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The Manager The Manager 
Schenectady Naval Reactors Office Pittsburgh Naval Reactors Office 
United States Department of Energy United States Department of Energy 
Schenectady, New York West Mifflin, Pennsylvania 

Subject: Multiple Irradiation Capsule Experiment (MICE)-36 Irradiation Test of Space Fuel 
Specimens in the Advanced Test Reactor (ATR) - Closeout Documentation for 
Naval Reactors (NR) Information (U) 

Enclosures: (1) Test Details for MICE-36 Space Material Capsules (Beale, Regan, Noe, 
Kundrat, Petranka) 

(2) Post lrradiation Examination Plan for MICE-3B Space Materials (Regan) 
(3) Envisioned Future Fuel Testing in the MICE Facility (Regan, Chen, Beale) 
(4) Compliance Assessment for MICE-3B U02 Capsule (Henning) 
(5) MICE-3B Capsule and Fuel-Can Design Report (Petranka) 

Dear Sirs: 

This letter and enclosures submit to Naval Reactors (NR), for information, documentation of the 
effort to prepare an irradiation test of space reactor fuel materials using the Multiple lrradiation 
Capsule Experiment (MICE) test facility in the Advanced Test Reactor (ATR). The purpose of 
this test was to provide the first U02 fuel perforrnance data at space reactor operating 
conditions. The schedule of this test included beginning of irradiation in March 2006 with post 
irradiation data becoming available beginning mid 2008. This test is now canceled upon the 
termination of the Naval Reactors program effort to deliver a space reactor for Project 
Prometheus. 

I. Background of Test Program 

The Prometheus-1 reactor fuel was re uired to perform at high temperatures (1500 - 1700 K) 4 and low fission rates (1 x 1 012 - 2 x 10 ~ I S S ~ O ~ S / C ~ ~ / S ~ C )  (Reference (a)). Because there are 
few data on the perforrnance of nuclear fuels under these specific conditions, these 
requirements necessitated a testing program to evaluate fuel perforrnance under the proposed 
Prometheus conditions. At the start of the test program, both U02 and UN fuels were being 
considered; however, before the proposed MICE-38 test was finalized, the Naval Reactors 
Prime Contractor Team (NRPCT) recommended the use of uranium dioxide (U02) (Reference 
(b)). While significant materials performance uncertaintieslrisks remain with U02, the decision 
to pursue this fuel system was made because it was judged to be more amenable to 
engineering solutions in the available timeframe, There was less confidence that UN materials 
performance issues could be resolved in time to guarantee acceptable performance. Research 
and planning efforts were underway to retire the remaining uncertainties with U02with MICE-38 
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being the first of several tests necessary for the characterization of Prometheus-1 fuel. While 
not selected as a candidate fuel for this-mission, a limited effort to characterize the UN fuel was 
also planned to retire some of the key risks associated with this fuel. The information learned 
from this latter effort may enable the use of UN fuel for a future mission. 

The MICE facility in the northeast-loop of the ATR (Figure 1 ) was to be used as the first test 
platform to resolve some of the performance uncertainties with U02 for space reactor 
applications. There are two primary locations in the MlCE facility where this fuel could be tested 
and each location can accommodate a test train of five capsules. Each of the five capsules can 
provide a high-temperature irradiation environment with independent temperature monitoring 
and active temperature control by varying the helium-neon sweep gas ratio. In addition, there is 
on-line fission gas detection and analysis capability. (In addition, secondary locations of the 
MlCE facility can accommodate two test trains for core structural materials without 
instrumentation). Reference (c) gives a detailed description of the MlCE test platform and its 
capabilities. The test train (M-2-103; MICE-3B) was scheduled to start in March 2006; the top 
two capsules (tiers 4 and 5) were to be used by the NRPCT for Prometheus-1 fuel irradiation 
tests. Figure 2 shows a sketch of the test train. 

To accommodate Space Materials objectives, NRPCT planned to insert one capsule of U02fuel 
pellets and one capsule of UN fuel pellets into the MICE3B train. Because properties of U02 
fuel are more sensitive to irradiation conditions and the MlCE Tier 5 position experiences a 
lower flux than the Tier 4 position, U02 fuel pellets would be irradiated in the Tier 5 position to 
achieve the minimum fission rate feasible within the MICE platform. These rates are generatly 
higher than those cited for Prometheus, but may fall within the upper range of possible values. 
It should be noted that although the Tier 5 position yields a more prototypical fission rate, the 
low fission rate and limited duration of the test would yield a final burnup below that intended for 
Prometheus. Conversely, UN is perceived to be less sensitive to burnup rate. Therefore, the 
UN fuel pellets would have been tested in MICE3B Tier 4 position and would have achieved 
higher fission rates and a burnup close to that expected at end-of-life in a space reactor. Table 
1 summarizes the MICE3B test matrix of Space reactor fuel specimens. 

Enclosure (I) of this document, "Test Details for the MICE-3B Space Material Capsules," 
describes the evaluations and preparations for testing both U02 pellets in Tier 5 and UN fuel 
pellets in Tier 4. U02 fuel pellets were manufactured using a process similar to reference (d) 
involving crushing and pressing gel rnicrospheres. Details on the fabrication can be found in 
reference (e). The UN fuel pellets were manufactured at Los Alamos National Laboratory 
(IANL) using a carbothermic reduction process (reference (f)). Design work for fuel cans and 
irradiation capsules was completed, capsule parts were fabricated, and all components were 
ready for assembly. However, due to scheduling and changes in program direction, the 
irradiation test of UN fuel pellets was indefinitely deferred. For completeness, the proposed UN 
test was also included in Enclosure (1). Enclosure (2) and Enclosure (3) are "MICE-30 Post- 
Irradiation Examination Plan" and "Future Irradiation Tests of Space Fuel Materials in ATR," 
respectively. Enclosure (4) was prepared to assess compliance issues only for the capsule of 
UOz pellets, because testing of UN fuel pellets was dropped from the March 2006 insertion. 
Enclosure (5) is the MICE-3B capsule and fuel-can design report and includes the work 
performed on UN even though it was not going into test. 

A design review was conducted for testing U02 pellets in Tier 5 and UN fuel pellets in Tier 4 of 
the MICE-38 test train to identify any remaining issues. Findings and resolutions of this review 
are documented in Reference (f). The design review team recognized that these tests were 
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vew difficult and had a significant element of risk relative to the success in obtaining quality 
data. However, given thelack of data to support the space fuel effort, and possibili& that future 
tests may contain similar or greater degree of difficulty-and risk, the design review team 
concluded that the test program has value and should proceed. 

II. Objectives of the MICE3B Test Plan for Space Fuel Materials 

Few data exist for U02 or UN within the notional design space for the Prometheus-1 reactor (low 
fission rate, high temperature, long duration). As such, basic testing is required to validate 
predictions (and in some cases determine) performance aspects of these fuels. Therefore, the 
MICE-3B test of U02 pellets was designed to provide data on gas release, unrestrained 
swelling, and restrained swelling at the upper range of fission rates expected for a space 
reactor. These data would be compared with model predictions and used to determine 
adequacy of a space reactor design basis relative to fission gas release and swelling of UO2 fuel 
and to assess potential pellet-clad interactions. 

A primary goal of an irradiation test for UN fuel was to assess performance issues currently 
associated with this fuel type such as gas release, swelling and transient performance. 
Information learned from this effort may have enabled use of UN fuel for future applications. 

111. Test Description 

A. Fuel Specimens and Fuel Cans 

The MICE-38 test planned to have one capsule (Tier 5) that would contain a total of 18 U02 fuel 
pellets that were separated into three fuel mini-cans (Figures 3, 4a and 4b). Because gas 
release and swelling are influenced by grain size, one set of pellets were small grained (-10 
pm) while the other sets were large grained (-40 pm)- This would provide a relative comparison 
of the magnitude of the grain size effect for the relevant conditions. Both pellet types had 
identical fuel loadings of 0.5 g 2 3 5 ~  J cm3. The pellet dimensions were 6.3 mm in diameter by 3 
mm in length and were sintered to 96-98% theoretical density. The fabrication report for MICE- 
38 U02 fuel pellets is in Reference (e). 

The MICE-3B test also originally planned a capsule (Tier 4) that would contain a total six UN 
fuel pellets, each pellet in an individual fuel can (Figures 5 and 6). The UN fuel pellets were 
made at LANL. These pellets had a uranium loading of 1.8 g 2 3 5 ~  / cm3. Pellet dimensions were 
6.5 mm in diameter by 3 mm in length and were sintered to a minimum 95% theoretical density. 
The fabrication report of MICE-3B LAN1 UN fuel pellets can be found in Reference (f). 

Nickel alloy Haynes 230 was selected for the MICE-3B fuel can material. Mechanical properties 
of unirradiated Haynes 230 are readily available and the materiat was also a candidate for other 
components of the Prometheus-1 reactor. In addition, specimens of Haynes 230 were included 
for the JOY0 irradiation test (Reference (h)). An objective of the planned MICE-3B irradiation 
test program was to optimize the accuracy of fuel sample temperature measurement during 
testing. The fuel sample temperatures during irradiation would be calculated based on the 
temperatures measured by thermocouptes placed outside of the fuel cans. Weld distortion of 
fuel cans would increase the uncertainty of the fuel sample temperatures. To achieve the goal 
of accurate fuel sample temperature measurement, welding of Haynes 230 fuel cans was 
pursued to minimize weld distortion and meet ASME code weld qualification standards. 
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In the fuel-can design for UN pellets, the lid was attached to the base as an overlap joint 
(forming a wall of 2.54 mm (0.100 inch) thick) with a circumferential weld that required a 
minimum depth of penetration of 1.27 mm (0.050 inch) with minimum distortion. Welding was to 
be done in a high purity helium cover gas to provide a sealed, inert environment for testing as 
well as a condition for nondestructive helium leak-check evaluation of the weld. LANL 
successfully developed and optimized a laser beam weld process for this fuel-can design to 
encapsulate UN pellets. Their process met weld depth penetration and radial distortion 
requirements (38 pm 1 0.001 5 inch max) and passed helium leak-check testing. Future work 
would require mechanical tensile and bend testing of the weld material and further 
nondestructive testing to meet ASME weld code qualifications. This work was discontinued 
when UN was eliminated from the test and ultimately terminated when the Naval Reactors effort 
to deliver a space reactor ended. See figures 5 and 6 for sketch of the UN test assembly. 

A similar but longer Haynes 230 fuel can was designed for encapsulation of U02 specimens. 
The fuel can for U02 pellets had the same diameter as that used for UN pellet encapsulation but 
used a V-groove joint for the weld. In order to meet the MICE-3B insertion schedule in March 
2006, a manual gas tungsten arc weld process was developed at KAPL to seal weld these fuel 
cans. The distortion requirements for these U02fuel cans were not as stringent as those for the 
UN fuel-can design. A diametral distortion of maximum 0.254 mrn (0.010 inch) was measured 
on fuel cans with weld parameters optimized to meet the 1.27 mm (0.050 inch) weld depth-of- 
penetration requirement. Details on the welding process development efforts and testing for 
both fuel can types are discussed in Reference (i). See figures 3 and 4 for sketch of theu02 
test assembly 

B. Irradiation Condition 

Three fuel cans of UO, pellets in the Tier 5 capsule were to be irradiated at nominally the same 
power rating of 150 w/cm3 (5 x 1012 fissionslcm3/sec) and a best-estimate peak central 
temperature (PCT) of 1600 K. The estimated burnup after 500 days of irradiation in the ATR 
was 2 .4~1  02' fissions/cm3, or -1.1 % fissions per initial metal atoms (FIMA). The common PCT 
and power level of fuel pellets were selected to maximize comparisons between the three fuel 
cans and minimize uncertainty of operating test conditions. All three fuel cans would use helium 
as fill gas to help reach desired temperatures and to preclude oxidation. The bottom-most fuel 
can (termed 'position-1') would contain six pellets of U02 (three large grain, three small grain). 
These pellets were to be arranged in two stacks, separated by grain sizes, one on the top of the 
other. Each stack would be loaded within a molybdenum constraining cladding. The cladding 
material would be TZM, a Molybdenum-Titanium-Zirconium alloy. The middle position fuel can 
(position-2) would contain six pellets with large grain UOs. The fuel can in the top-most position 
(position-3) would contain six pellets with small grain UOp. The fuel petlets in both position-2 and 
position3 did not use constraining cladding. Test details and uncertainties for irradiating U02 
fuel pellets in MICE-3B are discussed in Enclosure (1). 

Test details and uncertainties for irradiating UN fuel pellets in MICE3B are also discussed in 
Enclosure (1). 

Fuel cans and capsule internal arrangements were designed to achieve MICE3B temperature 
and fission rate requirements for U02 specimens in the Tier 5 capsule, and UN specimen 
requirements in the Tier 4 capsule. Thermal analyses of these capsule and fuel can designs 
are discussed in Enclosure (5). 
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C. Pre-Irradiation and Post-Irradiation Examination 

Pre-irradiation examinations woutd be performed on all U02 fuel pellets. The minimum required 
work includes dimensional and weight measurements, visual and SEM examinations. Chemical 
analysis and ceramographic examination would be performed on unirradiated sister specimens 
from the same production lot. 

The post-irradiation examinations (PIE) for MICE-3B U02 fuel pellets has been outlined, but not 
finalized at the close of the project. Post-irradiation measurements of MICE-38 fuel pellets were 
to be performed to determine: 

Fission gas release and fuel swelling 
Microstructural stability 
Mechanical stability during transient events 
Fission product distributions and chemistry 
Diffusion coefficients for fission gases 
Thermal conductivity after irradiation. 

The current working plan for the post-irradiation examination (PIE) and disposal of the MICE-3B 
specimens and capsule materials was to ship the capsules directly from the ATR to the intended 
PIE facility. The facilities that would have potentially been used for PIE of the Space fuel 
specimens would have most likely involved Idaho National Laboratory, Pacific Northwest 

0 National Laboratory, andlor Oak Ridge National Laboratory. This is detailed in Enclosure (2). 

A compliance assessment for NR facilities was performed to assure that samples could be 
brought to those facilities as a last resort option when irradiation were completed. This is 
detailed in Enclosure (4). 

IV. Cost Estimate 

Table 2 summarizes predicted major expenses for the irradiation test of MICE3B Space fuel 
specimens. For one capsule of irradiated U 0 2  pellets a rough order of magnitude PIE cost 
estimate of $2,000,000 was obtained. The total cost for the Space Program MICE-3B test 
would be approximately $3,000,000 (2005 doliars). 

V. Materials Compliance Assessment and Evaluation 

Enclosure (4) provides the details of a Compliance Assessment for the MICE-3B U02 Capsule. 
No significant concerns were identified. 

VI. Future Tests in the MJCE Facility 

The MICE3B irradiation test of space fuel materials was envisioned to be the first of several 
tests to be preformed in a MICE irradiation test platform. Each test would have built on the 
experiences from previous testing and compensated for their shortcomings. While MICE36 
woutd have provided valuable information for the development of space nuclear fuel, it was not 

a without room for improvement. Compromises included: 
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Low fast-to-thermal (neutron) flux ratio 
High total flux (which affects power density) 
Small test volume (low number of samples) 
No online fission gas monitoring capabilities of individual specimens 
Relatively large temperature uncertainty 
No variety in processing technique of the samples tested 
No variety in pellet size of the samples tested. 

?' 
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Specific goals of future MICE tests for space reactor fuel would have depended on space 
reactor design developments such as clad material selection and the decision on whether or not 
to develop a moderated core. However, there are some general characteristics such as 
decreased temperature uncertainty that would be incorporated in future tests. This would have 
been approached in several ways including the use of melt wires, direct instrumentation of the 
fuel specimens, or operating the fuel at can temperatures (and vice versa) to minimize the 
differential between thermocouple and specimen temperatures. These were all considered but 
dismissed for MICE3B due to the extended amount of time needed for development. 
Enclosure (3) provides a discussion of specific test objectives which would be considered in 
future tests including: 

Venting and monitoring of fission gas from bare fuel 
Comparing fuel samples made from different processes 
Studying clad-liner-fuel interactions and compatibility 
Studying effects of pellet size and geometry 

r In-reactor transient testing. 
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. VII. Review 

Enclosures (1 ), (2). (3) and (5) of this document were reviewed by Michael Kania and David 
Miller, Enclosure (4) was reviewed by Martin Johnson. Technical review and concurrence has 
been received from the Managers of Materials Technology - Advanced Materials Technology 
and Materials Technology - Enginering Development and Testing at Bettis Atomic Power 
Laboratory; and the Manager of Materials Development Organization - Space Materials at 
Knolls ~ tomic  Power ~aboratory. 

Very truly yours, -- 
Mon-Chao Chen, Principal Engineer 
Space Materials Testing 
Space Materials 
MDO I KAPL 

~~ I/ 7/06 
Space Materials Testing 
S ~ a c e  Materials 
MDO I KAPL 

Approved: 

Space Materials ~esting 
Space Materials 
MDO 1 KAPL 

Space Reactor Materials Engineering 
Advanced Materials Technology 
MT I Bettis 

l .  . .I. 

0 %  q,, R. f i a rGd per + r l r t c v ,  \ /  Y / b b  

R. ~&wal, Acting Manager 
Space Reactor Materials Engineering 
Advanced Materials Technology 
MT 1 Bettis 

Q-ma,l \ 1 9 / 0 6  

Space Materials Irradiation Testing 
Engineering Development and Testing 
MT I Bettis 
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Table I Conceptual MICE-38 Space Reactor Fuel Test Matrix 

Nominal Target Capsule Capsule Instrument Fuel Can peal central Fuel power 
Temperature Denlit Position Contents -ation Types Material Dimensions loading 

MICE-3B 
TC, 

UOa Haynes 6.3 mm 95% min 230 0.5 g1a. l6OOK 150 ("-2-103) l8 "02 sweep  as x 3 mm L Tier 5 w/cm3 
petlets 

TC, U N 500-750 
- 1 :% 1 SweepGas 1 6:T4d"R;' 15%rnin 1 H;r ~ l , 8 g / c c  1 'l475K 1 w,cm3 

Tier 4 dense 

Table 2 Predicted Major Expense Items for Space Program MICE3B Test 

Fabrication of capsule components $90,000 

Test train assembly $70,000 

Irradiation Fee for one capsule $1 90,000 $390,000 $140,000 

Disassemble Train, prep one capsule, 
load cask and ship 

$59,000 

Cask rental (per cask) $102,000 

PIE estimate for one capsule of UOn $1,500,000 $500,000 

I Yearly total (not including fuel) $90,000 $260,000 $390,000 $1,801,000 $500,000 

I Project total (not including fuel) $3,041,000 (2005 dollars) 

Notes: 

1 Includes expenses for both the U02 and UN capsule components 

2 Assuming I MY = 2080 hours = $750,000 

3 Assuming the fesf operates for the full 500 full power days and one capsule is tested. lrradiation 
Charges based on information and calculations from Reference - INL Letter: CCN 202381 dated 
August 31, 2005 

4 Assumes a GE2000 cask is needed. If a GE 100 is used, cost would be approximately $46,000. 

5 Assumes a GE2000 is needed and must be brought in from its sforage location in California. 

6 Very rough order of magnitude estimate made based on other projects with similar level of work. 
Estimate includes disposal but not procurement of any equipment, A schedule had not been 
developed buf was assumed to spread over a year and a half with the majority being done in the first 
year. A split in the charges was estimated. This estimate is only meant to be a guide and can change 
significantly. 
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The  Multiple Irradiation Capsule Experjrnent (MICE) facility in the  Advanced Test Reactor (ATR) 
northeast-loop provides the  capability for high temperature fuel development testing. There are 
two primary iocations in the  MICE facility, e a c h  of which can accommodate a test train of five 
capsuies. T h e s e  provide high temperature irradiation environments with temperature 
monitoring and helium-neon fiow-gas for active temperature control, plus on-line fission g a s  
detection and analysis. In a MICE test train, the  Tier 5 capsule is located near the top of the 
reactor and the Tier 1 capsule is near  the bottom. Both of these 2ositions receive the lowest 
flux relative to the  Tier 3 a t  mid-height. The  center of Tier 3 capsuie is positioned a t  mid-plane 
of the ATR core and  receives the  highest flux. 

MICE3B (NE-M-2-103) is scheduled to b e  inserted in March 2006 into the M-2 iocation. The 
planned irradiation period for MICE-38 is 500 efYective full power days (EFPDs) (approximately 
22 calendar months) a n d  is projected to end  in early 2008. 

The Naval Reactors Prime Contrsctor Team (NRPCT) recommend the use of uranium dioxide 
(U02) fuel in the  Project Prometheus S p a c e  Nuclear Reactor cores in July 2005, see Reference 
[I .a]. This recommendation w a s  based on the  conc!usion that U02 fuel is more amenable to 
engineering solutions to  mitigate risks in the  avaiiable timeframe although significant materials 
performance uncertainties still remain with UOn. A specific plan would be pursued to resolve 
these uncertainties. limited effort to  characterize CIN fuei was  also recommended to resoive 
some of !he key risks currently assoclatec! with this fuel type. The information learned from the 
recommended testing may enable  the use of UN fuei for a future mission. 

The NRPCT originally planned for the  MICE-39 test train include one  capsule of UN fuel peliets 
and one capsule with U 0 2  fuel pellets. f o r  both capsules, fuel pellets would be hermetically 
sealed in Haynes 230 fuel cans .  T h e s e  c a n s  have multiple roles, including retention of the 
nitrogen overpressure generated by UN, retention of fission products to prevent unacceptably 
high radiological re leases  for the  A I R  facility, and prevention of oxidation or  contamination of 
the specimens by impurities in the  MlCE swept gas system. Nickel-based alloy Haynes 230 
was  selected for this application because  its high temperature strength and good weldabitity. 
Welding parameters and unirradiated mechanical properties were readily availabie. While 
irradiated properties could not be identified, this w a s  a material of interest for the Prometheus-l 
reactor and specimens of Haynes 230 were include6 for the  JOY0 irradiation test, see 
reference [A  .b]. In addition, since nickel-based alloys generally show lower nitrogen absorption 
than iron-based alloys, Haynes 230 is better than stainiess steels to be the fuel-can material for 
UN peliets. Tabie 4.1 summarizes t h e  overall MICE-30 test matrix in the intended proposal. 

Nuclear fuel in a space mission reactor would operate at high temperatures and low fissior! 
rates. Since the properties of U02 fuel a re  more  sensitive to irradiation conditions, U 0 2  fuel 
pellets would be tested a t  the  tow flux Tier 5 location in the MICE-3B test train which represents 
a near-prototypic fission rate. T h e  UN fuel pellets in the higher flux Tier 4 capsule location of 
the test train would have high (5 to 10 times prototypical) fission rates but wouid achieve a 
burnup d o s e  to that expected in a s p a c e  reactor. Fuel cans  in capsules were individually 
designed, such that the uncertainty in temperature for a n  individual fuel pellet is estimated to be 
within 400 K. 

