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Abstract 
Sandia National Laboratories was asked by the US Energy Research and Devel- 
opment Administration (now US Department of Energy) to design the spent fuel 
shipping cask system for the Clinch River Breeder Reactor Plant (CRBRP). As a 
part of this task, a canister which holds liquid sodium and the spent fuel assembly 
was designed, analyzed, and tested. The canister body survived the regulatory 
Type-B 9.1-m (30-ft) drop test with no apparent leakage. However, the commer- 
cially available metal seal used in this design leaked after the tests. 
This report describes the design approach, analysis, and prototype canister 
testing. Recommended work for completing the design, when funding is available, 
is included. 
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Summary 
The US Energy Research and Development Ad- 

ministration (now the US Department of Energy) 
assigned the task of designing the Clinch River Breed- 
er Reactor Plant (CRBRP) spent fuel shipping cask 
system to Sandia National Laboratories. 

The design work started with the innermost level 
of confinement, a leaktight, metal canister containing 
a coolant and the spent fuel assembly. At the CRBRP- 
specified 7-kW thermal output per assembly liquid 
sodium coolant is required to hold the cladding tem- 
perature below its required limit of 677OC (1250OF). 

The approach used was to design the canister so 
that it could survive the regulatory 9.1-m (30-ft) drop 
test without the protection of a cask and so that it 
would be leaktight after the drop. 

Several promising mechanical designs were sug- 
gested to and rejected by CRBRP. Prototypes of an 
acceptable canister concept which uses a mechanical 
metal seal and a bolted closure were built for testing. 
A seal-welded design was also completed and built. 
Both types are constructed of annealed AIS1 304 
stainless steel to provide compatibility with sodium 
and, because the annealed metal is relatively soft, to 
provide significant energy absorption during impact. 

Simplified structural analyses made on the proto- 
type design for the end-on (0-degree) impact included 
hoop stresses induced by the presence of the internal 
coolant as well as the possibility of axial plastic buck- 
ling. The effects of impact limiters such as foamed 
aluminum were included. 

Ambient temperature 9.1-m (30-ft) drop tests 
were conducted a t  three impact orientations, 0 degrees 
(end-on), 45 degrees, and 90 degrees (side-on). No 
body leakage was noted after any test although the 
mechanical seals leaked. The seal-welded prototypes 
were not tested. 

Due to budgetary restraints, only a limited 
amount of posttest analysis was made. An energy 
balance for the end-on drop showed that approxi- 
mately 68% of the initial energy was absorbed by body 
plastic deformation. Much analytical work on the test 
data remains to  be done. 

Recommendations made include completing test 
data analysis, refining the mathematical model, se- 
lecting a different mechanical seal, and testing modi- 
fied, sodium-filled canisters a t  actual operating tem- 
perature if funding becomes available. 

9-1 0 



Prototype Spent Fuel Canister 
Design, Analysis, and Test 

1 Introduction 

1.1 Background 
Sandia National Laboratories was asked by the 

US Energy Research and Development Administra- 
tion (now the US Department of Energy) to design the 
spent fuel shipping cask system for the Clinch River 
Breeder Reactor Plant (CRBRP). To  simplify han- 
dling and to help meet expected regulatory multilevel 
containment requirements, it  was decided to place 
each fuel assembly in a separate, sealed canister with 
sufficient liquid sodium to provide the necessary con- 
ductivity for heat rejection. These canisters serve as 
the first level of containment and are the only portion 
of the cask system exposed to liquid sodium. The 
canister would also be used when shipping other reac- 
tor components such as blanket assemblies, primary 
and secondary contra1 assemblies, and radial shields. 

1.2 Work Accomplished 
This report describes the work accomplished 

through September 30, 1980 (Fiscal 1980) in making 
the conceptual design for the canister. It includes an 
analytical assessment, a mechanical design, and limit- 
ed prototype test results. Also included are recom- 
mendations for additional work necessary to complete 
the design if funding becomes available. 

Note that dual units are used throughout the text. 
Some tables and figures, however, have only British 
units because the measurements were made in these 
units. 

2 Canister Design 

2.1 Design Constraints 
According to information furnished by the 

CRBRP, the spent fuel assemblies have envelope di- 
mensions of 0.14 m (5.48 in.) in diameter by 4.32 m 
(170 in.) long. Mass is 201 kg (443 lb), and maximum 
expected bow is 25 mm (1 in.). Maximum heat output 
was given as 7 kW and maximum allowable cladding 
temperature is 677°C (1250°F). Canister in-cask oper- 
ating temperature can range from sub-zero for an 

empty cask shipped in midwinter to an estimated 
possible 550°C (1010°F) in a cask fully loaded with 
seven 7-kW assemblies. Peak temperature has not yet 
been determined. 

It was considered desirable to have a loaded canis- 
ter, perhaps with an energy absorbing impact limiter, 
capable of surviving the regulatory 9.1-m (30-ft) drop 
test without exceeding allowable leakage. This cor - 
cept has two advantages: (1) It reduces development 
costs by eliminating the need for a cask during testing. 
(2) It is ultraconservative because it ignores the pro- 
tection provided by the cask body during the drop 
test. 

Allowable leak rate test sensitivities for radioac- 
tive material shipping containers are set forth in the 
proposed 10CFR71-1979l as a function of the isotopes 
present in the contents. Because it has not yet been 
determined what portion of the contents could escape 
through a leak, it was assumed for design purposes 
that the canister would be required to have no leakage. 
U S .  Nuclear Regulatory Commission (NRC) Regula- 
tory Guide 7.42 accepts the leak test procedures and 
definitions given in American National Standards 
Institute (ANSI) standard N14.5-1977.3 This stan- 
dard defines a minimum leak test boundary as an air 
leak rate of 1 x P a  m3/s (1 x atm cc/s). For 
practical purposes then, a leak rate of 1 x Pa m3/s 
(1 x atm cc/s) or less, based on dry air a t  25°C with 
an upstream pressure of 1 atm and a downstream 
pressure of 0.01 atm or lower, is considered leaktight. 

Since the canister is to be loaded in the CRBRP 
Fuel Handling Cell (FHC), provisions had to be in- 
cluded to permit remote handling, closure, and seal 
testing. 

2.2 Design Approach 
The philosophy adopted to satisfy the previously 

mentioned constraints was as follows: First, select a 
body material which can tolerate the temperature 
range and liquid sodium and that can absorb a signifi- 
cant amount of energy during deformation. Second, 



utilize the services of designers familiar with restric- 
tions imposed by remote handling requirements. 
Third, subject full scale canisters at  both ambient and 
elevated temperatures to the 9.1-m (30-ft) drop test to 
verify that they can indeed meet regulatory require- 
ments without the protection of the cask. 

A common material which meets the needs is fully 
annealed AISI 304 stainless steel. Round, seamless, 
mechanical tubing of 177.8-mm (7.00-in.) outside di- 
ameter with a 6.3-mm (0.25-in.) wall thickness was 
selected for the body material. 

Several different mechanical designs were made. 
All of these concepts are not described in this report, 
but Table 1 lists all of the pertinent Sand’a drawing 
numbers. 

Figure 1 shows an early concept using a quarter 
turn locking cap with screws to load the metal seal ring 
and a thin welded plate for the fixed end. This con- 
cept, although promising, was rejected by CRBRP as 
being too complex. 

The canister body design required modification 
because the analyses presented in Section 3.0 indicat- 
ed the possibility of closed-end rupture during impact. 
Two stress-reducing options were examined: impact 
limiters and a thicker-walled closure end. It was decid- 
ed to replace the last 380 mm (15 in.) of body tube and 
the welded end plate with a tapered wall, closed-end, 
forged or machined section. Both the lid and closure 
ends are welded to the body tube, and the welds are 
heat treated, radiographed, and helium leak tested. 
This modified design, shown in Figure 2, was used for 
the prototype tests described in Section 4.0. 

Several features are used to permit ease of remote 
operation. The lid incorporates a cavity designed to 
mate with the CRBRP fuel grapple for handling the 
lid and assembled canister as well as the fuel. The lid 
hold-down studs are pointed to provide automatic 
alignment with the seal ring and the lid nuts. These 
floating nuts are captive in the lid and have a tapered 
upper end for guiding wrench application. 

A seal test feature was hot included in this early 
design. However, it  will be added to later versions and 
will consist of a secondary seal surrounding the main 
seal. The cavity formed between the two seals is then 
used for the leak test. An access passage from the 
outside to the cavity provides a connecting point for 
the leak detector. 

2.2.1 Mechanical Seals 
The combination of high operating temperatures 

and liquid sodium eliminates many common seal ma- 
terials, such as elastomers, copper, and silver. Re- 
maining material candidates are stainless steels and 

Table 1. Sandia Drawing Numbers for 
Completed Canister Designs 
Part No. Tit,le 

T57588 
T57583 
T57584 
T57585 
T57586 
T57587 

T39847 
T39843 
T39844 
T39845 
T39846 
T39848 

T48872 

T57588 
T57583 
T57584 
T57585 
T57586 
T57587 
“61021 
T61022 

T61024 
T61023 

Canister Assembly 
Canister Body 
Closure, Canister 
Stud, Closure 
Nut, Captive 
“K” Seal 

Fuel Shipping Canister 
Body, Canister 
Closure Canister 
Seal Plate, Closure 
Bolt, Remote Hand 
Retainer, Seal 

Fuel Shipping Canister 
with Graylock Seal 

Canister Assembly 
Canister Body 
Closure, Canister 
Stud, Closure 
Nut, Captive 
“K” Seal 
“K” Seal 
Ring, Spacer 

Canister Body, Thread & Weld 
Closure, Canister, Thread & Weld 

annealed nickel. Since the canister head material is 
annealed AISI 304 stainless steel, it will probably be 
necessary to harden the mating surfaces, perhaps by 
using a flame-sprayed, hard facing material. The me- 
chanical seal selected for the prototype was a commer- 
cially available, proprietary design. This type seal 
leaked after the regulatory 9.1-m (30-ft) drop test 
(this testing is described in Section 4) and will not be 
used in future versions. 

