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FOREWORD

In early 1959 the U. S. Atomic Energy Commission initiated a study to
assess the feasability of low-level power generation through the use of
certain types of small-sized nuclear reactors.

Evaluation and state-of -the art reports are available from the Office of
Technical Services, U. S. Department of Commerce, Washington 25,
D. C., as indicated below:

TID-8508

TID-8509

TID-8510

TID-8511

TID-8512

TID-8513

TASK FORCE EVALUATION REPORT-SMALL-SIZED
NUCLEAR POWER PLANT PROGRAM, Oak Ridge Opera-
tions Office, U. S. Atomic Energy Commission, June 1,
1959, price $1.75.

STATISTICAL SURVEY--GENERATING COOPERATIVES
AND MUNICIPALITIES, Oak Ridge Operations Office, U. S.
Atomic Energy Commission, June 1, 1959, price $1.25.

A BRIEF STUDY OF BOILING WATER REACTORS IN THE
5 TO 40 eMW RANGE, General Nuclear Engineering Corpo-
ration, Oct. 10, 1959, price $2.75.

SMALL-SIZED ORGANIC MODERATED REACTORS (10-40
MWE), Atomics International, Oct. 10, 1959, price $1.25.

20,000 KILOWATT ORGANIC MODERATED POWER PLANT,
Atomics International, Oct. 10, 1959, price $2.75.

SURVEY OF PWR POWER PLANTS, 10-30 eMW SIZE,
ALCO Products, Inc., Oct. 10, 1959, price $4.00.
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I. SueAR!

This report sunmarizes the work performed in a brief study made for

the U. S. Atomic Energy Comission of boiling water reactor power plants

in the 5 to 40 elW output range. The scope of this work was specified

as a brief concentrated study beginning April 14 and concluding in a

report by April 27, 1959, which develops information of the following types:

A. Brief description of boiling water reactor systems adaptable to,

or within, a 5 to 40 eMi range using designs based on existing

technology.

B. Outline of work already performed on boiling water reactors.

C. Work currently under way on boiling water reactors in the 5 to

40 eMW range.

D. Summary of tentative conclusions indicated by accumulated

experience, as applicable to the ADC assignment on small

nuclear power plants (5 to 40 eMW).

E. Sunmiary of anticipated problems.

F. Work being planned.

G. References to key reports containing additional details.

H. Economic data presenting as much information as possible on a

detailed cost breakdown under the following broad categories:

1. Capital Costs

a. Reactor.

b. Site, building, and structures.
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c. Incremental costs, if any, on conventional turbine side

of plant due to reactor steam conditions.

2. Operating Costs

a. Fuel cost (based on MWD/T).

b. Operation and maintenance costs.

Based as much as possible on actual experience, power generating

and capital costs will be estimated as a function of size within

the 15--25 eMW range.

I. Any additional information which can be compiled by April 27, 1959,

and which would be helpful as a comparative evaluation with other

reactors. After April 27, 1959, follow-up discussions pertaining

to the report may be required.

The following general conclusions are drawn as a result of this work

and of previous experience of the authors in the boiling reactor field.

The reader is urged to read the full text of the report, and references

listed therein, for substantiation of these conclusions and for additional

pertinent information which should be taken into account in deciding upon

a course of action.

1. In spite of the fact that the first boiling reactor experiment

was conducted less than 6 years ago, more boiling reactor power

plants are being built today than any other nuclear type.

2. The current widespread acceptance of boiling reactors is largely

based on performance already demonstrated in small reactors. It

is expected that the leadership of boiling reactors will become

even more pronounced as the improvement trends which are already
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evident, such as the progression toward higher operating

pressures, are exploited further.

3. The simplicity and inherent safety of natural circulation,

direct-cycle boiling reactor power plants give this type great

operational and economic appeal for small power plants.

I. Early concern over possible instability, low power density,

radioactivity, and corrosion effects has been largely dispelled

by actual operating experience on existing boiling water reactors.

5. The greatest individual steps which can be taken toward reducing

power costs from small boiling water reactor power plants built

in the immediate future are expected to come from improved

performance and lower costs resulting from operation at higher

pressure and from superheating the steam.

6. A nuclear power plant utilizing a high pressure direct cycle

natural circulation boiling reactor directly coupled to an

oil-fired superheater could be built immediately, with no

development work required.

7. With only a small amount of development work, an experimental

boiling water reactor with an integral nuclear superheater could

be constructed which would represent a major step toward the

ultimate goal of low cost electricity from an all-nuclear plant.

Reference conceptual designs of boiling reactor-oil-fired superheater

power plants having gross electric outputs of 25 and 35 megawatts have been

developed for cost estimating purposes. Capital costs are estimated at

$350 and $330 per gross kilowatt, respectively. An annual capital charge
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of 7% anM a plutonium credit of $15/8n were specified by the AMC. To

show the importance of uncertainties, representative ranges were taken

for certain other variables such as the following:

Oil cost -- 300 to 5O0 per million BTU

Plant factor -- 0.6 to 0.8

Fuel exposure -- 10,000 to 15,000 WD/Ton of U

Results of calculations of over-all power cost from the reference

plant having gross and net electric outputs of 25 MW and 23.5 W,
respectively, are sumarized in the following table:

Table 1

25 eMW POMER PLANT WITH OIL-FIRED SUPEREATER

Fuel Oil Total Fuel Capital 0 & 14
Burn Plant cst Cost Chare hareTotal
(141_T) Factor (/10 BTU) (mills/KH) (mills/KWH) (mil (mills/KWH)

10,000 0.6 30 3.28 4.95 1.66 9.89

10,000 0.8 30 3.21 3.72 1.25 8.18

15,000 0.6 30 2.75 4.95 1.66 9.36

15,000 0.8 30 2.68 3.72 1.25 7.65

1o,ooo o.6 50 3.99 4.95 1.66 10.60

10,000 0.8 50 3.92 3.72 1.25 8.89

15,000 0.6 50 3.46 4.95 1.66 10.07

15,000 0.8 50 3.39 3.72 1.25 8.36

-14-
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The power costs predicted for these plants are very nearly competitive

with conventional plants of the same size in many sections of the United

States.

In the writers' opinion boiling water reactors with superheated steam

show the greatest promise among all reactor types for achieving a truly

competitive status in the immediate future. Small power plants of this

type are strongly recommended for inclusion in the United States' reactor

development program. This program could logically include one small plant

each of the oil-fired and the nuclear-superheater types.

The oil-fired superheater version of the boiling reactor power plant

could achieve the objective of immediately establishing a new low in power

cost from small nuclear power plants. It would also provide valuable

information on the long term corrosion of materials in oxygenated-superheated

steam. If the AEC bears only the cost differential between the nuclear

plant and a conventional plant of the same size, the required investment

would be very small.

Construction of a small high performance plant incorporating an oil-

fired superheater, without experimental features or development costs,

would be of great value to the nuclear power industry if as part of the

project detailed accounts of actual construction costs (materials, labor,

etc.) were prepared. With an accurate record of actual costs on such a

plant available for inspection, it would be much easier to obtain full

participation of industry in future reactor projects.

The first power plant incorporating a boiling reactor with an integral

nuclear superheater would suffer the economic penalties which are inevitable
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in a first-generation plant. Successive generations would be expected

to achieve a competitive status, probably surpassing the performance of

the oil-fired superheater version. The true merits of such a plant cannot

be assessed accurately until a small plant has been built and operated.

To hasten the realization of low-cost electricity from an all-nuclear

plant, construction of such an experimental plant should be undertaken at

the earliest possible date.

To illustrate the importance of an oil-fired superheater in reducing

power costs from a boiling reactor a cost estimate was made for a plant

which uses exactly the same boiling reactor as in the 35 eMl (gross) super-

heating plant but with the oil fired superheater omitted. The gross power

output drops from 35 eMlW to 20.3 eMl. Costs for this 20.3 eMWl plant relative

to the 25 eMl reference superheating plant are sunmarized in Table 2.

Table 2

COST COMPARISON OF SUPERHEATING AND NON-SUPERHEATING PLANTS

Superheating Non-Superheating

Gross Electric Output (eMWl) 25 20.3

Net Electric Output (eMl) 23.5 19.1

Capital Cost ($/gross kw) 350 425

*Capital Cost (mills/KWH) 3.72 4.50

*Fuel Cost (mills/KWH) 3.21 3.46

*Operation & Maintenance Cost (mills/KWH) 1.25 1.31

*Total Power Cost (mills/KWH) 8.18 9.27

* Using a 7% annual capital charge, 0.8 plant factor, and an oil cost
of 30$ per million BTU

-6 -



II. BOILING WATER REACTOR SYSTEMS USABLE IN THE 5 TO 4) elm POWER RAN

A. General Considerations.

There are several reactor characteristics which are important to the

attainment of economic nuclear power in any reactor, and which are particularly

important in a reactor which is to operate in the lower power ranges. These

characteristics are:

1. Small physical size.

2. Low neutron migration area.

3. Simplicity of reactor and minimum number of auxiliaries.

4. Low development cost for a specific unit.

The general class of boiling water reactors possesses these characteristics

to a marked degree; it is important that the specific boiling reactor designs

selected for low power service be those which emphasize these characteristics.

Consequently they will be discussed in some detail.

The principle that reactors of small physical size will tend to have

low construction costs is one which suggests itself intuitively. The

principle obviously needs some qualifying reservations to the effect that

small size yields low cost only if it can be achieved without the use of

extremely expensive materials or expensive engineering techniques. Hydrogen

moderated reactors are inherently compact because of the high moderating

power of hydrogen, and because the hydrogen normally is a constituent of the

coolant fluid and therefore does not occupy space other than that necessary

for the coolant. Thus it is possible to make water cooled and moderated

reactors of reasonably high power density without resorting to difficult
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mechanical or hydraulic design features. The organic cooled and moderated

reactors are comparable in this respect, but somewhat inferior because of

the poorer heat transfer properties of the organics.

The neutron migration area determines the fractional leakage of

neutrons from a reactor of given size and shape. If reactors are to be

small in size, they must have low migration areas or suffer poor neutron

economy because of neutron leakage. In this respect again, the hydrogen

moderated reactors are outstanding. The EBWR, although its core was only

about four feet in diameter and four feet high, achieves a conversion ratio

of about 0.7. (1) If hydrogenous moderators are used, it is probable that

only in the very lowest power range (5 to 10 eMW) will there be any question

as to the feasibility of a significantly high conversion ratio. The

achievement of a reasonable conversion ratio is important not only for its

effect on the net burnup cost of fuel, but also because it simplifies the

problem of achieving long reactivity lifetime.

Simplicity of the total plant, which results from a basically simple

reactor using a minimum of auxiliary equipment, is the second characteristic

which fosters low construction cost. It is particularly important in

plants of small output, for at best the specific costs of these plants

(dollars per kilowatt) tend to be high, both for the basic reactor, and

particularly for auxiliary items. Furthermore, simplicity of plant reduces

the personnel requirements for operation, and thereby reduces operating

costs, which again tend to be high for plants of small output. In this

respect the boiling water reactor, particularly the natural circulation

direct cycle reactor, is most outstanding.
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In considering the field of low output reactors, it is important to

consider the expense which may be necessary for the development of a

specific reactor design, even though the design may involve no general

advances in the technology. Thus, for example, if a particular reactor

type is quite sensitive to the effects of thermal hot spots, a large

expenditure may be necessary for very detailed design calculations or

critical experiments on the specific reactor design, even though the

contemplated heat transfer rates and temperatures may be no higher than

those which are in general use. In a reactor of low output, any large

expenditure for such development on individual units may result in a

substantial cost contribution, which may occur whenever a new design is

made that is not an exact duplicate of an earlier design. The developmental

history of the boiling reactor suggests that this reactor type is particularly

economical in this respect. A number of reactors have been built (the BORAX

reactors, EBWR, VBWR) with a minimum amount of such individual develop-

mental expenditure. The reasons for this characteristic of the boiling

reactor are:

1. Because of its simplicity a relatively inexpensive plant can be

built without the necessity for close design to achieve very high

power density and to minimize pumping power. This is particularly

true in the case of the natural circulation reactor.

2. The principle of the boiling reactor, particularly that of the

direct cycle reactor, allows the attainment of attractively high

steam pressures without encroaching upon the temperature limita-

tions of proven materials for the reactor core.
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A fifth characteristic which is important in all reactors, but which

probably does not assume added significance in the case of small reactors,

is that of thermal efficiency. All hydrogen moderated concepts which

have been thoroughly developed to date tend to be deficient in this respect.

The boiling reactor, at its present stage of development, tends to be

superior to the pressurized water type in this respect, and possibly

slightly inferior to the organic cooled type. In its potentiality for the

future, it appears to be favored by an inherent adaptability to integral

nuclear superheat. If such a superheating design can be developed which

does not seriously impair either the basic simplicity of the boiling

reactor concept or the neutron economy, it may be expected that it will be

uniquely attractive for small plant applications.

B. Power Density in Boiling Reactors.

In producing a reactor design much of the work and many of the decisions

have to do with the attainment of the desired average power density in the

reactor core. This is particularly true in the case of the boiling reactor,

since the power density may be determined not only by thermal and heat

transfer characteristics but by dynamic considerations as well. It is

therefore necessary to review briefly the history and the status of our

knowledge concerning the relationship between reactor dynamics and power

density before considering the major decisions which must be made in

choosing reactor characteristics for a given power range.

At the time the boiling water reactor was first proposed, it was

recognized that such reactors would probably have to operate with relatively

large amounts of reactivity compensated by steam if economically attractive
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power densities were to be attained. Theoretical analyses of stability,

based on the best models of steam formation and steam flow which could

be constructed at that time, indicated there was little chance that the

reactors would be unstable as long as no reactivity fluctuations occurred

which approached the magnitude of the delayed neutron fraction p. Since

little was known about the reactivity fluctuations which might characterize

the operation of a boiling reactor, and since the two-phase flow of steam-

water mixtures was not well understood, no predictions could reasonably

be made of the power densities which might be expected to be feasible in

boiling reactors. It could only be postulated that the reactivity worth

of the steam in the reactor would be one of the important factors determining

reactor stability, and that if high power density could be attained in such

a reactor it would be attained through design principles which would

maximize the power removal from the core for a given amount of reactivity

compensated by steam. Two obvious roads to high power density were:

(1) reduction of the negative steam void coefficient of reactivity (i.e.

reduction of the reactivity worth of a given volumetric steam content); and

(2) the use of high pressure, which would increase the volumetric energy

content of the steam.

The early BORAX experiments indicated that attractively high power

densities could be attained through the application of these principles.

They also established certain characteristics of the boiling reactor

which showed that the reactor type was amenable to the application of

straightforward engineering principles provided only that the necessary

experimental data could be obtained:
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1. The time lag associated with the formation of steam at the fuel-

plate surface was sufficiently short to be practically negligible

in determining the characteristics of the steady-boiling reactor.

This characteristic in effect guarantees that there can be no

large-scale collapse of steam bubbles so long as the reactor

continues to produce power.

2. The behavior of the reactor in both transient and steady-state

tests was consistent and repeatable. This characteristic gave

assurance that the gross behavior of the steam in the reactor

core was not subject to fluctuations beyond the control of the

reactor designer.

3. The random power fluctuations present during steady-state operation

were not of serious magnitude. This characteristic demonstrated

that the local fluctuations in steam density were not of

sufficient magnitude, even in the rather small BORAX reactors,

to constitute a serious barrier to the steady operation of the

boiling reactor.

In combination these results indicated that the behavior of the reactor

should be understandable in terms of the neutron kinetics of the chain

reaction and the kinetics of the gross hydraulic and heat-transfer processes

of the coolant.

The experiments demonstrated also the effect of operating pressure in

increasing the power density, although the maxiuum pressure available was

only 300 psi.
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When the EBWR went into operation(1'3) it demonstrated considerably

better stability than the BORAX reactors which had been operated up to

that time. This improvement had been expected, and was attributed to both

the higher operating pressure and the much longer thermal time constant of

the fuel plates. In later experimental reactors the effects of these two

variables have been demonstrated separately. The BORAX IV reactor,

operating at the same pressure (300 psi) as BORAX II and III, but using

U02 -Th02 fuel elements of longer thermal time constant, demonstrated that

considerably higher power densities could be obtained and that quite large

reactivities (up to 6.9% keff) could be compensated by steam without

instability. The Vallecitos reactor 'on the other hand used thin fuel

plates of short thermal time constant, but at an operating pressure of

1000 psi. This reactor also showed the capability of high power density.

