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Chapter 3

CHAPTER 3 — THERMAL EVALUATION.
3.1 mscussmN |

3.1 THERMAL DESIGN FEATURES |
There are three s1gmﬁcant thermal des1gn featmes of the F-294 package.

1.  Fins

On the external surface of the container, wnh the exceptxon of the shield plug, fins are welded to the
container shell to augment heat transfer during steady state normal conditions of transport. The fins also
double as impact llmmng devices for absorbmg the energy durmg the llypothetl_cal drop tests.

2 Fireshields

All of the exposed surface of the lead-shielded cask is surrounded by fireshields or localised thermal
protection. These fireshields are constructed from thermal msulatmg matenals enclosed within steel. There
are five distinct thermal protection devices:

1. The top fireshield: 1 in. "Kaowool" thermal insulation is sandwiched between two mild steel plateev,r the
top plate is 0.5 in. thick and the bottom plate is 0.25 in. thick. The top ﬁreslneld is integral with the crush
shield assembly. The surface area of the top fireshield is 707 in’.

2. The cylindrical fireshield: 1 in. "Kaowool" is sandwwhed between two cylinders of mild steel; the inner
cylinder is 44.875 in. OD, 0.25 in. thick, 48 in. high; the outer cylinder is 47. 375 in. OD, 0.25 in. thick,
48 in. high. The surface area of the cylindrical fireshield is 6786 in®).

3. The bottom fireshield: 1 in. ceramic fibre insulation is sa.ndmched between upper and lower mild steel
plates of the skid. The upper plate of the skid is 0.5 in. thick x 44 in. wide x 44 in. long, the lower plate
of the sk1d1s 0.5 in. thick x 44 in. wxdex44m long. The surface area of the bottom fireshield is
1,764 in’.

4. The top cotner of the lead shielded cask has been modified. The primary conical shell is surrounded
by a secondary conical shell. The space between the primary and secondary conical shell is ﬁlled with
0.375 in. thick thermal insulation. The surface area of the top corner thermal protection is 940 in”.

5. The bottom comer of the lead shielded cask has been modified. The pnmary tori-spherical shell is
surrounded by & secondary ton-sphencal shell. The space between the primary and secondary tori-
spherical shells is filled thh 0.375 in. thick thermal msulatlon The surface area of the bottom corner
thermal protection is 970 in?.

The total area of thermal protection around the F-294 cask is 11, 167 m

The "Kaowool" blankets, protecting the lead-shielded container and plug, have low thermal conductmty
(.025 Btw/hr-t.-°F) and high service temperature (3,200°F), makmg them 1deally suited for use as an_
insulating material in the packaging. -

The ceramic fibre insulation provides the protectlon to the bottom of the lead slnelded container.The low
thermal conductivity of ceramic fibre insulation (0.227 Btw/hr-ft. -°F) and its high service temperature
(2500°F) (Ref. [1]) make it 1deally suited for use as an msulatmg material in the packaging.

Other steel components of the packaging serve to protect the "Kaowool" blankets against damage from
puncture, impact and water.

! "meodisauadenamefqameﬁbmbhnkegmdeﬁywrmﬂwm:
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Chapter 3

3. Lead/Steel Interface Resistance _ N
The F-294 packaging has some features that work to the advantage of maintaining its shielding integrity. \)' '
In particular, there exists a contact thermal resistance between the lead and steel interface (thermally

equivalent to a gap of 0.020 in. of air). This resistance adds to the heat protection to temperatures of

about 620°F. This feature, however, is not part of the design; it is the result of the manufacturing process.

(See Transnucleaire [Ref. 12, pp 170-171]; pages attached in Chapter 2, Appendix 2.10.10.)

In the steady state heat transfer analysis, this interface coefficient is taken into consideration. However, in
the subsequent hypothetical fire test thermal analysis, this interface coefficient has been ignored. From the
viewpoint of the F-294 lead melt, this combination provides a worst case scenario.

3.1.2 NORMAL CONDITIONS OF TRANSPORT - STEADY STATE TEMPERATURES
OF F-294

If an F-294 package containing 360 kCi of Co-60 (5.57 kW decay heat load) was subjected to the environment
described in 10 CFR 71 SS 71.71 (c) (1), Normal Conditions of Transport - Heat, the temperature of the lead
shield would be estimated to be:

1) In the container body: Based on the finite element method (FEM) thermal analysis of the F-294
package with the F-313 source carrier, the maximum temperature of lead is 360°F (181°C) at
node 146 (mid-height of cavity). Although the FEM thermal analysis of the F-294 package with
the F-457 source carrier resulted in higher maximum temperatures, the permissible maximum
temperature will remain the same when the loading procedure (Appendix 3.6.7) is followed.

2) In the shield plug: Based on the FEM thermal analysis of the F-294 package with the F-313 source
carrier, the maximum temperature of lead is 385°F (196°C) at node 501 (bottom of closure plug).
Although the FEM thermal analysis of the F-294 package with the F-457 source carrier resulted o
in higher maximum temperatures, the permissible maximum temperature will remain the same N
when the loading procedure (Appendix 3.6.7) is followed.

At these temperatures, the integrity of the lead shielding will not be impaired. (Refer to Chapter 3,
Appendix 3.6.4.)

3.1.3 HYPOTHETICAL ACCIDENT CONDITIONS OF TRANSPORT -
TEMPERATURES OF F-294 IN THERMAL TEST

If the F-294 package were subjected to the environment described in 10 CFR 71 SS 71.73 (c) (4), Hypothetical
Accident Conditions - Thermal, the estimated worst case temperature of the lead shield is about 300°C.
This is based on a number of conservative assumptions.

Steady state finite element analysis of the F-294 has shown good agreement between measured and
calculated temperatures. Extrapolation of this model to the maximum activity has shown no significant
effect on the shielding and containment systems.

Transient analysis using the same model has shown the F-294 to complete the regulatory fire test without
the initiation of lead melt. Parametric studies have shown this to be true under a variety of modeling
conditions. In all cases, peak lead temperatures were found to be significantly less than the melting point,
particularly in light of the conservative assumptions used in the model. A maximum temperature of 303°C
was observed. The maximum increase in lead temperature was found to be about 200°C during the fire
transient.

The conservative assumptions used in this model have a significant effect on this result. It is estimated that
the effect of the contact resistance decreases the maximum lead temperatures by about 50°C. Furthermore, N
an additional temperature decrease of between 10-30°C could be expected by the specification of a more

realistic heat transfer coefficient in the interspace between the fireshield and the shielding vessel.
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These findings, combined with the significant amount of energy required to effect a phase change in lead,
indicates & substantial margin of safety in the design. It is submitted that the F-294 meets the thermal
requirements of the regulations under the normal and hypothehcal accident condmons of transport.

See Appendix 3.6.4 for details.

3.1.4 DECAY HEATLOAD 7 - ,
The F-294 has a capaclty of 360 kCi of cobalt-60 Usmg 15 47 watts per lcllo~cune conversion coeﬁclent,

- the total demy heat generated 15 5,569.2 watts, rounded to 3. 57 kllowatts

32 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

The general thermal propertles of the matenals used in the F-294 packaging are given in Table
3.2-Tl. o

The thermal propertles asa functlon of temperature are glven in Tables 3.2-T2, 3 2-T3, 3. 2-T4, and
3.2-T5 respectively. :

: Table 3.2-T1
General Thermal Properhes of F-294 Materxals

ASTMA36 a0 25m | AB3m | 260008
ASTM A-240 Type 304 488[6] - |- 946 | .11[6] 2,500 [9]
ASTMA-SllType316L 488[6] .. | 94[6) | .11[6] 2,550 [9]
LeadPure9994% ‘ 1 nog | 2007 - .031(7] 620[2)
Kaowool ,. - 6151 025[5] 25515) 3,200(5]
Trmste | 100 | 0224 02 $2,500(1)

References for Table 3.2-T1, scc Appendix 3.6.1.
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Table 3.2-T2
Thermal Conductivity Values of the Packaging Materials (Btw/ft.-hr-°F)

ss304061 | ~Kaowool [5]
0 8.10 0013
100 8.70 0.0167
200 9.3 0.0184
300 9.8 0.0208
400 104 0.0235
500 109 0.0306
600 113 0.0358
700 11.8 0.0427
800 122 0.0508
1000 13.2 0.0681
1500 153 17.0 0.040 0.1213
Table 3.2-T3

Specific Heat Values of Packaging Materials (Btu/lb.m-°F)

* Temperature CF) < | 304 Stainless 23} | Mild Steel {10]: |- Air[23] |+ Kaowool®
0 0.110 0.108 0.25 0.25 0.20
100 0.113 0.113
200 0.117
300 0.120
400 0.123
500 0.127
600 0.130
700 0.133
800 0.137
1000 0.143°
1500 0.160
Notes:
a  Assumed constant with temperature and represents the average value of air from 0°F to 1,000°F.
b  Assumed constant with temperature.
¢ Extrapolated below 200°F and above 800°F.
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. ~ Table3.2-T4 S
Density Values (Ib./ft.’) of Packaging Materials

 (Assumed constant with temperature)

494 | 489 | o076 | 6 100

Table 3.2-T5
Lead Thermal Properties from Ref. [2]. .

212 19.60 . 0.0315
392 , 1860 - - - 0.0325
572 ' 1780 ¢ {00338
620 R 0.0340 -
621 ' 1788 1478
631 . 1478
632 | B B '0.0330
712 o ' © - 0.0338
752 " 92" 1

784 L

932 900

M2 - - 87 .-

Notes: e : , o : o .

a8 The latent heat of fusion of 11.27 Btw/lb. is arbitrarily spread over an 8°F range to account for meltihg with an
equivalent specific heat. Thus, if any nodal temperature of an element reaches 621°F, melting has begun. If all
nodal temperatures of an element reach or exceed 629°F, the element of lead has completely melted.
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3.3 TECHNICAL SPECIFICATIONS OF COMPONENTS

MDS Nordion Title and Scope

Specification Number

IN/DS 0757 F294 Technical Specification for the F-294 Transport Packaging.

IN/PR 0030 J1100 Technical Specification for the C-188 Sealed Source - Part I
Inactive Components and Assembly. (Ref. [24]).

IN/TS 0146 J1100 ’ Technical Specification for the C-188 Sealed Source - Part Il

Active Components and Assembly. (Ref. [25]).

3.4 THERMAL EVALUATION FOR NORMAL CONDITIONS OF TRANSPORT
3.4.1 THERMAL MODEL

The actual steady state temperature measurements of the F-294 package with an F-313 source carrier, with |
374,428 curies of cobalt-60 are reported in Chapter 3, Appendix 3.6.2. Figure 3.4-F1 depicts the actual
temperature measurements of F-294 package with 374,428 curies of cobalt-60. The finite element thermal
analysis of the F-294/F-313 thermal model, using COSMOS software code, is presented in Chapter 3, |
Appendix 3.6.4. In addition, the Finite Element Method (FEM) model was validated using measured
temperature data for the case of an undeformed F-294/F-313 containing 374,428 Ci of Co-60.

The actual steady state temperature measurements of the F-294 package with an F-457 source carrier, with
376,000 curies of cobalt-60 are reported in Chapter 3, Appendix 3.6.6. The finite element thermal analysis
of the F-294/F-457 thermal model, using ANSYS software code, is presented in Chapter 3, Appendix
3.6.7. In addition, the Finite Element Method (FEM) model was validated using measured temperature data
for the case of an undeformed F-294/F-457 containing 376,000 Ci of Co-60. Based on the validated FEM
model, a loading procedure was developed and is presented in Chapter 3, Appendix 3.6.7.

The temperature data resulting from employing these two (2) methods of thermal evaluation are presented
in Table 3.4-T1. The marginal differences in the listed temperatures are due to the thermal test load of
374,428 Ci, while the FEM model used 360,000 Ci. In the subsequent analysis, the higher of the
temperatures resulting from either the test load or the FEM model is used.

C-188 sealed sources used in the F-294 package have been modeled in one-dimensional heat transfer
analysis presented in Chapter 3, Appendix 3.6.3. In this analysis, the C-188 temperatures are estimated to
be 830°F with the ambient of 100°F. The highest measured C-188 temperature was 824°F. Therefore, the
one dimensional thermal model predicts the C-188 temperature fairly accurately.

In the F-294, for the maximum lead temperature, the FEM model predicts 358°F (181°C)maximum
lead temperature in the main body. In the F-294 closure plug, the FEM model predicts 385°F (196°C)
maximum lead temperature and a surface temperature of 420 °F (215 °C) at the bottom of the plug.

Table 3.4-T2 column 3 lists the measured surface temperatures of an F-294 package containing 374,428 Ci
of Co-60. The maximum temperature is 74°C (165°F) at top of the lift lug fin. As this temperature exceeds
50°C (122°F) but is less than 85°C (185°F), the regulations require the F-294 to be transported as an
"exclusive use” shipment. (See 10 CFR 71.43 g).)
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Table 3.4-T1 : 7
Steady State Temperature Distribution of the F-294/F-313 Configuration

Ambient - ’ 38°C | 20°C 38°C 400
Bottom of ext. cyl. Fireshield 43°C [ 21°C |45°C | 373
- Middle of ext. cyl. Fireshield S v " 1 4%°C | 26°C 44°C 251
Top of ext. cyl. Fireshield L O 58°C ]| 36°C | 49°C 315
Bottom of fin (air), entrance to chimney o 45°C | 23°C NA -
Top of crush shield (air), exit from chimney -~ - - - 66°C | 44°C | N/A -
Top of the lift lug S L 75°C |.53°C | 70°C 709
Top crush shield/fireshield, upper surface,centre = . - - 62°C 40°C. 51°C 85
Top crush shield/fireshield, upper surface, midway ocmra/edge §62°C ] 40°C | SI°C 88
-Top crush shield/fireshield, upper surface, edge -} 65°C | 43°C 52°C 295
Crush shield, fin bottom - O ] 49°C | 48°C. | NA -
Main shield plug {top surface) : ; 134°C | 112°C | 149°C 40
Container fin (root) S 120°C- | 107°C | 117°C 185
Container fin (tip) o o N NA | NA | 100°C 702
Container wall, conical surface (primary shell), - N/A NA- -j81°C | N7
Container wall, conical surface (secondary shell) Lol T NA | NA 131°C-} 118
Container wall, mid-level v ) 129°C | 107°C | 117°C | 185
Container wall, bottom (primary shell) - NA | NA | 96°C 215
Container wall, bottom (secondary shell) = .~ - _ NA [ NA 83°C 732
Section through the shielding of the container: mid-level ; :
Outer wall (external - mid level) R R 129°C { 107°C | 117°C 185
Quter wall (internal - mid level) : | NA | NAL | 118°C 173
Lead shielding (outside radius) o N/A N/A 152°C 673
Lead shielding, average S .- | NVA N/A N/A -
Lead shielding (inside radius) : T e NA | NA 181°C 141
- Cavity wall (outside radius) . R NA . |'NA 181°C 141
_ Cavity wall (inside radius) = . , 197°C | 175°C | 181°C 146
Cavity bottom : - N/A N/A 172°C 136
C-188: One ring Only: S/N 59532 e s 440°C | 417°C | N/A -
C-188: One ring Only: S/N 59475 438°C | 415°C | N/A -
- Bottom of the main shicld plug S s {222°C | 200°C | 215°C 17

Notes:

! Corrected for Ambient, Measurement Errors and Solar Heat, see Chapter 3, Appendix 3.6.2 for details.
2 Measured Test data, see Chapter 3, Appendix 3.6.2 for details (374,428 Ci.; 5.766 kW)

* Finite Element Model (FEM) heat transfer model, see Chapter 3, Appendix 3.6.4 for details.
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Figure 3.4-F1
Prior to the drop tests, F-294/F-313 Steady State Temperature Measured Data
(374,428 Ci; 5.766 kW loading)
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\_/ : Table 3.4-T2
Temperature of Aecessible Surface of the F-294/F-313 Package (374, 428 Ci: 5.766 kW)
Bottom of ext. cyl. fireshield o 21 - 42
Middle of ext. cyl. fireshield o 26 47
Top of ext. cyl. fireshield : 36 57
Bottom of fin (air) - , N
{ Entrance to chimney R | :
Top of crush shield (air) : 43
Exit from the chimney ' -
Top of the lift lug - 53 74
Top crush shield/fire shield v :
- upper surface, centre .. 4 61
- upper surface, midway centrefedge | 40 6l
upper surface, edge 43 - 64
Crush shield, fin bottom - : 48 69
- Ambient - - : - 20 ' 38
\_/ ! Actual Thermal Test Data: Sce Chapter 3, Appendix 3.6.2° '

2 Thermal test data corrected for 1) Ambxent 2) Total Measurement Errors

3.4.2 MAXIMUM TEMPERATURES

For 360,000 curies of cobalt-60 as the radioactive contents, the hlghest temperatuws of the F-294
packaging are listed in the Table 3.4-T3:

Table 3.4-’1‘3 ~ ' '
Maximum Temperatures of Designated F-294 eomponents or Locations

| Ambient , ~ : B " 100°F (38°C)
Outside upper surface of the crush shield ' ~ 149°F (65°C)
Outside upper surface of the shield plug . 273°F (134°C)
Outside, fireshield, mid height 118°F (48°C)
Outside, container, mid height o ~_264°F (129°C)
Container, top of liftlug o ' ___167°F (75°C)
Cavity, underneath the plug N ~ 432°F (222°C)
Cavity, mid-height - 387°F (197°C)
Cavity, bottom (Node 136 from FEM model) 342°F (172°C)
‘ C-188 : 824°F (440°C)
-/ Container, lead (Node 141 from FEM model) 358°F (181°C)
Shield plug, lead (Node 501 from FEM model) ~__385°F (196°C)
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The temperatures listed in Table 3.4-T3 are inclusive of three correction factors:
1. Ambient Temperature Correction Factor of (38°C —20°C) =18°C
2. Total Measurement Errors: £ 3°C for temperature range up to 300°C and + 4°C for
temperature range up to 450°C.
3. Solar Heat Correction Factor of 1°C for cask temperatures only.
4. FEM model is described in Appendix 3.6.4.

For package temperatures when subjected to a hot environment (130°F), 30°F should be added to the
temperatures listed above. '

Based on the loading procedure presented in Chapter 3, Appendix 3.6.7, temperatures of the various
F-294 components or locations will be the same for both the F-313 and F-457 source carriers.

3.4.3 MINIMUM TEMPERATURES

As there is no minimum activity specified, a minimum temperature of —40°F has been chosen as per
requirements of 10 CFR 71.

3.44 MAXIMUM INTERNAL PRESSURE

3.4.4.1 Cavity of F-294

In the cavity of F-294, the pressure build up is as follows:
T, = Ambient temperature of cavity prior to source loading = 70°F
P = Pressure of the cavity prior to source loading = 14.7 psia
T, = Temperature of the cavity after source loading = 387°F
= Average of (C-188 temperature and cavity wall temperature.)
= (824 + 3872 = 605.5°F
P, = Pressure of the cavity after source loading = ? (unknown) psia
P, =Py x [Tz + 460)/[T; + 460]
= 14.7 x [605.5 + 460)/[70 + 460]
= 14.7 x 1,066/530
=29.6 psia
= 14.9 psig.
= 16 psig (Design).
Therefore, the cavity of the F-294 in normal conditions of transport is at 16 psig and average temperature
of 606°F. The pressure and temperature will be the same for both the F-313 and F-457 source carriers.

3.4.4.2 C-188 Assembly

In the C-188 assembly, the pressure build up is as follows:
T = Ambient temperature of C-188 prior to loading in F-294 = 70°F
P, = Pressure of C-188 prior to loading in F-294 = 14.7 psia
T2 = Maximum Temperature of C-188 after loading in F-294 = 842°F
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- P,  =Pressure of C-l88 after loading in F-294 = -7 (lmknown) psia
Pz" _P1X[Tz+4601/[T1+460] '

= 14.7x [842 + 460)70 + 460]

=147x1 302/530

=36.1 psia
=21.4 psig.

= 22 psig (Design).

During normal conditions of transport of C-188 capsules in the F-294 the C-188 has an internal pressure
of 22 psig and a maximum temperature of 842°F. ‘ ,

345 MAXIMUM THERMAL STRESSES

~ The maximum thermal stresses during the normal conditions of “transport ! would arise from the temperature
distribution glven in section 3.4.2 above.

3.4.6 EVALUATION OF THE PACKAGE PERFOR]IIANC’E FOR NORMAL
CONDITIONS OF TRANSPORT

Table 3.4-T4 lists the various materials used in the F-294 package w1th the correspondmg expected and

allowable temperatures.

Table 3 4-T4 :
List of Materials used in F-294 and their Temperature Compatlbihty

ASTM A-36 -40. 150 |40 650" | fireshicld sheathing
AISICR 1020 —40 150 —40 650" | crush shield

ASTM A-240ss304L | 40 - 400 -40 1,200 | container envelope
ASTM A-240 ss304L -40 400 ~40 1,200 closure plug envelope
ASTM A-511 ss316L —40 950 -40 1,200 C-188 encapsulation
Lead —40 350 —40 620 lead shielding
"Kaowool" —40 150 —40 - 3200 ~ | thermal insulation
"Hastelloy" —40 400 40 1200 cavity bottomn

* ASME Section VII, Dmsxon I Tables for matenal propertxes, md:cate that temperatures of up to 650°F
do not seriously affect the matenal strength of mlld steels.

Temperature sensitive materials used in the MDS Nordion F-294 package are the lead gamma shield,
which melts at 621°F, ‘and the stainless steel outer structure of the C-188 sealed source. The neoprene
rubber seals (used on the closure plug bolted joint and the drainline cap joint) have a temperature limit
of 300°F but loss of either of these seals is not critical as containment is provided by the Special Form
C-188 sealed sources. The Co-60 material is double encapsulated within the structure of the capsules.

 The C-188 sealed source has been demonstrated to meet Specxal Form requirements and, in particular,
the 1472°F (800°C) temperature test.
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The inner shell assembly and the lid (closure plug) of the lead-shielded cask is defined as the containment
system of the F-294 package. Therefore, from the viewpoint of the integrity of the materials subject to A
temperature in Normal Conditions Of Transport (NCOT) of F-294, the containment is sound in NCOT.
Finally, 10 CFR # 71.43(g) requires that the temperature limit for non-exclusive external surface use is

122°F, and 185°F maximum for exclusive use. These limits apply for all accessible external surfaces

when the package is in the shade and the external ambient is 100°F. As the accessible surface temperatures

of F-294 exceed 122°F (50°C), the F-294 will be transported as exclusive use shipment (see Chapter 7).

3.5 HYPOTHETICAL ACCIDENT THERMAL EVALUATION
3.5.1 THERMAL MODEL
3.5.1.1 Analytical Thermal Model

The thermal response of a F-294 package to a hypothetical accident is evaluated with Finite Element
Method (FEM) models which are described in Appendices 3.6.4 and 3.6.7. The first step was to validate
the FEM steady state model by comparing its output to the results obtained during the 374 kCi and 376 kCi
of Co-60 tests. The 2nd step was to run "validated” FEM, steady state model at 360 kCi of Co-60

decay heat, with corrections for a 38 °C ambient condition. The output from 2nd step became the input
(i.e., initial temperatures) for the 0.5 hour fire test, transient thermal analysis case of the same package.

The FEM model predicts that solar insolation will increase internal temperatures by 2°F (1°C).

3.5.1.2 Test Thermal Model

The analysis of the F-294 under the conditions of the regulatory fire test has been carried out analytically and is
summarized in Appendices 3.6.4 and 3.6.7. Conservative assumptions are used throughout the analysis. It is

. conchaded that there is a large margin of safety with regard to lead melt.
3.5.2 PACKAGE CONDITIONS AND ENVIRONMENT

Prior to the drop and puncture tests, there is about 11,200 in’ of thermal protection as summarized below:

Location Insulated Area (in®)
Top Fireshield 707

Radial Fireshield 6,786
Bottom Fireshield 1,764

Top Comer of Shielding Vessel 940

Bottom Comer of Shielding Vessel 970

Total Thermal Protection 11,167

The analysis in Chapter 2, section 2.7 has shown that there will be loss of < 0.3% of the total thermal
protection area. For all practical purposes, this is considered no loss of thermal protection. The cylindrical
fireshield, the bottom fixed skid and the top crush shield were all fully retained after the F-294 drop tests.
However, approximately 800 in” of the total thermal protection area of the F-294 after the drop tests was
crushed. The most significant damage was to the top-side corner of the cylindrical fireshield. There was
also damage around the puncture pin impacted zones of the F-294.

The effect of crushing on the performance of Kaowool is considered in Appendix 3.6.4. The thermal
conductivity of the entire 11,200 in’ area was increased by a factor of 2 relative to steady state conditions.
It was found that this effect was small in comparison with the effects of convection and radiation within the
fin enclosure. Therefore, the damage to the thermal protection is considered to be insignificant.
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3.5.3 PACKAGE TEAIPERATURES

The results of the transient analyses are summarized i in Appendix 3.6.4. Temperature histories for selected
nodes are plotted in this Appendix. The maximum lead temperature was found to be 303 °C at 30 minutes
from the start of the fire. This temperature was obse__rved at the base of the main body.

The model used a series of conservative assumptions.. In spite of these assumptions, a substantial margin
of safety relative to the 327 °C melting point of lead was observed. See Table 3.5-T1 for lead and steel
temperatures of the selected nodes of the F-294 thermal model depxcted in Figure 3.5-F1.

The magnitude of the conservative factors used in the analys:s is discussed in Appendix 3.6.4. The most
significant of these are the assumptions of zero contact resistance at the start of the fire and unimpeded
flow of hot gases over the shielding vessel. :

These findings, combined with the significant amount of energy reqmred to cause lead melt indicates a
substantial margin of safety in the design. It is submitted that the F-294 meets the thermal requirements
of the regulatlons under the normal and hypothetical accldent condmons of transport

3.5.4 MAXIMUM INTERNAL PRESSURES

The normal operating pressure and tempemture of the F-294 cavxty is 16 psig and 606°F. The cavity wall
of the F-294 is at 387°F. .

When the F-294 is subjected toa hypothetlcal thermal test, the temperature of the cav1ty and the sealed -
source will be as follows:

1. maximum cavity wall temperature during thermal test = 500°F (260°C)

2. cavity wall temperature during NCOT = 387°F , »
3. maximum sealed source temperature during NCOT (F-294/F -457) = 842°F

The source tempexanne during the thermal test will be:
TScass = 842 + 500 ~ 387 = 941°F = 955°F .

The airerage temperature of the cavity, during the thermal test, is:

TCava.caviry = (TSciss + TCrre, cavity)
= (955 + 500)/2
= 728°F

3.54.1 Cavity of F-294

In the cavity of the F-294, the pressure build up is as follows:
Ti = Average Temperature of F-294 Cavity in NCOT = 606°F
P;  =Pressure of the cavity in NCOT = 29.6 psia
‘T2~ = Average Temperature of the cavity after fire test = 728°F
P, Pxessmeof the cavnyaﬂerﬁretest ?(\mknown) psna

P, =P, x[T;+460)/[T; +460]

= 29.6 x [728 +460)/[606 + 460}

=29.6x 1,188/1,066

=33.0 psia '

= 18.3 psig.

=20 psig (design).
Therefore the cavity of F-294 in accxdent condztlons of transport is at 20 psig and average temperature
of 721°F
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3.54.2 C-188 Assembly ~J i
In the C-188 assembly, the pressure build up is as follows:

T, = Temperature of C-188 in underwater pool = 70°F

P, = Internal Pressure of C-188 in underwater pool = 14.7 psia

T.  =Temperature of C-188 in HACOT of F-294 = 955°F |
P, = Pressure of C-188 in HACOT of F-294 = ? (unknown) psia

P, =P, x [T, + 460)/[T, + 460]

=14.7 x [955 + 460)/[70 + 460]

=14.7 x 1,415/530

= 39.25 psia

=24.5 psig.

=27 psig (design)
During accident conditions of transport, the C-188 has an internal pressure of 27 psig and maximum
temperature of 955°F.

3.5.5 MAXIMUM THERMAL STRESSES

The maximum thermal stresses will occur at 30 minutes from the start of the fire test, when the exterior
temperatures have reached a maximum and the internal temperatures are still rising. These temperatures
are presented in Appendix 3.6.4 as a time history graph of the selected stainless steel and lead nodes.

3.5.6 EVALUATION OF PACKAGE PERFORMANCE FOR THE HYPOTHETICAL
ACCIDENT THERMAL CONDITIONS "

3.5.6.1 C-188 Sealed Source

The maximum temperature of the C-188, during the hypothetical thermal test, is 955°F. As the C-188 is |
certified as Special Form and has been tested successfully to 800°C (1,472°F), the integrity of the C-183
is sound.

The C-188 temperature in the hypothetical thermal test is 940°F which is less than the melting point of
ss316L (2300°F). Therefore, the ss316L encapsulation shall not melt.

As the C-188 is free to expand, the thermal stresses are insignificant. The maximum growth from 70°F to
940°F is
S =Lo,c138 X 0 X (955°F — 70°F)

=17.777 x 10.5E-6 x (955 - 70)

=0.17 in.
The amount of free room between the underside of the shield plug and the top of the C-188 in the F-313
or F-457 source carrier is 1.0 in. As thermal growth of § = 0.17 in. is less than this clearance, during the |
hypothetical thermal test the C-188 capsules shall expand freely. Consequently, as there is no restraint,
there are no significant thermal stresses in the outer body of the C-188.

A stress analysis of C-188 under internal pressures is carried out in Chapter 4, Appendix 4.4.5. The results
are recaptured here.
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Due to internal pressure of 27 psig in the C-188 during HACOT of F-294,

1. the hoop stress in the tube away from joint= 192 psi _
2. the hoop stress in the tube at the joint = 288 p31
3. the bending stress in the end cap = 5psx

Based on yield stress of 15,000 psi for ss316L at 955°F C-188 has a Safety Factor of 42 and Margin of
Safety of 41.

Based on the above arguments, the integrity of the Speclal Form sealed source C-188 is sound.

3.5.62 The Containment System

The inner shell assembly and the lid (closure plug) of the F—294 lead shlelded cask is defined as
the containment system of F-294 package. The stress analysis of the containment system subject to
hypothetical accident conditions of transport of F—294 is presented in Chapter 4, Appendix 4.4.6.
It is demonstrated that:
1. as C-188 is certified Special Form RAM and provides leak tight containment AND
2. as the closure plug (the shielding) is retained over the inner shell assembly which houses
the cobalt-60 C-188 sealed sources, -

F-294 does meet the HACOT contamment system reqmrements (10 CFR 71 51 (2) (2)-

3.5.6.3 Shielding in the Contalner and the Plug

For 360,000 curies of cobalt-60, the thermal model calculates no Iead melt. Consequently there is no
loss of lead shiclding from the F-294.

Therefore, the integrity of lead slneldmg of the F-294 is sound.
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Figure 3.5.-F1
Node Numbers of F-294 Thermal Model
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Table 3.5-T1

Maximum Temperatures of Selected Lead and Steel Nodes of F-294

Thermal Model in a Fire Test
17 Top Plug, Bottom Steel Surface | 277 120
1 Top Plug, Lower Lead/Steel Interface - - - - 277 112
13 Top Plug, Upper Lead/Steel Interface 242 86
40 Top Plug, Top Steel Surface 244 30
55 Lower Steel Surface of Upper Fireshield 492 30
85 Upper Steel Surface of Upper Fireshield 666 30
146 | Cavity Wall, Steel at Midheight 263 70
141 Cavity Wall, Inner Lead/Steel Interface, at 263 76
Midheight |
173 | Cavity Wall, Outer Lead Steel Interface, at 257 30
Midheight ,
185 | Steel Outer Wall of Shield, at Midheight 288 30
226 | Inner Steel Surface of Radial Fireshield, at 456 30
Midheight -
251 | Outer Steel Surface of Radial Fireshield, at 783 30
Midheight
136 | Bottom Steel Surface of Cavity, at Centreline 259 69
133 | Bottom of Shield, Upper Lead/Steel Interface 256 63
190 | Bottom of Shield, Lower Lead/Steel Interface 244 30
208 | Bottom Steel Surface of Shield 274 30
319 | Inner Steel Surface of Bottom Fireshield 387 30
328 | Outer Steel Surface of Bottom Fireshield 610 30

* Time equals zero at the start of the fire test.
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3.6 APPENDICES
This section contains the following appendices.

Appendix 3.6.1 List of References for Chapter 3

Appendix 3.6.2 Normal Thermal Tests of the F-294 Package with the F-313 source carrier

Appendix 3.6.3 Steady State Heat Transfer in the Cavity of F-294 Package

Appendix 3.6.4 Finite Element Analysis of the F-294 with the F-313 source carrier

Appendix 3.6.5 Properties of Kaowool

Appendix 3.6.6 Normal Thermal Test of the F-294 package with the F-457 source carrier

Appendix 3.6.7 F-294 Loading Finite Element analysis
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1. INTRODUCTION

Extensive steady state normal thermal tests were camed out using a full scale F-294 test packagmg and
using actual C-188 cobalt-60 sealed sources. This appendix provxdes the thermal test data for thermal tests
conducted on the F-294 before the F-294 drop tests and after the F-294 drop tests. All the thermal tests were
conducted under shade conditions (1 e., a closed bulldmg) ‘The measurement errors are identified and their
magnitude is estimated.

The temperature data is converted into temperature mformatxon wnth appropnate consideration given to
factors like ambient temperatures, measurement errors and shade or solar conditions.

2. THERMAL TESTS CONDUCTED PRIOR TO THE F-294 DROP TESTS

The details of the steady state normal thermal tests conducted pnor to the F-294 drop tests are given in
Sub-Appendix 3.6.2.1. - - .

The F-294 Shipping Package was subjected to normal thermal testmg when loaded with Co-60 as outlined
in The Procedure for Steady State Thermal Test IN/OP 0597 F294. Four tests (cases) were carried out on
the four different configurations. -
Test #1: F-294 with fireshield and crush sh:eld, no added msulahon ,
Test #2: F-294 without fireshield or crush shield, no added insulation
. Test #3: F-294 without fireshield or crush shield, with added insulation -
Test #4: F-294 with fireshield and crush shield, with added insulation.

The decay heat load was eqmvalent to forty (40), full scale active C-188 cobalt-60 sources. The C-188
capsules were loaded in a single ring within an F-3 13 source carrier. The curies used at the start and finish
of the pre-drop thermal test are as follows:

1. At the start: 1998 Jan 06 - 375, 510 curies (5.782 ch)

2. Atthe finish: 1998 Jan 14 - 374,428 curies (5.766 kW)
The F-294 cavity was purged with argon. Therefore the F-294 cav1ty envxronment was argon

2.1 TEST RESULTS OF THERAML IEST CONDUCTED PRIOR TO THE F-294
DROP TESTS

'The details of the test temperature data are glven m Sub-Appendxx 362.1. Selectxve temperature data is

recaptured as per Tables 3.6.2-T1 and 3 6. 2-T2.

2.1.1 Highest Temperature

The highest temperature of the following desxgnated locatxon/components are based on Test #4 (F-294 with
fireshield and crush shield, with added msulatlon) is as per Table 3 6.2-Tl

‘ Table 3.6.2-T1 :
Highest Temperature of the Designated F-294 Locations in Test #4
(F-294 with Fireshield and Crush Shield, With Added Insulation)

| Ttem | Temperatm'e o)

1 |C-188 - ' : 417

2 | Cavity wall o 175

3 | Underside of the F-294 closure Jlug SRS 200

4 | Top of the F-294 closure plug - : 112

5 | Mid beight of the F-294 external contamer wall 107

6 | Top of lift lug fin (most accessible surface) 53

7 | Ambient , 20°C
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2.1.2 Lowest Temperature

The lowest temperature of the following designated location/components are based on Test #2
(F-294 without fireshield and crush shield, without added insulation) as per Table 3.6.2-T2.

Table 3.6.2-T2
Lowest Temperature of the F-294 Location/Components
(Test # 2: F-294 Without Fireshield and Crush Shield, No Added Insulation)

Item | ' Location:s.
1 C-188
2 Cavity wall
3 Underside of the F-294 closure plug 179
4 Top of the F-294 closure plug 101
5 Mid height of the F-294 external container wall 90
6 Ambient 23

3. THERMAL TESTS CONDUCTED AFTER THE F-294 DROP TESTS

The F-294 test packaging was subjected to eight (8) drop tests conducted on February 25, 1998 at Chalk
River Laboratory, AECL, Chalk River, Ontario, Canada. After the drop tests, the F-294 Shipping
Package was subjected to the normal thermal testing as outlined in The Procedure for Steady State
Thermal Test IN/OP 0597. Post-drop thermal tests on F-294 were carried out between March 17 1998 and
March 24 1998 in the Industrial Operations building, MDS Nordion, Ottawa, Ontario, Canada. The drop-
tested F-294 was loaded by the same technician. The four tests (cases) were again carried out on the four
different configurations. :

Test #1: F-294 with fireshield and crush shield, no added insulation

Test #2: F-294 without fireshield or crush shield, no added insulation

Test #3: F-294 without fireshield or crush shield, with added insulation

Test #4: F-294 with fireshield and crush shield, with added insulation

The decay heat load was simulated using quantity forty (40), full scale active C-188 cobalt-60 sources. The
C-188’s were loaded in a single ring within F-313 source carrier. These C-188 sources were the same ones
used in the pre-drop thermal test. The curies used at the start and finish of the post-drop thermal test are as
follows:

1. at the start: 1998 March 17 - 366,160 curies (5.638 kW)

2. at the finish: 1998 March 24 - 365,237 curies (5.624 kW)

The F-294 cavity was purged with argon. Therefore the F-294 cavity environment was argon.
3.1 TEST RESULTS OF THERMAL TEST CONDUCTED AFTER THE F-294 DROP
TESTS

The details of the test temperature data are given in the Sub-Appendix 3.6.2.2. Selective temperature data
is re-captured as per Tables 3.6.2-T3 and 3.6.2-T4.

3.1.1 Highest Temperature

The highest temperatures of the following designated location/components are based on Test #4
(F-294 with fireshield and crush shield, with added insulation) as per Table 3.6.2-T3.
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Table 3. 6.2-T3
nghest Temperature of the designated F-294 Locations in Test #4
(F-294 With Fireshield and Crush Shield, With Added Insulation)

1 C-188 ' 413
2 " |Cavitywall =~ - = - - 193
3 Underside of the F-294 closure plug 222
4 | Top of the F-294 closure plug - S 111
5 | Mid beight of the F-294 external container wall ‘110
6 Top of lift lug fin (most aeeessible surface) - 56
7 Ambient c , - 23

3.1.2 Lowest Temperature

The lowest temperature, of the following designated loeanon /components are based on Test # 1
(F -294 without ﬁreslneld and crush shxeld, no added msulatlon ) is as per Table 3.6.2-T4.

Table 3 6 2-T4
Lowest Temperature of the Designated F—294 Locations in Test #l
(F-294 Without Fireshield and Crush Shield, Without Added Insulation)

1 ] C-188 - 368
2 | Cavity wall o ' 167
3 Underside of the F-294 closure plug - 206
4 | Top of the F-294 closure plug ' 1 - 87
5 | Mid height of the F-294 external container wall - 91
6 Amb1ent 25

4. TEI\IPERATURE MEASUREMENT ERRORS

The details of the temperature mstrumentatlon, calibration etc. are glven in Sub-Appendxees 3.6.2.1 and
3.6.2.2.
The temperature measurement errors are made up of three major factors:
1. The accuracy of thermocouple wire (type K) + 2.2°C or £ 0.75% whlchever is greater.
2. The accuracy of readout instrumentation (Omega Temperature Logger, Fluke Temperature
Reader, Omega Temperature Reader) £ 2.0 °C
3. The accuracy of thermo-couple junction, connection to the F-294 components estxmated +
0.5°C
Based on these individual accuracies, the total measurement error (A6) is estimated as follows
1) For temperature range up to 300°C:
A0 =3V [(Vc error) 2 + (readout instrument error)’ + (connection error)*
=1V (25" + @ +©5) |
=++v{9.09
=+3.05
=13°C
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2) For temperature range between > 300°C and < 450°C:
A® =3V (tc error) 2 + (readout instrument error)? + (connection error) 2 ]
=+ [(3.375) + (2 + (0.5)]
=+ [15.64]
=+395
=+4°C

5. TEMPERATURE INFORMATION FOR THERMAL TEST PRIOR TO THE F-294
DROP TESTS

5.1 TEMPERATURE OF ACCESSIBLE SURFACE OF THE F-294 PACKAGE

For 374,428 Ci of cobalt-60 (5.766 kW), Table 3.6.2-T$5, column 3 lists the maximum temperatures of the
extemnal surface of the F-294 container in the shade inclusive of:

1. ambient temperature correction factor (38°C —20°C)

2. total measurement error of + 3°C.
The highest temperature of the accessible surface of the F-294 package is 74°C (165°F), at lift ug
location.
The temperature credit, as a result of using a higher test source (at start of thermal test prior to the F-294
drop test program 375,510 kCi of cobalt-60 [Jan 06, 1998] and at end of thermal test prior to the F-294
drop test program 374,428 kCi of cobalt-60 [Jan 14, 1998]) versus the license capacity of 360 kCi of
cobalt-60, has been ignored.

Table 3.6.2-T5
Temperature of Accessible Surface of the F-294 Package (374,428 Ci: 5.766 kW)

Bottom of ext. cyl. fireshield 21 42
Middle of ext. cyl. fireshield 26 47
Top of ext. cyl. fireshield 36 57
Bottom of fin (air) 23 44
Entrance to chimney
Top of crush shield (air) 43 64
Exit from the chimney
Top of the lift lug 53 74
Top crush shield/fire shield
upper surface, centre 40 61
upper surface, midway centre/edge 40 61
upper surface, edge 43 64
Crush shield, fin bottom 48 69
Ambient 20 38

! Actual Thermal Test Data: See Chapter 3, Sub-Appendix 3.6.2.1
2 Thermal test data corrected for 1) Ambient 2) Total Measurement Errors
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5.2 PACKAGE TEMPERATURES

The temperature of the following designated location/components of F-294, based on Test #4 (F-294 with
fireshield and crush shield, with added insulation) are as per Table 3.6.2-T6. For 374,428 Ci of cobalt-60
(5.766 kW), Table 3.6.2-T6, colurmn 4, lists the maximum temperatures of the F-294 container in the shade
inclusive of: ’

1. ambient temperature correction factor (38°C —-20°C)

2. total measurement error of 3°C or+4°C dcpendmg on the tempexature range. -

Figure 3.6. 2-F1 shows the temperatures for the normal steady state thermal test of the F-294, prior to the -
drop test, using 374,428 Ci of cobalt-60 (5 T66 KW).

Table 3.6.2-T6
Temperature of the F-294 Package, Pnor to the Drop Test of F-294

1 C-188 source, midpoint of s/n §9432 R S 397 419
2 C-188 source, midpoint of s/n 59475 T ' 417 T 439
3 C-188 source, midpoint of s/n 59532 . - . S 418 437
4 Underside of shielding plug, adjacent to ventline exithole . . | =~ 200 221
5 Cavity wall, at vertical midpoint, on side of draintine . .- - b s 196
6 Cavity wall, at vertical midpoint, on opposite side of drainline - ol 1m 193
) Container wall, between the fins, upper section -~ - s - -106 - 127
7a | Container wall, between the fins, upper section, top of insulation . S | P 92
Ambient, at elevation even with cavity midpoint : . - 20 - 38
-Top center of upper crush shield B T T Sy 40 . 61
10 . Axrtemperatm*ebetweenﬁnsofcrushshxeld,sxdeofdranﬂmc o 44 - 65
11 Container wall, between the fins, midsection =~ - ST - 107 - 128 ¢
R Container wall, adjacent to drainline . : o .92 113
12a -- -} Container wall, adjacenttodmnlmc,topofmsulanon T AR T ONA N/A
13 Underside of container, center . . I b 31 . 82
14 Top center of shielding plug IR A S P 133
15 | Top of crush shield, equidistant between center and outside edgc of plate - 40 61
16 Top of crush shield, outside edge of plate S . 43 64
17 Air temperature, top edge of fireshield, side of drainline - - -~ .41 62
18 Air temperature, lower edge of ﬁreshxeld, side of drainline - 23 44
19 Topofdonutringoncrush shield -~ - - ° o 40 61
20 Lower edge of fireshield, side of drainline. .-~ -~ =~ - - - | . . 21 42
21- | Midpoint of fireshield, side of draintine =~ -~~~ '~~~ . -~ 26 47 -
n Upper edge of fireshield, side of drainline ' T 36 : 57
23 | Lower donut ring on crush shield, side of drainline - -~ ~ - - - 43 - -69.
24 Top of lifting lug fin, opposite side of drainline S 53 74
25 Ambient, approximately one meter above container - o - 29 - 50
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6. TEMPERATURE INFORMATION FOR THERMAL TEST AFTER THE F-294
DROP TESTS

Details of the steady state, normal thermal test of the drop tested F-294 are given in Sub-Appendix 3.6.2.2.
When these tests were carried out, the punctured zones (openings in the fireshield) were taped over with
aluminum tape in order to cut down the air bypass. This results in the cask and package temperatures being
conservative.

6.1 TEMPERATURE OF THE F-294 PACKAGE

For 365,237 Ci of cobalt-60 (5.624 kW), Table 3.6.2-T7, column 4 lists the maximum temperatures of the
external surface of the F-294 container in the shade inclusive of:

1. ambient temperature correction factor (38°C — 23°C)

2. total measurement error of + 3°C or + 4°C, depending on the temperature range.
Figures 3.6.2-F2 and 3.6.2-F3 show the temperatures, for normal steady state thermal test of F-294,
after the drop test, using 365,237 Ci of cobalt-60 (5.624 kW).

Table 3.6.2-T7
Temperature of the F-294 Package, After the F-294 Drop Tests (365,237 Ci: 5.624kW)

IChannel | Locatior
1 C-188 source, midpoint of s/n 59532 381 400
2 C-188 source, midpoint of s/n 59475 413 432
3 Underside of shielding_p__lug, adjacent to ventline exit hole 222 240
4 Cavity wall midheight, in line with damaged lift lug #4 186 204
5 Cavity wall midheight on the side opposite the drainline 191 209
6 Cavity wall midheight on the same side as the drainline 193 211
7 Container wall between the fins, middle section, in line with drainline 108 126
8 Ambient, at elevation even with cavity midpoint 23 38
9 Top center of shielding plug 111 129
10 Ambient, approximately one meter above top of container 29 47
11 Top of lift lug #2 56 74
12 Container wall, lower section, adjacent to the drainline 96 114
13 Underside of container, center; middle of indentation from puncture pin 35 53
14 Container wall, upper section, under damaged fins, mid-way between lift 111 129

lugs #1 and #2 (damage zone #2)
15 Container wall, middle section, mid-way between lift lugs #1 and #2 110 128
(damage zone #2)
16 Container wall, lower section, mid-way between lift lugs #1 and #2 99 117
(damage zone #2)
17 Air temperature, top ed_g; of fireshield, in line with drainline 52 70
18 Air temperature, lower edge of fireshield, in line with drainline 32 50
19 Air temperature, upper section, between damaged fins near lift lug #4 54 72
20 Container wall, middle section; under fin folded over from puncture pin, 104 122
near lift Jug #4
21 Container wall, upper section, in line with drainline. 111 129
22 Top of damaged lift lug #4 64 82
23 Top of insulation, over t/c #21 79 97
24 Top of insulation, over t/c #12 71 89
25 Inoperative n/a n/a
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or containment systems.

\—/ |éua
26 Contamer wall, upper section, adjaeent to damaged lift lug #4 (on ' 109 127
reinforcing pad)
27 Air temperature, lower section, between damaged fins, near lift lug #4 23 41
28 Container well, upper section, adjacent to damaged Lift lug #4 (other side 111 129
of fin from t/c #26)
29 Top of insulation, over t/c #26 87 105
30 Top of insulation, lower section, next to lift lug #4 64 82
31 ‘Top center of crush shield , 45 63
32 Top of crush shield, equidistant between center and outs:de edge of plate, 43 61
in line with liftlug#2 -~ -
33 Top of crush shield, outside edge of plate in lme thh lift lug #2 40 58
34 Top edge of fireshield, in line with drainline - 35 53
35 | Mid-height of fireshield, in line with drainline 29 47
36 Bottom edge of fire shield, in line with drainline : 27 45
37 Air temperature, between damaged ﬁns of crush shield, in line with 47 65
drainline
38 Top of upper donut ring on crush shneld, in line with lift lug #2 46 64
39 | Top of lower donut ring on crush shield, in line with lift lug #2 57 75
40 Top of fireshield, puncture pin damaged zone #l near hft lug #4 - - 42 60
41 Top of fireshield, near lift lug #2 ’ - 37 55
42 Top of insulation, upper section, between fins of damage zone #2 79 97
" 43 Top of insulation, lower section, between fins of damaged zone #2 65 83
7. CON CLUSION S
7.1 With the F-294 package in the shade, the lnghest C-188 temperature is 439°C (822 2°F) based
on ambient temperature of 38°C (100°F). The solar heat load is expected to raise the cask -
temperatures by 1° C. Therefore, the ]ughest C-188 temperature is 440°C (824°F) based on
ambient temperature of 38°C (100°F).
7.2  The highest temperature of the most accessxble mn-faee of the package (i.e., top of the lift lug)
is 74°C (165°F). .
73 In general, the cask temperaun'es of the drop-tested F-294 were ma.rgmally hxgher than the pre-
drop-tested F-294. :
7.4  Steady state temperatures followmg the drop test wﬂl not result in any damage to the shielding
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Figure 3.6.2-F1
Temperatures for Normal Steady State Thermal Test of F-294 Prior to the Drop Test, using
374,428 Ci of Cobalt-60 (5,766 kW)
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Figure 3.6.2-F2 :
Temperatures for Normal Steady State Thermal Test of F-294 After the Drop Test,
using 365,237 Ci of Cobalt-60 (5.624 kW) (Plane of Drainline section)
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Figure 3.6.2-F3
Temperatures for Normal Steady State Thermal Test of F-294 After the Drop Test,
using 365,237 Ci of Cobalt-60 (5,624 kW) (Away from the Plane of Drainline section)
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SUB-APPENDIX 3.6.2.1 ,
TEST # 5.1.10, NORMAL THERMAL TEST PRIOR TO THE DROP

5.10 TEST #5.1 10- Normal Thermal Test Pnor to the Drop

#1 Test # _ 5.1.10, as per fest plan document lN/QA 1368 F294 ),
' F-294 Regulatory Tests '
" Normal Thermal Test Prior to the Drop
Date test conducted January 6,1998 =

#2 Person conducting the test/procedure
D. Whitby conducted the test.

#2. l Introduction
The F-294 Shipping Package was subjected to normal thermal testmg when loaded with Co-60 as
outlined in The Procedure for Steady State Thermal Test IN/OP 0597 F294. The F-294 was loaded
by Ed Psutka of Industrial Operations, and the thermal testing was carried out by Greg Chupick
the Industrial Operations Monitor, and Dave Whitby of Industnal QC Four tests were carried out
on the four different configurations. .. - . S
' “Test #1: F-294 with fireshield and crush shield, no added insulation
Test #2: F-294 without fireshield or crush shield, no added insulation
Test #3: F-294 without fireshield or crush shield, with added insulation
Test #4: F-294 with ﬁresh1eld and c.rush sh:eld, with added insulation

#2, 2 Instrumentation

- Calibrated type K thermocouples were used through out the thermal test, with two 10-channel
digital readers. The Omega Temperature Logger OM-302, number 6-810-021 was last calibrated

~ September 1997 with a quoted accuracy ‘of + 2°C. Tt is due for re-calibration September 1998. The
Fluke digital reader model 2166A, mumber 6-810-022 was last cahbrated October 1997 with a

_ quoted accuracy of + 0.5%; it is due for re-calibratxon October 1998.

The thermocouples comprxsed of certified ’l‘ype K wire. A sample was cahbrated by Site Operating
Systems & Technical Services to confirm its performance The samples were tested from 0°C, up
to 600°C; all points tested were within + 2.2°C, or + 0.75% of reading, whlehever was greater
(see Tables 2.10.12-T4 and 2.10. 12-T5) The thermocouples each had a flame fusion junction

~ which could be mounted on to the contamer wall using thermal paste high temperature aluminum
adhesive tape, and/or duct tape. ,

#2.3 Thermocouple Placement within F-294 Cavity

The F-294 Flask was prepared for thermal tests prior to loadmg. Three thermocouples were
mounted on ¥ in. square stainless steel flat plate; two were in turn tack welded on to the cavity .
wall, in line with the drainline, radially opposed to each other and axially on the cavity center line.
The third was mounted on to the underside of container plug, adjacent to the vent line exit hole.
The wire for the three thermocouples was routed out the F-294 plug vent line to Type K
connectors. :

Thermocouples were also mounted actlvely on to three of the C-188 sources usmg hose clamps
for a secure contact. The position of the thermocouples were approximately at the center of the
sources; the Source Technician then placed these sources (s/n 59475, s/n 59432 and s/n 59532)
within the F-313 cage assembly as shown on the Loading Diagram (see Figure 3.6.2.1-F1). The
thermocouple wire was routed through the drainline to Type K connectors.
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#2.4  Source Loading

The F-294 was loaded with 375,510 curies Cobalt-60 on January 06, 1998 in the form of forty -/
(40) C-188 sealed sources, as per the loading diagram attached (see Figure 3.6.2.1-F1). The

loading was done as any typical preparation for shipment, in Cell 06 within Industrial Operations,

MDS Nordion, Ottawa, complete with a cavity argon purge and the plug fasteners torqued to

100 ft.-1b. A neoprene gasket was used to seal the cavity.

The loaded container was removed from Cell 06 and placed in the shipping bay. The thermocouples
were mounted on to the container as listed in Table 3.6.2.1-T3 and shown in Figure 3.6.2.1-F2. The
container was allowed to attain steady state overnight. Steady state was assumed after two similar
successive readings, one hour apart.

#2.5 Measurements
Temperatures were recorded for each location on January 07, 1998 (see Table 3.6.2.1-T4).

The fireshield and the upper crushshield were disassembled with the appropriate thermocouples
being removed from their position on January 07. The container was allowed to attain steady state
over night, and the readings were recorded on just the F-294 container on January 8, 1998 (see Table
3.6.2.1-T5).

One-half-inch Kaowool insulation strips were cut and taped on to the upper and lower sections
as per instructions from V. Shah (see Figures 2.10.12-F3 and 2.10.12-F4) on January 12. The
container was allowed to attain steady state over night, and the temperature readings were then
recorded on January 13, 1998 (see Table 3.6.2.1-T6).

The fireshield and upper crush shield were assembled into place and the appropriate additional
thermocouples were fixed into position after Test 3 on January 13. After attaining steady state,
temperature readings were recorded on January 14, 1998 (see Table 3.6.2.1-T7). |

#2.6 Observations

The loading of the F-294 occurred late in the afternoon of January 06, 1998 and not all
thermocouples had been applied by the end of the day’s shift; consequently, some thermocouples
had to be applied the next morning, and temperature data prior to thermal steady state was not
recorded as outlined in procedure IN/OP 0597 F294 section 4.9.

The performance of the adhesive tape used to fasten the thermocouples against the container
surfaces was not as good as expected when the container attained its higher temperatures. With
the removal of the fireshield just prior to Test #2 (Table 3.6.2.1-T8), some of the thermocouples
had visibly lifted away from the container surface. It was not evident during the testing, as
these thermocouples were inaccessible and hidden from view under the fireshield. As a result,
the following values are suspected to be low:

Test #1, channels 11, 12 and 13.

Test #2, channel 7.

#3 Conclusions
1.  Four cases (tests) were carried out as follows:
Test #1: F-294 with fireshield and crush shield, no added insulation
Test #2: F-294 without fireshield and crush shield, no added insulation
Test #3: F-294 without fireshield and crush shield, with added insulation
Test #4: F-294 with fireshield and crush shield, with added insulation
2.  The decay heat load was simulated using quantity forty (40), full scale active C-188
cobalt-60 sources. The C-188s were loaded in a single ring within an F-313 source
carrier. The curies used at the start and finish of the pre-drop thermal test are as follows: ‘
1. atthe start: 1998 Jan 06 - 375,510 curies (5.782 kW) ~
2. atthe finish: 1998 Jan 14 - 374,428 curies (5.766 kW)
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3.  The F-294 cavity was purged with argon Therefore, the F-294 cavity environment was

argon.