PRE-DECISIONAL - For Planning and Discussion Purposes Only 



Enciosure (1) to 
MDO-723-00; 5 

B-MT(EDT)S-028 
Page 3 of 36 

U02 fuel peilets would be tested a t  the up?er range of fission rates expected for a spzce reactor 
(but a t  a low burnup). T h e  primary objectives for the U02 fuel are: 1) to provide perforname 
data of different U02 grair! sizes it near-prototypical fssior? rates, and 2) to assess the 
restrained force of U02 fue! pellets on a cladding. The UN hl pellets would be tested to a 
bumup expected for a s p a c e  reactor (but at z hi@ fission rate). The primary goal of the MICE- 
3B test is t o  yield near-term information in su?port of reactor design efforts. 

Post-iffadiation measurements will be performed on MICE-35 fue! pellets to determine: 

Fission g a s  release and  fuel swelling 
Microstruclurai stability 
Mechanical stability during transient events 
Fission product distributions and  chemistry 
Diffusion coefficients for fission g a s e s  
Thermal conductivity after irradiation. 

11 Table 1.1 11 
11 Test S~ecimens and Operatinu Conditions - I 

Nominal Fuel Target 
Capsule Capsub instrument  an N","F1 peal central fuel p, Position Contents stion Types Material toadin Temperature b n s i t y  , 

MICEJB ' 6 U N  TC, 6.47 mm dia GN 1 95%;rin 500-753 
(M-2-703) 1 w,jea Sweep G2s ) ,,.n 

Tier 4 i' dense ! 233 WICT~ 

2.0 Uranium Dioxide U 0 2  Fuel Testing 

Uranium dioxide (UQ) is a potential s p a c e  reactor fuel for many of the same reasons that it is 
used in virtually ail commercial reactors and as a component in the fuel of large fast-spectrum 
test reactors (e.g., FFTF) 12.~1, 2.b]. U 0 2  performance is better known than any other uranium- 
bearing compound, including UN o r  uranium carbides (UC/UC2). However, the database to 
describe its behavior in the  long time-at-temperature I low-fission-rate regime, applicabie for a 
space mission, h a s  not Seen fully investigated. U 0 2  has well-behaved chemical, thermal, and 
mechanical properties, good solid fission product retention (particularly of rareearth elements), 
reasonable uranium density, and an  extensive unirradiated and irradiated property database. 
Because this da tabase  is at non-prototypic conditions retative to space needs, specific property 
correlations have been selected for preliminary space-mission design use; however, these 
correlations need to b e  confirmed through testing. 

in addition t o  the  extensive, albeit non-prototypical performance database, there is a significant 
infrastructure for handling and fabricating UQ2 materials. The main chaiienges with U02 relative 
to a long-term s p a c e  mission a r e  managing the  fission g a s  release, fuel swelling, microstructurai 
stability, and the  mecnanicai integrity of U02 fuel pelfeis during temperature changes. The  low @ thermal conductivity of UOn is welt known and must b e  factored into the design calculations. 
Qualifying a U02 system from the  point of view of understanding of its properties and 
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manufacturing issues is not expected to be limiting, although it must be integrated into a 
complete system within the known database and its firnitations. 

2.1 World Experience 

There is relatively fittie data avaiiable on :he sweliing of U02 in a long duration, tow fission rate, 
unrestrained operating condition; however, a relationship can be  extrapolated using the  
correlation from the FRAPCQN-2 f2.clfueI performance code. The  correfation in FRAPCON-2 
w a s  developed by comparing and distilling the results from about 100 references. However, the  
correlation is weak in the long-time-at temperzture and  low-fission-rate regime of interest for 
s p a c e  reactors and may not be applicable in this temperature range. Therefore, additional 
testing a t  space-reactor relevant conditions is warranted. 

fission G a s  Release 

There is wide variability in the reported fission g a s  release from U 0 2 .  A s  in the  case of swelling, 
U02dission gas release has  received extensive study ( see  References [2.a, 2.b and 2.41, and  
there a re  still uncertainties d u e  to the complex inter-relationship of physical, fabrication related, 
and environmental variables. In particular, because the notional fission rates for the  s p a c e  
reactor application a re  far below those typically used in commercial fuels, applicable Gas 
re!ease data within the fission rates of interest have not yet been located. Again, testing is 
warranted. 

Thermal Conductivity 

Thermal conductivity of UQ2 has been measured over a wide range of variables including 
temperature and burnup. A recent review of several thousand measurements over a range of 
burnup w a s  published by C. Ronchi ef a.1 ir! Reference [ 24 .  In 1964, a correlation for the 
thermal conductivity of irradiated UOz was deveioped by J. Belle in Reference L2.q. The Belle 
correlation was  compared to the Ronchi data presentations and found to b e  in good agreement  
and h a s  been  chose^ for space  reactor calculations. Because of this, measurement of U02 
t h e m a l  conductivity is not a high priority objective, but would b e  tested if budget and schec!ule 
allow. 

2.2 Test Objectives 

T h e  M1CE-35 test is designed to provide data on g a s  release, unrestrained swelling, and 
restrained swelling of U02 pellets a t  the upper range of fission rates expected for a space 
reactor. Two fuel cans  each containing six specimens were intended to compare grain size 
effects on g a s  release and unrestrained swelling by testing both large-grain (40 urn) and  srnall- 
grain (10 pm) fuel. One additional fuel can containing six specimens w a s  intended to determine 
the  restrained swelling of U02 and the force that it exerted on the restraining clad for two 
different grain size fuei pellets. The goals of these tests  were to provide performance da ta  that 
would have determined the  adequacy of the space reactor design basis for fission g a s  release 
and  swelling of U02 fuei, and to assess the potential peiiet-clad interaction in t h e  reactor design 
space.  Primary post-imdiation measurements of these  U 0 2  fuel pellets were planned as 
fol!ows: 
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Gas release and swe!/inc for unconstiaine6 UOz The MICE-38 test  design correlation u s e s  a 
single-stage g a s  release mechanism to predict g a s  release, which is a function of time a t  
temperature and grain size. The use of U02 pellets with two different grain sizes in this tes t  
would permit a quasiquantitative assessment with respect to the effect of grain size on fission 
g a s  release and fuel sweliing. The main concern is the uncertainty in tes t  3em;lerature of the  
U02 pellets. The MICESB test design is such that temperature uncertainty is as low as 
reasonably achievable anc: specific impact is giver! in Section 2.4. 

Restrained sweliinq and force assessment for UO, at  [ow fission rate No data a r e  availabte for 
constrained swelling of U02 at  prototypical space  reactor fission rates and  temperatures. These  
data are important to assess the amount of strainlstress induced in a clad material in the event 
of pellet-clad mechanical interaction (PCMI). While the current reactor desigr! basis d o e s  not 
allow for PCMI, it can occur from pellet rearrangement or cracking and a n  assessment  method 
needs  to be  developed. In addition, if s tresses were low, designs could permit PCMl for 
improved heat transfer similar to what is done in all commercial pressurized water reactor 
(PWR) designs. 

Microstructura! stabiiitv of U02 - fuel a t  near-prototvpical fission ra tes  Restructuring of U02 fuel 
pellets is a well-known phenomenon and is associated with the misration of fission g a s  bubbies 
along a temperature gradient a t  elevated temperatures. fue l  pellets in commercial PWRs and 
the  design basis for space reactors are to operate a t  a peak central temperature (PCT) betow 
1500°C to prevent restructuring, because restructuring results in substantizl re leases  of trapped 
fission Eases. In the  commercial application of U02 pellets, the  compaativeiy short life-time 
and  relatively cold operating conditions (despite a reiativeiy similar PCT, t h e  circumference of 
commercial pellets are generally in direct contact with the Zircaloy cladding throughout most of 
their operational lives, which is at PWR coolant temperatures) aid in the  retention of fission 
g a s e s  within the fuel peilets. In additior! to restructuring, grain growth can lead to  a different g a s  
release behavior. The space reactor design will have a considerabiy higher average 
temperature and a much smaller gradient compared to PWR fuel which may lead to different 
microstructure changes. Severe differences are not expected but confirmation is needed. 

Mechanical stabifitv of UO? - pellets durino temperature c h a n ~ e s  and  transient events Fuel 
peliet cracking is common in commercial reactors. However, t h e  combination of gravity and 
clad restraint prevent the gross relocation of fuel within the rods. For notional s p a c e  reactor 
designs involving free standing or annular pe!iets, the lack of these  restraints could ailow for 
laterar or axial movement within the pjn, affecting reactor operation. In addition, the  movement 
of small pieces of fuel between pellets and cladding is known to have a detrimental effect on the 
PCMl in commercial reactors, where this interaction produces localty high clad stresses.  
Assessments of pellet integrity would be made after irradiation via neutron radiography and 
visual examination. If still intact, the U02 pellets would b e  subjected to heating tes ts  in an 
annealing furnace to determine the conditions under which cracking and relocation occur for 
near-prototypical fuel. 

Fission product distributions and chemistries at near-orototvoicai fission rates Fission product 
redistribution is largely a thermal gradient driven phenomenon but is also dependent  on  the 
difhsion coefficients of the migrating species in the fuel. The  thermal gradients in the  s p a c e  
reactor fuel were anticipated to be lower than that observed in PWR fuel and the  fission rates 
were also lower which may reduce the mobility of some species. Comparison of the  radial 
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fission product distribution with commercially published: data could be made to a s s e s s  fission 
product mobility under n e a r  prototypical conditions. 

Pending the availability of specimens after meeting the primary test objectives, several 
interesting tests  a r e  proposed for better understanding of the fuel. While thermal conductivity 
data exists for unirradiated U02, it d o e s  not exist for irradiated U02 under conditions typical of 
space  reactor designs. Microstructurat and  porosity differences could influence the measured 
value. Measurement of diffusion coefficients for fission g a s  can be determined by post 
irradiation themat annealing. Annealing studies on the  fuel can give insight into ions range g a s  
release and provide diffusion coefficients for released fission prodtids. 

2.3 Test description 

Fuel Fabrication 

U02 fuel pellets were manufactured using a process  similar to reference (2.9) invoking crushing 
and pressing gel microspheres. T h e  peIlet dimensions a r e  6.3 rnm in diameter by 3 mm in 
length sintered to 96-98% theoreticai density. Since g a s  release and sweiling are  influenced by 
grain size, two sets  of o n e  s e t  of pellets will be made: o n e  s e t  of small grained (-70 pm) and 
one se t  of large grained (-40 ,urn). This would provide a relative comparison of the magnitude 
of the grain size effect for the  reievant conditions. Both pellet types had identical fuel ioadings 
of 0.5 g *% 1 cm3. The fabrication report of t h e s e  fuel pellets is in Reference [2.h]. 

Fuel Cans 

The MICESB fuel pellets would be hermetically sealed in Haynes 230 fuel cans  ('mini-cans') to 
prevent high radiological releases of fission products in the  ATR facility and to prevent oxidation 
o r  contamination of the specimens by impurities in the MICE swept gas system. 

To optimize the accuracy of fuel sample  temperature measurement during testing, development 
of welding procedure was pursued to minimize weld distortion. The  fuel can lid attached to the 
base a s  an  overlap joint (to form a 2.54 mm thick wali), with a circumferential we!d that requires 
a 0.050" minimum depth of penetration with tess than 0.254 rnm diametral distortion. The fuel 
can weiding w a s  to be performed in a high purity helium cover g a s  to provide an  inert 
environment inside the  can  for testing as well as a condition for nondestructive helium-leak 
check evaluation of the  weld. Los Alamos National Laboratory (LANL) developed a laser beam 
weld process for sealing the fuel cans containing the  UM pellets. In order to meet the MICE3B 
insertion schedule in March 2006, KAPL developed a manual gas tungsten arc weld (GTAW) 
process to seat fuel cans containing UOz pellets. T h e  GTAW process was suitable for this 
application because the  weld distortion tolerance for the  U02 fuel-can design were not as 
stringent as that for the  UN fuel-can design, see Reference [2.if. The fuel can for U02 pellets 
had the s a m e  diameter 2nd weld joint V-groove design as that used for UN pellet encapsulation. 
One significant difference in the U 0 2  fuel-can design w a s  the  inclusion of a vent hole that would 
prevent gas-pressure inside the fuel c a n  to build up during the  welding process and eliminate 
the blowout concern. 
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Test Confi~uration 

The Tier 5 capsule uses hafnium shroudings to adjust the axial variation of neutron flux reaching 
U02 pellets, so that irradiated U02 pellets in three fuel cans would nominally all be at a power 
rating of 150 w/cm3 (5 x 10" fissions/cm3/sec) and a best-estimate PCT of 1600 K. The 
estimated burnup after 500 days of irradiation is 2 . 4 ~ 1  02' fissiondcrn3, or .-I. I % fissions per 
initial metal atom (FIMA). The common PCT and power level of fuel pellets were selected to 
maximize comparisons between the three fuel cans and minimize the uncertainty of operating 
conditions of the test. All three fuel cans use helium as fill gas, to help reach desired 
temperatures and to preclude oxidation. The bottom most fuel can (termed 'Position-I ') 
contains six pellets of U02 (three large grain, three small grain). These pellets are arranged in 
two stacks, separated by grain sizes, one on the top of the other. Each stack is loaded within a 
molybdenum constraining cladding (Figure 2. I b). The cladding material is TZM, a 
Molybdenum-Titanium-Zirconium alloy. The middle position fuel can (Position-2) contains six 
pellets with large grain U02. The fuel can in the top most position (Position-3) contains six 
pellets with small grain U02. The fuel pellets in both Position-2 and Position-3 do not use 
constraining cladding (Figure 2. I a). 

The above arrangement of fuel can positions was actually decided before completion of the 
capsule design. Without planning to use hafnium shroudings, the highest flux position (Position- 
I )  was chosen to maximize the potential swelling for the constrained test to give the best 
chance of measurable change. The lowest flux Position-3 would test pellets with small grain 
material to minimize the gas release from these specimens. The fuel can would accommodate 
the pressure from increased potential gas release better in the third position due to lower fuel 
can operating temperatures. 

Unconstrained U02 Fuel Experiment (Position-2 and Position-3 in Tier 5 ca~sule) The two fuel 
cans containing unconstrained U02 pellets, one with a 10 pm grain material and the other with 
40 pm grain material were to be irradiated under the same nominal conditions. The internal 
design of the fuel can (- 21.8 mm (0.86 inch) diameter x 50.5 mrn (1 -99 inch) long) is shown in 
Figure 2.la. The tungsten / 3%-rhenium spring exerts - 0.7 Ib-force to the specimens resulting 
in an axial stress of - 13 psi. The specimens are free to grow 0.304 mm '(0.012 inches) 
diametrally to accommodate swelling and the predicted stresses suggest that axial growth 
should be accommodated. The radial clearance gives - 2X margin to worst case estimated 
swelling based on fuel temperatures exceeding 1650 K PCT. The nominal fuel temperature 
profile with this design and configuration is provided in Figure 2.2. The desired fuel pellet PCT 
of 1600 K (2420°F) was to be achieved by adjusting the helium-neon ratio of the capsule sweep 
gas until capsule thermocouple data matched the thermal analysis results. By the current 
design basis, integrated gas release for the large grain specimens was predicted by the current 
design basis to be - 40 % and gas release in the small grain specimen was predicted to be - 
70%. This level of separation would reveal difference in gas release, if any, between these two 
pellet groups for a temperature uncertainty of 100 K. Temperature uncertainty of fuel pellets will 
be discussed further in Section 2.4 below. 

Constrained U02 Fuel Experiment (Position-l in Tier 5 capsule) The fuel can at Position-I was 
designed to allow pellet clad interaction between the U02 and a clad with known creep 
properties at the interface temperatures. The goal is to assess the force exerted by U02 onto 
the clad at low fission rates and compare test results to predictions by models using known 
creep rate data of U02 and the cladding. Molybdenum TZM was chosen as the tubular clad 
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Constrained U07 - Fuel Experiment (Position-I in Tier 5) The primary data from these specimens 
were cladding diameter changes for each grain size of the restrained fuel. The force exerted 
from the fuel on the cladding could be determined by comparing potential differences with the 
unrestrained conditions. The estimated pressure exerted by the U02 from this test would aid in 
clad thickness evaluations for potential fuel designs. Test sensitivity was set at - 150 psi by the 
0.508 rnm (0.020 inch) thick molybdenum TZM clad. This was based on the pressures 
predicted by a creep evaluation of U 0 2  unconstrained swelling for the best estimate average 
fuel temperature. Clad stresses can be determined using a hoop stress calculation: 

where; oMc = Stress in the Molybdenum TZM used for the creep evaluation 
PUO2 = Pressure exerted by the U02 onto the clad 
r = Tube radius 
t = Tube wall thickness. 

The measured deformation in TZM was to be used to determine cladding stresses by comparing 
the deformation to predicted creep for the actual test time and temperature. Temperature 
uncertainty affects the magnitude of predicted stresses, and comparison to unrestrained data 
would be needed. The unrestrained volumetric swelling of U02 (AVN) was predicted to be 
between 2% and 4 % over the temperature range of 1450 K to 1550 K. Assuming - 1/3 of the 
deformation is radial, a 63.5 pm (0.0025 inches or 1 %) diametral displacement would be 
predicted. Since the TZM would swell - 0.2% at the test conditions due to neutron irradiation, 
there is a minimum deformation that was expected to be measured that yields no data about the 
U02 pressure. 

Tubular TZM claddings of MICE-36 U02 pellets are 6.35 mrn (0.25 inches) in inner-diameter. It 
would be expected for them swell -2% or - 12.7 pm (0.0005 inches ) in diameter due to 
irradiation, and this defines the minimum measurable deformation expected for this test. The 
equivalent stress corresponding to this deformation is -100 psi (Figure 2.7), and this stress 
value depends on the U02 temperature and the TZM clad temperature. The calculations 
assumed a TZM clad temperature of 1436 K, based on thermal modeling. C!ad temperatures 
were assumed to scale proportionally for assessing temperature uncertainty effects (a 5% 
uncertainty in PCT corresponds to 5% in clad temperature as opposed to applying a 100 K 
uncertainty). If the diametral deformation in the TZM is 63.5 pm (0.0025 inches), which matches 
the unconstrained U02 swelling, the pressure in the U02 must be assumed to be 200 psi or 
greater for the wall thickness chosen for the test, depending on the test temperature (Figure 
2.5). Measured deformation between 12.7 pm and 63.5 pm (0.0005 inches and 0.0025 inches) 
would give a measure of the pressure between 100 psi and 250 psi. This evaluation would 
require best estimate temperature predictions for the gas temperature and requires min-can gas 
analysis after irradiation. 
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After completion of the planned irradiation in early 2008, MICE-36 capsules were to be removed 
from the train and shipped for PIE. If the fuel did not reach the planned exposure, or could not 
be reinserted into subsequent tests and was recoverable, PIE was still planned to be performed 
at the lower burnup. As of the termination of the NR effort to deliver a space reactor for the 
Prometheus program, a formal plan for PIE of MICE fuel had not been fully developed; however, 
a suite of standard characterization exams was envisioned to be performed as described in 
Tabte 2.2. 

Table 2.2 
U02 Pellet Post-Irradiation Characterization 

Dimensions (Swelling) 

Attribute 

After test configuration 

Density 

I Determined by length and diameter 
measurement at several mints 

Techniques/Remarks 

Neutron radiography of capsule 

Determined by dimensional and weight 
measurements (or pycnometry) 

I Determined usinn laser flash at 

Grain size and structure Determined from optical ceramography, 
SEM and  image analysis 

Thermal conduciivityt 

Fission gas release 

I Determined from optical ceramography, 
Distribution of porosity SEM, computed tomography and image 

temperatures from 300K to 1600K in 
I OOK increments 

Gas puncture plus chemical analysis 
1 

Fission product distribution 

] Determined by long term heating of 

Electron microscopy plus EDSNVDS 

Transient Behavior 

Annealing behavior 

analysis 
Determined by rapid heating of pellet in a 
furnace 

pellet in a furnace capable of 
monitoringlmeasuring fission -product 

1 release. ' Not alprirnary PIE goal. This test was to be performed pending resource availability. Upp!r test 
temperature may change. 

To determine an optimal post irradiation examination (PIE) location, NRPCT engineers were to 
visit and evaluate each major American irradiated materials testing facility: 

Idaho National Laboratory's (INL) Material and Fuel Complex 
Oak Ridge National Laboratory (ORNL) 
Pacific Northwest National Laboratory (PNNL) 
Los Alamos National Laboratory (LANL) 
Knolls Atomic Power Laboratory's (KAPL) Radioactive Materials Lab (RML). 
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There were several criteria which must be met for the facility to be selected. These criteria 
include: ability to accept low enriched fuel, ability to perform the majority of desired testing 
(Table 2.2), ability to accept the cask used for shipment (i.e. the GE 2000), willingness to meet 
the tight schedule, and ability to dispose of test components and fuel. Based on the evaluation 
presented in Enclosure 2, INL is the favored facility with ORNL or PNNL in second; however, 
more research would need to be done before a conclusion can be made: 

3.0 Uranium Nitride (UN) Fuel Testing 

Uranium nitride has a number of attractive characteristics compared to U02 including: 

High uranium atom density 
o 40% higher than U 0 2  
o 4% higher than UC/UC2 

Lower fission gas release than UOz 
High unirradiated thermal conductivity 

o 10 times higher than UO2 
o 5-6 times higher than UC/UC2 
o no information on irradiated thermal conductivities has been located 

High melting / decomposition temperature 

0 o Nitrogen overpressure is required above -1200 K to avoid decomposition 

In addition, some investigators have reported a lower release rate for certain solid fission 
products compared to U 0 2  (see Reference [3.a]). In general, this lower release is most likely 
related to the inherently lower diffusion coefficients for fission products or the lower thermal 
gradient in UN. Because of these characteristics, the United States has considered UN for use 
in various space applications, and Russian, French, and Japanese programs are studying 
nitride-based fuels for earth-based power generation reactors. Despite these benefits, the 
difference in chemistry between oxide and nitride fuel systems creates other fission product 
compounds of concern within nitride fuels that are not present in oxide systems. For example, 
formation of URu3 is predicted based upon thermodynamic models of the' UN system and has 
been observed in irradiation tests. This byproduct, which has been shown to be a detriment to 
several candidate liner and cladding materials, is not expected to form in a U02-based system. 
The challenge associated with UN is the level of uncertainty in irradiation performance due to 
the relatively small test database. This lack of data produces an increased uncertainty in 
properties, irradiation behavior, materials compatibility, sensitivity to manufacturing variables, 
etc. For example, significant differences in gas release have been noted between fuel batches 
without an identified cause. The production use of UN would require a significant test program 
to reduce the level of uncertainty associated with its use and to qualify the material and fuel 
element configuration. A suitable UN test program could start by performing PIE on any 
remaining specimens from the SP-100 irradiation test program archived at Hanford [3.b], or on 
the Japanese or Russian archived UN fuel, if available. Subsequent testing would follow with 
the fabrication and irradiation testing of new specimens. The first of such irradiations was to be 
in the ATR - MICE-3B train. Subsequent irradiation testing may have included other reactors' 

a '  platforms. 
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3.1 World Experience 

Swellinq 

Swelling correlations for UN have been previously reported by Ross and El-Genk at LAN1 in 
Reference [3.c]. This same correlation is also used by Russian programs as reported by 
Rogozkin, Stepennova, and Proshkin in Reference [3.d]. Although Russian programs have 
significant data on UN, and have developed a UN gas release correlation from these data, they 
did not use their own swelling correlation. The UN swelling correlation used by the Russian 
programs is presented in the design basis tables in Reference [3.e]. This swelling correlation 
was developed from Pratt and Whitney and Oak Ridge data in support of.the SNAP-50 program. 
This correlation does not include more recent SP-100 data. Calculated fuel centerline 
temperatures in the data used for the correlation ranged between 1300 and 1500 K and power 
densities varied between 270 and 141 0 w/cm3. The centerline temperature and power 
densities in the originally envisioned Prometheus-1 space mission design were - 1400-1600 K 
and 25 to 60 wlcm3, respectively. 