In conjunction with the construction and operation of experimental

boiling reactors, programs have been carried out for the better understanding

of power density and stability. Considerable progress has been made through

the application of the transfer function concept, as both an experimental

and a theoretical tool. Some of the conclusions which have been reached

are discussed in reference 6, and may be summarized as follows:

1. The low pressure coefficient of reactivity of a boiling reactor

operating at high pressure reduces the positive feedback effects

which may be connected with hydraulic oscillations of the water to

a negligible magnitude. Consequently, reactors at high pressure

are not expected to become unstable from hydraulic oscillations.
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2. The possibility of hydraulic oscillations can be further reduced

by suitable damping in the recirculation system.

3. The gin of the feedback system can be reduced by the use of fuel

elements with long thermal time constants. If the time constant

of the fuel element is well separated from the time constant

inherent in the system hydraulics, the system may be stabilized

to a large degree. Such long time constants tend to result

from the use of oxide f'el elements. It is, of course, true that

the time constants will become shorter if the fuel elements are

made smaller in order to allow higher power densities without

exceeding the temperature limits of the oxide. Nevertheless the

excellent behavior of BORAX-IV, using small diameter oxide

elements, is very encouraging.

The dynamic characteristics of the boiling reactor are understood,

at least in principle. The design principles that promote

stability are recognized. Although it is not yet possible to

predict the stability limits of the boiling reactor accurately

from. first principles because of the complexity of the physical

situation, it is possible with the aid of oscillator techniques to

map out completely safe operating ranges for the reactor after it

has been built. The difficulties in predicting exact limits of

stability during design of the reactor may lead to overconservatism

in the design, but the experimental indications are that factors

other than stability are likely to be limiting on power density

in reactors fueled with uranium oxide.
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More recently further work has been done in connection with the EBWR

which may constitute a real step in the direction of predicting the

stability limits of the boiling reactor from first principles. The EWR

with its major associated circuits has been analysed in the linear approxi-

mation by the application of the transfer function technique, and it has

been found possible to arrive at a theoretical transfer function for the

reactor system which approximates quite closely the experimentally measured

transfer function. As this has been accoplished through the use of

calculated time constants and gin factors for the various physical components

of the dynamic system, rather than through the assignment of empirical values,

the results appear quite promising.

The main incentive for developing a theoretical understanding of the

boiling reactor is to allow the increase of design power densities to the

point where they are limited by considerations other than reactor stability.

To a certain degree, the limitations on power density which are imposed by

stability questions are not independent of those imposed by thermal consi-

derations, for stability considerations dictate the value of the steam void

coefficient of reactivity, which in turn sets the fuel/moderator ratio, or

its equivalent, the average density of fuel in the reactor core. It can be

said however that once the fuel/moderator ratio has been set at the proper

value for a low steam void coefficient of reactivity, designs can be made

in which the allowable power density is determined not by stability

considerations, but by thermal considerations such as fuel element central

temperature. These moderator/fuel volume ratios for slightly enriched cores

usually lie in the range 2 to 3, which is somewhat higher, but not greatly
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higher, than the range (about 1.5 to 2) which tends to characterize non-

boiling pressurized water reactors.

If the subtleties of stability theory are ignored, the experimental

fact remains that three relatively small natural circulation reactors

have operated at power densities considerably above 30 KW/liter of core

under widely different conditions (BORAX-IV at 45 KW/liter, EBWR at

38 KW/liter, and VBWR at 50 KW/liter).(3) Certainly the principles

of stable design are sufficiently well understood to allow the approximation

of this performance in other natural circulation reactors of equal and

larger sizes. Power densities in the range 20 to 30 KW/liter of core are

quite attractive for boiling reactors in the 5 to 40 eMW range, as will

be evident from later discussion. It therefore appears that natural

circulation reactors are, from the point of view of power density, applicable

to the power range under consideration. Of course, if higher power densities

are sufficiently attractive, forced circulation can always be applied to

the boiling reactor to increase the circulation velocity and thereby raise

the stability limit on power density, and various other schemes such as the

dual cycle system may be utilized to allow further increases by subcooling

the reactor inlet water and thereby reducing the fraction of the core

volume occupied by steam. Further discussions of power density may be

found in references 8 and 9.

C. Choice of Reactor Characteristics for the 5 to 40 eMW Range.

In selecting a boiling reactor type for service at a given generating

capacity, the major choices to be made are the type of steam cycle (direct

or indirect), the method of coolant circulation (forced or natural), the
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fuel type, and the operating pressure. These possibilities will be

discussed in relation to the specified reactor size range.

The most fundamental of these choices is perhaps that between direct

and indirect cycle. A further possibility is the dual cycle. With the

direct cycle one gets the simplest possible plant with the highest ratio

of turbine inlet pressure to reactor pressure. These advantages are

accompanied by the possible disadvantages of some radioactivity in the

steam, and of high oxygen content in the turbine. However, operational

experience with EBWR, BORAX-IV, and VBWR has indicated that there are no

serious contamination problems in normal operation,(4,10,5) and the

operation of BORAX-IV with several failed fuel elements has indicated that

no troublesome long-term contamination results from the failure of elements

of the oxide type. Although this same operating experience has shown that

the water dissociation in a boiling reactor is high compared to that in a

non-boiling reactor, no serious effects of oxygen have been observed in

the turbines actually in use, and experiments on turbine materials in

oxygenated steam are also encouraging. In view of these developments

the direct cycle system has been generally accepted as a practical one, and

there does not appear to be any incentive to use the indirect cycle in a

plant of low output. Indeed, there is no experience to guide the design

of systems for handling the dissociation gases in the heat exchanger of an

indirect cycle design, although it is not expected that this problem would

be a major one . The reasons for using the dual cycle in any plant

installation are to increase the attainable power density in the reactor,

and to improve the load matching characteristics of the reactor. As will
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be discussed in later paragraphs, there does not appear to be a good

reason for attempting extremely high power densities in reactors of low

output. Since the additional complexity of the dual-cycle arrangement

is a high price to pay simply for load matching characteristics, and since

experience has indicated that load matching is not a particularly difficult

operation with the direct-cycle reactor,(5) there does not seem to be an

incentive for the use of the dual cycle in reactors of low output.

The choice between natural and forced circulation must be made on

considerations of power density. Certainly at the lower end of the power

range, near 5 eMW, there is no great incentive to improve power density

by forced circulation. Two experimental natural circulation reactors of

quite different characteristics (BORAX-IV and VBWR), operating at widely

different pressures, have both demonstrated the capability of producing

enough steam for the generation of 5 electrical megawatts in cores roughly

three feet in diameter by three feet high. It is unlikely that forced

circulation could be used to economic advantage for allowing a reduction

of core size below this value . As core size is reduced below about three

feet, neutron leakage increases rather rapidly, and results in a rapid

increase of the negative steam coefficient of reactivity. Consequently, a

large increase in flow velocity would be necessary to compensate for a

relatively small reduction in core size beyond this point.

A further consideration involves the effect of neutron leakage on the

fuel cycle. For most boiling reactors the migration area (M4) at operating

2
conditions will fall in the range 70 to 90 cm , depending upon the operating

pressure, the fuel/moderator ratio, and the operating steam void content.
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Under these conditions the reactor will have a reflector saving of perhaps

9 cm, and the geometric buckling for a three-foot core would be about

0.02 cm -2. Consequently the fractional leakage of neutrons, N2 2, would

lie approximately in the range 0.20 to 0.25, and the loss in conversion

ratio attributable to neutron leakage would lie between about 0.35. and

0.40. When the other losses which will undoubtedly occur are added to the

leakage losses, the attainable conversion ratio becomes rather low, perhaps

no higher than 0.5, and the attainment of long fuel life through conversion

becomes difficult. An increase in power density (and a corresponding

decrease in core size) can only increase this difficulty.

At the upper end of power range the case for natural circulation

is not quite as obvious. If it is assumed that a power density of 30 KW/liter

of core can be attained in this higher range with natural circulation the

required core height and diameter at an assumed thermal efficiency of 27%

would be about 74 inches for a plant of 40 eMW. The fractional neutron

leakage (12B2) from such a core would lie between 0.05 and 0.07. The core

size is large enough that the desirability of decreasing it, and thereby

decreasing the size and cost of the pressure vessel, might be considered.

Evidently, at some design power level the core size for a natural circulation

reactor will become large enough that the savings resulting from increased

power density would more than compensate for the extra cost of forced

circulation equipment. The power level at which this transition occurs

cannot be established by general arguments, but only by comparison of specific

designs. However, if the full potentialities of natural circulation are

exploited, particularly by the use of high operating pressure, it is not
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expected that the transition will occur at a capacity as low as 40 eMlW;

the generalization, that the natural-circulation, direct-cycle reactor

is economically attractive over the 5 to 40 eMW range is believed to be

valid.

It is now well established that an effective method of increasing

the stability-limited power density of a natural circulation boiling

reactor is by increasing the operating pressure. This effect is not

surprising, since even the most cursory consideration of boiling reactor

operation suggests that as pressure is increased the volumetric heat

content of a steam bubble increases in almost direct proportion, and

consequently a greater quantity of heat should be removable from the reactor

for a given steam flow velocity in the coolant channels and a given steam

volume fraction. This effect is greatly obscured at very low steam pressures

by the very strong effect of the variation in velocity of slip of the steam

through the water. However, at pressures which are of practical interest

for electric generating plants, the variation in slip velocity with pressure

is much reduced, and the effect of pressure on power output is quite

important. Furthermore, experience with operating reactors has demonstrated

that operating pressure has other inherent effects on stability which make

possible stable operation with larger amounts of reactivity compensated by

steam. In the EBWR it was found that when the operating pressure was

reduced to one-quarter the normal value, a reactor transfer function very

similar to the normal transfer function was obtained if the reactor power

also was reduced to one-quarter its normal value. These effects have

been attributed at least in part to the lower pressure coefficient of
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reactivity which characterizes high pressure operation. In effect the lower

pressure coefficient of reactivity is simply a manifestation of the fact

that steam bubbles in equilibrium with saturated liquid are less compressible

when the operating pressure is high.

A further advantage of high steam pressure is of course the gain in

thermal efficiency. At a pressure of 600 psi, the cycle efficiency for a

typical saturated steam cycle is increasing at a rate of about 1.9% (Aeff/eff)

per 100 psi increase in steam pressure.(13) Although this rate of change

may not be high enough to encourage efforts for higher steam pressures in

pressurized water reactors, where any increase in steam pressure is obtained

with considerable difficulty, it certainly represents an attractive bonus

in cycle efficiency for the direct-cycle boiling reactor, in which the

operating pressure need be only slightly higher than the turbine throttle

pressure. To utilize saturated steam at high pressures, it may be necessary

to provide for water extractions from the turbine at several stages in the

expansion process. This appears to be quite feasible technically, and is

expected to be economically attractive as a means of realizing the efficiency

benefits of high pressure steam. An alternate method which appears even

more attractive economically is the provision of sufficient superheat by

chemical means to raise the steam temperature to a value consistent with

current practice in conventional generating plants. Since that fraction of

the energy used for superheating is converted to mechanical energy at quite

high efficiency (50 to 60%), the use of fossil fuel as an interim measure

until integral nuclear superheat reaches a stage of advanced development

appears quite attractive.
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It may be said then, that there is considerable incentive for the use

of high operating pressure, and that the optimum pressure may well be

considerably higher than the 1000 psi which is the upper limit of current

boiling designs. For plants in the capacity range under consideration,

the construction of pressure vessels for such pressures presents no unusual

difficulty. It is perhaps only in the very low output range (5 to 10 eMW),

where reactor size might be determined by considerations of neutron economy

rather than those of power density, that lower pressures might appear

attractive.

As fuel for a slightly enriched boiling reactor, U0 2 is the natural

choice. This fuel is by far the most highly developed, appears capable of

long lifetime, and does not disintegrate in water if jacket failures occur.

Furthermore it has been demonstrated that the long thermal time constant

which characterizes oxide fuel contributes to the stability of the boiling

reactor, and it is probable that the rather large Doppler effect which

results from the high average operating temperature of the fuel is also

beneficial.

As jacket material there is a possible choice between Zircaloy and

stainless steel. Fabrication costs are somewhat lower when steel jackets

are used; but fuel burnup costs are lower with zirconium because of the

better neutron economy, and the problem of achieving long reactivity lifetime

is reduced for the same reason. It is believed that the fabrication cost

difference is subject to reduction through the improvement of manufacturing

techniques, whereas the fuel burnup and reactivity lifetime deficiencies of

steel-jacketed elements are inherent ones which will not be substantially
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improved. It therefore appears that the future trend will in any case

be toward zirconium. It is probable that in small reactors, which suffer

an inherent penalty on neutron economy because of neutron leakage, the use

of zirconium to preserve as many as possible of the non-leaking neutrons

for conversion is economically attractive even at present.

For reactors in the power range from about 5 to 10 eMW it may be that

the neutron leakage is so high that conversion cannot in any case be

counted on for a substantial contribution to reactivity lifetime. In this

case it may be economically more attractive to use fully-enriched fuel

elements of either the Vallecitos or BORAX type. Once the decision to use

highly enriched fuel has been made, considerations of neutron economy no

longer apply, and high power density, despite the accompanying high neutron

leakage, may again become attractive. It is then probable that economics

would dictate the use of high operating pressure, and the steel Vallecitos

type elements would be indicated.

An alternative possibility in the very low power range would be to

drop the operating temperature to the point that aluminum jackets could be used

reliably and to allow the power density to decrease (and core size to increase)

until slightly enriched fuel could be used with a reasonably high conversion

ratio. It cannot be said that this possibility has yet been fully proved

technically, since a decrease in power density would require that the fuel

element lifetime, as measured in elapsed time, would have to be quite long.

The possibility may, however, be an attractive one.

The foregoing considerations may be summarized as follows. Although

boiling reactors of various types are technically applicable to the generation
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of electrical power in plants of the capacity range under consideration

(5 to 40 eMW), economic considerations appear to indicate that the natural

circulation direct cycle system is most attractive. The fuel material

choice at the present stage of the technology is overwhelming in favor of

partially-enriched uranium oxide, except possibly in the very lowest

electrical plant capacities, where highly-enriched elements may be attractive

because significantly high conversion ratios may be precluded by the high

neutron leakage. The choice between Zircaloy and stainless steel for

jacketing the uranium oxide is not strongly indicated by general considera-

tions, but it appears that the balance is in favor of Zircaloy.

High power density is of lesser importance for reactors in the 5 to

40 eMW range than in larger central station plants. Nevertheless economic

considerations indicate that, at least near the 40 eMW end of the range,

the design should be aimed toward the highest power densities which can

reasonably be attained with natural circulation. At the lower end of the

power range it may be advantageous to design for lower power densities in

order to maintain a core size large enough to promote a reasonably high

conversion ratio. An effective method of achieving high power density with

natural circulation is through the use of high operating pressure, and it

seems probable that the optimum pressure, at least for reactors in the upper

end of the power range, will be well above the 1000 psi value which marks

the upper end of the pressure range currently in use for boiling reactors.

The higher pressure will give the additional benefit of higher thermal

efficiency. The high pressure steam may be utilized in a saturated steam

cycle if multiple stages of moisture separation are provided. An alternate
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approach, which is expected to be particularly attractive in many localities,

would be the application of chemical superheat to raise the steam temperature

to a level consistent with present practice in conventional plants. This

arrangement would have the added benefit of providing experience which

would assist the early development of integral nuclear superheat for boiling

reactors.
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III. SUMMARY DATA ON COMPLETED BOILING WATER REACTORS

In order to provide a background for evaluation of current status and

future potential, a very brief review of the various boiling water reactors

or reactor experiments which have operated to date is given in this section.

General conclusions and some specific data are presented, along with

references to more detailed information available on each reactor presented.

Water cooled and moderated reactors can be readily classified into two

distinct types, non-boiling and boiling. In the non-boiling version, an

over-pressure is used to prevent any boiling; hence the name pressurized

water reactors. Boiling water reactors, although relatively new in concept,

have shown rapid engineering development since the successful BORAX experi-

ments, and more reactors of this type are under construction today than

any other.

The BORAX experiments proved that boiling reactors were capable of

stable operation at interesting power densities and have a high degree of

inherent safety. Subsequent research and development on boiling water

reactors focused attention on various new problems and provided solutions

to most of them. Stability of boiling water reactors has been studied and

techniques evolved for determining stable operating power levels; inherent

safety of this type reactor has been demonstrated; materials corrosion

problems associated with high temperature water and steam have been studied;

radiolytic decomposition of the reactor water has been experimentally deter-

mined and the means of handling this problem do not appear difficult;

radioactivity levels associated with a direct cycle plant indicate only a
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minor radiation hazard; superheating of the steam by conventional and nuclear

methods is being studied; possibilities of metal-water reactions have been

studied; plant designs which would protect the public from a nuclear power

reactor incident have been evolved.

