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FOREWORD

This report describes results of a series of evaluation and design studies
conducted between July 1, 1960 and June 30, 1961, related to heavy water
moderated power reactor plants. The work was performed by Sargent & Lundy
for the Savannah River Operations Office of the United States Atomic Energy
Commission under Contract No's AT(38-1)213 Supplements 1 & 2.

This work was part of a continuing effort to advance the technology of heavy
water moderated power reactors which was initiated at Sargent & Lundy in
November, 1958 under Contract No. AT(38-1)193. The initial work was directed
toward the selection of that heavy water reactor concept offering the best
power economies, and the preparation of a design and cost estimate for a
natural uranium fueled prototype of the concept. The concept selected was one
using a pressure tube reactor cooled with boiling D20 and operating in a direct
cycle.

Subsequently, under Contract AT(38-1)213, a series of investigations were
conducted to further refine the boiling D20 direct cycle plants as well as
to examine alternate plant cycles and equipment component details.

The following reports, together with this one, present the results of
studies completed to date:

SL-1565, Part 1, Design Study, Heavy Water Moderated Power Reactor
Plants, Vol. I, II and III, dated January 28, 1959.

SL-1581, Part 2, Design Study, Heavy Water Moderated Power Reactor
Plants, Vol. I, II and III, dated February 28, 1959.

SL-1565, Addendum No. 1, Design Study, Heavy Water Moderated Power
Reactor Plants, dated March 20, 1959.

SL-1653, Part 3, Design Study, Heavy Water Moderated Power Reactor
Plants, dated June 19, 1959.

SL-1661, Summary, Parts 1, 2 and 3, Design Study, Heavy Water
Moderated Power Reactor Plants, dated June 30, 1959.

SL-1773, Evaluation and Design - Heavy Water Moderated Power Reactor
Plants, dated April 28, 1960.

SL-1815, Evaluation and Design - Heavy Water Moderated Power Reactor
Plants, dated June 30, 1960.

SL-1776, (NDA-2131-6), Design Evaluation and Comparison-200 MWe,
Boiling D20, Pressure Tube Indirect and Direct Cycle Power
Reactor Plants, dated June 30, 1960.
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SL-1829-1,

SL-1829-2,

Engineering Evaluation Studies, Heavy Water Moderated Power
Reactor Plants, Quarterly Progress Report, July-September,
1960, dated October 25, 1960.

Engineering Evaluation Studies, Heavy Water Moderated Power
Reactor Plants, Quarterly Progress Report, October-December, 1960,
dated January 24, 1961.

SL-1829-3, Engineering Evaluation Studies, Heavy Water Moderated Power
Reactor Plants, Quarterly Progress Report, January-March, 1961.

SL-1874, Heavy Water Reactor Plant Leakage
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1.0 INTRODUCTION

The concept of a boiling D2 0 reactor supplying steam directly to a turbine,

evolved from a series of studies performed by Sargent & Lundy with

Nuclear Development Corporation of America as principal nuclear subcontrac-

tor. These studies, which were performed between November 1958 and June

1959, indicated that the boiling D20 direct cycle plant would produce power
at a lower cost than any other D2 0 moderated reactor plant with design
based on current technology and capable of operating on natural uranium.

Also, this concept was chosen as that one having the greatest development

potential for further cost reductions. The "full-scale" plant capacity

considered was 200 MWe. Also, as part of these studies, a preliminary

design and cost estimate was prepared for a 70 MWe prototype of the recom-

mended concept. The prototype size was established in accordance with the

criteria that it be a minimum for operation on natural uranium and capable

of direct technical extrapolation to the full-scale plant.

The results of the program herein reported are intended to generally

advance the technology of D2 0 power reactors, particularly in those areas

where substantial plant capital cost reductions and improved performance
might result from engineering study. The following topics, together'with

their scope, composed the present program:

1. Materials:

Previous investigations had shown that nuclear plant designs were

economically penalized by using stainless steel for many applications

at operating conditions for which low alloy materials are considered

acceptable in conventional power plant practice. Investigations were

conducted with the aim of evaluating the effects of using lower cost

materials in the primary system of D20 reactor Plants. The specific
subjects of the materials program were:

a. Corrosion and erosion rates of primary system materials as a function

of temperature, fluid velocity and pH, for either D2 0 or H2 0.

b. Water treatment methods and their system compatibility and radiation
effects.

c. Deposition rate and buildup of dissolved and particulate matter and
their effects.

d. Economic value of using low cost materials.

2. Component Design:

Because of special materials problems and the cost of D20, reactor plants
using heavy water employ equipment components characterized by unique
design and construction features which lead to wide variations in their
specifications and costs. Studies were made which, through contact

with plant designers, users and component manufacturers, together with
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a survey of available literature, aimed at analyzing:

a. Component specifications prepared by plant designers.

b. Designs that have been developed by various manufacturers in
accordance with the component specifications.

c. The limits imposed on design and fabrication of components by

present industry codes.

The components analyzed include: heat exchange equipment, pumping
equipment, valves, filters, water treatment equipment, fuel handling

equipment and reactor vessel or tank designs. The equipment character-

istics which were examined are their design details, materials of
construction, service factors, heavy water inventory and applicable code
requirements.

3. Leakage Tests:

Because of the severe power cost penalty incurred by excessive D2 0

loss in a plant using heavy water, a test program was conducted in

cooperation with Du Pont-Savannah River Laboratories and Argonne

National Laboratory. The aim of the program was to gain a realistic
appraisal of what the D20 leakage rates would be from turbine shaft
seals, pump shaft seals and valve stems. These tests have now been
completed and the results correlated with those reported by others in

the United States and Canada.

Because of the wide interest in this program, the results have been

documented in a separate report, SL-1874 "Heavy Water Reactor Plant

Leakage".

4. Design Correlation:

Since similar engineering problems associated with various heavy water
reactor plants are being resolved with different conclusions, an
analysis of the basic design philosophy, plant arrangements, equipment
and material selection, shielding and fuel handling, etc., for each of
these reactor plants was made. Information describing the detailed
design of the major plant systems was obtained from the appropriate
plant designers and an analysis of the data made to determine the
reasons for differences in design philosophy, plant characteristics,
operating conditions, etc.

5. Design Comparison:

A comparison of the detailed costs of a 300 MWe D20 reactor plant and
a 300 MWe conventional plant was made to indicate the differences
between the plants and the reasons for these differences. An analysis
of the data was made to indicate any areas which could lead to
reductions in investment cost.
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In order to illustrate the effect of the methods of accounting used for
D2 0 on the estimated power cost for heavy water reactors, and to

further indicate the relative status of such reactors, a comparison of

the boiling D20 plant and a comparably sized boiling H20 dual cycle
plant was included.

6. Investigation Coordination:

Work in this area was deleted from the scope of work.

7. Pressure Tube Safety Analysis:

In order to evaluate the effectiveness of the moderator in quenching

the energy released in the event of a pressure tube burst in the
boiling D2 0 reactor, information was obtained from the tube burst tests

being performed by the Canadians and others. This information was

correlated with a theoretical analysis of the burst tube and with an

analysis of the interaction between a pressure tube burst and a calandria

tube.

8. Computer Program for Economic Optimization Studies:

Previous studies have indicated those heavy water moderated power

reactor types which appear most promising. These include liquid and
boiling D20 cooled, pressure tube reactors with fuel elements composed

of U0 2 rods, U02 tubes and U-metal tubes. Both direct and indirect

cycles have been considered for the boiling concept, with the U-metal

fuel applicable in the liquid cooled reactors only.

Additional studies have been undertaken by Du Pont to achieve the optimum
design of each of the above concepts in a 300 MWe size. These studies
will: a) systematically update the concepts to insure that all designs
are on a comparable basis, b) attain a measure of the effects on cost of

certain parametric variations in the design, and c) obtain a degree of
optimization relative to the reactor design that has not been attained

previously. A computer program is being developed for performing the
design and cost calculations necessary for the optimization of the

concepts.

The results of these studies will present the expected power cost on a

common and current basis for each of the concepts, focus attention on

the parameters most strongly affecting power costs, indicate directions

for research and development programs which may lead to significant cost
reductions, and provide a rapid means for computing the cost of energy.

The effects of significant changes in the basic technological limits on
the cost of equipment and fuel, and the effect of cost accounting factors

will be readily evaluated.

The design and cost factors associated with the reactor, primary coolant

piping, primary coolant pumps, steam generators, reactor control systems,
shield cooling system, fuel handling system, shield materials, and cost
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accounting factors for this study will be evaluated by Du Pont. The
remaining reactor auxiliary systems, reactor plant structures,
miscellaneous structures and the turbine generator plant for this
study are being evaluated by Sargent & Lundy.
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2.0 SUMMARY

This section presents a summary of the work done during the period

July 1, 1960 through June 30, 1961 on the series of engineering
evaluation studies whose focus was heavy water moderated power reactor

technology.

2.1 MATERIALS

Corrosion Data

The austenitic stainless steels of the AISI series, including Types 304,

304L, 309, 310, 316, 316L, 321 and 347, have all been observed to exhibit
a high degree of corrosion resistance to high purity, high temperature

water. Past corrosion rates obtained for Type 304 and 347 has generally

been about 10 mg/dm2 -month based on exposure to water at 600 F, pH 7 and

0.05 ppm 02. At reduced temperatures (200-500 F) no significant differences

in corrosion rate have been detected in tests conducted with five of the
300 series alloys. Tests conducted at 190 F with high purity water have

resulted in corrosion rates of 1.5 to 3 mg/dm2 -month. The effect on stain-

less steel corrosion rates of varying dissolved oxygen concentration and

reduced pH have not yet been completely investigated, since normal opera-

tion is with a low oxygen concentration and above neutral pH.

The results of stainless steel corrosion tests conducted by Westinghouse
in a high-pressure out-of-pile loop were reviewed.

Two water chemistries were investigated in these tests: one containing about
one ppm of lithium, in the form of lithium hydroxide, to yield a pH of
10; and, the same system with 0.92 w/o boric acid added, producing a pH

of 5.

The total corrosion of Types 304, 316, 347 and 348 austenitic stainless
steels was approximately the same when these materials were exposed to

the same water chemistry conditions. The total amount corroded, for
samples initially exposed to hot 0.02 w/o boric acid solution, was

approximately 15-20 mg/dm2 . For specimens of these steels not initially
exposed to hot boric acid solutions, the total corrosion was somewhat

higher, about 2-30 mg/dm2 .

During the course of the present program, no data have been found to indi-

cate that carbon steel would be unacceptable as an alternate for stainless
steel. The data now available indicate that low alloy steels and carbon

steels tested in pressurized water loops do corrode at a higher rate than

stainless steel, however, corrosion rates and the total corrosion damage
are not sufficient to jeopardize the structural strength or integrity of

the component or system considered.

Results of corrosion tests recently conducted by U. S. Steel and General
Electric on carbon steel, high strength low alloy, alloy steels, and

stainless steels in 546 F saturated steam, saturation temperature water

and 10 degree subcooled water, were reviewed. The results obtained for
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steels containing up to 5 percent chromium were significantly lower than

results obtained by other investigators with similar materials in test

loops simulating pressurized water reactor systems which operate at greater

than pH 10 and with hydrogen, but no oxygen, in the water. Essentially no
differences in the test specimens were observed which could be attributed
to the testing environment.

An additional series of corrosion tests on carbon steel, stainless steel

and Zircaloy-2 run by G. E. at Hanford to supplement existing data were

examined. In general the results of these tests agree with previously

reported data.

The results of a series of corrosion tests on normal mill production

Inconel was reviewed. The test series was conducted in simulated reactor

primary and secondary boiler water. Both a high velocity test loop and

autoclaves were used for the tests. In addition to the normal Inconel

samples, samples containing an unusually high carbon content and unusually

low chrome content were also included for comparison and Type 347 stain-

less steel was used as the reference materials in all tests. Both stain-

less steel and hot rolled mild steel were used in galvanic couples in the

autoclave tests and a few crevice specimens were also included.

Simulated primary system water temperatures ranged from 550 to 680 F, and

all tests were conducted for an average of 2,000 hours. The primary water

pH ranged from 8.9 to 9.6 and contained an average of approximately 0.003 to

0.07 ppm of 02. Water velocity past the test specimens in the loop tests
was approximately 30 feet per second. The simulated secondary system water

in the tests was maintained at approximatly 500 F and ranged in pH from 7.4
to 11.3. Oxygen concentrations were varied from 0.2 to 7.0 ppm and approxi-

mately 50 ppm of chloride ion was maintained to investigate any effects of

chloride stress corrosion cracking.

The results of this test series indicate that, from a corrosion standpoint,
Inconel is an excellent construction material for both primary and secondary

pressurized water reactor equipment. Inconel forms a tightly adherent

tarnish film in the waters investigated and contributes only a relatively
small amount of corrosion product to the high velocity stream of primary

water. Corrosion rates observed were comparable to those of the Type 347
stainless steel. Variations in composition and heat treatment, including

welding, were found to have little effect on the corrosion behavior of

Inconel. Applied stress, crevices or welding did not cause selective or
intergranular attack. Galvanic coupling of Inconel to steel or to stain-

less steel was not found to accelerate the attack on either member of these

couples.

Water Treatment

The control of corrosion and erosion through proper materials selection

coupled with suitable water treatment for nuclear power plants, can be

related to the experience and practice of conventional plants. For

example, materials used for the turbine piping system are in general the
same for either a nuclear or conventional plant of similar design pressure and

temperature.
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In the primary system of water cooled reactors, the high degree of
water purity required is comparable to practices employed in present

day supercritical plants utilizing conventional fuels. A review of

conventional plant design criteria for materials selection and a general

comparison of the water treatment practices employed in both conventional
and nuclear plants is presented.

Synthetic organic ion exchange resins currently in use are strictly

temperature limited to prevent damage to the resin. Recent work on

zirconium phosphate and zirconium oxide has indicated significant promise
for developing high temperature operation ion exchangers. Tests on these

materials have been run at temperatures from 72-590 F with typical cor-

rosion product samples and the results compare favorably with those simi-
larly obtained using the organic resins.

Manufacturer's information relative to the use of fibrous potassium

titanate, having the trade name of Tippersul, was reviewed. This material

could be considered for high temperature filtering media in the coolant
purification system. The material is thermally stable to 2200 F and can

withstand very high compression loads without destruction.

Data were examined on the development of a high temperature high-pressure

axial flow magnetite filter. Tests have been run at temperatures up to

500 F and results to date appear good. Results of tests conducted for

the Atomic Energy Commission by Westinghouse indicate that several corro-
sion inhibitors are available for decreasing corrosion of carbon steel at

600 F from one-third to one-half. The inhibitors shown below were most
effective in the order listed:

1. Morpholine, at 10 ppm.

2. Lithium Chromate, at 3000 ppm plus 1 ppm oxygen.

3. Ammonia, at 170 ppm plus 6000 ppm boric acid.

4. Hydrogen, at 40 to 50 ppm.

5. Lithium Hydroxide, at pH 10.0 to 10.5.

Corrosion Product Deposition

An investigation of in and out-of-pile corrosion product deposition.

Data tests, one using particle accelerators and another using an in-pile

loop at Chalk River, was made. Results of an in-pile and out-of-pile test

series, conducted by Babcock & Wilcox under subcontract to Westinghouse,

were also reviewed.

The aim of the latter test series was to determine if the corrosion pro-
ducts from a carbon steel system would deposit on Zr-2 heat transfer sur-

faces in sufficient quantity to cause measurable changes in heat transfer

resistance. The effects of nonboiling and nucleate boiling water were

also investigated.

The out-of-pile tests were conducted using a carbon steel loop in which

water at 2000 psia and 580 F was circulated through the test specimens
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at approximately 16 to 22 fps. During the out-of-pile tests, water pH
ranged from 6.8 to 10.

No significant changes in the overall heat transfer coefficient of Zr-2
were observed due to corrosion product deposition, however, pressurized
water heated to about 600 F will react with Zr-2 and a higher formation

rate of zirconium hydride occurs when nucleate boiling conditions exist.
When the suspended corrosion product content of the carbon steel system,

with the water at pH of 10, was nominally 0.03 ppm, the amount of depo-
sition of corrosion products on the Zr-2 heat transfer surfaces compared
favorably with those of a stainless steel system. Corrosion products were
found to preferentially deposit on heat transfer surfaces where nucleate

boiling is occurring.

The in-pile test series was conducted in a loop constructed of Type 304
and 347 stainless steel. Ten fuel bearing specimens, of which nine were
plates and one was a rod with a thermocouple embedded in the center,

comprised the test specimens. All of the plate samples were clad with
Zircaloy-3 while the rod specimen was composed of Zircaloy-2 cladding.
The test arrangement was designed such that boiling and nonboiling would
occur at the test specimen surfaces. Water entered the test specimen

section at 461 F and left at 548 F. The fluid velocity past the speci-
mens was 4 feet per second and the loop pressure was maintained at 1686

psia. Water pH was maintained at from 7.0 to 7.9 and no detectable

quantities of oxygen were present.

Results indicated that the thermal neutron flux has a measurable effect on
the crud deposition on zircaloy heat transfer surfaces in a reactor.
An approximately direct, linear relationship was observed, which was in-
dependent of the mode of heat transfer, between crud deposition and thermal

neutron flux. Accordingly, the heat flux was found also to be the linearly
proportional to the rate or quantity of deposition of crud on the heat

transfer surfaces.

Alternate Materials Study

A study aimed at evaluating the effect of incorporating alternate low cost

materials into a full-scale boiling D20 direct cycle power reactor plant
was made. Throughout, the primary system piping was considered to be carbon
or low alloy steel depending upon the temperature environment. Included,
were main steam piping, the reactor recirculation piping, the condensate

system piping, and the feed water piping. In addition, a series of alternate
materials were examined for use as tubing in the feed-water heaters. These
included Type 304 stainless steel, as presently incorporated in the plant
design, monel, inconel, nickel, and 70-30cupro-nickel. Carbon steel tubes
were substituted for the Type 304 stainless steel tubes in the heat exchangers

presently incorporated in the reactor bypass purification system.

As a result of substituting the above-mentioned materials in the primary

system of the heavy water reactor plant under study, it was estimated that
the purification system capital cost would be increased by $32,000, provided
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70-30 cupro-nickel tubes were used in the feed-water heaters. The annual
corrosion product loadings on the purification system equipment were estimated

to increase approximately three times the base plant design as a- result of
these material substitutions. This resulted in an estimated increase of

approximately $9,000 per year in the operating costs, which when capitalized
at 14 percent would be equivalent to about $64,000 of investment. Offsetting

this $106,000 equivalent capital cost associated with the purification system,

is a net saving of approximately $243,000 in the estimated capital cost of

the plant, which results from the substitution of the lower cost materials.

Thus, a net capital economy of $137,000 would be realized by substituting low

cost carbon steel and cheaper tubing material in the full-scale boiling D2 0

direct cycle plant.

2.2 COMPONENT DESIGN

Design requirements and fabrication procedures for system components are

influenced by the use of D20. Consideration must be given to providing
materials compatibility, minimizing D2 0 inventory and eliminating D2 0 losses.

These factors have been integrated into the design of existing project com-

ponents, as well as those in the design stages. The specific design details

for any one component will vary depending on the manufacturer and the user.

It was the purpose of this study to accumulate design data pertaining to com-
ponents presently in operation, in addition to information obtained from

representative manufacturers of these components. These data have been tabu-

lated and analyzed to determine the effects of D20, in a power reactor plant,
on the design parameters of each component.

Component design data sheets were prepared for the equipment used in the
heavy water systems of projects presently in operation, under construction

or being designed. These data sheets are as detailed as might be found

in the summary sheet of a component specification. Information for these
data sheets was obtained from a survey of available literature and discus-
sions with equipment designers. Visits were made to CVNPA at Charlotte,
N. C., General Electric at Hanford, Canadian General Electric at Peterbor-

ough, Ontario, NPPD at Toronto, Ontario, American Electric Power Service

Corporation at New York, New York, and duPont at Wilmington, Delaware to
discuss the design of the CVTR, PRTR, NPD-2, CANDU, ECNG-FWCNG and HWCTR
plants respectively.

The equipment components included in the study were: steam generators,
pumps, heat exchangers, valves, water treating equipment, reactor vessels

and fuel handling equipment.

Analysis of the major mechanical equipment specified for use in heavy water
power reactor plants indicates that they are not significantly different

from those used in light water nuclear plants except for provisions for

minimizing D 2 0 inventory and losses. Further detailed discussion, as well

as the design data compilation is presented in Section 3.2 of the report.

2.3 LEAKAGE TESTS
Because of wide interest in the subject of D20 leakage from power plant
equipment, the results of the turbine shaft seal, pump shaft seal and
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valve stem leakage tests, conducted in cooperation with the Du Pont -
Savannah River Laboratories and Argonne National Laboratory, have been

presented in a separate document, Report SL-1874, "Heavy Water Reactor

Plant Leakage".

The turbine shaft seal leak test program was conducted using the Experi-

mental Boiling Water Reactor (EBWR) turbine at Argonne National Laboratory.
This unit was originally designed for D20 operation and is, therefore,
equipped with special seals of a type similar to those proposed for use

in the boiling D20, pressure tube, direct cycle plants. The results of

two series of tests, run both with and without the vapor recovery systems,

have shown that the EBWR turbine seals perform better than originally
designed. The total moisture lost from the system was found to be 1.3

pounds per month.

The pump mechanical shaft seal leakage tests were run at the Du Pont -
Savannah River Laboratory. The total program consisted of testing four

commercially available mechanical pump shaft seals, each of a different
size, purchased from each of three manufacturers. The parameters varied

in the test were shaft speed, system pressure and shaft size. Normal

test conditions consisted of running each seal for at least 24 hours at

3600 rpm and with 1000 psig water. The shaft speed was varied down to

575 rpm and the system pressure down to 250 psig. Leakage rates were
found to vary widely in each test and between tests. The majority of

the seals tested were observed to have an averaged leakage rate of less

than two pounds per day. In any case, this leakage is normally recover-

able in a closed collection system and the vapor leakage past the seal

flange disaster bushing represents the system loss. Vapor losses in this

test series averaged 7-8 lbs/yrs.

In this test series, no detectable correlation was observed between the

seal leakage rate and rpm or shaft seal diameter. Since all of the seals

purchased were designed for 1000 psig operation, it was found that there

was a tendency for the leakage rate to increase as the system pressure

was decreased. This effect is representative of the influence of pressure

balance at the seal faces and would be expected since the seals were

designed for an 80% balance. None of the data from the tests can be
used to indicate the service life of mechanical shaft seals.

The valve stem leakage tests were run at the Du Pont - Savannah River
Laboratory. The program consisted of testing a 3/4 inch, 600 pound

globe valve, a 3 inch motor operated gate valve and the bonnet assemblies

of a 3 inch globe and a 6 inch gate valve. The valve assemblies were

alternately subjected to deionized light water at 1000 psi and 500 F and

atmospheric pressure and 160 F. The period of each complete cycle was

about 3 hours.

