
Y3. k.a

BAW- 1241

STONE & WEBSTER
ENGINEERING CORPORATION

THE BABCOCK & WILCOX
COMPANY

metadc101005

SPECTRAL SHIFT CONTROL REACTOR

DESIGN AND ECONOMIC STUDY

December, 1961

n 
l

. 1
A 



LEGAL NOTICE

Printed in U.S.A. PRICE $4.50 Available from the

OFFICE OF TECHNICAL SERVICES
U. S. DEPARTMENT OF COMMERCE

WASHINGTON 25, D. C.

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the Commission, nor any person
acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the in-
formation contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus, method,
or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee
of such contractor, to the extent that such employee or contractor of
the Commission, or employee of such contractor prepares, dissemi-
nates, or provides access to, any information pursuant to his employ-
ment or contract with the Commission, or his employment with such
contractor.



SPECTRAL SHIFT CONTROL fIACTow
UNl E r T G

vi!

'4,X L

STATES_ ATOMIC F.,G. cZG C ~sS~a
330 MW lJUCLEAR POWER PLAMT

STO4E. 4r WETER EJ LLU0 gRA4 CORPORATION
,AaCoc. 4 wILcoX COMPAy

nCC

V 4

J

gb- C



BAW-1241
AEC R&D Report
TID-4500 (17 Ed. )
UC-80

SPECTRAL SHIFT CONTROL REACTOR

DESIGN AND ECONOMIC STUDY

December, 1961

By
D. Mars, Contract Technical Manager

The Babcock & Wilcox Company
Atomic Energy Division

D. Gans, Jr. , Project Engineer
Stone & Webster Engineering Corporation

Prepared For
THE UNITED STATES ATOMIC ENERGY COMMISSION

AEC Contracts AT(30-1)-2602, AT(30-1)-2738





ABSTRACT

The Babcock & Wilcox Company and Stone & Webster Engineering

Corporation have completed a study of nuclear power plants incorporating

the Spectral Shift Control Reactor (SSCR) - a pressurized water reactor

featuring a unique method of reactivity control developed by B&W.

The moderator-coolant is a mixture of light and heavy water

whose D 20 concentration changes from 60 to 80 mole o at the beginning

of core life to 2 mole % at the end. The only control rods required at

full power are a group of four partially inserted rods used for fine

control. Zone-loading of fuel therefore produces a core of low power

peaking and high power density. Further, the absence of control

poisons and the relatively high epithermal neutron absorption of the

fertile material result in a high conversion ratio.

Plant designs, operating characteristics, and economics are

presented for three current-status plants and for a "potential" plant.

The current-status plants, which can be built today using current

technology, develop net electric outputs of 154; 330; and 458

megawatts. The reactor cores are fueled with low enriched U02 and

clad with either Zircaloy or stainless steel (see Table I). The generating

cost for a 330 MWe combustible-fuel-fired plant located in New England

_.s estimated to be 6. 7 mills per kilowatt-hour compared with 6. 37 for

the SSCR plant of the same capacity.

The potential plant, developing a net electric output of 333

megawatts, has a core clad with thin-walled Zircaloy and fueled

with thorium and uranium oxides. This core features recycling of

the U-233 bred by neutron capture in thorium. The core design is

based on the successful results of a proposed research and development

program costing $5, 145, 000.
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TABLE I

ECONOMICS FOR CURRENT-STATUS PLANTS

Zircaloy Clad Core

Plant, net MWe

154 330

Generating Cost,

458

mills/kwh

Capital

Operating, Maintenance, Insurance

Fuel

Total

Stainless Steel Clad Core

Capital

Operating, Maintenance, Insurance

Fuel

Total

TABLE II

ECONOMICS FOR POTENTIAL PLANT
(333 net MWe)

Generating Cost, mills/kwh

Capital

Operating, Maintenance, Insurance

Fuel

Total

6.21

0.84

2.11

9.16

3.93

0.44

2.00

6.37

3.60

0.34

1.95

5.89

6.12

0.84

2.80

9.76

3.85

0.44

2.71

7.00

3.52

0.34

2.65

6.51

3.54

0.43

1.26

5.23
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1. INTRODUCTION

1. 1 Objectives and Scope

This report presents design and cost information for nuclear power

plants incorporating the Spectral Shift Control Reactor (SSCR). Plants

of various capacities are considered on the bases of current technology

and the technology to be developed from a projected research and

development program. The SSCR is a modified pressurized water

reactor featuring a unique method of control developed by The Babcock

& Wilcox Company.

The Atomic Energy Commission authorized a plant study program

to determine the design and operating features and the economic attrac-

tiveness of the SSCR. The AEC defines a current-status plant as one

that is suitable for immediate construction and capable of being in

operation by 1965. The potential plant is defined as one suitable for

operation by 1972.

To permit evaluation of the current status of the SSCR, the AEC

requested that a reference design of about 300 MWe be established, and

that plant designs of about 150 and 450 MWe be prepared by extrapolation

of the equipment and operating features of the reference plant. This

establishes costs over a range of capabilities. The potential of the

SSCR is to be represented by a single design of the same capacity as the

reference design.

In summary, the work has included the preparation of plant designs

and cost data for the following:

1. A reference design nuclear power plant with a

reactor core of uranium oxide clad in Zircaloy.
This plant is based on current technology and
has an electrical capacity of 330 MWe.

2. An alternate reference plant core of uranium
oxide clad in stainless steel. Fuel cycle costs
are computed to permit comparison with those

of the Zircaloy clad core. Capital, and operating
and maintenance costs for the reference plant are

essentially unaffected by the stainless-steel clad core.

- 1 -



3. Nuclear power plants of 154 and 458 MWe net
based on current technology and using Zircaloy

clad cores of uranium oxide similar to the
reference design core.

4. Alternate nuclear power plants of 154 and 458
MWe net, essentially identical to those mentioned
in item 3, using stainless-steel clad core of

uranium oxide.

5. A potential nuclear power plant with a reactor
core of thorium oxide and recycled U-233 oxide
clad in Zircaloy. This plant has an electrical
capacity of 333 MWe net.

Optimization studies on all aspects of core and plant variables

were not performed, even though such studies might have led to the

development of designs with lowest possible generating costs. Sufficient

computations and analyses were carried out, however, to provide

practical designs, consistent wigh good engineering practice, and

realistic costs for capital outlay, full cycle, operation, and maintenance.

1. 2 Division of Responsibility

The work was performed for the AEC by B&W's Atomic Energy

Division and the Stone & Webster Engineering Corporation. B&W's

work was performed under AEC Contract No. AT(30-1)-2602, which also

covers The SSCR Basic Physics Program now in progress at B&W.

The work reported here is authorized by a modification to the contract

dated April 3, 1961. Stone & Webster's work was performed under

AEC Contract No. AT(30-1)-2738, which became effective April 24, 1961.

Work on design and cost estimates was divided between the two

organizations as follows:

The Babcock & Wilcox Company

1. Designed the reactor core and estimated fuel
cycle costs

2. Designed and estimated costs for the reactor,
steam generators, pressurizer, primary system
pumps, valves, piping, nuclear and non-nuclear
instrumentation of the reactor plant, reactor

controls, and fuel handling equipment

3. Established functionalidesign requirements for
reactor plant biological shielding, containment
vessel, and reactor auxiliary systems

4. Prepared the final report
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Stone & Webster

1. Designed and estimated costs for the reactor
auxiliary system, all shielding, containment
vessel, waste disposal, D2 O reconcentration
plant, and fuel storage and associated buildings
and structures

2. Designed and estimated costs for the turbine
generator plant and the over-all plant site and
service facilities

3. Prepared capital, operating and maintenance
costs for the over-all plant, and prepared
electric generating costs

4. Estimated costs for erection, and estimated
the plant construction schedule.

1. 3 Principle of Spectral Shift Control

Spectral shift control is the name applied to the concept of controlling

long term reactivity effects in a nuclear reactor core by varying the neutron

energy spectrum. This is accomplished by changing the concentration of

D 2 0 in the D2 O-H2 0 mixture which serves as both the moderator and the

coolant.

Changes in the D2 O concentration of the moderator-coolant affect

the reactivity of close-packed lattices typical of PWR cores primarily

because D2 0 is a less effective moderator than H2 0 (the slowing down

power (DES) of D2 O is only 16% that of H2 0). Thus, the presence of D2 O

in the moderator dilutes the H2 O, which in turn causes an increase in the

epithermal and fast neutron fluxes because of decreased moderation

(Fig. 1). Since the ratio of the effective absorption cross sections of

fertile material to fuel is larger at epithermal energies than at thermal

energies (Fig. 2), a shift to higher neutron energies causes relatively

more absorptions in fertile material. Dilution of the D2 0 with H2 0 also

causes increased neutron absorption in hydrogen and structural material,

decreased neutron leakage, and a decrease in the proportion of epicadmium

fissions.

Spectral shift control requires a closed-packed core lattice typical

of a pressurized water reactor. This type of lattice is somewhat under-

moderated. If the moderator is a mixture of H2 0 and D2 0 (as in an

SSCR), decreasing the D2 0 concentration in such a core by adding H2 0

increases the k since the moderating power of anundermoderated core is

being increased. This effect more than compensates for the increased neutron
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absorption in the hydrogen added to the moderator.

On the startup of a reactor with a new core loading, the moderator

mixture has a high concentration of D2O. For the reference design,

78 mole % of the mixture is D2O. Therefore, the moderator has a rela-

tively low slowing-down power, and the neutron spectrum has a relatively

high epithermal population. Thus, there is a high absorption rate of

neutrons in the fertile material relative to the absorptions in the fuel.

As the core continues to operate and the reactivity decreases due

to fuel burnup and fission products buildup, the ratio of D2 O to H2 O in

the moderator is decreased by diluting the primary system with H2O.

The neutron spectrum becomes more thermal, and the resonance escape

probability of the fertile material increases. In this manner, the core

reactivity is adjusted to maintain the reactor at full power. The process

of diluting the moderator with H 2 O continues throughout the life of the core

until the final D 2O concentration is as low as is economically advisable

(about 2 mole %).

During reactor operation at full power, core reactivity is controlled

by neutron absorption in fertile material rather than in absorbers such as

control rods or dispersed poisons. Neutron absorption in fertile material

results in the production of new fissionable material; plutonium in the case

of uranium as fertile material; U-233 in the case of thorium. Thus, the

conversion ratio is higher for a spectral shift control reactor than for a

poison controlled reactor, and there is a corresponding improvement in

fuel economy.

Spectral shift control offers technical and economic advantages over

water reactors using poison control. The most important advantages are

summarized here.

1 .3. 1 Improved Neutron Economy

Conventional water reactors control reactivity by poison

control rods, burnable poisons, soluble poisons, or by a combination of

these three means. All of these methods result in the loss of neutrons so

that the average conversion ratio is limited to approximately 0.59 with low

enrichment uranium cores. In the SSCR, control is accomplished during

reactor operation by variations in epithermal absorption in the fertile

material, and appreciably higher conversion ratios are achieved. With

low enrichment uranium cores clad in Zircaloy, conversion ratios are
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about 0.7 to 0.8. With the thorium-U-233 cycle and the Zircaloy cladding,

conversion ratios of 0.9 to 1.0 have been calculated.

1.3.2 Higher Power Density

Conventional water reactors using poison rods for control

can have local power peaks in the core of from three to four times the

average. In the SSCR, most of the control rods are removed from the

core during full power operation and the remaining rods are in approxi-

mately the same position at all times so that zone loading is more effective

in eliminating power peaking. Thus, a peak-to-average power ratio of

from 1.5 to 2 can be achieved.

The improved power distribution results in a higher power

density core than for other reactors (Table 1). Therefore, for a given

reactor pressure vessel size, more power can be produced than from cores

with higher peaking factors. At any given power level, the SSCR requires

a smaller reactor vessel, lower coolant flow rates, smaller primary

pumps, and other associated decreases in equipment and structures than

for rod-controlled water reactors.

TABLE 1

COMPARISON OF CORE POWER DENSITIES

Reactor Power Density, kw/. of Core Volume

SSCR (reference design) 87

SSCR (potential plant) 113

Shippingport (PWR) 23

Yankee (PWR) 60

Indian Point (PWR) 76

Dresden (BWR) 29

1.3.3 Long Core Life

Core lifetime is limited by two major considerations: maxi-

mum allowable burnup of the fuel, and the maximum allowable excess

reactivity that can be held down at the start of core life. The SSCR

provides a means for alleviating both constraints. The lower power peaking
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means that the average burnup of the core more closely approaches the

maximum allowable; therefore, a longer core life is possible. For

example, if the maximum allowable burnup is 30,000 MWd/MTU, a peak-

to-average power ratio of 2 means that the average core burnup is

15,000 MWd/MTU. If the peak-to-average were 4, as in a conventional

PWR, the average burnup would be only 7500 MWd/MTU. Because of

the shift in spectrum to epithermal energies at high D20 concentrations

and the relatively increased absorption in fertile material, more excess

reactivity is held down in a SSCR than can be controlled with control rods.

Sufficient excess reactivity can be controlled to reach fuel burnups of

60,000 MWd/MTU or beyond.

1.3.4 Improved Economics

The economic advantages of the SSCR over a poison-controlled

PWR depend on whether the PWR uses control rods or soluble poison for

long term reactivity control. The SSCR has a fuel and capital cost advan-

tage over a PWR with control rods. However, the fuel cost advantage

over a PWR using soluble poisons is offset somewhat by the heavy water

inventory cost.

Table 2 gives a comparison of conversion ratios and fuel

costs for the SSCR and soluble poison-controlled PWR cores of the same

power density and power level. The comparison includes the case for

cores on the low enriched uranium cycle, and for cores on the thorium-

recycled U-233 fuel cycle. The fuel cost advantages of the SSCR in both

instances are causedby its higher conversion ratio which results in a lower

cost of fissionable material consumed and a lower use charge on the fuel.

The low enriched UO2 fuel cycle data in the table pertains to

cores with Zircaloy cladding and an average burnup of 16,800 MWd/MTU.

This burnup is the limit of irradiation based on the maximum allowable

local irradiation in the core of 30,000 MWd/MTU specified by the AEC for

plants of current status technology. Data for the SSCR core refer to the

330 MWe reference design described in Section 4. The conversion ratio

and fuel cost for the PWR are based on a core identical in geometry (fuel

rod diameter, pitch spacing, clad thickness and length, number of fuel

rods and elements) to the reference design SSCR, and operating under the

same primary system temperature, pressure, and coolant flow conditions.

The SSCR fuel cost advantage of 0.32 mills/kwh increases by approximately
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0.1 mill/kwh for each additional 5000 MWd/MTU average irradiation.

Thus, for a 21,800 MWd/MTU average burnup, the fuel cost advantage

is 0.42 mills/kwh. Fuel costs are based on the calculation methods

described in Section 4.16.3.

TABLE 2

COMPARISON OF CONVERSION RATIO AND FUEL COST
FOR SSCR AND SOLUBLE POISON CONTROLLED PWR

Conversion Fuel Cost,
Ratio mills /kwh

Low enriched UO2

SSCR 0.73 2.00
PWR 0.59 2.32

Thorium-Recycled U-233

SSCR 0.93 1.26
PWR 0.70 1.9

Data for the thorium-recycled U-233 cores are based on

Zircaloy fuel cladding and an average burnup of 20,000 MWd per metric

ton of thorium. The figures for the SSCR in Table 2 refer to the 333-MWe

potential plant described in Section 8. The fuel cost advantage of

0.64 mills/kwh for the SSCR using recycled fuel is based on the methods

of calculation described in Section 8.10.3. Additional discussions of the

SSCR advantages in fuel utilization and fuel cost by using fuel recycling

are given in Sections 8.2.1 and 8.10.3.

D20 inventory cost offsets somewhat the fuel cost advantage

of the SSCR over a soluble poison controlled PWR with the same core

power density. For a 330-MWe current status plant, the D2 O costs

0.27 mills/kwh, and for a 458-MW plant, 0.20 mills/kwh. For the 333-MWe

potential plant using the thorium-recycled U-233 core, the DzO inventory

cost is 0.13 mills/kwh.

Because soluble poison-controlled PWR plant designs were

not prepared in this study, it is impossible to make a complete comparison

of total generating costs. Also, the problems that may exist with the use

of soluble poison for long-term reactivity control (such as hideout and

chemical compatibility) have not been fully explored.
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The SSCR has a fuel and a capital cost advantage over a

PWR using controlled rods. The capital cost advantage of the SSCR in

mills/kwh depends on the electrical capacity and on the specific design

of the plants to be compared. The capital cost of a 300 MWe light

water PWR using control rods as reported in SL- 16741 (a cost normali-

zation study of reactor plants as of 1959) is 4.9 mills/kwh. This cost

should be increased to about 5.2 mills/kwh to account for equipment cost

increases since 1959. The capital cost for a SSCR of the same capacity is

4.1 mills/kwh. Therefore, it may be concluded that the high power density

in the SSCR results in a capital cost reduction of about 1.1 mills/kwh.

The high power density of the SSCR also reduces fuel costs

by decreasing the relatively fixed cost components of the fuel cycle

(fabrication, reprocessing, and shipping). For a specified maximum

allowable fuel burnup, the SSCR with its high power density can achieve

up to twice the average burnup of a rod-controlled PWR. Therefore, the

fixed fuel cost components for the SSCR are half those of a PWR with a

resultant saving of about 0.5 mills/kwh over a PWR based on a maximum

burnup of 30,000 MWd/MTU. Accounting for the difference of 0.32 mills/kwh

due to the higher conversion ratio (Table 2), the total difference in fuel

cost is about 0.8 mills/kwh in favor of the SSCR, and the total advantage of

the SSCR over a rod-controlled PWR at 300 MWe capacity is about

1.9 mill s /kwh .
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FIG. 1: EFFECT OF D?0 CONCENTRATION ON NEUTRON ENERGY SPECTRUM

9 .

II
II I

||i.

1I 1

1 '-- 1

SR nS.,

11

-- I

-
1

1 i

--- ,67%1oD=O

00% DZO --
II

I I I I I I I I I I I I I I

0 2 4 6 8 10 12 14 16 18 2(
u -Lethargy

THE BABCOCK & WILCOX CO.

lux

B

7

0

z

v

6

5

4

3

2

1

0

I

Thermal Flux

I1I



FIG. 2: EFFECT OF NEUTRON ENERGY ON RATIO OF ABSORPTIONS
IN FERTILE MATERIAL AND FUEL
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2. SUMMARY

2. 1 Purpose

This report presents the results of a study in which plant designs,

operating characteristics, and power generating costs were prepared for

nuclear power plants employing the SSCR. This work was undertaken to

provide the information necessary for the evaluation of the attractiveness

of the SSCR concept.

2. 2 Spectral Shift Control

The SSCR is a pressurized water reactor in which the coolant

moderator is a mixture of heavy and light water, with the relative con-

centrations of each changing over the life of a reactor core. At the

beginning of core life, the concentration of heavy water is high (60 to

80 mole %). As the reactor core produces energy (with the concomitant

depletion of the fuel and the buildup of fission products), the coolant

moderator is diluted with light water to reduce the concentration of

heavy water and thus add the necessary reactivity.

During operation at full power, essentially all control rods are

out of the core. Therefore, zone loading of fuel is highly effective in

reducing power peaking, and a core of high power density is produced.

Absence of control rods or other absorbing poisons in the core also

results in a high conversion ratio since neutrons are absorbed in fertile

material and produce fuel instead of being lost in control rods or in

dispersed poisons.

The SSCR permits longer core lifetimes than conventional water

reactors with control rods because more excess reactivity can be

controlled by the heavy water-light water moderator. Sufficient excess

reactivity can be controlled in an SSCR to reach fuel burnups of 60, 000

MWd/MTU or beyond. Also, the lower core power peaking results in

an average core fuel burnup closer to the maximum burnup than is the

case for cores with high power peaking factors. Thus, if the core life
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is limited by the maximum allowable fuel burnup, SSCR cores can attain

longer lifetimes since the average burnup is higher for a given maximum

local burnup.

2.3 Scope of Work

Plants suitable for immediate construction, based on the current

status of technology and a potential plant, suitable for operation by 1969

or 1970, were designed and their capital, fuel, operating, maintenance

and electric generating costs were estimated. The current status plants

use reactor cores of low enriched uranium oxide clad with either Zir-

caloy-2 or stainless steel. Six current status plant designs were prepared

with capacities of 154; 330; and 458 MWe net. Three plants, one of each

capacity, contain Zircaloy-2 clad cores, and three plants contain stain-

less-steel clad cores.

The 330 MWe plant with a Zircaloy-2 clad core is the reference

design, while the same plant with a stainless-steel clad core is the

alternate reference design.

The potential plant design is based on advanced reactor core tech-

nology resulting from the successful completion of a research and develop-

ment program. The capacity of the potential plant is 333 MWe net (about

the same size as the reference design), thus the economic comparison

of the two designs is facilitated. This plant has a reactor core of thorium

oxide and uranium oxide clad in Zircaloy-4; the U-233 produced in the

core by neutron capture in the thorium is recycled and a high conversion

ratio (0. 93) and a very low fuel cost result. Primary system and con-

ventional plant components are of the same design as that of the reference

plant.

2.4 Economics

Tables 3, 4, and 5 summarize the capital, operating, maintenance

and insurance, and fuel costs for the plant designs.

To determine the competitive status of the reference design, the

economics of a conventional, combustible fuel-fired station of the same

net capacity located in New England was prepared. This station costs

$ 136/kw, and uses fuel costing 40 cents per milltion Btu. Total gen-

erating cost is 6.70 mills/kwh as compared to the reference design

generating cost of 6. 37 mills/kwh.
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An estimate was also made of the electric generating cost for a

potential plant with a capacity of 458 MWe net by assuming that the

capital cost trend over a range of capacities for potential plants is sim-

ilar to the trend for current status plants. The total capital cost is

estimated to be about $ 72,000,000, and the total power generating cost

is 4.82 mills/kwh.

TABLE 3

COST SUMMARY FOR REFERENCE AND POTENTIAL PLANTS

Reference Design,
330 MWe, net

mills/kwh

Capital Cost" 3.93

Operation, Maintenance and

Insurance

Fuel Cost

Total

0.44

2.00

6.37

Potential Plant,
333 MWe, net

mills/kwh

3.54

0.43

1.26

5.23

Total Capital Cost $62, 398,000 $56,715,000

Fuel Cost, cents per million Btu

Capital Cost, $/kw, net

18.0

189

11.4

170

Includes direct and indirect construction costs, land, working capital,
heavy water inventory, nuclear liability insurance and contingency.

Basis: Annual load factor = 0.80.

Fixed charges on depreciating items = 14. 3%.
Fixed charges on non-depreciating items = 12.5%.

Fixed cost based on latest uranium prices and lease

charge of 4.75%.
Plutonium buy-back = $9.50/gm.
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MWe, net

TABLE 4

COST SUMMARY FOR THE
CURRENT STATUS PLANTS

(Zircaloy-Clad Core)

154 330

Capital Cost
Operating, Maintenance, and
Insurance

Fuel Cost

T otal

Total Capital Cost

Fuel Cost, /mm Btu

Capital Cost, $/kw net

mills /kwh

6.21
0.84

2. 11

9. 16

$46, 472, 000

19.4

301

mills /kwh

3. 93
0.44

2.00

6.37

$62, 398, 000

18.0

189

mills /kwh

3. 60
0.34

1.95

5. 89

$79, 291, 000

17.8

173

TABLE 5

COST SUMMARY FOR THE
ALTERNATE CURRENT STATUS PLANTS

(Stainless-Steel Clad Core)

MWe, net 154 330

Capital Cost
Operating, Maintenance, and

Insurance e
Fuel Cost

Total

Total Capital Cost

Fuel Cost, /mm Btu

Capital Cost, $/kw net

mills/kwh

6. 12
0. 84

2.80

9. 76

mills/kwh

3. 85
0.44

2. 71

7. 00

mills/kwh

3. 52
0. 34

2. 65

6. 51

$45, 843, 000 $61, 410, 000 $78, 105, 000

25. 7

297

24. 7

186

24. 0

170

Notes given in Table 3 apply to the above two tables.
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2.5 Ground Rules

All plant designs and cost estimates conform to the ground rules

established by the AEC for use in nuclear power plant evaluation work.

The ground rules relate principally to site conditions and to methods for

computing fixed charges. Annual fixed charge rates of 14.3% and 12.5%

are applied to depreciating and non-depreciating capital costs. The plant

load factor is 0.80, and the economic life of plant equipment is assumed to

be 30 years. Direct construction costs include all materials, equipment,

land, and direct labor, including payroll taxes and fringe benefits.

Indirect construction costs consist of general and administrative expense,

miscellaneous temporary site facilities, architect and engineering ser-

vices, nuclear engineering, and startup costs. The total capital cost

also includes 10% contingency, interest during construction, and D 2 0

inventory. Fuel cycle costs include fuel fabrication, burnup, reproc-

essing, lease charges of 4.75% per year, shipping, and plutonium credit

at $9.50 per gm. The latest enriched uranium charges (July 1, 1961)

are used.

2.6 Reference Design

The 330 MWe net reference design is based on present technology

and is suitable for immediate construction. Based on the authorization

to begin detailed engineering in January 1962, full power operation will

be in effect by December 1965.

Certain limitations in core design and operation which represent

current technology were established by the AEC; these limitations

include (1) no bulk boiling in the core, (2) a maximum UO2 central tem-

perature of 4500 F based on a thermal conductivity of one Btu/hr-ft 2z-F,

(3) a maximum Zircaloy cladding surface temperature of 650 F, (4) a

maximum allowable UO 2 burnup of 30,000 MWd/MTU, and (5) a maximum

fuel rod heat generation rate of 14 kw/ft. The core actually reaches the

limits in (1), (3), and (4) only.

Reactor thermal power of 1074 MW is produced in a core of

uranium oxide contained in Zircaloy-2 tubes. This heat is transferred

by the D2 O-H2 O moderator coolant through three parallel primary loops

to three vertical steam generators which produce 800 psia saturated

steam. The core contains 40, 325 kg of uranium, at an average U-235

enrichment of 3. 33 wt %. The fuel is zone loaded axially, radially, and
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locally to achieve a maximum power peaking of 1. 92 and an average

burnup of 16,780 MWd/MTU.

The thermal cycle employs a combination of moisture separation

and reheat, with four stages of feedwater heating. At a full load throttle

steam pressure of 764 psia and at 1.5 in Hg absolute back pressure, the

turbine generator develops a gross output of 350 MW. The net output is

330 MW. Equipment in the primary system, the auxiliary systems, and

the turbine generator section of the plant conform to designs of conven-

tional pressurized water reactor plants. The one exception is a distil-

lation plant which is used to reconcentrate the primary coolant, as it is

diluted over core life to the concentration required at the startup of a

fresh core (78 mole %). The distillation plant consists of two towers,

each 4 feet in diameter and 86 feet high which fractionate the diluted

coolant bleed into a bottom product of 78 mole % heavy water and an

overhead stream of 0. 5 mole % heavy water. The distillation plant is

of conventional processing plant design based upon the operating and

design experience developed at Savannah River.

2.7 Potential Plant

The economic potential of the SSCR concept is represented by a

plant which could be commissioned by 1965 or 1966 and could begin

operation by 1969 or 1970. The plant design is based on advanced

reactor core technology resulting from the successful completion of a

research and development program concerned primarily with developing

and testing reactor core cladding and fuel materials.

Differences between the potential plant and the reference design

current status plant are due, with one exception, to the advanced reactor

core design. Equipment in the primary and auxiliary systems and in

the turbine generator plant are of the same type as in the reference

design, with only sizes, capacities, and numbers of units changing.

By restricting advanced technology to those features of the reactor

core related to spectral shift control, the attractiveness of this concept

can be evaluated apart from the general potential of water reactors.

Reactor thermal power (1074 MW) and gross electric generation

(350 MWe) of the potential plant are identical to the reference design.

However, an improved core design permits a higher coolant temperature

and a lower coolant flow rate so that two primary loops, with a total of
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two steam generators (versus three loops and steam generators for the

reference plant), are sufficient to produce the required steam flow.

Eight hundred psia saturated steam is utilized in the same turbine-

generator plant as in the reference design to generate a net output of

333 MWe. The slightly higher output is due to the lower primary coolant

pumping requirement.

The most significant feature of the potential plant is its use of

recycled fuel. The first core consists of thorium oxide as fertile

material mixed with fully enriched U-235 oxide. A thorium oxide blanket

region 3 inches thick is located radially and at both ends of the core.

Core and blanket oxides, contained in Zircaloy-4 tubes are arranged in

fuel elements as in the reference design. U-233 bred in the core and

blanket by neutron capture in the thorium is recycled in a subsequent

core. At the end of a core cycle, fuel is removed from the reactor,

reprocessed in a Thorex plant, and the remaining U-235 and the bred

U-233 are recovered. This material is then sent to a fuel fabrication

plant, mixed with fresh thorium, converted to the corresponding oxides,

and fabricated into fuel elements. At equilibrium, the conversion ratio

of the core is 0. 93, and only 30 kg of U-235 makeup is required for

each new core loading. The cost of fissionable material is reduced from

0.65 mills/kwh in the reference design to 0.08 mills/kwh in the potential

plant.

Recycling of bred fuel is essential to the establishment of a sub-

stantial nuclear power industry in the future. Both plutonium and U-233,

the only fuels which can be bred from fertile material, can be used in

an SSCR. However, a conversion ratio of 0.93 or higher can be achieved

by recycling U-233, whereas the conversion ratio with plutonium is

estimated to be 0.75. Recycling of U-233 will extend nuclear fuel

resources by a factor of 14 or higher, whereas recycling of plutonium

would extend resources by a factor of 4.

The only difference between the potential and the reference designs

which is not attributed to advanced core technology is in containment

design. Shielding and containment for the reference plant are based on

the AEC specified hypothetical site in a relatively remote location where

evacuation of the vicinity is permissible if a maximum credible accident

should occur. However, the containment and shielding arrangement for
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the potential plant is capable of protecting the adjacent population after

an incident which releases fission products to the containment and does

not require an evacuation procedure. Also, this arrangement costs

about $500,000 less than the reference design shielding and containment.

The containment consists of a cylindrical concrete structure which also

serves as the biological shielding. In the reference design, the contain-

ment vessel is a steel sphere with the concrete biological shielding on

the inside. The concrete containment vessel also represents current

technology and could have been incorporated in the reference design.

However, the potential plant design was prepared after the reference

design had been completed, and time did not permit revisions to be

made.

2.8 Research and Development Program

To realize low fuel costs (1.26 mills/kwh) in the potential plant,

a research and development program to develop and test various advanced

features of reactor core technology must be successfully completed.

The program consists of (1) determining core flow characteristics and

thermal burnout criteria, (2) fuel rod cladding tests to determine the

corrosion, hydriding, fretting, and irradiation behavior of thin-walled

Zircaloy-4, (3) irradiation tests to determine the burnup behavior of the

thorium oxide-uranium oxide fuel, (4) manufacturing development of

fuel elements using recycled U-233, and (5) long term irradiation tests

on fuel rods and prototype fuel elements to determine the combined per-

formance of the cladding and the fuel.

The total program cost is $5, 145,000. It is completed in four

years except for the long term irradiation testing of prototype elements

in a power reactor. If the program is begun early in 1962, sufficient

information will be available by 1965 or 1966 to authorize the construction

of the potential plant.
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3. GROUND RULES

All work performed in the study conforms to ground rules established

by the AEC to ensure that the SSCR is evaluated on the same basis as other

reactor concepts. The ground rules relate to site conditions, methods for

estimating fixed charges, and reactor core technology. Site conditions

and cost estimating methods are based on Section 110 of the Nuclear Power

Plant Cost Evaluation Handbook of the AEC?. A detailed explanation of

these criteria, including a description of the site and its environmental

conditions, waste disposal criteria, a detailed list of craft labor rates,

definitions of indirect cost items, a table of nuclear insurance rates,

and fuel cycle cost items, is given in the Appendix.

The hypothetical plant site is located in western Massachusetts on a

navigable river 35 miles from a city of 250, 000 population. No considera-

tion is to be given to the addition of future plants at this location. The

cost of the step-up transformer, transmission lines, and substation equip-

ment is not included in construction costs. Figures 3 and 4 show the

plant layout.

- Annual power generation is based on a plant load factor of 80%, and

the economic life of the plant equipment is 30 years.

A table of craft labor rates is included in the ground rules. These

rules also specify that labor costs are to be based on a 40-hour work week

with no allowance for overtime premium pay.

All costs, both for labor and for materials and equipment, are based

on present day costs, with no allowance for escalation.

Indirect construction costs include general and administrative, pay-

roll burden, engineering by both the nuclear engineering and the architect-

engineering organizations, earnings and expenses during construction,

interest during construction, and a contingency. The ground rules define

the method of computation for these items by a cumulative application of

fixed percentages (also defined by the ground rules) based on the sum of

direct construction costs.
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The fixed charge rate for depreciating capital equipment is 14. 3%

per year, while the rate for nondepreciating items (such as working

capital, heavy water, and land) is 12. 5% per year.

Fuel cycle cost estimates are based on leasing fuel from the

government at a charge of 4. 75% per year; plutonium credit is taken as

$9. 50 per gm. The latest enriched uranium values as of July 1, 1961

are used.

With respect to the current status plants suitable for immediate

construction, the following reactor core technology ground rules were

specified by the AEC:

1. Nucleate boiling is allowed.

2. Bulk boiling is not allowed.

3. Local, axial and radial zone loading of fuel is

permitted.

4. The maximum allowable UO2 central temperature
is 4500 F, based on a UO2 thermal conductivity
of 1 Btu/hr-ft-F.

5. The maximum allowable Zircaloy cladding sur-
face temperature is 650 F.

6. The maximum allowable UO2 burnup is 30,000 MW
days per metric ton of uranium.

7. The maximum fuel rod heat generation is 14 kw/ft.

8. The maximum nominal channel heat flux at 100 %

power is 450,000 Btu/hr-ft 2 .

The AEC also requested that the reference design power level be

approximately 300 MWe. The reference design developed in this study

actually has a capacity of 330 MWe net, and does not reflect a size limit

for this concept. Capacities up to 500 MWe and higher can easily be

designed and constructed; smaller power levels are equally feasible.

In the case of the potential plant, the AEC specified that core

technology be based on the successful results of a research and develop-

ment program. Section 8. 2 discusses the advanced features of that plant,

and Section 9 gives a description of the research and development program.

The capacity of the potential plant was set at the same gross output as

the reference plant to facilitate comparison of the generating costs between

the two designs.



4. REFERENCE DESIGN

4.1 Plant Capacity and Layout

The plant capacity and principal thermal cycle conditions for the

reference design are shown in Table 6 and in Figure 5.

TABLE 6

PLANT DESIGN CONDITIONS

Reactor power, MWt 1074
Gross generation, MWe 350
Net station output, MWe 330
Net station efficiency, % 30.71
Cycle efficiency, % 32.5
Cycle heat rate, Btu/kwh 10,500
Net station heat rate, Btu/kwh 11,115
Steam pressure, psia (at steam generators) 800
Condenser back pressure, in. Hg absolute 1.5
Feedwater temperature, F 380

The equipment and structures included in the plant provide complete

facilities for a utility generating station. The Frontispiece is a perspective

view of the entire plant and Figures 3 and 4 show details of the site and

the various facility locations. Station buildings are located to maintain

maximum distances from the property lines. Railroad and highway access

are provided, and sufficient space is allowed for the electrical switchyard

and the transmission line getaway.

The spherical containment vessel, enclosing the primary system and

certain auxiliaries, is close to the auxiliary building, the spent fuel storage

pit, and the turbine generator plant. The turbine plant is of semienclosed

design, with the turbine generator and some feed heating equipment located

on an open concrete deck.

Office, laboratory, and locker spaces are provided in the service

building. This building also contains maintenance repair shops, a standby
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heating system boiler, and a water treatment plant for station water

makeup. Fire protection, potable water, and storm and sanitary drainage

systems are included. Storage facilities for new fuel and plant warehouse

stock are provided in separate structures.

The main control room is well lighted, air-conditioned and ventilated,

sound proofed and radiation shielded, and is the central point for all normal

and emergency operations. It contains all communication, control and

monitoring instruments for central control of all plant operations. The

main control board consists of three sections: a nuclear control board for

the reactor plant, a turbine control board for the main turbine generator,

and an electrical section for plant station service with space allowed for

future control of a high voltage switchyard. Radiation monitoring instru-

ments are located on a separate panel. The operators' desks and data

logging readout equipment is also located in this room. The reactor plant

computer and its associated amplifier racks are located in the switchgear

room immediately beneath the main control room.

4.2 Primary System

4.2.1 General Description

The primary system consists of the reactor and three iden-

tical closed piping loops connected in parallel (Figure 5). Each loop

contains a steam generator, a circulating pump, and two gate-type block

valves. A bypass around each block valve permits circulation for heating

an isolated loop. Suitable vent, drain, charging, safety injection, and

other connections are provided on the primary piping. An electrically

heated pressurizer is also connected to the primary piping to accommodate

changes in the specific volume of the coolant, and to maintain the required

primary coolant operating pressure.

Primary system design conditions are 2500 psia and 600 F.

Normal primary system operating pressure is 2140 psia at the reactor.

The difference between design and operating pressures permits the system

to accommodate relatively large operating pressure variations during load

transients without opening the primary safety valves on the pressurizer.

It also ensures proper safety valve seating during steady-state operation.

Table 7 presents a summary of the primary system design conditions.
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TABLE 7

PRIMARY SYSTEM DESIGN CONDITIONS
(Full Load)

Reactor power, MWt 1074
Number of loops 3
Total coolant flow rate, gpm 158,400
Reactor inlet temperature, F 542
Reactor average temperature, F 566
Reactor outlet temperature, F 590
Design pressure, psia 2500
Reactor operating pressure, psia 2140
D2O concentration in coolant, beginning of core life, mole % 78
D2 O concentration in coolant, end of core life, mole % 2

The reactor core approximates a right circular cylinder of

94. 6 inches equivalent diameter and 107 inches active height, and consists

of an assembly of 109 fuel elements. Each fuel element is a mechanically

assembled bundle of fuel tubes of Zircaloy-2 containing low enriched

uranium oxide compacted to a density of 92% of theoretical.

The core, located within a reactor vessel 13-feet OD and

29-feet high overall, is enclosed in a water-filled steel shield tank. There

are 25 control rods operated by drive motors located on the removable

top head of the reactor vessel.

Heat is transferred from the reactor core to the steam

generators by the primary coolant (a mixture of heavy and light water).

Coolant flow is upward through the reactor core, out the three reactor

vessel nozzles, and through the 24-inch ID piping to the steam generators.

The coolant then goes through the three circulating pumps to the three

inlet nozzles of the reactor, down past the thermal shields, and into the

core. The coolant undergoes a 48 degree temperature rise through the

core.

The three vertical steam generators, with vertical inverted

U-tubes, produce a total of 4. 38 X 106 lb/hr of dry, saturated steam at

800 psia and 518 F. Each steam generator is 154-inch maximum OD by

37. 5-foot overall height, and contains 7094, 0.5-inch OD stainless steel

tubes. The no-load steam pressure is 1100 psia. The steam generator

head and shell are carbon steel, and all surfaces in contact with the main

coolant are clad with stainless steel.
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Since base-loaded central station plants operate only infre-

quently below 20 to 50 % of full load, the reactor is designed to operate

automatically between 20 and 100 % of full load with a constant average

primary coolant temperature, and manually below a 20 % load with a

variable average temperature. Figure 6 shows temperature and pressure

characteristics versus plant load. If the plant operated from a 0 to 1007%

load with a constant average temperature, the no-load steam pressure

would be higher and would require thicker steam generator tubes and more

expensive steam generators.

The nuclear steam generating facilities are all within a

spherical containment vessel which is of welded steel plate construction

and is designed for 36 psig internal pressure. The bottom of the sphere

is 35 feet below grade and does not need external steel supports. A

primary biological shield surrounds the containment vessel. A polar gantry

crane is provided within the containment for equipment handling.

The three heat transport loops are arranged symmetrically

around the reactor, with the reactor internals storage pit, the refueling

control area, and the pressurizer located between the piping loops. (See

Figs. 7 and 8.) The reactor is located near the bottom of the containment

vessel. Primary pipe connections on the reactor are above the core, and

the inlet and outlet connections are at the same level. Reactor outlet

piping runs horizontally to the bottom head of each steam generator, thus

simplifying the piping design and fabrication, and minimizing coolant

volume. Steam generators are positioned as close to the reactor as

shielding and primary stop valve arrangement will permit. The steam

generators are above the level of the reactor core to allow natural circu-

lation of the primary coolant in case of a complete power failure.

Although the arrangement of primary system components is

compact to minimize D2O inventory and plant cost, sufficient space is

retained around each component to permit access for maintenance and

repair.

The reactor vessel, the pressurizer, and the steam generators

are designed in accordance with the American Society of Mechanical

Engineers (ASME) Code for Unfired Pressure Vessels,3 while piping and

valves are designed in accordance with the requirements of the American

Standards Association Code for Pressure Piping.- Although the primary
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pumps do not come under the jurisdiction of any code, fabrication, welding,

and other workmanship conform to the appropriate portions of the Unfired

Pressure Vessel Code. The Bureau of Ships Design Basis has been used

as a guide for design features not included in the code.!

The basic materials in contact with the primary coolant are

austenitic stainless steel, cobalt nickel alloys such as Stellite, and other

equally corrosion resistant materials. While carbon steel has been con-

sidered for several years for nuclear service, the corrosion rates of

carbon steel are sufficiently high that the use of this material is not con-

sidered economically attractive. Any savings in material costs may be

more than equalled by the increase in cost of coolant purification equip-

ment, by possible fuel element damage due to crud deposits, and by

increased maintenance difficulties due to the deposition of radioactive

crud on equipment surfaces.

Operating experience at Shippingport and APPR indicates

that the corrosion rate of stainless steel is sufficiently low so that coolant

demineralization is not required, and that particulate filtration is sufficient

to maintain satisfactory crud and radiation levels.

The reactor vessel, the pressurizer, and the steam generators

have carbon steel pressure parts clad internally with 0. 125-inch type 316

austenitic stainless steel. The tubes of the steam generators are solid

stainless steel. Primary gate valves and pumps are also solid stainless

steel since it is impractical to cast irregular shapes out of carbon steel

and then to clad them internally. Those parts in the steam generators that

contact only the secondary fluid are of carbon steel. Straight lengths of

primary piping are carbon steel clad with stainless steel. Piping elbows

are solid cast stainless steel.

All material is specified to ensure highest quality, and must

conform to ASTM standards for high pressure and high temperature

materials.

All welding is performed in accordance with the ASME Unfired

Pressure Vessel Code. Welds are radiographed and inspected by fluid

penetrant or by magnetic particle inspection, depending on whether the

material is austenitic or ferritic. Ultrasonic inspection is specified for

all pressure vessel carbon steel plate. Castings are radiographed and

are surface inspected. The usual hydrostatic tests are also performed as

applicable.
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4. 2. 2 Reactor Core

4. 2. 2. 1 General Description

The reference design utilizes a core of low en-

riched uranium oxide fuel contained in Zircaloy-2 tubes. Fuel rods are

mechanically assembled into elements to form a core of 94. 6 inches

equivalent diameter and 107 inches active height. Figure 9 shows a core

cross section.

The core metal-to-water ratio of 0. 964 is based

on achieving an optimum relationship between capital, fuel, and

operating costs. A maximum instantaneous power peaking factor of

1. 92 is obtained by zone loading the fuel axially and radially, and into

local regions around water gaps. An initial average enrichment of

3. 33 wt % U-235 results in an average fuel burnup of 16, 780 MWd/MTU

and a core life of 630 full power days, or 790 calendar days at a 0. 8 load

factor. The conversion ratio integrated over core life is 0. 73. The

entire core is refueled at the end of each fuel cycle, and zone reloading

is not necessary. Core design data are listed in Table 8.

4. 2. 2. 2 Mechanical Design

The core consists of 109 individual fuel elements,

each having an approximate overall length of 11 feet, 9 inches. The

assembled fuel elements form an open lattice-type arrangement (there

are no fuel element shrouds or baffle structures to separate the coolant

flow between individual fuel elements).

TABLE 8

REFERENCE PLANT CORE PARAMETERS

General Data

Reactor power, MWt 1074
Power density, kwt/I 87
Primary system design pressure, psia 2500
Primary system operating pressure, psia 2140

Coolant Conditions at Operating Temperature
and 2 Mole % DzO
Total reactor flow, lb/hr 60. 5 X 106
Core coolant flow, lb/hr 60. 0 X 106
Average coolant velocity, ft/sec 14. 0
Core pressure drop, psi 10
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TABLE 8 (Cont'd)

Core inlet temperature, F
Core exit temperature, F
Core coolant average temperature, F

Thermal Design Data

Heat transfer surface, ft2

Fuel rod surface heat flux, Btu/hr-ft2 ,
Fuel rod surface heat flux, Btu/hr-ft2 ,
Hot spot linear power, kw/ft
Overpower to burnout, %
Overpower to central melting, %
Maximum clad surface temperature, F
Maximum fuel central temperature, F

at 120% power

average
maximum

Power Distribution Factors

Maximum to average, radial
Maximum to average, axial
Maximum to average, local
Over-all product (hot spot factor)

Hot Channel Factors

Heat flux factor F
q

Film drop factor, F6

Coolant temperature rise factor, FAT

Core Dimensions

Active core height, in.
Equivalent core diameter, in.

Core volume, .Q
Fuel element pitch spacing, in.
Fuel rod pitch spacing (square), in.
Over-all core volume fractions

Moderator
Fuel
Zircaloy (clad)
Stainless steel (spacers)

Over-all core metal-to-water ratio
Cladding OD, in.
Cladding thickness, in.
Oxide density, gm/cc
Number of fuel rods

Number of control rods
Control rod blade thickness, in.

Control rod blade width, in.

1.20
1.28
1.25
1.92

1. 032

1. 057

1. 123

107
94. 6

12, 336
8. 171
0. 534

0. 5091
0.3617
0. 1280
0.0012
0. 964
0. 436
0. 025

10.09
22, 100

25
0.25
7. 225
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22,
163,
321,
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490
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78
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Fuel elements are of three types: 1) 72 full elements each containing

220 fuel rods arranged in approximately an 8-inch square, 2) 25 control

elements each containing 188 fuel rods arranged in an 8-inch square with

the centerline rows of fuel rods omitted to accept a cruciform control rod

blade, and 3) 12 triangular shaped partial elements, each containing 130

fuel rods, which are used to fill out the octagon shape at the periphery

of the core. The octagon shape is selected instead of a more conventional

stepped core outline because it more closely approaches a cylinder. The

reactor vessel diameter and its volume of D 2O is therefore reduced since

the core is more compact, and neutron leakage is reduced since the core

surface area is lower than for a comparable stepped core.

Fuel elements are mechanically assembled. This

type of construction is selected because it permits the use of cold-worked

(hence thinner) cladding, it reduces stresses because relative axial

thermal expansion of the rods is accommodated by slippage, and it

reduces manufacturing cost since parts of the assembly which do not

meet specifications can be easily replaced at low cost.

All three types of fuel elements have the same

method of construction and assembly. The control rod fuel element

had additional guide bars to ensure unimpaired operation of the control

rod blades. (See Fig. 10.) A fuel element consists basically of fuel

rods contained in a structural cage assembly. The cage assembly

incorporates a lower transition piece which fits into a mating hole in

the lower core grid plate. Tie rods extend the full length of the element

with 8 dimpled spacer grids positioned along their length to align individual

fuel rods. An upper grid and an upper adaptor permit the element to be

lifted during handling and refueling. Fuel rods are fastened into the

lower end grid only. The upper end grid is designed to permit the

unrestrained axial expansion of each fuel rod.

The fuel rods consist of low enriched UO2 powder

contained in 0. 436-inch OD by 0. 025-inch wall Zircaloy-2 tubes. The

oxide is loaded into the tubes by vibratory compaction, and the rods

are swaged to the final OD and to an oxide density of 92% of theoretical.