2.2.2 Seal Welded Closure 
A second type of closure was designed to use a 

quarter-turn locking plug as the lid (Figure 3). Sealing 
is accomplished by welding a joint as shown in Figure 
4. The weld is machined away when the canister is 
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T61024 Body 

Figure 3. Seal Welded Canister 

\ 
T61023 Cl.o.;ure Weld 

10 9 8 7 6 5 4 3 2 1 
Weld Posit ions 

Figure 4. Weld Joint Details 

opened. Sufficient material is provided for 10 weld- 
machine cycles before the closure must be rebuilt or 
replaced. Again, seal test provisions were not included 
in this design, but were to be added later. The seal 
welding concept was also rejected by CRBRP. 

3 Analytical Effort 
A series of approximate analyses are presented in 

this section for evaluation of the preliminary canister 
design outlined in Section 2. Conclusions based on 
these analyses indicate the necessity for certain design 
modifications, also described in Section 2.2. 

It is important to note that the purpose of per- 
forming the various analyses presented herein was to 
evaluate, indicate weaknesses in, and suggest modifi- 
cations to the preliminary design of the CRBRP canis- 
ter. Ultimately, a final design will evolve which will be 
subjected to a variety of regulatory tests and analyses, 
as prescribed by 10CFR71.l 

Required final-design analyses, to appear in a 
subsequent Safety Analysis Report, will be performed 
for the load cases indicated in both the “normal” and 
“hypothetical accident conditions” sections of 
10CFR71.l These calculations will be performed uti- 
lizing the design criteria for structural analysis indi- 
cated in NRC Regulatory Guide 7.64 based upon the 
load combinations indicated in NRC Regulatory 
Guide 7.8.5 

A number of the regulatory requirements, such as 
t,he 1-m puncture test, are not deemed to be as serious 
a threat as other requirements, such as the 30-ft drop. 
Hence, preliminary analysis efforts reported here were 
directed to those loadings which were believed to 
indicate the major aspects of the design. 

Material presented in this section includes devel- 
opment of design guidelines regarding canister wall 
thickness, the influence of adding impact energy ab- 
sorbing material, and the influence of the internal 
fluid on the end impact response of the canister 
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(Section 3.1). Next, end crush-up of the canister is 
investigated by means of plastic buckling calculations 
(Section 3.2). Results of these preliminary analytical 
efforts are presented in Section 3.3. 

Note that in the above analyses, only the situation 
of normal, symmetric impact is considered. The case 
of angle impact is believed to be best handled by 
experiment once a canister is designed to withstand 
end impact. Results of such an experimental program 
are presented in Section 5. 

3.1 Investigation of Wall Stresses 
The canister is modeled as a reasonably thin- 

walled, long cylinder, closed a t  both ends, and subject- 
ed to a normal, symmetrical impact on one end. The 
canister is assumed to contain a hexagonal inner tube 
of fuel, surrounded by an ideal, inviscid, compressible 
fluid (heat transfer medium). The impact is assumed 
to occur on a target consisting of a rigid half space. 

Two impact situations are considered: one in 
which the bare canister directly impacts the half 
space, and one in which crushable, energy absorbing 
material is incorporated in the design. 

In the first case, the end impact causes a sudden 
change in the velocity of the end cap. Due to the 
resulting plastic deformation of the end cap, no re- 
bound of the cap is assumed; that is, the impact is 
modeled as perfectly plastic. As a result of this sudden 
change in the velocity of the end cap, pressure waves 
are radiated into the adjacent fluid that is located 
between the inner hexagonal fuel assembly and the 
inner wall of the canister. These pressure waves serve 
to decelerate the ideal fluid. This deceleration then 
causes a reduction of the pressure radiated into the 
canister. It is this pressure-time history which, when 
applied to the wall of the canister, causes a significant 
dynamic radial impulsive pressure loading of the mod- 
eled long cylinder. 

In the second impact case considered-the case in 
which a crushable, energy absorbing material is uti- 
lized-the end cap changes velocity a t  a relatively 
slow rate, depending primarily upon the total canister 
mass and force-deflection behavior of the crushable 
material. As a result, the pressure at  the fluid-solid 
interface inside the canister during the impact process 
is reduced, causing a less severe pressure-time history 
loading to be imparted to the canister wall. 

First the case of impact of the bare canister is 
considered, followed by an analysis of the canister 
impact problem including the crushable, impact ener- 
gy absorbing material. 

3.1.1 Bare Canister Impact 
The modeled configuration for bare canister im- 

pact is as shown in Figure 5. For simplicity, it is 
assumed that plane waves propagate upward through 
the compressible fluid medium within the ;hell; that 
is, two-dimensional effects such as rarefactions and 
reflections off the concentric inner (hexagonal fuel 
cylinder) and outer (inside diameter of canister) 
boundaries are ignored. 

This plane wave assumption is deemed reasonable 
near the impact end of the cylinder, becoming pro- 
gressively poorer (but increasingly conservative) at  
increased distances from the impact end. Since atten- 
tion here is focused primarily a t  the impact end, the 
assumption is considered totally justified. 

sembly 

l i d  

\ 
R i g i d  Half Space 

Figure 5. Model for Bare Canister Impact 

Pressure-Time Determination. At  the time of 
impact, the end hits the unyielding target. The canis- 
ter end, initially traveling at  impact velocity, v2ez (see 
Figure 5), is suddenly stopped. The relative speed of 
the fluid and solid (impacting end cap) is then v,, 
resulting in a fluid-solid interaction and resultant 
generation of pressure waves as the end cap (solid) 
attempts to decelerate the fluid. These pressure 
waves, assumed planar, propagate upward into the 

16 



i 

. 

canister interior and interact with the canister wall. 
The pressure for plane waves is given by 

where 

pf = Mass density of internal fluid 
cf = Sonic velocity of internal fluid 
v = Relative velocity of the end cap and the fluid 

(away from the interface). 

To develop the specific pressure-time history of 
the plane wave, consider the fluid column as an isolat- 
ed system, as shown in Figure 6. Since the fluid is 
taken as inviscid, no shear stresses act on the lateral 
boundaries of the fluid column. Interactions with the 
upper end cap will occur later (approximately 3 ms 
following impact) and will be of low magnitude due to  
attenuation, dispersion, and two-dimensional losses 
by rarefactions through lateral boundaries. 

Assuming the end cap is essentially a t  rest follow- 
ing impact, the equation of motion of the fluid column 
is 

where F, the total force acting on the system, 

dz 
d t  -' ' 

F = F = -Apc-e - 

where 

A = contact area of fluid 

- velocity of the fluid center of mass dz 
d t  
_ -  

(3) 

d2z 
dt2 -' 

and %,,, = ~ e is the acceleration of the fluid center 

of mass. 

The resulting differential equation of fluid system 
motion is given by 

d2z c dz - + - - = o  
dt2 L d t  

subjected to the initial conditions 
z(0) = 0 
i ( 0 )  = v,. 

(4) 

This Flu-id Region 

I 

Contact A r e a ,  A 

Figure 6. Fluid Column as an Isolated System 

Here L denotes the length of the canister. 

The solution for vertical velocity of the fluid 
center of mass (i.e., free field velocity) is then directly 
determined by standard methods to be 

dz - i t  
v(t) = - (t) = v,e 

d t  (5) 

The resulting pressure a t  the fluid-solid interface 
is found from Eqs (1) and (5) to be 

-;t 
p(t) = pcv,e . 
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This is the driving pressure that interacts with the 
shell. Note that reflection effects due to the propaga- 
tion of this pulse do not have to be considered as the 
pulse is side-on to the canister wall. Next the structur- 
al response due to this pulse is considered. 

Structural Response of Canister. Consider 
for simplicity a fluid-filled cylinder of unit length 
representing the canister wall in the vicinity of the 
impacting end where the pressure-time function is the 
most severe. Thus, as the shell begins to move out as a 
result of the above pressure pulse, a rarefaction is re- 
radiated back into the shell as a result of the interac- 
tion of the shell wall, its motion, and the contained, 
ideal compressible fluid. 

At this point, a number of methods of analysis 
could be attempted, including a proper accounting of 
the fluid-shell interaction at  the shell wall. The ap- 
proach here considers highly simplified structural cal- 
culations. 

Method One: 
In this case, neglect fluid-shell interaction with 

the canister wall (conservative) and consider static 
shell response only (unconservative). 

By a work-energy method, the impact velocity of 
the canister is given by 

v o =  m, 
where 

(7) 

6 = Height of drop, and 
g = Gravitational constant. 

Consider the hoop stress in the canister wall, a, to 
be given by the static equilibrium equation for a long 
cylindrical shell, 

a 
h 

u = p - ,  

where 

a = Mean radius of cylinder 
h = Cylinder thickness. 

Combining Eqs (6)-(8), the hoop stress is given by 

Thus the maximum stress is directly proportional to 
the radius, the fluid density, its sonic velocity, and the 
square root of drop height. Further, maximum stress 
is inversely proportional to canister thickness. 

