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2.10.1 Finite Element Analysis (FEA) Models

2.10.1.1, Outer Confinement Assembly (OCA) Structural Analysis

Finite element analyses (FEA) are performed on the OCA structure to determine the stress states
of the various components under normal conditions of transport (NCT) loads. The FEA analyses
are performed using ANSYS® 5.3'. The OCA FEA model is comprised of six separate major,
structural components, modeled as shown in Figure 2.10.1-1:

" upper OCV seal flange . OCV shells

" lower OCV seal flange • OCA shells and Z-flanges.

" OCV locking ring ° polyurethane foam

The lower and'upper seal flanges, locking ring and polyurethane foam are modeled using 2-D,
isoparametric solid elements (PLANE42). The quadrilateral elements are defined by four nodal
points (a triangular element may be formed by defining duplicate the 3rd and 4 th node numbers),
each having two degrees of freedom: translations in the nodal x-direction (radial) and
y-direction (axial).

The upper and lower OCA shells (OCA lid and body shells, respectively) are modeled using 2-D,
axisymmetric conical shell elements (SHELL5 1). The lineal elements are defined by two nodal
points, each having three degrees of freedom: translations in the nodal x-direction (radial) and
y-direction (axial), and rotation about the nodal z-axis (hoop). In addition, the axisymmetric
conical shell element is biaxial, with membrane and bending capabilities. The OCA inner shell
defines the outer confinement vessel (OCV).

Relatively stiff, 2-D elastic beams (BEAM3) are utilized to maintain bending continuity between
the three degree of freedom-conical shell elements and two degree of freedom, isoparametric
solid elements. Specifically, for both the lower and upper OCV seal flanges, four stiff beams are
placed at each junction between the shell elements and the solid elements of the seal flanges.
These elements are included to transmit the moment (i.e., to maintain slope continuity) between
the shell and flange portions of the model, and have a negligible effect on the stress results.

Three sets of 2-D interface elements (CONTAC 12) are utilized to connect the lower and upper OCV
seal flanges to each other and to the OCV locking ring. The interface element is capable of
supporting a load only in the direction normal to the surfaces, and is frictionless in the tangential
direction. The interface element has two degrees of freedom at each node: translations in the nodal
x-direction (radial).and y-direction (axial). A contact stiffness of 1 x '109 lb/in is chosen to reflect the
relatively high interface stiffness When closed. Three sets of interface elements are used in these
analyses: 1) between the lower OCV seal flange and the OCV locking ring, 2) between the upper.
OCV seal flange and the OCV locking ring, and 3) between the lower OCV seal flange and the upper
OCV seal flange. Relatively flexible spring elements (COMBIN14) having a spring stiffness of 1 x
102 lb/in are also used at these same locations to improve model stability and to reduce interface
element convergence time. The resulting forces in these springs are, small, having a negligible effect
on the stress results.

' ANSYS®, Inc., ANSYS Engineering Analysis System User's Manual for ANSYS Revision 5.3, Houston, PA.
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Interface elements are also located along the entire shell-to-foam periphery to allow relative
motion between the steel shells and the polyurethane foam. This approach effectively models the
ceramic fiber paper by allowing compression-only forces, and assumes no shear continuity or
tension effects. A contact stiffness of 1 X 105 lb/in is chosen to reflect the, interface stiffness
between the shells, ceramic fiber paper, and polyurethane foam. Stress results in the package
shells and OCV seal flanges exhibit a negligible dependence on the actual magnitude of the gap ,
contact stiffness.

To account for the tangential (hoop) direction slotting for the lower OCV seal flange and OCV
locking ring in the axisymmetric model, the material properties in the directly affected regions
are modified. Specifically, material properties for the shaded elements in the lower OCV seal
flange and OCV locking ring, illustrated on Figure 2.10.1-1, are modified to reflect only one-half
the stainless steel being present for strength purposes. Specifically, the elastic modulus in the x-
and y-directions is reduced to one-half their normal value (since only approximately one-half the
material remains in the slotted regions), and the elastic modulus in the z-direction is set to set to
a very low value to eliminate virtually all tangential (hoop) stiffness in the slotted regions. In
addition, Poisson's ratio is set at the normal value of 0.3 for the x-y plane, but is set to zero in the
y-z and x-z planes. In these ways, the analyses accurately depict the stress levels in all regions.

The global origin of the nodal coordinate system is located at the bottom center of the OCA
body, as shown in Figure 2.10.1 -1. As such, the nodal x-axis corresponds to the radial direction,
the nodal y-axis corresponds to the axial direction, and the nodal z-axis corresponds to the
tangential (or hoop) direction. The model is constrained from translating in the radial direction
and rotating about the hoop axis at the y-z symmetry plane at x equal zero. The model is also
constrained from translating in the axial direction at a single node on the OCV locking ring.

2.10.1.1.1 OCA Structural Analysis - Load Case I

For OCA Load Case 1, the OCA structural analysis uses a 50 psig (64.7 psia) internal pressure,
corresponding to the maximum normal operating pressure (MNOP) from Section 3.4.4, Maximum
Internal Pressure, coupled with a reduced external pressure of 3.5 psia (equivalently an 11.2 psig
internal pressure), per Section 2.6.3, Reduced External Pressure, and 10 CFR §71.51 (c)(3) 2. The
net internal pressure for this case is 61.2 psig, applied throughout the inner periphery of the model.
Relative to the upper and lower OCV seal flanges, the internal pressure does not extend beyond
(below) the top of the upper main O-ring seal groove.

A uniform temperature of 160 'F, per Section 2.6.1.1, Summary of Pressures and Temperatures,
is utilizedto determine the temperature-dependent, material property values. The only material
properties affected by a temperature of 160 °F are the elastic modulus and the thermal expansion
coefficient for the stainless steel. Consistent with Table 2.3-1 in Section 2.3.1, Mechanical
Properties Applied to Analytic Evaluations, the elastic modulus and thermal expansion
coefficient for Type 304 stainless steel are 27.8(10)6 psi and 8.694(10)-6 inches/inch/F,
respectively, at a temperature of 160 TF.

The material properties for the polyurethane foam are consistent with those specified in Section
2.3.1, Mechanical Properties Applied to Analytic Evaluations. The elastic modulus in the x-

2 Title 10, Code of Federal Regulations, Part 71 (10 CFR 71), Packaging and Transportation of Radioactive

Material, 01-01-12 Edition. .
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(radial) and z- (hoop) directions is based on the perpendicular-to-rise value of 4,773 psi.
Young's modulus in the y- (axial) direction, is based on the parallel-to-rise value of 6,810 psi. In
addition, Poisson's ratio is 0.33, and the thermal expansion coefficient is 3.5(1.0).5 inches/inch/°F
for the polyurethane foam. Due to the relatively low stiffness of the polyurethane foam
compared with the surrounding stainless steel structures, temperature adjusting the foam's elastic
modulus and thermal expansion coefficient will have a negligible effect on component stresses.

Both the reference and uniform temperature. are set to 160 °F, thereby excluding the effects of
differential thermal expansion for this case. The effects of differential thermal expansion are
considered in Section 2.10.1.1.2, OCA Structural Analysis :,Load Case 2'.

For analysis model review, the ANSYS® input file is listed in Table 2.10.1-1.

2.10.1.1.2 'OCA Structural Analysis - Load Case 2

For OCA Load Case 2, the OCA structural analysis uses a 50 psig (64.7 psia)-internal pressure,
corresponding to the maximum normal operating pressure (MNOP) from Section, 3.4.4, Maximum
Internal Pressure, coupled with a reduced external pressure of 3.5 ,psia (equivalently an 11.2 psig
internal pressure), per Section 2.6.3, Reduced External Pressure, and 10 CFR §71.51(c)(3). The
net internal pressure for this case is 61.2 psig, applied throughout the inner periphery of the model.
Relative to the upper and lower OCV seal flanges, the internal pressure does not extend beyond
(below) the top of the upper main O-ring seal groove.

A uniform temperature of 160 'F, per Section 2.6.1.1 , Summary of Pressures and Temperatures,
is utilized to determine the.temperature-dependent, material property values. The only material
properties 'affected by a temperature of 160 °F are the elastic modulus and the thermal expansion
coefficient for the stainles's'steel. Consistent With Table 2.3-1 in Section 2.3.1, Mechanical
Properties Applied to Ahaljvtic Evaluations, the elastic modulus and thermal expansion coefficient
for Type 304 stainless steel are 27.8(10)6 psi and 8.694(10)-6 inches/inch/F, respectively, at a
temperature of 160 'F.

The material properties for the polyurethane foam are consistent with those specified in Section
2.3.1, Mechanical Properties Applied to Analytic Evaluations. The elastic modulus in the x-
(radial) and z- (hoop), directions is based on the perpendicular-to-rise value of 4,773 psi'.,
Young's modulus in the y- (axial). direction is based on the parallel-to-rise value of 6,810 psi. In
addition, Poisson's ratio is 0.33, and the thermal expansion coefficient is 3.5(10 5)- inches/inch/°F
for the polyurethane 'foam. Due to the 'relatively low stiffness of the polyurethane foam
compared with the surrounding stainless steel structures, temperature adjusting the foam's elastic
modulus and thermal expansion coefficient will have a negligible effect on component stresses.

The reference temperature is set to 70 'F, and the uniform temperature is set to 160 'F, thereby
including the effects of differential thermal expansion forthis case.

For analysis model review, the ANSYS® input file is listed in Table 2.10.1-2.

2.10.1.1.3 OCA Structural Analysis - Load Case 3

For OCA Load Case 3, the OCA structural analysis uses a 0.0 psig (14.7 psia) internal pressure
coupled with an external pressure of 0.0 psig (14.7 psia) for a net pressure differential of 0.0 psig.

A uniform temperature, of -40 'F, per Section 2.6.2, Cold, is utilized, to determine the temperature-
dependent, material property values. The only material properties affected by a temperature of
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-40 °F are the elastic modulus and the thermal expansion coefficient for the stainless steel.
Consistent with Table 2.3• 1 in Section 2.3. 1, Mechanical Properties Applied to Analytic
Evaluations, the elastic modulus and thermal expansion coefficient for Type 304 stainless steel are
28.8(10)6 psi and 8.21 (10)- 6 inches/inch/0 F, respectively, at a temperature of -40 'F.

The material properties for the polyurethane foam are consistent with those specified in Section
2.3.1, Mechanical Properties Applied to Analytic Evaluations. The elastic modulus in the x-
(radial) and z- (hoop) directions is based on the perpendicular-to-rise value of 4,773 psi.
Young's modulus in the y- (axial) direction is based on the parallel-to-rise value of 6,810 psi. In
addition, Poisson's ratio is 0.33, and the thermal expansion coefficient is3.5(10)-5 inches/inch/°F
for the polyurethane foam. Due to the relatively low stiffness of the polyurethane foam
compared with the surrounding stainless steel structures, temperature adjusting the foam's elastic
modulus and thermal expansion coefficient will have a negligible effect on component stresses.

The reference temperature is set to 70 'F, and the uniform temperature is set to -40 'F, thereby
including the effects of differential thermal expansion for this case.

For analysis model review, the ANSYS® input file is'listed in Table 2A10.1-3.

2.10.1.1.4 OCA Structural Analysis - Load Case 4

For OCA Load Case 4, the OCA structural analysis uses a -14.7 psig (0.0 psia) internal pressure
(i.e., full vacuum) coupled with a increased external pressure of 0.0 psig (14.7 psia), per Section
2.6.4, Increased External Pressure. The net external pressure for this case is 14.7 psig, applied
throughout the inner periphery of the model. Relative to the upper and lower OCV seal flanges,
the internal pressure does not extend beyond (below) the top of the upper main O-ring seal groove.

A uniform temperature of 70 °F is utilized to determine the temperature-dependent, material
property values. The only material properties affected by a temperature of 70 'F are the elastic
modulus and the thermal expansion coefficient for the stainless steel. Consistent with Table 2.3-1
in Section 2.3.1, Mechanical Properties Applied to Analytic Evaluations, the elastic modulus and
thermal expansion coefficient for Type 304 stainless steel are 28.3(10)6 psi and 8.46(10)-6
inches/inch/°F, respectively, at a temperature of 70 OF.

The material properties for the polyurethane foam. are consistent with those specified in Section
2.3.1, Mechanical Properties Applied to Analytic Evaluations. The elastic modulus in the x-
(radial) and z- (hoop) directions is based on the'perpendicular-to-rise value of 4,773 psi.
Young's modulus in the y- (axial) direction is based on the parallel-to-rise value of 6,810 psi. In
addition, Poisson's ratio is 0.33, and the thermal expansion coefficient is 3.5(10)-5 inches/inch/lF
for the polyurethane foam. Due to the relatively low stiffness of the polyurethane foam
compared with the surrounding stainless steel structures, temperature adjusting the foam's elastic
modulus and thermal expansion coefficient will have a negligible effect on component stresses.

Both the reference and uniform temperature are set to 70 °F, thereby excluding the effects of
differential thermal expansion for this case.

For analysis model review, the ANSYS® input file is listed in Table 2.10.1-4.

2.10.1.2 Inner Containment Vessel (ICV) Structural Analysis

Finite element analyses (FEA) are performed on the ICV structure to determine the stress states
of the various components under normal conditions of transport (NCT) loads. The FEA analyses
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are performed using ANSYS® 5.3. The ICV FEA model is comprised of four separate major
structural components, modeled as shown.in Figure 2.10.1-2:

" upper ICV seal flange • ICV locking ring

" lower ICV seal flange . ICV shells

The lower and upper seal flanges, and locking ring are modeled using,2-D, isoparametric solid
elements (PLANE42). The quadrilateral elements are defined by four nodal points (a triangular
elementmay be formed by defining duplicate the 3 rd and 4 th node numbers), each having two
degrees of freedom: translations in the nodal. xý-direction (radial) and y-direction (axial).

The upper and lower ICV shells (ICV lid and body shells, respectively) are modeled using 2-D,
axisymmetric conical shell elements (SHELL5 1). The lineal elements are defined by two nodal
points, each having three degrees of freedom: translations in the nodal x-direction (radial) and
y-direction (axial), and rotationiabout the nodal z-axis (hoop). In addition, the axisymmetric
conical shell element is biaxial, with membrane and bending .capabilities. C

Relatively stiff, 2-D elastic beams (BEAM3) are utilized to maintain bending. continuity between
the three degree of freedom conical shell elements and two degree of freedom, isoparametric
solid elements. Specifically, for both the lower and upper ICV seal flanges, four stiff beams are
placed at each junction between the shell elements and the solid elements of the seal flanges.
These elements are included to transmit the moment (i.e., to maintain slope continuity) between
the shell and flange portions of the model,. and have a negligible effect on the stress results.

Three sets of 2-D interface elements (CONTAC 12) are utilized to connect the lower and upper
ICV seal flanges to each other and to the ICV locking ring. The interface element is capable of
supporting a load only in the direction normal to the surfaces, and is frictionless in the tangential
direction. The interface element has two degrees of freedom at each node:. translations in the
nodal x-direction (radial) and y-direction (axial). A contact stiffness of 1 x 109 lb/in is chosen to
reflect the relatively high interface stiffness when closed. Three sets of interface elements are
used in these analyses: 1) between the lower ICV seal flange and the ICV locking ring,
2)'between the upper ICV seal flange and the ICV locking ring, and 3) between the lower ICV
seal flange and the upper ICV seal flange.

To account for the tangential (hoop) direction slotting for the lower ICV seal flange and ICV
locking ring ýin the axisymmetric model, the material properties in the directly affected regions
are modified. Specifically, material properties for the shaded elements in the lower ICV seal.
flange and ICV locking ring, illustrated on Figure 2.10.1-2i are modified to.reflect only one-fialf
the stainless steel being present for strength purposes. Specifically, the elastic modulus in the x-
and y-directions is reduced to one-half their normal value (since only approximately one-half the
material remains in the slotted regions), and the elastic modulus in the z-direction is set to set to
a very low value to eliminate virtually all tangential (hoop) stiffness in the slotted r6gions. In
addition, Poisson's ratio is set at the normal value of 0.3 for the x-y plane, but is set to zero in the
y-z and x-z planes. In these ways, the analyses accurately depict the stress levels in all regions.

The global origin of the nodal coordinate system is located at the bottom center of the ICV body,
as shown in Figure 2.10.1-2. As such, the nodal x-axis corresponds to the radial direction, the
nodal y'-axis corresponds to the axial direction, and the nodal z-axis corresponds to the tangential
(or hoop) direction. The model is constrained from translating in the radial direction and rotating
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about the hoop axis at the y-z symmetry plane at x equal zero. The model is also constrained
from translating in the axial direction at a single node on the ICV locking ring.

2.10.1.2.1 ICV Structural'Analysis - Load Case I

For ICV Load Case 1, the ICV structural analysis uses a 50 psig (64.7 psia) internal pressure,
corresponding to the maximum normal operating pressure (MNOP) from Section 3.4.4, Maximum
Internal Pressure, coupled with a reduced external pressure of 3.5 psia (equivalently an 11.2 psig
internal pressure),.per Section 2.6.3, Reduced External Pressure, and 10 CFR §71.51(c)(3). The
net internal pressure for this case is 61.2 psig, applied throughout the inner periphery of the model.
Relative to the upper and lower ICV seal flanges, the internal pressure does not extend beyond
(below) the top of the upper main O-ring seal groove.

A uniform temperature of 160 'F, per Section 2.6.1.1, Summary of Pressures and Temperatures,
is utilized to determine the temperature-dependent, material property values. The only material
properties affected by a temperature of 160 °F are the elastic modulus and the thermal expansion
coefficient for the stainless steel. Consistent with Table 2.3-1 in Section 2.3.1, Mechanical
Properties Applied to Analytic Evaluations, the elastic modulus and thermal expansion coefficient
for Type 304 stainless steel are 27.8(10)6 psi and 8.694(10)-6 inches/inch/°F, respectively, at a
temperature of 160 °F.

Both the reference and uniform temperature are set to 160 °F, thereby excluding the effects of
differential thermal expansion for this case.

For analysis model review, the ANSYS® input file is listed in Table 2.10.1-5.

2.10.1.2.2 ICV Structural Analysis - Load Case 2

For ICV Load Case 4, the OCA structural analysis uses a -14.7 psig (0.0 psia) internal pressure
(i.e., full vacuum) coupled with a increased external pressure of 0.0 psig (14.7 psia), per Section
2.6.4, Increased External Pressure. The net external pressure for this case is 14.7 psig, applied
throughout the inner periphery of the model. Relative to the upper and lower ICV seal flanges, the
internal pressure does not extend beyond (below) the top of the upper main O-ring seal groove.

A uniform temperature of 70 'F is utilized to determine the temperature-dependent, material
property values. The only material properties affected by a temperature of 70 'F are the elastic
modulus and the thermal expansion coefficient for the stainless steel. Consistent with Table 2.3-1
in Section 2.3.1, Mechanical Properties Applied to Analytic Evaluations, the elastic modulus and
thermal expansion coefficient.for Type 304 stainless steel are 28.3(10)6 psi and 8.46(10)-6
inches/inch/°F, respectively, at a temperature of 70 'F.
Both the reference and uniform temperature are set to 70 PF, thereby excluding the effects of
differential thermal expansion for this case.

For analysis model review, the ANSYS® input file is listed in Table 2.10.1-6.
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Table 2.10.1-1 - ANSYS® Input Listing for OCA Load Case 1
I initialize ANSYS
fini-
Icle
/filename,ocalcl,inp
/out, ,txt

1 start preprocessing the model
/prep7
/title, OCA Load Case 1: P=64.7/3.5 psia, T=160/160 F

! element types
et,1,42, ,i
et,2,51
et,3,42, ,1
et,5,12 ....... I
et,5,12,,,,,,, 1
et,6,3
et,7,14, , ,2

I reference and uniform temperatures
tref,160
tunif,160

! material properties for non-slotted steel regions
ex,1,27.8e06
nuxy,1, .3
alpx,1,8.694e-06

material properties for slotted steel regions
ex,2,13.9e06
ey,2,13.9e06
ez,2,1
nuxy,2,.3
nuxz,2,0
nuyz,2,0
alpx,2,8.694e-06
alpy,2,8.694e-06
alpz,2,8.694e-06

material properties for the polyurethane foam
ex,3,4773
ey,3,6810
ez,3,4773
nuxy,3, .33
nuxz,3, .33
nuyz,3, .33
alpx,3,3.5e-5

material properties for the rigid coupling elements
ex,4,27.8e06
nuxy,4, .3
alpx,4,8.694E-06

element real constants
r,l, .25
r,2, .1875
r,3, .375
r,4, .075
r,5,, le9, ,1
r,6,-15,le9,-.036
r,7,15,le9,-.036
r,8,0,leg, ,1
r,9,1,1,1
r,10,1e2
r,101,-180.000,le5,,1
r,102,-177.444,1e5,,l
r,i03,-174.888,le5, ,i
r,104,-172.333,le5,,1
r,105,-169.777,1e5,,1
r,106,-167.221,le5,,1
r,107,-164.665,le5,,1
r,108,-162.109,le5, ,1
r,109,-159.553,le5, ,1
r,l10,-156.998,le5,,1
r,1ii,-154.442,le5,,1
r,I12,-141.553,le5, ,l
r,113,-128.665,1le5, ,l
r,114,-115.777,le5,,l
r,115,-102.888,le5,,1
r,116,-90.0000,le5, ,1
r,130,-102.000,le5,,1
r,136,-77.1520,le5, ,1

r,137,-64.3041,1e5,,1
r,138,-51.4561,1e5,,l
r,139,-38.6081,1e5,,1
r,140,-25.7602,1e5,,1
r,141,-23.1841,1e5,,1
r,142,-20.6081,le5,,1
r,143,-18.0321,1e5,,1
r,144,-15.4561,1e5,,1
r,145,-12.8801,1e5,sl
r,146,-10.3041,le5,,1
r,147,-7.72805,1e5,,1
r,148,-5.15203,le5,,1
r,149,-2.57602,1e5,,l.
r,150,,le5,,l
r,639,-58.7238,1e5,,1
r,640,-27.4476,le5,,1
r,641,-24.7029,1e5,,l
r,642,-21.9581,1e5,,l
r,643;,19.2133,1e5,,1
r,644,-16.4686,1e5,,l
r,645,-13.7238,1e5,,1
r,646,-10.9790,1e5,,l
r,647,-8.23429,1e5,,1
r,648,-5.48952,1e5,,1
r,649,-2.74476,1e5,,1

nodes for the lower seal flange
local,i!,,38.24941495,50.051977923,,-12
n,1001
n,1005,.25
fillý
n,1016,,.58677836
n,1020,".25,.58677836
fill
fill,1001,1016,2,1006,5,5,1
n,1026,,.896632635
local,12,,38.505,50
move,1026,11,0,999,0,12,-.065,999,0
fill,1016,1026,1,1021
local,11,1,39.12699808,50.47
n,1025,.5,148.5
n,1030,.5,129
n,1031,.5,109.5
n,1032,.5,90
csys,12
fill,1021,1025,3,1022,1,2,5
n,1033,.775,.97
n,1034,1.145,.97
n,1076,-.065,2.98
fill,1026,1076,8,1035,5
fill,1035,1076,7,1041,5
n,1060,.775,2.15593612
ngen,2,6,1033,1034,1,,.16
fill,1039,1060,3,1045,5
fill,1035,1039
fill,1041,1045,3,1042,114i5
n,1064,1.245,2.03
fill,1060,1064
n,1092,-.065,2.98
n,1096,.77960172;2.76
fill
n,1100,1.245,2.76
fill,1096,1100
fill,1056,1092,3,1065,9,9,1
ngen,3,9,1098,1100,1,,.26
n,1146,.14020351,4.4
fill,1092,1146,5,1101,9
n,1164,.14020351,4.98
fill,1146,1164,1,1155
local,11,,39.13520351,54.98,,-86.15
n,1168
n,1159,.3
ngen,3,-1,1159,1159,,,-.125
n,1148,.58,-.25
ngen,2,-18,1157,1159,1,.56
ngen,2,-9,1139,1141,1,.25..
ngen,2,-27,1148,1148,,.81
ngen,2,-18,1130,1132,1,.56
fill,1096,1114,1,1105
csys,12
fill,1101,1105fi11,1i10,i112,1,1111,,6,9
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fill,1164,1168

I nodes for the upper seal flange
local,11,,38.405,52.81
n,2001,,5
n,2005,.25,5
fill
ngen,3,5,2001,2005,1,,-.25
n,2031,,3.45
n,2035,.91,3.45
fill
fill,2011,2031,3,2016,5,5,1
n,2051,,2.543442101'
n,2055,.91,2.543442101
fill
fill,2031,2051,3,2036,5,4,1
n,2040,.91,3.29
fill,2040,2055,2,2045,5
n,2059,1.345,2.66
fill,2055,2059
n,2071,,2.17
n,2073,.21504507,2.17
fill
n,2077,.74504507,2.17
fill,2073,2077
fill,2051,2071,1,2060
fill,2054,2076,1,2065
fill,2060,2065
n,2081,1.345,2.17
fill,2077,2081
fill,2055,2077,1,2066,,5,1
n,2107,.85759646,.54
n,2109,1.10488343,.54
fill
n,2111,1.345,.54
fill,2109,2111
fill,2077,2107,5,2082,5,5,1
n,2117,.94488343
n,2119,1.10488343
fill
fill,2109,2119,1,2114
n,2112,.870715847,.35
fill,2112,2114
n,2120,1.345,3.45
n,2121,1.345,3.29
ngen,2,51,2071,2073,1,,-.305
ngen,2,3,2122,2124,1,,-.305

I nodes for the locking ring
local,11,,39.35,51.29
n,3001
n,3005,.435
fill
n,3009,.935
fill,3005,3009
n,3037,,.81
n,3041,.435,.693442101
fill
n,3045,*935,.693442101
fill,3041,3045
fill,3001,3037,3,3010,9,9,1
n,3145,,4.11
n,3149,.435,4.226557899
fill
n,3153,.935,4.226557899
fill,3149,3153
fill,3041,3149,11,3050,9,5,1
n,3181,,4.67
n,3185,.535,4.67
fill
n,3189,.935,4.67
fill,3185,3189
fill,3145,3181,3,3154,9,9,1

! nodes for the OCA inner shell (OCV)
local,11,1,,84.5
n,101,74.25,-90
n,111,74.25,-64.44174492
fill
local,12,1,28.3125,24.29659664
n,116,8.625
fili,111,116
csys
!n,117,36.9375,25.79659664
n,122,36.9375,43.95292590
fill,116,122

ngen,2,-879,1003,1003
fill,122,124
ngen,2,-1870,2003,2003
n,135,38.53,63.78649751
fill,133,135
local,12,1,29.905,63.78649751
n,140,8.625,64.23984399
fill,135,140
local,14,1, ,1.8125
n, 150,77.4375,90
fill,140,150

! nodes for the OCA outer shell
csys
n,601
n,613,47.0625
fill
n,622,47. 0625,46. 7775
fill,613,622
n,630,47. 0625,47. 6325
n, 638,47.0625,75.3440689
fill,630,638
local,15,1,40.5625,75.3440689
n,640,6.5,62.55238078
fill,638,640
local,16,1, ,-2.75
n,650,94.5,90
fill, 640,650

! nodes for the polyurethane foam inner surface
csys
ngen,2,100,101,150,1
n,125,38.58338729,50.9
n,232,38.53,56.26

! nodes for the polyurethane foam outer surface
ngen,2,-100,601,650,1

! intermediate polyurethane foam nodes
fill,201,501,2,301,100,22,1
n,300,43.9375,50.9
n,331,41.5375,51.8825
n,332,41.5375,56.26
n,422,43. 9375,46. 7775
n,430,44.2375,47. 6375
n,431,44.2375,51. 8825
fill,222,422,1,322
fill,223,300,1,323
fill,332,532,1,432
fill,233,533,2,333,100,18,1

! nodes for the z-flanges
ngen, 2,279,422,422,0
ngen,2,402,300,300,0
ngen,2,273,430,430,0
rp2, , ,1,l
ngen,2,374,331,331,0
rp2, , ,1,1

! elements for the lower seal flange
type, 1
mat,l
real, 1
e,1001,1002,1007,1006
rp4,1,1,1,1
egen,5,5,1,4,1
e,1026,1027,1036,1035
e,1027,1028,1036
e, 1028,1029,1037,1036
e, 1029,1030,1031,1037
e, 1031,1032,1038,1037
rp3,1,1,1,1
e, 1035,1036,1042,1041
rp4,1,1,1,1
e,1041,1042,1047,1046
rp4,1,1,1,1
egen,3,5,32,35,1
e,1056,1057,1066,1065
rp4,1,1,1,1
egen,4,9,44,47,1
mat,2
e, 1060,1061,1070,1069rp4,1,1,1,1
egen,4,9,60,63,1
egen,3,9,74,75,1
egen,3,9,56,59,1

0
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egen,7,9,84,85,1
egen,3,1,99,99
egen,3,1,93,93

! elements for the upper seal flange
type,1
mat,l
real, 1
e,2006,2007,2002,2001
rp4,1,1,1,1
egen,10,5,104,107,1
e,2040,2121,2120,2035
e,2060,2061,2052,2051
e,2061,2062,2052
e,2062,2063,2053,2052
e,2063,2064,2053
e,2064,2065,2054,2053
rp6,1,1,1,1
e,2071,2072,2061,2060
rplO,1,1,1,1
e,2122,2123,2072,2071
rp2,1,1,1,1
e,2125,2126,2123,2122
rp2,1,1,1,1
e,2082,2083,2078,2077
rp4,1,1,1,1
egen,6,5,169,172,1
egen,3,5,189,190,1

! elements for the locking ring
type, 1
mat,2
real, 1
e,3001,3002,3011,3010
rp4,1,1,1,1
egen,4,9,197,200,1
mat,1
e,3005,3006,3015,3014
rp4,1,1,1,1
egen,20,9,213,216,1
e,3145,3146,3155,3154
rp4,1,1,1,1
egen,4,9,293,296,1

elements for the OCA inner shell (OCV)
type,2
mat, 1
real, 1
e,101,102
rpl6,1,1
real,2
e,117,118
rp5,1,1
real,1
e,122,123
e,123,1003
e,2003,134
e,134,135
rpl6,1,1

! elements for the OCA outer shell
real,1
e,601,602
rpl8,1,1
real,3
e,619,620
rp3,1,1
e,630,631
rp8,1,1
real, 1
e,638,639
rpl2,1,1

! elements for the Z-flanges
real,4
e,622,701
e,701,702
e,702,1034
e,1034,1033
e,630,703
e,703,704
rp3.,1,1
e,706,2120
e,2120,2035

.1 polyurethane foam elements

type, 3
mat,3
real,1
e,201,301,302,202
rp22,1,1,1,1
e,224,223,323
e,301,401,402,302
.rp2l,1,1,1,1
e,322,422,300,323
e,300,125,224,323
e,401,501,502,402
rp2l,1,1,1,1
e,333,233,232,332
e,233,333,334,234
rpl7,1,1,1,1
e,331,431,432,332
rp19,1,1,1,1
e,430,530,531,431
rp2O,1,1,1,i

I interface elements between the steel shells
and the polyurethane foam

type, 5
mat,1
real,101
e,101,201
real,102
e,102,202
real,103
e,103,203
real,104
e,104,204
real,105
e,105,205
real,106

.e,106,206
real,107
e,107,207
real,108
e,108,208
real,109
e,109,209
real,110
e,110,210
real,111
e,111,211
real,112.
e,112,212
real,113
e,113,213
real,114
e,114,214
real,115
e,115,215
real,116'
e,116,216
rp5,1,1
real,130
e,122,222
rp2,1,1
e,1003,224
real,101
e,702,300
e,701,422
e,622,522
real ,150
e,706,332
e,705,331
e,704,431
e,703,430
e,630,530
real,116
e,300,702
e,422,701
e,706,332
e,705,331
e,704,431
e,703,430
e,2003,233
e,134,234
rp2,1,1
real,136
e,136,236
real,137
e,137,237
real,138
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e,138,238
real, 139
e,139,239
real, 140
e,140,240
real, 141
e,141,241
real, 142
e,142,242
real, 143
e,143,243
real, 144
e,144,244
real, 145
e,145,245
real 146
e,146,246
real, 147
e, 147,247
real, 148
e,148,248
real, 149
e,149,249
real, 150
e,150,250
real, 101
e,501,601
rpl3,1,1
real,116
e,513,613
rplO,1,1
e,530,630
rp9,1,1
real, 639
e,539,639
real, 640
e,540,640
real 641
e,541,641
real, 642
e,542,642
real, 643
e,543,643
real, 644
e,544,644
real, 645
e,545,645
real, 646
e,546,646
real, 647
e,547,647
real, 648
e, 548,648
real, 649
e,549,649
real, 150
e,550,650

! interface elements between the lower seal flange
! and the locking ring
type, 4
matl
real, 6
e,3038,1061
rp3,1,1

interface elements between the upper seal flange
and the locking ring

type, 4
mat, 1
real, 7
e,2056,3146
rp3,1,1

interface elements between the lower seal flange
and the upper seal flange

type, 5
mat, 1
real, 8
e,1164,2073
rp5,l,l

! couple the lower shell to the lower seal flange
type, 6
mat,4
real, 9

e,1001,1002
rp4, 1, 1

! couple the upper shell to the upper seal flange
type, 6
mat,4
real, 9
e,2001,2002
rp4,1,1

springs between the lower seal flange
and the locking ring

type, 7
mat,1
real,10
e,3038,1061
rp3,1,1

springs between the upper seal flange
and the locking ring

type, 7
matl
real,10
e,2056,3146
rp3,1,1

springs between the lower seal flange
and the upper seal flange

type,7
mat,1
real,10
e,1164,2073
rp5,1,1

displacement constraints
d,l10,UX,O,,601,500,rotz
d,201,UX,O,,501,100
d,150 ,U ,O,650,500,rotz
d,250,UX,O,,550,100
d,3099,UY,O
d,a1l,uz,O

! pressure loads
alls
pload=+(64.7-3.5)
p,101,102,pload,,122,1
p,123,1003,pload
p,1001,lOO6,pload,,1021,5
p,lO26,1035,pload
p,1O35,1041,pload
p,1041,1046,pload,,1051,5
p,l056,1065,pload,,1155,9
p,l164,1165,pload,,1167,1
p,l168,1159,pload
p,2077,2082,pload
p,2073,2074,pload,,2076,1
p,2127,2124,pload
p,2124,2073,pload
p,2125,2126,pload,,2126,1
p,2122,2125,pload
p,2071,2122,pload
p,2001,2006,pload,,2046,5
p,2051,2060,pload
p,2060,2071,pload
p,2003,134,pload
p,134,135,pload,,149,1

? delete unused nodes at seal
ndele,124
ndele,133

! solve the problem
fini
/solu
neqit,1000
alls
solv
fini
save

! post-process the problem
/postl
set
rsys,solu
ernorm, 0

flange interfaces

2.10.1-10



HalfPACT Safety Analysis Report Rev: 6, December 2012

table stress definitions for shell ,elements
nallalls . .
esel,s,type, ,2
etab, sit,nmisc,4
etab, sim,rnmisc, 9.
etab,sib,nmisc;14

/Com,
/Com,
/lam,
/Com, +++++++++++++++++++++
/com,+ lower seal flange.+loom, +++++++++++++++++++++

/com,
loom,
nail
eall
nsel, s, node,, 10600,1999,1
prns,prin

/Com

/cam,
/com, +++++++++++++++++++++

/com,+ upper seal flange +
/Com, +++++++++++++++++++++
/Com,
/Com,
nall
eall
nsel,s,node, ,2000,2999,1
prns,prin

/lom,
/Com,loom, ++++++++++++++++

/Com,+ locking ring +loom•, ++++++++++++++++
/Com.... ....

