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FOREWORD

The design and evaluation of heavy water moderated power reactor plants was

undertaken by Sargent & Lundy in November, 1958, under Contract AT(38-1)193

with the Savannah River Operations Office of the U.S. Atomic Energy
Commission. Nuclear Development Corporation of America was Nuclear Sub-

contractor to Sargent & Lundy on this contract. The purpose of the study

was (1) the selection and recommendation of a conceptual design of the heavy
water moderated power reactor plant offering optimum economics with slightly
enriched fuel, but capable of operation with natural uranium, and (2) the
preparation of preliminary design and cost estimates of a prototype of the

recommended concept.

The studies under this contract culminated in the recommendation of a pres-
sure tube reactor, cooled with boiling D2 0 and utilizing the steam in a
direct cycle, 200 MWe turbine-generator plant. The design and cost estimate

for the prototype plant were based on a plant of minimum size consistent with
operability on natural uranium fuel, and capable of direct extrapolation to

the 200 MWe plant.

The prototype was therefore designed as a pressure tube, boiling D20 cooled
reactor providing steam in a direct cycle to a 70 MWe turbine-generator.

Subsequently, Sargent & Lundy was authorized by the Atomic Energy Commission,

under Contract AT(38-1)213, to investigate the economics and performance of
alternate cycles for heavy water moderated power reactors. These studies

were conducted in conjunction with E. I. du Pont de Nemours & Company and

Nuclear Development Corporation of America.

The work performed by Sargent & Lundy during this program consisted of the
preparation of conceptual designs and cost estimates of reactor plants
ranging in size from 70 MWe to 300 MWe, and including features that are
representative of the current status of heavy water moderated reactors. A
summary of the cost estimates developed in this study was presented in

Report DP-480, "Heavy Water Moderated Power Reactors, A Status Report."

The detailed design descriptions and breakdowns of the cost estimates for
these plants are presented in this report.

The results of other studies of heavy water moderated power reactor plants
that have been performed by Sargent & Lundy and NDA are described in a
series of reports as follows:

SL-1565, Design Study, Heavy Water Moderated Power

Reactor Plants, Part I, Volumes I, II, and
III, dated January 28, 1959, and Addendum
No. 1, dated March 20, 1959.
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SL-1581, Design Study, Heavy Water Moderated Power
Reactor Plants, Part 2, Volumes I, II and
III, dated February 28, 1959.

SL-1653, Design Study, Heavy Water Moderated Power

Reactor Plants, Part 3, dated June 19, 1959.
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1.0 INTRODUCTION

At the request of the Atomic Energy Commission, E. I. du Pont de Nemours

& Company assisted by Sargent & Lundy and Nuclear Development Corporation

of America submitted a report (DP-480) in March, 1960 which summarized

the current economic and technological status of power reactors that are
cooled and moderated by heavy water and fueled with natural uranium.

This report has been prepared to present the details of the Sargent &

Lundy contribution to DP-480; namely, cost estimates, plant design

studies and other work directly related to the current status of D2 0
reactors.

The cost estimates and plant designs presented herein are for reactors

moderated and cooled by heavy water and operating with either an indirect

cycle or a direct cycle plant. The plant capacities considered range

from 70 MWe, considered as prototypes, to 300 MWe and include reactors

fueled with natural uranium metal and natural uranium oxide. These

plants are basically similar to those previously reported by SL-NDA and

du Pont independently and, with the exception of reactor design details,

have been considered on a comparable design and estimating basis.

In addition to the cost estimates, the results of studies conducted by

Sargent & Lundy under contract to the AEC, which have either a tech-

nological or economic effect on the current status of D20 reactor plants
are included. These studies are part of a continuing program to advance

D20 power reactor technology and many of the details of their execution

have been and are being reported monthly by Sargent & Lundy in report

series SL-1685.
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2.0 SUMMARY

With the goal of establishing the current economic status of D2 0
moderated and cooled power reactor plants, cost estimates were prepared
for a series of full scale units using either boiling or pressurized
D2 0 as a coolant in direct or indirect cycles, respectively. The cases

examined included the following 200 and 300 MWe plants fueled with
either natural U-metal or natural U02 :

1. Boiling D2 0 cooled, pressure tube, direct cycle, cold moderator.

2. Pressurized D2 0 cooled, pressure vessel, indirect cycle, hot

moderator.

3. Pressurized D2 0 cooled, pressure tube, indirect cycle, cold

moderator.

The design of the metal fueled reactors was based on those prepared by
du Pont in 1957 and 1958. The oxide fueled reactors are based on the
designs previously reported by Sargent & Lundy and NDA. The use of both

oxide and metal fuels was examined because they are currently being
developed in parallel for use in D2 0 power reactors.

All of the power costs presented are based on the following:

Plant Load Factor 80%

Fixed Charges for Depreciating Items 14%/yr.

Fixed Charges for D2 0 Inventory 12.5%/yr.

Fixed Charges for Fuel Fabrication 12%/yr. of inventory

value

Uranium Use Charge 4%/yr. of inventory

value

D20 Cost $28/lb.

Fuel Fabrication Costs $25/kg-U for uranium metal
(exclusive of uranium) $64/kg-U for uranium oxide

In accordance with these economic bases, Table 2.0-I summarizes the esti-
mated power costs for the 200 and 300 MWe plants fueled with either
natural uranium metal or oxide.

Fuel cycle costs for the metal-fueled reactors are on the basis of 100%
batch refueling. Although higher average exposures and lower fuel costs
could be obtained in these reactors by multizone refueling, the metal-
lurgical limits on uranium metal are not known well enough for a
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TABLE 2.0-I

SUMMARY OF CAPITAL AND OPERATING COSTS FOR 200 AND 300 MWe,
HEAVY WATER MODERATED AND COOLED REACTOR PLANTS

Reactor Power Plant Plant Capital
Cost
mills/kwh

D2 0 Inventory
Cost
mills/kwh

Total Fuel
Cost
mills/kwh

Operation, Maint.
and Insurance
mills/kwh

Total

Power Cost
mills/kwh

Boiling D 2 0 Cooled, pressure tube,
direct cycle, cold moderator

200 MWe, Oxide Fuel
200 MWe, Metal Fuel
300 MWe, Oxide Fuel
300 MWe, Metal Fuel

Liquid D2 0 Cooled, pressure vessel,
indirect cycle, hot moderator

200 MWe, Oxide Fuel
200 MWe, Metal Fuel
300 MWe, Oxide Fuel
300 MWe, Metal Fuel

Liquid D20 Cooled, pressure tube,
indirect cycle, cold moderator

200 MWe, Oxide Fuel
200 MWe, Metal Fuel
300 MWe, Oxide Fuel
300 MWe, Metal Fuel

*For illustrative purposes only. Design changes
Vessel size may be a feasibility problem.

to satisfy reactivity requirements would increase this cost.

1.3
1.3
1.1
1.1

5.7
5.7
5.0
5.0

6.3
5.8
5.7
5.1

6.2
5.9
5.7
5.4

10.7
9.8
9.5
8.9

1.5
1.1
1.4
1.1

1.6
1.1
1.5
1.1

1.7
1.4
1.5
1.2

2.2
1.7
2.0
1.7

2.5
2.7
2.1
2.4

2.5
2.4
2.3
2.1

1.3
1.2
1.2
1.1

11.7
10.8
10.5 *
9.7

1.4
1.3
1.1
1.1

11.8
11.0
10.6
9.8

W
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realistic appraisal of such schemes. Fuel cycle costs for the oxide-

fueled reactors are predicated on the use of multizone, off-power

refueling schemes.

The cost data reported confirm the previous conclusion reached by du Pont

and S&L-NDA independently: namely, that of the various D2 0 moderated

power reactors, the boiling D20, direct cycle plant yields the lowest

power cost for units of large capacity; i.e., 200 to 300 MWe.

The costs for the boiling D2 0 plant are still somewhat higher than power
costs associated with a comparable coal-fired plant. Current estimates

for a 300 MWe, conventionally-fired plant are about 7.5 mills/kwh with
fuel at $0.35 per million Btu.

A review of the cost estimates for the 200 MWe, boiling D20, pressure
tube, direct cycle reactor plant using uranium oxide fuel has been made
since they were reported in SL-1565, Addendum 1. As a result, two
changes were made: (1) the estimated cost of the two steam drums was
reduced from $1,800,000 to $600,000 and (2) the net fuel cost was reduced
from 2.7 mills/kwh to 2.3 mills/kwh. The first of these changes was

effected through additional work and consultation with manufacturers of
steam separating equipment; the second includes an improved estimate of
the Pu2 39 content in the spent fuel and the inclusion of a credit for

Pu24O and Pu2 4 1 that was omitted earlier. The revised estimates are:

mills/kwh

Plant Capital Investment 6.1

Heavy Water Inventory 1.5

Total Capital Costs 7.6

Fuel Cost 2.3

Operation, Maintenance, and 1.4
Insurance

TOTAL 11.3

These costs apply for a net thermal efficiency of 26.2%, which corresponds
to a condenser pressure of 3.5 in. HgA; they are therefore comparable to
the cost data reported previously. All other cost data, unless otherwise
noted in this report are for operation at 1.5 in. HgA.

The results of other studies of various D2 0 reactor plant cycles and pro-
totype designs reported herein are summarized below.
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2.1 70 MWe BOILING D20 PROTOTYPE PLANT

The original design of the boiling D20 prototype plant, as presented in
SL-1581, has been analyzed in some detail to achieve economies in

capital and operating costs through rearrangement of the reactor equip-

ment, and analysis of the arrangement of equipment in the plant, as well

as via an investigation of the need and adequacy of devices in the plant.

An overall decrease in capital investment of about $3,800,000 was
achieved as a result of these studies. The modifications leading to
this reduction are summarized below:

Reactor Arrangement

a) The reactor inlet header arrangement in the lower header room

was modified to replace the previous pigtail and riser system

with a cross core headering system.

b) The feed water from the main condenser was returned to the

steam drums instead of mixing with the reactor recirculating

coolant at the lower header. This arrangement subcools the
recirculating coolant on the suction side of the recirculating

pumps 17F, thereby alleviating the NPSH requirements of the
pumps. Cost reductions result from (1) the use of pumps with

higher NPSH and (2) from the use of a higher fluid velocity in

the downcomer, with attendant reduction in D2 0 inventory. In
addition, an improvement in the arrangement of the concrete

structure was effected by being able to place the recirculating
pumps at a higher elevation relative to the steam drums.

c) By replacing the vertical direct connected pumps originally

specified for the prototype with horizontal, fluid drive

coupled pumps, a reduction in pump horsepower was achieved.

This follows from elimination of the control valves in the

recirculation system. The use of horizontal pumps also allows

a more economical arrangement of the recirculating piping and

a decrease in D 2 0inventory in this piping.

Plant Arrangements

The major modifications to the plant are summarized as follows:

a) The reactor building was reduced to a cylinder 108 ft. in
diameter by 166 ft. high, with an internal design pressure

of 27 psia.

b) The lower pigtail header arrangement of the reactor was

replaced by a box header system, reducing the overall height

of the reactor system and the reactor coolant inventory.
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c) The dimensions of the turbine building were reduced in length and

width by 5 ft. to 105 ft. by 95 ft. overall. The length of

the office building was reduced by 5 ft. The height of the

turbine building was reduced by reducing the height of the

basement by 5 ft.

d) The crib house enclosure was removed and the equipment was

rearranged to reduce the overall dimensions of the crib house

to 30 ft. by 43 ft.

e) The waste disposal building was modified to improve the
arrangement of shielding and equipment, with a resultant

reduction in overall length of about 10 ft.

Systems Analysis

Various modifications in the flow diagrams were made to eliminate non-
essential sources of D20 leakage and inventory. These are summarized

below:

a) Level and control devices were modified to provide top mounting
on various tanks and vessels.

b) The two full-capacity condensate filters were replaced by three
half-capacity filters to reduce D2 0 inventory.

c) The condensate system was rearranged to bypass the air ejector

and gland steam condenser, reducing D20 holdup. These devices
are now cooled with service water.

d) Rearrangement of piping and deletion of miscellaneous non-

essential valves in the system.

D20 Inventory

The D20 inventory was reduced from 191 metric tons to 166 metric tons.

The reduction is attributed primarily to reductions in the D2 0 in the
coolant recirculation loop, including the steam drums.

A summary of the estimated investment and the annual capital and

operating costs of the oxide fueled plant is presented in Table 2.1-I.
The total investment for construction includes 10% for contingencies,

12% for escalation, and $7,900,000 for top charges. On this basis, an
investment of $35,900,000 is required for the plant and equipment. In

addition, an investment of $10,200,000 is required for the heavy water
inventory, which is estimated to amount to 166 metric tons. The total

investment is estimated to be $46,100,000.

A comparison of the foregoing figures with the original cost estimate

for the prototype plant, as reported in SL-1581, Volume I,
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TABLE 2.1-I

CAPITAL AND OPERATING COSTS FOR 70 MWe, BOILING D20, PROTOTYPE PLANT
ANNUAL GENERATION: 484 x 10 KWH AT 0.8 L.F.

Fuel Material Natural U02

Design Burnup, MWD/metric ton-U 6100

Refueling Scheme 5-Zone Outward Radial Shift with Inversion

Invest. Annual Cost

$106 $106/yr.

Investment

Reactor plant 21.3 3.0

Turbine plant 14.1 1.9
Miscellaneous buildings and equipment 0.5 0.1

Subtotal 35.9 5.0

D20 inventory 10.2 1.3
Total investment 46.1 6.3

Operation and Maintenance
Fuel

Inventory 0.1
Non-nuclear inventory 0.2

Replacement 1.3

Total fuel costs 1.6

Heavy water make-up 0.2

Operating payroll 0.4

Maintenance labor and material 0.2

Supplies 0.1

Insurance 0.2

Total operation and maintenance 2.7

Total Capital and Operating Costs 9.0
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indicates a reduction in both capital and operating costs. The cost

estimates for both cases are summarized in Table 2.1-II. The design

modifications developed in the study have resulted in a reduction of

approximately $1,510,000 in direct construction costs. This reduction

with attendant decreases in indirect costs and a reduction in D2 0
inventory of about $1,600,000, results in an overall decrease in

capital investment of about $3,800,000.

2.2 BOILING D20 DIRECT CYCLE PLANT USING REHEAT

Studies of five alternate methods of using reactor steam and turbine

extraction steam in a reheat cycle have shown that, for the 200 MWe

boiling D2 0, direct cycle plant, four of the five arrangements result

in an increase in the estimated cost per kilowatt-hour. These increases

are attributed to various combinations of increased capital cost and

decreased efficiency.

Two of the five cycles approach the power cost associated with the non-

reheat cycle. These are:

a) Two stage reheat, with a moisture removal stage preceding the

first stage, and a TCDF-38 in., 1800 rpm turbine.

b) Two stage reheat, with a moisture removal stage preceding the

first stage, with a TC4F-23 in., 3600 rpm turbine.

Economic analyses of these cycles, with the nonreheat cycle as a base,

indicate that cycle (a) would yield an increased power cost of about
0.1 mill/kwh. Cycle (b) is estimated to give a net reduction in esti-
mated power cost of about 0.042 mills/kwh.

2.3 ALTERNATE HEAT DISSIPATION

A study was conducted to evaluate the economy of using a dual
sipating system in the boiling direct cycle prototype plant.

would provide for the generation of 25 MWe net in lieu of the
presently envisaged, with the excess reactor power dissipated
circulating water cooled heat sink.

energy dis-

The design
70 MWe as
through a

If it is assumed that a credit of 6 mills/kwh is applied to the net
electric power produced when the plant is operated at an 0.8 load factor,
then the two plants may be compared, on the basis of net annual expendi-
ture, as follows:

70 MWe Prototype

25 MWe-Heat

Sink Prototype

Ann. Plant Capital & Operating Cost,
$106 /yr.

Ann. Generation at 0.8 L.F., kwh
Ann. Income from Sale of Power at

6 mills/kwh, $10 6 /yr.
Net Ann. Cost of Plant, $106 /yr.

8.955
484 x 108

2.904
6.051

-8-
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TABLE 2.1-II

COMPARISON OF ESTIMATED CAPITAL COSTS
PROTOTYPE BOILING D20 PRESSURE TUBE DIRECT CYCLE PLANT

Item

Direct Construction

Indirect Costs

Total Construction Cost

DaO Inventory

Total Capital Investment

Estimated

Original
Prototype

$23,164,235

14,872,765

$38,037,000

11,802 ,000

$49,839,000

Capital Costs

Improved
Prototype

$21,653,990

14,225,010

$35,879,000

10,200,000

$46,079,000
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2.4 PRESSURIZED D2 0 COOLED PROTOTYPE PLANTS

Based upon reactor designs prepared by du Pont, 70 MWe prototype plants
were designed and estimated for the pressurized D2 0 cooled, pressure
vessel and pressure tube concept. The reactors are both fueled with
metallic natural uranium and, as such, do not necessarily represent a
minimum size plant for operation on this fuel. The 70 MWe size was
selected to make the cost estimates for the liquid cooled plants com-
parable to the building D2 0 prototype. A summary of the estimated costs
for both pressurized D2 0 cooled prototype plants is presented in Table
2.4-I.
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TABLE 2.4-I
SUMMARY OF CAPITAL AND OPERATING COSTS FOR

70 MWe PRESSURIZED D2 0 COOLED PROTOTYPE PLANTS

Plant and Fuel
Avg. Design Fuel
Burnup, MWD/MTU

Refueling Scheme

Pressure Vessel, Metal Fuel
3600

100% Batch

Invest. Annual Cost

$106 $106/yr.

Pressure Tube, Metal Fuel
3800

100% Batch

Invest. Annual Cost
$106 $10 6/yr.

Investment
Reactor Plant
Turbine Plant

Misc. Buildings
& Equipment
D2 0 Inventory

TOTAL

Operating Costs
Fuel Cost
D2 0 Make-up
Operating, Maint. &
Insurance

TOTAL

TOTAL OPERATING &
MAINTENANCE

19.6
14.6

0.5
7.6

42.3

20.7
14.1

0.5
7.5

42.8

2.7
2. 1

0.1
0.9
5.8

1.5
0.1

0.9
2.5

2.9
2.0

0.1
0.9
5.9

1.4
0.1

0.9
2.4

8.3 8.3
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3.0 EVALUATION OF D20 MODERATED POWER REACTOR CYCLES

The principal aim of the studies presented in this report is two-fold:
first, to bring the power cost estimates for the family of D20 cooled and

moderated power reactor plants to a common basis representative of their
current economic status, and second, to report theresults of current
studies which have a direct influence on these costs through plant design

variation. Two major classes of reactors, boiling D2 0 cooled, direct cycle and
liquid cooled,indirect cycle, were considered for sizes of 70 MWe, 200 MWe
and 300 MWe. In addition, cost estimates for each of these plants were
prepared based on operation using either natural uranium metal or natural
uranium oxide fuel.

Du Pont, Sargent & Lundy and Nuclear Development Corp. of America have
prepared, over the past several years, a number of cost estimates for
D2 0 moderated and cooled power reactor plants covering a spectrum of
capacities from 70 MWe to 460 MWe. The du Pont estimates centered
principally on plants using metallic uranium fuels, while those of
Sargent & Lundy were for plants fueled with natural U02 .

The cost estimates reported below include effects resulting from studies
currently being conducted and are therefore complimentary to the economic
data reported in References (1), (2), (3) and (7).

3.1 BASIS OF COST ESTIMATES

Cost estimates for both metal fueled and oxide fueled plants have been
prepared in order to place all cost data on a common base. Except for
reactor operating pressures and coolant temperatures, which were adjusted
to correspond to those used by SL-NDA for the oxide fueled plants, the
reactor arrangements and design parameters for the metal fueled plants
agree with those prepared by du Pont. The estimates for the U02 fueled
plants, except for capacity, are based on designs that are similar to
those reported previously by Sargent & Lundy.

All of the power costs presented are based on the following:

1. Plant Load Factor, 0.8

2. Fixed Charges for Depreciating Items, 14%/Yr

3. Fixed Charges for D20 Inventory, 12.5%/Yr

4. Fixed Charges for Fuel Fabrication, 12%/Yr

5. Uranium Use Charge, 4%/Yr

6. D2 0 Cost, $28/Lb

The oxide fueled plant estimates were prepared on the basis of designs

-12-



similar, except for capacity, to those reported previously in Reports

SL-1565 and SL-1565, Addendum 1, as Concepts 1, 2 and 3A. The metallic
fueled reactor designs are similar to those prepared by du Pont in 1957
and 1958 and have been reported in DP-385.

Those plant designs for which cost estimates were prepared, but which had

not been reported previously; e.g., the 300 MWe oxide and metal fueled
plants, are described below. Appropriate references are made to those

designs which have been reported previously by SL-NDA. For brevity,

general arrangement drawings for the latter plants have been omitted;

however, any changes in the original designs resulting from current work

are discussed and appropriate adjustments in the cost estimates have been
included.

In each case, the reactor designs are those of NDA and du Pont for the

oxide fueled and metal fueled units respectively. Accordingly, the costs

for these reactors are those estimated by NDA and du Pont. All other
costs were prepared according to Sargent & Lundy's estimating practices.

Some of the important design differences between the metal fueled pressure
tube reactors and the oxide fueled pressure tube reactors, as designed by

du Pont and NDA respectively, are the design stresses for Zr-2 and the
pressure tube arrangements. The metal fueled reactors employ insulated
pressure tubes which pass through a stainless steel tank while the oxide

fueled units use an aluminum calandria with air gap insulation between

the moderator and coolant D20.

One exception to the above is that the design of the 70 MWe, pressurized

D2 0 cooled, pressure tube prototype reactor includes a calandria with air

gap insulation. Accordingly, the cost estimate for this reactor was

developed on the same basis as the oxide fueled boiling D2 0 cooled unit.

3.2 FUEL CYCLES

Two fuel materials are considered for each of the full scale plant designs:

natural uranium metal and natural uranium oxide. Each of these are being

developed as fuel materials for power producing D2 0 reactors, and each

are characterized by specific advantages and uncertainties which merit

their consideration. The current status of each of the fuel materials is
discussed in DP-480, and is summarized below:

1. U02 is an acceptable power reactor fuel as demonstrated by its
successful use in PWR and elsewhere; however, it is currently

associated with high fabrication costs. U0 2 has good dimensional

stability under irradiation and is resistant to attack by D20.

2. U-metal reacts with D2 0 but has a potentially lower fabrication cost

and provides higher nuclear reactivity. It is unknown at present

whether or not uranium metal fuels can attain burnups at power reactor

conditions which yield low fuel costs.
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The form of the fuels considered for the designs reported here are:

1. U02 - 0.5 in O.D. pellets loaded in 0.025 in. thick Zr-2 tubes.
These rods are assembled in 37-rod clusters and each final fuel
element is composed of two pieces loaded in tandem. This permits
axial inversion of the two elements and enhances the reactivity
limited exposure of U0 2 . For each of the U02 fueled, full scale
plants, a 4-zone radial shift with axial inversion fuel cycling
scheme has been considered. The boiling prototype uses a 5 radial
zone scheme to increase the average available reactivity in the
minimum size unit for natural U02 operation.

2. Metallic-U or U-2 w/o Zr coextruded with Zr-2 cladding in the shape
of tubes. The liquid cooled reactors have a concentric fuel tubes
at each lattice position with coolant flowing inside and outside the
tube. Each of the metal fueled reactor fuel costs have been computed
on the basis of burnups corresponding to a 100% batch reloading
scheme. At present, the maximum burnup attainable with U-metal fuels
is unknown; the maximum experienced to date being about 1200
MWD/Metric Ton-U under power reactor conditions. The burnups
calculated for each design could be increased by employing fuel
management schemes similar to those used with U02 and would be
accompanied by significant decreases in fuel cost.

The basis upon which the fuel costs were computed are given in
Table 3.2-I.
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TABLE 3.2-I

BASIS FOR NATURAL U-METAL
AND NATURAL U02 FUEL COSTS

1.

2.

3.

Fuel Cost, $/kg-U

Spent Fuel Value

Reprocessing Cost

4. Total Spent Fuel Shipping Cost, $/kg-U

5. Pu Credit, $/gm total Pu

6. Conversion of PuNO3 to Metal, $/gm

7. Fuel Fabrication Cost, $/kg-U
exclusive of Fuel, incl. losses

8. Fuel Inventory Lease Charge, %/Yr

9. Non-Nuclear; i.e. Fabrication,
Inventory Charge, %/Yr

10. Fuel Management Scheme

U02  U-Metal

40.50 40.50

AEC Price Schedule

$15,300/day for plant
with 1 ton/day capacity

5.00 5.00

12.00 12.00

1.50 1.50

64.05

4

12

Multizone

25.00

4

12

100% Batch
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4.0 BOILING D2O COOLED REACTOR PLANTS

Since last reported in SL-1581, the 70 MWe, boiling D20 cooled, direct
cycle prototype plant design has undergone substantial revision which

has resulted in capital cost reductions. In addition, alternate cycles,
for both the full scale and prototype plants, have been investigated

with the purpose of evaluating their economic merit. The results of

these studies together with the back up data for the full scale plant

cost estimates presented in DP-480 are given in this section.

4.1 PROTOTYPE 70 MWe PLANT

The boiling D20, direct cycle plant, considered in this analysis is

basically similar to the plant described in SL-1581, dated February 28,
1959. It includes a pressure tube reactor, with a cold moderator, and

uses natural uranium oxide as fuel. The D2 0 steam generated in the core

is utilized in a direct cycle to drive a 70 MWe turbine generator.

Since the publication of SL-1581 studies of the prototype plant have been

conducted for purposes of reducing the investment and operating costs of

the plant. These studies were concerned with analysis of the systems to

reduce equipment and D20 inventory costs, and rearrangement of equipment

in the buildings to simplify construction and reduce construction costs.

The changes have been incorporated in the plant design presented herein,
and the modifications are reflected in the cost estimates.

4.1.1 PLANT DESCRIPTION

The performance characteristics of the plant are summarized in Table
4.1.1-I. The reactor generates D20 steam at 795 psia 515 F, which is
separated from the coolant in a pair of steam drums and flows directly

to the turbine at a rate of 1.06 x 106 1b/hr. to produce a net output of

69.1 MWe. A diagram of the plant cycle and its major auxiliaries is

shown on the composite flow diagram, Dwg. NP-302.

REACTOR

The reactor consists of a low pressure aluminum calandria which contains

cold D2 0 moderator. The calandria is pierced by vertical aluminum

calandria tubes arranged in an equilateral triangular lattice array with
a pitch of 11.1 in. Zr-2 pressure tubes, passing through the calandria

tubes, contain the boiling D20 coolant and fuel elements.

The coolant and moderator are separated in order to provide insulation
for the low temperature moderator. A separate moderator cooling system

is provided, and the air filled annulus between each pressure tube and

the corresponding calandria tube provides thermal insulation between

the coolant and the moderator in the reactor. Approximately 7% of the

reactor power is deposited in the moderator. The moderator cooling

system is designed to remove this heat and maintain an average

moderator temperature of 120 F.
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TABLE 4.1.1-I
SUMMARY OF PROTOTYPE REACTOR CHARACTERISTICS

Prototype
Cycle Performance

Total thermal power, MW
Net plant output, MWe

Net plant efficiency, %7
Turbine Conditions

Throttle temperature, F
Throttle pressure, psia
Steam flow at throttle, lb/hr.
Steam flow from steam drum, lb/hr.
Condenser pressure, in. Hg. A.

510
765
1.059 x ld
1.06 x 1&

1.5

Reactor Description

Core geometry

Active diameter, ft.
Active height, ft.

Lattice arrangement

12.0
11.1
equilaterial
triangular

11.1
152

Lattice pitch spacing, in.

Total number of lattice positions

Fuel elements

Type of element
Fuel material
Number of fuel elements
Number of fuel elements per
fueled lattice position

Clad-material
Fuel rod OD, in.
Clad thickness, nominal, in.

Fuel element length, nominal, ft.

Control rods
Number of safety rods
Number of shim rods

Number of regulating rods
Calandria

ID, ft.
Overall height, basic tank, ft.

Number of tubes, total
Tubes, OD, in.

Fuel
Control

Safety rods

Tube sheet thickness, in.

Material

cluster

natural

266

of rods
UQ2

2
Zr -2
0.552
0.025
5.55

19
17
2

16
16'-1-1/4"
171

5.875
4.875
2.5
3
5052-0 Al
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TABLE 4.1.1-I (Cont.)
Prototype

Reflector

Material
D2 0 volume in reflector, ft. 3

Pressure tubes

OD, in.

Wall thickness, in.
Material

Annulus between calandria tube

and pressure tube
Material

Thickness, in.
Material inventories

U02 , metric tons
Uranium, metric tons

Reactor D 0 metric tons
Externalcoolant system D20, metric tons

External moderator system D2 0, metric tons

Other plant D20, metric tons
Plant D20, metric tons s

Thermal Characteristics of Reactor

Limiting condition

Maximum heat flux, Btu/hr. -ft. 2

Maximum clad temperature
(inside surface), F

Power to coolant, MWt

Coolant flow rate through core,
lb/hr.

Coolant inlet temperature, F
Coolant outlet temperature, F
Coolant inlet pressure, psia

Steam quality at core outlet, %

Liquid velocity at core inlet,

max., ft/sec.
Power to moderator, MWt

Average moderator temperature, F

Nuclear Characteristics of Reactor

Effective multiplication factor,

keff (equilibrium Xe and Sm - hot)
Xe and Sm poisoning, bk/k

Initial conversion ratio (ICR)
Lattice properties (hot)

a. Infinite multiplication
factor, koo 2

b. Migration area, M 2, cm2
c. Material buckling,Bm2 , cm-2

D2 0
1655

4.974
0.162
Zr-2

air

3/8 nominal

19.7
17.3
95.7
51.4
13.9
5.0
166.0

4000 F at center

of UO2pellet
2.4 x 105

606
237

7.54 x 108
499
516
820
14

8
18
120

1.01
0.03
0.85

1.067
342
1.8 x 10-
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TABLE 4.1.1-I (Cont).

Geometric buckling, B 2 cm-2
Neutron leakage, (B2M
Average thermal neutron flux in

fuel, n/cm -sec.
Maximum thermal neutron flux in

fuel, n/cm 2 -sec.

Prototype

1.6 x 10 ~4
0.056

6.4 x 1013

1.52 x 10
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Coolant D20 enters a header system below the reactor, passes up through
the pressure tubes, where boiling occurs, and flows through a header
system above the reactor to a pair of steam drums. Dry and saturated

steam from the drums is delivered to the turbine, while the liquid D20

is recirculated from the steam drums to the reactor inlet header.

Reactor control is effected by 17 shim and two regulating rods which are
driven from below the reactor. Emergency shutdown is achieved by the

release of 19 safety rods, which are latched above the core and fall by
gravity into the core when released. As a backup for the safety rods, the
moderator D20 may be drained through quick opening valves to the moderator
storage tanks.

Off power refuelling is accomplished from above the reactor, by a remotely
operated fuel handling machine located in a shielded room. The machine
removes plugs on the pressure tube extension to gain access to the fuel

elements.

Fuel Elements

The fuel elements consist of natural UO2 pellets in Zr-2 rods, arranged in

clusters of 37 rods, with an overall length of 5.5 ft. Two fuel elements
occupy each lattice position in tandem. This arrangement improves the
reactivity limited burnup by making it possible to interchange the relative
vertical positions of the two elements after partial burnup has occurred.
A total of 266 fuel elements, with 17.3 metric tons of natural uranium,
are required for the 133 fuel positions.