Figure 3.1 and Figure 3.2 show the Ross swelling correlation plotted with SP-700 data. To plot 
the correlation and the SP-100 data simultaneously, a correction factor between volume 
average fuel temperature and the specimen clad outer diameter temperature needed to be 
calculated. A simple thermal calculation based on power density, fuel, liner and clad 
conductivities and gas gaps was performed and that resulted in a delta of -270 K between 
average temperature and clad surface temperature. The Ross correlation was plotted using this 
correction factor, along with lines at *I 00 K from the correlation. The SP-'I00 data is scattered 
below the -1 00 K deviation of the correlation. This may indicate that the SP-100 material swells 
less than other UN material; however, there is also a concern about the accuracy of the actual 
test temperature. For instance, element bowing 13.q may have caused the pellets to contact the 
irradiation capsule and therefore, operate at a lower temperature. Such a shift could bring the 
SP-100 data in-line with the prediction. To resolve the discrepancies, LANL was to reassess 
the test pin temperatures. If the temperatures are correct or with little change, the LANL SP-100 
data indicates both a lower swelling and a lower gas release than other UN data sets. This 
seemingly inconsistent result needs to be understood. A thorough review of all of UN data was 
underway, however, this compilation of data did not bound all ranges of interest and, therefore, 
additional irradiation testing would be needed to provide new data. 
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@ 
unreasonable, is unexpected and inconsistent with every previous study of fission gas release 
from UN [3.i, 3.j, 3.k,3.1]. 

It is important to note that the fission gas release properties associated with non-SP-100 UN are 
lower than those of U02 (by a factor of 8-10), so UN would still be of interest even if the reported 
properties of SP-100 UN cannot be recaptured. Ultimately a design margin must be established 
for the UN fuel based upon additional irradiation tests. 

An equation for the thermal conductivity of unirradiated UN was developed by El-Genk, Ross, 
and Matthews [3.m] from six different data sources. A total of 107 data points for fuel 
temperatures ranging between 10 K and 1923 K were used. AH of the data fall within +I- 10% of 
the correlation. However, no irradiated thermal conductivity data for UN has been reported. In 
the absence of data, it is assumed that the conductivity is degraded by the volume fraction of 
low conductivity gaseous fission products retained within UN with no solid fission product 
contribution. Conservative irradiated conductivity values can then be approximated using the 
Downar model 13.Ilfor calculating thermal conductivity of cermets by applying the fission product 
bubble volume to the "ceramic" terms and unirradiated UN properties to the "matrix" terms. 
Actual data would be obtained on the irradiated UN fuel specimens in MICE3B and potentially 
measurements on archived SP-100, Japanese, and Russian specimens, as well as future 
irradiation testing. 

While the commercial process variation (crushing and pressing gel microspheres) was pursued 
by LANL, it is not the only fuel process available. BWXT was expected to produce UN by an 
alternate method based on an internal gelation process. Pellets from this process could have 
been tested in subsequent irradiation test programs. 

3.2 Test Objectives 

There is little data that exist for either UN or U02 within the notional design space for a space 
mission (low fission rate, high temperature, long duration). As such, basic testing is required to 
validate, and in some cases determine, the performance aspects of these fuels. The primary 
goal of the MCE-3B UN test was to assess some of the key risks currently associated with this 
fuel type. The inforrnation learned from this effort may have enabled the use of UN fuel for a 
future mission. 

Post-irradiation measurements of MICE36 UN fuel pellets would be the same as those planned 
for the U02 testing as follows: 

Fission gas release and fuel swelling 
Microstructural stability 
Mechanical stability during transient events 
Fission product distributions and chemistry 
Diffusion coefficients for fission gases 
Thermal conductivity after irradiation. 

Fission gas release and fuel swelling are a strong function of temperature, with some estimates 
suggesting that these properties are proportional to T3 for UN fuels [3.c]. Therefore, design- 
quality inforrnation on these variables can only be achieved in tests with low temperature 
uncertainties. The analyses supporting the design of the test capsules showed that both of 
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these conditions could not be simultaneously met in MICEdB, i.e. high temperature accuracies 
could only be achieved in unrestrained (uncanned) fuel. Due to the requirement that the 
specimens must be canned, this has limited the proposed MICE3B test to one with relatively 
high uncertainties in temperature (+120K, -65K). See Enclosure 5, section D for details. 

Because one option for the Prometheus-? reactor was to use unconstrained fuel pellets, the 
unconstrained swelling needs to be known with a high degree of accuracy. However, since 
swelling is a strong function of temperature and previous experiments did not have accurate 
temperature measurements, unconstrained swelling performance is a major concern. Like the 
fission gas release rate, the LANL SP-100 fuel showed less unconstrained swelling than other 
UN fuels and was below published predictions. However, like the fission gas release, the 
swelling data is highly suspect due to uncertainties in the test operating conditions. Because of 
the discrepancy in data and the lack of data at the space mission conditions, additional 
irradiation testing is needed. The unconstrained swelling data would be gathered from the 
same samples as the gas release rate via dimensional measurements and volume 
measurements (by pycnometry). 

MICE-3B test results would provide information on microstructural changes that occur in UN 
during irradiation. For UOz fuels, microstrudural changes (grain growth or subdivision, 
cotumnar grain formation, fission gas bubble interlinkage or migration) exert a strong influence 
on almost all of the key properties of interest. For UN, the available data seem to indicate that 
relatively few microstructural changes occur. In general, UN specimens do not exhibit the same 
sort of grain growth, gas bubble formation, or pore migration that is associated with irradiation 
testing of U02. To some degree, this data is currently available on near-prototypical fuels from 
the SP-100 tests. However, given the uncertainties on the irradiation conditions of these 
specimens, and given the need to perform a more detailed characterization, more work on 
irradiated UN specimens is necessary. 

PIE of MICE3B specimens would provide data for UN fuel irradiated under transient 
temperature conditions. Currently, there is no data available for the transient performance of 
this fuel. U02 pellets are known to fracture under even the relatively mild temperature ramps 
associated with commercial nuclear reactors due to retained expanding gas. For UN, an even 
higher degree of gas retention has been cited for this material than for UOz, suggesting that 
transient performance may also be a concern. However, the amount of fission gas bubbles in 
UN and the size distribution of these bubbles differ greatly from U02. Concurrent with the 
MICE36 test, efforts would be pursued to perform transient testing on available UN fuels 
irradiated in other programs. However, these fuels generally are not similar in fabrication or 
irradiation test conditions to that which would be required for space mission. As a result, there 
is a strong need to perform transient testing on near-prototypical fuels irradiated in MICE-3B. 
As currently envisioned, transient performance would be tested out-of-reactor by subjecting 
irradiated fuel pellets to rapid temperature changes in an annealing furnace. 

Irradiated MICE30 specimens would provide additional data on fission product distributions and 
chemistries within and exterior to UM. In general, UN appears to release fewer fission products 
than UOz, presumably due to an intrinsically lower diffusion rate for fission products in UN. 
There are differences in the expected chemistries between irradiated UN and U02 and certain 
compounds that are effectively tied up in an oxide system may not be immobilized as effectively 
in a nitride-based system. UN reacts with fission products, especially Ru, Rh, Mo and Tc. The 
formation of a uranium-fission product liquid has been noted in irradiation tests of UN [3.n, 3.0, 
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3.~1. In general, loss of nitrogen precedes the formation of liquid phases [3.k]. Redistribution of 
a uranium- and ruthenium-rich compound was observed during post-irradiation examination of 
some SP-100 specimens. The formation of uranium ruthenides is uncommon in U02 fuels due 
to the relatively'high stability of the UO, molecule. Based upon thermochemical considerations, 
it appears that ruthenium will react with UN to form uranium ruthenides, most notably U R U ~ .  
Out-of-pile testing on this compound, and to some extent the SP-100 data, suggest that U R U ~  
can be corrosive and is a potent grain boundary embrittler. The planned duration (>I5 years) of 
the Space mission suggests that an accurate assessment of fission product migration and 
chemistry is critical. 

Irradiated MICE-38 specimens would be used to assess diffusion coefficients. As noted 
previously, these specimens would be hermetically sealed into capsules, so fission gas 
monitoring cannot be used to measure release. In addition, given the temperature uncertainties 
inherent in the proposed test, gas puncture measurements are only anticipated to be useful in a 
somewhat qualitative sense. For the purposes of this objective, the capability to perform long 
term annealing tests after irradiation along with the monitoring of fission product releases was to 
be assessed. This data could be useful for determining diffusion coefficients. 

lrradiated MtCE-3B specimens woutd be used to determine the irradiated thermal conductivity of 
UN. The unirradiated thermal conductivity of UN has been measured and is about 10 times that 
of U02; however, there are no irradiated thermal conductivity measurements. Results of a 
theoretical analysis suggest that thermal conductivity of irradiated UN fuel is still 6 to 9 times 
that of irradiated U02 at temperatures greater than 1300 K [3.q]. The same samples of fuel 
which have been proposed for fission gas release and swelling measurements would be used 
for thermal conductivity testing. 

3.3 Test Description 

Fuel S~ecimens Fabrication 

The UN fuel pellets have been made by M N L  per Reference [3.r]. The fabrication report can 
be found in Reference 13.~1. The pellet dimensions are 6.47 mm in diameter by 3 mm in length. 
The grain size was specified at 50 pm, but only grain sizes of -25 pm could be achieved. Grain 
size is generally accepted as an influence to fuel properties such as gas release in U02 fuel and 
would likely influence properties in UN as well. 

However, because there was only room to test six specimens in the MICE-3B UN test capsule, 
it was desired to limit the variables. Moreover, LANL did not have the capability to grow larger 
grains. To study the effect of UN grain sizes, additional time and money would be required to 
bring the high temperature annealing furnaces online. Due to limitations in test space and 
resources as well as test schedule, the effect of UN grain size could not be studied in this 
planned MICE-3B test. (Future tests need to explore this issue.) For the MICE-38 test, in order 
to control over the heat transfer between the fuel and the structure (i.e., the thermal resistance 
would not change as the pellet swelled and released fission gas), heat was to be conducted out 
of the fuel pellet axially instead of radially. A pellet height of 3 mm was chosen to mimic the 
radial temperature gradient which woufd be developed in a 6.47 mm-diameter pellet under 
normal operation. - 
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UN fuel pellets (13.3 w/o enriched) were sintered to -96% theoretical density and had a fuel 
loading of 1.8 g ua5 /cm3 in each pellet. Although there was a difference in the enrichment 
between the MICE fuel and the envisioned space reactor fuel, which is 93 w/o enriched (1 1.79 
u~~~ /cm3), the ultimate burnup as measured in fissions/cc would be similar. With respect to test 
goals, there would be relatively minor differences in fission product yields due to the increased 
number of fissions from uZ3' or the transuranics beginning with ? u ~ ~ ~  in the MICE-3B. Despite 
the lower enrichment, the vast majority of the fissions would be from u * ~ ~ .  At the expected 
burnup of 2% to 4% fissions per initial metal atom (FIMA), little transmutation would occur. For 
the amount that does occur, the fission contribution from Pu would remain small due to the 
equilibrium level of Pu at the high flux level of ATR. Due to the thermal energy spectrum of the 
ATR, the MICE-3B fuel was expected to experience a power distribution (and therefore a fission 
product distribution) that would be peaked towards the outer diameter of the element. For 
commercial fuel pellets, this is known as the rim effect and does affect the fission product gas 
retention [3.t] and fuel swelling behavior (potentially higher rates than normally expected for an 
average %FIMA rate). The fission rate profile in the fast reactor spectrum of the envisioned 
space reactor is expected to be much flatter across the peltet. For the purpose of this test, the 
differences are not expected to significantly affect the interpretation of the test results. UN fuel 
specimens of 93 w/o enrichment would be included in future space-mission irradiation tests. 

Fuel Cans 

An objective of the planned MICE-30 irradiation test program was to optimize the accuracy of 
fuel sample temperatures during testing. The temperature of a fuel sample was to be caicuiated 
based on the temperature measured by a thermocouple outside the fuel can and the as- 
designed fuel sample position inside the fuel can. The weld distortion of a fuel can affects the 
uncertainty of the fuel sample temperature. Haynes 230 was chosen over conventional alloys 
due to the high-temperature strength required for this application. A welding process 
development of Haynes 230 fuel cans was pursued to minimize weld distortion. The welding 
process needed to meet ASME code weld qualification standards. Welding was to be 
performed in a high purity helium cover gas to provide an inert environment for testing as well 
as a condition for nondestructive helium-leak check evaluation of the weld. LANL successfully 
optimized a laser beam weld process for the MICE-30 UN fuel-can design which met weld 
depth penetration and maximum distortion requirements of 38 pm (0.001 5 inch), and passed 
helium-leak check testing. However, due to scheduling and changes in program direction, the 
irradiation test of UN fuel pellets was indefinitely deferred and the laser weld was not fully 
qualified. Future work would require mechanical tensile and bend testing of the weld and further 
nondestructive testing to meet ASME weld code qualifications. Details on the laser beam 
welding development efforts and testing are discussed in Reference [3.u]. 

Test Conditions 

Six pellets of UN fuel were planned for the Tier 4 capsule. UN fuel is sensitive to oxygen and 
moisture and requires a constant nitrogen overpressure. Because a previous evaluation of 
fission gas releases from bare CIN pellets showed the potential to exceed ATR limits, the fuel 
would be individually canned or seated in the capsule. At 1600 K, the uranium nitride fuel must 
be kept under a nitrogen overpressure of approximately 8x1 o4 torr to 8 torr to prevent 
decomposition to uranium metal or U2N3 respectively. To accomplish this, the pellet was to be 
hermetically sealed in a Haynes 230 can. To mitigate the interactions between the fuel and the 
can (or capsule) and to establish the correct heat flux reaching the can, a tungsten pedestal 
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Table 3.1 

Desired operating conditions for each UN pellet, time is 500 Effective Full Power Days 

1 Tier / I Power I Peak Central I Burnuo 1 Burnu0 rate 1 

In the intended test, the fuel test temperature would be set initially by the length of the 
conduction path (i.e. the height of the tungsten pedestal). The fuel specimens would experience 
up to a 5% temperature (+/- 50 K) swing due to a changing flux profile during reactor operation. 
This can be compensated for during test by changing the flowing sweep gas helium to neon 
ratio used. 

Heat would be conducted through the pellet axially. At the expected power level, the fuel 
temperature can be controlled at a PCT of 1500 K while the can material remains below 1 170 K. 
At 11 70 K, the analysis indicates that Haynes 230 would have adequate strength and be 
thermally stable with minimal interactions with the surrounding environment. 

UN fuel requires a nitrogen overpressure to prevent decomposition to uranium metal, and UN 
will react with oxygen or water to form urania, even if these contaminants are in a sub-ppm 
level. The sweep gas monitoring system currently in place at the ATR does not use a nitrogen 
sweep gas, nor is the impurity content of the sweep gas below the reaction threshold. 
Therefore, the sweep gas is not allowed to directly contact UN fuel to collect fission gas for the 
release measurement. However, the sweep gas system would be able to determine if the 
capsule has leaked (detection of water vapor) or if the mini-can has failed (detection of fission 
gas). Three thermocouples would be used to measure the temperature just outside of three 
separate fuel mini-cans. 

3.4 Characterization of Unirradiated and Irradiated Specimens 

The key pre-irradiated fuel pellet attributes are size, shape, porosity, grain sire, uranium content 
and enrichment. The impurity content of the pellet is also important. Table 3.2 summarizes 
attributes and techniques used for characterization. Prior to capsule loading, all specimens 
selected for irradiation were to be measured for dimensions and weights, photographed, and 
SEM examined. The unirradiated thermal conductivity was to be determined on unirradiated 
"sister" specimens during the post-irradiation examination of the irradiated specimens. 

* 
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Table 3.2 
UN Pellet Pre-Irradiation Characterization 

Attribute 
Determined by dimensional and weight 

Density measurements 
Determined by length and diameter 

Dimensions measurements at several points 

Uranium assay 1 Determined by wet chemistty 

Enrichment - I Determined by mass spectrometry 

Determined from optical cerarnography, 
Grain size and structure SEM and image analysis 

Distribution of porosity 
Determined from optical ceramography, 
SEM and imane analysis 

Impurities Determined from wet chemistry, gamma 
spectroscopy and WDS analysis 

I Determined using laser flash at 
Thermal conductivityt temperatures from 300K to 1600K in 

100K increments 
To be preformed on sister samples during PIE. 

After completion of the planned irradiation in early 2008, MICE-38 capsules would be removed 
from the train and shipped for PIE. If the test should need to be stopped pre-maturely and the 
capsule is recoverable, PIE would be performed at the lower burnup. A suite of standard 
characterization exams would then be performed as described in Table 3.3. 
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Table 3.3 
UN Pellet Post-Irradiation Characterization 

Attribute TechniaueslRernarks 

After test configuration I Neutron radiography of capsule 

Density 
Determined by dimensional and weight 
measurements 
Determined by lenght and diameter 

Dimensions measurement at several points 
Determined from optical ceramography, 

Grain size and structure SEM and image analysis 

Thermal conductivityt 
Determined using laser flash at . 
temperatures from 300K to l6OOK in 
100K increments 

Fission gas release I Gas puncture plus chemical analysis 

Electron Microscopy pius EDSNVDS Fission product distribution analysis 

Determined from opticat cerarnography, 
Distribution of porosity SEM, computed tomography and image 

Transient Behavior 
Determined by rapid heating of pellet in a 
furnace 

Annealing behavior 

Determined by long term heating of 
pellet in a furnace capable of 
monitoring/measuring fission product 
release. 
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List of Acronyms 
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i CNC I Computer Numeric Control 1 
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Chemistry and Materials Research 
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EDS 
EML 
EMM 
FCF 
FlMA 
GT-MHR 
HFEF 
HLRF 
HTGR 
ICP-MS 
IFEL 
IMGA 
INL 
KAPL 
LANC 
LDRD 
LFA 
LWR 
M&C 

Differential Thermal Analyzer 
Experimental Breeder Reactor - II 
Energy Dispersive Spectrometry 
Electron Microscopy Laboratory 
Electro-Mechanical Manipulator 
Fuel Conditioning Facility 
Fissions per Initial Metal Atom 
Gas Turbine Modular High Temperature Reactor 
Hot Fuels Examination Facility 
High-Level Radiochemistry Facility 
High Temperature Gas Reactor 
inductively Coupled Plasma - Mass Spectrometer 
Irradiated Fuels Examination Laboratory 
Irradiated Microsphere Gamma Analyzer 
Idaho National Laboratory 
Knolls Atomic Power Laboratory 
Los Alamos National Laboratory 
Laboratory Directed Research and Development 
Laser Flash Apparatus 
Light Water Reactor 
Metals and Ceramics 

MFC 
MlCE 
N IST 
NPR 
ORNL 
PIE 
PNNL 
RML 
RPL 
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The following is a summary and assessment of capabilities of various facilities considered for post 
irradiation examination (PIE) of MICE-36 fuel specimens. Since a PIE plan was not fully 
developed before the restructuring of the Prometheus Program, direction for further investigation 
is indicated where applicable. 

I. Knolls Atomic Power Laboratory (KAPL)- Radioactive Materials Laboratory (RML) 

The KAPL-RML could not accept low-enriched fuel after irradiation, as they did not have 
procedures developed to handle the transuranic elements that would be in the spent fuel nor did 
they have transuranic detection equipment. KAPL-RML has many of the evaluation capabilities 
needed for fuel evaluation such as cerarnography, dimensional and weight measurement, and can 
puncture; however, they would need to purchase / install some examination equipment such as a 
laser-flash unit for thermal diffusivity measurements of irradiated fuel (currently they only have this 
capability only for low-activity structural materials). Therefore, KAPL was not considered for 
MICE3B space reactor fuel evaluation. 

II. 10s Alamos National Laboratory (LANL) 

The hot cell facilities are located in Wing 9 of the Chemistry and Materials Research (CMR) building 
in TA 3 consisting of sixteen 6' x 6' x 11' hot cells connected by a central corridor in a Category Ill 
facility. The hot cells were very clean; however, several of them currently do not contain equipment. 
LANL maintains this cleanliness by performing all operations that could result in significant hot cell 
contamination in large metal liners that are fabricated to fit within the hot cells. These liners 
approximately fill the interior volume of a hot cell and contain ports thought which the manipulators 
pass. At the time of the visit the hot cells were largely inactive. Equipment that is of potential use to 
the space reactor program included metallographic mount preparation equipment, a microhardness 
tester, and a tensile tester. The large amount of open space within the hot cell and the relative 
inactivity suggest that this facility would be available for the examination of space reactor program 
specimens, although a considerable amount of infrastructure development may be required (liners, 
equipment, etc). The CMR building is currently scheduled for demolition, although the hot cell wing 
may be retained. 

The Sigma building at LANL houses an extensive capability for processing and characterizing 
materials. Test frames capable of loads in excess of one million pounds can be used for testing or 
fabrication of large-scale components. They possess excellent capabilities for deformation 
processing, electron-beam welding of large components, high resolution orientation-imaging 
microscopy, and focused ion beam sample preparation [I]. 

While LANL has some limited PIE capability for fuel, they are not the most capable facility. Many 
pieces of equipment, which are already in place at other national laboratories, would need to be 
procured and installed. Therefore, NRPCT is not considering Los Alamos for MICE3B space 
reactor fuel evaluation. 
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Ill. Oak Ridge National Laboratory (ORNL) 

Portions herein have been excerpted from reference [2]. 

The ORNL-Irradiated Fuels Examination Laboratory (IFEL) contains a large horseshoe-shaped 
array of hot cells which are divided into three work areas, each with a different level of cleanliness. 
The hot cells are constructed of 3 4  thick high density concrete walls with oil-filled lead glass 
viewing windows. The inside surfaces of the cell bank are lined with stainless steel to provide 
containment of particulate matter and to facilitate decontamination. Special penetrations are 
provided for the sealed entry of services such as instrument lines, lights, and electrical power, A 
pair of manipulators are located at each of 15 window stations for remote cell operations, and 
periscopes allow for magnified views of in-cell objects. Heavy objects within each cell bank can 
be moved by electromechanical manipulators (EMM) or a 3-ton crane. Fuel materials enter and 
leave the cells through three shielded transfer stations provided at the rear face of the North cell. 
Two small diameter (6.5 & 14.5 in) horizontal transfer stations are used for small objects (less 
than 8 fl in length). Items up to 4 ft by 4 f l  by 6 f i  in size can be transferred through the shielded 
air-lock door system. The facility has a second level which can be accessed though the hot cells 
and can be used for storage and repair of equipment. A layout of the facility can be seen in Figure 
7 .  

