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ABHTRACT

This wtudy lnvestigates the effoctw of potential drops of a ctypleal
uhlprlug cask, waste contalner, and bare fuel assembly during waste-
handling chratlon- at the prowpective Yucca Mountain Ropository. The
wanste-handling process (one astage, no consolldation confipguration) 1
exanined to ewtimate the waximum loads lmpowed on typlcal casks and
containers as they are handled by various pileces of oquipment during
wasto-handling operations, Maximum potential drop heipghts for casks and
contatners are uiuo svaluated tor different operations,

A nonlinear tinite-olement model is employed to represent a hybrid spont
fuel contalner subject to drop helghts of up to 30 ft onto a reilnforced
concrete ftloor. The fupact stress, stralin, and deformatlon are calcu-
lated, and compared to the fallure criterla to ostlmute the limiting
(maximum permissible) drop height for  the waste contalner. A Lyplcn?
Wentinghouse 17 x 17 PWR fusl assembly 1s analyzed by a simplified modol
to ewtimate the onergy absorption by varlous purts of thu fuol assombly
during a 30 ft drop, and to dotormine the amount of kinatic eonorgy in a
fusl pla at fopact, A aunlinear finlto-oloment analysis of an Lndividual

fuel pin is also performed to estimate the amount of fuel pellet fracture
dus to {mpact,

-
This work was comploted on May 1990. ' nﬂ‘ A“\&%
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EXECUTIVE SUMMARY

_Sgoge

This study investigates the effects of potential drops of a typical
shipping cask, a waste container, a bare fuel assembly, and an individual

fuel pin during the waste-han&ling operations at the potential Yucca

" Mountain repository.

The waste-handling process for the waste-handling building (one stage, no
consolidation configuration) is examined. Several waste-handling
scenarios involving cask and container impacts are described, estimates
are made of the maximum loads imposed vn different parts of a cask or

container, and methods of mitigating the effects of these impacts are
discussed.

Impact analyses are performed to estimate the limiting drop height of a
wvaste contalner (the maximum height it can fall without unacceptable
damage) and to assess the potential damage to a bare fuel assembly/
individual fuel pin in the event of an assembly/pin drop. For the case of

a spent fuel assembly, the mechanism of fuel pellet pulverization is
discussed,

a and C ainer W e-Hand Operations

For a shipping cask, the followiné cases were considered: toppling,
rolling off a cask transfer car and landing in a horizontal position on
the floor, swinging against a wall or a 2 in. dia. object, and falling
2 ft. The results of these load envelope studies indicate that maximum
stresses occur when the cask rolls off a tfansfer car ‘and strikes the
floor. These maximum (compressive) stresses are about 21,000 psi and

19,0b0 psi for a truck cask and a rail cask, respectively. Because these

‘stresses do not exceed the allowable stress* (21,000 psi) for 304L

stainless steel, nelther truck cask nor rail cask should fail.

* The allowable compressive stress is taken to be 60 percent of the yield
stress,
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For an empty container, the -following cases were considered: dead load,
ovaling due to stacking, swinging like a pendulum, impacting the hot-cell
walls, impact between containers, swinging against a stationary 2 in. dia,
and 1 ft dia. object, and striking a concrete floor after free-falling

2 ft or 34 ft, The results of this load envelope study indicate that the
maximum stresses occur as a consequence of a free fall from the maximum
drop height of 34 ft or of an impacc on the hot-cell walls. These
stresses are about 26,000 psi (compressive) and 22,000 psi (bending). The
bending stress is less than the allowable stress (23,000 psi) for 304L
stainless steel; the compressive stress is slightly greater than the
allowable stress (21,000 psi) for 304L stainless steel, but will not

result in a fracture of the container,

For a loade- container, the following cases were considered: dead load;
swinging like a pendulum; impacting the hot-cell walls; swinging against a
stationary 0.2 in. dia. or 6 in. dia. object; free-falling 2 ft onto the
floor, a 6 in. dia. object, or a 2 in. dia. object; and seismic loads.

The results of the load envelope study indicate that the maximum stress
occurs when the container impacts the hot-cell walls or a 2 in. dia.
stationary object. The value of this stress is about 81,000 psi
(bending), which is almost four times as great as the allowable stress for
304L stainless steel, but not great enough to result in a fracture. (The
ultimate strength of this material is 85,000 psi, and the critical
fracture strength is 228,000 psi.)

There are several ways of mitigating the effects of a potential drop.
These mitigation techniques, which are based on the load analysis and
potential drop heights, include -equipment rearrangement, structural

modifications, and the use of energy-absorbing materials,
ete t D eight a loaded Containpe

Investigations were carried out to determine a loaded (spent fuel) waste
container’s limiting drop height, defined as the maximum vercicai
distance the container can fall without being shortened through impaéc by
more than 1.0 in. and without undergoing an effective plastic strain

greater than 0.15. A literature search was conducted to collect




published information. WNext, fhree finite-element impact analyses using
the computer program, DYNA3D, were performed for drop heights of 30 fc,
7.5 fc, and 5.0 ft. The results of these analyses were cérnared with the
results of experimental tests, desctibed‘in the literature, [nvolving a
30 ft drop of defense high-level waste (DHLW) canisters. 1t was found
that: '

o The resuits of the DYNA3D analysis for a 30 ft drop of a loaded spent
fuel container agree with those of the experimental drop tests for a
DHLW canister.

¢ The limiting drop height of a loaded spent fuel container is about 3.8
fc. ‘

To obtain a more detailed analysis, future studies of the effects of
impact on a loaded spent fuel or DHLW waste container are recommended.

