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FOREWORD

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

Evaluation and state-of-the art reports are available from the Office of
Technical Services, U. S. Department of Commerce, Washington 25,
D. C., as indicated below:
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TID-8510

TID-8511
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TASK FORCE EVALUATION REPORT-SMALL-SIZED
NUCLEAR POWER PLANT PROGRAM, Oak Ridge Opera-
tions Office, U. S. Atomic Energy Commission, June 1,
1959, price $1.75.

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

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

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

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

The Atomic Energy Commission, Oak Ridge Operations Office, has been assigned
the responsibility for formulating and implementing a program for the development of
small-sized nuclear power plants. The overall objective of this program is to develop
power reactors in the range of 5 to 40 eMW that can produce efficient and reasonably
economic power.

The first phase of the program is to proceed promptly in the selection of the design
of a reactor which can be constructed at an early date and which will constitute a logical
step in development of the overall program. The target date for initiating construction
of the selected plant is March, 1960. This date obviously restricts the selection to de-
signs based essentially upon existing technology. The three reactor types which are
considered to be in a sufficiently advanced state of technology to satisfy this criterion are
the boiling water, the pressurized water, and the organic moderated and cooled reactor
concepts.

The first task is to compare the three reactor concepts in the power range being
considered and to select one concept as being best suited for meeting the first phase ob-
jectives within the limits of the established schedule. To assist in this comparison,
surveys were conducted for the three concepts. This report gives the results of the
survey conducted for pressurized water moderated and cooled reactors.

Guidelines established for conducting the PWR survey were that the survey would
be a brief, concentrated study concluding in a report. The report would present the
following information:

1. Brief descriptions of pressurized water systems in the 10 to 30 eMW power
range using designs based on existing technology.

2. Discussion of work already performed on pressurized water reactors.

3. Description of work presently underway on pressurized water reactors.

4. Summary of tentative conclusions indicated by accumulated experience, as
applicable to the power range being considered.

5. Summary of anticipated problems.

6. Summary of work being planned to solve anticipated problems.

7. Reference to or inclusion of key reports containing additional information on
pressurized water reactor designs.

8. Economic data which indicates power generating costs and capital costs as a
function of size within the power range evaluated. These costs should be based
on actual experience wherever possible.
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2.0 SUMMARY OF TENTATIVE CONCLUSIONS

A survey of pressurized water moderated and cooled reactor plants has established
this type of nuclear power plant as having proven reliability, safety, and stability. Of
these, two plant designs are available which have been completed to the extent that in-
dustry is willing to quote firm prices for their construction. The remaining three plants
surveyed represent extrapolation of available designs. Although the cost estimates for
these three designs are not firm quotes, they give a reliable indication of the effect of
size, type of fuel, and the use of oil-fired superheat on power generating costs.

The survey results do not indicate that there exists a clear advantage to selecting
any one of the five plants. Choice of a plant would be dependent upon the specific applica-
tion of the plant. Obviously, increased plant output reduces net power costs. However,
increased output also results in more capital expenditure for a power station which is
not competitive with fossil fueled plants at the present state of technology. Several
small plants offer more likelihood of faster advancement of technology than the few large
plants which can be built for the same total dollar expenditure.

The use of fossil fired superheating in conjunction with a nuclear powered steam
source will reduce the net power generating costs. This is true only as nuclear heat
generation remains more expensive than fossil fuel heat generation. The main advantage
of using fossil fired superheat is that this type plant can be integrated into an existing power
source without greatly increasing the spare part inventory for the power conversion equipment.
This advantage must be balanced against the problem of determining true costs of the
nuclear power source from a hybrid station.

Pressurized water reactor plants have the potential of producing economic elec-
trical power in relatively high power cost regions of the world. The areas in which
these plants can economically compete will increase as capital and fuel costs are re-
duced. These cost reductions can be realized by further construction of plants and addi-
tional operating experience.
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3.0 DISCUSSION OF PWR PLANTS

In order to conduct a comprehensive survey of pressurized water reactor power
plants based on present technology, all organizations able to assist in this survey were
contacted. It was intended that every designer of PWR power plants would have the
opportunity to present descriptions and cost estimates for their respective designs.

Several of the organizations contacted had designed PWR power plants. However,
only two firms had designs based on present technology in the 10-30 eMW power range.
The two designs were quite similar in net power generation and therefore, at the request
of the Commission, conceptual design studies were conducted for a 25 eMW low enrich-
ment fueled plant, a 25 eMW fully enriched fueled plant, and a 25 eMW plant utilizing
fossil fueled superheat. These studies were conducted to determine the effect of size,
enrichment, and superheat on unit power generation costs.

The conceptual designs were extrapolations of existing designs based on present
technology and were completed only to the extent required to ascertain reasonable es-
timates of capital costs, fuel costs, and operating and maintenance costs. No attempt
was made to optimize the extrapolations.

Pressurized water reactors have been developed technically far beyond any other
type of nuclear reactors. Most of the achievements have been made in the development
of fully enriched cores for the military programs and slightly enriched cores for the
large commercial type power plants. The extent to which the pressurized water reactor
has been developed is clearly evident by the number which have been designed, built and
operated. These numbers are tabulated in Appendix "C".

All pressurized water reactor plants built or being constructed have many basic
similarities regardless of size, design agency or enrichment of fuel. By definition,
these plants remove the fission heat from the fuel without bulk boiling of the light water
coolant. This implies two system heat transfer - a primary heat transfer system and a
secondary steam generating system.

The prime advantages of the two system pressurized water nuclear power plant
are twofold. One advantage is that the radioactivity of the nuclear heat source is con-
tained in the primary system and thus the steam electrical generating equipment can be
of completely conventional design. The second advantage is the extreme simplicity of
load control of the plant. The nuclear core with its moderator the primary coolant
is designed with a negative temperature coefficient of reactivity which results in an
intrinsic load demand response. A properly designed plant will respond to transient
load demands with no external control. Control rod movement is only required for
plant startup, shutdown, and compensation for fuel burnup. All of this control, except
emergency shutdown, can be accomplished manually. Emergency shutdown, or scram
control, is built into the control system.

With a properly designed plant, the fluctuations in primary coolant temperature
and pressure during transients can be restricted to very low values, even with extreme
fluctuations in electrical load demands. As an example, the most extreme load transient
which could be imposed upon the SM-1 plant was the act of tripping the turbine throttle
valve closed while the generator was delivering its design load to the Fort Belvoir bus.
The primary system pressure rose about 90 psi. The coolant mean temperature rose
approximately 8 0 F and gradually returned to normal. All this occurred without move-
ment of the control rods. 1

1 APAE No. 18, "Initial Operation and Testing of the Army Package Power Reactor",
"APPR-1, August 9, 1959.
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The survey results for the five designs of the study are presented in the following
format:

1. Brief discussion of each design.

2. Economic data for each design.

3. Summary of design data (comparative tabulation of parameters).

4. Problem areas and discussion of work presently being conducted to resolve
these problem areas.

5. Reference list of key documents and reports containing additional information.
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4. 0 SURVEY RESULTS

4. 1 12. 5 eMW - 4% Enriched Fueled PWR Plant

A complete technicaldescription including engineering data for this plant is pre-
sented in Appendix I. The design has been completed through normal Title I services and
has been quoted as a turnkey job for a firm price with operational and performance
guarantees. Final design, construction and plant startup could readily be completed with-
in the anticipated 33 months schedule for Phase I of this program.

Economic data for this plant with explanations of source are tabulated in the follow-
ing pages.

COST SUMMARY

The following unit costs are based on:

1. Write-off on capital at 7% per year.
2. Load factors of 0. 8 and 0. 6.
3. Core life of 2. 67 years @ 0. 8 L. F.
4. Core life of 3. 56 years @ 0. 6 L. F.
5. Net power generation of 11, 700 eKW at full load.
6. Costs as established in the following pages.

Item of Cost Total Mills/KW-hr.
0.8 L.F. 0.6 L.F.

Capital $ 7, 754, 000 6. 6 8.8

Fuel (per core) 1, 875, 000 @ 0. 8 L. F. 8. 6

1, 924, 000 @ 0. 6 L. F. 8.8

M & O. (per year) 232, 800 2. 8 3. 1

Total 18.0 20.7

CAPITAL COSTS

Acct. No. Item Cost Remarks

310. a. Site 9, 000 See Note #1

311. b. Buildings & Structures

311. 1 1. Site & Civil Work 407, 000 See Note #2

311. 2 2. Generating Station 257, 170

312. c. Nuclear Plant Equipment 2, 083, 750 See Note #3
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CAPITAL COSTS (CONT' D)

c. includes
Reactor - installed $644, 000*

Containment Vessel -
erected 371,700

d. Turbine Generator

e. Accessory Elec. Equipment

f. Misc. Power Plant

Total Direct Cost

g. Indirect Costs

Specific Construction Cost

h. Undistributed Cost

TOTAL

1, 208, 400*

208, 460*

42, 800*

$4, 216, 580

886, 600

$5, 103, 180

1, 952, 000

$7, 055, 180

See Note #3

See Note #3

See Note #3

See Note #3

See Note #4

See Note #5

1. Other Costs

1. R&D in support of Engineering 497, 000

2. Startup & Test 202, 000

3. Contingency @ 5% of items 1-96 not. incl.

4. Escalation @ 5% not. incl.

5. Bonds & Insurance not. incl.

6. Interest charge on construction** not. incl.

$ 699, 000

TOTAL PLANT COST $7, 754, 180

See Note #6

See Note #6

See Note #6

See Note #6

* All cost figures for equipment and materials are based on quotations for the
specific equipment (as in the case of all primary loop equipment) for this de-
sign, or cost of similar equipment on recent projects.

** Usually 6% per yr. on total of "Specific Construction" estimate during construction
period.
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Note #1 - Cost estimate is based on plant being built in Hartford, Conn. area. Cost of
site for similar sized plant in that area (Ref. APPA 1956 "Survey on Power
Costs - Part A, Page 1) is $9, 000.

Note #2 - The average cost of site and civil work for conventional power plants of this
size built in the northeast is 11. 2% of the total plant cost. The average cost
per installed eKW is $ 265 (Appendix D). A 12, 500 eKW conventional station
would thus cost approximately $371, 000 for this account. A 10% contingency
was added to conventional costs based on experience with nuclear vs. con-
ventional costs for this account.

Note #3 - Details of the applicable items included in this cost are listed in the en-
closed "Standard Accounts, " Appendix A, accounts #310. 0 - 316. 0. The in-
cremental cost difference of the turbine generator set due to steam conditions
is estimated to be $12, 200 based on the following: Ref: Westinghouse price
catalog for T-G sets

Throttle-Steam Cond. Cost

Nuclear Plant 375 psi, sat. $ 705, 800

Conventional 1250 psi, 950 F 693, 600

$ 12,200

The main effect is on thermal cycle efficiency and not T-G set cost. The
weight of the units will be approximately the same, and therefore, cost of
foundations and installations will not be affected.

There might be a slight reduction in the condenser and auxiliaries but this
will be offset by the higher cost of the main header pipe, valves, etc. due to
the higher pressure.

Note #4 - Includes all normal home office costs, of A-E constructor and contractor's
fee.

Note #5 - The undistributed costs include all of the engineering and design costs of the
prime contractor (designer) and A-E constructor required to conclude all
final specifications and drawings, Zero Power Experiments on the core,
hazard analyses and presentation, management and engineering required
during the construction and plant startup by the prime contractor, "com-
mercial" profit, and 10% contingency on the total account for undistributables.

Note #6 - These items have not been included in the cost tabulation since the basis of
computing these costs must be based on "common factors" in the final
evaluation.
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OPERATING COSTS

Fuel Costs

The fuel costs for this plant are based on Appendix "B".

Item

Fabrication (incl. conversion)
Burn-up
Reprocessing
Use Charge

Total
Pu credit

Total Fuel Cost Per Core

$ 675, 000*
828, 500
161, 000
298, 300

$1, 962, 800
- 87, 800

$1, 875, 000

* Cost of fabrication includes normal commercial profit.

Maintenance and Operating Costs

PERSONNEL Number Rate

Staff on Shift

Shift Engineers
Reactor Operators
Equipment Operators

on Day Work

Plant Supervisor
Instrument Technician
Mechanic
Electrician
Health Physics, Chemist
Steno
Clerk
Laborers

Total Operating Labor

Total Maintenance Labor

Total Labor

4
4
4

1
1
1
1
1
1
1
2

21

$ 111, 000

25, 000

$ 136,000

Overhead @ 30% 40, 800

TOTAL $ 176, 800

Maintenance Supplies (per year)

TOTAL M & O

56, 000

$ 232,800

Cost

Staff

Yearly
Cost

$ 8, 500.
7, 500.
5, 000.

12, 000.
7, 000.
5, 000.
5, 000.
8, 000.
3, 500.
3, 500
4, 000.

$ 34, 000.
30, 000.
20, 000.

12, 000.
7,000.
5, 000.
5, 000.
8, 000.
3, 500.
3, 500.
8,000.
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4. 2 11.7 eMW - Two Region Core Fueled PWR Plant

The information reproduced herein is based on design of the BR-3 station presently
under construction at Mol, Belgium. The plant is scheduled for criticality and initial
power operation early in 1960.

A summary of engineering and design data for the BR-3 is included in this report
as Appendix G. A technical description of the plant is included as Appendix H. The plant
is in the final stages of design, manufacture, and construction.

The technology of the BR-3 plant design is a direct outgrowth of experience gained
from work done on the Nautilus reactors and the Shippingport and Yankee plants. A plant
similar to the BR-3 could readily be constructed within a 33-month schedule.

Economic data presented for this plant is based on construction of a duplicate BR-3
plant in Western Pennsylvania. The cost figures are firm prices for a duplicate plant.
A plant quoted for today' s market, however, would incorporate significant improvements
in such areas as fuel cycle costs and system design. These improvements would be ex-
pected to reduce overall plant costs.

COST SUMMARY

The following unit costs are based on:

1. Write-off on capital at 7% per yr.
2. Load Factors of 0. 8 and 0. 6.
3. Core life of1 yr. @ 0.8 L. F.
4. Core life of1. 33 yr. @ 0. 6 L. F.
5. Net power generation of 10, 500 eKW at full load.
6. Costs as established in the following pages.

Item of Cost Total Mils per KW-Hr.
0.8 L. F. 0.6 L. F.

Capital $ 10, 794, 000 10.3 13.7

Fuel (per core) 1, 613, 000 @ 0. 8 L. F. 22. 0

1, 627, 000 @ 0. 6 L. F. 22. 1

M & O(per year) 275, 000 3.7 4.9

Total 36.0 40.7
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CAPITAL COSTS

Item Costs Remarks

a. Site $ 9, 000 See Note #1

b. Construction 4, 973, 000 See Note #2

c. Nuclear System 4, 700, 000 See Note #3

d. Secondary System 1, 112, 000 See Note #4

TOTAL $10, 794, 000 See Note #5

Note #1 - Due to similarity of size of this plant and the 12. 5 eMW plant, the same site
costs were used.

Note #2 - The construction costs include the following items:

General Site Preparation

Ground Improvements and Utilities

Main Power Plant Building

Equipment Erection (including labor, supervision, and materials, except
supervision for nuclear steam generators) for the following:

a. Reactor
b. Primary coolant systems
c. Reactor auxiliary equipment
d. Piping and insulation
e. Turbine generator plant including piping and condensing plant
f. Electrical auxiliary equipment
g. Vapor container
h. Fuel facilities

Field Office Costs

Temporary Construction Facilities

Engineering

Note #3 - Nuclear System costs are based on the following items:

Equipment, high pressure piping and valves, and certain tanks for the fol-
lowing systems:

a. Main coolant
b. Pressure control
c. Charging and volume control
d. Sampling
e. Purification
f. Shutdown cooling
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g.
h.
i.

Component cooling
Chemical shutdown
Safety injection

OPERATING COSTS

Fuel Costs

The fuel costs for the BR-3 two region core are based on the following unit costs for
an 0. 8 load factor. For the 0. 6 load factor calculations, the fuel inventory cost was in-
creased by 4% of the initial uranium worth for a period of four months:

Initial Uranium
Final Uranium
Final Plutonium
Direct Cost, Fissionable Material
Fuel Inventory
UF6 to U0 2 Conversion
Core Fabrication
Core Capital
Losses and Scrap Reprocessing
Reprocessing Spent Core
Shipping to Site & Insurance While

Shipping
Shipping Spent Core & Insurance

While Shipping

$ 1,045,000
868, 000
68, 000

109, 000
96, 000
57, 000

1, 068, 000
68, 000
30, 000
96, 000

115, 000

61, 000

$ 1,613,000

Maintenance and Operating Costs

The maintenance and operating costs are based on 30 men being required to operate
and maintain the power generating station.

30 men @ $7, 500 per year (average
Supplies $ per year

$ 225, 000
50, 000

$ 275, 000

4. 3 25 eMW - 3. 7% Enriched Fuel PWR Plant

This plant is an extrapolation of the plant described in 4. 1. The design is concep-
tual only; no attempt was made to optimize the system. Many of the plant parameters
would be expected to change during the Title I evaluation. The actual design and construc-
experience available for both smaller plants and larger plants places the extrapolation on
a much sounder basis, however, than a conceptual design for a plant with less technology
to support the extrapolation.

The plant physical arrangement and system design is closely patterned after the de-
sign of the 12. 5 eMW plant described in Appendix I. Major parameters which have been
determined for the 25 eMW plant are tabulated in 4. 7 along with like parameters for the
other four plants surveyed. This method of presentation permits the reader to make a
rapid comparison of the five designs surveyed.
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Economic data for the 25 eMW - 3. 7% enriched fuel plant are presented in the fol-
lowing pages. The methods used for determining capital cost accounts are presented in
reference notes. Operating costs were estimated specifically for this station:

COST SUMMARY

The following unit costs are based on:

1.
2.
3.
4.
5.
6.

Write-off on capital at 7% per yr.
Load factors of 0. 8 and 0. 6
Core life of 2. 56 @ 0. 8 L. F.
Core life of 3. 53 @ 0. 6 L. F.
Net power generation of 23, 600 KW at full load.
Costs as established in the following pages.

Item of Cost Total

$ 11, 309, 000Capital

Fuel (per core)

Mills per KW-Hr.
0.8 L. F. 0.6 L. F.

4. 8

3, 170, 000 @ 0. 8 L. F. 7. 2

3, 272,000 @ 0. 6 L. F.

M & O (per year) 271, 600

TOTAL

1. 6

13. 6

CAPITAL COSTS

Item

a. Site

b. Buildings & Structures

1. Site & Civil Work

2. Generating Station

c. Nuclear System

Costs

$ 19, 000

565, 000

380, 000

3, 011, 000

Remarks

See Note #1

See Note #2

See Note #2

See Note #3

c. includes

312. 111 & 112

312. 113

(Reactor - $837, 000)

(Vapor Container 464, 000)

d. Turbine Generator 1, 815, 000 See Note #4

6.4

Acct. No.

7.4

2. 2

16. 0

310.

311.

311. 1

311. 2

312.

314.

14



CAPITAL COSTS (CONT'D)

315. e. Accessory Elec. Equipment 350, 000 See Note #5

316. f. Misc. Power Plant Equipment 50, 000 See Note #6

Total Direct Cost $ 6, 190, 000

g. Indirect Construction Cost 1, 260, 000 See Note #7

Specific Construction Cost $ 7, 450, 000

389: h. Undistributed Costs 2, 860, 000 See Note #8

TOTAL $10,310,000

i. Other Costs

1. R & D in support of

Engineering 722, 000 See Note #9

2. Startup & Test 277, 000 See Note #10

3. Contingency @ 5% of
items 1-96 not. incl. See Note #11

4. Escalation @ 5% during 1-1/2 years
of construction not incl. See Note #12

5. Bonds & Insurance not incl.

6. Interest charge on construction

$ 999, 000

TOTAL PLANT COST $11, 309, 000

Note #1 - Site cost for a plant of similar capacity at Painesville, Ohio cost $19, 000.
(Ref. APPA's "Fourth Survey on Power").

Note #2 - These costs were estimated by an A-E for this specific plant for northeast
location with gravel type soil conditions. All river works located 200 ft.
from building.

Note #3 - The total cost of this 312 account is based on recosting or extrapolating each
item in the account as it may be affected individually in going from a 12. 5
eMW to 25 eMW plant output, i. e. ,

The vapor container account was increased 25%.

Cost of fuel handling tools was increased by a factor of 4 since it will be
necessary to use power actuated tools.

The primary coolant pump was priced at $175, 000.
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Note #4 - Major equipment in this account was priced out of manufacturs' catalogs.
Cost of smaller items was extrapolated based on change in "weighted per-
centages" of similar costs for conventional plants.

Note #5 - This account amounts to approximately $17 per eKW on the 12, 500 eKW (4%)
nuclear plant and $14 per eKW on the 22, 500 eKW conventional plant (Ref.
Appendix D). The $14 per eKW was considered reasonable for the 25, 000
eKW nuclear plant.

Note #6 - This account amounts to approximately $3 per eKW for the 12, 500 eKW (4%)
nuclear plant and $1 per eKW on the conventional 22, 500 eKW plant (Ref.
Appendix D). Therefore, it was assumed that $2 per eKW for the 25, 000
eKW nuclear plant was conservative.

Note #7 - Includes all normal home offices' costs, etc. of A-E constructor and con-
tractor's fee.

Note #8 - The undistributed costs include all of the engineering and design costs of the
prime contractor (designer) and A- E constructor required to conclude all
final specifications and drawings, Zero Power Experiments on the core,
"hazard" presentations, management and engineering required during the
construction, test, etc. by the prime contractor; "commercial" G & A, pro-
fit; and 10% contingency on the total account for undistributables.

Note #9 - The R & D work required covers such items as fuel fabrication, fuel hand-
ling tools, control rod drives, basic core test studies, also included is the
G & A, profit, and contingency of 25% for the R & D work.

Note #10 -

Note #11 -

Note #12 -

This account includes: cost of all personnel required to check out the plant,
perform tests (including high and low power tests); operating supplies (in-
cluding 100, 000 gallons of demineralized water); travel and subsistence for
all personnel for this period (which requires four months).

As required to make the estimate a reasonable one, each item has a con-
tingency of 10-20%. Therefore, contingency on the total cost is not required
nor would it be reasonable.

Past experience has indicated that an escalation of 5% of the total estimated
cost is incurred during the construction period.
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OPERATING COSTS

Maintenance and Operating Costs

Personnel

Staff on Shift

Shift Engineers

Reactor Operators

Equipment Operators

Staff on Day Work

Plant Supervisor

Instrument Technician

Mechanic

Electrician

Health Physics - Chemist

Steno

Clerk

Laborers

Total

Total Operating Labor

Total Maintenance Labor

Total Labor

Overhead @ 30%

TOTAL LABOR

Maintenance Supplies

TOTALM&O

Number

4

4

4

1

1

2

2

1

1

1

3

24

$113, 000

39, 000

$152, 000

45, 600

$197, 600

74, 000

$271, 600

Rate

$ 8, 500

7, 500

5, 000

14, 000

7, 000

5, 000

5, 000

8, 000

3, 500

3, 500

4, 000

Yearly
Cost

$ 34, 000

30, 000

20, 000

14, 000

7, 000

10, 000

10, 000

8, 000

3, 500

3, 500

12, 000
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Fuel Costs

The fuel costs for this plant are based on Appendix "F".

Item Cost

Fabrication (incl. conversion) $ 1, 150, 000*

Burn-up 1, 381, 000

Reprocessing 316, 600

Use Charge 593,700

Total $ 3,441,300

Pu Credit - 271, 300

Total Fuel Cost/Core $ 3, 170, 000

* Cost of core fabrication includes normal commercial profit.

4. 4 25 eMW - Highly Enriched Fueled PWR Plant

This plant is quite similar to the 25 eMW - 3. 7% enriched fueled plant described
previously in 4. 3. The major difference is the nuclear fuel.

The reactor core of the plant utilizes 95% enriched UO 2 as fuel. The UO 2 is in-
corporated in fuel plates as a UO2 stainless steel dispersion which is completely clad
with stainless steel. The fuel plates are fabricated by the "picture frame" technique de-
veloped for the MTR fuel plates and refined for UOa - stainless steel plates for the SM-1
(APPR-1). This type fuel plate is presently in use in the SM-1. The first core is ap-
proaching end of life and the second core (of similar design) is being fabricated. The
SM-1A, SM-2 and PM-2A will also utilize UO 2 - stainless plate fuel elements with highly
enriched uranium. The fuel technology for this type core is well developed.

The core for the highly enriched fuel occupies approximately one-fourth the volume
of the slightly enriched core. The smaller reactor pressure vessel to contain the smal-
ler core will have less volume of shielding and less required volume in the vapor contain-
er. Coolant flow rate for the primary system is 17, 000 gpm vs. 19, 000 gpm for the
slightly enriched plant. The steam generator design for the 17, 000 gpm flow will change
slightly, but will have an insignificant effect on cost.

The remainder of the plant systems and equipment are practically identical to the
25 eMW plant systems and equipment. Economic data for the 25 eMW highly enriched
fueled PWR plant is presented in the following pages.
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COST SUMMARY

The following unit costs are based on:

1. Write-off on capital at 7% per yr.
2. Load factors of 0.8 and 0. 6.
3. Core life of1. 25 @ 0. 8 L. F.
4. Core life of1. 67 @ 0. 6 L. F.
5. Net power generation of 23, 600 KW at full load.
6. Costs as established in the following pages:

Item of Cost Total

Capital

Fuel (per core) @ 0. 8 L. F.

@0. 6L. F.

M & 0 (per year)

$10, 568, 000

1, 623, 000

1, 692, 000

271, 600

Total

Mills per KW-Hr.
0.8 L. F. 0. 6 L. F.

4.5 6.0

7. 9

1. 6

14. 0

8. 2

2. 2

16. 4

CAPITAL COSTS

Item

a. Site

b. Buildings & Structures

1. Site & Civil Work

2. Generating Station

c. Nuclear System

d. Turbine Generator

e. Accessory Elec. Equipment

f. Misc. Power Plant Equipment

Total Direct Cost

g. Indirect Construction Cost

Specific Construction Cost

h. Undistributed Costs

TOTAL

Costs

$ 19, 000

565, 000

380, 000

2, 770, 000

1,815,000

350, 000

50, 000

$5, 949, 000

1, 260, 000

$7, 209, 000

2, 860, 000

$10, 069, 000

Remarks

See Note #1

See Note #2

See Note #2

See Note #3

See Note #4

See Note #5

See Note #6

See Note #7

See Note #8
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i. Other Costs

1. R & D in support of
Engineering 222, 000 See Note #9

2. Start-up & Test 277, 000 See Note #10

3. Contingency @ 5% of item 1-96 not. incl. See Note #11

4. Escalation @ 5% during 1-1/2

years of construction not incl. See Note #12

5. Bonds & Insurance not incl.

6. Interest charge on construction not incl.

$ 499, 000

TOTAL PLANT COST $10, 568, 000

Note #1 - Site cost would not change due to enrichment.

Note #2 - These costs were estimated by an A-E for the 25 eMW - 3. 7% E for
northeast location with gravel type soil conditions. All river works located
200 ft. from building.

Note #3 - The cost of this account was reduced by extrapolation from the "25, 000 eKW -
3. 7% enriched core" plant presented previously as follows:

1. The number of control rod drives is reduced from 13 to 9.

2. The cost of the reactor vessel is reduced approximately 20%. This is
considered to be an optimistic reduction per discussions with a reactor
manufacturer, and should therefore be considered an upper limit.

3. A maximum reduction of 5% from the 4% enriched plant estimate was
taken on the primary and secondary shielding, vapor container, coolant
pump and pipe, instrumentation (fewer rods, etc.) and miscellaneous
items.

Note #4 - This account would not change due to enrichment.

Note #5 - This account would not change due to enrichment.

Note #6 - This account would not change due to enrichment.

Note #7 - The indirect costs would not change as a result of changing the enrichment.

Note #8 - The undistributed costs include all of the engineering and design costs of the
prime contractor (designer) and A- E constructor required to conclude all
final specifications and drawings, Zero Power Experiments on the core;
Hazard analyses and presentations, management and engineering required
during the construction, test, etc., by the prime contractor, "commercial"
profit, and 10% contingency on the total account for undistributables. These
costs would not change as a result of changing the enrichment. However,
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anticipated plant performance based on the final design might be more ac-
curately predicted since the technology on plates is further developed than
for pins.

Note #9 - The R & D work required covers such items as fuel handling tools, control
rod drives, basic core test studies; also included is profit and contingency of
25% for the R & D work.

Note #10 -

Note #11 -

Note #12-

This account includes cost of all personnel required to check out the plant
and perform tests (including high and low power tests), operating supplies
(including 100, 000 gallons of demineralized water), travel and subsistence
for all personnel for this period (four months).

As required to make the estimate a reasonable one, each item has a con-
tingency of 10-20%. Therefore, contingency on the total cost is not required
nor would it be reasonable.

Past experience has indicated that an escalation of 5% of the total estimated
cost is incurred during the construction period.

OPERATING COSTS

Maintenance and Operating Costs

Personnel

Staff on Shift

Shift Engineers

Reactor Operators

Equipment Operators

Staff on Day Work

Plant Supervisor

Instrument Technician

Mechanic

Electrican

Health Physics - Chemist

Steno

Clerk

Laborers

Total 24
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Number Rate

4

4

4

Yearly
Cost

$ 34, 000

30, 000

20, 000

14, 000

7, 000

10, 000

10,000

8, 000

3, 500

3, 500

12, 000

$ 8, 500

7, 500

5, 000

14, 000

7, 000

5, 000

5, 000

8, 000

3, 500

3, 500

4, 000

1

1

2

2

1

1

1

3



Total Operating Labor

Total Maintenance Labor

Total Labor

$ 113, 000

39, 000

$ 152, 000

Overhead @ 30% 45, 600

TOTAL LABOR $ 197, 000

Maintenance Supplies 74, 000

TOTAL M&O $ 271, 000

Fuel Costs

The fuel costs for this plant are based on Appendix "J".

Item Cost

Fabrication (incl. conversion)

Burn-up

Reprocessing

Use Charge

Total Fuel Cost Per Core

$ 405, 900*

896, 200

102, 000

218, 900

$1, 623, 000

* Cost of fabrication includes normal commercial profits.

4. 5 25 eMW - 4% Enriched Fueled Plant Utilizing Oil Fired Superheat

The primary system of the 12. 5 eMW nuclear plant was used as the primary heat
heat source for this plant. The reactor output was increased from 49. 2 megawatts to
57. 1 megawatts, with no core changes. The resultant change in the primary system con-
ditions were an operating pressure of 2200 psia, and in increase in steam generator heat
transfer area. The remainder of the system remains essentially the same.

Steam from the steam generator is delivered at 465 psia. There is approximately
a 40 psi pressure drop in the superheater and a 15 psi drop in the piping, giving a net
pressure at the turbine of 400 psia. The superheater adds 23. 1 megawatts of heat at 80%
efficiency which requires 29. 0 megawatts of heat from the oil (9. 9 x 10 7 BTU per hr.
Steam enters the turbine at 400 psia and 1000 F.

The secondary system is designed around a standard, conventional turbine-gener-
ator unit of 25, 000 kw gross capability. Complete design, construction and startup of
this design would require approximately 33 to 36 months.

Economic data for 25 eMW plant with oil fired superheat are presented in the fol-
lowing pages.
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COST SUMMARY

The following unit costs are based on:

1. Write-off on capital at 7% per yr.

2. Load factors of 0.8 and 0. 6.

3. Core life of 2. 30 years at 0.8 L. F.

4. Core life of 3.07 years at 0. 6 L. F.

5. Fuel oil costs of $0. 50 per million Btu.

6. Net power generation of 23, 600 eKW at full load.

7. Costs as established in the following pages.

Mills per Kw-hr.
Item of Cost Total 0.8 L. F. 0. 6 L. F.

Capital $ 9, 895, 210 4.2 5.6

Fuel:

Nuclear (per core)

0.8 L. F. 1, 860, 700 4.9

0.6 L.F. 1,903,000 5.0

Fuel Oil (per year)

0.8 L. F. 346, 000 2.1

0.6 L.F. 259,800 2.1

M & O(per year) 271, 600 1. 6 2.2

TOTAL 12.8 14.9
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CAPITAL COSTS

Account No.

310.

311.

311. 1

311. 2

312.

314.

315.

316.

389.

Item

a. Site

b. Buildings & Structures

1. Site & Civil Work

2. Generating Station

c. Nuclear System

d. Turbine Generator

e. Accessory Elec. Equipment

f. Misc. Power Plant Equipment

Total Direct Cost

g. Indirect Construction Cost

Specific Construction Cost

h. Undistributed Costs

i. Other Costs

1. R & D in support of Engineering

2. Start-up & Test

3. Contingency@ 5%of item 1-96

4. Escalation @ 5% during 1-1/2
years of construction

5. Bonds & Insurance

6. Interest charge on construction

TOTAL PLANT COST

Remarks

$ 19,000 See Note #1

542, 000

409, 000

2,924, 500

1,701,250

319,460

50, 000

$5,965,210

1,046,000

$7,011,210

2, 152, 000

$9, 163,210

497, 000

235, 000

not incl.

not incl.

not incl.

not inci.
$ 732,000

$9, 895,210

See Note #2

See Note #2

See Note #3

See Note #4

See Note #5

See Note #6

See Note #7

See Note #8

See Note #9

See Note #10

See Note #11
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OPERATING COSTS

Maintenance and Operating Costs

Personnel

Staff on Shift

Shift Engineers

Reactor Operators

Equipment Operators

Staff on Day Work

Plant Supervisor

Instrument Technician

Mechanic

Electrician

Health Physics - Chemist

Steno

Clerk

Laborers

Total

Total Operating Labor

Total Maintenance Labor

Total Labor

Overhead @ 30%

TOTAL LABOR

Maintenance Supplies

TOTAL M & O

Rate

$ 8, 500

7, 500

5, 000

14,000

7, 000

5, 000

5,000

8,000

3, 500

3, 500

4,000

Number

4

4

4

1

1

2

2

1

1

1

3

24

$113, 000

39, 000

$152, 000

45, 600

$197, 600

74,000

$ 271, 600

Yearly
Cost

$34,000

30,000

20, 000

14,000

7, 000

10, 000

10,000

8,000

3, 500

3, 500

12, 000
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Fuel Costs

Nuclear:

Item

Fabrication (incl. conversion)

Burn-up

Reprocessing

Use Charge

Total

Pu credit

Total Nuclear Fuel Costper Core

$ 675, 000*

828, 500

161, 000

284, 000

$1, 948, 500

-87, 800

$1,860,700

Fuel Oil:

6.92 x 1011 Btu/yr @ $0. 50/106 Btu $ 346, 400 per yr.

* Cost includes normal commercial profit.

Note #1 - Site cost considered constant for 25 eMW plants.

Note #2 - These costs were assumed constant for all three 25 eMW plants.

Note #3 - The cost of this account is a summation of the nuclear accounts of the 12, 500
eKW nuclear summary and the cost of the superheater and associated steam
and feedwater system estimated by an A-E for this application.

Note #4 - Major equipment in this account was priced out of manufacturers' catalogs.
Cost of smaller items was extrapolated based on change in "weighted per-
centages" of similar costs for conventional plants.

Note #5 - This account is a summation of accessory electrical equipment accounts for
the primary system of the 12, 500 eKW plant and costs for the conventional
portion of the plant including the superheater section estimated by an A-E for
this application.

Note #6 - This account assumed same for all three 25 eMW plants.

Note #7 - Indirects were assumed same for all three 25, 000 eKW plants.

