters

and cask cavity are summarized in Table 3.4-4.
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344.1 Maximum Internal Pressure for PWR Fuel Canister and Cask

The internal pressures within the cask and PWR fuel canister are a function of rod-fill, fission,
and backfill gases. The design basis PWR fuel assembly for the internal pressure calculations is
the Westinghouse 17x17 fuel assembly. This assembly has the highest fuel rod backfill pressure
(500 psig) and burnup (45,000 MWD/MTU). However, a_burnup. of. 50,000 MWD/MTU is
cqr{sgwatlyejyusedforth1_§mevalu§c;6n The PWR internal pressure calculations are performed
on a PWR Class 1 System. This is conservative because the high quantity of fission gas is

coupled with the smallest free gas volume, which represents the bounding analysis with respect

to internal pressure. There are three different gases that contribute to the PWR fuel canister
internal pressure and four gases that contribute to the cask cavity internal pressure. The canister
gases are the fuel rod backfill gas, fission gas, and canister backfill gas. Since the canister is not
the containment boundary of the shipping container, the cask cavity gases are the same gases as
those listed for the canister plus the cask cavity backfill gas. All of the gases except the fission
gas are assumed to be helium which is the design basis backfill gas. The internal pressure within
the cask cavity is conservatively calculated by assuming the backfill gas within the cask is at the

same temperature as the gas in the PWR fuel canister.

The maximum calculated average temperature of the gases within the PWR fuel canister with air
as the backfill gas in the canister 1s 492°F. The average gas temperature with air as the cover gas
within the canister is greater than the average gas temperature with helium as the cover gas
within the canister. This average temperature of the PWR fuel canister cover gas is determined
using the three-dimensional cask model described in Section 3.4.1.1. The backfill gases are
assumed to be at an initial temperature of 68°F and an initial pressure of 1 atm. The total
pressure for each volume is found by Ex§l151tl§ calculating the molar quantity of each gas and
summing the quantities directly. The quantity of fission gas is derived using ms
Atoms of Gas!

. Fission

Additionally, the internal pressures within the PWR fuel canister and cask cavity are calculated

assuming both 3% and 100% of the fuel rods fail. In both cases, it is assumed that the failed fuel

rods release 30% of their total fission gas and all of the rod fill gas.
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344.1.1 Maximum Internal Pressure for PWR Fuel Canister

The maximum internal pressure in the PWR fuel canister is calculated in the following two
sections for 3% fuel rod failure and 100% fuel rod failure, respectively. The internal pressure is
calculated for each condition using the ideal gas law (i.e., PV=NRT). The total number of moles
of gas (N) used in the ideal gas law is the sum of the number of moles of canister backfill gas, ‘
fuel rod backfill gas, and fission gas. The calculation of the number of moles of: (1) fuel rod
backfill gas; (2) fission gas; and (3) canister backfill gas are calculated in the following

equations.
(1) Moles of fuel rod backfill gas:

Conservatively, the plenum volume is calculated neglecting the plenum spring.

V, = mr’L

2

V) =nx {[(9—3—74%%3) 0.0225 inches]

x 6.3 inches J: 0.5356 inches”

The pellet clad gap volume is calculated as:

~

7 d
V. = T[L(rflud o rPcllctOD)

, * (0.3225 inches)’ o
- 0.0225 inches | - _4—— = 0.4789 inches

(0.374 inches)
2

V, = m x (144 inches) x ((

The fuel rod backfill volume is calculated as:
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Veodbagin = V1 + VY,

Vewmaan = 0.5356 inches® + 0.4789 inches® = 1.0145 inches®

assembly Canister }

. 3
1.0145 inches® X 264 rods <24 assembllesx(2.54.cmj XO.OOM’
inch cm

= 105,33 liters/Canister

Using the ideal gas law, the quantity of fuel rod backfill gas is calculated as:

(500 psig +14.7)x —2_ 1105335
No 14.7 psia Canister _ 15331 Total Moles of Rod Fill Gas
0.0821-20 203K Canister
Mole K
(2) Moles of Fission Gas:
N 50, ooo y Mwd xi 0><106 W e6a 400
} xO 3125 Atoms of Gas

- Fission' " 6. 02><1023 Atoms

Total Moles of Fission Gas
Canister

N = 808

[
Boroii i

(3) Moles of Canister Backfill Gas:

The canister free gas volume is calculated using the formula shown below.
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VTSC - V

Free Gas Volume

V,

Canister (VShieldLid + Structural Lid

Veusa = 589,484 3inches’

M M.,
V asket = V Aluminum + Stainless Steel
o poRAL pAIuminum pStajnless Steel
Ve = 8,826 inches® + 1,760 lljb + lb
0.0980— - 0. 2910_...
i’ in®

VFue] = v\/'Assembly + VPoisonRods + VPoisonRodSpider
(Rod o)

Vmb TE Vit
e b s ST S~ “
}VA‘mb,y -(9%;7—% * 151 635 * 264.+ 240
%A;mbly 4637 811n per aé:s,embly

HIRIE PRIV SE S IRES. 3 IR

, (0.385 inch)° Guide Tubes
Viosonrogs = 136.1 inch X ————x 7 x 24 ——————
4 Assembly
inch’

= 436.14

[

Poison Rods
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ib b
5 776 88304 0 926 " Inconel
spider spider
Vbsison Rod Spider = s s304 + bm .
0. 2910 b 0.2992 °;"3
_ 204 N
~ 7777 Spider
- inch® inch’ inch’ Assembli
Vo =[4,637.81— 443614 — 422,94 1000 | g DCTIDNCS
(.07 Assembly Poison Rods Spider Canister
= 122 325 36 mch3
VARG = Ve - Venasnia + Vaemrts + Vi)
Free Gas Volume Canister Shield Lid Structural Lid Basket Fuel

= . [23452inches’ +10,060inche
:Vl;rrifGasVolume e 589 484 3 1 I e
e . oy +69 414 1nches +511nches +122 325 36 1nch.~. 8
V;zt(::GaS;‘/olum i 364 181 94 lnChes
: _Canister:

Camster

Using the ideal gas Iaw, the quantity of canister backfill gas is calculated as:
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344.1.1.1 Maximum Internal Pressure Calculations for PWR Fuel Canister (3% Fuel Rod
Failure)

Using the number of moles calculated for the fuel rod backfill gas, the fission gas, and the
canister backfill gas in Section 3.4.4.1.1, the ideal gas law, and assuming the failed fuel rods
release 30% of their total fission gas and all of the rod backfill gas, the PWR fuel canister
* internal pressure for 3% failed fuel rods is calculated.