Swaging develops about 15% cold work in the tubes. Each fuel rod has

an approximate 4-inch void at its upper end to act as a collection

space for released fission gases to reduce internal pressure buildup.
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Cold worked Zircaloy cladding has several

advantages over the fully annealed material because of the resultant

reduction in clad thickness from about 50 to 25 mills. Core fabrication

costs decrease due to the reduced amount of Zircaloy required, and the

rate of hydrogen diffusion (hardening) decreases because of the reduced

thermal gradients and stresses in the clad.

The AEC specified (as a ground rule for this

study) that Zircaloy-2 is a satisfactory fuel rod cladding material at a

surface temperature of 650 F. Although it is reasonable to expect

satisfactory performance at this surface temperature, there is no

experimental or operational data available at present to confirm this

service for the specified core life of 630 full power days. However, it

is assumed that experimental programs in this country will supply the

required confirmatory data, for Zircaloy-2 or Zircaloy-4, before operation

of the reference design plant begins.

There are 25 cruciform-shaped control rods of

a conventional design using a Boron-10 modified stainless-steel poison

alloy sandwiched between type-304 stainless-steel cladding plates. Each

control rod blade is approximately 7. 25 inches wide and 95 inches long.

Each control rod is constructed by using flat

poison plates held in position by dowels welded to the clad plates.

Cladding plates are assembled by using four 90-degree angle plates

to form the required cruciform shape. Space is left at the ends of the

rod, and clearance is provided around the dowels to permit relative

expansion between the cladding plates and the poison material due to

irradiation effects. The blade tips and both blade ends are capped by

welded stainless-steel strips. A special drive-line coupling adaptor

section is welded to the top of each control rod blade. This adaptor

provides a coupling for the drive line system and the handling equipment

(See Fig. 42).

Control rods are located within the fuel elements

instead of between them for the following reasons:

1. Control rod channel spacing can be smaller since
smaller tolerances can be achieved in the shop-
manufactured fuel element. The smaller clearances
result in a lower local power peaking factor.
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2. The control rod is removed together with its
associated fuel element, thus eliminating the
requirement for designing the reactor internals
to support the control rods separately.

3. A stuck or broken control rod can be more
easily removed from the core by removing the
associated fuel element.

Control rod followers are not included in the design.

Although rod followers offer an advantage in better guidance for the rods

and in smaller water gaps to reduce coolant bypass flow and local power

peaking, they have the disadvantage of increasing the reactor vessel

length and therefore increasing D2 O inventory. Local peaking would

still occur because of the gaps between elements; therefore, the followers

would not result in an appreciable reduction in the required flow or in

the core volume.

4. 2.2.3 Nuclear Design

Zone Loading

The core is zone loaded axially, radially, and

locally to achieve a maximum total instantaneous power peaking factor

of 1.92. This factor is the product of the individual radial, axial, and

local peaking factors. Zone loading reduces the radial peak to 1.2, the

axial peak to 1.28, and the local peak to 1.25.

A minimum of power peaking is desirable because

1) high power average density is achieved, thereby effecting lower

capital costs by reducing reactor vessel, D20 inventory, D 2 O reconcentra-

tion plant, and primary pump costs, as well as pumping power requirements;

and 2) longer average fuel irradiation is achieved for a given maximum

allowable irradiation. Power shifts during core life tend to flatten the

peak burnup to a value lower than the instantaneous value. For the

reference design, the maximum local burnup is 1. 79 times the average.

With a maximum allowable burnup of 30, 000 MWd/MTU, the average

burnup is therefore 16, 780 MWd/MTU.

Figure 11 shows the four radial and three axial

zones in the core. Core boundaries are indicated by the radial distance

from the core centerline, and by the axial dimensions. The average

enrichment in each of the twelve regions is also indicated.

Each core zone is divided into local regions of

different enrichments (Fig. 12). The lowest enrichment in radial
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Zones I, II, and III is located adjacent to the control rod channels in the

control rod fuel elements. Expressed as the ratio of local enrichment

to average zone enrichment E/E, the lowest enrichment in Zones I, II,

and III are 0. 82, 0. 80, and 0. 70. The next highest enrichment,

indicated by the cross-hatched areas, is located in the remainder of

the control rod fuel element and at the periphery of the full fuel elements.

The white areas in the figure show the locations of highest local

enrichment. Zone IV has two local enrichment regions, with the lowest

located at the core periphery. The table below Figure 12 lists the

values of E/E for all four radial zones.

Enrichment values for the entire core are

obtained as the product of the average zone enrichment E from

Figure 11,and the local enrichment value E/E from Figure 12.

Core Power Shape

Radial power shapes for several different

points in core life normalized to the average power density are shown

in Figures 13, 14, and 15. These power shapes are the result of one-

dimensional calculations. The power shape at time zero is fairly flat,

and the major part of the power is generated near the core center.

The power shapes at 100 and 630 days demonstrate an appreciable

shift toward the outside of the core. The principal reason for this

shift is that fuel burns out more rapidly in regions of high power

density which causes a power shift to regions of previously lower power

density.

Figure 16 shows a more detailed radial power

distribution. This case, at the start of core life, is the result of a

two-dimensional calculation. Because of the detail possible in a

two-dimensional calculation, the effects of large moderator gaps on

local peaking are shown. These gaps occur in control rod channels

and between fuel elements. In all cases, the total peaking does not

exceed 1. 5 (1.25 local X 1. 2 radial).

Since the four shim rods are partially inserted

in the core at all times during full power operation, power peaking

due to these rods was investigated. Figure 17 shows the effects of

having the four shim rods fully inserted. Although the power distribu-

tion shifts somewhat from the case with all rods out, the peaking still
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does not exceed 1.5.

The possibility of excessive power peaking due

to Doppler rod insertion was also investigated. Although some peaking

higher than 1. 92 occurs, it is more than compensated by the decrease in

power level and therefore thermal burnout does.not occur.

Figure 18 shows the gross reactor power

distribution based on a two-dimensional R-Z calculation. Gross peaking

values are the product of radial and axial peaking factors and are never

greater than 1. 536. This product does not include local peaking.

Mass and Neutron Balances

Table 9 gives the masses of the various heavy

isotopes at the beginning and end of core life. Figure 19 shows the

buildup and depletion of the various isotopes as a function of core life.

TABLE 9

MASS BALANCE

Beginning End
of Life of Life

kg k

U-235 1,343 752
U-236 --- 124.8

U-238 38, 982 38, 329
Pu-239 --- 319.1
Pu-240 - - - 34.1
Pu-241 --- 41.1
Pu-242 --- 10.2
Total Pu --- 404.8

Average enrichment, wt % U-235 3.33 1.92
Integrated conversion ratio --- 0. 73

A neutron balance showing the relative resonance

and thermal absorption in each isotope present at the beginning and end of

life is shown in Table 10. Absorptions are normalized to total absorptions

in fissionable material and are for the active portion of the core only. All

absorptions occurring in the steel core shroud and in the reflector are

included in the leakage item.
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TABLE 10

NEUTRON BALANCE

(Normalized to Absorptions in Fissionable Material)

Neutron Absorptions and Leakage

Isotope

U-238
U-235
Pu-239
Pu-241
Pu-240
Pu - 242
U-236
Xe-135
Sm -149
Fission Products

of U-235
Fission Products

of Pu-239
H2O + D2O
Zircaloy
Stainless Steel
Leakage

Total Absorptions
and Leakage

Isotope

U-235
Pu-239
Pu-241
U-238 (fast Fission)

Total Production

Beginning of Life

Fast

and Resonance Thermal

0.727 0.066
0.507 0.493

0.003
0.005
0.001
0.022

0.007
0.003
0.001
0.093

1.928

Neutron Production

Beginning of Life

Fast
and Resonance Thermal

0.821 1.016

0.091 ---
1.928

End of Life

Fast
and Resonance Thermal

0.479 0.072
0.144 0.295
0.094 0.381
0.033 0.053
0.120 0.008
Negligible Negligible
0.014 0.001

--- 0.036
--- 0.012

0.051 0.019

0.023

0.004
0.002

0.015

0.010

0.012
0.004
0.001
0.096

1.980

End of Life

Fast
and Resonance Thermal

0.233 0.608
0.168 0.702
0.073 0.104
0.092 ---

1.980

Figures 20 and 21 show the variation in the

integrated conversion ratio and in the average -q (the average number of

neutrons produced per neutron absorbed in fuel) over the core life.

Reactivity Control
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Fuel Burnup and Isotope Buildup

Control of the excess fuel in the core required

for burnup over the core lifetime is provided by changing the concentration

of D 2 0 in the moderator coolant. The excess reactivity that is held down

Aeff
at the beginning of core life due to the excess mass is 0. 24 ke . A

list of all reactivity effects is given in Table 11.eff

Figure 22 shows the variation in D 2 O

concentration over the core life. Initially, the moderator coolant is

78 mole % D 2 O, but the concentration changes almost linearly to 2 mole %
at 630 full power days (the end of core life).

Figure 23 shows the variation in D 2 O worth,

as Ok /ff /% D20, over the concentration range during core life. The

decrease in reactivity worth of the D 2O-H2 O mixture as the D 2O concen-

tration decreases is due to the decreasing effect of the D2 O on the moder-

ating power of the H2O. For example, at 10% D 20, a reduction in D20
concentration of 1% (from 10 to 9%) increases the slowing down power

of H2 O by only one part in 90. However, at 70% D2 O, a change to 69%

increases the slowing down by one part in 30.

TABLE 11

REACTIVITY BALANCES

Over-All Reactivity Balance

Cold, clean, 100% H2 O
Hot, clean, 100% H2O
Hot, clean, 78% D2 0

keff

1.38
1. 28
1. 00

Reactivity Control Requirements

Ok /k
eff eff

Temperature deficit, 130 to 566 F 0. 08
Doppler deficit, 566 F, zero to full power 0. 020
Equilibrium xenon 0. 03
Samarium 0.01
Fuel burnup and isotope buildup 0. 24
Safety shutdown 0. 03

Total Control Requirements 0.41
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TABLE 11 (Cont'd)

Reactivity Control Methods

zok 1kAeff eff

Control in control rods 0. 08
Control in soluble poison, 3. 4 gm H3 BO3/i 0. 08
Control in D2 O, 78 mole % 0.25

Total Control 0.41

A group of four control rods is used together

with the primary coolant dilution scheme. Although it is feasible to

continuously dilute the primary coolant with H2O to reduce the D2 O

concentration, it was decided that intermittent dilution is a more

practical and safe method. The four control rods operate from 0. 5 to

0. 25 insertion only. When this group is withdrawn to the 0. 25 position,

the primary water feed pump is started under operator supervision to

feed H2O to the suction of the charging and seal water pumps. The

maximum change in Ak controlled by this group of rods operating

between the prescribed limits is 0. 003. Figure 24 shows the primary

system dilution requirements. For example, at a point in core life

when the D 20 concentration is 60%, it is changed 0. 66% by adding H2 O.

This change in concentration is accompanied by the insertion of the four

shim rods to the 0. 5 position. Core analysis included the consideration

of these rods in the core, and it determined that their presence exerts

a negligible effect on both power peaking and conversion ratio.

Temperature Deficit

Under normal conditions, the moderator remains

at the operating temperature of 566 F over the automatic load range.

From 20 to 0% of full power, the reactor is put on manual rather than

automatic control, and the primary system temperature is reduced

about 5 degrees. This is done to reduce the design pressure for the

steam generators, and is not considered to be a frequent or normal

occurrence. Thus, except for this very small change which can be

handled by control rods, the problem of overcoming the temperature

deficit is encountered only during startup and shutdown. The temperature

deficit is 0. 08 Ok . The temperature coefficient at 566 F is

- 2.4x10-4 Ak
F
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The temperature deficit is controlled by adding

boric acid to the primary coolant. Control rods were considered for

this purpose, but it is estimated that about 25 additional control rods

would be required, and cost penalties would result due to these

additional control rods and drives. Also, a larger reactor vessel would

be required to accommodate the control rod drives and the larger core,

and the D 20 inventory would increase. The boric acid is almost entirely

removed from the coolant in about one day.

Power Doppler Deficit

The power Doppler reactivity effect, resulting

from a change in fuel temperature, occurs only during changes in reactor

power level. Control rods are used to compensate for this effect which

amounts to 0. 02 Ak /k
eff eff

Xenon Transients

Since the plant is a base-loaded facility with

power swings occurring over relatively short durations, sufficient control

rod worth is available to handle any xenon transient. At the beginning of

core life when equilibrium xenon builds in, reactivity is added to the core

by reducing the D2 O concentration in the coolant from 78 to 73 mole %.

When the reactor is shut down, sufficient control rod worth is available

to compensate for the resulting xenon decay.

Samarium Buildup

The equilibrium samarium concentration reached

after about 50 days of full power operation is equivalent to 0. 01 Ak /k .

This reactivity effect is handled by moderator dilution together with core

burnout.

Design Methods

An experimental program (the SSCR Basic

Physics Program) has provided both experimental data and theoretical

design methods to permit SSCR cores to be designed with a high degree

of confidence. This program, begun in July 1960 and presently scheduled

to run until December 1962, is being carried out at the B&W Critical

Experiment Laboratory, in Lynchburg, Virginia.
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The work has included a series of critical

experiments fueled with both low enriched uranium and a mixture of

fully enriched uranium and thorium. A zone loaded critical experiment

was also performed. The experiments cover a range of core metal-to-

water ratios from 0. 7 to 1. 2, and heavy water concentrations from zero

to 80 mole %. Also, numerous cold and hot exponential experiments

have been carried out.

The experiments have provided information

regarding flux distributions, disadvantage factors, neutron energy

spectra and other SSCR core design parameters. Development of the

calculational methods used in the design of the reactors is based on the

data developed in the experimental program.

The BPG code, a 40-group spectral code, was

developed in the SSCR Basic Physics Program to provide an accurate

means of calculating reactors moderated with mixtures of H20 and D2 O.

The important innovations in the BPG code which differ from previous

codes deal with the transition from light to heavy scatters and particularly

with the treatment of moderation with D2 O. The use of the Greuling-

Goertzel i5equation and an improved expansion of the scattering kernal

are among these innovations. Group coefficients obtained from the BPG

code are used in one and two-dimensional criticality calculations. These

calculations have accurately predicted the critical D2 O concentration in

a series of critical experiments.

Lifetime calculations for the reference design

were made with a modified two-group, one-dimensional diffusion

model, and with a four-group two-dimensional model. Design data

were taken from the results of one-dimensional calculations, and the

two-dimensional calculation, TURBOT , served as a check. Group

constants for the various types of fuel, moderator, and structural

materials regions were calculated with a 40-neutron group spectral-

diffusion computer code. In computing the group constants, heterogeneous

regions are represented by homogenized element number densities and

appropriate thermal disadvantage factors.

The BPG code developed in the Basic Physics

Program was not available when design work on the reference core

was being performed. However, this code was used to check the design
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and it showed that the indicated fuel loading is conservative (a slightly

lower loading will achieve the specified core lifetime).

Lifetime calculations for the SSCR require special

modifications to the standard methods. This is done by introducing the

variable of D2 O concentration in the moderator. Tables of input group

constants as a function of D2 O concentration are prepared. If k does

not equal 1. 0 at the completion of a time step calculation, the program

automatically determines a D2O concentration which will make keff equal

1. 0 by interpolating group constants from the previously mentioned tables.

With the proper D 2 O concentration, the fluxes are recomputed and normal-

ized, and another time step is taken. This process is continued until a

predetermined final D2 O concentration is reached. At this point, the

core life is terminated since all available excess reactivity has been

depleted.

4. 2. 2. 4 Thermal Design

Core design is based on the evaluation of the

effects of burnout, fuel central melting, bulk boiling, and local boiling

on the continuous operation of the reactor at rated power. The most

serious of these design limitations is imposed by burnout. For calculation,

the burnout heat flux is that which causes a departure from nucleate

boiling. The resulting increase in resistance to heat transfer can cause

a rise in surface temperature and, under extreme conditions, can result

in fuel element failure.

An analysis of instrumentation and control system

accuracy and expected load transients indicates that the highest power

level the core can reach is 120% of full power (including a safety factor

of 3%). The core is designed to preclude both fuel melting and fuel rod

burnout at that overpower. Although local boiling of the coolant may

occur, the flow rate is sufficient to prevent bulk boiling at any point in

the core during steady-state full power operation. The maximum fuel

rod surface temperature is inherently limited to 650 F by the local

boiling mechanism.

Previous work on the SSCR indicated that a core

lattice using a 0. 436-inch rod diameter on a 0. 534-inch square pitch is

near optimum from nuclear, thermal and hydraulic, and mechanical

considerations. The total fuel length required to prevent central fuel
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melting was then determined. The system operating pressure was chosen

to limit the surface temperature to a maximum of 650 F through the local

boiling mechanism. The core flow rate required to prevent burnout at

120% rated power was then determined; this flow rate is sufficient to pre-

vent bulk boiling at the rated power. All thermal and hydraulic

calculations were made assuming 100% light water coolant. This is more

conservative than the actual end of core life condition (98 mole % H2 O and

2 mole % DzO). With constant speed centrifugal pumps, the flow rate in

lb/hr is lowest at the end of core life where the average coolant density

is lowest.

The burnout correlation, determined by fitting an

equation to all available burnout date, is similar to that developed by

WAPD--. The curve which best fits the available data is reduced by a

factor of 1. 54 to account for data scatter. The resulting value for burnout

heat flux is reduced further by an additional 10% to account for uncertainties.

The correlation used to provide the maximum design heat flux curve is:

4''BO _0. 182 (1 +107

106 - hBO\a e0. 0012 LBO/De

s 103

where q'BO is the burnout heat flux - Btu/hr-ftZ,

G is the coolant mass velocity - lb/hr -ft2,

hBO is the coolant enthalpy at the burnout point - Btu/lb,

LBO is the distance from the inlet to the burnout
point - in. ,

D is the hydraulic equivalent diameter - in. , and

Fs is the design safety factor - 1. 10.

The Jens and Lottes29correlation was used to establish

the primary system pressure which prevents the maximum fuel rod surface

temperature of 650 F from being exceeded.

Another design limit is the possible effect of oxide

melting. Reactors are currently designed to prevent fuel melting under

normal full power operating conditions. The reference design meets

this requirement since fuel central melting can not occur at less than

151% of the full rated power.
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The maximum and average fuel temperatures and

the power level at which fuel central melting occurs are calculated on

the basis of heat conduction through a cylinder consisting of a clad,

contact resistance, and fuel regions. The assumed value of contact

conductivity between the oxide and the clad is 600 Btu/hr-ft2 -F. Coolant

conditions in the hot channel during power operation have only a small

effect on clad temperatures as long as film boiling (burnout) does not

occur. This small clad temperature variation has a negligible effect

on the maximum fuel temperature because of the large temperature

gradient in the fuel at rated power.
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4.2.3 Reactor Vessel

The reactor vessel design is similar to that of conventional

pressurized water reactor plants. The cylindrical shell has a 134-inch

ID with 9-inch walls and is 29.1 feet in overall height. The bottom

ellipsoidal head is 8 5/8 inches thick, and is welded integrally to the

cylindrical shell. The upper end of the shell is flanged to provide a means

for attaching the removable closure head. Figure 25 shows an elevation

drawing of the reactor vessel.

The 10-inch thick closure head is spherically dished to an

84-inch radius and is integrally welded to a ring flange. It is positioned

with respect to the vessel shell by four milled slots which engage four

indexing lugs located on the vessel.

Closure flanges use 48, 6.75-inch diameter studs tapped

into the lower closure flange. Sealing between the two flanges is accom-

plished by two metallic O-rings and a welded seal membrane. The

annular space between the two O-rings and between the outer O-ring and

seal membrane is provided with pressure taps to monitor for leakage.

The pressure taps permit the seal membrane to be hydrotested after

refueling without having to pressurize the entire primary system.

Six, 24-inch ID recessed-type inlet and outlet flow nozzles

are located in the reactor vessel wall above the core. Three are for

coolant inlet flow and three are for outlet flow. They are alternately

located in the same plane to ensure proper mixing of the coolant from

each loop. Seal assemblies at each outlet nozzle prevent mixing between

the inlet and the outlet primary fluid.

The spherical section of the top closure head is provided

with 25 nozzle connections for attaching the control rod drive actuators.

Control-rod drive line extension shafts enter the vessel through these

nozzles.

The reactor vessel is supported by a cylindrical skirt attached

to the vessel below the inlet and the outlet nozzles. There is also a lower

skirt attached to the bottom head of the vessel which is used to temporarily

hold the vessel in position while the permanent support is erected and

welded in place. The vessel is completely insulated with Fiberglas which

is supported by clips welded to the outside of the vessel. The insulation

covering the head closure is canned so that it can be easily removed.
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The total calculated fast integrated neutron flux for the vessel

wall is 7.4 X 1018 nvt for an operating period of 30 years. This is less than

the AEC recommended limit of 1 X 1019 nvt for low alloy steels. The cal-

culation takes into consideration the varying energy spectrum which occurs

over core life, and also includes the effect of neutrons below 0.82 Mev by

computing the total energy flux below 0.82 Mev and by assuming that its

effect is equivalent to that of the 1 Mev fast neutrons.

Table 12 is a summary of overall vessel data.

TABLE 12

SUMMARY OF REACTOR VESSEL DATA

Inside diameter of cylindrical shell, in.
Wall thickness, in.
Cladding (stainless steel AlSI type 316)
Outside diameter of flange, in.

Overall height, ft.
Total weight (head, shell & shields), lbs
Design pressure, psia
Operating pressure, psia
Operating temperature (average), F
Design temperature, F
Number of coolant outlet nozzles
Number of coolant inlet nozzles
Number of control rod thimbles
Pressure plate material
Forging Material

134
9

0.125
168

29. 1
535,700

2500
2140
566
600

3
3

25
SA-302 Grade B
SA-336

4.2.4 Reactor Internals

The reactor internals include all items installed within the

reactor vessel except fuel elements and control rods. Their primary

functions are to align and support the core and control rods, to properly

guide the flow of primary flud, to protect the vessel wall from excessive

fast neutron irradiation and gamma heating, and to reduce the volume of

D2O within the vessel. Figure 25 shows the various internals assembled

within the reactor vessel.

The internals are designed to perform their functions with

simple light weight components of minimum cost. The design simplifies

refueling since only one subassembly must be removed from the reactor

vessel prior to fuel element withdrawal. Major internal components are
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the core support cylinder and baffle assembly, the upper plenum chamber

assembly, and the thermal shields. All internals are constructed of

stainless steel.

4.2.4.1 Core Support, Cylinder and Baffle Assembly

This assembly supports the core within the reactor

vessel, and consists of the following subcomponents:

1 the core baffle, octagonal in shape,
which shrouds the core to eliminate
coolant flow bypassing,

2 a lower core support cylinder which
is located immediately above the core
at the level of the inner and the outer
flow nozzles,

3 an upper core support cylinder which
is supported from the reactor vessel
wall by a flange resting on a ledge
machined into the reactor vessel wall
a few inches below the main closure
seal (this component is purposely
made thick to reduce D2O inventory
in the vessel), and

4 a grid plate attached to the lower end
of the core baffle which supports the
fuel elements.

This assembly need not be removed for refueling.

4.2.4.2 Upper Plenum Chamber Assembly

The upper plenum chamber and filler block as-

sembly fits into the top section of the reactor vessel. It consists of the

upper grid plate, a plenum cylinder, control rod guide tubes, a filler

block, and a seal plate. This assembly is removed as a single unit prior

to refueling so the top surface of the core may be exposed.

The 25 control-rod guide tube assemblies provide

guidance for the control rods during their stroke and protect the blades

from the effects of coolant cross flow in the area above the core where

the primary coolant leaves the core and turns horizontally toward the

reactor outlet nozzles. Control-rod guide tubes are attached to the upper

grid plate and to the top surface of the filler block. Machined filler blocks

are also bolted to the inside of each guide tube to displace D2 0 volume.

The filler block, designed to minimize D2 O inven-

tory, is composed of cast stainless-steel segments arranged to form a
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large cylinder. An alternate filler block, constructed of cast carbon

steel and clad with stainless steel, was also investigated. Costs were

very close for both designs because of the complicated surfaces and the

large number of parts that must be clad when a carbon steel design is

us ed.

4.2.4.3 Thermal Shields

Two thermal shields are located adjacent to the

reactor vessel wall to limit neutron and gamma heat generation and the

resulting temperature gradients within the pressure vessel wall. The

thermal shields are supported by lugs welded to the bottom head of the

vessel. The inner and the outer thermal shields are 1.75 and 2.75 inches

thick, and have a water gap between them for cooling purposes.

4.2.5 Control Rod Drive Mechanisms

Each of the 25 control rods is actuated by an individual rack

and pinion-type drive mechanism mounted on the top closure head of the

reactor vessel. This mechanism was selected because of its low cost,

its successful operating history in several reactors, and its ability to

meet required specifications. It has been used successfully on the APPR

(SM-1), the ALPR (SL-1), the EBWR-II, and the SM-2A reactor in

Greenland.

Performance requirements of the drives imposed by the

reactor control system to satisfy core power peaking restrictions and

local transients (such as positioning accuracy, rod speed, and type of

positioning control) are adequately met by the rack and pinion-type mecha-

nism. The relatively small number of parts (basically the rack, pinion,

and buffer seals) in contact with the primary coolant result in a high degree

of reliability and in simplified maintenance requirements.

Mounting the drives on the top head of the reactor minimizes

the containment vessel diameter and eliminates the requirement for under-

ground access tunnels for maintenance (if bottom-mounted drives had been

used).

The drive mechanism uses a buffer-type, rotary pressure-

breakdown seal to contain the primary coolant. The pinion drive shaft

passes through the rotary seal, and is driven by a drive package mounted

on the atmospheric side of the seal. The drive package contains the motor,

- 42 -



gear box position indicating devices, and control equipment. Scram is

accomplished by deenergizing a magnetic clutch in the drive gear train.

The scram accelerating force is provided by a Negator B motor spring

which continuously imposes a torque on the pinion shaft. Provisions are

also included to drive the control rod into the core in case of a stuck rod.

Scram deceleration is achieved by a dash pot device located in the upper

rack housing. Position indication is accomplished by a transmitter

connected through a speed reducing unit to the pinion shaft. The connection

arrangement allows the position indicating equipment and the control

equipment to never be uncoupled from the pinion shaft. The drives are

designed to operate at constant speed using on-off control.

The drive mechanism is coupled to the control rod by an

extension shaft and a coupling. Actuators may be coupled or uncoupled

from the control rod from the reactor vessel top without removing the

vessel head or other drive mechanisms.

Fluid for operating the rod drive buffer seals is obtained

from the charging and seal water system described in Section 4.3.3 .

Buffer seal flow requirements are expected to be at a maximum of 1.5 gph

for each drive unit. Part of this flow enters the primary system, and

part returns to the charging and seal water system with no net loss of

primary coolant.

4.2.6 Steam Generators

There are three steam generators, one in each primary loop.

Steam generators are designed as vertical U-tube heat exchangers with

primary coolant in the tubes and a steam-water mixture in the shell. Each

steam generator is designed to transfer 361 MWt from the primary coolant

to 800 psia boiling water, and to produce 1,460,000 lb/hr of dry, saturated

steam at full load. A single unit has 7094 tubes, 0.5-inch OD by 0.408-inch

ID, having an average effective length of 34 feet 6 inches which is equivalent

to 32,050 ft2 of heat transfer surface. Figure 26 is a vertical section of the

steam generator.

The tubes are bent into an inverted U and are rolled and seal

welded to a single flat tube sheet. The hemispherical primary head beneath

the tube sheet contains the primary coolant inlet and the outlet connections

and incorporates a divider baffle to prevent primary coolant from bypassing

the tubes. Inspection ports and manways are included in the primary head
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to provide access to the tube ends for plugging leaking tubes.

The secondary side of the boiler (designed for 1200 psi)

accommodates the necessary steam separation equipment to ensure that

only dry steam goes to the turbine. A ring directs the incoming feed-

water into the upper drum where it mixes intimately with the saturated

water discharged from the steam separating equipment. The slightly

subcooled mixture flows vertically downward between the secondary shell

and a cylindrical baffle which surrounds the tube bundle. The baffle

prevents mixing between the downcomer water and the rising steam-water

mixture, and directs the downcomer water to the region immediately above

the tube sheet. The downcomer water provides a sweeping action across

the tube sheet as it leaves the downcomer annulus and passes upward

through the tube nest. This sweeping action helps to prevent the accumu-

lation of corrosion solids on the secondary side of the tube sheet.

The steam-water mixture rises upward outside the tubes

into the upper portion of the drum where it passes through cyclone steam

separators. The water in the mixture passes out the bottom of the cyclone

and the steam goes out the top. The water mixes with the incoming feed-

water while the steam passes upward through corrugated metal plate

scrubbers which remove the final vestiges of water particles that may

not have been removed in the cyclones. Steam leaving the scrubbers and

going to the turbine has a water content considerably less than 0.25 of

one %.

The steam generators are supported in their vertical position

by columnar legs fastened to a horizontal plate which slides over another

horizontal plate attached to the foundations. This type of sliding support

permits the steam generator to move as is required to accommodate the

thermal expansion of the primary piping as it heats up from room to

operating temperature.

Continuous blowdown of the steam generators maintains the

solids concentration in the secondary side water in the unit below 300 ppm.

Blowdown goes to the blowdown flash tank. Steam produced in the tank by

flashing goes to the primary vent stack, and the water goes to the circu-

lating water seal pit.

Blowdown is continuously monitored for radioactivity. When

the blowdown is contaminated, water in the flash tank must be discharged

to the waste disposal system. To prevent overloading of waste disposal
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facilities, blowdown from all three steam generators is stopped until

the blowdown tank is emptied and noncontaminated blowdown can be re-

sumed. The leaking steam generator is isolated by closing the feedwater

and steam valves and the primary stop valves.

TABLE 13

STEAM GENERATOR DESIGN DATA
(Figures are per unit with 2% D20 in the Primary Coolant)

Heat transferred, MW

Design pressure, psia
Primary
Secondary

Design temperature, F
Primary
Secondary

Primary Coolant Flow, lb/hr

Primary Coolant inlet/outlet temperatures, F

Steam flow, lb/hr

Steam pressure, psia

Number of tubes

Tube OD and minimum wall thickness, in.

Tube average effective lenght, ft

Heat transfer surface, ft2

Outside diameter, in.
Lower shell
Upper shell

Over-all height, ft

Materials
Tubes
Secondary shell
Tube sheet and primary head

361

2500
1200

600
567

20,170,000

590/542

1,460,000

800, dry, saturated

7094

1/2 X 0.042

34.5

32,050

115-1/2
154-1/2

37.5

Type 304 stainless steel
Carbon steel
Carbon steel with 3/16-in.
type 316 stainless steel
clad
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4.2.7 Primary Pumps

4.2.7.1 General Description

There is a single centrifugal pump in each of the

three primary system loops. The pump is a vertical, single-suction

divided volute, centrifugal type with a mixed flow impeller and a mechani-

cally sealed shaft. (See Fig. 27.) The suction nozzle of the pump is

located beneath the pump and its discharge is horizontal. The driver, a

5000 hp electric motor, is mounted directly above the pump. The over-all

height of the pump and driver is approximately 22 feet. The pumps are

mounted on and are supported by the primary piping, and horizontal

snubbers are used to prevent excessive pump motor vibration. Selected

pump data is presented in Table 14.

The pump design was selected (after a careful

study and analysis of a number of designs) on the basis of availability in

the desired size, capital cost, coastdown characteristics, expected fluid

leakage and losses, efficiency, ease of maintenance, and over-all relia-

bility.

The choice of the mechanical shaft seal pump in

preference to the canned motor type was made primarily on the basis of

initial cost and fluid leakage. Pump manufacturers' tests and the develop-

ment and testing work performed on mechanically sealed pumps in connec-

tion with the Heavy Water Component Test Reactors show that the net loss

of primary coolant through the seal is negligible. A 40--day test run on

the type pump chosen exhibited a net coolant loss rate of 2.2 lb/yr. The

mechanical seal pump is also superior to the canned motor type with

respect to all the other considerations such as cost, efficiency, size

availability, etc., which were studied before selecting the pump type.

4.2.7.2 Pump Bearings

The one radial bearing located within the pump

casing is lubricated by the primary coolant. Another radial bearing (oil

lubricated) is mounted outboard of the shaft seal. A Kingsbury type double-

acting oil-lubricated thrust bearing is located above the pump immediately

below the pump-motor shaft coupling. Oil is pumped at high pressure

between the faces of this thrust bearing to provide lubrication. An auxiliary

hydraulic jacking pump injects oil between the bearing surfaces to provide
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lubrication before the pump begins to turn. This prevents scarring and

damage to the thrust bearing faces. Lubricating oil is circulated through

a cooler by an auxiliary pump.

TABLE 14

PRIMARY PUMP AND DRIVE DATA
(Per Pump)

Pump

Type
Number of units
Capacity, gpm
Head, ft
Efficiency, %
Seal
Seal leakage

to atmosphere
to drain
into primary system

Bearings

Motor

Type

Number of units
Horsepower
Power supply
Efficiency, %

Over-all pump and motor height, ft

Motor diameter, ft

Motor input power

Startup, 80 F fluid
78% DzO, 542 F fluid
2% D20, 542 F fluid

Vertical, centrifugal
3
52,800
292
84
Rotary, face type mechanical

Zero
30 oz/hr
3 gpm
1 radial water-lubricated
1 radial oil lubricated
1 Kingsbury thrust, double

acting oil lubricated

Vertical, squirrel cage
induction, drip-proof
3
5,000
4160 v/34/60 cycles
94

22

6

4058 kw
3072 kw
2821 kw

4.2.7.3 Pump Fluid Sealing

A 2500-psi primary coolant shaft seal is located

near the top of the pump casing with the low pressure side connected to a

low pressure drain. A secondary seal, outboard of the primary seal,

becomes effective if the primary seal should leak excessively. The low
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pressure side of this second seal is also connected to a low pressure drain

to prevent primary coolant loss to the atmosphere.

Injection water is required for each pump. The

water must be clean to prevent the seal faces and the inner radial bearing

surfaces from being scarred, and it must be cool to protect the bearing

and certain seal parts from being subjected to damaging high temperature.

About 20 gpm of injection water from a cooler

enters the pump to keep the primary seal cool. Approximately 30 ounces

per hour flow through the seal to the sealed low-pressure drain tanks.

Since the injection water pressure is maintained about 50 psi above the

primary pump suction pressure, 3 gpm flow downward through the inner

radial bearing and into the pump suction. This flow is sufficient to cool

the bearing. The remainder of the injection water is recirculated through

the cooler by an auxiliary impeller mounted on the primary pump shaft.

The 3 gpm makeup required is provided by the primary coolant charging

and seal water system.

4.2.7.4 Pump Efficiency and Power Consumption

Over-all pump and motor efficiency is about 79%

(about 20% greater than that of a canned motor pump). Power consumption

varies over core lifetime due to the changing density of the primary coolant.

Early in core life when the DzO concentration is 78 mole %, the power

consumption is 3072 kw per pump; at the end of core life, when the D2 O

concentration is 2 mole %, the power consumption is reduced to 2821 kw

per pump (a reduction of about 8%).

4.2.7.5 Pump Coastdown Characteristics

The time required for a pump to coast down after

a power loss is determined primarily by the moment of inertia of the

motor rotor. Long coast-down time is a very desirable characteristic

for primary pumps. The coast-down time should be sufficiently long to

permit the primary stop valves in the affected loop to be closed before

reverse flow occurs. Any reverse flow tends to further reduce the amount

of coolant flowing through the reactor core.

The rotor moment of inertia of the selected pump

design is much higher than that of a canned motor pump. Canned motor

pumps are limited in rotor diameter by permissible motor can thickness,
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which is determined by considerations of design pressure, dielectric

constant, material strength, motor power requirements, and the resulting

motor efficiency. The coast-down time for the selected pump is on the

order of 30 seconds, and can be made longer by adding a flywheel to the

pump shaft.
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4.2.8 Piping and Fittings

Primary coolant piping, 24 inches ID by 28 5/8 inches OD,

is manufactured from carbon steel plate clad with austenitic stainless

steel. The clad plate is rolled and is longitudinally welded to form the

cylindrical pipe. Materials and design conform to ASA standards. The

carbon steel plate conforms to ASTM Specification A-212 Grade B. The

carbon steel plate and the cladding are ultrasonically inspected and the

welds are dye penetrant, magnetic particle and radiographically inspected

to ensure premium quality.

Fittings (such as elbows) are of solid cast austenitic stain-

less steel conforming to the requirements of ASTM Specification A-351

CF8M. They are 100% radiographed in accordance with ASTM Specifi-

cation E-71, Class 2, and are dye pentrant inspected on all surfaces.

The piping is partially shop fabricated so that a minimum

of field fitting and welding is required.

4.2.9 Valves

There are two electric-motor operated gate valves located

in each piping loop: one in the reactor outlet line and one in the reactor

inlet line. This type of valve has been built and operated successfully

in other high pressure water reactor power plants. Primary valves are

provided to isolate the steam generators and the primary pumps during

plant heatup and, if necessary, during plant operation. The valve discs

are designed to withstand the full 2500-psi pressure differential that

would exist if an external loop were depressurized and drained while the

rest of the system remained at full pressure.

The valve is the standard split wedge disc design and has

a flanged and bolted bonnet which is designed to permit seal welding

(Fig. 28). The valve back-seats when it is in the full open position to

reduce leak-off flow through the packing. The valve stem is sealed by

two sets of conventional packing which are separated by a lantern ring

from which a drain leads off any fluid leakage to a low pressure drain

header. This stuffing box arrangement effectively prevents primary

coolant leakage into the containment.

A 2-inch bypass line is around each gate valve to permit

primary coolant circulation during system heatup. The bypass valve
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around the reactor inlet gate valve is an electric-motor operated globe

valve. The bypass around the reactor outlet gate valve is a manually

operated stop-check valve (normally locked open). It is positioned so

that the flow through the main piping holds the valve closed during

normal operation of a particular loop. However, during heatup of a

cold loop with the main gate valves closed and the bypass globe valve

open, the head across the reactor is sufficient to open the stop-check

valve and to permit a small reverse flow through the nonoperating

loop. In addition, the stop-check valve eliminates the need for a

conventional relief valve since any overpressure in the external loop

is relieved through the check valve into the reactor side of the gate

valve.

The body and the bonnet of the loop isolation valves are

cast type-316 stainless steel. All other parts contacting the primary

coolant are of corrosion resistant materials. The stem packing is

graphited asbestos reinforced with Inconel wire for strength and impreg-

nated with a sacrificial metal that preferentially corrodes to prevent

valve stem pitting.

4.2. 10 Pressurizer

The primary system pressurizer:

1. maintains the reactor pressure during
steady state and transient operation,

2. provides overpressure protection to the
primary system in event of an abnormal
rise in system pressure. Two code self-

actuated steam safety valves and one
remoted operated air-diaphragm valve
are connected to the pressurizer steam
space to relieve steam in the event of an

overpressure condition.

3. It removes undesirable dissolved gases
from the primary coolant.

The pressurizer performs these functions by containing

a two-phase equilibrium system of steam and water at 643 F and 2105

psia. Positive pressure surges, which occur as a result of water

expansion during load reductions, are suppressed by spraying water

from a line running from the reactor inlet piping to the pressurizer

steam space. The decrease in system pressure, resulting from an
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increase in steam demand, is minimized by using electric heaters

inserted in the pressurizer to raise the water temperature and the

corresponding pressure back to normal. The pressurizer is a vertical

cylindrical vessel designed for 2500 psia at 670 F (Fig. 29). It is fabri-

cated of carbon steel clad internally with type-316 stainless steel and

has a total capacity of 370 ft3 . The vessel is 18 feet tall, 66 inches ID,

and has a wall thickness of 5.5 inches including the cladding.

The spray nozzle is located near the top of the vessel to

utilize the entire steam space for steam condensing and to prevent spray

nozzle covering during in-surges. A manway is located off-center in

the top head to permit access to the spray nozzle. A surge nozzle is

located in the bottom head and is connected to the reactor outlet leg of

the primary piping by 6-inch Schedule 160 surge piping. The pressurizer

vessel is protected from thermal shock during an in-surge by the baffle

and the surge chamber.

Each of the electric immersion heaters have stainless-

steel sheaths. Four bundles, each consisting of 15 single heater

elements, provide an input total of 525 kw. Each heater element is

welded to a bundle seal membrane at the point of penetration to assure

leak-tightness between the heaters and the seal membrane. The stain-

less-steel seal membrane is backed by a cover plate designed to with-

stand the internal pressure. The cover plate is bolted to the vessel.

The entire construction is designed so that installation or removal of

the cover plate is independent of seal membrane and heater removal.

The seal membrane and heaters are removed by grinding off the periph-

eral seal weld.

Since the heater elements are in direct contact with the

heated fluid, a high heat flux can be tolerated, and fewer heaters are

required than fora well-type heater assembly. Each heater is rated at

84.4w/in. 2 giving a heater element rating of 8.75 kw. Power require-

ments are 480 v, 3 phase, and 60 cycle. The heater terminal is

hermetically seal welded to the end of the heater sheath.

Under steady-state operation, a continuous spray of about

4 gpm is introduced into the steam space to maintain the pressurizer at

the same heavy water concentration as the remainder of the primary

system, and to maintain the spray line at full operating temperature to
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minimize thermal stresses during transients. To compensate for the

gradual reduction in pressure which would be caused by this continuous

spray, part of the total installed heater capacity (approximately 60 kw)

is operated continuously.

Pressurizer design data are listed in Table 15.

TABLE 15

PRESSURIZER DESIGN DATA

Design pressure, psia

Design temperature, F

Water volume at normal operating level, ft 3

Steam volume at normal operating level, ft 3

Normal operating pressure, psia

Normal operating temperature, F

Heaters

Type

Number

Total power rating, kw

Length, in.

Diameter, in.

Power density, w/in. 2 of surface

Power supply

Dimensions

Height over heads

Outside diameter

Minimum wall thickness

Materials

Vessel

Internals

2500

670

200

170

2105

643

Immersion, electric
resistance

60

525

50

0.660

84.4

480 v/3 /60 cycles

18 ft

6.5 ft

5 5/16 in. plus 3/16 in.
cladding

Carbon steel internally
clad with stainless steel

Stainless steel
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4. 2. 11 Instrumentation and Control

4. 2. 11. 1 Reactor Control System

The reactor control system provides for the

automatic movement of groups of control rods to regulate the reactor

power output, to handle reactivity shimming between primary system

dilution intervals, to compensate for xenon transients, and for safe reactor

shutdown.

The 25 control rods, each actuated by a separate

drive mechanism, are divided into four groups:

Group Number of Rods per Group Function

I 4 Shimming

II 8 Xenon & Power Doppler

III 8 Shutdown Margin

IV 5 Safety

Group I rods shim reactivity between dilutions.

Group II rods, further divided into two smaller groups of four each, are

operated in sequence to control their respective power level ranges.

Groups III and IV provide sufficient negative reactivity to shut the reactor

down hot with a margin of safety. However, when the reactor is shut

down cold, soluble poison must be added to the coolant. At full power,

all but the four shim rods are fully withdrawn from the core so that

power peaking is minimized.

The position of the group I rods indicates to

the operator when to dilute the primary system. Dilution is not made

until this group of rods is 75% out of the core. The following additional

requirements must be met before dilution can take place:

1. control rod groups II and IV must be
fully withdrawn from the reactor,

2. Doppler groupIII must be at least 75%

withdrawn, and

3. shim group I must be at least 25% withdrawn.

The dilution operation is controlled manually

by the operator. An alarm alerts the operator to dilute when the shim

rods are withdrawn to a point where this group is one-quarter inserted

in the reactor. When these rods return to mid-position, the operator
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is signalled to stop dilution. If the operator fails to halt dilution at

this point, two valves piped in series are interlocked to automatically

shut off the light-water feed line to prevent a light-water accident. At

the beginning of core operation, dilutions are required about every 3

days and require about 30 minutes. The interval gradually increases

over core life to about 6 days toward the end of core life when about

2. 5 hours are required for a concentration change.

The reactor control system consists of a

controller which transmits positioning signals to the power Doppler

group control-rod drives to maintain the reactor at the desired power

level. This system may be operated manually or automatically.

Automatic control is normally employed within the range of 20% to

full power.

The automatic control equipment changes

reactor power to meet the load demand while it maintains the primary

coolant average temperature at approximately 566 F. The plant's

demanded power (N ) is computed as a function of steam flow and
c

primary coolant average temperature.

N = K 1 W +Kz [AT +- AT dt],
c s Y

where W = steam flow,
5

AT = temperature error (from 566 F setpoint)

- AT dt = integral of temperature error, and

K1 , K 2  = constants.

Power demand, N , is compared to the averagec
reactor power level, N. (from the nuclear instrumentation), to produce

the power error. This error signal is normalized to provide an error

output signal, E , whe re

N -N.
E = c 1

p N
c

The power error signal, E , is fed to a deadband unit which produces
p

control deadbank signals to limit unnecessary rod motion. The dead-

band unit controls rod motion by calling for either an on-off rod motion

cycle or for a continuous rod motion. The motion selected depends on
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the magnitude of the error signal E . A sequencing unit ensures that

the proper rod sub-group is selected regardless of whether the operating

mode is manual or automatic.

Individual rod position indicators are provided

on the rear of the central console, and are arranged in groups so that

the operator may observe the position of a rod relative to its respective

group position. Group rod position indicators, along with a selected

individual position meter, are provided on the front of the console so

that the operator may adjust a particular rod without leaving his

operating station.

4.2. 11.2 Safety System

The safety system is constructed of all

solid state components. It is designed to insert the control rods if

any of the following conditions occur.

1. short period,
2. high log N,
3. high power level,

4. primary system high temperature,
5. primary system high pressure,
6. primary system low pressure, or
7. insufficient primary coolant flow.

Three measurements are made of log N,

period, flux level, primary system high temperature and primary

system high and low pressure. Two out of three circuits must trip

before the reactor scrams.

In the case of insufficient primary coolant

flow, the OIS compares the flow through the reactor with the reactor

flux level. (See Section 4. 2. 11. 5.) For a given flux, there is a

corresponding minimum coolant flow below which burnout can occur.

If burnout conditions are reached, the OIS signals the safety system

to scram the reactor. If the comparison indicates that burnout

conditions have not been reached but are above the desired flux-flow

condition, the OIS signals the reactor control system to reduce power

level to the appropriate value. If the OIS system is not in operation,

trip signals from flow measurement or from the loss of primary pump

power will directly signal the safety system to scram the reactor. If

power to all pumps is lost, the reactor scrams. If only one pump fails,

the reactor power decreases and the appropriate reactor inlet valve
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closes to prevent primary coolant from bypassing the core by reverse

flow through the idle loop.

The safety system contains three separate

power supplies to operate its components. Upon loss of any supply, an

alarm is actuated, and upon the loss of two, the reactor is automatically

scrammed. A test pulse is introduced into each channel to check the

operation of the channel components every minute. When the test

pulse detects a faulty channel, an alarm is actuated to alert the

operator that maintenance is needed.

4.2.11.3 Nuclear Instrumentation

The nuclear instrumentation is constructed

of all solid state components. It consists of eight informational channels

divided into three operational groups.

Group Function Range of Response

I 2 Low Level Channels From source level to
approximately 1 X 10~4
full power.

II 3 Intermediate Power From 1 X 10-6 full power
Level Channels to 110% full power.

III 3 Operational Power From 1 X 10~4 full power
Level Channels to 150% full power.

Group I instruments are the startup range

instruments. The four detectors in this group are: two BF3 counters

and two fission chambers. When a core is initially started up, the BF3

counters are connected to the two startup channels. After the core has

been at power, the fission chambers are switched in to replace the BF3

counters.

The BF 3 counter starts at one count per

second and operates through flux densities of 2. 5 X 101 neut per

cm2 -sec to about 2. 5 x 104 neut per cm2 -sec. The fission chambers

start at a rate of one count per second for a flux density of about 2. 5

neut per cm2 -sec to 105 counts per second for flux densities of about

5 X 105 neut per cm2 -sec. Indicators, both at the modular cabinets

and on the central console, are provided for log count rate and period.