These studies should cover:

.0 The effect of container impact orientation..eépecially impacts
directly on the pintle of the container

o The effect of total container weight on the limiting drop height
o The effect on the limiting drop height of (1) interactions between the
fuel assemblies and (2) interactions between the fuel assemblies and

the container

o The effects of impacts on sharp objects and for various target

conditions
Analysis of an_ Accidenta) Drop of a Typical Bare Fuel Assembly or of an
v a e '

The analysis of an accidental drop of a fuel assembly or a fuel pin
proceeded as follows: (1) a literature search was performed; (2) hand
calculations were carried out to estimate the energy absorption by the

various parts and fuel pins of a fuel assembly; and (3) a finite-element
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for an individual fuel pin(within a fuel assembl In both the hand

calculations and the finite-element analysis<;i~3? ft drop was assumedt——i:::::>

As a result of these studies, the following conclusions were drawn:

o The friction between fuel pins and the grid spacers dissipates only a

small® amount of the impact energy, approximately equal to 3 percent of
* the total kinetic energy imparted to the fuel pins. ‘f;é?r

o The bottom 1.3 in. of fuel pellets (which is less gifan 1 percent of

the total volume) fractures.

o The zircaloy cladding fails in the region where the fractured fuel
pellet bulges out radially (0.15 to 0.45 in. from the bottom of the
fuel pellet).

o There is no failure in the bottom end plug of the fuel pin.

Further studies on the effect of impacts on fuel assemblies and fuel pins
are recommended. These studies should investigate the effect of buckling
on the failure of fuel pellets and the zircaloy cladding. A simplified
finite-element model can be created for the fuel assembly and its numerous
fuel pins. Instead of éerforming a hand calculation using the energy
balance method, one can conduct a finite-element impact analysis of the
entire fuel assembly to determine the energy absorption of the bottom
nozzle. In this way, the effact of the bottom nozzle on the dynamic
response of fuel pins can be accounted for more realistically. The
effects of nonperpendicular impact aad of impacts on various target

conditions should also be investigated.

Fuel Pellet Pulverization

The studies on fuel pellet pulverization performed by Argonne National
Laboratory were reviewed. These studies Included a series of drop-weight
impact tests of representative materials such as pyrex glass, Macor glass

ceramic, and sintered U0 ceramic.

- xii -




All results showed that the fracture particulate proper, which included
all particles of respirable size (i.e., diameters less than 10 microns),

and which contained more than about 90 percent of the total surface area,

had a straight-line size distribution when plotted on lognormal graphical
coordinates.

It was found the volume fraction of particles with diameters less than
10 microns is éirectly proportional to input energy density. No

significant difference between axial and diametrical impact was found.

Further studies are recommended which examine and develop the
relationships and possible correlations between the laboratory-scale

results on small specimens and the finite-element analysis results for a

single full-scale spent fuel rod.
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4.0

A.l

4.2

4.2.1

ANALYSIS OF AR ACCIDENTAL DROP OF A TYPICAL BARE FUEL ASSEMBLY OR
OF AN INDIVIDUAL FUEL PIN

In this section, the accidental drop of a bare nuclear fuel
assendly is analyzed and an impact analyals of fuel plins and fuol
pellets is performed. The vcﬁtinahou-a 17 x 17 PWR fuel assembly
vas selected for the fuel assembly drop analysis. This is typlecal

of the spent fuel assemblies to be received at the repository.
This section consiats of the following subsections:

o Subsection 4.1, Assumptions

° Subsection 4,2, Literaturs Search

o Subsection 4,3, Estimate of Energy Absorption by Varlous
Parts of the Fuel Assembly

o Submection 4.4, Effect of Impact on Fuel Pins and Fuel
Pellets

Asaumptiona

° The ceramic spent fusl polllil are characterizaed by thelr
brittle fracture behavior. The brittle fracture occura when
the strain exceeds 1,1 times the'yicld strain of the ceramic
fusl material.n .

o The zircaloy cladding of tha fuel pin is characterized by its
elastic-plastic fracture behavior. The fracture fallure of
the zircaloy occurs when ths straln exceeds 9 percent.*

Literature Sgarch

Introduciion

The purpouse of this task i{s to determine, using simplifiuvd but

rigorous analytical techniques, the conscqQuences of an accidental

* Sce Subsection 4,4.4 for detalls.
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drop of (1) a bare fuel asgembly or (2) a fuel pin., The task was
initiated by a literature secarch to collect recent technical

{nformation ont

© Research literature relatad to the drop of fuel asuembllies

o  Ceometrical and mechanical propertico of a typléal fucl
asscmbly

0o Mechanical propc}tlel of fuel tube cladding materlal in the
{rradlated state

o Analytical tochniques for impact analywscs

Most of the technical literature defining impact loada ism
concernad with the target rather than the projectile, thus greatly
reatricting the available resourcesn. Tho major fusl axmambly
vendors (Weatinghouse, Combustion Engineering, Babcock and Wilcox)
have conducted {n-house Impact analywos (or wach of thelr (or
thoir clients') assemblies, Unfortunately, most of the data and
the rosults are propristary and could not be obtained. Becausce
the litarature data base is 20 limited, the search was expanded to
include impact analyses of other types of equipment., A
reprenentative oxample 1s the Reactor Vessel load Drop analysis by
Westinghouse (Rof. 16), which uses a uimplified mathod to deucribun
the {mpact load (outlined by Roark in Ref., 17). The procedure and
anpumptions devcribed thereain are employed to a lnrge extent (n

the simplificd analysala of the fuel asuembly.