The total quantity of gas in the canister for 3% failed fuel rods:

N = Ny + 0‘03<NRodBackﬂll) + 0'3(0‘03)(NFissionGas)

185 96ﬂ"—13+o.0 153.31 0008 1 1 3(0.03) ¢
gl Camster Canister

1 9 g Moles
_ “Camster

Using the ideal gas law, the internal pressure in the PWR canister with 3% failed fuel rods is:

Canister “mole

N (5968 g)
R R Camster

LS PO S S SN SO 230

(198 —Mﬁ]ﬁs—) (0 0821 _ami )xSZS 71K
P— : K :

344.1.1.2 Maximum Internal Pressure Calculations for PWR Fuel Canister (100% Fuel Rod
Failure)

Using the number of moles calculated for the fuel rod backfill gas, the fission gas, and the
canister backfill gas in Section 3.4.4.1.1, the ideal gas law, and assuming the failed fuel rods
release 30% of their total fission gas and all of the rod backfill gas, the PWR fuel canister

internal pressure for 100% failed fuel rods is calculated. [The number.of moles Of- gas in the

camster xs used m the ca]culatlon “of_the acc1dent ‘condifion.. pressure presented in .Section
3.5.4.1.1.
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The total quantity of gas in the canister for 100% failed fuel rods:

N = Noisepam + Nroapakan + 0'3(NFission Gas)

pr

N= 5185 %w 15331 M0k .5 gog Moles
Faro frCanister Canister wowrCanister

iN 582 Moles

- Canister

Using the 1deal gas law, the internal pressure in the PWR canister with 100% failed fuel rods is:

(582 ——-——-M"les 0. 0821 _am?, %528,
Pl Camster ~ mole K
L Caruster i
3.44.1.2 Maximum Internal Pressure for Cask with PWR Fuel Canister

The maximum internal pressure in the cask with PWR fuel canister is calculated in the following
two sections for 3% fuel rod failure and 100% fuel rod failure respectively. The internal pressure
is calculated for each condition using the ideal gas law (i.e., PV=NRT). The total number of
moles of gas (N) used in the ideal gas law is the molar quantity of gas in the cask cavity
combined with the molar quantity of gas in the PWR fuel canister calculated in Section 3.4.4.1.1.
The calculation of the molar quantity of gas in the cask cavity is calculated in the following

equations.

The cask cavity free gas volume is:

UTC _ gyl
VFrce Gas Volume — VCuvn_v (VTSC + VSpuccrs)

The canister spacer volume in the above equation is calculated.

i 5 3
K DL x (67 inches) X(S mches}

L= = =1322.12 inches’®
( st ot @ e
Plate. 4 4
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Calculating the volume of the bottom plates starting with the smallest diameter first.

V= x D x W x THK

)

751nches

3 3
Voe1 =77 X 12 inches x s inches) X g

3 ) 3
gmches X

Vouea =7 X 24 inches x (1675mches

inches

oo | w

E. h X
811’1068

Gy 3 3
Vowes =77 X 50 inches X [1675 inches 3 inchesJ X 3 inches

. [t 1 g

Vewds =7 X56inches X(1675 mches - g— incheijg—inches =

g .
?I ,080.33inches?
b ,

55

o

oo 3 3 S o
Viwes =7 % 65 inches x (1675 inches - 3 inches) X Py inches = {1,258.96!inches’

[N ET VY

7 —
V Spacer VCO\‘CI Plate +V + VPlale 2 + VP]ateB +V +V +V

Plate 1 Plate 4 Plate S Plate 6

+964.58 +1,080.33+1,258.96

1,322.12 + 23150 + 463.00 + 617.33 .
Spacer = inches® = 5,937.82 inches®

The cask cavity total volume is:

n Déu\ LCav - 2 .
e D T X (67.61 inches)” x (1925 inches) ] 3
l('.l\n'\ = 4 = 4 = 691,102.54 mCheS
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D2

Canister

L.
Canister 7r><(67 06 inches)? x(_

Vige = 4 y B
VIS, voume = 691102 54 inches® — (618,271.3inches® +5,937.82inches’ )= 66,3
h..‘ Liaid sk el e

Therefore, the free volume in the cask cavity is:

14
61.02 inches®

VUTCFreeGas Vo]ume : (1, oty

Using the ideal gas law, the molar quantity of gas in the cask is:

} e

N = Lam Xl 096 25 cask o  Moles of Cask Backfill Gas
0.0821 M= 993 k Cask
ole -K

344.1.2.1 Maximum Internal Pressure Calculations for Cask with PWR Fuel Canister (3%
Fuel Rod Failure)

Since the PWR fuel canister is not considered to be the containment boundary for the shipping
container, the molar quantities of the gases within the PWR fuel container are assumed to
contribute to the maximum internal pressure in the cask cavity. Therefore, using the molar
quantities calculated for the fuel rod backfill gas, the fission gas, and the canister backfill gas in
Section 3.4.4.1.1 plus the molar quantity of gas in the cask, the maximum internal pressure
within the cask with PWR fuel canister for 3% failed fuel rods is calculated using the ideal gas
law. Additionally, it is assumed that the failed fuel rods release 30% of their total fission gas and
all of the rod backfill gas.

The total quantity of gas in the cask with PWR canister for 3% failed fuel rods is:

N =N TSC Backfin T N UTC Backin T 0~O3(N Rod Backfill ) + 0'3(0'03)(N Fission Gas)
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Thus, using the ideal gas law, the internal pressure in the cask with PWR fuel canister for 3%

failed fuel rods is:

3441272 Maximum Internal Pressure Calculations for Cask with PWR Fuel Canister
(100% Fuel Rod Failure)

Since the PWR fuel canister is not considered to be the containment boundary for the shipping
container, the molar quantities of the gases within the PWR fuel container are assumed to
contribute to the maximum internal pressure in the cask cavity. Therefore, using the molar
quantities calculated for the fuel rod backfill gas, the fission gas, and the canister backfill gas in
Section 3.4.4.1.1 plus the molar quantity of gas in the cask, the maximum internal pressure
within the cask with PWR fuel canister for 100% failed fuel rods is calculated using the ideal gas

law. Additionally, it is assumed that the failed fuel rods release 30% of their total fission gas and

all of the rod backfill gas. The number of moles Of gas is used in the Accident condinons

evaluation presented in Section 3.5.4.1.2.

