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LEOAL NOTICE

This report was prepared as an account of OoTenuiant sponsored 
work* Neither the United States« nor the Coomlssiont nor any person 
acting on behalf of the Costmiseion:

A* Makes any warranty or representationf es^ressed or implied,
\j i

li with respect to the accuracy, completeness, or usefulness of the in­
formation contained in this report, or that the use of any dLnformation, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rightst or

B* Asstuaes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, method, 
or process disclosed in this report.

As used in the above, **person acting on behalf of the Commission** 
includes einy employee or contractor of the Commission, or employee 
of such contractor, to the extent that such employee or contractor of 
the Commission, or employee of such contractor prepares, disseminates, 
or provides access to, any information pursuant to his employaient or 
contract with the Commission, or his employment with such contractor*
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CONCLUSIONS

The design of the spent fuel shipping cask proposed for 
use in transporting irradiated cores from both the PM-1 and FM-3A. 
Nuclear Power Plants has been evaluated under normal and accident 
conditions. Specificalljt the following aspects of the design 
were analyzed and evaluated:

(1) The lead shielding provided within the walls of the 
shipping cask and associated attachments assures 
that ICC regulations of 200 mr/hr at the surface and 
10 mr/hr at one meter distance are satisfied.

(2) A rugged crash frame« cask shroud, and shipping pallet 
combination completely envelopes the cask and insures 
the structural integrity of the cask under all con­
ditions of transport.

(3) The fuel bundles, control rods, and poison plates
are securely locked within the core shroud by mecms of 
a core handling fixture with suitable safety devices 
to guarantee no possible change in core geometry.

(̂ ) Based on an unirradiated core, adequate poisoning
in the form of control rods and poison plates is pro­
vided to obtain a less than 0.9 during
shijmient.

(5) As a result of conservative calculations, sufficient 
heat transfer capability has been provided in the 
shipping cask to dissipate 2 kw of heat with coolant 
temperatures lees than 192“F and cask surface temp­
eratures less than l80®F with water coolant present.

(6) Under loss of coolant conditions with only air as a 
heat transfer medium, it is shown that the peak fuel
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toiqperattiro is 7?2*F whioh is 218*F belou the temperaturs 
at sound ruel elements would rupture*

H (7) In the event of the remote accident condition in
irtiich ^  of the fuel elements are postulated to break 
into one foot lone sections» it is shown that negli­
gible quantities of activity are released to the 
surrounding environment*

As a result of the foregoing conclusions» the proposed 
spent fuel shipping cask design is adequate for use in transporting 
spent cores from both the PH-1 and PH-^A plants to the Idaho Chemical 
Processing Plant with no undue hazard to the health and safe^ of 
operating personnel and the general public*

I
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IRTRODirCTION

This Hazards Report presents a desorlption of a lead- 
shielded spent fuel shipping cask to be employed in transporting 
spent cores from both the FM-1 and FM-3A Huclear Power Plants to the 
Idaho Chemloal Prooesslng Plant at Scovllle, Idaho* All aspects 
of the oask design are described In this report Including normal 
and accidental operating conditions* Technical analyses of both 
the cask design and the core ere presented to demonstrate the high 
degree of safety included In the cask design* The cask design is 
a result of the efforts of The Edlow Lead Company working in con- 

II junction with Battelle Memorial Institute and with the assistance
of the Martin Company*

The design of the spent fuel shipping cask, described 
herein, is compatible to the requirements of both the PM-1 and 
FM-3A Nuclear Power Plants* The cores to be treinsported are 
Identical in every respect* The Pf4-1 plant is designed to supply 
the electrical power emd space heating requirements for a radar 
Installation at Sundance, V^oming. The PM-3A plant is designed to 
provide the electrical power requirements for the Naval Air Facility 
at McMurdo, Antarctica*
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I. PESCRIPTIOW OF THE SPENT FPEL 

SHIPPIRQ CASK

The spent fuel shipping cash assembly consists of the 
following major components: a lead-shielded cask into which the 
spent core is placed, a steel crash frame surrounding the cask to 
provide protection in the event of an accidental free fall, a one 
inch thick steel cylindrical shroud placed around the sides of the 
cask to provide additional shielding to satisfy ICC Regulations, 
and an aluminum shipping pallet* These components are described in 
greater detail below.

A* Spent Fuel Shipping Cask 
The spent fuel shipping cask, shown in detail in Martin

drawing 372-21o6015, consists of lead walls with a maximum thickness
of 7 7/8 inches encased in stainless steel* The unnecessary lead
shielding at the upper and lower corners is deleted to minimize 
weight with the result that a contoured wall cross-section is ob­
tained* The lead thickness at the top and bottom of the cask is 
8 1/k inches*

The cavity walls consist of 1/^ inch thick stainless steel* 
Six stainless steel support blocks are welded to the base of the 
cavity to provide support for the spent core assembly auid allow for 
the passage of coolant to the core. The cavity walls are contoured 
to the shape of the spent core assembly to minimize weight*

The outer cask walls consist of 1/2 inch thick stainless 
steel to which are welded 3 inch deep fins on approximately one inch 
centers* Approximately 100 such fins aro placed vertically around 
the circumference of the cask to provide the required heat transfer 
capability* Tie-down points, designed to withstsmd 8g loads, are
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located between pairs of extra heavy and enlarged fins and perioit 
seouring the cask both to its shipping pallet and the transport 
vehicle floor* A pair of trunnions designed to meet the require- 
nents at the Idaho Chemical Processing Plant are provided to 
facilitate handling*

The cask cover consists of 8 1/k inches thick lead en­
cased in 1/k inch thick stainless steel around the sides and bottom 
and ̂ /k inch thick stainless steel on the top* A gasketed seal* 
designed to withstand an internal pressure of 60 psig, is employed 
to preclude leakage* The cask* however* will never be operated at 
pressures greater than atmospheric* although it can withstand 6o 
pslg* The cover is secured to the cask body by means of 12 (one inch 
diameter) bolts and a lifting lug is provided for handling purposes* 

Protection ageiinst overpressurisation of the cask is 
supplied by means of a pressure relief system. A relief valve set 
to discharge at 30 pslg Is connected to the upper portion of the 
cask cavity* Any material which may be discharged passes through 
a filter designed to withhold 99*9^ of the particles in excess of 
0*3 microns in diameter prior to release to the atmosphere. A 
pressure gauge is also included to provide visual indication of 
the cask pressure* The relief valve* filter* and pressure gauge 
are located in a stainless steel enclosure for protective purposes*

A drain system is provided for the cask to permit re­
moval of coolant to obtain an air expemsion volume initially and 
for sampling purposes while in transit* The drain valve is plugged 
as an added precaution against accidental drainage. The drain valve* 
like the pressure relief system* is also located within a stainless 
steel enclosure for protection*
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B» Craah Frame 

A crash frame consisting of an assembly of H beams 
as shoim in Martin drawing 372-21060l6 surrounds the cask. The crash 
frame is designed to maintain the cask coTsr in place in the event 
the oask is subjected to a 30 foot free fall* The frame is construc­
ted of four vertical H beams located symmetrically around the cask 
circumference and fastened to the cask* Additional framing members 
placed over the cask cover are mounted to these vertical members to 
provide a rugged protective assembly,

C. Cask Shroud 
A one inch thick steel shroud divided into four segments 

is placed around the cask to satisfy the total shield requirements 
as specified by ICC Hegulations* This shroud* shown in Martin 
drawing >72-21060l6, is affixed to the cask assembly by bolting to 
the vertical H beams of the crash frame* A cutout is provided to 
facilitate access to the drain valve for coolant sampling while in 
transit* In addition to its shielding function, the shroud also pro­
vides additional protection in the event of a free fall*

D. Shinning Pallet 
The spent fuel shipping cask, the crash frame, and the 

shroud are mounted on a shipping pallet to facilitate handling and 
assure adequate weight distribution in the transport vehicle* The 
shipping pallet, shown on Martin drawing 372-9010001 Sheet 1 of 3t 
is constructed of aluminum to minimize weight. Adequate tie-down 
lugs, designed to withstand 8g loads, are provided to secure the 
pallet to the transport vehicle*
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II. DEiiCRlPTION OF THE CORE -

I

‘MECHAiiiCALDESIQM

j A detidLlttd d»acrlption of the reactor c o t 9 to be trb.naported
to in thle chapter* The core assenbly which is placed in

J. . the 'shipping cask conaieta of one center and six peripheral bundles
cpĥ jBined within a ahroud can. Six w/e control ĵ phst one in jsach. 
peripheral bundle* and aix aupplimentary poiaon piatea, placed between 

g the peripheral bundles« are aecurslj locked in the shroud can along
with the fuel bundles by means of a rugged core handling fixture*

^ Each of the above core components is described below.
It'is the additional intent of this chapter to demonstrate 

S conclusively that both the control rods and the poison plates can
g under no accidental conditions be displaced, from the core. It is also

shown herein that the mechanical design of the core is such that US'*
H der no circumstances may the core components move relative to each

other to obtain a more reactive core geometry.
The following detailed drawings are submitted with this re­

port for additional elarlfloatioa« .
Martin Drawing 14 umber Title
572 — 2105000 Reactor Assembly
372. - 2105001 Reactor Core Section
572 - 2105002 Installation Reactor Core Structure
572 - 2105005 Center Bundle Assembly
572 - 210500^ Upper Skirt Assembly

,572 - 2105005 Core Installation
572 - 2105006 Core Details - Center Bundle
572 - 2105007 Details - Hold Down Center Bundle
572 - 2105009 Core Shroud Assembly
572 - 2105010 Peripheral Bundle
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Martin Dravlng Rcuaber
w  . 372 - 2105011 Upper Grid

372 - 2103012 Lower Grid
- 372 as 2103013 Core Elements Fuel * Poison * Dummy
- 372 - 210501 »̂ Control Kod Guide Rails
- 372 - 2105015 Lock Sleeve & Alignment Structure

372 - 2103016 Control Rod Assembly
372 - 2103017 Spring, Bold Down, Upper Skirt

' 372 - 2105018 Source (Primary)
372 - 2106000 Core Handling Fixture

- A, Core Elements

Three types of core elements are included in each fuel 
bundlei fuel« poison and dununye The general construction and dimen* 
alons of these elements are shown in Fig, 11*1, while their locations 
within each fuel bundle are given in Fig, 11*2 and 1I*3> These ele* 
ments have identical end construction to allow complete interchange* 
ability.

The fuel element contains dispersed in and clad with 
stainless steel. Its meat is nominally 0,0283 inch thick and it is 
sandwiched between cladding of 0,0073 inch thickness. When assembled 
into a fuel bundle, the active fuel region starts one inch above the 
top surface of the lower grid. This distance provides length for flow 
equalization after being orificed by the lower grid and allows the 
diameter reduction of the tube end to start well awsLy from the fuel 
dead end interface.

