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3.4.3 Maximum Temperatures and Pressure
This section summarizes the peak accident condition temperatures of RT-100 components as a
function of time both during and after the fire, as well as the maximum temperatures from the
post-fire, steady-state condition. This section includes those temperatures at locations in the
package that are significant to the safety analysis and review. The calculations of transient
temperatures trace the temperature-time history up to and past the time at which maximum
temperatures are achieved and begin to fall. The calculations confirm that these temperatures do
not exceed their maximum allowable values. It also confirms that lead shielding does not reach
melting temperature.

The RT- 100 is evaluated structurally for the maximum HAC temperatures and pressures in
Chapter 2, Section 2.7.4 (Thermal).

3.4.3.1 Maximum Temperatures
Section 3.4.1 and 3.4.2 present a summary of the evaluation of the RT-100 for the hypothetical
accident condition fire transient. Provided in the summary are figures depicting temperature
distributions and time histories as a function of time during and after the fire transient. Maximum
temperatures for various cask components as a result of the HAC are presented in Table 3.1.3-2
and Table 3.1.3-3.

Of interest in this section is the determination of the maximum internal pressure in the cask cavity
as a result of the fire test. As shown in Table 3.1.3-3, the maximum average inner shell
temperature during the fire transient is 137°C. The temperature of the cask body components is
increased due to the fire transient, with a maximum normal condition inner shell temperature of
73.1°C as reported in Table 3.1.3-1. Because the temperature of the inner shell of the cask is
raised by 64°C as a result of the fire transient and because the maximum internal decay heat of the
contents is only 200 watts, it is conservative to assume that the cavity temperatures are bounded
by the average inner shell temperatures. For conservatism, the inner shell can be assumed to be at
150'C for the pressure calculations presented in Section 3.4.3.2.

As previously discussed, the primary components of interest during the fire transient from a
temperature standpoint are the lead gamma shielding and the O-ring seals in the primary and
secondary lids. As described in detail in Section 3.4.2, the lead and O-ring materials do not
exceed their allowable, and in fact have safety margins of more than 23°C below their maximum
allowable temperatures. The temperature distributions within the cask, as a result of the
hypothetical accident condition fire transient, are fully considered in the structural evaluation of
the cask presented in Chapter 2, Section 2.7.4 (Thermal).

3.4.3.2 Maximum Accident Condition Pressure
The evaluation of the maximum pressure in the RT-100 is based on the maximum normal
operating pressure, and considers fire-induced increases in package temperatures, thermal
combustion or decomposition processes, phase changes, etc. (Fuel rod failure is not applicable).
The value of this maximum pressure is consistent with the values used in the Structural
Evaluation and Containment sections.
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Similar to the calculation of the maximum normal operating pressure in Section 3.3.2, the
maximum accident condition pressure is calculated using bounding assumptions for the
temperatures in the cask as a result of the hypothetical accident condition fire transient. The
maximum pressure is the sum of four components:

1. The pressure due to the initially sealed air in the cavity

2. The pressure due to water vapor in the cask

3. The pressure due to the hydrogen and oxygen gases generated by radiolysis

4. The pressure due to the thermal decomposition of the contents

The following sections present a summary of the maximum accident condition pressure
calculation. Details of the calculation are provided in Calculation Package RTL-00 1 -CALC- TH-
0202, Rev. 6 [Ref. 7], and RTL-001-CALC-TH-0301, Rev. I [Ref. 25].

3.4.3.2.1 Calculation Method
The internal cavity pressure due to accident condition temperatures is determined using the same
method used to calculate the maximum normal condition pressure in Section 3.3.2. The method
presented below is equal to that used previously, with the maximum normal operating pressure
and internal temperatures used along with the maximum internal temperature determined in
Section 3.4.3.1 to calculate the maximum accident condition pressure.

3.4.3.2.2 Pressure Due to the Initially Sealed Air in the Cavity
Per the ideal gas law, the partial pressure of the air (Pair) initially sealed in the fixed volume of the
cask at the ambient temperature as it is heated to 150 'C is:

Pi x T2 = P2 x Ti

Pair = 101.35 kPa[(423.15 K) / (294.25 K)] = 145.8 kPa (21.15 psia)

3.4.3.2.3 Pressure Due to the Water Vapor in the Cask
The RT- 100 cavity is assumed to contain a small amount of water. By conservatively assuming a
condensing surface temperature of 150 'C, the water vapor pressure, Pwv, at this temperature is
475.8 kPa [69 psia] Fundamentals of Engineering Thermodynamics, 5th Edition, Table A-2 on pg.
761 [Ref. 18], also see Attachment 3.5-4. Adding the water vapor pressure at 150 'C to the
partial pressure of the air in the sealed cask at this temperature gives:

P 2 = Pair+ Pwv= 145.8 + 475.8 = 621.6 kPa [90.16 psia]

3.4.3.2.4 Pressure Due to Generation of Gas
Solidified or dewatered material may contain some water. Therefore, radiolytic generation of
gases from this water could occur. Hydrogen and oxygen may be produced in the cask by
radiolytic decomposition of residual water in the cask contents. As described in Section 1.2.2.6,
the maximum quantity of hydrogen must be limited to less than 5% to ensure that an explosive
quantity does not accumulate.
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The cask atmosphere can be assumed to contain 5% of hydrogen (H2) gas due to radiolysis of the
water. By stoichiometry of the water molecule (H20), the cask atmosphere will also contain 2.5%
oxygen (02) gas generated by radiolysis. Partial pressures in an ideal gas mixture are additive
and behave the same as ideal gas volume fraction or mole fractions. Therefore, the partial
pressure of hydrogen is described by the following equation:

PH2 = 0.05 Ppt

Where, Ppt = Pair + P, + PH2 + P0 2

Combining Pair + P, = P2 and noting that P0 2 = 0.5 x PH2.

PH2 = 0.05 x (P 2 + 1.5 PH2)

Solving the equation explicitly for PH2 gives:

PH2 = [0.05 P2] / [1 - 0.05 (1.5)]
= [0.05 * 621.6kPa] / [1 - 0.05 (1.5)]
= 33.6 kPa [4.87 psia]

3.4.3.2.5 Total Pressure
Based on the stoichiometric relationship between hydrogen and oxygen liberated by radiolysis of
water, and again combining the pressure of the initially sealed air and water vapor as P 2, the total
pressure in the cask at 150 'C is:

PTotal = P2 + 1.5 PH2

= 621.6 kPa + 1.5 * 33.6 kPa

= 672 kPa [97.47 psia]

The maximum pressure is 672 kPa [97.47 psia] under HAC. For conservatism, the maximum
accident pressure is assumed to be 689.4 kPa [100 psia] for the structural analyses presented in
Chapter 2, Section 2.7.4 (Thermal).

3.4.3.2.6 Total Pressure Accounting for Combustion of Contents
In addition to the natural effect of temperature increases on pressure buildup in the package,
other thermally driven phenomena can contribute to the pressure buildup within the containment
boundary of a package. As discussed previously, these include phase transformation of materials
in the package and radiolysis of the contents by radioactive decay. Additionally, the pressure
increases due to the contribution of the partial pressure that results from the thermal
decomposition of the package contents [Ref 25].

Solid polymeric materials, including cellulosics such as wood and paper, undergo both physical
and chemical changes when heat is applied. Thermal decomposition is a process of extensive
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chemical species change caused by heat, generating gaseous fuel vapors which can burn above
the solid material. The process is self-sustaining when the burning gases feed back sufficient
heat to the material to continue the production of gaseous fuel vapors or volatiles. These
volatiles react with the oxygen in the air to generate heat, and part of this heat is transferred back
to the polymer to continue the process.

The Robatel RT- 100 contents include filters that may be constructed from thermoplastics (nylon,
polyester, polypropylene) or paper and shoring made of wood may be contained in the package.
Although it is unlikely that temperatures under HAC will approach the auto-ignition
temperatures of the contents, the following analysis is performed to evaluate the effect of
combustion on the package pressure.

Combustion in a sealed container is limited by the amount of air present to support the chemical
reaction for the thermal decomposition of the fuel. Heats from the exothermic combustion
reaction will increase the temperature of the contents and packaging. The maximum temperature
in a sealed container will determine the maximum pressure, along with some additional pressure
from emitted gases. The sealed inner containment of the RT-100 cask contains only enough air
(5.75 kg) for complete combustion of approximately 1.127 kg of cellulosic material, paper or
wood; or 0.390 kg of polyethylene.

Gibbs-Dalton Law defines total pressure, PT, equal to the sum of the partial pressures of the
individual gases present. The total pressure PT, in the package containment is the sum of
pressures due to phase transformation of materials in the package P, (Ref. 25, p. 25, where P, -

Psat), radiolysis of the contents by radioactive decay P, (1.5 PH, from Section 3.4.3.2.5), and
thermal decomposition of the package contents Pf (Ref. 25, p. 25, where Pf= Pfwood). The vapor
pressure from the phase transformation of water and the partial pressures of hydrogen and
oxygen gases generated from the radiolysis of water in the contents are considered in the total
pressure calculation.

PT = Pv + Pr + Pf

PT = 463.2 kPa + 50.4 kPa + 171.0 kPa = 684.6 kPa [99.3 psia]

where the total pressure of the inner cavity is based on the complete combustion of wood, which
has the highest heat of combustion. Since the temperature required to ignite wood are not
sustainable, complete combustion is not considered a credible event, therefore, the maximum
pressure is taken as 97.47 psia as demonstrated in Section 3.4.3.2.5.

3.4.4 Maximum Thermal Stress
The RT- 100 cask is evaluated for the stresses produced by the temperature gradients in the cask
body that result from exposure of the cask to the HAC fire transient. This evaluation, which
utilizes the temperature distributions resulting from the fire accident as described in Section 3.4.3,
is presented in detail in Chapter 2, Section 2.7.4 (Thermal).

3.4.5 Accident Conditions for Fissile Material Packages for Air Transport
This Section is NOT APPLICABLE. The RT-100 is not be used for fissile material air transport.
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3.5 Appendix
Attachment 3.5-1 EPDM Temperature Specifications

[Ref. 16]
Parker O-Ring Handbook

I
Not compatible with:

" Fuels of high aromatic content (for flex fuels a special
compound must be used).

" Aromatic hydrocarbons (benzene).
" Chlorinated hydrocarbons (trichloroethylene).

" Polar solvents (ketone, acetone, acetic acid.
ethylene-ester).

" Strong acids.
" Brake fluid with glycol base.
" Ozone, weather and atmospheric aging.

1 2.2.2 Carboxylated Nitrile (XNBR)
4 Carboxylated Nitrile (XNBR) is a special type of nitrile

polymer that exhibits enhanced tear and abrasion resistance.
For this reason, XNBR based materials are often specified for
dynamic applications such as rod seals and rod wipers.

Heat resistance
U Up to IOO'C (212'F) with shorter life 4 121'C
(250

0
F).

Cold flexibility
SDepending on individual compound. between -18'C
and -48°C (O°F and -551F).

Chemical resistance
" Aliphatic hydrocarbons (propane, butane, petroleum

oil, mineral oil and grease, diesel fuel, fuel oils)
vegetable and mineral oils and greases.

" HFA. HFB and HFC hydraulic fluids.
" Many diluted acids, alkali and salt solutions at low

temperatures.

Not compatible with:
Fuels of high aromatic content (for flex fuels a special
compound must be used).

* Aromatic hydrocarbons (benzene).

* Chlorinated hydrocarbons (trichloroethylene).

• Polar solvents (ketone. acetone, acetic acid,
ethylene-ester).

* Strong acids,
* Brake fluid with glycol base.

Ozone, weather and atmospheric aging.

2.2.3 Ethylene Acrylate (AEM, Vamac)
Ethylene acrylate is a terpolymer of ethylene and methyl
acrylate with the addition of a small amount of carboxyl-
ated curing monomer. Ethylene acrylate rubber is not to be
confused with polyacrylate rubber (ACM).

Heat resistance
• Up to 149'C (300°:F) with shorter life up to 163°C (325'F).

Cold flexibility
- Between -29°C and -40'C (-20'F and -40'F).

Chemical resistance
" Ozone.
" Oxidizing media.

" Moderate resistance to mineral oils.

Not compatible with:
" Ketones.

" Fuels.
" Brake fluids.

2.2.4 Ethylene Propylene Rubber (EPR, EPDM)
EPR copolymer ethylene propylene and ethylene-propylene-
diene rubber(EPDM) terpolymer are particularly useful when
sealing phosphate-ester hydraulic fluids and in brake systems
that use fluids having a glycol base.

Heat resistance
* Up to 150°C (302'F) (max. 204'C (400'F)) in water

and/or steam).
Cold flexibility

- Down to approximately -57°C (-70'F).

Chemical resistance
" Hot water and steam up to 149°C (300'F) with special

compounds up to 260'C (500'F).
" Glycol based brake fluids (Dot 3 & 4) and silicone-basaed

brake fluids (Dot 5) up to 149'C (300'F).

" Many organic and inorganic acids.
" Cleaning agents, sodium and potassium alkalis.

" Phosphate-ester based hydraulic fluids (HFD-R).
* Silicone oil and grease.

" Many polar solvents (alcohols, ketones. esters).

" Ozone. aging and weather resistant,

Not compatible with:
Mineral oil products (oils, greases and fuels).

2.2.5 Butyl Rubber (IIR)
Butyl (isobutylene, isoprene rubber. IIR) has a very low
permeability rate and good electrical properties.

Heat resistance
- Up to approximately 121 VC (250'F).

Cold flexibility
- Down to approximately -59*C (-75°F).

Chemical resistance
* Hot water and steam up to 121'C (250°F).

" Brake fluids with glycol base (Dot 3 & 4).
" Many acids (see Fluid Compatibility Tables in

Section VII).

- Salt solutions.

