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Reference: APDA-133 FAST REACTOR CORE DESIGN PARAMETER STUDY

ERRATA No. 2

January 16, 1961

Correction

95 6th line from bottom of page. Insert before A more realistic . .
the sentence, The other parameters remained fixe

100 3rd paragraph, 1st sentence, 5th word. Change oc to .c.
3rd paragraph, 5th line. Change below this er to in this
energy range.

101 2nd paragraph, lath line, 5th word. Change 25 to .<25.
2nd paragraph, 7th line. Change sentence to read: Table F-2
physics Variations) in Appendix F.

Paragraph d. Insert under paragraph heading: Plutonium loss * 1
per cent of total Pu to conversion.
Paragraphg. Insert page number 19.
Paragraph h. Insert page number T.

Paragraph f. Change paragraph heading to read: Shipping Irradiated
Axial . . .
Paragraph f. Change sentence to read: Cost of shipping . . . is
$115 per core subassembly.
Paragraph E. Delete time charge equation. Insert the following
equation:

Total Time s Reduction time + fabrication time + time at reactor
site (in core + decay storage) + all shipping time

+ W + 30 + 0.99 W + 5
R JNH to UF6 Processing rate

Equation (1). Change equation to read as follows:

Fx,r a FHFR cos +*)E- yar2

where

Fr = Local power
Average power in the core

at a point (x,r)

Equation (3). Change equation to read as follows:

FR 1

1 - r 2

Page No.

143

171



- 2 - January 16, 1961

Page No. Correction

171 R - extrapolated core radius

- R +%where R is the . .

a - a constant

Equation (4). Change equation to read as follows:

2Fj=1-2j-1 2

2J Rej

172 Paragraph 2 1st sentence. Change 91OO to qoo.
Equation (S). Change 2 QQ to sie

174 Equation (13). Delete X from equation.
2nd line from bottom, 5th word. Change 1/k to 1/K.

175 Equation (14). Change equation to read as follows:

(B-U)E:1 (
. L(b -u)~

0

Paragraph 4, last sentence of 1st subparagraph. Change equation to
read as follows:

. . . per year in zone j = Nn 1 PFR F

Equation (15). Change equation to read as follows:

S Nn FR Fj

Paragraph 5. Change equations to read as follows:

(B - U)'T

And since F s , then
o FR



January 16, 1961

Page No.Correction

(B - u), =J

FR (b L ) (16)

176 Equation (17). Change equation to read as follows:

volume to reprocess/Mwy- 1 FF-

Equation (18). Delete x.
B ation (19). Delete R.
Last two equations on page. Change equations to read as follows:

J),

or

211 2nd paragraph, last sentence. Change sentence to read: .
ratios of > 3 and all . . .

212 5th paragraph, last sentence. Delete period after general curves
and add obtained from the multigroup calculations.

213 1st equation. Change equation to read: P(r) - 1 ( ar
Rc + Or

2nd equation. Change equation to read:

P(Z) =^Cos . Z

Last paragraphs, Jst line, 7th word. Change we to was.
7th line, 7th word. Delete minus sign.

2114 1st paragraph, 18th line. Delete treated.

215 1st paragraph, 7th line, 6th word. Change 65.5 to 65.
217 Last paragraph, 9th line. Change sentence Wread: E-8 through

E-10, Pages 250 to 252..

- 3-



January 16, 1961

Page No. Correction

217 Paragraph b, hth line. Change This value of burnup to The equilibrium
burnup . . .

218 Change equations and definitions to read as follows:

E 0 = M25O

where

M2 5
0=initial critical mass U-235 (kg)

Muo =initial mass uranium (kg)

MuO = Vc x Pa x w/o U x .93 vf

where

Vc .=volume of .

Pa density of . *

w/o U = weight fraction of . . .

.93 vf = volume fraction of . . .

219 2nd equation. Change equation to read:

q25 eq Vp h? e (sphere)
sph

Middle of page. Insert equal signs. NA ratio of . . .

$ = equilibrium average core . . .

Last line. Delete or throughput.

220 1st equation. x = AM25 (Bt) x 103 gm

L

9th definition. Change of to at.

- an-

221



-5- January 16, 1961

Page No. Correction

222 Paragraph b, 1st equation. Add the phrase: (0.93 of core volume
is active.)

Paragraph b, 3rd sentence. Change sentence to read: then read
SCM, fc, f49, a49 , IBR, and EBR from Fig. F-16, E-17, and E-18,

Pages 258 through 260.

Paragraph b, 4th sentence, 3rd equation. Change equation to read
as follows:

F0 ' Feq + (Beq) (f49) (1 + .49) (1 - IBR) etc.

223 Paragraph &a 2nd n 2 ange sentence to read: The ratio
of the Pu2  mass to the Pu mass . . .

Paragraph c, 1st equation. Change last term in equation to read:

C.

where . is the fractional loss of Pu . . . its lifetime. The
ratio

q o

C,

was determined . . . volumes of interest. The loss ..Q.
is about 2%.

Last line. Change to read: F = U-235 per subassembly, kilograms.

2214 3rd line. Add subscript to read No = Average life .* ,
13th line. Under Superscripts, insert r - removal.

Paragraph b, 1st equation. Add subscript 25 to last expression
(1-De2 5 )

Paragraph b, 2nd equation, Change equation to read:

AM2 5 w D25 M 2 5

Paragraph b, 7th equation. Change equation to read

vp 5- VF25(l - De)



January 16, 1961

Correction

3rd line.
8th line.

2nd line.
11th line.
12th line.

Change definition to read:
Change definition to read:

Eo 0 0.93 for all U2-SS cases.
B = Dr

Change function to fraction.
Change: E- 31, Pages -262 to 273.
Change definition to read:

eq'49 + 41 = Critical mass . .

19th line. Change line to read: 40/49, l1/49 are the ratios of the
240 and 2111 isotopes to 239 isotopes, respectively.
22nd line. Change definition to read: 49 capture-to-fission
ratio of 49.

1st equation. Insert subscript 49 in last expression,
hth equation. Change equation to read as follows:

.93Vf cMJ

ScMPuPu

(1 +49)

3rd equation. Change equation to read as follows:

239
No- Bt x Vf x .93 x 239

1.05 Pc

Middle of page. Insert the following definitions below In the above:

[M28

MPuJo

P28UMo

initial U-238 to Pu mass ratio

" density of U-238 in U-15 w/o Mo

Change the following definitions:

c oPu u initial mass of total Pu in . . .

V 0 C initial volume fraction of NC in the . . .
PuC

Page No.

225

226

227
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January 16, 1961

Page No. Correction

230 5th line. Change axial P(r) '- cos, etc. to axial P(z)~--cos
Ho +

Last equation. Change equation to read:

(\P a approx 
o

2n 11-- J- 2 rdr

a Ro+Svpf [c

232 Bottom of page. Insert the following footnote:

*jo is the first root of the Bessel function of the first
kind, Jo. Numerical value is 2.405.

233 2nd line. Change expression to read:

axial P(z)~cos 'T( z
Ho + 0o

hth line. Change expression to read:

axial P(z)~-cos _'T_Z.

Ho + 37.5

7th line. Delete footnote beginning, *jo is the first root . .

241 Last item, left-hand column. Change B.C.R. to gb.

242 1st equation. Change the equation to read:

N_0 1

N49)eq t + .. o
4 9 mfgf g oc

dhh9eq 49 9

Middle of page. Change first three definitions as follows:

<r'40 is the effective Pu-240 , ,
S49 is the effective Pu-239 1a .

II+ is the fraction of the final Pw-240 , , .

- -



- 8- January 16, 1961

Page No. Correction

243 1st equation. Change equation and definitions to read as follows:

N1

( ieq o~ ____ ___

t + IllN40 e - 40 . L 41

Seq f449

where

d 4l
is the effective microscopic Pu-2h1 fission and capture cross

section.

hoa4 is the effective microscopic P-240 capture cross section.
t
S41 is the fraction of the final Pu-211 mass that is sold and lost.

First paragraph. Change 1st sentence to read: These equations
apply . . . and the PuC U15 w/o Mo cermet systems.
Second paragraph, 1st line. Change M to Mo.

2nd equation, middle of page. Change 6 toe as follows:

0-t49/OJ-Ch0

Last paragraph. Change 6 to ' *

244 1st sentence. Change end of sentence to read: . . . for the N40/N
and N/Nh9 , respectively.

27 Paragraph 3. PuO2-UO 2 Systems, 3rd line. Change line to read:

. . . range for these systems were ratio of core height to core

diameter. C.

2119 Last sentence. Change thra ut to removal.



-9- January 16, 1961

Correction

Change top of page to read:

Volume Fractions

U-10 w/o Mo Biel Vf
Zr o.050
SS 0,20
Na Remainder

Insert equal signs after Vf on both graphs.

Add following phrase to titles of figures E-17A and E-17B:
IN PuO2-U0 2 SYSTEMS.

Page No.

250)
251)
252)

252

259





APDA-133 FAST REACTOR CORE DESIGN PARAMETER STUDY

ERRATA

November 7, 1960

Correction

6th line from bottom of page. Insert before A more realistic . .
the sentence, The other parameters remained fixed.

3rd paragraph, 1st sentence, 5th word, Change oc to .c.

3rd paragraph, 5th line. Change this energy tT75 key.

2nd paragraph,
2nd paragraph,
Variations) in

4th line, 5th word. Change 25 to -25.
7th line. Change sentence to read:~Table F-2 (Physics
Appendix F.

143 Paragraph d.
cent of total
Paragraph g,
Paragraph h.

Insert under paragraph heading: Plutonium loss 1 per
Pu to conversion.
Insert page number 159.

Insert page number 1T_.

Paragraph f. Change paragraph heading to read: Shipping Irradiated
Axial . .
Paragraph f. Change sentence to read: Cost of shipping . ., is
$115 per core subassembly.
Paragraph E. Delete time charge equation. Insert the following
equation:

Total Time = Reduction time + fabrication time + time at reactor
site (in core + decay storage) + all shipping time

+ W + 30 +
4q

Equation (1).

0.99 W
UNH to UF6 Processing rate

Change equation to read as follows:

Fx ),Z FH FR cos

where

Local power
Average power in the

Equation (3),

FR

L .- ,/J

at a point (X ?.)

core

Change equation to read as follows:

R SEE ERRATA AT END OF ITEM

Z

100

101

171

l 1

m

(i x

F

I - i
I



November 7, 1960

Correction

Re extrapolated core radius

R + 6 where R is the . .

Equation (h). Change equation to read as follows:

Fj = 1- 2 - 1

2J Re

Paragraph 2 1st sentence. Change 90 to g'oo.
Equation (55. Change 9'00 to g,'oo.

Equation (13). Delete .K from equation.
2nd line from bottom, 5th word. Change 1/k to 1/K.

Change equation to read as follows:

0

Equation (1h).

(B.-u)E: 1

Paragraph 4, last sentence of 1st subparagraph.
read as follows:

per year in zone j; Nn
J

Equation (15).

Change equation to

pFR Fj
K

Change equation to read as follows:

np_ 1 1 In FR
Mwy K J Vv--

Paragraph 5. Change equations to read as follows:

(B - U)T

And since

J J F

then

FR

ii

Page No.

171

172

17h

7Fj

0



November 7, 1960

Page No. Correction

(B - U)T =J

FR F (16)

176 Equation (17). Change equation to read as follows:

volume to reprocess/Mwy 1 F;

Equation (18). Delete x,
Fquation (19). Delete 32,
Last two equations on page. Change equations to read as follows:

or T0 j

or r J

211 2nd paragraph, last sentence. Change sentence to read: . . .
ratios of > 3 and all.

212 5th paragraph, last sentence. Delete period after general curves
and add obtained from the multigroup calculations.

R
213 1st equation. Delete: 1 -( R _

\+

2nd equation. Change equation to read:

P(Z) = Cos Z-
H, aa.

Last paragraph, 7th line, 7th word. Delete minus sign.

214 1st paragraph, 18th line. Delete treated.

215 1st paragraph, 7th line, 6th word. Change 65.5 to 65.
217 Last paragraph, 9th line. Change sentence to read:~E-8 through

E-l0, Pages 250 to 252..

iii



November 7, 1960

Page No. Correction

217 Paragraph b, 4th line. Change This value of burnup to The equilibrium
burnup .

218 Change equations and definitions to read as follows:

Eo M25
Muo

where

M25o initial critical mass U-235 (kg)

MuO =initial mass uranium (kg)

Mu0 = Vc X Pa x w/o U x .93 Vf

where

Vc volume of . .

Pa density of . .

w/o U = weight fraction of . .

.y3 vi = volume fraction of . .

219 2nd equation. Change equation to read:

M25e = l+ M 2 5eq (sphere)
Vsph

Middle of page. Insert equal signs. NA .ratio of . .
VU

$ = equilibrium average core . . .

Last line. Delete or throughput.

220 1st equation. x = ' 425 (Bt) x 103 gm

L

221 9th definition. Change of to at.

iv



November 7, 1960

Page No.

222

223

224

IVV

where.Q is the fractional loss of Pu . . . its lifetime. The
ratio

was determined . . . volumes of interest. The
loss . .

Last line. Change to read: F 'U-235 per subassembly, kilograms

13th line. Under Superscripts, insert r removal.

Paragraph b, 1st equation. Add subscript 25 to last expression
(1-De2 5)

Paragraph b, 2nd equation. Change equation to read:

AM25= D25 M025

V

Correction

Paragraph b, 1st equation. Add the phrase: (0.93 of core volume
is active.)

Paragraph b, 3rd sentence. Change sentence to read: then read
SCM, fc, .c9, 1BR, and EBR from Fig. E-16, E-17, and E-1, Pages
258 through 260.

Paragraph b, hth sentence, 3rd equation. Change equation to read
as follows:

Fo = Feq + (Beq) (f49) (1 + -h9) (1 - 1BR) etc.

Paragraph b, 4th sentence, 8th equation. Change equation to read
as follows:

X = (1.05) (1 + 49) etc.

Paragraph c 2nd sentence. change sentence to read: The ratio
of the pu2h6 mass to the Pu29 mass * . .

Paragrapn c, 1st equation. Change last term in equation to read:

+ J

1.



November 7, 1960

Correction

3rd line.
8th line.
9th line.

2nd line.
9th line.
10th line.

Change
Change
Change

definition to read:
definition to read:
definition to read:

E = 0.93 for all UO2 -SS cases.
B Dr
No. grams destroyed in core

gramss MwdFcore power

Change function to fraction.
Change to: E - 31, Pages 262 to 273.

Change definition to read:

s M + a=.Critical mass..
17th line. Change line to read: 40/49, h1/49 are the ratios of the
2h0 and 241 isotopes to 249 isotopes, respectively.
20th line. Change definition to read: 49 = capture-to-fission
ratio of 49.

1st equation. Insert subscript 49 in last expression, (1 + .-49)
hth equation. Change equation to read as follows:

(M28

MPuJ 0

U Mo .93 Vf - VoPuC
-:14.4

.93 Vf cMOP)
1 c

C NPu
vc

Middle of page. Insert the following definitions below In the above:

...... initial U-238 to Pu mass ratio

P28 UMo density of U-238 in U-15 w/o Mo

Change the following definitions:

c-PPu _ initial mass of total Pa in...

VoPuC initial volume fraction of PuC in the . .

vi

Page No.

225

226

227

(M28

Mpu

P28



November 7, 1960

Page No.

230

232

233

241

2142

Correction

5th line. Change axial P(r) - cos, etc. to axial P(z)-cos

Last equation. Change equation to read:

{P 1.7' R

P av /approx -. -ry dg

Bottom of page. Insert the following footnote:

*jo is the first root of the Bessel function of the first
kind, Jo. Numerical value is 2.405.

2nd line. Change expression to read:

axial P(z) ~-cos 'Tr'Z-
Ho + 50

4th line. Change expression to read:

axial P(z) ~ cos T'Z.
Ho + 37.5

7th line. Delete footnote beginning, *jo is the first root . .

Last item, left-hand column. Change B.C.R. to gb.

1st equation. Change the equation to read:

(N)ho 1
jfq9eq t + .Q-40

't49 mfp F Ccdmh9 ( ea 49 49

Middle of page. Change first three definitions as follows:

0-t40 is the effective Pu-240 ..

t49 is the effective Pu-239. .

140 is the fraction of the final Pu-240. . .

vii



November 7, 1960

Correction

J l is the fraction of the final Pu-241 mass that is sold and lost.

Change last definition to read: 449 is the capture-to-fission ratio
of Pu-239.

1st equation. Change equation and definitions to read as follows:

N4

No eq ~~
t

c

1 mmo

+ kQl

v-40 mf p
j T \ ,) eq F49 '9

C,
where

41 is the effective microscopic Pu-2141 fission and capture
cross section.

0~~ 60is the effective microscopic Pu-2h0 capture cross section.

2nd equation, middle of page. Change S to c' as follows:

Last paragraph. Change 6 to ::c

1st sentence. Change end of sentence to read: , , . for the N40/Ng
and Nhl/N49,respectivel .

Paragraph 3. Pu02-U0 2 Systems, 3rd line. Change line to read:
. . . range forThese systemswere ratio of core height to core
diameter, . .

Last sentence. Change thruput to removal.

Add following phrase to titles of figures E-17A and E-17B:
in Pu0 2 -UO 2 Systems.

viii

Page No.

243

247

249

259
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SUMMARY

Parametric studies of 11 fast reactor fuel systems
were made to determine the important design and economic
factors on which the cost of producing electric power depend.
Some of the studies were applied to a U2 3 5 -fueled fast
reactor representing present technology, and other studies
were applied to a plutonium-fueled fast reactor. The method
used consisted of (1) designing a number of cores of different
characteristics for use in the fast reactor power plant and
(2) calculating the fixed charges and fuel cycle costs for
each design, using the values for fuel burnup, fabrication
costs, and aqueous reprocessing costs developed as part of the
studies. Thermal considerations have influenced both the core
designs and the economics to a greater extent than any other
factor. This has been caused, in part, by introducing burnup
limitations as a function of temperature.

A significant conclusion from this study is that
the general method of approach to parametric studies is
extremely important. In carrying out this program APDA
(1) established the maximum and minimum burnups for various
systems, (2) developed relative fabrication costs by obtain-
ing independent estimates from two suppliers, and (3) applied
machine computing methods to the solution of this type of
program. The study has shown that care should be exercised
when one variable is treated independently of the other
variables. When a variable is treated independently, a larger
variation in results is obtained than actually exists. For
example, fuel cycle costs are inversely proportional to the
burnup if the burnup is treated as an independent variable.
However, when specific designs were made for various burnups,
the results showed that fuel cycle costs did not vary nearly
as much as expected.

In performing these studies, APDA (1) developed a
method for determining the optimum design of fast reactors,
(2) correlated important fuel element properties, such as
burnup, (3) developed methods for designing bulk oxide fuel
pins, and (4) proved that heterogeneous fuel elements are not
feasible for fast power reactors.

Other major conclusions from this study are:

REGARDING FIXED CHARGES

Fixed charges and total power costs decrease as
plant size is increased, as would be evident from a
consideration of the ground rules for this study.

For optimum and near optimum core design, fixed
charges are the major portion of power costs.



REGARDING COOLANT TEMPERATURES

Fuel cycle costs are sensitive to coolant tempera-
ture; and for the fuel cycles studies, fuel cycle costs
increase with coolant temperature.

There is a range of optimum coolant temperatures
for each of the systems studied; but, in general, this
range was somewhat below the coolant temperatures which
could be considered within the ground rules of this
study.

REGARDING POWER DENSITY

There appears to be an optimum power density (kw/
liter) for each fuel system studied. The power density
of at least one of the reactors studied for each system
was near the optimum power density for that system.

REGARDING CORE PRESSURE DROP AND PUMPING POWER

There appears to be an optimum pressure drop per
unit length of core. The pressure drop was near the
optimum for the systems studied.

REGARDING BURNUP

For any specified burnup-temperature relationship,
it is not always economically desirable to subdivide
the fuel as required to achieve the maximum burnup.

If the burnup can be increased for a given design,
the total power cost will be decreased.

REGARDING CLAD THICKNESS

For the PuO2-UO2 oxide fuel systems where clad
thickness determine permissible burnup, there is a broad
range of clad thickness for which almost no effect on
total power costs is noted.

For fuel elements whose burnup is independent of
clad thickness, increased volume of clad results in
decreased fuel volume and, hence, decreased fuel element
life and increased total power costs.

REGARDING THE FORM OF THE FUEL ELEMENT FOR ALLOY FUEL
SYSTEMS

Plates have a slight advantage over pins. A
higher fuel volume fraction can be achieved for the same
temperature burnup conditions. Furthermore, it is
estimated that plate subassemblies are less costly to
fabricate than pin subassemblies.
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REGARDING REPROCESSING COSTS

It was found that reprocessing costs are determined
mainly by the "turn around" charge for long core lives
under the assumptions made in this study.

The lower the inventory charge, the longer should
be the period between reprocessing.

REGARDING PHYSICS PARAMETERS

Power costs are relatively unchanged by variations
within the ranges of uncertainties of nuclear constants,
such as cross sections.

Power costs are not significantly influenced by the
variations in nuclear parameters (such as breeding ratio)
caused by variations in design variables (such as core
size).

REGARDING OVERALL DESIGN OPTIMIZATION

Minimize the number of fuel elements per megawatt-
year.

Minimize fuel volume to be reprocessed and recon-
verted per megawatt-year.
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INTRODUCTION

Parametric studies of fast neutron power reactors
are presented herein. The objective of these studies was to
determine the important core design physics and economic
factors on which the costs of producing power depend and to
determine the effect on the power costs of changes in these
factors.

These studies were made at the request of the
Division of Reactor Development of the United States Atomic
Energy Commission. The Commission has recently established
a major effort to draw up a comprehensive 10-year civilian
power reactor program with the broad objective of providing
the nation with atomic power in direct economic competition
with fossil-fueled power generating facilities. The AEC has
supported parametric studies on all civilian power reactor
concepts to assist planners in evaluating the economic poten-
tial of each concept and determining the research and devel-
opment area from which the greatest economic gains can be
made.

Parametric studies cannot, and should not, be used
directly to compare different reactor concepts because they
are based to a large extent on arbitrary assumptions. Never-
theless, they are useful for showing broad trends in costs
for a given reactor concept. The monetary values given in
this report are only reasonable approximations rather than
absolute values. They are comparative in nature, and their
use permits a rather accurate determination of the magnitude
of cost differentials that result from variations in design
and in values assumed for cost factors. To establish
accurate absolute values requires a more detailed design
study and cost estimate than that which is carried out for
parametric studies.

The general methods of analysis were established
by APDA. At the request of the AEC a large number of vari-
ables were treated independently. This was desired by the
AEC in order to furnish the Commission with a guide for
evaluation studies.

APDA's choice of parameters and methods of
analysis were predicated on the fact that the power produc-
tion costs of fast neutron breeder power reactors are
infludenced to a greater extent by the design solutions to
the heat transfer problems rather than by the solutions to
the reactor physics problem. This occurs because it is
relatively easy to make a fast reactor critical simply by
altering the ratio of fissionable to fertile atoms in the
fuel.
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Generally, lower fuel element operating tempera-
tures allow increased attainable burnup, thus lowering fuel
cycle costs.
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II. METHODS FOR MAKING THE PARAMETRIC STUDIES

GENERAL METHOD OF ATTACK

In carrying out the parametric studies of fast
reactors, an information flow sequence was used which
starts with the properties of the materials to be used and
the design characteristics and limitations of the reference
atomic power plants, and works through core design (heat
transfer) reactor physics and economics. The process
involves specifying a core design "point" (selecting values
for certain parameters), calculating the physical and
economic characteristics of the design, and iterating to
find the economic optimum. To complete such a process in
a relatively short time required that the design point first
specified be close to the optimum. The process would have
been unworkable, within the time available, if the working
group had not had previous experience with fast reactors
and with their economics.

Four separate functions were involved in these
studies. First, it was the Materials Group's function to
provide fuel materials with good capabilities for burnup,
strength, and corrosion resistance. Second, the Design
Group's function to make the best use of these materials.
As such, it has been the Design Group's function that
determines the reactor characteristics and performance.
Third, the Physics Group's function to determine what fuel
enrichments and unloading schedules are compatible with the
characteristics set by Design. Fourth, it was the Economics
Group's function to judge whether the Design Group made the
best use of the fuels.

The method of attack was dictated by the large
amount of data to be handled and the time available. Thus
it was necessary to carry out all of the functions involved
simultaneously. This includes the detailed study of data
related to the properties and irradiation stability of the
fuel materials selected, analyses for heat transfer, reactor
physics and economics. The latter required estimates of
the costs of various fabrication techniques and reprocess-
ing steps. These were based on sets of fuel specifications
and production rates established by "educated guess", before
the core design analyses were completed. In general, there
was not an appreciable difference between the "guessed
specifications" and those developed by the analyses; it was
possible, therefore, to adjust the cost estimates to fit
the final specifications.

The physics calculations were made for regions of
expected interest for the reactor sizes and fuels involved.

19



Interpolations were used to develop the precise physics
information required for each design point. This was
necessary to minimize "bottlenecking." If time had been
available, it would have been a better procedure to phase
the various functions.

The mass of data required that most of the heat
transfer and economic analyses be carried out by computers.
The general expressions which were programmed are given in
the appendices.

REFERENCE ATOMIC POWER PLANT DESIGNS

For these parametric studies, cores using a variety
of fuel materials and fuel element geometries were designed
which can fit into two reference atomic power plants. To
keep the studies realistic (and to conform to the Commission's
instructions), the atomic power plants selected represent to-
day's reactor technology. For a small atomic power plant
(i.e., one with an electric output less than 150 Mw), the
Enrico Fermi Atomic Power Plant, now under construction at
Lagoona Beach, Michigan, was selected. The design of this
plant is described in detail in Report APDA-124.

For these studies, the Enrico Fermi plant design
has been described in terms of the following parameters
which define its performance capabilities and limitations:

Heat Power Output Mw 300 - 400
Inlet Coolant Temperature F 550 - 600
Outlet Coolant Temperature F 800 - 900
Coolant Flow Rate lb/hr 15.3 x 106 max
Core Pressure Drop psi 75 max
Total Fuel Subassemblies 130 max
Core Length inches 24 - 48
Subassembly Size inches 2.7 square
Core Volume

(Including Control) liters 800 max

For larger atomic power plants (i.e., up to 300 Mw
electric output), the atomic power plant design has been
taken from Report APDA-129, a design study of a plutonium-
fueled fast breeder reactor power plant (PFFBR). This plant
design is not a radical departure from the basic Enrico
Fermi design, and, hence, it can be considered to represent
present technology. The changes in the Enrico Fermi design
which have been made to achieve the PFFBR design have been
based on improvements in our knowledge of shielding, mater-
ial properties and component hardware, derived from the
experience gained in the design and construction of the
Enrico Fermi plant, and from the results of research and
development programs carried out since the Enrico Fermi
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design was frozen. The parameters used to describe the
PFFER are:

Heat Power Output Mw 600 - 800
Inlet Coolant Temperature F 550 - 650
Outlet Coolant Temperature F 1000 max
Coolant Flow Rate lb/hr 25.3 x 106 max
Core Pressure Drop psi 100 max
Total Fuel Subassemblies 200 max
Core Length inches 30 - 60
Subassembly Size inches 4 hex or equiva-

lent square
Core Volume (Including

Control) liters 3000 max

These are the necessary and sufficient engineering
parameters to permit development of fast reactor core designs.
With these parameters, together with the capital cost of
the plants, the properties of the materials to be used, and
the cost factors of each fuel cycle operation, it was
possible to determine optimum core designs for each fuel
material and fuel element geometry studies.

CAPITAL COSTS

The capital cost of each reference power plant was
estimated. Since the Enrico Fermi plant has been designed
in detail and is actually under construction, the plant
investment cost (including engineering overheads and contin-
gencies) has been estimated with a high degree of accuracy.
A constant investment cost of $58,100,000 has been used for
all reactor core designs based on the Enrico Fermi plant,
regardless of variations in reactor heat power output and in
coolant temperatures assumed for the studies.

The investment cost for the PFFBR plant was assumed
to vary with coolant outlet temperature and heat power output.
The coolant outlet temperature determines the gross thermal
efficiency. The product of the heat power output and the
gross thermal efficiency gives the gross electric power out-
put. The investment cost in $/kw gross was determined
graphically from electric gross power output by means of the
curve, Fig. 1, page , taken from the draft report to the
AEC, "Data on Status of Fast Reactors," by Amorosi and Yevick.

Gross thermal efficiency has been calculated as a
function of coolant temperature (Fig. 2, Page ). It
represents the total electric power which can be generated
from a reactor heat source taking into account heating due
to gamma radiation and pumping power losses. Corrections
have been applied to determine net (saleable) electric output
and all costs, fixed and variable, have been reported in
mills per net kilowatt hour. The corrections vary with total
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reactor power, core pressure drop and core coolant tempera-
ture gradient (difference between inlet and outlet tempera-
tures) as explained more fully in the Appendix E.

FUEL MATERIALS STUDIED

It is possible to use a wide range of structural
and fuel materials in fast reactors. There has been, there-
fore, a broad diversity among programs aimed at the development
of fast reactor fuel systems. These have encompassed, for
example, work on molten plutonium alloys by Los Alamos
Scientific Laboratory, solid uranium alloy by Atomic Power
Development Associates, Inc., plutonium fissium alloy by
Argonne National Laboratory, uranium and plutonium dioxides
by Knolls Atomic Power Laboratory, and cermets by Oak Ridge
National Laboratory and APDA.

In addition, various reprocessing schemes for
spent fuels from fast reactors have been investigated by a
number of organizations, both in the United States and
abroad. These include conventional aqueous solvent extraction
techniques, high temperature pyrometallurgical and/or chemical
techniques and various "short-cut" aqueous schemes.

All of these approaches have promise and should
receive continued support. However, from a practical point
of view, it is believed that the next few large U. S. fast
breeder reactor power plants must:

a) be an extension of the technology developed by
the EBR-I, EBR-II, and Enrico Fermi reactor
projects, and

b) depend on the AEC's reprocessing facilities for
the recovery of fissile and fertile materials
from irradiated core and blanket materials.

This means that fuel systems which incorporate solid, shippable,
fuel materials amenable to aqueous reprocessing are of the
greatest immediate interest. A large number of possible
fuel materials and fuel element designs meet these criteria.
All three fissionable materials, naturally-occurring U-235,
U-233 produced from thorium-232 and plutonium-239 produced
from uranium-238 can be used in a fast reactor, and the two
fertile materials, uranium-238 and thorium-232 as core diluent
and blanket material. For these parameter studies, it was
originally planned to study the eleven different fuel elements
listed in Table 1, Page 25
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Table 1

Reactor Systems To Be Studied
(With Inventory Charges To Be Used)

1.

2.

3.

4.

J 5.

6.

7.

8.

9.

10.

11.

Fuel Elements

Alloy Pins (U in 10 w/o Mo)

Alloy Plates (U in 10 w/o Mo)

U02 - SS Plates

PuC - U-15 w/o Mo Plates

PuO2 - U02 Powder Pins

U02 - U02 Heterogeneous Pins

UC - U-15 w/o Mo Plates

PuG2 - U02 Heterogeneous Pins

Pu02 - SS Plates

PuG2 - Th Plates

U02 - Th Plates

Priority

1

Fermi

4%

4%1

1

1

1

2

2

2

2

3

3

Size Range

4%

omitted

omitted

4%

4%

4% & 12%

4%

omitted

omitted

PFFBR

4%

omitted

4%

12%

12%

4%

4%

4% & 12%

4% & 12%

12%

12%



Parameter studies were completed for only the number 1 prior-
ity fuel elements. Fabrication cost estimates, reprocessing
costs and material studies (particularly burnup vs. tempera-
ture) were completed on all eleven fuels, but time did not
permit completing the core design, physics and economic
studies of the priority 2 and 3 fuels. It should be noted,
however, that fuels 7 and 9 are similar to fuels 4 and 3
respectively, involving only a change in the fissionable
isotope used, so that the heat-transfer analysis would be
the same.

The uranium-lO w/o molybdenum alloy was chosen for
the parametric studies because it will be used in the Enrico
Fermi reactor. The irradiation stability of the alloy has
been extensively investigated, and experience and cost data
are available on the fabrication of pins. Flat plates
fabricated from the alloy have been included as an alternate
to pins because it has been felt that they would result in
a cheaper subassembly fabrication cost. A considerably
smaller number of plates than pins are required per sub-
assembly, and it is easier to make plates thinner than pins,
which could result in lower central fuel temperatures and
increased burnup capabilities.

The metal alloy has the advantage of high uranium
density and high (metal) thermal conductivity, but the
disadvantage of burnup - temperature limits lower than the
other fuels considered. The high density permits packing
more uranium in the core for a given fuel volume fraction
than for the other fuels, increasing the fast fission effect
and the internal breeding gain.

U02 dispersed in stainless steel and fabricated into
flat plates was chosen because it is a fuel element type with
excellent burnup - temperature capabilities and with a well-
developed fabrication procedure. The material has a relatively
high thermal conductivity. The fission damage is localized
in and around the dispersed particles. To keep undamaged
matrix material, the volume fraction of UO2 must be kept
below 30 per cent. Since the density of the oxide is low,
it is generally necessary to use fully enriched U02. Conse-
quently, the internal breeding ratio is essentially zero,
and a reactor using this fuel material may not, therefore,
have a net breeding gain. It is generally necessary to limit
the burnup to values less than that of which the material is
capable; with no internal breeding ratio, there will be
some limit on burnup established, determined by the change
in heat generation from a spent to a fresh fuel element.

The UC and PuC dispersed in gamma-stabilized uranium
matrix material was chosen because both these fuels combine
the advantages of cermets with the potential of a high inter-
nal breeding ratio. The PuC-U-15 w/o Mo cermet is the more
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desirable; the UC in U-15 w/o Mo was chosen because it was
felt that it could probably be developed sooner than the more
desirable PuC fuel element and it would be desirable to
test the cermet in existing fast reactors under operating
conditions before work on PuC would be undertaken. The
carbide, having a higher density and thermal conductivity than
the oxide, is the more advantageous ceramic compound to use.

The PuO2 -UO2 powder pins were chosen primarily be-
cause they offer very high burnup capabilities, and also
because they are a modification of the fuel elements which
are being studied and developed in the Fast Oxide Breeder
Program. The disadvantage of the powder pins is a low
density and the presence of oxygen. Oxygen increases the
proportion of lower energy neutrons in the spectrum; while
this reduces the critical mass due to an increase in the
(effective) capture cross-section of plutonium, the breeding
gain is reduced because more of the lower energy neutrons
are parasitically captured, and the fast fission factor
is less.

Although time did not permit work to be done on the
other fuel elements listed, a word about them is in order.
It is always desirable to make use of plutonium as the
fissionable material in a fast reactor. The neutron physics
properties of plutonium are even more favorable than those
of uranium-235, leading to a reduced critical mass and an
increased breeding ratio. It is also of interest to consider
a U-233 thorium cycle for a fast reactor. Thorium as a matrix
material in which ceramics are dispersed should be investi-
gated because of its increased strength at reactor operating
temperatures and reported superior irradiation stability.

The heterogeneous ceramic oxide pin was selected
as an interesting alternate to the mixed (homogeneous) oxide
pin. In this design, the fissionable oxide surrounds a core
of depleted oxide. It was felt that the burnup characteris-
tics of such a pin might be better because the heat source
would be nearer the coolant. Preliminary work, however, has
indicated that as the fuel is burned out, new fissionable
material is bred in the depleted core of the pin, and the
heat generating source moves away from the coolant, thus
vitiating the principles of the design. The slight increase
in burnup capability realized is not sufficient to offset
higher fabrication and reprocessing costs.

MAJOR GROUND RULES

For each combination of reactor size and fuel
element type, an infinite number of core designs could have
been calculated. Some of these would have been beyond the
bounds of practicality and would have extremely high costs.
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Reasonable bounds for the physical and economic variables
were specified at the beginning of the studies. As the
work progressed, it was necessary to make a. number of
additional (arbitrary) decisions to keep the number of
core designs to be studied compatible with the time
allowed for the studies. The principal ground rules which
guided the studies are set forth as follows:

MAJOR GROUND RULES

1. Reactor Plant

a. Capital cost fixed for Enrico Fermi; variable
for PFFBR.

b. Annual plant factor 80 per cent.

c. Fixed charges 14 per cent per annum.

2. Core Design

a. At 150 per cent of full power, no fuel shall
melt or sodium boil.

b. Maximum fuel burnup shall be limited to 55i6
of the heavy metal atoms initially present.
This arbitrary limitation has been required
to permit the analysis to be simplified so
it could be completed within the schedule
allowed. For large burnups of fissionable
material, the analysis is considerably more
complicated because of fission product
poison, reactivity, and fuel temperature
variations.

c. Seven per cent of core volume is used for con-
trol and safety rods which are out of the
core for the reactor conditions calculated.

d. No hot channel factors will be applied.

e. No orifice of the core (in order to lower
the central metal temperature) will be
permitted.

f. The core will be uniform (i.e., multi-region
reactor designs are excluded).

3. Fuel Cycle Costs

a. U-235 costs shall be calculated from AEC Price
Schedule dated January 5, 1955. The plutonium
price shall be either $8, $12 or $24 per
gram in plutonium fuel studies and shall be
fixed at $24 per gram in the uranium studies.
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The base price of Pu in Pu-fueled systems used
in determining optimum designs is $12/gm. The
price of U-233 will be set by the AEC price
list.

b. For plutonium fueled reactors, sell only
blanket plutonium.

c. Fuel material throughput calculated based on
monthly unloading schedule.

d. Fuel inventory charge - variable. Total inven-
tory to be determined from reprocessing flow
chart cycle time and core life calculated.

e. Two months supply of core fuel elements will be
held on hand in the plant to allow for
interruptions in supply.

f. In addition to paying use charges on the fuel
(in the above mentioned two months supply of
fuel elements), inventory charges must be
paid on the remaining portion of the cost of
the fuel elements (i.e., the fabrication
costs).

g. One month's supply of blanket elements will be
held on hand.

h. Depleted UF6 will be owned by user.

i User will not be charged use or inventory
charge on plutonium in blanket.

j. We will use initial enrichment in computing
"use charges" for uranium in the reactor and
in the process "pipeline."

k. Total cost of hardware, assembly, and axial
blanket rods will be $2000 for an Enrico
Fermi reactor size and $3000 for a PFFBR
reactor size.

1. Decay time for irradiated core fuels containing
U-235 and U-238 shall be set at 110 days.

m. Decay time for irradiated core fuels containing
plutonium only shall be set at 90 days.

n. Decay time for irradiated fuels containing
thorium shall be set at 250 days.

o. The uranium cycles shall be open. The plutonium
cycles shall be closed.
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4. Physics

a. All core calculations are made on the basis
of the average equilibrium burnup of fuel
material in the core. Burnup is generally
a function of radius.

b. Core characteristics for a specific design
are based on interpolated results. It is
not necessary to calculate each reactor
design separately.

c. A fixed radial blanket thickness of 18 inches
is being assumed for every reactor.

d. Radial and axial power distributions of alloy
and cermet fueled cores were compared for
different size cases. A general equation
fitting these distributions has been obtained
which gives about 10 per cent inaccuracy.

SOURCES OF INPUT DATA

1. Material Properties

The burnup to which each of the fuels can be
carried has been studied carefully. The absolute maximum
burnup for the fuels is not known. Where possible, there
has been established from irradiation data an expected
allowable burnup curve as a function of temperature. This
curve has been supplemented with pessimistic and optimistic
curves. The pessimistic curve indicates burnup values below
which no failures have been observed. The optimistic curves
represent the maximum that can be expected as a result of
improvements.

Where irradiation data has not been available,
assumed pessimistic and optimistic curves have been pre-
pared, and the nominal curve determined by considering the
realism of the assumptions.

The burnup curves used for these parametric
studies are given in the following Figs. 3 to 6, Pages 32
to 35. Full details concerning the curves are to be found
in Appendix A.

The necessary values for properties of materials
such as thermal conductivity, thermal expansion, density,
etc. have been taken from available literature. For the
thermal conductivity of UO2 , the effects of irradiation and
density have been taken into account in arriving at the
values used for the fuel element design. Table 2, Page
gives the values for the physical properties used in the
studies.
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2. Fuel Element Fabrication Costs

Fabrication cost estimates were prepared inde-
pendently by two commercial fuel fabricators who have had
previous experience in fabricating fuel materials similar
to those selected for these fast reactor parameter studies.
Each fabricator was supplied with fuel element specifica-
tions, annual production requirements and a set of ground
rules on which to base his estimates.

The fabrication costs which have been used for
these studies are generally averages of the two values
received from the fabricators. In some cases, the specific
dimensions for fuel elements used in the core designs
varied from those on which the estimates have been prepared.
Adjustments in the estimates have been required for these
cases. Table 3 gives the fabrication cost data used in the
studies. Appendix B contains a detailed discussion of
fabrication costs.

3. Reprocessing and Conversion Costs

Costs for reprocessing, chemical conversions and
shipping charges have been estimated for the various fuel
materials used in these studies. Where available, official
AEC prices have been used. For other required cost factors,
values have been estimated after consulting personnel from
AEC, chemical companies working in fuel preparation or other
groups constructing atomic power plants. The values used
are believed to be as realistic as possible.

Table 4, Page 38 and Figs. 7, 8, and 9, Pages
43 , 44 , 45 summarize the cost factors used in the
studies. Further details will be found in Appendix C.

Cost factors for other fuel materials (in prior-
ities 2 and 3 not studied) are given in Appendix C.

PARAMETERS VARIED

For each fuel material and fuel element geometry,
optimum (or near optimum) core designs were developed for
each reactor size and power studied. In addition to the
optimum designs, the effects of variations in significant
core design parameters have been determined. A basic
assumption was made for almost all of these cases: the power
plant has been built, whereupon a situation arises which
requires operation in a different manner, or at different
costs, than planned. For example, the fuel subassemblies
which have been fabricated and loaded into the reactor are
unable to reach the burnup assumed and must be removed from
the reactor earlier than expected. The effect of this on
the total power production costs is determined.

The specific parametric variations which have
been studied are shown in Table 5, Page 46.
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T ABLE 2

PHYSICAL PROPERTIES OF MATERIALS

Property Thorium Stainless Steel
U-10 w/o Mo

X Phase
U-15 w/o Mo

r Phase Uranium Oxide Uranium Carbide Plutonium Oxide (1)

Density, grams/cc

Theoretical

As-Cast

Arc-Melted

Sintered and Coined

Sintered Loose

Weight Uranium, grams/cc

Melting Point, F

Thermal Expansion

x 10 /F

Thermal Conductivity'
Btu/hr-ft F

WA
Cf

11.72

11.66

11.60 - U1,.8
11.62

11.20 - 11.35

3050 - 3225

(390 F) - 6.1
(1830 F) - 7.0

(200 F) - 23.2
(1200 F) - 27.8

8.0

2300

17.38

17.1

15.61

2065

(200 F) - 8.0 (390 F) - 7.3
(1700 F) - 10.6 (1000 F) - 9.2

(1300 F) - 9.9

(200 F) - 9.h
(950 F) - 12.I

(200 F) - 8.3
(1000F) - 16.bs

16.9

14.0

2100

(390 F) - 7.0
(1000 F) - 9.0
(1300 F) - 9.7

(200 F) - 7.5
(100 F) - 13.5

10.97

9.66

5000

(RT-750 F) 5.1
(750-1475) 6.0
(1475-2300) 7.2

13.63

12.6

12.97
12.0

4260

11.46

4170

(to 1830 F-.5 sintered (RT-750 F)--5.1
(390 F) 5.8 cast (750-1175)'6.0
(1740 F) 7.11 cast (1h75-2300)4.2

(200 F) - 5.1 (200 F) - 14.5(2)
(390 F) - 3.h (1000 F) - 13.5
(1475 F) - 2.2 (1355 F) - 14.7

(200 F) 4.1
(390 F>-3 .I
(930 F)--'2.7
(1475 F) --2.2

(1 Except for density and melting point, values are same as for I02.