AL PRI

The total quantity of gas in the cask with PWR canister for 100% failed fuel rods is:

U J
N = N TSC Buckfill +N UTC Backfilll + N Rod Buckfill + 03(N Fission Gus)
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Thus, using the ideal gas law, the internal pressure in the cask with PWR fuel canister for 100%

failed fuel rods is:
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3442 Maximum Internal Pressure for BWR Fuel Canister and Cask

The internal pressures within the cask and BWR fuel canister are a function of rod-fill, fission,
and backfill gases. The design basis BWR fuel assembly for the internal pressure calculations is
the Exxon-ANF 9x9 fuel assembly. This assembly has the highest fuel rod backfill pressure (60
ey

psig) and burnup (40,000 MWD/MTU). However, a_ burnup. of. 50,000 MWD/MTU ie
' conservatxvely used_for this. evaluanon It should be noted that the -design basis BWR fuel

assembly for the internal pressure calculations represents an impossible configuration since the
Exxon-ANF 9x9 fuel assembly will not fit in the Class 4 UMS® TSC: however, this represents
the case which would maximize the internal pressures. There are three different gases that
contribute to the BWR fuel canister internal pressure and four gases that contribute to the cask
cavity internal pressure. The canister gases are the fuel rod backfill gas, fission gas, and canister
backfill gas. Since the canister is not the containment boundary of the shipping container, he
cask cavity gases are the same gases as those listed for the canister plus the cask cavity backfill
gas. All of the gases except the fission gas are assumed to be helium which is the design basis
backfill gas. The internal pressure within the cask cavity is conservatively calculated by
assuming the backfill gas within the cask is at the same temperature as the gas in the BWR fuel

canister.

The maximum calculated average temperature of the gases within the BWR fuel canister with air
as the backfill gas in the canister is 432°F The average gas temperature with air as the cover gas
within the canister is greater than the average gas temperature with helium as the cover gas
within the canister. This average temperature of the BWR fuel canister cover gas is determined
using the three-dimensional cask model described in Section 3.4.2.1. The backfill gases are
assumed to be at an initial temperature of 68°F and an initial pressure of 1 atm. The total

pressure for each volume is found by calculating the molar quantxty of each gas and summing the
-

quantities directly. The quantity of fission gas is derived using 0 3125

Additionally, the internal pressures within the BWR fuel canister and cask cavity are calculated
assuming both 3% and 100% of the fuel rods fail. In both cases, it is assumed that the failed fuel
rods release 30% of their total fission gas and all of the rod fill gas.
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34421 Maximum Internal Pressure for BWR Fuel Canister

The maximum internal pressure in the BWR fuel canister is calculated in the following two
sections for 3% fuel rod failure and 100% fuel rod failure, respectively. The internal pressure is
calculated for each condition using the ideal gas law (i.e., PV=NRT). The total number of moles
of gas (N) used in the ideal gas law is the sum of the number of moles of canister backfill gas,
fuel rod backfill gas, and fission gas. The calculation of the number of moles of: (1) fuel rod .
backfill gas; (2) fission gas; and (3) canister backfill gas are calculated in the following

equations.
(1) Moles of fuel rod backfill gas:

Conservatively, the plenum volume is calculated neglecting the plenum spring.

V, = ar’L

0424 inches _ 2 . o
V, =7 x - 0.03 inches| x 9.578 inches ;= 0.9967 inches

The pellet clad gap 1s calculated as:
Vy = nL(r(gmd o TFi:I]eLOD)

0.424 inches)

*  (0.3565 inch
V, = 1 x (150 inches) x [(( > . (0.3565 inches)

- 0.03 inches) 2 ) j = 0.6366 inches’

The fuel rod backfill volume is calculated as:

\Y =V + V,

Rod Backfill
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Viod packen = 0.9967 inches® + 0.6366 inches® = 1.6333 inches®

. 3
1.6333inches® x 79 —°% 56 assembhesx(Z.Szl.c”}’J K OOOLE yigag £
mnc

assembly Canister cm’ Canister

Using the ideal gas law, the quantity of fuel rod backfill gas is calculated as:

(60 psig +14.7)x —21_ L\ 11847 ¢
N = 14.7 psia Canister 2501 Total Moles of Rod Fill Gas
0.0821 atm / %293 K Canister
Mole K

(2) Moles of Fission Gas:

MWd

N 50000 x1. 0><1o6 ‘

Atoms of Gas x
. Fission ;_;;;.-,g <1

><0 3125

-%0.1979 - : 356‘1
Assembly ~Canister: !

N 775 67

_Total Moles of Flss1on Gas
.- Canister i

(3) Moles of Canister Backfill Gas:

The canister free gas volume is calculated using the formula shown below.

TSC _
Free Gas Volume ™ VCanis(cr - (VShicId Lid + VS[mcturulLid + VBuskc[ + VFue])

=240 (65.81inches)’ y

Canister 4 Canister

-L

Bottom Plate ) =7

' Zinches -1.75inch)

v Canister ™ 625 1998 lnChes

ndasi s
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V =V + MAluminum + MSla.inless Steel MCarbon Steel
Basket BORAL pAlmnum pStainless Steel pCarbOIl Steel
V,.. =12,085inches’ + —27% li’b by, 8,102 1?b
00980— 02910— 02837_
ln ln ln

T
VSC

Free Gas Volume

= Vianister - (VShield tid T VerenraLia

=80,361.34 inches’

VBasket + VFuel )

T.
VSC

Free Gas Volume

=625,199.8|

P
e
:
E
]

i e e ? v

405 771,46 nches” ¢ inches”

VTSC o

Free Gas Volume

 Canister.

inches? ;

vTSC = 405, 771 46

Free Gas Vqumc

X i :
.. Canister. . 61.02 1nches S e

Using the ideal gas law, the quantity of canister backfill gas is calculated as:

T TR

1atm><6 649. 81 g
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3442.1.1 Maximum Internal Pressure Calculations for BWR Fuel Canister (3% Fuel Rod
Failure)

Using the number of moles calculated for the fuel rod backfill gas, the fission gas, and the
canister backfill gas in Section 3.4.4.2.1, the ideal gas law, and assuming the failed fuel rods
release 30% of their total fission gas and all of the rod backfill gas, the BWR fuel canister
internal pressure for 3% failed fuel rods is calculated.

The total quantity of gas in the canister for 3% failed fuel rods:

N = NTSC Back-Fill + OOB(NRod Back-Fill ) + 0'3(0'03)(NFission Gas)

v e e s T

N 209 87 _Mﬂlis__ p
oo Canister
N 217 60 Moles " Moles
__ Canister:

Thus, using the ideal gas law, the internal pressure in the BWR fuel canister with 3% failed fuel
rods is:

217.603-’591‘3—3— 00821 _amé Ixa9
I Camster moleK )

(6 649 81

bt s st e Dy 2 e N e oo daded

Camst_er e

344212 Maximum Internal Pressure Calculations for BWR Fuel Canister (100% Fuel! Rod
Failure)

Using the number of moles calculated for the fuel rod backfill gas, the fission gas, and the

canister backfill gas in Section 3.4.4.2.1, the ideal gas law, and assuming the failed fuel rods
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release 30% of their total fission gas and all of the rod backfill gas, the BWR fuel canister

e e ey

mternal pressure for 100% fa1led fuel rods is calculated The\: umber of moles of gas is used in

The total quantity of gas in the canister for 100% failed fuel rods:

N = NTSC Back-Fill + N Rod Back-Fill + 03(N Fission Gas )

Thus, using the ideal gas law, the internal pressure in the BWR fuel canister with 100% failed

fuel rods is:

- (46758i4°1—es~) [00821 am? 4954K

P . - Canister moIeK
AN (6 649 81 L j
. Camster
34422 Maximum Internal Pressure for Cask with BWR Fuel Canister

The maximum internal pressure in the cask with BWR fuel canister is calculated in the following
two sections for 3% fuel rod failure and 100% fuel rod failure respectively. The internal pressure
is calculated for each condition using the ideal gas law (i.e., PV=NRT). The total number of
moles of gas (N) used in the ideal gas law is the molar quantity of gas in the cask cavity
combined with the molar quantity of gas in the PWR fuel canister calculated in Section 3.4.4.2.1.
The calculation of the molar quantity of gas in the cask cavity is calculated in the following

equations.

