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INTRODUCTION

This report is a technical evaluation of four reactor
power plant designs proposed by various AEC contractors.
Tne study was made to gain a greater appreciation of the
advantages and disadvantages of several reactor designs ,which
appear to require more development than the heavy water and
light water reactors. The designs selected were those for
which many of the technical details and cost data were avail-
able. Their designations and originators are:

1. Sodium Graphite Reactor (SGR) by North American
Aviation. (Reference Report NAA-SR-180)

2. Plutonium Power Breeder Reactor (PPBR) by Knolls
Atomic Power Laboratory. (Reference Report KAPL-611)

3. Aqueous Homogeneous Reactor by Oak Ridge National
Laboratory. (Reference Report ORNL-CF-52-8-7)

4. Boiling Reactor (BR) by Argonne National Laboratory.
(Reference Report ANL-5058)

The material in the report uses to the maximum extent
the work of the originator of the design, including plant
layouts, equipment, and cost analyses. Some of the designs
were not completed to the extent of making a power plant
study. Therefore, our own designs and estimates were used
for the power plant components.

Any comparison of plant investment costs for these four
designs must be made with caution. The total or partial cost
estimates of the design originators were extended by CEPS
estimates to determine the total investment costs. Sufficient
detail was not available to critically analyze all items in the
originators' cost estimates. In addition, there are apparent
discrepancies in these original estimates with respect to the
manner of including contingency and overhead costs. It is
not clear whether these discrepancies are due to inclusion or
exclusion of a portion of these costs in the individual com-
ponents of the investment. Therefore, the relative desirability
of a given design should not be weighed heavily by the compari-
son between costs per kilowatt shown in this document.

* CEPS-1101 "A Report on the Feasibility of Power Generation
Using Nuclear Energy", May 1, 1952.

** CEPS-ll11 "A Second Report on the Feasibility of Power
Generation Using Nuclear Energy", Jan. 1, 1953.



COf 'RATIVE TABLE OF REACTOR DATA

Originating contractor
Reactor type

Nominal reactor power, mw
Neutron energy
Initial core fuel

Blanket material
Moderator
Primary coolant
Initial conversion ratio
Initial fissionable

material in core, kg
Initial fissionable

material in operating
system, kg

Core shape and size

Specific power, kw/kg
fissionable material in
core

Specific power, kw/kg
fissionable material in
operating system

Maximum coolant temp, F
Steam temp, F
Steam press, psia
Total Pu production @ 80%

capacity factor, kg/yr
Net" Pu production @ 80%

capacity factor, kg/yr
Net generation, kw
Total investment cost, $

NAA
Sodium-graphite

500
thermal
1.35% U-235

98.65% U-238

None
Graphite
Na
0.87

977 U-235

977 U-235
Cyl - 18' dia

x 12? high

512

512
898
800
580

158

158
150,200 C 22"
50,852,000

KAPL
Pcuer-plutonium
breeder

500
fast
14..8 Pu

85.2% U-238

Deple ted U
None
Na
1.90

225 Pu

225 Pu
Cyl - 37" dia

x 37" high

1900

1900
1000

90o
875

250

n8
167210 @ 22"
66,400,000

ORNL
Homogeneous

1000
thermal
l.o075% U-235

98.925% U-238

None
D2 0
D20
0.91

134.6 U-235

351,8 U-235
Sphere - 15' dia

7637

2920
482
388
215

327

327
228,000 @ 12"
82,470,000

ANL
Boiling

2000
thermal
Natural U

(Buckled zone)
Depleted U

(Flattened zcne)
None
D2 0
D20
1.00

855 U-235

855 U-235
10.5' x 10.5'

x 40.75'

2339

2339
490
490
620

654

654
474,590 @ 21"

14",;900,000

Net here refers to the total Pu produced minus the Pu consumed, Plutonium is the fu1el only
for the KAPL design, whereas U-23$ 5;s the fuel for the NAA, OENL "-1 -NL designs. The
consumption of U.2 2 is neglected.
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Type

Gain

Grade of Pu

Enriohment and
"Inventory

Fabrication

Mechanical
Problems

Loading

Burnup

Prooessing

Special
Problems

D - Natural uranium cannot be used because
of relatively high absorption cross-
section of sodium as compared with heavy
water.

D - This design requires a high initial fuel
inventory of moderately enriched uranium.

A - There is more known about fabricating
cylindrical fuel rods than the shapes
used in the other heterogeneous designs.

A - This reactor is designed for fuel re-
charging during full power operation.

A - The liquid bond between the fuel element
and cladding facilitates decladding
prior to chemical processing.

A - This reactor combines internal and
external breeding. It makes see of cheap
0-23$ as blanket feed material

A - A very high breeding gain is obtained,
largely due to blanket repreduetions and
fast fissions.

A - The rate of formation of Pu-210 is mini-
mised in the fast spectrum. The use of
high energy neutrons in the blanket
al&oe a high concentration of Pu to
accumulate before chemical processing is
required.

D - A high concentration of
limit the core size and
inventory.

U - /,,00 - 80,000 pressure-tight pine of
extremely small diameter meast be fabri-

ated and filled with highly toxic and
r,,lowctlve Pu fuel.

A - Fuel porosity may increase the stability
of the fuel.

A - Continuous processing of fuel allows
extraction of plutonium of higher quality,
i.e., a product with a lower Pu-240
content.

D - Natural uranium cannot be used heeune of
the limitations on reactor size.

A - The inventory of fissionable material is
considerably less than for the other two
designs using uranium as fuel. Continu-
ous removal of menon eliminates the
necessity for providing for xenon over-
ride after shutdown.

A - The use of a homogeneous fuel eliminates
fuel fabrication problems and associated
costs.

A - This fuel eliminates the mechanical and
heat transfer problems peculiar to
heterogeneous reactors.

A

T ATA
D

D0

D0

A - Natural and depleted uranium can be used
as the nuclear fuel.

A - 'he fuel desin facilitates the assembly
,,'the ribbons into elements.

- Fuel loading can be done during operation. A - Fuel loading can be done during operation.

- The fuel is burned uniformly because of
fuel circulation.

- The fuel solution can be removed continu-
ously to remove plutonium and fission
product poisons.

- Corrosion and the fouling of heat trans-
fer surfaces are major problems.

- Radiation damage of the fuel solution may
cause precipitation of uranium oxides.

- The primary loop muet be lbak-tight to
prevent a loss of fuel.

U - The hi h cost of zirconium cladding sig-
nificantyv affects the cost of the fuel
elements.

Moderator

Cost A - Graphite is a relatively inexpensive A - No moderator is used. D - The heavy water moderator is costly and D - The heavy water moderator is costly and
moderator as compared to heavy water. scarce. scarce.

Moderating A - D
2
0 has better moderating ability than A - D20 has better moderating ability than

Ability graphite. graphite. The use of D20 allows flexibil-
ity in fuel arrangement.

D - The high temperature of the entire reac-
special. tor structure reduces the heat absorbing D - Radiation decomposition of .D20 requires a

Problems capacity and causes higher reactor temper- gas removal system and a recombination
atures to be reached during possible over system.

________ggd20geQUPt

A - Sodium Is a relatively inexpensive cool-
ant as compared to D20 and is available
in large quantities.

Sodium is not compatible with air or
water.
Uranium and sodium are compatible.
Liquid sodium is relatively non-
corrosive to materials of construction.
The reaction of plutonium with sodium is
unknown.

D - The mechanical system must be leak-tight
or protected by an inert atmosphere
sincs sodium reacts spontaneously with
air.

D - Sodium freezes at 208 f, and therefore
it is apt to freeze in the cooling
system. To Insure adequate reactor cool-
ing at all times special provisions must
be made to maintain the system tempera-
ture.

D - The choice of the construction of mechan-
ical pumps suitable for handling liquid
sodium is more limited than for water.

D - Special requirements for a sodium
graphite reactor include double wall
tubes and leak detection devices to pre-
vent sodium leaks into the reactor. This
introduces more poisons and thereby low-
ere the conversion ratio attainable.

A - Sodium is a relatively Inexpensive cool-
ant as compared to D20 and is available
in large quantities.

D

A
A

D

D - The heavy water coolant is costly and
scarce.

- Sodium is not compatible with air or
water.

- Uranium and sodium are compatible.
- Liquid sodium is relatively non-

corrosive to materials of construction.
- The reaction of plutonium with sodium is

unknown.

D - The mechanical system must be leak-tight
or protected by an inert atmosphere
since sodium reacts spontaneously with
air.

D - Sodium freezes at 208 F, and therefore
it is apt to freeze in the cooling
system. To insure adequate reactor cool-
ing at all times special provisions must
be made to maintain the system tempera-
ture.

D - The choice of the construction of aechan-
ical pumps suitable for handling liquid
sodium is more limited than water.

D - The inherent operating characteristics
are unknown and the control problem is
significant for a fast reactor.

D - Due to the small core site, relatively
large changes in reactivity may be
caused by slight mechanical movements or
dimensional changes.

A - The negative temperature coefficient of
this reactor provides ease of control,
load regulation, and safety.

D - The heavy water coolant is costly and
scarce.

D - Hot water is not compatible with uranium.
Corrosion of the fuel cladding and the
subsequent uranium water reaction may re-
quire reactor shutdown.

D - A large inventory of D20 is required for
this design.

D - The turbines, condensers, pumps and piping
which are conventional in all the other
designs must have special seals to prevent
D00 leakage and must have special construc-
tion to prevent contamination in this
reactor design.

A - The negative temperature coefficient of
this reactor provides ease of control,
load regulation, and safety.

Autooatalveis D - A sodium graphite reactor has an auto- D - The effect of loss of coolant on reactiv- A - Loss of coolant will shut down the reactor

catalytic characteristic inherent with ity is undetermined.
the high neutron absorption of sodium.

B u A - The attainment of higher steam tempera- A - The attainment of higher steam tempera- D - The steam produced is low temperature and D - The high vapor pressure of water limits

e tures and pressures, which result in an tures and pressures, which result In an pressure, leading to low thermal the steam temperature attainable. Its

increase in efficiency, are possible by increase in efficiency, are possible by efficiency. high film resistance limits the heat
using a sodium coolant rather than an using a sodium coolant rather than an transfer within the core. The thermal
aqueous one. aqueous one. efficiency is therefore low.

A - The boiling feature eliminates heat
exchangers, resulting in higher quality
steam, slightly higher temperature and
pressure, and possibly a slight increase
in efficiency.

Pressure Yesel A - The high boiling point of sodium allows A - The high boiling point of sodium allows D - A large pressure vessel is required and A - The use of Qressurited fuel tubes

the reactor vessel and the primary sys- the reactor vessel and the primary aye- it must withsand pressure necessary to reduces the pressure that the vessel

tem to be designed for low pressure. tem to be designed for low pressure. prevent boiling. must withstand.
A - A fast reactor lends itself to a D - A large vessel is proposed for this

smaller vessel. reactor.

mdioativit
Aesessibility D - Sodium becomes highly radioactive in a D - Sodium becomes highly radioactive in a D - Accessibility to the primary system is D - The turbines and condensers may become

neutron field. Sodium cooled reactors neutron field. Sodium cooled reactors limited by the possible accumulation of contaminated.
are probably less accessible than water are probably less accessible than water fuel and fission products in piping, heat
cooled ones because of the 15 hour half cooled ones because of the 15 hour half exchangers, etc.
life of Ma-24 compared with the 7.3 life of Na-24 compared with the 7.3 D - The secondary loop may become radioactive
second half life of N-16 for water reac- second half life of M-16 for water reac- from delayed neutrons.
tore. In addition, Na-22 with a half tors. In addition, Na-22 with a half
life of 2.6 years is formed by a (n,2n) life of 2.6 years is formed by a (n,2n)
reaction and continues to build up dur- reaction and continues to build up during
ing the years of reactor operation. the years of reactor operation. The

Na-22 build up is faster in this reactor
than in the sodium graphite one.

Shielding D - More shielding might be required for a D - More shielding might be required for a D - The primary loop must be abielded to the D - Shielding of the power generation equip-
sodium coolant system than for a water sodium coolant system than for a water same degree as the reactor because the meant is required due to the radioactivity

coolant system. coolant system. fuel is carried around in it. of the coolant.

A - Advantage
D - Diesavamtage

GPO E04232

Pu is required to
reduce fuel

D -

A -
A-

D-'

Coolant

Cost and
Availability

Compatibility

Special
Problems

Control

WA
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Comparison of Reactors for Power Plus Plutonium

All of the designs of reactors were originally made for
power plus plutonium. Many of the characteristics are not
affected by a change from power plus plutonium to power only,
but the following material is directed to the original design
with the dual purpose.

The Boiling Heavy Water Reactor must operate at high
pressure and leaks must be minimized to reduce operating costs.
However, the radioactivity in this system decays more rapidly
and becomes less intense after reactor shutdown than coolants
in the other systems and simplifies equipment maintenance.
In this system the heat exchangers are eliminated and radio-
active steam flows to the turbines resulting in a need for
partial shielding of the turbines, condensers, pumps, and
piping.

The Aqueous Homogeneous Reactor also must operate at a
very high pressure to attain a steam temperature of 388 F.
Since the Homogeneous Reactor contains fuel in solution, the
problems and high cost of fuel fabrication are eliminated and
continuous chemical processing is a possibility. However,
corrosion is a very difficult problem to solve and the high
radioactivity of the coolant requires an absolutely leak-tight
and failure-free primary system.

The Sodium Graphite Reactor and the Plutonium Power
Breeder Reactor have the advantage of high temperature opera-
tion, allowing the use of conventional turbines. The radio-
activity of the sodium is a serious problem with requirements
similar to those for the Homogeneous Reactor; in addition,
there is a possibility of a water-sodium reaction. In the
case of the SGR, a double sodium loop is proposed to eliminate
the hazard of dispersing radioactive sodium vapors by a water-
sodium reaction.

Although the fuels used in each of the four reactors are
very different, it appears that they could be chemically
processed by adaptations of existing techniques.

Outstanding features of the four designs are:

1. The high reactor power and net electrical generation
of the Boiling Reactor would require more "on the
line" reserve electrical generating capacity than
normal even for a large electrical system.
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2. The Power-Plutonium Breeder Reactor utilizes fast
neutrons and produces a very high conversion ratio.
The original report quotes this as 1.90 although it
has since been estimated at a somewhat lower value.

3. The Boiling Reactor is the only one of the four designs
to use only natural and depleted uranium. The PPBR
uses a high percentage of plutonium in uranium as fuel
in the core while the Homogeneous Reactor and the Sodium
Graphite Reactor use slightly enriched uranium as fuel.

4.. The Homogeneous Reactor proves to have a much smaller
initial core fuel inventory (134..6 kg U-235) than the
other three designs. However, it should be noted that
the system volume is approximately 2.6 times the core
volume. On a system basis the PPBR has the least
fissionable material with 225 kg of plutonium as against
855 kg U-235 for the Boiling Reactor and 977 kg U-235
for the SGR.

5. The highest specific power is attained in the Homo-
geneous Reactor with the Boiling Reactor having a
specific-power 0.8 as high. This is due to the large
quantity of natural and depleted uranium in the Boiling
Reactor, resulting in less fissionable material.
Because of the high enrichment in the PPBR, the specific
power is about 0.5 as high as the Boiling Reactor in
spite of the small core size. The Sodium Gronhite
Reactor has the lowest specific power due to its larger
inventory and lower operating power.

6. The high coolant temperature of the PPBR allows conven-
tional steam temperatures due to the use of sodium and
direct heat exchange to water and steam. The SGR
achieves a somewhat lower steam temperature due to the
lower sodium temperature.

7. The plutonium production is essentially proportional
to reactor operating power except for the PPBR which is
only about 0.75 times as great due to the use of
plutonium as fuel.

8. The high investment cost of the Boiling Reactor is due
to its large size and special features required for the
power generating equipment. Nearly two-thirds of the
total cost of the PPBR is attributable to the cost of
the reactor portion..
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Comparison of Reactors for Power Only

The four reactors were o riginally designed for power plus
plutonium and would require changes to optimize the designs
for power only. Some of the changes in the design necessary
for economic operation to produce power only are indicated in
the following. The paragraphs are in order, with the first
being the design requiring the minimum revision.

Power only requires that these reactors withstand corro-
sion, erosion, irradiation damage and loss of reactivity over
a long period of time so that a maximum amount of the original
as well as the produced fuel is destroyed. For the heterogene-
ous reactor this means a considerable amount of alloying sub-
stance in the fuel and irradiation-stable cladding to hold the
fuel element together. Also required is an excessive reacti-
vity built in by enrichment or a high conversion ratio, i.e.,
1.00 or better, to keep the multiplication factor over 1.00.

The Homogeneous Reactor can be operated for a long period
of time, for power only, with little modification other than
the continuous removal of its fission products and the replace-
ment of its depleted fuel to compensate for loss in enrichment..
This of course assures that its major problem, corrosion, has
been solved.

