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ABSTRACT

The fuel cycle costs and temperature coefficients of reactivity for
PuO2-stainless steel cermet fuel and PuO2-UO2 fuel in 100 Mwe, 300 Mwe
and 500 Mwe fast reactors were calculated for comparison. The fuel cycle
costs for the cermet are found to decrease with increasing reactor size from
3 to 2 mills /kw-hr. The mixed oxide fuel shows a 1 mill/kw-hr advantage in
all reactor sizes for the assumptions of 1975 costs and burnup used. The cost
advantage is small compared to the inaccuracies in the assumptions used for
the study.

The cerme.t fuel has a positive Doppler coefficient of reactivity which
is small in comparison to the coefficient of reactivity associated with the fuel
matrix expansion and, therefore, is not considered to be a problem. The
sodium coefficient of reactivity is negative for both large and small cermet
cores. The Doppler coefficient for the small oxide cores is negative and
small and insufficient to overcome any undesirable reactivity effects due to
longitudinal fuel movement if these should occur. The sodium coefficient of
reactivity in the large oxide core is positive.
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INTRODUCTION

One of the major objectives in the development of economic fast reac-

tors is to develop a plutonium fuel system that is satisfactory from the stand-

point of economics and safety. However, the fuel developed for the initial

cores in EBR-II and the Fermi reactor (EFFBR) is based on using U-235 as

the fissionable material. Several years ago Argonne National Laboratory

began developing the plutonium-uranium-fissium alloy fuel for the EBR-II.

They have found that this alloy lacks the radiation stability of the uranium-

fissium alloy(l), and consequently the utilization of plutonium fuel in EBR-II

may be delayed for some time. In addition, there currently is no active pro-

gram to develop a plutonium fuel for EFFBR. The only other major plutonium

fuel program for fast reactors is being conducted by General Electric under

an AEC contract. This fuel is the mixed plutonium-uranium oxide fuel clad in

stainless steel. Although the mixed oxide fuel is attractive from an economic

point of view(2)(3 )( 4 ), the safety characteristics of the oxide fuel have been

questioned, particularly for small fast reactors( 5 ). It appears doubtful if the

oxide could be used in an existing United States fast reactor before consider-
able test work, which would involve long-term irradiation tests, has been

conducted. Since these tests have not been started, the use of plutonium as

the fuel in a fast reactor does not appear imminent.

One fuel system that has not been considered in any great detail in the

United States for use in fast reactors is PuO2 dispersed in stainless steel. It
does offer the possibility for the early use of plutonium in a fast reactor such

as EFFBR. The British had for some time considered it as the reference fuel

for their fast reactor prototype plant. Their selection of the cermet was based

on the experience in the United States with the cermet fuel system consisting
of UO2 particles dispersed in a matrix of stainless steel.

To obtain a positive breeding gain and high thermal efficiency, the

British selected a fuel composition and operating temperature outside the
range of predictable good performance. As a result, their initial irradiation

results show excessive swelling. However, by reducing the operating tempera-

ture and volume loading of oxide, excellent radiation stability is possible. This
prediction is based on a large amount of radiation stability data available from

many United States reactor programs. This data was obtained with uranium
oxide; however, there is no reason to believe that it does not also apply to PuO2
dispersed in stainless steel. This data has been compiled and evaluated at

several fuel development laboratories( 6 )(7) and is discussed in Appendix I of

this report. Along with this radiation test work, there has also been consider-

able fabrication development of processes for making both fuel plates and pins

in the past and HAPO is presently working on PuO2 cermets for the Phoenix
fuels(2 7 ).



The fabrication experience and high burnup capability of the cermet

were the prime factors leading to consideration of this fuel as an interim core

loading for the Fermi reactor using U-235 as the fissionable material. A

core design using the cermet in the form of plates is now essentially complete,
with only out-of-pile testing still to be completed. The purpose of this cermet

core was to reduce fuel cycle costs, to provide a core that could be used to

test the plant at full power and to provide the environment to irradiate pro-
mising breeder fuel elements. Since the core was needed within a short period
of time, U-235 was selected as the fissile material to enable commercial fab-
rication of the core.

In 1960, APDA briefly evaluated UO2-stainless steel and PuC-U-15
w/o Mo cermets( 4 ) and found them to be quite attractive. In particular, the

PuC in the fertile metal matrix appeared comparable, economically, to a
PuO2-UO2 fuel system evaluated in the same study. In 1962, APDA also
made a preliminary evaluation of PuO2 in stainless steel. At that time, the
plate-type design as it existed for the Fermi reactor was considered with the
UO2 being replaced with PuO2. An evaluation of such a substitution from the
standpoint of fabricability and radiation stability was made, and it appeared
that the UO2 technology would be applicable. The fuel cycle costs indicated
that the PuO2-stainless steel cermet fuel was sufficiently attractive when com-
pared with a PuO2-UO2 fuel design to warrant further consideration. The
prime advantages of the PuO2 -stainless steel cermet fuel appeared to be:

1. Good radiation stability.

2. Utilization of plutonium in a big fast power reactor at the earliest
possible date. Only a relatively small research and development
effort would be required since the substitution of PuO2 for UO2
appears to involve no feasibility problems.

3. Development of the PuO2-stainless steel cermet would be a direct
step toward the development of the attractive PuO2-fertile metal

matrix cermet. The low breeding ratio of the stainless steel cer-
met would be markedly improved with a fertile metal matrix.

Two major areas needed additional study before development of the
plutonium cermet fuel would be justified. These were economics and safety.
It is the purpose of this study to determine the relative fuel cycle costs of the

PuO2-stainless steel cermet as compared to the mixed oxide fuels and to evalu-

ate the safety of the cermet core with regard to the Doppler temperature co-
efficient of reactivity. To make a more valid comparison, a pin design was

used for the cermet as well as the mixed oxide. Three reactor sizes (100,

300 and 500 Mwe) have been used in this study. A summary of the principle
parameters for these three reactors is given in Table 1.



TABLE 1

REACTOR PARAMETERS USED IN STUDY

Power (Mwe), nominal

Power (Mwt), nominal

Tin (degrees F)

Tout (degrees F)

Total Flow (106 lbs /hr)

Core Pressure Drop (psi)

Subassembly Shape

Dimensions (Inside Can)

Number of Subassemblies

EFFBR(8 )

100

300

550

800

13

85

Square

2. 464 inches

130

PFFBR(3 )

300

800

550

985

25

100

Square

3.485 inches

200

FOR(2 )

500

1395

550

815

60

70

Hexagonal

4. 08 inches

320
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SUMMARY AND CONCLUSIONS

1. The Doppler coefficient for the cermet cores is small and positive.
It is slightly less than + 1/2 x 10- 6 /C for an assumed equilibrium
isotopic plutonium composition for reactors of 100 and 300 Mwe
and is easily overridden by the axial fuel expansion coefficient which
is about - 8 x 10- 6 /C in this reactor size range. In the 100 Mwe
reactor size, the Doppler coefficient of U-235 is +0. 3 x 10- 6 /C as
compared to +0. 7 x 10- 6 /C for Pu-239.

2. In the smaller size reactors, the mixed oxide Doppler coefficient
is negative but small. If any undesirable reactivity effects occur
due to longitudinal movement of the oxide, they probably would not
be overridden by the negative Doppler coefficient.

3. In the 500 Mwe reactor, the Doppler temperature coefficient of re-
activity is negative and about one-half of the value of the tempera-
ture coefficient of reactivity due to clad axial expansion of fuel for
isothermal changes. As power coefficients, the Doppler effect is
the larger of the two. It is possible in this case that undesirable
longitudinal fuel movements could be overridden by the Doppler
effect, but this will require considerable analysis and experimen-
tation. For this large reactor, however, the sodium reactivity co-

efficient is positive. The undesirable effects of this positive coef-
ficient were not evaluated in this study. In the 500 Mwe cermet

core, the sodium coefficient has about the same magnitude as in

the mixed oxide core but is negative. Therefore, it does not con-

stitute a problem in this fuel system.

4. Using long-range projected costs of fabrication and plutonium price,
the core fuel cycle costs for the plutonium cermet fuel system in

fast reactors from 100 to 500 Mwe range from 3 to 2 mills /kw-hr.

5. In each reactor size, the oxide designs show slightly better econo-
mics amounting to about 1 mill/kw-hr. This results from the lack

of internal breeding in the cermet core and the assumed allowable

burnup for the two systems. It appears that the internal breeding

of the cermet core could be increased by the addition of UO2 without
adverse effect on the allowable burnup. The uncertainties associ-

ated with burnup of the mixed oxides when in the form of long fuel

pins, can only be resolved by radiation testing. The uncertainties

in design can be resolved by making a detailed design with full re-
cognition of the safety and performance requirements.

- 9.-



In general, uncertainties associated with the assumptions used in
the fuel cycle cost estimates, in the burnup and in design details
to meet the requirements of safety, could more than offset the dif-
ferences in fuel cycle costs between the two fuel systems.

6. In both fuel systems, the core fuel cycle costs decrease with in-
creasing reactor size. In the case of the oxide fuels, this reflects
improved core breeding ratios and lower plutonium inventory. In
the case of the cermets, this results from improved burnup achieved
by a more optimized design.

7. Although the cermet appears to suffer a small economic penalty, it
has no major safety problems that would not permit its early ap-
plication to a fast reactor. It also would be a logical step in the
development of fertile metal matrix cermet, which is one of the
ideal fast breeder fuel materials.

- 10 -



DISCUSSION OF RESULTS

The critical mass, breeding ratios, and the important temperature
coefficients of reactivity are summarized in Table 2.

In examining the results, it can be seen that the critical masses for
the cermet fuel is generally about the same as the oxide fuel for core designs
of similar power except for the large reactor. This is probably because the
cermet cores do not contain U-238, a fairly strong neutron absorber, whereas
the oxide cores do.

Since the smaller size reactors require the available fuel volume be

used entirely to meet reactivity requirements it was arbitrarily decided in the
study to use only plutonium and no U-238 in all the cermet reactors studied.
However, in the two larger cermet cores, U-238 could have been included
without affecting burnup. If this were done, the breeding ratio and economics
would be somewhat improved. In the 100 Mwe size, the cermet core has a
total breeding ratio slightly greater than 1. 0. Since the bulk of the breeding
is done in the blanket, as core size is increased and neutron leakage to the
blanket reduced, the total breeding ratio falls off to considerably less than 1. 0.
The addition of U-238 to the core in the larger sizes would tend to keep the
breeding ratio higher. The improvement in the breeding ratio would probably
be on the order of 0. 1 or 0. 2.

Although there are numerous other reactivity effects due to tempera-
ture changes, the coefficients evaluated are usually the largest in magnitude
and the most important. As expected, the Doppler coefficients of the cermet
cores are small and positive. The positive Doppler componentof the Pu-239
and Pu-241 is significantly compensated by the negative Doppler component
of the Pu-240. Even without the Pu-240 contribution, the Doppler coefficient
is no greater than 1. 1 x 10-6. Therefore the small positive Doppler coeffi-
cients should not constitute a safety problem, even if the Pu-240 component
were overestimated. Furthermore, the addition of small amounts of U-238
could even eliminate the positive Doppler coefficient if this were necessary.
The axial fuel expansion coefficients for all three cermet cores are negative
and considerably larger than the Doppler coefficients. In most transients,
feedback due to fuel expansion and Doppler broadening would be indistinguish-
able as far as time response is concerned, and the negative fuel expansion
effect would completely overshadow the small positive Doppler effect. There-
fore, no stability problems should arise because of the positive Doppler. The
Doppler coefficient in a U-235 fueled cermet similar to the Fermi-size plu-
tonium cermet was calculated to be +0. 3 x 10- 6 /C. This compares with a
value of +0. 7 x 10- 6 /C for Pu-239. (The Doppler coefficient given in Table 2
is composed of 0. 7 x 10-6 and - 0. 3 x 10-6 for Pu-239 and Pu-240 respectively).
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TABLE 2

SUMMARY OF PHYSICS RESULTS

EFFBR

Cermet Oxide

PFFBR

Cermet Oxide

FOR

Cermet Oxide

Equilibrium Critical Mass
(kgs of Pu)

553 552 1022 1050 1973 1410

Breeding Ratio

Core

Radial Blanket

Axial Blanket

. 09

. 92

0.09
1. 10Total

Reactivity Coefficient
(Ak/k per C x 10-6)

Doppler

Sodium Expansion

Fuel or Clad Axial Expansion

Core Radial Expansion

. 47

. 68

. 09

. 55

1.15 .64 1

+ .43 - 0.7

- 7.7 - 7.7

- 7. 8 - 9.5

- 13.4 - 17.0

+ .30

- 8. 1

- 8. 7

- 15. 0

.73 .12 .73

. 36 .37 . 26

- - - - 23

.09 .49 1.22

- 7.0 - 4.0

- 8.4 - 9.6

- 16.8 -18. 9

- 3.8

+ 4. 0

- 7.9

- 17. 4
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Thus it appears that the Pu-239 Doppler effect for this particular composition
and spectrum is about a factor of 2 larger than that for U-235. Although there
are several differences involved, the larger value of y and wider spacing of
the resonances of Pu-239 are probably responsible for the larger Doppler ef-
fect of Pu-239.