The BORAX experiments, followed by the design and construction of

integrated boiling water reactor power plants, have demonstrated that

significant cost reductions could be made in reactors which generate steam

in the reactor core and pass this steam directly to a steam turbine, thus

eliminating the need for separate heat exchangers and of over-pressure for

boiling suppression. Wide acceptance and accelerated development of boiling

water reactors have no doubt been due to the simplicity and resultant

lower capital cost of this type.

A. BORAX-I(2, 12, 1J4, 15)

Direct generation of steam in the core of a water cooled reactor was

first demonstrated with BORAX-I, an experimental reactor constructed in

1952 by Argonne National Laboratory at Arco, Idaho. The reactor consisted

of a core of enriched U-Al fuel elements clad with aluminum and contained

in a steel pressure vessel. Cooling was by natural circulation of the

moderator-coolant water. The reactor was basically an experimental tool

to check the feasibility of the boiling water concept. Typical experiments

conducted with this reactor were:

1. Transient Behavior Under Large Reactivity Changes

These experiments indicated that a boiling water reactor could

terminate an excursion in power level without any aid from safety devices.

This inherent shutdown feature is due to formation of steam voids and the
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expulsion of moderator water from the core. Power transients having periods

as short as 0.005 second were deliberately initiated by rapid addition of

reactivity. In all of these cases, the power rise was terminated and the

reactor shut down by steam void formation without release of any fission

products from the reactor ruel.

As progressively shorter periods were tried, excursions became more

energetic and pressure transients of considerable magnitude developed in the

reactor core. A final experiment which resulted in the destruction of the

reactor was obtained by the ejection of an absorber safety rod worth

~-4.0% keff from the reactor core in 0.2 sec. This resulted in a minimum

period of 0.0026 sec and the production of a pressure transient which

ruptured the reactor pressure vessel and destroyed the fuel elements. A

total energy release of 135 MW-sec was obtained in this test. It is

significant to note that there was relatively little damage to the equipment

outside of the pressure vessel or to the control rod drive mechanisms

above the vessel. The rupture of the pressure vessel was probably due

mostly, if not entirely, to the acceleration pressure required to eject

moderator from the core in terminating the power excursion. The possibility

of a small amount of chemical reaction between molten fuel and water cannot

be ruled out, however.

It should be noted that power reactors are designed so that addition

of such large amounts of reactivity as those which characterized the final

BORAX experiments is impossible. The BORAX experiments showed that the small

amounts of reactivity which might be inadvertently added could be easily

handled by a boiling reactor. In a power reactor, the likelihood of adding
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reactivity sufficient to make the reactor prompt critical (0.7% keff) is

very remote.

In all of the excursions, effects of variables such as subcooling

and excess reactivity on reactor power, fuel temperature, energy, and

pressure were studied. Detailed data are available in the reference

reports.

2. Steady State Boiling

In order to check the behavior of a boiling water reactor as a

steady state producer of steam, BORAX-I was operated as a boiler at

atmospheric pressure with ~-1.5% keff held in steam voids. Fluctuations

in power of the order of 15% were noted during these runs but there was

no instability tendency. Beyond ~1.5% keff held in voids a pattern of

oscillations was established which eventually led to unstable operation

or chugging when ~ 2.5% keff was held in steam voids at atmospheric

pressure. Operation at higher pressure proved more stable. At 135 psig,

a power output of 1200 KW was achieved. This represented a power density

of 10 KW/liter of core.

BORAX-I proved that boiling water reactors: have a high degree of

inherent safety to excursion-type accidents; operate satisfactorily under

steady state boiling at low power levels; will reach a point of instability

which limits operation to below a given power level for any specific design.

It was also indicated by results of the destructive experiment on BORAX-I

that an aluminum-water reaction, if it occurs at all, will involve only

a small fraction of the core metal.
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B. BORAX-II(l6 )

Even before the final BORAX-I experiment, it was planned to purchase

another reactor vessel which would allow operation at a pressure of 300 psi.

This new reactor, BORAX-II, was constructed in 19514 using much of the

equipment from BORAX-I. The core for BORAX-II was approximately twice

the size of BORAX-I. Fuel elements were again U-Al alloy clad in

aluminum, but the fuel plates were spaced on 0.324 inch centers as compared

to the 0.177 inch plate spacing of BORAX-I. This reactor was operated

for only a short time in 1951 and 1955 before it was decided to install

a turbine-generator. During this time tests similar to those on BORAX-I

were conducted both at atmospheric and 300 psi pressures. These tests

were extensively reported in reference 16. The tests served to prove

that steady state, stable operation at power densities suitable for power

reactors could be obtained in a pressurized boiling water reactor. At

300 psig pressure, stable operation under steady state conditions was

obtained in BORAX-II at a power density of 27 KW/liter of core with up

to 3.2% keff held in steam voids. Tests were also made on the behavior of

the reactor when the main steam valve was closed suddenly and when the

safety valves opened suddenly. In each of the cases, the reactor behaved

in a stable manner. In view of the promising potential as a steam generator

for a power plant, it was decided to install a turbo-generator and generate

electric power with this reactor.

C. BORAX-III(017

This reactor was essentially BORAX-II with new fuel elements and a

turbine-generator plant added. The new fuel elements were structurally
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stronger and had a larger water-to-metal ratio (2.78) than the fuel of

either BORAX-II (2.04) or BORAX-I (1.59). BORAX-III operated at the same

power density per liter of core as BORAX-II but at a higher power density

ratio (13 KW/liter/% keff in void) than BORAX-II (8.6 KW/liter/% keff

in void) or BORAX-I (4.1 KW/liter/% keff in void).

This reactor could operate stably for all pressures from atmospheric

to 300 psi provided the reactivity held in steam voids was not excessive.

Many other tests of value to boiling water reactor design were also

conducted in BORAX-III. These included preliminary tests of:

1. Water quality control - This does not appear to be a major problem.

2. Radioactive carryover and entrainment - Radiation levels were low

in the steam system; turbine activity during operation was only

about 20 mr/hr. After shutdown, the radioactivity level around

the turbine was negligible.

3. Water decomposition - Unlike non-boiling reactors, a large amount

of decomposition of water into hydrogen and oxygen gas occurs in

all boiling reactors. In a direct cycle plant, removal of these

gases from the main condenser by the normal air ejectors is easy

and straightforward.

4. Soluble poison (boric acid) for shim and shutdown control -

Satisfactory results were obtained using boric acid as a temporary

soluble poison control system. Long term effects were not

studied. Details of these data are included in references 10

and 17.
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D. BORAX-IV(18 ,19, 20)

In 1956 the core of BORAX-III was re-designed using Th02-U02 fuel canned

in aluminum and bonded with Pb. The reactor itself remained the same--

direct cycle, natural circulation, boiling pressurized (300 psi) water.

Because of the use of oxide fuel, this fuel element has a thermal time

constant much longer than the BORAX-III elements (~ 0.9 sec versus 0.006 sec)

but only slightly longer than the relatively thick ENR metallic fuel

plates (.w 0.8 sec).

Primary emphasis in the experimental program on this reactor was given

to obtaining more detailed data concerned with the stability and safety

of boiling water reactors using oxide fuels. Transient and steady state

power runs similar to previous BORAX experiments were made, and transfer

function measurements were obtained by oscillator techniques. At atmospheric

pressure, this reactor was found to be unstable at a power level of 4.57 MW

with 1.5% keff held in steam. However, at 300 psi, BORAX-IV demonstrated

stable operation up to 20.5 MW of power with 6.9% keff held in steam.

Maximum stable power densities achieved were: 30.5 KW/liter of coolant

and 19.6 KW/liter of core at atmospheric pressure with -1.25% keff held

in steam voids; 67.5 KW/liter of coolant and 45 KW/liter of core at

300 psig with 6.9% keff held in steam voids.

Besides steady state and transient operating data, BORAX-IV has

provided information on radiolytic decomposition of water and experi-

mental data on the contamination of the reactor coolant loop resulting

from oxide fuel element cladding failures. Although several cladding

failures occurred in BORAX-IV and the activity level in the air ejector
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rose due to fission gas release, there was no significant contamination of

the turbine and little increase in the gross activity in the reactor water.

This observation indicates that the fission products released by the oxide

elements were mostly gaseous.

BORAX-IV has demonstrated stable operation of a boiling, water reactor

using oxide fuel at a relatively high power density (45 KW/liter of core)

and with a large amount of reactivity (6.9% keff) held in steam voids.

It has also demonstrated that fuel clad failures with oxide fuel do not

represent a major contamination problem to the direct cycle steam system

or the steam turbine.

E. Special Power Excursion Reactor Tests (SPERT) (21,22,23,2,25,26,27)

This reactor is essentially similar to the BORAX-I, II, and III reactors

and uses similar U-Al fuel elements. The SPERT experiments are intended

to provide comprehensive information on the kinetic behavior of reactor

cores using highly enriched metallic fuel elements cooled and moderated

with H2 0. The reactor operates at atmospheric pressure with natural

circulation cooling. Steady state and transient power tests similar to

the BORAX experiments have been run and the results are published in the

reference reports. The data obtained largely confirm and/or extend earlier

results obtained on the BORAX-I, II, and III reactors. However, extensive

testing has resulted in more refined and detailed data which will be useful

in predicting the safety of heterogeneous water moderated reactors using

highly enriched fuel.
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F. Experimental Boiling Water Reactor (EBWR) (1,3,,2)

The EBWR vent critical in December 1956 and is representative of small

electric power producing stations, although it contains much more flexibility

than is required of a power station and has proven to be very conservatively

designed. The plant uses a direct cycle, natural circulation, pressurized

(600 psig) boiling water reactor as the steam source coupled to a 5 MW

turbo-generator. The core is composed of plate-type fuel elements (U-5 wt%

Zr-1 tit% Nb) clad with Zircaloy-2 and having an average U-235 content

of 1.1%.

This reactor differs radically from BORAX-III or IV in that it is a

completely integrated plant incorporating all of the features of a conercial

nuclear power plant. Design of the pressure vessel and piping has followed

ASE code, and provisions have been made for: biological shielding to allow

inspection and minor maintenance during operation; a gastight steel contain-

ment building; special reactor vessel holddown features for protection

against an explosive metal-water reaction; a fuel charge and discharge

machine; a fuel storage facility; emergency cooling, etc. Details of these

features can be found in reference 1.

Stable operation of the EBWR at its initial design ratings of 20 MW

thermal power and 4.6 MW of electrical power generation was readily achieved.

Experimental data were obtained on the reactor transfer function, water

decomposition rate, radioactivity levels, and other operational data.

These are fully reported in reference 3 and sunarized in Section III-I.

Radioactivity levels in the steam system were low even when an experimental

U0 2 fuel element with deliberately defected cladding was inserted in the core.
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Probably the most important information to date on the EWR is the data

indicating stable operation of the original 4 ft diameter core at a thermal

power output of 61.7 MW with -4.l% keff held in voids. This represents a

power density of ~i 65 KW/liter of coolant and ~38 KW/liter of core for this

reactor. Operation of the EBTR at a higher pressure (600 psig) and with fuel

having a longer time constant than BORAX-I, II, and III has indicated much

more stable operation than the BORAX reactors.

If it is assumed that stable operation can be achieved at the same power

densities with a larger core, then the EBWR with a core 5 ft in diameter and

5 ft high could produce enough steam to generate approximately 25 W of

electrical power. Modifications of EBWR to accept a 5 ft x 5 ft core, for

which the pressure vessel and core support grid were originally designed,

are now being made.

G. Vallecitos Boiling Water Reactor (V WR)(3, 5)

The VBWR is a privately owned boiling water reactor similar to E3WR and

is used as a research facility by the General Electric Company's Vallecitos

Atomic Laboratory. Provisions have been included to allow operation under a

wide variety of experimental conditions, with single or dual cycle, and

natural or forced circulation. Criticality was achieved in August 1957 and

operation at 20 MW of thermal and 5 MW of electrical power occurred in

October 1957.

The reactor differs from EBWR in that operation is at 1000 psig and

the fuel elements are in the form of very thin (0.025 inch) plates of

fully enriched U0 2 in a matr: :of stainless steel and clad in stainless

steel. Data similar to that obtained on EBWR with regard to water
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decomposition, activity carryover, and power reactor transfer function

measurements were also obtained on VBWR. The general data obtained as

a result of these experiments were reported in references 3 and 5.

Results of certain important experiments with this reactor will be summarized

here.

Because of the high operating pressure (1000 psig), a very high power

density was achieved in this reactor without excessive steam voids. An

average power density of ~ 50 KW/liter of core was obtained at 30 MW

thermal operation with --1.75% keff held in voids. Because of the thin

fuel elements used in this reactor (0.025 inch) and the large separation

of fuel plates (0.49 inch), this corresponds to a power density of only

58 KW/liter of coolant. The possibility of obtaining stable operation

at power densities of greater than 100 KW/liter of core with natural

circulation is anticipated with this thin, fully enriched fuel element.

Radiolytic decomposition of the water decreased as the operating

pressure was raised to 1000 psi. This observation is consistent with

the trend observed in the BORAX-IV at 300 psig and the EBWR at 600 psig.

At the highest power operation, radiation levels in the turbine building

were 6 mr/hr or less except in the vicinity of the condenser, and ~ 15 mr/hr

at the high pressure end of the turbine. This again substantiates previous

data obtained from EBWR and BORAX-IV which indicated that although some

activity is present in the direct steam system, it is a relatively minor

problem.

Measurements of the steam volume fraction in coolant emerging from the

hottest element indicated about 35% steam when the VFWR was producing 20 MW
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of heat. It was calculated that ~ 72% by volume of steam would be in the

coolant from the hottest channel if the reactor power level were raised to

80 MW.

The fuel element in the VBWR has a thermal time constant of ~ 0.06 sec,

which is much faster than fuel elements in the EBWR and BORAX-IV reactors.

Since the VBWR was more stable than other reactors (BORAX-I, II, and III)

which used fuel elements having short time constants, it must be concluded

that the higher operating pressure of the VBWR accounted for its improved

stability. When high pressure and long fuel time constant are combined,

as would be the case in an oxide fueled high pressure boiling reactor,

stability should be very good indeed.

H. Argonne Low Power Reactor (ALPR)(3,29)

The ALPR is serving as a prototype direct cycle, natural circulation,

pressurized boiling water reactor for the production of electric power and

space heat in remote locations. It is essentially a BORAX-II type reactor

operating at 300 psig. At a thermal power of 3 MW, the ALPR will

generate 300 KW of electrical energy in addition to 400 KW of 300 psig,

420 0 F steam for space heating. Long fuel life was one of the major

objectives of this packaged power plant. The fuel used is highly enriched

U-Al alloy clad in aluminum, similar to BORAX-II.

The ALPR is unique only in terms of its package nature, control features,

and long life fuel. It has a low power density of 17.5 KW/liter of

coolant and a maximum of 2% keff held in voids. Inasmuch as this plant

was designed for conditions unique to very remote sites, it is not

expected to contribute a great deal to knowledge of power reactors for
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domestic use. However, operational data on equipment will be of interest

to future boiling water designs.

The ALPR went critical in August 1958 and few operational data are

available at present.

I. Sunmnary Data

1. Table of Reactor Characteristics

Table 3 lists some of the important characteristics of the boiling

reactors which have operated to date.

2. EBWR Activity

Table 4 shows measured radioactivity levels at the surfaces of

certain equipment items in the EBWR. The principal activity comes from

N16 which is a result of the 016 (n, p) N16 reaction. Since the half life

of this isotope is only 7.4 sec, the activity level drops sharply

after shutdown.

Table 5 shows results of a radiation survey of the EBWR turbine

during a shutdown after 2,840 hours of operation covering a period of

one year. The principal source of radioactivity was found to be Co58

3. BORAX-IV Surface Activity

In March 1958, the BORAX-IV reactor was operated with several

fuel element cladding failures of unknown cause. The activities observed

at various points in the reactor system are tabulated in Table 6.

4. Decomposition Rate of Water

A comparison of the radiolytic decomposition rates of water in

WR, BORAX-IV, and VBWR versus operating power is plotted in Figure 1.

The decrease in decomposition rate with increased operating pressure is

clearly indicated.



Table 3

COMPARISON OF CO-4PLETED REACTOR

Reactor

BORAX-I

BORAX-II

BORAX-III

BORAX-IV

Pressure
psig(max.)

