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1. IMERODUCriON 

Uiis document is the final report of Riase I of the SP-100* Coated-Parti-

cle Fuel-Development Program conducted ty GA Technologies Inc. for the U. S. 

Department of Energy under contract DE-AT03-82SF11690. The general ctojective 

of the stu(fy conducted between Septanber and December 1982 was to evaluate 

coated-particle type fuel as an alternate or backup fuel to the UO2 tile-and-

fin arrangement currently incorporated into the reference design of the SP-100 

reactor core. Specifically, Phase I consisted of three tasks to meet that ob

jective, namely, (1) to define design criteria for coated-particle fuels and an 

initial baseline core design, (2) to determine a preliminary design of a coated 

particle, and (3) to provide an initial demonstration of fabrication of coated 

partides suitable for a nuclear space power reactor. The SP-100 reference 

reactor core to which the coated-particle core is to be conpared was developed 

by the Los Alamos National Laboratory (LANL) starting in 1976 and was defined 

as its current reference in June 1982**. 

This report presents and discusses the following topics in the order 

listed: 

o The need for an alternative fuel for the SP-100 nuclear reactor 

o An abbreviated description of the reference and coated-particle fuel 

module concepts 

o The bases and results of the study and analysis leading to the 

preliminary design of a coated particle suitable for the SP-100 space 

power reactor 

o Incorporation of the fuel particles into compacts and heat-pipe-cooled 

modules 

* SP-100 as used here refers to the Heat Pipe Reactor Space Power System 
being developed by Los Alamos National Laboratory. 

** D. Buden and J. Stocky, "SP-100 Conceptual Design Description, No. 1," Jet 
Propulsion Laboratory, June 1982. 
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o Initial efforts and plans to fabricate coated-particle fuel and fuel 

conpacts 

o Uie design and performance of the proposed alternative core relative 

that of the reference fuel 

o A sumtiary of critical issues and conclusions consistent with the level 

of effort and duration of the stucty 

1.1 SP-100 REFERENCE AND ALTERNATIVE FUEL-MDDULE OCNCEPTS 

A comparison of the SP-100 reference and alternative fuel module concepts 

is presented here to aid the reader in understanding the remainder of this 

report. Both the reference and alternative cores consist of 120-fuel module or 

"shish kebob" assemblies. The reference SP-100 reactor core is a UO2 fueled, 

heat-pipe-cooled array. The heat pipes are coit̂ osed of Mo-Re alloy pipes con

taining arterial-screen wicks and Li as the working fluid. Mo fins are located 

along the reactor core section of the heat pipes to provide good thermal con

tact betweei the fuel and the heat pipes. UO2 fuel tiles are sandwiched be

tween fins. 

Both the reference core and an alternative core are formed by assembly of 

heat-pipe fuel modules as shewn conceptually in Fig. 1-1. It can be seen that 

the UO2 tile-and-fin stack of the reference core may be replaced by coated-par

ticle fuel conpacts of large and small size particles held together by a metal 

(Mo or W) matrix. Coated particles may contain kernels of UO2, UC, or mixtures 

of UO2 and UC. Our assessment o£ the coated-particle fuel in this report is 

based upon the use of a metallic matrix for the fuel compacts. 

1.2 NEED FOR AN ALTERNATE CORE/FUEL DESIGN 

Tlie fuel design for the LANL heat pipe reactor is unique and as yet un-

proven. Considerable concern has been expressed over the effects of fuel 

swelling on the integrity of the core. While a recent (7/82) evaluation of 
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available swelling data by an independent SP-100 fuel panel has supported the 

belief that the volumetric fuel swelling should not exceed about fifteen per

cent, under normal operating conditions, there still remains both some uncer

tainty in the data and considerable uncertainty about the effects of even 

limited swelling on core, and especially heat pipe, integrity. 

Irradiation tests in EBR-II are planned to help define the effects of fuel 

swelling as well as other key issues in core performance. While these tests 

are well designed, and an important part of the overall SP-100 program, 

larger scale tests, perhaps involving several heat pipes, will eventually be 

required to fully understand core performance. The complexity of this design 

in whidi the fuel is closely mechanically coupled to the remainder of the core 

system makes it inherently difficult to test. 

Any alternative core and fuel design to the LANL heat pipe reactor design 

should circumvent this integrity concern. The coated-particle fuel concept is 

uniquely suited to this role. Coated-particle fuels have been developed over 

the past 20 years both for the NERVA and ROVER programs and for the commercial 

High Temperature Gas-Cooled Reactor (HTGR) programs in the U.S. and in Europe. 

The Fort St. Vrain reactor, which has been operating successfully since 1977 on 

the grid of the Public Service Company of Colorado, contains about 15 tons of 

coated-particle fuels. 

An example of a coated fuel particle of the type developed for the HTGR is 

shown in Fig. 1-2. This type of particle is generally referred to as a IRISO 

particle. It has four coating layers of Eyrolytic carbon and silicon carbide, 

each designed for a specific purpose, over a fissile kernel. Many different 

designs using a variety of kernel and coating materials have been developed. 
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As will be shown later in this report, the different nature of the SP-100 

relative to the HTGR leads to different fuel design requirements that in turn 

lead to different fuel materials than have conventionally been used. The key 

characteristics of the SP-100 that influence fuel design are that it is a high 

tonperature, high power density, fast neutron spectrum reactor. 
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2. OBJECTIVES AND SCOPE OF COATED-PARTICLE FUEL PROGRAM 

2 .1 PROGRAM raSCRIPriC»J 

The SP-100 coated particle fuel program was initated to evaluate a second 

fuel option to the reference SP-100 core development. The decision to 

investigate coated-particle fuels as an alternative to the reference UO2 

tile-and-fin stack was based on GA's experience with particle fuels as a 

designer and supplier of such fuels for use in the NERVA, and ROVER projects 

and in the coranercial HTSR at the Fort St. Vrain Nuclear Generating Station in 

Colorado. The program is divided into two phases. Phase I was a three month 

effort to assess the potential of particle fuels to meet the requirements of 

the SP-100 reactors. Phase II efforts as presently defined would establish an 

alternative design configuration based on particle-fuel technology for a SP-100 

reactor and would include fuel development and verification. Seme o£. the 

testing of coated-particle fuel modules could be integrated into the current 

irradiation program for the reference core fuel modules. 

2.2 PROGRAM CBJECTIVES 

Ihe basic objective of the program is to design and evaluate an alterna

tive SP-100 reactor core based on coated-particle fuel which will alleviate the 

concerns about the fuel-heat pipe interaction. "nie specific objectives of the 

Phase I studies are to provide a backup or alternative fuel concept for the 

SP-100 concept utilizing coated-particle fuel technology to: 

*Dale Dutt, SP-100 Quarterly Review, DOE Headquarters, July 13, 1983. 
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o Restrain fuel swelling 

o Prevent fuel migration 

o Contain fission products 

o Prevent fuel-coolant interaction 

2.3 CRITICAL ISSUES 

The critical issues associated with the SP-100 reference core that are 

related to the fuel modules (i.e. the fuel tile-and-fin stack and heat pipe) 

and to be addressed in Phase I of the program are the following: 

o Fuel swelling 

o Fuel migration 

o Excessive fuel temperature during faulted heat pipe deration 

o Fuel/fission products/heat pipes/coolant compatability 

o Propagation of heat pipe failure 

o Thermal resistance at the tile-fin interfaces 

The statement of work to be conducted in the Hiase-I study follows. 

1. Design Criteria 

o Define core design criteria. 

o Develop initial baseline design. 

o Prepare a conceptual design and analysis plan. 

2. Coated Particle Design 

o Define coating thickness and fuel porosity. 

o Evaluate coating and matrix material. 

o Determine ccanposite fuel thermal conductivity. 

2-2 



3. Fuel Fabrication 

o Initiate fuel particle fabrication. 

Coated-particle design is reported in the next section of this r^Jort. 

This is followed by sections reporting on fabrication of coated particles and 

fuel compacts and alternative core design using coated particles. The final 

section suiranarizes our findings and identifies critical issues related to the 

coated-particle core. 
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3. COATED-PARTICLE FUEL DESIGN 

The relatively high fuel density and the hard neutron spectrum in space 

power reactors require modification in design from conventional coated parti

cles used in HTGRs, Ihe low fuel burnup in space reactors facilitates this 

modification. Ihe TRISO particle design customarily used in land-based reac

tors is shown in Fig. 1-2. The coating surrounding the spherical fuel kernel 

consists of an inner layer of low-density pyrolytic carbon and an outer three-

layer load-bearing coating consisting of a high-density isotropic carbon layer, 

a silicon carbide layer, and an outer high-density isotropic carbon layer. 

Each of these four layers performs a separate function. The low-density carbon 

layer provides void space for accomodation of gaseous fission products and 

swelling of the fuel kernel, as well as acting to absorb fission recoils. The 

outer three-layer coating carries the pressure generated by the retained fis

sion gases. In addition, the inner dense pyrolytic carbon layer prevents cor

rosion of the fuel during silicon carbide deposition; the silicon carbioe layer 

eliminates diffusive escape of volatile metallic fission products; and, the 

outer dense pyrolytic carbon provides a microscopically rough surface which 

allows bonding of the particles into a ccropact with a carbonaceous matrix. 

In HTGRs where fuel density requiranents are less severe, fuel compacts 

are made by bonding together coated particles of a single size in a close-

packed arrangement. In this type of coinpact, the highest particle packing 

fraction that can be attained is about 0.64. 

The coated particles described above are designed for high uranium burnups 

(20% to 75%). Since the uranium burnup in the space power reactor will be much 

lower (-3.5%), the particle design can be altered to increase the fuel loading 

in the particle and, in addition, particles of several sizes can be used to in

crease the particle packing fraction in the compact. 

The particle design proposed for the space power reactor, which is shown 

schematically in Fig. 3-1, is sinpler than the conventional TRISO design. Por

osity to accommodate fission gases and swelling will be incorporated directly 
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into the fuel kernel, and a one-layer or two-layer load-bearing coating will be 

used to restrain a^elling and retain the fission products. 

Materials that are possible choices for the fuel kernel are UO2, UC, and a 

UO2-UC mixture. Because of its low metal density relative to UC and its poor 

conpatibility with refractory metals, UC2 is not considered to be a viable 

choice for the fuel kernel material. IWo candidates for coating materials are 

tungsten and zirconium carbide. If zirconium carbide is anployed an underlying 

carbon layer will be required to seal the fuel from corrosive gases produced 

during zirconium carbide deposition. Silicon carbide is not considered to be a 

viable coating candidate because it is subject to chemical attack by fission 

product and fuel materials at high fuel temperatures. 

By using particles of two sizes, differing in diameter by a factor of 7 to 

10, the particle packing fraction can be increased from the 0.64 value possible 

with single-sized particles to a value near 0.85. This is illustrated in Fig. 

3-2. The mixture will consist of about 75% of the larger particles and 25% of 

the smaller particles. The fuel body might be either a loose or a bonded col

lection of these particles. Loose particles, however, have two major disadvan

tages. One is that they have a relatively low thermal conductivity, and the 

other is that they can mechanically interact with the core structure (rachet) 

on thermal cycling. In the presence of gravity the bed of particles acts as a 

solid when forces are applied, so racheting may iirpose stresses on the core 

container and internal components such as heat pipes. It is not believed that 

this will happen in space because of the lack of gravity, but it might make 

ground testing difficult. In any case the desire for increased thermal conduc

tivity probably dictates bonding of the particles into conpacts. To increase 

thermal coupling with the heat pipes, it may be desirable to bond the fuel com

pacts to the heat pipes. One easy convenient way doing this would be to shrink 

fit the fuel compacts onto the heat pipes. Another way of thermally coupling 

the fuel compacts to the heat pipes would be to form the fuel compact directly 

on the heat pipes. 
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In this study the mechanical behavior of particles with both zirconium 

carbide and tungsten particle coatings will be analyzed. A kernel diameter of 

1000 um for the large particle will be used, because this is about the maximum 

size that can be made and coated. The dimensions of the small particle will be 

selected to maximize fuel loading. 

