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REVISS RESPONSE (SPECIAL FORM CONTENTS ONLY) TO  

NRC REQUEST FOR ADDITIONAL INFORMATION 

MODEL NO. R7021 PACKAGE 

COMPETENT AUTHORITY CERTIFICATE NO. GB/3981A/B(U)-96  

DOCKET NO. 71-3085 
 

 

 

FOREWORD 
This response only addresses those questions concerned with Special Form contents as it is 
sufficient at this time the validation be restricted to such contents.  Reviss will continue 
towards addressing the remaining questions but it is not possible to make a commitment as to 
when that might be complete. 

The cask design has been modified since the original validation request as a result of 
shielding surveys on the first batch of production units (see also R1 below).  The 
modifications have been approved by the UK competent authority under license attachment 
MOD7021/1 (attached). 

The operating instructions for this package, OP381, have been revised to incorporate the RAI 
comment E1 below and to correct a number of minor errors.  Issue 3 has been agreed by the 
UK competent authority who expect to issue the license attachment, MOD7021/2, week 
beginning Sep 13th.  This will be forwarded as soon as it is available.  

All DSR documentation that has been revised since the original validation request is attached 
(document changes are sidelined and drawing changes are marked with diamonds). 

 

STRUCTURAL EVALUATION 
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PERFORMANCE OF THE R7021 PACKAGE UNDER US TIE-DOWN LOADS (TS-G-1.1) 
 

1. Description 
The design consists of a shielded, stainless steel flask mounted on a pallet and 
protected from heat and impact by a jacket and top shield (Figure 1). The maximum 
gross weight of the design and key sub-assembly are tabulated below. 

 
 

Maximum Gross Assembly Weights (kg) 
Assembly (maximum gross weight) 4,600 
Assembly minus pallet (maximum gross weight) 4,350 

 

 
Figure 1:  R7021 Assembly 

 

2.   Assessment 

2.1 Criteria 
Stresses shall not exceed yield when the package, at normal conditions of transport 
temperature, is subjected to the simultaneous application of the acceleration factors.  
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2.2 Assumptions 

 Loads spread over more than one component are equally distributed. 
 Tie-down members are aligned with the axis of the attachment point.   
 Tie-down member shackle pins are diameter 28.6 mm (1⅛”). 
 Special tie-down equipment is not used. 
 The contribution from friction between components clamped together is ignored. 
 Upward accelerations are ignored, as the load path is straight through the pallet into 

the flask.  
 The contribution from the dowels between the pallet and flask is ignored. 

 

2.3 Acceleration Data 
Acceleration data is taken from TS-G-1.1, Table V.2.  
 

Acceleration  (g) 
Longitudinal Lateral Vertical Down (allowing for gravity)* 

10 5 1 
 

2.4 Yield Strength 
Under normal conditions of transport the flask tie-down eyes are at a temperature of 
93C (RTM 120).  The flask is fabricated from 1.4307 (304L) plate to BS EN 10088-
2.  The minimum room temperature yield strength of the tie-down eyes is 200 N/mm2.  
This reduces to 178 N/mm2 at a temperature of 93C (using by proportion the 
reduction in design strength cited in PD 5500 for 304-S11 up to 100°C).   
 
The flask feet are at a temperature of 67C (RTM 120). The yield strength also 
reduces to 178 N/mm2 using the above method.  
 
The pallet pad welds are at a maximum temperature of 67C (RTM 120).  The pallet 
is fabricated from S355 carbon manganese steel to BS EN 10025.  The minimum 
room temperature yield strength is 400 N/mm2 (drawing R7021/004).  This reduces to 
371 N/mm2 at a temperature of 67C (using by proportion the reduction in design 
strength cited in PD 5500 for a similar grade steel (223, 490A) up to 100°C).   
 
Yield strength data for the carbon steel studs is taken from BS 3692 and reduced for 
the normal conditions of transport temperature of 67C (using by proportion the 
reduction in design strength cited in PD 5500 up to 100°C).   
 
The yield strength of each component in the tie-down load path is given below: 

 
Element Normal 

Conditions 
Temperature (C)  

Yield Strength (N/mm2) 

Tension Shear* 
(NCT) RT NCT 

Tie-down eyes  93 200 178 103 
Tie-down fin welds 93 200 178 103 
Pallet pad welds 67 400 371 214 
Flask studs 67 640 580 335 
Flask-to-feet welds 67 200 178 103 

* Using a factor of 0.577 on tensile strength based on Von Mises’ theorem. 
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2.5 Load Path 
Horizontal loads from the chocks are taken directly into the pallet and into the flask 
fixings and feet welds. Vertical loads from toppling moments and vertical 
accelerations are taken through the tie-down eyes and their attaching welds into the 
flask body.  
 

2.6 Restrained Masses 
The mass restrained by each element in the load path is: 

 
Element Restrained Mass (kg) 
Tie-down eyes  4,600 Tie-down fin welds 
Pallet pad welds 

4,350 Flask studs 
Flask-to-feet welds 

 
 

 
Figure 2:  R7021 Tie-down Arrangement 
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2.7 Restraint Loads 
The maximum tie-down load in each element in each of the three axes is therefore: 

 
 

Element W, Restraint Load (kN) 
Longitudinal  

(Wlon) 
Lateral  
(Wlat) 

Vertical down 
(Wver) 

Tie-down eyes  451 226 45.1 Tie-down fin welds 
Pallet pad welds 

427 213 42.7 Flask studs 
Flask-to-feet welds 

 

3. Analysis 
The analysis will consider the load generated by each acceleration in turn and then 
combine them to arrive at the maximum stress generated in each component in the tie-
down eye load path.     