Ponaible modes of fallure for various couponents of a fuel
apsombly ware dotermined after compllatlion and assesument of
1nduutry4wldu experience with fuel assembly damage caused by
abnormal conditions in handling and transporting operations. Much
of this information, which is summarized {n detall {n Ref. 18, ix
found in fts ontirety {n the U.8. NRC's Public Document Koom. Au
of 1982, 34 fuecl assemblies have buen dropped during handling
opq;atlonn. All the drops were in water, some with nondlirect

impacta. Thercfore, these cases have less sorious cousequences
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4,2.2

than a drop through alr. Typical examples of tkhe dumuge sustained
by BWR and PWR fuel rods and bundlen include:

Spacer grid damaged

Lower tie plate damaged

Assembly akeleton/wrapper/can twisted, bowed, or diatorted
Channel spacers bent or disturbed

Channel deformed

© o o o o0 o

Fuel pin bent, bowed, lost, dropped, difficult to remove, or
broken
Upper nozzle broken off asaembly or damaged

Lower nozzle damaged

Rozzle springos bent or broken

©c © ©°o ©

Nut capture devices bent

Damage to fuel asuemblles and fuel plne am a result of handling {u
generally deotected by visual techniques (direct obmservation,
binoculars, poriscopes, or clowed-circuit television). Fuel
assemblice having fuel pins with breached cladding cun bu detectud
by gas release, radiation monitoring, or leak-testing (sipplng).
Damage to fuel pins can also be dotected by addy-current and
ultrasconic techniques,

Summary of Kecent Fuel Damage Kxperience

Additional caso historles of fuwl assembly drops are avallable In
Abnormal Occurrence Roports smubmitted to NRC by utility
companies, Reports collected from meveral nuclear power
penerating atations dcucrlpu a variety of fuel asuembly dropu on
scvoral surfaces and at different orlentatfons. Damage to the

apsemblies varied wldalyl au {ndicated below.

4,2,2,1 EKxnnple )

During transfer of fuel from the core to a fucl storage pool, onu

fuel asnembly wap inadvertently droppcd 9.1 m (30 ft) onto another

4=-3



fuel asgsemdbly in the core, The lower tie plate cage on the flrot
- asscmbly wap deformed upwards toward the tie plate. The ball
handla on the sccond was deformed almoat horizontally; thu channel

vas driven downward so that its lower adge flared over the lower

tie plate shoulder. 'Movemnent og the second assembly causecd ¢ igil 12

tenaile force to be applied to the fuel plns, and during this

. movement, there was a tomporary increoasc in airborne
radioactivity, vhich apparently indicated that the fuel pins had
beon damaged to nome extent, Channels on two fuel amssembllow that

vere adjacent to the second assembly were dented on the top adge.

During unloading of the core, a channelcd fuecl assembly came looae
from the grapple and dropped about 3.7 m (12 () to the tranufar
poul floor, No gamcous releame wam noted, and there wan no

apparent damage to the fuel assembly.
4.2,2.3 Ekxomple 3

During transfer, an {rradiated fuel aumembly became detached trom
the grapple and fell about 6 m (20 ft) into the apent fuel pool,
The grapple hook apparently had not been compluetuly latched undar
the handle of the tuel assembly., There was no measurable releaso
of radioactivity. The nose pleco and the nosse plece end of the

fuel channel were crushed, but there wam no indication of broken
funl plna.

4.2.2.,4 Kxaaple. 4

Because of impropsr grappling, an frradlated fuel awsembly droppedt
abour 1,8 m (6 ft) to the spent fuel pool floor and then tipped
over into the corner of the pool {n the 3 m (17 ft) deap upunt

fuel cank pit, When the fuel asoembly was 1ift:d to a vertieal
pouttlon, the Q?nnngl_!cll oft and tuel plon cn:c out of the

HaH
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assexbly. Apparently, the fuel assembly separated because the tle
rods and/or tie rod keeﬁers had been sheared when the assembly hit
the pool floor. (

4.2.2.5 Example § A ' e/x\@/?
/v

One fuel assembly fell from the fuel preparation machine from a
vertical to a horizontal position. Only three other fuel
assemblies vere struck or could have been struck by the falling
assembly. The fuel l;lembly that fell was not visibly damaged;
however, the bail of another fuel assembly was bent. Preliminary
visual 1nabection of the two other assemblies indicated localized
scratches or crud removal on the bails., Inspection of the fuel
preparation machine indicated that the upper roller guide had
separated from the carriage.

1 4,2.2.6 xfgmnlg_ﬁ /)/qe\)(ld

During transfer of an unchanneled spent fuel assembly from a fuel
preparation machine to a spent fuel rack in the fuel pool, the
assembly fell about 1.5 m (5 ft) from the main grapple to the pool
floor Secaunc of a grapple deasign deficiency. No release of
radioactivity vas measured even though the assembly was damaged.
(Visual inspection of the assembly revealed it to be considerably
bowed over its whole length.)

4.2,2.7 Conclusion

This aummary of recent fuel damage experience in underwater
environments from abnormal handling and transporting operations
shows that in most cases involving damage, minor degradation of
fuecl assembly components did not cause a breaching of the fuel pin
cladding or a release of radioactive gases or eolids. This was
true even in those cases 'where the fuel assemblies fell as far as
30 ft through water and impacted other fuel assemblies or the
bottom of the apent fuel atorage pool.



4.2.4

4.2.3 Geometrical and Mechanical Properties of Fuel Assemblies

Technical descriptions of the geometrical and mechanical

properties of a variety of fuel assemblies were compiled to
facilitate selection of a reference configuration for analytical
purposes. Information was gathered for Westinghouse 14 x 14, 15 x
15, 16 x 16, and 17 x 17 PWR fuel assemblies, G.E. 7 x 7 and 8 x 8
BWR fuel assemblies, the Babcock and Wilcox 15 x 15 PWR fuel
assembly, and the Combustion Engineering 15 x 15 PWR fuel

agssembly. All pertinent mechanical design parameters and properties
are tabulated in the literature (Refs. 19, 20, 21, and 22).

It was ﬁecesaary to select one of the above assemblies as the
refercnce assembly because there is no standard design for any
vendor and in-house designs are continually being modified. Many
design details are considered proprietary by the fuel vendors.
Some consider only the mechanical design proprietary; others
conaider the materials used for specific components proprietary.
This further restricts the selection of a representative assembly,

- and makes it impossible to define the same level of éetail for all
the fuel bundle types. On the basis of the available information,
the Westinghouse 17 x 17 design was selected.