Note #8 - The undistributed costs include all of the engineering and design costs of the
prime contractor (designer) and A-E constructor required to conclude all
final specifications and drawings, Zero Power Experiments on the core,
"hazard" analyses and presentations, management and engineering required
during the construction and test by the prime contractor; "commercial" profit
and 10% contingency on the total account for undistributables.
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Note #9 - The R & D work required covers such items as fuel handling tools, control
rod drives, basic core test studies; also included is profit and contingency of
25% for the R & D work.

Note #10 - As required to make the estimate a reasonable one, each item has a contin-
gency of 10-20%. Therefore, contingency on the total cost is not required nor
would it be reasonable.

Note #11 - Past experience has indicated that an escalation of 5% of the total estimated
cost is incurred during the construction period.

4.6 Summary of Unit Power Generating Costs for the Plants Surveyed

Net Electrical Power Costs (Mills/Kw-hr)
Station Designation 0.8 Load Factor 0. 6 Load Factor

12. 5 eMW - 4% Enrichment 18. 0 20. 7

11. 7 eMW - Two Region Core (BR-3) 36.0 40.7

25 eMW - 3.7% Enrichment 13.6 16.0

25 eMW - Highly Enriched 14.0 16.4

25 eMW - Oil Fired Superheat 12.8 14. 9
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4. 7 Summary of Design Data for the Plants Surveyed

12. 5eMW
4%

Parameter Enriched

General

Power output (heat) MW

Pressure, psia

Mean temperature, 0F

Coolant, Moderator & Reflector

Fuel Element

11.7eMW
Two

Region

49.2 40.9

2000 2000

502 502

Light H2 O Light H2 O

Pin type U02 pellets clad with

25 eMW
3.7%

Enriched

100

2000

502

Light H2 0

stainless steel

25 eMW
Super-
heat

57. 1

2200

502

Light H2 0

25eMW
Highly

Enriched

100

2000

502

Light H 2 0

Plate type
UO 2 disper-
sion in stain-
less steel

Structural

Core Diameter (equivalent), inches

Total Number of Fuel Elements

Number of Stationary Elements

Number of Control Rod Elements

Fuel Element Array

Fuel Element Cell Dimensions

Fuel Element length, Active

*Number of pins per stationary element

48.0

61

48

13

9x9

5. 355x5. 355

48.0

81

33.4

32

32

none

5x5

5. 25x 5. 25

56. 1

110 or 111

59. 5

97

76

21

11 x 11

5. 355x5. 355

59. 5

81

48

61

48

13

9x9

5. 355x5. 355

48

81

o

27. 5

69

60

9

9x9

4x4

37. 5

20-plates



4.7 Summary of Design Data for the P1

Parameter

*Number of pins per control rod element

*Total number of Pins

*Pin outside diameter, inches

*UO 2 pellet diameter, inches

*Pin Wall Thickness, inches

*Pin Center to Center Spacing, inches

Thermal and Hydraulic

Flow Rate, gpm

Inlet Temperature, OF
Outlet Temperature, 0F

Temperature Rise, 0F
Total Heat Transfer Area, ft2

Maximum heat flux, Btu/hr-ft2

Number of low passes

First pass, no. elements

Second pass, no. elements

ants Surveyed (Continued)

12. 5 eMW 11.7 eMW
4% Two

Enriched Region

64 -

4720 3536

0.400 0.343

0.356 0.300

0.020 0.021

0.595 0.480

12, 000

487

517

30

1978

2. 6x10 5

2

Center 29

Outer 32

6, 250

491

515

24

1482

4. 42 x 105

1

25 eMW
3.7%

Enriched

64

7500

0.400

0.356

0.020

0. 595

19,000

483

521

38

3900

2. 6/105

2

Center 45

Outer 52

25 eMW
Super-
heat

64

4720

0.400

0.356

0.020

0. 595

12,000

484. 5

519

34. 5

1978

3x10 5

2

Center 29

Outer 32

25 eMW
Highly
Enriched

18-plates

1362-plates

0.060 plate
thickness
0.010-clad
thickness
0.040-matrix
thickness
0.200-plate

17,000

481

523

42

2565

4/105

2

Center 33

Outer 36
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4. 7 Summary of Design Data (Continued)

Parameter

Maximum surface temperature, F

Maximum water velocity, ft/sec.

Nuclear

Initial uranium loading, Kg

Enrichment, %

Initial U 2 3 5 loading, Kg

Initial U0 2 , Kg

Temperature Coefficient, K/ F

Core exposure, MWD/T U02

Lifetime in MW Years

% Burnup U 2 3 5

Total Pu present at end of life, approx, Kg

Total U 2 3 5 present at end of life, Kg

U 2 3 5 enrichment at end of life, %

3335

4.0

133.4

3806

-2x10~ 4

10,000

104.9

39

8.4

80.9

2.47

1940

3. 42 inner
4. 48 outer
76. 5

2200

-2 to 4 x 10~4

5940

32.7

18.2

5.4

62.6 Kg

2.64 inner
3. 67 outer

6580

3.7

243

7460

-1. 6x 10~ 4

10,000

206

36

26. 1

155. 5

2.37

* The underlined portion of the parameter designation should be replaced with the word (s) beside the numerical value
when referring to the 25 eMW highly enriched fueled reactor parameters.

CAD
0

12. 5 eMW
4%

Enriched

616

6.9

11. 7 eMW
Two

Region

657

25 eMW
3.7%

Enriched

616

25 eMW
Super-
heat

625

7.7 6.9

25 eMW
Highly
Enriched

620

6.9 18

3335

4.0

133.4

3806

-2x10- 4

10,000

104.9

39

8.4

80.9

2.47

139

93

130

158

-2x10- 4

100

38. 5

80

78



4.8 Problem Areas and Summary of Development Presently Underway

As in any new technical field, certain areas of design for reactor power plants are
based on a limited amount of experimental evidence from which a lot of design decisions
must be made. In this respect, pressurized water reactor power plants are in the en-
viable position of having the most experience available of any reactor power plant type
on which to make these decisions. At present, there are six operating pressurized
water power reactors in this country. These are:

Naval Reactor Prototype (Mark I)
Submarine Nautilus
Submarine Skate
Submarine Skipjack
Army Package Power Reactor Prototype (SM-1)
Shippingport Atomic Power Station (PWR)

These operating reactors have provided extensive information on such design para-
meters as primary system stability and factors influencing reliability of special mech-
anical equipment such as canned motor primary coolant pumps, control rod drives and
nuclear instrumentation; mechanisms of transport of radioactive materials in the pri-
mary loop and methods of controlling this radioactivity to tolerable limits; shielding for
operation and ease of maintenance; radioactive waste accumulation and disposal; and
operating crew requirements for the plant.

In addition, experience has been gained in such things as radiation stability of
structural materials, fuel materials, neutron absorber materials, and nuclear phenomena
detection devices. Long lifetime experience, however, is not and will not be available
until power reactors have operated for many years. Even then, unless many more plants
are built, the interpretation and/or extrapolation of this data for the various operating
conditions will be inconclusive.

4.8.1 Reactor Fuel

Most of the irradiation data accumulated to date has been for highly enriched fuel
materials of either U - Zr alloy or U02 dispersion in stainless steel plates. The one
notable exception to this is the U0 2 pellet fuel. An extensive program of in-pile and out-
of-pile testing has been conducted in support of the Shippingport plant for this type fuel.
The results are very encouraging. Most power reactors either being constructed or
planned have adopted this type fuel.

Out-of-Pile Evaluation

An extensive evaluation of fabrication and operating variables has been conducted
in order to establish fabrication techniques and specifications. U0 2 pellets were manu-
factured by powder metallurgy techniques. Investigations were conducted to determine
the effect of U0 2 powder variables such as particle size, porosity, composition, method
of preparation and surface area. Each of these variables was studied to determine its
effect on fabrication procedures. In addition, hot pressing, cold pressing, and cold
pressing followed by sintering were investigated as possible methods of fabrication.

The selected procedure for PWR pellets uses Mallinckrodt U0 2 powder which is
subsequently ball milled to obtain a uniform particle size. This powder is cold pressed
and sintered to a density of 93-95% of theoretical. Each pellet is then centerless ground
to final tolerances.
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In-Pile Testing

To indicate the magnitude of the UO 2 fuel element irradiation testing program which
has and is being conducted, approximately 360 fuel specimens have been irradiated. Most
of these specimens have been removed from the test loops and have been given thorough
post-irradiation examinations. A few specimens are still undergoing irradiation to at-
tempt to determine the ultimate burnup limit for oxide fuel. Burnups as high as 25, 000
MWD/metric ton of UO2 have been experienced with no apparent change in fuel micro-
structure and little or no dimensional change in pellet size.

An important contribution of the in-pile testing program has been the determination
of thermal characteristics of UO2 fuel. Since bonding of clad to UO2 is impractical, it
was of extreme importance to determine the apparent heat transfer characteristics of
UO2 pellets canned with an annular clearance between fuel and clad. For 0.357" nominal
diameter pellets, a 0. 025" nominal Zircalloy-2 clad, a 0.001" to 0.005" annular clear-
ance and a helium filled annulus, it was found that heat fluxes as high as 475, 000 Btu/
hr-ft did not cause center melting of pellets. For defective fuel pins where the helium
was replaced by steam, the heat flux limit at which center melting of pellets begins is
400, 000 Btu/hr-ft2 .

Another parameter of importance to fuel application is retention of fission gases
by the fuel. For UO2 pellets of 93-95% theoretical density, almost all the fission gases
are retained in the fuel matrix as long as the fuel does not melt.

Also of importance to reactor operation is the resistance to catastrophic corrosion
of the fuel in case of clad failure. In this respect, UO2 pellets are an excellent fuel.
UO2 is highly stable in high temperature water and this stability is apparently not af-
fected by irradiation, at least up to the 25, 000 MWD/ton exposures which have been ob-
tained.

4.8.2 Absorber Materials

This area of reactor design is still a distinct problem area. Most reactors pre-
sently in operation have used either a boron-steel or a hafnium control material. Other
materials that have been investigated are cadmium, europium, and such alloys as silver-
cadmium-indium. Based on economics and nuclear considerations, boron containing
materials are the most desirable. Irradiation experience, however, indicates that
boron containing materials may be too stringently limited in operating lifetime before
irradiation damage becomes intolerable. The evidence is still inconclusive. The avail-
able evidence, though, has led to an intensive search for a more promising control ma-
ter ial.

Hafnium absorber materials have an excellent history of irradiation stability and
corrosion resistance but, however, hafnium is quite expensive and is presently not
available in the required supply to support other than the Naval reactor program. Euro-
pium oxide is presently being developed for the Army power reactor program. Although
supply limits are not as limiting as for hafnium, this material is also relatively expen-
sive. Cadmium suffers from serious nuclear limitations. A silver-cadmium-indium
alloy has possibilities of resulting in reasonably good control material but has not been
proven in service.

4.8. 3 Mechanical Equipment

The only major problem area with special mechanical equipment for pressurized
water reactor power plants is cost. Such equipment as canned motor pumps and control
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rod drives have been developed to a high degree of reliability and safety. The develop-
ment programs presently underway and planned by industry are slanted towards reducing
component costs without sacrificing reliability. As an example, mechanical seal pumps
are under development in an attempt to appreciably reduce primary coolant pump first
cost and maintenance cost with a possibility of even increased reliability. Control rod
drives utilizing mechanical seals have already been developed and have proven to be
more reliable and far less expensive than drives based on the canned motor principle.

4.8.4 Instrumentation

Satisfactory nuclear radiation sensing devices have been developed and applied.
Development programs are presently devoted to increasing reliability (especially as
applies to amplifying, switching and controlling devices) and/or reducing costs. Process
instrumentation is adequate but also is being reviewed for improvement in reliability.

4.8. 5 Structural Materials

Irradiation stability as it affects mechanical properties of structural materials is
one problem area which time alone can resolve. Specimens of structural materials for
eventual testing have been inserted in reactors such as the MTR and APPR-1 for ac-
celerated life tests. Some of these test specimens have been removed and examined.
Indications are that these materials can withstand irradiation exposures of from 1020 to
10 2 1 nvt without serious changes in mechanical properties. It would be desirable, how-
ever, to be able to obtain exposures of this magnitude or even a factor of 10 higher in
such equipment as reactor pressure vessels. Many reactor vessels presently designed
will have reached exposures of 1020 nvt if they are operated for their design life of 20
years. It is important to know more about irradiation effects in these vessels before
they reach these high exposures. As of now, all that can be done is to design equipment
based on the limited amount of information available and to adjust lifetime based on
future experimental evidence.
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APPENDIX A

NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS - SUMMARY

ACCT. NO. DESCRIPTION

311. STRUCTURES & IMPROVEMENTS
1 IMPROVEMENTS TO SITE (NOT INCLUDED)
2 GENERATING STATION STRUCTURE

TOTAL - 311. ACCT.

312. BOILER PLANT EQUIPMENT
.1 NUCLEAR STEAM SUPPLY SYSTEM
. 2 NUCLEAR STEAM SUPPLY AUXILIARIES
. 3 FEEDWATER SYSTEM
.4 BOILER PLANT PIPING
. 5 AUXILIARY BOILER PLANT EQUIPMENT

TOTAL - 312. ACCT.

314. TURBINE - GENERATOR UNIT
.1 CONCRETE PEDESTAL
.2 TURBINE - GENERATOR
.3 TURBINE ROOM AUXILIARIES
.4 CONDENSERS AND AUXILIARIES

TOTAL - 314. ACCT.

315. ACCESSORY ELECTRICAL EQUIPMENT
.1 MAIN SW, CONT. & PROT. EQUIPMENT
.2 AUXILIARY ELECTRICAL EQUIPMENT
.3 AUX. SW, CONT. & PROT. EQUIPMENT

TOTAL - 315. ACCT.

316. MISCELLANEOUS POWER PLANT EQUIPMENT
.1 FIRE EXTINGUISHING EQUIPMENT
.2 SERVICE EQUIPMENT
.3 CRANE AND HOISTS
.4 INTRASITE COMM. SYSTEM

TOTAL - 316. ACCT.

TOTAL - DIRECT COST

INDIRECT CONST. COSTS

SPECIFIC CONST. COST

389. UNDISTRIBUTED COSTS

TOTAL PROJECT COST
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APPENDIX A

12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

311.2 GENERATING STATION STRUCTURE

.20 Substructure
Excavation & Backfill
Concrete

Superstructure
Supported Slab
Structural Steel
Miscellaneous Iron
Transite - Insulated
Ceramic Tile
Lath & Plaster
Struct. Facing Tile
Doors & Windows
Painting & Finishing

Roof
5 Ply Built-up
2" Rigid Insulation
Precast Conc. Plank
Aluminum Fascia
Flashing
Flashing Pipes

Sump Pumps
Elevated Tank
Fire Protect. Pump
Control Rm. Air Conditioner
Vent Fans
Unit Heaters
Plumbing
Lighting
Electrical
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

312.0 BOILER PLANT EQUIPMENT

. 1 NUCLEAR STEAM SUPPLY SYSTEM

.11 REACTOR

.111 PRESSURE VESSEL
(Installation @ $150/T)
Core
(Installation Covering
Basic Handling & Placing,
Aligning, Fitting,
Adjusting & Checking -
Approx. $500/Rod.)
Core Supporting Structure

.112 CONTROL ROD DRIVES
(Fitting, Adjusting,
Testing, Aligning, etc.
Approx. $1000/Rod.
250 MH's ea.)

.113 CONTAINMENT VESSEL
Includes Structures
For Primary System
Equip't, V. C.,
Shielding & F'dtion,
Internal Shielding & Supports

312.12 STEAM GENERATOR
(Installation @ $150/T)

.13 PRESSURIZER

.14 PRIMARY COOLANT
Pump
(Installation @ $300/T)

.15 PRIMARY COOLANT PIPING
Labor only, Hand' ing
Fitting & Welding
Stainless Steel Piping
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ACCT. NO.

312.0

.1

.16

.17

.18

12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

DESCRIPTION

BOILER PLANT EQUIPMENT (Continued)

NUCLEAR STEAM SUPPLY SYSTEM

INSTRUMENTS & CONTROLS
(Installation of S. S. Tubing,
Cable, Instruments, Cont.
Valves, Recorders, etc.

PRIMARY SHIELD TANKS
(Installation @$100/T)

ELECTRICAL

A-6



12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO.

312.2

DESCRIPTION

NUCLEAR STEAM SUPPLY AUXILIARIES

.21

.211

.212

.213

.214

.215

.216

.217

.218

.219

.22

.221

.222

.223
.224
.225
.226
.227

.23

.231
232

.233

.234

.235

.236

.237

.24

.241

.242

.243

.244

.25

.251

.252

PURIFICATION SYSTEM
Makeup Pumps
Seal Leakage Pump
Primary Fill Pump
Makeup Tank
Seal Leakage Tank
Demineralizer & Casks
Blowdown Cooler
Piping

(Install Interconn. Piping)
Electrical

WASTE DISPOSAL SYSTEM
Contaminated Waste Tank
Contaminated Waste Pump
Laboratory Waste Tanks
Decontamination Equipment
Waste Tank Demin. & Casks
Piping
Electrical

FUEL HANDLING EQUIPMENT & AUXILIARIES
Spent Fuel Chute & Plug
Fuel Handling Tools
Fuel Shipping Casks
Spent Fuel Pit Platform,

Liner, Racks
Fuel Storage Vault Racks
Spent Fuel Pit Recirc. Pump & Filter
Spent Fuel Pit Cooler

VAPOR CONTAINER AUXILIARIES
Ventilation Fan
Vapor Container Crane
Vapor Cont. Space Cooler
Stack

LABORATORY & MAINTENANCE EQUIPMENT
Instrument Lab. Equipment
Chemical Lab. Equipment
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

312.2 NUCLEAR STEAM SUPPLY AUXILIARIES (Continued)

.26 RADIATION MONITORING EQUIPMENT
. 261 Fixed Monitoring Equipment
. 262 Portable Monitoring Equipment

312.3 FEEDWATER SYSTEM
.30 H. P. Heater
.31 L. P. Heater
. 32 Deaerator
. 33 Condensate Stor. Tank

(25,000 gal. capacity)
Condensate Coolers
Condensate Tank Fd'tion

.34 Makeup Demineralizer
System - Complete with
Reactivator, Clearwell,
Pumps, Filters, Cation &
Anion Beds etc. 15GPM

.35 PUMPS
Boiler Feed
W/Motors, each,
420 GPM, @ 1120 TDH
200 HP Motors Condensate
Pumps
W/Motors, each
315 GPM @ 380 TDH
50 HP Motors
Condensate Makeup
W/Motors, each
125 GPM @65 TDH
3 HP Motors

.36 Feedwater Regulating Valves

.37 Chemical Feed System
Complete with Sulphite
& Caustic Pumps & Tanks,
Mixing Tank & PH
Control Unit

Electrical (for above)
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

312.4 BOILER PLANT PIPING
.40 General Plant Piping

incl. Valves, Insulation,
Hangers, Fabricated &
Loose Piping

.41 Instrument Piping

312.5 AUXILIARY BOILER PLANT EQUIPMENT
Control Air Compressors
70 CFM @ 100 psig with

20 HP Motor
Instrument Air Dryer
Bearing Cooling Water
Head Tank - 1000 gal.
Bearing Cooling Water
Heat Exchangers
Blowdown Tank
Bearing Cooling
Water Pumps
1 HP Motor
Service Water
Pumps 800 GPM
@ 289 TDH with
75 HP Motors

Electrical (for above)
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

314. TURBINE - GENERATOR UNIT

.1 CONCRETE PEDESTAL

.2 TURBINE - GENERATOR
12, 500 KW, 3600 RPM,
375 psia SAt., 2" HG
BP, 3 Extraction,
Condensing Air Cooled
Generator, Spare Exciter

. 3 TURBINE ROOM AUXILIARIES

. 30 Lube Oil Purification
System complete with
Conditioner, Batch Oil
Tank, Filter & Pumps

. 31 Turbine Plant
Instrumentation includes
Control Boards, Instru-
ments, Gauges & Control
Valves

.4 CONDENSERS & AUXILIARIES

.41 Condenser
13,000 sq. ft. with
Tubes, Hogging &
Priming Jets, SJAE,
Exp. Joint

.42 Intake Structure

.43 Circulating Water
Pumps - 13000 GPM,
with 76 HP Motors

.44 Pipe, Valves, Expansion
Joints

Electrical (for above)
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

SWITCHGEAR

315. ACCESSORY ELECTRIC EQUIPMENT
13.8 KV Switchgear
Main Generator Switchgear
including Excitation Equip-
ment and One Bus Sectional-
izing Cubicle Less Circuit
Breaker - 1200 AMP. 15 KV
500 MVA I/C

Main Generator Bus Switch-
gear Type - 60' LG.

Surge Protection Equipment
(Lightning Arresters)

Wall Bushing for Outgoing
and Incoming Circuits

Grounding Transformer
37-1/2 KVA 13. 2 KV-
120/240 Volts

Load Center Unit Sub-
Station-480 volt
including 1500 KVA Dry
Type Transformer, 2 Main
and 10 Feeder Air Circuit
Breakers - 480 Volt -
50, 000 AMP I/C

Lighting Transformer
25KVA 480-120/240
Volts Dry Type

Motor Control Centers-
480 Volt

Control Battery
60 Cell 400 AMP. -Hr.
Complete with Accessories

Battery Charger M-G Set
15 KW-25 HP
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO. DESCRIPTION

315. ACCESSORY ELECTRIC EQUIPMENT (Continued)
Electric Control Board
Annunciator Panel
D. C. Distribution Panel
Lighting Distribution Panel
Station Grounding System
Cable and Wire
Conduit, Trays and Ducts

TOTAL - ACCT. 315.
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ACCT. NO.

316.

.1

.2

.3

.4

12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

DESCRIPTION

MISC. POWER PLANT EQUIPMENT

Fire Extinguishing Equipment

Service Air System
Compressor, 380 CFM,
125 psig with 100 HP
Motor & Accessories
Piping in 312.4 Acct.

Cranes & Hoists

Intrasite Communication System
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12, 500 eMW NUCLEAR POWER PLANT

CAPITAL COST ACCOUNTS

ACCT. NO.

389.

DESCRIPTION

UNDISTRIBUTED COSTS

ENGINEERING AND DESIGN

CONSTRUCTION SUPERVISION

STARTUP AND TEST

OPERATING & MAINTENANCE MANUALS

.1

.2

.3

.4
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APPENDIX B

12, 500 eKW Unit

FUEL FLOW FOR ONE FUEL CYCLE

1.0 Purchase from U.S. A.E.C.

1.1 Official charge of UF at 4%
enrichment U2 3 5 at $35. 50
per Kg U

1.2 Total charge of 3742. 67 Kg U
(capital cost covered under lease
charge provisions)

(not included in core cost)

1.9 Shipping to conversion plant for
processing from UF6 to UO2

2.0 Conversion UF6 to UO2

2. 1 Unit Cost of Conversion
$14. 50 per lb. UO 2 converted
Approx. $31.90 per Kg UO2
Approx. $36.40 per Kg U

2.2 Conversion Cost of 3705. 2 Kg U

2. 3 1% Loss in UF6 Conversion

2.3.1 37. 43 Kg U at $535. 50/Kg

2.4 Shipping to Fabrication Facilities

2.4. 1 Shipping Cost
3705. 2 Kg U

3.0 Fabrication of Elements and Core
Construction

3.1 Time needed for Fabrication

3. 1. 1 Pelletizing Approx. 6 mos.
3.1. 2 Fuel Element Assembly Approx. 7 mos.
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APPENDIX B

12, 500 eKW Unit

FUEL FLOW FOR ONE FUEL CYCLE (Cont'd)

3. 2 Fuel Elements

3. 2. 1 Fabric. Cost of 3335 Kg U
(one loading - not incl. absorbers)

3. 3 Core Construction

3. 3. 1 Cost of Absorbers
3. 3. 1. 1 Absorber Mat'l.
3. 3.1.2 Absorber Fabric.

3.4 Total Cost of Fabric. First Loading
(incl. absorbers and shipping costs in USA)

4.0 Scrap Recovery (Excess UO2 )

4. 2. 1 Scrap Recovery Cost

4. 2. 3. 1 1% loss in cony.
370. 2 Kg U back to UF6

4. 2. 3.2 Reprocess UO 2 -NO3

4. 2. 3. 3 Reprocess NO3 -UF 6

4. 2. 4 Official charge at 4% Enrich.
$535. 50 per Kg U content

4. 2. 5 Value of 366. 5 Kg U Scrap returned to
U.S. -A.E.C.

4.2. 6 Shipping cost of Returned Scarp
Approx. 920 lbs. UO2 at estimated
cost of $0. 50/lb.

4. 2. 7 Net value of scrap material

5.0 Fuel in the Reactor

5. 1 Reactor Thermal Power 50 MW

5. 2 Electrical Output 12. 5 MW

5. 3 Load Factor 0. 8 (7000 hrs/yr) 10, 092 MWD/1000 Kg U
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APPENDIX B

12, 500 eKW Unit

FUEL FLOW FOR ONE FUEL CYCLE (Cont'd)

5.4 Energy Production per loading 2. 02 x 108 KWH
based on life of 115. 4 MWY and 25% efficiency

5. 5 Annual Energy Production 87. 5 x 106 KWH
based on 0.8 load factor

5.6 Average Reactor Cycle Time 2.89 years

6.0 Cooling and Shipping

6.1 Cooling Time of Spent Fuel

6.9 Shipping of Spent Fuel to Reprocessing Plant

6.9. 1 Shipping Time

6.9.2 Shipping Costs

6.9. 3 Rental of Shipping Casks

7.0 Reprocessing UO 2 - UF6 (Spent Fuel)

7.1 Based on 10, 000 MWD/1000 Kg UO 2 Burnup

7. 1. 1 Time needed to Reprocess 3274. 1 Kg U
Content

7.1.1.1 Operation time at 1000 Kg
throughout per day 3. 3 days

7.1.1.2 Turn-around-time per core 3. 3 days

7.1.1. 3 Total chargeable process time 6.6 days

7.1.2 Reprocess Costs

7. 1. 2. 1 U0 2 -NO 3 at $15, 300/day

7.1. 2.2 N0 3 -UF6 at 1/2 (UO 2 -NO 3 cost)

7. 1. 2. 3 Total Reprocess Costs

7. 1. 3 1% Loss in Reprocess U0 2 -UF6 at
$292. 40/Kg U
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APPENDIX B

12, 500 eKW Unit

FUEL FLOW FOR ONE FUEL CYCLE (Cont'd)

8.0 Pu Conversion

8.1 Based on 10, 000 MWD/1000 Kg UO 2 Burnup

8.1. 1 Total Kg Pu NO 3 produced 8.45 Kg

8. 1. 2 Cost of Conversion of Pu in NO3 form
to metal at $1. 50/gram converted

8. 1. 3 1% Loss in Conversion Process 84. 5
grams Pu

9.0 Value of Returned Fuel

9.1 Value of UF6 after 10, 000 MWD/1000 Kg UO 2 Burnup

9.1. 1 Official value at 2.47% Final Enrich.
at $292. 40 per Kg U content

9. 1. 2 Total value of 3241. 36 Kg U content returned
to U. S. A.E.C. for credit

9.2 Value of Pu Metal

9. 2. 1 Buy-back price of $15. 00 per gr. Pu

9. 2. 2 Value of 8. 365 Kg Pu after 10, 000 MWD/1000
Kg UO2 burnup

10.0 Lease Costs

10. 1 3705. 2 Kg U at 4.0% Enrich. for
13-1/2 months at estimated cost
of $6, 614/month

10.2 An average of 3305 Kg U at average
enrichment of 3. 24% during approx.
core life of 33 months

10.3 3335 Kg U at 4.0% enrich. during
3 months shipping and startup period

10. 4 3274. 1 Kg U at 2.47% enrich. during
6 months cooling off and shipping
period
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APPENDIX B

12, 500 eKW Unit

FUEL FLOW FOR ONE FUEL CYCLE (Cont'd)

10.0 Lease Costs (Cont'd)

10. 5 3274. 1 Kg U at 2. 47% enrich. for
9 months
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APPENDIX C

NUCLEAR REACTORS BUILT, BUILDING OR PLANNED

(Status of facilities as reported in references prior to April 1, 1959)

The following tabulation is a compilation of facilities built, building, or planned
which are capable of sustaining a nuclear chain reaction, with the exception of weapons
research experiments being conducted at Commission laboratories. Certain experi-
ments relating to military propulsion systems are included in the statistical summary
but are not listed in the tabulation because of their classified nature.

Where cells within critical experiment facilities have housed two or more experi-
ments, only the most recent experiment is listed. Where two or more cells operate from
a single control panel, experiments in both cells may be listed, but only one count is
made in the statistical summary.

Listings in the "principal contractor" column refer to the technical organization
assigned primary responsibility for completion of the reactor project. Contractors'
names, abbreviated in the column listing, are given in full in the listing on page 2. Also
listed are the names of designers, shipbuilders, and facility operators; these are ab-
breviated in the column listings.

Start-up dates refer to the year of first criticality. Start-up dates shown for
projects not yet in service are estimates based on the best available information. The
dates for non-AEC projects are estimates announced by the sponsoring organizations.

Reactors are listed as having "operated" under the following circumstances:

a. Federal Government reactors - when criticality is achieved.
b. Non-Federal Government reactors in the United States - when

an operating license is issued by the Commission.
c. Reactors for foreign locations - when criticality is achieved.

Reactors are listed as "being built" under the following circumstances:

a. Federal Government reactors - when ground is broken, com-
ponents ordered, or contract awarded, whichever is first.

b. Non-Federal Government reactors in the United States - when
construction permit is issued by the Commission.

c. Reactors for foreign locations - when an export license is issued
by the Commission.

Reactors are listed in the "planned" category under the following circumstances:

a. Federal Government reactors - when publicly announced or when
development work is started.

b. Non-Federal Government reactors in the United States - when
license application is received by the Commission, or a public
announcement which includes principal contractor and reactor
type is made, whichever is first.

c. Reactors for foreign locations - when public announcement is
made.
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LIST OF CONTRACTORS, DESIGNERS, SHIPBUILDERS, AND
FACILITY OPERATORS FOR WHICH ABBREVIATIONS

APPEAR IN TABLES

ABBREVIATION

AC
ACF
AG
AGN
Alco
AMF
ANL

ARSS
B&W
BAC
BCEG
Bechtel
Bethlehem
BNL

CE
CL
Convair
Daystrom
DuPont
FICO
FW
Fluor
GDC
GE
GNE
Elec. Boat
HKF
Ingalls
KE
LASL

Lockheed
Mare Island
Martin
Met. Lab.
NAA
NACA
Newport News
NRL
NDA
ORNL

Portsmouth
PPC
P&W
West
Vitro

NAME OF ORGANIZATION

Allis-Chalmers Manufacturing Company
ACF Industries, Inc.
Aerojet-General Corp.
Aerojet-General Nucleonics, Subsidiary of Aerojet-General Corp.
Alco Products, Inc.
AMF Atomics, A Division of American Machine & Foundry Co.
Argonne National Laboratory, operated by the University

of Chicago
American Radiator and Standard Sanitary Corp.
Babcock & Wilcox, Co., The
Bendix Aviation Corp.
British Central Electricity Generating Company
Bechtel Corporation
Bethlehem Shipbuilding Corp., Quincy, Mass.
Brookhaven National Laboratory, operated by Associated

Universities, Inc.
Combustion Engineering, Inc.
Clinton Laboratory of Manhattan Engineer District
Convair Division of General Dynamics Corp.
Daystrom, Inc.
E. I. DuPont de Nemours & Co.
Ford Instrument Company
Foster Wheeler Corp.
Fluor Corporation, Limited
General Atomic Division of General Dynamics Corp.
General Electric Co.
General Nuclear Engineering Co.
Electric Boat Division of General Dynamics Corp.
H. K. Ferguson Co., The
Ingalls Shipbuilding Corp.
Kaiser Engineers, Division of Henry J. Kaiser Co.
Los Alamos Scientific Laboratory, operated by

University of California
Lockheed Aircraft Corp.
Mare Island Naval Shipyard
Martin Co., The
Metallurgical Laboratory of Manhattan Engineer District
Atomics International, a Division of North American Aviation, Inc.
National Advisory Committee for Aeronautics
Newport News Shipbuilding and Dry Dock Co.
Naval Research Laboratory
Nuclear Development Corp. of America
Oak Ridge National Laboratory, operated by Union Carbide

Nuclear Co., a division of Union Carbide Corp.
Portsmouth Naval Shipyard
Phillips Petroleum Co.
Pratt and Whitney Aircraft Division, United Aircraft Corp.
Westinghouse Electric Corp.
Vitro Engineering Co., a subsidiary of Vitro Corp.
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NUCLEAR REACTORS BUILT, BUILDING OR PLANNED IN THE UNITED STATES
AS OF JUNE 30, 1958

A. High Temperature Reactors Suitable for Power Production
A. 1. Prototype Civilian Power Reactors, U. S. Locations

NAME AND/OR OWNER LOCATION
PRINCIPAL
CONTRACTOR TYPE

POWER(NET
ELECTRIC
KILOWATTS) 1/ START-UP

Operated:
Shippingport Atomic Power Station Shippingport,

(AEC & Duquesne Light Co.)2/ Pa.

Being Built:
Dresden Nuclear Power Station Morris, Ill.

(Commonwealth Edison Co.)
Consolidated Edison Thorium Indian Point, N
Reactor 3/

Enrico Fermi Atomic P ower Plant Laguna Beach,
(Power Reactor Development Ca)4. 5/ Mich.

Yankee Atomic Electric Co. 4. 6/ Rowe, Mass.
AEC & Rural Cooperative Power Elk River,

Associates 7/
Hallam Nuclear Power Facility (AEC Hallam, Neb.

& Consumers Public P ower Dist.)(4/
Pacific Gas & Electric Co. Eureka, Calif.

Planned:
AEC & City of Piqua, Ohio Piqua, Ohio
Northern States Power Co. 4/ Sioux Falls, S.D.
Carolinas-Virginia Nuclear Power Parr Shoals,
Associates, Inc. S. C.

East Central and Florida West Florida
Coast Nuclear Power Groups

Gas Cooled Power Reactor (AEC) 10/NRTS, Idaho

Philadelphia Electric Company Philadelphia,
Pa. (Area)

West

GE

.Y. B&W

Owner

West
ACF

NAA

GE

Pressurized water

Boiling water

Pressurized water

Fast breeder

Pressurized water
Boiling water

Sodium graphite

Boiling water

NAA
AC
West

GNE

Bechtel

Organic moderated
Boiling water
Pressurized

heavy water
Gas cooled, Heavy

water moderated
Gas cooled 30, 000-

Gas-cooled, graphite
moderated

60, 000

180, 000

255, 000

90,000

110, 000
22,000

75, 000

57,000

1957

1959

1960

1960

1960
1960

1962

1962

1961
1962
1962

1963

1963
C)

11, 400
62,000
16, 950

46,000

40, 000

40,000



A. 2. Prototype Civilian Power Reactors, Foreign Locations

NAME AND/OR OWNER

Operated:
England

Being Built:
Belgium (Syndicat d' Etude de

1' Energie Nucleaire-SEEN)

Planned:
Italy (Edisonvolta) 11/

Italy (SENN)
Spain
Switzerland
Japan
Japan

Germany

England

LOCATION

Calder Hall

Mol

Milan

Rome

Madrid
Zurich
Tokyo
Tokyo

Julich

Berkeley
Hunter ston
Bradwell
Briston

PRINCIPAL
CONTRACTOR

BCEG

West.

West.

GE

West.
GE

GE

GE Co. Ltd.