Information signals of the startup log count rate and period are also

supplied to the operational intelligence system.
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Group II instrumentation consists of three log

N channels covering seven decades of flux level. Flux levels are indicated

in percent of full power on the modular cabinets. The period range is

indicated from minus 30 to infinity to plus 3 seconds. Meters on the

central console indicate the auctioneered signals of both power level

and period. An auctioneered power level signal is also displayed on a

digital volt meter on the console.

Group III instruments consist of three

operational power level channels. The OIS is used to perform the

functions of a gate comparator tQ ensure that the signals to be averaged

are true. This system prevents a faulty signal from being sent to

the averaging unit which develops an output signal for the automatic

rod control system.

The power level measured by each channel is

indicated on the modular cabinets. A remote meter on the console

permits the operator to select any particular channel information to be

displayed. Two additional meters provide the average and the high

auctioneered power level. A digital voltmeter and a selector switch

allow the operator to display either the average, the auctioneered, or

any single channel power level, or the power level indicated by the OIS.

4.2. 11.4 Non-Nuclear Instrumentation

The non-nuclear instrumentation measures

temperature, flow,level, and pressure in the primary system, and

flow, level, and pressure in the secondary side of the steam generators.

The reactor inlet and outlet temperatures are

measured in each primary coolant loop, and a network calculates the

average and the differential temperatures of each loop. The average

temperatures are then averaged to supply a system average temperature

which is fed as a controlling signal to the reactor control system. Each

temperature is indicated on the central console meters and is supplied

to the OIS. An interlock prevents a cold idle loop from being started up

until its temperature is within 50 F of the normal reactor inlet

temperature. High speed elements monitor the reactor outlet temperature

to scram the reactor on high temperature. The coolant temperature in

the pressurizer is indicated on the console.
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Primary system pressure sensings are taken

in each of the loops and are indicated by meters on the central console.

The OIS receives pressure signals for controlling the pressurizer

heaters, spray valves, and relief valve, and for alarming high and low

pressure conditions. The differential pressure measurement across

each steam generator indicates the primary coolant flow in each loop

and provides signals to the OIS and safety systems for flux-flow comparison.

The pressurizer water level is indicated on the

console and is maintained by automatic operation of blowdown valves and

charging pumps.

Two separate sensings of the secondary water

level and the steam pressure in each steam generator are indicated on the

central console. The level signals are fed to the three-element feedwater

controller, and to the operational intelligence system which alarms for

high pressure or for high or low water level.

Feedwater flow and steam flow for each steam

generator are indicated on the controlconsole and are fed to the corre-

sponding three-element feedwater controller. The controller provides

feedwater to the steam generator in direct proportion to steam flow

(except as biased by the water level). An additional network sums the

individual steam flow signals and provides a total steam flow control

signal for the reactor control system.

4. 2. 11. 5 Operational Intelligence System

The OIS is composed of a general purpose,

binary, 16, 000 word magnetic drum memory computer, and an

engineered program to guide the computer through its operations. The

computer system is composed of five basic parts: a signal scanner,

an analog-digital converter, an alarm comparator, a computer-

controller, and a print-out system. A digital clock and a programmer

are also included. The computer is an all solid state device capable of

performing complex calculations. Once the calculations are complete,

the computer places the results into the memory drum for future use

or print-out.
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The two basic output functions of the computer

are control and data logging. Reactor plant variables monitored include:

Log Count Rates

Startup Periods

Linear Pulse Inputs

Intermediate Log N

Intermediate Periods

Linear Power

Pressurizer Temperature

Pressurizer Level

Primary Pressure

Reactor Inlet Temperatures

Reactor Outlet Temperatures

Steam Generator Primary AP

Control Rod Seal AP

Secondary Steam Pressures

Secondary Boiler Drum Levels

Secondary Steam Flows

Primary Blowdown Flow

Primary Makeup Flow

Primary Makeup Temperature

Secondary Feedwater Flows

No. of Sensings

2

2

2

3

3

3

1

2

3

3

3

3

1

6

6

3

1

1

1

3

Additional inputs that could be monitored

are turbine and generator variables, transmission system load, and

frequency. The logging system prints out the plant's principle variables

and computer computations. Other variables (such as bearing temper-

atures) are logged only when abnormal conditions occur or when the

computer is manually instructed by the operator.

The alarm comparator actuates an alarm if

abnormal conditions develop within any of the principle variables

sampled by the computer. The time and the value of the abnormal

variables are recorded by the printer when a signal from the computer

is given.

One of the principle calculations performed

by the computer is the calibration of the nuclear instrumentation with
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the reactor thermal output. This is computed by a heat balance of the

secondary system considering steam flow, feedwater, and steam

temperatures. A heat balance for each steam generator is made, and

all three are summed to produce the overall heat balance. Frequent

calibration of the instrumentation is required due to the changes in

neutron leakage resulting from the changes in D2 O concentration.
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4. 2. 12 D2 O Losses

It is estimated that 0. 41% of the plant D2 0 inventory is

lost per year. However, for purposes of calculating operating costs,

a conservative loss rate of 1% per year is used (Section 4. 16.4 and

Table 22). Estimates of leakage and loss for various components

(loss is that portion of the leakage which is unrecoverable) are based on

information on heavy water reactors at Savannah River1 2 '1' 12 and on

discussions with operating personnel of several PWR plants, including

Yankee, Shippingport, and several military reactors.

There may be a tendency to evaluate D2 0 losses for the

SSCR on the basis of published loss rates for reactors which use pure

D 2 O (such as the D 2 O moderated natural uranium reactors). However,

the average D2 0 concentration in the primary coolant of the reference

plant over a core lifetime is only 40 mole % (42. 5 Joby weight) as com-

pared with 99. 75% D2 0 for a D2 0 moderated reactor. Therefore, for

equal fluid volume loss rates, the amount of D 2 O lost in the SSCR is

less than half of that lost in a D2 0 moderated reactor. Also, the D2 0

concentration in the SSCR during refueling when fluid losses can be

high, is only 2 mole %, whereas in a D2 O moderated reactor, the con-

centration remains at 99. 75%. Again, for equal volume losses of fluid,

D 2 0 losses in the SSCR are considerably lower. Routine plant main-

tenance operations which can incur large fuel losses are performed in

the SSCR during the refueling shutdown period when the D2 0 con-

centration is low causing a low D 2 0 loss.

On the basis of pounds of D2 0 per kw, the SSCR has from

1/4 to 1/6 the D 2 O inventory of a natural uranium D 2 O moderated

reactor for plants of the same electrical capacity. If losses are eval-

uated on the basis of total inventory, the cost of losses in the SSCR is

therefore lower by the above fractions.

The reference design does not require specialized equipment to

minimize D2 O losses since conventional PWR equipment and system

designs incorporate the required features. These features are: seal

welded connections or connections prepared for seal welding, liquid

return lines from valve stem leak-off glands, secondary backup seals

on the primary pumps, a quench tank to recover relief and vent valve

seat leakage, the use of capped high pressure valves, the use of small
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canned pumps and diaphragm valves in low pressure auxiliary systems,

double valving in critical locations, sealed floors and drains to recover

spills, and high quality equipment fabrication inspection and testing.

Sources of expected fluid leakage and D2 0 losses in the

reference plant are discussed in the following paragraphs, and are

summarized in Table 16. Losses of fluid for each of the various types

of equipment or operations are normalized to the average D2 0 concen-

tration over core life of 40 mole %for ease in computing the total loss

for the plant.

4. 2. 12. 1 Primary Pump Shaft Seals

Pump shafts are sealed by using a rotary face-

type mechanical seal. A secondary mechanical seal prevents fluid loss

to the atmosphere if the primary seal should leak excessively. (See

Section 4. 2. 7.) Seal leakage, specified by the manufacturer as 30 cc/hr

maximum, is drained to a sealed low pressure recovery system.

Losses are expected to be extremely low since only vapor from the

30 cc/hr (essentially cool water) is expected to leak to the atmosphere.

Based on actual reported test results, 11 a rea-

sonable estimate of vapor loss is 8 lb/yr. Therefore, the total primary

coolant loss for the the 3 primary pumps is estimated to be 24 lb/yr.

4. 2. 12. 2 Primary Stop, Relief, Vent and Drain Valves

The stop valves and the non-code safety valves

use valve- stem packing with leak-off connections. Vent and drain valves are

capped to insure no loss of D2 0 to the atmosphere due to stem leakage.

Code safety valves have bellows sealed stems. Vent and safety valves

and all leak-off connections are piped to a quench tank to reduce effluent

pressure and to recover fluid that leaks past faulty valve seats.

SL-1874 indicates that the average stem leakage

rates for packed stem valves are approximately 0. 01 lb/day of primary

coolant per valve. Almost all of this leakage is recoverable by using

lantern glands. Net loss varies between 0. 09 and 1. 0 lb/yr depending

on valve size and temperature conditions. Stem leakage is zero for

capped and bellows sealed valves.

Considering the number and types of primary

and auxiliary system valves in the reference plant, unrecoverable
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primary coolant loss from valves of all types is expected to be approxi-

mately 67 lb/yr.

Safety, drain, and vent-valve seat leakage is

difficult to estimate. A total average leakage rate of 5 gpd with a re-

covery efficiency of 99% is assumed. The high recovery efficiency is

warranted since all these valves are in closed piping systems leading to

the quench tank. Based on the above assumptions, the estimated unre-

coverable loss due to faulty vent and relief valve seating is approximately

118 lb/yr.

4. 2. 12. 3 Control Rod Drive Seals

Control rod drives use a water injection-type

buffer seal with a secondary backup Servene gasket seal. Seal leakage is

specified by the manufacturer to be 1. 5 gph or 233 lb/day per drive

unit. The leakage is collected in the quench tank. The net loss of

primary coolant is estimated to be 5 lb/yr per drive, or a total of 125 lb/hr

for the 25 control rod drives.

4.2. 12.4 Primary Coolant Sampling Losses

Sampling requires an average of one liter per

shift, or about 6 lb/day of primary coolant. After laboratory analysis,

the coolant is returned to the drain system, where it is purified, and is

returned to the primary system. Losses are approximately 10% (about

0.6 lb/day). This is equivalent to a primary coolant loss of 219 lb/yr.

4. 2. 12.5 Pressurizer Venting

Pressurizer venting to remove air and fission

product gases results in some loss of deuterium. D 2 O in vapor form is

recoverable by condensation, but deuterium as a gas is non-condensible

and is therefore subject to a greater loss.

It is assumed that 98% of the vapor is recovered

in the quench tank and that all the gas is lost. On this basis, there is

a total primary coolant loss of about 100 lb/yr.

4. 2. 12. 6 Primary-to-Secondary Leakage

An allowance is made for possible loss of

primary coolant to the steam system. Reference to Shippingport expe-

rience indicates that 0. 17 ml/min was measured during early operation.
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This was later reduced to a negligible rate after steam generator tube

repairs. For estimating purposes, an average lifetime loss rate of

0.08 ml/min of primary coolant is assumed for the reference plant.

This amounts to a total loss of 72 lb/yr.

4. 2. 12. 7 Refueling Losses

D2 0 losses during refueling occur primarily as

the result of water films on internals and fuel elements which are re-

moved from the reactor, and as the result of ventilating which occurs

during refueling. Losses can be divided into two categories: those

which occur at 2% D2 0 concentration (when removing used fuel), and

those which occur at 78% D2 0 concentration (when loading new fuel).

Expected losses are:

At 2% concentration, lb

Residual fluid on internals 20

Residual fluid on spent fuel

elements 20

Ventilation losses 288

328 lb at 2%

At 78% concentration,

Ventilation losses 57 lb at 78%

These refueling losses are equivalent to a total annual loss of approxi-

mately 127 lb of primary coolant at an average D2 0 concentration of

40 mole %.

Ventilation during the 3-day fuel unloading

period is accomplished by 2400 cfm of air at 60 F and 10% relative

humidity. The air is assumed to leave at 12% relative humidity. This

results in a fluid loss of 4 lb/hr. Plastic floats on the exposed water

surface (Section 4. 6. 3), reduce losses during the loading of new fuel

to a minimum.

4. 2. 12. 8 Maintenance Losses

Some D 2 0 is lost during maintenance operations.

The extent of this loss is minimized by insuring adequate component

drainage and by using drip pans to recover spills. Assuming 5 main-

tenance operations per year (each involving 2 ft3 of non-drainable fluid

which is 75% recoverable), the net loss is 163 lb/yr of primary coolant.
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4. 2. 12. 9 Waste Disposal Losses

Water disposal system losses consist of un-

condensed vapor, some deuterium gas, and residual D2 O in solid wastes

from the evaporator bottoms. Primary coolant losses are estimated to

be 0.05 to 0.25 gpd (approximately 600 lb/yr).

4. 2. 12. 10 Decontamination Losses

The estimate of D 2 O losses during decontami-

nation is based on decontamination every 5 years (normally scheduled

when D?0 concentration is lowest). Each decontamination operation is

assumed to result in the net loss of 50 ft3 of primary coolant. This is

equivalent to approximately 30 lb/yr of primary coolant at an average

D 2 0 concentration of 40 mole %.

4. 2. 12.11 Degrading Losses

At the end of the 30-year plant life, the D2 0

concentrated from the last core cycle is not lost since it can be used in

another reactor. The 0.5% overhead product would not be reused, and

therefore could represent a net loss. However, by rerunning the over-

head product through the reconcentration columns to produce about a

25% D2 0 bottoms stream which would be shipped to another reactor,

the overhead is stripped by a factor of 10, reducing the net loss to

240 lb of D2 0. This loss, averaged out over a 30-year plant life,

amounts to about 20 lb/yr of primary coolant at 40 mole % D2 O.

4. 2. 12. 12 Reconcentration Plant Losses

The air leakage into the reconcentration plant

is conservatively estimated at 0.5 lb/hr per 1000 ft3 of reconcentration

plant volume. This air leaves the vent condensers of each of the two

columns saturated with water, passes through the vacuum pumps, and

is cooled to 50 F before passing through the absorbers. When the

absorbent is regenerated, the absorbed water is not recovered. The

total loss of D 2 O amounts to that contained in a one-lb/hr air stream

saturated with water having an average D2 O concentration of 5% at an

atmospheric pressure dewpoint of 50 F. This amounts to about 9 lb

of primary coolant per year at 40 mole % D2 0.

66 -



4. 2. 12. 13 Tritium Formation

The conversion of deuterium to tritium as a

result of neutron absorption is not considered as a loss of moderator

Dz O. The tritium produced is an excellent substitute for deuterium in

a SSCR since it has a greater atomic mass and a lower neutron ab-

sorption cross section than deuterium. Water molecules containing

tritium are just as effective as Dz O for spectral shift control purposes.

Tritium gas losses are expected to be negligible.

TABLE 16

Dz O LOSS SUMMARY

Source of Loss
Estimated Annual Loss of
Primary Coolant, lb/yr

Primary pump seals

Valve stem packing

Safety, drain and vent valve seat
leakage

Control rod drive seals

Primary coolant sampling

Pressurizer venting

Primary coolant leakage to secondary
system

Refueling

Maintenance

Waste disposal

Decontamination

Degrading loss

R e c on c ent r at ion plant

24

67

118

125

219

100

72

127

163

600

30

20

9

1674 lb/yr at 40
mole %Dz 0
concentration.
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The total fluid loss shown is equivalent to a loss

of 714 lb/yr of pure D2 0. This amounts to an annual loss of 0.41% of

the total D 2 0 inventory in the entire plant.

To estimate the annual D2 0 makeup cost, the

annual loss rate of D 2 0 for the reference plant is conservatively assumed

to be 1o% of the total D2 0 inventory (2. 5 times the estimated value) to

account for inaccuracies in predicting losses and to provide a contingency

for inadvertent spills.

The electric generating cost component attribut-

able to D 20 loss is therefore 0.021 mills/kwh. The calculated rate of

0.4% per year amounts to only 0.008 mills/kwh.
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4. 2. 13 Primary System Heat-up

In a conventional PWR plant, startup after refueling is

accomplished by filling the primary system completely with coolant.

As the coolant heats up from room temperature to operating temperature,

it expands and some of it is drained off and stored. In the SSCR, the

drained and stored water would be worth about 0.033 mills/kwh. This

cost is eliminated in the reference design by using a one-loop fill pro-

cedure whereby no heavy water is drained and stored during startup.

The reactor vessel, pressurizer, one primary loop, and

the primary piping up to the stop valves in the other two loops are filled

with cold coolant. Those portions of the two loops outside the closed

primary stop valves are not filled. With one loop, the reactor, and the

pressurizer full, the primary pump is started to circulate primary

coolant through the reactor and the full loop.

The heat input from the pump is sufficient to raise the

coolant temperature at a rate of 40 to 80 F per hour. As the water heats

up, it expands and is bled off into one of the empty loops by partially

opening the bypass globe valve around the reactor inlet gate valve of

the empty loop. When the second loop is full, the stop valves in the

second loop are opened and the pump in that loop is started. With heat

now being put in by two pumps, the fluid continues to expand as it heats

up, and it is then bled off into the third loop. Since the third loop cannot

be filled completely by the expansion water from the first two loops,

an additional quantity of fluid is pumped into the two operating loops.

The water that has been bled from the two loops into the third gives

up heat to the metal equipment. It is then drained out of the third loop,

and is recirculated back into the operating two loops. When the third

loop is full and hot, the plant is ready for operation.
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4. 3 Auxiliary Systems

4. 3. 1 Pressure Relief System

The two code safety valves on the pressurizer are each

sized to relieve 7750 lb/hr of 2500 psi steam. Also, a remotely operated

air-diaphragm valve on the pressurizer relieves 14, 200 lb/hr at 2380 psi.

The code safety valves are not expected to operate because the system

design pressure is selected to permit considerable transient overpressure,

and a pressurizer spray water line is provided to maintain system

pressure well below safety valve settings.

Since the non-code valves are not expected to operate once

they have been installed and tested, leakage across their seats is at a

minimum; thus thermal losses and valve maintenance are reduced.

All steam discharges through piping to the eductor in the

quench drum. This eductor mixes a sufficient quantity of quench drum

water with the steam to condense over 90% of the total steam from one

safety valve blow before the final discharge into the drum.

The quench drum, a horizontal cylindrical vessel, is fab-

ricated of carbon steel and has a capacity of 1, 000 ft 3. The drum is

maintained half full of water at containment vessel ambient temperature,

and is operated at a pressure of 15 psig maximum. The 150 psig drum

design pressure permits several complete pressurizer safety valve blows

before the quench drum safety valves open and relieve steam to the con-

tainment vessel. A cooling coil reduces the water temperature in the

quench drum between pressurizer safety valve blows to eliminate con-

tainment vessel contamination from this source. Excess liquid in the

quench drum after cooling of one pressurizer safety-valve blow is trans-

ferred to waste disposal.

4. 3. 2 Purification System

Insoluble impurities are removed from the primary coolant

by filtration at a high pressure and temperature. Primary coolant, at a

rate of 375 gpm, flows as a side stream from the discharge of each

primary pump through three parallel filters in parallel and returns to

the suction side of the pumps. The connections are made between the

reactor vessel and the primary stop valves. Solid particulate fission

and corrosion products are retained on the filter. Soluble impurities

are removed by an evaporator which operates in conjunction with the
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waste disposal and heavy water reconcentration plants. Fission product

gases are removed by venting the pressurizer.

4. 3. 3 Charging and Seal Water System

This system (Figs. 35 and 36) provides high pressure

water to the primary system, and stores the water blown down from the

primary system to be used again.

Three vertical, multi- stage, centrifugal charging pumps

take suction from a low-pressure surge drum and discharge directly

into the primary system or through the control rod drive and primary

pump seals. Blowdown from the primary system passes through re-

generative and non-regenerative heat exchangers, is depressurized by

throttling, and is stored in the surge drum or is passed into the waste

disposal system. Through the use of headers, seal leakoffs are returned

directly to the surge drum.

The system can provide a wide range of water flow rates.

Control rod drive and primary pump seals require a constant flow pro-

vided by one of the pumps. Periodic dilution of the primary coolant

requires that another pump operate intermittantly. The standby pump

can be used if a higher system flow is required.

Hydrazine for "gettering" oxygen, lithium hydroxide for

pH control, or borated water for normal and emergency plant shutdown

can be charged into the primary system if they are needed. These

additives are mixed in separate facilities before they are injected into

the primary system.

Equipment on the discharge side of the charge pumps is

designed for 2500 psi at 600 F, and on the suction side, for 150 psi at

200 F. Construction materials are type 304 or 316 stainless steel.

4. 3. 4 Shutdown Cooling

When the reactor is shut down to the zero load condition,

the primary pumps continue to run for a period of time to remove decay

heat from the reactor. If the pumps are not operable, natural circulation

of the primary coolant transports decay heat from the reactor to the

steam generators. The steam generated is bypassed around the turbine

directly to the condenser and is fed back into the steam generator feed-

water. As the decay heat diminishes, the primary coolant temperature
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decreases and the steam pressure drops. When the primary temperature

has dropped to about 250 F, the steam generators become relatively

inefficient in removing the heat. They are then shut off and the shutdown

cooling system is put into operation. This system, containing pumps

and coolers, transfers reactor decay heat through the coolers to the

component cooling water. The system is designed to remove one % of the

reactor full power heat.

During plant cooldown, the primary coolant shrinks in

volume. To prevent uncovering the pressurizer heaters, the primary

gate valves in two loops are closed, and the water in the external

portions of the two loops is drained, cooled, and injected into the reactor

portion of the loop. Thus, the one-loop fill procedure is reversed so that,

at room temperature, only the reactor, the pressurizer, and one loop

are full.

If the reactor is merely being shut down and is not to be

cooled down for maintenance or refueling, the external loops are not

required to be drained.

4. 3. 5 Sampling System

A sampling system (Fig. 36) is provided to remove and to

cool samples of the primary coolant and the steam generator blowdown

for chemical and radiochemical analysis. The analysis is performed in

the plant laboratory or at an outside laboratory, depending on the tests

to be performed.

Each sample point inside the containment vessel is provided

with a motor-operated block valve to take samples during plant operation.

The sample is cooled and its pressure is reduced to 100 psig at the

sampling station in the auxiliary building. Sample bombs carry the

sample to the laboratory. The liquid in excess of the required sample

is discharged to the closed drain system. Before the sample is taken,

the sample line is purged to the closed drain header. Low pressure

samples are taken from the sample connection located directly above

the sample sink. Any spilled liquid drains to waste disposal.

4. 3. 6 Component Cooling Water System

The component cooling water system (Fig. 37) removes

heat from various reactor plant components and transfers the heat to
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river water. The cooling water is demineralized, and the system is

closed to prevent the loss of heavy water and the spread of contamination

in case of a leak in the cooled equipment.

The system consists of two heat exchangers, two circulating

pumps, a surge tank, and a corrosion control charge drum. The pumps

are in the auxiliary building, and the coolers and surge tank are on the

roof. These pumps and coolers are of full-load capacity, and are cross-

connected to prevent plant shutdown in case of pump or cooler failure.

The pump motors have independent power supplies, and if the operating

pump fails, the standby pump is started automatically by a pressure

switch on the pump discharge header. The surge tank provides make-

up water and accommodates water expansion and contraction in the

system. Equipment in the system is made of carbon steel.

4. 3. 7 Safety Injection System

The safety injection system is designed to inject borated

water into the reactor pressure vessel to shut down and cool the core

in the event of a large primary system rupture that prevented the

charging pumps from maintaining a constant flow of coolant to the core. The

system also supplies boric acid to the charging and seal water system

for normal shutdown. System piping connects to each primary loop

between the primary stop valve and the primary pump discharge. The

system consists of a tank to mix and store the boric acid solution, and

also two 2000 gpm centrifugal pumps used for shutdown cooling. (See

Section 4. 3. 4.)

Safety injection is initiated remotely from the control room.

Operating controls for all valves and pumps are grouped on one starting

panel, and a single operation can energize all components of the system.

An interlock with the plant instrumentation prevents operation of the

injection system except when an abnormally low primary system pressure

exists. This pressure setting is lower than the low pressure scram set-

point.

After the safety injection pumps have filled the reactor

vessel to capacity, the injection flow from one pump is adjusted re-

motely by a motor-operated valve arrangement to replace only the water

in the reactor vessel that is boiled off into the containment vessel by the

release of decay heat. Shutdown cooling is placed in operation as soon

as possible to obtain access to the containment vessel.
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The hot, concentrated boric-acid solution from the 3000-gal

storage tank is mixed with water from the 100, 000-gal demineralized-

water storage tank to provide the proper concentration for the injection

pumps. The boric-acid solution can be replenished to permit indefinite

reactor cooling.

4. 3. 8 Boric-Acid Removal System

The boric-acid removal system consists of a thermal

siphon reboiler, a disengaging evaporator tower, an overhead condenser,

and a bottoms storage tank with pump. (See Fig. 36. )

To remove boric acid from the primary system, 50 gpm

of primary coolant is drawn into the evaporator tower. Steam from the

auxiliary heating boilers is used for heat. The evaporator overhead

condenses and flows to the low pressure surge drum for return to the

primary system by one of the charging pumps. The concentrated boric

acid solution is drained from the evaporator tower into the bottoms

storage tank from which it is transferred to the waste disposal system

for heavy water reclamation.

4. 3. 9 Decontamination System

The decontamination equipment located in the auxiliary

building consists of a decontamination solution makeup drum with a

mixer and a 100-gpm centrifugal pump.

After draining and rinsing the equipment to be decontami-

nated, a solution of 3% potassium permanganate and 10% caustic is

circulated through the system to be decontaminated for 5 to 6 hrs at 200 F.

The solution is then drained and the decontaminated system is rinsed

with hot water. A final 3 to 5-hr wash, with a 10% solution of ammonium

citrate followed by thorough rinsing, completes the decontamination

process.

All solutions and rinses are drained to waste disposal

where they mix in the atmospheric drain tanks. The resultant mixture

is not corrosive to either carbon steel or stainless steel.
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4.4 Waste Disposal System

The waste disposal system (Figs. 38 and 39) treats and disposes

of a variety of radioactive substances. The bulk of the non-volatile

radioactive waste ultimately leaves the plant in ion exchange resin or in

filter bed containers enclosed in disposable concrete shipping casks.

The balance (primarily as evaporator bottoms) is solidified with cement

in 55-gal steel drums and is shipped without additional shielding. Gaseous

wastes are stored for an adequate decay period, after which they are

diluted with air and are discharged to the atmosphere when meteorological

conditions are favorable. To prevent its contamination, all feed to the

heavy water reconcentration plant is evaporated by the waste disposal

system.

4.4. 1 Liquid Wastes

Radioactive water withdrawn from the primary coolant

system (samples, primary coolant bleed, and drains) is stored tem-

porarily in sealed drain tanks. This water contains volatile and non-

volatile radioactive material which must be separated for disposal before

the water is sent to the reconcentration plant. The non-volatile fission

and corrosion products in the water are concentrated by batch or by

continuous processing in a thermosiphon reboiler type evaporator.

The evaporator bottoms concentrate is pumped through a

separate resin container in the spent fuel pit, where both soluble and

insoluble constituents are removed by the resin. The carrier liquid,

which may contain heavy water, is returned to the atmospheric drain

tanks for further processing. When the resin is spent, the containers

are encapsulated in a concrete shield. The concrete capsule is com-

pletely surrounded by a 0.5-inch welded steel plate to prevent loss of

the contents due to any accident. An encapsulated container gives a

surface dose rate of less than 200 mr/hr, and a dose rate of 10 mr/hr

at one meter from the side of the car.

A sufficient air cushion is provided in the spent resin con-

tainer and in the shipping cask to maintain the assembly at approximately

atmospheric pressure. Thermal radiation limits the container tempera-

ture to a 5 F rise.
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Decontamination solutions, radioactive laboratory waste

liquids, and light liquids, and other light water waste liquids containing

high concentrations of chemicals, or chemicals which decompose ion

exchange resin, are stored in atmospheric drain tanks and are concen-

trated in separate batches in the evaporator. In this case, the evaporator

bottoms concentrate is immobilized in concrete in 55-gal steel drums.

The concrete shielding is adequate to permit shipment by common carrier

for off-site disposal. The recovered water is reused as reactor plant or

secondary plant makeup.

4.4.2 Volatile Waste

Radioactive fission product gases, such as xenon and

krypton, as well as hydrogen, are dissolved in the primary coolant. Dur-

ing feed and bleed operations these gases blow down with the primary

coolant and are removed in the waste disposal system.

The largest quantity of radioactive gases enters the waste

disposal system dissolved in radioactive waste liquids; a smaller portion

enters with vents from radioactive systems. Gases must be stripped

from the primary coolant before the reactor is shut down for refueling

so that the dose rate and the fission gas activity in the air at the refueling

floor will not be above acceptable levels.

The gases are separated from the primary coolant in a gas

stripper. The stripped gas is passed through a recombiner, and the

remaining gas is stored for 60 days in a gas decay drum to permit xenon

decay. When meteorological conditions are suitable, the decayed gas

is diluted with air and is discharged to the atmosphere.

4.4.3 Solid Waste

Combustible solids (removable floor coverings, cloths used

for decontamination, and contaminated paper) are incinerated. The ashes

and non-combustible solids are immobilized with cement in 55-gal drums

for off-site disposal.

4.4.4 Waste Processing

The waste disposal plant can be separated into the several

operations consisting of the storage of radioactive liquids, gas stripping,

evaporation, the storage of primary grade water, waste gas storage,

and incineration.
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4.4.4. 1 Radioactive Liquids

Radioactive liquids are stored in either atmos-

pheric drain tanks or in sealed drain tanks. Only non-volatile radio-

active wastes, such as decontamination solutions, are stored in the

atmospheric tanks; the sealed tanks receive all waste streams containing

volatile as well as non-volatile activity. The sealed drain tanks operate

at 18 inches of water gage maximum pressure and are blanketed with

hydrogen. The sealed tanks are located below grade and are encapsulated

in carbon steel tanks to protect against loss of heavy water and soil

contamination resulting from a drain tank leak. Provisions are made

to sample any liquid which collects in the carbon steel outer tank.

4.4.4.2 Gas Stripping

The gas stripping tower requires 125 lb/hr of

65 psi steam to process 5 gpm of radioactive liquid from the drain tanks.

The hydrogen and radioactive gases accumulate at the top of the vertical

overhead condenser from which they discharge, relatively free of water

vapor, to the gas handling system at 120 F. The stripper bottoms are

fed under pressure to the evaporator for further processing.

4.4.4.3 Evaporation

Stripped liquid from the bottom of the gas stripper

is fed into a sidearm thermosiphon reboiler evaporator that operates at

10 psig and uses process steam to generate heat. Steam leaving the

evaporator passes through a moisture separator and a packed column

of 0.5-inch Raschig rings (countercurrent to a stream of evaporator

distillate) and then through a stainless-steel mesh bed filter. This

process reduces entrainment of radioactive aerosols and results in a

decontamination factor of about 107. The steam is condensed and is

used either as feed to the heavy water reconcentration plant or is pumped

through a cooler to one of two test tanks where it is sampled for activity

and heavy water concentration.

If the evaporator distillate is satisfactory for

subsequent reuse as primary coolant or steam generator feedwater

makeup, it is transferred to the diluted heavy-water storage tank or to

the demineralized water storage tank.
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Radioactive waste is allowed to accumulate in

the bottom of the evaporator until the concentration reaches a prede-

termined activity level. Operation is then stopped, and the concentrate

is cooled by water circulating through .a jacket surrounding the conical

section of the evaporator. At 140 F, the concentrate is pumped to a

spent resin container located in the spent fuel pit. The active material

is then adsorbed, and the net liquid is returned to the atmospheric drain

tanks.

4.4.4.4 Waste Gas

The sealed drain tanks are blanketed by low

pressure hydrogen. Gas surges occurring when the drain tanks are filled

and emptied are absorbed by a 1000-ft3 Wiggins type balloon. This

balloon is contained in a steel tank that is vented to the primary vent

stack. The blanket gas can be pumped into the gas surge drum or it can

relieve to the primary vent stack through a loop seal.

If excess gas pressure builds up in the balloon, the

low pressure gas is pumped into the higher pressure gas surge drum by

the gas transfer system. This system has two gas transfer tanks (each

half full of water) and a transfer pump. The low pressure gas fills the

space above the water in the gas transfer tanks, and the transfer pump

alternately pumps water from one tank into the other. As a tank is

filled, the gas over the water is compressed and is discharged into the

high pressure surge drum. Tank alternation is controlled by solenoid

valves and water level switches on the tanks.

The waste gas stripper is operated at about

75 psig and discharges fission gases mixed with hydrogen and deuterium

into the high-pressure gas surge drum. Then, the gas is transferred

to the waste gas decay drums by a recombiner which converts hydrogen

and deuterium to a light and heavy water mixture.

The discharged gas from the decay drums is

passed through a deep bed particulate filter, and then is released at a

carefully controlled rate to the suction side of one of the air dilution

and containment-vessel purge fans. If the fan stops, interlocks are pro-

vided to shut off automatically the gas flow,. The decayed gas and the dilution

air are thoroughly mixed during their passage through the fan and are
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discharged to the atmosphere through the primary vent stack. The stack

gases are continuously monitored. Decayed gas discharge to the atmos-

phere can be accomplished 15 out of every 30 days of plant operation

based on the 48% frequency of weather inversions at the assumed site.

4.4.4.5 Incineration

Combustible solid waste is transported to the

auxiliary building in combustible fiber drums. These drums are reused

until they become contaminated to an unacceptable level. The waste is

burned in a specially designed incinerator (based on a U. S. Bureau

of Mines recommendation) by using a free vortex flow of combustion

air over the grate. Bottled gas is used to initiate and complete the

combustion.

The flue gases from the incinerator are mixed

with cool air and then are passed through a combination wet-gas scrubber

to remove all particulate material 5 microns and larger and more than

70% of those particles measuring one micron and larger. The gases

are further cooled and are filtered through a glass-wool packed deep-bed

filter for final cleanup before being discharged to the stack.

The incinerator is designed to burn 80-lb batches.

After a complete batch is burned, the residue ash is dropped through

the conical bottom into an open top 55-gal steel drum about one-half

full of water. The drum is connected securely to the special head

attached to the bottom of the incinerator cone so that dust from the ash

cannot escape into the room. When the drum contains about 15 batches

of ash, two water sprays inside the special head wet the ash thoroughly.

Liquid is decanted from the settled ash, the drum is lowered from the

special head, and a standard clamp-on head is installed. The number of

batches of ash and the volume of liquid remaining in the drum are ad-

justed to solidify after they are mixed with cement. The drums con-

taining the solidified mixture are then ready for shipment and off-site

disposal. Excess liquid drained from the wet gas scrubber (except that

portion remaining with the settled ash in the drums) is pumped to one

of the atmospheric drain tanks for further treatment.
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4.5 Heavy Water Reconcentration Plant

4.5.1 Description

The design of the heavy water reconcentration plant is a

conventional processing plant design and is based on the considerable

operating and design experience developed at Savannah River. The

reconcentration plant consists primarily of a pair of distillation columns

(4 ft in diameter and 86 ft high) operating in series. Coolant bleed from

the primary system is fractionated into a bottoms product of 78 mole %
heavy water and an overhead stream of 0.5 mole To heavy water. Figure

38 shows the flow diagram, and Figure 40 shows the physical arrangement

of the equipment.

The primary coolant bleed from the reactor is first charged

to the waste disposal system from which the evaporator overhead is

drawn off and is charged to the reconcentration plant. By this means,

all of the coolant sent to the reconcentration columns is stripped of

radioactive gases and is decontaminated of solid radioactive contaminants.

During the first five days of core life, the primary coolant

concentration drops from 78 mole To to 73 mole To D20, and then drops

progressively down to 2 mole % at the end of the 630 full power day core

life. This progressive concentration change is accomplished by adding

reconcentration overhead as diluent and by simultaneously bleeding an

equal volume of primary coolant. A total of 4.6 primary system volumes

are processed through the reconcentration plant during core life. (See

Fig. 41.) Also, the system volume remaining at the end of the core life is

drained and reprocessed.

Cost optimization calculations show that it is most economical

to build a minimum capacity reconcentration plant running continuously at

full load, and to increase the plant D2O inventory slightly by the amount

contained in the diluted primary bleed which is not processed at the end

of core life. This is less expensive than to invest in a larger capacity

plant not operating continuously which would reconcentrate the entire

4.6 system volumes before the start of a new fuel cycle. Therefore, at

the beginning of each new core life when the reactor plant bleed rate is

much less than the minimum reconcentration plant capacity, the recon-

centration plant reprocesses the primary coolant bleed accumulated at

the latter part of life of the previous core when the bleed rate exceeded

the reconcentration plant capacity. No practical distillation column could
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accommodate the wide range of operating loads if the primary coolant

were to be reconcentrated immediately as it is blown down. The plant

is designed to fractionate the primary system bleed at 100 lb/hr.

Based on an average relative volatility of 1.03, the minimum

number of theoretical trays at total reflux required to produce a bottoms

concentration of 78 mole % D20 and an overhead of 0.5 mole % D2O is 222.

The operating reflux ratio is 1.6 times the minimum, thereby increasing

the number of theoretical trays of 355. An over-all efficiency of at least

75% is expected for the bubble cap trays. Therefore, 474 installed trays

are required.

Because of the investment in distillation column heavy-water

inventory, several alternative column internals were investigated (particu-

larly wire-mesh packings). The advantage of reduced holdup per unit

volume in wire packings is offset by the additional column height required.

Therefore, the total holdup volume required to obtain fractionation

performance is equal to that of the tray-type internals.

The column internals are conventional, round bubble caps

on distillation trays. The caps are 1-inch OD by 1-inch high and are

provided with about 25 saw-tooth slots 1/4-inches high by 1/8-inches

wide at the bottom. This design permits a 4-inch tray spacing and requires

only two towers (each tower contains 237 trays). Each tower has its own

reboiler and condenser to minimize the pressure drop effects on the

average relative volatility. The total reboiler steam and cooling water

requirements are 8700 lb/hr and 670 gpm.

Operating the reconcentration columns at 1.6 times the

minimum reflux at a feed rate of 100 lb/hr gives a tower maximum liquid

downflow rate of about 4200 lb/hr into the reboiler when the feedwater

contains 2 mole % D2O. Similarly, the overhead condenser processes a

maximum 4200 lb/hr of vapor.

A 100-lb/hr feed capacity plant reprocesses all excess

primary coolant bleed accumulated from previous core operation. Also,

all of the bleed is reprocessed from the current operating core during

approximately the first 550 full power days of operation. Between 550

full power days and the end of core life, approximately 2.6 primary system

volumes (not including the final system drain) are bled to storage while

less than one volume is processed through the reconcentration plant.

Therefore, primary coolant sotrage is provided in the sealed drain tanks
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to contain slightly more than 1.6 primary coolant system volumes in

addition to the volume required to drain the entire system at the end of

the core life.

The dilute heavy-water storage tank requires a capacity of

less than 2.6 primary coolant system volumes to collect the reconcentration

plant overhead product (as 0.5 mole % Dz 0). The heavy water storage

tank, to collect the distillation plant bottoms product as 78 mole % D2 0,

requires a minimum capacity of one primary-coolant system volume

plus a small allowance for the additional D2 0 contained in the end-of-core-

life primary coolant.

4. 5. 2 Heavy Water Inventory

The Dz 0 inventory in the plant includes the amount required

to fill the primary system and the auxiliary systems with 78 mole % Dz O

solution, the holdup in the reconcentration plant, the unprocessed accu-

mulated primary-coolant bleed remaining at shutdown, and the end-of-

core-life primary system drain. Table 17 gives the inventory in terms

of total solution volume and the volume of the pure D2 0 fraction.

TABLE 17

PLANT HEAVY WATER INVENTORY

Hot Liquid Volume ft3

Total Pure Dz O

Reconcentration Plant 200 46
End-of- Core- Life Primary System

Drain 3750 75
Unprocessed Primary Coolant Bleed

at Shutdown 6000 300
Second Core Primary System Fill

Including Auxiliaries 3750 2925

3346

D20 Inventory, lb 172, 000

4. 5. 3 Operation

During the initial plant startup with the first core, the

reconcentration plant is not placed in operation until approximately 500

full power operating days have elapsed. At that time, the bleed rate

from the primary system has not reached the minimum reconcentration

plant feed rate. However, a liquid accumulation, approximately 1/3 of

a primary system volume is available for processing. This liquid is fed to
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the distillation columns at the feed nozzle located nearest the tray on

which the feed concentration is expected to exist at equilibrium. Reboiler

steam and condenser cooling-water flow is started, and the towers are

operated until equilibrium is established. Operation continues at full

load until the accumulated primary coolant is reprocessed. At this time,

the rate of primary system bleed has reached 100 lb/hr. From now until

the end of the core life, the distillation columns operate at constant full

capacity while the bleed rate from the primary system continues to increase.

Excess bleed accumulates and is processed during approximately the first

550 days of the next core life along with the full volume of the primary

coolant system which was drained at the end of the first core life.

Excluding unforeseen extended shutdowns, the reconcen-

tration plant will operate continuously. When it is not taking feed and

producing product, it idles at total reflux. However, depending on the

available feed concentration, the plant may be shut down and then started

up at a later date. When the distillation columns are shut down, the steam

and the cooling water are discontinued, and the liquid on the trays pours

into the bottom of the columns. To produce the desired products again,

the inventory of liquid must be re-established at the required concentrations

on each tray. How quickly this concentration gradient is re-established

depends on the feed concentration. In the early part of core life when rich

feed is available, it may be feasible to shut down the reconcentration plant

if an extended interruption in power plant operation is indicated because

the equilibrium concentration gradient can be re-established in several

hours. Near the end of core life when the bleed concentration is low, it

takes several weeks to establish equilibrium conditions in the towers. If

sufficient previously reconcentrated DO product is available, this time

period is materially reduced by feeding the towers with the reconcentrated

D2O product until equilibrium is established.

To start up the second core, a small amount of D2O is

purchased which is equivalent to the quantity held in the unprocessed

accumulated primary-coolant bleed from the first core operation. This

quantity is given in Section 4.5.2. Once in operation, the distillation

columns can continue until the end of the plant life. If two or three

unfortunate upsets per core life disturb the distillation column operations

enough to drop tray inventory and to necessitate the re-establishment of

equilibrium concentrations, enough allowance is provided in the plant
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capacity to overcome the loss in production time.

Operation of the reconcentration plant at the end of a core

life is not interrupted and does not differ from operation during any other

period.

4.5.4 Venting of D20 and Tritium

The maximum design air leakage into the heavy-water

reconcentration plant is conservatively estimated to be one lb/hr. This

air (saturated with water) leaves the vent condenser of each of the two

reconcentration columns at approximately 80 F and 80 mm Hg. Two

vacuum pumps compress this air to a point slightly above atmospheric

pressure. At this point, the water content of the air is 0.3 lb per lb of

air. The air is then chilled to a maximum temperature of 50 F to remove

0.29 lb of water per lb of air passing through the coils.

The cooling unit consists of a simple refrigeration cycle

with a thermostat cutout switch based on the exit air temperature. The

required capacity of the unit is about 500 Btu/hr with an air flow of

approximately 0.5 cfm. The smallest available unit (1/4 hp capable of

removing 3000 Btu/hr) is used.

Heavy water is lost in the one lb/hr air stream which leaves

the cooling coils at atmospheric pressure and saturates at 50 F. Since

the water in the air stream contains only 5 % heavy water, this loss

amounts to about 3.6 lb of heavy water per year. (See Section 4.2.12.)

The recovered condensate is returned to the atmospheric drain tank.

The tritium concentration of the effluent from the cooling

coils is a maximum of 6 X 10~4 microcuries per ml of air, based on a

maximum tritium activity of 0.6 curies per lb of pure heavy water. This

activity is reduced to a maximum of 1.6 X 10~7 microcuries per ml of

air before it is vented to the atmosphere.

A 300-lb container of chemical adsorber (molecular sieve)

is sufficient to maintain a - 90 F dew point for one year. The used

adsorber is discarded and is replaced with a fresh adsorber. Before

the adsorber is discarded, the tritium content may be released to the

stack by purging the adsorber with steam.

The total activity vented to the atmosphere in one year

(except that sent to the stack) is about 500 microcuries. The total activity

vented to the stack is about 1.5 curies per year.
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4.6 Fuel Handling System

4.6.1 Introduction

Refueling takes place every 790 calendar days based on a

plant load factor of 0.8. At this time, the plant is shut down, and the

entire core is replaced with fresh fuel elements. It is estimated that a

complete refueling operation requires approximately one week of plant

shutdown time.

A transfer cask removes the spent fuel elements from the

reactor vessel and transports them to a water filled storage pit located

outside the containment vessel. After a cooling period, the spent elements

are loaded into lead-shielded shipping containers which are then loaded

onto freight cars for shipment to a chemical reprocessing plant.

New fuel elements are received by rail or truck and are

stored in the new fuel storage building. This building is large enough to

store the total number of fuel assemblies for a complete core refueling

plus spare elements. The foundations and the floor slab are reinforced

concrete founded on soil. The superstructure walls are concrete block,

and the roof consists of prestressed double-tube concrete slabs with tar

and gravel roofing. A 16-foot wide X 12-foot high rolling steel door

provides for truck access.

4.6.2 Design Considerations

Refueling procedures for the SSCR are similar to those used

for a light water PWR. However, the presence of D2O and traces of

tritium in the primary coolant impose several design and operating re-

quirements for the fuel handling system. DZO inventory and losses must

be minimized. The temperature of the exposed liquid surface in the

opened reactor should be as low as is practical (to minimize vapor losses

of D2 O and of tritium oxide), and adequate ventilation must be provided to

reduce tritium oxide concentration in the containment atmosphere.

The transfer of spent fuel elements from the reactor to the

fuel storage pit by a transfer cask, rather than by handling in a canal or

transfer chute, is done to limit D2O losses and to eliminate the additional

D20 inventory which results. Complications in the design, as well as

additional costs for valves or locks to isolate primary coolant from canal

or fuel storage pit water, are also eliminated by using a transfer cask.
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Various features of the SSCR inherently minimize the prob-

lems of D2 0 loss and tritium loss in the containment atmosphere. The

D2 0 concentration in the primary coolant is only 2 mole % at shutdown for

refueling, and the amount of contained D20 in a given weight loss of primary

coolant is therefore quite low. Similarly, the weight of contained tritium

is low since the concentration of tritium oxide tends to be proportional to

the amount of D2 0 in the primary coolant. During refueling, the amount

of tritium oxide contained in the atmosphere around the reactor is well

below the tolerance levels. To ensure low tritium levels, a portable air

exhausting system is installed during fuel removal and replacement to

sweep the water surface while the reactor vessel is open to the contain-

ment vessel atmosphere.

4.6.3 Refueling Procedure

Figure 43 shows the fuel handling equipment in position over

the reactor. Following reactor shutdown, primary system cooling and

depressurizing, and a period of containment vessel purging and ventilation,

the equipment access hatch in the containment vessel is removed and the

equipment required for refueling (stored outside the containment) is brought

inside. The control rod drives are uncoupled from the control rods, the

drive shafts are raised to the full out position, and all control and service

connections to the control rod drives are disconnected. All control rods

remain in the core. The reactor head insulation cover is then removed,

and a stud tensioner is used to relax 42 of the 48 reactor head closure studs

by running the studs out until approximately five threads remain engaged.

The few remaining turns of thread engagement are run off manually. Seal

plugs are placed in the 42 vessel flange stud holes to protect them against

dirt and water.

Next, the seal weld cutting machine is installed on the vessel

head flange. Prior to starting the seal weld cutting operation, one of the

remaining six studs is relaxed and is retracted. The seal weld cutter is

started and the relaxed stud is replaced after the cutter passes. As the

cutter nears each stud, the stud is retracted and then is replaced after the

cutter passes. After the seal weld membrane is cut, the seal weld cutting

machine is transported to the head storage and maintenance area for use

in performing later head maintenance operations. The six remaining

reactor closure studs are then uniformly unloaded and removed, and two
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head guide shafts and three head lifting eyebolts are installed in the vacant

stud holes. Before the polar crane lifts the reactor vessel head, it is

raised slightly by special jack screws. The head is then lifted from the

reactor vessel and is transported to the head repair and storage stand by

the polar crane.