Turbine Plant

Dry and saturated D20 steam generated in the reactor is utilized in a
turbine located in a separate building. Under design conditions, the
turbine-generator gross output is 73.6 MWe at a condenser pressure of
1.5 in. HgA. Four stages of feed water heating produce a final feed water
temperature of 387 F. As shown on the composite flow diagram, the feed

water returns to the steam drums, where it mixes with the recirculating
reactor coolant, and the subcooled mixture is returned to the reactor

inlet header. The net plant efficiency is 27%.
The turbine is a nominal 70 MWe, 3600 rpm, tandem compound, triple flow
extraction steam turbine, equipped with special seals to minimize D2 0
leakage losses.

A two-pass, double tube sheet design condenser is used. The tubes are

fabricated of aluminum alloy.

The condensate and feed water pumps are fitted with special gland seals,
designed to limit and collect any D2 0 leakage.
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Auxiliary Systems

The auxiliary systems, consisting of the moderator cooling system,
moderator and coolant purification systems, shield cooling system, service
and circulating water systems, waste disposal system, D20 recovery system,
D2 0 distillation system, and the recombiner and off-gas systems, are

described in detail in SL-1581, Vol. I.

Buildings

The reactor, steam drums and reactor auxiliaries are housed in a cylindrical
steel containment building, as shown in Dwgs. NP-415 through NP-420. The
turbine-generator, condenser, feed water auxiliaries and electrical
auxiliaries are located in a conventional steel-frame building, adjacent

to the reactor building and joined to the reactor building by a double-door
airlock. The offices, control room, shops, locker rooms and laboratories
are located in the office building, which adjoins the turbine building.
The arrangement of these buildings is indicated on Dwg. NP-424.

Design Improvements

During the course of the studies, the design of the system and the arrangement
of the equipment in the buildings was modified to reduce equipment and D20
inventory costs, simplify construction and reduce building costs. The
results of these investigations are summarized below.

Reactor Arrangement

a. The reactor inlet header arrangement in the lower header room was
modified to replace the previous pigtail and riser system with a cross
core headering system.

b. The feed water from the last feed water heater was returned to the

steam drums instead of mixing with the reactor recirculating coolant

at the lower header. This arrangement subcools the recirculating

primary coolant on the suction side of the recirculating pumps by 17 F,
thereby increasing the NPSH of the pumps. Cost reductions result from
(1) the use of pumps with higher NPSH and (2) through the use of a
higher fluid velocity in the downcomer, with attendant reduction in
D20 inventory. In addition, an improvement in the arrangement of the

concrete structure was effected by being able to place the recirculat-

ing pumps at a higher elevation relative to the steam drums.
c. By replacing the vertical direct connected pumps originally specified

for the prototype with horizontal, fluid drive coupled pumps, a reduction
in pump horsepower was achieved. This follows from elimination of the

control valves in the recirculation system. The use of horizontal pumps
also allows a more economical arrangement of the recirculating piping

and a decrease in D2 0 inventory in this piping.
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The revised arrangement of the reactor system is shown on the reactor

building Dwgs. NP-415 through NP-420.

Containment Building

In addition to reducing D20 inventory, pumping and piping costs, the
rearrangement of the reactor recirculating system allowed reductions in
the size of the containment building. Dwgs. NP-415 through NP-420 show
the revised reactor building, which is 108 ft. in diameter and 166 ft. in
height, and designed for an internal pressure of 25.8 psia. The original
prototype building was 125 ft. in diameter, 178 ft. high, and designed for
a pressure of 22.5 psia.

The principal access, emergency exit and freight doors are similar to the
original prototype design. As in the previous design, the main floor is
located 79 ft. above grade and provides access to the upper header room,
as shown on Dwg. NP-415. A 50 ton crane with an auxiliary hook capacity
of 5 tons serves the reactor and the area between equipment hatches. The
reduction in overall height of the building was effected by raising the
moderator circulating pumps and moderator cooler. The coolant storage
tanks and moderator D20 storage tanks were also raised to areas at the
lower level of the building which were not crowded with equipment. In
addition, the lower header room height was reduced as a result of redesign
of the lower header and piping connections to the reactor coolant tubes
as previously described. See Dwgs. NP-418 and NP-419.

The relocation of equipment also permitted a reduction in the length of
large size piping, with a corresponding reduction in D20 inventory.

The reduction in diameter of the containment vessel was effected partly
by placing the reactor circulation pumps on opposite sides of the calandria

as shown on Dwg. NP-416, and partly by placing the moderator cooler at

nearly the same elevation as that of the reactor circulating pumps. Then
by shifting the spaces for purification equipment and other auxiliary equip-
ment it was possible to reduce the diameter of the containment vessel and

still maintain the desired features of accessibility for operation,

maintenance, and removal of equipment.

The elevation of the spent fuel transfer tunnel was raised 11 ft. from that

shown on the original design as a result of reducing the depth of the

reactor building below grade. The reactor recirculation pumps were

relocated to an elevation 3 ft.-6 in. below the steam drum (from centerline

to centerline) whereas the original prototype had the pumps 42 ft. below
the drum centerline. This location is consistent with the studies reported
on Recirculation System Economics in Report SL-1653, whereby the optimum

location regarding total annual costs and operating considerations would be

to place the pumps approximately 30 feet below the steam drums.
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In addition, the pumps are now indicated as horizontal type driven by an
electric motor through a fluid drive speed control mechanism. The original
prototype had vertical pumps direct connected to a vertical motor with pump

output controlled by a regulating valve at the discharge of each pump.

Utilizing horizontal pumps with variable speed fluid drives, eliminates
expensive high pressure control valves, eliminates high friction losses
through the valve thereby reducing pumping power and motor size; and
allows more economical piping arrangements to and from the pump. The pump
location is shown on Dwgs. NP-416 and NP-420.

Turbine Building

The turbine building was reduced in size to 75 ft. by 105 ft. at the
operating floor, as indicated on drawing NP-424, from 85 ft. by 110 ft. as
indicated on drawings of the original design. A one story bay, 20 ft. wide,
adjoins the turbine room, as in the original prototype design, to provide
condenser tube pulling space, compressors, pumps, and water clarifying and

demineralizing equipment.

The operating floor of the turbine room is 30 ft. above grade floor and
is 5 ft. lower than that on the original prototype. The overall height of
the building from grade floor to the top of the roof is 73 ft.-6 in., which
is 9 ft. lower than on the original building.

The turbine room crane is 75 ft. long compared to an original length of
85 ft., and the capacity of the main hook has been reduced to 30 tons from
an original capacity of 50 tons. The reduced capacity of the crane is
still ample to handle the generator rotor and other auxiliaries such as
feed water heaters and any heavy items entering the reactor plant from the
turbine room.

All feed water heaters have been made vertical type; heater "A" was

previously a horizontal type. With the main condenser placed considerably
lower than that of the original design, a vertical low pressure heater is

feasible, reducing space requirements and the length of piping. In addition,
lowering the condenser to place the hotwell below the basement floor provides
natural shielding for this portion of the equipment. Space is provided

for concrete shielding as may be found desirable later.

The condenser hotwell pumps were placed at the side of the condenser hotwell
instead of next to the condenser return water box as in the original design.

The circulating water inlets and outlets at the condenser were revised

from that previously shown.

The turbine oil precipitation tank and purifying equipment were located in

a separate room in front of the turbine and just below the basement floor.

This room, at the lowest level in the turbine room proper, also contains

the miscellaneous D20 drain tank and pump.
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The turbine-generator is provided with a separate motor driven main
exciter whereas the exciter was direct connected on the original prototype.
This change enabled a reduction in the length of the turbine foundation by
approximately 7 ft., thus permitting a reduction in the length of the
turbine building.

Water clarifying equipment was located in the basement in the 20 ft. bay
with its accompanying filters. The water storage tank for the effluent
from this equipment has a capacity of 15,000 gals. and is located on the
roof of the bay attached to the turbine room.

The studies of exhaust ventilation requirements to maintain minimum
tritium concentrations indicate that two 8,000 cfm fans are adequate for
the turbine room. These fans are located on the mezzanine floor at the
end of the building to permit a short run of discharge duct to the stack.

The arrangement of the main, auxiliary, and reserve auxiliary transformers
was revised to permit the extension of the railroad track directly into
the turbine room basement. This facilitates erection of the plant, and
simplifies the transfer of heavy equipment such as generator rotor or
feed water heaters into and out of the building after the plant is in
operation.

The exterior walls of the turbine building are now of insulated aluminum
panel instead of uninsulated corrugated cement asbestos panels.
Considerable savings in heating requirements plus reduction in heating
boiler capacity and fuel oil storage requirements are a result of this
change. In addition, a tighter enclosure is provided as well as the
elimination of the undesirable feature of occasional "sweating" of inside
surfaces with uninsulated cement asbestos panel. The modified heating
requirements are described in a later section.

Office Building

The office building adjoins the turbine building and is subdivided into
a 26 ft. wide control room section and a 33'-6" wide office section as
indicated on earlier prototype drawings. However, the overall length was
reduced from 120 ft. to 115 ft. by reducing the length of the control

room section from 56 ft. to 51 ft.

The office section has only one mezzanine floor as compared with two
mezzanine floors on the original prototype. The operating superintendent's

office was relocated to a corner in the turbine room adjacent to the control
room. By eliminating the meeting room, relocating the laboratories, and
reducing hallway space to a workable minimum, it was possible to provide for
the remaining rooms even though one mezzanine floor was eliminated in the
office section.

In the control room section, the 2400 volt switchgear was relocated to the
basement floor from its previous location on the mezzanine. The mezzanine
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in this section is used for the 480 volt switchgear, batteries and charging
equipment, and amplifying equipment associated with instruments in the
control room above.

The 480 volt transformer was located outdoors at grade level and in line
with the 2400 volt switchgear. The diesel driven generator was moved to
the turbine room basement, adjacent to the room housing the 2400 volt

switchgear.

The exterior walls of the office building have insulated aluminum panels
instead of uninsulated corrugated cement asbestos panels. This panelling

reduces the heating requirements during the heating season, and also reduces
the air conditioning load during the summer season, thereby reducing costs
of equipment and distribution ductwork as well as space requirements for
both. Interior walls and partitions are unchanged from the original
prototype.

Crib House

An outdoor type of crib house structure is provided as indicated on Dwgs.
NP-426 and NP-428. The length is now roughly 43 ft. as compared to a
length of 52 ft. on the original prototype design. The pump compartment is
29 ft. wide as compared to an original width of 35 ft. The seal well was
relocated to the side of the pump compartment, providing a floor for the
chlorination equipment. Additional floor space for small equipment was
provided by cantilever floors.

The height of the main floor was reduced to 24 ft. from the bottom slab of
the crib house, compared to an average of 33 ft. on the original prototype
design. All pumps and equipment are located on the main floor reducing

overall lengths of service water pumps and travelling screen by approximately

8 ft. In addition, some of the interior walls were eliminated as they are

no longer required for strength and stability because of reducing the height
of the structure.

To permit utilizing an outdoor crib house the motors for the various pumps

are outdoor weather protected type. Piping which does not have continuous

water flow is traced with electrical heating cable to avoid freezing of

lines during periods of cold weather. The additional costs for weather
protection are accounted for in the capital cost estimate.

Waste Disposal Building

The size of this building, as indicated on Dwg. NP-421, was reduced to

42 ft. 6 in. wide by 47 ft. long from 42 ft. wide by 57 ft. long. The
reduction in size was made principally by moving the 5000 gal. acid storage

tank and the alpha-cellulose fill tank from the basement to the main floor

and re-arrangement of other equipment and stairways.
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The arrangement of buried equipment adjacent to the building, such as the

permanent resin storage tank, solid waste burial pit, and radioactive gas
hold-up tanks, are unchanged from that in the original prototype design.

Fuel Handling Building

This building, as shown on Dwg. NP-421, is about 3 ft. shorter than that

on the original prototype design, because the bottom of the reactor building

was raised 11 ft. the spent fuel transfer tunnel has been raised by the
same amount. The rest of the elevations were not changed, and the storage
pool size and depth is unaffected.

Revised Heating Requirements

The provision of insulated aluminum panels in the turbine room as well as

for the office building permits a reduction in the capacity of the heating

boiler from 8600 lbs. per hour to 5200 lb/hr. The capacity of the boiler
is based on heating the office building to 75 F and the turbine building to

65 F when the outdoor temperature is 20 F. The heating load for the

buildings under these conditions is 892,000 Btu/hr. as compared to

1,952,000 Btu/hr. for buildings with corrugated cement asbestos walls as
specified for the original prototype plant.

The total annual fuel oil consumption for the plant, including that

required for steam used in the distillation plant, is estimated to be
84,380 gals. This can be handled adequately with only one 50,000 gal.
capacity storage tank, consequently the second tank as indicated on the
original prototype drawings has been omitted.

Control and Instrumentation

The evaluation of the control and instrumentation for the prototype heavy

water moderated reactor has led to an alternate design incorporating

recently developed components which are now available commercially. The

following description covers the features of the alternate design which is

shown on the nuclear instrument block diagram, Dwg. NP-495.

The start-up channels and the log N Channels have been integrated to give

low period and high period signals which use a common period meter and

recorder. This provides period information at one instrument.

Short period signals during reactor start up are introduced into time

delay circuits which delay scramming if erratic signals are received.

Scramming of the reactor on low level short period signals is varied with

the time delay circuit so that the scram is practically instantaneous as

the period approaches a positive value of one second.

High level short period scram signals derived from the log N channels do

not have any time delay trip circuit and therefore scram instantaneously

on short period signals.
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Each of the above period scram circuits incorporates individual alarm
signals and hand-reset relays. This arrangement gives the operator visual
indication of a scram and control of the reset function after determining
the cause of the scram.

To further insure reliability of the instrumentation channels, test circuits
are incorporated in each of the channels so that a system of routine
channel checking is available.

The integration of low and high level period tripping permits further
consolidation of meters and recorders by the use of selector switches and
the transferring of signals by relay to the recorders.

The start-up channels use boron lined proportional counters, filled with
argon and carbon dioxide gas, for detectors. These detectors have been
developed to resist radiation damage at powerflux levels. This type of
proportional counter permits the motor operated detector positioners to
be omitted. This arrangement simplifies the start-up channel detector
installation and reduces potential outages due to failure of the motor
operated positioners.

The development of transistorized circuits for many of the earlier electron
tube circuits has reduced the space requirements for the reactor control
and indicating circuits. Several manufacturers now have complete reactor
instrumentation systems incorporated into a single cubicle. The circuits
have been transistorized and developed in modulus systems, resulting in
compact designs.

It is possible to place such a cubicle in the control room without any
appreciable increase in space requirements. In addition, the extensive

transistorization of the electronic circuits in the instrumentation

cubicle minimizes heat removal problems.

This centralization of reactor instrumentation provides a means of
monitoring the instruments and channels easily without leaving the control
room. The use of drawout type modules facilitates removal and testing of

malfunctioning components.

Safety Rod Position Indication

Various methods of determining the safety rod positions were reviewed.

In general, a signal should be initiated as the safety rod reaches its
extreme upper position. This signal is used to limit the upward travel,
to give the operator visual indication of the rod's position, and to
provide interlocks with other reactor functions.

The methods of obtaining a signal fall into four general groups:

1. Mechanically actuated switches
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2. Magnetically actuated switches

3. Capacitive probes

4. Inductive probes

It has been concluded that the magnetically actuated switch is the most
suitable for this application. This conclusion is supported by the
following considerations:

a. Although the operation of the magnetic switch requires a movement of

the actuator, it presents no problem since the number of operations
required will be limited. This method of detection is consistently
applied to important measurements in conventional power plants and is
considered to be reliable. The direct translation of actuation into
a usable signal is considered to be more advantageous than proximity
probes, which develope minute signals that must be electronically
amplified.

b. The magnetic switch is simple to install since it does not require
penetration of the safety rod tube. Any penetration of the tube
would be a potential source of D20 leakage. Mechanically actuated
switches are least desirable from this viewpoint. In comparing the
magnetic switch with the proximity probe, it is evident that, although
the probes are static devices which may be easily adapted to this
particular application, they would be more costly to install because of
the use of coaxial cables which require cable termination fittings.

c. The magnetic switch and the mechanically actuated switch provide the
simplest overall system of position indication. The proximity probe
signals would have to be amplified electronically, which would add
considerably to the complexity of the system, and potentially reduce
its reliability.

4.1.2 ESTIMATED COSTS

Estimates of the capital and operating costs were prepared for the
revised prototype plant.

Heavy Water Costs

The revised inventory of heavy water for the prototype plant was
determined for the reduced physical size of reactor and turbine plants
and is treated as an investment cost as was done for the original
prototype design.
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The breakdown of this investment in the various sections of the plant
as compared to the original plant is as follows:

Original Revised
Prototype Prototype
Metric Tons Investment Metric Tons Investments

Reactor 103.4 $6,369,000 95.7 $5,909,000

External Cooling System 63.2 3,893,000 51.4 3,173,000

External Moderator System 13.0 801,000 13.9 858,000

Other 12.0 739,000 5.0 309,000

Total 191.6 $11,802,000 166.0 $10,249,000

The difference in inventory in the reactor is attributed to a lower
operating level established in the steam drums and to the change in design
of the lower headers and pigtails. The reduction in volume of D20 in the
external cooling system is the result of a reduction in pipe sizes in the
reactor recirculation system, the relocation of equipment and consequent
reduction in piping length in both the reactor plant and turbine plant,
and the revision of purification system equipment requirements. The
reduction in the miscellaneous D20 is the result of further study of the
holdup in the distillation plant, off-gas system, and miscellaneous D2 0
drains tanks in the reactor and turbine building.

Design and Construction Costs

The estimated costs of design and construction including material, labor,
Contractors' overhead, contingency, escalation, and engineering design are
summarized in Table 4.1.2-I. The estimated costs of the original prototype
are also listed for comparison. As indicated, the estimate includes 10%
contingency 12% escalation and $7,989,000 top charges. The total investment
required, exclusive of D20 inventory, is estimated to be $35,879,000.

In addition, an investment of $10,249,000 is required for the D20 inventory,
which is estimated to amount to 166 metric tons. Thus the total investment

required is $46,128,000, and compares to a figure of $49,839,000 for the
original prototype.

A summary of the estimated investment and the annual capital and operating

costs of the plant is presented in Table 4.1.2 - II.
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TABLE 4.1.2-I

SUMMARY OF ESTIMATED ENGINEERING AND CONSTRUCTION COSTS
PROTOTYPE 70 MWe BOILING D20 PRESSURE TUBE DIRECT CYCLE PLANT

Original
Prototype

Total

L - LAND $ 20,000

A - STRUCTURES
Ground Improvements 544,500

Reactor Plant 2,522,000
Turbine-Generator Building 794,500
Waste Disposal Building 210,500

Fuel Handling Building 305,000
D20 Distillation Structures 15,000

Circulating Water System

Structures 233,800

Miscellaneous Other Buildings 148,300
TOTAL STRUCTURES - "A" $4,763,600

B - EQUIPMENT

Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping
4. Instrumentation

TOTAL B-I

Turbine-Generator Plant
Crib House
D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

TOTAL EQUIPMENT - "B"

C - ELECTRICAL
Reactor Plant

Turbine-Generator Plant
Crib House
D2 0 Distillation Plant
Waste Disposal System
Fuel Handling Plant
TOTAL ELECTRICAL - "C"

6,735,500
595,375
672,500
101,000

$8,104,375

6,108,100
292,460
164,680
206,480

1,241,110
$16,117,205

701,580
1,323,800

11,000
5,600

11,100
7,400

$ 2,060,480

Revised

Prototype

Total

$ 20,000

544,500
2,009,900

720,000
210,500
215,000
15,000

187,000
148,300

$4,050,200

6,667,000
358,750
586,500
200,000

$7,812,250

5,903,120
255,500
136,680
206,480

1,241,110
$15,555,140

646,100
1,145,800

11,000
Incl. C-VI

11,100
11,700

$ 1,825,700
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TABLE 4.1.2-I (Cont.)

Original
Prototype
Total

D - MISCELLANEOUS EQUIPMENT
Health 127,250
Offices and Locker Rooms 10,000
Machine Shop and Store Room 64,500
Fire Protection 1,200

TOTAL MISCELLANEOUS EQUIPMENT -"D" $ 202,950

Sub-Total (L Plus A to D Inclusive) $23,164,235

E - CONTRACTOR'S OVERHEAD AND PROFIT $ 1,140,104

Sub-Total (L Plus A to E Inclusive) 24,304,339

F - CONTINGENCY - 10% 2,430,661

Sub-Total (L Plus A to F Inclusive) 26,735,000

G - ALLOWANCE FOR ESCALATION

(3 Years - 4% Per Year) - 12% 3,208,000

Sub-Total (L Plus A to G Inclusive) 29,943,000

H - TOP CHARGES
Professional Services
1. Reactor Design 3,350,000

2. Reactor and Turbine Systems and Plant 1,750,000

Other Charges (Purchasing, Field Supervi-

sion, Interest During Construction, Etc.)

- 10% 2,994,000_
TOTAL TOP CHARGES - "H" $ 8,094,000

TOTAL ESTIMATED COST $38,037,000

Revised
Prototype
Total

127,250
10,000
64,500
1,200

$ 202,950

$21,653,990

$ 1,056,000

22,709,990

2,271,010

24,981,000

3,000,000

27,981,000

3,350,000
1,750,000

2,798,000
$ 7,898,000

$35,879,000

NOTES:

1. Personnel training and preliminary operating expenses are not included.

2. D20 Inventory is not included.

-31-



TABLE 4.1.2-II

CAPITAL AND OPERATING COSTS FOR 70 MWe,
BOILING-D 2 0, PROTOTYPE PLANT

ANNUAL GENERATION: 484 x 0kwh at 0.8 L.F.

Fuel Material Natural UO2

Design Burnup, MWD/metric ton-U 6100

Refueling Scheme 5-Zone Outward Radial Shift with Inversion

Invest. Annual Cost
$106 $108/yr.

Investment

Reactor plant 21.3 3.0
Turbine plant 14.1 1.9
Miscellaneous buildings and
equipment 0.5 0.1
Subtotal 35.9 5.0

D2 0 inventory 10.2 1.3
Total investment 46.1 6.3

Operation and Maintenance

Fuel
Inventory 0.1
Nonnuclear inventory 0.2
Replacement 1.3

Total fuel costs 1.6
Heavy water make-up 0.2
Operating payroll 0.4
Maintenance labor and material 0.2
Supplies 0.1
Insurance 0.2

Total operation and maintenance 2.7

Total Capital and Operating Costs 9.
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The annual costs were calculated on the following basis:

Plant Load Factor 80%

Annual Fixed Charges on Plant 14%

Annual Fixed Charges on D20 12.5%

Annual Fixed Charges on Uranium 4.0%

Annual D20 Loss 2%

Fuel Burnup, MWD/metric ton-U 6100

Fuel Inventory in Core,

metric tons-U 17.3

On the foregoing basis, an estimated total annual cost of

$9,000,000 is indicated, which, with an annual generation of 484 x l0kwh,

amounts to 18.6 mills per kwh.
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4.2 FULL SCALE, BOILING D20, DIRECT CYCLE PLANTS

The full scale, boiling D20, pressure tube, direct cycle reactor plant
designs considered are basically similar to the 200 MWe unit reported as

Concept 3A in SL-1565, Addendum 1, dated March 20, 1959. Both the metal
and oxide fueled boiling plants are characterized by similar plant general
arrangements and, except for the reactors, have identical facilities for
units of the same capacity. The oxide fueled reactor design is that
referenced above. The metal fueled reactor design correspondsto that
prepared by du Pont and has been reported as the 1-K Series in DP-385.

4.2.1 PLANT DESIGN DESCRIPTIONS

Specific design characteristics for the 200 and 300 MWe boiling plants
fueled with natural uranium metal or natural uranium oxide are given

in table 4.2-I. General arrangement drawings for each of the boiling
D20 direct cycle plants appear as follows:

Drawing No. Plant

NS-700 200 MWe, Metal Fueled

NS-710 300 MWe, Metal Fueled

NS-720 300 MWe, Oxide Fueled

For general arrangements and more specific discussion of the concept,
reference is made to SL-1565 and Addendum 1 to SL-1565.

REACTOR

Each of the full scale reactors is similar in design and construction;
i.e.,they are natural uranium fueled, boiling D2 0 cooled, pressure tube,

cold moderator type. Specific design details for the 200 and 300 MWe
oxide and metal fueled units are given in Table 4.2-I.

The core consists of a calandria, containing cold D2 0 moderator, which
is penetrated by a number of tubes fastened to upper and lower tube
sheets. Zr-2 pressure tubes pass through the calandria tubes and are
used to house the fuel and contain the primary system pressure. Coolant
D2 0 enters the core at 498 F through a pigtail arrangement beneath the
reactor and passes up past the fuel where boiling occurs. Coolant
leaves the core at 515 F as a steam-water mixture at 14% quality and
flows to two steam drums through a headering system. In the drums,
saturated D20 steam at 795 psia is separated and sent to the turbine;
the remaining water is force-recirculated back to the lower header room
where it is mixed with 387 F turbine plant feed water before re-
entering the core.
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TABLE 4.2 -I

PLANT DESIGN CHARACTERISTICS FOR 200 and 300 MWe
BOILING D2 0, PRESSURE TUBE, DIRECT CYCLE REACTORS

Reactor Type

Nominal Plant Capacity, MWe

Fuel Material

Total Thermal Power, MW
Net Plant Power, MWe

Net Plant Efficiency, %7
Turbine Throttle Temperature, F
Turbine Throttle Pressure, psig

Condenser Pressure, in. Hg A

Reactor Core
Active diameter, ft.
Active height, ft.
Lattice geometry
Lattice pitch, in.
Number of fueled lattice positions

Number of control rods

Number of safety rods

Boiling-D2 0, Direct Cycle, Pressure Tube
200 300

U02 U-Metal U02 U-Metal

790.0
218.5
27.7
510
750
1.5

16.4
17.7

Triang.
11.1
268
19
19

790.0
218.5
27.7
510
750
1.5

13.1
15.0
Square
8.5
257
31
31

1075
300
27.9
510
750
1.5

18.6
20.0

Triang.

11.1
344
25
25

1075
300
27.9
510
750
1.5

15.5
15.0
Square
8.5
362
43
43

Reactor Vessel

Material
I.D., ft.
Height, ft.

Reflector
Radial and axial thickness, ft.

Calandria

Al SS
18.4 15.1
20.7 22.8

D 2 0 D 2 0
1.0 1.0

Calandria
Al SS
20.6 17.5
23.1 22.8

D20 D20
1.0 1.0

Pressure Tube Material

I.D., in.
Wall thickness, in.

Primary Coolant

Outlet temperature, F

Inlet temperature, F

Primary system pressure, psia

515 515
499 499
800 830

515 515
499 499
800 830

Maximum Core Heat Flux, Btu/hr-ft2 (nom.) 318,000 360,000 318,000 360,000

Fuel
Core loading, metric ton-U

Average design burnup, MWD/metric ton-U

Total D20 Inventory, metric tons

58.4 41.0
7500 4800

290 218

85.7 58.0
8500 5100

375 310
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The fueled lattice positions are assembled on a square and equilateral

triangular pitch of 8.5 and 11.1 inches for the metal and oxide fueled

reactors respectively. Control is effected by means of rods located in

lattice positions and entering from the bottom of the core. Separate

safety rods, located at off-lattice positions, provide negative

reactivity for reactor scram. In addition, each reactor has a backup

scram provision in the form of fast drain of the cold D20 moderator.

Moderator System

Heavy water moderator is maintained at an average temperature of 155 F

in the core of the full scale reactors by circulating the D2 0 through

an all-aluminum external moderator cooling system made up of a

circulating pump, service water cooled heat exchanger, and a bypass
purification system. The moderator fluid enters the calandria at 110 F

and flows down through a one foot thick reflector region. It then
passes up through the core and exits at 200 F. No attempt is made in

any of the present designs to recover the heat deposited in the

moderator.

Primary and Reactor Auxiliary Systems

Saturated D20 steam at 515 F is passed from the steam drums directly to

the turbine. Since all of the direct cycle turbines are supplied with

radioactive D20 steam, they are of special construction. An allowance
for decontamination facilities in the turbine has been made and special

seals are provided at the shaft ends. The main condensers are constructed
of aluminum tubes and carbon steel shells and are designed with double

tube sheets to permit leakage detection of either D2 0 out or H2O in at

the tube sheets. The condensate system uses three one-half capacity

condensate pumps and three one-half capacity feed water pumps connected
in parallel to pump the feed water through a series of extraction feed
water heaters. Each of the feed water heaters are connected such that
the extraction steam is cascaded to the main condenser for deaeration.

All of the feed water cycles are closed. Full flow feed water filters

have been incorporated to remove particulate impurities down to 2-micron

size.

A bypass demineralization loop is connected to the reactor recirculation
piping for normal primary water cleanup. This loop is sized to be
capable of processing four times its normal flow capacity to provide
rapid emergency cleanup in the event of a fission product release from

ruptured fuel.

The circulating water systems for the plants consist of the requisite
number of vertical circulating water pumps located in an insulated metal
panel crib house. Conventional intake screens and screen washing equip-
ment are provided in all plants. All circulating water piping and
discharge flumes are of a conventional power plant construction.
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The plants are provided with a D20 distillation facility used to remove

H2 0 contaminant from the moderator or coolant.

On site, radioactive waste disposal facilities for solid, liquid and

gaseous wastes have been provided for the plants. High activity solid
and liquid wastes are permanently disposed of in on-site underground

storage containers. Low level liquid wastes are held up as necessary
for decay and diluted into the circulating water discharge stream.

Gaseous wastes can be compressed and held up for decay and then
discharged into a waste disposal stack where they are diluted to tolerable
levels by building ventilation or dilution air discharging out the stack.

Conventional auxiliary plant power supply equipment has been provided.

Heating, air conditioning, ventilation and plumbing services have also
been provided with special consideration given to the possible presence

of airborne H3. Service water for component cooling is supplied to the

plants by service water pumps located in the crib house. Also located
in the crib house are the normal electric and diesel powered fire pumps
for normal and emergency conditions respectively. A diesel powered
motor generator located in the crib house supplies emergency power in

the event of normal power supply failure. Compressed air is supplied by
a normal station air compressor and a control air compressor connected

such that, should instrument air supply fail, it can be backed up by
station compressed air.

Buildings and Site

Features common to all the boiling D20 direct cycle plants are the
turbine, office and service buildings, the crib house and circulating

water systems, switchyard equipment and waste disposal facilities. In
addition, because a similar site was used for all the full scale plant
designs, it was possible to generalize on the yard features, such as

fencing, outdoor fire protection equipment, gate house, parking
facilities and oil storage tanks.

The reactor building is a cylindrical vapor tight containment vessel
which houses the reactor and its auxiliaries. All primary system

equipment within the reactor building is housed in sealed compartments
with controlled air flow so that any leakage D20 can be recovered and
tritium contamination of the building minimized.

The turbine buildings are of conventional insulated metal panel
construction. Adjacent to, and an integral part of the turbine building,
is a similarily constructed office building containing the plant control
room, general offices, machine shop, maintenance area, switchgear,

locker rooms and storage areas.