Krupp

BCEG
i

TYPE

Gas-cooled

Pressurized water

Pressurized water

BWR

Heavy water
BWR
BWR
Gas-cooled

Gas-cooled
pebble bed

Gas-cooled
" "Y

t ?
"o "

POWER(NET
ELECTRIC
KILOWATTS)1/

34, 500

11, 500

134, 000
150, 000
20,000
15,000
12, 500
15,000
15,000

137, 500
150, 000
150 000
10b

START-UP

1956

1959

1961



A. 3. Civilian Power Reactor Experiments

NAME (all owned by AEC
except as noted)

Operated, later dismantled
Boiling Reactor ExperimentNo. 1
Homogeneous Reactor Experi-

ment No. 1
Los Alamos Power Reactor

Experiment No.1 12 /

Operated:
Experimental Breeder Reactor

No. 1 13/
BoilingReactor Experiments 14/
Experimental Boiling Water

Reactor 15/
Vallecitos Boiling Water Reactor

(General Electric Co. and
Pacific Gas & E lectric Co. )16/

Sodium Reactor Experiment (AEC
& Southern Calif. Edison Co.)

Organic Moderated Reactor Expr.
Homogeneous Reactor Experi-

ment No. 2 17/

DESIG-
NATION

LO-
CATION

PRINCIPAL
CON-

TRACTOR

BORAX-1 NRTS,Idaho ANL
HRE-1 Oak Ridge, ORNL

LAPRE-1 Los Alamos, LASL
N. Mexico

EBR-1 NRTS, Idaho ANL

BORAX-2,3,4 NRTS, Idaho ANL
EBWR Lemont, ANL

Ill.
VBWR Pleasanton, GE

Calif.

SRE

OMRE
BRE-2

Sanda Susana,
Cal.
NRTS, Idaho
Oak Ridge,

Tenn.

Being built:
Los Alamos Power Reactor LAPRE-2 Los Alamos, LASL

Experiment No. 2 18/ N. Mexico
Experimental Breeder Reactor No. 2 EBR-2 NRTS, Idaho ANL

Planned:
Los Alamos Molten Plutonium LAMPRE-1 Los Alamos, LASL

Reactor Experiment No. 1 19/ N. Mexico
Liquid Metal Fuel Reactor LMFRE-1 --- B&W

Experiment No. 1
Boiling Reactor-Superheat Expri- BORAX-V NRTS, Idaho ANL

ment (ANL)
Pressurized Water Reactor Hook-on Saxton, Pa. WESI

(General Public Utilities)

NAA

PO
EL
KI]TYPE

Boiling water
Aqueous homo-
geneous solution
Aqueous homo-
geneous(phos-
phoric acid)

Fast breeder

Boiling water
Boiling water

Boiling water

)WER (Net
ECTRIC
LOWATTS)6/

No elec.
140

No elec.

150

2,000
4, 500

5,000

Sodium graphite 6, 000

NAA Organic Moderated No elec.
ORNL Aqueous homo- Negligible

geneous solution

Aqueous homo-

Fast breeder

Fast molten
plutonium
Liquid metal

BWR/superheat

T. Pressurized

No elec.

16, 500

No elec.

No elec.

5, 000

START-
UP

1953
1952

1956

DIS-
MANTLED

1954
1954

1957

1951

1954
1956

1957

1957

1957
1957

1958

1960

1961
I-

J



A. 4. Maritime Propulsion Reactors, Ship or Land Based Prototypes

NAME AND/OR OWNER

Being built:

Nuclear Ship Savannah
(AEC and MA)

Planned:
T-5 Tanker (AEC and MA)

Maritime Gas Cooled
Reactor (AEC)

Maritime Gas Cooled
Reactor (FICO)

DESIGNER

B&W

GE

GDC

FICO

SHIPBUILDER

New York Ship-
building Corp.

Ingalls Ship-
building Co.

Maryland Ship-
building and
Drydock Co.

TYPE

Pressurized water

Boiling water

SHAFT
HORSEPOWER 1/ START-UP

20, 000

20, 000

1960

Gas cooled

Gas cooled



A. 5. Full Scale Military Power Reactor

NAME AND/OR OWNER

Operated:
Submarine USS Nautilus (USN)
Submarine USS Seawolf (USN)
Submarine USS Skate (USN)
Submarine Halibut (USN)

DESIGNATION DESIGNER

SSN571
SSN575
SSN578
SS(G)N587

Being Built:
Submarine Swordfish (USN) SSN579
Submarine Sargo (USN) SSN583
Submarine Seadragon (USN) SSN584
Submarine Skipjack (USN) SSN585
Submarine Triton, 2 reactors(USN)SS(R)N586
Submarine Scamp (USN) SSN588
Submarine Scorpion (USN) SSN589
Submarine Sculpin (USN) SSN590
Submarine Shark (USN) SSN591
Submarine Snook (USN) SSN592
Submarine Thresher (USN) SSN593
Submarine Permit (USN) SS(G)N594
Submarine Pollack (USN) SS(G)N595
Submarine Plunger (USN) SS(G)N596
Submarine Tullibee (USN) SS(G)N597
Fleet Ballistic Missile SS(G)N598

Submarine (USN)
Fleet Ballistic Missile SS(G)N599

Submarine (USN)
Fleet Ballistic Missile SS(G)N600

Submarine (USN)
Guided Missile Cruiser, CG(N)160

Long Beach (2 reactors)(USN)
Aircraft Carrier Enterprise CVA(N)65

(8 reactors) (USN)
Army Package Power Reactor SM-la

(USA) 20/
Army Package Power Reactor 21/PM-2A

West.
GE
West
West.

West.
West.
West.
West.
GE
West.
West.
West.
West.
West.
West.
West.
West.
West.
CE
West.

West.

West.

West.

West.

ALCO

ALCO

SHIPBUILDER

Elec. Boat
Elec. Boat
Elec. Boat
Mare Is land

Portsmouth
Mare Island
Portsmouth
Elec. Boat
Elec. Boat
Mare Island
Elec. Boat
Ingals
Newport News
Ingalls
Portsmouth
Mare Island
Not assigned
Not assigned
Elec. Boat
Elec. Boat

Elec. Boat

Mare Island

Bethlehem

Newport News

TYPE START-UP

Pressurized water (S2W)
Sodium(S2G)
Pressurized water (S3W)
Pressurized water (S5W)

Pressurized water (S4W)
Pressurized water (S3W)
Pressurized water (S4W)
Pressurized water (SSW)
Pressurized water (S3G)
Pressurized water (S5W)
Pressurized water (SSW)
Pressurized water (S5W)
Pressurized water (S5W)
Pressurized water (S5W)
Pressurized water (S5W)
Pressurized water (S5W)
Pressurized water (S5W)
Pressurized water (S5W)
Pressurized water (SiC)
Pressurized water (S5WW)

Pressurized water (S5W)

Pressurized water (S5W)

Pressurized water (C1W)

Pressurized water (A1W)

Pressurized water

Pressurized water

1955
1956
1957

1960

1960

I

)

3

)

)

.

I

I
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A. 6. Military Prototypes and Experiments

NAME (all owned by AEC)

Operated, later dismantled:
Aircraft Reactor Experiment

Submarine Intermediate Reactor
Mark A

Heat Transfer Reactor
Experiment No. 1

Operated:
Naval Reactor Facility

Army Package Power Reactor
No. 1

Large Ship Reactor Prototype,
2 reactors

Argonne Low Power Reactor

Being Built:
Submarine Advanced Reactor

Prototype
Small Submarine Reactor

Prototype

Gas CooledReactor Experiment

Planned:
Destroyer Reactor Prototype

Army Nuclear Power Program
22/

DESIG-
NATION

ARE

SiG

LOCATION

Oak Ridge,

es q.Milton,

N.Y.

HTRE-1 NRTS, Idaho

SlW NRTS, Idaho

APPR-1 Ft. Belvoir
Va.

A1W NRTS, Idaho

ALPR NRTS, Idaho

S3G

SiG

GCRE

D1G

ANNP
PM-1

West Milton,
N.Y.

Windsor,

NRTS, Idaho

Schenectady,
N.Y.

PRINCIPAL
CON-

TRACTOR

POWER(Net
ELECTRIC

TYPE KILLOWATTS)

ORNL Fused salt

GE

GE

Sodium

Direct air
cycle

West. Pressurized
water

ALCO Pressurized
water

West. Pressurized
water

ANL Boiling water

GE

GE

AG

GE

Sundance, Wyo. Martin

Pressurized
water

Pressurized

Gas cooled

1,855

200

No elec.

Pressurized ---
water

Pressurized 1, 000

START-
1/ UP

1954

1955

1956

DIS-
MANTLED

1954

1957

1957

1953

1957

1958

1958

1959

1960



B. Low Temperature Reactors Not Suitable for Power Production

B. 1. Research and Training Reactors, U. S. Locations

DESIG-
NATIONNAME AND/OR OWNER

Operated, later dismantled:
Chicago Pile 1, rebuilt as Cp-2(MED-AEC) CP-1

23/
Argonne CP-3, rebuilt as Cp-3(MED-AEC) CP-3
Los Alamos Fast Reactor (AEC) Clementine

Operated:
Oak Ridge X-10 Area Reactor (AEC) X-10
Super Power Water Boiler(AEC) 24/ SUPO
BrookhavenResearchReactor (AEC) ---
Low Intensity Test Reactor (AEC) LITR
North American Aviation Water WBNS

Boiler Neutron Source (AEC)25/
Livermore Water Boiler (AEC) L1WB
North Carolina State College RRR

(Raleigh Research Reactor) 26/
Argonne Research Reactor (AEC) CP-5
Pennsylvania State University ----
Armour Research Foundation APR
Battelle Memorial Institute BRR
Naval Research Reactor (USN) NRR
Omega West Reactor (AEC) OWR
Argonne Naught Power Reactor (AEC) Argonaut

(CP-11)
Atomics International L-47
University of Michigan ----

(Ford Nuclear Reactor)
Livermore Pool Type Reactor (AEC) LPTR
U.S. Naval Post Graduate School AGN-201-100
Catholic University of America AGN-201-101
Oklahoma State University of AGN-201-102

Agri. & Appl. Science

LOCATION

Chicago, Ill.

Palos Park, Ill.
Los Alamos, N. M.

Oak Ridge, Tenn.
Los Alamos, N. M.
Brookhaven Lab.
Oak Ridge, Tenn.
Van Nuys, Calif.

Livermore, Calif.
Raleigh, N. C.

Lemont, Ill.
Univ. Park, Pa.
Chicago, Ill.
West Jefferson, Ohio
Washington, D. C.
Los Alamos, N. M.
Lemont, Ill.

Canoga Park, Calif.
Ann Arbor, Mich.

Livermore, Calif.
Monterey, Calif.
Washington, D. C.
Stillwater, Okla.

PRINCIPAL
CON-

TRACTOR

Met. Lab.

START-
UPTYPE

Graphite

Met. Lab. Heavy water
LASL Fast, plutonium

fuel

CL
LASL
HKF
ORNL
NAA

NAA
Owner

ANL
Owner
NAA
AMF
NRL
LASL
ANL

NAA
B&W

FW
AGN
AGN
AGN

Graphite
Homogeneous
Graphite
Tank
Homogeneous

Homogeneous
Homogeneous

Heavy water
Pool
Homogeneous
Pool
Pool
Tank
Graphite/water

Homogeneous
Pool

Pool

1942

1944
1946

1943
1944
1950
1950
1952

1953
1957

1954
1955
1956
1956
1956
1957
1957

1957
1957

1957
Homogeneous solid 1956
Homogeneous solid 1957
Homogeneous solid 1957

DIS-
MANTLED

1954

1955
1953

9
F-



B. 1. Research and Training Reactors, U.S. Locations (cont'd)

NAME AND/OR OWNER

Operated (cont'd)

Aerojet-General Nucleonics
University of Akron
National Naval Medical

Center (USN)
Texas A&M College

University of Utah

Aerojet-General Nucleonics
Colorado State University
University of Wyoming 27/
University of California
Curtiss-Wright Corp.
General Dynamics Corp.

Being Built:
Brookhaven Medical Reactor(A
Massachusetts Institute of

Technology
Industrial Reactor Laboratorie
University of Virginia
Union Carbide Nuclear Co.
American Radiator & Standard

Sanitary Corp.
Neutron Source Reactor (AEC)
University of Florida
University of Delaware
Oregon State College
Vanderbilt University
Aerojet-General Nucleonics

(25 reactors)

DESIGNATION

AGN-201M-103
AGN-201-104
AGN-201M-10 5

LOCATION

San Ramon, Calif.
Akron, Ohio
Bethseda, Md.

AGN-201-106 College Station,
Texas

AGN-201-107 Salt Lake City,
Utah

AGN-201-108 Lemont, Ill.
AGN-201-109 Ft. Collins, Colo.
AGN-201-111 Laramie, Wyoming
AGN-201-112 Berkeley, Calif.

-- - - Quehanna, Pa.

TRIGA San Diego, Calif. 8

EC) - - - - Upton, N. Y.
MITR Cambridge

Mass.
s,Inc. ---- Plainsboro, N. J.

- - - - Charlottesville, Va.
- - - - Sterling Forest, N. Y.

I UTR- 10 Mountain View,
Calif.

---- Upton, N. Y.
- - - - Gainesville, Fla.

AGN-201-113 Newark, Del.
AGN-201-114 Corvallis, Ore.
AGN-201-116 Nashville, Tenn.
AGN- 201 San Ramo, Calif.
(115, 117-120,
126-140)

AGN-201M(121-125)

PRINCIPAL
CON--

TRACTOR

AGN
AGN
AGN

AGN

AGN

AGN
AGN
AGN
AGN
Owner
GDC

Daystrom
ACF

AMF
Owner
AMF
ARSS

BNL
GNE
AGN
AGN
AGN
AGN

TYPE

Homogeneous solid
Homogeneous solid
Homogeneous solid

START- DIS-
UP MANTLED

1957
1957
1957

Homogeneous solid 1957

Homogeneous solid 1957

Homogeneous solid
Homogeneous solid
Homogeneous solid
Homogeneous solid
Pool
Homogeneous solid

Tank
Heavy water

Pool
Pool
Pool
Graphite/water

Tank
,Graphite/water
Homogeneous solid
Homogeneous
Homogeneous solid
Homogeneous solid

1957
1957
1958
1957
1958
1958

1958
1958

1958
1958
1958
1958

1958
1958
1958
1958
1958
1958-59



B. 1. Research and Training Reactors, U. S. Locations (cont'd)

NAME AND/OR OWNER
DESIG-
NATION LOCATION

PRINCIPAL
CON-

TRACTOR TYPE
START- DIS-

UP MANTLED

Being Built: (cont'd)
Ordnance Materials Research

Office (USA)

Planned:
State College of Washington
University of Buffalo
Rice Institute
Atomics International Vanowen

Facility Reactor
General Atomic Division of

General Dynamics
Cornell University
Aerojet-General Nucleonics

(10 reactors)
Puerto Rico Nuclear Center
University of California at

Los AngelesMedical
Reactor 28/

Babcock & Wilcox Atomic
Energy Division

Sandia Experimental Reactor
Facility (AEC)

Pawling Research Reactor

L-47
L-77

IRGA

AGN-211
(101-110)

SERF

PRR

Watertown, Mass.

Pullman, Wash.
Buffalo, N.Y.
Houston, Texas
Canoga Park, Calif.

San Diego, Calif.

Ithaca, N.Y.
San Ramon, Calif.

Mayaquez
Los Angeles

Lynchburg, Va.

Sandia Base, N. M.

White Plains, N.Y.

BAC

GE
AMF
NAA
NAA

GDA

Vitro
AGN

NAA

Owner

Sandia
Corp.
NDA

Pool 1959

Pool 1958
Pool 1958
Homogeneous 1958
Homogeneous 1958

Homogeneous solid 1958

Pool 1959
Homogeneous solid 1959

pool
Pool 1960
Homogeneous ----

Pool ----

Tank ----

Heavy water - - - -

1



B. 2. Research and Training Reactors, Foreign Locations

OWNER
Operated:

Brazil, Government of (University of Sao Paulo)
Denmark, Government of (Atomic Energy Commission)
Japan, Government of (Atomic Energy Research Institute)
Netherlands, Government of 29/
Switzerland, Government of 30/
Germany, Federal Republic of (Technische Hochschule

Muenchen)
Germany, Federal Republic of (Farbwerke Hoechst, AG)
AEC (Belgium AGN-211-100 Worlds Fair Reactor)31/

LOCATION

Sao Paulo
Risoe
Tokai-mura
Delft
Wuerenlingen
Munich

Frankfurt
Brussels

PRINCIPAL
CONTRACTOR TYPE

B&W Pool
NAA Homogeneous
NAA Homogeneous
AMF Pool
ORNL Pool
AMF Pool

NAA Homogeneous
AG AGN-211-100

Being Built:
Canada (McMaster University) Hamilton, Ont.
Denmark, Government of (Atomic Energy Commission) Risoe
Germany, Federal Republic of (Societyfor the

Utilization of Nuclear Energy in Shipbuilding and Hamburg
Navigation, Inc.)

Greece, Government of (Atomic Energy Commission) Near Athens
Italy, Government of (Nat' 1 Committee for Nuclear Research) Ispra
Italy, (Societa Richerche Impianti Nucleari) Milan
Italy (University of Palermo) Sicily
Japan, Government of (Atomic Energy Research Institute) Tokai-mura
Neatherlands, Government of (Reactor Center) Petten
Portugal, Government of (Portuguese Atomic Energy Comm.) Near Lisbon
Spain, Government of (Spanish Atomic Energy Commission) Near Madrid
Venezuela, Government of (Institute of Neurology & Brain Res.)Near Caracas
West Berlin, Senate of the Land(Inst. for Nuclear Research) West Berlin

Planned:
Israel,Governmentof (Commissariat a L' Energie Atomique)
Italy (Enrico Fermi Nuclear Study Center of Politechnico)
Sweden (Aktiebolaget Atomenergi)
Taiwan (National Tsing -Hua University)

Tel-Aviv
Milan
Tysberga
Taipei

AMF
FW

B&W

AMF
ACF
AMF
AG
AMF
ACF
AMF
GE
GE
NAA

AMF
NAA
ACF
GE

Pool
Tank

Pool

Pool
Heavy water,tank
Pool
AGN-201-110
Heavy water
Tank
Pool
Pool
Tank
Homogeneous

Pool
Homogeneous
Tank
Pool

START-
UP

1957
1957
1957
1957
1955
1957

1958
1958

1958
1958

1958

1958
1958
1958
1958
1959
1958
1959
1958
1958
1958

1959
1958
1958
1959



B. 3. General Testing Reactors

NAME AND/OR OWNER DESIGNATION LOCATION
PRINCIPAL
CONTRACTOR

Operated:
Materials Testing Reactor (AEC)
Engineering Test Reactor (AEC)
Oak Ridge Research Reactor (AEC)

Westinghouse Testing Reactor
General Electric Co. Materials

Testing Reactor

Planned:
National Advisory Committee for

Aeronautics
Industrial Testing Reactors, Inc.

MTR
ETR
ORR

WTR
GETR

NACA-TR

NRTS, Idaho
NRTS, Idaho
Oak Ridge, Tenn.

Fluor
KE
ORNL

Waltz Mill, Pa. Owner
Pleasanton, Calif. Owner

Sandusky, Ohio NACA

Wadesboro, N. C. GE

TYPE
START-

UP

Tank
Tank
Tank

Tank
Tank

1952
1957
1958

1959
1958

Tank

Tank

1959

1960

cJ1
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B. 4. Specialized Testing Reactors

NAME AND/OR OWNER

Operated:
Savannah River Test Pile 305(AEC)
Hanford 305 Test Reactor (AEC)
Process Development Pile (AEC)
Thermal Test Reactor (AEC)
Thermal Test Reactor No. 1 (AEC)
Thermal Test Reactor No. 2 (AEC)
Bulk Shield Test Facility (AEC)
Tower Shielding Facility Reactor Co. 1

(AEC)
Special Power Excursion Reactor

Test No. 1 (AEC)
Special Power Excursion Reactor

Test No. 3 (AEC)
Kinetic Experiment on Water Boilers

No. 1 (AEC)
Ground Test Reactor (USAF)
Air craft Shield Test Reactor (USAF)
General Electric Research Reactor

Being Built:
Special Power Excursion Reactor

Test No. 2 (AEC)
Radiation Effects Reactor (USAF)
Transient Reactor Test (AEC)
Plutonium Recycle TestReactor (AEC)
Nuclear Engineering Test Reactor

(USAF) 32/

DESIGNATION

SR- 305
HEW-305

PDP
SP
TTR-1
TTR-2
BSTF
TSFR-1

LOCATION

Savannah River
Hanford, Wash.
Savannah River
Savannah River
Schenectady, N. Y.
Hanford, Wash.
Oak Ridge, Tenn.
Oak Ridge, Tenn.

SPERT-1 NRTS, Idaho

SPERT-3 NRTS, Idaho

PRINCIPAL
CONTRACTOR

DuPont
Du Pont
Du Pont
DuPont
GE
GE
ORNL
ORNL

PPC

PPC

KEWG-1 Santa Susana, Calif. NAA

GTR
ASTR
NTR

Ft. Worth, Texas
Oak Ridge, Tenn.
Pleasanton, Calif.

SPERT-2 NRTS, Idaho

RER
TREAT
PRTR
*NETR

Planned:
Shielding Experiment Facility Reactor(AEC)SEFR
Tower Shielding Facility Reactor No. 2 TSFR-2

(AEC) 34/
Advanced Engineering Test Reactor AETR

(AEC) 33/

Marietta, Ga.
NRTS, Idaho
Hanford, Wash.
Dayton, Ohio

NRTS, Idaho
Oak Ridge, Tenn.

Convair
Convair
GE

PPC

Lockheed
ANL
GE
ACF

GE
ORNL

TYPE

Graphite
Graphite
Heavy water
Graphite
Graphite
Graphite
Pool
Tank

Tank

Pressurized
water

Homogeneous

Pool
Light water
Light water

Pressurized
water

Pool
Graphite
Heavy water
Pool

Pool
Tank

START-
UP

1953
1944
1953
1953
1951
1955
1950
1954

1955

1958

1956

1953
1954
1957

1958

1958
1959
1960

1958

1958

1961



B. 5. Production Reactors

DESIGNATION DESIGNER TYPE LOCATION

Operated:
B Reactor
D Reactor
F Reactor
C Reactor

.DR Reactor
H Reactor

KE Reactor
KW Reactor

R Reactor
P Reactor
K Reactor
L Reactor
C Reactor

DuPont
DuPont
DuPont
GE
GE
GE
GE
GE
Du Pont
Du Pont
Du Pont
Du Pont
Du Pont

Graphite
Graphite
Graphite
Graphite
Graphite
Graphite
Graphite
Graphite
Heavy water
Heavy water
Heavy water
Heavy water
Heavy water

Hanford, Washington
Hanford, Washington
Hanford, Washington
Hanford, Washington
Hanford, Washington
Hanford, Washington
Hanford, Washington
Hanford, Washington
Savannah River, S. C.
Savannah River, S. C.
Savannah River, S. C.
Savannah River, S. C.
Savannah River, S. C.

Planned:
Improved Production Reactor 34/ GE

C?

1

-J



C. List of Critical Assembly Facilities Abbreviated in Table C. 1.

ABBREVIATION NAME AND LOCATION OF FACILITY OPERATOR

ALCO
ANL
ANL-ID

Bettis
B&W
BMI
BNL
CANEL

CE

ETRC

GE

CEANP

GDC
KAPL
LPTF
Martin
NACA
NDA
ORNL-CF

ORNL -P CA
PCTR
RMF

West.

ALCO Products, Inc., Schenectady, N.Y. Owner
Argonne National Laboratory, (AEC), Lemont, Ill. ANL
Argonne National Laboratory, Idaho Div. , (AEC),

NRTS, Idaho ANL
Bettis Plant, (AEC), Pittsburgh, Pa. West.
The Babcock & Wilcox Co., Lynchburg, Va. Owner
Battelle MemorialInstitute, West Jefferson, Ohio Owner
Brookhaven National Laboratory, (AEC), Upton, N.Y. BNL
Connecticut Aircraft Nuclear Engine Laboratory, (AEC) P&W

Middletown, Conn.
Nuclear Engine Laboratory of Combustion Engineering, Inc. Owner

Windsor, Conn.
Engineering Test Reactor Critical Facility, (AEC), PPC

NRTS, Idaho
General Electric Co. Vallecitos Laboratory Experimental Owner

Physics Facility, Pleasanton, California
Evandale Critical Experiment Facility, (AEC) Evendale, GE

Ohio
General Dynamics Corp., San Diego, Calif. Owner
Knolls Atomic Power Laboratory, (AEC) Schenectady, N. Y. GE
Low Power Test Facility, (AEC), NRTS, Idaho GE
The Martin Co., Middle River, Md. Owner
Lewis Flight Propulsion Laboratory, Sandusky, Ohio Owner
Nuclear Development Corporation of America, Pawling, N. Y. Owner
Oak Ridge National Laboratory Critical Facility, (AEC) ORNL

Oak Ridge, Tenn.
Pool Critical Assembly, BSF Pool (AEC), Oak Ridge, Tenn. ORNL
Physical Constants Test Reactor Facility(AEC) Hanford, Wash. GE'
Reactivity Measurements Facility,MTR Canal, (AEC)NRTS, PP C

Idaho
Westinghouse Reactor Evaluation Center Critical Experi- Owner

ment Station, Waltz Mill, Pennsylvania

NO. OF
CALLS

NO. OF
CONTROL
PANELS

1
3

1
3

1
12

3
1
2
2

1
10

2
1
2
2

33

1

2

2

1
6
2
2
1
1
3

1
1
1

1

1

2

2

1
5
2
2
1
1
5

1
1
1

1



C. 1. Critical Assembly Facilities 36/

Abbreviation of Facility
and Location

Within Facility

Operated, later dismantled:

ORNL, Bldg. 205

ORNL, Bldg. K-25

ORNL-MTR

ORNL-Y-12 area

Bettis

Subject of Experiment or Study

Nuclear safety and reactor design
studies

Nuclear physics and nuclear safety
with uranium solutions

Materials test reactor mockup

Test Reactor assembly No. 1

Danger Coefficient Test

Designation
of Experiment

X-10-200

K-25

TRA-1

DCTF

Startup of
Experiment

1945

1946

1950

1954

1953

Experiment
Dismantled

1948

1950

1950

1954

1957

)

1

H-+

tC



C. 1. Critical Assembly Facilities 36/ (cont'd).

Abbreviation of Facility
and Location

Within Facility
Designation

Subject of Experiment or Study of Experiment
Startup of

Experiment

Operated:
Alco
ANL-ID
ANL-Bldg. 316, Cell A36/
ANL-Bldg. 316, Cell B36/
ANL-Bldg. 316, Cell C36/
Bettis
Bettis
Bettis
Bettis
Bettis
Bettis
Bettis
Bettis
Bettis
B&W - Cell 1
B&W - Cell 2
BMI - Cell1
BNL-Bldg. T-526
CE - Bldg. 1, Cell 1, Pot 1
CE - Bldg. 2, Cell 1, Pot 1
CE - Bldg. 2, Cell 2, Pot 1
Canel - Physics Bldg., Cell 1
Canel - Physics Bldg., Cell 2
ETRC - ETR-MTR Area
GDC - Cell 1
GE - Cell 1
GE - Cell 2
GEANP - 1 42/
GEANP - 2 42/
PCTR - Bldg. 305-A

APPR core design
Coupled fast thermal reactor
Nuclear constants with fast exponential source
Interactions between two basic systems
Boiling water concept
Two region physics
Reactivity physics measurements
SSW core design
A1W core 1 physics and mockup 37/
A1W core 2 physics and mockup 37/
PWR core 1 physics
PWR core 2 physics
S3W/S4W mockup 37/
S3W/S4W clean critical physics 37/
Consolidated Edison reactor
NS Savannah Fuel Assembly and Core
Reflector control critical 38/
Exponential and critical assembly
SIC physics and mockup
Vacant 39/
SIC advanced mockup
Propulsion reactor experiments
Vacant 39/
ETR physics and core loading
Zirconium - uranium hydride fuel for TRIGA
Commonwealth Edison reactor
Checkout test for Spanish swimming pool reactor 40/
Aircraft propulsion
Aircraft propulsion
Physical constants not directly connected with

power generation

APPR-s
ZPR-3
ZPR-4
ZPR-5
ZPR-7
TRX
PTF
S5W-FA
A1W-FA-1&M-1
A1W-FA-2&M-2
PWR-FA-1
PWR-FA- 2
SFR-FA
SFR-FC

BMI-CK

S1C-FC

SiC-AC

1956
1955
1957
1956
1957
1953
1956
1956
1956
1957
1954

1954
1954
1957
1958
1957
1956
1956

1956
1958

1957
1957
1957
1957
1955
1956
1955

1

N

Q



C. 1 . Critical Assembly Facilities 36/ (cont'd).

Abbreviation of Facility
and Location

Within Facility
Designation

of ExperimentSubject of Experiment or Study
Startup of

Experiment

Operated (cont'd):
KAPL
KAPL
KAPL
KAPL
Martin - Cell 1
Martin - Cell 2
RMF - MTR Canel

West - Cell 1
NDA - Cell 1 45/
ORNL-CF - Bldg. 9213, Cell E

ORNL-CF - Bldg. 9213, CellW

ORNL-CF - Bldg. 9213, CellS
ORNL-PCA - Bldg. 3010

Being Built:
B&W - Cell 3 45/
BNL - Bldg. T-525
KAPL
LPTF - Cell 1
LPTF - Cell 2
NACA - Materials & Stresses

Bldg.
Bettis

Planned:
ANL - Bldg. 316 addition
ANL - Bldg. 316 addition
ANL - Bldg. 316 addition

Physical data 42/ and SAR physics and mockup 37/
Plastic physics and mockup 43/
Submarine advanced reactor mockup
D1G cold water mockup
Martin power reactor
APPR core life
Reactivity changes as function of test reactor

irradiation history
Yankee power reactor
Development of research reactor
Uranium-paraffin experiments related to physics

and safety of homogeneous reactors
Reactor physics and nuclear safety sudies with

homogeneous uranium solutions
Comparison of nuclear properties of U-235andU-233
ORR control system and safety studies

LMFRE physics data
LMFRE physics data
SAR high temperature physics and mockup
Air cooled reactor
Air cooled reactor
NACA Test Reactor critical experiments

High temperature physics and mockup

Fast nuclear and core mockup
Fast neutron instrumentation and physics studies
Thermal reactor core tests

PPA-FPR
PMA
APR
CWA

NDA-CX
CA-28

1948
1954
1954
1957
1957
1957
1954

1957
1957
1950

1950

1958

1958
1958
1958
1958
1958
1958

1958

PTR

HTTF

ZPR-6
FNS-1
CTF



REACTOR LIST FOOTNOTES

1/ Capacity figures for power reactors are based on the best available information.
In some cases future modification in plans may cause changes in plant capacity.

2/ The Shippingport station is provided with a turbogenerator rated at 10,000 LKW
and may reach this gross output with later cores.

3/ Of total net output shown for the Consolidated Edison plant, 151, 000 KW will be
nuclear and 104, 000 KW oil-fired superheat.

4/ Contract awarded by Commission under Power Demonstration Reactor Program.

5/ The Enrico Fermi plant is to be provided with a turbogenerator rated at 150, 000
EKW and may reach this gross output with later cores.

6/ The net EKW for Yankee's second core is expected to be 134,000.

7/ Net output for Elk River plant includes about 7, 000 EKW conventional superheat.

8/ Capacity of Northern States plant includes about 16, 000 EKW superheat, which
may be either nuclear or conventional.

9/ Specific Congressional authorization will be required prior to the award of a
Commission contract for the Pennsylvania Power and Light Company project.

10/ Design study only, as authorized by Public Law 85-162. Specific plans for
carrying out the project have not yet been formulated.

11/ Bilateral agreement for cooperation prerequisite to supplying fuel to the
Edisonvolta reactor has not been executed.

12/ LAPRE-1 was designed as a small reactor experiment which was to produce 2,000
kilowatts of heat power. It operated only very briefly and never succeeded in
reaching full power.

13/ Gross EKW is shown for EBR-1 in the tabulation. In a trial run on December 21
and 22, 1951, EBR-1 generated the world's first electric power from nuclear
energy. Criticality with the third core was achieved in November 1957.

14/ Originally built and operated in 1954 as Boiling Reactor Experim ent No. 2
(BORAX-2). With the addition of a turbogenerator, it operated during 1956 as
BORAX-3. BORAX-4 is a further modification and has been operating since 1956.

15/ EBWR was successfully operated at a power level of 62, 000 kilowatts of heat in
experiments on March 20, 1958. Its electrical output is limited by turbogenerator
capacity.

16/ In January 1958, VBWR operated at a power level of 30, 000 kilowatts of heat.
Its electrical output is limited by turbogenerator capacity.

17/ Since it is provided with a very small turbogenerator, the HRE-2 will produce only
token amounts of electricity (about 300 kilowatts gross) as compared to a thermal
output of 5, 000 kilowatts, most of which will be dumped to the atmosphere.
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18/ LAPRE-2 fabrication is nearing completion. The project is to be terminated
after the completion of fabrication and initial test operation.

19/ It is now believed that considerably more technical investigation, development,
and evaluation are required before a power reactor embodying the fast molten
plutonium concept can be built and successfully operated. For this reason the
project has an indefinite schedule.

20/ SM-1A is being built at Fort Greeley, Alaska. This plant will produce 42 million
BTU per hour of steam for space heating and about 1700 KW of electricity.

21/ The PM-2A is being built under ice at a remote frigid site. This plant will pro-
duce 1500 eKW and provide 1 x 106 Btu/hr for heating.

22/ PM-1 is to be constructed at Sundance, Wyoming. In addition to 1,000 net kilo-
watts of electricity, the plant will produce 7 million BTU per hour of steam for
space heating.

23/ In 1943, the Manhattan Engineer District disassembled Chicago Pile 1 and rebuilt
it at Palos Park, Illinois as Chicago Pile 2. CP-2 was dismantled by the AEC
in 1954.

24/ Originally built and operated as the Low Power Water Boiler (LOPO) in 1944. Late
in 1944 it was modified and operated as High Power Water Boiler (HYPO) and in
1950 it was further modified and the name changed to Super Power Water Boiler
(SUPO).

25/ WBNS was built and first operated at Downey, California. It was moved to Van
Nuys in 1957.

26/ Original 10 KW research reactor at Raleigh, N. C. , was started up in 1953 and
dismantled in 1955. Reactor was reactivated with a 500 watt core in March 1957.

27/ Has operated under license to AGN. Transfer to University of Wyoming expected
shortly.

28/ Plans for the construction of the UCLA medical reactor have been deferred pend-
ing a decision on financing.

29/ The Netherlands research reactor originally operated at the Amsterdam Interna-
tional Exhibition in June 1957. It is now operating at Delft.

30/ This is the 1955 Geneva Conference Reactor rebuilt with increased power and now
operating at Wuerenlingen, Switzerland.

31/ This reactor is being operated in the International Science Section of the Brussels
International Exhibition, April 15 - October 1, 1958.

32/ NETR was originally scheduled for operation in 1960. Present schedule is in-
definite.

33/ Authority to construct the TSFR-2 or the AETR has not been requested.

34/ Public Law 85-162 authorized a design study for an improved production reactor.
No plans for construction have been formulated.
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35/ Critical experiments at Los Alamos and other weapon sites not included.

36/ Zero power experiments of historical interest previously conducted in ANL
facility cells include the Nautilus Core Design (ZPR-1), the Savannah River
reactor design (ZPR-2), and a series of fast neutron studies (ZPR-4).

37/ Cell has one control panel. Experiment may be operated in either part but not
both simultaneously. Only a single count is made in statistical summary.

