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3.2 Runlga - Side 

The runlga is a 30-foot impact followed by a crush impact, with the crush plate centered 
above the CV flange. The runlg 30-foot impact restart file was used and the crush plate was 
moved during the restart phase so that its centerline was approximately above the 
CV flange. The 30-foot impact was from time 0.0 to 0.0085 sec. The crush plate 
translation to center it above the CV flange was from time 0.0085 sec to 0.0086 sec. The 
runlga crush occurred from 0.0086 sec to 0.027 sec. Therefore, the 30-foot impact results 
for this run would be the Section 3.1 , 30-foot results for runlg, and the crush results for 
run lga (offset crush) are presented in this section. 

Figure 3.2.1 shows the configuration of the model after the crush plate was moved above the 
CV flange (time= 0.0086 sec). Figure 3.2.2 shows the model configuration after the runlga 
crush impact. Figure 3.2.3 through Figure 3.2.6 show enlarged views in the lid and bottom 
regions of the package assembly. 

Figure 3.2.7 shows that the maximum strain in the CV body for the runlga crush impact is 
0.0348 in/in. The effective plastic strain in the CV lid is 0.0002 in/in and is shown in 
Figure 3.2.8. The CV nut ring remains elastic for the crush impact of runlga. 

The maximum effective plastic strain in the drum angle is shown in figure 3.2.9 to be 
0.1058 in/in. The maximum effective plastic strain in the drum is 0.3818 in/in and occurs in 
the top drum roll near the crush plate (Figure 3.2.10). 

Figure 3.2.11 gives the maximum effective plastic strain in the lid to be 1.1345 in/in. This is 
a relatively high strain level and the maximum occurs near the stud hole at the 90° position 
(initially along Y axis). Another high region of strain is near the upper stud nearest the 
crush plate. The solid elements (used for contact bearing on the studs) around the stud 
holes show effective plastic strain maximum of 0.8745 in/in. The membrane effective 
plastic strain in the shell elements is a maximum of 0.8057 in/in and is highly localized near 
the stud hole at the 90° position. Some tearing of the lid could occur in the lid hole at the 
9Q° position and at the lid hole nearest the crush plate (180°). 

Figure 3.2.12 shows the effective plastic strain levels in the drum studs. The maximum is 
shown to be 0.5207 in/in and occurs in the stud at the 90° position. From figure 3.2.12 it is 
seen that the elevated strain occurs near the outer extreme of the stud, and that the 
through thickness strain levels between 0.3170 and 0.3802 in/in exist. 

A study of the timing of the elevated effective plastic strain levels in the lid and the drum 
studs shows that the lid reaches failure magnitudes before the studs. At the stud hole in 
the drum lid nearest the crush plate (180°), the bending strain crosses the 0.57 in/in 
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strain at about 0.0122 seconds in the crush impact. The membrane strain in the lid elements 
at 180° reaches a maximum of .5295 in/in. The stud at 180° does not experience elevated 
strain levels (final maximum in this stud is 0.17 in/in). So at the 180° position, only the lid 
experiences relatively high levels of effective plastic strain. 

At the 90° position in the lid, the membrane effective plastic strain exceeds the 0.57 in/in 
level near 0.0164 seconds in the crush impact. The surface maximum effective plastic strain 
exceeds 0.57 in/in at about 0.0161 seconds, slightly ahead of the membrane. At time 
0.0164 seconds, the effective plastic strain levels in the stud at 90° is about 0.35 in/in 
maximum, with the through thickness levels between 0.104 in/in to 0.136 in/in. Therefore, 
at the 90° position, the lid reaches the failure level of 0.57 in/in before the stud. 

From this timing data, it is shown that the lid would reach failure levels in bending and 
membrane before the stud effective plastic strain levels become relatively high. Therefore, 
it would be expected that the lid would locally tear before the bolting reached elevated 
effective plastic strain levels, thus possibly reducing the loadings on the studs. Due to the 
extent of the relatively high levels of effective plastic strain in the drum lid, it would be 
expected that any lid tearing would be localized and that the large washers would restrain 
the drum lid. 

The effective plastic strain contour patterns for the other components are not shown in 
figures. The maximum effective plastic strain in the drum bottom is 0.2444 in/in; in the 
liner it is 0.2853 in/in; in the lid stiffener it is 0.1116 in/in; in the drum stud nuts it is 
0.0103 in/in; in the drum stud washers it is 0.1685 in/in and in the plug liner it is 0.2181 in/in. 

The kinetic energy time history for the crush plate impact is shown in Figure 3.2.13. The 
X velocity time history is shown in Figure 3.2.14. 

The lid separation time history is shown in Figure 3.2.15 (nodes defined in Figure 3.1.30). 
From Figure 3.2.15 it is seen that the spike separation of just under 0.004 inches can occur 
with a final nominal separation of less than 0.002 inches expected. 

The kaolite thickness time histories for the nodes defined in Figure 3.1.32 are given in 
Figure 3.2.16 for runlga. The drum diameter time histories are given in Figures 3.2.17 and 
3.2.18. The nodes defining this response are shown in Figure 3.1.34. As shown in Figure 
3.2.17, the bottom head and the bottom drum roll remain at, or near 30-foot impact 
diameters for the crush impact. This response is expected as qualitatively shown in 
Figure 3.2.2. The response in the Y-direction is shown in Figure 3.2.18. 
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Figure 3.2.19 shows the diameter time history for various locations along the liner length. 
Figure 3.1.37 and Table 3.1.3 define the locations at which the diameters are obtained. 
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Figure 3.2.2 - Runlga, Crush Impact, Configuration of the ES-3100 After the Crush Impact 
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figure 3.2.3 - Runlga, Crush Impact, Configuration of the Lid Region Near the Rigid Plane 

figure 3.2.4 - Runlga, Crush Impact, Configuration of the Lid Region Near the Crush Plate 
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31 DO RUNl GA s11dl'11imv\211~dj 
nme. 0.027 

figure 3.2.5 - Runlga, Crush Impact, Configuration of the Bottom Near the Rigid Plate 

31 OD RUNl GA SIDE NOV 2003 KOH 
Time• 0.027 

figure 3.2.6 - Runlga, Crush Impact, Configuration of the Bottom Near the Crush Plate 
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31 00 RU Nl GA SIDE NOV 2003 KOH 
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Figure 3.2.8 - Runlga, Crush Impact, Effective Plastic Strain in the CV Lid 
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Figure 3.2.9 - Runlga, Crush Impact, Effective Plastic Strain in the Drum Angle 
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Figure 3.2.13 - Runlga, Crush Impact, Kinetic Energy T ime History 
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Figure 3.2.14 - Runlga, Crush Impact, X Velocity Time History 
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figure 3.2.15 - Runlga, Lid Separation Time History 
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Figure 3.2.16 - Runlga, Drum Kaolite Thickness Time Histories 
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Figure 3.2.17 - Runlga, Drum Dimension Time History in the X-Direction 
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Figure 3.2.18 - Runlga, Drum Dimension Time History in the Y-Direction 
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3100 RUN1GA SIDE NOV 2003 KOH 

Node No 

---____. 

5.4+-~~-+~~~-+-~~~+-~~-+~~~-+-~ 

0 0 .005 0.01 0 .015 0 .02 0 .025 

Time 

Figure 3.2.19 - Runlga, Liner Diameter Time History 
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3.3 Runlhl - Side 

Runlhl is the lower bounding kaolite run (100°F). It is basically the runlg model , but with 
kaolite properties of section 2.3.5.2. It is a run with a 4-foot impact (time= 0 to 

87 

0.01 seconds), followed by a 30-foot impact (0.01 to 0.02 seconds), followed by a 30-foot 
crush impact (0.02 to 0.04 seconds), finally followed by a 40-inch punch impact (0.04 to 
0.055 seconds). The initial configuration of runlhl is similar to Figure 3.1.1. The 
configuration after the 4-foot impact is shown in Figure 3.3.1. Figure 3.3.2 and 3.3.3 show 
the configuration at the extremes of the package. 

The CV body undergoes plastic deformation in the 4-foot impact. The effective plastic 
strain in the CV body is shown in Figure 3.3.4 to have a maximum of 0.0263 in/in. The 
elevated plastic strain levels are near the CV bottom head. The CV lid and nut ring remain 
elastic during the 4-foot impact. The plastic strain in other components for the 4-foot 
impact are given in Table 3.3.1. 

Table 3.3.1 - Runlhl, 4-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, in/in 

Angle 0.0054 

Drum 0.1561 

Drum Bottom Head 0.0991 

Liner 0.0537 

Lid 0.1320 

Lid Stiffener 0.0001 

Lid Studs 0.0000 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0011 

Plug Liner 0.0022 

Figure 3.3.5 shows the final configurat ion for the runlhl 30-foot impact. Figures 3.3.6 and 
3.3.7 show the configurations for the package extremes. 

The maximum effective plastic strain due to the 30-foot impact in the CV body is 
0.0287 in/in as shown in Figure 3.3.8. The maximum effective plastic strain in the drum lid 
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is shown to be 0.5180 in/in in Figure 3.3.9. The maximum lid strain is a surface strain at the 
stud hole nearest the rigid surface (0°). The membrane effective plastic strain component 
is 0.4026 in/in in the localized region near the stud hole. Effective plastic strain levels in 
other components for the 30-foot impact are given in Table 3.3.2. 

Table 3.3.2 - Runlhl, 30-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, in/in 

CV Lid 0.0001 

CV Nut Ring 0.0000 

Angle 0.0777 

Drum 0.2250 

Drum Bottom Head 0.2125 

Liner 0.1800 

Lid Stiffener 0.0118 

Lid Studs 0.1098 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0225 

Plug Liner 0.0956 

The final configuration for the crush impact is shown in Figure 3.3.10. The configuration at 
the package extremes are shown in Figure 3.3.11. The maximum effective plastic strain in 
the CV body is 0.0287 in/in as shown in Figure 3.3.12. The maximum effective plastic strain 
in the drum for the crush impact is 0.5309 in/in (surface strain). The maximum in the drum 
occurs near the angle on the crush plate side of the drum as shown in Figure 3.3.13. The 
maximum membrane effective plastic strain at this location is 0.3616 in/in. 

The maximum effective plastic strain in the lid is 1.2969 in/in (surface strain) and 
occurs just below the upper stud hole (hole nearest the crush plate, 180°) as shown in 
Figure 3.3.14. The maximum membrane effective plastic strain in this region of the lid is 
0.8995 in/in. A time line investigation during the crush impact shows that the lid exceeds 
0.57 in/in strain in bending at about 0.0228 seconds at the 180° stud hole. The crush 
impact started at about 0.0200 seconds, so the lid reaches failure level near the start of 
the crush impact. The membrane levels in the lid reach 0.57 in/in at about 0.0236 seconds. 
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The elevated effective plastic strain levels in the lid are localized in the region just inboard 
of the upper stud. 

The effective plastic strain in the drum studs is 0.4159 in/in and occurs in the upper stud at 
the bearing of the lid onto the stud (180°). The elevated strains in the stud are localized on 
the inner surface. Effective plastic strain levels throughout the thickness of the stud are 
generally 0.25 in/in or less. 

Considering the strain levels in the lid and the studs, some tearing in the lid at the 180° 
stud hole would be expected. But the tearing would be localized to the stud hole due to the 
extent of the strain patterns. Failure of the stud to restrain the lid due to this tearing is 
not expected. The lid stiffener would limit any tearing from the stud at 180° and the large 
washer would be expected to restrain the lid. 

The effective plastic strain in other components due to the crush impact are listed in 
Table 3.3.3. 

Table 3.3.3 - Runlhl, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, in/in 

CV Lid 0.0003 

CV Nut Ring 0.0000 

Angle 0.1178 

Drum Bottom Head 0.3342 

Liner 0.2637 

Lid Stiffener 0.0530 

Lid Stud Nuts 0.0007 

Lid Stud Washers 0.0832 

Plug Liner 0.1255 

The final configuration after the punch impact is shown in Figure 3.3.16. The effective 
plastic strain level in the CV body is shown in Figure 3.3.6. The maximum strain is 
0.0299 in/in and is located near the bottom head. The effective plastic strain level in the 
drum after the punch impact remains at 0.5309 in/in as shown in Figure 3.3.18. The 
maximum effective plastic strain in the other package components for the punch impact are 
listed in Table 3.3.4. 
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Table 3.3.4 - Runlhl, Punch Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, in/in 

CV Lid 0.0006 

CV Nut Ring 0.0000 

Angle 0.1178 

Drum Bottom Head 0.3345 

Liner 0.2637 

Lid 1.2971 

Lid Stiffener 0.0530 

Lid Studs 0.4221 

Lid Stud Nuts 0.0007 

Lid Stud Washers 0.0844 

Plug Liner 0.1255 

Figure 3.3.19 shows the lid separation time history for all the impacts. The CV lid separation 
shows a maximum spike separation of about 0.006 inches occurs during the punch. The spike 
is a response to the rebounding impact of the CV /weights. An average value of .003 in or 
less is demonstrated in the response when the solution is stopped. 

Figure 3.3.20 shows the time history for the kaolite thicknesses. The nodal locations for 
nodes shown in Figure 3.3.20 are shown in Figure 3.1.32. 

Figure 3.3.21 shows the diameter changes in the drum in the model X direction. 
Figure 3.3.22 shows the radial changes in the Y direction (normal to the impact directions). 
The nodes are defined in Figure 3.1.34. 

Figure 3.3.23 shows the liner diameter time history. The node pair locations are shown in 
Figure 3.1.37 and Table 3.1.3. 
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Figure 3.3.1 - Runlhl , 4-Foot Impact, Final Configuration 
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Figure 3.3.2 - Runlhl, 4-Foot Impact, Configuration in the Lid 

tz 
Figure 3.3.3 - Runlhl, 4-Foot Impact, Configuration in the Bottom 
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Figure 3.3.5 - Runlhl, 30-Foot Impact, Final Configuration 
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(z 
figure 3 .3 .6 - Runlhl , 30-f oot Impact, Configuration of the Lid 

f z 
figure 3.3.7 - Runlhl, 30-foot Impact, Configuration of the Bottom 
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3100 RUNl HL LOWER BOUND SIDE MAY 2004 K 
Time= 0.02 
Contours of Effective P1astic Strain 
max ipt. value 
min:: O. at e lem• 1 
max=0.0286779, at elemlf 283551 

~z 

Fringe Levels 
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1.434e-00 2 
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0.000e+OOO 

Figure 3.3.8 - Runlhl, 30-Foot Impact, Effective Plastic Strain in the CV 

31 00 RUNl HL LOWER BOUND SIDE MAY 2004 K 
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Figure 3.3.9 - Runlhl, 30-Foot Impact, Effective Plastic Strain in the Lid 
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Figure 3.3.11 - Runlhl, Crush Impact, Configuration at the Package Corners 

3100 RUNl HL LOWER BOUND SIDE MAY 2004 K 
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Figure 3.3.12 - Runlhl, Crush Impact, Effective Plastic Strain in the CV Body 
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3100 RUNl HL LOWER BOUND SIDE MAY 2004 K 
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Figure 3.3.14 - Runlhl, Crush Impact, Effective Plastic Strain in the Lid 
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Figure 3.3.15 - Runlhl , Crush Impact, Effective Plastic Strain in the Studs 
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= 

Figure 3.3.16 - Runlhl , Punch Impact, Final Configuration 
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Figure 3.3.19 - Runlhl, CV Lid Separation Time History 
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Figure 3.3.20- Runlhl, Kaolite Thickness Time History 
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Figure 3.3.21 - Runlhl, Drum Dimension Time History in the X-Direction 
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Figure 3.3.22- Runlhl, Drum Dimension Time History in the Y-Direction 
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3100 RUN1HL LOWER BOUND SIDE MAY 2004 K 
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figure 3.3.23 - Runlhl , Liner Diameter Time History 
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3.4 Runlhh - Side 

Runlhh is the upper bounding kaolite run(-40 °). It is basically the runlg model, but with 
the upper bound kaolite properties of section 2.3.5.3 . It is a run with a 4-foot impact 
(time= 0 to 0.01 seconds), followed by a 30-foot impact (0.01 to 0.0188 seconds), followed 
by a 30-foot crush impact (0.0188 to 0.04 seconds), finally followed by a 40-inch punch 
impact (0.04 to 0.052 seconds). 

The final configuration for the 4-foot impact is shown in Figure 3.4.1. Figures 3.4.2 and 
3.4.3 show the configuration at the corners of the shipping package. The effective plastic 
strain in the CV body for the 4-foot impact is shown in Figure 3.4.4. The maximum 
effective plastic strain is shown to be 0.0298 in/in near the bottom head. The effective 
plastic strain in other package components for the 4-foot impact are listed in Table 3.4.1. 

Table 3.4.1 - Runlhh, 4-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Lid 0.0000 

CV Nut Ring 0.0000 

Angle 0.0059 

Drum 0.1170 

Drum Bottom Head 0.1215 

Liner 0.0598 

Lid 0.0860 

Lid Stiffener 0.0000 

Lid Studs 0.0000 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0310 

Plug Liner 0.0046 

The final configuration for the 30-foot impact is shown in Figure 3.4.5. Figures 3.4.6 and 
3.4.7 show the configuration at the corners of the package. The maximum effective 
plastic strain for the 30-foot impact in the CV Body is 0.0386 in/in near the bottom head. 
The maximum effective plastic strain in the drum lid is 0.4073 in/in near the rigid plane. 
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The effective plastic strain in other components for the 30-foot impact are given in 
Table 3.4.2. 

Table 3.4.2 - Runlhh, 30-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, in/in 

CV Lid 0.0000 

CV Nut Ring 0.0000 

Angle 0.0622 

Drum 0.2259 

Drum Bottom Head 0.2528 

Liner 0.0970 

Lid Stiffener 0.0069 

Lid Studs 0.1226 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0951 

Plug Liner 0.0995 

109 

The final configuration for the crush impact is shown in Figure 3.4.10. The configuration 
at the extremes of the package are shown in Figure 3.4.11. The maximum effective plastic 
strain for the crush impact in the CV body is 0.0462 in/in, on the crush plate side near the 
lid end of the top inner weight as shown in Figure 3.4.12. The maximum effective plastic 
strain in the drum is 0.2623 in/in near the angle and the rigid plane (Figure 3.4.13). The 
maximum effective plastic strain in the drum lid is 0.6411 in/in (surface strain), 
Figure 3.4.14. The maximum occurs at the lid hole for the stud closest to the crush 
plate(180°). The membrane effective plastic strain is 0.4922 in/in at this location. The 
effective plastic strain in the studs is 0.1753 in/in as shown in Figure 3.4.15. The 
effective plastic strain in other components are listed in Table 3.4.3 for the crush impact. 
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Table 3.4.3 - Runlhh, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Lid 0.0004 

CV Nut Ring 0.0000 

Angle 0 .0816 

Drum Bottom Head 0 .2807 

Liner 0.2005 

Lid Stiffener 0 .0217 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.1034 

Plug Liner 0.1258 

The final configuration for the punch impact is shown in Figure 3.4.16. The maximum 
effective plastic strain in the CV body after the punch impact is shown to be 0.0599 in/in 
in Figure 3.4.17. The maximum effective plastic strain in the drum is 0.2623 in/in (surface 
strain) and is located near the angle at the rigid surface. The maximum effective plastic 
strain in elements local to the punch impact is 0.1382 in/in (surface strain) as shown in the 
insert in Figure 3.4.18. The maximum effective plastic strain for the lid and other package 
components at the end of the punch impact are listed in Table 3.4.4. 

