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1. INTRODUCTION 

1.1 Background/Purpose 

The AREVAATRIUM-11 Fuel Assemblīes are designed to be shipped iln the AREVA TN-Bl Container. 
Using the instrumented RAJ-11 Certified Test Unit (CTU) drop test acwleration results [Hef. 1) whlch 

was performed under room temperature, the ATRIUM·ll Fuel Assemblies, shipped within a TN·Bl 

Shipping Container, have been structurally analyzed [Ref. 2) to comply with the code requirements of 

10CFR71.73 [Ref. 3) ota 30-ft drop. 

The structural acceptance crlteria of fuel bundle under impact require that t he st ructural elements of 

the fuel to maintain plastic stability. The structural elements include the fuel cladding and spacers. 
The criteria for fuel bu ndle sta bility evaluatfon ls est ablished based o n the accepta nce criteria of th e 

Plastic lnstability Load Analysīs as discussed in ASM E Boiler and Press,ure Vessel Code, Subsection 111, 
Appendix F, Section F-1341.4 [Ref. S ļ . The ASME Code states that thH load should not exceed 70% of 

the plastic instability load. The criterion for the minimum safetyfact,or for the Atrium-11 fuel bundle 

stabitity evaluation is t herefore considered to be 1.4 (=1/0.7). The above criteria have been quantified 

by applying a scale factor of 1.4 to the acceleration tlme histodes fro m the RAJ-11 container drop test 
results [Ref.1) so that the minimum factor of safety is 1.4. 

The purpose of t his calculation is to confirm that the AREVA ATRIUM-11 Fuel Assemblies shipped 

within a TN-Bl Shlpping Contafner can structurally wtthstand thefreE! draps that are requlred by 

10CFR71.71; Normai Condition ofTransportation (NCT) 4 ft (1.2 mewr) drap, and 10CFR71.73; 
Hypothet ical Accident ofTransportation (HAC) 30 ft (9 meter) for temperatures of -40°F and 150°F. ln 

addition to the required drops for NCT and HAC, sensitivity studies are performed on the variation of 

foel weights, the slap down angles, and the effect of shipping a singlE! fuel assembly. Following the 
Plastic lnstability Load Analysis Met hodologyspecified above, the fador of safetyforthe ATRIUM-11 
Fuel Assembly is determinedto be greater than 1.4. 

The analyses are perforrned using the LSDYNA rinite element analysf!:; software [Ref. 4]. The finlte 

element modei ofthe shipping container and the material properties, are validated using the 

instrumented 30-ft drop tes t performed on the RAJ- 11 Certlfiedīest Llnit (CTU) at room temperature 

fRef. 1]. The RAJ-11 CTU has the identical rnaterial, geometry and gross weight of 930 kg as the AREVA 

TN-B1 shipping cont ainer. The simulated weight ofthe fuel cont ents in the CTU is 560 kg. The design 

weight ofthe ATRIUM-11 Fuel Assembly ls 684 kg. The valldated finilte element modei is then used to 

predict the peak accelerations of the container dropped under NCT and HAC at -4Q°F and 150°F. The 
temperature conditlons analyzed are more conservative than the cocle required value between -20QF 

and l00°F. Using the same design weight, the un-inst rumented container drop tests were performed 

at Nati'onal Tra nsportatfon Research Center (NTRC) iri Oak Ridge, Tennessee. The results ofthe NTRC 
t est are also used to compare with the deformatlon of the analyti'cal modei. 

According to TN-81 SAR Rev. 3 [Ref. 7), Section 2.1.4, the appl icable ASME Boiler and Pressure Vessel 
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Codes [Ref.5] forthe material st rengths are 

1. Section 111, Subsection NDfor t he containment boundary which includes t hefuel cladding. 

2. Section 111, Subsection NG for t he criticallty control structure whlch includes t he fuel assembly 

cages and cl ips. 
3. Sectlon VIII for t he non-containment components wh[ch include t he container shells. 

The development ofthe material properties used Jn the analyses is present ed in l\ppef')dlx A, 

ln AppendiX B, analyses of the ATRIUM-11 fuel assembly for the regu lar fuel shipment (2 fuel 

assemblies) using the finite element modei from Ref. 2 and calculate,d inner container acceleration 

time historles from the HAC drops are performed to reconfirm the st ructural integrity of the 'fuel 

assembll/. 

ln Appendix C, analyses of the ATRIUM-11 fuel assembly for the reduced weight shipment ( one fuel 

assembly) using the same finite element modei from Ref. 2 and calcu lated accelerat ion tirne hist ories 

at the fuel from the t-lAC are performed to reconfirm t he structural integrity of the fuel assernbly. 

The puncture analysis is performed for hot temperature condition an,d presented in Appendix D. The 

puncture pin did not penetrat e the outer cont ainer. It deformed t he lid inward and it contacted the 

l ,2 Limits of Appllcaf;,il/ty 

The TN-Bl packc1ge has been developed to trc1nsport un-irŗadrated fuel for Boillng Wat er Reactors c1nd 

Pressurized Water Reactors. The claddrng of the fuel pŗovides the primary contaīnment for the 

radroacttve material. The inner and outer containers provide both thermal protection as well as 
mechanical protect ion from drops or accident conditions. The applicability oft his report \s Hmited to 

t he prediction of t he accelerations ofthe innercontainerduring codE! required drops at temperatures 

of-40°F and 1S0°F; forthesole purpose of protectingthe ATRIUM-111 fuel assemblies. There is no 

implied determination of structural integrity of t he closure bolts, shipping clamps and the water 

t ightness of the lid seals. The damages t o t he above items were already conf irmed bythe CTU drop 
tests [Ref. lj. 

2. CONCLUSIONS 

The pŗedicted accelerations of t he accident and normai conditfons drops at -40°F and 1S0°F are 
calculated and confirm that the structural integrity of the ATRIUM-rn fuel is preserved with a factor of 

safety greater t han 1.4. 
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The vaHdation study performed to confirm the flnite element modei 1used rn the TN-Bl evaluat ion 

shows reasonable agreement with actual drop tests. rhe overall deformation and damage t o the 

container cornputedfrom the analysis is similar to observed during t !lsts (Refs.1, 26). 

The container aodthe det ailed f uel assembly analyses confirm that t lhe ATRIUM-11 Fuel Assemblies 

shipped within t he AR EVA TN-B1 shipping container deform but stili rnaint ain claddrng integrity and 

st ructural stability while complying w it h the lOCFR and ASME structu1ral code requirements. 

3. Description of TN-Bl Package 

3.1 TN-81 Package lntroduction 

The RAHI container [Ref. 6] is illustrated in Figures 3-1 t hrough 3 ·4 b elow. The dimensions are in 
millimeter. T11e description of the package and the illustrations are taken from AREVA TN-Bl Safety 

Analysis Report, Rev. l [Ref. 7]. 
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Flgure 3-1 TN-81 Package Assembly 
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Figute 3-5 Shock Absorber Geometry 

The finlte element modei of TN-Bl package is derived from the RAJ -111 package (revlsion 9 of NRC CoC 

9309, Ref. 8) and has the ident rcal structural design . The only difference in t he current analyses is to 

provide justifrcation to usethe cont.iiner for packaging andtranspotting ATRIUM-11 fuel elements, 

The integrity of the fuel is maintained by the protective outer packag,e, the insulated i nner package 

and the fuel rod claddingthrough both Normai Conditions ofTransport (NCT) and Hypothetical 

Accident Conditions (HAC) deformations. A variety offull-scale engineering development t.es ts [ReJ. 1) 
were included as part of the certification process. Ultimately, two fu 11-scale Certification Test Units 

(CTUs) were subjected t o a series of free drops and puncture drops. No accelerometers were attached 

t o the CTU. The drop tests were performed at ambient t emperature. 

The payload withīn each TN-Bl package consīsts of a maximum of two un-irradiated Boiling Water 

Reactor (BWR) fuel assemblies or individual rods (BWR, Uranium Carlbide, or generic Pressurrzed Water 

Reactor (PWR) contatned in a cylinder, protective case or bundled to1gether and positioned in one or 

both sides of the inner container. 

3.2 Struotural Design of TN-81 Pockoge 

The packaging is comprised of one inner cont ainer and one outer container both made of stainless 

st eel (SUS304 same as AISl304). The inner container is comprised of a dou.ble-wall stainless steel sheet 

structure wīth alu mina silicate thermal insulatorfilling the gap betwe!en the two walls to. reduce t he 

flow of heat into the contents in the event of a flre. Foam polyethVlt!Oe cushioning material ls placed 
on the insfde of the fnner containerfor protection of the fuel assembly. The outer container is 

comprised of a stainless steel angularframework covered with stainl,ess steel plates. lnner Container 

Clamps are instal led insfde the outer container with a vibro-isolating devfce between to alleviate 

v1bration occurring during transportatīon. 

Additionally, baisa wood and a honeycomb resin impregnated kraft paper (hereinafter ca lled "paper 

honeycomb") are plaCE!d as shock absorbers to reduce shock due to ei Horizonta! Drop of t he package. 
ln addition to the packaging described above, the fueJ rod dad and cieramic nature of the fuel pellets 

provide prlmary containment of the radloacttve materlal. The baisa wood is the prrmary energy 
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dissipating cornponent during the end drop confrguration. The paper honeycornb is the primary 

energy dfssfpatfng component during the Horizonta! Drop configuratlion 

3.2.1 lnner Cohtaiher (IC) 

The structure ofthe inner cont ainer is shown in Figure 3-2 and Figum 3-4 (t op view). The inner 

container is cornprised of three parts; an inner container body, an inner container end lid (removable), 

and an inner container top lid (removable). These components are fastened together by balts made of 

st ainless steel through t ightening blocks. The inner container body is: fitted wit h six sl ing fittings and 

the inner container lid is fitted with four sling fittings as shown in Figture 3-4. The inner container body 

has a double wal l structure made of stainless steel. lts main compon1?nts are an outer wall, lnner wall 

and alu mina silicate t hermal insulat or. 

The outerwall is made of a 15 mm (0,0591 in) thickstainless steel sheet formed to c1 U-shape that 

constitutes t he bottorn and sides of the 1nner container body. A tota I of 14 stainless steel tightening 

blocks are attached on the sides of the outer wall, seven per side, to 'fasten the inner container lid and 

t he inner container end lid by bolts. Additionally, six stainless steel sling fittings are attached on t he 

sides (three on each side) f or handling. 

The inner wall ofthe inner packaging is formed into U-shape w ith I.CI rnm (0.0391 in) thick stainless 

st eel sheet. The inner packaging is partitioned down the center wrth 2.0 mm (0.0787 in) th ick stainless 

steel sheet welded to t he bottom of the packaging. Foam polyethylene is placed on the inner surface 

of the inner wall where thefuel assemblies are seated. The void spac:e between the outer and inner 

steel sheeting is f i lled with an alurnina silicate t hermal insulation 48 rnm (1.89 in)thick. 

3.2.2 Outer Container (OC} 

The structure of the outer contatner is shown in Figure 3-3. The outer container is comprised ofthree 

parts: a contalner body, a container ltd and lnner cont ainer hold clamps made of staihless steel and 

fastened together using stainless steel bolts. Two tamper- indlcating device attachment locatfons are 

provided, one on each end, of the outer container. 

3.2.2.1 OUTER CONTAINER 80DY 

The outer container iš made frorn a series of stainless steel angles (50 mm x 50 mm x 4 mm)(l.97 inc_h 
x 1.97 inch x 0.157 inches) that make the framework. Welded to the framework are a bottom plate 

and side plates; both rnade of 2 mm (0.079 inch) thick stainless steel. Sling holding anglesfor handling 

with a crane and protective plates for handling with a forklrft are w efded on t he outside of the 

container body. A total ofeight sets ofsupport plates are welded on the inside of the out er container 

body for installingthe inner container hold clamps. Additionany, shock absorbers made of 146 mm 

(5.75 in) wood are attached to each end and paper honeyeomb shocl< absorbers are attached to the 

bottom and sldes for absorbing shock due to a drop. The geometry c•fthe shock absorber is shown ih 

Ffgure 3-5. The shock absorbers are 157 mm (6.18 in) thlck on the top of bottom and 108 mm (4.25 in) 

t hick on t he sldes. 
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3.2.2.2 OUTER CoNTAJNER LID 

The outer container Ud is comprised of a lid flange and a lid plate made of stainless steel. Stainless 

steel lid sling fittings are welded four places on the top surface of thE! outer container l id. A paper 

honeycomb shock absorber, 15 7 mm (6.18 in) thick by 160 mm (6.30 in) wide and 380 mm (14.96 in) 

long is attached to the bottom side of the lid similar tothe attachme1nt at the bottom of the container. 

The outer container lid has ho les for bolts in its flang:e so that it can be fastened to the outer contalner 
body by t he stainless steel botts. 

3.2.2.3. INNER C.ONTAINER HOLD CLAMP (LOCATED ON OUTER CONTAINER) 

The inner container hold clamp. consists of an inner container recept acle and a vibro-isolating device. 

The in ner container receptacle consists of an innercontainer support: plate, a support f rame, a bracket 

and an inner container hold clamp fastener made of stainless steel. T'he receptacle guides the inner 

container to the correct position. The inner container receptacle is fitted with the vibro-isolating 

device through the gusset attached to t he bracket . The vibro-isolatm,g material is attached on the 

upper and lower side ofthe gusset. Shock mount fastening bolts go 1through the centerof each piece 
of vibro-isolating rubber. The bolts at both ends are tightened so that the vibro-isolating rubber pieces 

press the gusset. There are foursets (eight pfeces) ofthe vibro-fsolatingdevices mounted on the outer 

container. Finally, a variety of stainless steel fasteners are used. 

~age 12 or 87 

Th'is document is sub ct to the (estflctlons set rorth on tlie first o(· title page 

A 
AREVA 



N" 

1 

1 

FS 1-00251 22 Rev. 1.0 

TEP - Technical Report 
Page 15/177 

/\TKINS 
Design Analyses and Calculation 

3.3 we;ghts of Container and Payloads 

T he weight comparisons of t he RAJ.11 CTU [Ref. 11, GNr-Drop Test [Ref. 26] and t he TN-B1 package (th ls 

re port) are tabulated below. 

l abie 3.3·1 Weight Dist ribution of the Packaging 

Packaging and 
lN•Bl 

CTU Rirlerence (LSOYNA Note 
ltem description 

Analy~es) 

lnstrurnented Drop T,est [Ref. lļ and FEM validation 

Weight of inner container 308kg Ref. 1, page (B)-A.2 

Weight of Outer comaioer 622 kg Ref. 1, page {B)-A.2 

Gross weight o r packaglng 930 kg Ref. 11 page (8)-A.2 

Fuel conteots (Ballast) 280kg x2 Ref. 11 page (B)·A. 2 

Tot.al weight of pact,;age 1490kg Ref 1, p;ige (B)·A. 2 

Drop Te.st per formed by NTRC At.011k Ridge, Tennessee [Ref. 26} 

Gross weight o f packaging 930 1cg Ref.26, Table 2-8 

Fuel contents (Balfast) 684 kg Ref. 26, Table 2-8 

rotai weight of pacl<age 1614 l<g Ret.:!6, Tab le 2,8 

Tlll-61 Ana lyses O.SDYNA Simu lat ion in thi$ report) 

Weight o f inner contaioer Ref, 7, Table 2-1 308 kg 

Weight of Outer container Ref. 7, Table 2·1 622 kg 

Gross weight of packaging Ref. 7, Table 2-1 930 kg 

Fuel contents (Rigid Mass) Ref. 7 , Tab le 2-1 684 kg 

Total weight of package Re f. 7 , Table 2-1 1614 kg 
Sensitivi ty Studies performed in this report 

upper bound fuel content weight studied Section 3.3 werghi sensitivity st udy 

lower bound fuel con tent weight stlld ied Section 3.3 weight sensitlVity study 
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According t o Ref. 9, Section 3.2, the weight of uranium dioxide pellets (per fuel assembly) varies from 

235 kg (type 8X8 fUel) to 281 kg (type 11><11 fuel). The maximum fuel content of 684 kg ls based on the 

design weight of 275 kg per fuel assembty for type lOxlO fuel. The fuel contents w eights are shown in 

the table below. 

l abie 3.3-2 Fuel Content weight Comparison 

Description Fuel Assembly Materīals 

1. Fuel characterlstic 
Type Type Type Type 

8X8 9x9 lOXlO 11x11 

2. Maximum weight of uranium d ioxide pellets (per 
235 kg 240 l<g 275 kg 2811\g 

fuel assembly) 

3. MaX_iml.!m number offuel assembly per packaging 2 2 2 2 

Weights of Ot hercomponents 
134 134 

134• 4. 
kg* kg* 

134 Kg 

Estima'ted Fuel content Weight 
604 614 

684kg 696 Kg." 5. 
Kg'* Kg* 

* estimated 

Therefore, the fuel content can vary from 696 kg (type llxll fuel) to 604 kg (type Sx8 fuel). Based on 

the design maximum weight of 684 kg, the posslble weight variation is +2% to -12%. For the weight 

sensitivity st udy on the most timiting drops that generate the highest: impact loads or deformation, the 

weight var iation of +5% to-15% is used. Therefore, two fuel weights of 720 kg and 580 kg are used to 

perform the fu ei weight sensitlvity study. 

3.4 Code Requlrements and Compllances 

The current task 1s performed to meet the code structural requ īrements of the following. 

A. Normai Condition of Transport (NCT) per 10CFR71. 71 

1. Reduced ext:emal pressure at 3.5 psia: The fuel rods are pre:;surlzed with hellum to a 
maximum pressure of 1.1145 MPa (absolute pressure (161.7 psia) helium at ambient 
temperature (T=293°K) prlor to sealing. Hence, the Maxlmum Normai Operating Pressure 
(MNOP) at the maximum normai temperature of 350°K (=17D°F) ts 192.9 psia (section 3.4.2, 
Ref. 7.). At code specified hottemperature of 100°F (=38°C = 311 °K), t he Internai pressure is: 

IP= 161,7 x 31t =1 71.6 psia 
29~ 
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With t he reduced external pressure of 3.5 Psia, the differential pressure of (171.6·3.S=) 168.1 
psig is bound by the MNOP dJfferential pressure of (192.9 -14 .7=) 1 78.2 psig. 

2. lncreased external pressure of 20 psia: Since the primary comtainment boundary of the 

shipping package is the d adding of thefuel rods, the pressurization that could be seen by t he 
contalnment boundary ls fa r below the normai condltions th,e fuel experiences whlle in 

servite. No more analysls is necessary for thls task. 

3. Vibrat ion, in terms of g-value, th is is bounded by t he drop analyses, no more analysis is 
necessary. 

4. Water spray; per Ref. 7 1 Section 2.6.6, t he materials of construction of the TN-Bl package are 
such that the waterspraytest identifiecl in 10 CFR 71.71(c)(6) will have a negligible effect on 
the package. 

5. Free drops: 8 drop analyses are performed. To comply with the lOCF'R Code, two end drops, 
two horlzonta l drops and two comer drops for cold conditiorJ and sirnilar drops for hot 
condition are planned. However, the two corner drops are bound by t he end drop and 
horizonta! drop, therefore they are not performed. LSDYNA software is used to perfo rm the 
analyses. 

6. The maximum package weight of 1614 kg (Table 3.3-1) dictat es that t hefree drop distance ls 
4-ft, per lOCFR 71.71 (c)-(7). The packaging is greaterthan 50 kg; no corner drops are required 
for t he NCT. The configurat ions of the drops are listed rn Tatile 3.4-1 below. 

7. Penettatlon! This is bound by the much more limiting case o1f a 40-inch d rop of theentire 

package onto a puncture bar during HAC drop accident; reported in Appendix D. The drop of 
the 6 kg bar will not damage the outer container. 

The drop analyses .and case numbers for NCT are lis1ed in t he followimg table. Because the focus ofthe 

drop analyses is to determine the bounding accelerat ion value, the drop cases at hot ambient 

temperat ure are bounded by the drop cases at cold ambient temperature at which the stiffness of the 
package malerial is higher than that at hot amb ient temperature whiich results in greater acceleration 

values. 
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Table 3.4-1 Code-Compliant Drop Analyses Cases for Normai Co ndltlon of Transportat ion 

Orop 

Drop Amblent 
o rrentat;fon 

Case ID 
Drop 

Helght, Temperature 
(degree of 

Note 
Descriptfon 

ft Qf prlmary axl.s from 

Horizonta! 

Surfac,e) 

NCTOl Top End Drop 4 .40 270 

NCT02 Bottom End Drop 4 -40 90 

NCT03 Horizonta! Drop on Lld 4 ·40 0 

NCT04- Horizonta! Drop on Side 4 -40 0 

NCTOS Top End Drop 4 150 270 Bound by Case NCTOl 

NCT06 Bottom End Drop 4 150 90 Bound by Case NCT02 

NCT07 Horizonta! Drop on Ud 4 150 0 Bound by Case NCT03 

NCT08 Horizonta! Drop on Side 4 150 0 Bound by Case NCT04 

B. Hypothetic Accident Condition (HAc) oftransport per 10CFR71.7:3 

1. Free drops; th is includes 6 drop orientations each for both cold and hot conditīons. Per 
10CFR71.73, the cofd and hot temperatures are specifled as · 20°F and 100°F. However, 
temperatures of ·40°F and lS0°F are conservatively used īn t he analysis. The drop orientatfons 
include 2 end drops, 2 Horizonta! Drops (2 planes of the TN„ Bl package), 2 corner drops (long 
side corner and short side corner). The to tai is 12 drop case!s. The configuratlons of the drops 
are listed in Table 3.4-2 below. 

2. Crushtest: Per 10CFR71.73 (c)-(2), the crush test is required only when the specimen (the 
combined weight of container and the fuel) has a mass not greater than 500 kg (1100 lb). The 
combined weight ofTN-81 container and the fuel content (1614 kg) is greater than 500 kg; 
therefore it is not requīred to perform the crush test. 

3. Pln puncture: 

Subpart F of 10 CFR 71 requires performing a puncture test in accordancewith the 
tequirements of 10 CFR 71.73(c)(3). The puncture test involves a 1-meter (40-inch) free drop 
of a package onto the upper end of a solid, vertical, cylindtical, mild steel bar mounted on an 
essentially unyfelding, horizonta! su1face. The bar must be 1SO mm (6 inches) in d1ameter, w ith 
the top surface hori2ontal and its edge rounded to a radlus of not more t han 6 mil limeter (0.25 
inch). The package is to be oriented in a position for which maximurn damage w ill occur. The 
length of the bar used was approximately l .S meters (60 inches). The ability of the TN-81 
packageto adequat ely wlthst and this speciffed puncture drop condition at roomtemperature 
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has been demonstrated via drop test of t he full -scale RAJ· II CTUs [Ref. 26} ad discussed in the 
next s-ection. 

To properly select a worst-case package orientation For the p1uncture drap event, items that 
could potentially compromise containment integrity of the TN-Bl package must be clearly 
ident ified. Forthe TN-81 package design, the foremost item to be addressed is the ability of 
t he c:ontainment (fuel bundles) to remain leak-t ight. Shieldiqg integrity is nota controlling 
caseforthe reas-ons des-cribed in Chapter 5.0 of SAR Rev. 3 [Hef. 7]. Criticalitysafety is 
conservatively evaluated based on measured physical damag:e to the outer contalner walls as 
described in SAR Rev. 3[Ref. 7], Section 6.0. 

Previous drap tests in [ReJ. 1] have shown t hat, at room tem1perature, t he 1-meter drap onto 
the puncture bar dtd not penetrate the outet wall or damags• the ftJel. Based on th is ptevious 
tests a nd other experlence as specifted in [Ref. 7], an oblique• and horizontal puncture drop 
orientatlOhs centered over the fuel were chosen as the mast damaging and simulated fn thls 
teport. 

Thistask is to reanaly2e the pin puncture at elevated ambient temperature of 1S0°F, where 
the stiffness of the packag1ng rnaterial is the lowest. Based o,n SAR Ref. 3 (Ref. 7], the ''wors t­
case" puncture drop as required by 10 CFR 71.73(c)(3) was amalyzed on the package w ith the 
lid down and 25 degrees from hodzont al. The angle was chosen based on expertence with 
other packages and the TN· Bl. The puncture bar was aimed ;at the CG of package to maxim1ze 
the energy imparted to the package. The configuratīon of th is drop is shown fn Figure D.3· 1. 
As reported 1n Appendix D. The puncture pin did not penet rnte the outer container. It 
defotmed t he lid inward and it contacted the lnner .c.ontainer l id and deformed it a small 
amount. The outer lid t otal deformation was less than 12 cm (4.7 inches) and the lnne, 
cohtalner lid deformed less t han 5 cm (2.0 inches). 

4. lminetsion: Subpart F of 10 CFR 71 requlres performfng an immersion test for fissile materiat 
packages in accordance wtth the requlrements of 10 CFR 71. 73(c){S). The criUcality evaluatlon 
presented in [Ref. 71, Chapter 6.0 assumes optimum hydrogEmous moderatlon ofthe contents, 
thereby conservatively addressing the effects and consequences of water in-leakage. 

ln addition to the code requirements, t he following analyses are also performed. 

