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2.15.3 Seal Region Stress Results

The contact stresses that represent the maximum nodal stresses on the sealing surfaces are
summarized in Table 2.15.4-2. The resulting membrane plus bending stresses are compared to
the yield stress of the material at the maximum NCT temperature for each HAC case.

For the lid gasket grooves, the linearized stress is calculated for each peak stress location as
described in Section 2.15.1 and multiplied by the stress concentration factor calculated in Section
2.15.2. Table 2.15.4-3 provides a summary of the resulting factored stress values. As the table
shows the minimum factor of safety is 1.2. in accordance with Regulatory Guide 7.6 [Ref.4], the
RT-100 seal region experiences no inelastic deformation during all HAC events.

2.15.4 Displacement Results

To determine whether the seal remains tight during HAC, the relative displacement of each
sealing surface is determined. Table 2.15.4-4 calculates the relative displacement for each
sealing surface and Figure 2.15.4-4 through Figure 2.15.4-9 provide graphical representations of
the displacement for each case. From the containment evaluation, the permanent plastic
deformation for the EPDM O-ring is approximately 25%.  Therefore, based on the seal
dimensions, the maximum permissible gap is 1.61lmm. Reviewing the relative displacements
from Table 2.15.4-4, the maximum separation that occurs is 0.07706mm. Since this maximum
separation is less than the permissible gap, the seals are predicted to remain tight during all HAC
events.

Table 2.15.4-1 Stress Concentration Factors

1.01 1.76 1.53 1.37 1.32 1.28 1.25 1.22 1.19
1.02 2.05 1.74 1.52 1.42 1.35 1.28 1.25 1.22
1.05 2.58 2.11 1.77 1.62 1.47 1.40 1.34 1.29
1.10 3.09 2.45 2.00 1.80 1.59 1.49 1.40 1.31
1.20 3.62 2.81 2.23 1.97 1.70 1.55 1.44 1.34
1.50 3.80 2.98 2.38 2.15 1.83 1.63 1.52 1.38
2.00 3.14 2.59 2.23 1.88 1.66 1.54 1.40
3.00 3.30 2.68 2.34 1.93 1.67 1.53 1.38
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Table 2.15.4-2 Sealing Surface Stress Sum mary

Stress Intensity t

PotPy FS

Side Drop 184.2 40.1 4.6 15.6 11.8 5.7 32.3 33.7 55
End Drop 184.2 22.8 8.1 14.3 12.9 0.0 N/A 62.7 2.9
Puncture 184.2 93.2 2.0 77.0 24 83.4 2.2 89.7 2.1

Table 2.15.4-3 Lid Seal Groove Region Stresses

Side Drop 184.2 2.6 15.0 389 4.7 2.2 66.1 145.3 1.3
End Drop 184.2 2.6 45.1 1159 1.6 22 47.7 102.6 1.8
Puncture 184.2 2.6 59:1 153.6 1.2 2.2 71.8 158.0 1.2
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Table 2.15.4-4 HAC Seal Region Displacement
Minimum Maximum
Location Displacement | Displacement
(mm) (mm)

" Primary Lid Sealing Surface

b :‘.,E
-0.047281

Relative Displacement

Primary Lid Selingrfae '

-0.27689

-0.33065

Primary Seal Flange Surface -0.043598 -0.40771
Relative Displacement & -0003683|4  0.07706
Secondary Lid Sealing Surface -0.12481 -0.31864
Secondary Lid Sealing Surface on Primary Lid -0.12238 -0.34072
-0.00243 |4 0.02208

043679

Primary Seal Flange Surface -0.27867 043227
Relative Displacement 4 000178}  -0.00452
Secondary Lid Sealing Surface -0.93881 -1.08
Secondary Lid Sealing Surface on Primary Lid -0.93328 -1.1009

Relative Displacement

" Primry Lid Sealing Surface

-0.00553

i

0044821

-

0.0209

20.12329

Primary Seal Flange Surface 0.046104 01212
Relative Displacement 4 -0001283}§  -0.00209
Secondary Lid Sealing Surface -0.85594 -1.1537
Secondary Lid Sealing Surface on Primary Lid -0.84898 -1.1475
Relative Displacement 4§ 000694  -0.0062
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Figure 2.15.4-1 Stress Intensity Contour Plot of Primary Lid Following End Drop.
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Figure 2.15.4-2 Stress Intensity Contour Plot of the Primary Seal Region
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PRIMARY

PRIMARY LID SECONDARY LID
Figure 2.15.4-3 Lid Seal Geometry
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Figure 2.15.4-4 Primary Lid Sealing Surface Displacement during Side drop
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Figure 2.15.4-5 Secondary Lid Sealing Surface Displacement during Side drop
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Figure 2.15.4-6 Primary Lid Sealing Surface Displacement during End drop
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Figure 2.15.4-7 Secondary Lid Sealing Surface Displacement during End drop
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Figure 2.15.4-8 Primary Lid Sealing Surface Displacement during Puncture
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3. THERMALEVALUATION

Robatel has performed a thermal evaluation of the RT-100 using the Nuclear Industry standards
and under the RT Company Quality Assurance Program [Ref. 1]. This thermal evaluation shows
that the RT-100 meets or exceeds all the 10 CFR 71 regulatory requirements [Ref. 2]. The
thermal review is based in part on the descriptions and evaluations presented in the General
Information Chapter 1 and Structural Evaluation Chapter 2 of the application. Similarly, results of
the thermal review are considered in the review of several other sections of the application. An
example of information flow for the thermal review is shown in Figure 3-1.

RT identified, described, discussed, and analyzed the principal thermal engineering design of the
RT-100, components, and systems that are important to safety. Section 3 describes how the
package complies with the performance requirements of 10 CFR 71 [Ref. 2]. Results of the
thermal evaluation verified that the thermal performance of the RT-100 design (for both NCT and
HAC) meets the thermal regulatory requirements as follows:

o The RT-100 design is evaluated to demonstrate that it satisfies the thermal
requirements of 10 CFR 71.31(a)(1) ]; 10 CFR 71.31(a)(2); 10 CFR 71.33, and 10 CFR
71.35(a) [all Ref. 2]. '

o The application identifies the established codes and standards used for the thermal
design according to 10 CFR 71.31(c) [Ref. 2].

o The performance of the RT-100 is evaluated under the tests specified in 10 CFR Part
71.71 [Ref. 2] for NCT and 10 CFR Part 71.73 [Ref. 2] for HAC and also referenced
10 CFR 71.41(a) [Ref. 2].

o The RT-100 is designed, constructed, and prepared for transport so that there is no
significant decrease in packaging effectiveness under the tests specified in 10 CFR
71.71 (NCT) and references in 10 CFR 71.43(f) and 71.51(a)(1) [all Ref. 2].

o The RT-100 is designed, constructed, and prepared for transport so that the accessible
surface temperature does not exceed the regulatory limits specified in 10 CFR 71.43(g)
[Ref. 2].

o The RT-100 design does not rely on mechanical cooling systems to meet containment
requirements in reference to 10 CFR 71.51(c) [Ref. 2].

o The RT-100 has adequate thermal performance to meet the containment, shielding,
sub-criticality, and temperature requirements of 10 CFR 71 [Ref. 2] for (NCT/HAC).
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3.1 Description of Thermal Design

The thermal design aspects of the RT-100 are related primarily to protecting the sensitive
components of the cask and the contents from the elevated temperatures produced by the
hypothetical fire accident. The primary thermal criteria that are applied to the thermal evaluation
are maintaining the lead shielding in the cask body and secondary lid below the melting
temperature of lead, and the maximum temperature of the O-ring seals below their maximum
operating temperature. The components primarily responsible for maintaining the temperatures
of these components below their acceptance criteria are the impact limiters covering the top and
bottom of the cask, and the thermal shield on the radial cask surface. '

The impact limiters are made from a polyurethane foam material that has a low thermal
conductivity. The impact limiters cover the top and bottom ends of the cask. They protect the
lead in the bottom of the cask body and the O-rings in the primary lid, secondary lid, and the vent
port cover plate. The impact limiters are designed to remain attached to the cask during normal
operations and hypothetical accident conditions, and to insulate the lead and O-rings from the
high temperatures of the hypothetical fire accident. The thermal shield covering the radial cask
surface is made of a ceramic fiber material with a very low thermal conductivity. The ceramic
fiber is covered by a thin, stainless steel cover that protects it from damage during normal
handling. The ceramic fiber material is designed for use in insulating refractory furnaces, and
providing an excellent thermal barrier for the fire accident, thus preventing the radial lead from
exceeding its melting point.

The RT-100 is designed to accommodate contents with a maximum decay heat of 200 watts. This
low decay heat value does not produce a significant temperature gradient through the cask body,
and as a result, no specific design features are required to facilitate removing the heat from the
cavity.