The effect of fast-neutron irradiation on zirconium alloys used
for the fuel tube cladding materlal has been documented by

01 ﬁzgk, numerous investigators. These changes include an increase in

tensile strength, a reduction in impact strength, and a decrease

@Jb( in ductility. The pcrtihent mechanical properties of irradlated

zircaloy were extracted from the technical literature for use in
the nonlinear fuel pin impact analysis. These properties are
discussed In detail in Subsection 4.4, Most rescarchers agree.on
the principal effects of irradiation on most mechanical
properties. However, there are many differences of detail, and It
is clear that materials supplied by different monufacturers or

fabricated differently can vary significantly in mechanical properticu.




4.3

4.3.1

wmmnmmummmmuhﬂﬂmum

In the present design configuration, the bare fuel assemblies are
handled in the fuel unloading hot cells. The floor level of the
cask transfer tunnel, the fuel racks and other 1solated areas are
25 ft below the floor elevation of the fuel unloading hot cells.
Allowing 5 ft clearance for handling in the fuel unloading hot
cell, the maximum potential drop height during waste-handling
operations is approximately 30 ft. Hence, this analysis was
conducted to estimate the amount of energy absorbed by a typlcal

fuel agsemdbly after an accidental drop from a helght of 30 ft.

Energy balance methods were used to determine the percentage of
impact enecrgy absorbed by various parts of the fuel assembly. The
analytical model used for impact analysis is an adaptation of the
aeismic model created by Westinghouse (Ref. 23).. Since the mass,
stiffnessa, and damping properties of this model are proprictary
information, 1£ was necessary to revise the model and recalculate

the properties.
Fuel Assembly Description

The fuel assembly selected for this study 1s the Westinghouse
Standard 17 x 17 PWR fuel assembly, shown in Flgure 4-1. The

17 x 17 design incorporates an array of 289 positions, of which
264 are occupied by fuel pins. The remaining 25 poasitions are
occupled by 24 gulde tubes and one instrument tube in which a
variety of other componenta are inserted. Also included are upper
and lower end flittings (nozzles), which are made of cast type-~304
stainlesn steel. Eight fuel rod apacers (grid aosemblies)
maintain rod-teo-rod configuration along the length of the
aspembly., These grida, as well as the rods and tubes, are made of
zircaloy-4. The 24 gulde tubes and the instrument tube are
externally larger than the fuel pins, but repléce only one fuel
pin each. The physical properties of all elementu fn the assembly
are glven in Table 4-1,
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Table 4-1

MECHANICAL DESIGN PARAMETERS FOR THE WESTINGHOUSE 17 x 17
STANDARD PWR FUEL ASSEMBLY

Isem | Value

Asgemdbly

Transverse dimension, in. 8.426

Assembly weight, 1b 1,467

UO,/asaemtly, 1b 1,154

Overall length, in. 159.8
Fuel pins

Number per assembly 264

Length, in. ) 151.635

Fuel length, in. 144

oD, in. . 0.374

Diametral gap, in.. 0.0065

Clad thickness, in, 0.0225

Clad material Zr-4
Fuel pellets

Type U0,

Total weight/pin, 1b 4.37
Culde tubes

Number/assembly . 24

0ob, in. ) 0.474 .

¥Wall thickness, in. 0.016

Material Zr-4

Instrument tube

Number/ansembly 1
oD, in. 0.48
Material 2r-4

Bottom nozzle

Material SS 304

1.11



4.3.2

Analvtical Model of Fuel Assembly

The fuel assembly is 1deélized by an assembly of masses, springs,
and a gap, as shown in Figure 4-2. This model is a simplified
version of the computer model used for the Westinghouse seismic
study (Ref. 23). The fuel pins and fuel pellets are lumped
together as a single mass which is supported (before impact) by
the friction between the fuel pins and grid assemblies. This
friction force 1s assumed to be 100.1b/tube as a reasonable averge

value, giving a total friction force of 26.4 kips.

The grid assemblies are supported by the guide thimbles and the
instrument tube. The fuel pins are mounted on the grids so that
there is a 0.75 in. gap between the fuel pins and the bottom
nozzle assembly. Upon impact, the kinetic energy is initially
absorbed by friction between the grid assembly and fuel pins and
compression of the gulde thimbles,

The spring constants for the fuel pins and guide tubes were
determined from the equation:

k = DAE
L
where
E = modulus of elasticity at temperature of 300°C
L = one half of the length of fuel pin or guide tube
n = number of tubes
A = cross-sectional area of tube

Stiffness values obtained in this way are slightly higher than
those computed considering the actual cross-sectional geometry.
Consequently, the force required to initiate yielding of the guide
tubes, computed as the product of the cross-sectional area and

yield stress of the tubes, is approximately 30.9 kips.

4-12




Mass of fuel pins

M‘p

Ffr = Friction force between fuel pins and grid assembly
Mth = Mass of thimbles

K:h = Sliflness of thimbles

Mn = Mass of boultom nozzle

Kn = Stiffness of bottom nozzle

Figure 4-2
Analytical Model of a Fuel Assembly

E 413
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4.3.2 Analvtical Model of Fuel Asgembly

The fuel assembly is ide;lized by an assembly of masses, springs,
and a gap, as shown in Figure 4-2. This model {s a simplified
version of the computer model used for the Westinghouse seismic
study (Ref. 23). The fuel pins and fuel pellets arc lumped
together as a single mass which is supported (before impact) by
the friction between the fuel pins and grid assemblies. This
friction force is assumed to be 100.}b/tube as a reasonable averge

value, giving a total friction force of 26.4 kips.