Figure 1 Layout of Irradiated Fuels Examination Laboratory 

Over a period of three decades this facility has handled a wide variety of fuels including aluminum 
clad research reactor fuel, stainless steel and Zircaloy clad light water reactor (LWR) fuel, coated- 
particle gas-cooled reactor fuel and numerous one-of-a-kind fuel test experiments. In addition, the 
facility has also done iridium isotope processing and irradiated capsule disassembly. A variety of 
shears, machine tools, and cutoff saws are available within the cell for the disassembly of 
irradiation capsules and the preparation of fuel specimens. The facility has experience in the 
handling and cutting of a wide variety of capsule and clad materials suck as Inconel, stainless 
steel, Zircaloy, aluminum matrix, and graphite-based materials. A gamma scanner and gamma 
spectrometer are available for the non-destructive examination of moderate length fuel rods and 
individual specimens. 
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Metrology equipment such as mass scales and dimensional tools are available and routinely 
used. A fully equipped metallographic line is maintained in the West Hot CeK The IFEL also has 
other facilities outside the main bank of cells. Three free-standing, shielded cubicles are located 
on the first and second floors of the building which contain specialized equipment associated with 
the post-irradiation examination and accident condition testing of HTGR type fuels. 

The Scanning Electron Microscope (SEM) cubicle is located on the second floor above the West 
Hot Cell and is connected to the West Cell by an in-wall shielded elevator. The cubicle contains a 
precision balance and a vacuum-coating system for both gold and carbon coating of SEM 
specimens. A special transfer port is mounted on the side of the cubicle which allows remote 
handling of specimens to be loaded into the SEM system located adjacent to the cubicle. The 
SEM currently available is a JEOL JXA 840A system with both wavelength dispersive 
spectrometry (WDS) and energy dispersive spectrometry (EDS) capability. Radioactive 
specimens up to 1 Rfhr can be examined in this system. While this is located outside the main 
cell, small amounts of fuel can be examined here. 

The Irradiated Microsphere Gamma Analyzer (IMGA) cubicle is located on the second floor above 
the East Hot Cell and is connected to the East Cell by an in-wall shielded elevator. The cubicle 
contains several pieces of equipment designed for handling individual HTGR microspheres 
(coated particles). The cubicle has a shielded stereomicroscope with a 3 axis stereo-stage and 
micro-manipulator for handling individual particles. It also houses the IMGA system which is a fully 
automated device for examining individual HTGR microspheres using a high-resolution gamma- 
ray spectrometer. The IMGA system measures the absolute activities of the particles it examines, 
and, by means of special user programmed instructions, is able to segregate particles based on 
the measured activities. 

The Core Conduction Cooldown Test Facility (CCCTF) cubicle is located on the first floor of the 
IFEL. Samples to be tested are transferred to and from the cubicte using small shielded casks. 
The cubicle contains a fully programmable furnace facility with special sampling features. The 
furnace is capable of temperatures up to 2000°C when using an inert atmosphere such as helium 
and is equipped with fission product monitoring equipment for both solid and gaseous elements. 

The facility contains modular hot cells which allow for rapid reconfiguration. Equipment such as 
in-cell SEM, laser flash diffusimeter and gas puncture equipment can be inserted into this cell and 
then removed when work is complete. This would allow for thermal conductivity measurement of 
irradiated MlCE fuel and measurement of the mini-can gas. 

The IFEL has no neutron radiography capability; however, X-Ray Computed Tomography can be 
done on both irradiated and non-irradiated materials. Fuel materiats can be examined if the 
specimen size is small (a MlCE pellet would be too large). Materials properties such as tensile 
strength in vacuum and Charpy impact strength can be tested in-cell. Thermal property analysis 
of low radioactivity materials are usually performed out-of-cell in laboratories. However, some 
equipment can be moved in cell for testing fuel. 

Oak Ridge has an established waste stream and can easily handle GE 100 and NRBK casks. 

a The GE 2000 cask can also be handled, but is more difficult. 
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The ORNL personnel are available with experience in a wide variety of fuel PIE programs and 
analysis techniques along with the detailed reporting and quality control requirements for nuclear 
programs. The Metals and Ceramics (M&C) division contains a wealth of experience in fuel 
fabrication, metal and ceramic material behavior, irradiated material behavior, and material 
testing. Ongoing programs at ORNL maintain experience in hot cell techniques and analysis. In 
addition, academic and industrial consultants are available to meet special program needs and to 
conduct reviews. Recent work includes extensive support for the Gas Turbine Modular High 
Temperature Reactor (GT-MHR) program, the New Production Reactor (NPR), a cooperative gas 
cooled reactor agreement with Japan, (U,Pu)02 fuel development for the Fissile Materials 
Disposition Program and the handling of legacy fuel under the National Spent Fuel program. 

When the Prometheus Program was restructured, the ORNL facility had not yet been fully 
evaluated by NRPCT personnel for testing of MICE3B space reactor fuel. However, based on 
information obtained thus far, ORNL appears to be a viable candidate for fuel evaluation. The 
major disadvantage is the lack of neutron radiography which would prohibit the determination of 
end of test capsule configuration. This measurement would allow the determination of final gap 
dimensions which may be lost once the can is opened. 

IV. Pacific North National Laboratory (PNNL) 

Portions herein are excerpted from reference 133. 

Examination of irradiated fuel is performed in the High-Level Radiochemistry Facility (HLRF) and 
the Shielded Analytical Laboratory (SAL) of the Radiochemical Processing Laboratory (RPL) 
which house a variety of equipment in several areas as described below. 

The RPL (Building 325) is a rectangular-shaped, metal frame structure erected on a concrete 
base and has a total of 144,092 square feet of space. The first floor of the main building contains 
primarily research laboratories, in addition to a front wing, an east wing, and a west wing. The 
east and west wings house the HLRF and SAL hot cells, respectively. The basement of the main 
buitding is mostly mechanical space but also houses several laboratories, including a small hot 
cell laboratory and a nondestructive analysis (NDA) laboratory. 

Hinh-Level Radiochemistrv Facilitv (325A-annex): The HLRF contains three interconnecting hot 
cells (A-Cell, B-Cell, and C-Cell) and supporting facilities originally designed to conduct bench- 
and pilot-scale aqueous processing. The 325A-annex is a 25.9-m by 14.7-m (85- by 484)  steel- 
framed structure, with partial height reinforced concrete walls. The remaining height of the walls 
is finished with metal siding. The HLRF hot cells are located on the first-floor level and supported 
by heavy reinforced-concrete piers, columns, and pilasters. The "front face" and sides of these 
cells are constructed of I .2-m- (4-ft-) thick, high-density-concrete walls. The "rear face" of the 
cells is constructed as a ( 3 4 )  thick, high-density concrete wall. The inside cell dimensions are 
4.6-m (15-ft) high by 2.1-m (74)  deep; A-Cell is 4.6 m (154) wide, and B- and C-Cells are each 
I .8 rn (6 ft) wide. 

In-cell operations are performed using medium duty electro-mechanical manipulators in the "front 
face" operating gallery. In-cell viewing is through leaded-glass, oil-filled windows. Closed circuit 
television cameras, monitors, and video recorders are also used for performing detailed 
inspections or for documenting experimental results. A- and C-Cells contain overhead, bridge- 
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mounted, 2200-kg (1 000-lb) capacity hoists. Each hot-cell is equipped with electrical, vacuum, 
air, and distilled and process water services. The front face watts also contain shielded service 
penetrations for installation of additional process, electrical, and instrumentation services as 
required for a particular project. Each hot cell contains several process vessels, located below the 
cell work decks, which range in capacity from 4 to 320 liters depending on the cell. 

Each hot cell is equipped with a floor drain routed to separate critically safe sump tanks (slab 
tanks) located in a separate shielded room directly below the hot cells. These drain tanks are 
located within a stainless steel containment, which provides a secondary containment for any 
potential leakage from the tanks or piping. Recovery piping to the tanks provides capability to 
remove tank contents for process or disposal requirements. 

Access to each cell, for renovation or installation and removal of large items, is provided through 
individual 45.7-cm (1 8-in) thick by 2.1-m (74 )  high by 1.5m ( 5 4  wide Meehanite iron main shield 
doors in the rear face wall. Material and equipment are normally installed or removed at the rear 
face, through a 33-cm (13-in) diameter shielded double-door transfer port, which is built into the 
main shield door ofLeach hot cell. A- and C-Cells also contain shielded double-door transfer 
mechanisms built into the rear face wall. The transfer mechanisms are primarily used for rapid 
retrieval and transfer of samples. The transfer mechanism openings measure approximately 25- 
cm (1 0-in) wide by 30-cm (1 2-in) high. 

The rear face operating gallery, or hot cell canyon, is used for handling casks, contains the 
manipulator decontamination and repair shop, and is equipped with 3 fume hoods and a stainless @ steel glove box with approximate dimensions of %-in long by 41-in square. An overhead 
pendant-controlled, bridge-mounted crane services the length of the rear hot cell canyon. The 
bridge crane is equipped with a 30-ton capacity main and 5-ton capacity auxiliary hoist. The 
crane is used to load and unload casks from transportation vehicles and to position casks at the 
'rear face" of the cells for loading or unloading into the cells through the transfer ports. Cask 
paytoads measuring up to approximately 33-cm (1 3-in) diameter by 254-cm (100-in) long and 
weighing up to 2200-kg (1 000-lb) can be transferred or removed from the cells. A truck lock is 
connected to the hot cell canyon. The truck lock serves as a ventilation buffer between the hot 
cell canyon and the outside. Casks are on- and off-loaded by backing the trailer through the truck 
lock and into the cask-handling area so that the cask can be accessed with the bridge crane. 

Shielded Analytical Laboratorv (325BI: The SAL contains six interconnecting "hot" cells, each 
about 1.7 m (5.5 ft) square by 2.9 rn (9.5 ft) high, enclosed in shield walls of either 66-cm (26-in) 
magnetite (Fe30,) concrete or 30.5-cm (12-in) Meehanite iron. The hot cells are served by front 
and rear face operating galleries, similar to those described for the High-Level Radiochemistry 
Facility. The six hot cells are located on the first floor and are enclosed in a 16.5-m by 10.7-m 
(54- by 354) steel-framed, reinforced-concrete structure. The front face of each hot cell is 
equipped with two medium duty manipulators and a high-density, lead-glass viewing window 
which has the same shielding effect as the cell wall. 

The SAL is designed for performing a wide variety of analytical chemistry operations using highly 
radioactive samples. Specialized analytical instrumentation located within or next to these hot 
cells permits several types of analyses to be completed without transferring the materials from the 
SAL hot cells to other analytical laboratories. For those analyses that must be completed in other @ laboratories within the RPL, turntables built into the rear face of the cells provide safe, rapid 
sample transfer out of the cells. 
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Axial Gamma Scanning 

Axial gamma scanning is performed in the HLRF A-Cell. While the capability currently does not 
exist, plans are in place to install a new system. The gamma scanning system will be based on 
the design of a system that was built and used successfully at PNNL in the recent past. The 
system will consist of a fuel rod holder and drive mechanism that will be placed inside A-Cell. A 
cotlimator with variable slits will be located in a penetration of A-Cell to define the field of view of 
an externat gamma detector. The system will be automated such that a computer-controlled 
analyzer will move the rod and collect a gamma spectrum in programmable step sizes and 
counting times. This will result in profiles of all the gamma emitters as a function of position along 
the length of each fuel rod that is scanned. Such data can be used to determine fuel burnup by 
comparison with burnup calculations. 

The hardware will consist of the fuel rod holder, drive mechanism, gamma collimator, and the 
gamma detector system. The gamma detector will be a high-purity germanium detector with a 
liquid nitrogen cryostat. Gamma spectral analysis will be performed by a computer running 
commercial software, such as the Canberra APEX and GENIE software packages, that are 
capable of running the entire gamma scanning system, collecting data, analyzing the data, and 
preparing reports of the measured isotopes. Digital spectrum analyzer systems will be used to 
ensure state-of-the-art counting rate capabilities to minimize system dead time and allow the 
scanning to be performed in the shortest time possible. 

Metrology 

Rod length and axial laser profilometry measurements are performed in the HLRF A-Cell. The rod 
holder, drive mechanism and positioning control system described above for the axial gamma 
scanning measurements are used for the laser profilometry measurements as well. From the 
profilometry results, data concerning diametrical rod swelling as well as rod bowing can be 
extracted. The laser profilometry data acquisition system (to be developed) will be based on 
similar systems developed and deployed recently by PNNL. Testing and calibration of the length 
and profilometry systems are performed using dummy pins and NIST-traceable standards. 

Rod Puncture and Fission Gas Collection 

Rod puncture and fission gas collection are performed in the HLRF A-Cell. The gas collection 
system which is being developed will be similar to arrangements used in the past at PNNL for in- 
cell gas cotlection and analysis. The A-Cell is presently equipped to perform gas sampling, so no 
hot cell modifications will be required. The measurements will provide the volume of gas in the 
pin as well as the gas composition. The composition data can be used as a cross-check on fuel 
burnup calculations and gamma scan results. Gas analysis will be conducted using an existing 
Finnigan MAT-271 mass spectrometer. Not only will the spectrometer provide elemental 
composition of the gas, but the isotopic composition of each element can be determined as well. 
The only equipment purchases required for gas collection and analysis will be pressure 
transducers and vacuum pumps. 

To puncture the rods, a mechanical system has been used in the past and is still operational. 
However, if laser flash thermal diffusivity measurements are to be made on the fuel, a laser head 
could be used to provide a taser rod puncture capability. The advantages of laser rod puncture 
include faster processing and easier sealing. Both of these advantages result in less likelihood of 
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gas sample contamination with atmospheric constituents. If the laser puncture method is used, 
the laser head would remain outside the hot cell and the beam would be directed into the cell by 
appropriate optics. 

Microscopy and Spectroscopy 

Following the A-Cell examinations described above; selected fuel pins will be transferred to the 
HLRF 0-Cell. B-Cell is equipped with a saw for sectioning the pins at locations of interest and the 
equipment required for potting and performing initial polishing of metallographic mounts and 
preparation of electron microprobe specimens. Metallographic and electron microprobe samples 
can then be transferred from the HLRF B-Cell to the SAL hot cells 4 and 5 for additional 
examination. Optical and scanning electron microscopy equipment is in place and can be used to 
examine the state of the fuel. Microscopy and spectroscopy of the spent fuel solids provide 
information on the nature of accumulated damage and the disposition of fission products and 
other species. To identify the location of light elements (e.g. nitrogen and oxygen), light element 
x-ray detectors or wavelength dispersive detectors need to be employed. The techniques used to 
examine spent fuel must be performed with careful sample preparation to avoid damaging the 
microstructure. Additional information on the state of the fuel may be obtained from x-ray 
photoelectron spectroscopy and x-ray or electron diffraction analyses. 

Optical microscopy can be used to obtain cross-sectional views of fuels. Optical microscopy is 
typically performed in the hot cell with a specially adapted camera. Optical images provide 
information an the overall structure of a fuel segment, including regions of porosity. Light 
microscopy remains one of the most useful tools for examining any material including spent fuel. 

Electron microscopy is a useful technique for examining the microstructure of fuels. However, the 
technique is subject to sampling problems and sample preparation artifacts. Images are 
dependent on the sample preparation route, accelerating voltage, and resolution of the 
instrument; therefore, care is needed when using observed microstructures to interpret spent fuel 
behavior. All electron beam techniques that provide compositional inforrnation (e.g. x-ray 
wavelength dispersive analysis) are subject to problems that can make quantitative analysis 
difficult. Generally, the analysis of light elements in a heavy element matrix is problematic 
because of absorption of either incoming beam or the characteristic emission. 

Electron microprobe spectroscopy is a well-established technique for obtaining compositional 
inforrnation on solids. The wavelength detection system has better sensitivity fhan x-ray energy 
dispersive systems. However, sample preparation of spent fuels could lead to large compositional 
changes, especially for the gaseous species. Any analysis of Xe or Kr over the pellet must 
consider the possibility of gas release during polishing. The excitation depth for a typical 
microprobe is 1 pm; however, in a uranium-solid, this depth is reduced significantly. Detection 
efficiency of 1 - lines (-4 keV) will improve in the less dense regions of the fuel. 

The x-ray photoelectron spectrometer (XPS) can be used to probe the oxidation states of 
actinides using the N45~ and N4,7,2 lines. The technique is surface sensitive. Synchrotron radiation 
offers the possibility of chemical analysis of a region in a fuel with an x-ray energy dispersive 
detector, serial analysis with x-ray absorption spectroscopy of individual elements, and high 
energy diffraction of phases in the fuel. Relatively large samples may be examined as long as @ sample handling issues can be resolved. 
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X-ray diffraction (XRD) has been used to measure lattice parameters for determining oxidation of 
fuels. X-ray diffraction is a bulk analysis method; the signal intensity depends on the atomic 
number of the material, the size of the crystallites, and the degree of crystallinity. XRD is less 
sensitive compared to neutron or electron diffraction for detecting oxidation of fuels. During the 
initial stages of burn-up, XRD detects a slight peak broadening that may correspond to defect 
formation in the lattice. 

Thermal Diffusivity 

Thermal diffusivity measurements can be made in the SAL hot cells 4 and 5, after sample 
preparation in the HLRF &Cell. Preparation of the thermal diffusivity samples is similar to that for 
optical or scanning electron microprobe samples. Measurement of thermal diffusivity (in order to 
calculate thermal conductivity) of irradiated fuel will be a new capability in the RPL hot cells, 
although PNNL has significant experience in thermal diffusivity testing of low-activity irradiated 
materials such as Sic. The most widely used system that is designed to measure the thermal 
diffusivity is the Laser Flash Apparatus (LFA). Compared to the direct measurement method, the 
main advantages of this non-contact, non-destructive method for radioactive samples include 
simple sample geometry, easy sample preparation, small sample size, applicability over a wide 
range of temperatures (room temperature to 1600°C with a Sic heating element), and excellent 
accuracy and reproducibility. While the capability does not currently exist, the instrument that will 
be purchased is the Netzsch LFA 427 system. It consists of four main components: 1) measuring 
unit with furnace sample carrier and infrared detector, 2) controller for the measuring unit, 3) laser 
system connected by fiber optics, and 4) data acquisition system. The system will allow cut 
radioactive samples to be mounted on a carrier system inside a furnace within the hot cell. The 
sample is heated to the desired temperature and then a burst of laser energy is directed to the 
face of the sample, resulting in rapid, homogeneous heating. The relative increase in temperature 
on the opposite face is measured as a function of time by an infrared detector. The thermal 
diffusivity is computed using the data acquisition software using a variety of computational 
methods for comparison. Thus, the multiple diffusivity values can be compared to evaluate the 
system for errors associated with laser pulse or heat loss effects. Samples can be selected from 
specific locations of the fuel to provide any indication of structural effect on the thermo-physical 
properties. 

Cladding Mechanical Properties 

The de-fueled 'cladding' pieces such as the Haynes 230 mini-cans can be transferred to the SAL 
hot cells 4 and 5 for mechanical property sample preparation and testing, if desired. A computer 
numeric contrd (CNC) milling machine can be used to fabricate specimens for the tensile and 
creep rupture tests, and for other machining requirements as necessary. This would minimize the 
amount of hot cell work, and will result in consistent specimen dimensions. Existing or new load 
frames would be installed in the hot cell, and furnaces tailored to the specific testing temperatures 
and environments can be purchased and installed on the load frames. PNNL has significant 
experience in testing miniature-sized mechanical property samples in-cell for DOE fast reactor 
development and fusion materials programs. 

The mechanical properties of irradiated cladding are to be evaluated at ambient and elevated 
temperatures in vacuum or inert environments. The testing will be done using closed-loop 
mechanical test systems, which are much more adaptable to use in hot cells than servo-hydraulic 
test systems. Each test system will employ a computer-controlled stepper motor and digital data 
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is an obsewation room. This cell has 15 workstations around the outer periphery and four inside 
the central observation room. The air cell has six work stations. A large mock-up area near the 
cells is used for testing and checkout of equipment prior to installation. FCF was activated in 
1963 and has undergone several refurbishment projects to upgrade equipment and improve the 
cells over the years. 

The AL facility has about 20,000 ft2 and contains six negative pressure, air-filled hot cells that are 
equipped for remote chemical analysis of radioactive samples. The facility also contains a wing of 
glovebox-equipped and instrument-equipped laboratories for analyses of samples that do not 
require extensive shielding. The cells are connected to the larger hot cell facilities at MFC-FCF 
and HFEF, via a pneumatic transfer system (rabbit tube). The A t  is a Hazard Category 3 facility 
as well as a Category Ill Nonreactor Nuclear Facility. 

NRPCT personnel visited the Materials and Fuels Complex at Idaho National Lab (INL-MFC) and 
reviewed the capabilities for post irradiation examination. INL was eager to entertain NRPCT 
work and had the capability to do so. The hot cell facility was well-maintained and all equipment 
appeared to be in good working order; however, much of the equipment.was installed for the 
International Fusion Reactor Program in the early 1990's and it hasn't been used much since 
then. Staffing was low and there were few materials specialists on hand. Only 10 hot cell 
operators were employed at the time of the visit but INL was confident that they could staff up if 
needed. INL-MFC is set up for handling highly radioactive fuel elements, which is a good fit for 
evaluation of fuel specimens and elements being irradiated in the Multiple Irradiation Capsule 
Experiment (MICE) in the Advanced Test Reactor and other ATR platforms. They could accept 9 the GE-2000 cask, dispose of the waste, perform all testing with current equipment except thermal 
conductivity and work with low enriched fuel. PIE capabilities are addressed below. 

Ceramography I Metallography and Microscopy 

An enclosed section of the hot cell (called the containment box) is dedicated for sectioning and 
prepping of metallographic samples for SEM or Metallography. This box is kept at a negative 
pressure relative to the cell as to ensure no contaminates leave the box. It is connected with the 
metaltographic box and the rest of the hot cell via a pneumatic tube. Optical characterization of 
the samples are conducted using a stereomicroscope (4, 10 and 25x) or a Leitz metallographic 
(20x to 800x) microscope located in the met-box. Image analysis performed on photomicographs 
is used to quantify microstructural features such as grain size and structure, porosity, etc. 

Electron microscopy can be conducted using an SEM in the hot cell which can image up to 
30,000~ and can accommodate specimens up to 3.8 cm x 3.8 crn ( I  -5 x 1.5 inches); however, 
there is no energy dispersive spectroscopy (EDS) or wavelength dispersive spectroscopy (WDS) 
capability. The Electron Microscopy Laboratory (EML) also has an SEM which does have the 
EDS and WDS capabilities. To use this facility, the specimens must be reduced in size such that 
the total Curie content is below a critical value. For fuel, the size limitation is generally too small 
to be practical so EDS and WDS characterization are generally only performed on metals. There 
is currently no in-cell microprobe capability; however, INL is actively pursuing this equipment and 
it will be installed either in the hot cell or in the electron microscopy lab. It is currently in the 
funding recommendation stage of procurement and, if procurement proceeds, would be available 
sometime after 2007. 
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Vickers hardness testing is performed in the metallographic box. It has magnification up to 400X 
and can use a hardness tester weight of 5 grams to 400 grams. 

Metrology 

Dimensional measurements of fuel pellets could be made in a variety of ways, but normally they 
would be made using an optical comparator on neutron radiographs. Contact profilometry is used 
for measurement of diameters. It can accept element diameters ranging from 4.4 mm (0.174 in) 
to 21 mrn (0.84 in) having a maximum diameteral swelling of 0.5 mm (0.02 in). The accuracy of 
this is 0.0076 mrn (0.3 mil) and is achieved by calibrating the equipment to a standard before 
measurement. This method is used in the hot cell as optics used in laser profilometry tend to 
brown and require frequent replacement. INL works to NQA-1 standards. 