3.1 DESIGN OF ZIRCONIUM CARBIDE COATED PARTICLE 

Zirconium carbide coatings have been used on fuel kernels in several ex

perimental HTGR fuel particle and target particle designs. In these particles, 

as in the proposed space reactor particle, there was first an initial pyrolytic 

carbon coating to seal the kernel from the corrosive gases produced during ZrC 

deposition. However, the ej^rimental particles had outer coatings beyond the 

ZrC because the ZrC layer was used for purposes other than containing the 

fission products. (In some cases it was used to reduce oxygen activity in the 

particle; in other cases it was included to stu(^ its corrosion by fission pro

ducts.) However, because the coating following the ZrC layer was always a low-

density low-strength carbon, the outer coatings did not mechanically reinforce 

the inner pyrolytic carbon and ZrC layers. In all of these particle batches 

some fracture of the ZrC layers was observed during irradiation, but in some 

cases the fraction of particles with broken ZrC layer was small. Thus, the 

behavior of these particles can be used as guide for the design of ZrC coated 

particles for the space reactor. 

3.1.1 Results of Irradiations of Experimental Coated Particles 

The irradiation conditions, particle designs and observed fractional 

failure of the ZrC layer in the e:q)erimental coated particles are tabulated in 

Table 3-1. 

The GF-1 irradiation eĵ jeriments were intended as corrosion tests of ZrC. 

They were carried out in France in 1975. The detailed results of these experi

ments are described in Ref. 3-1. There was 100% failure of the ZrC layer in 

the UC2 particles, but the burnup was very high (70%), and there was very 
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RESULTS OF IRRADIATION OF EXPERIMENTAL COATED 
PARTICLES WITH PYROLYTIC CARBON AND ZIRCONIUM 

CARBIDE COATINGS DIRECTLY ON THE KERNEL 

CO 
1 

CTl 

IRRAD. 
CAPSULE 

GFl 

HRB-15A 

HRB15B 

RPR 18 

RPR 27 

RPR 33 

RPR 34 

TEMP 
(°C) 

1200 

1200 

1250 

900 

900 

530 

530 

530 

530 

KERNEL 

TYPE 

UCj 

(8TH,1U)02 

UO2 

UO2 

UO2 

LiAI02 

LiAIOj 

LiAI02 

LiAI02 

DIAMETER 

200 

400 

350 

310 

310 

340 

450 

390 

400 

FRACTION 
POROSITY 

0.03 

0.05 

-0.05 

-0 .05 

-0.05 

0.14 

0.18 

0.26 

0.26 

BURNUP 

0.70 

0.08 

0.25 

0.21 

0.21 

0.45 

0.30 

0.18 

0.18 

PYROCARBON 
SEAL 

THICKNESS 
(jum) 

19 

14 

10 

9 

8 

27 

31 

18 

32 

ZrC 

THICKNESS 
(jum) 

46 

52 

14 

9 

14 

7 

16 

13 

16 

FRACTION 
FAILED 

1.00 

N.D.* 

0.22 

- 0 . 1 0 

-0.10 

0.40 

0.11 

0.04 

0.11 

* NOT DETERMINED. 

Table 3-1 



little porosity within the kernel to accommodate the fission-product gases. 

The (8Th,lU)02 particles (which are shown before and after irradiation in Fig. 

3-2 and Fig. 3-3, respectively) had some failure of the ZrC layer, but the 

fraction of failed coatings was not quantitatively determined. When they did 

occur, the cracks in the coatings on these particles were very fine. 

The HRB-15A and HRB-15B irradiation experiments were used to investigate 

the change in particle behavior caused by a reduction of CO pressure in UO2 

particles due to the presence of ZrC. They were carried out in HFIR in 1980 

and are described in Ref. 3-2. Cross sections of one of these particles before 

and after irradiation are shown in Figs. 3-4 and 3-5. As shown in Fig, 3-5 

when the ZrC layer broke there was considerable swelling of the UO2 kernel, but 

as long as the coating remained intact, there was very little swelling of the 

kernel. This is taken as evidence that the zirconium carbide restrained expan

sion of the fission-product gases present in the kernel. 

The Iteplacement Production Reactor (RPR) irradiation experiments were 

tests of coated LiA102 particles which can be used for production of tritium in 

an HTGR. They were carried out in the N-reactor in 1981 and 1982. The ZrC 

layer in these particles is used to reduce the CO pressure in the particle and 

as a process seal for the kernel. Cross-sections of representative particles 

before and after irradiation in one of these experiments are shown in Figs. 3-6 

and 3-7. The lithium-neutron reaction results in more gaseous atoms than uran

ium fission, and therefore, for equivalent burnups, IjiA102 particles contain 

more gas than fuel particles. However, in these particular particles this fac

tor was offset by the larger porosity within the kernels, and thus there were 

similar gas pressures inside the ZrC coatings. 

The results of these irradiation experiments will be used to determine a 

design stress where ZrC coatings will not experience failure. 

3.1.2 Method of Calculating Stresses Generated in ZrC Particle Coatings 

The stresses in the duplex pyrocarbon and ZrC coating will be calculated 
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pyrocarbon layer. Because the coatings are restrained fran shrinkage by the 

fuel kernel, the pyrocarbon dimensional changes should only act to increase the 

stresses in the pyrocarbon layer, and the ZrC layer should ranain unaffected. 

3.1.2.1 Gas Pressure in the Particle 

The gas pressure exerted on the coating will be calculated assiming that 

all of the gas atoms are released to the kernel porosity, that the porosity is 

interconnected, and that the resulting gas pressure is exerted on the coating. 

This calculational method overestimates the gas pressure because gas retained 

within the fuel as small bubbles is partially restained by the surface tension 

forces of the bubble surface. 

With these assumptions, the gas pressure, P, is given by 

P = - 0 ^ 
v 

where n = No. of moles of gas = No. of atoms created per atom destroyed x 
moles of atoms destroyed 

= nl'n2 

For uranium burnup No. gas atoms created per uranium fission = nl = 0.26 

For lithium burnup No. gas atoms created per lithium transmutation = nl = 1.5 

3 
The moles of atoms destroyed = n2 = 4/3ir r. pk(BU)/molec wt 

where r^ = kernel radius 

Pĵ  = density of kernel 

BU = burnup 

molec wt = molecular weight 
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The volume available to the gases, v, is given by 

V = 4/3Tr r̂  (FP) 

where FP = fraction porosity in kernel 

The gas constant, R, is 

R = 82 ̂ ^ ° ^ mole K 

Then, since p„ = P ^ ( 1 - FP), where P,JJJ = the theore t ica l density of the 

kernel , 

4/3 Trr̂  ^(1-FP)(BU)T 
P = 82 (nl) ^-^^ (atm) 

4/3 T^rZ (FP) (molec wt) 

Then, 

P = 82 ^ 1 ^ ^ (BU)T (atm) 
molec wt FP 

nip 
For (8Th,lU)02, ^^J^^ = 0.0100 

nip ™ 
For UC2, — 1 — ^ = 0.0113 

^ ' molec wt 

^°^"°2r ^ J i S I ^ = 0.0106 

nip ,^ 
And for , LiA102, — - — ~ i = 0.0580 

molec wt 
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3.1.2.2 Stress in the ZrC Layer 

The stresses produced by pressure in a two-layer hollcw sphere can be 

determined by solving for the interface pressure. Pi, when the interfacial 

tangential strain is equal for each layer. Let 

1̂1 = inner radius of coating 

r2 = radius of interface between the layers 

r3 = outer radius of coating 

For the pyrocarbon layer the tangential stress, O T , at the interface is 

given by 

^ p i i ^ V ^ _ p 2̂(̂ -̂ 2 ̂  1̂̂  
' T " 2r3(r3 - rj) ^ 2r3(r^ - rj) 

= p3 4 _ p i ( 2 4 + 4 ) 
^(r^-rj) ^2 (^3_3^ 

The radial s t r e s s , oj-, i s 

Oj. = - P i 

Then the tangential strain, e^, in the pyrocarbon l^er at the interface is 

(1 - yj^) y ^ 

^T ^ Ê^ ^T ~ E^ ar 

where i and Ej are the Poisson's r a t i o and the Young's modulus of pyrolyt ic 

carbon. Then 

(1 - y j o r^ , (2r5 + rh u-, 
P = ±_ ^ i p _ i f i_ p + _£. p 
^T E, 2 , 3 3, ^ 2 , 3 3, I E, I 

1 (^2 - r^) {^2 - r^) 1 
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For the ZrC layer the tangential stress at the interface is given by 

= P-, 

3/0 3 ^ 3 , 
'̂ 2̂ ^̂ 2 "• ̂3) 
3 3 3 2r̂ (r̂  - 4 ) 

" ^ 1 2 ,3 3, 
(r3 - r2) 

The radial stress at the interface is 

a = - P, 
r I 

Then, the tangential strain at the interface is 

(̂  - ̂ 2^ ^2 
— ^ '^T-^-r 

where y2 and E2 are the Poisson's ratio and the Young's modulus of ZrC. Then, 

c = 
(1-^2^ {2r^ + r̂ ) 

"73 37 (r3 - r2) 

''2 

Because the layers do not separate at the interface, their tangential strains 

must be equal, solving for Pi from this equality. 

P̂  = P 

(1 -^i) 

Y 
li -^ 

(r; r2) 

<^-^) 1 (̂4 ̂  4) , ^-^2 1 ̂^̂2 ̂  4) ̂!2 _ !!l 
•- ^1 2 (r^ - r^ ^2 2 (r? - r̂ ) ^2 h . 
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Then the maximum stress in the pyrocarbon layer i s 

3 3 3 
(2r, + r̂ ) 3r5 

n = P = = P 
" T 3 3 T 3 3 

2(r̂  - 4 2i4 - 4) 
and the maximum stress in the ZrC layer is 

_ i2rl . r|) 
^T - ^I ,, 3 3̂  

2(r3 - r2) 

In case the pyrolytic carbon layer fails, the maximum stress in the ZrC layer 

is given by 

3 3 
(2r^ + r:̂) 

''T = P 3 3 
2(r^ - r̂ ) 

Because pyrolytic carbon has a Young's modulus more than an order of magnitude 

less than that of ZrC, the carbon layer deforms easily and transmits almost all 

of the internal pressure to the ZrC. In effect this means that there is little 

difference in the ZrC stress between the case where the pyrolytic carbon is 

intact and the case where it is broken. 

3.1.2.3 Calculated Stresses in the Experimental Coated Particles. The Young's 

modulus of isotropic pyrolytic carbon is about 4 x 10^ psi (Fig. 3-3) and the 

Poisson's ratio is about 0.2 (Fig. 3-4). The Young's modulus of ZrC is about 

60 x 10^ psi (Fig. 3-5) and its Poisson's ratio was assumed to be 0.2. Using 

these values the maximum stresses in the ZrC layers were calculated for the ex

perimental fuel particles described in Table 3-1. The calculated stresses are 

shown as a function of the observed fraction of failed ZrC layers in Fig. 3-8. 

Very high stresses were calculated. Ihis probably occurs because the calcula

ted pressure is larger than the actual pressure because all of the gases are 

not released fran the kernel. However, it seems acceptable to use a stress 
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extrapolated to zero failure in Fig. 3-8 as a preliminary design basis. The 

value chosen is 100 ksi. 

3.1.2.4 Design of Particles for a Space Power Reactor. Coated particles were 

designed for the naninal conditions expected in a space power reactor using the 

100 ksi ZrC stress extr^wlated in Fig. 3-8 for zero coating failure. "Qiree 

kernel materials were considered in this design study. They were UO2, UC and a 

two phase mixture of 50 v/o UO2 and 50 v/o UC. Particles have been made f rcxn 

UO2 and fran a UO2-OC mixture in the HTGR fuel development program, and these 

particles have performed well in irradiation. Particles have not yet been made 

from UC, but the sol gel kernel fabrication technology should be adaptable to 

make this type of fuel. 

The design technique will be described in detail for particles with a UOj 

kernel. The technique is identical for the other particle types although the 

designs differ because of the differing uranium atom density in the fuel 

material. 

The large particle was designed first. The large particle diameter was 

chosen as 1000 ym laecause this places the large particle and the small parti

cle, which must be about 10 times smaller, within practical production limits. 

The pyrocarbon coating thickness was chosen as 5 ym because this is about the 

minimum thickness that can be used to seal the kernel from the corrosive gases 

present during ZrC deposition. With these conditions and for a tonperature of 

1450OC and a burnup of 3.5%, the maximum stress in the ZrC is shown as a func

tion of the total coating thickness for three different kernel porosities in 

Fig. 3-9. For a maximum ZrC stress of 100 ksi at the end of life, 15.5 ym of 

coating is required for a porosity fraction of 0.15; 22 ym of coating is re 

quired for a porosity fraction of 0.10; and, 30 ym of coating is required for a 

porosity fraction of 0.07. 

