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1.

PURPOSE AND SCOPE

2.

DESCRIPTION

This document details the thermal performance of the key features of the R7021 transport
container under normal and accident conditions of transport as specified in TS-R-1 for Type
B(U) packaging. It also examines the sensitivity of the design to key design features. The
results, which are worst-case temperatures at various points in and around the structure,
provide reference data for documents that demonstrate various aspects of regulatory
compliance.

The design consists of a lead shielded, stainless steel flask mounted on a pallet and protected
from heat by a jacket and top shield (figure 1). The jacket and top shield are double-skinned
fabrications with integral thermal insulation. The flask also contains insulation in its top and
bottom corners. The flask is designed to be pond operated and therefore the cavity is equipped
with a drain tube at its base and a venting hole through the closure. As it is also designed to
transport non-Special Form material the closure, drain and vent plugs are each equipped with
an O-ring seal.

Figure 1: R7021 Assembly
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3.

CRITERIA
1.

The thermal performance shall not be sensitive to damage sustained during either normal or
accident conditions mechanical testing.

2.

No accessible surface shall exceed 50°C under normal conditions of transport in the shade,
unless the shipment is made under “Exclusive Use” conditions (TS-R-1, paras. 617 & 652).

3.

No accessible surface shall exceed 85°C under normal conditions of transport in the shade
(TS-R-1, para. 653).

4.

Package ventilation shall not be restricted by adjacent cargo.

5.

There shall be no significant difference in the thermal performance of packages manufactured
to the current issue of the drawings to that modelled and justified below.

4.

ANALYSIS

4.1

GENERAL

4.1.1 Contents
The R7021 is designed to transport up to 5.92 PBq of normal form 60Co which generates an
internal heat load of 2,460 watts (RTM 025). It is also designed to transport up to 7.40 PBq of
Special Form 60Co which generates an internal heat load of 3,074 watts.
4.1.2 Modelling Software
The thermal performance of the R7021 in the various regulatory conditions has been
characterised using the ANSYS CFD finite element computational fluid dynamics program. Its
handling of natural and forced convection as well as thermal radiation shadowing and reemission makes it particularly appropriate for the R7021. CFD was previously known as CFX
which has a satisfactory history of being used for IAEA Type B package analysis.
CFD modelling is based on computational modelling of gas flow. The mesh includes the gas
regions and at all points in the mesh the key properties of the gas (temperature, viscosity,
density, heat capacity and buoyancy) are calculated. It is able therefore to assign accurately
calculated heat transfer coefficients to all mesh points for solid surfaces. Unlike conventional
finite element analysis (FEA) it does not rely on assumed heat transfer coefficients and
therefore is not dependent on comparing calculated results with measured values and adjusting
the heat transfer coefficients to obtain the best match.
4.1.3 Modelling
The normal form contents (see R7110/1.1) heat load was modelled as follows:
1.

Models of the prototype R7021 (see Fig 2 (QS7021 issue 2 details the manufacturing
drawings and issue levels)) and the contents were benchmarked against temperature
measurements taken with a near maximum contents load. This established an
appropriate contact resistance for the lead stainless steel interfaces and an emissivity
for the contents.
2. A model of the production design (see Fig 3 and QS 7021 issue 4) confirmed its
thermal performance was not affected by the design changes.
3. A sensitivity study was conducted on the production and contents models under
normal and accident conditions of transport thermal environments to assess the
significance of various assumed values and attributes.
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4.
5.
6.
7.
8.
9.

Using the values that gave the highest temperatures, the model was subjected to the
normal conditions thermal environment (in its normal orientation).
Starting with that temperature profile the container model was subjected to the
accident condition thermal test in three different orientations.
The contents were modelled in each orientation using the peak cavity wall
temperature.
To assess the effect of mechanical damage, three new models, incorporating the
damage sustained in each orientation, were subjected to the thermal test.
The maximum reverse temperature gradient in the closure flange was calculated from
the case giving the highest peak temperature at that point.
The contents were re-modelled in the orientation that previously gave the highest
capsule temperature using the peak cavity wall temperature.