4. ltis estimated that the time requn'ed for the temperature to reach equilibrium is 24 hours
based on Test #1. .
5.  The highest temperatures of the F-294 designated location/components (based on Test #4, -

F-294 with ﬁreshleld and crush shxeld, thh added msulatlon) are as per table below.

C-188

417

1
2 cavity wall 175 -
3 underside of the F-294 closure plug 200
"4 top of the F-294 closure plug 112
5 mid height of the F-294 external container wall 107
6 top of lift lug ﬁn (most accessible surfac) 53
7 ambient .20

' 6. Thelowest temperatures of the following desigﬁatcd location/components (based on Case 2,
- F294 without fireshield and crush shield, without added insulation), are as per table below. -

~1 - |cC-188 386
2 ‘| Cavity wall : 158
‘3 Underside of the F-294 closure plug - 179
- 4 Top of the F-294 closureplug = 101
5 Mid height of the F-294 extemal contamcr wall 90
6 »Ambxent ) - 23
#4 .,fPersdnnel _ L
| S - Name -~ | Title
Test prepared by: | D. Whitby - - - - | Industrial Quality Control - ,
Reviewedby: ~ - | G.Chupick - ‘| Industrial Monitor, Decontamination Services
Approved by: V.Shah- . - -~} Package Engineering - o
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Table 3.6.2.1-T1
Instrument Lab Work Report and Data Table, Thermocouple Sample #1

INSTRUMENT LAB

MDSN l'dl WORK REPORT & DATA TABLE

Equipmem Namet AN [ VORI , m 3 A e oA
Modsl Numbor: s J20 ’,/, *_ﬁ”m Am,/_' %
Manutacturers . 7 150280 Equipment No, - AL, .,
Location/Room No. iy ’7 V2o AT trr Tins & Date Avallable:
Description of Service ‘Required: L4 2 . o
Originaton: M ﬂ[‘ Z%’ . Dept: gnature:

INSTRUMENT LAB USE ONLY .

Calibration: i Yos_hie No & 09 &

Complste: - Yes _ No ] Yes ) %% RH

Pastiak: Yeos_2Tts

Teaceable o NIST or NRC: Mn.

"

il mm :
A f_m 2> 2 (28 2 Bt A2 ELR el

Deseription_of Intervention: 20224 . A s AL lN . IR D -__ oot m _1, 0

£ )

J Az Lar 2200 2 ¢ ;_:/ AIZA2 A i . . 21 O

'_g@;mm‘umacanﬁiﬂon due date: A4 G= s S Wadl Taerpione fiznn Ceb o aldd 7TRT>F2 (A8
Ao XY » AL /.. y - I/a/. e Ao Td ';’ LV )

- JW 2 77

]

L4 _

_CALIBRATION  RESULTS REFERENCE MEASUREMENTS 7 OBTAINED D. U. T. [| vorsRance

=

" PARAMETERS NOMINAL INTIAL FINAL pEVIATION || ummTs

_Z%M.A@(U—/"C\ '
2.3 2.0 0.0 -.3 £2 2

7000 W00 |\ 2070l 1.0 (22,2

(2001 | 200/ 1 2./ 2.2

200. O
A0 || Hore | b LG 3.0
603 | zoz/t| 3./ +45

CP-S-MASTER/Rev. OWForm 2

QUANTITY - REPLACEMENT PARTS DESCRIPTION PART _NUMBER COST
Instrumaent_Technician Date: 2
Instrument Technician Date;
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Table 3.6.2.1-T2 |
Instrument Lab Work Report and Data Table, Thermocouple Sample #2

INSTRUMENT LAB
WORK REPORT & DATA TABLE

INST.RUMENT IAB USE ONLY )

Calibration: Yos 7 Mo Repaic -~ Yes__ Mo o/) Temp: ZRdegC
Complets: - ‘Yes __Nos’| Maintonsnes: ‘Yos Moo/l hum: 2% % R4
Partia: Yos o/ o £ 7z ' & Z220%
Traceabls to NIST or NRC: . Yes ./ No "minm 22 . Months

Desciption of Intsrvention: F e s Ve’ JI/7 ot

‘ i, -

1'_'4 O A . .. g lat OF 7 21 L2 LA P
] .W., ,,,,V
| Equipment Used & calibraton due date: .4/ 4 , sgrepelione (B W02 TRTZ (AUL.IT
f- TAL= /'/m s L97 Doz /7))
s b Glolro M poins ¢ Lot 5- /c.c'ﬁszr'} -

AR Q ; ”
Xl (_/A - ‘/‘ 4 ALALALALE, o "" . /2. ’/ T

CALIBRATION ‘RESULTS REFERENCE~ MEASUREMENTS OBTA!NED .D. U. T. || TOLERANCE

PAHAMETERS - TESTED "~ -| NOMINAL INITIAL - ANAL - DEVIATION t" UMH’S

= ;g¢c;) , |
7 L o3 | -0,4 | -0d "‘J ' .tez..o_

\ /.0 || 1009 008 | .9 L3
zpp N Zof2 | 2002 | 4R 7’%:.
s N osors\ ol S /S Nt 30

é@_d_r_éazi___é&?? -:J * 45

QUANTITY REPLACEMENT _ PARTS _DESCRIPTION PART NUMBER COSY ‘
ﬂ r.
atad By: 7 p ’
’d
Verified By: 7 [~ L
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Table3.6.2.1-T3

Thermocouple Locations
1 C-188 source, midpoint of s/n 59432
2 C-188 source, midpoint of s/n 59475
3 C-188 source, midpoint of s/n 59532
4 Underside of shielding plug, adjacent to ventline exit hole
5 Cavity wall, at vertical midpoint, on side of drainline
6 Cavity wall, at vertical midpoint, on opposite side of drainline
7 Container wall, between the fins, upper section
8 Ambient, at elevation even with cavity midpoint
9 Top center of upper crush shield
10 Air temperature between fins of crush shield, side of drainline
11 Container wall, between the fins, midsection
12 Container wall, adjacent to drainline
13 Underside of container, center
14 Top center of shielding plug
15 Top of crush shield, equidistant between center and outside edge of plate
16 Top of crush shield, outside edge of plate
17 Air temperature, top edge of fireshield, side of drainline
18 Air temperature, lower edge of fireshield, side of drainline
19 Top of donut ring on crush shield
20 Lower edge of fireshield, side of drainline
21 Midpoint of fireshield, side of drainline
22 Upper edge of fireshield, side of drainline
23 Lower donut ring on crush shield, side of drainline
24 Top of lifting lug fin, opposite side of drainline
25 Ambient, approximately one meter above container

IN/TR 9301 F294, Revision 4

- Appendix 3.6.2 Page 18 -

July 2003



Chapter 3

~Table 3.6.2.1-T4
Test #1 - Temperatures Recorded at Location of each Thermocouple
- F-294 with Fireshield and Crush Shield‘in Place, no Extra Insulation

1 387
2 409
3 406
4 181
5 165 o
6 161
7 - 94
8 23
9 42
10 42
11 86*
12 - 63*
13 - 24+
14 104
15 39
16 41
17 44
18 25
19 37
20 25
21 25
22 S35
— —y

* Suspect reading, see Observations. -
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Table 3.6.2.1-T5
Test #2 - Temperatures Recorded at Location of each Thermocouple
F-294 with Fireshield and Crush Shield Removed, No Extra Insulation

1 386
2 409
3 406
4 179
5 162
6 158
7 78*
8 23
9

10

11 90
12 66
13 32
14 101
15

16

17

18

19

20

21

22

23

* Suspect reading, see Observations.
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Table 3.6.2.1-T6
Test #3 - Temperatures Recorded at Location of each Thermocouple with Fireshield
and Crush Shield Removed (With Extra Insulation)

1 -394
2 . 414
3 412
4 193
5 169
6 166
7 9%
7a , .- 6l (top of insulation) above #7
21 ¢ o |
;
10
1 ' A
12 92 . ,
122 B 65 (top of insulation) sbove #12
13 o 32 -
14 ' 104
15 o
16 ,
17 26
18 ‘ 25
19 o c
20
= -
22
23 ,
24 , 43
2% - 34
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Table 3.6.2.1-T7
Test #4 - Temperatures Recorded at Location of each Thermocouple
F-294 with Fireshield and Crush Shield in Place, With Extra Insulation

1 397
2 417
3 415
4 200
5 175
6 172
7 106
7a 71 (top of insulation above #7
8 20
9 40
10 44
11 107
12 92
13 31
14 112
15 40
16 43
17 41
18 23
19 40
20 21
21 26
22 36
23 48
24 53
25 29
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o Figure 3.6.2.1-F1
- F-294 Loading Diagram -

Next to Drainline
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Figure 3.6.2.1-F2
Thermocouple Locations on F-294
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C.

Figure 3.6.2.1-F3
F-294 Bottom Corner, Extra Thermal Insulation (1/2 in. Kaowool)
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Figure 3.6.2.1-F4
F-294 Top Corner, Extra Thermal Insulation (1/2 in. Kaowool)
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' SUB-APPENDIX 3.6.2.2 .
TEST #5.3.10, NORMAL THERMAL TESTING AFI'ER THE DRroOP

TEST #5.3.10 - Normal Thermal Test After the Drop

#1  Test# ‘ 5.3.10 as per test plan document IN/QA 1368 F294 (1)
- Normal Thermal Test After the Drop '

Date test conducted March 17 to 24 1998

#2 Person(s) who condncted the test/procedure
Ed Psutka, Industrial Operations

Greg Chupick, Industrial Operations Momtor -
DaveWhltbyIndusu'xalQuahtyContml o

#3 Test Details

The F-294 test packaging was subjected to exght (8) drop tests conducted on Februa.ry 25, 1998
at Chalk River Laboratory, AECL, Chalk River, Ontario, Canada. After the drop tests, the F-294
Shipping Package was subjected to the same normal thermal testing after the drop test as was
performed prior to the drop test when loaded with Co-60 as outlined in The Procedure for
Steady State Thermal Test IN/OP 0597. The drop-tested F-294 was loaded by the same technician,
Ed Psutka of Industrial Operations, and the thermal testing was carried out by Greg Chupick, the
Industrial Operations Monitor, and Dave Whitby of Industrial Quality Control. The same four tests
were again carried out on the four different configurations. : _

Test #1: F-294 with fireshield and crush shield, no added insulation -~ -

Test #2: F-294 without fireshield or crush shield, no added insulation = .

. Test #3: F-294 without fireshield or crush shield, with added insulation =
Test #4: F-294 with fireshield and cmsh shJeld, with added insulation

#3.1 Instrumentation

All the instrumentation used on the pre-drop thermal test was also used on the post-drop test. A
third temperature reader was used due to the higher number of thermocouple locatlons on the drop-
tested F-294. The following msmxmcntatxon was used : o

-Instrument Make Model -Cal. Date ’ Accnrag' Nordion No.
Temperature - Omega OM-302 | 1997 Sept. +2°C 6-810-021
‘Temperature Fluke | 2166A 1997 Oct. - .£0.5% 6-810-022
Temperature. | Omega | -650 -.|: 1998 Feb. . - x1°C 6-810-013
Thermocouple Omega | HH-K-20 | 1998Jan. | %+2.2°Cor n/a
wire Type K 3 RS L $075% |

The thermocouples each had a flame fusion junction that could be mounted on the container wall.
The method of affixing the thermocouples onto the container was improved over the pre-drop
thermal test. Each thermocouple junction was fusion welded onto a stainless steel flat plate,
approximately % in. square and approximately 0.030 in. thick which, in tum, was tack welded
directly on to the container wall.
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The F-294 flask was prepared for thermal tests prior to loading just as the pre-drop test, except
with an additional thermocouple located in the cavity. Two thermocouples were mounted on the
cavity wall, in line with the drainline, radially opposed to each other and axially on the cavity
center line. A third thermocouple was mounted in line with the most damaged area of the F-294,
near lift lug #4 (see Figure 3.6.2.2-F1). A fourth thermocouple was mounted on the underside of
the container plug, adjacent to the vent line exit hole. The wire for the four thermocouples was
routed out the F-294 plug vent line to Type K connectors.

Thermocouples were also mounted actively onto the same three C-188 sources, using hose clamps
for a secure contact. The thermocouples were positioned at approximately the center of the
sources; the Source Technician then placed these sources (s/n’s 59475, 59432, 59532) within

the F-313 cage assembly as shown on the Loading Diagram attached (see Figure 3.6.2.2-F3).

The thermocouple wire was routed through the drainline to Type K connectors.

#3.2 Source Loading in Cell 06

The F-294 was loaded 1998 March 17 with the same sources in the same loading configuration

as the pre-drop thermal test. The activity for that date was 366,160 curies Cobalt-60, as per the
loading diagram attached (see Figure 3.6.2.2-F3). The loading was done as any typical preparation
for shipment, complete with a cavity argon purge and the plug fasteners torqued to 100 f.-1b. in
Cell 06 within Industrial Operations, MDS Nordion, Ottawa.

The loaded container was removed from Cell 06 and placed in the shipping bay. The
thermocouples were mounted on the container as listed in Table 3.6.2.2-T1 and shown in Figure
3.6.2.2-F4. Some additional thermocouples were mounted onto the damaged areas of the container
(see Figures 3.6.2.2-F1 and 3.6.2.2-F2).

#4 Actual Thermal Tests

#4.1 Test#1 - Fireshield and Crush Shield Removed

The F-294 was loaded at approximately 13:00 on 1998 March 17; after preparation, temperature
readings were acquired at 14:20 and successive readings were taken to demonstrate a thermal
steady state condition up to 1998 March 19 (see Test #1, Table 3.6.2.2-T2 and Figure 3.6.2.2-F5).

#4.2 Test #2 - Fireshield and Crush Shield in Place

The fireshield and the upper crush shield, which had been damaged during the drop test, had to be
cut from the container assembly prior to loading. The fireshield was cut into three segments and the
more damaged crush shield had to have some fins flame cut for removal.

To re-assemble the fireshield in place, the lower edge was fastened normally while the upper

area was strapped together. The seams were taped to prevent air flow between the segments.

The puncture holes on the fireshield were also taped to prevent air flow bypass. The crushshield
was set in place on top of the container, although it could not be fastened down. As the crushshield
was propped up by the lifting eye welded on top of the plug, we had to cut out an elliptical hole
approximately 4 in. x 6 in. so that the crush shield would seat as close as possible to the top of the
container. This hole was taped so that there would not be any bypass of air flow. Temperature
readings were taken on March 19 through to March 20 (see Test #2, Table 3.6.2.2-T3).
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- #43 Test #3 - Fireshield and Crush Shield Removed - Insulated

One-half-inch Kaowool insulation strips were cut and taped on to the upper and lower sections,
as per instructions from V. Shah on March 20. Temperature readings were then recorded from
March 20 and again on March 23 (see Test #3, Table 3.6.2.2-T4).

Test #4 - Fireshield and Crush Slueld in Place Insulated

The ﬁresh:eld and upper crush shield were assembled into place as in Test #2 and the appropriate
: addmonal thermocouples were tacked into position after Test #3 on March 23. Temperature
reedmgs were recorded through to March 24 (see Test #4 Table 3 6 2.2-T5)

#5 Observations -

- The thermocouple mounted on C-188 s/n 59432 must have broken during the loading procedure as
-it was not operating properly afterward; therefore this thermocouple was not allocated to a channel
during the testing.

Position 5 on the Omega 650 temperature reader, which corresponds with channel 25, was
- - inoperative and was not used for these tests. :

Based on Test #1, it appears that temperat\n'e eqmlibnum is reached in approxrmately 24 hours
from the start of the test. :

'I‘he hxghest temperature readmgs are shown in Table 3 6.2 2-Té6.

#6 "~ Conclusions -

1. Four cases (tests) were carried out as follows: - -
Test #1: F-294 without fireshield and crush sh1eld, no added insulation
Test #2: F-294 with fireshield and crush shield, no added insulation
- Test #3: F-294 without fireshield and crush shield, with added insulation
, Test #4: F-294 with fireshield and crush shield, with added insulation
2. The decay heat load was simulated using quantity forty (40), full-scale active C-188 cobalt-60
sources. The C-188 capsules were loaded in a single ring within the F-313 source carrier.
These C-188 sources were the same ones used in the pre-drop thermal test. The curies used at
the start and finish of the post-drop thermal test are as follows:
e  at the start: 1998 March 17 - 366,160 curies (5.638 kW)
o gt the finish: 1998 March 24 - 365,237 curies (5.624 kW)
The F-294 cavity was purged with argon. Therefore the F-294 cavity envxronment was argon.
It is estimated that the time required for the temperature to reach equilibrium is 24 hours,
based on Test #1.
5. The highest temperatures of the following designated location/components are based on Test
#4 (F-294 with fireshield and crushshield, with added insulation) are as per table below.

W

"IN/TR 9301 F294, Revision 4 ' " -Appendix3.62 Page29- RS - July2003



Chapter 3

Item Location Temperature (°C)

1 C-138 413
2 Cavity wall 193
3 Underside of the F-294 closure plug 222
4 Top of the F-294 closure plug 111
5 | Mid height of the F-294 external container wall 110
6 Top of lift lug fin (most accessible surface) 56

7 | Ambient 23

6. The lowest temperatures of the following designated location/components are based on Case 1

(F-294 without fireshield and crushshield, without added

insulation) are as per table

below.
Item Location Temperature (°C)
1 C-188 368
2 Cavity wall 167
3 Underside of the F-294 closure plug 206
4 Top of the F-294 closure plug 87
5 Mid height of the F-294 external container wall 91
6 Ambient 25
#7 Personnel
Name Title
Test prepared by: D. Whitby | Industrial Quality Control
Reviewed by: G. Chupick | Industrial Monitor, Decontamination Services
Approved by: V. Shah Package Engineering
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“Table 3.6.2.2-T1

et Thermocouple Locations
iChannel | .. 0l w0 i
1 C-188 source, midpoint of s/n 59532
12 C-188 source, midpoint of s/n 59475
3 Underside of shielding plug, adjacent to ventline exit hole :
14 Cavity wall midheight, in line with damaged lift lug #4
5. Cavity wall midheight on the side opposite the drainline- )
6 Cavity wall midheight on the same side as the drainline
17 Container wall between the fins, middle section, in line with dmmlme
8 Ambient, at elevation even with cavity mxdpoxnt . ) :
9 ‘Top center of shielding plug : :
10 Ambient, approximately one meter above top of container
11 Top of lift ug #2 :
12 Container wall, lower section, adjacent to the drainline
13 Underside of container, center; middle of indentation from puncture pin
14 Container wall, upper sectnon, under damaged fins, nnd-way between lift lugs #1 and #2
| (damage zone #2) )
15 Container wall, middle section, mid-way between lift lugs #1 and #2 (damagc zone #2)
16 "Container wall, lower section, mid-way between lift lugs #1 and #2 (damage zone #2)
17 Air temperature, top edge of fireshield, in line with drainline
18 ¢ Air temperature, lower edge of fireshield, in line with drainline )
19 Air temperature, upper section, between damaged fins near lift lug #4
\-/ 20 Container wall, middle section; under fin folded over from puncture pin, near lxﬂ lug #4
21 Container wall, upper section, in line Wlth dmnlxne
22 Top of damaged lift lug #4 ’
23 ‘Top of insulation, over t/c #21
24 Top of insulation, over t/c #12
25 ¢ Inoperative
26 Container wall, upper sectwn, adjacent to damaged lift lug #4 (on reinforcing p pad)
27 Air temperature, lower section, between damaged fins, near lift lug #4
28 _Container wall, upper section, adjacent to damaged lift lug #4 (other side of fin from t/c #26)
29 Top of insulation, over t/c #26
30 Top of insulation, lower section, next to hﬁ lug #4
31 . Top center of crush shield
32 Top of crush shield, equidistant between center and outside edge of plate, in line with lift lug#2
33 Top of crush shield, outside edge of plate, in line thh lift lug #2
34 Top edge of fireshield, in line with drainline ’
35 Mid-height of fireshield, in line with drainline
36 Bottom edge of fire shield, in line with drainline
37 Air temperature, between damaged fins of crush shield, in line with drainline
38 ‘Top of upper donut ring on crush shield, in line with lift lug #2
39 | Top of lower donut ring on crush shield, in line with lift lug #2
40 Top of fireshield, puncture pin damaged zone #1, near lift lug #4
41 Top of fireshield, near lift Jug #2
. 42 Top of insulation, upper section, between fins of damage zone #2
N/ 43 ‘Top of insulation, lower section, between fins of damage zone #2
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Table 3.6.2.2-T2

Test #1 - Recorded Temperatures ~
(No Insulation, Crush Shield and Fireshield Removed) B

14:20 | 15:00 { 15:30 | 16:00 § 16:30 |17:00} 17:30 | 18:00 8:30 | 10:00 | 11:00 § 12:00 | 13:00 | 14:00 | 15:45 ] 8:45 |]10:50

357 | 358 | 359 | 359 | 359 ] 360 | 360 | 359 | 360 | 368 | 367 | 367 | 368 | 368 | 368 | 368 J 368 | 368

-

2 398 | 400 | 400 | 400 [ 400 | 399 | 399 | 399 ]| 398 J 404 | 404 | 404 | 405 | 405 | 405 | 405 ] 405 | 405
3 167 | 1M 174 | 178 | 181 | 183 | 186 | 188 | 189 § 204 | 205 | 206 | 204 | 206 | 204 | 206 § 206 | 206
4 128 | 132 | 136 | 139 | 143 ] 146 | 148 | 150 | 152 | 167 | 167 | 167 | 167 | 168 | 168 | 168 [ 167 | 167
5 144 | 149 | 151 153 | 155 | 157 | 158 | 159 | 161 173 1 173 | 173 | 173 | 174 | 174 | 174 | 174 | 174
6 138 | 142 | 146 | 149 152 ) 155 | 157 | 159 | 161 174 | 174 } 175 } 175 | 175 | 175 | 175 | 175} 175
7 48 53 57 61 64 67 7 73 76 90 90 90 91 91 91 91 91 § 91
8 24 24 24 25 25 24 25 25 24 25 24 24 25 25 25 25 231 25
9 42 46 49 53 56 62 63 67 69 83 87 88 88 86 85 83 85 | 87
10 26 27 27 29 28 28 32 30 3 33 3 29 28 31 33 32 3o} 29
1n 25 26 27 29 30 3 32 3 34 35 41 41 41 41 42 41 41 41 | 41
12 33 40 45 48 52 55 58 60 62 64 77 7 77 77 77 77 78 74177

]
]

23 23 24 24 |- 25 26 26 27 32 32 33 33 33 33 33 331133

14 37 43 48 52 55 58 62 64 66 68 83 84 84 84 85 85 84 84 | 84
15 41 50 54 59 62 66 69 72 73 75 91 91 9N 92 92 92 91 91 ] . J
16 )| 38 42 45 48 | S1 54 57 58 60 74 75 75 75 76 75 76 74175
17 24 26 26 27 27 | 28§ 28 28 28 29 k) 31 31 31 3 32 31 31§ 31

]
]

2 2 23 23 23 23 23 23 24 23 23 24 24 24 28 28 | 28

19 24 28 29 30 31 k)| 32 32 3 34 36 38 38 38 37 38 39 38 | 39
20 41 49 54 58 62 65 68 n 73 75 88 88 89 89 89 89 89 89 | 88
21 42 46 50 53 56 59 61 62 64 7 78 78 78 78 78 77 77| 77
22 27 29 30 32 34 35 36 37 38 4 44 45 45 - 45 45 44 | 45
23 42

24 22

25 43

26 42 46 49 53 56 59 62 63 65 80 80 80 82 81 81 80 80 | 80
27 22 26 27 27 28 29 30 3 31 25 25 25 25 25 26 26 26 | 26
28 43 48 52 55 58 61 63 65 67 82 82 82 80 83 83 83 82| 83
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Table 3.62.2-T3
Test #2, Recorded Temperatures
(No Insulation, with Crush Shield and Fireshield)

Chapter 3

16:00 | 17:00 | 8:45 | 9:45 | 11:00 | 11:50 16:00 | 17:00 | 8:45 | 9:45 | 11:00 { 11:50
1 3n | 3an |33 |3 | 32|32 .23 -1 - - - -
2 406 | 406 | 407 | 407 | 407 | 407 24 - < - - -
3 209 | 209 } 212 | 212 | 212 | 212 25 | - -1 -1 - -
4 169 | 170 12 {112 | 12| 12 .26 | 8 | 9% | 92|92 | 92| 9n
5 13| 174 176 | 176 | 176 | 175 27 24 | 24 ] 24 | 18] 24 | 2
6 178 | 178 | 181 | 180 | 180 | 179 28 91 92 | 94 | 94 | 94 | 94
7 94 | 95 | o7 | 97 | 97| &7 29 | - - - | - - -
8 | 24| 24 ] 24| 23] 24 | 23 30 | - -1 - - - -
9 98 | 98 ] 103 | 102 | 103 | 102 © 31 2 | 2)la sl sl
10 28 | 27} 28 | 26 | 25 | 25 32 30| 39 ] 40 | 40 | 40| 4
1 51 | 52 ] 53 ] s3 | 53 | 53 33 0 o ]alal|lala
12 | 68 | 67 | 68 | 69 | 68 | ‘68 34 34 | 34 | 34 | 34 | 34 | 34
13 32 § 32132 | 31|31 | 3 35 29- | 29 |29 | 29 | 29 | 29
14 o1 | 92 | 94 | 94 | 94 | o4 36 28 | 29 |28 | 27| 28 | 28
15 95 ] 95 } 97| 97| 97| 9% 37 46 45 | a1 | 45| 41 | @
16 61 | 59 ] 63 | 63 | 65 | 61 - 38 43 | 44 | 44 | 44| 44 | 4
17 51 ] 51 ] s2 ] s1| st s1 - 39 57 ) s8 | 59 | 58 | .58 | s8
18 HEEEENEREE R 38 | 39 | 39 | 39| 39 | 3
19 50| so {50 [ 50 s0 | 50 41 | 37 | 37 |} 37 | 37 | 37 | 37
20 87 | 88 | 8 | 8 | 8 | 88 42 - -1 -1- - -
21 8 | 8 | 88 | 87 | 8 | 88 .43 - - -1 - - -
2 s1 | s6 | 57| 56 | 57| 57
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Test #3, Recorded Temperatures

Table 3.6.2.2-T4

(With Insulation, Crush Shield and Fireshield Removed)

1 373 374 377 23 66 66 64
2 408 408 411 24 70 72 75
3 211 211 213 25

4 174 175 179 26 93 94 97
5 181 182 187 27 27 27 28
6 182 183 187 28 95 96 99
7 96 97 102 29 7 72 n
8 24 24 24 30 67 73 78
9 92 91 93 31

10 27 28 26 32

11 45 45 46 33

12 89 91 96 34

13 33 34 37 35

14 96 97 100 36

15 97 99 103 37

16 % 92 98 38

17 32 33 33 39 40 40 40
18 28 29 28 40

19 41 42 43 41

20 96 98 102 42 65 66 66
21 96 97 100 43 65 67 73
22 48 48 n/r
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Table3.622-T5
: Test #4, Recorded Temperatures
(With Insulation, Cr_ush S‘hireld anﬂ Firgshield)

15:10 | 16:50 | 8:20 | 9:15-

1 378 | 379 | 379 | 379 | 381 | 381 3 | Bl ]| M
2 411 | 411 412 {42z la3 | a3l 24 |27 nyln
3 213 215 | a8 |21 221 | 20 25 | ‘

4 181 | 182 | 183 | 184 | 186 | 186} | 26 ] 100 | 103 105 | 106 | 109 | 109
s 187 | 187 ) 188 |aso Lo | | 27 | 24 | 26 | 28 | 25 | 24| 23
6 | 188 | 18 | 101 | 191 | 193} 193 28 102 | 106 {108} 100} 1 }n
7 104 |-10s | 106 | 107 | 109|108 | 20 82 | 84 | 80 | 86 | 87 | 87
8 24l 3| 23 a3y 2a3f] 30 |ea]lea]|e e | el e
9- -1 99 | 103 ] 106 | 108 | 110 | 111 ~31. | 31| 42 44 45 | 45 | 45
10 | 28 | 28| 28 [ 31 27 ] 29 ) 32 |30 | a1 |42} 43|44
B so | s3 ) s5 | s6 ) s6 | s6 ] ) 33 |31 ] 39| 4. | a}a]|s
a2 | 94 | 94 | 94 | 95 Jos | 96 || 3¢ | 31| 34| 34| 35| 34) 35
13 37 1 36 | 35 | 35 36| 35§ | 35 | 27| 29§29 29[ 291/ 2
4. J 102 | 105 ] 108 {109 ] 11} 36 | 27| 27 | 27| 28 } 27 | 27
15 1051107 | 108 | 1091 |10 | 37 | 44 ) 46| 47| 47| a8 | 47
16 (97| 91| 97 { 98] 99| 9 38 | 35 | 44 | 45 | 46 | 45| 46
17 || si| s2 | ss]ss | s2] ] 30 | so]sa]ss]s6e]|ss]| s
18 | 32| 33| 32 |33 ] 4 8| 41 | 41| 2] 4] 4
19 52. 1-53 | 53 | s4 | 54 | sa’] 4 | 32736 | 36 | 37 | 37| 37
20 o1 101 | 102 103 a0e]ea] | 2 |2 s 6] 7]
2t |12} 106 | 108 {109 |-} 4 | 4| 2] 30| 4] 6
22 s7.1 61 62 | 6| e
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Table 3.6.2.2-T6
Thermocouple Location with Highest Temperature Readings

‘Channel Tl o T T ek

1 C-188 source, midpoint of s/n 59532

2 C-188 source, midpoint of s/n 59475

3 Underside of shielding plug, adjacent to ventline exit hole : 206 212 213 | 222
4 Cavity wall midheight, in line with damaged lift lug #4 167 172 179 | 186
5 Cavity wall midheight on the side opposite the drainline 174 175 187 | 191
6 Cavity wall midheight on the same side as the drainline 175 179 187 | 193
7 Container wall between the fins, middle section, in line with drainline 91 97 102 108
8 Ambient, at elevation even with cavity midpoint 25 23 24 23
9 Top center of shielding plug 87 102 93 111
10 Ambient, approximately one meter above top of container 29 25 26 29
11 Top of lift lug #2 41 53 46 56
12 Container wall, lower section, adjacent to the drainline 77 68 96 96
13 Underside of container, center; middle of indentation from puncture pin 33 31 37 35
14 Container wall, upper section, under damaged fins, mid-way between lift lugs #1 and #2 84 94 100 111

(damage zone #2)
15 Container wall, middle section, mid-way between lift lugs #1 and #2 (damage zone #2) 91 96 103 | 110
16 Container wall, lower section, mid-way between lift lugs #1 and #2 (damage zone #2) 75 61 98 99
17 Air temperature, top edge of fireshield, in line with drainline 31 51 33 52
18 Air temperature, lower edge of fireshield, in line with drainline 28 36 28 32 )
19 Air temperature, upper section, between damaged fins near lift lug #4 39 50 43 54
20 Container wall, middle section; under fin folded over from puncture pin, near lift lgg #4 88 88 102 104
21 Container wall, upper section, in line with drainline. 77 88 100 | 111
22 Top of damaged lift lug #4 45 57 n'r 64
23 Top of insulation, over t/c #21 n/a n/a 64 79
24 Top of insulation, over t/c #12 n/a n/a 75 7
25 Inoperative n/a n/a n/a n/a
26 Container wall, upper section, adjacent to damaged lift lug #4 (on reinforcing pad) 80 92 97 109
27 Air temperature, lower section, between damaged fins, near lift lug #4 26 23 28 23
28 Container wall, upper section, adjacent to damaged lift lug #4 (other side of fin from t/c #26) 83 94 99 111
29 Top of insulation, over t/c #26 n/a n/a 71 87
30 Top of insulation, lower section, next to lift lug #4 n/a n/a 78 64
31 Top center of crush shield n/a 43 n/a 45
32 Top of crush shield, equidistant between center and outside edge of plate, in line with lift n/a 40 n/a 43
Tug #2

33 'I;p of crush shield, outside edge of plate, in line with lift lug #2 n/a 41 n/a 40
34 Top edge of fireshield, in line with drainline n/a 34 n/a 35
35 Mid-height of fireshield, in line with drainline n/a 29 n/a 29
36 Bottom edge of fire shield, in line with drainline n/a 28 n/a 27
37 Air temperature, between damaged fins of crush shield, in line with drainline n/a 47 n/a 47
38 Top of upper donut ring on crush shield, in line with lift lug #2 n/a 44 n/a 46
39 Top of lower donut ring on crush shield, in line with lift lug #2 n/a 58 40 57
40 Top of fireshield, puncture pin damaged zone #1, near lift lug #4 n/a 39 n/a 42
41 Top of fireshield, near lift lug #2 n/a 37 n/a 37
42 Top of insulation, upper section, between fins of damage zone #2 n/a n/a 66 79
43 Top of insulation, lower section, between fins of damaged zone #2 n/a n/a 73 65
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.6.2.2-F1
Locations and Identifications of Damaged Zone #1

Figure 3
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, Figure 3.6.2.2-F2
Digital Photo: Locations and Identifications of Damaged Zone #2
(G:\\QA\QC\PHOTOS\3F294.BMP)

Drainline
this side
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Figure 3.6.2.2-F3 -
Loading Diagram of F-294 and Locations of Thermocouples in the F-294 Cavity
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Figure 3.6.2.2-F4

Thermocouple Locations (plane through drainline)
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Figure 3.6.2.2-F5
Thermoconplg Locations (other planes)
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Figure 3.6.2.2-F6
Test #1 Temperature vs Time - Plot of Selected Thermocouples
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APPENDIX 3.63
STEADY STATE HEAT TRANSFER IN THE CAVITY OF F-294 PACKAGE

1. INTRODUCTION

Present regulations do not place a limit on the maximum temperature of a cobalt-60 radioactive source
capsule during transport. What they do require is that, under normal conditions of transport, the radioactive
material released from the containment vessel be limited to the amounts specified in the regulations. Under
hypothetical accident conditions some activity release, up to specified regulatory limits, may be permitted.
1t is therefore prudent to keep the source encapsulation temperatures as low as possible. For the C-188
double encapsulated cobalt-60 source capsule, the outer ss316L encapsulation is considered part of the
containment system. The C-188 has been certified as Special Form Radioactive Material and consequently
has met the 800°C (1,472°F) thermal test for Special F orm Radioactive Matenals to IAEA SS 6 1985
Edition (Ref. [17]). See Chapter 4, Appendix 4.4.2. . '

Temperature calculations of C-188 source capsules loaded in one (l) rmg of holes of the F-313 source "
holder in the F-294 cavity are presented here.

2. DEFINITION OF PROBLEM

The C-188 cobalt-60 sources are loaded in 2 F-313 sburce bolder within 11.5 in. diameter of the F-294
cavity. The source holder is loaded with 40 sources in the outermost (1st) ring of holes only Heat in the
cavnty is the result of :

1. attenuation of gamma rays within the source capsule (self- attenuahon)
2. capsule to capsule (mutual attenua‘uon) ;
3. capsule to source holder matcnal (mutual mtenuatlon)

Two methods are employed to calculate the maximum ss316L cladding temperature required to tra.nsfer
heat generated within the cavity. From Chapter 3, Appendix 3.6.2, the measured cavity wall temperature is
175 °C (347 °F) with an ambient of 20 °C (68 °F). The cavity wall temperature of 193 °C (379 °F) at an
ambient of 38 °C (100 °F) is used in the thermal calculations. This value i is not corrected for temperature
measurement errors and solar heat load.

In method #1, the 40 source capsules are modeled as an eqmvalexit tubular heat source. The heat is
transferred from only the outer surface of the ' eqmvalent“ tubular source to the F-294 cavnty wall.

In method #2, the heat transfer from one single source capsule within 11:5 in. dlameter cavity is cons1dexed.
The radiation heat exchange between one source capsule and the cavity wall is estimated based on view
factors.

In both methods, it is assumed that the hea1 is transferred ﬁ'om the source capsule to the cylmdncal wall of
the cavity; credit, due to the heat exchange at the top (between top end cap and the shield plug bottom face)
and at the bottom (between the bottom end cap and the cavity bottom face), has been ignored.
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3. METHOD #1 - ESTIMATE TEMPERATURE OF SOURCE OUTER
ENCAPSULATION

Step #1 Thermal model

See Figure 3.6.3-F1, Figure 3.6.3-F3 and Figure 3.6.3-F4 for thermal model, geometrical and other data of
the cavity and source capsules.

Step #2 Heat load Qyaa
For source holder loaded with source capsules in the 1st ring only, the heat load in the cavity is
approximately 35% of the total heat load [Ref. 11].
Therefore
Qraa = 0.35x 360 kCi x 15.47 W/kCi x 3.413 Bwh/'W
= 6,653 Btwh

Step #3 Heat transfer coefficients
For turbulent range of the natural convection heat transfer mode, McAdams (Ref. [14]) recommends for
air environment, heat transfer coefficient h.:
h =0.19 (AT) **
where
AT = temperature difference across the boundary layer, surface temperature - ambient temperature.
Step #4 Heat transport by convection, Q.
Heat transport by convection, Q.
Q=Uix A x(T5-Ty)
where
Ui =overall heat transfer coefficient based on bare cavity wall surface area - Bawh-ft.2-°F
A,  =the bare, unfinned cavity wall effective surface area - ft
T3 = temperature of the 1st ring of C-188 sources - °F
Ti = cavity wall temperature = 379 °F
Q. = amount of heat transferred by convection - Btw/h.

The overall heat transfer coefficient is evaluated as follows:
1/U1 = I/hcaz X A]/Ag + l/hczl

where
ha; = convective h.t.c. across boundary layer between 3 and 2.
hgp, = convective h.t.c. across boundary layer between 2 and 1.
A = surface area of bare cavity wall
A, = equivalent area of outside surface area of 1st ring of sources

Find an equivalent annulus representing 40, C-188 capsules in a ring.
#1. Cross sectional area of 40 C-188 capsules
AX40 =40 x 7t x 0.380%/4 = 4.537 in’
#2, Cross sectional area of equivalent annulus.
AXAN =/4[(PCD + 2A)’ - (PCD - 2A)))
= /4[(10 + 2A) — (10 - 24)]

=62.84A
#3. Set AX40 - AXAN and determine A
4537 =62.34A
A =0.072 in.
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#4. Equivalent source annulus.

" OD =PCD+2A =10+2x0072=10144in.
D =PCD-2A =10-2x0072= 9.856 in.

#5.  Verify AXAN = AX40 ‘

. AXAN /4 x (10.144% — 9856’) 4.524m

, Reasonable accuracy.
Initialization: ‘
T, = 830°F
T. = 379°F

Mean temperature, To= (T, + To)/2 = (830 + 379)/2 = 604.5°F
hay,  =0.19(830 —604.5)* = 1.154
hay =0.19(604.5-379)%*=1.154
A =nx11.5x19.75/144 = 4.95 fi?
Ay =nx10144x17.777144=393 >
/Ul =1hc32x[Al/A3]+1he2l
= 1/1.154 x [4.95/3.93] + 1/1 154
U,  =0510Btwh-ft>°F - s
Therefore
Q. =UxMx(-Ty)
=0.510x4.95 x (830-379)
=1,138 Btwh

Step #SRadiant heat exchange between "tubular" source and cavity wall )
Qx =0 A[l/{(les + A/A, (1, - DI [T - ]

where S -
& = emissivity of ss316L source surface=0.6 -
€ = emissivity of ss304 cavity surface=042 = =
T = source Initialization temperature = T, = 830°F = 1290°R
T = cavity wall temperature = T, = 379°F = 839°R
6  =Boltzmann's constant=0.1713 x 10* Btu/h ﬁ_’ °R
Qe =CA[U{(Ves+AJA (Ve - ][Ts* -Tv']
=0.1713 x 3.93 [1/{1/0.6 + 3.93/4.95(1/0. 42 1)}] [12 9" 8 39"]
=0.1713x3.93 x 0.361 x22737
= 5,525 Btw/h
Step #6 Heat transferred
&G = Qe+ Q.
= 5,525 +1,138
= 6,663 Btu/h
Step #7Reconciliation

Since the heat transferred Qr of 6,663 Btw/h is marginally Just greater than Qm of 6,653 Btu/h, the
Initialization temperature of T, = 830°F is correct. Therefore, the C-188 source temperature shall be
at 830°F in normal conditions of transport of F-294 for 360 kCi case.
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4. METHOD #2 - HEAT TRANSFER FROM ONE SINGLE SOURCE CAPSULE
TO THE CAVITY WALL

Effective thermal radiating surface

Effective thermal radiating surface is readily determined for the case of one C-188 source in the F-294
cavity because all elements of capsule radiating surface (a;) see only the surrounding cold cavity wall heat
sink and no element of the source capsule surface can see an equally hot surface where mutual exchange of
radiation would accomplish no net heat transfer. The familiar heat exchange equation is:

QxR  =cAea[TY-T]
where

Ty = temperature of source surface

T) = temperature of sink surface

As = surface area of one source capsule

o] = Boltzmann's constant
& = 0.6 ss316L, emissivity of source capsule surface
o = view factor estimated graphically as shown in Figure 3.6.3-F2.

In Figure 3.6.3-F2, angles of unobstructed view from the source capsule centre to the cavity
wall are estimated.

Step #1 Heat load from one source capsule: 360 kCi for qty = 40, C-188 capsules

Therefore, we have 9.0 kCi per C-188 source capsule.
Qaar =0.35x 9.0 kCi x 15.47 W/kCi x 3.413 Bwh/'W
= 166.3 Btwh

Step #2 Source capsule surface area A
As  =mx0380x17.777/144=0.147 ft?

Step #3 View factor: o = 0.6 from Figure 3.6.3-F2
Step #4 Initialization: T, = 830°F (1,290°R), T. = 379°F (839°R)

Step #5 Radiant heat exchange
QR =0Ago[T-T]
=0.1713 x 0.147 x 0.6 x 0.6 [12.90* — 8.39"]

= 206. Bawh
Step#6 Convective heat exchange
Q =UAM-T)

where

Q. = heat transfer by convection Btwh

U = overall heat transfer coefficient between the source capsule surface and the

cavity wall surface = 0.510 (same as calculated in section 3, step # 4)
Ts = source surface temperature °F
T, = cavity wall temperature °F

Qc =UXA3X(T;—T1)
=0.510x 0.147 x (830 — 379)
=33.8 Btwh

IN/TR 9301 F294, Revision 4 - Appendix 3.6.3 Page 4 - July 2003

N



Chapter 3

Step #7 Reconciliation
& =Rrt+Q
=206. +33.8 Btwh
= 239.8 Btw/h

Since the heat transferred Qr of 239.8 Btw/h is greater than Q.q; of 166.3 Btwh, the initialization
temperature of T; = 830°F is high. Reiterate with a better value.
Step #82nd computatmnal cycle AR
With
T, =T750°F=T;
Qx =1494Btwh -

Q. =26.Bwh

Qr =x+Q
=149.4 +26
=1754Btwh

Since the heat transferred Qr of 175.4 Btwh is marginally just greater than Qs of 166.3. Btu/h, the
temperature of T3 = 750°F converges.

5.. CONCLUSIONS

5.1 For 360 kCi of cobalt-60 in F-294 cav1ty, equally dxstnbuted in quantity = 40 C-188s, in one ring
of holes in an F-313 source holder: :

1. C-188 source temperature of 830°F is calculated based on method #1.
2. C-188 source temperature of 750°F is calculated based on method #2.

In method #2, the estimation of view factor o is rather high. In reality, the path of C-188 to
the cavity wall is obscured by the F-313 source holder support rods. Method #1 is considered more
accurate of the two methods as it considers the emissivity of the cavity wall. :

5.2 . . As per Chapter 3, Appendix 3.6.3, the measured temperature of C-188 source, based on 374 428
Ci of cobalt-60 in the cavity of F-294 purged with argon, is 824°F at an ambient of 100°F.

53  C-188 source temperature measurements (824°F) validates the analytical method #1 to estimate the
C-188 source temperature (830°F). The analytical method #2 under-predicts the C-188 source
temperature (750°F). :

"IN/TR 9301 F294, Revision 4 » - Appendix 3.6.3 Page S - July 2003



Chapter 3

Figure 3.6.3-F1
Cavity Heat Transfer - Geometry, Data, Temperature Distribution
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Figure 3.63F2
" Radiant Window for 40, C-188 Capsules in 11.5 in. Diameter Cavity
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Figure 3.6.3-F3
Thermal Model for One (1) or Two (2) Rings of C-188s in the F-294 Cavity
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Figure 3.6.3-F4
Equivalent Annulus of 1st Ring of C-188s
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1 INTRODUCTION

This appendix describes the thermal performance of the F—294 transpoxt package with the F-313 source
carrier before, during and after the regulatory ﬁre test. Analysxs is done using the COSMOS/M finite
element package.[15]

The package has a maximum actmty of 360 kCi of Co-60. In sections 2 and 3, the model is described

and validated using the results of  test loading at 375.5 kCL The fourth and ﬁﬁh sectxons apply the model
to the case of a 360 kCi load of Co-60. '

Section 6 includes various pa.rametnc studies to estabhsh the Sensmvxty of the results to the main

; assumptzons of the model

2 DESCRIPTION OF THE MODEL

.The F-294 is shown in Figure 3.6.4-F1. Modelmg assumptions fall into two categories; geometrical and |

thermal parameters. These assumptions are discussed below. -

A brief description of the elements used in the analysis is found in Sub-appendlx 1. 81 units are used in
the analysis. However, where apphcable, conversion factors are prov1ded ,

2, I GEOMETRY

The model is shown in Figure 3. 6 4-F2. The followmg is assumed

a) The model mcludes elements made up of stainless steel, mild steel, lead, kaowool transite and air.
The material distribution is shown in Figures 3.6.4-F3.

b) The package has axial symmetry. This effectively reduces thisto 2 two-d:mensxonal problem
(PLANE2D elements are used.) This assumption requires the fin elements to be treated differently
from the remaining elements, (See matenal property set 6, Figure 3.6.4-F3 )

The fins account for 12% of the radial area. There is three-dxmensmnal heat tmnsfer between them
and the main body of the shield, the external fireshields and the envnonment The various heat
transfer paths are shown in Figure 3.64-F4. =

In order to properly account for conduction heat input, the densnty and thermal conductmty of

the fin material are decreased to 12% of values for stainless steel. This ensures that the two

dimensional transient heat flow equation is satisfied. In order to account for convection and

radiation effects, heat transfer from the fin surfaces is explicitly modeled using convection and
_ radiation links. (See CLINK and RLINK elements in Sub-appendix 1.) - '

¢) .- The top plug sits on a neoprene gasket retained in the main body The air gap between the top plug
~ and the main body is assumed to be 0.0016 m (0.0625 in). -

¢)  The base of the F-294 is dished. This geometry is simulated using stratght lines as shown in
Figure 3.6.4-F5.

2.2 THERMAL PARAMETERS

The following assumptions relate to the thetmal charactenstzcs of the unit.

a) The decay of Co-60 generates 2504 keV of photon energy and 96 keV of continuous radtanon.[IG]
Thus, each kCi of Co-60 generates 15.4 W of heat, as demonstrated below

1000C1*37E10dts/s*2600keV*1602E 16J *1 W 154 W

— .
e — —

lkCz ' Ci 'Vdis : - keV J/.s' kCz
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b)

The self attenuation of the capsule results in lower radiation fields in the axial dimension and
higher radial fields. This effect is demonstrated in Figure 3.6.4-F6. As most of this radiation is
converted to heat energy it is important to account for the difference in heat generation rate
between the top plug and the main body. In the analysis, it is conservatively assumed that 80%

of the heat is generated radially and that the remaining 20% of the heat is distributed evenly
between the top plug and the bottom of the main body. The conservative nature of this assumption
is demonstrated by the relatively high top plug top surface temperature calculated in section 3.0
relative to the measured top plug surface temperature.

It is further assumed that this heat is generated in the first steel and lead elements in the path of
the emitted radiation. For the top plug only, it is necessary to model the heat generated in the steel
elements separately from the lead elements. (See assumption h.) The resultant heat generation rates
are given in Table 3.6.4-T1. The heated elements are shown in Figure 3.6.4-F7.

Table 3.6.4-T1
Element Heat Generation Rates

1,2,3 TOP PLUG (steel) 262.7

10,11,12,13 TOP PLUG (lead) 170.1

53, 54,59, 60 BOTTOM 226.8

37, 55, 56, 57, 58, 61, 62, 63, 64 SIDE 3874

d

For the normal conditions of transport, the air between the fireshield and main body is heated as it
rises. Experiments have shown the temperature increase to be 21°C between the entrance and the
exit (see section 3). In the steady state analysis, three discrete air temperatures are used:

For convective heat transfer at the bottom of the main body, the air temperature is
assumed to be 38°C. The affected areas are the lower fireshield, and the lower horizontal
and dished surface of the main body. Node 400 is arbitrarily located in space as shown in
Figure 3.6.4-F8 and is assigned a constant temperature of either 38°C or 800 °C. The
latter temperature is only used during the fire test.

For convective heat transfer from the radial fireshield and from the vertical and upper
conical section of the main body, the air temperature is assumed to increase to 48°C. Node
401 is arbitrarily located in space as shown in Figure 3.6.4-F8 and is assigned a constant
temperature of either 48°C or 800°C. The latter temperature is only used during the fire
test.

For convection from the top plug, the air temperature is assumed to increase to 55°C.
Node 402 is arbitrarily located in space as shown in Figure 3.6.4-F8 and is assigned a
constant temperature of either 55°C or 800°C.

For the validation run, these node temperatures are set to 23°C, 33°C and 40°C respectively.

Heat transfer between the top plug and the main body is assumed to be by conduction through air,
and by radiation. Conduction is modeled using the one dimensional TRUS2D elements (see Sub-
appendix 1). The elements are assigned cross sectional areas using the algorithm of Figure 3.6.4-
F9. Radiation effects are modeled using radiation links between the same nodes. Shape factors are
set to one.
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-/



Chapter 3

g

b)

b))

"~ Radiation effects in the regions enclosed by the fireshield are modeled using radiation links

(see RLINK elements in Sub-appendix 1). These elements are shown in Fxgure 3.6.4-F11 and
are connected to node 400.

Use of RLINKS requires shape factors, radiating surface areas and emissivities to be assigned.
Shape factors are calculated as described in Sub-appendix 2. Surface areas for specific nodes are
assigned as described in Figure 3.6.4-F9. All mtemal surfaces are ass1gned an emlssmty of 0.8.

Heat transfer from the surface of the shJeldmg vessel is via convection and radiation. Fin effects
are considered by explicitly modeling the convection and radiation paths from the surface of the
shield and from the fins. Convection effects from these surfaces are modeled using convection links
(see CLINK ¢lements in Sub-zppendix 1). Surface nodes are connected to either node 400, 401 or

402, depending on their location (see assumption c).

For these surfaces, the convection heat transfer coeﬂicxent is set to 6.5 W/m®C. Th1s value is

* chosen to match measured surface temperatures (see section 3). The analysxs of Sub-appendix 3
~ shows this value to be reasonable,

Radiation and convection boundary condltlons are assxgned to the outsnde sm‘faces of the fireshield.
The heat transfer coefficients are taken to be 1.6 W/m*C, 1.0 W/m*C and 4.0 W/m®C for the
outer radial surface, the bottom surface of the fireshield and the upper surface of the top fireshield
respectively. (See Sub-appendix 3.) For the radiation boundary conditions, the emissivities and
shape factors are conservatively set to 1.

For steady state analyses, a contact resistance eqmvalent to 0.5 mm (0.020 in) of air is inserted
between the lead and the external stainless steel shell. This value is based on reference [12] and
matches experimental results. Positioning this contact resistance at the outside surface maximizes
internal steady state temperatures as all of the heat is generated within the additional thermal
resistance.

A contact resistance eqluvalent to l mm (0.040 in) of air is mtrodueed between the base of the
top plug and the lead. This value is chosen to match the experimental results and represents the
relatively poor bond between the lead and the stainless steel encountered during manufacturing.
The lead shielding is poured from the base of the top plug and hence bondmg cannot be assured.

Section 3 shows that these contact resistances yield internal and external temperatures that most
accurately reflect the experimental results.

For transient analyses, this contact resistance is removed and a perfect thennal bond is assumed.
This is an extremely conservative assumption.

Including the contact resistance in the model results in a realistic assessment of package
temperatures under steady state conditions. In spite of the fact that this contact resistance does
not disappear at the start of the regulatory fire, it is removed. The resultant additional heat input
during the fire test results in lead temperatures that are higher than what would be expected during
a real fire.

Variations in heat capaclty are allowed for the lead elements only. Values of the specxﬁc heat for
the materials other than lead are listed in Table 3.6.4-T2. The variation in the thermal capacity of
lead is shown in Table 3.6.4-T3.

The latent heat of fusion for lead is modeled by spreading it over an arbitrary 5°C temperature
range above the melting point (327°C). This is shown schematically in Figure 3.6.4-F10. The
shaded area under the curve represents the latent heat of fusion (24,750 J/kg).[17]

It should be noted here that lead melt was not a factor in these analyses. All cases showed a
substantial margin of safety regarding the onset of melting.

Variations in thermal conductivity with temperature were allowed for the stainless steel, lead
and kaowool components (see Table 3.6.4-T4). For lead, thermal conductivities are taken from
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reference [17] and for stainless steel, the thermal conductivity is found from the relations described .
in Table 3.6.4-T4. J

Table 3.6.4-T2
Specific Heat of Materials used in the F-294

Stainless Steel 460 0.11 [10]
Air 1060 0.25 (10]
Transite 837 0.20 1]
Kaowool 1060 0.25 Assumed equal to air
Mild Steel 465 0.11 [10]
Table 3.6.4-T3
Variation of Thermal Capacity of Lead
<23 127 0.031
27 129 0.031
127 132 0.032
227 136 0.033
327 142 0.034
328 6188 1478
331 6188 1478
2332 159 0.038

NOTE: For temperatures up to 327 °C, values come from reference [17]. Values between
327 and 332°C include the latent heat of fusion. For temperatures above 332°C, a constant
specific heat is assumed based on a tabulated value at 371°C in reference [1].
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 Table 3 6.4-T4

' _,Vanahon of Thermal Conduchvity wnth Temperature "

<27 _ 35
<38 140 0.029
' . (extrapolated)
100 15.1 0032
(extrapolated)
123 34 |
149 [300] 17.0 036
: (extrapolated)
204 [400] 18.0 | - 0048
227 ’ 33 -
260 [500] 18.9 ‘ 0.053
316 [600] 19.6 - - 0.062
327 31
371 [700] 204 0.074 .
427 [800) 211 0.088
527 19
538 [1000] 228 0.118
727 | 2
816 [1500] 26.5 0.210
927 [1700] | 26.5 (assumed) 24 0.248

NOTES:

1)  Thermal conductivities of type 304 stainless steel are taken from reference [6].

2) Thermal conductivities of lead are taken from reference [17].
3) Thermal conductivities of kaowool are taken from reference [5).

4) 1 W/m°C = 0.5778 Baw/b/R./°F.
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k) Air elements are assumed to have a constant thermal conductivity of 0.0224 W/m’C.[10]. Transite
elements were assigned a constant thermal conductivity of 0.389 W/m°C.[1]. Mild steel elements were
assigned a thermal conductivity of 64.1 W/m’C.[10]. Fin elements were assigned a constant thermal
conductivity of 2.4 W/m"C.

)] The densities of the materials used in the F-294 are summarized in Table 3.6.4-T5.

m) The stainless steel crack shield is welded to the top plug along its inner and outer circumference.
Heat transfer between this shield and the top plug is simulated by inserting a 0.5 mm (.020 in.)
air gap between the plug body and the shielding ring. TRUS2D elements are used to connect
the applicable nodes on both surfaces. The conduction area for these elements is taken to be
the product of the weld size (3/8 in) and circumference. Thermal radiation across this gap was
modeled using radiation links with a shape factor of 1. (See RLINK elements in Sub-appendix 1.)

Table 3.6.4-T5
Densities of Materials used in the F-294

o
Stainless Steel 7800 487 [10]
Lead 11373 710 [10]
Air 12 0.07 [10)
Transite _ 1600 100 [18]
Kaowool 96 6 (5]
Mild Steel 7800 487 [10]
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3 VALIDATION OF THE MODEL

Figure 3.6.4-F11 shows steady state temperature measurements taken on an F—294 prototype The unit was
loaded with 375.5 kCi of Co-60 and its temperatures were measured. Table 3.6.4-T6 lists the results.