" Polar solvents, (e.g. alcohols, ketones and esters).
" Poly-glycol based hydraulic fluids (HFC fluids) and

phosphate-ester bases (HFD-R fluids).

" Silicone oil and grease.
" Ozone, aging and weather resistant.

Not compatible with:
' Mineral oil and grease.
' Fuels.
' Chlorinated hydrocarbons.

Parker Hanniffn Corporation ' 0-Ring Division
2360 Paw, to , tL ngo., KY 40509

Ph" 1859) 269-2351 • Fax. (8%) 335-5128
ww.pwrkermqns cor
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Attachment 3.5-2 Seal Material EPDM Working Temperature
[Ref. 8]
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Attachment 3.5-3 Water Vapor Pressure Reference (801C)
[Ref. 17]
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Fluid Mechanics
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Dtewptmt of Mechanica E ngineen
Iowa StaWt Un•wrsi
Amit• Iowa, USA
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Attachment 3.5-3 Water Vapor Pressure Reference (801C) (Continued)
[Ref. 17]
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Attachment 3.5-3 Water Vapor Pressure Reference (80'C) (Continued)
[Ref. 17]
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Attachment 3.5-4 Water Vapor Pressure Reference (150°C)
[Ref. 18]

5th Edutwr

V Iundamentals of
Engineering Thermodynamics

P.Wh.IJ. MeAWMI
The Ohio Stwe Unti'enky

Howard N. Shippiu
kIwa SMw U.vemty of Sciene and TecbuOlOby

WilEY John Wiley & Smnn, in(-

Robatel Technologies, LLC 
Page 3-66

Robatel Technologies, LLC Page 3-66



RT-100 Safety Analysis Report, Rev. 6 (Non-Proprietary Version)
Docket No. 71-9365

ROBAiM

May 15, 2015

Attachment 3.5-4 Water Vapor Pressure Reference (15 0 'C) (Continued)
[Ref. 18]
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Attachment 3.5-4 Water Vapor Pressure Reference (150°C) (Continued)
[Ref. 18]
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Attachment 3.5-4 Water Vapor Pressure Reference (1501C) (Continued)
[Ref. 18]
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4. CONTAINMENT
Chapter 4 describes the RT-100 containment under the RT Quality Assurance Program [Ref 1]
and summarizes the results to demonstrate compliance with the structural requirements of 10 CFR
71 [Ref. 2]. This Chapter demonstrates the RT- 100 containment boundary compliance with the
permitted activity release limits specified in 10 CFR 71.51 (a)(1) [Ref. 2]and 10 CFR 71.51 (a)(2)
[Ref. 2] for both normal conditions of transport (NCT) and hypothetical accident conditions (HAC)
of transport. The reference leakage rates for various cask conditions are normally calculated, and
the most bounding value is chosen as the maximum allowable leakage rate for the cask in order to
ensure compliance with regulatory limits.

Due to the variety of inventories, diversity in both isotopic composition and in total activity
concentration, the RT-100 has been established as a leaktight container. Leaktight is a degree of
package containment that in a practical sense precludes any significant release of radioactive
materials. This degree of containment is achieved by demonstration of a leakage rate less than or equal
to 1 x 10-7 ref cm 3/s, of air at an upstream pressure of I atmosphere absolute and a downstream
pressure of 0.01 atmosphere absolute or less (ANSI N14.5-1997 [Ref. 3]).

The containment review is based in part on the descriptions and evaluations presented in the
General Information, Structural Evaluation and Thermal Evaluation sections of the application.
Similarly, results of the containment review are considered in the review of Operating Procedures
and Acceptance Tests and Maintenance Program. An example of the information flow for the
containment review is shown in Figure 4-1 on the following page.

4.1 Description of Containment System
Section 4.1 provides a detailed description of the containment system. This description includes
the containment vessel, welds, seals, lids, cover plates, and other closure devices relevant to the
containment boundary of the cask. Materials of construction and applicable codes and standards
are presented in the RT100 NM 1000-F - Bill of Material (Chapter 1, Appendix 1.4, Attachment
1.4-1).

4.1.1 Containment Vessel
The package containment system is defined as the inner shell of the shielded transport cask,
together with the associated lid, 0-ring seals, and lid closure bolts. The inner shell of the RT-100,
or containment vessel, consists of a right circular cylinder of 1730 mm inner diameter and
1956 mm inside height. The shell is fabricated of stainless steel. At the base, the cylindrical shell
is attached to a circular forged bottom with full penetration weld. At the top, the inner shell is
attached to a circular forged flange with a full penetration weld. The primary lid is attached to the
cask body with thirty-two (32) equally spaced M48 hex head bolts. A secondary lid covers an
opening in the primary lid and is attached to the primary lid using eighteen (18) equally spaced
M36 hex head bolts. Refer to Chapter 4, Section 4.1.4 for closure details. The inner shell is shown
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to maintain stresses within allowable limits in Chapter 2, Section 2.6.7 for NCT and in Chapter 2,1
Section 2.7 for HAC. These evaluations demonstrate that the inner shell maintains its integrity
and provides containment along with the closure system as described in Section 4.1.4.

Structural
Evaluation

" Deformation
" Chemical and

Galvanic Reactions
" Contents Condition

General
Information

" Dimensions
" Contents
" Materials
" Containment

Boundary

Thermal
Evaluation

" Temperatures
" Pressures
" Gas Inventory

Containment Review

Containment Boundary Normal Conditions of Hypothetical Accident
Transport Conditions

* Components

* Criterion -Gamma
* Penetrations

* Demonstration of -Neutron
* Closure Compliance

Seals Combustible Gases

Operating
Procedures

" Closure

Requirements
" Assembly

Verification

Acceptance Tests

and Maintenance

" Fabrication
Verification
Leakage Rate

" Periodic
Verification
Leakage Rate

Figure 4-1 Information Flow for the Containment Review
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4.1.2 Containment Penetration
There are three locations where the containment vessel may be penetrated. For each location, an
inner O-ring seals the containment boundary.

o Primary lid

o Secondary lid

o Cask vent port cover plate

A vent port penetrates the primary lid into the main cask cavity. The vent penetration contains a
quick disconnect valve and is sealed with the vent port cover plate. The primary lid, secondary lid
and the cover plate are sealed with EPDM O-rings. Figure 4.1.2-1 illustrates the containment
boundaries of the RT-100 (in red). The RT-100 does not rely on any valve or pressure relief
device to meet the containment requirements. The quick disconnect valve is protected by the vent
port cover plate which protects the valve from unauthorized operation and provides a sealed
enclosure to retain any leakage from the device.

Robatel Technologies, LLC Page 4-3



Proprietary Content Withheld Under
10 CFR 2.390



RT-100 Safety Analysis Report, Rev. 6 (Non-Proprietary Version) m ROBAIax
Docket No. 71-9365 May 15, 2015

4.1.3 Welds and Seals
The containment vessel is fabricated using full penetration welds. Lid seals are EPDM O-rings
and are further addressed in Section 4.1.4. O-rings may be supplied by manufacturers such as

those in Parker O-Ring Handbook ORD 5700 [Ref. 10] and Trelleborg Sealing Solutions O-Ring
and Backup Rings Catalog, August 2011 [Ref. 11]. Additional information on the O-rings taken
from these references is provided in Attachment 4.5-1 through Attachment 4.5-5.

Parker O-Ring Handbook ORD 5700 [Ref. 10] and Trelleborg Sealing Solutions O-Ring and
Backup Rings Catalog, August 2011 [Ref 11] contain information regarding the operating
temperature range, gap permeability, and compression set for the material. The temperature
performance of the EPDM O-rings is presented in Chapter 3, Section 3.2.1 and the application of

the O-rings in the primary and secondary lid seals is addressed in Chapter 2, Appendix 2.13.
EPDM radiation resistance is addressed in Radiation Resistance of Elastomers, IEEE Transactions
on Nuclear Science, Vol. NS-32, No.5, October 1985 [Ref 12], indicating that the material is

radiation resistant up to 5x10 8 rads while retaining reasonable flexibility and strength, hardness,
and very good compression set resistance. A copy of Reference 12 is provided in Attachment
4.5-5.

4.1.4 Closure
The primary lid closure consists of a partially recessed, 210 mm-thick stainless steel plate. The lid
is supported at the perimeter of the cylindrical body by a thick flange (upper forging) which is
welded to the top of the inner and outer cylindrical shells. The Primary Lid is attached to the cask

body by thirty-two (32) equally spaced M48 hex head bolts. Two (2) EPDM O-rings are retained
in machined grooves at the lid perimeter. Groove dimensions prevent over-compression of the
O-rings by the closure bolt pre-load forces and hypothetical accident impact forces.

The cask is fitted with a recessed secondary lid which consists of 100 mm thick plate, a 60 mm

thick lead gamma shield, and 10 mm thick closure plate. The Secondary Lid is attached to the
Primary Lid with eighteen (i8) equally spaced M36 hex head bolts. Two (2) EPDM O-rings are
retained in machined grooves at the lid perimeter.

The quick-disconnect valve is housed under a 10mm thick stainless steel cover plate. The Quick-
Disconnect Valve Cover Plate is attached to the primary lid with six (6) equally spaced M10 hex
head bolts. Two (2) EPDM O-rings are retained in machined grooves at the lid perimeter.

The torque requirements for these bolts may be seen below in Table 4.1.4-1. Due to this closure
setup, continuous venting from the RT-100 is precluded.

As stated above, the containment system is sealed by multiple bolted closures. These closures

contain numerous bolts that are required to be tightened to specified torques using approved
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procedures during the cask loading process. Secure closure is assured by the torque values
specified and the assembly verification leak test performed prior to transport. The torques are
specified in order to ensure that sufficient pre-load is applied to the bolts so that they will
withstand loads from the maximum normal and accident condition pressures within the cavity.

The closure system is evaluated for NCT and HAC in Chapter 2, Appendix 2.13. Closure bolts
are shown to maintain adequate design margin and allow the O-rings to maintain a positive seal at
all times.

Table 4.1.4-1 Bolt Torque Requirements

Primary Lid M48 850

Secondary Lid M36 350

Quick-Disconnect Valve MlO 27
Cover Plate

4.1.5 Cavity Volume, Conditions, and Contents
The cavity dimensions are displayed in Table 4.1.5-1.

Table 4.1.5-1 Cask Cavity Dimensions

Thus, the volume of the cylindrical cavity is

VeavitN = (71 DcavitN 2 -Lcavit, )/ 4

Table 4.1.5-2 Cask Cavity Volume

Total Cavity Volume [cm31 I 4.60E+06

The temperature under normal and accident conditions are determined based on the maximum
internal cavity temperatures for normal and accident situations. Pressures and temperatures are
provided by Calculation Package RTL-001-CALC-TH-0102, Rev. 6 [Ref. 8] and Calculation
Package RTL-001-CALC-TH-0202, Rev. 6 [Ref. 9] for normal and accident situations,
respectively. The standard leakage rate is the leakage rate of dry air when it is leaking from
1 atm (upstream pressure) to 0.01 atm (downstream pressure) at 298 K (ANSI N14.5-1997
[Ref. 3]). Dynamic viscosity values were generated based on the Sutherland equation
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("Fundamentals of Fluid Mechanics", 5 th edition [Ref. 14]), Introduction to Nuclear Engineering,

3 rd edition [Ref.13] Table IV.4, ANSI N14.5-1997 [Ref. 3] Table B-i, Fundamentals of Fluid

Mechanics Table B.4 [Ref. 14] Table B.4, and viscosity of gaseous helium table in Brookhaven
National Laboratory, "Selected Cryogenic Data Notebook", Aug. 1980 [Ref. 15].

Table 4.1.5-3 Parameters for Normal Transport and Accident Conditions

Pu [atm] 3.38 6.8 1

Pd [atm] 1 1 0.01

Pa [atm] 2.19 3.9 0.505

T ['F] 176 (353 K, 80 -C) 302 (423 K, 150 °C) 76.7 (298 K, 25 °C)

M [g/mol] 29 (air), 4 (He) 29 (air), 4 (He) 29 (air), 4 (He)

[cP] 0.0207 (air), 0.0224 (He) 0.0236 (air), 0.0254 (He) 0.0185 (air), 0.0198 (He)

a [cm] 0.49 0.49 0.49

4.2 Allowable Leakage Rates at Test Conditions
Un-choked flow correlations are used as they better approximate the true measured flow rate for
the leakage rates associated with transportation packages. Using the equations for molecular and
continuum flow provided in NUREG/CR-6487 [Ref. 7], the corresponding leak hole diameter is
calculated for the RT-100 for standard test conditions by solving Equation 4.1 for D, the leak
hole diameter. The capillary length required for Equation 4.1 for the containment system is
conservatively chosen as the O-ring groove width in the vent port cover plate lid, which is
0.49 cm.

Equation 4.1L 2.49x10 6 D 4  3.81 x 103 D3I-]

L@ Pa a'g + - a'-a x [Pu- Pd]

where:

Lgpa is the allowable leakage rate at the average pressure for standard conditions [cm 3/s],
a is the capillary length [0.49 cm],
T is the temperature for standard conditions [K],
M is the gas molecular weight [g/mol] = 29.0 for air, 4.0 for He from ANSI N 14.5, Table

B1,
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!a is the dynamic viscosity for helium or air [cP],
P" is the upstream pressure [atm],
Pd is the downstream pressure [atm],
Pa is the average pressure; Pa = (Pu + Pd)/2 for standard conditions [atm], and
D is the capillary diameter [cm].
The leak hole diameter is determined using the parameters for standard conditions presented in
Table 4.1.5-3.

The allowable leakage rate for leaktight conditions is at the upstream pressure, the ratio
presented in Equation 4.2 is used to convert Equation 4.1 to upstream leakage rate so that the
capillary diameter can be determined.