1. A sensitīvity study īs performed on the effects of p<1ckage we1ght variation on the resulted peak 
<1ccelerat ions. Selected from one end drop orientation andl one Horizonta! Drop orientat,on 
under cold temperature, the package weight is vaded by +/· 10%. The drop analyses have been 
performed that consisted of 4 extra drop cases for the sens~:ivity study, The configurat ions of 
the draps are also listed in Table 3.4-2 below. 

2. A sensitivity study on t he effects of shallow angle draps (slap down) is performed. Three 
hor izont ai draps with cold te.mperature have been performed for 5 -degree, 10 -degree and 15-
degree drop angles off the horizon surface. The c-onfigurations ot the draps are also listed in 
Table 3.4-2 below. 

Page ir or 87 

Th'is document is sub ct to the (estflctlons set !orth on tlie first or· title page 

A 
AREVA 



N" 

1 

1 

FS1-0025122 Rev. 1.0 

TEP -Technical Report 
Page 20/177 

/\TKINS 
Design Anal}rses and Calculation 

The drop analyses and case numbers for HAC are listed in t hefollowi ng table. Sīmi lar to the bound ing 
cases for the NCT cases, the drop case5 for HAC at hot ambient temp erature are bounded by the drop 
cases at cold amb1ent t emperature. At cold temperatures t he stiffnei;s of the package material is 
greaterthan that at hot ambient temperature, and this results in higher acceleration value. However, 
the HAC analysis cases at 150°F are performed for completeness and to dernonst rate the effect of 
temperat ure on the c;ontainer response. 
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Tabte 3.4·2 Cod e..Complia nt Drop Ana lyses Cases for Hypothetkal Accident Condition 

1 Drop 

Drop t lmbient 
Orlentation 

Case 1D 
DroP 

Height, Ternperature 
(degree of 

Deserlpt lon 
ft °F 

prlmary 8111s from 

Horlzontal 

'Surface} 

HA.COl Top End Drop 30 -40 270 

HAC02 Bottom End Drop 30 -40 90 

HAC03 Side Drop on lid 30 -40 0 

HAC04 Side Drop on Side 30 -40 0 

HACOS Corner Drop on Lid 30 ·40 83 

HAC06 Corner Drop. on Side 30 -40 83 

HAC07 Top End Drop 30 150 270 
HAC08 Bottom End Drop 30 150 90 

HAC09 Side Drop on Līci 30 150 0 

HAClO Side Drop on Side 30 150 0 

HAC11 Corner Drop on Lid 30 150 83 

HAC12 Corner Drop on Side 30 150 83 

HAC13 Bottom End Drop, Heavy Load 30 -40 90 

HAC14 Bottom End Drop, Light Load 30 -40 90 

HAClS Horizontal Drop on Side shell, Heavy Load 30 -40 0 

HAC16 Horizontal Drop on Side shell, Light Load 30 -40 0 

HAC17 s0 ShaUow Angle Horizonta[ Drop on Side Shell 30 -40 5 

HAC18 10° Shallow Angle Horizonta! Drop on Side Shell 30 ·40 10 

HAC19 15° Shallow Angle Horizontal Dtop on Side Shell 30 -40 15 

Note: The pin-puncture case is presented in Appendix D. 

Page 19 or 87 

Thls documentis sub ct to the (estrictions set forth on the first of-title page 



N" 

1 

1 

FS1-0025122 Rev. 1.0 

TEP - Technical Report 
Page 22/177 

/\TKINS 
Design Anal}rses and Calculation 

3.5 lmpact Velocities 

The evaluations for normai condit.ions oftransport and hypothetical :accident conditions are performed 

usfng the f inite element analysis program LSDYNA. The finite elemer,t modei of t he TB-81 container fs 

discussed ln detail ln Sectlon 7.1 . The drop heights are simulated Usi ng equivalent impact velocltles as 

follows. 

The dynamic boundary conditions are the impact velocities described as follows, 

a. For a drop from a height of 30-ft (HAC), the impact velocity is 

V0 =..,/2 X 9 X h = \12 X 386.4 X 360 = 527.45 in/sec. 

where 

g " gravitatfonal constant" 386.4 in/sec2 

h = drop height = 30-ft = 360 inches 

b. For a drop from a height of 40-111 (HAC steel cyl!nder penetratīon t ,ast), the fmpact velocfty is; 

v., ~2 x B X h = ,Jz x 386.4 x 40 = 175.8 in/sec. 

ln t he above equation, the drop height, h= 40--in 

c. for a drap from a height of 4-ft tNCT), t he impacl velocity is: 

V0 =.J2 X B X h = V2 X 386.4 X 48 = 192.6 rn/sec. 

ln the above equation, the drop height, h= 4-ft = 48-in . 

The ine1tia load of gravity fs applied at alltīmes. 

Drop.analyses required by 10 CFR71.73 specify t empera-iures at-20°F (Cold Condition) and 100°F (hot 

condition). However, the analyses are conservatively performed with material properties 

correspondingto 40° F and 150°F. 

4. COMPUTER CODES USED IN DA_C 

The LSDYNA finite element analysis program [Ref. 10) is used forthe drop analyses of TN-Bl Container. 

LSDYNA is a dynamic simulation finite element analysis program with non-linear material and 

geometry capabilrty. The LSDYNA program is verified in Ref. 11 following Atkio's QA program. 
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5. ASSUMPTJONS & OPEN ITEMS 

5.1 Assumptions 

There are no unverified assumptions in 1his calcula1ion. Other design assumptions used, if any, has 
been noted and referenced as needed in the bod'{ofthe calculation. 

5.2 Open ltems 

Thete ate no open items. 

6. ACCEPTANCE CRlīERIA 

The acceptance of the fuel assembly under drop conditions is to com ply with t he relevant ASME 

pressure and BoilerVessel Codes. According to TN-Bl SAR Rev. 3 [Re:f. 71. Sectiotl 2.1.4, the applīcable 

ASME Boiler and Pressure Vessel Codes [Ref . SI tothe material stren/ņhs are 

1. Section IU, Subsection NO forthe containment boundary which includes the fuel dadding. 

2. Section 111 1 Subsectfon NG for the criticality cont rolstructure which Includes the fuel assembly 

cages and cl1ps. 

3. Section VIii for t he non-containment components which include t he container shells. 

Since t he fuel dadding is the cont ainment boundary Per Ref.7, the ccint ainer is not dassffied as the 

containment boundary and it is treated as the acceleratīon control component during transportatron 
and the impact drops. The relevant structural acceptance criteria forthe plastic stability of fuel bundle 

are: 
a. During normai and accident ternperat ure and pressu re conditions, the fuel bundle 

dadding remains stable without gross deformation or collapse that could cause a 
critfcal ity i n cr den t. 

b. During t he accident dropscenario, the geometry of the fuel bundle remains safe and 

would not cause.criticality. 

The acceptance criteria forfuel bundle stabilrty evaluation is establis lhed based onthe acceptance 

criteria of the Plastic- lnstabīlity Load Analysis as discussed in ASME c,ode Subsectlon 111 , Appendix F. 

Section F-1341.4 [Ref. S] , The ASME Code states t hat the load should not exceed 70"A, of t he plastic 

instability load. The criterion for the minimum safety factor for th e Atriu m-11 fuel bundle stability 

evaluatīon is considered to be 1.4 ( 1/0.7). The above cr1ter1a are qua,ntīfied by applying a scale factor 
of 1.4 to the acceleration time histories derived from the simulated RAJ-11 container drops. As the 

resulted fuel assembly remains stable .and without plast ic cladding fa ilure, then the minimum factor of 

safety is 1.4. 

As reported in Section 8 of the calculatlon, the boundfng acceleration for t he inner container1s found 
to be 335 g that ocrurs for the end drop configuration. The peak acceleratioli for the side drop on the 
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side is found to be 260 g. ln order t o fulfill the requirement that the factor of safetv on claddīng 

integrrty and plast ic collapse is greater than l .4, the fuel assemblies are reanalyzed usfng the above 

methodology by subjecting them to the maximum bounding accelera,tion calculated from the drop 
analyses oftheTN-81 container. Thefactorot safety of 1.4 is achievt~d by multiplying the bouncling 

accelerations by a factor of l .4. The structural acceptance criteria are therefore established as follows. 

1. The fuel cladding integrity, limited by the ultimate straīn, shc11ll be maintained with a factor of 

safety of 1.<1. 

2. The fuel rod structural stability against plasticcollapse is greater than 1.4 

3. The maximum strain ofothercomponents in thefuel assembly īs less than t he ultimate ~train 

4. The structural integrity of the overall fuel elements shall be rnaintained 

6.1 Biases and Uncertainties 

There are no known biases or unaccounted uncertainties in t his calculation. 

6.2 Area of Applicability (AOA) 

The accident drop simulation is applicable only to the extent t hat the ATRIUM-11 fuel assembly is 

packaged in the st andard TN-81 container w ith the total payload weight oftwo ATRIUM-11 fuel 

assemblles. The packing material facing the LowerTie Plate and theTop handle of the ATRIUM-11 fuel 
bundle is made of Baisa wood with a minimum thickness ofS.8-incheis and its grain direction must be 

parallel to the longitudinal axis ofthe fuel bundle as shown in the apJplicable TN-81 licensing drawings. 
The inner container of the TN-81 holds the ATRIUM-11 fuel bundle. The sides ofthe fuel bundle are 

surrounded with packing material made of Polyethylene foam (Polyplank) (Ref. 24). 
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7, CALCULATIONS 

7,1 TN-81 Shipping Container Finite Element Modei 

The container LSDYNA finite element modei used for the evaluation i ncludes the outer container, inner 

container, fuel load, and shock absorbing matedals between the inne,r and outer containers and 

between the fuel and inner container. Generally, shell elements are used to represent the stainless 

steel structural of t he inner and outercontainers, and solid 3D brick 1~lement.,; a:re used to modei the 

variouswood components and othershock absorber blocks. Welds are not included in the modei, and 

the connections between joined parts are consideredto be solid (with merged nodes). The geometry 

of the cotitainer modei is determfned from the AREVA drawings [ReL 6). 

The two fuel assemblies are modeled as rigid rectangular blocks wllh a square cross-section and 

defined with the *MAT_RIGID mat erial specification as the st ructural response of the fuel itself is not 

an objective of t he analysis. Nomina! densit ies are provided for t hev,arious materials in section 7.3, but 

are adjusted as required for some components to provide the correct masses forthe in ner and outer 

containers and t hefuel assemblies. The TN-81 overall finite element modei and various components 
are shown ln Figures 7.1-1 through 7.1-4. 

The interaction between all components is included with a single surface contact definition for all 

container parts, and a surface to surface contact definition for the container and r igid impact plane. 

For ali drop analyses, impact of the contafner ls on a rigld plane located just below the outer container. 

The rig1d plane, defined with a *MAT .YIGID material specificatīon, is modeled as a rectangularsutface 

generated with shell elements and fixed in space. The rigid impact su rface lies in the x-y plane, with 

the negatfve z·axis as the vertical drop direction. The complete mode?I is assigned an initial velodty 
corresponding to the drop height (see Section 3.4) and the LSDYNA siimulation commences at a time 

just before inl'pact with the rlgid plane. The ditferent drop orient atioms ofthe modei with respectto 

the rigid plane are illustrated in Figure 7.1-5 t hrough 7.1-10. The terms "Vertical Drap" and "End 

Drop" are used interchangeably in this report . Theterms "Horfzontal Drop" and "Side Drop" are used 

ihterchangeably in this report. 
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Outer contalner 

shell 

Cluter contalner 
ll d 

Figure 7.1-1 Complete TN-81 Shipping Container Finite Element Modei 

Top end baisa 

block 

Outer contal ne, 

angles 
lnner contalner 

and lid 

Outer container 

flange 

Pa per honeycomb 

blocl<S 

Bottom end 

baisa block 

Flgure 7.1-2 TN-81 Finite Element Modei wlth Outer Container S,hell and Lid Removed. 
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lnner contalner 

outer shell 

Figure 7.1-3 TN-81 lnner Container Finite Elemen1t M odei 

Polyethylene 

foa m 

Flgure 7 .1-4 TN-Bl lnner Container Flnlte Element Modei with End Removed 

T his document is sub' ct to the restrictions set furth on the first o r tltle page 

assemblies 

lnner container 

lnner shell 

Page 2Sof 87 

A 
AREVA 



1 

N• FS 1-0025122 Rev. 1.0 
A TEP - Technical Report 

1 Page 28/177 
AREVA 

/\TKINS 
Design Anal}rses and Calculation 

Rlgid So tface 

Figure 7 .1-5 Orientation for Top and Bottom End Drop 

Drop direction 

Figure 7.1-6 Orientation for Horizonta! Drop 01n Lid 
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Drop directi on 

Rigid surfac.e 

Figure 7 .1-7 Orientation for Horizonta! Drop on Side Shell 

Drop direction 

Bottom end of 

c.ontainer 

Figure 7.1-8 Orientation for 15° Shallow Angle from Horizonta! Drop on Side (5° and 10° Angles Similar) 
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Figure 7.1-9 Bottom Comer Drop on lid 

Figure 7.1-10 Bottom Corner Drop on Side 
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7.2 Modeling Assumptions 

The main modeling assumptions are l isted below . 

• 

• 

• 

• 
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• 

7.3 Materia/ Properties 

The derivat ions of the material properties are presented tn Appendix A. The summary of the material 
properties are presented in t his sectīon . 

7 .3. l Zlr~aloy-2 

This rnat erial is used only for the fuel rod cladding of t he fuel assemb,ly, which served as the 

containment boundary. According to TN-B1 SAR Rev. 3 [Ref. 7), Secti1on 2.l.4, the applicable ASMI: 

Boiler and Pressure Vessel Codes forthe m.aterial strength of Fuel Cladding is Section 111, Subsection NO 
[Ref. 5]. 

The Zircaloy Materlal Propetties with dependency on temper ature are der lved based on NUREG/CR-

6150 EGG-2750 MATPRO -A Library of Materia/s Propefties for Light-Water-Reactor Accident Analysis 

[Ref. 12], The uttimate strain is taken from [Ref. 13), The detai led dtirivēJtion of the stress strain 

curves are presented in Appendil< A.1. The property presented in thi:s section corresponds to dynarnic 

property. The Zircaloy mater1al is modeled īn LSDYNA as *MAT_PIECEWISEJ.JNEAR_PLASTICITY (Type 

24). The cladding is modeled as shell elements. 

The mechanical propert ies of Zircaloy are presented in Table 7.3.1-1 below. The data forthe stress­

st ress curves ofthe zircaloy used in the LSDYNA prograrn in compliance with ASME Boiler and Press1fre 

vessel Codes Section 111 [Ref. 5 ļ are presented in Tabte 7.3.1-2 below. 
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Table 7.3.1.1 Summary of Materlal Propertfes for Zircaloy 

Temperature = ·40 degree F 

Pofsson's ratto =0.3 

Density = 6.5 gm/cn,3 (Ref. 7, Table 2-3) 

Strain Rate ,001 .1 1 10 
Modulus of Elastlcity, psi 1.393 X 10

7 

Y1eld Stress, psi 1.106x 105 1.222 X 101 1.285 X 105 1.351 X 10' ' 

Yleld S'tra in 0.0079 0.0088 0.009:;ē'. 0.0097 

Ultimate Stress, pst 1.401 X 105 1.537 X 101 1.609 :K 10~ 1.685 X 10"' 

Ultimate Strain 0 .15 0.15 0.15 0.15 

Temperature :: 70 degree F 

Poisson's ratio =0 .3 

Dens1ty = 6.5 gmJcm1 (Ref .. 7, Table 2·3) 

Strain Rate .001 .1 1 10 

Modulus of Elasticity, psi 1.345 X 107 

Yield Stress, psl 9.46 X 104 1.048 X 105 1,103 ,K 10~ 1.161 X 10' ' 

Yield Stra in 0.0070 0.0078 0.008,! 0.0070 

Ultimate Stress, psi 1.292 X JO' }.417X 105 1.484 '.K 105 1.554x JO, 

Ultimate Strain 0.16 0.16 0.16 0.16 

Temperature = 150 degree F 

Pofsson's ratfo =0,3 

Density = 6.5 gm/crn3 (Ref. 7, Table 2-3) 

Strain Rate .001 .1 1 10 

Modulus of Elasticity, psi 1.309 X 107 

Yield Stress, psi 8.S86x 104 9.S20x 10• 1.002 ;K 101 1.056)( 10; 

YieldStrain 0.0066 0.0073 0.0076 0.0081 

Ultimate Stress, psi 1.22;! X 10~ 1.340X 105 1.403 ;x 101 1.469 X 10' 

Ultimate Strain 0 .17 0.17 0.17 0.17 
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Table 7 .3 .1.2 Stress Strain Data for Zircalov 

Temperature = -40 degree F 

Poisson's ratio =0.3 

Stress, psi 

Strain Rate Q.001 0.1 1 10 

Strain =0.02 1.l9lx 101 1.306x 101 l.368x 101 1.432 X 101 

Strain =0.04 l .260x 105 1.381 X 10~ 1.446 X 105 1.515 X 101 

Strain =0.06 1.302 )( 101 l.427x 105 1.494 X 105 l.565x 105 

Strain =0.15 

Ultimate S'train 
1 .401 X 105 1.537 X 10' 1.609 )( 105 l.685X 105 

Temperature = 70 degree r 

Poisson's ratio =0.3 

Stress, psi 

Stratn Rate 0.001 0.1 1 10 

Strain =0.02 1.05 X 105 1.151 X 10' 1.206 X 105 1.262x 105 

Strain =0.04 1.125 X 105 l .234 x 105 l.292x 10' l .353x 105 

Strain =0.06 l.172X 105 1.285 X 105 1.345 X 105 1.409x 105 

Strafn =0,16 
1 .292 X 105 1.417 X 10~ 1.484 X 105 1.554x 105 

Ultimate Strain 

Temperature "' 150 degree F 
Poisson's ratio =0.3 

Stress, psi 

Strain Rate 0.001 Q.1 1 10 

Strain =0.02 0.9689x 101 1 .062 X 105 l.112 X 10!' 1.165 X 10-; 

Strain =0.04 1.045 x 101 1 .145 X 105 l .199 x 10!· 1.256x 10~ 

Strain =0.06 1.091x 10!• 1.197 X 105 1.253 X 10!, 1.31.2 X 10'5-

Strain =O,J 7 

UltimateStrain 
1.222 )( 105 1.340x 105 1.403 X 10:' 1.469x 105 
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7.3.2 AISI 304 (SUS304) Grade Stainless Steel 

7.3.2.1 M ECHANICAL PROPERTIES OF SS304 AND APPI.ICABLE CODES 

The 304 stainless steef is used in thefoflowing components; fuel c;agE! (304L, plates), container shells 

and container frames (304, plates). 

The plates are modeled as shell elements in L.SDVNA program. 

According t o TN·Bl SAR Rev. 3 [Ref. 71, Section 2.1.4, the appficable I\SME Boiler and Pressure Vessel 

Codes [Ref. 5] to the components are 

1. Sectl on 111, Subsectton NG for the criticality cont rol structure which īncludes t he fuel assembly 

cages and clips (i.e. SS304L). 

2. Sectlon VIii for the non-containment components whlch indllde the container shells (i.e. 

SS304). 

The material properties for Type 304 and 304L stainless steel, taken from ASME Boiler and Pressure 

Code, Section 11, Part D, 2010 Ed. {Ref. 14]. are presented in Table 7.:1.2-1 and 7.3.2·2 below, The 

densities are nomina! values. ln the L.SDVNA input file, t he densities me adjusted so that t hetotal 

mass equal to the design weight of the fuel bundle and containers. T'he stresses listed below are 

engineering stress. 

Table 7.3.2.1·1 Mechanical Properties of 304 (SA-240) at tem1perature of interest 

Property ·40°F 70°F 150°F '1:eference 

Modulus of Elastlcity, E, ksi 28,900 28,300 27,800 Rtef . 14, Table TM-1 

Uftimate Tensile Stress, s., ksi 75 75 72.5 Ftef . 14, Table U 

Yield Stress, 5,, ksi 30 30 26.7 Ref. 14, Table V-1 

Poisson's ratio 0.31 J;tef. 14, Table PRD 

Dens1ty, (lb/in ~) 0.29 ~:ef. 14, Table PRD 
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Table 7.3.2.1·2 Mechanical Propertles of 304L (SA·240) at temiperature of lnterest 

Property -40°F 70°F l SOVF F:eference 

Modulus of Elasticity, E, ksi 28,900 28,300 27,800 Ref. 14, labie TM-1 

Ultimate Tensile Stress, 5,,, ksi 70 70 67.6 Jitef. 14, Table U 

Yield Stress, Sv, ks i 25 25.0 22.7 Ftef. 14, Table Y-1 

Poisson's ratio 0.31 Ptef. 14, Table PRD 

Oenslty, (lb/tnl ) 0.29 F:et 14, Table PRD 

The derivations of stress strain curves ln compllance with each appllc:able code are presented ln 

Appendix A2. These requirements are summarized in the table below. 

Tabfe 7.3.2.1-3 Applicable, Structural Codes for the Stainfess Steef 304 and 304L 

Component Description Usaie Material Applicable Codes 

ASNIE B&PVCcde, 

Füel Assern bly Cages crititality control SS304L Section 111, 

Svbsection NG 

Container Shell 
non-Conlainment 

$$304 
ASME B&PVCode, 

components Section VIII 
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7.3.2.2 STRESS STRAIN CURVE FOR SrAINLESS STEEL IN COMPUANcE WITH THE ASME B&PV CODE, SECT/ON 111, 

5UBSFcnON NG 

The stress stra!n tt.Jrves data fo r SS304Lat temperature of interest presented 1ri this section are 
derived based on equations in [Ref. 27). 

Table 7.3.2.2-1 Stress Straln Value of S5304l at -40"F 

Straīn stress, psī 

0 0 

O.Q00144 4166.7 

0.00029 8333.a 

0.000457 12500.0 

0 .000728 16666.7 

0 .001347 20833.3 

0.002865 25000.0 

0 .005037 32336.4 

0.009192 39672.7 

0.017563 47009.1 

0.032512 54345.5 

0 .056484 61681.8 

0.091988 69018.2 

0.141581 76354.S 

0.207866 83690.9 

0.293485 91027.3 

0 .401110 98363.6 

0.510000 105700.0 
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Table 7.3.2.2-2 Stress St rain Value of SS304L at Room 1femperature 

Strain stress, psī 

0 0 

0 .000147 4166.7 

0.000296 8333.3 

0 .000466 12500.0 

0 .000740 16666.7 

0.001362 20833.3 

0.002883 25000.0 

0 .005095 32336.4 

0 .009289 39672.7 

0.017700 47009.1 

0 .032689 54345 .S 

0.056701 61681.8 

0 .092244 69018,2 

0 .141877 76354.S 

0 .208202 83690,9 

0.293860 91027.3 

0.401525 98363.6 

0 .510000 105700.0 
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Table 7.3.2.2-3 Stress Strain Va lue of SS304L at 1S0°F 

Strain stress, psi 

0 0 

0.00014 3783.3 

0.00027 7566.7 

0.00043 11350.0 

0,00070 15133.3 

0.00131 18916.7 

0.00282 22700.0 

0.00503 29916.0 

0.00923 37132.0 

O.ü1764 44348.0 

0.03263 51564.0 

0.05664 58780.0 

0.09219 65996,0 

0.14182 73212.0 

0.20815 8042.8 ,0 

0.29381 87644.0 

0.40148 94860.0 

0.51000 102.076.0 
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l .3.2.3 STRESS StRAIN CURVE' FORSTAINLESS srm IN COMPLiANCE WtiH THE ASME B&PV CODE, SECTION VIi/ 

The stress st rain curves data at temperature ot interest based on the Table 7.3.2.1-1 and the equations 
in ASME Boi ler and Pressure Vessel Code, Section VIii, Div 2, Annex. 3.D (Ref.15) aretabulat ed as 
tollows. 