- Table 3.6.4-T6
Steady State Temperature Measurements

Ambient . o B 23 23

Air temperature at entrance to fireshield  ~© -} o3 o - -

Alr temperature ot exit fom freshield | 44 T
Average of two diametricalty opposed ' S

thermocouples at midheight of cavity [Node 146] - 174 137 |
Bottom surface of top plug at centreline [Node !7] 2200 167 208

Bottom of cavity [Node 136] D (SR I 126 162

Top of fin [Node 709] o 53 | s4 55

Top comer of shield, below insulation [Node 118]- - | - -106 - | 107 120

Top comer of shield, above insulation [Node 717) { 71 | - 7 - 78

Bottom comder of shield, below insulation [Node 92 92 101

215 and N185, interpolated] S

Top of upper fireshield at centreline [Node 85] 40 36 36

Midheight of radial fireshield [Node 251] 25 29 29

Topsurfaoeoﬂopplugatcentmline[Nodc40] B ST 134 o138
Midheight of external surface of the shielding vessel | 107 | - 106 105

[Node 185] S A

 The COSMOS/M model was applied to this case using the model described in section 2. The results are

shown in Table 3.6.4-T6, for a range of contact resistance values. The reasonable agreement between the
predicted and measured temperatures shows that the use of the contact resistance most accurately models
the temperature distribution in the shielding vessel. It also shows that the use of a heat transfer coefficient
of 6.5 W/m™C yields realistic resuits for shield surface, fin surface and fireshield surface temperatures.

The basic input and output files for this case are found in _Subfappendlx 4.
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4 STEADY STATE ANALYSIS AT 360 KCI OF CO-60 \)

The input file for this case can be found in Sub-appendix 4. The following results are taken from the output
file found in Sub-appendix 4. The locations of the tabulated nodes are found in Figure 3.6.4-F12. This case
assumes a contact resistance.

Table 3.6.4-T7 ‘
Shielding Vessel External Temperatures (Steady State, 360 kCi, With Contact Resistance)

714 94 731 70

49 144 717 91 732 83

50 143 114 112 210 91

54 142 185 117 208 109
Table 3.6.4-T8

Top Plug Internal Temperatures (Steady State, 360 kCi,With Contact Resistance)

17 215
1 215
4 197
16 160
513 172
13 153
Table 3.6.4-T9

Main Body Internal Temperatures (Steady State, 360 kCi, With Contact Resistance)

98 141 692* 139 673* 152
93 174 192 92 173 118
146 181 600* 138 613* 147
138 169 200 96 113 113
136 172 667* 137 605* 145
690* 142 167 129 105 123
190 109

* denotes a lead node which includes the effect of contact resistance. See Figure 3.6.4-F14 for node locations.
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, Table 3.6.4-T10 o
Fireshield Internal and External Temperatures
- (Steady State, 360 kCi,With Contact Resistance)

58 | - 53 .88 - | 51
300 | 0 52 295 52
306 49 | 315 49
1230 50 255 46
226 48 251 44
364 - 46 3713 45
345 5T | 335 ] 57
350 60 - 359 ‘ 58
319 64 328 - 59

4. I APPLICATION OF THE SOLAR HEAT LOAD

Figure 3.6.4-F13 shows the elements that were subjected to the solar heat flux. The input and output files

for this case are INSOL8.INP and SS360SUN.TEM and can be found in Sub-appendxx 4,

The elemental heat flux was based on the assumption that all of the solar heat load is concentrated on the
radial and upper fireshields. The heat flux on the top surface was increased from 800 W/m’ to 2000 W/m®
as the solar flux is applied over a radius of 0.381 m (15 in) instead of .602 m (23 11/16 in) (see Figure

3.6 4—Fl) Similarly, the regulatory heat flux for the radial fireshield was increased from 400 W/m® to

500 W/m?’ to account for the fact the solar ﬂux is apphed overa hexght of 123 m (48 5 m) (see Flgm-e

3.64-F 1). .
The absorbtivity of the surface was conservatxvely setto 1.

The results show no appreciable change in the temperature of the inner shleldmg vessel. Temperatures are
all within 1 or 2 °C of the values listed mTables 3.6. 4-T7 throughB 6.4-T9. Thus, there is no effect on the

shielding or containment systems. -

These results can be explained by the fact the fireshields are thermally isolated from the main body of the
F-294. Furthermore, they are insulated, and do not pass heat through to internal surfaces. Therefore, most
of the incident heat is absorbed by the outer steel layer and convected and radiated back to the environment.

This method of analysis considerably overestimates the external surface temperatures. A more realistic
means of establishing maximum surface temperatures comes from applying the regulatory heat flux of
800 W/m® to the upper surface and 400 W/m to the side. Under these conditions, surface temperatures
on the upper fireshield are found to range between 105 and 115 °C. Surface temperatures on the radial

fireshield are found to range between 87 °C and 115 °C.
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5 TRANSIENT RESPONSE TO THE FIRE TEST

The input file used for the analysis is called FIRE12.INP and can be found in Sub-appendix 4. This file
applies a 30 minute 800°C fire followed by a 100 minute cooldown period. In most cases 100 minutes of
cooling was sufficient to allow all lead temperatures to reach their maximum values. However, subsequent
parametric analyses required 120 minutes of cooling before internal temperatures began to decrease.

The convection heat transfer coefficient between the outside of the fireshield and the shielding vessel is

set to 12 W/m?C and is justified in Sub-appendix 3. The external surfaces of the inner shielding vessel
are also assumed to have the same heat transfer coefficient. This assumption is extremely conservative as

the fireshield and fins provide a barrier to the free flow of gases over the shielding vessel. However, since it is
difficult to quantify this effect, it is assumed that they do not impede the flow of gas.

The initial temperatures are the temperatures of section 4 (360 kCi, With Contact Resistance). The contact
resistance was set to zero at the start of the fire, thus resulting in maximum heat input during the fire.

The temperature histories for the selected lead nodes are plotted in Figures 3.6.4-F14 through 3.6.4-F16.
The maximum lead temperature was found to be 303 °C at node 192, at the end of the fire test. This is
substantially less than 327°C, the melting point of lead.

Table 3.6.4-T11
Maximum Lead Temperatures During/After the Fire

501 Top Plug 258 109
4 Top Plug 259 108
16 Top Plug 237 45
13 Top Plug 231 82
91 Cavity Wall 254 65

141 Cavity Wall 260 65

135 Cavity Wall 257 60

133 Cavity Wall 260 63

190 Base of Main Body 272 30

192 Base of Main Body 303 30

200 Base of Main Body 298 30

165 Base of Main Body 276 30

173 Side of Main Body 285 30

113 Side of Main Body 280 30

115 ' Side of Main Body 258 31

105 Top of Main Body 243 37
98 Top of Main Body 238 50

* Time equals zero at the start of the fire test.
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6 DISCUSSION

This section examines the effects of selected modeling assumptions on the thermal performance of the
F-294. The results are compared to the basic case of section 5. Additionally, the relative margin of safety
as a result of these conservative modeling assumptions is estimated.

61  INFLUENCE OF THE CONTACT RESISTANCE

Ignoring the effect of the contact resistance between the lead and the stainless steel is extremely
conservative. The results of Table 3.6.4-T6 show that, in practice, a contact resistance exists between the
lead and steel interfaces. Ignoring this effect con51derably underpredlcts steady state temperatures w:thm
the F-294 shield, typically by 30 °C at the inner cav1ty

The analysis of section 5 assumes that the contact resistance dlsappeaxs at the start of the fire. Therefore, it
is of interest to determine what the effect of the contact resistance could be if it was assumed to be constant
throughout the hypothetical fire and the subsequent cooldown period. = - -

The results of this study show typical maximum lead temperatures of 245 °C [Node 141] in the main body

and 257°C [Node 501] in the top plug. This can be eompared W1th the maxxmum lead temperature of 303

°C [Node 182] and 258°C respectively.

The main effect of mtroducmg the contact resxstanee is to lower maxmum lead temperatures near the -
outside boundary of the shielding vessel. It also delays the onset of the maximum temperature. In the main
body, the maximum lead temperature is reached 102 minutes after the start of the fire and is due to the
effect of decay heat once temperature gradients in the main body have stabilized. In the top plug the effect
is similar. However, the relatively low mass of the plug compared to the main body makes this eﬁ'ect less

sxgmﬁcant A
Based on these results, the mcremental margm of safety due to the contact nesnstanee is estlmated to
be 50 °C. '

6.2 EFFECT OF CONVECTIVE HEAT IRANSFER COEFFICIENT

As discussed earlier, the value of the heat transfer coefﬁcxent for the shleldmg vessel was set to 12 W/m®™C.
This value is based on the free flow of gases over the external surface of the fireshield. No account was
taken for the fireshield as a barrier to the flow of hot gases In pract:lce the heat transfer coefficient to the
shielding vessel is lower. :

Under steady state conditions, the heat transfer coefficient was 6.5 W/ *°C. It is of interest to determme
what the effect of a more realistic heat transfer coefficient would be. Therefore, the analysis was repeated
using a heat transfer coefficient of 12 W/m®C for external surfaces and 9.5 W/m™C for the shielding -
vessel. (Thxs value is simply the mean of the steady state and fire heat transfer coefﬁclents )

The maximum external lead temperature was found to be 276°C at node 192 and the maximum internal
lead temperature was found to be about 251°C at node 141, This can be compared with the values of

303 and 260 °C previously calculated. The effects on the top plug were less pronounced, with maximum

temperatures of about 253 °C, compared to 258 °C. In all cases, there remained a large margin relative
to the 327°C melting point of lead.

Based on these results, the incremental margin of safety is estimated to be 30°C in the main body and
10 °C in the top plug.
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6.3 EFFECT OF THE LATENT HEAT OF FUSION FOR LEAD N J

The highest temperature in the main body was found to be 303 °C at node 192. The initial temperature at
this node was 92 °C. Thus, there was a 211 °C increase in lead temperature at this location.

Let us assume that there is a single hot spot on the package and that a maximum of 3.5 cm (1.4 in ) of lead.
(See chapter 5.) It is of interest to determine how much heat would be required to cause a hemispherical
mass of lead to melt.

The total mass of lead present in the 3.5 cm radius hemisphere is:
m=pV =113 g/em’® * (4/6 1*3.5°) = 1014 g=1 kg
The energy required to increase the temperature of this mass of lead by the calculated 211 °C is:
Q=mC,AT =1kg * 132 J/kg’C * 211 °C=27,850J
Similarly the heat required to bring this mass of lead from 303 °C to 327 °C, the melting point of lead, is:
Q=1kg* 132 J/kg’C *24°C=3,200]
Finally, the heat required to cause this mass to melt is:
Q=1kg *24,750 J/kg’C = 24,750 J
Thus, the total heat energy required to cause the melting of a 1 kg mass of lead located at the hottest node is
55,300 J. The total energy absorbed by this mass during the fire test is 27,850 J. Therefore, about 50% of
the total heat energy required to cause this mass of lead to melt was input during the fire. Therefore, the
high latent heat of fusion of lead provides a significant additional margin of safety.

6.4 EFFECT OF DECREASED THERMAL PROTECTION RESULTING FROM A
DROP TEST

The effect of impaired thermal protection was simulated by doubling the thermal conductivity of the |
kaowool insulation. In essence, its density was assumed to decrease to less than 3 Ib/ft. \J
The initial temperatures calculated in the base case were used as inputs to the fire test. This is justified

by the assumption that accidental damage to the kaowool occurs after steady state temperatures have been

reached, and that the fire starts immediately after the incident.

Comparison of the results shows little difference. This indicates that the heat transferred through the
fireshield and to the main body is small in comparison with the effects of radiation and convection to
the environment.

6.5  EFFECTS OF INCREASED RADIATION TO THE ENVIRONMENT

In order to simulate the effects of increased radiation to the environment, all nodes connected to the
environment had their emissivities increased from 0.8 to 1.0. This simulates a 25% increase in radiation
heat transfer from the environment to the shielding vessel during the fire.

The results show an increase in lead temperatures for the nodes closest to the environment. However,
the effect is typically 1 or 2 °C. This result is expected as most of the heat transferred to the shield is due
to convection. Direct radiation is absorbed by the intervening fins and the external fireshield.
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7 SUMMARY

Steady state finite element ysis of the F-294 has shcwn geed_agreenient between measured and
calculated temperatures. Extrapolation of this model to the maximum activity has shown no significant
effect on the shielding and containment systems.

Transient analysis using the same model has shown the F-294 to complete the regulatory fire test without
the initiation of lead melt. Parametric studies have shown this to be true under a variety of modeling
conditions. In all cases, peak lead temperatures were found to be significantly less than the melting point,
particularly in light of the conservative assumptions used in the model. A maximum temperature of 303°C
was observed. The maximum increase in lead temperature was found to be about 200°C during the fire
transient.

The conservative assumptions used in this model have a significant effect on this result. It is estimated that
the effect of the contact resistance provides an additional 50°C margin of safety and that between 10-30°C
could be gained by specifying a2 more realistic heat transfer coefficient in the interspace between the
fireshield and the shielding vessel. .

These findings, combined with the significant amount of energy required to effect a phase change in lead,
indicates a substantial margin of safety in the design. It is submitted that the F-294 meets the thermal
requirements of the regulations under the nonmnal and hypothetical accident conditions of transport.
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Figure 3.6.4-F1
The F-294 Transport Packaging Engineering Information Drawing
F629401-001 (Sheets 1 to 5)
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Chapter 3

Figure 3.6.4-F2
COSMOS/M Model Geometry
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Figure 3.6.4-F3
Material Distribution
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Chapter 3

_Figure 3.6.4-F4
Heat Transfer Paths to the Main Body

<— convection}radiation _convectionjradiation

<— conduction | 7 _‘ l

<——-\convedionlradiaﬁon’ wnve?l;{iorﬂradiaﬁon

AVAILABLE AREA FOR CONDUCTION INTO THE SHIELDING VESSEL
IS 12% OF THE CYLINDRICAL AREA. THE REMAINING 88% OF THE
SURFACE AREA HAS HEAT INPUT VIA CONDUCTION/RADIATION

ENVIRONMENT TEMPERATURE 1S 800 ©C DURING THE FIRE

Figure 3.6.4-F5
Modelling the Base of the F-294
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Figure 3.6.4-F6

Field Distribution Around a Sealed Source

100
095 _J—
050
0-85 —
~ 9/
0-80 . D
T
& 075——f— -1
s || 1 —
070 - EXPOSURE_RATE_DISTRIBUTION —
SOLID COBALT SOURCE
LENGTH = 8 INCHES
0-6 DIAMETER = 0-25 INCH
DENSITY = 8-9 G/ CM3
0-60 ENCAPSULATION = 0-025 INCH —|
| STAINLESS STEEL
0-55 /
00102030 40 350 60 70 80 90

ANGLE © (DEGREES)

IN/TR 9301 F294, Revision 4

- Appendix 3.6.4 Page 20 -

July 2003



Chapter 3

W, Figure 3.6.4-F7
Boundary Conditions and Heat Generation
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Figure 3.6.4-F8

Radiation and Convection Elements (RLINKS and CLINKS)
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o/ | " Figure 3.6.4-F9
Calculation of Nodal Areas
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Figure 3.6.4-F11
Temperature Measurements of an F-294 Prototype Loaded with 375.5 kCi Co-60
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Figure 3.6.4-F12
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Figure 3.6.4-F13
Insolation Heat Load
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Figure 3.6.4-F14
Lead Temperatures in the Top Plug
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Lead Temperatures at the Upper Half of the Main Body

Figure 3.6.4-F15
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Figure 3.6.4-F16
Lead Temperatures at the Lower Half of the Main Body
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SUB-APPENDIX 3.6.4.1
COSMOS/M ELEMENT DESCRIPTIONS [15]

4.1 LINEAR 2-D SPAR/TRUSS
(e!emeni_name =TRUSS2D)

General Description:

TRUSS2D is 2 2-node uniaxial e!cm:mfonwodxmcnsmna!mcmalandxhcrmalmodcls All
clements have o be defined in the X-Y plane as shown in Figure 4-1. Only two manslational
dcgrecsoffrcedompcrnodcmconsxdcredfcrmcmralamlym. Tempcmmrcxs the only
degree of freedom for the thermal module. t

Special Feaaxres:
Buckling, inplane loading -

Default Element Coordinate System (ECS = ~1):

“The nodal input pattern shown in Figure 4-1 specifies the direction of the element axis. The -
x-axis goes from the first node to the second. Thee!emcnty-am isperpcnd:cularmthc x—axis
and lies in the X-Y plane.

Element Group Options: : o
Op. 1to Op. 4: Unused opnons fordus elcmcnt

Op. 5: Use default value (Linear elastic material typc)
Op. 6: Use default value (Small displacement formulation)
Op. 7: Use default value (Material creep is not considered)

Real Constants:
rl = Cross-sectional area

Material Properties: .
EX = Modulus of elasticity
KX = Thermal conductivity ,
ALPX = Coefficient of thermal expansmn
C = Specific heat :
DENS = Deasity
DAMP = Material Damping coefficient
ECONX = Electrical condactivity (thermal analysis only)
Element Loadings:
Thermal :
Gravitational
Output Resulis:

Forces and stresses are available in the element coordinate system.
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XY: Global Cartesian Coordinate System
xy: Element Coordinate System

Figure 4=1. 2-D TRUSS
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4 7 LUNEAR2-D 4-t{0o G-NODE PLANE STRESS PLANE STRAIN AND
BODY OF REVOLUTION .
(elemeni_name = PLANEZD)

General Descnption. ' : .
PLANEZD:saLtoS-nodctwodxmcnsxona!demcmforplancsmss plane stain, or
axisymmetric structural and' thermal problems. All elements have 0 be defined in the X-Y
plane. Axisymmetric structures have to bemde!edmthcpomxvex half plane, in which X
represents the radial direction and Y refers to the axis of:symmeny. Only two ganslational
dcgrccsof&cedompcrnodemconndcmdformcunﬂanalysxs Oncdcgree of freedom,
representing temperature, is used for the thermal module. .

The nodal input pattern is shown in Figure 412 foran Smodcdcmemmusn'anngi:slocalnod:
numbering. The element however can be.used with 4= to 8—nodes by issuing zeros (0) at the
location of missing nodes during the element connectivity definition (EL command). Triangular
shaped elements can also be considered. In this case, the third and fourth nodes (in case of
4-node e!cmcnts)andthcthird.fomhandscvcnm nodes(mcascofs-to 8-node elements) will
be assigned the same global node number, as shown in Figure 4-12. Both clockwise and
countcr—clockwxse node numbering are allowed. .

Special Features:
Buckling, Inplane Loading, Fiuid-solid interaction, Adapuvc P-Method for the 8-node
stroctural elements (polynomial degrees up to 10)

Default Elemen: Coordinate System (ECS= -I)
The element x-axis goes from the ﬁrsmodc:othesecond.andthe clementy—mns unormalmthe
x-axis toward the founth node. - o _

Element Group Opa‘on:
Op. 1: ' '
=0 ; Structural or thermal elcmcut (dcfault)
.= 1; 4-node incompressible fluid element

rormma!ormermaxezememswp l=0).d1cothu'opuonsm o

Op.2: (See Foomote 1) .
=0; Reduced-integration - :
= 1 ; QMS incompatible cluncnt; full mrcgranon for 8—node clemears (dcfault)
=2; Fuﬂxm:granon o o o
=3; Unn‘.!ated opuon forthxs typc of analysxs

0p.3: <
- =0 ; Plane Swess (dcfault)
= 1 ; Axisymmermic (a one rarhan sector 1s consxdcred. zhus loads for a one radum
sector should be a;:pl:cd) o
=2; Plane Strain .
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Op.:
= ( ; Stresses calculated in global Camsza.ncoordmatcsystcm

- =1 ; Stresses caleulated in the defined local element coordinate system

Op. 5: Use default value (Lincar clastic material).
Op. 6: Use default value (Small dxsplacunent formulation)
Op. 7: Use default value (Material Creep is not considered)

For fluid elements (Op. 1 = 1), the other options are:

Op. 2: Unused opdon
Op. 3:

= 1 ; Axisymmenic
= 2 ; Plane Strain (default)

Op. 4 to Op. 7: Unused options for this element

kctzl Caonstants:

rl = Thickness (only for plane suess analysis)

r2 = Material angle (f)
The material angle is. measured with respect to the element coordinate system,
as shown in Figure 4-12.

Material Propmie::

For structural or thermal elements (Op. 1= 0)
(See Figure 4-12 for material directions)

EX = Modulusofelasncuym:hclstmatmaldzrecncn

EY = Modulus of elastcity in the 2nd material directdon

EZ = Modulus of elasticity in the global Z-direction

KX = Thermal conductivity in the global X-directon

KY = Thermal conductivity in the global Y-direction

KZ = Thermal conductivity in the global Z-direction

NUXY= Poisson’s ratio relating the 1st and 2nd matesial directions
(strain in the 2nd direction due t0 unit strain along the 1st direction)

NUYZ = Poisson’s ratio relating the 2nd material direction and global Z-direction
(strain in the Z-direction due to unit strain along the 2nd direction)

NUXZ = Poisson’s ratio relating the 1st material dirsction and global Z~direction
{strain in the Z-direction due to unit strain along the 1st direction)

' C = Specificheat

ALPX = Coefficient of thermal expansion in the 1st ma:mal 'direction
ALPY = Coefficient of thermal’ expansion in the 2nd material direction
ALPZ = Coefficient of thermal expansion in the global Z—~direction
GXY = Shear modulus relating the 1st and 2nd material directions

DENS = Density

DAMP = Material damping coefficient

'ECONX = Electrical conductivity (thermal analysxs only)
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Note:

The element is asmgned onhonropxc matcna! propertics xf at le:s: one of the fouomng
conditions is satisfied:

L Moduhofe!asucmcsmmodzrecuousarcd:ﬁnedandmunequal
2. Poisson’s ratio in two p!ancsar:deﬁncd and are unequal.

3. Thcrmalcoeﬁ‘cxcmsmtwodnccuonsmdeﬁnedandmunequal.
4. ThcrmaloonducnvuymtwodmcnonsmdcﬁnedandmunequaL

- The following condition has to be satisfied for pmpm' reprmemanon of orthotropic
properties in the i* and matcml dxrecuons

. Ei' E;

WhereVu.Ei .and E;mpmvxdeduinpmandvjx isulculawd intemnally by the
program.

For fluid elements (Op. Ie])

EX = Fluid elastic (bulk) modulus
GXY = 10"EX;an arbxu-anly small number 1o give elcmcm some shcar
stability

Element Loadings:
Thermal
Gravitational :
Pressure (apphed normal to c!emcnt faces)

Output Re:xxlts
Stress componcms includmg the von stcs stress are available arall nods and the center of the
element in either global or element coordinate directions.

Principal stresses may also be optionafly requested at the element center (sce A_STRESS
command in the ANALYSIS menu).

For fiuid opnon,x:ressureispnnwdaztheeenmgfeaw element.

‘References: - B . .
K.J.Bathe,E. L. Wilson and R. Iding, “NONSAP-A StmcturalAnalysxs Program for Static and

Dynamic Response of Nonlinear Systems. SESM Report ‘Number 74-3, University of
Cahforma-Buke!cy. 1974.
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R. D. Cook, “Concepts and Applications of Finite Element Analysis,” Second Edition. John
Wiley & Sons, 1981.

Footnote 1: Numerical Integration
1. Reduced Integration
For 4-node elements:

. 2 x 2 Gauss integration for bending terms
1 x 1 Gauss integration for shear terms

Overcomes parasitic shear effects; handles nearly incompressible materials; not avail-
able for orthowopic models.

For 8-node elemmts~

2 x 2 Gauiss i mtegmxon for bendmg terms
2 x 2 Gauss integration for shear terms

2. QM6 (Available for 4-node elements only) .

"2 x 2 Gauss integration for all terms including the effect of bubbls functions which
introduce additional internal degrees of freedom.

" Overcomes parasitic shear effects, handles nearly incompressible materials, in general
more stable wuh bener accuracy, but more costly i in terms of solution time.

3. Full Integra:z’an
For 4-node clements:

2 x 2 Gauss integration for‘ail"terms.

Fastest and simplest solution option, does not overcome parasitic shear effects.
For 8-node elements:

3 x 3 Gauss in.regrzdon for all terms.
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a = first material direction
] = second ,mate;iai direction

X {or Radial}

XY: Global Cantesian Coofdinate System
- xy: Element Coordinate System . ‘
0: Face Numbers for Prassure Application
{posttive when gppiied inward) -

figure 4-12. 2-D Element
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4.48 THERMAL RADIATION LINK
(element_name = RLINK)

General Description:
RLINK is a 2-node element to model the heat flow between two nodes due to radiation. One
degres of freedom for each node is used in two- or three-dimensional thermal models.

The nodal input pattern for this element is shown in Figure 4-36. The two nodes may of may not
be coincident. Temperature boundary condition must be specified at the node which is not
directly connected to the model. This temperature boundary condition represents the radiation
source temperare.

Syecial Features: (None)
Element Group bptions: (None)

Real Constants:

rl = Areaof the radiating surface
12 = View factor

r3 = Emissivity :

r4 = Stefan-Boltzman constant

Material Properties: (None)

Element Loadings:
Thermal

Output Results:
Heat flow due to radiation is available for each element.
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= X

Figure 4-8. Rediction Unk
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4.49 THERMAL CONVECTION LINK
(element_name = CLINK)

General Description:

CLINK is a 2~node element to.model the heat flow due to convection between two nodes. One
degree of freedom per node is used in two~ or three-dimensional thermal models.

The nodal input pattern for this element is shown in Figure 4-37. The two nodes may ormay not
be coincideat. Temperature boundary conditions must be specified at the node which is not
directly connected to the model. This temperature boundary condition reprasents the convection
source temperature.

Special Features: (None)
Element Group Options: (None)

Real Constants:
rl = Areaof the convection surface

Material Propern‘;s:
HC = Film coefficient

Element Loadings:
Thermal

Outpui Results:
Heat flow due to convection is available for each element.
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> X

* Figure 4-87. Convection Link
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SUB-APPENDIX 3.6.4.2
RADIATION SHAPE FACTORS -

$2.1.0 SHAPE FACTORS FOR CONCENTRIC CYLINDERS OF EQUAL LENGTH

The basic case of two concentric cyhnders is shown in Figure S2.1. Shape factors Fz 1 and F2., for this case
are given by Siegel and Howell:[19]

Fu= 4o Lo s'(—)-—[J(A+2)-’ 4R’cos'(—")+Bsm (i) 2

R =mR
Fag = 1-4 42 2"
2 R :zR ,
L J4R’+L 4(R’ I)+(L’/R’)(R 1)]
27IR Lsin™ L*+4(R-1)
- sin(B2)e B AR
o ‘2 . L.
where: R=n', T
L=l/l'|
A=L*+R*-1
B=L?-R*+1

Using shape factor algebra, the following expressions can be derived:
Faz=Fay=(1-F-F2)2
F12 = (AA))F2,
Fis=Fia=(1-F12)2
Fo1=F3 = (AVA))F13
Fua=F33=(AJ/As)F24
Fes=Fiy=1-F3,-F3,

It is somewhat more practical to generate shape factors for the geometry shown in Flguré $2.2. The cases
listed in Table S2.1 can be calculated using the general cases shown above. For example, shape factor
Fz,3, can be evaluated using the above equatlons withry =1, n=rand 1=k,
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Figure S2.1
Basic Case: Concentric Cylinder with Closed Ends

4 r. = outer radius of inner
1 cylinder
r_ = inner radius of cuter
1 2 2 cylinder
G
I= height
-
./ 3
Figure S2.2

The 2x2 Concentric Cylinder

S @5’ ab
[ t——-] .
22 ro = outer radius of inner cylinder
L a 1a
I’a = outer radius of annulus 3a (or 4a)
L t J —
< C > r, = inner radius of outer cylinder
L T I‘,Zh b
b T 6
| pppm——
4 @ 3b
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“Table S2.1 _
Basic Shape Factors Applied to the 2 x 2 Cylinder

Chapter 3

el
Faa26-1.16; F25.25-20263 Combined cylinder To 18 Ltk
Fau 230365 Fiatb22203 S ‘
Fia1b-30365 F3a35-10105
F3s352025 Faoab400;
Fao 4518155 Faagb2020;
Faa3am : :
Faa1a; Faa2as Fos a5 " Upper cylinder To Tp L
Fiaze; Flaao - '
Faoo1a; Faaav2e
Fab1; Favat; Favsasw; ‘Lower cylinder To n | b
Fioz ; Froaem; S 1
Fia30105 Faasom : B
Fiotbts; Fatoses Fretes Frutnts Faanas - Tnner cylinder n | n Lt
Fanmn ' S '
7 " Faam3v; Fz.M; Fapaa; - Outer cylinder | | L+L
Fivav; Fav2020; Fao3o E
Fiats} Fionn 'Upper inner cylinder | n | L
Fibse; Faam - Lower inner cylinder T A L
) NS Upper outer cylinder n | om L
Fam ; Faoa - Lower outer cylinder L | n L

Other cases must also be calculated using shape factor algebra and, in particular, the fqllowing relations:

Ay = Ay
Fi.j,k = Fi.j + F;.k

AgFipe= AFiy + A

;[. Fi; = 1 for any single value of i

. (RECIPROCITY)
~ (ADDITIVE RELATION)

' (CONSERVATION)

(CLOSURE)

The remaining shape factors were calculated using the four shape factor relations listed above in

combination with the cases listed in Table S2.1.

It is useful to consider a numerical example. Consider the case L=Ln=2,=3L,=landL,=2.
Figure S2.3 shows the results calculated for the cases in Table S2.1. Figure S2.4 shows how these cases

were manipulated to yield the matrix of shape factors for this configuration.
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Chapter 3

Figure S2.3

Calculated Basic Shape Factors

GENERAL CASE FOR 2x2 CYLINDER
SEE NEXT PAGE
fam 1.0000 0= 1 FOR SHAPE
b= 20000 fas 2 FACTOR SUMMARY
tsa+Rds 30000 = 3
FOR THE CASES IN THIS BOX: (Combined Cytinder) F2a2b-tatbs  0.2012
Fa2b-2a2b=  0.2819
Rsmios 30000 Atlathb= 188458 F22.2b-32.3b= 0.2584
L2i0= 30000 A2a2bps= 58.5487 F1a,1b-2a2b= 06037
A= 17.0000 A3alb= 251327 F12,10-32,3bs 0.1962
8= 10000 Adaddbs 251327 F33.3d>-taib=  0.1488
F32.3b-22.2be 0.5918
F3a3b-da4b=  0.2639
F4a.4b-1a.1b= 0.1488
. F4a.4d2a20= 05018
F43.45-32.3b= 0.2693 |
FOR THE CASES IN THIS BOX:(Uppar Cylinder,10,rd,13) FZa-lam 0.0928 THIS BOX:(Upper inner Cylinder.r0.ra.1a) Phant F2-1a= 0.3
. F2a2= 01172 PhantF2a-2a= 0.1377
R=tiros 3.0000 Alas  82832. F2a-4a4bs 03952 Rsrafos  2.0000 Ala= 82832 PhaniF2-4a= 0.3150
Lafax0= . 1.0000 A2a= 188458 . T Flala= 0.2774 L=lai0= 1.0000 PhantA2= 12.5664 PhaniF1a-2s 0.484S
_As 9.0000 Adash= 251327 Fla-4a.4d= 0.3613 As 4.0000 Ada= 9.4248 Fla-ag= 0.2877
8= -7.0000 Fiaadtgs 00303 8= 20000 ’ Fia-ig=  0.178%
Faa4b-23=  0.2964
FOR THE CASES IN THIS BOX:(Lower Cyknder.r0.cb,1o) F2b-1b=  0.1590 rﬁls B80OX:{Lower Innar Cylinder,r0.ra.b) PhantF2-tb=  0.3371
_F2b-2= 02097 PhaniF2a-2s= 02288
R=rofro=  3.0000 Alb= 125664 F-3a3b=  0.3157 Rsrao= 20000 Alb= 125664 PhantF23bs 0217
LaDIO= 2.0000 A2b= 37.6991 Fib-2b= 0.4789 LshbiO» 20000 PhantA2= 251327 PhantF1b-2e or ,
A= 120000 -A3albs. 251327 Fib3a3bs 026518 A= 7.0000. Ala= 94248 Fidbla= QSJ
8= -4.0000 Fladb-1bs  0.1303 8=  1.0000 F3a-ib» 02175
. F3a3b-2bm  0.4738 N
[FOR THE CASES IN THIS BOX:(Innsr Cylinder.r0.ra.n) Phantom 2-1a1d  0.3853 THIS BOX:{Upper Outer Cytinder.rarb,la) Phamt F2a-1=  0.3007 |
Phantomn 2-2 0.2882 PhantF2a-2a= 00783
R=raxo= 20000 Alatbs 138498 Phantom 2-3a 0.1830 R=rbiras= 1.5000 PhantAls 12,5684 Fa-4bs 03115
L=tr0s  3.0000 Alas 94248 Phantom ta>-2 0.771S Lsldras 05000 A2a= 13.8498 Fid-2a= 03728
A= 12,0000 Ada= 94248 Flaibdas  0.1142 A= 15000 Adb= 157080
8= 8.0000 PhantA2s 37.631 Fda-1a.1ba 0.2288 B=  .1,0000
Fla,1d3a= 01142
Fla-ta1bs 02288
Fla-da= 0.119¢
Fda-3a= 01154 .
. THIS BOX:(Lower Outer Cyinder.ra, i, !1b) Phant F2-1bs  0.4408
1FOR THE CASES IN THIS BOX:(Outer Cylindpr.rasb ity Phart F2a.2b-1=  Q.5073 PhantF2e-2a=  0.1309%
. PhF22,2b-2a2b= 0.1697 Rerblrgm 1.5000 PhantAi= 251327 F2b.3b= 0.2142
Rarbira= 1.5000 PhantAts 37.699% F22.2b-3b= 0.1815 Leitras 1.0000 A2b= 376991 F3b2b= 0.5140
Lsifras 15000 A2a2bs 585487 fFa2b4ap= 01815 As 22500 Alb= 157080
A= 35000 3b=Adds 157080 Fab-2a2bs  0.5814 8= 02500
8= 1.0000 F3b-22.2b= 0.5814
PhF1a ib-3bs  0.1158
F3b-4db=  0.1317
F4b-3p = 0.1317
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\_ . Figure S2.4
Matnx of Shape Factors for 2x2 Concentnc Cyhnders
GENERAL CASE FOR 2x2 CYLINDER NOTE: MOST OF THIS WORKSHEET IS PROTECTED .
ONLY THE GEGMETRIC INFORMATION CAN BE CHANGED
las 31,0000 s 3 ’
b= 2.0000 [ L H
tolgely= 30000 [ 1] 3 —
SURFACE OF INNER CYUNDER :
2500 2000 : 2000 f
Fia- 120 €000 Fib-1se - 8000 Frasb tae o000} - Atas &283188
Fis 1ba €000 - Fi- tom €000  Fisib fom 000 Al 1286637
Fla- fatde 8000 F1b- 12.9be €000  Fiath- fatbs 0000} Atatbe 1884956
Fla- 2s» 0 0M5  Flnid-ae 0188 A22e 128495
Fla- e 2% Fib- e CAIT  Fiadd- D eats|  Ame STES11
Fls. 2225 9.557 Fib- 2120 . 082 Flatw-2a2e o 0s0d]| A2azme sssassy
Flo 2o . 0183 Flat- s et | Aueatan S42078
Fia. B= 0254 ro.ge o8] Flaab 3. 4034 d AbeAdoe 15.70706
Fia- 3a30= G071 > B 0262 Fi1adb 2adbe 18] Adtoe 2513274
Fia- a» X7 5> dae EE F12.9b- o= 0114 | Aape 250370
Fla- 4ba 8534 Fib dda o Fas-ee  [“Tesul
Fla. da.ade o361 Fip- dagde [T OAIT]  Fiasd. dsdbe (X
FNRER EURFAGE OF GUTER CYUNDER
: 2000 2000 2.000
F2s- tam 0082 - 12w 4048 F22- tae™ poes Ass 6233185
F2a fbe > 0O P e I8 Faadb- fhev 8138 | Ame 1258837
F2e- Taide 0433 Kb tafbe™ 9207 FaZ- taids €201 Atasbe 1884956
F2a 2ue OMT  F-Zae - GOTT P28 22 ey A= 1884956
Fa- e 0485 2 e 8210 Fa2-2be €11 A2be 3783911
Fls. a2be> @22 2 2a2be 0217 F23b. 2a%be 622] Azazve SESa287
F2 2ae 0083 FR-das Fa2b-3ae 6957 § AdasAtas 424773
Fa-ne [T C0%]  Fm-e 6214 F2a3b- Jbe 0182 | AleAdbe 1570706
F- a3 00 £ 3230 M8 F2adb- 3asbe 0258 | Alasbe 2sa327¢
\_/ F2s 4ae 0584 2 da= ot faa e [OBT] aes 2samn
F22- db= (XT3 S T Y —YTT)
Fis- dadbs 0995 F2o- dadbe TAWY  F2alb-dagde - 028
[TOP SURFACE GF LOWER ANNULUS
2000 2000 2.000 |
Fla- 1as - Y Fi- s 0822 F3alb- fas 0018 Alae $233188
F32- 1b» 0317 o-we J0073] F3a3n-1be B3] AL 1258637
£3s- fa.1bs o228 Fit- tatbs | 03031  FIa3t- tadbe 0048 | Atagbe 1884356
P 2o 0.176 F3> 21 008T| Flal- Zae %108 A2aw - 1884956
Pl e (= 03 Pl e QATS| “A2me 376391
Fis- 2a2be o882 F3-2azbe G881 F3a3b- Zate ost1] A2amme sesizsy
£3s- Jaw 0.000 . F3b-3sm . .. . 8000 F3a.3)- Jae 0000 | AdanAda~ 8425778
F3s. Sbe 0.000 F- 3be 0000 | F383b. Sbe €000 | ATomrdbe 1570706
Fia 3230 0000 Flb- 2a3be 0000 F3s35- Sadte 0000 | Alamme 25932
F3s- dav o113 £ dae 8488 F3a3b. dse s | atadve 25932
Fls- fte 0071 (2 0132 3835 &bev o108
£3s. 42,400 0.9% £30. dadbs™ @318 FIa3b. dadts earn
BOTTOM SURFAGE OF YOP ANNULUS g
. 2000 2000 2.000 .
Fis-Sae .~ 0478 Fib.taw . [O07]  Fiats- as 8090]  Aies 8283125
Fas- to [ 00500 Wb e 0063 Fdsdd- b= [:uu | Atbe 1286837
Fia- fa.dbe o221 Fit- ta.1be :@ Féadb. ta.ibs T | Atatda 1884855
sa-2ae [T70365]  Fio. 21 “S0374_ Fisar-naew eavt|  A2se t834958
Fie- D= CAlE.,  Fo-e FisAb- 2o "03E5( A 37A3I
Faa- 222e I 0882] . Fib- 2ade 0851 Féadd- 2adbe 0X31| A2abe 8654057
Fia- Sas X1 Fib-3ae - CQI86  Fladb- am= 6581 | Aseadan BA24778
fis- Ro eom Fib- 3be 152 Fsm- e €109 | AReadze 1570706
Fia- 2a3be % Fib- 3 3bm > 0312 Fiadd- 2aXe 07| Aladbe 2543774
R 00 - Fad-da= €000  Fapdd- dan 0000 | Asaspe 2543274
Foa- dbw 0.000 Kib-db= . . @000  Fdadbe 4b= 0.000
Fda- dnatre 4.600 Fabe dadbe 8000 Fisdb- dadb= 4000

means Gis ¢ taken dicecty fom page A of this spreadshest
‘ means it stbiraction used & caicutate $ils factor based on
moans hat reciprocity was ussd based on mb
\-/‘ o fUNGRAINE)XMEANS SloSUrE
mmwmndmmsudmwmmmuonhmm

**  means thal ciosure was bated on that row
-  means feciprochty after the nal steps were done
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S2.2.0 SHAPE FACTORS FOR CONCENTRIC PARALLEL DISKS
The basic case of two concentric parallel disks is shown in Figure S2.5. The shape factor for this case is given

by:[19]
=i - 2_ &i
Fa-b z[X -"X 4(R£)]
where:
1+R:
X=1+
R

R.=r/h and Ry=1/h

Shape factor algebra is used to derive the following relations:
Foa=(A/A0)*Fas

Fb-c= 1- Fb..
Fop = (A/A)Fye
where ¢ represents all other surfaces.

Again, it is more practical to subdivide this geometry as shown in Figure S2.6. The cases listed in Table S2.2 can
be calculated with the general relations listed above.

Figure S2.5
Basic Case: Concentric Parallel Disks

=
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Figure S2.6
2x2 Disks
' ri;.__; 7, outer radius of lower Inner disk -

| - Ty=0 "= outer radius of‘qdindreirj

r3 = outer radius of upper inner disk

h(" tota! height =hg+hg

| TableS22 |
Basic Shape Factors Applied to the 2 x 2 Disk

Fi234; Frasse Combined cylinder ) Is h5+h6
F3412; Faase
Fsg12; Fsgas
Fsgs6
Fias; Fs34; Fss Upper cylinder I T hs
Fi26; Fe12; Fes Lower cylinder I rs h
Fia; Fay Inner disks to each other n 3 hsthg
F123; Faa2; Fasg; Fsga Entire lower disk to inner I, I hst+hg
upper disk
F1.3,4 3 F; FAH Fis 65 F5_5.1 Inner lower disk to entire ¢ j bsthg
upper disk
Fis;Fa1  Lower cylinder n o) hg
F3_5 ’ Fs.; Upper outef cylinder T2 . T3 hs

It is useful to consider a numerical example. Consider thecaser;=1,1,=3,3=2,,=3,hs=1
and he = 2. Figure §2.7 shows the results calculated for the cases in Table S2.2. Figure S2.8 shows

how these cases were manipulated to yield the matrix of shape factors for this configuration.
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Figure S2.7
Calculated Basic Shape Factors (2x2 disk)

GENERAL CASE FOR 2x2 PARALLEL DISKS WITH rd =12

s 1.0000 nSs  1.0000 THIS ENTIRE PAGE 18 PROTECTED
2= 30000 nss 20000
B 20000 Ph means that this is a phantom shape factor
ra=r2z 20000 Ms 30000 .
Fomb'nsd cylinder (r2.0410) inner Disks (rf,,3.00)
Re=r2hi=  1.0000 Al2s 282743 F1234% 03320] [Raerim= 03333 Als 31418 F13s 02918
Rosrimts  1.0000 Aas 28274 F1288= 05180| [Ros A= 0.6687 Ads 125664 F31s 00729
X= 30000 ASG= 585487 F3412% 023820 Xs  14.0000
F3.4808= 06180
FS&t2e 03000 jwmmomnm
FS834s  03090] Rasr2ms  1.0000 Al2s 202743 F123=  0.1978
FS886e 03820 [Romcaf=s  0.6667 A3s 125664 F34.2¢ 04451
: X 24444 AS8s 5654857 F3.58s 05549
_ £583= 01233
upper cytinder (r2.r4.n5)
as@mss 30000 - A12s= 28.2743 PHFI234= Q7176 rm—wrwu-umr Diskirl s450
peramS= 30000 PhA34s 282743 PRF125= 02824 {Rameim= 03333 Als 31418 F1-34s  0.4881
X= 21111 . ASs 188496 PhF3 4128 07178 | [Rbwramts  1.0000 Addas 282743 . F341= 00540
F348= 02824 X= 190000 . ASBe 58.54867 F1.56= 05139
PhFS12s 04238 F568-1=  0.0288
TFS34s 04238 - —
F&3= 01529 | [Cower Outer Cylindenr1.ré.16)
- — Rasrimss  0.5000 Ats 31418 PhF134s  0.6754
[Cower cytinder (254,08 . Rberam8s  1.5000 ABs 376591 Fle= 02248
sw@msa 15000 PhAt2w 282743 PRF1234s  05195] | X= 140000 . F8-1s 00270
perdmSs  1.5000 A= 282743 F128=  0.4308 — —
Xe 24444 AS= 376991 PHF3 4122 05135 ] [Upper Oulsr Cylinden(r2.raLhS)
PhF348s  0.4805| Ras2mSe  3.0000 A2 .70 PRE123= 0372
F812% 03604 RoerAmS=  2.0000 ASs 188498 PhF3-12s  0.8488
PhFB34= 03504 l X= 15558 A3s 1256637 F3Se Q1514
F88= 02792 FS3s __ 0.1009
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, Figure SZ 8 ,
v Matnx of Shape Factors for the 2x2 Dlsk
SUMMARY OF SHAPE FACTORS:
M= 1 hS5= 1 Atz 31418
e 3 ~W6® - 2 - CA2s 254327
B 2 . A= 12.5664
r4=r2= 3 hte 3 Ad= 15.7080
Fl-1= 0.000 T F2-1% 0.000 Fl2-1= 0.000
F1- 28 0.000 F2- 2« 0.000 F1,2-2= © 0,000
Fl1- 3= 0.292 F2.3x> 0.186 “F1,2-3= - 0.198
Fi. 4= 0.194 F2-4=* 0.183 F1.2-4= 0.184
F1-5= 0438} . F2.6=" 0.924 F12-Se. 0.138
F1-6= 0.325 -F2-6=" 0.600 ‘F12-6= . 0.481
Fi- 12= - 0.000 - “F2-12% - 0.000 F1.2- 12= 0.000
F1-34=x 0.486 F2.34= 0.369 F12-34= - 0,382
F1-56= 0.544 F2- 856« 0.631 F1.2-566= 0.618
2000 - 2.000 2.000
F3- 1= ~ 0073 Fé- 1= 0035] F34 1= T 0,054
F3-2= F4. 2= 0.293 F34-2= [os2s)
F3-3= 0.000 F4- 3= 0.000 F34-3c ~0.000
£3-4= 0.000 . Fd- 4= 0.000 F34- 4« 0.000
F3- 5= 0451 F4.5== 0.387 F34-58= _ 0.282
. - omeess am nees  [awe]
o/ F3-12= 0.445 F4- 12= 0.331 F34-12= 0352 |
F3-34= 0.000 F4-34c 0.000 Fi4-34= 0.000
F3-56= 0.655 F4-56= 0.659 F34-56= 0.618
; 2,000 G 2.000 '2.000
F5- 1= 0.032 F6- 1= 0.027 F56- 1= 0.029
F5- 2% 0.176 F6-2= 0.333 F56-2= |_'__ o.z'_'ao:‘
F5- 3= 0.101 F6- 3= 0134 _F56-3= 0423 |
F5- 4= {Coaz) FE-4x Q7]  F56-4= | X
"€5- 8= 0483 F6- 5= 0.109 F56-5= 0.123
F5-6= 0.27- F6-6= 0279  F56-6=* 0.259
F5- 12« 0.206 F6-12= . 0.380 F56- 1.2« - 0309
F5- 34« 0424 F6-34¢= 0.252 F56-34=x 0.308
F5-56= 0.370 F6- 56= . .0.388 F56-66= 0.382
2.000 2.000 2.000
N maansﬁsnsukenmwym page A of this spreadsheet
meammatswﬁ'acbonusedwawatamzs shape factor based on -
means that reciprocity was used basedon | | o
no features means that ¢losure was used based on olher hfonnauon n that column
had means thst closure was based en that row
N
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S2.3.0 SHAPE FACTORS FOR 6 SIDED ENCLOSURES \J

The general case for the internal surfaces of a cube is shown in Figure 52.9. The cases that yield basic shape
factor data are shown in Figures S2.10 and S2.11. The equations shown in these figures combined with shape
factor algebra yield the relevant results.

Figure S2.9
Shape Factor Geometry for Enclosures

Opposite surfaces are denoted’. For example,
surface 1° is opposite surface 1.

N
Figure S2.10
Shape Factor for Parallel Plates
. * Identical, parailel, directly op-
. — posed recrangles.
b =2 pa?
: v e X : Y ¢
: : N
: . s 1
: . -
: _E ;
o2 (1 = X1 - )3} — am = X
Fia 'Xy{ln[ T Y o Ts ] + XV1 4+ Y3tan ‘;l_——-r_yi
T Bitn! —f — -ty .
+ YViI+ X?tan v e Xtan~* X — Yan ‘Y}
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Figure S2.11
Shape Factor for Perpendicular Attached Plates
» . ... . Two finite rectangles of
1/ length, having one fomon::‘.‘g':

and at an angle of S0° to each

w
i B=f Weg
1 1 1 ~-
- e § W tan =1 -:__\f—" -1
Fis= i (Funt g+ o - VT Wrmnn o

R B WA

' Figure §2.12

Typical Calculations (Enclosures)
mmm'/smmhwwmammm
Oimensions:  Tatea2e 0183 bI2e  0O7¢  che2m Q.08
© 2e 07 b2s 0000 @~ @= 0085
L. ats oos ‘s . Q073 gim 9043 ’
Areas: J Al= Q00266 A2= Q010823 T A3= 9.00000 Als 000001

-A1Z® Q01354 | AI3® Q0207 - -'A2ém §01033  Ae 0.00002

Arm QOOISS ©  Abw Q006X Ace €00234 - Adw €.00956

. Asce 20339 Abw BOISAS  , Acdm 001390 . Aab= Q00787
Asbegs 0018784 A1234 s 0.013860 :

g ——————

[ Fi.Te 00616] Fate_G02i2] Fits 0O0SB] - Fa&¥m 00248 | F1234s 80002
Fizs QIO F2a= 012188 Fios 01012) Fezs 0960 |FRIZ8 0NN
F1-35_00001| F23¥® 00000 F33> 00001] F&S = 00000 F361Te 01818
Kifa 0,000 4=_go002]  F34m 60002 Fak® 000G | F413 Q0272
Fl.as 00185) Faas - 0.0082 Fiss 00183 Fias 00032] Fod4s 00001 -
Fibe 002531 ' F2be Q0asi| E3be 3 IS 2] fore Q1519
Fics 01622 F2cs 00isT| face -Fica 00106] Fot3e 1620
T L_Figa 00862] F2o= 02274 F3de__0.0434 Feas 00328) Fo3® 0.0000
Fiws 00185] Faa= 00062] Fiaw=_00000| Feas 00600
Fitm 00253] F2bm 00452) FPabe 000011 -FAbw 00001
Fice 01416] F2Cn_ ODIST| Ficw 84087 Ficw 00004
Fige @0842] F20= 02268| Fagm COOIS| Fedm 04989
Fida €027} f2i= 002a1] _ Fiis 34| - Feaw_0m218 .
Fidw ©0000| Fzd= 00000 Frae= 00000 _Faks 00000
Fisn C2887] Fakiw 0ONS| Fals ©A775| Fidin 00343
Tdve  00002] F2va BO0000)  Fawe 00032 ) Feww  0.0001
i _obN4) #zTs 00268 3% 00108 FaTw 00236
FiTs ©0000| F2m 00000) F3¥s 00000 ¥akw 0.0000
Fidce 00032} F2is 01100) F3um O0087| -FiWw 00755
Fiave 00000 | F2ve 00001] F3we 00000 Faws 00000
SUMs_1.0000) SUM= $.0000]  GUsm= 1.0000]  SUM= 1,000
Paia GG233 ] Fois_00106]  Fois _oie18]  Fd.is_ 00174 ] Fris 00132]  Fais ODISA] Fais C.is93] Feria 3
Fade 00| Fb2e OO0IB] Foox 00731] Faaw 02589( . Fids_ 00828) Fi2n O0745| Fize 0039| Fivwae 8070
Fo3=  GO0000)  Fo3® O0000]| Fod= €000 Fd3s 00000| .. | Fs3s €.0000] Fad= GOOO| Fids 00001 | Fw3s 00018
-Fa4= G.0001] Fodw 00001 Fods 0O000L| Fda= 00001] - Fidw_ 0.0001]  Fads 00001 ] Fusds  00001] Fats  0.0002 |
[ Fe¥= 02117] FbT=_00185] Fcl= 00Ww7)  Fai= 00127 [~ Futs_02164]  Fiets G1292) Far= 0.008) Fante
Fszs 0O156) For= 03150) Fcas 00si8) Fdes 0.9010] Frzs ©0851) . -Fux= ©0685| Fuzs 00921] Frezs 00316
[™¥s3= 80000 Fb3m ©O000] Fcds 00000)  Fe¥= 00000 Fr3e 00002} Fw3a_ 00026 | Fasw €.0000) Ewde 0.0
Fad=_ 00001 | Foks 00001| Fcd= 00003) Fo&= 00001 Frd» 00001) Fad= 00002| Fudm 00001 | Fivd= 0.0001
Foa= 00759 | Fbaw 00220] Fcaw 00398 Fdws_ 80138 [ Fre= 01215 _Faaz _obiei| Faa= 00198| Feeax 00087
[ Feb=_ 00421 Fbb= 01875) Fcba 00s62) Fdb= 04050 Fib= Fobs 00583 ] Farbs GDM8) Fabe 0.0403
“Facw 00601] Focs 00081 Fcow 03042) Foew 00317 [ Fes ot0]  Fice 00613} Fics 03391) Facs 00223
“Fad= 00050] Fodw 015871 Fodm 01294 ) Fods 03600 [ Fox_00523]  Feow 0012] Fide 00803 ] - Feox 00842
Fata 02503| Foie CONB) Foim 60407] Fois  00174) - [ Fiaw_ 0.4211]  Feaw C4970) Faa= 00108 | Fae=  0.0008
Fads 00000)  Fod= 00000 Fod= 000001 Fdi= _0.0000 Fitrm__ 00627 | Fabw 0000z) Fabe 0048 | Fwbw  0.0001
Fakia 00616] Fblim 00263] Fole 02350) Fokis 0043 Ficw 0CI0| Fwcw OM12) Fecm 043041 Fwcs 04978
e 00000 ] Foive 00000 Foive 8.0001] Fowe 00001 ~Fids_ 00524 | Fadw 0O0001] Fuds 00864 | Fwd= 00003
Fofn 00089} Foim GOO11| Fofm 0008 | Fogl= 0.0250 Fid=_ 00282] Faim 00260) Emd= 00041§ Fad= 00230
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L
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$2.5.0 RESULTS
The results of these calculations are summarized in Table S2.3.