Lumped burnable poison elements are substituted for fuel 
elements, as required, to provide the desired nuclear characteristics.
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These eleaents* which are unclad, contain natural bcron allo/ed in 
stainless steel* The poison length may be easily varied by the.use of 

' unpoisoned "dead ends" which are mechanically fastened and Ipched to 
the horon steel section* The poison length was selected to be the 
same as the fuel length for the full length poison elements* in 

:- addition, a number of two-thirds length poison elements are included 
. at t̂ he apexes of the control rod blades to satisfy the nuclear re*> 
quirements* The boron - stainless steel poison elements contain 
0*27^ */o boron* As a result of extensive testing,, no evidence of 
any significant corrosion of this alloy, which contains such a rela­
tively small percentage of boron, has been found* Therefore, the
poison elements require no cladding protection.

pumniy core elements are incorporated into each peripheral
bundle to fill in space at the core periphery where the basic tri­
angular element pattern ends, thus reducing flow requirements*
These elements are stainless steel tubes containing plugs to bloch 
the flow* These plugs have a smaill bleed to eliminate the stagnant 
water area.

B* Fuel Bundles

The active core contained within the shroud consists of 
seven fuel bundles; one hexagon-shaped center bundle (Fig* 11-2) 
with six identical pie-shaped bundles located around the periphery 
(Fig* 11-3)* Each of the periph^al bundles is individually held 
and positioned within the core shroud as shown in the core instal­
lation drawing (372 - 2103002). The center bundle, in turn, rests 
upon the lower grids of the peripheral bundles and is positioood 
within their supporting guide rail structure. The fuel element 
spacing is increased between bundles to allow assembly clearances*
As will be discussed, stops are provided to maintain this clearance
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I •at all tlmea during positioning.

Each peripheral bundle is constructed, basically, from three 
control rod guide raila, an upper and lower grid, a guide alignment 
structure atid the necessary core elements (fuel, poison and dummy).

— The control rod guides provide the fundamental structural connections
*  for the bundle. They extend over the full length of the assembly and
Q  form a continuous track for the control rod wear pads. Positioning of

the three guide rails relative to each other is achieved by a fit into 
^  the alignment structure at their top and through the lower grid at the -

bottom. Sleeves thread over the portion of the guide rails which ex- 
^  tends through the lower grid to lock it into place. These sleeves
^  provide the seat upon which the bundle rests in the core shroud, as

well as the necessary spacing between the grid and shroud alignment 
H  spider to provide inlet flow equalization. Each sleeve is mechani-
' cally locked into place by deforming its side wall into a correspond-

B  Ing groove. A portion of the turned diameter on the guide rail extends
H  through the sleeve to fit, at assembly, into the positioning holes

in the core shroud*s alignment spider. Correct upper alignment is 
H  achieved through the alignment structure to the two eQ.ignment pins

located in the core shroud flange. Thus, each control rod guide rail 
B  in a peripheral bundle is aligned at its top and bottom, and the
^  complete bundle is allowed free thermal expansion about its seat in

the core shroud.
The guide rails fit through cutouts in the upper grid and into 

the alignment structure. The alignment structure is pinned to the rails 
and holds the upper grid in place by the use of a spacer and a seat on 
the rails.

Each guide rail is contoured or, in effect, hollowed out to 
provide maximum control rod guidance and overall structural rigidity
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while mininlging inaterlal volume* Ihie wae desired to reduce the 
total nuclear poisoning effect of the stainless steel guides. A wing 
runs the length of each guide rail within the active core region. This 
wing interlocks with the guide rail wing in the neighboring fuel bundle 
to provide bundle spacing and prevent fuel element damage during the 
insertion or removal of a single bundle from the core shroud.

Each of the core elements is fastened into the lower grid 
with allowance for free thermal expansion into the upper grid. The 
connection at the lower grid is achieved by inserting the element into 
a hole in the grid plate and mechanically expanding it into a counter­
bore at the lower 1/8 inch of the hole in the grid plate. Both a 
mechaniceQ. bond against the grid wall and an interference fit within 
the counterbore are obtained in this manner with loads of 700 to 1000 
pounds required to free an element. Free axial expansion into the 
upper grid is provided by a diametrical clearance of 0.002 to O.OOS 
inch. This clearance suitably restricts any induced vibration but is 
sufficient to prevent buildup to the extent that it could cause an 
element to freeze in place.

Tor proper division of flow between the inside and outside 
of the fuel tubes, it was necessary to restrict the respective flow 
areas in the proper ratio* To accomplish this while keeping the exit 
flow restrictions to a minimum, it is necessary to neck down both ends 
of each fuel element. Although not required for this reason, all 
three types of core elements (fuel, poison and dummy) were made with 
similar end configurations. This allows the use of a single method 
for fastening the elements into the lower grid. With both ends of an 
element necked down and located between fixed grid plates, it is com­
pletely trapped even if the mechanical connection were improperly 
made and a failure occurred during operation.
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Zha fuoL region of the center bundle is similar to the peri­

pheral bundles* Howerer, support is obtained irom tabs which extend 
at three points from the center bundle lower grid to rest upon the 
peripheral bundle lower grids* The center bundle is free to expand 
axially from this point with top radial aligxuaent being obtained by 
tabs bearing against the peripheral bundle upper grids* Three solid 
rods extend axially along the length of the center bundle to provide 
positioning for the pickup plate and the upper and lower grids* Each 
bar threads into the lower grid, captures the upper grid through the 
use of a sleeve and secures the pick-up plate into place through the 
use of a special nut* This nut, which completely locks the assembly, 
is both encapsulated and prevented from rotating by the positive 
displacement of its housing into grooves in the nut*

The primary neutron source is located at the middle of the 
center bundle where a core element has been displaced. Installation 
of the source into the center bundle will bo made just prior to loading 
the core into the pressure vessel* Because of the relatively low source 
strength requirements and the ease of assembly, this operation may be 
performed virtually by hand* The source is simply .lowered through the 
upper grid with radial guidance (but free axleil expansion) provided by 
the lower grid*

C* Control Rods
The control rod (Figo ll-b) utilizes a Z-shaped configuration 

to fit within the triangular core element pattern* Its poisoned region, 
consisting of a europium titanate (Eu^O^ - 2Ti 0^) dispersed in stain­
less steel, is contained within cladding of nominal 0*030 inch thick­
ness*

Each control rod is guided by wear pads on the lower edge of
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each blada and a neeu* ring located at its upper hub. This woar ring 
also integrally incorporates the picknp ball utilized in latching to 
the control drive ffiechanisa. Xhe rod wear pads are contained within 
the three control rod guide rails that run the full length of each 
peripheral bundle. These pads provide the lower radial and overall 
angular alignaent for the control rod. Upper alignment is obtained 
through the wear rlngt which is located within the guide tube of the 
upper skirt assembly. This tube* split to allow control rod with- 
drawal« interlocks with the alignment structure of each peripheral bundle* 
As discussed previously, the rod guide rails also terminate in this 
structure, thus providing a continuous structure for control rod guid­
ance as well as overall bundle alignment. Both the wear ring and pads 
are made from hardened 17**̂  pH material to minimize wear between these 
areas and the guiding structure.

D. Poison Plates 
Poison plates, one plate between each peripheral fuel bundle,

are installed into the core prior to shipment to guarantee a value of
of less than 0.90.

The poison plates are approximately Oo7 "/© natural boron
stainless steel alloy corrugated pletee which are *062 inches thick.
They are inserted into the space between the fuel bundles. The
plates are of a corrugated design to conform to the grid design.

The plates have sections attached to the tup which will be
trapped below the core handling fixture, thus insuring that they 
cannot become displaced from the core during shipment. As an addi­
tional feature, the poison plates extend below the fuel so that the 
small amount of movement allowed by the core handling fixture will 
not effect reactivity.
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E» Core Shroud

The core shrotidt shown In F±g, I1-5* is employed both in the 
shipment and ox>eration of the reactor core* The shroud contains the 
six peripheral fuel bundles, each with an integral control rod,, and 
one center fuel bundle* The shroud can, in conjunction with the core 
handling fixture, is completely loaded with fuel bundles and control 
rods and the entire assembly is shipped as a unit* The design is such 
that practically no relative movement between the core components can 
occur*

The core shroud Îŝ Q'd in the reactor pressure vessel
rests upon the pressure vessel orifice plate and functions primarily ly 
holding the fuel bundles and positioning them relative to the control 
drive mechanisms located in the head of the pressure vessel* As 
secondary functions, it provides the first thermal shield and directs 
the primary coolant from the pressure vessel orifice plate to the core 
inlet* An aligiuaent spider is incorporated integrally into the bottom 
of the shroud* Each of the six peripheral fuel bundles contained within 
the core rests directly upon this spider* Alignment of the bottom of 
each bundle is assured through the use of legs which fit into the accu­
rately positioned holes in the spider* Although each bundle sits on 
three legs, to ease handling during remote assembly, only the two 
outermost are used for positioning* The centrally located hole is made 
slightly oversize, providing a seat without accurately controlling the 
location* Upper bundle positioning is accomplished by the fit of each 
bundle*s alignment structure over two alignment pins located in the 
top flange of the core shroud* This flange also contains the alignment 
pio^ and tosat used in positionini{ the okirt assembly and shroud rela­
tive to the orifice plate* Each of these pins is pressed to fit into



C en te r  bundle 
a s se m b ly

C o n tro l ro d

yo2o>soSo2qE2o2o2c2a^oxcxo^d

P e r ip h e ra l  bundle 
a ssem b ly

C o n tro l ro d

C o re  sh ro u d  
a ss e m b ly

lUCO

C o re  seg m en t In s ta lla tio n
ty p ic a l S p laces  
(1 p la ce  shown)

F ig . II-5 . R eacto r C ore In sta lla tio n



I :! i

i i

ri-9
place and, in addition, is secured by a smaller lock pin< These lock 
pins are held mechanically and have their motion limited at assembly 
by adijoining components. The general arrangement of the reactor** 
shroud**bundle assembly may be seen in Fig. Xl-5.

11 • F» Core Handling Fixture

IT The core handling fixture, shown in drawing 372 > 2106000,
ft is mounted atop the core shroud containing the fuel bundles and control 

rods whenever the core is handled. When the spent core is placed in 
the spent fuel shipping cask, additional poison plates described previ- 
lonsly are inserted between the peripheral bundles to provide a k0X X

— of less than 0.9* The core handling fixture is then placed in position
* to lock the fuel bundles, control rods, and poison plates within the 

core shroudo
The core handling fixture has threo^ ragged logs which may be 

inserted into or retracted from their position in the core shroud wall 
by means of a cam plate. Safety devices on the cam plate assure that 
the lugs on the handling fixture are looked in either of their extreme 
positions » completely extended or retracted. When retracted the core 
cannot possibly be handled with the special tools provided. Only when 
the lugs are extended into the core shroud wall, thus assuring a 
unitized assembly, can the core be handled. It is in the latter con** 
dition that the spent core is placed into and transported by means of 
the shipping cask...

The core handling fixture also has integral screw type hold 
down mechanisms for each peripheral fuel bundle to preclude minor 
motibn or "rattling". These devices are actually tightened against 
tĥ ' cop of each of the control rods which in turn rest on the tops of 
the lower grid plates and thereby bold down the peripheral fuel btmdlesc
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Thereforet when the core handling fixture is installed, the 
core shroud, fuel bundles, control rods, and poison plates essentiallj 
become an integral unit which cannot be altered.