Table 7.3.2.3-1 Stress•Straln Data of SS304 at -,40° F 

Strain 
Stress 

psi 
0.0 0.0 
0.0015 24000.0 
0.0022 27000.0 
0.0034 30000.0 
0.0074 34868.0 
0.0182 39735.9 
0.0395 44603.9 
0.0625 49471 .9 
0.0815 54339.8 
0.0997 59207.8 
0.1189 64075.8 
0.1397 68943.7 
0.1623 73811.7 
0.1869 78679.7 
0.2133 83547,6 
0.2417 88415.6 
0.2720 93283.6 
0.3044 98151 .5 
0.3387 103019.5 
0.3751 107887.5 
0.4136 112755.4 
0.4541 11 7623.4 
0.5541 11 7623.4 
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Ta ble 7.3.2.3-2 5tress-5train Data of 55304 a t :10°F 

Slrain 
Stress 

psi 
0.0 0 .0 
0.0016 24000.0 
0.0023 27000.0 
0.0035 30000.0 
0.0075 34868.0 
0.0183 39735.9 
0.0396 44603 .-9 
0.0626 49471.9 
0.0817 54339.8 
0.0999 59207.8 
0.1191 64075 .8 
0.1399 68943.7 
0.1626 73811.7 
0.1871 78679.7 
0.2136 83547.6 
0.2420 88415.6 
0.2723 93283.6 
0.3047 98151.5 
0.3391 103019.5 
0.3755 107887.5 
0.4139 112755.4 
0.4544 117623.4 
0.5544 1 17623.4 
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Ta ble 7 .3 .2 .3,3 Stress-Strain Dat a of 55304 at 150° F 

Strain 
Stress 

psi 
0.0 0 .0 
0.0015 21538.5 
0.0022 24230.8 
0.0033 26923. 1 
0.0077 31885.7 
0.0205 36848.4 
0.0443 41811.0 
0.0670 46773.7 
0.0859 51736,3 
0.1048 56699.0 
0.1251 61661.6 
0.1473 66624.3 
0.1713 71586;9 
0.1972 76549.6 
0.2251 81512.2 
0.2550 86474.9 
0.2868 91 437,6 
0.3206 96400.2 
0.3563 101362.9 
0.3941 106325.5 
0.4340 111288.2 
0.4758 116250.8 
0.5758 116250.8 
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7.3.2.4 STRA1N RATE EFFEC75 

At high st raln rate, as in the case of dynamic impact condition, the yi,eld stress increases and th is tends 
to strengthen the material. Thestrain,rate sensttīvity data of 304 and 304L, taken from " lmpact 

t ensile testing of staīnless steels at various ternperatures" D.K. Mortc,n and R. K. Blandford, March 

2008, INL/EXT-08-14082 [Ref. 16]. is listed in Table 7.3.2.4-1 below. The strain rate sensitivlty data for 
304 and 304l at temperature of -40°F īs the same as that at temperature -20°F. 

Table 7.3.2.4-1 TheStraln•rate Sensitlvity of 304V304l 

Strain Rate 
Temoerature, °F 

-20 70 150 300 600 

5 1.333 1.235 1.211 1.166 1.043 

10 1.361 1.278 1.254 1.210 1.094 

22 1.428 1.381 1.358 1.316 1.217 

25 1.445 1.407 1.384 1.342 1.247 

7.3.3 Baisa (Shock Absorber) 

This wood is used asa Shock .Absorberfor t hefollowing applications. 

ltem 26 of Outer Container Main Body Assembly (Dwg 105B738, Rev. 7) 

The Baisa wood is used primarily as shock absorber in t he oblique and End Drop orientatton. Based on 

TN·Bl SAR Rev, 3 [Ref , 7], Table 2·3, t he compressīve strength of the Baisa wood at arnbient 
temperature is 16 MPa. The density of the Baisa wood is 0.18 g/cm3. Therefore 

The cornpressivestrength is 

o 46 MPa = 2321 psi 

The nomina! denslty oi the Baisa wood, as defined in TN-Bl SAR Rev. 3 [Ref. 7). Table 2-3, 1s 

p = 0.18 g/cm1 = 11.24 lb/ft, 

The derivation of t he compressi\/e stress vs. volumetrlc strain is presEmted ln Appendhc A.3 and 

summartzed fn the table below. 
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Table 7.3.3·2 Stress Straln Oata Oeveloped for Baisa Wood (p=1S0kg/m3
) 

Volumetric Stress, 

Strain psi 

0 .000 0.000 

0.020 1,500 

0.040 2,000 

0.100 2,250 

0.150 2,300 

0.600 2,400 

0.700 2.,600 

0 .770 4,000 

0.800 6,000 

a. EFFECTS OF TEMPERATUREON THE STRENGTH OF SALSA WOOD 

The derīvation of the ternperature correction factors, applied to the Baisa Wood material properties at 
room temperature that are used as inpulto the l5DYNA program, is presented in Appendix A.3 and 

sumrnarized in the table helow. 

l'able 7.3.3-3 Correction Factors for COmpressive Strength of Baisa Wood at Extreme Temperatures 

at degree C -20 150 

at degree F 
-40 -4 10 150 302 

interpolated and extrapolated 

Scale from research, [Ref. 30, Section 3 .33 J 1.61 1.55 1.42 1.27 1.00 

New scale to be used in LSDYNA input 1..1.40 1.09 1.00 0.899 

b. Potssorts RATIO 

The Baisa Wood is modeled usingthe LSDYNA materīal modei crushable_foam (Mat erial 63 and 163). 
After the init lal linritingstress (the threshold of plast1c deformation), the material modei generany is 
uncoupled between the axlal direction and the radial or tangential di rect ions. Therefore, the use of a 

plastic Poisson's ratio of v=O.O is recommended. ln t his calculation, a small \/alue of v=0.01 is used to 
represent the marginal effect. 
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C. D YNAMIC EFFECTS ON STRESS-STRAJN CURVE OF BALSA W ooo 

Since t here is no readily available published data on dynamic effects of baisa wood under impact, this 

calculation relies on the benchmarl< drop test performed on the RAJ- 11 container to make material 

property adjustment to ref lect the dynamic effect on the compresslve strength of the Baisa Wood. 

The strength correction factor will be developed from the benchmarl< runs at ambient temperature 

t hen applied to the LSDYNA runs for cold and hot temperature. 

The Baisa Wood is modeled using the LSDYNA material modei of Crui;hable_ Foam. 

7.3.4 Paper Honeycomb 

Thls is used as shock absorber forthe following applicatlons. 

1. lt ems 1, 2, 3, 4, 5 of Outer Cont ainer Shock Absorber Assembly (Dwg 105E3741, Rev. 1) 

2. ltern 4 of Protective Case (Dwg 10503773, Rev. 1) 

This mat erial is used as shock absorber primari ly during t he two side drop orient ations. Based on TN· 

Bl SAR Rev. 3 [Ref. 7ļ Table 2-3, the static initial peak stress of the Pē1per Honeycomb at ambien1 

temperature is 2.35 MPa. The densīty ofthe Paper Honeycomb is 0.06 g/cm3. Therefore 

The init ial peak stress is 

CJ =2.35 MPa = 342.3 psl 

The density of the Paper Honeycomb is 

p: 0.06 g/cm3 = 3.746 lb/ft3 or p = 60 kg/mj 

The derivat ion ofthe load-deflect ion curve for honeycomb material is detailed in Appendix A.3 . The 

graphical representation of the load-deflection curve is presented folllowing t he load-deflection data 

t able. The actual value ofthe crush strength is corrected by benchmarking t he predicted acceleration 

g values against the drop test result. Because the load-deflectlon curve behaves so much like 

orthotroplc crushable foam, and the other material propert ies of a true honeycomb are not known or 

relevanc, the honey comb in the contafner is therefore modeled usin1g the LSDYNA materlal modei of 

CrushabJe_Foam. 
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Table 7.3.4-1 Load Deflectlon Data Developed for Paper Honeycomb 

Volumetric Strain St ress, psi 

0.000 0 

O.Q20 390 

0,040 350 

0.100 340 

0.200 343 

0 .300 343 

0500 343 

0 .700 343 

Load-Deflection Curve of Paper Honeycomb at Ambie1nt Temperature 

i\. 

1 
1 

0.000 

-<>-Stress Straln Curve of honeycomb1 a mblent temp 

0.200 0.400 

Volumetric Strain 

0600 

1 
1 

Flgure 7.3.4-1 Load-Deflection Curve Develol)Ed for Pap,er Honeycomb 

Th'is document is sub ct to the (estflctions set &irth on the first o(· title page 
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a. POISSON'S RAT/0 

The deformation of the honeycomb material generallv is uncoupled between the axial direction and 

the lateral directlons. A small value of v=0.01 ls used to represent thE! marglnal effect of Polsson's 

ratio. 

b, EfFECTS OF TEMPERATU8E ON THE STREN<iTH OF PAPER HO.N!YCOMB 

Several studies on the effects of temperature on the strength of papi?r were reported in [Ref. 17]. 
Between -25°C and 175°c, t he elastic modulus of paper decreases at an average rate of 0.3% per 
degree C. The ultimate strength of paper decreases at a rate comparable to the tensile modulus. 

Therefore, it is reasonable to assume that between -40F and lSOF, thie change in paper honeycomb 

st rength 1s comparable; recognlzing that the test data for temperature below -2s0 c (- 13°F) is lacking. 
At cold temperature (-40°F), the s.tiffness correction factor (CF) appl i,ed tothe honeycomb materia l 

property of room temperature is 

CF = l+ 0.003 x (70+40) x 5/9 : 1.18 

Where 

0.003 = rate of change tor the elasti.c modulus per degree C ( :o0.3%) 

(70+40) =temper.iture span between -40°Fto room t emperature (70°F): 110 °F 

5/9 = conversation factor between ° F to 0 c 

Al hot temperature (1S0° F), the st iffnesscorrection factor (CF) appliBd to the honeycomb material 

property of room tempera t u re is 

Where 

CF :o 1- 0.003 x (150-70) x 5/9 = 0.86 

0,003 = rate of change for the elasttc modulus per degree C (=0.3%) 

(150-70) = temperature span between 1so°F to room temperature (70°F) = 80 °F-
5/9 = conversation factor between ° F to 0 c 

Therefore, the correction factors forthe honeycomb strength forcof,d and hot temper.ature are 1.18 
and 0.86, respectively. 

c. OYII/AMIC STRENGTH OF THE HONEYCOMB MATERlAL 

Since there is no readily available published dat.;i on dynamic effects of paper honeycomb under 

impact, this calculation reties on t he benchmark drop test perfom1ed on the RAJ-11 cont ainerto make 

material property adjustment to reflect the dynamic effect on the co mpressive strength of the paper 

honeycomb. The strength correction factor is developed from the bEinchmark runs at ambient 

temperature then applied to the LSDYNA runs for cold and hot temp<~rature. 
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7.l.5 lumber (Hemlock) 

This wood is design.;ited on the license draw ing and used as t hermal iinsulatorfor thefollowing 

applicatfons. 

l.. ltems 24, 25, 26, 27 of lnner Container Main Body Assembly •(Dwg l05E3745, Rev. 8) 

2. ltem 13 oflnner Container Lid (Dwg 105E3747, Rev. 4). 

3. ltem 7 of Jn ner Contalner End Lld (Dwg 105Eil748, Rev. 2) 

a. THE ELASnc MODULUS ANO DENSITY FOR COMPACTED HEMLOCK 

The HemJock is used as thern,al 1nsulator; therefore there is 110 structu ral value intended forthe 

Hemlock. lf othertypes of wood are used, there should not be a sign,ificant dīfference in the resulted 
peak acteleration value when the contatner is acddent ally dropped cluring transportation. During the 

end drop orientation, t he Hemlock is notin the load path of the f uel bundle except its own weight. 

During the side drop orientation, the Hemlock plates provide supporltforthe fuel rod bundle. 

Therefore t he hemlock is treated as elastic mat erial. The loading on ·the Hemlock is compression 

perpendiculat to grain direction. The properties of the Hemlock_are 1taken from Ref.18, Table4 -3b. 

Thete are 3 species of Hemlock wood published in (Ref. 181. For this calculat lon, the Hemlock wood 

(Western Hemlock) wrth the strongest modulus ls conservati\/ely seleicted (that could produce the 
greatest acceleration durīng impatt). 

Specificgravity =.0.45 from (Ref. 18], Table 4-3a, 12% moistu re content 

Density = 0.45 gm/cm 3 = 0 .016 lb/in' 

The compressive.stress parallel t o grain = 7200 psi 

The compressivestress perpendicularto grain = 550 psi 

The modulus ot elasticity in t he parallel t o grain direction "' 1.63 x 10'6 lbf/in3
• 

Normally, the modulus of elastidty in the perpendia.ilar to grain d ireiction takes t he .same reduct ion as 

the cornpressive stress; therefore the rnodulus of elasticity in t he perpendicular t o grain dīrection is: 

E = 1.63 x 106 lbf/in3 x 550/7200 = 125 >< 103 lbf/inj 

b. POISSON'S RAT/0 

Per (Ref. 18), Table 4-2, the Poisson's ratio in t he perpendicular to gr.ain direction (Radial to Tangential 

ņirection) is 

µnl = 0.442 
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c. EFFECT OF TEMPERATURE ON THE ELASTIC MODUWS 

Accordingto Ref. 30, section 3.3.3, The temperature effect is similarfo ali wood material. Therefore, 

the same temperature effect applied to the Baisa Wood in Section 7.3.3 īs also applicable 'lo Hemlock 

wood. 
Similarly, the resulted compressive stress increase ls 14% (=1.14-1) iTlore for temperature at-40°F and 

10% less (:1-0.899) for temperature at 150°F. Thesame temperature correction factors forthe 

modulus of elasticity (compressīon perpendicu lar to grain) are presented in the following Table. 

Table 7. 3. S· 1 Correction Factors for Compressive Strength of Hemlock Wood at extreme Temperatures 

at degree C [endnote 17] -20 150 

at degree F 
-40 -4 70 150 302 

interpolated and extrapolated 

Scale from r~earth, Ref .. 8 1.61 1.55 1.42 1.27 1.00 

New scale t o be used in LSDYNA input :t.140 1.09 1.0,0 0.899 

d. OYIVAMIC E'FFECT ON Et.ASTIC MOOULUS 

There is no published literature of experiment data on t he dynamic e<ffect on elastic modulus of 

Hemlock wood. The dynamic effect of Hemlock is not considered. 

The Hemlock wood is modeled using "Mat_elastic:. The str ips are modeled as brick elements. 

7.3.6 AluminaSilicate 

Thls is used as thermal ī nsulato r fo r the tonowing applicatīons. 

1. ltems, 28, 29, 30, 31, 32, 33, 34, 35 of lnner Container Mafn Body As,sembly (Dwg 105E3745, Rev. 8) 

2. ltems 14, 15 of inner container Lid (Dwg 105E3747, Rev 4) 

3. ltems 8, 9 of lnnerContainer End Lid (Dwg 105E3748, Rev 2) 

a. THc ELASTIC MODUWS AND DENSITY OF AWMINA 5/UCA TE 

The Alumīna Sflicate fs used as thermal insulator; t herefore there is no structural value intended for 

the Alu mina Silicate. During the end drop orientation, the Alu mina Silicate is not in the load path of 
the fuel bundle except its.own weight. During the side drap orientation, the Alumina Sīlica te blocks 

provide support for the fueJ rod bundle and the Hemlocl<. plates. The loading on the Alumī:r1<1 Silicate is 
compression. The density and compressive strength of the mater ial ;are given m Table 2-3 of TN-81 

SAR Rev. 3. 

Density = 0 .25 gm/cc 
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Density = 0.009 lb/in3 

The c:ompressive strength : ·294 kPa = 42.6 psi. A searc:h on the internet found a commercial product 

provided by Zircar LRef. 19J closely matches t he density and strength of the Alumina Silicate. The 
product data sheet is attached in Appendix F. Accordingto the Zircar data sheet, the compressive 

st rength ls the propertles expressed parallel to t hickness at 10% com presslon. Therefore the modulus 
of elasticity rs 

E = 42,6 psj/0.1 = 426 psi. 

b. POISSON'S RAT/0 

There is no data available on the Poisson's ratio. Since t his is a ceramie fiber material with potous 

inter'ior (as demonstrated by very low density), t he deformatīon of the ceramie material generally 1s 
uncoupled between the axial direction and the radial or tangential directions. Therefore, the use of a 

Poisson's ratio of v=O is recommended. 

C. [FFECT OF TEMPERATURE ON THE ELAST/C MODULUS 

The ceramie material is suitable for extreme high temperature .service upto 2600°F. The rnechanical 

strength is not expected to change significantly between -40°F and J.S0°F-. Therefore, the mat erial 

property remains c:onstant for this calculation. 

d. DYNAMIC EFFECTON ELAST1C MODUWS 

There is no published literature of experiment dat a on the dynamic effect on elastic modulus of 

alumina sīlicate. Therefore, the dynamiceffect of alumina silic:at e is mot considered. 

The alumlna silicate is a ceramie fiber w ith a rlgid outer surface and unbound interior space. It is 

modeled in LSDYNA using matedal modei Crushable_Foarn. Since th,e mat erial is loaded t o less than 
10% strain, it behaves elastically in this container application. 

7.3.7 Polyethylene Foam 

Thls ls used as shock absorber for the followlng applicatfons. 

1. ltems 36, 37, 38, 39, 40, 41 of lnnerContainer Main Body Assembly (Dwg 105E3745, Rev. 8) 

2. ltem 16 oflnner Container Lld (Dwg 105E3747, Rev 4) 

a. THE LOAD-DEFLECTION CURVE AND DENSITY OF POLYETHYLENE FOAM 

The density and compressive strength of the rnaterial are gīven in AR EVA FSl-0014159 TN·Bl Rev. 3 

[Ref. 71, Table 2-3. 

Specific gravity =-0.144 
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Density = 0.068 gm/cm3 = 0.00246 lb/in '=4.3 lb/ft3 (PCF). Tht? nomina! we1ght is 4 PCF. 

This is the Type 111 material specified in [Ref. 20] . Noting that the licensing drawings allow the option 

of using heavier weight foam, such as 9 PCF foam. Per [Ref. 24), the .average cotnpressive strength of 

the 9-PCF foam at 25% strain is 46 psi, resulting in more energy„abso rbing capability than the 4-PCF 

foam. Therefore, the use ofthe 4 PCF foam material is more conservative in the analysis and 

bounding. 

Per AREVA FSl-0021899 Rev.1, Section 3.5, t he compressīve strengtln is 0.2MPa at50% st rain. 

CJso%=0.2M Pa =29 ps1 

Per [Ref. 24], forthe Type 111 foam (4 PCF), t he average compressive s1trength at 25% strain is 16 psi. 

CJ2510-=l6 psi 

This mat erial is modeled using LSDYNA mat erial modei Crushable_Foam in the calculation. 

b. POISSON'S RATIO 

There fs no data available on the Poisson's ratlo. Sfncethfs is a foam materfal wlth porous interior(as 

demonstrated by very low density), the material deform.ition is gene,rally is uncoupled between t he 

ax,.il direction and the rad1al or t angential di rectīons. Therefore, the use of a Poisson's ratio of v=O is 

recommended. 

c. EFFECT OF TEMPERAWRE ON THE ELASTK: MODULLJS 

The mechanlcal strength is not expected to change significantly betw·een -40°F and lS0°F, Therefore, 
the material property remains constant forthis oalculation. 

The polyethylene foams are modeled as bric:k elements using material modei •crushable_foam. 

d. DYNAMIC EFFECTON ELAST/C MODULUS 

Based on a test sample of 50 mm thick x 125 mm x 125mm to ASTM ID1596 standard [Ref. 211, the 

Load-Def lection curve of t he dynamic cushioning properties for the T'ype 111 foam taken from f igure 2 

of [Ref. 20] is shown in t he figure below. 
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Figure 7.3.7-1 Oynamic Cushioning Curve for Polyethyllene, Type 111 

According t o the test procedure described in [Ref. 22], the shock performance of cushion materials is 

measured using instrumented impacts resulting in a cushion curve su1ch as that shown in Figure 7.3.7· 
1. The cushion curve descr ibes the Ievel of deceleration transmitte.d through a given thickness of 

material asa function of static stress (loading) on the cushion and th•~ drop height . 

Procedures for running a cushion curve are covered by ASTM D1596, D4168, and similar MILSpecs. 

They are basically a matter of dropping a guided platen of predetermined mass onto a cushion of 

known thickness and area from a given drop height. The amount of deceleration transmitted through 

the cushion is measured by an accelerometer mounted on the platen or test block. The results are 
displayed on an oscilloscope or similar readout device. 

The procedure results in cushion curves, such as those in Figure 7.3.7'-l, with peak deceleration on the 

vertical axis and static stress on the horizonta! axis (static stress= weight/bearing area). Each rurve 

should be drawn from a minimum of 5 test points (static stress Ievels) and each test point is the 

average ofthe last 4 of 5 (t hefirst impact data point is discarded. Thi? average of No 2 to No 5 impacts 

as indicat ed orl the above ftgure) deceleration readings from the cushion material. Most cushion 

curves have t he general shape ofthose in Figure 7.3.7-1 above. The left,hand portion ofthe curve 
shows a relat ively high deceleration transmitted through t he cushion,. ln this area the static stress is 

re lat ively low because ofthe light weight on the cushion; the object 1;the platen in the cushion test) 

does not have sufficient force to deflect the cushion andthe result is a rig'id or "stiff" impact. The 

effect resembJes dropping a product onto a rigid surface. ln the center portion ofthe curve (wherethe 

cushion is being used effectively), thefalling object has sufficient forceto deflect the cushion and 
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cause the deceleration to be spread over a longer period of time. Th e result is a lower decelerat ion 

Ievel. On the right-hand portion ofthe curve, the cushion materfal is stressed beyond its optimum 

design limit and t he spedmen continues to penetrate through the coshion (it bottoms out) and 
impacts with the surface on which the cushion is resting. Thus, it approaches using no cushion at ali 

resutt ing in, once again, high deceleration Ievels. It is desfrable t o us1e the cushion in t he lower portion 

of the curve where its performance is optimum. When the product I imit ing acceleration, weight and 

design drop height are known, t he usable range of cushion area can be determined for a given cushion 

material and thickness. 

Assuming the Load-deflection curve of the cushion is linear; uslng t hE? formula in Page 10 of [Ref. 22], 

t he deflettion ot the cushion can be calculated as follows. 

X = 2 x H/( G-2) 

Where: 

X= tUshion dynarnic deflectlon in an (or inches) 

H : drop height in cm (or inches) =- 60 cm 

G = the required deeelerat ion Ievel (g's) 

Equation (a) 

Rememberthat t his exercise givesthe theoretical dynamic def lection necessary, not t he overall 

cushion th ickness. ln general, cushion materiats such as expanded polystyrene and polyethytene foam 
will cornpress approximately 40 to 70% of their total th ickness beforti "bottomlng out" starts to occur. 

More f lexible materlals such as polyurethane foam will compress upto 80% of total t hkkness before 
begfnning to bottom out. 

A typical comptessive Load-Deflectton curve for the polyethylene foa m taken from [Ref. 23] is shown 

in the figure below. 
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F1gure 7 .3.7·'1. Compressive Load Versus Compre sssion of Differe,nt Fracdon Open Celis. 
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8. Evaluation Results 

8.1 Validation of Finite Element Modei 

8.1.1 Comparison with GNF-Japan RAF-11 Drop Tests 

Two analysis drop cases are pe1formed using the developed l5DYNA finite element analysis modei and 

specified material properties for valldatlon with the actual 30-ft drop1 tests performed on tbe RAJ-U 
Certified Test Unit (CTU) at room temperature by GNF.Japan [Ref. 1). The RAJ-11 CTU has the ident ical 

rnaterial properties and geornetry as the AREVA TN-Bl shipping cont,ainer. For the droptests, t he total 
package weight is given as 1490 kg, which corresponds to a fuel asseimbly weight of 560 kg. This is less 

than the AREVA ATRIUM-11 fuel assembly weight of 684 kg to be shi1pped in the TN-Bl container, and 

this is accounted for in the analysis by adjusting t he density of the r i@:id body representing the mass of 

the fuel elements in the mode] to match the test weight of 1490 kg. This is the only modification made 

t o the fintte element modei. Material propertles at room temperature are assigned to the modei 

components to agree with the test conditions. The designatlons of the two analysis drap cases for 

materfal validation <1re l!sted 1n the t<1ble below. 

Table 8.1.1.1 Designatron of Analysīs Drop Cases for Mat,erīal Valldatron 

Case lD Drop Orientatlon 

HAC-Vl HAC free d rop, vertical bottom en 

HAC-V2 HAC f ree drop, horizonta! side drop c 

l abie 8.1.1-2 Comparison of Acceleration Results from GNF-Japan Dmp Tests (Ref.l) and LSDYNA 
Simulations 

Drop Orlentatlon, Sensor Loeatlon 

HACfree drop, vertical bottom end lnner container outer shell 

HAC free drop, horizonta) side dtop on lid lnner container outer shell 

Drop Test 

G 

303 
194 

Cllse 

ID 
HAC-Vl 

HAC-V2 

Damage t o the RAJ-11 CTU from the drop tests 1s documented in Ref, ·1. For the end drop and hori:z.ontal 

drop on the l id, a comparison of deformatfon test results wlth result~; calculated from the LSDYNA 

simulations fs gfven in Table 8.1-3, 
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- f ' · .1 1~ 

Figure 8.1.1-3 Comparison of Container Deformatlon from GNF-Japan Dro,p Test (top, Ref. 1) and LSDYNA 

Simulation (bottom), Bottom End Drop 
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Figure 8.1.1-4 Comparison of Container Defonnation from GNF-Japan Dro,p Test (top, Ref. 1) and LSDYNA 

Slmulation (bottom), Horizonta! Side Drop on Ud 
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8.1.2 Comparīson wit h NTRC RAF-11 Drop Tests 

Testing of the same RAJ-11 cont ainer package for two 30-ft drop orientations was also performed at t he 

National Transportation Research Center (NTRC) in Oak Ridge, Tennessee [Refs. 25, 26]. lnthese drop 
tests, mock up fuel assemblies were used to represent t hefuel mass (ATRIUM-10 design). The total 

packageweights of the two certified test units were 1616 kg for CTU-·1 and 1622 kg for CTU-2. These 

weights are higher than t hose used in the' drop test and LSDYNA analysis comparisons summarized 
above in section 8,Ll, and are attributed prima'rilyto higherfuel conrtent s weights of 684 kg for CTU-1 

and 685 kg for CTU-2. 
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Ffgure 8.1.2-1 Comparlson of Contafner Deformatfon from NTRC Drop Test (top, Ref. 26) and LSDYNA 
Simulatlon (bottom), Bottom End Drop 
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Figure 8.1.2-2 Comparlson of Contalner Deformatlon from NTRC Drop rest (top, Ref.26) and LSDYNA 

Simulation (bottom), 15-0egree Slap Down Drop on Lid, lnner Container Lid Deformation 
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Prim ary lmpact End 
Secondary lrnpact End 

Flgure 8.1.2-3 Comparison of Contalner Deformatlon from NTRC Drop Test (top, Ref. 26) and LSDYNA 

Slmulation (bottom), 15-Degree Slap Down Drop on Lid, Outer Container Deformation 

8.2 Acceleration Resu/ts of LSDYNA Simulated Drops: Normai Condi tions of Transport {NCT) 
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8.3Acceleration Results o/LSDYNA Simulated Draps: Hypothetical Accident Conditions (HAC) 
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Figure 8.3-20 Container Deformat ion, Horizonta! Orop on S1d1a, Orop Case HAC04 

Page 78of 87 

T his document is sub' ct to the restrictions set furth on the first o r tltle page 



No 

1 

1 

FS1-0025122 Rev. 1.0 

TEP - Technic:al Report 
Page 81/177 

/\TKINS 
Design Anal}rses and Calculation 

Figure 8.3-21 Deformation of Bottom of Outer Container (left) and lnner C:ontainer (right), Corner Drop on 

Lid, Drop Case HACOS 

Figure 8.3-22 Container Deformation, Bottom End Drop, Light Load, Drop Case HAC14 
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Flgure 8.3-23 Container Deformation, 15° Shallow Angle Horizonta! Drop, Case HAC19 
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8.4 Reanalysis of ATRIUM-11 Fuef Assembly Regular Shipment 

The analysis oftheATRIUM-11 fuel assembly performed in Ref . 2 is based on i nnercontainer 
acceleration time histories from actual drap tests of the RAJ-ll container at room temperalure. 