Fuel pins and capsules are weighed using an in-cell batance. Accuracy on objects less then 
1,000 grams is k0.02 grams. More accurate weights of fuel pellets could be obtained by 
transferring pellets to the Analytical Laboratory. 

Specific Gravity is measured using a high precision pycnometer. They can receive samples up to 
17.7 cm (7 inches) long and 7.6 cm (3 inches) in diameter. 

Wet Chemistry Capabilities and Burnup Measurements 

In the analytical lab, they can analyze for carbon, nitrogen and oxygen at the ppm level. ICP-MS 
is used for burnup calculations and isotope concentrations can measure at the ppt level. Typically 
they measure burnups in the 5-20% FlMA range but can measure lower values. 

Thermal Properties 

Thermal diffusivity and specific heat measurements exist for unirradiated materials only up to 
1200°C. No irradiated thermal diffusivity capability is installed; however, installing a laser flash 
diffusivity apparatus in cell is possible. INL is currently planning research to develop an alternate 
method of in-cell thermal diffusivity measurement which will allegedly be more accurate that laser 
flash. As of September 2005, they have submitted a LDRD proposal for this work. Thermal 
analysis (DTA, DSC, TGA) equipment exists in the analytica! lab and can only be done on low 
activity items. 

Annealing Furnaces 

As of April 2005, INL did not have an annealing furnace in cell; however, they were in the process 
of procuring a high temperature (2000°C) furnace for another program. The furnace uses a 
flowing sweep gas and is capable of fission product monitoring and inventory. Installation was 
expected to be complete in early 2006. 

Can Puncture 

I N 1  has this capability installed. The fuel can is placed in a chamber with a precisely known 
volume and pressure. The can is then punctured with a laser to release3he gas and the pressure 
of the chamber is measured, which yields the fission gas release. The gas can be sampled for 
elemental analysis. The system can accept elements from 4.4 mm (0.1 74 inches) to 21 .1 mm 
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(0.832 inches) diameter and from 2.5 cm (1 inch) to 386 cm (1 52 inches) long. The same laser 
can re-seal the can if needed. A sample of the fission gas can be taken during the puncture and 
then transferred to the analytical lab for compositionat analysis. 

Radiography and Spectrometry 

Both gross gamma scanning and isotopic gamma scanning exist in cell and can be used for 
relative fuel burnup and power profiles of fuel, structural activation profile of core components, 
position and dimension of internal structures within fuel assemblies, relative distribution of various 
isotopes of interest, and identification of breached elements or capsules. The equipment can 
handle a maximum vertical travel of 3.8 meters (152 inches). 

Neutron radiography can be done using a system which was designed to radiograph highly 
radioactive specimens. It uses a 250 kW TRlGA reactor, located in the basement of the hot cell 
and can radiograph specimens up to16.5 cm (6.5 inch) in diameter, 3.8 meters ( I  52 inches) long 
and up to 600 Ibs. Two different films are used, one which is sensitive to fast neutrons and one 
that is sensitive to epithermal neutrons. Once used, these films become active and they emit 
gamma rays which are in turn used to expose x-ray film thus allowing the image to be transferred. 
This allows clear pictures to be taken with resolutions up to 0.025 mm (0.001 inch). 

X-radiography and X-ray diffraction capabilities exist out of cell and can only be used for low 
activity items. 

Handling, Disposal and In-Cell Machining Capabilities 

INL can handle all commercial casks as well as NR casks up to 17 ft long, 56 inches in diameter 
and 32 tons. Water in the casks is not a problem. Items can be moved using a 40-ton crane in 
the high bay, 25-ton crane in the truck lock, and a 4-ton freight elevator. In cell, there is a 5-ton 
crane and two electro-mechanical manipulators rated for 750 Ibs each. 

There is the metallographic sectioning saw for precision cutting in the containment box. In the 
main hot'cell there is a chop saw for cutting capsule open and a milling machine with 3 pm 
(0.000 1 inch) precision. 

They have the capability to disassemble irradiation test capsules and the possibility of 
reconstituting specimens back into a new test capsule. They have limited experience doing this in 
the past with EBR-II, with some development they may be able to do this with the ATR. 

Materials which have been irradiated in Idaho (i.e. the ATR) can be disposed of by INL. They 
have a storage facility and waste path already established for fuel. 

Overall, the Materials and Fuel Complex is an impressive facility which could meet the MICE-3B 
space reactor fuel testing requirements. At the time of this evaluation, thermal diffusivity is the 
only test equipment that would need to be installed; however, INL was trying to get funding for the 
development of this capability and may have it installed when needed. If it does not get funding, 
NRPCT would need to investigate if it is more practical to send the fuel to a different location such 
as PNNL or ORNL (assuming their plans to install thermal diffusivity go through) than to fund the 
installation of a laser-flash unit for thermal diffusivity measurements in HFEF. In addition, since 
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thermal conductivity of uranium oxide is fairly well established, this test may have been deemed 
unnecessary. 
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Compromises in MICESB 

The MICE-3B irradiation test of space fuel materials was envisioned to be the first of several tests 
to be preformed in a MlCE test train. While MICE-3B was a test which would have provided 
valuable information for the development of space nuclear fuel, it was not with out compromise. 
Compromises include: 

Low fast-to-thermal (neutron) flux ratio 
High total flux (which affects power density) 
Small test volume (low number of samples) 
No online fission gas monitoring capabilities 
Relatively large temperature uncertainty 
No variety in processing technique of the samples tested 
No variety in petlet size of the samples tested. 

Future tests would build on previous experiences and attempt to compensate for these 
compromises. 

The Prometheus-1 reactor is envisioned to be a fast reactor whereas the ATR is a thermal 
reactor. This will inherently create a lower fast-to-thermal flux ratio in the ATR than would be 
experienced in Prometheus-I. This ratio will affect power density and fission product distributions 
in the tested fuel specimens as well as transmutation of materials. The fast-to-thermal flux ratio 
can be enhanced to some extent through the use of hafnium filters; however, the arnou'nt 
enhancement is limited since too much hafnium will affect reactor performance. A more favorable 
fast-to-thermal flux ratio will be incorporated into fuel element testing as described in reference [I]. 

The total neutron flux in the MlCE test facility is relatively high. This results in a high power 
density for fuet with an enrichment typical of a space reactor. As a result, enrichment of the fuel in 
MICE3B was significantly reduced to meet power density requirements. This also has an effect 
on the fission product composition and distribution since 2 3 8 ~  (more specifically, 2 3 9 ~ ~  bred from 
fertile 2 3 8 ~ )  will have to produce different concentrations of fission products than 2 3 5 ~ .  Like the 
fast-to-thermal flux ratio, the total fluence received by specimens can be reduced by adding 
hafnium filters but the limitations on the amount of hafnium which can be used are the same as 
previously stated. 

The capsules in the top and bottom tiers of a MlCE test train have the lowest flux and, therefore, 
are the most favorable for space reactor fuel testing, thereby limiting the. potential test volume to 
two fifths of total test capacity. In addition, there are other test programs interested in these 
locations. This limited the space program to testing U02 fuel in only one of the MICE test train 
capsules. The most favorable design allowed the testing of only 18 pellets in three fuel cans. 
This limited measurements such as gas release to three data points, unconstrained swelling 
performance to twelve data points and constrained swelling performance to six data points. 
Measurement of these properties typically have a large scatter and therefore, these few data 
points would be of high uncertainty. 

Online fission gas monitoring capabilities, temperature uncertainty, variety in processing 
technique, and variety in pellet size were compromises in MICE-3B, as a result of time 
constraints. Future testing in the MlCE platform would aim to reduce these compromises. This is 
detailed below. @ 
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Specific goals of future MICE tests for space reactor fuel would have depended on space reactor 
design developments such as the selection of a clad material and the decision on whether or not 
to develop a moderated core. However, there are some general characteristics such as 
decreased temperature uncertainty which would be incorporated in future tests. This could be 
done in a number of ways such as using melt wires, direct instrumentation of the fuel instead of 
the can or operating the fuel at can temperatures (and vice versa). These were all considered but 
dismissed for MICE-3B due to the extended amount of time needed for development. 

Some more specific test objectives which would be considered in future tests include: 
Venting and monitoring of fission gas from bare fuel 
Comparing fuel samples made from different processes 
Studying clad-liner-fuel interactions and compatibility 
Studying effects of pellet size and geometry 
In-reactor transient testing. 

I. Venting and Monitoring of Fission Gas from Bare Fuel 

As mentioned above, fission gas containment was a compromise made in MICE-3B. This 
containment has two effects on the ability to measure the desired properties. First, low thermal- 

@ conductivity fission gas mixes with the helium fill gas in a fuel-can and increases thermal 
resistance of gaps between fuel pellets and the suppor? structure as well as gaps between the 
support structure and the fuel can. This woutd increase the fuel temperature even though the 
fuel-can temperature remains the same, thus creating uncertainty in temperature measurement. 
Secondly, since fuel pellets are sealed in a fuel can, only the cumulative gas release can be 
measured after the test. 

If fission gas is allowed to be vented through the sweep gas of a capsule, the online 
instantaneous activity measurements would be used in calculations of the fission gas release rate 
over time. Implementation of this technology requires control of the radioactive species through 
cold traps, filtering, or recirculating the sweep gas. The size and number of fuel specimens 
affects the degree of control necessary for fission-product release, since the fuel volume required 
to make the release a non-issue may be too small to produce practical results. Further 
consideration of this subject is necessary. Recirculating contaminated sweep gas or filtering 
fission products out of the gas stream are possible but would require installation of new equipment 
into the reactor area; additional radiological and safety calculations must be made. Details on this 
can be found in reference [2]. 

11. Comparing Fuel Samples from Different Processes 

The NRPCT was investigating the advantages of various fuel manufacturing methods including 
pellet fuel derived from a variety of powder processing methods as well as internal gelation 
methods. Initial U02 pejlets considered for testing in MICE-3B were derived from an internal 
gelation process [3]. There are several other vendors in the country which produce fuel using a 
variety of other methods. BWXT and Nuclear Fuel Systems (NFS) both produce highly enriched 
uranium dioxide fuel. Global Nuclear Fuel, Westinghouse, Hematite Nuclear Fuel Manufacturing, 
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Siemens Power Corporation and Framatome Cogema Fuels and Technologies Groups all 
produce low enriched (commerciat) uranium dioxide fuel. Work at BWXT and NFS was started 
and that progress is reported in references [4] and 151, respectively. While the fuel specifications 
would be the same regardless of the producers and processes, performance can vary due to 
differences in the final product such as grain size, porosity, and impurity levels. These variations 
could manifest themselves in the mechanical performance of the fuel, specifically in the transient 
performance or fission product retention. 

One envisioned goal of future MlCE tests would be performance evaluation of fuel made by 
various vendors and processes to determine if one has an advantage over the other. 

Ill. Studying Clad-Liner-Fuel Interactions and Compatibility 

In future tests of space fuel materials, cladding and liner materials would be down selected 
probably to a prime material and a backup material. While these would be used in element testing 
in I-holes in ATR or Removal Beryllium (RB) positions in HFIR [I], the MlCE platform would allow 
more flexibility of the test geometry and allow for a wider range of configurations. The primary 
locations for space fuel element testing in MICE test trains are Tiers 5 and 1 which can provide 
near prototypic fission rates and can be used to test a variety of cladding options. Tier 4 typically 
has a neutron flux too high for testing space U02 fuel, but there is a possibility to test natural 
uranium in this position. If silicon carbide is chosen as a candidate cladding, the MlCE platform 
could be utilized for accelerated corrosion testing using natural uranium. Patladium, which is 
known to have a corrosive effect on Sic, would have an increase in palladium production rate of 
seven fold over enriched fuel. Therefore, end of life palladium concentrations can be produced 
without end-of-life bumup. While palladium-silicon carbide interactions have been studied in 
open literature, the studies have not captured the volume to surface ratios which were to be used 
in a space-mission reactor. 

IV. Studying Effects of Pellet Size and Geometry 

Since MlCE test trains use capsules of -1 inch diameter (versus capsules of -0.5 inch diameter 
envisioned with fuel element test facilities in ATR and HFIR), pellet size and pellet geometry can 
be easily varied. By increasing the pellet diameter, temperature gradients and peak central 
temperatures can be changed. Because temperature gradients create stress, this would test the 
fuel's strength and resistance to cracking. Alternate pellet geometries such as annular pellets can 
also be tested. One test capsule could contain pellets of different configurations whereas a 
capsule in the fuel element test train could not. 

V. In-Reactor Transient Testing 

Fuel performance during thermal transients is important. It was estimated that Prometheus-I 
reactor fuel could rise in temperature 60-120 K at a rate of 0.5 - 3 Wsec [6] due to I) loss of flow 
from one Brayton engine unit, 2) reactivity addition, or 3) over speed from one Brayton engine 
unit. Out-of-reactor behavior would be representative but different from in-reactor behavior and 
therefore, an in-situ transient test would be preferred. The difference comes from the direction of 
the gradient. During furnace heating, the heat flows from the outside of the fuel inward, whereas 

0 
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in nuclear heating, the heat flows from the inside of the fuel outward. However, furnace heating 
would be useful for modeling. In theory, it is possible to test both nuclear and thermal transients 
in Tiers 1, 2, 4, and 5 of a MlCE test train by changing sweep gas composition. While the 
individual capsule flow rates and compositions can vary, the total gas flow rate of the test train is 
60 standard cubic centimeters per minute (sccm). 

A purely thermal transient test could be accomplished by initially operating the sweep gas using 
pure helium, then quickly switching over to a neon rich mix which would decrease the conductivity 
of the gas, and therefore, increase the fuel temperature since the fuel power would remain the 
same. After the transient, the gas mix can be returned to pure helium. The average time for gas 
change in a capsule is slightly over a minute, and the thermal transient rate of 0.5 - 3 Wsec is 
expected to be achievable. 

Therefore, it seems feasible to generate a purely thermal transient, which would be representative 
of a decrease in coolant thermal load. However, it may be more difficult to simulate a transient 
that would result from an addition of reactivity. One possible method to cause a rapid power 
increase in fuel pellets in MlCE capsules without disturbing the reactor operation is to use helium- 
3 (nuclear poison) for sweep gas during normal operation. Then, to spike fuel power, the sweep 
gas can be changed from helium3 to natural helium. In theory, this action should rapidly increase 
the fuel power without affecting the entire reactor. The magnitude of the effect and the cost for 
this test have not been calculated and may show that this approach is not practical. * References 

MDO-723-0016 1 B-MT(EDT)S-027, "In Pile Test Plans for Prometheus Fuel Elements (U)", 
January 2006 

MDO-720-1138, "Design Review of MlCE 3 B Space Fuel Irradiation Test (Design Review 
#2008) (U)," November 2005 

MDO-CME-2120, "Fabrication of U 0 2  Fuel Pellets for Space Program," January 2006 

MDO-729-05-0083, "Uranium Nitride Fuel Pellet Development at BWXT for Space 
Applications," January 2006 

MDO-729-05-0084, "Uranium Oxide Fuel Pellet Development at Nuclear Fuel Services for 
Space Applications," January 2006 

SPP-SRE-0008, "Response to Request for Transient Specifications for Furnace Design," 
June 2005 
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This enclosure addresses the compliance assessment of the MICE-36 Tier 5 capsule for Space 
Materials specimens. 

A complete listing of the weights of materials for all specimens, specimen assemblies, instrumentation 
and test train hardware was not available when this assessment was performed. The capsules had 
not been designed and some materials had not been selected. There is a preliminary materials list 
below that was used in the test prospectus compliance assessment. Finat materials information will 
be input to the Materials Declaration Listing to support reassessment of compliance issues prior to 
irradiation. Post-irradiation examination plans were for shipment from the Reactor Test Complex to a 
non-NR Program facility. The non-NR Program facility was also to be responsible for disposal of the 
test materials and hardware. The MICE-38 Space Materials were to be handled at NR Program 
facilities as a backup. 

Materials List 

Specimens - U02 (5.34% 2 3 5 ~ ) .  

Capsules, Instrumentation, other Hardware - Graphite, Haynes 230, lnconel 600, LCAC Molybdenum, 
TZM Molybdenum, Tungsten-3% Rhenium, Zr02- Magnesia stabilized. (Table 1) a 
Several years ago a charcoal sample from ECF Stack #2 was counted by NRF Chemistry and 
determined to contain about 300 pCi of lglOs. Since the lglOs was observed on the charcoal filter, the 
detected isotope had to be in gaseous form. The most likely chemical form of the detected isotope 
was probably 0 ~ 0 4  that melts at 40 "C and boils at 130 "C. 

This isotope can be produced by activation of another material that would lead to the production of 
191 0s. The primary materials that could lead to the production of 'glOs are rhenium and tungsten. 
Preliminary calculations using ORIGEN have shown that millicuries of lglOs could be produced per 
gram of rhenium by the chain below. 

Tungsten could'also be a source of 'gl~s, if it were present. If tungsten is irradiated in the MICE 38 
train significant quantities of ''l0s would be produced per gram of tungsten. Preliminary calculations 
using ORIGEN have shown that millicuries of lglOs could be produced per gram of tungsten using the 
chain below. 

Other possible, but not expected sources of lgf 0 s  are: lgOOs(n, gamma)'91 0s; lgl k(n, p)1910s; lg4pf(n, 
a~pha) '~~Os.  e 
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In the presence of oxygen from trace moisture or air in the flowing gas stream, some of the metallic 
osmium could be converted to 0s04 which could be transported through the flowing gas stream to the 
piping system outside the reactor or to the Advanced Test Reactor stack. Although this may be 
unlikely it should be recognized as a possibility, since it was generated in samples from the 
pressurized water loops. 

Radioloclical Controls 

Although many of the MICE3B Space materials of construction are considered to be standard, the 
irradiated material may present unique personnel exposure concerns based on the relatively high 
cobalt content (0.1646%) in Haynes 230, and the expected generation of significant transuranic 
radioactivity from the long term irradiation of low-enrichment fuel. Thus, a preliminary radiological 
control system evatuation has been performed to support insertion of MICE-3B Space materials into 
the ATR. The results of the evaluation for decay times of 30 and 730 days, documented in RCO-05- 
101, are that the MFP controt system is sufficiently conservative for capsule cutting operations and 
handling of capsule intemals at the Expended Core Facility. 

This evaluation will be updated as required prior to insertion to include as-built materials information 
and again prior to final removal from the reactor to reflect actual irradiation parameters. Evaluation 
data will be made available to NR Program activities that may be selected to conduct either capsule 
disassembly or specimen examination, in sufficient time to establish the proper radiological controls 
for these tasks. 

I ESH - 
The Space materials in MICE-3B and the handling and examination of the specimens are very similar 
to those in previous MICE test proposals. The new material is Haynes 230. Haynes 230 is a 
corrosion resistant, high temperature material consisting of elements common to the NR program. 

I NESHAPS 

There may be some NESHAPS concerns due to the greater than normal activity of osmium, rhenium 
and tungsten isotopes. The Haynes 230 material used to can the fuel contains 13.86% tungsten. 
See the discussion of Osmium-191 above. No other NESHAPS concerns are expected because the 
new materials consist of common elements that will activate to radionuclides that are common in the 
hot cells. No concerns have been identified with previously used materials. The total number of 
curies is likely to be accommodated. However, NESHAPS assessments will be performed for each 
NR program facility based on as-built materials data and actual irradiation histories prior to 
introduction to that facility. 

Many of the capsules and other non-specimen hardware are not defined at this time. Post-irradiation 
examination plans are not expected to involve shipments from NR program facilities. Therefore, 
potential concerns for shipment of the irradiated materials must be addressed later. 
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There are some concerns for shipment of the unirradiated MICE-3B Space materials components 
because they contain both fissile and moderating materials. Shipment may be made under the 
General License Limits of Type A packages if the following conditions are met: 

The MlCE 38 Space Materials Test Program will irradiate 0.86 grams of 2 3 5 ~  (18.24 gm of U02) in the 
Tier 5 capsule. The MICE-3B train, which includes four other test capsules, may contain greater than 
15 grams of 2 3 5 ~ .  If the as-built train exceeds 15 grams 2 3 5 ~  or if the mass of the shipping container 
(excluding the mass of any beryllium, graphite, and hydrogenous material enriched in deuterium) is 
less than 200 grams per gram of 2 3 5 ~ ,  the shipping container must be limited to 60 grams 2 3 5 ~  (38 
grams 2 3 5 ~  if the fissile material is mixed with moderating substances having an average hydrogen 
density greater than water) and the amount of beryllium, graphite, and hydrogenous material enriched 
in deuterium must be limited to 500 grams. For the shipment of the MlCE train assembly from NRF to 
TRA, a transportation plan with government approval would be needed to make the shipment. 

If the above limits are exceeded, then a Certificate of Compliance Package or DOT Specification 
Package authorized for fissite material must be used. 

Waste Manaaement 

Low enrichment fuel and Haynes 230 are new materials to the test program. Waste from the low 
enrichment fuel will be managed with the same methods as higher enrichment fuel since the wastes 
are unlikely to be segregated. Haynes 230 is a corrosion-resistant metallic material containing 
chromium as an alloying material. It is not expected to leach heavy metals in excess of limits for 
hazardous wastes. 

The capsule and instrumentation materials will probably be similar to previously evaluated MlCE 
materials. The only materials that exceed a criterion for hazardous material contain chromium as an 
alloying material. A number of the capsule and instrumentation materials will become GTCC waste 
when irradiation is completed. 

The MICE-3B Tier 5 Space Materials capsule is not expected to include beryllia or other neutron 
moderators. The irradiated fuel material will contain a significant mass of plutonium relative to the 
mass of uranium-235. This fact may need to be considered for nuclear materials accountability. 

Lona Term Fuel Storase 

The MICE-3B Space Materials Test Program will irradiate 0.86 grams of 2 3 5 ~  and 0.1 0 in3 total 
volume of fuel specimens, Plans have not been formulated for post-irradiation examination or long 
term storage. The materiats are not expected to be examined or returned to NRF following 
examination. The amount of additional irradiated waste ultimately requiring disposal represents less 
than 0.01 % of the current inventory of similar waste from ATR test programs (not including expended 
core waste). If the materials were returned to NRF, this additional amount of material would have an 
insignificant impact on the total waste requiring disposal, and it would be very unlikely that an 
additional disposal canister would be needed. The handling and storage of the irradiated test articles 
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from this program in the NRF water pits will be done in accordance with approved procedures. The 
only additional NRF effort specific to MICE3B Space specimen disposal would be unloading a small 
portion of a MIN container with scrap waste and transferring to the water pits and loading it into a 
disposal canister for shipment when needed. 100 NRF man-hours is an order of magnitude estimate 
for this MICE-3B S ~ a c e  materials specific work. The shipping and disposal in the geologic repository . .  - 
of these and numebus other rnisceilaneous scrap fuel specimens will-also be performed with 
approved procedures. Disposal and handling of the specimens in the other capsules can be 
performed using the same procedures and containers as other miscellaneous fuel specimens. 

