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NOT ICE

Although the work reported in this document was conducted for
the Commission, and has been accepted as fulfilling the terms of the
contracts between the AEC and the authors, it should be noted that:

1. The designs and costs are predicated upon successful com-
pletion of certain research and development. Research and
development results different from that assumed by the au-
thors may markedly affect the estimated costs and the perfor-
mance of the units. Also, since their technical assumptions
as yet remain unproven, the Commission cannot entirely sup-
port the conclusions of the studies.

2. The extent and cost of research and development required and
the time required to accomplish it are sufficiently uncertain
to make it doubtful that construction of each of the plants
could be started by July 1960 (one of the conditions set by the
AEC for this study).

3. The basis for the cost estimates made by the several contrac-
tors are not completely consistent. Therefore, any economic
assumptions of an absolute or comparative nature, should be
appropriately qualified.

The Commission staff has prepared an analysis of the four design
studies, TID 8504, and to the extent feasible, undertaken to adjust the
cost data in the several studies so they may more readily be compared
with each other.
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Foreword

This study is one of four initiated in 1958 by the Division of Reactor De-
velopment, U. S. Atomic Energy Commission, to assess the feasibility of power
generation through the use of certain types of nuclear reactors.

These studies are available from the Office of Technical Services, U. S.
Department of Commerce, Washington 25, D. C., as indicated below:

TID-8500 BOILING WATER REACTOR STUDY (Parts 1-3), Ebasco Services
Incorporated and General Electric Company, April 1959, price $5. 25

Part 1-306 MW Power Reactor Conceptual Design (previously
available as IDO-24030, Vols. 1 and 2).

Part 2-Separate Studies (previously available as IDO-24030,
Separate Studies 1 through 10).

Part 3-306 MW Coal-fired Installation (previously available as
IDO-24031).

TID-8501 ORGANIC COOLED REACTOR STUDY (Parts 1-5), Bechtel Cor-
poration and Atomics International, April 1959, price $15. 00

Part 1-Summary of Study (previously available as BCPI-1,
Vol. 1).

Part 2-300 MW Power Plant Conceptual Design (previously
available as BC PI-1, Vol. 2).

Part 3-Reactor Concept Evaluation (previously available as
BC PI-1, Vol. 3).

Part 4-75 MW Power Plant Conceptual Design (previously avail-
able as BCPI-1, Vol. 4).

Part 5-300 MW Coal-fired Power Plant Comparison Study (pre-
viously available as BCPI-1).

TID-8502 ADVANCED PRESSURIZED WATER REACTOR STUDY (Parts 1-
3), Stone and Webster Engineering Corporation and Combustion
Engineering, Inc., April 1959, price $10. 75

Part 1- Phase I Report (previously available as SW-1, Vol. 1).
Part 2-Appendixes to Phase I Report (previously available as

SW-1, Vol. 2).
Part 3-235 MW Coal-fired Generating Plant (previously available

as SW-1).
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TID-8503 HEAVY WATER MODERATED POWER REACTOR PLANT (Parts
1 and 2), Sargent & Lundy, Engineers and Nuclear Development
Corporation of America, January 1959, price $11. 25

Part 1-Design Study (previously available as SL-1565, Vols.
1-3 and Addendum 1).

Part 2-Preliminary Design of the Prototype Plant (previously
available as SL-1581, Vols. 1-3).

TID-8504 AEC SUMMARY AND EVALUATION REPORT OF FOUR POWER
REACTOR DESIGN STUDIES, Division of Reactor Development,
U. S. Atomic Energy Commission, May 1959, price . 60 cents
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SEPARATE STUDY NO. 1

OPTIMIZATION OF CORE AND FUEL DESIGN

I - INTRODUCTION

Approximately 25 per cent of the cost of energy from a nuclear power

plant of the present design will be the net fuel cost. An additional 15 per

cent will be due to the capital cost of the nuclear steam supply system, of

which the majority is the cost of the reactor and associated equipment.

Thus, considerable effort to minimize fuel and reactor costs by proper

selection of the core and fuel design parameters and by improvement of

the mechanical design of the core components is justified.

This section presents the principal results of the optimization study

done to establish the economic basis for selection of the core and fuel

design. The rather extensive technical and economic foundation from

which these results were derived is briefly summarized.

The design variables studied in detail were the over-all core and

lattice geometries, fuel element geometry, core power density, the

moderator to fuel volume ratio, fuel and clad materials, the fuel exposure

level, and the fuel cycle approach to equilibrium. For each of the para-

metric studies comprehensive technical and economic analyses were

developed, which included core and fuel mechanical design, thermal-

hydraulics analysis, fuel cycle physics analysis, design fabrication cost

estimating, and over-all economics analysis.

The general design of the selected BWR represents some advance-

ment over previous designs developed for boiling water reactors. Ad-

vancement is chiefly in the area of mechanical design where fuel is

grouped into large assemblies, and moderator volume displacers are

used so as to reduce local power density peaking. However, the selected

design and the other design cases studied are governed uniformly by

established reactor design criteria and limits based on existing technology.
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II - SUMMARY AND CONCLUSIONS

The specific core and fuel design selected, based on the results of

this study, is described in detail in Vol. II, Sec. III. The considerably

more extensive design and analysis which would be required before

construction of the plant is started may result in minor modifications

of this basic design. However, to the limits of accuracy within which

the reactor's performance can be predicted at the present level of

experience and state of the art the design and operating parameters as

outlined are believed to be feasible and representative of the final de-

sign.

Results of the core and fuel optimization study show the selected

design is very nearly economically optimum under the fuel cost ground

rules of this study and design information available with today's technology.

The principal departures from the indicated optimum design points are

due mainly to technical judgment overriding preliminary cost considera-

tions. It is indicated that the deviation of the selected design from the

economic optimum, expressed as differential cost of energy, is less

than 0.2 mills/kwh or about 2 per cent of the total expected net energy

cost. To reduce this possible deviation further would require consider-

ably more design and analytic effort than the schedule of the study per-

mitted and would perhaps require some test and development work.

The following specific results and conclusions are derived:

a) The solid cylindrical fuel rod of UO2 clad with
Zircaloy is selected for the most promising unit
design. It is indicated to be a fuel element design
which provides the lowest energy cost for the
reactor considered with the schedule of construc -

tion specified. In addition, it has the advantage of
being a developed design whose feasibility, costs
and method of fabrication have been well established.

b) For the general design selected, the economic
moderator to fuel volume ratio is indicated to be
approximately 2.1 for UO2 fuel, clad with either
Zircaloy or stainless steel and approximately 1.5
for ThO2 fuel clad with Zircaloy. The design
value was set at 2.5 in view of the technical con-
siderations of stability and control limitations. The
cost difference between the optimum of 2.1 and the
selected design point of 2.5 is indicated to be less
than 0.05 mills/kwh.



3

c) The selected core design incorporates the use of
moderator volume displacers and the grouping of
fuel rods in a large fuel assembly in order to
minimize "clumping" of the moderator. This re-
sults in an estimated saving of about 0.1 to 0.15
mills/kwh due to the corresponding reduction of
local power density peaking and, consequently,
core size.

d) The selected design utilizes segmented fuel rods
because of the test experience, design, develop-
ment, and analytical background work which is
available. The study indicates that a single seg-
ment, (straight through) rod design, which requires
development, offers a cost incentive in the range
of 0.15 to 0.25 mills/kwh.

e) This study indicates that the optimum rod diameter
for the segmented (jointed) fuel rods is between
0.40 and 0.45 inches which corresponds to a power
density from 35 to 40 kw/liter. When expected im-
provements in fuel rod design are accomplished
(nonsegmented fuel rods), it is indicated the eco-
nomic optimum fuel rod diameter and power density
will be approximately 0.35 in. and 50 to 60 kw/liter,
respectively, for fuel fabrication costs projected to
1970.

The reference design selected will use fuel rods
approximately 0.45 in. in diameter with a corres-
ponding core power density of about 36 kw/liter.
This selection is considered to be appropriate with
the particular economic ground rules and construc-
tion schedule of this study.

f) Fuel costs are estimated to start at approximately
2.84 mills/kwh, for operation commencing in
mid-1964 and to reduce after about seven years'
operation to about 2.0 to 2.1 mills/kwh, based
on 1959 cost levels. This is due to increased fuel
exposure and reduced fabrication costs resulting
from improved fuel design and fuel manufacturing
techniques along with reduced material costs and

UF6 to UO 2 conversion costs.

The bases and full discussion of nuclear fuel costs
for the selected BWR at the equilibrium fuel cycle
and during the approach to equilibrium are covered
in Separate Study No. 9, Nuclear Fuel Costs.
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III - RESULTS

A - CORE AND FUEL GEOMETRY

1 - Core Geometry

The basic core lattice cell is depicted in Figure 1. It incorporates

moderator volume displacers in the form of Zircaloy strips attached to

the channel walls between adjacent control elements, together with cruci-

form shaped Zircaloy followers extending from the tips of the control

elements. These, in conjunction with the large fuel assembly of uniformly

spaced fuel rods, result in a nearly uniform dispersion of the water mod-

erator across the lattice. This has the benefit of minimizing local neutron

flux peaking caused by "clumping" of the moderator, thereby permitting

smaller design hot spot factors and, hence, smaller core size and lower

costs. In addition, pressure drop and pumping costs are reduced because

a greater fraction of the moderator volume is flow volume. It is expected

that the increased homogeneity of the lattice will result in a slight improve-

ment of fuel cycle physics performance. This lattice design feature is esti-

mated to result in a net saving of the cost of electricity of approximately

0.1 to 0.15 mills/kwh, not including the expected improvement of the fuel

cycle physics performance.

The over-all length to diameter ratio of the core is approximately opti-

mum. Cost comparisons were made for alternate core length to diameter

ratios. The range covered was from 90 per cent to 140 per cent of the

selected design valve, accomplished both by varying the number of fuel as-

semblies and, correspondingly, the core length, and by varying the fuel rod

diameter, number of rods per assembly and the core length. The cost effects

of the accompanying changes of the pressure vessel, shielding, containment

and structure dimensions, the number and length of the control elements and

followers, the number and stroke length of the control drives, and the core

pressure drop were estimated. For the cases which involved a change in

fuel rod diameter the corresponding effect on fuel cost was included. These

comparisons indicated that the difference in net cost of electricity between

the selected design and the optimum is less than 0.05 mills/kwh.

Inspection of Figure 2 indicates the optimum moderator to fuel volume

ratio (total water volume divided by the volume of fuel material) is about
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2.1 for UO2 fuel clad with either stainless steel or Zircaloy and about 1.5

or less for ThO2 fuel clad with Zircaloy. The results in Figure 2 combine

the cost effects of changes in fuel cycle physics, core pressure drop, and

major capital cost items such as the pressure vessel, containment, shield-

ing and building structure, which result from variation of the moderator to

fuel volume ratio.

The cost estimates in Figure 2 do not include an expected slight increase

in fuel fabrication cost as the moderator to fuel volume ratio is made smaller.

This will result from the increased number of fuel rod spacers required with

the corresponding smaller inter-rod clearances and higher flow velocities.

In addition, at the higher ratios the control characteristics and operating sta-

bility of the reactor will be improved somewhat due to the corresponding re-

ductions of the steam void reactivity and the temperature and void reactivity

coefficients. Consideration of these facts in relation to the rather small in-

dicated cost incentive to use a smaller ratio (less than 0.05 mills/kwh)

governed the selection of 2.5 for the reference design rttio. This ratio is

slightly less than the maximum permitted in order to avoid positive temper-

ature reactivity coefficients at cold, clean start-up and, hence, is feasible

from that standpoint.

2 - Fuel Elements

Two alternatives are considered for the selected solid cylindrical fuel

rod design: segmented or jointed fuel rods, and nonsegmented fuel rods.

The mechanical design features of each are discussed in Section VII of this

study, "Mechanical Design of Core and Fuel". The segmented fuel design is

well established and its current fabrication costs are known accurately.

Final proof of the feasibility of the nonsegmented rod with Zircaloy clad and

development in detail of a suitable design which will give the cost advantages

indicated for it have yet to be done. It is presently believed, however, that a

suitable development program will accomplish these requirements. For the

purpose of this study, it is assumed that the initial core loading will use the

segmented rod design and that sufficient development will have been done so

that all reloads (commencing in 1966) will use the nonsegmented fuel rod.

Comparing curves A with B and C with D in Figure 3 and curves E with F

and G with H in Figure 4 at the reference design points indicates the nonseg-

mented fuel rod will provide a reduction in fuel cost from that for the
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segmented fuel rod of approximately 0.15 to 0.25 mills/kwh, depending

on the fuel exposure and fabrication cost basis.

The fuel element geometries considered in detail are the solid cylinder

and the cored cylinder (a hollow cylinder of UO2 fuel whose core is filled

with an inert ceramic and which is clad and cooled at its outer surface).

The solid cylinder is an established design with proven technical and eco-

nomical advantages. The cored cylinder design would require some develop-

ment, but was included in the study for comparison because of certain ad-

vantages in fuel fabrication cost it was expected to provide.

In general, it was found that the cored fuel rod design had little or no

over-all cost advantage in comparison with the selected solid fuel rod design.

Eight comparisons were made for each of two cored fuel rod sizes, covering

the practical size range for this reactor (0.78 inches and 0.94 inches outside

diameter, respectively). The range of fuel exposures covered was from

10,000 to 15,000 MWD/T-U, the range of fabrication times was from 1962 to
"

1970, and both the segmented and nonsegmented fuel rod designs were com-

pared. It was found that the 0.94 inch cored rod in all cases resulted in an

increase of the cost of electricity over the selected reference design. The

0.78 inch cored rod was indicated to have a slight cost advantage (0.025 mills/

kwh) when compared for 10,000 MWD/T-U exposure using a segmented

design on a 1962 fabrication cost basis. This advantage became approxi-

mately zero for the same cost and design bases at 15,000 MWD/T-U. For

the remainder of the comparisons, the 0.78 inch cored rod as well as the

0.94 inch cored rod resulted in an increase of the cost of electricity.

Two other fuel geometries are potential candidates for boiling water

reactors. These are the flat plate element and the internally-externally

cooled hollow cylindrical fuel rod. These geometries were not considered

in this study, however, for at the level of technology existing now and in

the near future, no particular incentive for them is indicated.

B - FUEL ROD SIZE (POWER DENSITY)

Figures 3 and 4 display the results of the fuel rod size and power density

studies. These results show the net effect on the cost of electricity due to

the changes in fuel fabrication cost, fuel cycle physics performance, pump-

ing plant and pumping power costs, and change of the cost of core structure,
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pressure vessel, control system, shielding and containment which result

from variation of the fuel rod size and power density.

Inspection of the graphs indicate that the selected design (0.45 inch

fuel rod diameter, 36 kw/liter power density) is almost exactly optimum

for the range of variables considered except for the case of nonsegmented

fuel rods on the 1970 fabrication cost basis. For the conditions of this study

(Curves F and H, Figure 4), the optimum power density is indicated to be in

the range of 50 to 60 kw /liter (fuel rod diameter less than 0.37 inches).

The corresponding potential reduction of the cost of electricity from the

reference design point is indicated to be about 0.1 mills/kwh.

Selection of the reference design point in lieu of a possibly more eco-

nomic higher power density design was based principally on the facts that

certain design details and the corresponding fabrication cost estimates for

the higher power density fuel are, due to the limitations of this study, some -

what uncertain at this time. Selection of a significantly smaller fuel rod de-

sign and higher power density than that chosen here should await completion

of considerably more analysis, design and development effort.

The incentive to high power density as indicated in this study is predi-

cated on specific ground rules, estimated capital cost differentials com-

mensurate with start of construction July 1960, present-day limitations on

fuel performance, and present manufacturing techniques. As design and

development effort on BWR reactors continues, new fuel manufacturing tech-

niques are developed, and the total plant system optimized at high power

density based on advanced technology, it is forecast that the incentive for

higher power density will be substantially greater than indicated in this study.

C - FUEL AND CLAD MATERIALS

1 - Fuel Material

Uranium dioxide, sintered to approximately 95 per cent of theoretical

density, is selected for the reference design fuel material because its tech-

nology is well known and its technical and economic feasibility has been well

established. UO2 is readily available, it has good dimensional stability under

irradiation, it is resistant to corrosion by water, and it has a very high

melting point which compensates for its characteristically poor thermal

conductivity.
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Thorium oxide was studied briefly as an alternate fuel material be-

cause of promising results which have been reported concerning the use

of ThO2 in pressurized water reactors.* The principle promising feature

of ThO2 appeared to be that somewhat longer exposures (almost double

the UO2 exposures) were attainable with the same initial reactivity con-

trol available in the control elements. This characteristic has been

verified by the physics analysis done for this study. The specific fuel

combination considered was the oxide of Thorium-232 blended with

uranium dioxide highly enriched with U-235.

Fuel costs obtained with ThO2 fuel clad with Zircaloy are compared

with UO2 fuel costs on several bases in Figures.5and 6. In Figure 6

(1970 fabrication cost projection), two different fabrication cost bases

are used for the thorium comparison (Curves I and J). Curve I uses the

presently appropriate fabrication cost basis, which involves direct pur-

chase of the thorium at current prices.

The relatively high thorium fuel cost shown by Curve I is due largely

to the extra expense of this direct purchase. Curve J assumes a fabrica-

tion cost essentially the same as for uranium. This latter basis is be-

lieved to represent the lower limit of the range of fabrication costs which

may be expected for thorium.

Inspection of the results in Figures 5 and 6 shows that the cost ad-

vantage of the longer theoretical exposure permitted with ThO2 and its

slightly better burnup characteristics compared to UO2 is outweighed by

its higher total fabrication costs (due to purchase rather than lease of

the thorium) and the higher U-235 lease charge associated with it.

Enrichment for UO2 fuel is limited by present control technology to

approximately that corresponding to 15,000 MWD per short ton of uranium

equilibrium exposure. The same control limitations will permit enrich-

ments with thorium fuel which correspond to exposures of approximately

30,000 MWD/T-U. Comparing at these respective exposure levels (Curve

F with J in Figure 6) shows that'with the reduced fabrication cost basis

ThO2 fuel costs are approximately the same as for UO2'

* "Physics of Water Moderated Reactors", M. C. Edlund, D. B. Wehmeyer,
E. L. Secrest and D. V. P. Williams, Geneva Conference, June 1958
A/Conf. 15/P/2405
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The lattice design used for the thorium comparisons is not quite optimum

(see Figure 2) and the particular mixture ratio of thorium and uranium oxides

assumed (all ThO2 enriched with the oxide of U-235) may not be optimum.

Changes of these parameters may improve the position of thorium over what

is indicated here. However, for the purposes of this study, based on the re-

sults derived, it is concluded that UO2 is the proper choice of fuel material

for the reference design.

2 - Clad Material

At the present level of technology, the choice of clad material is between

a zirconium alloy and stainless steel. The results of the clad material com-

parisons (Zircaloy-2 versus Stainless Steel) are given in Figures 5 and 6.

Two stainless steel clad designs were used: one with 0.025 inch clad thick-

ness and the other with 0.015 inch clad thickness. The thicker clad is based

on present technology and its technical feasibility has been established. The

thinner clad assumes adequate development work and is meant to represent

the lower limit of ultimately feasible stainless steel clad thicknesses for

UO2 fuel rods of the diameter used at 1000 psi reactor pressure.

Inspection of Figures 5 and 6 shows the high enrichment costs associated

with stainless steel clad outweighs its fabrication cost advantages in com-

parison with Zircaloy clad UO2 except when segmented rods are used for

Zircaloy clad in comparison with nonsegmented rods for stainless steel clad

of the minimum clad thickness. For that comparison (Curve C with D in

Figure 5 and Curve G with K in Figure 6) a slight advantage is indicated for

stainless steel (0.04 mills/kwh). Due to the problem of "fretting corrosion"t

which may be considerably more troublesome for Zircaloy clad than for stain-

less steel clad, the chances of using the nonsegmented fuel rod design success-

fully are greater with stainless steel clad than with Zircaloy clad.

At low exposures (below 8,000 MWD/T-U), stainless steel clad will show

an advantage over Zircaloy clad because the throughput fabrication costs of

the Zircaloy clad fuel become high. This level of exposures is, however,

below the design objectives for this plant (10,000 to 15,000 MWD/T-U). It is

therefore concluded that the proper choice of fuel clad material for the refer-

ence design is Zircaloy.
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D - FUEL CYCLE PROCEDURE AND EXPOSURE LEVEL

The basis for the fuel cost predictions as expressed by Figure 7 are

as follows:

1) The fuel initial enrichment was held constant at 1.91
atom per cent U-235 for the initial loading and all re-
loads including equilibrium operation. This is approxi-
mately the maximum permitted by expected control
limitations.

2) Start of full power operation is assumed to be July 1,
1964.

3) The first batch (20 per cent of the core load) is dis-
charged in February 1966 - at an exposure level of
10,000 MWD per short ton of uranium. The final
batch of initial fuel load will not be discharged until
about July 1968 at an irradiation level of about 14,000
MWD/T -U. Therefore, the initial core load will
average about 12,000 MWD per short ton of uranium.

4) Equilibrium is assumed to be reached about January
1969, which is coincident with the first loading of the
third core fuel. At this time, and thereafter, discharge
fuel exposure will be 15,000 MWD per short ton of
uranium.

5) The first core load uses segmented fuel rods. All sub-
sequent reloads use nonsegmented fuel rods. Fuel
fabrication costs for both the segmented and nonseg-
mented designs decrease continuously from the period
of the initial fabrication through the fabrication of the
fourth core load, due to expected improvement and
modification of fabrication processes and anticipated
reduction of costs of materials.

6) All fuel fabrication costs used for the optimization
studies are based on 1959 cost levels (no escalation).

Total fuel costs as estimated on these bases (Figure 7) will be ap-

proximately 2.84 mills/kwh during initial operation and will reduce over

a period of 7 years to approximately 2.0 to 2.1 mills/kwh by 1971.

The fuel cycle physics (burnup and required enrichment) upon which

the cost estimates in Figure 7 are based were computed with the best tech-

niques and experimental information regarding cross sections and other

physical properties which are presently available. However, until consider-

ably more operating experience with boiling water reactors is obtained,

there is and will continue to be an uncertainty in the accuracy of prediction

of the long exposures considered here.

The fuel design used has as a principal objective attainment of the struc-

tural soundness required to achieve the long exposures assumed. While all
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available experimental evidence indicates this objective will be achieved,

final proof awaits further reactor operating experience. Exact knowledge

of clad and weld corrosion rates under reactor conditions and the actual

effect on fuel life of fission gas build-up are not yet completely established.

The economic importance of attaining long fuel exposure is illustrated

in Figures 5 and 6. For example, the difference in equilibrium fuel costs

between 10,000 MWD/T-U and 15,000 MWD/T-U exposure is estimated to

be about 0.4 mills/kwh (Curve F, Figure 6). The difference in fuel costs

between 15,000 MWD/T-U and 20,000 MWD/T-U, however, is indicated to

reduce to about 0.1 mills/kwh. The character of Curve F, Figure 6 in-

dicates that the optimum fuel exposure is reached at an exposure of about

20,000 MWD/ T-U or slightly higher. Beyond this point, the net burnup

costs and U-235 lease charge associated with the long exposure and high

enrichment required start to outweigh the advantages of the reduced through-

put fuel costs.