3.1.1 Design Features

As briefly described in Section 3.1, the RT-100 design has two primary thermal design features:
the impact limiters and the radial thermal shield. These features are identified in Chapter 1, Figure
1.2.1-1 which highlights the primary components of the cask.

3.1.1.1 RT-100 Description

The RT-100 cask body consists of inner and outer shells constructed of 304/304L. stainless steel.
Lead shielding is provided between these radial shells, as well as between the 304/304L stainless
steel bottom forging and bottom plate. The upper end of the cask comprises the upper 304/304L
stainless steel forging that is attached to the inner and outer shells, and contains the mating
surface for the primary lid. The primary and secondary lids are constructed of 304L stainless
steel, as is the cover plate. The primary lid is attached using thirty-two (32) M48 hex head bolts
and the secondary lid is secured using eighteen (18) M36 hex head bolts. The upper and lower
impact limiter cover each end of the cask, and are constructed of 304L stainless steel shells
containing polyurethane foam blocks. The impact limiters are secured to the body via twelve (12)
M24 threaded studs. The RT-100 is described in greater detail in Chapter 1, Section 1.2.1.

Most of the outer shell of the cask is covered by a ceramic fiber thermal shield that is secured by a
thin 304L stainless steel cover. Other portions of the radial cask surface are covered by the 318
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stainless steel tie-down arms and tie-down arm baseplate, and by the 304L stainless steel lifting
blocks. The exposed surfaces of the tie-down arm baseplate are covered by the ceramic fiber
thermal shield and 304L stainless steel cover.

3.1.1.2 RT-100 Dimensions

The RT-100 thermal analysis is performed using the basic cask dimensions as presented in
Appendix 1.4. The inner and outer shell thicknesses at the side of the cask are reduced to account
for minimum thickness due to manufacturing tolerances. Specifically, the following material
thicknesses are reduced by 2mm:

Thicknesses of the cask body inner and outer stainless steel shells
Bottom end of'the cask body
Stainless steel bottom forging welded to the inner shell

0 0 O O

Stainless steel bottom plate welded to the outer shell.

To represent the condition of undersized shells with a poured lead fill, lead thickness in both the
sidewalls and the cask bottom end are simultaneously increased by 4 mm. This approach is
conservative as it reduces the amount of stainless steel material protecting the lead from the HAC
fire temperatures and thus, maximizes temperatures in the lead.

In order to maximize the amount of heat that can enter the cask body during the fire, no gaps are
assumed between the lead and the outer shell. The lead and stainless steel outer shell are assumed
to be in perfect contact.. No other gaps are assumed in the thermal evaluation between the various
components of the cask.

3.1.2 Content’s Decay Heat

The RT-100 is designed for a maximum decay heat of 200 watts. This value is selected as the
design basis, and is conservative for the contaminated resin and filter contents that are transported
in the cask.

The analysis of the cask for normal condition of transport (NCT) and hypothetical accident
conditions (HAC) is performed using the ANSYS finite element computer code [Ref. 3]. In this
analysis, the decay heat of the contents is modeled as a uniform heat flux on the internal surfaces
of the cask cavity.

To calculate this uniform heat flux over the inside surface of the cask, the inside diameter and the
height of the cask cavity is used.

Ain = ndL + 2(nd/4)

where

Ain = inside surface area of the cask (m°)
d = inside diameter of the cask (m)
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L = height of the cavity (m)

Based on the RT-100 drawing provided in Appendix 1.4, the cask inside diameter is 1.730 m and
the height of the cavity is 1.956 m. The area is then

Ain = 1x1.730%1.956 + 2(nx1.730%/4) = 15.332 m’
The uniform internal heat flux, qin, is then
Qi = 200W / 15.332 m® = 13.04 W/m®

3.1.3 Summary Tables of Temperatures

Section 3.1.3 presents summary tables of maximum temperatures occurring in the RT-100 as a
result of the NCT and HAC evaluations described in detail in Sections 3.3 and 3.4. Limiting
temperatures for consideration in the structural and containment evaluations are the maximum
temperatures. Therefore, the following tables present maximum temperatures that occur in the
various cask components under NCT and HAC. Table 3.1.3-1 presents the NCT maximum
temperatures while Table 3.1.3-2 and Table 3.1.3-3 present the maximum temperatures HAC.
For the fire accident evaluation, the time at which the component reaches its maximum
temperature is listed along with the temperature. In some cases, temperatures are after cessation
ofthe fire transient.

The tables also present the maximum averaged surface temperature of the inner shell at the cavity
side. These averaged surface temperatures are used to predict the cavity pressure under normal
and hypothetical conditions, respectively.
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Table 3.1.3-1 RT- 100 Maximum Normal Condition Temperature Summary

"Hot | Hot | Cold | Cold | Allowable
Cmupmlmt | Casel | Case2 | Casel ,Cascz Tempmm ' Refermee

: (W) e e e e R e :
Primary Seal 68.7 42.1 -35.5 -24.5 150 Ref. 8
Secondary Seal 70.3 429 -34.7 -23.8 150 Ref. 8
Quick Disc. Valve Cover Seal 725 | —®@ i8] — ) 150 Ref. 8
Lead Shield 73.2 43.1 -34.5 -23.6 328 Ref. 5 (p. 907)
Closure Bolts 70.0 42.8 -34.9 -23.9 — —
Outer Surface 93.0 41.3 -36.3 -25.4 50/85® 10 CFR 71.43(g)
Inner Shell Maximum 73.1 42.6 -35.1 -24.1 — —
Inner Shell Average 71.0 41.7 -36.0 -25.0 s —
Total Impact Limiter Average 67.4 39.5 -38.3 -27.3 — —
Top Impact Limiter Average 72.5 39.5 -38.3 -27.4 o —

a.

The NCT maximum temperature of the components surrounding the cover plate is the upper impact limiter
average temperature (reported in Table 3.1.3-1) where the temperatures are higher on the external surfaces
of the impact limiter. Thus the maximum temperature of the cover plate containment O-ring is considered
to be 72.5°C with no further analysis. Since Hot Case | is the bounding upper temperature of this O-ring,
the other NCT cases are not considered.

10 CFR 71.43(g)—A package must be designed, constructed, and prepared for transport so that in still air
at 38°C (100°F) and in the shade, no accessible surface of a package would have a temperature exceeding
50°C (122°F) in a nonexclusive use shipment, or 85°C (185°F) in an exclusive use shipment.

Table 3.1.3-2 RT-100 Maximum Calculated Temperature of Cask under HAC with Pin

Puncture Damage on Top lmpact lelter

Reference

Primary Seal Maximum 110.8 Ref. 8
Secondary Seal Maximum 131.1 Ref. 8
Quick Disc. Valve Cover Seal 133.1¢9 Ref. 8
Lead Shield Maximum 304.8 Ref. 5 (p. 907)
Closure Bolts Maximum 133.1 e

Cask Body Maximum 799.1 .

Inner Shell Average 136.3 s — —_

C.

The port cover plate location is on the primary lid, close to the primary lid closure bolts. The cover plate is
thermally insulated by the upper impact limiter. The highest temperature reported on the primary and
secondary lid are the closure bolts (where the puncture bar penetrates the impact limiter) with a maximum
temperature of 133.1°C (reported in Table 3.1.3-2). This temperature of 133.1°C being bonding to all the
lids and cover plate recorded temperatures, the maximum temperature of the cover plate containment
O-ring during HAC is considered to be 133.1°C with no further analysis.
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Puncture Damage at the Side of the Cas

k Body

|
Table 3.1.3-3 RT-100 Maximum Calculated Temperature of Cask under HAC with Pin
|
|

- | O e TR .
| Primary Seal Maximum 110.3 285.1 150 Ref. 8
Secondary Seal Maximum 91.3 1624.4 150 Ref. 8
| Quick Disc. Valve Cover Seal cuni D e ) 150 Ref. 8
‘ Lead Shield Maximum 304.7 34.5 328 Ref. 5 (p. 907)
1 Closure Bolts Maximum 91.9 1302.5 — —_—
| Cask Body Maximum 799.1 300 e o
i Inner Shell Average 137.0 e s -
|
|

d. The Quick-Disconnect Valve Cover Plate Seal maximum temperature is considered bounded by the result

of the top impact limiter pin puncture HAC. Thus, the side puncture result is not reported.

3.1.4 Summary Tables of Maximum Pressures

The maximum internal pressures in the RT-100 are determined using the maximum temperatures
presented in Table 3.1.3-1, Table 3.1.3-2, and Table 3.1.3-3 above. Details of these pressure
calculations are presented in Section 3.3.2 for NCT and in Section 3.4.3 for HAC. Table 3.1.4-1
presents a summary of the maximum pressure calculations for normal and accident conditions.
These pressures are utilized in the structural evaluation presented for the cask body in Sections

2.6 and 2.7.

