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ABSTRACT

The sodium-heavy-water reactor concept was evaluated on the basis of (1) its technical
feasibility and (2) its potential for the economical production of electric power. Problems such
as operational criticality and integrity of fuel assemblies will have to be resolved before the
concept can be considered technically feasible. In addition, the costs associated with the fuel
cycle and the sodium-to-steam equipment will have to undergo substantial reductions before
this concept can compete with other natural-uranium systems.
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PREFACE

By FRANK K. PITTMAN
Director, Division of Reactor Development

The Division of Reactor Development, U. S. Atomic Energy Commission (AEC), has a con-
tinuing evaluation program which utilizes scientists and engineers from various laboratories
and engineering firms engaged in the development of civilian power reactors. This program,
known as the "Task Force Program," serves as an extension of the Division's Evaluation and
Planning Branch which has the responsibility for recommending the scope and direction of
the Civilian Power Reactor Program. The results of previous task force evaluations have
been found to be particularly useful in determining the best means for attaining the objectives
of the Civilian Power Reactor Program. The AEC has found that the extensive and varied
backgrounds of these individuals are helpful in making practical and realistic technical and
economic evaluations.

Since April 1957, the AEC has been pursuing a research and development program on a
sodium-cooled heavy-water-moderated power-reactor concept under contract with the Nuclear
Development Corporation of America. The goal of this program is to demonstrate the feasi-
bility of a high-temperature sodium system operating on natural-uranium fuel. This project
was directed primarily toward the early development and construction of a prototype nuclear
power plant to be built at Anchorage, Alaska, and to be operated by the Chugach Electric
Association. In the two years since this project was undertaken, it has become apparent that
it would not be technically sound to build an unproved reactor concept (such as a sodium-
heavy-water system) as a commercial nuclear power station. Hence, a sodium-heavy-water
reactor will not be built at the Chugach site.

However, since the Chugach version of the sodium-heavy-water reactor concept was also
to serve as a prototype of a large-scale natural-uranium plant [200-Mw(e) net capacity], a
major evaluation of the entire sodium-heavy-water reactor program was needed to aid the
AEC in determining an appropriate course of action. Therefore, on Feb. 5, 1959, the Sodium-
Heavy-water Reactor Task Force was formed to review the status and potential of the natural-
uranium-sodium-heavy-water reactor concept.' The Task Force convened on Mar. 2, 1959,
and completed the major part of its evaluation on Apr. 3, 1959. All data and information avail-
able up through Apr. 30, 1959, were considered.

In analyzing and evaluating this reactor program, the Task Force has been guided by the
following charter of operations:

1. To review the status of the natural-uranium-sodium-heavy-water reactor concept, as
presented by the Nuclear Development Corporation of America, on the basis of present
technology.

2. To review, to the degree necessary, the status of supporting programs, namely, sodium
components, heavy-water reactors, and fuel-cycle development.

3. To determine the major technical and economic problems that are yet to be resolved.
4. To determine the feasibility and potential of this reactor concept in view of the objec-

tives of the Civilian Power Reactor Program and in comparison with other reactor concepts
using natural uranium as the fuel material.
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This report presents all the major findings and conclusions that have been developed by
the Task Force and gives the current status and potential of the sodium-heavy-water reactor
concept.

The members of the Task Force are listed below:

Edward D. Jordan, Chairman
Reactor physicist
Division of Reactor Development, AEC

Thomas V. Kavanagh
Mechanical engineer
Gibbs & Hill, Inc.

James J. King, Co-Chairman
Project engineer
Division of Reactor Development, AEC

David H. Lennox
Associate chemical engineer
Argonne National Laboratory

Leonard E. Link*
Associate chemical engineer
Argonne National Laboratory

John P. Maloney
Mechanical engineer
Savannah River Laboratory
E. I. du Pont de Nemours & Co., Inc.

Fred A. Smith
Associate physicist
Argonne National Laboratory

James W. Wade
Reactor physicist
Savannah River Laboratory
E. I. du Pont de Nemours & Co., Inc.

James R. Weir

Staff metallurgist
Oak Ridge National Laboratory

*Dr. Link was part-time adviser and consultant.
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INTRODUCTION

This Task Force evaluated the sodium-heavy-water reactor concept, as developed by the
Nuclear Development Corporation of America (NDA), in relation to other reactors employing
natural uranium as the fuel material. The advantages and disadvantages of natural-uranium
reactors relative to other classes of reactors were not included in this evaluation. Large-
scale plant designs [200-Mw(e) capacity] were reviewed critically to determine the immediate
and long-range potential of the concept.

1.1 Problem Areas

The technical feasibility of the sodium-heavy-water reactor concept has been evaluated
on the basis of current technology and experience. The following problem areas exist:

1. The physics of natural-uranium-fueled-heavy-water-moderated lattices has not pro-
gressed to the point where the criticality of sodium-heavy-water reactors can be assured.

2. The metallurgical, mechanical, and thermal characteristics of natural-uranium fuel
assemblies have not been developed to the point where they can be expected to survive to high
burn-up in the sodium coolant at high temperatures and high flow.

3. Operational reliability of sodium-to-water heat exchangers must be demonstrated to be
economical before any reactor concept utilizing such components can be considered competitive.

4. A sodium-heavy-water reaction within the reactor core must be considered as a credi-
ble accident.

1.2 Potential

The potential of the sodium -heavy-water reactor concept exists in the possibility of
achieving economical production of electric power. Therefore, the following facts should be
noted:

1. Heavy water is a good moderator for natural-uranium reactors. Sodium ranks highly
as a coolant because of its high thermal conductivity and low vapor pressure. On this basis,
the sodium -heavy-water reactor concept at the time of its conception was-considered to have
potential for the economical production of electric power. However, a detailed study has shown
that (a) the introduction of sufficient sodium for adequate heat transport from the reactor core
has penalized the concept to the extent that operational criticality with natural uranium is now
marginal, (b) the development of sodium-to-water heat exchangers has not proceeded to the
point where economically reliable units are currently available, and (c) the development of
natural-uranium fuel elements has not produced an acceptable assembly for this type of reactor.

For these reasons, the immediate potential of the concept for the economical production of
electric power is not promising.

2. Other natural-uranium reactors, such as the pressurized or boiling heavy-water con-
cepts, have reached a more advanced stage of development than the sodium-cooled concept.
The research and development funds required to solve the previously reported problems solely
for the sodium-heavy-water reactor and to achieve a full-scale operating plant would be
greater for this concept than for other natural-uranium power reactors.

3. The long-range potential of an advanced sodium-heavy-water reactor system cannot be
assessed accurately. This uncertainty arises because reactivity considerations may prohibit

7



the use of advanced materials and because the success of the required development programs
cannot be assured. However, if the research and development efforts required to resolve the
problem areas in this reactor concept were successful, the economic attractiveness of the con-
cept is still dubious. It appears that the inherent characteristics of the sodium-heavy-water
reactor concept do not lead to power costs lower than those of other natural-uranium-heavy-
water reactor systems; on the contrary, the power costs may be higher.

4. Current and projected research and development programs for other reactor systems
may produce results that can be applied to the sodium-heavy-water reactor concept. If this
occurs, a reevaluation of the concept may be warranted at that time.

2 DESIGN DESCRIPTION OF THE SODIUM-HEAVY-WATER REACTOR

The sodium-heavy-water reactor has the following general design characteristics:
1. An aluminum vessel called a calandria contains heavy water that serves as a modera-

tor. The heavy water circulates through a closed system that maintains the moderator at an
average temperature of 170*F.

2. The reactor core has pressure tubes that contain clusters of fuel rods located concen-
trically within the tubes of the calandria. The pressure or fuel-coolant tubes are mechanically
and thermally separated from the calandria tubes. At a pressure of 165 psig, sodium flows
around the individual fuel rods within the tube.

3. Barrier tubes are located concentrically between the fuel-coolant tubes and calandria
tubes. These barrier tubes have the function of separating the sodium from the heavy water if
both the fuel tube and calandria tube fail. The barrier tubes also serve as thermal-radiation
shields to minimize heat loss from the coolant to the moderator.

4. Nitrogen gas is present between the fuel tube and barrier tube, as well as between the
barrier tube and calandria tube. This gas is monitored to detect sodium or heavy water that
leaks from the system. In addition, the gas provides a thermal insulation for the heavy water.

5. The iron section of the biological shield is cooled by a Dowtherm organic-coolant system.
6. Cross-over piping (pigtails) connects each fuel-coolant tube to sodium headers in rooms

located above and below the reactor core.
7. The radioactive sodium coolant passes through a sodium-to-sodium heat exchanger in

which heat is transferred to nonradioactive sodium in the secondary system. A sodium-to-water
heat exchanger produces steam for the turbine system.

Figure 1 is an elevation layout 2 of a single-region sodium-deuterium reactor for a 200-
Mw(e) capacity plant. Since the various design characteristics of this rettor concept are simi-
lar to those of other nuclear power plants, they will not be discussed here.

3 SELECTION OF REFERENCE REACTORS

To examine the technical feasibility and potential of the sodium-deuterium reactor, the
Task Force selected particular design versions of the reactor system for detailed consideration.

Two reference reactors were chosen: (1) a large-scale plant requiring the least amount of
research and development (this near-term system is designated as "Reference Reactor A") and
(2) an advanced version of the sodium-deuterium reactor (this long-term system is designated
as "Reference Reactor B"). One of the main considerations in selecting these reference de-
signs is the ability of the system to utilize the high-temperature capabilities of sodium as a
reactor coolant.

3.1 Possible Choices for Reference Reactors

Preliminary design studies performed on the sodium-deuterium reactor concept list 19
different reactor designs for the large-scale [200-Mw(e)] plant.2 These various designs offer
combinations having the following characteristics:

1. Natural uranium, slightly enriched, plutonium recycle, and breeder types of fuel cycles.
2. Fuel elements of low-alloy uranium metal, uranium oxide, uranium carbide, and

plutonium-uranium carbide.
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3. Coolant tubes and fuel cladding of Zircaloy-2, stainless steel, niobium, and a high-
strength zirconium alloy.

4. Single- and double-region reactor cores. In the two-region designs the sodium tempera-
ture in the outer region is higher than the temperature in the inner region.

These characteristics,2 as well as some other important parameters of these designs, are
listed in Table 1.

3.2 Selection of Reference Reactor A

Reactors 1 to 6 in Table 1 were considered capable of being built in the near future (mid-
dle or late 1960's) with a minimum amount of research and development. The design charac-
teristics of these reactor systems are presented as being current or readily extrapolated from
current technology. 2 All the reactors operate on natural uranium at moderate steam conditions
and utilize presently available materials (Zircaloy-2 and stainless steel).

Reactor 3 was chosen as Reference Reactor A. The sodium outlet temperature of 800F
for this system is the highest of the single-region group of reactors. In addition, the over-all
plant efficiency of this design is higher than that for reactors 1 or 2. The two-region reactors
(reactors 4, 5, and 6) have slightly higher plant efficiencies, but they are not as attractive as
the single-region designs because their increased complexity and larger heavy-water invento-
ries lead to higher power costs. 2 It appears that reactor 3 is the best choice as a reference
system in order to utilize sodium as well as possible with present-day materials in a natural-
uranium reactor design.

3.3 Selection of Reference Reactor B

For a long-range reference system (plant in operation in the early 1970's), reactors 7 to
19 in Table 1 were reviewed. All these reactors incorporate various extensions of current
technology.

Reactor 13 was chosen as Reference Reactor B. This is a natural-uranium design with the
following advantages when compared to the other designs listed in Table 1.