The Boiling Reactor probably can be operated for a long
period for power only since it has a relatively high conversion
ratio. The subsequent loss in reactivity and build-up of
fission products will ultimately shut it down after about
4000 MWD/ton. This fuel burn-up limit can be increased by par-
tial loading in such a manner that the average reactivity of
the pile is about 4000 MID/ton whereas each fuel element is
irradiated to about 6000 to 10,000 MWD/ton.

For power only, the PPBR would have to be redesigned.
The core enrichment should be changed to attain a high conver-
sion ratio. The core would probably have to be increased
considerably in size and the blanket redesigned to take care
of its increasing contribution of heat with time as the
plutonium produced within it fissions.
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The SGR reactor would not lend itself to long term fuel
irradiation as it is now designed. Principally, this is due
to its low conversion ratio. Reactivity would fall quite
rapidly after about 2000 MITD/ton of irradiation. This reactor
could however be modified to extend this energy limit. The con-
version ratio may be increased to a point where a considerably
longer term of irradiation is possible by decreasing the lattice
spacing and increasing the number of rods per cluster. However,
this mry require an increase in the enrichment.

Conclusion

The major characteristics o f the four reactor designs are
shown on page 2 and the abstract comparison of advantages and
disadvantages on page 3. All of the reactors should be suitable
for the production of power plus plutonium, or power only, after
a reasonable number of years of research and development.
Because the designs are not sufficiently crystallized for a
full scale plant at the present time, it is difficult to deter-
mine which design has the preponderance of merit in contrast
with the handicaps. The following order represents the present
opinion of the authors of this report on the practicability for
power and plutonium production:

1. Sodium-Graphite Reactor
2. Power-Plutonium Breeder Reactor
3. Homogeneous Reactor
4. Boiling Reactor

If the designs were changed for power production only, the
order of practicability might be altered to the following (also
in the opinion of these authors only):

1. Power-Plutonium Breeder Reactor
2. Sodium-Graphite Reactor
3. Homogeneous Reactor or Boiling Reactor
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INTRODUCTION

This section of the report is based on the North
American Aviation design of a sodium graphite reactor de-
scribed in NAA-SR--l0*.

The NAA designers believe that this reactor has greater
potentiality for improved performance than a pressurized
light water cooled and moderated design especially if em-
phasis is placed on power and not plutonium production.
They also state that this reactor has technical feasibility
now with a cost less than that of any low temperature reac-
tor in existence with the same plutonium production. The
plutonium cost after credit for power produced would be
less than that from existing and planned low temperature
reactors of the same production capacity.

The heat removal and turbogenerator equipment, detailed
in the NAA report, are based principally on a single sodium
to steam transfer of energy. A secondary sodium system was
deemed more advisable after much of the single stream de-
sign had been completed. This desirable secondary sodium
cycle has been incorporated in the following analysis of
the NAA design.

A tabular.summary of the features of the nuclear power
plant appears as Table 1.

* NAA-SR-180- A Sodium-cooled, Low Enrichment Uranium
Reactor For the Production of Plutonium and
Useful Power? by Fahrner, Schwartz and
'leisner. March 25, 1953.
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Table 1

Reactor and Power Plant Data

General Data
Purpose
Reactor type
Neutron energy
Primary coolant
Fuel
Moderator
Plutonium production, gm/yr
Net electrical output @ 1"1 Hg,kw

@ 21" Hg,kw
Investment cost per kw (net) ,
Total investment cost

.(exclusive of fuel, land, and
land development),

Land and land development, "

Power and plutonium production
Heterogeneous
Thermal
Sodium
Enriched uranium - 1.35 U-235
Graphite
15$,000
156,600
150 ,200
271

40,850,000
10,000,000

Reactor Data

General
Overall reactor shape
Core size

Reflector
Control

Emergency shutdown
Shield -biological

thermal
Neutron flux (avg),

n/(sq cm)(sec)
Neutron flux (max),
n/(sq cm)(sec)

Lattice spacing, inches

Power
Heat released in reactor, mw
Heat flux (max),

Btu/(hr)(sq ft)
Reactor heat transfer

area, sq ft
Power density (in core),

kw/liter
Specific power, kw/kg

fissionable material
Capacity factor,

Fuel
Duel and breeder material

Fuel elements, type and size

Vertical octagon-22' x 16'high
Cylinder - 12' high and

1' diameter
Graphite (190 tons)-(2' thick)
30 control and shim rods

(boron carbide)
Seven vertical safety rods
Barytes concrete
10;? iron

2 x 1013

4.7 x 1013
$A center to center

500

4.38 x 105

9400

5.2

512
$0

1.35; U-235 - 5 at % Zr alloy
Solid rods - 0.790' OD x 12'

long
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Number of rods in each assembly
Number of fuel assemblies
Fuel cladding
Bonding material
Sheath temperature, F
Maximum uranium temp, F
Average cycle time, days
Fuel consumption, kg/day
Uranium in reactor, tons

Physics
Conversion ratio (initial)
Enrichment, % U-235
k (hot and poisoned)

E
p
f
Lf2  cm2

L22, cm2 .
B (hot and poisoned) , cm'2

Primary Coolant
Coolant material
Inlet temperature, F
Outlet temperature, F
Velocity, ft/sec
Total coolant flow rate,

100 lb/hr
Flow quantity, gpm (a 500 F)
Reactor pressure, psia
System pressure drop, psia
Pumping power required, kw
Number of coolant pumps
Amount of sodium in system,cu ft
Amount of sodium in system,tons

Secondary Coolant
Coolant material
Inlet temperature, F
Outlet temperature, F

7
541
Stainless steel - 0.010"
Sodium - 0.010"
610
1200
165
462
80.7

0.a7

1.35
1.048
1.450
1.047
0.7464
0.9246
343
136
100 x 166

Sodium
400 inner - 572 outer
$40 inner - $9$ outer
15 or less

14.24
31,610
15
60
5640
16 - 4,000 gpm
$592

23$

Sodium
370 inner - 542 outer
810 inner - 868 outer

Steam Generator and Turbogenerator Data

Steam Generator and Superheater
Steam pressure, psia
Steam temperature, F
Feedwater temperatur , F
Total steam flow, 10 lb/hr
Number of steam generators

and superheater units
Steam generator flow rate

(per unit), lb/hr
Number of boiler feed pumps
Boiler feed pump flow (per

unit), lb/hr

5$0
$00
220
1.4

4

350,000
6

350,000



Turbogen erator Unit
Throttle steam pressure, psia
Throttle steam temperature, F
Turbine steam flow, 10 lb/hr
Number of turbogenerators
Size of turbogenerator (conven.-

tional rating) ,kw
Condenser cooling water

flow, gpm

Station
Total generator capacity
@ li Hg turbine back
pr assure, kw

Auxiliary power (electrical)
@ 1" Hg, kw

Total auxiliary power, /
Net generator capacity

1@ 1 Hg turbine back
pressure, kw

Total generator capacity
@ 2J' Hg turbine back
pressure, kw

Auxiliary power (electrical)
@ 21" Hg, kw

Total auxiliary power,
Net generator capacity

@ 2k" Hg turbine back
pressure, kw

Net station heat rate 1 1' Hg,
Btu/kwhr

Net station heat rate 2-' Hg,
Btu/kwhr

13

5$0
$00
0.7
2

80,000

70,000

164, 600

x,000
4.9

156,500

158,200

$,000
5.1

150,200

10,900

11,360
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REACTOR DESIGN

Core and Reflector

The core and reflector cone ist of an octagonal graphite
stack 22 feet across the flats and 1S feet high. The stack is
formed by an array of vertical columns of graphite 8.5 inches
square. Graphite blocks in the central region, approximately 18
feet in diameter,are bored to contain vertical fuel channels. The
surrounding annular region forms the lateral reflector.

Fuel Channel and Coolant Flow

The reactor core contains 541 loaded fuel channels. The fuel
channel is a stainless steel tube about 40 feet long, 2.77 inches
ID, wall thickness 0.025 inch in the core region. The fuel ele-
ments are cooled by liquid sodium which flows upward through the
fuel channels.

Sodium was chosen as a fuel coolant because of its reasonably
low neutron capture cross section, lo4 cost of coolant fluid, and
well developed technology, desirable thermal and hydraulic charac-
teristics, permitting high thermal efficiency without excessive
pressures.

Production and thermal efficiency considerations brought
about the division of the reactor flow area into two separate sys-
tems operating at different temperature levels.

The ecquilibrium activity of the sodium is approximately 0.1
curie per cubic centimeter. This requires gamma ray shielding
around all parts of the sodium system external to the reactor.

Fuel Element

The two element configurations proposed in NAA-SA-l80 are a
clad hollow rod or a clump of seven individually clad solid rods,
using stainless steel cladding and a sodium bond layer. The hol-
low rod has an inside diameter of 1.385 inches, an outside diam-
eter of 2.420 inches, and is 12 feet long. Each solid rod of the
clump of seven is .75 inches in diameter and is also 12 feet long.
The nuclear performance of these alternates is identical and their
heat transfer properties almost equivalent. Ease of fabrication
then becomes the important consideration in making a selection.
In general, the CEPS group has concluded that making solid rods is
simpler and presents fewer development problems. In the summary
table of NAA-SR-l0 the solid rod configuration was selected.

The fuel element desi;rn conditions are not a aide extrapola-
tion o' known technology. The satisfactory dimensional perform-
nce o" either element at an exposure of 1000 megawatt days per ton
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is not questioned. The required stability can be achieved by
alloying followed by an appropriate heat treatment, beta heat
treatment of unalloyed uranium, or by powder metallurgy techniques.
Heat treatment or powder metallurgy yield structures with desir-
able properties, including random orientation and small grain
size.. The development of suitable heat treatment for uranium
fabricated by conventional means, such as rolling, looks promising
and is receiving considerable attention at several laboratories.
Powder metallurgy developments of the Sylvania Company show promise
of producing a stable fuel in either a solid or a hollow rod with
equal facility. However, this proven technique has produced only
relatively short slugs. This is not a limitation since either con-
figuration could use a string of slugs supported by the jacket
tube.

In the summary of reactor characteristics in NAA-SR-1$0 the
fuel is shown to contain 5.0 atomic percent zirconium. This is
probably the most positive method of obtaining stability. However,
an interpretation of recent stability tests conducted by other
A.E.C. contractors concludes that an acceptable element can be
made of unalloyed uranium by proper heat treatment or powder metal-
lurgy. The CEPS group believes further evidence will-soon be avail-
able to support this conclusion.

Lattice

1. General

Analytical studies were made by NAA to optimize the perform-
ance of a sodium-cooled, low enrichment uranium reactor for the
production of plutonium and useful power. Limitations such as
1200 F maximum uranium metal temperature, 15 ft/sec maximum
coolant velocity, and 400 r' minimum sodium coolant temperature
were imposed. A partial list of physical and nuclear constants of
the reactor chosen appear in Table 2. See Table 1 for more com-
plete data. The resultant neutron economy and initial conversion
ratio appear in Table 3. The exposure is limited to about
1000 M7D/ton or approximately 165 days determined by 3 per cent
Pu-240 in the product.



Moderator

Coolant

Cladding

Outer tube

iRod diameter

Center to center
clump spacing

Reflector

Enrichment

Table 2

Physical Constants

Graphite

Sodium

0.010 inch SS L 0.010 inch Na bond

0.025 inch SS 2.770 inch ID

0.750 inch, seven rods per clump(Uranium
contains 5.G percent Zr or equivalent)

$.5 inches, square lattice

thickness 2 feet

t 0.0135

Nuclear Constants

K (hot, poisoned) 1.04$

'17 1.450

E 1.047

p 0.7464

0.9246

Lf2, cm2  343

L2 , cm2  136

B2 (hot, poisoned), cm-2 100 x 106

Operating Conditions

Total reactor power 500 mw

Average thermal flux 2 x 1013 n/(sq cm)(sec)

Peak thermal flux 4.7 x 1013 n/(sq cm)(sec)
in metal

Conversion ratio 0.87

Peak/average thermal 2.41
flux
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Table)

Neutron Economy of Reactor

Virgin Fast Neutrons 100.00
Fast leakage 3.37
U-238 resonance captures 24.50
Thermal leakage S 0.97
Moderator captures 2.35
Outer coolant tube captures 3.02
Thermal fuel rod captures

Thermal Fuel Rod Captures 65.79
U-238 captures 14.76
Xe and Sm captures 2.79
Alloy and bond captures 0.31
SS cladding captures 1.78
Na coolant captures 0.98
U-235 captures 45.17

65.79

U-235 Captures 45.17
Fis si oning captures 38.20
Radiative captures 6.97

45.17

Conversion Ratio = 24.50 / 14.76=0.87
45.17

Second generation neutrons = 2.50 x 1.047 x 38.20 100.00

Nuclear Properties

The nuclear properties of this reactor were determined by
applying an analysis similar to that exhibited in NAA-SR-179. It
was assumed that several small rods can be grouped together in a
lattice cell so that, to neutrons, they appear almost as one large
rod, and at the same time allow many times the heat removal
capacity of one large rod.

The fuel element is defined as a clump, including uranium,
cladding and associated coolant. The fuel element was treated as
a single medium with nuclear properties defined by averaging of
the component parts. These averages taken from NAA-SR-.kemo-155 are:



18

VF 7 _' V

where:

the volume of uranium per unit length per fuel rod

associated stainless steel cladding

coolant volume per unit length

total volume of fue1
F

the subscript, a, refers to absorption cross section, and no sub-
script, to total cross section.

a. Disadvantage Factor

The disadvantage factor of a single uranium rod, F1 , was
calculated assuming that diffusion theory applies. F1 is de-
fined as the ratio of the average flux at the surface of the
rod (averaged around its perimeter) to the average flux
throughout its volume. The flux distribution in the rod is
expressible in the following general form:

1C9) _ Z A l .(>(re) cos /7(0- an)

where A, and 0,, are determined by the details of the boundary
conditions at the surface of the rod. The constant is
the inverse diffusion length of uranium,a function of nuclear
cross sections only.

The flux averaged over the surface is

(0) surface = Tf $(r )WQ/9 =Ao J0 ( (r)
2



where r.: the radius of the fuel rod.

The flux averaged over the volume is

(0) vovrne = Fajvf ] O(r,e) rd9
0 A

= '"Ai. xr ) r dr

Hence

F = ( )vr fce'(?) vo/4/re
uI(eG ,)

2h (I (r;,)
This, for simplicity, was approximated as

The overall disadvantage factor of a fuel element was
similarly calculated by the following expression:

3

b. Resonance Escape Probability

The resonance escape probability was evaluated for the
clumped rods assuming that the surface of the clump could be
approximated by the surface formed by a rubber band slipped
over the clump. It has been assumed that neutron scattering
between the rods by the sodium is quite small because the mean
free path of epithermal neutrons in sodium is large, approxi-
mately 12 centimeters. If a neutron of exactly resonance
energy crosses the rubber band surface it cannot avoid being
captured by the uranium if the spacing between the rods in the
clump is less than the diameter of the rod.

The total resonance absorption in a fuel clump is defined as

= 7 Nu V ~er(we e)
where

Nu . uranium atoms per cm3 of rod

6Oeff=Ir
( ##- 2 ,675i

0-0 : 9.2 x 10-24 cm2

19

dr

M , ( r.)

F= 1+ "-
Al a .



20

7 Nu6;; VV 2.67 it7M1&Vu Ss
SF~ /8.7 7

= N ' r j * (0./13 cm) S

The volume per unit length of rod is

and the rubber band surface per unit length of rod

S= 27r, 6 (2r,+tte)

where t = the spacing between adjacent rods.

The resonance disadvantage factor F was calculated using
an ecuivalent rod radius defined by

and ~ . 4 /

The resonance escape probability may then be written as

where T= R ___"_ *"E

and Er = 0.05- 9 cr'

c. Fast Effect

The fast effect was calculated using the equivalent rod
radiu s

eL9 =/7~

calculated for various rod radii in aThe values of 6
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seven rod clump are tabulated below:

Diar7 re
3/a in 1.26 cm
1/2 1.6$
5/$ 2.10
3/4 2.52

E

1.025
1.033
1.040
1.047

The number of neutrons produced per thermal neutron
absorbed in fissionable material, , was calculated using the
following expression:

Ur

where includes the fission product poisons in uranium and
is written as

Li

d
28tg

c

where 2p is the macroscopic absorption cross section of Xe
and Sm poisons. It may be written as

, /D.70.0/4

The variation of with enrichment is given in Table 4.