During an 80-cycle test, the average combined leakage from the stuffing
box and bonnet gasket of the 3/4 inch valve was 10 pounds of water per
year. During a 100-cycle test at similar conditions, the average water

leakages from the stuffing boxes of the 3 inch globe valve and the 6 inch
gate valve were 0.09 and 0.6 pounds per year respectively. The average
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leakage from the stuffing box of the entire 3 inch motor operated gate

valve was 30 pounds per year of water when the valve gate was opened and

closed 1100 times at three-minute intervals. As expected, the maximum
leakage in any given test cycle occurred when the gate was in the open

position, and the minimum occurred when the gate was closed. The differ-

ence between the maximum and minimum leakage in each cycle varied randomly

from 5 to 19 pounds per year.

2.4 DESIGN CORRELATION

The purpose of the studies in the design correlation task was to investi-
gate the nature of plant design problems and the solutions that have re-

sulted and, where possible, to establish the reasons for any differer'es

that exist.

The plants with which this study was concerned are as follows:

United States

Heavy Water Components Test Reactor (HWCTR)

Plutonium Recycle Test Reactor (PRTR)

Carolinas-Virginia Tube Reactor (CVTR)

Florida West Coast Nuclear Group-East Coast Nuclear

Group Reactor (FWCNG-ECNG)

Prototype Boiling D20 Pressure Tube Reactor (S&L-NDA
Design Study)

Canada

Nuclear Power Demonstration Reactor (NPD-2)

Douglas Point. Station (CANDU) - Canadian Deuterium
Natural Uranium Reactor

Norway

Halden Boiling Water Reactor Plant

Switzerland

Sulzer Station

France

EL-4 Reactor

Sweden

R-3/ADAM Power Station

Design data for the above plants were obtained from available literature
and by personal contact wherever possible. The data received were arranged

in functional groups; i.e., site characteristics, plant general arrangements
and systems, for analysis. The detailed information for each of these

groups is tabulated and discussed in Section 3.4 of the report.
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2.5 DESIGN COMPARISON

A detailed comparison of the capital costs for a conventional steam power

plant and the boiling D20, pressure tube, direct cycle plant have been
made. To illustrate the effect of accounting methods on estimated power

cost and to further indicate their relative status on H20 cooled and

moderated, dual cycle reactor plant cost comparison is also included.

The three plants are all 300 MWe size and have all been estimated on the
basis of comparable site conditions.

A summary of the estimated costs is presented in the following table:

Conventional D20 Plant H20 Plant

Plant

AEC Account $/kwe $/kwe $/kwe

20. Land and Land Rights 0.10 1.20 1.20

21. Structures and

Improvements 17.67 22.52 26.47

22. Reactor Plant Equip. 58.54 76.11 81.17

23. Turbo-Generator Unit 47.45 53.60 52.53

24. Accessory Electric

Equipment 8.06 7.35 7.76

25. Miscellaneous Power
Plant Equipment 1.48 1.84 1.84

52-53 Main Power Trans-
former 2.70 2.70 2.70

Total Direct Construction

Cost 136.00 165.25 177.67

Indirect Construction Costs

50.33 90.15 96.78

Sub Total 186.33 255.40 274.45

D20 Inventory -- 76.12 --

Total Construction Cost 186.33 331.52 274.45

The design construction cost for the H20 dual cycle plant is indicated
to be slightly higher than the boiling D20 direct cycle design, ex-

clusive of the heavy water inventory. Including the D20 inventory at

$28.00/lb., however, shifts the total construction cost advantage to

the boiling H20 plant.

The principal areas leading to the 37.5% higher construction cost for

the D20 plant compared to the conventional plants are: land, because of

the nuclear plant exclusion area requirements; structures, principally

the containment building and shields; reactor plant equipment; turbine-

generator units, a credit is observed here caused by the difference in
steam conditions and provisions for sealing and decontamination; and in-
direct costs. The latter difference is principally a reflection of the

relative difference in construction experience with nuclear plants com-

pared to conventional plants.
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Future cost reductions for the D2 0 plant are anticipated in the areas of:

structures, primarily through improved containment design and elimination
of some auxiliary structures; reactor plant equipment, by decreased cost
of the reactor and its associated heat transfer system and auxiliaries;
and indirect construction cost through increased plant construction ex-

perience.

2.6 INVESTIGATION COORDINATION

Work in this area was deleted from the scope of work.

2.7 PRESSURE TUBE SAFETY ANALYSIS
In order to evaluate the effectiveness of the moderator in quenching the
energy released in the event of a pressure tube burst in the boiling D20
reactor, data were obtained from AECL on their tube burst tests and from
General Electric at Hanford on their PRTR analytical hazards analysis con-
cerning pressure tube ruptures. These data were combined in an independent
analysis to estimate the consequences of a failure of the pressure tube
in the boiling D20 prototype.

A large pressure tube rupture discharges flashing coolant at such a rate

that high pressures are produced in the calandria-pressure tube annulus
and failure of the calandria tube results from the high stresses induced
in the tube. These stresses result not only from the pressure buildup

in the annulus, but also as a result of the "jet force" of the escaping

coolant coupled with concurrent thermal stresses.

To evaluate the magnitude of the hoop, thermal and bending stresses pro-
duced, coolant discharge rates for a given size pressure tube opening were

established assuming that two-phase (water-steam mixture) critical flow

existed at the pressure tube rupture and the annulus exit. The Martinelli-

Nelson method of calculating two-phase pressure drop was used assuming

steady state conditions.

As a result of the above analysis and correlation, the following were

concluded:

a) A pressure tube failure with an opening less than three square

inches would not seriously damage its calandria tube.

b) A pressure tube rupture of three square inches or greater would dis-

charge flashing coolant at such a rate that high hoop, bending and
thermal stresses would be induced and cause failure of the calandria

tube, followed by gross failure of the pressure tube.

c) Damage to adjacent calandria tubes could result from pressure waves in
the moderator and missiles from torn tubes. Pressure waves in the
moderator would collapse neighboring calandria tubes until they be-
come restrained by their respective pressure tubes.
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d) Missiles, if present, would produce the most severe damage to

adjacent calandria tubes. No serious damage would be expected
of a pressure tube exposed to cold moderator by a torn calandria

tube. However, it is possible that a missile could tear both the
calandria tube and the pressure ttae with various consequences
resulting. D, age to adjacent calandria tubes by ejection of fuel

elements is very unlikely.

e) Catastrophic failure of a pressure tube and calandria tube at the

mid-point of the reactor would not seriously damage the calandria

tank. This is attributed to the dampening of the pressure waves by

the moderator and to the flow baffle located between the core and

the calandria sell which would act as a blast shield and cushion the

initial pressure v lives emitted.

f) The moderator, serving as a heat sink, would effectively quench

the energy released from a pressure tube failing catastrophically
at the mid-point of the reactor. Gross failure occurring near the

surface of the moderator could, because of reduced condensing

efficiency, seriously damage or even rupture the calandria due to

the rapid pressure buildup within the calandria.

The wall thickness of the Zircaloy-2 pressure tubes in the boiling D20
prototype reactor is based on a design stress of 12,000 psi at 600 F.

In the past few years, considerable work has been done on Zircaloy-2
in an effort to more clearly establish its mechanical properties. This
work has shown that the 12,000 psi design stress used {or the prototype

is a conservative value. Since the pressure tube would -ely, if ever,
operate above 530 F, the 600 F design temperature adds anscher safety

factor to the design stress. Because of this conservative design, a

tube with no defects failing at normal operating pressures and tempera-

tures is deemed very improbable.

2.8 COMPUTER PROGRAM FOR ECONOMIC OPTIMIZATION STUDIES

As part of a combined effort with du Pont, Sargent & Lundy has estab-
lished the design and cost bases for the turbine-generator plant

structures and equipment, miscellaneous structures, reactor plant

structures, and part of the reactor plant auxiliary systems, which are

being incorporated into a computer program by du Pont. The program will
be used to establish the optimum design and associated power cost for

D20 power reactor plants of 300 MWe capacity.

Turbine cycle performance data and cost estimates have been established

for indirect (H20) and direct (D20) cycle plants for a range of satu-

rated steam pressure of from 1400 psia to 165 psia. The data are plotted

as a function of final feed water temperature and both 1.5 in. HgA and

3.5 in. HgA condenser pressures have been included. Tie final feed water
temperature varies from the respective condenser temperature up to a

maximum of 500 F.
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Other variable design and cost data established include: the reactor
containment, containment vessel substructure, containment vessel super-
structure, shadow shielding, moderator cooling system, shutdown cooling

system, reactor coolant purification system moderator purification system,

coolant storage system, moderator storage system and the reactor building

crane.

The information prepared by Sargent & Lundy is presently being factored
into the computer program at Savannah River Laboratory.
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3.0 DISCUSSION

This section presents the detailed discussion of the work done on the

engineering design studies related to heavy water moderated power reactor
plants.

3.1 MATERIALS

Significant cost reduction possibilities for nuclear power plants can

be realized by the utilization of low alloy and carbon steel in place
of the stainless steels currently employed. It was the purpose of the

Materials Study to evaluate the effects of these lower cost materials
in the primary system of heavy water reactors. Current literature and
other sources of data have been investigated for information relative
to the corrosion and erosion of the austenitic stainless steels, low
alloy steels, carbon steel and other alloy materials. The principal
variables considered were corrosion and erosion rates as a function of
fluid temperature and velocity, oxygen concentration and pH. In
addition, the effectiveness of. alternate methods of maintaining water

quality were studied, as well as the effects of corrosion and erosion

product deposition and build up at various locations in the primary

system. The work reported covers the completion of the literature

survey, the compilation of primary materials corrosion data, tech-
niques for maintaining water purity in nuclear reactor circulating

systems, water treatment methods in general, corrosion product depo-
sition, and an economic evaluation of alternate materials of con-
struction for a 300 MWe, direct cycle, boiling D20 reactor plant.

3.1.1 Corrosion Data

Austenitic Stainless Steels

The austenitic stainless steels of the AISI series include Types
304, 304L (low carbon), 309, 310, 316, 316L (low carbon), 321 and 347.
These austenitic alloys have been observed to exhibit a high deg ee
of corrosion resistance to high purity, high temperature water. ti) (2) (3)

Futhermore, these alloys have been investigated under the auspices of
the AEC under a wide variety of conditions to determine effects on

corrosion resistance of the following variables:

1. pH

2. Hydrogen and Oxygen Concentration

3. Fluid Temperature

4. Fluid Velocity

Much of this work has been done with two of the alloys, Types 304 and

347. The corrosion rate usually obtained for stainless steel Types
347 and 304 is about 10 mg/dm2-month based on exposure to water at
600 F, pH 7 and 0.05 ppm 02. At reduced temperatures, (200-500F)
no significant differences in corrosion rate have been detected in

tests conducted upon five alloys in the 300 series of stainless steels.

Tests conducted at 190 F with high purity water resulted in corrosion

rates of 1.5 to 3 mg/dm2 -month. The effect on stainless steel cor-

rosion rates of varying dissolved oxygen concentration and reduced pH

have not yet been completely investigated, since normal operation is
with a low oxygen concentration and above neutral pH.
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The corrosion products in a high temperature stainless steel system
consist primarily of finely divided magnetite containing nickel and

chromium oxides. It has been found that the concentration of soluble

corrosion products may be maintained at approximately 0.05 to 3 ppm

by means of a suitably sized bypass demineralization and filtration

system. For example, the Yankee pressurized water(4)reactor plant,

constructed at Rowe, Mass., has a primary coolant system constructed

of Type 304 stainless steel, except for the fuel cladding which is

Type 348 S.S. However, other materials such as Graphitar and Types

316 and 410 stainless steel are being used in various primary system

components. Thus, all these materials will be exposed to the high

temperature (500-600 F) primary system water. The primary coolant

system is designed to operate at a pressure of about 2000 psig and
will have a flow velocity of 38 feet per second in the main coolant

piping. A dissolved hydrogen concentration of 25-35 ml. (STP)/kg
water will be maintained in the primary system to suppress radiolytic

decomposition and thus indirectly reduce the corrosion that would be

caused by oxygen formed as a product of water decomposition.

A series of out-of-pile loop tests was performed by Westinghouse to

supplement the design of the Yankee plant. Since it is planned to

use dissolved boric acid as one of the reactivity control methods
at Yankee, two primary system chemistries were considered; i.e., both

with and without boric acid. In one system, about one ppm of lithium

was added in the form of lithium hydroxide, which resulted in a pH of

10 during boron free operation and about 5.0 with 0.92 w/o boric acid
present.

The corrosion tests were conducted in a high temperature recirculating
water, stainless steel loop. The loop was constructed of Type 304
stainless steel and designed to operate at 2000 psig and temperatures

up to 600 F. A Westinghouse, canned-motor, centrifugal pump circulated
water through 3-inch Schedule 80 piping. A flow restriction orifice
maintained the proper flow velocity past the test specimens. The system

temperature was maintained by two heater sections using external strip

heaters of 22 kw total capacity. The system pressure was maintained by
a pressurizer constructed of 6-inch Schedule 160 pipe. The loop was

instrumented to provide adequate personnel safety and control of the

loop operating variables. Loop temperature was controlled and continu-
ously recorded by two thermocouples located a few feet downstream of

the first loop heater section. On-off control of the pressurizer strip

heaters was employed. Pressurizer temperature, pressure and liquid

level were continuously recorded. A schematic diagram of the test loop
is shown in Fig. 3.1-1.

The following conclusions were drawn based on the results of the tests:

a) The total corrosion of Types 304, 316, 347 and 348 austenitic

stainless steels, as measured by descaled weight changes, is
approximately the same when these materials are exposed to the

same water chemistry conditions. The total amount corroded
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for samples initially exposed to hot 0.02 w/o boric acid solution

was approximately 15-20 mg/dm2, reaching this level soon after
initial exposure. These descaled weight changes gradually increase
with time as corrosion proceeded at a stabilized rate. For specimens

of these steels not initially exposed to hot boric acid solutions,

the total corrosion was somewhat higher, about 2-30 mg/dm2 .

b) "Preconditioning" austenitic stainless steel by initial high
temperature exposure to boric acid solutions appears to reduce

the total amount of corrosion of these materials on subsequent

exposure to high temperature boron free water. However, the effect,

if any, of such preconditioning on either corrosion rate or cor-

rosion product release rate is minor. No evidence of a boron

containing film was found after prolonged exposure to boron free

water following preconditioning.

c) Stabilized corrosion rates, as distinguished from initial corrosion

of the austenitic stainless steels tested, varied from essentially

0 to 10 mg/dm2 -month, with only one value over 1.4 mg/dm2 -month.

d) Corrosion rates and metal release rates from the steels appeared

essentially the same in lithiated or neutral water.

e) Exposed weight changes observed on Types 405 and 410 stainless

steels were several times greater than the exposed weight changes

observed on the austenitic stainless steel tests. No effect of

boric acid preconditioning was observed on these materials. Interpre-

tation of these data is difficult and the exposed weight changes, as
contrasted with descaled weight changes, represent the total of two

effects; one of which acts to increase and the other to decrease the

exposed weight change. These effects are, respectively, formation
and retention of metal oxide, and release of corrosion product.

f) No effect was observed due to the presence or absence of continuous

ion exchange purification on total corrosion as measured by either

descaled weight changes or exposed weight changes of the materials

tested. Data comparing corrosion rates and corrosion produce release

rates with and without continuous ion exchange purification are in-

sufficient for reliable conclusions.

Carbon and Low Alloy Steels

A number of research programs have been undertaken by the AEC to evaluate

carbon steel as an alternate material for stainless steel in pressurized
water reactor systems.(5)(6)(7) During the course of the present program,
no data have been found to indicate that carbon steel would be unacceptable
as an alternate for stainless steel. The data now available indicate that

low alloy steels and carbon steels tested in pressurized water loops do
corrode at a higher rate than stainless steel, however, corrosion rates
and the total corrosion damage are not sufficient to jeopardize the struc-

tural strength or integrity of the component or system considered.
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Of all the variables studied in corrosion tests of the low alloy and

carbon steels in pressurized water loops, the most significant effect
on corrosion in dynamic systems has been concluded to result from an

increase in pH from the range of 7 to 9.5 to the range of 10.5 to 11.5.
The corrosion rate decreases with time of exposure much more rapidly

in high alkalinity water than in neutral or low alkalinity water. The
corrosion rate of carbon steel has been determined to be initially high,

but decreases rapidly as a protective oxide film is formed. The average

corrosion rate (base metal entering the reaction) during the first 100
hours may range from 500 to 700 mg/dm2 -month. At the end of 1000 hours,

the corrosion rate generally ranges between 33 and 200 mg/dm2 -month de-

pending upon pH. In high pH water, the corrosion rate is about 33 to

50 mg/dm2 -month after 1000 hours; in neutral to a low alkalinity water,
the corrosion rate is about 140 to 185 mg/dm2-month. After about 800

hours, the corrosion rate in low pH water decreases more slowly with

exposure time than it does for high pH water, and appears to reach an

equilibrium value after 500 hours. Test results have indicated that

the corrosion is fairly uniform. There was no evidence of pitting

except for specimens introduced into a test section containing already

corroded specimens. The weight of oxide scale on carbon steel builds

up initially at a relatively rapid rate until at the end of about 500
hours exposure, a layer has been formed which remains at a relatively

constant thickness. The thickness of this film is usually about

0.00003 to 0.00005 in. By way of summarizing, except for the differences

in corrosion rates between the aforementioned pH values, the variables

listed below were considered to have generally no significant effect on

the corrosion of the materials tested:

1. Variations in alkalinity within the range of pH 10.5 to 11.5.

2. Variations in alkalinity within the range of pH 7 to 9.5.

3. Minor differences in composition of carbon steel materials.

4. Differences in surface finish of metals tested.

5. Variations in water resistivity in the range of 104 to 106
ohm-cm (Approximately 0.15 to 15 ppm)

6. Variations in velocity of water across the steel surface in
the range of 15 to 35 ft. per second.

7. Variations in testing temperature in the range of 500 to

600 F at pressures well above saturation pressure.

8. Thermal cycling between 200 F and 600 F at the rate of one
cycle per day.

9. Whether the test facility is constructed of stainless steel
or carbon steel.

10. Differences in specimen size or shape.
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Fig. 3.1-2 illustrates the corrosion behavior of carbon steel as a function
of pH at water temperatures of 500 to 600 F.

One of the most extensive and recent investigations) of the corrosion

behavior of carbon and low alloy steels in the environment unique to boiling
water reactor systems was carried out jointly by the General Electric

Company and the United States Steel Corporation. The materials tested

included steels generally classified as carbon steels, high strength low

alloy steels, alloy steels and stainless steels. The chemical compositions

of the steels are listed in Table 3.1-I. All the steels were obtained

from regular mill products and are representative of commercially available

materials. The 3 by 3/4 inch test specimen varied from 1/16 to 1/8 inch

in thickness. The specimens were fabricated by machining them to proper
dimensions and then surface grinding. Prior to testing, the specimens

were identified, washed, degreased in acetone, dried and weighed. After

the test, the specimens were weighed, examined by means of a low power
microscope, and descaled electrolytically with the specimen as the cathode

and with a lead anode in a solution consisting of 5 per cent sulfuric

acid inhibited with 1/2 gram ethyl quinolinium iodide per liter of solution.
The specimens were then weighed again to obtain descaled corrosion losses.
Selected specimens were examined metallographically.

The specimens were tested in a boiling water loop shown schematically in
Fig. 3.1-3. Internal electric heaters generated steam in the heater

section, with the steam-water mixture flowing upward through a test boiler

to the primary steam drum where it was separated into saturated steam and
water phases. The steam then flowed through a test holder, was condensed

in the primary condenser, and the condensate passed through a heat ex-

changer into the subcooled section of the loop to be returned to the heater
section. The saturated water from the primary steam drum flowed through
another test holder and was combined with the steam condensate going to

the heat exchanger. The main lines of the loop were constructed of Type

304 Stainless Steel Schedule 80 pipe, 1-1/2 inches in diameter. During
the tests, a temperature of 546 F was maintained in the steam, steam-water
mixture and saturated water sections. The subcooled water section temper-

ature was about 537 F and the loop operating pressure was at 1000 psig.
Water and steam conditions were based on 10 to 20 ppm oxygen. Water pH

was 7 and no additives other than hydrogen and oxygen were employed.

It was concluded from this work, that under the test conditions:

a) There was little, if any, difference in corrosion among the various

steels tested containing up to 5 per cent chromium.

b) There was little, if any, difference 1.n corrosion among the various
steels tested that could be attributed to testing in the four

available environments; i.e., steam, steam-water mixture, saturation

temperature water, and 10 degree subcooled water.

c) The corrosion results obtained on steels containing up to 5 per cent

chromium were lower than the results obtained by other investigators
on similar materials in test loops simulating pressurized water re-
actor systems operated at greater than pH 10 with hydrogen, but no
oxygen, in the water.
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TABLE 3.1-I

COMPOSITION OF STEELS, PERCENT

C Mn P S Si Cu Ni Cr Mo Others

Structural Carbon Steels

0.06
0.21
0.27
0.17
0.20

0.43
0.54
0.92
0.54
0.55

0.005
0.011
0.016
0.011
0.015

0.028
0.029
0.028
0.032
0.029

0.01
0.05
0.22
0.08
0.24

ND*
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

High-Strength Low-Alloy Steels

USS TRI-TEN
USS COR-TEN

0.15 0.95 0.014 0.039
0.08 0.45 0.100 0.026

0.20 0.29 ND ND ND V = 0.09
0.47 0.29 0.28 0.76 ND

Alloy Steels

ASTM
AISI
AISI

A 302 Grade B
4130
4340

USS "T-I"

**USS "T-I"

0.20
0.30
0.41

1.29
0.51
0.86

0.15 0.83

0.13 0.81

0.014
0.010
0.012

0.011
0.019
0.018

0.18
0.26
0.29

ND
ND
ND

0.013 0.025 0.19 0.25

0.025 0.023 0.18 0.32

ND
ND

1.75

ND
1.05
0.77

0.55
0.20
0.25

V = 0.05
0.85 0.60 0.48 B = 0.004

V = 0.05
0.82 0.57 0.50 B = 0.002

Stainless Steels

AISI Type 502
AISI Type 410
AISI Type 430

USS TENELON
AISI Type 202
AISI Type 302
AISI Type 304

**AISI Type 304 L

USS Stainless "W"

0.07
0.10
0.05
0.08
0.10
0.10
0.06
0.03

0.53
0.35
0.46

14.52
7.48
1.58
1.60
1.28

0.07 0.63

0.019
0.016
0.020
0.017
0.032
0.022
0.040
0.019

0.012
0.017
0.007
0.004
0.006
0.017
0.016
0.015

0.44
0.28
0.32
0.70
0.47
0.45
0.58
0.35

ND
ND
ND
ND
ND
ND
ND
ND

0.009 0.021 0.76 ND

ND
ND
ND
ND
4.72
9.50
9.40
9.52

5.00
12.09
16.26
18.23
17.85
18.82
18.80
18.54

6.42 17.08

0.54
ND
ND
ND
ND
ND
ND
ND

N = 0.55
N = 0.13

Al = 0.28
ND Ti = 0.92

* Not determined
** Material used for dual-metal specimens
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d) It is believed that the low corrosion observed, of the steels containing
up to 5 percent chromium, was due to the presence of oxygen in water, or

oxygen and hydrogen, which may help to form a more protective adherent

oxide on the steel.

e) Some very slight indications of localized and crevice corrosion were

found on the steels containing up to 5 per cent chromium. It is not

known whether this local attack occurs during test or during loop start-

up before test conditions were reached.

f) Welded specimens of several stainless steels and steels containing up

to 5 per cent chromium which were welded.to carbon steel or an alloy
steel, showed no sign of galvanic, (selective or accelerated), attack

in or near the weld zones.

g) The corrosion of stainless steels tested which contained over 12 per

cent chromium was less than the corrosion of steels containing up to

5 per cent chromium.

h) Galvanic corrosion between stainless steel and carbon or alloy steel

did not appear to be an important factor.