The sodium temperature coefficients of reactivity for all cermet cores
calculated are negative. This coefficient has a tendency to become less nega-
tive in the larger cores as is evident from comparing the 300 and 500 Mwe
cases. Surprisingly this is not the case in going from the 100 to the 300 Mwe
size where little difference occurs. The sodium danger coefficient decreases
smoothly in absolute magnitude and the mass of sodium increases almost
linearly with core volume. The sodium temperature coefficient, which is pro-
portional to the product of these two quantities, is not monotonic, but appar-
ently peaks in the intermediate volume range. The 100 and 300 Mwe cores
apparently lie on either side of this peak.

The radial core expansion temperature coefficient of reactivity is based
on the assumption of a tight core design. As the core subassembly cans are

heated the core expands according to the thermal expansion properties of the
can material which is stainless steel. The calculated coefficients are similar
in magnitude and sign to those calculated for Fermi Cores A and B.

The oxide fueled cores contain substantial amounts of U-238. The

fertile-to-fissile atom ratios range from about 3 in the 100 Mwe design up to
almost 6 in the large oxide core. Therefore these cores have significant in-

ternal breeding ratios and negative Doppler coefficients. The overall breed-

ing ratio increases with size because of the increasing core U-238 concentra-

tion. The two smaller cores would have higher breeding ratios than the large
core if axial blankets had been included. It is estimated this would add 0. 1 to
0.2 to the breeding gain for these cases.

The Doppler temperature coefficient of reactivity increases in magni-

tude from - 0. 7 to - 3. 8 x 10- 6 /cc from the small to the large cores. These

coefficients are not substantially different from the Doppler coefficients esti-
mated for metal cores such as Fermi Core A despite the softer spectrum and

higher ratios of fertile to fissile atoms. This is primarily because of the
compensating effect of higher fuel temperatures in the oxide core.

The clad expansion coefficient is based on the assumption that the oxide
attaches itself to the clad material. As the clad heats and expands, fuel is
displaced uniformly outward, thus giving a negative reactivity effect. The

amount of fuel displacement is determined by the thermal expansion properties
of the clad material and the temperature rise in the clad. The coefficient,
therefore, is smaller than that of the direct fuel expansion and is delayed.
The calculated coefficient does not include any effect due to the thermal ex-

pansion of the oxide material itself which probably will occur during initial

- 13 -



startup. Because of the differential expansion of the clad and oxide materials,
it is expected that the oxide elements will develop horizontal cracks or gaps
along the length of the element after operation and shutdown. Once these gaps
are developed, the expansion effects of the oxide probably will follow the as-

sumption made in this study. If the oxide should expand to cause a positive

temperature coefficient due to the crack formation, a serious problem could

develop. Under these conditions, the expansion coefficient conceivably could

be large, positive and prompt. There is an additional problem if the gaps do
exist. Collapse of the oxide to fill the gaps as a result of vibration, or a minor
transient, could cause a substantial reactivity increase. Therefore, the tem-
perature coefficient calculations have ignored one of the very important and

serious aspects of the oxide element. This problem can probably be reduced
substantially by design. However, the design requirements for prevention of
oxide movement would undoubtedly increase complexity of manufacture and
therefore fabrication cost. Also, should a reduction of oxide loading be re-
quired, the fuel cycle costs would increase and core life would be reduced.

The sodium coefficient in the small oxide core is a fairly large nega-

tive coefficient, but becomes more positive in the large cores because of the
lesser importance of core neutron leakage and the larger U-238 concentrations.
In the 500 Mwe core, the coefficient is calculated to be +4 x 10-6 /C. Because
the spectral and leakage components are compensating this coefficient is quite
sensitive and subject to large uncertainty.

The results of the core fuel cycle cost study comparing the two fuel
systems are shown in Table 3.

TABLE 3

RESULTS OF CORE FUEL CYCLE COST ANALYSIS

Mills /kw-hr
EFFBR PFFBR FOR

Oxide

Item Cermet Oxide Cermet Oxide Cermet A B

Fabrication .52 .38 .51 .33 .32 .23 .36

Reprocessing .70 .44 .36 .23 .21 .18 .29

Plutonium
Depletion .91 .44 .93 .24 .91 .24 .24

Use Charge .77 .63 .52 .43 .47 .33 .55

Total 2.90 1.89 2.32 1.23 1.91 .98 1.44

- 14 -



The major factors affecting fuel cycle economics are the fabrication

and reprocessing of fuel, fissionable material depletion charge and use charge.
Since one of the prime objectives of this study was to estimate the relative
economics of the cermet and the mixed oxide fuel for long-range fast reactor
applications, the same unit prices and ground rules used in the Fast Oxide
Reactor Program(2)(9 ) were used. The basis for the fuel cycle costs in this
study together with the unit costs and values of the important economics para-
meters and the methods used to arrive at these values relative to those used
in the FOR study are discussed in Appendix IV.

To limit the scope of the study to fast reactor cores, it was assumed
that the net blanket fuel costs were zero in all cases. Basically, this assump-
tion infers that the fabrication, reprocessing, inventory and handling costs are
exactly offset by the sale of plutonium recovered from the blanket. If it should
be possible to add revenue in the blanket cycle, the relative fuel cycle costs
are probably still valid. Since the external breeding ratio is not too different
for each fuel system, and since the blanket designs could be very similar, the
effect of obtaining a net revenue from the blanket fuel cycle cost would be to
lower the overall fuel cycle cost about the same amount for each system. Al-
though ignored in this study, at some point blanket fuel cycle costs must be
considered to optimize both systems. At present 1963 blanket fabrication costs,
it is doubtful whether the recovery of blanket plutonium at $6. 50/g would be
economically justified. The optimization of blanket cycles is complex and con-
stitutes an important area that warrants development when the price of plu-
tonium is low. The economic recovery of blanket plutonium is fundamental to
the development of the fast breeder reactor and should be studied separately.

As can be seen in Table 3, the oxide cores show a slight cost advantage
in each case studied. This cost advantage basically reflects two major factors.
The first, and the most significant in the case of the 100 Mwe design, is the
difference in allowable burnup used for each fuel system. The lower burnup

used for the cermet material at the coolant temperatures used in this study
results in increased fabrication, reprocessing and plutonium inventory charges.
In the case of the 500 Mwe design, this was partially overcome by the ability
to design the cermet fuel to operate at lower temperatures and thereby achieve
high burnups. Under these conditions, the fabrication, reprocessing and plu-
tonium inventory costs of the cermet are nearly comparable to those of the
oxide. To further evaluate the effect of burnup, cost studies were made where
the burnup of the oxide cores was 50, 000 MWD/T, case B - Table 3. Under
these conditions, the fuel cycle costs of both systems are very nearly the
same and certainly within limits of accuracies of a long-range cost study of
this type. As discussed in Appendix I, Burnup Criteria, under certain condi-
tions, UO2 has been found to swell extensively beyond 50, 000 MWD/T. This
was the basis of case B burnup.

The second most important factor favoring the oxide fuel cycle cost is
the core breeding ratio. This is especially noticeable for the 300 and 500 Mwe

- 15 -



designs. It is believed that this could be partially offset by the introduction
of uranium, in the form of UO2, in the cermet fuel. Due to the low volume
percent loading of PuO2 in the 300 and 500 Mwe cermet designs, UO2 could
be introduced without reducing the allowable burnup. This could reduce the
fuel cycle costs of the large cermet cores about a 0. 1/mill/kw-hr.
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APPENDIX I - BURNUP CRITERIA

A. PuO2-STAINLESS STEEL CERMET

In estimating the burnup and swelling characteristics of the PuO2
stainless steel fuel system, it was necessary to assume that the available
data on the effects of irradiation on the UO2-stainless steel cermet were ap-
plicable to the PuO2 system. This assumption principally requires that PuO2
behaves similarly to UO2 during irradiation. For example, the fission pro-
duct yields of the two fissionable isotopes indicates that the gaseous atomic
yields is essentially the same. Also, a review of the available physical and
mechanical properties of the two compounds suggests that they should behave
in a comparable fashion under cermet radiation conditions. The major differ-

ence is that the PuO2 melting point is about 1000 F lower than the U0 2 . This
is not considered significant in cermet applications where the oxide reaches a
temperature of only 1300 F. On the basis of a comparison of radiation results
on PuO2-UO2 and UO2, there is little, if any, evidence to suggest that the ad-
dition of the PuO2 has significantly affected the radiation stability of the UO2.
There is, however, very little data on the mixed oxide system, so that one

cannot be certain of these results. The most significant data is that being de-

veloped by the UKAEA in which 30 to 50 v/o (PuO2-UO2)-stainless steel cer-
mets are being irradiated.

Compilations and evaluations of UO-stainless steel cermet data have
been made by BMI, ORNL, and APDA(6 )( 7 )( 4 ). In the BMI and ORNL work,
the evaluation was made on the basis of specimen surface temperature and

burnup performance curves were developed relating allowable burnup with

surface temperature. The data used in these evaluations included plate-type

specimens as well as pin specimens and covers oxide loadings up to 25 v/o
UO2. For the most part, these specimens had low temperature gradients as

compared to those that would be encountered in a fast reactor. For this rea-

son, the evaluation of data at APDA has been based on center temperatures.

In general, this consideration shifts the BMI and ORNL curves about 70 F

higher, resulting in the curve as shown in Figure 1.

The low temperature portion of the curve is an estimate of the burnup

at which a volume change equivalent to a diameter increase of 8% is encoun-

tered, if the volume change is considered isotropic. The limiting value of 8%
diameter increase is arbitrary, but in the EFFBR it has been found that pins

which show more swelling will block off the coolant channels to the extent that

the fuel center temperature will increase significantly and cause additional

swelling. Results obtained by ORNL in cooperation with BMI(7 ), indicate that

the cermet of 25 v/o UO2 in stainless steel swells at the rate of 0. 43 v/o per
1020 fissions /cm 3 at temperatures less than ~700 F. A value of +0. 5 v/o per
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1020 fissions/cm 3 was used to account for any scatter which may be inherent

in the data. The only irradiation data on swelling in this low temperature

range is at exposures up to 25 x 1020 fissions /cm3 .

At temperatures in excess of 700 F, failures in the form of cracks,

blisters, and localized swelling have been encountered in UO2-stainless steel

cermets. The data used in developing this portion of the curve in Figure 1 is

for material of 25 v/o UO2 or less. For this reason the data should be appli-
cable to PuO2 loadings of up to 25 v/o.

B. PuO2-UO2

A basic allowable average burnup of 100, 000 MWD/Tpu + U was arbi-

trarily chosen to be consistent with the work in Reference 2. The only high-

burnup irradiation data on PuO2-UO2 was carried out in connection with the

FOR program(10). In this work, the mixed oxide was taken to burnups up to

98, 000 MWD/Tpu + U. The specimens were about 1-1/2 inches long and ran

at fkde thermal ratings ranging from 2000 to 6200 Btu/hr-ft.