Next, the reactor vessel extension tank is placed on the

reactor vessel flange, and light water is pumped into it until the extension

tank has been filled to within 3 inches of the top of the tank. The portable

exhaust air duct is connected and is placed in operation to maintain min-

imum tritium and other air borne activity in the atmosphere over the

reactor vessel. The water in the reactor extension tank provides the

additional shielding required over the core to permit continuous personnel

access. The upper plenum chamber assembly (Section 4.2.4) is then

lifted out of the reactor vessel, allowed to drain, and is placed in the

storage pool. Then, two rails are installed over the reactor vessel.

These rails completely span the reactor extension tank opening and sup-

port a trolley which is a simple support structure on wheels used to sup-

port and index the fuel element transfer cask. Two right angle indexing

scales are marked on the bridge rails and the trolley carriage to define

the position of each fuel element. The procedure is to roughly index first

by using the indexing scales on the bridge and trolley carriage, and then

to fine index by using closed circuit television and submerged lighting.

After the trolley rails, the trolley, and the fuel element transfer cask

are installed, the removal of spent fuel elements may begin.

Fuel element removal is a remote operation. Personnel

are permitted on the operating floor while the fuel element transfer cask

is being positioned and indexed and before a spent fuel element is raised

from its position in the core. All personnel are required to leave the

operating floor when the fuel element is lifted into the transfer cask and

is being transported to the reactor internals storage pit. During this

period, operations are controlled remotely from the shielded refueling

control area above the operating floor by closed circuit television.

Spent fuel elements are transported to the reactor internals

storage pit inside the transfer cask, and are lowered through an under-

water vertical transfer chute into the fuel transfer dolly. The dolly trans-

ports the element to the spent fuel storage pit by using a submerged

tunnel.
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The transfer cask (a lead shielded design) uses a water spray

to maintain reasonable fuel element temperatures during fuel transfer.

Spray water may be recirculated through a cooler or may be held up in a

retention tank. Double hoists enable the fuel element to be raised and

lowered if a hoist failure occurs. Cask internals are designed with

smooth or rounded guiding surfaces to eliminate the possibility of fuel

element hang up within the cask.

After removing all spent fuel elements, the reactor vessel

and primary system are drained by using drain lines connected to the

lowest part of each loop. Residual fluid in the reactor vessel is removed

by using the reactor drain eductor. At this time, it is desirable to install

a vented polyethylene cover over the extension tank prior to refilling

with high concentration D20 to reduce the evaporation surface exposed to

the containment vessel atmosphere. The primary system is then refilled

with a borated 78 mole % D20 solution, and new fuel elements are brought

into the containment vessel by using the fuel transfer dolly and the under-

water tunnel. After filling, the polyethylene cover is replaced with

plastic floats (similar to those used for volatile fluids in the chemical

industry) to facilitate loading operations while a small evaporation surface

is maintained. Certain floats incorporate glass windows for viewing.

Ventilation is continuous during these operations. New fuel elements are

loaded manually (since they are not radioactive) by using the jib crane

on the operating floor. Control type fuel elements are loaded with the

control rod inserted in the element to provide reactivity holddown during

loading. Each element is numbered to ensure that it is placed in the

correct core location, and each element also incorporates an indexing

pin which mates with a hole in the bottom reactor grid plate to ensure

correct element orientation in the core.

After the loading of new fuel elements is complete, the

refueling equipment and the extension tank are removed from the con-

tainment vessel. The reactor filler block assembly is replaced in the

reactor vessel, and the reactor closure head is replaced, resealed, and

leak tested. The reactor is then ready to start up.

4.6.4 Spent Fuel Storage

The storage pit provides space for two fuel element core

loadings. Concrete surfaces are lined with No. 14 gage-type 304 stainless
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steel. The pit, located next to the containment vessel, is 45 feet wide by

60 feet long (Fig. 44). The substructure walls are 5-foot thick reinforced

concrete and extend from approximately 40 feet below grade to approxi-

mately 2 feet above grade. The water is 37 feet deep at the storage racks

and at the coffin laydown area. The pit superstructure consists of a

structural steel frame with insulated corrugated asbestos siding and steel

roof decking. A tar and gravel roofing is applied over a 1-inch Fiberglas

insulation.

A manipulator crane is provided over the spent fuel pit to

place spent fuel assemblies in storage and to remove spent fuel from

storage to a top loading spent fuel shipping container.

A 60-ton traveling bridge crane is used to transfer the spent

fuel shipping casks from the spent fuel pit to the cask washdown area and

then to railroad cars through the hatch in the fuel pit roof.

The spent fuel removal chute is a vertical 24-inch OD

stainless-steel drop tube connecting the exterior spent fuel storage pit

with the reactor internals storage pit within the containment vessel. A

motor operated gate valve is provided with the drop tube to maintain the

integrity of the containment vessel while the reactor is in operation. A

cable operated shuttle car mounted on rails is in the spent fuel storage

pit to transport a spent fuel assembly under positive control from below

the drop tube to the spent fuel storage pit.

4.6.5 Spent Fuel Pit Cooling System

The spent fuel pit cooling system removes the decay heat

generated by the spent fuel assemblies and the spent resin containers

stored in the pit . This system consists of two 1 5 4 5 -gpm vertical

coaxial turbine pumps mounted in the fuel pit and two coolers and a filter

unit. The second pump is a spare.

The water filter, provided to maintain water clarity, is a

standard cartridge-type unit containing 24 cellulose acetate filter tubes.

The cartridges have a porosity which completely removes particulate

matter of 20 mu and larger. When the pressure drop becomes so excessive

that the capacity is reduced, the filter is shut down and the cartridges are

removed and replaced. The used cartridges are sent to the incinerator in

the waste disposal plant. The cooler is provided with a bypass line so

that water circulation can be maintained for filtering to preserve clarity
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even when no cooling is required. To control algae growth when no

radioactive sources are located in the storage pit, a quaternary ammo-

nium salt solution is added to the fuel storage pit water.

If the activity level of the water in the spent fuel pit becomes

excessive, this water is processed through the waste disposal system at

5 gpm with demineralized water used as makeup. The removal of

activity on ion exchange resin is also possible by using temporary piping

connections to the pipe lines in the resin evaporator bottoms container.

Fuel pit water is circulated through the resin at 50 to 100 gpm.

4.6.6 Shipping Cask

The vertical loading shipping cask, 54 inches OD by 15 feet

high, weighs 75 tons when loaded. At the present time, the weight limi-

tation on the cask is created by the lifting capacity at the assured

Savannah River reprocessing plant. The cask has an approximate 12-inch

equivalent lead shielding and dissipates the decay heat by forced convec-

tion cooling. Casks are loaded vertically in the pool, but they are shipped

horizontally.

The cask has pads which rest on the bottom of the storage

pit. The bottom of the cask is also provided with a trunnion type joint

to transport the cask in a horizontal position on a flat car after loading

and closing. The specially built flatcar is provided with a suitable frame

to enable the crane to lower the cask to the horizontal position by engaging

the trunnions in the trunnion bearings fixed in the frame. Suitable clamps

are provided to keep the cask secured on the flatcar in case of derailment.

The cooling system and power units are all mounted on the same car.
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4. 7 Containment Vessel

4.7.1 Vessel Design

The containment vessel (Figs. 7 and 8) is a 130-ft diameter

steel sphere which surrounds the entire primary system. It prevents

the release of radioactivity to the atmosphere in the unlikely event of an

accident resulting in the release of fluid from the primary system.

Internal design pressure is 36 psig.

The vessel rests directly on a dish-shaped concrete slab

that bears the entire weight of the vessel and its contents. The load is

transmitted to the slab directly through the steel shell of the container.

Approximately 35 ft of the vessel at the lower pole is below grade.

To maintain containment integrity, all vessel penetrations

are designed to be leak-tight. High temperature piping passes through

thermal sleeves, electrical wiring is potted and grouped in conduits, and

all access doors are gasketed. The spent-fuel drop tube is sealed by a

tight shutoff valve. To guard against leakage through improperly closed

doors, the containment vessel pressure is continuously monitored.

After the vessel is finally closed, it is pressurized to about one psig

by the station compressed air system. Thereafter, the differential

pressure system employed for the acceptance leak test is used to monitor

the leakage.

The plate material (ASTM Specification A-300, Class A-201,

Grade B, firebox quality) is a carbon silicon steel of suitable quality for

forming and welding in pressure vessel service. The atmospheric

temperature outside the uninsulated sphere occasionally approaches -25 F

or less, and the shell metal temperatures may be close to the freezing

point during operation. Specification A-300 material is used because of

its low temperature impact value (equivalent to 15 ft-lb Charpy at -50 F).

The containment vessel is designed, built and tested in

accordance with the ASME Boiler and Pressure Vessel Code, Section VIII

(Unfired Pressure Vessels), and Case No. 1272N and its amendments.

Also, the code stamp is applied. In accordance with a special ruling in

Case No. 1271N, the vessel does not have a relief valve. The design

pressure of 36 psig includes the 10% overpressure permitted by Case

No. 1271N-1.
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4. 7. 2 Equipment Arrangement

Figures 7 and 8 show the general arrangement of the equip-

ment within the containment vessel. The three identical primary coolant

loops, including the steam generator, the pump and the block valves,

extend radially from the reactor vessel. These loops are arranged within

a right circular cylinder which serves as the secondary biological shield.

Access to the containment vessel is through a 7 foot,

2 inch ID personnel air lock. From inside the vessel, all enclosures

are accessible from the charging floor which is 8 feet above the center

line of the vessel. A 17-foot ID equipment access hatch is provided for

initial installation and for removal of the reactor vessel, steam generators,

pumps, valves, and piping for the primary coolant loops.

The high-pressure primary coolant filters are installed in

shielded compartments above the charging floor and are arranged so

that radioactive filter beds in encapsulated form can be discharged

through the spent-fuel handling system.

The quench drum for pressurizer safety valves is installed

in the space below the pressurizer inside the loop enclosure.

A 150-ton polar gantry crane is used to handle the reactor

head and core holddown structure, to handle new fuel, and to remove

mechanical equipment for maintenance. It is sized to handle the reactor

vessel (after suitable cribbing) and the steam generators during and

after erection.

4.7.3 Shielding

A neutron-shield water tank surrounds the reactor vessel

in the region of the core. The reinforced concrete structure surrounding

the neutron shield tank, together with the water in that tank, serves to

attenuate radiation from the reactor to the level of the radiation emanating

from the primary coolant and the auxiliary systems during operation.

A shielded room is provided primarily for the use of the operator during

refueling. A specially designed portable shielding window is installed

during refueling operations. (See Section 4.6.3.)

The shield tank is filled with demineralized water containing

a corrosion inhibitor. A surge drum is mounted above the tank to

maintain the shield tank full of water and to accommodate shield-water
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thermal expansion and contraction. Cooling coils in the shield tank

maintain the shield water temperature below 170 F. (See Figs. 35 and

37.)

The secondary concrete shield, which surrounds the entire

reactor plant within the containment vessel, maintains the reactor and

primary coolant radiation at the design level. The cylindrical side

portion of the shield extends up from the base structure and supports

the charging floor and the polar gantry crane located above the reactor.

The floor above the primary coolant system also serves as shielding to

attenuate skyshine during full power operation. Shielded penetrations

are provided in the primary and the secondary shields for piping and

instrumentation. These penetrations also vent those vapors resulting

from flashing primary coolant in the unlikely event of a major loss of

the primary coolant. The overall shielding design assumes that the site

will be in a rural location.

4.7.4 Ventilation and Services

Facilities are provided for heating, cooling, and purging

the containment vessel. (Facilities for recovery of heavy water in the

containment air are described in Section 4.7.6.) The equipment consists

of four air recirculation fans equipped with suitable cooling and heating

coils and the necessary ducts. Each fan discharges to a ring header

from which duct branches extend inside the secondary shield. The air

discharges through openings in the shielding for recirculation. A motor

operated damper, provided for each fan in the duct connection to the

ring header, is arranged so that it closes when the fan motor is

de-energized to prevent the reverse flow of air through the inoperative

fan.

Heat transferred from the equipment and from the atmosphere

to the air within the containment vessel is removed from the recirculated

air by cooling coils at the inlet of each fan. The design bulk air temper-

ature within the containment vessel is 120 F in the summer and 50 F in

the winter. During summer operation, cooling water at a maximum

temperature of approximately 75 F is circulated through the air cooling

coils and is discharged to the North River.

When the reactor is operating, the containment vessel is

not accessible and no outdoor air is introduced for ventilation.
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Heating coils using low pressure steam are installed in

the duct branches which serve the space between the vessel shell and

the secondary shielding. During winter plant shutdown, these coils

operate at full load to offset heat losses through the vessel shell. During

reactor plant operation, these coils supply the heat required to maintain

the design temperature between the containment vessel shell and the

secondary shielding.

The air dilution and containment vessel purge fan exhausts

the air from the containment vessel interior before and during main-

tenance operations. The system has a nominal capacity equivalent to

one air change per hour. Following complete plant shutdown, outside

air is introduced into the containment vessel interior where it is

exhausted by a fan located in the auxiliary building and is then discharged

to the primary vent stack. The normal auxiliary building exhaust system,

which also discharges to the vent stack, provides dilution air. If

necessary, provisions are made to dilute the purge exhaust air with

outdoor air prior its discharge to the stack to control the level of

activity due to possible leakage of the primary coolant into the contain-

ment vessel air space. An air radiation monitor tests the air within

the vessel during normal and purge operations. Provisions are made to

permit future filter installation to remove particulate activity following

an incident. Steam coils are provided to heat purge air introduced into

the containment vessel during cold weather.

Except after an accident, the leakage of primary coolant

and gas into the containment vessel atmosphere is small. This is true

when the relief valves, the control rod drives, and the pump seals leak

into a closed system. The containment.vessel air after normal shutdown

is expected to be exhausted into the atmosphere with little outdoor air

dilution required.

A 150-foot high primary vent stack, adjacent to the

auxiliary building and the containment vessel, is high enough to cause

emitted gases and vapors to clear the nearby buildings. This stack

discharges gases and vapors which are potential sources of radioactive

contamination but which usually have an activity below measurable level.

The discharge gases are monitored as they pass up the stack. The

quantity of outside dilution air is adjusted to maintain the activity below

maximum permissible concentrations for restricted areas. This is done
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by adjusting the dampers in both the purge air inlet and outdoor dilution

air inlet. An alarm is provided to signal a high activity level.

Duct connections on the containment vessel to the purging

system are provided with normally closed, manually-operated tight

rubber-seated butterfly valves which are open only during the purging

ope ration.

4. 7. 5 Heavy Water Recovery From Air

Two mechanical dehumidifiers (each having a 5-hp refrig-

erant compressor) and a humidifier to supply diluent water vapor to the

containment vessel free space, are used to recover heavy water from

the containment air. Recovering the heavy water from the air also

reduces the tritium content in the air and provides a safe environment

for personnel during maintenance and refueling operations. Figure 35

shows the flow diagram outlining the operation of these units.

Leaking primary system coolant, which vaporizes into the

free space of the containment vessel, is diluted with vapor from the

humidifier by using feed water from the overhead product of the heavy-

water reconcentration plant. This feedwater contains 0.5 mole % DzO.

One third of one % of the air from the main recirculation fans is passed

over cooling coils to remove some of the water vapor. The condensate

is drained to the atmospheric drain tanks to be used as feed for the

heavy-water reconcentration plant. Two dehumidifying units are supplied

to compensate for equipment failure and to provide extra capacity for

non-scheduled shutdowns.

After the containment vessel is sealed from the outdoors

during startup, 870 cfm of air from the outlet of the main recirculation

fans is drawn into each of the two dehumidifying units through self-

contained blowers. Both units operate until the containment vessel

atmosphere reaches a dew point of 45 F. At this point, one unit is

shut down and the other is maintained in continuous operation thereafter.

To recover the heavy water in the vapor, the condensate

is discharged into the containment vessel drain header. Air in the

containment vessel at maximum design conditions of 120 F dry bulb and

80 F dew point can be reduced to a dew point of 45 F at a dry bulb

temperature of 120 F in five to six days. Thus, 1, 250 lb of water will
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be removed from the air. A dew point of 51 F is reached in three days,

and 1,075 lb of water are removed from the air.

With one unit, a dew point of 45 F or lower is maintained

in the containment vessel. At the maximum design condition of 120 F

air temperature, each unit in conjunction with the containment-vessel

ventilation system can remove 4 lb of water vapor per hour from the

air to maintain this dew point. A thermostat, placed at the outlet of

the dehumidifying units, is used to maintain the containment-vessel

air dew point at 45 F by controlling the water flow to the humidifying

unit.

The air is humidified with the overhead product of the

heavy-water reconcentration plant since this water is to be recycled with

the total primary-system coolant inventory. In this way, the total

primary-system coolant inventory does not increase with time; other-

wise, water containing 0.5 mole % DzO would have to be removed

periodically. During normal operation, the additional feed rate to the

heavy-water reconcentration unit is 4 lb of water per hour.

In Section 4. 2. 12 , the leak rate of primary system fluid

is estimated to be about 1,674 lb of fluid per year. Of this, approxi-

mately 725 lb/yr (0.08 lb/hr) are leaked into the containment vessel.

Since the concentration of heavy water in the primary coolant varies

over the life of the reactor core, the concentration of heavy water vapor

in the containment vessel air also varies. Figure 45 shows the amount

of heavy water in the containment vessel as a function of core life for

a leak rate of 0. 1 lb of primary coolant per hour to the air at a dew

point of 51 F. The curve assumes that the total water content in the

air is maintained at a constant level by the dehumidifying equipment.

A comparison is drawn in this figure showing the effect of adding 3. 9

lb/hr of diluent water vapor to the air, thus reducing the maximum

heavy water content from 225 lb to 10 lb. The actual amount of diluent

added will depend on the losses of heavy water experienced during

operation. At the end of core life, the heavy water content in the contain-

ment vessel is less than one lb. The proposed dehumidifying equipment

is capable of maintaining a dew point of 45 F at a dry bulb temperature

of 120 F while processing 4 lb of water per hour.
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If a large leak of primary coolant occurs, the humidifier

flow may be increased and both dehumidifiers will be put in operation.

With a diluent bleed rate of 20 lb/hr, the heavy water concentration in

the containment vessel may be reduced by a factor of two in approximately

20 hours. With the reactor shutdown,. the temperature of the containment

vessel air is reduced. This further increases the effectiveness of the

dehumidifying equipment because the sensible heat load is lowered.

4.7.6 Tritium Concentration in Air

Tritium is formed in the primary coolant by neutron

absorption in deuterium. It is also formed by neutron absorption in

lithium which is added to the primary coolant as 5 ppm of lithium

hydroxide to control pH.

The concentration of tritium in the primary coolant

gradually increases with time. Saturation activity is estimated at 872

microcuries per ml of pure heavy water at reactor operating conditions,

but this value is reached long after the expected lifetime of the reactor.

The tritium activity in the primary coolant is also dependent on the

concentration of D2O in the coolant because the distillation plant separates

the tritium together with the D2 O. Assuming a maximum activity of

1,000 microcuries per ml of heavy water, the maximum activity in one

lb of pure heavy water is approximately 0.6 curies. However, at the

end of the fuel cycle when refueling takes place, the activity is only

0.012 curies per lb of primary coolant.

The maximum permissible tritium concentration in air for

a 40-hour work week in a restricted area is 5 x 10-6 microcuries per ml,

but the containment vessel may be occupied for inspection or maintenance

for about one hour per day per man when the concentration of tritium in

the containment vessel air is as high as 5 X 10-5 microcuries per ml.

If it is necessary to enter the containment vessel when the tritium concen-

tration exceeds 5 X 10-5 microcuries per ml, the average occupation

time must be reduced or plastic suits with separate air supplies should

be used. For extensive maintenance operations or refueling, the contain-

ment vessel is purged to reduce the tritium activity to at least 5 X 10-6

microcuries per ml.
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Using these concentrations, the maximum permissible

amount of heavy water in the containment vessel is given in the following

table.

Allowable D 2 O in

Concentration Containment Vessel, lb

Type Microcuries After After At
Access per ml 10 Yr 20 Yr Saturation

Restricted 5 X 10-6 0.8 0.55 0.24
Area

Limited 5 X 10-6 8.0 5.5 2.4
Maintenanc e

When the reactor is refueled at the end of 10 years of opera-

tion, there is about one lb of D 2 0 in the containment air. Therefore,

personnel can have access to containment for a 40-hour week without

protective clothing. For refuelings during the first 10 years, the

tritium is of a lower concentration and is of less concern.

Inspection of the above table and Figure 45 indicate that

access to containment without protective equipment is permissible over

the life of the plant. The duration of access depends on the time during

core life, the number of years of plant operation, the amount of diluent

water added to the containment air, and the amount of purging by the

ventilation system.
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4.8 Auxiliary Building

The auxiliary building is approximately 60--feet wide by 116 feet

long (Fig. 46). The building is one story high except for the east end

where a second story is required to house the tall waste disposal

equipment, the large air dilution fans, the containment vessel purge

fan, and the ventilation supply equipment. The exterior walls are

hollow-block concrete masonry filled with concrete where shielding is

required. The roof is a prestressed double tee concrete-slab construc-

tion with tar and gravel roofing except in areas requiring shielding.

These shielded areas are of poured concrete slabs with tar and gravel

roofing. Local shielding permits equipment maintenance while the

plant is in operation.

This building houses both radioactive and nonradioactive equip-

ment. The radioactive or potentially radioactive equipment is in

several shielded rooms or compartments. The floor of the compartment

housing the gas stripper and the evaporator, and the area in which the

incinerator and the drum handling equipment are located, is 7 feet

below the general floor grade to accommodate tall items of equipment.

A sump tank below the basement floor collects floor drainage, laboratory

drains, and decontamination pad drain. The control board and the motor

control center are in the control room near the east end of the building.

An area in one corner is used for storing drums of combustible waste

and for drumming small parts and evaporator bottoms in ready-mixed

concrete. A piping trench extends from the side of the building to the

center and joins with a trench which runs underneath the central corridor

the complete length of the building. These trenches have removable

concrete covers for servicing both radioactive and nonradioactive

pipelines. The component cooling-water heat exchangers and the surge

drum are on the roof of the building.

The decontamination pad outside the south side of the building

permits large pieces of equipment to be contaminated before they are

taken to the machine shop for repairs.
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The exhaust system provides 10 air changes per hour to dilute

hydrogen which may be released from certain compartment housing

fluids containing hydrogen. Air flow, from the adjoining spaces into the

compartments containing this equipment, prevents possible diffusion of

hydrogen throughout the entire building. The exhaust system also

removes the heat liberated from various pieces of equipment to maintain

local temperatures no higher than 104 F. The two exhaust fans (one a

spare) discharge to the primary vent stack.

The sample sink enclosure in the contaminated sample cubicle is

exhausted to the primary vent stack by a fan through high efficiency

filters. This keeps the radioactive particulate matter from dispersing

into the atmosphere.

Appropriate ventilators, unit heaters, and roof exhaust fans main-

tain comfortable air temperatures in the building at all times during the

year.

Condensate from the building heating equipment and from the

containment vessel purge system air heaters is collected in the condensate

return units, and is pumped to the main condensate return system.

A toilet room with a water closet, a lavatory, and a shower is

provided for the personnel working in and around the building. Sanitary

drainage is conducted to the yard sanitary sewer system. Roof drainage

is collected and is piped to the yard storm drainage system.

Fire protection in this building is provided by portable equipment

and by two fire hose racks.

4.9 Turbine Generator Plant

4.9.1 General

The turbine generator plant includes moisture separation

and main steam reheat to increase cycle thermal efficiency. Steam

from the three steam generators is admitted at 764 psia to the high

pressure turbine cylinder, and exhausts through moisture separators

with integral main steam reheaters in which the steam is raised to

within 25 F of the initial temperature. The reheated steam then expands

through the low pressure turbine cylinders to the main condenser. At

full load, the reheated steam admitted to the low pressure turbine cylinder

contains approximately 120 F superheat. The reduction of moisture in
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the low pressure turbine results in an increased stage efficiency and

minimizes turbine blade erosion.

The turbine exhausts to a surface condenser from which

condensate is returned to the steam generators by the condensate pumps.

These pumps discharge through the air ejector condenser, the gland

steam condenser, and four stages of regenerative feedwater heating.

The boiler feed pumps take suction from this train of equipment and

discharge to the three steam generators. The heaters, which are all

of shell and tube type construction, use steam extracted from three

points in the low pressure turbine and from the turbine crossunder

piping. Deaeration is effected in the condenser.

The turbine generator plant is a semi-outdoor design.

(See Figs. 47, 48, 49, and 50.) The turbine generator unit and some of

the feedwater heaters are located outdoors on an open deck. The turbine

generator unit is lagged weather-tight and has a walk-in enclosure at

the turbine end. A 100-ton overhead gantry crane serves both the

turbine and the generator. The remaining turbine generator plant equip-

ment is located indoors.

4. 9. 2 Main Steam System

The main steam system (Fig. 51) consists of three steam

generator leads, an equalizing header, four turbine leads, four reheater

connections, a turbine steam bypass line, and an auxiliary supply to the

air ejectors, to the turbine gland seals and to the building heating system.

Each steam generator lead has a 20-inch OD and contains two safety

valves, a flowmeter, sampling, vent and drain connections, and a

stop-check valve.

The equalizing header has a 36-inch OD, and the four lines

to the turbine throttle valves each have an 18-inch OD. Each lead to

the turbine contains a hydraulically operated main turbine throttle or

stop valve, and a steam admission control valve is mounted on the high

pressure turbine casing. There is no common steam chest.

The turbine steam bypass line contains an automatic

control valve to discharge steam to the condenser to prevent safety

valve operation on turbine trip out, and to remove decay heat from the

reactor after shutdown. If required, steam can be manually discharged
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directly to the atmosphere from either upstream or downstream of the

main steam stop valves.

Extraction steam piping is provided from the four points on

the turbine to the feedwater heaters. The first, second, and third point

extraction lines contain counterbalanced, free-swing, non-return valves

and shut-off valves. The fourth point extraction lines have shut-off

valves only. Moisture separator drains are provided with positively

closed non-return valves.

4. 9. 3 Turbine Generator

The turbine is nominally rated at 330,000 kw based on

3.5-inch Hg absolute back pressure. When operating at design inlet

steam conditions of 764 psia with 1/4 of one % moisture at 1.5-inch Hg

absolute back pressure, and with the moisture-separator live steam

reheaters and four stages of feedwater heating in operation, the turbine

develops a gross output of 350,070 kw. The tandem two-cylinder, single-

shaft design operates at 1800 rpm. Thelowpressure cylinder is a double

flow design and exhausts to a surface condenser located directly beneath

it. The high-pressure turbine exhaust and the low-pressure turbine

inlet are connected by a set of steam cross-under pipe lines which pass

through the moisture separator-steam reheaters. An intercept valve

is provided in each cross-under line to protect the low pressure turbine

if the turbine throttle or the stop valves fail to close. A set of safety

valves is installed ahead of each intercept valve to relieve pressure if

the intercept valve closes.

High-pressure cylinder exhaust steam is reheated in four

tubular heat exchangers. The reheaters are arranged in four horizontal

shells beneath the turbine operating floor and are 8-feet in diameter by

35 feet long. The shells also include wire mesh demisters for moisture

separation prior to reheating. Drains from the reheaters are pumped to

the boiler feed discharge, and drains from the moisture separators flow

to the No. 1 heater drain tank.

The hydrogen inner-cooled generator is rated 384,000 kva

at 45 psig hydrogen gas pressure, 0.85 pf, 0.64 SCR , 3 phase, 60 cycles,

short circuit ratio
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16 kv , with a corresponding output of 326,400 kw. At 60 psig hydrogen

gas pressure, 0.85 pf, and 0.58 SCR, its capability is 422,400 kva, with

a corresponding output of 359, 040 kw. Hydrogen leakage from the machine

is prevented by sealing the generator glands with oil.

4.9.4 Turbine Oil System

The turbine oil system provides oil for the hydraulic control

system and for lubrication. The main oil pump on the turbine shaft

circulates lubricating oil through oil coolers to the main and the thrust

bearings and to the turning gear. It also provides oil to operate the steam

throttle and the admission valves, the intercept valves, and the oil booster

which supplies oil to the main pump from the oil reservoir.

Motor operated auxiliary pumps are mounted on the oil

reservoir for startup and shutdown requirements and for emergency

bearing lubrication.

4.9.5 Turbine Steam Seals

Where the shaft passes through the casing, the turbine

shaft is sealed against steam out-leakage and air in-leakage by

labyrinth type seals. Steam leaking from the high pressure sections

of the turbine supplies the low pressure seals. The main steam header

supplies sealing steam during startup and shutdown. Gland leakage of

excess steam and non-condensible gas is drawn by motor operated

exhausters to the gland steam vent condenser.

4.9.6 Circulating Water System

Figure 52 shows the circulating water screen and the pump

well. Four traveling screens, two circulating water pumps, three

cooling water pumps, and two fire pumps are in the concrete structure.

An overhead 50-ton crane serves all the equipment in the building.

The traveling screens (each 10-feet wide by 38-feet high)

are protected by stationary trash racks. Wooden stop logs can be

mounted outside of the racks to shut off water flow to any screen that

should have to be withdrawn for maintenance. To prevent frazil ice

formation at the screens, two vertical motor driven. deicing pumps are

provided (each rated 25,000 gpm at 10-foot head) to take suction from

the circulating water discharge seal pit, and to discharge through a mani-

fold into a vertical drop line in front of each screen.
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Two 350-rpm, vertical, mixed flow, motor driven circula-

ting water pumps (each rated 122,000 gpm at 25.0 feet total dynamic

head) are located in the common intake well. Both pumps are necessary

to supply the condenser in normal full-load operation. The circulating

water piping system (Fig. 51) consists of two 84-inch diameter, 3/8-

inch wall steel pipes connected to one side of the condenser inlet water

box, and two similar pipes connected to the outlet box. The outlets

discharge into a seal pit in which a submerged weir is located to prevent

excessive vacuum at the top of the water box at low river stages. An

open flume connects the seal pit to the river downstream of the screen

house intake. Pipes are reinforced externally with steel rings, and

are cement lined and Bitumastic coated on the outside for corrosion

protection.

River water chlorination is not necessary since the water

is sufficiently pure to prevent algae and bacterial slime growth in the

circulating water system. However, space has been provided in the

service building for installation of a chlorination system.

4.9.7 Main Condenser

The main condenser is of the single pass type with a

divided water box. 183,000 sq ft of heat transfer surface is provided

by 22, 100, 7/8-inch OD, No. 18 BWG admiralty tubes (36-feet long)

which are seal welded at both ends. The condenser is 56 feet in over-

all length and 30-feet wide with a steam exhaust connection approximately

27 by 30 feet. The hot well provides about three minutes of storage,

and is equipped with a conductivity recorder to detect condenser tube

leakage. Contaminated water can be discharged to waste.

The condenser reduces the oxygen content of the condensate

to less than 0.01 cc/1. Further oxygen removal is accomplished by

injecting hydrazine further downstream.

The steam jet-air ejector is normally used for air removal

from the condenser. It is a twin element, two-stage unit with common

inter and after condensers, and is rated at 12. 5 cfm free air discharge.

Steam may contain radioactive non-condensible gas if a steam generator

tube should leak. The air ejector effluent is therefore monitored for

radiation and is piped to the primary vent stack. When steam is not

available, a motor-driven reciprocating dry vacuum pump provides air

removal.
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4.9.8 Feedwater System

Figure 51 shows the condensate and the feedwater system.

Condensate is withdrawn from the condenser hot well by two, half-size

vertical centrifugal motor-driven condensate pumps, each rated 4,000 gpm

at 900-feet total head. Condensate passes through the air ejector con-

denser and the gland steam vent condenser, and then passes in two

parallel streams through four feedwater heaters, through the boiler

feed pumps, and into the steam generators.

Each stage of feedwater heating is accomplished in two

separate vertical shells arranged in parallel. Second, third, and fourth

point heater drains are cascaded back to the condenser hot well. First

point drains and the moisture separator drains pass to a drain receiver

from which they are pumped into the boiler feed pump suction. Drains

from the reheaters are at high temperature and pass directly to the boiler

feed pump discharge. The Heat Balance Diagram, Figure 5, shows the

extraction steam pressures and the feedwater temperatures for each

heating stage.

The two first-point heater drain pumps are rated at 1370

gpm each at 115 psi head, and the two reheater drain pumps are each

rated at 1100 gpm at 250 psi head. Each pump is sized to handle the

full load flow.

Two half-size, horizontal, centrifugal motor-driven steam-

generator feed pumps supply the requirements of the three steam gener-

ators in the reactor plant. Each pump is rated at 5,000 gpm of 363 F

water at a total dynamic head of 1, 900 feet. The feed pumps discharge

into a common header from which a 10-inch feed line discharges into the

shell of each steam generator. Each feed line contains a motor operated

shutoff valve, a feedwater flow control valve and isolating gate, and

check valves.

Generally, piping is of carbon steel and valves are standard

gates, globes, and checks. Small water, instrument, and control air

lines are copper.

4.9.9 Auxiliaries

Figure 51 shows the cooling water system. Three cooling

water pumps with discharge strainers are provided in the screen well
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structure to supply plant cooling water requirements for both the reactor

plant and the secondary plant. Each cooling water pump is of the vertical,

centrifugal, submerged suction type rated at 4500 gpm at 150 feet total

dynamic head and is driven by a vertical solid shaft 4 000-v motor.

Compressed air for all plant instruments and controls is

supplied at 100 psi by two 150-cfm non-lubricated, cylinder carbon ring

reciprocating-air compressors located on the ground floor of the turbine

generator plant. Service air is provided by one 750-cfm lubricated

type compressor.

Generally, the instruments and controls in the secondary

plant are of conventional power plant design. Figures 53 and 54 list the

panel mounted instruments and show the panel board arrangements.

Demineralized make-up light water for both the reactor

plant and the secondary system is furnished by the water treating plant.

The plant (Fig. 55) takes raw water from the North River. It has a

nominal capacity of 50 gpm and a maximum output of 100 gpm, and is

arranged for automatic operation. The system includes clarifying and

filtering units, chemical feed equipment, and ion exchange apparatus.

Demineralized water is stored in a 100,000-gal tank.

Chemical feed mixing and storage tanks and pumps are

provided on the ground floor of the turbine generator plant to feed the

water treating additives (hydrazine and morpholine). Controlled quantities

of hydrazine are also fed directly to the reactor plant charging system

to reduce oxygen in the primary coolant during startup. Lithium hydroxide

is added for primary coolant pH adjustment. The main condensate pH

adjusted by the addition of morpholine, and oxygen is scavenged by

hydrazine. These solutions are pumped into the condensate line ahead of

the air ejectors.

4. 10 Turbine Generator Building

4. 10. 1 Structure

The turbine bay (Fig. 47) is approximately 90-feet wide by

188-feet long with an area on the north end to provide for rotor withdrawal.

The foundations and walls below grade are of reinforced concrete and have

a rock foundation. The building is framed in structural steel with rein-

forced concrete floors at the ground and operating levels. The mezzanine

is floored with welded steel grating. Exterior walls, erected to protect
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the equipment below operating level from the weather, are constructed of

painted, nonload bearing concrete block.

A 100-ton gantry crane with a 15-ton outrigger and a 15-ton

auxiliary hook is used to maintain the turbine area equipment. Foundations

are structural steel and reinforced concrete.

The control bay abuts the turbine bay on the west side and is

approximately 39 feet wide by 119 feet long. The building construction

is similar to the turbine bay, except that the roof and the east wall are of

4-foot thick reinforced concrete to protect the control room operators in

the event of a maximum credible accident in the reactor plant.

4.10. 2 Services

The ground and the mezzanine floor grades where the boiler

feed pumps, the vertical heaters, the air compressors, and other heat

producing equipment are located, and the enclosed switchgear room are

ventilated by two vertical axial flow fans located in fan rooms adjoining

the control room at the operating floor level. Plant air can be recirculated

and mixed with outside air to maintain year-round comfort. The lubri-

cating oil storage room is separately exhausted.

A Freon condensing package-type air conditioner, using

service water for condensing, provides refrigeration to air cool the

control room and the adjoining rooms. Air can be recirculated and

proportioned with outside air. An exhaust system serves the toilet room

and other rooms north of the control room. During winter operation,

outside air is heated by low pressure steam coils.

Heat for the control room area is provided by thermo-

statically controlled unit heaters and by finned pipe radiators using low

pressure steam.

Condensate from heating equipment is collected in a receiver

and is returned to the yard condensate system.

Floor drainage is collected in a sump from which it is

discharged by two 50-gpm vertical sump pumps to the yard storm sewer.

Roof and turbine deck drains discharge directly into the storm sewer.

Sanitary drainage from the control room toilet and the kitchenette sink

is piped to the yard sanitary sewer.

Hose stations, roof type hydrants, wet pipe sprinklers, and
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portable extinguishers are distributed throughout the building for fire

protection. Automatic foam-spray piping systems provide fire protection

for the turbine oil reservoir, the oil conditioner and oil piping, the

hydrogen seal oil unit, and the lubricating oil storage room. These

piping systems are actuated automatically from a rate-of-rise pneumatic

fire detection system, or are actuated manually from local control

stations. Water for fire protection is taken from the normally pressurized

yard system common to the entire plant.

4. 11 Electrical

The electrical equipment for the reference design consists of a

generator, isolated phase leads to the main stepup and the station service

transformers, and station service supplies to the auxiliaries.

4. 11. 1 Generator

Station generating equipment consists of one inner cooled

generator rated at 384, 000 kva with 45-psi hydrogen pressure. Generating

voltage is 16 kv, 3 phase, 60 cycles at 0.85 pf and a SCR of 0. 64.

Generator auxiliary equipment consists of a grounding transformer and

resistor for generator neutral ground, a motor driven exciter with

exciter field breaker and rheostat, and voltage regulating equipment.

No generator surge protection is included. The generator has a capability

of 422, 400 kva at 6 0-psi hydrogen pressure.

Sixteen-kv isolated-phase generator leads are provided

from the generator terminals to the low voltage terminals of the main

t ransformer. A tap is provided outside the turbine room wall to the

normal station service transformer. This tap is of the isolated phase

construction and contains a disconnecting link. (See Fig. 56.)

For the purpose of pricing and sizing related equipment,

the main step-up transformer is rated at 415 mva, with a 65 C rise,

16/230 kv, 3 phase, 60 cycles, and is forced oil-air cooled. The trans-

former is connected 3 phase delta, low tension and 3 phase star, high

tension, and lightning arresters are provided on the high tension side.

Since the station is connected to a. single high voltage

t ransmission line, the generator and the transmission line provide the

only two sources of station power. If a simultaneous loss of the generator

and the high line occurs, an emergency diesel generator will restore

- 108 -



limited power. Neither high voltage breakers nor switchyard are

included in the plant capital cost.

Vital loads and spares are divided between sectionalized

buses to insure that bus faults will not prevent the continuity of vital

services.

4. 11. 2 Plant Distribution

The normal station service transformer is rated

12,000/16,000 kva, self-cooled or fan cooled, 16 kv/4160 v, 3 phase,

60 cycles, and supplies one section of the 4160-v bus. Under normal

operation, the transformer operates slightly over one-half the fan cooled

rating, and with supply outage on the other section of the bus, it operates

at full fan cooled rating.

Since the start-up station service transformer is provided

by others, pricing and sizing of related equipment is based on an assumed

rating of 12,000/ 16,000 kva, self-cooled or fan cooled, 230 kv/4160 v,

3 phase, 60 cycles. This transformer normally supplies the second

section of the 4160-v bus, but serves as a startup transformer when the

turbine generator is out of service. When the turbine generator is on

the line, the transformer operates at slightly over one-half the fan

cooled rating. If it is not on the line, it operates at the full fan cooled

rating.

Both the normal and the startup transformers are connected

to the 4160-v bus by the nonsegrated phase, metal-clad bus duct.

All containment vessel electrical penetrations are sealed

to maintain containment integrity. Solid conductors are used wherever

feasible; epoxy resin or rubber sealing compounds fill the spaces between

these conductors.

4.11.3 Switchgear

The 4160-v metal-clad switchgear consists of removable

air-circuit breaker elements, and bus and control elements, contained in

a metal-clad dead-front unit.

The switchgear normally operates with each section fed

from the individual transformers, but if a loss of voltage from either

source occurs, the bus feeder breakers operate automatically to feed

both sections of the bus from a single transformer.
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Two primary pump motors are placed on one section of

the 4 1 6 0-v bus and one is placed on the second section. If a voltage

failure occurs on one bus, at least one pump will continue to run, and

the other two pumps will be restarted immediately by bus-section breaker

action.

There are four 4 80-v unit substations of the dead-front,

metal-clad type, each consisting of removable air circuit breakers and

dry type 750-kva, 41 6 0/480-v, 5 % impedance transformers. Lighting

transformers, motors from 50 to 200 hp, and motor control centers are

supplied from these substations.

The six motor control centers are of dead-front, metal-

clad construction, and contain combination line starters, air circuit

breakers, and control transformers for 480-v, 3-phase motor control.

Some motors have local contactors. The pressurizer heaters are served

by the motor control centers.

A 480-v, 3-phase distribution center with an automatic

throwover is supplied from two separate feeders. This center provides

440-v vital distribution to cam switches for rod drives, control trans-

formers, transformer oil pumps and fans, and safety injection valve

operators.

The 125-v d-c system consists of two 125-v buses with

a bus tie switch, distribution feeders, two battery chargers, two lead

cell batteries, and a battery charging and distribution switchboard. The

two 25-kw diverter-pole type battery chargers are large enough to supply

both buses during maintenance or emergency conditions. One of the two

normally independent 60-cell station batteries operates and provides

back-up protection for certain portions of the steam plant. The other

battery serves the reactor plant in the same way. In an emergency or

during charger maintenance, the two batteries may be tied together

manually.

A 10 kw/120-v, single phase, d-c-a-c inverter runs

continuously from the battery bus and supplies 115-v a-c to the nuclear

instrumentation, the radiation monitor, and the chart drives of the

historical recorders. The required transformer is a 10-kva, single

phase, dry type. It is fed from the 480-v station service bus and is

arranged so that a live transfer may be made.
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4. 11.4 Emergency Electrical Power

A diesel-driven a-c generator, rated at 300 kw, 480 v,

3 phase, and 60 cycles, provides emergency power if a complete loss

of station power occurs. It is sized to operate the pressurizer heaters,

the battery charger, a charging pump for the primary and secondary

systems, and the essential instrumentation and controls not supplied

from the 120-v a-c vital bus. The battery charger maintains the

integrity of one battery and insures the continuous operation of the vital

bus inverter.

4. 11.5 Main Control Board

The main control board centralizes the control of all

vital plant services in the control room. This board consists of three

sections; the reactor, the turbine, and the generator. (See Figs. 53,

54, 57, and 58.)

The board is a combination of a tunnel and a sit-down type

control bench with the indicating instruments and controls on the front of

the board and the historic and startup instrumentation on the back. It is

approximately 32 feet long by 8 feet, 7 inches wide by 7 feet, 6 inches

high.

The radiation monitoring panel and the computer amplifiers

are located in the switchgear room.

The reactor section of the main control board consists of

control rod position indication, the flux level instrumentation, the scram

buttons, and the alarms and controls incidental to nuclear reactor

operation. Amplifiers and recording instruments are mounted on the

back panel.

The turbine section consists of steam generator instrumen-

tation, boiler feed and turbine generator controls and instrumentation,

and annunciators, alarms, and recorders.

The generator section includes generator control switches,

voltmeters, ammeters, synchronizing switches, and station service

controls. Space is provided for the control and instrumentation of high

voltage lines and the switchyard. Line relays are mounted in a relay

house in the switchyard. The station service panel provides controls and

instrumentation for the 4160-v switchgear and the 480-v unit substations.
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4. 11. 6 Services

Lighting is furnished for the buildings and the yard by

using the latest recommendations of the IES as a minimum. Fluorescent

lighting is provided for the office and for the service and control bay

areas. A combination of mercury vapor and incandescent lighting

serves the turbine area. Area and roadway lighting is by mercury vapor

floodlights . Aeronautical obstruction lighting on the top of the primary

vent stack is in accordance with CAA standards. Emergency lighting is

supplied automatically from the station battery.

Four telephone lines in an underground conduit system are

extended from the property line to the power plant building. The tele-

phones, switching equipment, battery, charger, key box, and attendant's

cabinet are leased from the local telephone company. A 25-station

independent internal communication system serves as both a public

address system (or paging system) and a party telephone system. All

control boards and instrument transmitter areas are interconnected by

a sound-powered telephone system.
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4. 12 Site Facilities

4. 12. 1 Service Building Facilities

All necessary facilities are provided for the conduct of

routine operations associated with normal central station operations,

but facilities are not provided at the plant site for abnormal or infrequent

operations nor for such types of work which are beyond the capability of

the power plant full-time operating personnel.

Radiochemistry laboratory facilities are those necessary

to determine gross gaseous, liquid and solids activities (including tritium).

However, no facilities are provided to permit complete radioisotope

identification or any major experimental or developmental work. The

facilities provide for the analysis of mixtures of light and heavy water.

The plant laboratory has facilities to make analyses of

steam generator feedwater, steam, heavy water, cooling and potable

water, fuel, transformer, and lubricating oils. No facilities are

provided for metallographic analyses, but routine qualitative and quanti-

tative analytical work can be performed.

Laundry facilities are not included in this plant. Since

the cost of removing high level contamination from protective clothing

by washing exceeds the value of the garments, they are destroyed by

incineration on the site. Slightly contaminated garments and regular

laundry are shipped to a commercial laundry which is authorized by

regularatory agencies to do this work.

Machine and electrical shop facilities include standard

commercial machine tools, and equipment and instruments to handle

small and medium size components. Major repairs on large items of

equipment will be performed by the manufacturers or by firms with

the required facilities.

The instrument shop contains equipment to repair and

calibrate conventional power plant instrumentation. Radioactivity

counting and detecting equipment is calibrated against certified standard

instruments of the same type or against standard sources. Major

maintenance for meteorological equipment is performed by the equipment

manufacturer or by firms having the required facilities.

Facilities for the health physics group consist of space

for the storage and issuance of portable counters, dosimeters, and film
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badges, and also space and equipment for keeping records. Processing

of film badges will be performed by firms specializing in this service.

A health service room is provided for physical exami-

nations by a visiting physician. This room also serves as a first-aid

room. Medical and general hospital facilities are assumed to be

available at all times in Middletown.

Appropriate administration offices, lunchroom, showers,

lockers, toilets, change room, and a security office are included. All

these facilities are located in the service building. (See Fig. 59. )

Laboratories and offices are air-conditioned. All other areas are heated

and ventilated to maintain confortable and healthful conditions.

Normal wastes are handled by the yard sanitary and

sewer systems, but radioactive laboratory wastes are pumped to the

waste disposal system.

4. 12. 2 General Services

When the reactor plant is operating, heating and utility

steam is supplied from the second turbine extraction point at about 80

psig. When the reactor plant is shut down, utility steam is provided by

three, fire tube package-type, oil-fired auxiliary steam generators each

having a capacity of 20, 000 lb of steam per hour. Figure 60 shows the

utility steam and condensate systems. Condensate is recovered wherever

possible and is returned either to the demineralized water tank outside

the turbine generator building or to a receiver in the auxiliary heating

boiler room. When turbine extraction steam is used for heating,

condensate returns to the demineralized water tank. When the auxiliary

steam generators are operating, condensate returns to their receiver.

An 84, 000-gal oil storage tank above the ground serves

the estimated maximum oil requirements for at least one week (with

some reserve).

Demineralized water is used for the auxiliary steam

generator makeup, and stand-by provisions are made for using service

water. Facilities for limited-batch feedwater treatment are included.

Sanitary sewage is collected in vitrified clay and

reinforced concrete pipes and is conducted to a concrete septic tank

(2, 500-gal nominal capacity) for primary treatment. Septic tank

effluent is distributed through a sewage siphon to an underground
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tile leaching field which has a sand bed and an effluent system.