(2)Values as high as 19.1 have been reported but are not considered accurate.



Table 3

Actual Fabrication Costs Used in Study

1. U-10 w/o Mo Alloy Pins Diameter (Inch)

0.216

$/Element

72.7

Enrico Fermi

PFFBR -2000

PFFBR- 3000

0.197

0.292

0.243

0.212

0.190

0.172

0.369

0.309

0.266

0.232

0.207

2. U-10 w/o Mo Alloy Plates

3. U02-Stainless Steel Plates

4. PuC-U-15 w/o Mo Plates

Fermi

PFFBR

5. PuO2-U02 Powder Pins

These costs reflect the adjustments made to estimates
Table IV - in Appendix B - because the specifications
from those on which the estimates have been made.

70.1

68.1

81.0

74,0

70.1

67.8

66.0

95.5

84.0

77.0

72.5

69.7

267.0

131.0

148.0

512.0

33.5

in
vary

37



Table 4

Reprocessing, Conversion, Loss and Related Cost
Factors Used in the Studies

URANIUM FUELS

f ,f - value of UF6 (depleted and enriched)

CS1- cost of shipping UF6 to conversion plant

tsl- time required to ship UF6 to conversion
plant

C - cost of conversion of UF to fuel material
1 enriched UF6 to U meta

enriched UF6 to U02

AEC price list

$0.05/$100 value

7 days

Fig. 7, Page 43.

1.2 times Figure

L1- % loss in conversion of UF6 to fuel material 0.5% UF6 to U

0,85% UF6 to U02

L - % scrap in conversion of UF to fuel
1S material 6

Al- throughput rate in conversion plant

t 1- time required for conversion

CS2- cost to ship fuel material to fabricator

0.5% UF6 to U

1.7% UF6 to U02
UF6 to U: Fig. 8,

Page 44.

UF6 toU kg

UF6 to U02

30 kg/day

metal: $5.50/kg

tS2- time required to ship fuel material to
fabricator

k- cost of subassembly hardware and assembly

fully enriched

UO2 - $7.90/kg

7 days

$2000 (Fermi)

$3000 (PFFBR)

L2- % loss in fabrication U-10 w/o Mo pins
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L2S

t2

L

d

Fermi U-10 w/o Mo plates

Fermi UO2-SS plates

PFFBR U02-SS plates

- % scrap in fabrication U-10 w/o Mo pins

Fermi U-10 w/o Mo plates

Fermi UO2-SS plates

PFFBR UO2-SS plates

- time required to fabricate

% loss in scrap recovery

- cost of scrap recovery

Cs3 - cost -required to ship subassembly to
reactor

ts3 - time required to ship subassembly to
reactor

tD - decay time for spent fuel

CS4 - cost to ship spent fuel to reprocessing
plant

ts4 - time required to ship spent fuel to
reprocessing plant

C4 - cost of reprocessing

A4 - throughput rate in reprocessing plant

L4 - % loss in reprocessing

t4 - time (for inventory purposes) for
reprocessing

C5 - cost to convert UNH to UF6

L5 - % loss in conversion of UNH to UF6

A5 - throughput rate converting UNH to UF6

0.9%

1.0%

0.8%

0

17%

17%

18%

30 days

1%

6% of recovered
value

$62/subassembly

7 days

110 days

$1000/subassembly

20 days

$15,300/day
f 3 days

for turnaround

Fig. 9, Page 45.

1%

+ 30 days

$32/kg

0.3%

150 kg/day
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t5 - time (for inventory purposes) for
converting UNH to UF6

C7 - cost of converting Pu nitrate to metal

L6 - % loss of Pu in reprocessing

L7 - % loss of Pu in converting to metal

A + 5 days

$1500/kg

1%

1%

PLUTONIUM FUELS

C1  - cost of converting Pu nitrate to PuC $600/kg

PuO2-UO2 $500/kg

L - % loss in converting Pu nitrate to PuC 0.5%

PuO2-UO2 0.3%

L - % scrap in converting Pu nitrate to PuC 1%

PuO -UO 1%
2 2

t - time to convert Pu nitrate to fuel materials
1 A1

A1  - throughput rate in conversion plant 10 kg/day

CS2 - cost to ship Pu fuel material to fabricator $5.50/kg

tS2 - time required to ship Pu fuel material to
fabricator 7 days

k - cost of subassembly hardware and assembly $3000/subi

L2 - % loss in fabrication PuC-U-15 w/o Mo
plates 0.7%

asm.

PuO2-UO2 pins

L - % scrap in fabrication PuC-U-15 w/o Mo
2S plates

PuO2-UO pins

t2 - time required to fabricate

Ls - % loss in scrap recovery

d - cost of scrap recovery

CS - cost to ship subassemblies to reactor
3 plant

0.7%

35%

5.4%

30 days

1%

10% of recovered
value

$62/subasm.
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t - time to ship subassemblies to reactor
S3 plant

tD - decay time for spent fuel

CS4 - cost to ship spent fuel to reprocessing
plant

t - time to ship spent fuel to reprocessing
plant

C4 - cost to reprocess fuel

A4

L4

t 4

C7

L7

- throughput rate in reprocessing

- % loss of plutonium in reprocessing

- time required (for inventory purposes)
to reprocess

- cost to convert Pu nitrate to Pu metal

- % loss converting Pu nitrate to Pu metal

7 days

90 days

$1000/subasm.

20 days

$15,300/day + 3
days turnaround

31 kg/day

1%

A + 30 days

$1500/kg

1%

BLANKET

fd - cost of depleted UF6

CSlaCSlb - cost to ship depleted UF6 to
conversion plant

C C - cost to convert depleted UF to
la' lb fertile material 6

Lla,Llb - % loss in conversion

CS2a C - cost to ship fertile material to
S2b fabricator

C b - cost to fabricate radial blanket
2b subassemblies

L2aL2b - % loss in fabrication

$5/kg

$.25/kg

$4.30/kg UF6 to U

$5.16/kg UF6 to UO2

9%

$5.50/kg

$2000/subasm.
(Fermi)

$3000/subasm.
(PFFBR)

21%
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C - cost to ship subassemblies to
Sib reactor plant

CS2a,CS4b - cost to ship to reprocessing plant
axial blkt.

radial blkt.

C4b - cost to reprocess blanket material

A4b - throughput rate in reprocessing

$62/subasm.

$115/subasm.

$500/subasm.

$15,300/day +
turnaround charge

1000 kg/day
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CORRELATION BASED ON DIMENSIONLESS

GROUPS FOR NON-WETTED CONDITION

Actual observation of the flow pattern, and the statistical

findings obtained and described in the preceding chapter enables one

to choose physical quantities which are regarded to be important in

understanding the basic flow behavior. From such an effort,

correlations using dimensionless groups nave been developed. The

existing Southern Research Institute data as well as the data obtained

in the preliminary experiments were both used for the work.

Modified Reynolds number in the orifice, which could be more properly

called "In-orifice" modified Reynolds number, and the effluent paste

density, i.e., the ratio of solid-to-total flow rate, are the dimen-

sionless groups finally chosen to give a satisfactory interpretation

of the result. The correlation obtained is to be coupled with the

Happel type moving bed correlation and should give the relations

among the physical quantities associated with the present problem

including the absolute particle flow rate, provided the orifice end

is not wetted.

The latter condition, i.e., non-wetted orifice condition,

restricts the applicability of the correlation obtained here, though

it was later discovered that the correlation obtained for wetted

orifice condition is of similar type to the present one and thus the

present study should be well regarded as a preliminary part of the

overall work.
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Table 5

Parametric Variations

A. PARAMETRIC VARIATIONS REQUIRING ECONOMIC CALCULATIONS

1. Effect on the total power cost of the price of
plutonium.

2. Effect on the total power cost of the inventory charge.

3. Effect on the total power cost due to the variation in
the fabrication cost of subassemblies.

4. Effect on the total power cost of the cost to reprocess
the fuel.

5. Effect on the total power cost of the out-of-pile
decay time required.

B. PARAMETRIC VARIATIONS REQUIRING DESIGN AND/OR PHYSICS
CALCULATIONS

1. Effect on the total power cost of changing the number
of subassemblies.

2. Effect on the total power cost of changing the power
of the reactor.

3. Effect on the total power cost of burnup of the fuel.

4. Effect on the total power cost of the available

pressure drop across the reactor.

5. Changes in the number of pins per subassembly.

6. Changes in outlet temperature at constant inlet

temperature.

7. Changes in inlet temperature at constant outlet
temperature.
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III. RESULTS

Parametric studies were completed for the eleven
combinations of fast reactors and fuel systems listed in
Table 6, Page 48. Four different fuel materials were
studied for use in one or both of two fast reactor power
plants which are representative of present fast reactor
technology. For each of the eleven, an optimum, or near
optimum, design was determined using minimum total power
production cost as the criterion for optimization. The
effect on the total power cost of changing each of several
core design and economic parameters was also determined.

The total power cost includes fixed charges on the
plant investment and on the cost of fabricating the initial
core and blanket subassemblies required, operation and main-
tenance costs, and fuel cycle costs. The fuel cycle costs
include core material conversion and fabrication costs, spent
fuel reprocessing costs, charges for burnup and losses of
fissionable material, inventory charges on the core, blanket
fabrication and reprocessing costs, and net plutonium
revenues. These components of the fuel cycle costs were
calculated separately. All results were tabulated and in-
cluded in Appendix F.

The four fuel materials which were studied repre-
sent a wide range of types applicable to fast power reactors.
The characteristics of the reactors to which the four fuels
were fitted were held constant, thus permitting direct com-
parison of the economic potential of each fuel system.
However, the methods used for optimizing the designs depended
on the factors which determine the burnup limitations of each
fuel material.

The results of the optimum designs which were
developed for the eleven fuel systems studied are presented
first, followed by the results of varying fuel and reactor
parameters, and, finally, some general comments.

A. Results of Reference Cases (Near Optimums)

The data in Table 7 was obtained from the marked base
cases in Tables F-2 through F-ll in Appendix F.
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Table 6

Fuel Systems & Reactors Studied

Fuel Materials

U-10 w/o Mo alloy

U-10 w/o Mo alloy

U-10 w/o Mo alloy

U-10 w/o Mo alloy

U02 -stainless steel

U02 -stainless steel

U02 -stainless steel

PuC-U-15 w/o Mo alloy

PuC-U-15 w/o Mo alloy

Pu02 -UO2 powder

Pu0 2 -U0 2 powder

Fuel Element Geometry

pins

plates

pins

pins

plates

plates

plates

plates

plates

pins

pins

Reactor Design & Volume

Fermi - 800 liters

Fermi - 800 liters

PFFBR - 2000 liters

PFFBR - 3000 liters

Fermi - 800 liters

PFFBR - 2000 liters

PFFBR - 3000 liters

PFFBR - 2000 liters

PFFBR - 3000 liters

PFFBR - 3000 liters

PFFBR - 2760 liters

Case

1

2

3

4

5

6

7

8

9

10

11



1. Uranium-lO w/o Molybdenum Alloy Fuel Systems (Cases 1-4)

The uranium-lO w/o molybdenum alloy is typical of
fast reactor fuel systems for which the burnup is limited to
low values by irradiation damage. The damage produced by
irradiation is swelling, cracking or distortion of the fuel
elements. For the designs considered in these parametric
studies, radiation damage, particularly swelling, reduces the
coolant flow area and could eventually lead to fuel meltdown
if the fuel element were not removed from the reactor.

The permissible burnup of the alloy is a sensitive
function of the fuel central temperature (refer to Fig. 3,
Page 32 ). Even at the maximum permissible burnup, which
occurs for temperatures below 1025 F, only a small fraction
of the fissionable material in the fuel is consumed before
removal of the fuel from the core is required. Consequently
fuel must be fabricated and reprocessed many times before
all the heat energy in a given amount of fissionable material
can be extracted. This analysis indicated that optimization
should be sought by minimizing the number (volume) of the
fuel elements to be fabricated (reprocessed) per mega-watt
year. Whether to minimize the volume of fuel depends on the
cost of fabrication relative to the cost of reprocessing.

Experience with the design and cost estimation of
the Enrico Fermi Atomic Power Plant has shown that the fixed
charges on the plant investment account for about half of
the total power production cost. For these parametric
studies, in which the plant investment for the Enrico Fermi
design has been assumed to be a constant, the fixed charges
can be reduced simply by designing for the maximum power
rating of the plant, 430 Mw heat. On the assumption that
10 per cent of the total power would be generated in the
blanket, the core heat transfer analysis was carried out for
a core power of 387 Mw. Actual calculations of power
distribution have shown that less power is generated in the
blanket for the designs worked out. Rather than adjust the
core power, it was easier to reduce the total power to
obtain the correct power distribution. For optimizing the
Enrico Fermi-size reactor using alloy fuel, a total power
of 413 Mw heat has resulted.

To remove 387 Mw of core heat has required setting
both the coolant flow rate and the average coolant temperature
rise through the reactor at the maximum values permitted by
the reactor design. The lower limit for the coolant inlet
temperature in the Fermi design has been set at 550 F, and
with the maximum average coolant rise of 300 F, the coolant
outlet becomes 850 F. To keep the maximum fuel central
temperature as near as possible to 1025 F so that the
maximum permissible burnup can be achieved, the maximum core
volume was used; the optimum design has 130 subassemblies
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and a core height of 48 inches. In other words, the power
density was deliberately set as low as possible to ease the
heat transfer problem and lower the operating temperature
of the fuel. From the reactor physics-economics viewpoint,
it is desirable to have the largest possible fuel volume
fraction (U-235 + U-238) in the core. By reference to the
curves (Figs. E-1 to E-5 in Appendix E), it can be seen that
increasing the fuel volume fraction decreases the ratio of
capture to fission in the fissionable material, increases
the fast fission effect in U-238 and increases both the
internal (core) and total breeding ratio. While the critical
mass increases with increasing fuel volume fraction, the
required enrichment of the fuel decreases slightly; for a
constant total atom per cent burnup, the fraction of the
fissionable material consumed per cycle increases with
decreasing enrichment.

For a given power per subassembly, the temperature
distribution within the fuel rods is dependent only on the
total length of fuel rod and independent of the diameter.
Since the volume fraction of fuel increases as the square of
the pin diameter, the maximum pin diameter for a given number
of pins per subassembly, which is compatible with the maximum
core pressure drop (75 psi) was selected.

By reference to equations (5) and (7) in the
Appendix D, Page 172, it can be seen that the design decisions
which were made tend co reduce the fuel central temperature,
the power per foot of length of core element, qoo, has been
minimized and the coolant flow rate, w, has been maximized.

The heat transfer analysis was carried out to
determine the optimum number of pins per subassembly. The
square subassembly can geometry and the square pitch of the
pin spacing require that the number of pins per subassembly
be the square of an integer. Under the conditions already
selected, the maximum fuel central temperature is inversely
determined by the number of pins per subassembly; that is,
the central temperature decreases as the number of pins
increases. The no fuel melting condition determines the
minimum number possible. Since the permissible burnup
remains constant for all temperatures below 1025 F, there is
no economic incentive to increase the number of pins beyond
the number for which the maximum fuel central temperature
becomes 1025 F. Between these two limits, it is not obvious
where the economic optimum will be found, and a complete
economic evaluation has to be carried out. Cases for 100,
121 and 144 pins per subassembly were analyzed, the total
power cost determining that 144 pins per subassembly is the
optimum. The results for the optimum are given in column
1 of Table 7, Page 51. The comparison of the 100, 121 and
144 pin designs can be found in Tables F-2 (Design) and F-2
(Economics) in Appendix F. It will be noted that the volume
fraction of fuel in the core changes only very slightly as
the number of pins per subassembly is changed.
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Table 7

Uranium-lO w/o Molybdenum Alloy Fuel Systems - Results of Optimization

All numbers shown are mills/kwhr

1 2 3 4
Fermi Fermi PFFBR-2000 PFFBR-3000
Pins Plates Pins Pins

Fixed Charges on
Plant 8.77 8.76 5.56 5.58

Initial Core
Fabrication .34 .27 .38 .58

Initial Blanket
Fabrication .19 .22 .11 .15

Total Fixed
Charges 9.30 9.25 6.05 6.31

Operation and
Maintenance 1.08 1.08 0.57 0.57

Fuel Cycle Costs 5.12 4.68 3.81 3.40

UF6 - Fabrication 2.90 2.15 2.54 2.03

Scrap Recovery 0.005 0.19 0.004 0.003

Reprocessing 1.32 1.32 0.93 0.88

Burnup and Losses 2.31 2.18 2.13 2.01

Inventory 4% .99 1.20 0.94 1.24

Radial Blanket
Fabriation 0.21 0.25 0.09 0.06

Axial Blanket
Fabrication 0.02 0.03 0.01 0.01

Blanket
Reprocessing 0.76 0.75 0.38 0.36

Plutonium Revenue -3.40 -3.39 -3.21 -3.19

Total Power
Production Cost 15.50 15.01 10.43 10.28
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Table 7

U02 -Stainless Steel Plate Fuel Systems - Results of Optimization

All numbers shown are mills/kwhr

Fixed Charges on Plant

Initial Core Fabrication

Initial Blanket
Fabrication

Total Fixed Charges

Operation and Maintenance

Fuel Cycle Costs

UF6 - Fabrication

Scrap Recovery

Reprocessing

Burnup and Losses

Inventory 4%

Radial Blanket
Fabrication

Axial Blanket
Fabrication

Blanket Reprocessing

Plutonium Revenue

Total Power
Production Cost

5
Fermi

8.30

.12

.18

8.60

1.02

3.34

0.47

0.08

0.73

2.82

0.71

0.39

0.01

0.78

-2.65

6
PFFBR-2000

5.45

.09

.10

7
PFFBR-3000

5 .45

0.12

0.12

5.64

0.54

3.76

0.84

0.14

0.57

2.93

0.71

0.18

0.02

0.42

-2.05

12.96

5.69

0.54

6.29

1.90

0.26

0.95

3.30

1.08

0.17

0.04

0.46

-1.87

9.94 12.52
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Table 7

PuC-U-15 w/o Mo Plate Fuel Systems - Results of Optimization

All numbers shown are mills/kwhr

8 9
PFFBR-2000 PFFBR-3000

Fixed Charges on Plant 5.53 5.56

Initial Core Fabrication 0.30 0.44

Initial Blanket Fabrication 0.10 0.13

Total Fixed Charges 5.93 6.13

Operation and Maintenance 0.56 0.57

Fuel Cycle Costs 3.36 3.73

UF6 - Fabrication 0.63 0.51

Scrap Recovery 0.20 0.16

Reprocessing 0.49 0.48

Burnup and Losses - -

Inventory 120 2.25 2.88

Radial Blanket Fabrication 0.10 0.07

Axial Blanket Fabrication 0.005 0.003

Blanket Reprocessing 0.37 0.37

Plutonium Revenue -0.69 -0.74

Total Power Production Cost 9.85 10.43
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Table 7

Pu02 - UO2 Pin Fuel Systems - Results of Optimization

All numbers shown are mills/kwhr

10 11
PFFBR-3000 PFFBR-2760

Fixed Charges on Plant 5.41 5.41

Initial Core Fabrication 0.20 0.21

Initial Blanket Fabrication 0.12 0.11

Total Fixed Charges 5.73 5.73

Operation and Maintenance 0.53 0.53

Fuel Cycle Costs 2.87 2.84

UF6 - Fabrication 0.36 0.35

Scrap Recovery 0.02 0.02

Reprocessing 0.44 0.42

Burnup and Losses - -

Inventory 12% 1.95 1.86

Radial Blanket Fabrication 0.15 0.15

Axial Blanket Fabrication 0.004 0.004

Blanket Reprocessing 0.38 0.38

Plutonium Revenue -0.43 -0.34

Total Power Production Cost 9.13 9.10

54



Plates fabricated from the alloy have also been
studied for use in an Enrico Fermi-size reactor. The design
approach to the optimum has been essentially the same as
that discussed above for alloy pins. However, in contrast to
pins, the central fuel temperature has a strong dependence on
the plate thickness as well as on the number of plates per
subassembly. For a given average coolant temperature rise and
reactor power, it has been determined that it is more economi-
cal to increase the number of plates and take the maximum
permissible plate thickness compatible with the core pressure
drop rather than to keep the number fixed and decrease the
thickness.

The heat transfer analysis was carried out for 10,
15 and 20 plates per subassembly, the minimum total power cost
being found for the 15-plate design. However, 15 plates per
subassembly may not be the real optimum for the alloy plate
fuel system, although it 1s probably close to the optimum.
The volume fraction of fuel increases as the number of plates
per subassembly decreases. Consequently, if the burnup can
be maintained close to 1.5 a/o, the optimum may result from
fewer than 15 plates, due to the advantages, previously cited,
of increasing fuel volume fraction. Nevertheless, for the
purposes of this study, the 15-plate design has been reported
as the optimum. The results are shown in column 2 of Table
7, Page 51. The results for the 10-, 15-, and 20-plate
designs can be found in Tabes F-5 (Design) and F-5 (Economics),
in Appendix F.

It will be noted from these tables that as the
volume fraction of fuel in the core decreases, a larger por-
tion of the total power is generated in the blanket due to
neutron and gamma leakage; the ratio of core power to total
power decreases. The parametric studies have not treated the
blanket in any detail. Consequently it is difficult to
determine what effect increasing blanket power has on the
total power cost. It would appear that the blanket cycle
costs increase as blanket power increases. This is probably
caused by achieving the permissible burnup in the blanket in
a shorter time, thereby increasing the number of blanket sub-
assemblies which have to be fabricated and reprocessed per
unit time.

The economic advantage of plates over pins is not
pronounced even though the cost of fabricating subassemblies
is cheaper with plates than with pins. For this reason and
since pin fabrication is a proven operation, only pins were
studied for the alloy in the larger PFFBR-size reactor power
plant.

For the PFFBR-size reactor power plant, the invest-
ment in the plant was assumed to vary with plant power.
From the curve of $/kw vs. plant power Fig. 1, Page 22, it
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can be seen that there is a definite advantage to design for
the maximum power rating of the plant, 800 Mw heat; the fixed
charges are directly proportional to the $/kw. Hence, in
seeking the optimum design, the maximum core power selected
was 720 Mw. The maximum coolant flow rate was selected to
make the average coolant temperature rise as small as possible.
For the maximum coolant flow rate, and for the minimum
permissible coolant inlet temperature, the coolant outlet was
calculated to be 900 F. This is 50 F above the outlet temper-
ature achieved in the Enrico Fermi design alloy pin study;
and consequently from the start, it was clear that the heat
transfer problems would be more difficult to resolve to
achieve the maximum burnup. While the largest volume could
be selected (3000 liters), the decreased power density could
result in such an increase in fuel inventory charges that the
economic gains in the fuel cycle due to increased burnup
would be offset. Hence, both 2000 and 3000 liter cores were
selected for study.

The approach to the optimum design was carried out
in the same manner as the discussed for the Enrico Fermi-size
reactor. The optimum number of pins per subassembly, of the
maximum diameter comparible with the core pressure drop
restriction, was determined. Hexagonal subassembly cans
were used, with pins spaced on a triangular pitch. The cases
studied have 127, 169, 217, 271 and 331 pins per subassembly.
In neither the 2000 or 3000 liter case was it feasible to
obtain the maximum average burnup of 1.5 a/o. The fabrication
cost has reached a minimum for 217 and 271 pins, and has
increased for 331 pins in the 2000 liter reactor. For the
3000 liter case, the fabrication cost increases for 271 pins
compared to 217 pins. After 331 pins, the next number of
pins possible for the geometry would be 397. It was reasoned
that the fabrication costs would increase more than the other
fuel cycle costs would be decreased by a slight improvement in
burnup. The optimum results for the PFFBR reactors are given
in columns 3 and 4 of Table 7, Page 51. The results for the
other cases studied are to be found in Tabes F-3 (Design),
F-3 (Economics), F-4 (Design) and F-4 (Economics) in Appendix
F.

It will be observed that the inventory charges are
higher for the 3000 liter core than for the 2000 liter core.
This is a direct result of the decrease in power density and
specific power (kw/kg), since the critical mass increases as
the core volume increases. It is possible that the minimum
power cost for the alloy pins may be found for a reactor size
between 2000 and 3000 liters.

2. Uranium Dioxide in Stainless Steel Fuel Systems
Cases 5-7)

Plate-type fuel elements fabricated from UO2 par-
ticles dispersed in stainless steel have been used in some
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thermal reactors. Techniques for fabrication have been devel-
oped and fabrication costs are relatively well known. The
cermet has been found to have excellent irradiation stability.
Use of such fuel elements in a fast power reactor is based on
achieving improved burnup as compared to the U-10 w/o Mo
alloy, and this is expected to reduce the fuel cycle costs.
The elements contain essentially no U-238, the U0 2 being fully
enriched in U-235. As a result, there is no internal breeding,
and all plutonium revenue has to be produced by the blanket.
In these studies, the reactors were breeders; the blanket
conversion ratio was less than 1.0 for all cases studied.

The core design analysis was to take into account
the ground rule burnup limitations which were imposed on these
studies: (1) at 150 per cent of design power, no sodium shall
boil, nor fuel melt, and (2) the maximum depletion of heavy
metal atoms shall be 55 per cent. This latter limitation has
been arbitrarily imposed on the studies for the reasons given in
Section 2.b on page 28 . The first limitation was assumed as
a safety rule. Where there is no internal core breeding, the
power generation decreases as the fissionable material is
consumed. When a fresh subassembly is inserted in an equilib -
rium (partially depleted) core, the power generation in that
subassembly will be much higher than that of the spent sub-
assembly it has replaced. The coolant and fuel temperatures
have been calculated for the equilibrium condition; consequently,
the temperatures will be higher for the fresh subassembly and
sodium could boil or fuel could melt if a fresh subassembly and
150 per cent overload occurred simultaneously. There has to be
some limit on the ratio PF/PE where PF is the power generation
in a fresh subassembly and PE is the power generation in a
partially depleted core. The no-boiling and no-melting
conditions had to be checked for the central (hottest) zone
in the core. For all but one of the cases studied (that one
being the pessimistic burnup curve), the equilibrium burnup
permitted by the no-boiling condition, and hence the average
burnup at removal time, falls below the burnup-temperature
curve predicated on the basis of irradiation damage. This
simply means that everywhere in the reactor, fuel must be
removed for safety reasons long before it has reached the
burnups of which it is capable. There is, thus, no economic
incentive for increasing the number of plates per subassembly
and decreasing their thickness to reduce fuel temperatures.
The optimum number of plates per subassembly is the minimum
number which satisfies the no-melting condition.

From the preceding discussion, it is clear that only
one reference case need be analyzed to find the optimum. For
the Enrico Fermi-size reactor, the no-melting condition was
found to be satisfied for 12 plates per subassembly. To re-
duce fixed charges, the reactor power was again set at its
maximum value, which required using the maximum coolant flow
rate to keep the average coolant temperature rise within the

57



maximum value permitted by the reactor plant design.
(Actually, the maximum coolant flow rate would be selected
to keep the average coolant temperature rise to a minimum to
ease the no-boiling limitation; however, for the maximum
power output, the minimum rise is the maximum permitted.)
The maximum core volume (130 subassemblies and 248-inch core
height) was selected, but it is by no means evident that
this choice has produced the minimum total power cost possible
for a U02-stainless steel cermet loading in a Fermisize reactor.
For one thing, the fuel inventory increases as the power density
decreases. For another, as the core radius, and hence the core
volume, increases, the ratio of maximum to average power
increases. Since the no-boiling condition has to be checked
for the central or hottest zone, accepting a higher value for
the maximum to average power results in a lower permissible
PF/PE ratio and a lower burnup which depends on PF/PE (see
equation 22, Page 190 in Appendix D. On the other hand,
the minimum number of plates per subassembly, for which the
no-melting condition is satisfied, decreases as the core
volume is increased. If the number of subassemblies is
decreased to bring about a smaller core volume, the number of
plates per subassembly has to be increased to satisfy the no-
melting condition, and the cost of fabrication may increase,
in spite of achieving higher burnup. The decision to carry
out the studies on the maximum core volume was made primarily
so that a direct comparison of the cermet vs the uranium
alloy (which required the maximum volume) was possible.

The same condition was applied to the PFFBR reactor
design. The cermet studies were made on the 2000 and 3000
liter designs selected for the alloy. The peaking of the
radial power distribution is even more pronounced in these
reactors. As a consequence when the central zone is designed
for the no-melting, no-boiling condition, the outer zones
tend to "loaf" more and more. It will be observed that the
average burnup falls from 13 x 1020 fission 8per cc in the
Enrico Fermi 800 liter reactor to 3.7 x1p2  fissions per cc
in the 2000 liter PFFBR, and to 1.39 x 10'0 fissions per cc
for the 3000 liter PFFBR. The results are given in Tables F-6
(Design), F-6 (Economics), F-7 (Design), F-7 (Economics),
F-8 (Design) and F-8 (Economics) in Appendix F. It was
decided early in the study not to allow any fuel shuffling,
since this would require more analysis time than was avail-
able. Consequently the low burnup obtained for the PFFBR
design probably could be substantially increased if fuel
shuffling were permitted.

The U02 -stainless steel results (which were obtained
under the set of conditions assumed) are given in columns 5,
6, and 7 in Table 7, Page 32. The fuel cycle costs increase
as the core volume was increased, which clearly shows the
influence of the power peaking.
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3. Plutonium Carbide in Uranium-15 w/o Mo Alloy Matrix
Fuel Systems (Cases 8-9)

A cermet of plutonium carbide particles dispersed in
a gamma stabilized uranium metal alloy matrix was studied as
a fuel material in the PFFBR-size reactors. This cermet has
the advantage over the U02 -stainless steel cermet of a high
internal (core) breeding ratio. For the designs studied, the
internal breeding ratio actually exceeds 1.0; and as a result,
the spent fuel contains more fissionable material than fresh
fuel. The power generation increases as the residence time
of the fuel in the reactor increases. Therefore, the no-boiling
condition has to be checked for spent fuel conditions. In no
case has the increasing power generation and resulting increas-
ing temperatures led to coolant boiling. The burnup limitation
is determined solely by irradiation damage.

The core design analysis was, therefore, carried out
in exactly the same manner as for the uranium metal alloy to
determine the optimum number of plates per subassembly.

Again, both the 2000 and 3000 liter PFFBR reactors
were studied, each with the maximum core power. The heat
transfer analyses were carried out for 10, 13, 17, 20 and 25
plates per subassembly. The 10-plate design was eliminated
because of a melting condition; the 13-plate design was
eliminated because the average burnup achieved was calculated
to be much lower than for the 17-plate design. From the
economic analyses, it was found that the 17-plate design gives
the minimum costs for both reactor sizes. The optimum results
are given in columns 8 and 9 of Table 7, Page 53. As was
found previously, the 3000 liter size reactor has a higher
cost than the 2000 liter size, the lower power density result-
ing in increased fuel inventory charges which offset lower
costs for fabrication, reprocessing and burnup. The results
are given in Tables F-9 (Design), F-9 (Economic), F-l0
(Design) and F-l0 (Economic) in Appendix F.

4. Mixed Plutonium-Uranium Oxide Powder Fuel Systems
(Cases 10-11)

The PuO2-UO2 fuel system received attention for fast
reactors because it is felt that all of the irradiation damage
experienced by the fuel can be accommodated. For these
studies, the fuel element was chosen in the form of Pu02 -UO2
powder packed to 65 per cent theoretical density into stain-
less steel tubes. There are two limitations on the burnup
for this fuel system which result from (1) the maximum
permissible stress created by the fission gas pressure on the
clad and (2) the no-boiling safety rule. The first depends
on the clad thickness and on the clad hottest spot temperature;
the second depends on fissionable material depletion, since the
internal breeding ratio, although relatively high, does not
exceed 1.0.
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It was assumed that 100 per cent of the rare gases
created in fission are released from the oxide powder. This
assumption compensates for neglecting fission products which
may volatilize at the operating fuel temperatures. It was
further assumed that the porosity of the powder in the tubes
permits the rare gases to distribute uniformly over the tube.
The gas pressure on the clad was, therefore, calculated on the
basis of the available volume and of the average fuel temper-
ature in the pins, and on the total quantity of gas produced.
The subassembly is removed from the reactor when the gas
pressure produces the maximum permissible stress on the clad
at the cladding hot spot (i.e., the upper end of the element).
The maximum permissible stress was taken as the 10,000 hour
1 per cent creep strength for 347 type stainless steel. Under
such conditions, the cladding stress does not exceed the 0.2
per cent yield point of the cladding material at 150 per cent
of design power. Generally, at the core periphery where the
temperatures are lower, and the creep strength of the clad
is higher, it was necessary to limit the burnup in accordance
with the ground rule that the burnup shall not exceed 55 per
cent of the heavy element atoms initially present.

It should always be possible to increase the capa-
bility of the stainless steel tube to contain the fission
gases simply by increasing the clad thickness. However, as
the clad thickness increases relative to the external tube
diameter, the volume fraction of clad in the core increases.
The presence of oxygen in the core does have some moderating
effect on the neutron energy level; there is a higher fraction
of lower energy neutrons in the core than when oxygen is not
present which increases all absorption cross-sections.
Parasitic captures in the stainless steel increase as the clad
thickness to tube diameter ratio increases, and there is a
drop in the breeding ratio. Consequently, it is expected that
there will be some clad thickness ratio which produces an
economic optimum design.

It was also found that the no-coolant boiling
limitation significantly affects the burnup (or its equivalent
the clad thickness ratio). Since the local power in the hot-
test subassembly is a maximum at the time of its insertion
in the core, the coolant boiling analysis has to be carried
out for the initial conditions of core power, volume and AT.

The minimum number of pins (of a given clad thick-
ness to external diameter ratio) per subassembly has been
determined by calculating the maximum fuel temperature reached
and requiring it to be just less than the fuel melting point
for the design power at the equilibrium condition. At the
time of insertion, the fuel will melt in the center of the
tube. Densification of the fuel results and fuel temperatures
decrease (fuel moves closer to the coolant). Since melting is
quite limited in position and in time and occurs when no
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fission gases have been generated, it was assumed that melting
does not present a serious problem and can be tolerated. It
is recognized that the use of this fuel in a fast reactor
would entail a very large safety test program. Figures 10, 11,
Pages 62, 63, were prepared to show the interrelation of
the many factors which were considered for optimizing the
PuO2-U02 fuel system.

The optimum results for the two reactor sizes
selected for the study are given in columns 10 and 11 in
Table 7, Page 54. The results of the other cases considered
are given in Tables F-'ll (Design) and F-ll (Economics) in
Appendix F. These show that there is a wide range of the clad
thickness ratio (burnup) for which fuel cycle costs are
nearly identical.
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RESULT OF CORRELATION EXPERIMENTS

The result of the experiments for wetted orifice conditions

showed that the general tendency observed under the condition is quite

similar to the one observed under the non-wetted orifice conditions. The

critical values of in-orifice modified Reynolds number as well as the

constant plateau value differ only slightly. The surface tension effect

which differentiates the one case from the other is believed responsible

for these slight differences.

General Tendency of Flow Data

as the In-Orifice Modified

Reynolds Number Increases

Whenever the particle diameter becomes small, the value of Reo

tends to stay small and laminar orifice flow is easily realized. A set

of such flows is shown in Fig. 19. Thel value decreases gradually as

the flow rate is increased until a critical flow rate is reached, beyond

that point the values tend to stay constant for quite a wide flow rate

region. As defined previously for a non-wetted orifice, the plateau region

is thus attained. As particle sizes as well as flow rates are further

increased, the flow goes through the plateau region (Fig. 20) until a

second critical in-orifice modified Reynolds number is reached. From that

point on, the value drops as the Reo is further increased. (Fig. 21).

The lowest value attained in the experiment was around 0.41 or 41 per

cent corresponding to Re0 of about 15, but it is believed that 7 would

decrease still further if more pressure were applied across the bed.
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B. Results of Parametric Variations

The effect on the total power production cost of
variations in each of several core design and economic
parameters was investigated for all eleven fuel systems
studied. The parameters which were varied were stated
previously (Table 5, Page 46). The assumption was generally
made that the reactor plant has been constructed and the fuel
and blanket subassemblies delivered, whereupon a situation
developed which required operating the reactor in a different
manner, or at different costs, than was planned.

Because of limitations on the time available for the
studies, it was necessary in a few cases to make an "educated
guess" as to which of the reference designs being evaluated
would produce the minimum power cost, and to carry out the
parameter variations on that design. This has resulted, for
the Enrico Fermi alloy pin design and for the PFFBR 2000
liter alloy pin design, in studying the effect of various
parameters on designs which later proved not to be optimums.
However, this has not affected the value of the parameter
studies and has not changed any conclusions which have been
reached.

1. Variation of Economic Parameters (See Figures 12
to 21, Pages 64 to 73. )

The results of varying each of four economic para-
meters are presented in a series of graphs prepared from the
tabulated data in Appendix F. In making the studies, one
parameter at a time was varied, keeping all other factors in
the economic equations constant. In effect, the graphs
represent the partial derivative of the total power cost with
respect to some parameter. The slope of the line indicates
the importance of the parameter on the total power cost.
Direct comparisons of slopes were made possible by arranging
the abscissa units for each graph to cover the same propor-
tional change in the parameter.

The results for the uranium fuel systems show that
the value per gram of bred plutonium influences the total
power costs to a greater extent than any other economic factor.
For the U-10 w/o Mo alloy systems, for example, a 100%
reduction in plutonium value (from $24 to $12 per gram)
increases the total power costs by approximately 1.8 mills/
kwhr. Increasing fabrication costs per element, daily
reprocessing charge and decay time by 100% over the nominal
values assumed increased the total power costs by approxi-
mately 1.3, 0.6, and 0.3 mills/kwhr, respectively.

The fuel systems using oxide (U02-SS or PuO2-U02)
increasing reprocessing charges affect the power costs to a
greater extent than increasing fabrication charges. For all
other systems studied, fabrication is more important than
reprocessing.
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For 4% inventory, the results show that spent fuel
decay time has only a slight effect on total power costs.
This would indicate that there is no real economic incentive
to develop "short-cooled fuel" reprocessing techniques.

For the systems studied, the cost of converting the
starting material (UF6 or Pu nitrate) to the final fuel material
desired is almost one half of the costs reported for UF6-
fabrication.

2, Variation of Core Design Parameters
(See Figs. 22 to 3b, Pages 76 to 92.)

Some of the significant design parameters were varied,
and the effect of such variation on the total power cost was
determined. A number of arbitrary decisions were made so that
a general procedure could be established for carrying out the
parametric variation studies. A discussion of these is
necessary to a complete understanding of the results.

For carrying out the determination of the effect on
total power costs of:

(1) Varying reactor power - it was assumed that the
coolant pumps are for some reason unable to perform as speci-
fied; they cannot deliver the full coolant flow rate (lbs/hr)
assumed for the reference design. If the coolant flow rate
is less than specified, but it is assumed that the coolant
inlet temperature and the average coolant temperature rise have
to be maintained, one is then forced to operate at reduced
power. It could have been assumed also that some safety
consideration forced one to operate at reduced power. Such
a circumstance will, of course, increase the fixed charges,
but since the power density is lower, the fuel central
temperatures will be lower; and, for some of the fuel materials,
the permissible burnup may consequently increase. The fuel
cycle cost may, therefore, be lower as a result of an in-
creased ournup.

(2) Varying coolant temperatures - several
alternate cases were studied, (a) It was assumed that the
coolant pumps deliver less than the full coolant flow rate,
but it is desired to maintain the reactor power level. This
can be accomplished by letting the coolant outlet temperature
increase while holding the coolant inlet temperature constant.
While the fixed charges will remain constant, for some of the
fuel materials, the fuel cycle costs may be increased since
fuel temperatures will be higher, and the permissible burnup
may be decreased. (b) It was assumed that the coolant pumps
can deliver more than the full flow and that a higher core
pressure drop is permitted. In such an event, while main-
taining the reactor power level and the coolant inlet temper-
ature, the coolant outlet temperature can be reduced. While
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THE EFFECT OF TUBE DIAMETER

ON VALUEE UNDER WETTED

AND NON-WETTED CONDIT IONS

In the foregoing discussions, the effect of tube diameter on/

value was tentatively assumed negligible for the range of ratios of tube

diameter to orifice diameter which were used in the experiments. In order

to confirm the assumption, or rather to observe the general trend of the

effect, experiments were carried out. Copper and alumina particles of

100/125 mesh sizes in water were used. The ratio of tube to particle

diameter is generally very large in the system in which one is interested,

and hence particle sizes are believed not important in this aspect. It

was found that the critical value of the ratio lies between 2 and 2.5 for

the physical regions investigated.

Apparatus and Experimental Procedure

The apparatus consists of two parts. The first is an acrylic

cylinder of 2-1/4 inch i.d. and 12 inches long (Figure 24). The second

component is a bundle of test tubes of 6" length which is attached to the

end of the cylinder. Each test tube has tapered orifices of 0.300"

diameter at the lower end. Tube diameters ranging from 3/8" to 1" were

used, thus varying the ratio of tube to orifice diameters from 1.25 up

to 3.33. Two levels of above-bed static heads were chosen, one 2" above

the upper end of the particle bed, and the other being 1." above the upper

bed end. First, the paste is charged from the open top of the cylinder

and the level of liquid properly adjusted. Before the charge, the orifices

at each end of the test tubes were plugged by cork stoppers. The orifice

to be used was opened, Using a 25cc capacity graduated cylinder, the
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OBSERVATION OF FLOW PROFILE

The flow profile of a two phase moving bed in a straight tube

with an orifice end was observed using a thin slab flow channel which

simulates the "nearly two dimensional" condition of the flow. The profile

observed in a laminar region of liquid flow rate is very steep, and the

angle of slide lies near 80 degrees. Experimental approaches, the descrip-

tion of the profile, and implications of such a profile in the nuclear

applications, are described here very briefly.

Apparatus

The apparatus as shown in Fig. 27 is constructed from Plexiglas

G grade sheets with a clear transparency. Since the flow channel provided

between two sandwich sheets is very thin having the dimension of 3-1/2" x

1/8" x 50", and the particles used for this study have average diameter of

around 0.015", one can observe practically two-dimensional flow profile of

downstream moving bed through the front sheet. A typical sharp orifice

was placed near the bottom end, and the provision of orifice washing stream

inlet and outlet was done just below the orifice. The orifice opening is

1/2" diameter. Atop the flow channel is a reservoir portion. Tap water

is led through a line to the reservoir and supplied to the reservoir

through a glass distributor.

In this particular experiment, copper particles were used.

Fresh copper particles can be easily distinguished from surface treated

green copper particles of the same size, and are quite convenient for

the observation of the boundary between original and new particles

during the flow.
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this will have an effect on net thermal efficiency, the fuel
temperatures will be decreased, and fuel cycle costs
decreased, because of increasing permissible burnup.
(c) In a few cases, it was assumed that the coolant inlet
temperature specified in the reference case cannot be achieved,
but that the pumps are working normally to maintain a fixed
coolant temperature rise. In this case also, the coolant
outlet temperature will again be reduced.

(3) Varying core geometry. (L/b variations).
Two types of core geometry variations were considered.
(a) The volume of the core was assumed to remain constant;
but the number of subassemblies was increased (or decreased)
and the core height decreased (or increased). The power
level is held constant, as well as the coolant flow rate and
the coolant temperatures. The core pressure drop will be
reduced (increased) if the core height is reduced (increased).
b) It was assumed that the reactor goes critical on less
more) than the number of subassemblies used for the reference

case. The power generation per subassembly is held constant;
consequently the reactor is operated at less (more) power
than assumed for the reference case.