Table 3.1.4-1 RT-100 Summary of Maximum Normal and Hypothetical Accident

Condition Pressures
Normal Conditions of Transport 342.7 kPa (49.7 psia)
(MNOP)

Hypothetical Accident Conditions

689.4 kPa (100 psia)

3.2 Material Properties and Component Specifications

The material properties and specifications for the RT-100 materials of construction are presented
in this section. The determination of material properties are carefully evaluated to ensure that for

each thermal analysis:

o The appropriate thermal properties for the package materials are correctly

incorporated into the thermal evaluations.

o Appropriate expressions are used for conductive, convective, and radiative heat
transfer among package components, and from the surfaces of the package to the

environment.
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3.2.1 Material Properties

The thermal evaluation of the RT-100 is performed using material properties taken from standard
industry references or manufacturer provided data in Tables 3.2.1-1 through 3.2.1-4. The thermal
absorptivities and emissivities are appropriate for the package surface conditions and each thermal
condition. When reporting a property as a single value, the evaluation shows that this value
bounds the equivalent temperature-dependent property. This section includes references for the
data provided.

Only room temperature values of conductivity, density, and specific heat are available for General
Plastics FR-3700 series LAST-A-FOAM [Ref. 10, 11, and 12]. Quantitative temperature
dependent material properties are not provided. However, most of the foam remains at
temperatures close to ambient due to the dimensions of the RT-100 impact limiters which result
in long heat conduction paths (see Figure 3.3.1-3). Thus, reduction in the foam thermal properties
due to elevated temperatures will not be significant. Therefore, the use of temperature-
independent thermal properties is justified.

Information on the EPDM O-ring material is provided in TRELLEBORG, Aug. 2011 Edition
[Ref. 8] and PARKER O-RING Handbook [Ref. 16] for two different suppliers. The
temperature range specified in Table 3.2.1-1 is conservative from the values specified in those

two references. Additional information on the O-rings is presented in Appendices Attachment
3.5-1 and Attachment 3.5-2.

Robatel Technologies, LLC Page 3-8



RT-100 Safety Analysis Report, Rev. 5
Docket No. 71-9365/TAC No. L24686

© RoBATEL

January 30, 2015

Table 3.2.1-1 Temperature-Independent Material Properties

Material Properties Reference Page Value
Density Ref.24: Page 744 8030 kg/m’
Emissivity
(fire) Ref. 2 0.9
Stainless Steel 304 Emissivity Ref. 2 0.8
(cool-down)
Emissivity
Ref. 5: Page 750
(normal and 929 0.2
condition)
. Density Ref. 5: Page 907 11340 kg/m’
Melting Point Ref. 5: Page 907 328°C (601 K)
Density 176.2 kg/m’ (11 Ib/f)

Ceramic Paper

Specific Heat

Ref. 9

1172.5 J/kg-K @1366.5K

(0.28 BTU/Ib-°F @
2000°F)

~ Proprietary Information Con

Seal (EPDM)

Working
Temperature

Ref. 8 & 16

ent Withheld Under 10

’FR 2.390

-45°C to 150°C

Robatel Technologies, LLC

Page 3-9




RT-100 Safety Analysis Report, Rev. 5 © ROBATEL
Docket No. 71-9365/TAC No. L24686 January 30,2015

Table 3.2.1-2 Temperature-Dependent Material Properties—Stainless Steel 304

[Ref. 13, page 765]
20 472.6 14.8
50 483.6 15.3
75 493.1 15.8
100 499.4 16.2
125 506.7 16.6
150 511.4 17.0
175 520.1 17.5
200 525.7 17.9
225 530.0 18.3
250 532.5 18.6
275 536.5 19.0
300 541.7 19.4
325 545.5 19.8
350 547.7 20.1
375 551.4 20.5
400 552.3 20.8
425 557.0 21.2
450 557.8 21.5
475 562.3 21.9
500 563.1 222
525 566.3 22.6
550 568.1 22.9
575 571.2 23.3
600 572.9 23.6
625 575.9 24.0
650 577.5 24.3
675 580.4 24.7
700 581.9 25.0
725 585.8 25.4
750 587.2 25.7
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Table 3.2.1-3 Temperature-dependent Material Properties—Lead
[Ref. 5, page 907]

st 00y SpecmﬁeHeat - | Thermal Conductivity (W/m- K)
SEbaee _ (kg-K) gy
-173.15 118 3.97E+01
-73.15 125 3.67E+01
26.85 129 3.53E+01
126.8 132 3.40E+01
326.8 142 3.14E+01

Table 3.2.1-4 Temperature-dependent Material Properties—Ceramic Paper

_[Ref 9]
] | Thermal Conductivity
ey (W/m-K)
933 4.759E-02
204.4 5.206E-02
315.6 5.912E-02
426.7 6.907E-02
537.8 8.219E-02
648.9 9.834E-02
760.0 1.174E-01
871.1 1.396E-01

3.2.2 Component Specifications

This section includes the technical specifications of RT-100 components that are important to the
thermal performance, as illustrated by the following examples:

o Inthe case of seals, the operation temperature limits

o Maximum allowable service temperatures for package components

o Minimum allowable service temperature of all components, which are less than or equal
to -40 °C (-40 °F).

Table 3.2.2-1 lists the maximum and/or minimum allowable temperatures for the critical cask
components.
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Table 3.2.2-1 Component Specifications — Minimum and Maximum Temperatures

T S1400°C
304/304L SS - (Melting Temp} Ref. 14
328°C
Lexd i (Melting Temp.) Ret. 5
1093°C
Polyurethane Foam - (2000°F of Foam Char Termip.) Ref. 15
Seal (EPDM) -45°C 150°C Ref 8 & 16

3.2.3 Content Properties

As described in Chapter 1, Section 1.2.2.3 (Physical and Chemical Form — Density, Moisture
Content and Moderators), the RT-100 is designed to transport contents that include contaminated
resins and filters. The contents include secondary containers and may also include shoring.
Resins are made of thermoplastics such as polystyrene, or material such as inorganic carbon or
zeolite.  Filters may be constructed from thermoplastics such as nylon, polyester, or
polypropylene, or paper. Secondary containers are constructed of either coated/painted carbon
steel or stainless steel, or a thermoplastic such as polyethylene or polypropylene. The filter
media may be held within a stainless steel cartridge. Shoring can be made of wood or one or
several of the materials comprising the secondary containers.

Based on the ASME code, Section II-D [Ref. 13], the acceptable temperature of the carbon steel

and stainless steel material is approximately 525°C (977°F) for the range of loads and stresses
occurring under NCT and HAC.

The melting temperatures of thermoplastics range from 100°C (212°F) up to 250°C (482°F)
SFPE Handbook of Fire Protection Engineering, [Ref. 21], which typically soften at these
temperatures and do not produce volatiles that could react with any of the contents. The auto-
ignition temperature of thermoplastics is above 300°C (572°F) [Ref. 21].

The auto-ignition temperatures of paper and wood vary widely and are a function of their
specific composition and moisture content. A commonly accepted value for the auto-ignition
point for paper is 232°C (450°F) “Fundamentals of Combustion Processes,” [Ref. 22]. The auto-
ignition point for wood has been shown to be at least 300°C (572°F) An Experimental Study of
Autoignition of Wood, T. Poespowati, World Academy of Science, Engineering and Technology
23, 2008. [Ref. 23].

A summary of the maximum temperature specifications for the RT-100 contents is provided in
Table 3.2.3-1.
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Table 3.2.3-1 Maximum Temperature Limits for RT-100 Content Materials

Matmal Temperature
Carbon/Stainless Steel 525°C
Thermoplastics 300°C
Paper 232°C
Wood 300°C

3.3 Thermal Evaluation under Normal Conditions of Transport

This section describes the thermal evaluations performed for the RT-100 for the NCT specified in
10 CFR 71.71 [Ref. 2]. The evaluation considers the response of the RT-100 to a range of
temperature and environmental conditions as described in Section 3.3.1. The results are compared
with allowable limits of temperature, pressure, etc., for the package components. The information
is presented in summary tables, along with statements and appropriate comments. Information
that is to be used in other sections of the review is identified. The margins of safety for package
temperatures, pressures, and thermal stresses, including the effects of uncertainties in thermal
properties, test conditions and diagnostics, and analytical methods are addressed.

The analyses are shown to be reliable and repeatable.