A typical result in this series of tests indicated a corrosion rate of

approximately 0.03 mil per year (5 mg/dm2 -month) for stainless steel in an

oxygenated water system, compared with a rate of 0.1 mil per year

(18 mg/dm2-month) for a low alloy steel.

Zirconium and Zirconium Alloys

The corrosion of unalloyed zirconium in water is characterized by a

logarithmic weight gain as a function of exposure time. The initial cor-
rosion process involves the formation of a thin, tightly adherent oxide

film. The second stage of corrosion, which occurs after a time termed
"breakaway" or transition time, is characterized by the formation o flaking

or spalling white oxide film and signifies the end of useful life. 10)

The corrosion behavior of zirconium is very sensitive to the condition of

the surface prior to test. Specimens which have been prepared by machining

sand or grit blasting, and abrading exhibit white corrosion products within

very short times. This phenomenon has been associated with a layer of
disturbed metal 1 to 2 mils below the surface which must be removed by
bright etching. Nitrogen surface contamination, however, as well as all
residual etching fluid from pickling operations must be removed. Hot and
cold working of the metal have not shown any detrimental effects upon the
corrosion behavior. The additions of up to a few hundred cc/kg of hydrogen,

oxygen or nitrogen, as well as the addition of small amount of dissolved
salts in test water, do not affect the corrosion behavior. Fluid velocity,

prior heat treatment and electrical coupling, have not demonstrated any

effects upon the corrosion resistance of unalloyed: zirconium in water.

To eliminate or reduce the undesirable corrosion characteristics of pure

zirconium; i.e., "breakaway", and to provide a material which exhibits a
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predictable corrosion behavior, a number of zirconium alloys have been
developed, the most notable of which is Zircaloy-2.

Zircaloy-2 is a complex alloy of sponge zirconium which was developed by
Westinghouse. Its composition is zirconium with additions of 1.57. tin,

0.1070 chromium and 0.0570 nickel with a maximum nitrogen content of 60 ppm.

The alloy exhibits reproducible and predictable corrosion behavior re-

gardless of the grade of zirconium used as a base. The onset of "break-

away" has been greatly delayed through the use of Zircaloy-2 and its

corrosion resistance approaches, and under some conditions, exceeds that
of the purest unalloyed zirconium. A developmental program has been

undertaken to improve the corrosion properties of Zircaloy-2, and this

program is being pursued by the Canadians and the Soviet Union as well

as the United States.

Aluminum and Aluminum Alloys

It has been demonstrated that aluminum possesses good corrosion resistance

in water up to approximately 400 F. Work by Draley (-1)(12) has indicated
that the addition of small quantities of acid to water improves the cor-

rosion resistance markedly with good corrosion behavior up to approxi-
mately 400 F. This improvement in corrosion resistance occurs in a pH

range of 5.5 to 6.5. Velocity effects upon aluminum corrosion in neutral

aqueous media appear to have little or no influence on the corrosion up

to velocities of about 20 ft/second. Aluminum possesses all the properties

that make it desirable as a material of construction in low temperature,
low pressure, high purity water systems. Preliminary work by Draley has

shown that after an initial exposure period, the corrosion rates of 1100

aluminum are approximately the same in H2 0 and D20 at 212 F. More cor-

rosion was observed during the initial exposure period in H2 0, but a

difference in water purity control could explain this variation.

Current interest is centered on the development of aluminum-nickel-iron
alloys to improve corrosion resistance at elevated temperatures.

Inconel

Materials of construction for the steam generation system of both indirect

cycle boiling water reactor and pressurized water reactors are exposed on
one side to primary reactor water and on the other side to secondary boiler

water. Austenitic stainless steels have been used extensively in this

application, however, the austenitic stainless steels are susceptible to

stress corrosion cracking under some conditions. Chlorides are likely to

be present in the secondary boiler water, resulting in the possibility of

chloride stress corrosion cracking occurring. Inconel is a material which

resists stress corrosion cracking in chloride and alkaline environments.

In order to evaluate Inconel for service in the steam generating portion
of pressurized water nuclear power plants, the behavior of Inconel was

investigated(13) with respect to corrosion, radioactivity of corrosion

products and fabrication.
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Tests were conducted in simulated primary water, both in a high velocity
test loop and in autoclaves, and in simulated secondary boiler water
environments. A normal mill production heat of Inconel was selected for

the tests. A heat of unusually high carbon content and a heat of unusually
low chromium content were also included. These materials were subjected

to numerous heat treatments to insure that they could not be damaged in

this fashion. Type 347 stainless steel was included as a reference material.

Water compositions are indicated in Table 3.1-II.

The loop tests were designed primarily to obtain weight loss data, although
crevice specimens and a few galvanic couples were also included. Most of

the tests were run for 2000 hours. Specimens were removed periodically for
weight change measurements which indicated both the corrosion rates and the
amount of corrosion products in the water. At the conclusion of the tests

all specimens were inspected and additional weight change measurements were
made. Microexamination of selected specimens was made in order to detect
any selective subsurface attack.

The high velocity loop and the autoclaves were fabricated from Type 316
stainless steel. A schematic drawing of the loop is shown in Fig. 3.1-4

and of the autoclaves in Fig. 3.1-5.

A canned rotor pump was used to circulate the water in the test loop at a

velocity of about 30 feet per second past the specimens. The autoclaves
were equipped with an external thermal leg to insure some degree of stir-

ring or circulation of water during the tests. In the loop tests, a
portion of the circulating water was bypassed through a filter to remove

suspended crud. A thin sludge, principally Fe3 04 from the stainless steel

tubing of the loop was removed from the filters when they were periodically
cleaned. Water from the sampling bulbs was always clear, and there was
no evidence of suspended matter settling out or standing.

The composition of the Inconel alloys considered are given in Table 3.1-III.

Alloy No. 1 represents Inconel currently being commercially produced.
Alloy No. 2 was relatively high in carbon content, and Alloy No. 3 was high
in iron and low in chromium. If variations in composition had any harmful

effects, it was believed that this selection would indicate them. Type
347 stainless steel quench annealed sheet was used in all the tests as a
reference material. Both stainless steel and hot rolled mild steel were

used in galvanic couples in the autoclave tests. Alloys No's. 1, 2 and 3
were subjected to several different heat treating procedures as indicated
in Table 3.1-IV. As indicated in the table, welding was included as a
heat treating procedure. The object of the heat treatments was to reveal
any tendency towards intergranular corrosion and also to find methods of

preventing such attack should it occur. In boiling 25% nitric acid, mill
annealed Inconel which has been heated subsequently at 1200 F for 2 to 10

hours, suffers intergranular corrosion. However, it has been demonstrated

that prior heating at 1600 F, particularly after cold rolling, decreases

the effect of the 1200 F treatment in causing intergranular corrosion in
nitric acid. This behavior is analogous to that of stainless steels and
is related to carbide precipitation and chromium depletion. Intergranular
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corrosion of Inconel was not expected under the test conditions described,
but it was nevertheless considered important enough to inv9 stgate thoroughly,

because there has been one report suggesting such attack.

The specimens for the high velocity loop tests were 6 x 0.75 x 0.06 inches.

They were inserted in slotted nickel-chromium alloy holders. Crevice speci-

mens were fabricated by mating two pieces 6 x 0.75 x 0.03 inches. These

specimens had a 0.125 inch wide slot milled near and parallel to one edge
along almost the entire length of the specimen. They were mated in such

fashion that the slots did not coincide.

In the autoclave tests, stress and crevice specimens were 5 x 0.433 x 0.06

inches. A step, 0.005 inches deep, covering the middle 3.5 inches of the

sample was machined in one half of the samples. A flat sample and a step
sample were mated together and stressed in a jig to 90 per cent of the
room temperature yield strength of the outer fibers in the flat samples.

This provided a crevice between the stressed samples ranging from 0.005

inches at the edge of the step to 0 inches at the point of loading.

The remaining specimens for the autoclave tests were prepared from 1 x 2

x 0.06 inch pieces. Galvanic couples of Inconel to stainless steel and
of Inconel to steel were made by placing appropriate specimens end to end
and butt welding. Initially, all the specimens were ground to give a

surface finish of less that 60 microinches rms. At the beginning of the

tests, all the unwelded specimens were cleaned and weighed. At the end
of the tests, they were reweighed and cleaned cathodically at a current

density of 20 amps/dm 2 in hot inhibited 2.5% sulfuric acid, and weighed
again.

All the specimens in the loop tests acquired a tightly adherent tarnish

film. These were all dark blue in color except for the stainless steel

specimens in Test I which were almost black. The weight measurements

indicated that variations in composition and heat treatment had no sig-
nificant effect. The main effect of raising the temperature from 550 F

to 630 F was one of changing the amount of initial attack. This was in-

creased in the case of Inconel and decreased in the case of stainless
steel.

X-ray and electron diffraction observations showed that the corrosion

films on the Inconel consisted of nickel oxide (NiO) and spinel (NiCr2O4)
and that the film on the stainless steel consisted of spinel.

In the case of the crevice specimens, weight losses in general ran some-
what lower than for noncrevice specimens. Apparently, the protected areas

were less affected by the action of the flowing water. Coupling Inconel

and stainless steel in the crevice specimens had no effect on the amount

of corrosion of either metal. Metallographic examination of selected

specimens revealed no intergranular attack, no pitting, and no selective

attack of any kind on the Inconel alloy specimens. The stainless steel

specimens exposed to 650 F water had some extremely shallow pits (less

than 0.5 mil deep) after 2000 hours of exposure.
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TABLE 3.1-II

SIMULATED REACTOR WATER ANALYSES

Composition Range

Test

1*

Type of
Water

Primary

2* Primary

3 Primary

4

5

6

7

8

Primary

Primary

Primary

Primary

Secondary

Tempera-
ture, F

550

650

550

550

550

600

680

500

Exposure
Period,
Hours

0-500
500-1000
1000-2000

0-500
500-1000
1000-2000

0-200
200-500
500-1000
1000-2000

0-500

0-200
200-500
500-1000
1000-2000

0-200
200-500
500-1000
1000-2000

0-200
200-500
500-1000
1000-2000

0-200
200-500
500-1000
1000-2000

pH

9.3-9.5
9.2-9.6
8.9-9.5

9.2-9.3
9.1-9.3
8.9-9.3

9.1-9.5
9.0-9.2
8.9-9.6
9.5-9.6

9.2-9.5

9.2
9.1
9.3
9.3

9.1
9.3
9.2
9.7

8.9-9.0
8.8-9.2
9.1-9.2
9.0-9.1

7.4-10.8
7.6-10.8
10.8-11.3
10.7-11.1

NH3 ,

pm

2.2-3.0
2.5-3.0
1.4-3.0

2.1-3.0
2.1-2.4
1.9-3.0

1.7-3.4
2.8-3.1
2.2-3.0
1.8-3.0

2.6-3.1

2.7-3.0
3.0
2.5-3.0
2.5-3.0

2.7-3.0
2.7-3.1
2.5-3.0
2.4-3.0

2.6-2.9
2.1-2.8
2.4
2.7

H2
cm 3 /Kg

40-65
40-65
40-65

40-60
40-60
40-65

26-39
39-48
44-54
25-52

<3
<3
<3
<3

<3
<3

<3
<3

40-60
40-60
40-60
40-65

02 ppm

<0.003-0.002
0.02-0.04

<0.003-0.026

<0.003
<0.003
<0.003-0.05

<0.003
<0.003-0.04
0.006-0.02
0.007-0.014

0.2-7.1

<0.003-0.05
<0.003
<0.003-0.07
<0.003

<0.003-0.05
<0.003-0.007
<0.003
<0.003

<0.003-0.03
<0.003-0.05
<0.003-0.08

0.2-7.0
0.2-7.0
0.2-7.0
0.1-7.1

*Loop tests with water velocity about 30 ft./sec. All other tests were in autoclaves.

Cl,
ppm

P04 ,

ppm

120-150
125-150
129-150
132-150

46-50
46-50
48-50
48-50

1

Ni

1



TABLE 3.1 - , Cont.

Composition Range

H2
cm3 /Kg 02 ppm

0.1-7.1
0.2-7.0
0.2-7.0
3.7-7.1

C',

49-50
48-49
50-61
47-50

P04
ppm

130-133
134-136
138-139
130-131

Test

9

Type of
Water

Secondary

Tempera-
ture, F

500

1

Exposure
Period,
Hours

0-200
200-500
500-1000
1000-2000

NH3 ,

ppmpH

9.8-11.0
10.9
10.8-11.1
10.0-10.8
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TABLE 3.1-III

COMPOSITION OF INCONEL ALLOYS

Material C Fe Ni Cr Cu Co Cb Mn Si S

Alloy 1 0.03 7.52 76.21 15.72 0.14 <0.20 - 0.17 0.18 O.00

Alloy 2 0.08 6.97 76.74 15.67 0.10 0.17 - 0.15 0.26 0.00

Alloy 3 0.04 8.60 76.33 14.44 0.13 0.20 - 0.33 0.10 0.00

347 Stainless 0.05 Bal. 11.3 20.0 - - 0.70 2.0 0.60 0.022

347 Stainless 0.06 Bal. 9.3 20.0 - - 1.20 1.8 1.0 0.02:

Steel 0.05 Bal. 0.02 0.01 0.02 - - 0.47 <0.02 0.02

7

7

7

4

2

1



TABLE 3.1-IV

INCONEL ALLOY HEAT TREATMENTS

First
Operation

None

1200 F. 10 hr

Welded

1600 F. 10 hr

1600 F. 10 hr

1600 F. 10 hr

Cold Reduced,

Cold Reduced,

Cold Reduced,

Cold Reduced,

Second
OperationCode No.

1

2

3

4

5

6

7

8

9

10

1200 F. 2 hr

Welded

1650 F. 0.7 hr

1650 F. 10 hr

1650 F. 0.7 hr

1650 F. 10 hr

Third
Operation

1200 F. 10 hr

1200 F. 10 hr

Welded

Welded

Fourth

Operation

1200 F. 10 hr

1200 F. 10 hr

40%

40%

40%

40%

1

W

1



The average corrosion rates of stainless steel and Inconel were
determined in the autoclave tests to be 5.4 and 1.5 mg/dm2 -month

respectively. These were less than in the high velocity loop tests,

as would be expected. As in the loop tests, the Inconel and stain-
less steel specimens acquired thin adherent tarnish films. Careful

visual inspection was carried out on the specimens. In the case of

the Inconel and stainless steel specimens, there was no evidence of
pitting or intergranular attack in crevices, in stressed areas, near
welds or adjacent areas. This was confirmed by numerous metallographic

examinations. The steel specimens suffered from some shallow, randomly
located pits which were not associated with crevices or galvanic effects.

The galvanic couples seemed to have no effect on either member of the

couples.

Specimens exposed to secondary boiler water acquired adherent tarnish

films, as in the other tests. These were tan to straw colored on the

Inconel and somewhat darker on the stainless steel. Weight loss
measurements showed that variations in the composition and heat treat-

ment of the Inconel had neglible effect. Corrosion rates were slightly

higher than in the static primary water, however, all the corrosion

rates were exceedingly low. Inspection of the Inconel specimens showed
no pitting or local attack. The stresses, crevices, welds and galvanic

couples exhibited no significant attack on the metal. There was no

indication that Inconel accelerated the corrosion of the other members
of the galvanic couples. There was no stress corrosion cracking on any

of the stressed specimens, either the Inconel or the stainless steel.

Even though 50 ppm of chloride ion were present in the secondary water

during the tests, this did not allow local buildup of concentration
of the chloride ion, as is usually associated with the stress corrosion

cracking of stainless steel.

The results of this study indicated that, from a corrosion standpoint,
Inconel is an excellent construction material at the tested water con-

ditions for both the primary and secondary side of pressurized water

reactor equipment.

Inconel forms tightly adherent tarnish films in the waters studied and

it contributes only a relatively small amount of corrosion product to a
high velocity stream of primary water. It corrodes at rates comparable

with those of Type 347 stainless steel.

Variations in composition and heat treatment have little effect on the
corrosion behavior of Inconel in primary and secondary waters. Applied
stress, crevices or welding do not cause selective or intergranular attack.

Galvanic coupling of Inconel to steel or to stainless steel does not
accelerate the attack on either member of these couples.

Confirmation Tests

A series of corrosion tests on carbon steel, stainless steel, and Zircaloy-2
were run at Hanford by G.E.(9 to supplement existing data and to examine

the effects of different pH control materials. The test conditions were

-35-



similar to those used in other experiments, however, the data reported

does not exactly duplicate other conditions studied.

The test series was conducted using coupons in demineralized and deoxy-

genated water whose temperature was in the range from 482 F to 572 F.
All tests, except two, were run for a period of 1800 hours. Two materials,
ammonium hydroxide and lithium hydroxide, were used to control pH in

comparable tests.

The carbon steel test coupons were descaled using inhibited hydrochloric
acid. The effect of carbide precipitation on the corrosion of the stain-

less steel coupons was studied by heating test specimens to 1250 F for

two hours and then cooling them in air. This procedure simulated weld
sensitized areas found in Type 304 S. S. piping. All the Zr-2 coupons were

etched with a nitric-hydrofluoric acid mixture prior to testing.

The results of the test series are summarized in Table 3.1-V, where the

penetrations and corrosion rates measured, reasonably agree with previously

reported data.(10) As a result of these tests the following observations
were made:

a. The corrosion rates of Zircaloy-2, A-212 carbon steel and Type 304

stainless steel are low in high temperature, deoxygenated water in the

pH range of 7-10. At 535 F in water adjusted to a pH of 10.0 with

lithium hydroxide, lower corrosion rates were obtained with carbon and

stainless steels than in water adjusted to a pH of 8.5-9.5 with ammonium

hydroxide.

b. The corrosion penetrations of Zircaloy-2 and Type 304 stainless steel

could not be determined because of descaling problems. Weight changes
of these materials were taken as a measure of penetration. It was

assumed that the Zr-2 retained all of its oxide and the weight of oxide

remaining on the Type 304 stainless steel was small in comparison to

the metal lost.

c. Zircaloy-2 exhibited a penetration of 0.009 mil after 900 hours in 572

F, deoxygenated, deionized water at pH 6-7. Raising the pH to 8.5-9.5
with ammonium hydroxide reduced the penetration to 0.007 mils after

1800 hours at 535 F.

d. The results of the tests indicate pH 10 with lithium hydroxide is the

best medium for Zircaloy-2, carbon steel and stainless steel.

Corrosion Data Comparison

The data from the General Electric oxygenated boiling water tests and the
data obtained for the Yankee tests may be compared with reported results(10)

shown in Table 3.1-VI. In the tabulated results, the corrosion rate for
alloy steel is found to be approximately 1 mil/year or approximately 200

mg/dm2 -month which is approximately 10 times the observed rate using deoxy-

genated water typical of boiling reactor systems reported by General
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TABLE 3.1-V

1800 HOUR CORROSION TEST RESULTS IN DEOXYGENATED WATER

Material

Carbon Steel,
A-212

Water Temp., F.

535 8.5-9.5

pH Control Corrosion
Material Penetration, mils Rate, mils/yr.

NH40H 0.48 1.65

Stainless Steel
Type-304

Zircaloy-2

*

**

535

482

535

535*

535

572***

10

7

8.5-9.5 NH40H

10

8.5-9.5

6-7

Test Run for 2000 hrs.

Calculated from weight changes.

Test Run for 900 hr.

LiOH 0.12

0.35

0.055

0.15

0.03**

0.005**

0.007**

0.009**

LiOH

NH40H
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TABLE 3.1-VI

TABULATION OF CORROSION TEST DATA FOR MATERIALS OF CONSTRUCTION

Fluid Temperature Fluid Velocity
(F) (FPS)

Oxygen

pH (cc/kg)

Hydrogen Corrosion Rate
(cc/kg) (mg/dm 2 Month)

SS-Type 304 500
600
500
600

1/60,30
30
10
30

7
7

10
8.5

D
D
D
D

25-500
100

0-20
0-20

5
10

5
15

Note: Low temperature corrosion rates of five alloys of type 18-8 Stainless
Steel reported by A. H. Roebuck have indicated that there is no

significant difference in the corrosion rates between 200 and 500 F.

Carbon Steel
(ASTM-212-GR.B)

IJ

Croloy - 1-1/4

Zircaloy-2

500
540
600
600

90-400

30
30
30
30

10-30

20
30
30

600
600
600

500
500
500
500
750

600

10-20
10-20

1-2
10-20

10-20

11
7-10
7

11
6-8

7
11

9-10

10
10

10.5
8.5

7-8.5

10

<0.01
<0.3
<0.1
<0.2
0.5-4 PPM

D
D

200-1000

1.0
D
D
D

D

500
Equil

40
100
None

100
500

0-20

0-20
0-20
0-20
100

0-20

150
320"
720
180

300-600

200
25
50

10
5

10
5

25

10

Steam in static
tests

7 Saturated
7 Saturated
7 Saturated
7 Saturated
9 Saturated

Letter "D" indicates degassed water, less
kilogram of water. All samples tested in

None
None
None
None

None

than 0.5
water.

1
7.5
14

150
7.5

cc of oxygen (STP) per

Material
Remarks

Aluminum
1100

122
212
300
400
122

Note:



Electric Company. The data reported as a result of the confirmation tests

conducted by General Electric at Hanford, generally confirms the tabulated
data for carbon and low alloy steel. Comparison of the corrosion rates of

the austenitic stainless steels indicates that the corrosion rates are low-
est for "preconditioned" Yankee water chemistry conditions (0-10 mg/dm 2 -
month). There is good agreement between the tabulated data and the General

Electric boiling system results (5-10 mg/dm 2- month).

3.1.2 Water Treatment Methods

Design specifications for water purity in the primary system of power

reactor plants are generally more stringent than those for conventional
plants operating at comparable temperatures and pressures because of the

problems associated with carrying highly radioactive materials throughout

the plant. Nuclear plants to date have met these specifications by using
costly, highly corrosion resistant materials of construction, together
with water treatment systems of varying complexity. As more operating
experience is gained with nuclear plants, however, it is becoming evident
that many of the early designs were ultra-conservative and that sub-
stantial capital and operating cost reductions can be realized by employ-

ing more "conventional" materials and methods without incurring undue hazard.