Equation 4.2
Pu

L@pa = L@pu

where:
L@pa is the allowable leakage rate at the average pressure [cm 3/s] for standard conditions,
L@pu is the allowable leakage rate at the upstream pressure [cm 3/s] for standard conditions,
PU is the upstream pressure [atm],
Pd is the downstream pressure [atm], and
Pa is the average pressure; Pa = (Pu + Pd)/2 [atm].

The sensitivity for the leakage test procedures is established by ANSI N14.5-1997 [Ref. 3] as
shown in Equation 4.3.

Equation 4.3

S = ½"Leakage Rate'

4.3 Leakage Rate Test for Type B Packages
This section describes the leakage tests used to show that the RT-100 meets the containment
requirements of 10 CFR 71.51 [Ref 2]. Leak test requirements are further specified in Chapter 8,
Section 8.1.4.

The following leakage tests are conducted on the RT-100 as required by ANSI N 14.5 [Ref 3]:

1 Leakage rate in this case is the upstream pressure leakage rate at standard conditions.
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Table 4.3-1 Leakage Tests of the RT-100 Package

Maintenance After maintenance, repair (such as
weld repair), or replacement of

components of the containment

system
Helium <_ LHe

Fabrication Prior to the first use of the RT- 100
i

Periodic Within 12 months prior to next
shipment

Pre-Shipment Before each shipment, after the Nitrogen No Leakage at
contents are loaded and the or air a Sensitivity <

package is closed (optional) 10-3 ref-cm 3/sec
*Adjusted for the individual properties of the test gas (calculated below); sensitivity is

<LHe/2 . As shown in Table 4.3-1, the Maintenance, Fabrication, and Periodic leakage tests
may be performed using helium as the test gas. The acceptance criterion for these tests is
the equivalent reference leakage rate for helium gas, LHe, which is calculated below.

4.3.1 Determination of Equivalent Reference Leakage Rate for Helium Gas
Section 4.3.1 determines the allowable leakage rate using the Helium gas which may be used to
perform the annual verification leakage tests summarized in Table 4.3-1 above. This calculation
uses formulas presented in ANSI N14.5 [Ref. 3].

It is known that the reference air leakage rate, LR, is 1.00 x 10-7 ref cm 3/s based on leaktight

criteria.

Using Equation 4.1 and Equation 4.2, the maximum capillary diameter, Dmax, was determined:

3"81x10 3D 3  298K

L@p 2.49X1Dax m+ e
(0.49cm)(O.O185cP) (0.49cm)(O.SO5atm)

= 1x10- 7cM3/s

( 0.505Satin'(latm - 0.0latm) l0atn )

Diameter values are inputted until the result of the above calculation is roughly equivalent to
1xl10 7 ref cm 3/s. Solving for Dmax iteratively yields:
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Dmax = 1.3261E-04 [cm]

The equivalent air/helium mixture that would leak from Dma, during a leak test, as described in
Table 4.1.5-3, is determined. The leakage tests are performed with an air/helium mixture. The
helium partial pressures can vary from 0.25 atm to 1.0 atm. An example with a helium partial
pressure of 0.7 atm has been provided to illustrate the process used to determine the value of the
variables used to determine the acceptable test leakage rates.

Assume the cask void is evacuated to 0.3 atm and then pressurized to 1.0 atm with an air/helium
mixture.

Pvoid = Pair = 0.3 atm

Pmi\= 1.0 atm

PHe = Pmix - Pair = 0.7 atm

The downstream pressure, Pd, under standard conditions is 0.01 atm.

Pa = 0.5 X (Pmix + Pd) " Pa = 0.505 atm

From ANSI N14.5 - 1997 [Ref. 3]:

MHe = 4.0 g/mol

MtHe = 0.0198 cP

Mair 29.0 g/mol

PLair= 0.0185 cP

The mass of the mixture of air/helium gases is then determined:

Mmix= MHePHe- MairPair " Mmi, = 11.5 g/mol Eqn. B.7 from ANSI N14.5 [Ref. 3]
Pmix

II-HePHe+ I-airPair 4 [tmix 0.0 194 cP
Pmix Eqn B.8 from ANSI N14.5 [Ref. 3]

Change in viscosity as a function of temperature was taken into consideration by using the values
listed in Table 4.3.1-1, and performing linear interpolation. Mixture viscosity was determined for
each temperature using the same methodology described above.
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Table 4.3.1-1 Helium and Air Viscosity

250 0.01784 273.15 0.0171'
275 0.0191 2

300 0.0201 3

350 0.0223 -

278.15 0.0173 4

283.15 0.0176 4

288.15 0.01804

293.15 0.0182 4

298.15 0.0185 4

303.15 0.0186 4

313.15 0.0187 4

323.15 0.0195 4

333.15 0.01974

Determine Lmi, as a function of temperature

Temperature range for test = T = 273 to 328 K, or equivalently 31.73 'F to 130.73 'F

2.49.106"(Dmax)4Fc(Dmax) =
a'imix

3.81.10 3 .(Dmax)3 MT.
Mmix

Fm(T) = a Ma_
a'Pa-

Lmix(T) = (Fc + Frn(T)) (Pmix - Pd) Pa
Pmix

Equation B.3 from ANSI N14.5 - 1997 [Ref 3]

Equation B.4 from ANSI N14.5 - 1997 [Ref. 3]

Equation B.5 from ANSI N14.5 - 1997 [Ref. 3]

Convert the test temperature to Fahrenheit: TF(T) = [(9/5)TK-459.67] -F

Figure 4.3.1-1 illustrates the air and helium mixture test leakage rates, Lmix, as a function of
temperature in degrees Fahrenheit for helium partial pressures of 0.25, 0.35, 0.45, 0.55, 0.65,
0.75, 0.85, and 0.95 atm.

2 Viscosity based on Reference 15
3 Viscosity based on Reference 13.
4 Viscosity based on Reference 14.
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The helium component of this leak rate is determined by multiplying the leak rate of the mixture
by the ratio of the helium partial pressure to the total mix pressure.

L iie( Y) = Lmi\(T) '- He
Pmix

2.50E-07

2.00E-07

0.OOE+00

.450E-07 0.75atm
w - He

~.00E-07 0.S5atm

5.OOE-08 0.35atm

- - - - - -

- - - - - -

- - -

- -

20 

120 

60 
80

He
1.00atm

-He

0.95atm

-- He
0.8S5atm

-He

0.75atm

-He

0.65atm

-- He
0.55atrn

-He

0.45atm

•,-He
0.35atm

-He

0.25arm

20 40 12060 80
T [*F]

100 140

Figure 4.3.1-2 Allowable Helium Test Leakage Rates
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Table 4.3.1-2 Allowable Helium Test Leakage Rates, cm 3/sec

31.73 273 1.897E-07 1.263E-07 8.185E-08 5.137E-08 2.672E-08

33.53 274 1.898E-07 1.263E-07 8.188E-08 5.138E-08 2.673E-08

35.33 275 1.900E-07 1.264E-07 8.191E-08 5.139E-08 2.673E-08

37.13 276 1.902E-07 1.265E-07 8.194E-08 5.141E-08 2.673E-08

38.93 277 1.903E-07 1.266E-07 8.198E-08 5.142E-08 2.673E-08

40.73 278 1.905E-07 1.267E-07 8.202E-08 5.144E-08 2.674E-08

42.53 279 1.907E-07 1.267E-07 8.205E-08 5.144E-08 2.673E-08

44.33 280 1.909E-07 1.268E-07 8.208E-08 5.144E-08 2.673E-08

46.13 281 1.911E-07 1.269E-07 8.211E-08 5.145E-08 2.672E-08

47.93 282 1.913E-07 1.270E-07 8.214E-08 5.145E-08 2.672E-08

49.73 283 1.914E-07 1.271E-07 8.217E-08 5.146E-08 2.671E-08

51.53 284 1.916E-07 1.272E-07 8.219E-08 5.145E-08 2.670E-08

53.33 285 1.918E-07 1.272E-07 8.221E-08 5.144E-08 2.668E-08

55.13 286 1.920E-07 1.273E-07 8.222E-08 5.144E-08 2.667E-08

56.93 287 1.922E-07 1.274E-07 8.224E-08 5.143E-08 2.666E-08

58.73 288 1.924E-07 1.275E-07 8.226E-08 5.142E-08 2.664E-08

60.53 289 1.925E-07 1.276E-07 8.230E-08 5.144E-08 2.665E-08

62.33 290 1.927E-07 1.277E-07 8.234E-08 5.145E-08 2.665E-08

64.13 291 1.929E-07 1.278E-07 8.238E-08 5.147E-08 2.666E-08

65.93 292 1.931E-07 1.278E-07 8.242E-08 5.148E-08 2.666E-08

67.73 293 1.933E-07 1.279E-07 8.246E-08 5.150E-08 2.667E-08

69.53 294 1.935E-07 1.280E-07 8.249E-08 5.15 1E-08 2.666E-08

71.33 295 1.936E-07 1.281E-07 8.253E-08 5.151E-08 2.666E-08

73.13 296 1.938E-07 1.282E-07 8.256E-08 5.152E-08 2.666E-08

74.93 297 1.940E-07 1.283E-07 8.259E-08 5.153E-08 2.665E-08

76.73 298 1.942E-07 1.284E-07 8.262E-08 5.153E-08 2.665E-08

78.53 299 1.944E-07 1.285E-07 8.267E-08 5.156E-08 2.666E-08

80.33 300 1.945E-07 1.286E-07 8.272E-08 5.159E-08 2.667E-08

82.13 301 1.947E-07 1.286E-07 8.276E-08 5.161E-08 2.669E-08

83.93 302 1.949E-07 1.287E-07 8.281E-08 5.164E-08 2.670E-08

85.73 303 1.951E-07 1.288E-07 8.286E-08 5.166E-08 2.671E-08

87.53 304 1.952E-07 1.289E-07 8.291E-08 5.169E-08 2.673E-08

89.33 305 1.954E-07 1.290E-07 8.296E-08 5.172E-08 2.675E-08

91.13 306 1.956E-07 1.291E-07 8.301E-08 5.176E-08 2.676E-08

92.93 307 1.958E-07 1.292E-07 8.306E-08 5.179E-08 2.678E-08

94.73 308 1.959E-07 1.293E-07 8.31 IE-08 5.182E-08 2.680E-08

96.53 309 1.961E-07 1.294E-07 8.317E-08 5.185E-08 2.681E-08
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Table 4.3.1-2 Allowable Helium Test Leakage Rates, cm 3/sec (Continued)

98.33 310 1.963E-07 1.295E-07 8.322E-08 5.188E-08 2.683E-08

100.13 311 1.965E-07 1.296E-07 8.327E-08 5.191E-08 2.685E-08

101.93 312 1.966E-07 1.297E-07 8.332E-08 5.194E-08 2.686E-08

103.73 313 1.968E-07 1.297E-07 8.337E-08 5.197E-08 2.688E-08

105.53 314 1.970E-07 1.298E-07 8.340E-08 5.197E-08 2.687E-08

107.33 315 1.971E-07 1.299E-07 8.342E-08 5.197E-08 2.686E-08

109.13 316 1.973E-07 1.300E-07 8.344E-08 5.196E-08 2.685E-08

110.93 317 1.975E-07 1.300E-07 8.346E-08 5.196E-08 2.684E-08

112.73 318 1.977E-07 1.301E-07 8.348E-08 5.196E-08 2.683E-08

114.53 319 1.978E-07 1.302E-07 8.350E-08 5.195E-08 2.682E-08

116.33 320 1.980E-07 1.303E-07 8.352E-08 5.195E-08 2.681E-08

118.13 321 1.982E-07 1.304E-07 8.354E-08 5.195E-08 2.680E-08

119.93 322 1.984E-07 1.304E-07 8.356E-08 5.195E-08 2.679E-08

121.73 323 1.985E-07 1.305E-07 8.359E-08 5.195E-08 2.678E-08

123.53 324 1.987E-07 1.306E-07 8.363E-08 5.197E-08 2.679E-08

125.33 325 1.989E-07 1.307E-07 8.368E-08 5.199E-08 2.681E-08

127.13 326 1.990E-07 1.308E-07 8.373E-08 5.202E-08 2.682E-08

128.93 327 1.992E-07 1.309E-07 8.377E-08 5.205E-08 2.683E-08

130.73 328 1.994E-07 1.310E-07 8.382E-08 5.207E-08 2.685E-08

Figure 4.3.1-2 provides acceptable helium leakage rates at partial helium pressures of 0.25, 0.35,
0.45, 0.55, 0.65, 0.75, 0.85, 0.95, and 1.00 atm. Table 4.3.1-2 provides acceptable helium
leakage rates for several helium partial pressures at temperatures ranging from 31.73 'F (273 K)
to 130.73 'F (328 K). Figure 4.3.1-2 and Table 4.3.1-2 are to be used to determine the allowable
leak rate LHe for the maintenance, fabrication, and periodic leak tests of the RT-100 based on
partial pressure of helium and ambient temperatures used in the test. If the measured leakage
rate is below the value shown in Figure 4.3.1-2, then the leaktight criteria has been met.

4.3.2 Determination of Equivalent Reference Leakage Rate for Air
For the pre-shipment leakage test described in Table 4.3-1, the acceptance criteria is based on
standard leakage test conditions. NUREG/CR-6487 Section 2.2.6 defines the standard leak rate
as corresponding to the upstream volumetric flow rate of dry air with an upstream pressure of 1.0
atmosphere, a downstream pressure of 0.01 atmospheres, and a temperature of 298 K. Tests may
be performed at other conditions, provided the acceptance criterion at the testing conditions
correspond to the calculated standard leakage rate acceptance criterion [Ref. 4]. The method for
determining the corresponding leak rate is described in ANSI N 14.5 Section B.4.4 [Ref. 3].
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Two pre-shipment leak test procedures are described in Chapter 8 of this SAR; a gas-pressure
rise method (Section 8.2.2.2), and a gas-pressure drop method (Section 8.2.2.3). The gas-
pressure drop method requires a set of conditions different than the standard leak rate conditions.
In order to simplify this leak test, a pressure differential was selected that corresponds to a
sensitivity of 1x10 3 cm 3/sec. Given atmospheric air pressure conditions of 1 atm and a
temperature of 298K, the upstream air pressure should be 1.67 atm, as described in Calculation
Package 2014-020-CALC-LT-001, Rev. 0 [Ref. 25].