1. Uranium carbide is used as the fuel material. This has promise of being a better fuel
material for sodium-cooled systems than other fuels currently under consideration. It appears
to have better irradiation stability than uranium metal and has better thermal conductivity than
uranium oxide.

2. Niobium is used for the cladding and fuel-coolant tube. Successful use of niobium would
permit sodium exit temperatures of 1150F. This appears more feasible than a zirconium al-
loy, which would permit sodium temperatures of only 1025*F.

It should be noted that preliminary cost estimates2 indicate that this reference system has
the lowest power cost of all the reactor designs, except reactor 19. Reactor 19 was not con-
sidered in this evaluation because it is a radically different type of system and it is not op-
erable with natural-uranium fuel.

It should be emphasized that both reference reactors were chosen to operate with natural
uranium and also to utilize the high-temperature capabilities of sodium.

4 PROBLEM AREAS OF THE NATURAL-URANIUM-SODIUM-HEAVY-WATER
REACTOR CONCEPT

4.1 Reactor System

1. Physics. (a) Initial Reactivity. The reactivity requirements of a reactor fueled with
natural uranium impose serious limitations on the design of the reactor lattice. Sodium fur-
ther aggravates this problem because of its parasitic capture of neutrons. Even with heavy
water as a moderator, the parasitic absorption and the resonance capture in the fuel must be
minimized. The reactivity problem is reflected in the design of the lattice in several ways.

(1) Neutron absorption in the coolant, barrier, and calandria tubes must be minimized.
Since the ratio of the volume of the fuel-coolant tube to the volume of fuel is approximately in-
versely proportional to the diameter of the fuel cluster, large fuel clusters are required. Large
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TABLE 1-DESIGN CHARACTERISTICS OF 200-Mw(e) SYSTEMS

breeder

*Reference Reactor A.
tReference Reactor B.
tReactor core.
IReactor blanket depleted.

Sodium Thermal Fuel D20
outlet efficiency, inventory, inventory,

Fuel clad Fuel tube Barrier temp., OF % Mt Mt
Reactor

No. Type of reactor Fuel Enrichment

1 Single region UO2  Natural
2 Single region 2 wt.% Zr-U Natural

alloy
3* Single region 2 wt.% Zr-U Natural

alloy
4 Two region UO2  Natural
5 Two region 2 wt.% Zr-U Natural

alloy
6 Two region 2 wt.% Zr-U Natural

alloy
7 Single region UO2  1.1%
8 Single region UO2  Pu recycle,

natural
U feed

9 Single region UO2  Natural
10 Single region UO2  Natural
11 Single region 2 wt.% Zr-U Natural

alloy
12 Single region UC Natural
13t Single region UC Natural
14 Single region UC Natural
15 Single-region UO2  1.1%

convertible
16 Single-region UO2  1.0%

convertible
17 Single-region UC Natural

convertible
18 Single-region UC Natural

convertible
19 Two-region UC-PuC 4.9% Pu

2-S Al 700
2-S Al

2-S Al

2-S Al
2-S Al

2-S Al

Zr-2
Zr-2

Zr-2 Zr-2
Zr-2 Zr-2

Zr-2 SS

Zr-2 Zr-2
Zr-2 Zr-2

Zr-2 SS

SS SS
SS SS

Zr alloy Zr alloy
Nb Nb
Zr alloy SS

Nb SS
Nb Nb
Zr alloy Zr alloy
ss ss

Nb SS

Nb SS

Nb Nb

Nb Nb

700

800

725
700

800

1150
1150

1025
1150
1025

1150
1150
1025
1150

1150

1150

1150

1150

27
27

30

31
30

32

37
37

35
37
35

37
37
35
37

37

37

37

37

87

85

117

94
84

113

113
93

74
107
117

110
95

103
70

70

110

110

18*
760

205
117

150

277
256

223

180
155

169
236
150

197
115
117
197

197

197

197

46

Zr-2
Zr-2
Zr-2

Zr-2
Zr-2
Zr-2
Zr-2

Zr-2

Zr-2

Zr-2

Zr-2

... __



neutron-flux gradients and high ratios of maximum-to-average flux also result from these large
clusters.

(2) Parasitic absorption of neutrons in the sodium coolant must be minimized, which re-
sults in low ratios of the sodium volume to fuel volume. This, in turn, limits the allowable
specific power. The reactivity loss to the sodium and the resultant allowable specific power as
functions of sodium-to-uranium volume ratio are shown in Fig. 2. The curve for specific
power (Mw/ton) is for a core height of 20 ft, a sodium coolant velocity of 30 ft/sec, and a tem-
perature rise across the reactor core of 200*F. For this reactor concept, a reactivity loss of
about 5 per cent is probably the most that can be tolerated in the sodium coolant. Hence, it is
seen from Fig. 2 that a sodium-to-uranium volume ratio of about 1 is a maximum for the sys-
tem. This results in a specific power limitation of about 9 Mw/ton for this particular system.

7 .28

6

5
z

0

0 4

U)

U)
(0
0

F-

C),

2

O
-0 0.4 0.8 1.2

SODIUM-TO-URANIUM VOLUME RATIO, V,/Vu

24

-20

3

0
C.

12 ~
a.

I I I I I I

I I I I I I I
-p
1.6

Fig. 2-Reactivity associated with sodium and the allowable specific power.

(3) Large fuel clusters are used to minimize resonance capture in U23. From the reac-
tivity standpoint, uranium metal3 is preferable to uranium carbide or uranium oxide since the
effective resonance-capture integrals for U23 increase from 6.2 barns for uranium metal to
10.4 barns for uranium carbide to 12.9 barns for uranium oxide.

(4) Absorption in structural materials restricts the materials that may be considered. The
parasitic absorption of neutrons by Zircaloy-2, aluminum, niobium, and stainless steel as
structural materials is proportional to their respective macroscopic absorption cross sec-
tions: 0.0087 cm~ 1 for Zircaloy-2, 0.0125 cm~1 for aluminum, 0.057 cm- 1 for niobium, and
0.231 cm- 1 for stainless steel. It can thus be seen that niobium and stainless steel, which have
the most attractive mechanical properties at high temperatures, have the least attractive nu-
clear properties, and they will impose a serious reactivity penalty on the system.

To optimize the lattice design, it is necessary to be able to make accurate predictions of
the reactivity. At the present time, it is not possible to predict the reactivity of natural-
uranium-heavy-water reactor designs to much better than 3 per cent keff. If this uncertainty
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remains, the design of the lattice must be very conservative in terms of the required margin
of reactivity. Therefore, in the design of natural-uranium reactors, there must be a comfort-
able margin of reactivity available or there must be some provision for increasing the reac-
tivity of the lattice by slight modifications of the design. If additional reactivity is required in
the natural-uranium-sodium-heavy-water reactor design, the most effective modifications
would be (a) to reduce the volume of sodium or (b) to reduce both the sodium and uranium
volumes. Either modification would decrease the heat-transport capabilities of the system,
thereby resulting in a reduction of reactor power.

The reactivity of the various sodium-heavy-water reactor designs must be ascertained to
a greater accuracy than is presently possible. Therefore, until this can be accomplished, it is
not logical to count heavily on some of the features that might be incorporated into sodium-
heavy-water reactor designs. Reactivity requirements may preclude or greatly reduce the at-
tractiveness of (a) stainless-steel coolant tubes, (b) uranium carbide as fuel with niobium as
the cladding and coolant-tube material, and (c) uranium oxide fuel. In the designs given for
this evaluation, a stainless-steel coolant tube reduces the reactivity by 5 to 7 per cent keff.,
compared to less than 1 per cent keff, for a Zircaloy-2 coolant tube. Uranium carbide fuel,
compared to metallic uranium fuel, will increase the resonance capture by about 30 per cent,
which will result in a reactivity decrease of about 5 per cent keff for practical reactor de-
signs. Also, for a uranium carbide fuel assembly, niobium as the cladding and coolant-tube
material will account for about 3 per cent keff. Use of uranium oxide may result in a very
small margin of excess reactivity. With only a small margin of reactivity, the fuel cycle would
be limited by reactivity, and the relative attractiveness of uranium oxide would be correspond-
ingly decreased.

(b) Reactivity Calculations for Sodium-Heavy-water Reactor Designs. The estimated reac-
tivities given for the natural-uranium-sodium-heavy-water reactor designs 2 are optimistic.
This results from the following factors:

(1) The use of conventional calculation techniques for the resonance-escape probability
which underestimates resonance captures in cores with large lattice pitches.

(2) The use of diffusion theory for the thermal-neutron-flux calculation which underesti-
mates the relative absorptions in the fuel-coolant tube.

An experimental program to provide reactivity data for these types of lattices was carried
out in the Process Development Pile at the Savannah River Laboratory. A theoretical program
at NDA is currently being pursued to improve the methods of reactivity calculations so that
reliable reactivity calculations can be made without recourse to experiments.

In the experimental program, the buckling of 25 different sodium-heavy-water reactor
type lattices was measured in the Process Development Pile. A comparison of the experimen-
tal values of k~ to the calculated values4 shows that the experimental value of k, is approxi-
mately 6 per cent lower (the range is from 4 to 9 per cent) than that obtained by calculations.
However, the theoretical approach shows promise of reducing this discrepancy between the
computed and experimental values.

Calculational methods were developed at Savannah River Laboratory by fitting calcula-
tions to experimental results over a range of lattices with pitches from 6.5 to 11 in. and with
surface-to-mass ratios ranging from 0.04 to 0.21 for metallic lattices and 0.19 to 0.35 for
oxide lattices. These methods agree well with the sodium-heavy-water reactor experiments
for lattice pitches less than 11 in. For lattice pitches in excess of 11 in., the agreement was
less favorable. For lattices with these large pitches, calculation methods at the Savannah
River Laboratory gave reactivities that were higher than the experimental methods, except for
the experiments using a uranium oxide fuel assembly with a cross-sectional fuel area of 10
sq in. For metallic uranium lattices, as the lattice pitch is increased beyond 11 in., Savannah
River Laboratory calculation methods give increasingly optimistic values of ku,, compared to
the experimental values of k,. Therefore, the reactivities computed by the Savannah River
Laboratory method may represent an optimistic view of the reactivity.

Table 2 lists the physics parameters, as computed by the Task Force, for those natural-
uranium-sodium-heavy-water reactor designs which have the greatest chance of going criti-
cal. In these computations, the Savannah River Laboratory calculation methods were used.