Fuel, which is removed from the core remotely in the upper header room
by an off-power refueling machine, is transferred out of the reactor
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building through a vertical chute, into a transfer tunnel beneath the

reactor building, and finally into a separate fuel handling building.
This building is used to receive and store fresh fuel and to hold up

and process spent fuel for shipping.

4.2.2 COST ESTIMATES

Estimates for the capital and operating costs associated with each of

the boiling D2 0 direct cycle plants using natural uranium metal and

natural U02 fuel have been prepared and are presented as follows:

Capital Costs

Table No. Plant

4.2-II 200 MWe, Metal Fueled

4.2-III 200 MWe, Oxide Fueled

4.2-IV 300 MWe, Metal Fueled

4.2-V 300 MWe, Oxide Fueled

Capital and Operating Costs

4.2-VI 200 & 300 MWe, Metal & Oxide Fueled

Each of these estimates was prepared using the bases given in Section

3.1 above and constitute the detailed breakdowns of the summary costs

reported in DP-480.

The costs for the oxide fueled 200 MWe plant given in Tables 4.2-III

and 4.2-VII are based on the full scale plant design previously reported

in Reference (2). Since publication of these data, a review of the cost

estimate has been made. As a result, two changes were made: the

estimated cost of the two steam drums was reduced from $1,800,000 to

$600,000, and the net annual fuel cost was reduced from $3,938,000/yr. to

$3,336,000/yr. The first of these changes was effected through additional

work and consultation by NDA with manufacturers of steam separating equip-

ment; the second includes an improved estimate of the Pu-239 content in

the spent fuel and the inclusion of a credit for Pu-240 and Pu-241 which

was omitted earlier.

All power costs for the full scale plants are based on the annual

generation when operating with a condenser back pressure of 1.5 in. HgA.
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TABLE 4.2-II

200 MWe BOILING D20 PRESSURE TUBE
DIRECT CYCLE POWER REACTOR PLANT

NATURAL U-METAL FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures - "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-I

$10,000

636,000

4,107,000

1,276,000

246,000

312,000

15,000

364,000

174,000

$7,130,000

$11,751,000

1,105,200

1,302,000

115,000

$14,273,200
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Table 4.2-II (Cont.)

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment - "B"

$14,450,100

692,700

164,700

275,500

1,892,800

$31,749,000

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical - "C"

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment - "D"

$853,500

2,130,100

11,000

5,600

12,500

9,800

$3,022,500

$158,300

13,000

90,000

1,500

$262,800
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Table 4.2-11 (Cont.)

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$42,174,300

1,958,900

$44,133,200

4,413,300

$48,546,500

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escaltion

(3 Years - 4% Per Year)

5,825,600
- 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision,
Interest During Construction, Etc.)

- 15%

$54,372,100

8,155,800

$62,527,900Total Estimated Cost

Notes:

1. Personnel training and preliminary operating expenses are not

included.

2. D2 0 Inventory is not included.
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TABLE 4.2-III

200 MWe BOILING D20 PRESSURE TUBE
DIRECT CYCLE POWER REACTOR PLANT

NATURAL UO2 FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures - "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-I

$10,000

636,000

4,372,000

1,276,000

246,000

312,000

15,000

364,000

174,000

$7,395,000

$11,530,000

1,105,200

1,302,000

115,000

$14,052,200
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Table 4.2-III (Cont.)

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment - "B"

$14,450,100

692,700

164,700

275,500

1,892,800

$31,528,000

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D20 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

$853,500

2,130,100

11,000

5,600

12,500

9,800

$3,022,500Total Electrical - "C"

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment - "D"

$158,300

13,000

90,000

1,500

$262,800
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Table 4.2-III (Cont.)

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance for Escalation

(3 Years - 4% Per Year) - 127.

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision,
Interest During Construction,

Etc.) - 15%

Total Estimated Cost

$42,218,300

1,961,500

$44,179,800

4,418,000

$48,597,800

5,831,700

$54,429,500

8,164,400

$62,593,900

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D20 Inventory is not included.
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TABLE 4-2-IV

300 MWe BOILING D20 PRESSURE TUBE
DIRECT CYCLE POWER REACTOR PLANT

NATURAL U-METAL FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant.

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures - "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

B-I

$10,000

636,000

4,642,000

1,450,000

276,000

312,000

15,000

414,000

174,000

$7,919,000

$14,153,000

1,305,700

1,519,000

115,000

$17,092,700
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Table 4.2-IV (Cont.)

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment - "B"

$18,639,600

875,000

164,700

319,900

2,116,600

$39,208,500

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D20 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

$934,500

2,485,100

13,000

5,600

12,500

10,500

$3,461,200Total Electrical -"C"

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment - "D"

$173,600

15,600

99,300

1,800

$290,300
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Table 4.2-IV (Cont.)

Sub-Total (L Plus A to D Inclusive)

E- Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance for Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision,
Interest During Construction,

Etc.) - 15%

Total Estimated Cost

$50,889,000

2,262,500

$53,151,500

5,315,200

$ 58,466,700

7,016,000

$65,482,700

9,822,400

$75,305,100

Notes:

1. Personnel training and preliminary operating expenses are not

included.

2. D20 Inventory is not included.
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TABLE 4.2-V

300 MWe BOILING D2 0 PRESSURE TUBE
DIRECT CYCLE POWER REACTOR PLANT

NATURAL UO 2 FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures - "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$10,000

636,000

4,870,000

1,450,000

276,000

312,000

15,000

414,000

174,000

$8,147,000

$13,973,000

1,305,700

1,519,000

115,000

$16,912,700
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Table 4.2-V (Cont.)

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment - "B"

$18,639,600

875,000

164,700

319,900

2,116,600

$39,028,500

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D20 Distillation Plant
V. Waste Disposal System

VI. Fuel Handling System

$934,500

2,485,100

13,000

5,600

12,500

10,500

$3,461,200Total Electrical - "C"

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment - "D"

173,600

15,600

99,300

1,800

$290,300
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Table 4.2-V (Cont.)

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance for Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision,
Interest During Construction,

Etc.) - 15%

Total Estimated Cost

$50,937,000

2,263,900

$53,200,900

5,320,100

$58,521,000

7,022,500

$65,543,500

9,831,500

$75,375,000

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D20 Inventory is not included.
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TABLE 4.2-VI
CAPITAL AND OPERATING COSTS FOR 200 AND 300 MWe BOILING-D20

DIRECT CYCLE, PRESSURE TUBE REACTOR PLANTS

Nominal Plant Capacity
Fuel Material
Design Burnup MWD/metric ton-U
Refueling Scheme

200 MWe (Annual Generating Capacity 1530 x 106 kwh)
Natural U-Metal Natural U02
4800 7500
100% batch 4-zone

300 MWe (Annual Generating Capacity 2103 x 106 kwh)
Natural U-Metal Natural U02
5100 8500
100% batch 4-zone

Invest. Ann. Cost, Power Cost, Invest. Ann. Cost, Power Cost, Invest. Ann. Cost, Power Cost, Invest. Ann. Cost Power Cost

$10b $106/ yr. mills/kwh $106 $10
6
/yr. mills/kwh $106 $10

6
/yr. mills/kwh $106 $10

6
/yr. mills/kwh

Investment
Reactor plant
Turbine plant
Miscellaneous buildings and
equipment

Sub-total
D20 inventory

Total investment

Operation and Maintenance
Fuel

Inventory
Non-nuclear inventory
Replacement
Total fuel costs

Heavy water
Losses
Dist. plant operation
Total D20 costs

Operating payroll
Maintenance labor and material
Supplies
Insurance
Total Operation and Maintenance

Total Capital and Operating Costs

33.827 4.781
28.040 3.886
0.661 0.093

3.125
2.539
0.061

33.893 4.784
28.040 3.886
0.661 0.093

3.125
2.539
0.061

42.616 5.945 2.732
31.865 4.460 2.220
0.824 0.125 0.055

42.686 5.955 2.735
31.865 4.460 2.220
0.824 0.125 0.055

62 528 8.760 5.725 62.594 8.763 5.725 75.305 10.530 5.007 75.375 10.540 5.010
13.460 1.680 1.100 17.843 2.230 1.460 19.150 2.390 1.140 23.150 2.890 1.377
75.988 10.440 6.825 80.437 10.993 7.185 94.455 12.920 6.147 98.525 13.430 6.387

0.106 0.069 0.134 0.088 0.151 0.072 0.184 0.087
0.197 0.129 0.636 0.416 0.279 0.133 0.873 0.420
2.279 1.490 2,566 1.675 3.088 1.471 3.140 1.490
2.582 1.688 3.336 2.179 3.518 1.676 4.197 1.997

0.270 0.176 0.356 0.233 0.384 0.183 0.463 0.220
0.006 0.004 0.006 0.004 0.008 0.004 0.008 0.004
0.276 0.180 0.362 0.237 0.392 0.187 0.471 0.224

0.610 0.399 0.610 0.399 0.715 0.339 0.715 0.339
0.406 0.265 0.406 0.265 0.510 0.243 0.510 0.243
0.140 0.092 0.140 0.092 0.175 0.083 0.175 0.083
0.490 0.320 0.490 0.320 0.570 0.271 0.570 0.271
4.504 2.944 5.344 3 492 5.880 2.799 6.638 3.157

14.944 9.769 16.337 10.677 18.800 8.946 20.068 9.544



4.3 REHEAT CYCLE

The turbine steam conditions for the 200 MWe boiling D2 0 direct cycle

plant (750 psig, saturated) are such that a large exhaust area is

required in the turbine to handle the exhaust flow. The size of the

turbine exhaust blading restricts the choice of turbines to low speed

machines. An 1800 rpm unit was selected for the direct cycle plant for

this reason.

If the steam is reheated prior to entering the low pressure turbine, the

removal of moisture and the increase in internal energy of the steam

makes it possible to use a turbine with a smaller exhaust area, and a

3600 rpm turbine becomes feasible. In addition, the cycle efficiency may

be improved.

Potentially, economic benefits of the reheat cycle arise from three

considerations:

a) A lower plant heat rate.

b) The capital investment for a 3600 rpm turbine-generator is less than for

an 1800 rpm turbine of equal rating.

c) The elimination of moisture in the low pressure steam makes it

feasible to eliminate moisture removal stages in the low pressure

cylinder, effecting a further reduction in capital investment for the

turbine.

The foregoing benefits must be compared to the additional investment

required for the steam reheaters, drain pumps, piping, additional D2 0

inventory, and decreased efficiency of the 3600 rpm turbine. Therefore,

a study was conducted to evaluate the economics of several possible

arrangements of reheaters and turbines. The study included analysis of

the cycles, development of plant arrangement drawings, and preparation of

cost estimates to determine the difference in costs between this plant and

the direct cycle, non-reheat plant.

4.3.1 SELECTION OF OPERATING CONDITIONS

For purposes of comparison with the non-reheat cycle, identical design

operating conditions of the reactor were used in each of the cycles

evaluated. Thus, the power input to the coolant was assumed to be 2.506 x

109 Btu/hr., and the reactor steam conditions were 750 psig, saturated.

Steam flow and reactor inlet temperature were adjusted to accommodate the

differences in turbine cycle performance.

Other conditions that were assumed are as follows:

a. The temperature of the reheated steam was set at 480 F in all cases.
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b) The feed water heating cycles each consisted of four heaters, with

the same temperature rises and pressures in corresponding heaters.

Final feed water temperatures of 387 F were used in all cases.

c) Reheat was introduced between the high and low pressure cylinders of

the turbine in each case.

d) A turbine condenser pressure of 3.5 in. HgA was assumed.

4.3.2 ALTERNATE REHEAT CYCLES

The analysis was conducted for five reheat cycles, each of which was

compared to the 200 MWe non-reheat cycle plant described elsewhere in
this report. For purposes of comparison, then, a total of six cycles

was evaluated, as shown in simplified form in Figure 4.3.2-1:

a) Direct cycle, non-reheat plant, with a TCDF-38 in., 1800 rpm

turbine of nominal 200 MWe capacity, which served as the base cycle.

b) Single stage reheat utilizing reactor steam as the source of heat,

with a TC4F-23 in., 3600 rpm turbine.

c) Two-stage reheat using extraction steam in the first stage and
primary steam in the second stage with a TCDF-38 in., 1800 rpm

turbine.

d) A cycle similar to (c), but using the turbine described in (b).

e) Two-stage reheat, with a moisture removal stage preceding the

reheaters. In this cycle, the extracted moisture is discharged to

a feed water heater, and extraction steam and primary steam provide

heat for the first and second stages of reheat respectively. The

turbine is a TCDF-38 in., 1800 rpm machine.

f) A cycle similar to (e) but using a turbine as described in (b).

The results of calculations of the performance of each cycle are presented

in Table 4.3.2-I. The conclusions formulated from these figures may be

summarized as follows:

a). For a given turbine, the cycle utilizing two stages of reheat with
moisture separation preceding the first stage results in the most

efficient cycle.

b) For a given cycle, the use of an 1800 rpm turbine results in the

most efficient plant.
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Turbine Type

TURBINE
200 MWe BOILING D20

(a)

TCDF-38"
1800 rpm
Nonreheat

TABLE 4.3.2-I
HEAT RATES FOR REHEAT CYCLES
PRESSURE TUBE DIRECT CYCLE REACTOR PLANT

(b) (c) (d)

TC4F-23" TCDF-38" TC4F-23"
3600 rpm 1800 rpm 3600 rpm
1 stage 2 stage 2 stage
reheat reheat reheat

Throttle Pressure, psig 750 750 750

Steam Temperature, F 510 510/480 510/480

Number of Feed Water Heaters 4 4 4

Gross Generation, kw 220,000 210,050 224,886

Gross Gen. Over Base, kw Base -9,950 +4,886

Throttle Flow, lb/hr. 3,270,500 2,765,920 3,101,430

Condenser Flow, lb/hr. 1,882,570 1,953,660 1,910,520

Turbine Heat Rate, Btu/kwh 11,397 11,933 11,149

Turbine Heat Rate Over Base,

Btu/kwh Base +536 -248

Reactor Heat Input, Btu/hr. 2.506x10 9  2.506x10 9  2.506x109

Reactor Flow, lb/hr. 3,270,500 3,371,390 3,308,700

Assumptions: Constant reactor heat input, constant feed water heater

pressure and temperature rise, and cond. vac. at 3.5 in.

750

510/480

4

217,130

-2,870

3,099,900

1,920,800

11,544

+147

2.506x10 9

3,307,890

(e)

TCDF-38"
1800 rpm
Ext. Moist.
Removal and
2 stage reh.

750

510/480

4

227,240

+7,240

3,101,590

1,899,930

11,031

-366

2.506x10 9

3,307,630

(f)

TC4F-23"
3600 rpm
Ext. Moist.
Removal and
2 stage reh.

750

510/480

4

219,300

-700

3,100,000

1,910,570

11,426

+29

2.506x10 9

3,306,820

HgA.
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c) The cycles with the greatest potential from the point of view of

thermal efficiency are those using the 1800 rpm turbine. However,

cycle (f), with a 3600 rpm turbine and two reheat stages with

moisture separation preceding the first stage is marginal in this

respect.

4.3.3 ECONOMIC ANALYSIS

The costs of the various reheat cycles were compared on the basis of the

direct cycle non-reheat plant. For purposes of this analysis, the

estimated change in investment for equipment was compared to the change

in investment that could be justified on the basis of the change in plant

heat rate. The investment required for the turbine reheaters and pumps

was evaluated using preliminary estimates, and all other charges for
buildings, reactor equipment, etc., were assumed to be equal for all

plants. The worth of a change in plant heat rate of one Btu per kwh was

determined from a fuel cost of 2.3 mills/kwh, an annual fixed charge

rate on investment of 14%, and a load factor of 80%. These figures
result in a capitalized worth of $1,820 per Btu per kwh reduction in heat

rate.

The results of the analysis are presented in Table 4.3.3-I. Cycle (f),
using two stage reheat, moisture separation and the 3600 rpm turbine

shows a net capitalized gain, of about $603,000, indicating that the
reduction in turbine price is more than sufficient to offset the

additional cost of the reheater and the increase in heat rate.

The first three cycles, (b), (c), and (d), were eliminated from further

consideration for the following reasons:

Cycle (b) The reduction in estimated turbine cost is insufficient to
offset the additional cost of the reheat equipment and the

increase in fuel cost attributable to the increase in. turbine

heat rate.

Cycle (c) The reduction in fuel cost resulting from a more efficient
cycle does not balance the additional costs of reheat equipment,

and a reheat turbine.

In addition, it has been found that although a two-stage reheat
cycle is more efficient than a single stage reheat cycle, the

total cost of the two-stage reheat equipment is almost double

that of the single stage reheat equipment. The energy
exchange in the first stage reheater is approximately 66% of

the total heat load of the single stage reheater. As a result,

each stage of the two-stage reheater approaches the physical

size of the single stage reheat unit.
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200 MWe BOILING

TABLE 4.3.3-I

COST SUMMARY FOR REHEAT CYCLES
D20 PRESSURE TUBE DIRECT CYCLE REACTOR PLANT

Turbine Type

(a)

TCDF-38"
1800 rpm
Nonreheat

Turbine Heat Rate

Over Base

Cost Diff. of Turbine
Over Base

Cost of Reheaters

Cost of Reheater Drain Pumps

Cost of Moist. Separators

(b)

TC4F-23"
3600 rpm
1 stage
reheat

+536 Btu/kwh

-$1,346,820

$820,000

$30,000

(c)

TCDF-38"
1800 rpm
2 stage
eheat

(d)

TC4F-23"
3600 rpm
2 stage
reheat

-248Btu/kwh +147 Btu/kwh

+$457,980

$1,443,000

$20,000

-$1,177,420

$1,443,000

$20,000

(e)

TCDF-38"1
1800 rpm
Ext. Moist.
Removal and

2 stage reh.

-366 Btu/kwh

+$485,280

$479,400

$20,000

Incl. in
Turb. Price

(f)

TC4F-23"
3600 rpm
Ext. Moist.
Removal and

2 stage reh.

+29 Btu/kwh

-$1,155,320

$479,400

$20,000

Incl. in
Turb. Price

Justified Capital Invest.

Due to Change in Heat Rate

Net Capitalized Gain

a)

b)

c)

-$975,000

-$478,180

+$451,000 -$268,000

-$1,469,980 -$553,580

Based on annual worth of 1 Btu/kwh = $255/yr.

Justified capital investment at 14% - $1,820 per Btu/kwh

Fuel cost for natural uranium - 2.30 mills/kwh

Annual generation at 80% load factor

+$666,000

-$318,680

-$52,800

+603,120



Cycle (d) The reduction in estimated turbine cost is insufficient to

offset the additional cost of the reheat equipment and the

increase in fuel cost attributable to the increase in turbine

heat rate.

In view of their apparent advantages, more definitive investigations of

the two-stage reheat cycles with moisture separation preceding the first

stage were conducted.

A performance diagram of the plant with the 1800 rpm turbine is shown on

Dwg. HB-470. Dwg. HB-473 is a similar diagram for the 3600 rpm turbine

plant.

The turbine building for the base plant is adequate for the installation
of the turbine and reheat equipment for both reheat cycles. The

arrangement of the turbine plant for the 1800 rpm turbine is shown in
plan on Dwgs.NS-470 and 471. The reheaters and the moisture separators

are located on the main floor adjacent to the turbine. An elevation of
the plant is shown on Dwg. NS-472. Similar studies of the 3600 rpm
turbine plant are shown on Dwgs. NS-473, 474 and 475. As in the case

of the 1800 rpm turbine, the space on the main floor near the turbine
is adequate for installation of the reheat equipment.

A summary of the estimated increments in investment for the two reheat
plants, based on estimated equipment and construction costs, operating

costs and D20 inventories is presented in Table 4.3.-II. The equipment
costs in this table are estimates of the cost of material and labor for
installing the reheaters and associated pumps and piping. The turbine

cost is shown as a differential, with the direct cycle non-reheat turbine
plant as base. The effects of indirect costs; i.e., 10% for contingencies,
12% for escalation and 15% for top charges, have also been included. The
change in turbine heat rate is treated as a capitalized fuel cost
differential, on the basis of an annual capital cost of 14%. A fuel cost
of 2.3 mills/kwh was used. This is the estimated fuel cost for the 200

MWe boiling D20 direct cycle nonreheat plant.

The D2 0 inventory of the reheat cycle is larger than that of the nonreheat
cycle plant by the amount of D20 condensate in the reheater water boxes
and associated pumps and piping. The difference is indicated in Table

4.3.3-II as an increment in capital investment of about $182,000.

As shown in Table 4.3.3-II, the cycle utilizing the 1800 rpm turbine
requires an increase in investment for the turbine, reheat equipment and
D2 0 which is only partially offset by the decrease in heat rate. The
increment in annual cost attributed to the increased capital investment
is $254,800 per year. The reduction in fuel cost resulting from the
improved heat rate for this cycle is approximately $93,000/yr., with a
net increase in energy cost of 0.112 mills/kwh over that of the direct
cycle, nonreheat plant.
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TABLE 4.3.3-I1

ECONOMIC EVALUATION

200 MWe BOILING D20 PRESSURE TUBE DIRECT CYCLE

TCDF-38"
1800 Rpm
Non-reheat

Turbine Cost Differential

Reheaters

Reheater Drain Pumps

Piping & Erection

Total Direct Construction Cost

Differential

Total Diff. Cost after 10% Cont.,
12% Allow. for Escalation and

15% for Top Charges

D20 Inventory Differential

Capitalized Fuel Cost Differential

Net Capitalized Differential

Net Differential Cost, mills/kwh

Base

Base

Bas e

Base

Base

Base

Turbine Type

REACTOR PLANT

TCDF-38"
1800 Rpm
Ext. Moist.
Removal and
2 -Stage Reheat

+$485,300

479,400

20,000

187,000

+$1,171,700

+$1,660,000

+ 182,000

- 666,000

+$1,176,000

+0 .112

TC4F-23"'
3600 Rpm
Ext. Moist.
Removal and

2-Stage Reheat

-$1,155,300

479,400

20,000

187,000

-$ 468,900

-$ 664,000

+ 182,000

+ 52,800

-$ 429,200

-0.0415
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The total construction cost of the 3600 rpm reheat turbine and reheat

equipment is approximately $664,000 less than that of the nonreheat base

plant. The increase in D20 inventory, however, results in a net

reduction in annual capital cost of $70,000. This when combined with an

increase in annual fuel costs attributable to the increased heat rate,
results in a net reduction in energy cost of 0.042 mills/kwh.

4.4 ALTERNATE MET-HODS OF HEAT DISSIPATION FOR THE BOILING PROTOTYPE PLANT

A study has been made to evaluate the economy of using a dual energy
dissipating scheme in the boiling direct cycle prototype plant. The design
provides for the generation of a nominal 25 MWe net in lieu of the 70 MWe
as presently envisaged, with the excess reactor power dissipated using a

heat sink.

The design provides for diverting 60% of the prototype reactor primary
D2 0 steam, at 515 F and 795 psia to an evaporator and subcooler where it
is used to generate 4.51 x 105 lb/hr. of saturated H2 O steam at 200 psig.
The operating features of this system are given in the performance
diagram, Figure 4.4-1. The coolant and operating conditions of the
reactor are identical to those of the 70 MWe boiling prototype described
in Section 4.1 and Reference (3). The primary D2 0 returning to the
reactor from both the turbine cycle and the H20 steam generating facility
are at 387 F, similar to the feed water return temperature in the
prototype plant.

The plant general arrangements are shown on Dwg. NP-490. Except for the
addition of the H20 steam generating equipment in a shielded room
adjacent to the upper header room the reactor building is identical to
that provided for the 70 MWe prototype.

The turbine plant, shown in Dwg. NP-490, provides for the generation of
25 MWe net. All the turbine plant equipment, except for size, is similar
both in design and in number of components to that of the 70 MWe plant.
The turbine building is also similar in construction to that of the 70 MWe
unit.

4.4.1 HEAT SINK CONSIDERATIONS

Two modes of dissipating heat were examined: air cooled and water cooled
heat exchangers. In both cases, 4.51 x 105 lb/hr. of saturated 200 psig
H20 steam, generated as an expedient to minimize D2 0 inventory, is
condensed at 388 F and then subcooled to return to the D2 0 subcooler
at 198 F.

Table 4.4-I gives the design features and comparative economics of the two
schemes considered. Because of its advantage both in capital cost and
in operating expense, the water cooled heat exchangers Were selected for
detailed examination.
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TABLE 4.4-I

COMPARISON OF AIR COOLED AND WATER COOLED

HEAT SINK CHARACTERISTICS

Steam Flow to Heat Sink, #/hr.

Inlet Sat'd Steam Pressure, psig

Feed Water Outlet Temperature, F

Heat Sink Pumping Power Req'd , H.P.

Capital Cost of Heat Exchange
Equipment, exclusive of Piping
and Structures, $

Air Cooled

4.51 x 105

200

387

700

223,000

Water Cooled

4.51 x 105

200

387

100

96,000
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Water Cooled Heat Sink

As shown on Dwg. NP-490, the circulating water cooled condenser and
subcooler have been located on a concrete pad adjacent to the plant
crib house equipment. In order to provide heat dissipation, 4.67 x 106
lb/hr. of circulating water enters the condenser and subcooler, which
are connected in parallel, at an average temperature of 80 F. The
circulating water leaves these units at 180 F to return to the river

through the circulating water discharge flume.

As a result of the decreased power plant capacity, from 69.1 MWe to
26.7 MWe, the two main condenser circulating pump capacities have been
reduced from 37,500 gpm to 15,000 gpm each, thereby providing a reduction
in the circulating water pumping requirements and piping costs. This
reduction is partially offset by the cost of two additional pumps with
a capacity of 5,000 gpm each to provide cooling water flow for the heat
sink.

4.4.2 ECONOMICS

A comparison of the capital costs for the 70 MWe and the 25 MWe Heat
Sink plants is given in Table 4.4-II. The capital and operating cost
comparison is given in Table 4.4-III. If it is assumed that a credit
of 6 mills/kwh is applied to the net electric power produced when the
plant is operated at an 80% load factor, then the two plants may be
compared, on the basis of net annual expenditure, as follows:

70 MWe Prototype 25 MWe-Heat Sink
Prototype

Ann. Plant Capital and

Operating Cost, $/yr. (106) 8.955 7.951

Ann. Generation @ 0.8 L.F. , kwh 484 x 106 187 x 106

Ann. Income From Sale of
Power @ 6 mills/kwh,$/yr. (106) 2.904 1.122

Net. Ann. Cost of Plant,
$/yr. (106) 6.051 6.829
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TABLE 4.4-II

COMPARISON OF CAPITAL COST ESTIMATES
70 MWe BOILING PROTOTYPE AND 25 MWe - HEAT SINK,

BOILING PROTOTYPE

L-Land

A-Structures

Ground Improvements

Reactor Plant

Turbine-Generator Building

Waste Disposal Building

Fuel Handling Building

DSO Distillation Structures

Circulating Water System Structures

Miscellaneous Other Buildings

Total Structures - "A"

B -Equipment

Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-I

70 MWe
Prototype

$20,000

544,500

2,009,900

720,000

210,500

215,000

15,000

187,000

148,300

$4,050,200

6,667,000

358,750

586,500

200,000

$7,812,250

25 MWe-Heat Sink

Prototype

$20,000

544,500

2,068,100

230,000

210,500

215,500

15,000

175,000

148,300

$3,606,900

6,667,000

511,950

641,500

210,000

$8,030,450
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Table 4.4-1I (Cont.)

70 MWe
Prototype

$5,903,120

255,500

136,680

206,480

1,241,110

$15,555,140

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment - "B"

C-Electrical

Reactor Plant

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Electrical - "C"

646,100

1,145,800

11,000

Incl. C-VI

11,100

11,700

$1,825,700

25 MWe-Heat Sink
Prototype

$2,462,000

351,500

136,680

206,480

1,241,110

$12,428,220

648,100

756,900

16,000

Incl. C-VI

11,100

11,700

$1,443,800

D-Miscellaneous Equipment

Health

Offices and Locker Rooms

Machine Shop and Store Room

Fire Protection

Total Miscellaneous Equipment - "D"

Sub-Total (L Plus A to D Inclusive)

127,250

10,000

64,500

1,200

$202,950

$21,653,990

127,250

10,000

64,500

1,200

$202,950

$17,701,870
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Table 4.4-II (Cont.)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation

(3 Years - 470 Per Year) - 127

Sub-Total (L Plus A to G Inclusive)

H-Top Charges

Professional Services

1. Reactor Design

2. Reactor and Turbine Systems and Plant
Other Charges (Purchasing, Field
Supervision, Interest During
Construction, Etc.) - 107.

Total Top Charges- "H"

Total Estimated Cost

70 MWe
Prototype

$ 1,056,000

22,709,990

2,271,010

$24,981,000

3,000,000

$27,981,000

$3,350,000

1,750,000

2,798,000

$ 7,898,000

$35,879,000

25 MWe-Heat Sink
Prototype

$ 862,000

18,563,870

1,856,387

$20,420,257

2,450,000

$22,870,257

$3,350,000

1,435,000

2,287,000

$ 7,072,000

$29,942,257

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D20 Inventory is not included.
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TABLE 4.4-III

COMPARISO[ OF CAPITAL AND OPERATING COSTS

70 MWe BOILING PROTOTYPE AND 25 MWe-HEAT SINK BOILING

Plant
Annual Generation @ 0.8 L.F., kwh

Investment

Plant

D2 0 Inventory
Total Investment

Invest.
$106

35.879

10.250

46.129

Operation and Maintenance

Total Fuel Cost

D 2 0 - Costs

Losses

Dist. Plant Operation

Total D20 Costs

Operating Payroll

Maint. Labor and Material

Supplies

Insurance

Total Operation and Maint.

Total Capital and Operating Costs

70 MWe Prototype
484x106

Ann. Cost Power Cost

$106/yr. mills/kwh

5.023
1.281
6.304

1 ,552

0.205

0.004

0.209

0.450
0.210

0.050
0.180

2.651

10.400

2.650
13.050

3.210

0.424

0.008

0.432

0.930
0.434

0.103
0.372

5.481

Invest.
$106

29.942

9.052
38.994

25 MWe-Heat Sink
187x106

Ann. Cost Power Cost

$106/yr. mills /kwh

4.192
1.132

5.324

1.552

0.181

0.004

0.185

0.450

0.210

0.050
0.180

2.627

22.400

6.050
28.450

8.300

0.970

0.022

0.992

2.405

1.120

0.267
0.963

14.047

8.955 18.531

PROTOTYPE

C'

7.951 42.497



5.0 PRESSURIZED D 0 COOLED REACTOR PLANTS

To establish the current economic status of the liquid D2 0 cooled and

moderated power reactors for Report DP-480, cost estimates were prepared

for these plants using both pressure vessel and pressure tube type
reactors fueled with either natural U02 or natural U-metal. These esti-

mates are for plants of 200 and 300 MWe capacity.

For comparative purposes, plant designs and cost estimates were prepared

for a 70 MWe natural U-metal prototype of each of the pressurized D20
cooled reactor concepts. These prototype plants compare, both in capacity

and in design detail, with the 70 MWe boiling D20 cooled prototype plant.

However, unlike the U02 fueled boiling prototype plant, they do not
necessarily correspond to a minimum size for natural uranium operation.