E ___

G.8

0.9
1.0
1.2
1.4

0.2361
0.2553
0.2745
0.3129
0.3513

Table 4

1.292
1.343
1.390
1.463
1.520

d. Neutron Aye

The reduction
fuel rods adapted
equivalent radius

in age due to inelastic scattering in the
from data on solid rods making use of the

is tabulated below:

738 0.0941
1/2 0.927
51/8 0.915

3/4 0.904

4p * ja
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The effective age was then calculated using the expression:

7r( 35 0cma)AC t

e. Thermal Diffusion Length

The thermal diffusion length L2 was calculated from the
formula

of;,, va c 2) ,,

where 3810 cm2 is the square of the thermal diffusion length
for neutrons in graphite at 400 C.

f. Buckling

The buckling was calculated by using the following approxi-
mate formula

2 .. o _

B --

where Aoois the multiplication constant for an infinite reac-
tor and may be written in terms of the four factors

k = 6pf

g. Conversion Ratio

The initial conversion ratio was evaluated from the follow-
ing formula:

C_=_ + 't~ E (/-p )e&

where 8 _ 1.77 r000-E)
er 380 E

and
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h. Nuclear Cross Sections

The following atomic cross sections were used in calculat-
ing the nuclear properties of this reactor. These were based
on the mean operating temperature of the items involved.

Item Mean Temperature Cross Section

Fuel 475 C : 325 b

Fuel 475 ("= 380

Fuel 475 28 1.77

Steel cladding 475 d'''::2.0

Sodium 300 0~4 = 0.35

Control

There are 30 horizontal control and shim rods, arranged in
two groups of 15 each, entering the reactor from opposite sides.
There are seven vertical, gravity-operated safety rods. They are
held by means of cables and are withdrawn from the core by elec-
trically-driven winch mechanisms located at the side of the reac-
tor.

More recent plans indicate a preference for vertical instead
of horizontal mounting of the control and shim rods.

It will be necessary to provide cooling for the control rods.
A method has been proposed which utilizes NaK radiators mounted on
the regulating rods, located in the hot room. The heat developed
in each rod is dissipated by forced ventilation of the control rod
room.

The safety rods require no cooling since they are completely
withdrawn from the neutron flux while the reactor is operating.

REACTOR AND STEAM GENERATOR SYSTEM

General

The two separate primary sodium coolant circuits transfer
their heat energy to two similar secondary sodium circuits. The
secondary sodium circuits generate and superheat steam in a facil-
ity detached from the reactor and turbogenerator buildings. This
is a more conservative arrangement in that a sodium-water reaction
involving radioactive sodium is not possible.



Sodium Circuit

The sodium in the primary circuit flows through the reactor
from bottom to top in two separate streams which remain unmixed
throughout their cycle in the poser plant. The stream which passes
through the central region of the reactor flows at the rate of
7,560,000 lb /hr and is heated from 400 F to 840 F (mixed mean).
The second stream flows at the rate of 6,680,000 lb /hr and is
heated from 572 F to 898 F.

The primary sodium streams are discharged to the free surfaces
at the top of the reactor and carried by gravity to vertically
mounted centrifugal pumps which are located approximately 20 feet
below the free surfaces. There are four parallel pumps of 4000 gpm
capacity - 60 psi differential in each circuit.

The secondary sodium system flow rates are similar to the
primary circuits. A 30 degree F decrease in corresponding tempera-
ture levels is assumed in the secondary circuit. Pumping require-
ments would also be similar to the primary circuits.

Sodium to Sodium Heat Exchangers

The sodium to sodium heat exchange would take place in four
units consisting of two shells each. One shell services the cen-
tral region and the other services the outer region. The sodium to
sodium heat exchangers would be of a relatively compact design as a
result of the high overall coefficients of heat transfer obtainable
with liquid sodium. The use of single wall tubes would be justi-

i ed in that the leakage problem is not as severe as when exchang-
ing to water.

The heat exchangers for this service should be of an economi-
cal, expendable design so that rapid replacement could be made in
the event of a failure. The high level of activity of the primary
coolant system would make maintenance impractical except in cer-
tain cases after a prolonged outage.

Steam Generating Facility

The steam generating facility is in a separate explosion re-
sistant building located some distance from the reactor and turbo-
generator facilities. The steam generator building is partially
below grade and the exposed portion is backed-up with an earthen
backfill, Blow-out panels permit the release of reaction products
before any severe damage would occur to the building or its
contents.

The steam generators consist of four units operating in
parallel, each of which is capable of 25 percent of the total full
load requirements. Each unit in turn consists of two economizers
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in series, three evaporators in parallel, and a superheater. Each
unit is fed from two sodium streams, one of which passes through
the outer region of the reactor and the other through the central
region. Sodium from the outer region of the reactor passes in
series through the superheater and an evaporator producing approxi-
mately 40 percent of the total steam generated in one unit. The
central region coolant passes through the remaining two evaporators
in parallel and then through the two economizers that operate in
series.

Steam is generated at approximately 580 psia and 800 F at a
rate of 1,400,000 lb /hr at full load. Feedwater enters the econ-
omizers at 675 psia and 220 F where it is heated to within 30 F of
the steam drum temperature (456 F). The economizer discharges
heated feedwater to the steam drum, where the feed mixes with the
evaporator circulation. Separated steam is taken from the drum at
486 F, superheated to 800 F and distributed to the turbogenerators
and auxiliaries.

All exchanger sections, extrapolations of an SIR design, are
of the shell and tube type. Double tube construction is utilized
with mercury as the leak detection fluid. Sodium flow is on the
shell side and steam or water on the tube side of this design of
heat exchanger. All shells have a single pass sodium flow system
and are either two or four pass on the water side.

Coolant Circulating Pumps

The use of liquid sodium as the reactor coolant presents a
serious pumping problem. Since the sodium becomes highly radioac-
tive, leaks out of the system must be prevented. Tests have shown
also that oxygen must be excluded from the sodium system to pre-
vent excessive corrosion. Thus the pumps must be tightly sealed
to prevent loss of sodium or contamination by air.

Several types of pumps have been developed for this use, in-
cluding the canned rotor and electro-magnetic types. Largest of
these pumps to date are the canned rotor 3850 gpm pump being de-
veloped by Allis-Chalmers Co., a 3625 gpm canned rotor pump de-
signed by Byron-Jackson Co., and a 3000 gpm a-c induction type
electromagnetic pump being developed by General Electric Co. in
conjunction with the SIR project. The canned rotor pumps are more
efficient and seem to have greater possibilities for development in
larger capacities. Low voltage power requirements of the electro-
magnetic pumps is a disadvantage due to transformers, bus work and
cooling requirements, whereas the canned rotor pumps have moving
parts which are subject to wear.

The primary problem involved in the design of mechanical
pumps for this type of service is the development of satisfactory
bearings. The following three bearing types appear to offer the
:aost promising solution to this difficulty:
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1. Pressure-positioned hydraulic bearing
2. Tungsten carbide sleeve bearing
3. Conventional bearing types on an overhung gas

sealed shaft

Another problem is the efficient cooling of the motor windings
with a fluid that is compatible with the fluid being pumped.

A total of sixteen, 4000 gpm pumps would be required to circu-
late the sodium in the two circuits. Eight pumps are required for
the primary circuit and similarly eight are required for the second-
ary circuit.

TURBOGENERATOR SYSTEM

Turbines

Two 80,000 kw conventional tandem compound turbogenerators
are provided to utilize the 1,400,000 lb /hr of 5$0 psia, 800 F
steam available from the steam generating facility. The gross
electrical generation at full load is 158,200 kw at 2 " Hg turbine
back pressure. Two feedwater heaters, one closed and one open,
heat the feedwater to 220 F with steam from the two extraction
points in the turbine.

1. Condenser

The condensers provide 75,000 sq ft of heat transfer surface
each to condense the turbine exhaust steam. Two water driven and
one turbine driven circulating water pumps, with a capacity of
35,000 gpm each, provide sufficient capacity for full load opera-
tion with two pumps in service.

2. Boiler Feed and Condensate Pumps

The arrangement of motor and steam drives used for the boiler
feed and condensate pumps is similar to that provided for the cir-
culating water pumps, i.e. two motor driven and one turbine driven
pump. The capacity of each boiler feed pump is 350,000 lb /hr and
each condensate pump is rated at 600 gallons per minute.

Generat ors

The generators have a capability of 80,000 kw at a hydrogen
pressure of ' psig and an 0.80 power factor. Operation at 15 psig
hydrogen pressure increases the capability to 92,000 kw.
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Auxiliary Power

The estimated station auxiliary power load of 8000 kw
re-resents 5.1% of the gross station generation. This is based on
the assumption that only the motor driven auxiliaries are operated.

STATION

Conceptual elevation and plan drawings of the reactor power
plant are shown in Figures 1 and 2 Pages 30 and 31.

The steam generator building, as previously mentioned, is in
a detached position with respect to the other power plant facili-
ties. 'pith this arrangement, aside from the reduced hazard, the
amount of piping which carries radioactive sodium can be decreased
with a resultant simplification of the shielding requirements.

The preheating of the sodium piping is accomplished by in-
stalled resistance heaters on the outside surface of the piping.

Current thinking indicates that a submerged position of the
reactor with respect to the grade line may offer additional safety
advantages.

CHEMICAL PROCESSING OF FUEL ELEMi"ENTS

General

Since NAA-SR-l80 did not include a discussion of fuel re-
processing, this section presents the thoughts of the CEPS group.

Chemical processing of these fuel elements presents no major
problems since it involves only a plutonium and uranium separation.
A wet chemistry procedure using proven technology has been out-
lined* and could be placed in operation at the Hanford Redox or
Purex plants with slight modifications. The use of five atomic
percent of zirconium in the fuel should not present insolvable
problems. Suitable facilities are also available at Arco. The
limited capacity there due to processing fully enriched fuels
could be increased considerably by the installation of continuous
dissolution and solvent extraction cycles similar to those suc-
cessfully tested recently at Arco.

An economic study is necessary to determine the relative de-
sirability of shipping the irradiated fuel to an existing chemical
processing site or to construct a processing plant adjacent to the
reactor. Among the factors to be considered are the location of
the remote facility, the amount of fuel to be reprocessed, and the
r,.umber and size of reactors to be serviced in a given area.

* ANL-4356
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Two possible procedures for re-enriching the reprocessed fuel
from 1.22% to 1.35% U-235 are:

1. Return the reprocessed uranium to a gaseous diffusion
plant) and

2. Add sufficient uranium of higher enrichment to the re-
processed uranium and produce a homogeneous mixture.

Economic factors would govern the process selection.

Removal of Irradiated Fuel from Fuel Elements

Since these fuel elements are very similar in design to those
of the Experimental Breeder Reactor, the same or a modified tech-
nique would be used to remove the fuel slugs from within the stain-
less steel cladding.

The fuel elements would be disassembled after the 100 to 120
day cooling (decay) period. This could be done either at the
chemical plant or the reactor site. The fuel element cladding
would be pierced to release any fission product gases and then cut
either transversally at the center or longitudinally to enable re-
moval of the fuel slugs or rod. Isopropyl alcohol would be used
to remove the adhering layer of sodium. The clean slugs would then
be loaded in shipping casks or fed directly into a dissolver vessel.

If spallation or cracking of the fuel slugs occurred, a study
would be made to determine the economic feasibility of reclaiming
the uranium and plutonium in the sodium bond and on the cladding.

Dissolution of Zr-U Alloy Fuel

It appears feasible to effect dissolution of the 5 atomic
percent Zr-U alloy by 1614 nitric acid. This is based on experi-
ments conducted at the Argonne National Laboratory on the dissolu-
tion of zirconium-uranium alloys*-* which contain a small percent
of zirconium. These alloys with low carbon and nitrogen contents
can be dissolved in nitric acid to supply a normal Purex solvent-
extraction feed solution.

Separation of Fission Products and Partition of Plutonium and
Uranium.

The resulting dissolver vessel solution would be processed
through a normal Purex solvent-extraction cycle to effect separa-
tion of the fission products from the plutonium and uranium. Par-
tition of the plutonium and uranium would be accomplished by prefer-
ential stripping of the organic phase.
**ANL-4764
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Alternate Chemical Reprocessing Methods

The chemical reprocessing method was selected on the basis of
known technology. Three other chemical reprocessing cycles cur-
rently being investigated in the pilot plant stage may be available
for application before this reactor is constructed. These methods
are: (1) fluoride volatilization, (2) pyrometallurgy, and (3) ion-
exchange.

INVESTMENT COSTS

The investment cost estimates as given in NAA-SR-180 are shown
in Table 5.

Tables

Cost Estimates

Reactor

Reactor building and building equipment $
Reactor foundation and sub. concrete work
Shield structure and concrete
Thermal shield (1011 thick cast iron and

steel wool)
Graphite (360 tons)
Fuel channels complete
Sodium piping, valves, header system, etc.
Thirty horizontal control rods
Seven vertical safety rods
Metal handling equipment and sodium decontamin.
Changing machine
Instrumentation (complete system in reactor
building)

Helium system (Two systems, above Na and
above graphite)

Electrical equipment, reactor building
Ventilation stack, 200 feet
Sodium in system, 78 tons
Shield cooling system
Miscellaneous

Reactor Subtotal

975,000
125,000

1,000,000

160,000
520,000
940,000
747,000
$00 ,000
70,000

700,000
250,000

1,500,000

1,00,O00
450,000
75,000
35,000

600,000
200,000

10,947,0004
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Steam Generating Equipment

Boiler
Sodium Pumps and Drives (4 pumps of

4000 gpm each)
Sodium and steam piping systems
Sodium storage and dump tanks and

transfer equipment
Sodium purification system
Sodium in system, 160 tons
Instrumentation
Buildings

Steam Generating Equipment Subtotal

2,720,000

660,000
423,000

171,000
500,000
51,000
50,000

500,000

$ 5,075,000

Electrical GeneratingEquipment

Turbogenerators, 2-80,000
800 F

Condensers and ejectors
Condensate pumps
Closed feed heaters
Deaerating feed heaters
Storage tanks
Boiler feed pumps
eater softener
Emergency steam cooler
Cooling water pumps
Ducts to cooling towers
Cooling towers
Cooling tower basins
Steam and water piping
Main transformers
Electrical equipment
Crane
Building

kw; 580 psia,

Electrical Generating Equipment Subtotal

Total materials plus direct labor

Contingencies 15%

Construction Overhead 30%

Engineering Design and Development 10%

Land and Land Development

Secondary Heat Exchange System

Total Investment Cost

3,710,000
994, 000
34,000
20,000
79,000
21,000
93,000
11,000
11,000

116,000
100,000
569,000
6$,000

450,000
440,000

1,450,000
150,000
250,000

x 8,566,000

24,5$x,000

3 6 000
-2 , r6,000

8,483,1000
36,759,000

3,676,000

10,000,000
50,435,000

417,000

$50,$52,000
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INTRODUCTION

The following section of the report is based on a
design of the Knolls Atomic Power Laboratory called the
Plutonium Power Breeder Reactor. This reactor, which is
based on a combination of internal breeding and blanket
breeding, is described in the report, KAPL-611*. Lov cost
plutonium is achieved through the large breeding gain, the
sale of electrical power, and the use of cheap U-238 as a
feed material.

It is anticipated that a 500 megawatt reactor of this
type will produce a net electrical output of 167,110 kw and
about 118 kg of plutonium per year.

Power plant data has not been included in KAPL-611 and
for this study, conventional plant facilities were integrated
with the reactor design by the CEPS study group.

It is recognized that there are a number of unknowns
concerning this reactor design which cannot be answered with-
out further study. Included in these are : (1) the proper
design for the fuel element and the materials employed to
allow for high burn-up, (2) the question of what structural
materials can withstand the long exposure impressed upon
them, (3) whether or not the calculated breeding gain re-
ported is attainable, (4) how much the changes resulting from
(1), (2), and (3) would reduce the reactivity, and (5) if it
is possible to achieve sufficient decontamination in the chem-
ical reprocessing cycle at a cost which is not prohibitive.

Reactor and power plant data for this reactor is sum-
marized in Table 6.

More recent design activity by the Knolls Atomic Power
Laboratory is included at the end of this section under the
heading, Advanced Design.

*KAPL-611 The Plutonium Power Breeder Reactor' by Snyder,
Burke, and Flagg. November 13, 1951.
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Table 6
Reactor and Power Plant Data

General Data
Purpose

Reactor type
Neutron energy
Primary coolant
Fuel(equilibrium condition)
Breeder blanket
Plutonium production, gm/yr
Net electrical output, @ 1" Hg,kw

@ 22" Hg,kw
Investment cost per kw (net), $
Investment cost, $

Reactor Data
General

Overall reactor shape

Core size
Reflector
Control
Emergency shutdown

Shield
Neutron flux (avg),

n/(sq cm)(sec)

Power
Heat released in reactor, mw
Heat flux, core (avg),
Btu/(hr)(sq ft)

Reactor heat transfer area,
sq ft

Power density, kw/liter
Specific power

Core, kw/kg -Pu(equilibrium
condition)

Core & blanket, kw/kg
U-235(startup condition)

Capacity factor

Fuel
U-235 in core (startup

condition) kg
Pu-239 in core(equilibrium

condition), kg
Blanket material (U-238), kg

End blanket
Inner blanket
Outer blanket

Blanket thickness, in

Power and plutonium production
Heterogeneous
Fast
Sodium
14.8 atomic % Pu in U-238
0.3% U-235 in U-238
250,000 gross - 118,260 net
172,610
167,110
396
66,247,000

Right circular cylinder -
88" dia.