Table S2.3
Nodal Areas and Shape Factors

“Are (ol to 5 Nb:
0.00063 0.072 40
101 0.00068 0.056 40 55
102 0.00068 0.306 40 56
103 0.00068 0.250 40 57
104 0.00068 0.141 40 58
105 0.00068 0.084 40 59
106 0.00068 0.030 40 301
107 0.00068 0.034 40 400
108 0.00068 0.027 40 435
109 0.00571 0.115 41 49
110 0.00571 0.037 41 55
111 0.00571 0.249 41 56
112 0.00571 0274 41 57
113 0.00571 0.167 41 58
114 0.00571 0.100 4] 59
115 0.00571 0.003 . 41 301
116 0.00571 0.055 41 435
117 0.00523 0.145 35 49
118 0.00523 0.019 35 55
119 0.00523 0.169 35 56
120 0.00523 0.275 35 57
121 0.00523 0.123 35 58
122 0.00523 0.269 35 435
123 0.00370 0.071 435 49
124 0.00370 0.016 435 55
12§ 0.00370 0.115 435 56
126 0.00370 0.096 435 57
127 0.00370 0.051 435 58
128 0.00370 0.039 435 59
129 0.00370 0.017 435 301
130 0.00370 0.129 435 400
131 0.00980 0.015 49 55
132 0.00580 0.129 49 56
133 0.00980 0.169 49 57
134 0.00980 0.125 49 58
135 0.00980 0.075 49 59
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136 0.00980 0.025 49 301
137 0.00980 0.124 49 400
138 0.01290 0.035 50 45
139 0.01290 0.049 50 54
140 0.01290 0.003 50 55
141 0.01290 0.039 50 56
142 0.01290 0.122 .50 57
143 001290 0173 50 58
144 001290 0.164 50 59
145 £ 0.01290 0.059 50 301
146 0.01290 0.099 50 400
147 0.00550 0289 445 45
148 0.00550 0.113 445 54
149 0.00550 0.009 445 58
150 0.00550 0.082 445 59
151 000550 0.052 - 445 301
152 0.00550 0.028 45 400
153 0.00590 0.103 45 58
154 0.00590 0200 45 59
155 0.00590 0.084 45 301
156 0.00590 0039 45 400
157 0.01610 0.024 54 57
158 0.01610 - 0.092 54 58
159 0.01610 -~ 0.056 . 54 59
160 0.01610 0.044 54 301
161 0.01610 0089 54 400
162 0.01610 0.038 54 306
163 0.00980 0.034 713 710
164 0.00980 0.018 713 711
165 0.00980 0030 713 59
166 0.00930 - 0.043 713 58
167 0.00980 0388 713 54
168 0.00980 - 0.054 713 728
169 0.00980 0.023 713 715
170 0.00980 0.058 713 301
17 0.00980 0.005 3 727
172 0.00980 ©°0.005 713 709
173 0.00980 0011 713 400
174 0.02090 0.061 712 713
175 0.02090 0.037 712 710
176 0.02090 10.016 712 711
177 0.02090 0.032 2 59
178 0.02090 0.069 712 58
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- Real Constant Sef Shape]

179 0.209

180 0.077 712 728
181 0.077 712 301
182 0.02090 0.005 72 727
183 0.02090 0.007 712 709
134 0.02090 0.053 712 715
185 0.02090 0.012 712 400
186 0.02090 0.002 712 306
187 0.07660 0.029 714 58
188 0.07660 0.010 714 59
189 0.07660 0.011 714 713
190 0.07660 0.042 714 72
191 0.07660 0.051 714 721
192 0.07660 0.007 714 306
193 0.07660 0.010 714 264
194 0.07660 0.005 714 71
195 0.07660 0.016 714 710
196 0.07660 0.125 714 728
197 0.07660 0.020 714 708
198 0.07660 0.036 74 709
199 0.07660 0.030 714 400
200 0.07660 0.081 714 301
201 0.07660 0.041 714 54
202 0.06090 0.060 715 706
203 0.06090 0.040 715 707
204 0.06090 0.035 715 708
205 0.06090 0.033 715 727
206 0.06090 0.017 715 709
207 0.06090 0.030 715 260
208 0.06090 0.017 715 262
209 0.06090 0.011 715 264
210 0.06090 0.013 715 306
211 0.06090 0.158 715 714
212 0.06090 0.043 75 728
213 0.06090 0.063 75 400
214 0.09330 0.014 716 258
215 0.09330 0.021 716 260
216 0.09330 0.019 716 262
217 0.09330 0.014 716 264
218 0.09330 0.012 76 306
219 0.09330 0.027 716 705
220 0.09330 0.038 716 706
221 0.09330 0.062 716 707
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22 0.09330 0.031 716 708
223 0.09330 0.018 716 727
224 0.09330 0.054 N6 400
225 0.09330 0.105 716 715
226 0.09330 0.042 716 714
227 0.08690 - 0.023 n7 230
228 0.08690 0.013 n7 258
229 0.08690 10,030 717 260
230 0.08690 0.029 n7 262
= 0.08690 0.015 717 264
232 0.08690 0.004 M7 306
233 0.08690 0.045 m 704
234 0.08690 - 0.032 n7 705
235 0.08690 " 0.069 717 706
236 0.08690 © 0,047 m 707
L 0.08690 0,016 n 708
238 0.08690 . 0.007 n7 709
239 0.08690 0111 77 716
240 0.08690 ~ 0.014 7 7ns
241 0.08690 "~ 0.029 m 400
242 0.05590 - 0.025 78 707
243 0.05590 0,050 718 706
244 0.05590 -~ 0.068 - N8 705
245 0.05590 0079 718 704
246 0.05590 - 0.064 718 230
247 0.05590 .0.057 718 258
243 0.05590 0,048 718 260
249 0.05590 0318 718 77
250 0.05590 0029 - 718 400
251 0.12050 ~ 0.051 114 718
252 0.12050 - 0.008 114 17
253 0.12050 ~0.013 114 706
254 0.12050 0025 114 705
255 0.12050 ~0.110 114 704
256 0.12050 0.030 114 703
257 ) 0.12050 *°0.003 114 222
258 0.12050 0.004 114 226
259 0.12050 -0.039 114 228
260 0.12050 - 0.152 114 230
261 0.12050 0.019 114 258
262 0.12050 770.023 114 260
263 0.12050 -0.015 114 400
264 0.12050 0.051 114 187
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ape Fac

0.028

0.138 187 703

0.030 187 702
268 0.17440 0.004 187 224
269 0.17440 0.045 187 226
270 0.17440 0.184 187 228
271 0.17440 0.047 187 230
272 0.17440 0.002 187 258
273 0.17440 0.007 187 400
274 0.17440 0.043 187 185
275 0.19010 0.028 185 703
276 0.19010 0.142 185 702
277 0.19010 0.028 185 701
278 0.19010 0.003 185 222
279 0.19010 0.042 185 224
280 0.19010 0.191 185 226
281 0.19010 0.042 185 228
282 0.19010 0.001 185 400
283 0.16340 0.047 183 226
284 0.16340 0.054 183 185
285 0.16340 0.034 183 702
286 0.16340 0.003 183 364
287 0.16340 0.174 183 224
288 0.16340 0.040 183 737
289 0.16340 0.028 183 136
290 0.16340 0.007 183 700
291 0.16340 0.007 183 222
292 0.16340 0.129 183 701
293 0.04850 0.092 164 224
294 0.04850 0.070 164 701
295 0.04850 0.130 164 183
296 0.04850 0.005 164 345
297 0.04850 0.004 164 344
298 0.04850 0.022 164 700
299 0.04850 0.003 164 364
300 0.04850 0.029 164 222
301 0.04850 0.137 164 737
302 0.04850 0.102 164 736
303 0.28700 0.005 731 183
304 0.28700 0.005 731 164
305 0.28700 0.026 731 737
306 0.28700 0.015 731 736
307 0.28700 0.033 731 364
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- ‘
308 028700 0.082 731 222
309 0.28700 0.019 B E) 400
310 0.28700 0.060 731 700
31 0.28700 -0.005 731 321
312 0.28700 0.021 - 731 345
313 0.28700 0.113 731 344
314 0.28700 0.045 - 731 350
315 0.28700 0.024 731 730
316 0.05510 0.091 730 222
317 0.05510 10.007 730 364
318 0.05510 0.047 730 700
319 0.05510 '0.005 730 344
320 0.05510 0.005 730 345
321 0.05510 0.004 730 400
322 0.05510 0.076 730. 164
323 0.05510 0.088 730 736
324 0.05510 0.197 730 737
325 0.05510 -0.030 730 183
326 0.05510 0.020 130 701
327 0.05510 -0.036 730 224
328 0.13000 0.006 732 © 400
329 0.13000 0.182 732 350
330 0.13000 0.071 732 - 344
331 0.13000 /0.018 732 321
332 0.13000 0.005 732 364
333 0.13000 0.002 732 700
334 0.13000 0.003 732 345
335 0.13000 0.118 732 731
336 0.04880 -0.049 736 701
337 0.04880 "0.038 736 224
338 0.04380 0.004 736 702
339 0.04880 0.001 736 226
340 0.04880 "0.308 736 737
341 0.04880 0.037 736 222
342 0.04880 0.001 736 364
343 0.08920 0.029 210 344
344 0.08920 - 0.064 210 350
345 0.08920 '0.008 210 732
346 0.08920 0278 210 321
347 0.08920 0.002 210 731
348 0.08920 0,085 210 211
349 0.09190 £ 0.081 211 321
350 0.09190 0.176 21 350
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Real Constant Set © hape Factor.

351 0.017

352 0.130

353 0.014

354 0.09190 0.020

355 0.09190 0.003

356 0.09190 0.003

357 0.01370 0.061 209 210
358 0.01370 0.454 209 320
359 0.01370 0.207 209 321
360 0.01370 0.004 209 319
361 0.01370 0.005 209 208
362 0.00032 0.056 208 319
363 0.01830 0.006 320 208
364 0.01830 0.106 320 321
365 0.01830 0.169 320 210
366 0.01830 0.008 320 319
367 0.08010 0.063 321 350
368 0.08010 0.005 321 344
369 0.14330 0.065 350 344
370 0.14330 0.002 350 345
371 0.14330 0.003 350 400
372 0.14330 0.003 350 364
373 0.14330 0.006 350 222
374 0.14330 0.004 350 700
375 0.14160 0.043 344 345
376 0.14160 0.057 344 400
377 0.14160 0.028 344 364
378 0.14160 0.020 344 222
379 0.14160 0.023 344 700
380 0.14160 0.005 344 736
381 0.14160 0.003 344 737
382 0.03700 0.295 345 400
383 0.03700 0.044 345 364
334 0.03700 0.023 345 222
385 0.03700 0.059 345 700
386 0.05790 0.248 700 222
387 0.05790 0.106 700 364
388 0.05790 0.027 700 736
389 0.05790 0.024 700 737
390 0.05790 0.005 700 701
391 0.05790 0.013 700 224
392 0.05790 0.030 700 400
393 0.09260 0.002 701 222
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.,
394 " 0.09260 0312 701 224
395 0.09260 0.042 701 702
396 0.09260 0.027 701 226
397 0.09260 ' 0.003 701 703
398 0.09260 _ 0.001 701 228
399 0.09260 0.025 701 737
400 0.10760 0.023 702 224
401 - 0.10760 0.310 702 226
402 0.10760 0.025 702 228
403 0.10760 *0.037 702 703
404 0.09870 . 0,025 703 226
. 405 0.09870 0.038 703 704
406 0.09870 "0.005 703 705
407 0.09870 0.306 703 228
408 0.09370 0.024 703 230
409 ~ 0.06820 0035 704 228
410 10.06820 ~0.031 " 704 705
411 0.06820 0299 704 230
412 0.06820 °0.022 704 258
413 0.06820 -0.011 704 706
414 0.06820 0.006 704 707
415 0.03980 0.064 705 230
416 0.03980 0.101 - 705 706
417 0.03980 0.016 705 707
418 0.03980 0,011 705 708
419 0.03980 '0.182 705 258
420 0.03980 0,052 - 705 260
421 0.03980 0.005 705 262
422 0.07700 0.040 706 258
423 0.07700 _ 0011 706 230
424 ~ 0.07700 . 0.096 1706 707
425 0.07700 0.170 706 260
426 10.07700 -0.035 706 262
427 0.07700 0.113 © 706 708
428 0.07700 £ 0.005 706 709
429 0.08540 0046 707 260
430 0.08540 0,128 707 708
43t 0.08540 0.010 707 709
432 0.08540_ - 0.005 707 258
433 0.08540 0.140 707 262
434 0.08540 0,031 707 264
435 0.08540 0.006 707 306
436 0.08540 ~0.013 707 400
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Const rea (m/r Fae No Node
437 0.04000 0.019 262 400
438 0.05360 0.031 708 400
439 0.05360 0.015 708 301
440 0.05360 0.044 708 306
441 0.05360 0.111 708 264
442 0.05360 0.049 708 262
443 0.05360 0.007 708 260
444 0.07750 0.005 709 262
445 0.07750 0.084 709 708
446 0.07750 0.010 709 264
447 0.07750 0.453 709 400
448 0.07750 0.118 709 727
449 0.02310 0.039 264 400
450 0.02310 0.028 264 301
451 0.03380 0.129 306 709
452 0.03330 0.028 306 3n
453 0.03330 0.091 306 400
454 0.01580 0.002 710 306
455 0.01580 0.176 710 400
456 0.01580 0.003 710 59
457 0.01580 0.051 710 58
458 0.01580 0.163 710 54
459 0.01580 0.106 710 50
460 0.01580 0.123 710 728
461 0.01580 0.062 710 727
462 0.00760 0.061 711 710
463 0.00760 0.004 711 59
464 0.00760 0.006 i 301
465 0.00760 0.172 711 400
466 0.00760 0.227 711 54
467 0.00760 0.037 711 58
468 0.00760 0.193 711 50
469 0.00760 0.082 711 728
470 0.00760 0.008 1 727
471 0.00760 0.005 711 709
472 0.07330 0.024 727 301
473 0.07330 0.081 727 400
474 0.07330 0.033 727 264
475 0.07330 0.105 727 708
476 0.07330 0.155 727 306
477 0.07750 0.003 728 59
478 0.07750 0.007 728 301
479 0.07750 0.034 728 727
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480 0.07750 0.054 728 709
481 0.07750 ' 0.303 728 400
482 0.07750 1 0016 728 708
433 0.07750 - 0.008 728 264
434 0.07750 0.006 ' 728 306
485 0.07750 © o 0.087 ' 728 50
486 0.07750 0.016 728 A 54
437 0.00070 0.039 S5 400
488 0.00570 0.042 56 1 . 400
489 0.01130 C 0052 57 400
490 0.01610 0.085 58 : 400
491 0.02330 0.189 59 400
492 0.01550 . 0420 301 : 400
497 000610 | 1000 35 435
498 0.00740 1.000 45 445
595 0.01410 1.000 20 94
596 0.01460 © 1.000 28 100
597 0.02130 1.000 30 ~ 101
598 0.01390 - 1.000 32 102
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SUB-APPENDIX 3.6.43
DERIVATION OF HEAT TRANSFER COEFFICIENTS

The heat transfer coefficients used in the analysis were chosen to match the empirical results. This appendix
demonstrates that the values used are reasonable in comparison with approximate relations for air. It also
calculates bounding values for the heat transfer coefficient foracyﬁnderinaﬁreenvironmmt.

‘ Forallstadystatecalwlauons,thetempemamoftheapphcablesurfaoesaretakenﬁomtheﬁle SS360.TEM,

which is found in Subappendxx 4.
HEATED SURFACES FACING UPWARD

- There are three surfaces that fall into this category. 'Iheyareﬂ:etopmnfaoeoftheupperﬁr&hxeld,ﬂ:etop
smfaoeofﬂnctopplugandtl:etopsmfaoeofthelowerﬁr&sheld.

For heated surfaces facing upward Holman suggests the follovnng sxmphﬁed relation for the turbulent
flow of air.[10]

h=143AT1%%

where: R =theheatuansfercoeﬂiclent (W/m“C)
AT = temperature difference in °C

Substituting in the appropriate temperatures ﬁ'omﬂ:xe results oftheswadystateealallatlons yields the following
results:

Upper surface of top fireshield - 13° - 34
Topsurfaoeofthetoppmg, m 6.9 -

HEATED SURFACES FACING DOWNWARD -
For & heated horizontal plate facmg downwaxd,Holman suggests:[10]

h= 0;61(‘—% r2

Substituting in the appmpnate temperatures ﬁ'om the results of the swady state calculaﬁons ylelds the followmg
results:

Bottom surface of the bottom fireshield ' 112 | 21 1
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CYLINDRICAL SURFACES y

The outer surface of the main body and the outer surface of the radial fireshield are the only cylindrical surfaces
on the package. It is necessary to calculate the heat transfer coefficient for both surfaces using the assumption
that they are unfinned. The case of an unfinned vertical cylinder is considered by Holman [10]. For this case,
the heat transfer coefficient is approximated by:

h=0.95(AT )>**

Substituting in the appropriate temperatures from the results of the steady state calculations yields the following
results:

Outer surface of radial fireshield

<l

18

FIN ENCLOSURE

The flow of air in the fin enclosure can be approximated by a rectangular duct with dimensions of 4.25 in
(0.108 m)x 3.5 in (0.089 m). The hydraulic diameter of this duct, d, is given by:

d= 4*AREA = 4(0.108)(0.089) = 0.1 m
PERIMETER 2(0.0108+0.089)

i
For the following calculations, the properties of air are taken at 300 K from reference [10]. The relevant property
values are: :

Value'
1006 J/kgK
Dynamic Viscosity, 1.85E-5 kg/ms
Thermal Conductibity, k 0.026 W/mK
Prandtl number, Pr 0.708

density, p 1.18@&

During the test loading of the F-294, the air temperature rise was found to be 21 °C. (See Section 3 of Appendix
3.64.) I it is assumed that all of the decay heat from the flask is divided equally between the 36 fin enclosures,
each enclosure would dissipate:

Q=360 kCi * 154W/kCi= 154 W per enclosure
36

which is equal to the heat gained by the air. Thus, the mass flow of air is:

m=_Q =_154 =00073kg/s
CAT  1006(21)

From which the velocity of 0.64 m/s can be calculated. \J
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l‘hlslwdsto 2 Reynolds mmber of:

Re=pud=; 18(064){0 )-—4100
N - 1.85E-5 |

wh:chmdmtt&sthattheﬂownsnnbulent. .
For smooth pipes, Holman suggests the following relahonshxp for the Nusselt number, Nu:[10]
Nu= hdk =0023 Re"Pr™ =0.023(4100)’(708)™ = 15.6
From which the value of the heat transfer coefficient can be calculated:
h=0.025(15.6/0.1 =4 W/m™C
Fora raugh tube, Holman quotes the following relationship for the Stanton Nurnber, St[10] |

St= h = .

pCu 8P |

where f'is the friction factor. Assuming a relative roughness of 0.05, leads to a value of 0.075 for the friction
factor [10]. Thus, the value of the heat transfer coefficent for 2 rough pipe is:

h= uf = 0.075(1.2X1006)0.64) = 9.1 W/m*C
8:738-“’ 8(0.0708)*%

Avalueof65W/m‘”stusedmthcanalysxs,and:smsonablebecauscmsboxmdedby&mctwoexh'mc
values for pipes.

HEAT TRANSFER COEFFICIENT DURING THE FIRE TEST

The F-294 can be approximated as a cylinder. For the purposes of modelling the heat transfer coefficients, it is
conservatively assumed that the heat transfer coefficients for the inner shielding vessel are the same as the values
for the outer fireshield. The flow of the hot gases across the shielding vessel takes place at a velocity of 6.1 m/s
(20 ftfs).

Thlsassmnpuomsextemelyeonservauveastheﬁmhleldandﬁnsprowdeabamertotheﬁ'eeﬂowofgases
over the shielding vessel. However,smceltxsdlfﬁculttoquanhfythlseﬁ‘ect, it is assumed that they do not impede
the flow of gas.

From Holman[10), the heat transfer coefficient lakes the form:
h=k/d * Cludn)’Pr™™®

where: d is the diameter of the fireshield =12 m

C,n are constants that depend on the Reynolds number (ud/V)

k = thermal conductivity of the fluid

v = kinematic viscosity of the fluid

Pr = Prandtl number for the fluid

- u= free stream velocity
Thepropertyvaluwofk,vandPrmevaluatedatﬂleﬁlmtempmaure,whlchlsdeﬁnedasthemeanof&xewall
and free stream fluid temperatures. ,
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At the start of the fire, the wall temperature is 42 °C at the midheight of the shielding vessel. The film temperature
is, therefore, 421 °C and, from Holman[10], the property values are k =0.0520 W/m°C, v = 6.5E-5 m%/s and

Pr =0.684. This yields a Reynolds number of about 100,000. At this value of Re, the constants C and n are
0.0266 and 0.805 respectively.[10) Substituting in the diameter of the outer fireshield (1.2 m) yields a heat

transfer coefficient of

h=1.2(0.0266X6.1*1.2/6.5E-5)"** 685** =11.5 W/m’°C
0.0520

A value of 12 W/m?°C is used in the analysis.
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1.0 OVERVIEW

SUB-APPENDIX 3.6.4.4
COSMOS /M INPUT AND OUTPUT FILES

This sub-appendix includes all of the input ﬁles used in the analyses and includes the output files for
the steady state cases. Each of the input files (*.INP) perform different tasks as describe in Table S4.1.
In order to complete an analysis, the files are m ;p thverrder shown in Table S4.2.

Table S4 1 :
Input/Output Fﬂe Names and Descnptmns
INPUT FILES | Description Page
| F294GEOM.INP - - | Inputs geometry of the F294 69

GAPON.INP Adds a contact resistance between lead and stainless steel - 93
GAPOFF.INP | Removes contact resistance between lead and stainless steel 95
TESTBND.INP Inputs boundary conditions for tested case (steady state) 96
360BND.INP - | Inputs boundary conditions for regulatory condmons 99

(steady state) o
FIRE12.INP Inputs boundary conditions for hypothetwal accldent condmons 102
INSOLS.INP . | Applies insolation heatload -~ - 103
OUTPUT FILES L ,
SSTEST.TEM Output of Vahdatxon Casc 1 104
S$S360.TEM Output for 360 kCi case with regulatory ambxent condxtxons and 108
; contact resistance ,
SS360SUN.TEM | Output for 360 kCi case with regulatory ambient condmons, 112

' conservative insolation heat load and contact resistance o :

360SUN2.TEM Output for 360 kCi case with regulatory ambient conditions, - 116

realistic insolation heat load and contact resistance
UNBOND.TEM Output for 360 kCi case with regulatory ambient conditions and 120

no contact resistance '
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Table S4.2
Input Files for the Various Analyses

Validation Case —~ No Contact Resistance

294GEOM.INP

TESTBND.INP

Validation Case — with Contact Resistance

294GEOM.INP

GAPON.INP

TESTBND.INP

Steady State Analysis (360 kCi, with Contact Resistance)

294GEOM.INP

GAPON.INP

360BND.INP

Fire Test (360 kCi, Contact Resistance Removed at Start of Fire)

294GEOM.INP

GAPON.INP

360BND.INP

GAPOFF.INP

FIRE12.INP

Insolation Heat Load

294GEOM.INP

GAPON.INP

360BND.INP

INSOLS.INP
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2.0 FILE 294GEOM.INP

TITLE,F294 geometry (FILE F294geom.INP)
C* Element definitions
EGROUP, 1, PLANE2D,0,1,1
EGROUP, 2,CLINK,0,0,0,0
EGROUP, 3,RLINK,0,0,0,0
EGROUP, 4, TRUSS2D,0,0,0
c* Real constants
RCONST,1,1,1,2,1.0,0.0,

’
’
[
(4

C* Areas for conduction links from plug to main body

RCONST, 4,587,1,2,.0055,1
RCONST,4,588,1,2, .0099,1
RCONST,4,589,1,2,.0182,1
RCONST, 4,590,1,2,.0213,1
RCONST, 4,591,1,2,.0146,1
RCONST, 4,592,1,2,.0141,1

C* Areas for conduction links from crack shield to plug

RCONST, 4,593,1,2,.00097,1
RCONST, 4,594,1,2,.00142,1
C* Keypoint definitions
PT,1,0,-0.0032,0

PT,2,0,0.0127,0,
PT,3,0,0.0381,0,
PT,4,0,0.0508,0,
PT,5,0,0.1524,0,
PT,6,0,0.1651,0,
PT,7,0,0.45085,0,
PT,8,0,0.47625,0,
PT,9,0,0.973138,0,
PT,10,0,0.985838,0,
PT,11,0,1.265238,0,
PT,12,0,1.328738,0,
PT,13,0,1.47638,0,
PT,14,0,1.48273,0,
PT,15,0,1.50813,0,

PT,16,0,1.5272,0,
PT,17,0.563563,0.1334,0,
PT,18,0.0508,0.1524,0
PT,19,0.14605,0.47625,0,
PT,20,0.14605,0.97155,0,
PT,21,0.15875,0.45085,0,
PT,22,0.15875,0.95885,0,
PT,23,0.18669,0.973138,0,
PT,24,0.1778,0.985838,0,
PT,25,0.1778,1.265238,0,
PT,26,0.20081%,0,95885,0,
PT,27,0.187833,0.97155,0,
PT,28,0.18669,1.27794,0,
PT,29,0.1524,1.328738,0,
PT,30,0.1524,1.37795,0,
PT,31,0.223838,1.328738,0,
PT,32,0.223838,1.37785,0,
PT,33,0.200819,1.2271,0,
PT,34,0.3233,1.2271,0,
PT,35,0.4445,1.0172,0,
PT,36,0.4445,0.2415,0,
PT,37,0.1867,0.1651,0,
PT,38,0.1905,0.1524,0,
PT,39,0.4572,0.2314,0,
PT,40,0.4572,1.0207,0,
PT,41,0.3360,1.2271,0,
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PT,42,0.3096,1.27635,0,

PT,43,0.187833,1.27635,0, ;
PT,44,0.27305,1.27794,0, D/
PT,45,0.27305,1.328738, 0,

PT,46,0.274638,1.27635,0,

PT,47,0.231236,1.27794,0,

PT,49,0.381,1.5272,0,

PT,50,0.5588,0.0508,0,

PT,51,0.3683,1.50813,0,

PT,52,0.3683,1.48273,0,

PT,53,.3683,1.5272,0,

PT,54,0.563563,0.1143,0,

PT,55,0.563563,1.3452,0,

PT,56,0.5699,0.1143,0,

PT,57,0.5699,1.3452,0,

PT,58,0.595313,0.1143,0,

PT,59,0.595313,1.3452,0,

PT,60,0.601663,0.1143,0,

PT,61,0.601663,1.3452,0,

PT,62,0.52705,-0.0032,0,

PT,63,0.52705,0.0127,0,

PT,64,0.52705,0.0381,0,

PT,65,0.52705,0.0508,0,

PT,66,0.5588,-0.0032,0,

PT,67,.3683,1.47638,0,

PT,68,.118533,1.26524,0,

PT,69,.200819, .405,0,

pT,70,0,.405,0,

PT, 71, .09525, .1651,0,

PT,72,.1905,.0508,0,

PT,73,.5588,.12065,0, .
PT,74,.563563,1.0214,0, NP
PT,75,.5699,1.0214,0, :
PT,76,.595313,1.0214,0,

PT,77,.601663,1.0214,0,

PT,78, .5588,1.0214,0,

PT,80,.381,1.47638,0,

PT,81, .381,1.48273,0,

PT, 82, .381,1.50813,0,

PT,83,.5588,1.3272,0,

PT, 84, .563563,1.3272,0,

PT, 85, .5699,1.3272,0,

PT, 86, .595313,1.3272,0,

PT,87,.601663,1.3272,0,

PT,88,.5699,0.1334,0,

PT,89,.595313,0.1334,0,

PT,90,.601663,0.1334,0,

PT,91, .1905,.0381,0,

PT,92,.1905,.0127,0,

PT,93,.1905,-0.0032,0,

PT,94,.5588,.0381,0,

PT, 95, .5588,.0127,0,

"VIEW,0,0,1,0,

SCALE, 0,

C* Material property set 1 = stainless

MPROP, 1,DENS, 7800.,

MPROP,1,C, 460,

C* get variation of k with respect to temperature

CURDEF, TEMP,1,1,-273,14.0,38,14.0,100,15.1,149,17.0,204,18.0,260,18.9
CURDEF, TEMP,1,6,316,19.6,371,20.4,427,21.1,538,22.8,816,26.5,927,26.5
ACTSET, TP, 1,

C* assign value of 1 to KX as this value gets multiplied by curve 1
MPROP, 1,KX,1.000,
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ACTSET, TP, 0,

c* Material property set 2 = lead

MPROP, 2,DENS, 11373.,

Cc* get varxation of C with respect to temperature :
CURDEF, TEMP, 9,1, -23,127,27,129,127,132,227,136,327,142
CURDEF, TEMP, 9,6,328,6188, 331 6188,332,159,1000,159
ACTSET, TP, 9,

MPROP,2,C,1.0000,

ACTSET, TP, 0,

Cc* sget variation of k with respect to tewperature

CURDEF, TEMP, 2,1, -273,35,-27,35,123,34,227,33,327,31

CURDEF, TEMP, 2,6,527,19,727,22,927,24

ACTSET, TP, 2,

MPROP,2,KX,1.0000,

ACTSET,TF, 0,

C* Material property set 3 = air

MPROP, 3,DENS,1.2, - ~ ‘
MPROP,3,C, 1060, '

MPROP, 3, KX,.0224,

Cc* Materxal property set 4 = transxte

MPROP, 4,DENS,1600.,

MPRQP,4,C,837. ,

MPROF,4,KX,0.389,

C* Material property set 5 = kaowool

MPROP, 5,DENS, 6,

MPROP, 5,C, 1060,

C* set variation of k with temperature

CURDEF, TEMP,4,1,-273, .029,38,.029,100, .032,149, .036, 204, .048
CURDEF, TEMP, 4,6,260, .053,316, .062,371, .074,427, .088, 538,.118
CURDEF, TEMP,4,11,816, .210,927, .248, .
ACTSET, TP, 4

MPROP,5,KX,1.0,

ACTSET, TP, O,

c* Mater1a1 property set 6 = stainless fins used 12% of

¢c* k and density for continuity in 2D heat transf eg'n

C* k = 0.12(20)=2.4, density = 0.12(7800)= 940, C unchanged
MPROP, 6,DENS, 940.,

MPROP, 6,C, 460,

MPROP,6,KX, 2.4,

C* Mater1a1 property set 7 = mild steel

MPROP, 7,DENS, 7800.,

MPROP, 7,C, 465,

MPROP, 7,KX,64.1,

C* Mater1a1 property set 8 = convection hte used for conv links

C* Air values used for other parameters
MPROP, 8,DENS, 1.2, ’
MPROP, 8,C, 1060,

MPROP, B,KX, .0224,

MPROP,8,HC,6.5

¢* sStart of mesh generation
SF4PT,1,10,24,25,11,0,
SF4PT,2,9,23,24,10,0,

SF4PT, 3,24,23,28,25,0,

ACTSET,EG, 1,

ACTSET,RC,1,

ACTSET,MP, 2,

M_SF,1,1,1,4,3,3,1,2,

ACTSET,MP, 1,

M_SF,2,2,1,4,3,1,1,1,
M_SF,3,3,1,4,1,3,1,2,
SF4PT,4,68,25,28,29,0,
M_SF,4,4,1,4,1,1,1,1,
SF4PT,5,11,68,29,12,0,
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SF4PT, 6,29,28,47,31,0,
SF4PT,7,29,31,32,30,0,
SF4PT, 8,47,44,45,31,0,
ACTSET, MP, 1
M_SF,5,5,1,4,2,1,
M_SF,6,6,1,4,1,1,
ACTSET,MP, 1,
M_SF,7,7.1,4,1,1,1,1,
ACTSET, MP, 1,

M SF,8,8,1,4,1,1,1,1,
SF4PT, 9,13,67,52,14,0,
SF4PT,10,14,52,51,15,0,
SF4PT,11,15,51,53,16,0,
ACTSET, MP, 7,
M_SF,9,9,1,4,5,1,1,1,
ACTSET,MP, 5,
M_SF,10,10,1,4,5,1,1,1,
ACTSET, MP, 7,
M_SF,11,11,1,4,5,1,1,1,
SF4PT,12,22,26,27,20,0,
SF4PT, 13,26,33,43,27,0,
ACTSET, MP, 1,

M _SF,12,12,1,4,1,1,1,1,
M_SF,13,13,1,4,3,1,2,1,
SF4PT, 14,33,34,46,43,0,
SF4PT, 15,34,41,42,46,0,
ACTSET, MP, 1
M_SF,14,14,1,4,2,1,1,1,
M_SF,15,15,1,4,1,1,1,1,
SF4PT, 16,35,40,41,34,0,
M_SF,16,16,1,4,1,3,1,2,
SF4PT,17,26,35,34,33,0,
ACTSET, MP, 2,
M_SF,17,17,1,4,2,3,1,2,
SF4PT,18,7,21,19,8,0,
SF4PT,19,21,22,20,19,0,
SF4PT, 20,70,69,21,7,0,
SF4PT, 21,69,26,22,21,0,
SF4PT, 22,69,36,35,26,0,
SF4PT, 23,6,37,69,70,0,
SF3PT, 24,37,36,69,0,
SF4PT, 25, 36,39,40,35,0,
ACTSET,MP, 1,
M_SF,18,18,1,4,2,1,1,1,
M _SF,19,19,1,4,4,1,1,1,
ACTSET,MP, 2,

1,1,
1,1,

M_SF,20,20,1,4,2,1,1,1,
M_SF,21,21,1,4,4,1,1,1,
M_SF,22,22,1,4,2,4,1,1,
ACTSET,MP,1
M_SF, 25,25,1,4,1,4,1,1,
ACTSET,MP, 2

M_SF,23,23,1,4,2,2,1,1,
M_SF,24,24,1,4,2,2,1,1,
SP4PT, 26,5,38,37,6,0,
SF4PT, 30, 38,39,36,37,0,
SF4PT, 36,17,88,75,74,0,
SF4PT,37,88,89,76,75,0,
SF4PT, 38,89,90,77,76,0,
ACTSET,MP, 1,
M_SF,26,26,1,4,2,1,1,1,
M_SF,30,30,1,4,2,1,1,1,
ACTSET,MP, 7,
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M_SF,36,36,1,4,1,5,1,1,
ACTSET,MP, 5,
M_sF,37,37,1,4,1,5,1,1,
ACTSET, MP, 7,
M_SF,38,38,1,4,1,5,1,1,
SF4PT,39,74,75,85,84,0,
SF4PT, 40,75,76,86,85,0,
SF4PT, 41,76,77,87,86,0,
SF4PT,44,51,82,49,53,0,
SF4PT,45,52,81,82,51,0,
SF4PT, 46,67,80,81,52,0,
ACTSET,MP, 7,
M_SF,39,39,1,4,1,5,1,2,
ACTSET,MP, 5,
M_SF,40,40,1,4,1,5,1,2,
ACTSET,MP, 7,

M _SF,41,41,1,4,1,5,1,2,
ACTSET,MP, 7,
M_SF,44,44,1,4,1,1,1,1,
ACTSET,MP, 7, ,
M_SF,45,45,1,4,1,1,1,1,
ACTSET,MP, 7,
M_SF,46,46,1,4,1,1,1,1,
SF4PT,50,84,85,57,55,0,
SF4PT, 51, 85,86,59,57,0,
' SF4PT,S52,86,87,61,59,0,
ACTSET,MP, 7,
M_SF,50,50,1,4,1,1,1,1,
ACTSET,MP,7, -
M_SF,S51,51,1,4,1,1,1,1,
ACTSET,MP, 7,
M_SF,52,52,1,4,1,1,1,1,
SF4PT, 53,3,91,72,4,0,
SF4PT,54,2,92,91,3,0,
SF4PT, 55,1,93,92,2,0,
ACTSET,MP, 7,
M_SF,53,53,1,4,2,1,1,1,
ACTSET,MP, 4,
M_SF,54,54,1,4,2,1,1,1,
ACTSET,MP, 7,
M_sSF,s5,55,1,4,2,1,1,1,
SF4PT,59,62,66,95,63,0,
SF4PT,60,63,95,94,64,0,
SF4PT, 61,64,94,50,65,0,
SF4PT, 62,91,64,65,72,0,
SF4PT,63,92,63,64,91,0,
SF4PT, 64,93,62,63,92,0,
ACTSET,MP, 7,
M_SF,59,59,1,4,1,1,1,1,
ACTSET,MP, 7,
'M_SF,60,60,1,4,1,1,1,1,
ACTSET,MP, 7,
M_SF,61,61,1,4,1,1,1,1,
ACTSET,MP, 7,
M_SF,62,62,1,4,2,1,1,1,
ACTSET,MP, 4,
M_SF,63,63,1,4,2,1,1,1,
ACTSET,MP, 7,

M _SF,64,64,1,4,2,1,1,1,
ACTSET,MP, 7

SF4PT, 66,54,56,88,17,0,
SF4PT, 67,56,58,89,88,0,
SF4PT, 68,58,60,90,89,0,
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M _SF,66,68,1,4,1,1,1,1,

NMERGE, 1,900,1,0.0001,0,1,0,

C* Clean up mesh geometry
NMODIFY,97,97,1,0,.200819,1.12817,0,
NMODIFY,128,128,1,0,.291016,1.12817,0,
NMODIFY,9,9,1,0,0,1.12817,0,
NMODIFY,10,10,1,0, .05926667,1.12817,0,
NMODIFY,11,11,1,0,.1185333,1.12817,0,
NMODIFY,12,12,1,0,.1778,1.12817,0,
NMODIFY,30,30,1,0,.18669,1.12817,0,
NMODIFY,101,1021,1,0,.187833,1.12817,0,
NMODIFY, 28,28,1,0,.18669,1.04913,0,
NMODIFY,96,96,1,0,.200819,1.049139696,0,
NMODIFY,100,100,1,0,.187833,1.04913,0,
NMODIFY,116,116,1,0,.4301,1.0679,0,
NMODIFY, 125,125,1,0,.3103,1.04913,0,
NMODIFY, 142,142,1,0, .15875, .820387,0,
NMODIFY,147,147,1,0, .14605, .820387,0,
NMODIFY,187,187,1,0, .4572, .818436,0,
NMODIFY,41,41,1,0,.07366,1.32874,0,
NMODIFY,S57,57,1,0,.1524,1.47638,0,
NMODIFY,63,63,1,0,.1524,1.48273,0,
NMODIFY,75,75,1,0,.1524,1.50813,0,
NMODIFY,87,87,1,0,.1524,1.5272,0,
NMODIFY,56,56,1,0,.07366,1.47638,0,
NMODIFY,62,62,1,0,.07366,1.48273,0,
NMODIFY,74,74,1,0,.07366,1.50813,0,
NMODIFY,86,86,1,0,.07366,1.5272,0,
NMODIFY,58,58,1,0,.223838,1.47638,0,
NMODIFY, 64,64,1,0,.223838,1.48273,0,
NMODIFY,76,76,1,0, .223838,1.50813,0,
NMODIFY, 88,88,1,0,.223838,1.5272,0,
NMODIFY,172,172,1,0, .32266, .6662,0,
NMODIFY,173,173,1,0, .4445, .6662,0,
NMODIFY,185,185,1,0, .4572, .6662,0,
NMODIFY,175,175,1,0, .32266, .8204,0,
NMODIFY,176,176,1,0, .4445,.8204,0,
NMODIFY,187,187,1,0, .4572,.8204,0,
NMODIFY,228,228,1,0, .5636,.8204,0,
NMODIFY,229,229,1,0,.5699,.8204,0,
NMODIFY, 241,241,1,0, .5953,.8204,0,
NMODIFY, 253,253,1,0,.6017,.8204,0,
NMODIFY,224,224,1,0, .5636,.4316,0,
NMODIFY, 225,225,1,0, .5699, .4316, 0,
NMODIFY,237,237,1,0, .5953,.4316,0,
NMODIFY, 249,249,1,0,.6017, .4316,0,
NMODIFY, 222,222,1,0, .5636,.2148,0,
NMODIFY, 223,223,1,0,.5699,.2148,0,
NMODIFY, 235,235,1,0, .5953,.2148,0,
NMODIFY, 247,247,1,0, .6017, .2148,0,
NMODIFY, 258,258,1,0,.5636,1.068,0,
NMODIFY, 259,259,1,0,.5699,1.068,0,
NMODIFY,271,271,1,0,.5953,1.068,0,
NMODIFY, 283,283,1,0,.6017,1.068,0,
NMODIFY, 260,260,1,0, .5636,1.1339,0,
NMODIFY,261,261,1,0,.5699,1.1339,0,
NMODIFY,273,273,1,0,.5953,1.1339,0,
NMODIFY,285,285,1,0,.6017,1.1339,0,
NMODIFY, 262,262,1,0,.5636,1.2271,0,
NMODIFY, 263,263,1,0,.5699,1.2271,0,
NMODIFY, 275,275,1,0, .5953,1.2271,0,
NMODIFY, 287,287,1,0,.6017,1.2271,0,
NMODIFY,264,264,1,0,.5636,1.2764,0,
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NMODIFY,265,265,1,0,.5699,1.2764,0,
KMODIFY,277,277,1,0,.5953,1.2764,0,
NMODIFY,289,289,1,0,.6017,1.2764,0,
C* Nodes below cavity
NMODIFY,137,137,1,0,.0508,.47625,0,
NMODIFY,124,134,1,0, .0508, .45085,0,
NMODIFY,150,150,1,0,.0508, .40500,0,
NMODIFY,194,194,1,0,.0508, .28505,0,
NMODIFY,191,191,1,0,.0508,.16510,0,
NMODIFY,209,209,1,0,.0508, .15240,0,
NMODIFY,320,320,1,0,.0508, .05080,0,
NMODIFY,317,317,1,0, .0508, .03810,0,
NMODIFY,323,323,1,0,.0508,.01270,0,
NMODIFY,329,329,1,0,.0508,-.0032,0,
C* Nodes on lower fireshield
NMODIFY, 355,359,1,0,.318,-.0032,0,
NMODIFY, 353,353,1,0, .318, .0127,0,
NMODIFY,347,347,1,0, .318,.0381,0,
NMODIFY, 350,350,1,0, .318, .0508,0,

C* Define node 400 as the environment at 38 C, 401 at 48 C and 402

C* at 55 C for steady state conditions.
Cc* different boundary conditions appear in plots.

ND,400,1,0.8,0
NTKND,400,38,400,1,
WD, 401,1,0.9,0
NTND, 401,48,401,1,
ND,402,1,1.0,0
NTND, 402,55,402,1,

Nodes are separated so that

C* Insert nodes for gap elements between crack shield and top plug

ND,435,0.1524,1.32924,0,,,.,,.,
ND,445,0.22384,1. 32924, O,v0vees
C* Generate fin nodes
ND, 700, .5588, .2148,0,0
ND, 701, .5588, .4316,0,0
ND, 702, .5588, .6662,0,0
ND, 703, .5588, .8204,0,0
ND, 704, .5588,1.0214,0,
ND, 705, .5588,1.0680,0,
ND, 706, .5588,1.1339,0,
ND, 707, .5588,1.22714,
ND, 708, .5588,1.27635,
ND, 709, .5568,1.4,0,0,
ND, 710, .3,1.4,0,0,0,0
ND, 711, .27464,1.4,0,0
ND,712,.3,1.293,0,0,0
ND,713,.2746,1.293,0,
ND, 714, .3257,1.293,0,
ND, 715, .3353,1.27635,
ND, 716, .3637,1.22714,
ND,717,.4176,1.1339,0
0
0
0
0

’
’
14
s

Qo
- -

ND, 718, .4556,1.0680,
ND, 719, .4364,1.0569,
ND, 720, .4383,1.0727,
ND, 721, .4029,1.1339,
ND, 722, .3490,1.22714,0
ND, 723, .3206,1.27635,0
s
0

-

-

-

ND, 724, .3073,1.2803,0
ND, 725, .31834,1.2803,
ND, 726, .2746,1.2803,0
ND, 727, .5588,1.293,0,
ND, 728, .3257,1.4,0,0, 0
ol

NMODIFY, 203,203,1,0, .323,.28505,0,

O~ OO~ ~
-

-

O O ~ 0OO0O0OQO~ ~ ~

-

cs
OO'
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NMODIFY,166,166,1,0,.323,
ND, 168, .4445, .32,0,0,0,0
ND, 165, .4445, .3327,0,0,
ND, 164, .4572, .3327, R
ND, 163, .4572, .32,0, R
ND, 211, .31167, .18829,0,
ND, 730, .4794, .3327, R
ND, 732, .3180, .1670, R
ND, 733, .32656, .18277,0,
ND, 733, .4667, .22428,0,0
ND, 731, .4794, .21481,0,0
ND, 733, .32656, .18277,0
ND, 734, .4667, .22428,0,
ND, 735, .4667, .320,0,0,
ND, 736, .5588, .3327,
ND, 737, .5636, .3327,
ND, 738, .5699, .3327,
ND, 739, .5953, .3327,
ND, 740, .6017, .3327,
ND, 170, .4445, .4316,
ND, 183, .4572, .4316,
C* Radiation links

ACTSET,MP, 3

ACTSET, EG, 3
RCONST,3, 100
EL,,CR, .2, 40
RCONST,3, 101

0,0
0,
o,
0,

0
0
0
0
0,0
0

(= =R

0
0
0
0
0
0
Q

- w wm e W ow ow

/1,4,

EL,,CR,,2, 40,

RCONST,3, 102
EL,.CR,,2, 40
RCONST,3, 103
&L, ,CR,,2, 40
RCONST, 3, 104
EL,,CR,,2, 40
RCONST,3, 105
EL,,CR,,2, 40
RCONST,3, 106

/1,4,
1,4,
/1.4,
/1,4,

(1,4,

EL,,CR,,2, 40,

RCONST, 3, 107

01,4,

EL'ICRl 12I 40 ’

RCONST,3, 108
EL, .CR,,2, 40
RCONST,3, 109
EL,,CR,,2, 41
RCONST,3, 110
EL,,CR,,2, 41
RCONST,3, 111
EL,,CR,,2, 41
RCONST, 3, 112
EL,,CR,,2, 41
RCONST,3, 113

51'4'

BL, ,CR,,2, 41 ,

RCONST,3, 114
EL, ,CR,,2, 41
RCONST,3, 115

l1l4l

/1,4,

EL,,CR,,2, 41,

RCONST, 3, 116

lll4l

EL,,CR,,2, 41,

RCONST, 3, 117

11141

EL,,CR,,2, 35,

RCONST,3, 118
EL,,CR,,2, 35
RCONST, 3, 119

11141

11'4I

0
0
0
0
0
o
0

’
0

.405,0,
0.0,0,
0,0,0,0
0,0,0,0
0,0,0,
0,0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,0,
lolololol
.0,0,0,0,
lololololol
0,0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,
0,0,0,0,
0.0007 ,0.072 ,0.8,5.669E-8
49
0.0007 ,0.056 ,0.8,5.669E-8
55
0.0007 ,0.306 ,0.8,5.669E-8
56
0.0007 ,0.250 ,0.8,5.669E-8
57
0.0007 ,0.141 ,0.8,5.669E-8
58
0.0007 ,0.084 ,0.8,5.669E-8
59
0.0007 ,0.030 ,0.8,5.669E-8
301
0.0007 ,0.034 ,0.8,5.669E-8
400
0.0007 ,0.027 ,0.8,5.669E-8
435
0.0057 ,0.115 ,0.8,5.669E-8
49
0.0057 ,0.037 ,0.8,5.669E-8
55
0.0057 ,0.249 ,0.8,5.6639E-8
56
0.0057 ,0.274 ,0.8,5.669E-8
57
0.0057 ,0.167 ,0.8,5.669E-8
58
0.0057 ,0.100 ,0.8,5.669E-8
59
0.0057 ,0.003 ,0.8,5.669E-8
301
0.0057 ,0.055 ,0.8,5.669E-8
435
0.0052 ,0.145 ,0.8,5.669E-8
49
0.0052 ,0.019 ,0.8,5.669E-8
55
0.0052 ,0.169 ,0.8,5.669E-8

IN/TR 9301 F294, Revision 4

- Appendix 3.6.4 Page 78 -

July 2003



Chapter 3

EL,,CR,,2, 35, - . 56 CEREE T
RCONST,3, 120 ,1,4, 0.0052 ,0.275 ,0.8,5.669E-8

EL,,CR,,2, 35 , 57 - - Lo )
RCONST,3, 121 ,1,4, 0.0052 ,0.123 ,0.8,5.669E-8
EL,,CR,,2, 35, 58

RCONST,3, 123 ,1,4, 0.0037 ,0.071 ,0.8,5.669E-8
EL,,CR,,2, 435 , . 49 = s -
RCONST,3, 124 ,1,4, 0.0037 ,0.016 ,0.8,5.665E-8
ELIICR:vzn 435 ’ : 55 : _: o
RCONST,3, 125 ,1,4, 0.0037 ,0.115 ,0.8,5.669E-8
EL,,CR,,2, 435 , 56 - . . - )
RCONST,3, 126 ,1,4, 0.0037 ,0.09¢ ,0.8,5.66SE-8
EL, ,CR,,2, 435 , - 857 - :
RCONST,3, 127 ,1,4, 0.0037 ,0.051 ,0.8,5.669E-8
EL,,CR,,2, 435 , -58 - - o
RCONST,3, 128 ,1,4, 0.0037 ,0.039 ,0.8,5.669E-8
EL,,CR,,2, 435 , 59 . S
RCONST,3, 129 ,1,4, 0.0037 ,0.017 ,0.8,5.669E-8
EL,,CR, .2, 435 , 301 S
RCONST,3, 130 ,1,4, 0.0037 ,0.129 ,0.8,5.669E-8
EL, .CR,,2, 435 , . 400 - - o .
RCONST,3, 131 ,1,4, 0.0098 ,0.015 ,0.8,5.669E-8
EL,,CR,,2, 49 , . §5 - . s e 0 s
RCONST,3, 132 ,1,4, 0.0098 ,0.12S8 ,0.8,5.669E-8
EL,,CR,,2, 49 , 56 - . o
RCONST,3, 133 ,1,4, 0.0098 ,0.1€9 ,0.8,5.669E-8
EL, ,CR,,2, 49 , - 57 - R .
RCONST,3, 134 ,1,4, 0.0098 ,0.125 ,0.8,5.669E-8
EL,,CR,,2, 49 , 88 . . oo
RCONST,3, 135 ,1,4, 0.00%8 ,0.075 ,0.8,5.669E-8
EL,,CR,,2, 49 , 59 - .
RCONST,3, 136 ,1,4, 0.0098 ,0.025 ,0.8,5.665E-8
EL,,CR,,2, 495 , -30% - . 7
RCONST,3, 137 ,1,4, 0.0098 ,0.124 ,0.8,5.669E-8
EL,,CR,,2, 49 , 400 - .
RCONST,3, 138 ,1,4, 0.0129 ,0.035 ,0.8,5.669E-8
EL, .CR,,2, 50 , 45 o S
RCONST,3, 13% ,1,4, 0.0129 ,0.049 ,0.8,5.669E-8
EL,,CR,,2, 50 , 5¢ S o
RCONST,3, 140 ,1,4, 0.0129 ,0.003 ,0.8,5.669E-8
EL,,CR,,2, 50 , 55 . .
RCONST,3, 141 ,1,4, 0.0129 ,0.039 ,0.8,5.669E-8
EL,,CR,,2, 50 , . 56 PR ,
RCONST,3, 142 ,1,4, 0.012% ,0.122 ,0.8,5.669E-8
EL,,CR,,2, 50 , 57 o
RCONST,3, 143 ,1,4, 0.0129 ,0.173 ,0.8,5.665E-8
‘EL,,CR,,2, 50 , 88 . . N o
RCONST,3, 144 ,1,4, 0.01295 ,0.164 ,0.8,5.669E-8
EL,,CR,,2, S0 , .59 -
RCONST,3, 145 ,1,4, 0.012% ,0.05% ,0.8,5.669E-8
EL, ,CR,,2, 50 , 301 - Co o
RCONST,3, 146 ,1,4, 0.0129 ,0.099 ,0.8,5.665E-8
EL,,CR,,2, 50 , 400 - - - .
RCONST,3, 148 ,1,4, 0.0055 ,0.113 ,0.8,5.669E-8
EL,,CR,,2, 445 , . B4 . Lo -
RCONST,3, 149 ,1,4, 0.0055 ,0.005 ,0.8,5.669E-8
EL,,CR,,2, 445 , 58 . : R - .
RCONST,3, 150 ,1,4, 0.0055 ,0.082 ,0.8,5.669E-8
EL,,CR,,2, 445 , 59 . - - B
RCONST,3, 151.,1,4, 0.0055 ,0.052 ,0.8,5.669E-8
EL, ,CR,,2, 445 , 301 N ,
RCONST,3, 152 ,1,4, 0.0055 ,0.028 ,0.8,5.669E-8
EL,,CR,,2, 445 , 400 . . . S
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RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ICRI 121
RCONST, 3,
EL, ICRI 12'
RCONST, 3,
EL,,CR, .2,
RCONST, 3,
EL: ICRI 121
RCONST, 3,
EL: ICRI l2I
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ICRI 12'
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
ELI lCRl 121
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR, 121
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL, ICRI 121
RCONST, 3,
ELIICRI 121
RCONST, 3,
EL, ,CR, 121
RCONST, 3,
EL! ICRI '2'
RCONST, 3,
EL,,CR, .2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL: :CR: 121
RCONST, 3,
EL,,CR, ' 2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ICR' 120
RCONST, 3,
EL, ICRI ' 2,
RCONST, 3,
EL, JCRI 121
RCONST, 3,
EL,,CR, .2,
RCONST, 3,

153 ,1,4,
a5 ,
154 ,1,4,
as ,
155 ,1,4,
45 ,
156 ,1,4,
a5 ,
157 ,1,4,
54 ,
158 ,1,4,
54 ,
159 ,1,4,
54 ,
160 ,1,4,
54 ,
161 ,1,4,
54 ,
162 ,1,4,
54 ,
163 ,1,4,
713 ,
164 ,1,4,
713 ,
165 ,1,4,
713 ,
166 ,1,4,
713 ,
167 ,1,4,
713 ,
168 ,1,4,
713 ,
169 ,1,4,
713 ,
170 ,1,4,
713 ,
171 ,1,4,
713 ,
172 ,1,4,
713 ,
173 ,1,4,
713 ,
174 ,1,4,
712 ,
175 ,1,4,
712 ,
176 ,1,4,
712 ,
177 ,1,4,
712 ,
178 ,1,4,
712 ,
179 ,1,4,
712 ,
180 ,1,4,
712 ,
181 ,1,4,
712 ,
182 ,1,4,
712 ,
183 ,1,4,
712 ,
184 ,1,4,

0.0059
58
0.0059
59
0.0059
301
0.0059
400
0.0161
57
0.0161
58
0.01s61
59
0.0l1lel
301
0.0161
400
0.0161
306
0.0098
710
0.0098
711
0.0098
59
0.0098
58
0.0098
54
0.0098
728
0.0098
715
0.0098
301
0.0098
727
0.0098
709
0.0098
400
0.0209
713
0.0209
710
0.0209
711
0.0209
59
0.0208
58
0.0209
54
0.0209
728
0.0209
301
0.02089
727
0.0209
709
0.0209

;0.103 ,0.8,5.669E-8
,0.200 ,0.8,5.669E-8
,0.084 ,0.8,5.669E-8
,0.039 ,0.8,5.669E-8
,0.024 ,0.8,5.669E-8
,0.092 ,0.8,5.669E-8
,0.056 ,0.8,5.669E-8
,0.044 ,0.8,5.669E-8
,0.089 ,0.8,5.669E-8
,0.038 ,0.8,5.669E-8
,0.034 ,0.8,5.669E-8
,0.018 ,0.8,5.669E-8
,0.030 ,0.8,5.669E-8
,0.043 ,0.8,5.669E-8
,0.388 ,0.8,5.669E-8
,0.054 ,0.8,5.669E-8
,0.023 ,0.8,5.669E-8
,0.058 ,0.8,5.669E-8
,0.005 ,0.8,5.669E-8
,0.005 ,0.8,5.669E-8
,0.011 ,0.8,5.669E-8
,0.061 ,0.8,5.669E-8
,0.037 ,0.8,5.669E-8
,0.016 ,0.8,5.669E-8
,0.032 ,0.8,5.669E-8
.0.069 ,0.8,5.669E-8
,0.209 ,0.8,5.669E-8
,0.077 ,0.8,5.669E-8
,0.077 ,0.8,5.669E-8
,0.005 ,0.8,5.669E-8
,0.007 ,0.8,5.669E-8

,0.053 ,0.8,5.669E-8
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ELI ICR' lzl
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL' ICR' lzl
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL' ICR' '2,
RCONST, 3,
ELI ICRI lzl
RCONST, 3,
EI'I ICRI I2'
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL' ICRI '2,
RCONST, 3,
ELI DCRI lzl
RCONST, 3,
m"l ICRI 12I
RCONST, 3,
ELI ICRU 12I
RCONST, 3,
ELI ICRI 121
RCONST, 3,
ELI lCRI '20
RCONST, 3,
ELI ICRIlzl
RCONST, 3,
EL! ICRI 121
RCONST, 3,
EL,,CR,.,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CRI 121
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL' ICRI 12'
RCONST, 3,
ELI ICRI '2'
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EI'I OCRI 121
RCONST, 3,
ELI ICRllzl
RCONST, 3,
EL' Jml Izl
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
ELI ICRI '2'

712 ,

185 ,1,4,
712 ,

186 ,1,4,
712 F]

187 ,1,4,
714 ,

iss ,1,4,
714 ,

ies ,1,4,
714 ,

1%0 ,1,4,
714 ,

191 ,1,4,
714 ,

192 ,1,4,
714 ,

183 ,1,4,
714 ,

194 ,1,4,
714 ,

15 ,1,4,
714 ,

186 ,1,4,
714 ,

187 ,1,4,
714 ,

198 ,1,4,
714 ,

199 ,1.4,
714 ,

200 ,1,4,
714 ,

201 ,1,4,
714 ,

202 ,1,4,
715 ,

203 ,1,4,
718

’
204 ,1,4,

715 ,
205 ,1,4,
715 ,
206 ,1,4,
715 ,
207 ,1,4,
715 ,
208 ,1,4,
715 ,
209 ,1,4,
715 ,
210 ,1,4,
715 ,
211 ,1,4,
718 ,
212 ,1,4,
715 ,
213 ,1,4,
715 ,
214 ,1,4,
716 ,
215 ,1,4,
716 ,

715
0.0209

400

0.0209
306
0.0766

712

0.0766
727
0.07¢66
306
0.0766
. 264
0.0766

711 .