 

3.1 Stress in Tie-down Eyes 
(a) Longitudinal acceleration loads are taken primarily by the chocking but a 
toppling moment will be generated which will create an upwards force, W1, on each 
of the two eyes at the opposite end.  The force is proportional to the height of the 
centre of gravity and inversely proportional to the distance from the tie-down point to 
the chocked edge of the pallet.  This force is resisted however by gravity acting 
downwards on the package.  The symmetry of the design puts the centre of gravity at 
its mid-length and mid-width and so the gravitational force may be taken as one 
quarter of the package mass acting at each corner.  The load on each eye, W1, is 
therefore: 
 

   W1 = (Wlon x L1) - (M x g x 0.5 x L2) 
               N x (L2 + z1) x sin a1 x sin a2      

  
where 

 Wlon = longitudinal acceleration load = 451 kN 
L1 = height of package CoG = 0.756 m 
M = package mass = 4,600 kg 
g = gravitational acceleration = 9.81 m/s2  
L2 = floor length of pallet = 1.25 m 
z1 = longitudinal distance from pallet to tie-down point = 0.595 m 
N   = number of tie-down eyes under load = 2 
a1  = tie-down angle from horizontal (viewed from the side) = 54° 

 a2  = tie-down angle from horizontal (viewed from the end) = 54° 
 
 thus   

W1  = (451 x 103 x 0.756) - (4,600 x 9.81 x 0.5 x 1.25) = 130 kN 
    2 x (1.25 + 0.595) x 0.809 x 0.809             
 

(b) Lateral acceleration loads are taken primarily by the chocking but a toppling 
moment will be generated which will create an upwards force, W2, on each of the two 
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eyes on the opposite side.  The force is proportional to the height of the centre of 
gravity and inversely proportional to the distance from the tie-down point to the 
chocked edge of the pallet.  Again the force is resisted by gravity.  The load on each 
eye, W2, is therefore: 

 
   W2 = (Wlat x L1) - (M x g x 0.5 x L3) 
        N x (L3 + z2) x sin a1 x sin a2      
  

where 
 Wlat = lateral acceleration load = 226 kN 

L3 = floor width of pallet = 1.25 m 
z2 = lateral distance from pallet to tie-down point = 0.595 m 
N   = number of tie-down eyes under load = 2 
a1  = tie-down angle from horizontal (viewed from the side) = 54° 

 a2  = tie-down angle from horizontal (viewed from the end) = 54° 
 
 thus   

W2  = (226 x 103 x 0.756) - (4,600 x 9.81 x 0.5 x 1.25) = 59.1 kN 
     2 x (1.25 + 0.595) x 0.809 x 0.809    
 

(c) Vertical acceleration loads create an upwards force on all of the tie-down 
eyes.  The load on each eye, W3, is therefore: 

 
W3 =            Wver           

      N x sin a1 x sin a2       
  

where 
 Wver = vertical acceleration load = 45.1 kN 

N   = number of tie-down eyes under load = 4 
a1  = tie-down angle from horizontal (viewed from the side) = 54° 

 a2  = tie-down angle from horizontal (viewed from the end) = 54° 
 

 thus 
   W3  =        45.1 x 103       = 17.2 kN 

       4 x 0.809 x 0.809       
 

(d) Pull-out stress in eye: 
The load is resisted by the tie-down member and its shackle pin may be considered to 
create two shear planes (Fig 3) in the eye as it attempts to pull through the eye plate.  
The shear stress, S1, in these planes is therefore: 

 
S1 = W1 + W2 + W3 
       A1 

where  
A1  = total area of shear planes = (25 x 59.0) + (25 x 84.1) = 3,580 mm2 

 
 thus 
 

  S1  = (130 + 59.1 + 17.2) x 103  = 57.6 N/mm2 
                   3,580 
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3.2 Stress in tie-down fin weld 
The load from each acceleration will be the same as above therefore the maximum 
load will be the sum again.  The shear stress, S2, generated in the fin weld is 
therefore: 

 
S2 = W1 + W2 + W3 
       A2 

where  
A2  = cross-sectional area of weld = l x t 
 
where 
l = weld length = 2(250* + 20) = 540 mm  
t = weld throat width = 10 x 0.707 = 7.07 mm 
*(stressed vertical length of weld is taken as 250mm on each side of the fin) 

 
thus  A2 = 540 x 7.07 = 3,820 mm2 

  
thus  S2 = (130 + 59.1 + 17.2) x 103  = 54.0 N/mm2 

                 3,820 
 

 

Figure 3:  Tie-down eye details 
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3.3 Pallet  
The flask is supported on a square pallet fabricated from carbon steel plate. The two 
are held together with twelve carbon steel, M24 studs and nuts. The studs are secured 
into carbon steel pads that are welded to the main pallet surface. The studs and welds 
are subject to shear loads from horizontal accelerations.       
 
 

 
 

Figure 4:  Pallet pad details 

 

3.3.1 Pallet welds 
(a) Longitudinal acceleration loads generate a longitudinal shear stress, S3, in the 

welds: 
 

S3 = Wlon 
            A3 

where  
A3  = N x A 
 
where 
N  = number of pads = 4 
A  = cross-sectional area of weld = l x t 
 
where 
l = weld length = 2(180 + 150) = 660 mm  
t = weld throat width = 6 x 0.707 = 4.24 mm 

  
thus 

  A3 = 4 x (660 x 4.24) = 11,200 mm2 
 

 
and 

  S3  = 427 x 103  = 38.1 N/mm2 
     11,200 
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(b) Lateral acceleration loads generate a lateral shear stress, S4, in the welds: 
 

S4 = Wlat 
       A3 

  
thus 

   S4  = 213 x 103  = 19.0 N/mm2 
     11,200 

 
(c) Vertical acceleration loads generate no stresses in the welds. 