The grid assemblies are supported by the guide thimbles and the
instrument tube. The fuel pina are mounted on the grids so that
there 18 a 0.75 in. gap between the fuel pins and the bottom
nozzle asaembly. Upon impact, the kinetic energy is initlally
absorbed by friction between the grid asssembly and fuel pins and
compression of the gulde thimbles,

The spring constanta for the fuel pins and gulde tubes were
determined from the equation:

X = DAE
L

wvhere

E » modulus of elasticity at temperature of 300°C
| 9 » one half of the length of fuel pin or guide tube
n = number of tubes

A = crosg-sectional area of tube

Stiffness values obtajned in this way are slightly higher than
those computed conpidering the actual cross-sectional geometry.
.Consequently, the force required to initlate ylelding of the gulde
tubes, computed as the product of the crosez-sectional area and
ylield otress of the tubes, 18 approximately 30.9 kips.
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4.3.3

4.3.4

Once fuel pins have impacted the bottom nozzle, the kinetlc energy
is absorbed by compression of both the gulide thimbles and the fucl
pins as well as the friction resistance. In addition, the bottom
nozzle absorbs kinetic energy through flexural deformaticn of the

bottom plate and compression of the nozzle legs.

Loading Condition

A congervative estimate of the load is made by assuming that the
impact occurs vertically on a rigid surface and that the fuel

assembly does not rebound. Consequently, the total enefgy

-imparted to the model is equal to the kinetic energy of the fuel

asgembly after it has fallen 30 ft. The velocity, v, ubon impact

18

= 44 fps

The total mass ia 45.6 lb-seczlft. Thus, the total impact energy, KE,

for the fuel assembly is

KE = 1/2 mv2

= 44,100 ft-1b, or 530 k-in.
Analytical Resultp

Energy dissipation by several modes of failure of fuel assembly
components were examined. These include friction between the grid
assembly and fuel rod, compression of the guide tubes, compression
of the fuel rods, bending of the bottom nozzle base plate, and

compression of the bottom nozzle legs.

The amount gf energy dissipated as strain energy in each component
of the fuel assembly is computed from the force-displacement
curves for each. The friction mechanism and the spring

representing the guide tube stiffness in the model act in series.
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Since the maximum friction force is lower than the yleld force of
the guide tubes, the frictional resistance ia overcome first. The
energy required to close the 0.75 in. gap between the bottom
nozzlc and the fuel pin is 14 k-in. This is the sum of the energy
dissipated by the friction between the fuel pins and the thimbles
and the elastic strain energy resulting from the compression of
the thimbles and instrument tubes. This

14 k-in. energy is about 3 percent of the total energy imparted to
the fuel pins. At the moment when the fuel pins have just
impacted the bottom nozzle, the guide tubes have not yet been
stressed to yield, and the kinetic energy of fuel pins is

516 k-~in. Tﬁln energy is adbsorbed in the deformation of the fuel
pins.

In the above calculation, it is ansumed that the bottom nozzle is
infinitely rigid. This nozzle, however, could be included in the
model with a stiffness equal to the flexural stiffness of a

6.75 in. x 6.75'in. square plate, simply supported at the four
nozzle legs, subjected to a uniform load. Since the information
about the nozzle leg was not completely availlable, the actual
stiffness and the yield force of the bottom nozzle could not be
readily calculated. Judging from the pictorial representation of
the nozzle, it waas believed that this force is much larger than
the friction force between the fuel pins and the grid assembly, in
which case the previous riéid nozzle assumption would stlll be
valid. The key question concerns the pin-nozzle inter?ction,
namely, How much kinetic energy is absorbed by the fuel pins and
how much by the bottom nozzle after the fuel pins have impacted
the bottom nozzle? The effect of the bottom nozzle on the maximum
astreses and strain of the fuel pins can be calculated only when

more information about the bottom nozzle becomes available,
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4.3.5

4.4

4.4.1

4.4,2

Conclusion and Recommendations

Based on the rigid bottom nozzle assumption, when a standard
Westinghouse 17 x 17 fuel assembly is dropped from a helght of

30 ft, 483 k-in. of kinetic energy is retained in the fuel pins
after they have impacted the bottom nozzle. This constitutes

97 percent of the initial energy 1mparted to the fuel pihs.
Further refinements of the model and finite-element techniques are
needed to account for the cffect of the bottom nozzle on the

dynamic feaponse of fuel pins during the pin-nozzle interaction.
Effect of Impact on Fuel Pina and Fuel Pellets
Assumptions Used in the Impact Analvsis

The typical fuel pin structure of a standard Westinghouse 17 x 17
fuel assembly is shown in Figure 4-3. An impact analysis of the
fuel pin was performed using the finite-element computer program
DYNA3D. Only axisymmetrical deformation was considered; no
lateral buckling deformation was investigated. The following
asaumptioﬁs were made:

] A separated individual fuel pin is dropped 30 ft in a

vertical position and strikes a rigid target surface in a
perpendicular direction.

o Fuel pellets are rigidly connected as a contlinuous plece of
cylinder.

Finite-Flement Model of a Fuel Pin

As apsumed previously, the deformation of fuel plins after Impact
would be axisymmetrical. A threc-dimensional model for a quarter
fuel pin was created. The model consists of 5,202 solid elements
and 12,424 nodal points. Among thcae elements, 2,160 clements
were employed to model fuel pellets, and 3,000 to model zlrculoy

cladding. Top and bottom end plugs were aluo modeled.
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The spring inside the fuel pin was not considered in the model
because the initial spring force on fuel pellets would be reduced
rather than increased before the fuel pellets started to rebound.

Every nodal point in this model is completely free, except that
those lying in the symmetrical planes are constrained in the
direction normal to the plane. Figures 4-4, 4-5, 4-6, and 4-7
show a typical section for each compoﬁent in this model; Table 4-2

summarizes the nodal point and element ranges for these components.

In this model, three sliding interface surfaces are defined. The
first interface surface defines the contact between the bottom
surface of the bottom end plug and the rigid target plate; the
second interface describes the interaction between the bottom
surface of fuel pellets and the top surface of the bottom end
plug; and the third interface defines the interaction between the
inner cylindrical surface of zircaloy cladding and fuel pellets.
All of these three interfaces allow contact surfaces to slide
against one another with gaps.