37" dia and 37" high
8.3" thick lead
Moveable reflector
B-10 safety rod in center

of core
Barytes concrete

1 x 1016

500 (total, core & blanket)

306,000

4,690
783 (core)

-~1900

1400
80%

275-325

200-250 (14.8% Pu in U-238)

7000
5000
24,000
17.7
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Reactor and Power Plant Data (cont.)

Fuel elements, type
Number of assemblies
Number of pins in es

assembly
Fuel element cladding
Average cycle time, day

Core
End blanket
Inner blanket
Outer blanket

Fuel consumption,
core, gm/day
blanket, gm/day

Inventory (equilibrium
Core

Plutonium
In storage, kg
In reactor, kg
In decay storage,

Uranium (depleted)
In new storage, k
In reactor, kg
In decay storage,

Blanket
Uranium (depleted)

In new storage, k
In blanket, kg
In decay storage,

Coolant
Coolant material
Inlet temperature, F
Outlet temperature, F
Velocity, ft/sec
Flow quantity, gpm
Reactor pressure, psia
System pressure drop, psi
Pumping power required, kw
Tota coolant flow rate,

10 lb/hr

Number of coolant pumps
Volume of sodium in system,

cu ft

Pins, .06" ID x .080" OD x37" long
300

270
Stainless steel - 0.010"

250
250
125
500

approx 450 Pu
approx 950 U

conditions)

230
230

kg 230

cg 1,330
1,330

kg 1,330

cg 18,000*
36,000

kg 41,000

Sodium
700
1000
25
43,459
75
50
1,240

18.75
4 - 11,000, gpm

2,000

* Includes only one-fourth outer blanket replacement.
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Steam Generator and Turbogenerator Data

Steam Generator and Superheater
Steam pressure, psia
Steam temperature, F
Feedwater temperature, F
Total steam flow, 10 lb/hr
Number of steam generator and

superheater units
Steam generator flow rate,lb/hr
Number of boiler feed pumps
Boiler feed pump flow, lb/hr

Turbogenerator Units
Throttle steam pressure, psia
Throttle steam tempera ureF
Turbine steam flow, 10 lb/hr
Number of turbo generators, (name-

plate size - 80,000 kw,
conventional rating)

Total generator output, @ 1" Hg
turbine back pressure, kw

Auxiliary power (electrical)
@ 1" Hg, kw

Auxiliary power - steam (elec-
trical equivalent) @ 1" Hg, kw

Total auxiliary power, %
Net generator output @ 1" Hg, kw
Total generator output @ 2k" Hg

turbine back pressure, kw
Auxiliary power (electrical)

@ 2k" Hg, kw
Auxiliary power - steam (elec-

trical equivalent) @ 2}" Hg,
kw

Total auxiliary power, %
Net generator output @ 2J" Hg,kw
Net station heat rate,

@ 1" Hg, Btu/kwhr
Net station heat rate

@ 2k" Hg, Btu/kwhr
Condenser cooling water flow,.gpm

875
900
400
l584

4
396,000
6
396,000

865
900
1.541

2

177,500

4,890

1,870
3.81
172,610

172,000

4,890

1,870
3.93
167,110

9,.886

10 211
16$,000
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REACTOR DESIGN

Core, Reflector and Blanket

The reactor
complex is a right circular cylinder consisting of a core,
reflector, and blanket. The core is made up of rods contain-
ing fuel pins but without moderator. The reflector may be
either lead, zirconium, or iron. The blanket contains only
U-238 or depleted natural uranium with an alloying element
to add dimensional stability. The fuel pins are cooled by
sodium and operate at a high specific power.

Fuel Element

1. Core Elements

Many problems associated with the fuel elements outlined
in KAPL-611 require experimental development for their solution.

However, since breed-
ing is desired in addition to power, additional study is re-
quired to attain a maximum breeding ratio consistent with a
fuel of high bum-up stability.

The preferred core for this reactor at equilibrium is
14.8 atomic % plutonium in uranium (as metal) with a 40% void
in a pressure tight stainless steel pin. More recent informa-
tion indicates a preference for fueling with U-235 based on
economic reasons. It has been assumed that fabricating
elements containing uranium alone would present fewer problems.
The behavior of such elements during irradiation is better
known. Brief mention is made in subsequent paragraphs about
possible differences if plutonium is used. At the contem-
plated burn-up, 7.59 of the total atoms, the dimensional
stability of an unalloyed core is questionable. However the
results of some irradiation tests published in KAPL-845A are
very encouraging.

Two fractional length pins about one-half inch long by
0.06" ID and 0.08" OD containing 45% porous enriched uranium
and clad in stainless steel were irradiated to a burn-up of
4.5' of the uranium atoms. Both sampleswere dimensionally
stable and performed well. Additional tests consisting of
the irradiation of porous uranium-filled pins of higher
density to burn-ups of 10 - 207, are planned. Experimental
evidence is not available to predict the effect on the
stability of uranium when 15% plutonium is added, but it is
believed that the stability of the alloy will be the same as,
or better than, that of pure uranium.

** KAPL-845 "Report of Metallurgy Section", September,
October, November 1952.
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The test pins referred to above were irradiated at a
heat flux of 800,000 Btu/(hr)(sq ft) in 400 - 500 C sodium.
A tight mechanical bond existed between the uranium and
cladding. An approximate temperature differential across
the pin was calculated using an estimated thermal conducti-
vity for the porous core and the results indicated that the
maximum uranium temperature did not exceed the alpha-beta
transformation of uranium. In the fuel pins for this reactor
the critical temperature might be exceeded since 15 - 20%
plutonium depresses the alpha-beta transformation temperature
from 660 C to 550-575 C. The possible existence and conse-
quences of operating in the beta phase or in both the alpha
and beta phases will have to be experimentally evaluated.

Cooling the reactor with sodium minimizes the stringent
requirements on cladding since uranium is not reactive with
sodium. The fuel pins might be left open at the upper end
and the released fission gases continuously removed from the
reactor by circulating and purifying the helium atmosphere
which is above the sodium in the reactor.. A major problem
requiring investigation is the degree to which fuel and
fission products are carried by the sodium to contaminate
the reactor and associated equipment. In the report
KAPL-8L45, it is stated that irradiation experiments with
leaky fuel pins were planned. Results of this test will
establish the feasibility of considering an imperfect pin
closure or an open pin. Considerable benefit is gained if
this were possible since the core contains approximately
250,000 feet of pin, or 80,000 to 85,000 individual pins.

Based on the limited test results available to date,it has
been concluded, tentatively, that a satisfactory pin filling
can be made of porous uranium or uranium-plutonium alloy.

2. Breeder Blankets

The breeder blanket design presents no unusual difficul-
ties. However, emphasis should be placed on the design of a
simple breeder element and assembly to minimize the problem
of their support in and removal from the reactor vessel.

Nuclear Properties

The nuclear design is based on the results of Intermediate
Power Breeder Reactor studies and a number of preliminary
multigroup calculations. These are to 'be followed up by a
nuclear mockup or preliminary pile assembly.

Multigroup calculations were performed for a large number
of bare, perfectly reflected, and infinite reactors. It was
found that the critical mass is roughly proportional to the
internal breeding ratio for a series of pin type reactors
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with constant power density; that the total breeding gain
is nearly independent of the internal breeding gain when the
ratio of structural and coolant atoms to U-238 is kept con-
stant; and that breeding gain varies almost inversely with
structural material diluent.

Additional IBM multigroup calculations were made for an
internal breeder with a lead reflector and a second set for
a combination internal-external breeder in which about
one-third of the plutonium is produced in the core and two-
thirds in a natural uranium blanket. The first set resulted
in a critical mass of 500 kg of plutonium and a breeding
ratio of approximately 1. The high mass required is because
of the large energy leakage through the lead reflector and
the large ratio of U-238 to plutonium in the core. The
second set resulted in a critical mass of 230 kg and a breed-
ing ratio of approximately 2. The high breeding ratio obtained
is due largely to the blanket reproductions. The relative core
composition of this set was 1.73 moles of plutonium, 10 moles
of U-238, 25 moles of iron, and 16 moles of sodium. This
became the final conceptual design proportions.

Table 7 indicates the relative distribution of
neutron absorptions in the core and blanket leading to
fissions and captures and the ultimate production of plutonium.
The high breeding ratio obtained is due largely to the blanket
reproductions, wherein approximately two-thirds of the plu-
tonium is produced. .

The attainment of a large breeding ratio together with
high specific power and utilizing a fuel element having high
burn-up capability is the primary objective of this design.

The breeding or conversion ratio, B.R., of a reactor is
given by:

B.R. = __(1+_)-.fit____ ___)

1 + C

where;

L/ average neutrons produced per fission of the fuel.

pc = ratio of capture to fission cross section for
the fuel.

= loss of neutrons due to parasitic capture in
structure, moderator, or coolant, or due to
leakage, per fuel fission.

F = ratio of fast fissions in fertile material
to fissions in fuel.

V/ = average 1/ for fertile material.



Table 7

Relative Neutron Absorptions
Leading to Fission and Plutonium Production

Core

Reflector

Blanket

Thick-
ness

45

Fissio
Pu

0.296

Absorptions Leading to

Un Capture
U-23 Pu U-235

0.044 0.035

Calculated
Fission

U-23 Source

- 0.228 0.987

21

45 0.025 0 .015 - 0.025 0,439 0,101

* 47 cm core contains 228 kg of plutonium

Breeding Ratio (Core) = 0.228
0.296 + 0.03-5

Breeding Ratio (Blanket) = 0.439
0.296 + 0.035

Breeding Ratio (Total) = 0.688 + 1.325

= 0.688

= 1.325

= 2.013

Rela-
tive

Escape

0,L420

0,402

0.039

H

....

..... .
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The value of v is essentially independent of neutron
energy up to several mev. The value of c , that is 'r/a ,
for Pu-239 is too large for breeding at thermal energies but
decreases to a value low enough for good breeding for neutron
energies above 100 key.

The breeding ratio will be the largest when both oC
and f are small and F is large. Structural materials are
necessary to support the various parts of the core, and coolant
materials are necessary to remove the useful heat. Both of
these tend to moderate the neutrons and by decreasing the
average neutron energy result in an increase in vC and a
decrease in F. An appreciable fraction of the fissions occur
in the U-238. This increases the breeding gain, and provides
a source of new fuel as the original fuel is consumed.

Substances such as Zr-90, Pb-208, Bi-209, Ce-140, and
Ga-40 may be used as coolants, diluents, and structural
materials as they have low inelastic scattering cross sections.
Iron has a fairly high inelastic scattering cross section and
should not be used in excess. Sodium metal has a fairly high
elastic cross section and should be used sparingly to minimize
excess moderation.

The production of a large quantity of Pu-239 with an
acceptable Pu-240 content increases as the neutron energy in-
creases. It reaches a maximum for a fast spectrum. The ratio
of Pu-239 to U-238 is related to the Pu-240 to Pu-239 ratio as
follows:

Pu-239 = 2 o r(U-238) x Pu-2 0

U-23 or Pu-23 )Pu-239

where
0' (U-238) = radiative capture cross section of U-238

d- (Pu-239) = radiative capture cross section of Pu-239

The ratio of these cross sections vary from about 0.008 in
a thermal spectrum to approximately 1. in an intermediate or
fast spectrum. Hence, the core, reflector, and blanket are
designed so that a thermal spectrum is avoided.

Control

Shim and regulating control is attained by moving re-
flector sections which are constructed of lead, iron or
zirconium. Preliminary calculations indicate that removal
of one-half of a reflector constructed of molten lead 21 cm
thick would produce a change of approximately 8% in reactivity.
However, some difficult design problems are associated with
such a control scheme using a massive molten lead reflector.
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The safety control is accomplished by a B-10 poison
rod located at the center of the core. A 5% change in
reactivity is easily obtained in spite of the fast spectrum.

STEAM GENERATING AND SUPERHEATING UNITS

Steam is generated and then superheated to 900 F at
875 psia from water at 400 F in four evaporator-superheater
units. The total steam flow from these four units is
1,584,000 pounds per hour at full load with 18,700,000
pounds per hour sodium flow entering at 1000 F and discharg-
ing at 700 F.

The evaporators and superheaters are of the single pass
shell and tube type design with the sodium contained on the
tube side.. The heat exchanger shells are of chrome alloy
steel, whereas the heads, tubes and tube-sheets are fabricated
of type 34.7 stainless steel to minimize corrosion effects on
the sodium side.

Heat exchange from sodium to water and steam takes place
through a double walled tube, the inner tube being fluted on
its outside diameter and roller expanded into the outer tube.
Double tube sheets are provided at each end of the tubes to
provide positive protection in case a leak develops in either
tube. The space between the tube sheets and between tubes is
filled with helium which is monitored to detect leaks of
either sodium or water. Sodium flows through the exchanger in
one pass. Differential expansion between tubes and shell with
temperature change is provided for by an initial bow in the
tubes.

Specifications for the steam generator and superheater
units are given in Table 8.

The problems associated with pumping the primary and
secondary sodium coolant streams are similar to the problems
discussed in the previous design study on page 24.

The use of canned rotor pumps is assumed for this
reactor plant. Since four circuits are employed in generating
steam, it would be desirable to use pumps large enough to
handle the sodium flow in each circuit. It is believed that
11,000 gpm pumps could be developed for this purpose.
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Table 8

Steam Generator and Superheater Data

Steam Generator Superheater

Number of units
Shell ID, in
Head ID, in
Overall length, ft
Tube OD, in
Tube schedule No., BWG
Tube assembly ID (rolled), in
Effective tube length, ft
No. of tubes per unit
Heating surface, sq ft
Heat load per unit, 06Btu/hr
Na flow per unit, 10 lb/hr
Na inlet temp., F
Na outlet temp., F
Na pressure drop, psi
Steam flow per unit, 103 lb/hr
Steam or water inlet temp., F
Steam outlet temp , F
LMTD, F
U, Btu/(hr) (sq ft)(F)

4
66
40
16

3/4-5/8
18
0.566
12
1000
9,440

1,300
4.675
928
700
9
396
400
529
296
465

48
40
18

3/4-5/8
18
0.566
14
1000
11,000
406
4.675
1000
928
10
396
529
900
218
169

TURBOGENERATOR SYSTEM

Turbines

Two 80,000 kw conventional tandem compound turbines
using 900 F, 850 psig steam and having a capability of
100,000 kw each, are provided to utilize 1,541,000 lb/hr
of generated steam. The gross electrical generation at full
reactor load is 177,500 kw and 172,000 kw at 1" Hg and 24" Hg
turbine back pressure, respectively. Four feed water heaters
per unit heat the condensate to 400 F with steam extracted at
four points in the turbine.

1. Condenser

The condensers provide 85,000 square feet of cooling
surface each to condense the turbine exhaust steam. Two
motor driven and one turbine driven circulating water pumps,
each with a capacity of 42,000 gpm provide sufficient con-
denser cooling water with only two pumps in operation. One
motor driven and one turbine driven pump would be used
normally so that there would be one pump in operation in
case of an electrical failure.
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2. Boiler Feed and Condensate Pumps

The arrangement of motor and steam drives used for the
boiler feed and condensate pumps is similar to that provided
for the circulating water pumps, i.e. two motor driven pumps
and one turbine driven pump. The capacity of each pump is
400,000 lb/hr so that only two pumps are required during
full load operation. The boiler feed pumps take their suc-
tion from a header connected to the condensate line at the
discharge from the second low pressure heater.

Generators

Each generator provided has a rating of 80,000 kw when
operating with 0.5 psig hydrogen pressure. By operating at
15 psig the rating of these generators is increased to
92,000 kw giving ample capacity for reactor full load
operation. These ratings are with an 0.8 power factor and
0.9 short circuit ratio.

Auxiliary Power

Since some of the auxiliaries are steam driven, the
amount of steam available to the turbines is reduced. The
gross electric generation is thus reduced, as is the
auxiliary electric power. The total equivalent auxiliary
power requirements for the station is 6760 kw, or 3.81% of the
gross generation, when operating with a turbine back pressure
of 1" Hg.

STATION

Conceptual elevation and plan drawings of the proposed
power plant are shown in Figures 3 and 4.