Table 1: Preliminary Estimate for the ATR Materials Declaration List 
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Acronym Listing 

ATR 
BEA 
BPVC 
EFPD 
GTAW 
IAN1 
MEWP 
MlCE 
NRPCT 
PCT 
TZM 
UN 
wlo 

Advanced Test Reactor 
Batelle Energy Alliance 
ASME Boiler and Pressure Vessel Code 
Effective Full Power Days 
Gas Tungsten Arc Weld 
Los Alamos National Laboratory 
Maximum Expected Working Pressure 
Multiple Irradiation Capsule Experiment 
Naval Reactors Prime Contract Team 
Peak Central Temperature 
0.5 w/o Titanium - 0.1 w/o Zirconium - Molybdenum alloy 
Uranium Nitride 
Weight Percent 

1. Background 

The MlCE test platform is used to irradiate high temperature fuel and structural specimens in 
the Advanced Test Reactor (ATR). The MlCE test platform consists of four test locations, two 
Prime (M-2 and M-4) and two Secondary (M-1 and M-3), in the northeast lobe of the ATR 
(Figure I). Each Prime test train consists of five welded capsules with instrumentation lines 
(three thermocouples and two gas tubes) vacuum brazed to each capsule head. Each 
Secondary test train consists of five smaller diameter welded capsules without instrumentation. 
Capsules in a test train are numbered sequentially from "Tier 1" at the bottom to "Tier 5" at the 
top. 

The test trains are discussed in detail in References [a] thru [c]. The test train which was to be 
used to test space fuel, designated NE-M-2-103 (MICE-3B), is scheduted for insertion into the 
ATR in March 2006. Prior to cancellation of Naval Reactors contract to deliver a reactor for 
Project Prometheus, the NRPCT planned to irradiate two candidate Prometheus-1 fuel materials 
in the NE-M-2-103 train. Specifically, the Tier 4 capsule would house six uranium nitride (UN) 
specimens fabricated by the Los Alamos National Laboratory (LANL) and the Tier 5 capsule 
would house eighteen uranium oxide (U02) specimens. This enclosure describes in detail these 
two capsule designs. 

11. MICE-36 Tier 4 Canned UN Capsule 

A. General Description of Capsule 

This section provides an overview of the M ICE-3B Tier 4 canned UN capsule. Each unique 
component inside the capsule is described in more detail in Section 1I.D. Sketch SK-MGP2197 
is the top level engineering sketch for the capsule. A cross section of the capsule assembly is 
illustrated in Figure 2. Capsule internals are housed inside an lnconel 600 capsule body. 
Electron beam welded to the capsule body is a head assembly with five Inconel 600 strain 
reliefs, two 304L stainless steel gas lines, and three standard Type K thermocouples vacuum 
brazed to an Inconel600 head. A helium-neon gas mixture flowing at 60 sccm through the gas 
lines is used to adjust the specimen temperature in-situ by regulating the ratio of helium to neon 
in the mixture. Likewise, the electron beam weld design is identical to the MICE-3A capsule 
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weld qualified to Section IX of the ASME Boiler and Pressure Vessel Code (BPVC). Reference 
[dl. The Nitronic 60 capsule spacer centers the capsule body in the MlCE strongback. 

Inside the capsule were six laser welded Haynes 230 can assemblies. With each assembly was 
located a single cylindrical 0.255-inch (6.47 mm) diameter by 0.1 18-inch (2.99 mm) thick 
uranium nitride fuel specimen fabricated by LANL. The can assemblies were numbered 
sequentially from "Level 1" at the bottom of the capsule to "Level 6" at the top. The Level 3 can 
assembly is illustrated in Figure 3. In each can assembly, the UN specimen was sandwiched 
between a tungsten pedestal and a tungsten cap. A tungsten - 3% rhenium compression spring 
was seated on radial fins integral to the tungsien cap. The spring accommodates component 
thermal expansion while maintaining good thermal contact between the specimen and tungsten 
pedestal and cap. Assembly of the UN specimen, tungsten pedestal, tungsten cap and 
tungsten-rhenium spring into the Haynes 230 can was to be performed by LANL inside of a 
glovebox filled with ultra high purity helium. Autogenous laser welding of the Haynes 230 lid to 
the Haynes 230 can was to be performed by LANL inside the glovebox. After inspection of each 
can per Sketch SK-MGP2198, each Haynes 230 can assembly was to be shipped to Bettis 
Atomic Power Laboratory for assembly into the MICE-38 Tier 4 capsule. At Bettis, each can 
assembly was to be installed into a POCO graphite holder centered in the capsule body with 
two 316 staintess steel centering disks. A slot in the Leveis 2, 4 and 6 graphite holders (Figure 
4) each house a standard Type K thermocouple vacuum brazed to the capsule head, lnconel 
600 spacers at the top and bottom of the capsule minimize axial heat losses from the top and 
bottom can assemblies. An Alloy 286 wave spring identical to that used in the molybdenum 
structural capsule (SK-MGP2185, Group 1) was to be positioned at the top of the capsule to 
accommodate internal component thermal expansion during operation. Two external capsule 
shrouds fabricated from Zircaloy/hafnium sheet slide over the capsule body. The percentage of 
hafnium in each sheet was selected so that the fission power is approximately 500 w/cm3 for 
the bottom three specimens (1 00% hafnium sheet) and 750 w/crn3 (I 0% hafnium sheet) for the 
top three specimens. 

B. Nuclear and Thermal Analyses 

Nuclear analyses of the MICE-36 Tier 4 canned UN and Tier 5 canned U02 capsules consisted 
of the calculation of neutron fission rates using a NRPCT RCPOI model of the ATR with the 
northeast lobe operating at 18 MW. The non-fission (gamma) heat rates were derived from 
previous results that have been correlated for use in the MlCE tests. Therefore, the nuclear 
analysis method was the same as that used for previous MlCE insertions.' See References [a] 
thru [c] for additional information on the nuclear analysis methodology. 

Thermal analyses of the capsules were performed using ANSYS finite element models with 
fission and gamma heat generation rates formulated from the nuclear analyses. Thermal plots 
for the MICE-3B Tier 4 canned UN capsule are reproduced in Figures 5 thru 7 assuming an 80 
vol% helium - 20 vol% neon gas mixture. Figure 5 is a thermal plot of the entire capsule 
assembly. Figure 6 shows the temperature distribution of the Level 4 can assembly. The 
remaining five internal can assemblies exhibit similar thermal profiles. Figure 7 is a 
representative temperature plot for the uranium nitride specimens. 

C. UN Specimen Operating Conditions 

Specimen fission power density and peak central temperature (PCT) targets for each UN 
specimen were established to simulate the performance response in the Prometheus-I reactor 
Predicted fission power density and PCT values for each specimen were obtained from the 
RCPOI nuclear and ANSYS thermal models assuming an 80 vot% helium - 20 vol% neon gas 
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mixture. A comparison of the target and predicted values is highlighted in Table 1. The planned 
test duration was 500 effective full power days (EFPD), or 12000 hours. Note that gamma 
heating of the UN specimens contributes an additional 80-100 w/cm3 to the overall specimen 
heat generation rate. For example, the Tier 4 Level 1 uranium nitride specimen has a predicted 
fission power density and gamma heat rate of 545 w/cm3 and 100 w/cm3, respectively, for a 
total heat generation rate of 645 w/cm3. 

Table I: Comparison of Target and Predicted Fission Power Density and PCT Values (Tier 4) 

D. Specific Details about Unique MICE-36 Tier 4 Canned UN Capsule Components 

This section provides detailed information about the purpose and manufacturing difficulties, if 
applicable, specific to each unique UN capsule component. 

Havnes 230 Can (SK-MGP2189, Items 2 and 3) and Havnes 230 Lid EK-MGP2189, Item 1) 

The Haynes 230 can and lid served three purposes. First, uranium nitride will dissociate unless 
a small (less than eight torr) overpressure of nitrogen is in equilibrium with the fuel. The Haynes 
230 can is a hermetic vessel after welding the lid shut, so dissociation of an insignificant mass 
of the UN specimen inside the can provides the nitrogen overpressure, preventing further 
dissociation during operation. Note that the MlCE sweep gas system uses only helium and 
neon, not nitrogen, necessitating the requirement that the specimens be canned. In other 
words, uncanned UN specimens would completely dissociate into elemental uranium as the 
nitrogen released from a specimen via dissociation is swept out of the capsule. Secondly, if the 
specimens were not canned, steady state fission gas emission from the specimens would 
violate emission thresholds imposed by the operating contractor for the ATR, Battelle Energy 
Alliance (BEA). The fission gases products are collected inside each hermetic Haynes 230 can 
during operation, so no BEA emission thresholds are exceeded. Thirdly, 60 sccm of helium- 
neon gas flows continuously through the MlCE capsules via the two gas tines brazed into the 
capsule head. This gas stream contains approximately 1-10 ppm of impurities such as water 
vapor and oxygen. The Haynes 230 can prevents chemical interaction between the UN 
specimens and impurities within the gas stream impurities. 

Haynes 230 (UNS N06230) is a solid-solution strengthened nickel-base alloy. It was selected 
as the can and lid material primarily because of its high creep strength and weldability. During 
operation in the ATR, the can and lid are internally pressurized, and therefore primary stresses 
are generated, from two sources. First, helium inside the can would be at atmospheric pressure 
(approximately 12.5 psia during filling at IANL) when the can is at room temperature. However, 
during operation, the average gas temperature inside the can increases to 1500-2000°F (1 088 
K - 1366 K), resulting in a corresponding increase in pressure to approximately 60 psia. 
Second, fission gas products released from the uranium nitride specimen during the 12000 test 
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hours account for an additional 10 psia maximum. Therefore, the maximum expected working 
pressure (MEWP) inside the can at temperature is 70 psia. The design pressure of the Haynes 
230 can assembly is 85 psia, which provides a 15 psi margin to the MEWP. 

The design temperature of the Haynes 230 can and lid is 1650°F (1 172 K), and was selected 
because Section VIII, Division 1 of the BPVC limits operation of pressure vessels fabricated 
from Haynes 230 to this temperature. Specifically, Code Case 2063-3 specifies a maximum 
allowable stress of 2.0 ksi at 1650°F. Above this temperature, the creep strength of Haynes 230 
is sufficiently low that fabrication of pressure vessels from the material is impractical. The 
capsules were designed to limit the Haynes 230 pressure boundary temperature to 
approximately 1550°F (1 1 16 K), providing a 100°F (55.5 K) margin to the BPVC temperature 
limit. This margin is adequate to offset uncertainties in the temperature measurement that may 
result in the pressure boundary operating at a higher temperature than predicted. Figure 8 
shows the resulting von Mises stresses in the Haynes 230 pressure boundary when subjected 
to the design pressure of 85 psi. figure 8 demonstrates that even the peak stresses are less 
than the maximum allowable stress of 2 ksi at 1650°F (1 172 K) dictated by Code Case 2063-3. 

Note that technically the pressure boundary enveloping the UN specimen does not have to 
adhere to the rules of the ASME BPVC, either Section VIII or Section Ill. BEA only required that 
the lnconel 600 capsule body and head assembly meet the requirements of the BPVC Section 
111 Class 3, since this pressure boundary prevents water from leaking into the capsule and out of 
the reactor. Nonetheless, it is good engineering practice to use the maximum allowable 
temperatures and stresses dictated by the Code, if available, and the accompanying rules of 

.' construction, due to their built-in conservatism and the Code's proven history. 

Although Haynes 230 was deemed the optimal material for this application given its superior 
creep strength among non-refractory metal alloys, weldability, published allowable stresses at 
elevated temperature and product availability, Haynes 230 does have its drawbacks. First, like 
most ferrous and nickel-based alloys, it has low thermal conductivity, resulting in high thermal 
stresses during operation in the ATR. Figure 9 illustrates the thermal stresses in the Level 4 
can assembly during normal operations. A plastic analysis of the can shows that these 
stresses, which exceed 20 ksi, cause creep relaxation. Creep damage coupled with fatigue 
damage due to reactor start-ups and shutdowns can cause cracking of the pressure boundary 
via a mechanism called creep-fatigue failure. However, it is difficult to predict the onset of this 
failure mode given the limited irradiated creep-fatigue data for Haynes 230 in the open literature 
and the high level of uncertainty associated with the calculation methodology. The low number 
of reactor start-ups and shutdowns, less than twenty, in this application would reduce the 
likelihood of such a failure, but it was still a risk that must be considered. 

The second drawback of Haynes 230 is the uncertainty in the temperature measurement that 
results from its design temperature limit of 1650°F (1 172 K). Three thermocouples in the 

. canned UN capsule are positioned in slots in the Levels 2, 4 and 6 graphite holders (Figure 4). 
Each thermocouple during operation measures approximately 1250°F (949 K), approximately 
50°F (28 K) lower than the outside surface temperature of the Haynes 230 can (Figure 6). 
However, the average UN specimen temperature [approximately 2180°F (1466 K)] was the 
critical parameter needed since fuel swelling and fission gas release are significantly affected by 
specimen temperature. It was not feasible, given the test schedule, to develop a technique to 
penetrate a thermocouple through the Haynes 230 pressure boundary to directly measure the 
specimen temperature. Instead, the specimen temperature must be estimated from correlations 
generated by the ANSYS thermal model [e.g., ANSYS predicts that the specimens operate at 
approximately 2200°F (1477 K) PCT when the thermocouples read 1250°F (949 K)]. 
Uncertainty in the specimen temperature correlation increases with the temperature difference 
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beheen the fuel specimen and thermocouple. Note that this drawback is inherent to any iron or 
nickel-based can material, since all would have metal design temperatures, and therefore 
thermocouple temperatures, significantly lower than the fuel specimen temperatures. Ideally, 
the can would be fabricated from a high thermal conductivity refractory metal that could operate 
satisfactorily at a temperature just below the specimen temperature. Then, with the 
thermocouple installed adjacent to the refractory metal can, the fuel spechen temperature 
uncertainty would be significantly reduced [i.e., because the thermocouple would be operating 
at a temperature 200°F (1 11 K) less than the average specimen temperature instead of the 
current 930°F (499 K)]. However, to meet the original MICE-3B insertion scheduled for January 
2006, it was judged that insufficient time was available to develop and qualify a refractory metal 
can to lid weld. Therefore, to maximize the likelihood of the can remaining hermetic for 12000 
hours in-pile, Haynes 230 was selected. 

Finally, the third drawback of Haynes 230 is the compatibility of Haynes 230 with fission 
products such as cesium, rubidium and tellurium. It is possible, although not likely, that fission 
products could corrode the Haynes 230 can, as discussed in Attachment A. Out-of-pile testing 
of the chemical compatibility of Haynes 230 with cesium, rubidium and tellurium is necessary to 
quantify the corrosion rate. 

Tunasten Pedestal (SK-MGP2191, Items 7-31 and Tungsten Cap (SK-MGP2191, Items 4-51 

The tungsten pedestal acts as a thermal resistor meaning that the cross section of each 
pedestal is tailored so that the specimen operates at an approximately 2200°F (1477 K) PCT 
even though the Haynes 230 can temperature is limited to 1550°F (1 116 K). Examining the 
pedestal on Sketch SK-MGP2191 in more detail, the UN specimen sits on an undercut polished 
surFace (flatness of 0.0005 inches (12 pm)) designed to minimize the thermal contact resistance 
between the specimen and tungsten pedestal. For the same reason, the underside of the 
tungsten cap was polished to a 0.0005 inch (12 pm) flatness tolerance. Fission and gamma 
heat generated by the UN specimen would conduct axially from the specimen's two flat faces 
into the tungsten cap and base. Some of the heat transferred to the tungsten cap is radiated to 
the colder Haynes 230 can and lid, but a significant percentage conducts through the tungsten 
cap's skirt and back into the pedestal. This combined heat load then conducts axially through 
the 0.030-inch (0.76 mm) thick resistor section of the tungsten pedestal, and spreads out into 
the pedestal's flange and flows into the bottom of the Haynes 230 can. The pedestal's resistor 
section was purposely made thin so that a significant axial temperature drop, approximately 
400°F (222 K), occurs over the length of the pedestal (Figure 6). This feature is what maintains 
the UN specimen at 2200°F (1477 K) PCT even though the bottom of the pedestal is seated on 
the 1550°F (1 716 K) can. In addition, the length of the pedestal's resistor section varies 
depending on which can assembly the pedestal is used in, as listed below: 
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Table 2: Length of the Resistor Section in the Levels 1 thru 6 Tungsten Pedestals (Tier 4) 

Level of Can Tungsten Pedestal Resistor Length 
(inches 1 mml 

An examination of Fourier's law shows why the tungsten pedestal was designed with a thin, 
variable length resistor section. Fourier's law for this application states that: 

where 

q = heat conducted axially through resistor section (Btulhr, W) 
k = thermal conductivity of tungsten (BtulhrlinlR, WImK) 
D = outside diameter of pedestal resistor section (in, m) 
t = thickness of pedestal resistor section (in, m) 
AT = temperature drop over length of pedestal resistor section (R, K) 
L = length of pedestal resistor section (in, m) 

The resistor section is thin (0.030 inches, 0.76mm) so that the temperature drop over the 
resistor length is relatively large (40OoF, 222K). In addition, the length of each pedestal is varied 
to maintain a relatively constant temperature drop over the pedestal length even though the 
heat generation of each specimen is not constant (i.e., L is varied to maintain a constant ATlq 
ratio for all six specimens even though q varies by level). For example, the Level 4 and 5 can 
assemblies have the shortest pedestal lengths to compensate for their higher fuel heat 
generation rates (Table 1). The tungsten pedestal has a polished flange on the bottom to 
minimize the thermal contact resistance between the pedestal and Haynes 230 can, since 
contact resistance decreases with increased contact area. 

The tungsten cap has two radial fins on which the high-temperature spring sits. Radial fins were 
utilized as a spring seating surface to minimize heat conduction losses from the specimen, 
through the radial fins and directly into the spring or the wall of the Haynes 230 can. 

Tungsten was selected as the pedestal and cap material for three main reasons. Most 
importantly, tungsten will not react chemically with the U N  specimen at the proposed operating 
temperatures. Second, tungsten has sufficient creep strength at temperature that it would not 
buckle the pedestal resistor section nor the cap's radial fins due to the spring load. Finalty, the 
thermal conductivity of tungsten makes it an appropriate thermal resistor material. Re- 
examining Fourier's law, if a high thermal conductivity material such as copper was utilized as a 
pedestal material, the thickness of the resistor section would be unacceptably thin or the length 
unacceptably long to achieve a 400°F (222 K) temperature drop. Likewise, a low conductivity 
pedestal material such as zirconia would require an unacceptable decrease in length. 
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Tungsten is brittle at room temperature, so it is very difficult to machine. A machine shop 
specializing in refractory metal fabrication was used. Contact information for this vendor is 
listed below: 

Syhan LLC 
210 Rodeo Dr. 
Edgewood, NY 11 71 7 
Tel: 63 1-243-66OO 

Tunasten - 3% Rhenium Hiqh Tem~erature Spr in~s ISK-MGP2187, Item f 

The high temperature spring served two functions. First, it ensures that good thermal contact 
would be maintained between the UN specimen and the tungsten pedestal and cap while 
permitting thermal expansion of the components. Second, the spring would apply a preload to 
the specimen so that it would be constrained during shipping, thereby preventing in transit 
damage. The spring operates at 1500-1600°F (1 088K-1144 K) (Figure 6) and was designed to 
provide a 0.7 pound load at a working height of 0.42 inches (10.6 mm) (0.10 inches (2.5 mrn) of 
deflection). In addition, the spring was designed for a 0.012-inch (0.3 mm) nominal diametral 
clearance with the inside bore of the Haynes 230 can. Maintaining a tight clearance between 
these two components reduces the temperature of the spring, thereby increasing its allowable 
stress. Figure 10 shows a typical load-deflection curve for this spring design. For a given free 
height, empirical load values are within 20% of loads predicted by the fundamental spring 
equation. The springs were designed to have relatively low stress intensity (30 ksi) at the 
working height. Conventional spring materials such as music wire, beryllium copper, stainless 
steel and Alloy X750 have insufficient yield and creep strength at 1600°F (1 144 K). Springs 
fabricated from these materials would thermally relax during operation, so that the spring load 
would be negligible. Thus, the spring was fabricated from the refractory metat alloy tungsten - 
3% rhenium, which has an estimated 12000 hour creep rupture strength of 64 ksi at 2650°F 
(1 171 K). 

Conventional spring manufacturers were unable to fabricate the spring because tungsten- 
rhenium must be wound at an elevated temperature. Instead, a company that specializes in 
winding high temperature heater elements was contracted to fabricate the springs. Contact 
information for this vendor and the vendor supplying the tungsten - 3% rhenium wire is listed 
below: 

Spring Fabrication Vendor: 
Union City Filament Corp. 
1 O39A Hoyt A venue 
P. 0. Box 777 
Ridgefield, NJ 07657 
Tel201-945-3366 

Wire Supplier: 
H, Cross Company 
363 Park Avenue 
Weehawken, NJ 07086 
Tel: 207-863-1734 

Graphite Holders (Sketch SK-MGP2192. Items 1-61 

The graphite holders positioned around each Haynes 230 can assembly serve four purposes. 
First, the temperature of each Haynes 230 can is limited to 1550°F (1 1 16 K), 100°F (55 K) lower 
than the design temperature, by varying the outside diameter of each graphite holder, as listed 
in Table 3. The gas gap is the radial clearance between the outside diameter of the graphite 
holder and inside diameter of the capsule body. 
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Table 3: Comparison of Levels 1 thru 6 Gas Gaps and Corresponding Can 
Temperatures (Tier 4) 

As the radial gap in a given level is increased, Fourier's law dictates that the graphite holder and 
Haynes 230 can temperature is increased. Therefore, each gas gap could be altered until the 
maximum temperature of all six Haynes 230 cans was approximately 1550°F (1 116 K). This 
was important for two reasons. If a Haynes 230 pressure boundary operated at a significantly 
higher temperature than 1550°F (1 116 K), its creep strength would degrade and the can could 
rupture during operation. Similarly, if a Haynes 230 can operate at a lower temperature, the 
uncertainty in fuel specimen temperature increases since the uncertainty is dependent on the 
difference between the specimen and the can temperatures. By optimizing the outside diameter 
of each graphite holder and the tungsten pedestal length, it was possible to meet the 
simultaneous requirement of a 2200°F (1477 K) PC1 specimen and 1550°F (1 116 K) maximum 
temperature Haynes 230 can on all six levels. Note, however, that this required significant 
iteration because modifying the dimensions in one level affects the temperatures on adjacent 
levels. 

The second purpose of the graphite holders was to radiate heat to the inside diameter of the 
capsule body. Graphite has a high emissivity (approximately 0.9) so a considerable percentage 
of the heat transferred across the gas gap would be via radiation. The heat transferred across 
the gap via conduction would be correspondingly reduced, so the average gas gap increased. 
This was significant because component tolerances and thermal expansions can cause 
appreciable changes in predicted temperatures when they are a significant percentage of the 
nominal gas gap. For example, the Haynes 230 can temperature would be appreciably affected 
by the 0.002-inch (50.8 pm) radial thermal expansion of the graphite holder if the nominal gas 
gap was only 0.07 0 inches (0.254 rnrn). 