The Special Form contents (see R7410/1.1) heat load was modelled as follows:
1. Benchmarking was revised to establish a more accurate emissivity for the flask surface
(in the previous study it had been set to a nominal value).
2. The container and contents models were modified to incorporate the higher heat load
and increased number of capsules.
3. The container model was subjected to the normal conditions environment and the
contents model to the maximum cavity wall temperature.
4. The container model was subjected the thermal test in the orientation that gave the
highest lead temperatures in the previous study.
5. The contents were modelled in the same orientation using the peak cavity wall
temperature.
There were no changes to the design at QS7021 issue 5 that had an effect on the thermal
performance of the flask (see RTM 151). Modifications to the shielding design at QS7021
issue 6 were modelled (see R7811/1.0). Analysis of the results may be found in the Appendix.
4.1.4 Contents
The contents were simulated using a separate model comprising capsules, basket and cavity
wall. Capsules were modelled as solid stainless steel cylinders of the same dimensions as the
R2089 capsule. The basket spacer rings were modelled, to capture their effect on air flow, but
not the vertical tie-rods. Cavity wall temperatures were taken from the flask model. Accident
conditions contents temperatures were modelled using the peak cavity wall temperature with
the cavity and contents in the drop test orientation.
4.1.5 Internal heat load
Heat is generated when radiation is absorbed. Monte Carlo analysis of similar containers and
contents has shown that the total heat load is proportioned primarily between the contents (by
self shielding), the cavity wall, the first radial 12mm of the shielding and the rest of the radial
shielding. The container model, which does not include the capsules, distributes their heat
evenly over the surface of the cavity wall as a heat flux. The contents model distributes
capsule heat evenly through their volume.
Location

Energy deposition [%]

Capsule/cavity wall heat flux

25.8

Cavity wall

11.0

First 12mm radial lead

39.7

Remaining radial lead

23.5

Total

100
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4.1.6 Grill Model
The pressure loss characteristics of the grill were evaluated at air flow rates in the range of
0.25m/s to 1.5m/s and then applied to a porous surface representing the grill.
4.1.7 Normal conditions
In normal conditions the model was given the maximum contents heat load, stood upright
on a solid flat surface, with an emissivity of 0.90, in 38°C still air and subjected to the
insolation specified in TS-R-1.
4.1.8 Accident conditions
In the thermal test the model, in each orientation, was enclosed in an 800°C environment with
an emissivity of 0.9, i.e. as in a furnace, but with a forced updraft of 8 m/s producing peak gas
flow rates not less than 10 m/s around the package. This complied with the IAEA
recommendations, TS-G-1.1. After thirty minutes the environment was replaced by normal
conditions, i.e. still air at 38°C with full insolation, until temperatures in all critical areas had
stopped rising.

4.2

BENCHMARKING
Once all external temperatures were in agreement with the test results the thermal contact
resistance between the lead and stainless steel interfaces was adjusted until the mid-height
cavity wall temperature was correct. The value obtained for the normal form model was
400 W/m2.°C when the external flask emissivity was set to 0.45. This was changed to
330 W/m2.°C when the Special Form study identified an emissivity of 0.55 as giving a better
match with the measurements. The results are summarised as follows:
Measured and Modelled Temperatures [oC]
Location

Measured

Modelled
R7110/1.1

R7410/1.1

Prototype

Production
Design

Revised
Benchmark

Cavity wall (50mm below top)

151 / 196 *1

152

153

152

Cavity wall (mid-height)

155 / 155 /
154 / 270 *1

155

156

155

149

151

152

150

Closure flange (20mm below upper
surface, 50mm from outer edge)

112 / 116

110

114

111

Drain point (centre of cylinder, outer
surface)

83*2

101

101

97

112 / 111 /
112 / 113

119

120

116

49*1

65

67

64

55

57

60

55

Lifting fin (135mm from top edge,
35mm from outer edge)

61 / 59

66

68

65

Flask foot (top surface, 30mm from outer
edge)

27 / 27

32

33

32

Cavity wall (50mm above base)