14



TABLE 2-PHYSICS PARAMETERS COMPUTED BY TASK FORCE

Reactor No: 1 2 3* 9 10 11 12 13t 14
Fuel-clad- Fuel-tube material: UO2 -Zr-Zr U-Zr-Zr U-Zr-SS UO2 -Zr-Zr U0 2-Nb-Nb U-Zr-SS UC-Nb-SS UC-Nb-Nb UC-Zr-Zr

keff.(hot, Xe + Sm)
keff.(cold)
k~

E

0.972 1.020 0.947
1.0333 1.0618 0.996
1.0665 1.1007 1.030
1.327 1.327 1.327
1.044 1.0505 1.071

0.986 0.910 0.946 0.901 0.920
1.0319 0.9681 0.991 0.955 0.978
1.0689 0.9985 1.0244 0.9916 1.029
1.327 1.327 1.327 1.327 1.327
1.044 1.053 1.071 1.093 1.093

p
f
L2 -cm 2

T-cm2

B& x 10-1 cm-2

Nonleakage probability
6k/k (Xe + Sm)
6k/k (temperature)

Parasitic absorption (fraction
of thermal neutrons absorbed):

Cladding
Sodium
Coolant tube
Barrier tube
Calandria tube
Moderator

Total

Water purity, mole % D20

Lattice pitch, in.
Moderator: uranium weight

Ormax. 'Oav. (fuel cluster)
4max. /#av. (radial)
Omax. /Pav. (vertical)
4max. /Oav. (over-all)

0.851 0.877 0.849 0.851 0.821 0.843 0.799 0.790 0.793
0.9046 0.9004 0.8536 0.9066 0.8704 0.8550 0.8557 0.8983 0.9028
210 113 156 210 255 156 282 172 160
156 174 156 156 149 156 144 165 165
87 127 107 97 77 107 90 131 127

0.9689 0.9647 0.9674 0.9654 0.9696 0.9674 0.9627 0.9595 0.9599
0.035 0.030 0.029 0.030 0.028 0.029 0.0274 0.0296 0.030
0.026 0.012 0.016 0.026 0.031 0.016 0.028 0.030 0.030

0.0052 0.00265 0.00306 0.0052 0.01803 0.00306 0.01223 0.01273 0.00194
0.0451 0.06038 0.04608 0.0451 0.05157 0.04608 0.03936 0.04196 0.05889
0.0075 0.00709 0.06948 0.0075 0.02134 0.06948 0.05315 0.01854 0.00627
0.00630 0.00623 0.00449 0.0043 0.00381 0.00313 0.00336 0.00334 0.00522
0.01433 0.01494 0.01033 0.01433 0.01231 0.01033 0.01067 0.01094 0.01181
0.01700 0.00828 0.01293 0.01700 0.02254 0.01293 0.02557 0.01423 0.01307

0.09540 0.09960 0.14637 0.0934 0.1296 0.14501 0.14434 0.10174 0.09720

99.75 99.75 99.75

14.3
1.7

1.284
1.88
1.48

3.57

Maximum fuel temperature, F 4220
Core diameter, ft 18.7
Core height, ft 20.0
Exposure to lose keg, Mwd/ton (batch) S.C.

9.55 14.2
0.88 0.92

1.26 1.92
1.81 1.87
1.48 1.48
3.37 5.30

910 950
14.3 16.1
20.0 20.0
4000 S.C.

99.75

14.3
1.7

1.284
1.87
1.48
3.55

4080
17.3
20.0
S.C.

99.75 99.75 99.75

16.9
1.7

1.50
1.92
1.48
4.26

4750
20.5
20.0
S.C.

14.2
0.92

1.92
1.87
1.48
5.31

1165
16.1
20.0
S.C.

18.2
1.3

1.73
1.89
1.48
4.84

1850
18.3
20.0
S.C.

99.75 99.75

14.9
0.80

1.89
1.81
1.48
5.06

1870
14.0
20.0

S.C.

14.7
0.75

1.71
1.82
1.48
4.61

1930
14.3
20.0
S.C.

*Reference Reactor A.

tReference Reactor B.

0.937
0.997
1.038
1.327
1.093
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These estimates show that most of the designs would have to be modified in order to increase
the reactivity of the lattice to the point where the reactor could operate at power.

(c) Flux Shapes and Fuel Temperatures. The Task Force computed the radial flux shapes
within the fuel clusters of the sodium -heavy-water reactor designs by the P3 approximation to
transport theory. Flux profiles computed in this manner show close agreement with experi-
mental flux traverses.3'4 The values of 4)max. to 4)av. , which range from 1.26 to 1.92, for large
fuel clusters in the sodium-heavy-water reactor designs are listed in Table 2. These values
are considerably higher than the values reported for other natural-uranium-heavy-water sys-
tems.5 '6 The sodium-heavy-water reactor designs, with their large lattice pitches and large
fuel clusters, will suffer from the disadvantages associated with large values of #Pmax. to #Pav.

Estimates of the values of Omax. to #av. for the radial and vertical flux distributions
(which neglect the effect of control-rod perturbations) have been used in conjunction with the
value of #Pmax. to 0 av. for the fuel cluster to obtain an over-all value of 4#max. to 0 av.. With
these over-all values, the maximum fuel temperatures were computed, and the results are
listed in Table 2. The maximum fuel temperature in Reference Reactor A is 950*F, which is

50 F in excess of the 900F metallurgical limit.2 In Reference Reactor B, the maximum fuel
temperature is 1870F, well below the 3200*F metallurgical limit.

(d) Fuel Exposure. If the fuel cycle is metallurgically limited so that a fuel assembly must be
discharged when the peripheral fuel rods of the assembly reach the limiting exposure, then the
average fuel exposure will be reduced in proportion to the value of the maximum-to-average
flux ratio within the cluster. This is especially noticeable in Reference Reactor A, in which the
fuel is metallurgically limited to a maximum exposure of 8000 Mwd/ton. With an over-all
(Pmax. to (P#av. value of 5.3, the over-all exposure level for a single-batch cycle would be 8000/
5.3 = 1510 Mwd/ton. However, if the value of 4Pmax. to 4Pav. within the clump could be reduced
from 1.9 to 1.0, as it is in some heavy-water-cooled reactors, the over-all exposure would be
increased from 1510 to 2900 Mwd/ton.

If the fuel cycle is limited by the reactivity, an accurate estimate of the exposure limit
requires a reliable estimate of the excess reactivity available at the beginning of the cycle and
a reliable method of predicting the exposure from the properties of the lattice. At the present
time, the initial excess reactivity cannot be predicted to closer than 3 per cent keff., which is
equivalent to an uncertainty in exposure of about 3000 Mwd/ton. Even if the initial reactivity
were known, the methods of estimating the allowable exposure are probably only accurate to

20 per cent. Therefore, it is concluded that absolute fuel costs, based on reactivity limits,
cannot be meaningful at this time (see Sec. 6).

(e) Reference Designs. The physics parameters listed in Table 2 for Reference Reactors A
and B show that these designs would have to be modified in order to achieve criticality. The
most obvious modification for Reference Reactor A would be to eliminate the use of stainless
steel in the coolant tube. This coolant tube accounts for about 7 per cent in reactivity. If re-
activity considerations prohibit the use of stainless-steel coolant tubes, the resultant sodium-
heavy-water reactor design would be similar to reactor design 2, which has poorer steam con-
ditions than reactor 3, with a resultant decrease in plant efficiency from 29.5 to 27 per cent.

In Reference Reactor B, the use of uranium carbide and niobium has been incorporated
into the design in order to increase the steam temperature to 1050F so that a plant efficiency
of 37 per cent can be realized. If the reactivity considerations eliminate the use of niobium in
conjunction with uranium carbide fuel, then an advanced zirconium alloy would have to be sub-
stituted for the niobium. If an advanced zirconium alloy can be developed which is capable of
operating up to 1100 F (as assumed by NDA), the advanced design would have a lower plant ef-
ficiency (about 34 per cent) than a design with niobium alloy because of the inherently lower
temperature limitation.

2. Materials. (a) Fuel and Cladding. Reactivity, strength, and corrosion properties gen-
erally dictate the requirements for the selection of fuel and cladding materials for any reactor
concept. Reactivity considerations dictate that all core materials must have relatively low-
thermal-neutron-absorption cross sections in order to allow utilization of natural-uranium
fuel with a reasonable uranium density.
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(1) Reference Reactor A: Uranium oxide appears to be the only fuel material presently
available which has satisfactorily demonstrated irradiation stability for the reactor conditions
postulated for Reference Reactor A. The development of a 2-wt.% uranium -zirconium alloy
postulated for this system has not progressed to the point where this material can be assumed.
to exhibit all the properties required for Reference Reactor A.T'D

The technology of uranium oxide is the most advanced of all high-temperature reactor
fuels. Uranium oxide has been studied intensively as a result of the Pressurized Water Reac-
tor development program, and it is presently under consideration for many other reactors.

Although the melting point of uranium oxide is very high (about 5000 F), its low-thermal
conductivity (about 1 Btu/hr/ft/*F) causes high center temperatures when the fuel is operated
at the desired heat fluxes in this reference system. This effect can be minimized by increas-
ing the surface-to-volume ratio of the fuel. However, increasing the surface-to-volume ratio
of the fuel introduces large amounts of neutron poison into the core in the form of cladding.

Zircaloy-2 is used as the fuel-cladding material in Reference Reactor A. Although this
material is temperature limited, there appears to be no inherent reason why it cannot meet the
specifications required for this reference system. Stainless-steel tubing appears to be the only
material presently available which will meet the requirements of strength and corrosion re-
sistance (and cost, although this is not considered heavily in this discussion) for the fuel-
coolant tube of Reference Reactor A. Thus, if uranium oxide is used as the fuel material in-
stead of a 2-wt.% zirconium -uranium alloy, it appears that a Zircaloy fuel cladding with a
stainless-steel fuel-coolant tube offers adequate metallurgical and mechanical properties such
that it can be used in Reference Reactor A. However, because of the reactivity limitations
noted in Sec. 4.1, operation of this reference system with natural uranium may not be possible
with these materials.

(2) Reference Reactor B: For an advanced sodium-heavy-water reactor, the following re-
quirements must be met in considering fuels that are capable of both utilizing the excellent
heat-transfer properties of sodium at 1150F and allowing operation with natural uranium at
the correspondingly higher fuel-cladding surface temperature.

a. The fuel should have a uranium density greater than that for uranium oxide.
b. The fuel should have a thermal conductivity high enough to allow high heat fluxes with-

out affecting fuel-element integrity through large surface-to-center temperature gradients.
c. The fuel must be compatible with the cladding materials.
d. The fuel should be corrosion resistant in hot sodium so that, in the event of a cladding

failure, gross amounts of fission products would not be released into the coolant.

The more general requirements of dimensional stability and fission-gas retention under
extended reactor exposures are also essential.

The most promising fuel for meeting these requirements of Reference Reactor B is ura-
nium carbide. This uranium compound has a thermal conductivity 12 to 14 times greater than
that of uranium oxide and a theoretical density of 13.65 g/cm, as compared to 10.96 g/cm for
uranium oxide. These two properties indicate that uranium carbide may be a fuel material of
very high potential for sodium-cooled reactors. Uranium carbide has been found to be com-
patible with NaK and stainless steel up to 1300*F. However, uranium carbide is in its very
early stages of development; hence, its potential for any sodium concept (including the sodium -
heavy-water reactor) is difficult to predict. Thus far, only a few irradiations have been per-
formed on this material.

To date, alloys of uranium metal with small additions of zirconium, niobium, and molyb-
denum have not exhibited satisfactory irradiation stability for use in high-temperature sys-
tems. Considerable experimentation is under way on fuel alloys of this type.T'S

It must be recognized that the allowable swelling of the fuel used in a sodium-heavy-water
reactor design may be more restrictive than that in other reactor types because of the closer
spacing of fuel rods, which is required to limit the volume of sodium in the core.

Niobium is used as the fuel cladding and as the fuel-coolant tube material in Reference
Reactor B. Although niobium mill products (sheet and tubing) are commercially available, the
usual difficulties encountered in the development of any new material are being experienced
with them, i.e., high rejection rates for tubing and inconsistent composition and strength prop-
erties. However, it appears reasonable to assume that these problems will be overcome and
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that satisfactory products will ultimately be produced commercially. There also seems to be
some uncertainty as to whether niobium can be used in conjunction with stainless steel in hot
sodium due to the mass transfer of oxygen, nitrogen, and carbon, although there is no experi-
mental evidence that this will or will not occur at 1150F.

(b) Fuel-coolant-tube Materials. The properties required for the fuel-coolant-tube material
are similar to those required for the cladding material, with the additional requirement that it
must not react with the low-oxygen-content cover gas. It is not certain that niobium or zirco-
nium alloys will withstand satisfactorily the oxidation or nitriding effects of the cover gas.