The reference design equilibrium fuel exposure of 15,000 MWD/T-U

was selected in preference to longer exposures as a technical judgement

based on evaluation of the indicated cost differential involved (0.1 mills/kwh)

in relation to the present uncertainties of the technical analyses and fuel de-

sign feasibility at the higher exposures.
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IV - ECONOMICS ANALYSIS AND BASES

A - METHOD

In making the core and fuel optimization studies, the results were

evaluated in terms of the cost of electricity generated, mills per kilo-

watt-hour. For this portion of the study, the method of optimization

required that only differences in the cost of energy generation between

the various cases need be determined. These differences indicate the

incentive between each design and the optimum design point. Thus, only

those items which resulted in changes in total power costs as the core

and fuel design changed were considered. All fuel fabrication and capital

costs used for the optimization are based on 1959 dollars (no escalation).

B - FUEL COSTS

A full discussion on the bases and method for estimating nuclear fuel

costs, including a sample calculation, is covered in Special Study No. 9,

Nuclear Fuel Costs.

C - CAPITAL COST DIFFERENTIALS

Capital cost differentials were evaluated for both the power density

and fuel and core geometry optimizations, and the moderator to fuel volume

ratio optimization. The power density and fuel and core geometry optimiza-

tions involved more components, however, so a more complete treatment

was required. The capital cost differentials were converted to an annual

value using the fixed charge rate of 14 per cent, and then further converted

to a differential energy generation cost in mills per kwh.

1 - Power Density and Fuel and Core Geometry

Optimization

The following capital cost items were considered:

Forced circulation loop pumps.

Core components:
Top and bottom grids
Guide tubes
Control Rods
Followers

Reactor Enclosure Components:
Containment Vessel
Shielding and Structure
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Pressure Vessel
Control Rod Drive System
Vessel Internals

2 - Moderator to Fuel Ratio Optimization

The following capital cost items were considered:

Forced circulation loop pumps
Reactor pressure vessel
Shielding, containment vessel and structure

D - PUMPING POWER COSTS

The variation in pumping power costs was considered for the core and

fuel geometry, power density, and moderator to fuel ratio optimizations.

This cost is due to a variation in core pressure drop between designs. The

pumping power cost differentials were determined from the differential pres-

sure drop between the reference design and the comparative design. This

pressure drop differential was translated into a power differential which af-

fected the net electrical output of the plant. This change in net electrical out-

put of the plant resulted in a change in total power costs and the differential

between the new value and that of the reference design represents the differ-

ential pumping power cost.

E - FUEL FABRICATION CAPITALIZATION

This cost differential was applied only to the optimizations of power density

and fuel geometry since the fuel inventory does not vary with moderator to fuel

ratio or with over-all core geometry (length to diameter ratio) for the same

core. Since the new and partially burned fuel making up the core loading repre-

sent an investment in capital, a charge was made to cover this cost. It was

determined by estimating the inventory of unburned fuel in the core after the

equilibrium cycle had been reached. It was assumed that at this point in time,

20 per cent of the core would be essentially unburned fuel newly loaded and

80 per cent would be at an average irradiation level as determined by machine

calculations. Fabrication costs corresponding to 1970 prices were then ap-

plied to this inventory and the total value was then capitalized at a rate of 10

per cent and converted to an energy cost. This method of handling the capital-

ization of fuel fabrication charges was not established in the ground rules of

this study in calculating total power costs so a similar item as such does not

appear in a tabulation of those costs. However, for this portion of the study,

it was considered essential to recognize' this cost in this manner in order to

properly optimize.
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V - PHYSICS

A - INTRODUCTION

Nuclear calculations of a scoping nature were completed for each of

the specific reactor lattice designs which were considered in the study.

The primary emphasis was on relative rather than absolute accuracy al-

though comparisons with more detailed calculations have indicated that

the results are within reasonable limits of error. Some of the detailed

calculations necessary to determine the properties of the reference de-

sign were completed although much work remains to be done in certain

areas as is pointed out under Topics for Future Study. During the study

extensive use was made of the IBM 650 A4 and the IBM 704 digital compu-

ters.

B - METHODS OF ANALYSIS

Three-group, one- and two-dimensional diffusion theory was used to

determine the nuclear characteristics of the lattice designs under considera-

tion. The two-dimensional calculations (1)* were primarily used to provide

estimates for use in the scoping studies and to determine the detailed local

power density peaking of the reference design.

Epithermal three -group diffusion properties were determined by use of

a multigroup (54 group) Fourier Transform calculation of the slowing down

distribution from a point source in an infinite medium (2,3,4). The group

splits were chosen at 3333 and 0.625 ev. Fission spectrum measurements

by Cranberg, et al (5) were used in the calculations. Inelastic scattering

of U-238 and the clad materials, and anisotropic scattering of the elements

were considered. The multigroup cross sections were obtained from various

tabulations (3,19,20). In the spectral calculations (not the fast fission calcula-

tions) Th-232 was assumed to have the same inelastic cross sections as U-238.

The inelastic scattering of Th-232 is actually greater than that of U-238 so

that the neutron ages used in these calculations were too large. The reactor

sizes under consideration are large and the neutron leakage is small. There-

fore, the error resulting from this approximation is negligible. Appropriate

geometrical corrections were made to the fast fission and resonance capture.

The classical Dancoff -Ginsburg interactions (6,7) between the fuel rods was

included in the resonance capture calculation. The effect of resonance fission

of the fissionable isotopes was also included.

* Numbers in parenthesis refer to items in the list of references, Subsection E.
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The fine structure of the thermal neturon flux within and surrounding

a fuel rod was calculated by use of a P3 spherical harmonics approximation

to the transport equation. For the preliminary scoping calculations ef-

fective neutron temperatures were calculated by a fit to experimental

measurements (8, 9) of the form

Eff = E[1 + C a

S.

A Maxwell-Boltzman energy distribution was assumed. Thermal neutron

cross section data from various experimental and theoretical sources (10, 11,

12, 13, 14, 15, 16, 17) were compared to determine a consistent set of nuclear

data for use in the calculations.

The long term fuel irradiation calculations were performed by use of

methods which have been developed at GE-APED. The isotopes U-238,

Pu-239, Pu-240, Pu-241, Pu-242, Am-243, 1-135, Xe-135, Pm-149, Sm-149,

Th-232, U-233, Pa-233, U-234, U-235, U-236, and the fission products were

considered in these calculations. The effect of the gross geometrical shape

of the neutron flux distributions across the reactor core was explicitly in-

cluded in the scoping calculations by use of an approximate method. Five

batch fuel reloading was assumed with fresh fuel added at the outside of the

reactor core and spent fuel discharged from the center. The power was held

constant at 80 per cent of full power (corresponding to the specified load

capacity factor of 0.80). Approximate corrections were made for the effect

of the spatial distribution of the fuel burnup within a fuel bundle.

In preliminary scoping studies which have the ultimate purpose of de-

fining the reactor lattice which will produce power at the lowest cost it is

important to consider the variation in control rod strength requirements

with the other lattice parameters such as rod size, initial enrichment, fuel

bundle size, and water-to-fuel volume ratio. For a desired fuel exposure

the control system cost will vary with lattice design, since for a given type

of control rod material the attainable exposure for each lattice design will

be limited by the initial control strength available. The available control

strength for each of the reactor lattices which were considered was calculated

by use of a Hurwitz-Roe model which has been shown to agree well with ex-

perimental measurements in lattices of UO2 rods in H2O(18).
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After the scoping calculations were completed and the reference de-

sign was selected on the basis of economic considerations, as many de-

tailed nuclear studies as time permitted were undertaken to determine the

properties of the reference design. An important area of final design is

the minimization of the size of the water gaps. Local neutron flux peaking

occurs at the water gaps. The peaking limits the power generation and the

parasitic absorption of neutrons in the water reduces the reactivity avail-

able for fuel burnup. The flux peaking at the water gaps increases with an

increase in the enrichment, with a decrease in the internal water-to-fuel

volume ratio, and with an increase in the fuel bundle size. The fuel bundles

in the design which was selected were large and therefore it was additionally

important to pay particular attention to the reduction of the size of the water

gaps by use of volume displacers.

The detailed local power peaking of the nominal lattice was determined

by use of three-group, two-dimensional diffusion theory. The effect of

average manufacturing tolerances on the power peaking was also considered.

The power peaking reductions which result from use of control rod followers,

from the size of the fillets on the followers, and from the use of additional

volume displacers in the water gaps between the followers were calculated

for the reference design.

The worth of the control rods when fully inserted in the cold, clean lattice

and the reactivity swings due to temperature and voids were calculated for

the reference design by use of a three-group, two-dimensional model.

C - TOPICS FOR FUTURE STUDY

The following areas have not been considered adequately for final de-

sign purposes and should be given more detailed study during the scope and

final design studies:

1) The effect of neutron spectral changes due to fuel
burnup, build-up of the plutonium isotopes and
changes in void and control rod distributions
should be calculated. Only Wilkins (21) or Wigner-
Wilkins (22, 23) spectra adequately describe the
actual neutron distributions when isotopes such
as Pu-239 with large, low energy cross section
resonances are present in the reactor.

2) Detailed consideration should be given to the effect
of the nonuniform fuel burnup within a fuel rod and
a fuel bundle.
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3) Less approximate methods should be employed to
determine the effect of the nonuniform axial and
radial burnup across the reactor core.

4) The change in control rod worth with exposure and
the control rod replacement requirements should
be determined.

5) Various alternate reloading patterns should be
evaluated.

6) The variation in the local power peaking with rod
size, water-to-fuel ratio and enrichment should be
considered from the economic standpoint to deter-
mine its effect on the optimal design.

7) Optimization of the steam quality and the coupling
of the reactor to the external system should be
studied further with careful consideration of stability
and power peaking limitations.
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V I - HEAT TRANSFER AND THERMAL-HYDRAULICS

Proper reactor design is governed by, among other things, the neces-

sity to adequately meet heat transfer limitations and to obtain satisfactory

thermal-hydraulics performance. In general, all attempts to optimize and

otherwise improve the reactor design must proceed within this framework.

A - FUEL ELEMENT HEAT TRANSFER

For the design used in this study (i.e., the core composed of a more or

less uniform matrix of cylindrical rods of UO 2 clad with Zircaloy) the core

size is determined, for a particular fuel rod diameter, by the limiting fuel

temperature (taken to be slightly less than the melting point of UO 2 ).

Specifically, the core size is given by:

N .L=RT (QF ) R F t
R =R(T FD/ Amax

(R)

where NR = number of fuel rods

L = effective active fuel length/fuel rod (ft.)

QR = reactor power at rated conditions (Btu/hr.)
Atmax = maximum permissible temperature difference

from inside the fuel to the bulk coolant (OF)

QF/QR = fraction of the total reactor power which is
generated in the fuel

RT = total effective thermal resistance from the fuel to the
coolant (Fo/ Btu/hr -ft.)

FD = over-all design hot spot factor

RT is based on a simplified heat transfer model with uniform steady-

state power density and the real departures from this idealization are allowed

for in the magnitude of the design hot spot factor, FD, with the allowances

being based on detailed heat transfer and physics analysis of the effects of

gross and local power density distributions and operational transients.

The design values of the fuel element thermal conductivities and heat

transfer coefficients and the allowances made for manufacturing tolerances

and other uncertainties, which combine together to form RT, are based on

the results of irradiation tests of prototype fuel elements of the same basic

design used here performed at the General Electric Vallecitos Boiling Water

Reactor. The core is sized to give reasonable, but not necessarily absolute,

assurance that the melting point of the fuel will not be exceeded during opera-

tion at rated conditions.
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B - MAXIMUM STEAM QUALITY AND
THERMAL BURNOUT

For a particular reactor design, considerations of thermal burnout

limit the maximum steam quality permitted from the exit of the highest

power fuel assembly (during the maximum design transient) and, hence,

the average exit steam quality, the core flow rate, the core inlet subcool-

ing and the design flow orificing pattern.

With the design heat flux distribution, inlet and exit fluid conditions,

the core flow distribution or orificing pattern, and the allowance for the

effects of transients, maneuvering and instrumentation errors all specified,

the "minimum burnout factor", defined as the minimum quotient of burnout

heat flux divided by actual heat flux, can be calculated. The complete

analysis includes consideration of the effects on flow and steam quality

distributions in the fuel assemblies caused by nonuniformities of power

density and flow geometry and manufacturing tolerances. For this reactor

it is estimated the minimum burnout factor will be in excess of 1.5. This

order of magnitude is considered to be satisfactory.

C - HYDRAULIC STABILITY

The necessity to avoid fluid conditions where unstable or oscillatory

flow may occur imposes an additional restriction on the selection of the

design steam quality, subcooling and core flow rate.

The results of all experiments, accumulated reactor operating ex-

perience and analytical studies performed for reactors of this type indicate

that the values of these variables selected for design provide a high as-

surance of stable reactor operation at rated conditions.
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VII - MECHANICAL DESIGN OF FUEL AND CORE

Among the major variables under consideration in the fuel and core

optimization have been the fuel rod diameter and the degree of reduction

of local flux peaking which should be utilized in the design. As the fuel

rod diameter is decreased, the core power density can be increased for

the same design limits of fuel center temperature and cladding tempera-

ture. As the rod diameter is decreased, however, the number of rods

required increases. Furthermore, with the smaller rod more spacers

are required. These effects cause a great change in fuel fabrication cost

with rod diameter. In order to reduce thermal neutron flux peaking, the

large water gaps in the core can be minimized by using a follower on the

control rod made of a nonabsorbing material to displace some of the water

between fuel bundles. A still more effective design utilizes filler bars in

the space between followers and the large bundle design to make the water-

fuel distribution more homogeneous.

The core design and fuel rod diameter were selected on the basis of

the economic study together with consideration of the construction schedule

specified. The core is sized so that the segmented fuel design will deliver

initially thermal power corresponding to a nominal net electrical power of

300 mw. When the single-segment fuel rod design is used for later reactor

loadings the active fuel length will then be a few inches longer than for the

initial load (due to utilizing the end plug and spacer lengths for active fuel)

and, hence, a corresponding greater power capability will be attained. The

economic and design feasibility studies show clearly that the large size fuel

assembly, control rod followers and filler bars should be used.

The reference core design selected is one method of achieving the de-

sired fuel matrix configuration. The reference design utilizes a fixed top

grid and fuel channels equal in length to the control rod poison length plus

follower length combined. Other methods of achieving the nearly uniform

water-fuel rod arrangement are:

1) Eliminate the top grid and, instead, position the fuel

channels by contact with each other to the required

accuracy and with allowance for replacement of in-

dividual channels. Difficulties of this scheme
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are larger tolerancebuild-ups and the undesirability of

performing the corresponding complicated disassembly

operations in the core region.

2) Use a completely fixed channeling structure. This would

be extremely attractive in that it would make possible

shorter core components, but it is expected that wear,

corrosion, and possible damage to the structure will make

replacement necessary. This appears to be extremely

difficult and expensive with fixed channels.

3) Use a top grid which is removed for refueling. This scheme

would have the advantage that with it shorter channels, and

therefore a shorter reactor vessel, could be used. No satis-

factory method of realigning the fuel assemblies when the

top grid is being replaced is known, however.

Further study should be given to the core structural arrangement be-

cause of the great effect it has on reactor vessel and enclosure size. Another

area which must be investigated further is achieving the homogenized design

with a lesser number of fuel rods per assembly (to lessen the loss due to one

ruptured fuel rod segment).

Boron stainless steel is tentatively selected as the control rod poison

material for initial operation. Boron carbide has the advantage that it has

longer life, but the mechanical design problems of dimensional tolerances

and rigidity and containing the gas pressure resulting from nuclear reactions

have not yet been completely solved. Hafnium is a desirable control rod

material and can be substituted whenever it becomes available. Other pos-

sible control materials which may eventually be used include certain rare

earth compounds now under investigation. The proposed development pro-

gram includes investigation of alternate control rod designs including methods

of making a removable follower to allow reuse of this member when the

poison section is replaced.
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SEPARATE STUDY NO. 2

ALTERNATIVE INSTRUMENTATION SYSTEMS

I - SYSTEMS COMPARED

It was decided during the initial phase of this project to make an

economic evaluation between the two following instrumentation and

control systems:

1) Conventional instrumentation and control systems.

2) Automatic data collecting system with a control

console.

Conventional instrumentation and control systems, as are presently

used in a majority of electric power generating plants constructed by

Ebasco, would involve, in this case, use of a reactor-turbine -generator

(RTG) control board of the functionally graphic type, numerous recorders

and indicators. It would utilize an Ebasco designed tunnel-type control

board (walk-in cubicle type).

In this design, a twelve-foot long board would have all recorders on

the vertical rear panel. Indicators on the vertical front panel and control

switching would be on the front bench. All instruments would be of the

miniature type including the recorders. Use of this type of control board

reduces size of the control room required for two units to that required

for a single unit if the type of control board and instrumentation system

used in a majority of power plants throughout the country, were to be

utilized.

The automatic data collecting system, with a control console, is cur-

rently being used in a number of the plants which are either in operation

or are being designed by Ebasco. This system would require about the

same size of control room as these conventional plants and utilize an RTG

control console operating in conjunction with a data collection system housed

in a rack-type panel enclosure. The data collecting system scans all inputs

(such as temperatures, pressures, flows, water levels, electrical values,

radiation levels, etc.). It initiates an alarm in the control room at the su-

pervisor's desk and prints out on an alarm printer any inputs exceeding

preset levels. The system also logs by special electric typewriters



2

preselected pressures, temperatures, hourly flow rates, flow integra-

tions, electrical values and integrations at predetermined periods. It

also permits complete log out of all values on demand.

A "typical" log sheet of this type of system operation is shown on

Figure 1 attached. Although it represents a day's operation of Unit No. 6

of the Sterlington plant of the Louisiana Power & Light Company

(permission granted for reproduction), it also is included herein to

show what can be "logged." This log sheet is automatically typed in

"triplicate" and can be produced in four copies simultaneously without

use of carbon paper.

II - FINDINGS AND CONCLUSIONS

A - COMPARATIVE ECONOMICS

Table I, on page 4, shows an economic comparison of the two alterna-

tive instrumentation systems for the 300 mw dual - cycle selected

BWR.

Based on Ebasco's experience with an operating installation and field

investigation of an operating boiling water reactor plant, it is conserva-

tively estimated that use of the data collecting system would eliminate the

necessity of an efficiency engineer and five chief reactor operators (one-

shift position).

It is apparent that the savings in investment costs alone, of $65,000,

would justify use of the automatic data collecting system without consid-

ering the much larger additional capitalized savings of $501,000 for op-

erating labor and the other intangible values of this system mentioned

below.

B - INTANGIBLE VALUES

Some of the many intangible values of the automatic data collecting

system are as follows:

1) The data system is capable of computing and deter-

mining figures which cannot be directly measured

such as efficient flux distribution in the reactor and

the rate of burnup. The data system can indicate
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whether plant performance is optimum and can be

used to determine the proper action for correcting

or eliminating the deviation. The number of de-

rived measurements and/or operating guides that

can be calculated depends largely upon the memory

capacity left over after the alarm scanning and logg:-

ing functions have been programmed.

2) Results in accurate log sheets of plant operating

variables with all readings made practically on a

simultaneous basis which is impracticable with a

conventional system of manual logs by operators.

3) Immediate and continuous availability of operational

guidance information and results, not available for

days under conventional approach.

4) Permits future adaptation of equipment provided

initially to partial or full automatic control of sys-

tems components.
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TABLE I

FOR 300-MW DUAL-CYCLE BWR COMPARATIVE ECONOMICS
OF ALTERNATIVE CONTROL SYSTEMS

(All Costs at March 1959 Levels)

Differential Costs - $ 1000

Automatic Conventional
Data Instrumentation

Collecting and
System Control System

DIFFERENTIAL INVESTMENT

Comparative direct costs Base 50

Comparative total costs (Using 30%
for indirect and overhead costs
plus interest during construction) Base 65

DIFFERENTIAL ANNUAL
OPERATING LABOR COST

Efficiency engineer (one) Base 8

Chief reactor operator (five) 1/ Base 39

Total salary Base 47

Additional for payroll taxes, etc.
(14%) Base 7

Total operating labor differential Base 54

CAPITALIZED VALUE OF
DIFFERENTIAL OPERATING
LABOR COSTS

Differential operating labor (at 14%) Base 387

General and administrative 2/ Base 54

Plant start-up costs J Base 30

Working capital costs 3/ Base 30

Total capitalized value Base 501

TOTAL CAPITALIZED
DIFFERENTIAL COSTS Base 566

Note s:
1/ Based on five men (one man per shift) at $ 3.70 per hour for

2088 hours per year per man plus $ 334 shift premium.

N Based on 14% of $387,000.

J Based on one-half year's differential operation plus G & A
costs = 0.5 ($ 54,000 + $ 6,000).
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SEPARATE STUDY NO. 3

INDOOR VS. OUTDOOR TURBINE-GENERATOR ARRANGEMENT

I - GENERAL

Experience in the construction of thermal power plants has shown

that significant cost savings are possible by eliminating unessential build-

ings over power plant equipment, i.e., by employing outdoor or semi-out-

door construction. Similar cost savings are possible for a nuclear plant.

The conceptual design of the selected BWR plant calls for a semi-outdoor

type of construction in which the turbine -generator unit is exposed (except

for weatherproof housings), but most of the other process equipment is en-

closed. An economic comparison based on cost differentials was made

which indicates that this type of construction results in a net saving in in-

vestment cost of approximately $ 275,000 for the 200 mw plant (about $ 1.37

per kw) over a plant with totally enclosed turbine room. The net saving

for a 300 mw plant would approach $ 400,000.

From the standpoint of radiation safety the outdoor location of the

turbine-generator unit does not present any unusual hazard and it is be-

lieved that the over-all safety of the recommended arrangement is adequate

and comparable to that which would be obtained by an enclosed turbine

building.

II - AREAS OF LOWER COST FOR SEMI-OUTDOOR PLANT

The principal area of cost reduction is the saving in material and labor

resulting from the elimination of the building superstructure, which amounts

to $250,500 for the 200 mw unit. In addition, elimination of the turbine build-

ing results in a substantial shortening of the time required to construct the

station and the increased accessibility simplifies installation of equipment.

Elimination of the building superstructure also saves some substructure

costs, primarily because of reduced movements for earthquake and wind

loadings.

Elimination of the turbine building permits the elimination or reduction

of certain building services such as storm drains, heating and ventilating

equipment and lighting requirements.
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The semi-outdoor construction lends itself to a rearrangement of

electrical equipment which results in a dollar saving over an indoor unit

due to reduction of 30 feet in the length of generator leads and in the

length of cable and ducts to the auxiliary transformer as well as a saving

in the length of the main and auxiliary transformer control circuits. The

shorter generator leads also result in a saving in structural steel supports.

III - AREAS OF GREATER COST FOR SEMI-OUTDOOR PLANT

The principal added cost in the semi-outdoor type plant is for weather-

proofing the turbine-generator unit and freeze protection for exposed pip-

ing.

The gantry crane which services an outdoor or semi-outdoor station

is inherently more expensive than the bridge crane used in an indoor plant.