4.4 Hydrogen Gas Generation
Hydrogen gas buildup in loads containing waste material typically occurs due to radiolysis of
hydrogenous material in the contents. As hydrogen is generated, it could potentially accumulate
within the cask cavity in flammable concentrations. Based on USNRC guidance, the
flammability limit of 0.05 volume fraction (mole fraction and volume fraction is interchangeable
when discussing ideal gas buildup) hydrogen in air was measured in accordance with
NUREG/CR-6673 "Hydrogen Generation in TRU Waste Transportation Packages" [Ref. 16],
and supplemented with data from EPRI NP-5977 "Radwaste Radiolytic Gas Generation
Literature Review" [Ref. 21 ].

Materials that make up the contents that can undergo radiolysis include primarily ion exchange
resins, with lesser quantities of polystyrene and polyamides (nylon). Materials that make up the
secondary container and shoring that can undergo radiolysis include polyethylene, wood, and
polypropylene. Free water in the contents and moisture in the resin beads are also included in
the analysis. In order to provide a bounding analysis, it is assumed that all of the decay energy in
the contents produces gas generation in the waste or secondary container.

The rate of gas generation by radiolysis in these materials is dependent upon the type of incident
radiation. Alpha emitters tend to generate more hydrogen per unit of energy deposited than
gamma/beta emitters. Typical resin and filter waste produced at commercial nuclear power
reactor facilities contains a high percentage of gamma in relation to alpha emitters. Typical
examples of historical shipment data are provided with RT100-REF-01-01 "Historical Cask
Summaries by Waste Category" [Ref. 22]. Because NUREG/CR-6673 is primarily focused on
the alpha radiation predominant in TRU waste, EPRI NP-5977 is utilized to obtain gamma
radiation G Values for these primary waste materials.

The typical shipment data referenced above indicates that the decay energy is approximately
90-100% from gamma radiation. In order to bound these shipments and to facilitate the
utilization of a loading curve as a function of decay heat and waste volume in the cask, a decay
energy distribution of 80% gamma and 20% alpha decay energy is assumed. The evaluation
presented in Sections 4.4.1, 4.4.2, and 4.4.3 utilize this distribution as a way of illustrating the
calculational method. Section 4.4.4 provides the user with a simplified model used to develop the
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loading curve (Figure 4.4.4-1) in order to determine the maximum allowable decay heat as a
function of waste volume. Section 4.4.5 provides the user with an analytical model along with a
set of G Values for the bounding waste material as a function of the gamma and alpha decay
energy distribution for cases that do not fit the loading curve.

Package material and content that can generate flammable gas shall be appropriately assigned as
part of the ionic resin bead waste or polyethylene container when using the Loading Curve
(Figure 4.4.4-1) or detailed analysis (Section 4.4.5) to determine acceptable hydrogen gas
generation-related parameters of shipping time and decay heat. For example, waste filters (made
of material other than polypropylene or polyethylene) shall be grouped as ionic bead waste and
wood shoring would be grouped as part of the polyethylene container. If filters are made of
polyethylene or polypropylene, they are to be included in the secondary container volume for the
hydrogen gas generation detailed analysis.

4.4.1 Determination of Bounding G Values
The first step in performing a gas generation calculation is to determine the G Values. As such,
the following sections describe the steps in this process.

4.4.1.1 G Values for Waste and Secondary Container Materials
A list of G Values is provided in Table 4.4-1 and are taken from NUREG/CR-6673 [Ref. 16],
EPRI NP-5977 [Ref. 21], and RH-TRU 72-B SAR [Ref. 23]. These materials represent all
potential cask contents as indicated in Section 1.2.2.3, Physical and Chemical Form - Density,
Moisture Content and Moderators. Potential materials in the waste that can undergo radiolysis
are polystyrene, nylon, polyamides, ion exchange resins, and any residual water. Secondary
container and shoring materials include polyethylene, wood and polypropylene.
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Table 4.4-1 G Values (Molecules/lOOeV) for Potential Content Materials

Polystyrene (Alpha Radiation) 0.20 0.20 0.20
Polyamides/Nylon 5 1.10 1.20 1.50

Ion Exchange Resins (Alpha Radiation) 1.70 1.70 2.10
Ion Exchange Resins (Gamma/Beta
Radiation) 6 0.62 0.62 0.62

Water (LiTuid Phase, Gamma 0.45 0.45 0.45")
Radiation)
Water (Liquid Phase, Alpha Radiation) 1.60 1.60 1.60(8)
Paper 0.90 0.90 1.50
Polyethylene Filter 4.00 4.10 4.10
Polypropylene Filter 3.30 3.40 3.40

Polyethylene 4.00 4.10 4.10
Wood (Cellulose) 3.20 3.20 10.20
Polypropylene 3.30 3.40 3.40

The ion exchange resin has the highest flammable gas G Value due to alpha radiation when
compared to the other hydrogenous materials that could be contained within the waste. The
G Value of ionic resin for gamma radiation is taken from EPRI NP-5977, which indicates that
fully swollen ionic exchange resins have flammable gas G Values of up to 0.62.
Ionic resins are dewatered before transport, meaning most of the free water is removed. Even in
a fully "dewatered" state, ion exchange resin beads can contain from 50% to 66% moisture, per
NUREG/CR-6673 and EPRI NP-5977. The term "dewatered" should not be confused with the
term "dry" for ionic resins. Based on Section 4 of EPRI NP-5977, the G Values for fully dried
resins are a factor of 10 less than swollen resin beads (from 0.001 to 0.067 in recorded
experiments). As such, it can be concluded that the G values for ionic resins are primarily driven
by moisture content and the values utilized in Table 4.4-1 already take into consideration the
moisture content in the resin.

5 Based on NUREG/CR-6673, Section D.7.22 [Ref. 16], nylon is a polyamide. Polyamides are bounded by these
values.

6 The GFG value for ionic resin is used for GT because no value is provided in EPRI NP-5977 [Ref. 21]. Less
non-flammable gas production will decrease the amount of time required to achieve a flammable mixture, making
this a bounding assumption.

7 Based on NUREG/CR-6673 Table D. I [Ref. 16], the largest G(H 2) for liquid water subjected to gamma radiation
is 0.45 molecules/1OOeV.

8 For water, The GT value is set to the GFG value, as explained later in Section 4.4.1.1.
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Only hydrogen gas was considered as a byproduct of the radiolysis of water. This results in the
fraction of flammable gas to the total gas generated (a) of 1.0 in Equation 4.8 of NUREG/CR-
6673 [Ref. 16]. Including oxygen in the total gas generation from the radiolysis of water would
decrease the mole fraction of hydrogen (XH) in the free gas volume. This is because the alpha
term would be less than 1.0. Thus, using the value of 1.0 would yield the most bounding result.

4.4.1.2 Calculation of Effective G Values
Table 4.4-1 lists the G Values for the material that could be transported in the cask. Both alpha
and gamma G Values are provided for the most predominant waste contents of resin and water.
For other materials, the more conservative alpha radiation values are utilized. As noted in
Section 4.4, hydrogen gas generation calculations for typical resin waste contents are performed
assuming that the decay energy of the waste is 80% gamma and 20% alpha. The effective
G Values for these materials is calculated using these fractions applied to the corresponding
G Value. Materials without a gamma G Value are taken as the alpha G Value. The effective
G Values are provided in Table 4.4-2.

Table 4.4-2 Effective G Values (Molecules/100eV) for Potential Content Materials

r'olystyrene 0.2U U.2U U.2U

Polyamides/Nylon 1.10 1.20 1.50
Ion Exchange Resins 0.84 0.84 0.92
Water 0.68 0.68 0.68
Paper 0.90 0.90 1.50

Polyethylene Filter 4.00 4.10 4.10
Polypropylene Filter 3.30 3.40 3.40

Polyethylene 4.00 4.10 4.10
Wood (Cellulose) 3.20 3.20 10.20
Polypropylene 3.30 3.40 3.40
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4.4.1.3 Operating Temperature G Value Adjustment
As described in Section 2.4.2 of NUREG/CR-6673 [Ref. 16], the hydrogen gas generation rate of
some materials is noticeably affected by the temperature in the container during transport. This
is contingent upon the activation energy of the material being shipped in the cask. The activation
energies for the materials used in the hydrogen generation calculations are shown in Table 4.4-3,
and are based on Table 3.11 of NUREG/CR-6673 and RH-TRU 72-B Appendices [Ref. 23]. The
activation energy for ionic resin is not specifically listed in NUREG/CR-6673, but RH-TRU
72-B SAR specifies that organic resins have an activation energy of 2.1 kcal/mole.

Table 4.4-3 Activation Energy

Polystyrene 0.8
Polyamides/Nylon 0.8

Resins 2.1

Water 0.0

Paper 1.3

Polyethylene Filter 0.8

Polypropylene Filter 0.8

Polyethylene 0.8

Wood 2.1

Polypropylene 0.8

The G value at NCT temperatures is determined using Equation 2.2 of NUREG/CR-6673.

G = GTexp [(Ea) (T 2 - T]

where: GTi

GT2

ER
R
T,
T2

= radiolytic G value at 298 K [molecules/100eV]
= radiolytic G value at transport temperature [molecules/100eV],
= activation energy for radiolytic gas generation [kcal/gmol],
= gas law constant [1.987x10-3 kcal/gmol-K],
= 298 K
= temperature of contents during transport [K]

Based on Table 3.1.3-1, the maximum inner shell temperature during NCT is 73.1 'C.

Therefore, a bounding value of 80 'C (353.15 K) is utilized for the contents in this analysis. For

example, the resultant GFG value (and GT value because they are the same for polyethylene) for
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polyethylene at 353.15 K is equivalent to:

[ 0.8 kcal/gmol 353.15K - 298K
GFG = (4.molecules/lOOeV)exp 11.98710-k/)moK (353.15K)(298K)]

= 5.06 molecules/I 00eV

The final G values used in the hydrogen generation calculations are shown in Table 4.4-4.

Table 4.4-4 Bounding G Values for Contents at Maximum NCT Temperature

Polyamides 1.36 1.48 1.85
Ion Exchange Resins 1.45 1.45 1.59
Water 0.68 0.68 0.68
Paper 1.27 1.27 2.11
Polyethylene Filter 4.94 5.06 5.06
Polypropylene Filter 4.08 4.20 4.20

Polyethylene 4.94 5.06 5.06
Wood 5.57 5.57 17.75
Polypropylene 4.08 4.20 4.20

Of the materials that could comprise the waste, resin and water are present in the greatest
quantities. While polyamides have a slightly higher G(flammable gas) value than the resins,
resins were chosen as the bounding contents because resins have a much higher density when

loaded than the polyamides which form a small part of filters. In addition, hydrolysis of

polyamides produces nonflammable gas which would tend to dilute hydrogen concentration. If

polyethylene or polypropylene filters are loaded into the cask, their volumes shall be accounted

for as a polyethylene secondary container in the calculation. Therefore, resin and water are

selected for utilization in the gas generation calculations.

The secondary container and shoring materials are assumed to be polyethylene. Like polyamides

in the waste, wood has a slightly higher G Value than polyethylene. However, wood has a

significantly higher total gas G Value, which offsets the impact of flammable gas generation by

generating more than 2 moles of non-flammable gas for every mole of flammable gas.

Additionally, the wood would be present only in limited quantities as shoring material on the

outside of the secondary container.
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As described in Section 4.4, the gas generation analysis is performed assuming that all decay
energy is absorbed in either the waste or the secondary container, maximizing the amount of gas
generated through radiolysis. In fact, much of the gamma radiation emitted from the waste
escapes the cavity and is absorbed in the cask's lead shielding material.

These G values are then utilized to calculate the hydrogen gas generation rates as described in
Section 4.4.3.

4.4.2 Hydrogen Gas Generation by Radiolysis
For the hydrogen generation evaluation, the RT-100 is treated as a single rigid non-leaking
enclosure. Using Equation 4.8 on page 31 of NUREG/CR-6673 [Ref. 16], an equation
characterizing the mole fraction of hydrogen (or flammable gas) in the RT-100 over time for a
single material generating hydrogen is shown below.

Equation 4.4

DH atGTt

XH- _ 100 AN

no + nnet Po0 V + DH GTt
RgTo 100 AN

where: XH

nH

no

nnet

GT
DH

a
ANv

Po
TO
V
Rg
t

= mole fraction of hydrogen,
= number of moles of hydrogen [gmol],
= initial number of gas moles in the container when the vessel was closed

[gmol],
= number of moles of gas generated [gmol],
= total radiolytic G value [molecules/100eV],
= decay heat that is absorbed by the radiolytic materials [eV/s],
= fraction Of GT that is equivalent to GFG, flammable gas released,
= Avogadro's constant [6.022 x 1023 molecules/gmol],
= pressure when the container is sealed [atm],
= temperature when the container is sealed [K],
= is the container void volume [cm 3],
= gas law constant [82.05 cm 3atm/gmolK],
= time [seconds]

Based on Section 5 of NUREG/CR-6673 [Ref. 16], shipping periods other than one year need to

be defined as one half the time it takes for hydrogen to accumulate in the package to a

concentration equivalent to the lower flammability limit. To ensure that this is taken into
consideration in the calculations, the equation above has been adjusted to incorporate a multiple

of 2 times the shipping period required. Equation 4.4 is also limited to providing hydrogen mole

fraction over time for one hydrogenous material. In this analysis there are three hydrogenous
materials that are taken into consideration, water in the waste material, the resin, and the
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polyethylene container. The resultant equation generated once these parameters are taken into
consideration (the increase in shipping time and the number of hydrogenous materials) is shown
below in Equation 4.5.