The cask cavity free gas volume is:
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V"l;otalG = Vire cavity — (VTSC + VSpacers)

T X Direp X Ligermg 7 x(67.61 inches)® x192.5 inches

Vere caiy = 3 = , = 691,102.54 inches® |

2

XD Iscop XLcaiser 7z><(67.06inches)2 §1§55%ches §

~

Vise = 4 Ml nches?
n x Di . x Hg Dyior ) D 2 H
V. ’ _ pacer pacer + T X% ajor + Mnor N
Spacer 4 [ [( 2 2 2
. 1
n X% (67.0 inches)” XE inch
+
Voo = 4 X 4 =720,739.22 inches’

[ 67.0 inches) : (65.0 inches] : 1
nX|| | +|————— X =
2 2 2

-

-

View = 691102.54 inches -(655,356.99inches® +20,739.22) = 15,006.33 inches’

Free Gas E‘“ .
S % inches’ 14
vTum = 15.006 33 mcnes % . :
Free Gas i \‘A‘ Cask 61.02 inches’

Using the ideal gas law, the molar quantity of gas in the cask is:

3.4-40



SAR - UMS® Universal Transport Cask June 1999
Docket No. 71-9270 Revision UMST-99A

A
N = ! atmxgjzﬁic%k 0 22 ~Moles of Cask Backfill Gas
0.0821 201 Cask
Cask

344221  Maximum Internal Pressure Calculations for Cask with BWR Fuel Canister (3%
Fuel Rod Failure)

Since the BWR fuel canister is not considered to be the containment boundary for the shipping
container, the molar quantities of the gases within the BWR fuel container are assumed to
contribute to the maximum internal pressure in the cask cavity. Therefore, using the molar
quantities calculated for the fuel rod backfill gas, the fission gas, and the canister backfill gas in
Section 3.4.4.2.1 plus the molar quantity of gas in the cask, the maximum internal pressure
within the cask with BWR fuel canister for 3% failed fuel rods is calculated using the ideal gas
law. Additionally, it is assumed that the failed fuel rods release 30% of their total fission gas and
all of the rod backfill gas.

The total quantity of gas in the cask with BWR canister for 3% failed fuel rods is:

N = NTSC Backfill + NL'TC Backfilll + 003(NRod Backfill ) + 0'3(0’03)(NFission Gas)

N 209 g7 Moles ‘10 2 o Moles _ o 0, 25 o Moles 3(0 03 "775 67,M(.’Ies";f
__Q?ﬁk_.,,u “Cask:® S\ Cask ) - Cask
N 227 82 M"lesj
o Cask

Thus. using the ideal gas law, the internal pressure in the cask with BWR fuel canister for 3%

failed fuel rods 1s:
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3442272 - Maximum Internal Pressure Calculations for Cask with BWR Fuel Canister
(100% Fuel Rod Failure)

Since the BWR fuel canister is not considered to be the containment boundary for the shipping
container, the molar quantities of the gases within the BWR fuel container are assumed to
contribute to the maximum internal pressure in the cask cavity. Therefore, using the molar
quantities calculated for the fuel rod backfill gas, the fission gas, and the canister backfill gas in
Section 3.4.4.2.1 plus the molar quantity of gas in the cask, the maximum internal pressure
within the cask with BWR fuel canister for 100% failed fuel rods is calculated using the ideal gas
law. Additionally, it is assumed that the failed fuel rods release 30% of their total fission gas and
all of the rod backfill gas. The number of moles of gas in the cask is used in the calculation of
the accident condition pressure presented in Section 3.5.:4.2.2;

The total quantity of gas in the cask with BWR canister for 100% failed fuel rods is:

N = NTSC Backfifl + N UTC Backfilll + N Rod Backfill + 0'3(NFission Gas)

- - e e g e e

N 209 87 M"les "i022M°l°s 25 01M°les’ 75.67 ~—os |
N 477 80  Moles
Cask:

e i b it i

Thus, using the ideal gas law, the internal pressure in the cask with BWR fuel canister for 100%

failed fuel rods is:
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34.5 Maximum Thermal Stresses

The ANSYS computer code is used to obtain temperatures for use in the structural analyses of
Chapter 2.0. These temperatures are presented in Tables 3.4-1 and 3.4-2. The thermal stress
calculations for normal conditions of transport are performed in Sections 2.6.1 and 2.6.2.

3.4.6 Maximum Allowable Cladding Temperature and Canister Heat Load

The maximum allowable cladding femperatures are calculated for PWE and BWR systems based
on fuel assembly type, maximum burup; and minimum initial cool time./Aliowable Ficat Ioads
are determined by relating cladding femperature to canister heat load;

Claddmg stres es are calculated for a set of represe atwe PWR and BWR assembhes at 40 000

GE 8x8 (150-inch. fuel re,,ron), are. then evaluated at various burnups to determme the ‘maximum

allowable fuel cladding temperature based on PNL-6364 criteria [28] M‘Maxunum allowable
claddmg temperatures are genencally calculated for PWR and BWR burnups rangmg frorn

to envelop the_Mame Yankee specrﬁ -mventory After applylng a5%. desrgn margin to. the
maximum allowable cladding temperatures; the: maximum allowable heat Joad is calculated as a
function of bumup_ and minimum initial cool time.