Reanalysis ofthe ATRIUM-11 fuel assembly for regular fuel shipment (2 fuel assemblies) at cold 

temperature using the same finite element modei from Ref. 2 and ca ltulated bounding inner container 

acceleration time histories from the hypothetical accident condition ,drop Cases of HAC14 and HAC16 

are performed to reconfirm that thestructoral integrity ofthe fuel a~;sembly and a minimum factor of 
safety of 1.4. Detai ls ofthese analyses and results are provide.d in Appendix B. 

The calculated inner container acceleration and amplified acceleraticin used in these analyses are 

compared in Table 8.4-1 below. 

īable 8.4-1 Comparison of calculated and Amplified Peak Acceleration f.or Plastic Stability Assessment 

The calculated deformations showed thatthe fuel tubes are bent nenrthe LowerTie Plate (LTP), but 

overall the fuel bundle remains straight and aligned. īhe maximum plastlc straīh ln the fuel cladding ls 
2.01% which is cons]derably lowert han the ultimate strain of 16% torth.e Zfr·c;iloy. No cladding failu re 

is predicted. Thereforethe pressure boundary is not breached. There is no gross struct ural collapse of 
the fuel bundles. The grossstructure failure is defined as the fai lu re of the fuel assembly spacers to 

keep the fuel rods in proper spacīng during the Horizonta! Drops con-ffguratīon or the l:>uckļing of the 
fuel rads during end drop configuration. 
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8.5 Reanalysis of A TRIUM-11 Single Fuel Assembly Shipment 

Analysis of the fuel assembly is also performed to confirm that shippiing the TN-Bl contalnerwith 

reduced welght of a slngle fuel assembly can maīntai n the structural integrity of the 'fuel assembly 

when dropped 30-ft during HAC. Two contalner drop analyses using the fuel content wit h reduced 

weight are perforrnedto prep<!refor the subsequent fuel assembly artalyses. The drop case wrth 
vertical bottom end d rop configuration at cold temperature is designated as Drop Case HAC-SF1. The 

drop case wrth horizonta! drop on side configuration at cold temperature is designated as Drop Case 

HAC-SF2. Reanalysis of the ATRIUM-11 fuel assembly for a single f uel assembly shipment usingthe 

same finite element modei from Ref. 2 and calculated fuel acceleration t ime histories at the location of 

LTP of drop Cases HAC-SFl and HAC-SF2 are performed to reconfirm thatthe structural integrity of the 

fuel assembly and a minimum fador of safety of 1.4. Oetails ofthesei analyses and results are provided 

in Appendix C. 

The calwlated LTP acceleration and amplified acceleration used in these analyses are compared in 

labie 8.5-1 below. 

Table 8.5·1 Calculated LTP and Amplified Peak Acceleration for Plastic stability Assessment 

The analyses show t hat the LTP deformat fon 1s inslgnlficant. The fuel rods are bent due to t he 

No cladding failu reis predicted. Thereforethe pressure bo1undary is preserved. 

Page82 or 87 

Tstisdocumentis sub ct lo the restrlctloos set fort!, on the firstor We page 

A 
AREVA 



N• 

1 

1 

FS1-0025122 Rev. 1.0 

TEP -Techni<:al Report 
Page 85/177 

ATKINS 
Design Anal}rses and Calculation 

8.6 PUncture Analysis 

The puncture analysis is perfom,ed and presented in Appendix D. Th,is analysis is performed to comply 

with the single "worst-case' 30-ft f ree drop as required by lOCFR 71.13(c)(1). The pin puncture is 

evaluated at elevated ambient temperature of 1S0°F, wherethe stiffness of the packaging material is 

the lowest. The container is first dropped 30-ft onto a dgid plane, rotated 25-degree from the 
horizonta! and then dropped 40-in onto a rigid pin of 6-in diameterwith 8-in long erected in lhe 

vertical direction . 

. 9, Discussion and Summary 

ln the validation runs, the LSDYNA finite element modei for evaiuatio,n of the TB-81 container with the 

ARJUM-11 fuel shows reasonable agreement with the RAJ-11 CTU drop tests. The inner container 

acceleration, both the·peak g values and overall time histories, calculated for 30 ft drops on the 

bottom end and Horizonta! Drop on lid., show reasonable agreement with test. The calculated amount 
of deformation is also similar to tests forthese drops. Some differences are indicated, but are 

expected for this type of analysis when consider ing rnodeling assumptions and possible uncertaint ies 

in mater ial properties and otherfactors. Figures 9-1 and 9-2 show th,e comparison of the acceleration 

time historres ofthe calculated value with the drop test transducer outputs. The wave forms a nd 
durations are comparable. 
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Figure 9-1 Comparison ofthe calculated acceleration and CTU d rop test result for t he End Drop 

Figure 9-2 Comparison of the calculated acceleration and CTU drop test result for the Horizonta! Drop 

The validated modei is use-d to calculate the inner container accelerations for the NCT and HAC drop 

cases. The maxlmum peak acceleration or the inner contafner shell is calculated t o be 3J5 g.'s for the 

bottom end drop with a light fuel load (HAC14) and260 g's forthe Horizonta! Drop on Side wit h a light 

ruel load (HAC16). These maximum accelerations are less than those used in the structural analyse.s 

the evaluat ion of the ATRIUM-11 fuel assembly {Ref. 2). ln addition, reanalysis of the ATRIUM -11 fuel 

assembly usfng t he modei from Ref. 2 and appl ied accelerat ion time lh tst ories of the inner cont ainer 
cases liAC14 and liAC16 reconfirms a minimum factorofsafety 
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greater than 1.4 against structural failu re. 

The highest peak accelerations of the inner cont;iiner shell are computed forthe HAC drop cases at 

cotd temperature {-40°F) and at a bounding light fuel load {580 kg). Reanalysis of t hefuel assembly 
modei used in Ref. 2 for the case ot the TN-81 container shipped with only one fuel assembly also 

demonstrates a minimum factor of safety of 1.4 against structural stability. ln this evaluation, inner 

container time histor ies are computed frorn the TN-81 container analysis using a t otal fuel load of one 

fuel assernbly and one other component (294 kg tot al) for the End arnd Horizonta! Drop orientations 
(HAC14 and HAC16) at -40°F. 

The slap down analyses, Cases HA06, HAO 7, HAC18, are performed to conftrm that the peak 

acceleration ofHorizontal Drop on side, Case HAC04, is bounding. 
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Appendix A Material Properties Derivation 

A.1 Zirca/oy-2 

The Zircaloy Material Properties with dependency on temperature are derived based on NUREG/CR~ 

6150 EGG-2750 MATPRO -A Library of Materia/5 Properties for Ughi-Water-Reactor Accident Anolysis 
[Ref. 12). The property presented in this section corresponds to dynamic property. The equations can 

beshown to collapse into stat ic properties but they are only used to comparewith the conventional 

static material properties and are irrelevant to l5DYNA applications. The Zircaloy is modeled in 
LSDYNA as „MAT_PIECEWISE_LINEAR_PLASTICITY (Type 24). The cladding is modeled as shell 

elements. 

A.1 .1 STRESS STRAIN CURVES WITH TEMPERATURE AND STRAIN-RATE DEPENDENCY 

Per Equation (4-148), the true stress and plastic strain curve is relate1d by 

; n (. sr Jm 
o:= K & · J0-3 

a =1 ru e effect ive stress, (Pa) 

E = true effective plastic strain 
sr = rate of change ofeffective plastic strain 

K,n,m = parameters describftig the metallurgical state ofthe cladding 

Defining function to convert degree F to degree Kelvin 

Defining variable TteMn asa function of T. 

Where 

5 
Ī1<e111iuCTF) = C'f F - 32) X 9 + 273.15 

T KelVin = t emperature in Kelvin 
TF =temperature in f.ahrenheit 

Therefore, at 

TF=-40 in degree F 

TKe(vm(īF) =233.15 in degree Kelvin 

At 

Th'is documentis sub ct to the (estflctions set fi:>rth on the first o(· title page 

Page A 1 of ASS 

A 
AREVA 



N" 

1 

1 

FS1-0025122 Rev. 1.0 

TEP - Technical Report 
Page 91/177 

ATKINS 
Design Anal}rses and Calculation 

TF=70 1n degree F 

(note: the green w;;iggle shape un der thevariable is a feat ure import1:d from Mathcad progr.am 

indicating the variable has been defined before) 

At 

Tf "' 150 

ĪK~lvln(ĪF) ; 338 ,71 in degree of Kelvin 

Evaluation of Parameters K, n, and m 

Per equa'lion (4-164), the values of the strain rate sens1trvtty exponent, m, ts 
ForT< 730 K 

m :0.02 

Per Equation (4.170), the values ofthe strain hardening exponent, n: 

For T < 1,099.0772 K, defining the pararneter n as a funct ion of tempierature (T) 

- 2 ~( - 3) ( - 6 - 1 oll 
n_(T) := -9.49010 + T{ U6510 + T- - l.g,}210 + T-9.:58810 /J 

in degree F 

T =TKe1v1n(Tr) = 233.15 in degree of Kelvin 

n_(I) = 0.081 
At 

T,=70 

T = T,ei,,1n(Tr) = 294.26 in degree Kelvin 

n_(T) = O. l 

At 

TF = 150 in degree F 

T =Tm,.,(TF) : 338.71 in degree Kelvfn 

n_(T) = 0. 108 
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Per Eguation 14-174), Values of the strength coefficient, K: 

For T<7SOK, defining. the paramet er Kasa functfon of t emperature {lr) 

K(T) := 1.176281d' + T-[4.5485910
5 + T-[ -3.2818310

3 + I-(L7275-ill x Pa 

At T,=40 degree F 

At 

At 

T =TKe1V111(T, ) = 233.15 in degree of Kelvin 

K(T) = l. l 26x uf Pa 

T,:::70 degree F 

T =TK~Mn(T,) = 294.26 in degree Kelvin 

KO) = 1.07'1< l <r Pa 

ĪF=lSO degree F 

T = T Ket.iin(T i) = 338. 71 in degree of Kelvin 
() 

K(T) = 1.021x l (f Pa 

Evaluatlon of True Effectlve Stress 

At temperatllre T=-40 degF 

m=o.02 

T ŗ=-40 degree F 

T = TK01,1,,(T1) = 233.15 ln degree of Kelvin 

n_ (T) =<t 08l 
11 := 11_(1) = 0.03] 

K(T) = L 126x uf 
Kŗ:=K(TJ = l 126> 1« Pa 

For strain rate, sr-0.001 
sr= 0.001 

Th'is document is sub ct to the (estrictions set &lrth on the first o(· title page 

Page A3 of ASS 

A 
AREVA 



N" 

1 

1 

FS1-0025122 Rev. 1.0 

TEP - Technical Report 
Page 93/177 

/\TKINS 
Design Anal}rses and Calculation 

At true effective plastic strain of 

E =0.02 

The true effective stress per equation (4·148) is 

a = l<T €11 
( 1~~3r Pa = 1.191 x101 psi 

At true effective plastic strain of 

E =0.04 

The true effective st ress per equatloh (4-148) is 

a = K,r e11 L.~~~) n, Pa = 1.26 x105 psi 

AI true effective plastic strain of 

e: = 0.06 
The true effective stress per equation ( 4-148) is 

u = Kr { 11 
(

1
~~3)'

11 

Pa = 1.30:2 xl05 psi 

Thesame approach can be usedfor different strain rates 

For straln rate=-0.1 
sr=0.1 

At true effectfve stra in of 

E =0.02 
The true effective stress per equation (4-148) is 

At true effectfye strain of 
E =0,04 

The true effective stress per equation (4-148) is 

JJ,.:= KT'6"·( $: ,Jm·Pn ~ J..38 lv 10
5
-psi 

10 .) 

At true effective stra in of 
E = 0.06 

The true effective slr-ess per equation (4-148) is 

( sr )m 
rT = l<•r E11 1.o-:; Pa = l .427 ><10s psi 

Th'is document is sub ct to the (estflctions set forth on the first o(· title page 
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For strain rate=1 

sr = 1 

At true effective ptastic strain of 

e = 0.02 

Thetrue effective stress perequatfon (4-148) is 

CJ = K„ e0 
(

1
;~J11 

Pa =l .368 x105 psi 

At t rue effective plastic strain of 
€"' 0 .04 

The true effective st ress per equat ton ( 4-148) js 

n ( sr )m 5 :z.:= K-r6 · 

10

_ 
3 

,Pa = 1.446 llJ ,psi 

At true effect1ve plastk strain of 

e = 0.06 
Thetrue effectivest ress perequat ion (4-148) is 

For strain rate=l O 

sr=lO 

At t rue effective plastic strain of 

e =0.02 

The true effective stress per equatfon ( 4-148) is 

:z.:= K1 -i:n·( $: )
0

\ a = L432x ttf-psi 
l O 

3 

At true effective plastic strain of 

e = 0.04 

The true effective stress perequat ion (4-148) is 

CJ = Kr €11 c~~J)m Pa =1.515 x105 
psi 

At t rue effectlve plastic strain of 
e = 0 .06 

The true effective st ress per equation ( 4-148) is 

CJ = Kr E'" c~:,) m Pa =1.565 x10~ psi 

Th'is document is sub ct to the (estrictions set &lrth on tlie first o(· title page 
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At temperature T=70 degF 

m=0.02 
Tf=70 in degree F 

T = T ... .,,n(T, ) = 294.26 īn degree of Kelvin 

21. := 11_(1) = 0.1 

K(l) = 1.07x 1cf 

·K- := K(T) = l.07, uf 
m.i,, Pa 

ŗor straln rate:0.001 

sr : 0.001 

At true effective plastic strain of 

E. =0.02 

The true effective stress per equatlon (4-148) is 

At true effective plastic. strain of 

E = 0.04 
Thetrue effectivestress perequatīon (4-148) is 

~ = KTe n·c:~ 
3
) m·Pa ~ 1.125v HY~· psi 

At true effectīve plastic strain of 

E = 0.06 
Thetrue effectivestress perequatron (4-148) is 

a = KT E
11 

(
1

~~3)"' Pa = 1.172 x1Q5 psi 

For strain rate=0.1 
sr: O.l 

At t rue effective plastic strain of 

E = 0,02 

Thetrueeffectivestress perequatfon (4-148) is 

CT = K1· E.11 
(

1
~:

3
) rn Pa =l.151 xl05 psi 

At true effectīve plastic strain of 
E. = 0.04 

Th'is doeument is sub ct to the (estrictions set forth on the first o(· title page 
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The true effective stress per equatron (4·14S) is 

a ::: K1· E" G~~
3

) m Pa = 1.234 x1Q5 psi 

Al true effective plastic straih of 

E = 0.06 

The tr\Je effective stress per equation (4-14S) is 

( 
s i· )'" a: = K1· E1

' 
10

_3 Pa = 1.285 xlQ5 psi 

The same approach cah be used for different strain rates 

For straln rate=l 
sr=l 

At true effective plastic strain of 

e "' 0.02 
Thetrue effectivestress perequatton (4-148) is 

a = KT E11 c~:.3yn Pa = 1.206 X105 psi 

At t rue effectlve plastic strain of 

E = 0.04 
The true effective stress per equatfon ( 4-14S) is 

o := KTi/·(~Jmp~ = 1.292„ 1tf.psi 
,.,.,., 10- 3 

At true effective plastic strain of 

e = 0,06 

The true effective stress perequation (4-148) is 

~ n St' _ ) ~ 
a '.= KTs · -- ·Pa = l.34,x 10 · pS1 

( )

m 

- - 3 JO 

For strain rate:10 
sr=lO 

At true effectlve plastic strain of 

E =0,02 

The true effective stress per equation (4-148) is 

n ( sr )m ,5 . ~ = KT6 · 

10

_ 
3 

,Pa = l.262• 1(, ,pst 

Al true effective plastic strain of 

E =0,04 

The true effective stress per equation (4-14S) is 
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( s,· )'n ' 
CT = Kr €"' 

10
_

3 
Pa = 1 .353 xlO' psi 

At true effectlve plastic strain of 

E=0.06 
The true effective stress per equation (4-148) is 

rT = K En (~)m Pa = t .409 xl05 psi 
7' 10-3 

At temperature T=150 degF 

rn=0.02 

Tr=150 in degree F 

T =TK. 1,,1.{TF) = 338.71 in degree of Kelvin 

!1.:=11_(1) = 0.108 

K(T) = 102l x uf 
.4.:= K(T) = l.02l y 1! Pa 

For straln rate=0.001 

sr=0.001 
At true effective plastic ·strain of 

e = 0 .02 
The true effect ive stress per equation (4-148) is 

CT = KT Ell ( 1~~~ r Pa = 9 .689 x10• psi 

At t rue effective plastic strain of 

E = 0.04 
The true effective stress perequat ion (4-148) is 

s..:= Kr·&n· ( 
8
:

1
)

01

·Pa = l..045> Jcf-psi 
10 -

At true effective plastic strain of 

t = 0.06 
The true effective stress per e.quation ( 4-148) is 

f:h=KT's"·( s: Jm·Pa = 1.091> 1J ,psi 
. 10 3 

For straln rate: 0.1 
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sr=0.1 

At true effective plastic strain of 

e: =0.02 

The true effective st ress per equation (4·148) is 

, n(sr~ 01 

..5. JJ,.;= KT'e · 
10

_ 
3

) ·Pa = 1..062:, t u ·ps, 

At true effective plastic strain of 

e: = 0.04 

The true effective stress per equation (4 -148) is 

cr;;,: K y ·€ -- Pa ; l.14 ~ ,. 10 ps, a ( Sf ļlll 5 . 
- . - 3 

10 J 

At t rue effective plastic strain of 

E: =0.06 

The true effectivestress perequatlon (4·148) is 

( 
S I' )"' a = K1, En 

10
_

3 
Pa = 1.197 xl05 psi 

The same approach can be used for different strain rates 

For strain rate=l 
sr=l 

At true effective plastic strain of 

E = 0.02 

The lrue effective stress per equation { 4·148) is 

JJ,.;= KT'i: n· ( $: ~ 
01

-Pa = l. ll2x Hf.psi 
.10 

3
) 

At true effective plastic strain of 

E:=0.04 

The true effective st ress per equation (4·148) is 

JJ,.;= KTi:
0 -c:~ 

3
J1

·Pa = 1. J99x Hf.psi 

At t rue effective plastic str;;iin of 

E: =0.06 

The true effective st ress per equation (4·148) is 
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JJ.i= KTi/t:: J r ·Pa = l.253Y W
5
-psi 

For strain rateolO 

sr=lO 

At true effectīve plastic strain of 

E = 0.02 
The true effective stress per equat ion (4-148) is 

fT = K 1,11 (~)m Pa = 1.165 xl05 psi 
T 10-3 

At t rue effective plastic strain of 

e = 0.04 

The true effective stress per equat fon (4-148) is 

rr = Kr f 11 c~~.)'" Pa = 1.256 x105 psi 

At true effective plastic strain of 

E = 0 ,06 

The true effective stres.s per equatfon ( 4-143) is 

A.1.2. MODULUS OFELAST/C/1Y AND POISSON'S RAno 

Per Sectlon 4.17, the Polsson's ratro, v, is a constant of 0.30 

V=0.3 

Per Section 4.17, the Young's Modulus, Y.1 1s a funct ion of ternperature, r 
Forī<l090 K 

Y(T) := [1.0881011 - (s.4JH!h].P;c 
Attemperature T=·40 deg F 

Tf=-40 in degree F 

T = T,.;,;,,(Tr) = 233.15 īn degree Kelvin 

Y(T) = l. 393x 1a7.ps1 

At temperature T=70 deg F 

Th'is document is sub ct to the (estrictions set forth on the first o(· title page 
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in degree F 

T =TKe1v1u(ir) = 294.26 in degr-ee Kelvfn 

Y(T) = l.345x 10
7

-psi 

ln comparison wlth the Jisted Modulus of Elastidty in Ref. 7 (TN-81 SAR, Rev. 3), page 69, Table 2·3, 
the modulus of elaslicity is 

E = 97.1 GPa = 1.408 X 107 psi 

The dlfference is less than 5%. Thevalue is used by the LSDYNA mawrlal modei duringthe restitution 

stage of t he impact whlch has no effect on the permanent straln or stress of the cladding. It only 

affects thefinal deformed shape ofthe cladding. The calculat ed modulus is smaller than the value 

given in the SAR; t herefore, it tends to over-pred ict the deforrnation, which is conservative. 

A.t temperature T=150 deg F 

Tr-=150 in degree F 

T = T~e1v1n!Tr) = 338.71 in degree Kelvin 

. 7 . 
Y(T) = 1. 309x 10 . ps1 

A . .13. YIELD STRESS ANOULTIMATESTRESS 

At temperature T=-40 deg F 

m=0.02 

Tr=-40 ln degree F 

T = TK•Mn(Tf) = '233.15 in degree of Kelvin 

n_(I) = 0.081 
n.:= 11_(1) = 0.001 

9 
K(T) = l.126xlQ Pa 

.4-,:= K( TJ = 1. 1 ~6, 1 « Pa 

The static yield strength of the Zirconium alloys as glven in (Ref. 7] (TN-Bl SAR), TabJe 2-3 is 

S.. "' 35,000 psi 

Pa/li2 A11 of ASS 
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This value is not used bythe LSDYNA material modei, the correct LSDYNA dynamic material properties are 

listed as follows. 