All costs presented in this section were established using the bases given

in Section 3.1 above.

5.1 PROTOTYPE REACTOR PLANTS

The prototype, pressurized D 0 reactor plants consist of a uranium metal

fueled, pressurized D2 0 cooled pressure tube or pressure vessel reactor,

whose heat is used in an indirect cycle to generate light water steam
for a nominal 70 MWe turbine-generator. Each plant includes a reactor

containment building, a turbine building and crib house, as well as fuel
handling and waste disposal facilities and other systems necessary for

commercial operation as a power plant.

The pertinent operating and design characteristics of both the pressure

vessel and pressure tube reactor plants are summarized in Table 5.1-I.
A detailed description of each plant is presented in the succeeding
sections.

The designs for each of the liquid cooled reactors are based on design

data and arrangements established by du Pont (Ref. 6) for 100 MWe size

plants. The reactors herein reported use this data, however, scaled down
to correspond to a plant size of 70 MWe. One change was made in the design

arrangement of the pressure tube unit. Du Pont's design uses insulated
pressure tubes which pass through a stainless steel vessel. The pressure
tube, liquid cooled reactor described in Section 5.1.3.1 employs Zr-2

pressure tubes which pass through an aluminum calandria. An air gap

between the pressure tube and calandria tube serves as thermal insulation

in this design. In accordance with this change, appropriate allowance
was made in the cost estimate for the reactor.

5.1.1 Pressure Vessel Prototype Plant

The pressurized D20 pressure vessel plant provides 1.135 x 108 lbs/hr.

of saturated light water steam at 160 psia to a turbine-generator
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TABLE 5.1-I
70 MWe PRESSURIZED D20 REACTORS
CHARACTERISTICS AND PARAMETERS

A. CYCLE PERFORMANCE

Total thermal power, MW
Power to coolant, MW
Heat generation in moderator, MW

Gross generator output, MW
Auxiliary power, MW
Net generator output, MW
Net plant heat rate, Btu/kwh
Net plant efficiency, 7.

B. TURBINE CONDITIONS

Type
Speed, rpm
Throttle pressure, psia
Throttle temperature, F
Throttle steam flow rate, lbs/hr.

23 in. -TCDF
3600
160

363.5
1.135 x 106

23 in. -TCDF
3600

277
410.1

1.055 x 106

C. REACTOR DESCRIPTION

1. Pressure Vessel or Calandria
a. Inside diameter, ft.
b. Inside height, ft.
c. Wall thickness, in.
d. Head thickness, in.
e. Material

f. Stainless steel liner

thickness, in.
g. Weight, tons

h. Design pressure, psig

2. Core Geometry
a. Active diameter, ft.
b. Active height, ft.
c. Active core volume, ft 3

d. Lattice spacing, in.

e. Number of fuel positions

f. Fuel volume, ft3 uranium

3. Reflector
a. Reflector material

b. Axial thickness, ft.

c. Radial thickness, ft,
d. Reflector volume, ft 3

Vessel
13.05
31.80
2.50

7.125 & 5.00
SA-302 Gr. B-C.S

0.125
91

620

10.05
14.25

1130
6.5
250

34.6

D2 0
1.0
1.0
1030
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1.
2.
3.
4.
5.
6.
7.
8.

Pressure

Vessel

305
305

73.3
4.5
68.8

15,100
22.5

Pressure
Tube

298
276
22

74.4
4.6
69.8

14,550
23.4

1.
2.
3.
4.
5.

Calandria
13.83
12.50
1.0
3.0

5052-0 Al

8
8

11.83
10.00

1100
7.8
236
23

D20
1.0
1.0
700



Table 5.1-I (Cont.)

Reactor Description, Cont.

4. Calandria Tubes
a. Material
b. Inside diameter, in.

c. Outside diameter, in.
d. Length, ft.
e. Total weight of tubes, lbs.

5. Pressure or Housing Tubes

a. Material
b. Inside diameter, in.

c. Outside diameter, in.
d. Length, ft.
e. Total weight of tubes, lbs.

6. Fuel Elements
a. Fuel configuration
b. Fuel material

c. Cladding material
d. Fuel clad OD, in.

e. Fuel clad ID, in.

f. Cladding thickness, in.
g. Fuel OD, in.

h. Fuel ID, in.
i. Fuel element length (active),

ft.
j. Number of fuel elements

k. Heat transfer area, ft2
1. Average heat flux, Btu/hr-ft2

D. MATERIAL INVENTORIES

1. Uranium, metric tons

2. Zircaloy in cladding, lbs.
3. Zircaloy in pressure or housing

tubes, lbs.
4. Aluminum in calandria, lbs.
5. D2 0 in reflector, metric tons

at 70 F
6. D2 0 in moderator, metric tons at

70 F
7. D2 0 in coolant channels, metric

tons at 70 F
8. D20 shields, metric tons at 70 F
9. TotalD2 0 in reactor, metric tons

at 70 F
10. D20 in coolant piping, metric

tons at 70 F

Pressure

Vessel

Zircaloy-2
2,900
2,960
17.25

3800

Hol. Cyl.
U-2w/oZr

Zircaloy-2
2.060
1.467
0.015
2.030
1.497

14.25
250

3290
3.16 x 15

18.15
1705

3860

32.26

29.52

3.85
10.87

76.50

18.20

Pressure

Tube

5052-0 Al
4.375
4.500
13.0
3240

Zircaloy-2
2,900
3,272
29.00

34,400

Hol. Cyl.
U-2w/oZr

Zircaloy-2
2.060
1.467
0.015
2.030
1.497

10,00
236

2180
4.67 x 105

12.00
1092

34,400
19, 390

22.00

23.80

19.20

65.00

17.40



Table 5.1-I Cont.

Material Inventories, Cont.

11. D2 0 in steam generators, metric
tons at 70 F

12. D2 0 in moderator cooling system,
metric tons at 70 F

13. D2 0 in other systems, metric
tons at 70 F

14. D2 0 in storage, metric tons at

70 F
15. Total plant D20, metric tons at

70 F

E. CYCLE CONDITIONS

Coolant pressure, psia
Coolant outlet temperature, F

Coolant inlet temperature, F

Coolant flow rate, lbs/hr.
Moderator pressure, psia
Moderator outlet temperature, F
Moderator inlet temperature, F
Moderator flow rate, lbs/hr.
Steam pressure, psia
Steam temperature, F
Steam flow rate, lbs/hr.
Feed water temperature, F
Specific power, kw/kgU

562
450
402

19.75 x 106
562
406
402

19.75 x 106
160

363.5
1.135 x 106

310
16.80

790
490
446

18.8 x 106
14.7

130
110

3.69 x 106
277

410.1
1.055 x 106

333
24.80

F. CONTAINMENT BUILDING

1. Diameter, ft.
2. Height, ft.
3. Gross volume, ft3

4. Net free volume, ft 3

5. Liquid contributing to pressure

rise, lbs.
6. Equivalent liquid resulting from

Zr-2 reaction, lbs.

7. Total pressure rise (design),
psig

8. Plate thicknesses
a. Cylinder, in.
b. Dome, in.
c. Base, in.

90
158

8.60 x 105
6.02 x 105

2.042 x 10 5

0.166 x 105

36

1.375
0.750
1.375

100
157

10.36 x 105
7.57 x 105

.893 x 105

0.0325 x 105

18.3

0.875
0.500
0.875
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Pressure

Vessel

Pressure

Tube

14.40

8.76

5.64

123.5

13.28

10.23

10.07

5.55

121.5

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.



nominally rated at 70 MWe. The steam is generated in two vertical steam

generators utilizing heat from 19.75 x 106 lbs/hr. of D2 0 reactor coolant

which is pressurized to 562 psia to prevent boiling and leaves the

reactor at 450 F. A heat balance for the cycle is shown on Dwg, HB-429.

The plant heat rate for these conditions is 15,100 Btu/kwh, representing

an overall thermal efficiency of 22.5%.

5.1.1.1 Reactor

The reactor consists of a vertical pressure vessel in which is mounted,

between upper and lower neutron shield tanks, a core of 250 parallel

fuel elements.

Heavy water acts as both a coolant and a moderator; first flowing

around the individual fuel housings as a moderator before entering

the fuel housings and flowing through them as a coolant.

The coolant-moderator, flowing at a rate of 19.75 x 106 lbs/hr. and a

pressure of 562 psia, enters the vessel above the lower neutron shield

at 402 F, flows upward outside the fuel housings in the moderator and

internal thermal shield regions, and passes through the upper neutron

shield tank where it reverses direction and flows down through the fuel

channels as coolant. The average moderator temperature is 406 F. The

D2 0 then discharges from the fuel housing tubes into a plenum below the

lower neutron shield tank and leaves the bottom of the vessel at 450 F.

Pressure Vessel

The reactor pressure vessel is fabricated of carbon steel and is

internally clad with stainless steel. It has an inside diameter of

13.05 ft., an inside height of 31.8 ft., and a shell thickness of
2.625 in. The top head has a thickness of 7.25 in. and the bottom

head 5.125 in. The above thicknesses are based on the use of SA-302-

Grade B carbon steel at a design pressure of 620 psig and includes a

1/8 in. thick cladding of stainless steel.

A nozzle is provided in the top head at each fuel position to permit

fuel replacement without disturbing the sealed head joint. Removal of

the top head, however, is necessary for replacement of housing tubes,

control rods, and safety rods. The bottom head of the vessel is

pierced by control rods, safety rods, and instrumentation connections.

The lower portion of the vessel shell has two 20 in. moderator-coolant

inlet nozzles and the bottom head has two 20 in. outlet nozzles.

The estimated weight of the pressure vessel, without internal shield-

ing, is 91 tons.
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Fuel Elements

The 250 fuel elements in the reactor are arranged in a regular hexag-
onal lattice with a 6.5 in. triangular pitch.

The characteristics of the fuel elements are as follows:

Fuel Material U-2w/o Zr

Shape hollow cylinder

2.030 in. OD x 1.497 in. ID

Active Length 14.25 ft.

Cladding Material Zircaloy-2

Cladding Thickness 0.015 in.

Housing Tube Material Zircaloy-2

Shape tubular

2.960 in. OD x 2.900 in. ID

Each fuel element is positioned in a housing tube inside the reactor.

Moderator flows upward outside the housing tubes and coolant flows
downward inside the housing tubes. The fuel housings are anchored at

the upper and lower neutron shield tanks. An orifice at the top of
each housing tube provides proper coolant flow distribution through-

out the core. Coolant flows both on the inside and outside of the
fuel element. A suitable grappling head is incorporated at the top

of each fuel element for use with a refueling machine.

The active core diameter and height are 10.05 ft. and 14.25 ft.,

respectively.

Control Rods and Drives

Control of reactivity is accomplished by safety, shim and regulating
rods. The control rods are designed to enter the bottom of the pres-
sure vessel. The safety rods are normally positioned above the core
to permit them to fall by gravity when a reactor scram is required.

Thimbles, which project about 5-1/2 ft. above the top head of the

vessel, house the upper end of the safety rods when the rods are in a
raised position. The shim rods provide slow, coarse control of
reactivity, and are driven into the core from below the reactor by
electric motors at a relatively slow rate. They are not detachable

from their drives, except for disassembly purposes. The regulating
rods are similar to the shim rods, with the exception that their drive
motors are capable of greater speeds and accelerations.
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The number of safety rods, shim rods and regulating rods are 19, 17 and

2 respectively. All control rods are of a hollow cylindrical shape. The
poison section of the shim and regulating rods is cadmium and that of the

safety rods is 1% boron steel.

Reactor Support

The reactor vessel has support brackets equally spaced around its
periphery in close proximity to the base of the vessel. A system of steel
framing is provided to transfer the weight of the reactor to steel columns.
The base of the vessel is supported on this steel frame with provisions
for radial expansion while maintaining. accurate horizontal alignment. The
upper end of the vessel is guided for vertical expansion and alignment

without introducing additional stresses in the vessel wall or binding of

the control rods.

Thermal Shields

The function of the thermal shields is to absorb a major portion of the
radiation energy emitted from the reactor core, and in so doing protect
the vessel walls from radiation damage and excessive thermal stresses.
It also serves to protect the concrete structure near the reactor from

overheating.

The thermal shields are attached to the inner vertical walls of the
vessel and consist of three layers of cylindrical plate sections mounted

concentrically within the vessel. D2 0 flows between these layers to
remove the heat generated due to radiation absorption in them. The three
thermal shields are fabricated from 1 in. thick plate and are spaced 1 in.
apart. Two of the shields are fabricated of 304 stainless steel and the
third, which is placed between the two stainless steel shields, is boron-
stainless steel plate. Total weight of the shields is 40 tons.

Neutron Shields

The function of the neutron shields is to limit the gamma activation of
reactor components above and below the vessel.

The upper and lower neutron shields are located inside the pressure
vessel above and below the core, respectively.

Both the upper and lower neutron shields consist of shot filled stain-
less steel tanks with penetrations for the fuel housing tubes and control
rods. The shot is borated iron and occupies 54% of the tank free volume.
The remaining 46% is D2 0 coolant flowing through the tank to remove the
heat generated by absorption of radiation. Suitable offsets are provided
in the penetrations and supports to reduce neutron streaming.

The shield tanks are fabricated of 1 in. thick stainless steel plate
and are 12.97 ft. OD by 32 in. high. The total weight of the shields is
60 tons.

-74-



Biological Shield

The function of the biological shield is to protect personnel from
radiation. In general, the biological shield is constructed of

ordinary concrete and consists of the walls, ceilings and floors

surrounding the reactor and its auxiliary systems. Wherever access

to compartments is required, a removable concrete slab with suitable

offsets and overlaps to insure continuous, effective shielding is

located in the biological shield.

The thicknesses of the various biological shields were selected on the
basis of an average dose rate of 2.5 mr/hr. immediately outside the

shield.

The biological shield absorbs energy from core radiation, as well as
heat from the reactor vessel. To prevent damage to the concrete from

excessive temperatures and thermal gradients, heat is removed by cool-

ing water which is circulated through coils imbedded in the concrete.

The estimated heat load on the cooling system is 300 kw, which

requires a flow rate of about 100 gpm at inlet and outlet temperatures

of 110 and 130 F, respectively.

Reactor Instrumentation

The nuclear instruments measure the neutron flux and the rate of change

of neutron flux from start-up to full power. The arrangement of the

flux instruments is shown in Dwg. NP-435. These measurements provide

signals to the safety system which prevents rod withdrawal, prevents
excessive rate of change in power level and limits the power level to

a set maximum.

Scram - The safety and shim rods are immediately
inserted by releasing the rods from the
drives.

Slow Scram - The safety and shim rods are inserted at
the maximum drive speed.

Automatic Power
Reduction - The regulating rods are inserted for auto-

matic control of reactor power level upon

decreased power demand.

Withdrawal Prohibit - The safety and shim rod drive circuits are

de-energized to prevent withdrawal of rods.

Alarm - Any abnormal condition causes a visible and
audible signal in the control room. In

addition, the abnormal condition causes one

or more of the above listed safety circuits
to function.
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The instrumentation consists of eight channels as follows:

Two start-up channels, which are withdrawn to provide

flux level indication for either cold or hot start-up.

Two log-N channels to provide information regarding

rate of change of reactor power.

Three power level safety channels to determine reactor

power level in the operating range. In addition, these

channels prevent the reactor power from exceeding a set

value.

One power level control channel which provides a signal

to the automatic reactor flux limiter.

Primary System Instrumentation

The instrumentation of the primary system provides for monitoring and

recording all pertinent variables such as flow, pressure, and reactor

inlet and outlet temperature so that proper operation is assured.

The malfunctioning of the essential equipment or primary conditions

exceeding a set value causes a visible and audible alarm in the
control room, so that proper corrective measures can be taken.

Steam Instrumentation

The steam system has instrumentation to determine actual operating

conditions at any time and provides signals for steam and reactor

control. The quantities required for automatic control are total

steam flow, bypass steam.flow, steam pressure, feed water flow, and

water level in the steam generators. In addition to these quantities,

various other temperatures, pressures, and liquid levels are indicated

by control room mounted instruments and/or local gauges. Visible and

audible alarms are energized when the measured conditions exceed the

set limits or by the failure of major equipment.

Plant Control System

The plant control system is based on maintenance of a constant average

reactor coolant temperature, with separate controls for reactor pres-

sure, turbine steam pressure, steam generator level, and hot well

level. Neutron flux is used as a limiting function, with neutron flux

level and period serving as limits on the movement of the reactor

regulating rods. The control block diagram of the system is shown on

Dwg. NP-434, and the control system is shown in greater detail on
Dwgs. NP-436 and NP-437.

As shown on these drawings, the average temperature of the reactor

coolant is controlled by automatic or manual control of the coolant

flow rate. Under automatic control, deviation of the reactor average
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temperature from the set point causes an automatic adjustment of the

coolant flow rate to correct the error.

Method of Reactor Control

Neutron flux level and rate of change of flux level are used as limits

on regulating rod withdrawal by acting through the core temperature

limit control on the regulating rod drives. Thus, neutron flux serves
as a limiting function rather than a direct control function, and

reduces the need for extreme accuracy of neutron flux instruments over

the lifetime of the core.

Reactor pressure is automatically controlled by a pressure signal from

the reactor vessel which operates through a controller to inject high-

pressure helium or bleed helium to the off-gas system, depending on

the magnitude of the reactor pressure relative to the pressure set

point.

Turbine steam pressure control is affected by controllers using signals

of steam pressure at the steam generator and steam flow through the by-
pass valve. Excessive pressure in the secondary system is relieved

through the turbine bypass valve to the condenser, the valve being
controlled by the steam pressure controller. A separate flow control,

activated by the steam bypass flow, provides a signal to the reactor

temperature controller to change the reactor power to maintain zero

flow through the bypass. The rate of change of the reactor power level

is limited by the flux rate of change limiter.

A conventional three-element steam and feed water control system is

used in the secondary cycle, with steam flow being matched to feed

water flow. Corrections are applied to the feed water flow in accord-

ance with the deviation of steam generator level from the set point.

The reactor and plant safety circuits are outlined in block form on

Dwg. NP-437. In general, the safety circuits provide automatic scram

or rundown, and alarms for unsafe operating conditions in the plant.

The alarm circuits are subdivided into:

Reactor

Reactor Auxiliaries

Turbine

Generator and Generator Auxiliaries

Radiation Monitors

The radiation monitoring system is designed to provide a record of the

radiation level at various locations throughout the plant. The arrange-

ment of the devices in this system are shown on Dwg. NP -435. Monitors
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are provided for gaseous wastes to the stack, liquid waste to the sewer,

and general areas. In addition, a fission products monitor is provided

to detect fuel element rupture. Since heavy water can give rise to

photoneutrons in the presence of a gamma flux, it is necessary to

provide neutron monitors as well as gamma monitoring.

The area monitors consist of gamma and/or neutron sensitive remote units

which are connected to a strip chart recorder in the control room. An
alarm is initiated both locally and in the control room when the radia-

tion level rises above tolerance.

The stack gas and sewer monitors will initiate an alarm upon detection

of an above tolerance level of radiation. In addition, discharge
dampers or valves are closed so that the radioactive waste is not
discharged from the reactor building.

All permanently installed radiation monitoring equipment includes the

necessary indicators, recorders, and connections to annunciator circuits.

D2 0 Leak Detection

Small leaks are detected locally by means of capacitance probes and

vapor detectors. Capacitance probes are used instead of resistance
probes because of the low conductivity of the essentially pure D20.
Depending on the location, probes will be mounted in either collection

cups or behind weirs in catch pans.

Major leaks will be detected by means of changes in level and make-up
flow rates.

The following type of leak detectors are installed:

Capacitance probes in catch pans below any equipment
containing D2 0. The pans may cover the entire floor

areas of D20 equipment or may be designed just to
collect leakage from individual pieces of process

equipment.

Vapor detectors in the D2 0 equipment rooms.

Coolant system level indication.

Coolant system make-up flow rates.

5.1.1.2 Reactor Coolant System

The reactor is cooled by circulating a constant flow of 19.75 x 106

lbs/hr. of D2 0 from the reactor through two main coolant loops. Each

loop consists of a steam generator, circulating pump, and interconnect-
ing piping and valves. A diagram of the main coolant system is shown

on Dwg. NP-430.
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Each loop is designed for a coolant flow rate of 9.875 x 106 lbs/hr.
The coolant velocity in the piping system is about 25 fps. D2 0 leaves

the reactor at 450 F and 562 psia, flows through the tube side of the

steam generators to produce 160 psia saturated steam from light water
on the shell side, and is returned to the reactor at 402 F by the

circulating pumps. Each steam generator produces 5.675 x 106 lbs/hr. of

steam, and the two steam generators provide a total of 1.135 x 106 lbs/hr.

to the turbine under full design load conditions.

Steam Generators

The steam generators are vertical shell and tube heat exchangers in
which the reactor coolant flows through water boxes and U-tubes.

Inverted U-tubes extend upward from the water box which is located at
the lower end of the unit. Steam for the turbine is generated as

light water on the shell side of the heat exchanger. The upper portion
of the shell is used as a steam separator and collection drum.

The selection of tube size, material and coolant velocity in the tubes

involved consideration of D2 0 inventory as well as heat transfer

characteristics, pressure drop, and corrosion and erosion. The

combination of high velocity fluid flow and small diameter tubes is

beneficial from the point of view of reducing D2 0 inventory and increasing

the heat transfer rate, however excessive velocity results in increased

erosion, or impingement corrosion and increased pressure drop. For this

study, stainless steel tubes of 0.5 in. diameter and a coolant velocity

of 12 fps were selected as offering a satisfactory compromise.

The tube sheets and other interior surfaces of the water box which comes

in contact with the D20 are either stainless steel or stainless steel

clad. The shell of the steam generator is fabricated of carbon steel.

Each steam generator has estimated dimensions of 7 ft. dia. with heat

transfer surface area of 12,700 ft3.

Coolant Pumps

Two reactor circulating pumps are provided with a capacity of 21,200 gpm

each at a NDH of 164 ft. of D20. Each pump is driven by a direct connected

1200 hp motor. The impellers of the pumps are stainless steel, and the

casings are a chrome-moly alloy. The pumps are otherwise of conventional
design except for the shaft seals, which are of the double balanced

mechanical type. Any leakage of D2 0 from the seals is drained to the

miscellaneous D20 drain tank, thereby recovering D20 leakage.

The pumps are of centrifugal type with vertical shafts.

Coolant Piping and Valves

The coolant circulating piping is 20 in. schedule 40 pipe fabricated of

Type 304 stainless steel. The piping is sized for a velocity of about
25 fps to minimize the D2 0 inventory in the system. All piping connections

are butt welded.
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The valves in the primary coolant system are fabricated of stainless

steel and are butt welded into the piping system. The glands are

provided with lantern rings and double packing to permit collection of

coolant leakage from the stems.

Each loop has a 20 in. motor operated valve in the reactor coolant

outlet line and another in the coolant return line. This arrangement

permits shutdown of one loop and isolation of the steam generator and

circulating pump from the system while the other loop remains in

service.

During emergencies, if plant auxiliary power is lost, the above motor-

operated valves may be closed using power from the emergency diesel

generator. With both loops closed, the D20 coolant is sent through an

emergency shutdown cooling system.

5.1.1.3 Reactor Auxiliaries

The reactor auxiliaries are considered to be the coolant purification
system, coolant pressurization system and level control, coolant

recombiner and off-gas system, shield cooling system, shutdown cooling
system, waste disposal system, fuel handling system, and the D2 0

distillation system.

All of the systems described in this section, except the fuel handling
and waste disposal systems, are shown in elementary form on the composite

flow diagram, Dwg. NP-429. More detailed diagrams of these systems are
provided on Dwgs. NP-430 through NP-433.

Coolant Purification System

The D2 0 coolant in the reactor is maintained at a purity of 1 ppm total
dissolved solids by providing a bypass filtering and demineralizing

system to remove particulate matter and dissolved impurities.

The coolant purification system is shown on Dwg. NP-431. This drawing
also shows the piping associated with deuterizing and de-deuterizing the

demineralizer resins together with the spent resin transfer equipment.

During normal operation, 8.3 x 106 lbs/hr. of coolant D20 at 402 F is
drawn off at the reactor inlet and circulated through the demineralizer

loop. The coolant passes through a regenerative heat exchanger where

the temperature is reduced to 258 F. The D2 0 temperature is finally

reduced to 110 F by a service water cooled heat exchanger. After

passing through a mixed bed ion exchanger and strainer, the coolant is

brought to a final return temperature of 254 F in the regenerative heat
exchanger, thereby recovering a portion of the heat extracted from the

influent. Since the main reactor circulating pumps alone do not provide

sufficient head for purification system operation, a booster pump is
provided in the purification system to return the coolant to the reactor.
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The piping and purification equipment are all sized to pass an emergency
flow of four times the normal flow rate or 3.32 x 106 lbs/hr., in order
that rapid system cleanup may be accomplished should a fuel element rup-
ture in the core.

Before emergency cleanup operation begins, the reactor is shut down and
the bulk coolant temperature reduced to 180 F or less using the shut-
down cooling system. Water normally entering the tubes of the
regenerative heat exchanger is bypassed directly to the service water

cooled heat exchanger where it is cooled to below the maximum allowable
resin temperature of the mixed bed ion exchanger. After passing through
the purification equipment, the water is returned to the reactor by the
purification booster pump.

The coolant purification system piping, valves, heat exchangers, and
other related equipment in contact with D20 are constructed of Type 304

stainless steel.

The strainer is a 100 mesh stainless steel screen provided to prevent
any material which breaks loose from the mixed bed exchanger from entering

the coolant system.

The mixed bed exchanger contains 15 ft3 of nuclear grade resin, based
on a one year lifetime, with a bed depth of 4 ft.

Coolant Pressurizing System and Level Control

To prevent boiling in the primary system, the coolant is maintained at a
pressure well above its vapor pressure. This is accomplished by the
helium cover gas in the reactor vessel. A diagram of the system is shown

on Dwg. NP-432.

The 562 psia coolant pressure in the reactor vessel is maintained by a
high pressure helium storage tank and a pressure controller. Should the
reactor pressure decrease, the controller will actuate a valve in the
high pressure helium supply line from the storage tank and, thereby,

restore the coolant pressure to its normal level. A pressure increase
will cause the controller to actuate another valve, this time relieving

the helium in the vessel to the recombiner system where it is compressed
and sent back to the helium storage tank. A 300 ft3  helium storage tank,
therefore, serves as a surge tank for the cover gas system.

Normal operating pressure in the storage tank is 700 psig. Should this
pressure drop considerably for any reason, make-up is provided from high
pressure helium supply cylinders.

Coolant level in the reactor vessel is allowed to vary plus or minus 6 in.
from its normal operating level. Should the coolant exceed its upper
level, a level controller in the reactor vessel actuates a valve and
sends the excess coolant to the coolant storage tank. Since this storage
tank is at atmospheric pressure, a drain cooler is provided to condense
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any coolant that flashes into steam during the expansion process. The

overflow rate is not expected to exceed 85 gpm.

Should the coolant level decrease below its minimum level, the

controller actuates a D20 transfer pump and sends coolant from the

storage tank to the suction side of a reactor circulating pump. The

level control system is shown on Dwg. NP-431.

All piping, valves, and related equipment in contact with helium or D20

are constructed of Type 304 stainless steel.

A 660 ft3  helium hold-up tank is also provided in the gas system. This

tank provides storage of reactor vessel.and D2 0 coolant storage tank

cover gases at 300 psig during periods when the primary system coolant

is drained. This gas is returned to the system during coolant refilling,

thereby recovering helium gas which would otherwise be vented to the

atmosphere after sufficient decay. The hold-up tank is constructed of

carbon steel.

Helium Inventory

Helium is used not only for pressurization but also as a cover gas for

all D2 0 in the plant. The total inventory in the systems during normal

plant operation is 25,000 scf. A breakdown of this is as follows:

Helium storage tank 13,300 scf.

Reactor vessel 7,350 scf.

D2 0 coolant storage tank 3,175 scf.

Other 1,175 scf.

Total 25,000 scf.

Helium make-up is provided by two banks of cylinders located on the main

floor in the reactor building.

Coolant Recombiner and Off-Gas System

As a result of the radiation field in the reactor, a small portion of

the D2 0 coolant dissociates. D2 and 02 formed in the reactor is

collected in the helium blanket cover gas over the D20 coolant in the

vessel. The D2 and 02 gas is removed by a continuous flow of helium at

5 scfm across the free surface of the coolant in the reactor. This gas

is circulated through a moisture separator, a catalytic recombiner,

condenser, another moisture separator, and then compressed for return

to the reactor vessel via the helium storage tank. In this way

dissociated D2 and 02 formed in the reactor and collected in the blanket

gas is effectively recombined and recovered. An oxygen supply actuated

by a gas analyzer is introduced just ahead of the recombiner to insure

total recombination of dissociated deuterium. A diagram of this system

is shown on Dwg. NP-432.
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All D2 0 recovered in the moisture separators and condenser is sent to

the miscellaneous D20 drain tank. In the drain tank it is batch

monitored for D2 0 purity and either returned to the system or sent to

the distillation plant for upgrading.

To prevent a build up of noncondensibles in the blanket gas system,

small amounts of the helium cover gas are intermittently passed to the
off-gas system, where, after sufficient decay, it is vented to the

atmosphere.

All metals in contact with helium in the recombiner system are of Type

304 stainless steel.

The off-gas system permits disposal of gaseous wastes from the reactor
plant. A diagram of the system is shown on Dwg. NP-432. Waste gases

vented to this system are first passed through one of two alumina D20

adsorbers to remove the heavy water vapor content. Two drying vessels

are provided so that one can be regenerated while the other remains in

service. After passing through the adsorbers, the gases are monitored

for activity level and then passed directly to a stack for disposal to

the atmosphere if the activity is such that release without further

handling is permitted. If not, the gas is compressed to 300 psig and

sent to one of two 750 ft3 waste gas holdup tanks for holdup and
decay to a maximum permissible level. The stored gas is monitored and

eventually discharged out a 200 ft. high waste disposal stack. At the
stack the effluent is diluted by building ventilation exhaust and an
additional 15,000 cfm dilution blower. All gases being discharged by
the stack first pass through high efficiency filters to remove any

particulate matter.

Primary off-gases are collected from the following equipment or gas

systems:

1. D2 0 distillation plant.

2. Reactor cavity exhaust gas.

3. D2 0 equipment room exhaust gases.

4. Bleed gas from coolant cover gas system.

5. Vent from coolant purification system.

6. Blanket gas vents from miscellaneous tanks.

Normally, the off-gas system has a continuous flow rate of 60 scfm.

This flow rate is allocated to the reactor cavity and D 0 equipment room
exhausts. The contribution from the other sources listed will either be

intermittent or at most small. However, the system is designed for a

150 scfm flow rate to handle any additional purge volumes.

All metals in contact with waste gases containing D2 0 vapor up to and

including the adsorbers are of Type 304 stainless steel. After the
adsorbers, the system is constructed of carbon steel.
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Shield Cooling System

Approximately 0.3 MW of radiative and thermal heat is deposited in the

reactor biological shields at full reactor power and is removed by the

shield cooling system.

A flow diagram of the shield cooling system is shown on Dwg. NP-431.

The shield coolant is demineralized ordinary water and flows at a total

rate of 5.1 x 104 lbs/hr. with a 20 F temperature rise in the shields.