The following general information is considered and included in addressing the sections below, as
appropriate:

o Assumptions that are used in the analysis are clearly described and justified.

o For computer analyses, including finite element analyses, the computer program
is described and shown to be well benchmarked, widely used for thermal
analyses, and applicable to the evaluation.

o Models and modeling details are clearly described.
o The methods used are properly referenced or developed in the application.
o These methods are correctly applied.

o The evaluation considers changes in package geometry and material properties resulting
from structural and thermal tests under NCT and HAC.

o The required temperature and thermal boundary conditions for normal conditions of
transport and hypothetical accident conditions are correctly applied.

o The time interval after the fire test is adequate to assure that maximum component
temperatures and post-fire steady-state temperatures are achieved.
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o The maximum temperatures and pressures of the components do not exceed their
allowable values.

o Combustion of package components are considered, including the heat produced.

o Temperature data is reported at gaskets, valves, and other containment boundaries,
particularly for temperature-sensitive materials as well as, for the overall package.

o Appropriate corrections and evaluations that account for differences in the thermal test
are included for conditions like ambient temperature, decay heat of the contents, or
package emissivity or absorptivity.

o Both interior and exterior temperatures are included.

o The damage caused by the tests and the results of any measurements made is reported in
detail, including photographs of the testing and the test specimen.

3.3.1 Heat and Cold

Section 3.3.1 demonstrates that the tests for NCT do not result in a significant reduction in the
RT-100 effectiveness. The following items are considered and addressed:

o Degradation of the heat-transfer capability of the packaging (such as creation of new
gaps between components)

o Changes in material conditions or properties (e.g., expansion, contraction, gas
generation, and thermal stresses) affecting structural performance

o Changes in the packaging affecting containment, shielding, or criticality (such as thermal
decomposition or melting of materials)

o Ability of the packaging to withstand the tests under HAC

The component temperatures and pressures are compared to their allowable values and do not
exceed them. This section explicitly shows that the package meets the maximum temperature of
the accessible package surface is less than 50 °C (122 °F) for non-exclusive-use shipment or
85 °C (185 °F) for exclusive use shipment when the package is subjected to the heat conditions of
10 CFR 71.43(g) [Ref. 2].

3.3.1.1 Load Cases
Four load cases are analyzed in order to evaluate the RT-100 for the range of temperature and
solar insolation conditions specified in 10 CFR 71.71 [Ref. 2] for normal conditions:

o Hot Case |

‘o Hot Case 2

o Cold Case 1
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o

Cold Case 2

Hot case 1 is based on the requirements of 10 CFR 71.71(c)(1) [Ref. 2], which is one of the
extreme initial conditions for normal conditions and a precursor for the hypothetical fire accident
evaluation. It has the following conditions:

o}
o]
(]
o]
o]

o}

Ambient temperature, 38°C (100°F)

Initial temperature, 38°C (100°F)

Heat transfer to ambient by natural convection, still air

Heat transfer to ambient by radiation

Steady-state solar insolation, 776 W/m? for flat surface and 388 W/m® for curved
surface

Internal heat load as a uniform heat flux, 13.04 W/m®

Hot case 2 is based on the requirements of 10 CFR 71.43(g) [Ref. 2] and has the following
conditions: :

e}

O 0 0O O ©

Ambient temperature, 38°C (100°F)

Initial temperature, 38°C (100°F)

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation, in shade

Internal heat load as a uniform heat flux, 13.04 W/m?

Cold case | is based on the requirements of 10 CFR 71.71(c)(2) [Ref. 2], which is another
extreme initial condition for the NCT test evaluation. It has the following conditions:

O

O 0O 0O 0O ©O

Ambient temperature, -40°C (-40°F)

Initial temperature, -40°C (-40°F)

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation, in shade

Internal heat load as a uniform heat flux, 13.04 W/m>

Cold case 2 is based on requirements of 10 CFR 71.71(b) [Ref. 2] and has the following
conditions:

e}

0O 0O 0O O O

Ambient temperature, -29°C (-20°F)

Initial temperature, -29°C (-20°F)

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation

Internal heat load as a uniform heat flux, 13.04 W/m?*

Among them, Hot case 1 and Cold case 1 are two extreme conditions for the analyses. Hot case 1
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is also referred to as the “normal hot” condition on which conservative boundary conditions are
applied. This case provides the highest temperature distributions within the cask, and is used as
initial conditions for evaluation of the hypothetical fire accident event as described in Section 3.4.

3.3.1.2 Analytical Model

The thermal evaluation of the RT-100 is performed using the ANSYS finite element computer
software [Ref. 3]. The cask model is made of 3D thermal solid elements (SOLID90) that
represent the major components of the cask. Contact between the lead and the inner and outer
shells are modeled as bonded surfaces for thermal analyses in order to maximize heat input to the
lead. The contact between the upper flange and the primary lid is modeled by a pair of 3D thermal
contact elements (CONTA174) and 3D target elements (TARGE170), as are the other contacts
between the primary lid and the secondary lid, the bolts with the primary lid, and the bolts with
the secondary lid.

For conservatism, the top impact limiter is modeled as without the stainless steel plate covering
the central hollow portion of the limiter. Thus, the concave area on the top impact limiter is
exposed to solar insolation and/or fire. This approach leads to a conservatively high temperature
over the top impact limiter. The contacts between the impact limiters and the cask body are also
modeled by pairs of 3D thermal contact elements (CONTA174) and 3D target elements
(TARGE170) between the relative surfaces.

"~ A depiction of the ANSYS thermal model of the RT-100 is provided in Figure 3.3.1-1 and Figure
3.3.1-2. Additional details regarding the modeling and analysis of the RT-100 are presented in
Calculation Package RTL-001-CALC-TH-0201, Rev. 6 [Ref. 4].
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3.3.1.3 Analysis Results

The results of the steady state analyses of the cask model with impact limiters are presented in
the form of temperature contour plots. Figure 3.3.1-3 through Figure 3.3.1-6 show the
temperature contour plots for Hot case 1. Hot case 1 predicts the maximum temperatures
experienced during NCT. The figures show the package, cask body, inner shell surface and lead
shielding material, respectively. Figure 3.3.1-7 and Figure 3.3.1-8 provide the results for Hot
case 2. Figure 3.3.1-9 and Figure 3.3.1-10 provide the results for Cold case 1. Cold case 1
represents the temperatures experienced by the package during extreme cold conditions. Figure
3.3.1-11 and Figure 3.3.1-12 provide the results for Cold case 2. Maximum temperature results
are obtained by selecting the FE model component or material of interest and sorting the nodal
results. Table 3.1.3-1 shows the maximum temperatures of the cask under NCT based on the
steady state solution.

[ IREAE ]

NCT—Case 1, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-3 Temperature Contour Plot of Package—Hot Case 1
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NCT—Case 1, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-4 Temperature Contour Plot of Cask Body—Hot Case 1
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NCT-—Case 1, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-5 Temperature Contour Plot of Inner Shell Surface—Hot Case 1
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NCT—Case 1, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-6 Temperature Contour Plot of Lead Shielding—Hot Case 1
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NCT—Case 2, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-7 Temperature Contour Plot of Package—Hot Case 2
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NCT—Case 2, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-8 Temperature Contour Plot of Cask Body—Hot Case 2
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NCT-—Case 3, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-9 Temperature Contour Plot of Package—Cold Case 1
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NCT—Case 3, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-10 Temperature Contour Plot of Cask Body—Cold Case 1
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NCT—Case 4, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-11 Temperature Contour Plot of Package—Cold Case 2
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NCT—Case 4, Steady-State Boundary Conditions (Degrees Celsius)

Figure 3.3.1-12 Temperature Contour Plot of Cask Body Cold Case 2
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3.3.2 Maximum Normal Operating Pressure

The maximum pressure in the RT-100 for NCT is calculated using the maximum temperatures
determined for the range of normal condition load cases. The calculation considers possible
sources of gases including the following: '

o Gases initially present in the package
o Saturated vapor, including water vapor from the contents or packaging

o Hydrogen or other gases resulting from thermal- or radiation-induced
decomposition of materials such as water or plastics

Summary of the pressure calculation is provided in the following sections. Additionél details are
provided in Calculation Package RTL-001-CALC-TH-0102, Rev. 6 [Ref. 6].

3.3.2.1 Calculation Method

To determine the maximum normal operating pressure, the temperature of gas mixture within the
cask is evaluated. Maximum temperature of the cask cavity under normal condition is bounded
by the upper and lower temperature range of 80 °C (176°F) to -29 °C (-20°F). The total pressure
in the cavity is represented by the sum of the primary contributors to the pressure. These are the
pressure due to the increased temperature of the cavity gas (ideal gas law), the pressure due to the
presence of water vapor, and the pressure due to the generation of gas via radiolysis.