For strain rate=0.001 

sr -= o.cxn 

The young's modulus is 

E := Y{T) = L 393>< 1 v7 
psi 

Per Section 4 .11,1, t hetrue strain at yield is 

1 

l>vield n40 := [ Ky ·(~)J1l1 ( l - 1\} = 7.938 < 10- 3 

" - ~ 10- 3 

P.a 

Per Section 4.11.1, t he true yield strength 1s 

<>y;.,, _,40 _ , .. . [ ( ;}· (.; .rr,., . ,.,,. 10· 

ln u.s. unit, the yield strength is 

Per Section 4.11.1, t hetrue strain at maximum load is 

The reference 13, ORNL-3281, TlD-4500 (17TH Ed)1 the total elongati,on ofZircaloy can vary between 

12 and 16%. Un der dynamic impact condition, the t otal elongation can be greater than the static test 

propel'ty. Therefore, it is reasonable to use 16% asthe ulümate strain at roomtemperature. Tols is 
consistent with the data sheet published by ATI Wah Chang-Allegheny Technologies which says at 

room temperature, the elongation is 28%. For cold temperature, conservatiVely use an ultimate· 

elongation value that is smalJer than the published data. Therefore 

€'u11: 0.15 

Per Section 4.11.1, t he true ultimate stress is 

Pa!ei2 A12 of ASS 
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· ( sr )m ( )n 108 0 uit_n40_Pa := Kr 
10

_ 
3 

· 6 ult = 9.662. 

ln u.s. unit, the ultimate strength is 

5 . 
C\,L1_n40_11s := 0 111t_n40_P'a·Pa· = 1..l-OJ,, 10 ·ps1 

For straio rate =0.1: 

sr=O.l 

Per Section 4.11,1, t he t rue st rain at yield is 

1 

2~,ui.,:= [ : T t:: 
3
rJ (1 - J\) = 8.77Sx 10-

3 

Pa 
Per Section 4.11.11 t he t rue yield strength is 

[ 

KT ( sr ) ml ( 
1 

-n) . 8 
!I~d ~Q, ~ := -. -· -- = 8.428>< 10 " -~~~ (:a)n 10- J 

Pa 
ln U.S. unit, the yield strength is 

~,W,1/f,:= cryield_n40_ Pa·Pa = l.222'< lif-psi 

As determined previously, the true stratn at maximum load is 

Eu11 = 0.15 

Per Section 4.11.1, t he t rue ultimate stress is 

( 

. m 

RWJt..~ģl,.rw:= Ky . l:~ 3J ·(suit)" = t.059-. uf 

ln U.S. unit, the ultimate strength is 

This document is sub ct to the , estnctions set &irth on tlie first or-titte page 
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. . ~ . 
• ~ ·= O'ulĻ_u40_Pa·Pa = l.S37Y. ! Ci·ps1 

For strain rate=l 

sr=l 

Per Section 4.11,1, the true strain at yield is 

2"W-·[:~c;,rr· .,,,,, ,,-, 
Per Section 4.11.1, thetrue yield strength (Pa) is 

1 

- '·[r; ,.c;,rr"'. '·"'" ,o' 

ln u.s. unit, the yield strength is 

As detemilned previously, the true strain at maximum load is 

Eu11 = 0.15 

Per Section 4.11.1, t hetrue ultimate stress is 

g,tJL."'40.~ :: KT(~ )
01

-(eu1t = l.109x lif 
N - ~ - rl/ 10- 3 

ln U.S. unit, the ultirnate strength is 

For strain rate=lO 
sr = 10 

PerSection 4.11,1, t hetruest rain atyield is 

[ J

( l - n) 
K m T sr - 3 

f: ~ !U).~= -·(--J = 9.699, 10 
, ,;l, ~ ~ 10 3 

Pa 
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Per Section 4.11.1, thetrue yield strength (Pa) is 

1 

[ l 
(l-n) 

KT sr ,n 8 
~ ~41- := --·( --) = 9.316x 10 ,.. . -h (~')" ,o-j 

p;j 

ln U.S. unit, the yield strength is 
s . ~ ;= oyie.ld_n40_PaPa = 1 351„ 10 ·r~1 

As determlned previously, the true straln at maximum load is 

Eu11 = 0 .15 

Per Section 4.11.1, the true ultitnate stress is (in Pa) 

. sr n 9 ( J
m 

$ ,~1114.Q,~ : KT , 10- 3 ·(eul\) = 1.162, 10 

ln U.S. unit, the ultimate strength is 

At temperature T: 70 deg F 

The static yield strength as given rn Ref. 7 '(TN,Bl SAR), Table 2-3 is 

Sy „ 35,000 psi 

This yield strength is not used by the LSDYNA material modei, *MAT __ PIECEWISE_LINEAR_PLASTICllY 

(īype 24). The LSDYNA material input is the stress-strain curve, derived previously. The dynamlc 

material properties are derived as follows. 

m:0.02 

Tf=-70 in degree F 

T = TKeMn(Tr) = 294.26 in degree of Kelvin 

n_(T) = 0. 1 
u.:= n_(1) = 0. l 

.K(T) = l.07x lef Pa 

This document is sub ct to the t estnctions set &irth on the first onitte page 

Page A15 of ASS 

A 
AREVA 



N" 

1 

1 

FS1-0025122 Rev. 1.0 

Page 
TEP -Technical Report 

'105/177 

ATKINS 
Design Anal}rses and Calculation 

~ := K(T) = L 07 " uf Pa 

For straln rate:::0 .001 

sr=0.001 

The Young's modulus, as found earlier, is 

E ·= Y(T) = !.'345,; ttlpsi -J 

Per Section 4.11,1, thet rue st rain at yield is 
l 

[

Kr ( sr )ml (1- n) _ 3 
Byielc1_70 := - · ~ = 7,036-< JO 

~ 10 ~ 
Pa 

Per Section 4.11.1, t he true yield strength is 
1 

., •. _,_ ... [(;j, (,;:, rr·· -.,,, ..... 
ln U.S. unit, t he dynamic yield strength is 

4 
0yield_70_us := Oyield_70_Pa1'a = 9.46" 10 ·p s1 

The reference 11, ORNL-3281, TID-4500 (17TH Ed), t he total elongati,on ofZircaloy can vary between 

12 and 16%. Under dynamfc impact condition, t he total elongation can be greater than the statictest 

property. Therefore, it is reasonableto use 16% as the ultimate strai n at room temperat11re. This is 
consistent with the data sheet published by ATI Wah Chang -Alleghefly Technologieswhich says at 

room temperat ure, the elongation is28%. Therefore 

€ 1111 = 0.16 

Per Section 4.Il.l, t he-t rueuttimate stress is 

vult_70_J>a:= I(.f'c:~ 
3
}

11 

(suti)° = 8.91 .< 10
8 

ln U.S. unīt, the ultimate strength is 
5 . 

0 ult_ 70_us := " ult_70_Pa·Pa = 1.292 < 10 ·p s1 

For strain rate=0.1 

sr=0.1 

This document is sub ct to the (estrictions set &irth on the first onitte page 
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Per Section 4.11,li the true strain at yield is 
l 

- t~ (.:' ,rr) a7 m - JCf J 

PerSection 4.lLl, t he tr~e yield strength is 

1 

---[ ril· {,;:, rr·) . -,,,, "' 
ln u.s. unit, the yield strength is 

As determīned previously, the true strain at maximum load is 

Eu11 = 0.16 

Per Section 4.11.1, the true ultimatestress is 

( )

m 
. sr n _ 8 

9'1111~:= KT ~ ·(su11) = 9. ,7, 10 
10 ' 

ln U.S. unit, the ultimate .strength is 

The z:ircaloy as fuel rod claddings in t he impact analysis, never reachEid the ultimate strength, 

therefore, the ultimate strength has insignificant effect on the. lmpact analysis. 

For straln rate=l 
sr=l 

Per Section 4.11,1, the true strain at yield is 

...-·[:~t:' ,r]""", 8W3d0- J 

Per Section 4.11.1, t he t rue yield strength (Pa) is 

This document is sub ct to the t estrictions set forth on the first onitle page 
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--·[(~·L.~Jr~ -,~ ... · 
ln u.s. unit, the yield strength is 

As detem,ined previously, the true strain at maximum load is 
E:1111 =0.16 

Per Section 4.11.1, the true ultimate stress is 

g,..u, ~.,2;i, := Kr·(~)m·(&uti' n = 1.023is Hf 
N4~../Y - 3. 1/ 

10 . 

ln U.S. unit, the ultimate st rength is 

For strain rate=lO 
sr=lO 

Per Section 4.11,1, t he true strain at yield fs 
1 

e~~t,~ ~QJ= [ KT ·(~)ml (1-n) = 8.633Y. 10- 3 
"-f"!r . _! 10- 3 

Pa 
Per Section 4.11.1, t het rue yield strength (Pa) is 

l 

ln U.S. unit, the yield strength is 

As determined previously, the true strain at maximum load is 

e. 11 = 0.16 

This document is sub ct to lhe restrictions set forth on lhe first or· title page 
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Per Sedion 4.11.1, the true ultimate stress is 

( 
sr ~m( \ ll l(l9 

~ 11~ .:= KT' 10- 3) • Suit} = l.071· 

ln U.S. unit, the ultimate strength is 

At temperature T=lSO deg F 

m-0.02 
T F=-150 in degree F 

T = TK • .,,.(T,) = 338.71 in degree Kelvin 

1,_ (1) = O. l08 

n,:= n_(T} = O. l08 

K(T) = 1 02Ix uf Pa 

~:= K(T) = 1.021 Y 1c? Pa 

For straln rate=0.001 

sr =0.001 
The young's modulus is 

JL;= Y(T) = l.309x 10
7 

psi 

Per Section 4.11.11, t het rue st rain at yield is 
l 

,,;od_ 150 t: c:: r r) a 6 " " ,,- l 

Per Section 4.11.1, the true yield strength is 

Oyidd _J 50 _ P, a [ (~J ,C:' ,) r~ a S.91 • t O' 

Iri u.s. unīt, the yield.strength is 

Oyiel.d_l :iO_us := Oyield_l:iO_PaPa = 8. 586, 1c4. psi 

The reference 11, ORNL-3281, TID-4500 (17TH Ed), t he to tai elongati,on of Zircaloy can vary between 

12 and 16%. Under dynamicimpact condition, t he t otal elongation ca n be greater than the statictest 
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property. Therefore, it is reasonable to use 16% as the ultimat e strain at room temperat ure. This is 

consistent with the data sheet published by ATI Wah Chang-Allegheny Technologies Which says at 

room temperature, the elongation is 28%. For warm temperature, conservatively use an ultimate 
etongation value that is slightly larger than the published data. Thenifore 

Eu11 = 0.17 

Per Section 4.11.1, t hetrue ultimate stress is 

( sr )m ( )n _ 8 
O'ult_150_Pa:= KT l io-

3 
· &ult = 8.42:,x 10 

ln U.S. unit, the ultimate strength is 
<; 

0 uH_I SO_us :=oull_ l SO_PaPa = 1.222, 10-·psi 

For straln rate=0.1 
sr=0.1 

Per Section 4.U,1, the true strain at yield is 

g;. · ,,!!Lļi:cA:= [ KT ·(~)m] (14'1) = 7.271" I0- 3 
~ r, - 3 

...::_. 10 
Pa 

Per Section 4.11.1, t he t rue yiefd strength is 

5? , .u -!S''d? ;= [~-(~)m] (1 ~n ) = 6.564, 108 
' ~ n 3 (:a) 10-

ln U.S. unit, the yield strength ls 

As deterrnined previously, the true strain at maximum load is 

€1111 =0.17 

Per Section 4.11.1, t hetrue ultimatestress is 

IJ~ ;= KT(
1
::

3
)m·(6u1t)° = 9.238» 10

8 

ln U.S., unit, the u.ftimate strength is 

Ttis document is sub' ct to the restrlctlons set forth on the firstor UUe page 

Page A20 of ASS 

A 
AREVA 



N• 

1 

1 

FS1-0025122 Rev. 1.0 

Page 
TEP -Technic:al Report 

110/177 

ATKINS 
Design Anal}rses and Calculation 

For strain rate:1 

sr=l 
Per Section 4.11,1, t he true strain at yield fs 

1 

[

KT ( sr )nJ( l - n) _ 3 
~~= :a, 

10
_

3 
= 7.65Tx 10 

Per Section 4.1 Ll, t he true yield strength (Pa) is 

~ -[ ( ;J .(,; ,) f '' . '·"'"'~ 
ln U.S.. unit, the yield strength is 

5 . 
~~:= oyield_l 50_PaPa = l.002"- JO ·ps1 

As determined previously, the true strain al maximum load is 

Eu11 = 0.17 
Persection 4.11.1, the true ultimatestress is 

~ :=KTc :~ 3Jt1 (E;u1Jn =9.673> Iif 

ln u.s. unit, the ultimate strength is 

5 . 
fl~~:= Oull_l 50_PaPa = 1 .403>< 10 ·PSJ 

For strain rate:10 

sr,=10 

Per Section 4 .11, l, t he t rue strain at yield is 

l 

[

KT ( sr ) 11
] () - n) _ 3 

§:~.~;= - · - = 8.063x 10 
" · · E - 3 

- 10 
Pa 

Per Section 4.11.1, t he true yield strength (Pa) is 

Kŗ sr ru . 8 

[ 1 

(1- n) 

~ . u.rL,-,J . , "'· .. 

Ttis document is sub' ct to lhe restrictions set forth on lhe first or UUe page 
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ln U.S. unit, the yield strength is 

5 . 
~ := ayieJd_ l 50_PaPa = 1.056:.: 10 ·pst 

As determined previously, the true strain at maximum load is 

Eun=0.17 

Per Section 4.11.1, t he t rue uftimate stress is 

/1•11,.J~~== KT'c:~ 3)m (euLJn = L.013Y lif 

ln U.S. unit, the ultimate strength is 

Ttis document is sub' ct to the restrictions set forth on the firstor liUe paqe 
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A.1.4 SUMMARYOF MATERIAL PROPERTIES FOR ZIRCALOY 

Temperature= -40 degree F 

Poisson's ratfo =0.3 

Strain Rate ,001 .1 1 10 

Modulus of Elastlcity, psi 1.393 )( 101 

Yield Stress, psi 1.106 X 10; 1.222 X 105 1.285 ;K 105 1.351 X 105 

Yield Strain 0.0079 0.0088 0.0092 0.0097 

Ultimate StreSS4 psi 1.401 X 105 l.537x 10~ 1.609 :K 10~ 1.6&5 X 10' 

Ultimate Strain 0.15 0.15 0.15 0.15 

Temperature = 70 degree F 

Poisson's ratio :0.3 

Strain Rate .001 .1 l 10 

Modulus of Elasticity, psi 1.345 X 101 

Yield Stress, psi 9 .46 X 104 1.048 X 10~ 1.103 ;x 105 1.161 X 105 

Yield Stra in 0 .0070 0.0078 0.0082 0.0070 

Ultimate Stress, psf 1.292 X 105 1.417 X 105 1.484 ;K 105 1.554x 10'.5' 

Ultimate Strain 0 .16 0.16 0.16 0,16 

Temperature= 150 degree F 

Poisson's ratio :Q.3 

Strain Rate .001 .1 1 10 

Modulus of Elast1c1ty, psi 1.309 X 107 

Yieltl Stress, psi 8.586 X 10• 9.520x 10• 1 .002;K 105 1.056 X 10' 

Yield Strain 0.0066 0.0073 0.0076 0.0081 

Ultimate Stress, psi 1.222 X 105 1.340 X 10~ 1.403 ;K 101 1.469 X 10 ' 

Ultimate Strain 0.1 7 0.17 0.17 0.17 
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A.1 S STRESS 5TRAIN DATA FOR ZIRCALOY 

1'emperattJre = -40 degree F 

Poīsson's ratio =0.3 

Stres.s, psi 

Strain Rate 0.001 0.1 1 10 

Strain =0.02 1.191 X 105 l.306x 10" 1.368 X 105 s 1.432 x 10 

strarn =0.04 1.260 X 10~ 1.381 X 10~ 1.446 X 105 1.515X 10~ 

Strain =0.06 1.302 x 105 1.427 X 10; l.494x 105 l .56Sx 1D5 

Strain =0.079 

U ltīmate Stratn 
1.331 X 105 1.459 X 105 1528 X 105 l.600X 105 

Temperature = 70 degree F 

Poisson'.s ratlo =0.3 

Stress, psi 

Stratn Rate O.QOl 0.1 1 10 

Strain =0.02 1.05 X 105 1.151 X 105 1.206 X 105 1.262 X 105 

Strain =0.04 1.125 x 105 1.234x 101 1.292 X 105 1.35 3 X 105 

Strain =0.06 1.172x 105 1.285 X 105 1.345 X 105 l.409x !05 

Strain =0.098 
1.23 X 105 

Ultimate Strain 
1,349 X 10 5 1.412 X 105 1.479x 105 

Temperature = 150 degree F 

Poisson's ratio =0.3 

Stre$S, psi 

Straln Rate 0.001 0 .1 1 10 

Strain =0.02 0.9689xl05 l.062x 105 1.112 X !Oi. 1.165 X 10<, 

Strain =0.04 l.045·X 105 1.145 X 105 1.199 X 101' 1.256 X 105 

Straln =0.06 l.091X 105 1.197X 105 1.253 X 10~' 1.312 X 105 

Strain =0 .106 
1.161 X 10~ 1.273 X 105 1.333 X 10~' 1.396x 10' 

Ultlmate Strain 
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A.2 AISI 304 (SUS 304) Grade Stainless Steel 

A.2.1 MECHA/1/ICAL PROPERTIES O.FSS304 ANDAPPLJCABLE CODES 

The 304 st ainless steel are used in fuel cage (304L, plat es) and contaīner shells and frames (304, 

plates). The plates are modeled as shell elements in LSDYNA program. 

The mater ial properties forType 304 and 304L stainfess steel, taken from ASME Boiler and Pressure 

Code, Section 11, Part D, 2010 Ed. [Ref.14], are presehted in Table A.2-1 and A.2-2 below. The densitles 

are initial values. ln the LSDYNA input file, the densities are adjusted so that the to tai mass equal to 

the deslgn weīghtof the fuel bundle and container. The stresses listed below are engineering stress. 

Table A.2.1·1 Mechaniq1ļ Properties of 304 (SA-240) at t emp,erature of interest 

Property ·40°F 70°F 150°F fteference 

M odulus of Elasticity, E, !<si 2&,900 28,300 27,800 F:ef. 14, Table TM-1 

Ultimate TensileStress, 5 0, ksl 75 75 72.5 rtef , 14, Table U 

Yield Stress, Sv, ksi 30 30 26.7 1,ter. 14, Table Y-1 

Polsson's ratio 0.31 rtef . 14, Table PRD 

Density, (lb/in~) 0.29 fitef. 14, Table PRD 

Table A.2.1·2 Mechanical Properties of 304L (SA-240) at temperature of interest 

Property -40°F 70°F 150°F 1<:eferente 

Modulus of Elasticity, E, ksi 28,900 28,300 27,800 l<tef . 14, Table TM-1 

Ultimate Tensile Stress, Su, ksi 70 70 67.6 r.tef. 14, Table U 

Yield Stress, 5,,, ksi 25 25.0 22.7 11:ef . 14, Table Y-1 

Poisson's ratio 0.31 (,tef. 14, Table PRD 

Density, (lb/in3
) 0.29 f.:ef. 14, Table PRO 

According t o TN-Bl SAR Rev. 3 [Ref. 71, Sectfon 2.1.4, the applicable codes that would apply arethe 

ASME Boiler and Pressure Vessel Code Section 111, Subsection ND for lthe cont ainment boundary which 

is thefuel cladding and Section 111, and Subsection NG for the criticality control st ructure and the 

Section VIII forthe non-containment components. This requirement is summarized in the table below. 
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Table A.2.1-3 Appllcable Structural Codes for the Stalnless S:teel 304 and 3 04l 

Component Description Usage Material Ap plicable Codes 

ASME B&PVCode, 
Fuel Assem bly Cages criticality control SS304L Section 111, 

Subsection NG 

Centai ner Shell 
non•Con ta inment ASME B& PV Code, 

SS304 
compcnents Section Vlll 

A.2.2 STRESS STRAJN CURVE FOR STAINLESS STEEL TO COMPLY WITH THE ASME B&PV CODE, SECTION /111 

SUBSEcnON NG 

The equations to generate thestress strain curves for SS alloys are given in !Ref. 271. The equations 

ar-e developed frorn tests perforrned at room temperature. ln order to develop the LSDYNA input file 
for the rnaterial modei *MAT_PIECEWISE_LINEAR_PtASTICITY (Type :24) and stiU complying with the 

rnechanical strengths listed in the above two tables, the pararneters in the strain-stress equations are 

modrfied so t hat the modulus of elasticity, yield and ultimate strengths are consistent w ith ASM E 

Boiler and Pressure Codes in [Ref . 14] . . The der ivation of the full-range stress-strain curve is shown in 

this section. The equation numbers, figure number and table numbe1r are taken directly frorn [Ref.27) 

and preservedfor easy reterence. Thetruestress-strain curve in [Re?f. 27] is listed below. 

{e.
~ -t 0.002( a )" for G':5C1i ,: 
n <i,,..: 

e= 
a - <Jii.:: + ... ( a- a;,; )"' .J. r 

C 1 Co,;_ l() f (j > (j01 E.,1 " a.,- aa! 

(l ll) 

The definitions of the parameters are taken from [Ref. Error ! Reference source not found.) and shown 

graphically in the figure below. 
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(a) --------reu 'au) 

0.002 Gl.2 e 

Fig. J. lnirial and full stres!'- ,tmin curves. 1u) lnitial ~ curve. (bl ruu u-1:· eurve. 

The summary parameter values based on test performed on various 55 alloys are shown in the table 

below. 
Tnbl< 1 
Mo:hruucaJ prope:rueī 

Test ,\ lh>) .. RefCf'Cncc" Fnmf P.,, D i,111 0'11.: "· C, , • "' (GP" (MP,1 (MP01 (MPll1 

LINSJ~V\ 11111 RHS IĶK ) 14 Oll 7tSII O • .IO ll~tll .l . .J9 ,1 
1 UNSJ0.100 1101 IUIS 181 191 .5.12 131 045 000211 5.11 3..5 
ļ ~NSJJ)cl(XI 11111 RHS 190 1711 jl2 nJ.I U.M IICKII~ , .33 2.7 
.ļ UNSJl>UJO 1111) RHS IY7 IĶJ l~b ~27 0~5 111)111 fi7 1 1.6 
5 UNSJ().lOO IICII RHS 190 14) -1()2 Ml 0.55 IUXIZI 5.ļ5 3.J 
6 UNS304<XI 1101 RHS l!M 103 197 ~36 11.6 1 ll.(Xl15 7.R7 Z..6 
l 1 ' 
~ 9 
q 1 s 0411J [. s -14) J .8 
10 1/NSJ()jOJ [51 RHS •10 7.10 t45 
11 UNS.30403 ļ5l CHS -lOO 075· 6.37 l. 1 
12 llNSJtJ.101 151 CHS l\llĪ :00 l()fl 075 6.31 l 1 

13 ONSJ lliol 1111 p 10o l!Jo Jl6 616 3.SS rs 
14 UNSJ ll!OJ IVI p 1\/il .;:o b'J9 Ķ7K 0.32 IO.O 3.8 
15 UNS3 181\l jllļ p 200 110 .175 Sn'i 0.22 4.85 3j ,~ lINS,1803 11 11 p 21.1 4)() 6:15 !120 0.22 7.68 ).7 
17 l1NSJ1SOJ 11 11 p 215 430 6,5 ~20 0.22 7.68 J.7 
1~ UNS4:10JII l lll ~ 2(1(1 JOI) l2(J ~ll' 0.48' t,..17 l.ij 
19 JCrll 1111 p 195 HS 115 4+1'' 0Jķ· 11.2 3.1 

The value of Eo.2 used in thesecond formula of equation (18) is showm in the equation below. 

Eo 
E,,~ = 1 + 0.002n/ e ( 13) 

The value of e0 .2 used in the second formula of equation (18) is deriVE!d from the first formula with 

cr=cro.1, that the strain value is shown below. 
(1 

Eŗ, + 0.002 

For ultimate stresses, the value is taken from the engineering stress I isted in Table A.2.1-1 and Table 

A.2 .1-2 and converted to true stresses usingthe following formula. 
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where 

cr" :c true ultimate st ress used to generat e the t rue stress-stra1in curve 

Su = engineering ultimate stress f t om [Ref. 1427) 

e" = ullimate strain taken from [Ref. 271, Ta.ble 1 

The stress-strain values for SS304 and SS304L based on the above equations are der ived and presented 

in the following sub-sections. 
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A.2 .2.1 Stress Strain Value of 55304 at -40°F. 

The parameters used in Equation (18) are tabulated below. The data for the stress-strain curve is 

l isted in the following tables. 

Eo Oo,:1 cru Eo.2 ļ 
unit, ps1 2.89E+07 3.0E+04 1.181:+05 3.l i~ 

1-1 ~--~- 7-. --1 ~- .-00_1_7_ .... l 7-" .-O--.... l 2-~-9--.... 1 o-~-~)304 1 

labie A.2.2.1·1 Stress Straln Value of SS304 at -40°F 

Strain stress, psī 

0 0 

0.000173 5000 

0.000347 10000 

0.000535 15000 

0.000809 20000 

0.001423 25000 

0,003038 30000 

0.006132 37977.3 

0.012199 45954.5 

0 .023853 53931.8 

0.043561 61909.1 

0 .073707 69886.4 

0 .116616 77863.6 

0 .174564 85840.9 

0.24979 93818.2 

0 .344503 101795 

0.460881 109773 

05700 117750.0 
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A.2 .2 .2 Stress Straln Value of SS304 at Room Temperature 

The parameters used in Equatfon (18) are t abulat ed below. The data forthe stress-straīn rurve is 
Hsted in the following tables. 

Eo 00.2 O u Eo i ~ 
unit, psi 2.83E+07 3.00E+04 l.18E+05 3.064E+06 

1~~570 1:.0017 l; .000 1:.900 1~~~0306 1 

TableA.2.2.2-1 Stress Straln Value of SS304at RoomTemperature 

Strain stress, psi 

0 Q 

0.000177 5000.0 

0 .000354 10000.0 

0 .000546 15000.0 

0 .000824 20000.0 

0.001442 25000,0 

0.0030 6 30000.0 

0.006208 37977,3 

0.012329 45954.S 

0.024037 53931.8 

0 .043799 61909.1 

0.073999 69886.4 

0.116962 77863.6 

0 .1749 64 85840.9 

0.250245 93818.2 

0 .3450 11 101795 

0.461443 109773 

0.5700 117750.0 
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A.2.2 .3 Stress St raln Value of 55304 at 1S0°F. 

The parameters used in Equat ion (18) are tabulated below. The data forthe stress-straīn rurve is 
Hsted in the following the tables. 