The reactor and steam generators are located in a separate
sealed building adjacent to the more conventional turbogener-
ator facility. The advantages associated with short simple
piping for the sodium coolant system and the reduction of valv-
ing brought about the present conceptual layout of the reactor
and steam generator bays.

Isolation for maintenance purposes is permitted by the sec-
tional shielding. Access is provided through removable plugs
from above.

Preheating of the steam generators is carried out by cir-
culating heated air through the bays. The circulation of
heated NaK through coils located in the reactor shielding
could be used to preheat the concrete shielding and reactor
vessel.
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CHEM ICAL PROCESSING

Chemical Processing of Core and Blanket

1. Introduction

The material presented in this section summarizes the
plan for chemical processing outlined in KAPL-611. Although
no detailed economic studies were made by the CEPS group, its
analysis of the KAPL plan is presented here.

A thorough study of present large scale and pilot plant
chemical processes indicates that both the core and blanket
materials of this reactor could be reprocessed using present
day technology with only a limited amount of additional chein-
i cal investigation.

Subsequent separation of the plutonium
from the uranium could be effected by using the Purex solvent
extraction process (as explained later).

Although the method of reprocessing appears feasible, a
complete review of the existing chemical processing installa-
tions showed that at present none of these is designed to
completely reprocess this core material which has plutonium,
U-235 and U-238 (both in the initial charge and under equil-
ibrium conditions) without extensive modifications. The
breeder material (depleted Uranum)possibly could be
reprocessed at one of the existing production plants.

The facilities which are to be installed at the National
Reactor Testing Station, Arco, could handle the dissolving
of the fuel elements and the reclaiming of the enriched Uranium
in the initial charges. However, the installation is not set
up to partition the plutonium which would be present both in
the spent initial charges and under equilibrium conditions.

The conclusion reached from this study is that it should
be economically feasible to build a chemical processing plant
in the immediate vicinity of the reactor to reprocess the
core and sufficient blanket material (an amount equivalent to
about a third of the plutonium production) to furnish the
amount of plutonium needed to recharge the reactor.
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2. Core and End Blanket Material Reprocessing

Since the end blanket material may be in the form of
stainless steel clad pins (0.080 inch in diameter), chemical
processing would necessarily be handled in the core (pin)
processing facilities.

The chemical processing cycle would

be divided into five stages.

(a) Dissolution of the stainless steel cladding by 4M
sulfuric acid with subsequent addition of nitric
acid to effect solution of the uranium in the
initial charges and uranium-plutonium alloy under
equilibrium conditions

(b) Clarification of the feed solution and sludge re-
moval by centrifugation or filtration

(c) Removal of the stainless steel ions and some of the
fission products by passing through a Purex solvent
extraction head-end cycle

(d) Partition of the plutonium from the uranium with
additional decontamination from fission products
by passing feed stream through one or more Purex
cycles

(e) Conversion of the plutonium and uranium salts to
the metals or a form suitable for fuel pin
fabrication

The degree of decontamination of the Pu-239 and U-238
required would depend on the amount and manner of handling in
the conversion processes and subsequent pin fabrication.

Although process flow sheets are already on hand, addi-
tional laboratory studies would be needed along the following
lines:
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(a) Dissolution media and solution rates of the uranium-
plutonium solid-solution alloy. It was assumed
that the alloy would dissolve in a mixture of sul-
furic and nitric acids. If zirconium, chromium, or
molybdenum is used as an alloying material to pro-
vide irradiation stability, laboratory tests would
be needed to establish the dissolution technique.

(b) Dissolution of cladding and removal of resulting
ions by solvent extraction process if vanadium,
titanium, or silver is used as a bonding agent or
liner in the fuel pins.

(c) Additional development of plutonium chemistry,
fission product chemistry with particular reference
to specific decontamination steps, and radiation
effects on processing chemicals.

(d) Development of Redox and Purex process flow sheets
with particular emphasis on partition of plutonium
from uranium.

3. Breeder Blanket MaterialProcessing

As previously mentioned, chemical processing of the
blanket material could be accomplished by using the Purex
process assuming that the stainless steel or iron cladding
could be mechanically removed by remote control facilities.
The actual process would be as follows:

(a) Dissolution of breeder material by nitric acid

(b) Separation of fission products by a Purex solvent-
extraction cycle

(c) Partition of plutonium from uranium

(d) Two subsequent solvent extraction cycles to attain
required decontamination of plutonium process stream
and at least one additional cycle for the uranium
process stream

(e) Conversion of plutonium and uranium compounds to the
metal state

If the cladding material cannot be mechanically removed
remotely, the chemical processing would be more complex and
would follow that set up for the fuel pin material.

Assuming that the cladding can be stripped off remotely,
an investigation would be necessary to determine the loss of
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uranium and decrease in plutonium recovery. It is felt that
although the blanket would not be operating at as high a
temperature as the fuel pins, there is the possibility of dif-
fusion of uranium and plutonium into the cladding material.

4. Amount of Material to be Reprocessed

The total amount of depleted uranium in this reactor
would be about 37,003 kg. However, since the outer blanket
.rould be replaced every 500 days, the end blanket and the core
every 250 days, and the inner blanket every 125 days, the total
amount to be reprocessed per day would be only 119.7 kg (as
shown in Table 9). The amount of plutonium recovered or
processed per day under equilibrium conditions would be 1.21 kg.

Table 9

i4aterials to be Reprocessed
Under Equilibrium Conditions

Core End Blanket Inner Blanket Outer Blanket
Material kg/day kg/day kg/day kg/day

U-238 3.7 28 40 48
Pu-239 0.58 0.072 0.28 0.28
Pu-240 0.045
F.P. 0.45 0.025 0.025

It is quite possible that b) the time this reactor is
built, different chemical processes may be in or through pilot
plant stages. Alternate processes are under investigation at
the present time.

INVESTMENT COSTS

The KAPL-6ll report gives a ,40,000,000 investment cost
for "reactor, reactor building, and all equipment up to but
not including sodium water boiler;'. This figure ;does not in-
clude land-. The report also lists a ,700,000 investment cost
for fuel storage. The first portion of Table 10, Investment
Cost, contains a list of investment items that the CEPS group
has assumed to be represented by this total of $40,700,000.
The KAPL report also gives investment costs for fuel fabrica-
tion and processing.

The second portion of Table 10 gives a list of the invest-
ment costs from the steam generators to the high voltage bus,
as estimated by CEPS. This portion of the table also lists
those items not included in the 40,700,000, e.g. land, yard
improvements, etc.
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Table 10

Investment Costs

Reactor
Vessel, closure, internal supports

and baffling
Fuel support grids
Reflector
Fuel loading and unloading equipment
Instrumentation and control
Crane
Shielding
Miscellaneous equipment

Coolant System
Sodium -- holdup and storage
Purification system
Liquid metal pumps
Piping, valves, and insulation
Storage tanks
Shielding
Miscellaneous equipment

Helium System
Helium -- holdup and storage
Piping and valves
Pumps
Decontamination system
Storage tanks
Miscellaneous equipment

Structures
Reactor and steam generator building,

including lighting, heating and
ventilation

Shops and office buildings with
associated tools and equipment

Stack
House service water system
Sewerage disposal plant, storm and

sanitary sewers
Fuel cleaning and storage facilities
Jaste storage facilities

Miscellaneous Power Plant Equipment
Fire fighting equipment

Miscellaneous hoists, laboratory
equipment, pumps, etc.



Electric Plant
Auxiliary power system
Electric services
Communications, alarms, etc.

Miscellaneous
Operating tools and rlaterials
Spare -parts
Temporary construction facilities
Health physics instruments

Research and Development

Contingencies

Engineering and Overhead

Reactor Plant Total per KAPL-611

Steam Generator Plant
Steam generators and superheaters
Piping, valves, and insulation
Control equipment
Demineralization plant
Misc., foundations, painting, etc.

$ 80,000
335, 000
450,000
105,000
200 ,000

i 1,970,000

Turbogenerator Plant
Turbogenerators, erected x4,407,000
Turbine foundations 140,000
Condensers, circulating water

pumps, condensate pumps 1,300,000
Circulating water piping 320,000
Controls 160,000
Oiling system 16,000
Crib house equipment, chlorination 145,000
Miscellaneous equipment 195,000
Turbine crane 70,000
Foundations, supports, painting, etc. 210,000

$ 6,963,000

Structures
Turbine building including

lighting, heating, and ven-
tilation

Crib house, inlet and
discharge flumes

miscellaneous buildings and
gate house

Shops and office buildings with
associated tools & equipment

House service water system,
includin' deep wells

Sewerage di sposal plant,
storm and sanitary sewers

42,013,000

1,725,000

150,000

359,000

440,000

$ 5,362,000
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Miscellaneous Power Plant Equipment
Air compressors and system
Fire fighting equipment
Misc. hoists, laboratory

equip., pumps, etc.

i. 80,000

60,000

9,000

(J 230,000

Electric Plant
Auxiliary power system
Main power equipment
Electric services for steam

generators, turbogenerators,
and buildings

Communications, alarms, etc.

$ 320,000
1,12$,000

354,000
45,000

Transmission Terminal

Site - Minimum land required - 250 acres

Other Land Costs
Recommended land area for control of

safety zone, 2400 acres

Yard Improvements
Site clearance, grading & roadways $ 335,000
Guard towers, fences, roadways,

and protective lighting 235,000
Railroad tracks 210,000
Miscellaneous 50,000

Miscellaneous
Operating tools & materials
Spare parts
Temporary construction facilities
Health physics instruments

1,847,000

5 572,000

$ 125,000

$ 1,500,000

$ $30,000

100,000
160,000
409,000
15,000

Contingencies (10%)

Power Plant Sub-Total

Engineering and Overhead (15%)

Total Power Plant Cost
Total Reactor Plant Cost

Total Reactor-Power Plant Cost

S684,000

$ 2,008,000

22,091,000

3,309 ,000

$25,400,000
40,700,000

$66,100,000*

*Note: If any attempt is made to compare this figure with the
other total reactor-power plant costs listed elsewhere
in this report, it should be realized that this figure
is the sum of a KAPL estimate and a CEPS estimate.
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ADVANCED DESIGN

In addition to the plutonium fueled breeder cycle
described in KAPL-611, another basic reactor design has
been developed by the Knolls Atomic Power Laboratory. This
has been reported in KAPL-908* and involves the use of U-235
as a fuel in a converter cycle.

The second report indicates that the converter reactor
should produce cheaper plutonium than the breeder, based on
the present raw material market and expected plant production
costs. Some of the important features of this report are
summarized in the following paragraphs.

The value of a reactor is in some sense proportional to
the product of conversion ratio and specific power since this
product is proportional to the plutonium produced per unit of
fuel destroyed and the watts delivered per unit of fuel in-
vested. The results of this study are summarized in curve
form as Figure 5. The curves of reactor value are plotted
in terms of the number of sodium atoms per U-235 atom and the
ratio of U-238 to U-235. Lines of constant power are also
plotted on this figure to aid in the selectionof any combina-
tion of atoms desired.

These curves are based on the reactor core, reflector,
and blanket combinations studied in KAPL-908. Core composi-
tions including atom ratios from 2 to 8 for U-238 to U-235,
1.5 to 12 for sodium to U-235, 5 to 18 for iron to U-235,
and 11 to 33 for vanadium to U-235 were studied. The reactor
core was assumed to be a right cylinder with its height equal
to its diameter and with 0.10 inch diameter fuel pins. The
core was assumed to be surrounded by a 12 cm lead reflector
and a 45 cm thick depleted uranium blanket. The sodium was
assumed to flow through the reactor at an average speed of
30 feet per second with no stagnant sodium. The temperature
rise across the reactor was assumed to be 300 F with the
heat capacity of the sodium to be 0.3 cal/(gm)(C).

The conversion ratio of these various combinations was
found to change but slightly with composition whereas the
specific power varied considerably with composition.
Specific power varies with the number of sodium atoms and
the characteristic dimension, L, which is proportional to
the cube root of the core volume.

S.P.. Na atoms x 1
U-235 atoms L

* KAPL-908 "KAPL Study of Heterogeneous Plutonium
Power Reactors" by R. Ehrlich, c. A. Luebke
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Figure 5 shows that the best reactor from the point of
view of maximum value would be obtained by using as low a
U-238 content and as large a sodium content as is consistent
with other requirements, such as control and total power
limitations.

On the basis of this preliminary analysis, a reactor
operating at a power level of 500 megawatts should have
atom ratios to U-235 of 4 for U-238, 5 for sodium, and 10
for iron. Such a reactor would have a critical mass of
about 500 kg of U-235, a conversion ratio of 1.17, a
specific power of 1000, and a reactor value of 1.17.

A reactor operating at a power level of 1000 megawatts
should have atom ratios to U-235 of 4 for U-238, 9 for
sodium, and 10 for iron. Such a reactor would have a Criti-
cal mass of about 700 kg of U-235, a conversion ratio of
1.15, a specific power of 1.43, and a reactor value of 1.64.
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INTRODUCTION

The following section is based on a design by AEC
personnel in conjunction with the Oak Ridge School of Reactor
Technology. This 1000 mw reactor design is called the
Large Scale Homogeneous Reactor and is reported in
ORNL CF-52-8-7 *. The flow process and heat exchanger de-
signs are based on those for the Intermediate Scale Homo-
geneous Reactor reported in ORNL Homogeneous Reactor Project
Progress Reports. The plant layout proposed suggests the
use of five steam turbines, and steam generators located in
five hot cells surrounding the reactor.

The fifteen foot diameter core contains a solution of
1.075 percent enriched uranyl sulfate in heavy water with a
uranium concentration of 250 grams per liter. The feed
material is 52.5% enriched uranyl sulfate solution. The
reactor can produce 327 kg of plutonium per year and con-
sumes 360 kg of U-235 per year based on an 80% innage factor.

A plant layout for three 80,000 kw turbines, and steam
generating equipment located in six hot cells adjacent to
the reactor has been assumed in this section for economic
analysis. At the reactor's full load capacity of 1028 mega-
watts, the net electrical generation is 228,000 kilowatts.
The uranyl sulfate solution is maintained at a pressure of
1000 psia and temperature of 482 F at the reactor outlet.
Steam is produced in the heat exchangers at 215 psia and
388 F.

The main problem yet to be solved for the homogeneous
type of reactor is that of corrosion by the fuel solution..
Current practice employs the use of type 347 stainless
steel which is not sufficiently corrosion resistant for
large reactor power plants.

A summary of the reactor and power plant data is given
in Table 11.

* ORNL CF-52-8-7 "An Economic Study of a 1000 Megawatt
Homogeneous Reactor" by R. H. Ball,
A. M. Hallene, and R. J. March, dated
August 12, 1952.
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Table 11

Reactor and Power Plant Data

General Data
Power level, mw (heat)
Purpose
Reactor type
Neutron energy
Primary coolant
Fuel

Moderator
Plutonium production, gm/hr
Net electrical capacity @ l1"H ,
Investment cost per kw (net), #
Total investment cost

(exclusive of fuel),

102$
Power and Plutonium Production
Homogeneous
Thermal
Heavy water
Enriched heavy water uranyl

sulfate solution
Heavy water
326,960
22$,000
362

$2,470,000

Reactor Data

General
Overall reactor shape
Core size
Core volume, liters
Reactor system volume, liters
Reflector
Control
Emergency shutdown
Shield - biological

- thermal
Neutron flux in core (avg),

n/(sq cm)(sec)
Neutron flux in entire

system (avg)
Average plutonium production

rate, gm/MWD

Power
eat generated, mw

Power density (in core),
kw/liter

Specific power (in core),
kw/kg of fissionable
material

Capacity factor, %
Fuel

Fuel and breeder material

Fuel concentration, gm U/liter
Density of solution

(at 250 C)
Cycle time - continuous

Sphere
15' diameter
50,041
130,$00
None
Dilution
Dump valve
Barytes blocks and concrete
3/4?S3 & 24" steel

2.45 x 1014

9.37 x 1013

1.09

102$

20.5

7,637

1.075% U-235 uranyl sulfate
in heavy water

250

1.19
9.$4% per day (12,$70 liters)

GPO 904232 - 6



Fuel consumption, kg U-235/day 1.11
Uranium in reactor system,

tons (short) 36

Physics
Conversion ratio (initial) 0.91
U-235 content of fuel 1.075
k (effective) 1.02
f CN(D2 0)/N(U)) 38.29

Coolant
Coolant material Heavy water
Inlet temperature, F 410
Outlet temperature, F 482
Flow quantity, gpm 100,000
Total coolant flow rate,

10 lb/hr 59.5
Reactor pressure, psia 1000
System pressure drop, psi 80
Number of coolant pumps 6
Amount of coolant in system,

tons 114.8
Amount of coolant-chemical

processing, tons 56.4
Amount of coolant-reserve,

tons 56.4

Steam Generator and Turbogenerator Data

Steam Generator
Steam pressure, psia 215
Steam temperature, F 388
Feedwater temperature, F 92
Total steam flow, 10 lb/hr 3.10
Number of steam generator

units 6
Steam generator flow rate

(per unit), lb/hr 517,000
Number of boiler feed pumps 9
Boiler feed pump flow (per

unit), lb/hr 510,000

TurbogeneratorUnit
Throttlesteam pressure, psia 210
Throttle steam temperature, F 382
Turbine steam flow l1' Hg,

10 lb/hr 1.03
Number of turbogenerators 3
Size of turbogenerators (con-

ventional rating),kw 80,000
Condenser cooling water flow,

gpm 210,000
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Station
Total steam flow @ l2' Hg,

10 lb/hr 3.10
Total generator capacity

" l" Hg, kw 246,720
Auxiliary power (electrical),

kw 1$,720
Auxiliary power, / 7.58
Net generator capacity
@ li? Hg, kw22,0

Net station heat rate @ 412
Hg, Btu/kwhr 15,390
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REACTOR DESIGN

Core and Reflector

The reactor core is a sphere fifteen feet in diameter
employing slightly enriched (1.075%) U-235 in a solution of
uranyl sulfate in heavy water as a fuel. The solution makes
a single pass through the spherical shell during which heat
is generated, thus raising the solution temperature. Due to
the large core diameter the neutron leakage is small, and the
reflecting effect of the shell is negligible.