In considering an oxide fuel, the basis for design is that 100% of the

gas is released. In the FOR high temperature tests, gas release varied from

25 to 70%. One of the major uncertainties associated with the allowable burnup

of the oxide is the behavior of the material if the gas is not released from the
lattice structure and the fuel is then subjected to a small power transient. In

the FOR test work, fuel length changes up to 13% were observed(10). These

length changes could represent fuel cracking and shifting or fuel swelling.

In UO2 irradiation tests carried out by WAPD(l1), at low temperatures

and low power ratings the oxide was found to swell as a function of burnup. The

initial swelling rate average 0. 16% per 1020 fissions/cc with very little fission
gas release. At about 15 x 1020, the swelling rate increased to 0. 7% per 1020

fissions/cc. At a total burnup of 100, 000 MWD/T, 30 x 10 2 0 fissions /cc, they

observed a total volume change of 21%, with a corresponding fission gas re-

lease of about 10%. These data, when compared with that of the FOB program,

suggests that temperature and power rating changes the behavior of the oxide

during irradiation. Therefore oxide operating at lower temperatures in a fuel

pin may govern the allowable burnup. Further burnup predictions probably

cannot be based on short radiation specimens but must be based on radiation

test of full length fuel pins covering the range of temperatures and power ratings.

An additional problem may exist in cases where fission gas release is

low due to low radiation temperature. Under these conditions, a reactor trans-

ient causing a sudden increase in temperature, could also cause a sudden re-

lease of additional fission gas. The question is whether this gas will enter the

gas reservoir before it would rupture the clad at the point of release.
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It would appear that considerable radiation test work must be carried
out on full length pins before average burnups of 100, 000 MWD/T can be
realized in a reactor.
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APPENDIX II - CORE DESIGN

A. PRESSURE DROP CRITERIA

Two different types of support systems were used in this study. For
the support of all the cermet pin designs, and for the oxide pin designs incor-
porated in square wrapper tubes (EFFBR and PFFBR), a modification of the
Fermi Core A(12) honeycomb birdcage support structure was used. The modi-
fication considered in this study was to make the grid straps longer in the di-
rection of flow to accommodate two pin positioning and supporting dimples at
each grid location instead of one as in the Core A design.

Spacing of the dimpled grid type of support system is a function of the
physical properties of the fuel pins and of the thermal, hydraulic and dynamic
characteristics of the fuel pin array. While lacking sufficient in-pile creep
data to do a detailed support structure analysis, which would include creep

phenomena and irradiation effects, a preliminary analysis was performed
taking into account thermal, hydraulic, and vibrational characteristics of the

fuel pin array.

The sum of the vibrational deflection and the thermally induced static
deflection was limited to one-half the cold spacing between the fuel pins.

A static deflection formula based on thermally induced buckling for the

fixed end condition as exists in the modified honeycomb grid was derived, re-
lating the variables of interest: support plane spacing, fuel pin diameter and

fuel pin spacing. In the absence of irradiation creep data, the yield strength
was selected as the limiting stress at the operating temperature. The vibra-

tional deflection was estimated using an empirical relationship developed by
Burgreen( 1 3 ).

From preliminary APDA experimental data, it was determined that the

pressure drop for the double grid was 1. 6 times the pressure drop for the

Core A single grid under similar hydraulic conditions. Therefore, combining
the grids would reduce the pressure drop or would permit an increase in the

fuel pin diameter. This would in turn increase the amount of fuel in the core.

Spiral wire spacers were retained for the support of the oxide rods in

the reference FOR design. In this design, which is similar to that of the Fermi
radial blanket(l2 ), a wire is spirally wrapped around the tube containing the

oxide pellets. No structural analysis of the spiral wire support system was

attempted and it was tacitly assumed that the FOR reference design was me-

chanically feasible.
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The empirical basis for estimation of pressure drop for both of these
support systems is given by de Stordeur(1 4 ). Figure 1 is plotted from the best
fit correlation presented in this reference.

The correlation for the honeycomb grids represents a single grid; the
double grid line would be displaced upwards by the 1. 6 factor mentioned
earlier. Although Figure 2 indicates that the drag coefficient for the single
grid is about three and one-half times greater than for one pitch of a spiral
wire and hence the double grid five and one-half times greater than for one
pitch of a spiral wire, the spacer pressure drop contribution is not in this
ratio for the two systems. The spacer pressure drop is represented by

CsGs2 S
Ps _ 2gc A N

where

Cs = spacer drag coefficient

Vs = fluid velocity in spacer region

S = projected frontal area of spacer

A = free flow area in region without spacer

N = number of spacers, or ratio of total length to pitch

With the aid of the example below, the relative grid pressure drops for both
grid systems will be determined. For the case of a square array of pins where
the spiral wire pitch is the same as the distance between grid modules, the

-D
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pressure drop comparison reduces approximately to a comparison of drag co-

efficient and projected frontal area. If it is assumed that the spacer grid strap
thickness is equal to approximately one-half the spacing between pins, then the

relative projected area per pin is approximately three and one-half times as

great for the spiral wire as for the honeycomb grid. Since the flow areas are

about the same, the pressure drop ratio between the honeycomb grids and the

spiral wires is then only about one and one-half.

The following comparisons between the two support systems can be made:

1. The spiral wire support has a lower pressure drop than the grid

supports selected in this study, for the relatively low values of

pitch-to-diameter ratio generally encountered.

2. The grid support system is compatible from a mechanical point of

view with various shapes of wrapper tubes (square, hexagonal, etc. )
while the spiral wire design has somewhat more appeal in triangular
pitch arrays.

3. For fuel pins made of materials that swell under irradiation (cer-
mets, metallic fuels) and thereby have a very low apparent creep

strength, it is necessary to provide a symmetrical support system
that does not allow lateral flow forces on the pins during operation.
The grid structure is well suited for this application. For fuel that
does not swell and where the stress in the cladding is at all times

below the creep strength of the material, an asymmetrical support,
such as spiral wires with its lower pressure drop, probably is ac-
ceptable.

4. The grid support structure isolates one fuel pin from another and
hence eliminates interactions of one pin on another (distortion,

vibration). This is not true for the spiral wire support where the
pins depend on other pins for their support.

B. DESIGN CRITERIA

For both the cermet and oxide fuel systems, the gross reactor charac-

teristics for each plant were retained as indicated in Table 1. These charac-

teristics were maximum diameter, core power, core flow rate, pressure drop,

and reactor inlet and outlet temperature. The maximum core height was used
as a limiting parameter rather than as a fixed design parameter. For all fuel
systems except the FOR oxide design which is presented essentially unchanged(2),

power ratios, hot channel factors and power override factors were selected

based on previous experience. By way of explanation of Table 4 below, which

summarizes these factors, the power ratios represent the maximum to average
axial and radial power ratios as produced by core flux distribution; the hot

channel factor, for sake of simplicity, was taken as a constant value covering
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enthalpy, film coefficient and heat flux deviations from average values; the
power override factor is indicative of the power margin to transient fuel melt-

ing in the oxide designs.

TABLE 4

DESIGN FACTORS USED IN ANALYSIS

EFFBR PFFBR FOR
Cermet Oxide Cermet Oxide Cermet Oxide

M Axial Power Ratio 1.33 1.33 1.33 1.33 1.33 1.2
Avg
MaxMaxRadial Power Ratio 1.5 1.5 1.5 1.5 1.5 1.7

Hot Channel Factor 1.25 1.25 1.25 1.25 1.25 1.5

Power Override -- 1.5 -- 1.5 -- 0

The power override factor was not used in the cermet system since the

safety of the system was not considered to be seriously affected in an overpower
transient. The cermet was considered to swell slowly in a transient below the
melting point with little possibility of longitudinal fuel movement. On the other
hand, the possibility of rapid fuel movement if the clad of the oxide pin should
overheat and fail as a pressure vessel was considered to be great. In both
types of cores, it would be doubtful if full power operation would be permitted
or possible after a severe over-power transient. This power override factor
was used only in the EFFBR and PFFBR. As a result, these two oxide designs
are more conservative than that of the FOR. This conservatism is reflected
in a reduced specific power level. Table 5 summarizes all design aspects of
the six designs.

C. CORE ANALYSIS

1. Cermet Pin Design

As indicated graphically in the previous section covering burnup

and swelling characteristics, burnup for the PuO2-SS cermet fuel system is
highly temperature dependent. Costs resulting from fuel burnup play an im-
portant role in the overall fuel cycle costs of a reactor system and hence there
is economic incentive to move towards high fuel burnups. Because of the tem-
perature relationship, high burnups can result only from low fuel temperatures
which, as the equations below indicate, is a direct function of total fuel length.
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TABLE 5

SUMMARY OF CORE ANALYSIS

Core
Fuel Power

System Reactor Mwt Fuel

Cermet EFFBR 270 26.4 v/o
(300) . 85 Dense

Pu02 in
.93 Dense
Matrix

Core
Press.
Drop & Fuel No. of

No. of Flow Rate Support Height Pins/Sub.
Subs & Shape Lb/Hr/Sub. Struct. Inch & Inerts

130 Sq. 110,000 85 48 117
2. 646" OD Dbl Grid 4
0. 107" Wall

Fuel Pellet Coolant
Pin 0. D. Inch Inlet Fuel Temp. OF

0. D. Inch Cold Tem. Power Specific Average
Cladding Clearance T F Ratios Power Thruput Burnup

0.192 - 550 Ax. 1. 33 1041 avg max 9. 4 x 102 0 f/cc
0.007 - 250 Rad1.5

H.C. 1.25

4.4 kw ft avg
11.1 kw ft max

39.4 140

60" Tube 4Pu 70% 239
25% 240

5% 241

N Cermet PFFBR 720 14.1 v/o
(800) . 85 Dense

1 PuO2 in
.93 Dense
SS Matrix

Pu02 -U02 "1

Pu 70% 239
25% 240

5% 241

200 Sq.
3. 675" OD
0. 095" Wall*

110, 000 100

Dbl Grid

60 221

" 39.4 221

60"'Tube 4

0. 176 0. 153

0.010 0.003
93% Dense

0. 190

0. 007

P "O 1
P. O. 1. 5

- 550

- 435

0. 198 0. 175

0.010 0.003
93% Dense

O

P. O. 1. 5

Below melt max 100, 000 MWD
'Ton-

4. 52 kw ft avg
16.95 max

1174 avg max 8. 8 x 1020 f/cc

3.26 kwft avg
8.15 kwft max

Below melt max 100, 000 MWD
Ton

4. 96 kw ft avg
18.6 kw ft max

Cermet FOR 1200 15. 0 v/o 320
(1395) . 85 Dense Pu0 2  Hex

in .93 Dense 4.16" Flats OD
SS Matrix 0.040" wan

175,200 70
Dbl Grid

69 265 0. 200
6 0.007

- 550 Ax. 1.33 928
- 265 Rad1.5

H.EC. 1.25

70 39 127 0.250 0.220
Spiral 69"'Tube - 0.015 0

93% Dense

Ax. 1.2 Below melt max 100, 000 MWD
" Rad1.7 13.2kwftavg Ton

ILC. 1.5 39.6kwftmax

* Internal Wrapper Tube Support Structure reduces wall thickness

PuO 2-U0 2

Pu0 2 -U02
Pu(70% 239

25% 240
5% 241

15. 8 x 1020 f/cc



Tfuel = ATfuel + ATcladding + ATfilm + Tcoolant

= Q"'r2f 1 1 In rf+tc 2
- ++ + T I~ - 2kfuel +cladding rf n+film rf+tcJJ coolant

Tfuel = C1 Power 1 + 1 In Dpin +2 1 + Tcoolant
NnL 71 2kfuel kcladding Dfuel h Dpin

N = Number of core subassemblies

n = Number of fuel pins per subassembly

L = Length of fuel pin

C 1 = Conversion factor

It can be seen then that fuel cycle costs will continue to decrease as
the total length of fuel pins is increased, until fuel pin fabrication costs become
the overriding expense. For this study, it would have been very difficult to ex-
trapolate fabrication costs to very small diameters. For this reason, a mini-
mum diameter of about 0. 190 inch was arbitrarily selected. For the oxide
systems, the pin diameter ranged from 0. 190 inch to 0. 196 inch, with the vari-
ation caused by the hydraulic characteristics of each individual system. The
cermet systems, with a standardized pin diameter, are feasible from the
standpoint that they satisfy the mechanical, thermal and hydraulic character-
istics of each system, but are not optimized from a purely economic considera-

tion due to the selected minimum fuel pin diameter.