3.4.6.1 Maximum Allowable Cladding Temperature

Based on PNL-6364, the cladding temperature. limit;is.expressed. as a function. of.initial dry

storage temperature, initial cladding stress at the dry storage temperature, and initial storage time.
For this evaluation, the transport temperatures,and transport times are applied,
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fuel ‘rod, and fuel claddlng thickness.
assembly is calculated as [28];

1nterna1 gas pressure of the rod, psi
= temperature at which P was determined, K
E = clnading wall hickpess, i
Q@d _..=cladding midwall diameter, in;
o ff = afactor, 0.95 for PWR rods or 0.90 for BWR rods
T,. = allowable storage temperature for Gupoos K

@

To account for cladding oxidation during in-core fuel assembly operation.and slorage of the fus
in the spent fuel pool; the nominal cladding thickness is reduced by 0.06. mm and 0,193 oen Tor
PWR and BWR fuel rods, respectively [3]. __For higher burnup PWR fuels (i.e. rod peak burnup
up to 50,000 MWD/MTU), Maine Yankee experience is that the. maxunum,omdeggyer thickness
on ‘the wfgglwgladg;gg‘ is-120.microns [30].The allowable cladding “temperature cg.lculagons ,Eant_

50,000 MWD/MTU therefore employ, an oxide layer thickness of 0,012 om)

The pressure in the fuel assembly rods is produced by the combination of fill gas and fission gas)

For a given fuel assembly design,; the fill. gas;quantity is fixed. and does not. vary_with discharge
burnup.. Based on the initial pressure and. temperature.of the fill gas. ‘the number. of moles of gas

are calculated Using the ideal gas law;

P Pressure
V Volugm(_free volume ms1dc fuel rod)

R
T= Temggmtme ‘of the ga_g
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The number of moles of fill gas are added to the fission gas quantity and converted to a cladding

internal pressure at storage conditions;

The fission gas quantity pressurizing. the fuel claddmg s calcu]ated on_the b the basxs of the burnup
and a fission’ gas release fraction. While the amount of fiss pr d is a predictable
quantlty (directly. correlated to the number of fissions.required to produce the. desued’bumup),
- the release fraction of the gas from the pellet into the pellet-cladding void. d depends on fill_gas
pressure and reactor operating conditions.

Elements ~[11] hsts the number. of‘ gas atoms from a'smgleﬁssmn as 0. 25 ; “Based on‘a“detaﬂed
SAS2H isotope generated fission gas inventory, this fraction is. increased by.25%. 10 account for

s Eramb e ftvie

decay. chains not.included in_Olander (particularly those.leading to. - Xe)... By employing.a

.conservauve fission gas fraction rather. than the SAS2H output itself, the allowable cladding

sroereay

temperature calculation is decoupled from source term calculations.

Based onSandia Report. 90:2406,, A" Method for Determining. the, Spent-Fuel. Contribution, o
Transport Cask Containment Requirements” [10], gas'release fractions from the;fuel pellets are
assumed to be 12% for PWR fuel.rods and 25% for BWR fuel rods.. Relying on & pas diffusion
model (as_applied to. pre-pressurized light water.reactor. fuel rods), the. Sandlarepon"indlcates,g

releasc fractmn of: app;ommatelya 1’%"for PWR rods and app_rommatelyaz %.for BWR: ‘rods:?:'f 0]

T, ,,{,_,

O TESSUTes, Since. the
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MWD/MTU Calvertj .thf:? da;.“
adghtlonal analysis is performed.

WIOR T

Substltutmg the mternal gas pressure resultmg from s “Ieasabl"' FE

Table 3 4 6 Tb_qﬂ}{estmghouse x14x14 ‘and. GE 8x8 (150~1nch fuel eglon)iare?the hnutmg’f’WR
and BWR assembly types at.104 and "65.MPa stress, levels. respectivelys
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T

on _generic, stress versus_limiting temperature curyes fo arrive at.cool time a and. bumup-epemﬁc
maxtmum claddlng allowable temperature ; The datg, sh’ci;iﬁhx_ 1. T T

34.62 Maximum Aliowabie Canister Heat I.0ad

Thermal analysis was performed at three heat loads. for PWR fuel 'and one heat load for. BWR
fuel to determine the corresponding maximum fuel cladding. temperature _Only one heat load is

analyzed for BWR f 'el because the maximum. computed clad temperature 18 548°F (286 7°C). at

analyzed and a‘ﬁxed maximum decay heat of 16 kalsaIlowable for, transpo f BWR fuel]

TR

The thermal models and methods, déscribed in Section:3.4.1; used to determineé the, temperature
of fuel claddmg and system components for the design basis heat load are applied. to. determine

hrort Fod et S gt

the cladding” temperature “at _reduced heat loads.:.:The ANSYS. calculated%temperatulg_e_s,, ‘that
p,roylde;nputgfor_ correlating allowable cladding temperature to allowable heat load are}

Fuel Clad Temperature | Heat.Load
Fuel Type R FQj (kW)
PWR 537 2 4
PWR 610 iz
PWR 673 20
BWR 548 16
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R and BWRRE]
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Figure 3.4-1 Three-Dimensional PWR Cask Finite Element Model
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Figure 3.4-2 Design Basis PWR Fuel Assembly Axial Power Distribution
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Figure 3.4-3 PWR 14x14 Fuel Assembly Two-Dimensional Finite Element Model
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Figure 3.4-4 Two-Dimensional PWR Fuel Tube Model
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Three-Dimensional BWR Cask Finite Element Model

Figure 3.4-5
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Figure 3.4-6 Design Basis BWR Fuel Assembly Axial Power Distribution

ANSYS 5
FEB 14 1
12:46:27
PLOT NC
P AXIAL

Lor
<N~
ST
:Fu i

Fac
\

.98 ] \

.84 :
/
! / !

Distribution
—

o we r
w

o

—

FMuel

[}
FaS

UMS56B Power Distribution

3.4-54



SAR - UMS® Universal Transport Cask May 2000
Docket No. 71-9270 Revision UMST-00A

Figure 3.4-7 BWR 9x9 Fuel Assembly Two-Dimensional Finite Element Model
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Figure 3.4-8 Two-Dimensional BWR Fuel Tube (with BORAL) Model
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Figure 3.4-9 Two-Dimensional BWR Fuel Tube (without BORAL) Model
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Figure 3.4-10 Cask Impact Limiter Thermal Model
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Figure 3.4-11  Personnel Barrier Thermal Model
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Figure 3.4-12
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eratur

Figure 3.4-13  PWR Fuel Dry Storage Temy
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‘versus Cladding Stress
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Table 3.4-1 Maximum Component Temperatures - Normal Conditions of Transport,
Maximum Decay Heat, Maximum Ambient Temperature

Temperature (°F) Temperature (°F)
Cask with PWR Fuel Canister Cask with BWR Fuel Canister
: Canister Gas: Canister Gas: Canister Gas: Canister Gas:
Component ) Air® Helium Air 6 : Helium -
Cask Lid O-Rings/Vent Port O-ring' 268 266 207 - o4
Lower Drain Port O-ringj 225 ZZ& 232 230
Cask Radial Quter Surface 279 266 267 256
Radial Neutron Shield 314 293 301 286
Lead Gamma Shield 328 306 815 R98
Aluminum Disk Exterior 292 268 821 R9g
Aluminum Disk Interior 683 605 608 515
Support Disk Exterior 271 255 213 208
Support Disk Interior 686 608 510 512
Canister Shell 399 }f:lg_\_ 369 3@3
Canister Shield Lid 272 270 P12 208
Canister Bottom Plate 325 324 264 262
Maximum Fuel Rod Cladding 808 673 670 548
Cask Bottom 218 217 229 228
Bottom Forging 225 224 232 230
Inner Shell 368 B44 336 3812
Outer Shell 323 501 EQE 293
Top Forging® 256 250 196 194
Cask Lid 268 266 207 204
Cask Lid Bolt® 268 266 R07 204
Average Gas Temperature in the 492 453 432 366
Canisters’ A '
Conditions: 100°F ambient temperature

20 kW decay heat load. 1.1 peaking factor - PWR
16 kW decay heat load. 1.22 peaking factor - BWR
Solar insolation

Cask cavity gas: helium 5

Canister cavity gas: air or helium ;P:__;

. Cask lid O-rings and vent port O-rings not explicitly modeled—taken to be the maximum cask lid temperature.