Eo Oo.2 O u Eo.2 ==i 
unit, psi 2.78E+07 2.67E+04 l.L4E+OS 3.0'.~ 

Bu e n m € 0,2 

0.57 0.0017 7.0 2.9 0.00296 

Table A.2.2.3· 1 Stress S1rain Vai lle of SS304 at 1S0°F. 

Strain sttess, psi 

0 0 

0.00016 4450.0 

0.000321 8900.0 

0.000496 13350.0 

0 .000757 17800.0 

0.00:1358 22250.0 

0.00296 26700.0 

0 .006136 34625.9 

0 .012287 42551.9 

0.024023 50477.8 

0.043814 58403.8 

0 .074043 66329.7 

0 .117035 74255.7 

0.175066 82181.6 

0.250375 90107.6 

0.345171 980335 

OA61632 105959 

05700 113885.4 
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A.2 .2 .4 Stress Straln Value of SS304L at -40° F. 

The parameters used in Equatfon (18) are tabulated below. The data forthe stress-straīn rurve is 
Hsted in the following tables .. 

unit, psi 

Eo 0 02 Ou Eo.2 ==i 
2.89E+07 2.SOE+04 l.06E+05 3.9,~ 

0.51 0.002 6.37 U O 2.87E-03 

Table A.2.2.4-1 Stress Strain Value of SS304L at -40°F 

Strain stress, psi 

0 0 

0.000144 4166.7 

0.00029 8333.3 

0.000457 12500.0 

0 .000728 16666.7 

0.001347 20833.3 

0 .002865 25000.0 

0 .005037 323 36.4 

0 .009192 39672.7 

0 .017563 47009.1 

0.032512 54345.5 

0 .056484 61681.8 

0.091988 69018.2 

0 .141581 76354.5 

0.207866 83690.9 

0 .293485 91027.3 

0 .40111 98363,6 

05100 105700,0 

Ttis documentis sub' ct to the restrlctloos set l\:111/l on the firstor UUe paqe 
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A.2.2.5 Stress Strain Value of SS304L at Room Temperature 

The parameters used in Equatfon (18) are tabulated below. The data forthe stress-straīn rurve is 
Hsted in the following tables . 

Eo 0 0 .2 O u Eo 2 ~ 
unit, psi 2.83E+07 2.SOE+04 l.06E+05 3.840E+06 

1 ~~1 1 ~.002 1 :.37 l:.10 1~2~ 0.0()288 

labie A.2.2.5-1 Stress Strain Value of 5Sl04L at Room Temperature 

Strain stress, psi 
0 0 

0.000147 4166.7 

0.000296 8333.3 

0 ,000466 12500.0 

0 .000740 16666.7 

0.001362 20833.3 

0.002883 25000.0 

0 .005095 32J36.4 

0 .009289 39672.7 

0.0177()() 47009. l 

0 .032689 54345.5 

0 .056701 61681.8 

0.092244 69018.2 

0 .141877 76354.5 

0.208202 83690.9 

0 .293860 91027-3 

0.401525 98363.6 

0.510000 105700.0 
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A.2 .2.6 Stress Strain Value of SS304L at 150°F. 

The parameters used in Equatfon (18) are tabulat ed below. The data forthe stress-strain rurve is 
Hsted in the following tables. 

Eo Oo.2 Ou Eo.2 ==i 
unit, psi 2.78E+07 2.27E+04 l.02E+OS 3.7:~ 

8u e n m 80,1 

0.51 0.002 6.37 3.10 0.002816 

Table A.2.2 .6-1 Stress Strain Vallte of SS304L at 1S0°F 

Strain stress, psi 

0 0 

0.00014 3783.3 

0.00027 7566.7 

0.00043 11350.0 

0.00070 15133.3 

0.00131 18916.7 

0.00282 22700.0 

0.00503 2.9916.0 

0.00923 37132.0 

0.01764 44348 .0 

0.03263 51564.0 

0.05664 58780.0 

0.09219 65996.0 

0 .14182 73212.0 

0.20815 80428.0 

0.29381 87644.0 

0.40148 94860.0 

0.51000 102076.0 

Page A34 of ASS 

Ttis documentis sub' ct to the restrlctloos set l\:111/l on the firstor t.iUe page 

A 
AREVA 



N• 

1 

1 

FS1-0025122 Rev. 1.0 

Page 
TEP -Technic:al Report 

124/177 

ATKINS 
Design Anal}rses and Calculation 

A.2 3 STRESS STRAIN CURVE FOR 5T AINLESS STEEL TO COMPI.. Y WITH THE ASME B&PV CODE, SECTION VIi/ 

The stress strain data at temperature of interest based on the Table /1\.2.1-1 and the equations ln ASME 
Boiler and Pressure Vessel Code, Section VIii, Div 2, Annex 3.D (Ref.1~5) are tabula ted as follows. 

Table A.2.3·1 Stress-Strain Data of SS304 at ·40° F 

Stress 
Sb'ain 

Psi 

0.0 0.0 

0.0015 24000.0 

0.0022 21000.a 

0.0034 30000.0 
0.0074 34868.0 

0.0182 39735.9 

0.0395 44603.9 
0.0625 494719 

0.08 15 54339.8 

0.0997 59207.8 

0.1189 64075.8 

0.1397 68943.7 

0.1623 73811.7 

0.1869 78679.7 

0.2133 B547.6 

0.2417 88415.5 

0.2720 93283.6 

0.3044 98151.5 

0.3387 103019.S 

0.3751 107887.5 

0.4136 112755.4 

0.4541 117623.4 

0.5541 117623.4 
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Table A.2.3-2 Stress-Strain Oata of 55304 at 70°F 

Strain 
Stress 

Psi 

0.0 o.o 
0.0016 24000.0 

0.0023 27000.0 

0.0035 30000.0 

0.0075 34868.0 

0.0183 39735.9 

0.0396 44603.9 

0.0626 49471.9 

0.0817 54339.8 

0.0999 59207.8 

0.1191 64075.8 

0.1399 68943.7 

0.1626 73811.7 

0.1871 78679.7 

0.2136 83547.6 

0.2420 88415.6 

0.2723 93283.6 

0.3047 98151.5 

0.3391 103019.5 

0.3755 107887.5 

0.4139 112755.4 
0.4544 117623.4 

0.5544 117623.4 
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labie A.2.3-3 Stress-Strain Data of SS304at 1S0° F 

Strain Stress 
Psi 

0.0 o.o 
0.0015 21538.S 

0.0022 24230.8 
0.0033 26923.1 

0.0077 31885.7 

0.0205 36848.4 
0.0443 41811.0 
0.0670 46773.7 

0.0859 51736.3 

0.1048 56699.0 
0.1251 61661.6 

0.1473 66624.3 
0.1713 71586.9 
0.1972 76549.6 

0:22.51 81512.2 

0.2550 86471'.9 
0.2868 91437.6 
0.3206 96400.2 

0.3563 101362.9 
0.3941 10632S.S 

0.4340 111288.2 
0.4758 116250.8 

0.5758 116250.8 
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A2.4 STRAIN RATE EFFECTS 

At high st rain rate, as !n tf1e case of dynamic impact condition, the yi,eld stress increases .and th1s tends 

t o strengthen the mat erial. The strain-ratesensitivity data of 304 and 304L, taken from "lmpact 
tensile testing of stainless steels at various temperatures'' D.K. Morton and R. K. Bfandford, March 

2008, INL/EXT-08-14082 [endnote 161, is listed in Table A.2.4-1 below. Thestrain rate sensitivity data 
for 304 and 304l at temperature of-40°F is the same as that at temperature -20°F. 

Table A.2.4-1 Tlie Straln-rate Sensitlvlty of 304/304L 

Strain Rate 
Temperature, °F 

-20 70 150 300 600 

5 1.333 1.235 1.211 1.166 1.043 
10 1.361 1.278 1..254 1.210 1.094 

22 1.428 1.381 1.358 1.316 L217 

25 1.445 1.407 1.384 1.342 1.247 
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A.2.9 5TRESS-5TRAIN CURVES OF 55304 ANDS5304L 

The following graphs illustrate the st ress-strain curves ofthe data prnsented ln the previous sections. 
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Stress Strain Curve of 55304 at TempHrature 
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Flgure A.2.9-1 Stress-Straln Curves o f SiS304 
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Flgure A.2.9-2 Stress-Straln <:urves of S:S304L 
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A.3 Baisa {Shock Absorber) 

This wood is used as Shock Abšorber for the following applications. 

ltem 26 of Outer Container Matn Body Assembly (Dwg 105E3 738, Rev. 7) 

The Baisa wood is used primarily as shock absorber in the oblique and End Drop orientation. Based on 

TN-B1 SAR Rev. 3 [Ref. 7) Table 2-3, th.e compressive streogth of the Baisa wood .at ambient 

temperat ure is 16 MPa. The den.slty of the Baisa wood is 0 .18 g/cm3
• Therefore 

The compressive strength is 

C1 =>16 MPa = 2321 psī 

The density of t he Baisa wood is 

p: 0.18 g/cmi "'11.24 lb/frl 

a. THE STRESS-STRAIN CURVEFOR COMPACTED BALSA W OOD. 

The density of wood celi substance, p„ is common to ali woods and h1as been estimat ed to be 

approximately 93.6 lb/fil (1500 kg/m 1
) per Ref. 28. The density of th e uncompacted Baisa for the TN­

Bl container, p, is 11.24 lb/fr (;180 kg/m3
) that p/p, ;Q.12. Figure 9.a oi [Ref. 281 shows the 

experimental measurement of the Stress and strain relē1tion.ship of Baisa wood with p/p, =0.150. The 

figure is duplicated as follows. 

'1.5 

0.5 Spoc.Sl141 5-14 

.!!. =0 1so 
I', 

,o 

5 

o--~~~~~~~~~~~~~--~-o 

0 2 4 6 8 10 12 
- 61 H {%) 

Figure A3-1 Axial stress-dlsplacement crushing response of baisa s1pecimen wlth p/p. ;0.150 

(Cited from (Ref.281, Figure 9) 
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densities. The figure is duplicated as follows. 

,o 

... , 
· ·---~~~~~~~~--1-• 

5 0 10 

--- lit11~ 

Flgure A.3·2 Comparlson of a><ial crushing response of baisa wood of different densities. 

{clted from (Ref. 28), Flgure 13) 

Table 3 of Ref. 6 shows the strength measued for several baisa wood densities at different wood grain 

orientations (the subscripts A= axial, R= Radial, T=tangential, L=limiting stress, P=plateau stress). The 

table is duplicated as follows. 

Table A.3 · 1 Strength measured for several baisa woo,d densltles 

(cfted from Ref.28, Table 3) 
Strc.ngths mcasural for se\'crnJ baisa wOOO densilics 

f. "AI ks, {Mra) OAJ·ks•( Mra) Ir: "'" psi I Mra) f. o,T psi 1Mrn1 1/; t ,~, ps1 (MPu) f. ,,-,,psa( MPu) 

11.llbS 092 ifi.4) 0.70 ,~.81 0.().14 ~3 tll.4:1) 11.1147 48 ļ0.3J) 0.04A rn 10.91J 110511 9oļ0.MJ 

0.11% 1.7~ { l~.~l U7i9AS) \l.086 103 (IJ.7101 0.1177 ftl (0.56) 11.ltKI 29g (2.US) 11.HKI ~IJ ( 1.40) 
1 o. 1~'7 l 06 (~ I.J) i. 19 n3.l l I (1, 118 171 11.18) 0. 11 l 109 (0,7Sl) 1).141 ,149 (3,101 ll.1 40 Jll (2. 15) 

0,165 4.07128.1) e,79119,) l),13S 198 11.371 n ,sn 1:4 {O,S5~) (), l(jJ 52\l 13,(l,1) ,, 188 ~.:.112.90) 
11.215 5.7013~-.lJ 3,59 (24.R) 1), IN) 236 11-~~I 1\, 1~9 l~Ol l.14) 11,207 73f, f3.MI 0.?42 541 13,731 

Forthe current baisa wood density wlth p/p, =0.12, the compressive strength of 16 MPa is similarto 

the plateau stress of 15.1 MPa with p/p, =0.137. 

Figure 4 of [Ref. 29] shows the effect of denslty on the stress-st ra in curves for confined specimens. 
The figure is duplicated as follows • .. ------------------~ 

... 

10 

.. , 
Strain 

Figure A.3-3 Effect of density on the stress-strain curves for confinedl specimens of baisa wood. 

(citedfrom [Ref.29), Figure 4b) 
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It is noted in the above figure that at wood density of 196 l<g/m3(cun,e D), the average compressīve 
stress of 16 MPa is very close to the current st rength specitication of Baisa wood. Therefore, the stress 
strain curve of baisa wood at ambient tempera tu re can be developed with a curve sitni larto Curve D of 

above figure that the plateau stress is 16 MPa and the lock-up condition approaches 75% of the 

volumetric strain Ievel. At the lock-up condition of the wood, the str,ess increases asymptotically wlth 

increastng strain. The stress-strain curvefor the baisa wood developE?d forthis calculation is shown in 
the table below. The slope of the stress strain curve is made positive· to rninimize the run problems 

often encountered ,n LsDYNA. The curve is for impact wlth direction parallel to t he axlal grain 

direction which is the direction the baisa wood is installed as shock absorber. 

Table A.3-2 Stress Strain Oata Developed for Baisa Woocl (p=l80kg/m3
) 

Volumetrfc Stress, 

Strain psi 

0.000 0 

0.020 1,500 

0 .040 2,000 

0.100 2,250 

0 .150 i,300 

0.600 2,400 

0 .700 2,600 

o.no 4,000 

0.800 6,000 

The stress-srrain curvefor the data in the above table is presented ai; follows. 

S,000 

:_ 4,000 

i 3,000 

"' 2,000 

1,000 

Stres Straln CUrve of 8al,.a Wood at Ambfenttemp~rature 

-stress strain-

t 

0.000 0.200 0,400 0 .600 0.800 1.000 
Volumetric Strain 

Figure A.3-4 Stress strain curve Developed for Baisa Wood (p=l80kg/m3
) 
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b. EFFECTS OFTEMPERATUREON THE STRENGTH OF BAI..SA Wooo. 

Basically, declining strengths can be expected in case of rtsing temperatures according to cited papers 

of (Ref. 30, Section 33.3J. The magnttude ofthe influence exerted b·~ the ternperature on the 

elasticity module amounts to as much as 40% between -20°c (-4°F) aind 60°C (140°F). The drop in the 

pressure strength amounts to about 55% between -20° C (-4°F) and +1so0 c (302°F). Assuming t he 

temperat ure effect varies l inearly with respect to ternperature, using: the compr6Sive stress at 
ambient temperature as the base line, the resulted compressive st re;s increase is 14% (=1.14-1) more 

for temperature at -40°F and 10% less (=1-0.899) for temperature at 1S0°F. The der ivation ofthe 
t emperat ure effect correction factors is presented in the following Tnble. 

labie A.3-3 Correctron Factors for Compressrve Strength o f Baisa Wood at extreme Temperatures 

at degree C (Ref. 30Error! Bookmark not defined.) -20 150 

at degree F 

interpolated and extrapolated 
-40 -4, 70 150 302 

Scalefrom research, (Ref. 30] 1.61 1.5!\ 1.42 1.27 1.00 

New scale to be us-ed in LSDYNA i11put 1.140 1.09 1.00 0.899 

c. POJSSON'S RATIO 

The Baisa wood is modeled using the LSDYNA material modei crusha ble_foam (Material 63 and 163). 

Afterthe initial limiting stress (the threshold of plastfc deformation), the material modei gener;illy is 

uncoupled between the axlal direction and the radial or tangential directions. Therefore, t he use of a 
plastic Poisson's rat1o of v=O,O is recommended . ln t his calculatfon, a small value of v=0.01 is used to 
represent the marginal effect. 

d. DYNAMIC EFFECTS ON STRESS•STRAJN CURVEOF SALSA Wooo 

Sīnce t here is no readily available published data on dynamic effects of baisa wood under impact, this 

calculation rel ies on the benchmark drop t est performed on the RAJ-11 containerto make material 

property adjustment to reflect the dynamic effeet on the compressive strength of the Baisa Wood. 

The strength correctlon factor will be <leveloped ftom the benchmarl< runs at ambient temperature 

then applied to the LSDYNA fllns for cold and hot temperature. 

The Baisa Wood is modeled using the LSDYNA material modei of Crw;hable_Foam. 
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A.4 Paper Honeycomb 

This is used as shock absorber forthe fo llowing applicatlons. 

• ltems 1, 2, 3, 4, 5 of Outer ContainerShock Absorber Assembly (Dwg 105E3741, Rev. 1) 

• ltem 4 of Protectlve Case (Dwg 105e3773, Rev. 1) 

This material is used as shock absorber primarily during the two Hori:zontal Drop orientations. Based 

on TN-Bl SAR Rev. 3 [Ref. 7] Table 2-3, the static initial peak stress ofthe Paper Honeycomb at 
ambient temperature is 2.35 MPa. The density oft he Paper Honeycomb is 0.06 g/cm3. Therefore 

The initial peak stress is 

a =-2.35 MPa = 342.3 psi 

The density ofthe Paper Honeycomb is 

p = 0.06 g/cm3
:: 3.746 lb/ft3 

or p = 60 kg/m3. 

a. LOAD-DEF!ECT/ON CURVE OF HoNEYCOMB MATERiAL 

The init ial peak stress is the stabilized compressive strength, which rE!presents the ultimate 

compressive strength of the honey comb in pounds per square inch. After honeycomb has exceeded 

its ultimate compressive st rength, it will continue to deform plastically and crush uniformly. The load 
deflection curve below shows such a typical response. 

'fypi cal La110-0 ellection Curve 

8am co,,.,pr,ou ive Strength 

The average crush load per unit cross.sectional area is defined as t he, crus.h strength, expressed in 

pounds per square inch. Honey comb will crush at virtually a constarit stress Ievel; hence its energy 

absorption capacity is predictable, making it ideal forenergy absorption applications. When used in 

this manner, the core is often pre-crushed slightlyto remove the compressive peak in t he load­

deflection curve. There is no test report on the honeycomb material used in the current analysis, 

therefore It ls assumed that the co111presslve l;)eak is removed and a preliminary load-deflection curve 

is developed as shown in thetable below. The graphical repŗesentat ion of the load-deflection curve is 
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presented following the load-deflection data t able. The actual value of the crush strength will be 

corrected by benchmarkingthe predicted acceleration (G) values aga,īnst the droptest result. Because 

the load-deflectioh curve behaves so much like atthotropic crushablei foam, and the other material 
properties of a true honeycomb are not known or relevant, the honey comb in the container is 

therefore modeled using the LSDVNA material modei of Crushable_F,oam. 

Table A.4-1 Load Deflection Data Developed for Paper Honeycomb 

Volumetric Stress, 

Strain psi 

0.000 0 

0.020 390 

0.040 350 

0.100 343 

0.200 343 

0 .300 ·343 

0500 343 

0.700 343 
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Load-Deflection Curve of Paper Honeycomb at Ambie1nt Temperature 
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Fīgure A.4-1 Load-Deflection Curve Developed for Paper Ho.neycomb 

b. POISSON1S RAT/0 

1 
1 

0.800 

The deforrnatfon of the honeycornb material generally is uncoupled between the axial direction and 

the lateral directfons. A srnall value of PR=0.01 is used to represent t he rnarginal effect of Poisson's 

ratio. 

c. EFFECTS OF TEMPERATUREON THE STRENGTH OF PAPER HONEYCOMB. 

Several studies on the effects of ternperature on the strength of paper were reported in [Ref. l 7]. 

Between -2s0 c and 175°c, the elastic modulus of paper decreases at an average rate of 0.3% per 
degree C. The ultimate strength of paper decreases at a rate comparable to the tensile rnodulus. 

Therefore, it is reasonable to assume that between -40F and 150F, thie change in paper honeycomb 
st rength is comparable; recognizing that the test for temperature bellow -25°c (-l3°F) is lacking. ln t he 

case of rnetaJs, where the test data are abundant material properties between · 20F and -40F, t he 

changes in elastfc rnodulus are verysmall. At cold temperature (-40°'F'). the'Stiffness correction factor 

(CF) applied t o the honeycomb mat er ial property of roorn temperature is 
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CF = l+ 0.003 x (70+40) x 5/9 = 1.18 

Where 

0.003-= rate of c;hange for the elastic modulus per degree C (-:.0.3%) 

(7o+40) = temperature span between -40°F to roorn tern peratu re (70°F) = 110 °r 

5/9 -= conversation factor between ° F to 0c 

At hot temperature (150°~). the sti.ffness correction factor (CF) applii~d to the honeycomb material 

property of room temperature is 

CF = l- 0.003 x (150-70) x 5/9 - 0.86 

Where 

0,003 = rate of changefor the elastlc rnodulus per degree C (,=0.3%) 

(150-70) = temperature span between 1S0°F to room temperature (70°F) = 80 °r-
5/9 = conversation factor between °F to 0 c 

Therefore, the correction factors for the honeycombstrength for col1d and hot temperature are 1.18 

and 0.86, respectively. 

d. DYNAMIC STRENGTH OF THE HONEYCOMB MATERIAL 

Since there ts no readily ava11able published data on dynamīc effects of paper honeycomb under 

impact, this calculation relies on the benchmark drop test performedl on the RAJ-11 container to make 

material property adjustment to reflect the dynamic effect on the co mpressive strength of the paper 
honeycomb. The strength correction f'actor will be developed from the benchmark runs at ambient 

temperature andthen applied to the L5DYNA runs for cold and hot tEimperature. 

A,5 Lumber (Hemlock) 

Thls wood is used as thermal insulator for the following applfcations. 

• lterns 24, 25, 26, 27 of lnner Contalner Main Body Assetn,bly (Dwg 105B745, Rev. 8) 

• ltem 13 of lnner Container Lid (Dwg 10SE3747, Rev. 4). 

• ltem 7 of lnner Container End Lid (Dwg 105E3748, Rev. 2) 

q. THE tLASTIC MODULUS AND DENSITT FOR COMPACTED HEJVILOCK. 

The Hemlock is used as the.rmal insulator; therefore there 15 no structural vah)e intended for the 
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Hemlock. Ouringthe end drop orientat ion, the Hemlock is notin the load path of the fuel bundle 

except its own weight . During the Horizonta! Drop olientation, t he H1emlock plat es provide support for 

the fuel rod bundle. Therefore the hernlock ts treated as elastic mahffial. The loadlng on the Hernlock 
is compression perpendicular to graih direction. The properties of th e Hemlock are taken frorn Ref. 18, 

Table 4-3b. There are 3 species of Hemlock wood published in [Ref . 18) . For th1s calculation, the 

Hemlock wood (Western Hemlock) with t he strongest modulus is conseivatively selected (that could 

produce the greatest acceleration durl ng īmpact), 

Specific gravity =0.45 from [Ref. 18), Table 4-3a, 12% moistu re content 

Dens1ty = 0.45 gm/cm3 = 0.016 lb/in3 

The cotnpressive stress parallel to grain = 7200 psl 

The compressivestress perpendicularto grain =550 psi 

The modulus of elasticity in t he parallel to grain direction = 1.63 x 10'6 lbf/in2
• 

Normally, the modulus of elasticity in the perpendicular to grain dire,ct ion takes t he same reduction as 

the compressive stress; therefore the rnodulus of elasttd ty in the perpendicular to grain direction is: 

E = 1.63 x l06 lbf/i1l x 550/7200 = 125 x 103 lbf/in2 

b. POISSON'S RATIO 

Per [Ref. 18], Table 4-2. the Poisson's ratio in the perpendicu lar to gr,ain direction (Radial to Tangential 

direction) is 

c. EFFECTOf TEMPERATURE ON THE EtASTIC MODULUS 

The same ternperature effect appHed to the Baisa Wood in Sect1on A..3 is applicable to Hemlock wood. 
Similarly, t he resulted cornpressive stress increase is 14% ('=1.14-1) rnore for temperature at-40°F and 

10% less (=1-0.899) for temperature.at 1S0°F. The same. tempera1:ure correction factor'S for the 
modulus of elast1city (compression perpendicular to grain) are presented in the following l abie. 
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Table A.5-1 Correction Factors for Compressive St rength o f Hemlock Wood atextreme Temperatures 

at degree C [endnote 17] -20 150 

at degree F 

Jnterpolated and extrapolated 
-40 .l.ļ 70 150 302 

Scale from research, Ref. 8 1.61 1.55 1.42 1.27 1.00 

New scale t o be used in LSDYNA input 1.140 1.09 1.0iO 0.899 

d. D YNAMIC EFFECT ON ELAST/C MODUW S. 

There is no published literature of exper iment dat a on the dynamic effect on elastic modulus of 

Hemlotk wood. The dynamiteffect of Hemlock īs not considered. 

The Hemlock wood is modeled usīng *Ma'-crushable_foam. The strlips are modeled as brick 
elements. 