Table 3.4.4 - Runlhh, Punch Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Lid 0.0004 

CV Nut Ring 0.0000 

Angle 0.0816 

Drum Bottom Head 0.2807 

Liner 0.2027 

Lid 0.6411 

Lid Stiffener 0.0217 

Lid Studs 0.1761 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.1034 

Plug Liner 0.1258 
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Figure 3.4.19 shows the CV lid separation for all the impacts. A maximum spike for the lid 
separation of less than 0.008 inches is found. At the end of the impacts, the maximum 
separation is on the order of 0.006 in, with the response being oscillatory in nature. 
Average separation of 0.003 inches or less is shown to be expected after the successive 
impacts. 

Figure 3.4.20 shows the drum diameter time history response to the impacts in the 
X direction (direction of the impacts). Figure 3.4.21 shows the Y direction radial response 
(normal to the impact direction). The drum nodes are defined in Figure 3.1.34. 

The Figure 3.4.22 shows the kaolite thickness time history for the four impacts. 
Figure 3.1.32 shows the nodal locations. 

Figure 3.4.23 shows the liner diameter time history along its length. The nodal pairs are 
def ined in Figure 3.1.37 and Table 3.1.3. 
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Figure 3.4.1 - Runlhh , 4-Foot Impact , Final Configuration 
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Figure 3.4.2 - Runlhh , 4-Foot Impact, 

Figure 3.4.3 - Runlhh , 4-Foot Impact, 
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Part A - Initial Design with Borobond Cylinder 

figure 3.4.5 - Run1hh. 30-foot Impact, final Configuration 
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Part A - Initial Design with Borobond Cylinder 

Figure 3.4.6 - Runlhh. 30-Foot Impact, Configuration in the Lid 

Figure 3.4.7 - Runlhh, 30-Foot Impact, Configuration in the Bottom 
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31 00 RUN1 HH UPPER BOUND SIDE MAY 2004 K 
Time = 0.018846 
Contours of Effective Plastic Strain 
max ipt. value 
mln=D. at elem• 1 
max=0.0385668. at elem• 285471 

Fringe Levels 

3.857e-002 

3.471 e-002 

figure 3.4.8 - Runlhh, 30-foot Impact, Effective Plastic Strain in the CV Body 

31 DO RUN1 HH UPPER BOUND SIDE MAY 2004 K 
Time = 0.018846 
Contours of Effective Plastic Strain 
max ipt. value 
min=D. at eleml 37787 
max=0.407307. at elem• 377001 

Fringe Levels 

4.073e-001 

3.666e-001 

3.258e-001 

2.851 e-001 

2.444e-001 

2.037e-001 

1.629e-001 

1.222e-001 

8.146e-002 

4.073e-002 

0.000e>OOO 

figure 3.4.9 - Runlhh, 30-foot Impact, Effective Plastic Strain in the Lid 

2-275 
Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-2/and/3-24- 16 

117 



Part A - Initial Design with Borobond Cylinder 

~ 
'<I' 
c 
c 
N 

~ 
2 
UJ 
0 
Ci.i 
0 
% 
::::> 
0 
a:i 
a: 
~ 
Q.. 
::::>'<I' 
:::c: C! 
:::c:c 
.-
% 
::::> 
0:: II 
c I.) ce 
.- ·-('"")I-

Figure 3.4.10 - Run1hh, Crush Impact, final Configuration 
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Part A - Initial Design with Borobond Cylinder 

Figure 3.4.11 - Runlhh, Crush Impact, Configuration of the Package Corners 

3100 RUNl HH UPPER BOUND SIDE MAY 2004 K 
Time= 0.04 
Contours of Effective Pla stic Strain 
max ipt. value 
min=O~ at elem• 12 
max =0 .0461777, at eleml 266271 

Fringe Levels 

4.618e-002 

4.156e-002 

3.694e-002 

3.232e-002 

2.771 e-002 

2.309e-002 

1 .B47e-002 

1 .3B5e-002 

9.236e-003 

4.61 Be-003 

O.OOOe+OOO 

Figure 3.4.12 - Runlhh, Crush Impact, Effective Plastic Strain in the CV Body 

2-277 
Y/LF-717/Rev 5/ES-3 JOO HEU SAR/Ch-2/and/3-24-16 

119 



Part A - Initial Design with Borobond Cylinder 

3100 RUNl HH UPPER BOUND SIDE MAY 2004 K 
Time= 0.04 
Contours of Effective Plastic Strain 
max ipt. value 
min=O, at eleml 12994 
max=0.262269, at eleml 23201 

y 

z 

Fringe Levels 

2.623e-001 

2.360e-001 

2.098e-001 

1 .836e-001 

1 .574e-001 

1.311 e-001 

1 .049e-001 

7.868e-002 

5.245e-002 

2.623e-002 

Figure 3.4.13 - Runlhh, Crush Impact, Effective Plastic Strain in the Drum 

3100 RUNl HH UPPER BOUND SIDE MAY 2004 K 
Time= 0.04 
Contours of Effective Plastic Strain 
max ipt. value 
min =O, at eleml 39807 
mnx=0.6411, at eleml 423521 

Fringe Levels 

6.411 e-001 

5.770e-001 

5.129e-001 

4.488e-001 

3.847e-001 

3.206e-001 

2 .564e-001 

1.923e-001 

1 .282e-001 

6.411 e-002 

O.OOOe+OOO 

Figure 3.4.14 - Runlhh, Crush Impact, Effective Plastic Strain in the Lid 
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3100 RUNl HH UPPER BOUND SIDE MAY 2004 K 
Time= 0.04 
Contours of Effective Plastic Strain 
max ipt. value ....Ai 
min=O. at elem• 71878 ... 
max=0.175321 . at elem• 719921 

~z 

Fringe Levels 

1.753e-001 

1 .578e-001 

1 .403r:-001 

1 .227e-001 

1.052e-001 

8.766r:-002 

7.013e-002 

5.260r:-002 

3.506r:-002 

1 .753r:-002 

O.OOOe+OOO 

Figure 3.4.15 - Runlhh, Crush Impact, Effective Plastic Strain in the Studs 
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Part A - Initial Design with Borobond Cylinder 

figure 3.4.16 - Runlhh. Punch Impact, final Configuration 
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3100 RUNl HH UPPER BOUND SIDE MAY 2004 K 
Time= 0.052 
Contours of Effective Plastic Strain 
max ipt. value 
min=O. at elem• 13 
max=0.0599144, at eleml 266271 

Fringe Levels 

5.991 e-002 

5.392e-002 

4.793e-002 

4.194e-002 

3.595e-002 

2.996e-002 

2.397e-002 

1 .797e-002 

1.198e-002 

5.991 e-003 

O.OOOe+OOO 

Figure 3.4.17 - Runlhh, Punch Impact, Effective Plastic Strain in the CV Body 

3100 RUNl HH UPPER BOUND SIDE MAY 2004 K 
Time= 0.052 
Co ntours of Effective Plastic Strain 
max ipt. value 
min=O. at eleml 12994 
max=0.262269, at eleml 23201 

Fringe Levels 

2.623e-001 

2.360e-001 

2.098e-0 01 

1.836e-001 

1.57 4e-001 

1.311 e-001 

1.049e-001 

7.868e-002 

5.245e-002 

2.623e-002 

figure 3.4.18 - Runlhh, Punch Impact, Effective Plastic Strain in the Drum 
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3100 RUN1HH UPPER BOUND SIDE MAY 2004 KQH 
8~---~---~---~--~~----.---, 

Node Ids 

sub-74137/11701 
_B.__sub-7 4169/11717 
__c_sub-74201111733 

6 +------+-----1----H+---1---ll--!l-i-'-1----,.IH!+--+-t1--i _Q_sub-7 4 233/117 49 
_E_ sub-74265/11765 
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-2+-----'--+---1---l---1----1----''-----------'--+---' 
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mi n=-0 .0004 77 
max=O .0076255 Time 

figure 3.4.19 - Runlhh , CV Lid Separation Time History 
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3100 RUN1HH UPPER BOUND SIDE MAY 2004 K 
20~--~--~--~--~--~ 

Node No 

_A_sub-133634/133778 
_B sub-98158/98230 
_c_sub- 100202110027 4 

19 µ,~~ti\----J----J---+---+.j _Q_sub-102976/103048 

CD 
iii c 
=e 
0 
8 17 +----+---+-+-- +---+-----+-l 

>< 

15 +----+---+---=-+-----+-- --4'--l 
E. 

15+---'---+----'--+----'--+---'---l---'---+-' 
0 

min=15 .779 
max=19 .31 

O.D1 0.02 0.03 0.04 0 .05 

nme 

E sub- 105750/105822 
_E__sub-108889/108961 

Figure 3.4.20 - Runlhh, Diameter of the Drum in the Direction of the Impacts 

3100 RUN1HH UPPER BOUND SIDE MAY 2004 K 
10.3 ~---~---~------~-----

Node No 

_A_133706 

10.2 +----+-----l---'--,..--jf------l------+--l _B_98194 
_G_100238 
_0_ 103012 
_E_ 105786 

CD 
iii 
c 
'E g 9 .9 
u 

>-

min=9 .6048 
max= 10.289 

0 .01 0 .02 

F 108925 

0 .03 0 .04 0.05 

nme 

Figure 3.4.21 - Runlhh, Radius of the Drum in the Direction Normal to the Impacts 
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Node No 

_A_sub-205932/191040 
_B_sub-199953/187835 
_c_sub-199946/223677 
_Q_sub-3616411222649 
_E_ sub-3499611217977 
_E_sub-33828112 13305 
_G_sub-333258/209669 
H sub-210749/334338 

_J_sub-2133 771338353 
_J__sub-218049/350033 
_K_sub-2227211361713 
_L_sub-2241811200522 
_M_sub-1884111200529 
___N_sub- 191112/206004 

Figure 3.4.22 - Runlhh, Th ickness Time History of the Dr um Kaolite 
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Node No 

6.4 t---:~:::c-h~~~~--+---+----H _A_sub- 122522/122666 
~if>->itii""'i'rlt"--<:1--r~~~-1---_.8._-j.--___J_""---J-- I _.B_sub- 123259/129667 

_C_ sub-123276/129684 
6 .2 +----1---'U-----+---\-'u-----+-----+----r--t .J:Lsub- 123292/129700 

_.E_sub- 123309/129717 
2 6 +----1------+- -;rr----+-----+----r--t _E_sub-123324/129732 
~ _G__sub- 123340/1297 48 
'6 
0 5 .8 +-----1------+---+-1--+->---,,___-+--~-->--1 
0 
u x 

5 . 6 +----f------+----\-,P----+-'+-.--'-----""~+-'-4"-.!Afa..JMl'.--F'-Ll 

5 . 2 +---~-1--~---+-~--+--~--+---~___,,__. 

0 0 .01 0 .02 0 .03 0 .04 0.05 

Time 

Figure 3.4.23 - Runlhh, Liner Diameter Time Histories 
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3.5 Run2e - Corner 

Run2e is a package CG over corner impact with a 30-foot impact (time= 0 to 0.015 
seconds)followed by a crush impact (0.015 to 0.05 seconds). 

The configuration after the 30-foot impact is shown in Figure 3.5.1. The maximum 
effective plastic strain in the lid studs is in the stud at the impact with the rigid plane 
(0°) and is 0.5197 in/in as shown in Figure 3.5.2. It can be seen from the insert in 

128 

Figure 3.5.2 , that strains near the maximum exist across the thickness of the stud. 
Therefore, it should be noted that slight differences between the modeled length and 
actual length of the stud could be significant relative to possible failure of the stud. 
Other differences such as friction and local flexibil ity in the test pad armored plate (stud 
"digging in") could also significantly effect this stud and cause failure. The maximum 
effective plastic strain of other components for this impact are listed in Table 3.5.1. 

Table 3.5.1 - Run2e, 30-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0142 

CV Lid 0.0024 

CV Nut Ring 0.0000 

Angle 0.0393 

Drum 0.3238 

Drum Bottom Head 0.0000 

Liner 0.3797 

Lid 0.2968 

Lid Stiffener 0.0271 

Lid Stud Nuts 0.2252 

Lid Stud Washers 0.0907 

Plug Liner 0.1131 

Figure 3.5.3 shows the final configuration for the crush impact. In Figure 3.5.4 the 
maximum effective plastic strain in the CV lid is shown to remain at 0.0024 in/in. 
Figure 3.5.5 shows the effective plastic strain in the liner to be a maximum of 0.5507 in/in. 
The maximum effective plastic strain in the drum is in the crimping as shown in Figure 3.5.6 
and is a maximum of 0.3787 in/in. The maximum effective plastic strain in the drum studs 
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is shown to be 0.5578 in/in in Figure 3.5.7. As explained in the 30-foot impact results, 
slight variances in the length/configuration in this vicinity could prove significant in the 
test due to the relatively high level of strain through the thickness of the stud. There is 
a crimping of the lid and the drum roll in this local region, hence, even if the stud did 
shear, the lid would be held captive by the drum roll. 

Table 3.5.2 - Run2e, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0364 

CV Nut Ring 0.0000 

Angle 0.0464 

Drum Bottom Head 0.0731 

Lid 0.3579 

Lid Stiffener 0.0272 

Lid Stud Nuts 0.2258 

Lid Stud Washers 0.1111 

Plug Liner 0.1170 

The lid separation time history is given in Figure 3.5.8. A spike separation occurs in the 
crush impact with a maximum gap of about 0.010 inches. The run2e was extended to about 
0.06 seconds so that the ringing associated with the gap at 0.05 seconds could relax. 
From the figure it is seen that an average value of gap would be 0.002 inches, or less due 
to the oscillatory nature of the gap response. 

Figure 3.5.9 shows the location of the nodes used to obtain the minimum koalite thickness 
in the package bottom. The time history thickness is shown in Figure 3.5.10 for the 
bottom kaolite. A minimum thickness of about 1.8 inches is shown. 

Figure 3.5.11 shows the location of the nodes used to obtain the minimum kaolite thickness 
in the plug. Figure 3.5.12 shows the distance time history with the minimum being about 
2.8 inches. 

Figure 3.5.13 shows the nodes used to obtain overall drum dimensions for the impacts. The 
final lengths from the bottom head to the lid are used to describe the deformations. 
Curve A in Figure 3.5.14 gives the length response of the crush corner to the lid. It has a 

2-287 
Y/LF-7 17/Rev 5/ES-3100 HEU SAR/Ch-2/and/3 -24-16 



Part A - Initial Design with Borobond Cylinder 130 

final length of about 38.2 inches. Curve B in Figure 3.5.14 gives the length response from 
the initial 30-foot impact corner on the rigid surface to the bottom of the drum. This 
length has a final value of about 38.75 inches. 
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3100 RUN2E - LID CORNER OCT 2003 KOH 
Timc = 0.015 

Figure 3.5.1 - Run2e, 30-Foot Impact, Final Configuration 

3100 RUNZE - LID CORNER OCT 2003 KOH 
Time = 0.015 
Contours of Effcctfve Pla stic Strai n 
max lpt. value 
mln=01 at clcml 72025 
max=D .519725. at elem• 719921 

Fringe Levels 

5.197e-001 

4.678e-001 

4.158e-001 

3.638e-001 

3.11 Be-001 

Z.599e-001 

Z.079e-001 

1.559e-001 

1.039e-001 

5.197e-OOZ 

O.OOOe+OOO 

Figure 3.5.2 - Run2e, 30-Foot Impact, Effective Plastic Strain in the Drum Studs 
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Figure 3.5.3 - Run2e, Crush Impact, Final Configurat ion 

3100 RUN2E ·LID CORNER OCT 2003 KOH 
Time= 0.05 
Contours of Effective Plastic Strain 
max lpt. value 
min=O. at e lem• 51847 
max:=0.00237953. at elcml 543051 

fringe Levels 

2.380e-003 

2.U2e-003 

1.904e·003 

1 .666e-003 

1 .428e-003 

1.190e-003 

9.518e-004 

7.139e-004 

4.759e-004 

2.380e-004 

O.OOOe+OOO 

Figure 3.5.4 - Run2e, Crush Impact, Effective Plastic Strain in the CV Lid 
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3100 RUN2E - LID CORNER OCT 2003 KOH 
Time = 0.05 
Contours of Effective Plastic Strain 
max ipt. value 
min=O. at elem• 19053 
max=0.55067 4, at elem• 188271 

Fringe Levels 

5.507e-001 

4.956e-001 

4.405e-001 

3.855e-001 

3.304e-001 

2.753e-001 

2.203e-001 

1.652e-001 

1.lDle-001 

5.507e-002 

0.00De+ODD 

Figure 3.5.5 - Run2e, Crush Impact, Effective Plastic Strain in the Liner 

31 OD RUN2E - LID CORNER OCT 2003 KOH 
Time = 0.05 
Contours of Effective Plastic Strain 
max ipt. value 
min=D, at e lem• 285 
max=D.3787 2. at e le ml 137321 

~z 

Fringe Levels 

3.787c-001 

3.408 e-001 

3.030e-001 

2.651 e-001 

2.272e-001 

1.894e-001 

1.515e-001 

1.136e-001 

7.574e-002 

3.787e-002 

Figure 3.5.6 - Run2e, Crush Impact, Effective Plastic Strain in the Drum 
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31 DO RUN2E - LID CORNER OCT 2003 KOH 
Time= 0.05 
Contours of Effective Plastic Strain 
max lpt. value 
mln=D. at clcml 72169 
max=0.55782-4. at eleml 719921 

~z 

fringe Levels 

5.578e-001 

5.02De-001 

4.463e-001 

3.905e-001 

A..._ 3.347e-001 _ 

~ 2.789.--001_ 

2.231 e-001 _ 

1.673e-1101 

1.116e-1101 

5.578e-002 

O.OOOe+OOO 

Figure 3-5.7 - Run2e, Crush Impact, Effective Plastic Strain in the Drum Studs 

Node Ids 

A sub-74137/11701 
_B_sub-74169/11717 
_c_sub-74201111733 

(") 8 +-----,,•·1-+----+-----+----+----i,....+---~ _Q_sub-74233/11749 

o .£ sub-74265/11765 

~ 6+---i-l:lli~lr.\1!----+----t-----+----Bn-----1 -c: 
Q) 

~ 4+--.U~H!IY~!ili----+----,-+------+----1111'1-----l 
u 
i:tl 

0. 
tf) 

'6 2 
x 

-2+--~--+-~--+--~-t--~--1--~--+--~~ 

0 0 .01 0 .02 0 .03 0 .04 0 .05 

Time 

Figure 3.5.8 - Run2e, CV Lid/Body Separation Time History 
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Figure 3.5.9 - Run2e, Location of Kaolite Nodes at the Bottom for Thickness Evaluation 

3100 RUN2E - LID CORNER OCT 2003 KOH 
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Figure 3.5.10 - Run2e, Minimum Thickness Time History for the Bottom Kaol ite 
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Figure 3.5.11 - Run2e, Location of Kaolite Nodes in the Plug for Thickness Evaluation 

3100 RUN2E - LID CORNER OCT 2003 KQH 
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Figure 3.5.12 - Run2e, Minimum Thickness Time History for the Plug Kaolite 
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Figure 3.5.13 - Run2e, Length Dimensions in the Drum 

3100 RUN2E - LID CORNER OCT 2003 KQH 
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Figure 3.5.14 - Run2e, Time History of Length Dimensions in the Drum 
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3.6 Run3b - End 
Run3b is a 30-foot lid end impact (time= 0 to 0.010 seconds) followed by a crush impact 
onto the package bottom (0.010 to 0.028 seconds). Figure 3.6.1 shows the final 
configuration for the 30-foot impact. Because of the relatively low demand placed on the 
components, no strain plots are presented for the 30-foot impact. Table 3.6.1 summarizes 
the maximum effective plastic strains in the package components. 