It can also be seen from the equation for fuel temperature and Fig-

ure 1, that the coolant inlet temperature plays an important role. Reduction of
this temperature can lead to increased fuel burnup or reduction of the number
of fuel pins with increased diameter to maintain the same burnup. The major
disadvantage is that decreased inlet temperature and accompanying decreased

outlet temperature leads to a decrease in thermal efficiency. The relative
merit of this sort of change would have to be carefully evaluated. It does, how-
ever, point out that fuel cycle cost increases are required to achieve higher

thermal efficiencies with this type fuel system.

2. Mixed Oxide Rod Design

For the oxide fuel systems and within the confines of the ground
rules of core height, core diameter (number of fuel subassemblies), pressure

drop, fuel burnup limitations, fuel thermal capacity and critical fuel loading,
only slightly greater freedom is available for optimization than was available
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for the cermet fuel system. Once again burnup considerations are important
and the designs are so oriented. As an example of the methodology employed
in the mixed oxide designs, the EFFBR design will be discussed.

By assuming the gross reactor characteristics as ascribed to each
design, hydraulic limitations were defined. These limiting pressure drops
and support system considerations established a relationship between fuel rod
diameter and fuel rod length with the number of rods per subassembly being
the parametric variable, as shown in Figure 3. Due to the diametral decrease
with increasing length, fuel rod volume which is comprised of both fuel volume
and reservoir volume, does not increase linearly with fuel rod length. Never-
theless, it does continue to increase with the result that maximizing the core
height maximizes the potential fuel volume.

In fuel rod designs for oxide systems, it is necessary to analyze
the fuel rod in the manner of a pressure vessel(1 5 ). Material integrity is to be
preserved and hence the maximum stress is limited to the yield stress of the
cladding material at operating temperature when operating temperature is be-
low that where creep becomes a factor. For this reason, the FOR operating
temperatures( 2 ) were reduced to avoid the necessity to analyze for creep.
This stress limit fixes the sum of pressure and thermal stress. The relation-
ship for total stress is

P (Df\+ F aE 1F 1 lt
( )=--- k--! + 2 [ IkATJ --~~9t 2 t (1-p)k c f Df

P1  = Operating gas pressure

Df = Ratio of fuel diameter to cladding thickness
t

u0 )t= Total stress

a = Coefficient of thermal expansion

E = Young's Modulus

p = Poisson's ratio

k = Thermal conductivity

AT = Thermal gradient across cladding

and where it has been assumed that external pressure is small and the ratio
of tubing diameter to cladding thickness is greater than 10. This equation can
be rearranged to yield an expression for operating internal pressure.
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P1 = 2 -D T - 4 E kaT -
LcD (- ] ) c D

which indicates that the pressure passes through a maximum as a function of

(t/Df) and hence an optimum t/Df can be determined by differentiating P1 with

respect to t/Df. The resulting equation is

(Df = aE 1kAT
t(opt (1-P)klc [ fT

From these last two equations, the maximum allowable gas pressure is deter-

mined to be

(Df
'max = UT ~t)

opt

With the selection of a cladding material, fuel thermal rating and
approximate clad operating temperature, both an optimized clad thickness to
fuel diameter ratio and a maximum fission gas pressure are determined.
Assuming that 4. 4 cc of gas (STP) is produced after one per cent of the atoms
are fissioned in a cc of U-235 and knowing the maximum allowable fission gas
pressure, a ratio of fission gas volume to fuel volume can be computed as a
function of burnup as indicated in Figure 4. It is assumed here that the gas
reservoir is located at the core inlet where temperatures are relatively low.
A derived relationship between burnup and fuel length can be made for any
given total rod length. For this study, the fuel length does not contain any
inert spacers or internal gas reservoirs. Spacers may be required, however,
to overcome safety problems. Figure 5 presents this relationship for a 60-inch
total length. Fuel density, as a variable, is superimposed on both Figures 4
and 5. It can be seen that fuel density has a marked effect on allowable burnup
for a given fuel length.

By establishing a burnup limitation of 100, 000 MWD/T, the gas
reservoir volume to fuel volume ratio is fixed as a function of effective fuel
density. With precedence set for fuel pellets of 93% theoretical density and
diametral assembly gaps of 0. 003 inch, the effective fuel density can be estab-
lished and hence a fixed burnup as a function of thermal loading alone is estab-

lished. Since power is a fixed ground rule, thermal loading and total fuel length,
independent of fuel diameter are directly related, as shown by the equation below.

q'''"'r 2  qOrZ C2 Power
kd B = = 7rrNnL = NnL7r
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where

f kdOe = Fuel thermal loading Btu/hr.-ft

NnL = Total fuel length inch

N = Number of core subassemblies

n = Number of fuel rods per subassembly

C2  = Conversion factor

It is seen that thermal loading is inversely proportional to total fuel

length. For pelletized oxide fuel systems, fuel length is reflected almost di-
rectly in fuel fabrication costs, so from an economic point of view, a maximum

thermal loading is desirable. For the purpose of the EFFBR and PFFBR oxide,

a maximum value of fkde = 5000 Btu/hr-ft was established. Figure 6 indi-
cates the relationship between thermal rating and fuel rod length for several
rod arrays.

A combination of total fuel length and gas reservoir length to fuel
length ratio establishes total fuel rod length. With a maximum in both the
number of fuel subassemblies and fuel rod height, the number of fuel rods in
a subassembly array can be determined. It would be fortuitous if this number
were equal to one of the discrete number of fuel rods in a subassembly array.
In this instance, the number of fuel rods required is set at the next highest in-

tegral number to match a particular array. With the number of fuel rods fixed,
the rod diameter is determined from hydraulic considerations. Total fuel vol-
ume is now determined and it remains for physics calculations to establish fuel
enrichment for critical loading and burnup.

The designs arrived at in this manner are felt to be quite feasible
and certainly a close approach to optimum designs within the framework of the
ground rules. Again it should be noticed that for stainless steel the yield stress
is temperature dependent and therefore higher burnups can be achieved at lower
coolant temperatures. The economic penalty for high efficiencies, although
not as great as in the case of cermets may still be significant and it is neces-
sary to optimize coolant operating temperatures in order to achieve minimum
operating cost.
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APPENDIX III - CORE PJIYSICS

A. NUCLEAR DATA

An energy group structure containing 24 groups was adopted for use in

this study. This structure was chosen to preserve the reactivity prediction

characteristics of the 16-group cross-section library of Yiftah, Okrent, and
Moldauer (YOM)(1 6 ) and to allow optimum definition of the energy range im-
portant to Doppler coefficient calculation. Table 6 shows the energy-lethargy
structure of the 24 groups.

Group constants were obtained for the following materials: oxygen,
sodium, stainless steel, U-235, U-238, Pu-239, Pu-240, Pu-241, and fission
products. Values for these constants were either calculated from basic cross-
section data using detailed flux spectrum weighting or were based upon several
compilations of group constants. With the exception of fission products, the
constants for group 1 - 14 primarily were taken from the YOM group structure
which is identical to the 24-group structure in the first 14 groups. The modi-
fications to the YOM constants consist of resonance scattering corrections to
the transport and elastic removal cross sections of sodium and stainless steel.
These modifications and their justification are discussed by Davey(1 7 ).

The sources for the last 10 groups are varied. For oxygen, sodium,
and stainless steel, the values are obtained from basic data(1 8 ) with a flux
weighting based upon a 5000-liter oxide core smoothed spectrum with super-

imposed detailed spectral fluctuations of the Fermi Core B spectrum as calcu-
lated by the ELMOE code( 1 9 ). For U-238, the transport and elastic removal
cross sections were calculated primarily from the basic cross section data
using the flux weighting described above. The U-238 capture constants were
obtained by group modification of the 18-group Greebler( 2 0 ) compilation
(ap = 40 at 300 K where a is the mixture potential scattering in barns per
U-238 atom)(2 0 ).

Pu-239 fission and capture cross sections were obtained from BNL-
325(18), the Greebler compilation (Up = 247, 300 K), and measured alpha

values.. Transport and elastic removal were based solely upon BNL-325 and
assumed weighting spectrum. Pu-240 capture constants were derived from
BNL-325 and the Greebler listing for ap = 494 at 300 K. Transport and elastic
removal were based solely upon BNL-325 and the assumed weighting spectrum.
Pu-240 capture constants were derived from BNL-325 and the Greebler listing
for Up = 494 at 300 K. Transport and elastic removal constants were based
upon the scattering assumptions of Yiftah, Okrent, and Moldauer, and the Mills
and Hansen 18-group listing(2 1), with the usual spectral weighting. Pu-241
cross sections could be approximated only roughly due to lack of experimental

- 35 -



TABLE 6

ENERGY STRUCTURE OF 24-GROUP CROSS SECTION SET

Group

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Lower Energy
Boundary

3. 668 Mev

2. 225

1. 35

0. 825

0.50

0.30

0. 18

0. 11

67 key

40. 7

25

15

9. 1

5. 5

3.36

2.04

1.01

.502

.249

55. 6 ev

12. 4

2.77

0. 625

Thermal
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Corresponding
Lethargy

1.0

1. 5

2. 0

2. 5

3.0

3. 5

4. 0

4. 5

5. 0

5. 5

6. 0

6. 5

7. 0

7. 5

8. 0

8. 5

9.2

9. 9

10. 6

12. 1

13. 6

15. 1

16. 6

Lethargy
Width

1.0

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 5

0. 7

0. 7

0. 7

1. 5

1.5

1.5

1.5



data except for groups 21 - 24 where BNL-325 was used. Generally they were
assumed to follow the behavior of U-233.

Fission product constants for all groups were derived from the 18-group
listing of Greebler.

B. MULTIGROUP ANALYSIS

1. Reactor Specifications

The initial plutonium isotopic composition was assumed to be 70%
Pu-239, 25% Pu-240, and 5% Pu-241 for each reactor calculated. A uniform
burnup of one-half the specified discharge burnup was used in the multigroup
calculations of the equilibrium cores. This is only an approximate representa-

tion of conditions in the cores some time after startup but for comparative
studies it is adequate. The concentration for each fuel isotope was then calcu-
lated in the manner illustrated below for the concentration of Pu-239.

C4 9 = C49 + B [a 2 8 f2 8 - (1 + a4 9 ) f4 9

where a2 8 is the capture to fission ratio for U-238

B is the burnup in fissions per cc of fuel x 1024

f2 8 is the fraction of core fissions in U-238

C49 is the initial atom concentration of Pu-239

C4 9 is the atom concentration of Pu-239 after burnup B.

The values for a and f were estimated from preliminary multigroup calculations

in spherical geometry. Similar expressions for Pu-240 and Pu-241 concentra-
tions were used. For large burnups these linear relationships are only approxi-

mate but a more exact treatment is beyond the scope of this study.