/COM,

nall
eall
nsel, s,node, ,3000,3999,1
prns, prin

/Com,

/com,

/com,+ ,OCV cylindrical and conical shells +,.
/corn, ++++++.................+...........+.+ .

/Com,
nail
eall
esel,s,elem, ,324,331,1

pret

/cm,

/ccm,loo~m, +++++++++++++++++++++++++++÷++++++++++++

/com,+ OCV torispherical head crown shells+
/com, +++++++++++++++++++++++++++.+++++++++++
/Com,
/Com,
nall
eall
esel,s,elem,.339,348,1 upper head
esel,a,elem,',309,318,l Alower head
pret *

/Com,
/Com,
/Com,/Com .......... ++++ .....++.+...+..+. ++Hi
/oom,+ OCV torispherical head knuckle shells +
/Com, ++++++++++++++++++++44+++++++++++++++++++
/Com,
loom,*,
nail
eall
esel,s,elem,,334,338,1 ! upper head
esel,a,elem,,319,323,1 lower head
pret

/com,
/cm,

/Com, +++++++++.+++++++++++++++++++++++++
/com,+ OCA outer shells and z-flanges +loom, ÷++++++++++++++++++++++++++++++++++

loom,

nall
eall
esel,s,elem,,349;399,1
pret

/Com,
/cam,

/Com, ++++++++++++++++++++++++++++++
/Com,+ polyurethane foam elements +/oo, ,++++++-4+++4+++H•++++++++++++++++

/Com"

nall %
eall
esel,s,elem,,415,559,1
prns,prin

I finalize ANSYS
.nall
eall
save
/out, term*/eof

e
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Table 2.10.1-2 - ANSYS® Input Listing for OCA Load Case 2
I initialize ANSYS
fini

,ale
/filensme,oca_1c2 ,inp
/out,,txt

start preprocessing the model
/prep7
/title, OCA Load Case 2: P=64.7/3.5 psia, T=160/70 F

element types
et,1,42,,,l
et,2,51 ,
et,3,42, ,,

et,4,12 ....... 1

et,6,3
et,7,14, ,2

I reference and uniform temperatures
tref,70
tunif,160

material properties for non-slotted steel regions
ex,1,27.8e06
nuxy, 1, .3
alpx,1,8.694e-06

material properties'for slotted steel regions
ex,2,13.9e06
ey,2,13.9e06
ez,2,1
nuxy,2, .3
nuxz,2,0
nuyz,2,0
alpx,2,8.694e-06
alpy,2,8.694e-06
alpz,2,8.694e-06

material properties for, the polyurethane,foam
ex,3,4773
ey,3,6810
ez,3,4773
nuxy,3,.33
nuxz, 3, .33
nuyz,3, .33
alpx,3,3.5e-5

! material properties for the rigid coupling elements
ex,4,27.8e06
nuxy,4,.3
alpx,4,8.694E-06

! element real constants
r,l,.25
r;2,.1875
r,3,.375
r,4,.075
r,5,,le9,,l
r,6,-15,1e9,-.036
r,7,15,1e9,-.036
r,8,0,le9,,l
r,9,1,1,1
r,10,1e2
r,101,-180.000,1e5;,1
r,102,-177.444,1e5,,l
r,103,-174.888,1e5,,l
r,104,-172.333,le5,,l
r,l05,-169.777,le5,,1'
r,106,-167.221,1e5,,l
r,107,-164.665,1e5,,1
r,108,-162.10941e5,,1
r,109,-159.553,1e5,,l
r,l10,-156.998,1e5,,1
r,111,-154.442,1e5,,1
r,l12,-141.553,le5,,1
r,l13,-128.665,1e5,,l
r,l14,-15.777,le5,,l
r,l15,-102.888,1e5,,l
r,l16,-90.0000,1e5,,l
r,130,-102.000,1e5,,1
r,136,-77.1520,1e5,,l

r,137,-64.3041,le5,,l
r,138,-51.4561,1e5,,1
r,139,-38.6081,1e5,,1
r,140,-25.7602,1e5,,1
r,141,-23.1841,1e5,,1
r,142,-20.6081,1e5,,l
r,143,-18.0321,1e5,,l
r,144,-l5.4561,1e5,,l
r,145,-12.8801,1e5,,l
r,146,-10.3041,le5,,l
r,147,-7.72805,1e5,,l
r,148,-5.15203,1e5,,l
r,149,-2.57602,le5,,1
r,150,,le5, ,l
r,639,-58.7238,1e5,,1
r,640,-27.4476,le5,.,l
r,641,-24.7029,le5,,l
r,642,-21.9581,1e5,,l
r,643,-19.2133,1e5,,1
r,644,-16.4686,le5,,1
r,645,-13.7238,1e5,,l
r,646,-10.9790,1e5,,1
r,647,-8.23429,1e5,,l
r,648,-5.48952,1e5,,1
r,649,-2.74476,le5,,l

! nodes for the lower seal flange
local,11,,38.24941495,50.051977923,,-12
n,1001
n,1005,.25
fill
n,1016,,.58677836
n,1020,.25,.58677836
fill
fill,1001,1016,2,1006,5,5,1
n,1026,,.896632635
local,12,,38.505,50
move,1026,11,0,999,0,12,-.065,999,0
fill,1016,1026,1,1021
local,11,1,39.12699808,50.47
n,1025,.5,148.5
n,1030,.5,129
n,1031,.5,109.5
n,1032;.5,90
csys,12
fill,1021,1025,3,1022,1,2,5
n,1033,.775,.97
n,1034,1.145,.97
n,1076,-.065,2.98
fill,1026,1076,8,1035,5
fill,1035,1076,7,1041,5
n,1060,.775,2.15593612
ngen,2,6,1033,1034,1,,.16
fill,1039,1060,3,1045,5
fill,1035,1039
fill,1041,1045,3,1042,1,4,5
n,1064,1.245,2.03
fill,1060,1064
n,1092,-.065,2.98
n,1096,.77960172,2.76
fill
n,1100,1.245,2.76
fill,1096,1100
fill,1056,1092,3,1065,9,9,1
ngen,3,9,1098,1100,1,,.26
n,1146,.14020351,4.4
fill,1092,1146,5,1101,9
n,1164,.14020351,4.98
fill,1146,1164,1,1155
local,ll,,39.13520351,54.98,,-86.15
n,1168
n,1159,.3
ngen,3,-l,1159,1159,,,-.125
n,1148,.58,-.25
ngen,2,-18,1157,1159,1,.56
ngen,2,-9,1139,1141,1,.25
ngen,2,-27,1148,1148,,.81
ngen,2,-18,1130,1132,1,.56
fill,1096,1114,1,1105
csys,12
fill,1101,1105
fili,1110,1112,1,1111,,6,9
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fill,1164,1168

nodes for the upper seal flange
local,ll,,38.405,52.81
n,2001,,5
n,2005,.25,5
fill
ngen,3,5,2001,2005,1,,-.25
n,2031,,3.45
n,2035,.91,3.45
fill
fill,2011,2031,3,2016,5,5,1
n,2051,,2.543442101
n,2055,.91,2.543442101
fill
fill,2031,2051,3,2036,5,4,1
n,2040,.91,3.29
fill,2040,2055,2,2045,5
n,2059,1.345,2.66
fill,2055,2059
n,2071,,2.17,
n,2073,.21504507,2.17
fill
n,2077,.74504507,2.17
fill,2073,2077
fill,2051,2071,i,2060
fill,2054,2076,1,2065
fill,2060,2065
n,2081,1.345,2.17
fill,2077,2081
fill,2055,2077,1,2066,,5,1
n,2107,.85759646,.54
n,2109,1.10488343,.54
fill
n,2111,1.345,.54
fill,2109,2111
fill,2077,2107,5,2082,5,5,1
n,2117,.94488343
n,2119,1.10488343
fill
fill,2109,2119,1,2114
n,2112,.870715847,.35
fill,2112,2114
n,2120,1.345,3.45
n,2121,1.345,3.29
ngen,2,51,2071,2073,1,,-.305
ngen,2,3,2122,2124,1,,-.305

! nodes for the locking ring
local,11,,39.35,51.29
n,3001
n,3005,.435
fill
n,3009,.935
fill,3005,3009
n,3037,,.81
n,3041,.435,.693442101
fill
n,3045,.935,.693442101
fill,3041,3045
fill,3001,3037,3,3010,9,9,1
n,3145,,4.11
n,3149,.435,4.226557899
fill
n,3153,.935,4.226557899
fill,3149,3153
fill,3041,3149,11,3050,9,5,1
n,3181,,4.67
n,3185,.535,4.67
fill
n,3189,.935,4.67
fill,3185,3189
fill,3145,3181,3,3154,9,9,1

!nodes for the OCA inner shell (OCV)
local,11,1,,84.5
n 101,74.25,-90
n,111,74.25,-64.44174492
fill
local,12,1,28.3125,24.29659664
n,116,8.625
fi11,111,116
csys
!n,117,36.9375,25.79659664
n,122,36.9375,43.95292590
fill,116,122

ngen,2,-879,1003,1003
fill,122,124

,ngen,2,-1870,2003,2003
n,135,38.53,63.78649751
fill,133,135
local,12,1,29.905,63.78649751
n,140,8.625,64.23984399
fill,135,140
local,14,1,,1.8125
n,150,77.4375,90
fill,140,150

! nodes for the OCA outer shell
csys
n,601
n,613,47.0625
fill
n,622,47.0625,46.7775
fill,613,622
n,630,47.0625,47.6325
n,638,47.0625,75.3440689
fill,630,638
local,15,1,40.5625,75.3440689
n,640,6.5,62.55238078
fill,638,640
local,16,1,,-2.75
n,650,94.5,90
fill,640,650

nodes for the polyurethane foam inner surface
csys
ngen,2,100,101,150,1
n,125,38.58338729,50.9
n,232,38.53,56.26

I nodes for the polyurethane foam outer surface
ngen,2,-100,601,650,1

! intermediate polyurethane foam nodes
fill,201,501,2,301,100,22,1
n,300,43.9375,50.9
n,331,41.5375,51.8825'
n,332,41.5375,56.26
n,422,43.9375,46.7775
n,430,44.2375,47.6375
n,431,44.2375,51.8825
fill,222,422,1,322
fill,223,300,1,323
fill,332,532,1,432
fill,233,533,2,333,100,18,1

! nodes for the z-flanges
ngen,2,279,422,422,0
ngen,2,402,300,300,0
ngen,2,273,430,430,0
rp2,,,1,1 .
ngen,2,374,331,331,0.
rp2,,,1, *'

elements for the lower seal flange
type,1
mat,1
real,l
e,1001,1002,1007,1006
rp4,1,1,1,1
egen,5,5,1,4,1
e,1026,1027,1036,1035
e,1027,1028,1036
e,1028,1029,1037,1036
e,1029,1030,1031,1037
e,1031,1032,1038,1037
rp3,1,1,1,1
e,1035,1036,1042,1041
rp4,1,1,1,1
e,1041,1042,1047,1046
rp4,1,1,1,1
egen,3,5,32,35,1
e,1056,1057,1066,1065
rp4,1,1,1,1
egen,4,9,44,47,1
mat,2
e,1060,1061,1070,1069
rp4,1,1,1,1
egen,4,9,60,63,1
egen,3,9,74,75,1
egen,3,9,56,59,1
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egen,7,9,84,85,1
egen,3,1,99,99
egen,3,1,93,93

! elements for the upper seal flange
type, 1
mat,l
real, 1
e,2006,2007,2002,2001
rp4,1,1,1,1
egen,10,5,104,107,1
e,2040,2121,2120,2035
e,2060,2061,2052,2051
e,2061,2062,2052
e,2062,2063,2053,2052
e,2063,2064,2053
e,2064,2065,2054,2053
rp6,1,1,1,1
e,2071,2072,2061,2060
rplO,1,1,1,1
e,2122,2123,2072,2071
rp2,1,1,1,1
e,2125,2126,2123,2122
rp2,1,1,1,1
e,2082,2083,2078,2077
rp4,1,1,1,1
egen,6,5,169,172,1
egen,3,5,189,190,1

! elements for the locking ring
type, 1
mat,2
real, 1
e,3001,3002,3011,3010
rp4,1,1,1,1
egen,4,9,197,200,1
mat,1
e,3005,3006,3015,3014
rp4,1,1,1,1.
egen,20,9,213,216,1
e,3145,3146,3155,3154
rp4,1,1,1,1
egen,4,9,293,296,1

elements for the OCA inner shell (OCV)
type,2
mat,l
real, 1
e,101,102
rpl6,1,1
real,2
e,117,118
rp5,1,1
real,1
e,122,123
e,123,1003
e,2003,134
e,134,135
rpl6,1,1

type, 3
mat, 3
real, 1
e,201,301,302,202
rp22,1,1,1,1
e,224,223,323
e,301,401,402,302
rp2l,1,1,1,1
e,322,422,300,323
e,300,125,224,323
e,401,501,502,402
rp2l,1,1,1,1
e,333,233,232,332
e,233,333,334,234
rpl7,1,1,1,1
e,331,431,432,332
rpl9,1,1,1,1
e,430,530,531,431
rp2O,1,1,1,1

interface elements between the steel shells
and the polyurethane foam

type,5
mat,1
real,101
e,101,201
real,102
e,102,202
real,103
e,103,203
real,104
e,104,204
real,105
e,105,205
real,106
e,106,206
real,107
e,107,207
real,108
e,108,208
real,109
e,109,209
real,110
e,110,210
real,111
e,111,211
real,112
e,112,212
real,113
e,113,213
real,114
e,114,214
real,115
e,115,215
real,116
e,116,216
rp5,1,1
real,130
e,122,222
rp2,1,1
e,1003,224
real,101
e,702,300
e,701,422
e,622,522
real ,150
e,706,332
e,705,331
e,704,431
e,703,430
e,630,530
real,116
e,300,702
e,422,701
e,706,332
e,705,331
e,704,431
e,703,430
e,2003,233
e,134,234
rp2,1,1
real,136
e,136,236
real,137
e,137,237
real,138

! elements
real, 1
e,601,602
rpl8,1,1
real, 3
e,619,620
rp3, 1,1
e,630,631
rp8,1,1
real, 1
e,638,639
rpl2,1,1

for the OCA outer shell

1 elements for the Z-flanges
real,4
e,622,701
e,701,702
e,702,1034
e,1034,1033
e,630,703
e,703,704
rp3,1,1
e,706,2120
e,2120,2035

! polyurethane foam elements
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e,138,238
real, 139
e,139,239
real, 140
e,140,240
real, 141
e,141,241
real, 142
e, 142,242
real, 143
e,143,243
real, 144
e,144,244
real, 145
e,145,245
real,146
e,146,246
real, 147
e,147,247
real, 148
e,148,248
real,149
e,149,249
real 150
e,150,250
real, 101
e, 501, 601
rpl3,1,1
real, 116
e,513,613
rplo,

1
,

1

e,530,630
rp9,1,1
real, 639
e, 539, 639
real, 640
e,540,640
real, 641
e,541,641
real, 642
e,542,642
real, 643
e,543,643
real, 644
e,544,644
real,645
e,545,645
real, 646
e,546,646
real, 647
e,547,647
real, 648
e,548,648
real,649
e,549,649
real,150
e,550,650

I interface elements between the lower seal flange
1 and the locking ring
type, 4
mat,1
real, 6
e,3038,1061
rp3,1,1

I interface elements between the'upper seal flange
* and the locking ring
type,4
mat,l
real,7
e,2056,3146
rp3,1,1

! interface elements between the lower seal flange
and the upper seal flange

type, 5
matl
real,8
e,1164,2073
rp5,1.1

! couple the lower shell to the lower seal flange
type, 6
mat,4
real, 9

e,1001,1002
rp4, 1, 1

I couple the upper shell to the upper seal flange
type, 6
mat,4
real, 9
e,2001,2002 "
rp4,1,1

springs between the lower seal flange
and the locking ring

type, 7
mat,l
real, 10
e,3038,1061
rp3,1,1

springs between the upper seal flange
and the locking ring

type, 7
mat,!
real,10
e,2056,3146
rp3,1,1

springs between the lower seal flange
and the upper seal flange

type, 7
mat,1.
real, 10
e,1164,2073
rp5,1,1

displacement constraints
d,l01,UX,O,,601,500,rotz
d,201,UX,O,,501,100
d,150,UX,O,,650,500,rotz
d,250,UX,O,,550,100
d,3099,UY,O
d,all,uz,O

pressure loads
alls'
pload=+(64.7-3.5)
p,l01,102,pload,,122,1
p,123,1003,pload
p,1001,1006,pload,,1021,5
p,1026,1035,pload
p,l035,1041,pload
p,1041,1046,pload,,1051,5
p,1056,1065,pload,,1155,9
p,1164,1165,pload,,1167,1
p,1168,1159,pload
p,2077,2082,pload
p,2073,2074,pload,,2076,1
p,2127,2124,pload
p,2124,2073,pload
p,2125,2126,pload,,2126,1
p,2122,2125,pload.
p,2071,2122,pload
p,2001,2006,pload,,2046,5
p,2051,2060,pload
p,2060,2071,pload
p,2003,134,pload
p,134,135,pload,,149,1

! delete unused nodes at
ndele,124
ndele,133

seal flange interfaces

! solve the problem
fini
/solu
neqit,1000
alls
solv
fini
save

I post-process the problem
/postl
set
rsys, solu
ernorm; 0
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I table stress definitions for shell elements
nall1
alls
esel,s,type, ,2
etab,sit,nmisc,4
etab, sire, nmisc, 9
etab, sib,nmisc, 14

/Com,
/com,
/com,
/Com, +++++++++++++++++++++
/com,+ lower seal flange +
/lom, +++++++++++++++++++++
/com,
/Com,
nall
eall
nsel,s,node, ,1000,1999,1
prns,prin

/lom,
/com,
/com,
/com +++++++++++++++++++++
/com,+ upper seal flange +
/cam, +++++++++++++++++++++
/com,
/com,
nall
eall
nsel,s,node, ,2000,2999,1
prns,prin

/Com,
/com,
/cCm,
/com, ++++++++++++++++
/Com,+ locking ring +
/Com, ++++++++++++++++
/Com,
/Com,
nall
eall
nsel,s,node, ,3000,3999,1
prns,prin

/com,
/com,
/Com,
/clm, ++++++++.+++++++++++++++++++++++++++++
/com,+ OCV cylindrical and connial shells +
/Com, +++++++++++++++++++++++++++++++++++++H
/Com,
/Com,
nall
eall
esel,s,elem, ,324,331,1
pret

/com,
/com,
/Com,

/Com, +++++++++++++++++++++++++.++++++++++++++
/com,+ OCV torispherical head crown shells +loom, +++++++++++++++++++++++++++++++++++++++

loom,

nall
eall
esel,s,elem, ,339,348,1 upper head
esel,a,elem,,309,318,1 lower head
pret

/cam,
/Com,

loom, +++++++++++++++++++++++++++++++++++++++++

/am,+ OCV torispherical head knuckle shells +loom•, +++++++++++++++++++++++++++++++++++++++++
/com'
/com,
nall
eall
esel,s,elem,,334,338,1 upper head
esel,a,elem,,319,323,1 I lower head
pret

/Com,
loom,/corn,
/Com .... ........ ..loom, ++++++++++++++++++++++++++++++++++

/Com,+ OCA outer shells and z-flanges +

/Com,
nall
eall
esel,s,elem, ,349,399,1
pret

loom,

loom,/cam .....loom, ++++++++++++++++++++++++++++++

/clm,+ polyurethane foam elements +
/Com ++++i-+++++++++++++++++++++++++
/com,
/lom,
nall
eall
esel,s,elem,,415,559,1
prns,prin

I finalize ANSYS
nall
eall
save
/out, term
/eof
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Table 2.10.1-3 - ANSYS® Input Listing for OCA Load Case 3
I initialize ANSYS
fini

Icle
/filename,ocalc3,inp
/out,,txt

I start preprocessing the model
/prep7
/title, OCA Load Case 3: P=14.7/14.7 psia, T=-40/70 F

element types
et,1,42, ,,
et,2,51
et,3,42, ,,
et,4,12,,,,,,,l
et,5,12,,,,,,,l
et,6,3
et,7,14, ,2

reference and uniform temperatures
tref, 70
tunif,-40

material properties for non-slotted steel regions
ex,1,28.8e06
nuxy,1,.3
alpx,1,8.21e-06

! material properties for slotted steel regions
ex,2,14.4e06
ey,2,14.4e06
ez,2,1
nuxy,2, .3
nuxz,2,0
nuyz,2,0
alpx,2,8.21e-06
alpy, 2,8.21e-06
alpz,2,8.21e-06

!.material properties for the polyurethane foam
ex,3,4773
ey,3,6810
ez,3,4773
nuxy,3i.33
nuxz,3, .33
nuyz,3,.33
alpx,3,3.5e-5

material properties for the rigid coupling elements
ex,4,28.8e06
nuxy,4,.3
alpx,4,8.21E-06

element real constants
r,1,.25
r,2,.1875
r,3,.375
r,4,.075
r,5,,le9,,l
r,6,-15,1e9g-.036
r,7,15,1e9,-.036
r,8,0,1e9,,l
r,9,1,1,1
r,10,1e2
r,101,-180.000,1e5,,l
r,102,-177.444,le5,,l
r,103,-174.888,1e5,,l
r,104',-172.333,le5,l,
r,105,-169.777,1e5,,l
r,106,-167.221,1e5,,l
r,107,-164.665,1e5,,1
r,108,-162.109,1e5,,1
r,109,-159.553,'1e5,,l
r,l10,-156.998,1e5,,l
r,1l1,-154.442,1e5,,1
r,l12,-141.553,1e5,,1
r,l13,-128.665,1e5,,1
r,114,-115.777,1e5,,l
r,l15,-102.888,le5,,l
r,116,-90.0000,1e5,,l
r,130,-102.000,1e5,,l
r,136,-77.1520,1e5,,l

r,137,-64.3041,1e5,,l
r,138,-51.4561,1e5,,1
r,139,-38.6081,1e5,,1
r,140,-25.7602,le5,,1
r,141,-23.1841,1e5,,l
r,142,-20.6081,1e5,,1
r,143,-18.0321,1e5,,1
r,144,-15.4561,1e5,,l
r,145,-12.8801,1e5,,1
r,146,-10.3041,1e5,,1
r,147,-7.72805,le5,,1
r,148,-5.15203,1e5,,1
r,149,-2.57602,1e5,,1
r,150,,1e5,,1
r,639,-58.7238,1e5,,1
r,640,-27.4476,le5,,l
r,641,-24.7029,1e5,,1
r,642,-21.9581,1e5,,l
r,643,-19.2133,1e5,,1
r,644,-16.4686,1e5,,1
r,645,-13.'7238,leS,,1
r,646,'-10.9790,1e5,,l
r,647,-8.23429,1e5,,l
r,648,-5.48952,1e5,,1
r,649,-2.74476,1e5,,l

nodes for the lower seal flange
local,11,,38.24941495,50.051977923,,-12
n,1001
n,1005,.25
fill
n,1016,,.58677836
n,1020,.25,.58677836
fill
fill,1001,1016,2,1006,5,5,1
n,1026,,.896632635
local,12, ,38.505,50
move,1026,11,0,999,0,12,-.065,999,0
fill,1016,1026,1,1021
local,11,1,39.12699808,50.47
n,1025,.5,148.5
n,1030,.5,129
n,1031,.5,109.5
n,1032,.5,90
csys,12
fill,1021,1025,3,1022,J,2,5

.n,1033,.775,.97
n,1034,1.145,.97
n,1076,-.065,2.98
fill,1026,1076,8,1035,5
fill,1035,1076,7,1041,5
n,1060,.775,2.15593612
ngen,2,6,1033,1034,1,,.16
fill,1039,1060,3,1045,5
fill,1035,1039
fill,1041,1045,3,1042,1,4,5
n,1064,1.245,2.03
fill,1060,1064
n,1092,-.065,2.98
,n,1096,.77960172,2.76
fill
n,1100,1.245,2.76
fill,1096,1100
fill,1056,1092,3,1065,9,9,1
ngen,3,9,1098,1100,1,,.26
n,1146,.14020351,4.4
fill,1092,1146,5,1101,9
n,1164,.14020351,4.98
fill,1146,1164,1 ,1155
local,iI,,39.13520351,54.98,,-86.15
n,1168
n,1159,.3
ngen,3,-l,1159,1159,,,-.125
n,1148,.58,-.25
ngen,2,-18,1157,1159,1,.56
ngen,2,-9,1139,1141,1,.25
ngen,2,-27,1148,1148, ,.81
ngen,2,-18,1130,1132,1,.56
fill,1096,1114,1,1105
csys,12
fill,1101,1105fi11,1110,1112,1,1111,,6,9
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fill,1164,1168

I nodes for the upper seal flange
local,11,,38.405,52.81
n,2001,,5
n,2005,.25,5
fill
ngen,3,5,2001,2005,1,,-.25
n,2031,,3.45
n,2035,.91,3.45
fill
fill,2011,2031,3,2016,5,5,1
n,2051,,2.543442101
n,2055,.91,2.543442101
fill
fill,2031,2051,3,2036,5,4,1
n,2040,.91,3.29
fill,2040,2055,2,2045,5
n,2059,1.345,2.66
fill,2055,2059
n,2071,,2.17
n,2073,.21504507,2.17
fill
n,2077,.74504507,2.17
fill,2073,2077
fill,2051,2071,1,2060
fill,2054,2076,1,2065
fill,2060,2065
n,2081,1.345,2.17
fill,2077,2081
fill,2055,2077,1,2066,,5,1
n,2107,.85759646,.54
n,2109,1.10488343,.54
fill
n,2111,1.345,.54
fill,2109,2111
fill,2077,2107,5,2082,5,5,1
n,2117,.94488343
n,2119,1.10488343
fill
fill,2109,2119,1,2114
n,2112,.870715847,.35
fill,2112,2114
n,2120,1.345,3.45
n,2121,1.345,3.29
ngen,2,51,2071,2073,1,,-.305
ngen,2,3,2122,2124,1,,-.305

! nodes for the locking ring
local,1l,,39.35,51.29
n,3001
n,3005,.435
fill,
n,3009,.935
fill,3005,3009
n,3037,,.81
n,3041,.435,.693442101
fill
n,3045,.935,.693442101
fill,3041,3045
fill,3001,3037,3,3010,9,9,1
n,3145,,4.11
n,3149,.435,4.226557899
fill
n,3153,.935,4.226557899
fill,3149,3153
fill,3041,3149,11,3050,9,5,1
n,3181,,4.67
n,3185,.535,4.67
fill
n,3189,.935,4.67
fill,3185,3189
fill,3145,3181,3,3154,9,9,1

! nodes for the OCA inner shell (OCV)
local,11,1,,84.5
n,101,74.25,-90
n,111,74.25,-64.44174492
fill
local,12,1,28.3125,24.29659664
n,116,8.625
fili,111,116
csys
!n,117,36.9375,25.79659664
n,122,36.9375,43.95292590
fill,116,122

ngen,2,-879,1003,1003
fill,122,124
ngen,2,-1870,,2003,2003
n,135,38.53,63.78649751
fill,133,135
local,12,1,29.905,63.78649751
n,140,8.625,64.23984399
fill,135,140
local,14,1,,1.8125
n,150,77.4375,90
fill,140,150

nodes for the OCA outer shell
csys
n,601
n,613,47.0625
fill
n,622,47.0625,46.7775
fill,613,622
n,630,47.0625,47.6325
n,638,47.0625,75.3440689
fill,630;638
local,15,1,40.5625,75.3440689
n,640,6.5,62.55238078
fill,638,640
local,16,1,,-2.75
n,650,94.5,90
fill,640,650

nodes for the polyurethane foam inner surface
csys
ngen,2,100,101,150,1
n,125,38.58338729,50.9
n,232,38.53,56.26

! nodes for the polyurethane foam outer surface
ngen,2,-100,601,650,1

! intermediate polyurethane foam nodes
fill,201,501,2,301,100,22,1
n,300,43.9375,50.9
n,331,41.5375,51.8825
n,332,41.5375,56.26
n,422,43.9375,46.7775
n,430,44.2375,47.6375
n,431,44.2375,51.8825
fill,222,422,1,322
fill,223,300,1,323
fill,332,532,1,432
fill,233,533,2,333,100,18,1

! nodes for the z-flanges
ngen,2,279,422,422,0
ngen,2,402,300,300,0
ngen,2,273,430,430,0
rp2,, ,1,1
ngen,2,374,331,331,0
rp2,,,l,l

! elements for the lower seal flange
type,1
matl
real,1
e,1001,1002,1007,1006
rp4,1,1,1,1
egen,5,5,1,4,1
e,1026,1027,1036,1035
e,1027,1028,1036
e,1028,1029,1037,1036
e,1029,1030,1031,1037
e,1031,1032,1038,1037
rp3,1,1,1,1
e,1035,1036,1042,1041
rp4,1,1,1,1
e,1041,1042,1047,1046
rp4,1,1,1,1
egen,3,5,32,35,1
e,1056,1057,1066,1065
rp4,1,1,1,1
egen,4,9,44,47,1
mat,2
e,1060,1061,1070,1069
rp4j,1,1,1
egen,4,9,60,63,1
egen,3,9,74,75,1
egen,3,9,56,59,1
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egen,7,9,84,
8 5

,1
egen,3,1,99,99
egen,3,1,93,93

1 elements for the 'upper seal flange
type,1
mat,1
real, 1
e,2006,2007,2002,2001
rp4,1,1,1,1
egen,10,5,104,1 0 7

,1
e,2040,2121,

2
1

2 0
,

2
0

3
5

e,2060,2061,2052,2051
e,2061,2062,

2
052

e,2062,2063,2053,2052
e,2063,2064,

2
0

5 3
e,2064,2065,2054,2053
rp6,1,1,1,1
e,2071,2072,2061,2060
rplO,1,1,1,I
e,2122,2123,2072,2071
rp2,1,1,1,1
e,2125,2126,2123,2122
rp2,1,1,1,1
e,2082,2083,2078,2077
rp4,1,1,1,1
egen,6,5,169,1 7 2

,1
egen,3,5,189,190,1

1 elements for the locking ring
type, 1
mat,2
real, 1
e,3001,3002,3011,3010
rp4,1,1,1,1
egen,4,9,197,200,1
mat,1
e,3005,3006,3015,3014
rp4,1,1,1,1
egen,20,9,21

3
,
2

1
6

,1
e,3145,3146,

3 155,
3

154
rp4,1,1,1,1
egen,4,9,293,

2
9

6 ,1

type,3
mat,3
real, 1
e,201,301,302,202
rp22,1,1,1,1
4,224,223,323
e,301,401,402,302
rp2l,1,1,1,1

ýe,322,422,300,323
e,300,125,224,323
e,401,501,502,402
rp2l,1,1,1,1
e,333,233,232,332
e,233,333,334,234
rpl7,1,1,1,1
e,331,431,432,332
rpl9,1,1,1,1
e,430,530,531,431
rp20,11,1,1

interface elements between the steel shells
and the polyurethane foam

type,5
matl
real, 101'
e,101,201
real,102
e,102,202
real,103
e,103,203
real,104
e,104,204
real,105
e,105,205
real,106
e,106,206
real,107
e,107,207
real,108.
e,108,208
real,109
e,109,209
real,110
e,110,210
real,111
e,111,211
real,112
e,112,212
real,113
e,113,213
real,114
e,114,214
real,115
e,115,215
real,116
e,116,216
rp5,1,1
real,130
e,122,222
rp2,1,1
e,1003,224
real,101
e,702,300
e,701,422

'e,622,522
real,150
e,706,332
e,705,331
e,704,431
e,703,430

'e,630,530
real,116
e,300,702
e,422,701
e,706,332
e,705,331
e,704,431
e,703,430
e,2003,233
e,134,234
rp2,1,1
real,136
e,136,236
real,137
e,137,237
real,138

! elements for
type,2
mat,1
real,l
e,101,102
rpl6,1,1
real,2
e,117,118
rp5,1,1
real,1
e,122,123
e,123,1003
e,2003,134
e,134,135
rpl6,1,1

! elements for
real,1
e,601,602
rpl

8
,1,1

real,3
e,619,620
rp3,1,1
e,630,631
rp8,1,1
real,l
e,638,639
rpl2,1,1

the OCA inner shell (OCV)

the OCA outer shell

! elements for the Z-flanges
real,4
e,622,701
e,701,702
e,702,1034
e,1034,1033
e,630,703
e,703,704
rp3,1,1
e,706,2120
e,2120,2035

! polyurethane foam elements
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e,138,238
real, 139
e,139,239
real, 140
e,140,240
real, 141
e,141,241
real, 142
e, 142,242
real, 143
e,143,243
real, 144
e,144,244
real, 145
e,145,245
real, 146
e,146,246
real, 147
e,147,247
real, 148
e,148,248
real, 149
e,149,249
real, 150
e,150,250
real, 101
e,501,601
rpl3,1,1
real, 116
e,513,613
rplO,1,1
e, 530, 630
rp9,1,1
real, 639
e,539,639
real, 640
e, 540,640
real, 641
e,541,641
real, 642
e,542,642
real, 643
e,543,643
real, 644
e,544,644
real, 645
e,545,645
real, 646
e,546,646
real, 647
e,547,647
real, 648
e,548,648
real, 649
e,549,649
real, 150
e,550,650

I interface elements between the lower seal flange
and the locking ring

type, 4
mat,l
real, 6
e,3038,1061
rp3,1,1

interface elements between the upper seal flange
and the locking ring

type, 4
mat,1
real, 7
e,2056,3146
rp3,1,1

1 interface elements between the lower seal flange
! and the upper seal flange
type, 5
mat,1
real, 8
e,1164,2073
rp5,1,1

! couple the lower shell to the lower seal flange
type, 6
mat,4
real, 9

e,1001,1002
rp4, 1,1

! couple the upper shell to
type, 6
mat,4
real,9
e,2001,2002
rp4,1,1

the upper seal flange

springs between the lower seal flange
and the locking ring

type, 7
mat,1
real,l0
e,3038,1061
rp3,1,1

springs between the upper seal flange
and the locking ring

type, 7
mat,1
real,10
e,2056,3146
rp3,1,1

springs between the lower seal flange
and the upper seal flange

type, 7
mat,l
real,10
e,1164,2073
rp5,1,1

displacement constraints
d,l01,tUX,0, ,601,500,rotz
d,201,UX,O,,501,100
d,l50,UX,O,,650,500,rotz
d,250,UX,O,,550,100
d,3099,UY,0
d,all,uz,O

! pressure loads
alls
pload=+ (14.7-14.7)
p,101,102,pload, ,122,1
p,123,1003,pload
p,1001,1006,pload, ,1021,5
p,1026,1035,pload
p,1035,1041,pload
p,1041,1046,pload,,1051,5
p, 1056,1065,pload, ,1155,9
p,1164,1165,pload,,1167,1
p,1168,1159,pload
p,2077,2082 ,pload
p,2073,2074,pload, ,2076,1
p,2127,2124,pload
p,2124,2073,pload
p,2125,2126,pload, ,2126,1
p,2122,2125,pload
p,2071,2122,pload
p,2001,2006,pload, ,2046,5
p,2051,2060,pload
p,2060,2071,pload
p,2003,134,pload
p,134,135,pload,,149,1

! delete unused nodes at seal flange interfaces
ndele,124
ndele,133

! solve the problem
fini
/solu
neqit,1i000
alls
solv
fini
save

! post-process the problem
/postl
set
rsys, solu
ernorm, 0
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! table stress definitions for shell elements
nail
alls
esel,s,type, ,2
etab, sit,=misc,4
etab, sim,nmisc,9
etab, sib,nmisc, 14

/Com,
loom,

loom,+++++++++++
/oom,
/oom,
loom,
nail
eall
nsel,s,node, ,1000,1999,1
prns,prin

/Com,

/com,loom,
loomi +++++++++++++++++++++

/c=,+ upper seal flange +
/oom, +++++++++++++++++++++
/Com,
/oam,
.all
eall
nsel,s,node, ,2000,2999,1
p-ns prin

/com,

/com',
/Com, ++++++++++++++++
/com,+ looking ring +loom, ++++++++++++++++/coi .........
loom,
loom,
nail
eall
nsel,s,node,,3000,3999,1
prns ,prin

/oam,
/Com,
/cam,loom•, ++++++++++++++++++++++++++++++++++++++

/cm,+ OCV cylindrical and conical shells +
/cm, ++++++++++++++++++++++++++++++++++++++
/Com,
/Com,

nall
eall
esel,s,elem. ,324,331,1
pret

/lcm,
/com,

/oom,
/Coo, +++++++++++++++++++++++++++++++++++++++/oomn,+ CCV torispherioai head orown shells +

/com, +++...++++++++++++++++++++++++++++++++++
/com,
/Com,
nail
eall
esel,s,elem,,339,348,1 upper head
esel,a,elem,,309,318,1 lower head
pret

/com,
/oom,
/Com,
/Com, +++++++++++++++++++++++++++++++++++++++++
/Com,+ OCV torispherical head knuckle shells +
/Coom,+++++++++++++++++++++++++++++++++++++++++
/oam,

nail
eall
esel,s,elem,,334,338,1 upper head
esel,a,elem,,319,323,1 I lower head
pret

/oam,
/oam,
/oam,
/Com...............
/oom, +++++++++++++++++++++++++++++-s+++++

/Com,+ OCA outer shells and z-flanges +/oom, ++++++++++++++++++++++++++++++++++

loom,
/oom,
nall
eill
esei,s,eiem, ,349,399,l
pret

/oom,
/oom,
/oom,

loom,+ polyurethane , foam elements +

/oom,
/oom,
nail
eill
esei,s,elem, ,415,559,l
prns ,prin

finalize ANSYS
nail
emll
save
/out ,term
/eof
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Table 2.10.1-4 - ANSYS® Input Listing for OCA Load Case 4
I initialize ANSYS
fini
/aie
/filenmne,ocaic4,inp_.,
/out,,txt

start preprocessing the model
/prep

7

/title, OCA Load Case 4: P=0.0/14.7 psia, T=70/70 F

I element typeset,l,42,,,.l1
et,2,51
et,3,

4 2
, 1

et,4,12,,,,,,, 1
et,5,12,,,,,,,..l
et,6,3
et,7,1

4 , , ,2

I reference and uniform temperatures
tref,70
tunif,70

! material properties for non-slotted steel regions
ex,1,28.3e06
nuxy,l,.3
alpx,1,8.46e-06

! material properties for slotted steel regions
ex,2,14.15e06
ey,2,14.15e06
ez,2,1
nuxy,

2
, .3

nuxz,2,0
nuyz,2,0
alpx,2,8.46e-06
alpy,2,8.46e-06
alpz,2,8.46e-06

! material properties for the polyurethane foam
ex,3,

4 7 7
3

ey,3,
68 1

0
ez,3,4

7 7 3

nuxy,
3

, .33
nuxz,3, .33
nuyz,

3
, .33

alpx,3,3.5e-5

! material properties for the rigid coupling elements
ex,4,28.3e06
nuxy,4, .3
alpx,4,8.46E-06

I element real constants
r,1,.