It is iirportant to c^imize the particle design to maximize the fuel 

loading in the particle. As is shown in Fig. 3-10, for particles designed for 

a 100 ksi ZrC coating stress, higher fuel loading is attained with a kernel 
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porosity of 0.10 than with kernel porosities of 0.15 and 0.07. Therefore, the 

large particle design for a 1000 ym diameter UO2 kernel was selected to be a 

kernel porosity fraction of 0.10, a 5 ym pyrolytic carbon coating and a 17 ym 

ZrC coating. 

If the small particle is scaled down by a factor of 10 from the large par

ticle dimensions, the kernel diameter becomes 100 ym, the thickness of the 

pyrolytic carbon beccxnes 0.5 ym and the thickness of the ZrC beccanes 1,7 ym. 

These are not practical coating thicknesses. Minimum practical coating thick

nesses are about 5 ym. Thus, the fuel loading of the small particle is reduced 

because of the need to use 5 ym coating thicknesses for the pyrolytic carbon 

and for the ZrC. The fuel volume fraction in the particle can be increased 

using a smaller porosity in the kernel to maintain the 100 ksi design stress, 

but a higher overall fuel loading can be achieved by increasing the diameter of 

the small particle and accepting some decrease in particle packing fraction. 

The fractional volume of fuel in a coated particle ccanpact is shown in Fig. 

3-10 as a function of the diameter of the small fuel kernel. To calculate this 

curve the data of Ref. 3-6 on the random packing of spheres of different sizes 

has been used along with the selected 1000 ym diameter particle and a small 

particle with a 10 ym total coating thickness and a fractional kernel porosity 

selected to maintain a 100 ksi ZrC stress. For maximum fuel loading in the 

canpact, the anall particle should have a diameter of 150 ym, a total coating 

thickness of 10 ym, and a kernel porosity fraction of 0.05. Thus, the selected 

designs for the two UO2 particles, which are summarized in Table 3-2, produce a 

fuel volume fraction of 0.£0 in the compact. This would result in a uranium 

atan density of 0.0249 moles U per cc as compared with a uranium aton density 

of 0.0306 in the reference SP-100 core considering just the fuel and the fins. 

(A coated particle fuel compact would r^lace the fuel and the fins in the 

reference SP-100 core.) 

If either a UO2-UC mixture or UC is used as the kernel material a higher 

uranium atan density results because the uranium density in these materials is 

higher than that in UO2. However, because of this higher uranium density the 

particle designs must be changed to accommodate the increased amount of 
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ZIRCONIUM CARBIDE COATED PARTICLE DESIGNS 
FOR A SPACE POWER REACTOR 

1. UOo KERNEL 

PARTICLE 
TYPE 

LARGE 

SMALL 

KERNEL 

DIAMETER 
(p m) 

1000 

150 

FRACTION 
POROSITY 

0.10 

0.05 

COATING 

PYROCARBON 
THICKNESS 

(pm) 

5 

5 

ZIRCONIUM 
CARBIDE 

THICKNESS 
(/jm) 

17 

5 

COMPACT 

URANIUM* 
ATOM 

DENSITY 
(MOLE U/CC) 

0.0249 

2. 50 V/O UO2-50 V/O UC KERNEL 

PARTICLE 
TYPE 

LARGE 

SMALL 

KERNEL 

DIAMETER 
(ju m) 

1000 

150 

FRACTION 
POROSITY 

0.10 

0.06 

COATING 

PYROCARBON 
THICKNESS 

(pm) 

5 

5 

ZIRCONIUM 
CARBIDE 

THICKNESS 
(MI") 

20 

5 

COMPACT 

URANIUM* 
ATOM 

DENSITY 
(MOLE U/CC) 

0.02B6 

3. UC KERNEL 

PARTICLE 
TYPE 

LARGE 

SMALL 

KERNEL 

DIAMETER 
(M m) 

1000 

150 

FRACTION 
POROSITY 

0.10 

0.07 

COATING 

PYROCARBON 
THICKNESS 

(pm) 

5 

5 

ZIRCONIUM 
CARBIDE 

THICKNESS 
(pm) 

23 

5 

COMPACT 

URANIUM* 
ATOM 

DENSITY 
(MOLE U/CC) 

0.0322 

*THE URANIUM ATOM DENSITY IN THE REFERENCE SP 100 CORE CONSIDERING JUST 
THE FUEL. FUEL POROSITY, INTRA MODULE GAPS AND THE FINS IS 0.0306 MOLE U/CC. 

Table 2 



fission^product gases contained within the particle. The particle designs for 

these two fuel materials are described in Table 3-2. The procedure used to ob

tain these designs was the same as that described above for particles with UO2 

kernels. As can be seen with a UC kernel the uranium atom density in the fuel 

canpact is slightly greater than that in the reference SP-100 fuel and fins 

arrangement, while the uranium atom density in a coated particle fuel ccanpact 

with 50 v/o UO2 and 50 v/o UC in the fuel kernel is equidistant between that 

for the UC kernels and that for UOj kernels. 

3.2 Design of TunastPn Cc^t&d Particles 

The design of tungsten-coated fuel particles needs to consider the coating 

from the standpoint of creep strain in the coating and from possible cre^ rup

ture of the coating. As opposed to the ZrC coated particles there are no ex

perimental data for tungsten-coated fuel particles on which to base this calcu

lation, but there are data on the high-temperature cre^ behavior of CVD tungs

ten that can be applied. 

3.2.1 pgg?gure in the Pact4glg 

The ejipression for the pressure in the particle is somewhat different from 

that for the ZrC coatings because creep of the tungsten will open up a volume 

for accOTimodation of the fission product gases. The pressure in the particle 

is given by 

p = i2^ 
V 

where as with the ZrC particles 

n = ni'n2 

n]_ = 0.26 for uranium fission, and 

3 
n2 = 4/3 7rr-.p„{BU)/molec 

However in this case 
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4 3 4_ 3 3 
V = -urj^(FP) + 3 M r ^ - r̂ )̂ 

where r^ = inner radius of the coating 

ĉ = ^K^l^V 

where oip is the tangential strain at the inner radius of the coating. 

Thus 

V = 3 TTr̂  [FP -1- (1 -I- e^)^ - 1] 

and 

p = 82 ^ ™ ^̂  " ̂ ^ 3 (BU)T (atm) 
molec wt [FP -h (1 -)• e^) - 1] 

3.2.2 Stress an<g Strain <?£ the Tungsten C<?sting 

In order to simplify the calculations, the thin wall expression for the 

stress in a spherical vessel will be used. 

a _ IL 
T " 2t 

where aip = the tangential s tress 

r = the radius of the coating % r = r„ (1 -i- e m) 
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t = the thickness of the coating 

Because cre^ occurs at constant volume, + will decrease with increasing creep 

strain according to 

4 
t = t - ^ = t ± 

Thus 

Pr 

^T= if (I^^T) 

The diametral strain of the coating is given by erp since ̂ T = W^c where u is 

the radial displacement. Elastic strains will be neglected. Then because the 

stress state is biaxial 

t 

T̂ = f a - ĉ) ̂ dt 
0 

where u^ is Poisson's ratio in creep, t is time and e is the uniaxial creep 

rate. 

Because creep occurs at constant volume y^ - ^^^• 

3.2.3 Analysis of Creep Data for CVD Tungsten 

Creep rate and creep-rupture data for CVD tungsten are reported in Ref. 

3-7, the data from which are r^roduced in Figs. 3-12 and 3-13. 
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3.2.3.1 ccgQP Rate 

From Fig. 3-12, it seems that 

is an appropriate creep rate law for CVD tungsten. 

This expression can also be written 

log e = log B + A log a 

IWo points from the straight line drawn through the 1650oc data in Fig. 

are: 

4,000 0,00004 

20,000 0.6 

Then A = 6 and log B = -26.03 

IWo points from the straight line drawn through the 2200OC data in 

3-12 are: 

1,000 0.0003 

6,000 0.7 
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Then A = 4,3 and log B = -16,4 

In creep it is usual that A is temperature independent and that B follows 

an expression of the form, 

B = Boe-Q/^ 

For t h i s ana lys is , A = 6 wi l l be chosen. 

Then a t 1650OC log B = -26 ,03 . With A = 6, log B = -21.81 a t 2200OC using 

the mid point of the 2200OC curve. 

Then solving for Q/R and Bo 

Q/R = 84,035 and Bo = 8.91 x 10-8 

Then a t the fuel operating tanperature of 1730OK 

B = 7.14 X 10-29 

Thus the uniaxial creep law beccxnes 

e = 7.14 X 10-29 

3.2,3,2 Creep Rupture. The creep rupture data in Fig, 3-13 need t o be ext ra

polated t o obtain the rupture s t resses a t the 1730OK fuel temperature for one-

half of fuel l i fe t ime (30,000h) and for the fu l l fuel l i f e time (60,000h). 

TWO methods have been used, Cne i s a l inear extr^Jolat ion of the data in 

Fig, 3-13 in temperature and time. This method yields a f u l l - l i f e s t r e s s rup

tu re value of 3,2 ks i and an one-half l i f e value of 3,8 k s i . 

The other method uses the Larsen-Miller parcmeter which i s an onpir ical 
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parameter that ccanmonly is used to relate stress rupture data at different tem

peratures. The Larsen-Miller plot of the tungsten data of Fig, 3-13 are shewn 

in Fig, 3-14, The Larsen-Miller parameter for a 60,000 hr life at 1730OK is 

7,72 X lO*. Thus, this method predicts a full life rupture stress of 4,6 ksi. 

The 30,000 hour Larsen-Miller parameter at 1730OK is 7,62 x 10^, and the 

predicted rupture stress is 5,0 ksi, 

3,2,4 Prediction of Particle Behavior 

Using the above expressions and assuming a UO2 fuel kernel, the tangential 

stress in the particle coating is given ty: 

(1 - FP)(BU)Tr^(l -he )^ 
a = 0,435 ^ i-

t [FP + a + ^^r - 1] 

If one assunes BU increases linearly with time to a value of 0,035 then BU 

(0,035/60,000) X t = 5.83 X 10-7 t, where t is the time in hours. 

Also since T = 1730OK, 

. (1 - FP) (1 -h e )^ r„ 
o = 4.40 X 10 * ^i -^ t (atm) 
^ [FP -I- (1 -h zjr - 1] ^1 

. (1 - FP) (1 + e )^ r„ 
°^ = 6.45 X 10 "^ f y - t (psi) 

[FP -H (1 -I- e^)" - 1] 'I 

The diametral strain is given by 

^ = (1 - ĉ) / Ba" 

t 

" dt 

0 
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Since creep occurs at constant volume, c == 0*5 and 

•^ = 0.5 /*7.14 X 10 

t -3 3 "̂  
^ 6.45 X 10 -̂  (1 - FP)(1 +^J^ r„ 

^ ^ tl dt 
0 

[FP -H (1 -H e )^ - 1] Î 

In order to evaluate particle behavior during irradiation this expression 

was solved using a stepped iterative numerical technique. 

Calculated particle diametral strains in tungsten coated UO2 particles are 

shown as a function of the coating thickness and the fraction of porosity in 

the kernel in Fig, 3-15. Very large swelling values are predicted. If these 

swelling values actually occurred, this would preclude the use of tungsten 

coatings. In addition, the end of life coating stresses in the particle de

signs, which are shown in Fig, 3-16, are all higher than the one-half life 

cre^ rupture stress extrapolated by either the linear method or the Larsen-

Miller method. Since the stresses are relatively constant in the last one-half 

of the particle life, this implies that the coatings will break before the end 

of life. Thus, based on these calculations tungsten coatings on UO2 particles 

will not serve to contain fuel swelling. 