The restriction of the contents to inorganic materials eliminates the potential for gas generation
due to thermal degradation or biological activity. Thus, these gas sources are not considered in the
evaluation. However, water vapor is present in trace quantities. Therefore, the analysis considers
the contribution from the radiolytic decomposition of residual water in the cask cavity.

Per the ideal gas law, air pressure and water vapor pressure are directly proportional to the
temperature, and with increase in temperature the pressure also increases. The upper bound
temperature results in a higher maximum normal operating pressure for the cask compared to the
lower bound. The gas mixture in the cavity is conservatively assumed to be at 80 °C (176°F).

3.3.2.2 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 80 °C (176 °F) is:

P] X Tz = Pz X T|
Pair = 101.35 kPa[(353.15 K) / (294.25 K)] = 121.64 kPa (17.64 psia)
3.3.2.3 Pressure Due to the Water Vapor in the Cask
The cask cavity is assumed to contain a small amount of water. By conservatively assuming a

condensing surface temperature of 80 °C (176 °F), the water vapor pressure, Pwy, at this
temperature is:
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47.34 kPa [6.87 psia], Fundamentals of Fluid Mechanics, Table B.2, pg. 831 [Ref. 17],
Attachment 3.5-3.

Adding the water vapor pressure at 80 °C (176 °F) to the partial pressure of the air in the sealed
cask at this temperature gives: :

P2 = Pair + Puwv=121.64 + 47. 34 = 169.0 kPa
=169.0 kPax 0.145 psi/kPa = [24.51 psia]

3.3.2.4 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 Chapter 1,

an explosive quantity does not accumulate.

The cask atmosphere can be assumed to contain 5% of hydrogen (H>) gas due to radiolysis of the
water. By stoichiometry of the water molecule (H20), the cask atmosphere will also contain 2.5%
oxygen (0O-) 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:

Pu> = 0.05 Py,
Where, Py = Pair + Pyy + Pz + P
Combining Py + Py = P> and noting that Pg> = 0.5 x Pys.
Pu2 = 0.05 x (P2 + 1.5 P)
Solving the equation explicitly for Py» give:
Pu> =[0.05 P2] /[1 - 0.05 (1.5)]
=[0.05 * 169.0 kPa] /[1 - 0.05 (1.5)]
=9.14 kPa [1.32 psia]

3.3.2.5 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, the total
pressure in the cask at 80°C (176°F) is:

Prows =P2+1.5Py2
=169.0 kPa+ 1.5 * 9.14 kPa
= 182.71 kPa [26.5 psia] (actual calculated MNOP)

The design basis maximum normal operating pressure (MNOP) value is conservatively set at
342.7 kPa (49.7 psia or 35 psig) for use in the cask structural analyses for NCT.
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3.4 Thermal Evaluation under Hypothetical Accident Conditions

This section describes the thermal evaluation of the RT-100 under hypothetical accident
conditions. The RT-100 is evaluated by finite element computer analysis rather than physical
testing to demonstrate the performance of the cask in response to the fire test conditions specified
in 10 CFR 71.73(c) [Ref. 2]. The HAC defined in 10 CFR 71.73(c) [Ref. 2] are applied
sequentially, considering the damaged condition of the packaging following the 30-foot free drop
and pin puncture accident events prior to the fire transient. For the accident condition thermal
evaluation, the general comments in Section 3.3 are considered and addressed, as appropriate.

As described in Chapter 2, Section 2.7.3 (Puncture), different pin puncture configurations are
considered in order to determine the worst case for the accident event. For the structural
evaluation, the orientations considered are directly in the middle of the secondary lid to maximize
the bending loads in the primary and secondary lids and prying forces in the bolts. The second
configuration considers the pin impact directly into the side of the RT-100 to ensure that the outer
shell is not punctured by the pin. For the thermal analysis, these two events are also considered to
be limiting. The differences are in the location of the pin at impact.

3.4.1 HAC Fire Analysis—Pin Puncture Damage to Top Impact Limiter

The analytical model described in Section 3.3.1.2 is used to evaluate the RT-100 package with
damage on the top impact limiter. For this case, the limiting configuration for the thermal
analysis considers a pin puncture through the top impact limiter directly into the secondary lid at
the location of the O-rings. The model placed a 150 mm (6 in) diameter hole through the upper
~ impact limiter, directly exposing the secondary lid to the thermal environment of the hypothetical
accident fire. The following section evaluates both pin puncture orientations to determine the
effect to critical components such as the seal locations and lead shielding.

3.4.1.1 Initial Conditions—Pin Puncture Damage to Top Impact Limiter

Per Regulatory Position 1.1 in Regulatory Guide 7.8 [Ref. 20], the initial cask temperature
distribution is considered to be at steady state with an ambient temperature of 38°C (100°F) and
solar insolation prior to the HAC fire accident. To meet this requirement, the steady-state
solution for NCT hot case 1 is used, obtained to the initial temperatures of the cask prior to the
fire. The steady-state temperatures are applied as the first load step of the transient solutions. To
account for damage to the package that results during the sequential drop accidents, damage due
to pin puncture is considered during the top and side puncture. For the top impact limiter
150 mm diameter volume of material including the steel shell and FR3740 foam is removed at
the point closest to the elastomer O-ring. This is a conservative approach since the puncture
probe will not penetrate through the top skin of the impact limiter and compressed foam will
remain beneath the point of impact. Figure 3.4.1-1 shows the temperature contour of the
package prior to the fire accident and localized higher temperatures in the region of the damaged
impact limiter. Figure 3.4.1-2 and Figure 3.4.1-3 show the cask body and inner shell cavity
temperature distribution prior to the fire accident.

3.4.1.2 HAC Fire and Cool-down Analysis—Pin Puncture Damage to Top Impact Limiter

The thermal analysis for HAC includes a 30 minute transient fire followed by the prescribed
post-fire cool-down period. The FE model described in Section 3.3.1.2 is analyzed by applying
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the following boundary conditions. Following the initial load step in which the steady-state
temperatures are applied, the analysis proceeds with the HAC fire transient for 30 minutes (1,800
seconds) followed by a cool-down period with the boundary conditions associated with NCT Hot
case 1. The NCT Hot case 1 boundary conditions are applied as constants ignoring the day/night
cool-down cycle. The following is a summary of the fire transient boundary conditions:

Environment temperature, 800°C (1472°F)

No solar insolation, 0 W/m?

Forced convection, heat transfer coefficient = 10 W/m?*°C

Radiation from the environment to package surface, flame emissivity = 0.9
Internal heat load as a uniform heat flux, 13.04 W/m>

0O 0O 0 0 O

The cool-down analysis is performed for 216,000 seconds (2.5 days) with the following
boundary conditions:

o Environment temperature, 38°C (100°F)

o Solar insolation applied as constant, 776 W/m? for flat surfaces and 388 W/m® for curved
surfaces.

o Natural convection, heat transfer coefficient = 5 W/m>+°C

o Radiation from package surface to the environment, package emissivity = 0.8

o Internal heat load as a uniform heat flux, 13.04 W/m?

3.4.1.3 HAC Fire Analysis Results—Pin Puncture Damage to Top Impact Limiter

The temperature contour plots of the RT-100 package and cask body at the end of fire are shown
in Figure 3.4.1-4 and Figure 3.4.1-5, respectively. Figure 3.4.1-6 and Figure 3.4.1-7 show the
package and cask body temperature contours after the cool-down period. Figure 3.4.1-8 shows
the temperature time-history from the start of the fire through the cool-down. As Figure 3.3.1-8
shows, the average inner shell temperature is 136.3°C (277.3°F) and is representative of the
contents during the fire/cool-down transient. Figure 3.4.1-9 provides an enhanced view of the
time-history data through the 30 minute fire and 2.5 hours of the cool down process. Figure
3.4.1-10 identifies the highest inner shell temperature at the point that it occurs, 48 minutes from
the start of the fire. Figure 3.4.1-11 identifies the maximum lead shield temperature occurring 35
minutes after the start of the fire, at a point underneath the tie-down arms. This figure indicates
that no melting of the lead shield occurs during the HAC fire.