Average temperature.

. Cask lid bolis not explicitly modeled—taken to be the maximum temperature of the cask lid.

Lower drain port O-ring not explicitly modeled - taken to be the maximum temperature of the bottom forging.

. Calculated as a volumetric average.

- The design basis cover gas in the canister is helium. Temperature results for air as the cover gas are provided as worst-case temperatures for
structural evaluation

S oLty —
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Table 3.4-2  Maximum Component Temperatures - Normal Conditions of Transport,

Maximum Decay Heat, Minimum Ambient Temperature

Temperature (°F) Temperature (°F)

Component Cask with PWR Fuel Canister Cask with BWR Fuel Canister
Canister Gas: Canister Gas: Canister Gas: Canister Gas:
Air® Helium Air? Helium
Cask Lid O-Rings/Vent Port O-ring’ 154 140 67 62
Cask Radial Outer Surface 160 151 147 132
Radial Neutron Shield 197 178 181 162
Lead Gamma Shield 211 191 196 174
Maximum Basket? 599 503 517 404
Canister Shell 281 289 239 238
Canister Shield Lid 148 145 72 4
Canister Bottom Plate 208 205 131 127
Maximum Fuel Rod Cladding 744 578 589 440
Conditions: -40°F ambient temperature

20 kW decay heat load, 1.1 peaking factor - PWR
16 kW decay heat load, 1.22 peaking factor - BWR
No insolation

Cask cavity gas: helium

Canister cavity gas: air or helium

1. Cask lid O-ring and vent port O-rings not explicitly modeled—taken 1o be the maximum cask lid temperature.

2. Taken to be the greater of the maximum support disk and the maximum aluminum heat transfer disk temperatures.

3. The design basis cover gas in the canister is helium. Temperature results for air as the cover gas are provided as worst-case temperatures for
structural evaluation.
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Table 3.4-3  Universal Transport Cask Thermal Performance Summary for Component
Operating Eréfﬁbé}é”ﬁre
Cask with PWR | Cask with BWR
Fuel Canister Fuel Canister
(helium in cask (helium in cask Allowable
cavity/helium in | cavity/helium in Temperature
Temperature canister) canister) Range
Maximum cladding temperature(°F) 673 548 < ?_@
Component safe operating
temperature ranges
Cask lid O-rings -40 to R66°F -40 to 2O8°F -40 to 300°F
Vent port coverplate O-ring -40 to gg§°F -40 to 208°F -40 to 300°F
Drain port coverplate-O-rings -40 to éé}}"F -40 to Z?@"F -40 to 300°F
Radial NS-4-FR neutron shield | -40 to 293°F. -40 to P8B°F -40 to 300°F
Lead gamma shield -40 to 306°F -40 to P98°F -40 to 600°F
Aluminum heat transfer disk -40 to 665°F -40 to Si;"F -40 to 700°F
PWR s K -40 to 608°F -40 to 650°F
BWR support disk -40 to §17°F £4010700°E

I. In_accordance’ with PNL-6189, the. temperature limit of 380°C. (716°F).is used.for. the’ evaluation of: fuel

considered in the design basis heat load (20 kW). . For.temperature 1imits corresponding to, different burnup and

cooling times, refer to Table 3.4-8;
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Table 3.4-4 Maximum Internal Pressures for Normal Conditions of Transport

Fuel Cavity Condition Pressure

PWR Canister 3% fuel rod failure

100% fuel rod failure

Cask 3% fuel rod failure

100% fuel rod failure

BWR Canister 3% fuel rod failure

100% fuel rod faillre

Cask 3% fuel rod failure

100% fuel rod failure 2.82 atm ~ 41 44 psia =~ 2614 psis
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Table 3.4-5 PWR Cladding Stress Level Comparison Chart

B&W | B&W | CE CE | WE | WE | WE

i e ordiounatt,

Fuel Type 15x15 | 17x17 | 14x14 | 16x16 | T4x14 | 15x15 | 17x17

Rod OD (inch) 043 | 0379 | 044 | 0382 | 0422 | D422 | 0374

Cladding Thickness (inch) | 0.0265 | 0.024 | 0.02§ | 0.025 | 0.0225 | 0.0242 | 00225

Pellet OD (inch) 0.3686 | 03232 | D.3765 | 0:325 | 03674 | 03659 | 03223

Active Fuel Length (inch) | 144 | {43 | 137

oot A

Plenum Length (inch) 172 | 952 | 8375

poc® ]

Spring Weight (ib) 0042 | 0.026 | D01

Backfill Pressure (psig) 415 | 435 | 450
Fuel Mass (MTU) 0.4807 | 0.4658 | 0.4037

# of Fuel Rods 176

Free Volume (inch®) 1.870 | 1.301 | 1234
Pressure (psia) (380°C) 1357 | 1440 | 1636
Stress Level (Mpa) 738 | 769 | 858
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Tab 6

BWR Cladding Stress Level Companison Chan

Fuel Type

EX 7x7

EX 8x8

GE 7x7

GE 8x8a|¢

Rod OD (inch)

0.57

[PE———

0.424

0.563

50:‘493;

Cladding Thickness (inch)

0.036

‘‘‘‘‘‘‘

Tommee

0.03

0.032

Pellet OD (inch)

0.3565

FL ey

0. 487

Active Fuel Length (inch)

Plenum Length (inch)

9578

10.024

Spring Weight (Ib)

Backfill Pressure (p31g)

Fuel Mass (MTU) 0:1 0.1666 | 0:1977 | 0:1833 | Bi847 | 01979
# of Fuel Rods 48 62 i 49 ‘ 63 73

Free Volume (inch’) 2.631 1469 | BO84 | 1929 | [91Z | 758
Pressure (psia) (380°C) 1145 1261 | D981 | 1257 | H279 | HiR9

Stress Level (MPa)

60.8

]

653
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Table 3.4-7 Cladding Stress as a Function,of Fuel Assembly Average Burnup and