2
5

r,2,.1875
r,3,.375
r,4,.075
r,5,,le9,,l
r,6,-15,1e9,-.036
r,7,15,1e9,-.036
r,8,0,1eg,,l
r,9,1,1,1
r,10,1e2
r,101,-180.000,1e5,,1
r,102,-177.444,1e5,,1
r,103,-174.888,1e5,,l
r,104,-172.333,1e5,,l
r,l05,-169.777,1e5,,1
r,106,-167.221,1e5,,l
r,107,-164.665,1e5,,1
r,108,-162.109,le5,,l
'r,109,-159.553,1e5,,l
r,1l0,-156.998,1e5,,l
r,1ll,-154.442,1e5,,l
r,112,-141.553,1e5,,l
r,113,-128.665,1e5,,l
r,ll4,-ll5.777,1e5,,l
r,ll5,-102.888,1e5,,l
r,116,-90.0000,1e5,,1
r,130,-102.000,1e5,,l
r,136,-77.1520,1e5,,1

r,137,-64.3041,1e5,,1
r,138,-51.4561,le5,,1
r,139,-38.6081,1e5,,l
r,140,-25.7602,1e5,,1
r,141,-23.1841,1e5,,l
r,142,-20.6081,1e5,,l
r,143,-18.0321,1e5,,l
r,144,-15.4561,1e5,,1
r,145,-12.8801,1e5,,l
r,146,-10.3041,1e5,,l
r,147,-7.72805,1e5,,l
r,148,-5.15203,1e5,,l
r,149,-2.57602,1e5,,l
r,150,,le5,,l
r,639,-58.7238,1e5,,l
r,640,-27.4476,1e5,,l
r,641,-24.7029,1e5,,l
r,642,-21.9581,1e5,,l
r,643,-19.2133,1e5,,l
r,644,-16.4686,1e5,,l
r,645,-13.7238,1e5,,1
r,646,-10.9790,1e5,,l
r,647,-8.23429,1e5,,l
r,648,-5.48952,1e5,,l
r,649,-2.74476,1e5,,l

nodes for the lower seal flange
local,ll,,38.24941495,50.051977923,,-12
n,1001
n,1005,.25
fill
n,1016,,.58677836
n,1020,.25,.58677836
fill
fill,1001,1016,2,1006,5,5,1
n,1026,,.896632635
local,12,,38.505,50
move,1026,11,0,999,0,12,-.065,999,0
fill,1016,1026,1,1021
local,1i,i,39.1269980

8
,50.4

7

n,1025,.5,148.5
n,1030,.5,129
n,1031,.5,109.5
n,1032,.5,90
csys,12
fill,1021,1025,3,1022,1,2,5
n,1033,.775,.97
n,1034,1.145,.97
n,1076,-.065,2.98
fill,1026,1076,8,1035,5
fill,1035,1076,7,1041,5
n,1060,.775,2.15593612
ngen,2,6,1033 , 1034,1,,.16
fill,1039,1060,3,1045,5
fill,1035,1039
fill,1041,1045,3,1042,1,4,5
n,1064,1.245,2.03
fill,1060,1064
n,1092,-.065,2.98
n,1096,.77960172,2.76
fill
n,1100,1.245,2.76
fill,1096,1100
fill,1056,1092,3,1065,9,9,1
ngen,3,9,1098,1100,1,,.26
n,1146,.14020351,4.4
fill,1092,1146,5,1101,9
n,1164,.14020351,4.98
fill,1146,1164,1,1155
local,l1,,39.13520351,54.98,,-86.15
n,1168
n,1159,.3
ngen,3,-1,1159,1159,,,-.125
n,1148,.58,-.25
ngen,2,-18,1157,1159,1,.56
ngen,2,-9,1139,1141,1,.25
ngen,2,-27,1148,1148,,.81
ngen,2,-18,1130,1132,1,.56
fill,1096,1114,1,1105
csys,12
fill,1i01,1105
fi11,1110,1112,1,1111,,6,9
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fill,1164,1168

! nodes for the upper seal flange
local,11,,38.405,52.81
n,2001,,5
n,2005,.25,5
fill
ngen,3,5,2001,2005,1,,-.25
n,2031,,3.45
n,2035,.91,3.45
fill
fill,2011,2031,3,2016,5,5,1
n,2051,,2.543442101
n,2055,.91,2.543442101
fill
fill,2031,2051,3,2036,5,4,1
n,2040,.91,3.29
fill,2040,2055,2,2045,5
n,2059,1.345,2.66
fill,2055,2059
n,2071,,2.17
n,2073,.21504507,2.17
fill
n,2077,.74504507,2.17
fill,2073,2077
fill,2051,2071,1,2060
fill,2054,2076,1,2065
fill,2060,2065
n,2081,1.345,2.17
fill,2077,2081
fill,2055,2077,1,2066,,5,1
n,2107,.85759646,.54
n,2109,1.10488343,.54
fill
n,2111,1.345,.54
fill,2109,2111
fill,2077,2107,5,2082,5,5,1
n,2117,.94488343
n,2119,1.10488343
fill
fill,2109,2119,1,2114
n,2112,.870715847,.35
fill,2112,2114
n,2120,1.345,3.45
n,2121,1.345,3.29
ngen,2,51,2071,2073,1',,-.305
ngen,2,3,2122,2124,1,,-.305

! nodes for the locking ring
local,11,,39.35,51.29
n,3001
n,3005,.435
fill
n,3009,'.935
fiil,3005,3009
n,3037,,..81
n,3041,.435,.693442101
fill
n,3045,.935,.693442101
fill,3041,3045
fill,3001,3037,3,3010,9,9,1
n,3145,,4.11
n,3149,.435,4.226557899
fill
'n,3153,.935,4.226557899
fill,3149,3153
fill,3041,3149,11,3050,9,5,1
n,3181,,4.67
n,3185,.535,4.67
fill
n,3189,.935,4.67
fill,3185,3189
fill,3145,3181,3,3154,9,9,1

nodes for the OCA inner shell (OCV)
local,11,1,,84.5
n,101,74.25,-90
n,111,74.25,-64.44174492
fill
local,12,1,28.3125,24.29659664
n,116,8.625
fi11,111,116
casys
!n,117,36.9375,25.79659664
n,122,36.9375,43.95292590
fill,116,122

ngen,2,-879,1003,1003
fill,122,124
ngen,2,-1870,2003,2003
n,135,38.53,63. 78649751
fill,133,135
local,12,1,29.905,63.78649751
n,140,8. 625,64.23984399
fill,135,140
local,14,1, ,1.8125
n,150,77.4375,90
fill,140,150

I nodes for the OCA outer shell
csys
n,601
n, 613,47.0625
fill
n, 622,47.0625,46.7775
fill,613,622
n,630,47. 0625,47. 6325
n, 638,47. 0625,75. 3440689
fill,630,638
local,15,1,40.5625,75.3440689
n, 640,6.5,62. 55238078
fill,638,640
local,16,1, ,-2.75
n,650,94.5,90
fill, 640,650

nodes for the polyurethane foam inner surface
csys
ngen,2,100,i01,150,1
n,125,38.58338729,50.9
n,232,38.53,56.26

nodes for the polyurethane foam outer surface
ngen,2,-100,601,650,1

! intermediate polyurethane foam nodes
fill,201,501,2,301,100,22,1
n,300,43.9375,50.9
n,331,41.5375,51.8825
n,332,41.5375,56.26
n,422,43. 9375,46. 7775
n, 430,44.2375,47. 6375
n,431,44.2375,51.8825
fill,222,422,1,322
fill,223,300,1,323
fill,332,532,1,432
fill,233,533,2,333,100,18,1

I nodes for the z-flanges
ngen, 2,279,422,422,0.
ngen,2,402,300,300,0
ngen, 2,273,430,430,0
rp2,,,1,1
ngen,2,374,331,331,0
rp2,, , 1,1

elements for the lower seal flangeý
type,1
matl
real,1 ,
e,1001, 1002, 1007, 1006
rp4,1,1,1,1
egen,5,5,1,4,1
e,1026,1027,1036,1035
e, 1027 1028, 1036
e, 1028 ,1029,1037,1036
e, 1029,1030,1031,1037
e,1031,1032, 1038,1037
rp3, 1,1,1
e,1035,1036,1042,1041
rp4,1,1,1,1
e,.1041, 1042, 1047, 1046
rp4,1,1,1,1
egen,3,5,32,35,1
.e,1056,1057,1066,1065
rp4,1,1,1,1
egen,4,9,44,47,1
mat,2

.e,1060,1061,1070,1069
rp4,1,1,1,1
egen,4,9,60,63,1
egen,3,9,74,75,1
egen,3,9,56,59,1
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egen,7,9,84,85,1
egen,3,1,99,99
egen,3,1,93,93

1 elements for the upper seal flange
type, 1
matl
real, 1
e,2006,2007,2002,2001
rp4,1,1,1,1
egen,10,5,104,107,1
e,2040,2121,2120,2035
e,2060,2061,2052,2051
e,2061,2062,2052
e,2062,2063,2053,2052
e,2063,2064,2053
e,2064,2065,2054,2053
rp6,1,1,1,1
e,2071,2072,2061,2060
rplO,l,1,1,1
e,2122,2123,2072,2071
rp2,1,1,1,1
e,2125,2126,2123,2122
rp2,1,1,1,1
e,2082,2083,2078,2077
rp4,1,1,1,1
egen,6,5,169,172,1
egen,3,5,189,190,1

! elements for the locking ring
type, 1
mat,2
real, 1
e,3001,3002,3011,3010
rp4,1,1,1,1
egen,4,9,197,200,1
matl
e,3005,3006,3015,3014
rp4,1,1,1,1
egen,20,9,213,216,1
e,3145,3146,3155,3154.
rp4,1,1,1,1
egen,4,9,293,296,1
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type, 3
mat,3
real, 1
e,201,301,302,202
rp22,1,1,1,1
e,224,223,323
e,301,401,402,302
rp2l,1,1,1,1
e,322,422,300,323
e,300,125,224,323
e,401,501,502,402
rp2l,1,1,1,1
e,333,233,232,332
e,233,333,334,234
rpl7,1,1,1,1
e,331,431,432,332
rpl9,1,1,1,1
e,430,530,531,431
rp2O,1,l,1,1

I interface elements between the steel shells
and the polyurethane foam

type,5
mat,1
real,101
e,101,201
real,102
e,102,202
real,103
e,103,203
real,104
e,104,204
real,105
e,105,205
real,106
e,106,206
real,107
e,107,207
real ,108
e,108,208
real,109
e,109,209
real,110
e,110,210
real,111
e,111,211
real,112
e,112,212
real,113
e,113,213
real,114
e,114,214
real,115
e,115,215
real,116
e,116,216
rp5,1,l
real,130
e,122,222
rp2,1,1
e,1003,224
real,101
e,702,300
e,701,422
e,622,522
real,150
e,706,332
e,705,331
e,704,431
e,703,430
e,630,530
real,116
e,300,702
e,422,701
e,706,332
e,705,331
e,704,431
e,703,430
e,2003,233
e,134,234
rp2,1,'l
real,136
e,136,236
real,137
e,137,237
real,138

! elements for
type,2
mat,l
real,l
e,101,102
rpl6,1,1
real,2
e,117,118
rp5,1,1
real,1
e,122,123
e,123,1003
e,2003,134
e,134,135
rpl6,1,1

! elements for
reall
e,601,602
rpl8,1,1
real,3
e,619,620
rp3,1,1
e,630,631
rp8,1,1
real,1
e,638,639
rpl2,1,1

1 elements for
real,4
e,622,701
e,701,702
e,702,1034

.e,1034,1033
e,630,703
e,703,704
rp3,1,1
e,706,2120
e,2120,2035

the OCA inner shell (OCV)

the OCA outer shell

the Z-flanges

! polyurethane foam elements
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e,138,238
real, 139
e,139,239
real, 140
e,140,240
real, 141
e,141,241
real, 142
e, 142,242
real, 143
e,143,243
real, 144
e,144,244
real, 145
e,145,245
real, 146
e,146,246
real, 147
e,147,247
real, 148
e,148,248
real 149
e,149,249
real, 150
e,150,250
real, 101
e,501,601
rpl3,1,1
real, 116
e,513,613
rplo,1,1
e, 530,630
rp9,1,1
real, 639
e,539,639
real, 640
e,540,640
real, 641
e,541,641
real, 642
e, 542,642
real, 643
e,543,643
real, 644
e,544,644
real, 645
e,545,645
real, 646
e,546,646
real, 647
e,547,647
real, 648
e,548,648
real, 649
e,549,649
real, 150
e,550,650

I interface elements between the lower seal flange
and the locking ring

type, 4
mat,l1
real,6
e,3038,1061
rp3,1,1

e,1001,1002
rp4, 1,1

I couple the upper shell to
type, 6
mat,4
real, 9
e,2001,2002
rp4,1,1

the upper seal flange

springs between the lower seal flange
I and the locking ring
type,7
mat,1
real, 10
e,3038,1061
rp3,1,1

springs between the upper seal flange
and the locking ring

type, 7
mat,1
real,l0
e,2056,3146
rp3,1,1

springs between the lower seal flange
and the upper seal flange

type, 7
matl
real,10
e,1164,2073
rp5,1,1

1 displacement constraints
d,l01,UX,O,,60O,500,rotz
d,201,UX,O,,501,100
d,150,UX,O,,650,500,rotz
d,250,UX,O,,550,100
d,3099,UY,O
d,all,uz,O

pressure loads
alls
pload=+(0.0-14.7)
p,101,102,pload,,122,1
p,123,1003,pload
p,l0O1,1006,pload,,1021,5
p,1026,1035,pload
p,1035,1041,pload
p,1041,1046,pload,,1051,5
p,1056,1065,pload,,1155,9
p,1164,1165,pload,,1167,1
p,1168,1159,pload
p,2077,2082,pload
p,2073,2074,pload,,2076,1
p,2127,2124,pload
p,2124,2073,pload
p,2125,2126,pload,,2126,1
p,2122,2125,pload
p,2071,2122,pload
p,2001,2006,pload,,2046,5
p,2051,2060,pload
p,2060,2071,pload
p,2003,134,pload
p,134,135,pload,,149,1

delete unused nodes at seal flange interfaces
ndele,124
ndele,133

! solve the problem
fini
/solu
neqit,l000
alls
solv
fini
save

post-process the problem
/postl
set
rsys,solu
ernorm, 0

interface elements between the
* and the locking ring
type,4
mat,l
real, 7
e,2056,3146
rp3,1,1

I interface elements between the
* and the upper seal flange
type,5
mat,1
real,8
e,1164,2073
rp5,1,1

upper seal flange

lower seal flange

! couple the lower shell to the lower seal flange
type, 6
mat,4
real, 9
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I table stress definitions for shell elements
nall
alls
esel,s,type, ,2
etab,sit,nmisc,4
etab, sim,nmisc, 9
etab,sib,nmisc,14

/Com,
/Com,
/Com,
/Clom +++++++++++++++++++++
/com,+ lower seal flange +
/com, +++++++++++++++++++++
/com
/oom,
nall
eall
nsel,s,node,,1000,1999,1
prns,prin

/Com,
/Com,
/Ocm,
/cam, +++++++++++++++++++++
/com,+ upper seal flange +
/oom, ++++++++++++++++-4-++++
/Com,
/oom,
nail
eall
nsel,s,node, ,2000,2999,1
prns,prin

/oom,
loom,
/cm,
/com, ++++++++++++++++
/com,+ locking ring +
/com, ++++++++++++++++
/oom,
/oom,
nall
eall
nsel,s,node, ,3000,3999,1
prns,prin.

/cam,
/Com,
/com,
/cam, ++++++++++++++++++++++++++++++++++++++
/c=,+ OCV cylindrical and conical shells +
/oom, ++++++++++++++++++++++++++++++++++++++
/oom,
/co',
nall
eall
esel,s,elem, ,324,331,1
pret

/oom,

loom,/com,/oom,

/Com, +++++++++++++++++++++++++++++++++++++++
/com,+ OCV torispherical head crown shells +
/Coo, +++++++++++++++++++++++++++++++++++++++

/Com,
nail
eall
esel,s,elem,,339,348,1 upper head
esel,a,elem,,309,318,1 1 lower head
pret

/Com,
/Com,

/Com, ++++++++++++++++++++++++++++++++++.++++++
/com,+ OCV torispherical head knuckle shells +/oom, ++++++++4+++++++++++++++++++++++++++++++++

/Com,

nall
eall
esel,s,elem,,334,338,1 I upper head
esel,a,elem, ,319,323,1 lower head
pret

loom,
/Com,/Com'
/Com.................../oom, ++++++++++++++++++++++++++++++++++

/com,+ OCA outer shells and z-flanges +/oom•, ++++++++++++++++++++++++++++++++++

/oom,
/oom,
nall
eall
esel,s,elem, ,349,399,1
pret

/oom,/com,
/corm,
/oom, ++++++++++ ++++++++++++++++++++

/cam,+ polyurethane foam elements +/oom, ++++++++++++++++++++++++++++++

/Com,

nall
eall
esel,s,elem, ,415,559,1
prns ,prin

finalize ANSYS
nall
eall
save
/out, term
/eof
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Table 2.10.1-5- ANSYS® Input Listing
I initialize ANSYS
fini

/cle
/filename,icv_lcl,inp/out,, txt

! start preprocessing the model
/prep7
/title, ICV Load Case 1: P=64.7/3.5 psia, T=-160/160 F

1 element types
et,1,42,,,l
et,2,51
et,3,12,,,,,,, 1
et,4,12,",,,,,,
et,5,3
et,6,14, ,. .

reference and uniform temperatures
tref, 160
tunif, 160

I material properties for non-slotted steel regions
ex,1,27.8e6
nuxy,1,.3
alpx,1,8.694e-6

material properties for slotted steel regions
ex,2,13.9e6
ey,2,13.9e6
ez,2,1
nuxy,2, .3
nuyz,2,0
nuxz,2,0
alpx,2,8.694e-6
alpy,2,8.694e-6
alpz,2,8.694e-6

material properties:for the rigid coupling elements
ex,3,27.8e6
nuxy,3,.3
alpx,3,8.694e-6

! element real constants
r,1,.25
r,2,-15,1e9,-.036r,3,15,1eg,-'036
r,4,0,1e9,-.01
r,5,1,1,1
r,10,1e2

I nodes for the lower seal ring
local,11,0,36.315,45.08954245
n',1001
n,1005,.25
fill
n,1016,,.575
n,1020,.25,.575
fill
fill,1001,1016,2,1006,5,5,1
n,1031,,1.48
n,1035,.84,1.48
fill
fill,1016,1031,2,1021,5,5,1
n,1046,,2.6759361
n,1050,.84,2.67593612
fill
fill,1031,1046,2,1036,5,5i1
n,1054,1.31,2.55
fill,1050,1054
n,1073,,3.5
n,1077,.844601720,3.28
fill
n,1079,1.095,3.28
fill,1077,1079
n,1081,1.31,3.28
fill,1079,1081
fill,1046,1073,2,1055,9,9,1
n,1127,.205,4.92
fill,1073,1127,5,1082,9
local,12,,37.01020351,50.58954246,,-86.15
n,1140,.3

for ICV Load Case 1
n,1138,.3,-.25
fill
n,1122,.86
n,1120,.86,-.25
fill
n,1113,1.11
n,1111,1.11,-.25
fill
n,1095,1.67
n,1093,1.67,-.25
fill
csysll
n,1145,.205,5.5
fill,1127,1145,1,1136
n,1149,.695,5.5
fill,1145,1149
fill,1120,1138,1,1129
fill,1093,1111,1,1102
fill,1077,1095,1,1086
fill,1091,1093,,,,6,9
fill,1073,1091,1,1082, 5,1
ngen,3,9,1079,1081,1,, .26

nodes for the upper seal ring
n,2001,-.035,4.89
n,2003,.180045070,4.89
fill
-n,2007,-0.035,5.5
n,2009,.180045070,5.5
fill
fill,2001,2007,1,2004,,3,1
n,2013,.710045070,5.5
fill,2009,2013
n,2017,1.31,5.5
fill,2013,2017
n,2040,-0.035,5.98
fill,2007,2040,2,2018,11
n,2035,0.875,5.873442101
fill,2029,2035
n,2039,1.31,5.99
fill,2035,2039
fill,2008,2030,1,2019,,10,1
n,2042,.245,5.98
fill,2040,2042
n,2043,.390419704,6.008925778
n,2044,.513700577,6.091299423'
n,2049,.596074222,6.214580296.
n,2054,.625,6.36
n,2058,.875,6.36
fill
fill,2035,2058,2,2048,5
fill,2044,2048
fill,2049,2053
ngen,5,5,2054,2058,1,,.1875
n,2104,.822596460,3.87
n,2106,1.07,3.87
fill
n,2116,1.07,3.33
fill,2106,2116,1,2111
n,2108,1.31,3.87
fill,2106,2108
fil,2013,2104,5,2079,5,5,1
n,2109,.835715950,3.68
fill,2109,2111
n,2114,.909883430,3.33
fill,2114,2116

! nodes for the locking ring
local,13,0,37.225,46.89954245
n,3001
n,3005,.435
fill
n,3008,.789412
fill,3005,3008
n,3037, ,.81
n,3041,.435,.693442101
fill
n,3045,.935,.693442101
fill,3041,3045
fill,3001,3037,3,3010,9,8,1
n,3027,.935,.4
fill,3008,3027,1,3018
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fill,3027,3045,1,3036
n,3101,,4.11
n,3105,.435,4.226557898
fill
n,3109,.935,4.226557899
fill,3105,3109
fill,3041,3105,11,3046,5,5,L1
n,3137,,4.67
n,3141,.435,4.67
fill
n,3144,.789412,4.67
fill,3141,3144
fill,3101,3137,3,3110,9,8,1
fill,3109,3144,3,3118,9

! nodes for the lower shell
local,14,1,,73.25
n,4001,73.25,-90
n,4016,73.25,-64.50665929
fill
local,15,1,27.815,14.9171927
n,4025,8.625
fill,4016,4025
csysO
n,4081,36.44,45.08954245
fill,4025,4081
n,4001,0,0

! nodes for the upper shell
local,16,1,,-5.75
n,5001,74.5,90
n,5016,74.5,64.42280563
fill
local,17,1,28.44,53.66954245
n,5025,8.625
fill,5016,5025
esysO
n,5027,37.065,52.16954245
fill,5025,5027
n,5001,0,68.75

! elements for the lower seal ring
type,1
mat,1
real,1
e,1001,1002,1007,1006
rp4,1,1,1,1
egen,9,5,1,4,1
e,1046,1047,1056,1055
rp4,1,1,1,1
egen,5,9,37,40,1
egen,7,9,53,54,1
egen,3,27,55,56,1
mat,2
e,1050,1051,1060,1059
rp4,1,1,1,1
egen,3,9,73,76,1
egen,3,9,83,84,1

! elements for the upper seal ring
type, 1
mat,1
real, 1
e,2001,2002,2005,2004
rp2,1,1,1,1
egen,2,3,89,90,1
e,2007,2008,2019,2018
rplO,1,1,1,1
egen,2,11,93,102,1
egen,2,11,103,107,1
e,2046,2045,2034
rp2,1,1,0
e,2034,2035,2048,2047
e,2044,2045,2050,2049
rp4,1,1,1,1
egen,6,5,121,124,1
e,2079,2080,2014,2013
rp4,1,1,1,1
e,2084,2085,2080,2079
rp4,1,1,1,1
egen,5,5,149,152,1
egen,3,5,165,166,1

! elements for the locking ring
type, 1
mat,2

real, 1
e,3001,3002,3011,3010
rp4,1,1,1,1
egen,4,9,173,176,1
matl
e, 3005,3006,3015,3014
rp3,1,1,1,1
e,3018,3017,3008
e, 3014,3015,3024,3023
rp4,1,1,1,1
egen,3,9,193,196,1
e, 3041,3042,3047,3046
rp4,1,1,1,1
egen,11,5,205,208,1
e,3096,3097,3106,3105
rp4,1,1,1,1
e, 3101,3102,3111,3110
rp8,1,1,1,1
egen,4,9,253,259,1
e,3117,3118,3127,3126
e,3126,3127,3136,3135
e,3135,3136,3144,3144

! elements for the lower shell
type, 2
mat,1
real, 1
e,4001,4002
rp79,1,1
e,4080,1003

elements for the upper shell
type, 2
mat,1
real,l
e,2076,5026
e,5026,5025
rp25,-1,-1

I interface elements between the lower seal flange
and the locking ring

type,3
mat, 1
real, 2
e,3038,1051
rp3,1,1

! interface
1 and the
type,3
mat,l
real,3
e,2036,3102
rp3,1,1

elements between the upper seal flange
locking ring

* interface elements between the lower seal flange
and the upper seal flange

type, 4
mat,1
real,4
e,1145,2009
rps,1,1

couple the lower shell to
type,5
mat,3
real,5
e,1001,1002
rp4,1,1

I couple the upper shell to
type,5
mat,3
real,5
e,2074,2075
rp4,1,1

the lower seal flange

the upper seal flange

springs between the lower seal flange
and the locking ring

type,6
mat,1
real,10
e,3038,1051
rp3,1,1

springs between the upper seal flange

2.10.1-28



HaIfPACT Safety Analysis Report Rev. 6, December 2012

1 and the locking ring
type, 6
matl
real,10
e,2036,3102
rp3,1,1

* springs between the lower seal flange
* and the, upper seal flange

1type, 6
mat,1
real,I0
e,1145,2009
rp5,1,1

I displacement constraints
d,4001,ux,O, ,5001,1000,rotz
d,3075,uy,O

pressure loads'
pload=4+(64.7-3.5)
alls
p,4001,4002ipload, ,4079,1
p,4080,1003,pload
p,1001,1006,pload, ,1041,5
p,1046,1055,pload, ,1136,9
p,1145,1146,pload,, 1148,9
p,i140,l149,pload
p,2001,2002,pload, ,2002,1
p,2003,2006,pload,,2006,3
p,2009,2010,pload,,2012,1
p,2013,2079 ,pload
p,2001,2004,pload,,2004,3
p,2007,2018,pload,,2029,11
p,2040,2041,pload, ,2043,1
p,2044,2049,pload, ,2069,5
p,5001,5002ipload, ,5025,1
p,5026,2076,pload

solve the problem
fini
/solu
neqit,1000
alls
solv
fini
save

I post-process the problem
/postl
set
rsys, solu
ernorm, 0

table stress definitions for shell elements
nall
alls
esel,s,type, ,2
etab,sit,rnisc,4
etab, sim,nmisc, 9
etab,sib,,nmisc,14

/com,
/com,
/com,
lcom, +++++++++++++++++++++
/com,+ lower 'seal flange +
/com, +++++++++++++++++++++
/oom,
/oom,
nall
eall
nsel,s,node, ,1000,1999,1
esln
prns,prin

/com,

/Com,
/cOm,/oom, +++++++•++++++++++++++

/ao=,+ upper seal flange +
/com, +++++++++++++++++++++
/oom,
/Com,
nall
eall
nsel,s,node,,2000,2999,1
esln
prns ,prin

/oom,
/com,
/oom,
/com, +++++.++++++++++
/com,+ locking ring +/com, .............. +
/Com,
/Com,

nall
eall
nselsnode, ,3000,3999,1
esln
prns,prin

/ocm,
lcom,
/com,
/Icorn, +++++~+++++++++++++++++

/c=m,+ cylindrical shells +
loom, +++++++++++++++÷+,+++++/com,

/comI
esel,s,elem, ,309,366,1
pret

/com,

/loom, ++++++++ : ++++++ ++++++++++++'++ ::•• +++++

/cl ,+ torispherical head crown shells +loom, +++++++++++++++++++++++++++++++++++

/com,
loom,
esel,s,elem,,376,390,1 ? upper head
esel,a,elem,,285,299,1 ! lower head
pret

/Com,
/oom,
/cam,
/loom, +++++++++++++++.+++++++++++++++++++++
/com,+ torispherical head knuckle shells +
/om, +++++++++++++++.+++++++++++++++++++++.
/cam,
/com,
esel,s,elem, ,367,375,1 upper head
esel,a,elem,,300,308,1 I lower head
pret

! finalize ANSYS
nall
eall
save
/outterm
/eof

2.10.1-29



HalfPACT Safety Analysis Report Rev. 6, December 2012

Table 2.10.1-6 - ANSYS® Input Listing for ICV Load Case 2
I initialize ANSYS
fini

/cle
/filename, icv_lc2, inp
/out,,txt

I start preprocessing the model
/prep7
/title, ICV Load Case 2: P=0.0/14.7 psia, T=70/70 F

I element types
et,1,42, ,1
et,2,51
et,3,12,,,,,, 1
et,4,12,,,,, l 1
et,5,3
et,6,14, , ,2

! reference and uniform temperatures
tref,70
tunif,70

material properties for non-slotted steel regions
ex,1,28.3e6
nuxy,1,.3
alpx,1,8.

4 6
eT6

1 material properties for slotted steel regions
ex,2,14.15e6
ey,2,14.15e6
ez,2,1
nuxy,2, .3
nuyz,2,0
nuxz,2,0
alpx,2,8.46e-6
alpy,2,8.46e-6
alpz,2,8.46e-6

material properties for the rigid coupling elements
ex,3,28.3e6
nuxy,3, .3
alpx,3,8.46e-6

element real constants
r,1,.25
r,2,-15,1e9,-.036
r,3,15,1e9,-.036
r,4,0,1e9,-.01
r,5,1,1,1
r,10,1e2.