A. 6 Alumlna Si/lcate 

fhis is used as t herrnal insulat o r for the following applicat ions. 

lt ems, 28, 29, 301 31, 32, 33, 34, 35 of lnner Container Main Body Ass;ernbly (Dwg 10SE3745, Rev. 8) 

l tems 14, 15 of inner container Lid (Dwg 105E3747, Re-v l.l) 

l tems 8, 9 of lnner Container End Lid (Dwg IOSE3748, Rev 2) 

a. THHLASTIC MODULUS AND DENSITYOFA LUMINA SIL/CATE 

The Alumīna Silicate ts used as thermal insulator; t herefore there is no structural value intendedfor 

the Alu mina smcate. Durirtg the end drop orientation, the Alumina Silicate is notin the load path of 

the fuel bundle except its own weight. During the Horizont ai Drop or ient ation, the Alumina Silicate 

blocks provide support for the f uel rod bundle and the Hemlock plaws. The Joading on the Alu mīna 

Silicate is compression. The densrty and compressive strength ofthe mat erial are given in Table 2·3 of 

TN-BISAR Rev. 3. 

Dens1ty = 0,25 gm/cc 

Density = 0.009 Jb/in3 

The compres-sive strength = 294 kPa :-42.6 psL A search on the internet found a commercial product 

provided byZircar [Ref.19] ctosely matches the density and strength of the Alum1na Sil icat e. The 
product data sheet is atlached in Appendix F. According to the Zircar data sheet, the compressive 
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strength is expre.ssed parallel to thickness at l.0% c:ompression. Therefore the modulus of elastidty is 

E-= 42 .6 ps i/0.l = 426 psi 

b. POISSON'S RATto 

There is no data available on the Poisson's r.itlo . Sfnce this is a ceran:iicfiber materia l with porous 

interior (as demonstrated by very low density), the deformation of tl'ie ceramie material,generally is 

uncoupled between the axial direction and the radial or ta.ngential d(rections. Therefore, the use of a 

Poisson's ratio of v=O ls recomrnended. 

c. EFF!CT OF tEMPERATUFIE ON THE'EIJST{C MOOULUS 

The ceramie materlal fs suitable for extreme high temperature servic,e up to 2600°F. T he mechanical 

st rength is not expected to change significimtly between -40°F and l.50°F. Therefore, the materīal 
property remains constant for th is calculation. 

d. 0 YNAMIC EFFECT ON ELAST/C MOOOWS. 

There is no published literature of exper iment dat a on the dynamic e:ffect on elastic modulus of 

alumina siltcate. Therefore_, the dynamic effect of alumina silicat e is ,~ot considered. 

The alumina silicate is a ceramie fiber with a rigid outer surface and unbound interior space. It is 

modeled in l5DYNA using material modei crushable_Foam. Since th,: material is loaded to less than 

10% strain, it behaves elastically in t his container applicatlon. 

A.7, Po/yethy/ene Foam 

Thls 1s used as shock absorber for the followlng appllcat[ons. 

• ltems 36, 37, 38, 39, 40, 41 of lnnerContainer M ain Body Assembly (Dwg 10SE3745, Rev. 8) 

• ltem 16 of lnner container lid (Dwg l05E3747, Rev 4) 

a, THE LOA!rDEFtECTION CURVE AND DENSITY OF POLYETHYLENE FOAM 

The density and compressive strength ofthe material are given in AREVA FSl-0014159 l'N-Bl Rev. 3 

[Ref. 71, labie 2-3. 

Specific gravity =0.144 

Density ,,,. 0.068 gm/cm3 = 0.00246 lb/ini=4.3 PCf 

Th1s is t he Type 111 materialspecified in [Ref. 20] . 

Per AREVA FSl-0021&99 Rev. 1, Section 3..S, t he compressīve strengtlh is 0.2MPa at 50% strain. 
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CJsor0.2MPa =29 psi 

Per Ref.13, forthe Type Hlfoam (4 PCF), the average compressivest 1re11gth at 25%strain is 16 psL 

CJH,?16 psi 

This matedal is modeled uslng LSDYNA mat erial modei crushable_foam in the calculation. 

b. POJSSO~S RATIO 

There is no data available on the Poisson's ratio. Sincethis is a foarn m.;iterial with porous interior (as 

demonstrated by very low density), the material deformation is gene,rally is uncoupled between the 

axial direction and the radial ortangential directions. Therefore, the use of a Poisson's ratio of v=O is 

recommendecl. 

c. EFFECT OF TEMPERA TURE ON THE ELAST/C MODULUS 

The mechanical strength is not expected to change signrficantly between -40°F and 1S0°F. Therefore, 

the material property remains constant for this calculation. 

d. OYNAM/C EFFECT ON ELASTIC MODULUS 

Based on a test sample of 50 mm thickx 125 mm x 125mm to ASTM ID1596 standard [Ret 21], the 
load-Deflection curve of the dynamic cushioning properties for the Type 111 foarn taken frorn Figure 2 

of [Ref. 20] ls shown in t he figure below. 
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Figure A.7-1 Dynamic Cushioning Curve for Polyethylene, Type 111 

According to the test procedure described in [Ref. 22], the shock perJformance of cushion materials is 
measured using īnstrumented tmpacts resulting in a cushion curve su1ch as that shown in Figure A.7-1. 

The cushion curve describes the Ievel of deceleration transmitted through a given thickness of material 

asa function .ofstatic stress (loading) on the cushion and the drop he!ight. 

Procedures for running a cushion curve are covered by ASTM 01596, 04168, and similar MILSpecs, 

They are basically a matter of dropping a guided platen of predetermined mass onto a cushion of 

known thickness and are.a frorn a given drop height. The amountof deceleration transmitted through 

the cushion is measured by an accelerometer mounted on the platen ottest block. The results are 
displayed on an oscilloscope or similar readout device. 

The procedure results in cushlon curves, such as those in Figure 7.3. 7'-1, with peak deceleratlon on the 

vertical axis and static stress on the horizonta! axis (static stress = weight/bearing area). fach C1.1rve 
should be drawn from a minimum of 5 test points (st at ic stress Ievels) and each test point is the 

average of the last 4 of 5 (t he first impact dat a point is discarded. Thi~ c1verage of No 2 to No 5 rmpacts 
as indicat ed on the above figure) deceleration readings from the cushion rnaterial. Most cushron 

curves have t he general shape of those in Figure 7 .3. 7-1 above. The left-hand portion of t he curve 
shows a relat ively high deceleration transmitted through the cushion,. ln this area the static stress is 

relatively low because ofthe light weight on the cushion; the object (the platen in the cushion test) 

does not have sufficient force to deflect t he cushion and the result is a rigid or "stiff" impact. The 

effect resembles dropping a product ont o a rigid surface. ln the center portion ofthe curve (where the 

cushion is being used effectively), the falling object has sufficient forceto deflect t he cushion and 
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cause the deceleration to be spread over a longer period of time. Th e result is a lower deceleration 

Ievel. On the right-hand portion of the curve, the cushion material is being overloaded and t he falling 

objectcontrnues rlght through t he cushion (rt bottoms out) and impa,cts with the surface on whlch the 
cushion is resttng. Thus, it approaches using no cushion at all resulting in, once again, high 

deceleration Ievels. It is desirable to usethe cushlon in the lower po1rtion of the curve where its 

performance is optimum. When the product limiting acceleration, weīght and deslgn drop height are 

known, the usable range of cushion area can be determined for a given cushion material and thickness. 

Assuming the Load-deflection curve ofthe cushion is linear; using t he formula in Page 10 of [Ref, 22], 
the deflection of the cushion can be calculated as follows. 

)(= 2 x H/(G·2) 

Where: 

X = cushion dynamic deflection in cm (or inches) 

H = drop height in cm (or inches) :c 60 cm 

G = the requtre deceleration Ievel (G's) 

Equation (a) 

Rememberthat t his exercise gives the theoretical dynamic deflection necessary, not the overall 

cushion th ickness. ln general, cushion materials such as expanded polystyrene and polyethylene foam 

wfll compress approximately 40 to 70% of t heirtotal th ickness beforn ''bottoming out'' starts to occur. 

More f lexible materfals :;uch as polvurethane foam will cornpress up to 80% of total thickness before 
beginning to bottom out. 

A typ1cal compressive Load-Deflectlon curve for the polyethylene foa m taken from [Ref. 23 J rs shown 
inthefigure below. 
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Figure A. 7-2 Compressive Load Versus Compresssion of Different fraction Open Celts. 
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The data table in FigureA.7-1 is processed into the table below. 

Table A.7-1 Dynamic Drop Test Data Processed 

1 2 3 4 5 

g value Stress from g value, psi 
Deflection, cm Volumetrīc Strain 

Based on Equation (a) based on Deflect ion 

Plat en Wt 
Min avera~1e (kg) 

Min average Max Min average Max Max min average max 

5.82 68.0 85.0 102.0 36.03 45.03 54.04 1.8 1.4 1.2 0.364 0 .289 0.240 

8.73 51.0 64.0 77.0 40.53 50.86 6l..l9 2.4 l.9 1.6 0.490 0.387 0.320 

li.64 41.0 51.0 61 .0 43.44 54.04 64.63 3.1 2.4 2 .. 0 0.615 0 .490 0.407 

14.55 'j8.0 47.0 56.0 50.33 62.25 74.17 3.3 2.7 2.2 0.667 O.S33 0.444 

20.37 42:0 52.0 62.0 77.88 96.42 114.96 3.0 2.4 2.0 0 ,600 0 .480 0.400 

32.01 51.0 54.0 n .o 148,€>1 186.49 224.37 2 ,4 1.9 1..6 0.490 0.387 Q.320 

A9.A7 70.0 88.0 }06.0 31 5.2.3 396-'28 477.~4 1.8 1.4 u 0.353 0.279 D.Z31 

ln the above labie, data ih column No. 1 and 2 are taken directly fronn the dala table ih Figure A.7-l. 

The stress ih column No. 3 is calculated based on theformula below. 

Where 

CJ = Force/ area 

Force = m x G 
m = mass of platen, given in data t able of Figure A.7-J 

G = acceleration given in data table of Figure A. 7-1 

Area = surface area of polyethylene foam = (12.5 cm x 12.5 cim = 24.2 in1
) 

The dat a in column No. 4 are derived from equatlon (a), where the h,eight is H=60 cm. 

Note that It is desirable to design with t he cushion in the lower portion (where t he.stress.es are lower) 

of the curve in Figure A.7-1 where its performance is optimum. Based on the average stresses in the 

above table (rows No. 2, 3, 4) and t he PolyPlank [Ref. 24] specification at 25% strain, t he load­

deflection curve is tabulat ed below. The stress value beyond strain lt~vel of 0.522 is t he best-.guess 

value from the drop test data. Accordingto the material description provided byvendor, Polyethylene 
foam is a resilient material that has very llttle degradal ioh with repeg1ted impacts. 
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Table A. 7-2 Load Deflectlon Data for LSDYNA An,alyses 

Strain Stress, psi 
0.000 0.0 

0 .250 23.0 
0.387 50.9 

0.490 54.0 

0.533 62.3 

0.600 90.0 

0.75 200.0 

The Load-Deftection dat a in t he above tabte is plotted as fottows; wh iich is similarto t he Figure A.7-7.. 
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Figure A.7-3 Load-Deflection Curve used for the LSD'VNA input. 
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Appendix B Reconfirmation of ATRIUM -11 Fuel Assembly Structural lntegrity 

8 .1 Jntroduction 

As reported in [Ref. 2], t he ATRIUM-11 fuel assembly can withstand the 30ft-drop irnpact Uslng the 

accelerations measured at 1he inner containershell ofthe CTU taken from the droptest [Ref. l ] which 

was perforn1ed at room temperature condttīon. The structural integrity and plastic stablllty ofthe fuel 
assembly fs confirmed by subjecting the fuel assembly to amplified, factored {140%) peak accelerations 

ofthe actu<1I droptest, Thīs procec;:!1.ne estabfi:;hed that the minimum foctor of safetyfor thefuel 
assembly fs greaterth.in 1 ,4. 

When the ambient temperature drops below room teh'\perature, the stiffoess of the impact·absorbing. 

material in the TN-Bl container becotne greater. The change in stiffness at lower temperature for the 

stainless steel in the container shell is lnsigni'ficant. u nder the cold temperature condition, when the 
container is dropped from the 30·ft height during the transportation accident, theacceleration 

experienced by the inner container and the fuel bundle betome greater than that occurred durlng a 

room temperature drop condition, With lighter payload, the 1nner container acceleratlon becomes 
even greater. As reported in the main text of th1s report, the bounding acceleratīons ofthe drops 

occur at cold temperature are tabulated below and compared with the measured acceleration for 
drops performed at room temperature. The acceleration for corner drop is not included because it is 

bound bythat of the end drop and Horizonta! Drop oonfigurat[on. The accelerations f or hot 

t emperature drops are not considered because they are bound by that of the cold temperature drops. 
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Table B.1-2 Designc1tion of Analysis Drop Cases for Fuel Assembly Evaluation 

CaselO Correspondlnc Drop Case Drap Orientatlon 

HAC-FAI HAC14 HAC free drop, Vertical Bottom End 

1-lAC-FA2 HAC16 HAC free drop,15° shallow angle off Horizonta! Drop on Lid 

8-2 Amplified Acceleration Time Hrstorles 
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8.3 Acceptance Criteria 

The fuel cladding is the containment boundary. The ultimate strain oft he dadding material Zircaloy is 
16% as listed in Section 7.3.1. Therefore, t he criter ia for plasticstability are described below. 

(1) The plast icst rain of t he claddrng material does not exceed the uttimat e strain to prevent 

breach ofthe containment boundary. 
(2 ) There is neither gross deformatlon of the fuel rods nor localized structural collapse of the fuel 

bundle array. 

8.4 Flnlte Element Models 

The finrte element mod els of the fuel assembly to resist end drop is shown in Figure B.4-1 below. The 
fuel assembly modei 1s t he same modei as described in [Ref. 2]. Below the (Lower Tie Plate) LTP of the 
fuel assembly are the hemlock wood and the Alu mina Sil icate plates that a re ins'ide the inner 
container. The rigid plane represents the inner container end shell where the acceleration is measured 
from the container drop analyses. 

Hemlock 

---Alu mina Silicate 

- --Rigid Plane 

Figure B.4-1 FEM Modei of the Fue l Assembly for the Plastic Stability Evaluation against End Drop lmpact 
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For the Hor izonta! Drop analysis, partial view of the finite element modei is shown in Figure B.4-2 

below. This is the same FEM modei described in [Ref. 2]. The cushioning material of hemlock wood 

and the Alumina Silicate plates are conservatively ignored in the modei. 

RigidWoll 

" 

' 

Fuel ,ASsemblv 

Flgure B.4-2 FEM M odei of the Fuel Assembly Plastlc Stabllity Evaluatlon against 'the Horizonta! Drop impact. 

8.5 Plastic Stability Eva/uation Results 
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Figure B.5.1-1 Plastic Strain of the Fuel Assembly after 30-ft End Drop Accident, Case HAC-FAl 

Figure B.5.1-2 Deformatlon of the Fuel Assembly and L TP after 30-ft End Drop Accldent, Case HAC-FAl 
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Figure B.5.2-2 Deformation of the Fuel Assembly near the Handle, 30-ft Horizonta! Drop Accident, case HAC­

FA2 

8.6 Fuel Assembly Structural Stabilfty Conclusion 

From the above observation, it can be concluded that under the cold temperature condition, with the 

greater impact accelerations and lighterfuel load, the fuel assembly maintains a factor of safety of 1.4 

against plastic instability. 
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APPENDIX C. Shipplng with A Slngle Fuel Assembly in the TN-81 Contalner 

C.1. lntroduction 
The total welght of the TN-Bl container wtth payload tn the drop simulation [main report] is 1614 kg. 

The weight of the ballast simulating the two fuel bl.lndle is 684 kg. The wei,ght of the TN, 81 cont ainer 

is 930 kg. It is based.on the assumption that the TN-Bl container is fu lly loaded t hat the LSDYNA 

simulation of t11e accfdent drops of the fuel bundle is performed as reported in the rnain report. 

According to Appendix B of Ref. 2, t he TN-81 container (2050 pounds) may be shipped with one fuel 

assembly: (584 pounds) and one ot her component with a minimum weight of 65 pounds. When the 

TN-Bl container holds the reduced we1ght, t he dynamic behavior of the sh ipping contalner is altered 

and the effects on the peak acceleration is determined and reported in t his appendix. 
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Figure C.2-1 Acceleration Time History lnput to the Bottom End Drop Case HAC-SFAl 

C.3 Acceptance Criteria 

The fuel cladding is the containment boundary, The ultimate strain of the<:ladding material Zircaloy is 
16% as listed in Section 7.3.1. Therefore, the criteria for plastic stability are the same as described in 
Appendix B. 

C.4 Finite Element Models 

The finite element mod els for this plastic stab111ty evaluation for single fuel bundle consist of the fuel 
assembly impacting on a rigid plane. The modei for the fuel assembly is t he same modei described in 
[Ref, 2]. There is no cushiorting materral in the modei. Forthe end drop analysis, the finrte element is 
shown in Figure C.4-1 below. 

PageC4 ofC7 

Th'is document is sub ct to the (estrictions set forth on tlie first o( title a 

A 
AREVA 



N• 

1 

1 

FS 1-0025122 Rev. 1.0 

Page 
158/177 

/\TKINS 

TEP - Technical Report 

Design Analyses and Calculation 

Fuel 

Bundle 

Cage 

------- Rigid Wall 

Flgure C.4-1 Finlte element modei for the 30-ft end drop lmpact of a slngle fuel bundle, Case HAC-SFAl. 

For the Horizonta! Drop analysis, the finite element is shown in Figure C.4-2 below. 

Rigid Wall 

' " ' '.. 

Figure C.4-2 Finite element modei for the 30-ft Horizonta! Drop impact of a single fuel bundle, Case HAC­
SFA2. 
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C.5.1 End Drop Evaluation 

C.5.1 Horizonta! Drop Evaluation 
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C.6 Fuel Assembly StructurQ.I Stabllity Conc/usion 

From the above observation, it can be concluded that un der the cold temperature condition, with t he 
greater impact accelen1tions due to the very ltght weight of a single fuel bundle, the fuel assembly stili 
maintains a factor of safety of 1.4 against plastic stability. 

PageC7 ofCT 

Th'is document is sub ct to the (estrictlons 9"1 fi:Jrth on the first o( title a 

A 
AREVA 



N" 

1 

FS1-0025122 Rev. 1.0 

Page 
'161/177 

/\TKINS 

APPENDIX D Pin Puncture Evaluation 

D.l Code Requlrements 

1 

TEP - Technical Report 

Design Analyses and Calculation 

10 CFR Part71.73 (3) requires that a free drop of t hespecimen through a distance of 1 m {40 in) in a 

position fotwhich maximum damage is expected, onto the upper end of a solid, vertical, cylindrical, 

mild steel bar mounted on an essentially unyielding, horizonta! surface. The bar must be 15 cm (6 in) in 

diameter, wrth the t op horizont a! and its edge rounded to a radius of not more than 6 mm (0 .25 in)1 

and of a length as to cause maximum damage to the package, but not less than 20 cm (8 in) long. The 

long axls of the bar must be vertical. The drop case is designated as Case HAC-PINl. 

D.2 Pin Puncture Analysis Methodology 

A single "worst-case' 30-ft free drop is required by lOCFR 71.73(c)(1). The p in puncture is evaluated at 

elevated ambient temperature of 150QF, where the stiffness ofthe packaging material is t he lowest. 

Asshown in Figure D2-l below, a rigid plane with 25-degree from the hori2ontal and a r igid pin of 6-in 

diameterwith 8-in long erected in t he vertf.cal direction are created for t he sequential drops of (a) 30-

ft drop ofthe package w it h the līd dow n fo llowed by (b) a 40-in vertical drop.on t he pin w it h t he lid at 

25-degree from horizonta!. The orientat ion of the Hd afterfirst impact is the drop orientat ion with the 
maximum damage [Ref. 7, Section 2.7.3]. The finite element modei is shown wi th a cross-sectional 

view. 
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D.3 Puncture and Penetration Results. 

Figure D.3-1 and D.3-2 below show the package before and after the impact respect ively. The pictures 

demonstrate t hat t he absence of the rigid plane at t he beginning of the secondary impact (pin 

puncture). 

Figure D.3-1 Package Before the 30-ft lmpact 
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Figure D3·2 Package After the 30-ft impact and Pin Puncture 
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D.4 Conclusion of Pin Puncture 

The puncture pin did not penetrate the outer container. It deforn1ed the lid inward and īt contacted 

the inner container lid and deformed it a small amount. The outet lid total deformation was lessthan 

4.7 inches and1he inner container lid deformed less than 0.6 inches. 
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APPENDIX E Usting of lnput Files 

The input flles for the analysis are llsted in this section ;rnd s~ored on the DVD. For each of thedrop 
case, the folder name, file name, and the simple description ofthe file are li$ted, 

Table E·l. LSOYNA lnput Files, Norr:nal Conditions of Transport 

NCT01 Top End Drop -4o•F 
Run fi le Run end 2 m13a h40 normal.dyn 

\end2\normal_n40 
Geometry fil,e Top_end_drop2_geom13.dyn 
Material file Matproo-40a_1614_m13.dyn 

Node constraint file Const rainlid.dyn 

NCT02 Bottom End Drap .4o•F 

Run flle Run end l rnl 3a n40 normat.dyn 

\end l \normalJ 140 
Geomeu-y Hle SOL end dropl geom13.dyn 
Material file Matprop-40a 1614 ml 3.dyn 
Node constraint file Constrain lid.dyn 

NCT03 Horizontal Drop on Lid -40'F 
Runfile Run side 3 rnt 3a n40 normal.dyn 

\sfde3\normal_n40 
Geometry file Side drop3_geom1.3.dyn 

Material file Matprop-40a 1614 m13.dyn 
Node constrafnt file Constrainlid.dyn 

NCT04 Horizon ta! Drop on Side ·40°F 
Run file Run side 2_ml3b n40_normal.dyn 

\side 2\ normal_n40 
Geometryfile Side_drop2_geom13.dyn 
Materfal flle M;;tprop-40a_l614 m13.dyn 
Node constraint file Cor1Strainlid.d yn 

Table E-2. LSDYNA lnput Files, Hypothetic1;1I Accident Conditions 

HAC() l Top End Drop 4o•F 

Runfile Run_end_2_m13a_n40.dvn 

\end2\negi!Odeg 
Geometrv file Top_end_drop2_georn13.dyn 
Material file Matprop-40a_i 614_ml 3.dyn 

Node constraint file Constrainlid.dyn 

HAC02 Bottom End Drop -40' F 
Run file Run_end_l _ml 3a_n40.dyn 

\end 1 \neg40deg 
Geometry frle BoL_encl_drop1_geom13.dyn 
Materlal file Matorop-40a 1614 ml -3.d n 

Node Ģonstrafnt file Constrainlfd. d yn 
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HAC03 Horizonta! Drop on Ud -40'F 
Run flle Rlm_ side_3_m13a_MO.dyn 

\slde3\heg40deg 
Geometry lile Side_drop3_geom13.dyn 

Materfal file Matprop-40a 1614 m13.d n 
Node constraint file Constrainlid.dyn 

HAC04 Horizont.oi Dfop on Side -40°F 

Run file Run_side_2_m13b_n40.dyn 

Side_drop2_geom13.dyn 
\side2\neg4Qdeg 

Geometry file 
Material ftle Ma rprop-4 Ob_ 1614 __ŗn13.dyn 

Node constraīnt fīle Constrainlid.d\ln 

HACOS Corner Drop on L!d -40° F 

Rvnfile Run_ corner _2_ m 13a _n40.dyn 

8ot_corner_drop2_geom13.d yn 
\comer2\neg40deg 

Geometry file 
Material file Matprop-40a_1614_m13.dyn 

Node constraint fi(e Constrainild.dyn 

HACOG Corner Drop on Side ·40°F 
Run file Run_ corner _1Jnl3 _n40a.dyn 

Bot_corner _ d ropl _georn 13.d yn 
\comer"l \neg40deg 

Geometry file 
Material file Mafprop-40a 1614 m13.d n 
Node constraiŗ,t file Constrainlid.dyn 

HAC07 Top End Drop 150"F 

Rlln file Run_end_2_ŗn13a_150.dyn 

Top_end_drop2_geom13,dyn 
\en<1.2\150deg 

G'eometry file 
Material file Matprop150a_1614_m13.dyn 

Node constraint flle Constrainlid.dyn 

HAC:08 6ott-0m End Drop 150°F 

Runfile Run_end_l _ml 3a_150.dyn 

6ot_end_dropl_geom13.dYn 
\end 1 \150deg 

Geometry file 
Materfal file Matprop1SOa_1614_m13.dyn 

Node constraīnt fi!e Constrainlid.dyn 

HAC09 Horizonta! Drop on Ud 150°F 
Run fi le Run_side_3_m13a_150.dyn 

Side_drop3_g-eom13.dyn 
\side3\150de8 

Geometry file 

Material file Matproo150a._1614_rn13.dyn 

Node constrafnt file Constrainlid.dyn 

HAClO Horizonta! Drop on Side 150°F 

Runfile Run_side_2_m13b_150.dyn 
\side2\150deg Geometry file Side_drop2_geom13.dyn 

Material file Matpropl 50b_1614_m1!3.dyn 
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Node i:onstraint file Constralnlid.d yn 