Table 3.1.3-2 summarizes the maximum temperatures of the cask under HAC fire with pin
puncture damage at the side of the cask body.
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.1-1 Temperature Contour Plot of Package Pre-Fire Fire Condition—
HAC Pin Damage on Top Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.1-2 Temperature Contour Plot of Cask Body Pre-Fire Condition—HAC
Pin Damage on Top Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)
Figure 3.4.1-3 Temperature Contour Plot of Inner Shell Pre-Fire Condition—HAC
Pin Damage on Top Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.1-4 Temperature Contour Plot of Package at the End of Fire—HAC Pin
Damage on Top Impact Limiter
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A

HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.1-5 Temperature Contour Plot of Cask Body at the End of Fire—HAC
Pin Damage on Top Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.1-6 Temperature Contour Plot of Package after Cool-Down—HAC Pin
Damage on Top Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.1-7 Temperature Contour Plot of Cask Body after Cool-Down—HAC Pin
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Figure 3.4.1-8 Time-History Plot of Critical Package Components—HAC Pin

Damage on Top Impact Limiter
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Figure 3.4.1-9

Time-History Enhanced View Plot of Critical Package Components—
HAC Pin Damage on Top Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)
Figure 3.4.1-10 Maximum Temperature of the Inner Shell—HAC Pin Damage on Top
Impact Limiter
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HAC—Fire Top Puncture, Steady-State Inital Conditions (Degrees Celsius)
Figure 3.4.1-11 Maximum Temperature of Lead Shielding—HAC Pin Damage on
Top Impact Limiter

3.4.2 HAC Fire Evaluation—Pin Puncture Damage to the Side of the Cask Body

The analytical model described in Section 3.3.1.2 is used to evaluate the RT-100 with damage on
the cask side wall. For this case, the limiting configuration considers the pin puncturing the
thermal shield directly below the lifting block. This configuration increases the area of the outer
shell of the cask that is not protected by the thermal shield and maximizes the heat input into the
lead. The following section evaluates both pin puncture orientations to determine the effect to
critical components such as the seal locations and lead shielding.

3.4.2.1 Initial Condition—Pin Puncture Damage to the Side of the Cask Body

Figure 3.4.2-1 shows the FE model of the cask body due to pin puncture damage on the side. The
location of the damage is chosen below the lifting pocket in a region where no thermal insulation
exists. Therefore, the heat flow is maximized into the package. The removed elements at this
area cover a surface area greater than the area of the pin. As with the pin puncture on the top
impact limiter case, NCT Hot case 1 steady state solution is used as the initial condition for the
fire cases. The steady-state temperatures are applied as a boundary condition during the first
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load step of the transient solution, prior to initiating the HAC fire transient. Figure 3.4.2-2 shows
the package temperature distribution prior to the fire. The cask body and inner shell pre-fire
temperatures are shown in Figure 3.4.2-3 and Figure 3.4.2-4.

3.4.2.2 HAC Fire Analysis—Pin Puncture Damage to the Side of the Cask Body

The thermal analysis for HAC includes a 30 minute transient fire followed by the prescribed
post-fire cool-down period. The FE model described in Section 3.3.1.2 is analyzed by applying
the following boundary conditions. Following the initial load step in which the steady-state
temperatures are applied, the analysis proceeds with the HAC fire transient for 30 minutes (1,800
seconds) followed by a cool-down period with the boundary conditions associated with NCT hot
case 1. The NCT hot case 1 boundary conditions are applied as constants, ignoring the day/night
cool-down cycle. The following is a summary of the fire transient boundary conditions:

Environment temperature, 800°C (1472°F)

No solar insolation, 0 W/m?

Forced convection, heat transfer coefficient = 10 W/m?-°C

Radiation from the environment to package surface, flame emissivity = 0.9
Internal heat load as a uniform heat flux, 13.04 W/m’

0O 0 O 0 O

The cool-down analysis is performed for 216,000 seconds (2.5 days) with the following
boundary conditions:

o Environment temperature, 38°C (100°F)

o Solar insolation applied as constant, 776 W/m” for flat surfaces and 388 W/m?’ for curved
surfaces.

o Natural convection, heat transfer coefficient = 5 W/m?*-°C

o Radiation from package surface to the environment, package emissivity = 0.8

o Internal heat load as a uniform heat flux, 13.04 W/m’

3.4.2.3 HAC Fire and Cool-down Analysis—Pin Puncture Damage to the Side of the Cask
Body

The boundary conditions for the top and side pin puncture cases are the same as the case with pin
puncture damage at the top impact limiter described in Section 3.4.2.1. The temperature contour
plots of the package and the cask body at the end of fire are shown in Figure 3.4.2-5 and Figure
3.4.2-6. Figure 3.4.2-6 shows the maximum temperature at the lifting pockets and puncture
location. Figure 3.4.2-7 and Figure 3.4.2-8 shows the package and cask body after the cool-
down period.

Time-history temperature data is obtained in the transient analysis for critical components of the
package including the outer shell, inner shell, closure bolts, lead shield, and O-rings. Maximum
temperature results are obtained during post-processing by selecting the FE model component or
material of interest and sorting the nodal results. Figure 3.4.2-9 shows the temperature time-
history from the start of the fire through the cool-down. As Figure 3.4.2-9 shows, the average
inner shell temperature is 137°C and is representative of the contents during the fire/cool-down
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transient. Figure 3.4.2-10 provides an enhanced view of the time-history data through the 30
minute fire and 2.5 hours of the cool down process. Figure 3.4.2-11 identifies the highest inner
shell temperature at the instant it occurs, 48 minutes from the start of the fire. Figure 3.4.2-12
identifies the maximum lead shield temperature occurring 35 minutes after the start of the fire, at
a point underneath the tie-down arms. This figure indicates that no melting of the lead shield
occurs during the HAC fire.

Table 3.1.3-3 summarizes the maximum temperatures of the cask under HAC fire with pin
puncture damage at the side of the cask body.

Close-up View of Elements Removed by I

Pin Puncture .ama‘

Figure 3.4.2-1 Cask Model-HAC Pin Damage on Cask Body Side

RT-100 Safety Analysis Report, Rev. 5 @ RDBAIE‘k
\
|
|
|
\
\
|
|

Robatel Technologies, LLC Page 3-45




RT-100 Safety Analysis Report, Rev. 5 @ RDBAI-Ek
Docket No. 71-9365/TAC No. L24686 January 30, 2015

EEERCU0AECNNNEREEEENEINY

HAC—Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.2-2 Temperature Contour Plot of Package Pre-Fire Condition—HAC Pin
Damage on Cask Body Side
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HAC—Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)
Figure 3.4.2-3 Temperature Contour Plot of Cask Body Pre-Fire Condition—HAC
Pin Damage on Cask Body Side
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HAC—Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.2-4 Temperature Contour Plot of Inner Shell Pre-Fire Condition—HAC
Pin Damage on Cask Body Side
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HAC--Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)
Figure 3.4.2-5 Temperature Contour Plot of Package at the End of Fire—HAC Pin
Damage on Cask Body Side
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HAC—-Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.2-6 Temperature Contour Plot of Cask Body at the End of Fire—HAC
Pin Damage on Cask Body Side
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HAC—Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)
Figure 3.4.2-7 Temperature Contour Plot of Package after Cool-Down—HAC Pin
Damage on Cask Body Side
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HAC—Fire Side Puncture, Steady-State Inital Conditions (Degrees Celsius)

Figure 3.4.2-8 Temperature Contour Plot of Cask Body After Cool-Down—HAC Pin
Damage on Cask Body Side
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Figure 3.4.2-9 Time-History Plot of Critical Package Components—HAC Pin

Damage on Cask Body Side
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Figure 3.4.2-10  Time-History Enhanced View Plot of Critical Package Components—
HAC Pin Damage on Cask Body Side
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Figure 3.4.2-12 Maximum Temperature of Lead Shielding—HAC Pin Damage on
Cask Body Side
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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 temperaturés 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:

The pressure due to the initially sealed air in the cavity
The pressure due to water vapor in the cask
The pressure due to the hydrogen and oxygen gases generated by radiolysis

B W =

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-001-CALC- TH-
0202, Rev. 6 [Ref. 7], and RTL-001-CALC-TH-0301, Rev. 1 [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 (Pai) initially sealed in the fixed volume ofthe
cask at the ambient temperature as it is heated to 150 °C is:

P|XT2=szT1

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, P.y, at this temperature is
475.8 kPa [69 psia] Fundamentals of Engineering Thermodynamics, 5™ Edition, Table A-2 on pe.
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:

P2 = Pajr + 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

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 (Hz) gas due to radiolysis of the
water. By stoichiometry of the water molecule (H20), the cask atmosphere will also contain 2.5%
oxygen (O2) 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:

P2 = 0.05 Py,

Where, P = Pyir + Py + Pya + Po

Combining Py + Py = P2 and noting that Po; = 0.5 x Ppa.
Pu2=0.05 x (P2 + 1.5 Py2)

Solving the equation explicitly for Py, gives:

Py =1[0.05P2] /[l —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, the total
pressure in the cask at 150 °C is:

Protat = P>+ 1.5 Py>
=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 Robate]l 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, Pr, equal to the sum of the partial pressures of the
individual gases present. The total pressure Pr, 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, =
Py,), radiolysis of the contents by radioactive decay P, (1.5 Py, from Section.3.4.3.2.5), and
thermal decomposition of the package contents Py (Ref. 25, p. 25, where Pr= Pf004). 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.