Equation 4.5

Di aiGTi(2t) Dc acGTC(2 t) + Dw awGTW( 2 t)

XH - 100 AN + 100 AN 100 AN
PoV + Di GTi( 2 t) + Dc GTc( 2 t) + Dw GTW( 2 t)
RJo 100 AN 100 AN 100 AN

DH aLGTi(2t)F+ DH acGTC(2t)Fc + DH awGTw(2t)Fw
100 AN 1 100 AN 100 AN

XH = PoV + DH GTi(2t)Fi + DH GTc(2t)Fc + DH GTw(2t)Fw
RgTo 100 AN 100 AN 100 AN

where: XH

GTi

GTc

Da,

ac

an,

F,

= mole fraction of hydrogen,
= total radiolytic G value for ionic resin and stainless steel filters

[molecules/I 00eV],
= total radiolytic G value for polyethylene container, shoring, and

polyethylene or polypropylene filters [molecules/I00eV],
= total radiolytic G value for water in waste [molecules/I 00eV],
= decay heat that is absorbed by the radiolytic materials [eV/s],
= decay heat that is absorbed by the ionic resin and stainless steel filters

[eV/s],
= decay heat that is absorbed by the polyethylene container, shoring, and

polyethylene or polypropylene filters [eV/s],
= decay heat that is absorbed by the water [eV/s],
= fraction of GTi that is equivalent to GFGi, flammable gas released, for the

ionic resin and stainless steel filters,
= fraction of GTC that is equivalent to GFGC, flammable gas released, for the

secondary container, shoring, and polyethylene or polypropylene filters in
the waste,

= fraction of GTW that is equivalent to GFGW, flammable gas released, for the
water in waste,

= fraction of decay heat energy absorbed by the water in the waste material,
= fraction of decay heat energy absorbed by the ionic resin and stainless steel

filters in the waste material,
= fraction of decay heat energy absorbed by the polyethylene container,

shoring, and polyethylene or polypropylene filters,
= Avogadro's constant [6.022 x 102 molecules/gmol],
= pressure when the container is sealed [atm],
= temperature when the container is sealed [K],
= is the container void volume [cm 3],
= gas law constant [82.05 cm 3atm/gmol-K],
= time [seconds]

A\
PO
TO
V
R9
t
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4.4.3 Hydrogen Generation - Radiolysis in Waste, Water and Polyethylene Container
In order to determine the time available to transport the RT-100, Equation 4.5 must be
manipulated to provide time limit versus waste volume and decay heat of inventory. Given the
decay heat and other cask content parameters, the time to reach 5% by volume of combustible
gases is determined as follows.

Solve for t,

DH aiGTi(2t)F, + DH aCGTC(2t)Fc + DH awGTW( 2 t)Fw
100 AN 100 AN 100 AN

XH = PoV DH GTi(2t)Fi DH GTc(2t)Fc + DH GTw(2t)Fw

RgTo 100 AN + 100 AN 100 AN

[ PoV + DH GTi(2t)Fi + DH GTC(2t)Fc DH GTw(2t)Fw'

x RgTo 100 AN 100 AN +100 AN

DH crLGTi(2t)F+ DH ctcGTC(2t)Fc DH awGTW(2t)Fw+ +-
100 AN 100 AN 100 AN

PO V
50ANXH RJo

FiGTwDH[aL - XH] + FcGTcDH[aC - XHI + FwGTwDH[Iaw - XH]

Alternatively, given the limiting transport time and other cask parameters, the Equation 4.5 must
be manipulated to provide decay heat limit versus the waste volume and the shipping period. The
decay heat limit versus the free gas volume and shipping period (all decay heat energy deposited
into the waste material and the polyethylene container) is determined as follows.

Solve for DH,

DH aiGTi(2t)F, DH acGTC( 2 t)Fc + DH awGTW(2t)Fw
100 AN 100 AN 100 ANXH = Po+0VA T A HG~(tF
P0V DH GTi(2t)Fi DH GTC(2t)Fc + D1 GTw(2t)Fw
RgTo 100 AN 100 AN 100 AN

_ PoV DH GTi(2t)Fi DH GTc(2t)Fc DH GTw(2t)Fw

Xn RgTo+ 100 AN +100 AN +100 AN )
DH aiGTi(2t)Fi DH acGTC(2t)Fc DH awGTW(2 t)Fw+ +
100 AN 100 AN 100 AN

Po V
50ANXH RgTo

H FGt[ai - XHI + FcGTCt[ac - XH] + FwGTWt[aw - XH]

Robatel Technologies, LLC Page 4-24



RT-100 Safety Analysis Report, Rev. 6 (Non-Proprietary Version)
Docket No. 71-9365 May 15, 2015

where: XH

GT,

GTC

GTW

DH
Di

Dc

Dw

ac

afw

Fi,

Fc

A,\

PO
TO
V
R9
t

= mole fraction of hydrogen,
= total radiolytic G value for ionic resin and stainless steel filters

[molecules/i 00eV],
= total radiolytic G value for polyethylene container, shoring, and

polyethylene or polypropylene filters [molecules/100eV],
= total radiolytic G value for water in waste [molecules/100eV],
= decay heat that is absorbed by the radiolytic materials [eV/s],
= decay heat that is absorbed by the ionic resin and stainless steel filters

[eV/s],
= decay heat that is absorbed by the polyethylene container, shoring, and

polyethylene or polypropylene filters [eV/s],
= decay heat that is absorbed by the water [eV/s],
= fraction of GTi that is equivalent to GFGi, flammable gas released, for the

ionic resin and stainless steel filters,
= fraction of GTC that is equivalent to GFaC, flammable gas released, for the

secondary container, shoring, and polyethylene or polypropylene filters in
the waste,

= fraction of GTW that is equivalent to GFGW, flammable gas released, for the
water in waste,

= fraction of decay heat energy absorbed by the water in the waste material,
= fraction of decay heat energy absorbed by the ionic resin and stainless steel

filters in the waste material,
= fraction of decay heat energy absorbed by the polyethylene container,

shoring, and polyethylene of polypropylene filters,
= Avogadro's constant [6.022 x 102 molecules/gmol],
= pressure when the container is sealed [atm],
= temperature when the container is sealed [K],
= is the container void volume [cm 3],
= gas law constant [82.05 cm 3atm/gmolK],
= time [seconds]

The next step is to determine the values of the variables in this equation. Avogadro's constant
and the gas law constant are known values set at 6.022 x 1023 molecules/gmol and 82.05
cm 3atm/gmolK, respectively, in this analysis. Initial gas temperature and pressure have been set
at maximum NCT conditions (311 K and I atm). Based on USNRC guidance, the flammability
limit of 0.05 volume fraction hydrogen in air was measured NUREG/CR-6673 [Ref. 16]. The
radiolytic G values and a values utilized are as provided in Table 4.4-5. The time required has
been arbitrarily set at 10 days (864,000 seconds) in this analysis (reminder that equations
automatically double the time entered into the equation based on guidance suggested in
NUREG/CR-6673 [Ref. 16]).
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Table 4.4-5 Effective G Values and Corresponding a Values for Contents

ouo 10olyetfylene t YUO 1.UU

80% 20% Resin 1.45 1.59 0.91

80% 20% Water 0.68 0.68 1.00

Determining the fraction of decay heat energy absorbed by the free water in the waste material

(Fw), ionic resin and stainless steel filters in the waste material (F1), and by the polyethylene

container, shoring, and polyethylene or polypropylene filters in the waste material (Fc) is

approximated by assuming that the energy absorbed is proportional to the volume of the material

in question divided by the total volume of hydrogenous material being shipped in the cask. Thus,

the fractions can be described as follows:

vwFw=Vw + Vj + Vc

=Vw + V,+ VcV.

Fc= V V
whre +Vw V

where: Vw

Vi

vc

= volume of free water in the waste
= volume of dewateredl°, ionic resin in the waste,

moisture, and stainless steel filters in the waste material
= volume occupied by the secondary container, shoring,

polypropylene filters in the waste material

including absorbed

and polyethylene or

Water is present in resin bead shipments in two distinct forms; one is "absorbed moisture" within
the resin bead itself; the other is "free water" that is present between the resin beads. The
absorbed moisture within the resin bead is considered in the hydrogen generation analysis as it is
incorporated into G Value of the resins.

The volume occupied by the waste (V,,ste) is assumed to be 99% ionic resin and 1% free water.

9 For water, The GT value is set to the GFG value to obtain an a value of 1.0.

'0 The term "dewatered resin" refers to resins in which free water has been removed from between the resin beads at

the time of preparation for storage or transportation. The amount of free water in "dewatered" resins is typically
around 1% after mechanical draining (EPRI NP-5977 "Radwaste Radiolytic Gas Generation Literature Review",
page 10 [Ref. 211). The term "dewatered" should not be confused with "dry". Dewatered resin beads shipped in
the RT- 100 could have a moisture content up to 50-66% based on NUREG/CR-4062 "Extended Storage of Low-
Level Radioactive Waste, Potential Problem Areas" [Ref. 20], and EPRI NP-5977.
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The ionic resin beads are assumed to be uniform spheres. Since the random packing fraction for
uniform spheres is 0.64 [Ref. 5], the remaining free space (0.36) of the waste volume is assumed
to be 0.11 air and 0.25 water to account for grossly dewatered material content. Thus, the
volumes of ionic resin and water in the waste can be described as follows:

Vw (0.99)(0.25) Vwaste + (0.01)Vwaste = (0.2575)Vwaste

Vi= (0.99)(0.64)Vwaste = (0.6336)Vwaste

As noted, the assumed content is either dewatered resin or grossly dewatered resin. The amount
of free water in "dewatered resins"' 0 is typically around 1% after mechanical draining, by
regulation no more than 1% to meet disposal requirements. Grossly dewatered resins have a
higher free water amount that shall be limited to 20% of the ionic resin volume (20.75% of the
waste volume). Therefore, the amount of "free water" assumed (25.75% of waste volume) thus
represents a free water volume that bounds the dewatered resin state by an order of magnitude,
and bounds the grossly dewatered resin state by around 25%, and was chosen to represent a
bounding condition for hydrogen generation.

Therefore, the fraction of decay heat energy absorbed by the water in the waste volume (Fw),
ionic resin and stainless steel filters the waste volume (Fi), and by the polyethylene container,
shoring, and polyethylene or polypropylene filter (Fc) are equivalent to:

0.2575Vwaste
= (0.2575Vwaste + 0.6336Vwaste + Vc)

Fi = 0.6336Vwaste
(0.2S75Vwaste + 0.6336Vwaste + VD)

Vc
c (0.2S75Vwaste + 0.6336Vwaste + Vc)

The remaining 0.11 fraction of ionic resin volume is air. The remaining fraction of air volume in
the ionic resin is taken into consideration in the total free gas volume (V). Where the free gas
volume (P) is equivalent to the total cavity volume (4.60x1 06 cm3) minus the sum of the
container, shoring, and polyethylene or polypropylene filter volume (Vc), water volume (Vw),
and the ionic resin and stainless steel filter volume (Vi).

V = (4.60 x 106 cm 3 ) - (V W + Vw + V,)

V = (4.60 x 106 cm 3 ) - (Vc + 0.2575Vwaste + 0.6336Vwaste)

V = (4.60 x 106 cm 3) - VC - 0.8911Vwaste
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Incorporating the equations for fraction of decay heat energy absorbed by the water in the waste
volume, ionic resin in the waste volume and by the polyethylene container into the derivation of
time limit and decay heat limit results in the following equations.

Equation 4.6

SOANXH-O (0.2575Vwaste + 0.6336Vwaste + Vc)
(0.6336Vwaste)GTiDnH[ai -XH] + (Vc)GTcDH[ac -XH] + (0.2575Vwaste)GTwDH [aw -XH]

Equation 4.7

50ANXH V (0.2575Vwaste + O.6336Vwaste + Vc)
DH (0.6336Vwaste)GTit[ai XH] + VcGTCt[ac - XH] + (0.2575Vwaste)GTWt[aw - XH]

The final step to solving the equation is determining the free gas volume which will vary based
on the inventory in the RT-100. The maximum cavity volume is known to be 4.60x1 06 cm 3

(162.37 ft3) based on Table 4.1.5-2. In order to determine the free gas volume an approximation
of the volume occupied by the polyethylene liner needs to be made. The guiding technical issue
in determining the free gas volume is to maximize the hydrogen gas mole fraction buildup rate

that then results in a conservative shipping time (limiting the allowable shipping time). A greater
hydrogen mole fraction buildup rate in the cavity is produced by minimizing the free gas volume
of the cavity. Minimizing the available free gas volume is accomplished by using the
polyethylene container with the largest container volume. "Exhibit A of Cask Procurement
Agreement dated April 10, 2012" [Ref. 17], provides the burial volume, maximum internal
volume, and empty weight of various containers, and is shown in Table 4.4.3-6.

The container volume may be calculated from the empty weight and material density. In order to
calculate the largest container volume, a minimum material density is used. The material density
of high density polyethylene is 0.959 g/cmg, while the material density of plain carbon steel is
7.85 g/cm3 [Ref. 24]. For a bounding assumption, and to take into account empty liner weight
tolerances, the densities were reduced by 10%, resulting in a density of 0.863 g/cm 3 (53.88 lb/fl3)

for polyethylene and 7.065 g/cm 3 (441.05 lb/fl3) for steel. The result is that the EL-142 container

has the largest container volume of 27.02 ft3. A volume of 30.1 ft3 was used in the analysis to

represent the volume occupied by the secondary container and any shoring. Therefore, the
maximum free gas volume (no waste volume) is 132.27 ft3. If a different container is used in the
RT-100 transport cask, the equations generated in this section of the SAR can be adjusted.
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The analysis assumes use of a polyethylene container. As described in Section 4.4.1.3 this is
considered a bounding assumption based on material G Values. Use of a steel liner listed in
Table 4.4.3-6 is considered acceptable because steel does not contribute to hydrogen gas
generation.