Table 4-2

SUMMARY OF THE FINITE-ELEMENT MODEL OF THE FUEL PIN

Component Nodal Points " Elements

Bottom 1 to 48 1l to 21 (21)
end plug

Fuel pellets 49 to 4,376 22 to 2,181 (2,160)
Zircaloy clad 4,367 to 12,384 2,182 to 5,181 (3,000)
Top end 12,377 to 12,424 5,182 to 5,202 (21)
plug

Target plate 12,425 to 12,432 5,203 (1)

Note: Numbers in parentheses indicate the total number of elements
in the component.

4.4.3 The Effect of Irradiation on the Mechanical Properties of
Zircaloy-4
Like many other metala, zirconium 1s strongly influenced by the
lattice defects created by fast nehtron bombardment.
Consequently, the behavior of zircaloy-4 cladding tubing subjected
to impact loading cannot be adequately described without: taking
into account its mechanical properties in the irradiated state.
The properties of particular interest in ﬁhis analysis are yield

stresses, ultimate tensile stress, total elongation, modulus of
elasticity, and Poisson's ratio.
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The effect of irradiation on these properties must be reviewed and
assessed for a gliven clad temperature, neutron dose, and i
metallurgical condition. For this study, mechanical properties
are evaluated at a temperature of 280°C and a fluence (time
integral of the particle flux density) of 2.7 x 1020’
neutrons/cm2 (Ref. 24). The more common methods of tube
manufacture involve hot extrusion ¢f a hollow billet to a hollow
tube, followed by cold reduction with interstage annealing
treatments, and final stress relief or recrystallization anneal.
The properties of the tube vary according to the amount of
residual cold work., Since the.13.1 percent cold work is the most
common case, the mechanical properties of zircaloy at this amount

of cold work is selected for the present study,

The mechanical properties of irradiated and unirrad}ated zircaloy
are presented in Table 4-3, Because of the scarcity of published
data on irradiated zircaloy-d, some of the values (as indicated)
are given for zircaloy-2 instead of zircaloy-4. In additioﬁ, few
regsearchers have tested irradiated zircaloy-4 fuel cladding under
conditions that represent the stressing systems operative in a
fuel pin, and few results have been published. Since the
difference between the known values for the two alloys is less
than 10 percent, and no significant differences have emerged from
the recent development work on the two alloys, the use of

zircaloy-2 properties for the unknown values is considered to be
adequate for this initial analysis,.

Investigations have shown that, in general, exposure to neutrons
increases ultimate tensile strength and yield strength, and
decreases ductility. Furthermore, these effects become more
pronounced as the neutron dose increases. In addition, these same
characteristic changes occur at all temperatures of interest in

this study - room temperature to about 400°C.
The fabricatlion history, however, has a large effect on the

irradiated properties. Irradiating a material is comparable to

cold-working it. Both processes increase the strength and
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4.4.4

Table 4-3

MECHANfCAL PROPERTIES OF ZIRCALOY AT 280°C
AND 13,1X COLD WORKING

—Property Alloy Irradiated Unirradiated Ref.
Proportional limit, ksi "2 57.7 41.0 24
2X offsget yleld atreas; 2 61.0 47.8 24
ksi

Ultimate tensile streas, 2 62.1 48.8 24
ksl

Total elongation, X 2 9.0 13.0 ' 24
Density, 1b/in.3 4 0.237 0.237 25

Modulus of elasticity, kal 4 14,000 14,000 25
Poisson's ratio 4 0.35 0.35 26,27

decrease the dﬁctility. Specifically, materials that have more
than 20 percent cold working prior to 1rrad1atioﬁ show much
smaller increases in their ultimate tenalle strength and yleld
strengths, Kemper and Kelly (Ref. 28) also found that these
changes are recoverable and approach the values for the
unirradiated materials by annealing for 200 hours at 250°C. ]
Hlowever, irradiated materials do not rerrystallize during post-
irradiation annealing, whereas cold-worked materiala will

recrystallize if a sufficiently high annealing temperature is used.
Material Modeling for the Fuel Pin

Material properties at a temperature of approximately 300°C for
UO2 and zircaloy cladding were input into this model.. At thls
temperature, UO2 ig nearly brittle, which means that the

fracture of UO2 will take place with a very amall or no plastic
strain. However, an effective plastic straln equal to 10 percent
of yleld strain was assumed as the fallure strain for uo,. - This

assumption is necessary in order to use the elastic-plastic

4.25




failure material model in the computer code employed, and it does
not cause a significant deviation from the brittle behavior of
U02. At the same temperature (300°C), zircaloy cladding is ‘
relatively ductile even after being irradiated. It has a failure
(effective plastic) strain of 0.0864, or a total strain of 0.09.
In this analysis, after an element fails, it no longer tskes
tension and the deviatoric stresses, but can still be subjected to

compression,

Although zircaloy cladding has a strain-softening characteristic
after the initial yilelding (Ref. 24), an equivalent bilinear
strain hardening relationship was employed to avold possible
numerical instability in the computer analysis. This equivalent
strain hardening material was based on the equivalence of energy
absorption capacity. Table 4-4 summarizes the material properties
used in this model.

Table 4-4

MATERIAL PROPERTIES OF THE FUEL PIN MODEL

o a ° Uo, calo d
Density, 1b/in.3 0.372 0.237
Modulus of elasticity, ksi 30,400 14,000
Shear modulus of elasticity, 11,220 5,185

ksi
Yield stress, ksi 18.85 5G6.00
Modulus of strain hardening, 304 140
ksi
Yield strain 0.00062 0.00357
Effective plastic strain 0.000062 0.086430
at failure ‘
Bulk modulus, ksi 34,940 15,560
Poisson's ratio 0.355 0.350
Ultimate tensile stress, ksi 18.87 62.10
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4.4.5 Results of the Analvses

A fuel pin free-falling 30 ft to the target surface reaches a
maximum velocity of 527 in./sec. at the point of impact, which was
prescribed as the initial condition for the analysis. The

analysis was carried out for a duration of 1,000 microseconds.