Another added cost in the semi-outdoor plant results from the need

to provide a waterproof membrane over the structural slab which forms

the turbine-generator operating deck, because this slab also serves as a

roof for the turbine building below. The construction employed uses sev-

eral inches of concrete poured over the membrane to act as a wearing

surface.

IV - COST COMPARISON

A differential cost comparison was made between alternative 200 mw

dual-cycle boiling water reactor plants using indoor and semi-outdoor type

construction.

A - INVESTMENT COSTS

Differential costs for the two plants are shown in Table I.

As noted above, the major saving results from the elimination of the

turbine building superstructure. The table shows a net differential on

structural items of $218,000 in favor of the semi-outdoor plant. Deduct-

ing the cost of weatherproof housings for the turbine-generator unit leaves

a saving of $ 151,000 on the building proper. For this comparison the en-

closure building for the indoor plant consisted of structural steel girt

framing with insulated corrugated asbestos siding and with roof consisting
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of metal decking with an inch of rigid board insulation and five-ply roofing

finished with tar and gravel. The structural steel frame was of necessity

heavy enough to support the bridge crane, roof wall, and assumed wind

loads. Necessary doors and windows were provided. The general features

of the semi-outdoor plant are described in some detail later in this report.

Additional differential saving of $ 46,000 is realized for the outdoor

plant by the elimination of building equipment which favors the semi-out-

door plant with a saving of $ 32,000.

The gantry crane required by the semi-outdoor plant costs $ 16,000

more than the bridge crane in the indoor plant enclosure.

The over-all net saving in direct cost in favor of the semi-outdoor

plant amounts to $ 213,000; with indirect and overhead costs included the

saving is $ 275,000, or about $ 1.37 per kw.

B - ANNUAL COSTS

Based on a 14 per cent fixed charge rate the differential saving of

$275,000 in investment cost corresponds to an annual saving of $ 38,500

in fixed charges. Operation and maintenance costs are expected to be

comparable for the two plants. Although outdoor construction might con-

ceivably lead to slightly higher maintenance costs, there is a compensating

saving in building heat requirements. Major inspection and maintenance

on outdoor turbine-generator installations are generally scheduled for

spring or fall of the year when temperatures are relatively comfortable

and system power demands are usually lower. However, should emergency

repairs be required on the machine during the winter months, it has been

demonstrated in many existing plants that workers (adequately clothed and

sheltered against the weather in a canopy arrangement) can readily perform

maintenance work satisfactorily. Work proceeds with as much dispatch

and efficiency as it does in the numerous hot places within the usual indoor

type plant. Plant superintendents and supervisors express the opinion that

the open arrangement permits better general supervision of activities and

maintenance crews have more "elbow room" which also tends to expedite

maintenance.

Although no detailed comparison was made for the selected BWR unit,

the choice of semi-outdoor construction would result in a saving in dollars

per kw over an indoor plant comparable to that for the 200 mw unit on which

the comparison was based.
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V - GENERAL FEATURES OF THE SEMI-OUTDOOR PLANT

In the semi-outdoor selected BWR station the turbine -generator is

situated on the concrete pedestal with no wall or roof enclosure. The

turbine building, which houses the majority of auxiliary mechanical and

electrical equipment, encloses and rises to the level of the pedestal deck.

Certain roof areas of the turbine building, which are adjacent to the tur-

bine-generator pedestal, are of heavy concrete slab construction and de-

signed for accommodating machine components and special equipment

during installation and maintenance of the turbine-generator. Since this

portion of the operating deck also serves as part of the roof for the

turbine building, it requires a waterproofing membrane over the structural

slab. To preserve the membrane, several inches of concrete is poured

over it to act as a wearing surface.

The operating deck floor at the generator end of the machine is de-

signed to support one-half the generator rotor load to facilitate handling

during installation and maintenance.

Crane runway rails on which the station gantry crane operates straddle

the turbine-generator unit. These rails are continued out past the end of

the rotor unloading deck for three bays, or approximately 60 feet. This

unloading bay area is completely open structural steel framework which,

in addition to serving its main purpose for rotor unloading, also serves

for storage of the crane when it is not in use.

The turbine-generator pedestal is completely isolated from the ad-

jacent turbine roof or concrete deck areas by a 3/4-inch to 1-inch space.

This space is filled with sponge rubber and Nervastrol to prevent leakage

of water into the enclosed areas below. The purpose of this segregation

is to prevent transmission of vibration from the pedestal to the surround-

ing deck areas. This has proved highly satisfactory where used on previous

installations.

Location of the control room directly on the centerline of the turbine-

generator unit permits a saving in construction costs, since the enclosed

unloading deck area for handling of the generator rotor, also serves as

the roof for this building.
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In the semi-outdoor installation, the turbine-generator unit is pro-

tected against the weather by stream-lined weatherproof housings. A step-

in housing is provided for the main exciter. Space under the generator

houses miscellaneous electrical equipment such as spare exciter, gen-

erator leads, surge protection neutral grounding transformer and instru-

ment transformers, as well as field rheostats and circuit breakers, station

battery and battery charger. Protection must also be provided for motors,

as well as for the turbine -generator, against moisture, dust and other

solid particles and temperature extremes. Totally enclosed motors are

generally used with the smaller sizes (60 hp and less). Motors above this

rating are usually of the weather-protected type. Most of these motors

are equipped with filters and space heaters. To date, it has not been con-

sidered necessary to provide special means of controlling the temperature

of the armature coils during a shutdown. However, this protection can be

readily added by making provision for passing hot water through the hydrogen

gas coolers should this ever become necessary.

A station gantry crane is provided for handling the generator rotor and

other miscellaneous equipment through hatch openings in the operating deck

floor. This gantry crane operates on rails embedded in the operating deck

slab and supported on a structural steel framework. In many cases, the

rail spread is kept to minimum clearance on either side of the turbine-

generator unit and the trolley girders are cantileveredoutboard ofthe gantry

crane support legs to facilitate handling auxiliary equipment without the

necessity for increasing the rail spread. This piece of equipment through

necessity is of very rugged construction to withstand severe weather con-

ditions. All electrical and mechanical equipment is protected, where neces-

sary, to give the same expected trouble-free service that would result from

an enclosed bridge crane arrangement. When not in use, the crane is stored

out of the way in the unloading bay area, thus freeing it from interference

with plant personnel traffic.

Weather protection, when necessary in the performance of maintenance

work, is assumed to be obtained by using a portable-type tarpaulin canopy

supported on a knockdown pipe framework. This is the most economical

type of shelter for initial installation of the unit and also for annual overhaul

and maintenance. When heated, it has proven satisfactory in even sub-

freezing temperatures. Many other types of canopies have been developed
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for this application, including those that are permanent and mobile and also

those which can be dismantled when not in use. The permanent type is

usually mounted on wheels on small rails inboard of the crane runway rails

and can also be stored out of the way similar to the gantry crane when not

in use.

Generator leads for the semi-outdoor station are of the segregated-

phase design inside of the generator pedestal and of open-type construction

with a micarta-type protective sleeve from the pedestal to the step-up

transformer bank. The operating deck level bay area above the phase bus

is roofed over for protection against damage by the station crane or other

operations on the turbine-generator deck. This arrangement also eliminates

necessity for numerous connections and supports which would be required

for an indoor installation.

Piping in an outdoor or semi-outdoor plant, even in usually mild winter

areas, requires some protection against freezing because of the possibility

that below freezing temperatures may be experienced some times during

the life of the plant. Certain piping, with service such that it can be pro-

vided with drains, needs no protection. Where protection is required,

heating cable with fire felt underlaid and aluminum foil overlaid is used,

depending on operating temperatures of pipes in question. Heating cable

currently used is No. 19 Awg Nichrome conductor, having a resistance of

0.52 ohms per ft, insulated with fused teflon tape and rated at 1500 volts.

This method of freeze protection has proven quite satisfactory on numerous

installations.

Up to the present time, outdoor and semi-outdoor plants show no evi-

dence that life expectancy of outdoor equipment is any different from that

of an indoor installation.

Ebasco Services Incorporated has designed and constructed numerous

completely outdoor and other semi-outdoor type steam electric stations

in many areas of the United States and foreign countries at substantial

saving over the indoor type installation. Even under the most adverse

weather conditions, satisfactory operation and maintenance of outdoor units

has proven no great problem. A number of these plants are situated close

to the sea coast which conceivably could present additional maintenance

problems of corrosion to contend with on outdoor arrangements. Apparently
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this has not been a deterrent to outdoor construction since electric utility

company management is constantly eyeing the prospects of locating

more and more equipment outdoors with each successive installation.

Most of the companies now installing outdoor installations have indoor

units of an earlier origin; however, in no case have they been known to

revert to indoor units once they have gone to outdoor construction.

Although this conceptual design is based on semi-outdoor construc-

tion which exposes little more than the turbine-generator unit, further

consideration during the Title I design may lead to further economies

through a more exposed arrangement of auxiliary plant equipment.



TABLE I

COMPARATIVE DIFFERENTIAL INVESTMENT

FOR INDOOR VERSUS OUTDOOR TURBINE-GENERATOR

(Based on 200 Mw Forced-Circulation Dual-Cycle BWR and 1959 Cost Levels)

Differentials in
Favor of Indoor

Turbine -Generator

Differentials in
Favor of Outdoor

Turbine-Generator

DIRECT COSTS

Turbine Building Superstructure

Structural Steel
Misc. Steel Hatches
Concrete Walls
Insulated - Panel Siding (corrugated transite)
Floors
Roofing

Building Services

Storm drains
Heating and Ventilating Equipment
Building Lighting

Turbine -Gene rator Weatherproof Housings

Accessory Electric Equipment

Isolated Phase Bus and Supports
Connections and Supports

Station Crane

Total Direct Cost Savings

$ 32,500

3,000
28,000
15,000

67,000

20,000
12,000

16,000

$115,500

INDIRECT AND OVERHEAD COSTS INCLUDING INTEREST DURING
CONSTRUC TION

(30% of Direct Costs)

Total Direct, Indirect and Overhead Costs

TOTAL COMPARATIVE DIFFERENTIAL INVESTMENT

$ 115,500

$117,500
3, 000
2,500

104,000

23,500

$328,500

$ 62,000

$390,500

$275,000

00
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SEPARATE STUDY NO. 4

REACTOR ENCLOSURE

I - GENERAL

Nuclear power reactors develop radioactive products which could

be dangerous to human beings if released. Therefore, in order to avoid

this potential hazard and in order to meet necessary insurance require-

ments, present practice is to enclose plant equipment in a pressure-tight

structure if the plant is located in an inhabited area. This enclosure

serves as an equipment housing as well as a means to contain any re-

leased radioactive products. The containment vessel must have adequate

strength to resist the most serious accident for which it is designed. To

date all containment vessels have been designed in accordance with the

ASME Unfired Pressure Vessel Code, Section VIII, modified as necessary

for practical reasons. This code is a conservative one that provides a

very adequate margin of safety. Also, to obtain assurance that the vessel

is adequate to meet the design conditions, it is highly desirable that the

vessel be of a type that can be tested for such conditions before it is actu-

ally placed in service.

During early conferences regarding containment of the most promis-

ing BWR, the AEC suggested that due to time limitations, the primary

study should be limited to steel vessels conforming to the ASME Code.

This type of vessel has been used for nuclear power plants previously

built or presently under construction and meets the basic requirements

outlined above. The basic detailed study was therefore limited to steel

pressure vessels which provide the highest practical degree of integrity.

Additional preliminary studies, as described herein, were made to deter-

mine the economic feasibility of constructing the containment vessel of

high strength steel plate or concrete.

II - ASME CODE ENCLOSURES

A - SPHERES AND CYLINDERS

The containment vessels considered in this portion of the economic

study are constructed of carbon steel (A-Z01, Grade B) in accordance with
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the 1956 ASME Unfired Pressure Vessel Code, Section VIII. This present

Code specifies a 90 per cent weld efficiency for 100 per cent radiographed

welds, however the Boiler Code Committee has advised that this require-

ment is presently being revised to 100 per cent weld efficiency for 100 per

cent radiographed welds. This revf.sed requirement is therefore incorpo-

rated in the present design.

The basic vessels studied were single spheres or vertical cylinders

with hemispherical heads. With regard to material, the sphere is the most

economical shape to resist an internal pressure. Given a sphere and cylin-

der with equal diameter and internal pressure, the required plate thickness

for the sphere will be one-half that of the cylinder. However, there are

considerations other than material alone that must be studied, such as re-

actor arrangement and access problems.

B - ECONOMIC COMPARISON

One of the main factors affecting the size, thickness and weight of the

containment vessel is the pressure to which it could be subjected should

an incident occur. The pressure volume curve for the 300 mw unit is shown

on Graph H-2. The pressure volume curve is based on the assumption of an

almost instantaneous release of the stored energy in the coolant from the re-

actor system when the unit is in hot stand-by condition at full operating pres-

sure. It should be noted, for the larger vessels and larger free volumes,

that the design pressures are less; however, the weight of the vessel for the

larger volume is slightly greater.

The elevation of th.e vessel with respect to grade elevation was deter-

mined on the basis of minimum excavation consistent with providing an

adequate rock foundation for the heavy reactor loads without placing mem-

brane stresses on the vessel plate. Two other items considered which have

some effect are the height of the sphere support columns and the height of

the hoist tower for handling equipment and the fuel shipping casks.

The items considered in this economic study include the vessel, the

internal concrete structure, the external concrete foundation, the excava-

tion and the insulation. Table I shows a condensed summary of the vessels

investigated and tabulates the quantities of the basic components and the

total costs. The costs shown are based on March 1959 prices without

escalation.
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A review of Table I indicates that no one particular item contributes

appreciably to the additional cost of the vessels larger than the 190 foot

diameter sphere. Inherently, as the vessel size is increased, the asso-

ciated concrete, excavation and insulation quantities increase and the costs

therefore increase proportionately.

The major difference in cost between the 190 foot diameter sphere

and the cylinder (Structure No. 4) is due to additional steel and excava-

tion.

As a result of the study, the 190 foot diameter sphere was selected

as the most economical enclosure for the 306 selected BWR. This

size sphere is the minimum size that can be used to house the necessary

equipment. It is also the minimum size that may be used without exceed-

ing a maximum plate thickness at 1.5 inches. In accordance with the

ASME Code, plate thicker than 1.5 inches must be stress-relieved which

is uneconomical for a vessel of this size.

III - ALTERNATE REACTOR ENCLOSURES

A - COMBINATION CYLINDER AND SPHERES

The possibility of providing two steel containment vessels equal in

volume to the single steel sphere was briefly investigated. Such an

arrangement could consist of cylindrical vessel located above a sphere.

It was determined that the weight of the two vessels alone was consider-

ably more than that of a single sphere. Additional factors unfavorable

to the use of two vessels.are: cost of separate supports for the elevated

vessel, cost of erecting such a large elevated vessel, cost of the inter-

connecting chambers between the vessels and the difficulty of construct-

ing the internal structures.

B - NON-CODE ENCLOSURES

1 - General

As has been noted, most containment vessels built to date have been

constructed in accordance with the ASME Code and applicable Code Cases.

This Code has been used since it is widely known and accepted for a wide

variety of vessels by manufacturers and engineers. Any vessel constructed
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in accordance with this Code would be considered very adequate for the

design conditions. However, the Code is established primarily for ves-

sels subject to essentially continuous loading and consequently the allow-

able design stresses are very conservative with a safety factor of four.

It does not seem logical that the Code should be applied directly to a con-

tainment vessel since the vessel may never be subject to the maximum

design conditions except when being tested. Using the Code as a criterion

for a vessel as large as is required for a nuclear plant of this size results

in substantial increase in investment costs. Increased design stresses

could be considered if careful analysis is given to localized secondary

stresses which are not specifically covered by the Code, but which do

exist, and are not usually considered if the low Code design stresses are

used. This would perhaps result in a more economical but entirely ade-

quate structure.

With this idea in mind, preliminary studies were undertaken to deter-

mine the economic feasibility of construction of a vessel that would deviate

from the Code in some respects.

In general, considerably more investigation would be required to re-

solve some of the problems of these alternate vessels and to determine

if they were adequate for the service intended.

2 - T-1 Steel Enclosure

T-1 steel, a low carbon, quenched and tempered alloy steel with

approximately double the strength of the usual carbon steel, was con-

sidered. Therefore, for resisting the same internal pressure, only one-

half as much material is required. However, the vessel is also designed

for an external pressure and to resist this pressure, a T-1 thickness

almost equal to that for carbon steel is required. Since T-1 steel basic-

ally costs about twice as much as carbon steel, it is readily apparent

that T-1 is not economical for this vessel and design criterion. T-1 steel

might be economical for a vessel which has a higher internal pressure so

that the required thickness for internal pressure and external pressure

are nearly equal.
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3 - Carbon Steel Enclosure

If the Code safety factor was reduced from 4 to 3, but other re-

quirements maintained and if the vessel were constructed of the same

qaulity carbon steel (A-201, Grade B) normally used, a direct saving

of approximately 20 per cent would result.

4 - Post-Tensioned Concrete Enclosure

Preliminary consideration was also given to the use of a concrete

containment vessel. Such a vessel would have the same inside dimen-

sions as the cylindrical vessel shown in Table I. The cylindrical

portion of the vessel would be of concrete but the hemispherical ends

would be of steel since it would be difficult to properly reinforce a

concrete spherical shape to resist an internal pressure. Since con-

crete does not possess sufficient tension strength, it is necessary to

reinforce it to resist the internal pressure and the most economical

way to do so is to use a design of post-tensioned concrete. Post-

tensioned concrete structures of this type are commonly used for

water storage tanks. In this method, the concrete cylinder is first

constructed and then using special equipment, it is wrapped with high-

strength steel wires under tension to develop a compressive stress in

the concrete. Sufficient compressive stress is developed to resist the

design pressure without developing any tension stress in the concrete.

For a vessel this size the concrete walls would be approximately four

(4) feet thick. On the basis of the preliminary investigation, the indi-

cations are that the savings in cost for the basic vessel could be from

10 to 20 per cent.

However, there are a number of problems that exist if a concrete

containment vessel were to be seriously considered. Concrete inherently

is a porous material; however, if maintained in compression, the possi-

bility of leakage is reduced. It would seem prudent to provide some kind

of liner or sealer on the inside of the concrete to prevent leakage. A

lightweight steel liner could be used or a coating sealer such as "Liquid

Tile" as manufactured by Evershield Products, Inc could be used. The

seal coating would be more economical and this particular sealer has

been used in nuclear installations to coat concrete surfaces to simplify
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cleanup operations if necessary. One other problem that exists is that

of providing an adequate seal between access locks of penetration sleeves

and the concrete.

It would also be somewhat difficult to determine the point of leakage

in a concrete vessel should it be found during testing that the leak rate

exceeded that specified.

5 - Vapor Suppression

The spherical containment vessel (excluding internal structures) is

one of the major items of investment, amounting to about $ 13 per net kw

of plant capability. A substantial saving could accomplished if this

special containment could be eliminated with equivalent safety. The use

of a system whereby the vapors produced in flashing of primary coolant,

as a result of a system rupture, could be condensed with attendant reduc-

tion of pressures would be an extremely valuable step in reactor systems

development. Such a system of vapor suppression has been briefly ex-

plored during this conceptual design study.

The vapor suppression concept envisions enclosure of the reactor

and its related pressure components in a suitable vessel whose volume

would be greatly reduced from that of the usual containment sphere.

This vessel would serve as a "dry well" or plenum chamber to trap

released vapor. Expanding vapor and gas from this dry well would be

conducted beneath the surface of a large volume of water which would

serve as a "heat sink".to condense the vapor and, at the same time, to

"scrub" the gases to remove fission products. Depending on the effec-

tiveness of removal of radioactivity, the scrubbed gases would be vented

either directly to the atmosphere or to a suitable container which would

be designed for substantially lower pressure or volume than the usual

"full containment" enclosure. Such a container might be a separate ves-

sel or could take the form of a low-pressure envelope surrounding the

dry-well structure. The latter scheme might be adopted for initial ap-

plication because it would provide an ultimate barrier against any minor

leakage through the inner structure. However, preliminary analysis

indicates that such an arrangement would not permit any significant over-

all cost reduction for the large boiling water reactor proposed unless the

separate vessel or low-pressure envelope could be eliminated.
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The success of an effective, economic vapor suppression system

will depend on the solution of problems associated with condensing

large volumes of vapor in water in a relatively short time without

developing unmanageable pressures in the dry well, coupled with the

effectiveness of removing fission products and other radioactivity

from the residual gas. Experimental data in both areas is essential.

An experimental program should determine the following:

1) Rate of pressure buildup during incident.

2) Rate of pressure dissipation through heat sink.

3) Effectiveness of heat sink to scrub out fission

products.

Results must be obtained from such an experimental program to

have any indication as to the practicability and economic feasibility of

the vapor suppression concept.



TABLE I

COMPARATIVE INVESTMENT COST FOR ALTERNATIVE REACTOR
ENCLOSURES FOR 300 MW MOST PROMISING BWR

Structure No.

Gross Volume, cubic feet

Free Volume, cubic feet

Design Pressure, psig

Material

Thickness, inches, average

Weight of Vessel, tons

Internal Concrete, cubic yards

External Foundation Concrete, cubic
yards

Excavation, cubic yards

Insulation, square feet

Investment Costs

Steel Vessel

Internal Concrete

External Foundation Concrete

Excavation and Backfill

Insulation

Total Direct Costs

Total Direct Costs + 30% for
Indirect and Overhead Costs
and Interest During Construction

Difference in Total Costs

3,590,000

2,910,000

28

A-201, GRB

1.125

2,624

25,000

2,400

11,800

96,000

$2,210,000

1,875,000

88,800

40,900

130,600

$4,345,300

$5,650,000

Base

1

4,190,000

3,440,000

24

A-201, GRB

1.05

2,770

27,500

2,450

13,000

107,000

$ 2,240,000

2,062,500

90,600

43,800

145,800

$4,582,700

$5,960,000

$ 310,000

2

4,850,000

4,000,000

21

A-201, GRB

1.09

3,160

31,000

2,525

14,200

118,600

$2,265,000

2,325,000

93,500

46,700

161,400

$4,891,600

$6,360,000

$ 710,000

3 4

4,150,000

3,520,000

23.6

A-201, GRB
t = 1.0
t2= 2.12

3,810

23,000

4,700

50,150

87,000

$2,665,000

1,725,000

174,000

205,150

118,400

$4,887,550

$6,355,000

$ 705,000

19O0 200"021013

Structure

I__ _ _ __ _ _ _ __ _ _ _ _ __ _ _ _ JL_ _ _ __ _ __ _ _ _ _
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SEPARATE STUDY NO. 5

DRY VERSUS WET FUEL AND CONTROL ROD HANDLING SYSTEMS

A - GENERAL

Two methods of fuel and control rod handling were considered,

dry and a wet system. In both cases all handling facilities would be

housed within the reactor containment enclosure. A wet fuel handling

system has been picked for the selected BWR as it is indicated that in-

vestment costs, reliability and speed of operation all favor the wet

system in preference to the dry system. Functions, equipment involved,

refueling procedure and economic comparison of the wet and dry systems

are described in the following paragraphs.

The functions of the fuel and control rod handling system are to

provide:

1) Access to parts within the reactor.

2) Means for shifting fuel assemblies within the reactor.

3) Means for removing and replacing fuel assemblies.