Table 3.6.1 - Run3b, 30-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0012 

CV Lid 0.0031 

CV Nut Ring 0.0000 

Angle 0.0287 

Drum 0.0565 

Drum Bottom Head 0.0024 

Liner 0.1665 

Lid 0.1094 

Lid Stiffener 0.0068 

Lid Studs 0.0962 

Lid Stud Nuts 0.0162 

Lid Stud Washers 0.0510 

Plug Liner 0.0636 

Figure 3.6.2 shows the final configuration for the 30-foot impact and the successive 
crush impact. Figure 3.6.3 shows that the maximum effective plastic strain in the CV body 
is 0.0053 in/in. The maximum occurs in the bearing of the body flange onto the lid (at the 
0-ring seals). The magnitude of effective plastic strain is questioned due to the fact that 
the elevated strains occur at single nodes and are not symmetric (see the insert in 
Figure 3.6.3). The maximum effective plastic strain in the bottom region of the CV body is 
found to be 0.0035 in/in and does exhibit a symmetric characteristic as is shown in 
Figure 3.6.3. 
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The CV lid effective plastic strain fringes are shown from both sides in a split image in 
Figure 3.6.4. The maximum effective plastic strain in the lid is shown to be 0.0034 in/in in 
the figure. The other components are summarized in Table 3.6.2. 

Table 3.6.2 - Run3b, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Nut Ring 0.0000 

Angle 0.0304 

Drum 0.1258 

Drum Bottom Head 0.0312 

Liner 0.3585 

Lid 0.1415 

Lid Stiffener 0.0098 

Lid Studs 0.1541 

Lid Stud Nuts 0.0170 

Lid Stud Washers 0.0510 

Plug Liner 0.0944 

The CV lid separation time history is shown in Figure 3.6.5. The response during the 
30-foot impact is a spike separation of about 0.012 inches, which relaxes to a maximum 
value of 0.003 inches for the remainder of the 30-foot impact. During the crush impact it 
is seen that separation is spikes to a maximum of about 0.004 inches, but the average 
remains at about 0.002 inches or less at the end of the impact. 

Figure 3.6.6 shows the nodes chosen to obtain the drum height and kaolite th ickness time 
history data. Figure 3.6.7 shows the drum height time history. From the figure it is seen 
that the overall height would be approximately 39 inches. Figure 3.6.8 shows the 
thickness time histories in the kaolite for the plug and the bottom. The curve A in the 
figure is for the bottom kaolite thickness, and it reaches about 2.2 inches as a final value. 
Curve B, is for the plug and it reaches about 3.4 inches for the final kaolite thickness. 
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Figure 3.6.5 - Run3b, CV Lid Separation Time History 
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3.7 Run4g - Slapdown 

Run4g is a 12° slapdown, 30-foot impact (time 0 to 0.02 seconds) followed by a crush with 
the crush plate CG over the CV flange (0.02 to 0.04 seconds). A drum stud is located on 
the line of impact (0°) in this model. 

The deflected shape of the package after the 30-foot impact is shown in Figure 3.7.1. The 
maximum effective plastic strain in the CV body for the 30-foot impact is 0.0445 in/in as 
shown in Figure 3.7.2 and occurs near the bottom head. The maximum effective plastic 
strain in other components for the 30-foot impact are listed in Table 3.7.1. 

Table 3.7.1 - Run4g, 30-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Lid 0.0003 

CV Nut Ring 0.0000 

Angle 0.0881 

Drum 0.3017 

Drum Bottom Head 0.2877 

Liner 0.1234 

Lid 0.5537 

Lid Stiffener 0.0232 

Lid Studs 0.1737 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0597 

Plug Liner 0.1290 

Figure 3.7.3 shows the final configuration for the crush impact for run4g. The maximum 
effective plastic strain in the CV body is 0.0457 in/in as shown in Figure 3.7.4. The 
maximum effective plastic strain in the drum lid is 1.0797 in/in (surface strain) as shown in 
Figure 3.7.5. The maximum occurs near the stud at 90°, or initially along the Y axis. This 
high strain is caused by lid/stud reacting the ovalization response of the package due to 
the crush plate impact. The fringe range has been set such that the strain levels above 
0.57 in/in are co lored in red in Figure 3.7.5. The maximum membrane strain in the lid at 
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the same location (as the surface strain) is 0.8920 in/in. The region of elevated strain is 
localized to the hole at 90°, therefore any tearing of the lid would be localized. The large 
washers would restrain the lid. 

figure 3.7.6 shows the effective plastic strain in the drum studs. At the time shown the 
stud at the 90° position has failed (evident by removed element row at the base of the 
stud). All of the elements on the cross section reached the prescribed failure strain of 
0.57 in/in and were deleted by LS-Dyna during the impact. Only one stud, the one at 90°, 
was shown to reach elevated strain levels and be severed for the crush impact. The 
plastic-kinematic model used for the studs allows a failure value to be used (0.57 in/in). 
The stud elements reach failure and elements begin to be deleted at about solution 
time= 0.0312 seconds. By 0.0332 seconds, all the elements on the cross section have 
been deleted by LS-Dyna. 

The lid uses a power law model, which does not allow material failure in the model. 
Investigation shows that the lid reaches 0.57 in/in at about 0.0272 seconds, a time at 
which the stud maximum strain is about 0.28 in/in. This demonstrates that the lid reaches 
failure levels before the stud and at that time, the stud effective plastic strain is 
relatively low. Therefore, it would be expected that the lid would tear before the stud 
reaches failure. Due to the extent of the effective plastic strain fringe patterns in the 
lid plus the conservative modeling of the stud due to lid shear (Section 2.1 discussion), it is 
believed that the tearing would be local and that the lid (and by default the plug) would be 
restrained by the large washers. Table 3.7.2 shows the maximum effective plastic strain 
in the remainder of the package components for the crush impact. 

Table 3.7.2 - Run4g, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0457 

CV Lid 0.0005 

CV Nut Ring 0.0000 

Angle 0.1045 

Drum 0.3972 

Drum Bottom Head 0.2877 

Liner 0.2702 

Lid Stiffener 0.0838 

Lid Stud Nuts 0.0086 

Lid Stud Washers 0.1003 

Plug Liner 0.2715 
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Figure 3.7.7 shows the lid separation time history for the nodal pairs shown in 
Figure 3.1.30. There are several spikes up to about 0.007 inches evident in the lid 
separation time history. However, most of the noise level is about 0.004 inches or less and 
is oscillatory in nature. Therefore, an average of 0.002 inches or less would be expected. 

Figure 3.7.8 shows the drum diameter deformation in the X-direction. The nodes are 
those defined in Figure 3.1.34. Curve A in the figure shows that the final distance in at 
the lid, between the two flattened regions is about 13.5 inches. Figure 3.7.9 gives the 
radial deformation time history in the Y-direction. 

Figure 3.7.10 gives the kaolite thickness time histories. The nodes are those defined in 
Figure 3.1.32. 

Figure 3.7.11 shows the liner diameter time history at various locations along its length. 
Figure 3.1.37 and Table 3.1.3 show the locations of the nodal pairs along the liner. 
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3100 RUN4 G-12-SLAP OCT 200 3 KOH 
Time = 0.02 

Figure 3.7.1 - Run4g, Slapdown Impact, Final Configuration 
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Figure 3.7.2 - Run4g, Slapdown Impact, Effective Plastic Strain in the CV Body 
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3100 RUN~G-12-SLAP OCT 2003 KOH 
Time = 0.04 

Figure 3.7.3 - Run4g, Crush Impact, Final Configuration 
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Figure 3.7.4 - Run4g, Crush Impact, Effective Plastic Strain in the CV Body 
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Figure 3.7.5 - Run4g, Crush Impact, Effective Plastic Strain in the Lid 
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Figure 3.7.6 - Run4g, Crush Impact, Effective Plastic Strain in the Drum Studs 
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Figure 3.7.8 - Run4g, Drum Deformation in the Direction of the Impacts 
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Figure 3.7.9 - Run4g, Drum Deformat ion Normal t o the Impacts 
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Figure 3.7.10 - Run4g, Kaolite Thickness T ime Histories for the Impacts 
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Figure 3.7.11 - Run4g, Liner Diameter Time History 
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3.8 Run4ga - Slapdown 

Run4ga is a 30-foot, 12° slapdown impact (time - 0 to 0.02 seconds) followed by a crush 
impact with the crush plate centered on the drum (0.0201 to 0.04 seconds). The run4g 
30-foot impact restart file was taken and the crush plate was moved by specifying nodal 
velocities so that it was centered on the drum. The translation occurred from time 0.02 
to 0.0201 sec. Once the crush plate was centered, the run was halted and the crush 
impact was initiated. Therefore, the run4ga 30-foot impact is the run4g 30-foot impact. 
The 30-foot impact results for runlga are presented in section 3.7 for run4g. The run4ga 
crush results are presented in this section. 

The final configuration for the run4ga crush impact is shown in Figure 3.8.1. The maximum 
effective plastic strain in the CV body is 0.0741 in/in in the upper wall near the bottom 
head as shown in Figure 3.8.2. 

The maximum effective plastic strain in the drum lid is 1.0795 in/in as shown in 
Figure 3.8.3. The regions of elevated strain are quite localized at the upper and lower 
stud holes in the lid. The value of 1.0795 in/in is a surface strain. The value of membrane 
strain is 0.6005 in/in. Due to the relatively localized regions of high effective plastic 
strain, some localized tearing may occur. Extended tearing or failure of the lid is not 
predicted due to the localized elevated fringe ranges of effective plastic strain. The 
large washers would provide restraint of the lid. Table 3.8.1 presents the maximum 
effective plastic strain in other shipping package components for the run4ga crush impact. 
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Table 3.8.1 - Run4ga, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Lid 0.0006 

CV Nut Ring 0.0003 

Angle 0.0917 

Drum 0.3537 

Drum Bottom Head 0.2919 

Liner 0.2363 

Lid Stiffener 0.0303 

Lid Studs 0.3174 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0597 

Plug Liner 0.1636 

The CV lid separation time history is shown in figure 3.8.4. A maximum spike of about 
0.009 inches is shown for the nodal pairs shown in Figure 3.1.30. The average value at the 
end of the impact is about 0.002 inches or less. 

The time history of the drum diameter in the direction of the impacts is shown in 
Figure 3.8.5. Figure 3.8.6 shows the radial changes in the direction normal to the impacts. 
The location of the nodes is shown in figure 3.1.34. 

Figure 3.8.7 shows the kaolite thickness time histories for the run4ga crush impact. The 
nodes are shown in Figure 3.1.32. 

Figure 3.8.8 shows the diameter time history at various locations along the liner. 
Figure 3.1.37 and Table 3.1.3 show the locations of the nodal pairs. 
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3100 RUN4GA-12-SLAP OCT 2003 KOH 
Time = 0.04 

Figure 3.8.1 - Run4ga, Crush Impact, Final Configuration 
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Figure 3.8.2 - Run4ga, Crush Impact, Effective Plastic Strain in the CV Body 
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Figure 3.8.3 - Run4ga, Crush Impact, Effective Plastic Strain in the Lid 
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Figure 3.8.4 - Run4ga, Crush Impact, Lid Separation Time History 
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Figure 3.8.5 - Run4ga, Drum Deformation in the Direction of the Impacts 
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Figure 3.8.6 - Run4ga, Drum Deformation Time History in the Y-Direction 
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Figure 3.8.7 - Run4ga, Thickness in the Drum Kaolite in the Direction of the Impacts 
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Figure 3.8.8 - Runlga, Liner Diameter Time History 
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3.9 Run4h - Slapdown 

Due to the minimal number of studs securing the lid, a model with the impact centered 
between the studs is made. Run4h is similar to run4g, except that the drum studs are 
rotated, such that the plane of symmetry is centered between two studs. Run4h is a 
30-foot, 12° slapdown impact (time= 0 to 0.02 seconds) followed by a crush impact with 
the crush plate centered over the CV flange (0.02 to 0.04 seconds). 

162 

Figure 3.9.1 shows the final configuration for the 30-foot impact. Figure 3.9.2 shows the 
configuration in the lid region near the rigid plate. The effective plastic strain contours in 
the package components for the 30-foot impact are similar to strain patterns already 
presented. Therefore, no strain contour plots are presented for the 30-foot impact and 
the maximum strains are listed in Table 3.9.1. 

Table 3.9.1 - Run4h, 30-Foot Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0450 

CV Lid 0.0000 

CV Nut Ring 0.0000 

Angle 0.0861 

Drum 0.3017 

Drum Bottom Head 0.2877 

Liner 0.1181 

Lid 0.3831 

Lid Stiffener 0.0184 

Lid Studs 0.0891 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0782 

Plug Liner 0.1592 

The final configuration for the run4h crush is shown in Figure 3.9.3. Figure 3.9.4 shows 
the lid configuration for the crush impact. The maximum effective plastic strain in the 
drum lid is 0.9830 in/in, which is a surface strain. The maximum membrane strain is 
0.7225 in/in and is localized around the stud holes in the lid at the 67.5° and the 112.5° 
positions. The regions of high strain are localized at all the stud holes in the lid, 
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therefore extended tearing is not predicted. Some localized tearing of the lid may be 
experienced, but the lid will be retained by the large washers. 

163 

The maximum effective plastic strain in the studs is 0.5364 in/in and occurs at the outer 
radius of the stud. The nominal effective plastic strain through the stud shank is about 
0.300 in/in. Therefore, the studs would not be expected to fail. The maximum effective 
plastic strain in other components are listed in Table 3.9.2. 

Table 3.9.2 - Run4h, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0461 

CV Lid 0.0004 

CV Nut Ring 0.0000 

Angle 0.1071 

Drum 0.3881 

Drum Bottom Head 0.2877 

Liner 0.2475 

Lid Stiffener 0.1083 

Lid Stud Nuts 0.0052 

Lid Stud Washers 0.0885 

Plug Liner 0.2719 

The lid separation time history is similar to those presented in Sections 3.7 and 3.8. A 
maximum lid separation spike of approximately 0.007 inches is reached during the impacts 
and is oscillatory in nature. An average value of 0.003 inches or less is shown at the end of 
the crush impact. 

Figure 3.9.7 shows the X-diameter time history for drum nodes shown in Figure 3.1.34. 
Figure 3.9.8 shows the radial time history for nodes normal to the direction of impact. 

Due to the rotation of the studs on the lid, the nodes for the kaolite changed for the 
run4h model. The nodes used to obtain the kaolite thickness time histories for run4h are 
shown in Figure 3.9.9. The time histories for the kaolite thickness on the plane of 
symmetry is shown in Figure 3.9.10. Figure 3.9.11 shows the liner diameter time history at 
location shown in Figure 3.1.37 and Table 3.1.3. 

2-321 
Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-2/and/3 -24-16 



Part A - Initial Design with Borobond Cylinder 164 

3100 RUN•H-12-SLAP OCT 2003 KOH 
Time = 0.02 

( 

Figure 3.9.1 - Run4h, 30-Foot Impact, Final Configuration 

Figure 3.9.2 - Run4h , 30-Foot Impact, Configuration in the Lid 
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3100 RUN4H-12-SLAP OCT 2003 KOH 
Time = 0 . 0~ 

( 

Figure 3.9.3 - Run4h, Crush Impact, Final Configuration 

3100 RUN4H-12-SL.AP OCT 2003 KOH 
Time = 0.04 

Figure 3.9.4 - Run4h , Crush Impact, Configuration of the Lid 
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Figure 3.9.5 - Run4h, Crush Impact, Effective Plastic Strain in the Lid 
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Figure 3.9.6 - Run4h, Crush Impact, Effective Plastic Strain in the Studs 
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Figure 3.9.7 - Run4h, Drum Diameter in the Direction of the Impacts 
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Figure 3.9.8 - Run4h , Drum Radius Normal to the Direction of the Impacts 
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3100 RUN4H-12-Sl.AP OCT 2003 KOH 
Time= 0 

0362 

Figure 3.9.9 - Run4h, Drum Kaolite Nodes 
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Figure 3.9.10 - Run4h, Thickness of the Drum Kaolite in the Direction of the Impacts 
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Figure 3.9.11 - Run4h, Liner Diameter Time History 
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3.10 Run4ha - Slapdown 

Run4ha is similar to run4h except that the crush impact is with the crush plate centered 
on the drum. For run4ha, the restart file at the end of the run4h, 30-foot impact is used 
to initiate a run which moves of the crush plate such that it is centered on the drum 
(crush impact from 0.0201 to 0.04 seconds). The translation of the crush plate occurs at 
the end of the 30-foot impact, or time = 0.02 sec and lasts till 0.0201 sec. The restart 
file written at the end of the translation of the crush plate, becomes the restart file used 
to initiate the run4ha crush impact. Therefore, the 30-foot impact results from run4ha 
are presented in the run4h results. The results presented in this section are those of the 
centered crush impact for run4ha. 

The final configuration for the crush impact is shown in Figure 3.10.1. The maximum 
effective plastic strain in the drum lid is 0.6335 in/in as shown in Figure 3.10.2. The 
maximum membrane strain is 0.5249 in/in and is highly localized at the stud hole nearest 
the crush plate (157.5°). If failure were to occur in the lid, it would be localized and the 
large washers would restrain the lid. The effective plastic strain in other components is 
shown in Table 3.10.1. 

Table 3.10.1 - Run4ha, Crush Impact, Effective Plastic 
Strain Levels in Some Components 

Component Effective Plastic Strain, 
in/in 

CV Body 0.0839 

CV Lid 0.0013 

CV Nut Ring 0.0000 

Angle 0.0881 

Drum 0.3848 

Drum Bottom Head 0.2922 

Liner 0.2633 

Lid Stiffener 0.0338 

Lid Studs 0.1705 

Lid Stud Nuts 0.0000 

Lid Stud Washers 0.0782 

Plug Liner 0.1832 

The lid separation time history is similar to that shown in Section 3.8. A maximum spike 
of 0.009 inches is shown to occur for the CV lid separation. The average separation at 
the end of the crush impact is 0.002 inches or less due to the oscillatory nature of the 
gap response. 
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Figure 3.10.3 gives the diameter time history in the X-direction for drum nodes shown in 
Figure 3.1.34. Figure 3.10.4 shows the radial time history in the Y-direction for the nodes 
normal to the direction of the impact. 

Figure 3.9.9 shows the nodes used to obtain the kaolite thickness time history for the 
impact. Figure 3.10.5 shows the thickness time history for the kaolite. 