Figure 61 shows two, electric-motor driven, vertical

turbine-type fire pumps, each rated at 2, 000 gpm at 120 psi. They

are located in the screen well house and take suction from the screen

well. The discharge of the pumps is connected to 10- and 12-inch

underground mains which serve yard hydrants. A valved branch extends

to the interior of the turbine generator building. Valved branches also

serve hose stations in the service building, the auxiliary building, and

the auxiliary boiler room. A pressure maintenance pump, an air

compressor, and a hydropneumatic tank maintain pressure on the yard

mains at all times. Foam protection for the oil storage tank consists

of a fixed induction type foam maker which is connected to the tank and

the foam hydrant and induces foam stabilizer liquid from drums. Fire

pumps are started automatically when the pressure in the yard main

drops. The pumps may be started manually. The entire fire protection

system is designed in accordance with the standards of the National

Board of Fire Underwriters.

Potable water is supplied by a well located on the site

remote from underground sewer and ratioactive liquid lines to prevent

contamination. The water is pumped by a vertical turbine-type pump

to a hydropneumatic tank in the water treatment area of the service

building. The hydropneumatic tank is provided with automatic controls

to start and stop the well pump according to potable water requirements.

4. 13 Safety Features and Accident Analysis

4. 13.1 Introduction

The plant is designed to ensure operation within safe

limits. Besides the inherently safe characteristics of the reactor, a

safety system is provided to initiate shutdown automatically in case of

equipment malfunction or operator error.

The reactor has several negative reactivity effects

which limit the rate and magnitude of potential power excursions. An

increase in coolant temperature decreases the moderating properties

of the moderator coolant and produces a reduction in reactivity. Since

a considerable lag time is associated with the heat diffusion from the

oxide fuel to the coolant, the negative moderator coefficient is

- 115 -



effective principally in limiting relatively slow power excursions.

As the fuel temperature rises, the neutron absorption

in the U-238 resonance regions increases (Doppler effect) and causes

a negative reactivity effect. The negative Doppler effect is important

in limiting rapid power excursions since fuel heating begins immediately

with an upward power excursion.

Since the radial power distribution is very flat in the

SSCR, a power increase into the overpower range promptly initiates

boiling and the formation of voids (due to the steam bubbles) in a large

fraction of the core. The presence of the heavy water and the close-packed

lattice result in a void reactivity coefficient which is more negative than

in light water PWR or BWR cores.

In addition to these three negative reactivity coefficients,

the SSCR has another important characteristic to limit power excursions.

In normal operation, the DzO concentration of the moderator coolant is

adjusted so that only four rods are partially inserted into the core at

full power. Therefore, the maximum power which can be obtained by

complete rod withdrawal is quite limited. In this respect, the SSCR

has a greater degree of inherent safety than those reactors utilizing

control rods to hold down the excess reactivity required for lifetime.

If the reactor is at full power with four rods inserted to 0. 25 of their

stroke, instantaneous rod ejection would cause an excursion in which

the peak power does not exceed approximately 110% of the rated power.

If a complete power loss occurs, the primary coolant

temperature will not rise immediately because the primary pumps

continue to turn for many minutes due to their high moment of

inertia. The mechanical seal pumps used in the reference design have

standard squirrel-cage induction motors with heavy large-diameter

rotors. Therefore, they have a very high moment of inertia (flywheel

effect) and the stored energy is sufficient to turn the pump for a

considerable time.

A spherical-steel containment vessel houses the

entire reactor system, and in case of an extreme but improbable

accident, any radioactive release from the core will be adequately

retained. Therefore, the plant operating personnel and the general

public are adequately protected against contamination hazards.
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4. 13. 2 Rod Withdrawal Accident Beginning in Sub-Power Range

During reactor startup, the core is brought from an

initially subcritical condition to an operating power level. Startup is

accomplished by controlling reactivity insertion so that the power rises

at a reasonable rate. If, during startup, control rod movement continued

to add reactivity faster than is required, a nuclear excursion could result.

Such a condition could be caused by an equipment malfunction or an

operator error.

Both short period and high log N level trip signals are

provided in the intermediate range during startup to protect against any

fast rod withdrawal accident. Two back-up trip signals are provided in

the power range as further protection against startup rod withdrawal.

The trips are the high flux level trip in the power range and the flux-

flow computation trip provided by OIS.

In addition to these safety devices, the Doppler effect

provides a prompt negative reactivity coefficient, Analysis shows that

it can safely stop even the very rapid power rise associated with a

prompt critical reactor. While the peak power could be high, the

duration of this power excursion is so short that the integrated energy

release is not sufficient to damage the core. With this inherent safety

effect, the safety of the core does not depend on the extremely rapid

response of the safety system.

Also, a reactor over-pressure trip is provided to scram

the reactor, and a manual scram is available. Therefore, a rod with-

drawal accident in the sub-power range is extremely improbable.

4. 13. 3 Rod Withdrawal Accident in Power Range

When the reactor is operating in the power range, the

characteristics of a rod withdrawal accident are different from those

in the sub-power range. Although the reactor control system is

designed to prevent such an accident, a withdrawal accident could

occur through an equipment malfunction or an operator error.

If such an accident does occur, the effects of the

negative Doppler coefficient and the negative moderator coefficient

will compensate for the reactivity addition of rod withdrawal and

will limit the rate of power rise to a slow ramp increase. In the
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power range, the amount of excess reactivity available for insertion

is limited to that provided in control rods for maneuvering and short

time shimming. Therefore, the maximum power which can be obtained

by complete control rod removal is limited to a low over-power value.

The safety system stops a power excursion by one of

three different, independent limiting devices. When the reactor exceeds

full power operation by a few percent, the neutron flux level is sufficient

to activate a high flux level scram trip. This causes all rods to be

automatically inserted back into the core, and the reactor will shut

down.

In addition to the nuclear safety devices, two independent

non-nuclear devices are present to scram the reactor. A reactor-

coolant outlet temperature scram signal will initiate a scram if a

predetermined outlet temperature is exceeded. Although the response

time of this device is relatively long (about 3 sec), it will limit

relatively slow excursions. As the primary coolant temperature

increases, the fluid expansion increases the primary system pressure.

If a predetermined maximum pressure is reached, the high pressure

scram signal will initiate a scram.

The probability of a rod withdrawal accident in the

power range is extremely remote. Nevertheless, adequate safety

devices plus the inherent negative reactivity effects of the core

prevent unsafe core operating conditions should this type of accident

occur.

4. 13. 4 Primary Coolant Dilution Accident

If the D 20-H2O primary coolant is diluted with light

water beyond the point required to compensate for normal burnup,

a reactivity addition will result which can increase the power output

of the reactor. Therefore, consideration has been given to the

prevention of over dilution and to the possible effects of such an

accident on plant safety.

To prevent over dilution, interlocks permit the

dilution system to be operated only under certain conditions. Assuming

reactor operation at a steady-state power level, the last group of rods

will move into the core (to compensate for the reactivity added by the

light water) until they are 0. 5 inserted. At this time, dilution
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automatically stops. If the interlocks fail and the rods continue their

downward movement, an alarm sounds to signal the operator to shut

down the dilution system. Dilution is started only by manual action,

but it may be terminated automatically or manually.

As an additional protection against over dilution, the

dilution system is deactivated independently by any scram action.

This keeps dilution from occurring when the reactor is shut down.

4. 13. 5 Cold Water Accident

A cold water accident is an addition of reactivity

through a substantial decrease in moderator temperature. This accident

may occur when the plant is operating at partial load with fewer than

three loops in operation. The severity of the accident depends on the

number of loops in operation and the temperature of the coolant in the

idle loops. Obviously, the maximum condition exists when the least

number of loops is in operation and when the idle loops have cooled to

the ambient temperature of the containment.

When an idle loop is started up, the reactor inlet

valves are not opened and the primary pumps are not started until the

coolant temperature in that loop has reached a predetermined value.

After the reactor outlet gate valve is opened, the bypass on the reactor

inlet gate valve is also opened, This permits a small quantity of

reactor inlet coolant to backflow through the idle loop. Backflow is

continued until the temperature at the monitoring point is within the

predetermined differentials required to deactivate the interlocks.

The pump may then be started and the reactor inlet gate valve may be

opened.

If the interlocks fail or are deliberately overridden

and the cold coolant is introduced into the reactor, a nuclear excursion

will result. Although the exact characteristics of this accident depend

on loop conditions, the general result of a cold water accident is a

power peak which rapidly drops back to a lower power level. If the

magnitude of the power peak exceeds the high flux trip level, the

reactor scrams and the power decreases to the decay heat level.

Even though the instantaneous power may exceed safe steady-state

operating levels, the duration of the power peak is sufficiently short
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so that the integrated energy release does not cause fuel melting or

clad damage.

4. 13. 6 Coolant Flow Reduction Accident

In this type of accident, the amount of coolant flowing

through the reactor core is reduced while the core is producing power.

A reduction in flow may be caused by a loss of electrical power to one

or more pumps, or it may result from a mechanical failure of one or

more of the pumps.

There is a definite safe power-to-flow ratio which must

not be exceeded. If the permissible power-to-flow ratio is violated,

the core may be damaged by boiling burnout. When the plant is operating

in automatic control, the OIS monitors flow and power inputs. If the

permissible power-to-flow ratio is exceeded as a result of a flow

reduction, the OIS initiates control rod action to reduce the power to a

new safe level, or to scram the reactor.

4. 13. 7 Total Loss of Forced Coolant Flow

If all the primary coolant pumps suddenly lose their

electrical power, a rapid reduction in coolant flow would result. The

probability of a complete electrical loss is slight since a reactor plant

generally has more than one external source of power. However, since

this condition is possible, it is necessary to determine the consequences.

The OIS continously monitors flow and power level

inputs, and it initiates scram action if a total flow loss occurs. There-

fore, the power level is being reduced as the coolant flow rate decreases.

Analysis of this type of accident has shown that the fuel element heat

flux during flow coastdown does not exceed that required to produce clad

burnout.

Before the pumps have completed their coastdown,

sufficient coolant density differentials exist to provide adequate core

natural circulation cooling. After flow coastdown has been completed,

natural circulation provides core decay heat cooling until the primary

coolant pumps can be started.

If a sequential pump loss occurs, the OIS flux-flow

computation will determine the action to be initiated. If at any time

during a sequential loss the safe power-to-flow ratio is violated, the

- 120 -



reactor is scrammed to prevent core damage.

4. 13. 8 Loss of Primary Coolant

A loss of primary coolant accident results from a

pipe rupture or from a failure of some component in the primary

system which allows the primary coolant to escape into the containment

space. Light water cannot be used as the makeup fluid because it would

cause a reactivity condition. Therefore, it is necessary to add borated

light water.

A small quantity of primary coolant may seep from

packing glands and seals, but the amount of tritium fission products

and corrosion products released is difficult to detect. Such leakage

may be detected only by indications from dehumidifier collection tanks.

This leakage is not a serious problem, and does not affect plant

operation or constitute a health hazard.

When the amount of a leak is detected by radiation

monitor actuation or by primary makeup requirements, it is defined

as a large leak. If the leakage is sufficient to cause the pressure in

the system to drop below the safe limit, a low pressure scram trip

will initiate scram action and the reactor will be shut down. If the

leakage rate does not exceed the capacity of the makeup system, the

operator can replace the coolant lost from the primary system. However,

if the leak rate exceeds the capacity of the makeup system, the

emergency shutdown and cooling system can supply borated light

water to replace the lost coolant. The capacity of this system is

sufficient to remove decay heat, and the boron concentration is high

enough to keep the reactor subcritical at any time during the core life.

The most severe accident of this type occurs if a

primary coolant pipe ruptures. In this case, the system depressurizes

rapidly and the primary coolant flashes to steam. During this period

of blowdown, the core is adequately cooled, and no core damage results.

However, after this initial blowdown, the coolant level drops below

the top of the core unless additional coolant is supplied. The emergency

shutdown and cooling system is activated by a coincidence circuit which

depends on a large decrease in primary system pressure and a rise in

containment pressure. Therefore, the system will be activated before

the blowdown is complete, and no damage to the fuel elements will result.
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The steam-water mixture that flashes from the primary

system is adequately retained within the steel containment vessel. This

vessel design is based on a postulated accident releasing all the primary

fluid which is considered to be the maximum credible accident possible

in the plant. Core meltdown is not considered a credible accident because

the emergency shutdown and cooling system is available to flood the core.

Therefore, it is not necessary to design for the gross release of fission

products to the containment, nor for a metal-to-water reaction.

4. 13. 9 Radiation Hazard Following Accident

An analysis of an overly pessimistic accident sequence

indicates that the plant area can be evacuated before any individuals

receive more than the allowable accident dose of 25 rem due to direct

radiation. Therefore, no additional shielding above that necessary for

normal reactor operation is required.

The postulated accident sequence is that the primary

system ruptures and the water flashes to the containment vessel.

Radioactive material in the water is uniformly distributed throughout

the containment vessel. Also, some of the fuel melts, and 20% of the

volatile fission products are released and distributed uniformly through-

out the containment vessel.

Figure 62 shows the estimated dose rates for this type

of accident plotted as a function of time after accident initiation.

Figure 63 shows these results in integrated form. However, in any

credible accident, the core would not be uncovered and fission gases

would not be released. Therefore, these dose rates are pessimistic.

With the radiation level buildups shown in the figures,

personnel safety would depend on the speed with which evacuation can

be accomplished. To ensure adequate warning, alarm systems and

public address systems give complete coverage to the site. From

the time warning is given (assumed to be immediately after activity

levels rise in the containment vessel atmosphere), it is estimated

the high radiation areas can be evacuated in most instances in about

5 minutes. During such an accident, it is assumed that reactor

operators remain in the shielded main control room to ensure safe

plant shutdown. They will be able to evacuate safely after about one day.
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4. 13. 10 Operational Radiation Monitoring

Since a controlled area access program and portable

monitors are provided for personnel safety, there are no area monitors.

Continuous radiation monitors are provided for

containment vessel air, blowdown liquid from the secondary side of

each steam generator, primary vent stack gases, air ejector effluent,

and component cooling water.
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4. 14 Health Physics

4. 14. 1 Management

Health Physics samples are collected and radiation

measurements are made by the health physics group.

The major assumptions used in estimating health

physics' man power requirements are:

1. All radiation survey work in the plant is
handled by the health physics group;

2. Commercial services are used for
contaminated laundry, urinalysis, and
film badges;

3. A minimum offsite monitoring program
is conducted;

4. All health physics instrument repairs are

performed by an instrument department or

by outside commercial firms if necessary;

5. Of the five instrument and monitoring
technicians on the direct payroll, the
services of 2. 5 technicians are available
for health physics work;

6. Since some of the health physics work comes
in peaks, allowance must be made for outside

services.

4. 14. 2 Personnel Monitoring

Direct reading dosimeters and film badges are issued

to each person working in potentially radioactive areas. The dosimeters

permit immediate determination of local activity levels, and the film

badges provide permanent records of individual exposure.

Stationary equipment is required at strategic points in

the plant to determine personal contamination. A hand and foot counter

is used at the contaminated locker room entrance. Six rate meters with

portable Geiger tube probes are located at various points in the plant.

These can be used to check for personal contamination and for general

radiation monitoring. Portal monitors are not sensitive enough to

detect the low levels of personal contamination that would be considered

dangerous. However, they are capable of detecting higher levels of

radioactivity and might prevent the removal of a hazardous radioactive

source from the plant.
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4. 14. 3 Air Sampling

Two low volume and two high volume air samplers are

provided. One uses a 4-inch diameter filter paper and pulls a high

volume of air with a vacuum cleaner type of blower. The other is

battery operated and uses smaller papers of 1 to 2 inch diameter and

pulls a small volume of air.

The high volume sampler is useful where a quick-grab

sample is satisfactory. A large volume of air can be sampled in

reasonably short periods of time (10 to 30 minutes). The air flow

through the unit changes as the paper gets dirty. The flow measurement,

which is made by a small rate meter connected to the upstream side of

a series of discharge orifices, is inaccurate. However, for routine

health physics purposes, it is sufficient. In addition, the filter paper

can be counted directly by the portable, low-level beta-gamma Geiger

type instrument.

The smaller filter papers of the battery operated sampler

are readily accommodated in the conventional counting equipment of the

automatic sampler-changer type.

4. 14.4 Area Survey

The "Cutie-Pie" type of instrument is used for high

level survey work because it is an ionization type meter and it is

equally accurate for beta or gamma measurements. Its high ranges

cover most needs, and it is provided with an extension arm to maintain

distance while measuring the localized high radiation fields.

A fast-slow neutron and alpha detector is included to give

some neutron detection capability. However, these instruments are

rarely used. Once the plant has been started, there will be no neutrons

in the area normally entered by personnel when the reactor is in

operation.

For the low-level beta-gamma radiation work, a

Geiger type instrument is provided.

Several beta, gamma, and neutron sources are provided

to calibrate the various radiation monitors and portable survey meters.

4. 14. 5 Counting Equipment

A proportional counter has been selected because of its
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usefulness in assaying low level environmental samples and for aiding in

the health physics assay work, both for gamma and beta contamination.

An automatic sample changer is essential for counting

the numerous smear papers that are collected. One of the best checks

on contamination control measures is to wipe surfaces which tend to

collect dust and see how hot they are. All of this results in several

hundred smear papers per week, and these are handled in an automatic

sample changer provided with an automatic data print-out. The unit

includes a proportional counter as the detection unit.

4. 14. 6 Personnel Protection

MSA dust respirators are provided for personnel

protection. The provision for the needed clean air supply is made

by using portable MSA filters tied onto the plant air supply and provided

with a flexible hose. Two Scott Air Packs are provided for other

emergency needs.

4. 15 Construction Schedule

The construction schedule for the reference plant shown in

Figure 64 indicates that initial power operation will begin 48 months

after authorization. Twelve months of preliminary engineering are

required to develop acceptable plant layouts, machine location plans,

and piping flow diagrams. The start of final design is denoted by "E",
and the succeeding eight months are needed for firming designs, plans,

and specifications particularly for the initial construction phase.

After the order is placed, 26 months are required for the

manufacture and delivery of the reactor vessel. Therefore, the

final design must be available to the reactor vessel fabricator

approximately a year after project authorization.

Active construction begins at the end of the twentieth month,

the 25 months allotted thereafter are needed for equipment delivery

and field operations. Active construction terminates three months

prior to the initial power operation. Erection of the containment

vessel determines the length of the construction period. Both the

lower and the upper half of the sphere will require an estimated

24-week erection period.
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4.16 Electric Generating Costs

4.16.1 Introduction

Detailed electric generating costs showing annual costs

in dollars and unit power generation costs in mills /kwh are given in

Table 23.

The total generating cost is based on a 4,986,000,000-kwh

net generation per core with a core life of 630 full power days, and an

annual load factor of 80 %. Fixed charges are 12.5 % per year for working

capital, heavy water, and land and land rights, and 14.3 % for all depre-

ciating capital costs. The net generation calculation is based on full load

plant efficiency.

4.16.2 Capital Costs

Capital costs, consisting of direct and indirect construction

costs, are summarized in Table 18. Details of direct construction costs

are given in Table 19. The cost data are reported in accordance with

the Classification of Construction Accounts, Nuclear Power Stations,

prepared by the AEC Division of Finance. Section 3 of the Appendix gives

the basis for the cost estimates.

Indirect costs (such as general, administrative, and engi-

neering) were computed as percentages of the direct construction cost.

The percentage values were taken from the Ground Rules in the Nuclear

Power Plant Cost Evaluation Handbook. 1 Interest during construction and

contingency were also computed from percentages in the Handbook.

In one instance, the Ground Rules were modified. The

construction period specified by the AEC is 36 months, but a 48 month

schedule, including preliminary engineering, is more realistic. Therefore,

the interest during construction was increased from 8.3 to 10.8 %.

The total heavy-water plant inventory is 172,000 lb, and the

total cost at $28 per lb is $4, 889, 000 (including 1.5 % interest during con-

struction).

The total capital cost for the reference design is $62, 398, 000

($189 per net kw) including the initial charge of heavy water, the land and

land rights, contingency, and interest during construction.
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TABLE 18

SUMMARY OF CAPITAL COST
330 MWe NUCLEAR POWER PLANT

Account No.

21
22
23
24
25

Direct Construction Cost

Material
and

Description Equipment, $

Structures and Improvements
Reactor Plant Equipment
Turbine Generator Units
Accessory Electric Equipment
Mis cellaneous Power Plant Equipment

Total - Direct Construction Cost

3,143,900
14,088,100
11,715,900

868,300
419,400

30,235,600

Labor, $

2,008,800
1,423,500

809,300
393,300
87,500

4,722,400

Total, $

5,152,700
15,511,600
12,525,200

1,261,600
506,900

34,958,000

Indirect Construction Costs

General and Administrative 8.9%

Subtotal

Miscellaneous Construction Cost 1.0%

Subtotal

Engineering, Design and Inspection
A-E Design and Inspection Services

3,111,000

38,069,000

349,600

38,418,600

4,684,400

43,103,000

13.4%

Subtotal



TABLE 18 (Cont'd)

Description

Engineering, Design and Inspection

Nuclear Engineering

Subtotal

Startup Costs

Subtotal

Land and Land Rights

Subtotal

Contingency

Subtotal

Interest During Construction

Subtotal

D2O Initial Charge Plus 1.5% for
Interest During Construction

Total - Capital Cost

Material
and

Equipment, $ Labor, $

9.9%

Total, $

3,461,000

46,564,000

262,000

46,826,000

360,000

47,186,000

4,718,000

51,904,000

5,605,000

57,509,000

4,889,000

62,398,000

10.0%

10.8%

Account No.

N) 20



Account No.

20
201

21
211

.2

.3

212
212A

.1

.3

.4

.6

212B
.1
.3
.4
.6

TABLE 19

DETAIL OF DIRECT CONSTRUCTION COST
330 MWe NUCLEAR POWER PLANT

Material
and

Description Equipment, $

Land and Land Rights
Land and privilege acquisition

Total Cost, Account No. 20,
Land and Land Rights

Structures and Improvements
Ground Improvements

General yard improvements
Rail roads

Total Cost - Item 211

Buildings
Turbine Deck, including auxiliary bay
and control room
Excavation and backfill
Substructure concrete
Superstructure
Building services

Subtotal - Item 212A

Auxiliary Building
Excavation and backfill
Substructure concrete
Superstructure
Building services

360,000

360,000

195,200
200,000

395,200

16,100
67,700

387,400
87,900

559,100

1,600
24,000
72,200
29,700

Labor, $ Total, $

360,000

360,000

105,200 300,400
100,000 300,000

205,200

24,000
54,300

250,200
59,800

388,300

5,900
34,900
65,900
17,300

600,400

40,000
122,000
637,600
147,700

947,400

7,500
58,900

138,100
47,000

127,500 124,000 251,500

Wj.

0

Subtotal - Item 212B



TABLE 19 (Cont'd)

Material
and

Account No. Description Equipment, $ Labor, $ Total, $

212 Buildings
212C Service Building

.1 Excavation and backfill 900 3,100 4,000

.3 Substructure concrete 14,100 15,100 29,200

.4 Superstructure 90,800 56,700 147,500

.6 Building services 71,300 53,100 124,400

Subtotal - 212C 177,100 128,000 305,100

212D Warehouse
.1 Excavation and backfill 100 500 600
.3 Substructure concrete 3,400 2,000 5,400
.4 Superstructure 6,500 4,000 10,500
.6 Building services 2,100 1,700 3,800

Subtotal - Item 212D 12,100 8,200 20,300

212E Spent Fuel Pit
.1 Excavation and backfill 37,400 35,700 73,100
.3 Substructure concrete 155,900 129,300 285,200
.4 Superstructure 74,500 26,400 100,900
.6 Building services 5,600 3,600 9,200

Subtotal - Item 212E 273,400 195,000 468,400



TABLE 19 (Cont'd)

Material
and

Account No. Description Equipment, $ Labor, $ Total, $

212 Buildings
212F D2 0 Reconcentration and Heating Boiler

Building
.1 Excavation and backfill 100 400 500
.3 Substructure concrete 12,200 10,100 22,300
.4 Superstructure 32,900 14,100 47,000
.6 Building services 85,200 16,900 102,100

Subtotal - 212F 130,400 41,500 171,900

212G New Fuel Storage Building
.1 Excavation and backfill 100 200 300
.3 Substructure concrete 1,100 1,200 2,300

.4 Superstructure 16,500 4,900 21,400

.6 Building services 1,100 700 1,800

Subtotal - 212G 18,800 7,000 25,800

212H Miscellaneous Buildings including guardhouse

.3 Substructure concrete 1,200 800 2,000

.4 Superstructure 2,500 1,500 4,000

.6 Building services 1.,400 900 2,300

Subtotal - 212H 5,100 3,200 8,300

Total Cost - Item 212 1,303,500 895,200 2,198,700



TABLE 19 (Cont'd)

Account No.

218

219
.1
.3
.4
.6

W.A
W'

22
221

.1

.12

.13

.2

.3

.4

.7

Des cription

Stacks

Reactor Containment Structure
Excavation and backfill
Substructure concrete
Superstructure
Building services

Total Cost - Item 219

Total Cost - Account No. 21 -

Structures and Improvements

Reactor Plant Equipment
Reactor Equipment

Reactor Vessel
Vessel
Internals

Subtotal - Item 221.1

Reactor controls
Reactor shielding
Reactor auxiliary cooling and heating systems
Reactor plant cranes and hoists

Material
and

Equipment, $

12,000

57,400
21,500

1,192,000
162,300

1,433,200

3,143,900

1,682,200
910,800

2,593,000

492,000
386,800
269,000
192,500

Labor, $

3,000

57,400
103,500
659,000

85,500

Total, $

15,000

114,800
125,000

1,851,000
247,800

905,400 2,338,600

2,008,800

27,500
4,400

5,152,700

1,709,700
915,200

31,900 2,624,900

2,500
349,100

51,200
5,900

494,500
735,900
320,200
198,400

3,933,300 440,600 4,373,900Total Cost - Item 2 21



TABLE 19 (Cont'd)

Account No.

222
.1
.11
.12

.3

.4

.5

223
.1
.2
.3

225
.1
.2
.3

Material
and

Des cription Equipment, $

Heat Transfer Systems
Reactor Coolant System

Pumps and drives
Coolant piping and valves

Subtotal - Item 222.1

Steam generators
Reactor coolant receiving, supply and

treatment
Reactor moderator auxiliary systems,

including D2 0 reconcentration

Total Cost - Item 222

Fuel Handling and Storage Equipment
Cranes and hoisting equipment
Special tools and service equipment
Spent fuel storage, cooling, cleaning

and inspection equipment

Total Cost- Item 223

Radioactive Waste Treatment and Disposal
Liquid waste
Gaseous waste
Solid wastes

852,900
841,600

1,694,500

4,563,500

787,900

284,300

7,330,200

56,000
243,900

103,400

403,300

284,900
74,200
81,600

440,700

Labor, $

5,400
79,500

84,900

42,500

121,500

31,300

280,200

9,000
9,700

6,600

25,300

55,600
29,000
27,100

Total, $

858,300
921,100

1,779,400

4,606,000

909,400

315,600

7,610,400

65,000
253,600

110,000

428,600

340,500
103,200
108,700

111,700 552,400Total Cost- Item 225



TABLE 19 (Cont'd)

Material
and

Account No. Description Equipment, $ Labor, $ Total, $

226 Instrumentation and Control
.1 Reactor plant control system 350,000 40,000 390,000
.2 Heat transfer systems 98,000 21,000 119,000
.3 Fuel Handling and storage 44,000 10,000 54,000
.4 Radioactive waste systems 24,000 5,000 29,000
.5 Radiation monitoring 40,000 10,000 50,000
.7 Control and instrument piping, tubing and

wiring 135,400 65,500 200,900
.8 Feedwater, steam condensate, and

miscellaneous reactor plant systems 98,000 21,000 119,000

Total Cost -- Item 226 789;400 172,500 961,900

227 Feedwater Supply and Treatment
.2 Makeup water supply 84,300 11,100 95,400
.3 Steam generator feedwater purification

and treatment system 14,900 12,100 27,000
.4 Feedwater heaters 289,800 13,600 303,400
.5 Feedwater pumps and drives 237,700 6,700 244,400

Total Cost -- Item 227 626,700 43,500 670,200

228 Steam, condensate and feedwater piping 558,500 349,200 907,700

229 Other reactor plant equipment 6,000 500 6,500

Total Cost - Account No. 22 -
Reactor Plant Equipment 14,088,100 1,423,500 15,511,600



TABLE 19 (Cont'd)

Account No.

23
231

.1

.2

.4

.5

232
.1
.2
.3
.4

Material
and

Description Equipment, $

Turbine Generator Units
Turbine Generators

Foundation
Turbine generator
Turbine bypass
Lubricating system

Total Cost - Item 231

102,100
9,804,900

6,400
18,500

9,93 1,400

Circulating Water Systems
Pumping and regulating equipment
Circulating water lines
Intake and discharge structures
Fouling, corrosion control and water

treatment systems

337,000
262,600
205,600

13,000

Total Cost - Item 232

Labor, $

105,600
224,600

2,700
12,500

345,400

24,400
113,800
163,300

2,000

818,200 303,500

Total, $

207,700
10,029,500

9,100
31,000

10,277,300

361,400
376,400
368,900

15,000

1,121,700

Condensers
Turbine plant boards, instruments and controls
Turbine plant piping
Other turbine plant equipment

Total Cost - Account No. 23 -
Turbine Generator Units

775,400
103,000

5,500
81,900

81,600
22,000

5,400
51,400

857,000
125,000

10,900
133,300

809,300 12,525,200

232
235
236
238

11,715,900



TABLE 19 (Cont'd)

Account No.

24
241

.2

242
.1
.2
.3

243
244
245
246
247

25
251
252
253

Material
and

Description Equipment, $

Accessory Electric Equipment
Switchgear

Station service

Total Cost - Item 241

Switchboards
Main control board
Auxiliary power, battery and signal boards
Motor control centers

Total Cost - Item 242

Protective Equipment
Electrical structures
Conduit
Power and control wiring
Station service equipment

Total Cost - Account No. 24 -
Accessory Electric Equipment

Miscellaneous Power Plant Equipment
Cranes and hoisting equipment
Compressed air and vacuum cleaning systems
Other power plant equipment

Total Cost - Account No. 25 -
Miscellaneous Power Plant Equipment

222,800

222,800

35,000
41,500
52,000

128,500

4,000
26,500
87,000

330;500
69,000

868,300

169,800
44,700

204,900

419,400

Labor, $

22,900

22,900

5,700
5,800

10,600

22,100

9,700
34,900

131,300
167,300

5,100

393,300

31,500
14,700
41,300

Total, $

245,700

245,700

40,700
47,300
62,600

150,600

13,700
61,400

218,300
497,800

74,100

1,261,600

201,300
59,400

246,200

87,500 506,9 00



4.16.3 Fuel Cycle Costs

Fuel cycle cost computations are presented in detail. The

fuel costs presented below are the same for each fuel cycle since there

is no shuffling or partial core refueling and because the first core opera-

tion is the same as in subsequent cores.(the first core is an equilibrium

core).

The fuel cycle is 630 full power days at 330 MWe, and the

plant load factor is 0.8. The total electrical energy generated per cycle

is 4.986 X 109 kwh. Calculation methods and uranium values are based

on the Nuclear Power Plant Cost Evaluation Handbook of the AEC, revised

July 1961.

The fuel cycle cost breakdown is shown in Table 20.

TABLE 20

SUMMARY OF FUEL CYCLE COSTS

mills /kwh

Net fissionable material 0.65
Core fabrication 0.70
Spent fuel recovery 0.36
Fuel use charges 0.23
Transportation and insurance 0.10

Total 2.04

Sinking fund credit applied to core fabrication, spent fuel
recovery, and transportation 0.04

Total fiel cycle cost 2.00

4.16.3.1 Net Fissionable Material

The net fissionable material cost is the net cost

of nuclear fuel consumed during the fuel cycle. This is equal to the

initial fuel value minus the final fuel value (including plutonium credit).

Plutonium is valued at $9.50/gm. (Although the usually estimated pluto-

nium value is $12.00/gm, the AEC has indicated that it will probably

decrease the price to $9.50/gm in 1962.) The initial fuel value is com-

puted by totaling the values of the fuel at the various enrichments through-

out the core. The following tabulation shows the amount of uranium oxide

required for the various enrichments at the start of core life:
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Enrichment, wt %

1.83
1.87
2.11
2.17
2.21
2.43
2.50
2.71
2.86
3.11
3.16
3.62
4.21
4.71
4.84
5.41

Initial fuel value
Final fuel value (1.92 wt % U-235 average

enrichment)
1. uranium value (752 kg)($7820/kg)
2. plutonium value (404.8 kg)($9500/kg)

Total final value

Net fissionable material cost

$12,973,000

5,88 1,000
3,846,000

$ 9,727,000

$ 3,246,000
(or 0.65 mills/kwh)

4.16.3.2 Core Fabrication

Fabrication costs consist of uranium charges and

manufacturing charges. The manufacturing charge includes the cost of

core materials other than uranium, and the cost of fabricating the oxide

into fuel rods and fuel elements. Uranium charges cover the costs for

conversion of UF6 to UOz; uranium losses during conversion, fabrication,

and scrap recovery; use charges on the uranium from the time of with-

drawal of UF6 to the completion of its manufacture; and transportation

from the AEC to the manufacturing plant. These fabrication costs are:

Manufacturing cost
Uranium charge

Total fabrication cost

$2,002,000
1,497,000

$3,499,000
(or 0.70 mills/kwh
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UO2 , kg

549
457

3340
2287

91
2974
7457
412

5810
412

5032
5307
412

5215
457

5535



4.16.3.3 Spent Fuel Recovery

The following charges are included in the spent

fuel recove:ry cost:

1. reprocessing spent fuel to nitrates,

2. reconverting uranyl nitrate to UF 6 ,

3. converting plutonium nitrate to metal, and

4. losses in both uranium and plutonium during

reprocessing and conversion.

The costs are based on:

1. Final mass of uranium 39,20(

2. Final mass of Pu 404.8

3. Recovery plant costs $17,0(

4. Through-put 975 kg

5. Turn around time 8 days

6. Reconversion of uranyl nitrate
to UF6  $5.60

7. Reconversion of plutonium
nitrate to metal $1500

8. Losses

Uranium 1.3%
Plutonium 2%

The individual costs are:

1. Recovery

(39, 6 11 k g (U + Pu) + 8 days) ($17, 000/day) $826,
\ 97 kgday

2. Reconversion

U: (39,206 kg) ($5.60/kg) $220,(

Pu: (404.8 kg) ($1500/kg) $607,(

6 kg

kg

D0/day

g/day

s

/kgU

/kg Pu

000

000

000

Losses

($5,881,000) + (0.02) ($3,846,000)

Total spent fuel recovery

$153,000

$1,806,000
(or 0.36 mills/kwh

4.16.3.4 Fuel Use Charges

Fuel use charges cover from the time the core

arrives at the reactor plant until it is returned to the Government after

reprocessing. Use charges from the withdrawal of UF6 until the delivery

of the finished core are included in fabrication costs.
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Use charges are based on a plant load factor of

0.8, a total of 5.5 months for cooling, reprocessing, storage, and trans-

portation, and one month on the site before full power operation begins.

During core life (25.9 months), use charges are based on the arithmetic

average of the initial and the final values of the uranium. The rate for

use charges is 4.75% per year (0. 396% per month).

Use charge = 0.00396/month [ (1 month) ( $12, 973,000)+ (25. 9 months)

(12, 973, 000 + 5, 881, 000) + (5. 5 months) (5,88 1, 000)]
2

= $1, 145,000 ( or 0.23 mills/kwh)

4. 16.3.5 Transportation and Insurance

These charges apply to the shipment of spent

fuel from the reactor site to the reprocessing plant, and from the

reprocessing plant to the AEC. Insurance charges are included. A

rate of $12/kg of uranium is based on estimates published in TID-8531,

Costs of Nuclear Power-13, and is applied to the new fuel loading of

uranium.

($12.00/kg U) (40,325 kg U) = $484,000 (or 0. 10 mills/kwh)

4. 16.3.6 Sinking Fund Credit

It is assumed that the electric utility establishes

a sinking fund for the fuel cost components paid at the end of the cycle

(core fabrication for the next cycle, transportation of spent fuel, and

reprocessing). Money received as income from the sale of power and

invested at an annual interest rate of 5% paid semi-annually reduces

these costs by the amount of interest received. Applying the standard

sinking fund factor, the interest income over the approximately two-

year core life is

i= ~- n)i= s 1- nr

(1 + r)n-

where i = interest income received, or sinking fund credit,

s = sum of fabrication, transportation, and reprocessing costs,

n = number of semi-annual payments, and

r = semi-annual interest rate.

The sinking fund credit is $214,000 (or 0.043 mills/kwh).
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4.16.4 Operation, Maintenance and Insurance Costs

The total annual cost of plant operation and maintenance is

shown in Table 21.

The cost of supervision, engineering, technical direction,

and station labor has been determined from a survey of current practice

in operating nuclear power plants. The total agrees closely with that

suggested in Volume 5 of the Nuclear Power Plant Cost Evaluation Hand-

book. Salaries and wage rates are taken directly from the figures in the

Handbook with several minor modifications. The cost of fringe benefits

and payroll taxes for station employees is taken at 20% of the total pay-

roll. A total of 60 operating personnel is estimated. No research per-

sonnel or trainees for other nuclear power plants are included in the plant

personnel.

The annual cost of consumable materials and outside services

is given in Table 22. These costs are developed from estimates of the

quantities required and the current costs of the various materials and

services. Ammonium citrate, potassium permanganate, and caustic soda

are used for decontamination which is assumed to occur once in five years.

Most of the hydrogen is required for makeup to the gas cooled generator,

and the remainder is used for the low-pressure waste gas seal system.

Carbon dioxide is used for purging the generator when it is filled and

emptied of hydrogen.

Annual heavy water makeup has been conservatively estimated

at 1% of the inventory.

Supplementary personnel required to assist in periodic

refueling of the core and simultaneous overhauling of large equipment

(such as the turbine generator) are secured on contract. These outside

maintenance personnel are required for the equivalent of 20 man-months

each calendar year. Cost is based on wages of $8,000 per year per man

plus a 100% allowance for contractor overhead and profit.

The costs of health physics work include the cost of film

badge services and analytical work not normally undertaken by plant per-

sonnel.

Based on costs established by the Ground Rules, the annual

premium for $60,000,000 third-party nuclear liability coverage is $260,000.

A Government indemnification fee of $ 30 per year/MWt amounts to an
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additional $32, 300 per year. All risk nuclear-property insurance covering

fire, electrical damage, explosion or physical breakdown, and radiation

damage (together with a nuclear rider) is included in the fixed charges and

is not itemized separately.

4. 16.5 Energy Costs

The net generating cost of the reference plant is 6. 35

mills/kwh (Table 23). Based on the plant net heat rate of 11, 115 Btu/kwh,

fuel cost is 18.0f per million Btu.

The marked reduction in fuel costs results in a generating

cost which is competitive with a modern combustible fuel fired power

plant of this same size in New England. Table 24 shows the generating

cost of such a coal fired high-pressure plant with furnace reheat, with

a 9,000-Btu/kwh heat rate and a 40 per million Btu fuel cost. In arriving

at the capital cost of the conventional plant, the same ground rules as for

the reference plant were used. Interest during construction, and the cost

of working capital and of land and land rights are included. A contingency

item of 10% of the capital cost less the interest during construction is

used. However, engineering costs and annual operation and maintenance

costs are those of a conventional plant. This plant would cost $ 136 per kw

of the installed capacity, and would have a unit generating cost of 6. 70

mills/kwh.
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TABLE 21

ANNUAL COSTS OF PLANT OPERATION AND MAINTENANCE
330-MWe NUCLEAR POWER PLANT

Number of Annual Salary Annual
Personnel or Wages, $ Expense, $

Plant Management

Station Superintendent 1 15,000 15,000
Assistant Station Superintendent 1 12,000 12,000
Chief Engineer 1 11,000 11,000
Chief Clerk 1 5,500 5,500
Clerk-Stenographer 1 5,200 5,200
Clerk-Typist 1 4,800 4,800

Subtotal 6 53,500

Technical Staff

Nuclear Engineer 1 10,800 10,800
Results Engineer 1 8,000 8,000
Chief Chemist 1 9,000 9,000
Health Physics Supervisor 1 8,400 8,400
Chemist 1 6,500 6,500
Laboratory Technicians 3 5,800 17,400
Clerk 1 4,500 4,500

Subtotal 9 64,600

Operating Staff

Shift Supervisor 5 9,000 45,000
Control Operator 10 7,600 76,000
Auxiliary Operator 5 6,200 31,000
Special Operator 3 6,600 19,800
Instrument and Monitoring

Technicians 5 6,600 33,000

Subtotal 28 204,800

Maintenance Staff

Maintenance Supervisor 1 9,000 9,000
Assistant Maintenance Supervisor 1 8,500 8,500

Mechanic-Machinist 2 6,800 13,600
Pipefitter and Welder 2 6,800 13,600
Electrician 2 6,800 13,600
Instrument Repair Man 2 6,800 13,600

Helper 2 5,500 11,000
Storekeeper 1 5,200 5,200
Laborer 2 5,000 10,000
Janitor 2 4,000 8,000

Subtotal 17 106,100

Total 60 429,000
Fringe Benefits at 20 Per Cent 86,000

Total 515,000
Consumable Materials and Services

from Table 22 235,000
Grand Total 750,000
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TABLE 22

ANNUAL COSTS OF CONSUMABLE MATERIALS AND SERVICES
330-MWe NUCLEAR POWER PLANT

Consumable Materials

Chemicals

Ammonium Citrate
Boric Acid
Carbon Dioxide
Caustic Soda
Hydrogen
Potassium Permanganate
Water Treatment

Heavy Water

Lubricating Oil

Ion Exchange Resin

Spent Resin Containers and Shipment

Waste Disposal Drums, Cement and Shipment

Health Physics Supplies

Materials for Equipment Repair and Replacement

Instrument Charts

Fuel Oil

Subtotal

Contract and Outside Services

Guards

Film Badges

Analyses

Physical Examinations

Urinalysis

Laundry

Health Physics Consultant

Nuclear Consultant Retainer Fee

Maintenance Contract Labor

Subtotal

Total

Costs, $

12,000
1,000

200
1,000

500
2,800
1,500

50,000

3,000

10,000

2,000

15,000

5,000

30,000

5,000

4,500

143,500

22,000

6,000

18,000

1,500

3,000

7,000

2,000

5,000

27,000

91,500

235,000
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TABLE 23

ELECTRIC GENERATING COSTS
(Reference Plant)

Annual Costs, $ Unit Costs, mills/kwh

Fixed Charges

Total Capital Cost
Land and Land Rights
Working Capital
Heavy Water Inventory
Nuclear Liability Insurance

8, 165, 000
45, 000

247, 000
611, 000
292, 000

3.53
0.02
0.11
0.27
0.12

Operating Costs

Operation and Maintenance
Fuel

Total Cost

An 80% operating factor results
with 2.311 X 109 kwh produced

750, 000
4, 622, 000

14, 714, 000

0.32
2.00

6.37

in 7, 008 hours of full power operation
annually.

TABLE 24

ELECTRIC GENERATING COSTS
(330 MWe Coal-Fired Power Plant)

Annual Costs, $ Unit Costs, mills/kwh

Fixed Charges

Total Capital Cost
Land and Land Rights
Working Capital

Operating Costs

Operation and Maintenance
Fuel

Total

6, 410, 000
45, 000

240, 000

460, 000
8, 300, 000

15,455,000

- 146 -

2.78
0.02
0.10

0.20
3.60

6.70



NORTH RIV E P6o

cO INtAKE c ANAa )-

-9-

TRANSMSSION T0\ERA
(s CTNERS)

o 'o

4LO
U0

o0

3

W It I

w fA

5CREENWELL- =

70C DISCNiCANALN 5T0RAGE 
Q

iTAILRO USWITHYARD
_ETCAKNBy OT Es

e $PLNT FUEL I REC DECKSATIO

AUX L A TRA

" \ x8

SECURITY FENCE -

PARKNG TQ E5

RAIL ROAD SPUR A 
X: 6t

90
FUEL OIL
TORAGE TAK

aU >at H ENEW FUEL. STORA4GEBUILDtT
BtDG

{.-- POT ABSL E' WAT E R.
C WE L L

-1'

_____ _ _ - - - - -- - w ---- --- - - - ----- - - - - -- - - - -

0 0 ZOO0 500 .400 500

SCA LE- FtFT

FIG. 3: PLOT PLAN

z0
U-
Ui

n0

o

/ ip

0g

D

I--

TEA0

or

___________ SITE BOUNDARY

SITE AREA PLAN
1000 0 FEET 1000 ?000

REFERENCE
FOR PLANT ARRANGEMENT SEE DWQ 1061q- FY- ZA

330 MWe NUCLEAR POWER PLANT

Spectral Shift Control Reactor

UNITED STATES ATOMIC ENERGY COMMISSION

Stone & Webster Engineering Corporation

December, 1961

HJi a
Pr

U 0

O -W

IL

0

i

y

fi

I

I

i



FIG. 4: PLANT ARRANGEMENT

Cow DlS CANAL
41 RECIRCULAI-01
LINE To tU lE

SEAL P T

RC>A\

SEPTIC TANK WAH

SRAILROADTRAc

y7--

PARK N C,

A RE-A

HOUSE

CANT k

-- F-

s

{

I

i

I

84 CIRCWATE 'DISCH>K$\ - CIRC- \ r YY NT Itl1VWE

-TUR[1 N D"' ECA
MAIN

-_r TRANSFORMER--;
- - 330MYTUKBNEGENERA P- _

-- - -- E P- T -----

- AUJXI LA A l A..--

ER\ tC E

Ed LODG

J4

DISCONNECT SW17CH

NORMAL STA.SERV.
TRANSF"

RESERVE STA.
SERVE. TRANSF

CONTROL ROOM

CAStE ROOM I DEMINERALlZED
WATER STORAGE TANK

ATMOS PHEC

SEALED DRAIN DRAIN TANK5- -- DILUTE HEAVY WATER
TANKS - STORAGE TANK

IT-5A I-l5f 1TK-56 9TK- I A TKE T - -PRIMARY WATER
L L_, L _J L_.-TETTAK

CONTAINM VESSEL DECONTAMINATION PAD T TB
- --- - - ---- -- -C - 15 AP1 GA5SORCAY DISGA13aCA D-tSB HEAVY WATER

-fI TEST TANK

GAS SURGE
DRUM .g ----- HEAVY WATER

STORAGE TANS

/U7LERSNNESPENTLUEL AURSARELTRANSFER - 'AIR l, c.-. 0-1TUNN E LSL DG H-E ATiNGEQUIPMENT REMOVAL GAS HOLDER OILER
/ I ATCT STK 2.0 5S{LOING

SP E NT FUEL OIL
* HEAVY WATER PUMPS

PIT RECONCENTRATION
iAN

- -- - ~ - - r~ >- IC-fi1t
_rr-_

SWITCHYAR fl
(bY OTHE )

Z FUEL OIL
STORAGE TANK

CASK WASHDOWN AREA

NEW FUEL
STORAGE

SLDG

REFREo.ND 
FOAR MI.Of P>.A-4 SEE OWG IOGIC---pIA

100 ISO 2.a

SCALE-FEET

330 MWe NUCLEAR POWER PLANT

Spectral Shift Control Reactor

UNITED STATES ATOMIC ENERGY COMMISSION

Stone & Webster Engineering Corporation

December, 1961

F H

TILE FIELD

.J

ii

uti

I1

C 50
l i I i I

I

i n

E
i

I

I

i

III

i

_ _ _ - .___ _ _ _ _ _. . _ _. _ _



FIG. 5: HEAT BALANCE DIAGRAM
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FIG. 6: PRIMARY COOLANT AND STEAM TEMPERATURES
Vs PLANT LOAD - REFERENCE DESIGN
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FIG. 7: CONTAINMENT VESSEL, PLANS
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FIG. 8: CONTAINMENT VESSEL, SECTIONS
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FIG. 9: REACTOR VESSEL AND INTERNALS, SECTION
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FIG. 10: CONTROL ROD FUEL ELEMENT
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FIG. 11: CORE RADIAL AND AXIAL ZONE ENRICHMENTS
(-R = Average Zone Enrichment, wt % U-235)
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FIG. 12: LOCAL ENRICHMENT DISTRIBUTION
(Schematic Quarter Core Cross Section)
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FIG. 13: RADIAL POWER SHAPE, START OF CORE LIFE
(Normalized to Average Power Density)
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FIG. 14: RADIAL POWER SHAPE, 100 DAYS OF CORE LIFE
(Normalized to Average Power Density)
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FIG. 15: RADIAL POWER SHAPE, END OF CORE LIFE
(Normalized to Average Power Density)
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FIG. 16: TWO-DIMENSIONAL POWER DISTRIBUTION, ALL CONTROL
RODS WITHDRAWN, START OF CORE LIFE

(Normalized to Average Power Density)
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FIG. 17: TWO-DIMENSIONAL POWER DISTRIBUTION, SHIM
RODS INSERTED, START OF CORE LIFE

(Normalized to Average Power Density)
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FIG. 18: TWO-DIMENSIONAL GROSS RADIAL AND
AXIAL POWER DISTRIBUTION

(Normalized to Average Power Core Density;
All Control Rods Withdrawn; Start of

Core Life)
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FIG. 19: ISOTOPE BUILDUP AND DEPLETION
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FIG. 20: INTEGRATED CONVERSION RATIO
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FIG. 22: D20 CONCENTRATION THROUGH CORE LIFE
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FIG. 23: D2 0 REACTIVITY WORTH Vs D 2 0 CONCENTRATION
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FIG. 24: MAXIMUM ALLOWABLE CHANGE IN
D2O CONCENTRATION Vs % DZO

(kff= 0.003)
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FIG. 25: REACTOR VESSEL AND INTERNALS
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FIG. 26: STEAM GENERATOR
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FIG. 29: PRESSURIZER
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FIG. 30: CONTROL SYSTEM EQUIPMENT
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FIG. 31: SAFETY SYSTEM
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FIG. 32: NUCLEAR INSTRUMENTATION SYSTEM
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FIG. 34: OPERATIONAL INTELLIGENCE SYSTEM
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FIG. 41: PRIMARY COOLANT BLEED RATE
AND ACCUMULATION

PRIMARY SYSTEM OR RECONCENTRATION PLANT FEED CONCENTRATION, MOL PER CENT D20
50 40 30 20 10 8 6 4 2 0

--BASES-
PLANT OVERHEAD OR DILUENT CONCENTRATION IS 0.5 MOL/MD20-

RECONCENTRATION PLANT IN CONTINUOUS OPERATION I

LEGEND
V9 = PRIMARY SYSTEM BLEED VOLUME

Vp = PRIMARY SYSTEM VOLUME

-_ _ _0.1

PRIMARY COOLANT BLEED RATE AND ACCUMULATION
330 MW NUCLEAR POWER PLANT
SPECTRAL SHIFT CONTROL REACTOR

UNITED STATES ATOMIC ENERGY COMMISSION
STONE & WEBSTER ENGINEERING CORPORATION

DECEMBER, 196

0.01

PRIARYC200N BEED00E600CCUULTO

300 400

CORE LIFE, FULL POWER DAYS

-J
0

W
Hi
U)

U)

4

0

2

W

Z

I-

W

0
WI
W

U.