4) Storage for activated fuel assemblies, control rods,

pressure vessel head and miscellaneous hardware

items under adequate height of water.

5) Means for preparing activated fuel assemblies and

control rods for shipment.

6) Means for loading shipping cask with activated fuel

and control rods.

7) Means of handling ruptured fuel containers.

8) Storage for new fuel assemblies and control rods.

B - EQUIPMENT

1 - Wet System

The basic philosophy of the wet system of fuel and control rod han-

duing is to employ water as a shielding medium and do all handling with

the simplest tools practicable. Final positioning of the grappling tools

is done manually. Sensing of desired movements is visual through the

water shielding medium.
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The general layout of the wet fuel handling features of the plant is

shown on Drawing Nos. 601-M-2 and 601-M-5. The essential features

of the system are as follows:

a) There is a fuel storage pool separated from the

reactor. The storage pool contains a grid work

of steel having enough reactivity poison and

storage space to store 120 per cent of total number

of fuel assemblies in the entire reactor core.

The pool also contains a rack capable of storing

100 per cent of total number of reactor control rods

and followers. Sufficient space is provided for one

shipping cask which would be used for transporting

the spent fuel elements to the reprocessing plant.

This pool is kept filled with water at all times.

b) A canal connects the reactor vessel and fuel storage

pool; its bottom elevation is directly above the nor -

mal surface of the fuel storage pool. This canal is

filled with water at the time of refueling to provide

a shielded path for the spent fuel. An extension of

the canal provides shielded storage for the reactor

vessel head and reactor internals when they are

removed during refueling.

c) The equipment needed for refueling consists of the

following:

1) Reactor Vessel Service Equipment

a) Reactor crane - 70 tons

b) Insulation removal tools

c) Equipment lifting slings

d) Reactor head holding fixture

e) Seal protector

f) Reactor service platform

g) Thread cleaning tool

h) Impact wrench

i) Stud and nut rack

j) Head removal and replacement

equipment
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2) Fuel Handling Equipment

a) Fuel handling crane - 5 ton

b) Shipping casks and accessories

(rented)

c) Channel inspection stand

d) Fuel grapple

e) Remote manual tools

f) Viewing aids

g) Underwater lights

h) Ruptured fuel removal tools and hood

i) Channel handling tools

j) Fuel racks

k) Equipment storage racks

3) Control Rod Handling Equipment

a) Control rod chocks

b) Control rod replacement tool

c) Control rod guide tube removal tool

d) Control rod drive removal mechanism

e) Thimble blind flange

f) Thimble sealing tube

g) Control rod storage racks (pool)

d) After the fuel is removed from the reactor and placed

in storage, it is water-cooled by natural convection.

The heat is removed from the water by the fuel storage

pit heat exchanger which is sized to remove the heat

.from the stored irradiated fuel following a normal re-

fueling operation. Should it be necessary to discharge

a whole core, the reactor unloading heat exchanger also

may be valved to remove heat from the storage pit.

2 - Dry System

Essential features of the dry fuel handling system are as

follows:

a) The dry system of fuel and control rod handling avoids

the necessity of flooding a fuel canal between the reactor
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and storage pool. All movements of irradiated fuel

elements and control rods from the reactor core to

storage racks are shielded by a lead-lined transfer

coffin. The layout of the fuel storage pool is similar

to that used in the wet system except that additional

space must be provided fcr storing the transfer

coffin in a vertical positicn. An extension to the

storage pool or a separate tank provides shielded

storage for the reactor head and reactor internals

which are removed during refueling.

b) The equipment for refueling includes all of the items

listed under the wet system with the following addi-

tions or deletions:

1) Reactor Vessel Service Equipment - No change

2) Fuel Handling Equipment

a) Fuel handling crane is replaced by

an auxiliary hook on main reactor

crane

b) Transfer coffin

c) Index plug and tank assembly

d) Winches

e) Transfer coffin rotating rest

3) Control Rod Handling Equipment - No change

4) Cooling Provisions - No change

C - REFUELING PROCEDURE

1 - Wet System

The operations of refueling are best visualized by studying the alter-

nate refueling systems schematic, shown in Figure 1. The entire cycle

of refueling 20 per cent of the core and reshuffling the remainder as

necessary may be accomplished during one week end.

After shutdown of the reactor, the vessel is cooled at a maximum

rate compatible with thermal stress considerations. The concrete plug

and the removable blocks at the storage pool end of the fuel canal are
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moved to storage. Insulation is removed from the head and the water

level in the primary system is lowered to the level of the vessel flange.

After venting the reactor, the studs, nuts and washers are removed.

The head lifting sling is attached to the head, and the fuel canal and

storage pool then filled with demineralized water. The vessel head and

turning vane assembly are moved to storage using the reactor crane.

A seal surface protector is placed in position on the lower flange, follow-

ing removal of the vessel seal.

The balance of the fuel handling operations are performed with the

special fuel handling crane which is provided with an underslung cab

that rides close to the refueling pool surface. The fuel is removed by the

fuel grapple, with final movements guided by poles and other manual

tools. Spent fuel assemblies are raised from the reactor and moved in

a vertical position through the slot in the end of the fuel canal to the

racks in the storage pool. Sufficient depth of shielding water above the

active fuel element is maintained during these operations.

Ruptured fuel removal tools are provided to facilitate the removal

of any ruptured elements from the reactor to the fuel storage pool.

Transparent boxes to eliminate the effects of surface disturbances

of the water are used as viewing aids. Underwater lights are used in

the canal and pool.

New fuel elements, which are not radioactive before insertion in

the reactor, are stored in a dry vault. They are moved within reach of

the fuel handling crane as needed for placement in the reactor.

In order to keep time required for refueling to a minimum, no at-

tempt is made to place the spent fuel assemblies in shipping casks dur-

ing the refueling period. During normal periods, when reactor is in

operation, the spent elements are placed in shipping casks, rented from

a commercial firm which specializes in the transfer of radioactive

materials to a processing plant.

The cask is lowered by the reactor crane to the platform in front

of the equipment lock. It is moved through the lock on a transfer

dolly to an exterior platform. A bridge crane is used to place the cask

in a railroad car.
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Control rods are also removed by the fuel handling equipment. A

rod, after uncoupling from the drive mechanism, can be removed when

the four adjacent fuel assemblies and channels are removed from the

core. The control rod chock is to aid in keeping the control rod upright

when the four fuel channels, which normally guide the control rod, are

removed.

The control rod is handled with the fuel grapple. The control rod

replacement tool is to guide the new control rod during its replacement.

Irradiated control rods will be disposed of by a commercial firm.

The control rod drive removal mechanism is used for the removal

and replacement of a drive mechanism. The control rod proper must

be removed from the drive before the drive mechanism can be removed.

Reassembly operations are the reverse of disassembly. After re-

placing the vessel seal and head, the water in the refueling canal and

storage pool is lowered to normal operating level. This permits per-

sonnel to perform the final stages of installing studs and replacing

vessel insulation in a dry area.

2 - Dry System

In the dry system the initial operations of preparing the reactor

vessel head are the same as in the wet system. After the reactor head

and turning vane assembly are removed and placed in storage, a steel

water tank with an open bottom flange designed to mate with the vessel

flange is positioned and sealed. Demineralized water is pumped into

this tank, furnishing shielding to personnel during succeeding operations.

An index plug is placed on top of the water tank. This is a mechanical

device which locates the position of any fuel assembly or control rod

in the core.

The transfer coffin is placed in a vertical position above the selected

spent fuel assembly that has been located by the indexing device. A

grapple attached to an electric hoist inside the transfer coffin reaches

down into the reactor and draws the element from the core into the

coffin. A bottom cover is closed and the coffin is carried by the reactor

crane into the used fuel storage pool. Special provisions must be made

to pipe cooling water into the transfer coffin in case the crane should

fail during this operation.
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The index plug is equipped with a grapple and an external hoist which

permit shifting of fuel elements within the core without the use of the

bridge crane. Elements are drawn up into the water tank during this

operation in order to clear the tops of the adjacent elements.

Control rods are handled in the same manner as the fuel assemblies,

after uncoupling from the drive mechanism.

New fuel assemblies may be carried from dry storage to the reactor

with the auxiliary hook on the reactor crane.

Shipping of spent fuel assemblies and disposal of irradiated control

rods is the same as in the wet system.

D - COST COMPARISON AND CONCLUSIONS

Estimated differential costs, for the 200 mw size central drum at

1959 prices, are as follows:

Description

Reactor Containment Enclosure

Concrete within Enclosure

Seal around Reactor

Recirculating Piping

Fuel Handling Equipment

Transfer Coffin

Index Plug

Winches

Water Tank

Fuel Handling Crane (5 ton)

Fuel Canal Drainage

Subtotal Direct Costs

Total Costs Including 30% for
Indirect and Overhead Costs and
Interest During Construction

Savings with Wet System

Differential New Investment - $ 1000

Wet Dry

26

70

20

31

36

40

10

2

20

10

50

65

215

280

$215,000

The wet system requires a slightly more expensive peripheral seal

between the reactor flange and the surrounding concrete. An extra bridge

crane is provided to permit faster movements and closer control of the

underwater operation.
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In the dry system, the reactor crane rail must be set at a higher

elevation to gain sufficient headroom for placing the transfer coffin on

top of the water tank and index plug. In symmetrical layouts, this es-

tablishes a greater minimum height of primary steam drum and size of

containment structure, all of which result in increased costs.

A further advantage of the wet system is simplicity. All manipu-

lations of fuel elements are done in the open without dependence on

adjustments of mechanical devices. A cumbersome transfer coffin is

not involved which should permit a faster refueling cycle. The 70 ton

crane used in the dry handling system has a hoist speed of approximately

4 ft per minute and a travel speed of 50 ft per minute whereas a 5 ton

crane used in the wet system can hoist at 25-40 ft per minute and travel

150-300 ft per minute - resulting in a shorter refueling time with the

wet system.

Although the comparative costs as presented above are based on an

evaluation for a 200 mw boiling water reactor unit, they are indicative

of the relation that would apply for the selected B.W.R. Since considerations

of investment cost, reliability and speed all favor the wet system, this

was chosen for the selected BWR.
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SEPARATE STUDY NO. 6

NUCLEAR SUPERHEAT

I - INTRODUCTION

Nuclear Superheat was included as a part of the study to optimize

boiling water reactor plants because of its potential to reduce the cost

of nuclear power. Early in the study it became apparent that because

of the limited state of nuclear superheat technology, it would be premature

to include nuclear superheat as a contender for a cost optimized nuclear

plant for start of construction in July 1960. The decision was made to do

only enough work to permit qualitative analysis of superheat incentives,

focus on immediate and long-range development problems and recom-

mend a superheat development plan leading to the timely achievement of

economic nuclear power. In order to meet these objectives, a conceptual

design was prepared for a 460 mw plant utilizing the combined output of

a dual cycle boiling water reactor and a separate nuclear superheater de-

livering 1000 F primary superheated steam at 1465 psia and 495 F second-

ary steam at 665 psia.

During the course of this study, visits were made to several different

activities actively engaged in work on nuclear superheat. The purpose

of these visits was to discuss the present state of technology for nuclear

superheat. It was evident that there is a tremendous amount of interest

and enthusiasm over the potential performance of nuclear superheat.
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II - CONCLUSIONS

As a result of the investigations made for this study, supplemented

by visits to several different activities currently engaged in work on

nuclear superheat, the following conclusions are reached:

1) The state of the art for nuclear superheat has not de-

veloped sufficiently to justify the large capital risk

assumed in early construction of a large nuclear

superheat plant. This conclusion is based on three

major points.

a) The incentive for nuclear superheat appears
to be greatest when it is incorporated into
the design of large nuclear power stations.

b) The actual cost incentive from nuclear super-
heat is extremely hard to evaluate in a quantita-
tive manner from study work alone, since several
of the significant cost factors are subject to some
degree of variation.

c) The present limited technology for nuclear super-
heat infers high development content in construction
of nuclear superheat power plants.

2) There are indefinite fuel cost incentives and the promise of

capital cost incentives from nuclear superheat. Themagnitude

of these gains will become apparent as nuclear superheat

technology is developed. This emphasizes the need for the

development and "prototype" construction approach prior

to large plant construction.

3) Major development work is required in superheater fuel,

nuclear physics, reactor control and mechanical design to

provide the firm basis of technology required to exploit the

potential of nuclear superheat.
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III - SELECTION OF LIGHT WATER MODERATED
NUCLEAR SUPERHEATER

Because of the limited time for this study, primary emphasis has been

given to the light water moderated steam-cooled reactor concept. This ap-

proach takes advantage of the advanced state of the boiling water technology

and is the logical extension of light water coolant technology. Development

of this type of superheat reactor is not a simple extension of boiling water

technology per se, for clearly, the steam-cooled superheat reactor is a type

of gas-cooled reactor. Development of a steam-cooled superheat reactor

requires development of a new reactor technology. It is of interest to com-

pare steam as a gas coolant with the other gas coolants, such as air, CO2

and He. Based on the parameter of Btu of heat transferred per Btu re-

quired for pumping, steam is a very attractive coolant. It is a better coolant

than CO2 for applications up to 1000 F. Steam is not being used on Calder

Hall or by other gas-cooled reactor proponents because of the two-phase

characteristics of water-steam. Utilization of the boiling water reactor as

the source of steam permits pumping the coolant in the liquid form, which

results in significant improvement in plant efficiency. For example, in a

boiling water reactor, the heat loss to pumping is 1-1/2 - 2 per cent, as

contrasted to a conventional gas-cooled reactor where the pumping loss is

10 to 12 per cent. The light water moderated, steam-cooled reactor con-

cept is one of the most promising nuclear superheater approaches. The

cost of moderator is an important factor. The use of light water is a

highly developed reactor technology, as is the use of high temperature

steam a highly developed conventional power technology. The complete

compatibility of the reactor coolant and moderator should result in me-

chanical design simplicity and reliability. For example, controlled leakage

between the moderator and coolant system might be permissible. The

moderator water provides an excellent heat sink which may lead to addi-

tional simplifications associated with start-up and decay heat removal

problems typical of other gas-cooled reactors. It is emphasized here that

the selection of the light water moderated steam-cooled reactor approach

to nuclear superheat does not mean that all development problems are

solved, but merely that this system, because of its attractive features,

would seem to be the one which has the most inherent promise of reaching

early development and economic nuclear power.
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IV - NUCLEAR SUPERHEATER DEVELOPMENT PROBLEMS

A -INTRODUCTION

At the present time, there are no steam-cooled reactors in operation

in the U. S. A. that produce superheated steam.

In addition, at the present time there is no basic, comprehensive de-

velopment program in existence to establish nuclear superheat technology.

The following discussion indicates expected development problem areas.

In consideration of the problems which remain to be solved in nuclear

superheat, it is convenient to classify the types of nuclear superheater in-

to three categories. These are: the separate nuclear superheater, the

integral nuclear superheater, and the once-through nuclear superheater.

B - SEPARATE SUPERHEATER

In the boiling water reactor cycle where the steam generated in the

reactor goes directly to the turbine, it requires little imagination to con-

sider insertion of a nuclear superheater in series with the boiling water

reactor to make superheated steam. This separate nuclear superheater

is characterized by no nuclear coupling between the nuclear boiler and

the nuclear superheater. Separate control results in significant advantages

in terms of control of the power producing capabilities of this system. The

separate superheater would add approximately 1/3 of the system heat which

leads to the long-range possibilities of one large nuclear superheater in

series with several boiling water reactors. The major disadvantage of the

separate superheater concept is that in small sizes, two critical masses,

two reactor vessels, and two control systems are required. Moderator

heat losses in the separate superheater, unless utilized effectively, would

result in a drop in plant efficiency as compared to the integral superheat

concept.

C - INTEGRAL NUCLEAR SUPERHEATER

In the integral nuclear superheater, the superheater fuel elements

would be placed in the same reactor vessel with the boiling water elements.

The major advantage of this system is that there is only one critical mass,

one set of controls, and one vessel. In the small plant sizes, this results

in significant cost reductions, as compared to any other two-reactor system.
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The major disadvantage of the integral reactor is the difficult control

problem. The nuclear coupling between the boiler and the superheater

sections causes difficulty in initial matching of the superheater power

level and the boiler power level. Load changing and start-up of the

integral reactor require special consideration. Start-up is difficult be-

cause heat is generated in the superheater section before steam is gen-

erated in the boiler. This boiler steam is required to cool the superheater

section during normal operation.

Load control of the integral reactor has two difficult aspects. The

first is that because of the thermal delay time in the boiler, the tempo-

rary lack of additional steam required to cool the superheater at the new

power level may result in overheating transiently. The second aspect of

the problem is associated with expected variations in boiling water feed-

water temperatures resulting from plant load changes. The resulting re-

activity effects in the boiler will vary the amount of steam generated

which may result in uncontrolled variations in superheater outlet tem-

perature. In addition, the different critical masses in boiler and super-

heat sections of the core may result in variations of superheat tempera-

ture as a function of core burnup. A major disadvantage of the combination

of boiler and superheater may be power size available within the physical

size limitation of a single pressure vessel.

D -ONCE-THROUGH NUCLEAR SUPERHEATER

The third classification of nuclear superheater is the once-through

concept. This concept may be visualized as a single fuel tube with sub-

cooled water entering at the bottom, going through bulk boiling and super-

heat in a continuous flow process. This concept is considered to be the

greatest extension of present technology and as such would require the

most development. The advantages of this system are the elimination of

steam drum, risers and other auxiliary equipment. There are numerous

difficulties associated with this concept. There is an inadequate knowledge

of the heat transfer phenomenon, particularly at the steam qualities of

about 70 per cent, where steam blanketing results, reducing the effective

heat transfer significantly. Control characteristics and stability of this

system will be extremely difficult. Hydraulic and heat transfer instabili-

ties require considerable basic development. Parallel flow channels
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combined with radial variations of power in the active core result in flow

instability problems associated with temperature sensitivity of the gaseous

coolant. This phenomenon may result in a cascading effect where the tem-

perature of the gas in the high power channels continues to increase, re-

sulting in complete flow starvation.

E - FUEL TECHNOLOGY

In the selection of the superheat reactor fuel, a number of the selec-

tion factors can be investigated by parametric studies which permit critical

evaluation of the degree of compromise. Other factors related to high tem-

perature material properties, performance in terms of allowable heat flux,

specific power and burnup can only be speculated in lieu of actual per-

formance testing. The most obvious conflict of requirements is related to

the compromise between optimum physics requirements, and mechanical

and heat transfer practicality.

The major problems in fuel technology are:

1) Fuel performance, corrosion and erosion data at

temperatures and fuel burnup of interest to super-

heat application.

2) Need for low neutron cross-section cladding material

meeting high temperature performance requirements.

3) Development of low manufacturing cost fuel.

F - NUCLEAR PHYSICS

The four major physics problems presented in a large economical

superheater that differ from the physics problems in a more conventional

pressurized water or boiling water reactor are:

1) Greater uncertainty in calculating reactivity of fuel

configurations with steam voids, making critical ex-

periment desirable.

2) Possible hazards associated with positive hot flooding

coefficient, or positive cold void and temperature co-

efficient.

3) Probably increased required control strength for a

given MWD/T burnup.
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4) An accurate physics estimate of the distribution of

power in an integral superheater between the boiling

water section and the superheater section is required

in order to obtain the desired superheat temperature

at the outlet.

G -HEAT TRANSFER

In a steam-cooled reactor design, the design limit will probably be

based on fuel surface temperature limits. This infers accurate determina-

tion of average and local heat transfer coefficients between the fuel surface

and the steam. The Colburn correlation is normally used for this calcu-

lation; however, for large temperature drop systems where the viscosity

varies as a function of temperature, the Colburn line value may be 10 per

cent to 25 per cent higher than the actual value of the heat transfer co-

efficient.* It is expected that heat transfer tests may be required for a

particular reactor design to provide assurance of adequacy of heat transfer

predictions. These flow, heat transfer tests will probably also be required

to determine hot channel effects such as plenum flow distribution, mech-

anical hot channel effects due to expected variations in the fuel fabrication

and temperature sensitivity of parallel flow channels.

H - REACTOR CONTROL

In any gas-cooled reactor, the coolant,by virtue of its low volumetric

heat capacity, imposes a serious design problem associated with providing

coolant flow at all times. Some provision will be required to provide a

positive heat sink either by auxiliary or backup blower systems or by

utilizing a secondary heat transfer mechanism.

In a separate nuclear superheater connected in series with a boiling

water reactor, the control problems are considered relatively simple. As

in any boiling water reactor, the system pressure must be maintained con-

stant by varying reactor power to correspond to load. The superheater re-

actor power will be adjusted to provide constant superheater outlet tem-

perature.

* Reference - McAdams, Kennel, Addones-Heat Transfer to Superheated
Steam at High Pressure, Paper 48-A-32, Transactions of ASME.
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Since there is no nuclear coupling between the boiling section and

the superheat section, reactivity can be controlled by control rods. For

this type of system, it would be required that the superheat reactor never

become critical before the boiling water reactor was warmed up and gen-

erating steam. In a similar manner, scram of the boiler would also scram

the superheater. For this condition, a continuous supply of steam would

be available to the superheater because of the stored energy in the boiler.

In some systems, it may be necessary to reduce system pressure to main-

tain this steam flow.

Control problems for a nuclearly coupled boiling water superheater

(integral) reactor are theoretically considerably more difficult than for

two separate reactors. This results primarily from the fact that nuclear

coupling infers more or less of a power interdependence between the boil-

ing section and the superheat section. Special provisions are required for

normal reactor start-up to provide a coolant flow for the superheat section

after heat is being produced in both sections but before a sufficient quantity

of steam has been generated by the boiling section. This problem is not

considered unsurmountable but will require special consideration.

A unique control problem for the integral boiler superheater is the

problem of controlling the temperature of the superheated steam. Since

the boiler and superheater sections are not nuclearly independent, it may

not be possible to control the superheat outlet temperature by changing

reactor power, by passing the superheater or by utilizing orificing schemes.

The amount of superheat will, however, be dependent upon the temperature

of the feedwater entering the reactor, but since this also has reactivity ef-

fects, additional complications are associated with utilization of this mech-

anism for superheat temperature control. Several other difficulties in the

integral reactor control are apparent. Once the reactor has been assembled,

the proportion of total power in superheat will determine the superheat tem-

perature for a particular load level. If this temperature is not satisfactory,

provision must be made to change the power split between boiler and super-

heat section. Following this line of thought also leads to the conclusion that

because of the different nuclear properties of the boiler and superheater,

the superheat temperature will probably change as a function of core burnup.
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I - RADIOACTIVE CONTAMINATION

In boiling water systems, the boiling mechanism tends to provide a

natural separation of solid impurities and corrosion products between the

liquid and vapor phase. There is no similar mechanism in the steam-

cooled portion of a superheat reactor. Therefore, the erosion and con-

tamination problems in a superheat system need to be given detailed in-

ve stigation.

J - MECHANICAL DESIGN

Development is required on how to accommodate large temperature

gradients and large nozzles in the pressure vessel.

K - POWER PLANT CYCLES

Three of the many possible power plant cycles were investigated.

Since the steam conditions for a nuclear superheat reactor do not match

modern high temperature reheat cycles, it is necessary to determine the

power plant cycle that affords the best utilization of nuclear superheat

steam conditions. The three cycles evaluated were as follows:

1) Cycle A - Dual cycle with moderator heat loss discarded

to a heat sink.