It should be noted, however, that based on the ZrC coated particle calcu

lations, the pressure inside the particle is probably too high because a ZrC 

fracture stress of 100 ksi was calculated for the experimental particle while 

the actual fracture stress is probably about 50 ksi. The high pressure comes 

from the assumption that the gas is released from the fuel when it actually is 

retained in bubbles in the fuel. Because the surface tension on the surface of 

the gas bubbles helps to restrain the gas pressure, the pressure exerted on the 

coating is less than if the gas is released. 
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If one-half of the completely released gas pressure is used in calculation 

of tungsten coating stresses and strains, the particle swelling is greatly re

duced to acceptable values in sane particle designs (-0,3%), However, the end-

of-life coating stresses are still calculated to be larger than the two extrap

olated one-half life stress rupture values for all of the coating designs con

sidered above. Thus, it is still predicted that the coatings will fail. 
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4. COATED PARTICLE FUEL FOR SPACE POWER SYSTEMS 

4.1 MATERIALS COMPATIBILITY 

There are three main areas of concern about the chemical compatibility of 

materials used in a space power reactor (SP-100) having fuel elonents consist

ing of coated fuel particles embedded in a matrix material. The most iirportant 

of these concerns regards compatibility of the bonding matrix and of the 

coating material on fuel particles with the Mo-Re heat pipes that cool the 

core. The second concern regards compatibility of the particle coating with 

the encapsulated nuclear fuel material. Finally, in the case of coating 

failure, the compatibility of the nuclear fuel material with the Mo-Re heat 

pipes and with the matrix material surrounding the particles becomes a concern. 

The use of the coated particle de-onphasizes heat pipe-fuel compatibility 

and gives added flexibility in selecting the type of nuclear fuel to be used. 

In uncoated fuel, for example, UO2 would be strongly preferred over UC or tlC2 

fuels because of reactions between the uranium carbides and the refractory 

metals in the heat pipes (Refs. 4-1 to 4-6), but uranium carbides would likely 

be acceptable fuels in a coated particle system. Likewise, uncoated UN fuel 

would not be attractive because of its higher rate of vaporization at high 

temperatures (Ref. 4-7), which could be prevented with the closed syston pro

vided by coated fuel particles. Ilius, the primary ccaipatibility issue in 

coated particle fuel shifts from fuel-heat pipe reactions to coating/matrix-

heat pipe reactions provided that high coating reliability is obtained, and 

this allows wider ranges of nuclear fuels to be considered for space-power 

applications. 

The standard coated fuel particle developed for the high-temperature 

gas-cooled reactor (HTGR) has an outer coating of vapor-deposited pyrocarbon 

and is bonded into fuel ccanpacts with a carbonaceous matrix (Ref. 4-8). Carbon 

would react readily with Mo in the heat pipes to form M02C at temperatures as 

low as 1200OC, with the growth in thickness, X, of the M02C layer with time at 

12000c being defined by the parabolic relationship (Ref. 4-5) 
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X(m) ~ 8 X 10-8 [t(s)]l/2 , 

which predicts about 0.3 ran of carbide formation for 3600 h, for example. 

Moreover, this rate of formation goes up very sharply with temperature, such 

that X ~ 3.5 ran for the same time at 1500OC (Ref. 4-5). Therefore, carbon 

coatings and/or matrix materials cannot be considered for use in a space power 

reactor having Mo-Re heat pipes, but they could be used in an advanced design 

using graphite heat pipes. 

For a system having heat pipes made of refractory metals, the potential 

coating materials for fuel particles include the refractory metals (W, Mo, Re, 

Ta, and Nb) and high-temperature metal carbides that have a higher affinity for 

carbon atoms than the heat pipe materials or any other refractory metals that 

might be used as a matrix material in bonding the coated particles together. 

An excellent carbide candidate of the latter type is ZrC, which has danonstra-

ted outstanding resistance to chemical attack from uranium and from uranium 

fission products in irradiated fuel particles (Ref. 4-9). The ZrC coating has 

also been shown to provide good retention of gaseous (Ref. 4-10) and metallic 

(Ref. 4-11) fission products. 

The carbide-forming reaction Zr + C —*-ZrC has a lower free energy of for

mation than does the reaction of carbon with Mo or W for temperatures up to 

2000OC (Fig, 4-1); therefore, ZrC should not give up its carbon to these re

fractory metals or to Re, which does not form a stable carbide (Ref. 4-1), and 

should be ccanpatible with the MoRe heat pipes or with Mo, W, or Re matrix mate

rials. However, Ta and Nb form carbides (Ta2C and Nb2C) that have lower free 

energy states than ZrC (Ref. 4-2), and these metals should be expected to re

move and react with the carbon in ZrC. Thus, Ta or Nb would not be suitable 

for use as matrix materials for ZrC-coated fuel particles. All candidate 

coating materials must also be conpatible with the uranium fuel kernel, of 

course, and Ta or Nb are not conpatible with UC or with UC2 over the tempera

ture range from 1200 to I6OOOC (Ref, 4-5). Consequently, Ta and Nb can also be 

eliminated as possible coating materials for carbide fuel systans. 
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Of the possible refractory metal coating materials for fuel particles, 

tungsten has been most thoroughly investigated and seons to have the best po

tential. After extensive experimental compatibility studies conducted during 

research on thermionic emitters (Refs. 4-1 and 4-3), tungsten was selected as 

the best thermionic cathode material with which to cover nuclear candidate 

fuels consisting of UC, UC + UC2, and mixtures of uranium carbides and ZrC. 

Tungsten was found to be ccanpatible with UC up to tanperatures of 180O^C in 

these studies, whereas the metals M = Ta, Ito, and Mo were found to react with 

UC as follows: 

UC + zM ^MgC + U (z = 1,2) 

The free uranium metal produced here will be in a molten phase at I8OOOC (Ref. 

4-1), and in some cases this holds dc3wn to temperatures as low as 1200OC (Ref. 

4-3), and reaction rates between liquid uranium and the refractory metals are 

greatly increased over those between the metals and UC (Ref. 4-5), with the 

latter rates being determined largely by the time required for carbon from UC 

to diffuse across the carbide layer and reach the metal surface. 

These very detrimental liquid-forming reactions in refractory metals other 

than W and Re at high temperatures can be suppressed by adding UC2 to UC, with 

the reaction obtained then being 

XUC2 + yUC + zM -^zMC + (x-z)UC2 + (yfz)UC. 

Solid carbide layers are still formed on the refractory metals, of course, but 

these can be reduced by the addition of ZrC to stabilize the uranium carbide 

and retard the migration of carbon out of the kernel, thereby reducing carbide-

forming reactions in the metals (Ref, 4-1). The safest procedure for any fuel 

material, however, is to limit the metallic coating materials for fuel parti

cles to W and Re or their combinations. Of these two candidates, tungsten has 

been much more widely studied and should be given priority. 

Thus, because of compatibility requiranents of particle coatings with both 
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heat pipes in the core and with the nuclear fuel, the two coating materials 

selected for detailed evaluation in a subsequent section on coated particle de

sign are ZrC and W, Likewise, because of compatibility requiranents of matrix 

materials with both particle coatings and with heat pipes, it is recalled that 

the possible refractory metals that might be suitable for use in bonding W-

coated and ZrC-coated particles together had previously been reduced to W, Re, 

and Mo, As a result of subsequent considerations, ZrC can also be added to 

this list of candidate matrix materials. All of these candidate materials have 

rather well matched coefficients of thermal eĵ sansion (Table 4-1), and there 

should be no major thermal compatibility problems, The only remaining area of 

compatibility concern is that between the nuclear fuel material and the Mo-Re 

heat pipes, and this is of importance only if there is significant failure of 

coatings during reactor (^ration. Nevertheless, some consideration of this 

might serve to rank the wider variety of nuclear fuels that can be used in a 

coated particle system. 

In ordinary carbon-coated HTGR particles, UC2 is used as the carbide fuel 

form because it is the equilibrium uranium carbide phase in contact with carbon 

at high tanperatures (Ref, 4-12), However, the UC monocarbide phase would be 

preferred in a coated particle without carbon, because of its 10% higher urani

um density. Also, in the case of coating failure on carbide fuel particles 

adjacent to the Mo-Re heat pipes, the refractory metals should not react with 

stoichiometric UC fuel at temperatures below 1900OC according to thermodynamic 

predictions, because UC has a lower free energy of formation than MoC or M02C 

over this temperature range (Fig, 4-1) and Re does not form a stable carbide 

(Ref, 4-1). 

On the other hand, if excess carbon is present to form a UC2 phase, which 

has a higher free energy of formation than molybdenum carbides above 1250OC 

(Fig. 4-1), then carbide formation on the heat pipes should occur until all the 

UC2 phase is converted to UC. This predicted reaction behavior has been veri

fied experimentally for tanperatures between 1200 and leOO^C (Ref. 4-5). How

ever, at I8OOOC, UC apparently reacts with Mo in the absence of UC2 (Ref. 4-1), 

but this temperature is well beyond that for normal space power operation. 
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Table 4-1. Coefficients of Thermal Expansion for Candidate Materials 

Materials 
Coating/Matrix 

w 

Mo 

ZrC 

Re 

Ta 

Nb 

CTE 
(IO6/OC) 

4.6-6,4 

4,9-6,5 

6,3-8,5 

6,7-7,3 

5,5-8,0 

7,1-9,0 

Fuels 

U02 

UC 

UC2 

UN 

9,2-12,6 

9,3-13.1 

6.3-14,6 

8,0- 9,7 
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Therefore, stoichiometric UC should be an acceptable fuel for a coated particle 

system, but UC2 would not be preferred because of heat pipe corr̂ atibility con

cerns in the case of coating failure. Likewise, UN fuel should also be accept

able for coated particles based on conpatibility with refractory metals (Ref, 

4-6) and on suppression of vaporization (Ref, 4-7); however, it should be 

expected to react with zirconium in a ZrC coating, since ZrN has a lower free 

energy of formation than ZrC (Ref, 4-6), and might not be preferred because of 

this limitation on candidate coating materials. 

The fuel material with the fewest chemical compatibility problems for a 

space power reactor is stoichiometric UO2, which could probably be used even in 

an uncoated form. However, even here, one might get into problems if the stoi-

chiometry is not carefully controlled, Substoichiometric UO2 can contain low-

melting uranium metal (Ref, 4-13), which would be unacceptable. At the same 

time, hyperstoichioraetric UO2 has a sharply increased oxygen potential, which 

can cause ccxnpatibility problems with materials that are subject to oxidation 

reactions. At sufficiently high temperatures, for example, it is known that 

UO2+X will react with W and Re (Ref. 4-13). Nevertheless, strictly fron a 

chemical compatibility standpoint, stoichicxnetric UO2 would be the preferred 

fuel for the space power reactor. However, many other factors enter into the 

consideration of a fuel choice, such as: fuel swelling under irradiation, ther

mal conductivity and stability, uranium density, fuel vapor pressure as a func

tion of temperature, and development status of the fuel. Some of these 

additional fuel considerations will be addressed in the next section on fuel 

properties. 

In addition to chemical compatibility, when two different refractory 

metals are placed in close contact there is potential for interdiffusion of the 

metals at sufficiently high temperatures, which can produce Kirkendall voids 

near the interface of the lower-melting ccxnponent (Ref, 4-14), The formation 

of such voids is believed to be caused by the coalescence of lattice vacancies 

left behind when atoms of the faster-diffusing, lower-melting components cross 

the interface at higher rates than those of the higher-melting ccanponent dif

fusing in the cpposite direction. The diffusion rates are large for tanpera 
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tures in the range of 2000 to 2200OC where they have been measured (Ref, 4-14); 

they fall off rapidly with decreasing temperature over the range of measure

ment, but are still not insignificant when projected down to normal space power 

temperatures. The width, w, of the interdiffusion zone for W and Mo in close 

contact at 1500OC for t hours, for example, is extrapolated to be 

w(ym) = 2 -^^^ , 

and for 10,000 h this gives w = 200 m. If different refractory metals are 

used in SP-100, projected diffusion widths of this magnitude are probably 

sufficient to justify additional work on interdiffusion at normal space reactor 

temperatures, 

4,2 FUEL PROPERTIES 

Much of the discussion of this section is taken from a recent review by 

Gulden and Watson on high-temperature fuels for advanced nuclear systans (Ref, 

4-7), The first fuel property to be discussed is that of fuel swelling caused 

by the precipitation of gaseous fission products into bubbles within the fuel. 

The pressure of gas in the bubble (P) is balanced by the surface tension (Y) 

plus the hydrostatic component of externally applied stress (a) so that an 

equilibrium size (r) is established according to the classical ej^ression P = 

(2Y/r) + a. An addition of fission gas to the bubble or a change in the 

applied stress will cause the bubble to grow or shrink by the addition or loss 

of vacancies in order to maintain equilibrium. 