At present, little is known about the long-term effects of differential metal transfer in
sodium systems operating at temperatures above 1100*F. Serious problems may exist with the
transfer of carbon, nitrogen, and/or oxygen in systems of mixed metals and alloys, especially
in systems which contain zirconium or niobium with stainless steel or low-alloy steels. Nio-
bium and zirconium are known to getter carbon, nitrogen, and oxygen from sodium. At higher
temperatures, these elements will transfer from other metals in the system to the more re-
active metals. The required development of satisfactory zirconium or niobium alloys for this
application presents a serious challenge.

(c) Barrier-tube Materials. Low-neutron cross-section materials must be used for the bar-
rier tube. However, the strength and corrosion-resistance requirements for the barrier tube
are not as great as they are for the cladding and fuel-coolant tube. Aluminum may be used
satisfactorily if the sodium temperature does not exceed 950*F. This temperature limitation
appears to be based on a thermal-stress criterion rather than on the stability of the barrier in
the event of a hot sodium leak. It is questionable whether this thermal-stress problem can be
eliminated from the system when operating with higher sodium outlet temperatures. If alumi-
num cannot be used, there appears to be little choice but to develop a satisfactory zirconium
alloy that will meet these requirements. This substitution will result in higher capital costs
and possibly lower fuel costs, depending on the neutron cross section of the alloy.

3. Mechanical Aspects. The mechanical design for maintaining separation between a so-
dium coolant and a heavy-water moderator, as presented in Reference Reactors A and B, ap-
pears feasible. The design is particularly attractive from a mechanical viewpoint because the
physical size of the reactor is not limited, pressure tubes being used rather than a pressure
vessel. The desired thermal isolation between the two fluids in this pressure-tube calandria
design is inherent in their physical separation. The thermal isolation prevents the calandria
header from sensing temperature gradients due to rapid temperature transients in the sodium
coolant tube.

Although sodium as a coolant requires a mass flow rate approximately three times that of
water for an equal amount of heat transferred, the high thermal conductivity of sodium permits
operation with lower temperature gradients (driving force) across the fuel-to-coolant inter-
face. The high boiling point and low vapor pressure of sodium obviate the necessity of thick-
walled or massive reactor vessels and tubes. This is of particular importance in the interest
of neutron economy in pressure-tube reactors that have as a criterion the ability to operate on
natural uranium and at high thermal efficiency. However, the use of sodium, heavy water, and
the calandria concept for a large core presents several problem areas that require research
and development to arrive at a workable and reliable system.

The fuel element is the point of origin of the thermal energy, and therefore the point of
highest temperature in a reactor. Hence, the thermal and mechanical characteristics of the
fuel element and its compatibility with the sodium coolant are of prime importance. The fuel
assembly in Reference Reactor A is a cluster of as many as 127 individual fuel rods, 10 ft in
length, which are separated by wires wound in a helix about each rod. The wires are also de-
signed to create turbulence and, subsequently, to promote good mixing of the coolant stream.
A hexagonal geometry of the cluster is maintained by grids at each end of the rods and by a
wire wound in a helical path over the length of the cluster. Two clusters, one on top of the
other, are supported from the bottom of a fuel tube that forms the container for the sodium
coolant. Lateral support is achieved by grids on each end of the clusters.

In Reference Reactor A, the 700 lb weight of the top cluster is supported by the outer ring
of fuel rods in the lower cluster. Since it is impossible to machine the 10-ft rods to precisely
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the same length, the load will be supported by only a few of the rods in the outer ring. However,
if the compressive stress on the cladding is limited to about 10,000 psi at 100 0 *F, the load
must be equally distributed on at least eight fuel rods. It is questionable whether or not this
balanced loading can be accomplished, especially during operation when the temperatures of
the rods will not be equal.

Because of the afore-mentioned column loads on the fuel elements, the tendency of the fuel
elements to vibrate is greatly increased when they are subjected to coolant velocities of 30 ft/
sec. The solution of vibration problems usually calls for lateral supporting or dampening de-
vices. These, in turn, add parasitic neutron absorbers to a system that is already marginal in
reactivity.

In a flow test of a prototype fuel assembly, it is extremely difficult to duplicate tempera-
ture gradients that will occur in the fuel elements due to neutron-flux gradients. Because of
shadowing and locating the assemblies within the reactor, a 16 per cent variation can be ex-
pected in the heat generation in one side of a fuel rod compared to that in the other side of the
fuel rod. The resulting temperature differences will aggravate the afore-mentioned problems
in structural stability. Since the fuel elements do not fit tightly in the fuel tube, temperature
differences can cause bowing. This bowing problem is self-propagating because the hotter side
of the array is exposed to the least flow of coolant. It follows then that the fuel tube may suf-
fer from similar bowing due to the temperature gradients.

As stated previously, the method of separating the coolant from the moderator is com-
mendable, but it does not solve the metallurgical and structural problems associated with high-
temperature sodium. Complications with the fuel elements are also incurred in the fuel tube.
To maintain good thermal insulation in the core, the fuel tube is unsupported laterally over a
distance of approximately 22 ft. When fabricated, the straightness and roundness of the tubes
are obtained by some type of mechanical work, such as rolling or swaging. These processes
cause residual stresses that are relaxed when the tubes are heated. These mechanical
stresses, together with the coolant stream, will bow the fuel tubes during reactor operation;
in addition, mechanical working will cause some permanent set.

The vibration problems mentioned previously are perhaps more serious in the fuel tube
than they are in the fuel clusters because of the unsupported length of the fuel tubes. It is con-
ceivable that the good insulation characteristics of the fuel-tube and calandria concept may
have to be compromised to supply lateral support or dampening of the fuel tube against induced
vibration.

Because the sodium-heavy-water reactor is a pressure-tube design, it might offer sub-
stantial advantages for maintenance and refueling, which cannot be achieved in sodium-cooled
reactors of pressure-vessel design (such as the Hallam, EBR-2, and Fermi reactors). A
pressure-vessel type of sodium-cooled reactor can pose serious accessibility problems for
major maintenance of the reactor-core components. If, for example, a component or fuel sub-
assembly becomes locked in a lattice position because of warping, swelling, or galling, its re-
moval can pose serious problems. Sodium must be drained and access provided. Maintaining
an inert-gas blanket becomes difficult, and the sodium residue in the reactor vessel can react
with air to form sodium oxide. The fuel tubes of the sodium-heavy-water reactor, for exam-
ple, are designed so that access to shielded header rooms above and below the core is possi-
ble. A fuel tube with a distorted fuel element locked in the fuel-coolant tube can be cut at both
ends, removed, and subsequently replaced. This can be accomplished by exposing only the
surface area of the two remaining ends of the fuel tube to air; hence, oxide contamination is
substantially reduced. It appears that there may be inherent advantages for a sodium system
in a pressure-tube reactor design from a maintenance viewpoint. This advantage could be
realized in any thermal sodium system, as well as in the sodium-heavy-water reactor.

4. Safety and Hazards. The Task Force safety and hazards evaluation was made on the
basis of an examination of the safety analysis prepared for the 40-Mw(t) Chugach plant de-
sign. 10 The Task Force concluded that there was sufficient similarity between this design"
and the Reference Reactors A and B plant designs to permit applying the same general
conclusions.

The sodium-heavy-water reactor concept is unique in that sodium and heavy water are
both present within the reactor core. The hazards discussion is limited to this area. The
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sodium-heavy-water reactor is subject to hazards inherent in other reactor concepts, such as
fuel-handling accidents and storage criticality problems. It is assumed that these problems,
as well as those problems pertaining to handling sodium outside the reactor system, require
careful study; however, they present no unusual design difficulties.

The major source of energy release from the sodium-heavy-water reactor is that directly
availijile from sodium-heavy-water reactions. The gross chemical energy available from the
sodium-heavy-water reaction is of the same order of magnitude as that in the stored energy
available from the coolant in pressurized-water reactor systems. A secondary source of
energy release is that from metal-water reactions and sensible heat in the fuel and coolant.
Since the sodium is not highly pressurized, the stored mechanical energy that can be released
front the coolant is negligible.

'For conditions of normal operation, it certainly appears that sodium and heavy water can
be separated. It has been experimentally demonstrated that a barrier can prevent mixing even
after failure of both the calandria and fuel tubes. 12 It has also been shown that hydrogen gen-
er ted by a sodium-water reaction need not be a hazard, provided that oxygen is excluded. 12

If, however, certain abnormal conditions or gross mechanical failures should occur, it is
very likely that mixing of sodium and heavy water will result. Under these circumstances,
fisson products and deuterium gas can escape from the primary reactor structure.

With respect to nuclear properties, the sodium-heavy-water reactor is not inherently
self-stabilizing (the calculated temperature coefficient is negative but small). Loss of coolant
is calculated to add 2 per cent k.

-Initially, the integrity of the system is determined by specific design safeguards. How-
ever, ultimate safety rests upon operational procedures and proper maintenance. Therefore,
it must be recognized that, in a system that is not inherently safe, large amounts of energy
maybe released through operational errors in spite of the most careful design.

<The need to separate sodium, heavy water, and oxygen is evident from the following exo-
thermic reactions:1

Na + D20 - NaOD + 1/2 D2  35 kcal/mole (1)

2Na + 1/202 - Na2O 100 kcal/mole (2)

D2 + 1/202 - D20 68 kcal/mole (3)

<The 40-Mw(t) sodium-heavy-water reactor primary system contains 25 tons of heavy
water and 2000 gal of sodium. In a complete reaction, and the subsequent combustion of the
formed deuterium gas, approximately 70 million Btu's of energy would be liberated. Unlike
other metal-water reactions considered in reactor hazard evaluations, e.g., aluminum and
water, no special conditions are required to initiate an exothermic reaction between sodium
and heavy water.

To combat the sodium-heavy-water hazard, the following design philosophy has been
adopted for these reactor designs:

(1) Initial mixing of sodium and heavy water is prevented by the installation of a barrier
between the calandria tubes surrounded by heavy water and the fuel tubes containing hot
sodium.

(2) The reaction between sodium and heavy water, if the calandria should be penetrated by
sodium, is limited by a heavy-water dump system (the sodium cannot be dumped without melt-
ing the fuel elements).

(3) Combustion of deuterium generated in a sodium-heavy-water reaction is prevented by
use of inert-gas blankets.

Some of the ways in which these protective schemes can fail will now be examined:

(a) Barrier Tube. The barrier tube has essentially three functions:
(1) To provide a barrier to prevent sodium from mixing with heavy water.
(2) To provide a means of channeling heavy-water or sodium leaks past their respective

leak detectors and then to separate recovery systems.
(3) To provide a thermal-radiation shield to minimize heat loss to the moderator.

The choice of a low-neutron-absorption barrier material is a necessity in order to mini-
mize reactivity losses. The material selected on these grounds (aluminum) has a fairly low
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melting point (1200*F). Mock-up tests show that penetration of the barrier by hot sodium does
not occur within a reasonable length of time at a maximum sodium jet temperature of about
1050 F.12 As the sodium temperature approaches the melting point of aluminum, the exposure
time required for failure becomes successively shorter. One would expect failure in a matter
of seconds with sodium at or above the 1200F melting point of aluminum.10 Also, the barrier
can melt through excessive heating by radiation and conduction of heat directly from the ad-
jacent fuel tube. Additional heat is generated in the barrier by gamma and neutron radiation
from the reactor core. During normal operation of the 40-Mw(t) sodium-heavy-water reactor,
the maximum sodium temperature in a fuel tube is slightly above 1000 *F. The corresponding
temperature along the barrier ranges from approximately 500 to 800F.

The protection offered by the barrier is nonexistent or extremely doubtful under the fol-
lowing abnormal conditions:

(1) A sodium leak at temperatures of 1200F or greater.
(2) Fuel-tube temperatures around 1400F, with no sodium leak.
(3) Inadvertent omission of the barrier tube during assembly or subsequent maintenance

throughout the life of the reactor.