2) Cycle B - Dual cycle with superheated primary steam

and moderator heat utilized as feedwater heating.

3) Cycle C - Dual cycle with reheat.

Simplified flow diagrams of Cycles A, B, and C are shown on Figures

1 and 2.

In cycle C, the primary steam is superheated to 1000 F and utilized

in a high pressure turbine. The high pressure turbine discharges steam

(100 psi and 90 F) and is sent to water-steam reheat exchanger. The steam

is then reheated to 550 F and goes to two low pressure turbines. Cycle C

appears marginal unless a greater amount of superheat is available. If

the steam were extracted at a lower pressure and temperature, the amount

of superheat could be increased as the return steam temperature would still

be 550 F. However, at lower pressures the increased cost of the piping and

the heat exchanger is more thar the added value of the superheated steam.
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Cycle B, utilization of the superheat reactor, as a feedwater heater, is

more economic than cycle A. The heat rate of cycle B is improved by

100 Btu/kwh over cycle A. In addition, the capital costs of cycle B are

less than that of cycle A. It would appear to be more economical to dis-

charge the superheat reactor moderator to the boiling water reactor than

it is to install and purchase heat exchanger, pumps, valves and piping in

order to reclaim the heat added in the moderator water of the nuclear

superheater.



11

V - INCENTIVES FOR NUCLEAR SUPERHEAT POWER PLANTS

A - QUALITATIVE INCENTIVES

The incentive for superheat is very simple to state. It is the extrapola-

tion of modern central station experience which has shown evolutionary ad-

vances in terms of higher temperature technology, and resulted in improved

heat rates. Reducing these incentives to power cost in dollars per installed

kw is not a simple task. It is not easy because the state of technology has

not developed to a sufficient point where superheat costs, both in terms of

capital cost and fuel cost can be established on the basis of experience. The

incentives are associated with the well known fact that at higher tempera-

tures, higher thermal efficiency is attainable. This has two fundamental

aspects associated with reduction of cost. The higher temperature results

in a lower heat rate, and in addition, the higher temperature results in an

increased available energy per pound of the working fluid. These are sig-

nificant factors associated with power cost. If there is no difference in the

nuclear fuel materials, the increased thermal efficiency would result in a

net gain in terms of fuel cost. However, the higher temperatures do re-

quire higher temperature cladding materials which are, in general, more

of a poison to the nuclear system. The reduced neutron economy is re-

flected in terms of fuel costs by a reduction in conversion ratio or plutoni-

um production. The net effect is to reduce and make marginal the fuel cost

incentives associated with the lower heat rate. With regard to neutron

economy, it is expected that during the period of development, high tem-

perature, low neutron cross-section materials would become available,

and in addition, more optimum water-to-fuel ratios might be expected due

to improvements in reactor mechanical design and fuel element configura-

tions. It is therefore expected that there may be a long-range incentive in

terms of fuel cost. It is pointed out, however, that at the present time fuel

cost savings must be considered indefinite. There are real cost savings

associated with the increased available energy per pound of coolant, and the

higher temperature resulting in a lower heat rate. These two combine to

reduce significantly the size, volume and heat capacity on all of the primary

coolant equipment, heat exchangers, pumps, and prime movers. In the area

of the turbine some cost reductions are available. This results from the

elimination of special mechanical features required to remove moisture.
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The physical size limitation on a saturated turbine is lower than on super-

heated turbines so that there is a real cost gain by using a single large

superheated turbine from the size factor considerations. There remains

however, a margin of cost difference between the turbines used in modern

central stations and those used for nuclear superheat application due to the

stages of reheat utilized in the conventional superheat plants. The use of

nuclear superheat without reheat is only a step to advance the saturated

steam conditions of a boiling water reactor.

B - PREDICTED QUANTITATIVE INCENTIVES

These general incentives may be converted into fuel cost dollars and

plant installed cost dollars within the previously-stated qualification that

the state of the art is not developed to the point where these estimates

are more than educated guesses. Studies have indicated that on the long-

range, with very large superheat plants, it might be expected that the in-

stalled cost of very large plants might be down to 200 - 225 dollars per

gross installed kilowatt or a savings of about 30 - 55 dollars per gross

installed kilowatt as compared with a saturated steam unit with fuel costs

on the order of 1.75 - 2.6 mills/kwh, which would result in power costs

from 6.0 - 8.4 mills/kwh. Insight into these gains may be obtained by

consideration of several power plant factors. For example, the heat rate

on 1,000 psi saturated unit is on the order of 11,200 Btu/kwh, as contrasted

to a heat rate of 9,000 Btu/kwh for 1,000 psi, 1000 F superheated plant.

This reflects a 20 per cent improvement in heat rate; however, it is sig-

nificant that the heat added in the superheater reactor has an incremental

efficiency on the order of 45 - 50 per cent. In a large power plant, with

30 per cent of the heat added in the nuclear superheater, the reduced heat

rate more than offsets the poorer fuel conversion ratio due to use of a tem-

perature resistant cladding material having a high neutron cross section. A

reduction of capital cost is expected due to the elimination of special features

in the turbine, the reduced heat rate and the lower flow rate.
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V I - CONCEPTUAL DESIGN OF A LARGE NUCLEAR
SUPERHEAT POWER PLANT

A - GENERAL

A 460 mw nuclear superheat power plant was conceptually designed

in order to determine the long-range economic incentive of superheat re-

actors. It is of particular importance to note that the engineering details

of the superheat plant described herein are based on predicted 1965 tech-

nology and are therefore to be considered roughly conceptual.

A dual cycle boiling water reactor and a separate, light water moder-

ated superheating reactor supply 3,024,000 lb/hr of 1465 psia, 1000 F steam

to two turbine-generators. The heat balance diagram, Figure 3, shows this

steam cycle.

The boiling water reactor with a thermal rating of 927 mwt supplies

3,024,000 lb/hr of primary steam at 1465 psia saturation temperature and

761,000 lb/hr of secondary steam at 665 psia saturation temperature.

The superheat reactor has a thermal rating of 323 mwt. The superheat

reactor is used to superheat the primary steam. Moderator heat from the

separate superheater is recovered by routing moderator flow into the pri-

mary steam drum.

In the conceptual design of this superheat power plant, the primary ef-

fort was directed toward the design of the superheat reactor. It should also

be pointed out that the cycle and the superheat reactor design were arbi-

trarily selected; no attempt was made to optimize costs and performance

of different plant arrangement, cycles, or reactors.

B - PLANT ARRANGEMENT

The nuclear superheat general arrangement of the reactor area is shown

in Drawings Nos. 1000 NS-6, and -7. The turbine area is shown on Drawings

Nos. 1000 NS-1, -2, -3, -4, and -5. The boiling water reactor, the superheat

reactor, the steam separating drum, the secondary steam generator and

the recirculation pumps are located within a steel containment sphere. Fuel

storage pits and a refueling canal are also located within the sphere. The

turbine, electric generators and condensers are located in a separate build-

ing.



14

C - DATA SHEET

1) PLANT

Gross electrical output

Auxiliary power

Net electrical output

Gross thermal input

Net plant heat rate

Condenser pressure

Return feedwater temperature

478 mw

18 mw

460 mw

1,250 mwt

9,010 Btu/kwh

1-1/2 in. of Hg. abs.

363 F

2) TURBINES

Speed

Number of turbines

Primary steam

Total flow

Pressure at turbine throttle

Temperature

Secondary steam

Total flow

Pressure at turbine inlet

Temperature

3) BOILING WATER REACTOR

Thermal rating

Primary steam

Pressure

Number of secondary steam

generators

4) SUPERHEAT REACTOR

Gross thermal power

Thermal power to superheating
steam

Thermal power to moderator
boiling

Exit steam temperature

Entrance pressure to reactor

Moderator inlet temperature

1,800 rpm

2

3,024,000

1,465

1,000

761,000

665

495

927

3,024,000

1,535

lb/hr

psia

F

lb/hr

psia

F

mw

lb/hr

psia

4

323 mw

307 mw

16

1,000

1,515

363

mw

F

psia

F



Moderator boiling rate

a) Reactor vessel

Over-all height

Vessel I.D.

Wall thickness

b) Reactor core

Diameter

Active length

Number of steam passes

Power density total core
volume

c) Fuel element

Number of fuel elements

Fuel

Cladding

Cladding thickness

Type

70,000 lb/hr

42.5

122

6.25

8.75

8.75

2

ft

in.

in.

ft

ft

21.7 kw/1

1,804

UO 2

304

.025

Annular

Stainless Steel

in.

Total weighted
core loading

of UO 2 per

Fuel diameter

I. D.

O. D.

d) Physics

Fuel enrichment for 10,000
MWD/Ton

Initial enrichment

Final enrichment

Plutonium at discharge

K cold and clean
00

Fuel enrichment for 15,000
MWD/ T -U

Initial enrichment

Final enrichment

Plutonium at discharge

Radial flux peaking

Axial flux peaking

Local peaking

15

74, 100 lb

.631

1.317

in.

in.

2.28

1.39

0.49

1.182

2.54

1.29

0.63

1.58

1.43

1.15



e) Heat Transfer

Average flow per fuel element

Flow in central element

Design exit temperature of
average fuel element

Design exit temperature of
central fuel element

Average heat flux

Maximum heat flux - second
pass of central element at
115% power

Maximum clad temperature -
1083 F steam from aver-
age element

Maximum fuel temperature -
central element at 115%
power

Maximum steam - cladding
heat transfer coefficient

Control rods

Number

Shape

Length

Material

Blade dimension

Followe r

Shape and dimension

Length

1,810

3,150

lb/hr

lb/hr

1,000 F

950 F

131,000 Btu/hr-ft 2

356,000 Btu/hr -ft 2

1,270 F

3,800 F

2
1,350 Btu/hr-ft -F

55

600 Cross

93 in.

2% Boron Steel

3/8 in. X 9.5 in.

Zircaloy

Same as Control Rod

111 in.

D - FUEL ELEMENT

The reactor design is based on the use of UO2 ceramic fuel in a

hollow cylinder configuration with stainless steel cladding on both inside

and outside diameter. A cross section of this fuel element is shown in

Figure 4. The flow arrangement is two pass.

Saturated steam enters at the top of the fuel element and flows down

the outside, turns and exits from the fuel element by flowing upward through

the center second pass. A Zircaloy process tube is used to separate the

water moderator from the downcoming steam. A thin stainless steel liner is

used to provide a region of stagnant steam next to the process tube. The

stagnant steam region serves as insulation to reduce heat flow to the moderator.

16
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The annular fuel element is used for several reasons. First, the

annular fuel element two-pass configuration provides high mass-flow rates

with fairly large flow clearances. A steam cooled reactor has a limited

weight flow since the flow rate is set by the turbine steam flow. In a single

pass reactor, heat transfer could be improved by making the reactor long

and thin. The use of a two-pass annular full arrangement annular pro-

vides good heat transfer characteristics and still meets the physics require-

ment of approximately the same length and diameter of the core.

A second advantage of this flow configuration is that the highest tem-

perature steam is located in the center of the fuel element and the lower

temperature is on the outside of the fuel element. This results in a lower

heat loss.

This arrangement permits adjustment of the mass flow rates in the

first and second pass such that first pass mass flow rate is low and the

second pass mass flow rate is high. Resultant differences in steam film

drop temperatures between the first and second pass serves to equalize

the average clad temperatures between the inner and outer cladding. In

addition, the heat transfer coefficient is high in the second pass where the

steam temperature is high and maximum surface temperature establishes

design limits. This arrangement of different mass flow rates is an ef-

ficient utilization of the pressure drop through the superheater.

The maximum clad temperature of a fuel element with average power

generation and 1000 F exit steam is 1170 F. A central fuel element with

full unorificed flow would yield 950 F exit steam with a maximum clad

temperature of 1190 F.

E - SUPERHEAT REACTOR VESSEL AND INTERNALS

The superheat reactor vessel, shown in Figure 5, has two steam

plenums; one for saturated steam and one for superheated steam. An

upper tube sheet serves to separate these two plenums. Saturated steam

enters the lower plenum through nozzles in the side of the vessel. The

saturated steam enters the fuel elements through ports in the side of the

fuel process tubes. The superheated steam exits from the center of the

fuel element above the saturated steam plenum and flows out through

nozzles in the side of the vessel.
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The upper tube sheet serves to support the fuel process tube and the

fuel element. Since the process tube must support only its own weight,

and since pressure is balanced across the process tube, the process tube

wall may be made relatively thin. Both the fuel element and the process

tube are free to expand longitudinally to accommodate thermal expansion.

The moderator enters through a bottom nozzle and flows up between

the process tube. If steam is generated due to moderator heating, this

steam may be introduced into the saturated steam plenum. The guide sheet

between the moderator and the saturated steam plenum serves only as

alignment for the process tubes and control rods followers. Part of the

moderator water is continually bypassed through a clean-up demineralizer

to remove corrosion products.

The control rods enter the core from the bottom and the hydraulic

drive mechanisms are located below the reactor vessel. Control rod fol-

lowers are used to reduce the flux peaking.

The reactor vessel wall is cooled either by moderator water or by

saturated steam; the superheated steam plenum is insulated from the

vessel wall by a flow of saturated steam.

F - PHYSICS CALCULATIONS AND METHODS

Physics calculations were made to find the required initial enrich-

ment necessary to achieve discharge burnups of 10,000 MWD/T-U and

15,000 MWD/ T -U. This information, together with discharge values of

uranium and plutonium, is necessary to determining fuel costs. The ef-

fective multiplication constant was calculated for an 8.75 foot core inthe cold

clean condition, hot operating condition, and in the hot flooded condition.

The effective multiplication constant was calculated using the four factor
k

equation K 00 2 2 = n e p f
1+B M 1+B~M2

The thermal utilization f, and migration area M2 were calculated using

three group neutron cross sections. These cross sections were obtained
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from the Hardner Code, which is based on the method of Deutsch. Thermal

neutron flux weighting factors were evaluated by a P3 calculation of the neu-

tron flux in a cell composed of one fuel rod and the associated water.

Resonance escape was calculated by a resonance escape code based on

standard methods 1 and including a Dancoff-Ginsburg correction for inter-

rod effects V. For the case of a flooded superheat element an additional

term was added to account for surface absorption at the inner fuel annulus

surface. An interior Dancoff-Ginsburg correction was applied to this sur-

face absorption according to the method of W. Harker 4. The fast fission

factor 2 was calculated using the method of H. Roderick. The effects of

fuel burnup on reactivity were calculated using the LOPU code. In this

calculation, the atomic concentrations of U235, U238, Pu239, Pu240 and

Pu241 are determined as a function of fuel burnup, as well as the resulting

infinite multiplication constant. In evaluating reactivity loss associated

with burnup, it was assumed that six batch refueling was employed. The

required initial enrichment is that enrichment which will give K of 1.0

at the time of fuel reloading.

The control strength of the 9.5 in. control rods were estimated from

measurements of control strength in the Dresden critical facility. The

estimated control strength of the 55-rod control system is 16.5 per cent Ak.

As the excess reactivity of a cold, clean core is 18.2 per cent Ak, tempo-

rary poisons must be used with the initial core loading. The 16.5 per

cent ok strength of the control system would be adequate for future core

loadings if a batch reloading system is used.

G - SUPERHEATER FUEL COSTS

The superheater reactor has the following annual fuel costs for 323 mwt

thermal output for 80 per cent load factor and 1970 fabrication costs:

1] R. W. Deutsch, Nucleonics, Volume 15, No. 1 (1957) page 47.

2J Glasstone and Edlund "Elements of Nuclear Reactor Theory," D. Van
Nostrand Company (1952) P.

3J Dancoff-Ginsburg, CP 2157.

4J W. Harker, "The Interior Dancoff-Ginsburg Correction for Hollow
Cylinders" (1957) - Unpublished.



Exposure

Water/Fuel Ratio

Initial Enrichment

Final Enrichment

Discharge Pu

Fuel Depletion

Inventory Charge

Processing

Fabrication at $700
Per Element

Pu Credit

Total Annual Costs

Heat Costs

10,000 MWD/T-U

2.0

2.28 %

1.39 %
0.49 %

$1,144,000

426,000

473,000

376,000

$2,419,000

498,000

$ 1,921,000

24.9t/mB

15,000 MWD/ T -U

2.0

2.54 %

1.29 %
0.63 %

$ 1,075,000

447,000

301,000

251,000

$ 2,074,000

436,000

$1,638,000

21.2U/mB

The method of calculation of these fuel costs is the same as used for

the boiling water reactor fuel costs. As far as chemical processing of the

exposed fuel is concerned, the superheater reactor was treated as a separate

reactor. The processing costs for the superheater fuel includes full charges

for cleanup time during the chemical reprocessing procedure.

The attainment of these fuel costs are dependent upon the use of 25 mil

stainless steel cladding and estimated fuel fabrication costs. The fuel clad-

ding thickness was chosen to retain predicted fission gas pressure build-up

and not permit buckling due to external pressure. In the latter calculation,

it was assumed that some structural support is provided by the UO2.

The above calculations are based on an estimated fabrication cost of

$700 per element. If this figure is increased by 50 per cent or$ 1,050, the

costs would be increased 10 per cent for 10,000 MWD/T -U and 7 per cent

for 15,000 MWD/T-U.

The attainment of fuel exposures of 10,000 MWD/T -U and 15,000

MWD/T-U appears to be reasonable goals for superheater fuel elements;

however, irradiation testing will be required to establish this goal in fact.

20
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H - PLANT FUEL COSTS

The following data were used to determine the plant net fuel costs:

Boiling water fuel costs based on 1970 fabrication
costs, and 1959 cost levels (unescalated) for non-
segmented, zirconium-clad, 0.45 in. O. D. rods.

10,000 MWD/T-U exposure 21.8 /mB

15,000 MWD/T-U exposure 18.9/mB

Net plant heat rate - 1450 psi - 1000 F

Dual Cycle Plant 9,010 Btu/kwh

Superheating fuel costs

10,000 MWD/T-U 24.9/mB

15,000 MWD/T-U 21.2 /mB

The net electrical fuel costs based on the above data are 2.03 mills

per kwh for 10,000 MWD/T-U exposure and 1.75 mills per kwh for

15,000 MWD/T-U.

In order to determine the fuel costs reduction due to the superheat

reactor, it is necessary to compare these fuel costs with a dual cycle

boiling water reactor operating at a primary pressure of 1450 psi, and

a secondary pressure of 665 psi. The net heat rate of this saturated

pressure plant is about 10,600 Btu/kwh. This heat rate yields fuel costs

of 2.30 mills per kwh for 10,000 MWD/T-U exposure and 2.00 mills per

kwh for 15,000 MWD/T-U.

The fuel costs savings due to the superheater reactor are then 0.27

mills per kwh at 10,000 MWD/T-U and 0.26 mills per kwh at 15,000

MWD/T-U. The capitalized worth of these fuel reductions is then 12.5 -

13.5 dollars per net kw, or $6,000,000 for the conceptual design plant of

460 mw.

I - TOTAL POWER COSTS

The fuel costs of this 460 mw nuclear superheat power plant are 1.75

mills per kwh. These fuel costs are based on the boiling water reactor

fuel costs of Section H and the superheat fuel cost of Section G.

The estimated capital costs of a 1970 460 mw power plant is $92,000,000

or 200 dollars per kw. This capital cost is subject to error due to conceptual
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nature of the complete plant design,and assumes that turbine development

work has been completed to take advantage of the superheat reactor steam

conditions. This indicates that work must be done in the direction of utilizing

turbine reheat cycles.

The total power cost is:

Fuel costs 1.75 mills per kwh

Capital charges based on 80%
L.F. and 14% fixed charges 4.00 mills per kwh

Operation and Maintenance 0.25 mills per kwh

Total Power Costs 6.00 mills per kwh

These power costs are 0.65 mills per kwh less than the power costs of a

saturated boiling reactor power plant. This reduction in power cost is the

economic incentive for the development of superheat reactors.

J - PLANT CONTROL

The plant control system would be similar to plant control system of a

boiling water, dual cycle power plant. The system pressure and the tur-

bine steam flows would be controlled by the interaction of the boiling water

reactor and the turbine governing system. The addition of a superheat

reactor introduces an additional control point, i.e., steam temperature. The

separate superheater reactor has a completely independent control rod sys-

tem. The superheater control rods are actuated to match the superheat re-

actor power to desired steam temperature. The steam temperature would

be the primary quantity to measure the superheat reactor power. If the

exit steam temperature is low, control rods would be withdrawn to raise

reactor power and steam temperature to a value near rated temperature.

Similarly, if steam temperature is high, control rods must be inserted to

lower the temperature. For faster response, the reactor power, measured

from reactor flux, and a steam flow measurement would be used to initially

determine control rod setting and approximate temperature. Steam tem-

perature would be used as a trimming control to compensate for error in

the flux-flow control rod setting. Future studies may indicate that the rate

of change of steam flow should be limited; if so, this restriction could

probably be built into the turbine governor control system.
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The superheater fuel element can be cooled during shutdown periods

by heat transfer through the process tube and its insulation liner. If

steam flew through the superheater reactor were suddenly lost when the

reactor was at power, the fuel cladding temperature would be excessive

and may fail. For this reason, the superheater reactor must always be

scrammed simultaneously with the boiling water reactor. Similarly, if

the turbine stop valve were shut, it would be necessary to bypass steam

flow to the condenser for several minutes.

K - PLANT SAFETY

The greatest potential hazard to the superheat reactor would probably

be a flooding accident. For the design water/fuel ratio of 2.0, sudden

flooding of the entire core would produce a positive reactivity increase

of 3.3 per cent AK. The introduction of so much positive reactivity

might produce a power excursion that was too fast to be limited by control

rod insertion. Whether such an accident would be controllable would de-

pend on the number of fuel elements that were flooded and the speed of

flooding. If the reactor were operating at power before flooding, the heat

released from the fuel elements would boil the flooding water in the steam

passages. This boiling of the flooding water would tend to limit the accident.

Perhaps the safest treatment of this problem is to increase the

water/fuel ratio of 2.5. Flooding of the entire core would then produce a

total reactivity increase of 0.5 per cent AK. Such a reactivity increase

could be safely handled by the control rod system. Increased water to

fuel ratio to solve the flooding problem has two detrimental effects. First

the higher water/fuel ratio increases the required fuel enrichment and

lowers the conversion ratio. The increase of water/fuel ratio from 2.0

to 2.5 results in a 6 per cent increase in fuel cost.

The second effect is the introduction of a positive moderator tem-

perature coefficient at low moderator temperature. The net change in

reactivity from 70 F to 590 F is zero. The moderator temperature co-

efficient would be positive below 300 F and negative at higher temperature.
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VII - RECOMMENDED DEVELOPMENT PROGRAM

A -INTRODUCTION

The problems associated with the realization of economical nuclear

superheat reactor plant and the potential incentives for nuclear superheat

have been discussed. In order to develop nuclear superheat technology

as required to exploit this potential, an objective action plan is mandatory.