Since the gas in the bubbles occupies a much larger volume than the equi

valent amount of gas dispersed as individual atoms in the matrix, the precipi

tation of fission gas into bubbles results in a volume increase, or s«/elling of 

the fuel. Bubbles can migrate, grow, and coalesce both by diffusional pro

cesses and by interaction with fission tracks. Large bubbles can also grow by 

plastic deformation processes. It is clear from the bubble equation that as a 
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bubble grows, its internal pressure diminishes. Consequently, bubble growth 

results in an increase in swelling. Fortunately for many applications, bubble 

growth and swelling do not continue indefinitely. Large bubbles tend to form 

at the grain boundaries where they can link up and release their gas to the 

surrounding environment. Thus, the phenomena of a«/elling and fission gas 

release are inextricably interrelated. 

A comparison of swelling rates of UC, UO2, and UN fuels is given in Fig. 

4-2. All of the fuel types follow the same trends, as would be eĵ iected, but 

the nitride fuel appears to have a clear advantage in dimensional stability. 

These a*elling data should be used with caution, however, since they are valid 

only over a limited range of volume change and were in some cases obtained from 

measurements on cladding rather than fuel. 

In a practical sense ai/elling, fission gas release, and columnar grain 

growth can result in substantial shape changes and redistribution of the fuel 

as illustrated schematically in Fig, 4-3, In Stage 2 of this illustration, the 

fuel swells uniformly due to the effect of fission gas bubbles. Under condi

tions in which columnar grain growth occurs, as in Stage 3, the fission gases 

will be swept up and released, leaving redensified, but displaced, fuel as 

shown in Stage 4. The process can then r^^eat itself. This type of process 

can lead to substantial creep deformations of the surrounding clad or core 

structure that are difficult to predict or treat in design. While these pro

cesses are generally related to conventional metal clad fuel pins, they can 

also occur in less conventional structures such as the SP-100 plate fuel if the 

temperatures and temperature gradients are sufficiently high. Fortunately, in 

the currait SP-100 design, the conditions do not appear to be sufficiently 

severe to result in significant fuel redistribution by this mechanism. How

ever, the possibility should be considered in advanced designs and under 

faulted conditions. 

Other critical properties for the various candidate fuels include: thermal 

conductivity, uranium density, melting temperature (all listed in Table 4-2), 

and fuel vapor pressure as a function of temperature (Fig. 4-4). Based on the 
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Table 4 -2. Selected Properties of High-Tanperature Nuclear Fuels 

Melting 
Fuel Tanperature 
Type PC 

U02 2865 

UC 2525 

UC2 2480 

UN -2800 (@2.5 atm.) 

Uranium 
Thermal Conductivity Density 
W/cm-K (to lOOOQC) qni/cc 

0.03 9,5 

0,2 13 

0,35 11,7 

0,2 13,5 
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properties surveyed to this point, it will now be convenient to discuss the 

strengths and weaknesses of each of the fuel candidates separately, with 

anpiiasis on their use in a space power reactor, 

4.2,1 Oxide and Cermet Fuels 

UO2 is by far the most widely used, the most studied, and the best under

stood of the high-temperature nuclear fuels. It is the standard fuel for the 

Light Water Reactor, Advanced Gas-Cooled Reactor (AGR), and Fast Breeder Reac

tor (FBR), as well as the Space Power Reactor (SP-100) under development at Los 

Alamos National Laboratory (LANL). It is generally isolated from the reactor 

coolant by a stainless steel or zircaloy cladding. However, in the case of 

SP-100, it is used as unclad wafers separated by thin Mo-Re spacers. 

The high melting tanperature, compatibility with metallic materials, 

irradiation stability, and ease of fabrication of UO2 have made it the front 

runner among the high-temperature fuels. The primary disadvantages of UO^ 

relative to other high-temperature fuels are its low thermal conductivity and 

relatively low uranium density. The thermal conductivity of UOj is a factor of 

7 to 10 lower, and the uranium density is as much as 30% lower than the other 

high-temperature fuels. 

Because of the low thermal conductivity of UO2, tanperature and tanpera

ture gradients in most fuel designs tend to be high. Consequently, restructur

ing, swelling, and fission gas release figure prominently in the design of 

oxide fitels, a*elling data for UO2 fuel are shown in Fig. 4-5. 

Fuel swelling is of particular concern in the design of the SP-100 reactor 

because of the potential for dimensional changes to disrupt the integrity of 

the heat pipes that cool the core. Moreover, the design of the SP-100, with 

unclad fuel plates, is particularly susceptible to swelling. 

Seme recent French [Commissareat a I'Energie Atomique (CEA)] data on 

swelling of UO^ microspheres suggest a way to minimize swelling that could sig-
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nificantly simplify the design of a reactor such as SP-100. Figure 4-6 shows 

the CEA swelling data at 1500OC as a function of initial density. While the 

high density material follows a fairly normal swelling curve the low initial 

density material (92% to 95%) swells only a few percent and then saturates or 

even redensifies somewhat. Although the work done to date is somewhat sketchy, 

the key to this behavior appears to be the production of a controlled uniform 

fine porosity. With further development this l^pe of fuel could be very 

attractive for the SP-100. 

Oxide fuel has also been proposed for use in the cermet form, consisting 

of UO2 with additions of 20% to 40% of the refractory metals tungsten or moly

bdenum. The principal advantage of cermet fuel is its greatly improved thermal 

conductivity relative to the oxide as shown in Fig. 4-7, It may also exhibit 

inproved swelling behavior, but this is not confirmed. The principal disadvan

tage of cermet fuel is the reduced fuel density which leads to increased core 

sizes and weights, 

4,2,2 Cacbide Fuels 

At least three types of uranium carbide fuels have been used in nuclear 

systems: the monocarbide UC, the dicarbide UCj, and mixed carbicte UCZrC, Mixed 

thorium-uranium carbide has been used in HTER's such as the Fort St, Vrain 

Reactor, Each of these has its own unique characteristics. 

Uranium monocarbide has a uranium density nearly 30% higher than UO^ 

(Table 4-2) and a thermal conductivity nearly an order of magnitude higher 

(Fig, 4-7), A major limitation in the use of carbide fuels in high-temperature 

amplications is chemical compatibility with refractory metals that might be 

used as cladding or core structural materials (Section 4.1). 

Uranium dicarbide was the referaice fuel for the NERVA and ROVER Projects, 

and is now the reference fuel for the rotating bed and fixed bed reactors. The 

Fort St, Vrain HTGR, now operating on the grid of Public Service Company of 

Colorado, is fueled with (Th,U)C2. All of these systems have in ccxnmon the use 
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of pyrolytic carbon coatings, which could not be used in most present space 

power designs because cjf their hard neutron spectrum. 

The mixed-carbide fuel 90% UC2-10% ZrC was under development in the 

in-core thermionic program at General Atomic Company (Ref. 4-1), To inprove 

the dimensional stability and the thermionic performance of carbide-fueled 

emitters during in-pile operation, it was necessary to exercise rigid control 

of the structures, compositions and stoichiometries of the carbide fuel mater

ial. To facilitate fission gas release in order to reduce fuel swelling, the 

carbide fuel bodies had low densities (75% to 79% theoretical value) and con

tained a large amount of open porosity. To prevent the dissolution of the 

tungsten cladding at the c^rating temperature of the anitter, about 4 wt% of 

tungsten was added to the carbide fuel material. The C/U atom ratio was set at 

between 1,03 and 1,05 in order to reduce the diffusion rate of uranium through 

the tungsten cladding and to minimize the carburization of the tungsten 

cladding. Such carbide fuel material consisted of a uranium-zirconium carbide 

matrix containing a few wt% of dissolved tungsten and dispersions of UWC^ 

phase. The fuel bodies usually contained a central hole of about 10% of the 

fuel cavity volume in order to accommodate fuel swelling. Irradiation testing 

shewed that this structure was effective in reducing swelling below that for 

oxide fuels, 

4.2,3 Njtcide Fuels 

Uranium nitride is the least studied and the least understood of the 

potential high-temperature fuels. However, nitride fuels have been considered 

both as a fuel for space power reactors and as an advanced fast breeder reactor 

fuel. Uranium nitride has the highest uranium density and the highest thermal 

conductivity of any of the unalloyed high-temperature fuels (Table 4-2), It 

also appears to have the lowest irradiation induced swelling rate, as was shown 

previously in Fig, 4-2, 

A key concern with uranium nitride fuel is its high vapor pressure at high 

temperature as illustrated in Fig, 4-4, The vapor pressure reaches 1 atmos-
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phere at about 2200K, This is a particular concern for the SP-100 where the 

fuel is unclad and operates in a vacuum. Practical application of nitride 

fuels at high temperatures will require a nitrogen overpressure and some form 

of cladding, 

4,2,4 Comparison of the Various Fuel Candidates 

While a variety of high-temperature fuels is available for advanced 

nuclear systems, the choice cjf a fuel type is controlled by a complex inter

action between systems design constraints and fuel properties and behavior. 

Key considerations include fuel compatibility with cladding and coolant, fuel 

swelling and fission gas release, and density of fissile material. 

Uranium dioxide has become the standard fuel for most reactors operating 

today that use conventional metal clad fuel. It has excellent compatibility 

with cladding materials, good irradiation behavior, and perh^s most iirportant, 

it has an impressive and successful record of use, Monocarbide and mononitride 

fuels remain of interest for advanced applications because of the substantial 

inprovanents they offer in both fissile density and thermal conductivity. How

ever, materials ccxnpatibility issues must be carefully considered with the 

carbides; and vaporization is a concern with the nitrides. In both cases, but 

especially with nitrides, the advantages for a particular system must be sub

stantial to outweigh the relative lack of experience and data as compared to 

the oxide. Cermets, especially UO2 with refractory metals, and the mixed car

bide UC-ZrC are also potential high-temperature fuel choices. 

The range of available high-temperature fuels for advanced nuclear systans 

is broad. In general, no single fuel will be optimum for all systans require

ments. The fuel selection process involves a tradeoff between systems design 

and materials properties. In some cases, the fuel properties can be modified 

to better match systems requiranents as in cermets, alloyed fuels, or coated 

particles. 

4-20 



4.3 FvieJ. Kecnel FabcigatiQn 

The fuel kernels of the coated particles used for fueling the SP-100 core 

have to possess higher uranium concentration than UO2 in order to ccmpensate 

for the space lost to the particle coating and the interstices among the parti

cles. In addition, with the elimination of the heat pipe fins, the fuel ker

nels need higher thermal conductivity than that of UO2 in order to avoid exces

sively high fuel temperature. Uranium monocarbide and uranium oxycarbide, 

which have both higher uranium concentration and higher thermal conductivity 

than that of UO2, are attractive fuel kernel materials for SP-100 application. 

To achieve high fuel loading in the core, a two-particle system is recommended, 

in which the larger particle has a kernel diameter of about 1000 microns, while 

the smaller particle which fits into the interstices of the large particles has 

a kernel diameter of about 150 microns. One of the primary requirements for 

developing the coated particle concept for the SP-100 application is the fabri

cation of uranium monocarbide and uranium oxycarbide kernels of such sizes. 

Figure 4-8 shows the U-C-0 ternary diagram between 1300 and 1750OC (Refs, 

4-15 and 4-16), The compositions of interest to the present application from 

the point of view of uranium concentration and high temperature ccsnpatibility 

with molybdenum and tungsten lie in the single jiiase UCjjOy region (including UC 

when X=l, y=0) and the two-phase UC^Oy + UO2 region. The single phase UCxOy 

has higher uranium concentration than the two-phase UC^oy + UO2. 

Under the HTGR fuel development program, GA Technologies Inc, has fabri-

catd uranium oxycarbide kernels of 200 to 350 micron diameters by the gel-

suK»rted precipitation method (GSP) for compositions in the UC^Oy + UO2 

two-phase region. Figures 4-9(a), (b), and (c) are examples of these kernels. 

Similar techniques can be used for preparing the 150 micron kernels. 