38/ Experiment transferred from Battelle Memorial Institute to Connecticut Aircraft
Nuclear Engine Laboratory. BMI facility is now vacant.

39/ Vacant critical facility cells at CE and CANEL not counted in statistical summary.

40/ Experiment in CE cell 2 is dismantled but cell is intact.

41/ Test Reactor Assembly No. 1 and No. 2 were previously conducted in GEANP
facility.

42/ PPA physics data experiment was formerly located at Sacondago, N. Y.

43/ PMA at KAPL was modified from SIR Proof Test Reactor (PTR).

44/ The NDA facility is designed to accommodate two experiments but has a present
capability of one.

45/ B&W cells 2 and 3 share a control panel with only one cell capable of being
operated at any one time. Cell 3 is not counted in the statistical summary.
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APPENDIX D
COST SURVEY

CONVENTIONAL PLANTS

The objective of the studies, as shown in this appendix, were to determine the
cost of various accounts for conventional power plants in various sizes. There were
two studies made; the results of one is shown in Table 1 and 2, titled, "Analysis of
Power Station Capital Cost", and was concluded in the spring of 1958. The second
survey, the results of which follow, was made in support of this PWR study and re-
presents three plants at various locations, all of which are of the coal fired type.
Where the information of this appendix was used in the cost estimates in the body of
the report, appropriate references are made.

1. A survey of conventional plants having been built and completed within the
past year includes three sizes as indicated in the table below. The first plant rated at a
maximum nameplate capacity of 22, 500 eKW was constructed at a New England site.
The 44, 000 eKW plant was not constructed, however, an extremely good estimate was
available for this plant which was to be built in a southwest location. The third plant
which is rated at 53, 500 eKW was constructed in Minnesota. The cost figures for all
three plants have been adjusted to indicate cost based on making firm commitments
for all equipment and material as of June 1959.

CONVENTIONAL POWER PLANTS

Analysis of capital cost accounts ($ per eKW)

FPC MAXIMUM CAPACITY RATINGS
Acct. No. DESCRIPTION 22, 500 eKW 44, 000 eKW 53, 500 eKW

311. Structures & Improvements 36 20 (1) 40 (2)
(not including site and
right of way costs)

312. Boiler Plant Equipment 84 72 71
314. Turbine Generator 70 (3) 57 47 (4)
315. Accessory Electric Equipment 14 21 (5) 16 (5)
316. Misc. Power Plant Equipment 1 1 1
389. Undistributed Costs 36 38 34

Total Cost per eKW 241 209 209

(1) This plant was designed and estimated for construction in the southwest
for a semi-outdoor type. Site conditions would permit inexpensive
excavation work.

(2) The cost for this account is typical and can be considered an average
cost for this account in the general north midwest area.

(3) The slightly higher than average cost for this account is due primarily
to special circulating water requirements.

(4) The low price incurred for the turbine generator indicates a slightly
lower than average cost for this account due to the fact that the machine
was procurred early in the program and at an extremely good price.
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(5) The cost of the substation is included - this cost is a large variable and can
range from 2 to 25 dollars per kilowatt. However, in the case of these two
plants it was 6 and 2 dollars per kilowatt respectively.

2. The following tables are the result of an intensive survey in which the final
information has been tabulated and reflects realistic cost information as a function of
weighted average percentages of accounts. Due to the lack of specific information on
each plant the information tabulated is of slightly less value than that indicated in the
above tabulation for this survey. However, in some places it is applicable and there-
fore has been used.
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ANALYSIS OF POWER STATION CAPITAL COST

TABLE I

Stations with
30 MW sets

Weighted
Average Rang

Percentage of Total Station C
Stations with
60 MW sets

Weighted
;e Average Range

ost
Stations with
100 MW sets

Weighted
Average Range

Land

Main Civil Work
incl. excavation, piling,
building and plant,
foundations, etc.

Main Steelwork - for
turbine, & boiler house,
house bunkers, switch-
house, offices, etc.

Main Building & Super-
structure - incl. main
buildings, workshop,
stores, welfare, coal
bunkers, (if R.C.)
lifts and heating

River Works and/or
Towers - incl. intakes
and outfall (excluding
pumps)

Coal Store & Sidings

Chimneys

Other Civil Work

Mechanical Plant -
incl. boilers, turbo-
alternators, C.W.
pumps, coal & ash hand-
lingplant, pipework, etc.

.1

6.2

4. 6

7. 3

4.7

0.9

0.9

2.4

55.9

.1/ .7 .1

4.9/7 .6 7.4

3.6/6 .1 5.5

6.0/8 .4 6.3

1.8/3. .5 6.4

.2/1

.6/1

.4

.3

.1/ .3 .1

4.9/9 .9 5.7

3.2/7 .4 3.0

4.1/9 .2 5.1.

3.7/9 .7 5.6

1. 1

0.7

.6/5 .3 1.6

47.2/61.8 54.5

.6/2

.4/1

.9

.1

1.0

0.4

.0/3 .5 1.4

49.6/62.1 58.8

Electrical Plant -
incl. main & auxiliary
switchgear transformers
& cables, control cables
& instruments, station
lighting & telephones

Contingencies

Engineering

Number of stations
in group

9.4

2.2

5.4

00

7

8.5/13.0 7.6

0/5.6 3.3

5.4/5.7 5.5

5.6/13.3 6.8

0/6.1 6.8

5.3/5.7 5.3

100

10

100

2

.1

4.4/8 .5

2.4/3. .3

4.5/6 .4

2.8/7 .1

1.0

.3/ .6

0.1/1 .5

56. 7/63.0

6.1/7 .3

3.6/8 .6

5.2/5 .5
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REPRESENTATIVE BREAKDOWN OF POWER STATION CAPITAL COSTS

TABLE II

Percentage of Total Station Cost
Stations with Stations with Stations with
30MW sets 60MW sets 100MW sets

Land

Main Civil

Main Steelwork

Main Building & Superstructure

River Works and/or Towers

Coal Store & Siding

Chimneys

Other Civil Work

Total Civil

Boilers

Turbo-alternators, condensers
and feed heaters

Feed Pumps

C.W. Pumps and Screens

Coal and Ash Handling Plant

Pipework and Valves

Other Mechanical Plant

Total Mechanical

Main Switchgear

Auxiliary Switchgear

Generator and Station Transformers
and Reactors

Auxiliary Transformers

Station Lighting

Other Electrical Plant

Total Electrical

Engineering

.1

6.2

4.9

7.3

5.0

0.9

0.9

2. 6

.1

7.7

5.7

6. 5

6.7

1. 1

0.7

1.7

.1

6.1

3.2

5. 5

6. 1

1. 1

0.4

1. 5

28.2 30.2 24.0

28.3 28.3 32.9

18.6 18.6 19.0

0.6 0.6 1.0

1.2 1.2 1.4

3.6 3.6 3.8

3.1 3.1 3.7

1.1 1.1 1.5

56.5 56.5 63.3

1.5 1.2 1.2

1.9 1.5 1.1

2.1 1.7 2.0

.4 .3 .2

.8 .7 .5

.5 .4 .3

9.9 7.9 7.3

5.4 5.4 5.4

100 100 100
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APPENDIX E *

COST SUMMARY

134, 000 eKW NUCLEAR POWER PLANT

These estimated costs were derived for the above plant which is nearing com-
pletion in the New England area. It has been reported that the actural costs being in-
curred are very close to the estimate. The account numbers are that of the constructor
and are representative of similar F. P. C. accounts. The costs shown in parenthesis
are not included in the total since the three plants described in the report do not include
these items in their cost estimates. "Other costs" are separated and are not included
in the total cost since they may or may not represent cost accounts pertinent to this
survey.

* At the outset of this survey it was intended to use some of the following cost
data in extrapolating costs for the 25, 000 eKW PWR plant. However, a more
accurate estimate was made for that plant on another basis. This appendix has
been left in the report because it represents a cost estimate which is being veri-
fied by experience. This, in effect, is proof that - the PWR nuclear power
industry is "becoming of age. "
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134,000 eKW NUCLEAR POWER PLANT

COST ESTIMATE

Acet.

303

110

210

310

410

510

610

710

910

16

18

20

21

28

65)
66)
69)

Description

Site - land rights, clearing, etc.

Main Bldg. Structure

Intake Structure

Primary Aux. Equipment Bldg.

V. C. Structure

Waste Disposal Bldg.

Guard House

V. C. vent Fan Bldg.

Outside landscaping: roads; fence; lighting;
water & sewer systems; offsite improvements

Reactor Plant Equipment - including primary &
auxiliary equipment, tools, shielding, nuclear
instrument, cranes, equipment foundations, etc.

Turbo-Generator (md. cond.)

Access. Electrical Equipment

Misc. - air system, communication, yard
equipment, etc.

Substation Equipment - Trans.

General Plant - includes
Office, shop and Lab. equipment

TOTAL DIRECT COSTS

Cost

$ 204, 000

1, 767, 000

426,000

927, 000

3, 626, 000

(140, 000)

( 11,000)

31,000

1,044,000

14, 383,000

7,222,000

1, 540, 000

202, 000

(493, 000)

148, 000

$ 31, 520, 000

% of
Total

.5

4.4

1.6

2.3

9.0

.08

2.6

35.7

17.9

3.85

.5

.37

78. 8%
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134, 000 eKW NUCLEAR POWER PLANT

Acct.

75

76

78

79

80

81

83

Description

Temporary Facilities

Construction Equipment

Labor expense - employer

Field Office

Insurance

Contractors Fee

Construction Overhead and undistributables

TOTAL INDIRECT AND UNDISTRIBUTABLE COSTS

TOTAL COST

OTHER COSTS

Escalation 5-7%/year during construction

Contingency (based on estimate)

Customer Costs

R & D in support of engr.

Test Operation (start-up and test)

Capital Interest Charge

% of
Total

1.96

1.38

2.85

2.2

2.36

10.45

21.2

Cost

$ 782,000

555, 000

1,139,000

879, 000

(427, 000)

948, 000

4,180,000

$ 8, 483,000

$40, 003, 000

$ 4, 000, 000

1, 600, 000

1, 562, 000

1, 788, 000

1, 350,000

3,000,000

$ 13, 300, 000

1.

2.

3.

4.

5.

6.
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APPENDIX F

25, 000 eKW PWR PLANT

FUEL FLOW FOR ONE FUEL CYCLE

1. 0 Purchase from U. S. A. E. C.

1. 1 Official charge of UF6 at 3. 7%
enrichment U 2 3 5 at $487. 20
per Kg U

1. 2 Total charge of 7335 Kg U
(capital cost covered under
lease charge provisions)
(not included in core cost)

1. 9 Shipping to conversion plant
for processing from UF6 to UO2

2. 0 Conversion UF6 to UO2

2. 1 Unit Cost of Conversion
$14. 50 per lb. UO 2 converted x 18, 233. 73 lbs. UO2
Approx. $31. 90 per Kg UO2
Approx. $36. 40 per Kg U

2. 2 Conversion Cost of 7263 Kg U

2. 3 1% Loss in UF6 Conversion

2. 3. 1 73. 35 Kg U @ $487. 20/Kg

2. 4 Shipping to Fabrication Facilities

2. 4. 1 Shipping Cost
3705. 2 Kg U

3. 0 Fabrication of Elements & Core Construction

3. 1 Time needed for Fabrication

3. 1. 1 Pelletizing Approx. 9 mos.

3. 1. 2 Fuel Element Assembly Approx. 9 mos.

3. 2 Fuel Elements

3. 2. 1 Fabric. Cost of 6580 Kg U
(one loading - not incl. absorbers)
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3. 3 Core Construction

3. 3. 1 Cost of Absorbers

3. 3. 1. 1 Absorber Material

3. 3. 1. 2 Absorber Fabric.

3. 4 Total Cost of Fabric. First Loading
(incl. absorbers and shipping costs in USA)

4. 0 Scrap Recovery (Excess UO2 )

4. 2. 1 Scrap Recovery Cost

4.2.3.1 1% loss in cony.
725. 62 Kg U back to UF6

4. 2. 3. 2 Reprocess U0 2 -NO3

4. 2. 3. 3 Reprocess N0 3 -UF6

4. 2. 4 Official charge at 3. 7% Enrich.
$487. 20 per Kg U content

4. 2. 5 Value of 718. 36 Kg U Scrap returned to
U. S. -A. E. C. @ $487. 20/Kg U

4. 2. 6 Shipping cost of Returned Scrap
approx. 1800# UO2 at estimated
cost of $0. 50/lb.

4. 2. 7 Net value of scrap material

5. 0 Fuel in the Reactor

5. 1 Reactor Thermal Power 50 MW

5. 2 Electrical Output 12. 5 MW

5. 3 Load Factor 0. 8 (7000 hrs/yr) 10, 092 MWD/1000 Kg U

5. 4 Energy Production per loading 2. 02 x 108 KWH
based on life of 115. 4 MWY and 25% efficiency

5. 5 Annual Energy Production 87. 5 x 106 KWH
based on 0. 8 load factor

5. 6 Average Reactor Cycle Time 2. 89 years
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6. 0 Cooling and Shipping

6. 1 Cooling Time of Spent Fuel

6. 9 Shipping of Spent Fuel to Reprocessing Plant

6. 9. 1 Shipping Time

6. 9. 2 Shipping Costs

6. 9. 3 Rental of Shipping Casks

7. 0 Reprocessing U0 2 -UF6 (Spent Fuel)

7. 1 Based on 10, 000 MWD/1000 Kg UO 2 Burnup

7. 1. 1 Time needed to Reprocess 6480 Kg U Content

7. 1. 1. 1 Operation time at 1000 Kg
throughput per day 6. 5 days

7. 1. 1. 2 Turn-around-time per core 6. 5 days

7. 1. 1. 3 Total chargeable process 13. 0 days
time

7. 1. 2 Reprocess Costs

7. 1. 2. 1 UO 2 - NO3 at $15, 300/day

7. 1. 2. 2 NO 3- UF6 at 1/2 (UO 2 - NO3 cost)

7. 1. 2. 3 Total Reprocess costs

7. 1. 3 1% Loss in Reprocess UO 2 - UF6 at
$281. 60/Kg U

8. 0 Pu Conversion

8. 1 Based on 10, 000 MWD/1000 Kg UO 2 Burnup

8. 1. 1 Total Kg Pu NO3 produced 26. 1 Kg

8. 1. 2 Cost of Conversion of Pu in NO3 form
to metal at $1. 50/gram converted

8. 1. 3 1% Loss in Conversion Process
(261. 0 grams Pu) @ $12. 00/gr.

9. 0 Value of Returned Fuel

9. 1 Value of UF6 after 10, 000 MWD/1000 Kg UO 2 Burnup
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9. 1. 1 Official value at 2. 4% Final Enrich.
at $281. 60 per Kg U content

9. 1. 2 Total value of 6415. 2 Kg U content returned
to U. S. A. E. C. for credit @ $281. 60/Cg U

9. 2 Value of Pu Metal

9. 2. 1 By-back price of $12. 00 per gr. Pu

9. 2. 2 Value of 25. 839 Kg Pu after 10, 000 MWD/1000
Kg U02 burnup

10. 0 Lease Costs

10. 1 7263 Kg U at 3. 7% Enrich. for
18 months at estimated cost
of $11, 800/month

10. 2 An average of 6530 Kg U at average
enrichment of 3.05% during approx.
core life of 2. 58 years

10. 3 6580 Kg U at 3. 7% enrich, during
3 months shipping and startup period

10. 4 6480 Kg U at 2. 4% enrich. during
6 months cooling off and shipping period

10. 5 6480OKg U at 2. 4% enrich. for 9 months
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APPENDIX G

INTRODUCTION

The following material is a compilation of plant parameters, design data, and var-
ious operational information concerning the BR-3 nuclear power plant presently under
construction in Belguim. This material was extracted from WCAP-825 (Rev. ), fifth
issue.

The material published as WCAP-825 (Rev.) is compiled by Westinghouse Electric
Corporation, Atomic Power Division as a tool for performing their design effort and, as
such, is periodically revised and reissued. These issues are not available for external
distribution.

It will be noted that no datum appears more than once. Mention of the parameter
involved may be made under several different systems but the actual numerical value will
be obtained by reference to the one page on which it is tabulated.
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Estimated plant life

Reactor heat output

Gross electric output at turbine shaft

Heat transferred at steam generator

Heat rate, gross output, turbine shaft

Plant thermal efficiency, gross
output turbine shaft

# Indicates latest revision

G-6

GENERAL

Units

years

kw

kw

BTU/hr

BTU/kwh

Value

20

40, 940

11, 700

139.8 x

11, 950
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MAIN COOLANT SYSTEM

Units

Coolant

Number of coolant circuits

Number of pumps

Number of steam generator

System pressure, design

Design temperature

System pressure, cold hydrostatic test

System pressure, operating or nominal

Upper operational pressure

Lower operational pressure

Reactor inlet temperature, OF
(3 0 F instrument error +3 0 F control band)

Reactor outlet temperature, OF
(3 0 F instrument error +3 0 F control band)

Average temperature, OF
(3 0 F instrument error +3 0 F control band)

Flow for reactor vessel inlet pipe

Flow total through reactor vessel

Flow through reactor core

System liquid volume

Pressurizer liquid volume

Pressurizer total volume

Reactor vessel volume without
internals and core

psia

pF

psia

psia

psia

Value

H2 0

1-1/2

2

1

2500

650

3750

See page G-14

See page G-14

See page G-14

491+60F

515+ 60 F

503+6 0 F

lbs/hr

lbs/hr

lbs/hr

cu. ft.

cu. ft.

cu. ft.

cu. ft.

2. 5 x 106

5 x 106

4. 50 x 106*

423.0

42. 4

93. 5

304

Preliminary or subject to modification

Indicates latest revision

*
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Reactor vessel liquid volume
with internals and core in place

16" pipe liquid volume

Two 12" pipes liquid volume

Pump volute liquid volume

Steam generator liquid volume (primary)

Piping and valves, pressure drop

Reactor and core, pressure drop

Steam generator, pressure drop

Total pressure drop

Main Coolant Pumps

Type

Weight of main coolant pumps

Motor

Casing

Total

Flow

Temperature

Design head

Rated input power

Efficiency at rated power

Time limit that motor-pump unit can
operate with primary coolant below 3500 F

Construction

*

**

Units

cu. ft.

cu. ft.

cu. ft.

cu. ft.

Cu. ft.

psi

psi

psi

psi

Value

223. 6*

8. 2**

47. 8**

5

91

6.7*

14. 0

22

42. 7

Canned motor

lbs.

lbs.

lbs.

gpm

psi

kw

continuously

5200

2450

7650

6250

See page G-7

50

215

64

ASME Unfired P. V. Code Section VIII

Preliminary or subject to modification
Not including reactor or steam generator nozzles
Indicates latest revision
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Electrical input

Starting torque

Motor-pump WR2

Maximum starting current

Time limit that motor-pump unit can
run without cooling water flow

Main Coolant Piping

O. D. hot

Thickness

I.D.

Wall thickness, minimum

Material

Units

380 V. 3 phase

lbs-ft.

lbs-ft 2

amps

minutes

leg

cold leg

hot leg

cold leg

16" pipe
12" pipe

Pipe

Fittings

Main Coolant Instrumentation

Hot leg temperature - narrow range
(2 channels)

Hot leg temperature - wide range

Cold leg temperature - narrow range
(2 channels)

System flow

Hot leg level

Vapor container pressure
(2 channels)

Value

50 cps

500

8

1850

5

in. 16. 000, +3/32, -1/32

in. 12.750, +3/32, -1/32

ASME Section VIII UG-27

in. 12.375,+0,-1/16

in. 9.875,+0,-1/16

in. 1.750
in. 1.375

ASTM A 376 - Grade TP 304

ASTM A 403 Grade WP 304 using
pipe to ASTM A 376 Grade TP 304

OF 490-540

OF 50-600

OF 470- 520

lbs/hr

in.

psia

0-5 x 106

0 to 30

0-65

# Indicates latest revision
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PRESSURE CONTROL

Pressurizer heater power

Pressure: Normal operating pressure

Relief pressure

Temperature: Normal operating temp.

Materials in contact with reactor
cooling water

Fabrication

Maximum temperature transient

Diameter

Wall thickness

Pressurizer Assembly

Spray: spray angle

flow

pressure drop

Heaters

Number

Nominal rating (each)

Rating tolerance

Total heater rating

Nominal heat flux

Nominal voltage

SYSTEM

Units

kw

psia

psia

0 F/hr

inch

inch

0

cu. ft/sec

psi

watts

watts

watts/sq. in.

volts

Value

153

See page G-14

See page G-14

636

304 SS

ASME Section
VIII

200*

36" I. D.

3-5/8"

60

0. 1

7

90

1700

+5

153, 000

40

127 (50 cycle A. C. )

Preliminary or subject to modification
Indicates latest revision

*

#
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Units

Discharge Tank

Maximum allowable working pressure

Maximum allowable temperature

Fluid

Material

Capacity

Position

Discharge Tank Vacuum Breaker

Maximum pressure

Maximum allowable working temperature

Sparger

Diameter

Length

Holes: number
diameter

Discharge Tank Pump

Type

Capacity

Head

Motor

Pressure Control Instrumentation

Pressurizer pressure

Pressurizer temperature

Relief valves leakage temperature (2)

*

psig

OF 2

water and steam

carbon steel

cu. ft.2

horizontal

psig

F

in.

ft.

in.

canned centrifugal

gpm 35

ft. 60

HP 1-1/2

psia

OF

0-2500

100-668

50-650

Preliminary or subject to modification
Indicates latest revision

G-11

Value

50

298

300

50*

See above

4

3*

360*
3/8*



Safety valves leakage temperature (2)

Discharge tank temperature

Pressurizer level (2)

Discharge Tank level

# Indicates latest revision

G-12

Units

OF

in.

in.

Value

50-650

50-300

0-135

0-32



OPERATING CONDITIONS FOR

Pressurizer Surge
Set Point Rate
(psia) (cfs)

THE PRESSURE_

Accumulation
(psi)

CONTROL SYSTEM

System Instrument
Losses Error
(psi) (psi)

Safety Valve No.

Maximum

Nominal

Minimum

Safety Valve No.

Maximum

Nominal

Minimum

Safety Valve No.

Maximum

Nominal

Minimum

Safety Valve No.

Maximum

Nominal

Minimum

2 (Water Service)

2 (Steam Service)

1 (Water Service)

1 (Steam Service)

Core
Pressure
(psia)

2625

2550

2475

2625

2550

2475

2545

2470

2395

0. 8

0. 8

0. 8

0. 8

0. 8

0. 8

0. 4

0. 4

0. 4

0. 4

0. 4

0. 4

265

255

250

80

75

75

255

245

240

75

75

70

40

40

40

40

40

40

25

25

25

25

25

25

0

0

0

0

0

0

0

0

0

0

0

0

2930

2845

2765

2745

2665

2590

2825

2740

2660

2645

2570

2490
CAf

2545

2470

2395



Pressurizer
Set Point
(psia)

Relief Valve No. 2 (Steam Service)

Maximum

Nominal

Minimum

Relief Valve No. 1 (Steam Service)

Maximum

Nominal

Minimum

Spray ON*

Cycle Heaters OFF (Spray OFF)

Upper Operational Pressure

Nominal Operational Pressure

Lower Operational Pressure

Cycle Heaters ON (Back-Up Heaters
OFF)

2235

2185

2150

2120

2185

2000

1800

1970

Back-Up Heaters ON 1900

Scram 1600

Safety Injection Automatic Start Signal 800

Surge
Rate
(cfs)

0.8

0. 8

0. 8

0.4

0. 4

0.4

0. 4

0

0

0

0.8

0. 8

Accumulation
(psi)

0

0

0

0

0

0

0

0

0

System
Losses
(psi)

40

40

40

25

25

25

25

10

10

Instrument
Error
(psi)

+25

0

-25

+25

0

-25

+25

+25

+25

0 10 +25

0 -15 +25

0 -15 +25

* Subject to adjustments in field

Core
Pressure
(psia)

2300

2275

2250

2235

2210

2185

2175 + 25

2130+ 25

2010+25

1980+ 25

1885 + 25

1585 + 25

P1

1

F-+



STEAM GENERATOR

Units

Type - Vertical shell and U-tube with
integral steam drum

Design steam rate at standard conditions lbs/hr

Operating steam rate at full load lbs/hr

Design full load steam pressure, psia
dry and saturated

Operating full load steam pressure, psia
dry and saturated

No load steam pressure (for ave. psia
temp. of 505 0 F)

Design pressure, secondary side psig

Design average temperature (T) in+2(T) out OF
Operating primary side average temp.

clean tubes

dirty tubes

Operating primary side temp. difference

Design entering feedwater temp.

Operating entering feedwater temp.

Heat transfer surface

No. of tubes

Hydrostatic test

Size of tubes

Design heat transferred rate

Pressure drop, including inlet and
outlet nozzle

Steam quality at rated load

OF 495

OF 503

OF 24

F 325

OF 330

sq. ft. 6220

1400

psia 3750

5/8" - 17 BWG Av. Wall

BTU/hr 146. 3 x 106

psi See page G-8

% 1/4

# Indicates latest revision

G-15

Value

161, 500

154, 500

520

525

712

900

505



Design temperature transients, step

Design warmup and cooldown rate

Fabrication

Dry weight

Flooded Std. Cond.

Operating weight at 0% load

Weight primary water (0 to 100% load)

Operating at full load

Steam Generator Instrumentation

Steam flow

Steam generator level

Steam generator level

Steam generator level

Steam generator pressure

Feedwater flow

Feedwater pressure

Feedwater temperature

Units Value

OF 50 max.

F/hr. 200

ASME Section VIII Unfired P. V.

lbs. 65, 080

lbs. 88, 280

lbs. 78, 330

lbs. 4, 500

lbs. 75,000

lbs/hr

in.

in.

ft.

psia

lbs/hr

psia

F f

0-175, 000

0-38

0-70

0 to 17

520-725

0-175, 000

630-725

250-330

# Indicates latest revision
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Design pressure

Design temperature

Design life

Surface finish in contact with wate

Leakage rate at closure

REACTOR VESSEL

Units

psia

years

r micro-inches
RMS

cc/hr

0 F/hr

ASME

Heating or cooling rate, max.

Fabrication

Coolant (1% boric acid at times)

Weight of thermal shield

Weight of vessel

Weight of head

Weight of core

Weight of H20 cold with internals
and core

Weight of internals

Weight of studs, nuts and washers

Weight of control drives

Weight of H2 0 without internals and core

lbs.

lbs.

lbs.

lbs.

lbs.

lbs.

lbs.

lbs.

lbs.

Value

See page G-7

650

See page G-6

250 Max.

60 or less
at startup

50

Code Section I

See page G-47

12, 200

59, 008

21, 360

6, 680

14,000 @62.5
lbs/ft3

16,835

6, 806

8, 580

18, 700 @ 62. 5
lbs/ft 3

# Indicates latest revision
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Maximum operating temperature

Heat removed

Cooling water temperature inle

Cooling water temperature outl

Maximum water pressure

Pressure drop through coils, n

Vent tank capacity

Design pressure

Design temperature

Operating pressure

Operating temperature

NEUTRON SHIELD TANK

Units

e OF

BTU/hr

t F

et OF
psig

nax. psi

gallons

psig

psig

oF

Value

150

See page G-32

See page G-31

See page G-31

See page G-31

25

40-50*

20

178

0

150

Preliminary or subject to modification
Indicates latest revision

*
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PURIFICATION SYSTEM

Units Value

System Temperatures

System entrance OF See reactor outlet
temp. Page G-7

Regenerative heat exchanger, tube inlet F See reactor outlet
temp. Page G-7

Regenerative heat exchanger, tube outlet OF
Normal operation 200

Max. operation 285

Non-regenerative heat exchanger, OF
tube inlet

Normal operation 200

Max. operation 285

Non-regenerative heat exchanger, OF
tube outlet

Normal operation 120

Max. operation 135

Demineralizer vessel, inlet and outlet F

Normal operation 120*

Regenerative heat exchanger shell inlet F 120*

Regenerative heat exchanger shell outlet OF
Normal operation 438*

Max. operation 353

System exit OF 438*

Demineralizer vessel and Resin

Vessels 2

* Preliminary or subject to modification
# Indicates latest revision
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Volume

Design pressure

Design temperature

Material of construction

Mixed Bed Resin

Volume

Type

Capacity (min)

Anion Resin

Volume

Type

Capacity (min)

Regenerative Heat Exchanger

Heat transferred

Type

Construction

Shell Side Conditions

Regenerative heat exchanger

Maximum allowable working pressure

Maximum allowable temperature

Process fluid

Coolant flow (design)

Units

ft 3

psig

304 SS

Value

7. 5

150

200

ft3  7. 5

Rohm & Haas XE 150 in H+ and**
OH' form

12 kilograins/ft 3 resin
expressed as CACO 3

ft3  7.5

Rohm & Haas XE 78

4 lbs H3 B03 /ft 3 *

BTU/hr 1, 200, 000*

Shell and U-tube

All welded
ASME Section VIII Unfired P. V.
ASTM Standards Part I Ferrous
Metals

psia See page G-7

F 650

main coolant water

lbs/hr 4050

* Preliminary or subject to modification
** Applies to initial charge only. Subsequent charges will be Rohm and Haas XE 154.

G-20



Units

Normal operation

Max. operation

Inlet temperature

Outlet temperature

Leakage

Pressure drop design

Normal operation

Max. operation

Tube Side Conditions

Regenerative heat exchanger

Maximum allowable working pressure

Maximum allowable working temperature

Process fluid

Coolant flow

Inlet temperature

Outlet temperature

Pressure drop, including inlet and
outlet nozzles @ 30 gpm

Material: all metal surface in contact with coolant

Surge Tank

Volume

Design pressure

Operating pressure

Water temperature

*

Value

3, 000

15, 000

See page G- 19

See page G- 19

non allowed

psi

psi

F f

20

1 #

2 #

See page G-7

Same as shell side
above

Main coolant water

lbs/hr Same as shell side
above

OF Reactor outlet temp.
Page G-7

OF See page G-19

psi 107 #

304 SS

ft3 70

psig

psia

oF

150

30

120*

Preliminary or subject to modification
Indicates latest revision
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Units

Non-Regenerative Heat Exchanger

Heat transferred

Type

Construction

Shell side Conditions

Non Regenerative Heat Exchanger

Fluid

Maximum allowable pressure

Inlet temperature

Outlet temperature

Leakage to atmosphere

Tube Side Conditions

Non Regenerative Heat Exchanger

Fluid

Maximum allowable working pressure

Maximum allowable temperature

Flow rate

Water inlet temperature

Water outlet temperature

Maximum pressure drop

Leakage to atmosphere and/or shell side

Materials: all surfaces in contact with water

Circulating Pump

Type

Nominal flow

* Preliminary or subject to modification

BTU/hr 320, 000*

Flanged shell-tube

ASME Section VIII Unfired P. V.

component cooling water

psig 150*

OF 100*

F 120*

none allowed

main coolant

psig

lbs/hr

pF

psi

See above for shell
side

365*

See page G-21

See page G-19

See page G-19

10*

none allowed

ASTM-304 SS

Positive displacement
Variable speed

gpm 6

G-22
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Capacity, single pump

Capacity, charging pump plus
circulating pump

NPSH

Fluid

Materials in contact with fluid

Construction

Operation

Lubrication

Design temperature

Relief valve

Motor

Supply

Horsepower

Housing

Filters

No. required

Size

Material

Flow range design

Nom. operating

Allow. pressure drop at max. flow

Purification System Instrumentation

Pressure reduction station outlet pressure

Pressure reduction station outlet pressure

Surge tank pressure

# Indicates latest revision

Units

gpm

gpm

Value

3 - 15. 5

6 - 30

Flooded suction

Demineralized water or
10% boric acid solution

ASTM 304 or equal

commercial practice

continuous

Cut-out switch for stopping
in event of low lubrication

F 150

psia 2500

380 V 3 phase 50 cps

hp 30

drip proof

2

5 micron, 1 micron

porous procelain tube

gpm 10

gpm

psi

psia

psia

psia

6

3

0-165

0-165

0-65
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Units Value

Circulating pump outlet pressure psia 0-2500

Regen. heat exchanger outlet temp. OF 50-550

Non-regen. heat exchanger outlet temp. OF 50-350

Circulating pump outlet temperature OF 50-350

System flow gpm 0-35

Surge tank level in. 0-40

Surge tank level in. 0-40
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CHARGING SYSTEM

Units

Charging Pump

Type

Capacity

NPSH

Fluid

Material in contact with fluid

Construction

Operation

Lubrication

Design temperature

Relief valve

Motor

Supply

Horsepower

Housing

System Piping

Material

Fabrication

Flexibility

Makeup Pump

Specification to be written.

Valves

To be revised

# Indicates latest revision

Positive displacement
Variable speed

gpm 3-15.5

ft. 15

Demineralized water or
10% boric acid solution

ASTM 304 or equal

Commercial practice

Continuous

Cut-out switch for stopping
in event of low lubrication

OF 150

psia 2500

380 V. 3 phase 50 cps

30

drip proof

See page G-36

See page G-36

Value

G-25

5



Value

Test Pump

Type

Capacity

Fluid

Material

Construction

Piping Schedule

Piping is being revised.

Charging System Instrumentation

Charging pump outlet pressure

Hydrostatic test pump outlet pressure

Surge tank fill line flow

Positive displacement
Air driven

gpm 1/2

Demin. H2 0, LiOH

304

Commercial

psia

psia

gpm

0-2500

2000-4000

0-5

# Indicates latest revision

G-26
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SHUTDOWN COOLING SYSTEM

Units

Heat Exchanger

Type

Fluid Tube side

Shell side

Tube side

Shell side

Material

Heat exchanger capacity

Inlet temperature, tube side

Outlet temperature, tube side

Design pressure, tube side

Design temperature, tube side

Allowable pressure drop, tube side

Inlet temperature, shell side

Outlet temperature, shell side

Allowable pressure drop, shell side

Design pressure, shell side

Fabrication

Circulating Pump

Capacity

Circulating pump type

Maximum fluid temperature

Suction

Design head

Pump power supply

* Preliminary or subject to modification
# Indicates latest revision

Horizontal shell and tube
or U-tubes

Main coolant water, radioactive

Component Cooling water

304 SS

Carbon steel

BTU/hr 1. 5 x 106*

OF 160*

F 140*

psig 150

D & S corresponding to 150 psig

psi 10*

F 100*

F 120*

psi 10*

psig 150

ASME Sect. VIII, Unfired P. V.

gpm 150

centrifugal, horizontal shaft

F 250*

flooded

feet 95

380 V 3 phase 50 cps

G-27
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Units

Cooling capacity 1% of reactor core's full power (approx.)

kw

BTU/hr

SFA T (hot-cold)

Flow rate gpm

System

Service intermittent

Material in contact with process fluid ASTM 376-55T TP-304 or equal

Leakage: all leakage must be controlled

Piping

Fabrication ASA B 31. 1 Secti

Flexibility ASA B 31. 1 Secti

Emergency Condenser

Type shell and U-tubes

Design pressure psig 1

Operating pressure psia 1

Operating temperature OF 3

Fluid inlet condition flashing water

Fluid flow max. lbs/hr 1

Fraction of steam

Heat removed

Shutdown Cooling Instrumentation

Heat exchanger inlet pressure

Pump outlet pressure

. 175 per lb. of fl,

BTU/hr 2

psia

psia

430*

See page G-27

20*

See page G-27

on 1 Power Piping

on 6 Chapter 3

50

00

28

2, 000*

ashing mixture

, 540, 000*

0-165

0-165

* Preliminary or subject to modification

G-28

Value



Units Value

Heat exchanger inlet temperature F 50-350

Pump outlet temperature OF 50-350

System flow gpm 0-200

G-29



SAMPLING SYSTEM

Specification for this system to be re-evaluated.