-J

L0>
W
I2w

Ir -
0-

z2

0W

W2

0 >

0.01

0.001

0ooo0I

0.00001

100

i

100 200 500 600 700



-45

CONTROL ROD COUPLING

CONTROL ROD EXTENSION

SEALING STRIP
-CONTROL
ROD ANGLE

-- POISON PLATE
POISON PLATE FULL WIDTH
HALF WIDTH

I]1

9'- 3"

.245"TYP K 3.615 TYP

7467 TYP __j

1LL

POISON
SECTION

8'-6"

SECTION Z-Z

z

'K

-

| |.

J ,. ,

.I) l

i

I

C}

i

.:

f [ Ir

'---3-

-CLAD HOLDING DOWELS

I1

0z
H

0

0

L

C7'

0

C)

-A

N)

-A

z'
C

no
S H

Co
0'

Y 

-

Y

V D f

1

I

1
ii

I

;E

1

1

I

i

i;

I

I'

zI



FUEL TRANSFER CASK TOOL
HOIST DRIVE ASSEMBLY

LEAD SHOT SHIELDING

FUEL TRANSFER CASK BODY

FUEL TRANSFER CASK
TROLLEY

It o

CHAIN BASKET

~1 ___

_____________________________________________ 
I

Ii-

F

CAMERA

REACTOR VESSEL

EXTENSION TANK

(7

5.RCTER.
REACTOR VESSEL

-WATER LEVEL

SI

!I FUEL TRANSFER TOOL

-- -4ASSEMBLY

I 'I 'I

IIC

FLOODLIGHT

II-
1 K
/r1

n-ix

c-i

nI

z
H

z

z

16'- 5"

691"4
BRIDGE

-o ,
n

-7 2

-

II

i

'' 1

. , / 77 7---l

i

____

I

- o

I

I

nn
I I

- - I

I

I

I

I I

y I



FIG. 44: SPENT FUEL PIT

* 9 _ _I- -- -

EQUIPMENT REMOVAL
HATCH

-_CONTAIIMEN
T  

\N OAD
VESSEL

SPENT- UEL f-I__ _Y
REMOVAL CHUTE- - ICAS/ r W/V/.5 oH N

!A 3 3B
FuEL PT COOLERS7

It

FJEL PIT FILTER -ti

i-VAPOTMTS - j
RESINCONTAINER -

5PENAT FUEL5HVIhiG CASK

FUEL TRANSFER
DOLLY

-ORAGE

ELEMAE
FOR 22O FUEL

NTS - 2C00C.

Li iI ijj I

s .

4
cI

0

-a

A-
_}

_P

L

r t.TR4CKN

PLAN

K

- R Em O AL H - ,--- --

-ATC_ -- -

VENTILATING FAN

B
ROOF PLAN

_.JA

4/- -

4 roOc5

OUTLINE OFGKPHTRE ON -4 O- CONTAINMENT VESSEL---

_CtLONTANMENT VESSEL

____ - -___-__ Eui~fl -

LA _X3,

-- 90I

/I

REMOVAL LT --

E CTt.4I-N A I-A

SECTION'A-A

-

30- 40 ACE~LoBa So-s 1 I

ca/EiTES.EVEL - E-. FE -0

35 G SU.S -C

i A 3C4 5.5 A D

CaL. ELO'IONT

- r

- I

r _

-- -- - .iri
B. g52

GO TON CRANE

/ H5 S N P UEL
/. PPNG ASK

VEN . ' N CSA

'-IS'T $-SAETVCAGE

II WV- . A

= 01E -VE E 3ST 0 j i.p JIP M- N T

0 V

- - - 'NP-N

TE- E -E ----- - -- -

.... __.. - - ---- +- - - - - --- SCALE-FEET

I UIII

K it
I I l I r-I'

OUTLINE OF SPHERE O
\OF CONAINMERT VESSEL

/CNEOTAINMENT VESSEI- L- u017j-Ca-

40 50

L( NUCLE-AR POW EL PLANT

Spo c II -Shift ConT Rca
T s STAT ES ATOMIC ENERGY COMMISSION

St ane e erter rFn ins IrI C.>rpra tiu:

DOcomberi. VIII

tFN, TaE,.., -R AN SFEP-UNNE

OUTLINE CF SPHERE AT EQUATOR

---

OUTLINE OF5P ERSCO
4F.S CRANE COLUM^NS

--- - r

T------

1

4

I

-- - -

1

A -DH

ti

I

'



FIG. 45: HEAVY WATER CONTENT, CONTAINMENT VESSEL ATMOSPHERE
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FIG. 47: TURBINE AREA PLAN,
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FIG. 49: TURBINE AREA PLAN,
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FIG. 50: TURBINE AREA, SECTIONS
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FIG. 52: CIRCULATING WATER SCREEN WELL
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FIG. 53: MAIN CONTROL BOARD,
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FIG. 54: MAIN CONTROL BOARD, TURBINE SECTION
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FIG. 55: FLOW DIAGRAM, WATER TREATMENT
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FIG. 56: MAIN ONE-LINE DIAGRAM
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FIG. 57: MAIN CONTROL BOARD,
REACTOR SECTION, FRONT ELEVATION
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FIG. 58: MAIN CONTROL BOARD,
REACTOR SECTION, REAR ELEVATION
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FIG. 59: SERVICE BUILDING
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FIG. 61: FLOW DIAGRAM, FIRE PROTECTION
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FIG. 62: GAMMA DOSE RATE FOR OUTSIDE EXPOSURE
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FIG. 63: INTEGRATED GAMMA DOSE FOR OUTSIDE EXPOSURE
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FIG. 64: CONSTRUCTION SCHEDULE
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FIG. 64: (Cont'd)
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5. ALTERNATE CORE DESIGN

5. 1 Introduction

A stainless-steel clad uranium oxide core was designed so that

its fuel costs could be compared with the fuel costs of the reference

design Zircaloy core. The stainless steel core design is based on the

same operating condition as the Zircaloy core and is therefore suitable

for operation in the reference design plant.

No change is required in the overall plant equipment of the ref-

erence design to accommodate a stainless steel core. Therefore, the

capital and operating costs are almost identical to those of the reference

plant. Because the initial Dz O concentration with stainless steel is

63.5 mole %versus 78% for the reference plant, the Dz O inventory cost

is lower.

5. 2 Core Design

The alternate core is physically identical to the reference core

except that the cladding and fuel element structure materials are stain-

less steel instead of Zircaloy. In addition, the steel cladding is 0.0195

inches thick as compared with the 0.025-inch thick cladding in the ref-

erence core. Since the fuel pin OD is the same, a slightly larger fuel

volume (5.8%) results. Nuclear characteristics change considerably.

The total U-235 loading is nearly twice that of the reference core,

although the average fuel burnup in MWd/MTU is the same.

In general, for cores of equal power level and lifetime, a Zircaloy

clad core requires a higher initial D2 0 concentration than an equivalent

stainless-steel clad core (78% versus 63.5%). However, the heavily

absorbing steel core has a fuel loading nearly twice that of the Zircaloy

core, but the initial k is lower. Since the two cores produce an

equal number of MWd of energy, the excess mass (fuel loading in excess

of the critical loading) required to generate this energy is approximately

equal for both cores if the effect of the different conversion ratios is
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neglected. The critical mass of the steel core is considerably greater

than that of the Zircaloy core because of the increased absorption in the

steel. Therefore, the total fuel loading of the steel core is greater.

The excess keffesulting from the excess mass of the steel core is

smaller than for the Zircaloy core since the excess mass is a smaller

percentage of the total fuel loading. The critical D2 0 concentration

for the steel core is correspondingly lower than for the Zircaloy core.

Core design data, except for the changes mentioned here are

identical to those of the reference design listed in Table 8.

The lifetime of the alternate core is 670 full power days, or

slightly longer than the reference design, due to the slightly larger

fuel volume. The maxium fuel irradiation is 30, 000 MWd/MTU, as in

the reference design. The mass balance for this core is given in

Table 25.

TABLE 25

MASS BALANCE, ALTERNATE STAINLESS
STEEL CORE

Beginning of Core End of Core
Isotope Life, kg Life, kg

U-235 2,523 1,736

U-238 40, 127 39,477

Pu 450

U-236 182

Average enrichment 5.91 4.19

Integrated Conversion Ratio 0.62

5. 3 Fuel Cycle Costs

Fuel cycle costs for the stainless steel core are computed in the

same manner as those for the reference design (Section 4. 16. 3).

Table 26 lists the fuel cycle cost components for both cores.
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TABLE 26

FUEL CYCLE COST COMPARISON
(Mills/kwh)

Stainless Steel Zircaloy

Net Fissionable Material Cost 1.08 0.65

Core Fabrication 0.59 0.70

Reprocessing 0.42 0.36

Fuel Use Charges 0.56 0.23

Transportation & Insurance 0.10 0.10

2.75 2.04

Sinking Fund Credit -0.04 -0.04

Total 2.71 2.00

The difference in net fissionable material is due mainly to the

higher conversion ratio for the Zircaloy core. Steel core use charges

are higher since its average fuel value over core life is about 2. 5 times

larger. Core fabrication costs are higher for the Zircaloy core because

of the more expensive cladding, although use charges during fabrication

are lower for the Zircaloy core because of its lower value.

5.4 Heavy Water Charges

The heavy water inventory required for plant operation includes

the amount required to fill the primary coolant system and auxiliary

systems with a 63.5 mole %heavy water solution, the holdup in the

reconcentration plant, the unprocessed accumulated primary coolant

bleed remaining at shutdown, and the end-of-core-life primary system

drain. The following tabulation gives the inventory in terms of total

solution volume and the volume of the pure heavy water fraction.
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TABLE 27

HEAVY WATER INVENTORY WITH THE
ALTERNATE STAINLESS-STEEL CORE

Liquid Volume, Hot, ft3

Total Pure D2 O

Reconcentration Plant 200 46

End-of- Core- Life Primary System
Drain 3, 750 75

Unprocessed Primary Coolant
Bleed at Shutdown 600 240

Second Core Primary System
Fill, Including Auxiliaries 3, 750 2, 380

2,741

Heavy Water Inventory, lb 140, 700

The total cost of the estimated inventory of 140, 700 lb of heavy

water at $28.00 per lb, including 1.5% interest during construction, is

$3, 949, 000. Annual heavy water charges at 12.5% of the inventory

investment are $500, 000.

5.5 Energy Costs

Table 28 shows the generating cost of the reference design plant

employing a stainless steel clad core to be 7.00 mills/kwh.

The total generating cost is based on 5, 002, 000, 000 kwh net

generation per core, with a core life of 670 full power days, and an

annual load factor of 80%. Fixed charges of 12.5% per year are assumed

for working capital, heavy water, and land and land rights; 14.3% is

assumed for all depreciating capital costs.

In calculating the net generation, full load plant efficiencies are

assumed for a base load plant.

Based on the net heat rate of the plant of 11, 115 Btu/kwh, the

fuel cost is 24.5# per million Btu.
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TABLE 28

ELECTRIC GENERATING COSTS 330 MW NUCLEAR
POWER PLANT WITH STAINLESS-STEEL CORE

Fixed Charges

Total Capital Cost

Land and Land Rights

Working Capital

Heavy Water Inventory

Nuclear Liability Insurance

Annual Costs,
dollars

8, 165, 000

45, 000

198, 000

500, 000

292, 000

Unit Costs,
mills/kwh

3.53

0.02

0.08

0.22

0.12

Operating Costs

Operating and Maintenance

Fuel Cost

TOTAL COST

740, 000

6, 270, 000

16, 132, 000

The 80% operating factor results in 7, 008 hr operation with 2.311 X 109
kwh produced annually.
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6. EXTRAPOLATION OF REFERENCE PLANT

6. 1 Introduction

Energy costs have been determined for current status plants with

net generating capacities of 154 and 458 MWe. These plants use a

Zircaloy-clad core of UOz fuel. Figure 65 shows the capitaland the total

energy costs for these two designs and for the reference design to permit

the determination of costs for intermediate sized plants.

For the core and the primary system of each plant, detailed

designs and cost estimates for each component were prepared. For the

turbine generator plant and for the auxiliary systems and structures,

it was not necessary to prepare separate designs for each item. How-

ever, layouts were made of the containment vessel and of the equipment

inside it to insure a reasonably accurate estimate of containment and

shielding costs. A heat balance was made for each plant to determine

the general size of the turbine generator, the number of feedwater

heaters and boiler feed pumps, and to establish accurately the plant

heat rate and the net station output.

Realistic schedules for engineering and construction were prepared

to compute interest during construction.

Installed Active Construction Total Construction

Capacity, MWe Period, months Period, months

154 23 46

458 29 52

The active construction period covers the time that construction

personnel are employed in the field. The total construction period

includes 20 months of engineering and design lead time, and 3 months

of preoperational testing. The total construction period is used to deter-

mine interest during construction.
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6. 2 154 MWe Plant

6. 2. 1 Plant Description

The 154 MWe plant has the same steam conditions, the

same number of feedwater heating stages, and the same temperature

terminal differences in the heaters as in the reference design. Figure 66

shows the heat balance. Table 29 lists the overall plant performance

data.

TABLE 29

154 MWe PLANT PERFORMANCE

Reactor power, MWt

Gross generation, MWe

Net station output, MWe

Net station efficiency, o

Cycle efficiency, %

Cycle heat rate, Btu/kwh

Net station heat rate, Btu/kwh

Total steam flow from steam generators, lb/hr

Steam pressure at steam generators, psia

Condenser back pressure, in. , Hg absolute

Feedwater temperature, F

491

164

154

31.31

33.31

10, 245

10,899

2,004,000

800

1.5

380

The cycle and the net station heat rates for this plant

are slightly lower than those for the reference plant because the exhaust

loss in the turbine is lower. The low pressure cylinders of the turbines

of both plants are of the double-flow twin exhaust design. The exhaust

steam flow of the 154 MWe unit is approximately half that of the 330 MWe

unit. The first has 40-inch long buckets in the last stage and the second

has 44-inch long buckets. Because of the lower flow per unit area of

exhaust annulus in the smaller turbine, the leaving loss is lower and

therefore, the heat rate is lower.
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The tandem-compound turbine has a nominal capability of

154, 000 kw, and the generator rating is 192, 000 kva at 45 psi hydrogen

pressure. At a power factor of 0.85, the turbine generator has a cap-

ability of 163, 000 kw.

All equipment in the primary system was designed accord-

ing to the same ground rules and procedure as those for the reference

plant. Components such as the reactor vessel, steam generators, pumps,

pressurizer, piping and valves, are generally smaller than in the ref-

erence design. In addition, there are only two primary loops with a total

of two steam generators; whereas, the reference plant has three loops

and three generators. Figure 67 shows the layout of the primary system.

Table 30 gives the reactor core data.

TABLE 30

CORE DATA, 154 MWe PLANT

General Data

Reactor power, MWt 491

Power density, kwt/1 85

Primary system design pressure, psia 2500

Primary system operating pressure, psia 2140

Coolant Conditions at Operating Temperature
and 2 mole % DzO

Total reactor flow, lb/hr 25.3 x 106

Core inlet temperature, F 539

Core exit temperature, F 592

Core coolant average temperature, F 566

Thermal Design Data

Fuel rod surface heat flux, Btu/hr-ft2 , average 159,700

Fuel rod surface heat flux, Btu/hr-ft2 , maximum 306,600

Overpower to burnout, % 120

Overpower to central melting, % 151

Maximum clad surface temperature, F 650
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TABLE 30 (Cont'd)

Maximum fuel central temperature, F at 120% power 4000

Power Distribution Factors

Maximum to average, radial 1. 20
Maximum to average, axial 1. 28
Maximum to average, local 1. 25
Over-all product (hot spot factor) 1.92

Hot Channel Factors

Heat flux factor F 1.032
q

Film drop factor F 1.057
0

Coolant temperature rise factor, F 1. 123

Core Dimensions

Active core height, in. 81

Equivalent core diameter, in. 74.42

Core volume, . 5774

Fuel element pitch spacing, in. 8. 171

Fuel rod pitch spacing (square), in. 0.534

Over-all core volume fractions

Mode rator 0.5091

Fuel. 0.3617
Zircaloy (clad) 0. 1280
Stainless steel (spacers) 0.0012

Over-all core metal-to-water 0.964

Unit cell metal-to-water 1.099

Cladding OD, in. 0.436

Cladding thickness, in. 0.025

Oxide density, gm/cc 10.09

Number of full size fuel elements 41

Number of control fuel elements 16

Number of partial fuel elements 12

Number of fuel rods per full size fuel element 220

Number of fuel rods per control fuel element 188

Number of fuel rods per partial fuel element 130

Total number of fuel rods 13,588

Number of control rods 16

Control rod blade thickness, in. 0.25

Control rod blade width, in. 7. 225
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6.2.2 Capital Costs

Capital costs, broken down into direct and indirect con-

struction costs, are listed in Tables 31 and 32.

Indirect costs, such as general, administrative, and

engineering are computed as percentages of the direct construction cost.

The percentage values were taken from the ground rules published in the

Nuclear Power Plant Cost Evaluation Handbook. Interest during con-

struction and contingency were also computed from percentages given

in the Handbook.

In one instance, the AEC Ground Rules were modified.

The construction period specified by the AEC is 30 months, but a 46-

month schedule is more realistic. Therefore, the interest during con-

struction was increased from 6.8 to 10.3%.

The total plant inventory of heavy water is 106, 000 lb, and

the total cost at $28 per lb, including the 1.5% interest during construc-

tion , is $3,013,000. The annual charges against the heavy water invest-

ment at 12.5% are $377,000.

The total capital cost for the 154 MWe plant is $46, 472, 000

or $301 per net kw, including the initial charge of heavy water, the land

and land rights, contingency, and interest during construction.
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TABLE 31

SUMMARY OF CAPITAL COST
154 MWe NUCLEAR POWER PLANT

Direct Construction Costs

Account No. Description

21 Structures and Improvements
22 Reactor Plant Equipment
23 Turbine Generator Units
24 Accessory Electric Equipment
25 Miscellaneous Power Plant Equipment

Total - Direct Construction Cost
U,
00

Material
and

Equipment, $

2,949,300
9, 296, 700
7,819,700

716, 300
418,400

21, 245,400

Labor, $

1,889,000
1, 295, 900

641, 600
355, 100
87,400

4,269,000

Total, $

4,838, 300
10, 592, 600
8,461, 300
1, 116,400

505,800

25,514,400

Indirect Construction Costs

General and Administrative

Subtotal

Miscellaneous Construction Costs

9.7%

1. 1%

Subtotal

Engineering, Design and Inspection
A-E Design and Inspection Services 15.0%

Subtotal

2,474, 600

27, 989,000

281, 000

28, 270,000

3,827,000

32,097,000



TABLE 31 (Cont'd)

Account No.

U'

Description

Indirect Construction Costs

Engineering, Design and Inspection
Nuclear Engineering

Subtotal

Start-up Costs

Subtotal

Land and Land Rights

Subtotal

Contingency

Subtotal

Interest During Construction

Subtotal

D 2 0 Initial Charge Plus 1 1/2%
for Interest During Construction

Total - Capital Cost-

Material
and

Equipment, $ Labor, $

12.3%

10.0%

10.3%

Total, $

3, 138,000

35,235,000

224,000

35,459,000

360,000

35,819,000

3,582,000

39,401,000

4,058, 000

43,459,000

3,013,000

46,472,000



TABLE 32

DETAIL OF DIRECT CONSTRUCTION COST
154 MWe NUCLEAR POWER PLANT

Material
and

Account No. Description Equipment, $

Land and Land Rights

Land and privilege acquisition

Total Cost, Account No. 20,
Land and Land Rights

Structures and Improvements

Ground improvements

Building s
Turbine deck, including auxiliary bay

and control room
Auxiliary building
Service building
Warehouse
Spent fuel pit
Dz0 reconcentration and heating boiler

building

360,000

360,000

393,900

530,900
127,500
177, 100

12, 100
239, 100

109,500
New fuel storage building 18,800
Miscellaneous buildings, including guardhouse 5, 100

Total Cost - Item 212

Stacks
Reactor containment structure

Total Cost, Account No. 21,
Structures and Improvements

1, 220., 100

12,000
1, 323, 300

2,949,300

Labor, $

204,400

362, 000
124,000
128,000

8,200
170,500

39, 400
7,000
3, 200

842, 300

3,000
839, 300

Total, $

360,000

360,000

598, 300

892,900
251,500
305, 100
20, 300

409,600

148,900
25,800
8,300

2,062,400

15,000
2, 162,600

1, 889, 000 4,838,300

20

201

21

C

211

212
212A

212B
212C
212D
212E
212F

212G
212H

218
219



TABLE 32 (Cont'd)

Account No. Description Equipment, $

Reactor Plant Equipment

Reactor equipment
Heat transfer systems, including D20

reconcentration
Fuel handling and storage equipment
Radioactive waste treatment and disposal
Instrumentation and control
Feed water supply and treatment

Steam condensate and feed water piping
Other reactor plant equipment

Total Cost, Account No. 22,
Reactor Plant Equipment

2,868,700

3, 979,600
381,700
402,800
750 , 600
450,200
458,500

4,600

9,296,700

421, 400 3,290, 100

240, 900
24, 500

111, 300
170 , 500
37, 700

289, 200
400

1, 295, 900

4,220,500
406, 200
514, 100
921, 100
487, 900
747,700

5,000

10, 592,600

Turbine Generator Units

Turbine generators
Circulating water systems

Condensers
Turbine plant boards, instruments and controls

Turbine plant piping
Other turbine plant equipment

Total Cost, Account No. 23,
Turbine Generator Units

6,466, 700
673, 300
495,400
100,000

5,500
78,800

7,819,700

234, 100
277, 300
51,600
22, 000
5,400

51,200

6,700,800
950,600
547,000
122,000
10,900

130,000

641, 600 8,461, 300

22

221
222

223
225
226
227
228
229

Labor, $ Total, $

23

231
232
233
235
236
238



TABLE 32 (Cont'd)

Account No.

24

241
242
243
244
245
246
247

25

251
252
253

Material
and

Description Equipment, $

Accessory Electric Equipment

Switchgear
Switchboards
Protective equipment
Electrical structures
Conduit
Power and control wiring

Station service equipment

Total Cost, Account No. 24,

Accessory Electric Equipment

Miscellaneous Power Plant Equipment

Cranes and hoisting equipment
Compressed air and vacuum cleaning systems

Other power plant equipment

Total Cost, Account No. 25,
Miscellaneous Power Plant Equipment

196,800
121,000

4,000
24, 500
73, 500

289,500
52,000

761, 300

168,800
44, 700

204, 900

418,400

Labor, $

22, 200
21, 100
9,700

32, 100
111, 800
153, 200

5,000

355, 100

31, 400
14, 700
41, 300

Total, $

219,000
142, 100

13,700
56,600

185, 300
442, 700

57, 000

1, 116,400

200, 200
59,400

246, 200

87,400 505, 800



6.2.3 Fuel Cycle Costs

The fuel cost for the 154 MWe plant is given in Table 33.

Since calculation methods are identical to those for the reference design

described in Section 4. 16.3, only the final results are given. The fuel

cycle is 660 full power days at 154 MWe. The total energy generated

per cycle is 2.44 X 109 kwh.

TABLE 33

FUEL CYCLE COSTS, 154 MWe

Item

Net fissionable material

Core fabrication

Reproces sing

Fuel use charge

Transportation

Subtotal

Sinking fund credit

Total

PLANT

$/Cycle

1,685,000

1,803, 000

923,000

618,000

242,000

5,271,000

Mills/kwh

0.69

0.74

0.38

0.25

0. 10

2. 16

- 0.05

2.11

6.2.4 Operation, Maintenance and Insurance Costs

The operation and maintenance costs for the 154 MWe

plant are slightly lower than those for the reference plant. The relation-

ship between operation and maintenance cost and plant size (given in

Section 530 of the Nuclear Power Plant Cost Evaluation Handbook) is

considered representative. The total operation and maintenance cost

for the 154 MWe plant is $640,000.

Insurance costs, calculated in accordance with the

Evaluation Handbook, are $274,000.
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6.2.5 Energy Costs

The generating cost of the 154 MW plant is 9. 16 mills/kwh

(Table 34).

The total generating cost is based on 2,436,000,000 kwh

net generation per core, with a core life of 660 full power days, and

an annual load factor of 80%. Fixed charges are 12.5% per year for

working capital, heavy water, and land and land rights, and 14.3% for

all depreciating capital costs. The net generation calculation is based

on full load plant efficiency.

Based on the plant net heat rate of 10,899 Btu/kwh, the

fuel cost is 19.4' per million Btu.

TABLE 34

ELECTRIC GENERATING COSTS
154 MWe PLANT

Fixed Charges

Total Capital Cost

Land and Land Rights

Working Capital

DZ0 Inventory

Nuclear Liability Insurance

Annual Costs, $

6, 147,000

45,000

130, 000

377,000

274, 000

Unit Costs,
mills/kwh

5.70

0.04

0. 12

0.35

0.25

Operating Costs

Operation and Maintenance

Fuel

Total

640,000

2, 270, 000

9,883,000

0.59

2. 11

9. 16

An 80% operating factor results in 7, 008 hr operation with

1. 078 X 109 kwh produced annually.
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6. 3 458 MWe Plant

6. 3. 1 Plant Description

The 458 MWe plant has the same steam conditions, the same

number of feedwater heating stages, and the same temperature terminal

differences in the heaters as in the reference design. Figure 68 shows

the heat balance. Over-all plant performance data are listed in the

following table.

TABLE 35

458 MWe PLANT PERFORMANCE

Reactor power, MWt

Gross generation, MWe

Net station output, MWe

Net station efficiency, %

Cycle efficiency, %

Cycle heat rate, Btu/kwh

Net station heat rate, Btu/kwh

Total steam flow from steam generators, lb/hr

Steam pressure at steam generator, psia

Condenser back pressure, in. Hg absolute

Feedwater temperature, F

1468

487

458

31.03

32.93

10, 365

10, 999

6,044,000

800

1.5

384

The cycle and net station heat rates for this plant are

lower than those for the reference plant because the turbine is larger

and is generally more efficient. The turbine exhaust loss is lower due

to the lower flow per unit area of the exhaust annulus.

The turbine has a nominal capability of 458, 000 kw, and

the generator rating is 575,000 kva at 45 psi hydrogen pressure. At

a power factor of 0.85, the capability of the turbine generator is

488, 000 kw. The same tandem compound arrangement is used as in

- 165 -



the reference plant, except that the low pressure turbine is furnished in

two identically low pressure cylinders arranged in tandem, each similar

to the single low-pressure unit in the 330 MWe plant. There are two

single-pass condensers, one under each of the two low pressure turbine:

Circulating water is supplied by four pumps. Steam reheater-moisture

separators are in four parallel shells.

As in the case of the 154 MWe plant, all equipment was

designed according to the same set of ground rules and procedures as

were used in the reference design. The size and capacity of components

in each of the four primary loops are almost identical to those of the

reference design. Figure 67 shows the layout of the primary system.

Table 36 gives data on the reactor core.

TABLE 36

CORE DATA, 458 MWePLANT

General Data

Reactor power, MWt 1468

Power density, kwt/e 82.7

Primary system design pressure, psia 2500

Primary system operating pressure, psia 2140

Coolant Conditions atQperating Temperature
and 2 Mole % D2 O

Total reactor flow, lb/hr 83.2 X 106

Core inlet temperature, F 542

Core exit temperature, F 588

Core coolant average temperature, F 565

Thermal Design Data

Fuel rod surface heat flux, Btu/hr-ft2 , average 154, 300

Fuel rod surface heat flux, Btu/hr-ft2 , maximum 296,200

Overpower to burnout, % 120

Overpower to central melting, % 151

Maximum clad surface temperature, F 650

Maximum fuel central temperature, F, at 1207 power 4000

- 166 -



TABLE 36 (Cont'd)

Power Distribution Factors

Maximum to average, radial 1.20
Maximum to average, axial 1.28
Maximum to average, local 1.25
Over-all product (hot spot factor) 1.92

Hot Channel Factors

Heat flux factor F ' 1.032
q

Film drop factor F 1.057
0

Coolant temperature rise factor, F1.123

Core Dimensions

Active core height, in. 116

Equivalent core diameter, in. 109

Core volume, 1 17,750

Fuel element pitch spacing, in. 8. 171

Fuel rod pitch spacing (square), in. 0.534

Over-all core volume fractions

Moderator 0.5091
Fuel 0.3617
Zircaloy (clad) 0. 1280
Stainless steel (spacers) 0.0012

Over-all core metal-to-water 0.964

Unit cell metal-to-water 1.099

Cladding OD, in. 0.436

Cladding thickness, in. 0.025

Oxide density, gm/cc 10.09

Number of full size fuel elements 97

Number of control fuel elements 32

Number of partial fuel elements 16

Number of fuel rods per full size fuel element 220

Number of fuel rods per control fuel element 188

Number of fuel rods per partial fuel element 130

Total number of fuel rods 29,436

Number of control rods 32

Control rod blade thickness, in. 0.25

Control rod blade width, in. 7. 225

- 167 -



6. 3. 2 Capital Costs

Capital costs, broken down into direct and indirect con-

struction costs, are listed in Tables 37 and 38.

Indirect costs are based on the ground rules published in

the Nuclear Power Plant Cost Evaluation Handbook. In one instance,

the AEC Ground Rules were modified. The construction period specified

by the AEC is 42 months, but a 52 month schedule is more realistic.

Therefore, the interest during construction was increased from 9. 5 to

11.75%.

The total plant inventory of heavy water is 224, 200 lb,

and the total cost at $28 per lb is $6, 372, 000 including the 1. 5% interest

during construction. The annual charges against the heavy water invest-

ment at 12. 5% are $796, 000.

The total capital cost for the 458 MWe plant is $79, 291, 000

or ($173 per net kw) including the initial charge of heavy water, the

land and land rights, contingency, and interest during construction.
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TABLE 37

SUMMARY OF CAPITAL COST
458 MWe NUCLEAR POWER PLANT

Direct Construction Costs

Account No.

21
22
23
24
25

aN

Description

Structures and Improvements
Reactor Plant Equipment

Turbine Generator Units

Accessory Electric Equipment
Miscellaneous Power Plant Equipment

Total - Direct Construction Costs

Indirect Construction Costs

General and Administrative

Material
and

Equipment, $

3,426, 500
17,934,500
17,500,600

94,800
420,400

40, 266,800

8.2%

Subtotal

Miscellaneous Construction Costs 0. 9%

Subtotal

Engineering, Design and Inspection
A-E Design and Inspection Services 11. 9%

Subtotal

Labor, $

2,182,300
1,620,600

974, 600
426,600
87, 600

5,291,700

Total, $

5,608,800
19,555, 100
18,475, 200
1,411,400

508,000

45,558,500

3, 735,500

49,294,000

410 , 000

49, 704, 000

5,422,000

55, 126, 000



TABLE 37 (Cont'd)

Account No.

20
O

Description

Engineering, Design and Inspection
Nuclear Engineering

Subtotal

Startup Costs

Subtotal

Land and Land Rights

Subtotal

Contingency

Subtotal

Interest During Construction

Subtotal

D 2 0 Initial Charge Plus 1. 5%
for Interest During Construction

Total - Capital Cost

Material
and

Equipment, $ Labor, $

7.8%

Total, $

3,554,000

58,680,000

280,000

58,960,000

360,000

59,320,000

5,932,000

65,252,000

7,667,000

72, 919,000

6,372,000

79, 291,000

10.0%

11. 75%



TABLE 38

DETAIL OF DIRECT CONSTRUCTION COST
458 MWe NUCLEAR POWER PLANT

Account No.

20
201

21
211

Description

Land and Land Rights
Land and privilege acquisition

Total Cost, Account No. 20,
Land and Land Rights

Structures and Improvements

Ground improvements

Material
and

Equipment, $

360,000

360 , 000

397,700

Labor, $ Total, $

360,000

360,000

206, 700 604, 400

Buildings
Turbine deck, including auxiliary bay

and control room 622, 500

Auxiliary building 127,500
Service building 177, 100
Warehouse 12, 100
Spent fuel pit 289, 600
D.0 reconcentration and heating boiler building 130,400
New fuel storage building 18,800
Miscellaneous buildings, including guardhouse 5, 100

412, 900
124, 000
128, 000
8,200

206,600
41,500

7,000
3, 200

1,035,400
25 1, 500
305, 100
20, 300

496, 200
171,900
25,800
8, 300

Total Cost - Item 212

Stacks
Reactor containment structure

Total Cost, Account No. 21,
Structures and Improvements

1,383, 100

12, 000

1,633,700

3,426, 500

931,400 2,314,500

3,000
1,041, 200

15,000
2,674,900

2, 18 2, 300 5,608 ,800

212
212A

212B
212C
212D
212E
212F
212G
212H

218
219



TABLE 38 (Cont'd)

Account No.

22
221
222

223
225
226
227
228
229

23
231
232
233
235
236
238

Material
and

Description Equipment, $

Reactor Plant Equipment
Reactor equipment
Heat transfer systems, including D 20

reconc entration
Fuel handling and storage equipment
Radioactive waste treatment and disposal
Instrumentation and control
Feed water supply and treatment
Steam condensate and feed water piping
Other reactor plant equipment

Total Cost, Account No. 22,
Reactor Plant Equipment

Turbine Generator Units
Turbine Generators
Circulating water systems
Condensers
Turbine plant boards, instruments and controls

Turbine plant piping
Other turbine plant equipment

Total Cost, Account No. 23,
Turbine Generator Units

5, 113,900

9,714,400
422, 100
465,000
828, 100
725,500
658,500

7,000

17,934,500

14,886, 200
1,085, 300
1, 335,400

105,000
5,500

83, 200

17,500, 600

Labor, $

532, 800

318, 800
26,000

112, 000
174,500
46, 700

409, 200
600

1,620,600

412, 600
340, 500
141, 600
23,000
5,400

51,500

Total, $

5,646, 700

10,033, 200
448, 100
577,000

1,002,600
772, 200

1,067,700
7,600

19,555, 100

15, 298,800
1, 425,800
1, 477,000

128, 000
10, 900

134, 700

974,600 18,475,200



TABLE 38 (Cont'd)

Account No.

24
241
242
243
244
245
246
247

W'

25
251
252
253

Material
and

Description Equipment, $

Accessory Electric Equipment
Switchgear
Switchboards
Protective equipment
Electrical structures

Conduit
Power and control wiring

Station service equipment

Total Cost, Account No. 24,

Accessory Electric Equipment

Miscellaneous Power Plant Equipment
Cranes and hoisting equipment
Compressed air and vacuum cleaning systems

Other power plant equipment

Total Cost, Account No. 25,
Miscellaneous Power Plant Equipment

264,800
136,000
4,000

30,500
96,000

371,500
82,000

984,800

170, 800
44, 700

204, 900

420,400

Labor, $

22, 900
23, 100
9, 700

40,100
144, 300
181, 300
5,200

426, 600

31, 600
14, 700
41, 300

Total, $

287,700
159, 100

13, 700
70,600

240,300
552,800

87, 200

1,411,400

202,400
59,400

246, 200

87, 600 508, 000



6.3.3 Fuel Cycle Costs

Fuel costs for the 458 MWe plant are given in Table 39.

Since calculation methods are identical to those for the reference design

described in Section 4. 16. 3, only the final results are given. The fuel

cycle is 680 full power days at 458 MWe. The total energy generated

per cycle is 7.47 X 109 kwh.

TABLE 39

FUEL CYCLE COSTS, 458 MWe PLANT

Item

Net fissionable material

Core fabrication

Reprocessing

Fuel use charges

Transportation

Subtotal

Sinking Fund Credit

$/Cycle

4,781,000

5,251,000

2, 543,000

1,652,000

748,000

14, 975,000

Total

Mills/kwh

0.64

0.70

0.33

0.22

0. 10

1.99

0.04

1.95

6.3.4 Operation, Maintenance and Insurance Costs

The operation and maintenance costs for the 458 MWe plant

are slightly greater than those for the reference plant. The relation-

ship between operation and maintenance cost and plant size (Section 530

of the Nuclear Power Plant Cost Evaluation Handbook) is considered

representative. The total operation and maintenance cost for the

458 MWe plant is $800,000. Insurance costs, calculated in accordance

with the Evaluation Handbook, are $304,000.
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6.3.5 Energy Costs

Table 40 shows the generating cost of the 458 MWe plant

to be 5.89 mills/kwh.

The total generating cost is based on 7,470,000,000 kwh

net generation per core, with a core life of 680 full power days, and an

annual load factor of 80%. Fixed charges are 12. 5% per year for work-

ing capital, heavy water, and land and land rights, and 14. 3% for all

depreciating capital costs. The calculation of the net generation is

based on full load plant efficiency.

Based on the net heat rate of the plant of 10, 999 Btu/kwh,

the fuel cost is 17.8 per million Btu.

TABLE 40

ELECTRIC GENERATING COSTS
458 MWe NUCLEAR POWER PLANT

Annual Costs, $ Unit Costs, mills/kwh

Fixed Charges

Total capital cost
Land and land rights
Working capital
Heavy water inventory

Nuclear liability insurance

Operating Costs

Operation and Maintenance

Fuel

Total

10, 362,000
45,000

369, 000
796,000
304,000

800,000
6,260,000

18, 936, 000

An 80% operating factor results in 7,008 hr operation with

3. 21 X 109 kwh produced annually.
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0.11
0.25
0.09

0.25
1.95
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6.4 Summary

Capital costs and energy costs for current status plants employing

a Zircaloy-clad core and having net generating capacities ranging from

154 MW to 458 MW, are summarized in Figure 65. Capital costs are

total capital costs and include startup costs, the land and land rights,

contingency, interest during construction, and the cost of the initial

heavy water inventory.

A summary of capital and energy costs for these plants is:

Plant Size, MW Capital Costs, $/kw Energy Costs, mills/kwh

154 301 9.16

330 189 6.37

458 173 5.89
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FIG. 65: CAPITAL AND ENERGY COSTS, CURRENT STATUS PLANTS

I0

9

W

cn 8

-J

C,)
(I
0
C.)

CD

Z4

Q

6 /
/ N*

* (301$/KW)

____ -__ --____ ______ ______ ______ _____ _____

200 300

NET GENERATION, MW E
400 .54

(173 $/KW)

p_89__KW_)_

J 40
00

CAPITAL AND ENERGY COSTS
CURRENT STATUS DESIGN NUCLEAR POWER PLANTS

SPECTRAL SHIFT CONTROL REACTOR
UNITED STATES ATOMIC ENERGY COMMISSION

STONE & WEBSTER ENGINEERING CORPORATION
DECEMBER 1961

90

80

U)

0

z
70 0

-

0

60 Q

a

50

5 L
I0(

I

0



FIG. 66: HEAT BALANCE DIAGRAM
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FIG. 67: ARRANGEMENT
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FIG. 68: HEAT BALANCE DIAGRAM

13,000LB 518.010 L

6,044,000 SFMOISURE

6
1

30,000LB S11I,990 L SEPARATOR REHEATER

SEMAOS"S j* 72PA196 183.5 PSI 472605SOLB 1264Th 4735W 4795KGENE7ATORS116SIAPSIA 782PS A196.Bh SS16 87G4

I 1II50 B17. MOISTURE
1 1 700 LBREEAIN SAIMOTU

5,178,03OL L. P. TURBINE 40 RUCKETS

MWt ]TO :7PSIA AU0IL9ARY POWER
1476 AIR 1115.2 h

SECTOR H. .TURBINE 502.Sh
512.2 

EEAO
PRIMARYGE
COOLANT 7

PUMPS I 
9

1U 'P A8500 KW@30 P1G t PRESSURE
REACTOR INPUT II II

1EACO 40GEN ,2TOR LOSSES

L 41,90 B _4nFIXD OSSE

CONTAINMENT 451 LI _ _

VESSELTO 6,O,' L 323,260 LBI 347.7h 6T L65

ATMOSPHERE 383.9EF 34692

FROM 20L
STEAM SEALS 1'6OCONDENSER

1OOO1 .61 CODESE33,0001L8 REMEATER 0,700 L 
.

33OOD1116.09
DRAIN RETURN 344 77L- FROM I 0L 50L

PUMP4500LB TO STEAM I,300LR PROCESS II.300L6 4SOLR FROM

_ SEALS TO PR4IOOKRUILING HEATINGTOIOEfMKU 46 OO L
BLOWOFF 4500 LBAU

TANK S- S-R.-1 6200LBT otig37,4L 7,8L

1116.09 DEATI 326,970LR

166.8
O800LLBO9y.

TO 1116.0 h
DRAIN 5558990 L TOT !T

340.16 h 339.2 h 4,783,750LB 219.7h 152.2h 60.2h

366.9F 27.1h 251.2F 184.3F 92.3F

FEED 316.9
PUMPS 344.29Ifh 10

DRAIN 371.9F 636,810LB I,021,90LR 1716 30

775,240 L B RECEIVER234.9h 167.3h 75.3h

346.24h 266.2F 199.3F 07.3F

FIRST POINT
HEATER DRAIN
RETURN PUMP FIRST POINT SECOND POINT THIRD POINT FOURTH POINT GLAND SEAL AIR CONDENSATE

HEATER HEATER HEATER NEATER COFE EJECTOR PUMPS
CONDENSER

CYCLE HEAT RATE 3412.75 1467,375 +8500+1700) + 3,694,60(962.0-59.7)+270011816.0 -59.7)+ 121,590(75.3-59.7)+1800(179-66.7) =10,365 TU/ KWH6487,375

STATION HEAT RATE 10,365 1 47,375 -12140+ .95.3412.75 10,999 BTU / K W H
.9950Y 457,975

458 MWe NUCLEAR POWER PLANTS

Spectral Shift Control Reactor

UNITED STATES ATOMIC ENERGY COMMISSION

Stone & Webster Engineering Corporation

December, 1961 I



7. EXTRAPOLATION OF ALTERNATE
REFERENCE PLANT

7. 1 Introduction

Energy costs have been determined for current status plants with

stainless-steel clad UO2 cores having net generating capacities of 154

and 458 MWe. Figure 69 shows the capital and energy costs of these

two designs and for the alternate reference design to permit the

determination of costs for intermediate sized plants.

Total capital costs are assumed to be the same as the 154 and

458 MWe plants discussed in Section 6, although a small reduction in

cost could be made since the D2 O reconcentration plants with stainless -

steel cores are slightly smaller due to the lower initial D2 O concentration.

Heavy water concentrations are the same as those of the alternate

reference plant described in Section 5, and coolant volumes are the

same as those in the plants described in Section 6.

Operating and maintenance costs are also assumed to be identical

to those given for the plants described in Section 6.

Plant generating capacities are assumed to be identical to those

given in heat balances for the extrapolated plants shown in Section 6.

There is a small decrease in the steam flow to the heavy water re-

concentration plant, but this effect on the heat balance is negligible.

7. 2 154 MWe Plant Energy Costs

The generating cost of the alternate 154 MWe plant employing a

stainless-steel clad core is 9. 76 mills/kwh. Based on the plant net

heat rate (10, 899 Btu/kwh), fuel cost is 25. 7 cents per million Btu.

7. 3 458 MWe Plant Energy Costs

The generating cost of the alternate 458 MWe plant employing

a stainless-steel clad core is 6. 51 mills/kwh (Table 42). Based on

the plant net heat rate (10, 999 Btu/kwh), fuel cost is 24 cents per

million Btu.
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7. 4 Comparison and Summary

Figure 69 shows the capital and energy costs for current status

plants employing a stainless-steel clad core and having net generating

capacities ranging from 154 to 458 MWe. Capital costs are total

capital costs and include startup costs, the land and land rights,

contingency, interest during construction, and the cost of the initial

heavy water inventory.

A summary of capital and energy costs for the three current

status alternate designs is:

Plant Size, MWe

154

330

458

Capital Costs, $/kw

298

186

170

Energy Costs, mills/kwh

9. 76

7. 00

6. 51
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TABLE 41

ELECTRIC GENERATING COSTS,
ALTERNATE 154 MWe NUCLEAR POWER PLANT

Fixed Charges

Total Capital Cost
Land and Land Rights
Working Capital
Heavy Water Inventory
Nuclear Liability Insuranc e

Operating Costs

Operation and Maintenance
Fuel

Total

An 80% operating factor results
kwh produced annually.

Annual Costs, $

6, 147, 000
45, 000

100, 000
308, 000
274, 000

640, 000
3, 030, 000

10, 544, 000

Unit Costs,
mills/kwh

5. 70
0.04
0. 09
0.29
0.25

0. 59
2.80

9. 76

in 7, 008 hr operation with 1. 078 X 109

TABLE 42

ELECTRIC GENERATING COSTS,
ALTERNATE 458 MWe NUCLEAR POWER PLANT

Fixed Charges

Total Capital Cost
Land and Land Rights
Working Capital
Heavy Water Inventory
Nuclear Liability Insurance

Operating Costs

Operation and Maintenance
Fuel

Total

An 80% operating factor results
kwh produced annually.