Q. Conclusions
Based upon the foregoing design description, the following 

hazards considerations are satisfied:
|~ (l) The fuel bundles, due to their rigid positioning

within the core shroud and inherent ruggedness, cannot be 
rearranged into a more reactive condition.

|~ (2) The control rods and poison plates cannot be dis­
placed from the core under normal or accident conditions 

J to create a hazard during transportation.
H. Appendix

‘ ■ * ■ -i

Figures II-6 through 11-9 are photographs of the assembly 
used for the PM-1 gross flow test. Since, the units shown are test 
assemblies, the photographs show test instrumentation and other 
variations from an operating reactor core. In general, hov/ever, the 
operating core will be very simileur to the assemblies as shown. The 
photographs are enclosed for illustrative purposes.
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III, SHIELDING *

Zt is shown in this section that 7 7/S inches of lead on
the sides of the oask and 8 1/4 inches on the ends will provide
adequate shielding so that the gamma dose requirements are met both 
during shipment by truck and by plane. The unnecessary lead shieldiivg 
at the outer eomers of the oask has been removed to minimize the 
weight during transit by plane. For shipment by truck, an atixiliaxy
steel shield one-inch thick is placed around the cask.

A. Fuel Element Aotivity

The gamma aotivity in disintegrations per second due to the 
spent core is obtained from reference III-l as a function of the gamma 
energies for an irradiation time of two years and a oooling time of 
one year. The fuel element source strength in roentgens per hour is 
obtained by multiplying the aotivity by the energy dependent conversion 
factor graphed in reference III-2, page 1̂ . This information is listed 
in Table III-l for the signifioant gamma energy groups. The dose due 
to gammas in groups below 1 Kev is negligible.

TABLE III-l SFEUT COKE ACTIVITY

Energy
Group

Average
Energy A<“> s(«)

III 1.35 Mov 9.68 X 10^^ 2.45 X 10“^ 2.37 X 10®
IV 2.3 Hev 4.88 X 10^^ 3.75 X 10**̂ 1.83 X 10®

(a) A - acUvity in (“ ).
(b) C ■ energy dependent conversion factor in (■^) 80C

* This chapter was prepared for the Edlow Lead Company by Battelle
Kemorial Institute and submitted to The llartin Company.
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(o) S M eouroQ strength in 

I B« Dose Calculations,

J The gaouoa dose in shielding groups III. and 17 is calculated 
using the teohnique outlined in reference III-2 page }60o According 
to this developmentthe dose at a distance d from the side of the 
cask is»

8

where
Sĵ  « S/27TL

L • length of active fUel region 
B « dose build-up factor (refe lIX-2)

*  -  V  ♦

•> lead thickness 
■ steel thickness88

d distance from the shield surface to the point where 
the dose is calculatod

m self absorption distance of source (ref« III-2)

^2 "/^b*pb */^ae%e
JX m absorption coefficients (cm*’̂)

- tan’^r 2 “ ^ 7
* it -f -t a J

I t + + d J
©2 « tan

h m distance above midplane of cask
t  sec 0* e </®' (ref. III-2)
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She rolu&e fractions of uranium^ steel* and water in the 
eavity aret

- -00982

--522 

f̂lgO - .678
Knowing the volume fractions of the constituents* the ahsozption 

ooeffioient calculated hy homogenizing the material Inside the
oask oavi*^. The absorption coeffioients used in the calculations 
to follow are listed in Table IXI-2.

TABLE III-2 ABSORPTION COiSPPICiaJTS

C. Gamma Dose (Truck Shinmentj.

The gamma dose requirements during shipment by truck are 
less than 200 mr/hr at the oask surface end less than 10 mr/hr at 
one meter from the oask. During shipment by truck* an auxiliary 
steel shield one-inch thick is placed around the cask 6 inches from 
the oask surface.

The Biaxtmtim gamma dose ( meter %iith a lead
shield thickness of 7 7/8 inches and an aiuclliary steel shield thickness 
of 1.0 inch is 4ialculated below. The parameters are listed in a tabular

Group >^©2 /^b /-s

III
IT

•061
.04^ .5̂

.609 .6^2 

.^38 .47^
0I73 1 

.129
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fora ooiiTsnlent for caloulatlon* The total thickness of the steel
encasing the lead la t * inch.88

TABLE III-?

Group V B »>2 ^ + Z + d " ̂ 2

III
lY

13*1
9.67

5.1
4.6

16*86
12*70

152.0 14.1*
155.5 15.96

Group «L F(

III
IT

X 10^ 
3*82 X 10^

9*5 * 10“  ̂

6*7 3C 10“*̂
.158 X 10“5 

7*90 X 10’^

Note that d a l  meter + 6 inches in the oaloilations above* From the 
last oolumny the total dose at one meter is «1?8 -«■ 1»90 ■ 8*06 
mr/hr* vhioh is less than the permissible 10 mr/hr at one mstero

The dose at the surface of the oask vd.thout the one-inoh
auxiliarsr steel shield is calculated in the next section where the 
shielding for air shipment is consideredo It is shown there that 
the dose at the outer edge of the 5«0-inch fins is about 100 mr/hr^ 
so that the shielding will certainly be adequate for truok shipment 
tdien the one-inoh steel shield is in place*

D» Gamma Dose (Air Shiraent)

The gamma dose requirements during shipment by plane are
less than 200 mr/hr at the outer edge of the ?*0-inoh fins and less
than 10 mr/hr at ? meters from the oask* The unnecessary lead shielding 

y at the comers of the oask has been removed to meet the airplane
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TABL& IlZ-3 SU2FAG& DOSE

If
I
I
I
I
e
I
I

Group '’pb B b2 t + + d ®®L 
2(t •»■ Z -I- d)

III 12. n ^•8 15.11 38.31 3.12 X  10̂

9.07 k.B 11.3^ 39.66 2.31 X  10̂

Group h ^2 y ( 0 2 * V »

III 0 ¥fr.o* 8.5 X  10"® 8.5 X 10"® 5.31

IV 0 ^̂ 3.8- i»-5.8* h X 10*^ 4 X  10"^

Group h P ( ^ 2 * V P

ill 10 •• 18.33 58.? 8.5 X  10**® 6.9 X  10"® 4.81

■ ^ 10“ 17.75 58 ^  X  10*^ 3 X  10"^ ...
167 g

Group h y( <t>

III 15” 0 ^  60 8.5 X  10“® 0 2.65

IV 15" 0 ^  60 4 X  10"^ 0 22x5____
9 5 . ^

Group h ^1 e. ^ 2 « ' ( 6 > 2 . V pCOj^.bg)

III 20" 18.35' 8.5 X  10"® -6.9 X  10"® 0.5

IV 20" 17.75' 4 X  10“® -3 X  10*^ 23..?i,..
23.6g

Group h 800 2 AF

III 30" ^ . 5 71.^5 21.3

IV 30" 43.8 70.85 15.78 1.05 X  10"® 0.24
o-**' S
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For h ■■ 30 InoheSf an upper limit was placed on ̂  F(^ 
bgr using ths definition of FC^^fb^)* Tfaust

>  A
A F  - n « 2.»2) - ycej.bj) - e

f2 ob.eec 0^ -brtSood2, 2

For group IT, 4F<o"^^'^® (JPt95 . I.05 * 10"®

Tbe results of the calculations in Table IXZ«3 snd the 
results of a similar calculation for another lead thickness are shown 
in Fig lIZ-1 as a plot of siirfaoe dose versus lead thickness as a 
funotlon of axial distance from the midplane of the oask^ Figo III-l 
has been used to oons tract Fig* III-2 vhich is a plot of the oask 
height versus the lead thickness required to make the outer edge of 
the fins a 100 mr/hr isodose surfaoet providing a dose safe^ factor 
or two* Fig III-2 also shows the amoiuit of lead removed in the 
final design* Note that the fUll active fueled length of ^0 inohes 
is shielded by 7 7/S inohes of lead and that 3*0 inches have been 
removed from the oask radius at the ends of the oask*

B* End Dose

The gamma dose at the ends of the oask must bo less than 
200 mr/hr at the surface and less than 10 mr/hr at 1 meter* A 
oonservative estimate of the dose at the top of the cask is ealoulatod 
aooordlng to reference III-2, p*564, as

& 9uhere S » — « source strength per om^ (Table III-l)
TT/^L

- inside radius of cask > 12 inches 

bl “ y*̂ pb̂ pb ^‘*88^88
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oO

X*
»1

t + d d o

d • distanoa from top of active fuel region to top 
of cask cavity » 15,25/2'̂ inches

The doae at 1 meter for the final design lead thickness 
of 8 1/k inches and the surface dose are calculated in Table II1-6. 
The angle 0 ^  is

-1 30.5

where

42.7^ d

•• 12 inches - 38*5 oa
t v  • 6«25 inohes ptt

42.74 cm1 inch
d_ • 7*625 inches o

TABLB ZII-6 END DOSS

Group V B 10“5 5̂ A  ^
III 15*45 5.2 14.45 1.066 .179 1.61x10^
IV 9*62 5.1 10.62 .824 .129 1.628 X 10^

d * 1 meter* sec 0 ^  . 1.0227

"V



TABLE 1II-6 Ein> BOSE (oontinuod)

III-l?

Group b̂ ŝeo EgCb^seo
seo£>^ < P

III 14.78 3.4 X 10“® 2.25 * 10"® *185 X 10"^
IT 10.87 2.1 X 10“^ 1.565X 10"® 8.7 X 10*^

8.9 g

d ■■ Of seo 1*23(

Group b^seo EgCb^seo
sec^^

III 17-72 3.4 X 10“® .812 X 10"^ .535 X 10"5
IT 12.08 2.1 X 10“^ 1.14 X 10"^ 32.6 X 10"5

33 —  hr

Froa the last oolusm in Table III-6» the total doses ero 
8*9 or/hr at one aeter and 52̂ mr/hr at the oask surface.
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IV. CRITICALITX CONSIDSSA^IOITS

A nuclea? analysis was performed to evcluate:
!•) the of the fresh, full core including cortrol

rods while in the shipping cask, and 
2.) the poisoning required, if a:ay, to lower the fceri

to a value of 0.90*
The results of the fresh core analysis shov/ed that koff

for the core in the design cask is 0.921«
An analysis was made to determine the effect of adding 

boron to the inner stainless steel liner cf the cask. The results 
were unsatisfactory; the addition of 2 w/o ‘3“10 reduced to

0.913.
The addition of a neutron poison inserted into the.core 

was then considered. The poison element eilectod is a nature! 
boron - stainless steel sheet I/16” thick, Ths sheet takes en 
approximate sine-wave fora and is placed in the 0.110 inch slot 
between the peripheral bundles of the core* A tctal of 6 such 
elements are used. They enter radially from ths center of the 
core and are located in the 2 to inch radiil segment as shown 
in Fig. 17-1. The elements extend greater tVan the full length of 
the core.

The results of the anailysis show ;hat these poison ele­
ments containing 0.7 vfeight percent natural boron will lower 
to below 0,895. The details of the analyslu are given in the 
following section.