Figure 3.10.6 show the liner diameter time histories in the liner. Figure 3.1.37 and 
Table 3.1.3 give the locations of the nodal pairs along the length of the liner. 
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31 OD RUN•HA-12-SLAP OCT 2003 KOH 
Time = 0.04 
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Figure 3.10.1 - Run4ha, Crush Impact, Final Configuration 
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Figure 3.10.2 - Run4ha, Crush Impact, Effective Plastic Strain in the Lid 
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Figure 3.10.3 - Run4ha, Drum Diameter Time History in the Direction of the Impacts 
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Figure 3.10.4 - Run4ha, Drum Radius Time History Normal to the Direction of the Impacts 
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Figure 3.10.5 - Run4ha, Drum Kaolite Thickness in the Direction of the Impacts 
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Figure 3.10.6 - Run4ha, Liner Diameter Time History 

2-332 
Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-2/and/3-24-16 

174 



Part A - Initial Design with Borobond Cylinder 175 

3.11 Punch Runs 

The punch impacts were made with the simple model described in Section 2.2. The final 
configuration for the punch at Q° is shown in Figure 3.11.1. The surface effective plastic 
strain in the drum is shown in Figure 3.11.2 to be a maximum of 0.2030 in/in. The 
maximum membrane strain fringe plot is not shown, but is a maximum of 0.1385 in/in with 
a contour pattern similar to the surface strain. 

Fringe plots of effective plastic surface strain for punch impacts at 40, 50, 60 and 63.6 
are shown in Figures 3.11.3 through 3.11.6. Table 3.11.1 summarizes the maximum surface 
and membrane strain for all the punch impacts. 

Table 3.11.1 - ES-3100 Summary of Punch Impacts 

Maximum Effective Plastic Strain in the Drum (in/in) 
Punch Angle 

(degrees) Surface Membrane 

0 0.2030 0.1385 

10 0.1204 0.0633 

20 0.1100 0.0529 

30 0.1551 0.0951 

40 0.1632 0.1115 

50 0.3340 0.1238 

60 0.1844 0.0646 

63.6 0.3895 0.1858 
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3100 RUN-POOO APRIL 2004 KOH 
Time • 0.02 

Figure 3.11.1 - Punch at 0°, Final Configuration 

Figure 3.11.2 - Punch at 0°, Surface Strain in the Drum Liner 
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Figure 3.11.3 - Punch at 40°, Surface Strain in the Drum Liner 
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Figure 3.11.4 - Punch at 50°, Surface Strain in the Drum Liner 
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Figure 3.11.5 - Punch at 6Q°, Surface Strain in the Drum Liner 
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Figure 3.11.6 - Punch at 63 .6°, Surface Strain in the Drum Liner 
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3.12 Comparison of Test vs Analysis 

Physical testing of the ES-3100 shipping container to the 4-foot, 30-foot, 30-foot crush 
and 40-inch punch impacts were carried out in late May, 2004 at the Oak Ridge National 
Lab (ORNL), National Transportation Research Center (NTRC) facility in Oak Ridge. 

The test specimen were subject to the entire series of impacts (4-foot, 30-foot, crush 
and punch), however the analytical impacts were not all subject to the entire series. 
Typically, the analysis was a design run which was subjected to a 30-foot impact followed 
by a crush impact. So the 30-foot analysis comparison was made to a test specimen that 
had experienced a 4-foot and a 30-foot impact. And likewise for the crush impact 
comparisons, the analysis results are lacking the initial 4-foot impact. 

The comparisons are made for TU1 (Test Unit #1), TU2, TU3 and TU4. TU1 is the 12° 
slapdown, TU2 is the cold package side impact, TU3 is the corner impact and TU4 is the 
end impact. The nodes in the analysis model shell elements lie on the thickness centerline. 
Therefore, where appropriate, half thickness dimensions are included to render surface 
to surface comparisons with the test data. Figure 3.12.1 shows locations for which test 
diameters were obtained. 

Dimensions in the tables are inches, unless otherwise noted. The analysis model was 
reflected with the post processor so that it appears as a full model. This was done to aid 
in the visual comparison between the test specimen and the 
model results. The background in the test photos has been 
erased, also to aid visual comparisons. 

The "flats" is the region of relative flatness in the drum 
liner due to the impact. The analysis flats dimensions are 
obtained by knowing the element width (whole widths used) 
and judging which elements are dominantly in a relatively 
flat plane. The test flat dimensions are taken by visually 
judging when the drum deviates from a permanent, 
relatively flat region. 
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3.12.1 Comparison of Run4g to TUl 

Run4g is a 30-foot, 12° slapdown impact followed by an offset crush (crush plate centered 
over the CV flange). TUl is a 12' slapdown with a 4-foot impact, 30-foot impact, offset 
crush, and punch test specimen. The following Table 3.12.1.1 shows the initial diameter 
comparisons (pre-impact) using test data compared to the analysis results. 

Table 3.12.1.1 - Run4g vs TUl, Comparison of Initial Diameters (Pre-Impact) 

Location 0°- 180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 19.25 19.32 19.25 19.32 

Top Hoop 19.25 19.37 19.25 19.37 

Top CG Hoop 19.25 19.37 19.25 19.37 

CG Hoop 19.25 19.37 19.25 19.37 

Bottom Hoop 19.25 19.37 19.25 19.37 

Bottom Chime 19.25 19.38 19.25 19.38 

The Table 3.12.1.2 shows the digital results of the 30-foot impact. The test diameters are 
after the 4 and 30-foot impacts, while the analysis is after the 30-foot impact. 

Table 3.12.1.2 - Run4g vs TUl, Diameter Results After the 30-Foot Impact 

0 °-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 18-1/2 18.1 19-3/8 19.5 

Top Hoop 18-1/2 18.2 19-3/8 19.6 

Top CG Hoop 18-1/2 18.5 19-3/8 19.5 

CG Hoop 18-5/8 18.8 19-3/8 19.4 

Bottom Hoop 18-5/8 18.9 19-1/4 19.3 

Bottom Chime 17-13/16 18.1 19-3/8 19.4 
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Figure 3.12.1.1 shows the final configuration of the test specimen after the 4 and 30-foot 
impacts. Figure 3.12.1.2 shows the analytical model configuration after the 30-foot 
impact. 

Figure 3.12.1.1 - TUl, Results of 30-Foot Impact 

Figure 3.12.1.2 - Run4g , Results of the 30-Foot Impact 
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Table 3.12.1.3 shows the comparison of the digital results of the crush impact. The test 
data is for the cumulative effects of a 4-foot, 30-foot, and crush impact. The analysis 
data is for a cumulative 30-foot impact and crush impact. 

Table 3.12.1.3 - Run4g vs TUl, Diameter Results After the Crush Impact 

0 °-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 15-5/8 15.0 20-5/8 20.7 

Top Hoop 16 15.3 20-7 /16 20.8 

Top CG Hoop 16-1/4 15.9 20-1/4 20.6 

CG Hoop 16-1/2 16.4 19-7/8 20.1 

Bottom Hoop 18-1/4 18.3 19-1/2 19.6 

Bottom Chime 17-13/16 18.1 19-1/4 19.4 
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Figure 3.12.1.3 shows an isometric view of the test specimen with the crush side up. 
Figure 3.12.1.4 shows a similar view for the analysis results. 

Figure 3.12.1.3 - TUl, View of Crush Damage with the Crush Side Up 

Figure 3.12.1.4 - Run4g, View of the Crush Damage With the Crush Side Up 
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Table 3.12.1.4 shows the results of a comparison of the "flats" measurements on the drum 
for the 30-foot impact and Table 3.12.1.5 compares the crush impact test measurements 
and analysis results. 

Table 3.12.1.4 - Run4g vs TUl , Comparison of Flats for the 30-Foot Impact 

Test Analysis 

Top Chime 8 8.8 

Top Hoop 7-3/8 8.4 

Top CG Hoop 7-1/8 7.6 

CG Hoop 6-3/8 5.9 

Bottom Hoop 6-3/4 5.9 

Bottom Chime 10 10.1 

Table 3.12.1.5 - Run4g vs TUl , Comparison of Flats for the Crush Impact 

Location Rigid Surface Side Crush Plate Side 

Test Analysis Test Analysis 

Top Chime 9 10.5 8-1/2 10.5 

Top Hoop 10 11.0 10 11.0 

Top CG Hoop 10 10.1 10-1/8 10.1 

CG Hoop 9 8.4 10-5/8 10.1 

Bottom Hoop 8-1/4 7.6 - - - 0.0 

Bottom Chime 9-7/8 10.1 - - - 0.0 

The stud at the 90° position was severed in the model (reference Section 3.7, 
Figure 3.7.6), however arguments were made that the lid would tear first, relieving the 
loading on the stud. This was verified in the test results where tears were noted at both 
stud holes at 90° to the impacts/crush. 
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Table 7.7.1.3 shows the comparison of the results of the crush impacts. The test data is 
for the cumulative effects of a 4-foot , 30-foot, and crush impact. The analysis data is for 
a cumulative 30-foot impact and crush impact. 

Table 7.7.1.3 - Run4g vs TUl, Diameter Results After the Crush Impact 

0°-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 15-5/8 14.9 20-5/8 20.7 

Top Hoop 16 15.1 20-7/16 20.8 

Top CG Hoop 16-1/4 15.7 20-1/4 20.7 

CG Hoop 16-1/2 16.2 19-7/8 20.4 

Bottom Hoop 18-1/4 18.1 19-1/2 19.8 

Bottom Chime 17-13/16 18.0 19-1/4 19.4 
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Figure 7.7.1.3 shows an isometric view of the test specimen with the crush side up. 
Figure 7.7.1.4 shows a similar view for the analysis results. 

Figure 7.7.1.3 - TUl, View of Crush Damage with the Crush Side Up 

figure 7.7.1.4 - HABC-run4g, View of the Crush Damage, Crush Side Up 
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Table 7.7.1.4 shows the results of a comparison of the "flats" measurements from the test 
after the 30-foot impacts and Table 3.12.1.5 compares the crush impact results. 

Table 7.7.1.4 - HABC-run4g vs TUl , Comparison of Flats for the 30-Foot Impact 

Test Analysis 

Top Chime 8 8.8 

Top Hoop 7-3/8 8.4 

Top CG Hoop 7-1/8 7.6 

CG Hoop 6-3/8 5.9 

Bottom Hoop 6-3/4 5.9 

Bottom Chime 10 10.1 

Table 7.7.1.5 - HABC-run4g vs TUl, Comparison of Flats for the Crush Impact 

Location Rigid Surface Side Crush Plate Side 

Test Analysis Test Analysis 

Top Chime 9 10.5 8-1/2 10.9 

Top Hoop 10 11.0 10 11.0 

Top CG Hoop 10 10.1 10-1/8 10.1 

CG Hoop 9 8.4 10-5/8 10.1 

Bottom Hoop 8-1/4 7.6 - - - 0.0 

Bottom Chime 9-7/8 10.1 - - - 0.0 
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7.7.2 Comparison of HABC Run2e vs TU3 

The HABC-run2e is a CG over lid corner 30-foot impact, followed by a bottom corner 
crush. TU3 is a similar test impact configuration with a 4-foot impact, 30-foot impact on 
the lid corner, then a crush impact on the bottom corner followed by a punch. 

The test results show that there is 1.125 inches between the top chime and the top hoop 
in the test. Similar measurements in the analysis show that the distance is about 
1.7 inches. This would be a somewhat judgmental comparison due to points chosen for 
measurement on the test specimen might not be the same as those chosen in the analysis. 
The analysis measurement is from the top of the crimped drum roll to the center of the 
flattened region in the lid roll, on the plane of symmetry. 

Table 7.7.2.1 shows the comparison of the TU3 test unit and the computer run2e drum 
diameter changes after the 30-foot impact. 

Table 7.7.2.1 - Run2e vs TU3 , Diameter Results After the 30-Foot Impact 

0 °-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 19-1/4 19.0 19-3/16 19.2 

Top Hoop 18-5/8 19.1 19-7/8 20.0 

Top CG Hoop 19-1/8 19.3 19-3/8 19.5 

CG Hoop 19-1/8 19.4 19-3/8 19.4 

Bottom Hoop 19-1/8 19.4 19-1/4 19.4 

Bottom Chime 19-1/8 19.4 19-3/8 19.4 

Figure 7.7.2.1 is an image of the damage after the 30-foot impact of TU3. The test photo 
shows the cumulative damage from the 4-foot and 30-foot impacts. Figure 7.7.2.2 shows a 
similar view after the 30-foot impact in run2e. The analysis image is the damage from only 
the 30-foot impact. 
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Figure 7.7.2.1 - TU3, Deformed Shape After the 30-Foot Impact 

Figure 7 .7 .2.2 - HABC-run2e, Deformed Shape After the 30-foot Impact 
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The package drum diameters after the crush impact are compared in Table 7.7.2 .2. 

Table 7.7.2.2 - Run2e vs TU3, Diameter Results After the Crush Impact 

0°-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 19-1/4 19.0 19-1/16 19.0 

Top Hoop 18-3/4 18.9 20-1/4 20.6 

Top CG Hoop 19-1/4 19.4 19-3/4 19.8 

CG Hoop 19-1/8 19.3 19-1/4 19.4 

Bottom Hoop 19-1/8 19.3 19-3/4 20.4 

Bottom Chime 18 18.6 19-3/8 19.4 

The final images after the crush impact are shown for the test and the analysis. 
Figure 7.7.2.3 shows the final shape of the crushed bottom on the test specimen ( 4ft + 
30ft +crush) and Figure 7.7.2.4 shows a similar view of the analysis (30ft +crush). 
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Figure 7.7.2.3 - TU3, Damage to the Bottom Head in the Crush Impact 

Figure 7.7.2.4 - HABC-run2e, Damage to the Bottom Head in the Crush Impact 
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The damage to the lid region at the end of the crush impact is shown in Figure 7.7.2.5 for 
the TU3. The damage to the lid region in the analysis run2e is shown in Figure 7.7.2.6. 

Figure 7.7.2.5 - TU3, Lid Damage from the Crush Impact 

Figure 7.7.2.6 - HABC-run2e, Damage to the Bottom Head from the Crush Impact 
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7.7.3 Comparison of HABC-Run3b vs TU4 

The HABC-run3b is a 30-foot lid down impact onto the rigid surface, followed by a crush 
impact onto the container bottom. The diameter measurements after the 30-foot impact 
are given in Table 7.7.3.1. 

Table 7.7.3.1 - HABC Run3b vs TU4, Diameter Results After the 30-Foot Impact 

0 °-180° 90°-270° 

Test Analysis Test Analys is 

Top Chime 19-1/4 19.3 19-3/8 19.3 

Top Hoop 19-1/8 19.7 19-7/8 19.7 

Top CG Hoop 19-13/16 20.0 19-3/8 20.0 

CG Hoop 19-1/8 19.5 19-1/4 19.5 

Bottom Hoop 19-1/4 19.4 19-1/4 19.4 

Bottom Chime 19-1/4 19.4 19-1/4 19.4 

The overall height measurements were compared between the test and the analysis. For 
the 30-foot impact, the test results vary around the circumference: 43.0 inches at Q°, 

43.125 inches at 90°, 42.875 inches at 180° and 42.625 inches at 270°. The analysis is 
symmetrical , and the height from the top of the lid drum roll to the bottom head surface 
after the 30-foot impact is about 42 .6 inches. 

Figure 7.7.3.1 shows the configurat ion of the TU4 after the 30-foot impact ( 4ft + 30ft). 
Figure 7.7.3.2 shows the analysis model configurat ion after the 30-foot impact in a similar 
orientat ion to the test unit. 
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Figure 7.7.3.1 - TU4, 4-Foot + 30-Foot Impact Damage 

Figure 7.7.3.2 - HABC-Run3b, 30-Foot Impact Damage 
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The drum height measurement after the test crush impact is 39-3/8 inches at 0°, 40-3/8 
inches at 9Q°, 40-5/8 inches at 180°, and 39-3/4 inches at-270°. The analytical value for 
the height is about 39.0 inches. 

The drum diameters after the crush impact are compared in Table 7.7.3.2. 

Table 7.7.3 .2 - HABC Run3b vs TU4, Diameter Results After the Crush Impact 

0 °-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 19-1/4 19.3 19-3/8 19.3 

Top Hoop 20 20.1 20-1/8 20.1 

Top CG Hoop 20 20.2 20-1/16 20.2 

CG Hoop 19-7/16 20.1 19-1/2 20.1 

Bottom Hoop 19-15/16 20.5 20 20.5 

Bottom Chime 19-1/4 19.4 19-1/4 19.4 
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Figure 7.7.3.3 shows the TU4 at the end of the crush impact ( 4ft + 30ft + crush), while 
Figure 7.7.3.4 shows the configuration of the HABC-run3b model (30ft +crush). 

l 
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Figure 7.7.3.3 - TU4, Crush Damage Figure 7.7.3.4 - HABC Run3b, Crush Damage 
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7.7.4 Comparison of HABC Runlhh vs TU2 

HABC-runlhh was the upper bounding kaolite run which included a 4-ft, 30-foot and crush 
impacts. The test results are for the cumulative damage from the 4-ft, 30ft, crush and 
punch impacts. The table 7.7.4.1 shows the results for the diameter changes due to all the 
impacts for the test and the analysis. 

Table 7.7.4.1 - Runlhh vs TU2, Cumulative Diameter Results 

0 °-180° 90°-270° 

Test Analysis Test Analysis 

Top Chime 17-5/8 18.0 19-13/16 19.6 

Top Hoop 17-3/8 16.6 19-3/4 20.1 

Top CG Hoop 17 16.5 20 20.4 

CG Hoop 16 16.3 20-1/4 20.5 

Bottom Hoop 15-1/2 16.1 20-1/8 20.0 

Bottom Chime 18 17.6 19-3/8 19.4 

Table 7.7.4.2 shows the comparison of the "flats" dimensions for the test and the analysis. 

Table 7.7.4.2 - Runlhh vs TU2, Cumulative Flats Resultst 

180° - Crush Plate Side 0 ° - Rigid Surface Side 

Test:t Analysis Test Analysis 

Top Chime 6-1/4 0 8.0 9.2 

Top Hoop 8-7/8 10.1 9.0 9.3 

Top CG Hoop 9-5/8 9.3 10-1/8 8.4 

CG Hoop 12 9.3 9-7/8 9.3 

Bottom Hoop 14-7/8 10.1 9-7/8 9.3 

Bottom Chime 0 0 9-3/8 10.1 

t - Note - The reported test results for the 0 and the 180 sides are reversed in the 
test report (evidence Figure 7.7.4.3 below). 

f - Note - The crush plate edge was 4.75 inches from bottom of package. 
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A visual comparison of the cumulative damage on the rigid surface side after the impacts is 
shown in Figures 7.7.4.1 (test) and Figure 7.7.4.2 (analysis). 
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Figure 7.7.4.l - TU2, Cumulative Damage 
After the Punch Impact, Rigid Surface Side 
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A visual comparison of the cumulative damage on the crush side after the four impacts is 
shown in Figures 7.7.4.3 (test) and Figures 7.7.4.4 (analysis). 

Figure 7 .7.4 .3 - TU2 , Cumulative Damage After 
the Punch Impact, Crush Plate Side 
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8.0 Summary 

The computer simulation impacts for the HABC re-design of the ES-3100 shipping 
container are presented in Sections 7.1 to 7.6. The comparison of the HABC re-design 
container to the physical tests is presented in Section 7.7. The effective plastic strain 
for the components are summarized in Table 8.0.1. The punch impact is not included in the 
HABC runs, due to the fact that the drum shell capability is demonstrated in the initial 
borobond models, and the tested specimen. 

Maximum strains in excess of 0.5 in/in are near the 304L strain limit of 0.57 in/in and are 
highlighted in red in Table 8.0.1. The components which are highlighted included the drum 
, lid, studs and liner. Evidence from looking at the Table 8.0.1 summary, a high demand is 
placed on the lid and the studs in the side and slapdown impacts. 