Coolant Sampling Instrumentation

Units Value

Hydrogen-Ion Activity (2) pH 0-14

G-30



COMPONENT COOLING SYSTEM

Units

Heat Exchanger

Number

Type

Process fluid Tube side
Shell side

Tubes

Shell

Material

Capacity

Inlet and outlet tube side
nozzle diameter

Shell Side Conditions

Maximum pressure

Canal water inlet temperature

Canal water outlet temperature

Tube Side Conditions

BTU/hr

in.

psig

F f

2

Shell and tube
(U-tube)

CC. W
Canal W

Admiralty or
equal
Carbon steel
welded

1, 500, 000*

3

150

90

105

Maximum pressure psig 150

Coolant water inlet temperature OF 120

Coolant water outlet temperature F 100

Corrosion inhibitor agent To be determined later #

pH 5.8 - 7 at 250 C

Cooling water canal water, screen
filtered

Water shall initially be obtained from the charging system, and then continually recirculat-
ed.

* Preliminary or subject to modification
Indicates latest revision

G-31
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Units

Heat Loads

Main Coolant Pumps

Non-regenerative Heat Exchanger

Neutron Shield Tank

Controller Drive Mechanism

Pump

Number

Type

Pump capacity

Design head

Pump power supply

Pump not to overload motor
at any point of curve

Suction and discharge nozzle

Casing

Impeller

Surge Tank

Capacity

Design pressure

Component Cooling Instrumentation

Pump outlet pressure

Pump outlet temperature

Pump outlet temperature

Heat exchanger inlet temperature

Shield tank water temperature

* Preliminary of subject to modification
# Indicates latest revision

BTU/hr

gpm

ft.

Value

500, 000

See page G-21

85, 000*

0*

2

Horizontal

150

120

3 phase
50 cps
380 V

3" screwed

cast iron

bronze

ft 3

psi

PSIA

OF

3

atmospheric

0-165

50-150

50-150

50-200

50-225
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Units Value

Main coolant pumps - bearingoF 100-400
water and stator temperature

System flow GPM 0-250

Non-regenerative heat exchanger GPM 0-50
cooling flow

Shutdown heat exchanger cooling flow GPM 0-200

Condenser cooling flow GPM 0-100

Main coolant pumps cooling flow (2) GPM 0-35

Shield tank cooling coil flow GPM 0-15

Shield tank water level In. 0-36
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CORROSION INHIBITOR SYSTEM

Units

Corrosion inhibiting agent

Source of hydrogen gas

Control of gas flow

Control pressure

Concentration maintained in low
pressure surge tank measured
at S. T. P.

H2

2-2200 psia gas bottles

flow controlling value
operated by pressure in
low pressure surge tank

psia 30

25-35 cc/kg H 20

# Indicates latest revision

G-34
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MAGNETIC

Center to Center Distance

Control Rod Travel, approx.

Positioning of Control Rod,
determination

Weight of Control Rod Assembly
(in hot H20)

Lifting Force of Mechanism

Release Time

Design Pressure, max.

Hydrostatic Cold Test

Reactor Coolant Water

At Time Boric Acid Poison

Number of Control Rods

CONTROL ROD DRIVE MECHANISM

Units

in.

in.

in.

lbs.

lbs.

sec.

lbs/in2

lbs/in2

ppm

Value

7. 467

52. 0

+1. 0

165

350

.15

See page G-7

See page G-7

See page G-47

1

See page G-55
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VALVES, EQUIPMENT AND INSTRUMENT PIPING

Service

High Pressure 3" & under

High Pressure 4" & over

Low Pressure

Low Pressure

Material

Stainless (304)

Stainless (304)

Stainless (304)

Carbon Steel

Low Pressure Carbon Steel

The pipe schedule for high pressure service
meets the requirements of Section VIII,
ASME Boiler Code.

The pipe schedule for low pressure service meets the
requirements of ASA B 31. 1 Code for Pressure Piping

Fittings

Welded

Welded

Welded

Welded or
flanged

Screwed

Schedule
Number

160

XX Strong

40

40

80

G-36



RADIATION MONITORING

Units

Radiation Monitoring Instrumentation #

Vapor Container Particulate Activity

Vapor Container Gas Activity

Stack Gas Activity

Neutron Shield Tank Flux Level

Basement Exhaust Duct Gas Activity

Steam Generator Gamma Activity

Component Cooling Gamma Activity

Operating Floor Gamma Activity

Operating Aisle Gamma Activity

Sampling Room Gamma Activity

Water Analysis Room Gamma Activity

Storage Well Gas Activity

Portable

Portable

Steam and Air Holdup Gamma Activity

Waste Holdup Gamma Activity

, c/cc

,p c/cc

f c/cc

n/cm 2 /sec

,4 c/cc

mr/hr

mr/hr

mr/hr

mr/hr

mr/hr

mr/hr

Sc/cc

mr/hr

f/hr

mr/hr

L c/cc

10-9 -10-6

4(10)-8-4(10)-5

10-9-10-6

2. 5(10)1-2. 5(10)4

4(10)-8-4(10)-5

0. 01-10

0.01-10

0.4-400

0. 4-400

0.01-10

0. 01-10

4(10)-8-4(10)-5

0-2500

0-250

0. 4 to 400

(10)-2-(10)-1

# Indicates latest revision

G-37
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WASTE HOLDUP SYSTEM

A. Sources of Liquid Wastes

1. Drain and leaks

2. Water (main coolant) displaced by
boric acid addition during shutdown.

3. Decontamination fluid flushed from
the main coolant system (this amount
of decontamination solution is not
expected every 3 months but it can
be collected any day during any year.

4. Boric acid solution flushed from the
main coolant system during startup.

5. Laboratory wastes

6. Decontamination (Bldg. and equipment)

7. Drain from the discharge tank (This is
not expected to occur more than twice
per year)

900 ft3 /3 months

40 ft3 /3 months

1400 to 3000 ft3 /3 months
(volume depends on method)

1400 ft3 /3 months

1800 ft3 /3 months

3000 to 5000 ft3/3 months

150 ft3

B. Sources of Gas Wastes

1. Purification system surge tank

2. Steam and air holdup tank

3. Main coolant water

60 ft3 H2 at S. T.P. */3 months

50 CFM of steam and air at
approximately 200 0 F

1.5 ft3 H 2 at S. T. P. /3 months

4. The following tanks shall also be vented by the compressors at
its rated capacity of 50 CFM.

High level liquid waste tanks
Discharge tank
Laboratory and decontamination room drain tanks

* S. T.P. = standard temperature and pressure (760 mm of mercury and 00 C).

G-38



C. Equipment

1. High level liquid waste tanks

Material of construction

Lining

Volume

Design temperature

Operating temperature

Design pressure

Operating pressure

Nozzle material

2. Steam and air holdup tank

Material of construction

Lining

Volume

Design temperature

Operating temperature

Design pressure

Operating pressure

Nozzle material

3. Waste gas surge tank

Material of construction

Lining

Volume

Design pressure

Operating pressure

Design temperature

Operating temperature

Nozzle material

(3 required) (all welded construction)

Carbon steel

Hard natural rubber

2000 ft3

2500 F

100 - 150 0 F

15 psig

304 stainless steel

(1 required) (all welded construction)

Carbon steel

Hard natural rubber

150 ft3

298 0 F

227 0 F

50 psig

5 psig

304 stainless steel

(1 required) (all welded construction)

carbon steel

minimum - 3 coats of "Amercoat" or
similar material

600 ft3

150 psig

75 psig

3660F

150 0 F (maximum)

304 stainless steel G-39



4. Hotel waste tank

This tank is the customer's responsibility.

5. Laboratory and decontamination room drain tanks

These tanks are the customer's responsibility.

6. Compressors

Design Flow rate

Design Suction requirement

Operating Suction requirement

Design Discharge requirement

Operating Discharge requirement

Design Temperature of compressor casing

Operating temperature of compressor casing

Maximum temperature of gas at compressor
inlet

Operating Gas composition at compressor inlet

Case 1

Case 2

Case 3

7. Self-priming drain pump

Flow rate

Discharge head

Maximum inlet temperature

Liquid handled

Design pressure

Design temperature

Elec. Supply

(1 required)

(2 required)

(2 required)

50 CFM (each) for air with
water vapor from 70 to 2000 F

8 inches of water vacuum

8 inches of water vacuum

75 psig

75 psig

320 0F

80 0 F

240 0F

100% hydrogen at 1400F

Air with water vapor
from 70 F to 200 F

50% steam and air mix-
ture from 212 0 F to 240 0 F

(1 required)

35 gpm

60 ft. of water

150 F

High purity water with
or without 1%boric acid

150 psig

3500F

380 V 3-phase 50 cycle
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8. Surge tank drain pump (2 required)

Flow rate 35 gpm

Discharge head 60 ft. of water

Inlet conditions Flooded suction

Liquid Handled High purity water with
or without 1% boric acid

Design pressure 150 psig

Design temperature 325F

Elec. Supply 380 V - 3phase - 50 cycle

These pumps shall be of the canned motor type to prevent leakage of radio-
active water into the auxiliary bay basement.

9. Discharge tank drain pump (1 required)

Flow rate 35 gpm

Discharge head 60 ft. of water

Inlet conditions Flooded suction

Liquid handled Service water and high
purity water with or
without 1% boric acid

Design pressure 150 psig

Design temperature 325 0 F

Elec. Supply 380 V - 3 phase - 50 cycle

This pump shall be of the canned motor type to prevent leakage of radioactive
water into the plant container.

10. Waste liquid circulating pump (1 required)

This pump is the customer's responsibility.

Flow rate 150 gpm

Discharge head 30 ft. of water

Inlet conditions Flooded suction

This pump shall be of the centrifugal type with leakproof seals on the
rotating shaft.

11. Steam and Air-Holdup tank drain pump (1 required)

Flow Rate 5 gpm
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Discharge head 80 feet

Inlet conditions flooded suction

This pump shall be of the conventional centrifugal type.

12. Laboratory and decontamination room drain pumps (2 required)

These pumps are the customer's responsibility.

13. Plant container sump pumps (2 required)

Flow rate 50 gpm

Discharge head feet of water

Inlet conditions flooded suction

These pumps shall be of the submersible type.

14. Waste liquid pump (1 required)

This pump is the customer's responsibility. It transfers waste water to
the waste disposal plant.

15. Waste liquid pump (1 required)

This pump is the customer's responsibility. It transfers waste water to
the waste disposal plant.

16. Basement sump pump (1 required)

This pump is the customer's responsibility. It drains the sump under
the ventilation fan room.

17. Auxiliary Bay Cold sump pump (1 required)

This pump is the customer's responsibility. It drains the cold sump in
the auxiliary bay basement and discharges to the sewer.
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CHEMICAL SHUTDOWN SYSTEM

Boric Acid Tank Assembly

Type

Liquid to be handled

Tank volume

Tank diameter

Tank internal pressure

Tank operating temperature

Tank maximum temperature

Tank material

Steam jacket operating pressure

Steam jacket operating temperature

Steam jacket maximum pressure

Steam jacket maximum temperature

Steam jacket material

Boric Acid Pump

Type

Fluid pumped

Design pressure

Operating temperature

Fluid density

Fluid viscosity

Suction head

Total head developed

Flow rate

Materials

Seal

Motor

Electrical supply

Mixing tank with jacket for steam heating

High purity water with 10% boric acid
(by weight)

50 ft3

40 inches

Atmospheric

150 F

2120F

304 SS

15 psig

2500 F

35 psig

2600 F

Carbon steel

Centrifugal, horizontal shaft

High purity water with 10% boric acid
(by weight)

50 psig

160 0 F

1.05 compared to water at correspond-

ing temperature and pressure

Same as for water at corresponding

temperature and pressure

Flooded suction from open feed tank

80 ft.

40 gpm

304 SS

Mechanical seal

Totally enclosed

3 phase, 380 V, 50 cycle
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STORAGE WELL AND REFUELING CANAL SYSTEM

Units Value

Storage Well Heat Exchanger

Type

Fluid tube side

shell side

Material tube side

shell side

Heat exchanger capacity

Inlet temperature tube side

Outlet temperature tube side

Design pressure tube side

Design temperature tube side

Allowable pressure drop tube side

Inlet temp. shell side

Outlet temp. shell side

Allowable pressure drop shell side

Design pressure shell side

Fabrication

Storage Well Pump

Capacity

Type

Maximum fluid temperature

Suction

Design head

Pump power supply

# Indicates latest revision

Horizontal shell and U-tubes

Storage well and refueling canal water
slightly radioactive
Component cooling water

304 SS

carbon steel

BTU/hr 1. 5 x 106

OF 125

OF 118

psig 150

D &i

ing to

psi 10

OF 100

F 140

psi 10

psig 150

ASME Section VIII,
Unfired Pressure Vessel

S correspond-
150 psig

gpm 150

Centrifugal, horizontal shaft

OF 250

flooded

feet

380 V 3phase
50 cps

95
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Units

Storage Well Demineralizer

Vessel

Volume

Design pressure

Design temperature

Maximum operating temperature
(in regard to resin)

Material of construction

Mixed Bed Resin

Volume

Type

Capacity (minimum)

Flow rate through bed (maximum)

Normal operating temperature

Maximum allowable pressure drop
(inlet to outlet)

Storage Well Filter

No. required

Type

Design pressure

Design temperature

Normal operating temperature

Filter Size

300 GPM Filter

Design flow rate

Operating flow rate

Allowable pressure drop at max. flow

Filter material

# Indicates latest revision

ft3

psig

3F

304 SS

Value

1

8.6

150

250

140

ft3  7.5

Rohm & Haas XE 150 in H+ and OH- form

12 K grains/ft3 resin

gpm 30

OF 118 or below

psi 5

2

Replaceable cartridge

psig 150

F 250

F 125

micron 5

gpm

gpm

psi

fiber tube

300

150

3
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Value

10gpm Filter

Design flow rate

Operating flow rate

Allowable pressure drop at max. flow

Filter material

Refueling Canal Water Storage Tanks

No. Required

Volume of tank

Design pressure

Design temperature

Heating requirements

System

Cooling required

Q T (hot-cold) - Storage Well

Normal flow rate - Storage well cooling

Normal flow rate - Refueling canal
(fill and drain)

Max. flow rate - Storage well demin.

Service - Storage well

Service - Refueling canal

Material in contact with process fluid

Leakage

Piping

Fabrication

Flexibility

gpm 10

gpm 6

psi 3

porous porcelain tube

2

ft3  5000

atmospheric

OF 212

to be determined later

BTU/hr

gpm

500, 000

7

150

gpm 300

gpm 30

continuous - with 2nd core in well

intermittent

ASTM A 312 TP 304 or equal

All leakage must be controlled

ASA B 31. 1 Section 1

ASA B 31. 1 Section 6

# Indicates latest revision
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WATER SPECIFICATION

1. Primary Coolant Water shall adhere to the following requirements for steady state
full power plant operation.

Deionized - degassed water Specific resistance at 250 C greater
than 5 x 105 ohm-cm

Impurity content

Hydrogen content

Oxygen content

Chloride content

pH

Hydrazine

2. The water in the shell side of the steam gen
requirements for normal plant operation.

Total solids

Trisodium Phosphate

pH

Morpholine

Hydrazine

Oxygen content

SiO2 content

Chlorides content

1-2 ppm

2-3 ppm (25 - 35 cc/kilogram
H20, S.T.P.)

less than 0. 14 ppm

less than 0. 1 ppm

10 1

Can be used for scavenging oxygen
from plant during startup

orator shall adhere to the following

300 - 500 ppm

Concentration depends upon pH but
never greater than 300 ppm

10 - 11 as measured at 250C

Steam phase corrosion inhibitor

Oxygen scavenging chemical
(e. g. "Scavox")

Essentially zero

Less than 15 ppm

Less than 1 ppm

# Indicates latest revision.
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NUCLEAR INSTRUM~

Source range level indicator (2 channels)

Intermediate level indicator (2 channels)

Power range level indicator (2 channels)

Source range period indicator (2 channels)

Intermediate range period indicator (2 channels)

Scram pressure, low pressure

MENTATION

Units

cps

amps

% full power

seconds

seconds

psia

Value

1 to 10 5

10-11 to 10-4

0 to 150%

-30 to a

-30 to O'%.

1600

The following signals shall be provided to the alarm and shutdown panel:

1. Two period scram signals from the intermediate range bistable magamps
(one to each shutdown signal amplifier).

2. Two power level scram signals from power range bistable magamps
(one to each shutdown signal amplifier).

3. Two primary system low pressure scram signals from bistable magamps
(one to each shutdown signal amplifier).

4. Two reactor outlet high temperature scram signals from bistable magamps
(one to each shutdown signal amplifier).

5. Two manual scram signals from control board contacts.

6. One main loop flow scram signal from a flow channel bistable magamp
(for one of the amplifiers).

7. One loss of both main coolant pumps scram signal from pump breaker
auxiliary contacts (for the other amplifier).

8. One loss of either main coolant pump signal from pump breaker auxiliary
contacts for changing bias on power level scram magamp.
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PLANT CONTA

Ambient Condition Min.

Ambient Condition Max.

Vapor Container Insulation Foamglass

Butterfly Valve, Quick-closing

Damper for Shock Wave

Outdoor Design Temp. Max. @ 50%
Relative Humidity

Outdoor Design Temp. Min.
(Average temperature 320 F)

Supply Fan, Hydrostatic Head

Supply Fan Flow

Supply Fan Horse Power

Supply Fans Required

Dilution Fan, Hydrostatic Head

Dilution Fan, Flow

Dilution Fan, Horse Power

Dilution Fan, Fans required

Heat Loss Vapor Container (max.)
2" insulation

Heat Loss Vapor Container (max.)
No insulation

Heat Gain from Equipment Summer

Heating Coil for Winter Plant (Shutdown)
2" insulation (15 psig steam)

Heating Coil for Winter Plant (Shutdown)
No insulation (15 psig steam)

Cooling Coil Water Required

Cooling H 2 0, @ 60 F

* Preliminary or subject to modification.

INER VENTILATION SYSTEM

Units Value

F 50

0F 122

in. 2

One in ventilation exhaust and
one in supply

One in ventilation exhaust and
one in supply

F 95

OF

H2 0

C.F.M.

5.0 Horse Power

Units

H2 0

C.F.M.

16. 5 Horsepower

Units

BTU/hr

BTU/hr

BTU/hr

#/hr

#/hr

BTU/hr

gpm

-25

2. 5"

7000

@ 2700 fpm*

2

1.0"

55, 000

@ 2200 fpm*

2

28, 000

225, 000

84, 600

80

600

160, 000

50
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Face Velocity

Stack

Exhaust Fan Horsepower

Exhaust Fans required

Plant Container Design Pressure

Plant Container Test Pressure

Vacuum Breaker, Lifts

Vacuum Breaker Full relief

Units

ft/m

ft.

5.0 horsepower

Units

psig

psig

psi

psi

Value

500

7' I. D. x 150' high

2

45 #

56 #

0.5 #

1.0 #

# Indicates latest revision
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Primary Plant

Neutron

Primary Shield

Secondary Shield

Refueling Canal

Storage Well (Wall) - Bottom
Top

Fuel Shielding

Control Rod Shielding

Dome Shielding

,EACTOR PLANT SHIELDING

Material

H2 0

Barytes concrete

Barytes concrete

Barytes concrete

Regular
Concrete

H2 0

H2 0

Concrete

Units

ft. -inches

ft. -inches

ft. -inches

ft. -inches

ft. - inches
ft. - inches

ft. -inches

ft. - inches

ft. -inches

Value

3' -9"

3'-10"

3'-10"

3'-10"

11' -0"

1'-6-1/2"#

Auxiliary Shielding

Sample Room Piping Concrete

Purification System

Piping to L. P. Surge Tank

Low Pressure Surge Tank

Piping from L. P. Surge Tank

Resin Beds

Pumps

Waste Disposal System

Piping

Holdup Tanks

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

ft. - inches

ft. -inches

ft. - inches

ft. -inches

ft. -inches

ft. -inches

ft. -inches

ft. -inches

9"(1/2"
pipe)

1'-10"
(2" pipe)

3' -0"

1'-0"
(2" pipe)

3' -0"

1' -8"1

2'-0"9
(3" pipe)
0.6 mr/hr

3' -0"r
0. 6 mr/hr

# Indicates latest revision.
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Material Units Value

Shutdown Cooling System

Piping Concrete ft. -inches 2'-0"
(3" pipe)

Pumps Concrete ft. -inches 1'-0"
Heat Exchanger Concrete ft. -inches 2'-0"

Units Value

Density of Regular Concrete gm/cm 3  2.3

Density of Regular Concrete lbs/ft 3  144

Density of Barytes Concrete gm/cm 3  3. 5

Density of Barytes Concrete lbs/ft 3  218

Shielding Design

Working Stations mr/hr 0.75

Intermittant areas during operation mr/hr 2.00

Fuel handling operation mr/hr 2.00

NBS Allowable Dose Rate per 40 hours mr/hr 2. 50
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TURBINE GENERATOR UNIT

Units

Turbine speed rpm

Turbine maximum capability

Electrical output

Generator maximum capability

Generator power factor

Generator voltage

Frequency

Phases

Generator cooling

Full load throttle pressure

Condenser steam flow rate

Condenser pressure

Number of feedwater heaters

Turbine Instrumentation

kw

gross kw

KVA

volts

cps

12, 000

See Page G-6

14, 400*

0.8*

10, 500

50

3

air and raw water exchanger

psia 510 (15psiapress. drop
from steam generator #

lbs/hr 107, 533* #

inches Hg. 1-1/2 #

3

Steam pressure

Steam temperature

Steam flow

Condenser vacuum

Condensate flow

Exhaust temperature

Deaerator pressure

Deaerator level

Main steam conductivity

Condensate conductivity

psia

lbs/hr

inches Hg.

lbs/hr

psia

ft.

micromhos

micromhos

510-725

469-507

See Page G-15

1 to 3

0-115, 000

79-115

20-103

0-6

2-5

2-5

Preliminary or subject to modification.
Indicates latest revision.

Value

3000

*

#
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BR-3 REACTOR

PRELIMINARY DESIGN DATA

MECHANICAL AND THERMAL

(All dimensions are for the "cold" core unless otherwise specified.)

Total Heat Output, Btu/hr
Total Heat Output, MW
Coolant Flow:

Total Rate, lbs/hr
Heat Transfer Rate,2
Flow Area in Fuel Rod Cross Section, ft2

Velocity Along Fuel Rods, ft/sec

Pressure, psi
System Pressure, Nominal
System Pressure, Maximum
System Pressure, Minimum
Total Drop Across Vessel
Drop Across Core

Heat Transfer 2
"Active" Surface, ft 2
Average Flux, Btu/hr-ft
Maximum Flux, Btu/hr-ft2

Average Film Coefficient, Btu/hr-ft2 _OF

(Q/A)B/ (Q/A)max] POB*

Bettis Correlation, Btu/hr-ft 2

Temperature, 0F

Coolant in the Primary Loop, Average
Coolant in the Fuel Bearing Portion of the Core,

Average
Coolant Rise in Core, Average
Coolant Rise in Vessel, Average
Film Drop, Average
Center of Fuel, Maximum
Outlet of Hot Channel

Tm at Heat Exchanger
Steam Temperature
Steam Pressure, psia
Coolant at Inlet of Vessel
Coolant at Outlet of Vessel
Surface, Maximum

140 x 106
40. 9

See page G-7
4. 5 x 106

3. 7
7.7

See page G-14
See page G-14
See page G-14
See page G-8
6

1, 482
94, 200

442, 000
3, 440

2.28

9. 82 x 105

See page G-7
504. 5

26. 7
24.0
27. 4
3, 930
586
29. 4
472. 10F
See page G-15
See page G-7
See page G-7
657

* POB - Point of Burnout
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BR-3 REACTOR (CONT'D)

Hot Channel Factors:
FQ, Heat Flux
F , Film Drop
FT, Coolant Rise

General:
Total Core Area, ft2

Equivalent Core Diameter, ft
Length-to-Diameter Ratio of Core
Length-to-Diameter Ratio of a Flow Channel

Fuel Rod:
Outside Diameter, inch
Tube Wall Thickness, inch
Total Number of Rods
Fuel Length Per Rod, inches
Rod Lattice, inch
Rods Per Fuel Assembly
Total Number of Fuel Assemblies

0. 343
0. 021
3, 536
56.06
0. 480
110 and 111
32**

Fuel Pellet:
Diameter, inch
Height, inch

0. 300
0. 600

Fuel Assembly:
"Active" Length, inches
Overall Length, inches
Sectional Dimensions, inches
Weight, lbs.

Control Rods, Ag-In-Cd

Thermal Conductivity of U02 , Btu/hr-ft- 0 F

*

**

56. 06
78.75
5. 25 x 5. 25
203

12

1

Based on a uniformly enriched core.
32 assemblies in core; 40 assemblies to be manufactured

4. 69*
6. 66*
3.48*

6.15
2. 8
1.68
110. 3
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BR-3 REACTOR

PRELIMINARY DESIGN DATA

NUCLEAR

Total Heat Output, MW
Lifetime, hr.
Burnup, MWD/Metric Ton Uranium, avg.
Core Average Diameter, in.
Core Active Height (Between Fuel Ends), in.
Core Materials (between fuel ends)

Fuel (10. 18 gm/cm 3 )
Water (.7918 gm/cm 3 )
Zirconium (6. 53 gm/cm 3 )
Stainless Steel (7. 905 gm/cc)
Void (gap between clad and pellet)

Total

Volume, in. 3

13,650
29,370

1, 680
4, 400

370

49,470

See Page G-6
7, 000
5, 940
33. 52
56.06
Weight, lbs.
5, 020

840
400

1,260

7, 520

Outer*

B2 , Geometric, cm- 2 (Assumes
Reflector Savings of 7. 5 cm)
Volume Ratio, H 20/U (18.7 gm/cm 3) (cold)
Initial Enrichment (Atom Percent)
Final Enrichment (Atom Percent)
Resonance Escape Probability, p
Fast Fission Factor,
Age, cm2

Initial Conversion Ratio
Keff (hot, clean)
Pu Obtained, kg
Pu-240 Content (Atom Percent)
Fraction of Energy from:

U-235
U-238

.00270
4.48

4.48
3.87

.8114

.435

Pu
Nominal Shutdown Concentration of Chemical Poison, gms
Natural B/1 of H20

Moderator Temperature Coefficient, 1_ k_ / 0 F at 5050 F
k aT

Fuel Temperature Coefficient, 1_ 3 k / 0 F at 505F
k aT

Maximum Shutdown Concentration of Chemical Poison, gms
Natural B/1 of H 20

1.034
59.85

1.097
5.4
7.7

.85

.06

.09
1.9

-2 to -4 x 10-4

-0. 5 to -2 x 10-5

2. 1

* This is a two region core. The outer 16 assemblies have an enrichment of 4.48%, while the
inner 16 assemblies will have a lower enrichment.
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APPENDIX H

TECHNICAL DESCRIPTION

OF

BR-3 NUCLEAR POWER PLANT





INTRODUCTION

Westinghouse Electric Coporation, Atomic Power Department, herein presents a
technical description of the BR-3 nuclear power plant. This plant utilizes a hetero-
geneous, light water moderated and cooled reactor core as a prime heat source. The
plant is presently being constructed in Belgium for Centre d' Etude de 1' Energie
Nucleaire.
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1.0 SUMMARY DESCRIPTION

The BR-3* is a pressurized water plant whose core will turn out 43 megawatts of
heat and whose electric generators will produce 11. 5 megawatts of electric power. The
basic concept of the BR-3 is schematically shown in Figure 1.

2.0 BASIC CONCEPT OF THE BR-3

Figure 1 shows the main operating design parameters; namely, that the water in
the primary loop will be maintained on the average of 2000 lbs. per square inch absolute
and that the average temperature of this water will be 505 0 F. As seen from the flow of
arrows, the hot water emerges (at 518 0 F during full power operation) from the reactor
via a single 16" pipe, flows into the steam generator on the tube side, and emerges
through two 12" pipes where it is pumped back into the reactor at a temperature of about
492 0 F. On the shell (secondary loop) side of the steam generator, the water enters at
3250 F, emerging at 520 psia and 471 0 F, as dry but saturated steam.

The flow around the loop is maintained at 5, 000, 000 pounds per hour. There is a
50 psi pressure drop around the main loop. It will be noted that the main loop is neither
a single nor double loop but a compromise. By this method, one has two separate pumps
with a minimum of piping. For reasons of plant reliability and safety these are independ-
ently powered. One pump receives its power from the station high voltage bus, and can
thus obtain its power either from the outside network or from the station main generator.
The other is powered by an independent auxiliary generator coupled to the turbine shaft.
Thus, if power to either pump fails, the other will almost certainly continue to operate
while the operator can take whatever measures the situation requires. (See Figure 19).

The only valves in the basic loop are center guided check valves. (See Paragraph
3.2.2). If one of the valves should close because a pump has stopped, the flow is not
stopped completely in that leg of the piping. Rather, there is a very slight flow in the
reverse direction because there are holes in the valve which permit a designed leak in
the reverse direction.

One purpose of this reverse flow is to maintain enough circulation in the inactive
leg so that the temperature does not drop appreciably and so that if the pump should
start again the core would not be shocked by an influx of cold water. (At 505 0 F, the
temperature coefficient of reactivity is expected to be as much as -4 x 10-4 K per
degree F.)

A second purpose arises from the existence of the chemical shutdown system (See
Paragraph 8). If the core has been cooled to the point where the poison solution is
needed to keep the plant sub-critical, it is necessary to insure that the concentration of
poison in the idle leg is identical with that in the active one, and thus obviate a startup
accident should the idle pump start again.

3.0 COMPONENTS OF THE MAIN LOOP

Next will be described each of the components shown in Figure 1, starting from
the Steam Generator.

3.1 Steam Generator or Main Heat Exchanger

The 43MW of heat produced by the core is transferred to the secondary system

* The designation of this nuclear plant was changed from "BTR" to "BR-3" in the
summer of 1957.
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(steam side) by a vertical steam generator. (See Figure 2). It is approximately 5-1/2' x
26' in overall dimensions, and has a heat transfer surface of 6220 square feet. The hot
water which emerges from the Reactor Vessel enters the steam generator by the larger
of the two entries in the channel assembly shown at the bottom. The water flows through
the 1400 tubes returning to the cold water side of the primary water box. Thence it
emerges through two 12" pipes (only one of which is shown in Figure 2) to return to the
reactor vessel. On the shell side, the water enters at 325 0 F by way of the opening shown
to the right and just above the top of the tubes. The steam emerges through the opening
at the top after having had the moisture separated out by the purifier assembly shown at
the top.

3.2 Components for Main Coolant Circulation

3.2.1 Main Coolant Pumps

The primary coolant water is circulated by the two main coolant pumps, which are
of the canned motor type. (See Figure 3). The water coming from the steam generator
enters via the bottom and is centrifugally impelled, emerging horizontally at 50 lbs. per
square inch higher pressure on its way to the reactor vessel. It may be noted that the
coolant water is allowed to pass along the bearing surfaces between the rotor and the
rest of the pump, and indeed it serves as the lubricant. This water, incidentally, is
normally maintained at a purity of 1 to 2 parts per million. Cylindrically around the
outside of the stator are wound the cooling coils through which circulates water provided
by the component cooling system. The pump assembly is completely sealed in, and all
joints are pressure welded so that there is no possibility of any leak to the atmosphere.

3.2.2 Main Coolant Check Valves

The check valves have been mentioned. These are installed in the pump volutes as
shown in Figure 3. They are of the spring-loaded, center-guided, lift type. Normal
flow acts against the spring to keep the valve open. Reverse flow operates with the spring
to close the valve. Shown also are the holes in the disc to permit the already mentioned
designed leak for the purpose of keeping the water in the idle leg at the same tempera-
ture and poison concentration as is to be found in the active leg.

3.2. 3 Sources of Power for Pumps

As previously stated, the two pumps are powered from completely independent
electrical sources. This is due to the importance of having at least one pump in opera-
tion at all times that the reactor is critical. The scheme for this is in Figure 19, where
it can be seen that pump motor No. 1 is supplied from an auxiliary generator and No. 2
from the outside network. An automatic throwover arrangement allows Pump No. 2 to
be supplied from the main generator in case of the loss of external power. If power
from the main generator and from the external source should by some rare accident be
lost simultaneously, there is enough inertia stored in the rotating parts of the turbo-
generator to keep the auxiliary generator operating for at least eight minutes during a
coastdown from 200 KW at 50 cycles, to about 40 KW at 10 cycles per second. This
assures that the stored heat in the reactor following a scram will be carried away.
Damage to the core will thus be prevented.

3. 3 Reactor Vessel and Internals

Figure 4 shows a vertical section view of the reactor vessel, and Figure 5 a hori-
zontal one. The vessel is a little over 5' in outer diameter and about 18' high. Like all
of the parts of the primary system, it is designed to be able to operate at pressures up to
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2500 psia. Precautions which will be described later are designed into the overall sys-
tem to insure that the pressure does not go above 2150 psia. The purpose of these is to
avoid operation of the safety valves. The vessel is made of carbon steel lined with a
1/8" thickness of 304 stainless steel. (It should be mentioned in passing that the primary
coolant water is never allowed to come into contact with carbon steel throughout the
system.) The head is removable for fueling operations and is fastened by studs, with
gaskets at the joint. The question of a seal weld has not yet been resolved.

Reading from the outside inward (Figure 5), one sees first the reactor vessel with
its stainless steel liner. Next is a 3" thick stainless steel cylinder, the thermal shield.
The annular space between the thermal shield and the reactor vessel is for the downflow
of the incoming water. The purpose of the thermal shield is to reduce the flux of thermal
neutrons to the pressure vessel to a level which is tolerable for this large mass of steel,
and thus limit the degree of thermal stress to which it might be subjected. Within the
thermal shield the flow of water is upward through, and immediately around, the core.
Note the 32 fuel elements.

4.0 CORE

4. 1 Mechanical Characteristics

The core, shown in Figures 4 and 5, consists of a cylindrical array of 32 fuel ele-
ments. These are approximately rectangular parallelopipeds in shape. They are ver-
tically stacked together to form the core. Each fuel element is in turn built up of either
110 or 111 fuel rods. The 32 elements contain a total of 3536 rods. Figure 6 shows a
section view of one of these fuel rods.

4.1.1 Fuel Rods

The fuel rod is about 0. 343 inches in outer diameter, the walls being stainless
steel, 21 mils thick. The end plugs are also made of stainless steel. The inner volume
is filled with Uranium Oxide pellets which are right circular cylinders 0. 300" in dia-
meter and 0. 600" high, about the size of an eraser on a pencil.

4. 1.2 Fuel Assembly

These fuel rods are assembled (as shown in Figure 7) into fuel assemblies. 32 of
these grouped together form the core as shown in Figure 5.

4.1.3 Control Rods

The twelve small crosses in Figure 5 are the horizontal section view of the control
rods. The shading in Figure 8 shows the expected rod grouping into gangs. There are
2 sets of 2 nearer the center, and 2 sets of 4 further out. The rod material is still under
study, but will probably be Silver-Indium-Cadmium.

4. 2 Nuclear and Thermal Characteristics

The nuclear design is not yet finalized. It is expected, however, that it will pro-
bably be a two-region core, the outer half being initially at an enrichment of 4.43%, and
the inner half at about 3. 29%.

The temperature coefficient of reactivity of the coolant is expected to be between
-2 x 10-4 and -4 x 10-4 ,6K per deg. F. The fuel coefficient (Doppler coefficient) is ex-
pected to be about -2 x 10-5K per degree F.
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The maximum heat flux will be about 464, 500 BTU per square foot per hour, and
the average flux will be about 99, 060.