Atmospheric
135

300

Atmospheric
300

600

1000VaR

ALPR

Paver PwrDniy
Thermal Electrical Core C;6 t
MW(max.) MW(max.) KW/liter KW/liter

8.4 14.7
1.2 -- 10.0 17.5

6.0 -- 27.0 38.5

16.0 3.5 27.0 38.0

~ 5.0 -- 19.6 30.52o.5 3.5 45.0 67.5

61.7 5.0 38.0 65.0

30.0

3.0

5.0 50.0 . 58.0

Reactivity
in

Steam Voids Water/Metal
%keff(nlax.) Ratio

2.0

3.1

2.0

1.25
6.9

4.1

1.75

0.3 AV 9.0 17.5 ~-2.0

1.59

2.04

2.78

~ 1.92

~ 2.2

15.0

2.0

Fuel Element
Material Clad

Enriched U-Al

Enriched U-Al

Enriched U-Al

ThO2-U02

U-5 wt% Zr-
1.5 wt% Nb

U02 - S.s.

dispersion

Enriched U-Al

Al

Al

Al

Al+Pb bond

Zr-2

S.S.

Al

. ..



Table 4 Qf)

EWE SURFACE ACTIVITIES (mr/hr)

Location

Air ejector after-cooler

Condenser hot well

Steam drier

Turbine exhaust casing

Feed water filters

Plant air exhaust

Reactor Power (thermal megawatts)
10 tMW 2 tMW 40 tMW 6.7 tMW

90 400 4,000 7,000

10 40 240 580

80 150 600 720

2 4 14 20

8 10 50 100

6 12 40 12Z

Table 5(4)

EBWR LJURBIE ACTIVITIES

Location

Steam nozzle inlets

Admission valve stems

No. 1 HP steam seal

Throttle valve inlet

First row of blades

Remaining rows of blades

mr/hr at 2 in.

5

3

2

2

0.2

0.2 (max.)
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Table 69)

BORAX-IV SURFACE ACTIVITIES DURING OPERATION WITH CLADDING FAILURES (mr/hr)

Steam pipe turbine
building

Turbine exhaust casing
(external)

Turbine exhaust casing
(internal)

Condenser hotwell

Air ejector after-cooler

Air ejector discharge
filter

Before
Operation

0

0

0.7 7
15 0 + 7

0

0

0

2.4 MW
(thenal)

250

150

2,200

15,000

30,000

6 mW
(thermal)

X00

190

5,000

50,000

17 Hours After
Shutdown

0

0

0.7 7
15 0 + 7

1.5

0

1

Normal Activity
at 12 MW (thermal)

200

50

500

420

S

N)
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IV. OTHER APPLICABLE BOILING REACTOR DESIGNS, STUDIES, OR RELATED PROJECTS

Besides the boiling reactors which have operated to date (Section III),

a number of boiling reactors are in the design or construction phase and

should provide further data when they become operational. Among these

designs are the following types: direct cycle, natural circulation;

indirect cycle, natural circulation; dual cycle, forced circulation;

reactors for process heat; D20 boiling reactors; indirect cycle boiling

reactors with separately fired superheaters; boiling reactors with integral

superheating.

The excellent performance of the BORAX.IV, EBWR, VBWR, and ALPR reactors

has created interest in boiling reactors by most of the countries in the

world, and many, such as Japan, Germany, England, Italy, Norway, etc., are

anticipating construction in their country of one or more types of boiling

water reactors. Even the USSR, which was skeptical about boiling reactors at

the 1955 Geneva Conference, displayed at the 1958 Geneva Conference a model

of a 50 ea power plant to use a boiling water reactor operating at a maximum

pressure of 2000 psig. The Russians also presented a paper on a large graphite

moderated, boiling water and steam cooled reactor.

Of the many designs now being actively pursued, a naber of representative

boiling water projects are reviewed briefly herein to indicate the progress

expected in boiling water reactors in the immediate future.

A. The Dresden Nuclear Power Station(3, 30, 31, 32, 33)

This reactor represents the first extrapolation of boiling water reactor

technology to a large commercial electric power plant. The station is being
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built by the Commonwealth Edison Company of Chicago in cooperation with the

Nuclear Power Group and the General Electric Company. It will have a

thermal power of 626 MW, a gross electric output of 192 MW, and will operate

at a pressure of 1000 psig. Two methods of extracting energy are used:

(1) high pressure, direct cycle steam (1,407,000 pounds per hour at 1000 psig);

and (2) low pressure, indirect cycle steam (1,180,000 pounds per hour at

500 psig), obtained by circulating reactor water through a heat exchanger.

Forced circulation is used to obtain a fairly high power density while

maintaining low steam voids. The fuel is in the form of slightly enriched

(1.5% U-235) U0 2 pellets canned in Zircaloy-2 tubing and bonded with He. The

reactor is designed to operate at an average power density of 28.9 KW/liter

of core and 76.2 KW/liter of fuel channel coolant with approximately

2.3% keff held in steam voids.

Information obtainable from this reactor which can be applied to small

reactors includes: component designs and costs; uranium oxide production

techniques and behavior in a boiling water reactor; experimental data con-

cerned with forced circulation; control by subcooling; etc.

The fuel element to be used in Dresden consists of U0 2 fuel pellets

0.494 inch 0.D., canned in Zircaloy-2, and bonded with helium. The thermal

time constant of this type of fuel element will be of the order of seconds,

or ~ 1000 times as long as the BORAX-III fuel elements; -10 times as long

as the Zr-2 clad metallic fuel of EBWR; and ~ 10 times as long as the Al clad,

Pb bonded Th02-UO 2 fuel of BORAX-IV. Very stable, steady-state operational

characteristics are expected in this reactor because of the long fuel thermal

time constant combined with the high operating pressure.



Dresden will use forced circulation for the coolant and a variable sub-

cooling type control system to match reactor power to plant load. The

matching is achieved automatically by variation of the core inlet water

temperature due to changes in steam pressure and temperature on the second-

ary side of the heat exchanger. Since the turbine governor is used to

control the output of this heat exchanger, the system will tend to follow

load demand automatically. Operational data on this "dual cycle" system

will be of interest from the standpoint of comparison with completely direct

cycle systems.

A similar reactor plant of 150 electrical megawatt capacity is to be

constructed in Italy by the General Electric Company for SENN (Societa

Elettronucleare Nationale).

B. The Elk River Plant(3)

The Elk River Plant is scheduledito be completed in the latter part of

1960, or early part of 1961. This nuclear plant will use a natural circula-

tion, boiling water reactor in an indirect cycle. The reactor will operate

at a thermal power of 58.2 MW and produce 258,000 lb/hr of saturated steam

at 875 psig. In the secondary circuit of the heat exchanger 225,000 lb/hr

of dry saturated steam will be generated at 600 psig. This steam will be

superheated to 8250F in a fossil-fuel fired superheater providing 14.8 MW of

heat input. The combination of 58.2 MW reactor power and 14.8 MW superheater

power will generate an electrical output of 22 MW. Fuel for the reactor is

in the form of 0.450-inch 0.D. cylinders of Th02 -U02 canned in stainless

steel and bonded with helium. At 58.2 MW of thermal power, this reactor will

have a power density of 23.3 KW/liter of core and 39.6 KW/liter of coolant.
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The Elk River reactor will be the first boiling water reactor to use a

completely indirect cycle and a fossil fuel superheater. With the super-

heater, the over-all gross efficiency of the reactor plant will be 30%.

The primary advantage of the indirect cycle system is that no radioactivity

is transferred to the superheater or the turbine generator. However, an

extra capital cost is incurred because of the heat exchangers required in

the indirect cycle.

C. Rheinisch-Westfalisches Elektrizitatswerk (RWE)

The RWE is an indirect or closed cycle, boiling water power plant being

constructed in Germany. This plant is basically similar to the Elk River

plant but will not use a superheater. The reactor will operate at a power

level of 58 W, and dry saturated 600 psig steam from the secondary side of

the heat exchangers will be delivered to the turbine.

It is not expected that much new information will be obtained from the

RWE reactor over and above that from the Elk River reactor.

D. The Humboldt Bay Plant (34

As the third unit of their Humboldt Bay plant, Pacific Gas and Electric

will construct a 50 1 electric nuclear power plant. It will use a direct

cycle, natural circulation, boiling water reactor operating at a thermal

power level of 165 to 197 MW and producing saturated steam at 1000 psig.

The fuel is expected to be slightly enriched U0 2 (, 1.8%) and the power

density is expected to approach ~30 KW/liter of core.

Since the Humboldt Bay reactor is relatively large for natural circula-

tion, its operational characteristics will be particularly significant. In

view of the fact that this plant is entirely privately owned, there may be

some delay in making operating data available to the public.

. 48.



E. The Halden Reactor(35)

This reactor, being constructed at Halden, Norway, is a natural circula-

tion, D20-moderated and cooled boiling water reactor. No electric power is

to be generated by this reactor; light water will be heated in a heat

exchanger to form steam for use by a paper and pulp company.

The reactor will operate at a thermal power of 10 MW, producing D2 0 steam

at 482 F and 588 psig. Fuel is in the form of natural uranium metal rods,

1 inch 0.D. x ~7.9 feet long, canned in finned aluminum tubing. In

order to operate at temperatures above 300F, the reactor will be spiked with

enriched U0 2 pellets canned in stainless steel tubing.

Fundamental and applied research will be carried out with this reactor

in order to study the physics, dynamics, and kinetics of heavy water boiling

systems. Inasmuch as this will be the first boiling D2 0 reactor, operational

results obtained with this reactor will be of great interest.

F. The Russian Superheater Reactor(36, 37, 38)

At the 1958 Geneva Conference, the Soviets revealed that construction is

under way on a boiling water, superheat reactor having a thermal power of

285 MW and a gross electrical output of 100 MW. This is a graphite-moderated,

water-cooled, pressure-tube type reactor. The fuel assembly consists of six

tubular U-Mg dispersion fuel elements canned inside and outside with stainless

steel and surrounded with graphite. Water is pumped through the inner hole

of the fuel element at a pressure of 2300 psi and 572F. It is allowed to

boil in these assemblies, generating a steam-water mixture at 644F. This

mixture goes to a steam separator, and the separated steam and water are sent

to two separate heat exchangers where secondary steam is produced at 1620 psia
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and 607 F. The secondary steam is sent to the superheater elements where

the temperature is raised to ~ 95 0 F and then it is delivered directly to

the turbine.

The Soviets have indicated that many features of this reactor concept,

including prototype elements under boiling and superheating conditions, and

the transition from water-cooled elements to steam-cooled elements, have

been checked out experimentally in their first atomic power station (5000 KW).

Although the Russian reactor concept would not be economic in the small

sizes (5-40 elM) under consideration in this study, it does provide some

information on boiling and superheating in small (0.355-inch) stainless

steel pressure tubes.

G. The Pathfinder Plant(39,40,41,42,43)

This reactor plant is being constructed by the Allis-Chalmers Manufacturing

Company under contract with the Northern States Power Company as part of the

AEC's Third Round Power Demonstration Program. The construction schedule

calls for the plant to become operational in 1962. As presently conceived,

the reactor will consist of a forced-circulation, boiling water zone, and a

centrally-located integral steam-cooled nuclear superheater zone. The boiling

zone will operate at a thermal power of 164 W, producing saturated steam at

4890 F and 600 psig. The saturated steam will pass through the superheater

zone of the reactor core operating at a thermal power of 39 Iv where it is

heated to 825 F. From the superheater, the steam flows at 615,000 lb/hr,

8250 F, and 540 psig directly to the steam turbine to give a gross electric

output of 66 NW and a net output of 62 1W. A cycle efficiency of 32.5% gross

and 30.5% net is thus obtained.
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The fuel for the boiling zone of the Pathfinder reactor consists of

. 1.7% enriched U0 2 canned in aluminum-nickel alloy tubes and bonded with

helium.

Each superheater fuel assembly will consist of two coaxial tubular fuel

elements using fully enriched, U02 -stainless steel dispersions clad with

stainless steel. The outer element has an O.D. of 0.7055 inch and a thick.

ness of 0.036 inch; the inner element has an O.D. of 0.448 and a thickness

of 0.036 inch.

Power densities of~ 41 KW/liter of boiling core, ~ 47 KW/liter of

superheater core, an average of ~ 42.5 KW/liter of total core, and

-. 96 KW/liter of boiling core coolant are expected of this design.

Certain valuable data are expected to be obtained from the research and

development program associated with this project, such as: the corrosion

and strength characteristics of Al-Ni alloys in hot boiling water; corrosion

of stainless steel subjected to superheated steam; decomposition rates of

superheated steam; and reactor behavior to variable moderator density and

coolant flow control.

With regard to integral superheating, data will also-be forthcoming on

problems of maintaining the ratio of power distribution between superheater

and boiling zones as fuel burnup progresses; on the nuclear effects of void-

ing or flooding superheater elements; and on thermal shock problems.

It is not expected that the fully enriched U02 -stainless steel dispersion

will result in economic generation of superheater power because of the limited

life of such elements at high temperature. Slightly enriched U0 2 will prob-

ably be substituted later.

- 51 -



H. The BONUS Project(44

This project is a reactor design study being made by the Puerto Rico

Water Resources Authority (PRWRA) and General Nuclear Engineering Corpora-

tion (GNEC) for the AEC. One objective of the BONUS project is to deter.

ine the technical feasibility of an integral nuclear boiling..superheating

reactor. The reactor design as described in the reference report calls for

a reactor having a central boiling zone which operates at a thermal power

of " 37.5 5 and surrounding superheater zone operating at a thermal power

of . 12.5 M5. Saturated steam generated in the boiling zone at 900 psig

and 534F will be heated in the superheater assemblies to 9000 F and will be

delivered directly to the turbine at 850 psig. A gross electric output of

17,000 KW will be generated in a standard steam turbine, yielding a gross

efficiency of 34%. The net electric output will be ~r 16,000 KW.

Boiling zone fuel elements will be slightly enriched UO2 canned in

Zircaloy-2 and bonded with helium. Superheater elements will be slightly

enriched U0 2 canned in stainless steel.

Problems of stainless steel corrosion, moisture separation, void, and

flooding effects in the superheater assemblies, power ratio control, and

other associated problems are being investigated to determine a feasible

design.

Progress on the BONUS study to date has resulted in confidence that

integral superheat is feasible. Uncertainties are mostly in the nature of

questions regarding which of several available alternates will prove most

desirable rather than major doubts about finding a suitable solution.

This study, which is scheduled to be completed in November 1959, will

include:
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1. A comprehensive preliminary design of an integral boiling

superheating reactor plant including a Preliminary Hasards

Summary Report.

2. The delineation of areas requiring further development and an

estimate of the costs and the time required for this development.

3. An analysis of the capital and operating costs of the reactor

will be made for comparison with a boiling-fossil fuel super-

heater combination.

I. Other Significant Data

1. BORAX-V

ANL has started construction of a 20 }D thermal reactor at the

National Reactor Testing Station which will be used for experimental investi-

gation of nuclear superheat problems. BORAX-V will be a boiling-water,

nuclear superheat reactor experiment, probably operated only long enough to

get answers to certain specific questions, such as was the case with the

earlier BORAX reactors.

2. Nuclear Superheat Development Program

The AEC requested bids on a cost-type contract for extensive

engineering development work on nuclear superheat reactor concepts including

development studies on fuel materials, steam-separation methods, heat trans.

fer, and nuclear physics. Data to be obtained would be directed at problems

pertaining to large nuclear superheat-boiling water reactors. Bids were due

April 20, 1959.
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3. Modification of EBMR

The EBWR pressure vessel is being odif ied to accommodate a super.

heat test loop which is expected to provide limited information on steam

decomposition, and short-term corrosion data on materials.

-54i -



V. CONCLUSIONS INDICATED BY ACCUMULATED EXPERIENCE

Based on the information summarized in previous sections of this report

and on experience with boiling reactors spanning the entire course of their

development, conclusions will now be drawn on the present status of technol-

ogy and the most promising avenues for future development of boiling reactor

power plants in the 5 to 40 eMW range. This will be followed (Section VII)

by a description of a 25 eMW reactor which is recommended as an extremely

attractive type for immediate construction.

A. Present Status

The following facts pertaining to small boiling reactor power plants are

already evident.

1. Properly designed boiling reactors are stable, reliable, and

possess a degree of inherent safety unmatched by any other type

of reactor which has reached a state of development warranting

consideration for commercial applications.

2. Direct passage of steam from a boiling reactor to a turbine does

not create serious radioactivity problems of either short or a

long-term nature.

3. Boiling reactor plants, particularly those of the direct cycle

type, can operate at high cycle efficiency without requiring extremely

high operating pressure for boiling suppression as is necessary

in non-boiling pressurized water reactors.

4. The lower operating pressure of boiling, pressurized water reactors

as compared to non-boiling, pressurized water simplifies hardware

fabrication and reduces both capital and maintenance costs.
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5. Small boiling reactors can operate quite satisfactorily with

cooling by natural convection. The absence of pumps, piping,

valves, etc., reduces capital, operating, and maintenance costs.