Eq (9) should be treated with caution and viewed 
as overly conservative. Further, it suggests that the 
canister material ought to have a high ultimate tensile 
strength, and totally discounts ductility as an impor- 
tant physical property. However, Eq (9) does give an 
indication of the role played by the various param- 
eters. Clearly, by varying the internal fluid to one of 
lower density and sonic velocity, hoop stress is greatly 
reduced. 

Note that the influence of the additional axial 
loading on the canister wall due to impact is not 
included in Eq (9). 

Method Two: 

pulse in Eq (6), Le., 
Now consider the dynamic effects of the pressure 

The total impulse, I, imparted to the cylindrical vessel 
near the impacting end per unit vessel surface area is 
given by the time integral of Eq (lo), 

I = lamp ( t)dt  = pp,L , (11) 

where again 

pf = Fluid density 
v, = Impact velocity 
L = Canister length. 

Again, in the interest of simplicity and conservatism, 
neglect the fluid-shell interaction and assume the 
material behavior is rigidly-perfectly plastic, as shown 
in Figure 7. Then the maximum strain is given b y  

T2 

where 

ps = Shell density 
h = Shell thickness 
a, = Yield stress of shell material. 
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Strain,  F 

Figure 7. Assumed Rigid-Plastic Stress-Strain Model for 
Canister Wall 

The maximum plastic strain thus calculated for a 
given problem can be written in terms of parameters 
introduced earlier as 

Eq (12) is based upon a balance of initial kinetic 
energy imparted to the shell (by the impulsive pres- 
sure) with plastic energy absorption through shell 
deformation. Eq (12) is based upon a total impulse, 

(14) 

applied in a time duration short compared to the 
response time of the shell. Since the actual application 
time is long, Eq (12) and hence (13) appear overly 
conservative in the present problem. However, Eq (13) 
illustrates the dependence of the maximum plastic 
strain on the physical parameters of the problem. 

3.1.2 Impact Using Crushable Attenu- 
ating Material 

Consider again the situation of end impact, but 
now introduce an impact limiter mounted on the 
impact end. The situation is now as shown in Figure 8. 

For many mitigator or crushable materials, the 
crush force remains nearly constant over a large range 
in deflection until the point of “lockup” occurs, after 
which the load-deflection curve suddenly becomes 
extremely steep. Based upon this nearly rigid-perfect- 
ly plastic constitutive behavior of the crushable mate- 
rial, the rigid-body canister deceleration is constant 

Rigid Half Space 

Figure 8. Model Including Crushable Attenuating Material 

(at least to lockup), and the velocity-time of the front 
canister surface can be determined. Then, making a 
plane wave assumption, the pressure-time pulse radi- 
ated into the inner annular core of fluid (and subse- 
quently acting on the canister wall) can be deter- 
mined. 

Based upon Newton’s Second Law, 

the equation of motion of the front canister surface 
(behind the impact limiter) is 

d2z 
dt2 

-F, = M- 

subjected to the impact conditions 

z(0) = 0 
i ( 0 )  = v, ,  

where 

F, = Total crush force 
M = Total canister mass 
v, = Impact velocity. 
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The resulting velocity-time history from Eqs (16) 
and (17) is 

with the restrictions 

F o  voM i ( t ) = v , = - - t  f o r O < t < -  
M F ’  

where it is assumed that a perfectly plastic collision 
occurs. The upper time limit after Eq (18) corresponds 
to the time at  which the canister comes to rest. It is 
also assumed in Eq (18) that sufficient energy absorb- 
ing material is present so that the canister motion is 
fully arrested before the point of lockup of the crush- 
able material is reached. It should be mentioned in 
passing that the combined problem of partial impact 
energy absorption followed by lockup can Ee solved by 
similar methods. 

Again, assuming one-dimensional wave propaga- 
tion from the end-cap-fluid interface, the pressure 
pulse radiated vertically into the fluid is given by 

where 
vf = Free field vertical fluid velocity 
vc = Velocity of canister end cap. 

(Recall that in the previous analysis v, was ta=.en as 
zero at  the instant of impact.) Eq (19) can be written 
as 

p(t) = pc -- v,-- t 0 < t <- voM , (20) [E ( E)] F 

where z denotes vertical displacement of the center of 
mass of the fluid. Now isolating the fluid volume and 
writing Newton’s Second Law for its center of mass, 
the equation for fluid motion is 

where 

A = Fluid-solid contact area, and 
L = Canister length 

with the initial conditions i ( 0 )  = v,, and ~ ( 0 )  = 0. The 
solution of Eq (21) is found, using standard tech- 
niques, to be 

VOM o < t < -  
F 

and 

dz - > o  . 
d t  

The first restriction simply means that the differential 
equation takes on a new form once the end cap has 
completely stopped; the second restriction means that 
when the fluid mass stops, motion upward (rebound) 
is not considered. Actually, cavitation would occur a t  
this point in time, changing the response equations. 

The pressure-time history is then uniquely deter- 
mined by substituting Eq (22) into Eq (20), resulting 
in 

P(t) = - M 

where again, 

L = Total canister length 
M = Total canister mass (container, fuel, fluid) 
F = Total crush force of mitigator 
pf = Fluid density 
cf = Fluid sonic velocity. 

A comparison of Eqs (25) and (6) reveals that bare 
impact results in a peaked, exponentially decaying 
pressure whereas Eq (25) increases from zero, becom- 
ing asymptotic to the value (pfFL/M). Looking only at  
peak values, the comparison is as follows: 

Without Impact Limiter With Impact Limiter 

Summary of Calculations 
Consider the following geometry, material, and 

loading parameters, corresponding to a 9.1-m (30-ft) 
drop on a rigid half space with a sodium-filled canister 
with stainless steel wall (preliminary design configu- 
ration). 

L = 4.47-m (176-in.) total canister length 
M = 484-kg (1067-lbm) total canister mass 
pf = 918-kg/m3 (8.59 x lbf-sec2/in.4) liquid 

sodium density 
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cf = 2.52 x lo3 m/sec (9.94 x 104in./sec) sodium 

a = 8.57-cm (3.375-in.) average radius of canis- 

h = 0.635-cm (0.25-in.) thickness of canister 

6 

Using the above values, as well as a number of 
different impact limiter materials, predictions utiliz- 
ing the theories developed above are presented in 
Table 2.  Note that the impact limiter material proper- 
ties are based upon static and dynamic test results 
from References 7 and 8. In fact, the impact limiter 
materials considered in Table 2 are all those from 
References 7 and 8 of an inorganic nature. The materi- 
als are described in more detail in Table 3. 

sonic velocity 

ter wall 

wall 
= 9.1-m (30-ft) drop height 

Table 2. Results of Calculations 
Peak Peak Hoop Required 

Impact Specific Radiated Stress in Length of 
Limiter Crush Energy Fluid Canister Impact 
Utilized Stress Absorption Pressure Wall Limiter* Comment 

None _ _  _ _  

Aluminum 
Honeycomb 

109 kg/m3 4.04 MPa 26500 J/kg 
(6.8 PCF) (585 p i )  (8866 ft-lb/lb) 

High Density 
Foamed 
Aluminum 33082 J/kg 
389 kg/m3 16.5 MPa (11068 ft-lb/lb) 
(24.3 PCF) (2390 psi) 
Low Density 
Foamed 
Aluminum 
160 kg/m3 2.23 MPa 10503 J/kg 
(10.0 PCF) (324 psi) (3514 ft-lb/lb) 
Spiralgrid 
600 
590 kg/m3 40.75 MPa 39712 J/kg 
(36.8 PCF) (5909 psi) (13286 ft-lb/lb) 
Fi berfrax 
639 kg/m3 8.52 MPa 5894 J/kg 
(39.9 PCF) (1235 psi) (1972 ft-lb/lb) 
Marinite 
634 kghm3 17.97 MPa 8806 J/kg 
(39.6 PCF) (2607 psi) (2946 ft-lb/lb) 

31.04 MPa 
(4501 psi) 

0.848 MPa 
(123 psi) 

3.46 MPa 
(502 psi) 

0.470 MPa 
(68.1 psi) 

8.56 MPa 
(1242 psi) 

1.793 MPa 
(260.0 psi) 

3.78 MPa 
(548 psi) 

419 MPa 
(60767 psi) 

11.48 MPa 
(1665 psi) 

46.86 MPa 
(6795 psi) 

6.36 MPa 
(922 psi) 

115.9 MPa 
(16817 psi) 

24.24 MPa 
(3515 psi) 

51.17 MPa 
(7420 psi) 

0 

0.701 m 
(27.6 in.) 

0.157 m 
(6.19 in.) 

1.204 m 
(47.4 in.) 

0.086 m 
(3.40 in.) 

0.536 m 
(21.1 in.) 

0.361 m 
(14.2 in.) 

Hoop stress high, 
especially when 
taking axial stres 
into account 

Limiter too 
long 

Length of 
limiter and 
hoop stress 
reasonable 

Impact limiter 
too long 

Length of limiter 
and hoop stress 
reasonable 

Impact limiter 
too long 

Impact limiter 
too long 

*To prevent “lockup” or bottoming out of canister 



Table 2 is arranged as follows: 

Impact Limiter Utilized-See Table 3 for de- 
scription of each material. 

Crush Stress-The average crush stress of the 
material. Reference 8 indicates that, a t  the low 
loading rates considered here, dynamic effects of 
loading are unimportant; that is, static properties 
can be utilized. Further, most materials have a 
reasonably flat (i.e., rigid-perfectly plastic) load- 
deflection relationship to the point of lockup. 
Crush stress is used to compute F in Eq (26) based 
upon a 248.3-cm2 (38.5-sq in.) impact area. 