For the 1000 micron kernels, the GSP technique which relies on the dif

fusion of m^ into liquid drops to form the gelled kernels, is not applicable, 

since the diffusion path is too long for the gelling process to be completed 

within a reasonable drc^ping distance. TWo other techniques have been used for 
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preparing kernels of such large ciiameter. The first is the powder agglomera

tion method which was used for the fabrication of porous UO2 kernels (-800 

micron diameter, 80% dense) for the DRAGON Project in England (Refs, 4-17 and 

4-18), The second one is the internal gelation method developed at KFA (Refs, 

4-19 and 4-20) for the fabrication of UO2 and UC2 kernels by the hydrolysis of 

concentrated U02(N03)2 solution containing urea and hexamethylentetramine 

(HMTA) in hot paraffin oil at 950C or the precipitation of UO2 sol containing 

HMTA under similar conditions. It has also been used (Ref, 4-21) for the pre

paration of uranium-plutonium carbide fuel kernels. The internal gelation 

method which avoids the handling of powder and offers better control of the 

uniformity of kernel size is preferred for the present application, U02(N03)2 

solution is the preferred starting material since the preparation of UO2 sol is 

a rather cc»nplicated operation. Figure 4-10 and Figure 4-11 show, respective

ly, the various steps of the GSP process and the internal gelation process for 

the preparation of uranium oxycarbide kernels. 

The GSP equipment is available at GA Technologies Inc, Uranium oxycarbide 

kernels of 200 micron diameters are routinely pr^ared. To prepare 150 micron 

kernels, adjustments in feed solution concentration, size of sjiiere-forming 

nozzle and other process parameters are required. Such work is currently in 

progress. 

An internal gelation apparatus has been set up. Preliminary trial runs 

were made on the preparation of 1000 micron UO2 kernels, C^imization of the 

feed solution composition and process parameters for the pr^aaration of uranium 

oxycarbide kernels is being carried out. 

Figures 4-12(a), (b), and (c) are, respectively, macro-photos of 200 

micron uranium oxycarbide kernels prepared by the GSP method, 1000 micron UO2 

kernels pr^ared by the internal gelation method, and the same UO2 kernels 

after drying but before sintering. These photos illustrate the difference in 

the sizes of these kernels and the large shrinkage in kernel volume when the 

dried UO2 kernels are sintered. 
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4.4 Coated Pftctigje Coppagt FabCAgatAQo 

To reduce the maximum fuel temperature in the coated-particle fueled SP-

100 core, it is necessary to iirprove the effective thermal conductivity of the 

coated particle system. This can be accomplished by adding refractory metal 

powder (molybdenum or tungsten) to the interstices of the particles and bonding 

them into a COTipact. Besides the improvonent of thermal conductivity, this 

will also help to prevent the movement of these fuel particles in the core in a 

zero-gravity environment and the rachetting of the core components surrounding 

the particles in a gravitational field during ground testing. 

Although the developnent of the ccmpact fabrication techniques cannot be 

initiated until the coated particles are available, some thoughts have been 

given to the possible avenues of approach to canpact fabrication. Tne choice 

of molybdenum and tungsten powder as matrix materials for filling the space 

among the particles is based on their high thermal conductivity, compatibility 

with ZrC coating of the particles, and the close match of their thermal 

eĵ jansion coefficients with that of ZrC. 

IWo approaches are being considered for consolidating the particle-matrix 

powder assembly into a compact. The first involves the cold-pressing of the 

vibratory compacted particle-matrix powder assembly in a steel die into a green 

COTipact containing a central hole for accommodating the heat pipe. The presure 

applied has to be lower than the crushing strength of the ZrC coating of 

the particle. The green compact is then sintered to form the cOTipact. A fugi

tive sintering aid (such as nickel) will be added to the matrix powder to lower 

the sintering temperature required. After completion of the sintering opera

tion, the sintering aid is removed by heating in vacuian. 

The second approach involves the infiltration of the void space of the 

vibratory compacted particle-matrix powder assembly with tungsten or molybdenum 

by chemical vapor deposition techniques. The height of the particle-matrix 

powder assembly and the coating parameters will be optimized to insure good 

accessibility of the coating gas to the space between the particles and the 
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matrix powder. A chemical vapor deposition apparatus is being built for this 

purpose. 

Both approaches will yield annular shaped compacts, which can slide onto 

the heat pipe. The gap between the COTipact and the heat pipe can be filled 

with molybdenum or tungsten by vapor deposition. Or the gap can be filled with 

fine molybdenum or tungsten powder to irrprove the heat transfer between the 

COTipact and the heat pipe. 

Efforts on compact fabrication developnent will be initiated as soon as 

the coated particles are available. If the results show premise, then compact 

samples will be fabricated for irradiation testing. 
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5. CORE DESIGN WTIH COATED PARTICLES 

The analyses reported in this section employ simplified models due to the 

limited scope of this study. The results are intended to aid the early evalua

tion of the coated-particle fuel concept as a feasible backup fuel for the SP-

100 reactor. 

5.1 NEUTOOIIC ANALYSIS 

The analysis of the coated-particle core is based on the current SP-100 

reference core geometry so that direct comparison of results may be possible. 

The core geometry is shewn in Fig. 5-1 (based on Ref. 5-1). 

The dDjective of the neutronic analysis was to cfctain the effective multi

plication factor, kgff, and the required fuel loading. The Monte Carlo neutron 

transport code KENO-IV (Ref. 5-2) was employed. A three-dimensional homogen

ized model was constructed. The core midplane radial and axial cross sections 

of the homogenized core are depicted in Figs. 5-2 and 5-3, respectively. In 

essence, the fuel region and heat pipes are homogenized. The core containment 

vessel and foil insulators are homogenized. TJie B4C conturol drums were assumed 

to have rolled the absorber sectors outward and to be represented in the model 

as aneared into a ring outside of the radial beryllium reflector. The homogen

eous model is judged to be adequate since SP-100 reactors are very small fast 

reactors. 

For such a anall fast reactor, the dominant neutron spectrum falls within 

the keV to lew MeV energy range. Therefore, a sixteen-group, neutron cross-

section set was deemed fine enough for this analysis. Ihe GA cross-section 

code MICROX-2 (Ref. 5-3) was utilized to obtain the input cross-section set. 

The SP-100 reference reactor has a large neutron leakage fraction and a very 

hard neutron spectrum. Thus, no strong anisotropic scattering is anticipated. 

For these reasons, only PQ and Pi cross sections are used in the KENO calcula

tions. It is noted here that no detailed rhenium cross sections could be gene

rated quickly, therefore the cross sections for tungsten were generated by 
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Miaox-2 and then scaled to the rhenium values according to the data contained 

in the barn book, BNL-325 {Ref. 5-4). Since the total content of rhenium is 

small, no significant error is expected from this approximation. 

Uie analysis considers an early design of the particle fuel, that can load 

the same amount of uranium as loaded into the SP-100 reference core. The early 

oxycarbide fuel is coni»sed of 55 v/o of UC and 45 v/o of UO2. The particle 

coating is ZrC and the interparticle matrix material is molybdenum. 

The kgff results are listed in Table 5-1. It is seen that, to achieve 

criticality, - 2% less loading of the assumed coated-particle fuel is required 

since kgff of 1.07 is -2% greater tiian the 1.05 value of the SP-100 reference 

core. Compared with the reference core, the additional 2% kgff of the coated-

particle-fuel core is attributed to the large reduction in molybdenum and the 

introduction of a sizable amount of carbon which aihances slowing dcwn of 

neutrons. 

The final coated-particle fuel design required a high fraction of UC in 

the fuel to achieve criticality v^en loaded into the reference core configura

tion. We can conclude that the coated-particle fuel is capable of achieving 

the same fuel loading provided by the reference fuel in the SP-100 core 

configuration and thus is cranparable to it from a neutronic point of view. 

5.2 THERMAL MALYSIS 

The purpose of this analysis is to c±)tain a first estimate of the maximum 

fuel tonperatures and associated temperature gradient of a coated-particle fuel 

COT̂ aact during normal and faulted c^rating conditions. Due to the very 

limited scope of this work, a two-dimensional finite-difference code TfiC2D 

(Ref. 5-3), instead of a finite-element code, is utilized. 

A one-twelfth reactor sector by symmetry is considered and is shown in 

Fig. 5-4. The figure illustrates individual heat pipes and their associated 

fuel regions. This is translated into a finite-difference model as depicted in 
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Table 5-1 

EFFECTIVE MULTIPLICATION FACTOR, KEpp 

(CONTROL DRUMS RXLED OUT AT BQL) 

MONTE CAELO COATED-PARTICLE 

CALCULATIONS REFERENCE SP-100 CORE 

LANL'S MCNP 

CALCULATION 1.05 

GA'S KHSO 

CALCULATION 1.05 1.07 
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Fig. 5-5. For conservatism, the circumference of the modeled heat pipe is made 

identical to the reference core design value. This makes the cross-sectional 

area of the modeled heat pipe analler than the reference design value, and 

correspondingly, it leaves a larger-than-actual area fraction of the modules 

for active fuel. This results in a longer average length for heat conduction 

from the fuel to the heat pipes and consequently leads to the calculation of 

scanewhat higher fuel temperatures toward the edges of fuel modules than should 

be expected. The alternative assumption of using actual heat pipe and fuel 

area fractions in the model geometry results in the perimeters of the heat 

pipes being larger than actual and would have led to the nonr-conservative cal

culation of fuel temperatures that are lower than should be expected. 

The calculations were carried out for an early design of the oxycarbide 

fuel having the composition and volume fractions in the particle fuel compact 

as shewn in Table 5-2. 

The effective thermal conductivity of a particle-fuel compact varies with 

its material compositmon. This analysis considers only the conductivity of the 

above stated fuel contact and therefore gives only one result in the spectrum 

of the oj^carbide fuels. 

The Cheng-Vachon method (Ref. 5-5) is employed for estiirating the effec

tive thermal conductivity of the particle fuel conpact. According to Ref. 5-5, 

the method was verified against experiments and should be reliable. The indi

vidual thermal conductivities, k, used in this computation are listed in Table 

5-3. 

The calculated effective thermal conductivities, kg, at the approximate 

normal and faulted fuel tonperatures are about the same. This results from 

very balanced tradeoffs in the increased and decreased individual conductivi

ties in carbides and non-carbides respectively at the different tanperatures. 

The balanced tradeoff is largely true over the entire temperature range between 

the normal and faulted fuel tonperatures since thermal conductivities vary 

quite linearly at high tanperature. What this means is that the fuel tempera-
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Table 5-2 

ASSUMED COMPOSITION OF COATED PARTICLE EUEL COMPACT 

Volume % 

Fuel UC 33 

UO2 27 

(UC:U02 = 55 v/o:45 v/o) 

Coatings lyrocarbon and ZrC 14 

Pores and Voids inside Particle Coatings 10 

Matrix Mo 10 

Matrix Interstices Void 6 
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Table 5-3 

MATERIALS AND THEIR EFFECTIVE THERMAL OCNDUCTIVITIES 

kW/cm.K (BTU-hr-ft-R) 

At 1600 K At 2350 K 

k-UC 0.2423 (14) 0.2597 (15) 

k-U02 0.0208 (1.2) 0.0182 (1.05) 

k-Mo 0.8309 (48) 0.7443 (43) 

k-ZrC 0.3803 (22) 0.4328 (25) 

k-pore 0.0007 (0.04) 0.0007 (0.04) 
assumed assumed 

Calculated 0.2077 (12) 0.2095 (12.1) 
ke 
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ture will not rise due to the Icwer conductivities of non-carbides at high tem

perature but oily due to the loss of a failed heat sink (i.e. the failed heat 

pipe). 

The effect of the content of UC on the effective thermal corductivity of 

the CMcycarbide fuel at 1600K is shown in Figure 5-6. The difference in conduc

tivity between 55 v/o and 100 v/o UC is about 30%, The absolute scale of this 

curve is affected not just fcy the fuel but also ty the other materials, es

pecially the pores since they have extremely lew conductivity. The conductiv

ity of the pores can be significantly increased by adding helium. Although 

fission gases will be released into the pores inside the particles after start

up of the reactor, the effective thermal conductivity of the gas mixture will 

still be much larger than the pore conductivity emplcyed in this stuc^ (k-He at 

1600K is about 0.005 W/an-K, and for fission gas, 0.0003 W/cm-K). It is also 

noted that the fuel module is assumed to be a well bonded unit and that no sig

nificant gaps exist between the kernels and their coatings, the coated parti

cles and the matrix materials and the fuel compact and the heat pipe. It is 

assumed that radiation is the cxily mode of heat transfer between modules, 

SP-100 reference core was first designed by LANL with radial power zoning 

by varying the fuel layer thickness (see Figs. 5-1 and 5-4) to dotain approxi

mately constant power input per heat pipe. Current LANL thermal calculations 

employ a set of power densities that takes into account the core power peaking 

factor of 1.2 (Ref. 5-6). Our analysis employs the same power input. The 

power densities are listed in Table 5-4. No gamma heating of the central plug 

is included in either the coated-particle fuel core or the SP-100 reference 

core analyses. 