5.0 PRESSURE CONTROL SYSTEM

Figure 9 shows the pressure control system. It is designed to keep the pressure
of the main coolant water close to 2000 psia during plant operation. It consists of a
pressure vessel of about 93. 5 cubic feet in volume, at the top of which there is always
maintained a cushion of steam. This is done by means of electric heaters which main-
tain the temperature in the pressurizer at 636F (the saturation temperature of 2000 psia
steam). The total capacity of these heaters is about 153 kilowatts. Further details re-
garding the use of the heaters are given in Section 14. 3. 2.

Along with the pressurizer is shown the pressure relief system. There is shown
the discharge tank through which excess fluid is emptied from the primary system via a
sparger which lets the fluid down from the high operating pressures of the main coolant
loop to about 150 psig in the discharge tank. There is also a pilot-operated relief valve
by which the operator can release excess pressure. This is backed up by a safety valve
system shown in abbreviated form.

6.0 PURIFICATION AND CHARGING SYSTEMS

6.1 Purification System

Figure 10 shows the essential features of the purification system. This system
removes soluble and insoluble impurities from the primary coolant in order to limit the
level of induced radioactivity and to reduce the fouling of heat transfer surfaces. It con-
tains two ion exchangers of the mixed bed type, one for ordinary purification, the other
for removing the chemical poison.

Water is bled from the main coolant loop (at the rate of about 4000 lbs. per hour)
and is reduced in temperature and pressure before being passed through the deminer-
alizer. The purified water goes to the surge tank from which the circulating pump takes
its suction. This pump is of the variable speed, positive displacement type and is used
to pump the water, under high pressure, back into the main coolant loop. Its capacity is
3-15 gpm. An extra one is installed as a ready spare.

6.2 Charging System

The charging system (primary coolant make-up system) appears in the same
sketch. Essentially it consists of the use of one or both of the positive displacement
pumps for filling the main coolant loop, and for occasional make-up.

7.0 CORROSION INHIBITION

For corrosion inhibition, the coolant is charged with excess hydrogen via the surge
tank.

Gaseous fission products are removed by venting from the surge.

8.0 CHEMICAL SHUTDOWN SYSTEM

As of this writing, the excess reactivity of the core is expected to be about 20%.
Since the control rods are expected to be "worth" about 12%, it is evident that they can
shut down only the hot reactor. It is therefore necessary to provide a chemical shutdown
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system which will shut down the cold reactor.

A solution either of boric acid or of ammonium pentaborate is being considered for
this. It will be injected when needed via the suction of one or both of the charging pumps
mentioned above, in a concentrated form. It remains to be investigated whether this
amount of injection will be readily accommodated by the shrinkage of the water in the pri-
mary loop as it cools down. This volume shrinkage of the coolant will be about 20% from
hot to cold. If the injection must be made at a faster rate during the early stages of cool-
ing, some bleeding may be effected via the discharge tank shown in Figure 9.

9.0 NORMAL SHUTDOWN COOLING

9.1 First Stage Cooling

During this stage, the primary system must be cooled down to approximately 2500 F.
Having shut down the reactor and stopped the turbo-generator, the operator will keep in
operation the one main coolant pump which is powered from the station main bus. This
pump, maintaining 60% of full flow, will transfer certain excess heat from the core to the
steam generator. This excess heat consists of the fission energy released prior to com-
pletion of the shutdown, plus heat stored in the system at 500 or more degrees F. The
heat will be dissipated by dumping steam to the condenser through the turbine by-pass
valve.

9. 2 Second Stage Cooling

In this stage the temperature of the primary system is to be taken from 250 0 F to
about 160 0 F. This is done by bringing into action the shutdown cooling system. (See
Figure 11). During this phase the system is gradually depressurized to atmospheric
pressure.

10.0 EMERGENCY SHUTDOWN COOLING

10. 1 First Stage Cooling

The normal shutdown cooling method described above assumed the availability of
outside power to keep one main coolant pump operating. In the event that there is no
outside power, transient reliance for about eight minutes must be placed on the other
pump as has already been explained.

The pump will, during its coastdown, circulates at least enough coolant between the
core and the steam generator to maintain stable temperature conditions in the primary
system. The heat will be dissipated via the turbine by-pass valve.

At the time the coastdown is finished, the plant operator will have started on the
emergency shutdown cooling phase. This is accomplished by routing the hot coolant via
an expansion valve to an emergency condenser where the flashing coolant is condensed to
water under a pressure of 100 psig and cooled to about 200 0 F. The condensate is then
fed back to the main coolant system by means of the charging pumps. This procedure
will allow us to cool the primary loop at a slow rate until the temperature of 250 0 F is
reached.

During this emergency period, power is supplied by an auxiliary diesel electric
generator.
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10. 2 Second Stage Cooling

Second stage cooling will be the same as that described in Paragraph 9. 2. It should
be added, however, that the shutdown cooling pumps will be powered by the standby diesel
generator just mentioned.

11.0 PLANT CONTAINER

(See Figures 12 and 13).

The primary plant (the high pressure part of the plant) will be installed in a con-
tainer approximately 54 feet in diameter and 104 feet high. The container will be con-
structed of carbon steel and designed for an internal pressure of 45 psig. The basic
wall thickness will be about 1-1/8". Until more experience is gained in the operation
of pressurized water plants, it is deemed advisable to have such a container as a back-
stop safety precaution. It will discharge this function by containing the vapor that would
be released from the primary system in the event there occurred a major break in that
system, causing one-half of the fluid to escape as steam. This fluid would be conta-
minated to some extent. If one assumes an extraordinary amount of fuel element failure
accompanying this accident, one must further provide shielding for the protection of
people on the outside. The inner surface of the plant container is therefore lined with
barytes concrete as shown in the accompanying sketches.

12.0 REFUELING

The shielding deck above the reactor (See Figure 12) can be removed to permit the
use of the overhead crane during refueling operations. Refueling is accomplished by re-
moving or inserting one element at a time. The transfer of these elements between the
plant container and the fuel storage canal outside the plant container is effected through
the fuel transfer tank. The fuel element is kept in the vertical position throughout.
After insertion into this tank at one end, it is translated while still in the vertical posi-
tion along a horizontal path by means of a chain drive at the bottom of the tank. It can
then be lifted out at the other side via a port similar to the one through which it had
originally been loaded. Prior to this operation, the reactor compartment is flooded to a
depth of about 22' above the top of the core.

13.0 STEAM CYCLE

The steam turbine is operated at a throttle pressure of 470 psia and an exhaust
pressure of 2" Hg. Three stages of feedwater heating are employed to raise the feed-
water temperature to 3250 F. (See Figure 14). A Centrifix moisture separator is lo-
cated in the crossover piping between the high and low pressure sections of the turbine.
The separator will remove in excess of 90 per cent of the entrained moisture. The
pressure drop from the exhaust of the high pressure section to the inlet of the low pres-
sure section is approximately five pounds. The turbine cycle efficiency is 26. 7 per cent,
and the throttle flow is 161, 500 pounds per hour at rated power.

A by-pass line permits by-passing about ten per cent of the steam directly to the
condenser. This line is not required during turbine operation, and is used for test pur-
poses or to remove heat from theprimary system when the turbine is out of service. Its
use in the latter connection has been described in paragraphs 9 and 10. A main stop
valve is provided to isolate the turbine from the steam generator in case of a steam
generator tube failure in combination with contaminated water in the primary system.
The steam system is provided with pilot-operated and spring-loaded relief valves.
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14.0 INSTRUMENTATION & CONTROL

Instrumentation and Control is discussed in three major categories:

14. 1 Radiation Monitoring

The first category consists of instrumentation for the monitoring of radiation levels
at different parts of the plant with the primary objective of protecting personnel. In one
or two cases it will also serve to disclose actual or incipient equipment difficulties. We
are following the criterion that only the latter category of instruments will be arranged
to telemeter the information to a distance, i. e. , to the Control Room. Most of the rest
of radiation monitoring instrumentation will be of the portable type.

14. 2 Nuclear Instrumentation

The second important class of instrumentation is the instrumentation for sensing
the power output of the core. For this purpose there are neutron detectors of varying
ranges of sensitivity in seven thimbles located as shown in Figure 15. Here one sees
the reactor vessel nested in the neutron shield tank which is full of water. Inserted into
this tank (see plan view) are seven thimbles. The neutron detectors are inserted in
these thimbles during the erection of the plant. For the start-up level there are two
multi-element BF3 counters. These sense the range from 0. 025 neutrons per square
centimeter per second to 2. 5 x 103 neutrons per square centimeter per second. This
counter gives us 40 counts per second for each neutron per square centimeter per
second. In the intermediate range (and overlapping the preceding range by one decade)
are two electrically compensated ion chambers. These give intelligence of fluxes from
2. 5 x 102 to 2. 5 x 109 neutrons per square centimeter per second. The circuitry for
each of these four detectors provides both flux and period information. In addition, it
will cause a scram in the event the period is too short.

Finally, there are in the power range three identical uncompensated ion chambers
which cover neutron fluxes ranging from 8. 5 x 107 to 8. 5 x 109 neutrons per square
centimeter per second. Two of these power level detectors are used in duplicate cir-
cuitry and the third is a spare. Each of the two active channels will have its own dial
indicator to indicate level and both will actuate signals that go to the control rods. The
signals which emerge from this circuitry will scram the reactor at a power level set by
the operator. During full power operation, scram will be set at about 117% of fullpower.

14. 3 Process Instrumentation

The third main class of instrumentation is the process instrumentation. This class
of instrumentation on the secondary side will not be described because it is typical of
steam electric plants. On the primary side the plant is instrumented as shown very
schematically in Figure 16.

14. 3. 1 Temperature Control (See Figure 17)

The basic control parameter for this plant is the average temperature of the main
coolant. One temperature detector is connected to the hot leg of the main coolant piping
and another one to one cold leg of the main coolant pipe. The output of these two detect-
ors is averaged and compared to the reference setting (probably 505 0 F). Deviations of
greater than 30 will cause rod insertion or withdrawal.

An excessive temperature in the hot leg of the main piping will automatically scram
the reactor.
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14. 3. 2 Pressure Control (See Figure 18)

The second important parameter for control is pressure. This part of the control
system acts in two ways. First, it acts on the pressurizer heaters which are immersed
in the water in the Pressurizer Vessel (See Figure 9). These endeavor to maintain pres-
sure by keeping the water in the pressurizer at saturation temperature and by maintain-
ing a sufficient dome of steam to take care of pressure fluctuations. These heaters have
a combined capacity of 153 KW, and are connected in three groups. One group operates
continuously and accounts for 80% of the normal heat loss in the Pressure Vessel. A
second group goes on and off intermittently and accounts for the remaining 20% of heat
loss. As shown in Figure 18, these cycling heaters are invoked as the pressure drops
to 1970 psia (i. e., 30 psi below nominal operating pressure) and go off when pressure
reaches 2030 psia.

The third group contains the bulk of the heaters for back-up protection, and is
rarely used since its main purpose is to bring the plant up to sufficient pressure for
start-up purposes.

These back-up heaters, however, go on if the pressure should drop to 1900 psia
and remain on until a pressure of 1970 psia is reached. Also, the alarm goes on at 1850.
Furthermore, if the pressure drops below 1600 psia scram is invoked. These levels are
not final and are to be reviewed.

On the high pressure side the alarm is sounded at 2150 psia. The relief valve
(Figure 9) opens at 2185 psia. The safety valves are set for 2500 psia.

14. 3. 3 Adaptation to Load Changes

The BR-3 core is expected to be stable, but of long time constant in matching out-
put to changes in load demand, if no rod motion is used. Furthermore, without rod
motion, it will tend to come to its new equilibrium state of power output at a new temp-
erature level. This is because of the opposing effects of the rising coolant temperature
and the dropping fuel temperature on overall reactivity.

Consequently, it is contemplated having automatic rod insertion to hasten restor-
ation of original temperature conditions, and minimize temperature swings.

14. 3. 4 Flow Monitoring

There have already been mentioned two of the physical parameters that are so vital
to safety that unacceptable deviations from prescribed levels initiate either alarms or
scram or both. A third such important physical parameter is flow of the main coolant.
The maintenance of flow is vital to the safety of the plant and to the preservation of the
integrity of the core.

Flow indications will initiate scram or set off the alarm under the following con-
ditions:

(a) Low flow will cause scram.

(b) Coincidental opening of pump motor breakers to both pumps will cause scram.

(c) Loss of one pump automatically reduces the setting of the power level scram.
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14. 3. 5 Additional Scram Signals

The overall emergency shutdown, or scram, system is shown in block diagram
form in Figure 20. This illustrates that all shutdown signals are duplicated in com-
pletely independent channels. This, combined with a planned checkout and maintenance
procedure, will assure reliability of the shutdown system.

The following signals from the rest of the plant, in addition to those already
mentioned, will also automatically scram the reactor:

(a) Loss of voltage on the "vital" bus which supplies the current for the
instrumentation and control of the nuclear power plant.

(b) Manual Switching

(c) Turbine trip-out (under consideration).

All of the remaining physical parameters sensed by the instrumentation throughout
the primary plant are merely reported to instruments in the Control Room.
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APPENDIX I

PART I

INTRODUCTION

Alco Products, Inc. herein presents a technical description of a 12. 5 eMW nuclear
power plant. This plant utilizes a heterogeneous pressurized light water reactor system
because it is a tested and proven system, has established a record of safety, is inherent-
ly simple to operate, and has an extremely rapid and stable load response.
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PART II

DESCRIPTION

A. GENERAL DESCRIPTION OF PLANT

1. 0 Primary System

1. 1 Description of Flow

The primary system is a nuclear heat source capable of producing 180, 800 lb/hr of
steam at 400 psi absolute pressure and 99. 75% quality, when the feedwater is supplied to
the steam generator at 316. 50 F and 400 psia. The steam generation rate is based on the
transfer of 48. 7 MW (1. 66 x 108 BTU/hr) of heat in the steam generator.

The primary system heat balance is shown in Dwg. AEL 379, and the flow diagram
in Dwg. AEL 375.

The primary system is a closed loop of pressurized water under forced circulation.
Its function is to extract heat from the reactor core and to transfer this heat to a steam
generator. The steam generator is supplied with secondary water which boils to produce
steam.

The primary loop consists of a reactor pressure vessel, containing the nuclear
core, the tube side of the steam generator, a primary coolant pump and connecting pip-
ing. At full load operating conditions, high purity primary water enters the reactor
pressure vessel at 4870 F. The primary water flows down through the center 29 elements
of the core, reverses, and flows upward through the outer 32 elements. In traversing
the two passes, the bulk water temperature is raised to 5170 F.

The primary water then leaves the pressure vessel, passes through the tube side of
the steam generator and enters the primary coolant pump. In the steam generator, the
primary water gives up its heat to the secondary water of the shell side. This heat re-
moval reduces the primary water temperature to 487 0 F. The primary water then flows
back to the reactor for reheating to complete the closed cycle.

The primary coolant pump forces primary water through the loop at a rate of
12, 000 gpm (4. 72 x 10 lb/hr), delivering 48. 7 MW of heat to the steam generator. The
latter produces 180, 800 lbs/hr of 400 psia steam with less than 0. 3 per cent moisture
content.

Connected to the primary loop is a pressurizer or surge tank. The purpose of the
pressurizer is to maintain primary loop pressure at 2000 psia under steady state opera-
tion and to reduce pressure transients due to change in water volume during load tran-
sients. The water in the pressurizer is essentially static and can be maintained at a
different temperature than the bulk circulating water. Electric immersion heaters keep
the water in the pressurizer at the saturation temperature of 6360 F. Steam forms, fills
the upper portion of the pressurizer volume, and exerts a pressure of 2000 psia on the
primary loop. This pressure prevents boiling in the reactor core.

Rapid load changes momentarily tend to change the bulk circulating water temper-
ature. The change in temperature necessarily results in a change in water volume. How-
ever, two phases exist in the pressurizer so that the steam volume will expand or con-
tract to maintain a relatively constant pressure on the primary loop. In addition, reduc-
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tion in pressure is severely limited by the automatic flashing to steam of a fraction of
pressurizer water.

1. 1. 1 Primary Loop Auxiliary Systems

Although corrosion and erosion rates in the primary loop are extremely small, the
gradual buildup of corrosion products in the primary water must be offset. The corro-
sion products would become highly radioactive if allowed to circulate continually through
the high neutron flux of the operating reactor. Therefore a means of limiting the ac-
cumulation of impurities is imperative.

The removal of corrosion products is accomplished by the water purification loop.
Flow in this loop is determined by electrical conductivity and crud probe readings of the
primary water. Based on maximum corrosion rates of the metals in the primary loop,
the maximum purification flow rate is 10 gpm. The water is cooled in a non-regenera-
tive type heat exchanger, reduced in pressure by a throttling valve, purified in a mixed
bed demineralizer, and then pumped back to the primary loop. A filter downstream of
the demineralizer, removes any entrained demineralizer resin fines.

Water sampling to assure maintenance of the required high purity results in the ac-
cumulation of slightly radioactive waste water. Also, there is the extremely remote
possibility of a fuel element failure which might contaminate the primary loop water with
radioactive materials to a level which could not be decontaminated by the normal puri-
fication system. A waste disposal system is, therefore, included as an integral part of
the nuclear reactor plant.

1. 2 General Description of Reactor

The design is based on the utilization of a heterogeneous pressurized light-water
moderated and cooled reactor. The fuel is uranium dioxide enriched to 4% in the U-235
isotope. The uranium dioxide is in the form of cylindrical pellets hermetically sealed in
stainless steel tubes with welded end caps. A group of these fuel pins in their supporting
end plates make up a fuel element.

The reactor core is made up of 61 cells in a 9 x 9 array with five elements miss-
ing at each corner. Forty-eight unit cells are occupied by fixed fuel elements. The re-
maining thirteen unit cells are occupied by control rods containing fuel elements in the
lower section and neutron absorber plates in the upper section. Reactor startup control
is obtained by moving control rods up through the core. As the control rods move up-
ward, neutron absorbing material is removed from the core and replaced by fissionable
material. Thus, control rod movement has a dual effect which increases the reactivity
worth of movement and improves reactor control characteristics. Load response at
operating temperature is by means of the inherently large negative temperature coef-
ficient of a pressurized water reactor and requires no external control.

The entire reactor core including control rods is contained in a pressure vessel.
The core is accurately positioned in the pressure vessel by means of a core support
structure. Control rod guide bearings are integrally fastened to the core support struc-
ture to assure accurate alignment of control rods in the core and thus, prevent binding
and sticking control rods.

Control rod movement is by means of a rack and pinion drive. The shaft of the
pinion penetrates the reactor pressure vessel and is sealed by means of the multi-laby-
rinth type seal of Alco design. This seal has been extensively tested by Alco and has
proven highly reliable. Alco seals are installed in the Army Package Power Reactor and
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have given excellent service. The drive motor and shaft are coupled by a magnetic
clutch which requires current to engage. When current is interrupted, the control rods
fall by gravity.

2. 0 Secondary System

2. 1 Main Steam

The main steam supply for the turbine passes through a motor operated emergency
shut-off valve to the turbine stop valve. This valve can be closed by the scram system
in the event of a failure in the primary system. The turbine inlet condition is 375 psia
saturated. The piping and all valves from the steam-generator to the turbine stop valve
are designed for an 800 psig pressure at 5150F temperature. The steam flow is measur-
ed by means of a calibrated flow nozzle serving as the primary sensing element in the
various controls and readings related to this system. Steam for the steam jet air ejector
and for the building heating system at startup is also taken from the main steam line.

2. 2 Extraction Steam

The turbine is provided with three uncontrolled extraction points for heating feed-
water at a high and a low pressure heater, and a deaerating heater. The extraction pres-
sures, being uncontrolled, vary with the turbine load and at approximately 30 percent of
full load, the deaerator pressure would fall below atmospheric pressure, precluding the
venting of noncondensible vapors to the atmosphere. To prevent this, a steam line from
the main steam supply is run through a pressure regulating station to automatically main-
tain a minimum pressure of 5 psig in the deaerator upon low load operation or startup.
Normal supply of building heating steam at 75 psig is furnished from the high pressure
extraction line through a pressure regulating station.

2. 3 Condensate and Feedwater

After passing through the turbine, the steam exhausts to a 13, 000 square foot con-
denser to be condensed and returned to the primary steam generator. The level in the
condenser hotwell is maintained by a control valve on the discharge side of the condensate
pumps. High level in the deaerator operates a control valve to divert condensate to the
condensate storage tank until normal level is regained. Low level in the hotwell operates
a control valve permitting condensate to return to the cycle from the condensate storage
tank by means of the condensate make-up pumps. At low loads, condensate is recirculat-
ed to the hotwell, automatically, by means of a control valve which is actuated by a pre-
determined setting at the condensate flow nozzle. Thus, a minimum flow is maintained
through the steam jet air ejectors, air coolers, and lube oil coolers.

The deaerating heater storage tank and the hotwell are sized for a ten minute full
load supply of feedwater and condensate.

The deaerating heater is located so that an adequate and constant net positive suc-
tion head is provided at the feedwater pump suction.

The feedwater pump discharges through the high pressure heater to the shell side of
the steam generator. A flow nozzle is provided in the main feedwater piping as a sensing
element in the three-element control of the primary steam generator. Recirculating lines
are provided from each feedwater pump to the deaerating heater. The recirculating flow
is controlled by the flow nozzle to protect the pumps against over heating under low load
conditions.
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2. 4 Circulating Water

Circulating water is brought from the river into a pump intake structure containing
traveling water screens, circulating water pumps, service water and screen wash pumps.
The circulating water is pumped by the circulators to the condenser, returns to a seal
well, and then back to the river. The seal well is used to maintain a syphon effect in the
water leg. Provision is made for recirculating the condenser discharge water back to
the intake, in the case of severe winter weather, to prevent icing formations on the in-
take equipment.

2.5 Make-Up

Make-up water is provided by the service water pumps to a demineralizing plant
and then stored in the condensate storage tank. The make-up is then transferred to the
systems requiring it, by means of condensate make-up pumps. The make-up pumps also
furnish the requirements of the primary coolant system.

2. 6 Service Water

Two full capacity service water pumps provide strained water from the intake
structure to the condensate coolers, bearing cooling water heat exchangers, make-up de-
mineralizer and fire protection loop. They also serve as back-up to the screen wash
pump. A gasoline -engine-driven fire pump is provided for emergency use in the event
of power failure.

The fire protection system is served by a 50, 000 gallon storage tank which floats
on the line to maintain constant water pressure and reserve emergency use.

2. 7 Cooling Water

A closed loop cooling water system is provided to serve equipment requiring cool-

ing water services.

3. 0 Plant Instrumentation

Operating experience at APPR-1 and design experience on APPR-la and commer-
cial reactor systems has shown that no power generating plant or other type of plant can
operate more smoothly than the instrumentation which carries out its indicating, record-
ing and control functions. Reflecting this experience, Alco's instrumentation designs
are directed toward the following objectives:

To Maximize:

1. Reliability of signal, component and system types.
2. Stability of operation when influenced by any foreseeable disturbing

factors at all steady-state and transient load demand levels.
3. Convenience of operation and maintenance.
4. Compactness and ease of prefabrication.
5. Functional packaging and modern appearance.
6. Economy, both initially and during operation.
7. Automation, where not in conflict with (1) to (6) above.
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To Minimize:

1. Down time between significant failures, particularly those capable of
causing unscheduled plant shutdowns.

2. Number, variety and storage requirements of spare parts.
3. Number, size and weight requirements of installed instruments, panels,

junction boxes, wireways, etc.
4. Extent of trouble-shooting, testing, aligning, calibrating and repairing

facilities.
5. Number of technically proficient personnel for both operation and main-

tenance.
6. The need for assistance from outside agencies, commercial or military,

during actual operations.
7. Training requirements for both operations and maintenance personnel.

The foregoing objectives have reached the design and specifications stages on exist-
ing Alco jobs and will be incorporated in all future Alco-designed installations.

On existing pressurized-water-reactor plant designs, the instrumentation and con-
trols fall into three principal categories which are summarized below.

Nuclear Instrumentation

The specifications for the nuclear instrumentation to be used in this plant have been
compiled after an extensive survey of the commercially available equipment. These
specifications draw heavily on the experience in design and operation of the APPR-1 and
engineering and design of the APPR-1a. They apply directly to the proposed plant.

Process Instrumentation

In 1957 Alco completed a survey of the entire field of process instruments made by
commercial manufacturers. Alco has selected the modern miniature instruments in-
corporating transistors, magnetic amplifiers and other semiconducting and solid-state
components using electrical circuitry throughout, except for the air loading of some
valves.

Electrical Instrumentation

This instrumentation is mostly conventional, except for miniature electronic in-
struments which replace the large recorders and controllers.

To accomplish the design objectives, Alco has incorporated the following major de-
sign features:

a. A compact control unit in the control room incorporating the analog of
essentially all plant parameters - nuclear, process and electrical. Thus, the entire
plant is capable of operation from this central location.

b. Optimum factory prefabrication and testing of all major control and
wiring units: the control unit of (a) above, all other panels, junction boxes, pull boxes,
vapor-container electrical penetrations, principal wireway assemblies, etc.

c. All units of (b) above are terminated in modern, military-type electri-
cal connectors and are factory pretested as complete channel systems. They are then
disconnected and reconnected as a plug-in operation at the final destination.
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d. The above (b) and (c) clearly lend themselves to maximum surveillance
of design, execution and checkout by the engineers and scientists originally conceiving the
systems, thus assuring maximum quality and compatibility with the outlined objectives.

e. Maintenance is greatly simplified by the maximum use of miniaturiza-
tion and attention to clearances and physical interferences. Sliding control unit drawer
mounting, modular construction of instrument units, card mounted small components,
potted subassemblies, hinged subassemblies, plug-in and "throw-away" components have
been specified to the maximum possible extent.

f. Maintenance requirements are kept to a minimum by the use of mag-
netic amplifiers, solid diodes, transistors, other semi-conduction and solid-state devices
and bi-stable circuitry. Pneumatics are substantially eliminated for signal processing
and transmission in general, are used only in air loading applications such as valves.
Where components of somewhat questionable reliability are necessary (i. e. vacuum tubes,
electro- mechanical relays, pressure switches, sensitive devices, other thermionic, dy-
namic and contacting devices), the specification calls for military and industrial "rug-
gedized" and long-life types, hermetically sealed, etc. In the more critical applications,
parallel, coincidence and backup circuitry is used so that failure of a given component
cannot cause system failure.

4. 0 Basic Assumptions for Design

The bases for the design of the secondary system and for the design of the primary
system structures and services are listed below:

1) Source of service water - - - - - - - - Fresh river water
2) Temperature of water - - - - - - - - - - 800 F max.
3) Condition of water--------------- Mildly contaminated with in-

dustrial waste
4) Supporting soil--------------- --- Gravel
5) Earthquake factor---------------- 0. 2
6) Wind force------------------125 mph
7) Ambient temperatures----------95 0F max, 00F min.
8) Source of potable and Piped into plant from existing

sanitary water--------------- facilities

The secondary system is designed around a standard, conventional turbine-genera-
tor unit of 12, 500 kw gross capability. Water is assumed to be channeled from the river
to the plant area where the unit pump intake structure is located, just inside the secon-
dary system structure. The water to be returned to the river is piped within the struc-
ture to a seal well and is assumed to be channeled back to the river at some point down-
stream of the source.

I-10



B. DESCRIPTION OF PRIMARY SYSTEM EQUIPMENT

1. 0 Core

The core is essentially a right circular cylinder 48 inches in diameter and height. It
is composed of 48 stationary fuel elements and 13 control rod fuel elements. The fuel is
contained in tubes, in the form of cylindrical pellets which are made from high density
sintered uranium dioxide. The fuel elements are 5. 295 inches square by 58-1/4 inches
long and are composed of a rectangular bundle of the stainless-steel tubes supported in end
plates. The fixed fuel element utilizes a 9 x 9 tube array whereas the control-rod element
has an 8 x 8 tube array. Stainless steel was selected because of its low cost and its ex-
cellent corrosion resistance to water at the operating temperature of the reactor.

The core was selected following a parameter survey which optimized the core de-
sign with respect to diameter, loading and enrichment.

1. 1 Nuclear Properties

1. 1. 1 Initial Loading

The uranium content of the core is dictated by many requirements. The core life-
time requirements call for 50 MWYR or one year of operation at full power. To meet the
above requirements the reactor core contains 3806 kilograms of uranium dioxide. The
uranium is enriched to 4% in the U-235 isotope making a net initial loading of 133. 4 kilo-
grams of fissionable U-235.

1. 1. 2 Initial Reactivity

The fuel content of the core gives the reactor an initial cold (68 0 F) reactivity of
17. 6%. This reactivity is the maximum for the core because there are no absorptions by
xenon or other fission products. Also, since water-moderated uranium-fueled thermal
reactors have a negative temperature coefficient, the reactivity decreases with water
temperature rise. Therefore, the above reactivity is the amount which the control rods
must be capable of overcoming, and so serves as the criterion for the selection of the
number and location of the control rods.

1. 1. 3 Reactivity and Lifetime

After the reactor has been operated at power for a short time, equilibrium of the
xenon fission product results in a decrease in reactivity. As more fissions occur, addi-
tional fuel is consumed and other fission products accumulate, further degrading the re-
activity of the core.

1. 1. 4 Plutonium Buildup

A prime factor in selecting a low enrichment core is the desire to obtain conversion
of U-238 to fissionable Pu-239 and thus reduce the initial uranium investment. The effect
of plutonium buildup is divided into two parts; that which increases core life by increasing
Keff and that which increases core life by fissioning of Pu-239 atoms. The energy from
Pu-239 fissions is small compared to the energy from additional U-235 fissions which are
made possible by the added reactivity due to the plutonium.

1. 1. 5 Control Rods

As previously mentioned, the maximum reactivity of 17. 6% occurs at 68F and at
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startup of the reactor. To override this reactivity, thirteen control rods arrayed as
shown in AEL 307 are sufficient. Their calculated worth in reactivity is about 25% at
room temperature.

1. 1. 6 Fuel Burnup

The core lifetime has been determined on the basis of uniform burnup of fissionable
material. The overall life, including the extension from plutonium, is 105 MWYR. This
corresponds to an average burn-up of about 10, 000 megawatt days per metric ton of ini-
tial uranium dioxide loaded.

1. 1. 7 Temperature Coefficient of Reactivity

The gross temperature coefficient has been calculated for the reactor at -2 x 10-4
AK/ F.

1. 2 Thermal Characteristics

The reactor is designed thermally with the maximum pin surface temperature be-
low the saturation temperature and with a conservative heat flux.

The cooling water flows parallel to the pins and traverses the core in two concen-
trically arranged flow passes. The flow is downward through the inner portion of the
core where the heat flux is the highest, and upward through the outer annulus. This two-
pass system permits higher velocities at lower volumetric flow rates. The effective
flow area of each pass is fixed so that the maximum surface temperatures in each pass
are nearly equal.

The required flow rate is a function of the pin heat transfer area, which in turn is
dependent upon the number o pins and the maximum heat flux limit. The required flow
rate is 12000 gpm (4. 72 x 10 lb/hr) for a maximum surface temperature in the first pass
of 6160 F. The maximum heat flux is 2. 6 x 105 Btu/ft2 -hr. based on maximum to aver-
age power distribution of 3. 1.

1. 3 Reactor Control Characteristics

The inherent stability of the pressurized water reactor system is due to the nega-
tive temperature coefficient of the reactor. The calculated temperature coefficient is

-2. 0 x 10-4 A K/ 0 F. The calculated and measured temperature coefficient were in good
agreement for the APPR-1.

The APPR-1 reactor system load response is controlled by temperature coef-
ficient only and has proven to be excellent. As an example, upon a step reduction in load
demand from 10 MW to 1. 5 MW, the reactor reduced to 1. 5 MW immediately with only a
70 psi pressure overswing. The reactor system has demonstrated its ability to meet
rapid increases in load as high as 5 MW/minute. Because of the negative temperature
coefficient, the reactor tends to keep the primary system average temperature constant.
This inherent stability makes an automatic control system unnecessary for this reactor
system to meet any changes in load demand.

1. 4 Table of Reactor Parameters

General

Power output (heat) 49. 2 megawatts
Pressure 2000 psia
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1. 4 Table of Reactor Parameters (Cont'dX
Mean Temperature 5020 F
Coolant, Moderator and Reflector Light Water
Fuel Element Pin Type - UO2 pellets clad with

stainless steel

Structural

Core Diameter (equivalent)
Active Core Height
Total Number of Fuel Elements
Number of Stationary Elements
Number of Control Rod Elements
Fuel Element Array
Fuel Element Cell Dimensions
Fuel Element Length, Active
Number of Pins per Stationary Element
Number of Pins per Control Rod Element
Total Number of Pins
Pin Outside Diameter

UO2 Pellet Diameter
Pin Wall Thickness
Pin Center to Center Spacing
Spacing Between Pins

48 inches
48 inches
61
48
13
9x9
5. 355 x 5. 355
48
81
64
4720
0. 40 inches
0. 356 inches
0. 020 inches
0. 595 inches
0. 595 inches

Thermal and Hydraulic

Flow Rate
Inlet Temperature
Outlet Temperature
Temperature Rise
Mean Temperature
Total Heat Transfer Area
Maximum Heat Flux
Number of Flow Passes
First Pass
Second pass
Maximum Surface Temperature
Maximum Water Velocity

12, 000 gpm
4870F
517 0F
3Q0 F
5020 F
1978 ft. 2
2. 6 x 105 BTU/hr-ft 2

2
Center 29 elements
Outer 32 elements
616 0 F
6. 9 ft/sec

Nuclear

Initial Uranium Loading
Enrichment
Initial U 2 3 5 Loading
Initial U02

Initial Conversion Ratio
Average Thermal Neutron Flux - Initial

Maximum Excess Reactivity
Temperature Coefficient
Core Exposure

Lifetime in MW Yrs
% Burnup U2 3 5
Total Pu Present at End of Life(Approx.)

3335 Kg
4.0%
133. 4 Kg
3806 Kg
0.27
1. 4 x 1013
Neutron/cm 2 - sec.
17. 6%
-2 x 10-4 A K/0 F
Burnout to 10, 000
MWD/Metric ton of U0 2
104. 9 MW Yrs.
39%
8. 4 Kg
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1. 4 Table of Reactor Parameters (Cont'd)

Total U 2 35 Present at End of Life 80. 9 Kg

U 2 3 5 Enrichment at End of Life 2. 47%

Control

Rod Worth - % Reactivity, 13 Rods 18-20%
Rod Worth - Center Line Rod 2. 6%
Rod Worth - Eccentric Rod 1.3 - 1. 5%
Rod Rate of Withdrawal (Approx.) 3. 6 inches/min.
Maximum Rate of Reactivity Addition

With 13 Rods 0. 10%/sec
Maximum Rate of Reactivity Addition

With Center Line Rod 0. 005%/sec
Maximum Rate of Reactivity Addition

With an Eccentric Rod 0. 003%/sec

1. 5 Critical Experiments

A critical experimental final verification of the reactor core design will be obtained
in a critical experiment. This experiment provides experimental verification of the nu-
clear calculations of initial reactivity and control rod worth. Because of the long experi-
ence with heterogeneous light water reactor systems, it is possible to carry mechanical
design to advanced stages before performing the final critical experiment.

Included in the critical experiment program will be checks on such items as power
distribution, temperature coefficient, and rod worth. Flexibility is provided in mechani-
cal design to permit changes to correct for deviations between calculations and experi-
ments without modification of the basic core designs.

Alco has a complete privately owned criticality facility available to perform these
experiments, which will assure the customer of a completely tested core prior to de-
livery.