The control of corrosion and erosion through proper materials selection,
coupled with suitable water treatment for nuclear power plants, can be
related to the experience and practice of conventional plants. For
example, materials used for the turbine piping system are in general the
same for either a nuclear or conventional plant of similar design pres-
sure and temperature. In the primary system of water-cooled reactors,

the high degree of water purity required is comparable to practices
employed in present day supercritical plants utilizing conventional fuels.

This section presents a review of conventional plant design criteria for
materials selection and a general comparison of the water treatment
practices employed in both conventional and nuclear plants. Much of the
discussion here is aimed at effecting cost reductions in the plant designs

being considered elsewhere in this program.

Materials Selection

The materials utilized in conventional steam generating plants are those

which, after many years of design and operating experience, have evolved
as being the most economical for manufacture and for operation, when

considered over the life of the plant. Specifications must take into
consideration the properties of the materials, such as strength, ductility,
resistance to wear and chemical attack, heat transfer characteristics,
etc., as they relate to the operating conditions to be encountered, i.e.,

steam and water temperatures, pressures, velocity, etc.

Economics has led to the use primarily of iron and steel, including many

alloys thereof, as well as copper in alloy form. A list of the principal
materials commonly used in conventional plants, together with some selec-
tion criteria is given in Table 3.1-VII. It may be noted that, of the
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TABLE 3.1-VII

MATERIALS FOR CONVENTIONAL POWER PLANTS

Normal Oper. Max. Metal
Item Fluid Material Temp. Range, F Design Temp., F Design Vel., fps Remarks

Condensate

Feed water

C. Steel

C. Steel
1-1/4 Cr. 1/2 Mo.

80-360

220-550
LLU-55U

775

775

10

15
UTed when req' Uto

resist corrosion
and erosion.
Typical application
Flashing steam
water mixtures for
piping runs down-
stream of control
valves.

Sta. steam
To 25 psig
Above 25

Sup. steam
To 200 psig
Above 200

Instr. Air

C. Steel
C. Steel

C. Steel
C. Steel

1-1/4 Cr. 1/2 Mo.
2-1/4 Cr. 1 Mo.
Stainless Stl.

Brass

Galv. Steel

100-267
Above 267

To 775
To 775
776-1020
1021-1070

775
775

775
775
1020
1070

Above 1070

100
160

200
267
267
267
267

Vel. limitation
Set by press.

drop
Copper

Used at high tem-
perature & pressure
because of high
creep strength
characteristics.

Used for headers.
Alternate mtl. for
headers.
Used for branch
lines.

Piping

0



Table 3.1-VII, Cont.

Normal Oper. Max. Metal
Item Fluid Material Temp. Range Design Temp. Design Vel. Remarks

Piping (Cont.) Service Air

H2 & C02

Oil

Valves Water, steam
and gases

C. steel

C. steel
Brass

C. steel
Brass & Bronze

Brass & bronze
Cast iron
C. steel
1-1/4 Cr. 1/2 Mo.
2-1/4 Cr. 1 Mo.
4-6 Cr. 1/2 Mo.

Stainless stl.

Vel. limitation
Set by press.
drop

Vel. limitation
Set by press.
drop

Vel. limitation
Set -by press.
drop.

To 400
To 400
To 775
776-1020

1021-1070

400
400 (non-shock)

775
1020
1070
1070

Above 1070

Preferred for

strength.
Less subject to
corrosion.

) Max. temp. varies
) with press.

Used to prevent
erosion.

Normally used to
resist corrosion-
erosion.

Valve trim

Instr. Primary
Devices

Condensers

Water, steam
and gases

Water, steam
and gases

Water & steam

Brass & bronze
Nitralloy

Monel
Stainless stl.
High Cr.
High N.
Stellite

C. steel
Brass & bronze
Stainless stl.

Arsenical
Copper

)
)
)
) To resist
) corrosion-
) erosion

)

775
550

Above 1070

To 400 400

) Used to resist
) corrosion-erosion

7-9 fps

(water vel.)

1S

_



Table 3.1-VII, Cont.

Normal Oper. Max. Metal
Item Fluid Material Temp. Range Design Temp. Design Vel. Remarks

Heat Exchangers
Tubing

Inhibited
Admiralty
80-20 Cu-Ni
70-30 Cu-Ni
Monel (stress-
relieved)

Monel
(annealed)

Stainless stl.

Aluminum

Condenser &
Heater Tube
Sheets

Condenser &
Heater Shells

Water & steam

To 450

451-700
451-700
701-800

801-900

450

700
700
800

900

7-9

8-11
8-11
9-12

9-12

30

To 120 7-9

Muntz metal
Naval bronze
Steel

Used primarily to
resist corrosion-
erosion. Vel. gen-
erally limited to
pressure drop.
Limited use for

condenser tubing.

) Choice depends
) on tube materials
) & water conditions

Steel

Deaer. Htr. Trays

& Spray Nozzles

Pump

Water

Water

Casing

Pump Impeller

& Trim

Water

Stainless stl.

Cast iron

C. steel
Alloy Steel

Bronze
Low Cr-Mo.
High Cr.
Stainless Stl.

To 400

80G-550

400 (non-shock)

775

To resist corro-
s ion-erosion.

Max. temp. varies
with press.

Inner casing at
higher temp.

)
) Used primarily to
) resist corrosion-
) erosion.

1

Ni

1



Table 3.1-VII, Cont.

Normal Oper. Max. Metal

Item Fluid Material Temp. Range Design Temp. Design Vel. Remarks

Cast iron

C. steel
1/2 Mo.
1 Mo.
1 Cr. 1/2 Mo.

1 Mo. 0.2 V
High Cr.
Stainless stl.

To 400

To 750
600-875
825-950
825-950

950-1000
To 1050
1000-1050

400 (non-shock)

750
875
950
950

1000
1050
1050

Max. temp. varies
with press.

) Used to resist
) corrosion-erosion
) and for temp.

) above 725 F.

Water & steam C. steel 750-950 Max. temp. varies
with press.

Carbon-moly
1/2 Cr. 1/2 Mo.
1 Cr. 1/2 Mo.
1-1/4 Cr. 1/2 Mo.
2 Cr. 3/4 Mo.
2-1/4 Cr. 1 Mo.
3 Cr. 1 Mo.
5 Cr. 1/2 Mo.
9 Cr. 1 Mo.
Stainless stl.

Turbines Steam

Boilers
1
J

975
975

1000
1050
1080
1125
1125
1150
1200
1400

a



total amount of metal in the steam-water cycle of a conventional steam-
electric generating plant, normally more than one-third of that exposed
to the steam or water is nonferrous. These materials and the design
limitations listed are not meant to be absolute as there may be some
divergence among engineers; however, the table is generally representa-
tive of present engineering design practices.

Carbon steel is generally satisfactory to a temperature of 775 F for

piping and accessories. Above this temperature, there is a tendency
toward graphitization which can lead to material failure; hence chrome
alloy steels are utilized above 775 F, with the amount of alloy being
determined by temperature-strength characteristics of the particular
steel. In the case of boiler tubing, it is noted that carbon steel may
be used for temperatures as high as 950 F (depending on pressure). In
this case, the higher temperature is permissible because experience at
these temperatures has not resulted in failures even though some graphi-
tization has been detected. The strength characteristics of cast iron
and brass limit their use to temperatures of about 400 F.

Design velocities for pipe and tubing are normally limited to the figures

indicated in Table 3.1-VII, although the actual velocity used is fre-
quently determined on an economic basis considering design pressure loss
for the particular piping system.

Criteria for materials selection in nuclear plants have not evolved to
the point where a comparable table can be prepared. Many of the materials
being used in reactor cores are not characterized by well known operating
limits and therefore cannot be clearly specified at this time.

Water Treatment

Once the most suitable materials have been selected, some means for
maintaining water purity must be supplied. By processing and chemical
addition, the water-steam environment may be maintained so as to limit
the attack and build up of foreign substances on the metal surfaces to
within satisfactory limits for a 35 to 40 year plant life.

Water treatment may be divided into two general classifications:

a. Treatment of water used for makeup to the steam-water cycle;

b. Internal treatment of the water in the cycle.

Water treatment processes include removal of debris by stationary or
moving screens, filtration, separation of mud and silt in settling basins,
heating, evaporation or distillation, deaeration, treatment with lime,
treatment with soda ash, treatment with both lime and soda ash, lime and
barium, coagulants, and zeolite softeners. The processes are not all
carried out in the same manner; some of the methods are continuous,
others are intermittent. Demineralization of feed water by the use of
cation and anion exchangers can produce water with less than 1 ppm total

solids and is widely recognized as an efficient method of treatment. This

-44-



method of obtaining pure make-up and pure feed water is being employed

in many instances in place of evaporators.

The objectives of water treatment for both the water used for make-up

to the cycle and the internal circulation water may be considered as

three distinct and separate entities:

a. Prevention of injurious water forming deposits.

The presence of thick scale on boiler tubes and other evaporative
and heat transfer surfaces results in a loss of efficiency in

the generation of steam and in overheating the metal. The latter

may result in bagging or burning the tubes. In the case of a

nuclear reactor, deposits of this kind could lead to fuel element

burnout and subsequent fission product release.

b. Production of uncontaminated steam.

Proper water treatment provides a feed water which upon concen-

tration in the boiler gives rise to a minimum quantity of dis-
solved salts and suspended solids. As the concentration of

either or both occurs in the boiler water, tendency for carry-
over or entrainment in the steam increases; hence, blowdown or

bypass purification must be used to control this concentration.

c. Corrosion control.

The protection of boilers, economizers, superheaters, condensers,

feed-water heaters, and piping materials, is involved in this

problem. The main factors in the prevention of boiler water cor-

rosion are:

1. Removal of free oxygen to a requisite minimum depending upon

the boiler temperature pressure, alkalinity and kind of

service.

2. Maintenance of a certain alkalinity in the boiler.

A pH of 11.0 to 11.5 has been found effective in low pressure boilers
where the free oxygen is not completely eliminated. Generally, the

desirable pH range for high pressure boilers is 10.5 to 11.0. A
boiler water in which the alkalinity is maintained in the proper ratio
to alkaline phosphate, with no excess caustic present, will show a

high pH value but may be concentrated without increasing the concen-

tration of hydroxyl ions appreciably. The exact treatment required
depends upon operating conditions. Unsuitable treatment may result in

impurities (oxygen and carbonic acid) in the steam that could cause

serious damage to steam lines and turbines.

The question of external feed water purification versus internal treat-
ment is one that has caused much controversy in the past. It is gener-
ally recognized and agreed today that one must complement the other. It
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is generally accepted that external purification should be as complete
as can be justified by boiler operating conditions and economic factors.

Regardless of the purity of the feed water which the external purifica-
tion gives, protective treatments are almost universally used as insurance
against scale formation and other sources of trouble. Chemical treatment

and demineralization of feed water and boiler water within the boiler

cycle is designed as internal or secondary treatment, to distinguish it

from purification of boiler feed make-up before it enters the cycle. It
may vary from the use of simple additives, in the form of boiler com-
pounds for internal softening, to the precise control and full-flow de-

mineralization of the condensate leaving the condenser. The scope of

internal treatment includes control of complex silicate and other types
of scales and corrosion products, prevention of caustic embrittlement

and the control of adherent superheater and turbine deposits.

Current nuclear plant practices for treating primary system water vary
somewhat depending upon the plant being considered, but in general con-

tinuously operating bypass filtration and demineralization are used. In
either boiling water direct cycle plants or pressurized water indirect

cycle plants this means diverting a fraction of the total primary flow

through a loop, which may contain a prefilter, cation and anion exchange
resins and an afterfilter. Because the ion exchange resins are usually

temperature limited, a combination of regenerative and ordinary heat

exchangers are employed to reduce the temperature of the diverted stream.

The fact that low temperatures are attained in the purification loop

also permits pressure reduction to reduce equipment costs. In this

case, the purification loop effluent is returned to the system with the
feed water.

Oxygen:

Of the many factors contributing to corrosion, probably the most important
is dissolved oxygen. The effect of dissolved oxygen in tap water on
steels with varying chrome content (14) is shown in Figure 3.1-6. Cor-

rosion increases approximately linearly up to 5 ppm. Also, alloying
with chrome greatly reduces the corrosion rate. For the high chrome
steels, the corrosion becomes negligible.

Since much of the material in a conventional steam plant is carbon steel,

it is necessary to keep the dissolved oxygen content at low levels. The
amount may be limited from 0.01 ppm for low pressure boilers to essentially

zero ppm for the modern high pressure plants. The reduction of oxygen
may be accomplished by mechanical or chemical means. Normally both are
used.

The sources of oxygen in power plant fluid systems are as follows:

a. Atmospheric air inleakage to the turbine surface condenser.

b. Atmospheric air inleakage through low pressure equipment and

components. (Pump seals, valves, piping joints, packing, etc).
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c. Residual oxygen in the condensate, feed water and steam that is

not removed by chemical or mechanical pretreatment.

d. Residual oxygen in feed-water makeup.

Mechanical deaeration is accomplished by breaking the water into small

drops and heating it to saturation temperature to decrease the solubility

of the oxygen. The process may take place in a separate deaerating

heater or in the condenser. Normally, the oxygen is reduced to about

0.005 ppm in a deaerating heater and of the order of 0.01 to 0.03 ppm in

the condenser hotwell. Mechanical deaeration is also utilized in the
hot-process softening of makeup water to reduce dissolved oxygen to

0.01 to 0.2 ppm.

Based on studies of operating plants, quantitative estimates of the con-

tribution of oxygen inleakage to total feed-water oxygen contamination

can be made as a function of plant load. A typical condensate and feed-

water system with feed-water heater drains piped to a deaerating con-

denser is the basis for this analysis. Oxygen inleakage in extraction
lines, heater drains and closed heaters is removed in the deaerating

condenser. Table 3.1-VIII shows a listing of ten stations with the de-

aerating condenser systems operating at 25-50 and 100% of full load.

In the plant water cycle, chemical deaeration is used to supplement
mechanical deaeration in order to remove the traces of oxygen which

remain. Chemical deaeration may be attained by the addition of sodium
sulphite, which combines with oxygen to form the sulphate. An alternate

treatment for use in high pressure systems is the addition of hydrazine.

Hydrazine combines with oxygen to form water and nitrogen as follows:

N2H4 + 02 - .. 2H20 + N2

This reaction leaves no dissolved solids in the water. At temperatures

above 400 F, hydrazine will decompose, probably in accordance with the

following equation,

2N2H4  N2 + H2 + 2NH3

Thus, the control and point of injection is an important design con-
sideration. In practice, the method of utilizing hydrazine has been

varied somewhat in different plants, i.e., hydrazine may be used alone
or in combination with sodium sulphite or ammonia.

The sources of oxygen in nuclear plants are identical to those outlined
above with the exception of radiolytic decomposition. The methods for

minimizing oxygen content in the secondary system of an indirect cycle
plant may be any of those outlined above. In the case of boiling water

direct cycle plants, oxygen arising from both air inleakage and water

disassociation can be minimized using feed-water additives and deaeration.

In pressurized water primary systems, the only important source of oxygen

is from disassociation and this can be minimized by maintaining an excess

hydrogen ion concentration to insure maximum recombination.
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TABLE 3.1-VIII

OXYGEN DATA - DEAERATING CONDENSER OXYGEN (PPM)

Station Guaranteed Full Load 25-50% Full Load

1 .018 .01 - .02 .03 - .04

2 .018 .005 - .01 .015

3 .018 .005 - .01 .015

4 .018 .005 - .01 .01

5 .018 .002 - .01 .01

6 .03 .018 .035

7 .018 .005 - .01 .005

8 .018 .003 .005

9 .03 .025 .03 - .05

10 .018 .01 .02 - .03
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In addition to being thermally stable at 500 to 600 F, a successful

inhibitor for reactor application must not become appreciably radio-

active under neutron bombardment, and it must not be decomposed to any
appreciable extent by irradiation. Most inhibitors found effective in
other industrial water applications have not been found suitable for

reactor application. Lithium hydroxide has demonstrated considerable
promise, although the reaction of Li3 to form H3 adds to the radio-
activity level in light water systems. In heavy water reactor systems,

this contribution is negligible because of the much higher concentra-

tion of H3 already present.

Other Gases:

In addition to oxygen, certain other gases which contribute to corrosion

may be present in water. Hydrogen sulphide, carbon dioxide and ammonia,

as well as other gases, may all appear, particularly in the raw water for

makeup.

Hydrogen sulphite reacts as an acid and is highly corrosive to brass and
stainless steel as well as the low alloy and carbon steels. The corrosive

action of carbon dioxide is severe. when the pH is relatively low and it

acts as an acid.

Ammonia has little effect on iron and steel but may be corrosive to brass

and copper.

The presence of the above-mentioned gases in raw water for makeup can be

removed by aeration. Removal may also be effected by deaeration when hot
process softening is employed.

In the steam-water cycle of the plant, carbon dioxide is a frequent con-
tributor to corrosion. The CO2 may be present in the makeup water or may
result from the decomposition of bicarbonates from heat. Its effect is

generally small in the boiler and feed water portion of the cycle. How-
ever, the CO2 will be carried over with the steam, and corrosive action
may be severe where contamination occurs, i.e., in the turbine, condenser,
heaters, steam piping, etc. Without some chemical addition, the condens-

ing steam condensate may have a pH which is slightly acid and therefore
favorable for the corrosive action of CO2. Fig. 3.1-7 illustrates the
corrosive effect of CO2 as a function of pH(1 4 . It will be noted that
the corrosion rate increases rapidly when the pH goes below 6. Operators

normally keep CO2 at very low levels, i.e., essentially zero ppm. How-
ever, the use of volatile amines to increase the pH of the condensate
will effectively minimize the corrosion if CO2 is present.

Hydrogen Ion Concentration:

Hydrogen ion concentration or pH is another important factor in the
control of corrosion. The effect of pH on corrosion of steel(15) is shown
in Fig. 3.1-8. It will be noted that the corrosion rate becomes very high
at low pH, which corresponds to an acid condition. It has become the
practice therefore to control the pH of feed water at relatively high
values - usually between 8.5 and 9.5.
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The rate of corrosion is affected by pH in two ways. At neutral and

low pH the hydrogen combines with oxygen permitting further chemical
action to proceed. At high pH,evolution of H2 gas takes place, and

the corrosion rate can increase.

High pH is normally maintained by chemical addition. Caustic soda has
been widely used, particularly in low pressure plants. Buffering of

the boiler feed water with concentrated boiler water may be used to re-
duce the amount of chemical additives required. At higher pressures

ammonia has been used for pH control - usually in conjunction with

hydrazine. The amines have also found wide use for high pressure service -
chiefly morpholine and cyclohexylamine(16). Morpholine particularly,
has proven to be very valuable because it is readily volatized; i.e.,

the morpholine in the feed-water vaporizes and is carried along with the

steam and is present to protect the turbine and feed-water heaters when

condensation of the steam takes place.

Suspended Solids:

Suspended solids may appear in many forms; turbidity, color, organic
matter, bacteria or oil. Their effect is to form scale and deposits
which reduce heat transfer and produce other deleterious effects.

Solids are normally present in the raw water and must be removed before

the water is used for makeup. In low pressure plants, the amount of
suspended solids must be reduced to less than 1 ppm and in the high

pressure plants should be in the range of 100 - 200 ppb.

Small amounts of relatively coarse sediment can be removed by filtering.
Small amounts of turbidity are removed by chemical feed and filters.

For larger amounts of turbidity, coagulators are utilized in addition

to chemical feed and filters. The same process will also remove color,
organic matter and bacteria, although in some cases chlorination may be

required. Oil can be removed by preformed floc and filters.

Undissolved solids contributed by corrosion and erosion of system

materials are generally removed using filters at critical points, or

included as part of a deionizing loop. In some cases, the ion exchange

resin bed itself may be relied upon as a filter, however, the collection
of undissolved solids, especially if radioactive, tends to shorten the

useful bed life.

Dissolved Solids:

The amount of dissolved solids permissible in the plant feed water varies
with the plant pressure and temperature from a few ppm (depending on the

type of solids) to less than 1 ppm for the high-pressure plants. Within
the boiler, solids may be carried as high as 1000-3500 ppm in the low
pressure plants. Table 3.1-IX indicates the allowable dissolved solids
concentration for various boiler pressures.
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TABLE 3.1-IX

CONVENTIONAL PLANT
MAXIMUM BOILER WATER CONCENTRATIONS

FOR VARIOUS OPERATING PRESSURES

Concentrate of
Total Solids in
Boiler Water-PPM

Not to Exceed 3500

Not to Exceed 3000

Not to Exceed 2500

Not to Exceed 2000

Not to Exceed 1500

Not to Exceed 1250

Not to Exceed 1000

Note 1: Alkalinity not to exceed 20% of total solids.

Note 2: Total soluble solids plus suspended solids not
to exceed soluble solids by more than 5 per-
cent.

Note 3: Oil or grease that can be extracted by sulphuric
ether or chloroform not to exceed 7 PPM.
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The solids present in the raw water for make-up may be reduced by

settling, aeration, filtering and by several chemical processes in-

cluding cold lime-soda, hot lime-soda, hot lime-zeolite, sodium zeolite
and hydrogen zeolite. The hot processes and zeolite are, in general,

the more effective methods. In the case of high-pressure plants, the

make-up water after chemical processing may be evaporated or passed

through mixed bed demineralizers to reduce solids to 0.1 ppm.

Dissolved impurities in the plant cycle are removed by various means,

depending largely on the plant operating conditions. In nonsupercritical

conventional plants, blowdown, either continuous or intermittent, is

generally used. However, in the supercritical plants boiler blowdown

is not possible and solids are removed in condensate demineralizers.

To illustrate the high degree of water purity required for a super-

critical unit operating at 4500 psi, 1150 F, the following specifica-
tions on boiler feed water are presented:

Total Dissolved Solids 500 PPB max.

Silica (Si02) 20 PPB max.

Iron (Fe) 10 PPB max.

Copper (Cu) 10 PPB max.

Dissolved Oxygen (02) 5 PPB max.

pH Value 9.5 to 9.6

For this plant, the condenser was designed to eliminate leakage into
the cycle as much as practicable. Besides corrosion resistant materials,
its design included sprayed rubber coatings over the tube rolls and

sheets to stop seepage leaks. The designers, nevertheless, were aware
that even these precautions would not be enough in the event a condenser

tube failed. Such a failure would necessitate shutting down the unit
immediately as the extremely high river water solids could not be
handled by full-flow demineralization except for a short time.

The techniques for maintaining water purity in nuclear plants usually
involve ion exchange systems, either bypass loops or full condensate
flow. In view of the water purity requirements in conventional super-
critical plants, as stated above, many of the high purity specifications
associated with nuclear plants are not unique and will be met economically
using "conventional" equipment.