The power densities in Table 5-4 are adjusted by the ratio of the SP-100 

reference core fuel area to the TM:2D modeled fuel area for every fuel module 

so that the total heat generation per module is identical in coated-particle 

fuel and the reference SP-100 cases. The adjusted power densities are ^own in 

Table 5-5. Although the TAC2D model (Fig. 5-5) does include the modeling of 

the radial reflector and control drum, the inner surface of the foil-insulators 
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Table 5-4 

SP-100 POWER DENSITIES IN VARIOUS FUEL LAyERS 

Fuel Layers Pcwer Densities (kW/cm3) 

1 (inside) 0.1148 

2 0.1083 

3 0.0998 

4 0.0879 

5 (outside) 0.0767 
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Table 5-5 

ADJUSTED POWER DENSITIES FOR TfiC2D INPUT 

Adjusted Power Densities 

Fuel Layers kw/cm3 BTU/hr-ft3 

1 0.09854 9.5211x106 

2 0.09402 9.0835x106 

3 0.08833 8.5345x106 

4 0.08053 7.7810x106 

5 0.06983 6.7465x106 
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are treated as adiabatic surfaces in the same rranner as in the current SP-100 

reference core model. 

Ihe anissivity of the surfaces of the particle-fuel module is not known at 

this time. The surface can be designed such that a relatively high anissivity 

may be attained. In the mean time, parametric variation of anissivity is 

carried out for tiie faulted heat-pipe case. Emissivity is not a significant 

factor in the normal c^rating case. "Hie maximum fuel temperatures detained 

from parametric treatment of the anissivity are summarized in Table 5-6. The 

case of faulted heat pipe in the outer fuel layer (Layer 5, Fig. 5-5) is not 

considered in this study. This decision is based on two reasons. First, the 

current SP-100 reference reactor thermal model does not include heat loss 

through the radial reflector, and too mai^ uncertainties in inpit data exist. 

Second, the TPCTD model (Fig. 5-5) is a 30° sector of the core vrfiile the refer

ence core study has a 60° sector. Analysis of a fault:ed heat pipe (e.g. by 

failing heat pipe No. 11 as in the SP-100 reference core study) in a 30° model 

may be undully conservative vd:ien oranpared to a 60° model. Failure of heat pipe 

No. 10 will leave only one fuel module wit± operating heat pipes flanking it on 

each side in a 30° model, v^ile in the 60° model there will be two rows of mod

ules with operating heat pipes flanking it cn each side. Heat from a fuel modu

le with a failed heat pipe nay also pass to the next modules beyond those adja

cent to the failed-heat-pipe module. Hcwever, the amount of heat and its 

effect probably will not be pronounced on such modules. 

It is recalled that the catiposition of the coated-particle fuel compact is 

based on an early fuel particle design. The final design requires almost ex

clusive use of UC fuel. This enhances the effective thermal conductivity of 

the fuel compact by about 30% (See Fig, 5-6). Better geonetry modeling would 

also improve heat transfer calculations. When these factors are considered, 

the expected maximum fuel tzemperatures nay be assessed as shown in Table 5-7. 

The coated-particle fuel is quite forgiving under faulted heat-pipe con

ditions. The effective thermal conductivity (Fig. 5-7) is quite const:ant over 

the normal to faulted t:emperature range as st:ated above. This is the principal 
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Table 5-6 

TAC2D RESULTS - MAXIMUM EUEL TEMPERATURES 

K 
Maximum Fuel Tanperature 

Degree R Location 

Normal Operation 

Failed Second 
Layer Heat Pipe 
(Heat Pipe No. 3) 

*e= 0.9 
e= 0.6 
e= 0.3 

1763 3173 Module No. 11 (Layer 5) 
at outer corner next to 
Module No. 8 

2094 
2286 
2674 

3769 
4115 
4813 

Module No. 3 (Layer 2) 
at outer corner next to 
Module No. 1 

e = Surface emissivitY of the fuel module. Note that the current SP-100 
reference core results is 2269K at an unreported emissivity. 
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reason why the maximum temperature of the coated-particle fuel for the faulted-

heat-pipe case (Table 5-7) is significantly Icwer than that of the SP-100 

reference core. 

Finally, it is wortii noting and suranarizing the differences, uncertain

ties, and limitations of the thermal analytical models, metiiods, and data bases 

used in calculation of the tanperature distributions of both the coat:ed-parti-

cle corpact and tile-and-fin stack based SP-100 cores. These are listed as 

follows: 

o 30° model (coatied particle core) vs. 60*̂  model (SP-100 reference 

core). 

o Finite difference calcualtions of the (coated particle core) vs. 

finite element calculation of the (SP-100 reference core) and the 

larger fuel area modeled in the coated particle core analysis. 

o Uncert:ainty in effective thermal conductivities in both analyses. 

o Exclusion of heat rejection through radial reflector in both models. 

o Uncertmnty in the emissivity of the fuel compact surface and the 

potential anissivity degradation over the life of either of the 

SP-100 cores. 

o Exclusion of gamma heating in the central plug in both models. 

It is considered critical that these difficulties be resolved to veri^ 

the advant:ages indicatzed ty the use of coated-particle fuel. 

5.3 SP-100 GORE SEEajCTURE ANALYSIS 

Scoping structural analyses of the SP-100 coated-particle core have been 

performed for normal (^rating conditions and for operation with failed heat 
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Table 5-7 

EXPECTED MAXIMUM EUEL TEMPERATURE 

Normal Operation(D 1660 K 

Failed Second Layer 

Heat Pipe (2) 

£ = 0.8-0.9 ~ 1900 K 

e = 0.6 ~ 2050 K 

e = 0.3 ~ 2285 K 

Not:e (1): Use of nearly 100% UC fuel increases effective thermal conductivity 
fcy about 30% and drops the calculated maximum fuel temperature ty 
~75 K. Modeling of heat pipe area is ~20% conservative, accurate 
modeling reduces this temperature further ty ~25 K. 

Note (2): Same reasons as Note (1). Note that the effective thermal conduct
ivity of the coated-particle fuel compact is relatively invariant 
with respect to temperature due to the increase in conductivity of 
carbides which ccmpensat:es for the conductivity reduction of UO2 and 
Mo at high temperature. This helps mitigat:e the faultied heat pipe 
conditions. 
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pipes. Although further work will be required to develop detiails of the de

sign, the conclusion of these scoping studies is that the basic concept is 

feasible and may offer some advantages over the reference SP-100 core. 

An inherent feature of the coated-particle core concept is that the fuel 

a/elling and fission products are entirely contmned within the coated par

ticles. Thus the fuel compact is expected to be dimensionally stable for nor

mal and faulted operating conditions. This simplifies and reduces the uncer

tainty in the structural analysis considerably, since one need only be concerrt-

ed with predictable thermal expansion distortions, rather than having to conr 

sider the much-more-difficult-to-predict phenomena of fuel avelling and 

redistribution. 

In the following paragraphs various thermcroechanical distortions are 

considered. For normal operation, module distortions, differential thermal 

expansion between the heat pipe and the fuel con^ct, and differential thermal 

expansion within the fuel compact are discussed. For operation with failed 

heat pipes, module distortions are investigat:ed. 

One of the major features of the coated-particle core concept is the good 

thermal conductivity of the fuel compact. This minimizes the thermal gradients 

within the core, the potential thermal distortions, and thermal stresses. 

During normal operation the fuel modules are expected to experience a maximum 

layer-to-layer temperature difference across the module of less than 25K. The 

resulting free bow of the module is estimated to be a maximum of about 0.1 mm, 

which is easily acconimodat:ed ty the 0.5 mm clearance provided around each 

module. Even if this movement were partially restrained, the resulting 

stresses would be lew and no damage to the module would be expected to take 

place. 

Although the thermal expansion coefficientzs of the fuel compact and the 

heat pipe are designed to be well matched, there will be a difference in their 

net thermal expansions because they operate at different temperatures. It has 

beei estimated that a naximum temperature difference of 100 to 200K will exist 
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during normal operation between the fuel compact and the heat pipe. This will 

result in a maximum thermal expansion difference between the fuel compact and 

the heat pipe of about 0.28% or about 0.8 mm over the length of the core. This 

can be accaranodated by dividing the fuel axially into segments and providing a 

small thermal gap between segments. If ten axial segments were used a gap of 

0.1 nm betweei each segnent would be more than adequate to accoimodate 

differential axial expansions during normal cperation. 

A temperature difference will also exist between the heat-pipe interface 

surface and the outer surfaces of the fuel compact. It has been estimated that 

this temperature difference will have a maximum value of about 200K and will 

probably be less. This temperature difference will cause axial and circum

ferential stresses to be develc^d in the fuel compact. The stresses will be 

conpressive in the outer portion of the ccxnpact and will be tensile in the 

inner regions adjacent to the heat pipe. Without detailed stress analysis it 

is impossible to precisely determine the nagnitude of these stresses. However, 

an estimate of stress levels was made by representing the fuel canpact by a 

cylinder having a temperature gradient through its wall. iWay from the wall, 

the axial and circumferential maximum stresses will be equal and can be 

evaluated from; 

aTAE 
" 2 (1 - v) 

where 

a is the stress, 

AT is the temperature difference across the wall, 

a is the coefficient of thermal expansion, 

E is the modulus of elasticity, 

V is the Poisson's ratio. 

Structural properties of the fuel compacts are not known at this time so an 

estimate was nade using the mechanical property values of ZrC. For the iraximum 

predicted temperature difference of 200K, the maximum predicted stress is about 
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375 MPa or about 54 ksi. The allowable stress for the fuel compact is not 

known, but it is probable that this calculated stress is excessive. 

Ihe actual stresses in the fuel compact will be reduced considerably by 

providing stress relief in the form of gaps where stresses are excessive. 

Axial segmentation of tiie fuel compacts will reduce axial stresses, and if 

needed, radial slots in the compacts can be used to reduce circumferential 

stresses. Further analysis and materials testing are required to develop 

design details here. It is of interest to note, however, that because the 

outer portions of the fuel compact are in compression and the inner portion is 

in tension, the fuel is inherently self stress relieving in a manner that is 

safe and non-propagating. That is, axial stresses can be relieved by cracks 

developing in planes perpendicular to the axis of the carpact, with the zone of 

cracking limited to the inner regions where tensile stresses exist. Similarly, 

the circumferential stresses can be relieved by radial cracks, but these will 

also be limited to the inner region of the fuel where tensile stresses exist. 

Such cracks, vdiere tiiey do occur, would not propagate, and wcxild not result in 

the formation of loose pieces. 

"Ilie SP-lOO core must be also designed to c^erate with one or more failed 

heat pipes. A major concern for this case is whether tiie temperature 

differences which would occur across the modules iitinediately adjacent the 

failed module would cause distortions vdiich could lead to propagation of the 

initial failure. 

Ihermal analysis of this case has been performed and shows that due to the 

good thermal conductivity of the coated particle fuel compact the iiaximum 

temperature difference across the outer surfaces of the unfailed modules will 

be limited to about lOOK. The resulting free bow of the module is estimated to 

be about 0.4 ram. In the current design concept about 0.5 mm of free gap is 

allowed on all sides of the module so that minimal mechanical interference 

should occur as a result of heat pipe failures. 
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5.4 SAFETY IMPLICATIONS 

Consideration has been given to the major safety questions related to 

nuclear reactor space power, but no quantitative analyses have been performed 

in this initial period of evaluating the potential of coated particles as an 

alternative SP-100 core fuel. The accident conditions considered here are: (1) 

the potential for criticality upon immersion of the core in rocket propellant 

or fresh and sea water, (2) solubility of fuel and dispersion of radionuclides 

in the ininersed condition, (3) launch pad fire and explosions, and (4) re-entry 

disassembly and burnup. A brief review of the safety implications of 

particle-type cores with respect to these accidents follows. 