(4) Burnup variations. It was assumed that the
permissible burnup is a different function of fuel central
temperature from the one assumed for the reference design,
i.e., the pessimistic and optimistic curves were used. It
was further assumed that this is known before subassemblies
have been fabricated; new subassemblies are fabricated using
elements of a slightly different composition than the
reference since the enrichment required is determined by the
burnup. However, no change in the fuel temperatures was
allowed.

3., Physics Parameter Variations

To obtain some idea of the effect of uncertain-
ties in physics parameters, an investigation was made of the
effect of changing some of these variables in the optimum
U-10 w/o molybdenum alloy pin design. The variables that
were considered are the capture to fission ratio of U-235,
the fraction of fissions in U-235, the fraction of fissions
in the core, critical mass, internal breeding ratio, and
external breeding ratio. Plus and minus uncertainties for
each of these variables were chosen to be qualitatively but
conservatively indicative of the uncertainty that is felt
to exist in these quantities. The results of this study are
given in Table F-2, Physics Variations in Appendix F.

For the alpha variation an uncertainty of 30% was
considered. This may be somewhat high. However, it should
be pointed out that there are essentially no measurements of
alpha from 175 key down to the broad spectrum measurements
that were made by KAPL in the key region. Approximately 50%
of the U-235 fissions occur in this energy range.
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The uncertainty in the fissions in U-235 was taken
to be 5%. This particular uncertainty is associated mainly
with possible errors.in the spectrum which would change the
fast fission effect. Actually this error represents an
inaccuracy in the order of 50% in the fast fissions, which is
the pertinent quantity that is the most uncertain.

The error in the fraction of fissions occurring in
the core was taken to bel2.5%. Inaccuracies of this order
could be the result of errors in estimating leakage of
neutrons to the blanket and also the inaccuracy of the
spectrum in the blanket region which could significantly change
the U-238 fissions. These account for a significant fraction
of the blanket fissions. So while this represents only a small
error as far as the core is concerned, it represents an error
of the order of125%, as far as blanket power is concerned.

An uncertainty of 1 14% was assumed for critical
mass. This is probably overly pessimistic on the basis of
past experience. In the calculations of the Enrico Fermi
critical mass experiments, disagreement was only in the order
of 3%. However, in this case any error could be corrected
by a change in enrichment and did not require a change in
core size. In this case, it was assumed that the fuel has
been fabricated and subassemblies containing fuel of the
original estimated enrichment are on hand. Any adjustment
for errors in the estimated critical mass will have to be
compensated by changing the number of subassemblies at the
core periphery. Since the worth of fuel in the peripheral
positions is only about 1/2 to 1/3 the average worth, an
error of 6-9% might be expected.

The uncertainty in both the internal and external
breeding ratios was assumed to be 10%. The assumption was
that this was an error in the U-238 captures. This could
occur as a result of errors in the estimated cross-sections
of structural and alloy materials that are present. Since
the captures in fertile material are of the order of 50% of
all the neutrons, an error of i 10% in this number is
equivalent to 5% of all neutron absorption. This is approx-
imately the magnitude of the captures of the structural and
alloy materials, so that this uncertainty in terms of the
fertile material captures actually represents an uncertainty
of about - 100% in the structural and alloy material
absorptions.

Another physics variation made was a change in the
basic cross-section data used in the multigroup calculations.
The calculation of this particular core was re-run using a
set of cross-sections which was in general use at APDA
about 2 years ago. These cross-sections then represent the
knowledge of these constants several years ago. The most
important differences between these cross-sections and the
ones that are in current use are in the inelastic cross-
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sections and the energy distributions of the inelastically
scattered neutrons. In general the older cross-section
set gives a somewhat lower spectrum. Because of this, it
results in a lower fast fission effect, higher absorptions
in materials other than the fertile and fissionable materials,
and a somewhat higher alpha effect. In addition the transport
cross-sections are somewhat higher. This is a reflection of
the poorer knowledge of the angular distributions of scattered
neutrons in the high energy region at that time. The main
effect of this difference in the transport cross-section is
reflected in the blanket cycle costs. This difference actually
makes the leakage of neutrons to the blanket smaller, and the
blanket power smaller. The blanket cycle times are much longer
and fabrication costs are, therefore, less.

A surprising result of making these changes, which
in some cases was pessimistically large, is that the effect
on total power cost is very small. The most significant
changes resulted from the change in cross-sections and from
the uncertainty in the critical mass. In both these cases
the total power cost changed by about 0.6 mils for the
worst situation, which is the 12% fuel inventory charge.
In each of these cases this represents a difference in the
total power cost of only about 30. It should be pointed out
that these changes were not made in what might be termed the
best way because of the limited amount of time available.
The results that are attributed here to these uncertainties
are not the result of multigroup calculations except in the
case of the cross-section variation, but rather were obtained
by an adjustment of the particular quantity involved wherever
it occurred in the equations that determined the nuclear data
that were used in the economics evaluation (such as the burn-
up or destruction of the U-235 in the case of the alpha
variation, or the mass of plutonium produced per megawatt
year, as a result of the assumed uncertainty in the breeding
ratio). A more realistic way of estimating the effects of
these possible uncertainties would be to go back to the
basic cross-section data, make the arbitrary change in the
particular cross-section, and rerun the calculation of this
particular reactor. In this way all the effects that
result would be obtained.
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C. General Comments

We believe that the burnup-temperature curves which
were derived for the different fuel materials studied are,
by themselves, important contributions to our knowledge of
reactor fuels. In preparing the curves, the available data
were critically evaluated, taking into account the fabrication
methods used for preparing test specimens, the techniques used
for measuring or calculating fuel temperatures and burnups,
the general conditions of the experiments (number of scrams,
thermal cycling, etc.) and the post-irradiation examination
procedures. The resulting curves probably represent the best
estimate of fuel performance that can be derived from presently
available data and theories.

It is felt that the introduction of burnup as a
function of fuel central temperature into reactor design
studies is an important contribution since it provides a more
realistic estimate of fuel performance than the use of an
arbitrary average attainable burnup.

Because of the relatively short time available for
carrying out these parametric studies, it was necessary to
limit the scope by adopting various ground rules. There are,
therefore, a number of studies which ought to be undertaken
in the future. For all the fuel materials studied, it is
recognized that one or more methods of flattening the flux,
coolant temperature, rise, or heat generation (by orificing
or non-uniform fuel loading) will be found to lower the total
power costs. The studies have not determined the minimum
power costs of which some of the fuels appear to be capable.

Furthermore, only the effect of the economic
variations on the power costs of the reference case selected
were determined. No attempt was made to investigate whether
a different optimum design could be prepared as a result of
a change in one or more of the economic parameters. Such
studies ought to be carried out, because if some costs can
be reduced by appropriate research and development work, it
will be important to know how to take the best advantage of
these.

It must also be recognized that no attempt was made
to optimize the capital costs by design studies or other means.
The characteristics of the reactor plants were considered
fixed. Some studies ought to be undertaken to determine
whether additional plant design modifications would result in
lower total costs. For example, one ought to study whether
the cost of more powerful coolant pumps could be offset by
lower fuel cycle costs.

A large amount of data was derived in the studies.
It must be recognized that this report may not include all the
interpretations, conclusions and recommendations which can be
drawn from these data. It is hoped that the major points are
made.
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IV. AREAS REQUIRING MORE OR BETTER INFORMATION

A. MATERIALS AND BURNUP

During the study, certain areas that require addi-
tional research and development work became evident. It is
felt that this information is necessary in order to further
the fast reactor program. These areas may be categorized as
follows:

1. Basic Mechanical and Physical Properties.

2. Irradiation Effects.

a. Fuels

b. Non-Fissionable Materials.

3. Fabrication Procedures.

Some of the needed information in these categories is indi-
cated here.

1. Basic Mechanical and Physical Properties.

It appears necessary that for the plutonium carbide
and oxide systems additional work concerning the thermal con-
ductivity, phase diagram, and other basic properties need to
be more firmly established before one may strongly consider
these fuels for reactor use.

Small third element additions to some of the alloy
fuels may prove to be fruitful in increasing the strength-
temperature characteristics. This may in turn increase the
attainable burnup of these systems because the creep limita-
tions would not be as serious.

Creep data on the cermet systems (U-la, 15 w/o Mo)
should also prove fruitful in estimating what the burnup
limitations of a cermet might be.

2. Irradiation Effects.

a. Fuels

Uranium-Molybdenum Alloys

Basic information concerning the effect of fission
rate on the 8 to -+ E transformation at a temperature of
500 C is needed to ascertain whether a given composition
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will transform. This information will determine whether the
lower curve, Fig. 3, Page 32, shown for the U-i0 w/o Mo
alloy, at 500 C or the middle curve may be used for an esti-
mate of the burnup with a given reactor flux. The lower
burnup would be for a transformed alloy and the middle curve
for an alloy that remains in the gamma phase. In addition,
once the critical fission rate is determined experimentally
by data from thermal reactors, it will be necessary to
either theoretically estimate or experimentally determine
in a fast reactor the fast neutron homogenizing effect,
which may be expected to lower the critical fission rate
necessary to retain the gamma structure.

Plate and Pin Comparisons

In order to establish the relative stability of
these configurations, it is necessary to test, in pile, the
ideas concerning this subject that are outlined in the
appendix. The radiation conditions should be such that the
At and thickness of the plate should be about equal to the
pin At and diameter. Cladding thickness- should be the same.

Cermets

Additional radiation testing is needed in the
U02 -SS cermet at the temperatures needed in these reactors.
This work should include data using fabrication techniques
which minimize stringering of the dispersant thereby increas-
ing the strength. As nearly as possible, spherical particles
having a diameter of at least 100 microns should be used for
these tests. By using varying volume amounts of dispersant,
it may be possible to rgve the assumption that equal amounts
of burnup in fissionscm may be attained.

It is obvious that the UC, PuC and Pu02 dispersions
also should be radiation tested in a fertile matrix such as
U-15 w/o Mo as well as the stainless steel matrix since
essentially no data are available on these materials in a
non-fissionable matrix, let alone a fertile matrix.

Ceramics

Higher burnup data on the low and intermediate
density ceramics are needed. This will test the assumption
that one must allow for 100% calculated fission gas release
in the can design; and also that one may burn up this
material as high as is economically feasible if the pressure
is contained. In these tests, actual pressures achieved in
the can should be measured.
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b. Non-Fissionable Materials

Cermet Matrix Metal

In this field it is felt that great increases in
burnup may be attained in cermets with the radiation proof
testing of materials such as inconel x, and precipitation
hardening steels. If one can prove by high temperature
testing ( 9 00-1400 F) that these materials retain their
strength in a fast neutron field, then by their use as the
matrix for cermets, higher burnups may be attained.

At the present time it is not conclusively known
whether a re-solutioning.or overaging of the sub-microscopic
precipitate particles, which are present when the metal is
in the hardened condition, does occur or is speeded up in a
neutron field. If there is relatively little ratiation
induced softening, this will indeed be fine. It suggested
that testing start with at least an2xposure of 10' 1 fast
nvt ( >0.1 mev) and continue to '102- fast nvt. The flux
should be comparable to that which would be en ountered in a
fuel; therefore, the flux is estimated as >101 fast nv.

Cladding Material

If one could use a different high strength, high
temperature cladding metal such as molybdenum or tantalum,
rather than stainless steel (which forms a low melting
eutectic with uranium), the swelling which occurs may be
restrained by these metals. It is felt that radiation test-
ing be done on the. metals alone at temperatures from 400 C
to 800 C to ascertain the effect on the ductile to brittle
transition temperature of these metals.

Again the flux and dosage should be about the. same
as the previous section.

3. Fabrication Procedures.

Cermets

It is desirable in the cermet systems that the
particles of dispersant be spherical in order to minimize
stress concentrations. Work should be initiated in the UC,
PuC, and PuO2 systems to attain spherical particles cheaply.
In addition, for the various matrix materials, fabrication
procedures should be studied that would minimize stringering
and allow uniform concentration of the dispersant in these
materials. This would result in a stronger matrix which
would certainly give improved radiation stability.
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B. PHYSICS

The reactor systems considered here represent a
considerable extrapolation from the region of the present
critical experiments in core size composition and the use
of plutonium. The cross section data in the high energy
region is very incomplete. For this reason it is very in-
formative to have the integral experimental checks that
critical experiments provide to determine the accuracy of
the calculated results.

Experimental data on the inelastic cross sections,
the energy distribution of inelastically scattered neutrons,
and the angular distributions of neutrons scattered in
elastic and inelastic collision should be extended con-
siderably. These quantities all influence the spectrum and
hence related quantities such as critical mass, fast fission
fraction, and breeding ratios.

Along the same lines oc for both Pu-239 and U-235
are not known between 175 Kev and the Kev range. This is
an extremely important part of the spectrum in the
reactors considered here. Approximately 50 per cent of
the fissions will occur below this energy. The uncertainty
in this quantity introduces an uncertainty in critical mass
and in the breeding ratios.

The Pu-240 and 241. isotopes are an important
factor in systems using recycled fuel. More information on
the capture and fission cross sections of these isotopes -
particularly Pu-241 about which very little is known - is
needed to properly take their effect into account.

Effort in the area of fuel element development
and irradiation stability could possibly lead to some
improvement in the breeding characteristics of some of
these fuel materials. For example, in the case of the
mixed oxide the designs presented here are based on contain-
ment of the fission product gases in the fuel bearing sec-
tion of the pin element. This necessitates the use of a
low density oxide mixture to achieve high burnup and hence
a low U-238 concentration in the core. If a pin design in
which these gases can be stored outside the high tempera-
ture fuel zone can be developed a high density oxide might
be used and an improvement in the breeding of the oxide
system achieved. This development work would have to
demonstrate that the gases can be transmitted outside the
fuel zone with the higher oxide density,
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Little effort has been given to the study of the
kinetic behavior of large plutonium power reactors. While
this probably will not constitute a feasibility problem
some preliminary efforts to determine the importance of
the smaller delayed neutron fractions would be very worth-
while.

In order to establish some measure of the sensi-
tivity of cost to physics parameters, cores were run for
a range of values of certain parameters. In particular,
the parameters fc, f25, 25, gc, M&, and gb (external
breeding ratio) were varied individually about the
optimum Enrico Fermi alloy case. Results are shown in
Tables F-2 (Design) & F-2 (Physics Variations) in
Appendix F.

It is realized that in general the above para-
meters are not independent but instead are rather compli-
cated functions of all the basic cross sections.

However, such parameter variations do afford
some measure of the sensitivity of power cost with the
parameters in question. Hence, if the new values are
obtained for these parameters, an estimation of the effect
on power cost may readily be made. In a few instances, it
is possible to visualize a change in one parameter
independent of the others. For example, the quantity 'fc'
as used in this study is slightly in error due to the
neglect of energy contribution by capture (maximum error
approx. 2%). Hence, a relatively accurate determination
of effect on power cost may be made by means of this type
of physics parameter study.

More accurate and complete variations should deal
with the basic cross sections as discussed in the beginning
of this section.

C. CORE DESIGN

1. Improvement Areas to Investigate

The results of the present study have been
obtained by deciding not to take advantage of some evident
but time-consuming solutions which could have improved the
economics. In order to be complete, an optimization should
include:

a. A study of multiregion cores, made up of
subassemblies of different enrichment and/or
of different geometries - to permit flattening
of the fuel temperature distribution.
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b. A study of orificing of the core subassemblies
according to their power generation.

c. A study of the possibility of realizing
higher throughput burnups by shifting the sub-
assemblies inside the core.

2. Calculation Refinements to Introduce

The lack of time, allotted to the present study,
did not permit taking into account the calculation refine-
ments listed below, which should be included in an
extended optimization study:

a. Hot channel factors. (See Appendix D,
Section A-7)

b. Dependence of the core power distribution on
the non-uniformity of depletion of the equil-
ibrium core.

c. Dependence of the fuel element thermal con-
ductivity on the temperature or location in
the core. It is expected that this
dependence would be relatively unimportant,
even for oxide fuel systems.
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FUEL MATERIAL CONSIDERATIONS

I. DISCUSSION OF MATERIAL REQUIREMENTS

1. Importance of Allowable Burnup

The material requirements for all reactors, are of
paramount importance. For the fuel elements studied, proper-
ties such as thermal conductivity and thermal expansion are of
interest. The value for allowable burnup is of even greater
direct interest.

For fast reactor operations as compared with thermal
reactor operations the values for allowable burnup, on a
material capability basis, are of special interest. This is
because the burnup for fast reactors is not reactivity limited
in the sense that it is for thermal reactors. We shall see,
however, that for fuel elements with extreme burnup capabili-
ties, the materials considerations do not always supply the
limiting factor.

Further, as is shown in the economics analysis, the
burnup capability of the fuel element is one of the most
important variables in any economic study of this type. This
is because the number of fuel elements to be fabricated per
year, the volume throughput of material to be processed per
year and the cost of the fuel inventory are all dependent on
burnup.

Factors which have a significant effect on the burn-
up of the various fuel systems under consideration will be
discussed below.

2. U-l0 w/o Mo Alloy Systems. - Increased burnup may be
achieved by obtaining improved temperature-strength properties
and also by increasing the gamma phase stability of the alloy.
Consideration was not given to designs which allow for a large
amount of swelling, or to designs with a heavy clad which
offers a great deal of restraint to swelling.

3. Cermets. - The matrix strength-temperature properties
and the ratio of the fission product damaged matrix to the
unaffected matrix will affect the allowable burnup. It is
important to note that in the cermets in which fissioning
occurs in the breeder matrix, damage will probably occur more
rapidly.
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4. Ceramics. - In the homogeneous and heterogeneous
ceramic systems we have assumed unlimited burnup of the uranium
atoms, with the stipulation that the clad that contains the
ceramic must also contain the pressure exerted by the fission
gases that are produced at the temperatures calculated in
Appendix D.

5. Cases For Which Adequate Data Are Lacking. - In some
cases for the fuel systems considered, irradiation data and
physical and mechanical properties were not established, i.e.
PuC and PuO2 . It was assumed that these materials had burnup
limitations and properties comparable to those of similar
uranium compounds. It is realized that these assumptions may
impose certain limitations on the results, but this only points
out the need for future work in those fuels for which the re-
sults are favorable.

II. DETERMINATION OF ALLOWABLE BURNUP

1. Approach

The absolute maximum burnup for the fuel systems
studied is unknown. Therefore, where possible, an attempt was
made to establish an expected allowable burnup curve as a
function of temperature. This curve is then supplemented with
pessimistic and optimistic curves. The pessimistic curves,
where possible, indicate burnup values below which no failures
were observed. The optimistic curves represent the absolute
maximum that could hopefully be achieved.

2. U-10 w/o Mo Fuel Alloy

For the uranium-10 w/o molybdenum fuel systems there
is considerable data available which covers the temperature
range of interest as well as other variables, such as post-
fabrication heat-treatment, molybdenum variations from 9 to
11 w/o, and fission rate variations. Based on these data, and
for material heat-treated to retain the gamma crystal structure,
the normal curve, shown in Fig. A-1, Page l05.ras derived.
This curve allows for a maximum fuel pin diameter increase of
8%.

The design considered for this study was a metal-
lurgically bonded pin with a thin clad which offers no re-
straint to the swelling of the alloy. The irradiation variable
having the greatest effect on the U-10 w/o Mo radiation
stability is that of fission rate. In the event the fission
rate, expressed in fissions per cc per sec., is not suffi-
ciently high to maintain the gamma crystalline structure, the
alloy will transform to the alpha plus epsilon phase resulting
in considerably decreased radiation stability. This effect
is shown in the decreased allowable burnup in the temperature
range from 650 to 1075 F as indicated in the pessimistic curve,
Fig. A-1, Page 105.
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The decreased allowable burnups above and below
650-1075 F are associated with inaccuracies of the irradiation
tests, such as burnup and temperature determinations. No
failures, either by swelling or rupturing, were observed below
the pessimistic curve.

The optimistic burnup curve, considered the maximum
achievable for this system, is based to some degree on in-
accuracies associated with the available irradiation data and
to a major degree on improvements achievable by minor alloy
additions and improved fabrication techniques. It is pointed
out that burnups in the range of 2.2 a/o at low temperatures
have been achieved with satisfactory results. A detailed dis-
cussion on this and the subsequent fuel systems is included in
Appendix D of this report.

Fig. A-la, Page 106 , illustrates the relationship
between ultimate tensile strength of U-10 w/o Mo and the burnup
curve. The strength curve for U-12 w/o Mo suggests how the
burnup limit may be increased. (The strength curves are esti-
mated on the basis of hot hardness.)

3. U02 (PuO2) - Stainless Steel Cermet

As in the case of the U-l0 w/o Mo system, allowable
burnup as a function of temperature was established on the
basis of available data and is shown in Fig. A-2, Page 108.
The values shown are for cermets with 30 w/o U02 or PuO2.

The supplemental pessimistic and optimistic curves,
also shown in Fig. A-2, Page 108 , are again based on inaccu-
racies in the irradiation data and on other considerations.
The pessimistic curve indicates burnup values below which no
failures were observed to date, except those that could be
explained on the basis of poor fabrication procedure or the
use of fine U02 particle size. The optimistic curve is based
on improvements that might be expected by improved fabrication
procedures, the use of spherical U02 particles and/or the use
of higher strength matrix materials.

Fig. A-2a, Page 109, illustrates the relationship
between creep rupture strength and burnup. The strength
curves for 26-25-6 and Inconel X alloys suggest how burnup
limits may be increased.

In the parameter study, U02 loadings less than 30 w/o
were used. Logically, one would feel that lower loadings
should be capable of achieving higher burnups. This is based
on two considerations, the first being that failure of the
dispersion fuel is probably a mechanism of pressure buildup
within the fuel which ultimately exceeds the creep or yield
strength of the composite plate. The second is that for a
lower U02 loading, the creep and yield strengths are increased.
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Basing allowable burnup for various U02 loadings, on fissions
per cc as we have done, Fig. A-3, Page 110 means that we allow
the same pressure buildup within the fuel for various U02
loadings but do not take advantage of the increased strength
properties.

4. Ceramic Materials (Uo2 and PuO2 )

On the basis of available irradiation data on U0 2 in
both stainless steel dispersions and bulk form, and assuming
the radiation stability of PuO2 to be comparable to that of UO2 ,
it appears that the burnup limitations of the ceramic fuels is
restricted only by fuel element design considerations. That is,
there appear to be no forces acting on the clad to cause swell-
ing or failure in excess of those that can be calculated on the
basis of fission gas release.

It is suggested that only the fission gas products be
used in calculating the pressure on the can since the major
portion of the metal atoms will combine with oxygen to form
stable oxides and as such will not contribute to internal
pressure. This type of approach was used by KAPL in their fuel
element design work. Fission gas release as high as 80% has
been measured on the low density homogeneous type elements.

Elements of the homogeneous type with 65% theoretical
density U02 powder, and a clad to internal diameter ratio of 1
to 6 were irradiated to 4.5% burnup of the U atoms at a maximum
heat generation rate of 135 watts/cm. The maximum calculated
fuel temperature in this case was > 2750 C. The cladding
material was type 347 stainless steel.

Elements of the heterogeneous type with a comparable
clad to internal diameter ratio were irradiated to 52% burnup
of the uranium atoms in the enriched layer or 40 x 1020
fissions per cc of U02 volume including both the enriched and
depleted U02. Maximum heat generation rates of 144 watts/cm
were calculated with a maximum center temperature of 1600 C.

5. UC, PuC - U 15 w/o Mo Cermet

Since there was no irradiation data available on
this system, certain assumptions were made to arrive at the
pessimistic and optimistic curves shown in Fig. A-4, Page 113.
The realism of the assumptions was then considered to arrive
at the normal curve. The assumptions were:

a. The pessimistic burnup limit of the UC, PuC-U15
w/o Mo system could be no lower than that shown
as the normal curve for the U-10 w/o Mo.
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b. For the optimistic limit, it was assumed that
the burnup in the UC does not contribute to the
ultimate failure of the cermet and that the
matrix itself could be subjected to the total
burnup shown in the pessimistic curve.

On this basis the pessimistic and optimistic curves
were drawn as shown in Fig. A-4, Page 113. Since it was felt
that the second assumption was not very realistic, the normal
curve for the system was set somewhat below the mathematical
average of the two extremes.
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III. DETAILED DISCUSSION OF BURNUP LIMITS

1. U-10 w/o Molybdenum Alloy Pins and Plates.

Because of the anisstropic growth normally
exhibited on thermal cycling and irradiation testing alpha
uranium, it is indicated that the body-centered-cubic
structure of a gamma stabilized uranium alloy should exhibit
improved irradiation stability. An alloy- of U-10 w/o
Molybdenum may be cooled so that the metastable gamma phase
is retained; it is. the gamma stabilized structure that has
been considered for the pins and plates.

Considerable irradiation work has been done on the
gamma stabilized alloy pins in the MTR and CP-5 reactors by
APDA. 1 The normal curve of Fig. A-i, Page 105, was drawn from
radiation data obtained on pins irradiated in the MTR. This
curve is derived on the basis of a maximum allowable diameter
increase of 8%. It is estimated that for irradiation induced
diameter changes that are greater than this amount, coolant flow
will be too greatly restricted, and the central metal temperature
will increase, thereby causing additional swelling.

Post-irradiation electrical resistivity measure-
ments on pins that were used to establish this central curve
indicate that the metastable gamma phase is retained even at
temperatures near the nose of the Time, Temperature, Transi-
tion (TTT) curve (500 C). It was also established that
samples irradiated in the fully transformed (a + E ) condition
rever ed to the metastable gamma phase in pile. Bleiberg,
et al have explained in-pile reversion of transformed
U-9 w/o Molybdenum to the gamma phase, on the basis of a
high temperature homogenization of the uranium and molyb-
denum atoms caused by displacement spikes as a result of
the fissioning. Si ilar work- has also been done by
Konobeevsky, et al. These irradiation experiments were done
at low temperatures. The irradiation results on the gamma
phase U-10 w/o Mo done in the MTR at temperatures near the
nose of the TTT curve show that the displacement spiking is
effective in maintaining the gamma phase since this alloy
would normally transform completely to alpha plus epsilon
in about 170 hours.

The lower curve shown in Fig. A-l, Page 105 in the
temperature range of 650 to 1075 C is determined from experi-
ments done in the CP5 reac or in which the fission rate was
about 3 x 1013 fissions/cm /sec. as compared to the minimum
MTR fission rate in this temperature range of - 12 x 1013
fissions/cm3/sec. Large swelling (up to - 14% diameter
increase) was observed in samples irradiated to about 1.0 a/o
burnup, while samples irradiated to 0.7 a/o showed relatively
small changes. Metallographic results of 0.3 a/o burnup pins
revealed that transformation had occurred. Since the 1.0
a/o burnup sample had swelled so much, the metallography on
this pin was inconclusive; but one may say that since the
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fission rate and temperature conditions were similar, if the
low burnup sample transformed, the others must have. These
results indicate a critical fission rate f maintaining
the gamma p ase that occurs between 3 x 10 -and 12 x 1013
fissIons/cm5 /sec. Below this rate the material will trans-
form to the less radiation stable phases, alpha and epsilon.

Above and below 650 to 1075 C the allowable burnups
are less in the pessimistic curve due to inaccuracies in the
irradiation tests which were used to determine the central
curve.

The optimistic curve in Fig. A-1, Page 105 was con-
sidered to be the maximum achievable due to higher strength-
temperature properties that might be achieved by minor alloy-
ing additions. We have assumed a shift of - 100 F due to
this increased strength in the high temperature region. The
relative strength curves in Fig. A-la, Page 106 for U-10 w/o
Mo and U-12 w/o Mo are cited to back up this assumption. It
is pointed out that an additional assumption was made that
the loss of stability is directly associated with strength
properties.

Some burnups under low temperature conditions as
high as 2.2 a/o were observed, so that with the increased
strength provided by an alloying addition the optimistic
value of 2.5 a/o burnup is quite possible.

2. U02, PuO2-Stainless Steel Cermet.

The same considerations regarding relative per-
formance of pin and plate type elements were used in this
system as are discussed in a later section. The bulk of
the data available is on pin-type specimens so that these
considerations assume significant importance.

The data available covers extreme variations in
fabrication techniques, U02 weight per cent loading, and
irradiation conditions. In establishing the burnup limits
previously given primary consideration was given to those
data representing U02 weight loadings in the range of 25-30%
and high heat fluxes.

The optimistic curve for this system, although
backed up to a slight degree by available data, was based
for the most part on the feeling that improvements could be
made by modified fabrication procedures and the use of higher
strength matrix materials. Stress rupture strengths of
Types 347 and 16-25-6 stainless steels and Inconel X alloy
(shown in Fig. A-2a, Page 109) tend to show that either of
the latter two alloys could effect an appreciable improvement
in radiation stability.

One major consideration is the ratio of the fission
product damaged to undamaged matrix material.4
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As shown by Barney5 , a highly damaged brittle zone
surrounds each U02 particle, the thickness of the zone
being equal to the fission product recoil length in the
stainless steel. It can be shown that the ratio of damaged
to undamaged matrix is greatly reduced by using U02 particles.
In the case of thick plates, U02 particles of 200 microns
could be used and should show significant improvement in
radiation stability over small particles ( <50 microns).
Further improvement could probably be realized with the use
of spherical particles and the modification of rolling
procedures to minimize stringering.

The use of higher strength matrix materials would
undoubtedly have the greatest effect on improved radiation
stability. Obviously, failure of this type fuel element is
by a mechanism whereby certain strength limitation of the
matrix are exceeded. The use of nickel-based high tempera-
ture alloys and precipitation hardening steels would raise
these strength limits, and proportionately raise the allow-
able burnup.

3. Ceramic Fuels.

Very little can be said about the ultimate perfor-
mance of ceramic fuels until considerably more high burnup
data becomes available. It is presently assumed that all
fission gas is released and exerts a uniform pressure on the
container. This assumption may be incorrect in the sense
that the gas may be released within the U0 2 structure, so
that gas bubbles are formed, and thereby exert a nonuniform
stress on the can. These effects must be studied to deter-
mine the proper element design. As previously stated,
throughout this study, the basic assumption has been made
that PuO2 will behave in a comparable manner to U0 2 on
irradiation. This assumption was used in both the ceramic
and cermet systems.

4. UC, PuC-U 15 w/o Cermet.

The only data available on a system similar to
this, is that pertaining to irradiation of U0 2 -U 10 w/o Mo
cermets. Four specimens were irradiated to a maximum burnup
of 16.8% of the U-235 atoms at a center line temperature of
750 F. This data was of little value in setting burnup
limits on the UC,PuC-U 15 w/o Mo system. For this reason,
two assumptions were made as stated below.

This first assumption, which established the lower
burnup limit, was that the total allowable burnup could be
no lower than that established for the U-10 w/o Mo alloy
system. Further, since the thermally stable phase of U-15
w/o Mo is a modified gamma structure, this system is not
complicated by fission rate considerations and the lower
limit of the U-10 w/o Mo system could be ignored. On this
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basis, the U-iC w/o Mo normal curve was selected. This lower
limit seems most pessimistic and readily achievable in view
of the higher strength properties of the U-15 w/o Mo alloy.

The optimistic curve is based on the assumption that
the burnup in the UC does not affect the ultimate failure of
the cermet. In this case, the burnup in the matrix would be
that shown in the pessimistic curve and the total burnup
would be the combined total of matrix burnup plus UC burnup
obtained when subjected to the same nvt. A rough calculation,
considering the U-235, U-238, and Pu burnup in the matrix,
indicated the burnup ratio of UC to matrix would be about 3.7.
This value, together with considerations of the U02 -stainless
steel data, was used to arrive at the optimistic curve.

The assumption on which this curve is based seems
quite unrealistic. If one were to use the same criteria for
establishing limits on the U02 -stainless steel system, 100%
burnup of the uranium would be tolerable. However, the
assumption is justified on the basis that this curve merely
says burnups in excess of those shown would absolutely result
in failure and that no forseeable improvement could be made
to extend this limit.

In establishing the expected burnup curve, the
relative realism of the cwo basic assumptions were considered
and the curve set somewhat below the mathematical average.

Obviously, considerable work and testing must be
done to prove the feasibility of this system.

5. Comparison of Plato and Pin Burnup.

To establisn burnup limitations for the cermets it
was found that the majority of the data was for pins where
the center of the pins operated - 200-250 F hotter than the
surface. In the case of the alloy fuel elements all the
irradiation work was done on pins.

To ascertain the burnup limitations for plates from
data (or curves) obtained on pins, it was at first thought
that the pins would prove to have higher burnup possibilities
than the plates. In order to qualitatively approach this
problem of how far to shift the burnup curves of pins, for
the plates, arather simplified approach was used. In these
reactors a high A t across the plates was felt necessary by
the design group which corresponded with about the same At
obtained on cermet pins. It was felt that the high temper-
ature present in the center of the pins and plates would be
one of the limiting factors due to creep, and that the pressure
buildup by fission product gases may be uniformly distributed
and would be the force that produces failure.
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The following assumptions were made for the
comparisons:

1. Allow the plate thickness to be equal to the pin
diameter.

2. Allow the At across each to be equal.

3. Assume the cladding offers no resistance to growth.

By using these assumptions, it was found that the
thermal stresses are equivalent. The pressure exerted in the
center would also be equal in the pin and plate, and hence,
if the two types of elements fail by exceeding the strength
of the meat, with a resultant large increase in the diameter
or thickness in localized spots, the two systems would be
comparable. This type of failure has definitely been estab-
lished for the plates where blistering occurs on each side
with a void in the plate center. This indicates failure of
the "tie rods" in the central region. Some large increases
in pin diameter also point toward this type of failure.

Since the preliminary and qualitative analysis
indicated the two systems to be approximately comparable, we
have assumed the same burnup limitations for the plates and
pins. It is felt that a concerted effort to experimentally
prove this comparison should be undertaken.
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IV. THERMAL CONDUCTIVITY VALUES FOR 65% THEORETICAL
DENSITY U02 AND PuG2

To arrive at values for the thermal conductivity
of 65% T.D. UO2 and PuO2, certain assumptions were made.
These assumptions, the basis for the assumptions, and the
thermal conductivity values used in this study will be
presented in this section.

Shown in Fig. A-5, Page 121 is data that was
presented by Flinta.7  The thermal conductivity for 100% and
91c theoretical density, sintered, U02 is shown as a function
of temperature. Also included are the values for loose packed
powder of 59% T.D. with the void fraction gas being He, Ar,
and Xe-Kr.

For this study we have assumed a 65% T.D. It has
been shown that when loose packed U02 is irradiated, the U02
first sinters (if the temperature is high enough) and there-
b densifies. This occurred before - 4 a/o burnup of the
U235 for some KAPL experiments.8  The maximum temperature
reached was not determined, but it is indicated that this
occurred upon insertion in the reactor. In addition, in
discussions with KAPL personnel it was indicated that in-pile
sintering appears to occur at temperature greater than 700 C.
Upon in-pile sintering and densification the effective
conductivity would increase. At or before 8 a/o burnup is
achieved the densified (closed porosity) material begins to
expand, since fission gas pores are agglomerated. The gas
expands the U02 to again fill the tube. This continues up
to a maximum reported exposure of 52 a/o burnup.

After the sintered U02 has filled the void, the
conductivity may be estimated with the use of experimental
data determined by Francl and Kingery.9 In this experiment
flaked napthelene was put in a cast of A1 2 03 and removed by
low temperature heating to vaporize the napthelene. The cast
was then sintered to approximately theoretical density.
Spherical voids were attained and measurements of the effec-
tive conductivity due to the voids was proportional to
the quantity 1-Void Fraction. If we therefore have 35% voids,
the thermal conductivity would be 65% of the K for theoretical
density U02. With the use of Flintas7 curves for U02 of
theoretical density, shown in Fig. A-5, Page 121, we may
calculate the K value of a porous material which has been
sintered and has spherical voids or low conductivity gas voids.
This has been done. The main curve of Fig. A-6, Page 122
is the result of this calculation and an additional decrease
in conductivity of about 52 due to irradiation induced
decreases. Curves A, B, and C of Fig. A-6, Page 122, are for
the loose packed U02 of 651% T.D. having the void fraction
filled with He, Ar, and Xe-Kr respectively. Also indicated is
the value of 0.8 Btu/Hr-Ft-OF which was used in this study for
an originally 65% T.D. loose packed U02 pin with helium gas
in the void.

119



As noted earlier KAPL reports that sintering occurs
above approximately 300 F in-pile, whereas out of pile the
sintering temperature is about 2700 F. The value of the
conductivity assumed for this study appears to be low in
the low temperature portion (<2700 F),if we assume the KAPL
sintering in-pile temperature, and slightly high at high
temperatures. Because of the uncertainties in the conduc-
tivity it was felt that this value is the best available
compromise.

At some future time if additional data disputes
the radiation-induced sintering temperature, calculations of
loose packed U02 having various helium and Xe-Kr compositions
due to fissioning should be used below 2700 F.
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V. TABULATED MATERIALS DATA

A tabulation of the physical properties of various
fuel materials used in this study is presented as Table A-1,
Page 125.

UO2 thermal conductivity values reported in this
table are for 100 dense material. However, the effect of
radiation and density were considered in arriving at the values
used for fuel element design.
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TABLE A-1

PHYSICAL PROPERTIES OF MATERIALS

Property Thorium Stainless Steel
U-10 w/o Mo

5 Phase
U-15 w/o Mo

' Phase Uranium Oxide Uranium ';arbide Plutoniu, Oxide '

Density, grams/cc

Theoretical

As-Cast

Arc-Melted

Sintered and Coined

Sintered Loose

Weight Oranium, grams/cc

Melting Point, F

Thernal Exoansion
x 10 /F

Thermal Conductivity
Btu/hr-ft F

N-
Ni

11.72

11.66

11.40 - 11.48

11.62

11.20 - 11.35

3050 - 3225

(390 F) - 6.1
(1830.F) - 7.0

(200 F) - 23.2
(1200 F) - 27.8

8.0

2300

(200 F) - 8.0
(1700 F) - 10.6

(200 F) - 9.!t
(950 F) - 12.14

17.38

17.1

2065

(390 F) - 7.3
(1000 F) - 9.2
(1300 F) - 9.9

(200 F) - 8.3
(1000F) - 16.4

16.9

li.0

2100

(390 F) - 7.0
(1000 F - 9.0
(1300 F) - 9.7

(200 F) - 7.5
(1003 F) - 13.5

10.97

9.66

5000

(RT-75o F) 5.1
(750-1175) 6.0
(1475-2300) 7.2

(200 F) - 5.1
(390 F) - 3.4
(1175 F) - 2.2

13.63

12.6

12.97
12.0

4260

11.L6

L17C

(to 1830 F)--5.5 sintered KT-750 =) -5.1
(390 2) 5.8 cast (73O-LLT$N.O
(1710 F) 7.1 cast (21175-23,0>.2

(200 F) - 11.5(2)
(000 F) - 13.5
(1355 F) - 11.7

(200 26.l
(3? F --3.7
(930 F' -. 7
(1h 7.p )-2.2

(1)Except for density and melting point, values are same as for U02.

(2)Values as high as 19.4 have been reported but are not considered accurate.



APPENDIX IV

VARIANCE

The variance denoted by o2 is defined as a 2 (x - 2
n- 1

where x is the mean of the variable x , and n is the number of observations.

The above expression for the variance can be written as the follow-

ing algebraically equivalent formula

2= [ (x2) - 2(Xx)2x)n-

n

This form was used in the calculations of variances. From the

data shown in Page 36, one can calculate as follows:

(1) Square the individuals and add.

(5 2.0) 2 + (51.3) 2 + - - ~ ~. -~ + (51.1)2 = 31503.82

(2) Obtain the total for each row, square these totals,

sum these squares, and divide this total by the number

of individuals in each row.

(52.0+51.3+---)2 +(51.6+52.4+-----)21/6 =31498.30

(3) Repeat (2) for each column this time.

(52.0 + 51.6)2 + ------- 1 / 2 - 31501.94

(14.) Obtain the grand total for all individuals,

total, and divide by the grand total number

(52.0 + 51.3 +----- --)2 / 12 = 31498.25

These values were used in obtaining the table of

in Table V.

square this grand

of individuals.

variances as shown
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4. Effect of Scrap Recovery Costs

The importance of the net yield of the fabrication
operations can be illustrated by a comparison of the scrap re-
covery costs to the pin or plate fabrication costs for some of
the systems studied. For example, see the table below.

Fuel

Pu02.UO2 Homo pins

U-10 w/o-Mo pins

U-10 w/o-Mo pins

U02 SS plates

U02 SS plates

U-10 w/o-Mo plates

5. Effect of

Scrap Recovery
Reactor $/Element Cost

PFFBR

Fermi

PFFBR

Fermi

PFFBR

Fermi

5

7

7

34

63

61

131

148

267

62

131

100

Total

Cost

39

70

68

193

279

367

Radioactivity

The difference between fabricating comparable elements
from relatively nonradioactivity U-235 vs Pu containing an appre-
ciable percentage of Pu-240 and Pu-241 which requires consider-
able shielding and either automation or remote operation, can be
illustrated by comparing the U02 vs the Pu02 in SS cermets for
PFFBR, as follows:

U02

16Number plates/subassembly

Pu02

16

Cost/plate

Cost/subassembly

Hardware and assembly costs

$ 148 $4 225

$ 2,370 $ 3,600

$ 2,000 $ 3,000

$ 2,100Scrap recovery costs*

Subassembly fabrication costs

$ 2,100

$ 6,470 $ 8,700

*7% of U-235 @ $17/gram = $1.20/gram = 10% of Pu @ $12/gram
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6. Effect of Material Costs

For most fuels, the amount of nonfissionable materi-
al used does not significantly affect fuel element cost. How-
ever, the cost of the thorium powder required for the PuO in
thorium cermet-type fuel elements is important. At $133/g of
powder, this represents about two-thirds of the fabrication
costs for this type of element.

7. Campaign Runs vs. Inventory Costs

It was originally thought that those elements for
which there was a small annual requirement would be fabricated
during a few weeks' "campaign" run once a year. However, the
charges on the inventory of fissionable material tied up for
considerable periods of time more than offset the savings in
fabrication costs obtained by campaigning.
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II. METHODS USED IN OBTAINING FABRICATION COST ESTIMATES

Fabrication cost estimates were obtained independ-
ently from two commercial fuel element fabricators for each
system studied, the Babcock and Wilcox Company and Metals &
Controls Nuclear, Inc.

Time limitations precluded obtaining an accurate
description of the fuel elements on which to base these cost
estimates, as the fuel element aesign and cost estimating ef-
forts had to proceed concurrently. Therefore, the approximate
annual requirements and nominal dimensions for fuel elements
believed to be representative of each system, were quickly
defined. These values were used for cost estimating purposes.

It was planned to modify the cost figures so obtained
by suitable factors to reflect the effects of changes in quan-
tities required and the dimensions of the specific fuel ele-
ments resulting from the design effort. It turned out that,
in general, the estimates made for the nominal fuel elements
defined for the two reference reactors covered a broad enough
range of dimensions and throughput quantities that a figure
within the range of uncertainty could be obtained by inter-
polation and extrapolation of the two reference cost figures.

Ground rules for the development of fabrication cost
estimates were given to each of the fuel fabricators. These
are summarized in Table B-1, Page 130. Nominal fuel element
specifications and production rates, as given to the suppliers,
are in Table B-2, Page 132.
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TABLE B-1

GROUND RULES FOR THE DEVELOPMENT OF
FABRICATION COST ESTIMATES

1. The fuel element has been developed (i.e. R&D has been
done and data is available.) Process development costs
are not included.