Given the 10 day limiting transport time, the concern is how much waste volume and decay heat
is acceptable for the individual shipments. The waste volume is then equal to the maximum
cavity volume subtracted by the free gas volume and the polyethylene container volume.

A loading curve of allowable decay heat as a function of waste volume is provided in
Section 4.4.4 for a specific set of waste parameters, including G-Values based on a bounding
decay heat distribution of 80% gamma and 20% alpha. Additionally, in case a detailed analysis
is performed, a procedure is given in Section 4.4.5, and a list of effective G Values for other
distributions of gamma and alpha radiation is provided in Table 4.4.5-2.
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Table 4.4.3-6 Secondary Container Volumes and Allowable Shoring Volume

PL 6-80 MT Polyethylene 500 53.88 9.28 20.82
PL 6-80 MTIF Polyethylene 525 53.88 9.74 20.36

PL 6-80 FR Polyethylene 550 53.88 10.21 19.89
PL 6-80FP/FEDX Polyethylene 625 53.88 11.60 18.50

PL 8-120 MT Polyethylene 600 53.88 11.14 18.96
PL 8-120 MTIF Polyethylene 625 53.88 11.60 18.50
PL 8-120 FR Polyethylene 650 53.88 12.06 18.04
PL 8-120FP/FEDX Polyethylene 725 53.88 13.46 16.64

PL 8-120 CMT Polyethylene 720 53.88 13.36 16.74
PL 14-150 Polyethylene 800 53.88 14.85 15.25
PL 10-160 MT Polyethylene 700 53.88 12.99 17.11
PL 10-160 MTIF Polyethylene 735 53.88 13.64 16.46
PL 10-160 FR Polyethylene 750 53.88 13.92 16.18
PL 10-160 Polyethylene 825 53.88 15.31 14.79
FP/FEDX
NUHIC-55 Polyethylene 150 53.88 2.78 27.32

NUI-IIC-136 Polyethylene 600 53.88 11.14 18.96
Radlok 500 Polyethylene 680 53.88 12.62 17.48
EL-50 Polyethylene 909 53.88 16.87 13.23
EL- 142 Polyethylene 1456 53.88 27.02 3.08
L 6-80 MT Steel 1000 441.05 2.27 27.83
L 6-80 CMT Steel 1150 441.05 2.61 27.49
L 6-80 IN-SITU Steel 3500 441.05 7.94 22.16
L 6-80 FP Steel 1050 441.05 2.38 27.72
L 6-80 FP/FEDX Steel 1225 441.05 2.78 27.32
L 8-120 MT Steel 1200 441.05 2.72 27.38
L 8-120 CMT Steel 1350 441.05 3.06 27.04
L 8-120 IN-SITU Steel 4200 441.05 9.52 20.58
L 8-120 FR Steel 1250 441.05 2.83 27.27
L8-120 Steel 1325 441.05 3.00 27.10
FP/FEDX
ES-50 Steel 250 441.05 0.57 29.53
ES- 142 Steel 1100 441.05 2.49 27.61

"•From Exhibit A of Cask Procurement Agreement dated April 10, 2012 by and between Waste Control Specialists
LLC and Robatel Technologies, LLC et al [Ref. 17].

2 The bounding calculation assumes a maximum container volume. Therefore, lower density values of 0.863 g/cm3

and 7.065 g/cm3 were chosen for polyethylene and steel.
'3 Calculated as the Empty Weight divided by the Density, neglecting void space.
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4.4.4 Hydrogen Gas Generation - Simplified Model used to develop Loading Curve
Using Equation 4.7, the decay heat limit versus waste volume can be determined for a limit of
5% in the cavity free volume. Figure 4.4.4-1 provides a curve illustrating the waste volume to
decay heat value that would result in the generation of a flammable gas mixture within 10 days
assuming that all decay heat is absorbed by the waste material and the polyethylene container.
The calculation assumes that the hydrogen generation occurs over a period of time that is twice
the allowable shipping time.

For most shipments, this simplified graphical model (Loading Curve) can be used to determine
the maximum heat load. However, use of the Loading Curve is limited to the restrictions noted in
Table 4.4.4-1. One restriction of using the Loading Curve is that the secondary container is listed
in Table 4.4.3-6, or is a container of equivalent material volume.

If the waste volume and decay heat values for the contents fall below the Loading Curve
illustrated in Figure 4.4.4-1, and the restrictions listed in Table 4.4.4-1 are met, the load would
not generate a flammable gas mixture during shipment. Otherwise, the user must perform a more
detailed calculation of hydrogen generation for their specific contents and expected shipping
time using the information provided in Section 4.4.5. The use of this calculation ensures that the
requirements of NUREG/CR-6673 [Ref. 16] are met.
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Figure 4.4.4-1 Package Loading Curve for Hydrogen Generation - Decay Heat Limit
Versus Waste Volume
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Table 4.4.4-1 Conditions and Justifications for using Package Loading Curve
(Figure 4.4.4-1)

Waste consisting ot resins and
from commercial power plants

Historically shipments of commercial resins and tilters have consisted ot
approximately 90-100% gamma radiation [Ref 22]. To bound these
shipments, the calculation assumes a decay energy distribution of 80%
gamma and 20% alpha radiation. This results in effective G-Values for
resin beads of 0.836 and for water of 0.68 molecules/lOOeV at 298K.
These values are adjusted for maximum NCT temperature of 80 'C, and
bound the expected G-Values for resins and filters from commercial
reactors.

Waste has been dewatered or grossly The loading curve assumes a free water volume of 25.75%. The main
dewatered effect of free water is to limit the void volume in the cavity, thereby

increasing the hydrogen mole fraction. Since the loading curve assumes
25.75% free water for a hydrogen concentration of 5% or less, shippers
must ensure that the limit is not exceeded.

No limit on moisture content of resin The G-values for resins, as noted in Table 5.3 of EPRI NP-5977, are for
resins with high moisture contents (i.e., swollen resin).

Use of a liner (or equivalent) listed in The calculation determines the free volume for waste by subtracting the
Table 4.4.3-6 with maximum shoring maximum liner and shoring volume from the cask cavity volume.
volume as specified Equivalent liners may be used provided the volume occupied by the liner

and shoring material does not exceed 30.1 ft3.
Shipment time not greater than 10 Shipment time calculated for 20 days (allowing a shipment within 10
days days following regulation).
Loading at temperature not to exceed The maximum ambient NCT temperature is 38 'C per 10 CFR 71.
38 'C and standard pressure (1 atm)
Secondary containers are passively Secondary containers are required to be passively vented within the cask
vented within the cask cavity during cavity. The loading curve assumes the gases generated are free to occupy
shipment. the cask cavity volume inside and outside the secondary container.
Filters are not made of polyethylene or Polyethylene or polypropylene filters have higher G Values than resins,
polypropylene therefore, they require performing the detailed analysis and addition of

their volume to the secondary container volume (V().
Waste volume not greater than 130 ft3 Extrapolation beyond the curve is not allowed.
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4.4.5 Hydrogen Gas Generation - Analytical Model used for Detailed Analysis

If Figure 4.4.4-1 is not applicable to a shipment, or if further analysis is required, the equations

derived in Section 4.4.3 can be used. With substitution and further simplification of Equation 4.6

and Equation 4.7, the maximum allowable shipping time (tmax) or the maximum allowable decay

heat (DH, max) can be described as:

Equation 4.8

(2.5ANPo)(4.6E6 - Vc - 0.8 9 11VWASTE)(O. 8 9 11VWAsTE + VC)
tmax

(RgTODH)[0.6336VwAsTEGTi(ai - 0.05) + VcGTC(ac - 0.05) + 0.2575VWASTEGTW(aw - 0.05)]

Equation 4.9

(2.SANPO)(4.6E6 - Vc - 0.8911VWASTE)(O. 8 9 11VWASTE + VC)
DH ,max

- (RgTot)[0.6336VWASTEGTi(a, - 0.05) + VcGTC(ac - 0.05) + 0.2575VWASTEGTW(aw - 0.05)]

where: Ax = Avogadro's constant [6.022x10 23 molecules/gmol]
Rg = gas law constant [82.05 cm 3"atm/gmol'K]
PO = pressure when the container is sealed [atm]
TO = temperature when the container is sealed [K]
DH = decay heat of cask contents [eV/s]
t = shipment time [s]
Vc = volume occupied by the secondary container, shoring, and polyethylene or

polypropylene filters in the waste [cm 3]
Vw4sTE = volume occupied by the ionic resin and stainless steel filters in the waste

material [cm 3]
GT, = total radiolytic G value for the ionic resin and stainless steel filters

[molecules/100eV]
GTc = total radiolytic G value for the secondary container, shoring, and

polyethylene or polypropylene filters in the waste [molecules/lOOeV]
GTW = total radiolytic G value for water in waste [molecules/I00eV]
ai = fraction of GT, that is equivalent to GFGi, flammable gas released, for the

ionic resin and stainless steel filters
ac = fraction of GTc that is equivalent to GFGC, flammable gas released, for the

secondary container, shoring, and polyethylene or polypropylene filters in
the waste

aw = fraction of GTW that is equivalent to GFGW, flammable gas released, for water
in the waste

NOTE: Use of Equation 4.8 and Equation 4.9 are valid only when the conditions listed in Table

4.4.5-1 are met. Shipments are allowed only if the conditions in Table 4.4.5-1 are met.
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Table 4.4.5-1 Conditions for Shipper to use the Detailed Analysis

I Waste consists of resins and filters from commercial power plants.

2 Waste has been grossly dewatered.
3 Secondary containers are passively vented within the cask cavity during shipment.

The user may measure the decay heat of the cask contents (DH) in order to calculate the
maximum allowable shipping time (t,,x) using Equation 4.8.

Alternately, the user may know the shipment time (t) and calculate the maximum allowable
decay heat of the cask contents (DH, max) using Equation 4.9.

Initial pressure (Po) and initial temperature (To) may be measured by the user at the time of
loading. The volume occupied by the secondary container, shoring, and polyethylene or
polypropylene filters in the waste (Vc) and the volume occupied by the ionic resin and stainless
steel filters in the waste material (VwAsTE) are known.

The use of different G-values (GTi, GTc, GTW) and a fractions (ai, ac, aw) must be justified by the
user based on waste characterization. These variables must be adjusted for the transport
temperature of 80 'C as described in Section 4.4.1.3, in order to meet the requirements of
NUREG/CR-6673 [Ref. 16].

The values must also be adjusted for the appropriate alpha/gamma radiation distribution. One
example of this adjustment is provided in Table 4.4.5-2 for the same G-values in the bounding

case loading curve for the 80% gamma/20% alpha decay heat distribution.
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Table 4.4.5-2 G-values and a-Fractions for a Range of Alpha/Gamma Decay Heat
Distributions

0.0 1.0
rolyetnylene I .) .. UO

Resin 2.96 2.96
J .UO

3.65
1.60

0.81
....... . 0 0'(4)1.60Water 1.60 1.60

Polyethylene 4.94 5.06 5.06 1.00
0.1 0.9 Resin 2.77 2.77 3.40 0.82................... • e r .................. ............................... i- • ........ ................................. I• ................. .............................. i .... ................................... ........ i • 7 r•......

Wter 1.49 1.49 1.49 10
Polyethylene 4.94 5.06 5.06 1.00

0.2 0.8 Resin 2.58 2.58 3.14 0.82.................. V a i e r .... ........ .......... ......... .... ...... ...... i • ?......................... ] ......... ..... ............................ i• " ... ............................................ii i • •.... .
Wtr 1.37 1.37 1.37 1.00~

Polyethylene 4.94 5.06 5.06 1.00
0.3 0.7 Resin 2.39 2.39 2.88 0.83

W ae.................. a r ............................... ...... ..................... .... .......................... I1 .2 .................... .............................. . .......................6........................... .... .....

Polyethylene 4.94 5.06 5.06 1.00

0.4 0.6 Resin 2.21 2.21 2.62 0.84............ 1a e .. .... ...... ..................................... I i ' .. .............. ..... ........... 1 .............. i i .................... ........................ .~ i .................. ............ ....... ............i. 6 i ' -1-11-
Waer 1.14 1.14 1.14 1.00(4

Polyethylene 4.94 5.06 5.06 1.00

0.5 0.5 Resin 2.02 2.02 2.37 0.85...................... ............................ ...... .......................... i • .... ....... ... ..... ........................... .~ • •...................................... .....1.1.1-1 1 .1....i":' i•... ...1-. -l*** ' .o o6_.
Water 1.03 1.03 1.03 00

Polyethylene 4.94 5.06 5.06 1.00

0.6 0.4 Resin 1.83 1.83 2.11 0.87......... a e r ............ ... ................................... • i i ........................................ o ( ......................................... Ii~ I.................. ................ ................ .~• • ....
Waer0.91 0.91 0.1' 1.00~'

Polyethylene 4.94 5.06 5.06 1.00

0.7 0.3 Resin 1.64 1.64 1.85 0.89...........• • ................ ......... .. ....... ...6 • ).................... ........ ......... ---.... _ -.............. .................... ............ I6 8 ............. I.. ...................................... .i • • ................
Water 0.80 0.80 0.80 1.00(14)

Polyethylene 4.94 5.06 5.06 1.00
0.8 0.2 Resin 1.45 1.45 1.59 0.91...... ........ • i r ..................- _ _.... .......................... 1 1-18 ...................................... 6 Y • ............. ................. ............ .i ..... ...... ................................. - (11 T I ...