The inlet cooling water, at 110 F, is distributed to coils imbedded

in the concrete biological shield. The outlet water, at 130 F, is

carried through a full-flow filter to a 170 gal. holdup tank. The hold-
up tank is internally baffled to insure a 40 second holdup of the shield

cooling water to permit almost all induced N16 activity to decay. The

combination of the full flow filter and holdup tank, located in a

concrete shielded room, allows the remainder of the shield cooling

system equipment to be located in unshielded spaces.

The essentially nonradioactive water is taken from the holdup tank
through one of two full size circulating pumps, through a service water

cooled heat exchanger and returned to the coils in the biological shield,

thus completing the circuit.

Any dissociated H2 and 02 formed in the shield cooling water is collected

at the holdup tank and vented directly to the waste disposal stack.

The entire shield cooling system is constructed of carbon steel.

Shutdown Cooling System

A shutdown cooling system is provided for the reactor as a part of the
primary cooling system. The equipment provided for shutdown cooling

consists of the steam generators, main condenser, and a shutdown cooler.

The latter unit is connected to receive heavy water directly from the

reactor, extract heat and return the cooled heavy water to the reactor

through a shutdown coolant pump. A diagram of the system is shown on

Dwg .NP-430.

The system is designed to provide cooling for normal shutdown and for
shutdowns under emergency conditions when plant auxiliary power may be

lost.

To provide cooling after a normal shutdown, the reactor coolant is
circulated through the steam generators, producing steam which is by-

passed to the main condenser. The heat is removed by the condenser

circulating water. When heat being generated in the reactor falls to

the level where the coolant will no longer produce steam in the steam

generators, the main coolant lines to the steam generators are closed
and the water from the reactor passed to a shutdown cooler. Heat is

removed from the shutdown cooler by plant service water. Coolant

circulation is provided by a shutdowncoolant pump. Operation in this
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way is continued until it is no longer necessary to remove decay heat
from the core.

Emergency shutdown can arise from numerous situations, including high
power excursions, major fission product release, and loss of plant
auxiliary power. All but the latter can be handled in a manner similar
to that described for normal shutdown.

Should the plant auxiliary power be lost during plant operation, the
reactor will be scrammed, and the coolant immediately passed to the

shutdown cooler. Coolant circulation will be maintained by the shut-
down coolant pump, which will be automatically connected to an

emergency power supply. The shutdown cooler is designed to remove 7%
of full reactor power, which is sufficient to remove reactor decay

heat and stored heat in the coolant system.

All metal surfaces in contact with D20 are of Type 304 stainless steel.

The pump gland seals are of the double balanced mechanical type.

Radioactive Waste Disposal System *

Complete facilities are provided at the plant site for permanent
disposal of all radioactive wastes of plant origin during normal

operation. Radioactive wastes are classified as solid, liquid and

gaseous, and all are finally handled by the waste treatment equipment

located in a separate building at the west end of the site, as indicated
on Dwg. NP-438. The waste disposal system control board and non-

radioactive equipment are housed in the waste disposal building service

and control area.

Solid Wastes

A 1200 ft3 underground storage vault is provided for disposal of dry,

solid wastes, both compressible and noncompressible.

Spent ion exchange resins used in the reactor purification system are
sent to a deuterizing column where the heavy water is removed and the
spent resin sluiced with H2 0 directly to an underground permanent resin

storage tank. The solids are allowed to settle and the liquid decanted

and recycled to the liquid waste system for disposal. The resin

storage tank is a 3000 ft3 tank, (concrete enclosure with a stainless

steel lining) sized to contain depleted resin and filter material

expected to accumulate in twenty years of plant operation.

Liquid Wastes

The waste disposal system is equipped to handle the decontamination of

liquid wastes by chemical neutralization, filtering, decay by temporary

storage or by demineralization. All liquid effluent sent to the waste
disposal building flows either to a 3,000 gal. waste collector tank or

to the 1,000 gal. waste neutralizer tank. A diagram of the system is

shown on Dwg. NP-433.
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The waste collector tank is used to formulate batches for processing as

required by the chemical or radio-chemical content of the liquid.

Liquid waste from the containment vessel, the fuel element storage pool,

and the shield cooling blowdown, are routed to the waste collector tank.

A waste neutralizer tank is used for chemical treatment of liquid wastes

from the laboratory, shop, and fuel building decontamination stations.

A 5,000 gal. caustic storage tank and a 5,000 gal. concentrated acid

storage tank are provided for chemicals.

From these tanks, a batch may follow one or more of several routes.

If the radioactivity level is below tolerance, the liquid may be sent

to the condenser circulating water discharge where it is diluted and

released into the river. High level radio-active liquid is passed

through a demineralizing system, and then to one of two 10,000 gal. waste

holdup tanks. Short lived radioactivity is allowed to decay to a safe

level before discharge into the circulating water discharge.

A bypass is provided around the holdup tanks such that if the activity

after purification is within permissible levels, it may be routed

directly to the river. In the event the processed liquid is not

releasable after the first treatment, it is recycled from the holdup

tanks for further processing.

The spent resin and alpha-cellulose filter material from the waste
disposal purification system is sluiced to the permanent resin storage

tank. New resin is hydraulically transferred to the exchanger and new

cellulose material is pumped onto the filters until the elements are

properly coated. The new resin storage tank and the alpha-cellulose

fill tank are 1,000 gal. and 50 gal. tanks, respectively.

The ion exchangers are designed to handle a normal flow of 25 gpm at

8 gpm/ft2 of bed surface. These units are capable of handling an

emergency flow of 50 gpm.

Gaseous Wastes

Gaseous radioactive wastes evolving from various decontamination

equipment are vented to a common header. The gases pass through an

adsorber, are monitored for activity level and passed directly to the

stack if the activity is such that release without further handling is

permitted. A flow diagram of the waste gas system is shown on Dwg.

NP-432. *

If the activity of the gas is above the permissible level, the gas is

compressed to 300 psig and sent to one of two 750 ft3 underground gas

holdup tanks where any short-lived activity is allowed to decay.

Effluent from the gas holdup tanks is bled to and diluted by the building

ventilation air exhaust, and a 15,000 cfm dilution blower, and finally

discharged to the stack. All air discharged to the stack first passes

through high efficiency filters to remove any particulate matter.
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Fuel Handling System

The fuel handling system consists of a fuel handling machine (coffin
and carrier), indexing top shield, temporary spent fuel storage pit,

temporary fresh fuel storage pit, spent fuel well and transfer canal,

fuel storage racks and storage pool located in the fuel handling

building. The fuel handling system is designed to accommodate all
phases of fuel handling from receipt of new fuel elements to shipment

of spent fuel.

Fuel Handling Machine

The fuel handling machine is located on the reactor building main floor
as shown on Dwgs. NP-439 and 440. The machine is arranged on a set of

rails so that it has access to all the reactor fuel positions,
temporary fresh fuel storage pit, spent fuel storage pit, and the spent

fuel transfer well.

The fuel transfer coffin consists of a thick wall lead cylinder
sheathed in steel with sufficient thickness of lead to permit safe

unloading of fuel elements. Hoists are provided for raising and lowering
fuel elements. The fuel handling machine is controlled by an operator
on the reactor building main floor.

Fresh Fuel and Spent Fuel Temporary Storage Pits

Two temporary fuel storage pits are provided below the main operating

floor of the reactor building for receiving and storing new and spent

fuel elements under water without interfering with the containment or

shielding of the main floor of the reactor building. Each pit is sized
to hold approximately 40% of a core loading.

Spent Fuel Transfer Well and Canal

The spent fuel transfer well consists of a water filled tube which

extends from the main floor of the reactor building down to the transfer
canal. A motorized hoist is used to lower the spent fuel to the spent

fuel basket and carriage located under water in the transfer canal. The

carriage rides on a set of rails through the canal to the fuel handling
building. In the fuel handling building fuel elements are removed from

the carriage and placed in the storage pool prior to shipment to

reprocessing facilities.

Fueling the Reactor

Fresh fuel elements are normally delivered to the main floor of the
reactor building through an equipment hatch and transferred to the
temporary fresh fuel storage pit for loading into the reactor. From the

temporary fresh fuel storage pit, the fuel elements are loaded into the

reactor by the fuel handling machine, which is normally controlled and
positioned by indexing devices over the proper fuel removal nozzle of the

reactor.
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For refueling operations the reactor must be shut down before removing
a fuel element from the core. Fuel elements which are to be removed

from the core and replaced in a different lattice position are stored

in the temporary spent fuel storage pit during the refueling operations.

Spent fuel is transferred through the spent fuel well and canal to the

fuel handling building where it is placed in the storage pool prior to

shipment.

D2 0 Distillation System

A D20 distillation plant located adjacent to the reactor building is
used to remove H20 contamination from the D20 within the plant. This

system is designed to remove about one pound of H20 per day when

operating on a continuous basis. The stripped effluent from the

distillation system is 25% H20 and 75% D20. It is proposed that this

effluent be sent off-site for upgrading to 99.75% D20 purity. The
distillation plant flow diagram is shown on Dwg. NP-429.

The piping system, tanks, columns, and other related equipment in

contact with D2 0 is constructed of Type 304 stainless steel.

A detailed description of the D20 distillation system is presented in
Report SL-1581 Volume 1.

D2 0 Losses and Recovery

Throughout the plant systems, every attempt is made to minimize leakage
and loss of D20. In many instances, the value of the D2 0 justifies the

use of apparatus of special design to fulfill the philosophy of zero

leakage. Examples of such apparatus are the D2 0 pumps, valves, D20-H20
heat exchangers, and the vent and off-gas system. In addition, it is

expected that some special plant maintenance procedures will be required.

All D2 0 pumping equipment is provided with mechanical shaft seals,

backed up by bushing type seals. The leakage from the seals is collected

at the pump and piped to D20 miscellaneous drain tanks. A leak off

connection is provided on the outboard side of the bushing seal to provide
an emergency drain in the event of a mechanical seal failure. This leak

off connection is piped to an oversized normal drain line, located on

the inboard side of the bushing type seal. Pressurized D2 0 from the pump
seal pressure accumulator is fed into a gland at the shaft seal to

maintain a pressure at the seal slightly higher than the fluid being

pumped and therefore any leakage is clean D20.

Integral pumping rings circulate the seal fluid through a small heat
exchanger to maintain the temperature at the seals below 160 F at all
times. A water jacket is used to supplement cooling during operation

and maintain cooling when the pump is shut down.
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A major source of D2 0 loss occurs from valve steam leakage. To
minimize leakage losses, the following provisions in valve design have
been made:

a) All valves are furnished with butt welding or socket welding ends.

b) Provisions for seal welding the bonnet joints are made.

c) All valves are of back seat construction with an extra long stuffing
box.

d) All valves in sizes 2 in. and larger are furnished with a stuffing

box leak off pipe connection and lantern gland.

e) All valves subjected to vacuum conditions are furnished with a

stuffing box liquid injection seal connection as well as a leak off

connection.

f) Major control valves operated frequently are furnished with stuffing

box leak off piping connections as well as seal gas piping connections.

Operating experience will dictate the extent of maintenance required to

minimize leakage.

The drain connection from the lantern rings of the large valves in D2 0

systems is piped to a recovery tank. A valved bypass is installed in

the drain line, with a visual leak collector serving to indicate the rate

of leakage and therefore the condition of the valve stem packing.

Small valves in the D2 0 systems are not piped to the recovery tank but

are provided with a visual leak collector which serves to indicate when

the valve stem packing should be tightened or replaced. Leakage into

the reactor cavity is picked up as a vapor by a continuous air flow

maintained throughout the reactor cavity and carried to a drying system

for removal. To provide for major leakage into a cavity, a D20 sump and

sump pump are provided. The reactor cavity ventilation system is

discussed elsewhere in this report.

In spite of all attempts made to minimize D20 loss, some will occur

during normal plant operation. The following is a breakdown of the

estimated unrecoverable D2 0 losses:

Leakage Unrecoverable

Item lb/day leakage lb/day

Valves, Average per Valve 0.1 0.01

Pumps, Total 40.0 2.00

Control Rods, per Rod 0.018 0.002

Off-Gas System --- 0.1

Miscellaneous 10.0 1.0
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These figures result in an estimated unrecovered loss rate of 6.6

lbs/day or 2400 lbs/year. The estimated annual loss from the refueling
operations is estimated to be 300 pounds. Thus the total estimated loss,

not including allowances for spills or ruptures is 2700 lbs/year, which

amounts to about 1% of the plant D2 0 inventory of 123.5 metric tons.

Losses arising from accidents, spills and equipment breakdowns are

estimated at an additional 1% per year of D2 0. Therefore, the total
estimated D.4 loss is about 2% of the total plant D2 0 inventory, or
5430 lbs/year.

The above tabulation is based upon a liquid recovery system which is

90% efficient and a vapor recovery system which is expected to operate

at an efficiency of 99%.

5.1.1.4 Turbine Plant

The turbine plant, consisting of the turbine-generator, condenser,
feed-water heaters, circulating water system, and associated auxiliaries,

utilizes saturated steam from two steam generators to produce a net
electrical power output of approximately 68,800 kw, with a total steam
flow of 1,135,000 lbs/hr. and a condenser pressure of 1.5 in. HgA.

Condensate from the condenser is returned to the steam generators
through three stages of feed-water heating. A flow diagram of the steam,

condensate, and feed water cycle appears on Dwg. NP-430.

Turbine-Generator

The turbine is a tandem-compound, double flow unit with 23 in. exhaust
blades and operates at 3600 rpm. Dry and saturated steam at 160 psia is
supplied to the turbine through two turbine stop valves. Moisture

removal devices are furnished with the turbine.

Condensing Equipment

The main condenser is a two pass unit with a heat transfer surface of
100,000 ft 2 Admiralty metal tubes 26 ft. long and 1 in. OD x 18 BWG are
used for the heat transfer surface.

The quantity of steam to be condensed is 825,800 lbs/hr. The condenser
is provided with divided water boxes and valved for backwashing to clean
the condenser tubes. A circulating water flow of 107,200 gpm at 70 F is
required for condensing purposes at 1-1/2 in. HgA. An expansion joint
is provided between the turbine and condenser to absorb movement due to
thermal expansion.

A two element steam jet air ejector is furnished with an automatic steam
pressure reducing valve in the steam supply line to the jets. The
ejector removes noncondensable gases from the condenser. A noncondensing
auxiliary ejector is provided to aid in the rapid evacuation of air from
the condenser, and a priming ejector is supplied for the evacuation of
the water box space in the circulating water system.
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Condensate Pumps

Two half-capacity, horizontal, centrifugal condensate pumps are provided,
to take their suction from the condenser hot well. The condensate pumps
provide the head necessary to pump the condensate from the condenser
through the air ejector, gland steam condenser, low-pressure heater and
to the deaerating heater. Each pump delivers 965 gpm and is driven by a
direct connected 125 hp motor. The pump is of conventional design and
material.

Feed Water Pumps

The feed water pumps provide the head necessary to return the feed water
to the high-pressure heater and the steam generators. Two half-capacity,

horizontal, centrifugal feed pumps are provided, taking their suction from

the deaerating heater. Each pump delivers 1195 gpm and is driven by a

direct-connected 175 hp motor. Recirculation is required to cool the

pump under low flow conditions. The recirculation line carries the feed

water back to the deaerating heater where it again enters the cycle to the

feed water pump suction. A warming line is also provided at each pump.

The pumps are of conventional design and material.

Feed-Water Heaters

Three stages of feed water heating are provided, yielding a final feed

water temperature of 310 F. Each feed-water heater is equipped with

normal and emergency level controllers which maintain normal water level

in the heater hot well. All heaters are of conventional design and
material.

Low-Pressure Heater

Condensate from the condenser hot well is pumped through the air ejector,
gland steam condenser and the low-pressure heater. This heater receives

steam extracted from the turbine, and moisture from the moisture

separator, for feed water heating. The heater is of the horizontal type
with 3/4 in. x 18 BWG Admiralty metal tubes. At this heater, the drain

is pumped and returned to the condensate line after the heater. The low-

pressure heater is located on the mezzanine floor in the turbine

building.

Deaerating Heater

Condensate from the low-pressure heater flows to the deaerating heater.

The heater receives extraction steam from the turbine, and a steam

water mixture from the high-pressure heater drain, for deaerating and

heating purposes. The deaerating heater is arranged as a vertical

deaerating unit on a horizontal storage tank. The feed water pumps

take their suction directly from this storage tank which is located on

the turbine building roof.
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High-Pressure Heater

Water from the feed water pumps flows to the high-pressure heater and

the steam generators. The heater receives extraction steam from the

turbine for feed water heating. The heater drain is cascaded to the

deaerating heater. The heater is of the vertical type with 3/4 in. x

18 BWG Admiralty metal tubes. The high-pressure heater is located on

the ground floor extending upward through the mezzanine floor.

Piping

The main steam piping consists of two 24 in. schedule 40 carbon steel

pipes, running directly from the steam generators to the turbine stop

valves. Each line is sized to handle a steam flow of 567,500 lbs/hr.

at a velocity of approximately 9500 fpm. A 10 in. schedule 40 pipe is

provided as a dump line to the condenser to handle changes in load and

normal and emergency shutdown conditions. This line is sized to handle

10% of full steam flow.

The extraction steam piping from the extraction stages of the turbine
to the high-pressure heater, deaerating heater and low-pressure heater

connections are sized for velocities of 7600, 7200, and 5700 fpm

respectively.

Condensate piping from the condenser hot well to the deaerating heater
is sized for velocities of 8-15 fps. The velocity of the condensate

in the condensate pump suction line and the feed-water pump suction

line is 2.5 and 5.5 fps respectively. Piping from the feed water pumps
discharge to the steam generators and is sized for a velocity of 8-15

fps.

The circulating water piping system consists of one 48 in. line from
each pump running into the condenser and two 48 in. outlets converging

into a 66 in. main outlet to the crib house. A 72 in. pipe carries the

discharge from the crib house to the river.

The piping systems in the plant are designed in accordance with the
appropriate codes presently in effect. All piping is carbon steel.

Pipe sizes in the turbine building are shown on Dwg.NP-430.

The remaining piping systems in the turbine plant are of conventional
materials and construction.

Valves

All valves in the turbine system are of standard design and construction.

Main Power Electrical Equipment

The electrical power is generated at 13,800 volts, with a capacity of
73,300 kw at design turbine inlet conditions and 1.5 in. HgA condenser
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pressure. Plant auxiliary requirements reduce the output to a net of

68,800 kw. The electrical single line diagram is shown on Dwg. NP-449.

A tie-in with the existing 115 kv system on the project is assumed,

and the main power transformer provides step-up from generator voltage

to 115 kv.

Generator

The generator is a 13.8 kv, 3-phase, 60-cycle, 3600 rpm, 88,235 kva,
0.85 pf, 0.64 short circuit ratio, hydrogen cooled (pressure 30 psi),

generating unit. The excitation system consists of 250 volt, 200 kw,

main and reserve motor-driven exciters with a d-c amplifier type voltage

regulator. Field breakers and voltage regulator equipment are located

in the excitation switchgear.

The generator neutral is grounded through a 13,800 volt - 240 volt,
25 kva distribution transformer with a resistor across the low voltage

winding, all mounted in a metal enclosure.

Main Power Transformer

The main power transformer is Type FOA, 80,000 kva, 13.2 kv delta,

115 kv type, solidly grounded 3-phase, 60-cycle. It is direct-con-
nected to the generator through isolated phase bus duct.

Electrical Auxiliaries

A single line diagram of the electrical auxiliaries for the reactor and
turbine plant is shown on Dwg. NP-449. During start-up, power is

supplied from the switchyard bus through the reserve auxiliary

transformer. Under normal operating conditions the unit auxiliary

transformer feeds the auxiliary buses.

Auxiliary Transformers

An outdoor unit auxiliary transformer is provided, rated 6000/7500 kva,

13.2-2.4 kv, OA/FA. The connections to the high voltage terminals are

isolated phase bus duct, tapped off the generator bus duct connections
to the main power transformer. The low voltage terminals are connected

to the 2.3 kv switchgear.

An outdoor reserve auxiliary transformer rated 6000/7500 kva, 115-2.4
kv, OA/FA serves as a reserve for the unit auxiliary transformer and

provides auxiliary power for starting. The reserve transformer is

supplied from the switchyard bus. The low voltage terminals are con-

nected to the 2.3 kv switchgear.

The neutrals of the low voltage windings of the unit and reserve auxil-

iary transformers are grounded through a common 1.15 ohm, 1200 amp.

resistor.
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2300 Volt Switchgear

There are two sections of indoor metal-clad switchgear with removable

air circuit breakers. Both sections are normally supplied by the unit

auxiliary transformer for emergency or start-up operation. In the

event of loss of power to one of the switchgear sections, automatic

transfer is provided to restore power to the affected 2300 volt bus

immediately. The switchgear has an interrupting capacity of 100 mva.

The breaker control voltage is 125 volt d-c. The switchgear provides

power to all 2300 volt auxiliaries in the turbine and reactor plant

areas.

480 Volt Substations and Control Centers

There is a 480 volt indoor unit substation in both the turbine and

reactor plants. Each consists of a direct connected 750/1,000 kva,

2400-480 volt dry type transformer and metal-clad 480 volt switchgear

with removable air circuit breakers. The transformers are supplied from

the 2300 volt switchgear. Each transformer is capable of supplying the

total 480 volt load of both the turbine and reactor plants. In case of

power failure to either the turbine or reactor plant buses, automatic

transfer is provided to restore power to the affected 480 volt bus

instantaneously from the other transformer.

The switchgear provides power to all 480 volt auxiliaries in the turbine
and reactor plant and outlying areas. The transformer 480 volt neutrals

are solidly grounded.

Motor control centers are provided for the small auxiliary motors.

Emergency Power Supply System

An emergency diesel unit rated at 200 kw, 480 volts, is provided for

emergency shutdown. In the event all other a-c power sources fail,

this unit starts automatically and supplies shutdown power for the

station.

There are emergency battery operated essential shutdown auxiliaries
which start automatically when required, and permit shutdown operation

of the reactor unit until the diesel unit is started automatically, or
manually if necessary.

120 Volt Control and Safety System Power Supply

A 120 volt a-c distribution panel for the reactor control and safety
system is normally supplied by a d-c to a-c inverter set to provide a

reliable power supply, free of voltage fluctuations. A 480-120 volt,

10 kva, transformer serves as a reserve supply to allow maintenance of
the inverter set. Automatic transfer to this source is also provided

for shutdown control and safety power if the inverter set fails.
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125 Volt Batteries

Two 125 volt batteries are provided. One is located in the turbine

plant and the other in the reactor plant. The battery chargers are fed

from 480 volt motor control centers. Each battery feeds a 125 volt bus.

Tie breakers are provided so each battery can feed both buses under

emergency conditions.

One bus will provide the normal d-c feed for turbine plant auxiliaries

and provide an alternate feed for reactor plant d-c. The other bus

provides the normal d-c feed for reactor plant auxiliaries, including

the d-c - a-c inverter for supplying reactor instrument power, and

serves as an alternate feed for turbine auxiliaries.

Control Room

A centralized control room is furnished in the turbine and office
building with a console type benchboard and vertical panels.

Control and indication, including control switches, push buttons, in-
dicating lights and meters, are provided at the benchboard for all equip-
ment required for the operation of the turbine and reactor. Recorders,

large indicators, relays and the annunciators are mounted on the vertical
panels.

Motors

Motors rated 150 hp and over are fed from the 2300 volt switchgear. All
essential motors under 150 hp are fed from the 480 volt switchgear.

Indoor motors are of standard open frame type with protection against

drip. For outdoor service, enclosed weather protected motors are used.

Thermocouples for bearing temperatures are provided for critical motors
and their associated driven equipment, such as the feed water pumps and

reactor circulating pumps.

Auxiliary Power and Control Cable

The cable for the 2300 volt, auxiliaries has 4.5 kv ozone resistant rubber

insulation with chloroprene sheath. The cable for the 480 volt auxil-

iaries is rated at 600 volts with ozone resistant rubber insulation and

chloroprene sheath. For control, multiconductor cables with 600 volt

ozone resistant rubber insulation and chloroprene sheath are used.

Cable Distribution System

Cable pans and conduits are used for routing various power and control

cables within the reactor containment vessel and turbine plant. Cables

for the reactor and turbine auxiliaries are segregated insofar as

practical to minimize loss of output in event of damage in the reactor or

turbine area. A cable pan is used for cables between the reactor
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containment vessel and turbine plant. A special seal is used for cables

penetrating the containment vessel. The seal consists of a pressurized

chamber adjacent to the vessel wall with compression type cable fittings

for each cable both at the vessel wall and the outside chamber wall. The

pressurized chamber is continuously monitored for leaks.

Cables for outlying facilities, such as the gatehouse, waste building,

fuel handling building, crib house, etc., are buried in earth.

Lighting and Receptacles

The plant lighting system is 480/277 volts supplied from the reactor and

turbine plant 480 volt switchgear. Main floor lighting consists of color

corrected mercury vapor units, with fluorescent fixtures for all other

indoor locations where practical. Where fluorescent fixtures are not

feasible, such as outdoor and emergency locations, incandescent lighting

is used. Emergency d-c lights are provided only at gauge boards, switch-

gear and stairwells. The control room has "Louverall" ceiling type

lighting. Convenience receptacles are 120 volts fed from small
transformers supplied from the lighting system.

480 volt receptacles are provided in the reactor and turbine plant for
welders, stress relievers, etc., and are fed from the 480 volt switch-

gear.

Communications

Private (PAX) telephone facilities complete with code call system are

provided as well as a public address system. Local telephone company

facilities also are provided.

5.1.1.5 Plant Utilities

The plant utilities include those systems provided for maintaining the

equipment, disposing of non-radioactive plant wastes, safety and health

of personnel, protection of equipment, and for heating and cooling the

plant buildings.

Control Air System

The control air system of the plant supplies air operated control
devices at a header pressure of 115 psia and is reduced to 55 psia and

45 psia for supply to various drive units and instrument transmitters.

Control air is supplied by two single stage compressors rated at 180 cfm

each, at 115 psia. which discharge through aftercoolers into a common
34 ft 3  air receiver. Air from the receiver then passes through a dryer

and a bank of filters insuring a clean, dry air supply to instrument

transmitters and control devices.
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Station Air System

The station air system supplies 11.5 psia air for distribution throughout
the plant. The station air supply is cross-connected for emergency air
to the control air system. Station air is supplied by a single stage
compressor rated at 500 cfm and 115 psia, discharging through an after-

cooler into a 96 ft3 station air receiver.

Air Conditioning and Ventilation

The ventilation system provided for the plant is designed to furnish
positive control of air flow throughout the buildings. As the reactor
operates, tritium builds up in the coolant D20 and, therefore, any D20
leakage into occupied areas will impose radiation access limits unless

carefully controlled. For this reason all principal D2 0 equipment in

the reactor building is isolated in shielded cavities where a negative
air pressure is maintained so that any leakage of building air is inward,

Ventilation of the turbine building poses no special problem since
light water is used in this system.

Reactor Building

Two air handling units are provided in the operating area of the
reactor building for heating, air conditioning and ventilation. These

units circulate a total of 35,000 cfm to all floor levels of the reactor
building and maintain an inside temperature of 90 F at 50% R. H. and 60 F

when the outside temperatures are 95 F and 10 F respectively. These

represent the summer air conditioning and winter heating system design

conditions based on 9000 cfm continuous fresh air intake and exhaust.

System layout provides an air intake plenum around the water storage

tank at the top of the containment vessel. All exhaust air is removed
at the basement and grade floor levels to insure a constant general

downward flow of air in the building. The exhaust air is monitored,

filtered and discharged out the waste disposal stack.

Pneumatically operated butterfly valves are installed on the air intake

and exhaust ducts into and out of the building. These valves close
on high radiation levels in the exhaust air or in the event of an

incident requiring containment.

Reactor Cavity and D2 0 Equipment Rooms

A continuous flow of air is maintained through the reactor cavity and
all D2 0 equipment rooms to extract all motor and equipment heat losses.

This is accomplished by passing the air through individual chilled water

type unit coolers.

The reactor cavity and all D2 0 equipment rooms are maintained at a
negative pressure by continuously exhausting 5 cfm per space. This means

that any leakage of building air is inward. The exhaust air from these
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spaces containing D2 0 vapor is sent through the off-gas system dryer for

D20 recovery and then compressed and sent to the high-pressure waste gas
holdup tanks for decay before rejection to the atmosphere.

Turbine Building

Forced ventilation air is distributed to the turbine building equipment
area using two air handling units. Since there is no D2 0 in the turbine
building, the exhaust air is discharged to the atmosphere directly.

Design conditions for normal operation are such that during the summer
50,000 cfm of outside air at 95 F-D.B. and 76 F-W.B. is brought into
the building, cooled to 85 F-D.B., circulated through the building, and
discharged to the atmosphere at 105 F-D.B. During the winter 25,000 cfm

of heated air is continuously circulated with 4000 cfm of fresh air make-
up and 4000 cfm exhaust from the building to the surroundings.

Steam unit heaters are distributed throughout the area as required to

maintain an inside temperature of 65 F.

Offices, Control Room, Locker Room and Laboratories

Approximately 11,500 cfm of conditioned air is circulated through the
offices and control room the year round to maintain comfort conditions
for continuous occupancy. The fresh air make-up and exhaust rate in

these spaces is approximately 10%.

The laboratories are provided with exhaust hoods exhausting 100% of the
500 cfm room ventilation air directly to the waste disposal stack.

The locker room is ventilated by 2500 cfm of outside air, which in turn
is exhausted by an independent exhauster.

Wall type convectors are provided throughout the offices, control room,
locker room and laboratories to supplement the winter heating load.

Service Water

The service water system serves as a source of cooling water for the
plant auxiliaries, and supply to the suction of the traveling screen
wash pumps, and the motor driven fire pumps.

The system supplies water for cooling the generator hydrogen gas,
turbine oil, and other equipment in the turbine room requiring cooling
water.

In the reactor plant, this water is used as the cooling medium in
various heat exchangers such as the shield cooler, purification cooler,
and shutdown cooler.

The service water system is supplied by two 6000gpm pumps located in the
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circulating water intake structure. During normal operation, one pump
supplies the system with 60 psig water, with the second unit as a
stand-by. In addition to the service water pumps, fire pump and

circulating water pumps, a 1475 gpm emergency shutdown cooling pump is
also located in the crib house.

The service water pumps discharge into two twin basket backwashing
type strainers. Conventional materials are used throughout the service
water system.

Fire Protection

The fire protection system provided is expected to give the station
adequate protection and the lowest possible fire insurance rate

commensurate with investment.

The fire protection piping system is normally served by two motor-
driven pumps with a capacity of 1000 gpm each at 150 psia discharge

pressure. A stand-by 2000 gpm engine driven fire pump is also connected

in the fire protection system for emergency use. The fire pumps are

located in the turbine building and the emergency fire pump is located

in the circulating water intake structure and takes direct suction from

the circulating water discharge seal well. Valving is provided in the
discharges of both the fire pumps and the engine driven fire pumps in

order that water may be supplied to the 15,000 gal. reactor plant

emergency cooling water tank. A valve is also installed on the discharge

side of the engine driven pump to permit water flow to the service water

system in an emergency.

The internal fire protection equipment consists of water headers

supplying fire hose connections. The external fire protection equipment

consists of water headers supplying fire hydrants located strategically

throughout the yard area.