2. One reactor operating continuously (steady state) is
assumed. Pins or plates are required at rate shown on
data sheets. One vendor, with long term contract, is
assumed.

3. Following assumptions are made regarding activity of Pu
elements:

a. Assume glove box operation with body shielding
equivalent to 1" lead glass. (Pins only)

b. Assume manual handling of one pin at a time, except
for assembly of subassemblies.

c. Assume gamma and neutron shielding is required for
all operations with the plate elements.

4. Present Enrico Fermi core costs are used to adjust cost
estimate to provide a uniform realistic cost. These are
$50/pin or $70/pin with UF6 reduction, scrap, losses and
non-destructive testing.

5. Amount of scrap for external reprocessing will be listed.
APDA will include this as a separate item in the total
fuel cycle cost.

6. Flow sheets are to be prepared showing major steps in fa-
bricating a fuel element; including material balance (scrap
and losses) and material hold up.

7. Consider the effect of the following variables are to be
considered:

a. Length of element
b. Width and thickness of plate
c. Diameter of pin
d. Enrich 15 - 25%

8. Assume rigid NDT requirements and high quality tubing
required.

9. Assume tolerances to be on X, Y, Z basis -- (i.e. X = loose,
sloppy; Y = relatively easy to attain; Z = tight, best pos-
sible effort.)
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10. APDA will compute costs for subassembly hardware, blanket
elements and assembly except for the assembly of Pu ele-
ments. In this case the fabricator should provide a cost
estimate for the remote assembly of plutonium elements.

11. Assume Pu or U will be provided in the form of either oxide,
carbide or metal.

12. Assume cost of assembling uranium element per subassembly
for Enrico Fermi Plant at $2,000 and cost of assembling
per subassembly for PFFBR at $3,000 (Includes labor and
material).

Nominal fuel element data on which cost estimates were based
are shown in Table B-2, Page 132.
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TABIZ B-2

11MINLL FUEL ELEENT DATA FO FAMICATIQH COT ESTIMLThS

1

Fuel Element

Dimensions - Overall

Dimensions - Meat

- Clad

Weight - Kilogram

Composition

eat

Clad

N Enrichment of U

Subassembly

Shape

Dimensions - Overall

- Core

No. of Pins or
Plates/Subassembly

Method of Spacing

Weight - Axial Blanket

Weight - Total

No. of Subassemblies/ear

No. of Pins or Plates/Year

U-10 w/o Mo Pins

Fermi PFFER

49 x 0.200 49+ x 0.210

+8 xz0.186 48 x 0.196

0.007 +0.002

0.375 0.455

90 v/o U-b0 w/o Mo

Zr

'x17 'x14

sq hex

96 9/16 x 2.64 100 x 3.95

48x2.61 ; 48 x3.95

100

APDA-121

20

105

105

10,500

189

APDA-129

45

230

100

18,900

2

U-10 w/o M Plates

Fermi

49 x 0.095 x 2.55

48 x 0.081 x 2.20

0.007

3.1

90 W/o 1-10 W/o Mo

Zr

sq

96 9/16 x 2.64

48 x 2.64

16

6X1-2679*

20

105

120

1,440

3

U02 in SS Plates

Fermi PFF M

k1

NtC in U-15 w/o No Plates

Fermi . PFF E

Nu02-U2

Pins

WFEBR

13 x 0.095 x 2.55 61 x 0.110 x 3.675 49 x 0.095 x 2.55 61 x 0.110 x 3.675 61 x 0.147

42 x 0.081 x 2.20 60 x 0.096 x 3.45 48 x 0.081 x 2.20 60 x 0.096 f 3.15 60 x 0.099

0.007 0.007 0.0214

1.4 3.3 2.85 6.15 0.12

Enrich. U02 in SS Cermet

SS

93

sq

96 9/16 x 2.64

42 x 2.61

16

20

90

31.6

506.0

sq

100 x 3.675

60 x 3.675

21

61N-2679*

37

207

20.5

430.0

Pa02 in U-NO Cermot

Zr

'.25 v/o PuO2

sq

96 9/16 x 2.61

48 x 2.611

16

20

no
48

765

sq

100 x 3.675

60 x 3.675

21

611-2679*

45
280

34

725

'Pu02-2U02
Ss

hmr

100 x 3.95

60 x 3.95

363

APfA-129

37

48

6

U23502-U23802
Heterogeneonu Pins

Fermi PFFE

49 x 0.135 61 x 0.167

48xO.U 60x0.143

0.012

0.101 0.156

0.010 Skin of U23502
0.091 Care ofU 23802

SkIn-939; Core-0.3

sq hex

969/16zx2.6 1 bOx 3.95

48 x 2.64 60 xz3.95

256 299

APD&-124 LPDA-129

15 37

70 168

lab 9

20,000 '/1,500

70% of
theoretical
density

14,600

*APaR Type Subassembly with Center Spacing Device



TABLE B-2 (Continued)

Fuel Blement

Dimensions - Overall

Dimensions - Meat

Clad

Weight - Kilograms

Composition

Meat

Clad

W Enrichment of U

Subassembly

Shape

Dimensions - Overall

Core

No. of Pins or
Plates/Subassemblies

Method of Spacing

Weight - Axial Blanket

Weight - Total

No. of Subassemblies/Year

No. of Pins or Plates/Year

7

UC in U-15 w/o Mo Plates

Fermi. PFFBR

40 x 0.095 x 2.b5 60 x 0.110 x 3.675

48 x 0.081 x 2.25 60 x 0.096 x 3.45

0.007

2.99 6.35

Enrichment UC in U-Mo Cermet

Zr

UC-93%; Cermet-0.3%

sq

96 9/16 x 2.614

48 x 2.64

16

20

110

48

765

sq

100 x 3.675

60 x 3.675

21

61N-2679

45

280

34

725

8

PuO2 - U0 2 Heterogeneous Pins

Fermi PFFBR

49 x 0.135 61 x 0.167

48 x 0.111 60 x 0.113

0.012

0.10 0.156

0.008 Skin of PuO2
0.095 Core of U238502

35

Skin-100% Pu02; Core Dep. U0 2

sq hex

96 9/16 x 2.64 100 x 3.95

48 x 2.64 60 x 3.95

256

APDA-124

15

70

46

11500

2.99

APDA-129

37

162

49

14600

9

Pu02 in SS Plates

Fermi FFFR

43 x 0.095 x 2.55 61 x 0.110 x 3.675

42 x 0.081 x 2.20 60 x 0.096 x 3.45

0.007

1.4 3.3

PuO2 in SS Cermet

Ss

-. 25 v/o PuO?

sq

96 9/16 x 2.64

42 x 2.64

16

sq

100 x 3.675

60 x 3.675

10

Puo 2 in Th Plates

Fermi PF rBR

49 x 0.125 x 2.55 61 x 0.135 x 3.675

48 x 0.111 x 2.20 60 x 0.121 x 3.15

0.007 0.007

u-...2.0x -ee.5

Pu02 in Th Cermet

,....20-25% Pu02 in Th

sq

96 9/16 x 2.64

48 x 2.64

sq

100 x 3.675

60 x 3.675

21

61N-2679

20

90

316

506

,...17

61N-2679

45

215

20.5

430

20

100

~50

r-... 25

~2 15



III. FABRICATION COSTS USED IN STUDY

The fabrication costs used for the reference size
fuel pink or plates are shown in Table B-3, Page 135. These
are usually taken as an average between the two independent
cost estimates. In one case the cost is taken as 1.4 times
the lower figure.

Deviations in the size and weight of pins or plates
from the reference design were accounted for in general by de-
creasing unit costs by 10% when doubling the quantity per year,
also by increasing unit costs by 10% when doubling the weight
per element. In some cases factors such as extra high scrap
losses modified this procedure.
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TABLE B-3

FUEL ELEMENT COST, SCRAP, AND LOSS ESTIMATES BASED
ON NOMINAL FUEL ELEET CHARACTERISTICS AND QUANTITIES

Materials, Lbs Cycle Mater
Fuel Element Reactor estimate Required Produced Scrap Lost In Process Time Quantity $/Element Balance

1. U-10 v/o Mo Pins Fermi Low 5,516 5,096 408 12 10,500 63 Alloy
High -- -- -- -- -- --
Used 1 month 70a

1. U-10 w/o Mo Pins PFFE Low 9,330 8,600 709 21 530 18,900 61 Alloy
High -- -- -- -- - --
Used 1 month 70a

2. U-10 v/o Mo Plates Fermi Low 5,845 5,357 428.5 60 643 1,410 154 Alloy
High 6,500 5,000 1,660 49 1,000 1,440 380 + 33%
Used 6,172 5,178 1,044 55 1 month 1,1410 267 ~

3. U0 2 in SS Ceret Plates Fermi Low 253 213 37 2.5 506 98 U-235
High 465b 272 188b 3 230 1,000 164 + 15%
Used 298C 242 520 3 1 month 750 131

3. U02 in SS Cexmet Plates PFFBR Low 505 426 74 5 430 132 U-235
High 9 80b 575 400b 5 500 400/800 164 + 15%
Used 6C 500 1090 5 1 month 515 18

4. PuC - U-15 w/o No Plates Fermi Low 470 360 106 4 765 30
6  

d PuC
U) High -. 610d 3 60d -.250d 3 d 765 1590O+5 d

Used 1 month

4. PC - U-15 w/o Mo Plates PFF Low 963 683 273 7 725 336 PuC
High .-. 130 662 - 462 6 725 1870_+
Used 1046 368 1 month 470

5. PU02-002 Homogeneous PFFt Low 2,458 2,400 46 12 17,300 25 Pu02-UPowder Pins High 1,220 1,098 110 12 120 20,000 42 + 15%
Used 1,839 1,749 78 12 1 month 18,650 34 -

6. U02-U0 2 Heterogeneous Pins Fermi Ony 447 174 90 4 179 2 months 11,500 165 U-235

6. U02-U02 Heterogeneous Pins PFFB Onlyf 1,120 437 269 11 403 2 months 14,600 150 U-235

7. UC in U-15 v/o No Plates Fermi Low 238 183 53 2 765 200 UC
High - 13 183 s-.127 -\2 765 465 + 50%9
Used 1 month

7. UCin U-15w/o Mo Plates PFFBR Low 663 482 176 5 725 243 UC
High r825 482 -333 1-.5 725 570 + 50$
Used 1 month

Lal
as On

02

02

02

For Notes a - g See Next Sheet



Fuel Element

8. PNO2-UO2 Heterogeneous Pins

8. Pn02-U02 Heterogeneous Pins

9. PuO2 - SS Plates

9. PO2 - SS Plates

10. PuO 2 in Th Plate

10. Pu02 in Th Plater-

W-'
ON

Reactor Estimate

Fermi Only

PFFBR Only

Fermi Low
High
Used

PFFBR Low
High
Used

Fermi Loa
High
Used

PFFBR Low
High
Used

TABLE B-3 (CONTINUED)

Materials, Lbs
Required rduced

335 174 155

920 438 466

221.5 188 32N 320 188 -"100

443.1 374 65
x.60374 ^-262

391 330 57

849 718 123
-s-e-o

6

16

2
2

h
14

14

8

n-rocess

309

700

Cycle
Time Quantity

2 months 11,500

2 months

2 months 14,600

2 months

506
506

1 month

430
430

1 month

725
725

700
700

a
Included scrap recovery costs. Only the alloy pins were calculated with
scrap recovery costs included. For other elements the scrap recovery
costs were calculated separately.

b
Not used.

c
Averaged between low estimate and figures from ORNL private comunication.

d
Received too late to be used in the study.

e
Value used was 1.1 times the low estimate.

f
Only one estimate was received on these feel elements.,

Based on U-Mo shot at $91/lb.

B
Based on thorium powder' at $133/kg.

1Based on thorium powder at $20/lb.

Material
Balances On

Pa

Pa

$ Eemeit

407

1469

l16
500 +50

-10

182
500 +50

-10

5 8 0h
1790 +501

-10

1-506
2170 +501

-10

Pu02



APPENDIX C

REPROCESSING COSTS

I. DISCUSSION OF IMPORTANT FACTORS IN PROCESSING COSTS

Aside from the high cost of fabrication of new fuel
elements covered previously, the other relatively high cost
items involved in a fuel cycle analysis are: 1) conversion
of the starting materials to metal or oxide (example, UF to
metal or UO ) prior to fabrication into new fuel element,
2) losses of material by burnup and processing; losses and
scrap recovery costs, 3) cost of aqueous processing of irrad-
iated fuels, and 4) shipping costs. Information on which the
costs of these steps were calculated is given in Appendix C.

I, SUMMARY OF ASSUMPTIONS AND GROUND RULES

A. General

The fuel cycle flow diagrams are shown in Figs.
0-1 through C-11, Pages 148-158. Reprocessing of irradiated
core and blanket fuel elements by conventional aqueous methods
employing solvent extraction techniques was assumed for this
study. The products of the aqueous reprocessing plant are in
the nitrate form. Further, it was assumed aqueous off site
reprocessing of the irradiated fuel elements to the deconta-
minated nitrates is performed in government owned reprocessing
facilities.

It was also assumed that conversion of plutonium
nitrates to plutonium oxides or plutonium metal will be per-
formed in government facilities.

Disposal of depleted uranium nitrate (UNH) obtained
from the aqueous reprocessing plant with subsequent purchase
of new depleted UFg was assumed in all cases to eliminate the
buildup of other active uranium isotopes. Disposal of thorium
nitrate from the aqueous reprocessing plant with subsequent
purchase of virgin thorium material was assumed.

It is felt that the additional cost of the subsequent
processing steps which would have to be performed by remote
or semi-remote means would more than offset the cost of pur-
chasing new virgin thorium material. The cost of the aqueous
reprocessing step if thorium nitrate was recovered would also
be increased by a factor of approximately 1.7 due to the
lower plant processing rate. Mechanical separation of the
axial blanket sections from the core sections of core sub-
assemblies was assumed to take place at the reactor facilities
in all cases.

Reprocessing of the core sections is treated separ-
ately from the processing of the axial and radial blanket
materials.
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Dissolution of the complete core section fuels,
after remov-al of the outer wrapper tube, handling heads and
rrozles was assumed in all oases Removal of the thin clad-
dings from the irradiated fuel elements is felt to be vir-
tually impossible. Dissolution of the entire core fuel re-
sults in degradiation of the resulting uranium products in the
case of the following core fuel systems: U02 .U02 hetrogenous
pins, and UC in U-15 w/o Mo plates.

The means of dissolving the plutonium carbide and
uranium carbide cermet fuels which are contained in a matrix
of U-15 w/o Mo bear further investigation. Dissolving of
these carbide fuels, it is felt may possibly lead to the gen-
eration of explosive quantities of hydrocarbon gases unless
the off-gases are diluted with sufficient quantities of inert
gases or air. Dissolution rates, losses, and dissolving agents
for the following core fuel elements, it is felt, would have
to be investigated: UC in U-15 w/o Mo plates, PuO2 -Stainless
steel plates, PuO2 -U02 homogenous pins, PuC - U-15 w/o Mo
plates, PuO2 -Th plates, and U02 -Th plates. Complete dissolu-
tion of PuO2 in the specific fuel alloys may present a problem
and will obviously have to be investigated. It was concluded
that these problems can be resolved by research and development
work.

Enriched core fuels which contain U-235 will be re-
turned to the Commission after conversion to UF6 and new UF6
of the desired enrichment shall be obtained from the Commission
via the diffusion plant. This cylce will perform the dual
functions of re-enrichment of the uranium and prevention of
the buildup of excessive quantities of heavy uranium isotopes
in the material used to fabricate new core fuel elements.

In fuel systems which contain plutonium in both the
core and blanket elements only plutonium from the blanket fuels
will be sold. The buildup of higher plutonium isotopes in the
recycled plutonium is expected to require that subsequent con-
version and fabrication operations will require the use of
shielded facilities and semi-remote operations. All operations
involving plutonium materials subsequent to the plutonium ni-
trate step will be performed within containment facilities due
to the extreme toxicity of plutonium.

The decay time of irradiated core fuel elements con-
taining U-235 and U-238 was set at 110 days at the reactor site.
The shipping time to the reprocessor of 10 days can be added
to this giving a total time of 120 days before reprocessing.
This time is specified to allow the U-237 (6.7 day half life)
in the product UNH to decay to such a level that it does not
severely limit personnel exposures or require that remote oper-
ations be performed in subsequent conversion processes. In a
like manner, the decay time at the reactor for irradiated
blanket fuels containing depleted U-238 alloy or oxide materials
was set at 100 days prior to shipping to the reprocessor (ship-
ping time 10 days). The total decay time before reprocessing
these blanket fuels is therefore 110 days. The decay time at
the reactor for the irradiated Pu 2 -Stainless Steel core fuel
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was set at 90 days to allow sufficient time for decay of 1-131
(8.1 day half life) so that excessive radio iodine will not
be emitted in the dissolver off-gases during fuel element dis-
solution.

The decay time at the reactor for this U02 -Th core
fuel was set at 110 days. This will allow sufficient time for
decay of any U-237 to tolerable levels. It is estimated that
slightly less than 10 per cent of the Pa-233 formed will not
have decayed to U-233 after a total of 110 days decay time.
The decay time at the reactor for the U-2-3/4 w/o Mo alloy
blanket for the UO 2-Th core fuel was set at 100 days to allow
for sufficient U-237 decay.

The decay time at the reactor for irradiated core
fuels of the Pu02 -Th type was set at 90 days to allow suffici-
ent time for 1-131 decay. Approximately 10 per cent of the
Pa-233 has not decayed to U-233 after 90 days decay time. The
decay time for the irradiated Th blanket fuel at the reactor
was set at 90 days to allow sufficient time for 1-131 decay.

At the present, no simple solvent extraction pro-
cesses are available to separate all three elements Pu, U and
Thorium into the decontaminated nitrate products. Therefore,
a process such as the interim 23 process which extracts U and
Pu and separates them is assumed. The thorium, if any, can
be rejected into the first solvent extraction cycle raffinate
and disposed of. Due to the comparatively high amounts of
protactinium which are also lost to the waste raffinate stream
when processing thorium fuels at comparatively short decay
time, 90 to 110 days, the advisability of recovering this pro-
tactinium from this waste by ion exchange or solvent extract-
ion methods should be investigated. Sufficient time, in the
order of 300 days, since reactor discharge will have to be
allowed to permit essentially all the proctactinium (27.4
day half life) to decay to the desired U-233 product.

Estimates of the radioactivity of the U-233 products
and their intermediates were not made during this study.
Experience in handling U-233 at Los Alamos has indicated that
dry-box techniques must be used for all steps between the UNH
and the finished U-233 metal or oxide product. U-233 must be
handled by glove box techniques like those used when handling
plutonium materials, as U-233 like plutonium, is also an alpha
emitter. The buildup of U-232 by the n, 2n reaction on Th-232
followed by the decay of Th-231, neutron capture in Pa-231
and decay of Pa-232 will have to be investigated for fast re-
actor operating conditions. The formation of U-232 by the n,
2n reaction on Pa-233 to produce more Pa-232 and directly by
the n, 2n reaction on U-233 should also be investigated. The
U-232 produced which has not decayed to Th-228 at the time of
aqueous reprocessing of the thorium fuels will be present in
the UNH product (U-233). The decay chain of Th-228 contains
two major sources of high gamma activity which are Bi-212 and
T1-208. It is felt that there is a fairly good possibility
that the conversion of the UNH from the thorium containing
fuels to other forms probably will have to be performed by
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semi-remote or remote operations, but calculations would have
to be made to determine the activities of these products.

B. Fuel Cycle Conversion Processes

a. Conversion of Pu (NO3)4 to Pu02

Conversion of Pu (N0 3)4 to Pu02 is assumed to be
performed by the addition of either the peroxide
or oxalate ion to the Pu (N03)4 solution. The
resultant precipitate is removed, dried and heated
for conversion to the Pu0 2 product.

b. Conversion of Pu (N03 )4 to Pu Metal

Plutonium nitrate solutions are converted to Pu02
as outlined in the step above. The Pu02 is sub-
sequently reduced to plutonium metal.

c. Conversion of Depleted UF6 to U0 2

As in most of the conversion steps encountered
several alternative processes can be used for the
production of the desired product. One process
which can be used to produce U02 is to hydrolize

UF6 to produce a U02Th intermediate. Ammonium hy-
droxide is then added to precipitate ammonium
diuranate. The ammonium diurante is filtered and
reduced to give a UO2 product. A second method
of producing the U02 is to convert the UF to UNH.
The resultant UNH can be decomposed by caIcination
to UO . The UO3 is then reduced by hydrogen to the
U02 p oduct. 

d. Conversion of UF6 To U Metal

UF6 is reduced by reaction with hydrogen to pro-
duce UF4 (green salt). The UF4 is then blended
with calcium (highly enriched uranium) or magnesi-
um (low enrichments) and reduced to the metal pro-
duct in a bomb reduction process.

e. Conversion of Thorium Concentrate (Th (OH)4) to Th02

A common method of producing 'h0 2 is to purchase
Th (OH)4 concentrate and purify this by solvent
extraction methods. Oxalate ion is added to the
solvent extraction product to precipitate thorium
oxalate. The thorium oxalate is then thermally
decomposed to Th02.

f . Conversion of Th02  To Th Metal

Th metal powder is generally produced by the calcium
reduction of Th02.
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g. Conversion of UNH to U02

The UNH can be thermally decomposed to UO in heated
pots or by continuous calcination. The r sulting U03
is reduced by hydrogen to the U0 2 product.

h. Conversion of UNH to UF6

The common method of producing UF6 from the uranium
product of the aqueous reprocessing plant (UNH) con-
sists of four steps. These steps are:

1) Denitration of the UNH by thermal decomposition to
a UO3 product,

2) reduction of the U03 by hydrogen to form U02 ,

3) reaction of the resultant U02 with hydrofluoric acid
to form UF 4 , and

4) reaction of the UF4 with fluorine gas to produce
the UF6 product.

i. Conversion of Pu (No3 ) 4 and UNH to The Mixed PuO2 .UO2

Oxides

The desired quantities of PU (NO )4 and UNH are mixed
together and the coformed hydroxides are precipitated
from the mixed nitrate solutions. The resultant pre-
cipitate is filtered and dehydrated in a hydrogen at-
mosphere. The resultant product is a mixed crystal of
U02 and Pu02.

j. Production of UC
tC can be produced by heating a mixture of uranium and
carbon to temperatures in the range of 800 to 1200 C.
Due to the pyrophoric nature of the UC, it has been
found essential to keep the particles wet with trich-
lorethylene. The trichlorethylene is later removed by
warming vacuum at 20 - 50 C.

k. Production of PuC
It is to be expected that PuC can be produced by the
reaction of Pu metal with carbon at elevated tempera-
tures. An alternate method of producing PuC, which was
shown in the Fuel Cycle Flow diamgrams, was to react
Pu02 with carbon at elevated temperatures to produce
PuC and carbon monoxide. The optimum method of produc-
ing PuC should be investigated further.
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The costs and losses incurred in the various pro-
cessing fuel cycle conversion steps were obtained
from contacting personnel in the AEC and at vari-
ous private commercial processing facilities and
are believed to be realistic not optimistic. It
must be realized that commercial facilities are
not now available to process irradiated fuel
materials and, hence cost for some of these steps
were obtained or estimated from quoted AEC prices.

III SUMMARY OF COSTS, LOSSES, AND RATES USED IN THE FUELOQYCLE
ANALYSIS.

A. Unit Costs and Losses

a. Aqueous Reprocessing Plant Costs
Use $15,300/day for cost of using the AEC concep-
tual plant. This plant will convert irradiated
fuel from the reactor into the following products
if they appear in the irradiated fuel: uranium
nitrate, plutonium nitrate, thorium nitrate. The
diluente such as stainless steel, zirconium,
molybdenum and fission products are separated from
the product streams and stored as wasted in under-
ground storage tanks as a normal process in this
plant operation.

The total cost for processing a batch of fuel in
this plant is given by the formula:

TC = + C $15,300/day

where TC = total cost $/batch

W = reprocessing batch size

R = conceptual plant reprocessing rate in Kg's
uranium of Kg's of plutonium per day.

C = turnaround time - this number varies from 3
to 8 days per batch of fuel sent to the aqueous
reprocessing plant. If a batch of fuel sent to
the aqueous reprocessing plant takes more than 8
days to process, the turnaround time is 8 days.
If the fuel batch takes 3 days to reprocess, the
turnaround time is 3 days. For batches of fuel
which require from 3 to 8 days to reprocess, the
turnaround time is equal to the reprocessing time.
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b. Fuel Lost In Aqueous Reprocessing Plant
Assume a loss of 1 per cent of the uranium and/or
plutonium in the fuel sent to the reprocessing
plant.

c. Fuel Lost In The Conversion Of Enriched UNH to UF6
Assume a loss of 0.3 per cent of the uranium for
this conversion step. Losses in converting de-
pleted UF6 to metal = 9 per cent.

d. Plutonium Lost In Converting Plutonium Nitrate
To Plutonium Metal

e. Cost Of Conversion of Uranium Nitrate to UF6
Assume $32 per Kg of contained uranium for enrich-
ments over 5 per cent.

f. Cost Of Converting UNH To UF6
For enrichments less than 5 per cent assume $5.60
per Kg of contained uranium.

g. Cost Of Reduction Of Enriched UF6 To Uranium Metal
See Fig. C-12, Page

h. Daily Plant Rate for Reduction of UF6 To Uranium
Metal
See Fig. C-13, Page

i. Cost Of Reduction of Depleted UF6 To Uranium Metal
For depleted or natural uranium assume the cost of
reduction is $1.95 per pound of uranium.

J. Cost of Reduction Of Plutonium Nitrate (From The
Aqueous Reprocessing Plant
Assume $1.50 per gram of plutonium metal.

k. Cost Of Depleted Uranium Purchased As UF6 Of 0.36
Per Cent Enrichment
The cost is $5/Kg of uranium.

1. Cost of ThO
Assume $7/pound.

m. Cost Of Thorium Metal
Assume $20/pound (reactor grade powder)

n. Losses In UF6 To Metal Conversion
Assume 0.5 per cent of uranium.
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o. Losses In UF6 to U0 2 Conversion

Assume 0.85 per cent of the uranium.

p. Losses Thorium Hydroxide to Th02 Conversion
Assume 1 per cent loss of thorium.

q. Cost Of Converting UF6 to U02

Assume this cost is 20 per cent higher than the
cost of converting UF6 to U metal.

r. Losses In Converting Plutonium Nitrate to PuO2
Assume 0.3 per cent of Pu lost.

s. Cost Of U-233 Purchased As Uranium Nitrate
Assume $15/gram of U-233.

t. Cost Of Converting Plutonium Nitrate To Plutonium
Oxide
Assme $0.40/gram of Pu.

u. Cost Of Converting 93 Per Cent Enriched UF6 to UC
Assume the cost is $45/pound more than the cost
of converting UF6 to U metal (total of $175/lb.
for 93 per cent enriched material--this price does
not include losses) .

v. Losses In Converting UF6 to UC

Assume a loss of 1 per cent (highly enriched
material).

w. Cost Of Converting PuO2 to PuC

Assume $200/Kg of Pu ($91/lb of Pu).

x. Loss In Converting PuOp to PuC.
Assume 0.2 per cent loss.

y. Cost Of Converting Pu(N03 )4 To PuC

Assume a cost of $23/pound .

z. Losses In Converting Pu(N03 )4 To PuC

Assume a 0.5 per cent loss.

aa. Cost Of Converting Th02 to Th Metal
Assume $13/pound.

bb. Daily Plant Rate for Converting Pu(N03 )4 and UNH

To The Mixed Pu2~TU2 Oxides.

Assume a processing rate of 10 Kg's of plutonium
per day.



cc. Cost Of Converting UNH and Pu(N03 )4 To The

Mixed PuO2 -UO2 Oxides

Use $500 per Kg of Pu.

dd. Losses In Converting UNH And Pu(NO 3)4 To The
Mixed PuO2-UO2
Assume 0.3 per cent loss for Pu and 0.5 per
cent for U.

ee. Losses in Depleted UF6 to U02 Reduction

Assume 10 per cent 6f the U is lost.

ff. Losses in Th02 to Th Metal

Assume a 7 per cent loss.

gg. Cost Of Converting UNH To U02 (U2 33 Material)

Assume $30/Kg of contained uranium.

hh. Losses In Converting UNH to U0 2 (U2 3 3 Material)

Assume a loss of 0.2 per cent.

ti. Losses In Scrap Recovery Operations
Assume a loss of 1.0 per cent for both Pu and U.
Amount of scrap recycled from the metal or oxide
reduction plant to the scrap recovery plant.

(1) For reduction to metal assume 1/2 per cent
of material is sent to scrap recovery.

(2) For reduction to oxide assume 1 per cent of
material is sent to scrap recovery.

jj. Cost Of Enriched Uranium
Available from AEC published price list.

C. Processing Rates For Fuel Cycle Conversion Steps

a. Aqueous Plant Reprocessing Rates
Irradiated metal to aqueous nitrates)
1) For enriched uranium use curve Fig. 6 of

report "WASH 743" which gives reprocessing
rate Kg U/day versus per cent enrichment
(U-235). (See Fig. C-14, Page 161.)

(2) For plutonium fuels use a daily reprocessing
rate of 31 Kg's of plutonium per day.
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(3) Thorium rate - use 1000 Kg's of thorium
per day if thorium is not recovered. Use
600 Kg's of thorium per day if thorium is
recovered.

(4) For U-233 use a processing rate of 30 Kg's/day.

b. Daily Plant Rates for Other Fuel Cycle Conversion
$eps

(UNHF- U02 , UNH - UF6, etc.)

(1) For uranium of enrichment less than 5 per
cent U-235 use a rate of 1000 Kg's of U/day.

(2) For uranium of enrichments greater than 5
per cent use a processing rate of 150 Kg
U/day.

(3) For plutonium use a plutonium processing rate
of 10 Kg's Pu/day.

(4) For U-233 use a processing rate of 20 Kg's
U/day.

D. Shipping Costs

a, Shipping of Intermediate Compounds
For Intermediate steps in the fuel cycle after
the delivery of irradiated fuel elements to the
aqueous reprocessing plant assume that the ship-
ping charges of the intermediates are included
in the charges for processing these intermediates.

b. Shipping of RaWiMaterials
Costs for shipping fuel materials from Oak Ridge
or other government suppliers is assumed equal
to the cost of insuring the material during trans-
portation taken at $0.05 per $100 worth of
material.

c. Shipping of Material To Fabricator
Cost of shipping fuel materials from the fuel
material convertier (i.e., Davison, Nusso,
Mallinckrodt, Spencer) to the fuel fabricator --
assume $250 per 100 pounds.

d. Shipping Irradiated Rndial Blanket Materials
Assume cost for shipping irradiated radia fuel
subassemblies is $500 per subassembly (this
includes cost of transportation and cost of ship-
ping cask.
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e. Shipping of Fabricated Fuel Elements To The
Reactor Site
Cost of shipping fuel elements from fabricator to
reactor is $62 per subassembly.

f. Shipping Axial Blanket Subassemblies
Cost of shipping axial blanket subassembly is $115
per subassembly.

g. Shipping Of Irradiated Core Fuels
Shipping cost for irradiated core subassemblies is
$1000 per subassembly.

E. Time Use Charge Applies

Total Time = Decay Time at Reactor Site + Shipping
Time

R (Processing Rate) + 3

(aqueous (Time to Convert)
reprocessing

time) (From Nitrate to UF6)

F. Decay Times At Reactor For Irradiated Fuels

a. Decay times prior to shipping for fuel components.

(1) Decay times for all blanket fuels are
set at 100 days.

(2) Decay times for all core fuels containing
uranium are set at 110 days.

(3) Decay times for all core fuels containing
Pu are 90 days.

(4) For U02-Th core fuel with Th Blanket, decay
time for core fuel is set at 110 days. Decay
time for blanket fuel is set at 90 days.

G. Scrap Recovery Costs

a. Uranium Scrap Recovery
Assume a scrap recovery cost of 6 per cent of the
value of the material to be processed.

b. Plutonium Containing Scrap
Assume a scrap recovery cost of 10 per cent of the
value of the material to be processed.
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APPENDIX D

CORE DESiGN

I. GENERAL DISCUSSION

The first part of this appendix is devoted to the
general presentation of the basis for design, an outline of
the method of calculating burnup and a summary of the results.

The second part includes the detailed derivation of
the method of analysis and a detailed discussion of the results
obtained with the different fuel systems.

A. BASIS FOR DESIGN

1. Core Subassembly Geometry

a. Enrico Fermi Reactor

The core subassembly external structure is identical
with the Enrico Fermi Atomic Power Plant Core I sub-
assemblies, shown in Fig. D-1, Page 181.

The axial blanket rods are identical to those shown
in the sane figure, except that their length will be
different to accomodate for the core section length.

(1) Pin Type core subassembly

The pins are arranged on a square pitch within
the 2.454 inch square internal dimension stainless
steel can, as shown in Fig. D-1, Page 181, in this
case 144 pins of .158 inch external diameter. The
pins are maintained on a square pitch by helically
wound spacer wires. The longitudinal pitch of the
spacer wire is 6 inches, independent of the pin
diameter. This arbitrary choice was dictated by
lack of time. The selection of the spacer wire
pitch should normally be based on considerations
satisfying vibration stresses and individual pin
thermal bowing. The 6 inch pitch is similar to
the figure used for the EBR-II subassembly.

Since the pins are arranged in a square pitch,
the number of pins per subassembly can only be the
square of an integer. For the U-Mo alloy pin, it
was assumed that the clad thickness was 0.005 inch,
similar to the clad thickness of the Enrico Fermi
Core I elements,
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(2) Plate type core subassembly

The method of assembling and spacing the flat
fuel plates in order to provide satisfactory flow
distribution, vibration stability and stresses
will result from the study currently being made of
the Core II of the Enrico Fermi Reactor. The
coolant distribution was assumed to be such that
each face of the fuel plates was cooled by the
same flow rate. It was assumed in the present
study that the plates are equally spaced within
the square can. The space between end plates
and square can wall was taken equal to half of
the space between successive fuel plates.

The active width of the fuel plates was
assumed to be equal to 2.35 inches, thus allowing
approximately only 50 mills on each side of the
plate for fabrication and assembly. The clad
thickness was always taken equal to .007 inch.

b. PFFBR Reactor

(1) Pin type core subassembly

The subassembly external structure is iden-
tical with that of the reference design PFFBR core
subassembly shown in Fig. D-2, Page 1t2.

The pins are arranged on a triangular pitch
within the hexagonal stainless steel can as shown
in the figure for the particular case of 397 pins
of .122 inch outside diameter. The pins are
maintained on a triangular pitch by helically
wound spacer wires. The longitudinal pitch of the
spacer wires was assumed equal to 6 inches,
independent of pin diameter, for reasons similar
to those stated above.

Since the pins are arranged on a triangular
pitch in a hexagonal can, the successively in-
creasing number of pins per subassembly can only
be as follows: 7, 19, 37, 61, 91, 127, 169, 217,
271, 331. As in the case of the Enrico Fermi
Reactor, the clad thickness was assumed equal to
,005 inch.

The axial blanket sections are completely
separated from the core section. Their length will
vary to accomodate for the core section length.
No attempt was made to finalize their design in the
present study.
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c. Plate-type core subassembly

The subassembly external structure is identical with
that of the first alternate core subassembly design for
PFFBR. shown in Fig. D-3, Page 183.

The flat fuel plates are arranged in the square can
according to the same assumptions as for the Enrico
Fermi reactor, i.e., equal flow rate for each face of
the plates, 50 mils on each side for fabrication and
fixation purposes and cladding thickness equal to .007
inch. No attempt was made to finalize the method of
support and spacing of the plates, nor to finalize the
axial blanket sections design.

2. Core Pressure Loss

Figs. D-4 to D-7, Pages 184 to 187, present the results
of the calculations of the pressure loss per unit length
versus pin diameter, or plate thickness for a fixed flow
rate of 110,000 lbs/hr per subassembly of varying number of
fuel elements. The figures refer to a pin subassembly for
the Enrico Fermi reactor, for the PFFBR, and to a plate
subassembly for the same reactors, respectively. They were
obtained by application of published experimental correla-
tions relative to this type of geometry.

The determination of the element dimensions compatible
with the allowable pressure drop was determined by the use
of the figures indicated in detail below.

3. Core Power and Core Power Distribution

To avoid successive iterations, the calculations made
by the Core Design. Group were based on constant core power
and variable total reactor power rather than to keep the
total reactor power constant and vary the core power
according to the variation of the fraction core power

reactor power
The adjustment for the variation of the fraction core power

reactor power
depending on the fuel volumetric composition and general
geometrical characteristics was made in the final step of
the calculation of total electrical output.

The power distribution was based on equilibrium core
conditions. No adjustment was made to take into account
variations of power distribution depending on the ratio
of local to average burnup, except for safety considerations.

The calculations for no sodium boiling or no fuel melt-
ing conditions were based on the case of a fresh sub-
assembly inserted in an equilibrium core.
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)4. Core Uniform Enrichment

It was decided that the subassembly design and enrich-
ment would be uniform in the core. Because of the limited
time it was not possible to study, flattening the
temperature profile in the core by using a different sub-
assembly element geometry and/or a different fissile
material enrichment, depending on the radial position in
the core. This, however, warrants further study at some
future time.

5. No Subassembly Shuffling

It was decided that the core subassemblies would stay
in their initial locations during their lifetime in the
core. Again time did not allow a study of increasing
removal burnup by inserting them initially in the central
core region, then shifting them toward the core periphery,
after a limited period of time to terminate their life
in a low temperature region where the allowable burnup
is much greater.

6. No Core Orificing Condition

It was decided to simplify the analysis by not con-
sidering the possibility of flattening the temperature
profile in the core by orificing the flow according to the
power distribution.

7. Hot Channel Factors

Uncertainty factors were applied in the thermal calcu-
lations only for determining limiting safe operating
conditions. The thermal calculations leading to permissible
burnup determination did not take any hot channel factors
into account. This decision was based on the following
considerations. Uncertainty factors (as defined by standard
APDA practices) are related to the statistical variation of
the different temperatures around their nominal values.
The nominal values are the most probable values.

For a situation which permits the operator to determine
when each element reaches its maximum life, it will be
found that the values will vary statistically around the
most prabable life calculated on the basis of nominal
burnups. Under such conditions, which could be approxi-
mated if effective monitoring of coolant exit temperature
at each element were made, it is justifiable to calculate
fuel cycle costs without taking hot channels into account.

If no monitoring of the behavior of the subassemblies is
existing, it will be necessary to study the risks associated
with exceeding the nominal swelling of fuel elements, and
to define the acceptable risk and its associated probability.
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This will enable one to define the life for each particular
subassembly which will satisfy risk requirements. It
would seem that this latter method is most uneconomical,
since it brings about economic losses which could be
avoided by using proper instrumentation. The decision
must be based on a comparison between savings that could
be realized, and the cost of the monitoring installation.
It is felt that the result of such study would strongly
favor a monitoring system.

In the present study, time was lacking for assessing
the value of monitoring systems. It was assumed that
monitoring would be proved to be feasible and desirable
and the decision was taken not to introduce the hot channel
factors in the thermal calculation leading to the
permissible burnup determination.

Even though each subassembly is monitored with instru-
mentation, it is possible that a maldistribution of flow
could cause one or more fuel elements to overheat. To
protect against this, an uncertainty factor to account
for abnormalities within one subassembly could have been
included. Time did not permit the study and selection
of appropriate factors and it was assumed no maldistribu-
tion would occur.

It was also assumed that errors in flux distribution
calculations affect the different fuel systems in the
same proportion. This seems reasonable since the final
information, i.e. "number of fuel elements to be processed
per year" results from an average over the whole reactor.
This automatically introduces some compensation in
evaluating different systems. Thus, it is felt that errors
admitted in flux distributions do not reverse the picture
for fuel systems which appear strongly in favor over the
others.

On the other hand, for thermal calculations setting
the design conditions necessary to avoid sodium boiling
and fuel melting at a power reaching 150% of its nominal
value, hot channel factors were introduced: a uniform
safety factor of 1.30 was taken for coolant temperature
rise, and for fuel, cladding and sodium film temperature
drops.

B. OUTLINE OF THROUGHPUT BURNUP DESIGN CALCULATIONS

Each set of core conditions for which the equilibrium
core burnup and subassembly throughput average burnup had to be
calculated include: core power (P), average coolant temperature
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rise (KT), core radius (R), core height (2H), number of
core subassemblies (N), number of elements (pins or plates)
per subassembly (n), and core allowable pressure loss (AP)
and fuel material. For each set of design conditions, the
following successive steps are applied.

1. Calculation of the element (pin or plate) dimension,
based on flow rate and pressure loss consideration.

2. Calculation of the fuel element central temperature
in the core, at equilibrium conditions, based on
geometry, power distribution and heat transfer con-
siderations.

3. Calculation of the maximum life time corresponding
to the radial position of the subassemblies in the core.

Depending on the cases, the average allowable
burnup in the reactor will result from the worst of the
three conditions listed below, or from a combination of
two or three of them -- (a) irradiation damage considera-
tion: permissible burnup versus fuel element central
temperature, or (b) safety consideration: avoid power
concentration leading to sodium boiling or fuel melting
when a fresh subassembly is inserted in a core at equili-
brium conditions; or, for the cases where the internal
breeding ratio is larger than unity, avoid sodium boiling
or fuel melting at the end of the subassembly life, or
(c) maximum depletion of the heavy metal atoms, leading
to large changes in the power distribution: a maximum
limit of about 55% has been admitted.

For condition (a) above, the subassembly life
time results from permissible local burnup and local
power, or burnup rate,' and it is impossible, except for
the case of bulk oxide fuel elements, to predict the
location at which the combination of these two conditions
yields the minimum life time which is imposed on the
whole assembly. Therefore, for each radial position of
the subassembly in the core, the analysis has to be
carried out along the upper half height of the subassembly
in order to select the limiting location. For the case
of bulk oxide fuel elements, the permissible burnup is
dependent on the average temperature along the pin
centerline, and the study is based on the longitudinal
average temperature rather than local temperature.

Condition (b) imposes a maximum limit on the
equilibrium core burnup, directly influencing the through-
put burnup.

Condition (c) imposes a maximum on the burnup
reached by the highest power location in the element,
i.e., the element mid-height point.

167



4. Calculation of the Equilibrium Core Burnup (B-u)E

Knowing the location of the subassembly life time
limiting point, its permissible burnup and the local
power enables one to calculate the average burnup
realized in the subassembly at the time of its re-
moval from the core. The equilibrium core burnup
corresponds to half of the latter quantity averaged
over the cross section of the reactor.

5. Subassembly Throughput Burnup (B-U)T

This quantity is defined as the average burnup of
the subassemblies removed per month or year from the
core after the core equilibrium conditions have been
reached.

The throughput burnup results from the subassembly
average removal burnups, weighted by their removal
rate from the reactor.

The throughput burnup is evidently proportional
to the total energy produced by the core per month
or year, divided by the total weight of fuel removed
during the same period of time, since the total
energy is produced by fissions in the fuel material.

6. Number of Elements per Megawatt Year (Mwy), or
Number of Subassemblies Per Month

This quantity results immediately from the through-
put burnup and the volume or weight of fuel per
element.