Performance tests are required to obtain design information on super-

heater fuel performance, associated physics problems of increased re-

activity on flooding the steam passages with the moderator, and the problem

of nuclear stability with large uncoupled cores. Major development work

is required to produce a high temperature, low cross section, cladding

material. In boiling water systems, the boiling mechanism tends to separate

out impurities and corrosion products. There is no similar mechanism in

gas-cooled reactors. As a result, it is expected that erosion and radio-

active contamination may be more significant in a steam-cooled reactor

system than in a boiling water system. As stated previously, the problems

of start-up, load control, and removal of decay heat are all significant

problems associated with gas-cooled reactors. Development is required

in the mechanical design area to accommodate large temperature gradients

and large nozzles in the pressure vessel. Refueling of a gas-cooled re-

actor may be difficult unless it is possible to flood the core with water.

A less cautious approach might show how the related development in

fuel and moderator technology may be applied to the light water moderated

nuclear superheater. There is at the present time, an accumulation of

operational experience from several gas-cooled reactors, including a light

water moderated, air-cooled reactor. Utilization of existing technology

and conventional auxiliary components are significant factors concerning

the development of superheater concepts. However, these advantages must

be tempered by the fact that at the present time, there are no nuclear super-

heaters running in this country, and there is no basic superheat technology

applicable. Very important design work is being undertaken by the AEC

at the present time; however, work currently in progress seems to be di-

rected at solution of specific problems rather than the broad type of de-

sign information required to provide a truly sound technological basis.
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Fuel irradiation work now underway as part of the gas-cooled reactor

program is also very important, but again, not directly applicable to use

of steam as a coolant. The following discussion is intended to provide a

general plan of development for the nuclear superheat concept using steam

as the reactor coolant.

B - SPECIFIC OBJECTIVES

The objective of the following development plan is to provide an or-

ganized, orderly program intended to produce the necessary technological

advancements necessary to achieve economic generation of electric power

from nuclear superheat reactors and to do so with an optimum balance of

cost, time and risk. The plan is based on the following ground rules:

1) Minimum investment in pre -economic nuclear power

plants.

2) Specific rather than general development approach

with the objective of minimum time and cost during

development and test phase.

3) Statements 1) and 2) should be implemented through

selection of the proper combination of development

testing and plant construction to arrive at economic

nuclear power in a timely, orderly manner.

Item 1) is interpreted as meaning minimum capital investment and

maximum technological advances during the development phase. Recogni-

tion of the present limited state of the art for superheat is recognized by

two true development test facilities.

Item 2) is interpreted as requiring primary emphasis on development

of information associated with unique characteristics of use of high tem-

perature steam as a coolant as contrasted to detailed emphasis on selection

of preference between integral or separate reactor concepts. In the in-

terest of minimum cost, the following program arbitrarily focuses develop-

ment activity during Phase I to primary consideration of the separate super-

heater concept. Consolidation of separate and integral superheat problems

is desirable during the initial development since major emphasis should

properly be on mechanical design, corrosion product carry-over, heat transfer

and performance testing of superheat reactor fuel. During this phase,
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preference should be given to fuel design concepts that are adaptable to

either separate or integral fuel concepts. It is expected that utilization

of the separate superheater concept will be tied to very large power gen-

eration plants with utilization of the integral concept to power ratings at-

tainable within the physical size limitation for a single reactor pressure

vessel. Significantly, successful development of the large pressure tube

water boiler concept may change this trend. Experience gained through

actual performance testing will have a major influence on final selection

of reactor type.

C - DEVELOPMENT PROGRAM

1 - General

The following plan consists of a base development program in nuclear

superheat and three construction and test phases as follows:

a) Base Development Program

b) Phase I Demonstration and Prototype
Plant Construction

c) Phase II Intermediate Superheat Plants

d) Phase III Conventional Nuclear Plants

The base development program provides the essential background for

the construction and test phases and would parallel these activities which

would be done in sequence.

2 - Base Development Program

a) Study Alternate Concepts

1) Integral

2) Separate

3) Once Through

b) Fuels

1) Geometry

2) Materials

3) Irradiation

4) Fabrication
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c) Corrosion and Deposition

1) Fuel Fission Product Retention

2) Corrosion

3) Defective Fuel

d) Physics

1) Design Analysis

2) Experimental

e) Heat Transfer

1) Stability and Control

2) Experimental

3) Limitations

f) Operational Problems

1) Decay Heat

2) Start-Up

3) Load Changes

4) Refueling

g) Mechanical

1) Thermal Stress

2) Physical Monitors of Materials

3) Pressure Vessel Design

4) Mechanical Seals

h) Materials

1) Physical Properties of Cladding Materials

2) Corrosion Properties of Cladding Materials

3 - Demonstration and Prototype Plant Construction

a) Objective - The development facilities are included
to provide maximum extension of technology at mini-
mum cost.

b) Two facilities are visualized in which the basic
feasibility of using steam as a reactor coolant would
be established, and then a small separate nuclear
superheater would demonstrate practicality of the
complete reactor system.

c) Feasibility Test - Superheat Advance Demonstration
Experiment. The facility would be composed of a
process tube inserted in the active boiling core. The
process tube would be supplied with boiling water
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reactor discharge steam. This steam would cool the
single superheat demonstration fuel element and would
in the process be superheated to the desired tempera-
ture level. Suitable instrumentation would be provided
for temperature levels, pressure levels, steam flow,
pressure drop and radiation monitoring. The objectives
of the test would be as follows:

1) Demonstrate feasibility of using steam as
a nuclear reactor coolant.

2) Obtain limited information on superheater
fuel performance.

3) Obtain limited information on corrosion
product carry-over,fission produce release
and radioactive contamination of primary
coolant system.

4) Obtain limited information on superheat
start-up, control characteristics and de-
cay heat removal characteristics.

d) Separate Reactor Demonstration - This facility would
be a minimum cost, separate superheater reactor
which would utilize the hook-on concept to minimize
cost and lead to primary emphasis on solving superheat
problems. Several interesting possibilities for this
facility should be evaluated as follows:

1) Hook on to an existing small boiling water
reactor.

2) Hook on to an existing fossil-fired boiler
and turbine installation.

3) Hook on to a new small fossil-fired boiler
and specially designed heat sink.

The major compromise will be selection of reactor
design features that permit meaningful extrapolation
to more useful size in terms of mechanical features,
reactor physics and superheat reactor cost.

The design of this facility for maximum utilization
would be based on providing a scale model of a larger
more economic system. With the separate superheater
concept, it is possible to provide excellent simulation
such that the major extrapolation will be size factors
in physics, pressure vessel and mechanical features.

e) Intermediate Plant

This would be a full size complete power plant with a
boiling water reactor in series with a separate superheater
utilizing available technology from the base development
program and the development facilities. At the time of
construction, it is expected that the plant would have very
low development content. Because of the expected advances
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in boiling water technology, (boiling provides 2/3 of
tctal plant heat), this plant should generate economic
nuclear power.

It is expected that at this time, performance data
would be available from other nuclear superheat plants.
The development of the integral nuclear boiler super-
heater concept would be complemented by operational
data from a larger separate boiler.

f) Conventional Nuclear Plant

This power plant would be in operation about 1970 and
would have consolidated all of the high performance,
power cost reducing features resulting from develop-
ment in both boiling water reactors and superheat
reactors. The power plant described in Section VI
herein is a rough conceptual design of such a plant.
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SEPARATE STUDY NO. 7

PLANT TRANSPORTATION FACILITIES

I - EXISTING ACCESS TO SITE

In accordance with the specific site data as provided by AEC, the

following facilities presently exist for transportation access to the hy-

pothetical site.

1) Secondary Road

A 15 mile secondary road from State Highway No. 9 to

the power plant site has been constructed and needs

no improvements.

2) Railroad

A branch of the B&M Railroad runs along the east

bank of the North River to a point approximately 5

miles south of the power plant site, where it crosses

the river.

3) Barge

The North River, passing by the plant site, is navi-

gable throughout the year for boats with up to six (6)

foot draft. This is adequate to permit transporting

the heaviest pieces of equipment involved in the pro-

posed BWR plant to the plant site by barge.

4) Air

An airfield three (3) miles from State Highway No. 9

and fifteen (15) miles from Middletown has been con-

structed and needs no improvement.

II - PREREQUISITE TRANSPORTATION SYSTEMS

For a boiling water reactor generating unit installation of the size

proposed in this study, it is readily apparent that certain transportation

systems will be used as are outlined below.
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A - BARGE TRANSPORTATION

The 300 ton reactor and 238 ton steam drum must be shipped by

water unless expensive field fabrication and stress relieving are em-

ployed. It is also possible that the containment vessel fabricator would

ship the heavy and cumbersome air locks in complete assemblies by

barge if extra handling costs were less than field assemblyand stress

relieving, should such be required with rail transportation.

Since other heavy items, such as the turbine-generator stator and

rotor and main transformer, may not be carried over the present roads,

the choice exists between shipping them to the site by rail or water, In

order to collect and load shipments for barge delivery, it would be neces-

sary to have them transported by rail to a dock facility, unloaded to stor-

age, loaded on a barge and then towed to the site. As an example, minimum

cost of delivery to site of the containment structural steel by rail and barge

comes to $ 32.20 per ton or almost twice the cost of direct rail delivery.

This does not allow for warehousing at the dock. Under these conditions,

barge delivery should not be considered competitive with rail.

Minimum mooring facilities would be provided as only the reactor

and steam drum would be shipped by barge. A short channel could be dug

in the bank north of the intake structure to enable the front end of the

barge to be grounded perpendicular to the direction of flow. At least one

deadman would be provided upstream from this unloading site for anchor-

ing barge mooring lines. Downstream guys could be attached to anchors

embedded in the intake 'structure. Barges would be approximately 40 foot

by 100 foot in size. The reactor and stream drum would be skidded off

the front end of the barge using rollers and skid beams.

B - RAIL TRANSPORTATION

Almost all fabricators of heavy equipment consider rail delivery as

standard. The 235 ton main transformer, 225 ton generator stator and

118 ton generator rotor could be handled over roads for short distances

by special heavy hauling equipment. However, the costs become prohibi-

tive when distances exceed a few miles since quoted short hauling costs

for ideal conditions run on the order cf $6-$ 10 per ton mile without

shoring of bridges, use of flagmen, special scheduling, etc.
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Below this heavy group, there is another wide range of equipment in

the 25 to 100 ton weight class, which include such items as major com-

ponents of the turbine, secondary steam generator, condensers, auxiliary

and start-up transformers. During operation, a number of 70 ton spent

fuel element shipping casks must be handled every year. These items

are too heavy for economical transportation from source to power plant

over highways and can best be handled by rail.

There is the bulk of fabricated equipment in the 1 to 25 ton weight

class which will be shipped from out cf state. Most of these items could

be shipped by truck all the way to the site but at a much higher rate than

by rail. For instance, a study of shipping plates for the 3500 ton contain-

ment vessel from Greenville, Pennsylvania, to the site indicated a rail-

road rate of $ 16.40 per ton compared with a truck rate of $ 24.20 per ton.

C - TRUCK TRANSPORTATION

Materials such as concrete aggregates and other bulk items procured

locally can and will be trucked in over the highway and secondary road.

Cement could be shipped from a mill in Hudson, New York, cheaper by

truck than by rail.

III - ALTERNATIVE TRANSPORTATION SYSTEMS

It was estimated that 16,000 tons of materials would be transported

most economically to vicinity of the power plant site over the B&M Rail-

road. An economic analysis was made to determine the relative merits

of: (a) providing a railroad spur from the B&M Railroad into the power

plant area, as against (b) unloading this equipment at a railroad siding

located adjacent to the existing railroad and transporting it to the power

plant area by truck over a 5 mile long haul road. Facilities provided

under each alternative are described below, including an economic com-

parison of the two systems.

A - RAILROAD SPUR TO PLANT

A turnout would be installed from the main line at the point where

the railroad curves towards the bridge. In addition to the 5 miles of

spur track to the plant there would be two branches totaling approxi-

mately 5000 linear feet on site to provide access to the turbine crane unload-

ing bay and the reactor enclosure. Cars could be shifted to and from

plant site by B&M Railroad for an estimated $40.00 per car.
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B - COMBINATION RAIL AND HAUL ROAD

A turnout would be installed from the main rail line, at the same

location as indicated above for take-off of rail spur and a siding approx-

imately 1000 feet long would be erected. A warehouse and unloading

dock would be constructed to handle and store surges temporarily of

smaller items that could not be transported to the site immediately.

Since material would be unloaded as fast as possible to avoid demurrage,

ground storage space would also be required. A 24 hour guard would be

required to protect material and equipment. The guard would also act

as a shipping clerk and be responsible for inspecting and issuing receipts

for incoming shipments.

A two lane asphalt paved road with a good crushed stone base and

subbase course combined with excellent drainage would be necessary to

handle the heavy loads. Maintenance would include snow removal costs

since it would be a private road.

Heavy loads such as the transformers and turbine-generator

components require special trailers which are too expensive to buy for

isolated uses and are not available for rent. Therefore, a heavy hauling

contractor would have to be hired for such lifts. For sake of uniformity,

all of the off-site hauling was assumed to be done at rates available from

such contractors in the western Massachusetts area.

Because unloading at site would be similar for both truck and rail-

road delivery, this cost was not included in the differential estimate.

C - ECONOMIC COMPARISON

Economic comparison of the estimated differential investment, oper-

ating and construction costs during the 3 year construction period required

for an initial selected BWR installation is indicated on Table I. This

tabulation indicates that the railroad spur would result in an equivalent

total investment saving of approximately $ 295,000 equivalent to about

$ 1.00 per kw of plant capacity.

Although this would be partially offset by higher maintenance for the

rail spur of about $ 4,000 per year in future years, this additional cost

would be more than offset each year by additional savings for transporta-

tion of fuel shipping casks into and away from the plant (about $2,000 per



fuel cask) as well as by savings for any maintenance shipment. Further-

more, there would be an additional operation and maintenance savings of

about $400,000 ($320,000 x 1.3) for each successive BWR generating unit

installation if a railroad spur is provided with the initial unit.

Since the railroad is so much more economical than the haul road, it

seems unnecessary to go into the factors of safety and convenience during

the operating periods subsequent to construction. The above study is based

on 1959 costs and savings would be even greater if escalation were consid-

ered. Therefore, a permanent railroad spur is provided for the selected

BWR.
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TABLE I

COMPARISON OF RAIL SPUR VERSUS HAUL ROAD

Costs - $ 1000

Comparative Differential New Investment

Railroad spur to plant site - 5 miles at
$60,000/mile

Rail trackage at plant site

Railroad siding - 1000 ft at $ 12/ft
Unloading dock and warehouse
Haul road - 5 miles at $45,000/mile
Additional roads at site - 700 ft at $8.55/ft

Subtotal New Investment
Differential New Investment

Rail Spur

$300
57

$357
94

Haul Road

$ 12
20
225

6

$263
Base

Comparative Differential Operation and Maintenance
Costs During Construction

Railroad maintenance for 3 yr at $ 1,500/yr/mile x
5.95 miles

Road maintenance for 3 yr at $ 1,000/yr/mile x
5.3 miles

Switching 730 cars from main line to plant site
at $40/car

Unloading at plant site

Unloading from railroad to carrier
and hauling to site

Weight Range
Tons

150 to 250
100 to 150

25 to 100
1to 25

General freight

Total
Tons

460
118

1,050
10,000
4,000

$ 27 -

- $ 16

29 -
- - no difference - -

$/Ton

90.00
60.00
40.00
15.00
12.50

Watchmen for 2-1/2 yr, 24 hr /day

Subtotal Operation and Maintenance
Differential Operation and Maintenance

Total Comparative Differential Costs

New Investment
Operation and Maintenance

Subtotal
Total Direct Cost Differential
Total Over-All Differential including 30%

for indirect and overhead costs and
interest during construction

$ 56
Base

$ 94
Base

$ 94
Base

42
7

46
150
50

65

$376
320

Base
$320

$320
226

Base 295
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SEPARATE STUDY NO. 8

MATERIALS SELECTION STUDIES

I - INTRODUCTION

One of the possible means of achieving a reduction in the capital cost

of a boiling water reactor plant is to use materials of lower cost than

the stainless steels now in use. Subject to the successful outcome of the

materials testing program outlined in Section V I of Volume II, it is recom-

mended that primary system materials (exclusive of reactor vessel) be

changed from austenitic stainless steel to a low alloy material. For pur-

poses of this study low alloy steels are arbitrarily defined as containing

2-1/4 per cent chromium - 1 per cent molybdenum or less. Changing the

materials would not change the concept of the selected BWR. The incen-

tives for using them, the discussion of the problem areas, and definition

of the scope of the test program are described below.

II - CONCLUSIONS AND RECOMMENDATIONS

On the corrosion of low alloy steels, very little data, which applies

specifically to the environment of a boiling water reactor system, is

available.

However, a good deal of data obtained from investigations on a some-

what similar environment, that of pressurized water reactors, is available.

Based on information available from such data on the corrosion effects of

carbon steel, recommendations have been made for the use of carbon steel.

Because of the similarity in environment of the two reactor types and

since the experience with tests in the pressurized water reactor environ-

ment have shown promise, the test program to determine the corrosion

rates of low alloy steels and the effects of associated factors in a boiling

water reactor environment is recommended as an extension of work done

in the pressurized water reactor environment. The cost incentive of using

low alloy steel instead of stainless steel is substantial. Based on prelimi-

nary estimates of differences in material costs alone, use of low alloy

steels would reduce plant capital costs at present-day cost levels by about

$ 1,750,000. Amortizing the estimated cost of the development program,
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about $ 700,000, over the first unit plant would still provide a saving of

about $ 1,000,000 for that plant. A further incentive is that eventually

the reactor vessel may also be made of low alloy steel instead of clad.

To take advantage of this potential reduction in capital costs, a develop-

ment program is recommended to prove whether the use of low alloy

steel is practical.

III - PURPOSE AND PROPOSED TYPE OF TESTS

It is considered important that both in-pile and out-of-pile testing

be performed. The loops will circulate saturated water, steam-water,

and saturated steam across and through samples of the proposed mate-

rials. Information to be extracted will include corrosion rates, corro-

sion product release, corrosion product deposition on fuel surfaces, and

the effect of circulating corrosion products on system radioactivity. In

order for the testing program to be most effective in proving the value

of low alloy steels for the selected BWR, a minimum lead time of nine

(9) months prior to construction is required. The nine (9) month period

will include sample and pipe preparation, purchase of equipment, loop

modification, exposure of samples, metallurgical and chemical analysis,

and final evaluation and report. It is expected that the loops, both in-pile

and out-of pile, will operate simultaneously for at least 3000 hours each.

Prior to the start of testing, all available information relative to the

problem will be collected and evaluated so that a comprehensive and com-

plete test program may be established. It is known that pressurized water

reactors have been built or are being built using carbon steel components

and piping. Information from such installations would be invaluable in

determining the extent to which loop data may be extrapolated with con-

fidence in scaling up to a full size plant. It is suggested that the loops

should continue to operate beyond the basic 3000 hour test period. Pre-

sumably, a decision would be made by the end of the test period as to

whether or not the low alloy steels would be suitable for use in the se-

lected BWR. Assuming favorable test results, additional testing would

provide long-term corrosion data as further evidence of material suita-

bility. At that time the program could also be broadened somewhat to

determine more specifically some of the effects which could occur during
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plant operation. Additional factors to be studied more extensively would

include:

a) The extent of corrosion product bursts due to cycling,
start-up and shutdown and their effect on system
radioactivity.

b) The need and ability to reduce the effect of such bursts.

c) The effect of varying pH to control corrosion should a
large increase in corrosion product release be observed
after long-term operation.

IV - REASONS FOR CHOICE OF LOW ALLOY STEELS

The advantages of using low alloy steels as compared to austenitic

stainless steel are:

a) Lower material cost.

b) Lower thermal expansion which simplifies design of
key items such as steam .generators, steam drum,
and piping.

c) Better and wider background of experience in fabri-
cation methods and nondestructive testing.

d) Better availability of materials and a wider selection
of suppliers and fabricators.

e) Potentially lower concentration of long half-life, energetic-
activities such as cobalt-60, manganese-55 and chro-
mium-51 which are major contributors to system
activity in a stainless steel system.

f) Because scale on low alloy steels is much less tena-
cious than on stainless steel, it is potentially easier
to remove radioactive contamination from a low alloy
system. This could improve accessibility for mainte-
nance.

Of the low alloy materials which could possibly be used in boiling

water systems, the 2-1/4 per cent chromium - 1 per cent molybdenum

and 1-1/4 per cent chromium - 1/2 per cent molybdenum alloy steels

have been chosen as the alternate materials to be tested. These are

standard tubing, piping and plate materials for steam and water service.

As a result many of the design practices used in existing power plants

could be applied to the design of the BWR steam supply system. From

the limited data available, it appears that these materials would better

withstand the environment of a boiling water system than would carbon

steel, and a substantial cost saving would still result. In the interest of
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having the greatest degree of assurance that the development program

would prove successful, particularly since a long time is not available

for testing many materials, the primary materials chosen for testing

are the low chromium-molybdenum steels mentioned above.

V - COST INCENTIVE

Preliminary estimates based on conceptual design studies indicate

that the saving in capital cost due to using low alloy materials instead of

stainless steels for primary loop materials (exclusive of reactor vessel)

is about $ 1,750,000. This estimate is based on a comparison of alter-

nate materials for the various system components of the selected

BWR as identified on Figure 3, shown in Table I. Except for piping, ma-

terials costs alone were compared. In the case of piping, much of which

is prefabricated, costs of shop fabrication and fittings are included in

the comparison. Thus, no field erection costs, or indirect costs are in-

cluded in the comparison. Likewise none of the potential savings due to

the differences in design requirements between stainless steel and low

alloy steel are included in the cost estimate. Consequently, the estimated

cost differential is considered to be conservative.

The estimated cost of the development program is about $ 700,000.

This includes costs of fabrication and installation of test loops, running

the tests, examining and evaluating the specimens and all adders.

If all the development costs were written off against the initial unit

plant, a reduction in capital cost over the use of stainless steel would

still amount to about $ 1,000,000. This is equivalent to a reduction of

approximately 0.07 mils per kwh. Cost reduction on subsequent plants

would be about $ 1,750,000, exclusive of subsequent escalation. An even

greater reduction could be achieved if later the reactor vessel could

also be made of a low alloy steel and the cladding eliminated.

VI - PREVIOUS EXPERIENCE WITH LOW ALLOY MATERIALS
IN SIMILAR ENVIRONMENTS

Since information is lacking which specifically refers to the use of

low alloy steels in boiling water primary systems, the potential for the
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use of these materials must be evaluated for a similar service, i.e.,

pressurized water at various pH's, with varying amounts of hydrogen

and oxygen, and at various temperatures and velocities. The compila-

tion of information on the corrosion of low alloy and carbon steels is

given below to bring out the pertinent problems relevant to the proposed

development program. It is believed that these investigations substanti-

ate the need and advisability for testing low alloy steels in a boiling water

reactor environment.

A - SUMMARY OF INFORMATION

The AEC has carried out an extensive program to evaluate carbon

steel as an alternate material for stainless steel in pressurized water

systems. To our knowledge nothing has been found to date which indi-

cates that carbon steel would be unacceptable as a substitute for stain-

less steel. The data now available indicate that low alloy steels and

carbon steel tested in pressurized water loops do corrode at a higher

rate than stainless steel; however, the rate of corrosion and total corro-

sion are not sufficient to jeopardize structural strength or long life. Cor-

rosion allowances may be added to the minimum metal thickness to

compensate for metal loss.