In runs HABC-runslhl, lhh, 4g and 4ga a high demand is placed on the lid/studs. In runs 
lhh, lhl, 4g and 4ga, the region of plastic strain is very localized at the stud holes. Runs 
lhl and 4g also have relatively high demands placed on the studs. In runslhl and 4g, it is 
shown that the times at which the lid strains become excessive in membrane, the stud 
strains are relatively low. Hence, it is predicted that the lid will locally tear, thereby 
relieving loading on the studs. The tearing associated with the lid is expected to be local 
due to the localized fringes of extreme strain shown in the Section 7 fringe plots. The 
large washers provided on the packages would restrain the lid. 

In runs HABC-runlhl, 2e and 4g, the studs reach high levels of effective plastic strain. In 
HABC-runlhl, the lid was shown to tear before the studs reached an elevated level of 
plastic strain. 

HABC-run2e shows that the stud at the impact reaches extreme levels of plastic strain 
near the 0.57 in/in failure strain in the 30-foot impact and the subsequent crush impact. 
The level of high strain is throughout the cross section of the stud in HABC-run2e. Due to 
this high level of strain and the direct load path between the shipping package and the 
rigid surface, any slight changes in length, friction, localized deformations (stud "digging" 
into the relatively rigid plate in the test) could cause the stud to fail. 

In HABC-run4g, the stud reached its failure strain and the cross section row of elements 
failed (removed by LS-Dyna). A time study shows that the lid reaches its levels of 
elevated strain in membrane before the stud. Therefore, the lid is expected to tear 
before the stud fails, thus relieving loading on the stud. However, the model does show 
the shipping container response if the lid were not to tear, and the stud were to fail. 
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The relatively high level of plastic strain in the HABC-run2e liner is a surface strain. 
Investigation shows that the membrane strain is about 0.2205 in/in, or well below the 
expected failure level. The deformation/fringe plot shows that the region of high strain is 
relatively local at the attachment of the liner to the angle. The plot also shows that it is 
the result of crimping or folding of the liner due to the relatively stiffer angle. Any 
tearing that might take place would be limited, evidence the local concentration of fringe 
levels. 

Table 8.0.1 - ES-3100 HABC Shipping Package Summary of Component 

Maximum Effective Plastic Strain (in/in) 

HABC-runlhl HA BC-runlhh 
Side - Lower Bound Kaolite Side - Upper Bound Kaolite 

Material Description (Section 7.1) (Section 7.2) 

4-foot 30- foot 
Centered 

4-foot 30-foot 
Centered 

Crush Crush 

1 CV Body 0.0185 0.0195 0.0206 0.0238 0.0347 0.0525 

3 CV Lid 0.0001 0.0002 0.0002 0.0000 0.0001 0.0004 

4 CV Nut Ring 0.0000 DODOO DODOO 0.0000 0.0000 0.0005 

5 Angle 0.0055 0.0780 0.1142 0.0061 0.0632 0.0845 

6 Drum 0.1599 0.2251 0.5139 0.1207 0.2296 0.2814 

7 Drum Bottom 0.1033 0.2126 0.3562 0.1252 0.2517 0.2827 

10 Liner 0.1045 0.1078 0.1593 0.0991 0.1184 0.2022 

12 Lid 0.1393 0.5790 1.2580 0.1604 0.4063 0.6413 

15 Lid Stiffener 0.0004 0.0093 0.0515 0.0006 0.0076 0.0171 

16 Lid Studs DODOO 0.1140 0.5121 0.0000 0.1306 0.2364 

17 Lid Stud Nuts 0.0000 0.0000 0.0005 DODOO 0.0004 0.0018 

18 Lid Stud Wash~ 0.0194 0.0194 0.0693 0.0411 0.0424 0.0439 

19 Plug Liner 0.0022 0.0958 0.1220 0.0045 0.1072 0.1286 

HABC-run2e HABC-run3b HABC-run4g HA BC-run4ga 
Corner End Slapdown Slapdown 

Material Description (Section 7.3) (Section 7.4) (Section 7.5) (Section 7.6) 

Impact Crush Impact Crush 
Offset Centered 

Impact 
Crush 

Impact 
Crush 

1 CV Body 0.0371 0.0371 0.0028 0.0083 0.0376 0.0564 0.0643 

3 CV Lid 0.0051 0.0051 0.0072 0.0072 0.0004 0.0013 0.0018 

4 CV Nut Ring 0.0002 0.0002 00011 0.0011 0.0000 0.0001 0.0000 

5 Ang le 0.0394 0.0462 0.0287 0.0308 0.0900 0.1070 0.0944 

6 Drum 0.3247 0.3830 0.0557 0.1237 0.3018 0.3920 Same as 0.3443 

7 Drum Bottom 0.0000 0.0761 0.0031 0.0267 0.2879 0.2879 HABC- 0.3000 

10 Liner 0.3983 0.5254 0.0607 0.3812 0.1458 0.2060 Run4g 0.2846 

12 Lid 0.2791 0.3622 0.1082 0.1389 0.5278 0.9689 Impact 0.5828 

15 Lid Stiffener 0.0272 0.0272 0.0069 0.0100 0.0213 0.0894 Results 0.0288 

16 Lid Studs 0.5233 0.5598 0.0962 0.1535 0.1892 0.4018 0.2390 

17 Lid Stud Nuts 0.2260 0.2266 0.0166 0.0173 0.0000 0.0028 0.0000 

18 Lid Stud Wash~ 0.1528 0.1528 0.0506 0.0506 0.0724 0.0790 0.0775 

19 Plug Lin er 0.1152 0.1166 0.0670 0.0960 0.1258 0.2665 0.1644 
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9.0 Comparison of Borobond Cylinder and HABC Cylinder Models 

Part A of this calculation (Sections 2 through 5) apply to the initial, borobond neutron 
absorber model. Section 3.12 compared the borobond model results to the physical tested 
specimen. Part B (Sections 6 through 8) apply to the HABC redesigned neutron absorber 
model. Section 7.7 compares the HABC model to the physical tested specimen. The HABC 
model was derived from the initial borobond model, with changes detailed in Section 6. 
Section 6.1 gives the configuration changes and Section 6.2 gives the material model 
derivation for the HABC neutron absorber. 

The borobond and the HABC materials are similar in nature in that they are castable, cement 
type materials. The LS-Dyna material model used in both analytical simulations was the 
*MAT_SOIL_AND_FOAM model. Similar approaches were taken for both the borobond and 
the HABC to match the material test results to the needed material properties in the 
analytical model. The approach is shown explicitly for the HABC material model in Section 
6.2. The borobond model used in the Part A models, was also used in the Highly Enriched 
Uranium Materials Facility (HEUMF) storage pallet modeling, testing and qualification. 

The CV body cylinder has an outside diameter of about 5.6 in. A minimum liner diameter of 
about 5.3 inches was found to occur in the borobond slapdown runs (4g, 4ga, 4h and 4ha). 
This minimum occurred at several locations along the liner length, and also near the CV 
flange. A somewhat similar response is noted for the HABC models, but with more 
deflection near the mid-height of the CV cavity. A minimum liner diameter of about 
5.2 inches near the CV flange is noted in slapdowns HABC-run4g and 4ga. However, a 
minimum diameter of about 4.5 in is noted in HABC-run4ga near the mid-height of the CV 
body. This region of the CV body is remote from the bottom head or the flange and plastic 
strains in the body are relatively low (compare Figures 3.8.2 and Figure 7.6.4). The region of 
concern, near the CV flange, experiences about the same deformation (5.3 in vs 5.2 in). 

A significant demand is placed on the lid and the studs in both the borobond and the HABC 
model side and slapdown impacts. This is a precipitate of the design attempt to minimize the 
number of studs securing the lid. The lid power law material model does not allow for 
element failure, whereas the model used for the studs (elastic-plastic) did allow element 
failure to be modeled. The effective plastic strain in bending and membrane reach 
significantly high levels (about 1.0 strain) in the lid. The regions of elevated plastic strain in 
the lid are shown to be localized at the stud holes. The studs also reached elevated levels of 
plastic strain. Investigation into the time history of the demand placed on the lid and the 
studs reveals that the lid reaches the elevated levels earlier in the impact, and therefore 
tearing of the lid would be expected. The tearing of the lid is expected to relieve the 
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loading on the studs, such that the integrity of the studs would be maintained. The large 
washers will restrain the lid. This fact was verified in the test with some tearing at the 
90°and 270° position stud holes and no loss of a stud. 

303 

Both models compared favorably with the test results and with each other. This can be seen 
in the tables in Section 3.12 for the borobond and 7.7 for the HABC material. 
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Appendix 2.10.3 

KAOLITE PROPERTIES 

Kaolite SuperLightweight Insulating Castables, Thermal Ceramics, Augusta, Ga., September 1999. 

Material Safety Data Sheet, Refractory Castable, Silicate Product, Kaolite, Thermal Ceramics, Augusta, 
Ga., September 1999. 

R. E. Oakes, Jr., Mechanical Properties of a Low Density Concrete for the New ES-2 Shipping/Storage 
Container Insulation, Impact Mitigation Media and Neutron Absorber, Y/DW-1661, Lockheed Martin 
Energy Systems, Inc., Oak Ridge Y-12 Plant, Apr. 10, 1997. 

H. Wang, Thermal Conductivity Measurements of Kaolite, ORNL-TM-2003/49, UT-Battelle, Oak Ridge 
Natl. Lab., n.d. 

B. F. Smith and G. A. Byington, Water Content and Temperature-Dependent Impact Properties of an 
Inorganic Cast Refractory Material, Y/DW-1890, BWXT Y-12, Y-12 Natl. Security Complex, Feb. 14, 
2003. 

B. F. Smith, Low Temperature Impact Properties of an Inorganic Cast Refractory Material, Y/DW-1972, 
BWXT Y-12, Y-12 Natl. Security Complex, Sept. 14, 2003. 

Advantages of Using a Fireproof Inorganic Cast Refractory Material in Hazardous Content Shipping 
Packages, Y/LF-565, Lockheed Martin Energy Systems, Inc., Oak Ridge Y-12 Plant, Nov. 10, 1998. 

K. Moody, Thermal Ceramics, Augusta, Ga., RE: Coefficient of thermal expansion for Kao lite 1600, 
email to P.A. Bales, BWXT Y-12, Oak Ridge, Tenn., Dec. 9, 2004. 
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) Thermal Ceramics 
INNOVATIVE SOLUTIONS FOR HEAT-INTENSIVE PROBLEMS 

l<AOLITE SUPER LIGHTWEIGHT 

/NSULA TING CASTABLES 
Super lightweight Kaolite castables reduce both the quan
tity of heat storage and heat transfer through the lining pro
ducing significant savings in furnace fuel consumption. The 
lower densities of these vermiculite based Kaolite casta
bles reduce the amount of supporting furnace steel work 
required and provide more insulation with a thinner lin ing. 
These products can be cast, poured, or gunited. 

Kaolite 1600 is a super lightweight, low thermal conduc
tivity vermiculite based castable designed for backup insu
lation up to 1600°F. Kaolite 1600 contains portland cement 
which limits use temperature to 1600°F; however, this 
makes it an economical product based on cost per cubic 
foot. 

Kaolite 1800 is a super lightweight, low thermal conductiv
ity vermicul ite castable designed for both backup insulation 
and hot face applications up to 1800°F. Kaolite 1800 con
tains a calcium-aluminate cement which gives it better 
high-temperature stability when compared to Kaolite 1600. 
Typical applications would be low-temperature lining for 
ovens and ductwork lining. 

Kao lite 2000 is a super lightweight, low thermal conductiv
ity castable designed for backup insulation and hot face 
applications up to 2000°F. Typical applications would be 
low-temperature lining for ovens and ductwork lining. 

Instructions For Using 

Casting 

Highest strength is obtained with castable refractory by 
using the least amount of clean mixing water. This will 
allow thorough working of material into place by lightly 
vibrating or rodding. A mechanical mixer is required for 
proper placement (paddle-type mortar mixers are best 
suited). After achieving a ball-in-hand consistency, mix for 
6 minutes. Place material within 20 minutes after mixing. 

Gunning 

Use suitable gunite equipment. Material should be 
predampened uniformly with approximately 10 - 12% by 
weight of clean water in mechanical mixer before placing 
into gun. This will reduce rebound and dust. Add required 
water at nozzle for effective placement. Suggested air 
pressure at the nozzle is between 15 and 25 psi. 

KAO LITE® 
REFRACTORY CASTABLES & MoNOLJTHICS 

Precautions 

Store bagged castables in a dry place, off the ground and, 
when possible, with the original shrink wrapping intact. 

Watertight forms must be used when placing material. All 
porous surfaces that will come into contact with the mater
ial must be waterproofed with a suitable coating or mem
brane. For maximum strength , cure 24 hours under damp 
conditions before initial heat-up. Keep freshly placed 
castable warm during cold weather, ideally between 70°F 
and 80°F. New castable installations must be heated slowly 
the first time. 

Freshly placed lightweight castables are prone to a deterf. 
orating condition called alkali hydrolysis when they are kept 
in a non-dried state for a sustained period of lime in a 
warm, humid environment. Under these conditions, the 
castables should be force dried soon after placement or 
coated with Kao-Seal™ to resist the possible deterioration 
effects. 

For mor information on castable placement, consult your 
Thermal Ceramics representative or call 1-800-329-7444 
to receive faced instruction manuals. 

~~--~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~.Therrn.alCeY~rNe.:5 

September 1999 
Therrrel Ceramics • P. 0 . Box 923 • Augusta , Georgia 30903-0923 

Replaces 3 14 -705 , 3 14 -710. 3 14-712, 3 14-720. 3 14-725. 3 14-730, 3 14-740 
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Ceramic Fiber• Insulating Firebrick • Refractory Castables and Monolithics • Mortars • Firebrick • Fired Refractory Shapes 

REFRACTORY CASTABLES & MONO LITHICS 

Kaolite 1600 1800 2000 
Specifications ... ...... ...... ..... ....... ........ ... ..... . cast, gunned .... .... ... .. ............... cast, gunned .. ............ ....... ...... cast, gunned 
Recommended use limit, °F ....... .... ... ......... .... 1600 .......... .. .. ...... ..... ..... ... .... .... 1800 .. .... ... ... ...... .... ... .............. . 2000 
Melting point, °F, .... .. ................ ... .......... .. ...... . 2300 ..... .. .. ... ......... ..... .. ..... ... ..... 2400 .. .. ....... ... .. ....... .... ....... ...... 2400 
Average lb required to place one cubic ft ' ... 23, 35• ... ... ..... .... .............. ...... ... 23, 35• ...... ..... ............ ........ .. .... 25, 35• 
Nominal density, pcf, fired ........ ....... ...... 20 - 25, 31 - 39 .......... ...... .... .... 20 - 25, 29 - 38 ... .......... .... ..... 21 - 26, 29 - 35 
Pounds per bag ....... ........... ...... ... ............. ....... .. 50 ... .... ...... ..... ................... ....... . 50 ......... ... .......... .. ..... ....... ..... ... 50 
Method of installation2 . . •. .. •. . . . . .. .... . •... .. . . . . . ... .• . C,G,P ............. .......... ............. .... C,G,P ... ... ........ ......... ... .. ...... .... . C,G,P 
Recommended water ranges , % by weight 
Casting (by vibrating) ... ... .... ....... ... .. ...... ... .. 120 - 145 ... .... ....... ... ...... .. ..... ... 145 - 165 ... .... ..... .... ...... .. .... .... 155 - 180 
Pouring .. ..... ... .... .. ..... .. ....... ... ............ .... ...... 150 - 180 ...... .. ...... .. ...... ..... .... .. 175 - 190 .. .... .... ..... ... ............. . 175 - 190 

·Note: For overhead gunning applications, pounds required to place one ft ' should be increased to 40-50 pc!. Does not include rebound loss. 

Physical Properties l 
Modulus of rupture, psi (ASTM C 133) ... . cast, gunned ....... ......... .. .. ... .... . cast, gunned ...... .. .. .... .. .... ....... cast, gunned 
Dried 18-24 hrs. @ 220°F .... .......... .... 45 - 75 , 70 - 120 .......... .. ..... ... .. 25 - 40, 50 - 100 ........ .... ...... .. 18 - 26, 50 - 100 
Fired 5 hrs. @ 1500°F ...... ... .. ...... ........ 25 - 40, 35 - 55 ..... ..... ........... .. . 30 - 50, 40 - 60 ...... ........ .... .. .. 28 - 36, 40 - 65 
Fired 5 hrs. @ use limit ... ....... .. .. ... .. .... 25 - 40, 35 - 50 .. ...... ............... . 25 - 40, 35 - 55 ... .... ..... ........ ... ...... ..... -

Cold Crushing strength 
Dried 18-24 hrs. @ 220°F ..... ...... ..... 80 - 120, 125 - 175 ....... ...... ... .... 35 - 50, 70 - 120 .. ...... .. .. ... .... .. 55 - 64, 75 - 85 
Fired 5 hrs.@ 1500°F ... .. .. .... ...... ... .. .. 50 - 70, 90 - 120 ..... .... .. ... ........ 50 - 80, 80 - 110 ....... ... .... ..... . 70 - 120, 80 - 110 
Fired 5 hrs. @use limit .. ...... .... .. .... .. .. 50 - 70, 90 - 120 ... ......... .... .. ... .. 40 - 60, 60 - 80 ... ... ... ...... .... .... ........... -

Perm. linear change , % (ASTM C 113)" 
Fired 5 hrs. @ 1500°F .. ................. ....... ... -1 .0 to -2.0 .... ....... ..... ... .... ... .. ... -0.5 to -1 .5 .......... ..... .... .... ...... .. -0.5 to -1 .5 
Fired 5 hrs. @ use limit ..... ... ........ ......... .. -1.5 to -2 .5 ....... .. ............. .... ... .. -1 .5 to -2.5 ... ....... ......... ... .... ... . -1 .5 to -3.0 

Chemical Analysis (Nominal, %) 
Alumina, A'203 .. .... . . . .... . . .. .... . .. . . .. . ... . . . . . . . .. .. . . ... . . 11 ... .. ..... .. ..... ....... .... .... .. ....... .... 29 ..... ......... ... .. .... .. ......... ..... .... 34 
Silica, Si02 . ..... ... . .. . . . ... . . ... .. . . .. .. . . .. ..... . .. . . ........ . . 33 ..... ...... ... .... ........ ... ...... .... ...... 32 ......... .... .... ........ .. .... ... .. ....... 26 
Ferric oxide, Fe-i0 3 . .... . .... . . .. . ... . .... . . . .. .. . ...... . .. .. 7.9 . .. ... ... ... ...... ...... ... ..... .. .. .... ..... 7.0 .... .. .... .. ..... .... ..... ... ... ........ .. 7.0 
Titanium oxide, Ti02 .. .. . ... . . .. .. . . . . . . . ....•. . • .. •. .•.. .. . 1.4 ... ... ..... .............. ...... .... ..... ... . 2.3 ........ ....... ........... ...... .......... 1.0 
Calcium oxide , CaO .. .. ............ .. .... ...... .. ... ... .... 30 ... .. .. ........ ... .... .......... ...... .. ..... 14 ..... .... ... ... ... ... ....... .. .. .. .. ....... 17 
Magnesium oxide, MgO ..... ...... .... ... .. ... .. ..... ... . 12.1 ... ..... .. .... .. ... .. ...... ....... ... ...... 12 ..... ... .... ..... .. ... ....... ..... .. .... ... 1 O 
Alkalies , as, N~O ... ..... ... ......... .... .. .. ... ........... .. 3.7 ............ ..... .. ... .... ... ..... ..... .... . 3.5 ..... .......... .. ........ ........... .... .. 2.5 

Thennal Conductivity, Btu•in./hr•W•°F (ASTM C 417) 
Mean temperature 
@ 500°F .. .... .... ... ..... ...... .. ... .. .... ... ........ ... 0.87, 1.03 .... .. .. ..... .... ....... .. ... ... 0.79, 0.93 ... ..... .. ... ... ..... ........ .. . 0.79, 0.93 
@ 1000°F .. ..... .. .. .... ... .... .. ..... .. .. .. .... ....... .. . 1.02, 1.11 ....... ... .......... .. .. ....... .. 0.95, 1.06 .. .. .. ... ......... ... ... ....... 0.95, 1.06 
@ 1500°F ..... ... .. .. ...... ... .... .... .. .... .. ... ... .. .... 1.19, 1.20 ... ..... ..... .... .... ..... .. .. .. . 1.11 , 1.26 ..... ... ... .. ... ..... ..... ..... . 1.11 , 1.27 
@ 2000°F .. ...... ..... ....... ... ... .... ...... ....... ........ ... .. - ......... .. ......... ... ..... .... ... .. ... ... .. .. - .. .. ........ .... .. ..... .... ......... .. 1.28, 1.49 

1. Gunite installation may require 10-30% overage due to rebound and on-site loss. 
2. Installation key: C-cast, G-gun, P-pour 
3. Properties indicated are for vibratory cast materials unless specified otherwise. 
4. Fired linear change values reflect samples taken from a dried to fired state. 