In the derivation, the number of elements per Mwy,
was used as an intermediate step for the calculation
of the throughput burnup formula.
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II. DETAILED DISCUSSION

A. DETERMINATION OF THE ELEMENT DIMENSIONS

1. Pin Type Core

a. Pressure Loss Calculation

The calculation of the pressure loss was based
on an experimental correlation made by APDA on the
results of APDA and ANL hydraulic tests on spiral
wire spaced pin or rod bundles.1 The pressure
loss was calculated as the sum of the pressure
loss due to the friction along the can walls and
pin external surface (term proportional to W"0),
also the pressure loss created by th drag on the
spiral wires (term proportional to W ). The
calculation of the pressure loss per foot of
length was carried out for the Enrico Fermi and
PFFBR type pin core sections, for successively
increasing numbers of pins of variable diameter,
and for a fixed flow rate of 110,000 lbs per
hour per subassembly for sodium at 700 F.
Figs. D-4 and D-5, Pages 184, 185, indicate the
results obtained for the two cases.

b. Diameter Determination

The above figures allow calculation of the
pin diameter corresponding to various number of
pins per subassembly, allowable pressure loss
per foot ( A P/2H) and flow rate. If the flow
rate is 110,000 lbs/hr per subassembly, the pin
diameter is found on the curve for the particular
number of pins at the permissible pressure loss
per foot of length.

If the flow rate, W, is different from
110,000 lbs/hr the diameter will be taken as the
average of the diameter found for a permissible
pressure loss per foot equal to AP x 110,000 2

2r Hw J
and the diameter found for a permissible pressure
loss per foot equal to AP x 110,000)1.

2 H W

This results from the pressure 1 ss formula made
up of one term proportional to W (spager wire
drag) and one term proportional to W - (longi-
tudinal friction).
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2. Plate Type Core

a. Pressure Loss Calculation

The pressure loss was calculated on the basis
of Moody's friction factor for smooth pipes of
the same hydraulic equivalent diameter, multi-
plied by a constant corrective factor of 1.30
to take into account the presence of supports,
entrance and exit losses, roughnes and waviness
of the plates. It has been proved that Moody's
friction factor is applicable to thin rectangular
channels between smooth plates. The corrective
factor of 1.30 is somewhat arbitrary but
corresponds to APDA's present estimates for plate
core elements with intermediate supports.

The calculation was made for the Enrico Fermi
and PFFBR plate type core sections for a fixed
flow rate of 110,000 lbs/hr per subassembly, for
sodium at 700 F, and for different numbers of
plates of variable thickness. Figs. D-6 and D-7,
Page 186, 187, indicate the results obtained
for the two cases.

b. Plate Thickness Determination

As in the pin case, the above figures allow
for calculation of plate thickness corresponding
to any number of plates, allowable pressure loss
per foot ( A P/2H) and flow rate W. The plate
thickness is found on the curve relative to the
number of plates per subas embly at the ordinate
equal to A P x 110,000 1 -. This results from

2 H W)
thepr ssure loss formula which is proportional
to W - (longitudinal friction only).

The determination of the plate thickness for
the values of the number of plates per subassembly
not represented on the figures can easily be made
by cross-plotting the data obtained from the
diagram for A P 110,000)1-"

27H W

3. General Remarks on the Pressure Drop Curves

All the curves of pressure loss per foot of length
presented in Figs. D-4 to D-7, Pages 184 to 187 have
one important characteristic, the slope of the curve
of pressure loss versus pin diameter or plate thick-
ness, increases very rapidly for values of AP

larger than 2000 lbs/ft 2 per foot of length. In other
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words, the increase of the allowable pressure loss
above 2000 - 3000 lbs/ft2 per foot of length does
not permit appreciable increase in the pin diameter
or plate thickness.

B. CALCULATION OF THE CENTRAL FUEL TEMPERATURE PROFILE
IN THE CORE

1. Core Power Distribution

If the cylindrical coordinates origin is taken at
the reactor center, the core power distribution is
approximated by

Fy- FH FR x cos(IIeI x 1 - 2] (1)

where

Fx, y = Local Power at a point (x, Y)
Average Power in the Core

FH = Maximum power in the axial direction
Average

FH - 2 H 1 (2)
2He Sn H

FR - Maximum power in the radial direction
Average

FR = 1 (3)
1 - R

He = extrapolated core half height

= H + Sh where H is the core half height

Re = extrapolated core radius

= R + 8 where R is the core external radius

If the reactor is divided into J annular zones of equal
area, the ratio of local to maximum power in the radial
direction, F -, corresponding to the average power
conditions i the annular zone j is calculated by

Fj = 1 - 2J-1 kR 2 (4)
2 J
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2. Central Fuel Temperature Calculation in the
Core Center Element

If 9'oo represents the power per foot of length
of element at the core central point (maximum power)
the fuel central temperature at a point x in the
core central fuel element is

T(Z' = Te + 9 'Oo 1 i n + sin a +1 cos (a ; 5

or (Tu) o,x =T + D6)

Where To is the coolant inlet temperature -
w is the flow rate per element.
c is the specific heat of the coolant.
1 is the total heat transfer coefficient for the
U

element.

1 1 e1
For pins: e = + + u (7)

For plates: 1_d-2e + e2(

Where Ku and Kc are the conductivities of fuel and
cladding

d is the pin diameter or plate total thickness.
e is the cladding thickness.
a is the fuel plate active width.
h is the sodium heat transfer coefficient.

The sodium heat transfer coefficient, h is derived
from the Lubarsky - Kaufman3 empirical correlation

NNu = .625(NReNpr)0. 4  (9)

For most of the cases treated in the present study,

(Tu)o,x was calculated at six points corresponding to
the following fractional core length: 0.50 (mid-
point), 0.60, 0.65, 0.70, 0.75 and 0.80.

3. Central Fuel Temperature Profile in the Core

Knowing T ox = T + Dox permits calculation
of the temperature distribution corresponding to the
average condition each of the J equal-area annular
zones defined above:

(Tu);,X = To + D F. (10)
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For most of the cases treated in the present study,
the calculation was made for J=10 annular zones - and
at the six points along the length defined above.

C. DERIVATION OF THROUGHPUT BURNUP FORMULAS

1. General Relation Between Life-Time, Permissible
Burnup, and Power

Because the product of the burnup by the element
volume or weight is directly proportional to the
total energy produced (Mwd or Mwy), and because the
fuel element life-time is directly proportional to
the ratio of the energy produced to the rate of energy
generation, or power, the following relationship can
be written:

Element life-time = K x burnup x element volume (11)
power per element

K is a constant of proportionality depending on the
units of power and burnup utilized.

2. Calculation of Element Average Removal Burnup
and Life-Time

The longitudinal temperature profile obtained in
each of the J equal-area annular zones found by
application of formulas (5), (6), and (10) and the
curve "permissible burnup versus central fuel
temperature" permits one to calculate the limiting
burnup, (b-u)j,x along the length of the representa-
tive element in each of the annular zones.

The life of the element w el e determined by the
location for which the ratio uu)J,x is a minimum

Fj,x
since this is the first point to reach the limiting
burnup value. For the average conditions in the
number zone j

Fj,x = FH cos x ) FR Fj

Since FH, FR' F are defined by the reactor geometry,
the quantity wh8se minimum has to be found in each
annular zone is

(b-u) x

H cos (2n x)
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When the element is ready to be removed because the
spot of minimum (b-u) X will have reached its

II COS (77 x )

limit ingbu nup, the average burnup in the element will
be (b-u 1xsince Fh cos(n x represents

FH{cos ;x x)j n He)

(2 Hel min.

the ratio of the local power to average power over the
length of the element.

The average burnup in the element at removal in the
zone j, (b-u)j, is therefore given by

(b-u) = ,(b-u)x (12)
'H cos ux

(7 H min.

Since the element volume is equal to the total
core fuel volume divided by the total number of
elements in the core, and since the power per element
is equal to the total core power divided by total
number of elements per core, multiplied by FR Fj,
then, referring to (10), we have

(lifetime). = K x(bu) xVv (13)
SP FR Fj

where

P is the core power
V is the total, core volume
v is the fuel volume fraction in the core
Vv is the fuel volume

K is a constant depending on the units of time, power,
burnup and volume utilized.

For the case of U-Mo for instance, where P is
expressed in Mw, time in years, (h-u) in total atom
per cent burned, and V in cu. ft., the value of 1/k
has been found equal to 6.78 x 10-2.

For the case where P is in Mw, time in years,
(b-u) in fissions/cc fuel, and V is expressed in cu.
ft., le value of 1/k has been found equal to .347
x 10--
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3. Calculation of Equilibrium Core Burnup (B-U)E

As the core equilibrium composition represents the
average over the core volume of the equilibrium burnup
in each subassembly (equal to one half of the removal
burnup) the following is obtained:

(B-U)E = 1 1 (bu)j (14)
2J

4. Calculation of The Number of Elements Processed
Per Megawatt-Year

In any one of the J annular zones of equal area
into which the core was divided, the total number of
elements to be processed per unit time is given by the
product of the number of elements per zone Nn*

multiplied by the reciprocal of the element life-time
for that zone (or frequency of replacement per unit
time). Therefore, referring to (13), number of
elements per year in zone j = Nn x 1 x PFRFJ

J R b -u j x Vv

The number of elements to be processed per year
in the core is given by the summation over the J
zones of the above expression. The number of elements
per megawatt-year in the core is therefore given by

np/Mwy . 1 1 Nn FR X J ___

K J Vv (bu) (15)

5. Throughout Burnup (B-U)T

The average throughput burnup is obtained by
calculating the average burnup over the total number
of elements removed per megawatt-year from the reactor.
By introducing (15) and (12), we obtain:

(B-U)T = , F 1

Y- J Fj/(bu)fj

J
And since I, F = J , then

(B-U)T -- x 1 (16)
FR Fj/(b-u)j

* N= number of core subassemblies
n - number of elements per subassembly

175



6. Volume To Be Reprocessed / Mwy

By multiplying the np/Mwy by the fuel element
volume, equal to Vv, the total volume of elements to

Nn

reprocess is obtained:

volume to reprocess/Mwy.= ER J F (17)
K J rj

By introducing the throughput burnup found above,
the following is obtained:

volume to reprocess/Mwy. = l x 1(18)
K {-U (1T8

7. New Expression for np/Mwy

Introducing the expression found for the through-
put burnup equation (16) in the expression for
np/Mwy (15) we obtain:

np/Mwy = 1 Nn x 1 (19)1 v (B-U)T

8. Relationship Between (B-U)T and (B-U)E

From formulas (14) and (16), it can be seen that

(B-U)T < 2 (B-U)E (20)

This can be proved by replacing (B-U)T and (B-U)E in
the preceeding inequality by their respective values
from (14) and (16)

J x 1 1 l1 Y.J (b-u)
F Fj (b=u)j

or

1 1 J FfiiJF

(b u)j (bu)j

which is always verified, whatever the value of the
F~ 's and (b-u)j's. The preceding expressions become
a equality if the (b-u)j's are identical, in which
case they can be factored out of the summation
expressions.
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Two important conclusions can be drawn from the
preceding considerations: One, for the U-10 w/o
alloy and the PuC-U Mo alloy cermet, where the
permissible burnup becomes independent of the tem-
perature at 1025 F, the maximum throughput burnup is
obtained when the reactor central zone fuel is
operating exactly at that maximum temperature. For
these conditions, (B-U)T = 2(B-U)E. Any decrease of
the central zone maximum temperature below 1025 F is
uneconomical, because this does not increase the
burnup but instead involves a loss in the plant
thermal efficiency or an increase in the number of
elements to reprocess. Two, for the U0 2 -SS cermets,
where the value of (B-U)E is imposed because of no
sodium boiling or no fuel melting conditions, the
maximum value of the throughput burnup is obtained
when a uniform removal burnup is achieved over the
whole core surface. It is not advantageous to let
the periphery elements operate up to the imposed
radiation damage limit because the increased life
at the periphery would have to be compensated for
by smaller central zone lives than that allowed by
temperature considerations in order to achieve the
same value of (B-U)E.

D. SUMMARY OF THE RESULTS

The general method described above was applied
to the successive cases of U-Mo alloy pins and plates,
PuC cermet in a U-Mo matrix (plate-type subassembly)
U02-SS cermet plates and mixed U0 2- PuO2 pins.

Figs. D-8 to D-16, Pages 200 to 208, and Tables
F2 to Fll Pages 293 to 313, indicate the results obtained
for the different cases.

Referring to paragraph E in this appendix for
a complete discussion, the following conclusions can be
drawn.

1. Uranium-Molybdenum alloys

(See Figs. D-8 to D-ll, Pages 200 to 203 and
Tables F-2 to F-6, Pages 293 to 303.)

The U-10 w/o Mo alloy is typical of the fuel
systems limited by irradiation damage only. Since the
curve of permissible burnup versus temperature (Fig.
A-1, Page 105, shows no gain in permissible burnup
below 1025 F, the upper limit of the throughput burnup
corresponds to the conditions for which the maximum
fuel temperature in the core reaches exactly that value.
Any increase in the number of pins per subassembly
above the value satisfying the latter condition is
uneconomical.
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Below the critical value, the most economical
solution is not immediately apparent from the curves
and a complete analysis has to be carried out. The
variation of the throughput burnup accompanying the
change of any parameter can be predicted qualitatively,
since any change bringing about a reduction of the
temperature profile permits the throughput burnup
to increase up to its maximum value corresponding to
Tu max - 1025 F.

2. PuC Cermets in a U-Mo Matrix

(See Figs. D-].2 and D-13, Pages 204 and 205 and
Tables F-10 and F-ll.)

The preceding considerations are also valid for
the case of PuC cermets in the U-15 w/o Mo matrix,
since the permissible burnup curve (Fig. A-4, Page 113)
presents the same characteristics as that for U-10
w/o Mo alloys.

3. U0 2 -SS Cermets

(See Tables F-7 to F-l0, Pages 304 to 311).

U02-SS cases considered in the present study are
typical of the systems limited by the safety considera-
tions: the concentration of U0 2 is so low that it
permits very high burnup to take place without appre-
ciable damage to the matrix.

As this fuel system does not breed, the high
fissile material depletion leads to large concentra-
tion of power at the time of insertion of a fresh
subassembly in the, core center. Therefore, the no-
boiling condition imposes the maximum value of the
burnup, rather than irradiation damage considerations.
For that maximum value of the throughput burnup imposed
by the no-boiling conditions, the minimum number of
plates per subassembly is the minimum value satisfying
the no-melting condition. This minimum number of
plates per subassembly is the optimum for the case
considered since an increase in its value does not
change the throughput burnup, but increases propor-
tionally the number of plates to reprocess per year.

The variation of the throughput burnup with a
change in the basic parameters is predictable
qualitatively. Any change of basic parameter de-
creasing the coolant outlet temperature permits a
higher power concentration at the time of insertion
of a fresh subassembly and thus permits an increase
in the value of the throughput burnup.
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In the same manner, it can be found to be prefer-
able to work with a smaller core volume for fixed
power and AT. The radial flux peaking is increasing
when the reactor diameter increases, the no-boiling
limiting burnup decreases when the core diameter
increases.

4. PuO2 -UO2 Systems

The two main limitations on burnup for this fuel
system result from:

a.) Maximum permissible clad stress created by the
fission gases. This burnup limitation depends on
the clad thickness and on the hottest spot temper-
ature in the clad.

b.) No-boiling limitation, reached for large
values of the burnup.

The study was made by entering as a parameter the
value of the clad thickness, or the value of the ratio
of the clad thickness to the pin outside diameter.
Figs. D-14 and D-15, Pages 206 and 207 indicate
graphically the results obtained for a 3000 and a 2760
liter core, respectively. The no-boiling limitation
imposes the upper value of the clad thickness to
consider. In the permissible zone to the left of this
maximum clad ratio, it is not immediately apparent
where the economical optimum will be located. It will
result from a thorough analysis taking into account
the decrease in the internal breeding ratio accompany-
ing an increase of the throughput burnup. It has
actually been found that a fairly large range of clad
ratios yields essentially identical fuel cycle costs.

It must be pointed out that large gains could be
derived from the development of high strength cladding
materials. The same throughput burnup could be
achieved with smaller clad thickness, bringing about
an increase in the value of the breeding ratio.

5. Heterogeneous Oxide Pins

The possibility was considered of utilizing heter-
ogeneous pin type elements composed of an outer annulus
of highly enriched oxide surrounding an inner depleted
oxide core. This type of element seems attractive
because of the apparently greatly enhanced thermal
performance, as compared to the homogeneous element.
It has been shown below that this advantage, existing
at the beginning of the operation of the element,
rapidly disappears due to the redistribution of the
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fissile material due to breeding, when the burnup
increases. The net gain obtained in the element
maximum burnup is very small as compared to the
homogeneous oxide element, and is certainly more
than compensated by a much higher price of fabrication.

These considerations led to the abandonment of
this type of element.
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E. DISCUSSION OF THE METHOD APPLIED

1. Choice of the Element Dimensions Corresponding
to a Given Number of Elements per Subassembly (n)

In all the basic cases which were considered for
each reactor volume and fuel system, the element
dimensions were taken as the maximum compatible with
the pressure loss requirements and value of n. This
choice was justified by the following:

a. Pin Fuel Element

Formula (7) shows that the fuel temperature
is not strongly dependent on the fuel pin diameter
for a fixed value of n; the only two terms
depending on the pin diameter are the clad and
film temperature drops. Since these two terms
constitute a small percentage (5-10%) of the
Do,x,j it can be stated as a first approximation
that the temperature profile in the core is
determined within reasonable accuracy by the total
number of pins in the core and is practically
independent of the pin diameter. The temperature
profile fixes the burnup profile, and hence fixes
the value of (B-U)T. It is seen from expression
(20) that the minimum np/Mwy is obtained for d
maximum, as the value of the fuel volume fraction
increases with the square of the pin diameter.

Therefore, there is a definite advantage to
choose d as the maximum compatible with the
pressure drop requirement.

b. Plate Type Fuel Elements

Formula (8), Page 172, shows the strong
dependency of the temperature profile on the plate
thickness, at fixed n. It can be proved that to
realize a given value of (B-U)T at a fixed AT and
reactor power P it is more advantageous to increase
the number of plates and take the maximum permis-
sible thickness compatible with the pressure loss
requirements, rather than keep the number of plates
constant and decrease their thickness. Formulas
(5) and (8), Page 172 show that neglecting
the clad and coolant film temperature drop, the
same fuel temperature profile and hence the same
(B-U)T are realized if d - 2e _d2 - 2e

nl n2
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As the fuel volume fraction is proportional
to the product n (d-2e), the ratio of n/v appear-
ing in the formula (15) for np/Mwy is inversely
proportional to (d-2e). If it is supposed that

n1U<n2 , then (dl-2e) > (d2-2e) and (np/Mwy) 1 >
(np/Mwy)2-

Therefore, the comparison between various n
cases has to be limited to the maximum value of
the plate thickness compatible with the limiting
pressure drop.

2. Calculation of the Throughput Burnup

Depending on the cases, the following were applied:

a. In the case where the only limiting condition
on burnup is imposed by the curve "Permissible
Burnup versus Fuel Central Temperature", the
subassembly average removal burnup, (bu) j, has to
be calculated in each zone from the longitudinal
temperature profile, burnup characteristics, and
power distribution. (b-u)j is the minimum of the
ratio local permissible burnup to local power as
it appears in formula (12), Page 174. (B-U)E,
(B-U)T and np/Mwy are then calculated by appli-
cation of formulas (14) to (16), Page 175.
An IBM 650 electronic computer program was written
and operated for this case, which is directly
applicable to the U-Mo-alloy and cermet fuel systems.

b. In the case where the limiting condition on
burnup is imposed by the average fuel element
temperature. (b:u)j results immediately from
the calculation of the latter quantity. This is
the case for the bulk oxide fuel elements, for
which the calculations were carried out by hand.

c. If the permissible burnup (b-u) imposed by
temperature considerations leads to a local
depletion of more than 55 per cent of the total
heavy metal atoms, this latter condition becomes
predominant and imposes the value of (bru)j. As
the burnup rate is the maximum at the element
mid-point, the condition of maximum depletion has
to be checked for that point only. In the case
where the maximum local depletion becomes the
limiting factor, the average removal burnup is
given by

(blu)j - 0.55 (21)
FH

189



d. The safety limiting condition for avoiding
sodium boiling at the exit of the hottest ub-
assembly, when a fresh subassembly is inserted in
an equilibrium core operating at 150% of its nominal
power can be written by adopting a safety factor of 1.3

To + AT x FR X 1.5 x 1.3 x PF Boiling Temp.

E (22)

where PI/PE is introduced as the power concentra-
tion factor due to the higher enrichment of the
fresh subassembly inserted in a partially de-
pleted core (depletion corresponding to the core
equilibrium composition).

The factor PF/PE depends on the value of
(B-U)E and (b-u)1 . It has been conservatively
assumed for physics calculations that (B-U)e -
1/2(b-u)1 or in other terms, that the depletion
was uniform over the equilibrium core. This
conservatism somewhat compensates for not taking
into account an increase of FR in the most general
case where 1/2(b-u)1 < (B-U)E. In view of the
preceding, the value ?p/PE to be introduced in (22)
has been assumed to be a function of (B-U)E only,
or

F =f (B-U)E (23)
PE

In the case where the internal breeding ratio
is almost equal to zero (Uo2 -SS systems) the
following expression is used:

.1 (24)
E 1 - (B-U)Ex (1+ .)

where « is the ratio of capture to fission for U235.

The introduction of expression (23) or (24) in
the no-boiling condition (22) permits one to
determine the maximum permissible value of (B-U)E
which has to be checked versus the value given by
expression (14).

e. If an adjustment of the temperature limited
b-u has to be made in order to be compatible

with theno boiling condition, economic considera-.
tiona indicate:
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(1) for U02 -SS systems, the optimum is reached
by reducing the value of (b~u) in the external
zones, and keeping the values In the center
zones to their temperature imposed maximum
limit.

(2) for bulk oxide fuel system, the optimum
solution is not evident, as will be seen
below.

f. If the no-boiling condition limiting value of
(B-U)E is smaller than 1/2(b-u)1 obtained from

temperature or depletion conditions limitation,
then the no-boiling condition becomes predominant.
The most economical solution is then to make all
the (bru)j identical and equal to 2 (B-U)E, as
explained in C.8.

g. For fuel systems presenting a value of the
internal breeding ratio larger than unity, and
thus having a higher concentration of fissile
material at the time of removal than at their
insertion, the same reasoning as in paragraph d
above can be made, where PF/PE is replaced by PT,

ratio of the power at the time of removal divided
by the nominal power under core equilibrium
conditions. It appears that this restriction on
the burnup does not play any role for the only
fuel system of that kind which was considered,
i.e. in the cermet of PuC and uranium moly-
bdenum alloy.

h. The safety limiting conditions for avoiding
fuel melting in the hottest subassembly when a
fresh subassembly is inserted in an equilibrium
core operating at 150% of its nominal power can
be written, by adopting a safety factor of 1.3:

To + 1.5 x 1.3 x Do xF Melting Temp. (25)
m 

E

Where Dom is the total temperature difference be-

tween core hot spot and coolant inlet temperature
and PF is the power concentration factor.

As the value of Do depends strongly on the

number of elements per subassembly, it will always
be possible to adjust the number of elements per
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subassembly to accommodate for the value of a
(B-U)E imposed by the no-boiling condition: at
the limit, for an infinite number of elements per
subassembly, Dm becomes identical with AT x Fr,

and since the fuel melting temperature is always
larger than the sodium boiling temperature,
expression (25) is automatically satisfied if the
condition expressed (22) is fulfilled.

F. TECHNIQUE OF APPLICATION AND DISCUSSION OF THE
RESULTS OBTAINED FOR DIFFERENT FUEL SYSTEMS

1. U-10 w/o Mo Alloy

The U-10 w/o Mo alloy is typical of the fuel systems
for which the only limiting conditions on the burnup are
imposed by irradiation damage considerations. For the
enrichments considered in the study, the upper limit
of the burnup curve is always much lower than the
permitted 55% even at low temperature, and breeding
avoids a larger power concentration when a fresh sub-
assembly is inserted in the equilibrium core. The
general technique described in Paragraph E.2.a. above
was applied. Figs. D-8, 9 and 10, Pages 200, 201, and
202, present the results obtained for np/Mwy and for
(B-U)T as a function of n for the case of U-Mo pins,
respectively, for core volumes of 800, 2000, and 3000
liters. Fig. D-ll, Page 203, presents the same results
for the 800 liter plate-type core. Tables F-2 to F-6,
Pages 293 to 303, give the tabulated data for the same
systems.

The discussion will be restricted to Fig. D-8,
Page 200, since the general characteristics of the
curves are the same for all the cases.

a. Basic Case

The basic case for which the value of n was
optimized in the economic analysis corresponds to
P = 387 Mw, To = 550 F, and AT = 300 F, correspond-
ing to the curve indicated 387-550-300 in Fig. D-8,
Page 200.

The increase of (B-U)T with increasing n can be
predicted since the uranium temperature decreases
with increasing n, thus allowing higher permissible
burnups. The horizontal asymptote of the curve of
(B-U)T can be predicted by considering the irradia-
tion damage characteristics. Lelow 1025 F, there
is no increase in the permissible burnup. Therefore,
as the maximum fuel temperatiu e approaches this
value, the limiting burnup becomes identical in each
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of the subassemblies, and the value of (B-U)T
reaches its maximum, as proved by expression (20).
This maximum value is equal to

(B-U)T ( bu ) b-u) at 1025F

FH

The variation of np/Mwy with increasing n
results from the combination of the increase in
v and the increase of (B-U)T. For one case (see

Fig. D-ll, Page 203, it has been possible to find
a minimum in the curve of np/Mwy. For all the
other cases, the minimum was to the left of the
data shown in the figures.

For values of n larger than that for which the
maximum uranium temperature is 1025, the slope of
the curve of np/Mwy is increasing rapidly since
the value of (B-U)T stays constant.

b. Decrease in P, KT and To at n and d Constant

If the element geometry stays fixed to the
values found for the basic case above, and if the
maximum uranium temperature of the basic case was
larger than 1025 F, it is evident that a decrease
of power, or average temperature rise or inlet
temperature is accompanied by an increase in (B-U)T
and a decrease in np/Mwy, since the temperature
profile is lowered. The economic advantages brought
by the decrease of any one of these three parameters
are lessened by either high capital cost or less
in the net thermal efficiency, as compared to the
basic case.

c. Increase in P, AT, and To at n and d Constant

The effect of increase power, 2, or To has
evidently the opposite effects to those described
above.

2. Cermet of PuC in U-Mo Alloys

All the conclusions of the preceding paragraphs
hold true for the case of the cermet of PuC in a U-15
w/o Mo matrix. The breeding ratio is close to unity
so that the fissile material concentration stays approx-
imately constant throughout the subassembly life. The
temperature under which no gain in burnup is realized
is also 1025 F.
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Figs. D-12 and D-13, Pages 204 and 205, and table
F-10 and F-il, Pages 310 and 312, present the results
obtained for plate type cores of 2000, and 3000 liters,
respectively.

3. Cermet of UO2 in Stainless Steel

The cases which have been treated for the present
study are typical of systems limited only by maximum
depletion and no-boiling and no-melting considerations.
The critical mass of U-235 is relatively low as com-
pared to the total fuel material volume, and the U0 2

volume fractions considered are low. In all but one
case (800 liter case, for the pessimistic irradiation
damage curve), the maximum admissible depletion of
55% could have been reached even in the core's
hottest zone without exceeding the irradiation damage
limitation.

It was found that the real limitation of these
systems was imposed by the no-boiling condition
associated with the no-melting condition.

The technique applied consisted in finding the
no-boiling imposed (B-U)E by the method described in

E.2.d., Page190 , and comparing it with the limit
imposed by the 55% maximum depletion condition (see
E.2. c, Page 189 ).

The smallest of these two conditions was taken as
the upper limit. The number of plates per subassembly
was chosen such as to satisfy the no-melting require-
ments (see E.2.h., Page 191 ). The number thus found
represents the optimum number of plates for the initial
conditions chosen, since any increase brings about an
increase in the np/Mwy and any decrease below the
critical value would lead to fuel melting under safety
imposed conditions.

When the geometry has been fixed, the only two
parameters whose decrease could influence the burnup
are To and AT. By changing the no-boiling conditions,
the new value of (B-U)E has to be calculated and has
to be proved feasible.

For the only case where the irradiation damage
versus temperature limitation had to be considered,
the technique had to follow an iteration process.

Tables F-7 to F-9, Pages 304 to 309 , present the
results obtained for the 800, 2000, and 3000 liter
cases, respectively.

194



4. Mixed U0 2 -PuO 2 Fuel Systems

The fuel elements considered in the study consist
of stainless steel tubes filled with oxide powder at
65% of the oxide theoretical density.

a. Basis for Calculation

(1) Thermal Conductivity

A constant value of 0.8 Btu/hr-ft-F has
been assumed for the oxide, based on consider-
ations appearing in Appendix A, Section IV.
It was necessary to make a reasonable simpli-
fying assumption in order to carry out the
calculation and obtain numerical results in a
limited amount of time. Furthermore it was
felt that a refined calculation taking the
variation of the conductivity into account
would not appreciably change the final economic
results.

(2) Permissible Burnup Imposed by Temperature

The maximum permissible burnup is imposed
by the cladding capability of containing the
rare fission gases generated. The influence
of the other volatile fission products has been
neglected on the assumption that the excess
oxygen liberated by fission would combine with
them to form temperature stable products.

In order to compensate for this optimistic
assumption, it was admitted that no rare fission
gas was retained in the crystalline latice, or
in other words that the totality of the rare
fission gases generated were exerting their
pressure on the pin cladding.

It was also assumed that the rare gas
pressure inside the pin was uniform; this
assumption is justified by the high porosity
of the fuel material. Therefore, gas pressure
in the pin is calculated on the basis of the
average fuel temperature in the pin.

The maximum element average removal burnup
(b-u)j is limited by the uniform gas pressure
buildup producing the maximum allowable cladding
stress at the cladding hot spot (element upper
end).
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The maximum allowable cladding stress has
been taken as the 10,000 hr, 1% creep strength
for 347 type stainless steel, at the cladding
temperature corresponding to the element upper
end.

It can be proved that if the abo-ve
condition is satisfied, the maximum cladding
stress produced at 150% of the nominal power
is practically always smaller than the stain-
less steel 0.2% yield point.

(3) Maximum Depletion Condition

If the maximum permissible average removal
burnup found by maximum permissible stress
consideration produces a midpoint local value
of more than 50% of the heavy atoms. This
latter condition takes precedence and limits
the average removal burnup to 0.5/FH. This
is very generally the case for the core
peripheral zones where the temperature is low,
leading to very high value of cladding creep
strength.

(4) No-boiling condition

No attempt was made to optimize the method
of satisfying the no-boiling condition by try-
ing to increase the (B-U)T for the safety
imposed value of (B-U)E. As will be seen later,
the no-boiling condition imposes a strong
limitation on the design of mixed oxide systems.

(5) Minimum number of pins per subassembly

The minimum number of pins accepted in the
study correspond to the value for which the
maximum fuel temperature exactly reaches melt-
ing under nominal power conditions.

Since the local power in the hottest sub-
assembly is higher at the insertion time than
at equilibrium conditions, central fuel melting
will almost certainly occur at the moment of
insertion of the subassembly, accompanied by
immediate densification of the material and
reduction of the temperature below the melting
point. Since melting is very limited in
position and in time, and since it occurs at
the time where no fission gas has yet been
generated, it is considered that it does not
present any character of gravity and can be
tolerated.
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b. Technique Applied In The Study

The study was limited to the minimum number
of pins corresponding to initial conditions of
core power, volume and TT. The temperature profile
is fixed by these initial conditions since it is
determined by the ratio of power to total number
of pins and flow rate conditions.

The permissible burnup for these conditions
depends only on the value of the cladding thick-
ness, which was therefore introduced as a para-
meter.

For each value of the cladding thickness or
the corresponding parameter, ratio of clad thick-
ness to pin external diameter, the permissible
burnup was calculated in each of the J annular
zones. The general technique was then applied
to calculate (B-U)E, (B-U)T, np/Mwy and vol/Mwy.
The maximum depletion condition has been generally
setting the upper limit of the burnup of the
peripheral annular zones.

The no-boiling condition is setting the upper
limit of (B-U)E obtained by the summation of the
(b-u) .

c. Results Obtained

Figs. D-14 and D-15, Pages 206 and 207, present
the results obtained for the 3000 and 2760 liter
core volume cases. Table F-il, Page 312, is a
tabulation of the design characteristics for the
3000 liter case.

5. Heterogeneous Pin Type Elements

The heterogeneous pin type elements considered were
composed of an outer enriched annulus and an inner
depleted core, as shown in Fig. D-16, Page 208.
This type element is attractive because of its
apparently greatly enhanced thermal performance as
compared to homogeneous elements.

Figure D-16, Page 208, shows the ratio of power
per unit length of heterogeneous pins compared to
homogeneous pins as a function of volume fraction
enriched zone. The assumptions used in plotting
the curve are:
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(1) All heat is generated by the enriched
material.

(2) The central temperature is power-limiting
at a constant value.

(3) The conductivity is constant.

(4) The AT's of clad and film can be neglected.

Table D-1, Page 199 shows the composition of the
two zones of a typical heterogeneous pin as a function
of total heavy-metal burnup. The compositions were
derived from several near-optimum homogeneous elements.

Considering the typical compositions in the table,
one can compute the relative temperature difference
between center and surface of pin for various times
as:

100 at insertion

200 at equilibrium

231 at removal

Similarly comparing the maximum permissible power
of the heterogeneous pin to the homogeneous pin at
various times, one obtains:

2.9 x homogeneous power at insertion

1.45 x homogeneous power at equilibrium

1.25 x homogeneous power at removal

Considering the small improvements attainable in
thermal performance, the increased clad thickness
required by the higher gas temperatures, and (primarily)
the vastly greater fabrication costs - the decision was
made to abandon the heterogeneous element for this
study.
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TABLE D-1

TYPICAL COMPOSITION OF HETEROGENEOUS Pu02 - U0 2 FUEL
PIN AT VARIOUS POINTS IN ITS LIFETIME

Time

Insertion

Equilibrium

Removal

Burnup Pu02

41&49

0%

20%

100

54

20

Annulus

40

62

63

64

Depleted

49&41FP

0

45

78

0

27

39

U02 Core

40 FP

O 0 400

0 12 357

1 35 320

Note: Numbers of atoms shown in table are based on an assumed 100
atoms of (49&41) at insertion; number in (FP) columns are
for fission product pairs.
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APPENDIX E

PHYSICS

I. PHILOSOPHY OF APPROACH

The primary objective of the Fast Reactor Cure
Design Parameter Study was to search out broad areas in
the advanced fast reactor field to determine the variables
which are major factors in the economics of these systems.
The number of variables and the possible combinations of
these variables amount to a tremendous number of reactor
systems to be investigated even with careful screening. It
was therefore necessary that some simplified means of eval-
uating these systems be used.

One of the simplifications made was in the restrict-
ion of all neutron diffusion theory calculations to spherical
models. Although this introduces some complications, it
was probably the only sensible way to investigate extensive
ranges of interesting variables.

Although spherical calculations yield satisfactory
estimates of such things as critical mass and integral pro-
perties of core and blanket (i.e. isotopic and regional fis-
sion fractions, and breeding ratios) they do not give power
distributions which are easily interpreted in terms of cy-
lindrical geometry. Since the latter is an essential part
of the information needed to establish a core design, some
means of estimating power distribution is necessary. General
relationships specifying local power distribution were ob-
tained. These relationships require a knowledge of the re-
flector savings for the particular fuel system being con-
sidered. These reflector savings - both radial and axial,
were calculated for the alloy, oxide ceramic, and U02 -SS
cermet systems. It was found that if the reflector savings
is kept constant for any particular fuel, the general rela-
tionships gave satisfactory results for power distribution.

Obviously, in the consideration of many reactors
a detailed consideration of the life history was not feas-
ible. In this study only the equilibrium core was considered.
It was assumed that the reaction rates computed at this con-
dition are approximately equal to the time weighted average
of these values over the life of a subassembly.

There are some factors affecting critical mass and
kinetic behavior which were ignored. For one, only average
core composition is used in the neutron diffusion calcula-
tions. Actually, because burnup depends on fuel temperature,
the concentrations of the primary fissionable isotopes at
equilibrium are, in most cases, highest in the center and
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decrease toward the core boundary. In ignoring this varia-
tion in fuel density critical mass was slightly overestimated.
On the other hand, no consideration was given to the amount
of excess reactivity that will be required in these systems.
Critical mass was underestimated in this respect. These two
approximations are compensating, and, furthermore, from past
experience it was expected that they would affect the critical
mass by less than 5 per cent.

No temperature coefficients were evaluated for any
of the systems. It was not feasible to determine temperature
coefficients until a firm mechanical design was established.
For the most part, these temperature coefficients are natur-
ally negative or can be made negative by appropriate mechanical
design. There is one important exception to this statement.
In previous studies it was found that the sodium temperature
coefficient, which was substantial and negative in presently
designed reactors, can, under certain conditions, be positive
according to cross section data currently in use. Two fea-
tures which lead to positive sodium temperature coefficients
are the use of Pu-239 rather than U-235 as the primary fis-
sionable isotope, and large core volumes. Certain of the
reactors considered here would unquestionably have calculated
positive sodium temperature coefficients. Those reactors of
which it is fairly certain that this is true are the very
large Pu0 2 -UO 2 cores with Nu/Npu ratios of 3 and all the
PuC dispersed in U-15 w/o Mo cores.

It was felt that any sodium temperature coefficients
computed at this time may be misleading because there has never
been an opportunity to correlate a critical experiment with
calculations where theory indicates a positive value. Also
the cross section data needed to evaluate this effect is
sparse, incomplete, and not tabulated for the purpose of com-
puting sodium temperature coefficients. Furthermore, addi-
tional work may indicate either a satisfactory method of com-
pensating for this positive temperature coefficient by unusual
design, or the plausibility of accepting a positive tempera-
ture coefficient. However, the latter represents a large change
in the present philosophy of the fast reactor safety, and would
require a great deal of study and test.
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II. METHODS AND APPROXIMATIONS

The data which are classified as the nuclear
characteristics of a particular reactor and which are
pertinent to the economic evaluation of the system are:
equilibrium critical mass, conversion or breeding ratio,
enrichment, isotopic fission rates, the fraction of reactor
fissions that occur in various regions, power distribution,
core and blanket average life time, and burnup of primary
fissionable isotopes,

1. General Approach

The nuclear characteristics of a given system
were based on 10 group, one dimensional, neutron diffusion
theory calculations. These calculations were performed on
Datatron 205 by use of a modified version of the DMM code
and some auxdliary programs which prepare input for and
process output from DMM. The cross sections used are
basically those given in Section 6 of ANL 5800.

The investigation of each reactor system began
with the design of a core which must be capable of pro-
ducing a required power output without exceeding the
thermal and hydraulic limitations imposed on the system.
From these considerations the number of fuel elements,
fuel element dimensions, temperature distributions, and
core composition were obtained. The temperature dis-
tributions in the fuel also determine the maximum burnup
that is achievable. There are two burnups which must be
determined; one, core burnup defined as the average burn-
up of fuel in the core, and second, throughput burnup
which is the average burnup of the material that is
removed from the core.

Because there is no orificing of core sub-
assemblies, burnup and subassembly removal frequency
depend on radial position within the core; and therefore
core burnup is not one-half of the throughput burnup.

The region of interest of core volume and core
composition was determined before specific core designs
were made as a means of reducing the number of multigroup
calculations to be performed. This region was investigated
by a series of multigroup calculations. The nuclear char-
acteristics of specific core designs were then obtained by
interpolation of the more general curves.

2. Power Distribution

One of the essential pieces of information needed
to arrive at a core design is the power distribution. The
variations being considered in core size, L/D, and composition
makes it prohibitive to determine an accurate distribution for
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each specific design. Furthermore, spherical calculations
do not yield much useful information on power distribution.
In order to have a reasonable and simple basis for speci-
fying power distribution, general relationships were
obtained for a few specific designs in an accurate manner.
The axial and radial distributions were assumed to be
separable. The radial distribution is given by and
expression of the form

2 R 2

P(r) = 1- kr R k Rc
Rc + 3r he +S r

The axial distribution used is the customary chopped cosine--

P( Z ) =Cos "-Z
c S a

In the above

Rc = core radius

Hc = core height

a r = radial reflector savings

& a - axial reflector savings

In the approach used here a reflector savings was obtained
for each type of fuel (i.e. alloy, oxide, and SS cermet)
and assumed to be independent of core size. A sufficient
number of calculations were made to establish that this
approximation can be made with reasonable accuracy.

3. Blanket Approximations

The handling of the breeding blankets we neces-
sarily somewhat arbitrary because of the use of spherical
geometry. Since the main objectives of the study were
concerned with core characteristics, this is not a serious
difficulty. In th-is study a blanket thickness of 18
inches was used throughout. With this thickness neutron
leakage from the blanket is low (- 1 to 2%), and in addi-
tion, this thickness is about as great as economic
considerations can justify. The blanket composition
includes Pu-239 and fission product accumulations. U-235
burn out which was estimated from Enrico Fermi plant
data, corresponds to one-half the concentrations which
exist when an average radial blanket subassembly is
removed. The essential information on the blanket needed
for cost analysis was blanket throughput and the total
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blanket plutonium production rates. The total blanket
breeding ratio was probably estimated with reasonable
accuracy in the spherical calculation since the spherical
volume was chosen so as to give approximately the correct
neutron leakage to the blanket. The axial blanket
material throughput rates were determined by the core
cycle time and hence do not depend on the properties
calculated for the blanket. The biggest uncertainty lies
in the estimated throughput rates of radial blanket
material. This particular throughput was estimated on
the basis of an assumed average subassembly burnup which
corresponds to the limiting maximum burnup (0.5 a/o) that
occurs in the subassembly. This ratio of average to
maximum burnup of a radial blanket subassembly, which was
estimated from the Enrico Fermi design data, was assumed
to be constant with position and with core shape and com-
position. The plutonium concentrations in the equilibrium
blanket were treated estimated in a similar manner. The
accuracy of these approximations was not considered and
the radial blanket throughput rates should not be taken as
being very precise values. The influence of this inaccu-
racy on the total fuel cycle cost was believed to be quite
small.

4. Blanket Size and Compositions

There were three different radial and axial
blanket combinations that were used with the various
blanket temperature conditions defined by reactor size
and core burnups as determined by the type fuel used.

In Enrico Fermi Size Cores the radial blanket of
U 2-3/4 w/o Mo alloy can be used because of the low 850 F
outlet temperature limitation, provided the maximum burnup
does not exceed 0.5 a/o burnup of the alloy atoms. With
the alloy fuel designs presently being considered, the
cores will go to higher burnups than the Enrico Fermi
design and it was necessary to use a higher alloy fuel in
the axial blankets to withstand the higher burnup. With
the even higher core burnups that were attained with the
U02 SS cermets a better irradiation stable blanket material
was necessary. An oxide of 93% density was used.

With the PFFBR size, and the higher outlet tem-
perature limitation, U 15 w/o Mo was used in the radial
blanket. For the same reasons as above the 93% dense
oxide was used in the axial blanket.

The blanket dimensions were determined in the
following way. In all cases the radial blanket thickness
is 18 inches. The radial blanket heights are 65 inches
for Enrico Fermi size cores and 78 inches for PFFBR sizes.
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The axial blanket heights were determined by the overall
subassembly dimensions and the core height, since the
overall dimensions were fixed by ground rules. The deter-
mination of these heights was simplified by assuming a
fixed combined dimension of 6 inches for the plenums above
and below the core section. Thus the combined upper and
lower axial blanket heights are 65.5 and 78 inches less
the core height for the Enrico Fermi and PFFBR sizes
respectively.

The blanket compositions are summarized below.