1. 6 Zero Power Experiments

The zero power experiments are carried out at the criticality facility with the
actual core fuel elements as a final check on the reactor characteristics. This experi-
ment can be done at the plant site if necessary. However, it is generally considered de-
sirable to perform these fuel checks at the fabricator's plant.

2. 0 Reactor Vessel

The reactor vessel contains the active core, its supporting structure, and the ther-
mal shielding and is shown in drawings AEL 307 and AEL 312. It consists basically of a
cylindrical vessel 65-1/2 inches I. D. with a 40 inch I. D. extension, approximately 10
feet long on the bottom. The lower part of the structure houses the control rod racks and
their associated pinions and support structures. Wall thickness is 4-3/4 inches for the
main shell and 3 inches for the lower section. The upper end of the vessel is closed by a
bolted and gasketed dished cover 10-1/8 inches thick. Total height including cover is
approximately 22' 6". The opening at the upper end of the vessel permits insertion and
removal of the fully-assembled entire core structure. Basic material of construction is
A-212 carbon steel plate clad with a minimum of 1/8 inch type 304 stainless steel. Pri-
mary water enters and leaves the vessel through two nozzles located near the top of the
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large cylindrical section. Thirteen penetrations are grouped in the smaller diameter
cylindrical section to permit connection of the control rod drives.

The basic design of this vessel follows very closely the APPR-1 reactor vessel
which was developed through an intensive study of the following criteria:

Safe containment of high temperature, high pressure water.

Adequate insulation to keep heat losses to the surrounding environs to a practical
minimum.

Proper flow distribution through the vessel.

Adequate internal shielding to protect vessel walls from excessive thermal stress-
es due to internal gamma heating and irradiation damage.

Proper support to allow for thermal expansion of the vessel relative to surrounding
attachments.

Accurate location of core and control mechanism mountings.

Vessel openings properly located for easy maintenance and the sealing of these
openings during operation.

These studies showed that a rack and pinion control rod drive mechanism located
at the bottom of the vessel provided a means of changing fuel and absorber elements with-
out the necessity of disturbing the drives in any way. The reactor cover is a simple
dished head held in place by studs and nuts. A soft stainless steel octagonal shaped gas-
ket is provided for closure. The closure studs are subjected to nominal stresses well
within code requirements. They are prestressed in service to assure a good gasket seal.
Tests were made on gasket and groove sections to check the design and materials used on
APPR-1. Full scale models were built and tested to establish tightening procedures and
wrench loads. This design has given excellent performance in operation at APPR-1 Fort
Belvoir with no measurable leakage.

An extension of smaller diameter at the lower section of the vessel is necessary to
accomodate the control rod racks. Individual tubes penetrate this lower section at right
angles. A mounting flange ties the ends of the tubes together. The seals and drive mech-
anisms are bolted to this flange.

The core support mounting structure is bolted with proper provision for differential
expansion to the upper vessel flange. The control rod drives mounting flange and bores
are machined in accurate relation to a machined bore in this structure.

The inner thermal shield protects the vessel wall from excessive induced thermal
stress due to gamma radiation.

The vessel is supported on the underside of the upper bolting flange. A water box
and sufficient steel are provided around the drive penetrations to protect the rod drive
mechanisms from both neutron activation and gamma radiation.

Integrally reinforced nozzles are used for the water inlet and outlet.

The function of the core support structure involves the following:
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A means of locating and orienting the fixed fuel elements of the reactor core to
maintain the desired nuclear pattern and provide the proper coolant flow passages for
heat removal.

A means of holding the fixed fuel elements firmly in position, still providing for
differential thermal expansions which may exist.

Enclosing of the core in such a manner to properly direct the primary coolant flow
through it.

Provision for accurate guiding of the control rods.

Means for damping control rods at end of scram.

Provisions for removal and replacement of fuel elements with minimum effort.

Because of the difficulty involved in machining a large number of accurate bores in
large vessels and holding accurate dimensions between these bores, it is desirable to
make the pinion bearing supports for the control rod drive mechanism as an integral part
of core support structure. By using this approach the only accurate machining necessary
in the pressure vessel is a large bore to which the core support structure is bolted, and
individual bores in the drive mounting flanges at right angles to the centerline of the core
support bore which accommodate the control rod drives.

The core support structure consists of a mounting flange, flow divider plate, upper
and lower grid plates, two skirts connecting them to guide the flow through the core, a
pinion support carrier and thirteen pinion bearing supports. The upper grid plate is
made up of four hinged doors which locate and hold down the fixed fuel elements, and also
provide an upper guide for the control rods. Because of the difficulty encountered in re-
moving a single grid plate while working from the top of the shield tank, it is desirable
from the maintenance standpoint to hinge these doors. The doors are held down by nuts
which are captive on their studs so that they have only to be loosened and backed off
against a stop to swing back the doors. It is impossible to completely remove these nuts
so that there is no possibility of their being accidently dropped at fuel change time. The
doors swing back on cams, and in the upright position drop into a locking slot. Handles
are provided on each door to permit easy opening and closing. Each door is individually
doweled to the mounting flange at initial assembly to provide proper clearance for the
upper control rod guide openings.

The fixed fuel element openings are accurately machined in these doors and upon
closing, the doors hold them accurately and securely in place. The upper mounting
flange, lower grid plate, and pinion support carrier are fastened together by four tie rods,
one in each corner of the core. Accurate positioning of one relative to the other is ac-
complished by the use of tubular spacers between them. The skirt, which encloses the
entire core, and the inner flow baffle are sandwiched in milled slots in the upper grid
plate, the flow divider plate and the lower grid plate. The skirt is reinforced by vertical
stiffeners which are connected to the inner flow baffle. The pinion bearing support car-
rier is made up of two shielding plates which are fastened together by welded gussets.
Bolted to this are the individual pinion bearing supports. The upper part of these sup-
ports provides a dash-pot cylinder into which the dash-pot piston falls at the end of scram,
and provides a decelerating means for the control rods. The rack rollers are supported
by pins in the lower yokes of these supports.

This complete assembly is made up in the shop and lowered through the upper ves-
sel opening and bolted in place requiring no additional adjustments after it has been set
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in the reactor vessel. Welding in this structure is minimized to assure maximum dimen-
sional stability without the necessity of stress relieving a large and complex structure.

3. 0 Control Rod Drives

The control rod drives are patterned after those which Alco designed and built for
the APPR-1 and differ principally in size.

From the inception of the APPR-1 project, Alco has been actively engaged in the
design, development and manufacture of control rod drive mechanisms. These mechan-
isms, of the rack and pinion mechanical seal type, have proven extremely reliable under
thousands of hours of experimental testing and actual reactor service. Seven prototype
drives were built and rigorously tested for approximately eighteen months before the
final configuration, materials and operating data for the APPR-1 drives were established.
A prototype drive was designed and built for ALPR and extensively tested at ANL. Ten
production drives for the ALPR have been fabricated by Alco and have been delivered to
ANL. A back-up drive was designed and built for the EBWR and tested at Argonne. A
complete set of mechanisms was designed and built for the Alco criticality facility and is
now in service. The APPR-1 drives have performed extremely well since operation of
the plant began. In all this testing and actual operation, there has never been an instance
of rod sticking or failure to scram when the signal was received. In APPR-1 operation,
seal leakage has remained essentially constant, position indication is excellent and scram
times have stayed constant. Visicorder recordings of scram times on all rods are taken
at Fort Belvoir at approximately 2-month intervals and have shown no sign of drive mal-
function to date.

The thirteen control rod drives are located at the bottom of the reactor vessel.
Each control rod is operated by a pinion, meshing with a rack attached to the control rod.
The pinion is straddle-mounted in ball bearings supported by the core structure.

A shaft, spline-coupled to the pinion, extends to an end support ball-bearing slidably-
mounted in a flanged housing. A colar is provided on this shaft to permit removal of the
pinion and pinion bearings, if necessary. The flanged bearing housing is attached to the
pressure vessel control rod drive mounting flange by seven capscrews. The seal used be-
tween flanges is the spiral-wound metallic, asbestos-filled type. The bearing housing ex-
tends into the vessel to form a seat for a spherical valve that is integral with the pinion
drive shaft.

A slight withdrawal of the pinion drive shaft seats the valve, and by retaining the
primary water in the pressure vessel, permits servicing or removal of the control rod
drive components and seal without loss of the pressurized primary water.

To minimize leakage of primary water when drive is operating, a stepdown pressure
seal is used at the penetration of the pressure vessel. This seal consists of a seal body,
counterbored to locate diaphragms, a lantern ring, and gland. Seal rings are retained in
the diaphragms which, with the lantern ring, are kept in endwise compression by the gland.
The shaft has a close fit in the seal rings and passes through the body.

The seal assembly is attached to the drive-shaft bearing supporting flange and
pressure vessel by 7 capscrews, with the seal shaft splines engaging the pinion drive
shaft splines. High-pressure cool water from the purification system is introduced to the
pressure vessel end of the seal, so that any leakage that does occur is largely confined to
pure uncontaminated water. This water is drained from the lantern ring and returned to
the purification system.

A clutch housing support with a ball bearing located co-axially with a pilot bore is

I-17



attached by 4 capscrews to the seal housing. The ball bearing provides both axial support
and resistance to thrust of the seal shaft, by means of a locating nut. When screwed into
position, the nut moves the seal shaft and pinion drive shaft so that the spherical valve is
lifted from its seat to permit free rotation of the shafts.

An instrument bracket attached to the water seal housing, and a threaded shaft, ball
bearing-mounted on the bracket, is suitably geared to the seal shaft. Rotation of the
threaded shaft, through a traverse nut, operates switches to limit control rod travel.

The instrument bracket also supports synchro transmitters; one driven from each
end of the threaded shaft. One synchro is geared to determine coarse rod position, and
the other synchro is geared to determine fine rod position.

A clutch housing supports the field of an electric clutch and ball bearings for the
armature drive shaft.

The clutch housing and the housing support engage the splined ends of the seal shaft
and the rotor shaft by means of a splined coupling. This provides through-connection to
the control rod rack drive pinion.

An electric motor with integral reduction gear is mounted separately and coupled to
the armature shaft of the electric clutch through a universal jointed shaft. This arrange-
ment provides the power to operate the control rod when the clutch is energized.

If a scram is initiated, the magnetic clutch is de-energized and the control rods
drop by the force of gravity. In the highly unlikely event of a sticking control rod, an
overrunning clutch on each drive ensures full insertion of all rods.

The drive materials have been selected and tested to give long operating life from
the corrosion, strength, and wear standpoints.

All components are grouped into completely interchangeable subassemblies to mini-
mize maintenance time and stocking of spare parts. Quick disconnect couplings are pro-
vided for all electrical connections.

The control rod drive unit on this plant is essentially the Alco designed APPR-1
drive modified to handle the heavier control rod assemblies and longer rod travel. Com-
ponents have been redesigned to operate at the same unit loadings and stresses as APPR-1.

The control rod drive mechanism is shown in Dwg. AEL 317.

4. 0 Steam Generator

The steam generator is a vertical "U" bend design. Operating experience has
shown the capacity, steam quality, and maintenance to be very satisfactory.

The general design features which favor this design over the horizontal type are
reduced water volume, decreased surface requirements, decreased weight due to reduc-
ed size, and elimination of differential stress problems.

Other advantages are smaller diameter and volume for vapor containment, and
lower cost. In addition, the decrease in system volume reduces the time response lag
for changes in load demand. Cost of a vertical unit is considerably less than that of a
horizontal unit for the same conditions. The vertical design takes full advantage of the
high head room available in the vapor container and occupies a minimum of floor space.
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A sketch of the steam generator is shown in Figure 1.

The pressure difference between the tube side and the shell side is 1600 psi and
leakage of primary coolant to the secondary system must be minimized. The use of U-
bends for the primary coolant tubes permits completely free thermal expansion of the
tubes and eliminates the sealing problems associated with floating tube sheet designs.

Automatic control of the shell side water level is provided. A steam separator in
the top of the steam generator removes any water carry over so that essentially dry
saturated steam is delivered to the throttle valve.

5. 0 Pressurizer

The pressurizer shown in Dwg. AES 181 is a pressure regulating device in the pri-
mary coolant system which limits the range of pressure surges due to variations in plant
load. Sufficient steam volume is provided in the pressurizer to insure that positive pres-
sure swings, due to sudden loss of steam generator load, do not exceed the design pres-
sure of 2200 psia. The pressurizer also contains sufficient water to limit the negative
pressure swing satisfactorily and prevent lowering the water level below the top of the
electrical heaters as a result of the reduced water volume of the total primary system.

The steam volume in the pressurizer limits the maximum pressure surge, due to
an instantaneous change from full-load to no-load conditions, to 150 psi (2000 to 2150
psia). The water volume above the heaters is sufficient to keep the pressurizer heaters
covered during the most severe no-load to full-load swing when the system water specific
volume is reduced. The total volume of water in the pressurizer is sufficient to limit the
downward pressure swing to 70 psi.

The pressurizer heaters are used to restore system pressure automatically to cor-
rect operating value of 2000 psia in the event of a sudden heavy load at the steam genera-
tor and the resultant drop of the primary coolant pressure level. These heaters are de-
signed to meet their peak load of 100 0F/hr temperature rise in the pressurizer during
startup.

The design of the pressurizer for these reactor systems has been proven by more
than one year of maintenance free operation.

The sizing of the pressurizer was done by simulator studies to determine the vol-
ume and pressure changes in the system with variations in generating load requirements.

Sufficient spare elements are supplied to insure continued power generation without
plant shutdown. When all the spares are used, the bundle is replaced as in conventional
heat exchanger service.

6. 0 Primary Coolant Circulating Pump

The primary circulating pump selected for this reactor system is a hermetically
sealed type commercially known as a "canned motor" pump.

This pump is of rugged construction, produces zero leakage, and has low mainten-
ance requirements. These features have been proven by units which have been in opera-
tion for several years. Alco has three such pumps which have been in maintenance free
operation for a year or more. Two such units are presently operating in the APPR-1 at
ERDL Fort Belvoir, Virginia under cyclic training periods for more than one year with
no maintenance. A sketch of a typical canned motor pump is shown in Figure 2.
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The capability of these pumps for zero leakage and little maintenance has justified
their high cost. Operating experience on pressurized water reactor systems has indicat-
ed that the use of mechanical seal pumps, which are presently under development and
test, may greatly reduce the cost of circulating pumps with only negligible leakage from
the system. Further testing of this type pump will establish whether the leakage is with-
in allowable amounts and whether maintenance requirements are acceptable.

At the rated head and capacity of 55 ft. and 12000 GPM, the power input require-
ment of the pump is about 150 KW.

7. 0 Primary Instrumentation

7. 1 General Description

Instruments and controls are provided for the complete nuclear powered steam
source. They include instruments, controls and safety devices for the reactor, the pri-
mary coolant system, the boiler feedwater system, and the radiation monitoring system.
The instruments and controls are designed to provide safe, convenient, economical and
reliable operation of the plant. Where practical, prefabricated units are used to lower
the installed cost of the equipment. The physical size of the units is small to minimize
initial costs, space requirements, weight, and transportation costs and to afford conven-
ience of operation. The central location of equipment and the use of maintenance aids
keep maintenance costs to a minimum.

Reference to the primary system layout and flow diagrams in Part III will show that
no provision for primary coolant flow measurement is included. Although successful
operation as a nuclear electrical power generating plant does not depend on the measure-
ment of primary coolant flow, research, training, or process steam applications may
make the installation of a flow meter desirable. A venturi type flow meter can easily be
included in the 16" piping close to the steam generator inlet nozzle and is offered as an
option to the customer. The pressure drop calculations include a 1/2 foot head loss al-
lowance for such a flow tube.

7. 2 Nuclear Instrumentation

The nuclear instrumentation is composed of several channels, each having inde-
pendent equipment and interconnection with other channels through required interlocks
for safe operation. (See Section 7. 10). Several parallel channels with overlapping rang-
es are required to cover the reactor range from start-up to full power. No single instru-
ment presently available is capable of such operation. The detectors all measure neutron
flux, which is proportional to reactor power. These channels and their functions are de-
scribed below:

7. 2. 1 Start-up Channels

The start-up channels consist of two parallel and some what similar channels. One
channel uses a BF3 counter and the other a fission counter for neutron detection. Pulses
from both counters are transmitted to the control room where the pulse amplifying and
processing equipment is located. The amplified pulses are passed to a pulse integrating
circuit which forms a current proportional to the pulse rate and neutron flux. This pro-
portional signal is delivered to a network where its logarithmic signal is amplified and
recorded. The pulse circuit output is capable of driving a scaler. The BF3 counter chan-
nel consists only of this group of equipment. The fission counter channel has an additional
circuit which determines the period of the reactor and provides protection against danger-
ously fast periods. Both channels have adjustable trip points whose function is described
in Section 7. 10.
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7. 2. 2 Operating Channels

The operating channels consist of a log N and period channel and a linear power
channel. The functions of these channels are to indicate and record the power level in the
range between the upper limit of the start-up channels and the lower limit of the safety
level channels. There is a considerable overlapping of these ranges.

The log N and period channel uses a compensated ionization chamber as a detector.
This is a neutron detecting ionization chamber which has internal compensation for gamma
radiation. Compensation is necessary because the channel must occasionally operate
under conditions in which the gamma flux is high and the neutron flux is relatively low.
The net chamber current is proportional to neutron flux, and therefore to the reactor
power level. The current from the chamber is transmitted to the control room where it
is converted to a voltage drop, amplified, recorded, and used to control safety trips as
described in Section 7. 10. The voltage is also differentiated in an RC circuit to provide
signal which is the reciprocal of the reactor period. This signal is recorded, in period
units of seconds, and actuates two trips. The circuit is very stable and reliable.

The linear power channel is basically a highly sensitive and accurate micro-micro
ammeter with range changing. The current output of a compensated ionization chamber is
read, amplified, and recorded at the console. This channel has no control function, but
simply indicates and records.

7. 2. 3 Safety Channels

The safety level channels consist of three parallel detectors feeding a trip circuit
which controls the magnetic clutches. The trip circuit also serves as an accumulation
point for all other reactor shutdown circuits in the whole control system. Each of the
three parallel inputs has a simple neutron sensitive ionization chamber as its detecting
element. Each chamber output is individually amplified and recorded on the console. The
amplified signal is fed to a trip circuit which trips each circuit individually when reactor
power exceeds a predetermined level.

Each individual safety channel is designed to fail safe. To increase plant reliability,
a three channel coincidence circuit is used for automatic reactor shutdown control. The
coincidence circuit requires that two of the three trip circuits must trip to cut off current
to the control rod clutches. If a legitimate high power level exists, all channels will trip
and the control rods will drop. Instrument failure in one channel would leave a circuit
which has two active inputs. A legitimate level rise or a second failure will shut down the
reactor. The probability of a second failure in the interval of time required to repair the
first instrument, however, is quite remote. Therefore, no plant safety is sacrificed but
plant reliability has been greatly increased.

7. 3 Rod Instrumentation and Control

Control rod positions are indicated and regulated at the control console. The rods
must be regulated to allow for burnout and poisoning, and their positions must be ac-
curately known to determine schedules for refueling. Control must be easy and positive,
and the system must be completely safe.

Rod position indication is provided by synchro units with their transmitters located
on the rod drive instrument pad and their receiving indicators mounted on the control
panel. Each rod is associated with two such synchro transmitters, geared to give both
coarse and fine position indication. For full travel, the course indicator makes one rev-
olution and the fine indicator makes ten. Indication is presented on an instrument with

1-26



concentric dials on which rod position can be read to one part in one thousand. Limit
switches are used to indicate the extremes of rod travel and to limit the powered rod mo-
tion. Both functions are provided by a single switch for each limit.

The thirteen rods are controlled from the console. Each rod has its own lever con-
trol switch, and a gang control switch allows all rods to be moved simultaneously. The
switching circuit is simple, and there are no relays used except for the motor controllers.
Each rod has upper and lower limit switches, as mentioned above, plus two additional in-
terlocks to prevent upward rod motion when this would be unsafe. If there should be too
low a counting rate in the startup channels, rods can not be withdrawn. This protects
against startup with insufficient information about the core. The other interlock provides
protection against adding reactivity when the reactor is on too fast a period, and both
period channels provide this protection by preventing rod withdrawal. Directional motion
is secured by using a three phase induction motor with a reversing type motor controller.
The circuitry is so arranged that the "down" direction overrides the "up", should they be
simultaneously energized through some system fault.

The rods are released for fast shut-down by disconnecting them from their drive
motors. This is accomplished by de-energizing a magnetic clutch, permitting the rods
to fall by gravity. The clutches are powered and controlled by the output of the safety
channel previously described. In the event that reactor shutdown is required, current to
all clutches is cut off. In addition, each clutch current is independently adjustable for
initial setting. The output from the safety channels has secondary-functions at the time of
a scram. One function is the annunciation of the cause of scram and the other is the auto-
matic energizing of each rod drive motor in the "down" direction unless it has acutated its
lower limit switch. This motor effort is carried past the normal magnetic clutch by an
overrunning clutch in the very unlikely event that a rod should stick. As soon as the rod
is freed however, it will continue to fall, and the limit switch will stop the motor.

7. 4 Primary Coolant Instrumentation and Control

Parameters detected, recorded and controlled in the primary coolant system are
temperature, pressure and flow. The recorders and controls for these functions are
mounted in the control console which is discussed in section 7. 7. All necessary detectors,
signal transmission lines and auxiliary equipment are furnished.

7. 4. 1 Flows and Levels

Primary coolant circulating and blowdown flow rates are monitored on the control
console to enable reactor power measurement and to check the condition of the system.
Pump controls for primary make up, primary fill, and seal leakage are provided on the
console. The control of the blowdown valve, which is used to rid the system of chemical-
ly or nuclearly contaminated water, is also included in the console. Pressurizer level is
automatically controlled by the primary coolant makeup pumps through a level controller.
Maintaining the proper level in the steam generator is the primary function of the three-
element feedwater control discussed in 7. 5.

7. 4. 2 Pressures

Primary coolant pressure is controlled by use of 10 immersion heaters to maintain
steam in the pressurizer. Two methods of control are used:

1. Manual - Any or all heaters may be operated manually to increase the pres-
sure. This control overrides all others.
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2. Automatic - Any large reduction in primary system pressure resulting from
an extreme load transient is automatically counteracted through a recorder-controller
mounted in the console. The number of heaters used in this control is preselected by the
operator. Selection of the type of control as well as the number of heaters to be used is
done by the operator at the console. Moderate negative pressure swings are compensat-
ed for by the pressurizer without use of the heaters as explained in section B - 5. 0.

The following pressures are recorded:

1. Vapor Container
2. Primary Coolant
3. Primary Coolant Blowdown
4. Main Steam

Primary coolant, main steam, and vapor container pressures are monitored for
alarm and all but the latter can also initiate a scram. The vapor container high pres-
sure trips the seal-off valves in lines carrying fluids out of the vapor container. To im-
prove system reliability, at no sacrifice to safety, pressure scram circuits utilize two-
out-of-three coincidence circuitry similar to that described for the safety channels.

7. 4. 3 Temperatures

Reactor inlet, outlet, and differential temperature are sensed by accurate platinum
resistance bulb detectors. The reactor outlet temperature is also sensed by a thermo-
couple for high system temperature scram control. A thermocouple is used for this pur-
pose because of its rapid response to temperature transients. All other temperatures
measured in the plant use the thermocouples as detectors, and are recorded at the con-
sole on a multi-point recorder.

All detectors are installed in duplicate complete with leads to the console. This
feature increases plant reliability by permitting change of detectors without interrupting
plant operation.

7. 5 Feedwater Instrumentation and Control

Steam generator water level is controlled by regulating feed water flow rate with a
completely integrated three-element feed water control system. Feed water can be con-
trolled automatically or manually.

7. 6 Annunciator

The main function of the annunciator is to make the operator aware of any abnormal
condition in the system so that action may be taken before it becomes necessary to shut
down.

When the abnormal condition is corrected, annunciation so informs the operator.
The annunciator controls, relay switches, and lights are located at the control console
described below.

7. 7 Control Console

All indicators, recorders, and controlling devices are mounted on a prefabricated
control console. Prefabrication greatly reduces costs and the possibility of operator
error. The operator sits in the center of the "U" shaped console, and within his reach
are all of the major plant controls. This feature, in conjunction with the inherent stability

I-28



of the system, provides the highest degree of safety and ease of operation. A typical con-
trol console layout is shown in Fig. 3.

7. 8 Radiation Monitoring Instrumentation

The radiation monitoring system consists of an area and operations system and an
effluent monitoring system.

7. 8. 1 Area and Operational Monitoring System

This instrumentation consists of a ten channel radiation monitor to indicate, re-
cord, annunciate and automatically control equipment when radiation levels become po-
tentially hazardous.

The system consists of a complete power supply, ten plug-in detection station units
and a ten point recorder. Five station units indicate, alarm, and record the radiation
level at remote work areas, three units indicate, alarm and record the radioactivity in
the water purification system and two are available for use in the steam system. All
station units are indicating meter relay types with manual reset and can be remotely cali-
brated.

The location and function of the units are tabulated below:

Location Alarm Function

Laboratory Area
Vapor Container Entrance Area
Vapor Container Interior Area
Spent Fuel Pit Area
Auxiliary Equipment Area

Demineralizer Influent
Demineralizer Effluent }
Primary Blowdown Cooling Water

All units signal control panel as
"High Area Radiation Alarm"
when preset limits are exceeded.

Signal control panel on excessive
activity increase.

Signal control panel of activity in
cooling water.

Special requirements for area monitors are:

Location Range Sensitivity

Laboratory
Vapor Container Entrance
Vapor Container Interior
Spent Fuel Pit
Auxiliary Equipment

0. 01 -10 mr/hr
0. 01-10 mr/hr
1. 0-1000 R/hr
0. 01-10 mr/hr
0. 01-10 mr/hr

Operational monitors have stainless steel mounting flanges so that they may be
mounted directly in flowing water streams. These monitors must withstand line pres-
sures of 200 psig and temperatures up to 150 degrees F.
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Special requirements for operational monitors are:

Location Range Sensitivity

Demineralizer Influent 0. 1-100 R/hr Gamma
Demineralizer Effluent 0. 1-100 mr/hr Gamma
Primary Blowdown Cooling Water 0.01-10 mr/hr Gamma

7. 8. 2 Effluent Monitoring Systems

These systems provide indication and recording of radioactivity levels in plant ef-
fluent before discharge. Potentially hazardous radioactivity levels are annunciated to in-
dicate the necessity for corrective action.

The continuous stack monitoring system consists of a Geiger-Mueller tube sur-
rounded by an absolute filter. A blower maintains a continuous sampling flow rate
through the filter. The G-M tube detects any particulate air-born radioactivity or any
radioactive gasses within the shield. A count rate meter actuates a warning alarm at
2000 c/m and a high level alarm at 10, 000 c/m.

A continuous liquid effluent sampling system is monitored by a Na I gamma scintil-
lation crystal. The activity is read, recorded and annunciated when preset levels are
exceeded.

7. 9 Chemical Monitoring

Adequate instrumentation is included in the design to maintain proper control of the
primary coolant purity with a minimum demand on operating personnel. To determine
operating performance of the demineralizers, conductivity measurements on the influent
and effluent streams are continuously recorded on the operating console. This enables
the operator to determine whether either of the demineralizers is approaching exhaustion.
Similar instrumentation is used in conjunction with the sampling system and locally re-
cording or indicating instruments are used to:

a) Regulate and control purification rate.
b) Determine radioactivity in the primary coolant.
c) Insure proper operation of the hydrogen addition system.
d) Determine dissolved oxygen concentration in the water systems.
e) Determine operating performance of the filter.

In general, the chemical monitoring instrumentation selected is standard equip-
ment found in any modern utility plant. Actual operating experience with this equipment
in pressurized water reactor systems such as the APPR-1 has shown that it will auto-
matically measure and/or control the various chemical parameters with reliability and
accuracy.

7. 10 Safety and Interlock Features

Safe plant operation depends on control of the following system parameters:

1. Reactor power and period
2. Primary system pressure
3. Primary system temperatures
4. Primary coolant flow
5. Main steam pressure
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If safe operating ranges are exceeded for any of the above parameters, an alarm is
sounded to indicate the necessity for corrective action. If any parameter is allowed to
reach the design level, the reactor is automatically shut down.

Interlock features are incorporated in the design to restrict improper plant opera-
tion and protect plant components.

The interlock functions are:

Low count rate in startup neutron counting channels will not permit control rod
withdrawal.

A preset fast period level will not permit further control rod withdrawal.

If cooling water flow to the primary coolant pump motor cooling coils is too low, the
primary coolant pump cannot be started.

8. 0 Shielding

8. 1 Shielding Design Principles

The design objective of the primary and secondary shielding is to limit the radiation
dose directly outside of the vapor container to acceptable levels.

The primary shield has two functions. During normal operation, radiation from the
reactor vessel is reduced to levels equal to or below those of other primary system com-
ponents. During refueling and maintenance operations, the primary shield reduces rad-
iation levels to acceptable working limits within the vapor container.

During normal plant operation, the secondary shield reduces radiation levels in all
areas outside the vapor container to the design objective of 300 mr/40 hr week. In the
event of a major system rupture, the secondary shield reduces the radiation to an ac-
ceptable emergency level to allow time for emergency procedures and plant evacuation.

8. 2 Primary and Secondary Shielding

The primary shielding consists of two concentric steel cylinders and one
inch and two inches thick respectively, surrounding the reactor pressure vessel, backed
by three and one-quarter feet of concrete. Shield water occupies the 12 inch annular pas-
sage between the steel cylinders to reduce the neutron velocities before they enter the
concrete. Cooling coils in the shield water carry off the heat energy produced by the neu-
tron velocity attenuation and by gamma attenuation in the concrete.

The design radiation level at the surface of the primary shield during plant shut-
down for refueling and maintenance is 5 mr/hr.

During normal operations, areas occupied by personnel are at ground level and in
the upper floors of adjacent buildings. These areas are protected from unsafe radiation
levels by the secondary shielding which consists of the vapor container steel shell backed
by 4-1/2 feet of concrete.

The design radiation level at the outside surface of the vapor container is 7. 5 mr/hr
or 300 mr for a 40 hour week. Receipt of this dose rate would require that operating per-
sonnel be working continuously at vapor container surface areas. Presence of personnel
continuously at such points is not contemplated. The dose received by personnel in the
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power plant building is correspondingly lower due to the added attenuation of distance and
the shielding afforded by the building itself.

Shielding of the upper portions of the vapor container is provided by 2 feet of con-
crete to reduce radiation to acceptable emergency levels in the unlikely event of a major
system rupture.

The maximum dose rate in working areas as a result of system rupture will be 1
R/hr. If 20 minutes are necessary for completion of emergency operations and evacua-
tion, an exposure of 330 mr would be received. This is only slightly greater than 1 weeks
permissible exposure.

To achieve the minimum vapor container radius, the primary and secondary shields
meet at the point on the vapor container which is most distant from the power plant build-
ing, thus reducing the primary shielding by one and one-half feet at this point as may be
seen in DWG. AEL 378.

9. 0 Refueling System

The refueling procedure is a combination of the following steps; removal and stor-
age of the shield tank cover, removal and storage of the spent fuel plug, removal and
storage of the vessel cover and nuts, removal and storage of control rod caps, operation
of core cover doors, removal and transfering of fuel elements and absorbers to the spent
fuel pit.

The shield tank cover can be loosened and tightened with ordinary hand wrenches or
a power wrench. The cover can be lifted with the overhead crane and transferred to a
tilting storage rack located on the outside rail of the working area.

The integrity of the vapor container is maintained thru the spent fuel tube with a
special seal. Two end pieces with a rubber member between them are drawn together to
expand the rubber against the wall of the tube and form a double seal. A special, long
handle wrench is provided to install, remove and store this seal. The seal is stored in a
rack within the shield tank during refueling.

The final tightening and initial loosening of the vessel cover nuts is done with a hy-
draulic stud stretcher which is operated from the working platform. In the case of tight-
ening, a nut is loosely applied to the long stud. The stud stretcher is applied to the stud
and hydraulic pressure applied to elongate the stud to the desired length. The nut is then
spun in place (finger tight) and the hydraulic pressure relaxed, thus giving the desired
tension in the stud. Because of a more direct relationship between the hydraulic pres-
sure and elongation of the stud, more even pressure of the cover will result from this
method than trying to torque read the nuts. The reverse procedure is used to loosen the
nuts.

The vessel nuts are stored on dummy studs along the wall of the shield tank with a
special socket type tool which permits the operator to rotate the nut and lift it free of the
stud. A universal joint between the socket and the long handle prevents the operator
from putting high bending moments on the threads.

Four jack screws are provided on the cover so the cover and gasket can be broken
apart after loosening the cover nuts. A socket wrench, with the same long handle used
for nut storage, is used to operate the jack screws.

A three-legged sling, with one variable length leg, is hooked between the overhead
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crane and the cover. The variable leg has a "tugit" hoist in it, which permits shortening
or lengthening the leg as required. The removal procedure is to lift the cover straight up
until it is clear of-the vessel studs. Then the variable leg is shortened until the cover is
very nearly vertical. The cover is then set into the rack on the side of the shield tank and
the sling is secured to the side of the tank.

Next the control rod caps can be removed. The tool fits over the cap and snaps into
place. A slight downward pressure and counterclockwise rotation of 450 unlocks the cap.
The cap is then lifted and set into a dummy rack at the side of the shield tank. The cap
cannot be released from the tool unless it is locked and it cannot be locked in place unless
the fuel element and absorber are properly oriented in the control rod.

The same handle and universal joint is affixed to a socket wrench that fits the core
cover door hold-down nuts and is used to back off the nuts to their stops.

This tool is guided by an extension of the tie rods so that no side load can be ap-
plied to the threads. A simple hook tool is then used to lift the doors until they are locked
open by the cam on the door hinge. To close the door, the hook tool is inserted into the
eye and lifted vertically to clear the cam lock, then rotated to the horizontal about the
hinge pin.

The stationary elements are removed first. This leaves the absorbers in the core
to prevent any release of nuclear energy. The tool used to transfer the fuel elements is a
standard hoist with a special head in place of the usual hook. The head is lowered to the
core and guided over the element to be removed. The positive locking head is snapped
onto the end piece of the element. (See Dwg. AEL 315). The element is then lifted ver-
tically to clear the top of the reactor vessel, inserted in the spent fuel tube, and lowered
down the tube into a hopper at the bottom of the spent fuel pit. A bumper in the bottom of
the hopper tells the operator that the element is properly in place. The tool is released,
withdrawn and the procedure repeated.

The same type of tool is used for the absorbers and control rod fuel elements ex-
cept that the head is a hook (with a safety catch). The same procedure is followed to re-
move an absorber or fuel element.

The spent fuel pit hopper is parallel to and in line with the transfer tube so that the
element will slide into it. After the inside operator has withdrawn his tool, the pit oper-
ator with a hook tool pivots the hopper to a vertical position. A pin in the base of the
hopper permits this limited rotation. The operator then inserts the proper tool into the
element and lifts it vertically to clear the hopper and moves the element to the storage
rack. The tools used in the spent fuel pit are identical to those used inside the vapor con-
tainer. Thus, a spare is available at all times.

Another necessary tool for the refueling operation is the retrieving tool. Persons
entering the vapor container must remove all loose articles from their pockets, but small
articles may still find their way into the tank. A clam shell type tool is used to retrieve
these miscellaneous articles.