In general, it appears that conditions which may cause a leak (e.g., overheating of the so-
dium) are also those which can cause failure of the barrier.

(b) Calandria Tube. The calandria tube is aluminum and will melt at the same temperature as
the barrier. If the barrier is penetrated by a hot sodium leak, a serious dilemma arises. The
general flow of sodium coolant cannot be stopped, and sodium cannot be drained from the sys-
tem to limit the leak because of the danger of fuel meltdown. (Nitrogen cooling is not effective
until several hours after decay.) Since sodium cannot be removed from the reactor core, the
other alternative is to dump the heavy water. Unfortunately, this removes cooling from the
aluminum calandria tube and makes it subject to penetration by hot sodium. Nevertheless, this
alternative was adopted in the sodium-heavy-water reactor designs rather than a design that
would keep the heavy water in the calandria and help to maintain the integrity of the calandria
tube during a sodium leak.

(c) Heavy-water Dump System. According to the sodium-heavy-water reactor interlock dia-
gram, the heavy water is automatically dumped by any one of the following events:

(1) Calandria overpressure.
(2) Sodium exit temperature from a fuel tube greater than 1050*F.
(3) Sodium leak signal from the pigtail cup.
(4) Sodium leak signal from the catchpan "J" probes.
(5) Signal from the earthquake indicator.

Items 3 and 4 act in accordance with the philosophy of dumping heavy water to limit inter-
action with sodium, if the calandria tubes should fail. The next step in the proposed procedure
is to prevent the sodium from following the heavy water into its dump tank by closing the dump
valves at the appropriate time. In theory, the maximum quantity of sodium that can react is
that which can flow into the calandria during the heavy-water dump time (approximately 40
sec). When the heavy-water level reaches a float switch in the dump tank, the dump valves
close automatically and seal off the heavy water from the sodium in the calandria (two dump
valves are in series in the one 12-in. dump line). The maximum credible accident listed for
the design10 is based on a leak in one calandria tube which admits about 550 lb of sodium be-
fore the heavy water is sealed off from the sodium.

It seems pointless to question the adequacy of the dump system for limiting the sodium-
heavy-water reaction, although considerable skepticism is justified; once a sizeable quantity of
sodium enters the calandria, the battle is essentially lost. Overpressure in the calandria can
break the rupture disks and vent the system to the atmosphere, leading to the possibility of
combustion of the deuterium gas. If enough sodium leaks into the calandria, the fuel elements
in the core could be left with no coolant, in which case they would melt.

Before the calandria is drained, heavy water has a direct path to the sodium spill return
system through the failed calandria tube and barrier.

Once sodium penetrates the calandria, even in small amounts, another danger is the cor-
rosive effect of sodium hydroxide formation on the aluminum system. It would be extremely
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difficult to save the calandria once hydroxide penetrates the various crevices, particularly
around the tube sheet.

(d) Fuel-tube Failure. In the foregoing sections, a series of events leading to a sodium-
heavy-water reaction within the calandria have been postulated. To initiate these particular
events, two conditions must be satisfied: (1) a fuel-tube leak and (2) a sodium temperature
greater than 1200 F at the leak site.

Several abnormal operational conditions may occur that lead to sodium temperatures in
excess of 1200 F (the maximum temperature for normal operation is about 100 0 F). For these
situations, it would be impossible to predict a simultaneous failure in the fuel tube, although
this could conceivably occur (i.e., a stress failure or defect in the fuel tube).

Other more severe abnormalities that would almost certainly lead to fuel-tube failures
plus sodium temperatures greatly in excess of 1200F are (1) a nuclear runaway, (2) loss of
coolant, and (3) partial loss of coolant.

When these cases are considered as independent events, a prompt reactor scram can pre-
vent a nuclear runaway and subsequent meltdown. During complete or partial loss of coolant,
a scram cannot prevent the occurrence; however, depending upon the circumstances, it may
prevent subsequent meltdown. The first line of defense in each case is prompt shutdown.

A nuclear runaway can occur only if there is multiple failure of several independent cir-
cuits. These circuits are (a) a minimum of two high-neutron level trips, (b) fuel-tube sodium
exit temperature monitor, (c) primary sodium hot leg temperature monitor, and (d) primary
sodium inlet temperature monitor.

With only partial blockage, fuel meltdown can occur if the reactor is not scrammed. Auto-
matic scram will not occur if the temperature-monitoring circuit for the affected fuel tube has
failed.

Loss of coolant is detectable by more instruments (sodium level, leak detectors, and neu-
tron level) than the fuel-tube blockage incident; however, the consequences can be more wide-
spread, and they are not necessarily arrested by reactor scram. For instance, a sodium
header break or inadvertent dumping of the sodium would melt many fuel elements.

Further comments with respect to the safety of the general design are as follows:
(1) A barrier with a higher melting point would provide protection over a greater range of

possible accidents. Otherwise, it would appear that magnesium, which has the same melting
point as aluminum, would be a better choice for neutron economy. (Zirconium in a nitrogen
atmosphere may be unsatisfactory.)

(2) If heavy water is to be an integral part of the safety system, the use of two dump valves
in series increases the probability that a stuck valve may prevent dumping of the moderator.

(3) Dumping heavy water, and thus removing coolant from the calandria tubes when a so-
dium leak occurs, is of questionable value.

(4) It would be highly desirable to provide more than one device that could automatically
scram the reactor on low coolant flow in an individual tube.

(5) A start-up source, properly interlocked, should be provided.
(6) An additional high-level trip channel would be desirable. Only two channels are re-

quired to be operable in the design.
(7) The proposed start-up instruments (two fission count-rate channels) need careful

study. It appears that effective protection over the first five start-up decades may depend on
one instrument. To prevent false scrams from cable noise, the channel whose detector is be-
ing repositioned is presumably bypassed, leaving one channel only for trip protection. The
requirement of a 1 count/sec level before rod withdrawal does not ensure that the detectors
are in their most sensitive position at start-up. This requirement may be circumvented by
turning down the discriminator level on the linear amplifier.

(8) No information has been supplied concerning interlocks to prevent manual access to
the core while the reactor is critical or slightly subcritical.

4.2 Heat-transfer System

The heat-transfer system in the sodium-heavy-water reactor has primary and secondary
coolant loops. The intermediate heat exchanger transfers heat from radioactive sodium in the
primary loop to nonradioactive sodium in the secondary loop. The secondary loop transfers its
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heat through a sodium steam generator. The discussion given below can apply to any sodium-

cooled reactor system.

1. Sodium Technology. The use of sodium in the sodium-heavy-water reactor has all the

advantages and disadvantages associated with this reactor coolant.
The main advantages of sodium as a reactor coolant are
a. A low vapor pressure (high boiling point), which can result in high temperature opera-

tion at relatively low pressure.
b. A relatively high thermal conductivity.
c. Ability to operate at high heat fluxes.
d. Low corrosion rates with most materials.
e. Low cost.

The main disadvantages of sodium are
a. A high-neutron-absorption cross section, which can result in a severe penalty for a

natural-uranium fuel cycle.
b. A high-neutron-induced activation, which results in a 2.7-Mev gamma ray with a 15-hr

half life (Na"). This gamma activity requires a secondary coolant loop in the system to ensure

that a sodium steam-generator leak will not permit primary radioactive sodium coolant to con-

taminate the steam system.
c. A high-chemical-reaction rate with water (light or heavy) and air. This requires an

inert atmosphere above all free sodium surfaces. Stringent measures must be taken to mini-
mize a sodium-water reaction in the core or in the steam generator.

d. The temperature rise across the reactor core can produce excessive thermal stresses

following fast power changes or reactor shutdown.
e. Moderately high melting point (208*F).

A source of difficulty in any sodium system is the need to maintain a high quality of so-
dium. The magnitude of this problem will vary with the reactor system, depending upon the

type and number of rotary and fixed seals and their leakage rates. An instrument to monitor
sodium oxide continuously in a sodium-coolant system is needed for central-station operation;
however, a commercial instrument to do this does not exist. Such an instrument would serve

to indicate quickly any operational errors or malfunctions that affect the quality of the reactor
coolant.

Components of proven ability for sodium temperatures of approximately 100 0 *F are now

generally available for reactor plants, with the major exception of steam generators (Reference
Reactor A). It appears that the costs of some items are undergoing substantial decreases; for

example, schedule-10 pipes and fittings can be used, which results in a substantial capital-cost
saving. Also, large sodium mechanical pumps are available at costs considerably less than
those for canned rotor water pumps.

In an attempt to achieve sodium temperatures in excess of 1000F (Reference Reactor B),
significant technical problems will arise. In general, the magnitude of these problems in-
creases with sodium outlet temperature. For sodium temperatures of approximately 1200F,
the mass transfer of corrosion products from hot to cold regions may be significant. The
AEC's Sodium Components Development Program plans to investigate problems in sodium sys-
tems operating at temperatures up to 1200F.

Although there is some reason for optimism in the sodium-components field, it should be
remembered that there is not a single large-scale sodium-cooled reactor power plant in op-
eration today. Until operational statistics are obtained with plants now under construction, it
is unrealistic to conclude that they will either operate as designed or be economic. Hence,
cost estimates based upon components that are being used at these plants may have little or no
meaning.

2. Sodium Steam Generators. The Task Force has concluded that the most important com-

ponent of uncertain reliability in the heat-transfer system is the sodium steam generator. The
following section is devoted to a discussion of this important component.

(a) Sodium Heat Transfer. Excluding nuclear considerations, a sodium steam generator
is technically more difficult to operate and maintain under normal conditions of operation than
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a sodium pressure-tube heavy-water calandria type of reactor core. Basically, the tube of the
steam generator must transfer heat; the interface between the fuel-coolant tube and the ca-
landria tube in the sodium-heavy-water reactor, by design, does not transfer a significant
amount of heat.

Since nuclear heat sources are capable of large temperature changes in short periods of
time, severe thermal stresses may occur throughout the system, adversely affecting the fuel-
coolant tube, fuel rods, valves, and heat exchangers. Because of the low resistance of sodium
for heat transfer at a metal-to-coolant interface (film coefficient), the thermal stresses in
sodium system components can be inherently larger than those with other reactor coolants. It
is hoped that these thermal-stress problems can be minimized by the inclusion of adequately
designed metal barriers or baffles adjacent to the stressed areas. The barriers carry no
mechanical load and serve only to delay the transfer of heat to the load-carrying member. The
barriers allow areas of relatively stagnant sodium to occupy the space between the barrier and
the structural member. Current design of heat-transfer components indicates that equipment
is being designed to minimize the basic thermal-stress problem.

When a sodium-water steam generator fails, sodium is removed in a clean-up operation,
and the unit is considered for repair. The exact nature of the defect will determine if it is
practical to repair the unit. In the Navy Submarine Intermediate Reactor (SIR) program,14 some
units were repaired, but a large number did not lend themselves to repair because of hydroxide
embrittlement. These units were replaced.

(b) Naval Sodium Program. A significant indication of the reliability problem in sodium steam
generators can be obtained by a review of the Navy SiG Program. Since sustained maximum
performance and a high degree of reliability were of prime concern to the Navy, an extensive
program was undertaken to develop sodium components to meet these specifications. Approxi-
mately $40,000,000 was spent on development, manufacture, and test of components, with a
major portion of this expenditure going into sodium steam generators. Twenty-six new and re-
built heat exchangers were tested.14 Twelve of these tests were concluded for a variety of
reasons over various periods of time up to 5000 hr with no indication of leakage. Fourteen
tests were terminated with leakage. Some of the final heat-transfer units tested at West Milton
and on the Seawolf failed. For all the tested items, there was a statistical success of less than
50 per cent. These tests are all the more significant when one considers that the program was
well directed, that it extended over an eight-year period, and that cost was not a limiting fac-
tor. This indicates the operational difficulties inherent in using sodium as a heat-transfer
medium.