Specific Energy Absorption-Th2 energy ab- 
sorbed by the material per unit mass of material. 

Peak Radiated Fluid Pressure-The peak pres- 
sure generated during the impact process. (See Eq 
(26). 

Peak Hoop Stress in Canister Wall-See Eq (9) 
and (26). 

Required Length of Impact Limiter-The mini- 
mum length of a 0.178-m (7.0-in.) diameter cylin- 
der of distended material to prevent lockup. This 
minimum length is determined by solving for the 
volume (and hence length) of material necessary 
to just absorb the impact kinetic energy of the 
impacting canister system. Specific energy ab- 
sorption and density, both of which are indicated 
in other columns of Table 2, are utilized. A 9.1-m 
(30-ft) drop is assumed. 

Inspection of Table 2 reveals that, in the absence 
of any mitigating material, the peak hoop stress is 
nominally 419 MPa (60,700 psi). As a class, all impact 
limiting materials serve to significantly reduce radiat- 
ed pressure and resultant canister wall hoop stress. 
However, a number of impact limiter materials are not 
suitable because the length (i.e., volume) required to 
absorb the kinetic energy of the canister a t  impact is 
excessive and would significantly increase the cost of 
the enclosing cask. 

Of all materials considered, the two remaining 
possibilities are the High Density Foamed Aluminum 
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Table 3. Impact Limiting Materials 
Considered* 

Material Description 
Aluminum 
Honeycomb 

High Density 
Foamed Aluminum 

Low Density 
Foamed Aluminum 

Spiralgrid 6000 

Fiberfrax 

Marinite 

5052 aluminum with 0.48 cm 
(3/16 in.) cell size, 0.0063 cm 
(0.0025 in.) foil thickness, 
compressed parallel to the 
cell axis. 
Nominally 384 kg/m3 
(24 lb/ft3) foamed 
aluminum, compressed par- 
allel to rise direction. 
Nominally 160 kg/m3 
(10 lb/ft3) foamed 
aluminum, compressed par- 
allel to rise direction. 
Nominally 41 MPa (6000 psi) 
spirally wound steel honey- 
comb, compressed parallel to 
cell direction. 
Nominally 641 kg/m3 (40 lb/ 
f t3)  ceramic (alumina, silica) 
insulation, compressed per- 
pendicular to rolling direc- 
tion. 
Nominally 577 kg/m3 (36 lb/ 
ft3) asbestos base insulation, 
compressed perpendicular to 
rolling direction. 

*Information based upon References 7 and 8. 

and the Spiralgrid. In the case of the foamed alumi- 
num, the peak hoop stress is reduced by more than a 
factor of eight from the impact situation with no 
limiter, although 15.7 cm (6.2 in.) of material would be 
required. The Spiralgrid requires only 8.6 cm (3.4 in.) 
of limiter length, but the resulting pressure in the 
fluid and corresponding peak hoop stress are not as 
beneficial as with the foamed aluminum, representing 
a factor of 3.6 decrease over the case of no impact 
limiter. 



3.2 Investigation of Plastic 

3.2.1 Model of the Problem 
Due to symmetric, end-on canister impact, it is 

anticipated that a certain degree of crush-up of the 
cylindrical portion of the canister due to plastic buck- 
ling may occur. Such symmetric, accordion-type buck- 
ling deformations are of particular concern to the 
canister design for the following reason: A fuel assem- 
bly is contained within the canister. This fuel assem- 
bly has a significant axial clearance from the canister 
ends. Should the canister crush to the point a t  which 
“bottoming out” occurs, significant axial loading of the 
end cap would result, possibly causing seal failure. It is 
thus important to determine canister shortening. 

The problem of symmetric axial impact of cylin- 
drical shells and resultant plastic buckling has been a 
subject receiving considerable attention by a number 
of investigat~rs.~-l~ 

It is knowng-” that plastic shells may buckle either 
in the nonaxisymmetric diamond-shaped wave pat- 
tern characteristic of elastic buckling or in an axisym- 
metric mode. Only the latter, axisymmetric, buckling 
mode is considered here due to the fact that the 
canister is a relatively thick-walled shell. 

It is found in References 10-12 that the critical 
buckling stress is practically independent of length of 
the cylinder. Thus the more simplified formula for a 
semi-infinite shell is utilized here. The critical axial 
stress for buckling with simply supported ends is 
given by lo l1 

where 
E = Young’s modulus 
h = Canister thickness 
a = Mean canister radius 
U = Poisson’s Ratio 
X = E/Et 
E, = Local tangent modulus a t  the buckling 

stress. 

It should be mentioned that the tangent modulus 
is a nonlinear function of stress (or strain). The above 
theory is obviously very sensitive upon the degree of 
strain hardening. Thus, evaluation of Eq (27) requires 
accurate tangent modulus information (du/dt) a t  the 
conditions of impact (i.e., correct temperature and 
strain rate). Note further that for X = 1, the result 
reduces to the case of elastic buckling. 

An additional comment is in order. It is reported 
in Reference 12 that the difference between the load 
for first bifurcation and the theoretical maximum load 
can be expected to be small. This fact will be useful in 
determining total crush displacement. 

The method of determination of the critrical 
buckling stress using Eq (27) is not completely 
straightforward (except when X = constant) and war- 
rants further discussion. The difficulty lies in the fact 
that the slope (du/dE) of the strain hardening portion 
of a typical stress strain curve is not a constant, but 
rather a function of stress itself. (In the elastic range, 
X = 1, a constant.) The procedure for finding the 
critical buckling stress is done by incrementing the 
applied stress from zero on up until Eq (27) is satis- 
fied, a t  which point buckling occurs. The problem can 
be divided into two phases: 

Phase 1: Check for Elastic Buckling. This 
phase covers the range in stress, 0 5 u I a,, where uy 
is the yield stress of the material. Since in this phase, 
X = constant = 1, simply calculate ucrit directly from 
Eq (27) from geometrical and material parameters of 
the problem. If ucrit < uy, elastic buckling occurs. (This 
is not likely in the present problem due to the relative 
thickness of the canister.) Proceed no further. If ucrit > 
cy, plastic buckling must be investigated. 

Phase 2: Plastic Buckling. In this case, X = 

f(u). Determine the slope da/dt as a function of u from 
the stress-strain curve of the material (e.g., see Figure 
9). Starting a t  cy, increment u and evaluate the right 
side of Eq (27) for the correct value of A. Plot, as 
shown in Figure 10, the value of ui used and the value 
of u calculated from the right side of Eq (27) versus 
increment number. The intersection of these two 
curves gives ucrit. 
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Figure 9. Typical Stress-Strain Curve 

Right Side of Eq (27)  
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S t r e s s  Increment  Number  

Figure 10. Finding the Critical Buckling Stress 
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3.2.2 Determination of Amount of End 
Deformation 

As reported in Reference 11, the difference be- 
tween the load for first bifurcation and the theoretical 
maximum load can be expected to be very small. For 
simplicity, assume that the bifurcation load remains 
constant as the shell deforms; i.e., assume a rigid- 
perfectly plastic resistance to crushing. 

Since the initial kinetic state at  impact is known, 
the amount of crush-up may be readily calculated. It is 
assumed here that any additional resistance to crush- 
up due to the presence of the internal fluid as well as 
the fuel assembly can be ignored. Equating the impact 
kinetic energy with the critical plastic buckling force 
results in the following relationship for the end short- 
ening, 6: 

Mv2, 
4aahoc, 

6=-, 

where 

M 

v, = Impact velocity (m) 
a = Mean canister radius 
h = Canister thickness 
ucr 

= Mass of canister only (Le., fluid and fuel 
rod masses are neglected) 

= Critical plastic buckling stress. 

3.2.3 Buckling Results 
Experimental stress-strain information was sup- 

plied by H. Rack, Sandia National Laboratory, Divi- 
sion 5832, for annealed, 304 stainless steel subjected to 
uniaxial tension. Test conditions for the four sets of 
data supplied are as follows: 

Data Set Strain Rate(s-') Temperature 

1 2.96~10-~ 204°C (400°F) 
2 2 .96~10.~ 315°C (600°F) 
3 2 . 9 6 ~ 1 0 ~  21°C (70°F) 
4 6.95~10-* 21°C (70°F) 

Raw data for the above four data sets (stzess in MPa, 
strain in m/m) is presented in Tables 4 through 7, 
respectively. 