! nodes for the lower seal ring
local,11,0,36.315,45.08954245
n,1001
n,1005,.25
fill
n,1016,,.575
n,1020,.25,.575
fill
fill,1001,1016,2,1006,5,5,1
n,1031,,1.48
n,1035,.84,1.48
fill
fill,1016,1031,2,1021,5,5,1
n,1046,,2.6759361
n,1050,.84,2.67593612
fill
fill,1031,1046,2,1036,5,5,1
n,1054,1.31,2.55
fill,1050,1054
n,1073,,3.5
n,1077,.844601720,3.28
fill
n,1079,1.095,3.28
fill,1077,1079
n,1081,1.31,3.28
fill,1079,1081
fill,1046,1073,2,1055,9,9,1
n,1127,.205,4.92
fill,1073,1127,5,1082,9
local,12,,37.01020351,50.58954246,,-86.15
ni1140,.3

n,1138,.3,-.25
fill
n,1122,.86
n,1120,.86,-.25
filln,1113,1.11
n,1111,1.11,-.25
fill
n,1095,1.67
n,1093,1.67,-.25
fill
csys,11
n,1145,.205,5.5
fill,1127,1145,1,1136
n,1149,.695,5.5
fill,1145,1149
fill,1120,1138,1,1129
fill,1093,1111,1,1102
fill,1077,1095,1,1086
fill,1091,1093, ,,,6,9
fill,1073,1091,1,1082,,5,1
ngen,3,9,1079,1081,1, ,.26

nodes for the upper seal ring
n,2001,-.035,4.89
n,2003,.180045070,4.89
fill
n,2007,-0.035,5.5
n,2009,.180045070,5.5
fill
fill,2001,2007,1,2004,,3,1
n,2013,.710045070,5.5
fill,2009,2013
n,2017,1.31,5.5
fill,2013,2017
n,2040,-0.035,5.98
fill,2007,2040,2,2018,11
n,2035,0.875,5.873442101
fill,2029,2035
n,2039,1.31,5.99
fill,2035,2039
fill,2008,2030,1,2019,,10,1
n,2042,.245,5.98
fill,2040,2042
n,2043,.390419704,6.008925778
n,2044,.513700577,6.091299423
n,2049,.596074222,6.214580296
n,2054,.625,6.36
n,2058,.875,6.36
fill
fill,2035,2058,2,2048,5
fill,2044,2048
fill,2049,2053
ngen,5,5,2054,2058,1,,.1875,'
n,2104,.822596460,3.87
n,2106,1.07,3.87
fill
n,2116,1.07,3.33
fill,2106,2116,1,2111
n,2108,1.31,3.87
fill,2106,2108
fill,2013,2104,5,2079,5,5,1
n,2109,.835715950,3.68
fill,2109,2111
n,2114,..909883430,3.33
fill,2114,2116

! nodes for the locking ring
local,13,0,37.225,46.89954245
n,3001
n,3005,.435
fill
n,3008,.789412
fill,3005,3008
n,3037,,.81
n,3041,.435,.693442101
fill
n,3045,.935,.693442101
fill,3041,3045
fill,3001,3037,3,3010,9,8,1
n,3027,.935,.4
fill,3008,3027,1,3018
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fill,3027,3045,1,3036
n,3101,,4.11
n,3105,.435,4.226557898
fill
n,3109,.935,4.226557899
fill,3105,3109
fill,3041,3105,11,3046,5,5,1
n,3137,,4.67
n,3141,.435,4.67
fill
n,3144,.789412,4.67
fill,3141,3144
fill,3101,3137,3,3110,9,8,1
fill,3109,3144,3,3118,9

1 nodes for the lower shell
local,14,1,,73.25
n,4001,73.25,-90
n,4016,73.25,-64.50665929
fill
locai,15,1,27.815,14.9171927
n,4025,8.625
fill,4016,4025
csysO
n,4081,36.44,45.08954245
fill,4025,4081
n,4001,0,0

! nodes for the upper shell
local,16,1,,-5.75
n,5001,74.5,90
n,5016,74.5,64.42280563
fill
iocai,17,1,28.44,53.66954245.

n,5025,8.625
fill,5016,5025
csysO
n,5027,37.065,52.16954245
fill,5025,5027
n,5001,0,68.75

elements for the lower seal ring
type, 1
mat,1
real,1
e,1001,1002,1007,1006
rp4,1,1,1,1
egen,9,5,1,4,1
e,1046,1047,1056,1055
rp4,1,1,1,1
egen,5,9,37i40,l
egen,7,9,53,54,1
egen,3,27,55,56,1
mat,2
e,1050,1051,1060,1059
rp4,1,1,1,1
egen,3,9,73,76,1
egen,3,9,83,84,1

I elements for the upper seal ring
type, 1
mat,1
real,1
e,2001,2002,2005,2004
rp2,1,1,1,1
egen,2,3,89,90,1
e,2007,2008,2019,2018
rplO,1,l,1,1 /
egen,2,11,93,102,1
egen,2,11,103,107,1
e,2046,2045,2034
rp2,1,1,0
e,2034,2035,2048,2047
e,2044,2045,2050,2049
rp4,1,l,1,1
egen,6,5,121,124,1
e,2079,2080,2014,2013
rp4,1,1,1,1
e,2084,2085,2080,2079
rp4,1,1,1,1
egen,5,5,149,152,1
egen,3,5,165,166,1

I elements for the locking ring
type, 1
mat,2

real, 1
e,3001,3002'3011,3010
rp4,1,1,1,1
egen,4,9,173,176,1.
mat,1
e,3005,3006,3015,3014
rp3,1,1,1,1
e,3018,3017,3008
e,3014,3015,3024,3023
rp4,1,1,1,1
egen,3,9,193,196,1
e,3041,3042,3047,3046-
rp4,1,1,1•1
egen,11,5,205,208,1
e,3096,3097,3106,3105
rp4,1,ll,1
e,3101,3102,3111,3110
rp8,1,1,l,1
egen,4,9,253,259,1
e,3117,3118,3127,3126
e,3126,3127,3136,3135
e,3135,3136,3144,3144

! elements for the lower shell
type,2
mat,l
real,1
e,4001,4002
rp79,1,1
e,4080,1003

1 elements for the upper shell
type,2
mat,1
real,l
e,2076,5026
e,5026,5025
rp25,-i,-i

I interface elements between the lower seal flange
and the locking ring

type, 3
mat,1
real,2
e,3038,1051
rp3,1,1

interface elements between the upper seal flange
and the locking ring

type,3
mat,1
real,3
e,2036,3102
rp3,1,1

interface elements between the lower seal flange
and the upper seal flange

type,4
mat,l
real,4
e,1145,2009
rp5,1,1

couple the lower shell to the lower seal flange
type, 5
mat,3
real,5
e,1001,1002
rp

4
,1,1

! couple the upper shell to the upper seal flange
type,5
mat,3
real,5
e,2074,2075
rp4,1,1

springs between the lower seal flange
and the locking ring

type,6
mat,l
real,10
e,3038,1051
rp3,1,1

I springs between the upper seal flange
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! and the locking ring
type, 6
mat,l
real,10
e,2036,3102
rp3,1,1

I springs between the lower seal flange
* and the upper seal flange
type, 6
mat,1
real,10
e,1145,2009
irps,1,1

displacement constraints
d,4001,ux,0, ,5001,1000,rotz
d,3075,uy,0

! pressure loads
pload=+(0.0-14.7)
alls
p,4001,4002,pload,,4079,1
p,4080,1003 ,pload
p,l001,1006,pload, ,1041,5
p,1046,1055,pload, ,1136,9
p,1145,1146,pload, ,1148,9
p,1140,1149 ,pload
p,2001,2002,pload,,2002,1
p,2003,2006,pload, ,2006,3
p,2009,2010,pload, ,2012,1
p,2013,2079,pload
p,2001,2004,pload, ,2004,3
p,2007,2018,pload, ,2029,11
p,2040,2041,pload, ,2043,1
p,2044,2049,pload, ,2069,5

•p,5001,5002,pload,,5025,1
p,5026,2076,pload

! solve the problem
fini
/solu
neqit,i000
alls
solv
fini
save

! post-process the problem
/postl
set
rsys, solu
ernorm, 0

! table stress definitions for shell elements
nall
alls
esel, s, type, ,2
etab,sit,nmisc,4
etab,sim,nmisc,9
etab, sib,nmisc, 14

/Com,
/Com,
/Com,
/Com, +++++++++++++++++++++
l•om,+ lower seal flange +
/Clo, +++++++++++++++++++
/Com,
/com,
nall
eall
nsel,s,node, ,1000,1999,1
esln
prns,prin

/cam,
/Com,
/Com,
/Com, ++++++++++++ +++++++++
/com,+ upper seal flange +
/Com, ++++++++++++++++++++
/com,
/com,
nall
eall

nsel,s,node,,2000,2999,1
esln
prns,prin

/com,
/Com,
/oom,
/Com,++++++++++.+
/clm,+ locking ring +
/Com, +++++++44+++++++

/Com,
/Com,
nall
eall
nsel,s,node, ,3000,3999,1
esln
prns ,prin

/Com,
/Com,
/com,
/Com, ++++++++++++++++++++++
/com,+ cylindrical shells +
/com, ++++++++++++++++++++++
/com,
/Com,
esel,s,elem, ,309,366,1
pret

/Com,
/Com,
/com,
/Com, +++++++++++++++++++++++++++++++++
/co=,+ torispherical head crown shells +
/com, +++++++++++++++++++++++++++++++++++
/Com,
/com,
esel,s,elem,,376,390,1 1 upper head
esel,a,elem,,,285,299,1 lower head
pret

0

/Com,
/cam,
/Com,
/Com, +++++++++++++++++++++++++++++++++++++
/Com,+ torispherical head knuckle shells +
/oom, +++++++++++++++++++++++++++++++++++++
/Com,
/com,
esel,s,elem,,367,375,1 ! upper head
esel,a,elem,,300,308,1 lower head
pret

! finalize ANSYS
nall
eall
save
/out, term
/eof
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Figure 2.10.1-11 OCA FEA Model Element Plot
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Figure 2.10.1-2 - ICV FEA Model Element Plot
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2.10.2 Elastomer O-ring Seal Performance TestS

2.10.2.1 Introduction

Each containment O-ring seal material formulation shall be initially qualified for use in the
HaltfPACT packaging through the application of performance tests that demonstrate the material's
ability to achieve and maintain a leaktight 1 seal at or beyond extremes for temperature, duration,
minimum seal compression, and maximum seal compression change in a prototypical test fixture.
The basis for formulation qualification test conditions applicable to the HalfPACT packaging is
provided in Section 2.10.2.2, Limits of O-ring Seal Compression and Temperature. Section
2.10.2.3, Formulation Qualification Test Fixture and Procedure, defines the test fixture and test
procedure for O-ring seal material qualification tests. Section 2.10.2.4, Rainier Rubber R0405-70
Formulation Qualification Test Results, summarizes the results of qualification testing
successfully performed on Rainier Rubber 2 butyl rubber compound R0405-70.

Each batch of containment O-ring seal material shall additionally be required to satisfy. the
requirements of ASTM D20003 M4AA710 A 13 B 13 F 17 F48 Z Trace Element. Section.
2.10.2.5, ASTM D2000 Standardized Batch Material Tests, summarizes the industry standardized

-batch tests and correlates the ASTM D2000 designator to specific O-ring performance
characteristics.

Additional information regarding past containment O-ring seal testing is presented in the report
Design Development and Certification Testing of the TR UPA CT-II Package4'.

2.10.2.2 .Limits of Oring Seal Compression and Temperature

2.10.2.2.1 Inner Containment Vessel Containment O-ring Seal Compression

The inner containment vessel (ICV) closure seal configuration consists of two O-ring seals, each
located on a slightly different diameter in the ICV lid due to the.tapered bore (see Appendix
1.3. 1, Packaging General Arrangement Drawings, Sheets 5 and 6 of 12', for dimensional details).
The upper O-ring seal is defined as the containment boundary, and the lower O-ring seal
provides an annulus in which to establish a vacuum for leak testing.

In order to determine the minimum compression that'may occur for the ICV containment 0-ring
seal, the worst-case tolerance stack-up on the lid flange, body flange, locking ring, and O-ring
seal dimensions are utilized with the upper and lower seal flanges offset relative to each other.
Figure 2.10.2-1 depicts the O-ring seal flange geometry for minimum ICV containment O-ring
seal compression (note the reference datum for calculations).

Leaktight is defined as leakage of 1 x 10-7 standard cubic centimeters per second (scc/sec), air, or less, per Section

5.4(3), Reference Air Leakage Rate, of ANSI N14.5-1997, American National Standardfor Radioactive Materials -
Leakage Tests on Packages for Shipment, American National Standards Institute, Inc. (ANSI).
2 Rainier Rubber Company, Seattle, WA.

3 ASTM D2000-08, Standard Classification System for Rubber Products in Automotive Applications, American
Society for Testing and Materials, Philadelphia, PA, Volume 09.02, 2008.

4 S. A. Porter, et al, Design Development'and Certification Testing of the TRUPACT-lPackage, 016-03-09,
Portemus Engineering, Inc., Puyallup, Washington.
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With reference to Figure 2.10.2-1, the following dimensions define the worst-case configuration
for determining the minimum ICV containment O-ring seal compression:

a = 0.153 inches (maximum vertical gap; see Section 8.2.3.3.2.3, Axial Play)

b = 0.493 inches (minimum tab width; see Section 8.2.3.3.2.2, Tab Widths)

c = 0.561 inches (maximum groove width; see Section 8.2.3.3.2.1, Groove Widths)

dL= 0.251 inches (maximum vertical offset (gage depth); see Figure 8.2-4)

du = 0.249 inches (minimum vertical offset (ball diameter); see Figure 8.2-1)

e = 0.330 inches (maximum seal groove offset; based on 0.300 ± 0.030)

f = 0.000 inches (minimum horizontal gap between upper and lower seal flange; closed)

r = 0.125 inches (nominal lower seal flange tab edge radius)

h = 0.253 inches (maximum O-ring seal groove depth; based on 0.250 + 0.003)

w = 0.563 inches (maximum O-ring seal groove width; based on 0.560 ±+0.003)

a = 3.60' (minimum lower flange tab angle; based on 3.85' + 0.250)

[3 = 4.200 (maximum upper flange seal surface angle; based on 3.95' ± 0.250)

0 = 3.600 (contact surfaces angle based on the average of angles a and 13)
y = 5.06' (maximum O-ring seal groove angle; based on 0°- 50)

1. Worst-Case Location for the Center-Bottom of the O-ring Seal Groove

With reference to Figure 2.10.2-1, the worst-case location for the center-bottom of the O-ring
seal groove is determined by finding the horizontal and vertical distance from the datum to the
O-ring seal contact point on the lower seal flange, xi and yi, respectively:

x1 =f + b + [(e - ) + (h) tan( y) + 2] sin (a) - (h) cos(a) = 0.264494 inches

y= a+dL +[(e- dLj +('h) tan()y) +jjcos (a) + (h) sin(a) = 0.801270 inches

2. Worst-Case Location for O-ring Seal Contact on the Upper Flange Sealing Surface

With reference to Figure 2.10.2-1, the worst-case location for O-ring seal contact on the upper
seal flange sealing surface is determined by finding the horizontal and vertical distance from the
datum to the O-ring seal contact point on the upper seal flange, Xo and Y0, respectively:

Yi + (xi) tan(0)+ c -d,
X0  tan( = 0.599877 inches

+ tan(0)
tan(13)

Y d+ == _ 0.778404 inchesYo du-ttan(13)
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3. Maximum O-ring Seal Groove-to-Contact Surface Gap

The maximum 0-ring seal groove-to-contact, surface gap is determined by using the distance
formula in two-dimensional Cartesian space:

g= (Xo-x) 2 +(Yo-Yi) 2 = 0.336162 inches

4. Minimum O-ring Seal Cross-Sectional Diameter Due to Stretch

The minimum reduced 0-ring seal cross-sectional diameter, dcs,, is determined by finding the
maximum ICV containment 0-ring seal groove diameter, Dg, calculating the 0-ring seal stretch,
s, and calculating the' corresponding maximum reduction in 0-ring seal cross-sectional diameter,
rcs, using worst-case dimensions.

Given a maximum lower seal flange control diameter, DL = 74.185 inches (based on 74'.155 +
0.030), and a minimum lower seal flange control height, HL = 0.970 inches (based on 1.000±
0.030), the maximum ICV containment 0-ring seal groove diameter, Dg, is:

Dg=DL-2 HL- e+(h)tan(y)+ cos(a) tan(a)-(h)cos(a) =73.637517 inches

Given a minimum ICV containment 0-ring seal inside diameter, Di = 70.070 inches (based on
71.500 -2%), the maximum ICV containment 0-ring stretch, s, is

Dg - Ds- - 5.09%
Di

The maximum reduction in 0-ring seal cross-sectional diameter, rcs, due to stretch (from Figure

3-3 of the Parker 0-ring Handbook5) is calculated with the stretch, s = 5.09:

rs =0.56 + 0.59s - 0.0046s2 = 3.44%

Given a minimum ICV containment 0-ring seal cross-sectional diameter, d, = 0.390 inches
(based on 0.400 -0.0 10), the resulting reduced 0-ring seal cross-sectional diameter, dcsr, is:',

Acds, - d, (1 - r2 ) = 0.376584 inches

5. Minimum O-ring Seal Compression with an Offset Lid

The minimum ICV containment 0-ring seal compression, ý, is:

d- dsr -= 1 0.7 3 %

dcsr

The minimum 0-ring seal compression is 10.73% with an offset lid. This is the worst case
possible' as a result of the HAC free drop.

. ORD 5700, Parker 0-ring Handbook, 2007, Parker Hannifin Corporation, Cleveland, OH.
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6. Minimum O-ring Seal Compression with a Centered Lid

With reference to Figure 2.10.2-1, the "centered"position for the lower seal flange relative to the
upper seal flange occurs when point 0 on the lower seal flange is moved to the midpoint
between points 0) and D. Calculate the x-locations for points G0 and (:

xI = b - (dL - r[1 - sin(or)]tan(x) = 0.484579 inches

x2 = c + (a+ r[i - sin(a)]- dj)tan(3) = 0.562553 inches

Half the difference between the xl and x2 values centers the lower seal flange tab within the
upper seal flange groove (i.e., the ICV lid is centered in the ICV body). The "centered"
horizontal offset, fc, is:

f. = xi "x 0.038987 inches
2

Recalculate the O-ring seal gap, gc, based on the lid centered relative to the body:

xci=f +b+ e- dL )+(h)tan(y) + sin(a) -(h)cos(a) = 0.303481 inches

yi =a+ dL + e- L + (h)tan(y) + 2 cos (a) + (h) sin(a) = 0.801270 inches

c

yci + (x ci )tan(O) - c d u

CIDaI + tan(-) = 0.6000071 inchesx•= 1

tan(J3)

-c- = 0.781046 inches

tan(p3)

g = 1(xcoxi) + (yo -_ yci) =0.297279inches

Knowing that the ICV containment O-ring seal groove diameter, Dg, and correspondingly the
O-ring seal stretch, s, and the reduced O-ring seal cross-sectional diameter, dcsr, are the same, the
minimum ICV containment O-ring seal compression, •:

d d•- 21.06%

The minimum O-ring seal compression is 21.06% with a centered lid. This is the normal, as-
installed configuration, since the presence of the O-ring seal will inherently self-center the lid.
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7. Maximum Change in 0-ring Seal Compression from a Centered Lid to an Offset Lid

The maximum resulting change in compression, A, resulting in a minimally compressed ICV
containment 0-ring seal is:

A= 0 -•=10.33%

This is. the maximum change in compression of the O-ring seal as a result of the HAC free drop.

2.10.2.2.2 Containment 0-ring Seal Qualification Temperature

Per Section 3.4.3, Minimum Temperatures, the minimum ICV containment 0-ring seal
temperature is -40 'F for normal conditions of transport (NCT) and -20 'F for hypothetical
accident conditions (HAC). Per Table 3.4-1 in Section 3.4.2, Maximum Temperatures, the
maximum ICV 0-ring seal temperature for NCT is 150 'F. The duration of 0-ring seal material
exposure to elevated temperatures underNCT can conservatively be assumed as one year based
on the replacement frequency of the 0-ring seals. Per Section'3.5.3, Package Temperatures, the
maximum ICV 0-ring seal temperature for HAC is projected to be 290 °F. Time-history
temperature data was not acquired during certification testing of the HalfPACT package. Based
on their similarity, the time-history of.the.TRUPACT-JI package OCV 0-ring seal temperatures
provided in Figure 3.5-6 for Certification.Test Unit 1 (CTU-1') and Figure 3.5-10 for
Certification Test Unit 2 (CTU-2) from the TRUPACT-II SAR 6 may be used. The duration of
ICV 0-ring seal material exposure to elevated temperatures within 90% of the reported.290 'F
maximum is conservatively estimated to be less than 12 hours.

An Arrhenius correlation for butyl material with an activation energy of 80 kJ/mol for butyl
rubber has been developed to accountfor diffusion limited oxidation effects. 7 Use of the
Arrhenius correlation allows the effects of both NCT and HAC elevated temperature/duration
conditions identified above to be conservatively enveloped by a single, 360 °F, 8-hour test.

Based on the above evaluations, the minimum 0-ring seal qualification test parameters required
for initial formulation testing of ICV containment 0-ring seal materials is summarized in Table
2.10.2-1.

6 U.S. Department of Energy (DOE), SafetyAnalysis Report for the TRUPACT-1 Shipping Package, USNRC

Certificate of Compliance 71-9218, U.S. Department of Energy, Carlsbad Field Office, Carlsbad, New Mexico.
7 K. T. Gillen, C. Mathias, and M. .R. Keenan, Methods for Predicting More Confident Lifetimes of Seals in Air
Environments, SAND99-0553J, Sandia National Laboratories, March 1999.

2.10.2-5



HalfPACT Safety Analysis Report Rev. 6, December 2012

Table 2.10.2-1 - Formulation Qualification Test 0-ring Seal Compression
Parameters

Required
Required Required Required Temperature

Simulated Compression Compression Temperature Duration
Condition (%) Change (%) (OF) (hours)

NCT Cold <21.06 N/A <-40 N/A

HAG FreeDrop >10.33 <-20 N/A
HAC Firee Dp10.73
HAC Fire N/A >360 . >8

2.10.2.3 Formulation Qualification Test Fixture and Procedure

A bore-type test fixture shall be used to test the containment O-ring seal, representative of the bore
seal configuration of the HalfPACT packaging. The fixture shall include an inner disk containing
two, side-by-side O-ring seal grooves. An O-ring seal of prototypic cross-section for the ICV and
butyl material, as delineated on the drawings in Appendix 1.3.1, Packaging General Arrangement
Drawings, shall be placed into each seal groove, and the assembly then placed within a mating
bore component. The test fixture shall employ jacking screws or equivalent devices to displace the
disk radially relative to the bore, affecting the required O-ring compression on one side. of the test
fixture. Figure 2.10.2-2 conceptually illustrates the O-ring~seal test fixture.

The sizes Of all sealing components and O-ring seals utilized in the test fixture, including the
amount of O-ring seal stretch, may be adjusted along with the amount of radial displacement to
ensure that the parameters in Table 2.10.2-1 can be achieved. The test fixture's overall diameter
may be reduced relative to a full-scale HalfPACT package to achieve a practical size for testing.
A reduction in relative diameter is acceptable since the O-ring seal compression, compression
change, and temperature are the'parameters of primary importance relative to evaluating an 0-
ring material's ability to maintain a leaktight seal.

All test specimens may be coated lightly with vacuum grease prior to installation into the test
fixture. The fully assembled test fixture shall be placed within an environmental test chamber
for both heating and cooling with thermocouples attached to the fixture used to confirm the
O-ring seal temperature.

The region between the two O-ring seals constitutes a test volume. To perform a leak test, the
test volume shall be connected to a helium mass spectrometer leak detector, then evacuated to an
appropriate level of vacuum and the outside of the test fixture surrounded with a contained and
highly concentrated environment of helium gas, consistent with the Ouidelines of Appendix A,
Section A.5.3, Gas Filled Envelope - Gas Detector, of ANSI N14.5 . An O-ring seal test shall
be successful if the leakage between the seals is 1 x i0-7 standard cubic centimeters per second
(scc/sec), air, or less (i.e., "leaktight").

S ANSI N14.5-1997, American National Standard for Radioactive Materials - Leakage Tests on Packages for

Shipment, American National Standards Institute, Inc. (ANSI).
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Test conditions shall be selected to simulate temperature/duration and minimum compression for
the prototypic 0-ring seals under NCT and HAC conditions. Each set of two test 0-ring, seals
shall be subjected to an initial test at NCT Cold conditions with the inner disk offset as necessary
to achieve the NCT required compression, to a second test at HAC Free Drop conditions with the
inner disk initially positioned and then radially offset as necessary to achieve the HAC required
compression and compression change magnitudes, to a third test at HAC Fire conditions after the
required soak duration with the. inner disk remaining offset, and to a fourth test at HAC Cold
conditions with the inner disk remaining offset (see Table 2.10.2-1).

Helium leakage rate tests shall be performedat'each cold temperature test configuration, either at
-40 °F for the NCT Cold condition case, or at -20 °F for all other cases. Helium leakage rate
testing is not practical at hot condition temperatures due to the rapid permeation and saturation of
helium gas through the elastomeric material at high temperatures; a fully saturated 0-ring seal
test specimen results in a measured leakage in excess of 1 X 107 scc/sec, air. Ifi lieu of leakage
rate testing at the hot temperature test configuration, the ability to establish a rapid, hard vacuum
between the 0-ring seals shall be used as the basis for acceptance at elevated temperatures, with
leaktightness proven- subsequent to the elevated temperature phase by the final leakage rate test
at -20 °F. The duration of each of the cold temperature phases of the test shall be defined by the
time required to achieve the requisite cold temperatures whereas the duration of the hot phase
shall be defined by the required elevated temperature and associated temperature duration given
in Table 2.10.2-1.

2.10.2.3.1 Formulation Qualification Test Procedure

The process of formulation qualification leak testing 0-ring seal material is given below.

1. Assemble the test fixture with two test 0-ýring seals.

2. Radially shift the disk inside-the bore to establish reduced 0-ring seal compression on one
side of the test fixture, ensuring the NCT Cold compression requirements are met per Table
2.10.2-1. •

3. Cool the test fixture' to <-40 OF, continuing to restrain the disk in the NCT offset,position

relative to the bore.

4. Perform a helium leakage rate test with the test fixture temperature at <-40 °F.

5. Reposition the disk inside the bore to establish an appropriate starting position, for the HAC
Free Drop test with the test fixture temperature at <-20 OF.

6. Radially shift the disk inside the bore to establish a reduced 0-ring seal compression on one
side of the test fixture, ensuring the HAC Cold compression and compression change
requirements are met perTable 2.10.2-1.

7. Perform a helium leakage rate test with the test fixture temperature at _<-20 °F.

8. Warm the test fixture to the elevated test temperature (i.e., HAC Fire temperature per Table
2.10.2-1), continuing to restrain the disk in the HAC offsetposition relative to the bore.

9. Maintain the elevated temperature for >8-hourduration.
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10' At the end of the elevated temperature duration, confirm that a rapid, hard vacuum can be
achieved and maintained in the test volume between the two, test O-ring seals at the elevated
temperature.

11. Cool the test fixture to <-20 °F, continuing to restrain the disk in the HAC offset position
relative to the bore.

12. Perform a helium leakage rate test with the test fixture temperature at <-20 'F.

2.10.2.4 Rainier Rubber R0405-70 Formulation Qualification Test Results

Test results are summarized in.Table 2.10.2-2, as referenced from GEN-REP-0001.9 As shown
in the table, the Rainier Rubber compound R0405770 butyl rubber material is capable of
maintaining a leaktight seal when subjected to worst-case seal compressions beyond the range of
NCT and HAC cold and hot temperatures applicable to the HalfPACT package. For comparison,
the minimum O-ring seal compression applicable for the NCT Cold condition (see Table
2.10.2-1) is 21.06% for the ICV. The NCT Cold tests summarized in Table 2.10.2-2 were
conservatively performed with the disk in its full offsetposition, thus showing leaktight
capability at NCT Cold conditions to as low as 10.38%. For the remaining tests, the applicable
minimum compression is 10.73% for the ICV whereas the tests were all performed in the full
offset position, thus, showing leaktight capability to as low as 10.38%., For the HAC Free Drop
test, the disk was initially centered and then shifted as much as 10.74%, which enveloped the
applicable worst-case shift of 10.33% for the ICV. For the HAC Fire test, again per Table
2.10.2-1, a test temperature of at least 360 'F for at least 8 hours is applicable, whereas the actual
test was conservatively performed at 400 °F for 8 hours, as noted in Table 2.10.2-2. Therefore,
formulation qualification testing of Rainier Rubber compound R0405-70 bounds the minimum
O-ring seal compressions for the HalfPACT package.

2.10.2.5 ASTM D2000 Standardized Batch Material Tests

Based on successfully demonstrating the ability to remain leaktight when subject to the
formulation qualification tests, Rainier Rubber R0405-70 butyl rubber compound was selected to
benchmark material performance parameters that can be evaluated using available industry
standardized tests. Correlation of the R0405-70 butyl rubber compound performance to industry
standard performance specifications establishes a standard quality and performance benchmark
that is suitable for use in material batch testing. Note that a "formulation'! represents a controlled
chemical recipe and production process as defined by the material supplier, .a "batch" represents
the chemical compounding of a production quantity of material before vulcanizing, and a "lot"
refers to the quantity of finished product made at any one time.

Qualification testing identified certain key parameters that are important to seal performance. Of these,
two important parameters for this application are resistance to helium permeation and acceptable
resiliency at cold temperatures. Butyl rubber performs Very well resisting helium permeation, and the

9 Formulation Qualification Testing of Rainier Rubber Butyl Compound RR0405-70, GEN-REP-0001, Rev. 0,
Washington TRU Solutions, February 2010.
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TR- 10 test in ASTM D132910 provides an acceptable method for determining cold temperature

material resiliency, with the properties of the R0405-70 acting as a baseline for the required resiliency.

The ability of the compound to withstand elevated temperatures while not having significant
reduction in material properties is alsorequired to maintain seal integrity after the hypothetical
accident condition thermal event. Material properties in elastomers are reduced through the
process of de-polymerization, an aging phenomenon. Elastomer aging can be accelerated by the
application of energy (heat). The effect of aging can be quantified by measuring the reduction of
physical properties after maintaining the seal material at an elevated temperature for a specific
length of time. For the same amount of reduction in properties, a shorter time can be used at a.
higher temperature, or a longer time can be used at a lower temperature. ASTM D57311 provides
an acceptable method for determining the effects of temperature aging on elastomeric compounds.

ASTM D39512 provides an acceptable method for determining the effects of compression set.
R0405-70 butyl rubber compound uses an acceptance criteria of less than 25% compression set
for 22 hours at an elevated temperature of 70 'C.

ASTM D213713.provides an acceptable method for determining an elastomeric material's ability
to withstand cold temperatures and remain pliable. Although the TR-10 test in ASTM D1329
demonstrates the seal material's resiliency at a much lower temperature, this test verifies the seal
material's lack of brittleness at the minimum regulatory temperature of-40 0C.

Hardness or durometer along with tensile strength and elongation are defined and checked to
ensure durability of the seal material during operation. ASTM D2240 14 provides an acceptable
method for determining the required 70 ±5 durometer, and ASTM D412 5 provides an acceptable
method for determining the required minimum 10 MPa (1,450 psi) tensile strength and minimum
250% elongation, with the properties of the R0405-70 acting as a baseline for the required
hardness, tensile strength, and elongation.

For proprietary seal materials that have fairly demanding requirements such as the R0405-70
butyl rubber compound, the compound is commonly specified by a company designator and
subsequently checked against exacting performance standards. Specifying an elastomeric
compound by its chemistry alone is difficult considering the sheer number of parameters-that
affect seal performance. However, by applying the above nationally recognized standards to a
material batch, the important parameters are defined for verifying the performance, of the seal
material.

'0 ASTM D1329-88 (re-approved 1998), Standard Test Methodfor Evaluating Rubber Property- Retraction at Lower

Temperatures (TR Test), American Society for Testing and Materials, Philadelphia, PA, Volume 09.01, 2001.
"1 ASTM D573-99, Standard Test Methodfor Rubber - Deterioration in an Air Oven, American Society for Testing

and Materials, Philadelphia, PA, Volume 09.01, 2001.
12 ASTM D395-0 1, Standard Test Methods for Rubber Property - Compression Set, American Society for Testing

and Materials, Philadelphia, PA, Volume 09.01, 2001.
13 ASTM D2137-94 (re-approved 2000), Standard Test.Methods for Rubber Property - Brittleness Point of Flexible

Polymers and Coated Fabrics, American Society for Testing and Materials, Philadelphia, PA, Volume 09.02, 2001.
14 ASTM D2240-00,.Standard Test Method for Rubber Property - Durometer Hardness, American Society for
Testing and Materials, Philadelphia, PA, Volume 09.01, 2002.
15 ASTM D412-98a, Standard Test Methods for Vulcanized Rubber and Thermoplastic Rubbers and Thermoplastic
Elastomers - Tension, American Society for Testing and Materials, Philadelphia, PA, Volume 09.01, 2001.
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ASTM D1414 16 is the standard method for testing O-ring seals, and covers most, but not all, of
the required testing delineated above. However, due to the overall size of the O-ring seals and
the additional testing specified, ASTM D20003 provides a better standard classification system.

Using the ASTM D2000 designator, O-ring seals with properties equivalent to R0405-70 butyl
rubber material are classified as follows and summarized in the table below:

M4AA710 A13 B13 F17 F48 Z Trace Element

Designator Condition

M Metric units designator (default condition)

4 Grade 4 acceptance criteria for the tests specified

AA Butyl rubber compound

7 70 Shore A durometer hardness per ASTM D2240

10 Tensile strength and elongation per ASTM D 412; acceptance criteria
are a minimum 10 MPa (1,450 psi) tensile strength and a minimum
250% elongation

A13 Heat resistance test per ASTM D573; the acceptance criteria are a
maximum 10 Shore A durometer hardness increase, a maximum,
reduction in tensile strength of 25%, and a maximum reduction in
ultimate elongation of 25% at 70 'C

B 13 Compression set per Method B of ASTM D395; acceptance criterion is
a maximum 25% compression set after 22 hours at 70 'C

F 17 Cold temperature resistance specifying low temperature brittleness per
Method A, 9.3.2, of ASTM D2137; non-brittle after3 minutes at -40 'C

F48 Cold temperature resiliency, where F is for cold temperature resistance,
and 4 specifies testing to the TR-10 test of ASTM D1329; 8 indicates a
TR-10 temperature of-50 'C (-58 °F), or less

Z Trace Element Z designator allows specific notes to be added; "Z Trace Element"
allows trace elements to be added to the elastomeric compound to meet
the seal material requirements

16 ASTM D1414-94 (re-approved 1999), Standard Test Methods for Rubber O-Rings, American Society for Testing
and Materials, Philadelphia, PA, Volume 09.02, 2001.
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Table 2.10.2-2 - Rainier Rubber R0405-70 Formulation Qualification 0-ring Seal Test Results

O-ring Minimum
Seal O-ring

O-ring -ring S Reduction Seal
g-ring in Cross- Cross-0-ring Inside Cross-Sectional Seal Sectional Sectional Temperature for "Leaktight" LeakTest Seal Diameter, Diameter, dcs (in) Stretch, Diameter, Diameter, O-ring Seal Compression (%)Go Test (< 8.8 x 10-8 scc/sec, He).

Numbero Number'"i Ds (in) Max -Min S (%)O R (%)Q) dcsr (in)o Center Disk Offset Disk Change -40 OF -20 0F 400 OF* -20 OF

1 11.368 0.396 0.394 6.80 4.36 0.377 21.12 10.38 10.74

4 11.500 0.396 0.392 5.58 3.71 0.377 21.12 10.38 10.74 Yes Yes Yes

2 11.417 0.396 0.395 6.34 4.12 0.379 21.54 10.85 10.69
3 11.465 0.395 0.394 5.90 3.88 0.379 21.54 10.85 10.69

Notes:

(D The test fixture's pertinent dimensions are taken in line with the direction of offset, which is also the position where the minimum cross-
sectional diameter of the 0-ring seals are placed: bore inside diameter, Di = 12.736 inches; disk outside diameter, D. = 12.655 inches; and the
0-ring seal groove diameter, Dg = 12.14125 inches (based on the average of fixture measurements taken along the axis of offset). All tests are
performed using WTS Test Fixture No. 4.