Flask wall (mid-height, midway between
fins)
Lifting fin (100mm from top edge,
75mm from outer edge)
Lifting fin (40mm from top edge, 55mm
from outer edge)
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Measured and Modelled Temperatures [oC]
Location

Measured

Modelled
R7110/1.1

R7410/1.1

Prototype

Production
Design

Revised
Benchmark

Jacket (top edge)

36 / 36

39

39

39

Jacket (inner surface, 40mm from top
edge)

43 / 40

45

46

46

Top shield (mid height vertical face)

35 / 36

42

39

38

Top shield (half way across horizontal
face)

35 / 35

41

38

38

40

49

37

39

Top shield (top surface centre)

Ambient
21
21
21
21
Notes:
*1: These measurements have been ignored as they are obviously due to malfunctioning thermocouples.
*2: The drain plug head was not explicitly modelled as it has no safety significance. The nearest point
was the flask surface which gave a higher calculated value due to the lack of a contact resistance.

In the contents model the emissivity of the stainless steel capsules was adjusted until their midheight temperatures gave the best match. The value obtained was 0.60. The results are
summarised as follows:
Measured and Modelled Source Temperatures [oC]
Capsule

Measured

Modelled (R7110/1.1)

X

342 / 341 / 342

337

Y

311 / 312 / 312

332

Z

333 / 333 / 330

335

The results demonstrate good agreement with the test results and validate the models and input
parameters for IAEA transport conditions modelling.

4.3

THERMAL PERFORMANCE OF THE PROTOTYPE VS THE PRODUCTION DESIGN
When the same internal heat load and contact resistance were applied to the production model
all key temperatures remained essentially unchanged (the only significant area of difference
being the surface of the top shield which had acquired an additional top plate and therefore ran
a little cooler). This confirmed the changes made no significant difference to steady state
thermal performance which allowed the contact resistance and capsule emissivity to be carried
through without further benchmarking.
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Figure 2: Prototype
Thermal Model

4.4

Figure 3: Modified Design
Thermal Model

SENSITIVITY STUDY
The thermal analysis investigated the sensitivity of the design to various assumed values or
attributes including those of its contents. The key design and modelling parameters are as
follows:
•
•
•
•
•
•

The emissivity of flask external surfaces.
The emissivity of carbon steel surfaces.
The thermal conductivity of the flask, jacket and top shield insulation.
The number of capsules (total activity remaining constant) in the cavity.
The gas in the cavity.
The cavity gas pressure.

The reference case contents consisted of sixteen R2089 sources in a neon filled cavity at
1 atm. The emissivity of the flask external surfaces was 0.4, the emissivity of the carbon steel
surfaces was 0.9 and the conductivity of the insulation was the manufacturer’s stated value.
The contents heat load was the maximum permitted and the environment was normal
conditions in all cases except for the insulation conductivity which was also run in accident
conditions. The results are summarised as follows:
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Effect of Various Parameters on Normal Conditions Package Temperatures [oC]
Location

Reference
Case

Cavity wall (mid-height)

178

Emissivity of S/S

Emissivity of C/S

0.20

0.60

0.80

0.98

Ins cond
2*kins

184

176

179

178

178

Maximum lead temperature

168

175

166

169

169

168

Closure flange (20mm below
upper surface, 50mm from outer
edge)

136

142

133

137

137

136

Drain point (centre of cylinder,
80mm from outer surface)

138

144

135

139

138

137

Flask wall (mid-height, midway
between fins)

139

146

137

141

140

139

Flask foot (top surface, 30mm
from outer edge)

62

62

64

64

62

63

Top shield (top surface centre)

95

83

87

92

99

91

Ambient

38

38

38

38

38

38

Effect of Variation in Insulation Conductivity on Accident Condition Package Temperatures [oC]
Location

Reference Case

Conductivity Doubled

Cavity wall (mid-height)

271

278

Maximum lead temperature

268

271

Closure flange (20mm below
upper surface, 50mm from outer
edge)

253

258

Drain point (centre of cylinder,
80mm from outer surface)

224

231

Flask wall (mid-height, midway
between fins)

254

264

Effect of Various Contents Parameters on Source Temperature [oC]
Reference Case

Number of Capsules

Cavity Gas

Pressure [atm]

16/neon/1 atm

12

18

Helium

Air

2

334

348

325

265

360

332

The sensitivity study demonstrated:
•

Flask temperatures are not particularly sensitive to the stainless steel emissivity in
normal conditions of transport though a lower value does give slightly higher results.