Water 0.68 0.68 0.68 10
Polyethylene 4.94 5.06 5.06 1.00

0.9 0.1 Resin 1.27 1.27 1.34 0.95........... .e ....... .................................... .6 • .......................................... i••..................... ......... ................... i 3 .................................... I .......... i i • ••.....
Water 0.57 0.57 0.57

Polyethylene 4.94 5.06 5.06 1.00
0.95 0.05 Resin 1.17 1.17 1.21 0.97...........W i r ................................................. (i s '.................. .......................... .3 3 " ........... ...... I ............ ..... ............. -J?5 ....................... ........ ............ i......... 0 i • .....

Water 0.51 0.51 0.51 l.00~'
Polyethylene 4.94 5.06 5.06 1.00

1.0 0.0 Resin 1.08 1.08 1.08 1.00

Waer 0.45 0.45 0.45 .

14 For water, the a value is set to 1.0.
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4.5 Appendix
Attachment 4.5-1 EPDM Temperature Specifications

[Ref. 10]
Parker O-Ring Handbook

itizI
CZ

Not compatible with:
" Fuels of high aromatic content (for flex fuels a special

compound must be used).

" Aromatic hydrocarbons (benzene).

" Chlorinated hydrocarbons (trichloroethylene).
" Polar solvents (ketone, acetone, acetic acid,

ethylene-ester).

* Strong acids.

* Brake fluid with glycol base.

* Ozone, weather and atmospheric aging.

2.2.2 Carboxylated Nitrile (XNBR)

Carboxylated Nitrile (XNBR) is a special type of nitrile
polymer that exhibits enhanced tear and abrasion resistance.
For this reason, XNBR based materials are often specified for
dynamic applications such as rod seals and rod wipers.

Heat resistance
* Up to 100°C (212'F) with shorter life @ 121'C
(250'F).

Cold flexibility
• Depending on individual compound, between - 18'C

and -48°C (O°F and -55'F).

Chemical resistance
" Aliphatic hydrocarbons (propane. butane, petroleum

oil, mineral oil and grease, diesel fuel, fuel oils)
vegetable and mineral oils and greases.

" HFA, HFB and HFC hydraulic fluids.
" Many diluted acids, alkali and salt solutions at low

temperatures.

Not compatible with:
" Fuels of high aromatic content (for flex fuels a special

compound must be used).
" Aromatic hydrocarbons (benzene).
" Chlorinated hydrocarbons (trichloroethylene).

" Polar solvents (ketone, acetone, acetic acid.
ethylene-ester).

" Strong acids.
" Brake fluid with glycol base.

" Ozone, weather and atmospheric aging.

2.2.3 Ethylene Acrylate (AEM, Vamac)

Ethylene acrylate is a terpolymer of ethylene and methyl
acrylate with the addition of a small amount of carboxyl-
ated curing monomer. Ethylene acrylate rubber is not to be
confused with polyacrylate rubber (ACM).

Heat resistance
• Up to 149°C (.0(f0F) with shorter life up to 1631C (3251F).

Cold flexibility
- Between -29'C and -40'C (-20'F and -40'F).

Chemical resistance
* Ozone.

* Oxidizing media.
* Moderate resistance to mineral oils.

Not compatible with:
" Ketones.

" Fuels.
" Brake fluids.

2.2.4 Ethylene Propylene Rubber (EPR, EPDM)
EPR copolymer ethylene propylene and ethylene-propylene-
diene rubber(EPDM) terpolymerare particularly useful when
sealing phosphate-ester hydraulic fluids and in brake systems
that use fluids having a glycol base.

Heat resistance
* Up to 150'C (302'F) (max. 204'C (4(X)°F)) in water

and/or steam).

Cold flexibility
- Down to approximately -57°C (-70F).

Chemical resistance
" Hot water and steam up to 149°C (300'F) with special

compounds up to 260'C (5(00F).

* Glycol based brake fluids (Dot 3 & 4) and silicone-basaed
brake fluids (Dot 5) up to 149°C (300'F).

• Many organic and inorganic acids.
" Cleaning agents. sodium and potassium alkalis.

• Phosphate-ester based hydraulic fluids (HFD-R).
• Silicone oil and grease.

" Many polar solvents (alcohols. ketones. esters).
• Ozone, aging and weather resistant.

Not compatible with:
Mineral oil products (oils, greases and fuels).

2.2.5 Butyl Rubber (IIR)
Butyl (isobutylene. isoprene rubber. IIR) has a very low
permeability rate and good electrical properties.

Heat resistance
- Up to approximately 12 1 °C (2501F).

Cold flexibility
- Down to approximately -591C (-751F).

Chemical resistance
* Hot water and steam up to 121 'C (250'F).

* Brake fluids with glycol base (Dot 3 & 4).

* Many acids (see Fluid Compatibility Tables in
Section VII).

* Salt solutions.

* Polar solvents, (e.g. alcohols. ketones and esters).
* Poly-glycol based hydraulic fluids (HFC fluids) and

phosphate-ester bases (HFD-R fluids).

* Silicone oil and grease.
* Ozone, aging and weather resistant.

Not compatible with:
" Mineral oil and grease.

• Fuels.
" Chlorinated hydrocarbons.

Parker Hannifin Corporation * 0-Ring Division
2360 Pakrm¢o Drkv. Leanpo, KY 40509

Phý: (859) 269.2351 * Fea (859) 335-5128
-. p.AseforwW*con
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Attachment 4.5-2 Seal Material EPDM Working Temperature
[Ref. 11]

[i 0- 1Ri ng

= The tef~npea% ne apply only
In nn amh a•e

= I

o :h respctiv

I t I i

-100 -so 0 so 100 IS0 200 2S0 300 35

Tuimperaure ('C)

Operting tempeature Only to be acheed under paticular conditio with seW
range materials

FIgure 4 TeIperture range of various eltoMe

Ge•eal fteld of application -55 -f- CR materials ae found Mi sealg applications such

Elastomer materials are used to cover a large number as refrigerants, for outdoor applications and in the glue

of feldls of applicatun The various elastomres can be Industry.
charactensed as folows (thylene Propylen ene Rubber)
ACM (Rolayt Rubber) EPDM show good heK ozone and aging resistance in
ACM shows excellent resisance to ozone. weat g a addron they also exhibit high lebes of elastlut goodlow u behawiour as wen as good Misuaing
hot a.. although It shows only a medium physical strength, proptim "m cpeix,,g temperatures of appcato for
low elasticty and a relatwely hmmsed low temperature EPM range betwveen-AS CandSO T (for a ~rpelod
rab•lty, m-e operatig ueres~ range I wm .zo'C 5'ad.5 C(nasotpro

capailiy Te oer~ig tmpeatues rngefro -2 IC of time up to *+175 'C0. with sa4hK ur aed types the rangeand +ISO C (far a short perod of tume up to+175 , ". is redn .d to -S "C and ,130 "C (for short perod oft ne
Special types can be used down to -35 "C. b up to + 15a EPDU can ofte be found AC apmlicrons
we mainly used in automotvwe applications which requie wth bra0e fluids (aMsed on beo u and hot wate o
spislprhalurtance to h igh an.ts boraakfl many o cdndvs
(Ind sulphur) at high empeaturest FKU Owefluoro Rubber)

CR (Chloroprene Rubber) Perfluoroelastomiers show broad dhemical resistance
in g e CR a " sw sgod nd to PIPE as wae as good heat resistance. They

m general thee( good show low welbg with alroost al media. Oeperslng on
resistances to ozone weatherg chemicals and agung. the maerial the operaing temperatures range between
Also they show good non-flany abilTh good e M fg te ial -2S 'C and +240 IC Special types can be used up to +325 'T_
properftis and cold fie ttyý The Opera"g temperatures ~Aplicatlons for flicM can be mostly found Mi the chemical
range between -3S 'C and +90 1C (for a short pewiod of and process induIstrIes and in al applications with either
tme up to .120 ) Speca types can be used down to aggre envronments or high temperatures.

24 TRELLEBORG "• wi"' ab'e etww iLth•bcg '
2 , tdtbon Augut 2011
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Attachment 4.5-3 Seal Material EPDM Helium gas permeation rate
[Ref. 11]

O-Ring 0
Matedals
IFEP sath

FEP is the abbreviated designation for Tetrafluoroethylene-
hexafluoropropylene. This material has similar properties
to thse of Polytetrafluoroothylene (FITE). It also ha a very
high chemical resistance anrd exhibits a good resistance to
abrasion.
in contrast to PTFE. however. FEP is theriopatically
moldable. This allows the material to be processed to form
flexible semifinished products. such as thinwalled hoses.

PI.A dmdth

PfA is the abbreviation for PerfluoralkoW. This material
is a type of Fluoropo•ymer with properties similar to
Polytetrafluoroethylene (PIPE). Differing from FnIE. like
FEP. PFA it is melt-processable but shares PTFE's useful
properties of low coefficient of friction ard non-eactty.

PFA is preferable to FEP in high temperature situations.
PFA is more affected by water absorption and weathering
than FE P. but is superior in terms of salt spray resistance.

k~w ring
A choice of three materials is wailable for the elastomer
inner rings with FEP encapsulation and two materils for
the inner ring with PEA encapsulation. The doice of the
material also determines the service temperature range.

Fluorocarbon rubber (F1M).
temperature range -20 C up to .200 "C
material code with FEP sheath: VZOR
material code with PfA sheath: VZO1 R

Silicone Rubber (VMW ).
temperature range: -50 IC up to + 175 "C
material code with FEP sheath: SZOOR
material code with PfA sheath: SZOI R

. EttWen Propylen Dien Rubber,
temperature range: -45 IC up to * 150 "C
material code with FEP sheath: EZOOR

The specified temperature ranges are limits which must
always be considered in conjunction with the medium
to be sealed and the wivxtng premae. The permissible
continow operating temperatures are always wr than
the giwen upper limits.

Design rwonumendatlons
FEP encapsulated O-Rings are fully interchangeable with
standard O-Ring seals. There is no need to modify the
groove dimensions. The FEP sheath is reLhtirely thin-
walled.

All the specifications gven in this catalogue therefore
refer to the installation dimersions of elastomer O-Rings.

As a result of the FEP sheath. the O-Rings are less flexible
than elastomer O-Rings. They have limited suetch and
highe permanent deformation.

Latest information avammfl at www itssetrleooll gcom
Edon August 20o1

Split grooms are recommended, especially for outside
sealng FEP encapsulated 0-Rings. in order to avoid
overstretching duinrg installation.

The general information on the constructwio design and
surfaces given for the elastomer O-Rwngs applies also to
FEP encapsulated 0-Rings

At highr pressures, additional concave Back-up Rings
should be used.

Applilca/ h gin s
Where the 0-Ring is used to seal gases, the permeation
rate must be taken into consideration. In this case the
material of the inner ring must also have a good resistarnc
to the medium to be sealed The permeation rat depends
on the exposed surface area. the temperature, theworking
pressure and the thickness of the FEP sheath.

The thickness of the FEP sheath can be found in Table 32.

Conipencees a approvals

The FEP-sheath of material VZOOR. SZOOR and EZOOR is
in compliance with the following regulations governing
plastic materials for food contact applications:

. Commission Directiv 2002172/EC and amendments
200411/EC. 2004 9/1C 2005/79E 2007119/EC
200W391EC. Reg. (EQ 975/2009

- Requirement of Vie German Food and Feed Code. LPG
and regulation (EQ 193V/2004, article 5

M01 (Overall Migration Lknits):
Migration testing was done according to 82/71S /EEC and

S6720EEC and amendments. The OML was below the
required limit of 10 mgFdmn in aqueous, acidic and fatty
food in repeated contact

Sensory Tests:
The material meets the requirements of the LFG6 and
Regulation (EQ 193512004 for aqueous, acidic and fatty
food in repeated contact. Test condtlion: 30 mm at 95 'C.
Surface volume ratio. 30 cmVlODD ml.

Both the FEP and the PFA heath are also in compliance
with the FDA Regulation 21 CFR Part 177.15S0.

Table 32 Thidunew of the FIEP al PWA diwal

___ ~Thtldcwan of •he iWlWM
Cros -ea Totaotsef

1.78 1.80 010 0.20

262 2.6 0.10 0.30
313 3SS 012 038
S.34 Sao 0.25 050

7.00 0328 080

TRELLEBOR
"NOW OVA*

75
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Attachment 4.5-3 Seal Material EPDM Helium gas permeation rate (Continued)
[Ref. 11]

1l O-Ring

The diagam 0igure 37) qrw*% guide values for the
permeation of different gasesý

I 54OW

C

"0

40

40
AD

- ZEZETZ
iIpfu~ON~
CameO uptace ama 44$ wv',~
P~*E ~WX

01~

"'S..,

-- Iii--0
0 1)0 40 4 * toO

higie 37 Gas peomeatiors rate #0i FEP 0-Rings

The diarm (Wqre 3M 9M guide vAut for t'e
permeation of water vaPow.

Contact surface area: "S nirn'

0 .3 _ 24h 140 'C

01
10.