0 Material for all 0-ring seal test specimens is butyl rubber compound R0405-70, Rainier Rubber Co., Seattle, WA.

* Given the 0-ring seal inside diameter, D,, the percent of O-ring seal stretch, S = 100 x (Dg - Ds)/D,:

® From Figure 3-3 of the Parker 0-ring-Handbook5 and based on the 0-ring seal cross-sectional diameter, d,,, the percent reduction in 0-ring seal
cross-sectional diameter, R = -0.005 +1'19S - 0.19S' - 0.001 S3 + 0.008S 4 for 0 _< S _< 3%, and R = 0.56 + 0.59S - 0.0046S 2 for 3% < s•< 25%.

( The reduced 0-ring seal cross-sectional diameter, dcr = ds(1 - R/100).

® The percent 0-ring seal compression with the disk centered is 100 x [dcsr - ½(Di - Dg)]/dcsr.

0 The percent 0-ring seal compression with the disk offset is 100 x [d,,, - (Di - D,)- '½(Do - Dg)]/ds,,.

® A "Yes" response-indicates that helium leakage testing demonstrated that the leakage rate was _• 1.0 x 10-7 sce/sec, air (i.e., "leaktight" per
ANSI N14.5). In all cases, measured leakage rates were _< 8.8 x 10-8 scc/sec, helium, for tests with a "Yes" response.

8 No helium leak tests were performed at elevated temperatures due to 0-ring seal permeation and saturation by helium gas. The ability of the test
:fiXture to establish a rapid, hard vacuum between the 0-ring seals was used as the basis for leak test acceptance at elevated temperatures. A "Yes"
response indicates that all tests rapidly developed a hard vacuum.
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Figure 2.10.2-1 - Configuration for Minimum ICV O-ring Seal Compression
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Figure 2.10.2-2 - Test Fixture for 0-ring Seal Performance Testing
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2.10.3 Certification Tests

Presented herein are the results of normal conditions of transport (NCT) and hypothetical
accident condition (HAG) tests that address the free drop, puncture, and fire test performance
requirements of 10 CFR 711. This appendix summarizes the information presented inthe test
reports for the HalfPACT engineering test unit (ETU)2 and certificationtest unit (CTU) 3. The test
units discussed in this section were configured for testing with two independent containment
boundaries. All test results and conclusions with respect to the inner containment vessel (ICV)
remain unchanged with the outer containment (now confinement) vessel (OCV) configured as
secondary confinement boundary when its optional O-ring seals are utilized. The leaktight
capability of the ICV and the structural response and ability of the outer containment (now
confinement) assembly (OCA) to protect the ICV are unaffected by the OCV configuration using
optional O-ring, seals.

2.10.3.1 Introduction

The HalfPACT package, when subjected to the sequence of hypothetical accident condition(HAC)
tests specified in 10 CFR §71.73, subsequent to the sequence of normal conditions of transport
(NCT) tests specified in 10 CFR §71.71, is shown to meet the performance requirements specified
in Subpart E of 10 CFR 71. As indicated in the introduction tO Chapter 2.0, Structural, Evaluation,
with the exception of the immersion test, the primary proof of performance for the HAC tests is via
the'use of frill scale testing. In particular, free drop, punctuire,'and fire testing of both a HalfPACT
ETU and CTU confirmed that the ICV and-OCV remained leaktight after a worst case HAC
sequence. Observations from testing of the two test units also confirm the conservative nature of
deformed geometry assumptions used in the criticality assessment provided in Chapter 6.0,
Criticality Evaluation.

Since the HalfPACT package is essentially a "cut-down" version of theTRUPACT-II package,
this appendix provides a number of comparative discussions between the HalfPACT and
TRUPACT-II certification testing programs. Where appropriate, these comparisons are usefuill for
providing an additional level of confidence in the HalfPACT testing programs by illustrating test
results similar to the comprehensive TRUPACT-I1 certification testing program. As discussed in
Appendix 2.10.3.5, Technical Basis for Tests, the selection of HalfPACT test conditions was
determined based on the various TRUPACT-II certification tests.

2.10.3.2 Summary'

As seen in the figures presented in Appendix 2.10.3.7, Test Results, successful testing of the ETU
and CTU indicates that the various HalfPACT packaging design features are adequately designed to

Title 10, Code of Federal Regulations, Part 71 (10 CFR 71), Packaging and Transportation of Radioactive

Material, 01-01-12 Edition.
2 Packaging Technology, Inc. (PacTec), HalfPACTPackaging Engineering Prototype Test Report, PacTec
Engineering Document ED-019, Tacoma, Washington.
3 S. A. Porter, et al, Certification Test Report for the HalIPACTPackage, TR-001, Packaging Technology, Inc.
(PacTec), Tacoma, Washington.
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withstand the HAC tests specified in 10 CFR §71.73. The most important result of the testing
program was the demonstrated ability of the OCV and ICV to remain leaktight 4.

Significant results of free drop testing common to both test units (ETU and CTU) are as follows:

" There was no evidence of buckling of either containment boundary shell. Modest damage to
the inner containment vessel shells didoccur, an amount somewhat in excess of what was
reported in Appendix 2.10.3, Certification Tests, in the TRUPACT-HIpackage SAR 5.
However, it is clear that the damage noted for the HalfPACT package corresponds to the
much heavier payload drum's interaction with the packaging wall.

" No excessive distortion of the seal flange regions occurred for either the ICV or OCV,

although some permanent deformation was noted.

" There was no rupture of the 3/8-inch thick, OCA outer shell.

" Observed permanent deformations of the HalfPACT packaging were less than those assumed
for the criticality evaluation.

Significant results of puncture drop testing common to both test units (ETU and CTU) are as follows:

* Besides the obvious permanent damage to the OCA outer shell at the location of the various
puncture bar impacts, there was evidence of some permanent deformation of the OCV shell.

-The most significant damage occurred at the OCV vent port fitting during testing of the CTU.
The cumulative effects of the NCT and HAC free drops, and the subsequent puncture drop
caused successively greater permanent deformation to the region adjacent to the vent port
fitting. A crack was noted in the inner weld of the CTU's OCV vent port fitting, but not in
the outer weld of the OCV vent port fitting. Subsequent helium leakage rate testing
determined that OCV containment integrity was maintained. Although essentially identical
in configuration, the ETU did not have a similarly cracked weld. See Appendix 2.10.3.7.2.8,
CTU Post-Test Disassembly, for additional discussion regarding this result.

" Penetration of the OCA outer shell occurred below the 3/8-to-1/4-inch thick, OCA outer shell
weld during testing of the ETU. The same test, repeated for certification testing, did not
reproduce the hole. This result was due to lengthening the 3/8-inch thick, OCA outer shell
from 12 to 18 inches, correspondingly changing the impact angle sufficiently to prevent
penetration through the adjacent 1/4-inch thick shell.

* There was no rupture of the 3/8-inch thick, OCA outer shell. However, for both test units
(ETU and CTU) a linear tear occurred along the weld at the 3/8-to-1/4-inch shell transition in
the OCA body outer shell.

Significant results of fire testing common to both test units (ETU and CTU) are as follows:

- The fire tests met or exceeded the minimum flame temperature of 1,475 °F for 30 minutes as
required by 10 CFR §71.73(c)(4).

4 "Leaktight" is a leakage rate not exceeding 1 x 10-7 standard cubic centimeters per second (scc/sec), air, as defined
in ANSI N14.5-1997, American National Standardfor Radioactive Materials - Leakage Tests on Packages for
Shipment, American National Standards Institute, Inc. (ANSI).

5 U.S. Department of Energy (DOE), Safe! Analysis Report for the TRUPA CT-If Shipping Package, USNRC
Docket No. 71-9218, U.S. Department of Energy, Carlsbad Field Office, Carlsbad, New Mexico.
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" Gases formed by thermal degradation of the polyurethane foam were safely vented out the
OCA fire vents located in the OCA lid and body.

" The polyurethane foam self-extinguished shortly after the end of the fire.

" The average residual thickness of unburned polyurethane foam in the OCA side wall was
approximately five inches in regions undamaged by free drop tests, and approximately three
inches in regions damaged by free drop tests. In regions of multiple free'drop and puncture
drop tests (e.g., at the OCV vent port), only charred foam and ceramic fiber paper remained.

" None of the containment seals sustained extensive degradation due to excessive temperature.

2.10.3.3 Test Facilities

Drop testing of the HalfPACT package prototype test unit was performed at Sandia National
Laboratories' Coyote Canyon Aerial Cable Facility in Albuquerque, New Mexico. The drop test
facility utilizes free fall and, if needed, rocket power to attain closely controlled impact velocities
as defined by a particular testing program. The drop test facility consists of a 5,000-foot long
wire cable suspended across a mountain canyon. The cable can support proportionally heavier
package weights at lower elevations, with a package weight in excess of 50,000 pounds for the
regulatory defined, hypothetical accident condition 30-foot free drop test. The "unyielding"
target consists of a highly reinforced, armor steel plated concrete block as illustrated in Figure
2.10.3-1. The target is designed to accommodate test packages weighing up to 100 tons.

In accordance with the requirements of 10 CFR §71 .73(c)(3), the puncture bar was fabricated
from solid, six-inch diameter mild steel,'approximately 36 inches long. The puncture bar was
welded perpendicularly to a 1 ½2-inch thick,, mild steel plate having an outside diameter of
approximately 24 inches. The top edge of the puncture bar was finished to a 1/4-inch radius.
When utilized, the puncture bar was securely welded (mounted) to the impact surface.

Fire testing of the HalfPACT package prototype test unit was performed at Sandia National-
Laboratories' Lurance Canyon Burn Site in Albuquerque, New Mexico. The open pool fire
facility can be adjusted'to a maximum size of 30 by 60 feet for performing free-burning fires for
a duration of 2 hours, maximum. Packages weighing up to 149 tons can be supported at heights
up to a few meters above the pool surface. During fire testing, thermocouples and calorimeters
that are strategically placed measure and record fire temperatures and heat flux, respectively.
The pool is enclosed by a 20-foot high wind screen deployed in a nominal 50-foot radius from
the pool center. The wind screen is constructed of chain link fencing fitted with aluminum slats
resulting in a screen porosity of 50%: The wind screen demonstrates a 3-to-1 reduction in wind
velocity in high wind conditions, and a 2-to-I reduction. in low wind conditions.

2.10.3.4 Test Unit Description

The HalfPACT package is essentially a 30-inch shorter version of the TRUPACT-II package,
being identical in almost all respects, the few exceptionsnoted in later discussions. Both the
HalfPACT and TRUPACT-II packages are designed to transport payloads of contact-handled
transuranic (CH-TRU) waste. The HalfPACT package is designed to carry five different payload
configurations: 1) seven 55-gallon drums, 2) one standard waste box (SWB), 3) four 85-gallon
drums, 4) three 100-gallon drums, or 5) three shielded containers for its payload. The HalffPACT
package height i' based on the need to carry oversized 85-gallon drums used as overpacks for
55-gallon drums. Drums may weigh 1,000 pounds each, for a maximum weight of 7,000 pounds
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for seven 55-gallon drums, 4,000 pounds for four 85-gallon drums, and 3,000 pounds for three
100-gallon drums. The maximum SWB weight is 4,000 pounds and-the maximum weight of
three shielded containers is 6,780 pounds.

For purposes of comparison, the primary design differences between the HalfPACT package and
TRUPACT-I1 package are summarized as follows (see Figure 2.10.3-2 and Figure 2.10.3-3 for
the differences between the packaging design and 55-gallon drum payload configuration for the
TRUPACT-II and HalfPACT packages, respectively):

• maximum package weight: 18,100 pounds for HalfPACT; 19,250 pounds for TRUPACT-II,

" maximum payload assembly weight, (including pallet, spacer, guide tubes, and slipsheets):
7,600 pounds for HalfPACT; 7,265 pounds for TRUPACT-II,

" payload assembly configurations (comparing current TRUPACT-II package certification):

" 55-gallon drums: seven for HalfPACT; fourteen for TRUPACT-I1 (includes pipe
overpacks),

" SWBs: one for HalfPACT; two for TRUIPACT-JI,

" 85-gallon drums: four for HalfPACT; eight for TRUPACT-II,

" 100-gallon drums: three for the HalfPACT; six for the TRUPACT-Il,

" ten drum overpack (TDOP): none for HalfPACT; one for TRUPACT-II,

" shielded containers: three for HalfPACT with radial and axial dunnage; none for
TRUPACT-1I i f

* overall height: 91V inches for HalfPACT; 121½ inches for TRUPACT-1I,

• ICV payload cavity length: 44'Y1 6 inches for HalfPACT; 74% inches for TRUPACT-II,

" OCV cylindrical shell stiffening ring: removed for HalfPACT; included for TRUIPACT-il,

" OCA body fire vent locations changed between HalfPACT and TRUPACT-II,

" OCA body, 3/8-inch thick outer shell length, 18 inches for HalfPACT; 12 inches for
TRUPACT-Il,

• Payload spacer: A payload spacer is used to reduce excess axial clearance for HalfPACT
payloads consisting of 55-gallon drums, 100-gallon drums, short 85-gallon drums, and
SWBs; no payload spacer is used for TRUPACT-I1

The following sections expand on the individual details relating to the ETU and CTU configurations..
Both HalfPACT packaging engineering test units were fabricated from TRUPACT-II packaging
training units , as discussed below.

2.10.3.4.1 Engineering Test Unit (ETU)

The HalfPACT packaging engineering test unit (ETU) was fabricated from TRUPACT-II unit
number 104, a TRUPACT-I1 packaging training unit. As illustratedin Figure 2.10.3-4, the OCA

6 Early TRUPACT-ll production units have shells of insufficient thickness per TRUPACT-iI SAR requirements.

Designated "training units", excessive grinding of some welds in localized regions reduced shell thicknesses below.
the minimum allowed by the TRUPACT-H (and HalfPACT) SAR packaging general arrangement drawings. B
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body for the HalfPACT ETU was created'by removing 30 inches from the OCV cylindrical shell
above the torispherical head, and 30 inches from the OCA outer shell below the 3/8-to-1/4-inch
shell transition from TRULPACT-I1 unit number 104. All polyurethane foam and ceramic fiber
paper below the parting line was removed. New ceramic fiber paper was installed, the shells
welded closed, and new polyurethane foam installed. Polyurethane foam compressive strength
properties were tested to be consistent with the requirements of Table 8.1-1 in Section 8.1.4.1,
Polyurethane Foam. Similarly, as illustrated in Figure 2.10.3-5, the ICV body for the HalfPACT
ETU was created by removing 30 inches of the cylindrical region above the torispherical head from
TRUPACT-II unit number 104. Both the OCA and ICV lid assemblies remained unchanged.

Tested differences between the HalfPACT ETU and TRUPACT-I1 CTUs (i~e., components or
parameters used during TRUPACT-II certification testing thatwere not used during HalfPACT
certification testing) are summarized as follows:

- Seal flange O-ring seal region tolerances: carefully controlled fabrication procedures to
arrive at worst case (minimum) 0-ring seal compression and worst case (maximum) axial
free play were used for the TRUPACT-JI CTUs; the HalfPACT ETU used unmodified,
as-built production unit tolerances,

. Loose debris outside, the payload drums: additional cement and sand was used outside the
payload drums for the TRUPACT-JI CTUs, but not for the HalfPACT CTU (both test
programs used additional loose sand inside the payload drums),

* Active and passive test instrumentation (e.g., thermocouples, acceler6meters, pressure
transducers, and/or temperature indicating labels): active and passive test instrumentation
was used for the TRUPACT-II CTUs, but no instrumentation was used for the HalfPACT
ETU,

Internal pressure: pressurization of the containment Vessels to the maximum normal
operating pre'ssure (MNOP) for some of the free drop, puncture drop, and fire tests was
performed for the TRUPACT-I1 CTUs, but not for the HalfPACT ETU,

• Cooling before drop testing: cooling to -20 °F prior to some of the free drop and puncture
drop tests was performed for the TRUPACT-Ii CTUs, but not for the HalfPACT ETU,

* Pre-heating before the fire, test: pre-heating prior to fire testing was performed for the
TRUPACT-Il CTUs, but not for the HalfPACT ETU, and

* Cooling before leakage rate testing: cooling to -20 'F prior to post-test, helium leakage rate.
testing was .performed for the TRUPACT-I1 CTUs, but not for the HalfPACT ETU.

In addition to the tested differences between the HalfPACT ETU and TRUPACT-LI CTUs, the
difference between the HalfPACT ETU and the HalfPACT packaging design depicted in
Appendix 1.3.1, Packaging General Arrangement Drawings, are summarized as follows:

* Minimum shell material thickness: HalfPACT packaging design requires minimum shell
material thicknesses per ASTM A480 7, HalfPACT ETU was fabricated from a cut-down
TRUPACT-I1 training unit (number 104) with localized regions not meeting ASTM A480'
because of excessive grinding of some welds,

7 ASTM A480/A480M, Standard Specificationfor General Requirements for Flat-Rolled Stainless and Heat-Resisting
Steel Plate, Sheet, and Strip, American Society for Testing and Materials (ASTM), West Conshohocken, PA.
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" OCA body, 3/8-inch thick outer shell length: HalfPACT packaging design is 18 inches long;
HalfPACT ETU was 12 inches long,

" Painting of OCA exterior surfaces: HalfPACT packaging design allows optional painting;
HaIfPACT ETU was not painted,

" OCV vent and seal test port thermal plugs: HalfPACT packaging design specifies foam or
ceramic fiber paper thermal plugs; HalfPACT ETU used polyurethane foam thermal plugs,

" Optional catalyst assembly recess in ICv aluminum honeycomb spacers: HalfPACT
packaging design specifies 0 18 inches x 1 2 inches deep; HalfPACT ETU used recesses
015 inches x 11/16 inches deep,

* Aluminum honeycomb spacer assembly attachment bracket: HalfPACT packaging design
specifies right-angled brackets; HalfPACT ETU used obtuse-angled brackets,

" Locking ring stop tabs: HalfPACT packaging design specifies up to three stop tabs per
locking ring; HalfPACT ETU used one stop tab per locking ring,

* OCA exterior welds: HalfPACT packaging design specifies 3/32-inch maximum weld
reinforcement for OCA exterior welds; HalfPACT ETU used 3/32-inch maximum weld
reinforcement only on new 3/8-to-1/4-incih, outer shell weld, and

" External handling features were added to the exterior surfaces of the HalfPACT ETU to
facilitate lifting and handling the package during testing.

The following table summarizes a comparison of major component weights for the HalfPACT
ETU and TRUPACT-I1 CTUs:

Packaging TRUPACT-II Certification Test Units HalfPACT

Component CTU No. 1 CTU No. 2 CTU No. 3 ETU

Empty Package

• ICV Assembly 2,614 2,773 2,570 2,025

* OCA Assembly 9,450 9,400 9,196 8,100
*Total 12,064 12,173 11,766 10,125

Payload

- 55-Gallon Drums 7,000 7,000 7,000 7,350
- Pallet, Slipsheets, etc. 315 269 1.375 160

* Total 7,315 7,269 7,375 7,510

Loaded Package Total 19,379 19,442 19,141 17,635

2.10.3.4.2 Certification Test Unit (CTU)

Similar to the HalfPACT ETU, the HalfPACT packaging certification test unit (CTU) was
fabricated from TRUPACT-II unit number 107, a TRUPACT-II packaging training unit. As
illustrated in Figure 2.10.3-6, the OCA body for the HalfPACT CTU was created by removing
30 inches from the OCV cylindrical shell above the torispherical head, and 36 inches from the
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OCA outer shell below the 3/8-to-1/4-inch shell transition from TRUPACT-I1 unit number 107.
All polyurethane foam and ceramic fiber paper below the parting line was removed. Six inches
of 3/8-inch thick, OCA outer shell was added below the existing 12-inch length to extend the
shell length to 18 inches per the HalfPACT packaging design. New ceramic fiber paper was
installed, the shells welded closed, and new polyurethane foam installed. Polyurethane foam
compressive strength properties were tested to be consistent with the requirements of Table 8.1-1
in Section 8.1.4.1, Polyurethane Foam. Similarly, as illustrated in Figure 2.10.3-7, the ICV body
for the HalfPACT CTU was created by removing 30 inches of the cylindrical region above the
torispherical head from TRUPACT-II unit number 107. Both the OCA and ICV lid assemblies
remained unchanged. All OCA exterior surfaces were painted gray.

Tested differences between the HalfPACT CTU and TRUPACT-II CTUs (i.e., components or
parameters used during TRUPACT-II certification testing that were not used during HalfPACT
certification testing) are summarized as follows:

" Seal flange O-ring seal region tolerances: carefully controlled fabrication procedures to
arrive at worst case (minimum) O-ring seal compression and worst case (maximum) axial
free play were used for the TRUPACT-I CTUs; the HalfPACT CTU used unmodified,
as-built production unit tolerances,

" Loose debris outside the payload drums: additional cement and sand was used outside the
payload drums for the TRUPACT-I1 CTUs, but not for the HalfPACT CTU (both test
programs used additional loose sand inside the payload drums),

" Active and passive test instrumentation (e.g., thermocouples, accelerometers, pressure
transducers, and/or temperature indicating labels): active and passive test instrumentation
was used for the TRUPACT-I1 CTUs, but only temperature indicating labels were used for
the HalfPACT CTU,

- Internal pressure: pressurization: of the containment vessels to the maximum normal
operating pressure (MNOP) for some of the free drop, puncture drop, and fire tests was
performed for the TRUPACT-II CTUs, but not for the HalfPACT CTU,

* Cooling before drop testing: cooling to -20 TF prior to some of the free drop and puncture
drop tests was performed for the TRUPACT-I1 CTUs, but not for the HalfPACT CTU,

* Pre-heating before the fire test: pre-heating prior to fire testing was performed for the
TRUPACT-II CTUs, but not for the HalfPACT CTU, and

* Cooling before leakage rate testing: cooling to -20 °F prior to post-test,, helium leakage rate
testing was performed for the TRUPACT-II CTUs, but not for the HalfPACT CTU.

In addition to the tested differences between the HalfPACT CTU and TRULPACT-I1 CTUs, the
difference between the HalfPACT CTU and the HalfPACT packaging design depicted in . .
Appendix 1.3.1, Packaging General Arrangement Drawings, are summarized as follows:

* Minimum shell material thickness: HalfPACT packaging design requires minimum shell
material thicknesses per ASTM A480; HalfPACT CTU was fabricated from a cut-down
TRUPACT-I1 training unit (number 107) with localized regions not meeting ASTM A480
because of excessive grindingof some welds,
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" Optional catalyst assembly recess in ICV aluminum honeycomb spacers: HalfPACT
packaging design specifies 018 inches x 1 /2inches deep; HalfPACT CTU used recesses
015 inches x 11/16 inches deep,

" Aluminum honeycomb spacer assembly attachment bracket: HalfPACT packaging design
specifies right-angled brackets; HalfPACT CTU used obtuse-angled brackets,

* Locking ring stop tabs: HalfPACT packaging design specifies up to three stop tabs per
locking ring; HalfPACT CTU used one stop tab per locking ring,

" OCA exterior welds: HalfPACT packaging design specifies 3/32-inch maximum weld
reinforcement for OCA exterior welds; HalfPACT CTU used 3/32-inch maximum weld
reinforcement only on new 3/8-to-3/8-inch and 3/8-to-1/4-inch, outer shell welds, and

* Payload Spacer: To accommodate a single layer of 55-gallon drums for. the test payload, a
5-inch high wooden payload spacer was utilized,

" External handling features were added to the exterior surfaces of the HalfPACT CTU to,
facilitate lifting and handling the package during testing.

" The OCV was fabricated to the requirements of the ASMIE Boiler and Pressure Vessel Code,
Section III, Division 1, Subsection NB (rather than Subsection NF).

" Some detailed dimensions for the OCV seal flanges, locking ring, and OCV upper main
O-ring seal are slightly different from those delineated in Appendix 1.3.1, Packaging
General Arrangement Drawings.

• Generic polymer may be used for the optional OCV containment (now confinement), test, and
OCV vent port plug O-ring seals; all CTUs utilized butyl rubber for these seals.

" Butyl, neoprene, or ethylene propylene elastomers may be used for the ICV inner vent port
plug O-ring seal, and the ICV seal test port plug O-ring seal; all CTUs used butyl rubber for
these seals.

" Generic polymer may be used for the optional OCV vent port plug and cover handling O-ring
seals, the OCV vent port cover O-ring seal, and the OCV seal test port plug O-ring seal; all
CTUs used butyl rubber for these seals.

" Generic polymer may be used for the optional OCV guide plates; all CTUs used stainless
steel for these plates.

" Aluminum honeycomb spacers may be constructed with one or two top sheet layers of
aluminum; all CTUs used one top sheet layer.

The following table summarizes a comparison of major component weights for the HalfPACT
ETU and CTU, and TRUPACT-II CTUs:
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Packaging. _ _ TRUPACT-II HalfPACT
Component CTU No. 1 CTU No. 2 CTU No. 3 ETU CTU

Empty Package

• ICV Assembly 2,614 2,773 2,570 2,025 2,120

- OCA Assembly 9,450 9,400 9,196. 8,100 . -7,950-

• Total, 12,064 12,173 11,766 10,125 10,070

Payload

- 55-Gallon.Drums 7,000 7,000 7,000 7,350 7;410
. Pallet, Payload Spacer, etc. . 315 269 375 160 590

- Total ' 7-315 7,269 7,375 7,510 .8,000,

Loaded:Package'Total 19,379 19,442,- _99141 17,635 :_ 18_070

2.10.3.5 -Technical Basis for Tests

The following sections supply the technical basis for the chosen test orientations and sequtences'
for both the HalfPACT ETU and CTU as presented in Section 2.10.3J.6, Test Sequence for
Selected Free Drop, Puncture Drop, and Fire Tests.

2.10.3.5.1 Initial Test Conditions'

2.10.3.5.1.1 Internal Pressure

Internal pressure could affect the certification test results in two waysi First.. it .imparts primary. stress
to the containment vessels, and second, it could 'affect the leaktight condition. of the seals in a HAC
fire. In. the first case, containment vessel stress due to internal pressure is pr/t = 7,288 psi, where p,
the internal 'design pressure; is 50 psi, the ICV mean radius, r, is 36.44-inches, and the thickness, t, is.'
0.25. inches. Per Regulatory Guide 7.6, this stress is compared to the design stress intensity, Sm
20,000 psi at NCT temperatures. The result is -that pressure-related membrane stress that is only 36%
of the allowable stress. Pressure would normally be present only in the ICY, and due to thepresence
of the OCA, the polyurethane foam, and the OCV, the relative deformation of the ICV due to any
free drop.,or puncture event is insignificant. Further, during TRUPACT-II testing, no pressure spikes
as a result of impact were recorded. Thus,, the addition' of pressure membrane stress would be
insignificant to the outcome of HalfPACT free drop and puncture drop testing.,

In the second case, the pressure sealing capacity of the containment seals is significantly greater
than~the maximum normal operating pressure"(MNOP) of 50 psig.. For the HAC fire test, 0-ring
seal compression is expected to increase as a result of differential expansion between the seal
and the surrounding metal, thus increasing the pressure capacity of the seal. Certification testing
of the TRUPACT-II demonstrated that no pressure was lost for any of the fire tests. Therefore,
as long as temperatures in the O-ring seal regions are similar to the temperatures measured
during TRUPACT-II fire. testing, pressurizing either.the ICV or OCV is considered unnecessary
for HalfPACT certification, fire testing.
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2.10.3.5.1.2 Temperature

Ambient temperature will be used at the time of HalfPACT certification testing. Results might
differ if the two extremes (NCT maximum temperature, or minimum, -20 °F, temperature) were
employed. However, it can be shown that these differences are not significant as follows.

As discussed in Section 2.7, Hypothetical Accident Conditions, polyurethane foam compressive
.strength iat an NCT temperature of 160 °F is approximately 75% of the compressive strength at
75 °F, and at -20 °F is approximately 140% of the crush strength at 75 °F. In contrast, the
minimum strength of the Type 304 stain~less steel varies to a much lesser extent, decreasing from
35,000 psi at -20 OFS to 30,000 psi at 100 °F, and to 27,000 psi at 160 °F. Thus, for drop.
orientations where stresses in structural. steel members are 'of concern, the worst case temperature
is -20 °F since this is the temperature where the ratio of impact induced acceleration load to steel
strength is the greatest. For drop orientations where deformations are of concern, elevated
temperatures would result in a worst-case condition.

Deformations will be greater if the polyurethane foam is at NCT warm temperatures during free and
puncture drops. The greater the deformation, the less residual foam thickness to protect the 0-ring
seals from thermal degradation-in the subsequent fire. The elastomer seal material short-term
temperature limit is 400 °F per Appendix 2.10.2, Elastomer 0-ring Seal Performance Tests.
Considering a maximum 0-ring seal region temperature of 260 °F for TRUPACT-Il fire testing and the
relatively large amount of unburned foam following fire testing (-5 inches, average), the margin
against 0-ring seal failure is relatively large. In view of this, a reasonable limit for the average
maximum 0-ring seal region temperature for HalfPACT fire testing is 300 °F. In this case, the margin
will be virtually as great as for the TRUPACT-II, and drop testing at warm temperatures is considered
unnecessary.

Impact forces will be greater if the polyurethane foam is at NCT cold temperatures (-20 °F)
during free and puncture drops. However, the bounding free drop where impact severity is a
factor is a side slapdown.. As discussed in Section 2.10.3.5.2.4, Closure (Lid) Separation, the
results indicate that. all HalfPACT slapdown drops are enveloped by TRUPACT-1I slapdown
drops. Therefore, reduction of the foam temperature would still not create a governing impact
severity condition, and drop testing at cold temperatures is considered unnecessary.

2.10.3.5.2 Free Drop Tests

The HalfPACT package is qualified primarily by full scale testing, with the acceptance criterion
being the ability to demonstrate leaktight containment for both the OCV and ICV.

Per 10 CFR §71.73(c)(1), the package is required to "strike an essentially unyielding surface in a
position for which maximum damage is expected." Therefore, for determining the drop
orientations that satisfy the regulatory "maximum damage" requirement, attention is focused
predominantly on the issue of containment. Loss of containment could 'potentially occur one of
two ways: 1) directly, as a result of free drop impact damage, or 2) indirectly, as a result of
normal conditions of transport (NCT) or hypothetical accident condition (HAC) impact damage
that could lead to degradation of sealing capability in the subsequent puncture and/or fire events.

s For the purposes of this discussion, yield strength at -20 'F is extrapolated from data in Table 2.3-1 using a curve
shape for Type 304 stainless steel in the -80 'F to 800 'F range in Engineering Properties of Steel, Philip D. Harvey,
Editor, American Society for Metals, 1982.
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Direct damage would take the form of one of the following:

1. 'Rupture of a containment'vessel,

2. Buckling of a containment vessel,

3. Excessive deformation in the main 0-ring sealing region resulting in the loss of a leaktight
seal, and/or "

4. Separation of oneof the containment vessel lids fromits corresponding body.

Indirect damage would 'require significant impact damage to the surrounding p6lyurethane foam
leading to thermal degradation of the seal material. 'Asignificant reduction in polyurethane' foam
thickness or a gross exposure of the foam through splits or punctures in the OCA outer shell
would have to occur near the main O-ring seal or vent port seal region. Iin a free drop event, 'such
damage could occur as follows:

5. Deformation of the polyurethane foam due to impact could result in an' inadequate remaining'
thickness to prevent seal thermal degradation in the fire event, and/or'

6. Deformation of the OCA outer shell could lead to a fissure in the shell'material or in a weld,
or a puncture through the* shell material, thereby exposing foam.

These six issues will now be discussed in detail in the following sections.

2.10.3.5.2.1 Containment Vessel Rupture

Rupture of a'containment vessel as a result of the HAC free'drop is not credible for the
HalfPACT package. In comparison, theTRUPACT-1I package was.certified utilizing three
different certification test packages that were subjected to a large number of 3-foot NCT free
drops, and 30-foot HACfree drops. Post-test examination of the TRUPACT-I1 CTUs revealed
no indication of impending rupture of either the OCV or ICV, either as a result of impact forces
with: the ground or as a result of interaction with the maximum-weight payload. The' HalfPACT

'package is both 25% shorter dnd 6%•lighter than the TRUPACT-II package. Otherwise,
construction, inluding shell 'thicknesses 'and foam strength, is essentially identical 9. Therefore,
behavior of the HalfPACT package with regards to containment vessel rupture will be the same,
and rupture will not occur as demonstrated during TRUPACT-I1 package certification testing.

2.10.3.5.2.2 Containment Vessel Buckling

'Buckling of a containment vessel as a result 'of the HAC free drop is also not of concern. As
merntioned above',"'the similar TRUPACT-Il package was tested exte'nsively as a part of its
certification process. TRUPACT-I1 testing included aflat bo'ttom 'impact, with cold, -20 °F,
polyurethane. foam to impose maximum axial impact forces. In these'drops, no indication of

containmient Vessel' buckling was observed. The HalfPACT package is, however, 6% less gross
weight than the TRUPACT-II package, and the OCV body'shell ring stiffener is not included. It
will now be shown that these differences 'are 'insignificant relative to buckling.
Impact acceleration is a function of the crush force and of the package weight, as follows:.

' With the exception of the overall reduction in packaging height of 30 inches, the HalfPACT and TRUPACT-ll
packages differ in only a few minor aspects. The two most notable aspects are removal of the OCV stiffener ring,
and beneficially lengthening of the 3/8 inch thick portion of the OCA outer shell, just belowthe 'OCA closure joint.
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* F
g=_

where g is the impact level in units of gs, F is the crush force, and W is the package weight. If
weight is reduced and the force is conservatively assumed to remain constant 10 , it is possible to
determine an impact level for a lighter package based on results for a heavier one. From the
TRUPACT-II SAR, the impact for the governing, bottom-down drop, with -20 'F foam, was
385g. Using the above relation, the maximum bottom-down impact would therefore be, 385g x
WT/ WH = 409g, where the TRUPACT-JI package weight, WT = 19,250 pounds, and the
HalfPACT package weight, WH = 18,100 pounds.

The compressive stress in the ICV shell is a function of both the impact load and the weight of
the shell. The weight conservatively includes ICV assembly and upper aluminum honeycomb
spacer assembly, but does not include the, weight of the lower ICV torispherical head. Therefore,
the total weight on the ICV shell is approximately 1,722 pounds, resulting in a corresponding
compressive stress in the ICV shell of:

P Wg (1,722)(409g)-Y - 12,305 psi
A ndt n(72.875)(0.25)'

where the mean diameter of the ICV shell, d = 72.875 inches, and the shell thickness, t = 0.25
inches. Note that the stress calculated above is less than the equivalent value of 14,192 psi
determined in the TRUPACT-I1 SAR. This result is because, even though the HalfPACT impact
is 6% greater than the TRULPACT-I1 impact, the weight used is 18% less due to a 30-inch shorter
OCV body shell length for the HalfPACT package. Therefore, since the governing stress in the
HalfPACT ICV shells under worst case cold end drop conditions is lower than for the
TRUPACT-II, buckling of theHalfPACT is not of concern. .

Similarly, buckling of the OCV is not of concern. As for the TRUPACT-JI, the HalfPACT OCV
is surrounded by supporting polyurethane foam. And, even though the OCV body ring stiffener
is not used on the HalfPACT package as for the TRUPACT-I package, the longest unsupported
length for each package is almost identical. Therefore, buckling of the HalfPACT package OCV
shell will not occur, and a cold, bottom end drop is notf a bounding test.