The main, unit auxiliary, and the reserve auxiliary transformers are

protected by a water deluge system consisting of fixed spray nozzles

located to quench any fire on, beneath, or close to the transformers.

Fire protection devices automatically actuate the deluge system.

A low-pressure carbon dioxide fire protection system is provided for the
turbine-generator unit. This system consists of CO2 discharge nozzles

located at strategic points beneath the turbine-generator unit. These
nozzles are supplied by a 300 psia, 5-ton capacity CO2 storage tank

complete with refrigeration and control devices.

Sewage Disposal

The sewage disposal system for the plant consists of a septic tank, and
a tile absorption field. The location of this system is shown on Dwg.
NP-438. The geological characteristics of the area are ideal for this

type of system. The surface allows the effluent to percolate through
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the porous soil absorbing the oxygen necessary for complete purification

and also affording some evaporation.

Plumbing and Drainage

A complete sanitary system is provided for the plant. Water supply

piping is galvanized steel pipe with galvanized malleable iron fittings.

Soil, waste, and vent piping consist of I.P.S. cast iron pipe with cast

iron screwed drainage fittings. Fixtures include water closets,
lavatories, urinals, showers, and water coolers. The I.P.S. pipe is
terminated approximately 5 ft. beyond the building line. Vitrified clay

pipe is used to make connections to the septic tank. A concrete collar
connects the cast iron pipe to the vitrified clay pipe.

5.1.1.6 Buildings and Site

The characteristics of the site pertinent to construction and operation
of the prototype are presented in Report SL-1581 Vol. I. Descriptions

of the various buildings housing the plant equipment are presented in

the following sections.

Roadways and Walkways

An existing well-graded dirt road connects the site to a highway system
three miles from the site. This road would be widened and surfaced.

The plant roads and parking lot are also surfaced. The plant roads and
parking lot are shown on Dwg. NP-438. The parking lot has accommodations

for 54 automobiles.

Pedestrian walks as required are provided between buildings and between
buildings and roadways.

Railroad

A single standard gauge track connects to existing trackage three miles
from the plant site. The main track and spur is laid out to serve the

various buildings as shown on Dwg. NP-438. Grade crossings are precast
concrete slabs with hardwood creosoted flangeways.

Reactor Building

Reactor containment is provided by a cylindrical steel vessel 90 ft. in
dia., with an overall height of 158 ft. from the top of the hemispherical
dome to the bottom of the hemiellipsoidal base. The vessel is designed

in accordance with applicable codes. The steel specified isSA-201 Grade

B. Previous studies have proved the economic advantage of a cylindrical
containment vessel as compared to a spherical vessel. General arrange-
ments and cross-sections of the building and equipment are shown on

Dwgs. NP-439, 440, 441.

The vessel is designed to contain an internal pressure of 36 psig which
would result from a rupture of the primary coolant system. It is also
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designed for a combination of external loads. Any excessive external
pressure is resisted by the concrete shadow shielding which is

separated from the inside of the steel plate by 1 in. of flexcell.

Steel plate for the cylindrical portion of the containment vessel and
base is 1.375 in. thick. Plate for the spherical portion is 0.75 in.
thick.

Access to the reactor building is gained by way of the personnel air

lock which connects the turbine room main floor to the reactor

building intermediate floor. An escape lock is also provided to the
gallery around the D20 distillation column from the main floor of the
reactor building. Both air locks are equipped with double interlocking
doors for maintaining integrity of the containment vessel during normal
operation. A large freight door is also provided for maintenance and

removal of equipment. Other penetrations through the shell are for

electrical conduits, piping and the fuel handling port which enters from

below grade.

A 15,000 gal. service water tank is located in the apex of the dome to
supply spray water in the event of a primary system rupture. In such a

case this water is released to lower the internal pressure and tempera-

ture.

The exposed exterior of the shell is covered with factory-formed foam

glass insulation and roofing. This prevents condensation from

accumulating on the inside of the shell and also minimizes differential

expansion and contraction due to external temperature variation.

Two stair systems provide access between the main floor, intermediate
floors, and the basement. A 50/5 ton crane services the area between
the equipment hatches and the reactor. Floors consist of concrete slabs

supported on a structural steel frame. Reference is made to the above

mentioned drawings for locations of the various pieces of equipment.

Reactor Building Foundation

The concrete in the hemiellipsoidal bottom of the vessel is reinforced
for uniform distribution of the loads which are carried down through the

interior walls and columns. The space between the bottom of the shell

and the excavation is filled with concrete for transmitting the loads from

shell to soil.

The contract area of the concrete fill and the supporting soil below the

shell is spread over a sufficient area to allow for a workable soil

bearing value.

Turbine and Office Building

The turbine and office building is a grade level structure with no

basement. The general arrangements and cross-sections of the building

and their equipment are shown on Dwgs. NP-442, 443, 444, 445 and 446.
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The operating floor of the turbine building is at the same elevation as

the intermediate floor in the reactor building. The containment

building main air lock provides access at these floor levels. A 20 ft.
wide, one story bay adjoins the turbine building on the north. This
bay houses compressors, station air receivers and other equipment. A
mezzanine floor about half the area of the turbine room operating floor

is utilized to provide support and access for heaters and auxiliary
equipment. The turbine building is serviced by a 50/10 ton overhead
crane.

Adjoining the turbine building on the south side is the office building.
The office building is subdivided into a 26 ft. wide control area and a
33 ft. 6 in. wide office area. The main floor, mezzanine floor, and
ground floor of the office building are located at the same level as the
respective floors in the turbine building.

The main floor of the office building contains the plant control room
in one section, and general office space, toilet facilities, and kitchen

facilities in the other section.

The office building mezzanine floor houses the switchgear equipment,

locker room, instrument shop, shower and toilet facilities.

Access to the office building is provided through a lobby centrally
located between the office and control room sections on the ground floor.

From this lobby any floor may be reached by passenger elevator or stairs,
and direct access is provided to the turbine building at the ground,

mezzanine or main floors. Two other stair systems are provided: one at
the southeast corner of the turbine building, and the other in the

turbine room near the main air lock to the reactor building.

The turbine and office building are framed with structural steel and have
floors of cast-in-place concrete. Roof girders support precast concrete

slabs, insulation and built-up roofing.

The exterior walls of the turbine and office building consist of

insulated aluminum panels. Horizontal bands of windows are provided in

the turbine room and office sections. The turbine room has a conventional

forced ventilation system.

In the office building and control room, exterior walls are backed up
with concrete block and plaster. Interior partitions are concrete

block and glazed tile or faced with glazed tile soaps, or plastered and

painted. Switchgear rooms and the machine shop have no backup inside

the exterior wall panels. Ceilings are of the suspended type or exposed.

The control room uses an illuminated egg crate type ceiling. Floors are

either mosaic tile, quarry tile, rubber tile, asphalt tile, or steel

troweled surface, depending on the type of service. The mezzanine floor

is grating with some areas of concrete slabs.
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Turbine Building Foundations

The turbine building, including the office area, is constructed on
spread footings carried down to firm undisturbed soil. Loads from the
building and crane columns are transmitted to concrete piers extending
down to the spread footings. Heavy equipment is supported on mat

foundations bearing on firm undisturbed soil, having a minimum total
concrete weight of 2-1/2 times the weight of the machinery. Upon

completion of footing and equipment mats, the ground floor slab is
poured on compacted backfill, tied and seated into the piers and
foundations.

Radioactive Waste Disposal Building

The radioactive waste disposal building, as shown on Dwg. NP-447, is a
reinforced concrete structure with the equipment in the basement and the

control room at grade level. Concrete interior walls and roof, 36 in.
thick, protect personnel from radiation from equipment in the basement.

Shielding design incorporates a compartment type arrangement to permit
servicing of the equipment during operation.

A trolley beam arrangement supported from the roof of the ground level
room permits equipment removal from the basement through a service hatch.

Buried underground adjacent to the building are the permanent resin
storage tank, solid waste burial pit, two radioactive gas holdup tanks,
and two waste holdup tanks. The permanent resin storage tank is a

concrete vault with a stainless steel liner. The concrete permits

containment in event of a tank. rupture. The solid waste burial pit is a

rectangular tank with reinforced concrete roof and walls.

For tank capacities and locations reference is made to Dwgs. NP-433,
438, 447 and the section of this report dealing with the waste disposal

system.

Fuel Handling Building

The fuel handling building is a steel frame structure enclosed with

corrugated asbestos cement siding. Facilities for receiving and

storing new fuel, as well as for storing spent fuel during decay, and

loading into casks for shipment, are provided in the fuel handling
building.

A railroad spur is located in the north end of the building for shipping
the spent fuel in casks to processing plants. Also furnished is a 25/5

ton crane to facilitate the handling of the fuel and shipping casks.

Located between the fuel handling building and the reactor building is
an interconnecting tunnel for transferring new and spent fuel to the

storage pools.

The fuel handling building is extended on the east side to provide an

enclosure for the heavy water distillation equipment.
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The arrangement of the building, storage pools, and service area is
shown on Dwg. NP-447.

Circulating Water Intake Structure

The circulating water intake is an unenclosed structure consisting of a

substructure of reinforced concrete. Two 11 ft. wide chambers are

provided for circulating water intake. Traveling screens installed in

each chamber remove debris from the water. A bar grille protects the

screens against damage by heavy debris. A stop log arrangement permits

dewatering for inspection and maintenance of the water intake structure.

Location of equipment, and dimensions of the structure are shown on
Dwg. NP-445.

Gatehouse

The gatehouse is a one story concrete brick building of about 260 ft2

located on the entrance roadway. It is equipped with toilet facilities

and a closet, and designed so that one guard can register all incoming

and outgoing visitors. The front half of the building is composed of
window-wall panels affording uninterrupted visibility both toward and
away from the plant.

Chimney

Radioactive gases are dispersed to the atmosphere through a concrete
chimney, 13 ft. in dia. by 200 ft. high, supported on an independent, soil
bearing, concrete mat foundation adjacent to the containment vessel.

Foundations

The waste disposal and fuel handling building are constructed on spread
footings carried down to firm undisturbed soil. Where the structure or

any portion of the structure is sufficiently below grade, the concrete

bears directly on the soil without additional footing.

5.1.2 Cost Estimates

Estimates are presented in this section for the costs of design and

construction, heavy water requirements, and operating and maintenance,
for the liquid D2 0 cooled, pressure vessel prototype plant.

Design and Construction

The estimated investment for design and construction including material,

labor, contractor's overhead, contingency, escalation, and engineering
design for the plant, are summarized in Table 5.1.2-I. This estimate

includes a 10% contingency, 12% escalation (4% per year) and $7,790,000
top charges.
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TABLE 5.1.2-I

SUMMARY OF ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

Total
$20,000L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D2 0 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

544,500

1,917,000

753,000

210, 500

250,000

15,000

187,000

148,300

$4,025,300

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-I

$6,148,000

388,700

423,500

200,000

$7,160,200
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Table 5.1.2-I, Cont.

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$5,889,020

268, 200

136, 680

206,980

1,253,110

$14,914,190

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D20 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling Plant

Total Electrical "C"

$562,600

1,138,500

11,000

Incl. C-VI

11,100

11,700

$1,734,900

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Storeroom

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead & Profit

Sub-Total (L Plus A to E Inclusive)

$127,250

10,000

64,500

1,200

$202, 950

$20,897,340

940,000

$21,837,340
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Table 5.1.2-I, Cont.

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation

(3 Years - 4% Per Year) - 12%
Sub-Total (L Plus A to G Inclusive)

H-Top Charges

I. Professional Services

1. Reactor Design

2. Reactor and Turbine Systems and Plant

II. Other Charges (Purchasing, Field Supervision,
Interest During Construction, Etc.) - 10%

Total Top Charges "H"

Total Estimated Cost

2,183,660

$24,021,000

2,880,000
$26,901,000

$3,350,000

1,750,000

2,690,000

$7,790,000

$34,691,000

Notes:

1. Personnel Training and preliminary operating expenses are not
included.

2. D2 0 Inventory is not included.
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Heavy Water Inventory

For purposes of this study the heavy water inventory for the plant

has been treated as an investment. At the announced purchase price of
$28.00 per pound, the D2 0 inventory of 123.5 metric tons is valued at

$7,607,600. A breakdown of this investment in the various sections of
the plant is as follows:

Inventory

Metric Tons Investment

Reactor 76.5 $4,712,400

External Coolant System 32.6 2,008,160

Other Systems 14.4 887,040

Total 123.5 $7,607,600

Operating Costs

The operating costs for the prototype plant consist of fuel costs,
heavy water make-up, operating salaries, maintenance, labor, and material,

supplies, and insurance.

The annual operating costs associated with the use of heavy water arise
from the loss of heavy water from the system and the operation of the

heavy water distillation unit used to remove light water from contaminated
heavy water.

The annual heavy water losses are estimated to be 5430 lbs., as described
in Section 5.2.1.3, resulting in an annual cost of $152,000 for make-up.
The costs associated with the operation of heavy water distillation plant
are estimated to be $4,000/year. Thus the total annual operating cost
for heavy water is $156,000.

The fixed charges for D2 0 inventory are based on 12.5%/year, resulting
in an annual cost of $952,000. The total annual cost of D20 for the
prototype plant is thus $1,108,000.

The annual costs for operating and maintaining the plant are estimated
as follows, including a staff of 70 persons:

Operating payroll $450,000

Maintenance labor, and materials 210,000

Supplies 50,000

Insurance 180,000

Total $890,000
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Summary

A summary of the capital and operating costs for the plant when using
metallic natural uranium fuel is presented in Table 5.1.2-Il.

5.1.3 Pressure Tube Prototype Plant

The pressurized D20 pressure tube reactor plant provides 1.055 x 106
lbs/hr. of saturated light water steam at 277 psia to a turbine-generator
nominally rated at 70 MWe. The steam is generated in a pair of
vertical steam generators utilizing heat from 18.8 x 108 lbs/hr. of D20
reactor coolant which is pressurized to 790 psia to prevent boiling,
and leaves the reactor at 490 F. A heat balance for the cycle is shown
on Dwg. HB-452. The plant heat rate for these conditions is 14,550
Btu/kwh, representing an overall thermal efficiency of 23.4%.

5.1.3.1 Reactor

The reactor consists of a low-pressure aluminum calandria which contains

cold D20 moderator and which is pierced by vertical aluminum tubes
arranged in an equilateral triangular lattice array. Zircaloy-2 pressure
tubes passing through the calandria tubes contain the pressurized D20

coolant and the fuel elements.

The coolant and moderator are operated as completely independent
systems, affording a means of maintaining low moderator temperature. The

air filled annulus between the pressure tube and calandria tube provides
thermal insulation between the hot coolant and the cold moderator.

The coolant D20, flowing at 18.8 x 106lbs/hr., enters a plenum
distribution system below the reactor at 446 F, passes upward through
the pressure tubes where it is heated by the fuel elements, and passes

out through an upper plenum at 490 F to two steam generators.

Calandria

The calandria is a cylindrical aluminum vessel, 13.83 ft. ID with an
inside height of 12.50 ft., containing the moderator and reflector,
which is one foot thick radially and axially. The vessel has 274
vertical calandria tubes which surround the pressure tubes and control

rods. The shell and head thicknesses are 1 in. and 3 in., respectively.
The material of the calandria and calandria tubes is 5052-0 aluminum
alloy.

The calandria has a 12 in. aluminum inlet and outlet line for circulation

of the moderator D2 0 through a moderator cooling system. Two 16 inch

aluminum fast drain lines near the bottom of the calandria provide a

means for emptying the D2 0 moderator in a very short time as a backup

scram in case of control and safety rod failure during an emergency

shutdown. Helium is used as a cover gas over the D2O surface in the
calandria. Continuous helium flow is provided through an inlet at one
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TABLE 5.1.2-11

CAPITAL AND OPERATING COSTS FOR 7OMWe, PRESSURIZED
D20, PRESSURE VESSEL, INDIRECT CYCLE, PROTOTYPE

Annual Generation - 484x106 KWH at 0.8 L.F.

Fue 1

Design Burnup, MWD/metric ton-U

Refueling Scheme

Invest.

$106

Investment

Reactor Plant

Turbine Plant

Miscellaneous, Buildings and Equipment

Sub-Total

D20 Inventory

Total Investment

19.587

14.628

0.476

34.691

7.620

42.311

Metal Fuel

3600

100% Batch

Annual Cost

$ 106 /yr.

2.743

2.050

0.067

4.860

0.952

5.812

Operation and Maintenance

Fuel

Inventory

Non-nuclear Inventory

Replacement

Total Fuel Costs

0.050

0.092

1.330

1.472
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Table 5.1.2-1I, Cont.

Heavy Water

Losses

Dist. Plant Operation

Total D 2 0 Costs

Operating Payroll

Maintenance labor, and material

Supplies

Insurance

Total Operating and Maintenance

Total Capital and Operating Costs

0.152

0.004

0.156

0.450

0.210

0.050

0.180

2.518

8.330
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side of the top head above the D20 level and an outlet at the opposite
side of the vessel. A 10 in. vent line between the calandria and
moderator storage tank is used to maintain near atmospheric helium

pressure in the vessel during a fast drain of the moderator.

The weight of the empty aluminum calandria is approximately 8 tons.

Pressure Tubes and Plenums

Pressure tubes and plenums provide the means for carrying the coolant

flow through the reactor. D20 at 446 F enters the lower plenum where
it is distributed to the pressure tubes. The coolant flows upward in
the pressure tubes and through the fuel elements at a total flow rate
of 18.8 x 106 lbs/hr. Heat produced in the fuel is transferred to the
coolant so that at the reactor outlet, the coolant temperature is 490 F.

The effluent continues through the pressure tubes to the upper plenum
from which the coolant flows to the steam generators.

Zr-2 is used for the pressure tubes because of its corrosion resistance

and low absorption cross-section for thermal neutrons. Each tube is

29 ft. long between connectors at the upper and lower plenums. The
connectors are stainless steel pipe sections and are joined to the Zr-2
pressure tube by means of a mechanical joint located 12 in. above and
below the lower and upper plenums, respectively. The pressure tube
outside diameter is 3.272 in. and the inside dia. 2.900 in. A total of
236 pressure tubes is required.

The upper and lower plenums are located in separate rooms above and
below the reactor as shown on Dwg. NP-462. The lower plenum distributes
the D20 coolant to the 236 pressure tubes and the top plenum collects
the D20 from them. Flow of the coolant to and from the pressure tubes
is controlled by orifices in the pressure tube end fittings which extend
through the plenum. These stainless steel end fittings are welded to the
plenum at the top and bottom head plates thereby providing internal stays
to resist the pressure developed by the coolant.

The 13.0 ft. OD by 16 in. high plenums are fabricated of Type 304
stainless steel. The head and wall thicknesses are 1.375 in. and 5.25
in. respectively.

Fuel Elements

The 236 fuel elements in the reactor are arranged in a regular hexagonal

lattice with a 7.8 in. pitch.

The fuel element design and thermal characteristics are based on those
developed by du Pont, as reported in DP-385. A summary of the fuel data
is presented below:

Fuel material U-2 w/o Zr alloy

Shape Hollow cylinder
2.030 in. OD x 1.497 in. ID
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Active length 5.00 ft.

Number of elements per press. tube 2

Cladding material Zircaloy-2

Cladding thickness 0.015 in.

Each fuel element is positioned in a pressure tube inside the reactor.

The pressure tubes are supported by the upper and lower plenums.

Coolant D2 0 flows both on the inside and outside of the fuel tube.

A suitable grappling head is incorporated at the top of each fuel
element for use by a refueling machine. The active core diameter and
height are 11.83 ft. and 10.00 ft.,respectively.

Control Rods and Drives

Reactivity is controlled by three sets of control rods classified as
safety, shim and regulating rods. The reactor is designed for bottom
entry of the control rods. The safety rods are normally positioned
above the core to permit them to fall by gravity when a reactor scram

is required. Each safety rod system is enclosed in a thimble extending

from above the upper neutron shield (where the latching device is

located) down into the control rod access pit below the reactor. The

shim rods provide slow, coarse control of reactivity. They are driven
into the core from below the reactor by electric motors at a relatively

slow rate and are not detached from their drives, except for dis-

assembly purposes. The regulating rods are similar to shim rods with
the exception that their drive motors are capable of greater speeds and
accelerations.

The number of safety rods, shim rods and regulating rods are 19, 17,
and 2, respectively. All control rods are of a hollow cylindrical

shape. The shim and regulating rod poison sections are fabricated of

cadmium, and that of the safety rods is 1% boron steel.

Reactor Shields

Three types of reactor shields are provided: thermal shields, neutron
shields and biological shields. They are described below.

Thermal Shields

The function of the thermal shields is to absorb a major portion of the
radiation energy emitted from the reactor core and in so doing, to
protect the concrete structure around the reactor from overheating.

The thermal shield is a one foot thick tank that lines the calandria

room so as to completely cover the exposed concrete. The thermal shield
tank is fabricated of 1 in. thick carbon steel plate. Cooling water is

-113-



circulated through the tank, which is internally baffled, to remove the
heat that is generated in the shield by absorption of core radiation.
Demineralized light water is the coolant, which enters at 110 F and leaves
at 130 F. The section of this report dealing with shield cooling gives
a detailed description of the shield cooling system for the thermal,

neutron, and biological shields.

Neutron Shields

The function of the neutron shields is to limit the activation of

reactor components above and below the reactor.

The neutron shields are located directly above and below the calandria
and are designated as upper and lower neutron shields, respectively.

They are shown on Dwg. NP-462.

Both the upper and lower neutron shields consist of shot filled carbon
steel tanks with penetrations for the lattice positions. The shot is

borated iron. Suitable offsets are provided in the penetrations and

supports to reduce neutron streaming. The use of shot permits cooling
water to flow continuously throughout the mass of the shield thereby

removing the heat generated by absorption of core radiation and by heat
transferred from the D20 pressure tubes passing through the shields.
Demineralized light water is the coolant which enters at 110 F and

leaving at 130 F.

Biological Shields

The function of the biological shields is to attenuate radiation to

tolerance levels at all locations occupied by personnel. The concrete

walls, ceilings and floors surrounding the reactor and its auxiliary

systems constitute the biological shields. Wherever access to

compartments is required, a removable concrete slab with suitable off-

sets and overlaps to insure continuous, effective shielding has been
provided.

In attenuating escaping radiation the biological shield absorbs energy

which appears as heat. In the reactor biological shields the heat

generation is sufficient to require cooling to prevent damage to the
concrete. This cooling is accomplished by circulating demineralized

light water through coils embedded in the concrete. The coolant enters

the coils at 110 F and leaves at 130 F.

The biological shields for the plant are shown on Dwgs. NP-461 and

NP-462.

Plant Instrumentation

Measurement of reactor flux and coolant-moderator conditions for the
pressure tube reactor requires instrumentation that is functionally

similar to that provided for the pressure vessel reactor. The functions
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of the safety system, which are controlled by the reactor instrumentation,
and those of the instrumentation channels, are basically similar to those
described in Section 5.1.1.1. Radiation monitoring and D20 leak
detection systems are also similar to those of the pressure vessel reactor
plant. The type of reactor vessel has little effect on the functions of
these systems.

Plant Control System

The plant control system is based on maintenance of a constant average
reactor coolant temperature, with separate controls for reactor pressure,
turbine steam pressure, steam generator level and hot well level.
Neutron flux serves as a limiting function, with flux level and period
serving as limits on the movement of the regulating rods. The control
block diagram of a tentative system is shown on Dwg. NP-456. An
operational block diagram, which shows the arrangement of interlocks in
the rod control circuits, in accordance with the control system philoso-
phy, appears on Dwg. NP-458.

Because the average moderator temperature of the pressure tube reactor
is constant, it is expected that the temperature variations in the coolant
will have a small effect on the reactivity, and as a result, rod manipu-
lation will be required to a greater extent than in the pressure vessel
reactor. However, the same general control philosophy is applicable.
A detailed analysis of control requirements for the pressure tube reactor
requires a study of the dynamic response of the reactor system. Such a
study was not within the scope of this investigation.

5.1.3.2 Reactor Coolant System

The reactor is cooled by circulating a constant flow of 18.8 x 106
lb/hr. of D2 0 coolant through two main coolant loops. Each loop

consists of a circulating pump, steam generator, and interconnecting

piping and valves. A flow diagram of the main coolant system is shown
on Dwg. NP-453.

Each loop is designed to handle a coolant flow rate of 9.4 x 106 lb/hr.
The coolant leaves the reactor from the upper plenum at 490 F and
790 psia, flows through the steam generators producing 277 psia
saturated light water steam, and is returned to the lower plenum at

446 F by the circulating pumps. Each steam generator produces steam

at a rate of 5.275 x 105 lbs/hr. providing a total of 1.055 x 106 lbs/hr.
to the turbine system.

Steam Generators

The two steam generators are vertical shell and tube heat exchangers in
which the reactor coolant flows on the tube side. Inverted U-tubes

extend upward from the water box which is located at the lower end of

the unit. The upper portion of the shell is used as a steam separator
and collection drum.
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One-half in. tubes are used in the steam generators in order to

obtain maximum heat transfer surface while holding the volume of D20
in the unit to a minimum. Stainless steel tubes are used to minimize

corrosion.

The tube sheets and other interior surfaces of the steam generators

which come in contact with D2 0 are either stainless steel or stainless

steel clad. The shell of the steam generator is fabricated of carbon

steel. The 6 ft. 10 in. OD by 26 ft. high steam generator has a heat
transfer surface area of 11,600 ft?

Coolant Pumps

The two 20,600 gpm reactor circulating pumps are designed for the
790 psia operating pressure of the reactor coolant system. The pumps
are of centrifugal type with vertical shafts and are driven by 1000 hp
direct connected motors. The pump impellers are stainless steel, and

the casings are fabricated of chrome-moly alloy. The pumps are other-
wise of conventional design except for the shaft gland seals, which are

of the double balanced mechanical type.

Coolant Piping and Valves

The circulating piping in both coolant loops is 20 in.-schedule 60
pipe fabricated of 304 stainless steel. The piping is sized for a
fluid velocity of 25 fps to minimize the D2 0 inventory in the system.

All piping connections are butt-welded.

The valves in the primary coolant system are fabricated of stainless
steel and are butt-welded into the piping system. The glands are
provided with double packing and lantern rings to allow the collection
of stem leakage.

Each primary coolant loop has two, 20 in., motor operated valves: one
in the reactor coolant outlet line and the other in the coolant return
line. This arrangement facilitates shutdown of one loop and permits
isolation of the steam generator and circulating pump from the system
while the other loop remains in service.

During emergencies, if the plant auxiliary power is lost, the above
motor-operated valves may be closed by using power from the emergency
diesel generator. With both loops closed, the D20 coolant may be cooled
using the emergency shutdown cooling system, which is described in a

later section.

5.1.3.3 Reactor Auxiliaries

The reactor auxiliaries include those systems provided for coolant
purification, moderator cooling and purification, coolant pressurization
and level control, collection and treatment of off-gas, shield cooling,
shutdown cooling, waste disposal, fuel handling, and D2 0 distillation.
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The composite flow diagram, Dwg. NP-452, shows the general flow of
fluids in these systems and their interconnections, with the exception

of the waste disposal and the fuel handling systems.

With the exception of the systems provided for cooling and purifying
the moderator, which is separated from the coolant and therefore requires
its own systems for these functions, the reactor auxiliaries provided
for the pressure tube reactor are functionally equivalent to those of
the pressure vessel reactor. Flow rates and temperatures differ
slightly in certain systems to accommodate the differences in reactor
coolant operating conditions.

Diagrams of the reactor auxiliaries are shown on the following

drawings:

NP-454 Reactor Auxiliaries System Diagram

NP-455 Recombiner and Off-Gas Systems Diagram

Where a pressure tube-plenum configuration is used to contain the
coolant in the reactor, as in the present plant, the use of a separate

pressurizer tank is justified on the basis of (a) minimizing the
volume of the upper plenum, and (b) rendering the pressurizing system
more sensitive to coolant volume changes than would be possible if the
pressurizing helium were admitted to the upper plenum. The coolant

pressurizing system and the moderator systems are described in the

following sections.

Coolant Pressurizing System and Level Control

To prevent boiling in the primary system, the coolant is maintained at
a pressure well above its vapor pressure by the helium cover gas in the
pressurizer tank. A diagram of the system is shown on Dwg. NP-455.

The coolant in the reactor is maintained at a pressure of 790 psia by
a high-pressure helium system, with a helium storage tank and a pressure
controller which controls the pressure in the coolant pressurizer.
Decreases in pressure are compensated by the controller which actuates a
valve in the helium supply line from the storage tank to restore the

pressure to the level dictated by the set point on the controller. A

pressure increase causes the controller to relieve the helium in the
pressurizer tank to the recombiner system, where it is compressed and

sent back to the helium storage tank. The 350 ft helium storage tank,
therefore, serves as a surge tank for the cover gas system.

Normal operating pressure in the helium storage tank is 940 psia. Should

this pressure drop considerably for any reason, make-up is automatically

provided from high-pressure helium supply cylinders.

Coolant volume in the 200 ft? pressurizer tank is allowed to vary plus

or minus 50 ft3 from its normal operating level at midpoint of the tank.
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Should the coolant exceed its upper level, a level controller on the
pressurizer tank actuates a valve to drain the excess coolant to the

coolant storage tank. Since this storage tank is at atmospheric
pressure, a drain cooler is provided to condense any coolant that
flashes into steam during the expansion process. The overflow rate
from the pressurizer tank is not expected to exceed 85 gpm.

Should the coolant level decrease below its minimum level, the
controller actuates a D2 0 transfer pump, and coolant is pumped from

the coolant storage tank to the reactor system through the suction side
of a reactor circulating pump. The level control system is shown on
Dwg. NP-452.

A 350 ft3 helium holdup tank provides storage of pressurizer tank and
D20 coolant storage tank cover gases at 300 psig during periods when
the primary system coolant is drained. This gas is returned to the
system during coolant refilling, thereby recovering large helium gas
quantities which would otherwise be vented to the atmosphere.

All piping, valves, and related equipment in contact with helium or

D20 are constructed of Type 304 stainless steel.

Helium Inventory

Helium is used not only for pressurization but also as a cover gas for
all D20 in the plant. The total inventory in the systems during normal
plant operation is 30,000 scf. A breakdown of this figure is as follows:

Helium storage tank 21,000 scf

Pressurizer tank 3,600 scf

D20 coolant storage tank 1,900 scf

Moderator storage tank 2,000 scf

Other 1,500 scf

Total 30,000 scf

Helium make-up is provided by two banks of cylinders located on the main
floor in the reactor building.

Moderator System

During normal operation, approximately 8% of the thermal power of the
reactor is deposited in the moderator D20 by neutron slowing down, gamma

energy absorption, and heat transferred from the pressure tubes. A
cooling system is provided to remove this heat energy, and to maintain

an average moderator temperature of 120 F, thereby improving the

reactivity of the core.
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Moderator Cooling System

3.69 x 106 lb/hr. of moderator D20 are removed from the calandria at
130 F, pumped through a cooler and returned to the calandria at 110 F,
thereby maintaining an average moderator temperature of 120 F. A
diagram of the moderator cooling system is shown on Dwg. NP-454.

The moderator cooling equipment is isolated in a concrete shielded room
adjacent to the reactor. Access to this room during operation of the
plant is prohibited by high radiation levels originating fron N16 and
019 formed in the D20. However, the space is accessible shortly after
shutdown.