P7=P‘.+Pr+Pf
Pr=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]
1 Parker O-Ring Handbook
|
|
Not compatible with: Not compatible with:
« Fuels of high aromatic content (for flex fuels a special * Ketones.
compound must be used). « Fuels.
« Aromatic hydrocarbons (benzene). « Brake fluids.

* 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 (0°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 (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.

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 (lIR)
Butyl (isobutylene, isoprene rubber, IIR) has a very low
permeability rate and good electrical properties.
Heat resistance
« Up to approximately 121°C (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.

S —Paricer

Parker Hannifin Corporation * O-Ring Division
Phone: (859) 269-2351 » Fax; (859) 335-5128
www.parkerorings.com
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Attachment 3.5-2

Seal Material EPDM Working Temperature
[Ref. 8]

O-Ring

sy ¥ £ e BESEEER

Operating temperature
range

Temperature (°C)
Only to be achieved under particular conditions with special
materials

Figure 4 Temperature range of various elastomers

General field of application

Elastomer materials are used to cover a large number
dmawmmvmmmu
characterised as follows:

ACM (Polyacrylate Rubber)

ACM shows excellent resistance to ozone, weathering and
mu.mmnmmammmumgm
low elastiaty and a relatively limited low temperature
capability. The operating temperatures range from -20 °C
and +150 *C (for a short period of time up to +175 *C).
Special types can be used down to -35 °C. ACM-matertals
are mainly used in automotive applications which require

CR (Chloroprene Rubber)

range between -35 *C and +90 °C (for a short period of
time up to +120 *C). Spedal types can be used down to

N4

55 *C. CR materials are fourd in sealing applications such
as refrigerants, for outdoor applications and In the glue

EPDIN (ethylene Propylene Diene Rubber)

temperatures
EPDM range between -45 *C and + 150 "C (for a short period
of time up to +173 *C). With sulphur cured types the range
is reduced to -45 °C and +130 °C (for short period of time
up to +150 *C). EPOM can often be found In applications
with brake fluids (based on giycol) and hot water.

FFKM (Perfluoro Rubber)
perfluoroelastomers show broad chemical resistance
similar to PTFE as well as

range
-25 *C and +240 "C Special types can be used up to +325 °C.
Applications for FFKM can be mostly found In the chemical
and process industries and in all applications with either

aggressive ervironments or high temperatures.

22 TRELLEBORG

L L LT Y

lmmmmummm
Edition August 2011
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Water Vapor Pressure Reference (80°C)

Attachment 3.5-3
[Ref. 17]

Fourth Edition

F un damentals
Flwd Mechanics

BRUCE R. MUNSON

DONALD F. YOUNG
Depastucnt of Aerospace Engineering and Engincering Mechanics

THEODORE H. OKIISHI

Department of Mechanical Engineeri
lowa State University e
Ames, lowa, USA

John Wiley & Sons, Inc.
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Attachment 3.5-3  Water Vapor Pressure Reference (80°C) (Continued)
[Ref. 17]
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Attachment 3.5-3  Water Vapor Pressure Reference (80°C) (Continued)
[Ref. 17]
Appendix B / Physical Propertiee of Flvids W 831
® TABLE B.1
Physical Properties of Water (BG Units)*
Specific Dynamic Kinematic Surface Vapor Speed of
Density,  Weight®, Viscosity, Viscosity, Tension', Pressure, Sound®,
Temperature P ¥ » » o ¢
(w4} v/ -s/1%) n/s) ab/f) (Ib/in(abs)) (/s
»n 1.940 6242 3732 E-S5S 1924 E-S 518 E-3 8854 E-2 4603
40 1940 6243 328 E-S 1664 E-5 513 E-3 1217 E-1 4612
50 1.940 6241 2730 E~S 1407 E-S 509 E-3 178 E~1 4748
60 1938 6237 2344 E~S 1210 E~5 503 E-3 2563 E-1 4814
7 1936 6230 2037 E~S 1052 E~S 497 E~3 3631 E~1 487
80 1934 6222 1791 E~S 9262 E-6 491 E~-3 5060 E-1 4819
% 1931 6211 1500 E~5 8233 E~6 48 E-3 6979 E-1 4960
100 1927 6200 1423 E-5S 7383 E-6 479 E~-3 9493 E-1 4995
120 1918 6171 1164 E~5 6067 E~6 467 E~3 1692 E+0  SO49
140 1.908 6138 9743 E~6 5106 E-6 453 E-3 2888 E+0  S091
160 1896 6100 8315 E-6 4385 E-6 440 E-3 4736 E+0  SI01
180 1883 6038 7200 E~6 3827 E~6 426 E-3 7507 E+0 5195
200 1.869 6012 6342 E-6 3393 E~6 412 E-3 1152 E+1 5089
212 1.860 5983 588 E~6 3165 E~6 404 E-3 1469 E+1 5062
B on da from emdbook of Chevssiy and Physics, U9 B, CRC Pross, 1900, Where scessary velecs coasimed ont

“In comtact with air.
“From R D Bleviny, Applied Fluid Dy

“Density and specific weight are related dwough the equation y = pg. For this able, g = 32.174 Ay

+ Handboot, Van No

d Reirhobd Co., Inc., New York, 1984

B TABLE B.2

mm«mmw

Incontect with s

Specific Dynamie Kinematic Surface Vapor Speed of

Density,  Weight®, Viscosity, Viscosity, Tension", Pressure, Sound®,
P y » » o P ¢

0 Gg/m’)  (WN/w)  (N-o/m) (m'/s) (N/m) [N/m'abs)]  (m/s)
0 999.9 9806 1787 E-3 1787 E~6 15 E-2 6105 E+2 1403
5 1000.0 9807 1519 E-3 1519 E~6 749 E-2 8722 E+2 1427
10 999.7 9804 1307 E~3 1307 E-6 742 E~2 1228 E+3 1447
20 998.2 9789 1002 E~3 100 E-6 728 E-2 2338 E+3 1481
30 995.7 9765 7975 E-4 8009 E~7 712 E-2 4243 E+3 1507
40 9922 9731 6529 E-4 6580 E-~7 69 E-2 737 E+3 1526
50 988.1 9690 5468 E-4 553 E-7 679 E-2 1233 E+4 1541
60 983.2 9642 4665 E~4 4745 E-7 662 E-2 1992 E+4 1552
70 M8 9589 4042 B-4 414 E-7 644 E-2 3116 E+ 4 1555

= 0 971.8 9530 3547 BE~4 3650 E-~7 626 E- +4

W 9653 0481 3147 E-4 3260 E~7 608 E~2. 7010 E+4 1550
100 958.4 9399 2818 E-4 2940 E-7 58 E-2 1013 BE+$ 1543

‘“Ohhmd@#ydfhn.“zan 1988

*Dewity nd specific weight we relsted through the equation y « pg. For s tble, 2 = 9 807 m/s®
“From R. D. Blevirs. Appited Fluid Dynavicy Handbook, Ve Nostraod Reisbord Co. loc  New York, 1984,
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Attachment 3.5-4  Water Vapor Pressure Reference (150°C)
[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 (150°C) (Continued)
[Ref. 18]