2.10.3.5.2.3 Excessive Deformation in the Main O-ring Sealing Region

Excessive deformation in the main O-ring. sealing region would be most likely to occur in a drop.
orientation where the seal region is in the impact zone. For the HalfPACT package, where the
seal flanges are located approximately halfway along its length, the seal region can experience
local impact only in a horizontal side drop. In addition, payload interaction forces between the
payload and the ICV are maximized in a side drop since the entire payload inertia, force must be
carried through the ICV sidewall, and proportionally through the ICV seal region. Excessive
deformation of the sealing surfaces' could relieve O-ring seal compression and potentially affect
leaktight containment. Therefore, a side drop orientation should be tested.

10 This simplifying assumption is based on an equivalent impact "footprint" for the HalfPACT and TRUPACT-II

packages. Due to lower deformation, strain hardening, and geometric considerations, the impact force is somewhat
less for the lighter weight HalfPACT package, but is never greater than the TRUPACT-Il package.
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2.10.3.5.2.4 Closure (Lid) Separation

A lid could become partially separated from the body if tensile or moment forces on the lid are
high enough to cause permanent deformation of the seal flanges or locking ring. Due to the
shape of the HalfPACT package, direct tensile forces separating the lid-from.the body are not
possible for primary impact in a free drop event. For the same reason, moment forces also do not
occur at the joint in a horizontal side drop. However, in a near-horizontal orientation, it is
possible for moment forces to occur at the lid joint for secondary impact in a slapdown event.

Since lid and closure design for both the TRUPACT-I1 and HalfPACT packages' are identical,
and since the TRUPACT-II package was subjected to two different slapdown drop orientations,
the lid closure has previously been successfully subjected to such moment forces. It remains to
be shown, however, that the moments experienced during TRUPACT-I1 package certification'
testing envelop or bound those of the HalfPACT package. Bounding analyses can be done using
the methods outlined in NUREG/CR-3966".

Section 2.2 of NUREG/CR-3966 presents a method for evaluating the axial force, shear force,
and bending moment in a package as it undergoes impact, including primary and secondary
(slapdown) impacts. The analysis consists of two parts. First, the portion of the total energy that
is absorbed by a given impact (say, primary) is determined. Realizing that this energy is,
equivalent to the area beneath the force-deflection curve for a given drop, height and orieniation,
the maximum force acting on that end of the cask is established. Then,* using this force and a
quasi-static analysis, the axial, shear, and moment forces in the cask can be determined. These
internal force distributions are plotted as a function of force, F, and cask length, L, in Figure 2.7
(primary impact) and Figure 2.10 (secondary impact) of NUREG/CR-3966. Using these
relationships, the response of the TRUPACT-I1 and'HalfPACT packages caný be compared.

The relevant parameters of each package are defined as follows. The impact limiter in both
cases is fully enveloping, and, for simplicity, the nose (primary) and tail (secondary) impact
limiters are defined as meeting at the geometric center of the package. The length of the
equivalent cask is defined in each case as equal to the length of the payload cavity, plus 2/3 of
the length of each aluminum honeycomb spacer. The resulting length is 90.34 inches for the
TRUPACT-II package model, and 60.34 inches for the HalfPACT package model, since the
length of the HalfPACT package is30 inches lessihan the TRUPACT-I1package. In both cases,
the package inside diameter is 73% inches at the lower end is the OCV body, and is 761/6 inches
at the upper end is the OCV lid. In both cases, the outer diameter of the impact limiters is the
outside diameter of the OCA outer shell, or 94% inches. The weight (including the maximum
weight payload) is 19,250 pounds for the TRUPACT-II package and 18,100 pounds for the

2HalfPACT package. The corresponding rotational mass moment of inertia is 89,487 in-lb-s for
the TRUPACT-II. package and 59,239 in-lb-s2 for-the HalfPACT package.

The method described requires the use of impact limiter, force-deflection curves. These are
generated by means of the Packaging Technology computer code, CASKDROP 2 . Once impact
limiter geometry is defined, this program calculates crush force as a function of impact'limiter

H T. A. Nelson;, R. C. Chun, Methods for Impact Analysis of ShIpping Containers, NTREG/CR-3966, UCIW-20639,
U.S. Nuclear Regulatory Commission, November 1987.
12 S. A. Porter, CASKDROP v2.31 - A Computer Program tO Determine Cask Force-Deflection Response to a Free

Drop, Packaging Technology, Inc. (PacTec), Tacoma, Washington.
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deformation using simple geometry and a foam stress-strain curve. A foam stress-strain curve is
used that, for a horizontal side drop of 30 feet, gives the same deformation distance as for the
TRUPACT-I1 certification tests (3% inches for CTU No. 1, Test No. 2). An illustration of each
package, along with the corresponding CASKDROP representation, is given in Figure 2.10.3-8.
The forces and moments in the cask are evaluated at a distance "x" from the lid end, which is
equivalent to the location of the axial center of the OCV locking ring, or 20.0 inches in each
case. A drop height of 30 feet is used.

Given the package mass, rotational moment of inertia about its center of gravity, cask length, and
angle of primary impact, the energy absorbed by the primary impact limiter can be found from
Equation 2.2-10 of NUREG/CR-3966. From the force-deflection curve of the primary impact
limiter at the same orientation the maximum force reached in the crush event can be found.
Then, given the crush force and the distance, x, the resulting axial force,. shear force, and bending
moment in the cask at the location of interest (the OCV locking ring) can be found from
Equations 2.2-1 through 2.2-3 of NUREG/CR-3966. Similarly, the forces and moments at the
OCV locking ring due to the secondary impact can be found as follows: Equation 2.2-1if for the
energy absorbed by the secondary impact limiter, the force-deflection curve for the secondary
impact from CASKDROP (secondary impact is assumed to be horizontal), and Equations 2.2-12
and 2.2-13 for axial, shear, and moment forces. Note that the force-deflection curves are
identical for TRUPACT-II and HalfPACT packages.

Since the lid force-deflection curves differ slightly from the body end force-deflection curves
(because the cask diameter is 76'Y1 6 inches at the lid and 73% inches at the body end), two
complete sets of results are obtained for each package: one set is lid primary, body secondary,
and the other is body primary, and lid secondary. Primary impact angles of 50, 10', and 15Q are
investigated, plus two special cases for the TRUPACT-I1 based on orientations used during
actual testing. The results are summarized in Table 2.10.3-1. Also included in the table are lid
primary impacts with the package's center of gravity over the impacted comer. Results are
compared primarily based on shear and moment forces.

Note that for the TRUPACT-II, the forces due to the secondary impact are always greater than
for the primary impact, whereas for the HalfPACT, this is not always the case. This outcome is a
function of the different relationships between the cask length, L, and the locking ring location,
x. Also, note that the worst overall case is for the TRUPACT-II, primary impact angle of 5',
body primary. The worst case actually tested (body primary, impact angle 180) is within 2% of
this maximum value. Importantly, note that none of the HalfPACT results approach these
values. The worst case HalfPACT result (lid primary, impact angle 50) has a shear load and
moment of 7,431 pounds and 1.760(10)7 in-lb, respectively, which is much less than the actual
TRUPACT-II certification test values (body primary, impact angle 180; CTU No. 2, Test No. 1)
of 477,148 pounds and 2.212(10)7 in-lb, respectively. Therefore, the worst case HalfPACT
slapdown lid closure forces and moments are bounded by TRUPACT-II certification testing.

2.10.3.5.2.5 Insufficient Residual Foam Thickness for Fire Protection

The package deformations which result from free drop impacts will reduce the thickness of
polyurethane foam in the region of damage, with a consequent reduction in the ability of the
foam layer to insulate the seal regions during the fire event. If deformation is excessive, thermal
degradation of the elastomeric O-rings could occur and the leaktightness of the ICV and/or OCV
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could be affected. The worst case reduction in thermal resistance would occur where free drop
and puncture damage are combined at the most vulnerable location on the package.

Of the two vessels, the OCV is most vulnerable, since as the outermost vessel it is nearest the
fire. There are two penetrations in the OCV: the main closure. (lid) and the vent port. Since the
main seal flanges have considerably more thermal mass than the vent port fitting, the vent port
fitting is the more critical location. Puncture damage is discussed in the next section, but for the
purposes of choosing the most damaging free drop orientation relative to thermal degradation of
the seals in the subsequent fire, the horizontal side drop, with the OCV yent port located in the
center of the impact, is the worst case. The only other orientation in which greater local
deformation might occur is at the lid knuckle, due to a center of gravity over corner drop.
However, this location i' relatively far from the sealing regions, and is therefore not as
vulnerable in the subsequent fire.

2.10.3.5.2.6 OCA Outer Shell Fracture/Tearing

Deformation of the OCA shell, if it caused a fracture or tear in the base material or weld, would
expose foam directly to the fireconditions.. The polyurethafie foam used in the HalfPACT is
intumescent, such that relatively small holes or tears are filled with an expansive char under fire
conditions. Depending on size, fractures or tears are therefore self-healing and do not result in
significantly higher temperatures on the inside surface of the foam (i.e., in sealing regions).
However, extensive testing of the TRUPACT-II certification packages exhibited no tendency to
develop such openings, however, as a result of NCT or HAC freedrops, regardless of
orientation. This behavior is due to the highly ductile nature of Type 304 stainless steel and the
use of full penetration welds for OCA shell construction. Therefore, substantial foam exposure
as a result of a free drop is not credible.

210.3.5.3 Puncture Drop Tests

10 CFR §71.73(p)(3) requires a free drop of the specimen through a distance of 40 inches onto a
puncture bar "in a position for which maximum damage is expected." As in Section 2.10.3.5.2,
Free Drop Tests, the "maximum damage" criterion is evaluated primarily in terms of loss of
containment. Loss of containment could occur directly, due to actual puncture bar impact on the

.package components, or indirectly, by inducing damage which might lead to degradation of'
sealing capability in the subsequent fire event.

Direct damage would take the forniof one of the f0ll6wing:

1. Rupture of one of the containment vessels (ICV or OCV),

2. Separation of the OCV lid from its body,

3; Loss of leaktight capability. of the OCV seals due to excessive local deformation of the
sealing region, and/or

4. Loss of sealing capability of an ICV or OCV vent port plug.

For seal degradation to occur in a subsequent fire, significant exposure or loss of polyurethane
foam would have to occur in the *vicinity of the O-ring seals as a result of puncture damage.
Such damage might occur as follows:
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5. Deformation of the OCA shell due to puncture bar impact, when added to the deformation
arising from the free drop, could result in inadequate remaining thickness to prevent local
seal thermal degradation in the fire event, and/or

6. Puncture bar impact could result in a fissure in the OCA material or weld, exposing
significant foam to the fire event.

These issues Will now be discussed in detail in the following sections.

2.10.3.5.3.1 Containment Vessel Rupture

Rupture of one of the containment vessels is not a likely failure mode. The TRUPACT-I1
certification test packages were subjected to a number of puncture drops where the bar axis was
aligned with the package center of gravity. The worst damage to the containment vessels was a
relatively insignificant denting of the OCV in a region well removed from the seal regions. Due
to its similar geometry but lighter weight, the HalfPACT package is slightly less susceptible to
puncture bar damage than the TRUPACT-II. Therefore, direct rupture of the containment
vessels will not occur for the HalfPACT.

2.10.3.5.3.2 Closure (Lid) Separation

Separation of the OCV lid due to puncture bar impact is extremely unlikely. To rip the OCV lid
off of the OCV body would require failure of the OCV locking ring, which cannot occur due to
puncture bar impact. The potential energy available in a 40-inch puncture drop is equal to
40/(12 x 30) = 11.1% of the energy available in the 30-foot free drop. As shown in Section
2.10.3.5.2.4, Closure (Lid) Separation, the greatest lid separation loads that are to be applied in
the near-horizontal slapdown drop are not able to separate the OCV lid. Therefore, separation of
the lid in a 40-inch puncture drop is not credible. To make such an event even more unlikely, the
orientation of the puncture bar that is necessary to apply a separating load on the lid joint is such
that it diverges from the package center of gravity, thus reducing the energy available to apply to
the joint. Therefore, separation of the OCV lid due to puncture bar impact will not occur for the
HalfPACT package. Local puncture bar damage is discussed below.

2.10.3.5.3.3 Loss of Lid Sealing Integrity

Loss of leaktight capability of the OCV seals due to local puncture bar deformation is not likely.
This behavior is because, due to the presence of increased thickness (3/8 inch) OCA shells in the
sealing region, of Z-flanges, and of polyurethane foam, virtually all of the puncture drop energy
is absorbed before significant deformation of the OCV sealing area has taken place. This
behavior was demonstrated during TRUPACT-II certification testing, by means of drops where
the puncture bar axis was aligned with the OCV sealing area and the package center of gravity
(TRUPACT-II CTU No. 2, TestNo. 8, and CTU No. 3, Test No. 8). Therefore, loss of leaktight
capability of the OCV seals due to local puncture bar deformation will not occur for the
HalfPACT package. However, for reasons discussed below, a puncture bar impact is planned
which will be located very near the OCV sealing area, with the axis passing through the package
center of gravity, and which will simultaneously demonstrate the ability of the HalfPACT
package to sustain such damage without loss of its leaktight capability.
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2.10.3.5.3.4 Loss of Vent Port Sealing Integrity

Loss of sealing capability of an ICV'or OCV vent port plug is unlikely for the same reasons cited
in Section 2.10.3.5.3.3, Loss of Lid Sealing Integrity. Since deformation of the OCV* in any
puncture drop is minimal, only the OCV vent port plug could possibly be affected by a puncture
impact. 'Due to the small size of the plug, and to protection by surrounding structure,
deformations do not reach the level at which the seal could be affected. This' behavior was well
demonstrated during TRUPACT-I1 certification testing (CTU No. 1, Test No. 5; CTU No. 2,
Test No. 7; and CTU No. 3, Test No. 7). Again, for reasons discussed below, a puncture bar
impact is planned to occur directly over the OCV vent port, in alignment with the package center
of gravity, and in combination with compounded NCT and HAC side drop damage. This test
will amply demonstrate the ability of the HalfPACT package to sustain such damage without loss
of OCV vent port leaktight capability.

2.10.3.5.3.5 Insufficient Residual Foam Thickness for Fire Protection

Deformation of the OCA shell due to puncture bar impact, when added to the deformation
arising from the free drop, could result in inadequate, remaining thickness to prevent local seal
thermal degradation in the fire event. Therefore, a puncture drop is planned in which damage
from free drop and puncture are combined, with the puncture located directly over the OCV vent
port, as discussed above in Section 2.10.3.5.2, Free Drop Tests, and Section 2.10.3.5.3.4, Loss of
Vent Port Sealing Integrity.

2.10.3.5.3.6 OCA Outer Shell Fracture/Tearing .

Puncture bar impact could result in a fracture or tear of the OCA outer shell base material or
weld, exposing significant foam to the fire event. The polyurethane foam used in'the HalfPACT
is intumescent, such that holes (such as puncture bar holes) or relatively small tears are filled
with an expansive char under fire conditions. Depending on size, holes or tears are therefore
self-healing and do not result insignificantly higher temperatures on the inside surface of the
foam, i.e., near sealing regions.

The likelihood of creating significant damage is increased by use of an Oblique angle between
the puncture bar and the package surface. It is also increased by the presence of a transition in
package outer shell thickness. In the case of the HalfPACT package, the OCA outer shell
experiences a transition in thickness from 1/4 inch to 3/8 inch, located approximately' 19 inches"
below'the lid-to-body interface joint. The 3/8-inch thickness is located above the transition. The
angle of the package to the horizontal is approximately 200. A puncture drop at this location is
the most likely to produce relevant damage, since:

* a transitionin shell thickness, including a full penetration weld, is located there,

" the puncture bar axis, aligned with the package center of gravity, has an oblique orientation:
to the package surface, increasing its likelihood to "bite" and rip the shell; and

* the location 'is close to the sealing region, relative to thermal degradation in the fire event.

Further down the package, even though the'puncture bar orientation would be more oblique,
there is no comparable shell thickness transition, and additionally, would be farther away from
the vulnerable seal region. Farther up the package (closer to the lid-to-body joint), even though,".
the puncture damage would be closer to' the seals, the outer shell thickness has no transition, is
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thicker (3/8 inch), and the puncture bar orientation is nearer to perpendicular to the package, thus
minimizing its potential to "bite" and rip the shell. As described in the next section, in order to
fully explore the potential of this puncture orientation, two separate puncture events are planned.

The circumferential location for the impact is chosen such that the worst-case damage at the
OCV vent port and the worst case damage from one of the two punctures discussed here can both
be simultaneously placed in the hottest part of the fire in the subsequent fire test. The hottest
part of the fire is located approximately 1 /2meters above the fuel surface 13 . Since the lowest
part of the package is located one meter above the fuel surface (per 10 CFR §71.73(c)(4)), the
damage must be 1/2 meter, or approximately 20 inches, above the lowest part of the package. If
two damage locations are to be thus placed, they must be separated by approximately 1100, based
on the HalfPACT package outside diameter. Thus, since either of the two puncture events
discussed here most likely. create the maximum damage in conjunction with the OCV ventport
side drop/puncture drop damage, one is placed 110' counter-clockwise and the other 1100
clockwise from the OCV Vent port. In the fire, the OCV vent port damage, plus the Worst one of
the other two puncture damage sites, will therefore be placed in the hottest part of the fire.

2.10.3.5.4 Fire Test

At the conclusion of free drop and puncture drop testing, the HalfPACT test units will be
subjected to a fully engulfing pool fire test in accordance with 10 CFR §71.73(c)(4). The
package will be oriented horizontally in the flames and minimally supported to least impede the
heat flow into the package. The combined damage due to the free and puncture drops on the
OCV vent port region will be located in the hottest portion of the fire, i.e., 1 /2meters above the
fuel surface, i.e., 1/2 meter above the lowest part of the package. The damage due to other
puncture drops will be evaluated, and the most damaging puncture test oriented similarly at 1/2
meter above the lowest part of the package.

Justification is provided in Section 2.10.3.5. 1, Initial Test Conditions, for using ambient pressure
and temperature in the HalfPACT test units. Temperature indicting labels will be used with the
HalfPACT CTU to determine the maximum temperature in the O-ring seal region during the
HAC fire test. Determination of the maximum O-ring seal region temperature must account for
ambient temperature conditions starting below the HAC fire test initial temperatures predicted in
Section 3.5.3, Package Temperatures. This will be accomplished by adding the temperature
differential between the actual ambient temperature and the analytically predicted O-ring seal
region starting temperature to the average measured 0-ring seal region temperature. Although
conservative, the result will be directly comparable to measured TRUPACT-H certification fire
test temperatures in the O-ring seal regions. As discussed in Section 2.10.3.5.1, Initial Test
Conditions, a maximum O-ring seal region temperature of 300 'F for HalfPACT fire testing shall
be considered acceptable.

13 M. E. Schneider and L. A. Kent Measurements of Gas Velocities and Temperatures in a Large Open Pool Fire, Sandia
National Laboratories (reprinted from Heat and Mass Transfer in Fire, A. K. Kulkami and Y. Jaluria, Editors, HTD-Vol. 73
(Book No. H00392), American Society of Mechanical Engineers). Figure 3 shows that maximum temperatures occur at an
elevation approximately 2.3 meters above the pool floor. The pool was initially filled with water and fuel to a level of 0.814
meters. The maximum temperatures therefore occur approximately 1½ meters above the level of the fuel, i.e., 1/2 meter above
the lowest part of the package when set one meter above the fuel source per the requirements of 10 CFR §71.73(cX4).
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2.10.3.6 Test Sequence for Selected Free Drop, Puncture Drop, and Fire Tests

The following sections establish the selected free drop, puncture drop, and fire test sequence for
both the HalfPACT engineering test unit (ETU) and HalfPACT certification test unit (CTU)
based on the discussions provided in Section 2.10.3.5, Technical Basis for Tests. The test
sequences are summarized in Table 2.10.3-2 and Table 2.10.3-3, and illustrated in Figure*
2.10.3-9 and Figure 2.10.3-10 for the ETU and CTU, respectively.

2.10.3.6.1 Engineering Test Unit (ETU)

Free Drop. No. 1 is a NCT free drop from OCV VENT PORT " "

a height of three feet, impacting
horizontally on the ETU side, parallel to
the forklift pockets, nearly opposite the
OCV vent port. The 3-foot drop height is 0
based on the requirements of 10 CFR o
§71.71(c)(7) for a package weight between
11,000 and 22,000 pounds. The purpose
of this drop test is to demonstrate that the 200.

NCT free drop does not compromise the
3 FT

ability of the HalfPACT package to
successfully sustain subsequent HAC test
events in the same or other orientations.

Free Drop No. 2 is a HAC free drop from
a height of 30 feet, impacting horizontally
on the ETU side, parallel to the forklift
pockets, nearly opposite the OCV vent
port. In this way, NCT and HAC free drop
damage is cumulative. The 30-foot drop
height is based on the requirements of 10
CFR §71.73(c)(1). The purpose of Free
Drops Nos. 1 and 2, combined with
Puncture Drop No. 7, is to create the
greatest possible cumulative damage (i.e.,
the greatest reduction in foam thickness)
in a region punctured through the OCA
outer shell.

30 FT
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Free Drop No. 3 is a NCT free drop from
a height of three feet, impacting
horizontally on the ETU side, with the
OCV vent port oriented downward. The
3-foot drop height is based on the
requirements of 10 CFR §71.71(c)(7) for a
package weight between 11,000 and
22,000 pounds. The purpose of this drop
test is to demonstrate that the NCT free
drop does not compromise the ability of
the HalfPACT package to successfully
sustain subsequent HAC test events in the
same or other orientations.

Free Drop No. 4 is a HAC free drop from
a height of 30 feet, impacting horizontally
on the ETU side, with the OCV vent port
oriented downward. In this way, NCT and
HAC free drop damage is cumulative. •
The 30-foot drop height is based on the
requirements of 10 CFR §71.73(c)(1).
The purpose of Free Drops Nos. 3 and 4,
combined with Puncture Drop No. 8, is to
create the greatest possible cumulative
damage (i.e., the greatest reduction in
foam thickness) over the OCV vent port.

Free Drop No. 5 is a NCT free drop from
a height of three feet, impacting the ETU
bottom comer perpendicular to the forklift
pockets, with the package's center of
gravity over the impact point. The 3-foot
drop height is based on the requirements
of 10 CFR §71.71(c)(7) for a package
weight between 11,000 and 22,000
pounds. The purpose of this drop test is to
demonstrate that the NCT free drop does
not compromise the ability of the
HalfPACT package to successfully sustain
subsequent HAC test events in the same or
other orientations.
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Free Drop No. 6 is a HAC free drop from
a height of 30 feet, impacting the ETU
bottom comer perpendicular to the forklift
pockets, with the package's center of
gravity over the impact point. In this way,
NCT and HAC free drop damage is
cumulative. The 30-foot drop height is
based on the requirements of 10 CFR
§71.73(c)(1). The purpose of Free Drops
Nos. 5 and 6, combined with Puncture
Drop No. 9, is to create the greatest
possible cumulative damage in a region
not tested during TRUPACT-II testing.

Puncture Drop No. 7 impacts directly
onto the damage created by Free Drop
Tests 1 and 2, directly below the 3/8-to-
1/4-inch, OCA outer shell transition. The
puncture drop height is based on the
requirements of 10 CFR §71.73(c)(3).
The purpose of Puncture Drop No. 7 is to
breach the 1/4-inch thick OCA outer shell.
Testing of this package region, when
cumulatively damaged from the free
drops, puncture drop, and fire testing
demonstrate that containment integrity is
maintained for the main OCV O-ring seal.

Puncture Drop No. 8 impacts directly
onto the OCV vent port opening,
compounding the cumulative damage
created by Free Drop Tests 3 and 4. The
puncture drop height is based on the
requirements of 10 CFR §71.73(c)(3).
The purpose of Puncture Drop No. 8 is to
create the greatest cumulative damage
(i.e., greatest reduction in foam thickness)
over the OCV. vent port region. Testing of
this package region, when cumulatively
damaged from the free drops, puncture
drop, and fire testing, demonstrate that
containment integrity is maintained for the
OCV vent port O-ring seal.
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Puncture Drop No. 9 impacts directly
onto the cumulative damage created by
Free Drop Tests 5 and 6. The puncture
drop height is based on the requirements
of 10 CFR §71.73(c)(3). The purpose of
Puncture Drop No. 9 is to create the
greatest possible cumulative damage in a
region not tested during TRUPACT-I1
testing. Testing of this package region,
when cumulatively damaged from the free
drops, puncture drop, and fire testing,
demonstrates that containment integrity is
maintained for the main OCV 0-ring
containment seal.

Puncture Drop No. 10 impacts directly
above the 3/8-to-1/4-inch transition in the
OCA body outer shell. The puncture drop
height is based on the requirements of 10
CFR §71.73(c)(3). The purpose of
Puncture Drop No. 10 is to attempt to
break the circumferential weld at the 3/8-
to-1/4-inch transition in the OCA body
outer shell. Testing of this package
region, when cumulatively damaged from
the puncture drop and fire tests,
demonstrates that containment integrity is
maintained for the OCV vent port and
main 0-ring containment seals.

Fire No. 11 is performed by orienting
the cumulative damage from Free Drop
Tests 1 and 2, and Puncture Drop Test 7
at the hottest location in the fire (i.e.,
one meter above the fuel surface). The
puncture damage from Puncture Drop
No. 10 is oriented above the hole
created by Puncture Drop No. 7 in an
attempt to create a "chimney" through
the foam cavity inside the OCA body.

PORT

0

0*

290'

3/8-TO-1/4 OCV VENT PORT
'OUTER SHELL
TRANSITION

V FUEL SURFACE 1 M
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2.10.3.6.2 Certification Test Unit (CTU),

Free Drop No. 1 is a NCT free drop from
a height of three feet, impacting
horizontally on the CTU side, with the
OCV vent port oriented downward. The
3-foot drop height is based on 10 CFR
§71.71(c)(7) for a package weight between
11,000 and 22,000 pounds. The purpose
of this drop test is to demonstrate that the
NCT free drop does not compromise the
ability of the HalfPACT package to
successfully sustain the subsequent HAC
test events in the same or other
orientations.

Free Drop No. 2 is a HAC free drop from
a height of 30 feet, impacting horizontally
on the CTU side, with the OCV vent port
oriented downward. In this way, NCT and
HAC free drop damage is cumulative.
The 30-foot drop height is based on the
requirements of 10 CFR §71.73(c)(1).
The purpose of Free Drops Nos. 1 and 2,
combined with Puncture Drop No. 4, is to ocv
create the greatest possible cumulative
damage (i.e., the greatest reduction in
foam thickness) over the OCV vent port.

Free Drop No. 3 is a HAC free drop from
a height of 30 feet, impacting 50 from
horizontal with primary impact on the lid
and secondary impact on a body tie-down
lug. Although shown in Section
2.10.3.5.2.4, Closure (Lid) Separation, to
be bounded by TRUPACT-I certification
testing, the purpose of this drop is to apply
the greatest separation forces to the
closures. *This test demonstrates retention
of the lids, and that containment integrity
is not compromised by this worst-case
slapdown condition.

30 FT
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Puncture Drop No. 4 impacts directly.
onto the OCV vent port opening, 0
compounding the damage created by Free
Drop Tests 1 and 2. The puncture drop
height is based on the requirements of 10
CFR §71.73(c)(3). The purpose of 0

Puncture Drop No. 4 is to create the
greatest cumulative damage (i.e., greatest 1-5' VN 0o

reduction in foam thickness) over the o

OCV vent port region, thereby OCV VENT PORT

demonstrating that containment integrity is
maintained for the OCV vent port 0-ring
seal.

Puncture Drop No. 5 impacts directly OCV VENT PORT

above the 3/8-to-1/4-inch transition in the 0
OCA body outer shell. The puncture drop .'
height is based on the requirements of 10 -*

CFR §71.73(c)(3). The purpose of -----------
Puncture Drop No. 5 is to attempt to break
the circumferential weld at the 3/8-to-1/4-
inch transition in the OCA body outer 1,*

shell. Testing of this package region, t, 2• /-TO-1/, 25
when cumulatively damaged from the $50-401 TRNSHELL

TR 4 HI OU SHELL .

puncture drop and fire tests, demonstrates TRANSITION

that containment integrity is maintained
for the OCV vent port and main 0-ring
containment seals.

OCV VENT PORT

Puncture Drop No' 6 impacts directly
onto the damage. created by Free Drop
Tests 1 and 2, directly below the 3/8-to-
1/4-inch, OCA outer shell transition. The
puncture drop height is based on the -- - - -
requirements of 10 CFR §71.73(c)(3).
The purpose of Puncture Drop No. 6 is to
breach the 1/4-inch thick OCA outer shell. 23-

Testing of this package region, when
cumulatively damaged from the free 3/ -TO-1/4

drops, puncture drop, and fire testing 3/8-TO-l,/4 TRASHELL

demonstrate that containment integrity is T

maintained for the main OCV 0-ring seal.

0
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Fire No. 7 is performed by orienting the
cumulative damage from Free Drop Tests
1 and 2, and Puncture Drop Test 4, at the 0

hottest location in the fire (i.e., one meter 0

above the fuel surface). In addition, the
package is oriented to include the puncture
damage from Puncture Drop No. 5 at the 250'

hottest location in the fire, directly 0'
opposite the damage from Free Drop Tests o VENTPR

1 and 2, and Puncture Drop Test 4. URFACE AMAGE FROM TEST 5

FUEL S DAMAGE FROM PTESTS 1. 2.
(0eV VENT PORT)

2.10.3.7 Test Results

The following sections report the results of free drop, puncture drop, and fire tests following the
sequence provided in Section 2.10.3.6, Test Sequence for Selected Free Drop, Puncture Drop,
and Fire Tests. Results are summarized in Table 2.10.3-2 and Table 2.10.3-3 for the ETU and
CTU, respectively (also, see Figure 2.10.3-9 and Figure 2.10.3-10, respectively).

As can be seen in the subsequent sections, overall deformation and temperature results agree
closely with those reported in the TRUPACT-II SAR.

Figure 2.10.3-12 through Figure 2.10.3-95 sequentially photo-document the engineering and
certification testing process for the HalfPACT ETU and CTU, respectively.

2.10.3.7.1 Engineering Test Unit (ETU)

2.10.3.7.1.1 ETU Free Drop Test No. 1

Free Drop No. 1 was a NCT free drop from a height of three feet, impacting horizontally on the
ETU side, parallel to the forklift pockets, nearly opposite the OCV vent port. As shown in
Figure 2.10.3-9, the HalfPACT ETU was oriented horizontal, to the impact surface (meridional
angle (i.e., pitch) = 00), and circumferentially aligned to impact 2000 from the OCA vent port
(between the tie-down lugs, with the forklift pockets oriented vertically). The following list
summarizes the test parameters:

" verified meridional angle as 00 ±10

" verified circumferential angle to be 200' ±1°

" verified free drop height as3 feet, +1/-0 inches (actual drop height 3 feet, 1/2 inches)

* measured temperature at 53 'F at time of test

" conducted test at 9:54 a.m. on Tuesday, 2/18/97

A very slight rebound (bounce) occurred upon impact. The measured permanent deformations of
the ETU were flats 16 inches wide at the OCA top, and 18 inches wide at the OCA bottom,
corresponding to a crush depth of approximately 3/4 inches. In comparison, from the
TRUPACT-II SARfor CTU No. 1, Test 1, the measured permanent deformations were flats 18
inches wide at both the OCA top and bottom.
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2.10.3.7.1.2 ETU Free Drop Test No. 2

Free Drop No. 2 was a HAC free drop from a height of 30 feet, impacting horizontally on the
ETU side, parallel to the forklift pockets, nearly opposite the OCV vent port. As shown in
Figure 2.10.3-9, the HalfPACT ETU was oriented horizontal to the impact surface (meridional
angle (i.e., pitch) = 00), and circumferentially aligned to impact 2000 from the OCA vent port
(between the tie-down lugs, with the forklift pockets oriented vertically). The following list
summarizes the test parameters:

- verified meridional angle as 00 + 1 0

a verified circumferential angle to be 2000 ±10

* verified free drop height as 30 feet, +3/-0 inches (actual drop height 30 feet, 1 inch)

, measured temperature at 57 OF at time of test

* conducted test at 1:10 p.m. on. Tuesday, 2/18/97

A small rebound (bounce) occurred upon impact. The measured permanent deformations of the
ETU were flats 36 inches wide at the OCA top, and 33 inches wide at the OCA bottom,
corresponding to a crush depth of approximately 3 ¼ inches. In comparison, from the
TRUPACT-II SAR for CTU No. 1, Test 2, the measured permanent deformation were flats 37
inches wide at the OCA top, and 35 inches wide at the OCA bottom.

2.10.3.7.1.3 ETU Free Drop Test No. 3

Free Drop No. 3 was a NCT free drop from a height of three feet, impacting horizontally on the
ETU side, with the OCV vent port oriented downward. As shown in Figure 2.10.3-9, the ETU
was oriented horizontal to the impact surface (meridional angle (i.e., pitch) = 00), and
circumferentially aligned to impact directly onto the OCV vent port. The following list
summarizes the test parameters:

" verified meridional angle as 00 ±1

" verified circumferential angle to be 00 ± V1

" verified free drop height as 3 feet, +1/-0 inches (actual drop height 3 feet, 3/4 inches)

• measured temperature at 40 0F at time of test

" conducted test at 10:20 a.m, on Wednesday, 2/19/97

A very slight rebound (bounce) occurred upon impact. The measured permanent deformation of the
ETU were flats 18 inches wide at both the OCA top and bottom, corresponding to a crush depth of
approximately 3/4 inches. In comparison, from the TRUPACT-I1 SAR for CTU No. 1, Test 1, the
measured permanent deformations were flats 18 inches wide at both the OCA top and bottom.

2.10.3.7.1.4 ETU Free Drop Test No. 4

Free Drop No. 4 was a HAC free drop from a height of 30 feet, impacting horizontally on the
ETU side, with the OCV vent port oriented downward. As shown in Figure 2.10.3-9, the ETU
was oriented horizontal to the impact surface (meridional angle (i.e., pitch) = 00), and
circumferentially aligned to impact directly onto the OCV vent port. The following list
summarizes the test parameters:

2.10.3-26



HalfPACT Safety Analysis Report Rev. 6,. December 2012

" verified meridional angle as 00 ±+1

" verified circumferential angle to be 00 ±1P

" verified drop height as 30 feet, +3/-0 inches (actual drop height 30 feet, 2 inches)

" measured temperature at 48 OF at time of test

" conducted test at. 1:47 p.m. on Wednesday, 2/19/97

A small rebound (bounce) occurred upon impact. The measured permanent deformations of the
ETU were flats 34 inches wide at both the OCA top and bottom, corresponding to a crush depth
of approximately 3¼/4 inches. In comparison, fromrthe TRUPACT-II SAR for CTU No. 1, Test 2,
the measured permanent deformation were flats.37 inches wide at the OCA top, and 35 inches
wide at the OCA bottom.