 
(d) Load combination stress  
The maximum stress is found when the three acceleration loads are applied 
simultaneously.  The maximum normal and shear stresses are found using the tri-axial 
stress analysis methodology.  Thus: 

  
  Sx = normal longitudinal stress = 0 

Sy = normal vertical stress = 0 
Sz = normal lateral stress = 0 
Sxy = vertical shear = 0 N/mm2 

Syz = lateral shear = 19.0 N/mm2 

Szx = longitudinal shear = 38.1 N/mm2 
 

A = Sx + Sy + Sz = 0 
B = Sx.Sy + Sy.Sz + Sz.Sx - Sxy

2 - Syz
2 - Szx

2  = -1,813 
C = Sx.Sy.Sz + 2.Sxy.Syz.Szx - Sx.Syz

2 - Sy.Szx
2 - Sz.Sxy

2   = 0  
D = A2/3 - B = 1,813 
E = A x B/3 - C - 2A3/27 = 0 
F = √(D3/27) = 14,852 
G = cos-1(-E/2F) = 90.0 
H = √(D/3) = 24.6 
 
the principal stresses are therefore: 
I = 2.H.cos(G/3) + A/3 = 42.6 N/mm2 
J = 2.H.cos(G/3 + 120) + A/3 = -42.6 N/mm2 
K = 2.H.cos(G/3 + 240) + A/3 = 0 N/mm2 
 
S5, the maximum principal normal (tensile) stress, is therefore 42.6 N/mm2 
 
S6, the maximum shear stress, is 0.5(S5 - Smin) = 42.6 N/mm2 

 

3.3.2 Pallet fixings  
(a) Longitudinal acceleration loads generate a longitudinal shear stress, S7, in the 

fixings: 
 

S7 = Wlon 
       A4 

where  
A4  = N x At 
 
where 
N  = number of bolts = 12 
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At = tensile stress area of M24 bolt = 353 mm2 (BS 3643) 
  

thus 
  A4 = 12 x 353 = 4,240 mm2 
 
 

and 
  S7  = 427 x 103  = 101 N/mm2 

      4,240 
 

(b) Lateral acceleration loads generate a lateral shear stress, S5, in the flask 
fixings: 

 
S8 = Wlat 
       A4 

  
thus  

  S8  = 213 x 103  = 50.2 N/mm2 
      4,240 

 
(c) Vertical acceleration loads generate no stresses in the fixings. 

 
(d) Load combination stress  
The maximum stress is found when the two acceleration loads are applied 
simultaneously.  The maximum normal and shear stresses are found using the tri-axial 
stress analysis methodology.  Thus: 

  
  Sx = normal longitudinal stress = 0 

Sy = normal vertical stress = 0 
Sz = normal lateral stress = 0 
Sxy = vertical shear = 0 
Syz = lateral shear = 50.2 N/mm2 

Szx = longitudinal shear = 101 N/mm2 
 

A = Sx + Sy + Sz = 0 
B = Sx.Sy + Sy.Sz + Sz.Sx - Sxy

2 - Syz
2 - Szx

2  = -12,721 
C = Sx.Sy.Sz + 2.Sxy.Syz.Szx - Sx.Syz

2 - Sy.Szx
2 - Sz.Sxy

2   = 0  
D = A2/3 - B = 12,721 
E = A x B/3 - C - 2A3/27 = 0 
F = √(D3/27) = 276,123 
G = cos-1(-E/2F) = 90 
H = √(D/3) = 65.1 
 
the principal stresses are therefore: 
I = 2.H.cos(G/3) + A/3 = 113 N/mm2 
J = 2.H.cos(G/3 + 120) + A/3 = -113 N/mm2 
K = 2.H.cos(G/3 + 240) + A/3 = 0 N/mm2 

 
S9, the maximum principal normal (tensile) stress, is therefore 113 N/mm2 
 
S10, the maximum shear stress, is 0.5(S9 - Smin) = 113 N/mm2 
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3.4 Flask and Supports 
The flask is supported on four feet that are welded to its base. The feet welds will be 
subject to shear loads generated by horizontal accelerations.     
 

3.4.1 Flask feet welds  
 

 
Figure 5:  Flask feet details 

 
 (a) Longitudinal acceleration loads generate a longitudinal shear stress, S11, in 

the welds: 
 

S11 = Wlon 
       A5 

where  
A5  = N x A 
 
where 
N  = number of feet = 4 
A  = cross-sectional area of weld = l1 x t1 + l2 x t2 
 
where 
l1 = fillet weld length = 2 x 77.5 + 180 = 335 mm  
l2 = weld length = 2 x 112 + 25 = 249 mm  
t1 = fillet weld throat width = 10 x 0.707 = 7.07 mm 
t2 = weld throat width = 10 mm 

 
thus 

  A5 = 4 x (335 x 7.07 + 249 x 10) = 19,400 mm2 
 

and 
  S11  = 427 x 103  = 22.0 N/mm2 

      19,400 
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(b) Lateral acceleration loads generate a lateral shear stress, S4, in the flask 
fixings: 

 
S12 = Wlat 
       A3 

  
thus  

  S12  = 213 x 103  = 11.0 N/mm2 
      19,400 

 
(c) Vertical acceleration loads generate no stresses in the fixings. 