Consult Thermal Ceramics for specific curing and heat-up recommendations. 

Data are average results of tests conducted under standard procedures and are 
subject to variation. Results should not be used for specification purposes. 

Refer to the Materia l Safety Data Sheet (MSDS) for recom mended work prac · 
tices and other product safety information. 

For further information, contact your nearest Thermal Ceramics technical sales office or your local Thermal Ceramics authorized dis
tributor. You may also fax us toll-free at 1-800-KAOWOOL or write to Thermal Ceramics, P. 0. Box 923, Dept. 140, Augusta, GA 30903. 

AUGUSTA. GA CHICAGO. IL DETROIT. Ml LOS ANG ELES. CA INTERNATIONAL 
(800) 338·9184 (888) 649-1441 (8001590 -m8 (800) 990 -5164 (706) 796·4216 
fax : (7 06) 796·4324 fax: (630) 517 -0285 fax: (73 4) 459-7860 fax: (7 14) 521·•662 f ax:(706) 796·4262 

BATON ROUGE. LA CLEV ELAND. OH HOUSTON. TX TR ANSPORTATION THER MAL CER AMICS 
(877) 721 -2866 (877) 787 -3385 (800) 8 24-6878 (888) 105-2358 BURLINGTON, ONTARIO. CANADA 
fax : (504) 192 ·4082 fax: (216) 831-4485 fax: (71 3) 680-9070 fax: (119) 196 ·3585 (9051 335.3414 

fax : (905) 335·5145 
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<:8> Thennal Ceramics 

MATERIAL SAFETY DATA 'SHEET 
MSDSNo: 154 Date Prepared: 09/06/1_993. current Date: 213/2003. 

Last ReVised: ·0111s12003 · 

I 1. PRODUCT AND. COMPANY IDENTIFICATION 

Product Group: 
Chemi!:al Name: 
Intended Use: 

REFRACTORYCASTABLE 
Silicate Product 

Trade Names: 
High Temperattire Thermal Insulation 
Kaolite® 1600; Kaolite® 1600 RFT; Kaolite® 1800; Kaolite® 1800 RFT; 
Kaolite0 2000; Therm-O:Flake Coating 

Manufacturer/Supplier: ·Tfiermal Ceramics Inc. 
P, (). Bo~ 923; Dept. 30(! 
Augusta, _GA 30903-0923 

For Pr0duct Steward~hip and Emergency Information. -
Hotline: 1-800-.722-5681 
F~x: 706~4054 -

For additional MsDSs and to confirm this is the most current MSDS for the 
product, visit our Web page [Kiww.thermalcefatitics.com) or call our automated 
FaxBack: 1..SOo-329-7444 

I 2. COMPOSITION/INFORMATION ON INGREDIENTS 
INGREDIENT-& 

CAS NUMBER % BY WEIGHT OSHA PEL 

Vermiculite 52. 78 
01318-00-9 

15 mg/m3 (total dust); 
5 mgtm3 (respirable dust) 

15 mg/m3 (total dust); 
5 mg/m3 (respirable dust) 

Cement, alumina, chemicals 15- 50 
65997-16-2 

Crystalline silica 0.5 - 7 See·notes11l 
14808-60-7 or 14464-46;.1 

~ 

ACGIHTLV 

10 mg/m3 (inhalable dust) 
3mg/m3-(respirable dust) 

10 rng/m3 (inhalable dust) 
3 .mg/m3 (re:;pirable dust) 

0~05 mg/m3 (respirable dust) 

Ill Depending on the percentage and typ~(s) of silica in the mineral, the OSHA Permissible EXposure Limit (PEL) for respirable dust 
containing crystalline siliea (8 HR TWA) is based on the formula listed in.29 CFR 1910.1000, "Air Con~minantS" under Table_Z-3, 
"Minef?-I Dust". _For quartz containing mineral dust, the PEL = 10 mg/m" J (% of sllica + 2); for ctjstobalite or tridymite, the PEL = 5 
1119/m"/ (%of silica+ 2); formbctures; the PEL= 10 mg/m" I(% of quartz+ 2 (%of cristobalite) +2 (%of tridymite) + 2). 

(See Seqion 8 "Exposure Controls I Personal Protection" for exposure.guidelii:ies.) 
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MATERIAL SAFETY DATA SHEET 
MSDSNo: 154 Date Prepared: 09/06/1993 

3. HAZARDS IDENTIFICATION 

EMERGENCY OVERVIEW 

WARNING! 

Current Date: 2/3/2003 
Last Revised: (01/16/200 

Respirable dust from these products may contain crystalline silica, which is known to cause respiratory disease. 
(See Section 11 for more information) 

POSSIBLE HEAL TH EFFECTS 

Target Organs: 
Primary Entry Route: 

Eyes, skin, nose and/or throat 
Inhalation 

Acute effects: 

Chronic effects: 

May cause temporary, mild mechanical irritation to the eyes, skin, nose and/or throat. Pre
existing skin and respiratory conditions may be aggravated by exposure. 
Prolonged/repeated inhalation of respirable crystalline silica may cause delayed lung injury 
(e.g.: silicosis, lung cancer). 

HAZARD CLASSIFICATION 

Dust samples from these products have not been tested for their specific toxicity, but may contain more than 0.1 % 
crystalline silica, for which the following apply: 

The International Agency for Research on Cancer (IARC) has classified crystalline silica inhaled in the form of quartz 
or cristobalite from occupational sources as carcinogenic to humans (Group 1 ). 

The Ninth Annual Report on Carcinogens (2000), prepared by the National Toxicology Program (NTP), classified 
silica, crystalline (respirable size). as a substance known to be a human carcinogen. 

The American Conference of Governmental Industrial Hygienists (ACGIH) has classified crystalline silica (quartz) 
as "A2-Suspected Human Carcinogen.• 

The state of California, pursuant to Proposition 65, The Safe Drinking Water and Toxic Enforcement Act of 1986, has 
listed "silica, crystalline (airborne particles of respirable size)" as a chemical known to the State of California to cause 
cancer. 

The Canadian Workplace Hazardous Materials Information System (WHMIS) - Crystalline silica [quartz and 
cristobalite] is classified as Class D2A - Materials Causing Other Toxic Effects. 

The Hazardous Materials Identification System (HMIS) -
Health: 1 * Flammability: o Reactivity: O 
(*denotes potential for chronic effects) 

l 4. FIRST AID MEASURES 

EYE IRRITATION: 

Personal Protection Index: X (Employer determined) 

Flush with large amounts of water for at least 15 minutes. Do not rub eyes. 

SKIN IRRITATION: 
Wash affected area gently with soap and water. Skin cream or lotion after washing may be helpful. 

INGESTION: 
Unlikely route of exposure. 

Page 2 Of 7 
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MATERIAL SAFETY DATA SHEET 

MSDSNo: 154 

INHALATION: 

Date Prepared: 09/06/1993 Current Date: 2/3/2003 
Last Revised: 01/16/200 

Remove affected person to dust free location. See Section 8 for additional measures to reduce or eliminate exposure. 

- If symptoms persist, seek medical attention. -

I 5. FIRE FIGHTING MEASURES 

NFPA CODES: Flammability: 
NFPA Unusual Hazards: 
Flash Point: 
Extinguishing Media: 
Explosion Hazards: 
Hazardous Decomposition Products: 

_Q_, Health: _1_, Reactivity: _Q_, Special: _Q_ 
None 
None 
Use extinguishing media suitable for type of surrounding fire. 
None 
None 

i &. ACCIDENTAL RELEASE MEASURES 

SPILULEAK PROCEDURES: 
Avoid creating airborne dust. Follow routine housekeeping procedures. Vacuum only with HEPA filtered equipment. If 
sweeping is necessary, use a dust suppressant and place material in closed containers. Do not use compressed air for 
clean-up. Personnel should wear gloves, goggles and approved respirator. 

I 7. HANDLING AND STORAGE 

HANDLING 
Limit the use of power tools unless in conjunction with local exhaust. Use hand tools whenever possible. Frequently 
clean the work area with HEPA filtered vacuum or wet sweeping to minimize the accumulation of debris. Do not use 
compressed air for clean-up. 

STORAGE 
Store in original factory container in a dry area. Keep container closed when not in use. 

EMPTY CONTAINERS 
Product packaging may contain residue. Do not reuse. 

I 8. EXPOSURE CONTROLS/PERSONAL PROTECTION 

ENGINEERING CONTROLS 
Use engineering controls, such as ventilation and dust collection devices, to reduce airborne particulate concentrations 
to the lowest attainable level. 

RESPIRATORY PROTECTION 
When it is not possible or feasible to reduce airborne crystalline silica or particulate levels below the PEL through 
engineering controls, or until they are installed, employees are encouraged to use good work practices together with 
respiratory protection. Before providing respirators to employees (especially negative pressure type), employers should 
1) monitor for airborne crvstalline silica and/or dust concentrations using appropriate NIOSH analytical methods and 
select respiratory protection based upon the results of that monitoring , 2) have the workers evaluated by a physician to 
determine the workers' ability to wear respirators, and 3) implement respiratory protection training programs. Use 
NIOSH-certified particulate respirators ( 42 CFR 84), in compliance with OSHA Respiratory Protection standard 29 CFR 
1910.134 and 29 CFR 1926.103, for the particular hazard or airborne concentrations to be encountered in the work 
environment. For the most current information on respirator selection, contact your supplier. 
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MATERIAL SAFETY DATA SHEET 
MSDSNo: 154 

PROTECTIVE CLOTHING 

Date Prepared: 09/06/1993 Current Date: 2/3/2003 
Last Revised: 01116/200 

Wear full body clothing, gloves, hat, and eye protection as necessary to prevent skin irritation. Washable or disposable 
clothing may be used. If possible, do not take unwashed work clothing home. If soiled work clothing must be taken 
home, employers should ensure employees are trained on the best practices to minimize or avoid non-work dust 
exposure (e.g., vacuum clothes before leaving the work area, wash work clothing separately, rinse washer before 
washing other household clothes, etc.). 

EYE PROTECTION 
Wear safety glasses with side shields or other forms of eye protection in compliance with appropriate OSHA standards 
to prevent eye irritation. The use of contact lenses is not recommended, unless used in conjunction with appropriate 
eye protection. Do not touch eyes with soiled body parts or materials. If possible, have eye-washing facilities readily 
available where eye irritation can occur. 

I 9. PHYSICAL AND CHEMICAL PROPERTIES 

ODOR AND APPEARANCE: 
CHEMICAL FAMILY: 
BOILING POINT: 
WATER SOLUBILITY(%): 
MEL TING POINT: 
SPECIFIC GRAVITY: 
VAPOR PRESSURE: 
pH: 
VAPOR DENSITY: 
VOLATILE BY VOLUME(%): 
MOLECULAR FORMULA: 

Coarse brown powder. 
Silicate 
Not applicable 
Slight 
> 2300°F 
Not applicable 
Not applicable 
Not applicable 
Not applicable 
Not applicable 
Not Applicable 

I 10. STABILITY AND REACTIVITY 

HAZARDOUS POLYMERIZATION: 
CHEMICAL INCOMPATIBILITIES: 
HAZARDOUS DECOMPOSITION PRODUCTS: 

Will not occur 
Powerful oxidizers; fluorine, manganese trioxide, oxygen disulfide 
None 

I 11. TOXICOLOGICAL INFORMATION 

TOXICOLOGY 

Dust samples from these products have not been tested. They may contain respirable crystalline silica. 

Crystalline silica 

Some samples of crystalline silica administered to rats by inhalation and intratracheal instillation have caused fibrosis 
and lung cancer. Mice and hamsters, similarly exposed, develop inflammatory disease including fibrosis but no lung 
cancer. 

Vermiculite 

This product contains vermiculite. Some vermiculite deposits may contain other naturally occurring substances such as 
crystalline silica or asbestiform materials. Thermal Ceramics has relied upon supplier MSDSs to conclude that 
crystalline silica or asbestiform materials are not present, in regulated quantities, in the vermiculite used in this product. 
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MATERIAL SAFETY DATA SHEET 

MSDS No: 154 Date Prepared: 09/06/1993 Current Date: 2/3/2003 
Last Revised: 01/16/200 

EPIDEMIOLOGY 

No studies have been undertaken on humans exposed to these products in occupational environments. 

Crystalline silica 
Exposure to crystalline silica can cause silicosis, and exacerbate pulmonary tuberculosis and bronchitis. IARC 
(Monograph vol. 68, 1997) concluded that "crystalline silica from occupational sources inhaled in the form of quartz or 
cristobalite is carcinogenic to humans (Group 1)", and noted that "carcinogenicity in humans was not detected in all 
industrial circumstances studied' and "may be dependent on inherent characteristics of the crystalline silica or on 
external factors affecting its biological activity". 

I 12. ECOLOGICAL INFORMATION 

Adverse effects of this material on the environment are not anticipated. 

I 13. DISPOSAL INFORMATION 

WASTE MANAGEMENT 
To prevent waste materials becoming airborne during waste storage, transportation and disposal, a covered container 
or plastic bagging is recommended. Comply with federal, state and local regulations. 

DISPOSAL 
If discarded in its purchased form, this product would not be a hazardous waste under Federal regulations (40 CFR 261) 
Any processing, use, alteration or chemical additions to the product, as purchased, may alter the disposal requirements. 
Under Federal regulations, it is the waste generator's responsibility to properly characterize a waste material, to 
determine if it is a hazardous waste. Check local, regional, state or provincial regulations to identify all applicable 
disposal requirements. 

I 14. TRANSPORT INFORMATION 

U.S. DEPARTMENT OF TRANSPORTATION (DOT) 
Hazard Class: Not Regulated United Nations (UN) Number: 
Labels: Not Applicable North America (NA) Number: 
Placards: Not Applicable Bill of Lading: 

INTERNATIONAL 

Canadian TOG Hazard Class & PIN: Not regulated 
Not classified as dangerous goods under ADR (road). RID (train) or IMDG (ship). 

I 15. REGULATORY INFORMATION 

UNITED STATES REGULATIONS 

Not Applicable 
Not Applicable 
Product Name 

SARA Title Ill: This product does not contain any substances reportable under Sections 302, 304, 313 (40 
CFR 372). Sections 311 and 312 apply. 

OSHA: Comply with Hazard Communication Standards 29CFR1910.1200 and 29CFR1926.59 
and Respiratory Protection standards 29 CFR 1910.134 and 29 CFR 1926.103. 

TSCA: All substances contained in this product are listed in the TSCA Chemical Inventory 
California: "Silica, crystalline (airborne particles of respirable size)" is listed in Proposition 65, The Safe 

Drinking Water and Toxic Enforcement Act of 1986 as a chemical known to the State of 
California to cause cancer. 
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MATERIAL SAFETY DATA SHEET 
MSDS No: 154 Date Prepared: 09/06/1993 Current Date: 2/3/2003 

Last ReVised: 01/16/200 
Other states: Crystalline silica products are not known to be regulated by states other than California; 

however, state and local OSHA and EPA regulations may apply to these products. Contact 
your local agency if in doubt. 

INTERNATIONAL REGULATIONS 

Canadian WHMIS: Class D-2A Materials Causing Other Toxic Effects 
Canadian EPA: All substances in this product are listed, as required, on the Domestic Substance List (DSL). 

I 16. OTHER INFORMATION 
SARA TITLE Ill HAZARD CATEGORIES 

Acute Health: No 
Chronic Health: Yes 
Fire Hazard: No 

Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-2/and/3-24-16 
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Pressure Hazard: 
Reactivity Hazard: 

No 
No 

/ 



MATERIAL SAFETY DATA SHEET 
MSDSNo: 

DEFINITIONS: 
ACGIH: 
ADR: 
CAA: 
CAS: 
CERCLA: 
EPA: 
EU: 
flee: 
HEPA: 
HMIS: 
IARC: 
IATA: 
IMDG: 
mg/m3

: 

mp pct: 
MSHA: 
NFPA: 
NIOSH: 
OSHA: 
PEL: 
PNOC: 
P(l,(OR: 
RCRA: 
RID: 
SARA: 
Title Ill: 
... Section 302; 
... section 304: 
... Section 311: 
... Section 312: 
... Section 313: 
STEL: 
TCLP: 
TLV: 
TSCA: 
WHMIS: 

154 

29 CFR 1910.134 & 1926.103: 
29 CFR 1910.1200 & 1926.59: 

Revision Summary: 

MSDS Prepared By: 

Date Prepared: 09/06/1993 Current Date: 2/3/2003 
Last Revised: 01116/200 

American Conference of Governmental Industrial Hygienists 
Carriage of Dangerous Goods by Road Onternational Regulation) 
Clean Air Act 
Chemical Abstracts Service Registry Number 
Comprehensive Environmental Response, Compensation and Liability Act 
Environmental Protection Agency 
European Union 
Fiber5 per cubic centimeter 
High Efficiency Particulate Air 
Hazardous Materials Identification System 
International Agency for Research on Cancer 
International Air Transport Association 
International Maritime Dangerous Goods Code 
Milligrams per cubic meter of air 
Million particles per cubic meter 
Mine Safety and Health Administration 
National Fire Protection Association 
National Institute for Occupational Safety and Health 
Occupational Safety and Health Administration 
Permissible Exposure Limit 
Particulates Not Othel'Vllise Classified 
Particulates Not othel'Vllise Regulated 
Resource Conservation and Recov.ery Act 
Carriage of Dangerous Goods by Rail (International Regulation) 
Superfund Amendments and Reauthorization Act 
Emergency Planning and Community Right to Know Act 
Extremely Hazardous Substances · 
Emergency Release 
MSDS/List of Chemicals 
Emergency and Hazardous Inventory 
Toxic Chemicals Release Reporting 
Short-Term Exposure Limit 
Toxicity Characteristics Leaching Procedures (EPA) 
Threshold Limit Values (ACGI H) 
Toxic Substance Control Act 
Workplace Hazardous Materials Information System (Canada) 
OSHA Respiratory Protection Standards 
OSHA Hazard Communication Standards 

1) MSDS revised in its entity with updated information. 
2) Product "Therm-0-Flake Coating" added (see Section 1 ). 