HAC11 Cmner Drop on Lid lSO"F 

Run file Run_comer_2_m13a.._150.dyn 

Bot corner drop2 eom13.d n 
\c.orner2\150deg 

Geomet flle 
Material file Matprop150a_1614_m13.dyn 

Node <:ons traint file Constrainlid.dyn 

HAC12 Cor'ner Drop on Side 150°F 

Run fi le Run_corner_1_m 13_150.dyn 

Bot_corner _dropl_geom13.dyn 
\comerl \150deg 

Geometrv file 
Materfal file Matprop150a_1614_m13.dyn 

Node cons traint file Constrainlid. d yn 

HACl 3 Bottom lind Drop, Heavy Load -40• F 
Run flle Run_ end_ 1._m13a _n40 ~heavv .dyn 

Bot_end_drop1_geom13.dyn 
\end l \ne.g40 _heavy 

Geometry ftle 

Material file MatprQP-40a_16SO_m13.dyn 

Node constraltit f1le Constrainlid.dyn 

HAC14 Bottom End Drop, IJght Load ·40"F 

Run file Run_end_l _m13a_n40J ight.dyn 
Sot end dropl eoml:l.d !1 

\end!\neg40_1ight 
Geomet file 
M~t&rial file Matprop-40a_1510_m13.dyn 

Node constraint file Constrainlid.dyn 

HAClS Horizonta) Drop on Side, Heavy Load -40°F 

Run fi le Run_side_2_ml 3b_n40__heavy,dyn 

Side_drop2_geom13.dyn 
\side2\neg40 _ heavy 

Geornetrv file 
Material file Matprop-40a_1650_ml 3.dyn 

Node Ģonstraint file Constrainlid.dyn 

HACl 6 Horizonta! Drop on Side, Light Load -40' F 

Run file Run_side_2_m13b_n40_light.dyn 
Side_drop2_geom13.dyn 

\side2\neg40_1ight 
Geometry rn.e 
Material file Matprop-40b_1510_m13.dvn 

Node constratnt file Constrainlid.dyn 

HAC17 s• ShallO\v Mgte Horizonta! Orop on Side .4o•F 

Run file Run_slap_2_5deg_m13b_n40.dyn 

S1ap2_5deg_geom13.dyn 
\sl-ap2-5\neg40deg 

Geometry rlle 

Material file Matprop-40b_1614_m13.dyn 
Node constraint file Constrainlid.dyn 

HAC18 10' Shallow Angl e Horizonta1 Drop on Side-40'F 
Run file Run_slap_2_10deg_m13b_n40.dyn 

S1ap2_10deg_geom13.dyn 

Paļle- E3 ofE6 

This document ls sub ct to the restrictlons 9"1 lorth on lhe flr:st of'thle a 



1 

N" FS1-0025122 Rev. 1.0 
A TEP - Technical Report 

1 
Page AREVA 
169/177 

/\TKINS 
Design Analyses and Calculation 

Material file Matproo-40b 1614 m13.dyn 
r,/ode constraint file Constrainlid.dyn 

HAC19 15° Shallow Angl;;, Horizonta! Orop on Side -40'F 

Run file Run_slao 2_1$deg_rnl3b_n40.clyn 

\slap2-15\neg40deg 
Geometry file S1ap2 15deg_geom13.dyn 
Material file Matprop-40b 1614 ml 3.dyn 
Nodeconstraint rite Constrainlid.dy,n 

l abie E-3. LSDYNAlnput Ffles, Valldation Runs 

HA.C-Vl, KAC Bottom End Dr-op, 1490 Kg Package Weight, 70°F, GNF-Japan 
Ruri file Run end 1 m13a 70.d.yri 

\end t \test70 
Geometry file Bot end drop l geom13.dyn 
Materfal file Matprop70a 1490 m13.dyn 
Node constraint file Constrainlid.dyn 

HAC-\/2, liAC t-lorizontal Drop on Lid, 1490 te;g Package Weight, 10'F, GNF-Jaoan 
Run file Run side 3 m13a 70.dyn 

\side3\test70 
Geometry fi11: Side ctŗop3_geom13.dyn 

Material flle Matprop70a t 490 mB.dvn 
Node constra'int file Constrainlid,dyn 

HAC-V3, HAC Bollom End Drop, 1614 Kg Package Weight, 70°F, NTRC cru.2 
Run file Run_end_l._ml 3a_70.dyn 

\end1 \te~t70_1614 
Geometry file Sol_end droPl geom 13.dyn 
Material file Matprop70a 1614 m13 .. dyn 

Notle constraint file Constrainlid.dyn 

HAC-V4, HAC 15° Shallow Angle Horizontal Drop on üd, 1614 Kg Package Weight, 70~F, NTRCCTU-1 
R\Jn fi le Run slap 3 tSdeg m1'3a 70,dyn 

\slap3-15\test70_16 l 4 
Geometry file Slap 3 lSdeg geom13.dyn 
Materral file Matprop70a 1614 m13.dyn 

Node constr.;11nt lile Constrainlid.dyn 
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Tabte .E-4. LSDYNA lnput Files, Appenqh< B Runs 

HAC-FAl , Fuel AssembJy Evaluat lon for End Drop Case HACl4 

\ Appendix B Fuel Analvses\HAC· 
Run l ile HAC014_1ncon_wood_480G_rur,.k 

FAl BtmEnd lnCon 480G HemBalsa 

HAC-FA2, Fuel Ass-embty Evaluat ion for Horizonta! Drop Case HAC16 

\.llppendi~ B Fuel Analyses\ļ,AC-
Run file HAC016_Side_Cold_380G_2V.dyn 

FA2~SideDrop_ZV_INcon_380G RW 

Table E-5. LSDYNA lnput Files, Appendix C Runs 

HAC-SF1, HAC Bottom End Drop, 294 Kg Single Fuel Assembly weight, -40°F 

Run file Run end l m13a n40 294.dvn 

\end 1 \neg40 _294 
Geometry file Bot end drop1_geoml.3.dyn 

Material file M atprop-40a 1224 m13.dyn 

Node constraint file Constrainlid.dyn 

HAC-SF2, HAC Horizonta! Drop on Side, 294 Kg Single Fuel Assembly wefght, -40°F 

F.\ln file Run side_2_ml3b_n40_294 .dyn 

\slde2\neg40_294 
Geometry file Side drop2 geom13.dyn 
Matetial file Ma{ptop-40b_1224_m13.dyn 

Node constraim fi(e Constrainlid.dyn 

HAC-SFA 1 Single Fuet A..sembly Evaluation for End Drop Case HAC, SFl 

Appendix C SingleFuel 

Analysis\HAC· Run file HAC014.fuel.Ji.W_650G_RUN.K 
SFAl _EndDrop 

HAC-Sf A2, Single Fuel Assembly Evaluation for 1-/orizontal Drop Case HAC-Sf2 

\Appendix CSingleFuet HACOl 6_ Side _ Cold _533G _ZV.dyn 
Analys is\HAC· Run fite 
SFA2 SideOrop 
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Table E-6 fuel Assembly ReeV&luations and Pin Puncture Analysis 

HAC-PIN1 Pin Puncture Evaluation For Horiiontal Orop 
Ron fil e Run pin3 rn l 3a n40 TF5.dyn 

\Appendix O Puncture 
Mater'ial file rna tprop-40a 1614_m19.dyn 
Geornet ry file side _pin3 _geom13.dyn 

Node constraint lile constra inlid.dyn 
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Appendix F Vendor Data Sheets 

F.1 Product Dota Sheet of A lumina Silfcate 

B.IUl/2015 

You aro nere: 1::1.Q.!ne: > ~ > a191g Mattt1a1·5 > Atum1na..Slllca Produc.ts > AXL & AXHTM 

@ Alumlna.Slllca lnsulation Type AXL & AXHTM 

GENERAL INFORMA TION 
ZIRCAR Alumina-Sitica tnsulation Types AXL & AXHTM are s!rong rtgid 
relraotoiy struotures oi hlQh tempera1ure ceramie ijbers and h\gh purity 
ino,ganic binders. Utilizing an ,norgamc sillca binder syslem Type AXL 
and Type AXHTh1 offer low lllermat con<lucfivlty, excellem lllermal sh<lCk 
reoistance and are an effecilve lhermal lnsulalor in numerous !hennai 
prooe8s systerns. 
AXL ,s suitable lor use 10 l.emperalures of 1260' C (2300' F), AXKTM is 

suilable ror 1427°C(2600' F) They are 
noced for cne\1 rlgld OUlel' surtaces and 
unbound inleriors ln applicaoons whete it 
IS neressaiy to ruslom cul these mate~als 
their oliginat e><lefi0< hardness can be 
easity restored With the use oi ZIRCAR ., _ ______ Slllca Rtgldlzer Type St.RļG. 

AXL & AXHTM conta,n no organle blnders and produce 110 s1noke ot o<IO< when heel.ed. 

CHARACTERISTICS & PROPERTIES 

AXL AXHTM 

c- t Wttlie rm tan wm --btoM\-areas 

Typical Composi11on, % 

Al:i(l3 'JŖ 

5102 62 

Organics 0 

Butk Denslly, gmlcc (pe~ 0.28 (18) 

Maximum Use Tempe<aiure·. ' C f°Fl 1260 (2300) 

Unear SMnkage;_ % 

24 rn. at 1000"C ( 1832' F) 1.!li 

2• 1vs. At 12oo•c (2192'Fl 2.5 
Tl1ermal Conductmfy . W/m'K (BTU/llf n• ' F/ln) 

400' C (752' F) 0 .10 (0,8) 

BOO' C ( 1472' F} 0.17 (1.2) 

11 oo•c <;2012'F) 022(1.5) 
Flexural Strenglh .. , Mpa (psij 0.17 (26) 

Compressrve Strengu,·• Mpa (r:>Sl) at 10% Compn,sslon 0.05 (8.1) 

Duromete, .. , ASTh1 02240, (PTC Type A. Modei 3-06L) ~20 

• Maxlmum use lef11ļ)OO!Wfe ,s dependent oo vanalltes such as sires.ses. bolh 
thermal and mechanical, and the. chemical environmenr that 1he mater'iat 
expe<lences. 

•• PropenJes expmssoo parallel 10 lhlo:ness. 
t Propertles expressed perpe,>dlcular to thlci<ness. 

SUGGESTED APPUCATIONS 

59 

41 

0 

0.26 (16) 

1427 (2600) 

. 
0.75 

0.08 (0.6) 
0.14 (1.0) 

0.26 (1.7) 

0.14 (21) 

0.03 (4.8) 

~15 

Pnmaiy themial lnsulation ln fow mass turi,a""' and lhetmal process systems operating to 1260'C(2300'F) tor AXL and 
1480' C (2696"F) lor AXHTM. 

Baclrup tnermal lnsulaUon in r\lmaces and thefmal process systems operaung 10 high temoeratures. . .. 
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F.2 PolyP/ank EXT Dota Sheet 

1 rcg, 

PolyPlank® EXT 
Typīcal Physfcal Propertles 

Pl'Qpe,ty TntM•thod 1,TPCF 2.2PCF 4f'CF 6PCF 9PCF 
TVDe Ī""-1 fu-J oype 111 Tv""IV r-v 
Oens.t)I Ob/!11 ASTM ().3575 NLT 1.6 NTL21 NLTH NLT57 NTI. 8 8 

SUFFlXW 
Celi Count (cellSlincll) ASTM0-3576 20 24 ,o JO 30 
eomr,eesova Strenglh 

ASTM0-3675 6-1 7 9 13-20 26-30 46 (lblln) as111 
50'W, SUFFl>C 0 1~ 12-16 16 24 36-.a 62· 70 

Camp-\/llS.I ,,.) 
2Jn "-STM0-3575 21 22 9 10 20 

241n SUFflXB 16 16 8 7 11 
Cornpr-ive Creep (%) ASTM [).,3575, 

SUFFlXBB 6 6 08 0.8 08 
WaterA~pllon (ll>lll') ASTM0-3S75 

SUFFIXL 000 004 0.02 0.02 005 Tot,m,al Stat>l11Y (~! ASTM0,3575 <2 <2 <2 <2 <2 
SeMcc T emperalUr" 'f -3011> .JO 10 .JO IC -30 to -30lo•IB0 

•180 •180 •180 +180 

For Antl.stallc Pl'Oduet Onlv 
Elewos1a1to Oecav EJA 541 oeconds L ... Than2 o 
Sur!a~ Resistl\Htv EIA 541 Ohms >\ 00 • 10· ~, 00 • 10 

For Flre Retarttanl OnN 
UL Ltlted UL94 C!a,afied HF-2 

For FIN! Rttatdant A/S Product OnlV 
Aame Spr- lnoex ASTME-162 -<25 
:=in&Ckfīc JDbcal Oensatv ASTM= <100 

1 Oenolea p,ope~le> spec:,f,O(f ,n C1D-M~9136, rrorme11y FoderaJ Speomcauon PPP.C.17S2DJ 

This document is sub' ct to the restrictions set forth on the first or tille a 
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F.3 Dota Sheet for Zircaloy 

TECHNICAL DATA SHEET 
Reactor Grade Zirconium Alloys for Nuclear W aste Disposal 
ZIRCON IUM ALLOY S 

Zlrconlum h: a commercl:illy ovall:'1.ble refr:ictory meaat wlth excellenc corroslon restsunca, good mech.11n1cal 

pro~rdes, very Jow therm:il Mutro11 cross sec-dol'\. and an b@ ma.nuf:lttured usil"g sundard bbriotlon 

~ocholqucs. The unlquo propertles ai zlrconium m•de 1deal cl•ddlog maierial ror thc U.S. N•"Y oucleor 

propulslon prognm ln che l 950's. The lnltlal commerclal nudear power reactors used stainleu s.teel tO cbd tht! 

unnlum dloxld• fuol duo to coK e..Jt by mld-1960 zlr=lum •lloys were tho pnnclple claddlni matorlal due to 

the supcrlor neuu--on economy and cort0sfon r"csisuncc. Theie same tirconlu1T1 alloys ne 1lvaīlab1e to dcsignen 

or hJgh Ievel nuclear waste dtīpos.at container1 as internaJ componenu or C)ftern.il ,1.idding. Additlonat 

•dvintages oi iircoolum •lloy, lor long term nu<inr wute dl,pont lo<ludc vxccllcnt r.di,tlon n•blllty •nd 

100% comp;idbfnty wich eKl.sthlg Zircaloy fucil da.ddi"& to aJl~t• any concorns: of ga.lVJnic corrosion. 

The "3rious zln:on!um a.Jloy (r..tde.s used ln Wllter ... coolod 11uclur re.;1ctors ar·e :s.l.so 3Va1lable for nucle..ar waste 

di.spor.al cornponanu. Reactor grade dostgnaces ch:u thē mue.rbt h:is low hafnium content ,oitable! for nuclear 

Sl>l'Vice. Tho hafnium i., typie>lly 0.010% moxlmum. The Americ,n Socloty lor Testlng •nd M>terbl, (ASTM) 

offer, Wtdely recognl1ed gndes or 2lrconlum •lloys. Zlraloy-2 (GJ.de R60802) t, composed oi Zr- lS:4Sn-

o. i S"fe•O. l "Cr-0.0S%Nt •nd h•• been prodon,lnondy wed u fuol cl~ddlng ln Bolllng Water Re,ctors (BWR) 

and as CAl•ndrlo tublng ln CAN,dian Douterlum Uranlum (CANDU) re.ictor types. Zlrc>loy_.. (Grnde R608<>1) 

h~ removed the nfckel ind lncr-caied the lron c:o,mmt for less hydrogen 1.1pt1ke in certalo reactor condition,. 

The 21ioy is typlally used u rual cloddlng ln Prcuurlzed Wator Re.acton (PWR) 2nd CANDU reactors. The 

nominot Zlraloy-4 composltion ls Zr- l .5%Sn..0.2"Fe.O. l "Cr, Reflnemenu ln <ho lngot homogenclty l)avc 

allowed tlghtcr coouol o r the • lloy elemenu within th• ASTM specifiadon. Conuollod Corop<0sldon 2.ircaloy 

offers- optlml1.ed ln•;r"eo\.ctor corfloslon resisonce by ;i.djunlng the alk>y atm polnt wlthln che ASTM spedflcatlon 

"1ngos. Controlied Compo<ltlon ZlrC3loy-4 h:>s lower dn ( i-3") and hlgher lron (0.12"') th•n the nandord 

gnde. Zr-l.SNb (Grode R60904) I• • bln•ry • lloy wlth nlobhlm to incrone the strength. The alloy h"' been 

uclllzed for pressure tubes ln CANDU r03nors. Non,re,etor gnde Zlrconium 702 (Gnde R~702) h>s 4 5% 

m»<lmum h•fnlum •nd ls •i1<> avall>ble lrom Woh Ch,ng. 

Zlre:onlum ~lloys have superior thermal properdes <ompa.red to other tr:idltiona.1 materials in iconsideruion fot· 

$pent nucl„r fueJ contaloer1. Zlrconlum alloys hava • therm•I conductMtY more th>n l°" hix;her th•n stainlou 

neel alloys. The- Hnear cotfficlenc or thērmal e_xp::mslon ror Zirconlurn alloys ts uearly OOlMhlrd the value tor 

S01.lnles1 Jtttl givlng zircoŗi1um alto~ supertor dfmenslon:d smbllfty at elcvat ed tempentures. T his ls an 

.advantage Jn nucle;ar wute conWncn whert tcmpenal\lre.s could exceed 20<rC (or hundreds of years... 

Zlrc,loy•l and Zirc.,loy•4 have • hengo11al close-packed (HCP) Cf'Y'tlll strucwrc at room rem p<r>wre as M 

alpha pha>e. The beta phase 1, body cen,ered cublc ļBCq •nd begins to rorm upon he.1ting to approxtmacety 

8 10-C. The frncdon or bet:i phase lncreases with tempentiture unrll «>mplete r.rnosforrnatlon to bera phan 
n.,. .,.w,1at.iK._1,._11, - n..a.-"'••l- 1i,~,..1-«. ifkAltJIIIOII C11' ._. W-..,,. 

Oof.t0\.,.,., ,... .... 1.1..,_.e.,-·"""~ ""''l,- tl,0oct.Mft'l ( ~1W,,..~l'10I Pagolof1 
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occurs ac approxlma<ety 980"C. Zir<Bloy exhibits amsotropy •• a rerult oi the HCP crystal strucrure. The 

haxagort>I Cl")lrul doforms by both stlp ond twtnnlng co produo• • strong proforrod orlenca<lon of the crysuls 

(texturo) during cold working, Typically, cold rolled Zlrcaloy strip wlll l\ave a urong normai texwrc where mon 

of d1e bas:,I pola of the hengonal crymls are onenm:ed abou.35 degrees w the Q"lln<verse plaf\e of the mip. 

The aniwtroplc properties of Zircoloy strip results in significmdy higher yicld scrcngth v, lues ln the transverso 

dlrecclon. The control of cryscallog~phlc orientatlon • llows designers to opdml1e moten•I propertl.._ 

Z I RCONIU M ALLOY PROPERTIES 
Zlrco„lum reslsts corro.slve. attack ' " n,ost o rganlc and m lnehl :,dds, strong atkalis, and .some molten .salts. 

Solutlons or nltrlc •cid (HN01 ), wlfuric add (H, SO, ), and hydrochlolic ncld (HCņ wlth impuntles or ferric. 

cuprie and nltrate īons generally result in corrosfor, rates of less than 0. 13 mm)a (S mpy) evem at temperatures. 

wcll 1bove the bolllng polnc curve. A clghdy •dhcrent and protectlve oxlde Rhn protects che mectl-oxlde 

lncert.ce co proVlde corro,ion resl,o,nce. An oddidor,al benefit for zirconlum ,Hoys ln long-term geological 

dlspou.1 optJons is chc lnert nilcure of zlrconium oxidc. Applicatlon of ziŗconlum afloys: allcvi,nes the concern of 

nk keJ īmd chromlum contamif'\adon ln the ground water in severely corroded spent fuel conainers. 

Zlrconlum alloy, produced by Wah Chang ore avollable ln a wide variet)' of slies and shapes lncludlag plate, 

nrip, sheet, foil, tubular p<'Oducr.s, rod, and wlrc. Wrought p<'Oducts ore cypically supplicd ln :,n anncaled and 

conditioned form, One oi our specialties ac Wah Chang ls the abllity to develop alloys to meec your 

speclficoclons. lf you have an unusual alloy or sile requirement. call us •nd we will be happy to help ln the 

devclopmental process. 

THERMAL NEUTRON C ROSS SECTIONS (BARNS) 

Magnosium 0.059 

Lead 0.17 

Zlrconium 0.18 

Ziroloy-~ 0.22 

Aluminum 0.23 

lron 2.S6 

Austenitic St.inless Steel ) ,1 

Nickel 4.5 

nranium 6.1 

Hafnlum 104 

Bor-on 750 

Cadmlum 2.SlO 

Gadolinium 48,810 

~1:1-op;c,t:a11d~-lle<~u-•1W~,.o81ffb~wbtfli..i~ 
OliUI ... ~ '"°'wiir,._. vf __,IV ,.,.,..._..,~OI-..,_.., C.""""' W,1! Oan1 JOOl P>ge 2 or 4 
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COMPOSITION (WEIGHT PERCENT) 

N an,e Zlrcaloy-2 Zirc,,loy-4 Zr-U Nb 

UNS Grade R6080l R608M R6090i 

Tin 1,20-1.70 1,20-1.70 -
lron 0.07-0.20 0 .18,0.24 ... 
Chron,ium 0.05-0.15 0.07-0. 13 -
Nlckel 0.03-0.08 - --
Nloblum - - 2„40.2.ao 

Oxygen Per P.O . Per P.O. Per PO. 

lron + Chrornlum + Nlckel 0.18-0.38 -- --
lron + Chromlum - 0.28-0.37 -

MAXIMUH IHPURITIES, WEIGHT % 

Name Zircaloy-2 Zlrcaloy--4 Zr•l.SN b 
Alumi11um 0.0075 0.0075 0.0075 

Boron 0 .00005 0.00005 0,00005 

Cadmlum 0 .00005 0.00005 0,00005 

Carbon 0.027 0.027 0.027 

Chromlum -· ·- 0,010 

CobalL 0 .0020 0.0020 0.0020 

Copper 0 .0050 0.0050 0.0050 

Hofnium 0.01 0 0.010 0.005 

Hydrogon 0 .0025 0.0025 0.0010 

lron -- ·- 0.150 

Magne.slum 0.0020 0.0020 0.0020 

Mar1ganMo 0 .0050 0.0050 0,0050 

Molybdenu111 0 .0050 0.0050 0.0050 

Nlckel - 0.0070 0.0070 

NiO'Ogon 0.0080 0.0080 0,0065 

Pho.sphorus - ·- 0.0020 

Sillcon O.Ql20 0.0120 0.010 

Tin - ·- 0,0050 

Tungsten 0.0 10 0.010 0.005 

Tit::miun1 0.0050 0.0050 0.0050 

Urunlum (LOal) 0,00035 0.00035 0.00035 

O.U are tJPiUI 1M thotldMr b•c~ita ....i11111~0, ""-""un ti..,l)t<!ftu..,. ar inr 6',,I Olffllp­
Dw.ooi •• , ,.-tklbf P'M• ...i„..nH111nw,ŗ-, ,,_ u..1,,,.-ct,.,. ~· w ... o„1.0G"J Page 3 oi 4 
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PROPERTIES OF ZIRCALOY-4 

Deosicy, 6.SS rJcc (0.2J7 lb$/<u,.ļn ,) 

Cocfficient o( Thorm)I Expanslon itt 2S11C 6 µmlm C (3.3 11ln/ln,"F) 

Hcat Capotity 0.285 )lg-" C (0.07 STU/11>-"C) 

Thcrm,I Conductlvity 21.S Wuu/m,K \ 149 BTU·ln/llr.rr' -' Fl 

Mcltlng Polnt 1 eso·c (3,362°fl 

Alpha-+Alpha + 8ota P11ns• Tramforrnarion - 810"C 

Alph;i „ Bea.~ 6e01 Ph;ne T rans(orm,,,ion - 9ao•c 

Hudne» 89 1\1, averat• 

Modulus of Elastlclt)' 9'J.3 Gp, ( 14,402 ksi) 

Pols.son'• R.atlo 0 ,37 

She>t Modulus 36.2 Gp.t (5,249 ksQ 

M ECHANICAL PROPERTIES OF ZIRCALOY .4 ANNEALED 2 MM THICK STRIP 

Orientatlon Longltudlnal Transverse 

Test Tempenruno l\oomTcmp. 288"C l\oom Temp. 288"C 

U ltlniMe Tenslle St...,ngth, 

MPa 541 271 515 211 

\ksl) (78.4) (39.3) (74.6) (H.9) 

Yleld Strength, 

MP, 80 152 468 170 

(ksl) (SS.2) (22.0) (67.8) (25.6) 

Elongotlon, " 28 43 29 +I 

CDRROSION RATE OATA FOR ZIRCALOY· 4 

Corro,ive Medla Conc,ent ration " Temperature •c Corroslon Rate mm/a (MPY) 

HCI 70 160 0.36 (14) 

HN0 1 70 110 0.05 (2) 

H,so, 70 150 <0.13 (<S) 

CuCl7 0.1 1'4'1 0.03 (1) 

FcC11 1 135 0.18 (7) 

N,CI 25 150 nll 

P•go-1 oi 1 
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