Purification Circuits:

It has been demonstrated that an effective means of maintaining water
purity in a circulating coolant loop is the utilization of a bypass

purification circuit employing ion exchange and filtration equipment.(17)

When synthetic organic exchange materials are used, water must be cooled
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to a temperature suitable for the particular resin bed. A prefilter is

often used, and is particularly needed during initial start-up of a
system when large amounts of trash (welding slag, nuts, bolts, etc.) may
be collected. A postfilter is required to prevent fine resin particles
from being distributed throughout the circulation system.

While a bypass purification system is essential for water purity control,

it is relatively ineffective in removing corrosion products from the

system. While it has a high efficiency for removing material from the
water, it does not "see" a great deal of the total system inventory in

purifying a system volume of water. Most of the insolubles in the system

at any moment reside on the surfaces. An inventory of insolubles in a

typical system can serve to illustrate the point. Samplings of system

piping and other internal surfaces after equilibrium operation show loose

crud deposits on surfaces scoured by flowing water of from 10 to 50

mg/dm2 . A chemical decontamination performed on part of the system

yielded an average value of 70 + 15 mg/dm 2 for the surface exposed to

the decontaminant. This is probably a reasonable value for total plant

inventory, but is undoubtedly high for surfaces which see flowing water.

A large fraction of the impurity inventory originates in stagnant areas

and other traps where insoluble material may accumulate.

Recent Developments:

In work reported by Michael and Fletcher, (19) synthetic inorganic ion

exchange materials have shown excellent promise for high temperature and

pressure application in the purification of water cooled reactor systems.

The cost reductions in heat exchange equipment afforded by the utilization

of these materials could be quite significant. The materials of interest

in the work reported were zirconium phosphate and zirconium oxide.

Zirconium phosphate or diphosphatozirconic acid was prepared by mixing

zirconyl nitrate solution with phosphoric acid. The resulting gel was

washed, fired, granulated and sieved prior to evaluation for capacity and

ion removal efficiency. Zirconium.oxide was prepared in a similar manner
by mixing ammonium hydroxide with a zirconyl nitrate solution.

The total capacity of zirconium phosphate for cations and zirconium oxide

for anions was determined at temperatures ranging from 72 F to 590 F. In

the case of the oxide, capacity values were found to be related to solu-
tion temperature and ion concentration. An evaluation of the ion exchange

efficiency of zirconium phosphate and zirconium oxide was conducted with

radioactive solutions of typical corrosion products of a stainless steel

system. In these tests, two 100 ml. columns were connected in series,

zirconium phosphate followed by zirconium oxide. Solution pH was adjusted

to 8.5. An equilibrium decontamination factor was determined for each

nuclide. Average decontamination factors obtained at 72 F for the phos-

phate exchange alone, phosphate oxide exchangers arranged in series, and
conventional organic exchangers are listed in Table 3.1-X for the three
corrosion elements.

Mixed fission product decontamination values are indicated in Table 3.1-XI.

Zirconium phosphate yielded an average decontamination factor of 27,
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TABLE 3.1-X

*DECONTAMINATION FACTORS OBTAINED WITH ORGANIC
AND INORGANIC ION-EXCHANGE MATERIALS

USING SOLUTION OF CORROSION PRODUCT ELEMENTS

Exchange Material Average Decontamination Factor

Fe Cr Co

Inorganic Exchangers

Zirconium Phosphate

Zirconium Phosphate-Zirconium Oxide

58

138

12

61

1410

3745

Organic Exchangers

Mixed Bed (H+, OH-)

Mixed Bed (NH 4 +, OH )

Mixed Bed (Li+, OH-)

273

86

214

180

44

14

4000

136

155

*Decontamination Factor-Defined as the Constant Ratio of Influent to

Effluent Impurity.
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TABLE 3.1-XI

DECONTAMINATION FACTORS OBTAINED WITH ORGANIC
AND INORGANIC ION-EXCHANGE MATERIALS
USING MIXED FISSION PRODUCT SOLUTION

Exchange Material Average Decontamination Factor

Inorganic Exchangers

Zirconium Phosphate

Zirconium Phosphate-Zirconium Oxide

Organic Exchangers

Mixed Bed (H+, OH-)

Mixed Bed (NH 4 +, OH-)
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while the use of zirconium phosphate-zirconium oxide exchange materials

resulted in an average decontamination factor of 253. The pH of the

influent solution was 8.5. Based on the data reported, it appears that

the decontamination efficiency of the synthetic inorganic exchangers,
particularly the multiple bed exchanger, compares very favorably with

that of conventional organic ion exchange resins. The authors feel

that it is quite probable that modifications in the method of preparing
the inorganic exchangers may further improve their efficiency.

The development of a high pressure, high temperature axial flow magnetite
bed filter has been reported by Paulson (20) on work conducted for the
AEC. The axial flow magnetite bed filter was developed to limit insoluble

crud concentrations to an acceptable level in carbon steel pressurized
water reactor primary systems. The sintered metal filter used in early

plants was found to be unsatisfactory.

The following were concluded by Paulson (6) as a result of this investi-
gation:

1. An axial flow magnetite bed filter will remove crud and radioactivity

from water cooled reactor systems. Satisfactory although not neces-
sarily optimum operating conditions are:

a. Service flow rate of 33-260 lbs/min-ft2 (5-40 gpm/ft2).

b. Water pH (neutral or alkaline) 7-10.5.

c. Operating temperature, 500 F.

d. Backwash method: Steady flow at 160 lb/min.-ft.2 for
seven minutes or more, alternative is backwash in short
bursts at higher flow loading.

e. Maximum crud capacity, 1400 g/ft. 2

f. Crud leakage; a function of crud concentration, up to 100%
at 0.05 ppm; very low at 1 ppm.

g. Minimum bed depth; 13 in.

2. Sodium leakage from a new bed of magnetite may result in detectable
levels of Na-24 in the circulating coolant. This effect should dis-
appear, however, after a few weeks of service.

3. Cold axial-flow magnetite filters remove crud effectively but have
a higher pressure drop than hot filters and are subject to plugging.

4. Magnetite filters perform equally well in neutral water and water
containing LiOH or NH40H.

5. An axial flow magnetite filter removes some radioactivity that will

normally pass through a filter paper.
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The development of high temperature filtration and ion exchange media

for use in water cooled power reactor purification systems offers promise

of energy and capital cost savings. Manufacturer's information and design

data relative to the use of a fibrous, high temperature filtering media

has been reviewed. One material being considered is fibrous potassium

titanate and is sold under the trade name of Tipersul by the du Pont

Company. At present, fibrous potassium titanate is produced on a pilot

plant scale for sales and market evaluation.

The potassium titanate fibers as produced are in the form of irregular

lumps, or masses. The fibers may be exfoliated from the lumps by using
a stirrer that gives high liquid shear. This gives a water dispersible

pulp which may be handled in much the same manner as paper pulp to form

papers, blocks or sheets by felting on a screen using vacuum or pressure

filtration. These blocks and sheets have adequate strength for most uses

by employing binders. Irregular shapes which must hold their contoured

form when dried, can be formed from the wet mats.

The normal density of the material is 12 to 15 pounds per cubic foot for

formed pads. Higher density material can be obtained by pressing the

wet mats and drying. Tipersul blocks with a density of approximately 70

pounds per cubic foot having low thermal conductivity and good mechani-

cal strength can be made by pressing at 2,000 psi and drying under pres-
sure.

The chemical stability of the fibrous material is good. It is unaffected

at room temperature by concentrated hydrochloric, sulfuric and nitric

acids. Upon exposure for a week to boiling 5% hydrochloric acid, the

fibers showed slight, but definite signs of attack. After exposure for

one week to boiling 5% sodium hydroxide, there was very slight evidence
of fiber damage.

This material appears to be suitable for use as a filtering media in
water cooled power reactor purification systems. The upper temperature

limit of the material is 2200 F. The material has a very high porosity
and has demonstrated good retention of particulate material down to 1

micron diameter.

During the course of the Naval Reactor program (10), mechanical filters
fabricated from sintered stainless steel were employed in pressurized
water reactor purification loops. These sintered stainless steel, high

temperature filters having a 20 micron pore size were effective in re-
moving 60 to 80 per cent of the crud and its associated long lived

activities. However, these filters have demonstrated very inconsistent

and generally unsatisfactory operating characteristics. During low

temperature, they show rapid pressure drop increases which result in

the need for frequent backflushing. The backflushing operation results

in more complex operating procedures, excessive use of water, and a
disposal problem with backflush water. Despite operating difficulties

encountered with this type of mechanical filter, the overall efficiency
of the purification system was satisfactory because of the filtering

characteristics of the demineralizer.
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The power industry has had considerable experience in the handling of
water at temperatures up to 600 F in conventional boiler plant systems.

In this type of system, as indicated above, corrosion is normally kept
at an acceptable level by deaeration and with pH and dissolved oxygen
control by the addition of corrosion inhibitors. For reactor plant
applications, in addition to being thermally stable at 500 to 600 F, a
successful inhibitor must not become appreciably radioactive under

neutron bombardment, and it must not be decomposed to any appreciable

extent by reactor irradiation. Most inhibitors found effective in other
industrial water applications have not been found suitable for reactor
application. Lithium hydroxide has demonstrated considerable promise,

although the reaction of Li6 to form H3 adds to the radioactivity level
in light water systems. In heavy water reactor systems this contribu-
tion is negligible because of the much higher concentration of H3 already

present.

A series of screening tests (21)(22) in autoclaves was conducted by
Westinghouse under AEC contract to evaluate corrosion inhibitor per-

formance. No consideration was given to induced radioactivity or radia-

tion stability in the selection of the inhibitors. The tests were of
one month duration at 600 F. A schematic drawing of the test appa-

ratus is shown in Fig. 3.4-9. Carbon steel (ASTM-A212-Grade B) speci-
mens (1/2 x 4 in. discs) were annealed and machine finished. Specimens
were rotated continuously at 120 rpm and examined and weighed every

seven days. At the end of the test period, oxide coatings were chemically

removed and the descaled weight losses determined. Specimens were also
examined visually for evidence of localized attack. Inhibitor solutions

were made up in demineralized, degassed water (less than 0.05 ppm oxygen).

The inhibitor concentration at the end of each test was determined.

Results of these tests have indicated that the inhibitors shown below
were most effective in the order listed, with specimen weight losses

from one-third to one-half of those obtained in a blank run wherein no

inhibiting agents were added.

1. Morpholine, 10 ppm.

2. Lithium chromate, 3000 ppm plus 1 ppm oxygen.

3. Ammonia, 170 ppm plus 6000 ppm boric acid.

4. Hydrogen, 40 to 50 ppm.

5. Lithium hydroxide, pH 10.0 to 10.5

An irradiation test of morpholine has indicated that it is probably not
sufficiently radiation stable for continuous use in reactor systems.

Lithium chromate, plus oxygen and ammonia, plus boric acid are not
acceptable because of nuclear considerations. These were deemed unac-

ceptable because of either HNO3 formation or that the material was a

neutron poison.
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The concept of "pretreatment" inhibitors is of value when analyzing the

effects of corrosion product formation and transport during the initial

few hundred hours of operation of a system when the reactor would not be

operating. Fig. 3.1-10 represents the results of a typical application

of hydrazine in a full-scale mock-up of the primary system of a pres-

surized water reactor. A slight residual of hydrazine reduced the dis-
solved oxygen from more than 2 ppm to less than 0.1 ppm in 2 to 3 hours.
The primary water was circulated at 225 F in the absence of nuclear

radiation. Morpholine and other additives are currently being evalu-
ated as pretreatment inhibitors in laboratory tests. An effective

"pretreatment" inhibitor would be of great value in the initial opera-
tion of a carbon steel system because the initial high corrosion rate
would be reduced and the corresponding loadings on filtering and de-
mineralizing equipment would be substantially reduced.

3.1.3 Corrosion Product Deposition

Because of the deleterious effect on heat transfer and possibly fluid
flow in primary system components, both in and out of the core, an

investigation of corrosion product deposition was made. First concern
was, of course, with such deposition on the fuel elements themselves,

since this could lead to conditions causing burnout and subsequent

fission products release. Another potential danger associated with

the deposit of corrosion products arises from possible accelerated

corrosion or structural weakening of either fuel cladding or heat ex-

changer tubing.

Irradiation Tests

The preferential deposition of crud on fuel element heat transfer sur-

faces was investigated initially as part of the Naval Reactor program
for pressurized water reactors. Initial simulated in-pile experiments
were conducted (23) in a hot pressurized water loop. Water, bearing
stainless steel corrosion products, was circulated past a thin zirconium

sheet which was subjected to irradiation by a deuteron beam from a
cyclotron. It was observed during the course of these experiments that
fouling of the water side of the zirconium sheet occurred during exposure
to a deuteron beam with neutral water in the loop. At this point in the
program, the experiments using the cyclotron as an irradiation source
were discontinued in favor of a Van de Graaff electron accelerator. The
irradiation tests performed with the Van de Graaff apparatus were con-
ducted with crud deliberately added to the loop. These corrosion pro-
ducts were kept in suspension in the loop water by periodically vibrating
the system following crud additions in the loop. Experimental periods

varied from 36 to 48 hours and the rate of energy dissipation in the

water was approximately 30 times that experienced in the pressurized
water reactor that was being used as a reference energy source. Based

on the results of these tests, the following was concluded:

a) Crud deposition is not appreciably affected by heat transfer

in either direction between the metal and the flowing water.
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b) Crud deposition occurs on the flow channels in the irradiated
areas and downstream for a distance corresponding to about 0.1
second after irradiation.

c) Deposition is inhibited by high pH solutions and is increased
by low pH solutions. The most effective bases for inhibiting

deposition are those which remain highly dissociated and yield

a high pH at elevated temperatures. From this, it appears that

deposition is at least an implicit function of hydrogen ion con-

centration at the operating temperature.

d) Deposition in low pH solutions is decreased by high salt con-

centration.

Experimental work carried out by the Canadians (24,25)using mild steel,
in-pile systems containing water at a pH of 10 to 11 and circulating
at 550 F, indicated that corrosion product concentrations in water under

steady conditions were no higher than in stainless steel loops, and that

activation and deposition poses no more of a problem than in stainless

steel systems. No significant amount of corrosion product was deposited

on test fuel elements. At steady operating conditions, the concentrations

in water were 0.1 ppm and only about 1% of the total corrosion products
formed were found in the filtration and ion exchange system. Following

large temperature changes, large amounts of corrosion products were

released to the system; at such times, corrosion product concentrations

would increase to about 1 ppm. By comparison, corrosion product concen-

trations in stainless steel loop systems with water at pH 10 and 11 are

normally of the order of 0.01 ppm. As in mild steel systems, the cor-

rosion product concentration increases if large temperature cycles occur.

Van de Graaff studies (28) carried out at 450 F using a large number of
carbon steel capillary tubes as a source of fresh corrosion products,
were undertaken to evaluate the effect of velocity upon deposition. Each

run was carried out at essentially neutral pH using a hydrogen-hydroxyl

form resin bed for pH control. Hydrazine was used before the start of

each run to remove dissolved oxygen. A mixed bed resin in one of the ion

exchange vessels was placed on stream to remove unreacted hydrazine, and

to clean up the loop to at least 2 michromho conductivity before any test

run was started. During a test run, the loop water at temperature and

pressure was circulated through a crud pot containing the carbon steel

capillary tubing and through the test specimen holder. The stream was

then cooled to approximately 100 F and passed successively through a

Millipore filter, for removal of particulate matter, and an anion ex-

change resin bed followed by a cation exchange bed for removal of soluble
and colloidal iron. At the conclusion of a run, the test specimen,

Millipore filter, and ion exchange resins were analyzed for iron. The

data obtained from these runs, in which the test section fluid velocity

was varied are shown in Table 3.1-XII.

The observations made by the investigators as a result of the Canadian

experiments may be summarized as follows:

a) The primary source of preferentially deposited iron oxide is

soluble or colloidal iron because most of the iron observed
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TABLE 3.1-XII

VAN DE GRAAFF STUDY WITH CARBON STEEL CRUD SOURCE a

Operating Conditions

Normal Velocity
Beam Off

Beam On

Reduced Velocity
Beam Off

Beam On

Ave
Run Temp
i'O. A-

5
8
13

6
7
7A
12

450
450
450

450
450
450
450

9 450
13A 450

10 450
1OA 450
11 447
llA 450

Beam
Curr

. mp

125
124
122
125

125
125
125
125

Ave
Flow-

Time rate
hr gpm

48
48
48

46
48
48
48

48
46

48
49
48
49

0.088
0.088

0.088

0.088
0.086
0.088
0.088

Iron Observed, mg
Test
Sect
Vel
Aps

4.3
4.3
4.3

4.3
4.2
4.3
4.3

0.088 2.08
0.090 2.18

0.088
0.088
0.090
0.088

2.08
2.08
2.18
2.08

Milli-

pore
Fil terb

3.5
3.5
c

3.2
2.17
3.78
2.10

c
0.77

3.5
3.22
1.82
3.36

On Resin Columnsb
Cation Anion
Section Section

4.31
5.80
8.82

4.41
21.48
14.65
3.90

9.21
14.25

12.69
12.65
12.60
11.44

0.10
0.03
0.20

0.02
8.61
0.01
0.21

Total d
Passing
CTAP.cimn 

8.27
9.45
9.13

9.16
36.34
20.12
7.99

-0.04 9.22
0.29 15.40

0.02
-0.01
0.11
0.20

22.04
18.86
18.58
17.83

Deposited
on

Specimen

0.36
0.12
0.11

1.53
4.08
1.68

1.78

0.05
0.09

5.83
2.90
4.05
2.83

Iron Dep.
on Specimen

as %
of Total

4.35
1.27
1.21

16.70
11.23
8.35
22.28

0.54
0.58

26.45
15.46
21.80
15.87

aOper. Cond: - Temperature - 450 F
Loop pH - 6.5 to 7.5

Conductivity - 2.0 p mho
02 Concentration - less than 0.1 ppm

bThe Van de Graaff loop is designed so that these components receive the total volume of water passing the test
specimen.

cMillipore filter lost during run due to rupture.

dlncludes iron deposited on specimen.

01
0'

,



in these experiments was collected on the cation resin bed,

which was downstream of both the Millipore filter and the

anion resin bed.

b) Preformed insoluble iron oxides, or particulate matter are

not very effectively deposited as a result of ionizing radiation.

This is indicated since the amount of iron collected on the

Millipore filter, apparently is not a function of total iron

nor is it altered by ionizing radiation.

c) With no irradiation, the amount of deposition of the specimen

was less for the low velocity runs because less deposition
occurred at the points where the flow was reversed on the

specimen.

d) With irradiation, a larger average percentage of the total

iron was deposited at the lower velocity.

A series of nucleate boiling tests were conducted by contractors to

the Atomic Energy Commission at NRX Site, Chalk River, Ontario. The

tests were designed to investigate the effects of in-pile local boiling
on surface deposition and corrosion of Zircaloy.(30)

The test loop used was constructed of Types 304 and 347 stainless steel.

The system consisted of an in-pile test section which contained the
specimen arrangement and external loop components. The external loop

components consisted of:

a. A totally enclosed canned rotor pump.

b. A surge tank equipped with strip heaters and controls to
maintain system operation pressure and to degasify system
water during the initial loop start-up period.

c. Loop coolers in the main circuit to remove the heat
generated in the in-pile test section.

d. A feed tank containing degassed and demineralized water and
a high pressure make-up pump to replenish water lost by leakage
or sampling during operation.

e. An auxiliary circuit containing a bypass purification system.

The system included a regenerative heat exchanger, a liquid
sample cooler, and an ion exchange column. High pressure

conductivity cells were installed upstream and downstream of

the ion exchange column to check system water purity and resin

performance. A sampling unit was included in the purification
system for gas additions or sample removal.

.f. Safety devices and other -instruments, provided to insure

reliable and safe loop operating conditions.
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The in-pile test section contained ten fuel bearing specimens. Nine
of these were plates and the tenth was a rod with a thermocouple
embedded in the center. All the plate samples were Zircaloy-3 clad
while the rod specimen was Zircaloy-2 clad.

The tests were designed to have boiling and nonboiling specimens with
positive assurance that local boiling would occur at the top specimen.

The following were the test conditions used:

Pressure 1686 psia

Flow Rate 2.05 gpm

Velocity 4 ft/sec.

Inlet Water Temperature 461 F

Exit Water Temperature 548 F

Heat Fluxes 177,000-302,000 Btu/hr-ft2

A column of mixed bed H-OH resin was used to maintain neutral deminer-

alized, deoxygenated water as follows:

a. pH - 7.0 - 7.9

b. Conductivity - 4-10 micromhos

c. Hydrogen - 20-30 cc/kg

d. Total Gas - 30-40 cc/kg

e. Oxygen - not detectable

Upon removal of the test array from the in-pile test section, each
sample was chemically descaled. During the descaling operation, the
zirconium oxide film which existed on the cladding surface was in no
way altered. The values of crud weight per unit area were then deter-
mined. Fig. 3.1-:L1 is a plot of crud deposition versus thermal neutron
flux while Fig. 3.1-12 is a plot of crud deposition versus heat flux.
It is seen that a straight line relationship was obtained which was
independent of the mode of heat transfer in the case of crud deposition
as a function of thermal neutron flux. In Fig. 3.1-12, it is seen that
the heat flux-crud deposition relationship is also linear for the fuel
bearing specimens. However, the measured point for the hollow thermocouple

tube sample, which contained no fuel, falls some distance from the line.
The fact that all specimens had the same fuel loading explains this
relationship. However, the amount of deposition on the unloaded hollow

thermocouple tube, which had the same diameter and surface finish as
the rod specimen, tends to confirm the neutron influence or some other

irradiation factor influencing deposition.
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Out-of-Pile Tests

Extensive investigations of out-of-pile corrosion product deposition

have been carried out by Babcock & Wilcox Company (27, 28, 29) under sub-
contract to Westinghouse to determine if the corrosion products from a

carbon steel system would deposit on Zircaloy-2 heat transfer surfaces

in sufficient quantity to cause measurable changes in heat transfer

resistance. The effects of nonboiling and nucleate boiling water were

investigated with respect to the deposition of corrosion products and

the corrosion of Zircaloy-2 itself.

Two cylindrical blocks of Zircaloy-2 heated by Globar furnaces in a
carbon steel loop were used to study heat transfer effects with and

without nucleate boiling. The blocks were 2-1/2 inches in diameter

and 10 inches long with a 3/16 inch hole drilled through the center.

Thermocouple wells were drilled at various locations in the cylind-

rical body and chromel-alumel thermocouples were inserted into the holes

and used to measure the block temperatures.

The blocks were placed in a loop, basically constructed of SA-210

carbon steel, as shown in Fig. 3.1-13. A furnace, made of eight

Globars located at 45 degree intervals, was placed around each block.