2.10.3.7.1.5 ETU Free Drop Test No. 5

Free Drop No. 5 was a NCT free drop from a height of. three feet, impacting the ETU bottom
corner perpendicular to the forklift pockets, With the package'scenter of gravity over the impact
point. As shown in Figure 2.10.3-9, the ETU was oriented at an angle 430 from horizontal
relative to the impact surface (meridional angle (i.e., pitch) 430), and circumferentially aligned
to impact 1 100. from the OCA vent port (between the tie-down lugs, with the forklift pockets
oriented horizontally). The following list summarizes the test parameters:

* verified meridional angle as 43 +1.6

* verified circumferential angle to be 1100 ±10

* verified free drop height as 3 feet, +1/-0 inches (actual drop height 3 feet, 5/8 inches)

* measured temperature at 53 OF at time of test

* conducted test at 10:14 a.m. on Thursday, 2/20/97

A very slight rebound (bounce) occurred upon impact. The measured permanent deformation of
the ETU was a flat 26 inches long and 52 inches wide at the bottom comer, corresponding to a
crush depth of approximately 1% inches. No applicable comparison is available from the
TRUPACT-II SAR.

2.10.3.7.1.6 ETU Free Drop Test No. 6

Free Drop No. 6 was a HAG free drop from a height of 30 feet, impacting the ETU bottom
comer perpendicular to the forklift pockets, with the package's center of gravity over theý impact
point. As shown in Figure 2.10.3-9, the ETU was oriented at an angle 43' from horizontal
relative to the impact surface (meridional angle (i.e., pitch) = 430), and circumferentially aligned
to impact 1100 from the OCA vent port (between the tie-down lugs, with the forklift pockets
oriented horizontally). The following list summarizes the test'parameters:

* verified meridional angle as 430 ±1

verified circumferential angle to be 1100 -•1 .

* verified free drop height as 30 feet, +1/-0 inches (actual drop height 30 feet, 1 inch)

* measured temperature at 55 0F at time of test

2.10.3-27'



HalfPACT Safety Analysis Report Rev. 6, Deceriiber 2012

* conducted test at 1:53 p.m. on Thursday, 2/20/97

A small rebound (bounce) occurred upon impact. The measured permanent deformation of the
ETU was a flat 40 inches long and 12 inches wide at the bottom comer, corresponding to a crush
depth of approximately 3¼ inches. In comparison, from the TRUPACT-II SAR for CTUNo. 1,
Test 3, the measured permanent deformation was a flat 53 inches long and 30 inches wide at the
top comer (on the knuckle radius of the torispherical head), corresponding to a crush depth of
approximately 3/4 inches.

2.10.3.7.1.7 ETU Puncture Drop Test No. 7

Puncture Drop No. 7 impacted directly onto the damage created by Free Drop Tests 1 and 2,
directly below the 3/8-to-1/4-inch, OCA outer shell transition. As shown in Figure 2.10.3-9, the
ETU was oriented at an angle 200 from horizontal relative to the impact surface (meridional angle
(i.e., pitch) = 200), and circumferentially aligned to impact 2000 from the OCA vent port '(between
the tie-down lugs, with the forklift pockets oriented vertically). This orientation placed the puncture
bar impact directly adjacent to and below the 3/8-to-1/4-inch thick transition in the OCA body outer
shell (i.e., on the 1/4-inch thick shell). The following list summarizes the test parameters:

" verified meridional angle as 200 +1'

" verified circumferential angle to be 2000 +10

" verified puncture drop height as 40 +1/-0 inches (actual drop height 40¼ inches)

" measured temperature at 38 'F at time of test

" conducted test at 11:04 a.m. on Friday, 2/21/97

The puncture drop penetrated the OCA outer shell in the region damaged by Free Drop Tests 1
and 2. The measured permanent deformation of the ETU was a hole 10½y inches long and 11 V2

inches wide, measuring 8 inches deep radially and 11 inches deep along the axis of the puncture
bar. Although no direct comparison is available, similar results may be obtained from the
TRUPACT-I1 SAR. As' shown in the TRUPACT-II SAR for CTU No. 1, Test 7, a similar hole
occurred in the CTU body approximately 12 inches long. Further, as shown in the TRUPACT-II
SAR for CTU No. 2, Test R, a similar hole occurred in the CTU body approximately 9V2 inches
deep along the axis of the puncture bar. From the TRUPACT-I1 SAR for CTU No. 2, Test 4, a
similar hole occurred in the CTU head approximately 7 inches deep along the axis of the
puncture bar. From the TRUPACT-II SAR for CTU No. 3, Test 4, a similar hole occurred in the
CTU body approximately 8 inches deep along the axis of the puncture bar. Of final note, from
the TRUPACT-I1 SAR for CTU No. 2, Test 4, similar puncture bar damage occurred at
approximately the same distance from the main OCV containment O-ring seal as the damage
produced on the HalfPACT ETU for this test.

2.10.3.7.1.8 ETU Puncture Drop Test No. 8

Puncture Drop No. 8 impacted directly onto the OCV vent port opening, compounding the
cumulative damage created by Free Drop Tests 3 and 4. As shown in Figure 2.10.3-9, the ETU
was oriented at an angle 10 from horizontal relative to the impact surface (meridional angle (i.e.,
pitch) = 10), and circumferentially aligned to impact directly onto the OCV vent port. The
following list summarizes the test parameters:
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* verified meridional angle as 10 ± 1' (i.e., package top-end slightly, raised)

* verified circumferential angle to be 0' ±10

* verified puncture drop height as 40 +1/-0 inches (actual drop height 40% inches)

* measured temperature at 40 'F at time of test

* conducted test at 2:42 p.m. on Friday, 2/21/97

The puncture drop impacted the OCA outer shell in'the region damaged by Free Drop Tests 3
and 4, and was offset approximately six inches from the OCV vent port due to high crosswinds.
The measured permanent deformation of the ETU was a non-penetrating radial dent 2½' inches
deep. In comparison, from the TRUPACT-I1 SAR for CTU No. 1, Test 5, the measured
permanent deformation was a non-penetrating radial dent 3 inches deep.

2.10.3.7.1.9 ETU Puncture Drop Test No. 9

Puncture Drop No. 9 impacts directly onto the cumulative damage created by Free Drop Tests 5
and 6. As shown in Figure 2.10.3-9, the ETU was oriented at an angle 430 from horizontal
relative to the impact surface (meridional angle (i.e., pitch) = 43°), and circumferential ly aligned
to impact 1100 from the OCA. vent port (between the tie-down lugs, with the forklift pockets
oriented horizontally). This orientation placed the puncture bar impact directly over the OCA
bottom comer onto the damage created by Free Drop Tests 5 and 6.- The following list
summarizes the test parameters:

* verified meridional angle as 430 ±1°

* verified circumferential angle to be 1100 10

* verified puncture drop height as 40 +1/-0 inches (actual drop height 40¼ inches)

o measured temperature at 28 0F at time of test

° conducted test at 12:26 p.m. on Monday, 2/24/97

The puncture drop impacted the OCA outer shell, centered on the comer drop damage created by
drop tests 5 and 6. The measured permanent deformation of the ETU was a dent 3 inches deep
along the axis of the puncture bar, with no penetration. In comparison, from the TRUPACT-II
SAR for CTU No. 2, Test 5, resulted in a measured permanent deformation as a dent
approximately 5 inches deep along the axis of the puncture bar.

2.10.3.7.1.10 ETU Puncture Drop Test No. 10

Puncture Drop No. 10 impacted directly above the 3/8-to-1/4-inch transition in the OCA body
outer shell. As shown in Figure 2.10.3-9,.the ETU was oriented at an angle 90 from horizontal
relative to the impact surface (meridional angle (i.e., pitch) = 90), and circumferentially aligned
to impact 2900.from the OCA vent port (between the tie-down lugs, with the forklift pockets
oriented horizontally). This orientation placed the puncture bar impact directly adjacent to -and
above the 3/8-to-1/4 inch-thick transition in the OCA body outer shell (i.e., on the 3/8-inch thick
shell). The following list summarizes the test parameters:.

* verified meridional angle as 90 ± 10

" verified circumferential angle to be 2900°+10
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" verified puncture drop height as 40 +1/-0 inches (actual drop height 40¼ inches)

" measured temperature at 29 OF at time of test

" conducted test at 11:43 a.m. on Tuesday, 2/25/97

The puncture drop impacted the OCA outer shell in a region with no previous damage. The
measured permanent deformation of the ETU was a circumferential tear along the 3/8-to-1/4
transition weld, approximately 27 inches long and 52 inches deep radially. No applica'ble
comparison is available from the TRUPACT-II SAR.

2.10.3.7.1.11 ETU Fire Test No. 11

Fire No. 11 was performed to demonstrate packaging compliance with the renuirements of 10
CFR 71, and followed the guidelines set forth in IAEA Safety Series No. 37 . The following
list summarizes the test parameters:

. Consistent with the TRUPACT-II SAR, the HalfPACT ETU was oriented on an insulated test
stand (identical to the test stand used for TRUPACT-I fire testing) such that the most severe
damage was approximately 1 meters above the fuel surface. With a circumferential
orientation of 1460 (see Figure 2.10.3-9), the most severe damage was determined to be from
the cumulative effects of free drop tests 1 and 2, and puncture drop test 7, followed by
additional damage due to puncture drop test 10. Thus, the hole caused by puncture drop test
7 was located 1 V2 meters above the fuel surface, and the damage from puncture drop test 10
was located above the hole, approximately 3 meters above the fuel surface. Orienting the
HalfPACT ETU this way maximized the potential for a "chimney" 15 to form between the
penetrating damage from puncture drop tests 7 and 10.

* Consistent with Paragraph A-628.4 of IAEA Safety Series No. 37, the HalfPACT ETU was
installed onto the insulated test stand at an elevation to place the lowest part of the package
one meter above the fuel surface. The ETU was oriented horizontally on the test stand to
maximize heat input.

" Consistent with Paragraph A-628.4 of IAEA Safety Series No. 37, requiring the test pool to
extend 1 to 3 meters beyond the package edges, the test pool size extended approximately 1½
meters beyond each side of the ETU.

" Consistent with Paragraph A-628.5 of IAEA Safety Series No. 37, requiring wind speeds not to
exceed 2 m/s (4.5 mph), a balloon was released that demonstrated both ground'level and 1,000
feet altitude wind speeds under 5 mph. Weather conditions included a high altitude overcast,
without precipitation for the duration of the fire test. Further, wind baffles were erected to
surround the test pool to reduce the possible effects of wind gusts. The time-averaged wind
speed during the fire test was approximately 1 mph both outside and inside the test area.

" Consistent with Paragraphs A-628.6 and A-628.8 of IAEA Safety Series No. 37, a JP4-type
fuel was used for the fire test, and the amount of fuel was controlled to ensure the fire

14 IAEA Safety Series No. 37, Advisory Material for the IAEA Regulations for the Safe Transport of Radioactive
Material (1985 Edition), Third Edition (As Amended 1990), International Atomic Energy Agency, Vienna, 1990.
15 A "chimney" is characterized as a preferentially burning, convective flow channel from one opening to another.

The formation of a chimney can cause severe erosion of the underlying insulating polyurethane foam thereby
creating localized "hot spots" that could, in-turn, prevent the packaging from performing as intended.
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duration exceeded 30 minutes. The fuel was floated on a pool of water approximately 1/2
meter deep to ensure even distribution during burning. The fire test lasted approximately 33
minutes, and burning continued for approximately 45 minutes after the end of the fire.

* Consistent with Paragraphs A-628.7 and A-628.9 of IAEA Safety Series No. 37, the test pool
was instrumented to measure fire temperatures and heat fluxes at various locations around
the ETU. Temperatures and heat fluxes'were monitored before, during, and following the
fire test until magnitudes stabilized back to ambient conditions. The average and standard
deviation of the measured flame temperature was 1,575 ± 191 'F, and the average and
standard deviation of the measured heat flux was 8.2 ± 3.8 Btu/ft2-s.

" Consistent with Paragraph A-628.10 of IAEA Safety Series No. 37, the ETU containment
O-ring seals were leakage rate tested following performance testing to verify containment
integrity. Discussions regarding post-test leakage rate testing are provided in
Section 2.10.3.7.1.12, ETU Post- Test Disassembly.

" Commenced fire testing (fire ignition) at 7:50.a.m. on Tuesday, 3/4/97. The ambient
temperature was 43 'F at the start of the fire test.

Similar observations and results were noted in the TRUPACT-I1 SAR for fire testing. Since no
instrumentation was utilized to measure HalfPACT ETU temperatures from fire testing, no direct
comparison can be made to the reported TRUPACT-I CTU temperatures.

2.10.3.7.1.12 ETU Post-Test Disassembly

Post-test disassembly of the HalfPACT ETU was performed during the week of Monday, 3/10/97,
through Friday, 3/14/97. Both abrasive cutting and gas plasma cutting methods were utilized,
depending on their potential affect on subsequent post-test seal testing, to enable opening the ETU.

Upon removal of the OCA lid and body outer shells, the presence of several inches of very light
density foam char that showed the intumescent behavior of the polyurethane foam. An average
of 11 inches of undamaged foam was measured throughout the torispherical head region in the
OCA lid. In regions remote from side drop damage, an average of 5 inches of undamaged foam.
was measured through the OCA lid side. In regions of side drop damage, an average of 3 inches
of undamaged foam was measured through the OCA lid side. On a per-volume basis estimate,
more than 80% of the polyurethane foam. in the OCA lid remained undamaged.,

Similarly, approximately 5 inches of undamaged foam was measured at the bottom center of the
OCA body. In regions remote from, side drop damage, an average of 6 inches of undamaged
foam was measured through the OCA body side. In regions of side drop damage, an average of
3 inches of Undamaged foam was measured through the OCA body side. On a per-volume basis
estimate, more than 50% of the polyurethane foam in the OCA body remained undamaged.

In comparison, the TRUPACT-II packaging certification test units exhibited nearly identical
amounts of undamaged polyurethane foam with a minimum-of 5 inches remaining around the
OCV except in localized regions damaged by free and puncture drops.

Upon removal of all the remaining polyurethane foam and ceramic fiber paper material, the OCV
lid and body appeared lightly damaged. Some minor flattening was noted along the axes of the
three sets of free drops (i.e., free drop tests 1 and 2, 3 and 4, and 5 and 6). Thus, damage to the
OCV was mostly due to external application of force (i.e., due to the free drop and puncture drop
tests). The ICV, however, appeared to have greater deformation coinciding with the axes of the
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55-gallon payload drums. In contrast to the OCV, damage to the ICV was mostly due to an
internal application of force caused by the greater weight capacity of the HalfPACT payload
drums compared to that of the TRUPACT-II payload drums. The result was that the HalfPACT
ETU ICV exhibited larger permanent deformation than compared to that of the TRUPACT-II
CTUs. Several of the 55-gallon payload drums were distorted sufficiently to cause loss of their
lids, as similarly noted for TRUPACT-II certification testing. Of final note, additional damage
to the ETU ICV may have been caused by the 5+ inches of excess axial gap above the payload
drums, since a payload spacer was not used for the HalfPACT ETU. This surplus axial gap
could have allowed the non-immobilized payload drums to bounce excessively thereby
compounding the effect of increased payload drum weight.

Demonstration of containment vessel leaktightness was accomplished by installing 3/8 NPT ports
through the knuckle region of the OCV and ICV lid torispherical heads to allow evacuation and
subsequent backfill of each corresponding containment vessel cavity with helium gas. This method
ensured helium gas was present behind each containment seal, thereby validating the testing
process. Although performed prior to beginning the ETU testing program, helium leakage rate
testing was not performed on either of the metallic containment boundaries following testing of the
ETU. Results of successful mass spectrometer helium leakage rate testing are summarized below:

Sealing Component OCV ICY

Main O-ring Seal <1.0 x 10-8 cc/s, helium 7.8 x 10-8 cc/s, helium

Vent Port Plug O-ring Seal 3.6 x 10-8 cc/s, helium 3.0 x 10-8 cc/s, helium

When accounting for the conversion between air leakage (per ANSI N14.5) and helium leakage,
a 2.6 factor applies for standard temperatures and pressures. Thus, a reported helium leakage
rate of 7.8 x 10-8 cc/s, helium, is equivalently 3.9 x 10-8 cc/s, air, a magnitude well below the
"leaktight" criterion of 1 x 10-7 cc/s, air, per ANSI N14.5.

The ICV wiper O-ring seal ring was damaged somewhat (buckled) in two locations due to failure of
several adjacent drive screws. Thus, some of the payload drum filler material appeared to be forced
into the region above the wiper O-ring seal. Both the damage to the wiper seal ring and presence of
residual material in the wiper seal region were identically noted for the TRUPACT-I1 CTUs. As
noted earlier, however, all containment O-ring seals successfully passed subsequent helium leakage
rate testing thereby clearly demonstrating that containment integrity was maintained.

In conclusion, overall damage to the HalfPACT ETU paralleled the measured damage from
TRUPACT-II certification testing. This was expected due to the close overall similarities
between packages.

2.10.3.7.2 Certification Test Unit (CTU)

Performance testing in accordance with the requirements of 10 CFR §71.71 and §71.73 for free
drops, puncture drops, and fire testing was performed based on a certification test plan prepared
specifically for the HalfPACT certification testing program16.

16 S. A. Porter, et al, Certification Test Plan for the HALFPACK Package, TP-005, Rev. 1, March 6, 1998,

Packaging Technology, Inc. (PacTec), Tacoma, Washington.
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2.10.3.7.2.1 CTU Free Drop Test No. I

Free Drop No. 1 was a NCT free drop from a height of three feet, impacting horizontally on the
CTU side, with the OCV vent port oriented downward. As shown in'Figure 2.10.3-10, the CTU
was oriented horizontal to the impact surface (meridional angle (i.e., pitch) = 00), and
circumferentially aligned to impact directly onto the OCV vent port. Thefollowing list,
summarizes the test parameters: .

" verified meridional angle as 0' P10

" verified circumferential angle to be 00 -10

" verified free drop height as 3 feet, +1/-0 inches (actual drop height 3 feet, 1/2 inches)

" measured temperature at 52 OF at time of test

" conducted test at 4:54 p.m. on Monday, 3/16/98

A very slight rebound (bounce) occurred upon impact. The measured permanent deformation of the
CTU were flats 13 inches wide at both the OCA top and bottom, corresponding to a crush depth of
approximately 1/2 inches. In comparison, from the TRUPACT-I SAR for CTU No. 1, Test 1, the
measured permanent deformations were flats 18 inches wide at both the OCA top and bottom.
Further, for HalfPACT ETU, Free Drop Test 1, presented in Table 2.10.3-2, the measured
permanent deformations were flats 16 inches wide at the OCA top, and 18 inches wide at the OCA
bottom. Finally, for HalfPACT ETU, Free Drop Test 3, also presented in Table 2.10.3-2, the
measured permanent deformations were flats 18 inches wide at both the OCA top and bottom.

2.10.3.7.2.2 CTU Free Drop Test No. 2

Free Drop No. 2 was a HAC free drop from a height of 30 feet, impacting horizontally on the
CTU side, with the OCv vent port oriented downward. As shown in Figure 2.10.3-10, the CTU
was oriented horizontal to the impact surface (meridional angle (i.e., pitch) = 00),. and ,
circumferentially aligned to impact directly onto the OCV vent port. The following list
summarizes the test parameters:

" verified meridional angle as 00 P10

* verified circumferential angle to be 00 ±10

* verified free drop height as 30 feet, +3/-0 inches (actual drop height 30 feet, 1 inch)

* measured temperature at 50 'F at time of test

" conducted test at 11:32 a.m. on Tuesday, 3/17/98

A small rebound (bounce) occurred upon impact. The measured permanent deformation of the
CTU were flats 37 inches wide at both the OCA top and bottom, corresponding to a crush depth
of approximately 33/4 inches. In comparison, from the TRUPACT-II SAR for CTU No. 1, Test 2,
the measured permanent deformation were. flats 37 inches wide at the OCA top, and 35 inches
wide at the OCA bottom. Further, for HalfPACT ETU, Free Drop Test 2, presented in Table
2.10.3-2, the measured permanent deformations were flats 36 inches wide at the OCA top, and
33 inches wide at the OCA bottom. Finally, for HalfPACT ETU, Free Drop Test 3, also
presented in Table 2.10.3-2, the measured permanent deformations were flats 34 inches wide at
both the OCA top and bottom.
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2.10.3.7.2.3 CTU Free Drop Test No. 3

Free Drop No. 4 was a HAC free drop from a height of 30 feet, impacting 50 from horizontal
with primary impact on the lid and secondary impact on a body tie-down lug. As shown in
Figure 2.10.3-10, the CTU was oriented at an angle 50 from horizontal relative to the impact
surface (meridional angle (i.e.,,pitch) = 50), and circumferentially aligned to impact 147½° from
the OCA vent port (aligned with a tie-down lug). The following list summarizes the test
parameters:

" verified meridional angle as 50 ±+1

" verified circumferential angle to be 147V24 +10

" verified drop height as 30 feet, +3/-0 inches (actual drop height 30 feet, 1 inch)

" measured temperature at 41 °F at time of test

• conducted test at 11:50 a.m. on Wednesday, 3/18/98

A small rebound (bounce) occurred upon impact. The measured permanent deformation of the
CTU was a flat 41 V2 inches wide at the OCA top, corresponding to a crush depth at the OCA lid
of approximately 4¼ inches.- In comparison, from the TRUPACT-II SAR for CTU No. 2, Test 1,
the measured permanent deformation was a flat 45 inches wide at the OCA top. Also, from the
TRUPACT-II SAR for CTU No. 3, Test 1, the measured permanent deformation was a flat 48
inches wide at the OCA top. Note that Tests 1 for TRUPACT-II CTU Nos. 2 and 3 were
performed at cold temperature conditions (-20 0F). Had the TRUTPACT-II slapdown drops been
performed at ambient temperature conditions such as the case for HalfPACT CTU, Free Drop
Test 3, the corresponding TRUPACT-I1 deformations would have been greater. These results
correspond with the discussions from Section 2.10.3.5.2.4, Closure (Lid) Separation, where it is
shown that TRUPACT-I slapdown drop testing bounds HalfPACT slapdown drop testing.

Of final note, approximately two inches of separation of the OCA Z-flanges was measured. The
magnitude of this separation corresponds to the amount observed during TRUPACT-I1 slapdown
testing. Regardless, the generous overlap of the OCA outer thermal shield provided sufficient
protection of the OCA Z-flange gap for the subsequent fire test.

2.10.3.7.2.4 CTU Puncture Drop Test No. 4

Puncture Drop No. 4 impacted directly onto the OCV vent port opening, compounding the
cumulative damage created by Free Drop Tests 1 and 2. As shown in Figure 2.10.3-10, the CTU
was oriented at an angle 1 V? from horizontal relative to the impact surface (meridional angle
(i.e., pitch) = 1 V/2), and circumferentially aligned to impact directly onto the OCV vent port. The
following list summarizes the test parameters:

* verified meridional angle as 1 ½o ±10 (i.e., package top-end slightly raised)

• verified circumferential angle to be 00 +10

" verified puncture drop height as 40 +1/-0 inches (actual drop height 40y inches)

" measured temperature at 42 °F at time of test

• conducted test at 10:24 a.m. on Thursday, 3/19/9.8

0
2.10.3-34



HOPACT Safety Analysis Report Rev. 6, December 2012

The puncture drop impacted the OCA outer shell in the region damaged by Free Drop Tests 1 and 2,
directly onto the OCV vent port. The measured permanent deformation of the CTU was a non-
penetrating radial dent 3¾ inches deep. In comparison, from the TRUPACT-I1 SAR for CTU No.
1, Test 5, the measured permanent deformation was a non-penetrating radial dent 3 inches deep..
Further, for HalfPACT ETU, Free Drop Test 8, presented in Table 2.10.3-2, the measured
permanent deformation was a non-penetrating radial dent 2½ inches deep. Regardless of the greater
radial deformation noted for the HalfPACT CTU, OCV vent port region, subsequent fire and helium
leakage rate testing demonstrated that containment integrity was maintained.

2.10.3.7.2.5 CTU Puncture Drop Test No. 5

Puncture Drop No. 5 impacted directly above the 3/8-to-1/4-inch transition in the OCA body
outer shell. Asshown in Figure 2.10.3-10, the CTU was oriented at an angle 160 from horizontal
relative to the impact surface (meridional angle (i.e., pitch) = 16'), and circumferentially aligned
to impact 250' from the OCA vent port. This orientation placed the puncture bar impact directly
adjacent to and above the 3/8-to-1/4-inch thick transition in the OCA body outer shell (i.e., on
the 3/8-inch thick shell). The following list summarizes the test parameters:

* verified meridional angle as 160 ±1'

* verified circumferential angle to be 250' ±10

* verified puncture drop height as 40 +1/-0 inches (actual drop height 401/8 inches)

* measured temperature at 52 0F at time of test

' conducted test'at3:48 p.m. on Thursday, 3/19/98

The puncture drop impacted the OCA outer shell in a region with no previous damage. The

measured permanent deformation of the CTU was a circumferential tear along the 3/8-to-1/4
transition weld, approximately 23 inches long and 4 inches deep radially: In comparison, the
measured permanent deformation of the ETU was a circumferential tear along the 3/8-to- 1/4
transition weld, approximately 27 inches long and 5½ inches deep radially. No applicable
comparison is available from the TRUPACT-II SAR.

2.10.3.7.2.6 CTU Puncture Drop Test No. 6

Puncture Drop No. 6 impacted directly below the 3/8-to-1/4-inch transition in the OCA body
outer shell. As shown in Figure. 2.10.3-10, the CTU was oriented at an' angle 230 from horizontal
relative to the impact surface (meridional angle (i.e.,.pitch) = 23Y), and circumferentially aligned
*to impact 1100 from the OCA vent port (between the tie-down lugs; with the forklift pockets'
oriented horizontally). This orientation placed the puncture bar impact~directly adjacent to and
below the 3/8-to-1/4-inch thick transition in the OCA body outer shell (i.e., on the 1/4-inch thick
shell). The. following list summarizes the test parameters:

* verified meridional, angle as'23 -1 ±10

verified circumferential angle to be 1100 +1'

* verified puncture drop height as 40 +1/-0 inches (actual drop height 40¼ inches)

* measured temperature at 52 °F at time of test

* conducted test at 12:19 p.m. On Friday, 3/20/97
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The puncture drop impacted the OCA outer shell in a region with no previous damage. The
measured permanent deformation of the CTU was a non-penetrating radial dent 3 2 inches deep.
In comparison, the measured permanent deformation of the HalfPACT ETU was a hole 10½V
inches long and 11½ V2 inches wide, measuring 8 inches deep radially and 11 inches deep along the
axis of the puncture bar. Rather than penetrating, the puncture bar slid on the surface of the
OCA outer shell until sufficient offset was achieved to allow the HalfPACT CTU to roll off the
puncture bar. This result was due to lengthening the 3/8-inch thick, OCA outer shell from 12 to
18 inches, correspondingly changing the impact angle sufficiently to prevent penetration through
the adjacent 1/4-inch thick shell.

2.10.3.7.2.7 CTU Fire Test No. 7

Fire No. 7 was performed to demonstrate packaging compliance with the requirements of 10
CFR 71, and followed the guidelines set forth in JAEA Safety Series No. 37. The following list
summarizes the test parameters:

" Consistent with the TRUPACT-I1 SAR and the HalfPACT ETU, the HalfPACT CTU was
oriented on an insulated test stand (identical to the test stand used for TRUPACT-II and
HalfPACT ETU fire testing) such that the most severe damage was approximately 1 V2 meters
above the fuel surface. The most severe damage was determined to be from the cumulative
effects of free drop tests 1 and 2, and puncture drop test 4, followed by additional damage due
to puncture drop test 5. With a circumferential orientation of 3050 (see Figure 2.10.3-10), the
damage from the two sets of tests were located 1 /2meters above the fuel surface.

" Consistent with Paragraph A-628.4 of IAEA Safety Series No. 37, the HalfPACT CTU was
installed onto the insulated test stand at an elevation to place the lowest part of the package
one meter above the fuel surface. The CTU was oriented horizontally on the test stand to
maximize heat input.

" Consistent with Paragraph A-628.4 of IAEA Safety Series No. 37, requiring the test pool to
extend 1 to 3 meters beyond the package edges, the test pool size extended approximately 1 V2

meters beyond each side of the CTU.

" Consistent with Paragraph A-628.5 of JAEA Safety Series No. 37, requiring wind speeds not
to exceed 2 m/s (4.5 mph), a balloon was released that demonstrated both ground level and
1,000 feet altitude wind speeds under 5 mph at the start of the fire test. Weather conditions
included relatively clear skies, without precipitation for the duration of the fire test. Further,
wind baffles were erected to surround the test pool to reduce the possible effects of wind,
gusts. The, time-averaged wind speed during the fire.test was approximately 8 mph outside
the test area, corresponding to approximately 4 mph inside the test area.

" Consistent with Paragraphs A-628.6 and A-628.8 of IAEA Safety' Series No. 37, a JP4-type
fuel was used for the fire test, and the amount of fuel was controlled to ensure the fire
duration exceeded 30 minutes. The fuel was floated on a pool of water approximately 1/2
meter deep to ensure even distribution during burning. The fire test lasted approximately 33
minutes, and burning continued for approximately 30 minutes after the end of the fire.

" Consistent with Paragraphs A-628.7 and A-628.9 of IAEA Safety Series No. 37, the test pool
was instrumented to measure fire temperatures and heat fluxes at various locations around
the CTU. Temperatures and heat fluxes were monitored before, during, and following the
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fire test until magnitudes stabilized back to ambient conditions. Theaverage measured flame
temperature was 1,486 °F.

Consistent with 'Paragraph A-628.10 of IAEA Safety Series No. 37, the CTU containment
0-ring seals were leakage rate tested following performance testing to verify. containment
integrity. Discussions regarding post-test leakage rate testing are provided in Section
2.10.3.7.2.8, CTU Post-Test Disassembly.

* Commenced fire'testing (fire ignition) at 7:54 a.m.'on Tuesday, 4/14/98. The ambient
temperature was 51 °F at the start of the fire test.

No active temperature measuring devices were employed prior~to, during, or following the HAC
fire test. Further, measurement of the. OCA outer shell temperature does notrepresent the OCV
or.JCV temperatures due to the large internal mass and thick, thermally insulating foam used
within the OCA. As discussed in Section3.1.1, Packaging, the temperatures of the OCV, ICV,
and payload are effectively decoupled from the OCA outer shell and polyurethane foam for short
term thermal transients. Instead, the initial temperature[of the CTU may be estimated based on
the ambient temperature of the:Sandia National Laboratory testing facilities in the six weeks
prior to the HAC fire test'7. Climatological data for Albuquerque, New Mexico, during the
month of March and first two weeks of April 1998 shows an average temperature of 48 OF for
those six weeks. 'Thus, when adjusting for the elevation difference between the testing facilities
and Albuquerque, the initial temperature for fire testing is taken as 43 °F.

As stated in Section 3.5.1.1, Analytical Model, the initial condition temperatures for the HAC
fire test are presented in Table 3.5-1. Accordingly, the average temperature of the ICV wall and
OCV wall is 133 °F and 131 °F, respectively. Therefore, the difference between the theoretical
pre-fire package temperature and actual adjusted starting temperature is conIservatively taken as

133 OF - 43 OF = 90 OF.

The CTU utilized passive, non-reversible temperature indicating labels at various locations near
each containment yessel's seal flanges to record temperatures from the HAC fire test., Each. set
of temperature indicating labels recorded temperatures in 40 steps from 105 °F to. 500 °F. As
illustrated in Figure.2. 10.3-11, some locations used redundant sets of temperature labels to'
ensure comprehensive results at critical regions.

A summary of temperature indicating label temperatures is presented in Table 2.10.3-4. The
maximum measured OCV seal region temperature was 200 °F. Upwardly adjusting for the
lower, pre-fire starting temperature by 90 OF results in a projected maximum OCV seal region
temperature of 290 °F. The' maximum measured ICV seal region temperature was 110 °F.
Similarly adjusting for the lower, pre-fire starting temperature by 90 °F results in a projected
maximum ICV sealfregion temperature of 200 °F. In comparison, certification testing of the
TRUPACT-I1 package showed a maximum'OCV seal region temperature of 260 OF, and a
maximum ICV seal region temperature of 200 °F (see the TRUPACT-1I SAR). .As with the
comparison of measurements of drop damage, fire temperatures between the two similar package
designs agree very well.

17 CTU was located at Sandia National LaboratOries' Coyote Canyon drop test facility for the month of March,

1998, and the Lurance Canyon burn facility for the first two weeks of April, 1998. CTU was burned on'April 14,
1998. The elevation difference between the two test facilities and the city of Albuquerque results in an average
ambient temperature approximately 5 TF cooler than.Albuquerque. I .
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Two final observations are notable regarding fire testing. First, changing the-OCV vent and seal
test port thermal plugs from polyurethane foam to ceramic fiber paper material appears to have
benefited the corresponding port plugs (compare ETU Figure 2.10.3-45, Figure 2.10.3-46, and
Figure 2.10.3-47 to CTUJFigure 2.10.3-84, Figure 2.10.3-86, and Figure 2.10.3-87). Second, with
reference to Table 2.10.3-4, the temperature indicating labels (Nos. 3 and 7) at circumferential
angle 4 = 250' r'ead substantially lower temperatures than all other OCV locations. The reason is
not known since the 2500 location was positioned in the hottest location in the fire (i.e., 1 /2meters

above the fuel surface).

2.10.3.7.2.8' CTU Post-Test Disassembly

Post-test disassembly of the HalfPACT CTU was performed during the week of Monday,
4/26/98, through Friday, 5/8/98. To limit potentially misleading peripheral damage to the CTU
during post-test disassembly, only abrasive cutting methods were utilized.

As with the ETU, upon removal of the OCA lid and body outer shells, the presence of several.
inches of very light density foam char that showed the intumescent behavior of the polyurethane
foam. Undamaged foam thicknesses in the OCA lid closely paralleled those measured for the
HalfPACT ETU. An average of 11 inches of undamaged foam was measured throughout the
crown region of the OCA lid torispherical head, and 9 inches of undamaged foam in the knuckle
region. In regions remote from side drop damage, an average of 5 inches of undamaged foam
was measured through the OCA lid side. In regions of side drop damage, an average of 3 inches
of undamaged foam was measured through the OCA.lid side. On a per-volume basis estimate,
more than 80% of the polyurethane foam in the'OCA lid remained undamaged.

Similarly, approximately 62 inches of undamaged foam was measured at the bottom center of
the OCA body. In regions remote from side drop damage, an average of 8 inches of undamaged
foam was measured through the OCA body side. In regions of side drop damage, an average of
4½ inches of undamaged foam was measured through the OCA body side. On a per-volume
basis estimate, more than 70% of the polyurethane foam in the OCA body remained undamaged.
More undamaged foam remained in the OCA body for the CTU than for the ETU. This effect
was most likely due to the presence of more wind during the CTU fire test, blowing from the
package bottom toward the top. Regardless, the package closure region remained fully engulfed
in the fire for the duration of the fire test.

In comparison, the TRUPACT-I1 packaging certification test units exhibited nearly identical
amounts of undamaged polyurethane foam with a minimum of 5 inches remaining around the
OCV except in localized regions damaged by free and puncture drops.