 
(d) Load combination stress  
The maximum stress is found when the two acceleration loads are applied 
simultaneously.  The maximum normal and shear stresses are found using the tri-axial 
stress analysis methodology.  Thus: 

  
  Sx = normal longitudinal stress = 0 

Sy = normal vertical stress = 0 
Sz = normal lateral stress = 0 
Sxy = vertical shear = 0 
Syz = lateral shear = 11.0 N/mm2 

Szx = longitudinal shear = 22.0 N/mm2 
 
A = Sx + Sy + Sz = 0 
B = Sx.Sy + Sy.Sz + Sz.Sx - Sxy

2 - Syz
2 - Szx

2  = -605 
C = Sx.Sy.Sz + 2.Sxy.Syz.Szx - Sx.Syz

2 - Sy.Szx
2 - Sz.Sxy

2   = 0  
D = A2/3 - B = 605 
E = A x B/3 - C - 2A3/27 = 0 
F = √(D3/27) = 2,864 
G = cos-1(-E/2F) = 90 
H = √(D/3) = 14.2 

 
the principal stresses are therefore: 
I = 2.H.cos(G/3) + A/3 = 24.6 N/mm2 
J = 2.H.cos(G/3 + 120) + A/3 = -24.6 N/mm2 
K = 2.H.cos(G/3 + 240) + A/3 = 0 N/mm2 
 
S13, the maximum principal normal (tensile) stress, is therefore 24.6 N/mm2 
 
S14, the maximum shear stress, is 0.5(S13 - Smin) = 24.6 N/mm2 
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4. Summary of stresses 
   The stress levels and safety factors in the various elements of the R7021 structure 

under the worst case combined tie-down accelerations are summarised as follows: 
 

Structural Element Yield Strength 
(N/mm2) 

Stress 
Type 

Maximum 
Stress (N/mm2)  

Safety 
Factor 

Tie-down eyes 103 shear 57.6 1.78 
Fin welds 103 shear 54.0 1.91 
Pallet-to-pad welds 214 shear 42.6 5.02 
Flask-to-pallet studs 335 shear 113 2.96 
Flask feet welds 103 shear 24.6 4.19 
Minimum Safety Factor  1.78 

 
5. Conclusions 

 Design Criteria:  The R7021 transport container meets the US tie-down requirements 
for Type B(U) packages specified in TS-G-1.1 with a minimum factor of safety of 
1.78. 

 Overload:  Should the R7021 be overloaded to the point of failure the tie-down eyes 
would fail first leaving all key components intact.  This would not impair its ability to 
meet all other Type B(U) requirements specified in TS-R-1. 
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MATERIALS EVALUATION 
 

 
 

 
 

Thermal test:  The thermal test requires each flask to be fitted with eight thermocouples, four 
around the cavity wall at its mid-height and four around the outer wall at its mid-height, and 
be loaded with 100-120kCi Co-60 in standard R2089 capsules.  It is then assembled into its 
transport configuration and left until thermal equilibration has been verified. 
 
Criteria:  The difference between the mean cavity wall temperature and ambient may not 
exceed the 1.05 times the activity in kCi.  Similarly the difference between the mean outer 
wall temperature and ambient may not exceed the 0.70 times the activity in kCi. 
 
Justification:  The minimum activity is considered that necessary to obtain reasonably 
accurate results, the maximum is to cap the dose burden.  The nearest modelled activity was 
154 kCi (see benchmarking report). Dividing the temperature differences (cavity wall: 155-
21=131C, outer wall 116-21 = 95C) by the activity (154kCi) gives the temperature difference 
per kCi (cavity wall: 0.85, outer wall 0.62).  The criteria are set slightly higher to take account 
of the calculational accuracy and normal manufacturing variation.  
 
Note:  No production units to date have exceeded the values above. 
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Reviss supplied AMEC with certified material test reports for the steels, fixings and weld 
consumables used in the fabrication of the prototype so the FE model could reproduce its 
performance as accurately as possible (certificates available on request). The purpose of this 
was to benchmark the model against the prototype test data, investigate the drain tube failure 
and assess the design generally.  
 
Reviss raised the yield and tensile strength criteria in the modified (production) design above 
the grade minimum in the British Standards for the following components: 

 Carbon steel plate (key shock absorbing component in the top shield, jacket and 
pallet):  Modelling above the grade minimum showed significantly improved impact 
performance. 

 Stainless steel plate and bar (flask and closure structure): The standards gave 
different grade minima so the model used slightly higher common values for 
simplicity and those were incorporated into the specification.  

 M16 shoulder bolts (attach the top shield and jacket):  Modelling demonstrated 
improved impact performance.  

 
 
 

 
 

 Material encapsulation: Any 300 series stainless steel or zircalloy or hastelloy may be 
used. 

 Baskets:  Any 300 series stainless steel may be used. 
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THERMAL EVALUATION 
 

 

 
 

Package safety is not dependant on equilibration.  The maximum tensile stress in the closure 
fixings from internal pressure, assuming the package is sealed before any temperature rise due 
to contents heating, is 4.19 N/mm2 (RTM 119) representing 0.9% of the design strength of the 
fixings at their normal conditions temperature, 142°C (RTM 120).   
The prototype package (see RTM 118 and stud Drg. R7021/011 issue B) was fitted with 
closure fixings the next strength grade down (25% reduced yield) to take account of internal 
pressure and temperature and reduced atmospheric pressure. No permanent distortion was 
measured after drop testing (see IR0671 & 0676). 
FE modelling calculated a maximum strain of 0.2% in the closure fixings in the final package 
design (Table 6, AMEC report C15578/TR/0002).     
 