THERMAL CERAMICS ENVIRONMENTAL, HEALTH & SAFETY DEPARTMENT 

DISCLAIMER 
The information presented herein is presented in good faith and believed to be accurate as of the effective date of this 
Material Safety Data Sheet. Employers may use this MSDS to supplement other information gathered by them in their 
efforts to assure the health and safety of their employees and the proper use of the product. This summary of the 
relevant data reflects professional judgment; employers should note that information perceived to be less relevant has 
not been included in this MSDS. Therefore, given the summary nature of this document, Thermal Ceramics does not 
extend any warranty (expressed or implied), assume any responsibility, or make any representation regarding the 
completeness of this information or its suitability for the purposes envisioned by the user. 
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n:trno~Oq:ION 

The desi.gn, M#lygis a.nd WStfut a! w:iei.>.' .sl:dp:plP:i;iS:torage Cii:nciiner. design tor ~dled ~~ 
Iabcl.¢:ES_..~ j.S• ia:rWc:~y-m. th'¢ Oclc,Riil~·Y-t::Ui!~.t. To as..~e·gw.;i,t~r c:o·m.mnmeiiJ durnig .. 
~ w.:cl~c~~ imp;iot. ~dife:! :fbettea: ~·g/~!}ern;t-~-S?::bing lill'lli{~ i~}1efag:soughtfor me 
O\llenn.osi~cr •. ~ _teplmm_eµ.t for ~~e:.· pri:sciltly 11i~ t;.:~Jozj:®. a low d~ty wQo_d:.pl'Q4~ 
~d Pirwooo i$·deshlibie; Amore fm.-ietmhmt matmai ·v.im olhCrWi~. equru ·or biH& iin~i 
~iIDi llild nctltro~ :~~Cll!J "is-~s·~DgbL . 

Kill:iliie(ll:.1 llSOO;a casl:llblt: ~nkind ~t-~ prod1:1a b~ Thmmd Commies, oontains 
V~m!iit:e (~NF-U!~ mi~) m~ of gravel~ otht:r·hlsb dcf!Sity :lg;gtt!~. JI{$;!! l.~W 
dclis1t)', mgh t1:rnpi:mhm: insulaill!ig nmu:ri::tl With lii~-~verabl~ ~energy lllisc;n:pt!f;91 
~ilitii:s. Thi:- maj9r comp(mmm of K$oUte. l 600 iwconli~B ·11.Q I.be ltl.lUliiEf'~.rcis Product 
Inform;;tton sl:ieet ~: 

~irui!. .. - .......... ~J\110~ ••••••. .,~ •• 9.6% 
SiUca. ........ ~ ...... m ••• .SiO-z •••••••• ~...31..5% 
Ferne Oxide., .• ., ..•• ~03 .............. 6.~% 
Ti~ Oxide.;......."fi0:,. ............. ;.1.0%· 
Dlciium 01.idt • .,. ••• ('.:a0 ................ 29.$% 
Magnesium Oxlde •• )Mg0 .•• ~ .......... 11~9~ 
All;.:alics.,n.s • ......-......... N~0= ..... _..,....., 1.S% 

The purpase llf mis work is to quMl:ify llle meehankru. p~e:S of th'ls ;product for a vmi~y of 
llhcrmul ~. tes'f: iem~wres ~d n.eutron abror'b.fng additives- m n fan--n ummbie fm ($am. input 
ft>r fillltte &]ei;m~tit anal)•$.ji; Df ~ Wfiety Cf pote111tini] necirlctn ~OS. 
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EXPERIME~'TAL "'ORK . •. 

Test r>11es_ Four pmpc:_tie:s ICSIS Me ecmducted <;in the Kaolite. 1600 llllll.etjal. FI~ra.I Tensile 
S:trcn~ Unso:r.smii.ncd C~_slveS:tn:8gth, Ca~ed Co-mp;e..ssive.$:u-cngil1 an~ Pen.sity. 

All specimens :ire r::tl.S1. in c:onUJ.incrs 1J:Je simpc:of the: desired :Sp':'" ... cinu.m. The _\'endors· wet mi:i: 
ra!lio of WaU::~fKaOlite. 315 quans :watc.r to SO lb .Kaolite t 600'j~ ti~ e~cl~vely {473 ~ 
W2crJ3l5 ·g Kao.lite USed in labo~ ~e speiim61s). After :mlXi_njfiirul paddng in th~ mDldS. 
mil~ tmp;actS from a pla5tlc.hamm1:'f ~nst the maid .sides are :mtlde untii-.ah bv.bhles ~ 16· 
rt_se" 1.0. t!l~ top. 

A.n cle~Ctllly-he:!iied..·Ht:iuid ni~sc:n cooled convection fl1.'CJ'l wiah·-r/-2EF control is used for 
clcvmea.~~m1d'~ 

'.li'!!n..tj)e Strength_ Nine I<:ll:s.'.ile :S-tre-:ngth val.:es mie obi,nined from e<iSt aIId tC:..'>ted. q(Wtef~pomt.. 
faur-poiilt .ben.d sp~~. 1 hi !Niile ~ 1 in ·rugh x 8 ·ill kittiJg •. Eacb arc. ~r.oo O\'cr:a ·s~m Sfj]ppon 
span ~d :3-fo c.C:mprcsston span~ fm.vii:ig the fallowing '\•ery fow outer fiber tenSile s&cµSili and 
dc;ns:itr; · · · 

average umsiilc s.tmntfu ,,,· 19.4 psi. strutdnrd deviation 4.7 psi, :and 
;:;.v~e deliESity"" 21.2 lbitt1", ~tamwd d~'ifiliot.1 LO !blff. 

Low lcnsile sm:nglhs should not b:::·dcmme~tal lu tb..is:app1ic:uion where the predomimtte 
fai;1ure-modc i~ c_qTIStm.in.ed OOJ'.!l~cm. · 

Cure fot. the t1msHc·~1leCimens:15:24 hr:t11 72EF plllS 24 hr t'!t 220:EF, higli en0:ugh to drive Off 
ftee wMcr bnt..ietain the water of hydration.· Watcl" ofhydmdo:n is loosely bound to a nu~ of 
emnent compouen!S .and am· ho dri\~ 'off at clevai.ed ~--either by ti.Sing cle.\'llWd
(~ Curing or could oeeur in a hypn-•Jieti:cnl long tenn fire cmviro.nn:u:::nl. 

U~ronstmincili Cmnprcssivc Stmigth_ Un~om'tt'ilined o:nriilii;iril comprmloo tcs~ ~F,cimc,m 
me mottled, cu.tOO and tc..'itOd in 3--in runm pol viiretli~c. i:Qated paper ~mg rub:s cii.t ta &.in 
hcigh~ "1th cm: .. end secled. 't'h·e t:un: is.:2:4. fu. ~ 12EF + 24 ~r ~t :ii:oCF, ~c tilhes iµe, lhin and 
W(:ak cnou£b to add little stiti:ngth to !he .sPecimfi:il. '.Agim:: 1 ·sb:oW:s W: sm::Ss-~JJ .cun;~ and 
ilritiru dll:lli;i~ far .th."'t:,C te:su .c~·M tlifi'crcnMcst ratest"iiicludlng furipnci i::o:nditfo~ .(2.00 h!.~). 
The ioi::reMCd s.trcngth vruucs of lhc ~·o hishesftest rate~ prohilily :re..mit fram air cnm:pme1.n in 
the c:eii~ Also sh~wn i:s the-minor strength conin"butioa of.::m empty p~irr rtioicl 

Three dcfomuuion ~gcs ttre ns.saciated with comp~k1n of lo\..· densi~· met~als. C1;1ntafnlng 
voids {\•emiiculi~e1s eonsiden:d K.> be a-voi~ iJs we:U ilS any rnml!:il:llns ai:r cntrapmi:ilts). F'"~ 
the m:m:i:x. sDmJrui.ding the vQids bucldcs,'sho,,.'ll as the swcp im!3al: po-mon of the Clill."Ves.in 
f1surc· l, The O.ui::tJms sll:ageill f~llmv~ by a·l~e:str.Unll!titl11-0fpompiletion wi'lh ~6:
stiffm:ss. inet~. In :the unconsttainc:d compressfon ici\s ]mgMicale Sbeiu' foililireS OCt:~ ~S 
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me s.runple prior to full oe.omp;?CtiO!l. Specimen btiek!in,g :mcti. ,gt()S&'shciu' fa.ilun::i fortj::d 'ihp: le:$~ 
to be terminal¢ •. Constrajned · i::.~~sfon tcs:u;. ,._;ill $how the·st=:~ rise of ·m0re ~nslfied 
~ 

F.lgun: .. ~.4. ih~:ktegraled area 1.m~ each of ih_e ~ $tr'CSS•sttrun mf\'Cs·of Figure t, ~ 
cumut~ti\:c w~k _otc~er_gy-pc:r mill volume:39s6~ ·by th'c: tt:uµerl~ ~ ~ functj_qn of strain. 

Ca~C!'f, Hy~tic C9mp:ression :Test$- .Co~i;trnined oom~oo-~u sim11lm1nho 
d!lf'omfaiian mo~:fo.,of.acciaen\ ~dlihms·m the m:uericl a~fit. f$_~d in.the :E:s-2 container •. Tnc 
minerihl is·c<m~:ied b}i f1llin8 the ooau~es:t $ial dmm~- l'n:lhe:e\'.ent af mt.~t "¢e 
~et"C(ITIWn".erruid it~rontents.mu5't mnait! iu~ In the.abS"ena: of·vaciint voiumetoiiip<Jition 
or hydrnsmnc ~o.n i&.:lhci aruy def~Qri_ ll,lQ_dc; <i:v~lab}e:. ~h(,mcoiysimukaj~ 
mcquire ccimpressing ll spc:_r.:llricil in a rigid. ·flight cloSed.:cnikd cy1.iridcr wnh· a tight :fittirig pist~lli. 
A Wk p~;nrnd_ ~ting mm::".rtmr: lo~ :the piS;t!)li. The cylinders, rite fQUT-'mcl:i ID lhii::k-walJed p}pe 
an'd the',Speclmeus are ~i. ~ imd l~ m ll;ie cylm~er. The·~ height is 4..S in. 

'This: lieliti:s Gs.i:d lo pr_o* p:dmillJ' input to the F.tnire Ele1:nesi1 .o\.natysis as wcU m a :relevant 
me®S tel evli.lufil.e ~bilit}'. cutC:S • 11::s.t tcmpemmrc lllld: ::u:u:Utlw cl!~ i;t,11 propcfties. 

Nose Lha1 pacem c-ompressive s!Iain and percent ... ·otume eh:mge vaJlm:.'> lilre s.guiv-d!crit for a!l 
0011~ncd compressiott rests. . 
:Repcti.tnhilitv l:lJ.e_fi'1e.~~~ CW'\'CS·of Fi~ 3. r~1 ~cured f?T24~ ~t 72eF 
+ 24 hr at 220.rF + 48-hr at SOOEF'. Ew:.h ~ii ii iridividul!llymixed·mtd ~ mit;~ 
m~'Ured ·dcMi'lic;$ ate sh9Wll for Cl'!lth·spcclmcn. Re~ilicy of ~icy :llld th6.i»ttcss.-~tr.tltt 
eur:i-•es MC gopdfanhis typC m~.- Note. tht;. ~ smgc;:s ofd-efQra'!atii:m, cclHra.clding. 
d~ti.sific:ttiinn and ihe beghtirlng of i:Omprt:S.~QO o_f &q'sificd·mmerilli !!ft: pn:i¢nt. l.OMi 
llini:ttfilons of the tcs,t macbin=. pn;VClll rC:i.crung foll compaction; a nC!!!r vemeru rise'm the curve. 

c;µIl; F.ff ec:B _Both. Ctm: time ;;md tdilperatulft';. have mnjtir .effects on IDC COD$~eU C<Jn,.~a\'e 
properties of Kaolite 1600, 1,:gilres 4 ~d s_; ~Bl higher t~~ures and/or lo:o:gc:r cum 
runes-remove !.bi: most waicr as noted by ~g density. l\mrcrial sticngnh m~es fo 
propmtfon t9 the de~ of water loss •. Cwc. lhm:ltempcrn.nlfC wa11l(i_be volume dependent ·so 
chcsei ir::un:s ·maiy OW)'. mpresait the litnlting turc far the . .muc::h R~ ES·2 COr.lllililcr. 

:rs:1 Temrerarore: Ef(~flli ~ing ~est tempe~ in wen cured ~-pecimens,-Figures 6 and 7, 
lowers both ~ngili :::tid. energy ~bsmpuo11 only sUBbtly. 

Neutron. AbsC1rhii:ig Addith·es:~Residu;:U wiiu:t.-f:ree or ;u; bydrnu:s.; i~ !he: primary neulltln 
i'.i.bsOJ:hciin ~Ii~. Adequme )\~ o:r other c~lliitron .absmber lilllSt b:: :p-r~t bcfo~; OOring 
a.nd :nfu:rall ESr2 c:ontilii.eraccid:elllt scenm:ios. 'Thc.SOOl:P c:ttie ~ould clim5Mk: ·tno~of ilie. 
fice w.a~cr: mid pan 1)f the v.'lilter or hydratfo:n. ru lea')l in spi:ic:imen Sizro lo:s where tquil.t'brlum 
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[Cm~~ i:U'e_~ed thrnugho_~[ the matmi!. High:r lernp..,~rc~ ::i:re req~ 10 :R:!ense 
3ll -!he· w2ter of ~ydration of two of the basic Po.nlfilld c~trncnt corrrp0mmtt! 

~o!· xH20: {600-tso~ 
CaO:· 8H,b (40.1lf) . 

Theic h}'dt:al.~? dW:i:n.g curlng :tCru.311~· _form \"C!fY almpJex and uniqrue hydrates. .The 
ru5assoefatioin~ fo:r these comp,ci.·h>~ ~ uriique roi _eicb ~mcnt r~rmu!:cion. 
Md arc unknown for Knoiiw .1600. One ~ll.lirnmimt for-the ES-2 oontain!'.:i 1~ $U!Vi vat in afne.: 
e31".irorunent O.f "l470EF f cr o.S: hr witllom lo$$ of~ of' the inner contamer. Ccnm11ly loss er 
ciue-.idity p_:U~tfon IDL!St bg ~ m lh~ -~~ ~mmo. . -

Me.a.~red"Kaollte cL"TISities .cast and cutcd·in ES-2 contaums fa.abo'iR 29 lblft1 when cured lll 
200EF. f~r 48 hr. followed by 5(1()FF f0r4S hr. This,i~ mnch liighr::r-tmuf2l-2l lblftl-in s:&mlarly 
c1m:.d l~QmtGiy s:miples, indic:alin;g eiilier com:ii;ic:r.i:.bit; rcs1duaf wi!tef" is ·rewnm in [he ::ES.-2· . 
~1truner$ ·ar 1ifGe diffucnces mca~tin eml .or- boili.. tlndeflcmg 11.ttm fire. c:ondi'limJS-ilie 
MnOunt·Of reSidufil \~filC:f mtd -jiu; dl5tntnitfon throUghoUl '11e CoDWn=t' is, Un]¢nOWn. 

Bilro:x is g nanvolfilile DCl!lit!'Qn absorber ;i. .;.aiJ~lc m JlllIDl.lfOU.S cltcmi.~ !onus. Two fomlS-. 
borax (N~-o1.01.10B20)·aml boron caibide cB~C). ~·mvestigaiedas p0.teatitt1 neulmtt 
ii.biarhets.. The r~in::d imount ru::coromg ~ critical.icy caJcufations: ]s 2 • .S'% narurnl boiOn. 
We1ght-p~!],es of 11.3% bi>m or '3.0% ~mn camidc mt:et ~is n:qum:m.ML Note tbru. 
~ boi:;cm imp]tes the isclopic rorlio found in na.mrc. Not :all bon;in in the m:ttkct meets l:his 
erheria -

Figim: 8 ~d 9: show tl131 bQ~ degrade$ bo1h me strength and eru::rgy sbsorption im 

un:acceprabk :a.m~L Olli: to.the: high ni.oleeuh!r weight of borax Ille: mnotmt of mmri:U needed 
to provide rulcqutne boron is: c;:r;eesSi.,•=. 

Ucilike bonri:, bonm ci:rbidcis ptedomin::!ltely boron ru-1d Flgun:s.S ;ind 9.show thiJJ: the~ 
'rumo~~ !ll)d even double the neOO.cd amount does not degrade I.be Kao5itc. mrd would be all 

ace.=ptnble. mm.,..o]ruile ncumm nhsmbmg ndditi\·e. 

Bibliography 

( l') Handbii-i'J.k of Clremisrry mm Physli:.s. <iO:!h Edition. Rohen C. W:east. ed., CRC Press. 
mci. BOCll; R.mott, Florida 33431. 

(2) cfmcrtll! Admixiwf'-S HfWi_bo(Jk, Prope.nies, Scicm::e. • and Tt:Jclmofogy, V. S. 
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Introduction 
Testing was performed to determine the thermal conductivity of Kaolite 1600, 

which primarily consists of Portland cement and vermiculite. The material was made by 
Thermal Ceramics for refractory applications. Its combination of light weight, low 
density, low cost, and noncombustibility made it an attractive alternative to the materials 
currently used in ES-2 container for radioactive materials. 

Mechanical properties and energy absorption tests of the Kaolite have been 
conducted at the Y-12 complex. Heat transfer is also an important factor for the 
application of the material . The Kaolite samples are porous and trap moisture after 
extended storage. Thermal conductivity changes as a function of moisture content below 
l 00° C. Thermal conductivity of the Kaolite at high temperatures (up to 700° C) are not 
available in the literature. There are no standard thermal conductivity values for Kaolite 
because each sample is somewhat different. Therefore, it is necessary to measure thermal 
conductivity of each type of Kaolite. Thermal conductivity measurements will help the 
modeling and calculation of temperatures of the ES-2 containers . This report focuses on 
the thermal conductivity testing effort at ORNL. 

Experimental 
Thermal conductivity of the Kaolite was measured using a Hot Disk Thermal 

Constants Analyzer. A picture of the system is shown in Figure 1. A box furnace, with 

Figure 1. Experimental set up for thermal conductivity measurements. 
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maximum temperature of 1050° C, was used for high temperature tests. The Hot Disk 
sensor is a flat, thin, double-spiral nickel wire sandwiched between two mica sheets. The 
sensor is placed between two identical hockey-puck Kaolite samples (2" in diameter and 
1 thick) . During the measurement, the mica sensor acts as both a heater and a 
temperature sensor. 

A typical test for Kaolite uses 0.05-watt constant-power heating for 80 seconds. 
The sensor temperature is recorded as a function of time. Thermal conductivity is then 
calculated directly from the experimental data. Detailed theory and experimental 
descriptions of the Hot Disk technique can be found in the references [1-3]. 

In order to perform high temperature measurements, special contacts were made 
from stainless steel. Four high temperature wires with insulation were connected to the 
mica sensor with the wires being fed through an opening on top of the furnace. A 
rectangular mica sheet with four screw holes was used as the support for the sensors. 
The four wires were connected to the contacts as shown in Figure 2. The mica sensor can 
be delaminated due to high temperature exposure, therefore, the sensor has to be replaced 
after a 600° C measurement. A heavy alloy block was placed on top of the sample to 
ensure good contact at the interface. 