T emperature

450°C

Fe T v

648MPa

Burnup

35 ooO;MWD/MTU

"r“(h ey

79.8 ME SMPa

E.’“

50 OOO‘MWD/MTU

Table34-8 ~ Maximum  Allowable Initial Storage Temperature (°C) ias_a . Function

MPa | 5 years | 6 years
5 5092 | 4
10 | 4888
20 | 465.2
30 | 4304

408.1 |
4006 |
3956 3804
5515 Fas
80 3882
90 3857 |
100 3807

O

o

N =

i

116 3753
120 370

130 @ 3635 | 3352
14 35

et . ot~

150 ' B3469 3391 y 3165 | 3112 | 308
160 3396 3314 | 3103 3047 ' 2999
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Maximum Alicwable Cladding Temperatre for PWR and BWR Fue

s

[t gl '-'f"’""’:?".’"-'i
Cool Time

P cr ars ]

PWR Clad Temperature Limit [°C]

BWR Clad Temperature Limit [°C]

Burnup (MWD/MTT)

Burnup (MWD/MTU)

[years]

35,000 | 40,000 | 45,000 | 30,000

35,000 | 40,000 | @5,000 | 50,000

4

ooy e

(&%)
et}
31
€Y

93}
jrd
(o

E

3% 100

et N

80 | B8 | Bi6

e

3
4

R

>

e
346
Er

4

v

&

®
Do
J:-é
b
i

338 | 334 | 533

ey
&

1]
S

I

1
Al
b

Table 34710

Maximum Allowable Decay Heat for PWR and BWR._ Systers

Cool Time

Lyears]

PWR Decay Heaf Limit' [KW]

BWR Decay Heat Limit. [KW]

Burnup (MWD/MTU]

Burnup (MWD/MTU)

35,000 | 40,000 | #5000 | 50,000

35,000 | 40,000 | 45,000 | 50,000

5

2000 | 2000 | 7987

1600 | [€00 E

6 1943 | 19.28 | 19.04 1600 | 1600 3
7 74 B

16.00 116.00

»

v

16.00 | 1600

0

1

Food | F ek
w

1687 | 1679 | 1672 | 1643

1600 | 7600

1 Based on 5% Temperature Margin to’ Allowable;
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3.5 Thermal Evaluation for Hypothetical Accident Conditions

This section provides thermal evaluation of the Universal Transport Cask containing PWR or
BWR fuel under hypothetical accident conditions. The objective of the thermal analysis of the
cask under hypothetical accident conditions is to demonstrate that the cask containment boundary

structural components are maintained within their safe operating temperature ranges.

Because the fire accident is considered to be of short duration, the hmltEZE for maximum cladding
temperature may be higher than that for normal conditions of transporf. A cladding temperature
limit of 1,058°F, however, is conservatively.applied [3]: To determine their cumulative effect on
the package, the tests specified in 10 CFR 71.73 are to be performed or analyzed in sequence.
Thus, the Universal Transport Cask is analyzed for the fire transient, specified in
10 CFR 71.73(c)(4), assuming that the package is in a form consistent with the damage sustained
in the free-drop and puncture tests of 10 CFR 71.73.

351 Thermal Models

Finite element models are used in the thermal evaluation of the Universal Transport Cask under
hypothetical accident conditions. The same model is used to evaluate the cask transporting the
PWR and the BWR fuel. Heat flux is applied to the inner shell surface of the cask model to
simulate the decay heat generation. The distribution of the heat flux corresponds to the power
distribution shown in Figures 3.4-2 and 3.4-6 for PWR and BWR fuel, respectively.

The environmental conditions and decay heat loads for the analysis are provided as discussed in
Section 3.5. Convection during the fire accident has been considered. Results are given in the

form of maximum component temperatures in Tables 3.5-1 (PWR) and 3.5-2 (BWR).

3511 Analvytical Models

Taking advantage of the symmetry of geometry and thermal loads of the cask about its major
axis, the two finite element models of the cask (with PWR and with BWR fuel) are two-

dimensional axis-symmetric representations of the cask. The finite element models are
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constructed by using ANSYS two- d1mens1ona1 thermal elements (PLANESS) with the axis-

T

,'.alr ases) to e ;peaks. temperature c:f"q thegmner

3 5~1, and 3 5-2 for the PWR and BWR fuel respecﬂve]y The cask model for PWR and BWR

used in the accident condition evaluation are shown in Figures 3.5-1 through 3.5-3.

In each model, the cask body is modeled as three concentric shells: the inner stainless steel shell,
the lead shielding, and the outer stainless steel shell. The portions of the lead region which
extend above and below the neutron shield are protected by a layer of low conductivity material
that effectively insulates the lead from the heat of the fire. Because the canister, fuel basket, and
fuel assemblies are not explicitly modeled, no gas gaps occur in the models—all heat transfer
through the models is by means of conduction only. The gap between the cask and lead is

conservatively ignored, resulting in a greater heat input to the cask.
The analyses of the finite element models are composed of three distinct phases:

1. Initial conditions (steady-state): Maximum decay heat of the fuel; ambient
temperature = 100°F; solar insolance.

2. 30-min fire (transient): Maximum decay heat of the fuel; fire
temperature = 1,475°F (including convection and

radiation); no solar insolance.

3. Postfire cool-down (transient):  Maximum decay heat of the fuel; ambient

temperature = 100°F; solar insolance.



SAR - UMS® Universal Transport Cask April 1997
Docket No. 71-9270 Revision 0

For the first two phases of the analyses, the effective conductivity of the radial neutron shield is
calculated in the same manner presented in Section 3.4.1.1.1. At the end of the 30-min fire
transient, the neutron shield is considered to be voided of NS-4-FR, so that only the Cu/SS fins
and stainless steel shell remain. The effective conductivity for this arrangement is then
recalculated as discussed in Section 3.4.1.1.1. Air is substituted for the NS-4-FR material. The
thickness of the fireblock material in an uncompressed state is .12 inches, but in the model .03 in.

is used.

The effect of impact limiters is included in the model for the fire analysis. Previous scale model
tests of the NAC-STC cask have demonstrated that the impact limiters remain on the cask after
the 30-ft drop imposed by the hypothetical accident condition. The UMS® impact limiters are
nearly identical to those of the NAC-STC. The fire transient models include natural convection
and thermal radiation boundary conditions during all phases of the analyses and account for solar
insolation effects in the pre- and postfire transient phase. The natural convection during the fire
is modeled with a convection coefficient of 0.01222AT®3% (Btw/hr in*°F [12] [5]. After the fire,
the convection coefficient as described in Section 3.2.3 is used. The natural convection and
thermal radiation boundary conditions are applied to all external cask surfaces not covered by the
impact limiters. The solar insolance boundary condition is applied to the external surface of the
neutron shield shell. During all phases of the analyses, the areas of the cask covered by the

impact limiters are modeled as adiabatic surfaces.
3.5.1.2 Test Model

The thermal analyses presented in Section 3.5.3 demonstrate that the Universal Transport Cask is
capable of meeting the design basis temperature requirements under hypothetical accident
conditions. The methodology used in this analysis is conservative, consistent with those used in
prior transport cask licensing, and sufficient to show that the cask meets the criteria set forth in

Section 3.5. Therefore, no thermal test model is created.
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352 Package Conditions and Environment

As demonstrated in Chapter 2.0, the Universal Transport Cask body sustains no major damage as
a result of the free-drop and puncture events as demonstrated in Chapter 2.0. Therefore, the cask

body is modeled in an undamaged configuration.