The reactor vessel consists of four independent spheres
or "laminations". The spherical shape represents the most
favorable geometry with respect to the hold-up of fuel
solution and pressure vessel design. A suitable core must
satisfy the requirements of heat removal from all points,
gas removal rapid enough from the nuclear standpoint, low
pressure drop, and economy of construction. The inner three
spheres, with a total thickness of three inches, act as a
shield, attenuating the core radiations to such an extent that
the external sphere, which acts as the pressure shell, ab-
sorbs little of the leakage radiations. This type of con-
struction is necessary to prevent abnormally high thermal
stress in the pressure shell. A thickness of four inches
is employed in the outer shell.

Cooling of the shell is accomplished by passing water
through one inch annuli existing between the shells. About
1.6% of the total energy of fission is emitted as heat in the
steel spheres and is removed by these water streams.

Two general types of flow patterns, rotating and
straight-through, are under consideration. The rotating core
has tangential inlets at the equator and outlets at the poles,
giving the fluid a rotary motion which may permit gas
separation in the core. The straight-through core is
designed for little or no rotation, and has a lower pressure
drop than the rotating core. Gas separation would be effected
in an external gas separation device. At the present time,
the straight-through flow system appears to be the proper
choice for a large scale reactor.

Coolant Flow System

The coolant employed in the homogeneous reactor is the
fuel solution itself which is heated in passing through the
core. Uranyl sulfate in heavy water solution was selected due
to its stability at these high temperatures and low parasitic
absorption by the heavy water. The heated solution and the
gases evolved in the core first flow to the twelve gas separa-
tors in the unit cells where the dissociation gases are
separated from the solution. The solution then flows through
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the six heat exchangers which generate steam for the three
turbogenerators. The solution then passes through the six
main fuel circulating pumps and back to the reactor.

Additional equipment is provided to recombine and con-
dense the dissociation gases and return the condensate to the
fuel system. Fuel feed tanks and pumps are also provided to
replenish the solution in the system. The fuel solutio n in
the core can be extracted continuously or intermittently for
chemical processing or the system can be emptied to the dump
tanks.

Fuel Considerations

The pilot plant homogeneous reactor at the Oak Ridge
National Laboratory is providing valuable experience on fuel
problems. When considering a larger reactor in view of the
many uncertainties that still exist, the laboratory has con-
centrated their design on aa intermediate size reactor of
about 50 megawatts. Thi.s could more effectively demonstrate
the nuclear, chemical, and engineering feasibility with the
ultimate objective of extrapolation from the prototype inter-
mediate to a full scale reactor. The prototype reactor is a
two region design with 5 grams per liter fully enriched
uranium in the core and breeding in a blanket. This approach
has been taken to minimize corrosion. In a one region
reactor higher fuel solution concentrations are necessary
and the corrosion is more severe. The reactor analyzed in
this report is of this last type and corrosion is probably
its most important problem.

All of the corrosion data published by Oak Ridge indi-
cates that stainless steel is not sufficiently corrosion
resistant in a solution containing 250 grams of uranium per
liter at 250 C. No simple method has been found to improve
the corrosion behavior. There is some evidence that zir-
conium or titanium may be satisfactory for this application.
Using these metals exclusively or as liners would probably
introduce difficult fabrication problems. Concurrently
with the corrosion studies, ORNL is obtaining information
on the physical properties of titanium and zirconium after
exposure to uranyl sulfate solution. The effect of fabri-
cating variables on corrosion is also receiving considerable
attention.

The highly radioactive solutions at high temperatures
and pressures as used in this system make equipment main-
tenance a major engineering problem. Equipment reliability
is greatly influenced by design because the corrosion-
erosion behavior of stainless steels is affected by fluid
velocity and turbulence. Studies are continuing to obtain
a qualitative correlation between fuel circulation rates
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and corrosion. Encouraging results have been obtained when
uranyl sulfate at 250 grams of uranium per liter and 250 C
is pumped with a titanium impeller. No evidence of attack
was evident after 767 hours of operation. *

The CEPS group has concluded that stainless steel is
unsatisfactory for use in the homogeneous reactor studied in
this report but that zirconium or titanium are encouraging
possibilities.

Nuclear Calculations

1. Reactivity

The method employed by the authors of this report** for
the determination of reactivity, critical enrichment and
concentration is that of Feynman and Welton described in
LA-524**. This method is essentially an approximate solu-
tion of the two group equations. It has been successfully
used in the HRE and ISHR criticality calculations and saves
considerable time over the full two group method.

The reactivity calculations were based on the following
approximate formula derived in LA-524.

kef ---- I t i1 ;- l lat x t zr(1

l and 72 in this expression are the number of neutrons
required to oe emitted per absorption in the core to achieve
criticality with the subscripts 1 and 2 referring to the
fast and slow groups, respectively. The quantity x is the
eigenvalue of a one velocity critical problem, with the core
constants of group two and reflector absorption adjusted to
match the diffusion length to that of group one. Equation (1.)
represents the first lower two-group approximation with zero
inelastic scattering.

* ORNL-1478 Homogeneous Reactor Project Quarterly
Progress Report, Period ending Jan. 1, 1953.

** ORNL CF-52-8-7 "An Economic Study of a 1000 Megawatt
Homogeneous Reactor"
R. H. Ball, A. M. Hallene, and R. J. March

* LA-524. "The Calculation of Critical Masses including
the Effects of the Distribution of Neutron
Energies"
R. P. Feyruman and T. A. Welton
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In the case of a stainless steel shell the expression
within the brackets is slightly different from unity and
was assumed so in the interest of further simplification.
Equation (1) therefore reduces to

keff '7 '
where = / -81c7' 0

Sa O/+ |c LZ
and BI Z,/R

Bec Ze /R

(2)

(3)

(4)

(5)

(6)

Values of 1 andZ 2 were determined by introducing the
normal boundary conditions in the flux and current equations
at the core and reflector interface where the neutron flux and
current density are necessarily continuous. The transcenden-
tal equations thus obtained were.

____ Dr F .R. ,1/
tanZDieL tank y'erT, l

tan ZE Dec tank }{ e T

The 1 and)}( constants for the core and
obtained from the following relationships!

3(iI

3 ~ J

s)y

doam

(7)

(8)

reflector were

(9)

(10)

(11)

(12)

(13)

(14)

(15)

a'6~ (e5)+( -r)O'a(28)+ co(S)+ 'o'a (Ozo)

where = VN (es)/N (U)

(3= N (De)//V (u)

Z=

I-

/..
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2. Critical Enrichment

The products)f and B2L2 were set up in terms of the
enrichment ratio 'and the moderator to fuel ratio ,
as follows:

-__ V o- (25) -(6)

" (Lz~)-' ( 8)]t d (8)- c(s)+.Go 'o o(DeO)

e (6,'V (25) -ya ((28)j4 e(28)+cxj(s)4/3cr (oz0)

These expressions were then inserted into the simplified
reactivity formula (2) and Y , the critical enrichment, was
solved for.

as (z8a'a(s +1 e(De 0)+ L' (De0) -5(g, )(1/ z(2,R

This expression was then evaluated for various ratios
of moderator to uranium and a given number of operating
temperatures. These results were then plotted in curve form
in Figure 6.

The value of/ required to satisfy an operating condi-
tion of 250 C ith a concentration of 250 grams per liter was
obtained from the following expression presented in
Van Winkle's report CF-52-1-124.

gms U = .. 92+ 0.27707/650 - (7_ _(19)
l1ter 1+ 0.2707 1 + 0.C$ 7W,

/(D 2 0) //
where e (D 2 0) is the density of D2 0 at the prescribed operating
temperature. The value of/3 satisfying these operating condi-
tions was 38.29.

The critical enrichment corresponding to these operating
conditions was determined from equation (18) in which a
resonance escape probability, p , of 0.760 taken from report
CF-50-11-41 by Lansing and Noderer was used. A value of
1.075% U-235 was obtained for these conditions.

The critical temperature corresponding to the various
concentrations of 1.075% U-235 was determined by making use
of equations (18) and (19). These results were then plotted
in curve form and are exhibited in Figure 7.
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3.. Plutonium Production vs. Uranium Concentration

The number of Pu-239 atoms formed per fission was obtained
from the following expression:

Pu atoms/fission = -- (20)

where

= the number of neutrons per fission

V -= the number of neutrons available for slowing down

__p) the number of neutrons captured in the U-238
resonances ultimately forming Pu-239 and

= the ratio of thermal captures by U-238 to
266 (25) fissions by U-235.

A plot of Pu-239 production in terms of atoms per fission
for various uranium concentrations is given in Figure 7.

The formation of neptunium, plutonium, and the ratio of
Pu-239 to Pu-2U0 was determined and plotted in Figures 8 and
9.. The total full power operating time b sedon a 2% Pu-240
contend was determined to be 23 days.

Control

The relatively high negative temperature coef 7icient
inherent in the aqueous homogeneous reactor permits self-
regulation at operating temperature. Shim control is main-
tained by varying the concentration in the fuel solution.
More rapid control requirements could be obtained by dis-
placement of fuel solution and neutron capture with a
mechanical or hydraulically operated lightweight, hollow
control rod.

REACTOR AND STEAM GENERATOR SYSTEM

General

The reactor coolant, uranyl sulfate dissolved in heavy
water, exchanges its thermal energy to the boiler feedwater
in six steam generating units arranged about the reactor.
The investment represented by the reactor coolant necessi-
tates a compact arrangement resulting in an economical
optimum coolant-fuel holdup. The reactor coolant entering
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at 482 F and exiting at 410 F generates saturated steam at
215 psia which in turn is supplied to three 80,000 kilowatt
turbogenerator units.

Steam Generators

The steam generating facility consists of six natural
circulation steam generators and their associated coolant
pumps and auxiliaries located adjacent to the reactor in six
individual, shielded cells. The steam generators are rated at
525,000 pounds of steam per hour at design conditions. One
20,000 gpm reactor coolant pump services each steam generator,
providing approximately 20'0 excess capacity.

Each steam generator consists of a horizontal vaporizer
shell, containing the bundle of "U" tubes, mounted below a
steam separator drum and connected by a series of downcomers.
A natural circulation rate of 4 to 1 or greater is effected by
the temperature and static head differences of the water being
heated. Steam release and moisture separation take place in
the steam drum. Forced circulation may be warranted if a
greater flexibility of component arrangement is required by
the steam generator thermal expansion requirements.

The approximate dimensions of the steam generator compon-
ents are as follows:

Vaporizer Shell
diameter, ft 9
length, ft 22

Steam Separator Drum
diameter, ft 7
length, ft 22

Vertical Spacing
center to center, ft 17

The use of a double tube sheet for leak prevention and,
or, detection may be necessary pending a preliminary investiga-
tion into the reliability of the tube sheet joints with the
selected gauge and diameter of stainless steel tubing. The
small space between the tube sheets could be maintained at a
reduced pressure and monitored for leakage or possibly filled
with heavy water at a pressure higher than reactor pressure
to prevent any outward fuel leakage. The heavy water would
be pressure-monitored for leakage.



Coolant Circulating Pumps

The reactor coolant circulating pumps present a major
design problem in this as well as most nuclear power plant de-
signs. The primary requirements for circulating the homo-
geneous reactor coolant are: leak-proof sealed type of con-
struction, large capacity, and ability to operate under highly
corrosive conditions without impediment to reliability and
performance. Simplicity of construction and assembly is also
an important factor ihen remote handling must be employed in
maintenance operations. A 20,000 gpm canned rotor pump de-
signed by the Allis-Chalmers Mfg. Co. appears to approach these
requirements. The above pump is a completely sealed unit
with pressure-positioned hydraulic bearings. The single im-
peller develops approximately 160 ft of head at 1200 RPM. High
pressure heavy water or possibly fuel solution could be sup-
plied to the hydraulic bearings from an auxiliary system for
start-up and shut-down requirements.

TURBOGENERATOR SYSTEM

Turbines

The three turbogenerators planned for this arrangement
are 80,000 kw tandem compound units employing a mechanical
means of moisture removal. There are two points of moisture
extraction, one of which takes place in the high pressure
turbine utilizing a moisture extracting bucket, the second of
which takes place in the crossover between the high pressure
turbine shell and the low pressure shell by utilizing a baffle
type moisture separator. The first device makes use of notches
in the leading edge of the buckets which throw the moisture
to a collection annulus in the casing where it is carried out
of the turbine by a l extraction of steam. The second device
consists of a series of corrugated plates, located in the
crossover. These plates separate the moisture and carry it to
a drain.

The steam and moisture from the first device and the
moisture from the second device could be supplied to a heat
exchanger cooled by the condensate. The drainage in turn
could be sent to the condenser. An alternate method is to
pass the steam and water directly to the condenser. The lat-
ter is more advantageous even though turbine efficiency is re-
duced because there is an increase in coolant holdup in the
external circuit and increased pumping power and shielding re-
quirements when the heat exchanger is used in the cycle.

Approximately 3,100,000 pounds of saturated steam per
hour is supplied at 210 psia to the three turbogenerators at
design conditions of l" inches of Hg turbine back pressure.
The resulting gross generation is 246,720 kw with auxiliary
power requirements of 18,720 kw.
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1. Condensers

The low steam pressure and non-extraction turbine cycle
employed necessitates the use of large surface condensers. A
1 inch Hg turbine back pressure would require 130,000 sq ft
of surface for each turbogenerator unit. This surface is in-
stalled in four vertical shells mounted below the turbine room
floor level and beside the foundation. The circulating water
requirements are carried by two motor driven and one auxiliary
steam driven pumpsrated at 105,000 gpm each.

2. Boiler Feed Pumps

The condensate is pumped from condenser pressure to boiler
feed pressure (275 psia) in one step. Each unit is serviced
by two motor driven and one steam driven auxiliary pumps With
a capacity of 510,000 pounds per hour each.

Generators

The generators have a capability of 80,000 kw at a hydro-
gen pressure of J psig, 0.9 SCR and 0.80 power factor. Opera-
tion at 15 psig hydrogen pressure increases the capability to
92,000 kw.

Auxiliary Power

The estimated auxiliary power load at design conditions
is 18,720 kw which represents 7.6 percent of the gross
generation.

STATION

The elevation and plan drawings of the acueous homogeneous
reactor power plant are shown in Figures 10 and 11.

Two main buildings house the primary parts of the plant.
The reactor building which is 84 feet by 104 feet contains the
reactor vessel, six heat exchanger unit cells, and a process-
ing equipment area. Each cell contains a horizontal heat
exchanger, a 20,000 gpm fuel recirculating pump, motor oper-
ated valves, and gas separator equipment. The process equip-
ment area includes the recombining equipment, any secondary
heat exchangers, and the fuel dump storage tanks. The rail-
road track spur is provided to facilitate repairs or replace-
ment of any defective equipment. Barytes concrete shielding
is used throughout to reduce the radiation level to allowable
limits.

The steam from each of the six heat exchanger unit cells
joins in a common header and then passes to each of the turbo-
generators. One large building, which is 270 feet by 164 feet
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contains the three 80,000 kw turbogenerators as well as all
the shops and storage facilities, offices, and control room.
Shielding is provided around the turbogenerator room to protect
personnel in the event a leak develops in any of the heat
exchangers.

CHEfMICAL PROCESSING OF FUEL

General

The chemical processing of the homogeneous fuel solution
as described in ORNL-CF-52-8-7 would employ a Purex cycle*
similar to that which will be placed in operation at Hanford.
Modifications of this Purex solvent-extraction process would
include:

(1) Substitution of the dissolution cycle with a heavy
water recovery step and

(2) Substitution of the second uranium decontamination
cycle with a conversion cycle.