1 - Corrosion and Corrosion Rates

a) Of all the variables studied in corrosion tests of the
low alloy and carbon steels in pressurized water
loops, the most significant effect on the corrosion
in dynamic systems was concluded (reference 5) to
be an increase in pH from the range of 7 to 9.5 to
the range of 10.5 to 11.5. The corrosion rate falls
off with time of exposure much more rapidly in high
alkalinity water than in neutral or low alkalinity water.

Under test conditions (references 5, 11) the corrosion
rate of carbon steel is initially high but decreases
rapidly as a protective oxide film is formed. The
average corrosion rate (base metal entering the cor-
rosion reaction) during the first 100 hours of exposure
may range from 0.003 to 0.0042 inches per year. At
the end of 1000 hours, the rate generally ranges be-
tween 0.0002 and 0.0012 inches per year depending
upon pH. In high pH water the corrosion rate is about
0.0002 to 0.0003 inches per year after 1000 hours; in
neutral to low alkalinity water, the corrosion rate is
about 0.0009 to 0.0012 inches per year. In the later
stages, the corrosion rate decreases more slowly with
exposure time than it does for high pH water, and it
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seems to reach a steady state value at about 500 hours
(see Figures 4, 5 and 6). The results of these tests
indicate that the corrosion under the conditions studied
is fairly uniform. There was no evidence of pitting
except for some of the specimens introduced into a
test section with already corroded specimens. The
weight of oxide scale on carbon steel builds up initially
at a relatively rapid rate until at the end of about 500
hours exposure a layer has been formed which re-
mains at a relatively constant thickness (reference 6).
The thickness of this film is usually about 0.00003 to
0.00005 inches. Except for differences in corrosion
rates between the two ranges of pH noted above, the
variables listed below were considered (reference 5)
to have no significant effect on the corrosion of the
materials tested, generally speaking.

1) Variations in alkalinity within the range of
pH 10.5 to 11.5.

2) Variations in alkalinity within the range of
pH 7 to 9.5.

3) Differences in range of carbon steel materials
tested.

4) Differences in surface finish of those tested.

5) Variations in water resistivity in the range of
104 to 106 ohm-cm.

6) Variations in velocity of water across the sur-
face in the range of 15 to 35 feet per second.

7) Variations in testing temperature in the range
of 500 F to 600 F at pressures well above satu-
ration pressure.

8) Thermal cycling between 200 F and 600 F at the
rate of one cycle per day.

9) Whether the test facility is constructed of stain-
less steel or of carbon steel.

10) Differences in specimen size or shape over the
range tested.

11) The type and operation of the demineralizer
over the range of variables considered.

b) It is believed that the oxygen content of the steam from
a boiling water reactor is in the range of 5 to 50 ppm
and that this range will not cause catastrophic pitting
or surface corrosion. In certain dynamic tests of
turbine materials (reference 4) with wet steam at

430 F, pH 6.8, and oxygen content of 0.005 and 110
ppm for 1000 hours and over, it was shown that the
corrosion rate for carbon steel ranged from 0.0002
to 0.0022 inches per year while 2-1/4 per cent chro-
mium - 1 per cent molybdenum showed corrosion
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rates ranging from 0.0002 to 0.0014 inches per year.
In addition, it was shown that the carbon steels pitted
to a maximum depth of approximately 0.002 inches at
the periphery of crevices, while in the areas exposed
to wet oxygenated steam, the pitting was scattered
and about one-tenth as deep. The depth of attack in-
creased with increased temperature between 300 F
and 430 F. Without oxygen, the crevice pitting at
430 F was considered minor (0.0003 inches). The
low alloy (Cr-Mo) steel on the other hand showed pit-
ting to a lesser extent, 0.00008 inches at 430 F with
oxygen and negligible pitting without oxygen. The
velocities for these tests ranged from those of a
rocking autoclave to 30, 45 and 90 feet per second.

c) Investigators (references 9, 10, 11) have shown that
carbon steels in pressurized water have corrosion
rates of approximately 0.0001 inches per year in
systems which contain a maximum of 0.05 ppm oxygen
and temperatures from 200 F to 750 F with velocities
ranging from 1 foot per minute to 30 feet per second.
The pH was varied from 7 to 11. It was also found
(reference 11) that the 2-1/4 per cent chromium -
1 per cent molybdenum steel had a total corrosion
of 0.00003 to 0.00010 inches in testing times varying
from 160 hours to 4000 hours.

d) Testing work (reference 1) on carbon steel pressur-
ized vessels and on carbon steel samples in autoclaves
simulating pressurized service have shown that carbon
steel undergoes considerable pitting and corrosion
when exposed to air pressurization. The corrosion
rates for air pressurization were in the order of
0.035 inches per year. (It must be remembered, that
air will not be in the boiling water system during
operation.) Steam pressurization with air saturated
water added as make-up showed no pitting with a b
uniform rate of corrosion in the order of 0.0005 inches
per year. Steam pressurization with thermal cycling
every eight (8) hours from 300 F to 500 F showed that
with demineralized water the corrosion was severest
in the vapor phase. The total corrosion recorded for
a maximum of 45 days' operation was 0.0001 inches.

Two pressurizers were fabricated and operated at
636 F, one for 3700 hours and the other for 1100 hours.
These units showed no pitting and a uniform corrosion
rate at pH's of 6 and 7, oxygen from 0 to 70 cc/kg and
hydrogen from 0 to 100 cc/kg in the loop water.

2 - Corrosion Product Deposition

a) According to tests (reference 9) made in mild steel
systems containing water at pH of 10 to 11, circulat-
ing at 550 F, corrosion product concentrations in
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water under steady conditions were no higher than in
stainless steel loops, and activation and deposition of
corrosion products poses no more of a problem than
in stainless steel systems. No significant amount of
corrosion product was deposited on fuel elements. At
steady operating conditions, the concentrations in
water were 0.1 ppm and only about 1 per cent of the
total corrosion products formed were found in filter
and ion exchangers. Following large temperature
changes, large amounts of corrosion products were
released to the system; at such times corrosion
products concentrations would increase to about 1 ppm.

By comparison, corrosion products concentration in
stainless steel loop systems with water at pH 10 to 11
are normally in the order of 0.01 ppm. As in mild
steel systems, the corrosion products concentration
increases if large temperature cycles occur.

b) Investigators (references 20, 21, 22) have found that
corrosion products from a carbon steel system, where
nucleate boiling occurs on Zircaloy-2 fuel elements,
imposed no significant decrease in the over-all heat
transfer coefficient as a result of deposition on the
element surfaces. However, it was also found that
materials will preferentially deposit on heat transfer
surfaces where nucleate boiling occurs. The test
extended for 2800 hours with pressurized water at
600 F. The recommendation resulting from these
data was that carbon steel can be used in place of
stainless steel to fabricate some components of a
pressurized water reactor system without fear of
blocking flow passages or causing overheating of fuel
elements due to decrease in the over-all heat trans-
fer coefficient providing the coolant water has a pH
of 10. (Since pressurized water reactors have close
spacing of fuel plates, blocking of flow passages would
be very important. This would not be a factor with
boiling water reactor fuel rods.) Similar work (refer-
ence 26) done at a pH of 7 in hydrogenated water gave
the same favorable results.

c) Other investigators (reference 9) found that no sig-
nificant amounts of corrosion product were deposited
on the fuel elements.

d) The amounts of corrosion product deposited on fuel
elements from X-3 and Cr IV series of tests (WAPD-
IPC-540 May 1957) (reference 9) are summarized
as follows for loops operating with 500 F water with
nucleate boiling on the fuel element. For low water
velocities past the test section (4 feet per second),
the corrosion product thickness was proportional to
the thermal neutron flux over the range 1.3 to 2.3 x
1013 neutrons/cm 2 seconds. At higher pH for a
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given flux, the corrosion product thickness was less
as was flux dependence of thickness. In the above
flux range, corrosion product thickness varied from
less than 4 x 10-5 centimeters to 1.8 x 10- 3 cm with
a pH of 7-8 while corrosion product thicknesses at a
pH of 9.5 to 10.5 were from 1/3 to 1/10 less. The
phenomenon of decreased corrosion product deposi-
tion with increasing pH is in keeping with experience
on nonboiling loops. Even the thicker films at pH 7
to 8 with nucleate boiling are considerably less than
those found in nonboiling loops at pH 6-7 wh ere cor-
rosion product deposits as great as 1 x 10-' cm have
been observed at considerably higher water velocity.
For a loop with higher water velocities (19 feet per
second) at pH 9.7 to 10.5 n average corrosion product
thickness of about 3 x 10- cm, independent of thermal
flux, was found, i.e., corrosion product deposition was
very slight. This result was from a carbon steel loop
and is in keeping with results of others.

e) Studies (reference 8) on the effect of radiation on
deposition of corrosion products when using a
VandeGraff electron generator resulted in the ob-
servations that: ionizing radiation definitely results
in deposition of "freshly produced" corrosion products
and the amount of deposition under irradiation is a
function of the amount of colloidal or soluble (freshly
produced) corrosion products available. Neither fer-
rous iron nor particulate corrosion products are
efficiently deposited.

VII - MAJOR PROBLEMS THAT MUST BE RESOLVED

A - EFFECT OF OXYGEN

It is not believed that the oxygen content in the boiling water phase

would cause catastrophic local or pitting attack. However, local and pit-

ting attack must be evaluated since a dynamic system (i.e., piping or a

highly stressed pressure vessel) could be confronted with a corrosion

fatigue type of failure. Alternating stresses in a piping system in con-

junction with notches or stress concentration introduced by pitting could

force a corrosion fatigue failure.

B - EFFECT OF HIGHER CORROSION RATE

This is of particular concern during thermal cycling and start-up

and shutdown. Many investigators have shown that during steady state

operation the corrosion rate of the low alloy steels approaches a reason-

ably low rate and is not considered to be a serious problem. However,
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start-up, shutdown and thermal cycling tend to increase the corrosion

rate or cause a greater release of corrosion products into the operating

stream. The disposition of this particulate matter is of major impor-

tance whether it deposits on fuel elements, primary loop components, or

remains suspended in the water. Sufficient removal of corrosion products

must be effected to prevent adverse effect on system heat transfer and

the system radioactivity. An increase in foreign matter in the system

may require additional water treatment equipment or changes in water

treatment operations.

C - pH CONTROL

The value of high pH in limiting of corrosion and pitting in the pres-

surized water systems for both stainless steel and carbon steel has been

demonstrated. In addition, the value of a high pH has been generally es-

tablished in standard electric utility boiler practice. However, experience

to date in boiling water reactor systems with neutral pH, high purity water

and with some oxygen has indicated that the corrosion in stainless steel

systems is not a major problem. Consequently, it is planned for this

program to run the tests with a neutral pH. If, in the course of the pro-

gram satisfactory corrosion rates of low alloy materials cannot be

achieved with a neutral pH, then the program would have to be altered

to evaluate the use of a higher pH.

VIII - TEST PROGRAM

A - PURPOSE

The purpose of the recommended test program is to examine and

evaluate the use of low alloy steels (2-1/4 per cent chromium or less)

under conditions similar to those present in a boiling water reactor.

Tests will be made in both in-pile and out-of-pile loops to obtain the

effect of radiation and of deposition on actual fuel elements. Specimens

will be examined for general and localized or pitting corrosion to deter-

mine, in particular, the effects of oxygen and neutral pH. Both in-pile

and out-of-pile systems should be examined for corrosion products and

corrosion products deposition. Improved means of achieving corrosion

products removal from the radioactive system will also be investigated.
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B - TEST FACILITIES

1 - Out-of-Pile

It is proposed to use a corrosion loop for out-of-pile corrosion tests.

Flow diagram, Figure 1, shows the loop schematically. It is a closed

boiling water loop with provision for maintaining high purity water at

prescribed conditions including dissolved gases. Samples will be ex-

posed simultaneously to water only, steam only, or steam-water mix-

tures. The loop heaters are of Zircaloy and are in the boiling water test

section. Deposition of corrosion products can be measured on these high

heat flux elements (simulating fuel elements). A heat exchanger made of

test materials will be used to simulate the secondary heat exchanger.

Also, some of the loop piping will be pipe of the material under test so

commercial finishes may be tested as well as coupons. Thus, except for

radiation effects, the loop provides a means of testing the proposed ma-

terials under all the environments and conditions existing in a boiling

water reactor.

2 - In-Pile

For the in-pile tests, it is proposed to use a boiling water loop in a

test reactor. Flow diagram, Figure 2, shows the loop facilities schemati-

cally. The boiling water loop is constructed of type 304 and type 347

stainless steels. The test section is to be located adjacent to the pres-

sure vessel containing the reactor core. The in-pile test section will

contain a minimum of four Zircaloy-2 clad fuel bearing rods which oper-

ate under boiling conditions. The facility is designed to study the corro-

sion and coolant chemistry problems of a boiling water reactor utilizing

fuel rods under controlled conditions at a thermal neutron flux of about

3 x 1013 neutrons per square centimeter second.

Corrosion coupons should be located in the steam water mixture

outside the reactor flux region. Corrosion products deposition on the

fuel rod in the irradiated zone under reactor conditions can be studied,

as well as corrosion rates. Also, improved means of removing corro-

sion products can be studied in the cleanup system.



C - TEST PROGRAM - OUT-OF-PILE LOOP

1 - System Parameters

It is expected that the out-of-pile loop will operate so that the condi-

tions, other than radiation, will very nearly be those in the boiling water

reactor system; these conditions are:

a) Temperature of water 546 F

b) Pressure 1000 lb/sq in.

c) pH 7

d) Oxygen in steam 16 ppm + 8

e) Oxygen in saturated water 0.07 ppm + 0.03

f) Velocity of water and steam-water mixture past speci-
mens will be established to meet the selected BWR
design velocities. Steam velocities will be about the
maximum that can be produced in the loop.

2 - Sample Description

The two alloys in pipe form will be obtained from two vendors and

should represent somewhat different mill and manufacturing practices.

The alloys to be tested are ASTM A-335, P11 and P22. These low alloys

are respectively 1-1/4 per cent chromium - 1/2 per cent molybdenum

and 2-1/4 per cent chromium - 1 per cent molybdenum steel.

The samples will be placed in the loop in the form of coupons, sec-

tions of pipe, and a "U" tube heat exchanger. The coupons will measure

3 inches long, 3/4 inch wide and 1/8 inch thick and will be cut from each

of the alloy pipes.

It is planned to replace existing sections of loop piping carrying

steam-water and saturated water with welded sections of the two low alloy

steels. These will be approximately 48 inches of alloy P11 and 24 inches

of alloy P22 in the steam-water environment. The "U" tube heat exchanger

will be installed with the necessary instrumentation to determine and plot

any variations of the average over-all heat transfer coefficient of the low

alloy tubes.

3 - Schedule of Exposure for Samples

In order to plot total corrosion and corrosion rate curves the follow-

ing exposure schedule is established for the coupons:
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Time of
Exposure Environment and Number of Samples for Each Alloy

(Hours) Steam-Water Steam Saturated Water

300 6 6 6
700 6 6 6

1000 6 6 6
2000 12 12 12
3000 6 6 6

It is planned to leave the pipe sections and heat exchanger in the loop

for the life of the test - 3000 hours.

4 - Conditions To Be Reported

Evaluation of the coupons will include:

a) Determination of the amount of retained scale

b) Loss of scale to environment

c) Uniformity of corrosion rate

d) Macro-examinations for evidence of localized or

pitting corrosion

e) Metallographic examination for possible change in
structure, further evaluation of localized or pitting
attack, etc.

The pipe sections and heat exchanger will be opened and examined

for corrosion and pitting and any localized effects.

D - TEST PROGRAM - IN-PILE FACILITIES

1 - System Parameters

The in-pile loop will operate as nearly as possible at the conditions

expected to exist in the selected BWR.

13a) Thermal neutron flux will be about 10 neutrons
(cm 2 ) (sec).

b) Heat fluxes will range from the minimum to the
maximum expected under the selected BWR condi-
tions.

c) The general water chemistry conditions will be those
specified for the selected BWR coolant, i.e., pH-7,
conductivity less than 1 michromho per cubic centi-
meter. Corrosion product levels will be those result-
ing from the test.

d) Gas content will be maintained at those expected,
about 15 ppm oxygen in steam and about 0.1 ppm
oxygen in water with stoichiometrically proportion-
ate amounts of hydrogen.
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e) The loop will operate at 546 F and 1000 psig.

f) Flow rates past the boiling sections will be compa-
rable to those specified in the selected BWR design.
Since this loop is planned to be of stainless steel,
the corrosion products supplied to the water will be
at a much lower level than would be expected in a
carbon steel system. The loop will therefore be
ballasted with sufficient carbon steel corrosion
coupons to give the expected carbon steel to fuel
ratio expected in the selected BWR. The corrosion
coupons will be located in the steam-water mixture
outside the reactor flux region. As the scale re-
lease rate to the system will vary with time, this
release rate will be obtained from the tests con-
ducted in the out-of-pile facilities.

The total test period will consist of six (6) runs of
twenty-eight (28) days each for a total of 168 days
(about 4000 hours).

2 - Conditions To Be Reported

The following test data is to be obtained:

a) Weight and thickness of corrosion products deposited
on fuel surfaces under boiling conditions.

b) Effect of corrosion products on fuel heat transfer
coefficients.

c) Whether the scale will reach an equilibrium thick-
ness.

d) The effect of changing corrosion product levels.
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TABLE I BWR MATERIALS COMPARISON
LOP.MW DESIGN WITH PROOSEDALTERNATE DESIGN

(TURBINE AND GENERATOR MATERIALS NOT INCLUDED)

DESIGN ALTERNATE DESIGN

Code Material Material Spec. R eLg. Req 't.. Material Spec. Je & Mfg. Req'ts. Remarks
Steam Risers and

lA Pipe ASTM A-358 Type 30 Steam Risers and ASTM A-155 Gr 2 Doncoers, Gen. General Piping Include
Stainless Steel Downcomers, Gen. Cr Low Alloy SteeJ Piping, Main Steam Emerg. Heat Exchanger

Piping. Electric Line. Electric Lines, Regenerative
AN/OR Fusion Butt Welded Fusion Butt Welded Heat Exchanger Lines,

ASTM A-376 Type 30 Steam Risers and ASTM A-335 P 22 Do and Non-regenerative
Stainless Steel Downcomers, Gen. Low Alloy Steel Heat Exchanger Lines,

Piping. Seamless Seamless Gen. Reactor Cleanup
AND/OR Steam Risers and OR Steam Risers and enineraliger Piping
ASTM A-2b4 Type dowcomers, Cener ASTM A-155 Gr I Downcomers, Gen.
304 Stainless Piping Butt Welded Cr Low Alloy Piping, Main Steam
Steel Clad on Pipe Steel Line . Electric
ASTM A-212 GR B Fusion Butt Welded

ASTM A-335 PU1 Steam Risers and
Low Alloy Downcomers, General

Steel Piping, Main Steam
Line.Seamless. St
Drum Internals

2A Pipe ASTM A-155 Gr 2 C Main Steam Line. ASTN A-l5 Or Rain Steam Line.
Low Alloy Steel Electric FusionB l Cr Low Alloy Flectric Fusion Butt

Welded. In Direct Steel Welded. In Direct
Cycle Cycle

ASTM A-335 P 22 Main Steam Line. ASTM A-335 P11 Main Steam Line.
Low Alloy Seamless In Low Alloy Steel Seamless In Direct

Steel Direct Cycle Cycle

3A Pipe ASTM A-155 KC 70 Main Steam Line. Includes Shutdown
Killed Carbon Electric Fusion System And

Steel Butt Welded. In Steam Generator
Steam Gen. Cycle Piping 7Feedwater

ASTM A-l06 Gh B Main Steam Line. Lines
Killed Carbon Seamless. In Steam

Steel Generator Cycle
1A Pipe ASTM A-53 GR A Extraction Lines, Includes Cooling

Carbon Steel Condenser Piping. ':ater
Electric Fusion Piping, Vent
Butt 4 id& Seanes Piping

5A Pipe ASTM A-312 Type Denineralizer Resin ASTM A-312 Type Demineralizer Resin For Reactor Cleanup
304 Stainless Piping. Seamless. 304 Stainless Piping. Seamless De:ineralizers

Steel Steam Drum Inteals Steel

1B Tubing ASTM A-249 Type Emergency Heat ASTM A-213, Emergency Heat
304 Stainless Exchanger Tubes; T 22 Low Exchanger Tubes,

Steel Regenerative Heat Alloy Steel Regenerative Heat
Exchanger Tubes, Or Exchanger Tubes,
Non-Regenerative ASTM A 213 on-Regenerative
Heat Exchanger DibeS T 11 Heat Exchanger Tubes
Steam Generator Low Alloy Steel Steam Generator
Tubes. Electric besSeamless,
Fusion Butt Welded.

ASTM A-213 Type Emergency Heat
304 Stainless Exchanger Tubes,
Steel Regenerative Heat

Exchanger Tubes,
Non-Regenerative
Heat Exchanger Tube
Steam Gen. Tubes.

Seamless
2B Tubing ASTM B-111 70-30 Shutdown Heat

Copper-Nickel Exchanger Tubes,
Feedwater Heater
Tubes. Seamless.

3B Tubing ASTM B-163 Monel Feedwater Heater
Tubes. Seamless_

1C Plate ASTM A-302 GR B Reactor Vessels ASTM A-302 GR B Reactor Vessel
Manganese-Molybdenu Steam Drum and Manganese -Moly- Only
Steel Type 304 Steam Drum enum Steel
Stainless Steel Clad Internals ype 304 Stainless

Steel Clad

Or Reactor Vessel1
ASTM A-301 G B Steam Drum and
Low Alloy Steel Steam Drum internal

2C Plate ASTM A-301 GR B Cleanup Deminer-
Low Alloy Steel alizer Vessel
Tube 304 Stainless

Steel Clad

3C Plate ASTM A-212 GR B Non-Regenerative TM A-212 GR B Non-Regenerative
Killed Carbon Heat Exchanger Killed Heat Exchanger

Steel Vessels Steam Carbon Steel Vessel Steam
Generator Vessel1  Generator Vessel and
Emergency Heat Channels Emergency
Exchanger Vessel, Heat Exchanger Vs
Shutdown Heat Shutdown Heat Exch.
Exchanger Vessel, Vessel Feedwater
Feedwater Heater Heater Vessel.

Vessel_

C Plate ASTM A-25 GR C Resin Add. Tank
Carbon Steel Condenser Shell,

Condensate Deminer
alizer Shell.

5C Plate ASTM A-264 Type 304 Regenerative Heat TM A-301 GR B Regenerative Heat
Stainless Steel Exchanger Vessel Low Alloy Exchanger Vessel.
Clad on ASTM A-212 Steam Generator Steel
GR B Carbon Steel Channel.