0.0766
710
0.0766
728
0.0766
708
0.0766
709
0.0766
400
0.0766

301

0.0766
54
0.0609
706
0.0609
707
0.0609

708

0.0609
727
0.06089
709
0.0609

260

0.0€609
. 262
0.0609
. 264
0.0609
306
0.0608
714
0.0609
- . 728
0.0609
400
0.0933
258
0.0933
260

,0.012
,0.002

,0.029

,0.010

,0.011
,0.042
,6.051
,0.007
;b.016
,0.005
,0.016

:0.125

,0.020

,0.036

,0.030

,0.081
,0.041
,0.060

,0.040

,0.035

,0.033

,0.017

,0.030
,0.017

,0.011

,0.013

,0.158

,0.043

,0.063

,0.014

,0.021

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.665E-8
,0.8,5.669E-8
,0.8,5.669E-8
,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8
,0.8,5.669E-8
,0.8,5.669E-8
,0.8,5.669E-8
,0.8,5.669E-8
,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8
,0.8,5.669E-8
,b;e,s.sssz-a
,0.8,5.669E-8
,o.s,s.sééﬁ;a

,0.8,5.669E-8

,0.8,5.669E-8

.0.8,5.669E-8
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RCONST,3, 216 ,1,4,
EL,,CR,,2, 716 ,
RCONST,3, 217 ,1,4,
EL,,CR,,2, 716 ,
RCONST,3, 218 ,1,4,
EL,,CR,,2, 716 ,
RCONST,3, 219 ,1,4,
BL,,CR,,2, 716 ,
RCONST,3, 220 ,1,4,
BL,,CR,,2, 716 ,
RCONST,3, 221 ,1,4,
EL,,CR,,2, 716 ,
RCONST,3, 222 ,1,4,
EL,,CR,,2, 716 ,
RCONST,3, 223 ,b1,4,
EL,,CR, .2, 716 ,
RCONST,3, 224 ,1,4,
EL,,CR,,2, 716 ,
RCONST,3, 225 ,1,4,
EL, ,CR,,2, 716 ,
RCONST,3, 226 ,1,4,
BL,,CR,,2, 716 ,
RCONST,3, 227 ,1,4,
BL,,CR,,2, 717 ,
RCONST,3, 228 ,b1,4,
BL,,CR,,2, 717 ,
RCONST,3, 229 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 230 ,1,4,
EL, ,CR,,2, 717 ,
RCONST,3, 231 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 232 ,1,4,
EL, ,CR,,2, 717 ,
RCONST,3, 233 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 234 ,1,4,
EL,,CR,.,2, 717 ,
RCONST,3, 235 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 236 ,1,4,
EL, ,CR,,2, 717 ,
RCONST,3, 237 ,1,4,
BL,,CR,,2, 717 ,
RCONST,3, 238 ,1,4,
EL, ,CR,,2, 717 ,
RCONST,3, 239 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 240 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 241 ,1,4,
EL,,CR,,2, 717 ,
RCONST,3, 242 ,1,4,
EL,,CR,,2, 718 ,
RCONST,3, 243 ,1,4,
EL,,CR,,2, 718 ,
RCONST, 3, 244 ,1,4,
EL,,CR,,2, 718 ,
RCONST, 3, 245 ,1,4,
EL,,CR,,2, 718 ,
RCONST,3, 246 ,1,4,
EL, ,CR,,2, 718 ,
RCONST,3, 247 ,1,4,

0.0933 ,0.019 ,0.8,5.669E-8
262

0.0933 ,0.014 ,0.8,5.669E-8
264

0.0933 ,0.012 ,0.8,5.669E-8
306

0.0933 ,0.027 ,0.8,5.669E-8
705

0.0933 ,0.038 ,0.8,5.669E-8
706

0.0933 ,0.062 ,0.8,5.669E-8
707

0.0933 ,0.031 ,0.8,5.669E-8
708

0.0933 ,0.018 ,0.8,5.669E-8
727

0.0933 ,0.054 ,0.8,5.669E-8
400

0.0933 ,0.105 ,0.8,5.669E-8
715

0.0933 ,0.042 ,0.8,5.669E-8
714

0.0869 ,0.023 ,0.8,5.669E-8
230

0.0869 ,0.013 ,0.8,5.669E-8
258

0.0869 ,0.030 ,0.8,5.669E-8
260

0.0869 ,0.029 ,0.8,5.669E-8
262

0.0869 ,0.015 ,0.8,5.669E-8
264

0.0869 ,0.004 ,0.8,5.669E-8
306

0.0869 ,0.045 ,0.8,5.669E-8
704

0.0869 ,0.032 ,0.8,5.669E-8
705

0.0869 ,0.069 ,0.8,5.669E-8
706

0.0869 ,0.047 ,0.8,5.669E-8
707

0.0869 ,0.016 ,0.8,5.669E-8
708

0.0869 ,0.007 ,0.8,5.669E-8
709

0.0869 ,0.111 ,0.8,5.669E-8
716

0.0869 ,0.014 ,0.8,5.669E-8
715 :

0.0869 ,0.029 ,0.8,5.669E-8
400

0.0559 ,0.025 ,0.8,5.669E-8
707

0.0559 ,0.050 ,0.8,5.669E-8
706

0.0559 ,0.068 ,0.8,5.669E-8
705

0.0559 ,0.079 ,0.8,5.669E-8
704

0.0559 ,0.064 ,0.8,5.669E-8
230

0.0559 ,0.057 ,0.8,5.669E-8
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EL: ,CR, 121
RCONST, 3,
EL, ,CR' 12l
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
ELI ICRI l21
RCONST, 3,
ELI ICRl 020
RCONST, 3,
ELI ICRf 12'
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,.CR,,2,
RCONST, 3,
EL) ICRI 121
RCONST, 3,
EL' JCRI 120
RCONST, 3,
EL! ,CR, 120
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL; ;CRJ 020
RCONST, 3,
EL' lCRl 020
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL: rCRt 121
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
EL: ICRI 121
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
EI‘I ICR! lzl
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
ELI ICRI 121
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL: rCRl 121
RCONST, 3,
ELI ,CR, Izl
RCONST, 3,
EL' ICRIlzl

718

[ 4
248 ,1,4,
718 ,
249 ,1,4,
718 ,
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Ill4l
11141

’
lll4l

0.0987 ,0.038 ,0.8,5.669E-8
704

0.0987 ,0.005 ,0.8,5.669E-8
705

0.0987 ,0.306 ,0.8,5.669E-8
228

0.0987 ,0.024 ,0.8,5.669E-8
230

0.0682 ,0.035 ,0.8,5.669E-8
228

0.0682 ,0.031 ,0.8,5.669E-8
705

0.0682 ,0.299 ,0.8,5.669E-8
230

0.0682 ,0.022 ,0.8,5.669E-8
258

0.0682 ,0.011 ,0.8,5.669E-8
706

0.0682 ,0.006 ,0.8,5.669E-8
707

0.0398 ,0.064 ,0.8,5.669E-8
230

0.0398 ,0.101 ,0.8,5.669E-8
706

0.0398 ,0.016 ,0.8,5.669E-8
707

0.0398 ,0.011 ,0.8,5.669E-8
708

0.0398 ,0.182 ,0.8,5.669E-8
258

0.0398 ,0.052 ,0.8,5.669E-8
260

0.0398 ,0.005 ,0.8,5.669E-8
262

0.0770 ,0.040 ,0.8,5.669E-8
258

0.0770 ,0.011 ,0.8,5.669E-8
230

0.0770 ,0.096 ,0.8,5.669E-8
707

0.0770 ,0.170 ,0.8,5.669E-8
260

0.0770 ,0.035 ,0.8,5.669E-8
262

0.0770 ,0.113 ,0.8,5.669E-8
708

0.0770 ,0.005 ,0.8,5.669E-8
709

0.0854 ,0.046 ,0.8,5.669E-8
260

0.0854 ,0.128 ,0.8,5.669E-8
708

0.0854 ,0.010 ,0.8,5.669E-8
709

0.0854 ,0.005 ,0.8,5.669E-8
258

0.0854 ,0.140 ,0.8,5.669E-8
262

0.0854 ,0.031 ,0.8,5.669E-8
264

0.0854 ,0.006 ,0.8,5.669E-8
306

0.0854 ,0.013 ,0.8,5.669E-8
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EL,,CR,,2,
RCONST, 3,
EL, ,CR, .2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR, .2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
EL,,CR,,;2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR, .2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,.2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
- EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,.,2,
RCONST, 3,
EL,,CR,,2,
.RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,

707
437
262
438
708
439
708
440
708
441
708
442
708

443

708
444
709
445
708
446
708
447
709
448
709
445
264
450
264
451
306
452
306
453
306
454
710
455
710
456
710
457
710
458
710
459
710
460

710

461
710
462
711
463
711
464
711
465
711
466
711
467
711

11,4,
’
I1I4I
14
lll4l
’
l114l
'
l1l4l
’
01,4,
2
:1,4,
’ .
Ill4l
’
1104'
14
(1,4,
[
1.4,
?
1114l
’
lll4l
’
l1l4l
:
11141

’

01141

?
’11:41

’
1,4,
[
Ill4l
,
11141

’
01'41

’

7'1041

!
11141
’
lll4l
’
11141
L4
11140
’
I1'4I
’
Ill4l
’
11141
lli4f

’
11141

’

400

0.0400 ,0.019',0.8,5.669E;8:

400

0.0536 ,0.031 ,0.8,5.669E-8

400

0.0536 ,0.015 ,0.6,5.669E-8

301

0.0536 ,0.044 ,0.8,5.669E-8

306

0.0536 ,0.111°,0.8,5.669E-8

- 264

0.0536 ,0.049 ,0.8,5.669E-8

- 262-

0.0536',0.b07A,0}8,5.669E-8,

- 260 . . L
0.0775 ,0.005 ,0.8,5.669E-8
262. R T
0.0775 ,0.084 ,0.8,5.669E-8
-. 708 . :
0.0775 ,0.010 ,0.8,5.669E-8
0.0775 ,0.453 ,0.8,5.665E-8
400 - R
0.0775 ,0.118 ,0.8,5.669E-8
727 - .
0.0231 ,0.039 ,0.8,5.669E-8
400 S
0.0231 ,0.028 ,0.8,5.669E-8
301 . o

0.0338 ,0.129 ,0.8,5.669E-8

709 ,
0.0338 ,0.028 ,0.8,5.669E-8
301

0.0338 ,0.091 ,0.8,5.669E-8

400

0.0158 ,0.002 ,0.8,5.669E-8

306 .
0.0158 ,0.176 ,0.8,5.663E-8
-400 - . . . .
0.0158 ,0.003 ,0.8,5.6659E-8
.59 e e
0.0158 ,0.051 ,0.8,5.669E-8
58

0.0158 ,0.163 ,0.8,5.669E-8

. 54 : . .
0.0158 ,0.106 ,0.8,5.669E-8
50

0.0158 ,0.123 ,0.8,5.669E-8

- 728 o
0.0158 ,0.062 ,0.8,5.669E-8
727 o
0.0076 ,0.061 ,0.8,5.66SE-8

710
0.0076 ,0.004 ,0.8,5.669E-8
59 -
0.0076 ,0.006 ,0.8,5.669E-8
301

0.0076 ,0.172 ,0.8,5.669E-8

400 ,

0.0076 ,0.227 ,0.8,5.669E-8

54 S

0.0076 ,0.037 ,0.8,5.669E-8
58 o
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RCONST,3, 468 ,1,4,
EL,,CR,,2, 711 ,
RCONST,3, 469 ,1,4,
EL,,CR,,2, 711 ,
RCONST,3, 470 ,1,4,
EL,,CR,,2, 711 ,
RCONST,3, 471 ,1,4,
EL, ,CR,,2, 711 ,
RCONST,3, 472 ,1,4,
EL,,CR, .2, 727 ,
RCONST,3, 473 ,1,4,
EL, ,CR,,2, 727 ,
RCONST,3, 474 ,1,4,
EL,,CR,,2, 727 ,
RCONST,3, 475 ,1,4,
EL, ,CR,,2, 727 ,
RCONST,3, 476 ,1,4,
EL, ,CR,,2, 727 ,
RCONST,3, 477 ,1,4,
EL, ,CR,,2, 728 ,
RCONST,3, 478 ,1,4,
EL, ,CR,,2, 728 ,
RCONST,3, 479 ,1,4,
EL, ,CR,,2, 728 ,
RCONST,3, 480 ,1,4,
EL, ,CR,,2, 728 ,
RCONST,3, 481 ,1,4,
EL,,CR,,2, 728 ,
RCONST,3, 482 ,1,4,
EL,,CR, .2, 728 ,
RCONST,3, 483 ,1,4,
EL,,CR, .2, 728 ,
RCONST,3, 484 ,1,4,
EL,,CR,,2, 728 ,
RCONST,3, 485 ,1,4,
BL,,CR,,2, 728 ,
RCONST,3, 486 ,1,4,
EL, ,CR,,2, 728 ,
RCONST,3, 487 ,1,4,
BL,,CR,,2, 55,
RCONST,3, 488 ,1,4,
EL,,CR,,2, 56 ,
RCONST,3, 489 ,1,4,
EL,,CR,,2, 57 ,
RCONST,3, 490 ,1,4,
EL,,CR,,2, 58 ,
RCONST,3, 491 ,1,4,
’

EL,,CR,,2, 59
RCONST,3, 492 ,1,4,
BL,,CR,,2, 301 ,

0.0076 ,0.193 ,0.8,5.669E-8
50
0.0076 ,0.082 ,0.8,5.669E-8
728
0.0076 ,0.008 ,0.8,5.669E-8
727
0.0076 ,0.005 ,0.8,5.669E-8
709
0.0733 ,0.024 ,0.8,5.669E-8
301
0.0733 ,0.081 ,0.8,5.669E-8
400
0.0733 ,0.033 ,0.8,5.669E-8
264
0.0733 ,0.105 ,0.8,5.669E-8
708
0.0733 ,0.155 ,0.8,5.669E-8
306
0.0775 ,0.003 ,0.8,5.669E-8
59
0.0775 ,0.007 ,0.8,5.669E-8
301
0.0775 ,0.034 ,0.8,5.669E-8
727
0.0775 ,0.054 ,0.8,5.669E-8
709
0.0775 ,0.303 ,0.8,5.669E-8
400
0.0775 ,0.016 ,0.8,5.669E-8
708
0.0775 ,0.008 ,0.8,5.669E-8
264
0.0775 ,0.006 ,0.8,5.669E-8
306
0.0775 ,0.087 ,0.8,5.669E-8
50
0.0775 ,0.016 ,0.8,5.669E-8
54
0.0007 ,0.039 ,0.8,5.669E-8
400
0.0057 ,0.042 ,0.8,5.669E-8
400
0.0113 ,0.052 ,0.8,5.669E-8
400
0.0161 ,0.085 ,0.8,5.669E-8
400
0.0233 ,0.189 ,0.8,5.669E-8
400
0.0155 ,0.420 ,0.8,5.669E-8
400

C* Start of convection links

ACTSET, EG, 2
ACTSET,MP, 8
RCONST,2, 700 ,1,1,
EL,,CR,,2, 208 ,
RCONST,2, 701 ,1,1,
EL, ,CR,,2, 209 ,
RCONST,2, 702 ,1,1,
EL,,CR,,2, 210 ,
RCONST,2, 703 ,1,1,
EL,,CR,,2, 211 ,
RCONST,2, 704 ,1,1,
EL,,CR,,2, 732 ,

0.0003
400
0.0137
400
0.0892
400
0.0919
400
0.1300
400
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RCONST,2, 705 ,1,1, 0.2870
ELllml '2' 731 r 401
RCONST,2, 706 ,1,1, 0.0551
EL, .CR,,2, 730 , 401
RCONST,2, 707 ,1,1, 0.0485
ELI ICRI '2l 164 ’ 401
RCONST,2, 708 ,1,1, 0.1634
EL,,CR,.,2, 183 , 401
RCONST,2, 709 ,1,1, 0.1S01
EL,.CR,,2, 185 , 401
RCONST,2, 710 ,1,1, 0.1744
EL,,CR, .2, 187 , 401
RCONST,2, 711 ,1,1, 0.1205
EL, ,CR,.,2, 114 , 402
RCONST,2, 712 ,1,1, 0.0559
EL, ,CR, '2‘ 718 ’ 402
RCONST,2, 713 ,1,1, 0.0869
EL,,CR, .2, 717 , 402
RCONST,2, 714 ,1,1, 0.0933
EL,,CR,,2, 716 , 402
RCONST,2, 715 ,1,1, 0.0609
EL,,CR,,2, 715 , 402
RCONST,2, 716 ,1,1, 0.0209
EL,,CR,,2, 712 , 402
RCONST,2, 717 ,1,1, 0.0098
EL,,CR,,2, 713 , 402
RCONST,2, 718 ,1,1, 0.07€6
BEL,,CR,,2, 714 , 402
RCONST,2, 719 ,1,1, 0.0003
EL,,CR,,2, 319 , 400
RCONST,2, 720 ,1,1, 0.0183
EL,,CR,.2, 320 , 400
RCONST,2, 721 ,1,1, 0.0801
EL, 'CR: 121 321, ' 400
RCONST, 2, 722 ,1,1, 0.1433
EL,,CR,,2, 350 , 400
RCONST,2, 723 ,1,1, 0.1416
EL,,CR,,2, 344, 400
RCONST,2, 724,1,1,0.0370
EL,CR,2,345, 400
RCONST,2, 725,1,1,0.0579
EL,,CR,,2, 700, 401
'RCONST,2, 726,1,1,0.0488
EL,CR,2,736, 401
_RCONST,2, 727,1,1, 0.0926
. EL,CR,2,701, 401
RCONST,2, 728,1,1,0.1076
EL,CR,2, 702, 401
RCONST,2, 729,1,1, 0.0987
EL,CR,2,703, 401
RCONST,2, 730,1,1, 0.0682
EL,,CR,2, 704, 402
RCONST,2, 731,1,1,0.0398
. EL,,CR,,2, 705, 402
RCONST,2, 732,1,1,0.0770
. EL,CR,,2,706, 402
RCONST,2, 733,1,1,0.0854
EL,CR,2,707, 402
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RCONST,2, 734,1,1, 0.0536
EL,CR,2, 708, 402
RCONST,2, 735,1,1,0.0733
EL,CR,?2, 727, 402
RCONST,2, 736,1,1, 0.0775
EL,CR,2, 709, 402
RCONST,2, 737,1,1, 0.0775
EL,CR,2, 728, 402
RCONST,2, 738,1,1,0.0158
EL,CR,2,710, 402
RCONST,2, 739,1,1,0.0076
EL,CR,2, 711, 402
C*
ACTSET.EG,1
ACTSET,RC,1
ACTSETMP,2
EL,83,SF,0,4,195,203,166,151,0,0,0,0,0,0,
EL,66,SF,0,4,166,168,170,169,0,0,0,0,0,0,
EL,82,SF,0,4,200,167,168,203,0,0,0,0,0,0,
EL,84,SF,0,4,203,165,168,166,0,0,0,0,0,0,
EL,84,SF,0,4,203,168,165,166,0,0,0,0,0,0,
EL,66,SF,0,4,166,165,170,169,0,0,0,0,0,0,
ACTSETMP,1,
ACTSET,RC,],
ACTSET,EG,],
EL,73,SF,0,4,167,181,163,168,0,0,0,0,0,0,
EL,631,SF,0,4,168,163,164,165,0,0,0,0,0,0,
EL,632,SF,0,4,165,164,183,170,0,0,0,0,0,0,
EL,87,SF,0,4,210,211,200,192,0,0,0,0,0,0,
EL,633,SF,0,4,211,215,200,200,0,0,0,0,0,0,
EL,634,SF,0,4,211,732,733,215,0,0,0,0,0,0,
EL,635,SF,0,4,732,731,734,733,0,0,0,0,0,0,
EL,636,SF,0,4,731,730,735,734,0,0,0,0,0,0,
EL,637,SF,0,4,730,164,163,735,0,0,0,0,0,0,
ACTSETMP,5,
ACTSET,RC,1,
ACTSET,EG,l,
EL,641,SF,0,4,733,734,181,215,0,0,0,0,0,0,
EL,642,SF,0,4,181,734,735,163,0,0,0,0,0,0,
EL,95,SF,0,4,223,235,739,738,0,0,0,0,0,0,
EL,643,SF,0,4,738,739,237,225,0,0,0,0,0,0,
ACTSETMP,7,
EL,90,SF,0,4,222,223,738,737,0,0,0,0,0,0,
EL,100,SF,0,4,235,247,740,739,0,0,0,0,0,0,
EL,644,SF,0,4,737,738,225,224,0,0,0,0,0,0,
EL,645,SF,0,4,739,740,249,237,0,0,0,0,0,0,
C* Conduction elements between plug and main body
ACTSET,MP,3
ACTSET,EG,4
ACTSET,RC,587
EL,,CR,,2,52,108
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ACTSET,RC,588

EL,,CR,,2,46,107

ACTSET,RC,589

EL,,CR,,2,32,102

ACTSET,RC,590

EL,,CR,,2,30,101

ACTSET,RC,591

EL,,CR,,2,28,100

ACTSET,RC,592

EL,,CR,,2,20,94 o
C* Radiation links between plug and main body. Assign SF=1
ACTSET,EG,3

RCONST,3, 595,1,4,0.0141,1.0 ,0.8,5.669E-8
EL,CR,2, 20, 94

RCONST,3, 596,1,4,0.0146,1.0 ,0.8,5.669E-8
EL,CR,2, 28, @100

RCONST,3, 597,1,4,0.0213,1.0,0.8,5.669E-8
EL,CR,2, 30, 101

RCONST,3, 598,14, 0.0139,1.0,0.8,5.669E-8
EL,CR,2, 32, 102

C* Modify crack shield element

ACTSET,EG,1

ACTSETMP,1

ACTSET,RC,1

EL,20,SF,0,4,435,445,50,49,0,

C* Add conduction and radiation links for crack shield
ACTSET,EG4

ACTSETMP,1

ACTSET,RC,593

EL,CR,,2,35,435

ACTSET,RC,594

EL,,CR,,2,45,445

ACTSET.EG,3,

ACTSETMP,3,
RCONST,3,497,1,4,.0061,1.0,.8,5.669E-8,
EL,676,CR,0,2,35,435,0,0,0,0,0,0,
RCONST,3,498,1,4,.0074,1.0,.8,5.669E-8,
EL,677,CR,0,2,45,445,0,0,0,0,0,0,
ACTSET,EG,1,

ACTSET,MP,3,

ACTSET,RC,1,
EL,,SF,0,4,35,45,445,435,0,0,0,0,0,0,

C* Generate fin elements

ACTSET.EG,1,

ACTSET,RC,1,

ACTSET,MP,6,
EL,600,SF,0,4,320,321,210,209,0,0,0,0,0,0,
EL,601,SF,0,4,321,350,732,210,0,0,0,0,0,0,
EL,602,SF,0,4,350,344,731,732,0,0,0,0,0,0,
EL,603,SF,0,4,344,345,700,731,0,0,0,0,0,0,
EL,604,SF,0,4,731,700,736,730,0,0,0,0,0,0,
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EL,605,SF,0,4,701,702,185,183,0,0,0,0,0,0,
EL,606,SF,0,4,702,703,187,185,0,0,0,0,0,0,
EL,607,SF,0,4,703,704,114,187,0,0,0,0,0,0,
EL,608,SF,0,4,114,704,705,718,0,0,0,0,0,0,
EL,609,SF,0,4,718,705,706,717,0,0,0,0,0,0,
EL,610,SF,0,4,717,706,707,716,0,0,0,0,0,0,
EL,611,SF,0,4,716,707,708,715,0,0,0,0,0,0,
EL,612,SF,0,4,715,708,709,714,0,0,0,0,0,0,
EL,612,SF,0,4,715,708,727,714,0,0,0,0,0,0,
EL,613,SF,0,4,714,727,709,728,0,0,0,0,0,0,
EL,614,SF,0,4,712,714,728,710,0,0,0,0,0,0,
EL,615,SF,0,4,713,712,710,711,0,0,0,0,0,0,
EL,638,SF,0,4,164,730,183,183,0,0,0,0,0,0,
EL,639,SF,0,4,730,736,701,183,0,0,0,0,0,0,
EL,640,SF,0,4,732,211,210,210,0,0,0,0,0,0,
¢* Generate kaowool shield elements
ACTSETMP,1,
EL,616,SF,0,4,719,718,720,116,0,0,0,0,0,0,
EL,617,SF,0,4,720,718,717,721,0,0,0,0,0,0,
EL,618,SF,0,4,721,717,716,722,0,0,0,0,0,0,
EL,619,SF,0,4,722,716,715,723,0,0,0,0,0,0,
EL,620,SF,0,4,723,715,714,725,0,0,0,0,0,0,
EL,621,SF,0,4,724,725,714,712,0,0,0,0,0,0,
EL,622,SF,0,4,726,724,712,713,0,0,0,0,0,0,
EL,623,SF,0,4,108,112,724,726,0,0,0,0,0,0,
ACTSETMP,5,
EL,624,SF,0,4,116,720,721,118,0,0,0,0,0,0,
EL,625,SF,0,4,118,721,722,110,0,0,0,0,0,0,
EL,626,SF,0,4,110,722,723,112,0,0,0,0,0,0,
EL,627,SF,0,4,112,723,725,724,0,0,0,0,0,0,
C* Fix stainless elements on cone
ACTSET,MP,1
EL,44,SF,0,4,113,114,719,115,0,0,0,0,0,0,
EL,628,SF,0,4,719,116,115,115,0,0,0,0,0,0,
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3.0 FILE GAPON.INP

C* File gapon.inp
Cc* Insert nodes for gap elements starting from bottom
C* New node number = stainless # + 500, except for 200 whlch is 600

C* Node location gives 0.02 inches, or 0.000508 m gap
ND, 690 ,0.000000 ,0.165608 ,0,,,,.,.
ND, 691 ,0.050800 ,0.165608 ,0,,,,s,s+
ND, 692 ,0.186700 ,0.165608 ,0,,,,,+.
ND, 600 ,0.315456 ,0.203787 ,0,,404¢+
ND, 667 ,0.443992 ,0.241500 ,0,:/,44s¢.»
ND, 668 ,0.443992 ,0.320000 ,0,,/4+s¢9
ND, 665 ,0.443992 ,0.332700 ,0,:ssv4¢
ND, 670 ,0.443992 ,0.431600 ,0,,,,.:.,
ND, 673 ,0.443992 ,0.666200 ,0,,,¢44+
ND, 676 ,0.443992 ,0.820400 ,0,,,s0¢.
ND, 613 ,0.443992 ,1.017200 ,0,,,/44.
ND, 615 ,0.416603 ,1.0644S97 ,0,,:44+.
ND, 617 ,0.377774 ,1.131744 ,0,,,44+.
ND, 605 ,0.322860 ,1.226592 ,0,,+¢441¢9 - S
ND, €04 ,0.262060 ,1.226592 ,0,,/4s+.4 .
ND, 515 ,0.118533 ,1.264730 ,0,,,:4¢. -
ND, 514 ,0.059267 ,1.264730 ,0,,,s¢4.
ND, 513 ,0.000000 ,1.264730 ,0,,,,¢s+
C* Insert gap at bottom of top plug ,
ND, 501 ,0.000000 ,0.986346€ ,0,,s¢4+.
ND, 502 ,0.059266 ,0.98€6346 ,0,,:44+.,
ND, 503 ,0.118533 ,0.986346 ,0,,,:4+,
C* 1Insert gap radlally o
C* ND, 633 ,0.000000 ,0.450342 ,0,,,/,.+
C* ND, 634 ,0.050800 ,0.450342 ,0,,.,5,4,
Cr ND, 635 ,0.159258 ,0.450342 ,0,,,+//:
C* ND, 640 ,0.159258 ,0.577850 ,0,,,,.,,
C* ND, 641 ,0.159258 ,0.704850 ,0,,,,,,«
C* ND, 642 ,0.159258 ,0 820387 ,0,.,,vr44
C* Modify appropriate elements,
ACTSET,EG,1
ACTSET,MP, 2
ACTSET,RC,1

EL,7,SF,0,4,9,10,514,513,0,
EL,8,SF,0,4,10,11,515,514,0,
EL,9,SF,0,4,11,12,16,515,0,
EL,51,SF,0,4,97,128,604,98,0,
EL,52,S8F,0,4,128,617,605,604,0,
EL,50,S8SF,0,4,125,615,617,128,0,
. EL,48,8F,0,4,122,613,615,125,0,
EL,72,8F,0,4,175,676,613,122,0,
EL,70,8F,0,4,172,673,676,175,0,
EL,68,8F,0,4,169,670,673,172,0,
EL,66,SF,0,4,166,665,670,169,0,
EL,84,SF,0,4,203,668,665,166,0,
EL,82,8F,0,4,600,667,6€68,203,0,
EL,81,SF,0,4,692,600,203,195,0,
EL,78,8F,0,4,691,692,195,194,0,
EL,77,8F,0,4,690,691,194,193,0,
C* Top plug lead elements

EL, 1,8F,0,4,501,502,6,5,0,

EL, 2,8F,0,4,502,503,7,6,0,

EL, 3,8F,0,4,503,4,8,7,0,

C* Main body lead elements
C*EL,59,S8F,0,4,149,150,634,633,0,
C*EL,60,8F,0,4,150,151,635,634,0,
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C*EL,61,SF,0,4,151,156,640,635,0,
C*EL,62,SF,0,4,156,157,641,640,0,
C*EL,63,SF,0,4,157,158,642,641,0,
C*EL,54,8F,0,4,158,92,91,642,0,
C* Gap plane2d elements
ACTSET,MP, 3

EL, ,SF,0,4,190,191,691,690,0,
EL,,SF,0,4,191,192,692,691,0,
EL,,SF,0,4,192,200,600,692,0,
EL,,SF,0,4,200,167,667,600,0,
EL,,SF,0,4,167,168,668,667,0,
EL,,SF,0,4,168,165,665,668,0,
EL,,SF,0,4,165,170,670,665,0,
EL,,SF,0,4,170,173,673,670,0,
BL, ,SF,0,4,173,176,676,673,0,
EL,,SF,0,4,176,113,613,676,0,
EL,,SF,0,4,113,115,615,613,0,
8L, ,SF,0,4,115,117,617,615,0,
BL,,SF,0,4,117,105,605,617,0,
EL,,SF,0,4,105,104,604,605,0,
EL,,SF,0,4,604,104,98,98,0,
BL,,Sr,0,4,15,515,16,16,0,
EL,,SF,0,4,14,15,515,514,0,
EL,,SF,0,4,14,13,513,514,0,

C* Base of top plug elements
BL, ,S¥,0,4,1,2,502,501,0,
BEL,,SF,0,4,2,3,503,502,0,
BL,,SF,0,4,3,503,4,4,0,

C* Radial elements
C*EL,,SF,0,4,633,634,134,133,0,
C*BL,,SF,0,4,634,635,135,134,0,
C*EL, ,SF,0,4,635,640,140,135,0,
C*EL, ,SF,0,4,640,641,141,140,0,
C*EL, ,SF,0,4,641,642,142,141,0,
C*EL,,SF,0,4,142,642,91,91,0,
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4.0 FILE GAPOFF.INP

C* File gapoff.inp

C* Modify appropriate elements. note gap 18 now lead

ACTSET,EG,1

ACTSET,MP,2

ACTSET,RC,1
€L,7,.8¥,0,4,9,10,514,513,0,
EL,8,8F,0,4,10,11,515,514,0,
EL,9,8F,0,4,11,12,16,515,0,
EL,51,5F,0,4,97,128,604,98,0,
EL,52,5¥,0,4,128,617,605,604,0,
€L,50,8¥%,0,4,125,615,617,128,0,
EL,48,8F,0,4,122,613,615,125,0,
EL,72,8F,0,4,175,676,613,122,0,
EL,70,SF,0,4,112,673,676,175,0.
EL,68,8F,0,4,169,670,673,172,0,
EL,66,58¥,0,4,166,665,670,1€5,0,
EL,84,58F,0,4,203,668,665,166,0,
EL,82,8F,0,4,600,667,668,203,0,
EL,81,8F,0,4,692,600,203,185,0,
EL,78,8F,0,4,691,692,195,194,0,
EL,77,8F,0,4,690,691,194,193,0,
C* QGap plane2d elenents .
ACTSET,MP,2
EL,679,8F,0,4,1590,191,691,650,0,
EL,680,8F,0,4,191,192,6%2,691,0,
EL,681,8F,0,4,192,200,600,652,0,
£L,682,8F,0,4,200,167,667,600,0,
ElL,683,8F,0,4,167,168,668,667,0,
EL,684,8F,0,4,168,165,665,668,0,
EL,685,8F,0,4,165,170,670,6€65,0,
EL,686,8¥F,0,4,170,173,673,67¢C,0,
EL,687,8F,0,4,173,176,676,€73,0,
EL,688,8F,0,4,176,113,613,676,0,
EL,689,8F,0,4,113,115,615,613,0,
EL,690,8F,0,4,115,117,617,615,0,
EL,691,8F,0,4,117,105,605,€617,0,
EL,6%2,8F,0,4,105,104,604¢,605,0,
EL,693,87,0,4,604,104,98,98,0,
EL,694,8¥7,0,4,15,515,16,16,0,
EL,695,8F,0,4,14,15,515,514,0,
EL,656,8F,0,4,14,13,513,514,0,
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5.0 FILE TESTBND.INP

TITLE,F294 STEADY STATE CALCS (VALIDATION OF MBASUREMENT, FILE TESTBND.INP)

C* This f£ile inserts boundary conditions based on the environment
C* present during the steady state thermal test prior to the drop.
C* Specification of heat load and convection boundary conditicons
C* Based on 375.5 kCi and ambient temp of 23 C

C* Top gets 10 % of heat gen, 1/3 in steel, 2/3 in lead
QBL,10,94600,13,1,

QEL,1,561250,3,1,

C* Bottom gets 10 % of heat gen

QBL,53,85163,54,1,

QBL,59,85163,60,1,

C* Radial gets 80 % of heat gen

QBL,37,145468,37,1,

QEL,55,145468,58,1,

QBL,61,145468,64,1,

C* Upper fireshield, inside surfaces see 40 C
CBL,22,6.5,40,1,25,1,0,

CBL,121,6.5,40,1,121,1,0,

CEL,32,4.0,29,3,36,1,0,

CEL,119,4.0,29,3,119,1,0,

CEL,119,6.5,40,2,121,1,0

C* Radial fireshield, inside surfaces see 33 C except for exit
CEL,89,6.5,33,4,93,1,0,

CEL,104,6.5,40,4,108,1,0,

CBEL, 644,6.5,33,4,644,1,0,

CBL,122,6.5,40,3,124,1,0,

CBL,122,6.5,40,4,122,1,0,

CEL,114,1.6,23,2,118,1,0,

CEL,645,1.6,23,2,645,1,0,

CBL,99,1.6,23,2,103,1,0,

CBL,140,1.6,23,1,142,1,0,

CBL,140,1.6,23,4,140,1,0,

CBL,124,1.6,23,2,142,18,0,

C* Lower fireshield

¢* CBL,125,6.5,23,3,126,1,0,

CBL,129,1.0,23,1,130,1,0,

CBL,131,1.0,23,2,133,1,0,

CBL,131,1.0,23,1,131,1,0,

CBL,138,1.0,23,1,139,1,0,

C* Top plug, air temp of 40 C assumed
¢BeL,20,8.0,40,2,21,1,0,

CEL,20,8.0,40,3,21,1,0,

CEL,20,8.0,40,4,20,1,0,

CEL,17,8.0,40,3,18,1,0,

C¢* Radiation boundary conditions based on 23 C

C* Radliation links

ACTSET,MP, 3

ACTSET, EG, 3
RCONST,3, 900 ,1,4, 0.0007 ,1.0,0.8,5.669E-8
EI‘I 'ch 121 as 4 400
RCONST,3, 301 ,1,4, 0.0057 ,1.0,0.8,5.6692-8
BL,,CR, .2, 86, 400
RCONST,3, 902 ,1,4, 0.0113 ,1.0,0.8,5.569B-8
EI" ICRI 12' 37 L4 400

RCONST,3, 903 ,1,4, 0.0159 ,1.0 ,0.8,5.6692-8
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ELI 'chlzi
RCONST, 3,
ELI lcnl '21
RCONST, 3,
ELI 'cR' lzl
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL' ICRIIZI
RCONST, 3,
EI‘l ICRI '2'
RCONST, 3,
EL' 'ml Izl
RCONST, 3,

EL, Jcnllzr

RCONST, 3,
BL,,CR, .2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL, ,CR,. 2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,

EL,,CR,,2,

RCONST, 3,
BLI ICRI Izl
RCONST, 3,
ELI ICRl 0‘2'
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
EL' Ichlzl
RCONST, 3,
BLI ICRI lzl
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
BLI ICRI 121
RCONST, 3,
ELI ICRI 021
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
ELI ICRI 121
RCONST, 3,
EI'I ICRIIZI
RCONST, 3,
ELI lwl Izl
RCONST, 3,
EL' lmllzl
RCONST, 3,
EL' Icnllzl

g8 ,
804 ,1,4,
8s ,
905 ,1,4,

80 ,
906 ,1,4,
295,

807 ,1,4,
293,

908 ,1,4,
297,

909 '1'4'
301,

810 ,1,¢,
€0 ,
o11 ,1,4,

306 ,
912 ,1,4,

307 .,

%13 ,1,4,
311 ,

814 ,1,4,
315 ,

91% ,1,4,

291 ,

916 ,1,4.,
289 ,

%17 ,1.4,

287 ,

918 ,1,4,

285 , .
919 ,1,4,
283 ,
€20 ,1,4,
255 ,

821 ,1.4,
253 ,

923 ,1,4,

251 ,

924 ,1,4,

249‘ s

925 ,1,4,

740 ,

926 ,1,4,

247 ,

$27 ,1,4,

245 ,

$28 ,1,¢,

373 ,

829 ,1,4,

369 ,

830 ,1,4,

365 ,

931 ,1,4,

364 .,

932 ,1,4,

328 ,

400 . .
.1.0

0.0214

400

0.0158

400

0.0060

.1.0

«1.0

400 -

0.0085
400
0.005¢8

«1.0

.1.0

400

0.0061
400 -
0.0158

400
0.0018

0.0051
400
0.0094
400
0.0073
400
0.0207
460
0.0301
400
0.0429
400
0.0478
400
0.0338
400
0.0745
400
0.1068
400
0.1170
400
0.1003
400
0.0652
400
0.0600
400
0.0302
400
0.0077
400
0.0084

400

0.0081
400
0.0018
400
0.0003
400

/1.0

/1.0

18 ,1.0
400

1.0
«1.0
¢1.0
:1.0
1.0
«1.0

'1.°

1.0

1.0
/1.0
1.0
/1.0
1.0
1.0
1.0
.1;0
1.0

;1.0

,1.0'

1.0

0.8,5.665E8
,0.8,5.669E~8
,0.8,5.669E-8
';o;a;s;sssé-s
,0.8,5.669E-8
,0.8,5.669E-8
,0.8,5.669E-8
10.8,5.6698-8

,0.8,5.669E-8

,0-8,5.6695-8

,0.8,5.6693-8

7100815-6693-8

+0.8,5.669E-8
+0.8,5.669E-8
+0.8,5.669E-8
+0.8,5.668E-8
;0.8.5.6693-3

'OOS'S-GGSE-S

'_,0.8'5.6693‘8

,0.8,506693-8

40.8,5.665E-8

+0.8,5.669E-8
+0.8,5.669E-8
+0.8,5.669E-8
«0.8,5.669E-8
+0.8,5.669E-8
+0.8,5.669E-8

,0-8,5.5593-8
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RCONST, 3,
EL,,CR,,2,
RCONST, 3,
BL,,CR,.2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
EL, ,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,.,2,
RCONST, 3,
BL,,CR,,2,

C* Defina node 400 as tha environment at 23 C,
C* at 40 C for steady astate ccnditions.

933
329
934
330
935
359
936
334
937
335
938
337
939
341

'1141
4
1,4,
2
lll4l
r
1,4,
’
/1,4,
14
1104'
r

1,4,

r

0.0070 ,1.0 ,0.8,5.669E-8
400

0.0251 ,1.0 ,0.8,5.659E-8
400

0.0570 ,1.0 ,0.8,5.6569E-8
400

0.0581 ,1.0 ,0.8,5.669E-8
400

0.0132 ,1.0 ,0.8,5.66392-8
400

0.0115 ,1.0 ,0.8,5.669R-8
400

0.0142 ,1.0 ,0.8,5.665R-8
400 '

C* different boundary conditions appear in plotsa.
NTND, 400,23,400,1,
NTND, 401,33,401,1,
NTND, 402,40,402,1,

A_THERMAL,S,0.001,1,1,20,

401 at 33 C and 402
Nodes ara separated so that
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6.0  FILE 360BND.INP

TITLE,F294 SBTERDY STATE CALCS (FILE 360BND.INP)

C* This file inserts boundary conditions based on the environment
C* present during the steady state thermal test prior to the drop.
. Ct gpecification of heat load and convection boundary conditions
C* Based on 360 kCi and ambient temp of 38 C

C* Top gets 10 % of heat gen, 1/3 in steel, 2/3 in lead
QBL,10,90695,13,1,

QEL,1,58722,3,1,

C* Bottom gets 10 % of heat gen

QEL,53,81648,54,1, .

QEL,59,81648,60,1,

C* Radial gets 80 % of heat gen

QEL,37,139463,37,1,

QEL,55,139463,58,1,

QEL,61,1359463,64,1,

C* Upper fireshield, inside surfaces see ‘55 c
CEL,22,6.5,55,1,26,2,0,

CEL,121,6.5,55,1,121,1,0,

CEL,32,4.0,44,3,36,1,0,

CEL,;115,4.0,44,3,119,1,0,

CEL,119,6.5,55,2,121,1,0

C* Radial fireshield, inside surfaces gee 33 C except for exit
CEL,85,6.5,48,4,93,1,0,

CEL,104,6.5,55,4,108,1,0,
CEL,644,6.5,48,4,644,1,0,
CEL,122,6.5,55,3,124,1,0,
CEL,122,6.5,55,4,122,1,0,
CEL,114,1.6,38,2,118,1,0,
CEL,645,1.6,38,2,645,1,0,

CEL,99,1.6,38,2,103,1,0,
CEL,140,1.6,38,1,142,1,0,
CEL,140,1.6,38,4,140,1,0,
CEL,124,1.6,38,2,142,18,0,

C* Lower fireshield ,

¢c* CEL,125,6.5,38,3,126,1,0,
CEL,129,1.0,38,1,130,1,0,
CEL,131,1.0,38,2,133,1,0,
CEL,131,1.0,38,1,131,1,0,
CEL,138,1.0,38,1,139,1,0,

C*t Top plug, air temp of 55 C assumed
CEL,20,8.0,55,2,21,1,0,

CBEL, 20,8.0,55,3,21,1,0,

CEL,20,8.0,55,4,20,1,0,

CEL,17,8.0,55,3,18,1,0, '
C* Radiation boundary ccnditions based on 38 c
¢t Radiation links . L .

ACTSET,MP,3

ACTSET,EG,3 » Cel e T
RCONST,3, 800 ,1,4, 0.0007 ,1.0,0.8,5.669E-8
EL,,CR,,2, 85 , 400 . e
RCONST,3, SO0 ,1,4, 0.0057 ,1.0,0.8,5.66SE-8
ELIICRllzl 86 ’ ‘400 - ’
RCONST,3, S02 ,1,4, 0.0113 ,1.0,0.8,5.66SE-8
EL,,CR.,2, 87 , 400 ' ’

RCONST,3, 903 ,1,4, 0.0159 ,1.0 ,0.8,5.669E-8
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EL,,CR,,2,
RCONST, 3,
BL,,CR,.,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
EL,.,CR,.,2,
RCONST, 3,
BL,,CR,.2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
BL,,CR,.2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
EL,,CR,.2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
2L, ,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR, .2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
EL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,.,2,
RCONST, 3,
BL,.CR,,2,
RCCONST, 3,
BL,,CR,.2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL,,CR,,2,
RCONST, 3,
BL' 'ch 12'
RCONST, 3,
BL,,CR,,2,

88 ,

304 ,1,4,
89 ,

305 ,1,4,
S0 ,

906 ,1,4,
235,

907 ,1,4,
233,

308 ,1.4,
297,

909 ,1,4,
301,

310 ,1,4,
60 ,

311 ,1.,4,

306 ,

912 ,1,4,

307 ,

913 ,1,4,
311,

914 ,1,4,

315 ,

915 ,1.,4,

291 ,

916 ,1.,4,

289 ,

317 ,1.,4,

287 ,

s1s ,1,4,
285 ,

919 ,1,4,

283 ,

920 ,1,4,

255 ,

921 ,1,4,
253 ,

923 ,1.4,

251 ,

924 ,1,4,

249 ,

925 ,1,4,

740 ,

926 ,1,4,

247 ,

927 ,1,4,

245 ,

928 ,1,4,

373 ,

929 ,1,4,

369 ,

830 ,1,4,

365 ,

931 ,1.4,

354 ,

932 ,1,4,

328 ,

400
0.0214
400
0.0158
400
0.0050
400
0.0085
400
0.0059
400
0.00612
400
0.0158
400
0.0018
400
0.0091
400
0.0054
400
0.0073
400
0.0207
400
0.0301
400
0.0429
400
0.0478
400
0.0339
400
0.0745
400
0.1068
400
0.1170
400
0.1003
400
0.0652
400
0.0600
400
0.0302
400
0.0077
400
0.0094
400
0.0091
400
0.0018
400
0.0003
400

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
+«1.0
1.0
1.0
1.0
1.0
+1.0
1.0
1.0
1.0
/1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0

+0.8,5.6698E-8
.0.8,5.669E-8
+»0.8,5.669B-8
+0.8,5.669B-8
,0.8,5.669R-8
+0.8,5.6698-8
+0.8,5.669E-8
,0.9,5.669B-8
+0.8,5.669B8-8
+0.8,5.6692-8
+0.8,5.669EB-8
.0.8,5.669R-8
+0.8,5.6692-8
+0.8,5.669E-8
+0.8,5.6692-8
+0.8,5.669E-8
+,0.8,5.669E-8
+,0.8,5.669E-8
+0.8,5.669E-8
+0.8,5.669E-8
+,0.8,5.669E-8
+0.8,5.6698-8
+0.8,5.6698-8
+0.8,5.669E-8
+0.8,5.669E-8
¢0.8,5.669E-8
+0.8,5.669E-8

0.8,5.669B-8
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RCONST,3, 933
EL,,CR,,2, 329
RCONST,3, 934
EL,,CR,,2, 330
RCONST,3, 935
EL,,CR,,2, 359
RCONST,3, 936
EI:,'CR,.Z. 334
RCONST,3, 837
EL,,CR,.,2, 335
RCONST,3, 938
EL,,CR,,2, 337
RCONST,3, 938
BL,,CR,.2, 341

11,4,
r

'114'

1,4,

1,4,

’
1,4,
r
'114'
’

«1,4,

’

0.0070
400
0.0251
400
0.0570
400
0.0581
400
0.0132
400

0.0115.

400
0.0142
400

1.0

'1.0

¥ 1.0‘

,1.0

+1.0

1.0

;o.e,s.sssn-s
;.ots,s,ssssée
,0.8,5.669E-8
.0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

,0.8,5.669E-8

c+ Defime mode 400 as the envircnment at 38 C, 401 at 48 C and 402 °
c* at 55 C for steady state conditions. Nodes are separated so that
c* different boundary conditions appear in plots.

m,400.38.400,1'
m"°1,48'401'11
NTND, 402,55,402,1,

A_THERMAL,S,0.001,2,1,20,

* IN/TR 9301 F294, Revision 4
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7.0 FILE FIRE12.INP

TITLE,F294 TRANSIENT ANALYSIS -~ case h=12
TEMPINIT, 1

CLS;

EPLOT;

MPROP,8,HC,12.0

C* 3Set time curves for ambient temperature
CURDB?,TIME,5,1,0,800,1800,800,1800.01,38,100000,38
CURDE?P,TIME,6,1,0,800,1800,800,1800.01,48,100000,48
CURDEF,TIMB,7,1,0,800,1800,800,1800.01,55,100000,55
C* Set noda 400,401,402 temperaturs to 1
ACTSET,TC,5

NTND,400,1,400,1,

ACTSET, TC, 0

ACTSET,TC, 6

NTND,401,1,401,1,

ACTSET, TC, 0

ACTSET, TC,7

NTND, 402,1,402,1,

ACTSET,TC,0

C* Modify external convection boundary cenditions
C* Upper fireshield
CBL,22,12.0,1,1,26,1,7,
CBL,121,12.0,1,1,121,1,7,
CBL,32,12.0,1,3.,36,1,5,
CBL,119,12.0,1,3,119,1,5,
CBEL,119,12.0,1,2,121,1,5

C* Radial fireshield
CEL,89,12.0,1,4,93,1,5,
CBEL,104,12.0,1,4,108,1,S§,
CEL,644,12.0,1,4,644,1,6,
CBL,122,12.0,1,3,124,1,7,
CEL,122,12.0,1,4,122,1,7,
CBL,114,12.0,1,2,118,1,5,

CBL, 545,12.0,1,2,645,1,5,
CEL,99,12.0,1,2,103,1,5,
CEL,140,12.0,1,1,142,1,5,
CEL,140,12.0,1,4,140,1,5,
CBL,124,12.0,1,2,142,18,5,

C* Lower firaeshield
CEL,129,12.0,1,1,130,1,5,
CEL,131,12.0,1,2,1233,1,5,
CBEL,131,12.0,1,1,131,1,5,
CBL,138,12.0,1,1,139,1,5,

C* Top plug

CEL,20,12.0,1,2,21,1,7,
CEL,20,12.0,1,3,21,1,7,
CEL,20,12.0,1,4,20,1,7,
CBL,17,12.0,1,3,18,1,7,

C»

A_FFETHERMAL,T,2,0.001,20,1,
TIMES,0,9000,60,
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8.0 FILE INSOLS.INP

C* Flle INSOLSB.INP i - :
C* This file requires 294GEOM,GAPON,360BND to be run before it. -
C* Apply the solar heat flux

TITLE,F294 STEADY STATE WITH INSOLATION CONSIDERED
HXEL,32,2000,3,36,1, : -

HXEL,119,2000,3,119,1,

HXEL, 124,500,2,124,1,

HXEL,114,500,2,118,1,

HXEL, 99,500,2,103,1,

HXEL, €45,500,2,645,1,

HXEL,142,500,2,142,1,

ESELPROP,EG,2,1,1,1, - -

CI-ISI 1' ’ . i T

EPLOT; ‘ T '

HXPLOT:
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9.0 SSTEST.TEM

P2 X222 2222 R R SRR 22 i 2 a2 X 2 2 2 )22

RRERRERRRRRRRERRRBRRNRERARNR AN R IR R RRNNNRRRERARRN RN R RN RRARNRNEN S

t & ] *h
t 2 * %
a» CCCC 0000 8383 N M 0000 88SS /N M
*» C o 0o 8 MM M4 O O 8 / MM MM *w
*x C O O SSS3 MMMM O O 8338 / HKMMMN =
*» C oo S M MM O O S / M M M +»*
** CCCC 0000 38883 N M o0000 38388/ M M *»
*® *
*% t 2 2
xe HEAT TRANSFER VERSION: 1.75 L
*s DISTRIBUTED BY: *
» STRUCTURAL RESEARCH AND ANALYSIS CORPORATION *
*s 12121 WILSHIRE BLVD. SUITE 700 *x
" LOS ANGELES, CALIFORNIA 90025 *x
»e TEL. NO. (310) 207-2800 *e
e COPYRIGHT 1988 8. R. A. C. e
L 2 ] * %

T2 221222 222222222222 222222 222222122222 22 S22l 2222222222 Y]
(1 232X 2222222222 s LR 2R il il sl sttt it ds 2l

Licengsed to:NORDION INTERNAT

Total numbar of nodes
Total numbar of elements

Total numbar of words in stiffness matrix

Maximum half bandwidth

Total number of stiffnaesa blocks

Type of analysis

Mathod of solution
Reformation interval in equilibrium iterations
Max. no. of equilibrium iterationa allowed

Convergen tolerancs

Nonlinear Steady State

Newton Raphson

Structural Research and Analysis Co HSTAR 1.75
SSTEST2 F294 STEADY STATE CALCS (VALIDATIONOFMEASUREMENT FILETESTEBND.INP

274
216
5108
174

1
20
0.100008-02

5/28/1938 Page

1

Temparatures at time step = 1 Time = 0.00000E+00)
Number of equilibrium iterations in time step ( 1) = 3
Nods Tempasrature Neode Temperature Node Temperaturae
1 207.65 2 205.56 3 193%.85
4 189.28 5 183.03 6 182.97
7 183.06 8 182.38 9 173.04
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10 172.61 11 0 171.7% 0 ° 12 7 172.23
13 142.98 14 142.71 = . 15 . 143.69
16 150.27 : 17 207.79 18 - 205.89
19 198.62 20 189.87 - - 28  182.07
30 172.45 32 146.09 . 35 _ 138.84
40 138.55 . ° 41 - 140.00 . 45 135.09
46 135.00 C 48 132.89 : 50 132.65
52 131.98 54 131.06 . 58§ 38.448
56 38.347 : 57  38.105 : 58 37.769
59 37.310 60 36.698 61 38.446
62 38.346 €3 ° 38.104 . 64 37.767
65 37.310 66 36.6%2 . - 73 35.753
74 35.807 = 75 35,907 = 76 - 36.050
77 36.242 78 36.520 . =~ BS5 = 35.745
86 35.803 87 35.903 88 36.044
89 36.242 90 . 36.498 - 91 ~ 163.68
82  156.7¢% - 83 164.5¢ 94 157.42
96 145.64 : $7 140.06 98 130.00
100 145.83 o101 140.91 102 124.26
104 114.03 105 111.31 - 107 . 119.14
108 105.81 - 110  112.85 112 100.55
113 101.14 114 99.894 . 115 103.83
116 101.46 117 - 121.25 © 118 '120.42
122 143.40 125 141.62 © 128  138.09
133 160.72 o134 160.33 . 135 156.91
136 162.29 137 161.42 © 138 159.79
140 167.87 T 141 171.45 . - 142  170.04
145 169.71 . 146 172.13 , 147 170.41
149 155.92 150 - 155.65 151 148.89
156 160.67 157 165.69 - - 158 165.15
163 95,545 . 164 $3.093 . 165 94.886
166 138.64 : 167 118.15 = . 168 96.910
169 143.08 .. 170 100.47 . - 172 149.65
173 106.35 . . 175 149.38 176 106.20
181 120.58 : 183 99.358 - 185 105.06
187 104.91 190 - 96.788 191 . 92.042
152 79.672 193 140.33 194 139.92
195 136.33 200 83.412 203 131.96
208 96.960 209 90.152 210 78.361
211 79.377 215 83.060 , 220 30.453

1---------- ---------- em .- --- LY P EYE L T CEXE R R TR Y Y LR L Y]

Structural Resgearch and Analysis Co HSTAR 1.75 5/28/1$98 Page 2
SSTEST2 F294 STEADY STATE CALCS (VALIDATIONOFMEASUREMENT FILETESTEBND.INP

- > - - " P S e e D S D G e S W A e e e T e e P D OSSP D D R N A P S R D S T D S S W G w

221 30.448 222 31.163 - 223 31.163

224 32.315 225 32,315 226 33.032
227 33.031 228 33.593 229 33.592
230 34.786 231 34.786 233 30.330
235 2%.799 237 29.081 239 29.133
241 29.583 243 30.705 245 30.326
247 29.789 2489 29.080 : 251 29.133
253 29.583 255 30.704 258 35.136
259 35.133 260 35.372 261 . 35.371
262 35.215 263 35.213 ' 264 34.885
265 34.88¢6 266 34.354 267 34.344
271 31.077 273 31.677 275 32.708
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277 33.350 273 34.137 283 31.076
285 31.676 287 32.707 289 33.362
231 34.125 293 36.551 295 36.508
297 36.663 301 36.677 306 34.302
307 34.289 311 34.213 315 34.203
316 49.764 317 49.927 318 47.923
319 49.713 320 49.973 321 47.943
322 44.646 323 44.606 324 44.176
328 44.632 329 44.592 330 44.167
334 42.864 335 42.842 335 42.864
337 42.845 340 42.891 341 42.800
344 42.893 345 42.731 347 45.633
350 45.645 353 43.583 359 43.575
364 30.404 365 30.401 3689 30.367
373 30.360 400 23.000 401 33.000
402 40.000 435 138.38 445 134.89
501 188.06 502 187.96 503 187.81
513 162.565 514 161.49 515 158.25
600 127.63 604 134.12 505 134.28
613 136.57 615 136.82 517 136.86
665 1239.12 667 126.38 668 129.05
6§70 133.88 673 141.69 §76 141.40
630 131.22 691 130.81 592 128.19
700 56.698 701 82.656 702 87.857
703 87.771 704 81.903 705 75.508
705 68.065 707 59.561 708 54.395
709 55.409 710 62.611 711 61.864
712 95.223 713 100.69 714 80.739
715 78.133 718§ 71.514 717 77.371
718 92.225 719 100.52 720 92.619
721 76.760 722 72.082 723 80.368
724 97.442 725 84.514 7286 104.98
727 53.034 728 §5.132 730 87.573
731 56.405 732 70.209 733 70.8398
734 57.561 735 86.659 736 74.269
737 31.878 738 31.878 7338 29.303
740 29.303

Tmax 207.79

Tmin 23.000

B L L L T D L L T L T R L L L L LR N L L L L L L Ty

Structural Research and Analysis Co HSTAR 1.75
SSTEST2 F294 STEADY STATE CALCS (VALIDATICNOFMEASUREMENT FILETRSTBND.INP?