0

0 0•1 01 03 OA4

nw--,•-u of the FEP Owalh nwn

Mothod of Installation
The san* recommendations apl to the istalatoon of
FEPWA encapsilated 04tings as for standard eastaomter
0-Rng It dsoi be noted, homK ta the OW04gs
hwe only W stretch de to toh FEPAVA sheath.

ff. for desWg reasons% a splitgroove is not posbWe samlwy
tools mus tw ewed for installation.
For inside sealin appcatliom (eWq rod). FWIPPA
encappulated 0-Rings can be installed with Wa"e
dametrs wth~out toos. On no account tould the seal
ring be forced Into the groove (e. g by bwmdn) o*#w,,w
th seebq function carvio be wted

Di mensions
FEFP*A encapp-irted 0-Rng are avwtabie in te same
szes athe elastomr O Tabe 34 0how 1 te snllest
avadabe wklde dameters fo the differen cord diameters

Table 33 Tolorwance hbe etOer (4,)

4, > 74 not avaow3
7m4o < , 13 0Xo00 021

W00 < 4 , M ao a 44

3U0,0c<•4,V50OO 0.7
45m00 ' < . I000m0 Ill

4, >100000 on request

Tble 34 Smdl• avalable mee and r"section

&,I --- -

560 7.40SFM SeaMf

200) 800
240 0 t0 93)0
250 0tic

242 9.19

300 10.00
Ito 50.0
320 Oil 12.00

,o3 12.00
17 _ 1200

Figre 3 Water vapour perm*aon for FEP O-ings

76 TRELLEBMG
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Attachment 4.5-4 Seal Material EPDM Characteristics With Respect to Damage by
Radiation and Hardness Concerns

[Ref. 11]

A General quality criteria
The cost4ffctiv- use of seab and beoangs i hgoty
influenced by the qualty ait" appld i producton.
Seas and bearngs from Tr•ieborg Soahng Solutions
we cortauoudy montored bccordin to strict quaft
standardi from mateia acquistion ttvough to delivey

Cwtsf'ca~ of our producton pLants on accordance tvith
interrualonral standards OS 900a¶S gm0 meets the
speckfic rqoureemu for quaty control and manageroent
of purdwsashn producrtion animtag hinrein utioons
Our quay •y s ,olrcy corimen" wontraoled by swxt
protedures and guidelfints whkhd Me kniplemnted within
an svategk ae of the comersy.

All testing of mitrinals and products is performed is
accordance with accepted Ust standads andspoefkca•tom
*4 random samipe te" in accardance with
ISO 2259d042M1 AQI. 1.0 genrwal 6roection Weve K~
no"" inspecton

Inspection spotications correspond to standards
appkcable to 0indiidual product group~ (e-q for G-Rwgs.
WS 360 1).

Our smeg nmaterals are produed free of chlroflwon-
roted hydrocarbons and cxcaroogenc elemerns

B Guidelines for the storage of
polymer products based on
ISO 2230

Many polymer prodicts and crnponaeft are stared for
long periods of tan. before being put into semice. so A
is mOinpoit twy are stored in conditions ta mnesemae
ur,,wtn c•anges "n properties. Suds -ages may resut
from degradation. aw idcae they may "incude ,exce
harrdn softening, cracking crazing and oher surface

tfocts, Ote .hanges may be cauted by deformatior
contamination or mecar'ncM darsagen

Unless odtohise spo•ecisd inthO appropriate prodt
spociltar rubber products so d be enclosed at
ndvidual wsaled envelopres packaging seould be

canned tIn an atrorsowe invAsadsthe reatiýve Smiwdy
is less than 70 %, or if po"atets awe b"en paced.
less thwn 6S %. Whee ther is serio risk of Owgess of
mnasts,. (eg. rubber-metal-bionded parts). akominurn
kaaop~ydor laoiriate or other SrmIIMmeans
of protection shsould be used to ensure protection from
WvFet of mnoisture

The storage teprt s hsoid be below 2S *C mid
the products shoud be sOred awa froms direct sources
of hoat suchs as boilers. radiators and dwoed srght Nf
the stage tempreature is below IS *( care should be

jAon August 2t0

exercsed during handing of soed produc as ey may
have stffened and have become sulce ale to istaortion
if not hianded cAreftO

The rotative fsamsay should be such that. given on thw
valations of tnaperature an storage condaonaton
does not oc In al cases, the rolative hunudity of fth
auasosptwer in storae" should be les thn 70 %. or if
polywetanes Mte being stored. It. tha 6S %

Rubber slould be protected from gM souro n pw•rtcul
direct suadlg or intense 1t ha"g a too sirawaolet
conte. tt a sable tt any windows of storage rooms
b# covered wih a red or ocange coating or screen

Precautions shuld be taken to protect stoed products
fromn anl sourcte of ianlung radiation Ikely to caste
damage to the products

Onm"
Ozone has a partkcu" harmul effect on rubber. Storage
rows shoiud not Contain any equipment ta is capabl
of generating ozone. such as meiury vapor laps or hig4-
voltage electrca eq~aepment garnvg rise to oeleci sparks
or *ectral dbch&age Combusti gases and organic
vapors shoud v aM l be ecuded. as thOe may gve rise to
ozone Y4e photo-hnraci processes- When eqsapenwt
such as a fork-idt truck is used to handk Large rubber
produM two needs to be taken to ensure this eqaugment
is not a souce of poluton tt may affect ith rubbert
Comrbu•bon gass f•oud b• ,condeed sepately. White
they aresponible for generating growusdeel ozon
they ma Als contain unburnedftreW*#ch. byctonderising
on rubber produc can cause addibtaial doetariaon.
Defonnadon

Rubber Oxsold be staod free from tesxson comprtsAm
streSe or othWe caues of deformatio Where products
m padkaged in a strain-fre condition, tey should be
sored in thei ornginal packagin. Is cawe of doubt. thw
marufacturers Sdia should be sough It is adisabl
that rungs of large wstornal dawter re afomed into UtVee
equa mp so as to mood creasing or wisng. It a not
possile to adivntte condxiasn by forming Just two

Combed whk spd" and fm~4qmd momewlal

Rubber sowuld not be allowed to comeo into contact with
lait6d or *Jiquld mwateriasobfor esaniple. Potrolk greases.
adids. dsinfecta•ts coenng fl"ids) or her vapors at any
tone during storage. ues these matis ae by desgn
an inegal Part of the product or the manufacturers
packaging. Wen rubber product are reived coated
with theur operational mets the sould be stored 0% thw
Condition,

TRELLEBORM 3
C0 im.t
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Attachment 4.5-4 Seal Material EPDM Characteristics With Respect to Damage by
Radiation and Hardness Concerns (Continued)

[Ref. 11]

8.1.3 Characterlstks and Inspoction of olastomers

One of the most often named properties regarding
Polymer materials is hardness. Even so the values can be
quit. misleading.

Hardness is the resistance of a body against penetration
of an even harder body - of a standard shape defined
pressure.
There are Iwo procedures for hardness tests regarding
test samples and finished parts made out of elstomer
material:

1. Shore A I O according to ISO 868ISO 76191
DIN S3O5I ASTM O 2240
Measurement for test samples

2. Ourometer IRHD (nternational Rubber Hardnes
Degree) according to ISO 481ASTM 1414 and 1415
Measurement of test samples and finished parts

The hardnes scale has a range of 0 (softest) to 100 hardest).
The measured values depend on the elastic qualities of the
elastomei especially on the tensile strength.

The test should be carried out at temperatures of
23 *.2 C - not earlier than 16 hours after the last
vulcanisation process (manufacturing stage). If other
temperatures are being used this should be mentioned in
the test report

Tests tslild only be carried out with samples which have
not been previously stressed mechanically.

1a,*leee tedt accordig to Shore A I D

The hardness test deice Shore A (indentor with pyramid
base) is a sensible application in the hardness range 10 to
90. Samples with a larger hardness should be tested with
the device Shore D Oindentor with spice).

Test specmen:
Oiameter in. . 181 inches (30 m)
Thickness m. .240 inches (6 mm)
Upper and lower sides smooth and flat

When thin material is being tested it can be layered
providing minimal sample thickness is achieved by a
maximum of 3 layers. All layers must be at minimum
.080 inches (2 mm) thick.

The measuremont is done at three different places at a
defined distance and time.

Shore A Shore D

1I2 * OAS mm 1.25 + 0.15 nmm

0,79 + 0.01 mm

Figures Indentor according to Shore A I D

Hardnem t*t accordig to IM

The test of the Durometer according to WIHO is used with
test samples as well as with finished goods

The thickness of the test material has to be adjusted
according to the range of hardness. According to ISO 48
there are bvo hardness ranges:

Soft 10 to 35 IRHD 7 Sample ticvess
.394to.S9t inches
(10 to I rSmm) I procedure "L°

Normal: over 35 IRHO : Sample thickness
.315 to 31% inches
(8 to 10 mm) / procedure "N"
Sample &jdcwz
059 to .098 inches

(I. to 2.5 mn) I
procedure *M'

The hardness determined with finished parts or samples
usually vary in hardness determined from specmen
samplesý especially thosewith a curved surface.

Vertally carried pole

Soft. Normal Norman
FIO 48 'L' I I504S 8 IN, S48WM*I

S 2mm

Figure 6 Indentor according to WHO

26 TRELLEBORG Law est m~rwnsn avaisat at wew ts AorgcoM
Mton August 2011
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Attachment 4.5-4 Seal Material EPDM Characteristics With Respect to Damage by
Radiation and Hardness Concerns (Continued)

[Ref. 11]

hiatmnd" pwmetm on tOe h rwe tet foir

Various sample thickness and geometries as well as
varou tests can show different hardness values even
though the same materials hafe been ued.

0-Ring. NBR 75 Shore A

Hardness
77-

TI.E

61 -E

n N A0

So.
w *615

67.

as

0 1 1 2 LS IL$ S 6 1

ThiduJiss of test buttons [mini

With equwvalent material characteristics of the elastomer
sample B, the indentor penetrates the deepest at the
surface 3 (corwei) and therefore establWies the softest
area.

As the convex geometry (3) has a stronger effect on smaller
width O-Rings. the tolerances on hardness for widt
under 2.0 mm should be increased up to S / -8 IRHO based
on the valid IRHD nominal value.

Compreeco Set

An Uiportant parameter regarding the sealing capability is
the compression set (CS) of the O-Ring material. Elastomers
when under compression hOsy aside from an elastic
element also a permanent plastic deformation (Figure 9).

The comprssion set is determined in accordance with
ISO 815 as follom:

Standard test piece:

Deformation:
Tension release time:

CS .#_- .A' ooN

Cylindrical disc, diameter
.512 and height 2136 inches
(13 mm arnd height 6 mm)
25%
30 minutes

Where hg
h,
h2

= Original height (cross section di)
= Height in the compressed state
= Height after tension release

l~Anuiowe SiNS sowac

Figure 7 Ranges of hardness depending on sample
thickness and test method

1 2 3
concave plain corwex

h,< h2< h3

owIh

~hi

Figure 9 Illustration of the compression set

Figure 8 Range of hardness depending on surface
geometry for the equivalent material
characteristics

Uts hlformation avawLaie atwww $twe•etorgwon
tclIor August 2011 TRELLEBORG

Uwtase wUM
27
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Attachment 4.5-4 Seal Material EPDM Characteristics With Respect to Damage by
Radiation and Hardness Concerns (Continued)

[Ref. 11]

The accuracy of Ohe measured value depenbh on:

*Test sample O"Amne

*Deformation

-Measurement devations

Therefore Owe values which have been identfied ith the
test sample carnot be transferred onto the finishwed part.
The result of the measured finised parts are strongly
kifluenced by geometrics an-d measurements asweA as the
measurin accuracy of the test equipment.

The follaiing illustration shows the influence of various
measuring deviabions (mn mm) in respect to the established
compreon set CS depending on he cross section of the
measured O-Ring

Resulting measurvig
deviatlons CS (in %)

0 0.005 0.010 0015 0020 0025

Measuri deviations of measuring devices absolute (in ram)

Figure 10 Measuring deviations CS depending on -R"g cross section and measunng accuracy of the test equipment
(schematic ilustralo)

28 TRELLEBORG
IaaIfms Sm

Latest Inlormation availabe at ww ts&V.elfetOrco=
F4Wn August 201I
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Attachment 4.5-5 Additional Support Information about EPDM Resistance to Radiation

Up to 5x108 Rads While Retaining Reasonable Flexibility and Strength, Hardness and Very

Good Compression Set Resistance
[Ref. 12]
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Attachment 4.5-5 Additional Support Information about EPDM Resistance to Radiation
Up to 5x108 Rads While Retaining Reasonable Flexibility and Strength, Hardness and

Very Good Compression Set Resistance (Continued)
[Ref. 12]

38r,

sal r~tuit or -h~is invvstitgatofl @ttIy:,'n<4o

prpy ee e-.r.iAg were orzertd and~ uqd tr !
Cry')stt faCW~44 3YSten for M# Energy SAWe. TMo 91`V
0O2?ngs performod sat~.aactor~iy ~tA tr~y are alLptlty
pern6#014 -.0 m4aiM. very ol.11C to nvvpvnv. lthit
hA3 to t* no 4,1 wntmf O.ak :tlecking.

?ham$ tý 'ZD-hor f' Zln~kflaven NAtionfa'

Laboratory and Tom Kie*owski of Minnesota Rtubber'
Cow;,%Iy for tr4-aIr help in o~t'tining 14113 dau&.

£LA3loWER O'J1GA1304 TEST

2TANT sisAN toow 1"00 Mw u1 C

0034 00*M $.4"* 8.0W'

3M *145 3 .0 -1.0" 4 8 .

*ýk 4*5W# am 0006 4.40' X.Cf

TO% 0 coo 00 *-). "4. cr S 1A

Ito, 1. lor, , .

.811"44 ab 405 "3 404 15% 2 m ( 25)s 7 lSbq

ri Roattv* outssisng or *:&*toners.
,f*4 VW? 4,A6.0.0t. 4 jm`#1.ar* Of 1X1O

Torr, and4 "eastee noted wor wakr 7rro a proe-ire
v3. froaq zy : e fYe.

r:.A.):. 1oapreastr. so*~ for *lastm114 wotor~als -oftor
irradiation.

x 0O0 RADS

X101 RADS
F~g.2; ~r~~l~ ofe185t~ww arter irft4la"O~r.

Figf.U 4:Ton. tent
Of eastLfters after

Robatel Technologies, LLC Page 4-46



RT-100 Safety Analysis Report, Rev. 6 (Non-Proprietary Version)
Docket No. 71-9365 May 15, 2015

Attachment 4.5-5 Additional Support Information about EPDM Resistance to Radiation
Up to 5x108 Rads While Retaining Reasonable Flexibility and Strength, Hardness and

Very Good Compression Set Resistance (Continued)
[Ref 12]
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