A. Description of the Analyses
was determined by a three group, radial, multiregion 

diffusion code, program FJ (Ref. IV-1). The iv̂ cmetry consists of a
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oao region core surrounded hy water, sliroud can, and 3 cask 
regions, Boron-lO/stolnless ateel lumped poison rods were 
assumed to be uniformly distributed in the core, and the reactivity 
calculation was repeated for several values of boron-10 concentra­
tion. Thermal and epithermal self-shielding factors were obtained 
from a previous study (Ref. IV-2). From the reactivity calculations 

was determined as a function of the thermal neutron absorption 
due to the added poison. This relationship is shown in Fig, IV-2. 
The thercial neutron absorption is given by:

^h < ) ? .  (1)

where:

^th 3 thermal self-shielding factor 

B̂-10** density of B-10
H,'gg s atom density of SS

® thermal absorption cross section of B-10
SS(f̂  a thermal absorption cross section of stainless steel

s average core thermal fluxG

The value of the above absorption corresponding conser­
vatively to * 0,895 vas set equal to the thermal neutron
absorption of the design poison elements, which is given by;

C i o  k

where the prime denotes the design poiecn element. The absorption 
due to stsiinless steel was neglected pz*oviding an additional margin

\
j
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Iof conservatism. The resulting equation was solved for ^  as

a function of N other quantities being fcnovm. This function
Is shown in Fig. IV-3, where II is given in terms cf weight
percent of natural boron. The curve defines those combinations
of weight percent natural boron and self-shielding factor for the
design poison elements which will lower the of the core to
below 0.89?. For a given weight percent natural boron values of
the self-shielding factor which lie above the curve correspond to
to vsdLues of k __ less than 0.895* err

A design poison element containing 0.7 weight percent 
natural boron was selected, and the thermal self-shielding factor 
was determined by a one group transport calculation (Ref. IV-3).
The calculation assumed a slab geometry with the poison element 
surrounded by a homogenized core region. The calculated veilue is 
0.926* It is seen from Fig. IV-3 that this vsilue exceeds that 
required, i.e., the 0.t7 weight percent poison element is more than 
adequate to provide a below 0.895*
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Y. HEAT TRASSFER - WATER COOLAKT PRESENT*
This section of the report demonstrates the heat transfer 

capabilities of the cask* The cask is designed to remove 2XW of
decay heat from the spent core with water coolant present. The rate
of decay heat released from the spent core Is shown In Fig. V-1.

A. Heat Transfer Inside Cask 
The heat transfer inside the cask is c£dculated in this

section. The fuel elements are cooled by water circulating by nat­
ural convection up through the fuel elements and down a 3/8 in.
annulus sô ound the inside perimeter of the cask. The fluid flow aind
heat tremsfer are described below by integrating Bernoulli’s equa­
tion around a flow loop and performing heat balances over the fuel
elements and cask wall.
la Development of Heat Transfer Squatlons - Consider first the 
Bernoulli equation for the system in differentisil form

^  c dZ ♦ —  + dF (1)
f ®where the notation is defined in Table V-1.
If the equation above is multiplied by ̂  and integrated

around a complete circuit and the kinetic energy term is neglected,
the following equation results:**

-^dP e 0 x^^dZ +^^dF
or -^^dZ x^^dP (2)

* This chapter was prepared for The Edlow Lead Company by Battelle 
Memorial Institute and submitted to the Martin Company.

** See Table V-1 for nomenclature
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Letting (1 - ̂ T)t this becomes

^o)L a^^dF , (3)
where _ fl*!. (Z)dZT - f , - r*j ■ Jo ' ^..  and T a (* L e JI

L T (Z)dZ o
® L

Equation (3) is the flow equation which must be satisfied. 
In additiont the continuity equation must be satisfied,

’'i*i • V .  “ •>
The heat balance equations must now be considered. Since 

the Telocity and heat production are uniform in the fuel elements,

T(L) a T(0) + Cp^V^A^ “ ^

and
f . T(L) ^ T(0)
^i " 2 (6)

In the outside flow annulus, the following equation is

satisfied:

dT(2) -

_ r„,.,T(Z) [r(D - (7)

where h P®^ 0 0OC a ----
Op/>Vo

Equations (3)« (3)* (6), and (7) can now be used <0 obtain

T(0) a T ♦ lTe“^^ (8)
® 7 — ^1 - e

T(L) a T + (9)O — — — — —
-ixL 1 - e
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T • T ♦ ^  (10)o • oiL

,11,cL1\. ■ x. ♦ i /V VX ♦ e 1
^ » z ^ c r r v s T )

Finally using (10) and (11) in (3)«

a ]  - (12)

Neglecting end losses, the friction pressure drop term becomes
2
L

2g " "o ' 2g (15)
/p-'F » '•fi ( A  />V  . itf < A

Fjr large , the term in the square brackets of equation (12) sim-
ft/ /plifies to . Using this simplification equation (12) becomesff »

(^) » iff (L)p + kt^ (L) ̂  . . .* 12 ^ D^r 2g ® li r ^

Using the heat transfer and friction factor correlations, equation 
(lif) can be solved for 7^ or V^. Knovring the velocities, the 
temperature’s can then be calculated.

TABLE Y»1 - HEAT TRANSFER NOMENCLATURE

BTUo 9 a'F*n»,y»o it* — « ̂ - o  -  - , ijy

Z )x Axial distance from bottom of fuel element, ft
« Temperature of lead cask wall, F*

T(0) B Temperature of fluid at bottom of fuel element, F**
T(L) a Temperature of fluid at top of fuel element, F®
V a Fluid velocity, ft/hr

pP • Pressure, lb/ft

BBBSseCSiSSab
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TABLE V - 1 (Continued)

^  » Density, lb/ft
F »■- Friction head
^  « Density-temperature coefficient
T^ s Average fluid temperature inside element

T^ s Average fluid temperature outside element
2A ■ Flow area, ft

J » Heat transfer perimeter of lead cask on inside surface, ft
f « Friction factor
D ■ Equivalent diameter, ft

II h^ « Heat transfer coefficient at cask wall, BTD/(ft^)(hr)(F®)
k * Thermal conductivity of liquid, BTD/(hr)(ft)(F®)

Ifa « Specific heat of liquid

2» Calculations - Laminar flow conditions exist in the cask so that
f ■ 16

»VDv

and ^ AV A c h^ « 1»75 k /ZLo_oja • p- ^ kL
1/3

o
Using these relations, equation (l4) csm be solved for az*

'a.D.*- *  A^D *• 1 1  o o

1536^ Cp Gpf
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For the oore*

• 217 in 

35^0 in
e .245 in

« 13.05 in^

For the 3/8** in. annulus between the core and the inside perimeter 
of the cask wall«

« 3/8 IT (23-15A6) » 27.2 in^o
» TT (24 ♦ 23-5/8) « 148.7 in0
4a 4(27.2) .D » » '*̂1 o' " « •732 ino P 148.7

P? » F (24) a 75.4 in o
a » 14,55 in^ o o

The coefficient C does not vary greatly with temperature so that 
it can be evaluated by assuming 175“P» Theng

’’̂av “
k • ,389
e » 1.0017 P
^  » .871

Substituting these values« we get C > 68.9, 
and

5.^ * 7.05 X 10^

p  a 60o7
« 3.64 X 10'
2CW X 

L X 45 in

-4
Q a 2KW * 6.83 X 10^ uT

and (a^v^)2-«'’= (68.9){7.05 X -t H
1̂8,05 i4.55 ' ^

X 1.61 X 10^
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1
Thus,

and

1 ,

I \  - 2^.1 t~ - 192 ^ii V - 192 ^  hr, hr
also.

Np^ « 8l6, 80 that the flow is laminar as was assumed, 
o

Knowing the Telocltles, and ^ can be evaluated and the 
fluid temperatures caJ.culated. Thus.

. p V  k
■ 1*75 I;- > = 128

1. p« „
^  C^ V ~A • “ 5*’̂ °

The temperature at the top of tie cask Is

T(L) » « ------ ;7 * 4.15-F,o X -

and at the bottom of the cask
y. -CCL

T(0) - T * — ^ --- 7 « 1.06<»F.
® I - e“®^^

Bo Temperature Drop Through the Lea!i

The temperature drop through the lead wall of the cask can 
be conservatively approximated by the temperature drop through the 
wsQ.l of a section of length L cut out of an Infinite hollow cylindero
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Thus,

where
a . 6.58 X 10^ ^

Rĵ » 12.25 in.

Rg » 20.25 in.

L ® 45 in.,
sad A t . a 7,66*F. pb

C« Heat Transfer From Outside of the Cask

Eeat vd.ll be transferred from the outside of the cask to
the surrounding air by convection and radiation. Vertical fins have
been placed around the outside perimeter of the cask to increase the 
heat transfer area. Heat loss by radiation from the outside has 
been neglected to provide an additional safety factor.
1. Development of Heat Transfer Equation - As in the treatment of 
natural circulation in the cask, the Bernoulli equation is inte­
grated around the fluid flovf path (up through the fins and into the
ambient air). Neglecting VdP, we have:

T(Z) « (T - T )e'^ T a o o

Cp^VA

-a » ~ ^  dZP L o RT °
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XquatlQg the buoyant preasure to the friction pressure 
drop yields

where
T ■ absolute ambient temperature9>

J • cask wall temperature

*‘eff “

I 
i 
I

A ■ flow area between fins around entire cask perimeter 
P m total heat transfer perimeter around fins and cask 

surface

The addition of 1.^ velocity heads to the pressure drop 
compensates for entrance and exit losseso
2« Calculations - The fins are 3 inches lon̂ ;, 3/l6-inch thick,

II ^.3 feet hi£;h, and spaced on 1-3/1^ inch centers around the outside
of the cask* The fin efficiency is
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tisSjBSL. wk.,. h . Si2yj » where b ■
‘ TST kt

where
1 • fin length « 3 inchen 
h “ heat transfer coefficient
k ■ thermal conductivity of fin = 9 Btu/(hr)(ft)(F®)

(stainless steel) 
t a fin thickness (3/1^ inch)

The temperature of the cask is determined by guessing a

value of Q and calculating the cask temperature. Then a check 
/?^VACp

is made to assure tha'̂  the buoyant pressure la equal to or greater 

than the pressure drop.

^ v a o T  *
Q « 6,83 X 10^
Number of fins a 109 
P * « 62.5 ft

A « a 2.27 ft^ I

T « 590“H9i

Cp » BTUAb ®F 
k « .017 BTO/hr ft ®F 
V « .0 ŝ8 lb/ft hr
^  ■ .063 Ib/ft^ 

h  -
^VACp a 207 

• 380
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>■. ■ • 1.75 <:̂ -x- oI°Ito17 X t.5 )

* -965

* - I xa •

7^ *  ,930

71 . tank/2? ^ ^  31 .930 “

*̂ eff
^  . .2,7

e a e * #3^^

(1 - e"*^S * .656
j

i ~  C —^ s  1- , . ^ ..a S 1«0853I X T •‘̂ 207 X 390 X .̂ 56A

! (T - T ) = 50®F ̂ o a

I Buoyant pressure is given by

Pg » 4.5 X .063 *[l - .921 - In [1.0853 - (1 - 1.0853).3^̂ J-

« .0088 .

Actually, the buoyant pressure is somewhat higher because 
the aiir jets at the top of the cask extend the effective length.