Plate ASTM A-167 Type 304 Regenerative Heat ASTM A-167 Type Condenser Deaerating
Stainless Steel Exch. Vessel, Con- 1304 Stainless Trays,
Clad on Carbon Steel denser Deaerating Steel Clad on

Trays. arbon Steel
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COMPARISON OF MATERIALS
SELECTED BWR DESIGN & PROPOSED ALTERNATE
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SEPARATE STUDY NO. 9

NUCLEAR FUEL COSTS

I - INTRODUCTION

Because of (1) the general applicability of a discussion on nuclear

fuel costs to various sections of Volume I, Volume II, and Separate

Study No. 1, (Optimization of Core and Fuel Design), and (2) the de-

tailed nature of nuclear fuel cost calculations and their bases, this

separate study was prepared in order to consolidate this material into

one reference document. Accordingly, this study contains a break-

down of the items making up the net equilibrium fuel cycle costs for

the 306 mw selected BWR, and a discussion of the fuel costs varying

with time from start-up until the equilibrium fuel cycle is reached.

The bases for these results plus a sample calculation is also included.

The results reported herein are predicated on certain ground rules

provided by the AEC and on current technology. Any substantial

change in these ground rules or technology could alter the conclusions

of this study.

II - SUMMARY OF RESULTS

A - EQUILIBRIUM FUEL CYCLE COSTS

Equilibrium fuel cycle costs for the 306 mw selected BWR are

tabulated on the following page. These fuel costs reflect the particular

combination of over-all plant and reactor core design parameters

chosen for the selected BWR. The design objective was to minimize

the total energy costs. Therefore, during the optimization process

used to select the core and fuel design, fuel costs were calculated dur-

ing each step of the detailed studies for the selection of the fuel element

geometry, core power density, the moderator to fuel volume ratio, fuel

and clad materials, the fuel exposure level, the fuel cycle approach to

equilibrium, and the over-all core and lattice geometries. A detailed

discussion of this process is covered in separate study No. 1 (Optimi-

zation of the Core and Fuel Design). It is appropriate to emphasize that

the fuel costs and sample calculation presented are deceptively simple
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since they represent an end point calculation that does not truly reflect

the magnitude of effort required to reach this point. Comprehensive

technical and economic analyses were developed in the areas of core

and fuel mechanical design, thermal-hydraulics analysis, fuel cycle

physics analysis, design fabrication cost estimating, and over -all eco-

nomics analysis in order to obtain an economic indication of the optimum

design.

ESTIMATED EQUILIBRIUM FUEL CYCLE COSTS

306 MW SELECTED BWR

Use Charge

Fabrication Cost

1970 Price (1959 Cost Levels)
1970 Price (1964 Cost Levels)

Uranium Depletion

Initial Value
Final Value

Net

Recovery Costs

Irradiated Fuel Shipping
Processing Spent Fuel
Conversion U Nitrates to UF6
Conversion Pu Nitrates to Metal

Total

Plutonium Credit

Total Fuel Cost

1959 Cost Levels
Fabrication Escalated to 1964 Cost Levels

Annual
Cost

$ 1000

634

1,390
1,573

3,594
612

2,982

115
359

97
161

732

1,285

4,453
4,633

Energy
Cost

Mills/Net Kwh

0.30

0.65
0.73

1.68
.29

1.39

.05

.17

.05

.07

.34

.60

2.08
2.16

It is evident that the above costs are dependent on the specified current

cost of uranium, the use charge rate of 4 per cent processing costs, and

plutonium credit of $ 12 per gram. This information is given in the sample

calculation in Section IV of this separate study.
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B - FUEL COSTS FROM START-UP TO
EQUILIBRIUM FUEL CYCLE

Figure 1 illustrates the change in fuel costs during the transition

to the equilibrium fuel cycle. The equilibrium fuel cycle is reached

after about seven (7) years of operation. During the seven year transi-

tion period following start-up, fuel costs decrease from a level of 2.84

mills per kilowatt-hour during the initial 1-1/2 years of operation down

to 2.0 to 2.1 mills per kilowatt-hour based on 1959 cost levels. The

lower costs are achieved as fuel is discharged at higher irradiation

levels while the equilibrium fuel cycle is approached, and, as replace-

ment fuel is introduced at a lower fabrication price reflecting a design

change from segmented to nonsegmented fuel rods and lower material

and assembly costs as time progresses. The time dependency of the

curve is evident because of the assumptions required as to fabrication

costs. They, in turn, are sensitive to the assumed start of sustained

full power operation.

Reasonably firm and realistic estimates of fabrication costs were

prepared varying with time, design, and manufacturing technique as

discussed in a later section of this study. It was assumed that fabrica-

tion costs of 1970 would indicate fuel costs obtained during operations

in the period 1970-1980. It is important to recognize that the fuel costs

for this period as shown do not represent the "ultimate" or most opti-

mistic fuel costs which may be achieved. They are based on using the

present manufacturing processes, present design limits, and the eco-

nomic ground rules for this study. A vigorous long-range development

program in addition to the development program specified for this study

combined with operating experience should permit further reductions in

fuel costs to be achieved.

III - BASES FOR FUEL COST ESTIMATES

A - FABRICATION COST ESTIMATES

Since fabrication costs represent a significant portion of the total

fuel costs, varying from 30 per cent to 50 per cent depending on the period

of time and the fuel cycle attained, a great deal of attention was focused

on preparing reasonably firm and realistic estimates for the fabrication
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costs of the equilibrium core during mid-plant life operation. These

costs were prepared specifically for separate study No. 1 (Optimization

of the Core and Fuel Design). Costs for the optimum design were ob-

tained as a result of this study. Sufficient detail was prepared for a

complete and consistent estimate of fabrication costs varying with time,

design and manufacturing technique. It is important to emphasize that

this was not a simple parametric study but followed closely the pro-

cedure required for production design.

It was apparent from the results of the estimates that fabrication

costs are extremely sensitive to the period of time in question. In order

to be meaningful and provide reasonably valid results for the core and

plant optimization studies, and to provide an indication of representative

average fuel costs that can be expected over the plant life, fuel and

fabrication costs were estimated for a period of time approaching the

mid -point in plant life. On the other hand, it was essential to provide an

estimate for each case based on present-day costs so that extrapolation

to future years could be accomplished that would reflect actual cost and

manufacturing experience. Therefore, fabrication cost estimates for

the years 1958, 1962 (initial load fabrication), and 1970 were prepared.

The year 1970 was selected to represent the year of fabrication of plant

mid-life fuel since present manufacturing processes can be assumed

with only minor modifications. However, beyond that time, the assump-

tions as to manufacturing processes and technique tend to become less

realistic. It is important to recognize that the 1970 fabrication costs do

not necessarily represent the "ultimate" or more optimistic costs which

may be achieved. They permit a representative estimate of fuel costs

during the 1970-1980 period.

The basis for making these fabrication cost estimates is as follows:

Using present manufacturing processes and techniques as a reference

point, an examination of each item making up the fabrication cost clearly

indicated the high cost areas that require improvement of technique, de-

sign change, or material cost reduction. Specifically, expected reductions

in Zircaloy material costs and costs of conversion of UF6 to UO2 were

estimated. Better yields in the pelletizing processes are anticipated, and

a high yield on tubing is expected to be maintained. Increased volume of
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production will contribute some reduction in overhead rates. An im-

portant assumption applicable to later years was that the development

work and operating experience would be completed on a simplified fuel

rod spacer design that would replace the present segmented design of

the fuel rods. The active fuel length would then be continuous (single-

segment fuel rods) and allow reduction in costs for labor assembly,

inspection and testing.

An estimate was also provided, for 1970 fabrication, which assumed

a minor modification of present manufacturing techniques utilizing a

swaging process. The results of this study indicate some incentive to

make this modification if development and testing is satisfactorily com-

pleted by 1970. There is good reason to believe that this modification

is especially attractive if proven feasible during the next few years since

it would allow fabrication costs to be reduced at a rate faster than indi-

cated in this study.

Fabrication costs are defined to include the uranium charges in-

curred during fabrication and the cost of converting UF6 to UO2'
Uranium charges are defined to include the cost of uranium losses,

scrap recovery costs, and the use charge on uranium during fabrication.

In this design, the channels are considered an integral part of the core

structure and not removed with the fuel during the refueling operation.

Therefore, they are treated as a capital cost item.

Engineering and construction cost estimates for the selected BWR

were escalated at the rate of 4 per cent per year from 1959 cost levels.

In order to be consistent, the fabrication portion of fuel costs was also

escalated to 1964 levels wherever total energy costs were tabulated re-

quiring differentiation between the two levels. The same 4 per cent per

year rate was applied. The equilibrium fuel cycle costs of 2.08 mills

per kwh reflects 1970 fabrication technology based on 1959 cost levels.

Escalating the same fabrication costs to 1964 cost levels gives 2.16 mills

per kwh.

B - FUEL COSTS FROM START-UP TO
EQUILIBRIUM FUEL CYCLE

The basis for Figure 1, previously mentioned, is as follows:

1) The initial enrichment of the fuel is held constant at 1.91 atom

per cent U-235 for the initial loading and all reloads including equilibrium
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operation. This is approximately the maximum permitted by expected

control limitations.

2) Start of sustained full power operation is assumed to be July 1,

1964.

3) The first batch of spent fuel (20 per cent of the core load) is

discharged in February 1966 at an irradiation level of about 10,000 MWD

per short ton of uranium.

The final batch of initial load fuel will not be discharged until about

July 1968 at an irradiation level of about 14,000 MWD/T -U. There-

fore, the initial core load will average about 12,000 MWD per short ton

of uranium.

4) Equilibrium is assumed to be reached about January 1969, which

is coincident with the first loading of the third core fuel. At this time,

and thereafter, discharge fuel irradiation level will be 15,000 MWD per

short ton of uranium.

5) The first core load uses segmented fuel rods. All subsequent

reloads use nonsegmented fuel rods. Fuel fabrication costs for both

the segmented and nonsegmented designs decrease continuously from

the period of the initial fabrication through the fabrication of the fourth

core load, due to expected improvement and modification of fabrication

processes and anticipated reduction of material costs and conversion of

UF6 to UO2 costs.

In order to remain meaningful and illustrate the technical points

involved in reaching equilibrium operation, Figure 1 is shown based on

1959 cost levels. It was felt that any attempt to escalate the fabrication

portion of fuel costs into 1970 was beyond the scope of this study and to

be most meaningful should also include a comparison with conventional

fuel costs during this period. Therefore, this aspect of nuclear fuel costs

was not further considered in this study.

C - EQUILIBRIUM CYCLE FUEL COSTS

The details illustrating the bases for calculation for the equilibrium

fuel cycle costs are covered in the sample calculation which is Section I V

of this separate study. They are based on current USAEC regulations and

price data as was required for this study. The following points should be

noted:
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1) Due to the nature of the current USAEC pricing policy in the area

of processing spent fuel, coupled with the use charge on uranium, there

is an optimum processing batch size for the reference design plant. For

the expected irradiation levels, the lowest annual costs are achieved

when two reactor discharges (approximately 20 per cent of the core load

constitutes a discharge batch under present design conditions) are

accumulated into one processing batch.

2) The total uranium inventory consists of the core load, fresh spare

assemblies on hand, and spent fuel in cooling, shipping, and processing.

The tabulated use charge is based on this quantity of fuel. The additional

use charge on uranium during fabrication of the fuel is included in the

fabrication price.

IV - SAMPLE FUEL COST CALCULATION

A - BASIC INFORMATION

I = 15,000 MWD/T

MWt = 980

CF = 80 per cent

RI = 124,280 lbs uranium in core loading

F = 20 per cent of core discharged per reload cycle

V1  = $ 94.20/lb U at initial enrichment of 1.91 per cent

V2  = $ 16.20/lb U at final enrichment of 0.68 per cent

V3  = $ 36.44/lb U of fabricated uranium fuel in 1970 (1959 dollars)

V4  = $ 3.00/lb U transportation of irradiated fuel to processing center

V5  = $ 2.54/lb U conversion of U Nitrates to UF6

V6  = $ 1.50/gram of Pu for conversion of Pu Nitrates to Pu Metal

V7  = $ 12.00/gram of Pu credit

PX = 0.625 per cent Pu in spent fuel

Refer to Section IV-G for complete description of symbols used.
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B - CALCULATION OF FUEL THRUPUT AND
RELOAD CYCLE TIME

1. Reactor Thruput, (lb U per year), R P

(1) RP = MWt x 365 days per year x CF x 2000 lbs per short Ton
I of uranium

= 38, 155 lbs of uranium per year

2. Reload Cycle Time (years), t

RI(2) t = f x RI= 0.651 years

C - SELECTION OF OPTIMUM PROCESSING CYCLE

1. Cost of converting spent fuel to nitrate stage, S ($ per year)

Number of days = d + d2

(4) dl process days = RI x f x n = 11.272 n

(5) d2 turnaround days = 8 when d >8.

Processing Cost ($ per year), S1

(6) S = 15,300 (d1 + d2)1 nt

2. Use Charge following reactor discharge ($ per year) S2

(7) S2 = RI x f x V1 x 4 per cent x B = 93,655 B

(8) B = t x 0.5 n - 0.5 (assumes 0.5 years for
cooling, shipping, recovery)

when n = 2, B = 1.268

3. Selection

n, number of reactor discharge batches per processing batch

1 2
S1, $ per year 452,900 358,900

S2, $ per year 71,900 118,750

S1+ S2, $ per year 524,800 477,650

From the above tabulation it can be seen that total annual
fuel costs are less when n = 2 discharge batches per proc-
essing batch.

* r = 2205 for enrichments less than 3 per cent
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D - AVERAGE URANIUM INVENTORY (LB U), UI

(9) UI = RI (1.1 + f B) = 168,200 lb U

where: B is from equation (8) for n = 2
10 per cent spares are assumed.

E - ANNUAL FUEL COSTS ($ PER YEAR)

(10) C = R P x K

Except for use charge and that portion of recovery costs required
to convert spent fuel to the nitrate stage, all other items of annual
fuel cost can be determined from the above relationship, equation
(10). The values of K are tabulated for this case as follows:

Items K Annual Fuel Cost - $

Fabrication Cost

Uranium Depletion
Initial Value

Final Value

Net

Recovery Costs
Irradiated Fuel Ship

U Nitrate to UF6

Pu Nitrate to Metal

Plutonium Credit

V3

V
1

.99 V2 = 16.038

V4

V5

0.99 V6 453.5 PX =
4.209

.99PXxV7 x453.5 =
33.672

1,390,000

3,594,000

612,000

2,982,000

114,500

96,900

160,600

1,284,800

All the above items are a function of the reactor thruput, RP,
except use charge and a portion of the recovery costs. They
must be evaluated separately, as follows:

Use Charge ($ per year), C 1 1

(20) C1 1 =UI x V 1 x 0.04

= RI (1.1 + fB) V1 x 0.04

= $633,800 per year

Recovery Costs (continued)

Conversion of spent fuel to Nitrates ($ per year), C6

This is the value of S1 as obtained from equation (6) where n = 2

C 6 = S1 = $ 358,900 per year

Total Annual Fuel Costs = $ 4,451,900
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F - ENERGY COSTS (mills/net kwh)

Annual Cost
Annual Net Kmwh = Energy Cost

Annual Net Kmwh = 2142

$4,451,900 x 10 mills
Energy Cost = = 2.08 mills per net kilowatt-hour

2142 x 10 Kw-hours for the equilibrium core and the
assumptions listed.

G - DESCRIPTION OF SYMBOLS USED IN
SAMPLE CALCULATION

Description

Average number of discharge batches on hand
while accumulating a reprocessing batch and
until reprocessing is complete

Capacity factor

Time to process spent fuel to nitrates

Turnaround time at processing plant

Fraction of core discharged at one time

Irradiation level

Net electric output

Reactor thermal power

Number of discharge batches per processing
batch

Plutonium build-up contained in spent fuel

Processing rate at recovery plant

Reactor inventory (core load)

Reactor thruput

Cost of converting spent fuel to nitrates

Use charge following reactor discharge

Reload cycle time

Average uranium inventory

Initial uranium value

Final or spent uranium value

Fabrication price

Spent fuel transportation cost

Conversion of U Nitrates to UF6

Conversion of Pu Nitrates to Pu Metal

Value of Pu Metal

Units

fraction

days

days

MWD/ short ton U

MW

MW

per cent

lb/day

lb U

lb U/yr

$ /yr

$/yr

yrs

lb U

$/lb U

$/lbU

$/lb U

$/lb U

$/lb U

$ /gram Pu

$ /gram

Symbol

B

CF

di

d2

f

I

MWe

MWt

n

PX

r

RI

RP

S2

t

UI

V1

V
2

V 3

V 4

V 5

V6

V7
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Table 1

FUEL COSTS FOR THE SELECTED BWR
AS A FUNCTION OF TIME FROM START-UP

UNTIL EQUILIBRIUM FUEL CYCLE IS REACHED

Core Load

First Core

1st Batch

5th Batch

Average

Second Core

Average

Third Core

Average

Fourth Core

Average

Year of
Operation
Nominal

Start 7-64

Discharged
2-66

Discharged
7-68

1965

1968

1971

1973

Design

Zr, Seg

Zr, Seg

Zr, Nonseg

Zr, Nonseg

Zr, Nonseg

Average
Irradiation

Level (MWD/T-U)

10,000

14,000

12,000

15,000

15,000

15,000

Fuel Cost
Mills/Kwh
(1959 Cost

Level)

2.84

2.17

2.10

2.08

1971 Zr Swaged

Modified Manufacturing Technique

Third Core 15,000 2.00
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SEPARATE STUDY NO. 10

TECHNICAL DEVELOPMENT PROGRAM
FOR THE EXTENSION OF BOILING WATER

REACTOR TECHNOLOGY

I - INTRODUCTION

The present status of costs and technology of boiling water reactor

plants relative to other power reactor types is excellent as evidenced by

its selection under international competitive conditions. Even with this

favorable position further technical advancement must be made in order

to obtain economical nuclear power.

Although much can be learned from construction of the selected BWR,

the present state of technology requires that technological advances be

made before economic nuclear power can be attained. These technological

advances can be realized by means of relatively small developmental plants

followed by larger advanced units.

II - ECONOMIC OBJECTIVES

The basic economic objectives of a technical development program for

the extension of boiling water reactor technology is to achieve economical

nuclear power with minimum costs and time. To do this, both present-day

capital and fuel costs must be reduced appreciably. Analysis of the present

status of the boiling water reactor and its potential for improvement indicate

that the following specific economic objectives are realistic and should be

accomplished on a design basis by 1965:

A) Total plant cost of 175 to 225 dollars/kw.

B) Fuel cost of approximately 2.0 mills/kwh.

C) Plant availability comparable to present-day conventional

plants.

III - MEETING ECONOMIC OBJECTIVES

To meet the economic objectives, two areas must be examined. These

are fuel cost and plant capital cost. While the present status of the boiling

water reactor in both the fuel and capital cost areas is excellent further



improvement is required to reach the economic objectives. The boiling

water reactor is believed to have considerable potential for future im-

provement in each of these areas. The factors which will allow the fuel

costs to be reduced are discussed later.

Capital cost of nuclear plants can be reduced by one or both of the

following factors:

A) Technological advancement.

B) Construction of larger units.

Figure 1 illustrates the effect of size on unit capital cost. The most

significant point to note in this figure is that construction of very large

nuclear units based upon present technology does not meet the economic

objectives and, therefore, technological advances must be made.

The top curve illustrates the variation in nuclear plant cost with size

and with no advances in present nuclear technology. The bottom curve

shows the reduction in unit cost of conventional plants with increases in

size. This curve is a third quartile curve with 75% of plants lying below

and 25% above. The middle curve has been constructed by adding a $ 50/

kw increment to the lower curve. This $ 50 increment is the approximate

capitalized value of a 1.0 mill/kwh advantage of nuclear over conventional

fuel cost. This potential fuel cost advantage is, of course, the principal

reason for wid spread interest in nuclear power. The center curve pro-

vides a moving target capital cost which must be met by nuclear installa-

tions if they are to come into widespread use.

IV - TECHNICAL OBJECTIVES

Technological improvement is the real key to success in the future.

A careful analysis has been made of the realistic potential improvements

in the boiling water reactor system, which will make possible the attain-

ment of the economic goal. This analysis has resulted in the following

specific technical objectives:

A - In Capital Cost Area

1) Increase core specific power by approximately

a factor of two.
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2) Mechanical simplification of reactors, systems, and

supporting services and facilities, resulting in more

compact plants.

3) Increase practical unit sizes to the range of 400-500

mw(e).

4) Improve steam conditions so that temperatures and

pressures are comparable to those of modern, con-

ventional plants. Increase the thermal efficiency

from 28 to 35%.

B - In Fuel Cost Area

The most important factors which will improve fuel performance and

decrease costs are:

1) Decrease of present fabrication cost of fuel.

2) Increase exposure lifetime.

3) Increase conversion ratios.

4) Decrease plant heat rates.

V - TECHNICAL DEVELOPMENT APPROACH

A suggested approach would concentrate on making substantial technical

advances before constructing many large-scale plants. At the same time it

is recognized that in addition to increased understanding of the technology,

knowledge must be both developed and applied in the construction of actual

plants. However, these plants do not have to be large. Therefore, a pro-

grammed sequence of research and development work, small developmental

plants, and then large-scale plants is envisioned. The approach would utilize

the simple concept that each successive reactor design would incorporate

the best features of the preceding designs plus new innovations resulting

from research and development work directed toward specific areas of

technology.

The "learn-and-apply" process involves a sequence of exploratory de-

velopment, engineering development and testing in direct support of specific

designs, plant construction to reduce to practice the technical improvements,

and operation of the plants.
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The plant construction portion of the recommended approach would

include developmental plants and large advanced plants. The large-scale

plants built on the basis of the technical advances proven in the smaller

plants will be superior to what could be committed today.

The developmental plants should be relatively small in size since they

are primarily experimental in nature. They are built primarily to gain

new knowledge and understanding of the art and science of nuclear power.

The developmental phase is ready to be undertaken now. The size of

the developmental plants will be determined by a compromise between

building a plant sufficiently large to obtain meaningful data which can be

extrapolated to larger units and keeping the plant small in order to reduce

both the cost and the time cycle required to produce technical results. A

major advantage of small developmental plants is that they can be built ap-

preciably faster than large-scale units and also provide greater flexibility

for subsequent experimental programs. It is likely that it will be desirable

to build several developmental plants in order to explore the merits of the

improvements of boiling water reactors and to achieve the technical objec-

tives.

The following step consists of constructing large advanced-type plants

which cannot be clearly defined since they will depend strongly on the re-

sults of the previous developmental phase. These plants will be expected

to be competitive in some parts of the country and will likely combine the

most favorable and successful features of the previous developmental

plants. The sequence nature of the program must be emphasized. It is the

sequencing that yields the minimum cost, time, and maximum probability

of success.

V I - CONCLUSIONS

It is suggested that a technical development approach be pursued in

which:

A) Small, advanced design, development BWR plants supported

by a strong development program be constructed first.

B) Large advanced plants incorporating technological advances

made in the small plants would follow.
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By this means, the following can be achieved:

A) Technological advances, which must be accomplished to

attain economic nuclear power, are accomplished.

B) The end result is large power plants producing power at

a substantially lower cost than with reactors based on

present technology.

C) An estimate of the cost of pursuing a developmental

sequence shows that the total cost of a first large plant

including a developmental plant may be as much as

$ 10,000,000 less than if a large nuclear power plant

based on present technology were constructed.

D) Reactor based on present technology would be in operation

in July 1964. In the developmental sequence, small develop-

mental reactors could begin operation two and one-half years

earlier and the large advanced reactors would go into opera-

tion in July 1965, one year later.
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