Maximum Haynes 230 Can 
Temperature (OF I K) 

1535 / 1 108.0 
1536 / 1108.6 
1559 11121.3 
1500 / 1088.6 
1507 / 1092.4 
1482 / 1078.6 

Level of Can 

1 
2 
3 
4 
5 
6 

Thirdly, the graphite holders contact the flat base and lid of each Haynes 230 pressure 
boundary. Contact with the high thermal conductivity graphite tends to reduce the radial 
temperature distribution in the Haynes 230, thereby reducing thermal stresses, although they 
were still relatively high. Finally, as mentioned above, slots in the Levels 2.4 and 6 graphite 
holders house the three thermocouples used to estimate the UN specimen temperatures. 

Stainless Steel Centering Disks (SK-MGP2194, Items 1 and 2) 

Graphite Holder 
Diameter (in / mm) 

1.150 / 29.210 
1.224 / 31.089 
1.150 / 29.210 
1 .246 / 31.648 
1 .ZOO / 30.480 
1.194 / 30.327 

A top and bottom centering disk centers each graphite holder in the capsule body, thereby 
establishing a uniform gas gap around each holder. The disks are designed with fins to 
minimize heat loss from the graphite holder, through the centering disk, and into the capsule 
body. 

HeliumJNeon Gas 
Gap (in) 

0.070 / 1.778 
0.033 / 0.838 
0.070 1 1.778 
0.022 / 0.559 
0.045 / 1.145 
0.048 / 1.219 
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Incanel600 Capsule Bodv (SK-MGP2196, ltem I I and Head Assemblv (SK-MGP2217, Group 1) 

After electron beam welding the head assembly to the capsule body, these two components 
form the main pressure boundary to the ATR coolant. BEA requires that these components 
meet the requirements of Section Ill, Class 3 of the BPVC. Design and service loadings for the 
capsule pressure boundary are equivalent to that for the MICE3A capsules, which are 
discussed in reference (c). BPVC calculations for the pressure boundary are identical to that for 
the capsule described in reference (a). The three Type K thermocouples brazed to the head 
have crushed alumina insulation with a 316L stainiess steel sheath. These thermocouples, 
which would operate at approximately 1250°F (949 K), are the same type of thermocouples 
used in standard loop, tests in the ATR. 

Capsule Shrouds (6266E46, ltem 2 and ltem 4) 

The hafnium percentage of the two capsule shrouds (i.e., 100% hafnium and 10% hafnium in 
the bottom and top shrouds, respectively) was selected to meet the target of three specimens 
each operating at 500 w/cm3 and 750 wlcm3. The bottom three specimens were selected to 
operate at the lower fission heating rate of 500 w/cm3 to offset the higher gamma heating rate 
that results from the closer position of these specimens to the core centerline. Similarly, the top 
three specimens were shrouded to provide the higher 750 VV/crn3 fission heating rate since their 
gamma heating rate was lower. This technique was used in an effort to keep the total heat 
generated (fission plus gamma) in the top three and bottom three can assemblies identical so 
that the range of the six gas gap values was not extreme. 

0. Specimen Temperature Uncertainty in MICE-3B Tier 4 Canned UN Capsule 

The temperature of the uranium nitride specimens could not be directly measured. Instead, an 
ANSYS finite element model would be used to correlate the specimen temperature from the 
temperature recorded by three thermocoup!es embedded in the graphite holders. As a result, 
there would be significant uncertainty in the specimen temperature. The nontriviai sources of 
uncertainty are as follows: 

Thermal contact resistance between the specimen and tunasten pedestal and cap . The 
thermal contact resistance is modeled in ANSYS as a uniform 0.001-inch (25.4 pm) helium 
gas gap between the specimen and tungsten components. Modeled as such, ANSYS 
predicted that each specimen would generate sufficient heat that an approximately 125°F 
(69 K) temperature drop would occur across the gap. High uncertainties are inherent to 
contact resistances since they depend on the microscopic contact area. The uncertainty 
would increase considerably if the specimen's flat surfaces became bowed due to swelling, 
so that there would be only point contact between the specimen and tungsten. The contact 
resistance uncertainty is the single largest contributor to the overall measurement 
uncertainty. Assuming the specimen remained a right circujar cylinder during operation, an 
upper bound on this uncertainty would be 100%, or approximately 125°F (69 K). 
Thermal contact resistance between the tunqsten pedestal flanae and the Havnes 230 can. 
Modeled as a 0.001-inch (25.4 pm) helium gap, ANSYS predicts a 25°F (14K) temperature 
drop across this interface. An upper bound on this uncertainty is loo%, or approximately 
25°F (14 K). 
Thermal conductivitv of irradiated tunasten and Havnes 230. The uncertainty in the 
unimdiated thermal conductivity value of pure tungsten and Haynes 230 should be fairly 
small. It is unclear, however, what the effects of irradiation are on these values, although it 
is expected to be less than a 15% change. 
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Ernissivitv of tungsten -The uncertainty in the emissivity of the tungsten was estimated at 
15%. 
Fission and oamma heatina rates of materials inside ca~sule -The uncertainty in fission 
and gamma heating rates is estimated at 15%. Unlike the other contributors to the overall 
temperature uncertainty, an empirical fission or gamma heating rate that does not match 
that used in the ANSYS model would be detected by the themocouples. For example, if 
the three Type K thermocouples record a 1200°F (922 K) temperature and the ANSYS 
model predicts they should read 1250°F (949 K), it can be concluded that the actual Tier 4 
gamma and fission heating rates are lower than predicted. 

It is difficult to assign a realistic overall specimen temperature uncertainty to the Tier 4 canned 
UN design given the limited knowledge about each contributor. When the uncertainties 
quantified above are incorporated into the ANSYS model, the specimen temperature uncertainty 
is approximately +250°F/-150°F (+A39 K / -83 K). The uncertainty is lower on the negative side 
because the assumed contact resistance values cannot be appreciably smaller unless 
components diffusion bond, which is improbable. This overall temperature uncertainty would 
be significantly reduced if the can pressure boundary had a higher design temperature limit, 
closer to that of the specimen. 

E. Impracticality of Radial Heat Transfer from UN Specimen 

All Project Prometheus core concepts exhibit radial heat transfer through the fuel specimens 
into a flowing coolant. To be prototypic, heat transfer from the MICE UN specimens should also 
be predominantly radial. However, for reasons discussed below, this was not practical. 
Instead, axial conduction from the specimen's two Rat surfaces would be the dominant heat 
transfer mechanism, resulting in planar isotherms (surfaces of constant temperature) instead of 
the more prototypic concentric isotherms, 

Heat removal from the UN specimens in the MICE capsule is accomplished by conduction and 
radiation only. In addition, the total specimen heat generation rate (fission plus gamma) would 
be much higher than prototypic (610-925 wlcrn3 versus 30-50 wlcm3) to accelerate depletion. 
As a result, radial heat transfer through a gas gap results in very high temperature drops 
through the gap [approximately 90-140°F (50-78 K) per 0.001 inch (25.4 pm) of helium]. This 
phenomenon makes radial heat transfer from the UN specimen impractical. 

For example, consider a conceptual design that consists of a UN specimen operating at 750 
w/crn3 centered inside a 1550°F (1 116 K) Haynes 230 can backfilled with pure helium. Heat 
generated by the specimen would be transferred radially through the specimen, across a 
0.0075-inch (0.19 mrn) radial helium gap to the inside diameter of the can. If perfectly centered 
in the can, the specimen surface temperature would be approximately 2300°F (1533 K), a 100°F 
(55 K) temperature drop for each radial mil (25 pm) of gas gap. The 0.015-inch (0.38f mm) 
diametral clearance is required to permit in-pile swelling of the specimen. However, consider 
the following uncertainties. First, if the specimen is not centered in the can, and is instead offset 
in the 0.0075-inch (0.19 mm) radial gap, the average specimen temperature increases by more 
than 200°F (1 1 1 K). Second, the specimen will swell in-pile, which reduces the radial clearance 
between the specimen and can. If the specimen swells 0.010-inches (0.254 mm) diametral, for 
example, the nominal radial gap will decrease from 0.0075-inches (0.19 mm) to 0.0025-inches 
(63.5 pm), resulting in an approximately 500°F (278 K) decrease in specimen temperature. 
Finally, fission products released from the specimen into the gas gap including xenon, krypton, 
and possibly cesium and rubidium vapors that all have thermal conductivities 15-45 times lower 
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than helium. Over the 12000 hour life of the test, this can cause a 30% reduction in the 
effective thermal conductivity of the gas gap, which increases the specimen temperature by 
.approximately 300°F (162 K). With the current design utilizing axial heat transfer, the specimen 
temperature would essentially be independent of these three factors (i.e., specimen shift, 
specimen swelling and fission gas release). Note that the level of uncertainty associated with a 
radial heat transfer design is reduced proportionately with reductions in specimen heat 
generation. The Tier 5 U02 capsule design, which operates at much lower heat generation 
rates, takes advantage of this. 

F. Summary of MICE-38 Tier 4 Canned UN Capsule Design 

Table 1 demonstrates that the test designers were able to meet the target test conditions, albeit 
with significant uncertainty in the UN specimen temperature. Axial heat transfer from the 
specimens was necessitated in lieu of more prototypic radial heat transfer because the 
specimen heat generation rate is approximately 20 times greater than prototypic, to accelerate 
depletion. The UN specimens were required to be canned, to prevent specimen dissociation, 
release of fission products in excess of BEA emission thresholds and chemical interaction with 
impurities in the helium-neon gas stream. Haynes 230 was selected as the can material 
because of its relatively high creep strength among iron and nickel-based alloys, its published 
allowable stresses at elevated temperature, its weldability and product availability. 

Ill. MICE-3B Tier 5 Canned U02 Capsule 

A. General Description of Capsule 

This section provides an overview of the MICE3B Tier 5 canned U02 capsule. Each unique 
component inside the capsule is described in more detail in Section I1I.D: Sketch SK-MGP2216 
is the top level engineering sketch for the capsule. A cross section of the capsule assembly is 
illustrated in Figure 11. The lnconel 600 capsule body, Nitronic 60 capsule spacer, capsule to 
head electron beam weld and helium-neon gas system are identical to those used for the Tier 4 
canned UN capsule assembly. The lnconel 600 head assembly is also identical to that used in 
Tier 4, except for the axial termination point of the three Type K standard thermocouples. Inside 
the capsule are three gas tungsten arc welded Haynes 230 can assemblies, each 
accommodating six cyljndrical 0.249-inch (6.32 mm) diameter by 0.1 18-inch (3.0mrn) thick 
uranium oxide fuel specimens. The can assemblies are numbered sequentially from "Level 1" 
at the bottom of the capsule to "Level 3" at the top. 

In the Level 2 and 3 can assemblies, which are identical except for the thickness of the 
molybdenum thermal resistor, the U02 specimens are unconstrained, so that the specimens can 
swell freely in-reactor, Figure 12. The Level 2 can assembly houses six large grain U02 
specimens and the Level 3 assembly houses six small grain specimens. The six specimens 
were to be installed into a molybdenum thermal resistor, with magnesia-stabilized zirconia 
insulators surrounding the fuel stack to prevent axial thermal losses. A tungsten - 3% rhenium 
spring, identical to that used in the Tier 4 canned UN capsule, accommodates component 
thermal expansion. The spring would be seated on a flange integral to the molybdenum top hat, 
which helps center the upper zirconia insulators in the Haynes 230 can. Assembly of the U02 
specimens, zirconia insulators, molybdenum thermal resistor, molybdenum top hat, and 
tungsten-rhenium spring into the Haynes 230 can would be performed inside of a glovebox 
backfilled with ultra high purity helium. The Haynes 230 lid was to be manually gas tungsten arc 
welded with ERNiCrWMo-1 filler metal to the Haynes 230 can inside a helium filled glovebox 
and the vent hole subsequently welded shut, Figure 13. Reference [el describes the welding 
process. Each Haynes 230 can has an integral rib that houses a Type K thermocouple. 
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The six U02 specimens in the Level 1 can assembly are radially constrained by two 
molybdenum - 0.5 wlo titanium - 0.1 wlo zirconium (TZM) restraint tubes, so that the 
specimens cannot swell freely, Figure 14. Instead, the specimens swell into the TZM tubes, 
which act as fuel cladding, so that specimen-clad interactions and fuel viscosity can be studied. 
Two constraint tubes were to be used so that small and large grain specimens could be 
investigated independently (i.e., three small grain specimens were to be installed in the upper 
restraint tube and three large grain specimens in the lower restraint tube). To accommodate the 
restraint tubes, the Level 1 molybdenum thermal resistor has a larger diameter than the Level 2 
and 3 resistors. Otherwise, components comprising the Level 1 can assembly are essentially 
identical to those in Levels 2 and 3. 

After assembly, welding and inspection of the three Haynes 230 can assemblies, they were to 
be assembled into the MICE capsule. Each can assembly would be installed into a pocoTM 
graphite holder and subsequently a molybdenum or lnconel 600 thermal shield that would be 
centered in the capsule body with six small centering tabs integral to the shield. lnconel and 
zirconia spacers at the top and bottom of the capsule minimize axial heat losses from the top 
and bottom can assemblies. An Alloy 286 wave spring identical to that used in the Tier 4 
canned UN capsule would be positioned at the top of the capsule to accommodate internal 
component thermal expansion during operation. Three external capsule shrouds fabricated 
from Zircaloy/hafnium sheet would then slide over the capsule body. The percentage of 
hafnium in each sheet was selected so that the average specimen fission power density in each 
set of six specimens would be approximately 150 w/cm3. 

0. Nuclear and Thermal Analyses 

Methods for performing nuclear and thermal analyses of the MICE-38 Tier 5 canned U02 
capsule are discussed in Section 11.6. Thermal plots for the Tier 5 capsule are reproduced in 
Figures 15 thru 18 assuming a 30 vot% helium - 70 vol% neon gas mixture. Figure 15 is a 
thermal plot of the entire capsule assembly. Figures 16 and 17 show the temperature 
distributions of the Level 2 and Level 1 can assemblies, respectivety. Figure 18 displays the 
thermal profile of all eighteen specimens. 

C. UOz Specimen Operating Conditions 

A target fission power density of 150 wlcm3 and PCT of 2420°F (A600 K) was established for all 
eighteen U02 specimens. Predicted fission power density and PCT values for each specimen 
were obtained from the RCPOI nuclear and ANSYS thermal models assuming a 30 vol% helium - 70 voi% neon gas mixture. A comparison of the target and predicted values is highlighted in 
Table 4. The planned test duration was 500 EFPD, or 72000 hours. Note that gamma heating 
of the U02 specimens contributes an additional 20-40 W/cm3 to the overall specimen heat 
generation rate. 
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Table 4: Comparison of Target and Predicted Fission Power Density and PCT Values (Tier 5) 

0. Specific Details about Unique MICE-38 Tier 5 Canned U02 Capsule Components 

This section provides detailed information about each unique U02 capsule component. Note 
that Section l1.D will be referenced extensively in the paragraphs below, since many of the U02 
capsule components are similar or identical to those used in the Tier 4 canned UN capsule. 

Havnes 230 Can (SK-MGP2205, Item 21 and Havnes 230 Lid (SK-MGP2205, Item 11 

The Haynes 230 can and lid serve three purposes. First, the hermetic Haynes 230 pressure 
boundary retains specimen fission products, so BEA emission thresholds are not exceeded. 
Second, the Haynes 230 can prevents chemical interaction between the UOn specimens and 
the impurities in the flowing helium-neon gas. Finally, an integral rib on the outside diameter of 
each Haynes 230 can houses a standard Type K thermocouple, Figure 13, so that the 
temperature of each can would be measured directly. This method is preferable to that used in 
the Tier 4 UN capsule, where the Haynes 230 can temperature is extrapolated from a 
thermocouple embedded in the surrounding graphite holder. Ribs were not used on the Tier 4 
Haynes 230 cans due to the increased complexity it would require in the fixture that secures the 
can during the automatic laser welding process. The cans in the Tier 5 U02 capsule are 
manually gas tungsten arc welded, so the rib could be accommodated in the fjxturing. Note 
that, in the Tier 4 capsule, the Haynes 230 pressure boundary also prevents dissociation of the 
UN specimens, Section 1I.D. The U02 specimens, unlike the UN specimens, do not require a 
small overpressure of a constituent gas to prevent dissociation, so the Tier 5 Haynes 230 can 
does not serve this function. 

The Tier 5 Haynes 230 pressure boundary has the same outside diameter, shell thickness and 
head thickness as the Tier 4 can and lid. The only differences in the two pressure boundary 
designs are the can lengths (Tier 5 cans are longer to accommodate multiple fuel specimens) 
and the bevel weld preps and vent hole in the Tier 5 design to accommodate a gas tungsten arc 
weld (GTAW). A vent hole was used to prevent helium pressure buildup inside the Tier 5 can 
during welding of the lid. The pressure buildup, which results from heat input during welding, 
can cause the molten weld metal in the seam to be ejected. Filling the small diameter (0.06- 
inch / 1.52 mm) vent hole with filler metal after completion of the lid weld does not result in 
significant internal pressure buildup due to the limited heat input of this operation. Note that 
LANL determined a vent hole was not required in the Tier 4 can design, presumably because 
the laser weld requires less heat input than the GTAW. 

The design pressure and temperature of the Tiers 4 and 5 Haynes 230 pressure boundaries are 
identical, specifically 85 psia at 1650°F (1 172 K). The MEWP inside the Tier 5 can at 
temperature is 70 psia (60 psia due to the increase in temperature of the helium fill gas and 10 
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psia due to specimen fission gas release). The Tier 5 canned U02 capsule was designed to 
limit the Haynes 230 pressure boundary temperature to approximately 1550°F (1 116 K), 100°F 
(55.6 K) below the design temperature of 1650°F (1172 K). This margin is adequate to offset 
uncertainties in the temperature measurement that may result in the pressure boundary 
operating at a higher temperature than predicted. The advantages and disadvantages of a 
Haynes 230 pressure boundary material are discussed in detail in Section 1I.D. Note that the 
Tier 5 cans have similar primary and secondary stresses due to pressure and thermal loads, 
respectively, as the Tier 4 cans. 

Molybdenum Thermal Resistor (SK-MGP2204, Items 3-51 

Each molybdenum-TZM thermal resistor was custom designed so that the U02 fuel stack 
operates at approximately 2420°F (1600 K) PCT even though the Haynes 230 can temperature 
is limited to 1550°F (1 116 K). Its function is similar to that of the tungsten pedestal used in the 
Tier 4 canned UN capsule, except for one significant difference -the molybdenum thermal 
resistor was designed so that heat transfer from the specimens to the resistor is primarily radial 
(as compared to axial in the Tier 4 design, Section 1I.E). This is evident by comparing the 
isotherms in Figures 18 and 7. In Figure 18, the isotherms in the UO2 fuel stacks are 
approximately vertical, except for the extreme edges, where some axial heat transfer to the 
zirconia insulators takes place. A vertical isotherm signifies radial heat transfer through the fuel 
into the molybdenum thermal resistor. In Figure 7, the isotherms in the UN fuel are 
approximately radial (horizontal), signifying axial heat transfer through the fuel into the tungsten 
pedestal and cap, 

Examining the heat transfer path from the U02 specimens in more detail, heat generated by the 
specimens conducts radially through the TZM restraint tube (Level 1 only), across a 0.015-inch 
diarnetral gas gap and into the molybdenum thermal resistor. The 0.015-inch (0.381 mm) 
diarnetral gas gap was necessary to permit unconstrained swelling of the specimens in Levels 2 
and 3, and unconstrained deformation of the TZM restraint tube in Level I. The section of the 
molybdenum thermal resistor that surrounds the specimens is comparatively thick 
(approximately 0.10 inches / 2.54 mm) to promote axial heat transfer within the resistor, so that 
the six specimens all operate at approximately the same temperature. There are three heat 
transfer mechanisms between the thick section of the thermal resistor and the Haynes 230 can. 
Approximately 30% and 15% of the total heat generated by the specimen would be conducted 
and radiated, respectively, across the helium gas gap into the can. The remaining 55% of the 
heat would conduct axially through the thin section of the molybdenum thermal resistor, spread 
out into the resistor's flange and flows into the bottom of the Haynes 230 can. In the Tier 4 
design, the length of each tungsten pedestal was tailored to achieve an approximately 400°F 
(222 K) drop over the length of the flange. Similarly, in the Tier 5 design, both the (ength and 
thickness of each molybdenum thermal resistor was tailored to achieve a 200-250°F (1 1 1-1 39 
K) drop over the resistor's reduced section, as listed below. 

Table 5: Length and Thickness of the Moly Thermal Resistor's Reduced Section (Tier 5) 

[ Level of Can 1 Length of Thermal Resistor ( Thickness of Thermal Resistor I 
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By tailoring the dimensions of each molybdenum thermal resistor, the fuel specimen stacks in 
each can assembly operate at approximately 2420°F (1600 K) PCT despite the variation in the 
total heat generated by the fuel specimens and other components in each can. Molybdenum 
was selected as the resistor material because of its chemical compatibility with uranium oxide, 
its thermal conductivity provided the appropriate temperature gradient over the length of the 
resistor and its relative ease of machining compared to tungsten. 

Radial heat transfer from the fuel specimens was practical in the Tier 5 canned UOz capsule 
because the fission heat generation rate was limited to approximately 150 w/cm3, versus 500- 
750 W/crn3in the Tier 4 design. Therefore, as noted in Section II.E, the uncertainties associated 
with specimen shift, specimen swelling and fission gas release are reduced as follows. Assume 
a Tier 5 U02 specimen operating at approximately 175 w/cm3 (1 50 ~/crn~fission heat rate plus 
25 w/cm3 gamma heat rate) is perfectly centered within the 191 5°F (1 3 19 K) molybdenum 
thermal resistor. The resulting specimen PCT and average outer surface temperature are 
2433°F (1607 K) and 2120°F (1 433 K), respectively. The 0.0075-inch (0.7905 mm) radial 
helium gas gap therefore supports a 205°F (1 14 K) temperature drop, or approximately 27°F (15 
K) per mil (25 pm). If the specimen were to become offset in the gas gap so that it contacts the 
thermal resistor, the specimen PCT and average outer surface temperature would decrease to 
approximately 241 8°F (1 599 K) and 2084°F (1 41 3 K), respectively, Figure 1 9. The uncertainty 
of 15°F (8.3 K) in specimen PCf  due to specimen shift is manageable. Likewise, if the UOn 
specimen swells completely into the thermal resistor, its PCT would decrease by approximately 
200°F (1 11 K) (versus approximately 800°F (444 K) for a 750 ~ l c r n ~  fission heat generation 
rate). Note that the uncertainty due to specimen swelling would be significantly less than 200°F 
(I 11 K). Since the specimen dimensians are remeasured post-irradiation, to determine swelling 
and swelling rate (by dividing by the test time), the Tier 5 ANSYS thermal models would be 
updated with these dimensions, resulting in mare accurate specimen temperature predictions. 
Finally, the release of fission gas products into the Haynes 230 can will have a smaller impact 
on specimen temperature because of the reduced fission heating rate. Specifically, it is 
predicted that the U02 specimen temperature would increase by approximately 100°F (55.6 K) 
after 12000 hours of operation due to the decrease in gas mixture thermal conductivity. This 
increase would be countered somewhat by the decrease in specimen temperature due to 
swelling. 