D2 0 flows through the tube side of the cooler, and the heat is

transferred to plant service water on the shell side. The water box
of the cooler is divided, with two separate tube bundles and separate
D,0 inlet and outlet connections, to permit the cooler to operate at

half capacity in the event of a tube leak by isolating one bank of
tubes. Thus, it may be possible to permit the moderator temperature
difference across the cooler to rise while continuing operation. The
level of power that can be maintained is dependent upon the condition
of the reactor fuel at the time of tube failure and the variation in the
effective multiplication factor with average moderator temperature.

The moderator cooler tubes, tube sheets and water boxes are aluminum
while the shell is fabricated of carbon steel.

Two half-capacity horizontal centrifugal pumps, pumping 1.84 x 106
lbs/hr. each, take suction from the outlet side of the moderator
cooler. If for some reason one of the pumps must be taken out of
service, operation can continue subject to the restrictions noted
above with respect to the moderator cooler.

Each of the moderator pumps is provided with single unbalanced mechanical
shaft seals. All pump parts in contact with D20 are fabricated of
stainless steel.

All piping in the moderator system is fabricated of aluminum.

Moderator Make-up and Level Control

The moderator leak detection and level control system is shown on Dwg.

NP-454. A continuous overflow of 3.6 x 104 lbs/hr. at the moderator
operating level in the calandria is carried through an external stand-

pipe and returned to the system at the moderator cooler discharge by
means of a level control pump. Accurately controlled constant flow

through this system is maintained using a flow control valve at the

pump discharge. By balancing the flows of this system, the moderator
level may be varied if desirable for reactor shim control.
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Make-up D20 is introduced into the standpipe from the moderator
storage tank using a D2 0 transfer pump at the tank. The occurrence of

any leakage in the moderator system will be indicated by appropriate
level alarms. The rate of leakage can be determined by measuring the
make-up rate to the system.

The piping, valves and standpipe are fabricated of aluminum, while the
pump parts coming in contact with D20 are of stainless steel.

Moderator Fast Drain System

As a provision for backup reactor scram in the event all other scram
devices fail to operate, two 16 in. aluminum pipes are furnished for
draining the calandria. These lines run from outlets near the bottom

of the calandria, through hydraulically operated quick opening valves,
to the moderator storage tank in the basement of the reactor building.
One 10 in. aluminum helium vent line is provided from the storage tank

to the top of the calandria to insure unimpeded flow of fluid during a
fast drain and to prevent a net external positive pressure on the
calandria. A spray system in the calandria provides cooling of the
calandria tubes while the moderator level is below normal.

Moderator Purification System

Two moderator contaminants are of major importance to reactor operation:
120 and normal corrosion products.

H20 contamination in the normally 99.75% pure D20 moderator could

reduce reactivity by poisoning and require plant shutdown. For this
reason, every attempt has been made in the design to prevent inleakage

of H20. Should a slight inleakage of H2 0 occur, it can be removed by

processing with the D2 0 distillation system described under reactor
auxiliaries in this report. The moderator purification system diagram

is shown on Dwg. NP-454.

To remove corrosion products from the aluminum moderator system, 10 gpm

of moderator D20 is continuously passed through a demineralizer system
to maintain system purity at 1 ppm total dissolved solids. The flow is

taken from the discharge side of the moderator cooler at a temperature
of 110 F and, therefore, may be passed through the demineralizer bed
without further cooling. After passing through the demineralizer and a

strainer, the purified D2 0 is returned to the suction side of the
moderator circulating pumps by one of two parallel connected booster

pumps.

The strainer is a 100 mesh stainless steel screen which serves to prevent
the carry-over of material from the mixed bed exchanger to the moderator

system.

The demineralizer is a mixed bed exchanger containing 7 ft3 of nuclear

grade resin, based on a 2 year lifetime, with a bed depth of 4 ft.
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The mixed bed exchanger vessel and all fluid contact surfaces of the
pumps are fabricated of Type 304 stainless steel. Piping and valves
are of aluminum.

Moderator Cover Gas and Recombiner Systems

A helium gas blanket is maintained over the free surface of the D20 in
the calandria, the standpipe and the moderator storage tank, as shown on

Dwg. NP-455. This blanket serves to prevent H20 contamination of the

D2 0, to maintain an operating pressure of 3 in. of water in the moderator

system by providing a surge volume and to collect any dissociated D2 and

02 formed in the reactor. A central high-pressure helium storage tank

located within the reactor building supplies all helium to the system

through pressure regulating controls.

A continuous flow of 3 scfm of helium is maintained across the free

surface of the moderator in the calandria during normal operation by one

of two helium blowers connected in parallel. This flow will collect any

D2 and 02 dissociated in the moderator or reflector. The gas is

circulated through a moisture recovery system which is similar to that

of the coolant system for the pressure vessel reactor. In this way, all

dissociated D2 and 02 is effectively recombined and recovered.

All D2 0 recovered in the moisture separators and condenser is sent to

the miscellaneous D2 0 drain tank. In the drain tank it is batch monitored

for D20 purity and either returned to the system or sent to the distilla-

tion plant for upgrading.

A small, normally closed helium bleed line is provided in the cover gas

system to be used if it becomes necessary to change and/or purify the

cover gas. This bleed line passes the gas through the DaO recovery
system facilities in the off-gas system and ultimately to the waste gas

disposal stack.

All metals in contact with helium in the recombiner system are of Type
304 stainless steel.

Radioactive Waste Disposal System

Complete facilities are provided at the plant site for processing and
disposing of all radioactive wastes originating in the plant during normal

operation. The radioactive waste disposal system provided for the

pressure tube reactor plant is the same as that of the pressure vessel

reactor plant, as described in Section 5.1.1.3, except that the capacity

of the resin storage tank and the radioactive gas holdup tanks is somewhat

larger. These tanks were increased in size to provide storage for the

spent filters and resins of the moderator purification system and to

accommodate the waste gases from the moderator cover gas system.

The off-gas system diagram is shown on Dwg. NP-455.
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D2 0 Losses and Recovery

Control of D20 leakage from the various systems of the plant is provided

by minimizing the rate of leakage from equipment shaft seals, pressure

tube joints and control rod seals, and by recovering any leakage that

does occur. The devices and systems that are provided for these

functions are as described for the 70 MWe pressurized D2 0 pressure vessel

prototype plant in Section 5.1.1.3, with suitable additions as required to
collect leakage from the separate moderator system.

The estimated rate of loss of D2 0 from the entire system during normal

operation is 6.6 lbs/day, or 2400 lbs/yr. The loss rate is based on
estimates of leakage rates from plant components and estimates of the

efficiency of the D20 recovery systems, as described in Section 5.1.1.3.

The total annual loss, including an allowance of 300 lbs/yr. for refu-

elling operations and approximately 1% per year for spills and accidents,

is estimated to amount to 2% of the plant inventory, or 5346 lbs.

5.1.3.4 Turbine Plant

The turbine plant, consisting of the turbine-generator, condenser, feed-

water heaters, circulating water system, and associated auxiliaries,

utilizes saturated steam from two steam generators to produce a net

electrical power output of approximately 69,800 kw, with a total steam

flow of 1.055 x 106 lbs/hr. and a condenser pressure of 1.5 in. HgA.
Condensate from the condenser is returned to the steam generators through

three stages of feed-water heating. A flow diagram of the steam,

condensate, and feed-water cycle appears on Dwg. NP-453.

Turbine-Generator

The turbine is a tandem-compound, double flow unit with 23 in. exhaust

blades and operates at 3600 rpm. Dry and saturated steam at 277 psia

is supplied to the turbine through two turbine stop valves. Moisture
removal devices are furnished with the turbine.

Condensing Equipment

The main condenser is a two pass unit with a heat transfer surface of
90,000 ft? Admiralty metal tubes 26 ft. long and 1 in. OD x 18 BWG
are used for the heat transfer surface.

The quantity of steam to be condensed is 740,000 lbs/hr. The condenser

is provided with divided water boxes and valved for backwashing to clean

the condenser tubes. A circulating water flow of 95,700 gpm at 70 F is

required for condensing purposes at 1-1/2 in. HgA. An expansion joint

is provided between the turbine and condenser to absorb movement due to

thermal expansion.

A two element steam jet air ejector is furnished with an automatic
steam pressure reducing valve in the steam supply line to the jets.
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The ejector removes noncondensable gases from the condenser. A non-

condensing auxiliary ejector is provided to aid in the rapid evacuation

of air from the condenser, and a priming ejector is supplied for the
evacuation of the water box space in the circulating water system.

Condensate Pumps

Two half-capacity, horizontal, centrifugal condensate pumps are

provided, taking their suction from the condenser hot well. The

condensate pumps provide the head necessary to pump the condensate from

the condenser through the air ejector, gland steam condenser, low-
pressure heater and to the deaerating heater. Each pump delivers 880
gpm and is driven by a direct connected 100 hp motor. The pump is of

conventional design and material.

Feed Water Pumps

Feed water pumps provide the head necessary to return the feed water to

the high-pressure heater and the steam generators. Two half-capacity,

horizontal, centrifugal feed pumps are provided, taking their suction

from the deaerating heater. Each pump deliver 1055 gpm and is driven by
a direct connected 300 hp motor. Recirculation is provided to cool the

pump under low flow conditions. The recirculation line carries the feed

water back to the deaerating heater where it again enters the cycle to

the feed water pump suction. A warming line is also provided at each

pump. The pumps are of conventional design and material.

Feed-water Heaters

Three stages of feed water heating are provided, yielding a final feed-
water temperature of 333 F. Each feed-water heater is equipped with
normal and emergency level controller which maintain normal water level

in the heater hot well. All heaters are of conventional design and
material, as described in Section 5.1.1.4.

Piping

The main steam piping consists of two 18 in. schedule 40 carbon steel

pipes, running directly from the steam generators to the turbine stop
valves. Each line is sized to handle a steam flow of 527,500 lbs/hr.
at a velocity of approximately 9500 fpm. An 18 in. schedule 40 pipe is
provided as a dump line to the condenser to handle changes in load and

normal and emergency shutdown conditions. This line is sized to handle

50% of full steam flow.

The extraction steam piping from the turbine to the high-pressure heater,
deaerating heater and low-pressure heater are sized for velocities of

7700, 6700, and 5400 fpm,respectively.

Condensate piping from the condenser hot well to the deaerating heater
is sized for velocities of 8-15 fps. The velocity of the condensate

in the condensate pump suction line and the feed water pump suction line
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is 2.4 and 5.3 fps,respectively. Piping from the feed water pump
discharge to the steam generators is sized for a velocity of 8-15 fps.

The circulating water piping system consists of one 48 in. line from
each pump running into the condenser and two 48 in. outlets con-

verging into a 66 in. main outlet to the crib house. A 72 in. pipe

carries the discharge from the crib house to the river.

The piping systems in the plant are designed in accordance with the
appropriate codes presently in effect. All piping is carbon steel.

Pipe sizes in the turbine building are shown on Dwg. NP-453.

The remaining piping systems in the turbine plant are of conventional

materials and construction.

Valves

All valves in the turbine system are of standard design and construction.

Electrical Equipment

The electrical power is generated at 13,800 volts, with a capacity of
74,400 kw at design turbine inlet conditions and 1.5 in. HgA condenser

pressure. Plant auxiliary requirements reduce the output to a net of

69,800 kw. The electrical single line diagram is shown on Dwg. NP-469.
The major electrical equipment for this plant duplicates that of the
pressurized D20 pressure vessel prototype plant. Differences occur in

the number of motors fed by the auxiliary switchgear and in the station

auxiliary power requirements, however, these differences are of minor

importance.

5.1.3.5 Plant Utilities

With the exception of the service water system, the plant utility systems

provided for the pressure tube reactor plant duplicate those of the

pressurized D 2 0 pressure vessel prototype plant, as described in Section
5.1.1.5. These systems consist of the following:

Control and station air

Air conditioning and ventilation

Fire protection

Sewage disposal

Plumbing and drainage

The service water supply system includes one additional pump, resulting

in a total of three 6000 gpm pumps, all of which take suction from the
circulating water intake structure at the crib house. The additional
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pump is required to supply cooling water for the moderator cooler.
Normally, this pump and a second pump are operated to supply service
water for the plant, with the third pump in stand-by condition.

5.1.3.6 Buildings and Site

The characteristics of the site pertinent to construction and operation

of the prototype are presented in Report SL-1581, Vol. I. The plant
access facilities are similar to those of the pressure vessel plant, as

described in Section 5.1.1.6 of this report. The development of the

site, and the arrangement of the buildings on the site are shown on

Dwg. NP-460.

With the exception of the reactor building, all of the plant structures
are similar in design and construction to those of the pressure vessel

prototype plant. The turbine and office building are shown on Dwgs.

NP-463 through NP-467. Dwg. NP-468 shows the arrangement of the waste
disposal building and the fuel handling building.

Reactor Building

Reactor containment is provided by a cylindrical steel vessel 100 ft. in
dia., with an overall height of 157 ft. from the bottom of the hemiel-

lipsoidal base to the top of the hemispherical dome. General arrange-

ments and cross-sections of the building and equipment are shown on

Dwgs. NP-461 and 462.

The vessel is designed to contain an internal pressure of 18.3 psig
which would result from a rupture of the primary coolant system. Steel

plate for the cylindrical portion of the containment vessel and base is

0.875 in. thick. Plate for the spherical portion is 0.5 in. thick.

All other features of the reactor building are similar in design and
arrangement to the building for the pressure vessel prototype reactor

plant, as described in Section 5.1.1.6.

5.1.4 Cost Estimates

Estimates are presented in the following section for the costs of design
and construction, heavy water requirements, and operating and maintenance

for the prototype pressurized D2 0 pressure tube reactor plant.

Design and Construction

The summary of estimated costs for design and construction, including
material, labor, contractor's overhead, contingency, escalation and

engineering design for the plant, is presented in Table 5.1.4-I. This
estimate includes a 10% contingency, 12% escalation (4% per year) and
$7,846,000 top charges. The total estimated design and construction

investment is $35,306,000.
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TABLE 5.1.4-I

SUMMARY OF ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

Total
$20,000L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine -Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water Systems Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

$544,500

1,871,300

753,000

210, 500

250,000

15,000

187,000

148,300

$3,979,600

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-I

$6, 248,000

451,250

556, 500

200,000

$7,455,750
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Table 5.1.4-I, Cont.

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$5,885,020

268, 200

136,680

206,980

1,253,110

$15, 205, 740

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling Plant

Total Electrical "C"

$606, 500

1,138,500

11,000

Incl. C-VI

11,100

11,700

$1,778,800

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Misc. Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractors Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$127, 250

10,000

64,500

1, 200

$202, 950

$21,187,090

1,104,000

$22,291,090
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Table 5.1.4-I, Cont.

F-Contingency -10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance for Escalation

(3 Years - 4%/yr.) -12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges

I. Professional Services

1. Reactor Design

2. Reactor and Turbine Systems & Plant

II. Other Charges (Purchasing, Field Supervision,
Interest During Construction, Etc.) -10%

Total Top Charges "H"

Total Estimated Cost

2,228,910

$24, 520,000

2,940,000

$27,460,000

$3,350,000

1,750,000

2,746,000

$7,846,000

$35,306,000

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D2 0 Inventory is not included.
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Heavy Water Inventory

For purposes of this study the heavy water inventory for the plant has
been treated as an investment. At the announced purchase price of

$28.00/lb., the D2 0 inventory of 121.5 metric tons is worth $7,484,400.
A breakdown of this investment in the various sections of the plant is
as follows:

Inventory

:Metric Tons Investment

Reactor 65.0 $4,004,000

External coolant system 30.7 1,891,120

External moderator system 10.2 628,320

Other systems 15.6 960,960

Total 121.5 $7,484,400

Operating Costs

The operating costs for the pressure tube, pressurized D20 prototype
plant, consist of fuel cost, heavy water make-up, operating salaries,

maintenance, labor, and materials, supplies, and insurance.

The annual operating costs associated with the use of heavy water
arise from the loss of heavy water from the system and the operation

of the heavy water distillation unit used to remove light water from
contaminated heavy water.

The annual heavy water inventory loss is estimated to be 5346 lbs.,

as described in Section 5.1.3.3, resulting in an annual cost of
$149,688. The costs associated with the operation of heavy water
distillation plant are estimated to be $4,000 per year. Thus, the

total annual operating costs for heavy water is $153,688.

The fixed charges for D2 0 inventory are based on 12.5%/yr., resulting

in an annual cost of $937,000, thereby bringing the total annual cost

of D20 to $1,090,688.

It is estimated that a staff of 70 persons will fulfill the operating
and maintenance requirements of the plant. The staff payroll,

combined with supplies and insurance, is estimated to cost $890,000/yr.

broken down as follows:

Operating Payroll $450,000

Maintenance, Labor and Supplies 210,000

Supplies 50,000

Insurance 180,000

Total $890,000
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Summary

A summary of the estimated capital and operating costs for the plant
when using natural uranium metal fuel is presented in Table 5.1.4-II.

5.2 FULL SCALE, PRESSURIZED D20, INDIRECT CYCLE PLANTS

Two reactor concepts using pressurized D2 0 coolant were evaluated:

pressure vessel hot moderator and pressure tube cold moderator types.
Basically, the reactors fueled with natural UO 2 are similar to those
previously reported in SL-1565 as Concepts 1 and 2, for the pressure
vessel and pressure tube unit, respectively. The metal fueled reactor
designs are based on those prepared by duPont and have been reported as

the 1-B and 1-D series for the pressure vessel and pressure tube types,
respectively, in DP-385. The metal fueled reactors incorporated in the

plant designs reported herein differ from those in DP-385 in that their
operating pressures and coolant temperatures were adjusted to correspond

to those used by SL-NDA for the oxide fueled plants. Thus, the only

difference occurring between reactors of the same concept in identical
capacities, but using different fuels; i.e. metal or oxide, appears in
the reactor arrangements.

5.2.1 Plant Design Descriptions

Specific design characteristics for the 200 and 300 Mwe pressurized
D2 0 cooled plants fueled with natural uranium metal or natural uranium

oxide are given in Tables 5.2.1-I and 5.2.1-II for the pressure vessel
and pressure tube concepts respectively. General arrangement drawings
for each of the pressurized D20 cooled indirect cycle plants appear as
follows:

Drawing No. Plant

NS-730 200 MWe, Pressure Vessel, Metal Fueled

NS-740 300 Mwe, Pressure Vessel, Metal Fueled

NS-750 300 MWe, Pressure Vessel, Oxide Fueled

NS-760 200 MWe, Pressure Tube, Metal Fueled

NS-770 300 MWe, Pressure Tube, Metal Fueled

NS-780 300 MWe, Pressure Tube, Oxide Fueled

For detailed general arrangements and more specific discussion of the
concepts, reference is made to SL-1565.

Pressure Vessel Reactors

The full scale reactors are similar in design and construction; they are
natural uranium fueled, pressurized D2 0 moderated and cooled and housed
in a stainless steel clad, carbon steel pressure vessel operating at
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TABLE 5.1.4 -II

CAPITAL AND OPERATINGCOSTS FOR 70 MWe, PRESSURIZED
D2 0, PRESSURE TUBE, PROTOTYPE PLANT

Annual Generation - 484x106 KWH at 0.8 L.F.

Fuel Natural U-Metal

Design Burnup MWD/metric ton-U 3800

Refueling Scheme 100% Batch

Invest. Annual Cost
$106 $106/yr.

Investment

Reactor Plant 20.670 2.893

Turbine Plant 14.160 1.980

Miscellaneous, Buildings and Equipment 0.476 0.067

Sub-Total 35.306 4.940

D2 0 Inventory 7.500 0.937

Total Investment 42.806 5.877

Operation and Maintenance

Fuel

Inventory 0.054

Non-Nuclear Inventory 0.061

Replacement 1.266

Total Fuel Costs 1.381
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Heavy Water

Losses 0.150

Dist. Plant Operations 0.004

Total DjO Costs 0.154

Operating Payroll 0.450

Maintenance, Labor and Material 0.210

Supplies 0.050

Insurance 0.180

Total Operating and Maintenance 2.425

Total Annual Capital and Operating Costs 8.302
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TABLE 5.2.1-I

PLANT DESIGN CHARACTERISTICS FOR 200 AND 300 MWe
PRESSURIZED D2 0 PRESSURE VESSEL, INDIRECT CYCLE REACTORS

Reactor Type

Nominal Plant Capacity,
MWe

Fuel Material

Pressurized-D 2 0,

200
UO 2

Total Thermal Power, MW

Net Plant Power, MWe

Net Plant Efficiency, %

Turbine Throttle Temperature, F

Turbine Throttle Pressure, psig

Condenser Pressure, in. HgA

Reactor Core

Active diameter, ft.

Active height, ft.

Lattice geometry

Lattice pitch, in.

Number of fueled lattice
positions

Number of control rods

Number of safety rods

790

217

27.5

448

400

1.5

16.8
17.5
Triang.

10.9

287

20
20

Indirect Cycle, Pressure Vessel

300
U-Metal

790

217

27.5

448

400

1.5

12.0

15.0
Triang.

6.25

390
22

22

U02

1080
300

27.7

448

400

1.5

18.9
20.4
Triang.

10.9

366

26

26

U-Metal

1080

300

27.7

448

400

1.5

13.0

15.0
Triang.

6.25

507
25

25

Reactor Vessel

Material

ID., ft.

Overall height, ft.

Reflector

Thickness, ft.

Core Structural Material

Pressure Vessel

ss. clad cs.

19.8 14.4

47.8 34.3

D2 0 D2 0

1.0 1.0
Zr-2 Zr-2

Pressure Vessel

ss. clad cs.

21.9 16.1

53.6 38.5

D2 0 D2 0

1.0 1.0

Zr-2 Zr-2

Primary Coolant

Outlet temperature, F

Inlet temperature, F

Primary system pressure, psia

Total Primary Coolant Flow,
lbs/hr (106)

Maximum Core Heat Flux,
Btu/hr-ft 2 (nom.)

530

475

1200

44.6

530

475

1200

44.6

318,000 777,000

530

475

1200

60.6

530

475

1200

60.6

318,000 791,000
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Table 5.2.1-I

Fuel

Core loading, metric ton-U 63.1 27.2 89.6 32.0

Average design burnup,
MWD/metric ton- U 7100 2900 8800 3300

Total D2 0 Inventory, metric
tons 325.5 214.5 415 305

-134-



TABLE 5.2.1-II

PLANT DESIGN CHARACTERISTICS FOR 200 AND 300 MWe
PRESSURIZED D20 PRESSURE TUBE INDIRECT CYCLE REACTORS

Reactor Type

Nominal Plant Capacity, MWe

Fuel Material

Total Thermal Power, MW

Net Plant Power, MWe

Net Plant Efficiency, %
Turbine Throttle Temperature, F

Turbine Throttle Pressure, psig

Condenser Pressure, in. HgA

Reactor Core

Active diameter, ft.

Active height, ft.

Lattice geometry

Lattice pitch, in.

Number of fueled lattice
positions

Number of control rods

Number of safety rods

Reactor Vessel

Material

I.D. ft.
Height, ft.

Reflector

Radial and Axial Thickness,
ft.

Pressure Tube Material

I.D., in.

Wall Thickness, in.

Primary Coolant

Outlet temperature, F

Inlet temperature, F

Primary system pressure, psia

Total Primary Coolant Flow
Rate, lbs/hr (106)

Pressurized-D2 0, Indirect

200

U02

835

217

26.0
448

400

1.5

16.8
17.5

Triang.
11.1

284

20

20

Calandria
Al

18.8
20.5

D20

1.0

Zr-2

4.650
0.162

515

468

960

52.5

U-Metal

835

217

26.0

448

400

1.5

11.4

15.0

Triang.

9.5

166

31

31

SS

14.1

20.8

D20

1.0

Zr-2

4.330

0.240

515

468
960

52.5

Cycle, Pressure Tube

300

U02

1145

300

26.2

448

400

1.5

18.7

20.5

Triang.

11.1

356

25

25

U-Metal

1145

300

26.2

448

400

1.5

13.8

15.0

Triang.

9.5

250

31

31

Calandr ia

Al SS

20.7 16.5

24.0 20.8

D20

1.0

Zr-2

4.650
0. 162

515

468
960

71.5

D20

1.0

Zr-2

4.330

0.240

515

468

960

71.5
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Table 5.2.1-II, Cont.

Maximum Core Heat Flux,
Btu/hr-ft? (nom.)

Fuel

Core loading, metric ton-U

Average design burnup,
MWD/metric ton- U

Total D20 Inventory, metric
tons

318,000

62.2

7100

326.5

791,000

29.1

3500

274

318,000 791,000

91.2

8100

410

43.6

3800

320
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1200 psia. Specific design details for the 200 and 300 MWe oxide*
and metal fueled units are given in Table 5.2.1-I.

The core is made up of Zr-2 clad fuel elements arranged in an equilateral
triangular lattice array with a pitch of 6.25 in. and 10.9 in. for the
metal and oxide fueled units respectively. Coolant and moderator D20

enters the pressure vessel at the bottom at 475 F and passes up through

the core-moderator region. At the top of the vessel, coolant-moderator

flow is reversed and the liquid passes downward through shroud tubes

surrounding each fuel element. The coolant leaves the pressure vessel

near the bottom at a temperature of 530 F.

Control is effected by means of rods located on lattice positions and

entering from the bottom of the core. Separate safety rods located at

off-lattice positions provide for reactor scram.

Pressure Tube Reactors

The full scale reactors are similar in design and construction; they

are natural uranium fueled, pressurized D2 0 cooled, pressure tube

reactors with cold D20 moderator. Specific design details for the 200
and 300 MWe oxide and metal fueled units are given in Table 5.2.1-II.

The core consists of a calandria, containing cold D2 0 moderator,
which is penetrated by a number of tubes fastened to upper and lower

tube sheets. Zr-2 pressure tubes pass through the calandria tubes and

are used to house the fuel and contain the primary system pressure.

Coolant D20 enters the core at 498 F through a pigtail arrangement
beneath the reactor and passes up past the fuel where heating occurs.
Coolant leaves the core at 515 F and a pressure of 960 psia and flows

out through a headering system.

The fueled lattice positions are assembled on an equilateral triangular
pitch of 8.5 and 11.1 inches for the metal and oxide fueled reactors

respectively. Control is effected by means of rods located on lattice

positions and entering from the bottom of the core. Separate safety
rods located at off lattice positions provide for reactor scram. In
addition each reactor has a backup scram provision in the form of a fast
drain of the cold D2 0 moderator.

Heavy water moderator is maintained at an average temperature of 155 F

in the core of the full scale reactors by circulating the D20 through

an all-aluminum external moderator cooling system made up of a circulating

pump, service water cooled heat exchanger, and a bypass purification

system. The moderator fluid enters the calandria at 110 F and flows

down through a one foot thick reflector region. It then passes up

through the core and exits at 200 F. No attempt is made in any of the

present pressure tube designs to recover the heat deposited in the

moderator.

*The data for the 300 MWe, oxide fueled unit are for illustrative purposes

only. The vessel size for this unit, when coupled with reactivity
requirements, may be a feasibility problem.
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Primary System

In each of the pressurized D20 cooled reactor plants, the coolant

leaving the core is piped through all stainless steel systems to multiple
sets of steam generators where it is used to generate 400 psig dry and
saturated H20 steam. The steam generators are vertical type and have
stainless steel tubes, containing primary D2 0, and carbon steel shells,

Primary coolant is returned to the core inlet by means of circulating
pumps which are specially equipped with liquid injection seals to minimize
D20 leakage.

Bypass demineralization loop systems are connected to each of the
reactors to provide for normal corrosion product removal from the coolant.
The purification loops are sized to be capable of processing four times
their normal flow capacity to provide rapid emergency cleanup in the

event of a fission product release from ruptured fuel.

Secondary Systems and Auxiliaries

All turbine-generators are supplied by non-radioactive secondary H20
steam and are therefore of conventional construction. The main condensers
are conventionally constructed of Admiralty tubes and carbon steel shell.

The condensate system uses three one-half capacity condensate pumps and
three one-half capacity feed water pumps connected in parallel to pump
the H20 feed water through a series of extraction feed-water heaters.
Each of the feed-water heaters are connected such that the extraction
steam is cascaded to the main condenser for deaeration. All of the feed-
water cycles are closed.

The circulating water systems for the plants consist of the requisite
number of vertical circulating water pumps located in an insulated metal
panel crib house. Conventional intake screens and screen washing
equipment are provided in all plants. All circulating water piping and
discharge flumes are of conventional power plant construction.

Conventional auxiliary plant power supply equipment has been provided.
Heating, air conditioning, ventilation and plumbing services have also
been provided with special consideration given to the possible presence
of airborne H e in the reactor building. Service water for component

cooling is supplied to the plants by dual half capacity service water

pumps located in the crib house. Also located in the crib house are the
normal electric and diesel powered fire pumps for normal and emergency

conditions respectively. A diesel powered motor generator located in
the crib house supplies emergency power in the event of normal power
supply failure. Compressed air is supplied by a normal station air

compressor and a control air compressor connected such that, should
instrument air supply fail, it can be backed up by station compressed
air.

Each of the plants is provided with a D20 distillation facility used to
remove possible H2O contaminant from the moderator or coolant.
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On site, radioactive waste disposal facilities for solid, liquid and
gaseous wastes have been provided for the plants. High activity solid
and liquid wastes are permanently disposed of in on-site underground

storage containers. Low level liquid wastes are held up as necessary

for decay and diluted into the circulating water discharge stream.
Gaseous wastes can be compressed and held up for decay and then discharged

into a waste disposal stack where they are diluted to tolerable levels

by building ventilation or dilution air discharging out the stack.

Buildings and Site

Features common to all the pressurized DO. indirect cycle plants are

the turbine, office and service buildings, the crib house and circulating
water systems, switchyard equipment and waste disposal facilities. In

addition, because a similar site was used for all designs, it was

possible to generalize on the yard features, such as fencing, outdoor

fire protection equipment, gate house, parking facilities and oil storage
tanks.

The reactor building is a spherical vapor tight containment vessel

which houses the reactor and its auxiliaries. All primary system
equipment within the reactor building is housed in sealed compartments

with controlled air flow so that any D2O leakage can be recovered and

tritium contamination of the building minimized.

The turbine buildings are of conventional insulated metal panel
construction. Adjacent to, and an integral part of the turbine building,

is a similarly constructed office building containing the plant control

room, general offices, machine shop, maintenance area, switchgear,

locker rooms and storage areas.

Spent fuel is transferred out of the reactor building through a vertical
chute, into a transfer tunnel beneath the reactor building, and finally

into a separate fuel handling building. This building is used to receive
and store fresh fuel and to hold up and process spent fuel for shipping.

5.2.2 Cost Estimates

Estimates for the capital and operating costs associated with each of
the pressurized D20,indirect cycle plants using natural uranium metal
and natural UO 2 fuel have been prepared and are presented as follows:

CAPITAL COSTS

Table No. Plant

5.2.2-I 200 MWe, Pressure Vessel, Metal Fueled

5.2.2-II 200 MWe, Pressure Vessel, Oxide Fueled

5.2.2-III 300 MWe, Pressure Vessel, Metal Fueled

5.2.2-IV 300 MWe, Pressure Vessel, Oxide Fueled
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Capital Costs, Cont.