Blanket Compositions

Units - Volume per cent

Material Radial Axial

U Alloy or oxide 46.7 29.8

Structure and Clad 18.6 16.7

Coolant 34.7 53.5

5. Plutonium Composition

For the plutonium systems it was necessary to
determine some equilibrium ratios of Pu- 240 and 241 to
239 since the fuel is recycled. The basis for establish-
ing these ratios is discussed in Appendix E, Power
Distribution. Some difficulties arise because the Pu-241
capture and fission cross sections are not known. In
this effort it was assumed that the 41 cross sections are
the same as those of 49. This was reflected in the breed-
ing ratios also. The Pu-241 bred was also included in the
breeding ratios.
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III. DETAILS OF CORE PHYSICS CALCULATIONS

1. Alloy Systems

a. General Considerations

In order to facilitate reactor physics com-
putations of the large number of core designs
necessarily processed in this parameter study,
a number of spherical calculations were made
covering the parameter ranges of interest.
Reactor physics results for a specific core
design were obtained by interpolation of the
spherical results. A list of quantities obtain-
ed from these spherical 10-group diffusion
computations for the alloy fuel type reactors
are listed in Table E-1.

Table E-1

Basic Physics Output From Spherical Computations

1. Internal Breeding Ratio gC

2. External Breeding Ratio gb

3. U-235 Fission/Total Core Fissions f25

4. Core Fissions/Total Fissions fc

5. U-235 Capture/U-235 Fissions «25

6. Equilibrium Critical Mass(Kg) M2 (sphere)

Independent parameters chosen for the
spherical reactors were core volume,
(Vc sphere), and the volume fraction of the
alloy in the active core (vf). The six
quantities above were plotted as functions of
these two independent parameters. Hence, it
was assumed that a specific reactor of a given
fuel type can be adequately described by Vc
(sphere) and vf insofar as reactor physics
computations are concerned. Conversion of a
specific cylindrical reactor to its equivalent
sphere was accomplished through the conversion
curve of Fig. E-1, Page 229. The ratio of
cylindrical to spherical core volume Vcyl is

sph
given as a function of length to diameter ratio
L/D)of the cylinder.
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b. Preparation of the Spherical cases:

All values of Table E-1 were computed for the
homogenized equilibrium core. In the equilibrium
cores the material concentrations correspond to
one-half the removal burnup. This value of burnup
was taken to be .75% burnup of the alloy atoms.
Since the equilibrium burnup encountered in the
specific cases of interest vary only over the
range from .32% to .925, the preceding assumption
was quite good. Control rods were assumed to
occupy 70 of the core volume and to consist of Na
(80% by volume) and stainless steel. Volume
fractions taken for the active core follow.

Component Material Volume Fraction

Structure Stainless Steel .200*
Clad Zr .05
Fuel U-10 w/o Mo Variable
Coolant Na Remainder

*Core physics results are not very sensitive to
the volume fraction of stainless steel.

Estimates of fission products and Pu-239 con-
centrations were based on the assumed burnup
values and values of «25' ,g, and f25 estimated
from previous cases.

Blanket composition is discussed in Appendix
E in Sections II and V.

The values of Table E-l, Page 216, that result
from the spherical computations were plotted in
Figs. E-8, E-9, E-10, Pages 250, 251,252 as
functions of spherical core volume and alloy
volume fraction of the active core.

c. Computation of the Cylindrical Reactor:

A given cylindrical reactor was completely
specified for physics computation by its class
(Enrico Fermi or PFFBR), active core alloy volume
fraction, core volume, and L/D value. The latter
three quantities and Fig. E-1, Page 2291mmediately
yield the equivalent spherical core volume.
Quantities from Table E-1, Page 216 appropriate for
any specific reactor design, then follow from Figs.
E-8 through E-12, Pages 250 to 254 . Values neces-
sary for economic analysis are developed in the
following sections.
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d. Core

Quantities related to the reactor core
necessary for power cost evaluation are listed
in Table E-2, page 218.

Table E-2

Core Physics Parameters Necessary for Power Cost Analysis

Quantity Units Symbol

Ratio of the U-235 mass to the Eo
initial mass of U all isotopes

Initial mass of U-235 per kgm/subassembly F0
subassembly

Mass U-235 destroyed per mass B
U-235 initially present

Grams U-235 destroyed per gm/mwd X
megawatt day of reactor output

Core life days no

Internal breeding ratio gc

By definition:

Eo = M25  Mu0

where M250  initial critical mass U-235 (Kg)

Mu0  initial mass uranium (Kg)

The quantity MtP is fixed for a given core
size and fuel volume fraction.

Mu0  Vc x Pa x w/o U x .93vf

where Vc volume of cylindrical core
a density of alloy (17.2 gm/cm3 for

U-10 w/o Mo)
w/o U weight fraction of uranium in alloy

(.90 for U-10 w/o Mo)
.93vf volume fraction of alloy in core

with control rods.
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The initial critical mass is obtained by
adding to the equilibrium critical mass the amount
of U-235 destroyed in going from initial to equi-
librium conditions.

M250= M25 + AM2 5 (B)

M25eq= Vcyl x M25eq + (sphere)

Vsph

A M25 (B) - NA (1 + 25) f 25  Mu0 B
Nu

where

NA ratio of alloy to uranium atoms
Ni (1.276 for U-10 w/o Mo)

B equilibrium average core burnup
(fissions per alloy atom)

By definition:

F0  = M25o

Sc

where Sc number of core subassemblies

By definition:

B =_AM2 5  (Bt) /M250

Here AM2 5 (Bt) is the mass of U-235
destroyed from the clean to burned up condition.

Therefore

A M25 (Bt) = A M2 5  (B) x Bt

where Bt = average removal or throughput
burnup.
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By definition:

X - A M25  (Bt) x 103

L

where

L = reactor lifetime in megawatt days

Assume 1.05 gms of material fissioned
megawatt day

Then

L = A M2 5 (Bt) x 103

1.05fe 25 (+ 25)

Therefore

X = 1.05 fc f 25  (1+ - 25)

By definition the core lifetime in days is

no = L

P thermal power (megawatts)

The internal breeding ratio was taken
directly from Fig. E-9, Page 251, for the
equivalent sphere. Specifically for the U-Mo
alloy core, the core breeding ratio (gc) is
defined as

(U-238 captures) - (Pu-239 fissions)

TT-235 absorptions

for the equilibrium core.

e. Blanket

Quantities relative to the blanket are
discussed in Appendix E, Section V.
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2. PuO2 - UO2 Systems

a. Definition of Symbols:

VF - Fraction of active core volume composed
ox of oxide initially.

S - Number of core subassemblies.

Vcyl - Volume of core of actual reactor
including control rods, liters.

P - Pins per subassembly.

Pc - Core power, Mw.

Beq - Fraction of initial U + Pu atoms
fissioned at equilibrium.

Bt - Fraction of initial U + Pu atoms fissioned
in average subassembly at removal from core.

L/D - Height to diameter ratio of core.

VF - Fraction of total core occupied by
ox PuO2 + U02 of equilibrium.

f (L/D) - Ratio of volumes, cylinder to
equivalent sphere.

Vs - Volume of equivalent sphere, liters.

SCM - Spherical critical mass

(Pu-239 + Pu-241), kg.

fc - Fraction of fissions in core.

f49 - Fraction of core fissions in
Pu-239 + Pu-241.

49- Capture to fission ratio for Pu-239.

IBR - Internal breeding ratio.

EBR - External breeding ratio.

Feq - Kg of Pu-239 + Pu-241 per equilibrium
subassembly..

Mm - Kg Pu + U in S new core subassemblies.

Fo - Kg of Pu-239 + Pu-241 per new core
subassembly.
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B - Kg Pu-239 + Pu -2L1 destroyed per kg loaded.

Eo - Initial K. Pu-239 + Pu -2)41 per K. Pu.

x - Initial kg U per kg Pu.

no - Core lifetime days.

X - gm Pu-239 + Pu-241 destroyed in core per
Mwd total heat release.

Po - Ratio of power in new core subassembly

P-- to power in equilibrium core
eq subassembly.

b. Calculation method:

First calculate:

VF = (0.93) (1 - B ) V ;

then calculate:

V5 = Vcyl/ (L/);

then read SCM, fc> f 49, 49, IBR, and EBR
from the curves;

then calculate:

Feq = (SCM) f (L/D)/S,

Mm = (Vcyl) (vy ) (5.84),
ox

F0 =Feq+(Beq)(f49)(1 + )1.9 )(l - IBR)(Mm)/(S),

B = (Mm) (f)9) (1+ "49) (Bt)/(S) (F0),

Eo = ('1.0)/ [1.0 + (0.77) (Feq)/(Fo)]

8 = (Mm ) (Eo)/(s) (F0 ) - 1,

no = (952.0) (Mm ) (Bt)/(Pc),

X = (1.05) (1+ - 49) (fc) (ff49 ),

Po/p = (Fo - Feq) (f49)/(Feq) + 1.0
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C. Treatment of Pu240 + Pu241 Buildup
in Pu02 - U02 Systems:

The buildup of iu240 and Pu241 in the core

material due to neutron capture in Pu239 and

Pu240 was calculated as follows. The ratio of

mass of Pu240 to the Pu241 mass is given by:

M40 _ 1 40
- t + 1

M 4- 49 -- 4a a NVT
c c

where 1 is the fractional loss of Pu during
processing and NVT is the neutron loss received
by a subasse bly during its lifetime. The ratio

a a
t c was determined by multigroup

diffusion theory calculations to be approximately
1.25 for all the volume fractions and volumes of
int 6est. The loss 1 is about 2%. The quantity

c NVT is about 0.3 so 40 9 - 0.77 for all
cases of interest. Similarly M+l/M'49 - 0.11 for
all cases.

3. U02 SS Cermets

a. Definitions of symbols for this formulation
are as follows:

Mi = Mass of the t th component, kilograms.

VFi = Volume fraction of the i th component.

Di = Fractional destruction of the i th
component.

f25 = Fraction of core fissions occurring
in U-235.

fc = Fraction of total fissions occurring
in core.

i = Ratio of parasitic capture to fissions
in the i th component.

E = Enrichment fraction.

F = U-235 per subassembly.

223



X = Grams U-235 destroyed per megawatt day.

B = Final Burnup.

N = Average life expectancy of a subassembly
in the core, days.

S = Number of subassemblies in region.

P = Thermal megawatts.

subscripts:

25 - U-235 Component
28 - U-238 Component
26 - U-236 Component
49 - Pu-239 Component
FP - Fission products component
U - Uranium

Superscripts:

e - equilibrium condition
o - initial condition
c - core
T - total

b. The relationship of the various data follows:

H5= M04 5 (1-De)
AM5  D 0-

5 DM 5 f 25

VF p AVF2 5/l+ 25

26 =V25 25/l +"25

55+ p 26

VF4 9 assumed to be 0.04 VF28

VF25 ~ 2 5(De)

The reactor design group established values
for Di from metallurgical considerations. However
this determination assumes that all fissions occur
in the U-235.
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The data supplied to the economics group is

as follows:

Eo = 0.93 for all U02 = SS cases

F0 = M2 5/S0

_ grams fissioned destructions
Mwd X fission X

core U-235 fissions
total fissions

1.05 (1 + «25) 25fc

B = f 2 5 Dr

No = grams destroyed in core
(grams/Mwd) core power

= BM0 25 x 103
1.05 Pc

c. The formulation of blanket expressions are
discussed in Appendix E, Part V.

4. PuC U-15 w/o Mo Cermets

a. Definition of Symbols:

The quantities required for the economic
analysis are:

FQ = initial mass of Pu-239 and 241 per
subassembly.

Eo = ratio of the initial Pu-239 and 241 masses
to the total initial Pu mass.

B = ratio of the mass of Pu-239 and 241 des-
troyed to the initial mass present.

X = Grams of Pu-239 and 241 destroyed in the
core per megawatt day of reactor output.

No = Core life in days.

gC = Core breeding ratio.

8 = ratio of the initial U to initial Pu masses.
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A design is specified by stating:

Vf = Volume function of fuel in the
active core.

Vc = total core volume including control
channels.

L/D = length to diameter ratio of the core.

Bt fissions per cc of fuel at removal.

Bc = fissions per cc of fuel in the core.

Once these are known the following informa-
tion is available from Figs. E-20 through
E-32, Pages 262 to 274.

sMeq + 41 = Critical mass of the spherical
equilibrium core.

MQ/M = ratio of the initial to equilibrium
eq Pu-239 and 241 masses.

f(L/D) = ratio of the cylindrical core volume
to its spherical equivalent.

S = no. of core subassemblies.

40/45, 41/45 are the ratios of the 240 and
241 to 249 isotopes respectively.

f49+41 = fraction of core fissions in 49 and 41.

"45 - capture to fission ratio of 49.

fe = fraction of fissions in the core.

b. Equations Determining the Physics Data for
Economics

F0 = cMo49+41

Eo = cM49+41

49 + 41

41
= __+ __

+ Mo 1 + 41 + 40
40-- --
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B = Bt x f x VC
239 x 10-3

x.93 x A x 1 (4941 +

X = 1.05 f f49+41 (i+ 49)

assuming 1.05 gms fissioned
mwd

239
N = Bt xVxVC x.93 x A

1.05 Pc

UMo
= 28 L93 V V - v j = 14.4 [.93v2 - M o]

2c.

M Vc
C Pn/ c Cc Pn/VC

In the above:

CMg4 initial masscylinder.

c Pn = initial mass
cylinder.

of 49 + 41 in the

of total Pn in the

Pc core thermal power in megawatts.

A = Avagadro' s number.

V0PnC = initial volume fraction of PnC in the
homogeneous core.

The initial cylindrical 49 + 41 mass is
given by-:

cM 49+41 = f (L/D) ( so)M+ 4 1

M /M is available from the graphs for a
0 eq 20

throughput burnup of 16x120. In most cases
use of the graphed value introduce very
-little error because the breeding ratios are
close to 1. However some corrections have
been made on the following basis:
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Assume that the equilibrium mass is insensi-
tive to a change in burnup. The difference
between the initial and equilibrium masses
changes by an amount proportional to the ratio
of the burnups. Then the corrected value of

Mo cor, is related to the graphed value by

o Bt Mo
(q) cor. - W16x1020 [ Meqgraph

B and N0 can be obtained from the graphed
values with the application of some simple
correction factors for burnup and core powers.

Bt

(N) cor= (N ) xT6 Tl 0  720
o 2a graph XP

Bcor, = Bgraph 
grTaphl2X (M

Mo

eqM 
cr

The core breeding ratio 5 is read directly
from the graph. c

c. Blanket calculations are described in
Appendix E, Part V.
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IV. POWER DISTRIBUTION

As a preliminary design approximation, the
radial and axial power distributions will be given by
the following analytical expressions.

radial

axial

P(r)

P(r)

1- ( ar 2
Ro+

- cos 7T

H +28
0 a

2

where R0 =
Ho =

core radius
core height

Sr = radial reflector savings
Sa = axial reflector savings
a - constant

8r and 8a are assumed constant for the range of Ro
and Ho considered in this study for a given type fuel
material. Values of Sr, 8 a' and "a" are determined
as follows.

1. Alloy Core:

"a" was arbitrarily taken as unity.

of (P max and (P max are
P av adial P av axial

Values

given for

the Enrico Fermi Plant in the Report APDA-124.
(Values were obtained from a 2 dimensional
multigroup machine computation.) The approx-
imate expressions given above are integrated

tgieP max P max
to give P av radial and ( av )axial. Values

of Sr and Sa are determined to yield results

identical to those in the Report APDA-124.
Computations follow.

Radial

(P max)

P av Fermi

(P max)
P av approx.

- 1.44 from APDA - 124

2

2 9 R0  1rl2
S 1-r rdr

Jo Ro+ r2
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R = 38.75 cm.

(P max
P av Fermi

_ (P max)
P av approx.

Solve for Sr :

Sr 11 cm

Therefore, the approximate expression for radial power
distribution is taken to be

P (r) - 1- _r2

(R0 + 11)2

R0 = core radius in cm.

Axial

CP max lo125
P av Fermi = 1.5

from APDA - 124

(P max)

P av approx.
1

2 Ho ?
H

0

0

cos iT z dz

H +2a
o a

Let (P max)
P av Fermi

P max

P av approx.

Solve for sa

a =14.5 cm.a

Therefore, the approximate expression for axial power
distribution is taken to be

P (z) cos H+
H0 + 29

z

H0 :core height in cm.
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Axial and radial power distributions approxi-
mated by the above expressions are given for
the Enrico Fermi and for a larger Enrico Fermi
type core. The distributions are presented as
points superimposed on distributions predicted
by one dimensional multigroup computations.
Hence, some measure as to the validity of the
constant reflector savings approximation may be
made. See Figs. E-2, E-3, and E-4, Pages 234,
235, and 23E.

2. Oxide and Cermet Cores:

Evaluation of reflector savings for the
oxide and cermet cores are based on simple
curve fitting of the one dimensional. multigroup
diffusion power distributions by the foregoing
general analytical expressions, Dimensions of
the core chosen follow:

Ho = 122 cm

R0 = 45.6 cm

"a" is taken as j0/2* so as to make the radial

distribution correspond to the first two terms
of the series expansion for the Bessel Function
of the first kind, j0(r). Use of this value

of "a" rather than unity has been noted to
afford some improvement when reflector savings
are held constant over a range of core volumes.
Values of reflector savings that yield good
fits by the analytical expressions follow:

Oxide Cermet

. = 22.4 cm sr = 21.4 cm.

sa = 25 sa = 18.75

Therefore, expressions to be used for power
distributions for all oxide and cermet type
cores are:
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oxide

radial P(r) - 1 1.202r
Ro+22.T

axial P(z) - cos Z

H0 +50

cermet

radial P(r) - 1 (L.202r 2
R%+21.4

axial P(z) - cos if Z

+37.5

R = core radius, cm

H0 = total core height, cm.

JO is the first root of the Bessel function
of the first kind, Jo. Nhmerical value is
2.405.

A measure of the accuracy of the analytical
fit may be obtained by examining Figs. E-5
and E-6, Pages 237,23i , Several points based
on the analytical expression are superimposed
on plots of the power distribution from the
one dimensional multigroup computation.
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V. METHODS USED IN ESTIMATING BLANKET CHARACTERISTICS

The information required for the economic

analyses of the blankets is stated below:

Sb = number of radial blanket subassemblies

Yb = initial mass of U per radial blanket subassembly
(kg)

Y = initial mass of U in the axial blanket sections of
a a core subassembly

- fraction of the radial blanket subassemblies removed
per year

gb - blanket conversion ratio

The different blanket combinations which were
assumed for this study are discussed in Appendix E,
Methods and Approximations.

Since the purpose of the spherical calculations
was to obtain general information applicable to specific
reactor designs which could have a variety of L/D values
(which effect the axial blanket volumes) it was not
possible to predetermine a spherical blanket composition
representative of the correct axial blanket volume. In
the spherical calculation, therefore, a standard blanket
was used which is close to the radial blanket composition
but of slightly reduced uranium density to account for
the lower density of the axial blankets.

The equations used to obtain the blanket data
are summarized in Table E-3, Page 241.

The terms used in these equations are defined
below:

Bb = fraction of U atoms fissioned in a radial blanket
subassembly at removal.

fbt = fraction of reactor fissions that occur in the total
blanket.

fb = fraction of reactor fissions that occur in the
radial blanket.

Sc =number of core subassemblies.
Rc core radius (in.)

Hc = core height (in.)
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Cb282= fraction of neutrons captured in blanket U-238.

f49 = fraction of neutrons causing fission of Pu-239
in the blanket.
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TABLE E-3

FORMULAS FOR OBTAINING BLANKET DATA

Enrico Fermi-Alloy Enrico Fermi-High B.U.

0.0016

0.433 (Rc+18) 2 .R 2 0.226 (Re+18) 2 Rc 2

128

N

0.607 (78-He)

365 x 1.05 x P x fb

Sb x Ib X b x 103

fbt
1W+2.6sc 's

Sb Y1t

(C28 - Eh9)b

(f + c
25, or 49

B.C.R.

PFFBR

0.002

Sb

0.559 (65.5-Hc) 0.318 (6-He)



VI. ISOTOPIC Pu COMPOSITION IN THE PuO2 U0 2 and PuC U1 5 W/o
Mo SYSTEMS

The conditions imposed to establish the N4 0/N 9 and

N41/N4gratios can be stated as follows using the Pu-240 case

as an example.

The amount of Pu-240 formed during the reactor
cycle is equal to the amount destroyed during the reactor
cycle plus the amount lost in reprocessing and fabrication
plus the amount sold.

With these conditions the Ngo/49 ratio at equili-
brium is conveniently expressed by:

N4 0  1

40
'49 eq t4 +

49 mf

9Jeq

In the above:

St40 is the effective Pu-240 microscopic fission and
capture cross section.

498 9 is the effective Pu-239 microscopic capture cross
section.

is the fraction of the final Pu-240 mass that is
sold and lost.

mfp is the mass concentration of fission products in the
equilibrium core.

m 4 9 is the mass concentration of Pu-239 products in the

equilibrium core.

49 is the fraction of core fissions in Pu-239.

"49 is the capture to fission ratio of Pu-239.

The equation giving (N4IN40)eq can be written in a form

similar to that of (N40/N49) eq .
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N41

N40 5 41

eq -:u
(2 +

40
8 c m

s (m49 f 49, 49
/eq

where

5141 is the effective microscopic Pu-241 fission and
capture cross section.

S40 is the effective microscopic Pu-240 capture cross
section.

These equations apply to both the PuO2 and the

PuC U1 5 w/o M cermet systems. However, there is a
basic difference between the two systems which strongly
effects the atom ratios. With the oxide system the
U-238 concentrations are relatively low and hence the
core breeding ratio is about 1/2. Therefore there is no
excess plutonium produced in the core to be sold. The
therefore in this case is only the fraction of the
material that is lost in the reprocessing and fabrication
steps. The2 1is therefore very small and furthermore for
the cases considered the fraction of the Pu-239 destroyed
by neutron capture is considerably larger than .2 . There-
fore, for the oxide:

N4 0  - 49
N49  lr

eq S

With a PuC U-15 w/o M cermet system the core
breeding ratio for the cases considered is greater than 1.
After a subassembly is removed some of the core plutonium
is sold. The second term in the denominator can then have
a relatively important effect on the equilibrium ratio.

In addition the ratio of the effective cross sec-
tion is different for the two fuel systems. The oxide
core has a much softer spectrum. Thus, St4 /c49
is smaller than with the PuC U-15 w/o Mo cermet which has
a harder spectrum. tA4O/c49 is approximately 1.3 and
1.8 for the oxide and cermet systems respectively.
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The equilibrium isotopic ra-cios found for
the oxide systems are 0.77 and 0.11 for the Ngj/N4g res-

pectively. These values varied very little for the vari-
ous oxide systems considered. For the PuC UMo cermet the
isotopic ratios varied considerably. The variations are
shown as a function of the 28/49 ratio in Fig. E-7, Page 245
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VII. RESULTS

The general results obtained for each of the
different fuel systems are presented separately in this
section. The details of obtaining the data needed to
determine costs for specific reactor designs are given
in a separate section for each fuel system. The physics
data obtained for specific designs is tabulated in
Appendix F.

1. U 10 w/o Mo Alloy Fuel

The general results obtained for the alloy
type fuel are shown in Figs. E-8 to E-11, Pages 250 to 253.
These results are those obtained directly from the
spherical calculations. In these calculations core volumes
ranging from 700 to 2400 liters were considered. The
cores had a fixed percentage of SS structure and Zr clad-
ding of 20 and 5 volume per cent respectively. Fixed
fuel volume per cents of 45 and 60 were considered with
coolant occupying the remainder of the core volume. The
graphs show the variation of equilibrium critical mass;
internal, external, and total conversion ratio; the ef-
fective capture to fission ratio of U-235 in the core,
the fraction of reactor fissions occurring in the core,
and the fraction of core fissions in U-235, all as func-
tions of core volume with fuel volume fraction as a
parameter. This information is sufficient to obtain for
a specific design the data needed for economic analysis
given in Tables F-2 through F-il, Page 294 to 312.

The breeding ratios of this system are about
1.3 for the cores having a large fuel volume fraction.
This is comparable to the breeding ratios of the low
density PuO2 U0 2 systems.

2. U02 - Stainless Steel Plate Reactor

The physics data for the variations of parameter
segments of the U02 -stainless steel plate reactor study
were generated by the computer from four reactors in the
800 liter size, two reactors near the 2000 liter size
and two reactors of the 3000 liter size. The cylindrical
reactors were converted to spherical reactors by the
curve of length to diameter ratios, (Fig. E-1) Page 229.

The reference case was established by varia-
tions in the number of plaes and the ratio of length to
diameter. Economically the least practical number of
plates is indicated. Heat considerations place a lower
limit on the number of plates, e.g. the ground rules
which require that no coolant boiling or fuel melting at
the hottest point be permitted.
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The computer generated curves (Figs. E-12, E-13a
and 13b, E-l4a and E-l4b) Pages 254 to 256, showing vari-
ations with equivalent sphere volume of critical mass,
the ratio of captures to fissions of U-235, the ratio of
fissions in the core to missions in the core and blanket,
the blanket breeding ratio, and the ratio of fissions in
U-235 to total core fissions. These curves are parametric
in the amount of stainless steel in the core. With in-
creased steel, the critical mass is reduced and the ef-
fective 025 increased due to a spectral shift, (Fig.
E-15), Page 257, the core fission ratio is increased and
the blanket breeding ratio is reduced due to a larger
percent of neutrons absorbed in the core.

3. PuO2 -UO2 Systems

Variables which might be thought to vary in-
dependently within a specified volume and oxide fraction
range for these systems were; core height, core radius,
oxide fraction, sodium fraction, and equilibrium burnup.
It was possible to calculate equivalent sphere volumes
for the reactors using the relationship between the ratio
of height to diameter and the ratio of equivalent cylin-
drical and spherical core volumes. It was also known
that the sodium fraction was a function of core volume,
this function being given by the core designer. Also
equilibrium burnup is a function of core volume and ini-
tial oxide fraction (as specified by the core designer);
so the two independent variables were taken as spheri-
cal core volume and equilibrium oxide fraction.

The properties of the reactors (the dependent
variables) which were necessary to calculate the data
required for the economic analysis of the systems in-
cluded the critical Pu239 + Pu2141 mass of the equivalent
spheres; the breeding ratios, internal (core), external
(blanket), and total; the fraction of fissions occurring
in Pu239 + Pu241 ; and the ratio of captures to fissions
in Pu239. These quantities are shown as functions of
the equilibrium oxide volume fractions and spherical
core volumes in accompanying Figs. E-16, E-17 and E-18,
Pages 258 to 260. . All the information shown in these
figures was taken from the solution of the multigroup
diffusion equations solved for the equivalent spheres
using 10 energy groups.

In these calculations, 935 of the core volume
was taken to be composed of the active core material des-
cribed by the core designer and 75 was assumed to be
space for control elements (withdrawn) composed of four
parts sodium to one part stainless steel. The blanket
surrounding the sphere was a homogenized mixture of the
axial and radial blanket material surrounding the actual
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reactor, and with a thickness chosen so that the volume
was equal to that of the actual reactor blanket. Outside
this region was a ten centimeter thick region of half
sodium and half stainless steel. The Pu used in these
calculations was a mixture of isotopes of Pu239 and Pu240
where the Pu-240:Pu-239 ratio was 0.77; a relationship
determined by the method described in this appendix.

The oxides used in these reactors were taken at
65% of theoretical density or at 7.12 gm/cc. If work on
burnup analysis shows that higher density values are
allowable, significant increases in U to Pu ratios may be
realized with corresponding increases in breeding ratios
at the expense of only slightly increased critical Pu
masses.

4. PuC Ul5w/o Mo Cermet

A plutonium ceramic dispersed in a uranium alloy
matrix is particularly attractive for eventual use because
of its excellent breeding characteristics. The importance
of power generation costs leads to the necessity for build-
ing large reactor systems. As the cores become larger it
becomes important from a breeding standpoint to have large
concentrations of fertile material in the core regions to
enhance the fast fission effect and reduce parasitic
neutron losses. In the low density oxide systems it is
only possible to achieve a 28/49 ratio of about 3. With
the PuC UMo system a ratio of 10 or more is easily achieved.
This is reflected in the breeding ratios which are about
1.3 and 1.5 for the oxide and cermet respectively.

In addition the core breeding ratio of the cer-
met system is greater than 1 for the reactors considered
here. This is an additional benefit because it makes it
possible to operate for very long periods between reload-
ing shutdowns without having to provide large amounts of
poison control to adjust for burnup reactivity losses.
In most cases the internal breeding ratio exceeds 1 but it
may be beneficial to adjust this quantity to 1 in order
to minimize the poison control requirements and the
resulting parasitic neutron loss.

The physics characteristics of reactors using
the PuC UMo Cermet were mapped out for the range of reactor
sizes and core compositions that looked interesting from a
practical design standpoint. Core size was varied from
1000 to 2500 liters. For each size, core fuel volumes
of 50 and 60 per cent were considered.
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The results are shown in Figs. E-20 through
E-32, Pages 262 to 274. In all cases the variable is
shown as a function of spherical core volume with fuel
volume fraction as a parameter. Thy quantities shown are
defined below.

M49 and 41 Critical mass of 49 and 41 in the
spherical equilibrium core.

f49 and 41 Fraction of core fissions in 49 and 41.

fc Fraction of reactor fissions in the core.

49 The effective capture to fission ratio
of 49 in the core.

gc Core breeding ratio,

bBlanket breeding ratio.

40/49 Atom ratio of 40 to 49 in the core

41/49 Atom ratio of 41 to 49 in the core.

Mo/M Ratio of the initial to equilibrium
eq plutonium masses in the core.

B Ratio of the total 49 + 41 destroyed
from the clean to burned up condition
to the initial mass present.

X Grams of 49 + 41 destroyed in the core
per mwd of reactor output.

no Spherical core life in days for an
assumed core power of 720 MW.

In obtaining these results a constant thruput
burnup of 16 x 1020 fission/cc was assumed.
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APPENDIX F

METHODS USED TO CALCULATE POWER COSTS

The purpose of the study was to determine tke effect
of design and cost variations on the cost of power produced by
a fast breeder reactor power plant. Because of the large
number of reactor fuels and of the design variations for each
fuel, it was found desirable to program a general economics
equation to determine the power costs. The economic equation,
which was programmed for the IBM 650, provides a detailed
breakdown of the costs associated with the core and blanket
for each reactor design studied.

The total power cost for a fast breeder reactor power
plant is composed of the following:

I. Fixed charges on the capital cost of the plant.

2. Operating and maintenance expenses,

3. Core fuel cycle costs.

4. Blanket cycle costs.

5e Capitalization of the initial core and blanket
procurement and fabrication.

6. Net Plutonium Revenues,

The methods used to calculate each of the above costs are dis-
cussed below,

to Fixed Charges on Capital Cost of Plant

In general, two reactor plants were studied: (1) a
reactor plant based on the design of the Enrico Fermi Atomic
Power Plant (Fermi); and (2) a plant based on a plutonium-
fueled fast breeder reactor plant (PFFBR) which has been
described in Report APDA-129. For the parametric studies,
the fixed charges were calculated using, for the Enrico Fermi-
type reactors, an assumed fixed capital cost of $58,100,000;
and for the PFFBR type reactors, a variable cost depending
on their power rating and efficiency. The annual charge rate
on capital was taken at 14%, in accordance with established
AEC ground rules.
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For the designs based on the Enrico Fermi reactor
plant, the fixed charges were calculated by the expression:

F.C. in mills/kwhr net electric = 58.1 x 106 (0.14) mwhrs/year

(PR-). 8760 Z

where PR is the total reactor heat in megawatts and q is the
net efficiency (net electric output/total reactor heat) and z
is the annual plant factor.

For the designs based on the PFFBR reactor plant,
the capital costs in $/kw gross electric was determined by use
of the curves Figs. F-1 and F-2, Pages 287 and 288. These
curves give the capital cost in relation to gross station
power and gross efficiency vs. sodium temperature, respec-
tively. Then

F.C. in mills/kwhr net electric = x o 103 G G 0-14_Z
9 ~876OZj

where x = $/kw gross electric read from the curve (at PR G)
and '1G and x are gross and net efficiencies, respectively,
and Z is annual plant factor.

From extensive studies of liquid metal-cooled
reactors, it was found that for a plant generating electrical
power the gross thermal efficiency may be accurately deter-
mined as a function of the sodium temperature at the reactor
outlet. See Fig. F-1, Page 287. The function represents
the total electrical power which can be generated from a
reactor heat source considering the extra heating due to
gamma radiation and pumping power losses.

Due to the consumption of electrical power within
a nuclear plant, the revenue-producing electrical power is
less than the power produced by the generator and the net
efficiency is less than the gross. This internal consumption
of electrical power is made up of fixed and variable loads.
The latter includes, essentially, the power required for
primary and secondary coolant circulation and the power
required for stem' plant operation.

In order to treat the variation in each of these
loads with specific power reactor concepts, the following
analytic expressions (based u on the loads reported for the
Enrico Fermi and PFFBR Plants were developed.
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Fixed Power, Mw = 1.8 + 0.006 P

P 2
Primary Pumping Power, Mw = 0.0175 (APc + K (-P) P

Secondary Pumping Power, Mw = 0.00257?

Other Variable Power, Mw = 0.01 P where

P = nominal reactor power, Mw

APc = core pressure drop, psi

AT = core coolant temperature
difference, deg F.

K = 41.6 for the Fermi Plant and
7.65 for the PFFBR (since

the PFFBR coolant flow
is much greater).

This treatment assumes that the "fixed" loads
actually do vary slightly as the capacity of a plant is
increased. It assumes that the secondary pumping and steam
plant -loads vary only as the total reactor power, as is
reasonable when comparing similar reactor systems. The primary
coolant pumping power, the lead which varies most with core
design changes, is assumed to be proportional to the product
of flow ( P ) and the sum of the pressure drops in the core

and the rest of the primary coolant loop. This relation of
course is valid only for the Enrico Fermi or PFFBR type
plants for which the constants were determined, but it does
reflect the effects of changes in core parameters such as
coolant temperature, core size, etc. Somewhat unrealistically,
it neglects the fact that for large changes in flow rate,
for example, the coolant loop will be redesigned to mini-
mize excessive pressure drop.

By subtracting the plant loads thus computed from
the gross electrical output, the net plant efficiency is
determined in a manner that reflects changes in core para-
meters in an economic analysis.

2. Operating and Maintenance Expenses

For all the reactor designs studied, it was assumed
that the annual costs for operating and maintenance expenses
are $1,000,000. In mills/kwhr net electric:

O&M in mills/kwhr net electric = 1 x 106

PR .8760 Z
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3. Core Fuel Cycle Costs

The costs associated with the core of the reactors
were calculated by means of the general economics equation.
The equation was developed by making a material balance
around a generalized core and blanket flow sheet (similar
to the flow sheets shown in Appendix C, and applying cost
factors to each step. Data about each reactor core and
blanket necessary to make the material balance and to
develop cost factors were supplied from the design and
reactor physics calculations. Refer to Appendices D and E.

The ground rules for this study have established
an "open" uranium cycle and a "closed" plutonium cycle, that
is UF6 from the diffusion plant is the starting material for

preparing core (and blanket) subassemblies, and UF6 recovered

from the spent fuel is returned to the government (discarded);
fuel is not recycled to the reactor. For plutonium-fueled
reactors, plutonium recovered from the spent core sub-
assemblies is recycled, together with any makeup which may
be required from the blanket; otherwise, excess plutonium
from the reactor is sold.

For each reactor design considered, monthly shut-
down to remove that part of the core and blanket which had
reached the allowable burnup was assumed. It was convenient,
therefore, to determine all the costs associated with the
fabrication and processing of the fuel and blanket material
required each month; and to divide the costs by the power
produced by that amount of fuel to obtain mills per kilowatt
hour. This method was also used to determine the fuel
inventory charges. It was assumed for the open uranium cycle
that each month enriched UF6 will be shipped from the dif-
fusion plant in the amount which will yield the fuel sub-
assemblies required for a partial loading of the reactor
core. Monthly, after the specified decay period, spent fuel
will be shipped to the aqueous processing plant. The total
time from obtaining the UF6 from the diffusion plant to
returning UF6 recovered from reprocessed fuel was determined,
and the rental charges calculated.

The generalized flow sheets used for the develop-
ment of the economics equations are given in Figs. F-3 and
F-4, Pages 289 and 290. With these and the list of symbols
(Table F-1: Page 291), the economic equations were developed
as follows:
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4. Economics Equations (See also Section F-9, Summary of
Economic Equations)

Define

S = number of fuel subassemblies in the core.

B = fraction of the U-235 destroyed(fission plus
capture before fuel is removed from the reactor).

F0= kg U-235 per subassembly

Eo= initial enrichment wt U-235
wt U-235 + U-23b

no= core life time, days (plant factor - 1)

Z= plant factor

tR = days between core loadings

From the above definitions, it follows that

tR S = z tR S

17o/z no

expresses the number of subassemblies required for the periodic
loading of the core; and

z 'R S F0

1loF

expresses the total kg of uranium (U-235 + U-238) in those
subassemblies, as well as the amount of uranium yield after
the fabrication step. It is necessary to obtain from the
diffusion plant slightly more uranium due to losses in
converting UF6 to fuel material and in fabricating. The
amount of uranium of enrichment Eo required from the dif-
fusion plant is expressed by

ZtRS F.[ 1

10 Eo L1-L-L s) (1-L2 -L2sj

where L1 is the fractional loss in the conversion step, Lls
is the fraction of the material supplied which becomes
scrap, L2 is the fractional loss in fabrication, and L2s is
the fraction of the material supplied to the fabricator which
becomes scrap.
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The U(6 must be shipped to a conversion plant to

be converted into metal or ceramic. By expressing the cost

of shipping Csl and conversion Cl in $/kg total U, the
expression for the costs of these operations becomes

ZtRSFO C 5+C1

0 E0  (1-L1'Lls) (1-L 2-L 2s) (in $)

To obtain mills per kilowatt hour, the $ must be
divided by the net megawatt hours of electricity produced.
Define

X - kg U-235 destroyed in core/mwd total reactor heat

s Mw net electric a net efficiency
Mw total reactor heat

Then the net power produced by the partial loading
is given by

ZtRSFEB 1 ".24r
?oX

and the cost of shipping and converting to UF6 becomes

X Csl + C1

E0B 24 (1-L i-Ls) (1-L2 -L2 s)

The development of the equations can be followed by similar
reasoning to that shown above.

For the closed plutonium cycle, the plutonium
recovered from the processing of core subassemblies is recycled
to the reactor. The makeup plutonium required is taken from
the blanket plutonium produced. The balance of the plutonium
production is available for sale. This change is reflected
in the slightly different equation used to calculate core
cycle costs.

The computer was programmed in such a manner that
each line in the equation was printed out, as well as the
sums. The detailed- data sheets, Tables F-2 to F-ll, Pages
293 to 313, give the breakdown of the core cycle costs.
Design characteristics of these cores are summarized in the
alternating Tables F-2 Design - F-ll Design, Pages 293 to 312

5. Blanket Cycle Costs

The economic equation for the blanket was derived
in the same manner as the core equations. It was assumed
that a certain fraction («) of the radial blanket subassemblies
are removed yearly. Axial blankets are, of course, removed
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with the core subassemblies. It was possible, therefore,
to determine the number of radial blanket subassemblies
removed at each unloading. The total plutonium production
can be expressed as follows: Define

gc + gb = total grams Pu produced in the reactor per
I gram of fissionable material destroyed in

the core.

Then ZtRSFOB

expresses the grams of Pu produced in the subassemblies
unloaded at each shutdown. After reprocessing to recover
the plutonium and converting Pu(NO3)4 to metal, the value of
the plutonium for sale is expressed by

S tRS Fo [EoB (gc + gb) (1-L 6 ) (1-L 7 ) fPu]

where 'L6 and L7 are the fractional losses during aqueous
processing and metal conversion, respectively, and fPu is the
value of 1 kg of Pu.

The cost of separating out the plutonium was included
in the blanket processing term. The cost of converting to
Pu metal must be taken into account. It is given by

Z R SF0 EOB (gc + gb) (1-L6) C7

where C7 is the cost per kg Pu to be converted. Hence in
mills/kwhr, the net revenue from sale of plutonium is given
by

EB 4[EOB (gc + gb) (1-L6 ) (1-L 7 ) fpu - (1-L 6 ) C7

6. Initial Core and Blanket Fabrication Costs

The money expended to provide the initial core and
blanket was assumed to have come from working capital, and
hence there should be, a capitalization charge for the core
and blanket. The initial core will contain less fissionable
material than the equilibrium core calculated for these
studies. The ground rules established a 2-month supply of
core subassemblies to be on hand at all times. It was
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assumed that the initial core and spares fabrication costs
will equal the fabrication costs of an equilibrium core.
From the core equation, the costs of converting UF6 and
and fabricating Z s subassemblies were determined divided

by ZCRSFOB 24, 2 0 megawatt hours. Taking an annual charge

rate of 14%, the capitalization charges for S subassemblies
divided by Z365SF(B 24/ megawatt hours per year can be

'0 l X

shown to be simply no (.14) K 1
Z365

The computer was programmed to print out the results of the
above.

7. Blanket Capitalization Charges

By similar reasoning, it can be shown that the
blanket capitalization charge will be given by

+ 365[®

These results were also printed out by the computer.

The total power costs were obtained by summing all
the costs and subtracting the net plutonium revenue.

8. Doubling Time

With reactors having a net gain in fissionable
material, the term doubling time expresses the length of time
required for a reactor to create a quantity of surplus
fissionable material equal to the quantity required in the
fuel charge. In a more practical sense, the quantity con-
sidered in the calculation of doubling time must also include
the quantity held up in the portion of the fuel cycle that is
external to the reactor. Likewise, the bred material created
ought to be corrected for the losses incurred in recovery,
and the fissionable material destroyed per day ought to be
corrected for the losses as well.

For every gram of fissionable material fed to the
reactor a loss of . gram occurs, where 2 is the sum of the
losses in the fuel cycle. For every gram fed into the
reactor, B gram of fissionable material is destroyed (f+ c );
hence the loss per grain destroyed is B. And for ever gram
destroyed, (1 + -A/B grams disappears destroyed + lost'
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the doubling

D.T. -

time expression becomes:

1 + ci) S/F/o

(1-L 6 ) (1-L 7 ) g

1 + B

S/F/ B

10_

k grams disappearing/day

net Pu recovered
per fissionable material
disappearing

which can be simplified to:

365 + 365 D.T. in days -

365
D.T. in years

[(1-L6) (1-L 7 ) g - (1 +IB )] B

This can be compared to the formula when cycle losses are

neglected.

17 + t out (in years)

(g-l) B

Hence, it will be seen that the doubling times reported
herein are considerably longer than those which have been
customarily reported.
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TABLE F-1

SYMBOLS USED IN ECONOMICS EQUATIONS

X = kg U-235 destroyed/mwd
Eo - enrichment wt U-23'/wt U-235 + U-238
B * fractional destruction (fission + capture) of U-235
'9 - ratio: net mw electric/total reactor power mw heat

C81 - $/kg to ship UF6 to conversion plant
C1 * "/kg to convert UF6 to metal (or ceramic)
Li - fractional loss incurred in conversion step

Lls " fractional amount processed that is scrap
L2 - fractional loss incurred in fabrication
L2s " fractional amount fabrication that becomes scrap

Cs2 - $/kg to ship feed material to fabricator

F0 - kg U-235 per subassembly
P - number of pins (plates) per subassembly

Cp = $/pin cost to fabricate
R = $/subassembly for hardware and axial blanket

Cs - $/subassembly to ship to reactor

S- ratio of depleted U to enriched U

d - $/kg to purchase depleted UF6
C5l _ $/kg to ship UF6 to convertor

C - $/kg to convert depleted UF6
Llm = fractional loss of depleted material in conversion step
L2m - fractional loss of depleted material in fabrication step

Cs2m : $/kg to ship depleted feed to fabricator

o = $/kg U value or cost of U-235 at enrichment E0
d - ratio: cost of scrap recovery per kg/value of material recovered

per kg.
LSs- fractional loss during scrap recovery

= fraction of fabrication scrap uncontaminated by depleted U
- $/kg value of fuel at low enrichment

Cs4 - $/subassembly to ship spent fuel to processing plant

C4 = $/day use charge on processing plant

A- kg/day processing rate in plant

L4 - fractional loss in processing

C5 - $/kg to convert UNH to UF6

~- " plant factor
tR - days interval between unloadings
S * number of subassemblies per core

No - days core life
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TABLE F-1 (Contid.)