Table 4. Stress-Strain Data for 304 Stain- 
less at 204°C (400°F) and 2.96 x s - l  

Stress (MPa) Strain (m/m) 

Table 5. Stress-Strain Data for 304 Stain- 
less at 315°C (600°F) and 2.96 x s-’ 

Stress (MPa) Strain (m/m) 

0.8973+02 
0.9533 $02 
0.101E+03 
0.1073 + 03 
0.112E + 03 
0.118E + 03 
0.123E+03 
0.126E+03 
0.129E+03 
0.135E+ 03 
0.140E+03 
0.147E+03 
0.160E+03 
0.174E + 03 
0.197E + 03 
0.2263 + 03 
0.2543 + 03 
0.2793 + 03 
0.319E + 03 
0.361E +03 
0.391E +03 
0.4133 +03 
0.4293 + 03 
0.440E + 03 
0.4443 + 03 
0.4453 + 03 
0.441E+03 
0.431E + 03 
0.411E-t 03 
0.3853 + 03 
0.3473 + 03 
0.308E + 03 
0.2883+03 

0.5993 - 03 
0.700E - 03 
0.800E - 03 
0.120E - 02 
0.130E -02 
0.170E -02 
0.220E-02 
0.260E-02 
0.250E-02 
0.340E-02 
0.410E-02 
0.540E - 02 
0.780E- 02 
0.1223- 01 
0.2263- 01 
0.3843-01 
0.5443-01 
0.705E-01 
0.103E+00 
0.136E + 00 
0.170E + 00 
0.204E+00 
0.238E+00 
0.273E+00 
0.300E+00 
0.314E+00 
0.3213+00 
0.3293 + 00 
0.3373+00 
0.3463+00 
0.3563 + 00 
0.3643+00 
0.3673+00 

As discussed in the previous section, first the 
possibility of elastic buckling was checked and found 
not to occur. Next, stress-strain points for each of the 
four data sets were finite differenced to determine the 
local tangent modulus 

do 
Et = &- 

as a function of stress. Both sides of Eq (27) were then 
evaluated a t  each stress increment using the appropri- 
ate elastic modulus (function of temperature). The 

0.297E+03 
0.320E+03 
0.3323+03 
0.3573 + 03 
0.3743 + 03 
0.4233 +03 
0.4593 + 03 
0.4823 + 03 
0.4993 + 03 
0.501E+03 
0.501E+03 
0.4963 + 03 
0.4803 + 03 
0.4483 + 03 
0.3923+03 
0.3763 + 03 

0.170E -02 
0.260E - 02 
0.440E - 02 
0.127E-01 
0.209E-01 
0.5453-01 
0.8873-01 
0.123E+00 
0.158E + 00 
0.171E + 00 
0.1783 +00 
0.185E + 00 
0.194E + 00 
0.205E+00 
0.216E+00 
0.2183+ 00 

plastic buckling stress was then determined graphical- 
ly. Finally, the corresponding end deformation, 6, was 
then calculated using Eq (28). Results are presented in 
Table 8 for the case of no mitigating material. 

An inspection of Table 8 reveals the following: 
Data sets 1 through 3, nominally a t  quasi-static strain 
rates, give the influence of canister wall temperature 
on buckling stress, whereas data sets 3 and 4 give an 
indication of the influence of strain rate. I t  can be seen 
that, a t  least for plastic buckling, the critical buckling 
stress is little influenced by rate of straining or signifi- 
cant temperature variation. 

Corresponding end shortening, in the vicinity of 1 
cm (0.4 in.) in all cases, is also indicated in Table 8. 
Note finally that calculations presented in Table 8 are 
based upon the elastic modulus a t  the corresponding 
test temperature, as given in Reference 14. 

Bifurcation will, of course, not be initiated unless 
the critical buckling stress is reached during the im- 
pact process. The stress generated a t  impact is given 
early in time (before two-dimensional effects become 
important) by the plane wave equation 

where 

0 

c 
v = Impact velocity. 

= Axial compressive stress a t  point of impact 
= Bar velocity in the canister 
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Table 6. Stress-Strain Data for 304 Stain- 
less at 21°C (70°F) and 2.96 x 10-5 s-l 

Stress (MPa) Strain (m/m) 

0.1333+03 
0.1703+03 
0.1943 + 03 
0.2093+03 
0.2223+03 
0.2323+03 
0.2503+03 
0.2683+03 
0.2813+03 
0.3013+03 
0.3263+03 
0.3653 + 03 
0.3963 + 03 
0.4223 + 03 
0.4453 +03 
0.4643 + 03 
0.4833 + 03 
0.4993 + 03 
0.5133 +03 
0.5263 + 03 
0.5373+03 
0.5473+03 
0.5553 + 03 
0.5623+03 
0.5833+03 
0.5853 + 03 
0.5813+03 
0.5403 + 03 
0.4833 + 03 
0.4393 + 03 
0.4153+03 
0.3963 + 03 

0.1503 - 02 
0.2203-02 
0.2803-02 
0.3403 - 02 
0.4003 - 02 
0.4703 -02 
0.6503 - 02 
0.8903 - 02 
0.1233 - 01 
0.2303-01 
0.4083 -01 
0.7633-01 
0.11 2 3  + 00 
0.147E-t 00 
0.183E + 00 
0.2183 +00 

0.2903 + 00 
0.325E-t 00 
0.3613 + 00 
0.3963 + 00 
0.4323 +00 
0.4673 + 00 
0.5033 + 00 
0.5743+ 00 
0.6103+00 
0.6453 + 00 
0.6633 + 00 
0.6723 + 00 
0.6753 + 00 
0.6763+00 
0.6773+00 

0.2543 +00 

Since the critical buckling stresses are calculated 
based upon material properties a t  various tempera- 
tures, over which the elastic modulus, E, varies, the 
stress generated due to a 9.1-m (30-ft) drop must be 
calculated for each case to determine whether bifurca- 
tion will actually occur. 
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Table 7. Stress-Strain Data for 304 Stain- 
less at 21°C (70°F) and 6.95 x 10-1 s-1 

Stress (MPa) Strain (m/m) 

0.1153 + 03 
0.1593 + 03 
0.1963+03 
0.214Ef03 
0.2293+03 
0.2373+03 
0.2473 + 03 
0.2553 +03 
0.3233 +03 
0.3973+03 
0.4433 + 03 
0.4823 + 03 
0.5153+03 
0.5433 + 03 
0.561Et-03 
0.5793 f 03 
0.590E + 03 
0.5953 + 03 
0.5973t-03 
0.5983+03 
0.5953 +03 
0.570E + 03 
0.5133+03 
0.3593f03 

0.6003 - 03 
0.1003 -02 
0.150E - 02 
0.2003-02 
0.2703-02 
0.3303 - 02 
0.4503 - 02 
0.600E -02 
0.4773 - 01 
0.13 13 + 00 
0.2143+00 
0.2983 + 00 
0.3813+00 
0.4643 + 00 
0.548EfOO 
0.6313+00 
0.7143 + 00 
0.7563+00 
0.7983 + 00 
0.8193 + 00 
0.8393 + 00 
0.860E+00 
0.8773 + 00 
0.8963 + 00 

Table 8. Plastic Buckling Results 

Critical 
Buckling End 

Data Stress, Deformation, 
Set E* ccrit 6 

1 1 . 8 3 ~ 1 0 ~  MPa 410.3 MPa 1.02 cm 
(26 .6~10~ psi) (59,500 psi) (0.40 in.) 

2 1 . 7 5 ~ 1 0 ~  MPa 460.6 MPa 0.91 cm 
(25 .4~10~ psi (66,800 psi) (0.36 in.) 

3 1 .95~10~  MPa 431.0 MPa 0.97 cm 
(28 .3~10~  psi) (62,500 psi) (0.38 in.) 

4 1 . 9 5 ~ 1 0 ~  MPa 410.3 MPa 1.02 cm 
(28 .3~10~ psi) (59,500 psi) (0.40 in.) 

*See Reference 9. 



Using 

p 
v 

= 4.50 kg/m3 (.281 lbm/ft3) 
= 13.38 m/s (527 in./s) (9.1-m (30-ft) drop, 

1.95 x lo5 MPa a t  21°C (28.3 x lo6 psi a t  
70’F) 
1.83 x lo5 MPa a t  204°C (26.6 x lo6 psi 
a t  400’ F) 
1.75 x lo5 MPa a t  316°C (25.4 x lo6 psi 
a t  600”F), 

neglecting air drag) 

the peak impact stress for each data set is as follows: 

Data Set 1: a = 506.2 MPa (73400 psi), 
Data Set 2: u = 492.4 MPa (71400 psi), 
Data Set 3: u = 521.4 MPa (75600 psi), 
Data Set 4: a = 521.4 MPa (75600 psi). 

Comparison of this peak generated impact stress with 
the corresponding impact stress listed in Table 8 
reveals that bare canister impact (that is, non-mitigat- 
ing material) results, in all cases, in loading sufficient 
to initiate bifurcation. 

In the case of mitigating, impact energy absorbing 
material located a t  the ends of the canister (see Refer- 
ence 15) the force transmitted to the canister wall is 
dependent upon mitigator type. Using the six mitigat- 
ing materials considered in Table 2, the transmitted 
axial canister wall stress for each mitigating material 
is presented in Table 9. Note that, in all cases, the 
axial stress in the canister is below all bifurcation 
values determined for the four sets of stainless materi- 
al properties. Hence, the canister will not crush up 
(buckle) when sufficient mitigating material is present 
to prevent mitigator lockup. Inclusion of adequate 
mitigator volume therefore appears to “save” about 
1/2 in. of canister length. 

3.3 Static Internal Pressure 
Capacity 

The purpose of this section is to determine the 
maximum static internal pressure which can be with- 
stood by the spent fuel shipping canister. The ship- 
ping canister can be envisioned as a long, tapered 
circular cylinder, closed on one end. On the other end 
is a specially bolted (studded) closure. 

There are two potential failure modes of the canis- 
ter assembly: bursting of the cylindrical portion (thin- 
nest region in Item 1 of Figure 2) and failure of bolts/ 
threads in the closure region. These are analyzed 
individually in the following sections. 

3.3.1 Bursting of Cylindrical Portion 
Modeling the canister body as a long cylindrical 

shell, the burst pressure is given by15 

where 

uULT is the ultimate tensile stress of the material, 
a = inner radius 
b = outer radius. 