•

Flask temperatures are not sensitive to the carbon steel emissivity or the insulation
conductivity in normal conditions of transport.

•

Flask temperatures are not particularly sensitive to the insulation conductivity in
accident conditions though a higher value does give slightly higher results.

•

Contents temperature is sensitive to capsule activity (the higher the activity the higher
the temperature) and cavity gas (air being worse than either neon or helium) but is not
sensitive to the gas pressure.
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4.5

NORMAL CONDITIONS

4.5.1 Drop test damage
The prototype R7021 was subjected to three 1.2m drop tests (RTR 233-235) and one 1m
penetration test (RTR 236) causing only superficial damage. Normal conditions of transport
tests did not cause any damage that might affect its thermal performance.
4.5.2 Results
Normal conditions for normal form contents was modelled with the maximum activity
(5.92 PBq), twelve capsules (the activity per capsule being the normal maximum), air in the
cavity at 1 atm, a flask emissivity of 0.20 and a carbon steel emissivity of 0.98. The results
are summarised as follows:
Normal Conditions Temperatures [oC]
Location

Equilibrium in the
shade (@ 38°C)

Equilibrium in the
sun (@ 38°C)

Capsule wall

377

379

Cavity wall (mid-height)

180

184

Maximum lead temperature

170

175

Closure flange (20mm below upper surface, 50mm from outer
edge)

135

142

Drain point (centre of cylinder, 80mm from outer surface)

139

144

Flask wall (mid-height, midway between fins)

141

146

Lifting fin (40mm from top edge, 55mm from outer edge)

79

87

Flask foot (top surface, 30mm from outer edge)

51

68

Top shield (top surface centre)

53

103

Ambient

38

38

Normal conditions for Special Form contents was modelled with the maximum activity
(7.40 PBq), fourteen capsules (the activity per capsule being the normal maximum), air in the
cavity at 1 atm, a flask emissivity of 0.55 and a carbon steel emissivity of 0.98. The results
are summarised as follows:
Normal Conditions Temperatures [oC]
Location

Equilibrium in the
shade (@ 38°C)

Equilibrium in the
sun (@ 38°C)

Capsule wall

409

411

Cavity wall (mid-height)

201

205

Maximum lead temperature

186

191

Closure flange (20mm below upper surface, 50mm from outer
edge)

141

150

Drain point (centre of cylinder, 80mm from outer surface)

148

152

Flask wall (mid-height, midway between fins)

149

153

Lifting fin (40mm from top edge, 55mm from outer edge)

79

93

Flask foot (top surface, 30mm from outer edge)

50

67

Top shield (top surface centre)

57

100

Ambient

38

38
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4.6

ACCIDENT CONDITIONS (WITHOUT DROP TEST DAMAGE)
Accident conditions were modelled with the starting condition above and the carbon steel
emissivity set to 0.8, as recommended by TS-G-1.1. The results are summarised as follows:
Normal Form Contents - Peak Accident Conditions Temperatures [°C]
Normal Form
Location
Upright Inverted
Side
Cavity wall (mid-height)
282
292
288
Maximum lead temperature
281
283
280
Closure flange (20mm below upper surface, 50mm from
259
251
252
outer edge)
Drain point (centre of cylinder, 80mm from outer surface)
236
262
257

4.7

Special Form
Upright
305
294
275
248

ACCIDENT CONDITIONS (WITH DROP TEST DAMAGE)
In each orientation the nature and extent of the 9m drop test damage was taken from the
numerical impact analysis (C15788/TR/0001) and the 1m puncture damage from the prototype
test results. See below for more detail.

4.7.1 Upright
Drop test damage (see Figs 4 & 5) consisted primarily of deformation of the upper pallet plate
and crushing of the webs under the flask. The top plate was modelled realistically (see Fig 6).
The webs were not represented in the model so no change was required.