$/kg U value of spent fuel material
fractional loss in converting UNH to UF6

internal breeding ratio g Pu produced/gram U-235 destroyed
external breeding ratio
fractional loss of Pu in processing blanket material
fractional loss of Pu in converting Pu(N)3)h to metal
$/kg value of plutonium
$/kg to convert PU(NQ3 )4 to Pu

t8
t

t8
t

ts
t

t8

t

t

a " annual inventory charge rate1- time required to ship to convertor days
1 - time required to convert
2 " time required to ship to fabricator
2 a time required to fabricate
3 " time required to ship subassemblies to

D time required to decay spent fuel
1 " time required to ship spent fuel to pros

* " time required to process

- time required to convert to UF6

reactor

messing plant

fraction of blanket removed per year
number of subassemblies in radial blanket
kg U-238 per subassembly
kg U-238 per axial blanket

sum of fractional losses of Pu in the fuel cycle
net fractional destruction of fissionable Pu isotopes " B(1-g 0 )
ratio: wt fissionable Pu/wt total Pu

Subscripts: a apply to axial blanket
b apply to radial blanket
U refers to depleted uranium
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TABLE F-2 (DESIGN)

DESIGN CHARACTERISTICS FOR U-10 w/o Mo ALLOY PINS (FmRICO FERMI 800 LITERS REACTOR)

Base Cases Coolant
No. Pins/Subassembly Power Temperature
100 121 144- Variation Variation

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

130 130 130
100 121 1!L4

0.216 0.197 0.181
0.005 0.005 0.005
0.206 0.187 0.171

18 k8 k8

Fuel, v/o k6.0 k5.9 k5.6
Structure & Clad, v/o 18.5 18.8 19.k
Sodium, v/o 35.5 35.3 35.0
Enrichment, % 1k.0 14.2 l1.2
Thro-:ghput Burnup, total a/o 1.20 1.38 1.18
Total Powe-, M h113 k13 1 13
Core Power, Mw 387 387 387
Coolant Inlet Temperature, F 550 550 550
Average Coolant 0utle Temperature, F 850 850 850

W Coolant Flow Rate, 10 lb 15.26 15.26 15.26
Coolant Velocity, ft/sec 35.0 35.5 35.5
Core Pressure Drop, Psi 75 75 75
Maximum Coolant Temperature, F 99k 99k 99k
Maximun Fuel Temperat re, F 1173 1130 1100
Maximum Heat Flux, 10 3tu/hr-ft2

0.586 0.502 0.733

Equil. Critical Mass, kg U-235
Core Life, Years
Internal breeding
External Breedirg Ratio
Total breeding Ratio

External Loss, % Core Destruction
Net Breeding Gain %
Doubling Time, Years

699 699 698
0.5148 0.619 0.680
0.61k 0.61k 0.61k
0.616 0.616 0.616
1.230 1.230 1.230

23.4 20.7 18.9
- - 1.5

- - 766

130 130 130 130
121 121 121 121

0.197 0.197 0.197 0.197
0.005 0.005 0.005 0.005
0.187 0.187 0.187 0.187

48 8 k8 k8

45.8 45.8 45.8 15.8
18.9 18.9 18.9 18.9
35.3 35.3 35.3 35.3
14.2 11,.2 1!:.1 14.2

1.49 1.50 1.13 1.50
346 288 L13 4 13
324 270 387 387
550 550 550 500
850 850 900 800

12.78 10.611 13.07 15.26
29.5 24.6 30.2 35.2

53 38 55 75
99k 994 10 4 9l41

1099 1073 1195 1080
0.672 0.559 0.502 0.802

699 699 699 699
0.795 0.995 0.532 0.693
0.614 0.614 o.614 0.611
o.616 0.616 0.616 0.616
1.230 1.230 1.230 1.230

19. 18.6 21:.1 18.6
1.2 2.0 - 2.0

1471 749 - 607

L/D at Constant
Volume Variation

169
121

0.197
0.005
0.187

37.11

45.8
18.9
35.3
13.9
1.39
1 13
387
550
850

15.26
27.1

58
1012
1130

0.794

688
0.617
0.614
0.616
1.230

200
121

0.197
0.005
0.187

31.1:

45.8
18.9
35.3
11.0
1.38
1 13
387
550
850

15.26
22.9

k9
1035
1130

0.800

695
0.617
0.61k
0.616
1.230

20.5 20.7
0.6 0.08

5453 15270

L/D at Constant
Power/Subassemb~r

1011
121

0.197
0.005
o.187

1t8

45.9
18.8
35.3

0.155
1.38
333
310
550
850

12.2
35.2

75
985

1119
0.902

0.619
0.580
0.666
1.2k6

163
121

0.197
0.005
0.87

h8

k5.9
18.8
35.3

0.132
1.'8

516
485
550
850

19.1
35.2

75
1005
1144

0.912

0.619
0.652
0.572
1.22k

Burnup Core Pressure
Variation Drop variation

130 130 130 130
121 121 121 121

0,197 0.197 0.182 0.203
0.005 0.005 0.005 0.005
0.187 0.167 0.172 0.193

48 48 48 48
45.8 45.8 38.8 49.0
18.9 18.9 19.0 13.5
35.3 35.3 42.2 32.5
13.6 l.1 0.164 0.13kL
0.57 1.88 1.38 1.38

k13 113 k21 11
387 387 387 387
550 550 550 550
850 850 850 850

15.26 15.26 15.26 15.25
35.2 35.2 28.6 38.6

75 75 50 100
991 991 99k 991"

1130 1130 1130 1130
0.802 0.502 0.94 0.758

699 699
0.185 0.852 0.5311 o.671
o.6111 0.61 0.545 0.6!5.
0.616 0.616 o.65 c.60o
1.230 1.230 1.190 1.245

22.5 19.5 k7.9 15.4 22.7 19.7
- 0.!2 - 5.2 - 2.33
- 284 - 21.5 -a 539

Enrico
e rni

Plant

91
LJ.

0.159
O. . jD
0.L8
30.5

27.9
2L.9
h7.2
25.6
1.0c

300
268.5

550
300

31.2
67

913
113'

1.17

0.30

0.90
1.20

3L.0
-



TABLE F-2 (ECONOMICS)

ECONOMIC RESITIS DR U-10 w/o Mo ALLOY PINS (E.RICO Fr-D3I-800 LITFN9S REACTO )

Base Cases Coolant L/D at Constant L/D at Constant Enrico Economic Paranete' Variations
No. Pins/Subassenbl Power Temperature Volume Power/Subassembly Buvup Core Pressure Fermi Base
100 121 L Variation Variation Variation Variation Variation Drop Variation Core I Case Fabrication Peprcessin <eca- Tir.e

Power ., Heat
Net . iiereny
Net Alectric Dutut
8/kwe Net

13 k13 413 346 288 413 413 413 413 333 516 413 413 413 !13 300 113 L13
0.321 0.321 0.321 0.321 0.322 0.335 0.313 0.321 0.3215 0.322 0.319 0.321 0.321 0.320 0.321 0.313 0.321 0.321
132.57 132.57 132.57 111.07 92.71 138.36 129.27 133.81 131.02 107.23 164.6 132.57 132.57 132.16 132.57 93.9 132.57 132.57
438.26 438.26 438.26 523.09 626.L8 419.92 k19.45 434.20 433.52 541.83 353.0 438.26 k38.26 439.62 h38.26 618 438.26 438.26

Fixed Car-es on Plant 8.77 8.77 8.77 10.k6 12.53 8.O 8.99 8.68 8.67 10.8 7.06 8.77 8.77 8.79 8.77 12.36 8.77 8.77
Initial Core fabricationn 0.29 0.32 0.3 0.37 0.kk 0.30 0.32 0.37 0.2 0.33 0.38 0.31 0.31 0.32 0.35 0.28 0.32 0.32
Initial Ilanket :abrication 0.19 0.19 0.19 0.22 0.27 0.18 0.19 0.21 0.22 0.21 0.16 0.29 0.19 0.19 0.19 0.22 0.19 0.19
Subtotal Fixed Charges 0.25 9.28 9.30 11.05 13.24 8.88 9.50 9.26 9.31 11.38 7.60 9.27 9.27 9.30 9.31 12.86 9.28 9.28

8.77 5.77
0.32 0.32
0.19 0.1"
9.28 y.2-

Operation t Mainterance 1.08 1.08 1.08 1.29 1.54 1.03 1.11 1.07 1.07 1.33 0.87 1.08 1.08 1.08 1.08 1.52 1.08 1.05 1.0. 1.08 1.08 1.Core 5e1 Cyce aosts Lt 8.08 7.76 7.53 7.64 7.73 8.21 7.6 8.l 8.85 8.21 7.78 19.61 6.7 8.38 7.7k 11.72 7.76 8.13 '.k' 7.99 '.L9 7.t Core :el rele Costs 12% 10.29 9.82 9.52 9.82 10.05 10.35 9.16 10.25 10.76 10.13 9.98 23.8 8.27 10.72 9.90 1L.68 9.82 10.19 0.53 10.05 9.56 9.
.3larket Cycle Costs 1.01 0.99 0.99 1.11 1.2k 0.98 1.01 1.01 1.05 0.55 0.79 1.17 0.99 1.05 0.07 1.LO 0.99 0.99 0.99 0.99 0.99 0.

mtonr.i .evenue -3.LO -3.0 -3.0 -3.O -3.38 -3.25 -3.48 -3.37 -3.36 -3.43 -3.39 -3.O -3.kO -3.36 -3.O -1.LO -3.0 -3.0 -3.L0 -3.0 -3.0 -.!

Total Power Costs ,'
Total ?ower Costs 121Q

Core Fuel CycleUF Through Fabrication
Scrap ecovery
?eprocessirg
3umur - Losses
Inventory k
Inventory 1210

16.03 15.71 15.50 17.69 20.37 15.85 15.61 16.39 16.93 18.03 13.65 27.75 1.1 16.8 15.70 26.10 15.71 16.07 15.L1 15.93 15.L3 15.59 15.6k
18.23 17.77 17.8 20.07 22.75 17.99 17.61 18.55 19.11 20.k 15.75 32.71 16.21 18.82 17.86 29.06 17.77 18.13 17.L7 1.99 1-'.U 17.7 17.62

3.08 2.94 2.90 2.73 2.61 3.28 2.68 3.8 3.87 2.99 3.05 10.08 2.1k 3.25 2.91 5.31 2.9k 3.31 2.65 2.9k 2.9 2.9 2.9k
0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.005 0.016 0.005 0.007 0.005 0.008 0.005 0.005 0.005 0.005 C.C05 0.005 0.0051.50 1.39 1.32 1.k5 1.55 1.k6 1.33 1.k3 1.7 1.55 1.27 h.01 1.17 1.3 1.36 2.07 1.39 1.39 1.39 1.63 1.1k 1.1k 1.1
2.kO 2.39 2.31 2.36 2.37 2.39 2.kk 2.l 2.Jl 2.k6 2.k0 3.02 2.25 2.52 2.38 2.85 2.39 2.38 2.38 2.38 2.38 2.38 2.38
1.10 1.03 0.99 1.09 1.19 1.07 1.00 1.08 1.09 1.20 1.05 2.8 0.90 1.17 1.08 1.8 1.03 1.03 1.03 1.03 1.03 0.9k 0.99
3.30 3.09 2.97 3.27 3.57 3.21 3.00 3.03 3.03 3.60 3.15 6.90 2.70 3.51 3.2k k.5 3.09 3.09 3.09 3.09 3.09 2.82 2.07

Blanket Cycle
Radial Blanket Fabrication 0.21 0.21 0.21 0.22 0.21 0.21 0.22 0.19 0.18 0.20 0.16 0.22 0.22 0.27 0.20 0.30 0.21 0.21 0.21 0.21 0.21 0.21
Axial Blanket 0.03 0.02 0.02 0.21 0.02 0.03 0.02 0.05 0.07 0.02 0.02 0.08 0.02 0.03 0.02 0.10 0.02 0.02 0.02 0.02 0.02 0.02
Reprocessing 0.77 0.76 0.76 0.87 1.01 0.7k 0.77 0.77 0.60 0.33 0.61 0.87 0.75 0.78 0.75 1.00 0.76 0.76 0.76 0.76 0.76 0.76

113
0.321
132.57
!38.26

!13
0.321
132.:7
k3 5.26

08 10
65 7.'C
I7. 2.76
9X 0.97
Lo -3

0.21
0.02
0.76



TABLE F-2 (wPsiCS VARIATIONS)

ECONOMIC RESULTS 0-10 w/o Mo ALLOY PINS (EI!RICO FERMI-800 LITERS REACTOR)

Physics Parameter Variations
Internal Breeding External Breeding

Cross Section 25 Vr Variation f c Variation Critical Mass Variation Ratio Variation Ratio Variation
Base Case Variation +304 -30- , - _+5 +2.5, -2. +1 -+1 -1 +10i -10 +1'

?ower M.w Heat
Met 'Efficiency
Net Electric )utput
/'kwe Net

Fixed Charges on Plant
Initial Core Fabrication
Initial Blanket Fabrication
Subtotal Fixed Charges

Operation and Maintenance
Core Fuel Cycle Costs k%
Core Fuel Cycle Costs 12'
Blanket Cycle Costs
Plutonium Revenue
Total Power Costs k4
Total Power Costs 12%

Core Fuel Cycle
0F6 Through Fabrication
Scrap Recovery
Reprocessing
Burnup and Losses
Inventory k4
Inventory 12%

Blanket Cycle
Radial Blanket Fabrication
Axial Blanket
Reprocessing

R)
U,

k13
0.321

132.6
438.3

8.77
0.32
o.19
9.28

1.08
7.76
9.82
0.99

-3.40

15.71
17.77

2.9k4
0.005
1.39
2.39
1.03
3.09

0.21
0.02
0.76

113
0.321

132.6
438.3

8.77
0.33
0.19
9.29

8.33
10.75

0.88
-3.52

16.06
18.18

3.03
0.006
1.17
2.61
1.21
3.63

0.13
0.02
0.73

413 k13 413 413 k13 413 k13
0.321 0.321 0.321 0.321 0.321 0.321 0.321

132.6 132.6 132.6 132.6 132.6 132.6 132.6h38.3 438.3 438.3 438.3 k38.3 k38.3 k35.3

8.77 8.77 8.77 8.77 8.77 8.77 8.77
0.32 0.32 0.32 0.32 0.33 0.31 0.32
0.19 0.19 0.19 0.19 0.19 0.19 0.19
9.28 9.28 9.28 9.28 9.29 9.27 9.28

7.87 7.65 7.66 7.87 7.96 7.5k 8.02
9.93 9.71 9.72 9.93 10.08 9.54 10.38
0.99 0.99 0.99 0.99 1.02 0.85 1.12
-3.40 -3.40 -3.23 -3.56 -3.48 -3.31 -3.k0

15.92 15.62 15.78 15.66 15.87 15.43 16.10
17.88 17.68 17.8h 17.72 17.99 17.43 18.46

2.95 2.95 2.95 2.95 3.02 2.86 2.96
0.005 0.005 0.005 0.005 0.005 0.005 0.006
1.39 1.39 1.39 1.39 1.42 1.35 1.43
2.49 2.27 2.28 2.49 2.k5 2.32 2.kk
1.03 1.03 1.03 1.03 1.06 1.00 1.18
3.09 3.09 3.09 3.09 3.18 3.00 3.5k

0.21 0.21 0.21 0.21 0.22 0.13 0.30
0.02 0.02 0.02 0.02 0.02 0.02 0.02
0.76 0.76 0.76 0.76 0.78 0.70 0.80

413 h13 U?3 L 4l
0.321 0.321 0.321 0.321 0.32_

132.6 132.6 132.6 132.6 132.6
438.3 13,.3 )38.3 3.3 38.3

8.77 8.77
0.32 0.32
0.19 0.19
9.28 9.28

8.77 8.77
0.32 0.32
0.19 0.19
9.28 9.28

3.77
0.32
0.19
9.23

7.k9 7.76 7.76 7.76 7.76
9.25 9.82 9.82 9.82 9.82
0.99 0.99 0.99 0.99 0.99
-3.k0 -3.23 -3.56 -3.23 -3.56

15.W4 15.88 15.55 15.88 15.55
17.20 17.94 17.61 17.94 17.61

2.92 2.9k 2.94 2.94 2.9k
0.00k 0.005 0.005 0.005 0.005
1.35 1.39 1.39 1.39 1.39
2.34 2.39 2.39 2.39 2.39
.88 1.03 1.03 1.03 1.03

2.64 3.09 3.09 3.09 3.09

0.21 0.21
0.02 0.02
0.76 0.76

0.21 0.21
0.02 0.02
0.76 0.76

0.21
0.02
0.76

Footnote: c(25 - ratio of captures to missions in U-235

f 25 - fraction of fissions occurring in U-235

c - fraction or fissions occurring in core



TABLE F-3 (DESIGN)

DESIGN CHARACTERISTICS FOR U-10 v/o Mo ALLOT PINS (PFFBR-2000 LITERS REACTOR)

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

N Fuel, v/o
Structure and Clad, v/o
Sodium, v/o
Throughput Burnup, T

otal a/o

Core Power, M,
Coolant Inlet Temperature, F
Average Coolant Outlet Temp, F
Coolant Velocity, ft/sec
Core Pressure Drop, psi
Maximum Coolant Temperature, F
Maximum Fuel Tenperat re, F
Maximum Heat Flux, 1 Btu/hr-ft

2

Base Cases
No. Pins/Subassembly

127 T69 Z17 271 -

137 137 137 137 137
127 169 0.217 0.271 331

0.292 0.243 0.212 0.190 0.172
0.005 0.005 0.005 0.005 0.005
0.282 0.233 0.202 0.180 0.62

60 60 60 60 60

57 52 50.1 50 49
11.7 11.8 12.6 12.7 13.8
31.3 36.2 37.3 37.3 37.2

0.823 1.02 1.20 1.30 1.38

720 720 720 720 720
550 550 550 550 550
900 900 900 900 900

30.6 26.2 25.3 25.3 25.4
100 100 100 100 100

1100 1100 1100 1100 1100
1299 1236 1192 1163 110

-- -- 0.624 - -

Coolant L/D at Constant
Power Temperature L/D at Constant Power/Subassembly Core Pressure Burnup

Variation Variation Volume Variation Variation Droo Variation Variation

137 137 137 137 153 161 19I 111 160
217 217 217 217 217 217 217 217 217

0.212 0.212 0.212 0.212 0.212 0.212 0.212 0.212 0.212
0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
0.202 0.202 0.202 0.202 0.202 0.202 0.202 0.202 0.202

60 60 60 60 53.6 50 42.2 60 60

50.1 50.1 50.1 50.1 50.1 50.1 50.1 50.1 50.1
12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6
37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.3
1.26 1.3k 1.10 1.37 1.19 1.19 1.19 1.20 1.20

630 54o 720 720 720 720 720 582
550 550 550 500 550 550 550 550
900 900 850 850 900 .900 900 900

22.15 19 29.6 25.3 22.6 21.2 17.85 25.3
76.5 56 1%a 100 71.6 58 35 100
1100 1100 1022 1050 1107 1110 1115 1092
1175 1155 125 Uk2 1200 1200 1210 --

-- --0 --0 - -- ...0 -.. -

8911
550
900
25.3
100

1110

137 137 137 137
217 217 217 217

0.212 0.212 0.210 0.226
0.005 0.005 0.005 0.005
0.202 0.202 0.230 0.230

60 60 60 60

50.1 50.1
12.6 12.6
37.3 37.3
0.55 1.84

720 720
550 550
900 900

25.3 25.3
100 100

1100 1100
-- N

65 57
12.6 12.95
22.1 30.05
1.2C 1.20

720 720
550 550
900 900

45. 32.0
150 62.5

1100 1100



TABIE F-3 (s;CONOMICS)

ECONOMIC RESULTS U-10 w/o Mo ALIOY PINS (eFBR-2000 LITutS REACTOR)

Power Mw Heat
Net Efficiency
Net Electric Output
$/kwe Net

Base Cases Coolant L/D at Constant zccnomic caraneter VariationsNo. Pins/Subassembly Power Temperature I/D at Constant Power/Subassembly burnup Core Pressure base
127 16 217 271 1 ) Variation Variation Volume Variation Variation Variation Drop Variation Case Fabrication .-eprocessg caTire

745 748 750 750 750 656 563 750 750 747 747 750 609 927 750 750 742 745 750 750 750 750
0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.322 0.324 0.333 0.3385 0.341 0.337 0.336 0.337 0.337 0.336 0.340 0.337 0.337 0.337 :.337
252.1 252.1 252.3 252.3 252.8 221.1 189.7 241.5 243 252.5 252.9 255.8 205.2 31.5 252.8 252.8 249.3 253.3 252.5 252.8 252.8 2:2.3

278 278 278.02 278 278 293.2 320.4 285.1 283.4 278.0 278.0 278.0 304.6 259.9 278.0 278.0 273.8 27.3 274.02 270.02 278.02 27.02

Fixed Charges on clant 5.56 5.56 5.56 5.56 5.56 5.A6 6.41 5.70 5.67 5.56 5.56 5.56 6.09 5.20 5.56 5.56 >.58 5.57 5.56 5.56 5.56 5.56 5.56 >.>6 2.56
Initial Core Fabrication 0.31 0.32 0.36 0.38 0.141 0.143 0.50 0.39 0.140 0.140 0.142 0.41 0.37 0.36 0.37 0.37 0.414 0.40 0.36 0.27 0.52 0.36 :.3o s.3o .36
Initial Blanket Fabrication 0.11 0.11 0.13 0.11 0.11 0.12 0.114 0.11 0.11 0.11 0.12 0.1.2 0.12 0.09 0.11 0.11 0.11 0.11 0.13 0.13 0.13 0.13 ..13 .i3 :.13
Subtotal Fixed Charges 5.98 5.99 6.05 6.05 6.08 6.141 7.05 6.20 6.1 6.07 6.10 6.12 6.58 5.55 6.04 6.04 6.13 6.08 6.05 5.96 6.21 6.05 6.C5 2 .C2

N Operation & Maintenance
Core Fuel Cycle Costs L;
Core Fuel Cycle Costs 12;
Blanket Cycle Costs
?l toniur Revenue

Total Power Costs Lb
Total ?ower Costs 12:6

Core Fuel Cycle

UF6 Through Fabrication
Scrap Recovery
Reprocessing
Burnup & Losses
Inventory 14%
Inventory 12%

0.57 0.57 0.57 0.57 0.57 0.65 0.75 0.59 0.59 0.57 0.57 0.56 0.70 0.46 0.57 0.57 0.57 0.56 0.57 0.57 0.27 0.27 0.7 C.7 :.7
7.50 7.06 6.69 6.54 6.59 6.77 6.71 6.53 6.60 7.07 7.42 7.39 6.92 6.73 12.10 5.54 6.56 6.57 6.69 6.10 7.87 6.34 7.37 6.61 0.5

10.20 9.14 8.65 8.42 8.43 8.99 9.08 8.59 8.68 9.19 9.60 9.51 9.08 8.77 15.34 7.35 8.88 8.71 8.55 8.06 9.03 8.30 9.33 2.57
0.46 0.47 0.50 0.48 0.48 0.53 0.58 0.49 0.49 0.48 0.49 0.50 0.57 0.41 0.52 0.47 0.44 0.45 0.50 0.50 0.500 0.> 0.50 c.;C 0.50
-3.22 -.321 -3.23 -3.21 -3.20 -3.23 -3.23 -3.38 -3.36 -3.25 -3.36 -3.22 -3.21 -3.24 -3.23 -3.23 -3.27 -3.21 -3.23 -3.23 -3.23 -3.23 -3.23 -3.23 -3.23

11.59 10.88 10.58 10.43 10.52 11.13 11.86 10.43 10.50 10.93 11.22 11.35 11.56 9.91 16.00 9.39 10.43 10.45 10.58 9.90 11.92 10.23 11.26 10.50 10.74
13.99 12.96 12.54 12.31 12.36 13.35 14.24 12.149 12.58 13.06 13.40 13.47 13.72 11.95 19.24 11.21 12.75 12.59 12.54 11.6 13.b5 12.19 13.22 12.30 12.95

2.93 2.67 2.54 2.54 2.65 2.49 2.34 2.43 2.38 2.30 3.00 3.11
0.006 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
1.47 1.19 1.02 0.93 0.90 1.00 1.02 0.93 0.94 1.04 1.08 1.05
2.19 2.16 2.15 2.13 2.12 2.17 2.16 2.23 2.24 2.17 2.25 2.17
1.20 1.04 0.98 0.94 0.92 1.11 1.19 1.03 1.04 1.06 1.09 1.06
3.60 3.12 2.94 2.82 2.76 3.33 3.57 3.09 3.12 3.18 3.27 3.18

2.58
0.004
1.06
2.20
1.08
3.24

2.54
0.0014
1.00
2.17
1.02
3.06

5.70 1.70 2.314 2.42 2.54 1.9' 3.72 2.54 2.514 2.114 2.514
0.009 0.003 0.004 0.004 0.004 0.004 0.004 0.0014 0.C0 C.00. *:. 4
2.26 0.74 0.99 0.98 1.02 1.02 1.02 0.67 1.70 1.02 1.02
2.50 2.18 2.07 2.10 2.15 2.15 2.15 2.15 2.15 2.15 2.15
1.63 0.91 1.16 1.07 0.98 0.98 0.95 0.98 0.9'-0.90 1.114
4.39 2.73 3.48 3.21 2.94 2.94 2.94 2.94 2.94 2.70 3.12

Blanket Cycle
Radial Blanket Fabrication 0.70 0.08 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.07 0.07 0.10 0.08 0.09 0.09 0.06 0.07 0.10 0.10 0.10 0.10 0.10 C.10 C.10
Axial Blanket 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Reprocessing 0.38 0.38 0.38 0.38 0.38 0.43 0.48 0.39 0.39 0.38 0.40 .40 0.46 0.32 0.41 0.37 0.37 0.37 0.38 0.38 0.38 0.38 0.38 0.38 0.38



TOALE F-4 (DESIGN)

DESIGN CHARACTERISTICS FOR U-10 w/o Mo ALLOY PINS (PFFBR-3000 LITERS REACTOR)

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches

N Fuel Thickness, Inches
Fuel Length, Inches
Fuel, v/o
Structure and Clad, v/o
Sodium, v/o
Throughput Burnup, Total a/o
Total Power, M
Core Power, Nw
Coolant Inlet Temperature, F
Average Coolant Outia% Temerature, F
Coolant Flow Rate, 10 lb/ hr
Coolant Velocity, ft/sec
Core Pressure Drop, Psi
Maximum Coolant Temperature, F
Maximum Fuel Temperat pe, F
Maximum Heat Flux, 100 Btu/hr-ft

2

Base Cases
No. Pins/Subassembly

91 127 169 217 271

200 200 200 200 200
91 127 169 217 271

0.369 0.309 0.266 0.232 0.207
0.005 0.005 0.005 0.005 o.0o5
0.359 0.299 0.256 0.222 0.197
61.6 61.6 61.6 61.6 61.6

66.h 6I.2 62.7 60.5 59.5
10.3 11.7 12.5 13.25 13.5
23.3 24.1 2h.8 26.25 27.
0.85 1.08 1.24 1.36 1.40

720 720 720 720 720
550 550 550 550 550
900 900 900 900 900

- - -- 27 --
100 100 100 100 100

1120 1120 1120 1120 1120
1293 1225 1195 1155 U32

-- -- -- 0.113 -

Coolant
Power Temperature L/D at Constant

Variation Variation Volume Variation

200 200
217 217

0.232 0.232
0.005 0.005
0.222 0.222
61.6 61.6

60.5 60.5
13.25 13.25
26.25 26.25

1.ho 1.hh

630 Sho
550 550
900 900

76.5 56
1120 1120

-- -M

L/D at Constant
Power/Subassembly Burnup

Variation Variation

200 200 165 215 25h 139 165
217 217 217 217 217 217 217

0.232 0.232 0.232 0.232 0.232 0.232 0.232
0.005 0.005 o.oc5 0.005 o.oc5 0.005 o.005
0.222 0.222 0.222 0.222 0.222 0.222 0.222
61.6 61.6 64.7 57.5 18.5 61.6 61.6

60.5 60.5 60.5 60.5 60.5 60.5 60.5
13.25 13.25 13.25 13.25 13.25 13.25 13.25
26.25 26.25 26.25 26.25 26.25 26.25 26.25
1.46 1.15 1.36 1.36 1.33 1.36 1.36

720 720 720 720 720
550 500 550 550 550
850 850 900 900 900

159 100
lobo 1070

- --
- --

72 58 35

-- -- --

500
550
900

100

595
550
900

100

200 200
217 217

0.232 0.232
0.005 0.005
0.222 0.222
61.6 61.6

60.5 60.5
13.25 13.25
26.25 26.25
0.59 1.8i

720 720
550 550
900 900

100 100

- -



TABtE F- (ECOmICS)

ECONOMIC RESULTS U-1O wo Mo ALLOY PINS (PFT3-3000 LITERS REACTOR)

Power r M at
Net Efficiency
Net Electric Output'/c'.e Net

Fixed Charges on Plant
Ini tal Core Fabricatic&
Titial Blanket Fabrieation
totall Fixed Charges

f ceraticn & :Maintenance
Core Fuel Cycle Costs a J
Cc-e Fuel Cycle Costs 12%
3lanket Cycle Costs
Plutcrnium nhevenue

Total Power Costa 4%
Total Power Costs 12%

Base Cases Coolant I/D at Constant Economic Parameter Variations
No Pins/Subassembly Power Temperature Volume l/D at Constant Burnup Base

91 _7 _69 _ 27. Variation Variation Variation Power/Subassembly Variation Case Fabrication Reprocessing Decay Time

737 738 738 738 738 66 554 738 738 738 738 738 517 613 738 738 738 738 738 738
0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.322 0.324 0.338 0.3385 0.31 0.338 0.338 0.337 0.337 0.337 0.337 0.337 0.337
248.4 248.7 28.7 28.7 248.7 217.7 186.7 237.6 239.1 249.4 249.8 251.7 174.7 207.2 2148.7 28.7 248.7 248.7 28.7 2148.7

279 279 279 279 279 295.4 323.6 286.1 284.4 279.1 279.1 279.7 337.3 303.2 279.1 279.1 279 279 279 279

5.5 $58 5.58 5.58 5.58 5.91 6.47 5.72 5.69 5.58 5.58 5.58 6.75 6.06 5.58 5.58 5.58 5.58 5.58 5.58 5.58 5.58 5.58
0.1 0 0.50 0.51 0.58 0.62 0.71 0.83 0.66 0.65 0.58 0.64 0.69 0.61 0.62 0.63 0.63 0.58 0.46 0.84 0.58 0.58 0.58 0.58
0.13 0.13 0.13 0.15 0.13 0.14 0.17 0.13 0.13 0.12 0.13 0.11 0.16 0.11 0.13 0.13 0.15 0.15 0.15 0.15 0.15 0.15 0.15
6.19 6.21 6.25 6.31 6.33 6.76 7.47 6.51 6.47 6.28 6.35 6.41 7.52 6.82 6.31 6.34 6.31 6.19 6.57 6.31 6.31 6.31 6.31

0.58 0.58 0.58 0.57 0.58 0.66 o.77 0.60 0.60 0.57 0.57 0.57 0.82 0.69 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
7.63 6.67 6.30 6.16 6.29 6.51 6.73 6.46 6.56 6.26 6.48 6.61 6.54 6.5 11.01 5.57 6.16 5.72 7.04 5.86 6.76 6.09 6.29
10.73 9.43 8.90 8.64 8.73 9.33 9.99 9.22 9.30 8.92 9.12 9.25 9.27 9.17 14.63 8.11 8.61 8.20 9.52 8.34 9.21 8.43 9.03
0.43 0.42 0.42 0.43 0.42 0.47 0.52 0.145 0.15 0.43 0.42 0.11 0.59 0.50 0.46 0.2 0.43 0.43 0.43 0.43 0.43 0.3 0.3
-3.26 -3.21 -3.22 -3.19 -3.17 -3.19 -3.18 -3.33 -3.31 -3.19 -3.17 -3.16 -3.25 -3.00 -3.19 -3.19 -3.19 -3.19 -3.19 -3.19 -3.19 -3.19 -3.19

11.57 10.67 10.33 10.28 10.45 11.2] 12.31 10.69 10.77 10.35 10.65 10.87 12.22 u.46 15.19 9.71 10.28 9.72 11.42 9.98 10.88 10.21 10.41
14.67 13.43 12.93 12.76 12.89 14.13 15.57 13.45 13.51 13.01 13.29 13.51 14.96 14.18 18.81 12.25 12.76 12.20 13.90 12.46 13.36 12.55 13.15

Core Fuel Cycle
L? 6 Through Fabrication 2.53 2.15 2.03 2.03 2.17 2.06 2.00 2.07 2.08 1.98 2.19 2.33 2.09 2.09 4.86 1.57 2.03 1.59 2.91 2.03 2.03 2.03 2.03
Scra, Recovery 0.005 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.007 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Reprocessing 1.1 1.07 0.93 0.58 0.87 0.90 0.95 0.88 0.88 0.87 0.88 0.88 1.02 0.95 1.98 0.73 0.88 0.88 0.88 0.58 1.8 0.88 0.58
Burnup & Losses 2.13 2.07 2.04 2.01 2.03 2.09 2.15 2.33 2.23 2.08 2.09 2.08 2.06 2.05 2.35 2.00 2.01 2.01 2.01 2.01 2.01 2.01 2.10
Inventory 4% 1.55 1.38 1.30 1.24 1.22 1.46 1.63 1.38 1.37 1.33 1.32 1.32 1.37 1.36 1.81 1.27 1.21 1.24 1.24 1.24 1.21 1.17 1.37
Inventory 12% 4.65 4.14 3.90 3.72 3.66 4.38 4.89 4.1. 4.11 3.99 3.96 3.96 4.11 1.08 5.43 3.81 3.72 3.72 3.72 3.72 3.72 3.51 4.11

Blanket Cycle
Radial Blanket Fabrication 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.05 0.07 0.06 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Axial Blanket 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Reprocessing 0.37 0.36 0.36 0.36 0.36 0.41 0.46 0.38 0.38 0.36 0.36 0.37 0.51 0.13 0.39 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36



TABLE 7-5 (DESIGN)

DESIGN CHARACTERISTICS F)R U-10 w/o Mo ALLOY PLATES (ENRICO FERMI-800 LITERS REACTOR)

Base Cases
No. Plates/Subassemb L/D at Constant Core Pressure

_1_0_ f_ 20 Power Variation Coolant Temperature Variation Power/Subasserrbly Brnup Variation Drop Variation

130 130 130 130 130 130
10 15 20 15 15 15

0.167 0.102 0.072 0.102 0.102 0.102
0.007 0.007 0.007 0.007 0.007 0.007
0.153 o.088 o.058 o.088 o.088 0.088

48 48 48 h8 48 48

Fuel, v/o 52 45 39 45 45 45
Structure and Clad, v/o 18.7 21.1 23.5 21.1 21.1 21.1
Sodium, v/o 29.3 33.9 37.5 33.9 33.9 33.9
Enrichment, 12.8 14.4 16.4 h.11 14.4 14.3
Throughput Burnup, Total a/o 0.87 1.50 1.50 1.50 1.50 1.33
Total Power, My hlO 113 421 346 288 413
Core Power, My 387 387 387 324 270 387o Coolant Inlet Temperature, F 550 550 550 550 550 550
Average Coolant Outlet Temperature, F 850 850 850 850 850 900
Coolant Flow Rate, 106 lb/hr 15.15 15.27 15.54 12.78 10.62 13.09
Coolant Velocity, ft/sec 43.4 37.2 32.9 33.0 27.5 31.6
Core Pressure Drop, psi 75 75 75 53 37 55
Maxi:rmm Coolant Temperature, F 1000 1000 1000 1000 1000 1075
Maximum Fuel Temperature, F 1266 1087 1030 1065 1046 1155
Maximum Heat Flux, 106 Btu/hr ft

2
0.818 0.56 0.0o8 0.457 0.381 0.546

Equilibrium Critical Mass, kg U-235
Core Life, Years
Internal Breeding Ratio
External Breeding Ratio
Total Breeding Ratio

External Loss, % Core Destruction
Net Breeding Gain, % Core Destruction
Doubling Time, Years

722 698 693 698 698 698
0.449 0.668 0.581 0.800 0.959 0.592
0.674 o.605 o.545 0.605 0.605 0.605
0.583 c.621 0.645 0.621 0.621 0.621
1.257 1.226 1.19 1.226 1.226 1.226

27.6 17.5 19.3 17.5 17.5 19.8
- 2.81 -- 2.13 2.13 --

- 51 -- 507 600

130
15

0.102
0.007
0.088

48

45
21.1
33.9
11.4
1.50
113
387
500
800

15.27
36.8

75
950

1037
o.546

698
0.668
0.605
0.621
1.226

17.5
2.13
661

130 101
15 15

0.102 0.102
0.007 0.007
0.088

48 48
h5 45

21.1
33.9
1h.11
1.38 1.5

h113
387 310
600 550
900 850

15.27
36.8

75 75
1050
1137

0.516

698
0.616
0.605
0.621
1.226

19.1
0.75
1349

163 130 130 130 130
15 15 15 15 15

0.102 0.102 0.102 0.093 0.107
0.007 0.007 0.007 0.007 0.007

0.088 0.088 0.079 '.093
48 18 48 4 8 8

h5 45 5 0.2 L7.11
21.1 21.1 21.1 21.1
33.9 33.9 38.7 31.5
13.9 14.6 16.0 13.8

1.5 0.60 1.88 1.50 1.50
113 113 119 112

b85 387 387 387 387
550 550 550 550 550
850 850 850 850 350

15.27 15.27 15.5 15.2
36.8 36.8 31.8 o.o

75 75 75 50 100
1000 1000 1000 0
1087 1087 1067 1007

0.5116 0.5116 0.516 0.510

698 698 6911 7C3
0.268 0.838 0.597 0.704
0.605 0.605 0.557 0.623
0.621 0.621 0.6111 0.609
1.226 1.226 1.198 1.237

50.7 17.0 25.0 21.6
2.6 - --

- 346 -- -

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches



TABLE 7-5 (ECcuoMIcs)

E CtNOIC RESULTS U-10 v/ o, ALLOT PLATES (ENRICo FERNI-8oo LITERS REACTOR)

Base Cases L/D at Constant
No. Plates/Subasse.bly Coolant Temperature Power/Sub- Co-e Pressure =ccnomic Pararete variations

10 '1_20 Power Variation Variation assenbly Burnup Variation Drop Variation Base Case fabrication Reoocessisg Decay Ti.e

Power : :eat
Net Efficiercy
Net Electric output
/ISe Net

Fixed Charges on Plant
initial Core Fabrication
initial Blanket Fabrication
Subtotal Fixed Charges

operation and Maintenance
Core Fuel Cycle Costs L%
Core Fuel Cycle Costs 12%
3lanket Cycle Costs
Plutonium avenuee

Total Power Costs 14%
Total Poer Costs 12%

Core Fuel CycleJF6 Through Fabrication
Scrap Recovery
processing

Bur-up and Losses
Inventory 1
Inventory 12%

4l0 h13 421 346 288 413 413 413 333 516 413 k13 419 412 413 413
0.321 0.321 0.321 0.321 0.322 0.335 0.313 0.332 0.322 0.319 0.321 0.321 0.320 0.322 0.321 0.321
131.61 132.6 135.1 111.07 92.7h 138.36 129.27 137.12 107.23 164.6 132.57 132.57 134.03 132.66 132.6 132.6
1 18.5 438 430.0 523.09 626.48 119.92 49.45 423.72 542.0 353.0 38.26 438.26 433.32 437.96 438 138

!13 L13
0.321 .211
132.6 132.E

4 38 L

8.83 8.76 8.60 10.!6 12.53 8.4o 8.99 5.47 10.94 7.06 8.77 8.77 8.67 8.76 5.76 8.76 8.76 8.76 8.76 8.76 5.76
0.27 0.27 0.28 0.33 0.37 0.26 0.28 0.27 0.28 0.28 0.27 0.28 0.26 0.28 0.27 0.21 0.33 o.27 o.27 x.27 c.27
0.19 0.22 0.22 0.23 0.27 0.18 0.20 0.18 0.22 0.16 0.18 0.19 0.18 0.18 0.22 0.22 0.22 2.22 c.22 ̂ .22 0.22
9.29 9.25 9.16 11.02 13.17 8.8 9.17 8.92 11.34 7.50 9.22 9.24 9.11 9.22 9.25 9.19 9.31 9.25 9.25 9.25 9.25

1.08 1.08 1.06 1.29 1.54 1.03 1.11 1.04 1.33 .867 1.07 1.07 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
9.17 7.01 8.05 7.40 7.62 7.6 7.1 7.37 7.7 7.21 13.97 6.35 7.56 7.07 7.01 6.38 7.71 6.57 7.98 6.93 7.27
12.27 9.44 10.59 10.06 10.56 9.94 9.91 9.83 10.42 9.9 18.29 7.59 10.10 9.47 9. 8.54 10.37 8.97 10.38 9.33 9.67

.99 1.03 1.07 1.13 1.27 .99 1.04 1.01 1.11 .79 1.16 1.01 1.08 .99 1.03 1.03 1.03 1.03 1.03 1.03 1.03
-3.41 -3.39 -3.35 -3.39 -3.38 -3.25 -3.47 -3.28 -3.43 -3.36 -3.39 -3.39 -3.37 -3.39 -3.39 -3.39 -3.39 -3.39 -3.39 -3.39 -3.39

17.12 15.01 15.99 16.16 20.22 15.07 15.56 15.06 18.13 12.99 22.03 11.28 15.15 1.97 15.01 1.29 15.74 14.53 15.95 1.0 15.21
20.22 17.41 18.53 18.49 23.16 17.55 18.06 17.52 20.77 15.27 26.35 16.52 17.99 17.37 17.1 16.15 18.10 16.93 18.35 17.08 18.10

3.16 2.15 2.55 2.1 2.1 2.33 2.20 2.27
0.29 0.19 0.22 0.19 0.18 0.20 0.20 0.20
1.79 1.32 1.36 1.18 1.27 1.16 1.13 1.114
2.78 2.18 2.65 2.56 2.56 2.53 2.63 2.53
1.55 1.20 1.27 1.33 1.47 1.2 1.25 1.23
4.65 3.60 3.81 3.99 4.61 3.72 3.75 3.69

2.1l 2.17 5.37 1.72 2.27 2.10
0.21 0.18 0.46 0.16 0.21 0.19
1.49 1.19 2.75 .88 1.15 1.07
2.62 2.53 3.23 2.47 2.66 2.51
1.32 1.14 2.16 1.12 1.27 1.20
3.96 3.42 6.48 3.36 3.81 3.36

2.15 1.75 2.55 2.15 2.15 2.15 2.15
0.19 0.08 0.31 0.19 0.19 0.19 0.19
1.32 1.32 1.32 .85 2.26 1.32 1.32
2.18 2.15 2.20 2.18 2.18 2.18 2.18
1.20 1.08 1.33 1.20 1.20 1.09 1.43
3.60 3.211 3.99 3.60 3.60 3.27 1.29

Blanket Cycle
Padial Blanket Fabrication 0.19 0.25 0.27 0.22 0.22 0.22 0.22 0.22
xial Blanket 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02

Reprocessing 0.77 0.75 0.78 0.89 1.03 0.75 0.80 0.77

0.20 0.16 0.22 0.21 0.26 0.20 0.25 0.25 0.25 0.25 0.25 0.25 0.25
0.02 0.02 0.05 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
0.89 0.61 0.89 0.78 0.50 0.77 0.75 0.75 0.75 0.75 0.75 0.75 0.75



TABLE F-6 (IEIGN)

DESIGN CHARACTERISTICS FOR U02-STAINLESS STEEL PLATES (ENRICO FHEaI-8oo LITERS REACTOR)

Base
Cases

No. Plates/Subassembly Power
12 Variation

Coolant
Temperature

Variation

I/D
at Constant

Power/Subassembly
Variation

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

Fuel, v/o
Structure & Clad, v/o
Sodium v/o 20
Throughput Burnup, 10 fissions/cc
Total Power, M
Core Power, M'r
Coolant Inlet Temp, F
Average Coolant Outle T , F
Coolant Flow Rate, 10 lb/-
Coolant Velocity, ft/sec
Core Pressure Drop, psi
Iaxrimum Coolant Temp, F
Maximum Fuel Temp, F 6
Maximum Heat Flux, 106 Btu/hr.-ft2

Equilirium Critical Mass, kg U-235
Core Life, Years
Internal Breeding Ratio
External Breeding Ratio
Total Breeding Ratio

External Iosv, % Core Destruction

130
12

o.4314
0.007
0.120

48

J8.9
19.7
31.4
23

387
550
850

39.85
75
910
1200
1.00

4314
1.632

0.010
0.774
0.784

8.3

130
12

0.134
0.007
0.120

148

130
12

48.9
19.7
31.