For 

a = 8.26 cm (3.25 in.) 
b = 8.89 cm (3.50 in.) 
aULT = 403.4 MPa (58,500 psi) (304 stainless 

steel, 70°F), 
the burst pressure is 

Table 9. Plastic Buckling Results With Various Mitigators 
Canister Wall Axial Stress 

Aluminum Honeycomb 27.2 MPa (3948 psi) 
High Density Foamed Aluminum 111.2 MPa (16130 psi) 
Low Density Foamed Aluminum 15.1 MPa (2186 psi) 
Spiralgrid 6000 275.0 MPa (39880 psi) 
Fiberfrax 57.5 MPa (8335 psi) 
Marinite 121.3 MPa (17594 psi) 

Impact Limiter Material . Comment 

No buckling occurs 
No buckling occurs 
No buckling occurs 
No buckling occurs 
No buckling occurs 
No buckling occurs 
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3.3.2 Bolt Thread Failure 
Bolts (studs) are constructed of 15-5 P H  stainless 

steel, either in the 1025’F or 1075’F (579OC) temper. 
Assume conservatively that it is in the 1075’F (579OC) 
temper. 

Failure in the vicinity of the bolts (for the case of 
the bolted closure design) could occur in one of three 
modes: 

Mode 1: Tensile Bolt Failure-For the possibility of 
tensile bolt failure, the eight 1/2-in. bolts each has a 
“stress” area (area of minor diameter) of 1.03 cm2 (0.16 
in2) .  The eight bolts must carry the total ’orce on the 
end closure due to the internal pressure. Equating the 
pressure-induced force on the closure to the total 
opposing bolt force results in 

where Pi is internal pressure, AP is projected end 
closure area, N is number of bolts, AB is bolt stress 
area, and CULT is ultimate tensile stress of the 15-5 P H  
stainless bolt material. Solving for internal pressure 
results in 

AB 

A P  
p. = N- 

For 

N = 8  
CULT = 1000 MPa (145,000 
A B  = 1.03 cm2 (0.16 in2)  
AP = 214 cm2 (33.1 in.2) 

Then 

I 

(33) 

(Pi)msr = 38.7 MPa (5607 psi) (34) 

Mode 2: Bolt Thread Shear Failure-Now consider 
the possibility of the bolt threads shearing off. This 
could occur either in the blind hole location (Item 5 of 
Figure 2) or a t  the captive nut (Item 6 of Figure 2). 
Since the engagement length a t  the captive nut is 
considerably less (estimated as 1.9 cm (.75 in.)), this 
situation governs. Again the total end closure pres- 
sure-induced force is equated with the bolt resistive 
force (this time in shear): 

where A, is the shear area available and CULTSHEAR is 
the ultimate shear stress of the bolt material. Assum- 
ing CULTSHEAR = 1/2 CULT = 500 MPa (72,500 psi), A, 
= rD,Le where D, = minor diameter, and Le is 
engagement length, then the maximum internal pres- 
sure becomes: 

p. = N r  D,Le CULT 

For 

N =  
D, = 

Le v 

Ap = 

CULT = 

then, 

2AP 

8 
1.15 cm (.453 in.) 
1.9 cm (.75 in.) 
100 MPa (145,000 psi) 
214 cm2 (33.1 in2)  

Pi = 128.9 MPa (18693 psi) . (37) 

Mode 3: Thread Failure in Blind Hole-For the blind 
hole, the softer stainless threads might shear out. 
Engagement length is estimated from Figure 2 as 1.0 
in. Again, equilibrium requires 

where previous definitions apply now to the 304 stain- 
less. The internal maximum pressure is now 

where D is major diameter of the tapped hole. 

For 

N = 8  
D = 1.27 cm (0.5 in.) 
Le N 2.54 cm (1.0 in.) 
AP = 214 cm2 (33.1 in.2) 
CULT = 403 MPa (58,500 psi) 

then, 
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3.3.3 Static Pressure Results 
The failure mode governing is obviously the mini- 

mum value of the pressures calculated above. Thus 
failure will occur by bursting at  approximately 29.8 
MPa (4333 psi). 

3.4 Conclusions 
1. As a result of impact from a 9.1-m (30-ft) drop 

on any unyielding target, hoop stresses generat- 
ed in the preliminary canister design (with 
0.635-cm (0.25-in.) wall) are expected to be in 
the neighborhood of 419 MPa (60,700 psi). 

2. It is believed that this stress state, when super- 
imposed with axial stresses in the canister wall, 
may well result in failure, 

3. The addition of crushable, energy absorbing 
materials is one possible design modification for 
reducing canister wall stresses and is found to 
cushion the impact, reduce the peak pressure 
generated in the liquid sodium, and therefore 
reduce the peak hoop stress in the canister wall. 
The reduction in peak stress level is dependent 
upon the properties of the crushable material. 
Generally, the required length of impact limiter 
(which must be minimized) is inversely propor- 
tional to the peak stress in the canister wall. For 
two impact materials considered-High Densi- 
ty Foamed Aluminum and Spiralgrid 6000-the 
length of limiter material is reasonable and the 
peak loop stress is still substantially reduced 
from the “bare” impact situation. I t  is believed 
that 9.1-m (30-ft) impacts with these two mate- 
rials would not lead to failure. 

4. Other possible methods of reducing the high 
canister wall stress include increasing the wall 
thickness, particularly near the impacting end. 

5. The possibility of axial buckling could be elimi- 
nated by either increasing wall thickness (par- 
ticularly near the impacting end) or adding 
energy absorbing materials. 

6. The most probable mode of failure is by burst- 
ing from excessive hoop stress. 

4. Prototype 9.1-m (30-ft) 
Drop Tests 

Prototype testing was restricted and abbreviated 
due to limited funding. Because it was felt that the 
seal welded canister could survive the drop without 
leaking, tests were conducted on two mechanically 
sealed canisters. 

The first canister was used for 0- (end-on) and 45- 
degree impacts. The second canister was used only for 
the 90-degree (side-on) test. 

A fuel assembly mass mock-up (Figure 11) was in 
the canisters for the tests. 

Because it was desired to conduct these prelimi- 
nary tests at  ambient temperature, it was necessary to 
use a liquid with room temperature dynamic proper- 
ties similar to those of 400°C liquid sodium. (Actual 
peak operating temperature is not yet known, but 
400°C is felt to be a reasonable estimate.) As shown in 
Section 3, the liquid property of primary concern is 
the acoustic impedance (product of density and acous- 
tic velocity). The liquid used was a 1:3.65 (volumetric) 
mixture of methanol and glycerine. This resulted in an 
acoustic impedance of 2.0 x 106 kg/m2s (4.1 x lo5 lb/ 
ft2s), essentially the same as that of 400°C (750°F) 
liquid sodium. 

Combined mass properties of the canisters as 
tested are listed in Table 10. It is assumed that mock- 
up and canister are concentric and assembly is filled t 5 

0.10 m (3.88 in.) from top flange with the methanol/ 
glycerine mixture. Mass properties for the canister 
and mock-up are given in the Appendix. 

Table 10. Mass Properties of Filled 
Canister-Mock-up Assembly 

Item Description 
Mass 454 kg (1000 lb) 
CG Location 
Moment of Inertia 808 kgm2 
About CG 

2.21 m (86.8 in.) above bottom 

(2.76 x 106 lb in.2 

4.1 Canister Assembly and 
Leaktest 

After the canister was placed in a hole in the 
ground to permit easier access to the top, the mock-up 
was lowered into the canister and the methanol/glyc- 
erine mixture added until the top end of the mock-up 
was just covered. This allowed an ullage of about 1640 
cc (100 in.3). 

The seal and seats were washed with methanol 
and inspected carefully. The seal and lid were placed 
in position and the hold-down nuts tightened to hand 
tightness. The nuts and studs were lubricated with a 
molybdenum disulfide grease to prevent galling on the 
first canister. A dry molybdenum disulfide spray was 
used for the second. 
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The nuts were then torqued in 14 Nm (10 ft-lb) 
increments in a criss-cross pattern to the final value of 
130 Nm (95 ft-lb). 

The canister was pressurized to 140 kPa (20 psig) 
with helium through a fill port in the lid and checked 
with a Gow-Mac model 21 leak sniffer. (Sniffer sensi- 
tivity is approximately 1 x 10-6 Pa  m3/s, 1 x 10-5 atm 
cc/s.) If leaks were apparent, a pressure drop per unit 
time check was made so a leak rate could be calcu- 
lated. 

An attempt was made to measure the leak rate 
with a Veeco model MS170 helium mass spectrometer 
leak detector. It was found that the vapor pressure of 
the molybdenum disulfide grease was too high to 
permit proper leak detector operation. 

4.2 Instrumentation 
The canister for the first test (0 deg) was instru- 

mented with two Endevco 2262-1000 accelerometers 
and five BLH FAB-12-12-S6 biaxial strain gages (Fig- 
ures 12 and 13). 

Both accelerometers were mounted on the lid with 
their sensitive axis in the axial direction. The biaxial 
strain gages were mounted to monitor axial (A) and 
hoop (H) strain at  locations shown in Table 11: (Axial 
locations are measured from the closed end.) 

Analog data were converted to FM, 216 kHz cen- 
ter frequency and recorded on a 14-channel FM/FM 
tape recorder. For playback the data were digitized a t  
50 kHz and filtered a t  5 kHz. 

Table 11. Strain Gage Locations 

Axial Location Calibrate Value 
Name (4 (wdm)  

SA1, SH1 0.15 2000 
SA2, SH2 0.30 2000 
SA3, SH3 0.61 2000 
SA4, SH4 1.83 2000 
SA5, SH5 3.05 1000 

No instrumentation was used for the second and 
third tests. 

4.3 Photographic Coverage 
High speed cameras were used to observe the 

drops and were placed as shown in Table 12. Film data 
were reduced to determine impact velocity, impact 
angle, and rebound height. 

4.4 Test Site 
The free drops were conducted at  the SNL Old 

Cable Site Facility. This facility has an essentially 
“unyielding” hard target for such tests. 