Each Globar had an effective heating length of six inches. The furnace

was capable of providing a heat flux of 500,000 Btu/hr-ft2 on the in-
side surface of the center hole, although only about 2/3 of this was

used during the test. An inert atmosphere of argon gas was maintained

around the blocks during the test. Water at 2000 psia and 580 F was

circulated through the blocks at about 16-22 fps, and at a flow rate
of approximately 450-650 lbs/hr., by means of a canned rotor pump. The

water flowed first through the nonboiling block where the temperature

was increased about 15 F by heat transfer through the block, then
through a makeup heater into the nucleate boiling block, where the
temperature was further increased 15 F, and finally back to the pump.

All necessary sampling stations, make-up water stations, valves, piping

and instrumentation necessary to maintain the operating conditions were

included in the loop.

During the latter parts of the initial test program, certain additions
were made to the test loop. These included a make-up heater between
the two blocks, a source of corrosion products in the form of a large
number of steel balls, a high-pressure filter and sheath type thermo-
couples in the flowing stream.

During the initial stages of the test program, no attempt was made to

control the pH of the water in order to prevent corrosion of the carbon
steel loop. The pH varied from 5.7 to 8.5,but was at a nominal value

of 6.8. During the latter stages of the test program, the pH was con-

trolled by flowing 10 lbs/hr of loop water through a mixed bed ion ex-
change column that had been charged with lithium hydroxide, resulting

in an influent and effluent with a nominal pH of 10.

-71-



-- Inert Gas Container

Globar Furnace

Zircaloy Block

F t
00

o 0

jFilter}
1

Crud Makr

L piI 

Neater

CARBON STEEL DEPOSITION TEST LOOP DIAGRAM

FIG. 3.1-13

-72-

Flow14

a

a

a

I I IFlow

'4

j

m - .Mwmommj



The following were concluded as a result of the test series:

a. When corrosion products from a carbon steel system deposit

on Zircaloy-2 heat transfer surfaces which are subjected to

nonboiling or nucleate boiling water, no significant changes

in the overall heat transfer coefficient are detected in the

pH range of approximately 7-10.

b. Pressurized water heated to about 600 F will react with

Zircaloy-2 to form zirconium hydride. A higher formation

rate occurs when the nucleate boiling condition exists.

c. The suspended corrosion products content from a carbon steel

system containing water at a pH of 10 is nominally 0.03 ppm.

The amount of deposition on Zircaloy-2 heat transfer surfaces

compares favorably with that from a stainless steel system.

d. Materials will preferentially deposit on heat transfer
surfaces where nucleate boiling occurs.

3.1.4 Alternate Materials Studies

One of the possible means of achieving a reduction in the capital cost
of a reactor plant is to employ materials of substantially lower cost
than the stainless steels and high alloy materials presently in use.

The advantages of using low alloy steels as compared to austenitic
stainless steel in reactor plant applications are:

a. Lower material cost.

b. Reduced coefficient of thermal expansion resulting in

the simplification of the design of essential components,
such as steam generators, heat exchangers, steam drum

and piping.

c. Higher degree of experience and background in fabrication
procedures and methods and nondestructive testing.

d. Better availability of materials and a wider selection of

suppliers and fabricators.

e. Improved maintenance accessibility because of the reduced
adherence of low alloy steel scale over stainless steel
scale. The low alloy steels are potentially easier to de-
contaminate, leading to the aforementioned improved main-
tenance accessibility.

f. Potentially lower concentrations of long half life, energetic
activities such as cobalt-60, manganese-55 and chromium-51

which are major contributors to radioactivity in a stainless

steel system.
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Of the low alloy materials which could possibly be used in water systems,

the 2-1/4 per cent chromium - 1 per cent molybdenum and 1-1/4 per cent

chromium - 1/2 per cent molybdenum alloy steel appear to be the most

attractive alternates. These are standard tubing, piping and plate ma-

terials for steam and water service. As a result, many of the design

practices used in existing power plants could be applied to the design
of a BWR steam supply system.

Preliminary estimates based on conceptual design studies(30131indicate

that the savings in capital cost due to the use of low alloy materials

instead of stainless steels (exclusive of the reactor vessel) would be

about $1,750,000. This conceptual design study was based on a 300 MWe

boiling dual cycle, light water moderated reactor complex. The estimate

was based on a comparison of alternate materials for the various system

components. With the exception of piping, only material costs were com-
pared. In the case of the piping materials, costs of shop fabrication

and fittings were also included in the comparison, however, no field

erection or indirect costs were included. None of the potential savings

due to the differences in design requirements between stainless steel

and low alloy steel were included in the cost estimate. Thus, it was

anticipated that the estimated cost differential was conservative.

Analysis of 300 MWe D20 Plant

In order that the cost differentials for alternate materials of con-

struction in heavy water moderated reactor plants be established,
economic and engineering analyses were undertaken concurrently with

other phases of the materials program. The reactor plant concept
selected for study was a 300 MWe, boiling, direct cycle, pressure tube

reactor plant as described in Reference (33), This plant was selected

in order that the economic effect of alternate materials be evaluated

in a large reactor complex of a type that offers good potential for

becoming competitive with conventional power generating stations.

The 300 MWe boiling pressure tube reactor consists of an aluminum

calandria vessel containing cold D20 moderator. The calandria is

pierced by 394 calandria tubes arranged in an equilateral triangular

lattice array. Subcooled liquid D20 enters at the bottom of Zircaloy-2

pressure tubes and leaves the top as a 14% quality steam-water mixture.

The steam-water mixture from the pressure tubes flows to two. steam
drums where the steam is separated from the water and passed directly

to the turbine. Feed water returning from the turbine plant flows to

the steam drums at 387 F where it subcools the separated D20 liquid.

The resulting mixture then returns to the inlet header at 499 F for

recirculation. Primary coolant D20 is recirculated by four horizontal
pumps operating in parallel. Each pump has a rated capacity of 20,000

gpm at a 200 foot head. Recirculation rate control is obtained by

means of hydraulic couplings on the pump motor drives. The exhaust

steam from the turbine is condensed in the two main condensing units.

Two half-capacity condensate pumps are employed to pump the D20 con-

densate from the condenser hot well through the first three of four
stages of extraction feed water heaters. Feed water pumps between
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TABLE 3.1-XIII
300 MWe BOILING D20 PRESSURE TUBE DIRECT CYCLE PLANT

Reference Specification

SS-304 Alternate Material Spec.
A-335 P-22 & A-335 P-1

Systems

1. Feed water to Heater "D", 6"
Feed water to Heater "D", 12"
6" - 900# Gate Motor Operated
6" - 900# Check

2. Feed water to Vessel Wall, 12"
12" - 900# Gate Air Operated

3. Feed water Vessel Wall to Steam
Drums, 12"
Feed water Vessel Wall to Steam
Drums, 8"
12" - 900# Gate

4. Reactor Coolant (Suc.), 26"
Reactor Coolant (Dis.), 22"
26" - 600# Gate
26" - Expansion Joint
22" - 600 Gate
22" - Expansion Joint
22" - 600# Check

5. Coolant Purification Loop, 6"
6" - 600# Gate

6. Non-Regenerative Purification
System Heat Exchanger Tubes

7. Regenerative Purification
System Heat Exchanger
Shell and Tubes

Quantity

.8 Ton
3.1 Tons

3
3

4.9 Tons
2

8.9 Tons

3.9 Tons

2

29.4 Tons
11.8 Tons

4
4
4
4
4

2.4 Tons
6

Material

ss-304
ss-304
ss-304
ss-304

ss-304
ss-304

ss-304

ss-304

ss-304

ss-304
ss-304

ss-304
ss-304
ss-304
ss-304
ss-304

ss-304

ss-304

ss-304

ss-304

TOTAL

Cost

7,430
21,700
16,500
14,400

34,300
16,200

62,300

16,200

16,200

214,000
86,200
174,000
48,000
174,000
40,000
116,000

22,600

20,400
1,100,430

160,000

70,000

$1,330,430

Material

P-22
P-22
P-22
P-22

P-22
P-22

P-22

P-22

P-22

P-22
P-22
P-22
P-22
P-22
P-22
P-22

P-li
P-li

ASTM 213
T22 Steel
Tubes and
Carbon
Steel Shell

1,

Cost

4,600
14,900
10,200
9,000

23,600
14,000

42,800

18,800

147,000
59,000
83,200
28,000
83,200
27,200
55,600

13,200
9,600

643,900

25,000

20,000

$688,900



the third and fourth stage feed water heaters pump the feed water back
to the steam drums. Extraction steam from the turbine flows to each
of the four stages of feed water heating. The steam after condensing

flows through integral drain coolers and cascades to the first stage.
At this point all extraction heater condensate is pumped back into

the feed water line.

The main steam piping from the drums to the turbine and the extraction

steam piping are fabricated of 1-1/4% Cr-1/2 Mo Grade P 11 steel. The
condensate piping from the condenser hot well to the feed-water pump in-
let is carbon steel. The remaining feed-water piping as well as the

reactor recirculating piping is fabricated from Type 304 stainless
steel. The reactor auxiliary systems consist of the coolant purification

system, moderator systems, shield cooling system and the emergency and
shutdown cooling system.

Economic Analysis

The alternate materials economic analysis was carried out by:

a. Computing the quantities and estimating the costs of those
portions of systems wherein low alloy steel and carbon
steel could be substituted for stainless steel.

b. Estimating the cost of feed-water heaters with varying

tubing materials.

c. Computing the corrosion product loadings on the reactor
bypass purification system for varying feed-water heater

tubing materials and determining the economic effect on
the reactor purification system.

Table 3.1-XIII indicates the quantities and costs of reference design
stainless steel piping and components and the costs based on alternate
materials substitution. The table shows that the cost differential
is slightly in excess of $640,000. The major portion of the costs

tabulated are incurred in the reactor recirculation system. Purifica-
tion system heat exchangers also contribute substantially to the capi-

tal costs; e.g., a net saving of $185,000 is realized when low alloy
materials are substituted in this application.

Extraction feed-water heater tubing materials were evaluated based
on comparing the following tube materials:

a. Reference Material - Type 304 Stainless Steel.

b. Monel

c. Inconel

d. Nickel

e. 70-30 Cupronickel
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Based on a computed total heat transfer surface area of 62,710 ft2, the

costs, for feed-water heaters having carbon steel shells and the above

tubing materials, are indicated below:

a. Type 304 Stainless Steel - $590,000

b. Monel - $536,000

c. Inconel - $650,000

d. Nickel - $587,000

e. 70-30 Cupronickel - $347,000

It was assumed that the outside steam-water film resistance was control-
ling and that the changes in the tube material's thermal conductivity

would not effect the total heat transfer area.

It is apparent from these cost data that the greatest economy can be

effected by the use of 70-30 Cupronickel tubing materials in the ex-

traction feed water heaters, with Monel as a secondary choice. The

remaining materials are within 10% of the total cost of the most expen-

sive material, Inconel.

Computation of corrosion product loading on the reactor bypass purifi-
cation system were performed based on the assumption that the following

were contributors:

a. Extraction feed-water heater tubes.

b. Condensate piping.

c. Feed water and reactor recirculation piping.

d. Zircaloy-2 fuel elements and pressure tubes.

The impurity contribution from the turbine and main condenser was
neglected on the basis that most of the products of corrosion are re-

moved by the full-flow condensate filters, and that this source is

common to both systems.

Corrosion product loadings for the contributing systems with variable

materials of construction are shown in Table 3.1-XIV. It is seen from

the data tabulated that the Zircaloy-2 fuel elements and pressure tubes
are a major source of corrosion products. The substitution of low alloy

steel materials in the reactor recirculation and feed water piping yields

no significant effect on the corrosion product loading of the reactor by-

pass purification system.

The effect of using the alternate feed-water heater tubing materials would

change the design and capital cost of the purification system only in the

case of 70-30 Cupronickel tubing.
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PURIFICATION

Feed-water Heater Tubes 304 ss

77

TABLE 3.1-XIV
SYSTEM CORROSION PRODUCT LOADINGS

LBS/YEAR

Inconel

230

Nickel

77

70-30 Cupro-nickel

770

Condensate Piping

Feed-water and Reactor

Recirculation Lines

Reactor Fuel Elements
and Pressure Tubes

TOTAL

Carbon Steel

94

304 ss
4

Low Alloy Steel

15

Zr-2
214

389

*Indicates low alloy steel in feed-water and reactor recirculation lines.

Source

Monel

500

*553 *400 *1093 *823

,1
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It is estimated that the capital cost of the reactor bypass purification

system would be increased by $42,000 in the event Cupronickel tubes were
used in the feed-water heaters. The increased expenditure for the ion

exchangers would be more than offset, however, by a savings of $243,000
in the cost of the Cupronickel tubes, as compared to Type 304 stain-

less steel tubes. The result would be a net capital economy of $201,000.

Operating costs would be increased by $9,000 annually, based on using

70-30 Cupronickel tubes, which when capitalized at 14%, would be equiva-
lent to about $64,000 of investment.

Conclusions

Based on the economic analysis of alternate materials used in a 300 MWe,

boiling direct cycle, D2 0 plant it may be concluded that:

a. The use of low alloy steel materials in the reactor

recirculation and feed-water piping in lieu of stain-
less steel, places no significant additional loading
on the reactor bypass purification system.

b. The reactor fuel elements and pressure tubes fabricated

of Zircaloy-2 are a major contributor of corrosion pro-

ducts to the loading of the reactor bypass purification

system.

c. There is a saving of approximately $850,000 in capital
costs when 70-30 Cupronickel tubes are used in the

feed-water heaters and low alloy steel materials employed

as alternates for the austenitic stainless steels.

The cost saving differential of approximately $900,000 between the
direct and dual cycle boiling 300 MWe plants is attributed to the more
extensive use of stainless steel (secondary steam generators, etc.)

in the dual cycle plant.
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3.2 COMPONENT DESIGN

Design requirements and fabrication procedures for system components are

influenced by the use of D20. Consideration must be given to providing

materials compatibility, minimizing D20 inventory and eliminating D20
losses. These factors have been integrated into the design of existing

project components, as well as those in the design stages. The specific
design details for any one component will vary depending on the manufac-

turers and the user. It is the purpose of this study to accumulate
design data pertaining to components presently in operation, in addition

to information obtained from representative manufacturers of these com-
ponents. These data have been tabulated and analyzed to determine the

effects of D20, in a power reactor plant, on the design parameters of
each component.

Component design data sheets have been prepared for the equipment used
in the heavy water systems of projects presently in operation, under
construction or being designed. These data sheets are as detailed as

might be found in the summary sheet of a component specification.
Information for these data sheets was obtained from a survey of available
literature and discussions with equipment designers. Visits were made to

CVNPA at Charlotte, North Carolina, General Electric at Hanford, Canadian

General Electric at Peterborough, Ontario, NPPD at Toronto, Ontario,

American Electric Power Service Corporation at New York, New York, and
Du Pont at Wilmington, Delaware to discuss the design of the CVTR, PRTR,
NPD-2, CANDU, ECNG-FWCNG and HWCTR plants respectively.

The equipment components included in the study were: steam generators,

pumps, heat exchangers, valves, water treating equipment, reactor vessels
and fuel handling equipment. The analysis of the data obtained indicates
that these items of equipment when specified for heavy water services are
not significantly different from those being specified for light water
nuclear service except for the provisions made for minimizing heavy water
inventory.

For convenience, the results of the equipment components study have been
abbreviated in this section. Detailed discussion of these observations is
presented in subsequent sections.

Steam Generators

The primary system steam generators for D20 cooled power plants do not differ
markedly from those being use in light water cooled reactor plants.
Greatest variation among the designs considered occurs in the selection of
tube materials wherein carbon steel, monel, stainless steel, Inconel and a

nickel alloy have all been used. Tube-to-tube sheet joints are all welded
and some have been rolled and welded. The generator shell's are generally
constructed of carbon steel and, in some cases, are clad with stainless

steel.
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Testing and inspection procedures are generally similar to those used for
all nuclear plant heat exchange equipment and provisions have been made

in each case for plugging leaky or otherwise defective tubes. The units
considered here were all constructed to generally meet with Section VIII

of the ASME Unfired Pressure Vessel Code and applicable special
interpretations.

For the most part, no provisions were observed for minimizing D2 0 inventory

in the primary system steam generators themselves. Although the possibility
of using filler rods in the tubes and blocks in the water boxes was

considered in each case, none of the designs considered have used such

techniques. In all instances, the plant designers' specifications for the
steam generators indicated the importance of D20 inventory minimization and
that this was a pertinent factor in evaluating the bids.

Pumps

Heavy water appears to have no effect on the hydraulic design of primary
system circulating pumps. If D20 dictates the materials selection of the
primary system, this in turn will require a compatible material for the
pump casing. There is no leakage problem with a canned motor pump. However,
because of the rigid quality control standards imposed on a pump for

nuclear service, this canned motor pump will be substantially more expensive
than one fabricated for non-nuclear service. If controlled leakage of D20

can be tolerated, the mechanical shaft sealed pump appears to be more
attractive, although it too is more expensive than a similar commercial
pump. (Nuclear grade castings have been reported to be 30-50 percent

expensive than commercial grade castings.) The sealing arrangement could
be a throttle bushing with injection D2 0, mechanical seal or both in

series. Leakage past the outboard side of the last seal can be collected
in a closed vacuum or gravity system.

The problems of sealing the shaft leakage of the primary system circulation

pumps also exist similarly for the moderator or other low pressure system
circulation pumps. The pressure differential across the seals for the
moderator pump is substantially less, however, than that for a primary
pump; and for this reason, pumps specified for this service have all been
of the controlled leakage type. To minimize corrosion and wear, moderator
system circulating pump casings have been fabricated from stainless steel.
A flange type connection has been used where the pump is fitted in a
moderator system with aluminum pipe.

In each of the heavy water plants, several auxiliary pumps are required for
circulating D20 through purification loops, D20 make-up, D20 transfer, or
shaft seal D20 injection supply. These have been low capacity pumps of
conventional design. Pumps used for circulating D20 in purification loops
or for transfer purposes have been of the centrifugal, single stage type.
Leakage of the normally radioactive fluid has been eliminated or
constrained by using canned pumps or special shaft seals on standard pumps.
The pump materials in contact with D2 0 have in all cases been stainless

steel. This material is also compatible with the individual system piping
material.
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Heat Exchangers

Heat exchangers handling D2 0 are required for removing the heat generated
in the moderator or reflector, and for reducing the temperature of bypassed
primary coolant for purification to a level where damage of the ion-exchange
resin will not occur. There are, in addition, miscellaneous systems which
require heat exchangers for cooling D20.

In all cases considered, the units were water-to-water shell and tube type
heat exchangers. With the exception of the regenerative type units, all
of the D 2 0 heat exchangers are cooled with light water circulating through
the shell side. Materials that come in contact with D20 are commonly
stainless steel or Inconel. Each unit is of all welded construction, which
includes the tube-to-tube sheet joint. In general, the design and fabrica-
tion of the heat exchangers have followed Section VIII of the ASME Unfired
Pressure Vessel Code and any special code cases pertaining to nuclear
components. Supplementing the fabrication requirements are special specifi-
cations that have been established by the plant designer. The specialties
generally include cleaning and inspection procedures in addition to those

covered by the ASME codes.

Valves

Each of the plants examined have utilized valves of "conventional" design

and construction with the exception of providing lantern gland leakoff
taps for stem leakage collection. Valve body construction materials are
compatible with the system piping materials. The results of test data to
date (See SL-1874), have shown that valve stem leakage in D 2 0 plants is
controllable and can be limited, by maintenance and/or collection, to
reasonable quantities. Standard valves furnished with a collection chamber
in the lantern gland permits piping of the D2 0 leakage to a control
collection tank. Small valves (Approx. one-half inch size) which are
frequently (once a day or more) operated, such as control valves and
purification system valves, could be bellows seal type without incurring

excessive cost.

Water Treatment Equipment

The components of the water purification systems in the heavy water moder-

ated reactor plants evaluated are ion exchangers and filters. Each of
these have been furnished in a continuously operating bypass system to
remove corrosion and erosion product impurities originating in the primary
coolant or moderator coolant loops. After a period of plant operation, the

ion-exchanger resins become depleted and replacement or regeneration is
required. Most common practice has been found to be removal of a cartridge
type resin basket as a unit and to ultimately dispose of this solid radio-
active waste in a suitable burial area. Regeneration of radioactive ion
exchanger resins has not been planned for any of the plants. Other than
provisions for deuterization and dedeuterization, there appears to be
essentially no difference between the ion exchangers designed for use with
reactor D2 0 and those designed for use with H20 in nuclear plants.
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Prefilters have been provided in each of the primary coolant purification
loops except in the PRTR plant. The filter materials in each plant are
different. HWCTR utilizes a magnetite bed, CVTR uses a porous porcelain,
and NPD-2 uses metallic leaves. The prefilters, and similar type after-
filters, in the HWCTR plant are externally lead shielded. Prefilters for
the other plant purification loops are located in shielded spaces. The
afterfilters for the PRTR, CVTR, and NPD-2 plants take the form of a screen
or a perforated plate that is fitted to the bottom of the resin tank.

Reactor Vessels

The reactor vessels used in the D20 plants considered are both pressure
vessel and calandria type. Three of the eleven reactors used pressure
vessels (of the U. S. and Canadian Plants, only HWCTR is a pressure vessel
type). The remaining eight employ a calandria-pressure tube design.
Pressure vessels for D20 reactor service have requirements generally
similar to those for H2 0 reactor service and construction of each is
generally similar. The HWCTR pressure vessel and heads were fabricated
from carbon steel plates and forgings, with all inside surfaces clad with
Type 304 stainless steel. All other internal pieces have been fabricated
from Type 304 stainless steel. The reactor pressure vessel was designed to
operate with D20 at 600 F and 1500 psig. Governing codes and specifications
for the design, fabrication, and construction of this vessel were Section
VIII of the ASME Unfired Pressure Vessel Code, including Code Cases 1224 and
1234 and Du Pont specification titled "Specifications for Reactors" dated
April 24, 1959. The vessel was code stamped.

The principal advantages that pressure tube type reactors have over pressure
vessel reactors are that the high pressure walls of the structure are
relatively small in diameter, cooling fluids other than D20 can be selected,
and separation of the coolant and moderator allows operating the moderator

at a low temperature which increases its moderating efficiency.

On the other hand, each pressure tube must be individually sealed, the hot
primary coolant must be insulated from the "cold" moderator and, depending
upon the materials, Zr-2 may have to be joined to stainless steel.

Each of the pressure tube reactors considered is different in detailed
design. In general, however, they have used Zr-2 pressure tubes and a
calandria constructed of either stainless steel or aluminum.

One significant problem has been observed among all the plants using Zr-2,
tubes. Since the ASME does not reference or qualify Zr-2, a design
standard had to be evolved by each designer; consequently, some variation
occurs. The designers of CVTR have modified Section VIII of the ASME
Boiler and Pressure Vessel Code, while the Canadians have used a safety
factor of three in their designs. Naval reactors applications of Zr-2, on
the other hand, use a stress value corresponding to one-third of the
ultimate tensile strength.

Fuel Handling Equipment

Special facilities and equipment have been furnished to insure safe handling

of fuel at each of the D20 reactor plants. Each plant's fuel handling
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machinery is tailor made and designed for a specific fuel handling procedure.
Further detailed discussion, as well as the equipment design data compila-

tion, is presented below.