6. Shutdown cooling of natural circulation boiling reactors is

assured at all times even if all electric power is temporarily

lost.

7. Natural circulation cooling of boiling reactors is enhanced

markedly by increasing the operating pressure.

8. The stability of boiling reactors is improved by increasing the

operating pressure.

9. Steam cycle efficiency is increased and fuel cycle cost decreased

by operating boiling reactors at higher pressure.

10. The oxygen and hydrogen resulting from radiolytic decomposition

of water in the core apparently have little effect on the corro-

sion of reactor components or power plant equipment. The amount

of radiolytic decomposition decreases as the operating pressure

increases.

11. Disposition of radiolytic oxygen and hydrogen in the off-gases

from the main condenser is a straightforward procedure in a

direct cycle plant. In an indirect cycle plant, extra equipment

is required to remove these gases from the primary circuit.

12. Uranium dioxide clad in zirconium is a very promising type of fuel.

Evidence is accumulating that the high burnup necessary for

acceptably iow fuel cycle cost has a very good chance of being

achieved.
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13. When a cladding failure occurs on a U0 2 fuel element, the only

fission products released in appreciable quantity are the noble

gases, xenon and krypton. The presence of radioactive xenon and

krypton in the off-gases from the main condenser is readily

detectable and provides positive evidence that a failure has

occurred. There is no significant contamination of power plant

equipment unless the plant is deliberately operated over a long

period of time with a known fuel failure in the reactor.

B. Future Trends

The operating pressure of boiling water reactors has progressed steadily

upward from the first experiments at atmospheric pressure in BORAX-I, to

600 psi in the EBWR, and then to 1000 psi in the VBWR. )Barked improvements

in performance have resulted therefrom in the areas of power density,

stability, radiolytic decomposition, convection cooling, cycle efficiency,

and over-all cost of power. There is every reason to believe that substantial

gains are yet to be made from further increases in pressure beyond the 1000

psi maximum in plants already built.

High operating pressure is particularly desirable in small boiling

reactors. The numerous gains in performance and economy can be realized

by operating at high pressure without any necessity for extrapolating existing

fabrication techniques on reactor pressure vessels or other equipment. The

small diameter pressure vessels required for power plants in the 5 to 40 ear

range could be built to accommodate an operating pressure as high as 2000 psi

without requiring wall thicknesses as great as some pressure vessels which

already have been built.
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One strong deterrent to immediate adoption of very high pressures for

small (or large) boiling reactors is the fact that standard turbines are

not available for using high pressure, saturated steam. No insurmountable

obstacles are apparent which would prevent design of turbines for such

purposes. However, the necessity for removing moisture which accumulates

as the saturated steam expands through the turbine complicates the design

of these turbines and increases their cost. The problem of moisture extrac-

tion becomes more acute as the pressure of saturated steam is increased.

The moisture problem is, of course, circumvented in conventional power

plants by superheating the steam before it enters the turbine. This

approach is a perfectly logical one to consider for nuclear plants also.

In the early stages of boiling reactor development, designers were reluctant

to pass reactor steam through a superheater because of concern over possible

deposition of radioactive residue and/or accelerated corrosion of superheater

tubes by the oxygenated steam. Accordingly, superheating of steam in nuclear

plants has thus far been limited to the secondary steam produced in indirect

cycle plants (Elk River).

It is now apparent that early concern over radioactivity in steam pro-

duced in a boiling reactor was grossly exaggerated. The fact that no ab-

normal procedures were used in making a blade replacement on the EBWR turbine

after it had operated for about one year is convincing proof that no serious

contamination problem exists. The fact that thorough inspections made on

the EBWR turbine did not reveal any corrosion in excess of that which would

be expected in any turbine operating on saturated steam also goes a long way

toward alleviating concern over corrosive effects of oxygenated steam.
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There is no longer any reason why steam produced in a reactor cannot

be superheated before reaching the turbine. This would permit the use of

standard turbines. The well known gain in cycle efficiency would produce

over-all improvements in econo-i comparable to those which have characterized

conventional power plants in the past.

The economic incentive for superheating steam is readily apparent when

it is realized that of the energy required to evaporate water only about

30% can be recovered in the form of electrical energy, whereas, in contrast,

up to 60% of the energy added to the steam as superheat can be recovered.

Two procedures for superheating reactor steam can be considered, i.e.

nuclear superheat, or conventional fossil-fueled superheat. That one of

these forms should be adopted for a new boiling reactor plant seems clear.

Which type should be chosen depends upon the circumstances under which the

new reactor will be built.

Considerable work is now underway on nuclear superheater reactors. The

USSR is actually constructing a 100 eMW nuclear plant (36) in which steam is

produced at 1320 psi and 930 F. The nuclear superheating will be done by

passing steam (also produced from reactor heat) through outer fuel channels

of the tube-type, graphite-moderated reactor.

The Allis-Chalmers Manufacturing Co.(39) is now in the process of develop-

ing an integral boiling-superheating reactor of 66 eMW (gross) output.

The General Nuclear Engineering Corporation has developed promising pre-

liminary designs for a 17 eW (gross) Boiling Nuclear Superheater (BONUS)

Reactor power plant. Although the study in which these concepts were

developed has not yet been finished, it is considered highly probable that
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the final design will be extremely attractive for small power plants from

both a technological and an economic point of view.

Superheating of reactor steam by passing the steam through a conventional

oil-fired superheater would be a relatively straightforward procedure which

could be undertaken immediately.

In deciding whether superheat should come from a reactor or from a

conventional superheater, it is in order to compare the cost of nuclear fuel

with that of fossil fuel. By referring to the nuclear fuel cycle cost

calculations in Section VII-C, it will be observed that the cost of heat

from nuclear fuel is expected to be in the neighborhood of $0.30 per million

BTU (the exact amount depends upon the fuel exposure, size of plant, etc.)

It should be noted that essentially all of this heat enters the process fluid,

whereas only about 80% of the heat from combustion of oil actually appears in

the steam. When this efficiency factor is taken into account, nuclear heat

is slightly more economical than oil in many sections of the United States

and is decidedly more economical than oil in certain high oil cost areas.

It seems clear that there is a strong incentive to utilize nuclear super-

heat ultimately in order to save money, as well as to conserve oil resources

for other purposes. However, other factors may exert a strong influence on

a choice between these alternatives for a particular reactor project.

Whether the superheating of steam should be accomplished in a nuclear

reactor or a conventional fossil-fueled superheater is as much a question of

policy as of technology. Construction and operation of a small boiling

reactor with an integral nuclear superheater such as that described in the

recent report on the BONUS project should be a high priority item on the
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nation's reactor development program. Such a reactor, being the first of

its kind, would not be expected to compete economically with a plant of

the same size using an oil-fired superheater. Successive generations of

this plant would be expected to achieve a competitive status.

In the opinion of the writers, the most logical reactor development

program would include both a small boiling nuclear superheater and a boiling

reactor coupled to an oil-fired superheater. The former would provide some

of the technology essential to achievement of the ultimate goal of economic

power solely from nuclear heat. The latter would represent an immediate

major step toward lower cost electricity from nuclear power plants and

thereby provide encouragement for construction of many more such plants by

utilities throughout the world. This would automatically bring further

economies resulting from the larger scale of operations associated with a

steadily increasing number of nuclear plants. Operation of an oil-fired

superheater in conjunction with oxygenated steam produced in a boiling

reactor would also provide data on corrosion effects which are badly needed

to predict the behavior of materials in a nuclear superheater.

C. Recommended Designs

Preliminary designs and cost estimates for a 17,000 eKW (gross) boiling

reactor with an integral nuclear superheater are described in the recent

BONUS Project interim report issued jointly by the Puerto Rico Water

Resources Authority and the General Nuclear Engineering Corporation. This

report serves as an adequate current appraisal of small power plants of the

nuclear superheating type. Attention in the present brief study has, there-

fore, been focused on boiling reactors coupled to oil-fired superheaters.

- 61 -



Characteristics of 25 eMW and 35 eMY nuclear power plants employing

oil-fired superheaters are summarized in Section VII-A of this report.

It will be noted that these designs follow closely the design objectives

discussed in Section II-C. The reactors operate at a pressure of 1450 psig--

a ma jor extrapolation from the previous high of 1000 psig in existing

boiling reactors, from which correspondingly large improvements in per-

formance and econonmr are expected. Steam is superheated to 1000 F in an

oil-fired superheater to achieve over-all steam cycle efficiencies of 38.1%

and 38.7% for the 25 eMJ and the 35 eM plants, respectively. A major

reduction in fuel cycle cost (see Section VII-C) results from the combina-

tion of high pressure and superheat to achieve high cycle efficiency.

Use of a direct steam cycle and a natural circulation cooling system

preserves the simplicity which has characterized reactors of this type in

the past. This simplicity is reflected in low capital and operating charges.

In accordance with current practice in other nuclear power plants, the

reactors are housed in gastight containment buildings. Although boiling

reactors are known to possess a high degree of inherent safety, the writers

believe that containment buildings are advisable for power reactors of all

types constructed near population centers in the near future.

The reader is referred to Section VII for further design information and

results of cost analyses on the reference reactors.

Almost all of the effort in this study has been directed toward a 25 eMW

plant, although preliminary work was also carried out on a 35 eMN plant. The

time available for the study did not permit evaluation of plants over the

entire 5 to 40 eMW range of interest. However, the standing of the 25 eMW
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boiling reactor plant relative to 25 eMf plants employing reactors of other

types would not change materially in either a technological or an economic

sense over the 5 to 40 elF range.

The estimated cost of power from boiling reactor, oil-fired superheater

combinations is very nearly competitive with conventional power plants of

the same size in some sections of the United States. This favorable

economic status is, of course, due in part to the low capital cost of the

oil-fired superheater itself. Such plants are sometimes regarded as

unwarranted compromises between nuclear and conventional plants which make

the costs approach those of conventional plants by making the designs

approach conventional plants. To show the economic effect, a similar cost

estimate was made for a plant using the same boiling reactor but with the

oil-fired superheater omitted. This alternate plant is described in

Section VIII.

It should be noted that a boiling reactor in combination with an oil-fired

superheater uses both nuclear and chemical fuels in ways which are best

suited to these fuels. The technology of using nuclear fuel to produce

saturated steam is well known and the conversion from nuclear energy to

energy content of steam is 100% efficient. Superheating steam with nuclear

energy is a promising but as yet unproven technology. Use of oil for this

purpose is straightforward, however, and utilizes fossil fuel only in the

high temperature region where it shows up best. As an interim measure, such

plants can serve a very useful purpose. Once it has been demonstrated that

these plants are competitive, large numbers of such plants will be built by

utilities who are anxious to gain experience in reactor operation without
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undue financial sacrifices. Only then, can the economic benefits of large

scale repetitive operations in reactor construction and fuel cycle processes

be realized. The day when all-nuclear plants achieve a competitive status

will be hastened, thereby.
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VI. SIINARY OF AICIPATED PROL1!4S

No major problems are anticipated in connection with a direct-cycle,

natural-circulation, boiling reactor in series with a conventional oil-

fired superheater. Although the proposed operating pressure of 1450 psig

represents a major extrapolation from the previous high of 1000 psig, all

evidence points to alleviation rather than aggravation of current problems

as the pressure is increased. Although questions might be raised concerning

the feasibility of constructing lgreactor pressure vessels for 1450 psig

service, these questions do not apply to reactors for plants of only 5 - 40

eMW output.

The effect, if any, of the highly oxygenated steam from the boiling

reactor on corrosion rate of the stainless-steel superheater tubes will be

watched with interest. In view of the fact that the corrosion problem has

not been serious in the turbines of existing direct-cycle saturated steam

plants, the expectation is that corrosion in the superheater tubes will be

tolerable. If the corrosion rate turns out to be low in the oil-fired

superheater, a major feasibility question in nuclear superheaters will have

been resolved favorably. Deposition of residue in the superheater tubes

will also be of interest because of its bearing on nuclear superheater design.

Thus, indirectly, the oil-fired superheater plant would serve as a valuable

experiment pertaining to broad problems of nuclear superheat technology.

Design and construction of the plant using a boiling reactor coupled

to an oil-fired superheater can be undertaken with confidence. No research

and development work should be necessary. Questions about the long-term
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integrity of tubes in the oil-fired superheater can be answered most

satisfactorily and economically by actually operating the plant.

Although there appear to be no insurmountable problems in achieving

nuclear superheat, research and development work will be a necessary part

of any program for an experimental boiling water reactor with an integral

nuclear superheater. The recent report on the BONUS project describes

the problems which must be resolved for a plant of this type. The total

cost of the development work is estimated at $970,000. Most of this
development work could be carried on concurrently with the detailed design

of the plant. About $220,000 is needed earlier to resolve certain mechani-

cal design problems during the course of the BONUS study if the proposed

plant is to be put into operation at the earliest possible date. Since it

appears that the integral nuclear superheater will ultimately be more

economical than the separately fired type, a vigorous program to hasten

the development of integral superheat should be maintained.
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VII. REFERENCE DESIGNS--BOILING REACTORS WITH OIL-FIRED SUPERHEATERS

A. Description of Reference Designs

The general characteristics of the 25 eMW reactor plant used as a

reference design for this study are indicated in Table 7 and Figures 2

through 5. Reactor core characteristics of the 35 eMW plant are also

shown in Table 7. The following description applies to the 25 eMW

plant unless otherwise indicated.

Both reactors are of the direct cycle high-pressure (1450 psig)

boiling water type eploying natural circulation. The reactor fuel

assemblies consist of bundles of Zircaloy-2 tubes containing pellets of

slightly enriched U02. The small clearance gap between the U02 pellets

and the cladding tube is filled with helium to improve heat transfer.

Fuel rods are held in place by thin transverse straps attached to the

fuel tubes and to the inner walls of the square Zircaloy box surrounding

each bundle of 25 fuel tubes. Stainless steel end fittings are attached

to the Zircaloy boxes for positioning the fuel assemblies on the bottom

core plate and in the guide structure above the core.

The 25 eMW reactor core cross section is roughly circular as indicated

in Figure 3. The core is 4.33 ft high and has an equivalent diameter of

4.71 ft. The 4.19 tons of contained uranium are enriched to about 1.7%

in the U-235 isotope. A pressure vessel designed for a pressure of about

1650 psig and having an inside diameter of about 6.71 ft surrounds the

core. The pressure vessel is clad on the inside with stainless steel and

has a stainless steel thermal shield of adequate thickness for protection

against excessive thermal stress from absorption of radiation.
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Water from the main condenser is injected at 430 F, into the reactor

through the feedwater sparging ring (Figure 2). This feedwater mixes

with the recirculating water in the annular downcomer region between the

core and the pressure vessel. The subcooled mixture passes downward

through the downcomer to the region of the pressure vessel beneath the

core support plate. The water then flows upward through the holes in

the core support plate into the vertical fuel assembly boxes. Because

of the subcooling provided by the feedwater, boiling does not begin until

the water has passed through about one-fourth of the core. By the time

the steam-water mixture emerges from the fuel assemblies steam will occupy

25-30 percent of the volume of the mixture. This steam volume fraction

is rather low relative to what is expected to be feasible in boiling

reactor systems and indicates that, upon more careful analysis, it may

be possible to achieve the needed 47 4 of heat output from a core which

is significantly smaller than the one described herein.

The 124 fuel assemblies in the core are grouped into cells, each

full-size cell containing four assemblies as shown in Figure 3. The

vertical channels between cells are traversed by control cruciforms made

of borated stainless steel. Thirteen of these cruciforms are used, in

the pattern shown in Figure 3. The five centermost cruciforms have Zr-2

followers which occupy the vertical channels when the borated-stainless

section is not in the core. These followers reduce the neutron flux

peaking which would otherwise occur if water were allowed to replace the

cruciforms.
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Drive mechanisms for the control cruciforms are located in a shielded

room beneath the reactor. These mechanisms are of the rack and pinion

type. When the borated-stainless cruciforms are not in the reactor they

are poised above the core in channels within the stainless steel super-

structure. The cruciforms are thus poised for rapid gravitational insertion

upon receipt of a scram signal.

In addition to guiding the control cruciforms the stainless steel

superstructure above the reactor core serves as a chimney to enhance

natural circulation. The low density of the steam-water mixture in this

chimney relative to the water in the downcomer provides additional driving

head for natural circulation, at the expense of relatively little pressure

drop in the large flow cells of the superstructure.

Vibration of the control cruciforms as a result of hydraulic forces

is prevented by sheathing the lower portions of the cruciforms in protective

stainless steel shrouds which are designed to accommodate thermal expansion.

To insure positive shutdown of the reactor even in the event that all

control rods should fail to respond to efforts to insert them, provision

is made for injection of a large quantity of concentrated boron solution.