The active volume of the core was assumed to be 90% of the total
core volume, the remainder being an arbitrary allowance for control and safety
rods. In the cases of the small and intermediate size reactors, the radial
blanket was fueled with metallic uranium. Except for the small cermet core,

no axial blankets were used in these two core sizes. In the large reactors,
oxide fueled radial blankets were used and an axial blanket used only in the

mixed oxide case. The inconsistency in the choice of blankets will have little
effect on critical mass and on fuel cycle economics with the assumption that

the net blanket cycle costs are zero.
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2. Multigroup Calculations

The diffusion theory code CRAM( 2 2 ) was used to compute the de-

tailed neutronics of the various cores. These cores were cylinders having
height-to-diameter ratios in the range 0. 5 to 1. 33 so that studies in spherical

geometry would not have been realistic. On the other hand, two-dimensional

calculations in many groups could not be justified for this study and so the

method of "consistent 1D" calculations was used. In this method the finite 2D

cylinder is simulated in two parts, axially by an infinite slab core and radially
by an infinite cylinder core. A range of fuel compositions bounding the ex-

pected critical (2D) composition was specified. The values of the bucklings
(applied as a pseudo absorption cross section -DB2 ) B and B, required to

make the slabs and cylinders exactly critical for each composition respectively

were calculated. A plot of B and Br + B versus fuel composition was made,
the intersection of the two curves giving the required critical composition
for the 2D cylinder, where B is the material buckling.

The critical composition was then used in the final CRAM run in
which both real and adjoint solutions were calculated and a detailed print out

of specific reaction rate integrals, worth (danger coefficients) distributions,
and real and adjoint flux product integrals were made. Owing to the nature of
the consistent 1D calculations, the fluxes, and reaction rates, etc. , can only

be determined along the principal axes of the 2D cylinder. To estimate the

core averages and core integrals of these quantities the distributions are as-
sumed to be separable in space. The core average of cross section was then
given by:

of = central value) x (Average values xAverage value
Central value . slab Central value cylinder

A similar expression was used for reaction rates. A determination of these
quantities in the radial blanket was not possible except along the equatorial
plane. The estimate of the blanket breeding is therefore subject to greater un-
certainty than the core value, but as will be explained later, this value was not
used in the fuel cycle cost analysis.

3. Equilibrium Critical Masses and Breeding Ratios

The equilibrium core conditions refer to the reactor a considerable
period of time after startup when the core can be approximated by an average
fuel composition corresponding to half the discharge burnup. For a given core
volume, the fissile fuel concentration, per unit volume of core is 15 to 25%
less in the cermet cores than in the oxide cores. This is attributed mainly to
the absence of the U-238 capture cross section in the cermet cores. The clean
core loadings quoted in Tables 2 and 9 refer to the mass per subassembly mul-
tiplied by the number of core subassemblies. These loadings are not critical
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masses, hence, the reactor would be started up with a reduced number of sub-
assemblies which would be gradually increased until equilibrium conditions
are reached.

Except for the case of the small reactor, the breeding ratios in the
cermet fueled cores are significantly less than in the mixed oxide cores. This
is due to the loss in core breeding. There is no U-238 in the cermet cores
and so the only core breeding comes from neutron capture in Pu-240. Breed-
ing ratio in this paper is defined as production of Pu-239 and Pu-241, divided
by the loss of the same. In the 100 Mwe case, the cermet core has an H/D of
1. 33. This increases the radial leakage and hence improves the radial blan-
ket breeding.

The absence of axial blankets in the small and intermediate oxide
cores leads to a loss in breeding ratio of about 0. 2. For the purpose of com-
paring breeding ratios, refer to Table 7 which gives estimates of total breed-
ing ratios for all six reactors, where all reactors have an assumed UO2 axial
blanket.

TABLE 7

TOTAL BREEDING RATIOS
(All systems have oxide axial blankets)

Reactor Cermet Oxide

EFFBR 1. 1 1.35

PFFBR 0.7 1.30

FOR 0. 5 1.22

C. TEMPERATURE COEFFICIENTS OF REACTIVITY

Since computations of the power coefficients of reactivity for each core

is outside the scope of this study, the isothermal temperature coefficient of
reactivity is chosen as an index for comparison. The reactivity components
calculated are due to Doppler, sodium, fuel and core expansion. The tempera-
ture coefficients are summarized in Tables 2 and 9.

1. Expansion Coefficients of Reactivity

It was assumed that in the case of the oxide cores, the axial expan-
sion of each fuel element is governed by the temperature of the stainless steel
clad since in the equilibrium core the fuel will have swelled into close contact
with the clad, and will probably expand with the clad. For the cermet fuel,
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which has a stainless steel matrix, the expansion of the fuel matrix is assumed

to be the mechanism causing fuel displacement and is therefore assumed to

occur as the average temperature of the fuel.

For radial core expansion, the expansion of the subassembly walls

and upper and lower core support plates were assumed to be the mechanisms.

This temperature coefficient was computed separately and not combined with

the axial coefficient because of the difference in time constants and tempera-

ture dependence.

The Ak/k due to 1 C uniform temperature rise is given by:

Ak
k -Gore volume x ass x Ivi(w - wedge)i

where ass = Coefficient of thermal expansion of ss.

Vi = Volume fraction of fuel or clad material.

and w and wedge = The core average and top and bottom edge aver-

age worths.

The danger coefficients computed by the two 1D calculations are

normalized to different perturbation integrals. Separability of fluxes was as-

sumed in order to compute the equivalent normalization factors to give the

worth distributions along the principal axis of the finite cylinder. The average

core worth of material, wi, is then given by:

= w(O)i (Average x (Averager
Central axially Central radially

This approximation is fairly good in the case of fissile and strong capture ma-

terials. For neutron scattering by light elements, their worth at the center

may be negative and in the outer parts of the core, positive. In these cases,

the worths were divided into their individual components (removal, spectrum

and leakage) and each was treated separately. The worth of the leakage com-

ponent at (r, z) was taken to be the radial leakage component at (r, o) weighted

by the product of real and adjoint fluxes at (o, z) relative to the central plane

plus a similar term for the leakage component at (o, z).

This method was used for computing the average worth of sodium

for the sodium expansion coefficient. The approximation of the separability

of the flux in the method of averaging, leads to a large uncertainty in the ex-

pansion coefficients, particularly in the case of sodium in the large cores,

where the worth is the difference between two almost equal components, leak-

age and removal plus spectrum. Table 8 gives the computed worths of the
various materials in the six cores.
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TABLE 8

AVERAGE WORTHS OF CORE MATERIALS

Ak/k per cm3 x 10- 6

EFFBR PFFBR FOR

Cermet Oxide Cermet Oxide Cermet Oxide

Pu-239 +50.9 +53.6 +27.8 +29.1 +16.1 +18.6

Pu-240 + 8.6 +10.2 + 1.2 + 3.2 + .66 + 1.9

Pu-241 +74.3 +77.8 +45.9 +46.3 +26.7 +29.4

U-238 -- - 1.1 -- - 1.0 -- - .7

Fission Products - 7. 6 - 6. 1 - 6. 0 - 3. 1 - 3.6 - 2. 9

Stainless Steel + .340 + .070 + .020 - .030 - .023 - .111

Oxygen + .911 + .460 + .051 + .065 - .056 - .065

Sodium + .110 + .118 + .030 + .039 + .007 - .011

The volume coefficient of thermal expansion of sodium was taken

as 2. 67 x 10-4 per degree C corresponding to an average coolant temperature

of 700 F. Except for the large oxide core, the sodium temperature coefficients

are all negative. The presence of U-238 in the core has the effect of steepen-

ing the slope of the neutron importance versus energy curve and this reduces

the core size at which the positive and negative components cancel. Thus the

sodium coefficient is small but positive in the large 500 Mwe oxide core whereas

it is still negative in the 500 Mwe cermet core.

The coefficient of linear expansion of stainless steel was taken as

9. 6 x 10- 6 per degree F in all the cores. This corresponds to an average cool-

ant temperature of 675 F and was used in the computation of the axial and radial

temperature coefficients of the oxide cores and for the radial coefficient of the

cermet cores. The axial coefficient of the cermet cores was computed using

a matrix expansion coefficient of 9. 25 x 10-6 per degree F corresponding to

an average fuel temperature of 1000 F.

The fuel expansion coefficients are all of the same order and as usual

negative. Within the uncertainties in the calculations and considering the varia-

tions in geometry and composition, there is no discernable trend. Until the oxide
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TABLE 9

SUMMARY OF DETAILED CORE PHYSICS RESULTS ----- - - -- - - - W 4.6 CERMET A YR AW MV

Height Equilibrium
Reactor Dia. Active Core Fuel
Power H/D Composition Composition
Mwe Volume v/o v/o

100 (EFFBR) 48" Structure 25.2 Pu-239 6. 18

36" Coolant 32. 7 Pu-240 2. 53
1.33 Fuel 42.1 Pu-241 .51

800 L FP .98

0 10.21

SS 70.54

300 (PFFBR) 60" Structure 20. 4 Pu-239 3. 23

60" Coolant 36. 9 Pu-240 1. 49

1.0 Fuel 42.7 Pu-241 .29

2780L

Capture
to

Fission
Ratio

. 25

1. 43

. 14

. 30

2. 0

. 15

Core
Fission
Distri-
bution

%b

79

9

12

FP .92

0 5.96

SS 79.90

500 (FOR) 69" Structure 15. 8 Pu-239 3. 112

78" Coolant 38. 4 Pu-240 1. 591

.88 Fuel 45. 8 Pu-241 . 312

5400 FP 1. 646

0 6.32

SS 79.09

. 30

2. 3

.17

Equilibrium Clean Clean Maximum
Critical Core Fuel to Average
Mass Loading Specifi- Power
kgs kgs cation Breeding Ratio Distribution

Pu-239

and 387

Pu-241

Pu
total

553

Pu02 604

79 Pu-239

8 and 718

13 Pu-241

- Pu 1022
total

- Pu02 1158

79 Pu-239

7 and 1297

14 Pu-241

- Pu 1900
total

24.2

443 v/o

Pu02

in

590 Cermet

669

14. 14

912 v/o

PuO2

1216 in

Cermet

1378

2240

Core .09 Axial 1.28

Radial Radial 1. 57

Blanket .92

Axial

Blanket . 09

Total 1.10

Core . 09 Axial 1. 32

Radial

Blanket . 55 Radial 1. 66

Total .64

15.0 Core .12 Axial 1. 36

Radial

Pu02 Blanket . 37 Radial 1. 74

2987 in

Cermet Total .49

- Pu02 2153 3385

Reactivity Coef-
ficient &k/k

per

iC x 10-6

Doppler: +. 43 U-238

Sodium 02

Expansion: -7. 7 SS

Clad Axial Na

Expansion: -7. 8

Core Radial

Expansion: -13. 4

Doppler 30 U-238

Sodium 02
Expansion: -8. 1 SS

Clad Axial

Expansion: -8. 7

Core Radial

Expansion: -15. 0

Doppler: - U-238

Sodium 02

Expansion: -4. 0 SS

Clad Axial Na

Expansion: -9. 6
Core Radial

Expansion: -18.9

Blanket
Composition

v/o

Radial Axial

.45 .038

- . 038

. 196 . 387

. 35 . 463

.45 -

. 196 . 225

Na .35 .::5

. 304

. 305

. 157

.25

.225

. 775

N

CERMET SYSTEM



TABLE 9 (Continued)

SUMMARY OF DETAILED CORE PHYSICS RESULTS - MIXED OXIDE SYSTEM

Height
Reactor Dia. Active Core
Power H/D Composition
Mwe Volume v/o

100 (EFFBR) 39. 6" Structure 29. 9

36. 0" Coolant 34. 6
1.1 Fuel 35.5

660 L

300 (PFFBR) 39. 4" Structure 24. 5

60. 0" Coolant 36.9

66 Fuel 38. 6

1824 L

500 (FOR) 39.0" Structure 17. 0

78.0" Coolant 50.0

.50 Fuel 33.0

3048 L

Equilibrium Capture
Fuel to

Composition Fission
v/o Ratio

Pu-239 9. 15

Pu-240 3. 78

Pu-241 .74

U-238 27. 30

FP 3.13

O 44.00

Pu-239 5. 65

Pu-240 2. 38

Pu-241 . 55

U-238 32. 50

FP 3.13

O 44.00

Pu-239 5. 50

Pu-240 2.22

Pu-241 . 47

U-238 32.80

FP 3.13

O 44.00

. 25

1.0

. 11

4.7

.24

1.25

. 12

5.30

. 25

1.30

. 13

5. 6

Core Reactivity Coef-
Fission Equilibrium Clean Clean Maximum ficient &k/k
Distri- Critical Core Fuel to Average per
bution Mass Loading Specifi- Power