Figure 4: R7021 after 9m upright drop (modelled)
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Figure 5: Pallet after 9m upright drop (modelled)

Figure 6: Thermal model (quarter section) showing pallet damage

Punch damage (see Figs 7-9) consisted primarily of partial penetration of the lower plate on a
150mm diameter (see RTR 239). The damage was modelled by completely removing a
150mm square section (see Fig 10). This not only increased heat input in that area as it is a
larger area but also permitted free radiation energy and hot gas penetration. The hole was
moved to the centre to take advantage of symmetry for ease of modelling.
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Figure 7: Pallet after two 1m punch tests

Figure 8: Partial punch penetration

Figure 9: Partial punch penetration

Figure 10: Thermal model (quarter section) showing punch hole
RTM 120
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4.7.2 Inverted
Drop test damage (see Figs 11 & 12) consisted primarily of crushing of the top shield cones.
For ease of modelling this was modelled by removing the cones (see Fig 13). This removed
their shadowing effect on the top shield surfaces immediately below and around them which
would only increase heat input to the top shield.

Figure 11: R7021 after 9m inverted drop test (modelled)

Figure 12: Top shield cones crushed
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Figure 13: Thermal model (quarter section) without cones

Punch damage (see Figs 14 & 15) consisted primarily of partial penetration of the centre plate
on a 150mm diameter (see RTR 242). The modified top shield incorporated greater protection
in this area which eliminated the shearing (Fig 16) however, for conservatism, the damage was
modelled by completely removing a 150mm square section (see Fig 17). This increased heat
input in that area as it is not only a larger area but it also permits free radiation energy and hot
gas penetration. The hole was moved to the centre to take advantage of symmetry for ease of
modelling.

Figure 14: Top shield after two 1m punch tests
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Figure 15: Detail of punch damage

Figure 16: Punch damage to modified top shield (modelled)
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Figure 17: Thermal model (quarter section) showing punch hole

4.7.3 Side
Drop test damage (see Figs 18-22) consisted primarily of partial crushing of one side of the
pallet, one of the top shield quadrants and one side of the jacket. The damage was modelled as
realistically as possible (Fig 23) by bending up the pallet plates (that being the direction
having most effect on gas flow around the container), creating a new outer quadrant surface
that best matched the crushed profile and creating a flat in the jacket that best matched the
crush damage.

Figure 18: R7021 after 9m side drop (modelled)
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Figure 19: R7021 after 9m side drop (modelled)

Figure 20: Pallet after 9m side drop (modelled)
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Figure 21: Pallet after 9m side drop (modelled)

Figure 22: Top shield after 9m side drop (modelled)
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Figure 23: Thermal model (half section) showing 9m side drop damage

Punch damage (see Figs 24-27) consisted primarily of partial penetration of both jacket plates
on a 150mm diameter (see RTR 248 & IR 0675). The new jacket design incorporates
reinforcement in the area around the drain plug to prevent penetration so the damage was
therefore modelled in an unreinforced area where it could still affect the drain plug, i.e. in the
same fin channel and still aimed at the centre gravity but angled 25 degrees above the
horizontal instead of 25 degrees below it. The actual deformation was modelled as realistically
as possible (Fig 28).

Figure 24: Partial penetration of jacket after 1m punch
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Figure 25: Shearing of jacket outer and inner skins from angled side punch

Figure 26: Punch penetration
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Figure 27: Section through jacket damage

Figure 28: Thermal model (half section) showing punch hole
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4.7.4 Package Results
Location

Cavity wall (mid-height)
Maximum lead temperature
Closure flange (20mm below upper surface, 50mm from
outer edge)
Drain point (centre of cylinder, 80mm from outer
surface)

Peak A/C Temperatures (with damage) [°C]
Normal Form
Special Form
Upright
Inverted
Side
Inverted
273
293
288
316
271
284
279
302
253
253
253
228

261

256

-

The maximum peak closure flange temperature was 259°C (Section 4.6, upright and
undamaged case). The maximum reverse temperature gradient was 3°C (Appendix 3,
R7110/1.1).