Friction and turning losses are given by

* 2 [ifso'Tife * I-**] ■ .00®^

*s



V - 11

Since the available pressure is greater than the press­
ure drop* the temperature drop is satisfactory* The Reynolds 
aunber of 11^0 is in agreement with the assumption of laminar flow* 

Even with this conservative calculation, the total temp­
erature difference between the ambient air temperature and the 
maximuffl water temperature is ^.2* + 7*7® + 50'' 62®F. Thus,
the water will be under 192®F with the 125®F ambient asstuned* 
Sizeable contributions to the heat transfer may also be expected 
from end losses and radiation losses*

At an altitude of 30,000 feet, the boiling point of water 
is lowered to 157®F, However, the ambient temperature in the plane 
is no higher than 70®F so that the temperature difference between 
boiling point and euobient at 30,000 feet is approximately the same 
as that for the assumed ground conditions. Pressure transients 
will not exist as the adrcraft rises to 30,000 feet since the 
temperatures at the reactor plant sites are considerably less than 
the 125®F ambient assumed for the design*

The profile of the cask makes the actual fin area slightly 
greater than that used in these calculations* However, this has 
been neglected to simplify the calculations*
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Y1 HEAT THAHSFBR - "DRY" CASK

This ohaptttr presents the heat transfer analysis of the 
shipping cask loaded with a spent core under loss of coolant conditionse 
Coolant loss from the cask oay occur during its shipment to the 
reprocessing facility* The "dzy** core is analyzed to determine the 
consequent maximum fuel element temperatixre due to fission product 
decay heat* This peak temperature is then compared to the allowable 
fUel temperature based on fnel element rupture discussed in Chapter 
VII,

fim Heat Transfer Analysis 
The heat transfer analysis is based on the continuous

generation of 2 KW of spent core after-heat* This heat rate
oorresponds to two years of full power operation and a subsequent 
one year storage at the reactor plant*

The "dry" core is cooled by means of air circulation
‘ >  .

between hot fuel elements contained within the core shroud and the 
inside cask wall* Air flow is maintained« in steady state oonditionsy 
by means of a static head differonce between air located within the
core and that ccltuan of air in an annulus at the inside perimet r
of the oask ifall* This pressure difference is based on uniform 
axial power generation in the core and a constant cask wall temperature. 
A oonstant wall temperature is assumed because of the relatively 
high oonductivity of the combination stainless steel - lead cask wall* 
The calculated temperature profiles indicate that the core acts as 
a hot leg and the annulus as a cold leg* Thus« air flows in a loop 
up through the fuel elements and down between the core shroud and 
the inside perimeter of the cask (see Fig VI-l).
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Additional assumptions were made to simplify the analytical 

oaloulations} namely* cross flow of air in the core was neglected* 
and in regions above and below the core perfect mixing of air was 
assumed*

H . A oonserrative analysis is established by neglecting the
heat transfer benefits oft

1* Radiation from the core to the oask wall* and 
2e Heat transfer from the top and bottom of the oask.
To determine the maxiEom fuel element temperature* trial 

and error ealoulations wore performed* Eeat transfer coefficients* 
friction flow losses and statio pressures are oaloulated* The air 
outlet temperature for an average fuel element and the hottest 
element are computed as well as temperature changes across the 
element and fuel uatrix* These temperature changes are added to 

H the air outlet temperature* resulting in a maximum fuel matrix
temperature*
1* Development of Heat Transfer Jjiguations - The equations used to 

H determine the inside cask wall temperature are Identical to those
^ presented in Chapter V*
^  The relationships employed for heat transfer within the

oask are the conventional convection and conduction equations.
^ The heat transfer coefficient* h** is calculated as follows (Ref* VI-l)t

I h . X.5 k. f S °pl» 1 (1)V JI
lAere - « 56OO 1 ^  ̂  (2)

I
I
I

1 Since the heat flux aoross the oask wall is oonstant for a speoified

* See Table VI-1 for nomenclature*
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ftfter-heai dutijrt the log mean temperature ohange in the annulus is 
a fonotion of the neat transfer ooeffioient»

(3)

The air temperature ohange is foxmd hy the following relation

A t -  q/(n^ Cp^)

Talues derived from £q ^ and Sq 4 are subatitutsd into the following 
relation defining log mean temperature differeneet

HTS ■ <*o - V  - - V
In

* i - * w

(5)

The relation*

(6)

I
I

is substituted into £q ^ and the explioit solution for the coolant 
temperature leaving the annulus is

At/tlTD) (7)

1 - e
AtyMTD

Coolant temperature at the top of the annulus is readily found from 
Eq (6)« The average coolant ten^erature is calculated by

* t, + tt  - i oavg — ^--

The oaloulated temperatures are used to determine the 
statio pressure in the core and the annulus« In the core* the

(8)



[
statio head is 

where (Ref* TZ-2)

f> • v/ (3^.5 ♦ .7535 t) (10)

®»4 fy, - P/ (346.5 + .7535 (U)

The ammltto statio head is fotmd as follows* The t^peratoro 
profile is oaloulated according to (see p* Y>2f eq*7)t

t(Z) . [ t (L) . 1 + t. (12)
Equation 12 is derived in Chapter V and its application in this 
section negleots any effects of compressibility* The shape of the 
temperature profile is determined by the ̂  term 
where

*< - •> *2 A % h  V

Temperatures are oaloulated along the cask wall* Each computed 
value is substituted into Eq (lo) to determine the coolant density*
The density profile is then integrated by Simpson’s method*

A P . -  j;; f [ A  * ♦  1 * " f n ]  (i‘

i*o

The difference between the static presstire in the annulus 
and the<Dre is balanced by the frictional flow losses of the loop*
Laminar flow exists in the coolant circuity and the pressure loss 
due to skin friction in the core is

^  *■, - »• V, (15)
«o »«
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The asoooiated skin friction loss in the annulus is found 
for co&prsssible fluid flow by integrating the following equationt

- (IS)
dz »* g

Correcting Eqo l6 for units« the pressure drop is 
L L

- r  ip - 4 P, - f  ; ■ f; ' ; f  , & 4 4 -  iZ (17) 1 «/ (3600)̂ J y (2)
L

A P . - o j ' ^ d 2  (18)

Siapson*8 nethody Eq« l^y is again used to evaluate the intograle 
Additional pressure losses are calculated for expansion 

and contractions of the coolant in the loop and for changes in 
flow direotiono These losses are found by

,2 
io

where is the s u b  of the constants used to compute the individual 
velocity head losses around the loopo Therefore^ the steady state 
velocity through the annulus (or the core) is found by the following 
expreasioni

-f/®i Z k ( s o )
(annulus) (core) (loop)

Equation (20) balances the net statio head available between the 
core and annulus with the total ibrictional pressure drop of the 
coolant loopo
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To deternine the air outlet temperature from the hottest 

fuel aleneat the total pressure drop of an aTorage oore element is 
equated to the pressure drop of the hot elemento Baaed on previous 
anal.̂ 'see perforned on the PH-1 oorog a radial power factor of lo5 
is assuuedo The power faotor for a spent oore is approximately the 
same as for a fresh ooroo As a result of additional detailed heat 
transfer analyses performed on the PII-1 oore« it is known that the 
heat transfer split between the inside and outside of the fuel 
element tubes is very nearly equalo The "dry” oore trill behave 
in an essentially idsntioal monnere Assuming various outlet temperatures 
the pressure drop available for friotional losses is found from the 
relation,

(A ♦ A Vavg -  ̂ (a)
The left side of Eq (21) is a known oonstanto The outlet temperature 
determines the hot element statio heado Equation (2l) is solved 
for t}ie hot element friction lossf the ooolont velooity is found by 
Eq 13o The mass flow rate is computed by Sq (2)o A heat balance»

(^)» made aoross the hot element to determine coolant flow 
rate as a function of outlet temperaturso The heat balance and 
flow equations are solved for outlet temperature and coolant velooityo 
Eq (l) is then used to calculate the hot element heat transfer co­
efficient which is substituted into Eq (?) to determine the MTDo It 
is assumed that the film temperature ohange is oonstant axially 
along the elemento Thus9 the maximum clad temperature equals the 
air outlet temperature plus the MTDo

The temperature rise across the clad is

At - q 7^/ k A (22)
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In this equBtionf ths power tern accounta for the heat split between 
the Inside and outside walls of the hot eleaent and the radial 

I power faotoro
The matrix fuel teaperature rise for the tubular elements 

is oaloulated froa the following equation (Ref Vl-5)*

- — ' - r q

Application of £q (23) assumes that the inside and outside olad 
temperatures are equal« The fuel matrix (75/« stainless steely 23̂  
uranium oxide) thermal oonduotivity is estimated to be 75^ of the 
oonductivity of stainless steelo

TABLE YI»1 KQMEHCLATUHE FOR HEAT TRAKUFER 
ANALYSI^J - «'DRY'* CASK

1;

2a - Cross sectional flow area* ft
2A - Surface area of heat transfery ft

Cp - Specific heat of air, Btu/lb -P
d • Incremental distance Eq (l4), ft
B • Equivalent diameter, fto
f - Friction factor

- Conversion factor, 32o2 lbj|j“ft/(lb^)(8eo ) 
h * Surface coefficient of heat transfer, Btu/(hr)(ft )(*P)
H - Tolimetric rate of heat production in fuel element, Btu/(hr)

(ft5)
K • Number of velooity heads
k • Thermal conductivity, Btu/(hr)(ft)("P)
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L > Lengths ft
B - Air oftss flow rate, lb/hr
MTD - Log mean teaperature differences dego F
n - Total number of fuel elementBs 7^1
p - Atmoapherlo presetires 29e^2 in Bg»
P - PressureI psf
nP^ - Heat transfer perimeter of load oask on inside surfaces ft

q * ATerage powers Btu/hr
r - Inside radius of fuel elements ft
S - Cross seotional area of flovs sq ft
t - Temperatures *P
T - Average linear velocitys ft/seo
^  - Fuel element olad thicknesss ft
B- - Clearance between core shroud and Inside of cask walls ft
Z • Fertical heights ft
<X - Hatio in Eq (Ij), ft“^
0  • Bimensionlsss ratio
A t  - Temperature potentials *F
yU. - Fiscoaitjr of airs IB/^
^  - Density of airs Ib/ft^
Subeorlpts 
a - Annulus
avg - Average
b - Bulk
0 - Core
f - Skin friction loss Eq (16)
h - Height above oore
hot Hottest fuel element Eq (2l)
1 - Inlet of core
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■ - Mean
max • Haxinun
o - Outlet of core
r - Flov loBBQBf other than skin friotion
•t - Statio pressure^ Cq 21
t » Total
V - Vail
1,2 - Inside and outside of fuel element surfaces respectively

2a Calculations - The first step in the oaloulationo is to asstUBO 
a bulk teaperature and pressure to evaluate the ooolant physical 
propertieso In this analysis, the ooolant pressure is atoosphexioa 
Let the initial averaco teaperature be 400*Fo The air bulk properties 
are thus

Cp - Da 250 Btu/lb *P 
k - 0*0225 Btu/lb «P ft
- OoOk62 Ib/ft^

Equation (2) yields the mass flow rate assxuning a I065 ft/seo average 
velooity in the annulus«

. 5600 <2) 
The cross seotional flow area of the annulus, a, is 0«229 ft •

- (3600)(0«229)(0o0if62) (I.65)