I 
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Figure 12. Accelerometer Installation 
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5 Test Results 

5.1 0-Degree (End-On) Test 
Table 13 summarizes the results of the 0-degree 

test. Posttest photos and measurements of body de- 
formation are shown in Figures 15 and 16 and in Table 
14. No body leakage was noted; however, welds were 
not radiographed or helium leak-tested. Hold-down 
nut torque values a t  lid removal ranged from 54 to 102 
Nm (40 to 75 ft-lb). 

An energy balance (Section 5.4) showed that ap- 
proximately 68% of the initial impact energy was 
absorbed by body plastic deformation. 

Figures 17 through 28 show plots of strain and 
acceleration data. Usable data were obtained from all 
instrumentation except strain gages SA3 and SH3, 
which failed a t  impact. Failure cause could not be 
determined. The double cables visible in the photos 
were to keep the canister from falling over after im- 
pact. 

Table 13. 0-Degree End-On Test Results 

Item Result 
Pretest photo Figure 14 
Pretest Helium Leak 

Jmpact Velocity 
CG Rebound Height 
Posttest Leak Rate 

Rate (vAp/At) 2x10.~ atm cc/s 
13.53 m/s (44.4 ft/s) 
0.69 m (27.3 in.) 
Fluid found around seal area 
but no indications on sniffer. 
Possibly, fluid sealed the 
leak or leak was only momen- 
tary. 

5.2 45-Degree Test 
The end-on test canister was reused for the 45- 

degree test. The lid was removed and replaced to 
permit cleaning the sealing surface. Table 15 summa- 
rizes the results. Pre- and posttest photos and mea- 
surements of body deformation (bow) are shown in 
Figures 29 through 34. No body leakage was noted; 
however, welds were not radiographed or helium leak- 
tested. The lid was not removed, and an energy bal- 
ance was not made. 

5.3 90-Degree (Side-On) Test 
A new canister was used for the 90-degree test. 

Table 16 summarizes the results. Pre- and posttest 
photos and measurements of body deformation are 
shown in Figures 35 through 38. The fluid visible in 
Figure 36 was from an earlier spill. No body leakage 
was noted; however, welds were not radiographed or 
helium leak-tested. Due to budgetary constraints, no 
final posttest leak rate determination was made. No 
energy balance was made. 

5.4 End-On Impact Energy 
Balance 

The first fluid-filled canister was dropped in an 
end-on orientation onto an unyielding target a t  ambi- 
ent temperature. 

Following the first fluid-filled canister end drop, 
some plastic deformations occurred in a hoop bulging 
mode a t  points near the impact end of the canister 
(Table 13). Further, subsequent measurements of the 
posttest canister length indicated that some “shorten- 
ing” or crush-up did occur. I t  is the purpose of this 
section to perform an energy balance to determine 
what percentage of the total drop energy is partitioned 
into plastic deformations of the canister as well as to 
determine the general partitioning of energy to other 
modes of energy extraction. 

5.4.1 Energy Absorption Modes 
The canister contained a mild steel pin, the pur- 

pose of which was to dynamically simulate the fuel 
assembly. The approach taken here is to ignore the 
steel pin since the pin, through its own plastic defor- 
mation, effectively stops itself and does not impart 
significant loading into the canister (except as com- 
pression of the end cap). 

An assembly drawing of the canister with end cap 
(but with steel pin omitted) is shown in Figure 2. The 
canister is fluid filled as well. 

Energy absorption modes considered are 

Mode I :  

Mode 2: 

Mode 3: 

Plastic hoop-straining of the canister 
wall. 
Axial plastic crush-up (shortening) of 
the canister. 
Rigid body rebound. 
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Table 14. Pretest and Posttest Diametrial Measurements* (End-On Drop) Made by SNL 
Division 1485-3 

L D1 Pre D2 Pre D1 Post D2 Post L D1 Pre D2Pre  D1 Post 
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) 

D2 Post 
(in.) 

2 7.026 
4 7.026 
6 7.024 
8 7.026 

10 7.024 
12 7.027 
12.5 f- 
13 
13.5 
14 7.013 
14.5 
15 
15.5 
16 6.996 
16.5 
17 
17.5 
18 7.014 
18.5 
19 

7.024 
7.026 
7.024 
7.026 
7.025 
7.027 

t 

7.018 

6.989 

7.005 

7.032 7.029 
7.026 7.026 
7.024 7.025 
7.025 7.027 
7.025 7.028 
7.039 7.042 
7.052 7.052 
7.066 7.061 
7.071 7.069 
7.069 7.068 

P !ld Zone 
Weld Zone 
Weld Zone 

7.093 7.072 
7.140 7.115 
7.159 7.138 
7.159 7.136 
7.154 7.129 
7.143 7.120 
7.133 7.114 

19.5 
20 
20.5 
21 
21.5 
22 
24 
36 
48 
60 
72 
84 
96 

108 
120 
132 
144 
156 
168 

7.132 
7.010 7.005 7.117 
7.010 7.005 7.111 
No further 7.107 
pretest 7.103 
measurements 7.098 
made 7.090 

7.057 
7.027 
7.022 
7.012 
7.014 
7.010 
7.010 
7.006 
7.010 
7.000 
7.001 
7.090 

7.108 
7.100 
7.098 
7.100 
7.100 
7.101 
7.095 
7.054 
7.033 
7.016 
7.011 
7.007 
7.003 
6.993 
6.999 
6.985 
6.986 
6.998 
7.069 

*Measurements were made, and are therefore reported, in inches. 
?Not all axial locations were measured before test. 
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Figure 14. Pretest, End-On 
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Figure 15. Posttest, End-On, During Rebound 
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2 Figure 19. Strain Gage Data, End-On, Track No. 3 
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Table 15. 45-Degree Test Results 

Item Result 
Pretest Photos 
Pretest Helium Leak 

Rate (vAp/At) 
Impact Angle 

(from vertical) 
Impact Velocity 
Head Slap-Down 

CG Velocity a t  

Head Slap-Down 

CG Rebound Height 

Posttest Leak Rate 

Velocity 

Head Slap-Down 

Angle (from vertical) 

2nd impact 

Figures 29 and 30 

0.42 atm cc/s 

40 degrees 
13.4 m/s (43.8 ft/s) 

20.7 m/s (68.0 ft/s) 

7.6 m/s (25.0 ft/s) 

95 degrees 

0.11 m (0.37 f t )  
Fluid flowed from seal 

Figure 29. Pretest, 45-Degree Drop 
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Figure 30. 45-Degree Test, at Impact 
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Figure 31. Posttest, 45-Degree Drop 



c 

Figure 32. Posttest, 45-Degree Drop, Head 

Figure 33. Posttest, 45-Degree Drop, Close-up of Head Impact Point 
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Figure 34. Body Deformation, 45-Degree Drop 

Table 16. 90-Degree (Side-On) Test 
Results 

Item Result 
Pretest Photos 
Pretest Helium Leak 

Rate 

Impact Angle 
(from vertical) 

Impact Velocity 
CG Rebound Height 
Posttest Leak Rate 

Figure 35 

1x10-5 cc/s (No apparent leak 
by sniffer. Veeco inopera- 
tive.) 

89 degrees 
13.0 m/s (42.7 ft/s) 
0.1 m (0.32 f t )  
Some fluid in seal area. 
Washed clean, no noticeable 
seepage. Too windy for 
sniffer. 
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Figure 36. Posttest, 90-Degree Drop 
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Figure 37. Posttest, 90-Degree Drop, Head 



--- -- ------ Impact 
Face  

I l l l l  I l l l l l  I I I I  

Figure 38. Body Deformation, 90-Degree Drop 

The energy dissipated or converted through 
Modes 1 through 3 is then compared with the initial 
kinetic energy generated by the 9.1-m (30-ft) drop, 
again neglecting the influence of the steel, fuel-simu- 
lating pin. 

As one would anticipate, the energy available is 
found to exceed that which is calculated to be dissi- 
pated. This discrepancy is due to neglect of other loss 
mechanisms which were not calculated, such as stress 
waves propagating into the target, pressure waves 
radiating away from the canister into the air, and 
residual kinetic energy of the fluid. 

Each of the energy absorption mechanisms is first 
considered individually, and the sum of these energies 
will be compared later with that which is available 
from the drop. 

5.4.2 Mode 1 : Plastic Hoop-Straining 
of the Canister Wall 

As shown in Figure 1, the canister has a nominal 
0.6-cm (U4-h.)  wall, except near the ends. The resid- 
ual circumferential strain is plotted as a function of 
axial distance from the impacting end in Figure 39. 
Note that circumferential strain values are calculated 
from diametral changes rather than determined from 
strain gages due to the few locations a t  which strain 
gages were placed. The plot is continued a total dis- 
tance of 2.4 m (8 f t )  from the impacting end, just 
slightly over half the overall length of the canister. 

Note that strains for greater distances were not plot- 
ted since they were small and within the accuracy of 
the measuring instruments. Except near the impact- 
ing end where measurements were made more fre- 
quently, strains were measured every 12  in. of axial 
length by determining diametral growth. 

The energy absorbed is calculated using the gener- 
al formula 

where n and t denote, respectively, the circumferential 
stress and strain and V is the volume of material 
absorbing energy. The inner integral is the strain 
energy density a t  a point in the canister. This strain 
energy density is then integrated (summed) over the 
volume of the canister. The details of evaluation of Eq 
(41) for the energy absorbed by hoop straining are as 
follows. (Note that care must be taken to account for 
changing canister wall thickness (see Figure 2) as well 
as the nonlinear stress-strain curve for the material.) 