It should be noted that the reliability required in the Naval Program is more stringent
than that required in the Civilian Power Reactor Program. It is customary to allow "down-
time" periods for maintenance and repair of central-station plants. Nevertheless, for eco-
nomic central-station plants, these down-time periods must be kept to a minimum; hence,
reliability is an important consideration.

(c) Experience with Other Sodium-cooled Reactors. Successful operation of the EBR-1 during
the past eight years indicates that the use of liquid metal (and, therefore, sodium) as a reactor
coolant is technically feasible. The simple, but costly if extrapolated to central-station power
plants, Experimental Breeder Reactor No. 1 (EBR-1) steam generator has operated under a
variety of transient conditions without failure during this period.

There are other reactors in operation which use a sodium coolant, and several reactors
that will use sodium are under construction. Experience with these plants will indicate how
much progress has been made toward attainment of reliable and economical heat-transfer units.
The current efforts in sodium-cooled reactors reflect three different degrees of optimism in
design and operation philosophies, and, hence, varying costs in this field. The Sodium Reactor
Experiment (SRE) uses a double-wall tube all-stainless-steel system, where the sodium and
water are separated by a third fluid (mercury). The EBR-2 steam generator has separate fer-
retic tubes for sodium and for water; with these duplex tubes brazed, the braze alloy replaces
the mercury of the SRE generator. The Fermi plant incorporates the most optimistic philoso-
phy, with a "once-through" bayonet design using a single-wall tube with no other barrier be-
tween the two fluids.
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Reliability factors and subsequent cost reductions for steam generators will only be re-
solved after significant operational experience has been achieved and statistical reliability
factors have evolved. It should be mentioned that all current plants have sodium technology
research and development programs of considerable scope, which continue even during con-
struction, behind them. In addition, the AEC has a Sodium Components Development Program
to develop more reliable components that are less expensive than current units. This effort is
applicable to all sodium-cooled reactors.

The inherent difficulty of separating sodium and water in a steam generator can be gleaned
from a general rule that is stated for a "perfect" steam generator, i.e., the generator must be

easily accessible for cleaning and repairing to ensure economy of operation. 1 5 The inference
of the statement is that a "perfect" steam generator leaks. The use of sodium requires a new
standard of perfection.

(d) Conclusions. In the judgment of the Task Force, an evaluation of any power-reactor con-
cept must consider the availability and cost of components associated with heat removal. So-
dium steam generators do not now compete with water steam generators either in initial cost
or in operating cost. The Naval sodium program represented the largest effort to date for the
development of sodium heat-transfer equipment. It was hoped that the Navy effort would lead
to statistics on economic reliability. However, since the Navy terminated its development ac-
tivity on sodium systems in 1957, there has been no comparable effort directed toward the
statistics necessary to demonstrate the economic reliability of sodium steam generators.

Sodium-cooled reactors under construction are limited to 900*F steam. Unless 1050*F
steam generators are demonstrated to be feasible, no future reactor power plant can assume
the existence of this equipment.

4.3 Auxiliary Systems

1. Fuel-handling System. The fuel-handling system used for the reference designs is simi-
lar to that planned for the Hallam reactor and to the one first used in the SRE. Modifications,
such as locating the charge-discharge machine between the thermal and biological shields to
obviate the necessity for a coffin, are contemplated in the sodium-heavy-water concept.

Some of the most serious and lasting delays in reactor operation have occurred due to
operating errors and the inability of a particular charge-discharge machine to cope with mal-
functions in the discharge operation.16 ,1 T The machine presented for the reference designs ap-
pears to be deficient in three respects:

a. It cannot be located over a fuel position in the reactor by an entirely remote operation.
b. The seal on the fuel position cannot be broken and remade remotely by the mechanism

or by an auxiliary apparatus in order not to interfere with the operation of the fuel-handling
machine.

c. The machine cannot remove both a fuel assembly and a fuel-coolant tube in the event
that the assembly becomes jammed while removing it from the fuel tube.

Having in mind the occurrence of past accidents, the Task Force believes that these de-
fects should be remedied. Although to do so would cause a considerable increase in the cost of
the fuel-handling machine, it should not be inferred that the added costs would necessarily
place the sodium-heavy-water reactor in a disadvantageous position compared to other reac-
tor concepts.

By using a pressure-tube type of design, the sodium-heavy-water reactor offers long-
term promise of reduced fuel-handling costs. The SRE, Hallam, EBR-2, and Fermi reactors
are pressure-vessel type reactors in the sense that fuel withdrawals are accomplished by a
rotating plug or indexing device that covers the major area of the reactor core. The sodium -
heavy-water reactor pressure-tube concept allows the sodium coolant to be contained in
individual fuel tubes that are brought out of the core and connected externally to common sup-
ply headers. This can result in a simple fuel-withdrawal process.

Rotating seals with large diameters are difficult to design and lead to increased capital
cost. The sodium-heavy-water reactor concept does not demand a rotating seal for fuel re-
moval. Fuel handling can be accomplished by placing a fixed gasketed closure over only one
fuel tube of relatively small diameter. This minimizes the exposure of sodium to air, and sub-

25



sequently inhibits the formation of sodium oxide. Moreover, in any refueling scheme, it is less
of a mechanical problem to tighten a seal that is fixed than one that rotates, and much less of
a problem to seal a small diameter tube than a large diameter vessel.

2. Heavy-water System. The technology of handling heavy water as a moderator has been
well established at the Savannah River Plant and by the Canadians, and no problems are
anticipated.

The moderator heat in the reference designs is removed by a Dowtherm intermediate
cooling system that is used for feed-water heating. The amount of pumping power required to
circulate the moderator to remove heat is small compared to that required to maintain a
steady-state or constant-circulation pattern in the moderator. In Reference Reactor A, heavy-
water flow of 6600 gpm results in an upward velocity through the calandria of about 0.07 ft/sec,
and less than 0.04 ft/sec if only one loop is operating. These velocities may not be sufficient
to overcome the thermal buoyancy 18 that will tend to cause a torus of hot moderator to form in
the calandria. The torus may not remain in a steady-state condition and may cause flux per-
turbations in the reactor. This problem requires serious design study.

It has been estimated that a 1 per cent loss in heavy water will occur due to leaks and op-
erating errors.2 The current nonrecoverable losses from the production reactors at Savannah
River are about 3 per cent. This value does not include about 4 per cent that has become de-
graded (contaminated with light water) in the process of being collected from leaks, deionizer
changes, repairs, etc. In order to reconcile the losses at Savannah River with those expected
in the reference designs, a careful comparison between the systems is required.

At Savannah River there are several places where the moderator is exposed periodically
to the atmosphere. In addition, the size of the pipe flanges, pumps, and heat exchangers and
the magnitude of the flow are much greater in the Savannah River reactors than those in the
reference designs. If the devices and modes of operation that are peculiar to Savannah River
are discarded and scaled downward so that both systems are on a common basis for compari-
son, it is difficult to justify more than a 0.5 per cent loss of heavy water for the reference
reactors. This value takes into account the extra reliability that was built into the Savannah
River plant and the possibility of having to increase the flow in the reference designs to per-
haps as much as 12,000 gpm to accommodate adequate moderator circulation in the calandria.

3. Gas Systems. The nitrogen-gas system in the reference designs has the following
purposes:

a. It prevents oxidation of the sodium.
b. It serves as a partial shutdown cooling medium.
c. ft serves as the heat source for maintaining the sodium in a liquid condition prior to

reactor start-up.
d. It is the insulating gas between the fuel tube and the barrier and calandria tubes.

The design of the system appears adequate in the sodium -heavy-water reactor designs.
However, in those versions of the concept which employ zirconium or Zircaloy components,
the use of nitrogen may not be feasible. At this time, insufficient information is available on
the resistance of zirconium products at high temperatures to sustained nitrogen environments
to make this determination. Since the nitrogen atmosphere is contained in fairly large volumes
of space, attention must be given to the prevention of leaks.

The helium-gas system serves only as a cover gas for the heavy-water moderator. Since
the helium is contained in a closed system and its volume is relatively small, excessive leak-
age is not to be expected.

4. Monitoring System. In the reference reactor systems, radial flux perturbations may oc-
cur because of temperature transients in the moderator. Compensation for the radial pertur-
bations can be made with the control and shim rods if the off-standard condition is located by
monitoring the operating performance of each fuel assembly. Monitoring systems for large
reactors are usually designed to measure flow, temperature rise, and fission-product activity
in the coolant.

The data obtained from monitors in the fuel-assembly outlets are integrated averages and
do not reflect axial variations or peaks. Therefore, if the data are to be used effectively, the
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axial flux pattern must be known or must be capable of being controlled. It follows then that
axial flux monitors are required as well as radial flux monitors. Only minor mention is made
of a monitoring system for the reference designs, and it is not obvious how these monitors are
to be installed and operated.2

5 ESTIMATED POWER COST OF REFERENCE REACTORS A AND B

The Task Force evaluated the cost estimates presented for Reference Reactors A and B,
and certain modifications or adjustments were incorporated. These items are enumerated be-
low in the sections on Capital and Power-production Costs.

It is necessary to point out that these estimates must be regarded as preliminary and that
costs might be substantially affected by considerations (e.g., the reactivity problem) discussed
elsewhere in this report.

5.1 Capital Costs

Direct plant costs were estimated with 1959 dollar values. No attempt was made to esca-
late these costs to hypothetical near-term costs for Reference Reactor A or to hypothetical
long-range costs for Reference Reactor B because of the uncertainties introduced by such
procedures.

The principal adjustment items introduced into the capital-cost estimates of the reference
reactors by the Task Force were as follows:

1. Structures. Two important assumptions have been made by NDA in connection with
structural costs, namely, that containment would not be required and that the plant would be
erected on rock. The Task Force recognized the economies to be effected by the realization
of such assumptions. However, it was the judgment of the Task Force that these assumptions
(which suppose the acquisition of a site sufficiently isolated to eliminate the need for contain-
ment and having a very high bearing capacity soil or rock on which to erect the plant, while
being a reasonable distance from the load center) were too optimistic for these preliminary
cost estimates. Hence, the cost of containment was included for each reference reactor plant,
and the reference foundation conditions were altered to include the cost of foundation supports.
It is believed that these additions will reflect a more realistic estimate of the probable costs
of the reference plants.

In view of the foregoing, the structural costs were increased by $6,090,000. In addition to
the cost of containment, this includes the cost of a concrete foundation slab under the contain-
ment building, concrete piles, a small allowance for external peripheral side walls, and an
allowance for a large quantity of concrete required to partially fill the lower head of the plant
structure in order to provide support for the reactor-section superstructures. The cost in-
crease for structures is equivalent to a 0.90 mill/kw-hr in power-production costs.

2. Shielding. The estimate discussed above for structures includes the cost of a founda-
tion slab for the reactor structures and containment. Hence, the shielding costs, which in-
cluded a foundation slab for the reactor structure (without containment), have been decreased
by $300,000 because of this substitution.

Discussions with NDA during the evaluation period revealed that the cost of 2500 yds of
barytes concrete had been inadvertently omitted in the shielding cost estimate. Hence, an
amount of $200,000 has been added to the shielding costs for this item.

There is a possibility that the reactor plant may be located in or near a populated area.
Hence, the Task Force believes that the cost of shadow shielding should be included in the es-
timate. The shadow shield is located around the inner periphery of the container and extends
from the basement floor of the container up to the crane rails. It serves also to bear the load
of the crane and part of the loads due to intervening concrete floors. The increase in cost for
the shadow shielding has been estimated to be $550,000.