% kgs kgs cation Breeding Ratio Distribution C x 10-6

74

9

9

8

Pu-239

and 399 466

Pu-241

Pu 552 623
total

PuO2 625 708

74 Pu-239

7 and 750 845

7 Pu-241

12 Pu 1050 1130
total

73

7

7

13

Pu02  1190 1280

Pu-239

and 1030 1125

Pu-241

Pu 1410 1495
total

Pu0
2

1600 1700

Blanket Composition

Radial Axial

Pu/U + Pu Core: . 47 Axial 1. 27 Doppler: -0. 7 U-238 . 45

Radial Sodium 02 -

Blanket: . 68 Radial 1. 54 Expansion: -7. 7 SS . 196

.35 Total 1. 15 Clad Axial Na .35

Expansion: -9. 5

Core Radial

Expansion: -17.0

Core: .73 Axial 1.30 Doppler: U-238 .45

Radial Sodium 02 -

Blanket: . 36 Radial 1. 68 Expansion: -7. 0 SS . 196

.212 Total: 1.09 Clad Axial Na .35

Expansion: -8. 4

Core Radial

Expansion: -16.8

Core: . 73 Axial 1. 27 Doppler: -3. 8 U-238 . 306

Radial Sodium 02 . 306

Blanket: .26 Radial 1.75 Expansion: +4.0 SS .12
.196 Axial Clad Axial Na .25

Blanket: . 23 Expansion: -7.9

Total: 1.22 Core Radial

Expansion: -17. 4

.225

. 775

. 225

. 775

.16

.16

.17

.50



fuel has swelled into contact with the clad, the oxide axial expansion may be
somewhat lower in an isothermal temperature change, or higher for an in-

crease in power.

2. Doppler Coefficient

The Doppler coefficient was calculated for two cermet and two cer-

amic cores. As the cermets contain only plutonium, their coefficients are
small and positive. The ceramic cores contain sufficient U-238 to make the
Doppler coefficient negative. The isotopes considered are U-238, Pu-239 and
Pu-240. Pu-241 occurs only in small quantities, and its resonance parameters
are little known. It is, therefore, treated as Pu-239 in these calculations.

The statistical method for unresolved resonances, as described in
a report by Nicholson( 2 3 ), was used, with some improvements, for the calcu-
lations. The method assumes that the resonance widths follow a chi-squared
distribution for v degrees of freedom( 2 4 ). Here is equal to one for the neutron
widths and infinity for the gamma widths (that means, gamma widths are con-

stant), and v = 2 was used for the fission width of Pu-239.

At high neutron energies, the resonances strongly overlap, and thus
the cross-section fluctuations due to the statistical distribution of widths and
spacing are small. This can be used for an approximation which simplifies
the equations to Nicholson's Method A. The inelastic scattering occurring in
this energy region is of little importance to the Doppler effect and is neglected
throughout. In the low energy region, the resonances are assumed not to over-
lap as in Nicholson's Method B. A computer code was set up to calculate the
averages over the chi-squared distributions. The range of validity of both
methods changes slightly with the isotope, but the boundary is close to 5500 ev,
which is the dividing point between groups 14 and 15.

The amount of available experimental information is very different
for the different isotopes considered. For U-238, enough resonance data are
available to provide reasonably good statistics. Except for a slight change in
Method B, the procedure was closely followed using the following data and
assumptions:

a) The gamma width is = 0. 025 ev

b) The spacing at low energies is S = 18. 5 ev

f 0>
c) The strength function is < n> = 10-4 (ev)-1/2

d) The neutron widths for P-waves are determined such as to give
the same P-wave compound cross section as was found for
U-235(2 5 )
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For Pu-239, an analysis of the resolved resonances listed in BNL-325 was

carried out, which leads to the following data:

a) The gamma width is ( = 0. 039 ev

b) The spacing at low energy S = 2. 52 ev

c) Strength function KPnO> = 10-4 (ev)-1 1 2

(S
The group-averaged values of af and 0 -n, 1 were used to obtain (f'f>. At high
energies, the two parameters (Ff> and (Jn7l = 1> can be determined from
these values. At low energies, P-waves do not contribute to the reactions, but

the ratio <Cn0 > 1 = 0 shows considerable fluctuations due to the statistical

distributions. Thus, for the low energy groups (f) and (f'n> 1 = 0
were obtained from the averaged cross sections.

For Pu-240, an analysis of the data for 11 resonances listed in
BNL-325 gives the following values:

a) Gamma width = .034 ev

b) Spacing at low energy S = 10. 9 ev

c) Strength function Kn > = 2. 6 x 10-4 (ev)-1/2.

<S

This value is completely incompatible with the data obtained for other nuclei,

and thus the same value as for U-238 was used in the calculations:

n = 1 x 10-4 (ev)1/2.

S

Table 10 lists the calculated Doppler coefficients for two cermet

and two ceramic cores at the proper operating temperatures. The composi-
tions, for which these figures are found, are given in Table 11; they differ

slightly from the design compositions. The operating and melting tempera-

tures of the fuel are also shown.

It can be seen immediately from Table 10 that a large portion of
the Doppler coefficient comes from the energy region below 5000 ev. This is

typical of a large oxide core, where the oxygen has a considerable moderating
effect. Unlike a small metal fueled core like EFFBR Core A, where the spec-

trum is so hard that the energy region above 5000 ev accounts for almost all
the Doppler effect, the oxide and cermet reactors discussed here have a con-

siderable low energy spectrum, which contributes 65-80% of the Doppler effect,
depending on the size and composition of the reactor. It is interesting to note
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TABLE 10

DOPPLER TEMPERATURE COEFFICIENTS
OF REACTIVITY CORES

k per C x 10-6
k

U-238 Pu-239 Pu-240 Total

EFFBR PuO2-SS

Groups 1 - 14 -- + .17 -. 02 + .15

Groups 15 - 24 -- + .56 -. 29 + .27

Total + .73 - .31 + .42

PFFBR PuO -SS

Group 1 - 14 -- + .11 -. 015 + .10

Group 15 - 24 -- +1.00 -. 785 + .21

Total +1. 11 -. 80 + .31

EFFBR PuO2-UO2

Group 1 - 14 - .26 + .05 -. 006 - .22

Group 15 - 24 - .52 + .11 -. 044 - .45

Total - .78 + .16 -. 05 - .67

FOR PuO2-UO2

Group 1 - 14 - .85 + .05 -. 006 - .81

Group 15 - 24 -3.2 + .31 -. 144 -3.03

Total -4.05 + .36 -. 15 -3.80
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TABLE 11

TOTAL REACTIVITY IN THE DOPPLER EFFECT

ok
Unit: Dollars, assuming delay fraction is equal to of 0. 4%

Temperature Range

Reactor System Room to Operating Operating to Melting Room to Melting

EFFBR PuO2-SS + . 10 +.06 + .16

PFFBR PuO2 -SS + .09 +.04 + .13

EFFBR PuO2-UO2 - .62 -. 14 - .76

FOR PuO2-UO2 -3.4 -. 90 -4.3

that the total coefficient for the large ceramic core is only about twice that of
Fermi Core A, which is quoted as - 2. 0 x 10- 6 /C by Nicholson. This is essen-
tially due to the much higher fuel temperature, which is 1750 K compared to
560 K for Fermi.

The detailed energy spectrum of the Doppler coefficient is shown in
Table 12, where the contribution of each energy group is listed for the 500 Mwe
PuO2-UO2 reactor. The table shows that more than half of the Doppler effect

stems from the two energy groups 17 and 13 (2000 - 500 ev). The strong reso-
nances below 500 ev have very little effect, because there are very few neutrons

reaching these low energies.

Comparison of the contributions of the different isotopes in one par-

ticular core shows the following: In the high energy region a Pu-239 atom has
about twice the effect of a U-238 or Pu-240 atom and the effect is proportional
to the square of the atom density. This effect is inherent in Method A of

Nicholson.

At lower energies, the Doppler effect depends, in addition, on the
nonresonant cross section per atom. This is because the resonances are high
enough to produce considerable self-shielding, which in turn can be reduced by
a large nonresonant cross section. The dependence with the square of the

atom density is reduced to a dependence with a power somewhat larger than

one. For example, the low energy Doppler effects of the three isotopes in the
100 Mwe ceramic reactor are in ratios somewhat larger than the density ratios.
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It is not very relevant to compare different cores, because they

differ widely in spectrum, fuel temperature, and composition. The latter

mainly affects the Doppler coefficient because of its dependence on the cross

section per atom. For example, compare the effect of Pu-239 at high energy

for the two ceramic cores. As most fissions occur in Pu-239, its Doppler

effect depends (for constant temperature) only on the spectrum and the cross

section per atom. The softer spectrum tends to give a larger effect in the

large reactor and the latter to make the effect smaller as compared to the

small reactor. Both dependencies cancel and the value is the same for both

cases.

A good comparison can be made between the two 100 Mwe reactors.

In the high energy region, the effect is proportional to T- 3 / 2 , which accounts

for the difference for both Pu-239 and Pu-240. The low energy region, the

temperature dependence is approximately l/T, but the cermet reactor has

more neutrons in this region. This is partly due to the elastic and inelastic

scattering of the steel in the cermet, and partly due to the absorption of the

U-238 contained in the oxide. Both spectral effect and l/T dependence lead
to a larger effect of the plutonium isotopes in the cermet core.

The temperature dependence of the Doppler effect was not calcu-

lated in detail, but as indicated above, it is a good approximation to assume

that the high energy part is proportional to T-3/ 2 , the low energy part to 1/T.
The Doppler reactivities between room and operating temperature, and as well

between operating and melting temperature were calculated based on this as-

sumption. The results are shown in Table 13.

The Doppler coefficients of the cermet cores are, of course, posi-

tive. However, they are so small (Table 10) that they can be ignored in com-

parison to the negative fuel expansion coefficients. On the other hand, the

addition of some U-238 could be sufficient to make the effect negative. It was
calculated, for example, that U-238 in small quantities in the 300 Mwe PuO2-SS

core has the same Doppler effect per atom as Pu-240, so that, as far as these
calculations are correct, the effect becomes zero if an amount of U-238 equal to
one-third of the plutonium content is added.
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TABLE 12

ENERGY SPECTRUM OF THE DOPPLER COEFFICIENT
FOR THE FOR PuO2-UO2 CORE

Energy
Group

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Doppler Coefficient Units Tper C x 106Lower
Energy
Limit

ev

3,668,000

2,225,000

1,350,000

825, 000

500, 000

300, 000

180, 000

110, 000

67, 000

40, 700

25, 000

15, 000

9, 100

5, 500

3, 360

2, 040

1,010

502

249

55. 6

12. 4

2.77

.625

Thermal

U-238 Pu-239

0 0

0 0

0 0

0 0

0 0

0 0

.007 .003

- .014 .004

- .025 .004

.065 .005

.065 .004

.287 .013

- .205 .008

.182 .006

.155 .006

.188 .007

-1.402 .093

- 1.143 .125

.154 .063

.150 .017

.007 .001

0 0

0 0

0 0

Pu-240

0

0

0

0

0

0

0

0

0

0

0

- . 002

- . 002

- .002

-. 002

- . 003

- .041

- . 057

- .012

- .025

- . 002

0

0

0

Total

0

0

0

0

0

0

- .004

- .010

- .021

- .060

- .061

- . 276

- . 199

- . 178

- .151

- .184

-1.350

- 1.075

- . 103

- . 158

- . 008

0

0

0

-. 148 -3.838

Ac cumulative
Total

0

0

0

0

0

0

- .004

- .014

- .035

- .095

- .156

- .432

- .631

.809

.960

-1.144

-2.494

- 3. 569

-3. 672

- 3. 830

- 3. 838

- 3

- 4. 049 .359 -3.838
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TABLE 13