3.2.1 Steam Generators

With the exception of the S&L-NDA plant design, all the heavy water
reactor plants considered, use an indirect cycle for dissipating the

thermal energy that is produced in the reactor core. The primary
coolants used are pressurized D20, boiling D20 and C02, and in each case

except in the S&L-NDA direct cycle plant, the primary coolant energy is
used to produce H20 steam. Data describing the steam generating
equipment employed in each of the plants are presented in Table 3.2-I.

Of the United States and Canadian pressurized D20 cooled plants,
(HWCTR, PRTR, CVTR, NPD-2 and CANDU), essentially complete information
is available, except for the CANDU equipment; the C02 cooled FWCNG plant
was omitted since it uses no D20 in the primary loop. European plant
data have not been readily available and are therefore only partially
complete.

Design Criteria

Industrial experience in designing, fabricating and operating conventional

boilers and heat exchange equipment, has provided some background for the
manufacture of nuclear plant steam generators. However, in units for
nuclear service, two design features must be treated with significantly
different emphasis. These are primary-secondary side integrity; i.e.,
leakage, and materials compatibility; i.e., corrosion and erosion.

Because the primary coolant stream if exposed to the reactor neutron and
gamma flux, it is likely that it will be come radioactive. It is of first
importance then that this activity be confined to the primary systems to
avoid contamination of the whole plant. Since in the steam generator, the

primary and secondary coolant streams are in immediate proximity, leakage
must be prevented.

The activity, as well as other deleterious effects, are directly related

to the impurity content of the primary coolant. These impurities arise
largely from corrosion and erosion products contributed by the heat
transfer surface present; e.g., the fuel elements and heat exchangers, and
therefore materials offering resistance to these phenomena must be employed.

Other requirements which result from the above are proper design to insure
adequate strength and special fabrication and inspection techniques. When
D20 is used as the primary coolant, every attempt must be made to minimize
fluid inventory and prevent loss by leakage if the plant is to be economical.

Because of the hazards involved, it is apparent that the consequences of an
accident involving the rupture of a pressure section containing radioactive
materials may be immeasurably greater than a similar accident in a conven-

tional plant. A prime concern in the design, fabrication and operation of

equipment for nuclear service is that such an accident will not occur.
Necessary safety precautions are continually being worked out through the
combined efforts of government agencies and private organization groups.
As in conventional boiler work and heat exchanger practice, one of the most
pertinent criteria followed to insure safe design and fabrication is the
ASME Boiler and Pressure Vessel Code, which has been augmented by Special
Code Cases 1270N, 1271N, 1272N, and 1273N.
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These cases, which apply specifically to nuclear components, establish
more stringent design, inspection and fabrication rules for equipment in
nuclear service than are required for conventional equipment. Some of
these requirements are double welded butt joints, or their equivalent,
for all longitudinal or circumferential seams; compensation for all vessel

penetrations, regardless of diameter; full penetration welds for all con-
nections except where physically impossible due to spacing; and special
requirements regarding the use of safety valves and gauge glasses as well
as other requirements of containment vessel design.

A design standard, which is specifically directed at equipment for the
U.S. Navy, is the "Tentative Structural Design Basis for Reactor Pressure
Vessels and Directly Associated Components". This document provides an
analytical approach to stress levels in all critical areas and considers
such factors as fatigue, plastic flow and stress concentration. It also
standardizes acceptable configurations for many construction features.

Equipment Descriptions

To supplement the information presented in Table 3.2-I, a brief description

of the steam generators which have been specified for the D20 plants being
examined is given below. Data are complete for only four plants, HWCTR,
PRTR, CVTR and NPD-2 and therefore the discussion is confined to these
units. Information, where available, for the remaining plants is given in
Table 3.2-I.

HWCTR:

Two half-capacity steam generators are used in the HWCTR plant and are
vertical, cylindrical units of the single shell and U-tube type. The tube
bundle consists of inverted U-tubes rolled and welded into a single fixed
tube sheet. Integral moisture separation equipment is located in the
steam space of the vessel for maintaining the exit steam quality at no more
than 5 percent.

Each unit has a rated heat removal rate of 104 x 106 Btu/hr. The primary
side is pressurized to 1000 psig during normal operation and the primary
coolant enters at 545 F and leaves at 500 F. With an H2 0 feed water inlet
temperature of 142 F, 96,000 lbs/hr. of steam at 110 psig and 344 F are
produced. The effective heat transfer area for each unit is 2500 ft2.

The heat transfer surface consists of 611 carbon steel SA-210 tubes which
are 3/4 in. O.D. x 12 BWG. The single tube sheet, flanges and nozzles are
also fabricated of carbon steel, but the type is SA-105, Grade II. The
shell which is 48 in. O.D. and 23 ft. 3 in. in overall length, including
the top head, are fabricated of SA-212, Grade B, carbon steel. The bottom
head and the adjacent 9 in. section of shell is carbon steel SA-300,
Class I.

The steam generators are designed, fabricated, and tested in accordance

with Section VIII of the ASME Unfired Pressure Vessel Code, including
Code Case 1224 and applicable.Du Pont general Specifications. Special
inspection and test techniques have been specified in addition to those
required to meet the ASME-UPV Code and the vessels are code stamped. A
dye penetrant inspection of the tubes was originally specified;
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however, this inspection was deleted because existing testing methods
would adequately determine the integrity of the tubing.

In the event that a tube fails during operation, provisions have been made

to allow plugging of the defective tube.

PRTR:

The steam generator for the PRTR plant is a horizontal reboiler type with
internal steam separation. The tube bundle consists of 1900 U-tubes
rolled and welded into a single fixed tube sheet. Hot D2 0 is circulated

at a nominal flow rate of 8400 gpm through the tube side of the unit. The
primary coolant is maintained in a liquid phase at all times by helium
pressurization elsewhere in the system. During normal high pressure,
high temperature, full-power operation the primary coolant will be pressur-

ized to 1072 psig and the liquid will enter the steam generator at 530 F
and leave at 478 F. At these conditions 225. x 106 Btu/hr. of thermal
energy will be transferred to the secondary circuit. The exchange of heat
from the primary to the secondary system will generate approximately
207,000 lbs/hr. of light water steam with 0.5 percent moisture content at

410 psig.

At low pressure, low temperature, full-power operation, the nominal

8400 gpm or primary coolant will enter the unit at 177 psig and 347 F and
exit at 295 F. The secondary steam generation rate, in turn, will be

222,000 lb/hr. with up to 10 percent moisture at 25 psig.

For both levels of operation, approximately 40,000 lb/hr. of secondary blow-
down will be required. Under emergency conditions, when electrical power

to the primary circulation pumps is lost, flywheel equipped pumps will main-
tain an adequate flow rate until the reactor thermal power decays to about

6.1 x 106 Btu/hr. At this point, natural circulation of the primary
coolant will serve to cool the system.

The 7000 ft2 of effective heat transfer surface is made up of 1/2 in. O.D.
x 18 BWG, Type 304 stainless steel tubes having an average length of 26 ft.
The tube sheet will be carbon steel clad with Type 304 stainless steel.
All other parts which are in contact with D20 will be clad or solid, Type
304 stainless steel. The secondary shell, which is 9 ft. 6 in. O.D. and
19 ft. 6 in. in overall length will be fabricated from carbon steel.
Access openings are provided to permit plugging of defective tubes.

The standards of design and construction for this unit are in accordance
with Section VIII of the ASME Unfired Pressure Vessel Code, 1956 Edition,
and Standards of the Tubular Exchange Manufacturer's Association, 1952
Edition, revised in October, 1954.

Inspection and testing the unit will require that all weld joints that are
accessible be radiographed and weld joints not accessible checked with
fluid penetrant or magnetic particle methods. In addition, all the primary
circuit welds are tested for leaks with a halide leak detector test.

CVTR:

The steam generator for the CVTR plant is a vertical, cylindrical unit of
the single shell-and-tube type. The tube bundle consists of inverted
U-tubes rolled and welded to a single fixed tube sheet. The inlet and
outlet chambers, which are located in the hemispherical bottom head, are
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separated by a vertical partition plate. Integral moisture separation
which limits the moisture content of the existing steam to 0.25 percent

is located in the upper section of the shell. The separation equipment

consists of swirl vanes, a chevron separator, and a centrifix type

purifier.

The steam generator dissipates 191 x 106 Btu/hr. of heat from 3.3 x
106 lb/hr. of primary coolant which enters the unit at 555 F and leaves
at 505 F.

The primary steam operating pressure is 1500 psig. Dry and saturated
steam is provided at a rate of 201,500 lb/hr.. at a pressure of 590 psig
during full-power operation. To transfer the thermal energy from the

primary coolant, 6245 ft2 of effective heat transfer surface is required.

In making up the effective heat transfer surface, 1086 Inconel tubes,

1/2 in. O.D. x 19 BWG with an average length of 45.7 ft. are used. The
tube sheet will be carbon steel clad with Inconel. The primary head is

also carbon steel clad with Series 300 stainless steel. Carbon steel

is the material used in fabricating the shell which is 4 ft., 9-3/4 in.
O.D. and 34 ft., 1 in. in overall length.

Manways are provided in each of the primary head chambers for access to
the tube sheet for the purpose of plugging defective tubes. An access

opening is also located on the shell side to allow repair or replacement

of the moisture separation equipment.

The unit will be designed to meet the requirements of Section VIII of
the ASME Unfired Pressure Vessel Code and applicable special inter-

pretations.

NPD-2:

The boiler for the NPD-2 reactor plant is a U-shell and tube heat exchanger
with a separate straight steam drum. The tube bundle consists of U-tubes
rolled and welded into separate tube sheets located at each end of the
U-shaped shell. Mounted above, the shell is a 60 in. O.D. and 23 ft. long
steam drum. The drum and the shell are connected to each other with
seventy-two 4 in. risers and downcomers. Located inside the steam drum
are cyclone separators which detrain moisture and limit the moisture in
the steam leaving the boiler to approximately 0.25 percent.

The boiler has a heat removal rate of 280.6 x 106 Btu/hr. When at normal
full-power 5,400,000 lbs/hr. of liquid D20 at 1000 psi enters the unit
at 530 F and leaves at 485 F. The heat absorbed in the secondary system

generates 300,000 lbs/hr. of dry and saturated steam at 425 psig.

The 6393 ft2 of effective heat transfer surface is comprised of 2099,

5B-167 nickel-alloy steel tubes 1/2 in. O.D. and having a wall thickness

of 0.05 in. carbon steel, SA-105, Grade II, and SA-185 F5 clad with

Inconel is used in fabricating the stationary tube sheets. The 38 in.

O.D. shell and steam drum are fabricated from carbon steel plate,
SA-212 Grade B.
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Section VIII of the ASME Unfired Pressure Vessel Code is the design

code specified for the equipment.

In summary, we find that the primary system steam generators for D20
cooled power plants do not differ markedly from those being used in
light water cooled reactor plants. Greatest variation among the
designs occurs in the selection of tube materials wherein carbon steel,
monel, stainless steel, Inconel and a nickel alloy have all been used.
Tube-to-tube sheet joints are all welded and some have been rolled and

welded. The generator shells are generally constructed of carbon steel
and in some cases are clad with stainless steel.

Testing and inspection procedures are generally similar to those used

for all nuclear plant heat exchange equipment and provisions have been
made in each case for plugging leaky or otherwise defective tubes. The
units considered here were all constructed to generally meet with
Section VIII of the ASME Unfired Pressure Vessel Code and applicable
special interpretations.

For the most part, no provisions have been observed for minimizing D20

inventory in the primary system steam generators themselves. Although
the possibility of using filler rods in the tubes and blocks in the
water boxes was considered in each case, none of the designs considered
have used such techniques. In all instances the plant designers' spec-

ifications for the steam generators indicated the importance of D20
inventory minimization and that this was a pertinent factor in evalu-

ating the bids.

In each plant the primary and secondary fluids are very carefully
monitored to detect leakage. Upon detection, if the leak rate is high
enough, the unit is isolated and repair of the leak made by plugging the
tube. Individual tubing leaks will generally be detected using He
pressure techniques.

3.2.2 Pumps

This section discusses the various pumps that handle D20 in the plants
being evaluated, with the purpose of establishing the effects D20 have
on the design and construction of this equipment.

In the heavy water plants investigated, the pressurized D20 coold

plants all have primary circulation pumps. The pressure tube type

reactor plants, in addition to the primary circulation pumps, have

separate moderator system circulation pumps. All of these plants
also have some small auxiliary D20 pumps which are used for circu-
lation in a bypass purification loop, D20 make-up, and transfer.

Primary System Circulation Pumps

Reactor primary loop circulation pumps for a pressurized water system
have similar operating characteristics to boiler recirculation pumps
used in a modern forced-circulation type fossil-fired boiler.
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Operating pressures, temperatures, and dynamic heads are at approxi-

mately the same levels. The types of pumps used in a forced-circulation

boiler have been controlled leakage types and in several instances canned

motor types.

Reactor circulating pumps built to date for light water systems use

canned type, zero leakage designs. These pumps are inherently expensive

since they are designed with a pressure-type casing completely enclosing
both the motor and the pump. In addition these pumps exhibit a fairly

poor overall efficiency of approximately 65 percent. The initial high
cost of a canned pump was justified because of the operational hazard
that arises if any leakage of a radioactive fluid is allowed to occur.

A better understanding of these hazards has led to the development of
the less expensive and more efficient (80 percent) controlled leakage
type pumps for future reactor plant primary systems.

Controlled leakage pump designs incorporate various shaft seal' arrange-
ments such as labyrinth seal, pressure breakdown bushings, face type

mechanical seals, or a combination of these seals.

The labyrinth is a highly reliable and single type seal. It consists
of one or more thin strips which are attached either to the housing

or to the shaft itself. The clearances between the strips and the

housing or shaft sleeve are closely maintained. In a nuclear install-
ation the labyrinth seal is not applicable by itself, but it does
have an application when used in conjunction with the other type seals.

The pressure breakdown bushing, which has a lower leakage rate per unit
length than a labyrinth type, is a clearance seal consisting of a close
fitting stationary sleeve within which the shaft rotates. These bush-
ings fall into two categories of fixed and floating type. The fixed
bushings, as is the case with the labyrinth seal, is not applicable for
nuclear service in itself. Floating bushings are clearance seals which
are free to move in a radial direction relative to the shaft and to the
machine housing. They offer an advantage in that very close clearances

can be used. Where extremely high pressure differentials are encountered
it is not expected that a single bushing will take the entire pressure
breakdown.

The mechanical seal is used for applications requiring a high order of

seal effectiveness where relative axial motion between shaft and casing
is limited. A typical mechanical face seal has a seal ring keyed by a
rotation lock to the stationary housing and contacts a shoulder or

mating ring that is constrained to rotate with the shaft. Primary

sealing takes place in the radial plane of motion between the shoulder
and the projecting dam on the seal ring face. Satisfactory mechanical

sealed pumps have been developed for nuclear service with capacities of

up to 6000 gpm.

Combination seals take many and varied forms. In general, they consist
of a combination of a labyrinth or a pressure breakdown bushing type
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seal and a mechanical seal. These seals are currently being incorporated

into the larger, very high pressure, controlled leakage pumps.

Data describing the primary loop pumps for the D20 plants being considered
are presented in Table 3.2-I. Heavy water plants have the same reasons as

have other nuclear plants for controlling or eliminating the leakage from

the pump shaft. There is in addition, an added incentive since any D20
leakage lost to the environment is not only hazardous, but expensive. A
brief description of the pumps specified for the HWCTR, PRTR, CVTR, NPD-2,
and CANDU plants is given below to supplement the data presented in
Table 3.2-I. The primary coolant pumps for the FWCNG plant have not been

included because the coolant is gas.

HWCTR:

The 4800 gpm half-capacity primary circulation pumps for the HWCTR plant
are vertical, single stage, centrifugal pumps each driven by a direct
connected 250 horsepower motor. Each pump is equipped with a flywheel
and an auxiliary d-c motor that is capable of driving the pump at 1/3

speed during emergency condition. The flywheel and auxiliary motor were

sized to provide adequate flow of D20 to the reactor in the event that
the normal power supply is lost.

The pump seals will be of the labyrinth type, with a high pressure supply
of clean D2 0 injected to the seals. Backing up the labyrinth seal is a

mechanical seal with a leak off connection at the low pressure end.

The pump casing material is stainless steel. The shaft, and casing wear
rings are wrought 17-4 PH stainless steel, and 17-4 PH stainless steel
is used for the impeller.

PRTR:

The three (two operating, one stand-by) primary system circulation pumps
for the PRTR plant are vertical single stage type each with a capacity
of 4200 gpm. The pumps are directly connected to a 350 horsepower motor
and a flywheel is an integral part of each pump to maintain flow when

normal power is lost before emergency power operation begins. The pumps
have been designed to circulate the primary D20 coolant at 1050 psig and
478 F. A double mechanical seal has been provided to limit the total
leakage past the shaft seal to an estimated 25 gpy. This leakage will
be drained to a collection tank.

Metallurgical specifications indicate that the pump casing, impeller,

shaft, and trim will be fabricated from 300 series stainless steel.

CVTR:

The two primary coolant circulating pumps for the CVTR plant are single-
stage, centrifugal, units operating in parallel, with each pump provid-

ing one-half the rated flow at a net developed head of approximately
500 ft. These pumps are hermetically-sealed canned motor type with the
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rotor and impeller on a common vertical shaft. Each pump will circulate

3800 gpm of D20 at 1500 psig and 505 F.

The constant speed 3600 rpm motor is rated at 600 horsepower. Both
lubrication and cooling are accomplished by circulating the pumped fluid

through the rotor cavity. This D20 coolant is cooled in an integral

heat exchanger.

All materials in contact with the primary D20 are stainless steel, except

for certain hard surfaces and the graphitar bearings. For maintenance,

the motor and impeller assembly can be removed, leaving the volute welded

in the line.

NPD-2:

The primary coolant system in the NPD-2 plant has three half-capacity
circulation pumps (two operating, one stand-by) of the vertical,

centrifugal, single-stage type. A flywheel is provided to maintain
fluid circulation until emergency shutdown power becomes available

when normal power is lost. The pumps incorporate a single mechanical

shaft seal backed up by a labyrinth gland. Leakage that enters the
space between the seal and the gland is collected and ultimately

returned to the primary system.

To circulate the rated flow of 6000 gpm of D20 at a net developed head
of 400 ft., an 800 horsepower motor is directly connected to the pump

shaft. Thepump's normal operating conditions are 1100 psig and 485 F.

The general material of construction for the parts of the pump
that are in contact with D20 is 11-13 percent chrome steel.

CANDU:

In the CANDU plant, there are eight primary circulating pumps operating
normally and two pumps in stand-by. These 6800 gpm pumps are vertical,
single-stage, centrifugal units capable of circulating the primary

coolant at a net developed head of 522 ft. In addition to the 1250

horsepower direct connected motor, a flywheel is provided on each pump

to maintain fluid circulation when normal power is lost and until

emergency power is available.

The shaft sealing arrangement includes a throttle bushing backed up
with a mechanical seal. A clean supply of cold D20 is injected to the
throttle bushing seal and any leakage passing the mechanical seal is

collected in a drain system.

The material used in constructing these pumps, which are required to
operate at 1300 psig and 480 F, is 300 series stainless steel for the

core, impeller, shaft and trim.

Hydraulic requirements for these pumps do not differ from pumps that
have been previously developed for other pressurized water nuclear
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stations or conventional industrial installations. There appears to be
little difference in shaft leakage problems, except for the hazard of a
complete seal failure, between pumps fabricated for nuclear H20 service
and those fabricated for D2 0 service. There are, however, differences

in cost between a pump fabricated for either D2 0 or H2 0 nuclear service
and one fabricated for conventional boiler recirculation service.

Nuclear grade castings have been reported to be 30-50 percent more

expensive than commercial grade castings. The additional expense is
due to the reliability requirements specified for pumps that will

operate in a nuclear system.

Initial cost and operating economy favors the mechanical sealed pump

over a canned type. The added feature of a flywheel for a temporary

source of flow power is possible on a shaft sealed pump and not on

canned pumps. Canned pumps appear to be limited in size to a maximum

of about 1200 horsepower. Materials selection for both types of pumps
are based on the compatibility with the materials of the piping system.

Heavy water appears to have no effect on the hydraulic design of a
primary system circulating pump. If D20 dictates the materials selec-

tion of the primary system this in turn will require a compatible

material for the pump casing. There is no leakage problem with a canned

motor pump. However, because of the rigid quality control standards

imposed on a pump for nuclear service, this canned motor pump will be

substantially more expensive than one fabricated for non-nuclear service.
If controlled leakage of D20 can be tolerated, the mechanical shaft

sealed pump appears to be more attractive, although it too is more
expensive than a similar commercial pump. The sealing arrangement could

be a throttle bushing with injection D20, mechanical seal,or both in

series. Leakage past the outboard side of the last seal could be

collected in a vacuum or gravity system.

Moderator System Circulation Pumps

Heavy water pressure tube type reactors, whether cooled with D2 0 or gas,
incorporate a separate closed cycle D20 moderator system which normally

operates at low pressures (5-100 psig) and low temperatures (140-260 F).

The heat that is generated in the moderator by neutron thermalization

and gamma radiation must be removed continuously, therefore, a heat

removal system is required which usually consists of a heat exchanger,
piping, and circulating pumps.

The problems of sealing the shaft leakage of the primary system circu-
lation pumps also exists similarly, for the moderator system circulation

pumps. The pressure differential across the seals for the moderator

pump is substantially less, however, than that for a primary pump, and
for this reason pumps specified for this service have all been of the

controlled leakage type. To minimize corrosion and wear, circulating
pump casings have been fabricated from stainless steel. A flange type

connection is used where the pump will be fitted in a moderator system

with aluminum pipe.
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The PRTR and NPD-2 plants have, in addition to the moderator system, a
separate reflector system. The design criteria for the circulating
pumps in these systems are similar to those for the moderator system.

These pumps are also discussed in this section. The equipment design

data are presented in Table 3.2-II.

To supplement the information presented in Table 3.2-II, a brief
description of the moderator circulating pumps for the PRTR, CVTR,

and FWCNG plants is given. Reflector circulating pumps for the

PRTR plant are also included.

PRTR;

The moderator and reflecto-r circulation pumps for the PRTR plant are

vertical, centrifugal, single-stage type which are directly connected
to a 3600 rpm motor. The net developed head for these pumps is 231 ft.

Three moderator pumps (two operating, one stand-by) handle 600 gpm of

D2 0 at 160 F. The two reflector pumps (one operating, one stand-by)

circulate 200 gpm of D2 0, also at 160 F. The shaft seals for these
pumps will consist of a mechanical seal and a secondary packed gland

with a bleed-off connection between the two seals. All materials which

contact D2 0 will be austenitic stainless steel. An additional emergency

moderator circulating pump is incorporated into the design of the system.