 
 

 
 

Section 6.9.2 of R7021BU is in error.  The surface temperature will not exceed 50°C.  The 
maximum cobalt activity for air transport is 1.2 PBq.  With 7.4 PBq cobalt contents the 
maximum surface temperature in the shade is 79°C (Section 6.5.3).  Applying the reduction in 
heat load directly to the temperature differential (79 - 38 = 41°C) gives a new differential of 
6.6°C.  This gives a maximum surface temperature of 44.6°C.  The margin is more adequate 
to compensate for the simplistic nature of the calculation.  R7021BU will be corrected at the 
next opportunity. 
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The requirement for a 17°C increase in ambient temperature to 55°C is partially offset by the 
2 – 9°C reduction in containment temperatures (Section 6.5.3, R7021BU).  In any event the 
84% reduction in contents heat load has a similar effect in reducing temperature differentials.  
The lowest containment differential, on the closure flange, is 103°C (141°C in the shade with 
7.4PBq contents).  Given the drop in temperature with 1.2PBq contents will be in the order of 
86°C it is evident containment will not be affected by a 17°C increase in ambient temperature.  

 
 
 

 
 

The package heat load distribution was provided by the ANSWERS Software Service of 
Serco Assurance using the MCBEND code, a general radiation transport Monte Carlo code. 
The code and data are maintained to a level of quality assurance consistent with the standards 
of Serco’s ANSWERS Software Service. This ensures that reference versions of the code, 
data libraries and test data are held, and that updating and archiving of the code and data are 
strictly controlled. 
 
Geometry Modelling:  A 3-D model of the 7021 package was created using dimensions and 
material specifications from the manufacturing drawings and was checked using the 
geometry-checking programme Visual Workshop. 
 
Disintegration energies: Co-60 emits two prominent gammas at each disintegration (1.17MeV 
and 1.33MeV) which were explicitly modelled and betas (mean energy 0.096MeV) which 
was added to the internal deposition in the sources.  
 
Scoring regions:  Energy deposition was calculated in three regions nearest the centre of the 
package that accounted for approximately 75% of the total energy.  The remaining 25% was 
distributed evenly in the surrounding shielding. 
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Grid Convergence 
A hexahedral grid was used to model the flask.  The grid resolves geometric details and near-
boundary regions as good as possible, while restricting the grid size to less than approximately 
1.4 million elements.  The grid comprising the annular cooling flow passages was refined to 
ensure that the model adequately captures the sensitive boundary layer transport processes. 
 
Meshing the intricate flask geometry is a difficult task and a large grid is required to capture the 
details. Generating additional refined grids is a complex endeavour and computationally 
demanding.  Applying grid refinements with a minimum refinement factor of 1.3 x 1.3 x 1.3 to 
produce two additional grids would yield grid sizes of approximately 3.1 and 6.8 million 
elements. Grid convergence index studies were therefore not performed. 
 
In order to ensure that the grid captures the underlying transport phenomena, pertinent transport 
processes were evaluated on sub-grids.  This approach is normally used when it is unfeasible to 
perform grid convergence studies of the complete model.  Studies included heat transfer across 
contact resistances, mesh resolution at boundary layers and the effect of turbulence modelling 
for natural convection cooling of a heated vertical surface for the same range of Grashof-Prantl 
numbers. 
 
The grid was developed following best practice guidelines for CFD.  The following table 
reveals details of the grid. 
 
Global grid statistics of transport package mesh excluding contents. 
Number of nodes 1390209 
Number of hexahedrons 1095768 
Minimum orthogonality angle 26.9o 

Maximum expansion factor 606 
Maximum aspect ratio 187 
Elements with orthogonality angle <20o 0.00 
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Elements with expansion factor > 20 0.01 
Elements with aspect ratio > 100 0.00 

 
Global mesh statistics of contents mesh. 
Number of nodes 376656 
Number of hexahedrons 319680 
Minimum orthogonality angle 42.7o 

Maximum expansion factor 41 
Maximum aspect ratio 159 
Elements with orthogonality angle <20o 0.00 
Elements with Expansion factor > 20 0.01 
Elements with aspect ratio > 100 0.00 

 
The values of the orthogonality angle and aspect ratio are considered acceptable.  The 
expansion factor of a small number of elements is larger than 20, but were accepted instead of 
further inflating the grid. 
 
Sensitivity Studies 
The sensitivity studies were aimed at quantifying the uncertainty of modelling input 
parameters.  It did neither aim to evaluate results for grid independence nor to obtain a 
discretization error.  The uncertainty of the turbulence model was not calculated for different 
full-scale grids, for reasons outlined above. The sensitivity of turbulence modelling was studied 
on a vertical plate with mesh refinement. Different turbulence models were evaluated for the 
flask model.  The measured test results were used as a reference to ascertain that flask 
temperatures predictions were acceptable. It was found that conservative flask temperatures 
were calculated if the standard k-e model was used, but the k-w and the k-w based shear stress 
transport (SST) model predicted flask temperatures more accurately (also refer to T7). 
 
The effect of far-field boundary conditions was evaluated, e.g. comparing results for a half-
model to the quarter model, floor and inlet boundary condition adjustments, etc.  However, the 
formal sensitivity study was limited to the effect of insulation conductivity, emissivities of 
stainless steel and carbon steel surfaces as well as source configurations. 
 
Sensitivity of turbulence modelling for the cavity flow was not performed as the flow is in the 
laminar flow regime. The grid was designed to fully resolve the laminar boundary layer. 
 
 

 

 
 

Doubling the conductivity of the thermal insulation had no significant effect on normal 
conditions temperatures (see Table 6, FTT R7110).  This is understandable given the heat 
path out of the flask is through the fins where there is no insulation. However it did cause a 
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slight increase in accident conditions temperatures and therefore, for conservatism and 
simplicity, the higher conductivity was used throughout.  
 