COMPOSITIONS AND TEMPERATURES USED IN
CALCULATING THE DOPPLER COEFFICIENTS

PuO2 -SS PuO2-UO2

EFFBR PFFBR EFFBR FOR

A. Core Composition v/o

Fuel (Oxide)

Coolant

Stainless Steel

8. 2

50. 0

41. 8

5. 7

45. 8

48. 5

30. 7

44.6

24. 7

33. 0

50. 0

17. 0

B. Fuel Composition v/o

Pu-239

Pu-240

Pu-241

U-238

24. 1

13. 4

3. 1

9. 4

50. 0

21.6

13. 9

2. 2

12. 3

50. 0

8. 1

4. 8

.8

30. 5

5. 8

50. 0

5.45

3. 15

.95

37. 55

2. 9

50. 0

C. Temperature, Degrees Kelvin

Average Operating
Temperature of the Fuel

Melting Temperature
of the Fuel

FP

0

835

1670

910

1670

1750

2880

1750

2930
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APPENDIX IV - FUEL CYCLE ECONOMICS

A. UNIT COST CRITERIA

In general, the fuel cycle unit costs were patterned after those used in
the FOR Program(2 ) for the 1975 cost study. An operating system of fast re-
actors with a total capacity of 3000 Mwe was assumed for each individual re-
actor and fuel system studied. In some cases slight modifications were made
to make the study more logical. The basis for the costs used in the study are
as follows:

1. Fuel Fabrication Costs

A discussion of the fuel fabrication process is given in Appendix I-B.
In general, the mixed oxide fabrication costs are based on the conceptual fuel
fabrication plant designed by General Electric( 9 ). For purposes of estimating
the fabrication costs of the cermet, this conceptual fabrication plant design was
modified slightly to include a step in the process for pressure bonding the clad
to cermet pellets.

2. Reprocessing Costs

For the spent mixed oxide fuel, shipping costs were used compar-
able to those used in FOR but adjusted on the basis of plutonium weight. For
the cermet fuel, a comparable adjustment on the basis of plutonium weight was

made.

In the FOR program, little effort was devoted to evaluating chemical

reprocessing, and the 1962 costs were based on the AEC multi-purpose plant

at a cost of $17, 000 per day. The 1975 costs were arbitrarily assumed to be
lower and no basis given for the costs used. In this study, the AEC multi-
purpose plant was used with the $17, 000 per day cost and the plant cleanup
time set equal to the reprocessing time, except that it would not be less than

two nor more than eight days.

A reprocessing batch equivalent to the annual throughput for each
design was arbitrarily chosen. This is a conservative assumption and it may

be possible to decrease the fuel cycle costs by 0. 2 mill/kw-hr by optimizing
this reprocessing step. The daily throughput for the cermet was based on the
fissile content of the plutonium and the weight of the plutonium in the fuel. In
the case of the mixed oxide, it was based on the fissile content of the plutonium
in the core and the weight of plutonium and uranium in the fuel.
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3. Fuel Depletion

In calculating fuel depletion costs, credit was given for plutonium

bred in the core but not for plutonium bred in the blanket. The plutonium

value was assumed to be

Pu-239 and Pu-241 = $6. 50/gm as plutonyl nitrate

Pu-240 = $1. 10/gm plutonyl nitrate.

The net depletion calculation was based on the core fission fraction

in Pu-239 and Pu-241 and the non-fission capture of each isotope. The credit

for core-bred plutonium was based on the core breeding ratio defined as

Pu-239 and Pu-241 Formed in Core
Pu-239 + Pu-241 Destroyed in Core B.R.

4. Inventory Charge

A 10% core plutonium inventory charge was used. An out-of-pile

core inventory based on the throughput for each reactor and fuel system and a

fixed out-of-pile time of 8 months was used for all cases. The blanket plu-
tonium inventory was included in the assumption that the net blanket cycle cost

was equal to zero.

5. General

First core capitalization was not included in the fuel cycle cost.

This was not included in this study since the fuel design could quite likely af-
fect other capital charges. In any event, this cost could be assumed compar-

able in each case so that it would not affect the results or conclusions of the

study.

For purposes of the fuel cost study, a uniform plant efficiency of

33% was assumed, as was an 80% load factor and 90% core power fraction.
Small changes in efficiency could be expected due to slightly different coolant
temperatures in the small and large fast reactors considered.

A complete sample fuel cycle cost calculation for the cermet and

oxide fuel in the large reactor is shown in Appendix IV-C.

B. FABRICATION ANALYSIS

1. Ground Rules and Data Used

The fuel cycle unit costs for the two PuO2 fuel systems studied were

based upon steady-state, equilibrium refueling conditions for 3000 Mwe of in-
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stalled capacity. This is an assumed 1975 capacity for which a fabrication
plant would be sized to produce a single design fuel on a full load basis of two-
shift operation five days per week.

The method used for estimating fabrication costs was essentially

that as developed by the General Electric Company under contract AT(04-3)-189,

as detailed in GEAP-3824( 9 ) for the Fast Ceramic Reactor. In the reference

report, a fabrication plant has been sized and equipped to produce a mixed

PuO2-UO2 pellet type of fuel with a specific annual production rate. So called

"production rate exponents" are given to permit estimating costs for produc-

tion rates other than the base or reference rate used in the report. The ex-

ponents are applied to the ratio of the desired production rate to the base pro-
duction rate to obtain the unit cost multiplier. The unit costs for both equip-

ment and building space are given in terms of annual capital charges with

equipment capitalized at 29% of its installed cost and buildings capitalized at

14% of its installed cost. The unit costs for payroll, overhead and mainte-

nance, and product materials are the total dollars incurred per year for each

of these three items, respectively.

For the mixed PuO2-UO2 fuel system, fabrication processes iden-

tical to those given in GEAP-3824 were assumed. For the PuO2-stainless steel

cermet fuel system, encapsulation of the cermet pins by pressure-bonding was

selected for this study as the technique most applicable(126), based upon present
day technology, for obtaining a metallurgically bonded stainless steel clad cer-

met pin. Also, the type of equipment required for pressure-bonding could

readily be added to the fabrication facility described in GEAP-3824 with no
change in personnel requirements nor any significant change in building space

requirements. Consequently, fabrication costs for the cermet fuel system

were calculated in an identical manner as for the mixed PuO2 -UO 2 fuel system

with only minor changes made in equipment and building costs.

Both fuel systems are based upon the encapsulated pellet concept

where individual fuel pellets are made by the cold press and sinter processes.

Encapsulation for oxide pellets, takes the form of a containment tube and inte-

gral fission gas reservoir; and for cermet pellets, takes the form of a cladding

tube metallurgically bonded to the cermet. The cermet pin does not contain a

fission gas reservoir and neither system employs an axial blanket. Final sizing

of fuel pins, for both fuel systems, could possibly be performed outside of the

shielded fabrication area, where all operations are enclosed in hoods, provided

end caps have been welded in place and the fuel pin surfaces are free of con-

tamination. Light swaging is considered to be suitable for final sizing the
mixed oxide fuel pin. For the cermet pin gas-pressure bonding at elevated

temperature (10, 000 psi at 2100 F) is considered to be a suitable method for

obtaining both the required cermet-to-clad bond and the final pin diameter.

A detailed fabrication process based upon gas-pressure bonding is

not within the scope of this PuG2 fast reactor fuel feasibility study and was con-
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sequently not performed. It was selected as a potential means of encapsulating
a plutonium bearing cermet fuel rod or pin based upon demonstrated 1963 tech-

nology. Other techniques may become available as advancements are made in

plutonium cermet fabrication technology, particularly that concerned with pin

type fuel elements as compared to plate type fuel elements.

Fuel subassembly hardware costs for the three reactor types studies

were estimated by the method given in GEAP-3824 which is expressed as a func-
tion of both fuel pin length and diameter. The resultant dollar costs per sub-

assembly appear somewhat optimistic, even for the year 1975, since signifi-

cant and major improvements in 1963 hardware design and fabrication methods
and costs beyond those resulting from normal attrition of technological barriers
would seem to be necessary in order to reduce hardware costs to the estimated

1975 level. In spite of this opinion, it appears to be as difficult to justify an

arbitrarily selected 1975 unit hardware cost as it is to justify hardware costs
based on the GEAP-3824 method. Consequently, since this latter method was

used in cost estimating the 500 Mwe Fast Oxide Reactor, it was used without
change as a fixed reference for cost estimating each of the three reactor con-

cepts studied in this report.

2. Data Tables

Table 15 summarizes the annual fabrication costs of the cermet and

mixed oxide fuel systems for the three reactor concepts studied. Also shown

in Table 15 is a summary of the annual fabrication costs for the FOR mixed

oxide fuel system resulting from a fuel exposure of 50, 000 MWD/T (Case B)
rather than 100, 000 MWD/T (Case A). A'comparison of these two summaries
will show that with a 50% reduction in fuel burnup, total fabrication costs have

increased about 62%, yet the unit cost as a function of fuel throughput (kg of Pu)
has decreased by about 20% as a result of doubling the fuel throughput. This

effect of high fuel throughputs is also reflected in the lower unit costs of the
cermet over the oxide for the EFFBR and PFFBR reactors.

C. FUEL CYCLE COST ANALYSIS

The pertinent reactor and core design parameters together with unit

costs, and a breakdown of fuel cycle cost for each system and reactor are

listed in Table 16.

The details of the method used in evaluating fuel cycle costs are illus-

trated below for the cerrnet and oxide fuels in the FOR is shown in detail below.

1. Fuel Throughput

The fuel throughput is directly dependent on the fuel burnup and thc

plant efficiency in the following manner.
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Unit Costs

Fabrication $/kg Pu

Reprocessing $/kg Pu

Shipping
Reprocessing

Losses

Total Reprocessing
Cost

TABLE 14

FUEL CYCLE UNIT COSTS

FERMI PFFBR

Cermet Oxide Cermet Oxide

761.00 930.00 1050.00 1360.00

55. 00
773. 00
51.50

879. 50

75.00 82.00
950.00 640.00

51.50 51.50

1076.50 774.00

75. 00
790. 00

51.50

916.50

FOR

Cermet Oxide

A B

1115.00 989.00 810.00

82.50 75.00 75.00
655.00 664.00 505.00

51.50 51.50 51.50

789.00 790.50 631.50

Pu Value, $/g
Fissionable
Nonfis s ion

Pu Inventory Charge

Plant Load Factor

6. 50

1. 10

10%
80%
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TABLE 15

DETAILED RESULTS OF FUEL FABRICATION ESTIMATES

E FFBR

CERMET OXIDE

PFFBR

CERMET

1. Fuel Thruput, mt/yr

2. Ud = Depleted Uranium, mt/yr

3. R = Pin Production, pins/yr

4. Production Cost Coefficient
Fuel Wt. Thruput:

Fuel thruput, mt/yr
A = 20 mt/yr Base Rate

,_Cermet Thruput mt/yr
A mt/yr Base Rate

5. Production Cost Coefficient
Fuel Pin Thruput:

Fuel Pins/yr
F = 38, 500 pins/yr Base

CONVERSION

Equipment =

Buildings =

Payroll =

0 & M Materials

$47, 500 A. 6

$19, 320 A"

$8, 000 x 8 A- 2

= $176, 800 A-9

12. 25 Pu
50. 6 Cermet

316, 000

. 613

2. 53

8. 2

A'
35)400

15, 900

58, 000

113, 800
223, 100

PELLETIZING

Equipment = $19, 200 A- 68 36, 100

Buildings = $48, 400 A' 4 70, 200

Payroll = $7, 970 x 25 A. 3 263, 000
O & M Materials = $48, 500 A. 68 91, 200

460, 500

6.76Pu 7.99Pu
19. 35 Pu+U 53.5 Cermet

12. 59

197, 400

. 9675

292, 000

. 399

4.1 Pu 4.31 Pu
19. 35 Pu+ U 28. 65 Cermet

15. 25

160, 000

. 9675

2. 675

5. 13

46, 300

18, 900

63, 000

171, 500
299, 700

18, 700

42, 500
196, 000

47, 200
304, 400

7. 6

A'
27~7400

13, 350

53, 200

77, 500
171, 450

37, 400

71, 800

268, 000
94, 500

471, 700

4. 16

46, 300

18, 900

63, 000

171, 500
299, 700

18, 700

42, 500
196, 000

47, 200
304, 400

122, 500

. 215

1. 4325

3. 18

A'
18~ 900

10, 450

47, 200

44, 400
120, 950

24, 500

56, 000
222, 000

62, 000
364, 500

OXIDE CERMET

FOR

OXIDE

I,

Case A
100, 000

MWD/ton
3.79 Pu

19. 35 Pu+U

15. 56

60, 700

.9675

Case B
50, 000

MWD/ton
7.58 Pu

38. 70 Pu+U

31. 12

121, 400

1. 935

1.