760 Tables in S Units PR s
¢

TABLE A-2 Properties of Saturated Water (Liquid-Vapor): Temperature

Wit Specific Volume Internal Energy Enthalpy Entropy

fe:! ) m'/kg Wkg | Uy UAg K

$adagl S, Sat S | sm | sw T s | s | sm
Temp. Press. | Liquid | Vapor Liquid | Vapor Liquid Ewep | Vapor | Liquid | Vapor | Tinp
v bar v, X 10" v, ™ uy he by, h, 5 1, .
o1 000611 | 10002 | 2061% 000 | 27953 | 001 | 25013 | 25014 | 00000 | 91562 | o
4 000813 | 10001 | 157232 1677 | 23809 | 1678 | 24919 | 25087 | 00610 | 90514 | 4
s 000872 | 10001 | 147.120 2097 | 23823 | 2098 | 24896 | 25106 | 00761 | 90257 | S
6 000935 | 10001 | 137.7M 2519 | 3836 2520 ] 24872 | 25124 | 00912 | 90000 | 6
8 001072 | 10002 | 120917 1S | 3864 | 3360 | 24825 | 25180 | 01212 | 89301 |
10 001228 | 10004 | 106379 4200 | 23892 | 4201 | 24777 | 25198 | 0.1510 | 8.9008 | 1
n 001312 | 10004 | 99857 4620 | 23905 | 4620 | 24754 | 25216 | 0.1658 | 88765 | 11
” 001402 | 1.0005 | 93.784 5041 | 23919 | 5041 | 24730 | 25234 | 0.1806 | 8.8524 | 12
13 001497 | 10007 | 88124 5460 | 23933 | © $4.60 | 24707 | 25253 | 0.1953 | 8.8285 | 1t
14 001598 | 10008 | 82848 5879 | 23947 | 5880 | 24683 | 2527.1 | 02099 | 85048 | 14
15 00ros | 10009 | 7792 6299 | 23961 | 6299 | 24659 | 35289 | 022s [ s78ua | 15
16 oosis | 10011 | 7333 6718 | 23974 | 6719 | 24636 | 25308 | 02390 | 852 | 16
1 008 | 10012 | 69044 7138 | 2988 | iasm | 24612 | 256 | 02838 |81 | 0
18 oos4 | 10014 | 65038 7557 | 24002 | 7558 | 24588 | 25M4 | 02679 (RN | v
9 oI9S | 10016 | 61293 7976 | 24016 | 7977 | 2365 | 25362 | 02823 | mem9? | v
20 002339 | 10018 | $7.791 8395 | 24029 | 8396 | 2454.1 | 25381 | 02966 | 86672 | 1
2 002487 | 10020 | 4514 88.14 | 24043 |  88.14 | 24518 | 25399 | 03109 | 8.6450 | 21
n 002645 | 10022 | 51447 9232 | 24087 | 9233 | 24494 | 25417 | 03251 | 86229 | 22
n 002810 | 10024 | 48574 96.51 | 24070 | 9652 | 2447.0 | 25435 | 03393 | 86011 | %
2% 002988 | 10027 | 45883 100.70 | 24084 | 100.70 | 2444.7 | 25454 | 03534 | 85794 |
2 003160 | 10030 | 43360 10488 | 24098 | 10489 | 24423 | 25472 | 0.3674 | 85580 | 25
26 003363 ) 10032 4099 10906 | 24111 | 10907 | 24399 | 25490 [ 03814 | 85367 | %
7 003567 | 10038 | 387 11325 | 24125 | 11325 | 24376 | 25508 | 03954 | 8316 | »
b2 003782 | 10037 | 60 11742 | 24139 | 11743 | 24352 | 23526 | 0409) | Kape6 | 2%
» 004008 | 10040 | M7V 12060 | 24152 | 120161 | 24328 | 25545 | 04231 | gaT¥0 | »
30 0.04246 | 10043 | 328% 125.78 | 24166 | 12579 | 24305 | 25563 | 0.4369 | 84533 | W
3 006496 | 10046 | 31.165 12996 | 24180 | 12997 | 2428.1 | 25581 | 04507 | 8439 | 1
n 0.04759 | 10050 | 29.540 13414 | 24193 | 13408 | 24257 | 25599 | 04644 | 31 | W2
» 0050% | 10053 | 28011 13832 | 24207 | 13833 | 24234 | 25617 | 04781 | 8.3927 | M
7 005324 | 10056 | 26571 14250 | 24220 | 14250 | 2421.0 | 25635 | 04917 | 83728 | W
3s 005628 | 10060 | 25216 14667 | 24234 | 14668 | 24186 | 25653 | 05053 | 83531 | 38
3% 005947 | 10063 | 23940 15085 | 24247 | 15086 | 24162 | 25671 | 05188 | 833% | %
38 006632 | 10071 | 21602 15920 | 24274 | 15921 | 24115 | 25707 | 0S4ss | 82950 | s
40 007384 | 10078 | 1951 16756 | 24301 | 16757 | 24067 | 25743 | 05725 | 82570 | 40
s 009%9% | 10090 | 15258 w84 | 2438 | 18845 | 94k | 25832 1 06387 | Ri6es | 48
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Attachment 3.5-4

Water Vapor Pressure Reference (150°C) (Continued)

[Ref. 18]
Tables in 81 Units 743
'ABLE A-2  (Continued)

Specific Volume Internal Energy Enthalpy Entropy

.’M r— 'K

Sat, Sat. Sat Sat. Sat Sa. | S | Sa
Temp. Press. | Liquid | Vapor Liquid | Vapor | Liquid Evap. | Vapor | Liquid | Vapor | Temp.
°c bar v 10 v, ™ uy hy by h, 5 % o
50 s | e | o 20032 | 20035 | 20033 | 227 | 29920 | 7038 | 80763 | so
s 5% | 10146 9568 23021 | 24501 | 23023 | 2v07 | 26000 | 7679 | 79913 | 38
60 194 | 10172 767 25010 | 24566 | 25113 23sks | 26006 | 312 | 79006 | 60
65 2503 | 10199 6197 27202 | 24630 | 27206 | 2362 | 26183 | 8BS | 18300 | 68
70 319 | 1028 5.042 29295 | 24696 | 29298 | 23338 | 26268 | 9549 [ 77583 | 70
7 3888 | 1.02%9 4131 31390 | 24759 mm}mu 26353 | 1.0158 | 76824 | 75
%0 419 | 1.0291 3407 33486 | 24822 | 33491 | 23088 | 26437 | 10753 | 76122 | 80
85 57183 | 10328 2828 35584 | 24884 | 35590 22960 | 26519 | 1.1343 | 7.5445 | 8S
%0 2014 | 1.0360 2361 37685 | 24945 | 37692 | 22832 | 2660.1 | 1.1928 | 7.4791 | 90
95 8458 | 1.0397 1982 397.88 | 25006 | 397.96 | 22702 | 2668.1 | 1.2500 | 7.4159 | 95
00 1014 1.0438 1673 41894 | 25065 | 41904 22570 | 26761 | 13069 | 73549 | 100
10 1433 10516 1210 46114 | 25981 | 461% | 22302 | 26915 | 14185 | 72387 | 110
120 1985 10603 08919 50350 | 25293 | so3 71 | 22026 | 27063 | 15276 | 7.1296 | 120
1%0 2701 10697 06685 54602 | 25999 | 4631 21742 | 27205 | 16344 | 70269 | 130
140 3613 10997 0.5089 58874 | 25500 | s8913 21837 | 27039 | 17391 | 69299 | 140
4 1.0908 0.3928 63168 | 25595 | 63220 21143 | 27465 | 18418 | 68379 | 150
%——&ﬁ‘ 1.1020 0.3071 67486 | 25684 | 67555 20826 | 27581 | 1.9427 | 67502 | 160
10 7917 11143 0.2428 71833 | 25765 | 71921 20495 | 27687 | 20419 | 6.6663 | 170
180 10.02 11274 0.1941 76209 | 25837 | 76322 20150 | 27782 | 2.1396 | 6.5857 | 180
190 1254 11414 0.1565 806.19 | 25900 | 807.62 19788 | 27864 | 22359 | 6.5079 | 190
00 1554 11565 01274 85065 | 29953 | 85245 | 19907 | 27932 | 23309 | 64323 | 200
20 1906 11726 0.1044 89553 | 29995 | #9776 19007 | 27983 | 24248 | 63585 | 210
20 nis 1 1900 008619 | 94087 | 26024 | 94362 i8Sk | 28021 | 25078 | 62861 | 220
20 2798 1 2088 007158 | 9867 | 26039 | 99012 18138 | 28040 | 26099 | 62146 | 230
20 3344 1.2291 005976 | 10332 | 26040 | 10373 | 17665 | 28038 | 27015 | 61437 | 240
%0 »7n 12812 005013 | 10804 | 26024 | 10854 | 17162 | 28015 | 27927 | 6.0730 | 250
%0 4688 1.2755 004221 | 11284 | 2599.0 | 11344 16625 | 27966 | 2.8838 | 6.0019 | 260
7o 5499 1.3023 003564 | 11774 | 29937 | 11845 | 16052 | 27897 | 29751 | 59301 | 270
80 64.12 13321 003017 | 12275 | 25861 | 12360 | 15436 | 27796 | 3.0668 | 58571 | 280
%0 74.36 1.3656 002557 | 12789 | 25760 | 1289.1 1477, | 27662 | 3.1594 | 5.7821 | 290
300 8581 14036 002167 | 13320 | 25630 | 13440 ' 14049 | 27400 | 32834 | 57045 | 300
320 n2? 14988 001549 | 14446 | 25255 | 14615 12386 | 2700.1 | 34480 | 5.5362 | 320
340 1459 16379 001080 | 15703 | 24646 | 15942 10279 | 26220 | 36594 | 53357 | 240
30 1865 158925 0006943 | 17252 | 23515 | 17605 | 7205 | 24810 | 39147 | 50826 | 360
37404 | 2209 3158 0003155 | 20296 | 20296 | 20993 0 | 2099 | 44298 | 44298 | 37404
Sewrce: Tables A-2 through A S are extracied from J. H. Keenan, F. G Keyes. P. G. Hill, and 1. G. Moore, Sieam Tables, Wiley, New York, 1969
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