3. Sodium-Water Heat Exchangers. It was the conclusion of the Task Force that, due to the
absence of operating experience with single-wall tubular heat exchangers, double-wall tubes
should be considered for the first plant (Reference Reactor A). These units cost approximately

27



$150/sq ft of heat-transfer area. This cost applies only to the steam generator, superheater,
and preheater surfaces.

For Reference Reactor B, the Task Force assumed that operating experience and develop-
ment work now planned would be successful and would permit the conversion to single-wall
tube equipment, which would result in a corresponding decrease in cost to approximately
$50/sq ft of heat-transfer area. (An interesting fact regarding equipment guarantees was re-
vealed during this Task Force evaluation, namely, that manufacturers of nuclear heat-transfer
equipment will give the same two-year warranty on workmanship, materials, and design for
sodium heat-transfer equipment as they will for water heat-transfer equipment. Under these
guarantees, a piece of equipment would be repaired or replaced by the vendor if his design was
such that a failure occurred within the transient limits set by the customer. However, it should
be noted that these guarantees do not include the cost of inspection, sodium removal, plant
down-time, or reinstallation.)

4. Fuel-handling Equipment. The Task Force concluded that the design and cost estimates
of this equipment were adequate. However, to provide for the inclusion of certain features to
improve reliability and speed in fuel charge and discharge operations, the costs were in-
creased by $100,000.

5. Installation Costs. Reactor-section pipe and valve-installation costs were increased by
$400,000.

6. Other Investment Costs. The following assumptions have been made with regard to other
costs entering this account:

Contingencies on reactor plant equipment 25 per cent of the
estimated cost

Contingencies on turbine plant equipment 7.5 per cent of the
and structures estimated cost

Design costs 5.0 per cent of the
capital cost

Interest during construction (on direct 6.0 per cent
plant costs only) per annum

Interest on core material and fabrication 4.0 per cent
costs prior to start-up per annum

Design costs have been included in the construction overhead account, which was taken as
11 per cent of direct costs. Indirect construction expense was taken as 13 per cent of direct
costs.

Table 3 lists the total investment costs for Reference Reactors A and B. Interest during
construction on average working capital required for fuel material and fabrication of the first
core has been added separately at 4.0 per cent. Heavy water, a nondepreciating capital ex-
pense, has been included as an investment cost.

With regard to interest during construction on core costs, the tabulated costs are those
obtained using the minimum material and fabrication costs. If the maximum costs were used
(Table 5), it would add $80,000 for Reference Reactor A and $270,000 for Reference Reactor B.

5.2 Power-production Costs

The basic assumptions made by the Task Force in computing power-production costs were
as follows:

Plant life 25 years
Plant-use factor 80 per cent
Net plant capacity 200 Mw(e)
Annual net generation 1402 x 10 kw-hr

1. Plant-use Factor. The Task Force used the "Nuclear Standard" plant-use factor of
80 per cent for the sake of comparability with nuclear plant cost estimates made by other es-

28



TABLE 3-PLANT INVESTMENT COSTS FOR
200-Mw(e) NET POWER

Reference Reactors

A B

Direct plant costs:
Land $ 300,000 300,000
Structures and improvements 12,490,000 11,990,000
Reactor plant equipment 28,596,000 20,211,000
Turbine-generator equipment,

including accessory electrical
equipment and miscellaneous
power-plant equipment 16,500,000 16,100,000

Total direct plant costs 57,886,000 48,601,000

Distributed expenses:
Indirect and overhead construction

costs, including design costs 13,892,000 11,664,000
Contingencies 9,323,000 7,159,000

Total distributed expenses 23,215,000 18,823,000

Total plant cost 81,101,000 67,424,000

Interest:
Interest during construction

on total plant cost 4,866,000 4,045,000
Interest on core material and fabri-

cation costs prior to start-up 300,000 214,000
Total interest 5,166,000 4,259,000

Total erected capital cost 86,267,000 71,683,000

Other investment costs:
Heavy-water inventory 10,500,000 8,130,000
Spare parts 250,000 250,000
Heat-transfer fluids, inert gases 150,000 150,000

Total other investment costs 10,900,000 8,530,000

Total investment cost $97,167,000 80,213,000

Total investment cost, $/kw 453 375

timators. This high use factor does not reflect the probable average generation over the life
of the station, and, at best, it should be applied only to that portion of the station life during
which it is one of the more efficient units in the generating system.

The load factor on purchased generation on the average U. S. utility systemil is about
66 per cent, whereas the load factor on the total generating plant is approximately 53 per cent.
If such load factors were assumed instead of the 80 per cent value, it would increase capital-
production costs by at least 20 per cent, and perhaps by 50 per cent. The effect of such a
change in load factor on the fuel component of the power cost would be relatively small.

2. Fuel Costs. Because of the great uncertainties in today's fuel-cost estimates, extrapo-
lations of fuel costs into the future have limited meaning. One of the largest uncertainties con-
cerns fuel-fabrication costs that comprise a significant part of total fuel costs. Another pa-
rameter to which the fuel cost is very sensitive is the average burn-up of the discharged fuel.
This parameter, in particular, is subject to gross uncertainties in a natural-uranium-sodium-
heavy-water reactor.

For these reasons, the Task Force decided to calculate reasonable maximum and mini-
mum fuel costs based on current information and experience. The cost figures given in this
report apply to Reference Reactor A and represent the best estimates of the Task Force for
Reference Reactor B.
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(a) Assumptions for Fuel Cost Estimates. The fixed costs on uranium inventory and on
investment in nonfissionable materials and fabrication cost were computed at 9 per cent per
annum, which is a realistic estimate of the cost of money, profits, and taxes for fuel-cycle
working capital. 20 The natural-uranium inventory cost is computed on this basis since the
AEC21 no longer leases natural uranium at 4 per cent. The difference between 4 and 9 per cent
amounts to 0.23 mill/kw-hr for Reference Reactor A and 0.18 mill/kw-hr for Reference Re-
actor B.

It was also assumed that 10 per cent of the fuel loading would be required as spares at the
plant site and that inventory charges on the in-process fuel would be borne by the fabricator
and included in his selling price.

Shipping costs, process losses, and control-rod and replaceable core-structure costs
were not considered since these costs would increase the operating costs very slightly.

In computing the burn-up costs, the maximum allowable burn-up was based on those
maxima presented, 2 and the maximum allowable average burn-up was recalculated based on
the more conservative peak-to-average neutron fluxes given in Table 2. It was assumed that
the reactor power would not be reduced as a result of these increases in peak-to-average
fluxes, although some redesign of the fuel element would certainly be necessary to validate
this assumption.

It must be recognized that the average burn-up of the fuel in Reference Reactor A will be
limited by swelling of the fuel alloy. The amount of swelling which the sodium-heavy-water
reactor design will allow appears to be of the order of no more than a 3 to 5 per cent density
decrease. There is experimental evidenceT, that this may not be met with a uranium alloy
containing 2 per cent of any low cross-section alloying constituent at the peak burn-up re-
quired to obtain 3000 Mwd/ton average burn-up in Reference Reactor A (8000 Mwd/ton peak
at 900 F).

The design exposure assumed for uranium monocarbide is speculative; however, based
upon present experience, it does not appear to be unreasonable.

The minimum average burn-up was takenas 2000 Mwd/ton, which is the burn-up attain-
able if the reactor just goes critical. This was chosen to illustrate the effect of possible lower
exposure on fuel cost in reactors of marginal excess reactivity and in reactors where expo-
sure limits may be due to materials problems.

A review of the specifications prepared for use by potential suppliers as a basis for fuel-
fabrication cost estimates 2 indicates that the estimates are very likely to be unrealistically
low because the specifications do not approach the stringency required for the reference de-
signs. Accordingly, in computing fuel-fabrication costs, vendors' estimates, where applicable,
were used as the minimum costs. In estimating the upper limit on fuel-fabrication cost, the
Shippingport Pressurized Water Reactor blanket cost experience ($550 per kilogram of ura-
nium) and the estimates of what a Shippingport reactor blanket cost might be today ($205 per
kilogram of uranium), as presented in a report20 on fuel costs by the Edison Electric Institute,
were used as the most reliable basis for the higher costs.

(b) Fabrication Costs. A summary of the estimated minimum and maximum fabrication costs
is given in Table 4. The minimum estimates are not significantly different from those pre-
sented for the reference reactors.2 The maximum expected costs are somewhat below those
postulated as the present costs for the Shippingport blanket type elements. This is attributed
to differences in the size and geometrical configuration of the fuel elements and to differences
in the amount of nonfissionable material specified per kilogram of uranium.

It is probable that the fabrication cost of a core manufactured for Reference Reactor A
(near-term plant) would be closer to the maximum costs than to the minimum costs.

Fuel-cost estimates for the two reference reactors are given in Table 5. Based on pres-
ent knowledge, these are believed to be the best estimates available. There is little basis for
selecting a "most probable" fuel-cycle cost.

(c) Fixed Charges for Power Production. The Task Force concluded that fixed charges on
depreciating items would include sinking-fund depreciation, computed at 6.0 per cent per
annum over the plant life, together with 0.35 per cent allowance for interim replacement
items.
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TABLE 4-FUEL-FABRICATION COSTS

Fabrication costs, $/kg

Minimum Maximum

Reference Reactor A:
Zircaloy-2
Rod fabrication
Assembly

Total

Cost of uranium metal

Reference Reactor B:
Niobium
Pelletizing
Assembly

Total

Cost of uranium carbide

10
12
25

47

40.5

10
11
17

38

38

30
15
25

70

40.5

45
30
50

125

50

TABLE 5-FUEL COSTS

Reference Reactor A Reference Reactor B

High Burn-up Low Burn-up High Burn-up Low Burn-up
(3300 Mwd/ton) (2000 Mwd/ton) (4800 Mwd/ton) (2000 Mwd/ton)

Min. Max. Min. Max. Min. Max. Min. Max.

Replacement cost,
$/year (thousands) 6,450 7,800 10,600 12,900 3,130 6,350 7,520 15,300

Fissionable material
working capital, $/year
(thousands) 468 468 468 468 382 382 382 382

Nonfissionable material
and fabrication working
capital, $/year (thousands) 545 812 545 812 359 1,180 359 1,180

Net plutonium credit,
$/year (thousands) (432) (432) (268) (268) (442) (442) (186) (186)

Total, $/year
(thousands) 7,031 8,648 11,345 13,912 3,429 7,470 8,075 16,676

Mills/kw-hr 5.0 6.2 8.1 9.9 2.4 5.3 5.8 11.9
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Heavy water is considered as a nondepreciating item, with fixed charges at 12.5 per cent
per annum. Heavy-water losses have been estimated at 0.5 per cent annually.

(d) Operation and Maintenance. The cost of operation and maintenance, which includes station
supervision, labor, supplies, administrative, and general expenses (exclusive of heavy-water
inventory charges and fuel), has been taken at 1.2 mills/kw-hr for both Reference Reactors A
and B. This value is representative of a high-cost conventional plant, and it is deemed a rea-
sonable selection for this estimate in view of the lack of statistics on nuclear plant operation.
However, it is probable that this value would increase slightly for the minimum exposure fuel
cycle and would decrease slightly if a longer burn-up fuel cycle were experienced.

(e) Total Power-production Costs. The constituents of power-production costs have been
computed in the foregoing sections and are listed in Table 6.