2.

3.

4.

1.

2.
3.
4.

1.58

46, 300

18, 900

63, 000

171, 500
299, 700

18, 700

42, 500
196, 000
47, 200

304, 400

3.16

70, 500

25, 200

73, 000

320, 000
488, 700

30, 000

56, 600
243, 000

75, 900
405, 500



TABLE 15 (Continued)

DETAILED RESULTS OF FUEL FABRICATION ESTIMATES

EFFBR PFFBR FOR

CERMET OXIDE CERMET OXIDE CERMET OXIDE

Case A Cas
100, 000 50, 0

MWD/ton MWD

ENCAPSULATION
A' A' A'

1. Equipment = $144, 200 F- 62
(Oxide) 62

$149, 000 F
(Cermet) 548, 000 398, 000 525, 000 339, 000 306, 000 191, 500 294, 00

2. Buildings = $30, 000 F 7 131, 000 94, 200 124, 000 81, 300 67, 500 41, 310 66, 304

3. Payroll = $8, 240 x 42 F.6

1, 225, 000 920, 000 1, 170, 000 812, 500 692, 500 455, 000 688, 70

4. 0 & M Materials = $38, 500 F- 77 194, 500 135, 500 183, 500 115, 000 94, 000 55, 000 93, 20

2, 098, 500 1, 547, 700 2, 002, 500 1, 347, 800 1, 160, 000 642, 810 1, 142, 204

PRODUCT MATERIALS

1. Stainless Steel Tubing*
[58. 3 (do-t)t+ 4. 29 d+1]

x .147 Lt R 292, 200 268,000 615,000 230, 000 307,000 116,500 233, 004

2. End Caps = 4.92 do R 305, 000 171, 000 273, 000 156, 000 120, 000 74, 800 149, 604

3. Subassembly Hardware =
4.42 do (Lt). 5 R 547, 000 344, 000 548, 000 313, 000 260, 000 161, 000 322, 004

4. Stainless Steel Powder @
$5. 50 /kg 196, 000 248, 000 129, 500

5. Pu Losses: 1% @ $5. 15 /gm 656, 000 348, 000 416, 000 211, 000 219, 000 195, 500 391, 004

6. Depleted U as UNH $2620 x Ud 33, 000 40, 000 40, 700 81, 404

1,996,200 1,165,000 2,100,000 950, 000 1,035,500 588, 500 1, 177, 004

e9B
00
/ton

0

0

0

0

0

0

0

0

0

0
0



DETAILED RESULTS

TABLE 15 (Continued)

OF FUEL FABRICATION ESTIMATES

EFFBR

CERMET OXIDE

PFFBR

CERME T

Pu Fuel Lab; Off Gas Facility;
Ventilation System

Indirect Personne 285, 000
$8540 x 31 A

Other = $38, 300 A. 25 48, 300

380, 700

Sub Total Less Production Materials 3, 162, 800

u G & A @ 15% 475,000

Product Materials 1, 996, 200

Shop Costs 5, 634, 000

Working Capital, Contingency,
R & D, Profit; @ 56% 3, 160, 000

Total Annual Cost 8, 794, 000

Annual Fuel Thruput 12, 250 kg Pu

Unit Cost $ /kg Pu $718

264, 000

37, 600
332, 900

2, 484, 700

373, 000

1, 165, 000
4, 022, 700

2, 260, 000

6, 282, 700

6, 760 kg Pu

$930

286, 000

49, 000
383, 600

3, 029, 250

454, 000

2, 100, 000
5, 583, 250

3, 130, 000

8, 713, 250

7, 990 kg Pu

$1090

264, 000

37, 600

332, 900

2, 284, 800

343, 000

950, 000
3, 577, 800

2, 000, 000

5, 577, 800

4, 100 kg Pu

$1360

272, 000

42, 100
351, 100

1, 996, 550

299, 000

1, 035, 500
3, 331, 050

1, 865, 000

5, 196, 050

4, 310 kg Pu

$1210

264, 000

37, 600

332, 900

1, 579, 810

237, 000

588, 500

2, 405, 310

1, 345, 000

3, 750, 310

3, 790 kg Pu

$989

279, 000

45, 200

366, 200

2, 402, 600

360, 000

1, 177, 000

3, 939, 600

2, 208, 000

6, 147, 600

7, 580 kg Pu

$810

* See Table 5 for fuel pin diameters, wall thicknesses and lengths

OXIDE

A'

47, 400

CERME T

FOR

31, 300

A'

48, 600

OXIDE

Case A
100, 000

MWD/ton

31, 300

A'

37, 000

Case B
50, 000

MWD/ton

42, 00031, 300



TABLE 16

SUMMARY OF FUEL CYCLE COST ANALYSIS

EFFBR PFFBR --

Reactor Power, Mwt

Core Power, Mwt

(kw-hr /yr)*core

Fuel System

Average Burnup

fissions /cc
MWD/T(Pu + U)

Specific Power
kw/kg Pu

Fuel Throughput
kg (Pu)/kw-hrcore

Pu Concentration

PuO2 v/o
Pu/U + Pu

Fuel Cycle Costs

mills /kw-hr
Fabrication

Reproces sing

Plutonium Depletion

Use Charge

Total

300
270

6. 25 x 108

Cermet Oxide

9. 4 x 1020

800
720

16. 7 x 108

Cermet Oxide

8.8 x 1020
100, 000

490

7.23 x 10-?

490

4. 06 x 10-7

26. 4

705

4. 74 x 10-7

1330
1200

27. 7 x 108

Cermet

15.8 x 1020
100, 000

685

2.46 x 10-?

14. 1
.35

.52

.70

. 91

.77

2.90

.38

. 44

. 44

. 63

1.89

630

2. 68 x 10-7

15. 0
.212

.51

. 36

. 93

. 52

2.32

.33

.23

. 24

. 43

1.23

.32
.21
.91
. 47

1.91 .98 1.44

* (Kw-hr)core = annual power production from the core at 80% plant factor and 33% efficiency

FOR

U1

Oxide

100, 000

850

2.28 x 10-7

196

A B

.23

. 18

. 24
.33

.36

.29

.24

.55



a) Oxide

kg(Pu) 1 1 10-3 MW 908 k Days .
(kw-hr)c MWD/T Plant kw T 24 hrs

efficiency

_1 x- x 10- 3 
x 908 x .196

100, 000 . 33

= 2. 28 x 10~7

(The oxide throughput is constant for each reactor since the
burnup and efficiency is constant)

b) Cermet

kg (Pu) _ 1 kg Pu fissions 1
-xx x

(kw.-hr)c fissions /cc cccermet kw-hr efficiency

= 1 x 1.25 x 10-3 x 1. 1236 x 1017 x13
15. 8 x 1020 .33

kg (Pu) = 2. 65 x 10-7
(kw-hr)c

2. Fabrication Cost

rication coi

Fabrication costs are dependent on fuel throughput and the unit fab-
st.

Mills/(kw-hr)= kg (Pu) _$ _Mills
Mils/kwhrc (kw-hr)c kg $

a) Oxide

Mills/(kw-hr)c = 2. 28 x 10-7 x 995 x 103

= 0.23

b) Cermet

Mills/(kw-hr)c = 2.65 x 10- 7
x 1210 x 103

= 0. 32
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3. Reprocessing Cost

The reprocessing costs are dependent on the fuel throughput and

the total unit reprocessing cost including shipping, chemical reprocessing and

losses.

Mills /(kw-hr)c = kg x) -- $
(kw-hr) 3 kg

Mills
x

$

a) Oxide'

Mills /(kw-hr)c = 2.28 x 10-7 x 789. 50 x 103

= 0. 18

b) Cermet

Mills/(kw-hr)c = 2. 65 x 10-7 x 789 x 103

= 0.21

4. Plutonium Depletion

In calculating the plutonium depletion charge, the in-core bred plu-

tonium was credited but not the plutonium bred in the blankets. The depletion

charge was calculated as follows:

Mills Mills gPu Destroyed
(kw-hr)= $/g Puf x $ X (h

(k w -hr )c $(k w-r)c

Puf Destroyed

(kw-hr)c

Pug Formed

(kw-hr )c

Atoms fissions gPu FF x'1

(kw-hr)c atom

= FF 4 1 x (1 + a4 1 )

Puf Formed

(kw-hr)c

Mills
(kw-hr )c

= B. R. core

= 6. 50 x 10

(g Puf Destroyed)]

(kw-hr )c

1. 1236 x 1017 240 [FF4 9 x (1 + a49 )

0.33 6. 06 x 10

FF41 x (1 + a49)J - 6. 50 x 103 x 1. 33 11
0.33240

x 4 0x03 x B. R. x [FF49 x (1 + a49) + FF41 x (1 + a4j)~
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Mills
(kw-hr)c

= 0. 88 FF4 9 x (1 + a4 9 ) + FF 4 1 x (1 + a4 1 ) - 0. 88 x B. R.

FF49 x (1 + a49) + FF4 1 x (1 + a41)]

where

FF 4 9 = Core fission fraction in Pu-239

FF4 1 = Core fission fraction in Pu-241

a 4 9 = Nonfission fraction in Pu-239

a41 = Nonfission fraction in Pu-241

a) Oxide

= 0.88 (0.73 x 1.25 + 0.07 x 1.12) - 0.88 x 0.73 (0.73 x 1.25 + 0.07 x 1.13)

= 0.24

b) Cermet

Mills = 0.88 (0.79 x 1.30 + 0.14 x 1.17) - 0.88 x 0.12 (0.79 x 1.30 + 0.14 x 1.17)
(kw-hr)c

= 0.91

5. Plutonium Use Charge

The plutonium use charge is based on 10% of the total plutonium in

the reactor system. The plutonium in the system consists of the in-pile material

and the out-of-pile material.

Mills $ Mills lkg Pu 1= xkgx Interest Rate xx
(kw-hr)c kg Pu kg kw plant efficiency

Year 1 +kg Putiex.Yarx 1 +kgP x out-of-pile time
hours Plant Factor kw-hrxp

The out-of-pile time is arbitrarily chosen as 8 months to be consis-

tent with GEAP-3721(2).

Mills =5.1 5 x 1 0 3x 10 3x0.10 x(kg Pu 1 1 1 + kg Pu x0.67
(kw-hr)5 \ kw 0.33 8760 0.8 (kw-hr)c

= 5.15 x 105 (kgPu x 4.34 x 10-4+0.84 kg Pu
\kw (kw-hr)c/
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a) Oxide

= 5. 15 x 105 (4. 34 x 10-4 x - + 0. 84 x 2. 28 x 10-7)
850

= 5. 15 x 105 (6. 9 x 10'7 + 1. 92 x 10-7)

= 0. 33

b) Cermet

= 5. 15 x 105 k P x 4. 34 x 10-4 + 0. 84 x kg-h cu
\ kw (kw-hr)c/

= 5. 15 x 105 ( 3 x 4. 34 x 10- 4 + 0. 84 x 2. 68 x 10-7)

=0.47
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