10. 0 Purification and Make-up Systems

In conventional power and utility plants, the purity of the boiler water is controlled
by a continuous schedule of blowdown and make-up. The same principle was followed in
design of the purification system for both the APPR-1 and the 50 tMW plant. A small por-
tion of water is continuously withdrawn from the main primary system, purified by one of
two mixed bed demineralizers, and reintroduced as make-up to the primary system and
control rod seals.
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The purification and make-up systems are designed to perform the following func-
tions:

1. Continuously remove dissolved and suspended impurities.
2. Control system pH.
3. Scavenge dissolved oxygen from the coolant by the addition of suitable

chemicals (e. g., hydrogen during operation or hydrazine during startup.
4. Prevent deposition on heat transfer surfaces.
5. Eliminate fuel element failures.
6. Minimize corrosion.
7. Prevent clogging and sticking of small orifices or moving parts.
8. Minimize radioactivity buildup on primary system components.
9. Eliminate radiological hazards to operating personnel and the environ-

ment.

As shown in drawing AEL 375, "Primary Coolant System", primary water enters
the purification system at approximately 517 0 F. and 2000 psia. The temperature is re-
duced to about 1000 F. in the blowdown cooler to protect the demineralizer resins from
thermal damage. A motor operated throttling valve reduces the pressure to less than 100
psi before the water is collected and stored in a 1, 100 gallon stainless steel tank. The in-
fluent to the make-up tank also includes a small amount of control rod seal leakage water
and, as required, make-up condensate from the secondary system to replace system or
sampling losses. By dividing the make-up tank into two compartments, sufficient hold-up
is provided to permit decay of any short-lived activity, thus minimizing activity buildup
in the demineralizers. The tank also provides adequate storage of high purity water to
accommodate all requirements during precritical operations. A positive hydrogen pres-
sure is maintained over the water in the tank to prevent air in-leakage and to introduce
hydrogen into the make-up water. This hydrogen is automatically supplied from cylinders
through regulating valves. Under a gamma flux, hydrogen not only suppresses dissocia-
tion of primary coolant, but scavenges any dissolved oxygen that might enter the system.
By excluding air from the system, corrosion problems are minimized and air-borne rad-
iation hazards, such as the formation of argon, are eliminated.

Following hold-up in the make-up tank, the water is processed through one of two
mixed bed demineralizers. The demineralizers function both as a filter and an exchanger.
Actual operating experience with the APPR-1 has proven that this demineralizer design
effectively maintains primary coolant purity and, by removing radioactive nuclides from
the water, minimizes radiation and maintenance problems throughout the plant. Since re-
generation of radioactive resins is not feasible, and since removal of the resins introduces
major handling, storage, and disposal problems, the demineralizers are designed as in-
expensive, low pressure units that can be quickly and easily discarded and replaced. The
units are equipped with quick-disconnect seals that completely seal in all radioactive
water and resins. The discarded units can be disposed of either by burial or dumping at
sea.

After passing through a filter designed to remove any resin fines that might have
entered the water, the purified coolant is recirculated to the primary system and control
rod seals by one of the primary make-up pumps. To insure continuous, reliable opera-
tion, design includes an extra make-up pump as a spare.

The make-up system provides means for adding a controlled, measured amount of
hydrogen to the system during normal operation (through the hydrogen addition flask),
hydrazine for oxygen scavenging prior to startup and, if necessary, a decontamination
solution following shutdown.
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Since all primary water is collected and returned to the system, waste disposal
problems are almost eliminated. No primary coolant is discharged to the environment.
Thus, this design is suitable for even the most populated area and eliminates any possible
public repercussions that might result from the discharge of radioactive water.

Design of the purification and make-up system is based on operating experience
with the APPR-1. All components have been tested under conditions similar to those that
will exist in this plant and have proven that the design is not only effective and reliable,
but requires a minimum of operational man power.

11. 0 Waste Disposal System

Waste disposal requirements for this plant are almost eliminated by employing a
closed primary purification system. Even control rod seal leakage water is collected,
purified, and returned to the system as make-up. Since only a small amount of low level
laboratory wastes are discharged to the environment, the need for extensive waste treat-
ment facilities are eliminated. Design philosophy, based on APPR-1 operation, has been
to provide a waste disposal system guaranteeing maximum safety with minimum opera-
tional requirements.

The principal waste storage facility is a 15, 000 gallon underground storage tank.
The tank is sized to collect and process the entire primary coolant and shield tank water.
Although a fuel element rupture is very unlikely, the waste disposal system includes
ample provisions to handle any contaminated water resulting from cladding failure or any
decontaminating solutions or rinses required for system cleanup. The tank is cradle
mounted in a leak-proof concrete vault for additional safety insurance and is fully equip-
ped with necessary instrumentation. Vapor vent connections to the stack are regulated by
valves that permit control of activity discharge rates. To empty the tank, a pump is pro-
vided to discharge the waste either directly to the environment, or through the two dis-
posable demineralizers for purification if the activity is too high.

Two 250 gallon laboratory waste tanks are used to receive waste laboratory or
sampling fluids. Two tanks are installed, each with four to seven days hold-up capacity,
to allow decay of short half-life activity. Experience to date has indicated that this hold-
up time is not necessary and that these low-leveltanks can be discharged immediately to
the environment. However, their availability, together with provisions for discharging
either tank to the main waste system if required, insures maximum safety and adapta-
bility to any location.

All components of the waste disposal system are fully developed and proven by
APPR-1 operation. It is both simple and economical from the standpoints of design and
operation, yet is capable of safely handling any waste disposal problems that might arise.
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C. HAZARDS CONTAINMENT

1. 0 General Description

The vapor container is designed to provide adequate protection to station personnel,
and surrounding populated areas, from radioactivity which might be released in the ex-
tremely unlikely event of a rupture of the reactor system. It is, basically, a large cyl-
indrical steel pressure vessel which completely surrounds the primary system compon-
ents.

During normal operations, biological shielding of primary coolant and reactor rad-
iation is provided by a layer of concrete on the exterior of the vapor container. In the un-
likely event of major system rupture, this concrete reduces the radiation level outside
the container to acceptable emergency levels.

A six and one-half foot diameter hatch is provided in the side of the vapor container
to permit access and egress of personnel and equipment. During plant operation, the
hatch is filled with water which provides shielding equivalent to the adjacent concrete
around the vapor container.

All piping penetrations through the vapor container wall lead to the piping pit in the
main plant building where connections to plant machines and auxiliaries are made. En-
trance of the piping to the bottom of the pit is made through a reinforcing plate welded on
the inner surface of the steel vapor container shell. The outside of the pipe walls are
seal-welded to the reinforcing plate to insure adequate leak tightness of the vapor con-
tainer. All instrumentation and electrical power leads are led through gas tight penetra-
tions above the piping pit.

Monitoring equipment for checking the radioactivity of the air drawn from the vapor
container is located in the vent stack. A ventilating fan is located in the auxiliary equip-
ment building to circulate the air in the vapor container, or to exhaust it to the stack.

2. 0 Design and Testing

2. 1 System Rupture

The design of the steel vapor container is based on the conditions immediately fol-
lowing a major system rupture. The most conservative concept of such an event, which
still preserves the criterion of credibility, is to assume a major rupture to occur while
the primary system is at normal operating conditions and the secondary system is at no
load. The total weight of fluid released under these conditio s would be 28, 920 lbs. of
steam and water and the energy released would be 14. 3 x 10 BTU. The vapor container
diameter is fixed at a minimum of 28 feet to allow room for installation and maintenance
of equipment. The vapor container height is then set at the proper value to provide the
required containment volume.

2. 2 Missile Protection

The effectiveness of the vapor container in performing its function of containing
radioactivity resulting from a system rupture depends on its being completely gas tight.
The possibility of the steel shell being penetrated by missiles originating in the primary
system at the time of rupture was investigated during the design phases of the 50 tMW
vapor container.

Close examination of the primary system design has shown that the possibility of
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missile release exists in only a few isolated points in the system. Formation of jagged
fragments from a pipe or vessel rupture is deemed most improbable. The high ductility
of austenitic stainless steel at the primary system temperature is well established and the
possibility of a brittle rupture is believed to be virtually non-existent. The same is true
of the other primary system components which are constructed of stainless steel. The
carbon steel pressure vessel is subject to a gradual rise in the ductile to brittle transition
temperature as the neutron flux emanating from the core is integrated over the operating
lifetime of the plant. At the end of the operating lifetime, the transition temperature will
still be well below the operating temperature so that a brittle failure would not be expect-
ed during operation. Proper start up procedures keep the vessel walls safely above the
transition temperatures as the system pressure is increased. In the unlikely event that a
brittle failure should occur, any missile fragment will be adequately contained by the pri-
mary shielding.

The only other carbon steel component subjected to the primary system operating
pressure is the pressurizer. The incident neutron flux on this component is very low and
no transition-temperature problem exists.

Alco feels that the above reasoning precludes the possibility of small jagged mis-
siles resulting from a failure of components containing primary system fluid.

Examination of the system indicates that there are approximately five small items
attached to the system which might conceivably become missiles if they should undergo a
sudden structural failure at their mounting points. These items are safety valves, thermo
wells, hand hole covers, etc. They are small in size and small deflection plates of ade-
quate thickness can be mounted locally to interrupt their flight at the point of origin.

On the basis of the above analysis, it is felt that no missile protection is required
on the inner surface of the vapor container.

2. 3 Design Data

Vapor Container design data
Design pressure ll0ysia
Design temperature 326 F
Free volume 36, 000 ft3 minimum

The gas tight welded steel shell of the vapor container is designed to conform to the
ASME code for unfired pressure vessels. The steel shell is constructed of SA 212 Grade
B carbon steel with a plate thickness of 1 inch. All welds are the double-welded butt
joint type and are 100% radiographed to insure the required leak tightness and strength.

2. 4 Testing

Specifications for checking the vapor container to insure acceptable leak tightness
are contingent upon governmental regulations, meteorogical data, population density and
distribution, and other factors. Experience on other vapor container installations has
shown that the 100% radiographing of welds provides assurance of adequate leak tightness.
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D. DESCRIPTION OF SECONDARY SYSTEM EQUIPMENT

1.0 Mechanical Equipment

1. 1 Turbine

The turbine unit is a single element, single flow, condensing type having three un-
controlled extraction points. The maximum guaranteed capability in continuous operation
is 12, 500 kilowatts at 3600 rpm and 2. 0 inches of Hg back pressure and when supplied
with steam at 375 psia pressure and 444. 6 0 F temperature. The extraction steam is used
for three stages of feedwater heating and some of the steam from the first extraction
point is used for building space heating. The turbine is furnished with all standard ac-
cessories.

1. 2 Condenser

A surface condenser is supplied which has the following performance and design
characteristics:

Effective Surface 13, 000 square feet
Steam Flow 132, 100 lbs per hour
Exhaust Pressure 2. 0 in mercury abs.
Water Box Divided
No. of Passes One
Tube Size and Gage 7/8 in OD x 18 Bwg
Tube Length 22 ft.
Tube Material Admiralty
Cleanliness Factor 85%
Tube Water Velocity 6. 8 ft per sec
Cooling Water Inlet Temp. 800 F

The condenser is furnished with expansion joint, steam jet air ejector, hogging and
priming ejector, and a ten minute hotwell storage capacity.

1. 3 Circulating Water Pumps

Two half capacity vertical propeller type circulating water pumps are furnished
each rated to deliver 13, 000 gpm at 18 ft total head, each requiring a 75 HP vertical
motor. Setting height is 16 ft.

1. 4 Condensate Pumps

Two full capacity motor driven vertical (pit type) condensate pumps are used. Each
pump is designed to deliver 315 gpm at a 380 ft total head, each requiring a 50 HP motor.

1. 5 Traveling Screens

Two traveling water screens are installed, each designed to handle 13, 000 gpm at
1. 5 ft per sec water velocity and an 8 ft water level. Each screen is driven by a 1 HP
motor, has 4'-6" trays, and is suitable for a pit depth of 16 ft. Each screen is supplied
with 160 gpm at 80 psig nozzle inlet pressure. The two screens are served by one verti-
cal screen wash pump of 350 gpm capacity at 225 ft total head using a 30 HP motor.
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1. 6 Feedwater Pumps

The boiler feed pumps are two, full capacity, horizontally split, multi-stage units,
each designed to deliver 420 gpm at 1280 ft total head. They are designed to pump against
a 1950 ft head at minimum flow conditions. Each pump has an automatic recirculation
control arrangement and requires a 200 HP motor drive.

1. 7 Deaerating Heater

A tray type deaerating heater with internal vent condenser is furnished which is de-
signed to deliver 185, 200 lbs/hr of feedwater heated to 281 0 F and deaerated to a maxi-
mum guaranteed oxygen content of 0. 005 cc per liter.

The unit is designed for 75 psig working pressure. The horizontal steel deaerating
heater storage tank is sized to provide a ten minute supply of feedwater.

1. 8 Feedwater Heaters

One high pressure and one low pressure extraction feedwater heater are provided.
Each heater is designed for the maximum heat balance flow conditions and provided with
an integral drain cooler for subcooling the drains for return to the cycle.

1. 9 Water Treatment

The secondary system make-up water is obtained from the river through a com-
plete demineralizer system of 20 gpm capacity. The basic demineralizer system con-
sists of a reactivator-clearwell, two filters, one action bed, one anion bed, one carbon
dioxide decarbonator, and all required accessories including pumps, motors and inter-
connecting piping. The demineralized water is pumped to the condensate storage tank
from which the cycle is supplied via the condensate make-up pumps. Each of these pumps
has a 125 gpm capacity at 65 ft total head and is served by a 3 HP motor.

The feedwater is chemically treated with caustic and sulphite which is injected into
the system by means of pumps at the feedwater pump suction. Storage tanks and a mix-
ing tank for the chemicals are also furnished. Included with the caustic pumps is an
automatic electric pH control unit.

1. 10 Service Water Pumps

The two service water pumps are vertical motor-driven units each designed to de-
liver 800 gpm of river water (strained) at a 290 ft total head and each requiring a 75 HP
motor.

A gasoline engine driven horizontal centrifugal fire pump, Underwriter's approved,
of 750 gpm at 185 ft total head is also furnished as an emergency supply of water.

1. 11 Lube Oil Conditioning

A complete system for cleaning turbine lube oil is furnished and includes a condi-
tioner, storage tank and pumps.

1. 12 Air Compressors

A 380 CFM 125 psig air compressor, complete with all accessories including after-
cooler and air receiver, is supplied.
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In addition, two control air compressors are included, each of 70 cfm capacity and
100 psig discharge pressure, complete with aftercooler, air receiver and dual controls.

1. 13 Air Dryer

A fully automatic regenerative air dryer of 150 cfm capacity and minus 40 air dew
point temperature operates on a six hour cycle to assure moisture free instrument air
service.

1. 14 Chlorination

A complete gas chlorination system is provided to treat the incoming river water
against bacterial and organic matter contaminating the circulating water installation. The
system is sized to inject 4000 lbs of chlorine per day maximum.

1. 15 Miscellaneous Heat Exchangers

Two full capacity bearing cooling water heat exchangers are provided to maintain
the closed loop cooling water at a fixed temperature when entering the equipment requir-
ing cooling water service. The two full capacity cooling water pumps are each designed
to deliver 35 gpm at a 60 ft total head. Each pump is operated by a 1 HP motor.

Two full capacity condensate coolers are provided to control the condensate temp-
erature when entering the generator air coolers. These are necessary if the condensate
temperature leaving the hotwell should exceed 90 0 F for any reason.

1. 16 Miscellaneous Tanks

The following secondary system storage tanks are provided:

Condensate Storage 25, 000 gal
Continuous Blowdown 6" dia x 6' H
Bearing Cooling Water Head Tank 1, 000 gal
Elevated Fire Water Tank 50, 000 gal

1. 17 Heating, Ventilating and Air Conditioning

The complete primary and secondary system structures are heated by means of
unit heaters employing reduced steam from the high pressure extraction point with back-
up from a main steam reducing station.

Ventilation for the structures is provided by means of vent fans and roof ventilators.

The control room and office are air conditioned by means of a 10 ton capacity pack-
age unit. The vapor container is supplied with a 20 ton self-contained cooling unit.

1. 18 Controls, Instruments and Control Board

Controls and instrumentation of the pneumatic and electronic type for the complete
secondary system are included on the main control board.

The control board is arranged to provide easy access to the controls of both pri-
mary and secondary equipment and electrical controls.
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1. 19 Piping

All piping materials and fabrication in the secondary system are in accordance with
the provisions of the latest ASA Code for Pressure Piping and Applicable ASME, ASA and
ASTM Standards and Specifications.

Piping sections in sizes 2-1/2 inches and larger are prefabricated and prepared for
field welding. Steel pipe and fittings are seamless carbon steel conforming to ASTM
specification A106 Grade B. Joints are butt-welded.

Piping 2 inch size and smaller are furnished in random lengths with socket welding
fittings.

Where required, cast iron pipe and fittings are used.

Valves in sizes 2-1/2 inches and larger are of cast steel or cast iron as required.
Valves 2 inches and smaller are forged steel or bronze.

Pipe insulation is 85 percent magnesia sectional covering of thickness required by
fluid temperature and pipe size.

2. 0 Electrical Equipment

The electrical design conforms to normal practice for a 15, 625 kva turbine genera-
tor installation. Drawing No. 1884-E-1 shows a single line diagram of the unit and its
principal auxiliaries.

A shaft driven exciter furnishes excitation for the 15, 625 kva 3, 600 rpm generator.
Generator grounding and surge protection are provided to accommodate the type of con-
nection used between the generator and load.

The generator may be connected to the customer's system at general voltage, and
provision is made for two such connections. The normal auxiliary power source will be
obtained from a tap in the generator bus run.

Start-up or alternate auxiliary power source, which depends on the characteristics
of the external electrical system and on customer's preferences, has not been included,
but should approximate 1250 kva capacity.

The natural fail-safe characteristics of the steam generator and its auxiliaries per-
mit the use of a single auxiliary bus section. The larger drive motors are fed directly
from the 480 volt auxiliary switchgear.

Motors 50 HP and under, together with lighting and other building services, are
supplied through 480 volt motor control centers.

A 125 volt station battery is supplied to provide for control power, emergency
lighting, and emergency reactor control.

A highly reliable direct current source for reactor control has been provided by
means of a 3-unit motor generator set complete with a high inertia flywheel to carry it
through switching transition.

Electrical controls occupy one section each of the control console and vertical
panels in the centralized control room. The necessary controls, alarm and control
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circuits for customer's start-up transformers and associated circuit breakers are in-
cluded. Differential, ground, back-up and reverse power relays are provided for the
main generator. Overcurrent relays are provided for the auxiliary power sources and
480 volt switchgear feeders. A temperature scanner and an annunciator are provided to
monitor turbine room performance. The indicating and recording instruments and alarms
for the reactor and steam generator are described in Section 7. 2.

2. 1 Generator and Exciter

The generator is totally enclosed and has integral water cooled heat exchangers.
The generator rating and characteristics are as follows:

13, 800 volts 3600 rpm

60 cycles 0. 80 pf

3 phase

15, 625 kva at 0 to 3300 feet altitude

950 F maximum inlet water temperature to coolers

A shaft-driven self -ventilated exciter is provided with a manual rheostat and rheo-
static voltage regulator in the exciter shunt field. A motor operated rheostat, electrical-
ly operated circuit breaker with field discharge switch, and a discharge resistor is sup-
plied for the generator field circuit.

Resistance temperature detectors are provided in the generator armature windings,
inlet and discharge cooling water passages and inlet and discharge air paths of the exciter.
A shunt is included in the generator field circuit for current measurement and tempera-
ture indication.

2. 2 High Voltage Switchgear

One set of standardized indoor dead front 1500 volt class metal clad switchgear is
located on the turbine generator operating floor. The switchgear includes the following:

1 - Combined generator and exciter equipment complete with elec-
trically operated drawout power (air) circuit breaker, field
breaker with discharge switch, 3 current transformers (one
double secondary), 3 drawout type potential transformers, mount-
ing for voltage regulator, and miscellaneous accessory equipment.
Power circuit breaker is 13, 800 volts, 1200 ampere, 500 mva I/c.

2 - Single circuit outgoing feeder equipment complete with power cir-
cuit breakers (as above), ammeter, 3 current transformers, 3
overcurrent relays, and necessary control accessories.

1 - Bus sectionalizing equipment with provision for future plant ex-
pansion. Cubicle is complete with bus work, control equipment,
etc., but less power circuit breaker.

2. 3 Generator Main and Neutral Lead Enclosure

A metal clad main and neutral lead enclosure is provided below the generator high
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voltage bushings. The enclosure contains the following:

1 - Set of insulated 3 phase bus for main and neutral circuits. A dis-
connect switch is provided in the ground end of the neutral bus, if
required.

1 - Set of double secondary current transformers in main lead bus.

1 - Set of single secondary current transformers in neutral lead bus.

A separately mounted grounding transformer and resistor will be furnished as re-
quired by the system connection together with current or voltage relaying for ground
faults.

2.4 Generator Main Leads

The generator leads are 15 kv class non-segrated phase bus duct with proper in-
sulation for service requirements and terminate at the 13, 800 volt switchgear on the tur-
bine room operating floor. A tap-off is provided for the surge protection equipment (light-
ning arresters) which is mounted in a metal-clad enclosure in the generator pedestal.

2. 5 Low Voltage Switchgear

One standarized indoor, dead front, 600 volt class, metal-clad, load center unit
substation is mounted on the turbine generator operating floor. The substation includes
the following:

1 - 1500 kva open dry type transformer, 13, 800 volts delta primary,
480 volts delta secondary, 3 phase 60 cycles, with 2 2-1/2% rated
kva taps above and below rated primary voltage.

2 - 75, 000 AIC 600 volt-ampere, electrically operated, drawout air
circuit breakers each with (2) current transformers, (2) time over-
current induction relays, and (1) potential transformer for syn-
chronizing. (For incoming 480 volt power).

1 - Primary (13. 8 kv) incoming section with switch and fuses.

10 - 25, 000 AIC 600 volt, 600 ampere electrically operated drawout air
circuit breakers, each with (2) current transformers, and (2) time
overcurrent induction relays with instantaneous high current trip.

1 - Set of bus ground detection equipment with indicating lamps.

1 - Set of (2) bus potential transformers for metering.

2 - Kilowatt-hour meters for registration of energy from the normal
and starting auxiliary power sources, fed through the 2000 ampere
breakers.

The circuit breaker serving the motor control centers is controlled at the switchgear;
all others are operated from the control room.
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2. 6 Motor Control Centers

2 - 440 volt class standardized motor control centers will be provid-
ed for full voltage starting of all 440 volt motors, 50 HP and under,
and to feed AC building services.

Starters are provided with individual adjustable trip circuit breakers, 460/115 volt
control transformers, and NEMA B wiring to individual terminal blocks. All starters
have two extra auxiliary contacts in addition to the seal-in contact.

Adjustable trip circuit breakers are provided for lighting primaries and service
equipment that is normally furnished complete with integral motor controls.

2. 7 Motors

All motors, except smaller fractional hp drives and emergency dc drives, are the
constant speed, full voltage starting, 440 volt, 3 phase 60 cycle induction squirrel cage
type. Two-pole motors have 70 percent starting torque. Suitable safe stop control
switches, or push buttons, are located adjacent to motor drives remote from the control
device.

The principal auxiliary electrical power requirements are as follows:

Primary System

Primary Pump
Primary Make-up Water Pump
Vapor Container Vent Fan
Vapor Container Space Cooler
Fuel Pit Recirculation Pump
Hot Waste Tank Pump
Primary Seal Leakage Pump
Primary Cooling Water Pump
Control Rod Drives
Pressurizer Heater
Reactor Control

Quantity HP

1 200
1 7-1/2
1 15
1 5
1 1
1 1/2
1 1/2
1 5

13 1/6
(100 kw total)

1 25

Secondary System

Circulating Water Pumps
Traveling Screens
Turbine- Generator Auxiliaries
Service Water Pumps
Screen Wash Pump
Feedwater Pumps
Condensate Pumps
Condensate Make-up Pumps
Bearing Cooling Water Pumps
Basement Sump Pump
Emergency Sump Pump
Service Air Compressor
Control Air Compressors
Bridge Crane
Building Services
Battery Charger

2 75
2 1

10
2 75
1 30
2 200
2 50
2 10
2 1
1 1/2
1 3
1 100
2 20
1 25

50
1 25
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2. 8 Lighting

Fixtures, cables, conduits, fittings, supports, and control are provided to furnish
adequate lighting for all facilities except customer's switchyard and roadway lighting. A
circuit breaker in the lighting distribution cabinet supplies customer's lighting installation
in these latter two areas.

An automatic throwover switch arrangement furnishes emergency lighting in the con-
trol room and critical locations in the reactor and turbine-generator area, should failure
of the normal supply occur.

2. 9 Station Battery

A 125 volt lead-acid storage battery installation is provided which includes a motor-
generator type battery charger and a dc distribution panel. This battery is located in a
protected area against an exterior wall on the basement floor.

2. 10 Cables and Supports

High voltage cables are 15, 000 volt class insulated cable of single conduit con-
struction, and are provided for the two feeder circuits between the high voltage switch-
gear and turbine room wall bushings. Similar cable is installed between the generator
neutral lead enclosure and the generator grounding transformer.

All low voltage cables are 600 volt class insulated cable of single and multiple con-
ductor construction, as required.

All connectors, conduits, fittings, ducts, trays, and supports are provided for the
cable installation.

The 480 volt circuits between the low voltage switchgear and customer's 480 volt
start-up auxiliary power source are provided to wall bushings in the turbine room.

Wiring and control will be provided for customer's start-up source primary circuit
breakers, as required. Alarm and control circuit wiring will be provided, as required,
for customer's auxiliary incoming (start-up) power service.

Wiring, for customer's outgoing 13. 8 kw circuits to wall bushings in the turbine
room, is included in this base specification.

2. 11 Control Room Equipment

The control console in the centralized control room includes an electrical section
mounting the following equipment:

1 - ac ammeter for generator current

1 - ammeter switch

1 - ac voltmeter for generator voltage

1 - voltmeter switch

1 - ac wattmeter
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1 - reactive kva meter or power factor meter

1 - dc ammeter for generator field current

1 - dc voltmeter for generator field voltage

2 - temperature indicators, one for generator and one for generator
field

2 - multipoint switches for temperature indicators

1 - generator breaker control switch with red and green indicating
lights

2 - circuit breaker control switches with red and green indicating
lamps for normal and starting auxiliary power control

2 - synchronizing switches with removable handles

1 - control switch with red and green indicating lights for generator
field circuit motor operated rheostat

1 - regular cut-out switch

1 - control switch with red and green indicating lamps for generator
field circuit breaker

1 - set of field ground detector lamps

The vertical panels in the electrical control room include an electrical section
mounting the following equipment:

1 - 24 point lamp type annunciator for supervision of electrical cir-
cuits and apparatus

1 - set of annunciator test, alarm, silence and reset controls

3 - generator differential relays

2 - hand reset auxiliary relays with indicating lamps

1 - generator reverse power anti-motoring relay

1 - negative sequence or voltage restrained overcurrent relay

1 - generator ground relay

1 - kilowatt hour meter registering generator output

1 - rheostatic type voltage regulator with integral adjustment knob

1 - manual exciter field rheostat

1 - set of synchronizing equipment with synchronizing indicator and
lamps, 2 voltmeters and 1 frequency indicator.
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Auxiliary motor controls are located as required in appropriate sections of the
console and vertical panel installation. A separate annunciator for supervision of reactor
and mechanical apparatus is provided.

Space can be provided for relays and controls for customer's outgoing circuits.
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E. DESCRIPTION OF STRUCTURES

1. 0 Buildings

The plant is basically a two part structure. One part is a large building 62' x 100'x
57' high which houses the secondary system and auxiliaries and the central control room.
The other part consists of a 37' diameter x 52' high structure which contains the main
reactor system, and has an attached one story building which houses the primary system
auxiliary equipment, the laboratory and instrument shops, and the fresh fuel storage vault.
The plant arrangement is well defined in drawings 1884-M-1 and 1884-M-2.

The secondary system structure is built of structural steel with an insulated cor-
rugated asbestos siding exterior and abuilt-up roof on precast concrete plank. The
structure contains an auxiliary equipment floor, an operating floor and a heater deck.
Roof ventilators are provided for building ventilation. The turbine-generator and con-
denser are supported by a concrete pedestal and the other equipment is on individual
foundations. The auxiliary equipment floor contains the condenser circulating water in-
take complete with pumps and screens, demineralizer system, feedwater and condensate
pumps, turbine auxiliary equipment, electrical control centers, heat exchangers and air
compressors.

The operating floor contains the turbine-generator, access hatch, central control
room, office, locker room and lavatory, in addition to other miscellaneous service equip-
ment. There is a main entrance with a stair up to the operating floor and to the heater
deck. A rolling door opposite the hatch and an additional stair from the basement up to
the operating floor are provided. The heater deck, over the control room bay, contains
the high pressure and deaerating heaters and the control room air conditioning unit. A
pipe chase is provided from the heater deck down to the auxiliary equipment level.

A 15 ton bridge crane is provided in the secondary system structure for the handl-
ing of the secondary system equipment.

Fire protection is provided by hose racks and equipment protective systems which
are served by a 50, 000 gallon elevated storage tank. Additional fire protection is pro-
vided by a gasoline-engine-driven pump.

The primary system auxiliary equipment structure, attached to the vapor container,
is of conventional design and construction. Concrete or lead sheeting is used, where re-
quired, to control the background radiation levels within the chemical laboratory and in-
strument shops.

2. 0 Vapor Container

The vapor container is essentially a carbon steel pressure vessel surrounded by
concrete radiation shielding. The steel shell is designed according to the ASME Code for
unfired pressure vessels and is adequately sized to meet all containment requirements in
the unlikely event of a primary system rupture. A detailed description of the design
criteria and testing requirements is given in Section C under Hazards Containment.

A hatchway is provided in the side of the vapor container to permit access and
egress of personnel and equipment during refueling and maintenance, or other operations
during shutdown. An equipment hatch is located at the very top of the vapor container
which allows the removal and installation of the major items of primary equipment, such
as the reactor vessel, the steam generator, the primary pump, etc. It is assumed that
large portable crane equipment will be available to accomplish the actual raising and low-
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ering of these items through the hatch, and to put them in place within the vapor container.

The access hatch is shown in the drawings on the opposite side of the vapor container
from the reactor. This is somewhat arbitrary, since it could be located on the side to-
ward the secondary system building and still perform its function satisfactorily. Such a
relocation may be desirable if weather conditions, or other considerations, make it im-
practical to enter the vapor container from the unprotected areas outside of the building
structures. Minor redesign of the buildings could easily provide an enclosed approach to
the hatchway.

With the hatchway oriented as shown in the drawings, nuclear research and develop-
ment facilities could easily and conveniently be erected in the area just outside of the
hatchway. Such a location would have the advantage of ready access to the reactor system.
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PART III

DRAWINGS

Reactor - Reactor Horizontal Cross-SectionAEL 307

AEL 310

AEL 312

AEL 315

AEL 317

AEL 375

AEL 376

AEL 377

AEL 378

AES 181

AES 227

1884-M-1

1884-M-2

1884-M-3

1884-M-4

1884-M-5

1884-M-6

1884-M-7

1884-M-8

1884-E-1

Control Rod Assembly

Reactor Vertical Cross-Section

Stationary Element

Control Rod Drive Mechanism

Piping and Instrumentation Diagram-Primary System

Primary System Elevation

Vapor Container Elevation

Primary System Plan

Pressurizer

Heat Balance - Primary System

General Arrangement Plans

General Arrangement Sections

Heat Balance - Secondary System

Flow Diagram - Main and Extraction Steam and Feedwater
Systems

Flow Diagram - Circulating Water Systems

Flow Diagram - Condensate System

Flow Diagram - Make-Up and Bearing Cooling Water

Flow Diagram - Service Water System

Electrical One-Line Diagram
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APPENDIX J

25, 000 EKW PWR PLANT - HIGHLY ENRICHED

FUEL FLOW FOR ONE FUEL CYCLE





APPENDIX J
25, 000 eKW PWR PLANT - HIGHLY ENRICHED

FUEL FLOW FOR ONE FUEL CYCLE

1.0 Lease from U.S.A. E.C.

1. 1 Official charge of UF6 at 93% enrichment U 2 3 5 at $15, 900 per Kg U

1.2 Total charge of 153 Kg U (capital cost covered under lease charge pro
visions) (not included in core cost)

1. 3 Shipping to conversion plant for processing from UF 6 to UO2

2.0 Conversion UF6 to UO2

2.1 Unit Cost of Conversion - Approx. $835.00

2.2 Conversion Cost of 153 Kg U

2.3 1% loss in UF6 Conversion

2.3.1 1. 53 Kg U @ $15, 900/Kg

2.4 Shipping to Fabrication Facilities

2.4.1 Shipping Cost - 151 Kg U

3.0 Fabrication of Elements & Core Construction

3. 1 Time needed for fabrication

3. 1. 1 Fuel plates - Approx. 3 mos.
3.1.2 Fuel Element Assembly - Approx. 3 mos.

3.2 Fuel Elements

3.2. 1 Fabrication Cost of 139 Kg U (one loading - not incl. absorbers)

3.3 Core Construction

3. 3. 1 Cost of Absorbers

3. 3. 1. 1 Absorber Material
3. 3. 1.2 Absorber Fabrication

3.4 Total Cost of Fabrication First Loading (Incl. Absorbers and Shipping
Costs in USA)

4.0 Scrap Recovery (Excess UO2 )

4.1 Scrap Recovery Cost

4.1.1 1% loss in cony. 12 Kg U back to UF6
4.1.2 Reprocess UO 2 - NO3
4.1. 3 Reprocess NO3 - UF6
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4.2 Official charge at 93% enrich. $15, 900 per Kg U content

4.3 Value of 12 Kg U Scrap returned to U.S.A.E.C. @ $15,900 per Kg U

4.4 Shipping cost of returned scrap approx. 32# UO 2 at estimated cost of $2. 00. lb.

4. 5 Net value of scrap material

5.0 Fuel in the Reactor

5.1 Reactor Thermal Power 100 MW

5.2 Electrical Output 25 MW

5.3 Energy Production Per Loading - 2.02 x 108 KWH based on life of 100 MWY
and 25% efficiency

5.4 Annual Energy Production Based on 0.8 Load Factor - 1. 75 x 108 KWH

5. 5 Average Reactor Cycle Time - 1.25 years

6.0 Cooling and Shipping

6.1 Cooling Time of Spend Fuel

6.2 Shipping of Spent Fuel to Reprocessing Plant

6.2.1 Shipping Time
6.2.2 Shipping Costs
6.2. 3 Rental of Shipping Casks

7.0 Reprocessing UO2 - UF 6 (Spent Fuel)

7.1 Based on 38% U-235 Burnup

7.1.1 Time needed to reprocess 102 Kg U content

7. 1.1.1 Operation time at 51 Kg throughoutper day 2 days
7.1.1.2 Turn-around-time per core 2 days
7. 1. 1. 3 Total chargeable process time 4 days

7.1.2 Reprocess Costs

7.1.2.1 U02 - NO3 at $15, 300/day
7.1.2.2 NO3 - UF6 at $35/Kg U
7. 1. 2. 3 Total Reprocess costs

7.1. 3 1% Loss in Reprocess UO2 - UF6 at $13, 245/Kg U

8.0 Value of Returned Fuel

8.1 Value of UF6 after 38% U-235 Burnup

8. 1. 1 Official value at 78% final enrich. at $13, 245 per Kg U content
8. 1. 2 Total value of 101 Kg U content.returned to U.S. A. E. C. for credit

@ $13, 245/Kg U
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9.0 Lease Costs

9.1 153 Kg U at 93% enrich. for 6 months

9.2 139 Kg U at 93% enrich during 3 months shipping and startup period

9.3 139 Kg U at enrichment of 93% during core life of 1.25 years.

9.4 102 Kg U at 78% enrich. during 6 months cooling off and shipping period

9. 5 102 Kg U at 78% enrich. for 3 months cooling and reprocessing time
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