This sodium octoborate solution is kept in a separate tank maintained

at high pressure and can be injected into the reactor through the feed-

water sparging ring.

Gravitational separation of the steam-water mixture occurs in the steam

dome in the upper part of the pressure vessel. Wet steam is collected in

the annular space behind the steam collection baffle and is exhausted from

the pressure vessel through the steam outlet nozzle. The remaining moisture
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is stripped out in an external moisture separator before the steam reaches

the oil-fired superheater (Figure 5).

An emergency cooling spray ring is incorporated in the upper part of

the pressure vessel. In the unlikely event of loss of water from the

reactor core, perhaps as a result of a pipe rupture, a shower of water

could be maintained on the fuel elements to prevent melting. A thin

stainless steel shock shield lining the upper part of the pressure vessel

prevents this cold spray water from striking the hot pressure vessel wall.

The shock shield is louvered to allow natural convection steam cooling of

the pressure vessel wall.

A stainless steel clad shield plug in the upper part of the pressure

vessel provides biological shielding during reactor operation and serves

as a combination shield and working platform during fuel unloading opera-

tions. The large shield plug contains plugs of smaller diameter eccentrically

located to permit positioning a fuel removal port directly above any fuel

assembly in the reactor core. The fuel handling system employs devices

very similar to those which have already undergone successful development

for the EHWR(l at Argonne National Laboratory. With this system irradiated

fuel assemblies are withdrawn from the reactor core into a lead lined coffin

one at a time and transferred to a rack in a water filled fuel storage well

adjacent to the reactor.

The bolted closure at the top of the pressure vessel is semi-elliptical

in shape. The pressure vessel opening provided by removal of the top head

will allow the entire core structure to be removed and replaced if this

should ever become necessary. Sealing of the closure is accomplished by
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two circular compression gaskets. A bleed line from between the gaskets

can be used to detect any leakage past the first gasket, and by transferring

the leaking steam to the main condenser, prevent the escape of any steam

past the second gasket.

The reactor pressure vessel is insulated by stainless steel wool. An

air gap separates the insulated pressure vessel from the surrounding shield.

\The external radial thermal shield consists of alternate layers of

steel and water. The pressure vessel is supported by lugs resting on the

upper part of this thermal shield. The outer cylinder of the thermal

shield continues upward to a level just above the top of the pressure

vessel where it serves to anchor the thick steel holddown plate. The

latter prevents the upper part of the pressure vessel from being rocketed

upward if a major rupture should occur in the lower region of the pressure

vessel.

A water filled tank above the reactor serves as a massive biological

shield whose weight can be reduced to manageable magnitude by draining.

In the event of a major rupture of the reactor pressure vessel the heaving

action of the vessel would disperse the water from this tank and accomplish

a significant amount of steam quenching.

Except at the level of the core the radial biological shield is made

of ordinary concrete; magnetite ore is used as aggregate in the core region.

Steel punchings are used to achieve a density of about 330 lbs/ft in the

bottom shield plug which is traversed by the control rod thimbles . The

upper part of this plug is covered with lead.
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The condenser is designed to deaerate the feedwater and to be capable

of quenching the full flow of steam from the superheater in an emergency.

A special desuperheater is attached to the condenser to protect it from

excessive steam temperatures when it becomes necessary to bypass the

turbine and to dump steam directly to the condenser.

Non-condensible gases are withdrawn from the main condenser by con-

ventional steam-jet air ejectors. Since this mixture consists largely

of radiolytic hydrogen and oxygen it is diluted with air to below the

combustible limit, and, after steam is removed in the condensers associated

with the air ejectors, the gases are discharged up the superheater stack.

The feedwater heating circuit employs five closed-type feedwater heaters

of conventional construction. Main feed and condensate pumps are also of

conventional construction. Fll flow demineralizers are installed in the

feed lines to prevent corrosion products from entering the reactor. Feed-

water is returned to the reactor pressure vessel at 430 F.

The power output of the superheater and the reactor can be adjusted

independently to produce the desired turbine throttle conditions. The

reactor control rods are moved automatically in response to the turbine

demand to provide the required power output. The complexity of the control

system will depend upon the speed with which load changes must be accommodated.

The oil-fired superheater is expected to be completely conventional in

design. The possibility of shortening the life of superheater tubes as a

result of the high oxygen content of the steam is regarded as a tolerable

risk which can best be evaluated by actually building a small plant of this

type. The corrosion behavior of a conventional superheater would be very

pertinent to the feasibility of a nuclear superheater also.
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The steam leaving the superheater is held at a constant temperature

of 10000 F by automatic controls which bleed saturated steam into the last

stages of the superheater. The superheater is equipped with an air pre-

heater but does not have an economizer. For this reason, its furnace

efficiency is only 80%.
0

Superheated steam enters the turbine at 1250 psig and 1000 F. The

turbine is of completely conventional design except for certain seals and

bearing materials. Seals will be designed so that radioactive steam which

leaks past the seals is collected and condensed to prevent contaminating

the building air. Certain bearing materials would be modified to minimize

corrosive effects of the oxygenated steam.

In calculating the efficiency of the turbine a back pressure of 1.5 in.

Hg was assumed. The gross cycle efficiency is approximately 38.1%.

As may be seen in Table 7, the 35 eW plant is practically identical

to the 25 eWN plant except for size. The steam pressure and temperature

are identical. The reactor core has 156 assemblies instead of 124 and

produces 284,000 lb/hr of steam instead of 206,000. The larger core requires

a pressure vessel approximately 7 inches larger in diameter and 0.4 inch

thicker. The capacities of the steam circuit components, i.e., superheater,

condenser, feed heaters, pumps, etc., are increased in proportion to the

higher steam flow. As a result of the larger turbine size, the cycle

efficiency is somewhat better for the 35 eMW plant, and the over-all plant

efficiency is correspondingly improved.

Cylindrical steel containment buildings would be used to house the

reactors in both plants. The design pressure for each of these containment
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buildings would be determined by the maximum overpressure produced by

sudden release of all the water and steam within the reactor pressure vessel

and its auxiliaries plus a chemical reaction of 25% of the fuel cladding

with water. The 35 eMiW reactor vessel, having about 30% more water, would

require a containment building with thicker walls. Both containment

buildings would be equipped with air locks for personnel access during

operation, and all pipe lines or ducts penetrating the walls would be

equipped with quick-closing valves to positively prevent the escape of

fission products in case of an accident.

The turbine buildings would be located adjacent to the containment

buildings and would provide space for the control rooms, offices, and

waste handling facilities in addition to space for the normal plant equip-

ment, such as the turbine, generator, condenser, feed heaters, pumps, and

water purification equipment.

The oil-fired superheaters would be constructed as separate units

adjacent to both the containment building and the turbine building to

minimize piping runs.

Storage tanks, pump houses, switchyards, etc., would be arranged as

in any conventional steam plant.

Practically all of the equipment outside the reactor containment building

would be the same design as the equipment for a conventional power plant of

the same size. Since the steam entering the turbine is of comparable quality

to that used in modern conventional plants, none of the special moisture

separation devices cr changes to accocodate operation with saturated steam

found in many nuclear plants would be required. A few changes would be made
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in the turbine seals and the condenser to meet special nuclear require-

ments because of the radioactivity and oxygen content of the steam, but

the majority of the equipment should be standard power plant items without

any alteration.

Many auxiliary systems which would be provided, but which could not

be sized within the short time available for this study, include the

following:

1. Water quality control

2. Shutdown cooling

3. Shield cooling

4. Water makeup

5. Fuel storage pool purification and cooling

6. Building ventilation and air conditioning

7. Nuclear and plant instrumentation

8. Emergency diesel power supply

9. Circulating water

10. Cranes

U. Waste storage
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Table 7

SUMARY OF REFERENCE IESIGNS

25 eMW
GENERAL

Gross reactor thermal power, MW

Net reactor the ermal power, W

Gross superheater thermal power, W

Net superheater thermal power, MW

Gross electric output, KW

Gross cycle efficiency, %

Gross plant efficiency, %
Net electric output, KW

Reactor operating pressure, psig
0

Temperature of steam leaving reactor, F

Pressure of steam at turbine, psig

Temperature of steam at turbine, OF
Total steam flow, lb/hr

Feedwater temperature, 0F

Coolant circulation

Pressure vessel I.D., ft

Pressure vessel wall thickness, in.

Number of turbines

47.0

46.0

24.7

19.8

25,000

38.1

34.9

^j 23,500

1,450

593

1,250

1,000

206,000

430

Natural

6.71

4.8

1

Plant Size

35 eM

64.8

63.4

34.0

27.2

35,000

38.7

35.4

-32,900

1,450

593

1,250

1,000

284,000

430

Natural

7.28

5"2

1
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Table 7 (continued)

Plant Size

25 e 35 eM

FUEL EIW'S

Diameter of U0 2 pellets, in.

Cladding material

Cladding thickness, in.

Diameter of clad rods, in.

Number of rods per assembly

Assembly structural material

Assembly outside dimensions, in.

Assembly wall thickness, in.

Core lattice

Number of assemblies in core

REACTOR CORE

Control method

Active height, ft

Effective diameter, ft

Nel loading, tons U

Thermal power, M

Average specific power, 1W/ton U

Power density in coolant, KW/liter

U-235 content of fuel, %
0

Exit coolant temperature, F
0

Maxiu cladding surface temperature, F

0.450

Zr-2

0.027

0.510

25

Zr-2

4.0 x 4.0

0.060

4.5 in. square

124

Vertical
cruciform
rods

4.33

x+.71

4.19

47.0

11.23

4.7

1.7

593

630

0.450

Zr-2

0.027

0.510

25

Zr-2

4.0 x 4.0

0.060

4.5 in. square

156

Vertical
cruciform
rods

4.83

5.28

5.87

64.8

11.04

1+3.9

1.6

593

630
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Table 7 (continued)

0
Maximum fuel centerline temperature, F

Average fuel surface heat flux, Btu/hr/ft2

Maximum fuel surface heat flux, Btu/hr/ft 2

Total power, peak/average

Estimated fuel lifetime, M4D/ton U

Estimated fuel lifetime, years

Plant factor

25 ei6

4,500

89,o0 2

312,0(

3.5

10,00 0

4.6

0.6%

Plant Size

35eMW

4,450

88,000

)0 308,000

3.5

10,000

4.114

0.60

* Specified by the AEC
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B. Estimate of Plant Capital Costs

Since a plant with a boiling reactor coupled directly through an oil-

fired superheater to a turbine has never been built, and detailed designs

have not been prepared, the only means of obtaining a realistic cost

estimate is to combine the costs of various portions of known conventional

plants with costs for a boiling reactor which has already been built. For

estimating purposes, a typical, small, conventional plant of approximately

the desired capacity was selected which would cost $285 per gross kilowatt

complete at present prices. The Experimental Boiling Water Reactor (EBWR)

at Argonne National Laboratory was used as the reference plant for estimating

costs of the. nuclear portion.

From the detailed breakdown of actual installed costs for the conventional

plant, the various components essential for a nuclear power station using an

oil-fired superheater were selected. Estimates of present-day prices were

obtained by applying an escalation factor of 6% per year in the manner

indicated in the following equation:

Present estimated cost = 1 + 0.06 (Tj Actual cost at time of construction]

where T = Years from time of actual construction to present

Items such as the boiler, boiler controls, fans, oil lines, etc., were

carefully excluded from the nuclear station estimate; and appropriate reduc-

tions in structural accounts, etc., were made to allow for the elimination of

these items.

In the case of the turbine and the condenser, certain special features

would be required for nuclear station use because of the radioactivity and

oxygen content of the steam, and the costs of these items were increased

accordingly.
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Costs for the oil-fired superheater and stack were obtained from

estimates supplied by one of the leading manufacturers of such equipment.

The price listed covers the complete installed cost of the superheater with

all accessories and controls with the exception of the fuel oil supply

system. Costs of the fuel oil system were estimated separately by using

the conventional plant costs as a guide and making allowances for the

differences in required capacity.

The resulting cost estimate for the conventional portion of the reference

25 eMW plant is shown in Table 8. All of the figures listed for the

conventional plant equipment represent complete installed costs and include

the normal engineering charges associated with conventional construction.

In the case of the reactor costs, the figures listed were in general

based on EBWR costs, (45) with corrections applied to account for elimination

of power plant equipment from the EBWR plant, escalation of construction

costs, and changes in various design features. The major factors (other

than escalation) responsible for differences in costs at the 25 eM* plant

and the EBWR are discussed in the succeeding paragraphs.

The EBWR design included extensive structural provisions for blast pro.

tection which are not included in other nuclear plants today. By eliminating

some of the massive blast protection features and various building services

already supplied as part of the conventional power plant equipment, it

should be possible today to provide an adequate containment building and

space for a control room for approximately $21,000 more than the $966,000

which the EBWR containment building cost at the time it was constructed.

Ample space for offices and control room would be available in the power plant
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building, so structural costs of the separate control building used for

the EBWR were eliminated from the cost of this plant. The costs of pro-

viding control room and office space in the power plant building were

listed as part of the building costs for the nuclear portion of the plant

in the breakdown given in Table 8.

The reactor pressure vessel for this plant would be approximately 1.9

times as heavy as the EBWR vessel due to the higher design pressure, but

its physical size would be very nearly the same as that of the EBWR vessel.

It is believed that considerable simplification of the internal structures

could be achieved, such as the elimination of the costly borated stainless

steel in the thermal shield (included in the EBWR to. allow experimental

operation with D2 0) and use of less elaborate vessel external structures.

With these differences taken into account, the estimated net vessel cost is

approximately $100,000 greater than the cost of the EBWR vessel (including

external and internal vessel structures).

The costs of the EBWR shielding are considerably higher than they

would normally be because: (1) tunnels fitted with special high density

block were provided to allow for the addition of forced circulation loops,

(2) special blast protection features were included, (3) the shield was con-

structed in increments to allow the final design to be completed after con-

struction had begun, and (4) the shield was designed for operation with D20

in the reactor. It is estimated that a simple shield of approximately the

same size could be built today for $143,000 less than the $398,000 cost of

the EBWR shield.
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Although the reference design would require essentially the same

instrumentation as the EBWR, the costs of the EBWR system had to be

increased to reflect current instrumentation costs. The number of control

rods required for the 25 eMW plant would be greater than for the EBWR, but

recent reductions in the cost of rod drives would very nearly offset the

effect of a larger number of high pressure units. Hence, an increase in

net cost of $38,000 over the $182,000 cost of EBWR rods and drives is con-

sidered sufficient to cover these items for the 25 e. plant.

Costs of the various auxiliary systems were adjusted to take into

account the changes in system requirements and the auxiliary facilities

already included in the conventional portion of the plant. The estimated

cost of each of these systems is indicated in the table.

The total cost of design and engineering work on the reactor plus the

engineering required to properly integrate the reactor with the conventional

power units was estimated to be approximately 164/2% of the reactor cost or

$523,000.

Other methods of estimating the capital cost of the reference reactor

gave essentially the same result as the method just described. One of

these alternates will now be discussed.

In the procedure just described, a conventional plant of about the same

electric output was used as the reference. The boiler and boiler auxiliaries

were deleted from this plant and replaced with a reactor, its auxiliaries,

containment building, etc. The opposite approach will now be taken in which

a complete nuclear plant (EBWR) is used as the reference and necessary alter-

ations are made in conventional plant equipment to permit generation of

25,000 KW (gross) of electricity.



Table 8

ESTIMATE OF COST FOR A 25 eMW (GROSS) PLANT

Estimated Estimated
Capital Cost Unit Costs

(Thousands of Dollars) (Kw

Construction expenses, purchasing,
temporary facilities, etc. 152.5 6.10

Power plant buildings, structures
(excluding reactor plant), and
service equipment 645.0 25.80

Site improvement 103.3 4.13

Feedwater circuit complete with feed
evaporator, pumps, heaters, and piping 174.0 6.96

Plant water supply 10.3 0.41

Power plant piping 525.0 21.00

Turbo-generator and accessories 1,662.5 66.50

Condenser and circulating water system 622.5 24.90

Plant electrical system 434.5 17.38

Superheater and stack 675.0 27.00

Fuel oil facilities. 49.3 1.7

5,053.9 202.15

Reactor Building

Excavation and backfill 102 4.08

Steel shell and internal structure 436 17.44

Shell insulation 63 2.52

Concrete work inside shell 104 4.16

Building services 240 9.60

Office and control room space
(serving reactor but actually
located in the power plant building.) 42 1.68

987 39.148
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Table 8 (continued)

Estimated Estimated
Capital Cost Unit Costs

(Thousands of Dollars) ($KW

Reactor

Foundations 125 5.00

Pressure vessel including external
and internal vessel and core
structure 615 24.60

Shielding 255 10.20

Instrumentation and control 163 6.52

Control rods and drives 220 8.80

1,378 55.12

Auxiliaries

Fuel handling and storage 80 3.20

Purification systems 125 5.00

Liquid poison system 68 2.72

Moisture separation equipment
and emergency cooling 115 4.60

Electrical system including
emergency power 153 6.12

Miscellaneous equipment and controls 171 6.84

Waste treatment and external
building service lines 3.76

806 32.24

Engineering costs520.92

Totals 8,747.9 349.9
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The cost of building the EBWR at ANL has been reported as

$4.629 x 106. This figure is based on actual cost records for the EBWR

project at ANL. Expenses incurred for research and development for EBWR

and for plant equipment to permit experimental operation with forced

circulation and with D 20 were properly excluded from the $4.6 x 106

figure, since such expenditures would not be required for a duplicate

plant designed to operate only with H2 0 and with natural circulation.