TABLE 6- POWER-PRODUCTION COSTS
(Mills per net kilowatt-hour)

Reference Reactor A Reference Reactor B

High Burn-up Low Burn-up High Burn-up Low Burn-up
(3300 Mwd/ton) (2000 Mwd/ton) (4800 Mwd/ton) (2000 Mwd/ton)

Min. Max. Min. Max. Min. Max. Min. Max.

Fixed charges on
investment 9.25 9.25 9.25 9.25 7.68 7.68 7.68 7.68

Fixed charges on
heavy water 0.94 0.94 0.94 0.94 0.71 0.71 0.71 0.71

Heavy-water losses 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03
Total fuel costs 5.00 6.20 8.10 9.90 2.40 5.30 5.80 11.90
Operation and

maintenance 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20

Total 16.43 17.63 19.53 21.33 12.02 14.92 15.42 21.52

6 POTENTIAL OF THE SODIUM-HEAVY-WATER REACTOR CONCEPT

The prime objective of the Civilian Power Reactor Program is to reduce the electrical
generation cost of nuclear power reactors to the point where they are economically competi-
tive. The potential of the sodium-heavy-water reactor concept exists in the possibility of
achieving this objective.

In considering the relative attractiveness of the sodium-heavy-water reactor concept, the
Task Force has reviewed the concept in competition with other natural-uranium-heavy-water
reactors. Certain political and intangible factors, such as operational independence of diffu-
sion plants, are commonly associated with the use of natural uranium. The Task Force did not
attempt to evaluate these factors, but it has implicitly assumed that natural-uranium reactors
were a class of reactors distinct from reactor types using enriched fuel. This should not be
interpreted as meaning that the Task Force believes that natural-uranium reactors have or do
not have these intangible advantages.

The long-range potential of an advanced sodium-heavy-water reactor can be affected by
successful results from general research and development programs currently under way or
proposed. Some of the problem areas mentioned in Sec. 4 may possibly be resolved by research
and development in the following areas:

(1) Reactor Physics: Physics measurements of natural-uranium-heavy-water lattices are
needed so that initial reactivity estimates and fuel-exposure limits due to reactivity can be
predicted accurately.

(2) Sodium Steam Generators: Sodium-to-water heat exchangers are being built, and they
will be used in the EBR-2, Fermi, and Hallam reactors, as well as in the general Sodium Com-
ponents Development Program. Experience to be gained with these units will demonstrate
some degree of reliability and indicate areas of possible cost reduction.
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(3) Fuel Cycle and Materials: Natural-uranium fuel development is required to produce a
high-temperature fuel element that is not reactivity limited, is inexpensive to manufacture,
and is not severely limited in exposure by its metallurgical properties. Research and develop-
ment is required on uranium metal alloys, uranium compounds, and cladding materials. With-
out reliable and inexpensive fuel elements, natural-uranium power reactors will never be
economically competitive.

6.1 Comparison with Other Natural-uranium Systems

Technical factors22 ,23 or criteria that may be considered in evaluating the long-range po-
tential of any civilian power-reactor concept include the following:

1. Simplicity and reliability of plant design.
2. High power density in terms of heat generation per unit volume of the reactor and high

specific power in terms of heat generation per unit mass of fuel inventory.
3. Low-cost fuel cycle.
4. High thermal efficiency, which implies a high exit temperature of the coolant.
5. Favorable neutron economy, which implies a high conversion ratio.

A reactor system that is very deficient in any one of these areas may ultimately fail in com-
petition for low-cost nuclear power with other systems not deficient in these areas.

These factors apply to the sodium-heavy-water reactor concept in the following manner:

1. Simplicity and Reliability of Design. The use of sodium, by obviating the need for a
high-pressure coolant system, helps avoid a complex mechanical design. However, the use of
sodium and heavy water together within the core introduces counterbalancing complexities into
the design of a sodium-heavy-water reactor. The incompatibility of heavy water and sodium
with each other and with air requires separate circulating systems for the sodium, heavy
water, nitrogen, helium, and organic fluids. These systems must be mechanically complex in
order to ensure their reliability. In comparing the mechanical system of the sodium-heavy-
water reactor to other natural-uranium-heavy-water reactors, it is apparent that a multi-
fluid system is not quite as simple to operate and maintain as a one- or two-fluid system.
The fabrication, operation, and maintenance costs of sodium-to-steam generators probably
will be higher than those for heat exchangers with compatible fluids.

2. Power Density and Specific Power. As in all natural-uranium reactors, the moderator-
to-fuel volumetric ratio is high, and the power density in terms of power per unit volume of
core is low. A high power density is generally desirable so that the costs associated with the
size of the reactor system and the heavy-water inventory can be minimized. The sodium-
heavy-water reactor concept requires a higher moderator-to-fuel ratio than other natural-
uranium reactors using heavy water or gas coolants because of the greater parasitic capture
of neutrons by sodium.

The specific power, in terms of power per unit mass of fuel, is limited to about 9 Mw/Mt
in the sodium -heavy-water reactor concept. This limit arises from the reactivity penalty
associated with sodium, a sodium flow velocity of about 30 ft/sec within the core and a tem-
perature rise of about 200*F across the reactor core. The specific power is further limited by
the poor power distribution within the fuel cluster which results from the large size of the
cluster.

3. Fuel Cycle. Fuel-cycle costs are inversely proportional to the product of fuel exposure
(burn-up) and thermal efficiency. The thermal efficiency of an advanced sodium-heavy-water
reactor system may be about 37 per cent. The economic advantage resulting from high plant
efficiencies is compromised in a sodium-heavy-water reactor if fuel exposure is severely
limited by reactivity or material considerations.

As noted in Sec. 4.1, this reactor concept is particularly limited by reactivity. It is doubt-
ful that a variation in the calculated values of reactivity will lead to reactor systems with suf-
ficient excess reactivity to permit fuel exposures to high burn-up. The effect of burn-up limi-
tations on the fuel cost is illustrated in Table 5.

In addition, the characteristic poor power distribution in a fuel cluster gives a relatively
poor fuel situation. Either the average burn-up of a core loading will be low or a difficult fuel-
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management problem will exist. This fuel-management difficulty arises from the need to re-
shuffle fuel rods within a cluster and not from the reshuffling of fuel clusters within the core,
as can be done with a zoned loading. The increased fuel-cycle costs for the sodium -heavy-
water reactor concept, when compared to natural-uranium reactors with more favorable power
distributions, can amount to several mills per kilowatt-hour.

4. Thermal Efficiency. Because of the high heat-transfer coefficient of sodium, the outlet
temperature of the coolant in sodium-cooled reactors can be closer to the limiting fuel tem-
perature than that achieved in reactors utilizing other coolants. This results in higher steam
temperatures and higher plant efficiencies.

The sodium-heavy-water reactor concept has the long-range potential of achieving high
thermal efficiencies (of the order of 37 per cent) if the reactivity problem is satisfactorily re-
solved and if research and development on fuel materials lead to affirmative results. This
percentage is considerably higher than that of many other natural-uranium systems, but it may
be of the same order of magnitude as that of an advanced heavy-water-cooled system utilizing
superheat.

It should be noted that the use of sodium as a reactor coolant poses many inherent techni-
cal and economic problems (see Sec. 4). It appears that the increased costs associated with
resolving these problems are not counterbalanced in the sodium -heavy-water reactor by the
advantages of high thermal efficiency and low pressure.

5. Neutron Economy. Parasitic absorption by the sodium coolant causes the conversion
ratio of the sodium-heavy-water reactor to be lower than other natural-uranium-heavy-water
systems having less neutron-absorbing coolants.

These inherent characteristics of the sodium-heavy-water reactor concept influence the
power-production costs given in Table 6. Although these costs have limited meaning at this
early stage of the concept's development, it is the belief of the Task Force that the inherent
characteristics of the sodium-heavy-water reactor concept do not indicate that the concept
has long-range potential for the economical production of electrical power.

6.2 Effect of Fuel Enrichment

Since the reactivity of the sodium-heavy-water reactor designs is quite marginal and
imposes many restrictions on this concept in the use of materials and attainable fuel exposure,
it seems that a logical step would be to provide additional reactivity by utilizing either U235 or
Pu2 enrichment (plutonium recycle).

In a natural-uranium design, enriched fuel must be considered in view of the savings that
can be realized from the enrichment compared to the increased cost of the fuel fabrication. In
reactors where the fuel exposure is limited by reactivity, the increased exposure may more
than compensate for the increased fabrication cost. For example, in the Sargent & Lundy de-
sign studies,6 the enrichment of uranium oxide fuel resulted in net savings of 0.6 to 0.9 mill/
kw-hr in fuel-cycle costs.

Unlike most other natural-uranium reactors, the specific power of the sodium-heavy-
water reactor is limited by the reactivity associated with the sodium volume in the core. The
specific power could be substantially increased by enrichment, which would permit a larger
volume of sodium in the fuel cluster. If the coolant volume and specific power were doubled in
Reference Reactor B, the central metal temperature would be approximately 2500*F. The re-
activity held in the sodium would be increased from 4 to 8 per cent k and that held in the cool-
ant, barrier, and calandria tubes would be increased from about 3 to 4 per cent k. An increase
in enrichment from the natural abundance to 1.2 per cent would increase the reactivity by
about 17 per cent, which would be sufficient to (1) ensure criticality, (2) provide sufficient re-
activity to obtain a long fuel exposure, and (3) increase the average specific power from 5.6 to
about 11 Mw/ton.

However, to remain within the area of a natural-uranium concept, the design is limited by
reactivity that is imposed by the use of natural uranium. Once the reactor is designed to op-
erate on natural uranium, the gains that can be afforded by enrichment will be severely
reduced.
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6.3 Conclusions

The conclusions that the Task Force has drawn from this evaluation of potential are as
follows:

1. The potential of a sodium - heavy-water reactor concept for the economical production
of electric power in the near future does not appear promising. A return of 30 per cent ef-
ficiency, which is claimed for Reference Reactor A, is not sufficient gain to overcome the risk
of marginal reactivity, unreliable or expensive steam generators, and lack of confidence in the
fuel assembly.

2. Other natural-uranium reactors, such as the pressurized or boiling heavy-water con-
cepts,5 have reached a stage of development higher than that of the sodium-cooled concept.
The expenditure of research and development funds to solve the previously reported problems
solely for the sodium-heavy-water reactor and to achieve a full-scale operating plant would
be greater for this concept than for other natural-uranium power reactors.

3. Sodium, when considered as a separate entity, has the potential of producing high-
quality steam, which is synonymous with high thermal efficiency. However, sodium is not
unique in having this characteristic. Other natural-uranium systems, such as those employing
nuclear superheat, have the potential of producing high-quality steam. Also, these other sys-
tems do not have the disadvantages incurred with the use of sodium, namely, marginal reac-
tivity and costly steam generators. In addition, the inherent characteristics of the concept do
not lead to power costs that are lower than those of other natural-uranium-heavy-water re-
actors. Hence, it does not appear that the sodium-heavy-water reactor concept has a long-
range potential for the economical production of electric power that is better than other
natural-uranium power reactors.

4. Current and projected research and development programs for other reactor systems
may produce results in the future which can be applied to the sodium-heavy-water reactor
concept. If this occurs, the concept may appear more favorable when it is compared with other
natural-uranium reactors.

5. The conclusions drawn by the Sodium-Heavy-water Reactor Task Force are strictly
valid only at the time of this evaluation and in the immediate future. When major advancements
occur in sodium and natural-uranium-heavy-water technologies leading to lower power costs,
many areas of reactor technology can be affected. The operation of sodium plants under con-
struction may result in significant cost reductions that can be applied to the sodium - heavy-
water reactor concept or to any other sodium-cooled concept. Natural-uranium fuel-element
development may lead to similar cost reductions. If these occur, a reevaluation of the concept
should be made at that time.
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