5.4.1 Cciticality When Himegsed in Water 

Immersion of the core in propellant, fresh or sea water could be the re

sult of an abortive launch. In this condition, the particle-fueled core is 

expected to be similar in design to the SP-100 core. Detailed calculations 

could not be performed in the limited time available, but are required to 

develop the details of the design that will be required. It is expected that 

for a core of the same size, such as those that have been described above, a 

slightly greater amount of poison will be needed to maintain subcriticality 

than is needed for the SP-100 core. The extra poison needed results from the 

substitution of UC in the kernel and ZrC in the coating of the particle fuel 

for sane of the Mo in the fins of the tile-and-fin stack of the SP-100 fuel 

modules. Approximately one-half of the volume of the Mo is replaced. The car

bon in the UC and ZrC is a better moderator than Mo or W and less of a neutron-

ic poison in a thermal neutron spectrum. However, LfiNL analyses (Ref. 5-7) 

have shown that the neutron spectrum is still quite hard even when the SP-100 

core was immersed in water. Thus, the anall spectral shift may reduce the 

effects of the carbon substitution to a very small difference. The importance 

of the differences can only be determined by the detailed calculations. 
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5.4.2 Iirmersion Solubi l i ty and Dispersion 

The environmental impact of a subcritical core immersed in water will 

depend upon the capability of the core to contain radionuclides of fuel. 

Assuming the coated particles are held in a matrix of Mo metal, the fuel would 

be highly resistant to dissolution and dispersion by iimersion. Compromise of 

the Mo barrier by impact on landing and corrosion by the water are the likely 

mechanisms. Only a annall fraction of the fuel particles are likely to be 

exposed when a con^ct is rended. Fuel within unbroken, but exposed particles, 

continues to be protected from the water by the ZrC coating which is neither 

soluble nor corrosive in fresh or sea water. Those particles along the rended 

surface with broken coatings will be exposed to the water. The UC will be 

hydrolized and dispersed, more or less, depending on the detailed and ̂ nerally 

conplex physio-chemistry of the environment. 

Corrosion of Mo or W is a relatively slow process although initially it 

will proceed relatively rapidly until inhibiting layers of corrosion products 

are formed. 

5.4.3 Launch Fad Fire and Explosionis 

Launch pad explosions and fires are difficult to analyze. Such analyses 

are beyond the scope of this program at this time. The melting point of Mo is 

about 2900K and that of ZrC is about 3800K. UC melts at ~3000K. These are 

very high temperatures not readily reached by chemical combustion in the short 

duration of most launch pad fires. The fuel particles, as individual pressure 

vessels, will retain the fuel until quite high temperatures are reached. As 

virgin or very low burnup fuel, there is no or very little fission gas to exert 

pressure on the coating. Only a fraction of particles are likely to reach the 

fracture point. 

Mechanical damage is likely to be quite limited by a combination of the 

matrix metal of the compact and the ZrC coatings. Only the surfaces exposed by 

mechanical damage will release fuel directly. The bulTc of the particles, con-
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tained in the pieces of the compacts, will retain their fuel. Compared with 

other fuel forms, particle fuel will release much less fuel material to the 

environment. 

5.4.4 Re-Entry Disassaitoly and Burnup 

The reactor core will be designed for disassembly in the event of prema

ture re-entry from Earth orbit. The kinetic energy of the pieces of the core 

will be converted to heat as they enter the Earth's atmos0iere. Burnup of the 

fuel assemblies to sub-micron size particles to form an aerosol vAiich would 

result in dispersion of the debris in the huge volume of the upper reaches of 

the atmosphere and in dilution to low concentrations. Significant further 

delay (years) will occur as the dilute dust settles to Earth. 

Ihe high temperature capability of the particle fuel materials may make 

burnup and dispersion more difficult. Melting of the natrix material would 

release the fuel particles. However the fuel particles are too large to form 

aerosols. It is not certain, without detailed aerodynamic heating analysis, to 

know whether the spherical fuel particles in ccxnbination with exothermic chemi

cal reactions will burnup to stianicron-sized particles and become aerosols. 
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6. SUMMARY AND CONCLUSIONS 

Ihe overall conclusion to this Hiase I study is that our preliminary 

analyses show coated-particle fuel to be the basis for a viable alternative 

SP-100 core. We have shown that fuel particles with kernels of UO2, UC, and 

combinations of the two with ZrC coatings can be designed to produce compacts 

that achieve critical assemblies, at least as small as the reference SP-100 

core. Coated-particles of UO2 and mixed UC-UO2 fuel have been previously 

fabricated with ZrC coatu.ngs at GA. Nothing has been found to cast significant 

doubt on the feasibility of coated-particle fuel for SP-100. In order to 

verify our analytical conclusions and establish coated particles as an 

alternative SP-100 fuel, we will need to demonstrate the ability to fabricate 

the fuel compact and to bond the contacts to the heat pipes. Also the coated 

particles, canpact, and fuel module designs must be verified by irradiation 

testing. 

In the following subsections we present a more detailed list of our 

findings, and recommendations for further work. 

6.1 SUMMARY OF FINDINGS 

Our findings are summarized in the two lists ^own below, one for coated 

particle fuels and the other for core design. 

Coated Particle Fuels 

o All work performed to date sup^rts the feasibility of coated-

partide fuel for space power applications. 

o Coated particles with UO2, UCjjPy and UC kernels and ZrC coatings 

have been designed to meet SP-100 design requiranents. 

o A two particle size system (-1000 micron and -150 micron) with UC 

kernels meets the fuel density requirement:s for SP-100. 
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o Refractory metal coatings have been eliminated because of creep-

rupture limit:ations. 

o Previous irradiation tests confirm the good performance of ZrC 

coatings and their canpatibility with the fuel. 

o Sol gel processes have been demonstrated for producing 1000 micron 

UO2 and 200 micron uranium oxy-carbide kernels. 

o Refractory metals ap^ar to be the best choice for iratirix 

materials but the processes are yet to be developed. 

Core Design 

o The kgff of the coated-particle core of the same configuration can 

be somewhat greater than that of the reference core. 

o Preliminary studies show that maximum fuel temperatures for the 

normal and failed heat pipe (^rations of the alternate core are 

expected to be less than those of the reference core. 

o Mechanical analysis of the module need only consider thermal 

distortions so uncertainties in analysis will be small. Distor

tions due to swelling and fuel relocation are expected to be 

insignificant. 

o Bowing of fuel modules during normal and failed-heat-pipe 

operation will be anall enough to be accommodated. 

o Differential thermal expansion will require axial segmenting of 

fuel compacts. 

o The replacement of some Mo with ZrC in the alternate core may 

require additional poison during launch to assure subcriticality 
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during a water inmersion accident. 

o Dispersion of uranium from coat:ed-particle compacts as a 

consequence of immersion and explosion accident:s will be 

relatively small. 

6.2 CRITICAL ISSUES 

Ihere are a number of critical issues that have been identified for the 

tile-and-fin-st:ack design of the reference SP-100 core. The coated-particle 

ccarpact canpact design of the alt:ernative core has the potential to alleviate 

the following critical issues of tiie reference SP-100 core 

o Swelling of fuel 

o Fuel migration 

o High fuel tiemperature under faulted heat pipe cperation. 

In this stu<^ there are also a number of critic:al issues that have been 

ic3entified and which must be resolved if the coated-particle c»re is to be 

established as a credible alt:ernative to the reference cxjre. In this subsec:-

t:ion the significance of these critical issues will be reviewed. In the recom-

men<3ations to follow in the next subsection, the actions needed for their 

resolution will be indicated. 

Critical Isisues Identified (Ccate^Particle Core) 

1. Fuel part icle and compact fabrication 

2. Particle and contact thermal corxSuctivity, emissivity and 

structural properties 

3. Integrity of coatec3-particles a t faulted <3esign temperatures 

4. Thermal bonding at particle-matnrix and mat:rix-heat pipe 

interface 

5. Reactivity hold-down safety feature ctesign 

6. Chemical and aero^namic reentry burnup of fuel particd.es. 
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6.2.1 Fabrication of UC Coated Particles and Fuel Compacts 

UC particles cxaated with layers of pyrolytic carbon and ZrC of 1000-micron 
and 150-micron cSiameters are recjuired for space power reactor cx)res. Fuel par
t ic les of UC-UO2 fuel have alreac3y been fabricated at GA on another program 
while fabrication of coated particles of pure UC has yet to be danonstrated. 
Fabrication of the small size fuel kernels recjuires minor modification of the 
gel-suj^r ted precipitation prcxiess while fabrication of the large size kernels 
requires seme extension and <5eveloproent of the internal gelation prcxess. 

Compact fabrication requires the f i l l ing the inter-part icle voic3s witii Mo 
or W to form a matrix of metal containing the part icles. TVo ctevelopment 
approaches are suggested: (1) introduce Mo or W powder to the bed of fuel 
particiLes along with a sintering ai<3e and then sinter the powder in-situ and 
(2) f i l l the inter-part icle voids of the oon^cted particles by chemical vapor 
<3eposition. Development of a process i s recjuired for bonding cx3mpacts to heat 
pipes with gcxsd thermal and structural bonds. Compaction and sintering of Mo 
powder in a annall gap betweoi the canpact and heat pipe i s one suggested 
approach. "Shrink f i t t ing" to assemble the two pieces i s another suggestion. 

6.2.2 Irradiation Testing of UC Coated Particles 

Ihe design of the UC cxated particles must be verified in the SP-100 core 

environment over test design life or to full burnup. Some types of irradiation 

testing of particles can be relatively easy and quick, and not costly. Similar 

irradiations have been routinely conducted in the High Flux Irradiation Reactor 

(HFIR). 

6.2.3 Measurement of Fuel Particles and Compact Properties 

The thermal conductivity of the particle-fuel cxsmpact determines the maxi

mum temperature level in the core and the temperature ciifferential across the 

fuel modules. This is especially critical under failec3-heat-pipe conditions. 

"Hiermal stresses and fuel assembly bowing are directly affec±ed. The thermal 
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conductivity of the compacts should be verified by measurement as soon as 

ccanpacts can be made available. 

Heat escapes from a fuel module with a defective heat pipe primarily ty 

ra(3iation across the gap between its outer surfac:es and those of adjacent fuel 

modules. The temperatures of the radiating surfaces depends on their emissivi

ties. H i ^ emissivities at high temperature are <3ifficult to achieve even with 

the use of ccatings. There is considerable uncertainty in emissivities because 

small surface changes or cxintaminants can alter their values significantJ.y. 

Measurements are needed under well controlled cx>nditions that extend over sig

nificant times relative the SP-100 mission life. Also alternatives to pure 

radiation heat transport, such as packing the inter-module gaps with high-con

ductive, resilient metal sponge, need consideration. 

Mechanical properties of both the coated particiLes and ccanpacts must be 

measured to verify their ctesign and fabrication proc:esses and to provicSe input 

information that can be used with confidence in further design and analyses. 

These properties include thermal expansion cxsefficients. Young's modulus, and 

strength all as functions of the particles and ctxnpact temperatures. 

6.2.4 Thprmfll StahilitY of Coated Particles 

Tiie thermal stability of fuel particles must be measured at the normal, 

faulted, and over-design temperature conditions. The particles are expected to 

be stable at normal c^rating conditions based on experience with other parti

cles. Performance over a 7 year life for space application requires verifica

tion, as does stability at faulted-heat-pipe conditions. The nargins between 

operating conditions and stability limits are necessary design information. 

6.2.5 Immersion Reactivity Control 

Coated-fuel-particle cores of the same size as the SP-100 reference core 

requires slightly less U-235 loading for the same cold, clean reactivity. Upon 

immersion in water, the neutron spectrum shift:s to a lower average energy, but 
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higher reactivity. Hie higher reactivity must be compensated by neutronic 

poison that is present. However, the Mo content of the coatec3-particle fuel 

core is only half that o£ the SP-100. Thus, additional temporary absorber may 

be recjuired to maintain the particle-fuel core subcritical upon imnnersion. 

Additional design development will be neec3ed to assure subcriticality of 

particle-fuel cores. 

6.2.6 Chemical and Aero<aynamic Burnup 

Assuming the fuel particles separate from the matrix metal once the 

melting point of the metal is reached, heating of spherical particles by atmos

pheric friction and chemical oxidation must be aialyzed. Assurance that the 

particles burnup so as to result in aerosol size particles that delay their 

return to Earth is the safety issue that requires early resolution in SP-100 

development. 
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