- 62.9 lb/hr
.Tbm heat transfer coefficient at the inside wall is caloulatedo

)•'* (1)
Be V

where B a.0726 fte
L - U,12 ft

1o5 0o225 . 62*9. X 0,250
.0726 ' 0.0225 X ^012'
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h . 3«6J Btu/hr •!'
The log mean teaperature differonoe 1b

HTS « q 
A h

where q • 6826 Btu/hr (3)
A « 26o82 ft^

MTD - 6826______ _
(26.B2)(3.63)

MTD - 7O0I *P
The avera{;e air temperature ohange is then calculated^

T  At/lITD1 — e

where t^ - 183

4̂
- 183 - ^3^ - (163

^3V5^-9 1 - e
t^ - 18^0 5 ‘i*

The air outlet temperature^ from Eq (6)» is
to - ti ^ A t

- 18^.5 + ^3^ - 618o5 "F

(^)
(62.9)(0.250)

A t  - 43̂ k *P 
The inlet air temperature to the core is found

A t
- 4 t - (  IITD ) (7)

_SL
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Sh« averaja ooolant teaperatura

* ♦ t_
avff 2 (8)

- ( m  + 6i8o5)/2
- iK)l«5

Racalllng that the asauDed t vaa M)0 *Fy no nev hulk temperatura 
ia aaaumedo

Tha atatio head in the oore aegment of the loop ia

where

Similarly
and

/I « A  ii. + /> Z + /> Z, o fx t / m o  / o c
Zi - 0,75 
Zc - 2.5 
z^ - 0,96
f>o " + .7535 t̂ )

» 0,0369 Ib/ft^

A -  0.0616 Ih/ft^ 
m 0,0^62 Ib/ft^

(10)

idiera

and

Ap^ - (0,0616) (.75) + iOcOhSz) (2,5) + (0,0569) (0,96) 

• 0,1971 psf
Tha annulua temperature profile is evaluated from Eq. (12) 

t(z) . [t(l) . t j  e -

L - 4,12 ft 
- 185“F

P“ - 6.32 ft

^  hP»CK ■ V
V " *

(15)
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^  - l L i 5 J U 6 ^  . 1A59 
(.2^) {6z.9)

To detezmino point temperaturo ralueey axial inoremente of 0.4 feet 
are used. At each point alon^ the wcULl» air density is computed 
(E<i 10)» The total statio head in the annulus is determined hy 
Simpson's method of integrationo The results of the integration are 
shown in Fig 71-2e For this oase» the static head is 0*23(25 psf*
The net statio head is 0.2325 - 0.1971 - 0*035^ psf.

The friotional flow pressure drops are next oaloulated*
The oore pressure drop by Eq (15)is*

3600 e„

tdiere •* 0*063 lb/ft hr
« 1*75 X 10“5 lb/ft see 

D* - 0*03^7 ft 
L - 2*5 ft

The average velooity of ooolant in the oore^ is 
oaloulated as followst

- n -
where

• 0*229 sq ft 
- 2*35 sq ft

V© - (1"65) i.Q°.?22l _ 0*1625 FPS
^ (2.35) —

The Reyonlds* number is oheoked for laminar flow oonditlons

Am
* The hydraulic diameter equal to the inside diameter of the fuel element 
is used* The equivalent diameter of the outer section of an element ia 
5 per cent groatero
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• < 0.03^7)(Oo1625)(06Qk62) • 1^«9
1^75 X 10“5

Th« Reynolds number la less than 2100{ thus, laminar flow exists 
in the corso The pressure drop in the core isi

- I32)(0.063)(2«5)f0.l625)_ . 0.0058? psf
(3600) (32.2) (0.03^7)2

The pressure drop in the annulus is fovmd from £q 16 
for annular velocities of 1.0, l«7?t 2.0 and 3*0 fps. At 1.73 fps 
oaloulation details are shown in Table 71-2

TABLE VI-2 COOLANT PRE3SURE DROP IN AliNULUS

z
ft *avg

•P Ib^ft hr
U.I P* mLrm
ftVhr

Simpson*8 Sum

0.0 184.3 0.0510 0.0616 0.828 0.8280
0.4 185.4 0.0510 O.O615 0.829 3.3160
0.8 187.1 0.0511 0.0615 0.834 1.6680
1.2 190.2 0.0514 0.0611 0.840 3.3600
1.6 195-5 0.0516 0.0606 0.851 1.7020
2.0 204.7 0.0522 0,0598 0.872 3.4880
2.4 220.8 0.0531 0.0584 0.910 1.8200
2.8 248.8 0.0547 0.0561 0.975 3.9000
3'. 2 297*8 0.057^ 0.0522 1.100 2.2000
3.6 382.0 0.0620 0.o4?2 1.312 5.2480
4.0 529.^ 0.0693 0.0402 1.725 1.7250
d/3 - 0.4/3 - 0.1333 29.2550

2 - 29.255 X 0.1335 - 3.8997
For tl'.e last- inoreoent,
^arg " 0.0708 0.0390 1.815
d - 0.120 21 - 1.815 X 0.120 - .2178

L - ̂ .12
J^(Z)^(Z)] dZ - ^.1175



lABLE VI-2 (Confelntted) YI-1^
Constant^ C • 12 C

(3600)^ B 32.2

vfaerB 0 - 2^1 ok Ib/hr ft^ 
s - 0.036^ ft 
C - 6ok5 X 10**̂

/iPa - 6o45 X 10“  ̂X ^.1175 - 0.0265 paf

Tho annular preaaure drop at 1.65 fpa la 0.0235 pofo 
Verifioation of laminar flow In annulua

^a /^m

p  m 0.0616 Ib/ft^ 
- 1.65 fpaft

3^ - 0.0726 ft
m  l,î 2 X 10"5 ib/aec ft 

Re - (0.0726Ul.65H0.06l6)
1.42 X 10“^

Re - 521
Therefore^ laminar flow exista in the annulua.

Expanaion and oontraotion pressure losses around the loop 
were based on K values versus inlet to outlet area ratios at a 
Reynold'a number of 2000 (Ref. TI-4). A Reynold's number of 2000 was 
assumed for conservatism. A aeries of detailed oaloulationa determined 
the effective areas of flow. Coolant densities were taken at four 
points along; the annulus; naiielyt (a) at the cask top (z • 4.12 ft)»
(b) 0«75 ft below the top (Z >< 3.4 ft)« (o) l/2 the distance from the 
eask bottom to the core "ledge* (Z « 1*7 ft)y and (d) at the cask 
bottom (Z « O). These densities were used to account for the large 
variation in coolant density along the annulus. At several places in
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th» annulus 50* changes in flow direction occur* Tho prsssure losses 
for these right angle turns are approximated to be 0*1 of a Tslooi^ 
head* To simplify oaloulaticns» these small Telocity head losses and 
the expansions and contractions in the core are neglected* Results ore 
tabulated in Table VI-5 nt V - 1*65 fps*

TABLE VI-5 EXPANSION AND CONTitACTION PRESSUUE LOSSES

z K »K p  (lb/ft5) A P  psf
^•12 0*860 1.575 X 10"^ 0.0568 0.00158

0.850 1.870 X 10“^ 0.0581 0.00295
1.7 0*^0 6.220 X 10"^ 0.0607 0.00150
0 0*520 8.400 X 10"^ 0.0616 0.00014

0.00550 psf (total]

The core, annulus, and expansion frictional losses ore added. 
The total pressure drop is 0*05^9 psf \diioh is less than the net statio 
head of 0.055^ psf. Therefore, the steady state flow velooity will 
be slightly greater than 1*65 fps. Fig. VI-5 shows the total frictional 
pressure losses and net static head as a function of coolant velocity 
in the annulus. The intersection of these two curves graphically 
balances Eq (20). At steady state conditions, the design ooolant 
velooity and average cutlet temperature are I.69 fps and 6l0*P, 
respectively.

The heat transfer calculations for the hot element are 
presented in the following paragraphs. The pressure drop of the

* Accounts for velocity ratio at different points based on annulus area 
and factor I/2 ĝ .
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averau* elenent to ba equated the hot .element preaaure drop is 
founde

5«00 »,*

-  (5 2 )(0 .0 6 3 0 )(2 .5 )( .0 1 6 6 5 )  + (2 ,656^ 0^0^ 63)
3600 (32.1) (0.03^7)^

• 0.1250 psf
The straight length is inoroaeed from 2.5 to 2.656 ft to aooount 
for the email neoked down portion of the fuel elements below the top 
grid plate. An outlet temperature of ?I6 *? is asoumed. The hot element 
atatio head is

A  - 2.656 C0«0>3̂ 1)
- 0.1156 paf 

The net frictional head ia
AP^ - 0.1290 - 0.1158 - 0.0132 paf 

Coolant physical properties are evaluated at a mean temperature of A-50”P. 
The velooity inside the hot element by £q (15) is

▼c " ^ 32 .2 )(0 .0347)^  (3600) (0 .0152)
32 (0.0656) (2.5)

Vg - 0.351 ft/aeo 
The mass velooity ia

m - 3600 a^V (2)

The cross seotional area of flow is the inside element flow area multiplied 
by the total number of fuel elements

a - (0.000945) (741) « 0.700 ft^ 
a » (5600) (0.700) (0.0436) (0.351)
- 38.6 lb/hr
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The heat halanoe is

■ • Vt - *i>
'hot " ^  Btu/hr

1 * ?o!250)(7i^ - 184^5)
a - 38«5 lb/hr

The mass flov rates are essentially balanoede The actual coolant 
I outlet teaperature is slightly less than 7l6*F»

The hot element heat transfer ooefficient isI h - 1«5 k|̂ ( mI ’•
H where ■ O0O290 Ptu/hr - ft - *P
^ ®e “ ^t
I Cp - 0.250 Btu/lb *P

L • 2.5 ft
I » m 38.5/7^1 • 0.519 lb/hr
I B ■ UyJS)lQ.o022l
I 0,05^7

(1)

[ JL2,».5121.(.o».25} 
L (0.029)(2.5)^

h - 1.585 Btu/hr ft^ *P
The IfTB along the hot element is

MTD - 5120_______  - 16,0 *P
(1.585)(201.5)

The olad temperature at the top end of the hot element is thus 
716 + 16 - 752 *P

The olad temperature change based on similar assumptions 
of heat split ist

• 11 (22) k A
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t^ere q $120 Btu/hr
7L - 6.25 X 10“^ ft
k » 11.5 Btu/hr ft »P
A - 201.5 ft ^

At • (5120)(6.25 X 10"S 
(11.5) (201.5)

• 1.38 X 10“^ *P
Th« olad toaporaturo ohango ia negllbla.