Upon removal of all the remaining polyurethane foam and ceramic fiber paper material, the OCV
lid and body appeared lightly damaged: Some minor flatteningwas noted along the axes of the
three free drops (i.e., free drop tests 1, 2, and 3). Thus, as with the ETU, damage to the OCV
was mostly due to external application of force (i.e., due to the free drop and puncture drop
tests). As with the ETU, the ICV, however, appeared to have greater deformation coinciding
with the axes of the 55-gallon payload drums. In contrast to the OCV, damage to the ICV was
mostly due to an internal application of force caused by the greater weight capacity of the
HalfPACT payload drums compared to that of the TRUPACT-I payload drums.. The result was
that the HalfPACT CTU ICV exhibited larger permanent deformation than compared to that of 0
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the TRUPACT-I1 CTUs. Several of the 55-gallon payload drums were distorted sufficiently to
cause loss of their lids, as similarly noted for TRUPACT-I1 certificadtion testing.

Demonstration of containment vessel. leaktightness was accomplished by installing 1/2 NPT
ports through the knuckle region of the OCV and ICV lid torispherical heads to allow evacuation
and subsequent backfill of each corresponding containment vessel cavity with helium gas. This
method ensured helium gas was present behind each containment seal, thereby validating the
testing process. Helium leakage rate testing was also performed on the metallic containment
boundaries following testing of the CTU. Helium leakage rate testing of each containment
boundary was accomplished by welding each containment component (i.e., lid and body
structure) to a flat steel plate. Each containment component was evacuated, tented with helium
gas, and helium leakage rate tested to demonstrate containment integrity. Results of successful
mass spectrometer helium leakage rate testing are summarized below:

Sealing Component . OCV ICY

Main O-ring Seal <1.0 x 10-8 cc/s, helium. <1.0 X 10-8 cc/s, helium

Vent Port Plug O-ring Seal <1.0 x 10.8 cc/s, helium <1.0 x 10-8 cc/s, helium

Lid Structure 3.5 x 10-8 cc/s, helium <1.0 X 10-8 cc/s, helium

Body Structure 4.2 x 10.8 cc/s, helium 1.3 x 10-7 cc/s, helium

When accounting for the conversion between air leakage (per ANSI N14.5) and helium leakage,
a 2.6 factor applies for standard temperatures and pressures. Thus, a reported helium leakage
rate of 1.3 x 10-7 cc/s, helium, is equivalently 5 x 108 cc/s, air, a magnitude well below the
"leaktight" criterion of 1 x 10-7 cc/s, air, per ANSI N 14.5.

As with the ETU, the ICV wiper O-ring seal ring was damaged somewhat (buckled) in several
locations due to failure of several drive screws. Thus, some of the payload drum filler material
appeared to be forced into the region above the wiper O-ring seal. Both the damage to the wiper
seal ring and presence of residual material in the wiper seal region were identically noted. for the
TRUPACT-I1 CTUs. As noted earlier, however, all containment O-ring seals successfully
passed subsequent helium leakage rate testing due to the beneficial presence of the foam debris
seal, thereby clearly demonstrating that containment integrity was maintained.

In general, damage to the CTU closely paralleled damage to the ETU. The only exception noted
was for the OCV vent port region. Visual inspection of the OCV vent port fitting determined
that the inner groove weld was cracked approximately 1/3 Of its circumferential length. 'Upon
closer visual inspection of the 5/16-inch inner groove weld, the weld size appeared below
nominal size, possible due to excessive grinding of welded regions during fabrication. As noted
earlier, both the ETU and CTU were fabricated from TRUPACT-II training units, i.e., production
units with undersized welds in localized regions where excessive "flush" grinding sometimes
significantly reduced the shell thickness. The only way to determine actual, as-tested, OCV vent
port fitting weld sizes would be to "section" the fitting region, a process that was not performed.
Of significance is that helium leakage rate testing determined that containment integrity was
maintained due to the presence of the outer fillet weld.. Therefore, although damaged during
testing, the OCV vent port region nevertheless remained acceptably leaktight because of the
double weld configuration.
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In conclusion, with the aforementioned exception, overall damage to the HalfPACT CTU
paralleled the measured damage from both HalfPACT ETU and TRUPACT-II certification
testing, as expected.
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Table 2.10.3-1 - TRUPACT-I/ HalfPACT Comparison Using NUREG/CR-3966

Axial, Shear, and- Moment Forces at the OCV Locking Ring

ImpactAngle Due to Primary Impact Due to Secondary Impact
(with respect to horizontal) Axial Force, lb Shear Force, lb Moment; in-lb I Axial Force, lb Shear Force, lb Moment! in-lb

TRUPACT-LI, Primary Impact on OCA Lid.

50 121,225 465,347 2'158(10).- 0 471,554 2.186(10)7

100 .195,504 372,368 1.727(10)' 0 471,036 2.184(10)7

150 251,344 31.5,030 1.461(10)' 0 467,404 2.167(10)7

200 (CTU Test, -20 OF) 302,679 279,288 1.295(10)7 0 461,178 2.138(10)7

47.7' (c.g. -over comer) 738,279 - 223,251 1.035(10)7 :. .

___TRUPACT-II, Primary Impact on OCA Body

50 118,730 . 455,768 2.113(10)7 0 .485,900 2.253(10)7

100 189,342 360,631 1.672(10)7 0. 485,275 2.250(10)7

150 . 244,441 306,378 1.421(10)' 0 480,899 . 2.230(10)7

.18° (CTU Test, Ambient) 274,975: 284,218 1.318(10)7 0 477,148 2.212(10) 7

_____•__-_HalfPACT, Primary Impact on OCA Lid _

50 115,380 7,431 1.760(10)7 0 4,876 1.157(10)7

100 185,532; 5,929 1.407(10)7 0 4,866 1.155(10)7

150 235,898 4,961 1.177(10)7 0 4,822 1.144(10)7

370 (c.g. over comer) 45 ,020 3.373 0.800(10)7 ..... ___....... .. j k "

HalfPACT, Primary Impact on OCA Body

50 1 112,409 1 7,240 1.718(10)7- 0 5,035 1.1195(10)7.

100. 178,914 5,717 • 1.357(10)7 0 5,022 -1.192(10)7

150 227,810 4,791 --1.137 (10)7 . 0 4,971 .1.180(10)7
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Table 2.10.3-2 - Summary of HalfPACT ETU Test Results in Sequential Order'

Test Orientation Test
No. Test Description 00 Temperature Observations and Results

1 NCT 3' side drop opposite OCV vent port 00 2000 -'53 OF 16"/1-8" flat at top/bottom; -3/4" deep

2 HAC 30' side drop opposite OCV vent port 00 2000 57 OF 36"/33" flat at top/bottom; -3/" deep

3- NCT 3' side drop. on OCV vent port 00 00 40 OF 18"/18" flat at top/bottom; -3/4" deep.

4 HAC 30' side drop on OCV vent port 00 00 48 OF 34"/34" flat at top/bottom; -3¼4" deep

5 NCT 3' comer drop between'tie-down lugs 430 1100 53 OF 26" long x 5½2" wide flat; -1% " deep

6 HAC 30' corner drop between tie-down lugs 430 1100 55 OF 40" long x 12" wide flat; -3¼" deep

7 Puncture drop below 3/8-to-1/4-inch transition 200 2000 38 OF 10'/2" long x 11½" wide hole; -8" deep

8 Puncture drop on OCV vent port 10 00 40 OF -21/2" deep dent

9 Puncture drop on damaged bottom comer 430 1100 - 28 °F -3" deep dent

10 Puncture drop above 3/8-to-1/4-inch transition 90 2900 29 °F -5/ 2" deep dent; -27" long weld tear

•11 Fire with Test 1, 2, & 4 damage at hottest location 00 1460 43 °F -1,575 °F temperature; -33 minutes,

Notes:
(D Tested 2/18/97 - 3/10/97.

Q Meridional angle, 0, is relative to horizontal (i.e.,-side drop orientation).
3 Circumferentialangle, d, is relative to OCV vent port.
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Table 2.10.3-3 - Summary of HalfPACT CTU Test Results in Sequential Order®

Test Orientation Test
No. Test Description 0a ) Temperature Observations and Results

1 NCT 3' side drop on.OCV vent port 00 00 52 OF 13"/13" flat at top/bottom; -1/2" deep

2 HAC 30' side drop on OCV vent port 00 00 50 OF 37"/37." flat at top/bottom; -3¾" deep

3 HAC 30' slapdown drop on OCA lid/tie-down lug 50 147½/0 41 OF 41Y2" flat at top; -4¾/4" deep at top

4 . Puncture drop on OCV vent port 1 ½/20 00 42 OF -3/" deep dent

5 Puncture drop above 3/8-to-1/4-inch transition 160 2500 52 OF -4" deep dent; -23" long weld tear

6 Puncture drop below 3/8-to-1/4-inch transition 230. 1100 52 OF -3V2" deep dent (no penetration)

7 Fire with Test 1, 2, & 4 damage at hottest location 00 1460 43 OF -1,485 OF temperature; -33 minutes

Notes:

0( Tested 3/16/98- 4/14/98.

* Meridional angle, 0, is relative to horizontal (i.e., side drop orientation).

* Circumferential angle, 4, is relative to OCV vent port.
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Table 2.10.3-4 - Summary of HalfPACT CTU Temperature Indicating Label Readings

Temperature Indicating Label Location and Circumferential Angle, Label Number Temperature

OCV Conical Shell at 00 (OCV Vent Port Seal) - Free Drop Tests 1 & 2, and Puncture Drop Test 4 la, lb 180 °F, 170 °F

OCV Conical Shell at 110' - Puncture Drop Test 6 2 180 OF

OCV Conical Shell at 250'- Puncture Drop Test 5 3 130 OF

OCV Seal Flange at 00 (Main OCV Seals) - Free Drop Tests 1 & 2, and Puncture Drop Test 4 4a, 4b 200 OF, 200 °F

OCV Seal Flange at 1100 (Main OCV Seals) - Puncture Drop Test 6 5 200 OF

OCV Seal Flange at 147½° (Main OCV Seals) - Free Drop Test 3 6 180 OF

OCV Seal Flange at 2500 (Main OCV Seals) - Puncture Drop Test 5 7 140 OF

ICV Seal Flange at 00 (ICV Vent Port Seal) - Free Drop Tests I & 2, and Puncture Drop Test 4 8 105 OF

ICV Seal Flange at 00 (Main ICV Seals) - Free Drop Tests I & 2, and Puncture Drop Test 4 9 105 OF

ICV Seal Flange at 1100 (Main ICV Seals) - Puncture Drop Test 6 10 105 OF

ICV Seal Flange at 147½/2' (Main ICV Seals) - Free Drop Test 3 11 110 OF

ICV Seal Flange at 2500 (Main ICV Seals) - Puncture Drop Test 5 12 110 OF
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Assembly

Figure 2.10.3-1 - Drop Pad at the Coyote Canyon Aerial Cable Facility
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Figure 2.10.3-3 - Design Comparison between 55-Gallon Drum Payload Assemblies
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Figure 2.10.3-4 - Making the HalfPACT ETU OCA from TRUPACT-II Unit.104

2.10.3-49



HalfPACT Safety Analysis Report Rev. 6, December 2012
HaIfPACT Safety Analysis Report Rev. 6, December2012

•igure 2.10.3-5 - Making the HalfPACT ETU OCA from TRUPACT-Il Unit 104
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Figure 2.10.3-6 -, Making the HaIfPACT CTU OCA from TRUPACT-II Unit 107
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I 1/4-TO-1/4
SHELL WELD PARTING LINE

Figure 2.10.3-7 - Making the HalfPACT CTU ICV from TRUPACT-Il Unit 107
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TRUPACT-II PACKAGE HaIfPACT PACKAGE

Figure 2.10.3-8 - Dimensional Comparison of TRUPACT-Il and HalfPACT
for NUREG/CR-3966 (Lower Figures are Simplifying Representations Used
in CASKDROP)
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Figure 2.10.3-9 - Schematic of HalfPACT ETU Test Orientations a
2.10.3-54



HaIWACT Safety Analysis Report Rev. 6, December 2012
HaIfPACT Safety Analysis Report Rev. 6, December2012

110*

ICV VENT PORT

OCV VENT PORT

/7

Figure 2.10.3-10 - Schematic of HalfPACT CTU Test Orientations
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Figure 2.10.3-11 -Schematic of HalfPACT CTU Temperature Indicating Label Location
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Figure 2.10.3-12 - ETU Free Drop Test 1; Top-End Damage; -16" Wide Flat

Figure 2.10.3-13 - ETU Free Drop Test 1; Bottom-End Damage; -18" Wide Flat
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Figure 2.10.3-14 - ETU Free Drop Test 2; Top-End Damage; -36" Wide Flat

Figure 2.10.3-15" -ETU Free Drop Test 2; Bottom-End Damage; -33" Wide Flat
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Figure 2.10.3-16 - ETU Free Drop Test 3; View Just Prior to NCT Free Drop Test

Figure 2.10.3-17 - ETU Free Drop Test 3; Top-End Damage; -18" Wide Flat
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Figure 2.10.3-18 - ETU Free Drop Test 4; Top-End Damage; -34,' Wide Flat

Figure 2.10.3-19 - ETU Free Drop Test 4; Bottom-End Damage; -34" Wide Flat
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Figure 2.10.3-20,- ETU Free Drop Test 5; Bottom Corner Damage; -26" Wide Flat

Figure 2.10.3-21 - ETU Free Drop Test 5; Bottom Corner Damage; -5½'" Deep Flat
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Figure 2.10.3-22 - ETU Free Drop Test 6; Bottom Corner Damage; -40" Wide Flat

Figure 2.10.3-23 - ETU Free Drop Test 6; Bottom Corner Damage; -12" Deep Flat
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Figure 2.10.3-24 - ETU Puncture Drop Test 7; -10½" High x -111½" Wide Hole

Figure 2.10.3-25 - ETU PunctureDrop Test 7; Radial Penetration -8" Deep
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Figure 2.10.3-26 - ETU Puncture Drop Test 8; View of Damage; -22½" Deep Dent

Figure 2.10.3-27 - ETU Puncture Drop Test 8; Close-up View of Damage; -2½" Deep Dent
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Figure 2.10.3-28 - ETU Puncture Drop Test 9; View of Impact on Puncture Bar

Figure 2.10.3-29 - ETU Puncture Drop Test 9; Bottom Corner Damage; -3" Deep Dent.-
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Figure 2.10.3-30 - ETU Puncture Drop Test 10; 3/8-to-1 /4 Transition; -27" Long Tear

Figure 2.10.3-31 - ETU Puncture Drop Test 10; 3/8-to-1 /4 Transition; -5½" Deep Dent
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Figure 2.10.3-32 - ETU Fire Test 11; Side 1 View Showing.Tests 1, 2, 7, & 10 Damage

Figure 2.10.3-33 - ETU Fire Test 11; Side 2 View Showing Tests 3, 4, 5, .6, 8, & 9 Damage
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Figure 2.10.3-34 - ETU Fire Test 11; Overall View -5 Minutes after Start of Fire
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Figure 2.10.3-35- ETU Fire Test 11; View -12 Minutes after Start of Fire

Figure 2.10.3-36 - ETUFire Test 11; View -25 Minutes after Start of Fire
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Figure 2.10.3-37 - ETU Fire Test 11; View -32 Minutesafter Start of Fire

0

Figure 2.10.3-38 - ETU Fire Test. 11; View -17 Minutes.after End "of Fire
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Figure 2.10.3-39 - ETU Fire Test 11; View -37 Minutes after End of Fire

Figure 2.10.3-40 - ETU; View Before Disassembly
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Figure 2.10.3-41 - ETU; Removal of the OCA Lid Outer Shell (Note Crumbling Foam Char)

Figure 2.10.3-42 - ETU; Residual Foam in OCA Lid Side; Aligned with Test 1, 2, & 7 Damage
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Figure 2.10.3-43 -ETU; Residual Foam in OCA Lid Side; RemoteFrom Test Damage,

Figure 2.10.3-44- ETU; Residual.Foam in OCA Lid Top (-11"),.
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Figure 2.10.3-45 - ETU; View of OCV Seal Test Port Plug (As Removed; Not Cleaned)

Figure 2.10.3-46 - ETU; View'of OCV Vent Port Cover (As RemoVed; Not Cleaned)
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Figure 2.10.3-47 - ETU; View of OCV Vent Port Plug (As Removed; Not Cleaned)

Figure 2.10.3-48 - ETU; View of 55-Gallon. Payload Drums Following ICV Lid Removal
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Figure 2.10.3-49 - ETU; View of ICV Body Cavity Following Payload Drum Removal

Figure 2.10.3-50 - ETU; View of Debris Inside ICV Body Cavity After Payload Drum Removal
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Figure 2.10.3-51 - CTU; 5-Inch Thick Payload Spacer (Wood Simulation) in Bottom of ICV

Figure 2.10.3-52 - CTU; Aligning 55-Gallon Drum Payload Assembly for Installation into ICV
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Figure 2.10.3-53 - CTU; Final ICV Lid Alignment During ICV Lid Installation

Figure 2.10.3-54 CTU; Final OCA Lid Alignment During OCA Lid Installation
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Figure 2.10.3-55. CTU; Certification Test Unit (TRUPACT-Il Unit 107) After Final Assembly
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Figure 2.10.3-56 - CTU Free Drop Test 1; Lid-End Damage; -13" Wide Flat
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Figure 2.10.3-57 - CTU Free Drop Test 1; Bottom-End Damage; -13" Wide Flat
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Figure 2.10.3-58 - CTU Free Drop Test 2; Lid-End Damage; -37" Wide Flat
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Figure 2.10.3-59 - CTU Free Drop Test 2; Bottom-End Damage; -37" Wide Flat
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Figure 2.10.3-60 - CTU Free Drop Test 3; Lid-End Damage; -41/" Wide Flat
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Figure 2.10.3-61 - CTU Free Drop Test 3; Bottom-End Damage,
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Figure 2.10.3-62 - CTU Puncture Drop Test 4; Mounting the Puncture Bar

2.10.3-88



HalfPACT Safety Analysis Report Rev. 6, December 2012

Figure 2.10.3-63 - CTU Puncture Drop Test 4; Close-up View of Damage
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Figure 2.10,3-64 - CTU Puncture Drop Test 4; Close-up Profile View of Damage; -3%" Deep
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Figure 2.10.3-65 - CTU Puncture Drop Test 5; Close-up View of Damage
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Figure 2.10.3-66 - CTU Puncture Drop',Test 5; Profile Views of Damage; -4" Deep S
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Figure 2.10.3-67 - CTU Puncture Drop Test 6; Overall View of Damage
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Figure 2.10.3-68 - CTU Puncture Drop Test 6; Close-up Views of Damage; -3/" Deep
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Figure 2.10.3-69 - CTU Fire Test 7; Side 1 View Before Fire Showing Tests 1, 2, & 4 Damage
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Figure 2.10.3-70 - CTU Fire Test 7; Side 2 View Before Fire Showing Test 5 Damage
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Figure 2.10.3-71 - CTU Fire Test 7; Overall View -5 Minutes after Start
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Figure 2.10.3-72 - CTU Fire Test 7; View -10 Minutes. after Start
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Figure 2.10.3-73 - CTU Fire Test 7; View -15 Minutes after Start (Showing Wind Effects)
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Figure 2.10.3-74 - CTU Fire Test 7; View -28 Minutes after Start (Note Flares at Vents)
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Figure 2.10.3-75 - CTU Fire Test 7; Side 1 View -33 Minutes after Start (End of Fire)
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Figure 2.10.3-76 - CTU Fire Test 7; Side 2 View -33 Minutes after Start (End of Fire)
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Figure 2.10.3-77 - CTU Fire Test 7; Side 1/2 Views -10 Minutes after End of Fire
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Figure 2.10.3-78 - CTU; View Before Disassembly (OCV Seal Test Port in Foreground)
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Figure 2.10.3-79 - CTU; Removal of the OCA Lid Outer Shell (Note Crumbling Foam Char)
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Figure 2.10.3-80'- CTU; Residual Foam in OCA Lid Side; Aligned with Test 1, 2, & 4 Damage

Figure 2.10.3-81 - CTU; Residual Foam in OCA Lid Knuckle; Aligned with Test 1, 2, & 4 Damage 0
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Figure 2.10.3-82 - CTU; Residual Foam in OCA Lid Top (-11")

Figure 2.10.3-83 - CTU; Residual Foam in OCA Lid Side; Remote from Test Damage
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Figure 2.10.3-84 - CTU; Close-up of OCV Seal Test Port Plug (As Removed/Not Cleaned)

Figure 2.10.3-85 - CTU; OCV Vent Port Region After Removing Excess Foam Char
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Figure 2.10.3-86 - CTU; Close-up of OCV Vent Port.Cover (As Removed/Not Cleaned)

Figure 2.10.3-87 -CTU; Close-up of OCV Vent Port Plug (As Removed/Not Cleaned)
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Figure 2.10.3-88 - CTU; Close-up of Damage to ICV Locking Ring

Figure 2.10.3-89 - CTU; End View of OCV Cavity Showing Deformed Lower Seal Flange
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Figure 2.10.3-90 - CTU; Residual Foam in OCA Lid Side; Aligned with Test 1, 2, & 4 Damage

Figure 2.10.3-91 - CTU; Residual Foam in OCA Body Side; Remote from Test Damage

2.10.3-111



HaIfPACT Safety Analysis Report Rev. 6, December 2012
HaIfPACT Safety Analysis Report Rev. 6, December 2012

Figure 2.10.3-92 - CTU; Helium Leakage Rate Testing the ICV Lid Structure

0

Figure 2.10.3-93 - CTU; Helium Leakage Rate Testing the OCV Body Structure
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Figure 2.10.3-94 - CTU; Close-up View of Cracked OCV Vent Port Coupling Inner Weld

Figure 2.10.3-95 - CTU; Close-up View of Cracked OCV Vent Port Coupling, Inner Weld
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3.0 THERMAL EVALUATION
This chapter identifies and describes the principal thermal design aspects of the HalfPACT package.
This chapter further demonstrates the thermal safety of the system and compliance with the thermal
requirements of 10 CFR 711 when transporting a payload generating a maximum of 30 watts decay
heat. Specifically, per 10 CFR §71.43(g), the maximum accessible package surface temperature is
shown to be less than 185 °F during normal conditions of transport (NCT). The bulk temperature of
the impact absorbing, polyurethane foam is shown to be less than 160 'F based on NCT maximum
temperature conditions thereby retaining sufficient structural integrity to protect the payload during
the subsequent hypothetical accident condition (HAG) drop scenarios described in Chapter 2.0,
Structural Evaluation., Finally, the maximum HAC 0-ring seal temperature of 290 °F is sufficiently
below the seal material limit to ensure containment and confinement integrity.

All details relating to payloads and payload preparation for shipment in a HalfPACT package are
presented in the Contact-Handled Transuranic Waste Authorized Methods for Payload Control
(CH-TRAMPAC) 2 .

3.1 Discussion

3.1.1 Packaging,
The HaifPACT packaging is designed with a totally passive thermal system. As illustrated in
Figure 1.1-1 and Figure 1.1-2 from Section 1.1, Introduction, the principal thermal characteristic
of the HalfPACT package is that it does not contain the relatively thick steel shells and lead
shielding typical of other shipping packages. Instead, the HalfPACT packaging utilizes a
relatively thin containment and confinement vessel with shell thicknesses of 1/4 and 3/16 inch,
respectively. Use of the thin shells means that the thermal response of the packaging shells to
transient heat input is more rapid than for conventional, heavy walled packages. This
characteristic is significantly offset by the unusually large, insulating capability of the
polyurethane foam tending to isolate, or decouple, interior responses from temperature variations
due to exterior transients. The outer surface of these shells may be painted. The analyses herein
use unpainted surface (i.e., bare stainless steel).thermal properties. Since painted surfaces have
higher emissivities that allow for better decay heat rejection than unpainted surfaces, the use of
unpainted surface thermal properties is conservative.

Both the inner containment vessel (ICV) and the outer confinement vessel (OCV) are
constructed of Type 304 stainless steel. As discussed in Section 1.2, Package Description, the
ICV has a 72%-inch inside diameter, and the OCV has a 73%-inch inside diameter and is
completely encased in polyurethane foam with a density of approximately 8¼ lb/ft3.. The foam
provides impact protection for the NCT and HAC drop events, and thermal protection during the
subsequent HAC thermal event. The 1/4-to-3/8-inch thick outer shell of the outer confinement

'Title 10, Code of Federal Regulations, Part 71 (10 CFR 71), Packaging and Transportation of Radioactive
Material, 01-01-12 Edition.
2 U.S. Department of Energy (DOE), Contact-Handled Transuranic Waste Authorized ,lethodsfor Pajdoad Control

(CH-TRAMPAC), U.S. Department of Energy, Carlsbad Field Office, Carlsbad, New Mexico.:
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assembly (OCA) is comprised of Type 304 stainless steel that serves to protect the polyurethane
foam from damage encountered during normal handling and shipping operations.

3.1.2 Payload Configuration

As described in Section 1.1, Introduction, the HalfFPACT packaging is designed to carry five
different payload configurations. The first payload configuration consists of seven 55-gallon
drums arranged on one pallet. The drums are arranged by placing six drums symmetrically
around a seventh, center drum. Figure 2.9-3 of the CH-TRAMPAC illustrates the arrangement
of the seven, 55-gallon drums. This seven drum configuration represents the bounding thermal
case for the HalfPACT package due to the center drum being insulated from the package side
wall by six peripheral drums, and due to their smaller relative size, a higher volumetric heat
generation than the other payload configurations described below.

Two polyethylene sheets (a molded, bottom slip sheet, and a flat, top reinforcing plate for the set of
seven drums) may be used for handling operations (as an option, the bottom slip sheet may be of
cardboard). In addition, optional polyethylene plastic wrap may be used to provide greater stability
for the payload drums once loaded on the pallet. Calculations show that as many as eighteen layers
of the clear-to-translucent plastic wrap (each 0.002 inches thick) may be installed around the outside
of the drums without having a significant thermal effect (see Appendix 3.6.2.3, Polyethylene Plastic
Wrap Transmittance Calculation). The plastic wrap may also overlap the top of the drums by a few
inches. As an option, steel banding straps may be used around the outside of the payload drums
instead of the polyethylene stretch wrap to maintain drum stability.

The second payload configuration consists of one 37-inch tall standard waste box (SWB)
designed specifically for this type of packaging. Figure 2.9-18 of the CH-TRAMPAC illustrates
a SWB assembly. This configuration does not represent a bounding thermal condition due to its
relatively large size corresponding to a lower volumetric heat generation rate in comparison to
the seven 55-gallon drum payload configuration. Thus, presentation of the SWB evaluation is
not explicitly included herein.

The third payload configuration consists of four 85-gallon drums, which range in dimensions to
yield 75 to 88 gallons. Figure 2.9-11 of the CH-TRAMPAC illustrates the arrangement of four
short 85-gallon drums, which includes the additional payload spacer, and Figure 2.9-1.2 of the
CH-TRAMPAC illustrates the arrangement of four tall 85-gallon drums. As with the 55-gallon
drums, both top and bottom polyethylene sheets may be used for handling operations. In
addition, the 85-gallon drums may be banded together with either polyethylene plastic wrap or
steel banding straps. Similarly, this configuration does not represent a bounding thermal
condition since all of the drums are adjacent to the package side wall resulting in cooler payload
drum temperatures. Thus, presentation of the 85-gallon drum payload evaluation is not explicitly
included herein.

The fourth payload configuration consists of three 100-gallon drums. Figure 2.9-15 of the
CH-TRAMPAC illustrates the arrangement of the three 100-gallon drums. As with the 55-gallon
drums, both top and bottom polyethylene sheets may be used for handling operations. In
addition, the 100-gallon drums may be banded together with either polyethylene plastic wrap or
steel banding straps. Similarly, this configuration does not represent a bounding thermal
condition since all of the drums are adjacent to the package side wall resulting in cooler payload

3.1-2



HalfPACT Safety Analysis Report Rev. 6, December 2012

drum temperatures. Thus, presentation of the 100-gallon drum payload evaluation is not
explicitly included herein.'

The fifth payload configuration consists of three shielded containers. Figure 2.9-22 of the
CH-TRAMPAC illustrates the arrangement of the three shielded containers. Presentation of the
shielded container payload evaluation is provided in Appendix 4.5 of the CH-TRU Payload
Appendices..

Based on the wide variety of payloads for the HalfPACT, the analyses presented herein use a
bounding thermal payload of 30 thermal watts per package 3 uniformly distributed in one or more
payload container(s) combined with a conservatively low payload conductivity commensurate
with that of loosely packed paper. Actual payload decay heat is typically far less than 30 watts.
Additionally, high heat payloads typically have correspondingly higher thermal conductivities.
than loosely packed paper, so a combination of low conductivity with a uniform heat generation
will lead to conservatively upper bounded temperature predictions. Two steady-state thermal
analysis cases are presented based on decay heat distributions as follows:

1. Seven 55-gallon drums with all the decay heat distributed uniformly in all seven drums, and

2. Seven 55-gallon drums with all the decay heat distributed uniformly within the center drum.,

3.1.3 Boundary Conditions

The heat transfer characteristics of the HalfPACT packaging are evaluated for the bounding
payload configuration under two thermal boundary conditions. These conditions are:

A. Steady-state conditions at an ambient temperature of 100 'F, with insolation as defined in

10 CFR §71.71(c)(1), and

B. Steady-state conditions at an ambient temperature of -40 'F, without insolation as described
in 10 CFR §71.71(c)(2).

Note that 10 CFR §71.43(g) stipulates that for exclusive use packages, maximum accessible
surface temperatures must be less than 185 °F for a package under 100 'F ambient conditions
without insolation. Package temperatures prior to the start of the HAC thermal event are based
on this condition, and are presented in Table 3.5-1 from Section 3.5.3, Package Temperatures.

Maximum steady-state package temperatures with insolation are determined by using a
combination of solar heating values. An analysis is made using the insolation values delineated
in 10 CFR §71.71(c)(1), averaged over 24 hours. This action is intended to simulate the slow
thermal response that the payload and internal package components have to a varying (i.e.,
cyclic) solar load. The relatively large thermal mass on the inside of the polyurethane foam
insulation isolates (i.e., decouples) the "12 hour on / 12 hour off' solar step function cycle
applied to the outside of the foam insulation. Thus, components on the inside of the - -

polyurethane foam use the insolation values of 10 CFR §71.71 (c)(1), averaged over 24 hours.

In contrast, the outer sections of the polyurethane foam and the OCA outer shell will respond
much more quickly to varying external solar loads. As such, the maximum steady-state

3 U.S. Department of Energy (DOE), Contact-Handled Transuranic Waste A uthorized Methods for Payload Control
(CH-TRAMPAC), U.S. Department of Energy; Carlsbad Field Office, Carlsbad, New Mexico, Section 5.0, Gas
Generation Requirements.
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temperatures of the polyurethane foam and OCA outer shell are estimated using the 10 CFR V
§71.71(c)(1) insolation values averaged over 12 hours thereby resulting in a more accurate
estimate of the maximum external temperature during the "12 hour on" solar cycle. Table 3.1-1
presents results from both analyses, depending on the packaging component being considered.

Package performance and resulting component temperatures, when subjected to the hypothetical
accident thermal event as described in 10 CFR §71.73(c)(4), are determined via full scale fire
testing of the HalfPACT packaging, and are discussed in Section 3.5, Thermal Evaluation for
Hypothetical Accident Conditions.

3.1.4 Analysis Summary
The primary heat transfer mechanisms utilized in the thermal analyses are conduction and
radiation from component to component within the HalfPACT packaging, and convection and
radiation from the exterior of the packaging to the ambient. Due to the relatively close coupling
of the bodies within the package, convective heat transfer within the payload cavity is
conservatively neglected. As discussed in Section 3.1.2, Payload Configuration, the thermal
conductivity of the material inside the drums is conservatively chosen to be that of still air, based
on the assumption of loosely packed paper. The following sections present these analyses in
greater detail.

In all cases, the steady-state heat transfer analyses are performed using the thermal network
analyzer computer program, SINDA' 85/FLUINT, Version 3.14.

Table 3.1-1 presents a summary of the temperatures determined by the steady-state heat transfer
,analyses for the major components of the HalfPACT packaging for the two bounding payload
configurations with the maximum internal decay heat of 30 thermal watts. Temperatures
denoted as "average" use volume-based weighting of the nodal temperatures to determine the
average. Further details of these analyses are presented in Section 3.4, Thermal Evaluation for
Normal Conditions of Transport.

Discussion of HAC fire testing is provided in Section 3.5, Thermal Evaluationfor Hypothetical
Accident Conditions. Adjusting for the difference between the calculated initial condition
temperatures and actual test temperatures, the maximum containment and confinement seal
temperatures are 200 °F for the ICV seals and 290 'F for the OCV seals, respectively. All seal
temperatures are shown to be well below the 360 °F temperature limit for short-term exposure
(see Appendix 2.10.2, Elastomer O-ring Seal Performance Tests).

4 Systems Improved Numerical Differencing Analyzer and Fluid Integrator (SINDA/FLUINT), Version 3.1,
Cullimore and Ring Technologies, Inc., 1996. 0
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Table 3.1-1 - NCT Steady-State Temperatures with 30 Watts Decay Heat
Load and Insolation; Seven, 55-Gallon Drums

Temperature (°F)

Case 1 ... Case 2
(Uniform Heat in (Uniform Heat in

Solar All Seven Drums) Center Drum Maximum
Location Loading ._ _ _ Only):. Allowable

Center Drum Centerline
Maximum 24hr avg 183.8 340.4 N/A

* Average 24 hr avg 169,5 251.9 @

Center Drum Wall
" Maximum 24 hr avg 156.9 164.4 2,7500
" Average 24 hr avg 156.4 162.7 2,7500

Outer Drum Centerline
* Maximum 24 hr avg 181.4 152.9 N/A
* Average 24 hr avg 167.7 152.7 0

Outer Drum Wall
• Maximum 24 hr avg 156.7 162.0 2,750'
• Average .24 hr avg 153.0 152.6 2,7500

Average All Drums
* Centerline 24 hr avg' 168.0 166.9 0
, Wall 24 hr avg 153.5 154.0 2,750'

ICV Wall
• Maximum 24 hr avg 152.8 153.8 8006
• Average 24 hr avg 148.7 147.7 8000
• Minimum 24 hr avg 146.3 144.9 8000

ICV Air
• Average 24 hr avg 151.1 150.9 N/A

ICV Main 0-ring Seal
• Maximum 24 hr avg 147.1 145.4 -40 to 2250

OCV Wall
• Maximum 24 hravg 150.1 149.6 800"
" Average 24 hr avg 147.0 145.5 8000

OCV Main o-ring Seal.
Maximum 24 hr avg 145.5 ' 143.9 -40 to 2250

Polyurethane Foam
" Maximum 12 hr avg 155.0 155.0 300"
" Average 24 hr avg 128.9 128.4 300"

OCA Outer Shell
• Maximum 12hravg 155.0 155.0 8000
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Notes for Table 3.1-1:

0 The temperature limit for the waste material is discussed in Appendix 6.6 of the CH-TRU
Payload Appendices.

* Temperature limit based on the minimum melting temperature for carbon steel (see
Section 3.3, Technical Specifications of Components).

G Temperature limit based on the ASME B&PV Code.

* Temperature limits based on the allowable long-term temperature range for butyl rubber (see
Section 3.3, Technical Specifications of Components).

* Temperature limit based on the maximum operating limit for polyurethane foam (see
Section 3.3, Technical Specifications of Components).
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