Annual Costs, $

10, 362, 000
45, 000

269, 000
652, 000
304, 000

800, 000
8, 500, 000

20, 932, 000

Unit Costs,
mills/kwh

3.23
0. 01
0. 08
0.20
0. 09

0.25
2. 65

6. 51

in 7, 008 hr operation with 3.21 X 109
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FIG. 69: CAPITAL AND ENERGY COSTS, ALTERNATE
CURRENT STATUS PLANTS
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8. POTENTIAL PLANT

8. 1 Introduction

The potential plant design is based on advances in reactor core

technology resulting from the successful completion of a research and

development program (Section 9). If the research and development

program is started early in 1962, the required data would be obtained

by 1965 or 1966. Authorization for construction of the plant at that

time would permit its operation by 1969 or 1970 which is earlier than

the 1972 date specified by the AEC.

The complete research and development program extends over a

six year period, with the last two years occupied by long-term irradiation

testing of prototype fuel elements in a power reactor. Plant construction

could begin earlier than 1968 as confidence is acquired in the ability of the

fuel to retain its integrity under the specified reactor operating conditions.

Differences between the potential plant and the reference design are

due, with one exception discussed below, to advanced reactor core

technology. Equipment in the primary and auxiliary systems, and in

the turbine generator plant of the potential plant are of the same type

as in the reference design, with only sizes, capacities, and numbers of

units changing.

Core technology improvements incorporated in the design are those

which permit the spectral shift control concept to demonstrate its

inherent advantages of low fuel, capital, and operating costs. By

restricting advanced technology to those features of the core related

to spectral shift control, the attractiveness of this concept can be

evaluated apart from the general potential of water reactors.

The only difference between the potential and the reference designs

which is not attributed to the improved core is in containment design.

Shielding and containment for the reference plant are based on the AEC

specified hypothetical site in a relatively remote location where
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evacuation of the vicinity is permissible if a maximum credible accident

should occur. However, the containment and shielding arrangement for

the potential plant is capable of protecting the adjacent population

after an incident which releases fission products to the containment,

and does not require an evacuation procedure. This design (Section 8. 7)

costs about $500, 000 less than the shielding and containment of the

reference plant which is equivalent to a reduction of about 0. 03 mills/kwh

in generating cost. All other differences in capital, fuel, and operating

costs between the two plants is attributed to the advancement in core

technology.

The shielding and containment design of the potential plant could

be incorporated into the reference plant, since it is current status

technology. However, the potential plant design work was done after

the reference design had been completed, and time did not permit

revisions to be made.

To facilitate the evaluation of the advanced features of the potential

plant, its reactor power level (1074 MWe) is the same as the reference

design. As in the case of the reference design, this rating is not a

limiting value for the SSCR. Therefore, larger or smaller capacities

can be built. Generating costs for potential plants over a range of

capacities were not determined. However, variations in capital, fuel,

and operating costs (total generating costs) over a range of plant

capacities would be similar to those for the current status designs

presented in Section 6.

8. 2 Advanced Features

8. 2. 1 Recycled Fuel

The most significant feature of the potential plant is its

utilization of recycled fuel. Fissionable material (U-233) produced

within the reactor by neutron capture in the fertile material (thorium)

is used in a subsequent fuel cycle. The very high conversion ratio

(0. 93) results in a core which requires a relatively small amount of

makeup fuel from a source other than the reactor. Therefore, the

cost of fissionable material is reduced from 0. 65 mills/kwh for the

reference plant to 0. 08 mills/kwh.

Without eventual fuel recycle, a substantial nuclear power plant

industry cannot exist. An evaluation of any reactor type should
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therefore include a consideration of its ability to produce new fuel

and to recycle it. The SSCR meets these two requirements admirably.

Such a reactor can be built in the near future, and requires only a

modest research and development program on core technology to be

considered for operation by 1969 or 1970.

A conversion ratio of unity, which is higher than the 0. 93 of the

design presented here, may be achieved by recycling in the SSCR, but

some fuel cycle cost penalty will result. This high conversion ratio

can be achieved with a shorter fuel cycle than in the design presented,

but the penalty due to relatively fixed fuel cycle costs of fabrication and

reprocessing will result in a higher overall fuel cost.

Plutonium and U-233 are the only two possible recycle fuels.

Fuel cycle costs for each depend on the particular reactor in which the

fuel is used. In a light water, poison controlled reactor starting with a

U-235-U-238 (low enriched) core, recycling of plutonium results in a

conversion ratio of 0.65 in the equilibrium cycle. If we started with

a U-235-thorium core in a light water reactor and recycled the U-233

produced, an equilibrium cycle conversion ratio of 0.70 would result.

Thus, the thorium-U-233 case would require only 16% less fuel makeup

(in the form of U-235) than the plutonium case. This small difference

can be offset by other fuel cost factors, like fabrication and reprocessing

costs.

The difference between plutonium and U-233 is magnified in the

SSCR with its higher conversion ratio. The equilibrium cycle conver-

sion ratio for either fuel depends on the conversion ratio for the first

cycle. In the SSCR, the first cycle conversion ratio for the plutonium

core is about 0. 73, and at equilibrium it has increased slightly to about

0.75. However, with thorium, the first cycle conversion ratio is about

0.76, and in the equilibrium cycle, it reaches a value of 0.93 (for the

specific design in this report).

Since U-233 is a better fuel than plutonium (its average eta is

about 25% higher), the amount of makeup U-235 required for the

second cycle of the U-233 core is less than for the plutonium core

even though the amounts of U-233 and plutonium produced are about

the same in the first cycle. With a lower loading of fuel in the second

cycle of the U-233 core, the conversion ratio for that cycle will be

higher than for the plutonium core. The compound effect of the higher
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conversion ratio and the higher eta for the U-233 core therefore results

in an appreciably higher equilibrium conversion ratio (0. 93 for U-233

versus about 0. 75 for plutonium).

A higher conversion ratio has a marked impact on the nuclear fuel

reserves. If the equilibrium conversion ratio equals X, the initial

absorption of one neutron in a fissionable or fuel atom converts X atoms

of fertile material into fissionable atoms. On the next cycle (with

recycling of the bred fuel), Xz atoms of new fuel are produced. The

total number of atoms of fuel (original plus bred) available is thus

expressed by the geometric series:

1+ X +X+[X3 ... =-X , where X<l1.

For a reactor with a 0. 75 conversion ratio as in the case of

plutonium, recycling results in an increase in fuel resources of a

factor of 4. With U-233 recycling, the increase is a factor of 14. The

U-233 recycle scheme in the SSCR therefore requires less makeup fuel

than in the case of plutonium by a factor of 3. 5. The lower makeup

results in an appreciable lower fuel cycle cost.

If fuel recycling is not eventually done, and if the buy-back price

of bred fuel is reduced to zero (which ultimately results when there is

no fuel recycling) fuel costs will increase by about 1 mill/kwh for

low enriched reactors.

Therefore, recycling with U-233 fuel was chosen for the potential

plant because low fuel costs are achieved both under present economic

ground rules, and when the policy of bred fuel buy-back is terminated.

In addition, this fuel cycle satisfies the ultimate need for fuel recycling

to extend fuel resources.

8. 2. 2 Fuel-Supported Cladding

The fuel rods of the potential plant consist of a mixture

of thorium oxide and uranium oxide contained in 15-mill thick Zircaloy-4

tubes. The tubing is fuel supported rather than free standing as in the

reference design. The tube wall is expected to collapse against and to

be supported by the oxide fuel under reactor operating pressure. In

the reference design, the tubing is of sufficient strength to withstand

the external pressure. In both instances, the cladding has sufficient

strength to withstand the expected internal pressure in the rod due to
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fission product buildup.

The feasibility of fuel supported cladding has been demonstrated

through extensive experimentation at the Chalk River Project of

Atomic Energy of Canada, Ltd. That work has concentrated on long

Zircaloy rods with 15 mill cladding filled with UOz pellets. The

potential plant design involves the same cladding, but it is filled with

thorium and uranium oxides, which are densified by mechanical

compaction. Few cladding problems are expected to arise through use

of mechanically compacted fuel, but a testing program is required to

confirm operational behavior. (See Section 9. 3)

The saving in Zircaloy material cost due to the thinner wall

required is the principal advantage of fuel supported Zircaloy cladding.

Another advantage is in core compactness (the thinner the clad, the

more oxide fuel there is per unit volume of overall core). Also, a

thinner clad reduces the thermal gradient through the wall, thereby

reducing the average and the inner wall temperature and the rate of

hydrogen pickup.

8. 2. 3 Improved Thermal Design

In the reference design, a safety factor of 1. 10 was used

in the thermal design burnout correlation. The correlation (Section 4. 2. 2. 4)

also includes a factor of 1. 54 to account for experimental data scatter.

The potential plant core, however, is designed without the safety factor,

but the correlation retains the 1. 54 factor. The consequent reduced flow

rate results in lower auxiliary pumping power requirements, and in

reduced D2 O plant inventory due to the smaller piping and components.

Burnout tests subjecting a prototype fuel element to various combina-

tions of flow and heat flux are included in the research and development

program to demonstrate the design adequacy.

8. 2. 4 Uniform Core Lattice

A uniform lattice is a core arrangement which has the

same water gaps between fuel rods throughout the core. A uniform

lattice lowers flux peaking in the core, and reduces the leakage flow

of coolant. These two effects cause reductions in fuel and capital

costs.

In the reference design, the clearance between fuel
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rods of adjacent elements is greater than the pitch spacing between rods

within an element due to the space between fuel elements required for

refueling. Such a core is therefore considered to have a nonuniform

lattice arrangement. However, in the potential plant, an analysis of

the combined effects of clearances, power peaking, flow rate, pressure

drop, and fuel element construction resulted in a reduction of the

distance between fuel pins in adjacent elements from 257 mills (in the

reference design) to 97 mills, which is the same spacing as exists

between pins within an element.

Although a uniform lattice results in both fuel and capital cost

improvements over the reference design, it is not advanced technology

in the sense that it requires research and development work. Had time

permitted, the reference design could have been modified to achieve a

uniform core lattice, and the fuel and capital costs for that designed

would be improved.

The analysis of nuclear, mechanical, and thermal effects on the

core involved the following considerations:

1. If clearances between elements could be reduced, the
flux peaking there would then be no higher than in the
remainder of the core, and the local peaking factor of
1. 25 in the reference design would be essentially
eliminated.

2. The reduction of the local peaking factor permits a
reduced flow rate. Flow requirements are further
reduced by the elimination of leakage paths provided
by the element clearances. An additional factor
reducing the required flow rate is an assumed
reduction in the burnout safety margin. (See
Section 8. 2. 3. )

3. The lower flow rate results in an appreciably
lower pressure drop which eliminates the need
for securing the fuel elements against the upward

force due to coolant flow.

4. With no holddown device, fuel elements can be
removed or replaced during refueling by moving
them laterally to their position in the core rather
than by lowering them between adjacent elements.
Vertical loading is required by the mechanical
configuration of the holddown device. A refueling
interference analysis indicates that the fuel
element clearances required to permit lateral
loading are smaller than those necessary for
vertical loading.
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5. Control rod followers are used in the potential
plant, whereas none are used in the reference
design. With followers, the water gap in the
control rod channel is reduced from 631 to 292
mills. The small degree of peaking which would
occur in the fuel rods adjacent to these channels
can be eliminated by zone loading the fuel locally.
Control rod followers were not needed in the
reference design since the gaps between fuel
elements resulted in a local peaking factor.
Therefore, a reduction in the peaking factor
around the control rod channels would not
result in a reduced flow rate. Also, control
rod followers incur additional capital costs
due to the cost of the followers, the extended
length and cost of the reactor vessel, and the
additional D2 O inventory incurred by the larger
vessel size. In the potential plant, these
additional capital costs were more than
compensated by the reduced peaking factors
and by the resulting reduction in fuel, capital,
and operating costs.
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8. 3 General Plant Description

The potential plant is similar to the reference plant in overall

design. Both plants have the same reactor power level and gross

electrical output and use the same type of components in a similar plant

layout and thermal cycle. Table 43 below lists the principal thermal

cycle conditions:

TABLE 43

POTENTIAL PLANT DESIGN CONDITIONS

Reactor power, MWt

Gross generation, MWe

Net station output, MWe

Net station efficiency, %

Cycle efficiency, %
Cycle heat rate, Btu/kwh

Net station heat rate, Btu/kwh

Steam pressure, psia (at steam generators)

Steam flow, lb/hr

Condenser back pressure, in. Hg absolute

Feedwater temperature, F

1074

350

333

31

32.5

10, 500

11, 000

800

4.36 x 106

1.5

380

The thermal cycle is identical to that shown for the reference

design (See Fig. 5). The plant net output is 3 MW higher since there

are two, rather than three, primary coolant pumps, and the plant

auxiliary electrical requirements are correspondingly lower.

Figures 70 and 71 show the plan and elevation views of equipment

within the containment vessel.

8.4 Primary System

The primary system of the potential plant has the same design

and operating pressures as that of the reference plant. It also produces

the same steam pressure of 800 psia saturated, but has a lower flow

rate and a higher primary system average temperature. These changes
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result from an improved core mechanical design, the use of control

rod followers, and a reduced burnout safety factor.

There are two primary coolant loops as opposed to three in the

reference design. The lower flow (39.5 X 106 lb/hr versus 60.5 X 106

lb/hr) requires only two circulating pumps, and the higher coolant

temperature (600 F versus 566 F) reduces the steam generator surface

and therefore, the number of units from three to two.

The pressurizer is reduced in size from 370 to 300 ft 3 because of

the smaller primary system volume. Primary pumps, valves, and

piping are the same size as in the reference plant, with only the numbers

of these components reduced.

The steam generators have a higher secondary side design pressure

(1500 psia versus 1200 psia for the reference plant) due to the higher

primary coolant temperature. The higher steam flow per unit requires

a correspondingly larger steam drum diameter to accommodate the

necessary steam-water separation equipment.

In determining the primary coolant flow rate and coolant tempera-

tures, consideration was given to the operating and design pressures.

The AEC stipulated that by 1972 a surface temperature of 700 F with

Zircaloy cladding would be an acceptable design basis. Accordingly,

a primary system design pressure of 3000 psia, which would permit

an operating pressure of 2500 psia and thus a maximum cladding surface

temperature of 670 F, was initially considered.

The primary system average temperature is determined by the

coolant flow rate for a particular core geometry. The maximumflow rate

is established by the largest capacity pump available assuming one

pump per loop. With two loops, a primary system temperature of

625 F was achieved, and a steam pressure of about 1100 psia could be

produced.

However, there are several problems involved with such a design.

The 3000-psia design pressure requires that forgings for the reactor

vessel be almost prohibitively thick from a cost and fabrication stand-

point. Also, the big penetrations in the forgings suitable for piping

designed for this pressure would further complicate the design, cost,

and fabricating feasibility of the reactor vessel.

An additional problem exists with the steam generators. With a
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control system using a constant average primary coolant temperature

over the load range, the steam pressure increases as the load decreases.

At low load, the steam pressure is close to the saturation pressure

corresponding to the primary coolant temperature, and a steam generator

secondary side design pressure in excess of 1850 psia results. If two

steam generators are used, this high secondary side pressure results

in a shell thickness which greatly increases the cost of the unit and com-

plicates its fabrication because of its great size and weight. The steam

generator tubing thickness also increases so that the total heat transfer

surface goes up. Therefore, the total size and weight of the steam

generator increases. The combination of these effects results in a unit

which is beyond economic and fabricating feasibility and requires that

three steam generators be used. It was decided that the increased cost

for three units would negate the cost saving due to the higher steam

pressure and thermal efficiency.

Consequently, a primary system design pressure of 2500 psia

and an operating pressure of 2140 psia were selected (the same as in

the reference design). In this instance, the maximum surface tempera-

ture of the fuel clad is 650 F, and the average temperature of the coolant

is 600 F. With steam generators of a reasonable and practical size,

800 psia steam is produced.

A study of steam cycle efficiencies indicates that an increase in

steam pressure from 800 psia to 1100 psia results in an increased

electrical generation of 18, 000 kw. This can be purchased for about

$32 per kw for secondary plant equipment only. However, the additional

costs due to increasing the primary system equipment design pressure

from 2500 psia to 3000 psia would offset the increased electrical capacity.

8. 5 Reactor Core

8. 5. 1 General Description

The reactor core of the potential plant consists of a mixture

of thorium oxides and uranium oxides contained in Zircaloy-4 tubes.

Fuel rods are assembled into a total of 69 fuel elements forming a core

with an active height of 94 inches and an equivalent diameter of 86.8

inches. The uranium in the first fuel cycle is fully enriched in U-235,

while in subsequent cycles the uranium is a mixture of U-235 and U-233

with the U-233 originating as bred fuel from a previous cycle.
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Surrounding the core axially and radially is a 3-inch

blanket region of thorium oxide contained in the Zircaloy-4 tubes.

Analysis indicates that there is an economic advantage in having a

blanket region. Additional costs are incurred for manufacturing and

reprocessing the blanket region, and for the larger reactor vessel and

the higher heavy water inventory in the vessel. However, the higher

conversion ratio and therefore, the lower cost of fissionable material

more than compensates for these additional costs.

Zone loading of the fuel results in a maximum instantaneous

power peaking factor of 1.57, which is lower than in the reference design

because the uniform core lattice essentially eliminates local peaking.

The core life is 675 full power days (equivalent to an average burnup

of 21, 500 MWd per metric ton of thorium plus uranium in the active

core). The entire core and blanket is refueled at the end of each fuel

cycle, and there is no zone or partial reloading of fuel elements. For

the equilibrium cycle, the initial heavy water concentration in the

moderator is 63.5 mole % which is considerablylower than the 78 mole %
required for the reference design. Additional core design data are

listed in Table 44.

TABLE 44

POTENTIAL PLANT CORE PARAMETERS

General Data

Reactor power, MWt 1074

Power density, kwt/Q 112.5

Primary system design pressure, psia 2500

Primary system operating pressure, psia 2140

Coolant Conditions at Operating Temperature
2 Mole % Dz O

Total reactor flow, lb/hr 39.5 X 106

Core coolant flow, lb/hr 39.0 X 106

Average coolant velocity, ft/sec 12

Core pressure drop, psi 8

Core inlet temperature, F 568
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TABLE 44 (Cont'd)

Core exit temperature, F 632

Core coolant average temperature, F 600

Thermal Design Data

Heat transfer surface, ft2  18, 850

Fuel rod surface heat flux, Btu/hr-ft2 , average 194, 000

Fuel rod surface heat flux, Btu/hr-ft2 , maximum 313, 000

Hot spot linear power, kw/ft 10.5

Overpower to burnout, % 120

Overpower to central melting, % 174

Maximum clad surface temperature

(Tsat + ATsat), F 650

Maximum fuel central temperature, F
at 120% power 3,820

Power Distribution Factors

Maximum to average, radial 1.20

Maximum to average, axial 1.28

Maximum to average, local 1.025

Over-all product (hot spot factor) 1.57

Hot Channel Factors

Heat flux factor F" 1.032
q

Film drop factor F 1.057

Coolant temperature rise F 1.123
AT

Core Dimensions

Active core height, in. 97.6

Equivalent active core diameter, in. 86.8

Active core volume, . 9,480

Core height, including 3-in. blanket, in. 103.6

Equivalent core diameter, including 3-in, blanket 92.8

Fuel rod pitch spacing (square), in. 0.534

Core metal-to-water ratio 1.099

Core volume fractions

Fuel 0.454
Clad (Zircaloy) 0.0696
Moderator 0.476
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TABLE 44 (Cont'd)

Cladding OD, in.

Cladding thickness, in.

Oxide density, gm/cc (92 % of theoretical)

Fuel

Number of fuel rods, active core

Number of blanket rods

Number of control rods

Control rod blade width, in.

Control rod blade thickness, in.

0.436

0.015

9.23

ThOz-UO2

20, 173

2, 364

16

7.46

0. 250

8. 5. 2 Mechanical Design

The potential plant reactor core is similar in mechanical

design to that of the reference plant. The main areas of difference are:

Potential Plant

Fuel-supported cladding
(Zircaloy-4)

Uniform fuel rod pitch

Control rod followers

Reference Plant

Free -standing cladding
(Zircaloy-2)

Nonuniform pitch

No followers

Zircaloy-4 is expected to be a more desirable material than

Zircaloy-2 due to its greater resistance to hydrogen embrittlement at

elevated temperatures. The research and development program

(Section 9) includes both in-pile and out-of-pile tests on fuel rods and

prototype elements with a Zircaloy-4 fuel supported tube design.

Pitch spacing between fuel rods in adjacent fuel elements

is the same as the pitch between rods within an element. This feature

does not depend on additional research or development, and it would

have been incorporated in the reference design if time had permitted

that design to be modified. Section 8. 2. 4 gives the advantages of the

uniform lattice and the control rod followers.

The core consists of 69 fuel elements of three types:

1) 41 full elements, 11.2 inches square, with the fuel rods arranged in

a 19 X 19-square lattice; four Zircaloy-4 tie rods displace the corner

fuel rods to supply rigidity to the assembly, 2) 16 control rod elements,
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of the same over-all size as the full elements but with the centerline

rows of the fuel rods omitted to accept a cruciform control rod blade,

and 3) 12 partial elements at the periphery of the core designed to pro-

duce as near a circular core outline as is practical.

Individual fuel elements are of the same mechanical design

as in the reference core. Fuel rods are held in position by dimpled grid

spacers. These dimples hold the rods in place by spring force, but

permit axial movement of the fuel rods caused by temperature.

The blanket region of thorium oxide, a 3-inch zone circum-

ferentially and axially, is mechanically integral with the core. In each

fuel rod, the top and bottom 3 inches is loaded with thorium oxide con-

taining no uranium oxide. The radial boundary between the active core

and the blanket falls within the peripheral elements so that the outer

layer of rods in the peripheral elements contains only thorium oxide.

Figure 72 shows a core cross section.

8. 5. 3 Manufacture of Recycle Fuel Elements

Although the manufacture of fuel elements is not directly

associated with the construction or operation of a nuclear power plant,

it is of particular interest in a discussion of the potential SSCR plant.

The low fuel costs achieved with this reactor are due to the high con-

version ratio which reduces the net cost of fissionable material to an

almost insignificant value. However, the cost of manufacturing fuel

elements with recycled radioactive fuel could offset the low costs for the

fissionable material.

However, a fabrication process has been developed which

apparently results in recycle fuel manufacturing costs that are not

burdensome to fuel cycle costs. The principal features of fuel manu-

facture for recycle U-233 are a process to convert the product from

the Thorex chemical separations plant into oxide suitable for compaction

into fuel rods, and a vibratory compaction process to produce high

density oxide within a fuel tube with little manual handling.

Spent fuel from a reactor is first processed in a Thorex

plant to separate thorium and fission products from the uranium isotopes.

The uranyl nitrate product from the Thorex plant is then shipped to the

fuel fabrication plant. At the fabrication plant, the uranyl nitrate is
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processed by solvent extraction or by ion-exchange immediately preceding

the sol-gel process to remove thorium-228 and its decay products which

build up radioactivity. The uranyl nitrate is then processed into oxide

by a hydrothermal denitration process (the sol-gel process). In this

process, the uranyl nitrate and the fresh thorium nitrate are converted

into a mixture of uranium oxide and thorium oxide powder. The oxide

is of a crystalline structure and a particle size suitable for compaction

to a high density. The sol-gel process was developed at the Oak Ridge

National Laboratory, and is described in progress reports of the Chemical

Technology Division of ORNL. 14

The thorium oxide and uranium oxide mixture is then loaded

into fuel tubes by a vibratory compaction process. This technique has

been proved ideally suited to remote fabrication by Hanford Laboratory

and the B&W Nuclear Facilities Plant. Compaction is followed by tube

end closure, inspection, and decontamination. The fuel rods are then

assembled into fuel elements under water in a pool where the completed

elements are stored. The mechanically assembled fuel element design

specified for the reactor is suitable for remote assembly under water

since no welding or brazing is required to hold the fuel rods in place.

Figure 73 shows a conceptual diagram of the overall manu-

facturing process.

8.5.4 Nuclear Design

8.5.4.1 Zone Loading

The active core is zone loaded into 4 equal-volume

radial zones and 3 axial zones to achieve maximum gross radial and

axial peak to average power ratios of 1. 2 and 1. 28. The local power

peaking factor is only 1. 025 due to the absence of water gaps between fuel

elements and local zone loading within the fuel elements. Therefore,

the total instantaneous power peaking factor is 1. 57. Because peaking

tends to flatten over core life, the integrated total peak to average power

ratio is 1. 5.

A 1. 5-inch stainless-steel core shroud, which

channels the reactor vessel inlet flow downward to the bottom of the

vessel before entering the core, also helps to reduce thermal flux peaking

at the core periphery.
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8.5.4.2 Fuel Cycle

The nuclear analysis work involves designing a

first core of thorium-oxide as fertile material and U-235 oxide as the

fuel. The bred U-233 plus the U-235 remaining at the end of core life is

recycled in succeeding cores until equilibrium is achieved. Equilibrium

is defined as the fuel cycle when the amount of required makeup fuel

(U-235) becomes constant for the specified core life.

All fuel cycles are 675 full power days. At the

end of the core life, the entire core is removed, stored to cool down,

and then is sent to a Thorex plant for reprocessing. There, the U-235

and the bred U-233 are recovered, and the thorium and the fission products

are discarded. It is estimated that separating the fission products from

the thorium to permit reuse of the thorium is more expensive than dis-

carding it and using fresh material for a new core. The U-235 and the

U-233 then are sent to the fuel element fabrication plant where makeup

U-235 and fresh thorium are added and new fuel elements are fabricated.

These elements are then shipped to a second reactor plant for immediate

use.

A minimum of two SSCR plants of the type described

are assumed. Two reactors can mutally use the fuel bred in each so that

unnecessary inventory charges are not incurred in storage between the

time the fuel elements are fabricated and loaded into a reactor.

Figure 74 shows a typical fuel programming

scheme between two reactor plants. A core of U-235 and thorium (I)

is loaded into Plant A. The second reactor (B) goes into operation, also

with a U-235-thorium core, 14 months later (half of a fuel cycle). After

the completion of Cycle 1, the spent core is removed from Plant A, is

cooled and reprocessed, and the remaining U-235 and bred U-233 is re-

fabricated into fuel elements with fresh thorium oxide. Another U-235

and thorium core is loaded into Plant A. Since Plant B is half of a cycle

out of phase with Plant A, the fabricated core with U-233 bred in Plant A

can be loaded into Plant B as its second core. The transfer of bred U-233

between the two plants continues so that equilibrium is reached in both

plants in their fourth cores. Near optimum fuel management is obtained

with only a two-reactor plant scheme since the time required for cooling,

reprocessing, fabrication and transportation of a spent core is estimated

to require about 14 months.
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Tables 45, 46, and 47 present the core plus

blanket mass balances for the first three fuel cycles. Cycle 1 has only

U-235 as fuel, while Cycles 2 and 3 contain bred U-233. Cycle 3 is the

first equilibrium cycle. With each succeeding cycle, the U-233 fraction

increases and the U-235 fraction decreases. However, it is necessary

to add only 30 kg of fresh U-235 to the core loading in the equilibrium

cycle. The difference between the end-of-life U-235 loading of Cycle 2

and the start-of-life U-235 loading in Cycle 3 is 30 kg (accounting for

a 1% loss while the spent core of Cycle 2 is reprocessed). A neutron

balance for Cycle 3 is presented in Table 48.

TABLE 45

MASS BALANCE, CYCLE NO. 1

U-235

U-233

U-234

U-236

U-238

Pa-233

Th-232

D20, mole %

Integrated Conversion Ratio

Average eta

Beginning of Life
Mass, kg

1, 320

70

39, 197

50

1.86

End of Life
Mass, kg

643

439

35

137

69

39

38, 458

2

0.76

2.08
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TABLE 46

MASS BALANCE, CYCLE NO. 2

U-235

U-233

U-234

U-236

U-238

Pa-233

Th-232

Dz 0, mole %

Integrated Conversion Ratio

Average eta

Beginning of Life
Mass, kg

637

473

34

135

68

39, 239

63

2.03

End of Life
Mass, kg

316

653

85

187

67

40

38,461

2

0.86

2.15

TABLE 47

MASS BALANCE, CYCLE NO. 3

Beginning of Life
Mass, kg

U-235

U-233

U-234

U-236

U-238

Pa-233

Th-232

Dz 0, mole %

Integrated Conversion Ratio

Average eta

343

686

84

185

69

39, 190

63.5

End of Life
Mass, kg

206

753

130

203

68

41

38,419

2

0.93

2.182.10
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fission product buildup.

The feasibility of fuel supported cladding has been demonstrated

through extensive experimentation at the Chalk River Project of

Atomic Energy of Canada, Ltd. That workhas concentrated on long

Zircaloy rods with 15 mill cladding filled with U02 pellets. The

potential plant design involves the same cladding, but it is filled with

thorium and uranium oxides, which are densified by mechanical

compaction. Few cladding problems are expected to arise through use

of mechanically compacted fuel, but a testing program is required to

confirm operational behavior. (See Section 9. 3)

The saving in Zircaloy material cost due to the thinner wall

required is the principal advantage of fuel supported Zircaloy cladding.

Another advantage is in core compactness (the thinner the clad, the

more oxide fuel there is per unit volume of overall core). Also, a

thinner clad reduces the thermal gradient through the wall, thereby

reducing the average and the inner wall temperature and the rate of

hydrogen pickup.

8. 2. 3 Improved Thermal Design

In the reference design, a safety factor of 1. 10 was used

in the thermal design burnout correlation. The correlation (Section 4. 2. 2. 4)

also includes a factor of 1. 54 to account for experimental data scatter.

The potential plant core, however, is designed without the safety factor,

but the correlation retains the 1. 54 factor. The consequent reduced flow

rate results in lower auxiliary pumping power requirements, and in

reduced D 2O plant inventory due to the smaller piping and components.

Burnout tests subjecting a prototype fuel element to various combina-

tions of flow and heat flux are included in the research and development

program to demonstrate the design adequacy.

8.2. 4 Uniform Core Lattice

A uniform lattice is a core arrangement which has the

same water gaps between fuel rods throughout the core. A uniform

lattice lowers flux peaking in the core, and reduces the leakage flow

of coolant. These two effects cause reductions in fuel and capital

costs.

In the reference design, the clearance between fuel
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Figure 75 shows the variation of D2 0 concen-

tration in the moderator required over core life for Cycles 1, 2, and 3.

Although the lifetimes are of the same duration, Cycles 2 and 3 require

a higher initial D2 0 concentration than Cycle 1. Approximately the

same amount of excess fuel as either U-235 or a combination of U-235

and U-233, is required for equal core lifetimes. However, since U-233

is a more efficient fuel (it has a higher r), the excess reactivity is

higher with greater fractions of U-233 in the core, and therefore, a

higher D2 0 concentration is required to control the reactivity.

8.5.4.3 Reactivity Control

The potential plant control system is similar to

that of the reference design (Section 4. 2. 2. 3). The chief difference is

that soluble poison, in addition to being used for the moderator tempera-

ture deficit, is required to compensate for the decay of equilibrium

xenon. For shutdowns of more than one day, even if the operating

temperature of the moderator is maintained, soluble poison is required.

Although the number of control rods is reduced

from 25 in the reference design to 16 in the potential plant, the control

rod worth is not decreased proportionately since the potential core is

smaller and its control rod blade width is larger. The primary system

volume of the potential plant is approximately 25% smaller than that of

the reference plant. With the same soluble poison removal equipment,

the boric acid can be removed 25% faster in the potential plant. Also,

reducing the number of control rods permits a smaller core because

the volume formerly occupied by the control rods is occupied by fuel.

The smaller core increases the effectiveness of the ThO2 blanket.

Each of the 16 cruciform control rods is 7.466

inches from tip to tip. Four of the rods are used for regulating (shim)

purposes, 8 rods are used to control the Doppler effect, and 4 rods are

used as safety rods. The rods have Zircaloy-4 followers.

8. 5. 5 Thermal Design

As in the reference design, the core of the plant is designed

so that neither fuel melting nor fuel rod burnout occurs at a reactor

overpower of 120% of rated power. The maximum fuel rod surface tem-

perature is limited by local boiling to 650 F.
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The two improvements in thermal design over the reference

plant are that the core average temperature is increased from 566 F to

600 F, and the primary coolant flow rate is reduced from 60. 5 X 106

lb/hr to 39. 5 X 106 lb/hr. These improvements result from the uniform

core lattice, the use of control rod followers, and the reduced burnout

safety factor.

The higher primary system temperature resulted in a

smaller required steam generator surface, and permitted the use of two,

rather than three units, and therefore two, rather than three primary

loops. (See Section 4. 2. 2. 4. )

8.6 Reactor Vessel

The reactor vessel is similar in design to that of the reference

plant. It has a 145-inch OD at the straight shell section and is 33. 8

feet in overall height. It is designed for a maximum working pressure

of 2500 psia at 650 F.

The vessel diameter is 7 inches smaller than that of the reference

design, but it is 4. 8 feet longer. This greater length is due to the inclu-

sion of control rod followers which extend below the core when the rods

are in. A cylindrical extension, 68 inches in OD and 60 inches long,

is added to the bottom head to accommodate the followers.

Although there is a 3-inch blanket zone around the active core,

the improved core design results in an overall core plus blanket diameter

of about 6 inches less than the reference core, thus decreasing the

vessel diameter.

The only other differences from the reference plant reactor vessel

are that there are two inlet and and outlet coolant nozzles, versus three

for the reference design, and 16 control rod nozzles in the closure head,

versus 25 in the reference design.

Table 49 summarizes the reactor pressure vessel design data.
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TABLE 49

SUMMARY OF REACTOR VESSEL DATA

Inside diameter of cylindrical shell, in. 128

Wall thickness, in. 8.6

Cladding (stainless steel AISI Type 316) 0.125

Outside diameter of flange, in. 158

Overall height, ft 33.8

Vessel weight (head, shell and shields) lb 510, 860

Design pressure, psia 2,500

Operating pressure, psia 2, 140

Operating temperature (average), F 600

Design temperature, F 650

Number of coolant outlet nozzles 2

Number of coolant inlet nozzles 2

Number of control rod nozzles 16

8. 7 Containment Vessel

The only difference between the potential and reference designs

not attributed to the advanced core design is in containment and shielding.

In the reference design, shielding and containment are satisfactory for

the AEC-specified hypothetical site in a relatively remote location where

evacuation of the vicinity is permissible if a maximum credible accident

should occur.

After the reference design was completed, a study was made of

various possible containment schemes, and a design was prepared in

which the containment is a concrete structure that also serves as the

biological shielding. With this arrangement, evacuation of the vicinity

is not necessary since the plant personnel and the adjacent population

are shielded from possible radioactivity emanating from the containment

after an accident. This design also has the advantage of costing about

$500, 000 less than the shielding plus concrete in the reference plant.

The concrete containment design represents current technology

and could have been incorporated in the reference design if sufficient

time were available.
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The containment vessel is a reinforced concrete, vertical right

cylindrical structure with a flat base and hemispherical dome. (See

Figs. 70 and 71. )

The vertical height inside the cylindrical wall is 55 feet and the

dome has an inside radius of 60 feet. Thus, the total inside height is

115 feet. The vertical cylindrical walls and dome are 3. 5 feet thick.

The top of the foundation mat and the inside of the vertical cylin-

drical wall and dome are lined with 0. 25-inch thick steel plates to make

the containment vessel vapor-tight. The liner plates are attached to the

concrete at all horizontal and vertical joints by being welded to continuous

steel backing plates embedded in the concrete. Welded joints in the

liner plates are covered with continuous channel batten strips which are

full-penetration seal welded to the adjacent liner plates. Threaded

bosses are welded to the batten strips at intervals for test gas connections.

The liner plates conform to ASTM Specification A-285, Grade C, fire-

box quality.

The entire structure is designed for an internal pressure of 17

psig and to carry all external loads and thermal stresses associated

with the maximum credible accident. The container is designed in

accordance with the Building Requirements for Reinforced Concrete,

ACI-318. Penetrations of the walls for piping and electrical connections

are adequately reinforced and designed to be pressure-tight, and pro-

visions are made to minimize radiation streaming through the penetrations

or entering areas accessible to operating personnel.

In the reference design, the one-inch thick steel containment

vessel provides little attenuation of the gaseous and volatile fission pro-

duct activity released inside the container in the event of core meltdown.

This is not the case for the concrete containment vessel where the outer

radiation barrier consists of a 0. 25-inch thick steel liner backed by 3. 5

feet of concrete. With this additional shielding, the radiation dose rate

is reduced by a factor of approximately 1, 000 and can be adjusted to any

desired value to fit actual plant site conditions by changing the shield

thickness.

8. 8 Heavy Water Reconcentration Unit

The heavy water reconcentration plant for the potential plant con-

sists of a pair of distillation columns, each 2 feet, 8 inches in diameter
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and 80 feet high, operating in series. Each tower contains 212 trays

of a design similar to that in the reference plant so that the combination

produces the required bottoms product of 63.5 mole % D2 0 and an over-

head of 0. 5 mole % D2 0. The plant is designed for a feed rate of 40 lb/hr.

During the first five days of core life, the primary coolant con-

centration drops from 63. 5 mole % to about 59 mole % D2 0 and then

progressively down to 2 mole % at the end of about 842 calendar days.

This operating period is based on 675 full power days of core life at an

average load factor of 0. 8.

The plant reprocesses all accumulated excess primary coolant

bleed from previous core operation plus all of the bleed from the current

operating core during approximately the first 728 operating days of the

current core. Between 728 days and the end of core life, approximately

1. 7 primary system volumes, not including the final system drain, are

bled to storage while only slightly less than 0. 9 volumes are processed

through the reconcentration plant. Therefore, primary coolant storage

is provided in the sealed drain tanks to contain slightly more than 0.8

primary coolant system volumes in addition to the volume required to

drain the entire system at the end of core life.

The dilute heavy-water storage tank collecting reconcentration

plant overhead product as 0. 5% D2 0 requires a capacity slightly less

than 1. 7 primary coolant system volumes. The heavy-water storage

tank collecting distillation plant bottoms product requires a minimum

capacity of one primary coolant system volume at 63. 5 mole % D2 0

concentration plus a relatively small allowance for the additional D2 0

contained in the end-of-core life primary coolant.

The heavy-water inventory required for plant operation is shown

in Table 50.

8. 9 Construction Schedule

As indicated on the construction progress chart for the reference

design (Fig. 64), 20 months are required after authorization to develop

layouts and firm design and specifications. The steel-lined concrete

reactor containment vessel for the potential plant is the critical item

in determining the length of the construction period. It is estimated

that 15. 5 months' work on this structure is needed before the installa-

tion of the reactor vessel may proceed. This results in an active
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construction period of 23 months, and a total elapsed time of 46 months

until the initial power operation. These periods are approximately 2

months shorter than those required for the reference design plant.

Since 26 months are required for the manufacture and delivery of

the reactor vessel, final design and specifications for this vessel must

be available approximately 10 months after project authorization.

TABLE 50

HEAVY WATER INVENTORY, POTENTIAL PLANT

Total

2. 5

Reconcentration Plant

End-of- Core- Life Primary
System Drain

Unprocessed Primary Coolant
Bleed at Shutdown

Second Core Primary System
Fill, Including Auxiliaries

Liquid Volume, Hot, ft3

Ll Pure DO

?0 16

30 52u , . v v

2, 200

2, 580

79

1, 573

1, 720

83, 410D2 O Inventory, lb

8. 10 Electric Generating Costs

8. 10. 1 Introduction

Detailed electric generating costs for the potential plant,

showing annual costs in dollars and unit power generation costs in

mills/kwh, are given in Table 54.

The total generating cost is based on 5, 394, 000, 000 kwh

net generation per core, with a core life of 675 full power days, and

an annual load factor of 80%. Fixed charges are 12. 5% per year for

working capital, heavy water and land and land rights, and 14. 3% for

all depreciating capital costs. Calculation of the net generation is based

on the full load plant efficiency.
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8. 10. 2 Capital Costs

Capital costs, consisting of direct and indirect construction

costs, are listed in Tables 51 and 52. All cost estimates are based on

the ground rules described in the Appendix. In one instance, the ground

rules were modified. The construction period specified by the AEC is

36 months, but a 46-month schedule is more realistic. Therefore, the

interest during construction was increased from 8. 3% to 10. 3%.

The total cost of the plant inventory of 83,410 lb of heavy

water at $28. 00/lb is $2, 371, 000, including the 1. 5% interest during

construction.

The total capital cost for the potential plant is $56, 715, 000,

or $170 per net kw, including the initial charge of heavy water, land and

land rights, contingency, and interest during construction.

8. 10. 3 Fuel Cycle Costs

Fuel cycle costs for the potential plant are computed dif-

ferently than for the reference design with respect to the cost of net

fissionable material and fuel use charges. These two items are computed

on the basis that the value of the fuel, regardless of composition, depends

only on the amount of energy it produces. Fuel, including bred U-233,

is not returned to the Government for credit at the end of a fuel cycle,

but is recycled to a subsequent cycle. However, use charges are com-

puted at 4. 75% per year. An additional explanation is presented for the

computational methods which differ from those described in Section 4. 16. 3

for the reference design.

Fuel costs are based on a core life of 675 days, a net

electrical generation of 333 MWe, and a plant load factor of 0. 8. The

total electrical energy generated per core is 5. 39 X 109 kwh. The fuel

cycle cost is broken down in Table 53.
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TABLE 51

SUMMARY OF CAPITAL COST
333 MWe POTENTIAL NUCLEAR POWER PLANT

Direct Construction Costs

Account No.

21
22
23
24
25

Material
and

Equipment, $Description

Structures and Improvements
Reactor Plant Equipment
Turbine Generator Units
Accessory Electric Equipment
Miscellaneous Power Plant Equipment

Total - Direct Construction Cost

Indirect Construction Costs

General and Administrative

Subtotal

Miscellaneous Construction Costs

2,965,000
12,138,100
11,715,900

866,600
419,400

28,105,000

Labor, $

2,338,200
1,177,400

809,300
394,400
87,500

4,806,900

9.1%

1.0%

Total, $

5,303,300
13,315,500
12,525,200

1,261,000
509,900

32,911,900

2,995,000

35,906,900

329,100

36,236,000

4,509,000

40,745,000

Subtotal

Engineering, Design and Inspection
A-E Design and Inspection Services 13.7%

Subtotal

1N
0



T/ABLE 51 (Cont'd)

Account No.

200

Description

Engineering, Design and Inspection
Nuclear Engineering

Subtotal

Startup Costs

Subtotal

Land and Land Rights

Subtotal

Contingency

Subtotal

Interest During Construction

Subtotal

D2 O Initial Charge Plus 1.5%
for Interest During Construction

Total - Capital Cost

Material
and

Equipment, $ Labor, $

10.4%

10.0%

10.3%

Total, $

3,423,000

44,168,000

262,000

44,430,000

360,000

44,790,000

4,479,000

49,269,000

5,075,000

54,344,000

2,371,000

56,715,000



Account No.

20
201

21
211

212
212A

212B
212C
212D
212E
212F

212G
212H

O

TABLE 52

DETAIL OF DIRECT CONSTRUCTION COST
333 MWe POTENTIAL NUCLEAR POWER PLANT

Material
and

Description Equipment, $

Land and Land Rights
Land and privilege acquisition

Total Cost - Account No. 20 -
Land and Land Rights

Structures and Improvements
Ground improvements

Buildings
Turbine deck, including auxiliary bay

and control room
Auxiliary building
Service building
Warehouse
Spent fuel pit
D2 0 reconcentration and heating boiler

building
New fuel storage building
Miscellaneous buildings, including

guardhouse

Total Cost -Item 212

360,000

360,000

395,200

559,100
127,500
177,100

12,100
273,400

130,400
18,800

5,100

1,303,500

Labor, $

205,200

388,300
124,000
128,000

8,200
195,000

41,500
7,000

Total, $

360,000

360,000

600,400

947,400
251,500
305,100
20,300

468,400

171,900
25,800

Stacks 12,000
Reactor containment structure 1,254,300

Total Cost - Account No. 21 -
Structures and Improvements 2,965,000 2,338,300 5,303,300

218
219

3,200 8,300

895,200 2,198,700

3,000
1,234,900

15,000
2,489,200



TABLE 52 (Cont'd)

Account No.

22
221
222

223
225
226
227
228
229

23
231
232
233
235

236
238

Material
and

Des cription Equipment, $

Reactor Plant Equipment
Reactor equipment
Heat transfer systems, including D2 O

Re concentration
Fuel handling and storage equipment
Radioactive waste treatment and disposal
Instrumentation and control
Feedwater supply and treatment
Steam condensate and feedwater piping
Other reactor plant equipment

Total Cost - Account No. 22 -

Reactor Plant Equipment

Turbine Generator Units
Turbine generators
Circulating water systems
Condensers
Turbine plant boards, instruments and

controls
Turbine plant piping
Other turbine plant equipment

Total Cost. - Account No. 23 -
Turbine Generator Units

3,49 7,400

5,850,800
403,300
420,700
775,200
626,700
558,500

5,500

12,138,100

9,931,900
818,200
775,400

103,000
5,500

81,900

11,715,900

Labor, $

223,600

252,500
25,300

111,400
171,500
43,500

349,200
400

1,177,400

345,400
303,500

81,600

2,200
5,400

51,400

Total, $

3,721,000

6,103,300
428,600
532,100
946,700
670,200
907,700

5,900

13,315,500

10,277,300
1,121,700

857,000

125,000
10,900

133,300

809,300 12,525,200



TABLE 52 (Cont'd)

Account No.

24
241
242
243
244
245
246
247

N

25
251
252
253

Material
and

Des cription Equipment, $

Accessory Electric Equipment
Switchgear
Switchboards
Protective equipment
Electrical structures
Conduit
Power and control wiring
Station service equipment

Total Cost - Account No. 24 -
Accessory Electric Equipment

Miscellaneous Power Plant Equipment

Cranes and hoisting equipment
Compressed air and vacuum cleaning systems
Other power plant equipment

Total Cost - Account No. 25 -
Miscellaneous Power Plant Equipment

222,8.00
128,500

4,000
26,500
85,300

330,500
69,000

866,600

169,800
44,700

204,900

419,400

Labor, $

22,900
22,100
9,700

39,400
128,000
167,300

5,000

394,400

31,500
14,700
41,300

Total, $

245,700
150,600

13,700
65,900

213,300
497,800

74,000

1,261,000

201,300
59,400

246,200

87,500 506,900



TABLE 53

SUMMARY OF FUEL CYCLE COSTS,
POTENTIAL PLANT

mills/kwh

Net fissionable material 0.08

Core fabrication 0.52

Spent fuel recovery 0.15

Fuel use charges 0.48

Transportation and insurance 0.07

Sinking fund credit -0.04

Total fuel cycle cost 1.26

8. 10. 3. 1 Net Fissionable Material

The net fissionable material charge is defined

as the cost of the required makeup (fully enriched uranium). Thus,

the net fissionable material cost is (30 kg) ($13, 688/kg) = $411, 000

(0.08 mills/kwh).

8. 10. 3. 2 Core Fabrication

Fabrication costs consist of uranium charges

and fuel element manufacturing costs. Uranium charges cover con-

version of U-235 makeup from UF6 to U02 , losses of uranium during

conversion, manufacture, and scrap recovery, transportation of makeup

uranium from' the AEC to the conversion plant and to the fuel element

manufacturing plant, recovery of uranium scrap, and use charges at

4.75% per year on the value of the fuel during its manufacture.