Tho fuol siatrlx temperaturo rise ia calculated from Eq (23)
2
'“ t i ^

where
ki - 0.75 k^3

Btu/hr ft *P80
kj - (0.75) (11.5) - 8.62 Btu/hr ft *P 

For the hot fuel element the volumetrio rate of heat production ia 
169^50 Btu/hr ft^o The valuea of the geometrical terma in £q (25) are

^  - 0.525
m 0.01875 ft

Therefore9

*max -tj - Ll8.i>j0}l0.018J5)^ _C 1 - (0.525) + (0.525>(>do6if6)l
(M (8.62)

- 0.026 •?
The fuel matrix temperature riae ia alao neglibloc



VI-19

3» RttBulte - Th« liaat transfer oalculationa indicate the following 
charaoterlstioB for the average fuel elementt

Inlet air temperature^ *F 16k<,5

Outlet air temperature^ *F 610
Average linear velocity, ft/sec Oel63
Power, Btu/hr 9,2
The convection loop prossure drop under steady state conditions 

is 0,03^ psf. Analysis of tho hottest element with a 1,9 radial 
power factor increased the air outlet temperature to *F end the 
average linear velocity to 0<>33 ft/seoe The film temperature rise across 
the inside surface of the hottest tube is 16"F, The volumetrio heat 
generation rate of the spent fuel matrix is small, resulting in a 
negligible temperature change within the tube wall and across the 
fuel dado

The log mean temperature difference between the circulating 
air and the cask wall is calculated to be ^0^Fo Tho average air 
velocity through the annulus is 1,69 ft/sec resdting in a heat 
transfer coefficient at the wall of 5<>63 Btu/hr ft^ *Fo

Bo Condueions 
The maximum fuel temperature in the hottest element of a 

spent core contained within the spent fuel cask and cooled solely by 
air circulation is T}2 "Fo This is less than tho predicted rupture 
tenqpezuture of 930**F for tho stainless steel elements as given in 
Chapter VIXo According to the AEG shipping regulation the allowable 
margin between the maximum fuel temperature and the rupture point 
is 200*Fo The calculated temperature difference of 218**F is more 
than adequate to assure that the elements will not rupture under 
loss of ooolant conditionso In addition, considerable conservatism is
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inoluded in the oaloulational methods hy neglecting the heat 
transfer benefits derived from radiation effects and heat transfer 
to the top and bottom of the fuel cask. Conservatism is also 
provided by the assumption of a 123*F atmospheric temperaturso

It is also oonoluded that no melting of the lead (melting 
point - 621*7} oontained in the cask vail is possible based on the 
maximum vail temperature of 18?*F« It vas pessimistioally assumed 
for tiiis calculation that all of the core deoay heat inpinges on 
the inside cask vail vhen in reality a portion of this heat is 
deeposited in the lead shield direotlyo

On the basis of this analysis it is concluded that the

spent core vould not suffer damage due to temperature effects in 
the unlikely event of loss of ooolant from the shipping oasko

I
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VII. nnSL ELEMEMT RPPTTOE TEt^PERATPRE 

AWD ACTIVITY RELEASE HATES

The proposed shipping regulations for spent fuel list 
two separate hazard areas that oust he satisfied. The first 
oonoerns the aaxiznuo fuel temperature that can be allowed without 
causing damage to the individual fuel elements. The second 
assumes a specified accident condition and restricts the fission 
product release.

A. Fuel dernent Rapture Tcaaperature
The maximum allowable fuel element temperature at 

which no failure occurs must be based on one of the following 
criteria:

(1) The peak temperature of the elements during shipment 
must be no higher than the maximum temperature 
seen by the elements during operation for a min­
imum of 30 days.

(2) Fuel element temperature must remain 300*F below 
the average or 200*F below the lowest vaCLue for at 
least two (2) fuel elements evaluated experiment­
ally. The failure criterion is: during ^8 hours 
of immersed exposure the maximum amount of acti­
vity released must not exceed 100 curies of beta 
plus gamma or 0.1 curie of alpha activity.

(3) Fuel temperature must remain 200®F below that 
which would cause damage to structurally sound 
fuel.
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As will be shown« the third criterion is used to establish the 
limiting temperature for the fuel elements by the conservative 
application of experimental test data*
1* Fuel Element Metallurgy Aspects - The fuel elements contcd.n 
a 23*3 - 71*7^ dispersion by weight of and stainless steel

I
I

1
1

powders clad with stainless steel* The dispersion contains fuel 
pairticles of approximately 50 - 100 microns in diameter and is 
nominally 0*0285 inch thick* The dispersion is sandwiched between 
inner and outer dads each of 0.0075 inch thickness.

Essentially each UO^ particle or small group of par­
ticles is completely surrounded by stainless steel. Thus* each 
particle is contained within a small minute pressure vessel*
This is most advantageous from the hazard stsmdpoint since a 
fracture under an accident condition would expose only the UO^

particles directly along the fracture plane. In addition, any 
subsequent corrosion wodd also be limited to just the exposed 
particles*
2* Discussion of Experimental Data - Due to the geometry and 
metallurgical aspects of the dispersion type fuel element, it 
becomes difficult to accurately calculate a limiting temperature 
by strictly andytlcal methods* Qaseous diffusion rates, pressure 
build up, and reasonable stress techniques do not lend themselves 
to an appllcaticn of such a m’nute size* Various attempts have 
been made (ref* VII-1), but the psirameters and assumptions are too 
widespread and variable to provide any confidence in the results*

Unfortunately, experimental results on irradiated PM-1 
elements, or, In fact, UO^ dispersion elements of any dimensions, 
are not avdlable at the burn-up and temperatures of interest*
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However, work perforaed at the Battelle Heoorlal Institute has 
produced correlations which can be applied to the PM-1 type fuel 
elenent.

The information presented in the Battelle report (ref.
VII-2) proposes a creep-failure nodel and criteria are developed 
froo the model which permits estimates of the relative severity of 
tests performed under different test conditions. Basioally, the 
failure model is described, an analytical evaluation is made for the 
various parameters, euid the unknown constants evaluated by an 
experimental program. In this manner, an extrapolation may be 
made to the burn-up and environmental conditions expected for the 
PM-1 type element.

The type of fuel elements tested by BMI, UO^ dispersions 
in stainless steel, is similar to the PM-1 element except for 
geometry. However, with a conservative application of the BMI re­
sults, an acceptable comparison of the elements can be made since 
the significant parameters affecting the tests including weight 
percent of UO^, fuel element temperature, etc., are in the range 
of the PM-1 elements. Therefore, since this information was found 
to be a reasonable ccrrelation and virtually directly applicable, it 
was utilized for this study.

Under normal shipping conditions, the cask is filled with 
water (or a substitute low freezing point liquid), which maintaJ.ns 
the temperature below 192**F. Since this is well below the normal 
reactor operating temperature of 463“F, there is no danger of 
failure at this point. Under the emergency conditions considered 
for the remainder of this section, it was assumed that the coolant 
was lost for a period of k8 hours. By the conservative application
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of tho Battollo data for this time period* it was found that a safe 
design tenperature would be 950*F. Thus, by applying a 200*F factor 
of safety, a recosmended upper linit for the fuel elements would be 
730"F. The details of this evaluation are presented ia the follow­
ing section*
3* Calculations - In utilising the failure theory proposed in 
reference VII-2, several conservative assumptions are made. These 
assumptions are:

(1) A JO w/o trô  matrix compared to the 28*3 w/o UO^ 
matrix of FM-1.

(2) Three years of operation of the fuel element at a 
constant maximum temperature versus the actual two 
years of PM-1 operation at full power.

(3) Fuel elements operating at a constant temperature of 
62J^F over the reactor cycle. This is the maudmum 
temperature that would be felt including water 
channel peaking and is considerably above the average.

(k) A burn-up factor of 0.8 was assumed. Since the ratio 
of fission to total (fission plus absorption) cross- 
section is approximately 0.8^, this assumption is 
quite conservative and virtually impossible to 
obtain in practice. The average burn-up for the 
reactor is 0.3

(3) The design limit utilized in the BMI report referenced 
is that recommended for a safe design and is not 
immediately adjacent to an expected failure point.

If a fuel specimen is irradiated for extended periods at 
uniform elevated temperatures, it will undergo creep deformation.
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Although the stress distribution in a dispersion type eleoent is 
complex* it is assumed that the dependence of the overall creep 
rate on stress and tenperature will be of the same form as for 
uniaxial tension* No attempt is made to determine the spatial 
stress distibution in the cermet* A term o^is found which is a 
function only of the toteJ. creep and the otxoicture of the specimen* 
the termed is related mathematically to tho parameters of burn-up* 
temperature and time* The values of obtained from a number of 
different experiments on identiced. specimens may be used to compare 
the relative severity with respect to creep of the different tests*
It is then possible to obtain experimentaO. correlations between 
the test psirameters and the value of ̂  at specimen failure*

Referring to the Battelle report* the value ofo^ suggested 
as a maximum for a safe operating limit is 10^^ (Ref* VII-2* P*l4-} 
Computing a value for^ over the lifetime of the core during 
operation by means of equation 10 on p* 5 of reference VII-2:

^  - _1 t« exp 1-3*11 X 10Y i  - 1___ 1,0 <  1560*r ^ L ^0 i5So;J

Where B^ s 0*8 (maximum burnup)
0 - 1085“R (625*F) ' '
t^ * 1095 daiys (5 years)

^*5 X 10^^ a ,0k5 X 10^^
oper*
Subtracting this from the total maximum allowable* which

is 10^^:
p( avail* « 10^^ - *045 X 10^^ » *955 x 10^^
This is the value of O^available for the post irradiation

over-temperature condition.
\

\\
)
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Referring to equation 9 on pe 3 of reference VIZ -2,

Wiere o4 allowable > .933 x 10
B a 0.8 (constant)

^t a 2 days (^8 hours)
Since I B 8e 0 cure constants 

^ a  expjjjl^l 1^*

.933 X 10^^ a B e*P ^ ’ J

Thus, the calculated value of 0 max is:
0 max a liflCH a 950“F 

Therefore, based on the conservative aixsumptlons used, 
the maxiaum fuel temperature cl.lowed to preclude failure Is 950®F.
To meet the fuel element temperature criterion, therefore, the 
maximum allowable fuel element temperature is 730*’F, which Is 200‘*F

below the predicted safe value.

B. Activity Release Rates

Under accident conditions, it is assumed that 3^ cf the 
fuel elements break into sections one foot long. The 3^ corresponds 
«rlth the requirements specified by the spent fuel shipping regula­
tions for the dispersion type fuel elements used in the PM-1 type 
reactors. Under these conditions the criteria to be met are:

(1) Under normal temperatures the 1-151 release to 
air must be Isss than 10 curies in 10 minutes.

(2) Under maximum temperature conditions (loss of 
coolant) the release must be loss than ICO
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eurles of 1-131 In 48 houra* The activity must alao 
include leaa than 10 curiea of beta plua gaoaa 
activity due to gaaeoua produeta excluding Xe* Kr* 
and 1-131 and alao less than 0.1 curie of alpha 
activity.

Because of both shield weight limitations and limited 
site access for the FM-1 type plants* it ia necesaary to cool the 
core down for a minimum period of one year prior to removal. After 
the one year cool-down period* the following activity levels exist 
in the core. These data are based on an extension of the work 
presented in references VII-3 and VII-4.

(1) Totail 1-131 activity is reduced to a negligible 
level due to it*s short half-life.

(2) Total beta plus gamma activity due to gaseous pro­
ducts* excluding Xe* Kr* and 1-131 is reduced to 
less than 1 curie.

(3) Total alpha activity is reduced to a negligible 
level due to radioactive decay.