This conversion would be twofold: (1) uranium nitrate to
sulfate and (2) light water to heavy water solution.

It is believed that the chemical processing of the fuel
from a homogeneous reactor would be most economically done
in the vicinity of the reactor site.

Studies have been made to determine the most desirable
choice between batch and continuous chemical processing. The
optimum choice as reported by ORNL** is the continuous (daily)
removal of about ten percent of the total system volume.

A detailed cost analysis demonstrated the desirability
of re-enriching the 1.071% U-235 reprocessed uranium by adding
2.5 kilograms of 52.50 U-235 uranium daily. However, a recent
Argonne report, ANL-4891***,includes an optimum cycle which
indicates the feasibility of returning the' processed uranium
at a rate of 0.5% per day and re-enriching by gaseous diffu-
sion cycle to 1.7% U-235.

Heavy Water Recovery

During the first five days of the required decay period
the 12,870 liters of fuel solution would be evaporated to dry-
ness and the heavy water vapors condensed for re-use. The
final drying cycle would be at 400 C to expel the water of
crystallization. In the report ORNL-1424 it is indicated that

* ORNL-12$0 'HRP Progress Report", March 15, 1952
** ORNL-1424 'HRP Quarterly Progress Report', October 1, 1952

ANL-4891 "A Study of the Feasibility and Economics of an
Aqueous Homogeneous reactor".

GPO 804232 - 4
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only about 0.3% heavy water, based on the uranyl sulfate
weight, would remain. It is believed that all of the gaseous
fission products would also be driven off during this process.
Evaporation of the 12,870 liters of fuel solution would yield
3218 kilograms of uranium and about 1120 grams of plutonium.
The resulting salts (uranium, plutonium, neptunium, and
fission product sulfates plus possibly plutonium oxide) would
be placed in a light water solution with the addition of
nitric acid and made into a normal Purex feed concentration.

Separation of Fission Products and Partition of
Plutonium and Uranium

The adjusted feed solution would then be put through the
normal Purex cycle to remove the fission products and parti-
tion the plutonium and uranium. This cycle has been presented
in greater detail in the chemical processing descriptions for
KAPL's PPBR and ANL's Boiling Reactor. Because the re-
claimed uranium would be fed back to the reactor, the addition-
al decontamination cycle would be eliminated. The final
uranium process stream would then be evaporated to dryness.
The dried uranium salts would then be put through a chemical
cycle to convert the uranyl nitrate to the sulfate. In the
final steps the uranyl sulfate would be put into solution with
heavy water, then 52.5o U-235 uranyl sylfate would be added,
and the solution adjusted to the correct concentration.

Alternate Chemical Processing Method

It is believed that under operating conditions the
plutonium will be in the IV oxidation state and would be pre-
cipitated out of solution as an oxide. Laboratory experiments
have shown the solubility of plutonium oxide in a uranyl
sulfate solution to be low*.

The flow sheet for this alternate proposal was presented
in O iJ7 -1424. A certain amount of the fuel solution would be
by-passed into a settling tank and then filtered and pumped
back into the reactor system. It is felt that about 80 of
the plutonium production would be separated out by this cycle.

Continuous chemical reprocessing of a limited portion of
the solution vrill would be necessary to remove fission
products and to re-enrich the uranium if the addition of 52%
U-235 is not warranted. Only about 2400 liters of fuel solu-
tion (600 kg of uranium) would have to be put through the com-
plete chemical processing cycle. This amount was based on
the amount of decontamination necessary to keep fission
product build-up at a reasonable level.

* ORNL-1424, "'HRP Progress Report October 1, 1952
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The removal of plutonium by this alternate method would
reduce the final cost of plutonium by (1) reducing inventory
charges and (2) reducing overall chemical processing cost.

Although the two processing cycles basically use present
day technology, a certain amount of laboratory work and pilot-
plant study would be necessary before building an intermediate
or large scale reactor.

Other Possible Chemical Processing Methods

Since the corrosive properties of the uranyl sulfate
solution presents a serious problem, there is a possibility
that other methods of chemical processing may be ultimately
used. Developments are proceeding on the ion exchange and
fluoride volatilization methods.

INVESTMENT COSTS

The investment cost estimates as given in ORNL-CF-52-8-7
are shown in Table 12.

Table 12

Cost Estimates

REACTOR
Vessel
Instrumentation
Crane
Concrete shield
Miscellaneous equipment

COOLANT SYSTEM
Pumps
Piping and valves
Miscellaneous equipment

REACTOR AUXILIARY EQUIPMENT
Dump tank system
Piping and valves
Oxygen system
Evaporator feed system
Auxiliary pumps
Low pressure recombiner system

$1,226,000
1,000,000

100,000
909,000
$$7,000

750,000
1,564,000

43,000

750,000
490,000
400,000
400,000
350,000

60,00

L4,122,000

2,357,000

2,450,000
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,ANT
generators
drums;, valves and insulation
raliz ation plant

Turbo enerators
Turbi e foundation and erection
Condeser, tubes, condensate

pumps, air ejectors
Circulating water piping, crib

hou e, chlorination, pumps
Contr ls and instrumentation
Misce laneous equipment, founda-

tiors, painting, supports, etc.
Turbine crane

STRUCTURES
Reactor, steam generator and

turbine building including
heating, ventilating, lighting,
exc ovation and foundation

Crib house, inlet and discharge
fluepes

Gate house and miscellaneous
buildings

Sho ps and office building,
tools and e equipment

Stack
ater'system including deep
wells, tanks and house
service supply

Decontamination area and waste
storage

Sewerage disposal plant, storm
and sanitary sewers

MISCELLANEOUS P0 ,ER PLANT EQUIPMENT
Air compressors and system
Fire fighting equipment
Miscellaneous hoists, laboratory

equipment, pumps

ELECTRIC PLANT
Main power equipment
Elect ic services for steam

generator, turbogenerators
and buildings

Communications, alarms, etc.

'1,650 ,000
150,000

1,$00,000
175,000

9,000,000
1,000,000

1,$00,000

2,850,000
1,000,000

675,000
100,000

(20,200,0G&

1,000,000

2,150,000

200,000

860,000

300 ,000

565,000

114,000

750 ,000

P 117,000
85,000

14 O200

.2,066,000

1,215,000
130,000

TRANSMI $5 ION TERMINAL

8,939,000

342,000

3,413,000

1,000,000
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SITE
Minimum land required 500 acres

YARD IMPROVEMENTS
Site clearance, grading and
roadways

Guard towers, fences, roadways,
and protective lighting

Railroad tracks
Miscellaneous

MISCELLANEOUS
Operating tools and materials
Spare parts
Temporary construction facilities
Health physics instruments

ENGINEERING (Approximately 10%)

CONTINGENCIES (Approximately 15%)

$ 250,000

335,000

235,000
210,000

50,000

t 300,000
500,000
960,000
150,000

OFFICE AND ADMINISTRATIVE OVERHEAD (15%)

D 2 0 @ 030/1b $ 10% CONTINGENCIES / 3% OVERHEAD

GRAND TOTAL COST

830 ,000

1,910,000

5,000,000

7,470,000

X5$,2$3,000

$,717,000

$67,000,000
15,470,000

($2,470,OO0
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INTRODUCTION

The heavy water boiling reactor, which is still in the
preliminary development stage, is a design by the Argonne
National Laboratory. Some of the data presented in this
section, such as reactor operating power and reactor design
details, may differ somewhat from the report ANL-5058" to be
issued.

As presented in this section, the boiling reactor pro-
duces 2000 megawatts of heat at design power and delivers
heavy water steam at 620 psia and 490 F which flows directly
to five turbogenerators. The reactor is a right circular
cylinder 50 feet long and 17 feet in diameter containing
840 fuel channels in which the water is preheated or in
which steam is generated. The moisture is separated from
the D20 steam in a drum, and dry steam at 600 psia flows to
the turbines. The net electrical generation at 2}" Hg tur-
bine exhaust pressure is 474,590 kw at reactor full load.

There are many problems yet to be solved in the design
and operation of such a plant. Major problems include
(1) cladding of the turbine and condenser to reduce contami-
nation of the heavy water, (2) providing means for collecting
all heavy water vapors and leakage from the system to reduce
operating costs and health hazards, (3) the design of a
turbine to operate with wet steam or the design of suitable
moisture separators, (4) the lack of experience in operation
of a bulk boiling reactor, and (5) the design of adequate
shielding and equipment for unit maintenance.

Reactor and power plant data for this reactor is
summarized in Table 13.

* ANL-5058 "Evaluation of Boiling Reactors for Fu
Production"
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Table 13

Reactor and Power Plant Data

General Data
Purpose
Reactor type
Neutron energy
Primary coolant
Fuel

Moderator
Plutonium production, gm/yr
Net electrical capacity,
@ 1, Hg, kw
@ 2"Hg, kw

Investment cost per kw(net),
Total investment cost

(exclusive of fuel),

Power and plutonium production
Heterogene ous
Thermal
Heavy water
Natural and partially
depleted uranium

Heavy water
654,0$0

$
489, O0
474,590
314

148,900,000

Reactor Data

General
Overall reactor shape
Core size

Reflector
Control
Emergency shutdown
Shield - biological

thermal
Neutron flux - buckled zone

(avg), n/(sq cm)(sec)
- flattened zone

(avg), n/(sq cm)(sec)
Lattice spacing, inches
Average plutonium production

rate, gm/MWD

Power
Heat released in reactor, mW
Heat flux (max),

Btu/(hr)(sq ft)
Heat flux (avg),
Btu/(hr)(sq ft)

Reactor heat transfer
area, sq ft

Power density, kw/liter
Specific power, kw/kg

fissionable material
Capacity factor, %

Right circular cylinder
10'61 wide x 10'61 high x

40'9" long
Heavy water
Horizontal cadmium rods
Cadmium steel rods
Normal concrete 8' thick
stainless steel - 2.50"

6.1 x 1013

7.1 x 1013
8.2 x 9

1.12

2000

250,000

156,000

42,000
16.5

2339
80



86

Fuel1
Fuel and breeder material,

buckling zone 0.72% U-235 - 4 wt % Zr in U-238
flattening zone 0.635% U-235 4 wt % Zr inU-238

Fuel element type Oval ribbon
" size(buckled zone)0.2501thick x 0.70?wide x

9?3? long
(flattened zone) 0.278"thick x 0.70wide x

10'6" long
Number of elements in each

assembly
Number of fuel assemblies

(total)
" (buckled zone)
? (flattened zone)

Fuel cladding
Average cycle time, days
Uranium in reactor, tons

(natural)
" Pr .P (0.635% U-235)

Conversion ratio (initial)
U-235 content

p
f
L2 cm2

B2, cm 2

Coolant
Coolant material
Inlet temperature, F
Outlet temperature, F
Velocity, ft/sec
Flow quantity, gpm
Tota coolant flow rate,

10 lb/hr

Reactor pressure, psia
System pressure drop, psi
Number of coolant

recirculating pumps
Number of coolant

boiler feed pumps
Amount of coolant in system,

37

$40

354
4$6
Zirconium - 0.020'
42
141
53
88

Buckled Zone Flattened Zone
0.922(avg 1.00) 1.047
0.72 0.635
1.07$ 1.01
1.330 1.265
1.030 1.030
0.S42 0.$29
0.934 0.936
96 92
300 x 10-6 3 x 10-6

Heavy water
100
490
29 at top; 4.9 at bottom
100,000

45.15
620
75

tons 367

Steam Generator and Turbogenerator Data

600
486

GPO 804232 - 3

Turbogenerator Unit
Thirottle steam pressure, psia
Throttle steam temperature, F



Turbine steam flow
@ 11 Hg, 106 lb/hr

Turbine steam slow
@ 21^ Hg, 10 lb/hr

Number of turbogenerators
Size of turbogenerators (con-

ventional rating), kw
Condenser cooling water

flow, gpm

Station
Total steam f ow
@ 1 Hg, 10 lb/hr

Total steam fl w
@ 2 Hg, 10 lb/hr

Total generator capacity
Q Pt Hg turbine back
pressure, kw

Auxiliary power (electrical)
@ 1" Hg, kw

Auxiliary power, %
Net generator capacity

L1' Hg, kw
Total generator capacity

C 24 Hg turbine back
pressure, kw

Auxiliary power (electrical)
kw

Auxiliary power, %
Net generator capacity
@ 2'4 Hg, kw

Net etation heat rate
@ L1" Hg, Btu/kwhr

Net station heat rate
@ 21, Hg, Btu/kwhr

87

1.254

1.2$9
5

100,000

246,000

6.27

6.45

514,350

24,470
4.76

499,250

24, 660
4.93

474,590

13,932

14,381
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REACTOR DESIGN

Core and Pressure Vessel

The cylindrical pressure shell, 3 inches thick and
approximately 17 feet in diameter by 50 feet long, is
designed to withstand an internal pressure of 300 psia.
Bands or webs, 3 inches by 15 inches in cross section en-
circle the shell every 32 inches to provide additional
strength. Two concentric steel liners, 2" and 2" thick,
protect the pressure vessel from high thermal stresses due
to the absorption of gamma radiations and thermal neutrons.

The 81.0 zirconium fuel tubes are placed vertically 14
to a row and 60 rows long in a triangular lattice of 9 inch
longitudinal spacing and 8.2 inch lateral spacing between
centers. These tubes are 5 inches ID and are designed to
withstand the 620.psia operating pressure. An assembly of
37 fuel elements held in position by a zirconium sleeve is
placed within each tube. Each element has the shape of a
twisted ribbon 10 feet long, 0.19 inch thick and 0.7 inch
wide. The fuel element is constructed of a 4% zirconium -
960 natural uranium alloy with 0.020 inch zirconium cladding.

Heavy water is used as the coolant ard the neutron
moderator. In addition, the heavy water within the vessel
but outside the core lattice acts as a neutron reflector.

Coolant Flow System

The heavy water steam is generated in the boiling reactor
at 620 psia and delivered to the reactor steam drum. Here
the moisture is separated from the steam which leaves in the
dry saturated state and flows directly to the five steam
turbines. The steam expands through the turbines and then
flows to the condensers. The heavy water condensate is pumped
back to the reactor with a small amount of preheating by the
air ejector steam. No regenerative feedwater heating is
employed.

The heavy water passes through the reactor several times
before it is completely vaporized. This is accomplished by
the use of condensate pumps,. boiler feed pumps, and recircu-
lating pumps. The heavy water returning to the reactor from
the condensate pumps at a pressure of approximately 150 psi
flows around the outside of the pressurized fuel tubes inside
the reactor shell where it acts as a. neutron moderator and
reflector. It then flows to the boiler feed pump located
in the shielded area outside the reactor shell.
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The boiler feed pumps boost the pressure to approxi-
mately 650 psi and supply the heavy water to 40 fuel tubes
in the outer rows of the lattice assembly. The heavy
water is preheated in these tubes and then joins the re-
circulating stream from the reactor drum to the recircu-
lating pump suction. The recirculating water pumps which
have a total capacity approximately seven times the reactor
steam generation circulate the water through the remaining
800 fuel element tubes. The steam is generated in these
tubes and passes with the water up to the steam drum where
it is separated by conventional mechanical moisture
separators.

The use of turbines operating with heavy water steam
allows a somewhat higher operating pressure and temperature
and eliminates the intermediate heat exchanger.

Fuel elements

The elements for the proposed Argonne boiling reactor
are ribbons, approximately 0.7" x 0.25" x 120" overall,
including a 20 mil zirconium jacket. These ribbons are
twisted, making it relatively simple to stack them in a
hexagonal zirconium container with point contact between
ribbons. The nexagonal container slips into a pressurized
5" ID, 5/32" wall zirconium tube 10 feet long which is a
permanent part of the reactor. This tube would probably
be a low tin-zirconium alloy so as to improve the corrosion
resistance and high temperature strength (450-500 F) of
zirconium.

Argonne has shown that the extrusion and drawing of
zirconium tubes can be done without much difficulty. Pre-
sumably, various manufacturers could supply the 5" pressure
tube and zirconium can for cladding. Some modifications
in fabricating variables would be required if zirconium-tin
alloy or zircaloy were used instead of pure zirconium.

The feasibility of cladding a plate or ribbon type
fuel element with zirconium by roll cladding has been
demonstrated by Argonne and others. A high strength
diffusion bond is obtained between the uranium and zirconium.
Rolling a ribbon from a circular cross section does not
usually give edge bonding, however, this is deemed unneces-
sary for the elements of this reactor.