 

 

 
 

The flow in the annular region between flask and jacket is driven by natural convection and 
buoyancy.  The flow is in the transitional turbulent flow regime.  

 
RANS two-equation turbulence models were chosen.  Two-equation models are a good 
compromise between inherent stability, complexity and accuracy and are much less complex to 
solve than a second-moment closure model, which often lead to numerical problems. The 
standard k-e model is a stable and numerically robust model, while the k-w model formulation 
shows better near wall treatment for low-Re flow computations.  In the free shear flow the k-e 
and k-w model are identical. The k-w based SST model accounts for the transport of the 
turbulent shear stress and gives accurate predictions of the onset and the amount of flow 
separation under adverse pressure gradients. A validation study performed on a standard free 
convection vertical surface cooling problem (Schlichting, Boundary Layer Theory) showed 
good agreement of heat transfer for GrPr ~5x109 when the k-w based SST model with scalable 
wall functions was used.  The k-e model predicted slightly higher wall temperatures. Surface 
temperatures calculated using the k-w model and the k-w based SST model differ only slightly.   
The benchmark of the R7021 transport container showed good agreement of measured and 
calculated temperatures using the SST model.  The SST model was the method of choice.  The 
cooling period, starting at the end of the fire, was calculated using the k-e model as specific 
difficulties were encountered with the SST model, so that calculated temperatures are slightly 
conservative.  
 
The model may be adjusted by introducing production and dissipation terms for buoyancy 
turbulence in the governing equations, but such an investigation was not performed.  Capturing 
transition was not attempted due to the complexity of the model. 
 
The air flow rate through the finned channel is driven by buoyancy. A refined grid was inserted 
in this annular region to accurately model the flow in this region. It was attempted to reach a 
dimensionless near-wall resolution of y+~1 to model boundary layer heat transfer in the finned 
channels accurately. Actual distances reached values of approximately 2. An opening boundary 
condition was placed at the top of the domain and turbulent inlet boundaries were placed far 
away of the flask, in order not to influence the natural convection flow in the annular flow 
channel. 
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The same surface temperature happened to be calculated for the different heat loads in the 
two reports because the second report used improved benchmarking. The non-Special Form 
analysis was conducted first and the results were considered acceptable.  When the Special 
Form analysis was being conducted it was realised that the temperature of the lifting fin, the 
location of highest surface temperature, was being overcalculated.  This therefore was re-
addressed and a better match was obtained by increasing flask emissivity and replacing the 
two-equation k-w based shear stress turbulence model with the standard two equation k-w 
based turbulence model.  The first analysis was not repeated as the improved benchmarking 
only lowered flask and containment temperatures (Table 2, FTT R7410). 
 
 

 
 

It is proposed this calculation be disregarded and all cobalt shipments made under the 
validation be required to be Exclusive Use (in practice such shipments will almost invariably 
exceed the 2.08 PBq Exclusive Use limit in the UK certificate). This not to apply to caesium 
shipments. 
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SHIELDING EVALUATION 
 

 
 
 

Dose rates on the production package design were calculated by adjusting measurements 
taken from the prototype (measurements made on the bare flask and so closer to the contents 
and without the additional shielding provided by the impact limiters).  The methods used were 
as follows: 
 

 Shielding:  Differences in the shielding were taken into account by adjusting dose 
rates using attenuation factors developed from the graph provided in BS 4094 
(extracts below). As the significant portion of the graphs for steel and lead are 
straight lines the attenuation per millimetre of shielding may be readily calculated 
(e.g. steel – 0.9677/mm). The effect of an increase of 12mm in the steel thickness for 
instance was therefore calculated by applying a factor of 0.967712 = 0.674 to the 
measurement. 

 Activity:  The difference between the activity in the prototype and the maximum 
design activity was taken into account by adjusting the measurement in direct 
proportion. 

 Distance:  Differences in the distance of the measurement point from the centre of the 
contents were taken into account by adjusting dose rates in inverse proportion to the 
square of the distances. The effect of an increase in the measurement distance from 
1357mm to 1482mm for instance was therefore calculated by applying a factor of 
(1357÷1482)2 = 0.838 to the measurement.  

 
Notes: 
1. A shielding weakness connected with the drain tube was revealed by shielding surveys on 

the first batch of production packages.  The design was subsequently modified by adding 
20mm stainless steel and lead plates to the underside of the base cone.  The modification 
was approved by the UK competent authority and the license attachment, MOD 7021/1, 
and the revised drawings and RTM124 are attached.   

2. The dose field on all modified production packages has been surveyed as part of their 
acceptance trials. The surveys confirmed the effectiveness of the modifications and 
demonstrated the average maximum dose rate at 1m (when scaled up for the maximum 
contents activity of 200kCi Co-60) is 80µSv/h and that no package has exceeded 
100µSv/h.  Test reports are available on request. 

 
 
 
 
 
 



Page 23 of 27 
 

B.S. 4094 : Part 1 1966 

BRlTlSH STANDARD RECOMMENDATION FOR 

DATA ON SHlELDING FROM IONIZING RADIATION 

Part I. Shielding from gamma radiation 

FOREWORD 

The main purpose of this n:'Commendation is [0 provide 
data adC(jUU1C for the (;all:ulation of shielding barriers 
against gamma radiation. Th: data presented have been 
chosen with the radiation shielding problems of industry 
in mind. Most of the material has been drawn frolll existing 
sources although a certain amount has been measured or 
calculated specially. It is nol possible 10 provide a com
pendium 10 cover all possible contingencies, but data arc 
provided to allow for calculations to be mude for a wide 
range of materials and geometry likdy to be encountered, 
;.lnd it is envis<\gcd that additional data will be added from 

;mc to time. 
Provision of data alone is not sutlicient to permit thc 

calculation of the reyuired barriers and the methods of 
calculation which arc necessary arc given in the te1(t to
gether with examples. 