Figure 2. Kaolite samples and mica sensor used for high temperature testing. 
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Results and Discussion: 
Thennal conductivities of six Kaolite samples were tested using the mica sensor. 

Since high temperature tests can destroy the sensor and only one set of samples was 
tested in the furnace, all the samples were tested at room temperature and then at 100° C. 
but only one sample was tested up to 600° C. 

At room temperature and 100° C, the thennal conductivity values of the 6 Kaolite 
samples are similar, although the densities of the samples are grouped in 3 pairs at high, 
medium and low. The test results are shown in Table 1 for room temperature and Table 2 
for 100° C. During the tests the humidity was not controlled in the laboratory or in the 
furnace. The samples did not have the same thermal history . For example, one set of 
sample was heated up from room temperature to 100° C, but the other 5 sets of samples 
had to wait outside the furnace. ln addition, the local density of the sampling volume, i.e. 
%" diameter semi sphere, can also vary due the existence of large pores and 

Table 1. Thermal conductivity of six Kaolite at 20° C (unit: W /mK) 
Densrty 
(lb/ft3) H 23.690 H 23.541 M 22.055 M 22.011 L 20.407 L 20.281 

Test 1 0.188 0.183 0.152 0.198 0.165 0.172 

Test 2 0.188 0.185 0.157 0.182 0.168 0.192 

Test 3 0.191 0.181 0.167 0.198 0.169 0.181 

Averaae 0.189 0.183 0.158 0.192 0.167 0.181 

High Density 0.186 Medium Density 0.176 Low Density 0.175 

Table 2. Thermal conductivity of six Kaolite at 100° C (unit : W/mK) 
Density 
p (lb/ft3) H 23.690 H 23.541 M 22.055 M 22.011 L 20.407 L 20.281 

Test 1 0.165 0.172 0.157 0.179 0.163 0.177 

Test 2 0.152 0.172 0.157 0.191 0.163 0.179 

Test 3 0.161 0.179 0.156 0.194 0.152 0.178 

AveraQe 0.159 0.174 0.156 0.188 0.159 0.178 

High Density 0.166 Medium Density 0.172 Low Density 0.168 
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Figure 3. Thennal conductivity of Kaolite from room temperature to 600° C 

Table 3. High Temperature Thennal Conductivity of Kaolite (unit: W/mK) 

No. 323011258 Test 1 Test2 Test 3 Averaae 

20 0.1978 0.1815 0. 1976 0.1923 

100 0.1792 0. 1913 0.1936 0. 1880 

200 0.1758 0.1601 0.1673 0. 1677 

300 0.1452 0.1592 0.1427 0.1490 

600 0.1676 0.1665 0.1771 0.1704 

density variation . Thennal conductivity results showed some scatter at these two 
tern peratures. 

The high temperature tests were perfonned on one medium density Kaolite 
sample. The thermal conductivity data are shown in Table 3. As shown in Figure 3, 
thermal conductivity values decreased as a function of temperature up to 300° C. This 
trend is consistent with ceramics and other insulating materials. At 600° C, thermal 
conductivity started to increase. This is also consistent with the fact that thermal 
radiation effect takes place in this temperature range. As temperature goes up, thermal 
conductivity of most insulating materials also goes up. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or othe!Wse, does not necessarily 
constiMe or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The view.; and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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INTRODUCTION 

Impact-absorbing media used in radioactive material packaging systems have historically left much to be 
desired. Common materials included woods, papers, cardboards, foams, and other hydrocarbons. While 
relatively easy to install, these types of materials generate toxic gases, are flammable, and are prone to 
rupture the container in an overheating scenario.1 

Kao lite 1600 primarily consists of portland cement and venniculite.2 This ceramic was originally intended 
for use in refractory applications by its manufacturer, Thermal Ceramics. Its combination of light weight, 
low density, low cost. and noncombustibility made Kaolite an attractive alternative to the materials 
mentioned above for use in shipping packages.3 A, variety of mechanical property tests were performed in 
the past on Kaolite specimens to gage its selection and effectiveness as an impact absorber in the ES-2 
shipping package container. Tite mechanical properties included tensile strength, unconstrained 
compressive strength, and constrained compressive strength. Since the ES-2 will primarily contain 
radioactive materials, the neutron-absorbing properties ofKaolite are important Since boron is a good 
neutron absorber, the addition of boron-containing compounds to Kao lite was proposed, but their effect 
on the mccltanical properties ofKaolite had to be measured. For this reason, the strength and energy 
absorption ofKaolite that contained borax and boron carbide were also measured. If boron-containing 
compounds are not mixed with standard Kaolite, the only compound present that can absorb neutrons is 
the water of hydration. 4 

The ES-2 shipping package design was modified and renamed the ES-2100. During the production of 100 
ES-2100 shipping containers, 280 insulation samples were taken. An insulation sample was taken for 
each 50-lh hag of material mixed. These constrained compressive production-run test samples were cast 
approximately 4 in. tall in a 4-in. schedule 40 steel pipe 6.5 in. long. 

All of the samples were statically evaluated on the basis of their density. The upper and lower densities 
were statically rajecled based upon the nounal distribution probability of90o/o, which rejected 11 high
and 13 low-density specimens. Three small groups' high, middle, and low densities containing eight 
samples each were made from the remaining samples. Each of the density groups was divided into three 
testing sets. Two of the test sets of four specimens were used for temperature-dependent constrained 
compressive testing and for dehydration testing. The third sample set of two specimens was used for 
temperature-dependent thermal conductivity testing performed at Oak Ridge National Laboratory. 

This work follows up on the mechanical property testing previously performed on Kao lite but 
· concentrates on constrained compression testing and measuring the water of_ hydration and latent water 

reabsorbed from air. No further tensile tests or unconstrained compression tests were performed. No 
investigations into the effects of boron-containing compounds were done, either. Previous mechanical 
testing was performed on specimens that were mixed in very small batches in a laboratory environment 
The main puipose of this work is to ensure that Kaolite mixed according to ::tvfanufacturing Process 
Specification No. Y/EN-59845 in a production environment is as strong as that mixed in a lab. 

I 
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EXPERIMENTAL PROCEDURE 

It was determined that 24 Kaolite 1600 specimens would be impact tested; 12 tested at 100°F and 
12 tested at-40°F. Each set would contain four each ofhigh-, medium-, and low-density specimens. 
All specimens would be subsequently heated to 1600°F to drive off the water of hydration and the latent 
water reabsorbed from air. The difference between the initial weight and the final weight would be the 
water of hydration and reabsorbed from air weight Densities were calculated for each specimen and 
compared to the manufacturer's calculated values. 

IMPACT TESTING 

Each specimen consisted of a Kaolite plug, measuring 4-in. in diameter by 4 in. tal~ inside a 6.5-in.-long, 
4-in. schedule 40 steel pipe. One end of the plug was flush with t:he end of the pipe. The steel pipe of each 
specimen was engraved with its mix control number (MCN). A 4-in. schedule 40 pipe was specified in 
order to withstand the anticipated pressure generated during a constrained compression test. All impact 
testing was to be. performed at the fastest readily obtainable speed. The machine that met this requirement 
was a 20,000-lbr-capacity servohydraulic load frame with an actuator (hydraulic piston) that can reach 
200 in.ls. Compression platens of 3'Vs-in. diameter were used. Test fixtures were designed and fabricated. 
The standard load cell used during slow-speed tests could not be used with high-speed tests, so a Kistler 
quartz force transducer was used in its place. The test. fixtures were designed such that each specimen 
would be compressed to 50% strain. Typically, tbe deformation of a specimen is measured with an 
e"-1emal sensor such as an extensometer, strain gage, or e"-iernal linear variable differential transformer 
(L VDT). Measurements of extension or compression can be taken using the L VDT that is inside the 
hydraulic actuator, but this is not usually done since it introduces the overall deflection of the load frame 
into the deflection reading of the specimen. The maximum deflection of the load frame is about 0.040 in., 
which is negligible compared to the 2-in. deflection of the specimen. Thus, the L VDT internal to the 
actuator would be used to measure the compression of the specimen. Figure 1 shows that several 
extenders had to be used to allow for the height of the environmental chamber in which all tests were 
performed. Calculations showed that the ext.enders would buckle under a load of approximately 
74,000 lbr, which is significantly more than the 20,000-lbrmaximum capacity of the load frame. Since 
testing would be done at elevated and lowered temperatures, each specimen would need to soak until the 
interior of the specimen reached its test temperature. Rough calculations showed that a soak time of 39 h 
would get the specimen to within 10% of the test temperature. All specimens were soaked significantly 
longer than 39 h. The 100°F specimens were soaked for approximately 100 h, and the -40°F specimens 
were soaked for approximately 300 h. Tables 1 and 2 summarize these testing conditions. 

2 
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Fig. 1. Imp act testing apparatus. 

Table 1. Test conditions for Kaolite specimens tested at lOO"F 

Density Heating 
Heating Documented Density before density 

time Density density .. gam heating change 
MCNID (h) group Obtfrl Obtfrl (lbtfrl (lb/ft3

) 

411011216 101.25 Low 20.27 1.43 21.70 - 015 
402011246 12042 Low 20.35 1. 82 22.17 - 0.20 
41 90 11 046 93.92 Low 20.42 2.74 23.16 - 0.08 
406011219 98.80 Low 20.47 307 23.54 - 006 
2220 11 053 100 .85 :Mid 21.98 1.46 23.44 - 0 17 
309011000 102.25 :Mid 2206 1.04 23.10 -0.16 
4 060 11 232 93.67 :Mid 22 06 2.44 24.50 - 0.09 
425011101 96.90 :Mid 22.06 2.34 24.40 - 0.09 
3 160 11054 9440 High 23.49 -0.78 22.7 1 - 007 
425011046 9300 High 23.53 3.44 26.97 - 0. 10 
118010847 101 .65 High 23.68 1.48 25.16 - 0 16 
4 25011329 53.72 High 23.71 3.17 26.88 - 0.25 

a It is assumed that the change in density is latent water. 
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Environmental 
Chamber 

Pi ezo electric 
Force 
Transducer 

Compression 
Platens 

Hydraulic 
Actuator 

Density Average 
after test 

heating velocity 
(lb tfrl (in.ls) 
21.55 192.9 
21. 97 190.6 
2308 189.7 
2348 194.6 
23.27 191 .7 
22.94 192.3 
2441 192.6 
24.31 195.3 
22.64 186.8 
26.87 183.5 
25.00 185.1 
26.63 



Table 2. Test conditions for Kaolite specimens tested at-40°F 

Density Cooling Density Average 
Cooling Documented Density before density after test 

time Density density gain" cooling chant~ cooling velocity 
MCNID (h) 2roup (lh/ff) (lb/ff) (lb/ff) (lh/ft (lb/ff) (in.ls) 

508010845 338.48 Low 20.28 2.64 22.92 0.08 23.00 192.3 
31 6011150 362.03 Low 20.40 I. 71 22. 11 0.09 22.20 187.7 
425010912 340.38 Low 20.41 2.33 22.74 0.09 2283 191.7 
508010830 364.87 Low 20.47 2.65 23.1 2 0.11 23.23 192.4 
326011220 337.45 Mid 21.99 1.78 23.77 0.11 23.88 185.6 
3010108 15 361.40 Mid 22.06 2.20 24.26 0.10 24.36 188.7 
3260 11 239 339.62 Mid 22.06 2.20 24.26 0. 10 24.36 185.8 
4260111 55 364.23 Mid 22.06 1.88 23.94 0.09 24.03 185.7 
425011 235 339.02 High 23.53 3.16 26.69 0.11 26.80 182.0 
425010941 363.58 Hicli 23.53 2.71 26.24 0.07 26.31 183.7 
323010953 360.85 High 23.56 1.93 25.49 0.08 25. 57 174.6 
425011007 337.13 Hicli I 23.71 3.57 27.28 0.09 27.37 189.9 

0 It is asswned that the change in density is latent water. 

DEHYDR.\ TION TESTING 

The water content ofKaolite determines the neutron-absorbing properties. Properly cured Kaolite should 
have very little latent water, but may have a significant amount of water of hydration. TI1is water of 
hydration can be driven off by heating the specimens above a critical temperature, 1600°F. Each 
specimen was heated at this temperature until consecutive measurements differed by <0.1%. Each plug 
was removed fi-om its metal sleeve using a larger, 200,000-lbr capacity load fi-ame. ·n1is load fi-ame was 
used instead of the 20,000-lbrcapacity machine since its larger actuator area and load cell area simplified 
setting up fo.'turing . During heating, each compacted Kaolite plug was placed into an Inconel crucible, 
which was placed in a small lab furnace. A metal crucible had to be used because ceramic ones would not 
withstand the thermal shock associated with repeated removal from the furnace into cool, room
tempcraturc air. 

RESULTS 

IMPACT TESTING 

Figure 2 shows average compressive stress-strain cwv es for specimens tested at l00°F. Each curve is the 
average of the specimens in a density group high, medium or low. Using the average density group 
values dampened some of the noise in the gathered data. The average density oft11e high-density group 
was documented as 23.6 lb/ft.3 . The average density of the medium density group was documented as 22.0 
lb/ft3

. TI1e average density of the low-density group was documented as 20.4 lb/ft3
. TI1ese cwves were 

generated by averaging the stresses at discrete strain points at intervals of 1% strain. Figure 3 shows the 
average compressive stress-strain curves for specimens tested at - 40°F. Figure 4 repeats the average 
compressive stress-strain curves shown in Figs. 2 and~ and adds to them upper, lower, and average 
bounding cwves. 

4 
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Fig. 2. Awrage stress-strain curves for Kaoiite spec imens temd at 100°F. 
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The bounding curves were generated at the extreme noise peaks. The strongest material created the upper 
bound, and it was the -40°F high-density group. The weakest material generated the lower bounding 
cwve, and it was the 100°F low-density group. Table 3 shows tlte coefficients for the equations of the 
bounding curves between 1 and 100% strain. A value of 40,000 psi at 100% strain was used with the 
collected data to create a smooth curve beyond the tested values for computer drop test simulations. A 
straight line is assumed to be from zero stress and strain to the cUIVe value at 1 % strain. 

Table 3. Coefficients to upper and lower bounding equations 

(J = a + be+ ci1' + de3 + ca4 + fe5 +f!.e6 

a b c· d c f f!. 
Upper 209.2 31.96 -2.244 0.1050 -0.00253 2.78xl0-5 7.06xl0-8 

Average 131.5 17.29 -0.7443 0.01878 4.3lx10-s -836x10-6 1.06xl0-7 

Lower 53.86 2.613 0.7550 -0.06748 0.002618 -4.45xl0-s 283xl0-7 

DEHYDRATION TESTING 

Tables 4, 5, and 6 show the initial weight of each specimen and total water loss after heating at 1600°F. 
The percent of the initial weight of water is given in the third column. No data are included for 
MCNIDs 0425011007 and 0425011329 since their initial weights were mistakenly not measured. Without 
the initial weight, it is impossible to know how much water was lost through heating. 

Table 4. High-demity dehydration data 

Demity Dehyd 
Initial Water Initial Documented before water Water Initial 
weight loss weight dcmity dehyd lost gained water 

MCNJD (lb) (lb) (%) (lblft3) (lb/W) Oblrt3) (lb/ft) (lb!rt3l 
0316011054 0.6189 0.0842 13.60 23.49 22.64 3.08 -0.85 3.93 
0425010941 0.7098 0.0982 13.83 23.53 26.31 3.64 2.78 0.86 
0425011046 0.7135 0.0934 13.09 23.53 26.87 3.52 3.34 0.18 
0425011235 0.7190 0.0961 13.37 23.53 26.80 3.58 3.27 0.31 
0323010953 0.7250 0.0996 13.74 23.56 25.57 3.51 2.01 1.50 
0118010847 0.7022 0.0946 13.47 23.68 26.63 3.59 2.95 0.64 
0425011007 
0425011329 

Average 0.6981 0.0944 13.52 23.55 25.80 3.49 2.25 1.24 
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Table 5. Medium-density dehydration data 

Density Dehyd 
Initial Water Initial Documented before water Water Initial 
weight loss weight density dehyd lost gained water 

MCNID lib) llbl (%) (lb/ff) llhlrfl ohlrn ob/rn llb/Wl 
0222011053 0.6104 0.0844 13.83 21.98 23.27 3.22 1.29 1.93 
0326011220 0.6851 0.0928 13.55 21.99 23.88 3.24 1.89 1.35 
0309011000 0.6612 0.0879 13.29 22.06 22.94 3.05 0.88 2.17 
0301010815 0.6800 0.0978 14.38 22.06 24.36 3.50 2.30 1.20 
0326011239 0.6849 0.0945 13.80 22.06 24.36 3.36 2.30 1.06 
0406011232 0.6586 0.0879 13.35 22.06 24.41 3.26 2.35 0.91 
0426011155 0.6651 0.0876 13.17 22.06 24.03 3.16 1.97 1.19 
0425011101 0.6772 0.0950 14.03 22.06 24.31 3.41 2.25 1.16 

Average 0.6653 0.0910 13.68 22.04 23.95 3.28 1.90 1.37 

Table 6. Low-density dehydration data 

Density Dehyd 
Initial ·water Initial Documented before water Water Initial 
weight loss weight density dehyd lost gained water 

MCNID (lb) (lb) (%) (lblft3) (lb/ft3) Ob/ft3l (lhlrti (lb/ft3) 

0411011216 0.5180 0.0710 13.71 20.27 21.55 2.95 1.28 1.67 
0508010845 0.6320 0.0897 14.19 20.28 23.00 3.26 2.72 0.54 
0402011246 0.6025 0.0825 13.69 20.35 21.97 3.01 1.62 1.39 
03160lll50 0.6348 0.0876 13.80 20.40 22.20 3.06 1.80 1.26 
0425010912 0.6299 0.0888 14.10 20.41 22.83 3.22 2.42 0.80 
0419011046 0.6391 0.0909 14.22 20.42 23.08 3.28 2.66 0.62 
0508010830 0.6404 0.0912 14.24 20.47 23.23 3.31 2.76 0.55 
0406011219 0.6418 0.0825 12.85 20.47 23.48 3.02 3.01 0.01 

Average 0.6173 0.0855 13.85 20.38 22.67 3.14 2.28 0.86 

Additional evaluations of the water loss and density changes need to be e,"{amined further. On the average 
the samples gained about 1.9 lh/ft3 in density after manufacturing and lost 3.28 lb/ftl during the 
dehydration testing. The difference between these average density values is assumed to be water, and the 
as-cast manufactured water content is 1.37 lb/ft.3. Therefore, the cast insulation Kaolite specimens used 
for this testing tends to absorb water from the air if it is available. 

DISCUSSION 

IMPACT TESTING 

Generally, the constrained compressive strength ofKaolite is proportional to its density and inversely 
proportional to its temperature. For each temperature group and for each strain point, the stress in the 
specimen was higher at the neh1 higher density group. Also, for a given density group, the specimens 
tested at low temperatures displayed higher stress levels than those tested at high temperatures. (Refer 
to Figs. 2and3.) 
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DEHYDRATION TESTING 

During heating at 1600°F, the Kaolite specimens lost between 1285% and 14.38% of their initial weight 
as water. The high-density group lost an average of 13.52% of its initial weight as water. Tbe medium
dcnsity lost an average of 13.67% and tbc low-density group lost an average of 13.85%. In general, the 
percentage of water loss by '''eight is inversely proportional to the density. The less dense specimens lost 
a larger percentage of their starting weight as water. 
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