4.8

CONTENTS RESULTS
The maximum cavity wall temperature in each orientation was used to model the contents in
each orientation:
Temperature [oC]

Orientation and Condition

4.9

Normal Form

Special Form

Upright, undamaged

433

-

Inverted, undamaged

437

-

Inverted, damaged

437

471

Side, undamaged

435

-

SURFACE TEMPERATURE IN THE SHADE
The maximum temperature of any normally accessible surface in the shade in a 38°C ambient
and with the maximum internal heat load is 79°C (see above). Taking the temperature
difference (41°C) as proportional to the heat load, i.e. activity, the temperature reduces to
49.5°C when the contents activity is reduced to 2.08 PBq.

4.10 ADJACENT CARGO
The design of the package is such that adjacent cargo cannot affect its temperature. The pallet
prevents other cargo from coming close to the jacket and restricting the free movement of air
around the package.
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5.

CONCLUSIONS

5.1

NORMAL AND ACCIDENT CONDITIONS SUMMARY
The thermal performance of the R7021 at issues 4, 5 & 6 of the drawings list, QS7021, is
summarised below:
Location

Closure flange (50mm from outer edge)
Drain point (centre of cylinder, 80mm from
outer surface)
Maximum reverse gradient in closure flange
Capsule wall
Cavity wall (mid-height)
Maximum lead temperature
Closure flange (50mm from outer edge)
Flask wall (mid-height, midway between fins)
Lifting fin (40mm from top edge, 55mm from
outer edge)
Flask foot (top surface, 30mm from outer edge)
Top shield (top surface centre)

5.2

Normal Form - Peak Temperatures [°C]
Equilibrium Equilibrium
Thermal Test
in the shade in the sun (maximum with or without
(@ 38°C)
(@ 38°C)
drop test damage)
135
142
259
139
144
262
-

3
Special Form - Peak Temperatures [°C]
409
411
471
201
205
316
186
191
302
141
150
270
149
153
287
79
93
50
57

67
100

-

NOTES
1. The thermal performance of the R7021 is not sensitive to IAEA normal or accident conditions
mechanical testing.
2. The R7021 should be transported under “Exclusive Use” conditions when carrying more than
2.08 PBq of Co60.
3. No accessible surface exceeds 85°C under normal conditions of transport in the shade.
4. The thermal performance of the R7021 is not significantly affected by adjacent cargo.
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APPENDIX
SHIELDING MODIFICATIONS MADE AT QS7021 ISSUE 6
Shielding components were added to the base of the flask (Figure 3). Four stainless steel plates
were added around the flask lower cone (one of the plates has a lead plate set into a cut-out
and covered with a capping sheet). In addition, a stainless steel disc was added under the flask
base.

Figure 29: Shielding Modifications

The effect on the thermal performance of the R7021 is analysed in report R7811/1.0 and the
results are summarised below:
Location

Closure flange (50mm from outer edge)
Drain point (centre of cylinder, 80mm from
outer surface)
Maximum reverse gradient in closure flange
Capsule wall
Cavity wall (mid-height)
Maximum lead temperature
Closure flange (50mm from outer edge)
Flask wall (mid-height, midway between fins)
Lifting fin (40mm from top edge, 55mm from
outer edge)
Flask foot (top surface, 30mm from outer edge)
Top shield (top surface centre)

Normal Form - Peak Temperatures [°C]
Equilibrium Equilibrium
Thermal Test
in the shade in the sun
(damaged, inverted
(@ 38°C)
(@ 38°C)
orientation)
124
134
255
130
135
259
-

3
Special Form - Peak Temperatures [°C]
409
411
471
201
207
315
187
192
301
142
151
271
149
154
289
78
92
49
58

65
101

-
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CONCLUSIONS
1. Results for normal form contents are slightly lower than the original results (section 5.1) due
to the revised benchmark model detailed in report R7410/1.1. The original results may stand
therefore, but with a higher margin of safety.
2. Peak temperatures for Special Form contents are generally within 1°C of the original results
and therefore demonstrate the modifications have no effect on the thermal performance of the
R7021.
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