In summary, radial heat transfer through the fuel specimens was ideal because it is 
representative of all Project Prometheus core concepts. The Tier 5 U 0 2  specimens have 
sufficiently low target heat generation rates that specimen temperature uncertainties due to 
specimen offset, specimen swelling and fission gas release in a radial heat transfer design are 
manageable. 

Zirconia Insulators (SK-MGP2203, Items 1-7) 

The ceramic insulators above and below each U02 fuel stack were fabricated from fully dense 
zirconia stabilized with three weight percent magnesia. The proprietary material, designated 
Zycron Composition 1030, was supplied by: 

Zircoa, Inc. 
31 501 Solon Rd. 
Solon, OH 441 39-3526 
Tel: 440-248-0500 
Fax: 440-248-8864 
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The purpose of the insulators was to minimize the axial heat conduction from the ends of the 
specimen stack, so that heat transfer through each specimen would be predominantly radial. 
Zycron Composition 1030 was selected for several reasons. First, it has extremely low thermal 
conductivity at elevated temperatures (2.0 WimK versus approximately 5.0 WImK for alumina 
and 110 W/mK for molybdenum). Second, components fabricated from 1030 can be ground to 
tight tolerances (fO.OO1 inch (25.4 pm)). Finally, this particular type of zirconia has been 
successfully irradiated in prior MICE insertions without exhibiting significant irradiation damage. 
Components fabricated from zirconia partially stabilized with yttria, on the other hand, have 
experienced severe cracking as a result of irradiation in the ATR. 

Tunasten - 3% Rhenium Hiah Temperature S~rinas (SK-MGP2187, Item 2 )  

The high temperature spring is identical to that in Tier 4 and is discussed in detail in Section 
1I.D. The spring accommodates thermal expansion of the internal can components, and 
prevents in-transit damage of the specimens. 

Molvbdenum-TZM Restraint Tubes jSK-MGP2204, ltems 1-2) and Divider Plate (SK-MGP2204, 
ltem 7) 

The two restraint tubes in the Level 1 can assembly were designed to have less than a 0.0005- 
inch (12.7 pm) diarnetral clearance with the U02 specimens at temperature. Three small grain 
specimens were to be installed in the upper restraint tube and three large grain specimens in 
the lower tube. During irradiation, the specimens swell into the TZM tubes, which act as fuel 
cladding, so that specimen-clad interactions can be studied. TZM-molybdenum was chosen as @ the tubular clad material because available test data (creep and irradiated creep) exists in the 
vicinity of the predicted interface temperatures, albeit the predicted stresses were lower than the 
range of available test data by a factor of 3. The molybdenum divider plate isolates the three 
small grain specimens from the three large grain specimens. The divider plate was plasma 
sprayed with a 0.001-inch (25 pm) layer of zirconia so that it would not diffusion bond to the 
molybdenum restraint tubes. 

Molybdenum-TZM TOD hat (SK-MGP2204, ltem 6) 

The molybdenum top hat serves three functions. First, it helps center the upper zirconia 
insulators in the Haynes 230 can. Second, it has an integral flange that provides a bearing 
surface for the high temperature spring. The tungsten cap in the Tier 4 design serves a similar 
function, except the tungsten cap has two radial fins instead of a flange to minimize heat 
conduction tosses from the specimen, through the tungsten cap and into the can. In the Tier 5 
design, the zirconia insulators thermally isolate the molybdenum top hat from the specimens, so 
a flange can be utilized in lieu of two fins, which are more difficult to machine. Finally, a 0.10- 
inch (2.54 mm) diameter boss integral to the tap hat limits axial translation of the fuel stack to 
0.07 inches (1 -778 mm), and thereby prevents the specimen from exiting.the thermal resistor, 
should the high temperature spring inadvertently break. 

Gra~hite Holders (SK-MGP2207, ltems t -3) 

Each Haynes 230 can assembly was to be installed into a unique graphite holder. The graphite 
holders serve three purposes. First, the high thermal conductivity, low gamma heating graphite 
conducts heat from the can assembly to the thermal shields with minimal temperature drop 
across the graphite. As a result, most of the temperature difference between the Haynes 230 
can and Inconel 600 capsule body is due to the temperature drop across the hebumheon gas 
gap on the outside of the thermal shield. The gas gap widths are therefore maximized, which 
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reduces the effect that component tolerances and thermal expansion have on specimen 
temperature. Secondly, the graphite holders contact the flat base and lid of each Haynes 230 
pressure boundary. Contact with the high thermal conductivity graphite tends to reduce the 

t radial temperature distribution in the Haynes 230, thereby reducing thermal stresses, although 
they are still relatively high (approximately 20 ksi maximum). Finally, the graphite holders have 
a slot feature to accommodate the thermocouple rib in the Haynes 230 can. 

Molvbdenum and Inconel600 Thermal Shields (SK-MGP2208, Items I and 2; SK-MGP2206, 
ltem 'I) 

Positioned around each graphite holder is a 0.03-inch (0.762 mm) thick thermal shield with three 
fins at the top and bottom that center the shield in the capsule body, thereby establishing a 
uniform gas gap around each shield. The fins are designed to minimize heat conduction 
through the fins directly into the capsule body. The dimensions and material of each thermal 
shield are selected to limit the maximum temperature of each Haynes 230 can to approximately 
1550°F (1 1 16 K), as listed below. 

Table 6: Comparison of Levels 1 thru 3 Thermal Shields (Tier 5) 

Non-fuel materials in Levels 2 and 3 have lower gamma heat rates than equivalent nonfuel 
materials in Level 1, because they are further away from the ATR core centerline. Thus, the 
U 0 2  fuel stacks in these levels tend to run colder than the target PCT of 2420°F (1600 K). To 
compensate, molybdenum was selected as the thermal shield material because of its relatively 
high gamma heat rate and low emissivity. Likewise, because it is located closer to the ATR 
core centerline, the specimen stack in Level 1 tends to run hotter, so lnconel600, with its lower 
gamma heating rate and higher emissivity (approximately 0.7 versus 0.23 for molybdenum) was 
selected for the Level 1 thermal shield. As discussed in Section II.D, maximizing the 
temperafure of the Haynes 230 can minimizes the uncertainty in the specimen temperature 
measurement. By optimizing the heliumlneon gas gap thickness, thermal shield material, and 
the length and thickness of each molybdenum thermal resistor, it was possible to meet the 
simultaneous requirements of a 2420°F (1600 K) PCT specimen and a 1550°F (1 116 K) 
maximum temperature for the Haynes 230 can on all three levels. Note that this required 
significant iteration because modifying the dimensions in one level affects the temperatures on 
adjacent levels. The estimated temperature of the Level 3 Haynes 230 is approximately 50°F 
(27.8 K) lower than desired [I 492°F (1 084 K) versus 1550°F (1 1 16 K)j due to the low gamma 
heat rates in Tier 5 Level 3. However, it was not possible to increase the can temperature by 
increasing the heliumfneon gap thickness, since the rib in the Haynes 230 can would have 
interfered with the inside diameter of the molybdenum thema! shield. 

Inconel600 Ca~sule Bodv (SK-MGP2196, ltem I) and Head Assemblv (SK-MGP2217. Grow 
3 

After electron beam welding the head assembly to the capsule body, these two components 
form the main pressure boundary to the ATR coolant. BEA requires that these components 

PRE-DECISIONAL - For Planning and Discussion Purposes Only 



Enclosure 5 to 
MDO-723-0015 

B-MT(EDT)S-028 
Page 19 of 40 

meet the requirements of Section Ill, Class 3 of the BPVC. Design and service loadings for the 
capsule pressure boundary are equivalent to that for the MICE-3A capsules, which are 
discussed in Reference [el. BPVC calculations for the pressure boundary are identical to that 
for the capsule described in Reference [a]. The three Type K thermocouples brazed to the head 
have crushed alumina insulation with a 316L stainless steel sheath. These thermocouples, 
which operate at approximately 1400°F (1033 K), are the same thermocouple types used in 
standard loop tests in the ATR. 

Capsule Shrouds (6266E46, ltem 2 and ltem 4) 

The material composition of the three capsule shrouds (i.e., Zircaloy - 70% hafnium, Zircaloy - 
25% hafnium and aluminum for the Levels I, 2 and 3 shrouds, respectively) was selected to 
meet the test sponsor target of 150 wicrn3 fission heat generation rate. Note that the shrouds 
farther removed from the ATR core centerline require less hafnium content, a neutron absorber, 
because of the cosine flux distribution of the core. 

E. Specimen Temperature Uncertainty in MICE96 Tier 5 Canned U02 Capsule 

The temperature of the U02 specimens would not be not directly measured. Instead, an 
ANSYS finite element model was to be used to correlate the specimen temperature with the 
temperatures recorded by three thermocouples embedded in the ribs integral to the Haynes 230 
cans. As a result, there would be significant uncertainty in the specimen temperature. The 
nontrivial sources of uncertainty are as follows: 

Thermal contact resistance between the molybdenum thermal resistor flanqe and the 
Havnes 230 can. Modeled as a 0.001-inch (25 pm) helium gap, ANSYS predicts a 30°F 
(16.7 K) temperature drop across this interface. An upper bound on this uncertainty is 
100%, or approximately 30°F (1 6.7 K). 
Thermal conductivih of irradiated molybdenum and Haynes 230. The uncertainty in the 
unirradiated thermal conductivity value of pure molybdenum and Haynes 230 should be 
fairly small. It is unclear, however, what the effects of irradiation are on these values, 
although it is expected to be less than a 15% change. 
Emissivitv of molvbdenum - The uncertainty in the emissivity of the molybdenum was 
estimated at 15%. 
Tem~erature uncertainty due to specimen offset inside molvbdenum thermal resistor - As 
discussed in Section III.C, the PCT of the specimen decreases by approximately 15°F (8.3 
K) if it is shifted 0.0075-inches (0.1905 mm) radially so that it contacts the thermal resistor. 
Temperature uncertain& due to irradiation-induced swellina of the specimen - Swelling of 
the U02 specimen would cause its temperature to decrease, as the gas gap between the 
specimen and molybdenum thermal resistor is reduced. However, the temperature 
uncertainty at the termination of the 12000 hour test is not significant, since the diameter of 
the specimen could be measured post-irradiation. There would be nontrivial temperature 
uncertainty (perhaps 50°F / 28 K) at intermediate test durations, since available data on 
U02 swelling versus fluence has significant scatter. 
Tem~erature uncertaintv due to specimen fission aas release - Fission gases have 
significantly lower thermal conductivities than helium, so specimen temperatures would 
increase as the UOn fuel fissions and fission gasses are released. By the end of the test, it 
was estimated that fission gas release will result in a 100°F (56 K) increase in the specimen 
temperature. The uncertainty due to this temperature increase could be significantly 
reduced post-irradiation by puncturing each can and measuring the gas pressure and the 
elemental composition of the gas mixture. 
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Fission and qamma heating rates of internal ca~sule rnaterials- The uncertainty in fission 
and gamma heating rates is estimated at 15%. Unjike the other contributors to the overall 
temperature uncertainty, an empirical fission or gamma heating rate that does not match 
that used in the ANSYS model would be detected by the thermocouple readings, since the 
empirical and theoretical temperature drops across the gas gaps predicted by ANSYS 
would not be consistent. 

It is difficult to assign a realistic overall specimen temperature uncertainty to the Tier 5 canned 
UOn design given the limited knowledge about each contributor. The Prometheus project was 
restructured prior to predicting the overall UOz specimen temperature uncertainty using the 
ANSYS thermal model. However, assuming that the specimen diameter would be measured 
and the gas mixture within the Haynes 230 can analyzed post-irradiation, it was estimated that 
the overall uncertainty in Tier 5 would be slightly less than that in the Tier 4 design, perhaps 
+200°F / -1 50°F (+I1 1 K 1 -83 K). The uncertainty is lower on the negative side because the 
release of fission gas would not result in a decrease in specimen temperature. In the Tier 4 
design, uncertainty in the thermal contact resistance between the UN specimen and the 
tungsten pedestal and cap would be the largest contributor to the overall temperature 
uncertainty. In the Tier 5 design, uncertainties due to specimen offset, specimen swelling and 
fission gas release dominate those associated with uncertainties in the contact resistances. 

F. Summary of MICE-38 Tier 5 Canned UOz Capsule Design 

The comparisons shown in Table 4 demonstrates that the test designers were able to meet the 
target test conditions, albeit with significant uncertainty in the U02 specimen temperature. 
Radial heat transfer through the specimens, which is prototypic of Project Prometheus core 
concepts, was feasible in MICE-35 Tier 5 because of the reduced specimen heat generation 
rate. The U02 specimens were required to be canned to prevent release of fission products in 
excess of B€A emission thresholds and specimen contamination from impurities in the sweep 
gas. 
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Figure 10: Empirical Load-deflection Curve of High Temperature Spring SK-MGP2187, 
Item I 

Spring Load (Ib) Vs. Working Height (in) 
Specimen ID WR5 WMTBR Inc. TestLog # C11686 

0.540 0.530 0.520 0.510 0.500 0.490 0.480 0.470 0.460 0.450 0.440 0.430 0.420 0.410 0.400 
Workins Height (in) 

Knowingly or willfully falsfying or concealing a material fact on this form, or making false, fictitious or fraudulent statements or 
representations herein could constitute a felony punishable under federal statutes. This certificate or report shall not be reproduced except 

in full. without the written a ~ ~ r o v a l  of WMT&R Inc. 
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Listed below are the sketches and drawings for the NE-M-2-103 (MICE-3B) Tier 4 Canned UN 
and Tier 5 Canned U02 capsule assemblies. The far right column of the table lists the status of 

a 
each sketch and drawing. 

Sketch or Drawing 
Number 

SK-MGP2081 
(Sh. 1-3, 8, 11-12 only) 

I I 

U N  Specimen Details 2 .  1 
- - 
High Temperature Spring, canned UN Capsule A .l 

Haynes 230 Can Details A 1 

Canned UN Tungsten Components B 1 

Graphite Holders, Canned UN Capsule 2 

Spacers, Canned UN MICE Capsule A 1 
- - 

Capsule Body, MICE Tier 4 UN Test 1 

MICE-30 Tier 4 Canned UN Ca~sule 2 

MICE-36 Tier 4 Haynes 230 Can Assemblies I - 1 2 1 
- -- - - 

Haynes 230 Can Gauge - 7 

Zirconia Pieces, U02 Capsule A 1 

Molybdenum Pieces Inside Haynes Can, MICE U02 Capsule A 1 
-- 

Haynes 230 Pieces, MICE U02 Capsule A I 

Alloy 600 Components, MICE U02 Capsule I 

Graphite Holders, MICE UO2 Capsule A I 

Molybdenum Shields, MICE U02 Capsule 1 

Can Assemblies, MICE U02 Capsule 2 

MICE-3B Tier 5 Canned U02 Capsule 2 

Welded Head Assy Details, MICE-3B Tiers 4 & 5 2 

MICE Capsule Rolled Shroud Details A I 
- - 

Multiple Irradiation Capsule Experiment (MICE) Strongback A 1 
Capsule Spacer Details 

Definition of Status Codes 

1 - Sketch or drawing has been issued 

2 - Sketch or drawing has not been issued; it is complete but has not been reviewed by a peer 
reviewer or supervisor 
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There are no studies done in open literature where the compatibility of Haynes 230 with cesium, 
rubidium or tellurium were evaluated; however, the titerature does investigate the interactions 
with stainless steel along with a few other materials [A-N]. 

Cesium and rubidium are both alkaline metals and should have similar corrosion characteristics; 
therefore, the response of one should be typical of the response of the other. The 
commonalities among the articles suggest that pure cesium is relatively unreactive with 
stainless steel; however, cesium containing a moderate amount of oxygen can cause grain 
boundary attack via the formation of cesium chromate. 

One study exposed alloys Nimonic PE16, FV448 and stainless steel 316' in cesium containing 
33 mol% oxygen (Cs20) for 168 hours at 948K. All three alloys severely corroded with the 
degree decreasing in the order Type-316>FV448>PE16. The corrosion was inter-granular 
causing severe longitudinal disruption between the grains. The chemistry of corrosion was 
dominated by formation of cesium chromate and ferrite [A]. Based on chemistry, Haynes 230 
should perform as well as PE16, i.e. better than stainless steel, therefore information derived 
from studies on stainless steel can be considered a limiting case. 

Little oxygen is produced from elemental transmutation during fission. The majority of oxygen 
liberated is from the Uranium - Oxygen bonds breaking during a fission -two oxygen atoms 
(one molecule) per fission. Therefore, little oxygen would be generated in UN fuel and any 
cesium generated would contain low oxygen. 

In the proposed UN experiment, all cesium and rubidium would be vapor. The hottest mini-can 
area is -1 550°F (1 115 K) while the coolest area is -1300°F (975 K). The vapor pressure of 
cesium and rubidium at 1100 K is 360,000 Pa (52 psi) and is 168,000 Pa (24 psi) at 1000 K [N]. 
Estimates on elemental yields from 2 3 5 ~  can be seen in Table 1. 

Table 1: Approximate Yield per fission of 2 3 5 ~  [O] 

Chemical Group I Yield I Fission 
Zr+ Nb 0.298 

I Y + rare earths I 0.534 I 

Each can has an interior gas volume of 2.5 crn3 and therefore, assuming an ideal gas, there 
would be 5x1 0" moles of Cs+Rb needed in the gas at 1000 K to generate the saturated partial 
pressure. The experiment was to operate at a maximum of 750 w/cm3 for 500 days and would 
have had an end of life fission density of 1x10~' fissionlcc. Therefore, a fuel pellet 0.1 cm3 in 
volume would produce 3.7x10-~ moles of Cs + Rb by the end of test. Assuming all cesium and 

1 Nimonic PEl6 = 43.5Ni. 34Fe, <.2AI, 16.5Cr, 3.3M0, 1.2Ti; 
F V M =  Fe. 10.5Cr,0.13C, 1.0Mn,0.5Si,0.75Mo,0.15V.0.45Nb,O.O5N 
Type-316 = Fe, 18 Cr, 14 Ni, 0.08 C, 2.0 Mn, I Si, 3 Mo; 
Haynes 230 = Ni, 22Cr, 14W, 1.25M0, 1.4Fe, 0.16Co,0.5Mn, 0.4 Si, 0.4A1, 0.11C, O.O12La, 0.00358 
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rubidium diffuse out of the fuel, this is stilt less than the saturated partial pressure and therefore 
the gas would not condense on the can walls while operating. Cesium and rubidium would 
condense while the test cooled, but woutd evaporate again when the test started. Attack would 
be limited to vapor phase. As Haynes 230 would not be exposed to liquid cesium and there 
would be little oxygen in the can, there should be little or no attack on the mini-can by cesium. 

For the U02 case, an ORIGEN model was run to determine the actual concentrations (and 
therefore, the total molar content) of the fission products. This is shown in Table 2. 

Table 2: Calculated Elemental Fission Product Content per mini-can of UOz Fuel, 
0.5 gms 2 3 5 ~ l c m 3  (-5.7% enrichment) after irradiation at 150 watts/cm3 for 500 

EFPD in an ATR MICE Tier 5 Test * 

Element moleslcan I I Element moleslcan I I 

L 
*Calculated by G.O. Carpenter using ORIGEN 

In the proposed U02 experiment, the fuel volume is 0.6 cm3 and would yield 4.1 2x10" moles of 
Cs+ Rb at the end of the test, an order of magnitude less than is needed to reach the saturated 
vapor pressure at 1000 K for an interior gas volume of 5.8 cm3. Therefore, very little of the gas 
would condense on the can walls while operating. Since oxygen influences the corrosion it 
must also be considered. By the end of test, -4x104 moles of oxygen atoms would be 
liberated, The amount of oxygen that would be tied up in oxides of the fission products is 
dependent on fission product activity. Haynes 230 is a chromium bearing alloy and since the 
free energy of formation of Cs5Cr04 is -140 kcallmol [HI, it is reasonable to assume that fission 
product oxides with lower free energy would bind up any liberated oxygen. Therefore, oxides of 
the yttrium and rare earth category (AG- -280 kcaVmol) and zirconium / niobium category (AG-- 
170 to -220 kcallmol) would be stable (assuming an ideal solution). This reduces the free 
oxygen to 2 x 1 0 ~  moles, still more than enough to saturate the cesium. However, the reported 
free energy for grain boundary attack is -84 kcallmol at 1070 K [C] and -1 00 kcal/mol at 970 K 
[HI. Barium, strontium and molybdenum are in the range of these energies and therefore, 
being in the fuel, may prevent some of the oxygen from leaving the fuel. If these elements tie 
up oxygen, there would be 7x1 o ' ~  moles free, still enough to saturate the cesium. Another 
~omplication in this estimate is the activation energy for inter-granular attack in Haynes 230 is 
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unknown. It is reasonable to believe the energy is lower than that of stainless steel based on 
the performance of PE 16. However, these values are for the end of test and are small values 
compared to the surface area of the can; in addition, not all the elements'will diffuse out. Based 
on the limited amount of data, an attack on the mini-can from cesium and rubidium is not likely, 
but possible. 

References [I, J] investigated the role of tellurium on corrosion in Nimonic PE16, FV448 and 
stainless steel 316 at Cs / Te ratios of 4:1, 2:l and 1 :1 both with and without oxygen. In pure 
cesium at 723 K to 1273 K with oxygen levels below 10 ppm no attack was observed after 1000 
hours. Intergranular and transgranular corrosion started at oxygen levels above 500 ppm with 
increasing severity with increasing oxygen levels. The dilute solutions of.Te in Cs (Cs/Te ratios 
of 2:l and 4:1) with no oxygen caused little corrosion on all the alloys; however, once oxygen is 
added, the corrosion increases and continues to increase with increasing oxygen content with 
PE16 performing better than FV448 followed by Type 316 stainless steel. In both cases, the 
oxygen potential to initiate corrosion was higher (i.e. required less oxygen) than with pure 
cesium. In the case of the Te / Cs ratio of I :l, there was severe corrosion of all alloys even 
without oxygen present and the corrosion rate was relatively insensitive to oxygen level when 
oxygen was added. Like pure cesium, tellurium - cesium mixtures with oxygen present were 
found to associate with chrome (and to a lesser extent nickel) on the grain boundaries and form 
precipitates [I, J]. 

In the MlCE test, the ratio of cesium to tellurium would be high (-7:l) and therefore, should 
behave like a dilute solution. Based on these studies, the Hayes 230 in the UN capsule should 
exhibit little corrosion from the fission products. Like the case for pure cesium, the outcome for 
the U02 capsule is less conclusive. While the tellurium vapor would be dilute in the cesium 
vapor and there would be a lower vapor activity of reactant relative to the UN capsule, the 
presence of oxygen may cause increase reactivity toward the can. However, given the relative 
activation energies and the large surface to volume ratios of constituents.involved, it is most 
likely that the integrity of the Hayes 230 fuel-can would not be affected. 

Based on the available experimental data gathered from open literature and calculations 
performed on thermodynamic data, Haynes 230 should provide adequate corrosion resistance 
against the fission products generated by both the U02 and UN. However, to confirm this, 
simple static corrosion tests using cesium, tellurium, rubidium and oxygen in similar quantities 
and ratios expected in the MlCE test should be performed. Depth of penetration and 
degradation of mechanical properties should be performed on the test coupon. 
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