5/28/1998 Page

3
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SOLUTION TIME LOG

Input phaée ' " '_ ) =

Assemblagé of matrices R g o o

Triangularization of ‘conductivity matrix -

Solution of equations 7 =
\_/ , o P N

Miscellanecus calculations N =

TOTAL SOLUTION TIME -
N/

0.0

12.0
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10.0 SS360.TEM

(2323522222232 22 R 2222222122 2222 2222222222222 222222 22 ] )
(222222222 22 2R 222 R 222222 2 b1 2222222222 22222222222 2 XY )

[ X ]

E 3 ]

** CCCC O000 8888 N M 0000 883S / M M
= C 0 0 8 MM MM O O 38 / MM MM
= O O O 8388 MMMM O O 8888 / MMMNM
** C o o S M M M O O s / ¥ M M
** CCCC ©O000 8338 M M 0000 8833 / M N
W

*h

L1 HEAT TRANSFER VERSION: 1.75

% DISTRIBUTED BY:

L1 STRUCTURAL RESEARCH AND ANALYSIS CORPORATION

L3 12121 WILSHIRE BLVD. SUITE 700

L1 LOS ANGELES, CALIFORNIA 90025

L3 TEL. NO. (310) 207-2800

Lad COPYRIGHT 1988 8. R. A. C.

i

E 2 g
ki
L 2 J
*h
*h
*%
*®
*&
k2 J
%
R
R
*h
xR
*h
*h
LA J

(2R 22222 2SR AL AR R R a2 2R 2222 22 222 22 221222 22 22 )L 2]
REREERRRIRABRRRRRRRARIRNBRAARARRARRIERARRRRRERERANRARRRRNRRARRRIN RS

Licensaed to:NORDION INTERNAT

Total number of nodes
Total numbaer of elements

Total number of words in stiffness matrix

Maximum half bandwidth

Total number of atiffness blocks

Typa of analysis

Mathod of solution
Raformation interval in equilibrium iterations
Max. no. of equilibrium iterations allowed

Convergen tolerance

H

Nonlinear Steady 3tate

Newton Raphson

Structural Research and Analysis Co HSTAR 1.75
838360 7294 STBEADY STATE CALCS (FILE360BND.INP)

Temperatures at time step = 1 Time =

274
216
5305
241

1l
20

0.10000E-02

6§/13/1998 Page

Number of equilibrium iterations in time step ( 1)

0.000002+00)

Node Temperature Node Temparature Node Temperatura
1 214.90 2 212.89 3 207.43
4 197.33 5 191.34 6 191.28
7 191.36 8 1%0.71 9 181.75
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10 181.33 11 180.54
13 152.96 14 152.71
16 159.88 17  215.03
19 206.24 20 197.%0
30 181.17 32 155.91
40 148.862 41 - 150.17
46 145.50 49 . 143.53
52 142.69 54 141.81
56 53.601 57 53.33¢
59 52.478 60 51.834
62 53,599 63 53.335
65 52,478 66 51.828
74 50.923 75 51.024
77 51.366 78 51.650
86 50.918 87 51.020
89 51.366 80 51.628
92 166.43 93 173.86
96 155.71 97 150.33
160 155.89 101 151.12
104 125.48 105 122.87
108 117.80 110 124.31
113 113.24 114 112.09
116 113.53 117 132.10
122 153.56 125 151.85
133 170.17 - 134 169.80
136 171.66 137 170.81
140 177.06 141 180.51
145 178.83 146 181.16
149 165.56 150  165.30
156 170.13 157 174.98
163 107.70 164 105.39
166 148.94 167 128.93
169 153.23 170  112.41
173 118.06 175 159.33
181 131.22 183 111.38
187 116.73 180  108.63
192 92.374 193 150.56
195 146.71 200 §5.9868
208 108.80 209 102.38
211 ©2.167 215 95.666
lececsmcrnccacccccncancsaccns o mnm-- -

15

18 -

28
35
45

50 -

55

€1

64
73
76 -

-85 -
:1:

91
sS4
88
102
107
112
115
118
128

135 -

138

142

147

151
158 -
165

le8
172
176

185
191

134
203
210
220

Structural Research and Analysis Co HSTAR 1.75
§S360  F294 STEADY STATE CALCS (FILE3G0END.INF)

‘46;285

223

58

180.96
153.64
213.21
190.42
149.098
145.59
143.29
53.704
52,971
53.703
52.970
50.868
51.170
50.860
51.164
173.04
167.03
140.61
135.11
130.33
112.86€
115.74
131.32
148.44
166.52
169.28
179.17
178.51
- 158.80
174 .47
107.07
108.87
159.56
117.93
116.86
104.16
150.17
142.50
91.136
45.558

- €/13/1998 Page 2

46.285

221  45.553 1222

224 47.491 225 47.491 226 48.234
227 48.234 228 48.787 229 48.787
230 49.542 231 49.942 233 45.433
235 44.892 237 44.161 239 44.208
241 44.655 243 45.774 245 45.425
247 44.892 249 44.161 251 44.208
253 44.654 255 45.773 258 50.277
259 50.275 260 50.494 261 50.493
262 50.313 263 $0.311 264 45.973
265 48.973 266 49.432 2€7 49.422
271 46.145 273 46.745 278 47.778
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277 48.433 279 49.213 283 46.144
285 46.744 287 47.711 2389 48.435
291 49.202 293 51.682 295 51.637
257 51.797 301 51.813 306 49.380
307 49.367 311 49.290 315 49.280
316 63.757 317 63.914 318 §2.002
319 63.708 320 63.958 321 §2.021
322 58.850 323 58.812 324 58.404
328 53.837 329 58.799 330 58.395
334 57.169 335 57.148 335 57.169
337 57.152 340 57.197 341 57.1039
344 57.200 345 57.044 347 59.832
350 59.838 353 57.842 353 57.835
364 45.509 365 45.505 369 45.470
373 45.464 400 38.000 401 48.000
402 55.000 435 148.67 445 145.40
501 196.17 502 196.07 503 195.92
513 171.77 514 170.566 515 167.55
600 138.33 6§04 144.62 605 144.78
613 147.02 615 147.25 617 147.26
6§65 139.78 667 137.09 668 135.70
§70 144.37 8§73 151.31 676 151.64
6§90 141.79 §31 141.40 692 138.88
700 70.655 701 35.434 702 100.41
703 100.35 704 94.961 705 88.882
708 81.825 707 73.735 708 68.803
7038 §9.785 710 76.763 711 76.082
712 107.91 713 113.06 714 94.139
715 91.696 716 85.303 717 91.399
718 104.31 719 112.66 720 105.27
721 90.255 722 85.847 723 93.780
724 109.96 725 97.726 726 117.03
727 §7.503 728 79.135 730 100.156
731 70.438 732 83.450 733 84.109
734 71.539 735 99.286 736 - 87.446
737 47.031 738 47.030 739 44.388
740 44.387

Tmax = 215.03

Tmin = 33.000

lecececccncmemcrmcsecrerccccccannucan meceeeccmccmsccamesce-ecercrcccce==

Structural Research and Analysis Co HSTAR 1.75
83360 P294 STEADY STATRE CALCS (PILE3S0OBND.INP)

§/13/1998 Page

3
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SOLUTION "'r:u'z LOG

Input phaée

Asgemblage of matrices

Triangulariz;:i:én of 'conducti_vit.y n}gtrix o
Solution ¢f equations

Miscellaneous calculations

TOTAL SOLUTION TIME

‘9.0

0.0

0.0

. 13.0

Chapter 3
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11.0 SS360SUN.TEM

(X323 22 222222222 22222222l a2t i it i d it d il sttt sy L)
ARBERRRRRRRRFREAIRARRRRRRRRRRER AR AR R RARRERRARRRRR RN AR R AR S

* & L2 ]
W *®
*% CCCC 0000 8833 N M 0000 3833 /N M *
*» C o o 8 M4 M4 O O 8 / MM MM s
*»» C O O SSS3S MMMN O O 8388 / MMMM **
» C o o S M M M OO s / M M M **
** CCCC 0000 383833 N M 0000 3883 / M M
*h *%
t 2 ] * %
*% HEAT TRANSFER VERSION: 1.75 '
' DISTRIBUTED BY: *a
e STRUCTURAL RESEARCH AND ANALYSIS CORPORATION xn
e 12121 WILSHIRE BLVD. SUITE 700 %
e LOS ANGELES, CALIFORNIA 90025 '
2a TEL. NO.  (310) 207-2800 *n
»e COPYRIGHT 1988 S. R. A. C. '
t 3 ] E 2 ]

BRBRRRRRBERBNRRREERRRRRNRRAREIRRRRRERRRNRRERRARARREERRRERARRERERER RS
I 3223222232222 X222 222222222222 222 2222222 2222222 2222 RatE L]

Licensed to:NORDION INTERNAT

Total number of nodes - 274

Total number of alements = 216

Total number of words in stiffness matrix = 5206

Maximum half bandwidth = 223

Total number of stiffness blocks = 1

Type of analysis s Nonlinear Steady State

Mathod of solution : Newton Raphson

Reformation interval in equilibrium iterations = 1

Max. no. of equilibrium iterations allowed = 20
Convergen tolerance = 0.10000B-02
lacmcccccccmcmccccmrccmmccmcmememmmmceeceeccecmcmemmea e ——m———————————

Structural Research and Analysis Co HSTAR 1.75 6/13/1998 Page
833603unF294 STEADY STATE WITH INSOLATION CONSIDERED

Temperatures at time step = b | Time = 0.00000E+00)

Number of equilibrium iterations in time atep ( 1) = 4

Node Temperature Node Temperature Nodes Temparature

1 215.18 2 213.17 3 207.70
4 197.60 5 191.64 6 191.57
7 1591.65 8 190.99 9 182.05
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10 181.63 11 - 180.85 12 - . 181.25
13 153.37 14 153.12 - 15 . 154.03
16 160.24 17 215.31 18 213.49
19 206.52 20 1%8.17 28. 190.70
30 181.45 32 156.28 35  149.50
40 149.25 41 150.60 45 = 146.00
46 145.89 49 . 143.97 ‘50  143.74
52 1¢3.08 54 142.22 55 126.01
56 128.63 57 . 133.32 58 - 140.28
5% 150.59 60 165.73 €1  126.06
62 128.6€6 €3 133.35 . 64 140.33
65 150.58 66 165.91 73 191.91
74 190.40 75 187.70 76  183.84
77 178.56 78 - 170.70 85 192.17
86 150.51 87 . 187.82 88 184.01
8s 178.55 90 171.34 81 173.14
92 166.54 93 - 173.96 94  167.14
96 155.83 S7 150.46 98 - 140.75
100 156.01 101 151.24 102 135.26
104 125.64 105  123.02 107 ~ 130.49
108 117.97 110 124.46 - 112 113.03
113 113.32 114 112.17 115 115.83
116 113.62 117 132.21 118 131.43
122 153.67 125  151.96 128  148.56
‘133 170.24 134 169.87 135  166.59
136 171.73 137 170.88 138 169.35
140 177.14 141 180.60 142 179.26
145 178.91 146 - 181.24 . 147 . 179.61
149 165.63 150 165.37 .. - 151 158.87
156 170.21 157 - 175.06 158 174.56
163 107.76 164 105.45 165 107.13
166 149.01 167 128.99 168 109.03
169 153.30 170 - 112.47 172 . 159.64
173 118.12 175 159.42 176  118.00
181 131.28 183 111.44 185 . 116.92
187 116.80 190 108.67 191 104.21
192 92.414 193 150.63 194  150.23
195 246.77 200 96.033 203 242.56
208 108.84 209 102.42 210 91.175
211 92.210 215 $5.711 220 92.35¢4
b R e N LT L L T L T T Ty i AL AT g g, - - -

Structural Research and Analysis Co HSTAR 1.785
883608unF2%4 STEADY STATE WITE INSOLATION CONSIDERED

222

223

€/13/1998 Page

82.432

221 92.435 82,434

224 69.237 225 €9.246 226 65.635
227 65.644 228 66,084 229 66.083
230 70.338 231 70.349 233 94.421
235 104.14 237 117.97 239 122.48
241 122.30 242 118.20 245 94.499
247 104.14 249 117.%8 251 122.45
253 122.31 255 11s.21 258 72.294
259 72.302 260 75.565 261 75.572
262 81.771 263 81.786 264 86.288
265 86.276 266 $2.018 267 82.116
271 116.25 273 112.73 278 105.68

" IN/TR 9301 F294, Revision 4 - Appendix 3.6.4 Page 115 - July 2003



Chapter 3

277 100.60 279 94.038 283 116.26
285 112.74 287 105.70 2389 100.59
231 94.147 293 1635.81 295 171.04
297 166.71 301 166.34 306 92.563
307 92.665 311 93.369 315 93.464
316 63.791 317 63.947 318 §2.036
319 63.742 320 63.991 321 §2.055
322 58.905 323 58.867 324 58.459
328 58.892 323 58.854 330 58.450
334 57.218 335 57.197 335 57.219
337 57.201 340 57.245 341 57.158
344 57.248 345 §7.092 347 59.869
350 59.875 353 57.896 359 57.889
364 93.023 365 93.112 369 93.726
373 93.832 400 38.000 401 48.000
402 55.000 435 145.08 445 145.82
501 196.46 502 136.36 503 196.21
513 172.10 514 170.99 515 167.88
600 138.40 604 144.75 605 144.91
613 147.12 615 147.35 617 147.38
665 139.84 667 137.15 658 139.76
670 144.44 873 151.99 676 151.73
690 141.85 691 141.46 692 138.94
700 70.721 701 95.4592 702 100.45
703 100.41 704 95.034 705 88.958
706 81.908 707 73.838 708 68.919
709 69.888 710 76.908 711 76.231
712 108.09 713 113.24 714 94.318
715 91.853 716 85.423 717 91.49%0
718 104.99 713 112.75 720 105.35
721 90.347 722 85.970 723 93.945
724 110.13 725 97.897 726 117.20
727 §7.616 728 79.269 730 100.22
731 70.491 732 83.489 733 84.150
734 71.592 735 99.347 736 87.506
737 73.5%4 738 73.608 739 113.21
740 113.22

Tmax 215.31

Tmin 38.000

lecemecacccememcccecccce~cecceccccemenmccnmann- S — .
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EEEEEECCEREKEEECECECEEEEEEEECEEE
SOLUTION TIMNKE LOG

Input phase | | ) L = 9.0
Assemﬁlage of matrices o 7‘ ) o | = '7 . 4.0
Triangulaiization pf conductivity matrix - 0.0
Solution of eqﬁatiénﬁ 7 - o 0.0
kiscellaneous calculations = . 1.0
TOTAL SOLUTION TIﬁE = .14.0
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12.0 SS360SUN2.TEM
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Licenged to:NORDION INTERNAT

Total number of nodes = 274

Total number of elements = 216

Total number of wordas in stiffness matrix = 5206

Maximum half bandwidth = 223

Total number of stliffness blocks = 1

Type of analysis s Nonlinear Steady State

Mathod of solutiocn H Newton Raphson

Reformation interval in equilibrium iterations = 1

Max. no. of equilibrium iterationa allowed = 20
Convergen tolerance = 0.10000E-02

Structural Reseazrch and Analysis Co HSTAR 1.75 6§/13/1998 Page 1
360SUN2 F294 STEADY STATE WITH INSOLATION CONSIDERED

Temperatures at time step = 1 Time = 0.00000E2+00)

Number of equilibrium iterations in time step ( 1) = 3

Node Temperature Node Temperature Node Temparature

1 214.96 2 212.96 3 207.49
4 197.38 5 191.41 § 191.35
7 191.43 8 190.77 9 181.81
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181.03

10 181.40 11 - 160.61 12
13 153.05 14 152.80 . _ 15 153.72
16 159.96 17 - 215.09 18 213,27
19 206.31 20 197.96 28 190.48
30 181.23 32  155.%8 35 149.18
40 148.51 41 150.26 45 = 145.68
46 145.58 49 143.62 50 143.37
52 142.77 54 141.89 55 . 86.673
56 87.838 57 89.887 58 92.935
59 97.440 60 104.06 61 86.695
62 87.849 €3 89.897 64 - 92.953
65 97.435 €6 104.14 73 115.44
74 114.79 75  113.60 76 111.89
77 105.57 78 - 106.18 - s 115.54
86 114.84 87 113.64 g8 111.96
89 109.57 90 106.45 81 173.07
92 166.47 93 173.89 94  167.07
96 155.75 97 - 150.37 98 140.65
100 155.92 101 151.15 . 102  135.15
104 125.52 105 122.91 107 _ 130.37
108 117.85 110 124.35 112 112.90
113 113.27 114 112.13 115  115.77
116 113.56 117 132.1¢ 118 . 131.35
122 153.60 125 - 151.89 128 . 148.48
133 170.20 134 - 165.83 135 = 166.55
136 171.69 137 170.84 138 169.31
140 177.09 141  180.54 142 179.20
145 178.86 146 - - 181.1% 147  17%.55
149 165.59 150 - 165.33 151 158.83
156 170.17 157  175.01 158 ~ 174.50
163 107.73 164 105.43 165 107.11
166 148.97 167 128.96 168 = 109.01
169 153.26 170 112.44 172  15%.59
173 118.08 175  159.36 176  117.86
181 131.25 183 111.41 185  116.89
187 116.76 150 108.65 191 104.18
192 92.3%4 193 150.59 194 150.19
195 146.74 200 $6.011 203 142.53
208 108.82 209 102.40 210 91.156
211 92.189 215 $5.689 220 85.346
lecccmeccceccncnencnenca" cemecemcecaescccmcccaceencsscemnsrenreraeee———- ---
Structural Research and Analysis Co HSTAR 1.75 6€/13/1958 Page 2
360SUN2 F294 STEADY STATE WITH INSOLATION CONSIDERED
221 = 85.414 222 77.018 223 77.016
224 €5.982 225 65.990 226 63.073
227 63.081 228 63.570 229 63.577
230 67.403 231 67.412 233 87.085
235 95.300 237 107.18 239 111.86
241 111.91 243 108.37 245 87.150
247 $5.298 249 107.20 251 111.87
253 111.81 255 108.37 258 659.130
259 6€9.136 260 71.970 261 71.976
262 77.269 263 77.281 264 81.085
265 81.085 266 85.935 267 86.018
271 106.68 273 103.62 275 97.535
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277 93.200 279 87.637
285 103.62 287 97.549
291 87.723 2393 105.80
2397 104.49 301 104.34
307 86.481 311 87.073
318 63.780 317 63.93¢6
319 6§3.731 320 63.980
322 58.895 323 58.857
328 58.881 329 58.843
334 57.208 335 57.186
337 57.190 340 57.234
344 57.236 345 57.081
350 59.865 353 57.886
364 85.908 365 85.984
373 86.588 400 38.000
402 55.000 435 148.75
501 196.24 502 1956.14
513 171.84 514 170.73
600 138.36 604 144.66
613 147.06 615 147.28
6565 139.81 667 137.12
670 144.40 673 151.94
6350 141.82 691 141.42
700 70.699 701 95.467
703 100.38 704 94.995
706 81.863 707 73.779
709 69.824 710 76.798
712 107.95 713 113.10
715 91.736 718 85.339
718 104.94 719 112.69
721 90.289 722 85.883
724 110.00 725 97.768
727 6§7.550 728 79.169
731 70.473 732 83.471
734 71.573 735 99.320
737 6§9.610 738 63.622
740 102.95

Tmax = 215.09

Tmin = 38.000

283
289
295
306
315
318
321
324
330
338
341
347
359
369
401
445
503
515
605
617
658
676
692
702
705
708
711
714
717
720
723
726
730
733
736
733

106.69
93.188
106.32
86.395
87.153
62.025
62.045
58.443
58.440
57.208
57.147
53.859
57.878
86.500
48.000
145.49
195.99
167.62
144.82
147.30
133.73
151.68
138.91
100.44
88.917
68.850
76.118
94.182
91.433
105.30
93.821
117.08
100.20
84.131
87.483
102.9%4

1-- ------------ U ) R D D S A A D N AR DD D G GRS R GDEEWw - e e D G G DG GRS TG SR SRS S A e d R DR G
Structural Ragearch and Analysis Co HSTAR 1.75
360SUN2 F2954 STEAPY STATE WITH INSOLATION CONSIDERED
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SOLUTION TIME LOG

Input phasé | - o : | o 5.0
Assemblnge/of ma\:r:lceg v | - 3.0
Triangulariz#éion of conduétivity maifix | é . 7 : ,6.0
Solution of equations 7 - = . 0.0
Miscellaneous calculations‘ , o - 0.0
TOTAL SOLUTION r“'z‘u':’z e ;é.o
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13.0 UNBOND.TEM
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Licensed to:NORDION INTERNAT

Total number of nodes - 253

Total numbar of elements = 195

Total number of words in stiffness matrix = §321

Maximum half bandwidth = 171

Total number of stiffness blocks = 1

Type of analysis s Nenlinear Steady State

Mathod of solution H Newton Raphson

Raformation interval in equilibrium itarations = 1

Max. no. of equilibrium iterations allowed = 20
Convargen tolarance = 0.100008-02
1 -------------------- - D e G e ED D SN S S D SR GG ED SN ST ED IR SN G D G D W A AR SR

Structural Research and Analysis Co HSTAR 1.75 5/28/1998 Page 1
UNBOND P294 STEADY STATE CALCS (VALIDATIONOFMEASUREMENT PILETESTBND.INP

Temperatures at time step = 1 Tima = 0.00000B+00)

Number of equilibrium iterations in time step ( 1) = 3

Noda Tempaerature Nede Temperature Node Temparature

1 166.27 2 166.03 3 165.47
4 164.61 5 160.84 6 160.60
7 1560.06 8 159.14 9 150.80
10 150.49 11 149.77 12 149.03
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13 138.9%5 14  138.08
16 133.12 17 166.66
1s 165.73 20 165.18
30 148.87 32 - 130.45
40 133.63 41 - 133.18
46 121.24 49 120.22
52 118.65 54 117.85
S6 38.113 57 - . 37.889
59 37.145 60 " 36.560
62 38.111 63 - 37.688
€5 37.146 66 - 36.553
74 35.684 75 35.782
77 36.112 78 36.386
86 35.680 87 35.778
89 36.112 S0 36.364
92 124.14 83 131.81
96 114.03 97 109.23
100 114.45 101 110.03
104 103.58 108 102.88
108 95.548 110 103.61
113 103.38 114  102.02
116 101.77 117 106.51
122 110.80 125 105.85
133 124.48 134 124.14
136 126.198 137-. 125.35
140 132.92 141 137.07
145 134.91 146 137.88
148 119.63 150 119.40
156 125.59 157 131.2%5
163 92.203 164 91.283
166 103.39 167  94.698
169 108.03 . 170 98.838
173 167.22 178 115.¢68
lsl 85.770 183 $7.861
187 106.3S 180 95.146
192 89.898 - 193 103.56
1s5 '99.638 200 89.846
208 "§5.662 - 209 92.763
211 85.293 215 87.884
lecrcccrccrcccrcrccccrrccn e s e e cmmcaea

15

18
28
35
45
50

55
58
€1
€4

73

76

88
91

94

S8
102
107
112

115

118
128

135

138
142
147
151
158
165
168
172
176
185

. 191

- 194 .

.- 203
..210
220

136.33
166.45
158.72
126.26
121.50
119.9%
38.212
37.576
38.211
37.575
35.631
35,923
35.623
35.917
130.85
124.95
105.44
103.81
102.31
$2.326
103.91
106.60
107.28
121.22
124.26
136.31
136.73
113.18
131.44
93.517
$4.016
©115.25
107.66
105.86
$4.257
:103.18
96.392
-88.219
30.450

Structural Research and Analysis Co HSTAR 1.75
UNBOND F254 STEADY STATE CALCS (VALIDATIONOFMEASUREMENT FILETESTBND.INP

------------------------------------------ LR T SR PR P E PR LY LYY X Y

5/28/1998 Page

2

221 30.445 222 31.15¢% 223 31.1598
224 32.311 225 32.311 226 33.038
227 33.038 228 33.604 229 33.604
230 34.795 231 34.785 233 30.327
235 29,796 237 29.080 238 25.134
241 29.584 243 30.707 245 30.323
247 29.7%6 249 25.079 251 29.133
253 29.584 255 30.706 258 35.143
259 35.141 260 358.377 261 35.37¢6
262 35.218 263 35.215 264 34.88¢6
265 34.887 266 34.354 267 34.344
271 31.078 273 31.678 275 32.709
277 33.361 278 34.1237 283 31.077
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285 31.5677 287 32.707
291 34.126 293 36.416
297 36.525 301 36.538
307 34.289 311 34.213
316 52.580 317 52.766
319 52.523 320 52.819
322 46.456 323 46.405
328 46.440 323 46.388
334 44.116 335 44.085
337 44.086 340 44.127
344 44.126 345 43.951
350 47.550 353 45.037
364 30.401 365 30.397
373 30.357 400 23.000
402 40.000 435 125.81
700 56.338 701 81.725
703 88.948 704 82.742
706 67.850 707 58.752
709 53.932 710 55.768
712 87.336 713 91.647
715 73.412 716 68.578
718 92.632 719 101.18
721 75.651 722 68.960
724 89.446 725 78.577
727 52.397 728 61.886
731 56.095 732 74.508
734 57.246 735 84.699
737 31.873 738 31.872
740 29.301

Tmax 166.66

Tmin 23.000

lecrmccncccas R R Y rmeme--

289
295
306
315
318
321
324
330
338
341
347
359
3569
401
445
702
705
708
711
714
717
720
723
726
730
733
736
739

Structural Research and Analysis Co HSTAR 1.75
UNBOND PF294 STEADY STATE CALCS (VALIDATIONOFMEASUREMENT FILETESTEND.INP

33.363
36.374
34.302
34.204
50.425
50.451
45.860
45.849
44.115
44.031
47.542
45.088
30.363
33.000
121.35
88.269
76.066
53.709
59.223
75.395
77.037
92.886
75.166
35.041
85.606
75.160
73.113
23.302

5/28/1998 Page
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SOLUTION TIME LOG

Input phase _ = 7.0
Assemblage of matrices = 3.0
Triangularization of conductivity matrix = 0.0
Solul::lon of equatiocns - ' = 0.0
Miscellaneous calculations _ = 1.0
TOTAL SOLUTIONK TIMNE = 11.0
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APPENDIX 3. 6 5
KAOWOOL PRODUCT INFORMATION

.Bahmqggl;@m;

:—.W*‘l“ X

Kaowoor Ceram '

Blanket

BaW Kaowool ceramic fiber is the basic fiber from |

which the Kaowool family has grown. The raw ma-

terial is kaolin, a naturally occurring, high purity,
alumina-silica fireclay. Kaowoo! has a meltmg point
of 3200F, a normal use limit of 2300F, but can be
used at even higher temperatures in cevrtam appli- -
cations. BeW Kaowool has fiber lengths up to 10 -

in., average lengths of 4 in. These long fibers, thor-

oughly interlaced in the production process, pro- |

vide Kaowool! blanket. butk. and strip products with
unsurpassed strength without the addition of a
binder system. Other forms are processed from
basic Kaowool ceramic fiber. :

BeW Kaowool blanket contains no organic binder".. Blanket

will not contaminate furnace atmospheres or emit offensive

' odors. Available in nominal densities of: 3. 4. 6 and 8 lbcu -

ft. Width: 24 in. and 48 in. Length: 24 #.

Physml Propeme5° .

Kaowoo! ceramic fiber is a highly efficient insulator. Kao-
wool's low shot content gives more usable fiber for your in-
sufating dollar. Kaowool's fonger fibers give it the high ten-

sHe strength and resiliency to withstand vibration and phys-

ical abuse. Kaowool is self-supporting—will not separate,
sag or settle. Kaowool has low thermal conductivity, low
heat storage. and is extremely resistant to thermal shock.

Color ‘ ~ White
Thickness Fiber Diameter 2.8 microns (average) -
BaW Kaowoo! blankets are manufactured in the foNowmg Fiber Length 4" (average) (to 10)
thicknesses for the indicated density: Specific Gravity . 2.56 (ASTM C188)
Specific Heat at 1800 F mean 0.255 Btu/ibfF
3b 41b €b gib Tensile Strength, Fiber 1.9 x 10° Ib/sq. in.
cu ft cu ft cu ft cu ft Tensile Modulus, Fiber 16.8 x 10¢ 1b/sq. in.
V4 in. - - ‘yes " yes Use Limits: '
Yain. yes - yes yes yes _ Continuous . -2300 F -
3 in. yes yes -.yes yes: Single Apphcatcon 3000 F
1in, " yes yes - - yes yes Melting Point 3200 F
1% in. yes yes -l yes s yes Hardness €—MOH's scale
2 in. yes yes oo = e 700-—Knoop s scale—100 gr. loading
1.0 /_:_.__- 7 - i
T T T -
0B — . o8 : ——
] ] L. : i ‘/—:7
g 06 //j/’ L . 061 — /
5 /7 ' ST g o N
” f’ A - % s {
04+ 8. ¥ 04: dn e e
A ] : t ]
5// S R : ! ‘ !
0.2 , 02 ———— ; - :
o : 0 A !
200 400 600 800 1000 1200 1400 1600 . 1000 2000 3000 4000 3000 6000
FREQUENCY—Cycles/Second FREQUENCY—Cycles/Second
Sound absorption coefficient (S.A.C.)
vs. frequency for BaW Kaowool Blanket.
One-inch thickness at density indicated by
numbers on curves.
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- Appendix 3.6.5 Page 1 -



Chapter 3

70

BaW KAOWOOL BLANKET THERMAL

/ CONDUCTIVITY AT VARIOUS DENSITIES
3 5 - - F
4 ! ! ! ! ! P -
t po—— g e ] - -
6.0 8 1 t. Lo P . | 1
| 2/ : / £ ! i
~ 7 5 / 2
4 e 5
& A&/ g
_ 50 ; % X 4l =
x N N / 0/ S
% o & 3
3 5 / &7/ X
5,0 s/ RN £
g / J,i""/ ' 3
2 / 4 2
5 A 3
[.]
o 30 r §
2 / ™M &
3 / A T
4 20 / 1 éoﬁk - N T T T
. Sr
/ R ] ey MEAN TEMPERATURE £
% vl
. /1 o gﬁ‘ﬁm/
10 £ A= Blanket
- Typical Applications
KET THICKNESS = 1 INCH
° ./ BLANKEY Thicwne High Temperature tnsulation:
o s to 15 20 .25 30 Annealing furnaces
AIR FLOW VELOCITY (FT/MIN) . Boiler combustion chambers and heat exchangers, oil-
. fired
PRESSURE DROP ACROSS KACWOOL BLANKETS Catalytic muffiers and automotive afterburners
QGas turbines
fans
Chemical Properties: : Laboratory ovens
BaW Kaowool ceramic fibers possess exceltent resistance Steam valves of headers and steam separators
to chemical attack, Exceptions are hydrofuoric acid, phos- Thin wall kilns—back-up
phoric acid and strong alkalies. Kacwool is unaffected by Water and steam tubes—back-up
oil or water. Thermal and physical properties ara restored Petroleum catalytic crackers
after drying. Protection on Water-cooled Risers and Cross-over Rails—
. . Reheating furnaces
Chemical Analysis % Oven Linings
Alumina, Al,0, 45.1 Superheater seals -
Silica, Si0, ...519% Wrapping Pipe and Tubing aﬂerWeldmgforStress Relieving
iron Oxide, Fe,0, . 1.3 furnace Repair
Titania, TiO, 1.7 Acoustical Servics for Missiles, Rockets, and Jat Aircraft
Magnesia, MgO Trace Cryogenic Vessel Fire Protection
Calcia, Ca0 . . 0.1 Furmnace Door Cover and Linings
Alkalies as Na,O 0.2 Expansion Jeint Packing
Boric Anhydride, 8,0, @ .. .. 0.08 High temperature filters

IN/TR 9301 F294, Revision 4
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Kaowool Caramic Fiper Progust ot
BeW KAOWOOL BLANKET THERMAL
CONDUCTIVITY AT VARIOUS DENSITIES
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APPENDIX 3.6.6
NORMAL THERMAL TESTS OF THE F-294 PACKAGE
WITH THE F-457 SOURCE CARRIER '
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Steady State Thermal Test of F-294s/n 3
1. Introduction

The steady state thermal test was performed according to procedure IN/OP 0597 F294
(2). The F-294-03 Shipping package was subjected to normal thermal testing when
loaded with Co-60 as outlined in The Procedure for Steady State Thermal Test IN/OP
0597 F294 (2). The F294-03 was loaded by Greg Chateauvert (Cobalt Operations
Technician), and the thermal testing was preformed by Benjamin Prieur (Industrial
Quality Control). One thermal test configuration was used: F-294-03 loaded with eighty
(80) sources in the modified source cage design. F-294-03 didn’t include the crushshield
and fireshield. :
Start date of test: 2000-0ctober-26

End date of test: 2000-October-27

2. Equipmeht Used

Calibrated type K thermocouples and wires were used throughout the thermal test, with
one 20 channel digital thermometer readers. The Keithley 2000-20 multimeter, serial
number: 6-445-137 was last calibrated on February 2000 with a quoted accuracy of

+/- 2 °C, it is due for re-calibration on February 16 2001.

3. Thermocouple Placement within F-294 Cavity

The F-294 assembly was prepared for thermal tests prior to loading. Two thermocouples
were mounted on '2” square stainless steel flat plates; two were in turn tack welded on to
the cavity wall, in line with the drainline, radially opposed to each other and axially on
the cavity center line. Two cavity wall thermocouple wires were then routed through the
drainline to Type K connectors

The third was mounted on to the underside of the container plug, adjacent to the vent line
exit hole. Thermocouples were also mounted on to two of the C-188 sources using screw
clamps for a secure contact. The position of the thermocouples were approximately at
the center of the sources; Greg Chateauvert ( Source Technician ) then placed these
sources ( s/n 70167, s/n 70292 ) within the modified cage assembly. The thermocouple
wires were then routed through the drainline to Type K connectors. The wire for the three
thermocouples ( bottom plug + 2 C-188 ) was routed out the F-294 plug vent line to
Type K connectors.

Table 2 represents the F-294 thermocouple 710cations versus the read-out channels.

G:/QA/QC/BEN/WORD/TherF-294-1.doc 3 May-2000



4. Source Loading

The F-294 was loaded with 376 kilo curies of Co 60 on 2000-October-26 in the form of
eighty (80) C-188 sealed sources. The loading was done as a typical preparation for -
shipment, in Cell 06 within Cobalt Operations, MDS Nordion, Kanata. The loaded
container was removed from Cell 06 and placed in the shipping bay. The container was
installed on the shipping skid. The thermocouples were mounted on to the container as
shown in ( Figure 1 ). The package was allowed to attain steady state overnight. Steady
state is assumed after three or more successive numerically equal readings. The
temperature readings were recorded every five minutes.

5, Measurements

Start Date: 2000-0ctober-26
Temperature readings were recorded every five mmutes the test was performed on the

package not including the crushshield and fireshield.
The table below ( Table 1 ) represents the highest temperature readings recorded using
Temperature Recording Unit during entire thermal test.

Table 1. Maximum Recorded Temberature of test using
the Temperature Recording Unit.

Channel Location Temperature ( °C)
1 Top of plug external face, near plug lift lug 102
2 C-188, close to drainline cap ' - . 458
4 Bottom of plug in the cavity . 23
5 Cavity wall, close to drainline cap 239
6 Cavity wall, away from drainline cap ' 226
7 Container external wall, top (between two fins) 52
9 C-188, away from drainline cap 467
11 Container external wall, close to drainline cap (between two fins) - 0§
12 Container external wall, under drainline cap 64
13 Underside, center of F-294 skid 29
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Chart 1 represents the temperature versus time of each thermocouple reading taken using
the Temperature Recording Unit over the entire duration of the thermal test. This chart
outlines the increase in temperature in the beginning and shows the settling of the
temperature near the end.

Note: Series on chart is known as the actual channel on temperature reader.

MEREER

TEMP. (L .g. C)
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‘ s Table 2, Thermocong]e Location v/s Read-out Channels

Instrument: Temperature Recording Unit, serial number: 6-445-137.

Thermocouple | Channel Number | 'I'hermocquple Tdentification on F-294-03

Number
1 1 Top of plug external face, near plug lift lug
2 2 C-188, close to drainline cap
4 4 Bottom of plug in the cavity
S 5 Cavity wall, close to drainline cap
6 6 Cavity wall, away from drainline cap
7 7 Container external wall, top (between two fins)
9 : 9 .| C-188, away from drainline cap
11 11 Container external wall, close to drainline cap (between two fins)
12 12 Container external wall, under drainline cap
13 13 Underside, center of F-294 skid

6. Observations

On the Temperature versus Time Plot, channel 2; thermocouple located on the C-188
close to drainline, the temperature profile from the start isn’t as predicted. A gradual
temperature profile was expected, what was measured was an irregular rise in
temperature trend. This profile could have been caused by a malfunction in the
connection between the thermocouple wire and source c-clamp. There was most likely a
temporary break in the connection. Channel 4; thermocouple located on the bottom of
plug in the cavity, the recorded temperature readings are below the expected readings.
This was most likely due to a short in the thermocouple wire before entering the

F-294-03 container, this might have been caused during the loading of the container when
the wires were pulled through the plug. '
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7. References

Ref.[1]: IN/OP 0597 F294 (2): Procedure for the F-294 steady state thermal test.
Ref.[2]: CO-QC/OP-0023 (1): Operating procedure for Temperature Recording
Unit set-up. ( In-process )
—/
—/
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TIME
13:42:03
13:47.16
13:52:28
13:57:40
14:02:53
14:08:05
14:13:18
14:18:30
14:23:42
14:28:55
14:34.07
14:39:19
14:44:32
14:49:44
14:54:57
15:00:09
15:05:21
15:10:34
15:15:46
15:20:58
15:26:11
156:31:23
15:36.36
15:41:48
15:47:.00
15:52:13
15:57:25
16:02:37
16:07:50
16:13:02
16:18:14
16:23:27
16:28:39
16:33:52
16:39:04
16:44:16
16:49:29
16:54:41
16:59:53
17:05:06
17:10:18
17:15:31
17:20:43
17:25:55
17:31:08
17:36:20
17:41:32
17:46:45
17:51:57
17:67:10
18:02:22
18:07:34
18:12:47
18:17:59
18:23:11

Chan.1
39.33667
40.86523
41.26023
42.17644
43.21495
4408134
45.73342
46.32848
46.637¢86
47.86256
48,42837

49,7303
50.43347
51.02397

51.8228
5§2.0598
53.53775
53.80824
565.18738
5§5.5345
56.30651
5§7.51224

§7.30842
£8.48324
59.12335
£9.04871
60.36555
61.13835
60.52205
61.13337
63.33477
64.13642
64.47777
65.616815
65.76498
66.53117
67.05325
67.76933

68.19118

68.96669
69.52826
69.90771
70.63101
71.19623
71.67383
72.50666
72.69197
73.22195
73.69263
74.32545
74.00392
75.21112
75.53469
76.95815

77.0647

Chan.2
327.0319
388.6468
389.4897
376.4741
379.0655
379.8018
380.5557
381.1858
381.7203
382.3568
380.3181
380.9102
431.3914
432.0196
432.6416
433.0185
433.7134
434.1899
434.6975
435.0388
435.4495
436.0673
436.5641
437.0116
437.3561
437.8583
438.1846
438.6662
439.0298
438.4241
439.7077
440.0301
440.3826
440.7161

441,132
441.2987
441.5798
441.8542
442 2555
442.4944
442.7661
443.1119
443.4372
443.6761
443.8971
444 1224
444.4364
4446712
444 9698

445,126
445.4839

445,649
445.9451
445.1509
446.3898

Chan.3
9.90E+37
9.80E+37
9.80E+37
755.2851

9.90E+37

-186.632
9.90E+37
9.90E+37
6.90E+37
8.90E+37
780.4195
0.90E+37
77.76009
9.90E+37
823.8852
8.90E+37
1327.189
9.80E+37
9.90E+37
9.90E+37
9.90E+37
9.00E+37
0.90E+37
9.90E+37
9.90E+37
8.90E+37
739.9277
526.6506
8.90E+37
9.80E+37
9.90E+37
8.90E+37
9.80E+37
8.90E+37
-156.611
786.9534
580.8346
9.90E+37
9.90E+37
9.80E+37
9.00E+37
978.9708
9.90E+37
9.90E+37
9.00E+37
197.986
9.90E+37
-156.585
-34.402
9.90E+37
9.90E+37
0.90E+37
9.90E+37
9.90E+37
9.90E+37

Chand |

23.217
23.07093
23.0045
22.9805
22.97268
22.9576
22.87025
22.85187
2.92171
22.82306
22.8061
22.86937
22.87427
2286318

2271556 .

22.72689
22.70975
22.64656
22.58838
2262221
2268786
22.77907

22.8091
22.74211
22.71918
22.71023
2271725
22.79351
22.82568
2.71069
22.62655
22.62449
22.68406

22,7814

22.8084
2269858

22.6164
22.56106
2258337
2261816
2263172
22.69504
2269352
22.70661
22.70827
2268486
22.67905
22.68385
22.66389
22.715851
22.72611
22.76919
22.73407

22.76268

22.7413

Chan.5

180.4616
181.7974
183.0771

184.2519 -

185.4667
186.58
187.6945
188.7716
169.8529
190.7611
191.6837
192.6524
193.8479
194.6788
165.4761
196.2961
197.1326
187.9858
198.8128
199.6028
200.6001
201.3109
202.0463
202.6842
203.4656
204.1143
204.763
205.4513
206.1228
206.6822
207.2888
207.8709
209.0619

-209.6581

2101773

210.688
211.1981
211.7078

212.641
213.1262
213.6587

214.1287

214.6173

215.0018

215.5455
216.0912

216.529
216.9639
217.3847
2178451
218.2566
218.6696
219.0515
219.4669
219.8257

Chan.6
168.197
169.3088
170.7799
171,955
172.9476
174.1886
175.1361
176.1844
177.3068
178.1447
179.0776
179.9382
180.8565
181.7669
182.5118
183.2488

184.1549

185.0005
185.7725
186.5214
187.2242
188.0695
188.7453
189.5289
190.2915
190.8245
191.4648
192.2551
192.7079
193.4345
193.8361
194.4376
195.0761
1957623
196.4899
196.9447
197.4549
198.0071
198.5068
198.9157
199.5742
199.9846
200.5559
200.9322
201.3957
201.9277

202.477
202.7788
203.4218
203.8015
204.2788
204.6543
205.0012
205.4269
205.8629

Chan.7
28.33856
28.43475
28.93221
29.28829
29.50016
30.09944

20.846
30.54742
30.80848
30.48324

31.3182
31.39173

31.92979
32.53102
31.63838
32.74204
33.07645
32.12848
33.35092

33.3913

3412751
34.53329
35.12717
34.62836
34.93611
35.49636

36.27694

36.4026
36.40104
36.83081
37.32827

37.1098
37.25916
37.1323¢

37.30874

38.38551
37.99429

38.7157
38.20427
38.44651

39.5365
30.03629
39.45257
40.37528
30.73795
40.61573
40.78558
40.50495
41.40869
41.63795
40.67963
41.14826
42.28543

41.4083
41.30848

APPENDIX 1, Raw température data.

Chan.8
9.90E+37
9.90E+37
9.90E+37
199.7651
0.80E+37
0.80E+37
9.90E+37
9.90E+37
0.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
8.90E+37
454.1418
8.90E+37
9.90E+37
9.90E+37
9.90E+37
6.90E+37
9.90E+37
9.90E+37
9.90E+37
8.90E+37
1088.299
935.4537
130.3377
8.80E+37
9.90E+37
0.90E+37
9.90E+37
8.90E+37
0.90E+37
358.7594
0.90E+37

8.90E+37

9.90E+37
9.90E+37
9.80E+37
392.2758
9.90E+37
1248.258
9.80E+37
9.90E+37
9.80E+37
9.90E+37
238.6054
388.2537
8.90E+37
9.90E+37
9.80E+37
492.1684
9.90E+37

Chan.9
434.6583
435.9276
437.0807
438.0292
438.9137
439.6887
440.3947
441.0736
4417646
4422988
4429058
443.4503
4440244
444 4956
444 9652
445.5384
4456.0152
446.4703
446.8754
447.2501
447.6162
448.1029

448.551

449.0072
449.3322
448.6865
450.0178
450.3861
450.6787

450,999

451.2843

451.5663
451.879

4521797
452 4687
452.6921
452.9918

453.203

453.4634
453.7641
453.9104
454 2142
454 4599
4546841

454 944

455.1809

455,346

455,5984
455.7627
456.0123
456.2034
456.4083
456.6001
456.8185
456.9919
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TIME
18:28:24
18:33:36
18:38:4¢

- 18:44.01

18:49:13
18:54:26
18:59:38
19:04.50
19:10:03
18:15:15
18:20:28

118:25:40
19:30:52

19:36.05
19:41:17
19:46.:30
19:51:42
10:56:54
20:02:07
20:07:12
20:12:31
20:17:44
20:22:56
20:28:08
20:33:21
20:38:33
20:43:45
20:48:58
20:54:10
20:59:22
21:04:35
21:09:47
21:15:00
21:20:12
21:25:24
21:30:37
21:35:49
21:41:01
21:46:14
21:561:26
21:56:38
22:01:51
22:07:03
22:12:15
22:17:28
22:22:40
22:27:53
22:33:05
22:38:17
22:43:29
22:48:42
22:53:54
22:59:.07
23:04:19
23:09:31
23:14:44

Chant Chan2 Chan.3 Chand 7 Chan.5 Chant Chan;'f Chan.8 Chan.9

77.31696
78.04808
78.40589
78.18348
79.16386

79.9707
£0.83776

81.0117
80.89646
81.45679
81.92458

82.0498
82.37124
82.69825
83.20418
82.76065
83.33191
83.47214
8457838

'85.03128

85.47637
85.43365
84.84773
85.83832
86.52321
86.75303
86.71299

87.7464
87.33041
87.984565
88.13629
88.43305
68.59717
69.18038
89.40434
89.45825
89.67607

89.9302
80.17135
90.64072
80.77468
20.77625
90.8053¢
©1.05305
91.21034
91.24914
£2.05481
02.517¢6
92.31083
92.57419
92.80678
92.68994
0293157
0282227
92.86295
93.87308

446.5146
446.8271
447.0357
447.248
447.3818
447.6959
447.9321
448.1688
448.2517
448.4194
448.6349
448.8403
449.0042
449.1576
449.4859
449.7088
449.7633
450.0045
450.2053
450.3621
450.5843
450.7708
450.9226

450.9483

451.2207
451.3094
451.4509
451.6635
451.766
451.8039
452.0112
452.1989
452.3938
452.5244
4525397
452.7635
452.8515
452.8602
453,061
453.1896
453.3446
453.4016
453.5091
453.6154
453.7254
4537656
453.8718
454.0563
454.1349
454.2285
.454.323
454,346
454.4971
454 4937
454.59
454.6737

8.90E+37
9.80E+37
9.80E+37
273.6139
1321.353
849.9007
'9.80E+37
9.80E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
435.1463
1365.422
9.80E+37
8.90E+37
9.80E+37
8.80E+37
9.90E+37
367.1562
869.9282
9.90E+37
473.0824
9.80E+37
274.2777
8.90E+37
567.6375
9.90E+37
23.82445
9.90E+37
9.80E+37
9.80E+37
9.90E+37
9.80E+37
9.90E+37
8.90E+37
9.90E+37
9.80E+37
9.90E+37
9.90E+37
8.90E+37
9.90E+37
9.90E+37
9.80E+37
§.60E+37
9.80E+37
8.80E+37
31.27616
-67.3432
8.80E+37
8.80E+37
9.90E+37
1203.604
9.90E+37
9.90E+37
9.90E+37

22.80572
22.82225
22.85622

22.8458
22.83029
2282585
22.83184
22.81456
22.81869
22.76188
22.80958
22.80605

22.8173
2282335
22.80591

22.80677

22.81422
22.78397
22737112
22.74018
22.69274
22.70056
22.72435
22.72068
22.72646
2272116
22.71695

22.7487.

.22.76027
22,7645
22.70886
2275427

22.74728 -

2272528
22.7427¢8

22.7169
22.67209
.22.66536

2264072
2262703

22.62923
22.61527
2262154
' 22.61983
22.61372

'22.62869

22.6412
22 67937
22.69268

| 2267305
22.66708
2263574
2264581
22.63464
2266619
2262861

220.2167
220.5732
220.9679
221.2864

221,605
221,9923
2223336
2226203
2226216
223.2653
2235641
223.8732
224.1914
224.4708
224.7763
225.0369
225.3195
2255962

225.8503

226.1451
226.3597

226.635

226,8059
227.2026
227.4168
227,6464
227.8844
228,1348
228.3677
228.6137

228.814
229.0426
220.2184
229.4923

-229.6414

220.8423

230.085
230.2522
230.4433
230.65627
230.8505
231.0582
231.2034
231.3528
231.6455

231.723
231.9078

232.0674

232.2491
232.3865
232.5161
232.6522
232.8164
232.9625
233.1164

1233.2423

206.3878

206.6537

207.1354
207.5047
207.9006
208,1358
208.4177
208.8721
209.2208
209.5998
209.9514

210.205
210.4929
210.8245
211.2559
211.5516
211.7528
212.0161
212.4796
212.6326
213.1359
213.2075
213.4873
213.6661
213.8622
214.2199
214.3418
214.7401
215.0018
215.2558
215.5148
215.5119
215.7481
216.1409
216.3438
216.5696
216.6189
216.8134
217.1556
217.3973

217.461
217.5927
217.8857
217.9599
218.0869
218.3427
218.3762
218.6415
218.9591

218.977
219.3647
219.3469
219.5006
219.7037
219.8068
220.0293

41.64833
42.39388
41.58425
41.61596
42.29802
42.01976
42.15599
42.51439
42.01808

42.3242
42.60718
42.38253
42.44024
42.84472
42.81351
43.17795
43.11562
43.21403

44.09972

45.05805
44.73707
44.47351
44.3638
44.64707
45.2218
45.65349
44.92534
45.15642
44.83667
44.77902
45.09173
45.86153
45.20078
45.19983
45.89818
46.78083
46.56936
46.99194
46.28615
47.72285
47.8656
46.92242
47.50553
47.57841
46.73553
47.19407
47.58714
47.075
47.25214

48.43023

48.4569
48.7691
48.53065
47.27188
48.66576
48.47205

1013.863
443.4588
9.00E+37
954.5844
0.00E+37
497.9308
12.84289
9,90E+37
9.90E+37
0.90E+37
863.3806
9.90E+37
-198.346
0.90E+37
85.09417
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.00E+37
488.4797
317.7883
9.90E+37
9.00E+37
1131.386
9.90E+37
9.90E+37
9.90E+37
533.7129
973.8268
9.90E+37
266.6363
9.90E+37
120.7105
9.80E+37
9.90E+37
1318.433
9.80E+37
9.80E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.00E+37
9.00E+37
9.50E+37
742.0988
738.2338
9.90E+37
9.00E+37
9.90E+37
9.90E+37
9.80E+37
9.90E+37
9.90E+37

457.2074
457.3557
457.6112
457.8247

-457.9142

458.1113
458.2798
458.4476
458.6394

458.7671

458.9469
450.0058
450.2227

459.456

450.634
459.7984
459.9201
460.1032
460.2541
450.4151
460.5218

460.575
460.7577

450.883
461.0423
461.1617
461.3287
461.4379
461.5502
461.6283
461.7362
451.8805
461.9755
462.0964
462.2465
462.3452

462.3815

462.4925

452.5786

462.7258
462.7637
462.8293
462.9466
463.0235

463.1088 -

463.1895
463.2831
463.3613

463.481
463.5029
463.6359
463.6672
463.7358
463.7998
463.9272
463.9652



TIME
23:19:56
23:25:08
23:30:21
23:35:33
23:40:46
23:45:58 .
23:51:10
23:56.23

0:01:35

0:06:47

0:12:00

0:17:12
0:22:25

0:27:37

0:32:49

0:38:02

0:43:14

0:48:26

0:53:39
0:58:51
1.04:04
1:09:16
1:14:28
1:19:41
1:24:53
1:30:05
1:35:18
1:40:30
1:45:43
1:50:55
1:56:07
2:01:20
2:06:32
2:11:44
2:16:57

2:22:09

2:27:21

2:32:34

2:37:46

2:42:58

2:48:11

2:53:23

2:58:36

3:03:48

3:09:00

3:14:13

3:19:25
3:24:37
3:29:50

3:35:02

3:40:15

3:45:27

3:50:39

3:55:52

4.01:04

4.06:16

Chan.1
93.08154
83.72703
04.32185
93.77879
94.79498
94.83474
95.0735
04.51591
95.4293
95.8198
95.20828
85.38137
96.17625
96.73559
96.12883
96.12665
06.43893
96.37957
96.34834
06.32259
96.77367
06.84686
97.09561
06.94737
87.09545
96.26392
©06.8422
07.65625
£8.06435
97.77847
97.73028
97.58206
97.66934
96.32601
98.12813
08.17265
98.45117
98.07402
99.53962
08.39812
97.89642
08.28548
99.23971
98.44304
08.1187
£8.85009
09.26742
89.57268
£8.93909
£8.35656
99.51239
99.34212
100.0301
09.2475
100.0104
100.455

‘Chan.2
454.8871
454.9263
455.0101
455.0897
455.2401
455.2281
455.2776
455.4633
455.5032
455.5097
455617
455.6259
455.7142
455.7731
455.8329
455.9367
455.6593
456.0193
456.0897
456.1708
456.1928
456.2705
456.3432
458.3642
456.4129
456.5141
456.578
456.5396
456.4927
456.6216
456.6765
456.7133
456.7779
456.8233
456.8547
456.8971
456,9821
456.9596
457.011
457.0618
457.0831
457.1273
457.2663
457.1933
457.3168
457.3304
457.3821
457.4043
457.45651
457.4395
457.4648
457.517
457.6101
457.6189
457.56896
457.5671

Chan.3
278.9048
0.90E+37
9.90E+37
674.4219
8.90E+37
98.90E+37
9.90E+37
9.90E+37
9.90E+37
9.80E+37
9.90E+37
8.80E+37
9.90E+37
8.80E+37
431.5493
9.80E+37
9.90E+37
9.80E+37
9.90E+37

285.002
9.90E+37
492 0518
9.90E+37
8.90E+37
9.80E+37
8.80E+37
9.80E+37
9.90E+37
£$09.8374
805,0429
0.90E+37
9.90E+37
9.90E+37

163.2741
9.90E+37
9.90E+37
463.6169
9.90E+37
0.90E+37
9.90E+37
-118.101
0.90E+37
9.90E+37
9.90E+37
08.90E+37
1078.066
9.90E+37
9.90E+37
8.890E+37
8.80E+37
8.80E+37
9.90E+37
0.90E+37
6.90E+37
803.1654
0.90E+37

Chan.4

22,6524
2268628
22.70479

226817
22.70755
22.68307
22.69981
22.69052

2266451

22.62885
22.6723
22.66705

22647688

22.66836

226771
2272228
2267742
22.64514
22.64918
2264798

2267734

22.66201

22.65687

22.66469
22.66278
22.65505
22.65864
22.65074

22.6506
22.63208

2262253

22.63186
22.62687
2262092
22.63239
22.66351
22.63933
22.68521
22.74878

22.7398
22.70412
22.71042

22.6899
22.69935
22.72644
22.74701
22.74363
22.76608
2.75416
2274805
22.76528
22.75429
22.74594
2272853
22.68395
22.68141

ChanS Chan6 Chan.?