324 270

230
12

104
12

163
12

5.62 13

900

33.14 27.8
65 36.5
9140
1150 1110

0.837 0.698

1.953 2.315

3I.1
55
1005
1270

379
0.781

500

890
1150

310

1200

485

1200

347

0.8c4 0.752
, 8114 0.762

8.3 8.3 17.3 8.3 8.3 8.3

A

\



TABLE 7-6 (ECONo ICS)

ECONOMIC RESULTS 002-STAINLESS STEEL PLATES (ENRICO FERMI-00 LITERS REACTOR)

Base Case
No.

Plates/Sub-
asseubly

12

Power My Heat
Net Efficiency
Net Electric Output
$/kwe Net

Fixed Charges on Plant
Initial Core Fabrication
Initial Blanket Fabrication
Subtotal Fixed Charges

Operation and Maintenance
Core Fuel Cycle Costs 4%

W Core Fuel Cycle Costs 12%
LO Blanket Cycle Costa

Plutonium Revenue

Total Power Costs 4%"Total Power Costa 12%

Core Fuel Cycle
UF6 Through Fabrication
Scrap Recovery
Reprocessing
Buznp and Losses
Inventory 4%
Inventory 12%

Blanket Cycle
Radial Blanket Fabrication
Axial Blanket
Reprocessing

Power Variation

h35 361 303 135
0.321 0.321 0.322 0.335

.ho 117 98 116
h15 197 593 398

8.30 9.91 11.86 7.96
0.12 0.15 0.18 0.114
o.18 0.21 0.25 0.22
8.60 10.30 12.29 8.32

1.02 1.22 1.16 0.98
4.81 5.02 5.25 6.30
6.23 6.64 7.09 8.114
1.18 1.29 1.113 1.53

-2.65 -2.65 -2.64 -2.54

12.96 15.18 17.79 111.59
14.38 16.80 19.63 16.43

0.147
o.08
o.73
2.82
0.71
2.13

0.117
0.08
0.814
2.82
0.81
2.13

0.1,7
0.08
0.97
2.81
0.92
2.76

nt Temperature L/D at Constant
Variation Power/Subassembly

435 348 611
0.313 0.322 0.319

136 112 195
427 519 298

8.54 10.38 5.96
0.13 0.12 0.13
o.18 0.17 0.18
8.85 10.67 6.27

1.05 1.28 0.73
I.93 1.90 4.83
6.39 6.32 6.29
1.21 1.32 0.95
-2.71 -2.72 -2.65

13.33 15.45 10.13
14.79 16.87 11.59

1.13
0.16
1.15
2.94
0.92
2.76

0.J8
0.08
0.75
2.89
0.73
2.19

0.39 0.39 0.39 0.50
0.01 0.01 0.01 0.02
0.78 0.89 1.03 1.01

0.h6
0.08
0.86
2.79
0.71
2.13

0.148
0.08
0.63
2.91
0.73
2.19

Economic Parameter Variations

Base
Case Fabrication Reprocessing Decoy ..

Cost/Plate~1 2 2 1 3 3 1
Losses 1 2 1 2 3 1 3

L35 L35 35
0.321 0.321 0.321

110 1L0 1L0
415 415 L1;

8.30 8.30 8.30
0.12 0.11 0.12
o.18 o.18 o.18
8.60 8.59 8.60

1.02 1.02 1.02
L.81 1.7 1.78
6.23 6.12 6.20
1.18 1.18 1.18

-2.65 -2.65 -2.65

135 L35
0.321 0.321

1140 110
115 15

8.30 8.30
0.12 0.18
o.18 0.18
8.60 8.66

1.02 1.02
1.77 5.39
6.15 7.35
1.18 1.18
-2.65 -2.65

135 1435
0.321 0.321

140 140
415 415

8.30 8.30
0.13 0.13
0.18 0.18
8.61 8.66

1.02 1.02
4.E4 5.35
6.26 7.31
1.18 1.18

-2.65 -2.65

135 135 L35 35
0.321 0.321 0.32 2

1140 1: . :
115 L15 Li

8.30 8.30 6.30 Q.;0
0.12 .12 C.12 .12
0.16 0.'8 15.1 _.1.
8.60 8.60 8.60 :.,

1.02 1.02 1.C2 1.02
14.149 5.k5 1.77 4.9C-
5.91 6.87 6.11 6.50
1.18 1.18 1.18 1.15
-2.65 -2.65 -2.65 -2.65

12.96 12.88 12.93- 12.92 13.60 13.00 13.56 12.6 13.60 12.92 3.3.5
11.38 11.26 11.35 14.30 15.56 14.42 15.52 114.06 15.02 14.26 =.45

0.147
0.08
0.73
2.82
0.71
2.13

0.10 0.39 0.31
0.01 0.01 0.01
0.80 0.92 0.63

0.L3 0.41
0.07 0.08
0.73 0.73
2.82 2.82
0.69 0.71
2.07 2.13

0.46 0.57
0.07 0.25
0.73 0.73
2.82 2.86
0.69 0.98
2.07 2.94

0.50 0.53
0.08 0.25
0.73 0.73
2.82 2.86
0.71 0.98
2.13 2.94

0.7 o.47 0.17 0.!,
0.08 0.08 0.oS .0$
0.1 1.37 0.73 :.7.
2.82 2.82 2.52 2.52
0.71 0.71 0.67 2.5z
2.13 2.13 2.C1 2. 4Z

0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0.78 0.78 0.78 o.78 0.78 0.78 0.78 0.78 0.78 0.73 0.75



TABLE F-7 (DESIGN)

DESIGN CHARACTERISTICS U% -STAINLESS STEEL PLATES

Base Cases
No. Plates/Subasm.

15
Powe r

Variation

(PvBR-2000 LITERS REACTOR)

Coolant
Temperature
Variation

L/D at Constant
Power/Subassembly

Variation

Number of Subassemblies
Elements Per Subassembly
Clad Outside Diomnsizn, Inches
Clad Thickness, Inches.
Fuel Thickness, Inches
Fuel Length, Inches

Fuel, v/o
Structure & Ca d, v/o
Sodium, v/o
Throughput Burnup, 102 fissions/cc
Core Power, ?4r
Coolant Inlet Temperature, F
Average Coolant Outlet Temperature,
Coolant Velocity, ft/sec
Core Pressure Drop, Psi
Maximum Coolant Temperature, F

aximum Fuel Temperat e, F
Maximum Heat Flux, 10 Btu/hr-ft2

Equflibrium Critical Mass, kg U-235
Core Lire, Tears
Internal Breeding Ratio
External Breeding Ratio
Total Breeding Ratio

137
15

o.166"
0.007"
0.152"

60"

57.2
15.29
27.51
3.72

720
550

F 900
32.45
100

1039
1320

0.91!4

630
0.71
0.01
0.60
0.61

I

630 540

28.1k
77

1285
0.800

2h.3
56

1250
0.686

550
850

37.8
159
968

1250

500

989
1270

630 630 700 656
0.81 95 1.h2 0.95

-'r,

111

582

160

894

782
0.71

510
0.71

0.66
0.67

-i



TABLE F-7 (ECONOMICS)

ECONOMIC RESULTS UDO-STAINLESS STEEL PLATES (PFFBR-2000 LITERS REACTOR)

Base Case
No.

Plates/Sub-
assembly

15

Power r Beat
Net Efriciency
:et 1Eectric Output
/kwe !et

Fixed Charges on Plant
Initial Core Fabrication
Initir.l Blanket Fabrication
Subtotal Fixed Charges

Operation and Maintenance
Core Fuel Cycle Costs k%
Core Fue.l Cycle Costs 12%
Blanket Cycle Costs
Plutonium Revenue

Total Power Costs k%
Total Power Costs 12%

Core Fuel Cycle
76 Through Fabrication
Scrap Recovery
Reprocessing
Burnup and Losses
Inventory k %
Inventory 12%

Blanket Cycle
Radial Blanket fabrication
Axial Blanket
Reprocessing

L/D at Constant
Coolant Temperature Power/Subassembly

Power Variation Variation Variation

789 690 591 789
0.337 0.337 0.337 0.322
265.9 232.5 119.2 25.1
272.6 287.8 310.6 277.9

5.45 5.75 6.21 5.56
0.09 0.11 0.12 0.11
0.10 0.12 0.13 0.11
5.6k 5.98 6.k6 5.78

o.5k 0.62 0.71 0.56
5.19 5.28 5.4o k.67
6.61 6.80 7.0k 5.95
0.62 o.66 0.72 0.62

-2.05 -2.05 -2.05 -2.14

9.9k 10.49 11.2k 9.k3
U.36 12.01 12.88 10.77

0.8k
0.1k
0.57
2.93
0.71
2.13

0.18
0.02
0.42

o.84
0.1k
0.61
2.93
0.76
2.28

0.81 o.k7
0.14 0.09
0.67 0.k5
2.93 2.93
0.82 0.67
2.46 2.01

0.18 0.18 0.19
0.02 0.02 0.01
0.46 0.52 o.42

789 637 979
0.32k 0.337 0.336
255.6 21L.7 328.9
277.9 297.6 256.3

5.56 5.95 5.13
0.10 0.09 0.09
0.10 0.11 0.09
5.76 6.15 5.31

0.56 0.67 0.k3
k.82 5.23 5.19
6.16 6.65 6.63
0.60 0.70 0.59

-2.07 -2.22 -1.91

9.67 10.53 9.61
11.01 U.95 11.05

0.65
0.11
0.50
2.89
0.67
2.01

0.81
0.1k1
0.63
2.91
0.71
2.13

0.85
0.1k
0.51
2.97
0.72
2.16

o.18 0.19 0.20
0.01 0.02 0.02
o.kl o.k9 0.37

Economic Parameter Variations
Base
Case Fabrication Peorocessirn Decay Time

Cost/Plate 1 2 2 1 3 3 1
1 2 1 2 3 1 3

789 789 789 789 789 789 789 789 789 789 7-9
0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.33'
265.9 265.9 265.9 265.9 265.9 265.9 265.9 265.9 265.9 265.9 26.-
272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6

5.45 5.15 5.45 5.45 5.15 5.15 5.15 5.165 5.15 5.165 5..5
0.09 0.09 0.09 0.09 0.13 0.10 0.13 0.09 .9 . C.09
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
5.61 5.64 5.64 5.64 5.68 5.65 5.68 5.64 5.64 5.6 5.5.

0.5 0.5k 0.51 0.51 0.51 0.54 0.51 0.54 0.51 0.514 0.'
5.19 5.10 5.17 5.13 5.92 5.22 5.89 1.96 5.63 5.12 5.s
6.61 6.16 6.59 6.19 7.36 6.6k 7.83 6.38 7.05 6.10 7.0
0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.52

-2.05 -2.05 -2.05 -2.05 -2.05 -2.05 -2.05 -2.05 -2.05 -2.05 -2.35

9.9k 9.85 9.92 9.88 10.71 9.98 10.68 9.71 10.38 9.57 13.39
11.36 11.21 11.31 11.2k 12.65 11.ko 12.62 11.13 11.30 11.15 1.51

0.81 0.80 0.82 0.83 0.97 0.87 0.91 0.81 0.81 0.8k c c.
0.14 0.11 0.11 0.11 0.1 0.14 0.41 0.1k 0.11 0.1k C.l
0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.34 1.01 0.57 ".57
2.93 2.94 2.93 2.9k 3.00 2.93 3.00 2.93 2.93 2.93 2.93
0.71 0.68 0.71 0.68 0.97 0.71 0.97 0.71 0.71 0.6k 14 .6
2.13 2.0k 2.13 2.0k 2.91 2.13 2.91 2.13 2.13 1.92 2.53

o.18 o.18 0.18 0.18 o.18 0.18 0.18 0.18 0.18 0.18 3.15
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
o.12 0.k2 0.142 0.12 o.142 0.02 ..k2 0.12 0.h2 0.42 C.k2



TABLE 7-8 DESIGNN)

DESIGN CHARACTERI TCS FOR UO,-STATNLESS STFEL PLATES (PFFBR-3000 LETTERS REACTOR)

Number of Subassemblies
Elements Per 5ubassembly
Clad -utside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

Fuel, v/o
Structure and Clad, v/c
Sodium, v/o
Throughput Burnup, 1020 fissional/cc
Total Power, 1w
Core Power, 'w
Coolant Inlet Temp, F
Average Coolant 0utle Tem, F
Coolant Flos Rate, 10 lb/hr
Coolant Velocity, ft/sec
Core Pressure Prop, usi
Maximum Coolant Temu, F
Maximum Fuel Temp, F
Maximum Heat Flux, 106 Btu/hr-ft2

Equilibrium Critical ass, kg U-235
Core Life, Years
Internal Breeding Ratio
External Breeding Ratio
Total Breeding Ratio

Base Cases No.
Plates/Subassembly

13

200
13

0.214"
0.007"
0.200"
61.56"

65
111. 5P
20.42
1.39

720
550

30.3
100
1055
1360

0.578

713
0.11
0.01
0.532
0.512

Power
Variation

Coolant
Temperature
Variation

630 510O

26.5'
77

1330
0.505

22.7
56

1295
0.b33

0.17 0.55

85o

35.3
159
983
1280

500

1005
1310

L/D at Constant
Powe r/Subas sembly

Variation

139 165

500

1.3t 0.62
5F8

0.41

0.5:2
0.5 52

0.55lh
0.564

A

0



TABLE 7-8 (moNOMICS)

ECONOMIC RESULTS U0 2 STAILUSS STEEL PLATS(PFFBR-3000 ITERS REACTOR)

Base
Case

No. Plates/Subassembly
13

Power W Heat
Net iff icienty
Net Electric Output
$/kwe Net

Fixed Charges on Plant
Initial Core Fabrication
Initial Blanket Fabrication
Subtotal Fixed Charges

Operation & Maintenance
Core Fuel Cycle Costs 11%

W Core Fuel Cycle Costs 12%
0 Blanket Cycle Costs

Plutonium Revenue

Total Power Costs 11%
Total Power Costs 12%

Core Fuel Cycle
U OThrough Fabrication
Scrap Recovery
Reprocessing
Burnp & losses
Inventory 11%
Inventory 12%

Blanket Cycle
Radial Blanket Fabrication
Axial Blanket
Reprocessing

783
0.337
263.9

272.6

5.45
0.12
0.12
5.69

0.51
7.49
9.65
0.67

-1.87

12.52
14.68

1.90
0.26
0.95
3.30
1.08
3.21

0.17

0.16

Coolant
Power Temperature

Variation Variation

587 685 783 783
0.322 0.324

230.8 197.8 252.1 253.7
288.9 311.7 279.0 279.0

5.78 6.23
0.13 0.16
0.13 0.16
6.01 6.55

0.62 0.72
7.56 7.68
9.82 10.06
0.71 0.77

-1.87 -1.87

5.58 5.58
0.13 0.12
0.12 0.11
5.83 5.81

0.57 0.56
1.96 6.21
6.36 8.041
0.61 0.59

-1.96 -1.91

13.06 13.85 10.01 11.26
15.32 16.23 11.111 13.06

1.90 1.90
0.26 0.26
0.97 1.03
3.30 3.30
1.13 1.19
3.39 3.57

.6 1.23
0.10 0.19
0.50 0.69
3.02 3.23

.70 .90
2.10 2.70

0.17 0.17 0.17 o.16
o.oa4 0.04 0.01 0.02
0.50 0.56 0.43 0.41

l/D
at Constant

Power/Subassembly
Variation

544 647
0.338 0.338
183.9 218.7
328.0 295.11

6.56
0.12
0.15
6.83

0.78
7.49
9.61
0.80

-1.92

13.98
16.10

1.87
0.26
1.05
3.25
1.06
3.18

0.17
0.041
0.59

5.91
0.12
0. 13
6.16

0.65
7.118
9.62
0.73

-1.89

13.13
15.27

1.88
0.26
0.99
3.28
1.07
3.21

0.17
0.d
0.52

Econanic Parameter Variations
Base Decay
Case Fabrication Reprocessing Time

Cost/Plate 1 2 2 1 3 3 1
losses 1 2 1 2 3 1 3

783 783 783 783 783 783 783 783 783 783 783
0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337
263.9 263.9 263.9 263.9 263.9 263.9 263.9 263.9 263.9 263.9 263.9
272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6 272.6

5.1x5 5.45 5.5 5.45 5.45 5.45 5.45 5.45 5.45 5.15 5.45
0.12 0.11 0.12 0.11 0.16 0.12 0.16 0.12 0.12 0.12 0.120,12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
5.69 5.68 5.69 5.68 5.73 5.69 5.73 5.69 5.69 5.69 5.69

0.54 0.54 0.54 0.51 0.54 0.54 0.54 0.54 0.54 0.54 0.54
7.49 7.32 7.43 7.38 8.78 7.55 8.72 7.17 8.13 7.36 7.77
9.65 9.38 9.59 9.14 11.76 9.71 11.70 9.33 10.29 9.26 10.149
0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67

-1.87 -1.87 -1.87 -1.87 -1.87 -1.87 -1.87 -1.87 -1.87 -1.87 -1.87

12.52 12.34 12.16 12.10 13.85 12.58 13.80 12.20 13.16 12.39 12.80
114.68 14.40 11.62 11.46 16.83 111.71 16.78 11.36 15.32 11.29 15.52

1.90
0.26
0.95
3.30
1.08
3.241

1.82 1.8 1.88 2.15 1.96 2.09 1.90 1.90 1.90 1.90
0.20 0.26 0.20 0.76 0.26 0.76 0.26 0.26 0.26 0.26
0.95 0.95 0.95 0.95 0.95 0.95 0.63 1.59 0.95 0.95
3.32 3.30 3.32 3.3 3.30 3.43 3.30 3.30 3.30 3.30
1.03 1.08 1.03 1.19 1.08 1.19 1.08 1.08 0.95 1.36
3.09 3.24 3.09 1.17 3.211 .17 3.2 3.2 2.85 1.08

0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17
0.11 o. 04 0.0 0. 0. 0..110 0.o04 0.6 0.116 0.16 4 0.06
0,46 o.46 o.L66o.466o.46 o.46 0.46 o.46 0.46 0.46 o.66



TABLE F-9 (DESIGN)

DESIGN CHARACTERISTICS FOR PuC-U-15 w/o Mo ALLOY PLATES (PFFBR-2000 LITE S R ACTOR)

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

Fuel, v/o
Structure & Clad, v/o
Sodium, v/o
Throughput Burnup, Total 1020 fissions/cc
Total Power, Mw
Core Power, Mw
Coolant Inlet Temp, F
Average Coolant Outle Temp, F
Coolant Flow Rate, 106 lb/hr
Coolant Velocity, ft/sec
Core Pressure Drop, psi
Maxinum Coolant Temp, F
Maximum Feat Flux, 106 Btu/hr-ft 2

Core Life, Years
Internal Breeding Ratio
External Breeding Ratio
Total Breeding Ratio

External Loss, % Core Destruction
Net Breeding Gain, % Core Destruction
Doubling Time, Years

Base Cases
No. Plates/Subassembly

17 20 25

137 137 137
17 20 25

0.145 0.119 0.092
0.007 0.007 0.007
0.131 0.105 0.078

60 60 60

56
16
28

13.86
756
720
550
900

23.9
36.6

100
1130
0.80

53
17
30

15.1
759
720
550
900

23.9
34.8

100
1130
0.68

2.07 2.13
1.21 1.18
0.44 0.465
1.65 1.645

Power
Variation

137 137
17 17

0.1;5 0.145
0.007 0.007
0.131 0.131

60 60

56
16
28

1h.5
662
630
550
900

20.9
32.0

77
1130
0.70

49
18.8
32.2
15.7

761
720
550
900

23.9
31.14

100
1130

0.545

2.03
1.13
0.50
1.63

7.2h 6.9 7.0
54.5 54.3 52.7
12.3 12.8 12.1

56
16
28

15.0
566
5140
550
900

17.6
27.14

56
1130
0.60

2.l;8 2.98
1.21 1.21
0.44 0.414
1.65 1.65

7.211 7.24
51.5 54.5
12.3 12.3

Coolant
Temperature
Variation

137
17

0.115
0.007
0.131

60

56
16
28

15.0
756
720
550
850

28.7
h2.7
159

1130
0.80

137
17

0.1:5
0.007
0.131

60

56
16
28

14.9
756
720
500
850

23.9
36.6

1C9
1130
0.80

2.211 2.23
1.21 1.21
0.1:11 0.h
1.65 1.65

7.2'i 7.21
51.5 51.5
12.3 12.3

Burnup
aviation

137 137
17 17

0..15 0.1:5
0.007 0.007
0.131 0.132

60 60

56
16
26

5.5
756
720
550
900

23.9
36.6

100
1130
0.e0

56
16
28

25.2
756
720
550
9c0

23.9
36.6

100
1130
0.80

0.82 3.77
1.21 1.21
0.p4. 0.1:
1.65 1.65

- 7.2!4

- 12.5
-12.3

A

W
02



Power 1r Beat
Bet Efficiency
Net rEectric Output
$f/ke Net

Filed Charges on Plant
Initial Core Fabrication
Initial Blanket Fabrication
Subtotal Fixed Charges

Operation and Maintenance
Core Fuel Cycle costs L %

0 Core FPe Cycle Costs 12%"N lnket Cycle Costs
Plutcni. Bevenue
Total Power Costs L %
Total Power Costs 12%

Core Fuel Cycle
26 Through Fabrication

Scrap Recovery
Reprocessing
Inventory L%
Inventory 12%

TABLE 7-9 Oo!Ics)

KCO1iJMIC RESULTS PuC-U-15 w/o Mo AILOY PLATES (PFFfR-200 LITERS REACTOR)

Economic Parameter Variation
Base

Base Cases Coolant Case
No. Plates/Subassemb Power Temperature Burnup Cost/Plate T
17 20 2i Variation Variaticon Variation losses 1

756 759 761 662 568 756 756 756 756 756
0.337 0.337 0.337 0.337 0.337 0.323 0.324 0.337 0.337 0.337
25..8 255.8 256.5 233. 191. 2111. 245. 255. 255. 254.8
276.9 275.8 275.8 293. 311. 282. 282. 277. 277. 276.9

5.53 5.51 5.51 5.66 6.22 5.61 5.61 5.54 5.54 5.53
0.30 0.32 0.34 0.311 0.140 0.31 0.31 0.29 0.32 0.30
0.10 0.10 0.10 0.12 0.11 0.11 0.11 0.10 0.11 0.10
5.93 5.93 5.95 6.32 6.76 6.06 6.06 5.93 5.97 5.93

0.56 0.56 0.56 0.611 0.75 0.59 0.58 0.56 0.56 0.56
2.07 2.08 2.18 1.95 2.07 1.90 1.90 3.57 1.1 6 2.07
3.57 3.56 3.66 3.21 3.9 3.08 3.06 5.08 2.53 3.57
0.148 0.49 0.50 0.51 0.574 0.L9 0.L8 0.17 0.50 0.1.6

-0.69 -o.67 -0.66 -0.68 -0.68 -0.71 -0.71 -0.56 -0.71 -0.69
8.35 8.39 8.53 8.74 9.17 8.33 8.31 9.97 7.78 8.33
9.85 9.87 10.01 10.00 10.89 9.51 9.47 11.19 8.86 9.83

0.63 0.65 0.75 0.68 0.58 0.61 0.61 0.50 0.37
0.20 0.20 0.20 0.19 0.19 0.19 0.20 0.h9 0.11
0.19 0.19 0.19 0.53 0.59 0.51 0.51 0.82 0. 114
0.75 0.71 0.71 0.63 0.71 0.59 0.58 0.76 0.51s
2.25 2.22 2.22 1.89 2.13 1.77 1.74 2.27 1.61

Fabrication
2 2 1
2 1 2

3 3 1
} 1 3

Decad
Reprocessing 'Time

756 756 756 756 756 756 756 756 756 756
0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337 C.337 C.337

251.8 251.6 251.8 256.E 254.6 25L.8 25.8 251.E 256.8 25=...
276.9 276.9 276.9 276.9 276.9 276.5 276.9 276.9 276.9 276.9

5.53 5.53 5.53 5.53 5.53 5.53 5.53 5.53 5.53 5.53
0.24 0.27 0.27 0.60 0.57 0.33 C.3C C.30 0.30 C.33
0.10 0.10 0.10 0.10 0.10 .lo 1 0.10 C.0 0C.1 0.2.0
5.87 5.90 5.90 6.23 6.20 5.96 5.93 5.93 5.93 5.53

0.56 0.56 0.56 0.56 0.56 0.56 0.56 c.56 c.56 c.56
1.8 1.99 1.91 2.98 2.82 2.22 1.6L 2.56 2.C. 2.12
3.18 3.L9 3.25 L.62 L.32 3.66 3.36 L.c. 3.L 3.72
C.L6 ..1.6 0.1:6 .16 0.1 6 o.16 c.L6 c.L6 C.L6 c.LS
-0.70 -0.69 -0.70 -0.70 -0.69 -0.73 -0.69 -3.69 -0.9 -C.9
6.03 6.22 8.13 9.62 0.?5 6.50 E.1c E.Eo .30 E.35
9.37 9.72 9.1.7 11.26 10.85 10.11 9.60 10.30 9.71 9.96

0.63 0.53 0.55 0.60
0.20 0.15 0.20 0.15
0.t&9 0.I9 0.19 0.19
0.75 0.67 0.75 0.67
2.25 2.01 2.25 2.01

1. 1.38 0.65 0.63 0.63 0.63 C.630.26 0.2C 0.26 0.20 0.20 0.20 C.20
0.19 0.19 0.L9 0.26 0.96 0.L9 C.1L9
0.82 0.75 0.62 0.75 0.75 0.72 0.50
2.116 2.25 2.16 2.25 2.25 2.16 2.:.0

Blanket Cycle
Radial Blanket Fabrication 0.10 0.11 0.12 0.10 0.10 0.11 0.10 0.10 0.11
axial Bla-t 0.005 0.005 0.005 0.0011 0.004 0. 001 0.o04 0. 01 0.003
Reproce ing 0.37 0.37 0.37 0.41 0.17 0.38 0.38 0.36 0.39

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.005 0.001 0.0001.00 0.001 0.00 0.0011 0.004 o.c. C.co c. c
0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 C.36



TABLE F-10 (DESIGN)

DESIGN CHARACTERISTICS FOP PuC-U.-15 w/o No ALLOY PLATES (FFFBR -3000 LITERS REACTOR)

Base Cases
No. Plates/Subassembly

17 20

Number of Subassemblies
Elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

Fuel, v/o
Structure & Clad, v/o
Sodium, v/o
Fuel Composition
Throughput Burnup, Total 1020 fissions/cc
Total Power, Mr
Core Power, Mu
Coolant Inlet Temp, F
Average Coolant Outle Tem, F
Coolant Flow gate, 10 lb/br
Coolant Velocity, ft/sec
Core Pressure Drop, psi
Maximum Coolant Temp, F
Maximum Heat Flux, 106 Btu/hr-ft

2

Core Life, Tears
Internal Breeding Ratio
External Breeding Ratio
Total Breeding Ratio

External Loss, % Core Destruction
Net Breeding Gain, % Core Destruction
Doubling Time, Tears

200
17

0.159
0.007
0.115
61.6

62
16
22

15.0
745
72C
550
900

23.6
36.3

100
1130

0.548

3.77
1.35

0.315
1.665

5.5
57.7
15.h

200
20

0.134
0.007
0.120
61.6

60
17
23

15.5
71 7
720
550
900

23.6
32.5

100
1130

0.465

3.77
1.32
0.33
1.65

5.5
56.2
15.8

Power
Variation

200
17

0.159
0.007
0.115
61.6

62
16
22
U

15.15
650
630
550
900

20.6
31.7

77
1130

0.1 80

1.32
1.35

0.315
1.665

200
17

0.159
0.007
0.145
61.6

62
16
22

15 w/o Mo
15.5

559
51 0
550
900

17.7
27.2

-56
1130

0.110

5.18
1.35

0.315
1.665

5.5 5.5
57.7 57.7
15. 15.1

A

WA
to,
0

Coolant
Temperature
Variati on

200
17

0.159
0.007
0.11L5
61.6

62
16
22

15.55
71 5
720
550
850

28.7
12.!c

159
1130

0.548

3.91
1.35

0.315
1.665

5.5
57.7
15.4

Burnup
Variation

200
17

0.159
0.007
0.1h5
61.6

62
16
22

6.5
715
720
550
900

23.6
36.3
100

1130
0.543

1.63
1.35

0.315
1.665

200
17

0.159
0.007
0.145
61.6

62
16
22

15. 0
745
720
500
850

23.6
36.3
100

1130
0.518

3.86
1.35

0.315
1.665

5.5
57.7
15.1



TABLE '7-10 (ErO1DMICS)

ECONONIC RESULTS PuC.U-15 w/o Mo ALLOY PLATES (PFFER-3000 LITERS REACT(R)

Power II Heat
Net Efficiency
:yet 2ectric Output
$/kwe Net

Fixed Charges on Plant
Initial Core Fabrication
initial Blanket Fabricatioc
Subtotal Fixed Charges

Operation and Maintenance
LJ Core Fuel Cycle Co sts 14%

N Core Fuel Cycle Costs 12%
Blanket Cycle Costs
Pluton.ium Revenue
Total Power Costs 14%
Total Power Costs 12%

Eca

Base
Base Cases Coolant Case

No. Plates Subassembl Power Temperature Burnup Cost/Plate T 220 Variation Variation Variation Losses 1 2 1

745 745 653 560 745 745 745 745 745 745 714
0.337 0.337 0.337 0.337 0.323 0.324 0.337 0.337 0.337 0.337 0.33
251.1 251.1 220. 189. 241. 241 251. 251. 251.1 251.1 251.
278.0 276.0 296. 321. 284. 284. 279. 279. 278.0 278.0 278.

5.56
o.414
0.33
6.13

0.57
2.11
4.03
0.14

-0.74
8.51

10.143

Core Fuel Cycle
UF6 Through Fabrication 0.51
Scrap Recovery 0.16
Reprocessing 0.48

Blanket Cycle
Radial Blanket Fabricatia 0.07
Axial Blanket 0.003
Reprocessing 0.37

5.56 5.92 6.42 5.68 5.68 5.58 5.58
0.47 0.50 0.59 0.16 0.146 0.11 0.148
0.13 0.15 0.17 0.13 0.13 0.11 0.15
6.16 6.57 7.18 6.27 6.27 6.10 6.21

0.57
2.16
4.10

0.143
-0.70

8.62
10.56

0.65 0.76 0.59 0.59 0.57 0.57
2.06 2.23 1.99 1.98 2.91 1.88
3.78 4.21 3.61 3.56 4.63 3.82
0.19 0.52 0.17 0.145 0.42 0.51

-0.72 -0.72 -0.76 -0.75 -0.614 -0.76
9.05 9.97 8.56 8.514 9.37 8.41
10.77 11.95 10.18 10.12 11.09 10.35

onomic Parameter Variations

Fabrication Reprocessing Deca Time
1 3 3 1
2 3 1 3

5 745 745 745 745 745 745 745 745
37 0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.337
1 251.1 251.1 251.1 251.1 251.1 251.1 251.1 251.1
0 278.0 278.0 278.0 278.0 278.0 278.0 278.0 278.0

5.56 5.56 5.56 5.56 5.56 5.56 5.56 5.56
0.44 0.36 0.140 0.10 0.15 0.87 0.30 0.1414
0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.3
6.13 6.05 6.09 6.09 6.114 6.56 5.99 6.13

5.56 5.56 5.56
0.414 0.4 0.14
0.13 0.13 0.13
6.13 6.13 6.13

0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
2.31 1.88 2.05 1.94 2.20 2.75 1.53 1.88 2.57 2.09 2.15
4.03 3.60 3.97 3.66 4.30 4.67 2.77 3.80 4.49 3.97 4.15
0.414 .4 0.4 0.14 0.411 .44 0. 0.110 ..44 0.14 0.

-0.74 -0.74 -0.74 -0.74 -0.74 -0.74 -0.74 -0.74 -0.74 -0.74 -0.74
8.51 8.20 8.41 8.30 8.61 9.58 7.79 8.28 8.97 8.49 8.55

10.143 9.92 10.33 10.02 10.71 11.50 9.03 10.20 10.89 10.37 10.55

0.55 0.51 0.50 0.52 0.53 1.09 0.33 0.51 0.43 0.65 0.49 0.47 1.15 0.43 0.51
0.16 0.16 0.15 0.16 0.15 0.34 0.10 0.16 0.11 0.16 0.11 0.20 0.16 .004 0.16
0.48 0.53 0.59 0.50 0.51 0.62 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.25
2.1 :82 20.96 0.86 0.96 0.86 1.05 0.96 0.62 0.96

0.07 0.07 0.07 0.08 0.b7 0.07 0.09
0.003 0.004 0.003 0.004 o.0 4  0.007 0.002

0.36 0.42 0.48 0.39 0.38 0.314 0.142

0.51 0.51 0.51
0.16 0.16 0.16
0.94 0.W8 0.48
0.96 0.94 1.00

0.07 0.07 O.07 0.07 0.07 0.07 o.07 0.07 0.07 0.07 0.07
0.0014 0.004 0.004 1o.4 0.0014 o.oo4 o.oo4 0.004 0.oo4 o.004  0.1oo4
0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37



TABLE F-fU (DESIGN)

DESIGN CHARACTERISTICS FOR Pu02 -U0 2 PINS (PFFBR REACTORS)

Base Cases
3000 Liters Size 2760 Liters Size

Clad Thickness/Diameter Ratio
.0712 .O 07 .097 .0882

3000 Liters
Power Variation

Number of Subassemblies
elements Per Subassembly
Clad Outside Dimension, Inches
Clad Thickness, Inches
Fuel Thickness, Inches
Fuel Length, Inches

Fuel, v/o
Structure & Clad, v/o
Sodium, v/o
Fuel Composition
Throughput Burmup, Total a/o
Total Power, M:f
Core Power, Mw
Coolant Inlet Temp, F
Average Coolant Outle Te, F
Coolant Flow Rate, 10 lb
Coolant Velocity, ft/sec
Core Pressure Drop, psi
Maximum Coolant Temp, F
Maximum Fuel Temp, F R - .8)
Maximum Heat Flux, 100 Btu/hr-ft

2

200 200 200
127 127 127

0.310 0.310 0.310
0.023 0.025 0.034
0.257 0.260 0.212
61.6 61.6 61.6

50.0 48.7 k2.3
27.0 28.3 3k.7
23.0 23.0 23.0
PuO - UO29. 10.1 15.2
800 800 800
744 744 744
550 550 550
900 900 900

25.3 25.3 25.3
3k.11 3k.k 34.4
100 100 100

1113 1113 1113
5000 5000 5000

0.148 0.148 0.148

Equilibrium Critical Mass, Rg Pu-239 &
Pu-241 1038 1040 1019

Core Life, Years 2.76 3.02 3.95
Internal Breeding Ratio 0.820 0.80 0.700
Extern4l Breeding Ratio 0.559 0.559 0.559
Total Breeding Ratio 1.379 1.359 1.259

External Loss, % Core Destruction
Net Breeding Gain, %
Doubling Time, Years

2.97 2.75 2.26
22.8 23.2 19.6
18.5 19.5 29.0

188
169

0.261
0.023
0.265

60

1..0
33.0
23.0

13.1
800
7k4
550
900

25.3
35.6

100
1112
k210

0.100

960
3.25

0.693
0.586
1.279

2.55
18.8
25.6

200
127

0.310
0.034
0.242
61.6

165
127

0.310
0.03k
0.242
61.6

12.3 U2.3
3k.7 31.7
23.0 23.0

15.2
659
613
550
900

20.9
28.3

70
1113
k220

0.123

1019
1.79

0.700
0.559
1.259

15.2
669
613
550
900

21.2
31.1
100

1102
1890
0.145

840
3.95

0.700
0.559
1.259

2.23 2.26
19.6 19.6
3.14 29.0

200
127

0.310
0.03k
0.242
61.6

12.3
34."r
23.0

19.6
800
71k
550
850

29.5
40.2
135

1032
1950

0.148

1019
5.10

0.700
0.559
1.259

1.78
22.0
32.b4

200
127

0.310
0.03k
0.212
61.6

12.3
31.7
23.0

18.1
800
744
500
850

25.3
31.1

100
1063
4950

0.118

1019
k.69

0.700
0.559
1.259

1.40
23.7
27.9

200
127

0.310
0.031
0.242
61.6

200
169

0.267
0.019
0.229
61.6

12.3 W .8
31.7 31.3
23.0 23.9

7.6
800
744
550
900

?5.3
34.4

100
1113
5000

0.1118

1028
1.975
0.735
0.559
1.2911

11.6
300
744
550
900

25.3
33.0

100
1113
3900

0.098

1028
1.02

0.735
0.559
1.2149

1.01 2.20
12.0 19.3
27.0 31.0

wi

Coolant Temp
Variation

Burnup
Variation

A A



TABLE F-u (E3oNcacs)

EONM3IC RESULTS PU02-m2 PINS (PFFt REACTORS)

Base Cases
3000 liters sise 2760 liters size Coolant

Clad Thickness/Diameter Ratio 3000 liters Temperature Bunup
.07 .0. .1097 .06672 Power Variation Variation Variation

Power )i Heat 800 800 800
Net Efficiency 0.3381 0.338: 433841
Net Electric Output 270.72 270.72 270.72
$/kwe Net 270.5 270.5 270.5

Frsd Charges onPlant 5.41 5.41 5.41
Initial Core Fabrication 0.20 0.20 0.21
Initial Blanket Fabrication 0.12 0.12 0.12
Subtotal Fixed Charges 5.73 5.73 5.71:

Operation & Maintenance 0.53 0.53 0.53
Core Fuel Cycle Costs 4% 1.51 1.47 1.39
Core Fuel Cycle Costa 12% 2.81 2.77 2.75

N Blanket Cycle Costs 0.53 0.53 0.53
W Plutonium Revenue -0.15 -0.13 -0.32

Total Power Costs 1L% 7.85 7.83 7.87
Total Power Costa 12% 9.15 9.13 9.23

Core Fuel Cycle.
Fabrication 0.39 0.36 0.28
Scrap Recovery 0.02 0.02 0.02
Reprocessing 0.45 0.44 0.11
Burnup & losses - - -

Inventory 4% 0.65 o.65 o.68
Inventory 12% 1.95 1.95 2.04

Blanket Cycle
Radial Blanket Fabrication 0.15 0.15 0.15
Aial Blanket 0.001 0.001 0.003
Reprocessing 0.38 0.38 0.38

800
0.33811
270.72
270.5

5.11
0.21
0. U
5.73

0.53
1.11
2.65
0.53

-0.31:

7.86
9.10

0.35
0.02
0.112

o.62
1.86

0.15
0.0011
0.38

659
0.337

222.08
291.0

5.88
0.25
0.11:
6.27

0.61:
1.59
3.21

' 0.59
-0.32

8.77
10.39

0.28
0.02
0.L6

0.
2.13

669 800 800 800 800
0.338 0.322 0.321 0.3384033E

226.12 257.60 259.2 270.72 270.7
291.0 278.5 278.5 270.5 270.

5.82 5.57 5.57 5.41 5.1:
0.21 0.22 0.22 0.20 0.23
0.11 0.12 0.12 0.12 0.12
6.17 5.91 5.91 5.73 5.76

0.63 0.55 0.55 0.53 0.53
1.44 1.33 1.35 1.79 1.6
2.78 2.69 2.71 3.17 2.76
0.6 0.56 0.55 0.51 0.53

-0.31 -0.3 -0.3 -0.3: -0.36

8.57 8.01 8.02 8.25 7.92
9.91 9.37 9.38 9.63 9.22

0.28 0.23 0.25 0.54 0.3E
0.02 0.02 0.02 0.03 0.02
0.17 0.10 0.10 0.53 0.1:

0.67 0.68 0.68 0.69 0.65
2.01 2.04 2.04 2.07 L.95

0.15 0.19 0.16 0.16 0.15 0.15
0.003 0.003 0.003 0.003 0.006 0.003

0.1;4 0.45 0.1o 0.39 0.38 0.31

Economic Parameter Variations
Base
Case Fabrication

Cost/Pin T 2 2 1 3 3 1
losses 1 2 1 2 3 1 3 Reprocessing Decay Time

800 800 800 800 800 800 800 800 800 800 800
84 0.3384 0.3384 0.3384 0.3384 0.3384 o.3384 0.33840.338L 0.3381 0.3381 0.3384
2 270.72 270.72 270.72 270.72 272.72 272.72 272.72 272.72 272.72 272.72 272.72
5 270.5 270.5 270.5 270.5 270.5 270.5 270.5 270.5 270.5 270.5 270.5

L 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41
0.21 0.18 0.19 0.20 0.24 0.22 0.22 0.21 0.21 0.21 0.21
0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
5.74 5.71 5.72 5.73 5.77 5.75 5.75 5.71 5.74 5.71 5.7L

3 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53
6 1.39 1.33 .37 L35 1.47 1.142 1.45 1.20 1.78 1.37 1.42

2.75 2.63 2.73 2.65 2.91 2.78 2.89 2.56 3.11 2.69 2.84
3 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53

-0.32 -0.32 -0.32 -0.32 -0.31 -0.32 -0.31 -0.32 -0.32 -0.32 -0.32

2 7.87 7.78 7.63 7.82 7.98 7.91 7.91 7.68 8.26 7.85 7.90
2 9.23 9.08 9.19 9.12 9.42 9.27 9.38 9.04 9.62 9.17 9.32

6 0.28 0.26 0.26 0.28 0.31 0.31 0.29 0.28 0.28 0.28 0.28
2 0.02 3.01 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.02
1 0.41 0.41 0.41 0.1:1 0.11 0. 11 0.11 0.22 0.80 0.11 0.11

5 0.68 0.65 0.68 0.65 0.72 0.68 0.72 0.68 0.68 0.66 0.71
5 2.01: 1.95 2.C 1.95 2.16 2.04 2.16 2.04 2.0: 1.98 2.23

5 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
3 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
B 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
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