The ribbons would be made by rolling a zirconium can
a little larger than 1" in diameter and about one foot
long containing a uranium rod. After rolling, the uranium
would be etched from the ribbon ends and the ends closed
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by fusion welding zirconium plugs. The ribbon would then be
hot-twisted to the final shape. The element would be given
a beta-quench heat treatment to improve its stability. If
this reactor were used as a power plutonium reactor alloying
the uranium with zirconium would probably not be necessary.
However, if it were operated as a power producer with a fuel
element exposure of possibly 10,000 M1&D per ton, alloying
with zirconium plus a suitable heat treatment would be required.

Nuclear Properties

The Argonne Boiling Reactor is a heterogeneous, heavy
water moderated and cooled thermal reactor. It is capable of
producing an average of 1.12 grams of plutonium per megawatt
day and has an initial conversion ratio of 1.00. Both natural
and depleted uranium are used in fuel element assemblies which
are composed of 37 twisted ribbons.

The trangular lattice, on 8 and 9 inch centers, is per-
pendicular to the axis of the cylinder.

The core is made up of two regions or zones. The central
zone consists of 0.635 U-235 whereas the outer zone consists
of 0.71% U-235 (natural-uranium). The neutron flux and heat
generated in the central zone is somewhat depressed and thus
called the flat zone in contrast to the outer zone which is
the buckled zone. The central or flat zone produces 62% of
the total plutonium, in 486 tubes, whereas the outer or
buckled zone produces 38% in 354 tubes. The initial conver-
sion is 1.047 in the inner zone and 0.922 in the outer. The
weighted average of 1.00 is based on the integrated power in
each zone.

A portion of the nuclear data already appearing in Table
13 has been repeated in Table 14 along with additional data
pertaining to this reactor's stability.

The heavy water enters the reactor core at the bottom
and rises to the top as a moderator external to the fuel tubes.
It is then drawn off and pumped through the fuel tubes in the
outer or buckled zone and thereafter through the central or
flattened zone to the steam drum. The steam begins to form in
the central zone in the upper third of the reactor. Should
the boiling action disappear in the central region, the
reactivity would increase by 0.003. The reactivity increase
between hot (no boiling) and room temperature is 0.016
assuming xenon equilibrium has been reached. The reactivity
decreases as boiling commences.
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Table 11i

Nuclear Constants

Buckled Zone Average

Enrichment

L2

L2

B2

% of Total Pu Production

Initial Conversion Ratio

Initial Production Rate

Average Production Rate

Flux at 2000 mw

0.71

1.078

1.330

1.030

0o.842

0.934
261

165

96

300 x 106

38
0.922

6.2 x 1013

1.00

1.22

Flat Zone

0.635
1.010

1.265

1.030

0.829
0.936

256

165

92

38 x 106

62

.047

1.12

6.7 x 1013 7.1 x 1013

Keff Reactor hot, boiling,
with xenon

Keff Reactor hot, not boiling,
with xenon

Kerr Reactor room temp ,
with xenon

Keff Reactor room temp , no
xenon

1.00

1.003

1.016

1.069

The lattice cell was considered to be made up of two
regions, (1) the moderator and (2) the fuel region within the
zirconium tube. The fuel region was considered to be made
up of a homogeneous mixture of fuel and heavy water for pur-
poses of simplifying the calculations of thermal utilization
and resonance escape probability. An equivalent surface of
37 ribbons was used rather than the actual surface due to the
shielding effect of the nearby ribbons. The ratio of the flux
in the fuel to that in the moderator was based on simple
diffusion one-group theory.
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The nuclear data supplied by Argonne is preliminary and
subject to change pending the issuing of their report ANL-5058".

Control

Small changes in reactivity are automatically controlled
by the boiling of the heavy water coolant. The inherent self-
regulating ability of the boiling reactor due to the large
negative temperature coefficient o f reactivity simplifies
the control problem. Shim and safety control is provided
by cadmium steel rods mounted horizontally and operated by
mechanisms similar to the Hanford reactor control rod drives.

A second method of shim control could be obtained by
adjusting the heavy water moderator level within the vessel.
In this case, the safety control is accomplished by quickly
dumping the heavy water moderator into storage tanks. The
pressure and temperature of the moderator should not cause
any serious design problem. Cooling of the fuel elements is
not affected appreciably by the removal of moderator during
emergency shutdown.

TURBOGENERATOR SYSTEM

Turbines

The five tandem compound turbines proposed each have a
capability of 100,000 kw at 2A" Hg when operating with dry
saturated D2 0 steam at 600 psia. These machines operate
at 1800 rpm and have moisture separating equipment located
between the high pressure and low pressure elements. Use
of the moisture separators reduces the moisture at the low
pressure turbine exhaust to 11.3% to reduce erosion of the
turbine blading and casing.

These turbines are of special design required by the
use of the low temperature steam and the need for reducing
contamination of the heavy water. Considerable difficulty
would be entailed in cladding the turbine parts with stain-
less steel or aluminum to prevent contamination of the heavy
water. It is the opinion of the manufacturer that only 98%
of the exposed surface could be clad. Special provisions
must also be designed for the turbine shaft seals to prevent
leakage of any heavy water. The gross electrical generation
at full reactor load is 499,250 kw and 514,350 kw when
operating with back pressures of 22" Hg and 1" Hg, respective-
ly. The respective net electrical station generation is
474,x90 kw and 489,880 kw.

* ANL-5058 "Evaluation of Boiling Reactors for Pu Production"
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Condenser

Two types of condensers have been considered to reduce
the possibility of contamination of the heavy water by
metal surfaces or by leakage of condenser cooling water
into the heavy water. The design requires the use of stain-
less steel cladding or aluminum, and a means for leak
detection.

The condenser design considered to offer the greatest
reliability is one which utilizes type 30L stainless steel
tubes, clad shell, and tube sheets. In addition, all internal
structures would be stainless steel clad or solid stainless
so that all surfaces in contact with the heavy water would
have a stainless steel surface. Double tube sheets are em-
ployed so that roll leaks can be detected before the heavy
water is contaminated. with this design 160,000 square feet
of cooling surface is required due to the poorer heat trans-
fer using stainless steel.

An alternative design employs the use of an aluminum
shell, tube sheets, and structures exposed to heavy water.
Double aluminum tubes, the inner tube being fluted on the
outside and rolled into the outer tube, would be provided to
allow tube leak detection. Double tube sheets would also be
required. Vith this design only 125,000 square feet of
cooling surface is required.

Either type of condenser would have divided water boxes
to allow backflushing in order to remove any debris accumu-
lating at the tube inlets. Three circulating water pumps
are required for each condenser, each with a capacity of
82,000 gpm. Total cooling water flow per condenser is
246,000 gpm.

Special refrigerators are required to condense the
heavy water vapors exhausting from the air ejector condensers.

Condensate Pumps

All pumps for the heavy water system will be of the
hermetically sealed pump and motor type to eliminate any
leakage of heavy water or the need for additional auxiliary
systems for handling leakage. Both the radial and thrust
bearings will be of the fluid piston type, positioned by the
fluid being pumped. All materials in contact with the
heavy water will be of corrosion resistant materials, such as
stainless steel, aluminum, chrome plate, stellite, or
Inconel-x. Pumps of this type have already been designed
and built in smaller capacities.
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Three condensate pumps per unit are required with one
of the three being a spare pump. Each pump has a required
capacity of 1280 gpm (710,000 lb/hr) which is 10% greater
than normal flow requirements. The developed head at
rated flow would be 165 psi. These pumps have a two stage
impeller and operate at 1800 rpm.

Boiler Feed Pumps

The boiler feed pumps are of a similar construction to
the condensate pumps, each with a required capacity of
2210 gpm (1,181,000 lb/hr). Six pumps would normally be in
use with two spares. These pumps develop 500 psi differen-
tial pressure at rated flow, with a three stage impeller
operating at 3600 rpm.

Recirculating Pumps

Six heavy water recirculating pumps are required, with
two pumps supplied as spare. Normal pump flow will be
16,600 gpm (7,500,000 lb/hr). These pumps operate at
1800 rpm and develop 75 psi differential pressure, and are
designed for a 650 psig suction pressure.

Generators

Each of the five generators has a capability of
125,000 kva at O.8 power factor, 0.8 short circuit ratio,
and 15 psig hydrogen pressure.

Auxiliary Power

The estimated station auxiliary power load of 24,660 kw
at 22" Hg turbine back pressure represents 4.93' of the
station gross generation. With the turbines operating with
1" Hg back pressure, the estimated auxiliary power load of
24,470 kw represents 4.76' of the station gross generation.

STATION

Conceptual elevation and plan drawings of the reactor
power plant are shown in Figures 12 and 13.

One large building, 322 feet by 300 feet, contains the
reactor, the turbogenerators and associated generating
facilities as well as the shops, offices, and storage
facilities. The building requirements and shop facilities
are greater than those of other nuclear power plant designs
due to the added problems caused by radioactive turbines,
condensers, and associated equipment.

GPO 804232 - 2
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The reactor, primary biological shield, boiler feed
pumps, recirculating pumps, and fuel storage facilities
are located in a center room of the building. The two
turbogenerator rooms are shielded from the reactor room of
the building by concrete walls three feet thick. The control
room, offices and shops are shielded from the turbogenerator
rooms nd the reactor room by a concrete wall five feet thick
for added safety. The outer wall of the building farthest
from the shops and offices is of temporary construction.

Although occasional quick inspections of the turbo-
generators and other equipment might be made by unprotected
personnel, additional movable shielding is required to pro-
tect personnel when a unit is out of service for maintenance
or repair. Remote handling equipment is required for minor
repairs or maintenance on units too radioactive for unprotec-
ted personnel, and sufficiently minor not to warrant shutdown
and decay of the radioactivity.

CHEMICAL PROCESSING

Chemical Reprocessing of Fuel Elements

1. Introduction

Because the write-up by Argonne Laboratory on chemical
reprocessing of these fuel elements was not available at
this time, the following discussion is based on the ideas
of the CEPS group.

It is felt that a wet chemistry method using present
day technology would be advisable. As far as is known, the
only present operating installation that could process these
fuel elements is the Hanford Works. It is felt that by
making some modifications, the Purex process plant (presently
being built) could be used. However, if one of the remain-
ing production reactors at Savannah River would employ
zirconium clad fuel elements, the chemical processing in-
stallation at that site should be better able to handle these
fuel elements.

An economic study would be necessary to determine
whether to ship the irradiated fuel to an existing chemical
processing site or build a small plant in the immediate
vicinity of the reactor as discussed earlier in this report
for the chemical reprocessing of the NAA Sodium Graphite
Reactor fuel elements.

The discussion, page 26, on the ultimate method of re-
plenishing the U-235 content of the reprocessed uranium also
would apply to this reactor.
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2. Fuel Element Chemical Reprocessing

Because of the fairly small size of these ribbons and
the large amount of zirconium present, it is felt that the
entire ribbon would have to be dissolved and a head-end
cycle used to separate the major portion of the zirconium
from the initial solution. The Purex -reprocessing cycle

could be used.
The continuous dissolving

and solvent-extraction cycle which has been worked out by
American Cyanamid Company probably would be applicable and
would reduce cost and increase through-put.

a. Dissolution of Fuel Elements

After a 100 day cooling (decay) period during
which the fuel ribbons would be removed from the hexagonal
zirconium holder, the irradiated fuel would be ready for
chemical reprocessing.

Hydrofluoric acid with some nitric acid would be
necessary to effect dissolution of these fuel elements
due to the high uranium content. After dissolution, the
dissolver solution would probably be filtered and then
made up to the correct feed concentration.

b. Separation of Zirconium and Fission Products
and Partition of Plutonium and Uranium

The feed solution would go through a head-end
cycle to separate the major portion of the zirconium
and fission products from the plutonium and uranium.
The organic process stream, which contains the plutonium
and uranium plus some fission products, would then go
through a Purex solvent-extraction cycle similar to that
set up for the new Purex plant at Hanford. Here the
partition of plutonium and uranium would be affected by
preferential stripping. Subsequently the plutonium and
uranium process streams would be put through separate
Purex cycles to attain the required decontamination of
the plutonium and uranium.
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Undoubtedly additional laboratory and pilot plant
test runs would be necessary.

3. Alternate Chemical Processing Cycle

It may be feasible to eliminate the head-end cycle by
dissolving the 4% zirconium-uranium alloy from within the *
zirconium cladding. This method was proposed in CEPS-llll

a. Dissolution of Fuel

After the recommended cooling- period, the fuel
ribbons would be shredded to expose the core and fed
into a continuous dissolver. Sixteen molar nitric acid
would be used to dissolve the fuel from the zirconium
cladding. The presence of 41,' zirconium in the uranium
may present a problem but it is felt that the addition
of a small percentage of hydrofluoric acid or a catalyst
would effect complete solution.

b. Separation of Fission Products and Partition
of Plutonium and Uranium

After adjusting the dissolver solution to the
correct feed concentration, the solution would be put
through a normal Purex solvent extraction cycle.

4. Other Chemical Reprocessing Methods

There is a possibility that by the time this reactor
is built, another chemical processing cycle suitable for this
fuel may be through the pilot plant stage. Argonne National
Laboratory has done agreat deal of work on the bromine ester
dissolution procedure.' Other feasible methods are (1)
direct fluorinationi**, (2) pyrometallurgy, and (3) ion-
exchange.

* CEPS-llll "A Second Report on the Feasibility of Power
Generation Using Nuclear Energy".
January 1, 1953.

** ANL-4820 "Summary Report-Chemical Engineering Divis ion"
Jan., Feb., and March, 1952

*** NAA-SR-214 "The Separation of Uranium from Zirconium-
Uranium Fuel by Fluorination Methods"
December 29, 1952.
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INVESTMENT COSTS

Some of the estimates for individual items in the
following tabulation were obtained from ANL. However, a
majority of the investment costs were estimated by CEPS.

Table 15

Investment Costs

Reactor

Reactor vessel, piping, steam drums,
shielding

Fuel tubes
Fuel loading and unloading equipment
Instrumentation and control
Miscellaneous equipment

Reactor Subtotal

Coolant System

Pumps
Storage tanks
Filter and demineralization plant
Piping and valves
Miscellaneous equipment

Coolant System Subtotal

Helium System

Turbogenerator Plant

Turbogenerators, erected
Turbine foundation
Condenser, tubes, circulating water

pumps, condensate pumps
Circulating water piping
Controls
Oiling system
Crib house equipment and chlorination equipt.
Miscellaneous equipment
Turbine cranes (2 - 150 ton)
Foundations, painting, supports, etc.

Turbogenerator Plant Subtotal

j 9,200,000
4,210,000

300,000
1,500,000

390,000

$15,600,000

$ 2,819,000
130,000
65,000

1,816,000
170,000

$ 5,000,000

$ 70,000

30,350,000
350,000

7,720,000
1,475,000

1.i00,000
40,000

320,000
1,220,000

265,000
590,000

$L2,730,000
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Structures

Reactor, steam generator and turbine
building including heating,
ventilating and lighting

Crib house, inlet and discharge flumes
Gate house
Shops and office building, tools & equipment
Stack
Water system including deep wells, tanks

and house service supply
Decontamination area and waste storage
Sewerage disposal plant, storm and

sanitary sewers

Structures Subtotal

411,800,000
2,630,000

150,000
1,360,000

300,000

153,000
127,000

750,000

$17,270,000

Miscellaneous Power Plant Equipment

Elect

Air compressors and system
Fire fighting equipment
Miscellaneous hoists, laboratory equipment,

pumps

Miscellaneous Power Plant Equipt.Subtotal

ric Plant

Auxiliary power system $
Main power equipment
Electric services for steam generator,

turbogenerators and buildings
Communications, alarms, etc.

Electric Plant Subtotal

Transmission Terminal

Site - Minimum land required 250 acres

195,000
130,000

535,000

1,410,000
4,0 95,000

1,360,000
130,000

1 6,995,000
$ ,430,000

$ 125,000

Other Land Costs

Recommended land area for control of
safety zone, 2400 acres $ 1,500,000

Yard Improvements

Site clearance, grading and roadways
Guard towers, fences, roadways, and

protective lighting
Railroad tracks
Miscellaneous

Yard Improvements Subtotal

335,000

235,000
210,000
50,000

S830,000
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Miscellaneos

Operating tools and materials
are parts

Temporary construction facilities
Health physics instruments

Miscellaneous Subtotal

Subtotal. Direct Costs w/o D2 0

Contingencies (10%)

Total Direct Costs w/o D 2 0

Engineeritg and Overhead (15f)

D2 0 @ $30/lb + 10% Contingencies + 3' Overhead

Total Investment Cost

1400,000
700,000

2,075,000
225 , 00t

3,L00,000

$2,500,000

$97,985,000

9,798,000

x107 ,783,000

16,187,000

2L,930,000

$1L.8,900,000"

* This total reactor power plant cost is a combination of
a CEPS estimate and an ANL estimate. None of the total
investment cost figures shown in this report for the
four designs was entirely a CEPS estimate and this should
therefore be kept in mind when comparisons are made.

GPO E04232 - 1
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