233.3961
233.5399
233.6554
233.7885
233.8032
234.0301
2341309
234.2602
234.3678
234.482¢8
234.6013
234.7503
234.8133
234.8503

235.034
235.1262
235.2116
235.3125
235.3951
235.4931
235.6128

235.665
235.7801
235.8694
235.8576
236.0412
236.1156
236.1885
236.3046
236.3608
236.4511
236.8302
236.6103

236.6851 -

236.7668
236.8671
236.8344

236.092
237.0288
237.1355
237.1632
237.2309

237.298
237.3425
237.4312
237.4785
237.5443
237.5786
237.6376
237.6762
237.7136
237.7826
237.8464
237.6633

237.883

237.8048

220.1233
220.3804
220.3315
220.5316
220.7449
220.7163

1220.8979

221.0211
221.1703
221.1728
221.4309
221.3817
221.5731
221.7048
221.8193
221.9413
221.8674

222,112
222.1834
2222481
222.3566
222.5764
222.6166
222.6686
222.9848
222.9232
222.9753

222.9409

223.0784
223.0478
223.1614
223.3325

223.372

223.388
223.6163
223.5947
223.6274
223.6971

223.773
223.7743

223.8563-

223.8707
224.2093
224.2821
224.0759
224.3511
224.2558
224.4491
224.3915

224,372
224.4282
224.6614
224.5576
224.5504
2247278
224.7379

47.66831
47.27125
47.85469
47.29635
47.87282
47.86035
47.47688
48.05305
49.07219
47.85451
48.61674
47.86325
47.8522
48.40183
47.72967
4774717
47.75342
48.55251
47.70827
48.58052
49.58917
49.84525
49.05079
49.13676
50.3776
48.26954
49.83791
49.81522
49.22206
49.36217
49.27145
49.165
48.40663
49.83724
50.72088
49.18981
50.60896
47.89997
48.74278

-49.03646

48.71300
48.67462
48.71019
48.91912

47.6315
48.41714
4823272
48.91237
48.55659
4891283
48.78756
49.69205
48.48175
48.75629
49.12351
50.56864

Chan.8
9.890E+37
5.416735
8.90E+37

§96.028
8.80E+37
910.0894
9.90E+37
9.90E+37
283.3543
1131.384

8.90E+37

8.80E+37

B.80E+37

0.80E+37
1305.385
9.80E+37

8.80E+37

9.90E+37
9.80E+37
-101.229
9.90E+37
9.80E+37
882.3858
9.90E+37
0.20E+37
1276.631
9.80E+37
8.90E+37
967.9853
-49.2154

9.00E+37

9.90E+37
0.00E+37
9.90E+37
9.90E+37
199.2563
-169.482
9.80E+37
9.80E+37
0.80E+37
4.827201
9.90E+37
0.90E+37
9.90E+37
9.90E+37
675.7146
9.80E+37
0.90E+37
9.90E+37
8.90E+37
1058.284
9.80E+37
9.90E+37
9.90E+37
9.90E+37
9.80E+37

Chan.g
464.0355
464.1333
464.2283
464.2181
454.3187
464.3441
464.4519
464.4837

464,564
464.6018
464.6705
4547004 -
464.8224
464.8415

464 861
464.9223
464.9256
465.0188
465.0377
465.1001
465.2123
465.1886
465.2334
465.2838
465.3038

465.343
455.4046

465.434

465,516
465.4843

465.5479
465.5701
465.5748

465,73

465.7062

465.7561
465,69
465.7364

-465.8195

465.8745
465.8432

465.924
465.9969
466.0072
466.0338
466.1377
466.1146
466,1722
466.1893
466.1764
466.2151
466.2546
466.2872
466.2362
466.3045
466.3081



TIME

4:11:29
4:16:41
4:21:54
4:27.06

4:32:18

4:37.31
4:42:43
4:47:55
4:53:08
4:58:20
5:03.32
5:08:45
5:13:57
5:19:10
5:24:22
5:29:34
5:34:47
§:39:59
5:45:12
5:50:24
5:55.36
6:00:49
6:06:01
6:11:13
6:16:26
6:21:38
6:26:51
6:32:.03
6:37:15
6:42:28
6:47:40
- 6:52:52
6:58:05
7:03:17
7:08:29
7:13:42
7:18:54
7:24.07
7:29:19
7:34:31
7:39:44
7:44.56
7:50:08
7:55:21

TIME
13:42:03
13:47:16
13:52:28
13:57:40
14:02:53
14.08:05
14:13:18
14:18:30
14:23:42

Chan.1
09.72368
100.3375
100.3646
£9.33209
400.0134

09.81556

100.6293
100.2389
€9.83038
100.3001
98.77022
99.00721
100.4174
100.0786
100.3369
99.7367¢9
100.2313
99.76595
100.3984

100.512

100.5012
101.1884
100.8596
100.7794
101.2203
100.5382
100.1007
100.3969
100.3063
100.4124

101.162
101.1497
101.1068
100.4747
101.7549
101.0937
101.3159

100.963
101.2523
100.8576
100.9739
101.0401
100.3072
102.2701

Chan.10
167.0068
0.90E+37
9.80E+37
9.90E+37
9.90E+37
8.90E+37
9.80E+37
9.90E+37
1262.421

Chan.2
457.6664
457.5098

457.727
457.7079

457.784

457.834
457.7999
457.8282
457.8762
457.8998
457.9077

457.946
457.9609
457.6752
457.9772

457.998
457.9767
458.0213
456.0622
458.0741

458.152

458.181
458.1913
458.0012
458.1767
458.1634
458.2682
458.2399
458.2875
458.2257
458.2543
458.2894
458.2086
458.3272
458.2449
458.2608
458.2362
458.2572
458.2584

458.307

458.207
458.4137
458.3333

458.3641"

Chan.11

46.91005
47.80444
48.69749

4957119

50.53613
51.23176
5§1.11791
62.36532
53.77964

Chan.3
8.90E+37
1148.032
9.80E+37
9.00E+37
9.80E+37
9.90E+37
9.80E+37
6.90E+37
9.90E+37

364.767

8.90E+37

8.90E+37
9.90E+37

682.6828 -

8.80E+37
9.90E+37
9.90E+37
9.80E+37
9.80E+37

'9.90E+37

1128.706
0.80E+37
543.3658
644.6879
9.90E+37
9.80E+37
9.90E+37
9.90E+37
8.80E+37
9.80E+37
9.90E+37
8.800E+37
8.80E+37
8.80E+37
325.0485
8.80E+37
9.90E+37
1025.569
8.80E+37
8.90E+37
8.80E+37
8.90E+37
8.890E+37
9.90E+37

Chan.12
27.99162

28.3109
28.756086

25.0694
29.54056
28.93386
29.79824
30.69058

31.2111

Chan.4
22.68877

22,7225
22.74103

22.73201

22.71513
22.74821
22.74736
22.74615
22.77765

22.76698

2279723

22.80165

2275518
22.76013
22.75062
22.77476
22.75831
22.73268
22.70994

2271786

22.75754
22.78255
22.82271
22.80931
22.76699
22.71543

22.7154
22.71402
2273335
22.75858
2276233
2276814
22.76431
2275719
22.70056
22.79500
2282206
22.76225

22.7622
2272333
22.75005
22.76287

227484

22.6966

Chan.13
23.52854
23.46265
23.41385
23.3569
23.28528
23.22458
23.20195
23.15237
23.13718

‘Chan§

237.6818
238.0197
238.0007
238.1124
238.1587
238.2033
238.2537
238.2736

238.3173

238.3693
238.415
238.445

238.4508

1238.4943

238.5372
238.5376
238.5561
238,637
238.6826
238,695
238.7175
238.7558

238.781
238.7868
238.8103
238.8477
238.8717
238.9225
238.9325
238.9885
238.9808
238.0847
239.0356
239.0604

239.088
239.1023
239.1074
239.1208
239.1205
1 230.173
239.1744
230.1903
239.1804
239.2079

Chan.14
8.90E+37
8.90E+37
274.7008
8.90E+37
0.90E+37
526.3369
9.90E+37
0.90E+37
9.90E+37

Chan.6
224.8432
224.7878
224.8686

-224.8987

224.7597
224.9932
224.9548
225.1841
225.0502
225,0909

225.216
225.2972
225.4613
225.1939
225.3231
225.2448
225.2633
225.4036
225.2345
225.3672
225.5049
225.4268

225.394
225.4995
225.4516
225,675
225.7816
225.5621
225.5665

. 225.5402

225.7766
225.6114
225.6137
225.7257
225.6048

225.698
225.7323
225.7695
225.5785
225.7095
225.7564
225.8007
225.7624
225.7765

Chan.18

9.90E+37
0.00E+37
8.60E+37
1366.942
8.90E+37
644.7138
9.90E+37
€16.0063
9.90E+37

Chan.7
49.70056
49.11508
48.42372
49.74429
49.36169
40.43218
48.41792
48.67472
48.56179
49.02866
48,0958
48.24418
49.34366
48.47491
4956796
49.62212
49.01228
48.66008

48.7307
50.48816
48.90817
48.95348
48.94162
48,05732
490.52539
48.62875
48.97359
48.98648
49.34815
48.61068

49.9039
50.87248
49.11517
50.83403
49.12812
49.89109
49.03855
48.96718
49.97349
50.06323

61.7616

50.56802
50.78827

61.7511

Chan.16
9.80E+37
94.879042
9.80E+37
1121.365
-180.753
888.4927
9.90E+37
237.1373
9.90E+37

Chan.8
823.8788
0.80E+37
9.90E+37
0.90E+37
9.00E+37
B.90E+37
0.80E+37
9.90E+37
8.00E+37
219.5039
8.90E+37
1022.661
9.80E+37
81.46222
9.90E+37
0.90E+37
©57.0448
9.90E+37
9.80E+37
9.90E+37
990.5661
0.80E+37
1082.043

-134,059

9.90E+37

'8.80E+37

8.80E+37
9.80E+37
256.4163
9.90E+37

-41.93

9.90E+37

867.3679
9.90E+37
9.80E+37
8.80E+37
0.80E+37
9.80E+37
9.90E+37
9.90E+37
9.80E+37
9.80E+37
9.90E+37
9.90E+37

Chan.17
-52.6827

458.0742

8.90E+37

400.7836

25.81366
429.3623
9.80E+37
-181.581
-139.853

Chan.g
466.3208
466.338
466.4372
466.3795
466.4324
466.4726
466.4999
466.4901
466.5258
466.5833
466.5646
466.5636
466.6068
466.6591
466.669
456.6906
466.7377
466.668
466.7196
466.71
466.715
466.7954
466.7753
466.813
466.8133
466.8191
466,904
466.8517
466.888
466.8875
466.8243
466.8577
' 466.813
466.8186
466.8238
466.789
466.8643
466.8982
466.8179
466.8155
466.8576
466.8926
466.9201

466.8754

Chan.18
-54.6824
090.84472
169.1543
-47.6556
0.90E+37
-73.7024
14.95806
164.0022
9.90E+37



\_/ TIME Chan10
’ 14:28:55 9.90E+37
14:34:07 8.90E+37
14:30:19 9.80E+37
14:44:32 9.90E+37
14:49:44 9.90E+37
14:54:57 9.90E+37
15:00:00 - 1276.64
15:05:21 ©.90E+37
15:10:34 9.90E+37
15:15:46 9.80E+37
15:20:56 68.66839
15:26:11 0.90E+37
15:31:23 8.90E+37
15:36:36 9.00E+37
15:41:48 59.15469
15:47:00 9.80E+37
15:52:13 9.90E+37
15:57:25 9.90E+37
16:02:37 9.90E+37
16:07:50 373.0689
16:13:02 9.90E+37
16:18:14 9.90E+37
16:23:27 0.90E+37
16:26:39 9.90E+37
16:33:52 9.90E+37
16:39:04 9.90E+37
16:44:16 9.90E+37
\_~/ 16:49:28 9.90E+37
16:54:41 0.90E+37
16:59:53 9.90E+37
17:05:06 ©.00E+37
17:10:18 9.90E+37
17:15:31 808.2056
17:20:43 1198.088
17:25:55 9.90E+37
17:31:08 0.00E+37
17:36:20 9.90E+37
17:41:32 9.00E+37
17:46:45 9.90E+37
17:51:57 ©.90E+37
17:57:10 ©.90E+37
18:02:22 8.80E+37
18:07:34 -77.2166
18:12:47 ©.90E+37
18:17:50 9.90E+37
18:23:11 410.1613
18:28:24 404.3249
18:33:36 747.835
18:38:49 ©884.1155
18:44:01 0.90E+37
18:49:13 9.90E+37
16:54:26  479.61
18:59:38 0.80E+37
19:04:50 9.80E+37
\ / 19:10:03 9.80E+37
N~ 19:15:15 9.00E+37

Chan.11
54.43465
55.22774

54.78818

56.03351
56.6012
58.1377

58.78156

59.45544

60.50765

60.86814

61.60116

62.24159

61.14131

63.35453

64.07105

64.61579

65.15472

65.64446
€5.3981

66.84144

€7.53012

67.52113

68.40624

67.09135

66.91341

€8.44168

70.21869

70.60304

71.21483

71.56268

72.07408

7278125

71.8.

71.48477
73.52897
73.12379
74.62666
73.91438
74.0087
75.93908
76.33896
75.04726
75.46400

77.3795
75.97508
75.85711

76.4456
76.58094
77.08637
77.45543
77.83207

77.7761
77.74491
78.10128
78.87667
78.64395

Chan.12

31.51137
32.03976
32.05445
32.71389
33.12209
33.58659
34.12859
34.40198
34.568253
35.58995
35.94145
36.34783
36.49074

37.16279

37.65626
38.03852
38.44451
38.86028
39.14986
30.62038
40.07997
40.30453
40.62524
41.41056
41.71095
42.02011
42.34039
4262687
43.12076

43.3973
43.82141
44.12574
4437138
44.80042
45.15629
45.55415

45.8558
46.17179
46.54004
46.83242
47.30171
47.51909
47.93493
48.18302
48.70326
48.93643
49.22239

49.65469

49.83018
§0.14163
50.33401

§0.8849
50.89273
51.23102
51.33954
51.85759

Chan.13
23.05808
23.00803
23.04155
22.98305
22,9478
22.8642
22.8777
22.89377
22.93647
22.9478
22.89281
22.90494
22.92929
22.91475
22,9339
22.89723
22.88191
22.92835
22.98284
23.00825
22.99267
23.00421
23.0415
23.09384
23.14637
23.18617
23.22427
23.23696
23.27131
23.3106
23.38451
23.43278
23.51348
23.55166
23.64586
23.682
23.72893
23.80581
23.85821
23.93056
23.98223
24.03416
24.0099
24.1655
24.21591
24.25936
24.34578
24.40101
24.40095
24.44955
24.52021
24.53422
24.6092
24.67606
24.71699
24.78805

Chan.14
2.80E+37
0.80E+37

666.6898

844.9425
479.0312
-100.335
9.00E+37
1285.221
8.90E+37
9.90E+37
0.60E+37
0.00E+37
9.90E+37
116.1885
9.90E+37

-8.90E+37

168.132
8.90E+37
8.90E+37
0.60E+37
9.00E+37
9.90E+37
-30.6450
1217.458
0.90E+37
856.128
1195.327

550.1571

636.7228
8.80E+37
-80.4968
062.275¢
9.80E+37
9.90E+37
8.90E+37

-118.558

9.80E+37
9.90E+37
1066.182
0.90E+37
9.00E+37
-52.8143
9.80E+37
0.80E+37
9.90E+37
9.80E+37
9.90E+37
0.80E+37
0.90E+37
8.90E+37
823.0128
1207.76
8.90E+37
9.90E+37
9.90E+37
8.90E+37

Chan.15
9.890E+37
1180.559
218.4084
881.1498
585.3959
150.2712
8.80E+37
1225.839
0.80E+37
0.80E+37
9.80E+37
8.90E+37
9.80E+37
274.0038
9.90E+37
9.90E+37
9.90E+37
9.90E+37
8.80E+37
0.80E+37
8.90E+37
8.90E+37
150.258
1180.224
8.90E+37
884.9803
1150.27
137.9294
204.5739
9.90E+37
113.099
424.6017
9.90E+37

"8.90E+37

. 1279.32
93.56707
0.80E+37

"9.90E+37

1058.291
9.00E+37
9.90E+37
142.7517
0.80E+37
1108.891
9,90E+37
9.60E+37
9.90E+37
8.90E+37
0.90E+37
9.80E+37
336.0638
- 1157.05
9.90E+37
9.80E+37
9.90E+37
912.1878

Chan.16
9.80E+37
482.7172
9.90E+37
845.4702
718.7866
453.0296
0.90E+37
869.6637
8.80E+37
-184.83
655.5554
9.90E+37
9.80E+37
544.3284
9.90E+37
621.0635
9.80E+37
9.90E+37
9.90E+37
677.0603
9.90E+37
9.90E+37
460.3241
877.1201
52.30661
848.2484
883.3955
0.90E+37
9.90E+37
1191.315
513.3029
-105.601
1070.782
9.80E+37
483.8004
506.207
227.0078
9.80E+37
1034.554
9.90E+37
8.80E+37
457.5327
9.80E+37
406.7407
9.80E+37
9.80E+37
019.4784
848.1053
9.90E+37
8.80E+37
9.90E+37
840.8729
9.90E+37
667.7944
8.90E+37
256.9403

Chan.17
-173.039
-31.6123
9.80E+37
230.8071
238.379
188.1789
-131.134
242.0944
8.90E+37
74.21939
30.36684
0.90E+37
9.90E+37
249,53

8.80E+37"

16.28629
9.90E+37
9.80E+37
9.80E+37
39.69584
9.80E+37
0.80E+37

164.2221.

215.8954
76.43556
331.2347
253.2401
9.90E+37
0.90E+37
367.3076
387.524
9,80E+37
307.0578
9.90E+37
-37.4621
410.7236
299.8394
9.90E+37
430.5471
9.90E+37
9.90E+37
166.7338
9.80E+37
~74.5252
9.90E+37
9.90E+37
220.912
142.9138
9.90E+37
9.90E+37
9.90E+37
202.0508
9.80E+37
-17.2235
©.90E+37
-171.661

Chan.18

9.90E+37
184.2622
-49.1876

--32.9755

9.90E+37
0.90E+37
9.90E+37
-90.4409
47.42754
9.90E+37
19.94254
204.4222
9.90E+37
9.90E+37
9.90E+37
74.19667
98.45406
-31.3712
-46.8126
-12.6541
9.90E+37
9.90E+37
9.90E+37
43,6376
0.50E+37
-181.68
-107.113
-100.666
91.16672
26.97178
-20.5061
165.3173
80.24718
9.90E+37
151.5062
20.40867
28.4795
9.90E+37
-32.5408
9.90E+37
5.264826
9.90E+37
9.90E+37
180.4438
33.80231
-161.746
-108.147
17.88613
-93.8523
-58.7812
147.7511
15.81165
-26.4794
77.82596
-63.3507
134.0522



\—/

TIME
19:20:28
19:25:40
19:30:52
19:36:05
19:41:17
19:46:30
19:51:42
10:56:54
20:02:07
20:07:18
20:12:31
20:17:44
20:22.56
20:28:08
20:33:21
20:38:33
20:43:45
20:48:58
20:54:10
20:59:22
21:04:35
21:09:47
21:15:00
21:20:12
21:25:24
21:30:37
21:35:49
21:41:01
21:46:14
21:51:26
21:56.38
22:01:51
22:07.03
22:12:15
22:17:.28
22:22:40
22:27.53
22:33.05
22:38:17
22:43:29
22:48:42
22:53:54
22:59.07
23:04:19
23:09:31
23:14:44
23:19:56
23:25.08
23:30:21
23:35:33
23:40:46
23:45:58
23:51:10
23:56:23

0:01:35

0:06:47

Chan.10
9.80E+37
9.80E+37
1308.285
9.80E+37
909.7673
9.80E+37
172.8731
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
365.9557
9.90E+37
9.90E+37
9.90E+37
1310.896
9.90E+37
699.0987
9.90E+37
9.90E+37
1119.301
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
394.6516
0.90E+37
9.90E+37
431.5832
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
394.6545
9.80E+37
9.90E+37
9.90E+37
9.90E+37
752815
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
99.27584
9.00E+37

9.80E+37.

9.80E+37
9.90E+37

Chan.11
79.00069

78.73322

79.63064
79.48283

79.8766
80.07491

80.53877

81.06103
81.01071
82.96769
81.90752
81.91556
81.89411
82.78521
83.47735
84.63776

82.37082

82.50048
83.52684

83.2352
82.73036
85.88874
82.68557
84.19315
85.67696
£6.89553
£6.84247
86.54607

86.4206
87.36676
88.11237
£5.41002

88.1474

88.4343
£8.45318
£6.66481
87.48332
87.27094
87.11428
87.77685
89.16071
86.14334
89.15523
88.31001
89.67849
88.94506
87.84224

87.7066
88.44978
87.90513
88.53466
88.67698
88.08097
88.09573
80.89572
89.46209

Chan.12
51.87918
$2.28424
52.67536
52.8319
53.14887
§3.23233
5§3.25097
53.26889
§3.50322
53.61356
53.88105
6§4.02145
54.41612
5461705
54.71563
54.75306
55.15481
65.71569
55.569139
£6.04821
§6.05015
56.2459
56.3391
56.53339
56.51576
56.64436
56.91876
56.89431
57.09181
57.2745
§7.38502
§7.58816
§7.77602
§7.90147
68.21433

- 58.44498

58.4176
58.73606
58.75765
58.83909
59.04641
59.10863
59.24543
59.22224
50.61636
59.64003
59.64308
60.06078
50.85527
60.12209
60.37095
60.34848
60.57265
60.64645
60.45446
60.60036

Chan.13
24.83739
24.86879
24.87848
24.94207
25.00497
25.07738
25.13074
25.22443
25.29953
25.35551
25.46134
25.55011
25.60891
25.63422
25.71396
25.79237
25.84155
25.88053
25.92531
25.89517
26.01657
26.05769
26.12554
26.19047
26.22037
26.28466
26.37015
26.41436
26.47029
26.55126
26.64355
26.66736
26.75374
26.79004
26.8642
26.89724
26.93463
26.98395
27.01527
27.09596

27.14479

27.12191
27.20508
27.2013
27.30944
27.32827
27.33185
27.41275
27.41883
27.42116
-27.4581
27.49537
27.46766
27.5173
27.57602
27.58243

Chan.14

0.80E+37
9.00E+37
1296.723
9.90E+37

'9.80E+37

8.80E+37
8.80E+37
8.80E+37
8.90E+37
861.1186
126.6212
§79.4616

- 241.612

8.90E+37
763.6878
8.90E+37
9.90E+37
8.90E+37
8.90E+37
8.80E+37
. 709.84
9.80E+37

-8.80E+37

61.99283
9.90E+37
24.22334
0.90E+37
£02.4958
9.90E+37
0.80E+37
9.90E+37
9.00E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37

275.2194 -

9.80E+37
8.80E+37
8.90E+37
2.60E+37
8.80E+37
1343.291
8.90E+37
1369.865
8.80E+37
8.90E+37
0.80E+37
723.7205
148.0968
0.80E+37
0.80E+37

‘Chan.15

9.90E+37
2.90E+37
1246.837
©.80E+37
9.80E+37
0.90E+37
0.80E+37
705.5101
0.00E+37
893.7007
201.0883
641.1109
373.1388

-9.80E+37

297.3277
9.00E+37
9.90E+37
986.3629
0.90E+37

1371.34
276.6051
9.80E+37
9.90E+37
©.90E+37
0.80E+37
9.80E+37
9.90E+37
394.8103
8.90E+37
9.80E+37
9.90E+37
0.90E+37

8.90E+37

9.90E+37
8.90E+37
98.90E+37

_9.90E+37
0.90E+37

8.90E+37
8.80E+37
392.2681
-65.0175
8.80E+37
0.90E+37
0.90E+37
8.90E+37
1275.204
8.90E+37
675.6055
9.90E+37
1295.283
9.80E+37
287.5023
0.90E+37
9.90E+37
98.80E+37

Chan.16

9.90E+37
632.9431
856.5775
086.4072
1029.725
9.90E+37
9.90E+37
80.40584
9.90E+37
837.3359
504.7149
816.4617
672.0354
283.7785
9.90E+37
9.90E+37
250.6041
286.3716
90.90E+37
£830.2081
9.80E+37
£894.4022
8.90E+37
9.90E+37

9.00E+37
9.90E+37-

9.90E+37
-181.581
9.90E+37
235.6056
9.80E+37
-151.938
9.90E+37
9.90E+37
258.013
9.90E+37
9.90E+37
9.90E+37
9.90E+37
9.90E+37
714.0963
205.1518
0.90E+37
97.23083
9.90E+37
-62.0789
977.8286
9.90E+37
113.2754
9.90E+37
852.9869
891.5152
9.90E+37
9.90E+37
9.90E+37
739.6295

Chan.17
9.90E+37
-6.18685

266.1113
266.7946
331.2315
9.90E+37
9.90E+37
9.90E+37
9.80E+37
311.8994
271.6066
§65.7942
390.5845
241.2719
9.80E+37
0.00E+37
234.2849
-189.035
6.90E+37
303.4077
0.90E+37
210.8784
9.60E+37
9.90E+37
01.34248
9.00E+37
9.90E+37
-190.55
9.90E+37
171.7722
9.90E+37
-26.1796
9.90E+37
0.90E+37
288.1686
9.90E+37
-40.0683
9.90E+37
8.90E+37
9.00E+37
417.4612
62.20319
9.90E+37
296.3148
9.90E+37
36.10966
286.3758
8.90E+37
-45.0475
8.80E+37
252.007
1689.4396
8.80E+37
8.90E+37
8.90E+37
75.601

Chan.18
-140.492
9.80E+37
-63.0753
£3.01561
30.06502
3.859293
-62.9174
100.8895
-77.4186

-180.135 .

-146.418
114.4829
-47.6469
-107.191
216.9856
-46.2594
-114.108
102.105
200.6242
-166.469
238.2135
146.9892
-23.4618
9.90E+37
60.4347
0.00E+37
51.300
280.8668
9.00E+37
9.00E+37
9.90E+37
9.90E+37
-68.5277
0.90E+37
-46.2599
-180.819
9.90E+37
-177.972
83.88267
8.90E+37
-25.8258
0.90E+37
-82.367
45.1255
-83.8022
9.80E+37
25.86619
-91.2882
331.0816
-120.65
-15.3229
120.4659

1273.0959

104.5485
-130.687
94.80248



TIME

0:12:00
0:17:12
0:22:25
0:27:37
0:32:49
0:38:02
0:43:14
0:48:26
0:53:39
0:58:51
1:04:04
1:09:16
1:14:28
1:19:41
1:24:53
- 1:30:05
1:35:18
1:40:30
1:45:43
1:50.55

1:56:07

2:01:20
2:06:32
2:11:.44
2:16:57
2:22:.09
2:27:.21
2:32:34
2:37.46
2:42:58
2:48:11
2:63:23
2:58:36
3:03:48
3:09:00
3:14:13
3:19:25
3:24:37
3:29:50
3:35:02
3:40:15
3:45:.27
3:50:39
3:565:52
4:01:04
4.06:16
4:11:29
4:16:41
4:21:54
4:27.06
4:32:18
4:37:31
4:42:43
4:47:55
4:53:08
4:58:20

Chan.10
8.90E+37
9.90E+37
9.90E+37
9.90E+37
0.00E+37
8.80E+37
9.90E+37
9.90E+37
9.80E+37
9.80E+37
220.7531
0.90E+37
503.9046
9.90E+37
98.90E+37
854.3718
448.2042
0.80E+37
9.90E+37
0.90E+37
9.90E+37
5§31.027
9.90E+37
8.90E+37

'9.90E+37

9.80E+37
9.90E+37
8.80E+37
8.80E+37
9.80E+37
9.80E+37
0.80E+37
9.90E+37
9.80E+37
9.90E+37
'253.4076
9.80E+37
1252.497
1356.561
9.80E+37
2.217691
9.90E+37
9.90E+37
9.80E+37
8.80E+37
327.4607
0.90E+37
8.90E+37
8.90E+37
9.80E+37
334.7071
782.0598
9.90E+37
9.80E+37
1051.73
9.80E+37

Chan.11
80.51624
89.16253
88.70131
88.17395
87.882
87.72012
89.1102
91.01268
89.9271
89.46933
91.66296
91.51891
01.69815
90.07605
92.04541
£0.3066¢8
©2.39975

80.70883.

89.45887
82.03393
90.46365

91.5311
80.28896
80.96505
92.95689
90.50564
02.14927
£9.77164
00.79962
90.11653
90.58423
89.88581
80.14153
90.64863
90.35976
80.22251
90.87216
80.67076
90.80118
©0.82537
20.84043
91.76766
89.57693
90.71445
90.81471
92.58481

90.1041
91.30812
80.68302
92.08874
92.53873
01.47254
80.56992
91.62034
91.40282
90.78249

Chan.12
€60.74128
60.75863
60.87998
60.86871
61.1805
61.14771
61.38572
61.28976
61.31431
61.49101

'61.48644

€1.48328
61.654784
61.56123
61.70835
61.72565
61.80869
61.79636
62.03227
62.12253
62.21359
62.24939
62.34662

62.32383

62.43991
62.40662
62.47131

62.5385
62.94228
62.93046
62.86645

62.6664
63.05196

62.8520
63.06265
63.06413
63.15016
63.24619
63.18024
63.18188
63.10351

63.1965
63.40931
63.10247
63.35161
63.17818
63.37581
63.47612
63.60403
63.28245
63.36427
63.34243
63.46783
63.72786
63.57217
63.95151

Chan.13
27.6077
27.6738

27.66267

27.72125

27.77646

27.78582

27.76844

27.84831

27.88531

27.87174

27.93636

27.96456

27.96638

28.03161
28.0685

28.07315

28.15226

28.10851

28.13889

28.18646
268.1921

28.18941

28.25869

28.29763

28.34382

28.33041

28.40555

28.33362

28.37917

28.36372

28.35856

28.3742¢9
28.4032

26.43945

28.40755

28.41767

28.45693

28.41744

28.47834

28.46834

28.48241

28.46235

28.48474

28.55209

28.56752

28.57961

28.56934
28.58164
28.57748
28.62125
28.63378
28.67375
28.58413
28.61187
28.63322
28.64592

Chan.14
0.90E+37
0.90E+37
9.80E+37
9.90E+37
9.90E+37
9.90E+37
9.80E+37
9.90E+37
8.80E+37
726.175
9.90E+37
9.90E+37
8.90E+37
63.10609
9.90E+37
9.90E+37
9.90E+37
760.0802
8.90E+37
341.924
9.80E+37
- 9.90E+37
9.80E+37
152.7509
761.0806
8.80E+37
382.7152
8.80E+37
9.90E+37
0.90E+37
0.90E+37
8.90E+37
8.90E+37
9.90E+37

0.90E+37

9.80E+37
8.80E+37
8.90E+37
9.90E+37
9.00E+37
9.90E+37
8.90E+37
0.90E+37
0.90E+37

~149.745
9.80E+37
1076.748
121.7376
1349.191
9.80E+37
9.80E+37
9.80E+37
8.90E+37
799.2256
9.90E+37
1187.074

Chan.16
8.80E+37
8.90E+37
1223.876
1235.643
9.90E+37
9.90E+37
1336.025
9.80E+37
9.80E+37
780.8368
9.90E+37
801.7451
8.90E+37
©.80E+37
9.90E+37
9.80E+37
2.80E+37
299.7593
8,.90E+37
461.2406
1307.332
0.90E+37
8.90E+37
300.8175
303.4099
9.90E+37
489.6665
8.80E+37
8.80E+37
8.90E+37
9.90E+37
9.90E+37
9.90E+37
1026.648
9.90E+37
9.90E+37

9.90E+37

0.90E+37
9.80E+37
0.90E437
9.90E+37
9.90E+37
840.0636
0.00E+37
9.80E+37
0.90E+37
1067.504
9.00E+37
636.5186
0.90E+37
9.90E+37
9.00E+37
8.90E+37
846.1762
0.00E+37

1124.68

Chan.16
351.5439
0.00E+37
443.6073
467.3192
9.80E+37
9.00E+37
519.3676
9.90E+37
56.26504
918.9104
9.90E+37
174.3001
938.8976
9.90E+37
75.40302
818.7439
0.90E+37
0.80E+37
9.90E+37
628.6343
501.6254
9.90E+37
9.00E+37
532.5221
0.90E+37
0.90E+37
644.9352
0.90E+37
9.90E+37
9.90E+37
9.80E+37
9.00E+37
654.364
362.5173
0.90E+37
890.7697
0.00E+37
0.00E+37
9.90E+37
9.90E+37
795.602

‘8.80E+37

210.8765
587.8982
8.90E+37
8.80E+37
882.7975
9.80E+37

43.9003

621.0678

9.80E+37
8.90E+37
9.90E+37

810.252

8.80E+37

806.1958

ChanA7
235.8853
8.90E+37
-30.7816
-20.2677
9.90E+37
08.90E+37
-7.92682
9.80E+37
-47.6442
418.6542
9.90E+37
0.90E+37
269.2484
9.00E+37
82.83031
120.6284
8.90E+37
8.90E+37
8.90E+37
237.131
-102.134
9.80E+37
9.80E+37
184.3903
9.90E+37
9.00E+37
252.0091
9.80E+37
9.80E+37
9.90E+37
9.90E+37
-23.9246
42.18432
-108.404
-15.8489
162.9681
-167.254
8.80E+37
0.80E+37
9.80E+37
109.5957
9.90E+37
9.90E+37
15.47197
9.800E+37
0.80E+37
298.5475
9.90E+37
9.90E+37
30.43163
0.90E+37
-120.92
-153.389
2290.6608
6.60E+37
154.1684

Chan.18
-184.504
-131.206
141.4962
191.79017
65.41649
-199.474
119.2421
-141.708
9.90E+37
-72.2072
9.90E+37
70.55815
~44 9226
9.80E+37
9.90E+37
11.80666
9.90E+37
7.658934
43.74763
9.90E+37
-196.311
-115.863
9.90E+37
9.90E+37
-67.9459
-146.346
-166.466
0.90E+37
-163.541
6.35118
-196.419
8.80E+37
104.553
146.5043
9.90E+37
C 47.724
0.90E+37
9.90E+37
9.90E+37
9.90E+37 .
80.24905
-11.5453
92.37977
135.2938
151.65073
8.90E+37
-49.6232
86.31501
145.255
110.6544
9.80E+37
9.90E+37
9.80E+37
-141.178
9.80E+37
-136.252



\_/ TIME

\—/

5:03:32
5:08:45
§:13:57
5:19:10
§:24:22
5:29:34
6:34:.47
6:36:59
5:45:12
5:50:24
5:55:36
6:00:49
6:06:01
6:11:13
6:16:26
6:21:38
6:26:51
6:32:03
6:37:15
6:42:28
6:47:40
6:52:52
6:58:05
7:03:17
7.08:29
7:13:42
7:18:54
7:24:.07
7:29:18
7:34:31
7:39:44
7:44:56
7:50:08
7:55:21

TIME
13:42:03
13:47:16
13:52:28
13:57:40
14:02:53
14:08:05
14:13:18
14:18:30
14:23:42
14:28:55
14:34:07
14:39:19
14:44:32
14:49:44
14.54:57
15:00:09
15:05:21
15:10:34
15:15:46

Chan.10
0.80E+37
-196.321
9.90E+37
814.7082
0.80E+37
8.90E+37
9.90E+37
0.90E+37
9.90E+37
0.90E+37
9.90E+37
8.80E+37
9.90E+37
9.90E+37
8.80E+37
9.00E+37
9.90E+37
9.90E+37
9.90E+37
8.90E+37
9.90E+37
443.4662
170.7466
0.90E+37
9.90E+37
8.80E+37
9.90E+37
834.9072
9.90E+37
166.0882
9.00E+37
8.00E+37
9.90E+37
374.649

Chan.1¢ -

9.00E+37
8.90E+37

333.6758

9.90E+37
8.90E+37
8.90E+37
6.571368
430.4224
8.90E+37
08.00E+37
432.7924
252.2577
120.4897
9.90E+37
9.90E+37
9.00E+37

-89.311
225.8351
9.80E+37

Chan.11
£0.08513
90.90116
91.32511
90.32606
80.73359
91.17248
91.56513
01.1455
80.7965
93.82403
91.24734
91.36236
00.94796
91.4796
€3.1775
91.43116

91.28965

89.81338
80.71263
§0.1607
91.78993
93.79199
£2.2504
©2.50166
90.0865
91.84097
91.08777
91.42145
82.35735
93.64989
02.8918
82.61006
83.6185

94.9537

Chan.20
8.80E+37
8.80E+37
145.4285
80.0057
8.80E+37
-49.1627
9.80E+37
447.4488
8.80E+37
0.90E+37
444.727
188.2717
443.4772
63.28344
-52.0218
0.90E+37
280.1392
-35.2469
9.80E+37

Chan.12
63.81614
63.3212
63.7044
63.6652
63.65168
63.54649
63.90416
63.68605
63.73001
63.64324
63.80109
64.03448
64.11659
63.87676
63.71491
63.83034
63.80164
63.84967
63.94013
63.61503
63.83245
63.91948
63.84728
63.83639
63.93313
64.02722
63.81738
63.02220
64.00958
63.86738
63.84651
64.00126
63.95921
63.95633

Chan.13 Chan.14
28.55067 9.90E+37
28.64928 9.90E+37
28.60205 8.90E+37
28.58718 0.90E+37
28.70442 0.80E+37
28.68117 9.90E+37

28.73325 ©.90E+37
28.65703 ©.00E+37
28.66152 9.90E+37
28.71823 9.90E+37
28.68742 296.2184
28.67927 9.90E+37
28.69383 12.94039
28,6399 0.00E+37
28.73719 ©.80E+37
28.71705 9.90E+37
26.76634 0.90E+37
28.77164 0.90E+37
28.79262 9.90E+37
28.74394 §.00E+37
28.76977 9.90E+37
28.85799 9.90E+37
28.8171 9.90E+37
28.91168 9.90E+37
28.82278 -39.1523
28.8547 5.90E+37
28.89202 1327.181
28.86123 9.90E+37
28.8654 0.90E+37
28.93631 9.90E+37
28.97817 802.0529

Chan.15
8.90E+37
9.90E+37
8.80E+37
9.90E+37
1105.182
9.90E+37
- 8.90E+37
8.80E+37
‘9.80E+37
-780.1294
-152.788
8.90E+37
6.90E+37
9.90E+37
8.90E+37
'0.00E+37
9.90E+37
9.90E+37
0.80E+37
9.90E+37
9.90E+37
9.90E+37
0.80E+37
9.90E+37
172.8825
9.90E+37
606.8421
"9.90E+37
8.80E+37
8.80E+37
351.708

Chan.16
9.90E+37
897.91
-29.9717
1180.035
363.7167
32.47797
9.90E+37
9.90E+37
8.00E+37
- 222.47
9.90E+37
8.90E+37
9.90E+37
1027.404
574.8806
683.1636
705.8449
514.639
956.4607
9.90E+37
8.90E+37
9.80E+37
825.5653
9.90E+37
452.011
9.80E+37
5.164655
1161.817
9.90E+37
862.9089
-159.41

28.99434 9.90E+37 ©.90E+37 8.90E+37

20.05376 9.90E+37
29.05631 9.90E+37

8.90E+37
9.90E+37

9.90E+37
796.926

Chan.17
9.80E+37
189.4415
99.55711
405.5498
~-89.8638
-66.2868
9.90E+37
9.90E+37
9.80E+37
-158.059
9.80E+37
0.90E+37
8.90E+37
290.0315
20.89811
16.66165
79.32582
-2.78451
269.2542

8.90E+37.

9.80E+37
9.80E+37
110.8136
8.90E+37
48.79733
-164.539
-83.065
342.0835
9.90E+37
145.4181
9.90E+37
-53.277
9.90E+37
-105.492

Chan.18
-38.2231
-4.56272
98.90E+37
-3.66476
124.1558
9.90E+37
8.559032
-108.391
121.2578
169.0916
-£7.9377
131.5769
17.75384
-35.759
142.7496
154.0033
5.125634
166.5215
-2.7956
9.00E+37
-46.4247
9.80E+37
-14.0072
-6.33814
9.90E+37
9.90E+37
325.0451
-85.8469
-117.276
53.63817
144.0085
8.90E+37
-135.438
-19.3491



Y

\—/

TIME
15:20:58

15:26:111

16:31:23
15:36:36
15:41:48
15:47:00
15:52:13
16:57:25
16:02:37
16:07.560
16:13:02
16:18:14
16:23:27
16:28:39
16:33:52
16:39:04
16:44:16

© 16:49:29

16:54:41
16:59:53
17.05.06
17:10:18
17:15:31
17:20:43
17:25:55
17:31:08
17:36:20
17:41:32
17:46:45
17:51:57
17:57:10
18:02:22
18:07:34
18:12:47
18:17:59
18:23:11
18:28:24
18:33:36
18:38:49
18:44:01
18:49:13
18:54:26
18:59:38
18:04:50
19:10:03
19:15:15
19:20:28
19:25:40
19:30:52
19:36:05
19:41:17
19:46:30
19:51:42
18:56:54
20:02:07
20:07:19

Chan.19
204.4224
-76.1808
9.90E+37
9.90E+37
9.90E+37
280.133
238.2049
-115.864
-51.8587
'200.6315
98.90E+37
9.90E+37
8.90E+37
28.97476
©.80E+37
9.90E+37
-87.7595
140.1453
299.1637
130.3335
6.90E+37
377.5213
223.2653
©.80E+37
411.357
9.60E+37
0.90E+37
0.90E+37
-90.92
8.90E+37
-40.7083
9.90E+37
9.90E+37
433.9615
110.5076
90.80E+37
-138.518
182.9677
98.80E+37
-39.3338
385.7938
164.0017
-56.1407
310.5328
0.00E+37
399.4323
76.82088
-112.57
0.90E+37
182.9616
104.5464
121.5516
-126.763
294.5518
-79.7509
8.80E+37

Chan.20
423.3078
8.90E+37
8.60E+37
-70.8859
9.90E+37
409.2714
-8.75055
0.90E+37
0.90E+37
428.2707
9.90E+37
9.80E+37
-45.0436

365.9631
0.90E+37
-63.5458
258.0156
20.40645
136.6922
426.8258
-75.419
207.5966
464.8021
8.80E+37
432.1034
9.90E+37
8.90E+37
9.90E+37
219.5002
9.90E+37
0.80E+37
1.323548
9.00E+37
410.4988
0.90E+37
9.90E+37
220.753
442.2012
8.90E+37
98.60E+37
282.4062
431.5823
0.90E+37
417.1888
9.90E+37
309.5644
-176.417
259.2457
130.3321

463.6087
399.4274
8.90E+37
9.90E+37
187.1224
0.80E+37
-136.575



TIME
20:12:31
20:17:44
20:22:56
20:28:08
20:33:21
20:38:33
20:43:45
20:48:58
20:54:10
20:59:22
21:04:35
21:09:47
21:15:.00
21:20:12
21:25:24
21:30:37
21:35:49
21:41:01
21:46:14
21:51:26
21:56:38
22:01:51
22:07:03
22:12:16
22:17:28
22:22:40
22:27:53
22:33.05
22:38:17
22:43:29
22:48:42
22:53:54
22:59:07
23:04:18
23:09:31
23:14:44
23:19:56
23:25:08
23:30:21
23:35:33
23:40:46
23:45:58
23:51:10
23:56:23

0:01:35
0:06:47
0:12:00
0:17:12

0:22:25

0:27:37
0:32:49
0:38:02
0:43:14
0:48:26
0:53.38
0:56:51

Chan.18
9.90E+37
0.80E+37
9.80E+37
8.90E+37
406.0517
8.80E+37
8.80E+37
341.9218
268.0353
9.80E+37
229.4596
303.2483
-73.72
118.2997
8.90E+37
174.1335
-72.2055
413.5339
9.90E+37
8.90E+37
9.90E+37
9.80E+37
-198.466
8.90E+37
8.90E+37
8.80E+37
9.90E+37
-114.103
138.5144
9.90E+37
9.90E+37
9.90E+37
-130.489
90.90E+37
8.90E+37
0.90E+37
65.69801
-40.7031
321.764
9.90E+37
12.73542
273.9957
382.0957
233.3087
9.90E+37
295.8525
8.90E+37
9.80E+37
373.1368
410.1583
-61.9005
0.90E+37
330.521
9.90E+37
9.90E+37
9.90E+37

Chan.20
9.90E+37
9 00E+37
-04.1667
0.80E+37
108.2658
9.90E+37
98.90E+37
348.8754
-123.063
38.83146
-88.8156
504.07¢7
0.90E+37
46.34769
0.90E+37

201.3538

9.90E+37
130.4914
0.90E+37
9.90E+37
9.80E+37
0.90E+37
9.90E+37
9.90E+37
8.90E+37
0.90E+37

9.80E+37 - -

0.80E+37
0.90E+37
9.00E+37
£69.4112
-72.4062
0.90E+37
9.00E+37
9.90E+37
9.90E+37
385.1045
9.90E+37
-1.05998
0.90E+37
333.4027
480.7829
137.9299
-43.485
0.90E+37
381.2109
9.90E+37
9.00E+37
430.7448
341.1355
0.90E+37
9.00E+37
437.6601
9.80E+37
0.90E+37
142,552



TIME
1:04:04
1:09:16

~1:14:28

1:19:41
1:24:53
1:30:05
1:35:18

.1:40:30

1:45:43
1:50:55
1:56:07
2:01:20

- 2:06:32

2:11:44
2:16:57
2:22:09
2:27:21
2:32:34
2:37:46
2:42:58
2:48:11
2:63:23
2:58:36
3:03:48
3:08:00
3:14:13
3:19:25
3:24:37
3:29:50
3:35:02
3:40:15
3:45:27
3:50:39
3:55:52
4:01:04
4:06:16
4:11:29
4:16:41
4:21:54
4:27:06
4:32:18
4:37:31
4:42:43
4:47.55
4:53:08
4£:58:20
5:03:32
5:08:45
5:13:57
5:19:10
5:24:22
5:29:34
5:34:47
5:39:59
5:45:12
5:50:24

Chan.19
9.00E+37
340.7248
-135.774
24.70086
9.90E+37
154.003
9.90E+37
263.6905
241.8025
8.90E+37
60.829
9.80E+37
9.90E+37
9.90E+37
200.3083
0.00E+37
9.90E+37
9.80E+37
0.90E+37
164.8682
9.90E+37
©.90E+37
298.3902
377.833
0.90E+37
170.187
0.90E+37
9.90E+37
9.80E+37
9.00E+37
236.9709

-1.05871
341.9254
347.9442
163.4474
9.90E+37
-166.768
265.6987
333.0237
308.1192
0.90E+37
0.00E+37
©.90E+37
9.90E+37
9.90E+37
-136.565
-173.85
46.20014
0.90E+37
-49.2094
339.5204
9.90E+37
-6.18417
9.90E+37
84.0425
389.8836

Chan.20
9.90E+37
394.1066
193.0577
9.90E+37
8.80E+37
377.4857
9.00E+37
211.5851
-5.18752
-47.828
311.1963
8.00E+37
8.80E+37
-2.50961
172.0714
8.90E+37
456.19627
0.90E+37
9.90E+37
-33.8878
9.80E+37
9.90E+37
439.3564
319.6595
9.90E+37
422.676
9.90E+37
9.90E+37
9.90E+37
0.60E+37
473.0928
9.90E+37
302.7239
428.045
9.80E+37
9.90E+37
186.7568
76.77322
141.6652
473.8925
9.90E+37
8.80E+37
9.60E+37
124.1604
9.90E+37
240.6997
8.80E+37
383.9125
9.60E+37
270.3202
396.4843
9.80E+37
8.90E+37
0.90E+37
9.90E+37
345.853



TIME Chan.1® Chan.20
5:55:36 219.349%9 148.88
6:00:49 234.5093 -102.133
6:06:01 219.07 11.63444
6:11:13 1.331064 349.1531
6:16:26 346.7373 431.7585
6:21:38 363.5617 478.4366
6:26:51 165.3151 364.2075
6:32:03 365.9624 464.3015
6:37:15 -12.8096 321.4262
6:42:28 9.80E+37 9.90E+37
6:47:40 116.4232 0.80E+37
'6:52:52 9.90E+37 9.80E+37
6:58:05 120.1044 429.2144
7:03:17 59.34816 9.80E+37
7:08:20 9.90E+37 37.60661
7:13:42 9.90E+37 ©.90E+37
7:18:54 357.6666 46.35142
7:24:07 -123.289 253.0872
7:29:19 9.90E+37 0.90E+37
7:34:31 166.5794 506.2083
7:39:44 298.3086 118.1755
7:44:56 ©.90E+37 9.90E+37
7:50:08 ©8.80E+37 9.80E+37
7:55:21 150.2632 323.2498
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APPENDIX 2, Source loading diagram,




\_/ F-284 THERMAL LOADING TEST FOR F457 CAGE

Inner Cage

Position

Total

DO ~NONAWON=

70167

70285

70293

70289

70282

70278

70267

70202

70288

66778

66777

66768

66770

66769

7509
500
12662
500
500
12662
500
500
12714
500
500
12796
500
500
12803
500
500
12803
500
500
12847
500
500
12885
500
500
12121
500
500
12444
500
500
12716
500
500
12723
500
500
12738
500

185423

00.10.02

Outer Cage Serial

Position

41

42

43

44

45
46

47

48

49
50

Number
70312

70310
70318

70319

51
52

§3
54

55
56

57

- - 58

59
€0

-6

62 .
- 63

64
65
66
67
€8
€9
70

'

- 72

73
74
75
76
77
78
78
&0

- 70315
%0311
70314
70317

70316

70320

70313

70286
70201

66776

Curies
12618
500
500
12615
500
500

12632

500
500
12655
500
500
12699
500
500
12714
500
500
12803
- 500
500
12036
500
500
12595
500

500

12595
500
500

12610
500
500

12632
500
500

12640
500
§00

12885

1190628

376052



CAP
TYPE
c-188
c-188
c-188
c-188
c-188
c-188
c-188

c-188

c-188
C-188
C-188
c-188
c-188
C-188
c-188

c.188 .

c-188
c-188
c-188
c-188
c-188
c-188
c-188
c-188
~ G188
c-188
c-188
C-188
C-188
C-188
C-188
c-188
c-188
c-188
c-188
c-188
c.188
c-188
c-188
C-188

#
5065
S111
5112
5113
5114
6115
5116
5117
5119
6120
5124
5125

5128

S127
5128
5129
5131
6132
5133
5134
6135
5138
5137
5138
5139

5140

5141
5142
5143
5144

5145

5147
5148
5149
5150
5151
5152
5153
5154
5155

13w
13w
13w
13w
173w
13w
13w
12w
13w
13w
13w
13w
3w
13w
17?w
13w
13w
13w
13w
13w
13w

13w

13w
13w
13w
13w
13w

13w

13w
13w
13w
13w
13w
13-w
13w
13w
13w
13w
13w
13.W

SERIAL STOR ORG.
LOC IR?

15
151

151

151
151
151
154
151
151
15t
151
151
151
51
151
151
151
151
151
151
151
151
15¢
151
151
151
151
151

151

151
151
151
151
151
151
151
151
154
151
151

Inner

T
C195 inners
C195 inners
C195 Inners
C195 Inners
C195 inners
C195 Inners
C195 Inners
C195 Inners
C195 inners
C195 Inners
C195 Inners
C195 Inners
C195 inners
C195 Inners
C195 Inners

C195 tnners
C195 inners
" C195 inners

€195 inners

C195 Inners
C185 Inners
C195 tnners
C195 Inners

- C195 Inners

C165 Inners
C195 Inners
C195 nners
C195 inners
C195 inners

C195 Inners
C195 inners

C195 Inners
C195 Inners
C195 Inners
C195 Inners
C195 inners
C195 inners
C195 Inners
€195 inners
€195 inners

Fabrication
W.O#
453 278 18828
453278 18828
453278 18828
45327818828
45327818828
453278 18528
453278 18828
453278 18829
453 278 188.28
453 278 18828
453278 183-28
453278 18828
453278 18828
453278 188-28
453278 188.28
453 278 188-28
453278 188-28
453278 18828
453278 188.23
453 778 185-28
453 278 188-28
453278 185-28
453278 185-28
453278 188.28
453278 188-23
453278 185.28
453278 188-28
453278 18828
453 278 188.28
453278188.28
453 278 18828
453278 16328
453273188.28
453278 188.28

453278188-28

453278 163-28
453 278 168-28
453278 185-28
453273 183.28
453278 188-28

ﬁc}y i
Returned C-188s for Recycth.,, as Sgacers NC696019

MEASURED DECAYE ECAYED

31-Oct-00

PIS DATE CURIES DATE Ci/C-18 Ci/Slu

DECAYED TO:
ETUR RETURN
64025 01-Oct97 8,050
64025 01-Oct87 8,851
64025 01.0ct-87 8851
64025 01-Oct07 8851
64025 01-Oct97 8,851
64025 01-Oct87 8851
64025 01-O0ck07 885t
64025 01-Oct-07 8,851
64025 01.0ct87 8,851
64025 01-Oct87 8920
64025 01-0ct07 8856
84025 01-Octo7 83856
64025 01-Oct97 8858
64025 01-Oct87 8858
64025 01-OctOT 88568
64025 ' 01-Oct07 8856
64025  01-Oct-97 = 8858
64025 01-Oct97 8,856
64025 01-Oct97 8,521
64025 01-Oct7 8521
64025 01-0ct97 8521
64025 01-Oct07 8521
64025  01.0ct-97 8521
64025 01-Oct97 8521
64025 - 01-0ct07 8521
64025 01-0ct87 8521
64025 01.0ct87 8510
64025 01-Oct97 8510
64025 01-Oct97 8208
64025 01-Oct87 8,298
64025 01-Octo7 = 8298
84025 01-Oct87 8298
64025  01-Oct87 8298
64025 01.0ct87 8298
64025 - 01.0ct97 8,151
64025 01-Oct97 8,151
64025  01-0ct07 8,159
64025 01-Oct07 8,151
64025 01-Oct87 8,151
64025

O S T P!