The manufacturing process for recycled fuel is

described in Section 3. 5. 3. The cost of this process is an estimate

based on the work done at Oak Ridge and at the B&W fuel element

fabrication plant. Since such a manufacturing process has never been

operated, its cost is uncertain, and development work is recommended

(Section 9. 3).
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The core fabrication costs are:

Manufacturing cost

Uranium charge

Total fabrication cost

$2, 295 , 000

477,000

$2,773,000 = 0.52mills/kwh

8.10.3.3 Spent Fuel Recovery

Spent fuel recovery calculations are identical,

with one exception, to those discussed in Section 4. 16.3. Losses are

assumed to be 0.8% since the uranium is not reconverted to UF 6 at the

end of a cycle. Therefore, the losses associated with reconversion

(0.5%) are omitted. On this basis, the recovery costs are:

Reprocessing

Losses

Total

$680,000

141,000

$821, 000 = 0. 15 mills/kwh

8.10.3.4 Fuel Use Charges

Use charges for a recycle core are defined

differently from those for the reference design core. The rental period

extends from the time the fuel leaves the fabrication plant until core

fabrication for the next cycle begins. Since the fuel is not returned to

the Government, the beginning of the succeeding cycle marks the cycle's

end. A total of 7.5 months is allowed for cooling, transportation, re-

processing, and storage of spent fuel, and the new core is assumed to

be on site one month before full power operation begins. Costs are

based on the average fuel value and are charged at a rate of 4. 75% per

year. The final fuel value is defined as the initial value minus the value

of the makeup. The use charge is calculated as:

Initial fuel value = (1320 kg U- 235) ($ 13,688 /kg)

Makeup = (30 kg U-235) ($13,688/kg) =

Final fuel value = $18, 068,000 -$411,000 =

Average fuel value = $17,862, 500

The fuel use charge is

$18,068,000

$ 411,000

$17,657,000

0.t00396 monthnt) ($ 18, 068, 000) + (28 months) ($ 1, 78 6 , 2 50)
month

+ (7. 5 months) ( $ 17, 657, 000)]= $2, 555, 000, or 0 .48 mills/kwh
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8. 10.3.5 Transportation and Insurance

An average transportation and insurance charge

of $9. 10/kg of thorium and uranium is assumed for the potential plant.

The transportation charge covers shipment from the reactor to reproc-

essing to the fabrication plant. This unit charge is lower than the

reference design, when based on the cost per kg of total fuel material,

since a relatively small quantity of material is shipped from reprocessing

to the fabrication plant (Section 8.5.3).. In the reference design, the

entire core loading (as UF6 ) is shipped from reprocessing to the AEC.

The transportation and insurance charge is $370,000 (0.07 mills/kwh).

8.10.3.6 Sinking Fund Credit

The sinking fund credit (Section 4. 16. 3) is

applied only to cost items which are paid in a lump sum at the end of

the cycle (fabrication, reprocessing, transportation, and insurance).

The cycle length is 2. 5 years. In terms of semi-annual interest pay-

ments, this is equivalent to 5 pay periods.. The sinking fund credit is

$190,000 (0.04 mills/kwh).

8. 10.3. 7 Fuel Costs for First and Second Cycles

Fuel costs for the cycles up to equilibrium

vary slightly from the equilibrium cost of 1. 26 mill.s/kwh. The first

cycle fuel cost is 1. 20 mills and the second is 1. 25 mills based on the

same calculational method discussed in this section. Over a 30-year

plans operating period and averaging both plants, the fuel. cost is 1. 25

mills/kwh.

8. 10. 3.8 Effect of Irradiation Life on Fuel Cost

Calculations show that core burnups for over

20,000 MWd/MT of thorium average have a relatively small effect on

reducing fuel costs. For example, increasing from 20,000 to 40,000

reduces fuel costs by about 8% which amounts to only about 0. 1 mill/kwh.

The small, decrease is due to the decrease in the conversion ratio with

the increase in core life. For example, at 40,000 MWd/MT of thorium

average, the equilibrium conversion ratio is approximately 0.83.. For

the 20,000 MWd/MT of thorium average case, the conversion ratio is

0. 93. Within this range as irradiation increases, the conversion ratio
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decreases, and the net fissionable material and inventory charges are

increased nearly as fast as the fixed costs of fabrication and reprocessing

decrease. As a result, there is relatively little change in fuel cost with

increased fuel irradiation. This is in contrast with the reference core

which shows an appreciable decrease in fuel costs with increased core

burnup. For the reference core, the conversion ratio hardly changes

with fuel irradiation. Since net fissionable material and inventory costs

do not change, the total cost is affected by the relatively fixed costs, such

as fabrication. For example, increasing the reference design core

irradiation from 16, 800 to 22, 000 MWd/MTU average causes fuel costs

to decrease from 2.00 to about 1.76 mills/kwh.

8. 10.4 Operation, Maintenance and Insurance Costs

Operation and maintenance costs for the potential plant are

the same as for the reference design, except that heavy water losses

have been reduced because of the smaller plant inventory. As in the

reference design, heavy water makeup is estimated at 1% of the plant

inventory per year.

It is assumed that the premium rate for nuclear liability

insurance established for the reference design applies to the potential

plant. Based on costs for this type of insurance as established in the

ground rules, the cost of third party nuclear liability coverage is an

annual premium of $260, 000, plus $32, 300 per year as a Government

indemnification fee.

All risk and nuclear property insurance covering fire,

electrical damage, explosion or physical breakdown, radiation damage

(including the nuclear rider) are included in the fixed charges and are

not itemized separately.

8. 10. 5 Energy Costs

Table 54 shows that the generating cost of the potential.

plant cycle is 5.23 mills/kwh. Based on the plant net heat rate of 11, 000

Btu/kwh, the fuel cost is 11.4c per million Btu. The low fuel costs

result in a generating cost which is competitive with modern combustible

fuel-fired stations in many parts of New England today which are assumed

to generate power at 6.7 mills/kwh.

- 215 -



By assuming that the capital cost trend over a range of

capacities for potential plants is similar to the trend for the reference

design, the total capital cost for a 458 MWe net plant for 1972 operation

is estimated to be about $72,000,000. (See Section 6.4 and Fig. 65.)

Small adjustments in working capital, operation and maintenance, and

fuel costs to account for the larger size plant are also made. These

changes result in a total power generation cost of 4.82 mills/kwh for

a 458 MWe plant.

TABLE 54

ELECTRIC GENERATING COSTS
333 MWe POTENTIAL PLANT

Fixed Charges

Total Capital Cost

Land and Land Rights

Working Capital

Heavy Water Inventory

Nuclear Liability Insurance

Operating Costs

Operation and Maintenance

Fuel Cost

Total Cost

Annual
Costs, $

7,717,000

45,000

194, 000

296, 000

292,000

725 , 000

2,935,000

12,204,000

mills/kwh

3.31

0.02

0.08

0. 13

0. 12

0.31

1.26

5.23

An 80% operating factor results in 7, 008 hr operation with 2.333 X 109 kwh
produced annually.
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FIG. 70: CONTAINMENT VESSEL PLANS,

POTENTIAL PLANT
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FIG. 71: CONTAINMENT VESSEL SECTIONS,

POTENTIAL PLANT
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FIG. 72: POTENTIAL CORE CROSS SECTION
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FIG. 73: MANUFACTURE OF RECYCLED FUEL ELEMENTS
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FIG. 74: FUEL RECYCLING SCHEME - POTENTIAL SSCR
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FIG. 75: D 2 0 CONCENTRATION Vs TIME, POTENTIAL PLANT
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FIG. 76: RESEARCH AND DEVELOPMENT SCHEDULE
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9. RESEARCH AND DEVELOPMENT PROGRAM

9. 1 General

Low fuel cost realization in the potential plant depends on the

successful completion of a research and development program concerned

primarily with the development and performance testing of reactor core

fuel and cladding materials. In all other respects, the potential plant

design is based on current technology and requires no additional

development work.

The research and development program consists of (1) thermal

and hydraulic testing to determine core flow characteristics and thermal

burnout criteria, (2) fuel rod cladding tests to determine the corrosion,

hydriding, fretting, and general mechanical behavior of thin-walled

Zircaloy-4, (3) tests to determine the burnup and general irradiation

effects of the thorium oxide-uranium oxide fuel, (4) irradiation tests

on fuel rods and fuel elements to determine the combined performance

of cladding and fuel, and (5) the manufacturing development of fuel

elements using recycled U-233.

The total cost of the program is $5, 145, 000. (See Table 55. )

The schedule for the program (Fig. 76) presumes that work

will be authorized at the beginning of 1962. All testing, except for

long-term operation of prototype fuel elements in a power reactor, is

completed within four years. Therefore, construction of the potential

plant could be authorized by 1966 or earlier depending on the degree

of confidence acquired during the various phases of the program. The

economic factors involved in the fabrication of recycled fuel elements,

and the performance of fuel-supported Zircaloy-4 cladding will be

established by 1965. Results of the operation of prototype fuel

elements in a power reactor are necessary for the detailed final

design of the potential plant core, but the over-all plant design

can be started about two years earlier. If the plant design is started
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in 1965, plant operation would begin by 1969. If authorization for plant

construction were to await final results of the prototype element

performance, the potential plant would begin operation by 1971.

9. 2 Thermal and Hydraulic Testing

Before the final fuel element design and the final specification

of the primary coolant flow rate can be made, it is necessary to perform

flow distribution, pressure drop and thermal burnout tests on the core

and fuel elements.

Single and two-phase pressure drop and flow distribution tests

over a range of Reynolds numbers and steam qualities will be performed

by using single elements and a model of the entire core. Also, the

effect on flow distribution and pressure drop of the various flow channels,

grid plates, flow baffles and other reactor internal structures will be

determined.

Burnout tests are required to demonstrate that the 10% safety

factor used in the burnout correlation for the reference design is not

necessary. The burnout tests will subject a full-length prototype

fuel element to combinations of flow rate and heat input.

Fuel element surface temperatures will be determined in local

areas of high heat transfer resistance and at the point of departure from

nucleate boiling. The effect of various types of fuel element structural

fixtures on fuel rod surface temperature will be determined for the final

design of the element and over-all reactor core.

9. 3 Fuel Rod Cladding Tests

9. 3. 1 General

Before thin-walled Zircaloy-4 can be used as fuel

cladding for service at an outside surface temperature of 650 F, it

must be tested to demonstrate suitable mechanical properties and

integrity over the life of the core after irradiation effects, corrosion,

and hydriding are taken into account. At present, there is no

experimental or operational data on the long-term service of Zircaloy-4

at 650 F under heat through-put conditions. The use of non-free standing

cladding also requires testing to confirm its operational suitability.

While extensive test data on thin-walled Zircaloy over pellets are

available from Chalk River, there is no comparable information for the
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mechanically compacted fuel rod design used in the potential plant.

The experimental program on fuel cladding is divided

into three major areas: corrosion and hydriding, assembly effects,

and mechanical behavior.

9. 3. 2 Corrosion and Hydriding

Several programs in the United States and Canada are

now underway investigating the defect behavior, hydriding character-

istics, and effects of radiation on Zircaloy-4. Much of this work will

be of direct benefit to the SSCR. An important adjunct to the research

and development is the evaluation of the scope, schedule, and results

of these programs in terms of SSCR requirements. Where possible,

attempts will be made to influence work direction to provide data in

areas important to the SSCR. The corrosion and hydriding test

program, which consists of a long term loop test and a basic materials

investigation, complements work now underway in the other programs.

9. 3. 2. 1 Long Term In-Pile Loop Test

To obtain data on the combined effects of

radiation, temperature and pressure, thermal gradient, and corrosion

and hydriding in heavy water-light water mixtures, a long term in-pile

dynamic loop test is performed over a three-year period. Zircaloy-4

clad fuel specimens will be exposed to maximum SSCR conditions at a

650 F surface temperature and a 300, 000 to 450, 000-Btu/hr-ft 2 surface

heat flux. Short and intermediate term tests will also be run on defected

and undefected rod specimens to obtain early data on material behavior.

Throughout the test, specimens will be exposed in the out-pile section

to obtain correlative data in the absence of radiation and heat flux.

Post-irradiation rod examination will

obtain direct data useful in mechanical design. Fuel will be removed

from the rods, and bursting, collapse, and various manipulation testing

will be performed on the cladding. Hydrogen analyses and metallographic

examination will also be performed.

9. 3.2.2 Basic Materials Investigation

No data are available on corrosion of Zircaloy

in mixtures of heavy and light water. However, data from Chalk River

on heavy water experiments indicate a 50% reduction in deuterium pickup
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as compared to hydrogen pickup in light water. A mixture of heavy and

light water would be expected to show intermediate reductions. With the

present concentration of D2 O specified for the SSCR over its lifetime,

about a 15% reduction in pickup is estimated. The exact reductions

possible can be determined through dynamic out-pile tests with heat

throughout. While the long term in-pile test will give over-all design

and operating*information, detailed determination of hydrogen distribution

is not possible because the long cooling times required permit hydrogen

rediffusion. Complementary out-pile testing will provide the fundamental

information needed to understand in-pile results and will provide a

framework for an analytical prediction of material limitations.

A three-year dynamic out-pile corrosion test

will be performed under heat throughout and isothermal conditions to

determine the combined effects of hydrogen pickup and redistribution in

heavy water-light water mixtures. The effect of hydrogen and oxygen

overpressure will also be investigated to determine water chemistry

conditions which further suppress hydriding. Chemical analysis,

metallographic examination, and mechanical testing will be performed

on the test specimens.

9. 3.3 Assembly Effects

In the mechanically assembled fuel element a question

exists concerning the fretting behavior of the Zircaloy-4 in the area of

contact between the cladding and the spacer grids under heat throughput

conditions. Published data on fretting are concened primarily with the

history of occurrences. Because the conditions under which specific

configurations will fret are not defined at present, the fretting

characteristics of untested fuel element designs cannot be completely

assessed.

Actual assembly segments will be tested under the proper

temperature and heat throughput c onditions and vibrational and applied

loads will be simulated as closely as possible. This test consists of

several months exposure of a multirod test element in an out-pile loop.

Internal heaters will be used to develop a heat throughput of 300, 000

to 400, 000 Btu/hr-ft2 in several rods. This test will precede the long

term in-pile test to allow time for the assembly structure to be

redesigned if necessary.
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9.3.4 Mechanical Behavior

By using commercially developed fabrication techniques,

a series of swaged fuel rods will be fabricated and heat treated to the

desired level of yield strength, the oxide will be removed from certain

specimens, and collapse, end-closure burst, and pressure temperature

cycling tests will be performed.

9.4 Fuel Characteristics

High burnup and defect behavior information on ThOz-UO2 as

prepared by the sol-gel process is needed. The in-pile loop test (Section

9. 3. 2) will provide necessary statistical information on the low and inter-

mediate burnup characteristics of mechanically-compacted high density

ThO2 -UO 2 , but additional data is needed on (1) the gas release and

crystallographic behavior at a burnup of 60, 000 MWd/MT and at maximum

heat ratings of up to 14 kw/ft; (2) changes in structure, and apparent

conductivity of the oxide as a function of heat rating and the time-power

relation; and (3) the behavior of defected rods in a high pressure, high

temperature water environment under steady-state and cycling conditions.

Irradiation characteristics of the sol-gel product (ThO2 -UO2 ) will be

used to set the actual scope of this program. Specimens containing U-233

fabricated by a pilot line (Section 9. 6) will also be tested to determine

any difference in behavior due to the presence of recycled fuel.

9. 5 Design Confirmation of Fuel Rods and Elements

Determination of the behavior of fuel rods with thin cladding in-

volves the parameters of external and internal pressure, internal heat

generation, thermal cycling, and the differential movement of fuel and

cladding. Short and long term loop tests and short and moderate burnup

tests on the ThO2-UO2 fuel can provide the required information.

Individual fuel rods and fuel rod assemblies will be subjected to the

external design pressure at average and maximum heat ratings under

steady-state and cycling conditions. Test periods up to one year will

provide data on long term creep effects due to collapse and internal

pressure buildup. Post irradiation examination will include complete

dimensional surveys, metallographic examination of selected areas of

cladding and fuel, and burnup and fission gas analysis. This test work

will be conducted together with the corrosion and hydriding loop test

(Section 9.3.2).
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As a final confirmation of the operational behavior of full sized

elements, several prototype fuel elements could be placed in the reference

plant for a full life test. Post irradiation examination will be the same as

for the loop tests. The cost estimate for testing prototype elements

includes no irradiation charges since the test elements would be

supplying energy to the reactor.

9. 6 Manufacturing Development

An important factor in the economics of the thorium-U-233 cycle

is the cost of recycled fuel fabrication. In Section 8. 5. 3, a process which

indicates attractive economics is described. Using processes which have

already been developed for the feed preparation and for the fabrication

of vibratory compacted fuel rods, a pilot production line will be set up

to handle non-recycled ThO2 -UO2 as a check-out and then to fabricate

quantities of U-233 for use in irradiation samples. The line would

start with uranyl nitrate and would finish with completed elements.

This workwill develop the methods required to fabricate remotely

U-233 fuel, and will determine the fabrication cost for power reactor

cores.

9. 7 Research and Development Program Costs

TABLE 55

SUMMARY OF RESEARCH AND DEVELOPMENT
PROGRAM COSTS

Cost, $

Thermal and Hydraulic Testing

Pressure Loss and Flow 125, 000
Distribution Tests
Burnout Tests 300, 000

Material Testing

Long Term In-Pile Loop Test 1, 820, 000
Basic Materials Investigation 250, 000
Assembly Effects 75, 000
Mechanical Behavior of Fuel Rods 75, 000
Fuel Characteristics 1, 500, 000
In-Pile Confirmation of Fuel Elements 200, 000
Manufacturing Development 800, 000

Total 5, 145, 000
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GROUND RULES

1. General

The AEC has established ground rules relating to the economic

factors associated with nuclear power generation. These ground rules

have been used when applicable. When specific modifications are made,

they are noted in the report.

The ground rules appear in Section 110 of the Nuclear Power Plant

Cost Evaluation Handbook. The use of the ground rules and the AEC

Classification of Construction Accounts insures that for the study and

evaluation of various reactor concepts:

1. the site conditions for the plant (designed on
the basis of the hypothetical site) are as uni-
form as possible,

2. the estimate is prepared on a uniform classi-
fication of construction accounts, and

3. the estimated indirect costs are applied to the
estimated direct costs on a uniform basis.

The ground rules are presented in abbreviated form for reference.

2. Site Data

2.1 General

Since the exact location and site conditions are not specified,

a selected hypothetical site is used, and the plant design and the costs

are based on the hypothetical site conditions (Appendix 2. 2). The plant

arrangement is based on the erection of only one plant at the site. No

consideration is given to the addition of future plants.

2. 2 Topography and General Characteristics

The site is located in western Massachusetts on the east bank

of the North River, 35 miles north of Middletown, the nearest large city.

The elevation of 985 feet is 25 feet above the minimum river level
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(960 feet) and 5 feet above the maximum river level (980 feet). The site

occupies an area of grass-covered level terrain containing no trees or

brush. Disposal of excess excavation material is allowed on the site,

and the topsoil may be used for landscaping and seeding. Minimum land-

scaping and seeding requirements for the plant site are assumed. The

land area and cost are assumed to be 1, 200 acres at $300 per acre. Land

is generally available surrounding the site at the same cost. It is assumed

that no easements are necessary.

Highway access is provided to the site by a 15-mile secondary

road from a state highway. This road is in good condition and needs no

additional improvements. Railroad access is provided by constructing a

spur to intersect the Boston and Main Railroad. The length of the spur

from the main line to the plant site is assumed to be 5 miles at a total

cost of $300,000 An airfield is located 3 miles from the state highway

and 15 miles from Middletown.

The North River is navigable throughout the year for boats with

up to a 6-foot draft. All plant shipments will be made over land except

heavy equipment (such as the reactor vessel for the 458 MWe plant) which

can be barged to the site.

Middletown has a population of 250, 000 and is located in an

area of low population density. The population varies with the distance

from the site boundary as follows:

Miles Population

0. 25 0
0.5 60
1.0 200
5.0 2,700

10.0 8,000
20.0 40,000

The nearest residence to the plant is 3/8 of a mile east of the

site boundary on a secondary road.

There are five industrial manufacturing plants within 15 miles

of the plant site. These are small plants employing less than 100 people

each. Densely populated areas are found only in the centers of the small

towns, so the total land area used for housing is small. The remaining

area (including the land across the river), except for the railroads and

highways, is forests or cultivated cropland.
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These utilities are available:

1. The North River provides an adequate source of
raw makeup and condenser cooling water for the
station capacity. The average maximum temper-
ature is 75 F and the average minimum is 40 F.

2. Natural gas service is available four miles from
the site boundary on the same side of the river.

3. Communication lines are furnished by others to
the project boundaries at no cost. Cost for
communication within the project boundaries is
in accordance with standard utility company
practice. Construction power is available at the
southeast corner of the site boundary. The cost
of this power is 15 mills/kwh.

4. An emergency power source in the plant, nec-
essary as the distribution system in the area,
is a single source transmission.

5. No city water is available at the plant site.

2. 3 Meteorology and Climatology

Prevailing surface winds in the region surrounding the plant

site blow throughout the year from the south through the west quadrant at

speeds varying from 4 to 15 mph. There are no large daily variations in

wind speed or direction. Observations of wind velocities at an altitude

indicate a gradual increase in mean speed and a gradual shift in prevail-

ing wind direction from southwest near the surface to west aloft.

Surface-based atmospheric inversions occur frequently during

summer and early fall nights with clear skies and low wind speeds. These

inversions are destroyed quickly by solar heating. Inversions occurring

during winter or spring are more likely to extend into the daytime. Inver-

sions occur most frequently when the winds blow from the south. Unstable

weather conditions usually occur with winds from the north or west.

Stagnation periods with steady light winds and a high frequency of inver-

sions are most probable from August to October. A persistent inversion,

with its base between 1, 000 and 4, 000 feet, wind speeds of less than

5 mph below 5,000 feet, and clear skies which permit the formation of

surface-based inversions at night, is characteristic of these periods.

The annual average percentage of the time when the inversion condition

exists is 48.

If a maximum credible accident occurs, site meteorological

conditions do not require inhabitants of unrestricted areas to evacuate as

long as leakage from the containment vessel does not exceed 0. 1 wt % of

the contained air for a 24-hour period.
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A maximum wind velocity of 100 mph has been recorded at the

site.

For design purposes, 30 psf is a reasonable snow loading.

2.4 Hydrology

Average annual rainfall at the site is over 27 inches per year.

Natural site drainage is provided by the land contours. The subterranean

water travels toward the river at a velocity of 300 feet per year. The

maximum temperature is 75 F, and sufficient flow is available to prevent

the allowable temperature rise specified by the State from being exceeded.

Ground water in the region collects mostly in the weathered

layer of shale above the bedrock. Adequate ground water for the sanitary

supply and plant makeup is available 50 feet below grade. Most wells in

the region are drilled to the shale layer.

The river water analyses assumed for water treatment plant

design are given in Table A-1.

2.5 Geology and Seismology

Soil profiles for the site show alluvial soil and rock-fill to a

depth of 8 feet, Brassfield limestone to a depth of 30 feet, blue weathered

shale and fossiliferous Richmond limestone to a depth of 50 feet, and bed-

rock over a depth of 50 feet. The allowable soil bearing is 6, 000 psf,

and rock bearing characteristics are 18,000 and 15,000 psf for Brass-

field and Richmond strata.. No underground cavities exist in the lime-

stone.

The plant has a Zone 1 site (designated by the Uniform Build-

ing Code) based on the observation of three earthquakes of seismic

intensities, 6 to 8 on the Rossi-Forel scale, in the period from 1870 to

1958, which caused minor damage to towns in the surrounding area.

2.6 Waste Disposal

All sewage must receive primary and secondary treatment

before it is dumped into the North River. The maximum permissible

concentration or dosages for radioactive gases or vapors discharged to

atmosphere are prescribed in the following documents:

1. AEC Standards for Protection Against Radiation,
published in the Federal Register (25 FR 8595,
September 7, 1960, amended in 25 FR 13952,
December 30, 1960), and
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2. National Bureau of Standards Handbook 69, Max-
imum Permissible Body Burdens and Maximum
Permissible Concentration of Radionuclides in
in Air and in Water for Occupational Exposure.

If these two items conflict, the first is assumed to govern. Maximum

permissible activity of water entering the North River also is prescribed

in these documents.

The activity level of the liquid effluent is measured as it leaves

the plant:. No credit for dilution in the North River is assumed.

Storage on site for decay is permissible, but no ultimate dis-

posal. is permitted on the site. Radioactive waste shipments are made

only by rail to a disposal site 500 miles from the plant.

3. Basis for Cost Estimates

3 1 Labor

The labor available for plant construction and operation at

this site is adequate, but since it is 35 miles to the nearest large center

of population, an additional transportation allowance in the wage rates is

required for all classes of construction labor.

Labor productivity is assumed to be that found in western

Massachusetts..

Craft labor rates are assumed to be in accordance with those

shown. by the current edition of Statistics of the United States Bureau of

Labor for a western Massachusetts site (Table A-3).

The construction work week is based on a 40-hour week with

no regularly scheduled overtime.

3. 2 Plant Operating Factor

The annual power generation is based on an annual plant opera-

ting factor of 80% of the net power rating. The fuel management program

enables the total annual shutdown time, including scheduled outages for

fuel reloading and scheduled inspection and maintenance, to not exceed

870 hours. This corresponds to 90% of the plant availability. The eco-

nomic life of the unit is assumed to be 30 years.

3. 3 Capital Costs

The estimate of capital costs is prepared in accordance with

the AEC Classification of Construction Accounts, Nuclear Power Plants.
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The Materials and Equipment column reflects the material and equipment

cost delivered F.O.B. to the site. The Labor column shows labor for

unloading and installation.

3.4 Direct Construction Costs

Direct construction costs are the direct costs of materials

and equipment purchased and the labor required for installation. All

purchases are defined as single purchase items (not complete system

package purchases). Direct material and equipment costs are defined

as the net cost of the material or equipment delivered F.O.B. to the

site. Labor is defined as all direct labor used on the job site (including

the payroll burden). Labor costs are based on a normal 40-hour work

week with no allowance for premium pay for an extended work week.

Overtime, which may actually be required, is covered under the con-

tingency allowance.

Labor and material costs are based on rates as of October

1961, with no allowance for escalation.

3.5 Indirect Construction Costs

Indirect construction costs and other indirect costs are com-

puted by an application of fixed percentages based on the sum of direct

construction costs (Accounts 21 through 25). To determine these per-

centages, the cost of land and land rights (Account 20) is not included

as a direct construction cost.

The following construction costs are considered indirect:

1. General and Administrative

These costs, covering general administration
and field superintendence, include field engineer-
ing, accounting, purchasing, and the expenses
of other related activities incurred by the con-
tractor and the owner in connection with the
construction project. The percentage to be
applied to the direct construction costs is
determined from Figure 110-2 of the Nuclear
Power Plant Cost Evaluation Handbook.

2. Other Indirect Costs

Payroll burden, which includes payroll taxes
and insurance, contribution to welfare plans
and other labor expenses, is included in the
direct labor cost as a part of the direct con-
struction, cost. The other indirect costs, such
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as medical, fire protection, insurance, general
expenses, and contractor fees are included as a
part of the general and administrative cost.

3. Miscellaneous Construction Costs

The estimated cost of temporary facilities such
as roads, railroads, fences, offices, shops,
warehouses, power, lighting, equipment rental,
and tools, is determined as a percentage addi-

tion from Figure 110-2 of the Nuclear Power
Plant Cost Evaluation Handbook.

4. Engineering, Design and Inspection

The estimated costs for architect-engineering
and for nuclear engineering are computed sep-
arately at the rate determined from Figure 110-2
of the Nuclear Power Plant Cost Evaluation Handbook.

All engineering, design, and inspection services
applicable to construction work, whether incurred
directly by the owner or accrued for the owner's
account by the architect-engineer or by the nuclear

systems designer are:

architect-engineer design services, prelimi-
nary investigations, expediting, inspection and
procurement of materials and equipment, inspec-

tion of construction work to insure compliance
with plans and specifications, engineering con-
sultant services, and engineering supervision
in connection with construction work, and

nuclear engineering and design services for
the reactor plant and auxiliary systems including
core physics analyses, reactor systems design,
reactor hazards evaluation, operator training,
license application and procurement, initial
radiological site surveys, and related items.

5. Earnings and Expenses During Construction

Costs of operating the power station during the
test period prior to its availability for service
(startup costs) and the revenue earned from power
produced during the test period are reported under

this account. The startup costs are estimated at
35% of the annual operating and maintenance cost
(including supplies but excluding fuel costs).

6. Contingency

The cost estimates include a contingency allow-
ance equal to 10% of the total direct and indirect
construction cost including the cost of land and
land rights (Account 20).
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7. Interest During Construction

This account covers the net cost of funds used
for construction. The period of time for which
interest may be capitalized is limited to the
period of construction including preliminary
engineering. The interest rate is assumed to
be 6% per annum. The net cost of funds used
during the design and construction period (based
on the 6% annual rate) is shown in Figure 110-3
of the Cost Evaluation Handbook as a percentage
of the total design and construction costs including
contingency. This cost is included in the total
capital cost.

8. Primary Coolant Capital Requirements

Heavy water is treated as a nondepreciating
capital cost. This cost item is included in the
total plant capital cost as a separate item. The
cost of primary coolant makeup is charged to
operating expense.

3.6 Working Capital Costs

Working capital is the excess of current assets over current

liabilities.

The estimate of working capital is computed as 2. 7% of the

annual operating expense which includes the annual fuel. cost and the total

annual operating and maintenance costs. Also included is the average

value of materials and supplies in inventory which includes nuclear fuel

inventory (assumed to be 60% of the core manufacturing cost) and other

material and supplies (assumed to be 25% of the annual cost of main-

tenance materials and operating supplies).

3.7 Fixed Charge Rates

The fixed charge rate is 14. 3% (the value used for an investor-

owned public utility). For nondepreciating capital costs, the rate is

12.5%. Nondepreciating capital. costs include working capital, the cost

of land and land rights, and the inventory cost of heavy water.

The 14. 3% fixed charge rate includes return on investment,

depreciation, income taxes (state and federal), local taxes (property),

property insurance (including the nuclear rider), and interim replace-

ment of short-lived equipment. The nondepreciating fixed charge rate

of 12.5% is based on the cost of money (60), income tax (4.67), and

local taxes and property insurance (1. 9%).
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3.8 Nuclear Liability Insurance

The amount of financial protection required of AEC reactor

licensees is determined in accordance with provisions of Title 10 -

Atomic Energy, Chapter 1 - AEC, Part 140 - Financial Protection

Requirements and Indemnity Agreements, Sub-part B, amended, pub-

lished in the Federal Register 25 FR 2944, April 7, 1960.

Under Part 140, licensees of power reactors are required to

maintain a total amount of nuclear liability insurance or other financial

protection equal to 150 times the maximum power level, expressed in

thermal kilowatts, times a population factor (P), subject to a minimum

requirement of $3,500,000 and a maximum requirement of $60,000,000.

The population factor is assumed to be 1.0 for the hypothetical site

described here.

The annual rates for this nuclear liability insurance are

given in Table A-2. A fee for Government indemnification is charged

at the rate of $30 per year per MWt. The all-risk property insurance

(including a nuclear rider) is included in the fixed charges.

3.9 Fuel Cycle Cost Estimates

Fuel cycle cost estimates are based on the following assump-

tions and ground rules:

1. Equilibrium

The refueling program has reached equilibrium,
so that the peculiarities associated with initial

startup (all fresh fuel) do not influence the fuel

costs.

2. Working Capital

Interest on working capital for fuel fabrica-

tion is part of the annual charge and is excluded
from the fuel cost.

3. Use Charge

The use charge is 4. 75% per year of the value
of the uranium enriched in U-235 as specified
in Table 110-2 of the Cost Evaluation Handbook,
and is applied individually to the initial value of
the average inventory of uranium in the fresh fuel

outside of the reactor, to the estimated value of

the inventory in the reactor based on the arith-

metical average of the initial and final enrichment

values, and to the value of the uranium in the dis-

charged fuel with the charge period terminating
on the completion of processing.
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4. Plutonium Credit

Plutonium credit is taken as $9.50/gm.

5. Conversion Cost

The cost of converting uranyl nitrate to UF6
is $5.60 per kg U for U-235 enrichments of
5% or less, and $32 per kg U for enrichments
greater than 5%. The conversion cost of

plutonium nitrate to plutonium metal is $1.50/gm

of plutonium.

6. Cooling Time

A four-month cooling time is allowed prior
to shipping fuel removed from the reactor.

7. Processing Cost

The processing cost is based on a chemical
plant charge rate of $17,000 per day (as of
December 1960). Processing plant capacities
as a function of fuel enrichment are given in

Table 110-1 of the Evaluation Handbook.

8. Losses During Processing

1. 3% of the uranium and 2% of the plutonium
received for processing are considered lost.

9. Shipping Cost for Fuel

For new fuel shipping and insurance, $3 per
kg U is applied, and for spent or discharged
fuel, $12 per kg U is used. These values are
used regardless of relative location of the
nuclear power plant and processing facility.

This value is based on TID-8531, 'Costs of
Nuclear Power".

3. 10 Design Limitations

For purposes of reactor core design, the following design

restrictions are applied where applicable:

Current Status Potential
Plants Plant

Nucleate Boiling Allowable Yes Yes

Bulk Boiling Allowable No Yes

Fuel Element Cladding Stainless -steel, Zircaloy-4
Zircaloy- 2

Zone Fuel Loading Axial, Radial, and Axial, Radial,
Local and Local

Maximum U0 2 Central
Temperature (K= 1 Btu/hr-ft-F) 4500 F 5000 F
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Current Status Potential
Plants Plant

Maximum ThO2 Central
Temperature - 5800 F

Maximum Zircaloy Cladding
Surface Temperature 650 F 700 F

Maximum Stainless-steel Cladding
Surface Temperature 1250 F 1250 F

Maximum UO2 Burnup,
MWd/MTU 30,000 40,000

Maximum Fuel Rod
Heat Generation rate, kw/ft 14 18

Maximum Nominal Channel
Heat Flux at 100% Power,
Btu/hr-ft 2  450,000 500,000

3. 11 Miscellaneous

The plant site is located within the general distribution area

of the Central Edison System. The cost of the stepup transformer, the

transmission line, and all related structures and substation equipment

required to connect the power plant to the system is not included in the

estimates of plant construction cost. Based on projections of load growth,

the system will absorb the entire station output as it becomes available.

Construction costs include all equipment up to the low voltage

side of the stepup transformer. Gateway structures, switchyard, step-

up transformer, and transmission lines are assumed to be provided by

others and are not included in the estimate.

Sales taxes, assumed to be those in western Massachusetts,

are included in the material cost.

Since qualified machine shops are available in Middletown,

only minimum shop facilities are necessary at the plant.

The reference design plant is designed as a single unit turbine-

generator reactor plant. The turbine is rated at 1.5 inches Hg absolute.

The turbine condenser is designed to maintain a back pressure

of 1. 5 inches Hg absolute with maximum throttle flow to the turbine based

on a 57 F circulating water temperature and normal extraction of steam for

feedwater heating. The plant is optionally designed for feedwater
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deaeration in the condenser.

Materials and construction, style of architecture, and other

design items are designed and estimated in accordance with Chapter 6300

of the AEC Manual plus ASTM, ASME, ASA, AIEE, NEMA, the National

Board of Fire Underwriters' Codes and Standards, and Hydraulic Insti-

tute standards wherever these regulations apply.

All hypothetical site data not provided in these ground rules

are consistent with a western Massachusetts plant site, if they do not

conflict with other information contained in this report.

All plant shipments are made over land. It is assumed that

even the heaviest equipment (the reactor vessel and the steam generators

for the 458 MWe plant) can be shipped by rail, but they may be barged to

the site if necessary.
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TABLE A-1
*

RIVER WATER ANALYSIS

Average

Oxygen, ppm
Oxygen consumed, ppm
Color, apha-hazen Pt-Co scale
pH
Total solids, ppm (by evaporation)
Total dissolved solids, ppm (calculated)
Suspended matter, ppm
Loss on ignition, ppm
Phenolphthalein alkalinity, ppm as CaCO3
Methyl orange alkalinity, ppm as CaCO 3
Total hardness, ppm as CaCO3

Cations

Calcium
Magnesium
Sodium, calculated

Total

Anions

Bicarbonate
Chlorides
Sulfates

Total

Silica, as Si0 2

Free CO2

Iron, as FezO 3

Copper, as Cu
Manganese, as Mn

9.5
4.9

6.4
37
21
17
16
0.0
8.9
10. 1

3.3-12.8
3.3-7.0

15-20
5.9-7.1

19-85
14-33

1-68
1-62

0.0
5.4-13.4
6.2-16.4

ppm as CaCO 3

7. 6 6.2-10.8
2.5 0- 6.8
3.6 0.5- 8.0

13.7 6.7-25.6

8.9
2. 7
2. 1

13.7

3. 8

5.4-13.4
1.3- 6.8

0- 5.4

6. 7-25.6

ppm as CaCO 3

1.3- 5.3
4. 0
0. 12
0. 10
0.21

0.05-0.30
0. 08-0. 12
0. 02-0. 75

No slime-forming bacteria or algae are present in the river water.
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TABLE A-2

NUCLEAR LIABILITY AND INSURANCE PREMIUMS

Amount, $

1,000,000

4,000,000

5,000,000

10,000,000

20,000,000

20,000,000

60,000,000

Rate Per Million, $

40,000

20,000

8,000

4,000

2,000

1,000

Annual Premium, $

40,000

80,000

40,000

40,000

40,000

20,000

260,000
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TABLE A-3

BASE CHARGES FOR ENRICHED URANIUM AS UF

Assay,
wt Fraction U-235

Base Charge,
$ per kg U

Assay,
wt Fraction U-235

Base Charge,
$ per kg U

471.00
535.50
600.50
665.50

797.00
929.00

1,062.00
1,195.50

1,464.00
1,733.00
2,004.00
2,275.00
2,547.00

3,230.00
3,915.00
4,602.00
5,292.00

6,676.00
8,066.00
9,462.00

10,865.00

11,575.00
12,285.00

12,575.00
12,865.00
13,015.00

0.0075
0.0080
0.0085
0.0090
0.0095
0.0100

0.011
0.012
0.013
0.014
0.015

0.016
0.017
0.018
0.019
0.020

0.022
0.024
0.026
0.028
0.030

0.032
0.034
0.036
0.038
0.040

26.70
31. 10
35.60
40.30
45.00
49.90

59.90
70.20
80.80
91.60

102.60

113.80
125.20
136.60
148.20
160.00

183.60
207.60
232.00
256.40
281.20

306.00
331.00
356.20
381.60
407.00

0.045
0.050
0.055
0.060

0.07
0.08
0.09
0. 10

0.12
0.14
0. 16
0.18
0.20

0.25
0.30
0.35
0.40

0.50
0.60
0.70
0.80

0.85
0.90

0.92
0.94
0.95
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TABLE A-4

CONCEPTUAL PLANT CAPACITY Vs U-235 ENRICHMENT

Enrichment
Unirradiated

Fuel Element, % U-235

93
80
60
50

40
30
25
20

15
10

8
7

6
5
4
3 or less

Processing Rate
for Specification.

Material, kg U/day

44
50
65
78

98
132
161
215

310
537
740
781

825
875
930

1,000

Except U-Al alloy of the type used in the Materials Testing Reactor

processing. Processing data may be obtained from the AEC Idaho

Operations Office.

When the U-235 enrichment for a processing batch falls between two
successive U-235 enrichments, the plant capacity for the U-235 enrich-
ment shall be obtained by linear interpolation between them.
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TABLE A-5

CRAFT LABOR RATES

Craft

Local and Location

Expiration Date of
Present Contract

Teamsters

No. 108 Springfield,
Mass.

4-30-61

Ironworkers

No. 357 Springfield,Mass.

7-1-62

$2.64-0.5to2axle $4
$2.70 - 3 axle
$2. 90 - euclid and lowbed

Date
Amount

Differential Foreman
over General

Journeyman Foreman

Ratio of Foreman

Overtime Rate

None

None

1.5 over 8 hrs and Sat.
2 on Sun. and holidays

1.03 Structure and Rebar

7-1-60
12

26.5

51

No provision

2

Hours in Work Day 8 hrs, 8 to 4:30

Amount of Fringe Pay- 8 H and W, 15
ments pension

Differential Swing
for Shift
Work

Travel
Expense

8 hrs, 8 to 4:30

10S H and W, 10 pension

No contract provision 7. 5 hrs work, 8 hrs pay

Graveyard No contract provision 7 hrs work, 8 hrs pay

Daily

In and Out

Subsistence Payments

Reporting Pay

No contract provision

No contract provision

None

4 hrs if worked
8 hrs over 1/2 day

10 per mi outside 10 mi
from City Hall

$4 maximum per day

1 hr

Abbreviation Code

H and W - Health and Welfare
J - Journeyman
F - Foreman
GF - General Foreman

1 - 17
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Increases



TABLE A-5 (Cont'd)

Craft

Local and Location

Expiration Date of
Present Contract

Current Rate

Operating Engineers

No. 96 Springfield,
Mass.

4-1-61

$2.65 Air Compressor
(up to 220 ft3 )
$3. 10 (after 220 ft3 )

All Trowel Trades-
Bricklayers, Cement
Finishers, Plasterers

No. 36 Greenfield, Mass.

4-30-61

$3.65

Increases

Differential Foreman
over General

Journeyman Foreman

Ratio of Foreman

Overtime Rate

Hours in Work Day

Master Mechanic $3.75

1 Master Mechanic
after 5 or more J

2

8 hrs, 8 to 4:30

Amount of Fringe Pay- 3% H and W, 10'
ments pension

Differential Swing -
for Shift
Work Graveyard -

25

After 5 J, 1 F

2

8 hrs, 8 to 4:30

15 H and W

Travel
Expense

Daily

In and Out

Subsistence Payments

Reporting Pay

Remarks

None 7 1/2 per mi to and from
Greenfield to job site

2 hr; 4 hrs if worked;
8 hrs over 1/2 day

2 hrs

Power Hoist Operator -
$3. 12 1/2, Power Shovel
Operator $3.65 (guaranteed
40 hrs)

1 - 18
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TABLE A-5 (Cont'd)

Craft Electricians

Local and Location

Expiration Date of
Present Contract

No. 161 Greenfield,
Mass.

5-30-60

Carpenters and
Millwrights

No. 549 Greenfield, Mass.

4-1-61

Current Rate

Increases

Differ ential
over

Journeyman

Date
Am ount

For eman
General
For eman

Under
$50,000
$3. 15

6-1-60
15
predicted

15sf

35

Ove r
$50,000
$ 3.60

6-1-60
15

predicted

25

40

Carpenters
$3.36 1/2

25

50

Millwrights
$3.61 1/2

25

50

Ratio of Foreman

Overtime Rate

Hours in Work Day

Amount of Fringe Pay-
ments

Differential Swing
for Shift
Work Graveyard

Travel
Expense

Daily

In and Out

5 J requires 1 F
10 J crew (maximum)
2 or more F, 1 GF

1. 5 on low scale
jobs

2 on high scale jobs

8 hrs, 8 to 4:30

1% National Fund

None

None

10f per mi to and
from Greenfield
to job site

1 F, 12 J
1 GF to each job

1.5 daily and Sat.

2 on Sun. and holidays

8 hrs, 8 to 4:30

8.5f H and W

7.5 hrs work,
8 hrs pay

7 hrs work, 8 hrs pay

7 per mi (applicable after
5 mi) to and from Green-
field to job site

Subsistence Payments

Reporting Pay 4 hrs if worked
8 hrs over 1/2 day

1 - 19

2 hrs



TABLE A-5 (Cont'd)

Craft

Local and Location

Expiration Date of
Present Contract

Laborers

No. 473 Pittsfield,
Mass.

Sheetmetal Workers

No. 63 Springfield, Mass.

5-31-61

Current Rate

Increases Date
Amount

Differential Foreman
over General

Journeyman Foreman

Ratio of Foreman

Overtime Rate

Hours in Work Day

Amount of Fringe Pay-
ments

Differential Swing
for Shift
Work Graveyard

T ravel

Expense
Daily

In and Out

$2.55 $3.70

6-1-60
10Sf

25

1 F after 6 J

2

8 hrs, 8 to 4:30

10S H and W

2 or 3 shifts, each
shift works 7 hrs
for 8 hrs pay

None

None

Subsistence Payments None

Reporting Pay 2 hrs

l to 5 J: 1 J receives

additional. 256, 5 to 9 J:1J
receives additional. 50 ,
9 and over: 1 J receives
additional 759

2

8 hrs, 8 to 4:30

10 H and W; 10 pension

No provision

No provision

10 per mi to job sites less

than 40 mi from Spring-
field City Hall

10 per mi once in and at
job completion -. travel
at straight time

$8 per day - 7 day week
on jobs over 40 mi from
Springfield City Hal.

2 hrs
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TABLE A-5 (Cont'd)

Craft

Local and Location

Expiration Date of
Present Contract

Painters

No. 844 Greenfield,
Mass.

5-5-61

Roofers

No. 248 Springfield, Mass.

5-30-60

Current Rate

Increases

Differential
over

Journeyman

Date
Am ount

For eman
General
Foreman

$2.60

5-6-61
New Rate $2.75

None

$3.35

6-1-60
10 predicted

25 S

Ratio of Foreman

Overtime Rate

Hours in Work Day

Amount of Fringe Pay-
ments

Differential Swing
for Shift
Work Graveyard

Travel
Expense

Daily

5 J: 1 F None specified in
contract

1.5 after 4:30 and Sat.
2 Sun. and holidays

8 hrs, 8 to 4:30

None

Additional 25 over
J rate
Additional 25 over J

rate

7c per mi to and from
Greenfield to job
site

In and Out

Subsistence Payments

Reporting Pay

Remarks

4 hrs if worked,
8 hrs after more

than 4 hrs

25 steel work and all
swing stage work

over 20 ft

1.5

8 hrs, 8 to 4:30

12.5 H and W

None

At starting time (plus 10'

per car) to job site and
at project completion

$6 per day (7-day week
$42)

2 hrs excluding weather

1 - 21



TABLE A-5 (Cont'd)

Craft

Local and Location

Expiration Date of
Present Contract

Plumbers and Fitters Asbestos Workers

No. 406 Greenfield,
Mass.

8-24-60

No. 43 Springfield, Mass.

10-30-60

Current Rate

Increase Date
Amount

$3.15 under $150,000
$3.30 over $150,000

8-24-60
10 H and W predicted

plus 15 in wages

Differential Foreman
over General

Journeyman Foreman

Ratio of Foreman

Overtime Rate

Hours in Work Day

Amount of Fringe Pay-
ments

Differential Swing
for Shift Graveyard
Work

Travel. Daily
Expense

In and Out

Subsistence Payments

Reporting Pay

First J on Job 25 -
over J, every fourth

J Sub-F 25 over
J, after eighth J -
1 GF at 50 over J

2 (all jobs over $150,000)
1.5 house type work -
2 Sun. and holidays

8 hrs, 8 to 4:30 -

25 National Fund 99 H and W, 5 pension

15%
15%

10 per mi to and
from Greenfield to
job site

4 hrs, 8 hrs over 1/2
day

None

None

1 - 22

$3.90



TABLE A-5 (Cont'd)

Craft

Local and Location

Expiration Date of Present Contract

Boilermakers

No. 29 Boston, Mass.

10-1-61

Current Rate

Increases

Differential
over

Journeyman

Ratio of Foreman

Overtime Rate

Hours in Work Day

Date
Am ount

Foreman
General
Foreman

Amount of Fringe Payments

Differential
for Shift
Work

Travel
Expense

Swing

Graveyard

Daily
In and Out

Subsistence Payments

Reporting Pay

$3.95

10-1-60
15

50 (Assistant F 25 )

If 2 or more J working,
1 is F; 1 Assistant F with
12 or more J

2

8 hrs, 8 to 4:30

10j H and W

7.5 hrs work, 8 hr s
pay

7 hrs work, 8 hrs pay

To job site 8 per mi at beginning
and end of job plus travel at
starting time (approximately
4 hrs)

$3 per day or $21 per week

2 hrs, 4 hrs if works,
8 hrs over 1/2 day

1 - 23
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