The deformations of the fuel pellets and zircaloy cladding are
shown in Figure 4-8. At 50 microseconds, the fracture of the
bottom pellet (height, 0.53 in.) was found. After the failure of
the bottom pellet, interaction between the failed pellet and the
zircaloy cladding started. At 100 microseconds, the next bottom
pellet falled. The interaction between the failed fuel pellet and
zircaloy cladding caused the bottom'zircaloy clad to expand
outward continuously. At 350 microseconds, the first failure of
zircaloy occurred at approximately 0.30 to 0.45 in. from the

" bottom surface of fuel pellet. As time passed, this failure
extended downward. At a time 550 microseconds from the beginning
of impact, the failure of the zircaloy clad stopped at
approximately 0.15 in. from the bottom surface of -the fuel
pellet. At 800 microseconds, when the impact wave reached the top
of the fuel pin, three fuel pellets fractured. When the
computation was terminated at' 1,000 microseconds, no additional
fuel pellet fractured, although the deformation of the fuel pellet
and zircaloy cladding continued to increase. The fractured
portion of the fuel pellets amounted to about 1.325 in., or less
than 1 percent of the total height of the fuel pellets. Table 4-5
summarizes the accumulated effective plastic strains at critical

locations.
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il

Component

Bottom end plug
Fuel pellet

Zircaloy cladding

Table 4-5

ACCUMULATED EFFECTIVE PLASTIC‘STRAINS

Accumulated Effective
Location - —Plastic Strain
(from the bottom
of fuel pin)

Middle thickness Ductile failure
0.69-2.01 in. Brittle failure
0.69-0.84 0.0701
0.84-1.14 Ductile failure
1.14-1,29 0.0845
1,29-1.44 ) 0.0785
1.44-1.59 0.0605
4-29/4-30




5.0

5.1

5.2

FUEL PELLET PULVERIZATION

Brittle materials are those that fracture without plastic
deformation when subjectei to tenaile strain above the elastic
limit. Common glasses, ceramics, and UO are brittle materials

by this definition, but common metals are not. The
impact-fracture behavior of selected brittle materials was
examined in a study conducted at Argonne National Laboratory (ANL)
in 1979-1981 (Refs. 29 and 30). Although a variety of materials
and a range of impact configurations and conditions were used, the
generalized results found cannot be said to have received
sufficient empirical support to establish their generality as
theory. Nevertheless, the basic principles of physical mechanics,
the theory of elasticity, material science, and small-particle
statistics have been combined to provide a useful analytical tool
for research in a very difficult area, namely impact fracture with

its noncontinuum, nonequilibrium mechanics and thermodynamically
irreversible rate processes.

The ANL analysis were based on the well-established theory of
elasticity (Ref. 31), on the state-of-the-art of glass science
(Ref. 32), and on energy-surface area correlations established
experimentally for small specimens of glass and quartz (Ref. 33).
The application of the lognormal probability function to describe
the size distribution of fracture particulates followed the
state-of-the-art of small-particle statistics (Ref. 29). Details
and conclusions of the ANL experimental tests on selected
materials have been reported previously by Mecham et al. (Ref. 29)
and Jardine et al. (Ref. 30).

Impact Fracture of Brittle Materials

In the ANL studies, a literature review was conducted as a

preliminary phase of a study of the impact fracture of brittle
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materials (Ref. 29). The principal conclusions of this review

were the following:

o If sufficiently high levels of elastic strain energy per unit
volume of materials (energy density) can be developed within
brittle material by the application of an external force, the
material disintegrates into particles of a range of sizes,
including submicron particles. This happens for both slowly
and rapidly applied.forces and for tensile and compressive

forces.

o This fracture behavior 1s consistent with current knowledge
of fracture mechanics and with observed rates of crack
propagation, as well as with correlations of fracture surface

area with energy dissipated in the brittle material.

o Lognormal statistics have been developed for describing
fracture particulates, and the empirical lognormal size
distributions provide a general model of the impact-fracture
process (Refs. 34 and 33).

A preliminary serlies of drop-weight impact tests of representative
brittle materials was made (Ref. 29). Cylindrical specimens
(approximately 25 mm x 25 mm) were impacted diametrally in a
bellows-sealed impact chamber by a falling 10 kg steel bar, and
the resulting particle size distributions were measuréd by sievihg
the Coulter counter analysis (down to about a S5-micron size). The
materials tested included: Pyrex glass, Macor glass ceramic,
sintered UO2 ceramic, and fused quartz (vitreous silica). Three
natural materials were also tested: crystalline quartz, nepheline
syenite, and sandstone. All results showed that the fracture
particulate proper, which included all particles of respirable
size (1.é., diameters less than 10 microns), and which contained
more than about 90 percené of the total surface area, had a
strajght-line size distribution when/plotted on lognormal
graphical coordinates as shown in Flgure 5-1 (Ref. 30).
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5.3

cal s act ulates

Empirical characterization of the size distributions of particles

prcduced from brittle material by various crushing processes has
led small-particle statisticians to extensive application of the
lognormal probability function, e.g., Herdan (Ref. 34), although
this lead has not been much followed by experimenters. The
applicability of the lognormal mathematics to characterization of
particulates is very extensive. Of course, the utility of using a
lognormal analysis rests not on theoretical, but on empirical
grounds. Size-distribution measurements give data points that
plot as an approximately straight line on lognormal graphical

coordinates,
c ac : a

The thermodynamic (reversible) free energy of -surface formation in

‘a typical brittle material iéAthe oréder of 1 J/m2 (Ref. 33). In

practical impacts, the energy consumption is much higher per unit
of surface formed. In a systematic study of the energy-surface
correlation conducted at the University of Minnesota in 1962, an
impact calorimeter was used to make an energy balance for the
fracture of shall Pyrex and quartz (vitreous and crystalline)
specimens over a wide range of energy input. The particle sizes
were not measured, but the total particulate surface area was
measured by the BET gas-adsorption method., The priﬂéipal equation

investigation was

eW =y @Y

vhere wo was the energy input, ¢ was the fraction of input

‘kinetic energy actually dissipated in the brittle material

(measured with the calorimeter), Sn vas the measured total
fracture surface area, and Yg vas the material fracture

strength calculated from the equation. The input energy density
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(energy per unit volume of material) varied over a factor of 20 in
these tests, but the value of the impact-strength property Yf

was constant (within about 5 percent) at a value of 77 J/mz.