16-Dec-77
16-Jan-7T8
16-Jan-78
18-Jan-78
16-Jan-78
16-Jan-78
16Jan-78
16-Jan-78
16-Jan-78
168-Jan-78
17-5an-78
17-Jan-78
17-Jan-78
17-tan-78
17-Jan78
17-Jan-78
17-Jan-78

17-Jan78

17-Jan-T8
17Jan-78
17-Jan-78
17-Jan-78
17-Jan-78
17-J2n-78.
17-Jan-T8

17-0an-78

17-Jan-78

17-Jan-78

17-Jan-78
17-Jan-78
17-Jan-78
17-Jan-78
17-Jan-78
17-Jan-78
17-Jan-78
17-Jan-78
17Jan-78
17-Jan-78
17-Jan-78
17-Jan-78

2953
08
408
4308
4208
4208
4308
408
4208
4430
4400
4400
4400
4400
4400

4400
4400

440.0
4233
4233
4233
4233
4233
4233
4233
4233
4228
4228
4122
422

4122

4122
4122
4122
405.0
405.0
4050
4050
4050
4050

24.7
275
215
215
215
215
275
215
215
27.7
215
275
215
215

27.5
275

COMMENTS

F294 Test NC696019
F294 Test NC896D19
F294 Test NC696019
F294 Test NCEOEMD
F294 Test NC696019
F294 Test NC696019
F294 Test NC696019
F294 Test NC696019
F294 Test NCEOSOHO
F294 Test NCE98019
F294 Test NC898019
F294 Test NC896019
£294 Test NCE96019
F294 Test NC696019
F294 Test NC696019
294 Test NC696019
F294 Test NC696019
F294 Test NCE06019
F294 Test NCB96019
F204 Test NC896019
F294 Test NCE98010
F294 Test NC696019

" F294 Test NCE96019

£294 Test NCG96019
F294 Test NC696019
F294 Test NCB96019
F294 Test NCE90019
F294 Test NC696019
F294 Test NC696019
F294 Test NCE96019
£294 Test NC696019
F284 Test NCE96019
F294 Test NC696019
F294 Test NC636019
F294 Test NC696019
F294 Test NCC96019
F294 Test NC696019
F294 Test NCG96019
F294 Test NCEISUMO
F204 Test NCEG96019




- 285 |
< Returmed C-188s for +_as Spacers - NC696019

Cc-188 5156 13w 151 C195immers 45327818828 64025 O01-Oct7 8,151 17-Jan-78 405.0 25.3 F294 Test NC8O8019

c-168 5157 13W 151 C195immers 45327818828 64025 O01-Oct87 7970  17-jan-78 3959 247 F204 Test NCE96010
c-188 5158 13W 151  C195mners 45327818828 64025 01-Oct87 7870  17-Jan-78 3959 247 F294 Test NCE96010
c-188 5159 13w 151  C195inners 45327818528 64025 01-Oct87 7570 17-/an-78 3959 247 F294 Test NC896019
c-188 5160 13w 151  C195inners 45327818328 684025 O01-Oct67 79870 17-an.T8 3059 24,7 F294 Test NCE95019
c-188 5161 13w 151  C1OSinmers 45327318328 64025 01.0ct87 7870  17Jan78 3958  24.7 F294 Test NC696019
c-188 5188 13w 151 Cio5inners  453279188.28 64025 01-0ct87 7965  23-Jan78 3906 248 F294 Test NC696019
c-188 4842  13.UED 89  C-195inners 45327318825 64811  08/10M4 10525 12-Aug77 4939 309 F204 Test NCE98010
C-183 4903  13-UE9 69 C-195inmers  453.273-183268 64811 98MOM4 10380 10-Oct77 4976 311 F294 Test NC696019
c-188 5087 ' 13-UES 69 C-195imers 45327318328 #4811 98M0M4 9728  16Jan78 4831 302 F294 Test NC696019
c-188 5088  13-UE0 69 C-105inners 45327318828 64811 ©8/M0M4 9728 16Jamn-78 4831 302 F204 Test NCEISO10
C-188 5069  13-UE9 69 C-195Inners A53-273-183.28 64811 981014 9728 1678 4831 302 F294 Test NC696019
52 832 Siugs _ 138 Type 13 (8 spacers) ¥ < N

118 Type 14 (7 spacers) -

Page 2of Page 2
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1. INTRODUCTION

This report presents the finite element analysis of the F-294 transport container used to determine the
cobalt loading configuration for the container.

The F-294 transport package is licensed to carry 360 kCi of cobalt-60. The cobalt-60, encapsulated in
stainless steel or Zircaloy, must be loaded into the cavity of the containers such that the maximum surface
temperature of the outermost encapsulation does not exceed the stainless steel sensitization temperature
of 482°C as per Reference [1]. The cobalt “pencxls” arranged in circular rows, are held in stainless steel
carriers similar to that shown in Figure 1.

For the F-294 container, the allowable loading configuration is currently limited to a single row of pencils.
This loading configuration was experimentally tested to ensure the sensitization temperature was not
exceeded. To increase the utility of the F-294 container, it is desired to add a second row of pencils to

the carrier.

To accomplish the above task, a finite element model was developed and verified based on past
experimental results. The results of the finite element analyses and the subsequent loading configuration
for the container are presented here.

2. F-294 ANALYSIS

2.1 F-294 Finite Element Model

A two-dimensional model of a cross-section of the F-294 cavity was created using the ANSY'S finite
element software, as shown in Figure 2 and listed in Appendix A. The model is parametric in that
the following variables can be changed as required by the user:

Diameter of cavity and thickness of steel on the inside of the container,
Outside diameter of container and thickness of steel on outside of container,
Lead to steel bonding equivalent air gap on inside and outside of container,
Inner diameter of fire shield, '

Outer diameter of fire shield,

Thickness of inner and outer fire shield steel sheet,

Number and thickness of fins on container,

Number, arrangement (number of rows and angle), diameter and activity of pencils inside
the cavity,

All material properties, and

Heat transfer coefficients and emissivities of heat transfer surfaces.

Material properties for the lead, steel and air were taken from Reference [2], while the properties
for the kaowool were taken from Reference [3).

On the inside and outside of the container, the radiation heat transfer was modeled by radiation
matrices calculated by ANSYS. The radiating surfaces are defined and where necessary (on the
outside of the container) a remote node is specified to effect the heat balance. Emissivity values for
the surfaces were taken from Reference [2). The convection across the air gaps on the inside of the
container was modeled by adjusting the conduction heat transfer coefficients until the heat balance
matched experimental data, as will be discussed in Section 2.2. The convection heat transfer
coefficient on the outside of the container was calculated as in Appendix B.

September, 2001 ’ Page 30of 13
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| 2.2 }F-294 Model Verification

Several of the parameters discussed in Section 2.1 required adjustment for the model to accurately
reflect the heat transfer in the package. Specifically, the adjusted parameters were:

¢  Lead to steel bonding equivalent air gap on inside and outside of container,
¢ Heat conductance (modeling conduction and convection) inside the cavity, and
e Heat conductance (modeling conduction and convection) in the fin enclosure.

These parameters were determined by comparing the results of the numerical model to two tests
previously performed on actual F-294 containers, where the containers were loaded to capacity with
cobalt-60. In both of these tests the containers were instrumented with thermocouples such that the
temperature distribution throughout the container was determined for a maximum load of cobalt-60.

2.2.1 Test1— F-294 Model Verification

This loading test of the F-294 was performed for the F-294 Safety Analysis Report (SAR)
submission for the licensing of the package to the 1985 IAEA regulation {4]. The F-294
was loaded as shown in Flgure 3 and the maximum steady state temperatures were recorded
as in Table 1.

The parameters in the model were adjusted so that the maximum pencil temperature

in the model matched the maximum pencil temperature recorded in the test. To achieve
a proper heat balance in the container the temperature on the inside of the fire shield
had to be specified. This value was set to 50°C as measured in the test. The resulting
calculated temperatures in the model are compared to the test temperatures in Table 1.
The temperature distribution in the model is shown in Flgure 4.

To determine the sensitivity of the model to the temperature specified on the msuie of
the fire shield, the model was also run with this temperature set to 100°C with all other
parameters identical to the previous run. The calculated temperatures in the two cases
are compared in Table 1. The outer temperatures increase approxxmately linearly with
the set temperature The inner cavity and maximum pencil temperatures increase by 25°C,
since the air in the cavity has a low thermal conductivity and insulates the pencils from
the outside effects. The actual temperature on the inside of the fire shield is not expected
to exceed 70°C, based on comparison with the temperature measured on the container
between the fins (Table 1). Therefore, an increment of approximately 10°C {(70-
50)/(100-50)*25 = 10] was incorporated into the safety margin for the maximum
allowable temperature in the cavity, as discussed in Section 2.3.

222 Test2— F-204 Model Verification

This loading test of the F-294 was performed for the testing of the F-457 two-row cage
as documented in the thermal test report {5]. The F-294 was loaded as shown in Figure 5
and the maximum steady state temperatures recorded as in Table 2.

The parameters set from Section 2.2.1 were used for this run. The resulting calculated
temperatures are compared to the test temperatures in Table 2. The measured and tested
temperatures compare favorably, especially the maximum pencil temperature.

September, 2001 : Page 40of 13
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2.3 F-294 Loading Conﬁguration with Dduble Row Cage (F-457)

The ultimate purpose of the model developed in Section 2.2 was to determine the allowable loading
configurations for the double row F-457 cage in the F-294 as shown in Figure 1. The thermal tests
performed on the package (Section 2.2.2) showed that if the double row cage were to be loaded
incorrectly, the temperature in the F-294 cavity could potentially exceed the sensitization
temperature of 482°C. Using the model developed in Section 2.2, various loading combinations
were tried to determine the allowable loading in the cage to ensure the temperatures in the cavity
remain below the sensitization temperature.

To be conservative the maximum allowable temperature in the cavity for the loading combinations
was taken as 450°C. This maximum temperature was determined as follows;

Sensitization temperature ' ' 482°C
 Ambient Regulations to Ambient Test (38-22) = 16°C
‘ ‘ ; minus
Insolation Load as per SAR [4] : = 5°C

: " minus

Safety Margin for Modeling Inaccuracies = 11°C
450°C

It was assumed that the outer ring of the F-457 cage would be filled first. Therefore, the outer ring
was loaded to capacity with sources of a certain activity, while the ectivity of the sources on the
fully loaded inner ring were adjusted until the maximum temperature inside the cavity was equal
to or just below 450°C.

The pencil activities in the outer and inner rings are listed in Table 3 and plotted in Figure 6.

* From this table we can see that the maximum pencil activity on the inner ring is restricted by
the maximum allowable curie content for the package. Therefore, for most configurations, the
maximum allowable pencil activity on the inside ring can be calculated from the following formula.

Maximum Allowable Pencil - {360 — Quter Ring Total Activity in kCi)
Activity on Inner Ring (kCi) = A 40.0 '

If an actual loading scenario cannot be handled using the above guideline, a more detailed analysis
of the loading configuration can be performed by Package Engineering using the model presented in
this report.
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3. CONCLUSION

- The loading configuration guidelines for the F-294 transport package were determined from a numerical
model as follows:

F-294 with F-457 Source Cage Transport Package Loading Guidelines

Maximum Allowable Pencil - (360 - Outer Ring Total Activity in kCi)
Activity on Inner Ring (kCi) - 40.0

4. REFERENCES

1. MDS Nordion Technical Specification, “Recommended Operating Conditions for MDS Nordion
C-199 Cobalt-60 Sources to be Used in Wet Source Storage Gamma Irradiators”, IN/TS 1234
C188 (3), 5 May 2001.

2. Incropera, Frank P., DeWitt, David P., “Fundamentals of Heat and Mass Transfer, Second Edition,
John Wiley & Sons, 1985.

3. Kaowool Product Catalogue.

4. MDS Nordion Technical Report, “Safety Analysis Report for F-294 Transport Package”,
IN/TR 9301 F294 (3), 2 March 2000.

5. MDS Nordion Industrial Quality Control Report, “Report for F-294 Steady State Thermal Test
S/N: F294-03", May 2000.
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100°C inside

1 ¥ Location ' | TANSYS Node Firéshleld (°C) =
Outside Fireshield 12056 40
Inside Fireshield 10657 80 -— 100
OQutside Container
Between Fins 10220 85 107 133
Cavity Wall 741 189 175 238
Maximum Source .
Temperature —_ 419 417 444

Table 4-2 — F-294 Test 2, Temperature Comparison

inside
v Location v S Nc shield {°C
Outside Fireshield 12542 28
Inside Fireshield 11144 50 —_
Outside Container
Between Fins 10707 85 o5
Cavity Wall 1281 191 - 226
Maximum Source :
Temperature - 465 487

September, 2001
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* Figure 1
Typical Source Cage Construction
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Fin
Enclosure

Lead
Fire /V

Shield

Cobalt-60
Sources

Figure 2
F-294 ANSYS Finite Element Model
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Cle"fmé/qg . ' o "‘.7” . .‘
z“”’”“”‘””‘ buisparz Woalob

: Figure 3
F-294 Loadmg Diagram for Verification Test 1
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Temperature Distribution in F-294 Test 1 Model

1
NODAL SOLUTION AN
sy i
SUB =1 i
TIME=1
TEMP (AVG)
SMN =27.596
SMX =418.645
i ‘ )
27.596 114.496 201.395 288.295 375.195
71.046 157.945 244,845 331.745 418.645
Figure 4
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1 0187 7508 o 70312 12818
2 500 a2 . 50D
3 T0285 12882 a3 500
4 500 44 7030 12618
s £00 45 500
6 70203 12682 P 00
b 500 47 70318 12832
s 500 4 500
9 70280 12714 ™ 800
10 500 80 70319 12655
1 £00 51 500
12 70282 12796 52 500
13 500 63 70316 12099
i 500 54 800
15 70218 12803 ] 800
18 500 86 TN 12714
” 800 &7 500
18 70287 42803 88 800
i 500 50 70314 12803
20 600 &0 500
21 70202 12847 1 500
22 500 &2 7037 1293
23 800 ] 50
24 70288 12885 6 50
25 800 65 70318 12565
26 800 &5 500
27 eer7s 12121 o7 500
28 500 88 70320 12505
29 800 o0 0
S0 68777 12444 70 60
N 800 71 70313 12610
22 500 72 500
33 esres 12748 73 500
M 500 74 70286 12632
35 500 75 00
B esri0 1213 L 500
37 8500 T 70281 12840
38 500 78 800
39 es7e9 12738 ™ 800
0 500 8 66776 12885
Total 185423 190629 are0s2

Figure §
F-294 Loading Diagram for Verification Test 2
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Inner Ring Maximum Curies Per Pencll

September, 2001

10000

2000
1000

e Ertvelope Limited by Maximum Curie Content
= = = Cakulated Maximum Envelope '

100

 OuterRing Activity (<Ci)

Outer Versus Inner Ring Loading for F-294

200

Figure 6
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'APPENDIX A
ANSYS Input Files

1 ANSYS Input File for Internal Temperature of Cage Pencils
1 For F-294 Transport Package with 376 kCi Cobalt in fully
1 loaded single ring F-313 cage.

1 Test1

101.08.15 JRR

1

lprep?

1 command variables

|

*AFUN,DEG ! use degrees for angular functions

!

{Input Variables

|

NR = 1§ number of rows in cage (1 or 2)

NP1 = 40 1 number of pencils in row 1 (outer row)

NP2=0

DR1 = 0.2540 1 row 2 diameter (m)

WPC = 0.01537 | Watts/Cl for Isotope

1

1 activity of pencils in curies - repeat as required for alt posiﬂons
1 first subscript Is row number, second Is pencil number

AC11 = 12100 $ AC12 = 10610 $ AC13 = 10630 $ AC14 =
12300 $ AC15 =860

AC16 = 12350 $ AC17 = 11040 $ AC18 = 10870 § AC18 =
12351 $ AC110 = 860

AC111 = 12350 $ AC112 = 10640 $ AC113= 10830 $ AC114 =
12290 $ AC115 =860

AC116= 12270 $ AC117 = 10720 3AC118 = 10650 $ AC1 19 =
12350 $ AC120 = 860

AC121=12360 $ AC122 = 10610 $ AC123 = 10640 $ AC124 =
12340 $ AC125 = 860

AC126 = 12230 $ AC127 = 10610 $ AC128 = 10650 $ AC129 = "

12360 $ AC130 = 860

AC131 = 12200 $§ AC132 = 10610 $AC133= 10740 % AC134 = -

12360 $ AC135 = 960
AC136 = 12300 $ AC137 = 10630 $ AC138 = 10620 § AC139 =
12120 $ AC140 = 960
1 tota! heat input to calculate lead heat generation contribution
TOTHT = AC11+AC12+AC13+AC14+AC15+AC16
TOTHT = TOTHT+AC17+AC18+AC19+AC110+AC111+AC112
TOTHT =
TOTHT+AC113+AC114+AC115+AC116+AC117T+ACH18
TOTHT =
TOTHT+AC119+AC120+AC1 21+AC1 22+AC123+AC124
TJOTHT =
TOTHT+AC125+AC126+AC127+AC128+AC129+AC130
TOTHT =
TOTHT+AC131+AC132+AC133+AC134+AC135+AC136
TOTHT = TOTHT+AC137+AC138+AC139+AC140
1
1 angle to pencils from theta = 0 - repeat as required for all

ions . ,
! first subscript is row number, second is pencil number -
AN11=08$AN12=98 AN13 =18 $ AN14 =27 S ANI5 =36

AN16 =458 AN17 =54 S AN18 =63 $ AN19 =72 $ AN110 = 81

AN111=90 $ AN112= 99$AN113 108$AN114=117$
AN115=126 B
AN116=1358 AN117 = 144 $ AN118 = 153 $ AN119 = 162§
AN120=171

September, 2001

AN121=180$ AN122 =183 $ AN123 = 198 $§ AN124 =207 §

AN125=216

AN126 =225 § AN127 = 234 $AN128 =243 § AN129=252§

AN130 = 261

AN131 =270 $ AN132 =279 $ AN133 =288 $ AN134=297§

AN135 = 306

AN136 = 3153 AN137 = 324 § AN133 =333 $ AN139 =342 §

AN140 = 351

!

PD =0.0148 t pencil diameter (m)

CD =0.2921 | cavity diameter {m)

CWALL = 0.01 1 cavity wall thickness (m)

CEQV = 0.0008 1 equivalent air gap for lead-stee! resistance at

cavity (m)

FWALL = 0.01 1 container wall thickness (m)

FEQV = 0.0008 1 equivalent air gap for lead-steel resistance at

container (m) .
FOD = 0.8144 { container outside diameter {m)

" 81D = 1,1240 ! fire shield inner dlameter {m)

SOD = 1.2035 1 fire shield outside diameter {(m)

SWALL = 0.01 | fire shield steel wall thickness (m)

FINOD = 1.1176! fin outside diameter (m)

FINTK = 0.01 | fin thickness (m)

FINNM = 36 1 number of fins

!

AT = 20 | ambient temperature (C)

PE = 0.33 | pencil emissivity

CE = 0.27 | cavity emissivity -

FEE = 0.8 ! fin enclosure emisslivity

FE = 0.8 ! container outside emissivity

CH = 0,09 | cavity convective k coefficient

FEH = 4.0 ! fin enclosure convective k coefficient

FH = 3.0 ! container outside heat transfer coefficient (W/m2C)
1

1 calculations based on input data

!

FINAN1 = 360/FINNM

FINANZ2 = ASIN((FINTK/2)/FOD)

1 create keypoints at center of circles

csys,1

!

1 circle center keypoints

k1,0,0

k,2,DR1/2AN11 $ k,3,.DR1/2,AN12 $ k,4,DR1/2,AN13 S
k.5,.DR1/2,AN14 § k 6,DR1/2 AN15

k,7,DR1/2AN16 $ k.8,DR1/2,AN17 § k,8,DR1/2,AN18 $
%,10,DR1/2,AN19 $ k,11,DR1/2,AN110

k,12,DR1/2,AN111 $ k,13,DR1/2,AN112 $ k,14 DR112.AN1 13%
k,15,DR1/2,AN114 $ k,16, DR1/2,AN115

k,17,DR1/2,AN116 $ k,18 DR1/2,AN117 $ k,19, DR1/2AN118 §
k,20,DR1/2,AN119 $ k,21,DR1/2,AN120

k,22,DR1/2,AN121 $ k,23,DR1/2,AN122 § k,24, DR1/2AN123 §

- k25,DR1/2,AN124 $ k,26,DR1/2,AN125

k27,DR1/2,AN126 § k,28,DR1/2,AN127 § k,29,DR1/2,AN128 §
k30,DR1/2,AN129 § k,31,DR1/2,AN130
k,32,DR1/2,AN131 § k,33,DR1/2,AN132 § k,34,DR1/2,AN133 §

k,35,DR1/2,AN134 § k,36,DR1/2,AN135

k,37,DR1/2,AN136 $ k,38,DR1/2,AN137 $ k,39,DR1/2,AN138 §
k.40,DR1/2,AN1309 § k,41,DR1/2,AN140
1
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1 fin key points

!

k,100,FOD/2,-FINAN2
*REPEAT,FINNM,2,0,FINAN1
k,101,FOD/2 FINAN2
*REPEAT,FINNM,2,0,FINAN1
k,200,FINOD/2,-FINAN2
*REPEAT,FINNM,2,0,FINAN1
k,201,FINOD/2,FINAN2
*REPEAT FINNM,2,0,FINAN1
!

I create circles at each keypoint
circle,1,CD/2
circle,1,CD/2+CWALL
circle,1,CD/2+CWALL+CEQV
circle,1,FOD/2-FWALL-FEQV
circle,1,FOD/2-FWALL
circle,1,FOD/2

circle,1,S1D/2
circle,1,SID/2+SWALL
circle,1,S0D/2-SWALL
circle,1,50D/2

circle,2,PDf2
*REPEAT,(NP1+NP2),1,0

!

! create circle areas

al,1.2,34
*REPEAT(10+NP1+NP2).4,4.4 4
1

1 subtract circles to form sections

asel,s,area,1

asel,a,area, 11,(10+NP1+NP2)

asba,1,all, keep keep

alisel

asba2,1,keepkeep

*REPEAT.9.1,1

1 .

1 create areas for fins

8,100,101,201,200

*REPEAT,FINNM,2,2,2,2

1 :

I subtract fin areas from area (10+NP14NP2+7)
asel,s.area, (10+NP1+NP2+7)
asel,a,area,,(10+NP1 +NP2+11).(10+NP1+NP2+11+FINNM-1)
asba,(10+NP1+NP2+7),all, keep,keep

alisel

1

1 add fin areas to area (10+NP1+NP2+6)
asel,s,area, (10+NP1+NP248)

asel,a,area, (10+NP1+NP2+11),(10+NP1+NP2+11+FINNM-1)
aadd,all

allsel

!

| material properties

1 material property set 1 = stainless
mpkxx1,16.3

! materia! property set 2 = load

mp,koc,2,35

1 material property set 3 = lead-steel contact atﬂnend
mp.fox,3,.0224,

I material property set 4 = air in cavity
I'I’\P.kxx,‘.CH

t material property set 5 = gir in fin enclosure
mp lox,5,FEH

{ materia! property set 6 = kaowool
mp.loo,6,0.054

1 pencil emissivity

mp,emis,7,PE

September, 2001

| cavity emissivity
mp,emis,8§CE

1 fin enclosure emissivity
mp,emis,9,FEE

| outside container emissivity
mp.emis,10,FE

1 material property set 11 = lead-stee! contact at cavity
mp,looe,11,.0224*8,

1

{ mesh areas

! .
€1,1,55 | element type 1 = plane 55 thermal 2-d
type, '
!

! sources

mat,1

real,1

esize,0.005
amesh,11,NP1+NP2+10

1 air inner cavity -
mat4d

real,2

amesh,NP1+NP2+11

| cavity wall

mat,1

real,3

amesh,NP1+NP2+12
!lead-stee! bond at cavity
mat, 11

real 4

amesh,NP1+NP2+13

1lead

mat,2

real5

esize,0.02
amesh,NP1+NP2+14
1lead-steel bond at outside
mat,3

real,6

amesh,NP1+NP2+15

1 outside shell and fins

mat,1

real,7
amesh,NP1+NP2+FINNM+22
1 fin enclosure

mat,5

real8
amesh,NP1+NP2+FINNM+21
{inside fire shield steel
mat,1

real,9

amesh,NP1+NP2+18

1 inside fire shield kaowool
maté - '

real, 10
amesh,NP14NP2+19

! outside fire shield steel
mat,1

real,11

amesh,NP1+NP2+20

}

| create radiation enclosures
1 cavity enclosure

et,2,32

‘type.2

real,12
mat,7
ksel,s.loc,x,0,CD/2-0.01
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Islk,s,1

imesh,alt
freverse,all
-mat,§

ksel,s,loc.x,CD/2

Isik,s,1
imesh,all

! fin enclosure

real, 13
mat,9
asel.s, area.,NP1+NP2+FINNM+21
glisel below,.area
Imesh,all
ksel,s locx,FOD/2

Islk,s,1

lreverse,all
1 outside fireshield

real, 14
mat, 10

ksel,s,loc.x,SOD/2

Islk.s,1

Imesh,all

keverse,all

allse!

1 .
1 create node for outskde radiation
n,9999999,S0D
!

1 create radiation matrices
fini
lfaux12
emis,7,PE
emis,8,CE
emis,9,FEE
emis,10,FE
stef 5.7e-8
geom,1
viype,0
esel s real,, 12
nelem
write,rad1
esel,s real, 13
nelem
write,rad2
space, 9999999
esel,s,real, 14
nelem
nsel,a,node, 9999939
write,rad3
alisel
fini
fprep?
€t,3,50,1
type.3
real,15
serad1
serad2
serad3
!
alise!

toffst,273 1 offset for input in degrees C

save

1 apply convection on outside surface
esel s real,, 14

nelem

eall

sf,all,conv,FHAT

1 apply heat generation rates to pencils

September, 2001

1 pencil area including

1 attentuation factor = 3.0

1 (1/3rd of heat in pencils (1/3.0) - 2/3rds In lead)
1length factor = 0.432

1{17" inch active pencil lendth/39.37 inch per meter)
1 radial distribution factor = 1.43

1 {only 70% of heat Is radial (1/1.43) - 30% axial)
PA = (3.1416*(PD/2)*(PD/2))*0.432*3.0"1.43
asel,s,area, 11

allsel below,area

Gsehl’,'ypen‘. )

bfe,all,hgen, AC11*WPC/PA

8sel,s,area,, 12

slisel below,area

ese!-rrtypen1

" bfe,all.hgen, AC12*WPC/PA

asel,s,area, 13
glisel below,area

-eselrtype,1

bfe,all,hgen, AC13*WPC/PA
asels,area, 14

allsel below,area

esel F. tym»‘

bfe,all,hgen, AC14*"WPC/PA
asel,s.area, 15

glisel below,area
ese‘lrl'ypen1 )
bfe,all,hgen, AC15"WPC/PA
asel s area, 16
alisel,below,area
esel.r,w,.‘

bfe,allhgen, AC16*'WPC/PA
asel s, area, 17
glisel,below,area
esel,rype,,1

bfe,all hgen,,Ac17'WPCIPA
ssel,s.area,, 18

allsel below,area
eselrype, 1 -
bfe,all,hgen, AC18*"WPC/PA

- gsel,s,area, 19

alisel.below,area -
esel,rtype,.1

bfe,all,hgen, .AC19*WPCIPA
asel,s.area, 20

glisel below,area

eselrype,.1
bfe,all,hgen, AC110°WPC/PA
asel,s,area, 21

allsel below,area

esel,r.ype,1
bfe,all,hgen, AC111*WPC/PA
8sel,s.area, 22

glisel below,area

eselrype, 1
bfe,allhgen, AC112*WPC/PA
asel,s.area, 23

allsel below,area

esel,rtype,,1
bfe,all.hgen, AC113*WPC/PA
asel,s.area, 24

glisel below,area

eselrype,.1
bfe,all,hgen, AC114*WPC/PA
asel,s,area, 25

allsel below, area

eselrtype,

bfe,all hgen,.AC1 15‘WPCIPA
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asel,s,area, 26

allsel below,area

eselrtype, 1
bfe,all,hgen, AC116*WPC/PA
asels.area, 27 .
glisel,below,area

eselrtype, 1
bfe,all,hgen, AC117T*WPC/PA
asel,s,area, 28

alisel below,area

eselrtype,1

bfe,allhgen, AC118*"WPC/PA
asel,sarea, 29
alisel,below,erea

eselrtype,, 1
bfe,all,hgen, AC119*WPC/PA
asels.area, 30

allsel below,area

eselrtvpe,,1

bfe,all,hgen, AC120*WPC/PA
asel,s,area, 31
allsel,below,area

eselttype, 1

bfe.al.hgen, AC121*WPC/PA
asel,s,area, 32
allsel,below,area

eselriype,,1

bfe,eallhgen, AC122‘WPC/PA
asel,s,area, 33
aliselbelow,area

eselriype,1

bfe,all,hgen, AC123*"WPC/PA
asels,area, 34
alisel,below,area

eselrype, 1

bfe,all,hgen, AC124*WPC/PA
asel,s,area, 35

allsel below,area

eselrtype,1
bfe,all,hgen, AC125*WPC/PA
asel,s,area, 36
glisel,below,area

esel,rtype,.1

bfe,all,hgen, AC126"WPC/PA
asels,area, 37
allsel,below,area

eseltlype,, 1

bfe,all,hgen, AC127*WPC/PA
asel,s,ares,,38
alisel,below,area

esel,rtype,,1
bfe,all,hgen, AC128*WPC/PA
asel,s,area, 39
glisel,below,area

esel,rlype,,1

bfe.all,hgen, AC120°WPC/PA
asel s area, 40
gliselbelow,area

eselstype,,1

tfe,all,hgen, AC130*WPC/PA
asel s, area, 41

alisel below,area

eselrtype

bfeall, hgen,,AC131'WPCIPA
asels,area, 42
allsel,below,area

eselrtype,1

bfe,all,hgen, AC132*WPC/PA

September, 2001

asel,s,area, 43
gllsel,below,area

eselrtype,1
bfe,allhgen, AC133*WPC/PA
asel s area, 44

alisel below,area

eselrr -‘We-ﬂ

bfe,all,hgen, AC134*WPC/PA
asel,s,area, 45
alisel,below,area

eselrtype,1
bfe,ell,hgen, AC135*WPC/PA
asel,s,area, 46 :
allsel,below,area

eselrtype, 1
bfe,allhgen, AC136*"WPC/PA
gsel,s,area, 47

glisel below,area

eselrype,.1

bfe,all,hgen, .AC137‘WPCIPA
asels,area, 48
allsel,below,area

eselrtype, 1
bfe,all,hgen, AC138*WPC/PA
asel,s,area, 49 -
allsel,below,area

- esel,riype..1

bfe,all,hgen, AC139*WPC/PA

asel,s.area, 50

gllsel,below,area

eselrtype,,1

bfe,allhgen, AC140*WPC/PA

1 apply remaining heat generation to lead

1lead area including

1 attentuation factor = 1.5

1(2/3rds heat in lead (1/1.5) - 1/3rd of heatin pendls)
! raciial distribution factor = 1.43

1 (only 70% of heat Is radial (1/1.43) - 30% axial)
LA = ((3.1416*(FOD/2)*(FOD/2))-
(3.1416*(CD/2)*(CD/2)))"1.6*1.43

eselsmat, 2

nelem

esel,rtype,1

bfe.all,hgen, TOTHT*"WPCALA

alisel

save
! remove link32s, set ambient temp and run
fini

fsolve

csys,1

nsel,slocx,sid/2

d.alltemp,50

alisel

eselureal, 12,14

d,9999999 temp AT

Insrch,on

solve

nsel s locx,sid/2

d.alltemp,100

glise!

eselureal, 12,14

solve

fini

lexitsave
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1 ANSYS Input File for Interna! Temperature of Cage Pencils
1 For F-294 Transport Package with 376 kCi Cobalt in fully
1loaded double ring F-457 cage.

1Test2

101.08.15JRR

!

Iprep?

f command variables

I

*AFUN,DEG 1 use degrees for angular functions

] :
1 Input Variables
1

NR = 21 number of rows in cage (1 or 2)

NP1 = 40 | number of pencils in row 1 (outer row)

NP2 = 40 { number of pencils in row 2 (inner row)
DR1=0.2254 ! row 1 diameter (m)

DR2 = 0.2540 | row 2 diameter (m)

WPC = 0.01537 | Watts/Ci for Isotope

!

1 activity of pencils in curies - repeat as required for all positions
! first subscript Is row number, second s pencil number
AC11=75088$ AC12=5008 AC13 = 126625 AC14=500%
AC15 =500

AC16= 126628 AC17=500$ AC18=500$ AC19 =12714 $
AC110 = 500

~ AC111=500$ AC112= 12796 $ AC113 =500 $ AC114 =500 §
AC115 = 12803
AC116 =500 $ AC117 = 500 $ AC118 = 12803 $ AC119= 5008

AC120 = 500

AC121= 12847 $ AC122 = 500 $ AC123 =500 $ AC124 =
12885 $ AC125 = 500

AC126 =5008 AC127 = 12121 $ AC128 =500 $ AC129=500 %
AC130 = 12444

AC131=5003 AC132=500 $ AC133=12716 $AC134=500 8
AC135 = 500

AC136 = 12723 $ AC137 = 500 $ AC138 =500 $ AC139 =
12738 $ AC140 = 500

!

AC21= 12618 § AC22 =500 $ AC23 =500 $ AC24 = 12615 $
AC25 = 500

AC26=500$ AC27 = 12632 $ AC28 = 500 § AC28 =500 $ -
AC210 = 12655

AC211=500% AC212=500 $ AC213 = 12699 $ AC214=500$
AC215=500 .

AC216 = 12714 $ AC217 =500 $ AC218 = 500 $ AC218 =
12803 § AC220 = 500

AC221 =500 § AC222 = 12936$A0223=500$AC224=500$
AC225 = 12595

AC226 = 500 § AC227 = 5003A0228= 12595 $ AC229=500%
AC230 = 500

AC231=126103$ AC232=5003 AC233=500$ AC234 =
12632 § AC235 = 500

AC236 =500 $ AC237 = 126403AC238=5003A(:239=5003
AC240 = 12885

1 total heat input to calculate lead heat generation contribution
TOTHT = AC11+AC12+AC13+AC14+AC15+AC16

TOTHT = TOTHT+AC17+AC18+AC19+AC110+AC111+AC1Y 2
TOTHT =
TOTHT+AC113+AC114+AC115+AC116+AC117+AC118
TOTHT =
TOTHT+AC119+AC120+AC121+AC122+AC123+AC124
TOTHT =
TOTHT+AC125+AC126+AC127+AC128+AC129+AC130
TOTHT =
TOTHT+AC131+AC132+AC133+AC134+AC135+AC136
TOTHT = TOTHT+AC137+AC138+AC139+AC140

|
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TOTHT = TOTHT+AC21+AC22+AC23+AC24+AC25+AC26
TOTHT = TOTHT+AC27+AC28+AC29+AC210+AC211+AC212
TOTHT =

TOTHT+AC213+AC214+AC215+AC216+AC21 T+AC218
TOTHT =

© TOTHT+AC218+AC220+AC221+AC222+AC223+AC224

TOTHT =
TOTHT+AC225+AC226+AC227+AC228+AC229+AC230
TOTHT =
TOTHT+AC2314AC232+AC233+AC234+AC235+AC236
TOTHT = TOTHT+AC237+AC238+AC239+AC240

!

! angle to pencils from theta = 0 - repeat as nequifed for alt
positions

1 first subscript is row number, second is pencil number
AN11=0$ AN12=9$AN13 =18 $ AN14 =27 $ AN15=36
AN16 =458 AN17 =54 S AN18 =63 $ AN19 =72 $ AN110 =81
AN111=90$ AN112=89$ AN113 = 108 $ AN114 = 117§
AN115=126

AN116 = 135 $ AN117 = 144 $ AN118 = 153 $ AN119=162§
AN120 = 171

AN121=180 8 AN122 =189 $ AN123 =198 $ AN124 =207 §
AN125 = 216

AN126 = 225 § AN127 = 234 $ AN128 =243 $ AN129=252§
AN130 = 261

AN131=270 $ AN132=270 § AN133 =288 $ AN134 =297 §
AN135 = 306

AN136 =315 $ AN137 =324 $ AN138 =333 $ AN139 = 342§
AN140 = 351

i

PINC=45

AN21 = 0+PINC § AN22 = 9+PINC $ AN23 = 18+PINC § AN24
=27+PINC $ AN25 = 36+PINC :
AN26 = 45+PINC $ AN27 = 54+PINC $ AN28 = 63+PINC $
AN29 = 72+PINC $ AN210 = 81+PINC

AN211 = 80+PINC $ AN212 = 93+PINC $ AN213 = 108+PINC $
AN214 = 117+PINC § AN215 = 126+PINC

AN216 = 135+PINC $ AN217 = 144+PINC § AN218 =
153+PINC $ AN219 = 162+PINC § AN220 = 171+PINC
AN221 = 180+PINC § AN222 = 189+PINC $ AN223 =
198+PINC $ AN224 = 207+PINC § AN225 = 216+PINC
AN226 = 225+PINC $ AN227 = 234+PINC $ AN228 =
243+PINC $§ AN229 = 252+PINC $ AN230 = 261+PINC
AN231 = 2T0+PINC $ AN232 = 279+PINC $ AN233 =
288+PINC § AN234 = 287+PINC $ AN235 = 306+PINC
AN236 = 315+PINC $§ AN237 = 324+PINC $ AN238 =
333+PINC § AN239 = 342+PINC § AN240 = 351+PINC

1

PD =0.0148 ! pencil dlameter (m)

CD = 0.2921 | cavity diameter (m)

CWALL = 0.01 { cavity wall thickness (m)

CEQV = 0.0008 | equivalent alr gap for lead-steel resistance at
cavity (m)

FWALL = 0.01 ! container wall thickness (m)

FEQV = 0.0008 | equivalent air gap for lead-stee! resistance at
container (m)

FOD = 0.9144 | container outside diameter {m)

SID = 1.1240 | fire shisld inner diameter {m)

SOD = 1.2035 ! fire shield outside diameter (m)

SWALL = 0.01 | fire shield stee! wall thickness {m)

FINOD = 1.1176! fin outside diameter (m)

FINTK = 0.01 ! fin thickness (m)

FINNM = 38 | number of fins

" '

AT = 20 | amblent temperature (C)

PE = 0.33 | pencil emissivity

CE = 0.27 | cavity emissivity

FEE = 0.8 | fin enclosure emissivity
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FE = 0.8 | container outside emissivity

CH = 0.08 1 cavity convective k coefficient

FEH = 4.0 t fin enclosure convective k coefficient )

FH = 3.0 | container outside heat transfer coefficient (W/m2C)

! .

1 calcutations based on input data

FINAN1 = 360/FINNM

FINAN2 = ASIN((FINTK/2YFOD)

1 create keypoints at center of circles

csys,1

t

1 circle center keypoints

k1,00

k,2,DR1/2,AN11 $ k,3,DR1/2AN12 §$ k.4 DR1/2AN13 §
k,5,DR1/2,AN14 $ k,6,DR1/2,AN15

k,7,DR1/2,AN16 $ k,8,DR1/2,AN17 $ k,9,DR172AN18 §
k,10,DR1/2,AN19 $ k,11,DR1/2,AN110

k,12,DR1/2,AN111 § k,13,DR1/2,AN112 $ k,14,DR1/2,AN113 §
k,15,0R1/2,AN114 § k,16,DR1/2,AN115

k,17,.DR1/2,AN116 $ k,18,DR1/2,AN117 $ k,19 DR1I2,AN11B $
k,20,DR1/2,AN119 § k,21,DR1/2,AN120

k.22,DR1/2,AN121 § k,23,DR1/2,AN122 § k.24, DR1/2,AN123 §
k,25,DR1/2,AN124 § k,26,DR1/2,AN125

k.27,DR1/2,AN126 $ k,28,DR1/2,AN127 $ k,29,DR1/2,AN128 S
k,30,DR1/2,AN129 $ k,31,DR1/2,AN130

k,32,DR1/2,AN131 § k,33,DR1/2,AN132 § k,34,DR1/2AN133 §
k,35,DR1/2,AN134 $ k,36,DR1/2,AN135

k.37,DR1/2,AN136 § k,38,DR1/2,AN137 $ k,39,DR1/2AN138$

k.40,DR1/2,AN139 $ k.41,DR1/2,AN140

k.42,DR2/2,AN21 § k.43, DR2/2,AN22 § k,44,DR2/2,AN23 §
k.45,DR2/2,AN24 § k 48,DR2/2,AN25

k.47,DR2/2,AN26 § k 48,DR2/2, AN27 § k,49,DR2/2,AN26 S
k,50,DR2/2,AN28 § k,51,0R2/2 AN210

k,52,DR2/2,AN211 § k,53,DR2/2,AN212 § k54, DR2/2,AN213 §
k.55,0R2/2,AN214 $ k,56,DR2/2,AN215

k.57, DR2/2,AN216 $ k,56,DR2/2 AN217 $ k59, DR2I2.AN218 $

k,60,DR2/2,AN219 § k,61,DR2/2,AN220
k,62,DR2/2,AN221 § k,63,DR2/2,AN222 § k.64 DR2!2.AN223 $
k,65,DR2/2,AN224 § k,66,DR2/2,AN225
k,67,.DR2/2,AN226 $ k,68,DR2/2,AN227 $ k,69,DR2/2,AN228 §
k,70,DR2/2,AN229 § k,71,DR2/2,AN230
k.72,DR2/2,AN231 § k,73,DR2/2,AN232 § k, 74 DR2/2,AN233 §
k,75,DR2/2,AN234 $ k,76,DR2/2,AN235
k,77,DR2/2,AN236 $ k,78,DR2/2,AN237 § k,79,DR2/2,AN238 §
k,80,DR2/2,AN239 § k,81,DR2/2,AN240
1 fin key points
k.100,FOD/2,-FINAN2
*REPEAT,FINNM,2,0,FINAN{
k,101,FOD/2,FINAN2
*REPEAT,FINNM,2,0,FINAN1
k,200,FINOD/2,-FINAN2
*REPEAT,FINNM,2,0,FINAN1
k,201,FINOD/2 FINAN2
*REPEAT,FINNM,2,0,FINAN1
!
1 create circles at each keypoint
circle,1,CD/2
drcle,1,CD/2+CWALL
circle,1,CD/2+CWALL+CEQV
circle,1,FOD2-FWALL-FEQV
circle,1,FODR2-FWALL
circle,1,FOD/2
circle,1,SIDf2
circle,1,SID/2+SWALL
circle,1,SOD/2-SWALL
circle,1,S0D/2
circle,2,PD/2
*REPEAT,(NP1+NP2),1,0

September, 2001

1

1 create circle areas

al,1,234
*REPEAT,(10+NP1+NP2) 4,4 4,4
I

1 subtract circles to form sections
asel,s,area,,1

asel,a,area,, 11,(10+NP1+NP2)
asba,1,al, keep keep

alisal

asba,2,1,keep,keep
*REPEAT,8,1,1

1

1 create areas for fins
8,100,101,201,200
*REPEAT,FINNM,2,2,2,2

| subtract fin areas from area (10+NP1+NP2+7)

asel,s,area, (10+NP1+NP2+7) -
asel,a,area,,(10+NP1+NP2+11),(10+NP1+NP2+1 1+FINNM-1)
asba,(10+NP1+NP2+7).all, keep keep

alise!

1

I add fin areas to area (10+NP1+NP2+6)

asel s, area, (10+NP1+NP2+48)

asel,a.area, (10+NP1+NP2+11),(10+NP1+NP2+11+FINNM-1)
aadd,eall

ellse!

!

I material properties

| material property set 1 = stainless

mp o, 1,16.3

| material property set 2 = lead

mip.focx,2,35

| material property set 3 = lead-stee! contact at fin encl.
mp.lox,3,.0224,

1 material property set 4 = alir in cavity

“mp, oo, 4,CH
-1 material property set 5 = azrlnﬁn enclosure

mp,loct,5,FEH

1 material property set € = kaowool
mp,loo,6,0.054

1 pencil emissivity

mp,emis,7,PE

1 cavity emissivity

mp,emis,8,CE

t fin enclosure emissivity
mp,emis,9,FEE

1 outside container emissivity

- mp,emis,10,FE

! materia! property set 11 = lead-steel contact at cavity
mp,kocx,11,.0224*8,
1

1 mesh areas
| R
et,1,55 1 element type 1 = plane 55 thermal 2d
wﬂ

1 sources

mat,1

real,1

esize,0.005

amesh,11,NP1+NP2+10

1 alr inner cavity

mat 4

real,2 .

amesh,NP1+NP2+11

1 cavity wall

mat,1
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real,3
amesh,NP1+NP2+12
! lead-stee! bond at cavity
mat,11
reald
amesh,NP1+NP2+13
tlead
mat,2
reals
esize,0.02
amesh,NP1+NP2+14
Head-steel bond at outside
mat3

“real8
amesh,NP1+NP2+15
1 outside shell and fins
mat,1
real,7
amesh,NP1+NP2+FINNM+22
! fin enclosure
mat5
real8 o
amesh NP1+NP2+FINNM+21
! inside fire shield stee!

- mat,1
real9
amesh,NP1+NP2+18
1 Inside fire shield kaowool!
mat6
real,10
amesh,NP1+NP2+19
1 outside fire shield steel
mat,1
real, 11 .
emesh NP1+NP2+20
1
t create radiation enclosures
1 cavity enclosure
et 2,32

ksel,s,loc,x,0,CD/2-0.01
Islk,s,1
Imesh,all
kreverse,all
mat,8
ksel,8,loc x,CD/2
islk,s,4
imesh,all
1 fin enclosure
real,13
mat,9
asel,s,area, NP1+NP2+FINNM+21
allsel,below,area
Imesh,all
-ksel,slocx,FOD/2
Islk,s,1
ireverse,all
1 outside fireshield
real, 14
mat, 10
- ksel,s,loc x,SOD/2
Istk,s,1
Imesh,all
freverse,all
!
alisel
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| create node for outside radiation A

0,9999999,S0D
!
1 create radiation matrices
finl
faux12
emis,7,PE
emis,8,CE
emis,8,FEE
emis,10,FE .
stef5.7¢-8
geom,1
: Wpe.o

_eselsreal, 12
nelem
write,rad1
esel s real, 13
nelem
write,rad2
space, 9999999
eselsreal, 14

" nelem
nsel,a,node,, 8999999
write,rad3
allse!
fini
fprep?
«$,3,50,1
type,3
real, 15
serad1
se,rad2
serad3

-1
allse! ’

toffst, 273 | offset for input in degrees C
save
1 apply convection on outside surface

esels,real, 14
nelem

eall
sf.all,convFH AT

1 apply heat generation rates to pencils

1 pencil area including
| attentuation factor = 3.0

1(1/3cd of heat in pencils (1/3.0) - 2/3rds in lead)

Hlength factor = 0.432

1{17° Inch active pendil lendth/38.37 inch per meter)

! radial distribution factor = 1.43

! {only 70% of heat s radial (1/1.43) - 30% axial)
PA = (3.1416*(PD/2)*(PD/2))*0.432*3.0*1.43

gsel,s,area, 11
alisel,below,area
eselrtype,1

bfe,all,hgen, AC11*WPC/PA
asel,s,area, 12

glisel below,area
eselrtype,1
bfe,all,hgen, AC12*WPC/PA
asel,s,area,, 13

allsel below,area
esel,rtype,1
bfe,allhgen, AC13*WPC/PA
asel,s,area,, 14
allsel,below,area

esel,r,type,, 1 -
bfe,all,hgen, AC14*WPC/PA
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asel,s,area, 15 asel,s,area, 32
alisel,below,area slisel below,area
eselrtype,,1 esel,rtype,.1
bfe,allhgen, AC15*"WPC/PA bfe.allhgen, AC122*°WPC/PA
asel,s.area,, 16 asel,s,erea,,33
alisel,below,area alisel,below,area
eselrtype,,$ eselr.type,.1

bfe.all, hgen,,Ac16'WPCIPA bfe,all,hgen, AC123*WPC/PA
asel,s,area, 17 asel,s,area, 34
alisel below,area glisel.below,area
eselrtype,1 esel,rype,,1
bfe,all,hgen, AC1T*WPC/PA bfe,all,hgen, AC124*WPCI/PA
asel,s,ares,, 18 asel,s,area, 35
allsel,below,area alisel,below,area
esel.rtype,.1 eselrype,,1
bfe,allhgen, AC18*WPC/PA bfe,allhgen, AC125*WPC/PA
ssel,s,ares,,18 8sel,s,area, 36
alisel,below,area alisel,below,area
eselrtype,.1 esel,rtype, 1
bfe.all,hgen, AC19*"WPC/PA bfe.all,hgen, AC126*"WPC/PA
ssel s,ares,,20 asel,s.area, 37
glise! below,area glisel below,area
eselrtype,1 eselrtype, 1

bfe,all,hgen, AC110°WPC/PA
asel,s.ares,.21

bfe.all,hgen, AC127*WPCIPA
asel,s,area, 38

aliselbelow,area alisel below,area
eselrype,,.1 eselrtype,,1
bfe,all,hgen, AC111*WPC/PA bfe,all,hgen, AC128*WPC/PA
asel,s,area, .22 asel,8,8rea,,39
allsel,below,grea glisel below,area
eselriype,.1 esel,rtype, 1

bfe,all,hgen, AC112°WPC/PA bfe,all,hgen, AC129*WPC/PA
esel,s,arez,.23 asels.area, 40
galisel below,area glisel,below,area
eselrtype,1 eselrtype, 1
bfe.all,hgen, AC113*WPC/PA bfe.all,hgen, AC130*WPC/PA
asel.s.area, 24 aselsarea, 41
allsel,below,area allsel below,area
esel,rtype,.1 eselriype,, 1
bfe,allhgen, AC114*"WPC/PA bfe.all,hgen, AC131*"WPC/PA
asels,area, 25 asel,s,area, 42
allse!,below,area glisel,below,area
eselrtype,1 eselriype, 1
bfe,all,hgen, AC115*WPC/PA bfe,all,hgen, AC132*WPC/PA
asels,area, .26 asel,s,area, 43
allsel,below,area glisel,below,area
eselrtype,.1 esel,rype,1

bfe,all,hgen, AC118*WPC/PA
asel,s,area, 27

bfe,all.hgen, AC133*WPC/PA
asel,s,area, 44

allsel,below,area allsel,below,area

esel,rype, 1 esel s type.,1

bfe,all,hgen, AC117*WPC/PA bfe,allhgen, AC134*WPC/PA
asel,s.area, 28 asel,s.area, 45
allsel,below,area alisel below,area

asel,r,w,ﬂ eSG!.".W..“

bfe,all,hgen, AC118*WPC/PA tfe,all,hgen, AC135*WPC/PA
asel,s,ares, 29 asel,s,area, 46
allsel,below.area allsel below,area

eselriype,.1 eselrtype,,1

bfe,sll,hgen, AC119*"WPC/PA bfe,all,hgen, AC136*"WPC/PA
asel,s,area, 30 asel,s.area, 47

alisel below,area allsel,below,area

eselrtype, 1 esel.rtype, 1

bfe,all,hgen, AC120*WPC/PA bfe,allhgen, AC137*WPCIPA
asels.area, 31 asel,s,area, 48

alisel below,area alisel,below,area

eselrtype 1 - esel.rtype, 1

bfe,all,hgen, AC121*WPC/PA ‘bfe,all,hgen, AC138*"WPC/PA
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asels,area, 49
aliselbelow,area

eselriype, 1

. bfe,all,hgen, AC1 39*WPCIPA
asel,s,area, 50
allsel,below,area

eselrtype,,1

bfe,all,hgen, AC140*WPC/PA
1

asel,s,area, 51
allsel,below,area
esel,riype,. .

bfe,allhgen, AC21*WPC/PA
asel,s,area, 52
allsel,below,area

esel: Itymn1

bfe,all.hgen, .AC22'WPCIPA
asel s.area, 53

allsel below,area

eselriype,,1

bfe.all,hgen, AC23*WPC/PA
asels,area, 54
alisel,below,area

eselrtype,.1

bfe,allhgen, AC24*WPC/PA
asel,s,area, 55

alisel below,area

eselrtype, 1

bfe,all,hgen, AC25*"WPC/PA
asel.s.area, 56
allsel,below,area

esel,rtype,,1

bfe,all,hgen, AC26*"WPC/PA
asel,8,area, 57

allsel below,area

eselrtype,,1

bfe,all,hgen, AC27*WPC/PA
esel,s,area,,58
afisel,below,area

ese'vr -'YPe""

tfe,af,hgen, AC28*WPC/PA
asel,s,area, 59
alisel,below,area

eselstype, 1 ,
bfe,all.hgen, AC29*WPC/PA
asel,s,area, 60

alisel below,area

esel,rtype..1

bfe.all,hgen, AC210"WPC/PA
asel,s.area, 61
ansel.below,area

eselriype,1

bfe,all,hgen, AC211*"WPC/PA
asel,s,area, 62

alisel,below area

esalrtype,,

bfe,8ll,hgen, AC212*WPC/PA
asel,s,area, 63

allsel below,area

eselrtype..1

bfe.all,hgen, AC243*"WPCIPA
asels,area, 64

glisel below,area

esalrtype,,1

bfe,all,hgen, AC214*WPC/PA
asel,s,area, 65
aliselbelow,area

eselftype, 1

September, 2001

bfe.all,hgen, AC215*WPC/PA
asel,s,area, 66
glisel below,area

- esel,rtype..1

bfe.all hgen, AC216*"WPC/PA

-gsel,s,area, 67

allsel,below,area

eselrtype, 1

bfe,all, hgen.,ACZ17'WPCIPA
asel,8,area, 68

gllsel below,area

-esel,rtype,,1

tfe,allhgen, AC218*WPC/PA
asel,s,area, 69

plisel below,area

esel,rtype,,1

bfe,all,hgen, AC219*WPC/PA
asel,s,area,,70

-glisel below,area

esel,riype..1

bfe,all,hgen, AC220*WPC/PA
asel,s,area,,71
allsel,below,area

esel,rtype..l

bfe,all,hgen, AC221"WPC/PA |

asel,s,area, .72
alisel,below,area

esel,rtype,,

bfe,all hgen, AC222*WPC/PA
asels.area,73

glisel below,area

eselrtype, 1

bfe,all,hgen, AC223*WPC/PA
asel,s,area, 74
glisel,below,area

eselrype..1

bfe,allhgen, AC224*WPC/PA
asels,area,75

allsel below,area

eselrtype,,1

_bfe,allhgen, AC225*WPC/PA

asel,s,area, 76
gllsel,below,area

esel,rtype,.1

bfe,all,hgen, AC226*WPC/PA
asel,s,area, 77

alisel below,area

eselttype,,1

bfe,all,hgen, AC227*WPCIPA
asel.sarea, 78
gliselbelow,area

eselrtype..1

bfe,all,hgen, AC228*WPC/PA
gsel,s,area,,79

allsel below,area

esel,rtype,.l

bfe,allhgen, AC229*WPC/PA
asel,s,area, 80

allsel below,area

eselrype,.1

bfe,all hgen, AC230*WPC/PA
asel s area, B1

glisel below,area

eselntype,.1

“bfe.all,ngen, AC231*WPC/PA

asel,s,are3, B2
allsel,below,area
eselrtype..1
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bfe,all,hgen, AC232*WPC/PA
esel.s.area, .83

alisel below,area

eselriype..1

bfe.all,hgen, AC233*"WPC/PA
asel,s,area, 84
alisel,below,area

eselrtype,,1

bfe,all,hgen, AC234*WPC/PA
asel,s,area, 85

allsel below.area

esel,riype.1

bfe,all,hgen, AC235*WPC/PA
asel s,area, 86

alisel below,area

esel,rtype,,1

bie,allhgen, AC236"WPC/PA
asel,s,area, 87

alisel below,area

eselrtype,,1

bfe,all,hgen, AC237*WPC/PA
asels,area, B8

allsel below,area

eselriype, 1

bfe,all,hgen, AC238*WPC/PA
asel,s,area, 89
allselbelow,area
eselrtype,,1

bfe,all,hgen, AC239*"WPC/PA
asels,area, 90

allsel below,area

September, 2001

eselrtype,1

‘bfe,all,hgen, AC240*WPC/PA

1 apply remaining heat generation to lead
1lead area including :
| attentuation factor = 1.5

. 1{273rds heat In lead (1/1.5) - 1/3rd of heat in pencils)
1 radial distribution factor = 1.43

1 {only 70% of heat is radial (1/1.43) - 30% exial)
LA = ({3.1416°(FOD/2)*(FOD/2))}-
(3.1416*(CD/2)*(CD/2)))*1.5*1.43

eselsmat,2

nelem

"_eselntype,1

bfe,sall,hgen, TOTHT*WPCILA

glisel

save

I -
1 remove link32s, set ambient temp and rul
!

fini

fsolve

csys,

nsel,g locxsld/2

d,afl,temp,50

allse!

esel,ureal, 12,14

d,9999999 temp AT

insrch,on

solve

fini

lexit save
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APPENDIX B
Convection Coefficient Calculation

The outside fireshield of the F-294 is a cylinder. The flow of air over the outside of the fireshield is
assumed to take place at a velocity of 0.5 m/s — close to stagnant air.

From Reference [2], the heat transfer coefficient takes the form:

h =k/D * C(uDNV)"Pr***

where: D is the diameter of the fireshield = 0.9144 m
C,m are constants that depend on the Reynolds number (uD/v)
k = thermal conductivity of the fluid
v = kinematic viscosity of the fluid
Pr = Prandt] number for the fluid
u = free stream velocity

The property values of k,v and Pr are evaluated at the film temperature, which is defined as the mean of
the wall and free stream fluid temperatures, approximately 27°C or 300 K. From Reference [2}, the
property values are k = 0.0263 W/m°C, v = 15.89E-6 m’/s and Pr =0.707. This yields a Reynolds number
of about 30,000. At this value of Re, the constants C and m are 0.193 and 0.618, respectively.
Substituting in the diameter of the fireshield (0.9144 m) yields a heat transfer coefficient of:

h = 0.0263(0.193)(0.5*0.9144/15.89E-6)°%'.707°*% = 2.8 W/m*°C
0.9144

A value of 3 W/m*°C is used in the analysis.

September, 2001 Page B<1