St'Ction One of the document deals with the (,alculation 
of barricrs against primary gamma radiation and Section 
Two provides thc data whkh permit the calculation to be 
carricd out. Appendix A gives methods and data for the 
calculation of primary b;trriers in cases where insuntcien\ 

SECTION ONE 

(;~.NhKAL 

1. This section 01' the recommendation presen\.\ \il11ple 
equations delining the exposure 1',Ite from a roint radio
actlve source of radiation. By using the methods givell in 
this &cction, together with the information giv..:n ill the d,lla 
shedS, the thickness of various shield l11akrials for a nUI11-
ncr or diflcrenl sources cOlnmonly encollnlen.:d may be 
calculated. The shield thickness will, of course, depend on 

1e activity of the sourcc and on the required exposure mle. 
The c'luations ,irc developed further in Appendix A to 

cover nOll-point sources and muter-i,tls for which tntn\
mission data have not been tabuhtled. 

Definitions of terms used in lhis recommendation arc 
given in Appendix C. 

RA!)\OACTIV~: SOURCES 

2, The activity of a radioactive source is determined by the 
number of dj~integrations occurring per sccond, and is 
measured in curies. Onc curie (Ci) corresponds to a dis
integration rate of J·7 X 10 ' " disintegrations per second; 
mher terms commonly encountered arc the kilocurie (ked 
equalling 10" curies, millicurie (mCi) cqu,tlling 10 - " curie. 
and the microcurie ("Ci) equalling 10 • curie 

The activity. ,md hencc the radiation OUlput or the 
source decays with time in an exponential manno.:r, A con
venient measure of the rate of decay is given by the h,tlf-life 
of a source, which represents the time taken for the source 
activity 10 fall by a factor of two. To cnabli: rapid assess
ment of the activity of a source to be determined given its 

data ar.,; given in Section Two. Appendix B is concerned 
wilh the calculation of the secondary barriers which arc 
required against lcakage and sc;lttercd radiation. 

Where possible, forms have been ~impliticd to allow 
calcul,lIions to be made by designers who do not have 
spt'Cialisl knowledge of radiation shielding. 

This document docs not attempt to define maximum 
permissible dose nor Joe~ it make <lny recommendations 
as to exposure rutes for design purposes. Such matters arc 
outside the scope of this recommendation as they are, in 
many cases, subject to legislation or various codes of 
practice. 

Exposure rates arc yuoled in roentgens per hour (R/h) 
or milliroentgcns per hour (mR/h). These units have been 
adopted by the lntern'ltiollill Comm ission on Radiological 
Units. Ctlculations may be required in millirads in air! 
hour. Although the millirad is a slightly larger unit than 
the milliroentgen, c.1lculations giving the feyuired answer 
in millirocntgens rather than millirads will be accept,tblc 
for protection purposes. 

INTRODUCTION 

h,tIt"-life. and original activity. it graph is given (Fig. I) of 
the fractional reduction in source activity as a function of 
the number of half-lives p,lssed sine..: its miginal ,Iclivit)' 
lVa~ known. Thus for example, considering "N,l with a 
half-life. of J:I hums, ifit is assumed that the original source 
<Ietivity W,IS Q curies, and the activity ,Ifter 84 hours i~ 

rt·lJuircd. proct'{d as follows: 

Number of half-liws passed 
84 
15 

5·6 

From fig. I Ihis corresponds to a fractional rc
duction of 0·02. 

Hence the source activilY is O·02Q curies 
Convcrsely, if the existing activity is P curies, then the 

activity 84 huurs preYiously W,iS 1'/0·02 curies. 
The v,llues of h,ilf-lives ,Ire given in the data sheets fOl 

the radionudides considered. A knowledge of the half-life 
is necessary if it is desired to calculate the activity of a 
~ource for which il given shield was originally designed, 
having knowledge of the exposure rate at the time of 
calculation. 

( ,\UIII.ATI ON (H L\POSURI': RATE FHa,\! A l'otNT SOURCE 

3. In lhis section. eonsiderution is only given to the ex
posure due to the primitry beam. The e/fecls of scalier arc 
considered in Appendix B. 

For it source of !;amma radiation, the c'Iposure rate at 
a given position depends on the following: 

(i) the radionudide conccrned, and its spccilie 
gamllla-ray constant; 

(ii) the source activity; 

5 
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(iii) the distance between the source and the posit ion 
of interest (the exposure rate will be inversely pro
portional to the distance s([uared); 

(iv) the type and thickness of shield material placed 
hetwccn the position and the source. 

(I. Unshielded .WII/re('. For the purpos(.'S of this recom
mcndation, the sp<:cifie gamma-ray const.mt for a given 
source is t'lken as being equal to the gamma-ray exposure 
rate in roentgens per hour at a distanl.:e of I m from a 
source of activity one curie. 
NOTE. Oth~r definitions exist. and care ,hou".! be tukcn thai Ihe 
dat~ in this recommendation lire 11'00 in conjunction Wi1h specifk 
gamma-ray constMlts in thl'SC terms. 

Thus for a ~ourcc of activity Q curies, the exposure ra te 
at d m from the source in the absence of any shicld ing 
material between the source and position of measurement 
may be determined as follows: 

Exposure rate from one curie at one metre distance 
~~ l' Rlh 

where j' is the spcdnc gamma ray constant for that 
source. 