The emissivity of stainless steel is 0.36. However, during the 30-min fire portion of the transient
analysis, the emissivity is assumed to be 0.9. Also, the emissivity of the fire is assumed to be
1.0.

At the end of the fire, the NS-4-FR in the neutron shield is assumed to be destroyed. The result
is a lower conductivity and thus a greater resistance to heat leaving the cask. The emissivity of
stainless steel is again assumed to be 0.36, also providing a greater resistance to heat leaving the
cask. The cooldown is analyzed for a period of 18 hr after the end of the fire. At the end of the
cooldown period, all cask components have already reached their maximum temperatures and

have begun to cool down to their postfire, steady state temperatures.

353 Package Temperatures

The ANSYS computer code is used to evaluate the Universal Transport Cask for the hypothetical
accident fire. A steady-state initial temperature profile is calculated on the basis of a 100°F
ambient temperature and solar insolance and used as input for the 30-min fire transient, which
considers exposure of the cask to a 1,475°F radiant environment. This exposure is followed by an
18-hr cooldown period, which considers exposure of the cask to a 100°F ambient temperature

and solar insolance.

The safe operating temperature ranges of the components specified in Section 3.3.2 are also
evaluated for the fire accident. These components include the seals and lead gamma shielding.
The radial neutron shield temperature is not considered to be significant; therefore its loss is
assumed in this accident. The shielding consequences of loss of the radial neutron shield are

provided in Section 5.4.2.3.
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The maximum component temperatures during the hypothetical fire accident and cooldown
period are provided in Tables 3.5-1 (PWR) and 3.5-2 (BWR). The tables also show the
maximum component temperatures for the fuel cladding, and the lead in the cask body. None of
the safety-related components, with the exception of the radial neutron shield as noted
previously, exceeds its safe operating temperature as a result of the fire accident. The
. temperature histories of the major cask components are shown in Figures 3.5-4 through 3.5-11
for PWR and Figures 3.5-12 through 3.5-19 for BWR.

354 Maximum Internal Pressures

In the following sections, the maximum internal pressures for the hypothetical accident
conditions are calculated for the PWR and BWR Transportable Storage Canisters and for the
Universal Transport Cask cavity. The maximum internal pressure for hypothetical accident

conditions are summarized in Table 3.5-3.

3.54.1 Maximum Internal Pressure for PWR Fuel Canister and Cask

The maximum internal pressures in the PWR fuel canister and the cask are calculated for
hypothetical accident conditions in the same manner described for normal conditions in Section
3.4.4. However, for accident conditions only the case in which 100% of the fuel rods fail

releasing 30% of their total fission gas and all of the rod backfill gas is analyzed.

The calculated maximum post-fire accident average temperature of the gases within the PWR
fuel canister with air as the backfill gas in the canister is 794°F. The average gas temperature
with air as the cover gas within the canister is greater than the average gas temperature with
helium as the cover gas. This average temperature of the PWR fuel canister cover gas is
determined using the axis-symmetric cask model described in Section 3.5.1.1. As previously
discussed in Section 3.4.4.1, the design basis PWR fuel assembly for the internal pressure

calculation is the Westinghouse 17x17 fuel assembly.
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3.54.1.1 Maximum Internal Pressure for PWR Fuel Canister (100% Fuel Rod Failure)

As previously determined in Section 3.4.4.1.1.2, the total quantity of gas in the PWR fuel
canister with 100% failed fuel rods is:

N 582
‘ _Canister.

BT st ath : ? RS KA e

The maxxmum cav1ty temperature is 423°C Us1ng the ideal gas

transient tempcr;aftu;@g_l‘,s_g

582 Moles‘ 00821 atmf‘
PP— : Camster ~mole K’

354.1.2 Maximum Internal Pressure for Cask with PWR Fuel Canister (100% Fuel Rod
Failure)

fuel canister with 100% failed fuel rods is:

Moles
. Cask:;

N 627 24

‘.,f..m S VGRS SN

The maximum cavity temperature is 423°C Using the ideal gas Taw,, the, hypothetical accident
condition intemnal pressure in the.cask with 100% failed fuel f0ds, is;
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3.54.2 | Maximum Internal Pressure for BWR Fuel Canister and Cask

The maximum internal pressures in the BWR fuel canister and the cask are calculated for
hypothetical accident conditions in the same manner described for normal conditions in Section
3.4.4. However, for accident conditions only the case in which 100% of the fuel rods fail

releasing 30% of their total fission gas and all of the rod backfill gas is analyzed.

The calculated maximum post-fire accident average temperature of the gases within the BWR
fuel canister with air as the backfill gas in the canister is 7“O§°F The average gas temperature
with air as the cover gas within the canister is greater than the average gas temperature with
helium as the cover gas. This average temperature of the BWR fuel canister cover gas is
determined using the axis-symmetric cask model described in Section 3.5.1.1. As previously
discussed in Section 3.4.4.2, the design basis BWR fuel assembly for the internal pressure

calculation is the Exxon-ANF 9x9 fuel assembly.

35421 Maximum Internal Pressure for BWR Fuel Canister (100% Fuel Rod Failure)

As previously determined in Section 3.4.4.2.1.2, the total quantity of gas in the BWR fuel

canister with 100% failed fuel rods is:

N =467.58 oles -
L. ... .Canister;

The maximum canister temperature is 371°C.. Using the ideal gas law, the.hypothetical Accident
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35422 Maximum Internal Pressure for Cask with BWR Fuel Canister (100% Fuel Rod
Failure)

3.55 Maximum Thermal Stresses

The maximum thermal stresses in the cask and the cask contents resulting from the hypothetical
accident fire are not calculated. Thermal stresses are secondary stresses. Evaluation of

secondary stresses is not required by the ASME code for accident conditions.

3.5.6 Evaluation of Package Performance for Hypothetical Accident Conditions

The Universal Transport Cask thermal performance has been assessed for the hypothetical

accident fire transient, as specified in 10 CFR 71. Except for the radial neutron shield, which is
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assumed to be lost, all cask components important to safety remain within their safe operating
ranges. The ability of the cask to safely contain its radioactive contents is not compromised.
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Figure 3.5-1 Two-Dimensional Axis-Symmetric Finite Element Cask Model (PWR and
BWR)

Fire Transient Thermal Model
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Figure 3.5-2 Upper Region of Two-Dimensional Axis-Symmetric Cask Finite Element
Model (PWR and BWR)
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