The value of ¢ was measured in the range of 0.5 to 0.95 in these
tests (Ref. 33). In the ANL impact tests, different values of ¢
could have occurred, but the basic energy-su}face correlation was
corroborated in the ANL work.

Surface Areas and Shape Factors

Although the particles produced by impact fracture are very
irregular, the irregularity (as observed with the microscope and
electron microscope) is definitely limited by physical
conditions, There are, for instance, no extremely long
needle-shaped particles nor any very thin plate-shaped particles.
A statistical mean surface/volume ratio can be used to describe
the actual particles. For a given particle diameter D (however
measured), there is both a mean volume and a mean surface, each of
which can be expressed mathematically as a shape factor, From
available empirical data, it appears that these shape factors are
uniform over the range of size of the fracture particulate,
although different materials may have somewhat different shape
factorS. The shape factor of practical interest is «: the
surface area/volume ratio for the lognormal fracture particulate
ag a whole.

One of the mathematical properties of the lognormal particle
statistics is that, once the mean diameter, Dg' and the standard
deyiation, 08 for the volume distribution .: .nown, the
surface-area distribution can be calculated.

For an ideal (complete) lognormal distribution (d £D < =),
there is a mathematical relation for the ratio of the total

surface area, Sn, and the total volume, Vn of the particles

S _ aog 0.15 1n og * (2
Vn Dy
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where o is the overall surface/volume shape factor. If
Equations (1) and (2) are combined

0.15 1n ¢
€ W S ao &
—— o = n = g (3)
Yy Vn Vn Dg -

Now, if the input energy, wo, specimen volume, Vn, particulate
surface area (by BET method) sn, and D8 and a (by sieving)

are measured both the shape factor, «, and the combined strength
parameter (Yf/c) can be calculated. 'This gives a complete
characterization of the results of fracture, since the size
fractions and surface areas of the particulate are determined for

the full range of particle diameters.

Correlation of Fracture Parameters with ANL Input Energy Density

"In Equation (3) above, the fracture surface/volume ratio,

Sn/vn’ is proportional to the impact energy density,

wo/vn; the proportionality constants are the lognormal

fracture parameters previously identified. The utility of the
impact-characterization method described here depends on being
able to correlate the fracture parameters with impact conditlons
and material properties. Preliminary correlations were presented
in Table 5-1, which summarizes the results of five diametrical
impact tests of Pyrex specimens (38 mm dia. x 68 mm long cylinder,
Ref. 36). Impact energy densities varied 20-fold. 1In addition,
the correlation of the respirable sizes (less than 10 microns)

versus the energy density was compiled in this study. These

" results are shown in Figure 5-2 and Table 5-2. Of the parameters

listed, the mean diameter, DS' was inversely proportional to
energy density; thg others, og, a,luf/c, etc., were

approximately independent of energy density. From the percentage
range indicated, the accuracy of these correlations was within
about a factor of 2. A similar accuracy was observed for the
respirable fraction, the volume fraction of particles with

diameters less than 10 microns, which was directly proportional to
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6.2.2

6.3

6.3.1

retains its integrity. It should be noted that this conclusion
was based on ‘analyses that were conducted using very limited

resources. Further studies are recommended to learn more about
the dynamic response of the container to the potential various

impacts. These recommendations are given in Subsection 6.2.2.

Recommendations

In future studies of the limiting drop height of the container,

the following should be investigated:

o The effect of impact orientation, especially the impact on
the pintle of the container

(] The effect of total container weight on the limiting drop
height

o The effect of interactions between the fuel assemblies and
interactions between fuel assemblies and the container on the
limiting drop height,

o The effects of container impact on sharp objects and various
target conditions

(<] Confirmatory laboratory or full-scale testing.

Drop of Fuel Assembly and Spent Fuel Pulverization

Conclusions

A 30 ft drop analysis of a typical Westinghouse 17 x 17 PWR fuel
assembly was performed using hand calculations to estimate the
energy absorption by various parts of the fuel assembly. A.
finite-element impact analysis by DYNA3D was performed for a
separated individual fuel pin with a 30 ft drop height. As a

result of this analysis, the following conclusions were drawn:




6.3.2

o The friction between. fuel pins and the grid spacers
dissipates only a small amount of the impact energy,
approximately equal to 3 perceng of the total kinetic energy
imparted to the fuel pins.,

o The bottom 1.3 in. of fuel pellets (which is less than 1
percent of the total volume) fractures.

o The zircaloy cladding fails in the region (0.15 to 0.45 in
from the bottom of fuel pellet) where the fractured fuel
pellet expanded radially.

o There is no failure in the bottom end-plug of the fuel pin.
Recommendations

Further studies on the effect of impact on fuel assemblies and
fuel pins are recommended. These studies should investigate the
effect of lateral buckling on the failure of fuel pellets and the
zircaloy cladding. Correlations of the initial small-scale ANL
impact tests with the individual fuel pin finite-element modeling
results should be attempted, and recommendations for future
conifrmation laboratory and fuel-scale testing should be made on
the basis of this modeling. A simplified finite-element model can
be created for the fuel assembly. A finite-element impact
analysis, instead of the (oversimplified) hand calculations by the
energy balance method, may be carried out to determine the energy
absorption of the bottom nozzle so that the effect of the bottom
nozzle on the dynamic response of fuel pins can be accounted for
more realistically. The effects of nonperpendicular impact and

impacts on various target conditions should also be investigated.