Almost four years have elapsed since the construction of the EBWR

began. A cost escalation factor of 1.20 is believed appropriate. Thus

the EBWR, if it were built today, would cost

(4.629 x 106)(l.20) = $5.56 x 106

(The above escalation rate is based on general building cost indices

whereas the 6% factor used in the first estimate is based on indices for

power plant equipment.)

The reference 25 eMW (gross) reactor considered in this study operates

at 1450 psig whereas the EBWR operates at only 600 psig. The higher

pressure necessitates greater expenditures for the pressure vessel and for

auxiliary fluid circuits which are connected to the reactor such as the

water purification loop. It would probably also be necessary to increase

the number of control rods from nine to thirteen. However, the cost of

these items should be at least offset by cost reductions resulting from

changes in the original EBWR design such as the following:

1. Simplification of reactor shield and blast protection features

to eliminate the exaggeration of these provisions relative to

other boiling reactors being built now.
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2. Reduction in size of the reactor containment building due to

placing the turbine in a separate building and eliminating the

generous space provided for flexibility in experimental work and

future alterations to the EBWR plant.

3. Many other miscellaneous simplifications which can be made as a

result of operating experience on the EBWR and VBWR.

Elimination of all power generation and heat dissipation systems (5 eM)

6from the EBWR would result in a saving of approximately $1 x 10 . For the

reference design, an oil-.fired superheater, turbine, condenser, etc., must

be added in a separate building. The superheater and its auxiliaries would

cost about $675,000. The generating equipment together with its building

and auxiliaries required over and above those provided in the EBWR plant

would probably cost in the neighborhood of $140 per kilowatt, or $3,500,000

for a 25,000 eKW system. Thus the estimated total cost of the reference

plant if it were built today becomes

$106 (5.56 - 1.00 + 0.675 + 3.50) = $8.735 x 1ob

or $875 x106 = $350 per gross kilowatt

The estimated cost of $350 per kilowatt for the 25,000 kilowatt (gross)

reference plant is believed to be a realistic one to use in cost analyses

for determining the economic attractiveness of such a plant. It must be

recognized, however, that the estimate is based on concepts rather than

detailed designs. It is also assumed that the plant will be designed and

built under conditions similar to those prevailing for the EBWR and VBWR

reactors. It is well known that the costs of conventional plants vary widely



depending upon site, design variations, general economic conditions and

other factors which can differ markedly. These conditions must be deter-

mined and assessed before the actual cost of the reference plant can be

estimated accurately. Furthermore, actual bid prices may differ significantly

from a final cost estimate depending upon the organizational setup for the

project as a whole, the amount of competition for the job, etc.

It is particularly important to note that the capital cost estimate is

based on the assumption that a site is already available, and that con-

struction could begin immediately. It was further assumed that the contrac-

tors and subcontractors involved in the construction would be satisfied with

contracts similar to those under which their counterparts participated in

the EBWR construction. There is no way of determining whether the major

contractors on the EBWR made normal profits. There is reason to believe

that some of the contractors actually lost money while others realized

attractive profits. The portion of the work performed by ANL (~"- $600,000)

was, of course, on a no-profit basis.

Time did not permit a detailed estimate of the cost of a 35 eMW plant.

After a brief survey of the reduction in cost per kilowatt of capacity

obtainable in larger nuclear plants, it was estimated that a 35 eMW plant

should cost approximately $20 per kilowatt less than the 25 eMW plant.

Therefore, a unit cost of $330 per gross KW was selected as representing a

reasonable value for use in an economic analysis.

It seems particularly important that the AEC should establish a condi-

tion in its contract for a reactor plant of the type contemplated that

accurate cost records be kept so that the actual cost will be known when the
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plant is completed, not merely the bid price. This information would be

extremely valuable in assessing the economic status of such a plant and

could be a powerful factor in determining whether additional plants would

automatically follow in the normal course of events.

C. Fuel Cycle Cost Calculations

1. Introduction

The fuel cycle costs developed in this study have been prepared in

the same manner as those used for the commercial clients of GNEC. The

calculational procedures used in determining one of the eight cases studied

are presented as an example to aid in the use and understanding of the values

contained in Table 10.

2. Reactor Design Parameters

The characteristics which affect the fuel cycle cost for the reactor

in the 25 eMW plant are presented in the following table:

Table 9

REFERENCE REACTOR DESIGN PARAMETERS

Fuel load (Kg of U element) 3,796

Reactor power (tKW) 47,000

Superheater output (KW) 19,760

Net electrical output (KW) 23,500

Equilibrium enrichment, E0 (%) 1.7

Average conversion ratio (CR) 0.62

Burnup (MWD/T) 10,000

Plant factor 0.6
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Table 10

REACTOR FUEL CYCLE COSTS

Plant Factor = 0.60 Plant Factor = 0.80

Plant Characteristics
Power, net electric (MW)
Fuel load (Kg of U)
Burnup (MWD/T of U)
Burnup (KWD/Kg of U)
Specific power production (KWH/Kg U)
Equilibrium enrichment (%)
Average conversion ratio
Final enrichment (%)
Plutonium produced (gm/Kg U)
Irradiation time (years)

23.5
3,796

10,000
11,020

13.25 x 104
1.7
0.62
0.66
6.48
4.06

32.9
5,326

10,000
11,020

13.44 x l0b
1.6

0.65
0.595
6.59
4.14

23.5
3,796

15,000
16,5304

19.95 x 10
2.0

0.62
0.578
8.94
6.09

32.9
5, 326

15,000
16,5304

20.12 x 10
1.9

0.65
0.515

9.13
6.21

23.5
3,796

10,000
11,020

13.25 x 10
1.7

0.62
0.66
6.48
3.05

32.9
5,326

10,000
11,020

13.44 x 10
1.6

0.65
0.595

6.59
3.11

23.5
3,796

15,000
16,530

19.95 x 104
2.0

0.62
0.578

8.94
4.58

32.9
5,326

15,000
16,530

20.12 x 10
1.9

0.65
0.515

9413
4.66

Fuel Cost Analysis
Cost of U-235 consumed ($/Kg U)
Value of plutonium produced ($/Kg U)
Net burnup cost ($/Kg U)
Chemical processing cost ($/Kg U)
Chemical processing loss Pu, 1% ($/Kg U)
Chemical processing loss U-235, 1% ($/Kg U)
Conversion plutonium to metal ($/Kg U)
Fuel fabrication cost ($/Kg U)
Conversion salt to UF6 ($/Kg U)
Interest on fabrication capital ($/Kg U)
Use charge on new fuel in shipping ($/Kg U)
Use charge on new fuel in storage ($/Kg U)
Use charge on fuel in reactor ($/Kg U)
Use charge on irradiated fuel ($/Kg U)
Shipping new fuel to site ($/Kg U)

Total ($/Kg U)

Fuel Cycle Cost
Nuclear fuel cost (mil1/KWH)
Fuel oil cost, $0.30/10 BTU (mills/KWH)
Fuel oil cost, $0.35/106 BTU (mills/KWH)
Fuel oil cost, $O.40/l06 BTU (mills/KWH)
Fuel oil cost, $0.50/106 BT (mills/KWH)

Total Fuel Cost
Oil cost, .0.30/106 BFU
Oil cost, $0.35/106 BTU
Oil cost, $0.40/106 BTU
Oil cost, $0.50/lO6 BTU

(mills/KWH)
(mills/KWH)
(mills/KWH)
mills/KWH)

143.30
97.20
46.10
44.00
0.97
0.34
9.61

140.00
5.60

22.30
0.58
1.16

17.05
2.41
1.50

291.62

2.20
1.08
1.26
1.43
1.79

3.28
3.46
3.63
3.99

133.63
98.85
34.78
44.00
0.99
0.26
9.93

140.00
5.60

22.70
0.53
1.06

15.40
1.48
1.50

278.23

2.08
1.07
1.25
1.42
1.78

3.15
3.33
3.50
3.86

195.30
134.10
61.20
4.00
1.34
0.25

13.29
140.00

5.60
32.30
0.73
1.46

29.65
2.37
1.50

333.69

1.67
1.08
1.26
1.43
1.79

2.75
2.93
3.10
3.46

195.30
134.10
61.20
4+.00
1.34
0.25

13.29
140.00

5.60
24.90
0.73
1.46

22.45
1.93
1.50

318.65

186.10
136.95
49.15
44.00
1.37
0.18

13.55
140.00

5.60
32.90
0.67
1.34

27.60
1.33
1.50

319.19

1.59
1.07
1.25
1.42
1.78

2.66
2.84
3.01
3.37

186.10
136.95
49.15
44.00
1.37
0.18

13.55
140.00

5.60
25.30
0.67
1.34

20.70
1.10
1.50

304.46

143.30
97.20
46.1o
44.00
0.97
0.34
9.61

140.00
5.60

17.40
0.58
1.16

12.80
2.00
1.50

282.06

2.13
1.08
1.26
1.43
1.79

3.21
3.39
3.56
3.92

133.63
98.85
34.78
44.00
0.99
0.26
9.93

140.00
5.6o

17.70
0.53
1.06

11.55
1.28
1.50

269.18

2.00
1.07
1.25
1.42
1.78

3.07
3.25
3.42
3.78

1.60
1.08
1.26
1.43
1.79

2.68
2.86
3.03
3.39

1.51
1.07
1.25
1.42
1.78

2.58
2.76
2.93
3.29
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3. Determination of Final Enrichment and Plutonium Production

The uranium burnup charge is a function of the initial enrichment,

uranium consumption, and plutonium production. These variables are depen-

dent upon the flux time of the reactor which, in turn, is related to the

specific energy production (MWD/T/E ). The relationship between flux time

and specific energy production is contained in Figure 6. The variation in

fuel isotopic concentration with flux time is presented in Figure 7. The

methods of calculating Figures 6 and 7 can be found in Status and Prospects

of Nuclear Power--An Interim Survey.(46 )

To evaluate the final fuel enrichment and the plutonium production,

Figure 6 is used to obtain flux time for the specific energy production

(MWD/T/E0 ) of interest; and, knowing this flux time, Figure 7 is used to

determine the relative concentration (R) of the isotope. For the reference

case, MWD/T/E0 = 5,880 and the flux time from Figure 6 is 1.48 x 1021. From

Figure 7, R for U-235 is 0.389 and for total Pu is 0.615.

a. Final Enrichment

Final enrichment = (R)(Equilibrium enrichment)

= (0.389)(1.7%)

= 0.660%

b. Plutonium Production

(1) Pu isotope present = (R)(CR)(Equilibrium enrichment)

= (0.615)(0.62)(1.7%)

= 0.648%

(2) Pu present = (0.648)(1/100)(1000) = 6.48 grams/Kg U
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4. Irradiation Time

Irradiation Time (MWD/T)(Tons of uranium element in core)
(Reactor power in MW)(365 days/yr)(Plant factor)

(10 0004.185
-(47)(365)(0,6)

4.06 years

5. Cost of U-235 Consumed (Official USAEC Prices)

a. The value of uranium containing 1.7% of the U-235 isotope

(V0) is $176.80/Kg U.

b. The value of uranium containing 0.66% of the U-235 isotope

(V) is $33.50/Kg U.

c. The cost of U-235 consumed in $/Kg U is V0 - Vf

= $176.80 - $33.50

= $143.30/Kg U

6. Value of Produced Plutonium

Pu value = (gmPuoduced)($15/gm Pu)
Kg U

= (6.48)(15)

= $97.20/Kg U

7. Net Burnup Cost

Net burnup cost = Cost of U-235 consumed - Value of Pu produced

= $143.30 - $97.20

= $46.10

8. Chemical Processing Cost

The USAEC pricing policy for chemical processing of irradiated fuel

influences the optimum schedule for discharging and processing of fuel.
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The USAEC policy, in essence, states that the charge for each tonne of

uranium element processed shall be $15,300. A cleanup charge is also

assessed which is equivalent to the processing charge for batches between

3 and 8 tonnes of uranium element. The minimum cleanup charge is $45,900

and the maximum is $122,400. From these data, the optimum chemical proces.

sing batch size can be determined from the following table which shows the

effect of batch size upon chemical processing costs.

Table 11

VARTATIN AF TFT TP~flWcRTt ('1VSI WTH TO NN AGEW

Kg U Processed

1,000 (1 tonne)

2,000

3,000

4,000

5,000

6,000

7,000

Processing
Charge

$15,300

30,600

45,900

61,200

76,500

91,800

107,100

Cleanup
Charge

$45, 900

45,900

45,900

61,200

76,500

91,800

107,100

Total
Charge

$61,200

76,500

91,800

122,400

153,000

183,600

214,200

Total Charge

$61.20

38.25

30.60

30.60

30.60

30.60

30.60

As can be seen from the above tabulation, small batch processing

leads to a high unit processing cost. This high processing cost rapidly

decreases with throughput until the batch size is about 3 tonnes (3,000 Kg).

However, to take advantage of the lower imit cost attendant upon large

batch quantities, the reactor operator must either discharge 3 tonnes of
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fuel at one time, or store fuel from successive discharges until 3 tonnes

of fuel have been accumulated. This, of course, increases the use charge

which must be paid on the stored fuel, which reduces the economic gain from

larger batch sizes. Moreover, the higher the enrichment of the spent fuel

stored, the greater the reduction. The reactor operator must, therefore,

optimize the spent fuel processing cycle for both reprocessing costs and

use charges.

For the reactors studied in this report, the optimum reprocessing

cost occurs when discharged fuel is processed in batches of 3 or more tonnes.

The chemical processing cost, therefore, is $30.60/Kg uranium element. This

is increased to $44.00 per kilogram of uranium element to cover shipping

and other miscellaneous charges.

9. Chemical Processing Loss of Plutonium

A loss of 1% of the plutonium produced is assumed during chemical

processing.

Value of lost Pu = (l%)(Value plutonium produced)

= (1%) ($97.20/Kg U)

= $0.97/Kg U

10. Chemical Processing Loss of U-235

The USAEC estimates the U-235 chemical processing losses may amount

to as much as 1% of the processed fuel. Since this fuel is partially

burned, the loss is based on the value of the fuel at the discharged

enrichment.

Value of lost U-235 = (l%)(Value in $/Kg U at final enrichment)

= (l%)(Vf)

- (1%)($33.50)

= $0.33/Kg U

- 102 -



11. Plutonium Conversion Cost

The effluent of the separation center is plutonium in the form of

nitrate. The "buy-back" price to be paid by the USAEC is for metallic

plutonium; therefore, conversion to the metallic form is necessary. The

conversion cost is estimated by the USAEC as $1.50 per gram of plutonium

metal. Considering that 1% is lost in chemical processing, the total

quantity of plutonium to be converted to metal in both cases is 99% of that

produced, or:

Pu conversion cost = ($1.50)(Pu gnVKg U)(99%)

= ($1.50)(6.48)(99%)

= $9.63/Kg U

12. Fuel Fabrication Cost

The Euratom standard guaranteed charge for fabrication of Zircaloy-

clad fuel elements of $140/Kg uranium element, f.o.b. manufacturer's plant,

was used in this report. This charge includes cost of fabricating, handling,

packaging, converting UF6 to U0 2 , reprocessing of scrap, uranium use charges,

and loss of materials during fabrication.

13. Conversion of Salt to UF 6

The uranium effluent of the processing plant is in the form of

nitrate. This must be converted to the UF 6 form for resale to the USAEC.

The USAEC quotes this cost at $5.60 per kilogram of uranium element.

14. Interest on Fabrication Capital

The reactor operator has working capital tied up in the fabrication

of fuel elements. For the initial shipping and storage period of 3 months,

this amounts to the full cost of the fuel fabrication or $140/Kg U. During
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the period that the fuel is in the reactor, interest must be paid on an

average value of the fabrication cost, $70/Kg of U, since it is assumed

that the value of the fuel fabrication charge is depreciated fully on a

straight-line basis over the period that the fuel resides in the reactor.