Table No. Plant

5.2.2-V 200 MWe, Pressure Tube, Metal Fueled

5.2.2-VI 200 MWe, Pressure Tube, Oxide Fueled

5.2.2-VII 300 MWe, Pressure Tube, Metal Fueled

5.2.2-VIII 300 MWe, Pressure Tube, Oxide Fueled

CAPITAL AND OPERATING COSTS

5.2.2-IX 200 and 300 MWe, Pressure Vessel, Metal and Oxide Fueled

5.2.2-X 200 and 300 MWe, Pressure Tube, Metal and Oxide Fueled

Each of these estimates was prepared using the bases given in Section
3.1 above and constitute the detailed breakdowns of the summary costs
reported in DP-480.

All power costs for the full scale plants are based on the annual

generation when operating with a condenser back pressure of 1.5 in. HgA.
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TABLE 5.2.2-I

200 MWe PRESSURIZED D20 PRESSURE VESSEL
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL U-METAL FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Struc tures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D2 0 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

$10,000

636,000

4,690,000

1,470,000

246,000

320,000

15,000

432,000

174,000

$7,983,000

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$ 7,810,000

4,634,300

3,003,000

220,000

$15,667,300
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Table 3.2.2-I

Turbine -Generator

Crib House

D 2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$12,537,000

725,700

164, 700

275,300

1,792,800

$ 31,162,800

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$608,000

2,338,000

12,000

5,600

12,500

9,800

$2,985,900

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$120,000

13,000

90,000

2,000

$ 225,000

42,366,700

1,981,100

$44,347,800
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Table 5.2.2-I

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

Total Estimated Cost

$4,434,800

48, 782, 600

5,853,900

54, 636, 500

8,195,500

$62,832,000

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D2 0 Inventory is not included.
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TABLE 5.2.2-II

200 MWe PRESSURIZED D2 0 PRESSURE VESSEL
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL U02 FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

" Fuel Handling Building

VI. D2 0 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

$10,000

636,000

4,769,000

1,470,000

246,000

320,000

15,000

432,000

174,000

$8,062,000

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$11,315,000

4,634,300

3,005,000

220,000

$19,174,300
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Table 5.2.2-II, Cont.

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$12,537,000

725,700

164, 700

275,300

1,792,800

$ 34,669,800

C-Electrical

I. Reactor Plant

II. Turbine Generator Plant

III. Crib House

IV. D20 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$608,000

2,338,000

12,000

.5,600

12,500

9,800

$2,985,900

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive

$120,000

13,000

90,000

2,000

225,000

$45,952,700

2,008,300

$47, 961,000
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Table 5.2.2-I, Cont.

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

Total Estimated Cost

$4,796,100

$52,757,100

6,330,900

$ 59,088,000

8,863,700

$67,951,700

Note:

1. Personnel training and preliminary operating expenses are not
included.

2. D 2 0 Inventory is not included.
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TABLE 5.2.2-III

300 MWe PRESSURIZED D20 PRESSURE VESSEL
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL U-METAL FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$10,000

636,000

4,900,000

2,025,000

276,000

320,000

15,000

535,000

174,000

$8,881,000

8,650,000

6,196,800

4,085,000

280,000

$19,211,800
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Table 5.2.2-Ill, Cont.

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$16,419,600

903,000

164,700

319,900

2,016,600

$39,035,600

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$ 673,000

2,705,000

13, 500

5,600

12,500

10,500

$3,420,100

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$120,000

15,600

99,300

2,500

$237-400

51, 584, 100

2,347,300

$ 53,931,400
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Table 5.2.2-III, Cont.

F-Contingency - 10% $5,393,100

59,324,500Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation

(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

7,118,900

$66,443,400

9,966,500

$76,409,900Total Estimated Cost

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D20 Inventory is not included.
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TABLE 5.2.2-IV

300 MWe PRESSURIZED D,0 PRESSURE VESSEL
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL UO2 FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

V1. D 2 0 Distillation Structures

VIl. Circulating Water System Structures

VIIT. Miscellaneous Other Buildings

Total Structures "A"

$10,000

636,000

5,045,000

2,025,000

276,000

320,000

15,000

535,000

174,000

$9,026,000

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$15,020,000

6,196,800

4,085,000

280,000

$ 25,581,800
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Table 5.2.2-IV, Cont.

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$ 16,419,600

903,000

164,700

319,900

2,016, 600

$ 45,405,600

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$ 673,000

2,705,000

13,500

5,600

12, 500

10,500

$3,420,100

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$120,000

15, 600

99,300

2,500

$237,400

58,099,100

2,375,200

$ 60, 474, 300
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Table 5.2.2-IV, Cont.

F-Contingency - 10% $6,047,400

66,521, 700Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

Total Estimated Cost

7,982,600

74,504,300

11, 175,600

$85,679,900

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D20 Inventory is not included.
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TABLE 5.2.2-V

200 MWe PRESSURIZED D 2 0 PRESSURE TUBE
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL U-METAL FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine.-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D2 0 Distillation Structures

VII. Circulating Water System Structures

VIIIL Miscellaneous Other Buildings

Total Structures "A"

$10,000

636,000

4,814,000

1,470,000

246,000

320,000

15,000

432,000

174,000

$ 8,107,000

B-Equipment

I, Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$ 7,680,000

4,895,000

3,320,000

220,000

$16,115,000
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Table 5.2.2-V, Cont.

II.

III.

Iv.o

V.

VI.

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$12, 537,000

725,700

164, 700

275,300

1,892,800

$31,710,500

C-Electrical

I. Reactor Plant

II. Turbine Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$651,000

2,338,000

12,000

5,600

12, 500

9,800

$3,028,900

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$127,000

13,000

90,000

2,000

$232,000

43,088,400

2,176,200

$45,264,600
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Table 5.2.2-V, Cont.

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction., Etc.) - 15%

Total Estimated. Cost

$4,526,500

49,791,100

5,974,900

55, 766, 000

8,364,900

$ 64,130,900

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D20 Inventory is not included.

-155-



TABLE 5.2.2-VI

200 MWe PRESSURIZED D20 PRESSURE TUBE
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL UO2 FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D 2 0 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-I

$10,000

636,000

4,882,000

1,470,000

246,000

320,000

15,000

432,000

174,000

$8,175,000

$10,034,000

4,895,000

3,320,000

220,000

$18,469,000

p
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Table 5.2.2-VI, Cont.

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D20 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$12,537,000

725, 700

164, 700

275,300

1,892,800

$34,064,500

C-Electrical

I. Reactor Plant

II. Turbine Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$ 651,000

2,338,000

12,000

5,600

12,500

9,800

$3,028,900

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$127,000

13,000

90,000

2,000

$232,000

45,510,400

2,196,300

$47,706,700
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Table 5.2.2-VI, Cont.

F-Contingency - 10% $4,770,700

52,477,400Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation

(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

6,297,300

58, 774, 700

8,816, 200

$67,590,900Total Estimated Cost

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D2 0 Inventory is not included.
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TABLE 5.2.2-VII

300 MWe PRESSURIZED D20 PRESSURE TUBE
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL U-METAL FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L- Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D20 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$10,000

636,000

5,665,000

2,025,000

276,000

320,000

15,000

535,000

174,000

$9,646,000

$ 9,520,000

6,921,100

4,700,000

280,000

$21,421,100
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Table 5.2.2-VII, Cont.

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$16,419,600

903,000

164,700

319,900

2,116,600

$41,344,900

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$719,000

2,705,000

13, 500

5,600

12,500

10,500

$3,466,100

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and Profit

Sub-Total (L Plus A to E Inclusive)

$127,000

15,600

99,300

2, 500

$244,400

54,711,400

2,572,600

$57, 284,000
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Table 5.2.2-VII, Cont.

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

Total Estimated Cost

$5,728,400

63,012,400

7,561,500

70,573,900

10, 586,100

$81,160,000

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D2 0 Inventory is not included.
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TABLE 5.2.2-VIII

300 MWe PRESSURIZED D2 0 PRESSURE TUBE
INDIRECT CYCLE POWER REACTOR PLANT

NATURAL U02 FUEL

ESTIMATED ENGINEERING AND CONSTRUCTION COSTS

L-Land

A-Structures

I. Ground Improvements

II. Reactor Plant

III. Turbine-Generator Building

IV. Waste Disposal Building

V. Fuel Handling Building

VI. D 2 0 Distillation Structures

VII. Circulating Water System Structures

VIII. Miscellaneous Other Buildings

Total Structures "A"

B-Equipment

I. Reactor Plant

1. Reactor Equipment

2. Auxiliaries

3. Piping

4. Instrumentation

Total B-1

$10,000

636,000

5,772,000

2,025,000

276,000

320,000

15,000

535,000

174,000

$9,753,000

$12,200,000

6,921,100

4,700,000

280,000

$24,101,100
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Table 5.2.2-VIII, Cont.

II.

III.

IV.

V.

VI.

Turbine-Generator Plant

Crib House

D2 0 Distillation Plant

Waste Disposal System

Fuel Handling Plant

Total Equipment "B"

$16,419,600

903,000

164, 700

319,900

2,116,600

$44,024, 900

C-Electrical

I. Reactor Plant

II. Turbine-Generator Plant

III. Crib House

IV. D2 0 Distillation Plant

V. Waste Disposal System

VI. Fuel Handling System

Total Electrical "C"

$719,000

2,705,000

13, 500

5,600

12, 500

10,500

$3,466,100

D-Miscellaneous Equipment

I. Health

II. Offices and Locker Rooms

III. Machine Shop and Store Room

IV. Fire Protection

Total Miscellaneous Equipment "D"

Sub-Total (L Plus A to D Inclusive)

E-Contractor's Overhead and P1iofit

Sub-Total (L Plus A to E Inclusive)

$127,000

15, 600

99,300

2,500

$244,400

57,498,400

2.601.800

$60,100,200
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Table 5.2,2-VIII, Cont.

F-Contingency - 10%

Sub-Total (L Plus A to F Inclusive)

G-Allowance For Escalation
(3 Years - 4% Per Year) - 12%

Sub-Total (L Plus A to G Inclusive)

H-Top Charges
(Engineering, Field Supervision, Interest
During Construction, Etc.) - 15%

Total Estimated Cost

$6,010,000

66,110,200

7,933,200

74,043,400

11,106,500

$85,149,900

Notes:

1. Personnel training and preliminary operating expenses are not
included.

2. D2 0 Inventory is not included.
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Nominal Plant Capacity
Fuel Material
Design Burnup MWD/metric ton-U
Refueling Scheme

Investment
Reactor plant

Turbine plant

Miscellaneous buildings and

equipment

Sub-total
D20 inventory

Total investment

TABLE 5.2.2- IX
CAPITAL AND OPERATING COSTS FOR 200 AND

300 MWe, PRESSURIZED- D20, INDIRECT CYCLE, PRESSURE VESSEL REACTOR PLANTS

200 MWe (Annual Generating Capacity 1520 x 106 kwh)
Natural U-metal Natural U02
2900 7100
100% batch 4-zone

300 MWe (Annual Generating Capacity 2103 x 106 kwh)

Natural U-metal Natural U0 2
3300 8800
100% batch 4-zone

Invest., Ann. Cost, Power Cost, Invest., Ann. Cost, Power Cost, Invest., Ann. Cost, Power Cost, Invest., Ann. Cost Power Cost,

$106 $10
6
/yr. mills/kwh $106 $10

6
/yr. mills/kwh $106 $10

6
/yr. mills/kwh $106 $10

6
/yr. mills/kwh

37.204 5.209 3.427
25.037 3.502 2.304

0.591 0.083 0.055

62.832 8.794 5.786
13.250 1.656 1.090

76.082 10.450 6.876

42.324 5.925
25.037 3.502

3.898
2.304

0.591 0.083 0.055

67.952 9.510 6.257
20.118 2.510 1.650

88.070 12.020 7.907

44.925 6.290
30.615 4.290

2.990
2.040

54.195 7.589 3.608

30.615 4.290 2.040

0.870 0.121 0.058 0.870 0.121 0.058

76.410 10.701 5.088 85.680 12.000 5.706
18.830 2.357 1.120 25.620 3.205 1.525

95.240 13.058 6.208 111.300 15.205 7.231

Operation and Maintenance

os Fuel

Inventory

Nonnuclear inventory

Replacement

Total fuel costs

Heavy Water

Losses

Dist. plant operation

Total D 2 0 costs

Operating payroll

Maintenance labor and material

Supplies

Insurance

Total operation and maintenance

Total Capital and Operating Costs

0.145

0.687

2.938

3.770

0.071 0.047

0.131 0.086

3.883 2.547

4.085 2.680

0.265 0.174

0.006 0.004

0.271 0.178

0.610 0.401

0.406 0.267

0.140 0.092

0.490 0.322

6.002 3.940

16.452 10.816

0.095

0.452

1.932

2.479

0.402 0.264

0.006 0.004

0.408 0.268

0.610 0.401

0.406 0.267

0.140 0.092

0.490 0.322

5.824 3.829

17.844 11.736

0.083 0.039

0.154 0.073

4.720 2.248

4.957 2.360

0.376 0.179

0.008 0.004

0.384 0.183

0.715 0.339

0.510 0.240

0.175 0.082

0.570 0.268

7.311 3.472

20.369 9.680

0.195 0.093

0.925 0.439

3.245 1.543

4.365 2.075

0.512 0.244

0.008 0.004

0.520 0.248

0.715 0.339

0.510 0.240

0.175 0.082

0.570 0.268

6.855 3.252

22.060 10.483



TABLE 5.2.2-X
CAPITAL AND OPERATING COSTS FOR 200 AND

300 MWe, PRESSURIZED- D20, INDIRECT CYCLE, PRESSURE TUBE REACTOR PLANTS

Nominal Plant Capacity
Fuel Material
Design Burnup MW-d/metric ton U
Refueling Scheme

200 MWe (Annual Generating Capacity 1520 x 106 kwh)
Natural U-metal Natural U02
3500 6800
100% batch Multizone

300 MWe (Annual Generating Capacity 2103 x 106 kwh)
Natural U-metal Natural U02
3800 7800
100% batch Multizone

Invest. Ann. Cost, Power Cost, Invest. Ann. Cost, Power Cost, Inve t. Ann. Cost, Power Cost, Invest. Ann. Cost Power Cost,

$106 $10
6
/yr. mills/kwh $106 $10

6/yr. mills/kwh $1 0 b $10
6
/yr. mills/kwh $106 $10

6
/yr. mills/kwh

Investment
Reactor plant

Turbine plant

Miscellaneous buildings and

equipment

Subtotal

D20 inventory

Total investment

Operating and Maintenance
Fuel
Inventory
Nonnunclear inventory

Replacement
Total fuel costs

Heavy Water
Losses
Dist. plant operation

Total D20 costs

Operating payroll

Maintenance labor and material

Supplies

Insurance

Total operation and maintenance

38.352 5.369 3.535

25.188 3.526 2.319

0.591 0.083 0.055

64.131 8.978 5.909

16.900 2.113 1.390

81.031 11.091 7.299

0.075 0.049
0.140 0.092

3.364 2.214
3.579 2.355

41.812 5.850 3.849

25.188 3.526 2.319

49.380 6.913 3.290

30.910 4.330 2.060

53.370 7.449 3.541

30.910 4.330 2.060

0.591 0.083 0.055 0.870 0.121 0.058 0.870 0.121 0.058

67.591 9.459 6.223 81.160 11.364 5.408 85.150 11.900 5.659

20.160 2.520 1.660 19.890 2.485 1.180 25.300 3.160 1.505

87.751 11.979 7.883 101.050 13.849 6.588 110.450 15.060 7.164

0.143 0.094 0.113 0.054 0.201 0.096

0.676 0.445 0.209 0.100 0.952 0.453

3.020 1.986 4.040 1.920 3.665 1.742

3 839 2.525 4.362 2 074 4.818 2.291

0.338 0.222 0.403 0.265 0.398 0.189 0.506 0.241

0.006 0.004 0.006 0.004 0.008 0.004 0.008 0.004

0.344 0.226 0.409 0.269 0.406 0.193 0.514 0.245

0.610 0.401 0.610 0.401 0.715 0.339 0.715 0.339

0.406 0.267 0.406 0.267 0.510 0.240 0.510 0.240

0.140 0.092 0.140 0.092 0.175 0.082 0.175 0.082

0.490 0.322 0.490 0.322 0.570 0.268 0.570 0.268

5.569 3.663 5.894 3.876 6.738 3.196 7.302 3.465

Total Capital and Operating Costs 17.873 11.759 20.587 9.784 22.362 10.62916.660 10.962
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7.0 DRAWING LIST

Drawing
No. Title

HB-429 70 MWe, Press'd. D20, Pressure Vessel Prototype Plant

Performance Diagram

HB-452 70 MWe, Press'd. D20, Pressure Tube Prototype Plant
Performance Diagram

HB-470 200 MWe, Boiling D20, Direct Cycle Plant with Reheat,
Performance Diagram - 1.800 rpm Turbine

HB-473 200 MWe, Boiling D20, Direct Cycle Plant with Reheat,
Performance Diagram - 3600 rpm Turbine

70 MWe BOILING D2 0 PRESSURE TUBE
DIRECT CYCLE, PROTOTYPE

Property Plat

General Arrangement-Plan "A-A"-Reactor Building

General Arrangement-Plans "B-B" & "C-C"-Reactor Building

General Arrangement -Plans "D-D" & "E-E"-Reactor Building

General Cross Sections -P:lans "F-F" & "G-G"-Reactor Building

General Cross Sections-Plans "H-H" & "J-J"-Reactor Building

General Cross Sections-Plans "K-K" & "L-L"-Reactor Building

General Arrangement Fuel Handling & Waste Disposal Building

General Arrangement Plan-Main Floor-Turbine Building

General Arrangement Plan-Mezzanine Floor-Turbine Building

General Arrangement Plan-Ground Floor-Turbine Building

General Arrangement-Long. Sections "A-A" & "B-B"-Turbine
Building

General Arrangement-Cross Sections "C-C"-Turbine Building

Nuclear Instrumentation Block Diagram

-168-

NP-414

NP-415

NP-41.6

NP-417

NP-418

NP-419

NP-420

NP-421

NP -424

NP-425

NP-426

NP -427

NP -428

NP-495



Drawing
No. Title

70 MWe, PRESSURIZED D20, PRESSURE
VESSEL INDIRECT CYCLE, PROTOTYPE

NP-429 Composite Flow Diagram

NP-430 Main Coolant Steam & Condensate Diagram

NP-431 Reactor Auxiliaries Systems Diagram

NP-432 Recombiner & Off-Gas Systems Diagram

NP-433 Waste Disposal System Diagram

NP-434 Plant Control Block Diagram

NP-435 Nuclear Instrumentation-Block Diagram

NP-436 Operational Block Diagram

NP-437 Safety Block Diagram

NP-438 Property Plat

NP-439 General Arrangement Plans-Reactor Building

NP-440 General Cross Sections-"E-E", "F-F", "G-G"-Reactor Building

NP-441 General Cross Sections- "H-H", "J-J", "K-K"-Reactor Building

NP-442 General Arrangement Plan-Main Floor-Turbine Room

NP-443 General Arrangement Plan-Mezzanine Floor-Turbine Room

NP-444 General Arrangement Plan-Ground Floor-Turbine Room

NP-445 General Cross Section "A-A"-Turbine Room

NP-446 General Long. Section "B-B"-Turbine Room

NP-447 General. Arrangement-Fuel Handling & Waste Disposal Buildings

NP-448 Electrical Diagram

NP-449 Single Line Diagram

NP-450 Key Diagram-Turbine Plant Auxiliaries

NP-451 Key Diagram-Reactor Plant Auxiliaries
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Title

70 MWe, PRESSURIZED D2 0 PRESSURE
TUBE INDIRECT CYCLE PROTOTYPE

Drawing
No.

NP-452

NP-453

NP-454

NP-455

NP-456

NP-457

NP-458

NP-4.59

NP-460

NP-461

NP-462

NP-463

NP-464

NP-465

NP-466

NP-467

NP-468

NP-469

NS-470

NS-471
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Composite Flow Diagram

Main Coolant, Steam & Condensate Diagram

Reactor Auxiliaries Systems Diagram

Recombiner & Off-Gas Systems Diagram

Plant Control Block Diagram

Nuclear Inst.r. Block Diagram

Operational Block Diagram

Safety Block Diagram

Property Plat

General Arrangement. Plans-Reactor Building

General Cross Sections-"E-E", "F-F",-Reactor Building

General Arrangement Plan-Main Floor-Turbine Building

General Arrangement Plan-Mezzanine Floor-Turbine Building

General Arrangement Plan-Ground Floor-Turbine Building

General Cross Section "A-A"-Turbine Building

General Long. Sect ion "B-B"-Turbine Building

General Arrangement-Fuel Handling & Waste Disposal Buildings

Electrical Diagram

200 MWe, BOILING D2 0, PRESSURE TUBE
DIRECT CYCLE WITH REHEAT TURBINES 1800 & 3600 RPM

General Arrangement Plan-Main Floor-Turbine Building

General Arrangement Plan-Grade Floor-Turbine Building



Drawing
No. Title

200 MWe, BOILING D20 PRESSURE TUBE
DIRECT CYCLE WITH REHEAT TURBINES 1800 & 3600 RPM

NS-472 General Cross Section-Turbine Building

NS-473 General Arrangement Plan-Main Floor-Turbine Building

NS-474 General Arrangement Plan-Grade Floor-Turbine Building

NS-475 General Cross Section-Turbine Building

BOILING D20, PRESSURE TUBE, DIRECT CYCLE
PROTOTYPE, ALTERNATE HEAT DISSIPATION

NP-490 General Arrangement-Plan & Sections

BOILING D20, PRESSURE TUBE
DIRECT CYCLE, METAL FUEL

NS-700 200 MWe-General Arrangement-Plan & Section

NS-710 300 MWe-General Arrangement-Plan & Section

BOILING D20, PRESSURE TUBE
DIRECT CYCLE, OXIDE FUEL

NS-720 300 MWe-General Arrangement-Plan & Section

PRESSURIZED DO, PRESSURE VESSEL

INDIRECT CYCLE

NS-730 200 MWe, Metal Fuel-Gen. Arrgt. Plan & Section

NS-740 300 MWe, Metal Fuel-Gen. Arrgt.. Plan & Section

NS-750 300 MWe, Oxide Fuel-Gen. Arrgt. Plan & Section

PRESSURIZED D2 0, PRESSURE TUBE
INDIRECT CYCLE

NS-760 200 MWe, Metal Fuel-Gen. Arrgt. Plan & Section

NS-770 300 MWe, Metal Fuel-Gen. Arrgt. Plan & Section

NS-780 300 MWe, Oxide Fuel-Gen. Arrgt. Plan & Section
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70,000 kw Unit - 3600 R.P.M.
T.C.D. F. - 23"1
160 psia - Saturated Steam

Reactor Steam Gene

19.75 x106 #/hr

562 P

450 F

Primary Cycle D20

19.75 x 106 #/hr

402 F

Reactor Circulating Pump

Gross Generator Output, Nw
Auxiliary Power 6.1%, t1w
Net Generator Output. Nw
Steam Rate to Turbine, #/kwh
Btu/kwh to Turbine
Net Heat Rate. Btu/kwh
Net Plant Efficiency, %

rator

1.13 x 106 i/hr 160 P

73.3
4.5

68.8
15.50

14,200
15,1CC

22.5

Moisture
Separator

1195.1 H 363.5 F 1061. H 1 P H

Secondary Cycle H20 68.8 KIm
H.P. L.P.

.Net ,

91.000 #h
1155.5 H 78,500 #/hr

1081.0 H 825,800 #/h
4 1006.6 H

1.000 hr t 91.7 9 H
246F 214.4H 91' 9.

23.2 P Condensate Pump

L o Air Ejector

#/hNO Gland

3. 236 F .9 Steam Cond.1.135 x10 f

310 F 279.9H P 204.3 H ee ter
Pump

139,200 #/hr

315 F 13136 a

Drain Pump

.. o.....: P Deoe PsaHae etrBHae

70 MWe Pressurized D20
Pressure Vessel
Indirect Cycle, Prototype

Performance Diagram
Savannah River Operations Office

Contract AT (38-1) 213
U.S. Atomic Ermrgy Comission

Calc.............MARGNT aLUNDY
Checked.............e e mmN
Approved........ c,,,o

REVISED _....._ Jonmo. xsKTCI No.

2897-1 1 H B- 29

N

i

TrI LLL A.%JV Ir

Note: P Denotes Psia Heater C Heater B Heater A



70,000 K'.J Unit - 3600 R.P.N.
T.C.D.F. - 23 in.
277 psis Saturated Steam

Steam Generator

18.8 x 106 #/hr ""'"""

190 F G '

Reactor

Utt
Primary Cycle D20

'0 0

x 18.8 x106 #/hr

Mod. Circ. Reactor Circulating
PUMP

v Moderator System
D20

SCooling

water

Moderator
Cooler

410.1 F

Gross Generator Output, Mit
Auxiliary Power c 6.2%. I'I
Net Generator Output, iMI
Steam Rate to Turbine, #/kdh

Btu/kwh to Turbine
Moderator Loss, Btu/kwh
Total Btu/kwh
Net Plant Heat Rate, Btu/kwh

277 P 1202.3 H j Net Plant Efficiency, %

Separator

Secondary Cycle H2 01 26 P

69.8 8e7le

' '+ et

910003rhr

1148 H 81,600 #/hr
1076 H Hg.ABS.

40,E0 /r
990 H

094000 #/hr Pu9r F 59.7 H
S264F 23.7

ac Condensate Pum~p

31.97P o"

141

0 g. rw. T

-I SGa ond
1.055x106 T/hrP 254 F
333 F 303.8 H P eed 7.2 P

Pump

139,40 #/hr70 MWe Pressurize

309 F N Pressure Tube

Drain Pump Perforrance Dia

Iote: P Denotes Psia Heater C Heater B Heater A

74.I
4.6

69.8
14.2

12,650
1010

13,660
14,550

23.4

ed D20

rrto t

Savarr.ah River Operations Office
Contract AT (3S-1) 213

U.S. Atomic Erergy Cor:issior.

kCalc ............. SARGNaT " LUNDY

Checked..........ENGINEER,
Approved.........

DATE......................

REVISED._..........JON NO. SKRrcM No

2'0-1 1HP-42

. v . s iv i, . sa.a . av s a

.a p,-
ryve

.Os x 1c)6 #/hr.

ot e: P Denotes Psia Heater C Heater B Heater Ak



N.

Boi)
D20
Pressure

Tube
Reactor

.1 Y

20 .0LO #/hr

S299 770 #/hr

I -nV con /, 765 P

108 P

1o.o F

480.0 F
154..L H

1087.2 H

205 040 #Ihr10 /
108.2 (~~Ef p to Air Ejectbr

480.0 F

1154.1 H

3,102,590 #/hr

Gross Generator Output kath
Auxiliary Power C 6.1% kw
Net Sent Out kw

Steam Rate to Turbine #/kwh
3tu/kwh to Turbine
Net Heat Rate Btu/kwh
Reactor l'oderator Heat loss
Plant Heat Rate

(100% Oper. Eff.) Btu/kwh
'hermal Efficiency

227,240
13,860

213,380
13.65

11.C31
11,748

7

12,632
27.02

"A" - Moisture at Moisture Removal Stage
"B" - 1% Steam with "A"
"C" - Moisture with Heater Extraction Steam
Note: P Denotes psia

Heater C Heater B Heater A
"4A . 1 . ARGENT " LUNDY
:heckedENGINEERs

pproved

REVISED ....... ono.semNo.

tai i1 ~i n. (v . ..-

Stage 66 F StJage 341.3F Moisture 2569,400 #hr

Reheater 1098.1 H Reheater 1076.3H Separato 992.1 H

71,750_#/hr 269,630 #/hr
to Htr. "C" to Htr. "B'

I'/ 200,000 lor Reheat Unit
213,610 #/hr /\1. AB ,1800 rp TCDF-38"
1029.5 H 1,899,930 #/ 750 psig - 510.0 F

Dry and Saturated Steam
921 H Reheat 480.0 F - 93 psig
992.1 H

3,720 #/hr

381.3 H123.3F

31.020 #/hr .58.8H

1054. H , 5o801z ~ ~I ' 1000 #/br
Frm1srFrom Moist. Sep.

330.7 H Stage -. ,250 #hr 269,630 #/hr -- 1 AH-1000
Raheater 330.7 H 273.8 H

387.2F 228 P 332.5 F 4 P 2.5 F 52.3P 195.0 F 11.1 P12 F

320.8 H 265.0 HJ 213.1 H, 130.8 H - 59.1 H

/ b. Performance Diagram
Tx F Savannah River Operations Of ficeHeaterFD -/Contract at (38-1) 193

I o%/ U.S.l AtNmic Ene rgy Commis sio n

9 2 F532,190 #/hr1/ ,043,450 #/hr
326.1 H I '7heke S I NIER

459.1

"A"

"B"

ttCr



Gross Generator Output KW 219,300

2,308,460 ,#/hr 108 P 480.0 FAuxiliary Power a 6.1% K1i 13,380
2__3 _ _ _ __6__#/_r_,_ _ _ _ _ _ __ __.C_ _ _Net Sent Out K. 205,920

1154.1 H Steam Rate to Turbine #/kwh 14.14
Btu/kwh to Turbine 11,427

3,101,000; //hr 765 P 510.0 F 3,100,000 #/hr Net Heat Rate Btu/kwh 12,169
1087.2 H Reactor Moderator Heat Loss ; 7

01000 #/hr Plant Heat Rate
a 205 820 #/hr (100% Oper. Eff.) Btu/kwh 13.085

Thermal Efficiency p 26.08

480.0 F Stage 366.6 F Stage 341.3 F Moistur 2 64 0 #/hr

1154.1 H Reheater 1098. H Reheater 1074.8 Separat
a a P . a P .a. .

76,65codhrr- 0 206,7 0 /h

Presue H A \200,000 Kw Reheat Unit

2 #/h6,/50 #/hr 01
Reactor 212,550 #/hr/289,200 /hII-' 3600 RPM TC4F - 23"

102.4 H/ 55,285 #/hr \,955,285 #/ 750 psig - 510.0 F
925.2 H / \ 925.2 H Dry and Saturated Steam

195,290 #hr /j Reheat 480.0 F - 93 psig
- 994.7 H

v' 4,220 #/hr /(T ~

"A- 381.3 H

~B" 31 000 #/hr 123.3F

1055.9 H From Moist.

".C" 15.360 #/hr 
x ep faor \r- -

330.7 H l o ox 1000 #/hr
From1 ae

6
0 #hr.Air Ejector

20 2 /hr1st stage-65_ #_/hr -r pH100
Reheat 330.7 H

3,101,000 #/hr 387.2 F 28 P 332.5 F 114 279 F 52.3 P 123.6 F R

320.8 H 265.0 H 130.8 H

r/ Performance Diagram

/ r Savannah River Operations Cffice
Heater D 1 /PContract AT (38-1) 193

Ha 0 U.S. Atomic Energy Commission
392.2 F __ J _535,070 #/h c'v1,031,920_#/hr/ ___ ._

"A" - Moisture at Moisture Removal Stage 326.1 H
"B" - 1% Steam with "A" Calc. { ARGENT " LUNOYHeater C Heater B Heater A Checked. .....
"C" - oisture with Heater Extraction Steam------- RS

Approved_
DATE2-15b0 ......

Iote: P Denotes Psia REVISED..oE..................o No. I rTCM P C

2897-1 H-3-73
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