Therefort':, 
exposure rate from Q curies at I m I'Q R/h 

and hence, 

exposure nlte from Q curies at (/ m I'Q 
d! R/h 

I 
the (p term arising from the inverse square law. 

Values of the specific gamma-ray constant I' are givcn 
in the data sheets; l' is plotted as a function of photon 
energy in Fig. 8. 

h. Sltidd('d source- /mll.\'/II;ssioll Flc/or. The prescnce of 
a shield betwt:en the source and a defined position wi ll 
reduce the exposure rate below the unshieldcd value due 
to absorption in the shield. 

Thus for the source considered in a lind a given shield. 
the exposurc rate itl a distance d m from the source is 
given by: 

Exposure rate 
l 'QT 
d" Rjh 

where T is the transmission factor, which dcpends 
on the material and thickness of the shield, and 
the typc of source. 

Values of the transmission factor arc given in the data 
sheets in the form of graphs showing lrans1l1ission as a 
function of thickness for various shielding materi.tls. The 
'ata given refer to hroad beams of radiation (sec Appendix 

A, Subsections A2 and 1\3). 

DATA SIIEETS 

4. Data shects arc provided for the following sources: 
"'Na ~oCo ·"Kr '2 'Sb 
i37CS '7"rm 1M2Ta ""Ir l~"Au 

~"~Ra ., decay products "'Th -I decay products 
The informat ion necessary to calculate thc radiation 

transmitted through various shielding materials is given 
on the data sheets for each of thc sources. The information 

B.S. 4094 : Part I ; 1966 

on the sheets includes: 
The rildionuel ide and deeay scheme 
R ad ioactivc half-lift: 
Specific gamma-ray conslimt (I') 
Broad beam transmission curvcs for various materia ls. 

Examples 
(i) Suppose that the exposure rate due to a m lr sou rce 

at the point to be shieldcd is 2·5 Rlh and that it is required 
to reduce this to 0·75 mR/h. 

The transmission factor, '/~ is given by 
0'75 x 10-' ... T x 2·5 
0·75 x 1O-~ 

i.e. T 2.5 ~ 0·0003 

From I-' ig. 211(i), the rc!.]uired thickncss of sh ielding 
is 5·7 em Pb. 

(ii) Considcr a 'QCo source of 200 curies, shielded by 
lead, and assume that lx'Cause of the layout of the labora
tory in which it is heing used, the nearest d istance of 
approach of personnel is two feet. It is rc!.]uired to deter
mine the shielding to reduec the exposure rate at this 
point to 2'5 mR/h. 

From data sheet No.2, the spccilic gamma-ray constant 
( I ') for IUCO = J.)2 R jCi.h at I m. 
Hence for a source of 200 curies, the exposure rate at 

200 x 1·32 
2 feet (0·61 m) from the source ' 0.613 R/h 

= 7'1 x lO" R/h 
Since the required cxposure rate is 2·5 x 10-3 Rlh, a 

2·5 x 10-~ 
transmission factor of 7.1 XIO" = 3·52 x 10- 1 is 

required. 
From Fig. 2/1(i) the required thickness of shielding is 
22·5 em Pb. 

(iii) If, however, it is required to determine the shield 
thickntss 10 give an exposure r;)te of X mRjh at the 
shield surrace. as for a transport container, the procedure 
is more complicated because distance, .tnd hence the 

geometry r;)ctor C~~) lind Ihe transmission factor, are 

vllriablcs. It is rccommended that the following procedure 
be adopted: 

Let X be the re,[uiretl exposure rate at the shield surface; 
I'Ql~ x W 

(hen X ~ d" mR/h. 

where 1', is the transmission factor for a shield of thick
ness / (em) and d is the distancc in metres from the source 
to the outer surface of the shield . 

T, X 
Thus de 1'Q X 10" 

T 
Ev;tluate d~ llsing transmission data for a series of 

values of d until a !.]uotient of the required value is found; 
hence the necessary thickness of shielding is obtained. It 
should be noted that. in certain circumstances, d and I 

may be e!.]lml. 

7 
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12 

DATA SHEET No.2 

COBALT-60 
(60CO) 

Half-life: 5·26 years 

Decay scheme: Radiation: 
\ 

Sc" 

Energy MeV: 0·31 - 100% 

!·48- approx . 0·01 % 

Specific gamma-ray constant (1') : 1·32 R/Ci.h at 1 m 

Transmission factors: See Fig. 2b. 

Gamma 

1·17-100 % 

1·33_ 100 °';' 
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EDITORIAL 
 

 
 

The reference has been corrected in issue 3 of OP381. 
 
 
 
 

ATTACHMENTS 
1. MOD7021/1 issue 2:  DfT license attachment regarding shielding modifications. 
2. MOD7021/2 issue 1:  DfT license attachment regarding minor revisions to operating 

instructions, OP381, and manufacturing drawings (to follow). 
3. OP381 issue 3:  R7021 operating and maintenance instructions, REVISS Services (UK) Ltd. 
4. QS7021 issue 7:  R7021 drawings list and associated manufacturing drawings, REVISS 

Services (UK) Ltd. 
5. RTM 120 issue 3:  Thermal performance of the R7021 transport container, REVISS Services 

(UK) Ltd. 
6. RTM 124 issue 3:  Shielding performance of the R7021 transport container, REVISS Services (UK) 

Ltd. 

7. RTM 151 issue 3:  R7021 design justification, REVISS Services (UK) Ltd. 
8. RTM 168 issue 1:  Performance of the shielding modifications to the R7021 flask in IAEA 

drop testing, REVISS Services (UK) Ltd. 
9. R7811 issue 1.0:  R7021 thermal analysis, FTT Technology. 
 