Consider the quasi-static stress-strain curve 
shown in Figure 40 for 304 stainless steel. As shown in 
Figure 39, the circumferential residual strain varies as 
a function of distance from the impacting end. The 
approach taken is to effectively break the canister up 
into a number (11) of small regions of material over 
which the strain and wall thickness are approximately 
uniform. These regions are numbered I through XI in 

59 



Figure 39. The strain energy density of each such 
region is determined based upon the final strain mea- 
surement. By multiplying the strain energy density by 
the volume of the particular region and summing the 
results for all the regions of the canister, the total 
amount of elastic-plastic energy absorbed can be cal- 
culated. 

As an illustration of the process, say that the 
residual hoop strain a t  one particular location from 
the end of the canister is 0.005 m/m (in./in.). That 
particular ring segment of the canister suffered a peak 
strain larger than 0.005 m/m (in./in.) before unloading 
to that value. Assuming that unloading occurs along a 
line with slope equal to the initial elastic slope, a line 
with that slope is constructed from the residual strain 
point A on Figure 40 (0,0.005) to the maximum strain 
point B where the elastic unloading line intersects the 
stress-strain curve of the material. The coordinates of 
point B are (38,000,O.OOS). Thus, the peak hoop strain 
reached a t  that particular location of the canister was 
0.008 m/m (in.hn.1 a t  a stress of 38,000 psi (262 MPa). 
As indicated in Figure 40, the shaded area is the 
energy density associated with plastic deformations 
and the cross-hatched region is that which is recover- 
able elastic energy. The sum of the two areas repre- 
sents the total energy density absorbed a t  that loca- 
tion in the canister. 

To facilitate calculations, a cumulative energy 
density curve was constructed by numerical integra- 
tion of Figure 40, as shown schematically in Figure 41. 
The resulting cumulative energy density curve so con- 
structed is shown in Figure 42. 

The procedure for calculating the total energy 
absorbed in the hoop deformation mode is now 
straightforward. First the average residual strain for a 
given region is determined for each of the 11 regions 
shown in Figure 39. Next, using Figure 40, the strain is 
converted from residual strain (generic point A) to 
peak strain (generic point B). The value of peak strain 
is then used in combination with Figure 42 to deter- 
mine the strain energy density associated with the 
particular region. After multiplying by the volume of 
the region (taking due account of'the axial length and 
possible varying thickness of the region), the strain 
energies for each of the 11 regions of Figure 39 are 
summed to give the total energy absorbed in the hoop 
deformation mode. Calculations are indicated in 
Table 17. The first column identifies the region, and 
the second and third columns denote, respectively, the 
residual strain values (based upon diametral change) 
on the two ends of the region. The last column gives 
the total strain energy for the region, calculated by 
multiplying the volume of stainless steel material and 
the associated energy density. The sum of values in 
the last column, 12641 J (9324 ft-lbs), represents the 
total energy absorbed in the hoop deformation mode. 

Table 17. Energy Absorbed in Hoop Deformation Mode 

Average 
Residual Energy Strain 

Strain-Left Strain-Right Strain Peak Strain Density Length Thickness Energy 
Area ( i n h . )  (in./in.) (in./in.) (in./in.) (in.-lbf/in.2) (in.) (in.) (in.-lb) 

I 0.0 
I1 0.000761 
I11 0.000263 
IV 0.001956 
V 0.0188 
VI 0.0144 
VI1 0.0079 
VI11 0.0042 
IX 0.0027 
X 0.0032 
XI 0.0015 

0.000761 
0.000050 
0.001956 
0.0188 
0.0144 
0.0079 
0.0042 
0.0027 
0.0032 
0.0015 
0.0009 

0.000381 
0.000406 
0.00111 
0.0104 
0.0166 
0.0111 
0.0061 
0.00345 
0.00295 
0.00235 
0.0012 

0.0025 
0.0025 
0.0035 
0.0135 
0.020 
0.01 37 
0.009 
0.0062 
0.0057 
0.0050 
0.0035 

37.0 
37.0 
68.0 
448.0 
725.0 
456.0 
260.0 
153.0 
140.0 
117.0 
68.0 

2.0 
2.0 
2.0 
6.0 
2.0 

16.0 
12.0 
12.0 
12.0 
12.0 
12.0 

1.089 
0.949 
0.389 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 

1709 
1489 
1122 

14250 
7687 z 

38679 
16540 
9733 
8906 
7443 
4325 

* 
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5.4.3 Mode 2: Axial Plastic Crush-Up 
(Shortening) of the Canister 

Posttest measurements indicated that the canis- 
ter underwent a permanent axial shortening of 0.3 cm 
(0.125 in.). Because the actual strain distribution is 
unknown, assume that this axial shortening occurs in 
the region where the wall is 0.63 cm (0.25 in.) and, 
further, that the material is rigid-perfectly plastic. 
The energy absorbed plastically in the axial crush-up 
mode is 

Energy = Fdx = n A6 6 
where d is the maximum crush-up, oY is the yield stress 
and A is the cross-sectional area of the canister. 

For 
= 276 MPa (40,000 psi) 

A = 34.2 cm2 (5.30 sq in.) 

Energy = 2995 J (2209 ft-lbf) 
6 = 0.317 cm (0.125 in.) (43) 

0 0.005 0.010 0.015 0.020 0.025 

Strain (in./in.) 

Figure 42. Cumulative Energy Density 

5.4.4 Mode 3: Rigid Body Rebound 
Following direct target impact, the canister re- 

bounded upward to a photographically recorded 
height of 0.693 m (27.3 in.). Thus, the energy associat- 
ed with rebound is 

Energy = Mgh = 1749 J (1290 ft-lbs) (44) 

5.4.5 Kinetic Energy Available at 
Impact 

The mild steel pin (which simulates fuel) basically 
stops itself through plastic deformation without sig- 
nificant energy transfer to the canister. For simplicity, 
the energy associated with the pin is therefore not 
included in the energy balance. 

Masses of remaining material are as follows: 
Canister Assembly = 178.2 kg (393 lb) 

Handling Fixture = 3.62 kg (8 Ib) 
Liquid = 75.3 kg (166 lb) 

TOTAL Mass 
(less pin) = 257.2 kg (567 lb) 
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Kinetic energy a t  impact, neglecting air drag, is 
given by 

KE = Mgh, 

where Mg is total weight and h is drop height. For 
Mg = 257.2 kg (567 lbf) and h = 9.1 m (30 ft) ,  total ki- 
netic energy a t  the instant of impact is 

KE = 23062 J (17010 ft-lb). 

5.4.6 Overall Energy Balance and 
Con c I u s i o n s 

The overall energy balance is as follows: 

Kinetic Energy = 23062 J (17010 ft-lb) 
-Rebound Energy = - 1749 J (1290 ft-lb) 
-Energy Absorbed 

Available Impact 

thru Axial 
Shortening = -2995 J (2209 ft-lb) 

-Energy Absorbed 
in Hoop 
Deformations = -12641 J (9324 ft-lb) 

Excess Energy = 5677 J (4187 ft-lb) 

Approximately 24 7;) of the original kinetic energy 
is unaccounted for. Other sinks for this energy not 
considered here include air drag, residual kinetic ener- 
gy of the fluid, radiation of sound waves into the 
surrounding air, elastic deformations of portions of 
the canister (over half) not considered here, and stress 
waves propagated into the target. 

Results obtained in this section suggest that 
equating of initial kinetic energy to the energy associ- 
ated with some given deformation mode of an impact- 
ing structure will generally lead to conservative re- 
sults, i.e., deformations which are overpredicted. 

Although no analysis or verification tests have 
been performed, it is expected that energy absorption 
by plastic deformation will increase as the body tem- 
perature and, consequently, ductility increases. 

6 Conclusions and 
Recommendations 

rupture of the canister a likely possibility. Plastic 
buckling as a result of normal impact was also predict- 
ed to occur. 

Two methods of surmounting these difficulties 
were suggested: use of a crushable, energy absorbing 
material or increase of the canister wall thickness near 
the impact end of the canister. The latter design 
modification was introduced into the initial canister 
design, and a series of 9.1-m (30-ft) drop tests was 
performed. 

It was concluded that the modified design body 
structure is capable of surviving the regulatory impact 
test. The seal, however, requires additional develop- 
ment work for which time and funding are not avail- 
able. 

A simplified energy balance was performed after 
the end-on impact test in an attempt to account for 
the partitioning of initial kinetic energy into the vari- 
ous modes of canister deformation. Results indicated 
that 6870 of the initial energy was absorbed by plastic 
deformation of the canister body. It is expected that 
the percentage will be higher when the canister is at 
operating temperature since the steel will then be 
more ductile. 

6.2 Recommendations 
1. Develop the structural model further to per- 

form necessary correlations with test results 
and licensing calculations. 
Run evaluation tests to find metal seals that 
can survive the impact test and remain leak- 
tight. To reduce expense this could be done 
with only the head portion of the canister. 
Significant head redesign may be necessary. 
Test velocity would be 20.7 m/s (68.0 ft/s) as 
measured in the 45-degree test. Tests would 
be done a t  both ambient and operating tem- 
perature. 
Redesign the complete canister to incorpo- 
rate seal test and analysis results. 
Perform drop tests on a sodium-filled, com- 
plete canister a t  operating temperature. 

2. 

3. 

4. 

6.1 Conclusions 
A preliminary analysis of the 9.1-m (30-ft) normal 

impact situation revealed that hoop stresses in the 
initial canister design were excessive, particularly 
when superimposed with axial wall stresses, making 
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