The AEC has specified an annual capital charge of 7% to be used in this

evaluation. Therefore:

Interest on fabrication cost = Fabrication cost)(Annual charge)(Irradiation time)

+ (Annual charge) (2) (Fabrication cost)

= ($140)(0.07) ( ) + (0.07)(1)($140)

= $19.90 + $2.40

= $22.30/Kg U

15. Use Charge on New Fuel During Shipping

The shipping time from the manufacturer's plant to the user is

assumed to be one month.

Use charge on new fuel during shipping = (120 y)(1 mo)(Initial value

(12 'of fuel)

= 0.00333 Vo

= (0.00333)($176.80)

= $0.58/Kg U

16. Use Charge on New Fuel During Storage

The new fuel is assumed to be stored on the site for two months.

Use charge during storage = (2 * )(2 mo)(Initial value of fuel)

= 0.00667 V

= (0.00667)($176.80)

= $1.16/Kg U
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17. Use Charge on Fuel in Reactor

For the purposes of this calculation, the fuel value is depreciated

on a straight-line basis from the initial value to the final value during

the time in the reactor. The use charge would, therefore, be based on the

average value of the fuel while in the reactor.

Use charge on fuel in reactor = (0.04)(Irradiation time in years)

x ( 2 +
2

176.80 + 33.5
_ (0.04)(4.06)( 2 )

= $17.05/Kg U

18. Use Charge on Irradiated Fuel

As mentioned previously, discharged fuel is stored until at least

3 tons are available for chemical processing. The reactors considered in

this report will discharge one-fifth of the core at each scheduled refueling.

For the 25 eMW plant, four refuelings must take place before the 3 ton

minimum is reached, since only 0.835 tons are removed and replaced at each

refueling. Assuming a seven-month cooling and shipping period will be re-

quired after the final unloading, the average time the discharged fuel is

held in storage is determined as follows:

a. Refueling Interval = (4.06 years)(12 mo/yr) = 9.74 months
5

b. Unloading Time in Storage (months)

1 3 x 9.74+7 = 36.22

2 2 x 9.74 + 7 = 26.48

3 1x 9.74+7 = 16.74

4 7 = 7.00

Total for 4 batches = 86.44
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c. Average Time per Batch in Storage

= 21.6 months

Knowing the average storage time, the use charge on irradiated fuel can be

calculated.

Use charge on irradiated fuel = (12 yr) (Vf)(Average storage time)

= (0.00333)(33.50)(21.6)

= $2.4J/Kg U

19. Shipping New Fuel to Site

Transportation of new fuel to the site is assumed to cost $1.50/Kg of

uranium element.

20. KWH of Electricity Produced

KWH _ (Electrical kilowatts)(Irradiation time in hours)(Plant factor)
Kg U ~=Kilograms of U in core

(23,500)(24)(365)(4.06)(0.6)
3,796

= 13.25 x 104 KWH/Kg U

21. Nuclear Fuel Costs

The nuclear fuel cost is derived by summation of the foregoing costs

(Table 10) and dividing by the KWH of electricity produced.

Nuclear fuel cost = ($291.62/Kg U)(i000 mills/$)

13.25 x 104 KWH/Kg U

= 2.20 mills/KWH

22. Oil Superheater Fuel Cost

Oil fel cst =(Superheater output)(Oil cost)
Oil fuel cost = (Superheater efficiency)(Plant net electric output)

(19,76o)(3,413)($0.50/106 Btu)

(.80)(23,500)

= 1.79 mills/KWH

-o6 -



23. Total Fuel Cost (Figures 8 and 9)

Total fuel cost (mills/KWH) = Nuclear fuel cost + Oil superheat fuel cost

= 2.20 + 1.79

= 3.99 mills/KWH

D. Over-all Power Costs

The total cost of generating power from nuclear power plants is comprised

of the fuel cost, the capital charge, and the operating and maintenance charge.

The procedure for calculating fuel costs is given in Section VII-C. The pro-

cedures used to calculate the capital charge, the charges for operation and

maintenance, and the total power cost are set forth below.

1. Capital Charge (Table 12)

The capital charge may be expressed as follows:

Capital charge (mills/KWH) = (Capital cost, $/eKW)(1000 mills/$)(Annual charge)
(days/year)(hours/day) (plant factor)

For the case where the capital cost is $372 per net electrical kilowatt

($350 per gross kilowatt), the annual charge is 7% and the plant factor is

0.60, the capital charge is:

Capital charge = 0 = 4.95 mills/KWH

2. Operation and Maintenance Charge (Table 13)

The operation and maintenance charge was estimated from the following

information published by Sargent & Lundy Engineers, Chicago, in their report,

SL-1564, for a typical conventional power plant:

Plant size (gross eKW) 25,000 60,000

Plant factor 0.7 0.7

Operation and maintenance
charge (mills/net eKWH) 1.14 0.83
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The estimated operation and maintenance charge for a nuclear power

plant with a gross electrical output of 25,000 MW is based on that portion

of the data applicable to the conventional power plant with a gross

electrical output of 25,000 KW. Assuming the nuclear power plant operation

and maintenance costs to be approximately 25% greater than the conventional

power plant, and correcting for differing plant availabilities by applying

a factor equal to the inverse of the plant factors, the following operation

and maintenance charges in mills per net electrical kilowatt hour output are

derived:

0.7
25,000 eKW nuclear plant (0.6 PF) = (1.14)(1.25)(03) = 1.66 mills/KWH

25,000 eKW nuclear plant (0.8 PF) = (.4(2)( )= 1.25 mills/KWH

The operation and maintenance charge for the 35,000 eKW nuclear power

plant is calculated in the same manner as the 25,000 eKW case. However, the

Sargent & Lundy data must be interpolated to yield an applicable 35,000 eKW

conventional plant operation and maintenance charge. Such an interpolation

indicated a 1.07 mil]/KWH charge for a 35,000 eKW conventional power plant

at the 0.7 plant factor. The charge in mills per net electrical kilowatt

hour output for the 35,000 eKW nuclear plant is then determined as follows:

35,000 eKW nuclear plant (0.6 PF) = (1.07)(1.25)( ) = 1.56 mills/KWH

35,000 eKW nuclear plant (0.8 PF) = (1.07)(l.25)(-) = 1.17 mills/KWH

3. Total Power Cost (Table 14)

The total power cost is equal to the sum of the fuel cost, the capital

charge, and the operation and maintenance charge. For the nuclear plant pro-

ducing a net electrical output of 23,500 KW and having an average fuel burnup
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of 10,000 }WD/T, a plant factor of 0.6, and an oil cost of $0.30/b1 BTU

the total power cost is determined as follows:

Total power cost = 3.28 + 4.95 + 1.66

= 9.89 mills/KWH

Table 12

CAPITAL CHARGES

Capital Cost, $/KW
Gross Net

350 372

350 372

330 351

330 351

Plant
Factor

0.60

0.80

0.60

0.80

Plant Output
(net eKW)

23,500

23,500

32,900

32,900

Capital Charge
(mills/KWH)

4.95

3.72

4.69

3.51

Table 13

OPERATION AND MAINTENANCE CHARGE

Plant Factor

0.60

0.80

0.60

0.80

Plant Output

Gross (eKWNet (eKW)

25,000 23,500

25,000 23,500

35,000 32,900

35,000 32,900

Operation and Maintenance
Charge (mills/KWH)

1.66

1.25

1.56

1.17
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Table 14

TOTAL POWER COST

25 eMW POWER PLANT

Fuel Oil Total Fuel
Cost Cost

(____BTU) (mills/W)

30 3.28

30 3.21

30 2.75

30 2.68

50 3.99

50 3.92

50 3.46

50 3.39

Capital
Charge

(mills/WH)

4.95

3.72

4.95

3.72

4.95

3.72

4.95

3.72

0 & 14*
Charge Total

(mills/KWH) (mills/KWH)

1.66 9.89

1.25 8.18

1.66 9.36

1.25 7.65

1.66 10.60

1.25 8.89

1.66 10.07

1.25 8.36

35 eMW POWER PLANT

3.15

3.07

2.66

2.58

3.86

3.78

3.37

3.29

operation and maintenance charge.
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Burnup
(MWD/T)

10,000

10,000

15,000

15,000

10,000

10,000

15,000

15,000

Plant
Factor

0.6

0.8

o.6

0.8

0.6

0.8

0.6

0.8

10,000

10,000

15, 000

15,000

10,000

10,000

15,000

15,000

o.6

0.8

o.6

0.8

0.6

0.8

o.6

0.8

30

30

30

30

50

50

50

50

4.69

3.51

4.69

3.51

4.69

3.51

4.69

3.51

1.56

1.17

1.56

1.17

1.56

1.17

1.56

1.17

9.40

7.75

8.91

7.26

10.11

8.46

9.62

7.97

* O & M refers to



VARIATION OF SPECIFIC ENERGY PRODUCTION
WITH FLUX TIME FOR TWO VALUES OF

CONVERSION RATIO

(U 235 - U238 SYSTEM)

2 3

FLUX -TIME X 10 "

FIGURE 6
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VIII ALTERNATE D IG--BOILING REACTOR WITCUT ETER

The purpose of this study was to determine the cost of producing

electric power from a boiling reactor similar to those described in

Section VII but with the oil-fired superheater fitted. The greatest

interest (specified by the AEC) was in the 20--25 elM range

The best measure of the effect of an oil-fired superheater an the

cost of power is obtained by simply omitting the superheater from one

of the plants already studied while leaving the reactor exactly the

same. When this is done for the 35 eW plant described in Section VII,

the gross electric output drops from 35 M to 20.3 MW. Since the power

output is within the 20--25 eMW range specified, this revised plant was

selected for cost estimating purposes. The reactor hardware, fuel, etc.,

were kept exactly the same as before. Saturated steam produced at

1450 psia in a reactor having a heat output of 614.8 MW is delivered

directly to a turbine. Steam cycle analyses indicated that 20.3 MW of

electricity would be generated, of which 19.1 MW would be saleable, the

remainder being consumed in the plant itself.

The capital cost estimate for the 20.3 elY plant using saturated

steam was obtained by making appropriate adjustments in the estimated

costs already given in Section VII for the 25 ell and 35 eMW plants

using superheated steam.

It was previously estimated that the 35 eMl plant would cost $330

per gross kilowatt, as compared with $350/KW for the 25 el plant. The

reduction factor of33 was assumed to apply to both the reactor and the
350

generating portion of the plant.
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For the 25 eMW plant, the following "reactor" costs were estimated:

Item

Reactor containment 39.48

Reactor 55.12

Auxiliaries 32.24

Egineering and design 20.92

Total $147.76

For the 35 eM size, the cost of the reactor portion would be reduced to:

(330)-(g47.76)=
350$ 139.30 per gross KW

or

($139.30)(35,000) = $4.88 x106

Since the reactors are identical, the cost of the reactor portion of the

20.3 eMt plant is also estimated to be $4.88 x 106.

The cost estimate given in Section VII for the 25 eM plant showed

$202.15 per KW for conventional facilities. This included $27 for the

superheater and stack, and $1.97 for fuel oil facilities. If the super-

heater were omitted, there would also be substantial savings in other

items such as power plant piping, electrical system, construction expense,

buildings, etc. It is estimated that the total saving would be about

$40/w. This leaves $162.15/KW as the cost of the remaining conventional

items.

As the size of the reference plant is reduced from 25 eMt to 20.3 eit!,

the cost per kilowatt of output increases about 5%. Thus the cost of the

conventional portion of the 20.3 eMW plant becomes:

($162.15)(1.05) = $170.40 per gross Kt
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An additional $lO/KW is also added to cover the cost of a turbine using

saturated steam, over and above the cost of a turbine of the same size using

superheated steam. The new subtotal of $180.40/KW is raised to $184/KW to

cover other miscellaneous expenses connected with a generating plant using

saturated steam.

($184)(20,300) = $3.74 x 106 for the cost of conventional portion

$3.74 x 1A + $4.88 x 106 = $8.62 x 106 for the cost of the entire
20.3 eMW plant

,>8.62 x 106
= $425 per gross KW

20,300

or $8.62 x 106 = $451 per net KW
19,100

The fuel cycle costs were developed in Table 15 following the procedure

presented in Section VII-C. The elimination of the oil-fired superheater,

of course, removed the oil fuel cost from the fuel cycle cost.

The capital charge contributions to the over-all power costs were

calculated, Table 16, as stated in Section VII-C using the estimated

capital cost and plant output.

The operation and maintenance charges were calculated, Table 17, from

the data presented in Section VII-C and following the procedure stated therein.

However, since the data given in Section VII-C were for 25,000 and 35,000

gross eKW plants, the 20.3 gross eKW plant under consideration could not be

interpolated. Therefore, a straight-line curve was drawn using the data

given in Section VII-C and the operation and maintenance charge of 1.2 mills/

net eKWH for a conventional 20.3 gross eKW plant was obtained by extrapolation.

The total power costs for plant factors of 0.60 and 0.80 and for fuel

exposures of 10,000 and 15,000 MWD/T are sumnarized in Table 18.
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Table 15

REACTOR FUEL CYCLE COSTS--NO SUPERHEATER

Plant Factor = 0.60
Plant Characteristics

Fuel load (Kg of U)
Burnup (MWD/T of U)
Burnup (KWD/Kg of U)
Power, net electric (MW)
Specific power production (KWH/Kg U)
Equilibrium enrichment (%)
Average conversion ratio
Final enrichment (%)
Plutonium produced (gn/Kg U)
Irradiation time (years).

Fuel Cost An sis
Cost of U-25consumed ($/Kg U)
Value of plutonium produced ($/Kg U)
Net burnup cost ($/Kg U)
Chemical processing cost ($/Kg U)
Chemical processing loss Pu, 1% ($/Kg U)
Chemical processing loss U-235, 1% ($/Kg U)
Conversion plutonium to metal ($/Kg U)
Fuel fabrication cost ($/Kg U)
Conversion salt to UF6 ($/Kg U)
Interest on fabrication capital ($/Kg U)
Use charge on new fuel in shipping ($/Kg U)
Use charge on new fuel in storage ($/Kg U)
Use charge on fuel in reactor (/g U)
Use charge on irradiated fuel ($/Kg U)
Shipping new fuel to site ($/Kg U)

2otal ($/Kg U)

5,326
10,000
11,020

19.1
7.79 x 104

1.6
0.65

0.595
6.59
4.14

133.63
98.85
34.78
44.00
0.99
0. 26
9.93

140.00
5.60

22,70
0.53
1.06

15.40
1.48
1.50

278.23

5,326
15,000
16,530

19.1
11.7 x 104

1.9
0.65

0.515
9.13
6.21

186.10
136.95
49.15
44.00
1.37
0.18

13.55
140..00

5.60
32.90
0.67
1.34

27.60
1.33
1.50

319.19

Plant Factor = 0.80

5,326
10,o00
11,020

19.1
7.79 x 104

1.6
0.65

0.595
6.59
3.u

133.63
98.85
34.78
44.00
0.99
0.26
9.93

140.00
5.60

17.70
0.53
1.06
1.55
1.28
1.50

269.18

5,326
15,000
16,530

19.1
11.7 x 10A

1.9
0.65

0.515
9.13
4.66

186.10
136.95
49.15
44.00
1.37
0.18

13.55
140.00

5.60
25.30
0.67
1.34

20.70
1.10
1.50

304.46

Nuclear Fuel Cost (mills/KWH)

I

ro

3. 46 2.603.57 2.73



Capital Cost ($/K
Gross Ne

425 451

425 4

Plant Factor

( %)

0.60

0.60

Table 16

CAPITAL CHARGES--No SUPER EATER

) Plant Factor Plant Output
- (net eKW)

1 0.60 19,500

1 0.80 19,500

Table 17

OPERATION AND MAINTENANCE CHARGE--
NO SUPERHEATER

Plant Output Oper
Gross (eKYW) Net (eKW) C

20,300 19,500

20,300 19,500

Capital Charge
(mills/KWH)

6.00

4.50

nation and Maintenance
charge (mills/KWH)

1.75

1.31

Table 18

TOTAL POWER COST, 20.3 eMW POWER PLANT--
NO SUPERHEATER

Fuel Oil Total Fuel Capita]
Cost Cost Charge

($/106 BTU) (mIns/KW) 
(mils/KW03576o

0 3.57 6.00

O 3.46 4.50

0 2.73 6.oo

0 2.60 4.50

I
91

O & M*
Charge Total

(mills/KWH) (milis/KWH)

1.75 1.32
1.31 9.27

1.75 10.48

1.31 8.41
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Burnup
(MWD/T)

10,000

10,000

15,000

15,000

Plant
Factor

0.60

0.80

o.60

0.80

*Operation and Maintenance
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