Therefore* all of the activity limitations under accident 
conditions are readily satisfied because the total activity existing 
in the core in the various categories is less than the limits 
required.
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VIII CRASH DHSJ.Gi; ANALYSIS *

Tho purpose of the crash frame is to maintain the cask cover 
in place in the event of an accident in which the cask is subjected 
to a 3̂ 0»foot free fall. It is assumed that at impact tiie cask has 
tilted upsido down— *since the cask cover tends to come off in an im­
pact of this type and stay on if the cask hits on its bottom. The 
frame is designed to resist a vertical impact and also an impact at 
^3 degrees.

A schematic drawing of the cask and frame is shown in Vxg, 
VlII-1. In this fi{jure« the oask is tilted upside down as it would 
appear in a vertical impact.

Bottom

Frame—r Cask Cover
'Inside Framing Kember 
Top Framing Member

FIO. VIII-1 SCHEMATIC DIAGRAM OP CASK AND FRAME

Tho estimated weights of the various parts of the sask and 
frame are shown below:

Total cask weight (including cask, contents, and protection 
fram^t W = 52,500 pounds.
Cask cover weight and contents, * ^,070 pounds.
Tho basis of the frame design is to provide structaral framing 

members on the top of the cask wnioh upon impact will deform and absorb

* This chapter vas prepared for the Edlow Lead Company by Battelle 
Memorial Institute and submitted to Tho Martin Company.
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the Impact enorgyo There ere two approaches that might be taken in 
the design of these structural members* Very heavy, thick members 
oan be provided which will act elastically and have ao permanent 
defoiiaation. This will mean that the bolts holding the cover would be 
subjected to high loads because of the small deformation distances.
The second approach is tiiat lighter structural members can be provided 
which will permanently deform during impact and thus provide a large 
deformation distance which tends to lower the forces on the cask cover 
bolts. The second approach has been cliosen as being less expensive 
and more pructioal.

A. Baslo Relationships 
The total kinotic energy attained by the cask in free fall 

must be absorbed by the cask frame if it ia to protest the cask during 
impact. Therefore, a relationship can be establishei between the impact 
forces and the energy.

The kinetic energy attained by the cask during free fall is 
VH, where H is the height of fall (^0 feet) and W the weight of the 
cask. Assuming that the resisting force of the frame F is constant 
throughout the time of impact, the energy absorbed by the frame is FD, 
where D is the deformation distance. Assiuoing F is a linearly variable 
force, the energy absorbed by the frame is FD/2. Both assumptions 
are approximations but they should yield results of sufficient accuracy.

If the frame absorbs the entire energy of impact, the follow­
ing conditions must be meti

For a constant force F., WH - F.D (l) applies to vertical
impact

For a linearly variable force F_, WH » l/2 F^D (2) applies to ^5®
impact
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B» Determination of Fraae Deformation 
Nov that the equations have been established relating the 

kinetic energy of the oask to the resisting force of the cask frame and 
its deformationy it is possible to calculate tho frame deformation onoe 
the resisting force of the frame is known*
1* Buckling Stress Belatlonshipa - The method of detormining the resist­
ing force of the frame is based on the buckling strength of the members* 
Because of the geometrical arrangement of the members« the portions 
which will suckle are the webs* The problem^ therefore^ is reduced 
to determining the buckling strength of a plate*

The elastic buckling stress con be calculated from the general 
formula shown belOw (Rof: VIII-1, VIII-J, VIII-̂ f)s

Vfhere K is a constant depending on the boundary conditions and tho 
plate dimensions a and b* (K b 7.0 for the members under 
discussion.) 

b is the loaded length of the plate 
t is the plate thickness 
E is the modulus of elasticity 
The structural members which deform are the top and inner 

framing members, shown in Fig* VIII-1. These members are 12 I beams, 
made of ASTE A7 structural steal. Their dimensions and support conditions 
are shown in Fig. VIII-2.

Simple
Supports

Direction of Force

1-Fixed 1 Supparts-j^
S

J

a - 12»
'

FIO. VIII-2 GEOliETHY OF FRAMING MEMBERS
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2b Deformation in Yertical Impact - The resisting force F «hich can
be supplied by the frame is calculated by computing the buckling stress
of the members and» then* total force available from the fremeo

Rearranging the terms of Equation (3) &Q shovm below, if the
/left-hand side of the equation is oomputed then 0"cr can be found in 

Table 27 on page 3^5 ot Reference VIII-1o
Thus, for the structural member of interest:

Vr
12 I 35, KE + 7.0 (50 X 10^) - 268   - 32,900 psi

The stress value can be converted to a value of load per
inch of plate length by multiplying it by the plate thicknees, as
shown belowt

12 I 35, 32,900 (.^28) - 14,100 lb/in«

The computed q is the plastic buckling load per inch of
plate length for a yield strength of 33,000 psi«

Now that this value has been determined, the deformation of 
the frame for a vertical impact can be computed from Equation (l) as 
follows:

r I . ̂  . 0.65 InohML i.355tOOO “ M 'o

j' Where H >30 feet cr 3^0 inches
• (noo. of beams) (total length) (q of 12 I 33) 

I - 4(24) (14,100) - 1,355,000 lb/in
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For the higher yiold atreao, the deformation D* is approximately 

®’ - - If - 5.26 inchea

Therefore, the deformation of the crash frame in a vertical 
impact will be between 8«6^ and ^.28 inches* In either case the 
defornation will be confined to the 12 I 35 top framing members 
3o Deforiaation in 45««De/?re9 Imnact - Similar calculations can be made 
to determine the deformation in a 45-degree impact except that Equation
(2) ie used because, of the variable nature of the force*

1 /2  FgD « WH

889,000 D - 4,075,000 « 52,500 (3 6 0 )

D ■ 1 7 ■7 inches

Where: I/ 2  FgD for the various members is*

Inside member l/2|5S(l4,l6ojJ (D-8 .5 )

Top member l/2^(l4,100) J (8c5) + |^34(l4,100)J (D-8o5)
Total 1 / 2  FgD « 889,000 D - 4,0?5»000

CASK 12 I 35

8.5

\\

y
FIO. VIII-3 SCHEMATIC OF CASK IN COPJIER IMPACT
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For the higher yield strengths the deformation h* i.e approxinjntexy

r  !• - ̂ ? ^ d  (B) ■ U  (17.7) - 10.8 inohee

I vhich in either case is satisractory since approxinately 17»7 inches
have been provided for deformation.i:

C» Stresses in Cover Bolta 
I The geometrical arrangement of tho framing members, shown on
J. Martin drawing 372-2106016 is such tJiat the framing members on the top
*' of the oask bear directly on the cask cover* During an impact, the
j' forces are transmitted directly to the cask cover and maintain it in

placoe Therefore, the stx'csses in the cover bolts are very low in an 
I impact, but are not directly oalculabloo.
‘ If it is assumed, however, that the framing members have become

separated from the oask cover (which is unlikely), then the stresses 
I' in the bolt can be checked. The only purpose in making this computation

is to show that ths stresses in the bolts are below the ultimate strength
I of the material and that they will not fail.
 ̂ The stresses in the cover bolts con be computed once the
1 forces on the bolts are known. The forces on the bolts can be determined

Wcfrom lCowton*s second law, F, « —  a , where g is the acceleration ofo g c
gravity, W is the weight of tho cask cover and the contents, and a is c c
the acceleration of the cask cover.

It can be assumed that the acceleration of the cover is the same 
I as that of the cask for the case when the bolts remain intact. The force
I on the bolts can then be determined as follows:

■ WF • a a ■ acceleration of oaske
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y - p-22- 'b ^  V

Since the maximvua force F occuvs during the siaalleat deformation, 
this value of F will be usede

F • ~  « 12,t50p(?6p), _ 2,220,000 lb.
b 5*28

The force on the cover bolta F^ ia, therefore.

^  - 2,220,000 - 278,000 lb.
Wliere W • 4o?0 lb o

Since there are 12 bolta, the force per bolt is 278,000/12 
or 23,200 lb per bolt. The stress on each l-inch-diameter bolt is 
23,200/0.551 or 42,000 psi—  such stress is below the ultimate strength 
of Type 304 stainless steel.

D« Frame to Cask Attachment 
Member Size - The crash frame legs hold the crash frame to the cask 

during impact and lifting of the cask. Since the largest force occurs 
during impact, the selection of frame leg sizes has been based on that 
portion of the impact load which is not supported directly in bearing 
on the cask top.

At each leg there is approximately 10 inches of the inner 
framing member which is not bearing directly on the oask top (see 
Martin drawing 372-2106016).

Therefore, the load P, vhich each leg supports is the buckling 
load of the framing member per unit length multiplied by the \insuppurted 
length.

F - (14,100) (10) - 141,000 lb.
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The required orose^seotlonal area of the leg ie the load P, 
dirided by the atress« vhioh ie taken here as the lover yield atreaa 
(33fOOO psi) to be on the safe aideo

Area of leg, A - - ^.2? eq. in.

A oonvenient nember size ia a 6 \/P 23 vhioh has a cross* 
seotional area of 7*35 sq in.
2. Attachment Bolta - The number of bolta usad to fasten the frame
leg to the cask ia baaed on the maximum load that oan be oarried by 
the leg.

The maximum load is the higher yield stress multiplied by 
the area of the leg member. Therefore,

^max. " (7.35) « 5S>7,000 lb.

Four 1-inoh-diameter ASTH A-525 bolts are required to with­
stand P „ as ohoim belovt

Load per bolt ■ 2 (area) (ultimate strength) - g (0.783) (60,000)* - 
123,600 lb.

Ho* of bolta - 537*000/125,600 « 3.2, use h,

Eo Appendix 
Yield Strength of I4aterial At Impact

The material under consideration ia ASTH A-7 structural steel* 
The yield strength of A-7 steel as measured in an ordinary tensile test 
is 33*000 psi.

* See Reference VlII-3
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The loading rate or strain rate that is involved in the impaotf 
hovever* vould he oonaiderahly greater than that used in a tensile test* 
Sinoe it is known that inoreasing the strain rate will also increase 
the yield strength, this increase should be taken into account in de­
termining whether the buckling stress is above or below the yield 
stress*

Before it is possible to obtain an estimate of the increased
yield strength, it is necessary to obtain an estimate of the strain
rate in the Impaot*

The velocity of the cask at impaot for a 30-foot free fall is 
V a Y~2gh a 328 in/sec* If it is assumed that the cask does not deform
the material which it hits, the rate of load application can be determined
by multiplying the impaot velocity by the effective spring rats of 
struotiiral members, as followst

AJ3Spring rate, k - A a oross-seotional area of the
structural members

L a vertical height of structural 
members

Loading rate a vk a v ̂  Ib/seOoL
To convert the loading rate to the stress rate it must be 

divided by the cross-section area. A* Finally, to convert stress rate 
to strain rate it must be divided by the modulus, E*

j i vAE 1 V Strain rate - “  AE “ L

Which for the stxruotiural member involved is

?  a 528 in/seo a 26*^ in/in/seo*
20 in.

Having the strain rats, it is now possible to deternine the



v m - 1 1

yield strength using the results of an investigation performed by 
Hanjoine (Ref» YIII»2)t which shows that for a strain rate of 26»k 
iii/iVseo the yield strength will be approximately 54-,000 psi»
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