Since this pump is smaller in capacity and developed head, a standard

canned type pump was justified. The pump is manufactured by Chempump
Corporation and is a 100 gpm vertical, centrifugal, single-stage type
having total dynamic head of 70 ft.

CVTR:

Vertical, centrifugal, single-stage type moderator circulating pumps for

the CVTR plant are mounted on the moderator dump tank. Each full capac-
ity pump will circulate 880 gpm of D20 at a discharge pressure of

82 psig and a temperature of 180 F.

These standard type pumps are directly connected to a 3600 rpm motor and
the shafts are fitted with conventional seal packings and Teflon rings.
Any leakage from the shaft will be drained directly to the dump tank.

All parts of the pump which contact. D20 are fabricated from'Type 304
stainless steel.

FWCNG:

Three half-capacity (two operating, one stand-by) horizontal, centrif-
ugal type pumps with overhung impellers are used for circulating D20
in the moderator system for the FWCNG plant.

Each pump handles 790 gpm of D20 at a temperature of 265 F. The pumps
are directly connected to a 3600 rpm motor and have a rated developed
head of 203 ft.
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The shaft seal is accomplished with a mechanical seal supplemented with
helium injection.

Materials in contact with D2 0 are fabricated from stainless steel.

The information above indicates that D20 does not affect the pumps
designed for moderator and reflector systems, except for shaft seals.

Hydraulic requirements for these pumps are conventional and satisfactory

seals are available to control the shaft leakage.

Auxiliary D20 Pumps

In each of the heavy water plants,several auxiliary pumps are required

for circulating D20 through purification loops, D20 make-up, D20
transfer, or shaft seal D20 injection supply. Normally these are low

capacity pumps of conventional design.

Pumps used for circulating D20 in purification loops or for transfer
purposes have been of the centrifugal, single-stage type. Leakage of

the normally radioactive fluid has been eliminated or constrained by
using canned pumps or special shaft seals on standard pumps. The pump

materials in contact with D2 0 have in all cases been stainless steel.

This material is also compatible with the individual system piping

material.

The canned rotor type pumps are used in the CVTR plant for moderator
drains transfer, pressurizer discharge tank cooling, shutdown cooling,

primary drains transfer, and degasser bottom transfer. Controlled

leakage type pumps are also used in this plant for a safety injection

water supply to the moderator system.

Canned rotor pumps are also used for circulating a side-stream of
primary coolant for purification in the HWCTR and NPD-2 plants.

For make-up or high pressure injection seal water supply, a positive
displacement type pump has been used in the HWCTR and CVTR plants.

These pumps are characterized by very high discharge pressure and
low capacities. The pumps specified for this service have followed,
wherever possible, the manufacturers' standards. General modifications
which have been specified for these pumps have been that the water side
materials be stainless steel, and that the pump be equipped to minimize
any loss of D20 liquid or vapor.

3.2.3 Heat Exchangers

Heat exchangers handling D20 are required for removing the heat generated
in the moderator or reflector, and for reducing the temperature of by-
passed primary coolant for purification to a level where damage of the

ion-exchange resin will not occur. There are, in addition, miscellaneous
systems which require heat exchangers for cooling D20. With the excep-

tion of regenerative type heat exchangers, the secondary cooling liquid

in all cases is light water.
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Moderator and Reflector Heat Exchangers

Low pressures and low temperatures are the normal operating conditions

specified for the moderator and reflector coolers. The codes which

govern the design and construction of these heat exchangers are

Section VIII of the ASME Boiler and Pressure Vessel Code, and appli-

cable Special Code Cases, and the Standards for the Tubular Exchanger

Manufacturer's Association.

Unlike the design of a conventional low-pressure shell and tube type
heat exchanger, the moderator or reflector cooler requires modifica-
tions to the standard design to insure the leak tightness of the
tube-to-tube sheet joint. The tubes are rolled and/or seal welded
and a double tube sheet may also be included in the design of this

equipment.

To supplement the information on Table 3.2-II which describes the design
and construction of the moderator coolers, a brief description is

presented for those units for which information has been available. In
addition the PRTR plant has a separate D2 0 reflector cooler.

PRTR:

The two moderator coolers in the PRTR plant are shell and straight tube
type heat exchangers with fixed tube sheets at both ends. The tube-to-

tube sheet joint is seal.welded. The units are joined together with a

U-shaped 6 in. pipe for operation in series.

Approximately 1150 gpm of D20 are circulated through the tube side of

these units. The primary fluid enters the first unit at 160 F and

exits from the second unit at 137 F. The secondary coolant, which is
light water, flows countercurrent to the primary fluid. A flow rate

of 750 gpm of treated light water is required to absorb the 14.2 x 106

Btu/hr. of thermal energy that is transferred in these heat exchangers.

The shell is fabricated from a 14 in. Schedule 40 carbon steel pipe.

The heat transfer surface of 534 ft2 in each unit is made up of
1/2 in. O.D. Type 304 stainless steel tubes 16 ft. long. The heads
are 14 in. O.D. Type 304 stainless steel pipe caps. Tube expansion
is compensated for with an expansion joint in the shell. Although

smaller in size, the reflector heat exchanger is identical in construc-

tion and materials to either of the moderator coolers. The shell in
this case is fabricated from a 8 in. O.D. Schedule 40 carbon steel pipe.
The rated duty of the heat exchanger is 1.71 x 106 Btu/hr. and is
transferred through 110 ft2 of tube surface. The tubes are Type 304
stainless steel, 1/2 in. O.D. x 18 BWG and approximately 8 ft. long.

Both the moderator and reflector coolers are designed and fabricated in
accordance with Section VIII of the ASME Boiler and Pressure Vessel Code
and Addenda to the Code. The Standards of the Tubular Exchanger Manu-
facturer's Association are applicable for the tube design. In addition
to the inspection and testing procedures in the ASME Code, all accessible
welded joints were radiographed and all tube side circuits halide leak

tested.
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CVTR:

Two half-capacity shell and U-tube type heat exchangers are used for
dissipating the heat from the moderator D20 in the CVTR plant. A

double tube sheet provides additional leakage protection at the tube-
to-tube sheet joint. The tubes are rolled into the first tube sheet
and rolled and welded into the second tube sheet which is adjacent to

the water box.

The moderator enters the tube side of the coolers at 180 F and leaves
at 130 F during normal operation. Demineralized light water is

circulated through the shell side of the unit for cooling. The rated
duty of each unit is 17.0 x 106 Btu/hr. The 24 in. O.D. shell is

fabricated from carbon steel. The 2000 ft2 of heat transfer surface

is comprised of 5/8 in. O.D. x 18 BWG, Type 304 stainless steel tubing
with an overall length of 22 ft. 6 in. The tube sheets and heads are

carbon steel, clad with Type 304 stainless steel. These heat exchangers

are designed and constructed in accordance with Section VIII of the ASME

Boiler and Pressure Vessel Code, and the Standards of the Tubular

Exchanger Manufacturer's Code.

FWCNG:

In the FWCNG plant, two half-capacity moderator heat exchangers of the
shell and tube type, transfer the thermal energy from the moderator D2 0

to the secondary steam cycle condensate. The shells are of all welded
construction and the tubes are rolled and welded to double tube sheets.
The D20 in the cooling system is maintained at 10 psi overpressure so
that any leakage will be from moderator into the condensate system to

prevent any possible contamination of the D20. The space between the

tube sheets will be monitored for leakage and radioactivity.

The corrosion-resistant material, used where parts are in contact with

D20, is stainless steel.

Further data concerning this equipment is not available, since the

plant is only in the design stages.

NPD-2:

A vertical shell and U-tube type heat exchanger is used in the NPD-2
plant for dissipating the heat generated in the moderator. Heat is

removed from the cooler by river water which is circulated through the
shell side of the unit. The heat exchanger is of all welded construc-

tion and the tubes are welded to the tube sheets. To minimize the D20
holdup, the channel is fitted with dummy blocks.

Approximately 860,000 lbs/hr. of D20 are circulated through the tubes
of the cooler. Moderator D20 enters the unit at 120 F and leaves at

94.1 F during normal operation. At these conditions the rated duty
is 22.3 x 106 Btu/hr. The effective heat transfer surface is 2350 ft2 .
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The 27 in. O.D. shell is fabricated from carbon steel and the tubes are

Inconel, 1/2 in. O.D. x 16 BWG with an overall length of 20 ft. The
carbon steel heads and tube sheets are clad with Inconel where D20 is

the contacting fluid.

The cooler is designed and fabricated in accordance with Section VIII

of the ASME Boiler and Pressure Vessel Code, Standards of the Tubular

Exchanger Manufacturer's Association, and applicable Canadian General

Electric specifications.

Originally, the above heat exchanger was specified to be designed and

constructed of aluminum. However, the successful bidder for this

equipment found it difficult to fabricate the unit and as a result

Canadian General Electric cancelled the contract. To make up for lost
time which resulted, the moderator cooler was redesigned for fabrica-

tion with a carbon steel shell and Inconel tubes as described above
and the contract was renegotiated. The details of construction of the

all aluminum unit are indicated on Table 3.2-II. It has been stated

that if sufficient time was available, the original specifications for

the aluminum heat exchanger would have been relet to a manufacturer
who has more experience with the fabrication techniques required for

aluminum components.

Miscellaneous D2 0 Heat Exchangers

Several smaller auxiliary heat exchangers are required in the heavy

water plants to facilitate: reactor blowdown cooling, cooling bypass

purification D20, or regenerative cooling of the bypassed D20. In all

cases the units are water-to-water shell and tube type heat exchangers.
With the exception of the regenerative type units, all of these auxil-
iary D20 heat exchangers are cooled with light water circulating through
the shell side. Materials that come in contact with D20 are commonly

stainless steel or Inconel. Each unit is of all welded construction,

which includes the tube-to-tube sheet joint.

In general, the design and fabrication of the heat exchangers have

followed Section VIII of the ASME Unfired Pressure Vessel Code and
any special code cases pertaining to nuclear components. Supplementing

the fabrication requirements are special specifications that have been
established by the plant designer. The specialties generally include
cleaning and inspection procedures in addition to those covered by the
ASME codes.

The detailed information describing the heat exchangers for the primary
coolant purification systems is shown on Table 3.2-III. Information

pertaining to the moderator purification system coolers is shown on

Table 3.2-IV. Detailed data covering the reactor blowdown cooler for

the HWCTR plant have been indicated on Table 3.2-III because this piece
of equipment also serves as a cooler for the purification of the primary

system. One notable exception in the construction of the cooler serving

the primary system purification is the unit for the PRTR plant. Although
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it is a shell and U-tube type heat exchanger it does not have a water

box. Each tube is individually connected to the ring header of the

reactor to serve the dual purpose of an activity monitor and a purifi-

cation cooler.

3.2.4 Valves

Information concerning the various valves specified for use in each of

the plants being considered is presented below.

HWCTR

The. valves used in the HWCTR primary and auxiliary systems are designed

for the intended service of the particular system. Valves larger than

1/2 in. in size have been fabricated with a double length lantern gland,

which includes a tap for leakage collection. It is planned that the
taps will initially be plugged and a collection system not provided.
In the event that the valves leak excessively, however, a collection

system will be installed and each tap will be connected to this system.

The valves that are 1/2 in. and smaller are of the bellows seal type.

These valves incorporate a bellows that is enclosed within the valve

body. The bellows is welded to the top of the disc and to the fitting

that makes up the body-bonnet joint. This completely seals the inter-

ior of the valve from the outside atmosphere and makes a leakproof

construction.

The valve bodies are fabricated from materials that are compatible with
the individual system piping materials, which in this case is carbon

steel.

PRTR

The design for the fabrication of the valves for the D20 systems in the
PRTR plant is such that all valves are of conventional construction,
with the exception of providing a lantern gland tap. These taps are

connected to a common leakage collecting system.

The materials for the valve body construction are compatible with the
piping materials, This varies from stainless steel in the primary
system to aluminum in specific sections of the moderator system.

CVTR

Several leakproof type valves are used in the heavy water systems in
the CVTR plant. Valves smaller than 6 in. are either of the diaphragm

sealed, bellows sealed, or capped stem type. The large valves, 6 in.
and above, are of the stem leak off type. The leakage from the stem

is, in turn, drained to a low-pressure collection system.

Body materials have been selected to be compatible with the piping

materials of the system for which the valves have been designed.
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FWCNG

Since the FWCNG plant is presently in the preliminary design stages
there is no information available which describes the leakage provisions
to be specified for the moderator and its auxiliary systems valves.

NPD-2

The large size valves in the heavy water systems for the NPD-2 plant are
of conventional design and construction with the exception of a lantern
gland tap that is provided for collecting leakage.

Valves, 2 in. and smaller, that are frequently operated, are of the
bellows sealed type.

All valve bodies are fabricated from materials that are compatible with
each system's piping material.

CANDU

Small valves in the heavy water systems for the CANDU plant will be of
the bellows sealed type if the valve design pressure is greater than
150 psig and it is operated at least once a day. The remaining valves
are standard with provisions for collecting any leakage at the lantern
gland.

From the above, as well as the results of test data to date (See SL-1874),
it appears that valve stem leakage in D20 plants is controllable and can
be limited by maintenance and/or collection to reasonable quantities.
Standard valves furnished with a collection chamber in the lantern gland
permits piping of the D20 leakage to a control collection tank. Small
valves (Approx. one-half in. size) which are frequently (once a day or
more) operated, such as control valves and purification system valves,
could be bellows seal type without incurring excessive cost.

3.2.5 Water Treating Equipment

The components of the water purification systems in the heavy water
moderated reactor plants being evaluated are ion-exchangers and filters.
Each of these are furnished in a continuously operating bypass system
(See Section 3.4.3, Systems) to remove corrosion and erosion product
impurities originating in the primary coolant or moderator coolant loops.
After a period of plant operation, the ion-exchanger resins become
depleted and replacement or regeneration is required. Most common
practice is to remove a cartridge type resin basket as a unit and ulti-
mately dispose of this solid radioactive waste in a suitable burial area.
Regeneration of radioactive ion-exchanger resins has not been planned for
any of the plants included in this study.

Consideration may be given to the amount of hydrogen that is contained in
as-received resin. To prevent degradation of the D20 coolant or moderator,
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the hydrogen should be displaced from the resin bed prior to its being

put into service. This process is called deuterization and is accom-

plished by introducing D20 at a low flow rate through a special

connection at the bottom of the resin tank. Displaced water leaves the
top of the vessel and is passed through a light water sampler. After

the instrument indicates a prescribed mol. percent of D20 concentration,

the effluent is switched to a D20 sampler. This sampler determines when

the deuterization process is complete. When the resin becomes depleted,

the reverse process, called "dedeuterization", is carried out prior to

resin disposal.

An added provision in many reactor coolant purification systems is a

prefilter and an afterfilter. The prefilter serves to remove any
"large" particulate matter from the coolant bypass stream and thereby

tends to increase the useful life of the resin bed. Afterfilters are

generally used to restrict broken resin from entering the coolant stream.

These latter filters are generally a simple screen fitted to the bottom

of the resin tank.

Tables 3.2-Ill and 3.2-IV present the design data for the equipment

furnished in the reactor coolant and the reactor moderator purification

systems.

Ion-Exchangers

The ion-exchange units specified for coolant purification in the HWCTR,

PRTR, CVTR, FWCNG, and NPD-2 plants have -all been a mixed cation-anion
type bed. The most common ratio of resins has been one to one, however,

the demineralizing units for the NPD-2 plant uses a resin ratio of two

cation to one anion. The normal bed loading varies from 2 to 25 gpm/ft2 .

With the exception of the ion-exchanger in the NPD-2 plant, all the resin

tanks have been fabricated from stainless steel. The tank for NPD-2 is

carbon steel and is lined internally with a plastic material.

Special Features:

The ion-exchange units are somewhat different from a conventional demin-

eralizer. Regeneration. of depleted resin will not be performed as the

bed will be highly radioactive. Therefore, all of the units have been
designed to remove the spent resin in cartridge form. The designers of
the CVTR plant provide for replacement of the resin by discarding the

entire tank and biological concrete shielding which surround the tank
and will act as a shipping cask. On all but the FWCNG water treating

equipment, provision is made for deuterizing and dedeuterizing the
resin. However, this does not require the modification of a resin tank.

This feature requires only additional piping and instrumentation.

At present, considerable experience is being gained in reactor plants,
which use H20 as coolant, with high flow rate high performance demin-

eralizers. Special resin materials (nuclear grade resins) having high
purity and high capacity have been developed by manufacturers for
application in nuclear plants. Experience with these materials, however,



has led to differences of opinion among designers regarding their economic
justification compared to ordinary conventional plant resins. Many feel
that the standard resin materials are adequate for nuclear plant service.

Test results have shown that water purities can be maintained at 100 to
600 ppb using bypass demineralizers operating at flow rates as high as
100 gpm/ft2 . Naturally high pressure drops accompany these flow rates
('"100-150 psi), but if substantial energy is available, as it is in the
case where the primary coolant is blown-down to essentially atmospheric

pressure, considerable savings in D20 inventory could be realized.

Other than provisions for deuterization and dedeuterization, there need
be essentially no difference between the ion-exchangers designed for use
with D20 and those designed for use with H20.

Filters

Prefilters have been provided in each of the primary coolant purification
loops except in the PRTR plant. The filter materials in each plant are
different. HWCTR utilizes a magnetite bed, CVTR uses a porous porcelain,
and NPD-2 uses metallic leaves. The prefilters, and similar type after-
filters, in the HWCTR plant are externally lead shielded. Prefilters for
the other plant purification loops are located in shielded spaces. The
afterfilters for the PRTR, CVTR, and NPD-2 plants take the form of a
screen or a perforated plate that is fitted to the bottom of the resin
tank.

The moderator system purification filters for the PRTR, and CVTR plants
are only screen type afterfilters. A cartridge type prefilter is used
in the purification system for the moderator in the FWCNG plant and an
edge type leaf prefilter is used in the NPD-2 moderator purification
system. The edge type filter is permanent while the cartridge type
filter is disposable.

3.2.6 Reactor Vessels

The reactor vessels used in the D20 plants being considered are both
pressure vessel and calandria type.

Pressure Vessels

Three of the eleven reactors included in the study are pressure vessel
type, HWCTR, Halden and R-3/ADAM. Detailed design data has been avail-
able only for the HWCTR vessel.

The reactor pressure vessel for the HWCTR plant is designed as a
cylindrical two-diameter body with a conical transition section. The
reduction in diameter of the upper or neck part is primarily for the
purpose of simplifying the gasket seal problem. The vessel has an

overall height of 31 ft. 6 in. and a maximum outside diameter of
7 ft. 8 in. The top hemiellipsoidal head of the vessel is removable
for replacement of core components. Conventional flanges are fitted
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to the head for bolting to the shell with studs and nuts. Double gaskets,

with a leak off connection between, are provided for this seal. Shop
tests of the seal will determine if a seal weld is required to complete

the integrity of this joint.

Inside the top of the head of the vessel, a removable assembly consist-
ing of the Index Shield Plug, mounted on a ball thrust bearing, and the

Index Shield Plug Support Ring, are provided for radiation shielding
while the reactor is operating and when fuel elements are being removed.

Other reactor internal structures consist of a top guide plate, top
shield, distributor baffle, and horizontal thermal shields.

The pressure vessel and heads are fabricated from carbon steel plates

and forgings, with all inside surfaces clad with Type 304 stainless
steel. All other internal pieces are fabricated from Type 304 stainless,

steel.

The reactor vessel was designed to operate with D20 at 600 F and 1500
psig. Governing codes and specifications for the design, fabrication,
and construction of this vessel were Section VIII of the ASME Unfired
Pressure Vessel Code, including Code Cases 1224 and 1234 and Du Pont
specification titled "Specifications for Reactors" dated April 24,
1959. The vessel was Code stamped.

Pressure vessels for D20 reactor service have requirements generally
similar to those for H20 reactor service and construction of each
would be expected to be generally similar.

Calandrias

Eight of the plants use pressure tube reactors wherein the coolant and
moderator fluids are circulated separately. The coolant is housed in
pressure tubes arranged to pass through a cylindrical tank. This tank
contains the "cold" moderator D20 at low pressure and all of the
primary system pressure is contained within the pressure tubes. In
order to reduce heat flow from the hot coolant to the "cold" moderator,
some form of thermal baffling or insulation is provided whether on the
inside or outside of the pressure tube. In the CVTR design internal
baffles are used that provide stagnant insulating layers of primary
coolant next to the pressure tube inner surface. The PRTR and NPD-2
designs use a stagnant gas in the annular space between the outside of
the pressure tube and the inside of the calandria tube.

The pressure tubes are individually connected at the inlet and outlet
side to common headers that supply the primary cooling system. A

removable cap is provided at the top of the pressure tubes so that

replacement of spent fuel elements can be accomplished.

The principal advantages that pressure tube type reactors have over

pressure vessel reactors are that the high-pressure walls of the

structure are relatively small in diameter, cooling fluids other than
D20 can be selected, and separation of the coolant and moderator allows
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operating the moderator at a low temperature which increases its mod-
erating efficiency.

Materials:

Aluminum is an ideal material for the construction of the calandria

vessel. Although it has a low neutron capture cross-section, it cannot
withstand the operating temperatures of the primary coolant. Zirconium
and beryllium, however, have good operating characteristics at elevated
temperatures. Beryllium, however, has the disadvantage that fabricating
long, heavy walled, tubes of beryllium is very difficult and to date
little progress has been made in this area.

Zircaloy pressure tubes are currently being successfully fabricated to
the dimension and quality standards that are required for installation
in a reactor. Seamless Zircaloy tubes are manufactured by extruding a
billet, rough boring the extrusion, then finishing to tolerance by
machining. Bowed tubes are straightened to the degree specified by the
Purchaser. Each finished tube is pressure tested according to the
Purchaser's specification.

To date, the ASME Code does not reference or qualify Zircaloy as a
structural material for unfired pressure vessels. However, the method
the CVTR plant designers used for establishing the design stress values
for a nonferrous material, was referenced from Section VIII of the ASME
Boiler and Pressure Vessel Codes, Appendix Q. The procedure is as
follows:

1. One-fourth of the tensile strength as adjusted to minimum.

2. Two-thirds of the yield strength (as defined in the material
specifications) as adjusted to minimum.

3. The stress producing a secondary creep rate of 0.1 CRU (Creep
Rupture Units) on 0.1 percent in 10,000 hours.

4. Four-fifths of the stress producing rupture in 100,000 hours.

In designing a Zircaloy-2 test thimble, an exception was made to the ASME
Code for nonferrous metals. One-third of the tensile strength was used
to simulate actual plant design conditions. This value was chosen based
on the interpretation of the allowable stresses -permitted for ASME Boiler
and Pressure Vessel Code Case No. 1205-3 approved August 18, 1958. The
special ruling was made on the basis of a pressure vessel of small dia-
meter, with no weldments and given a careful inspection.

The value of one-third the ultimate tensile strength of Zircaloy is also
used in the design of structural parts for Naval reactor applications.

The value representing the one-third of the minimum ultimate tensile
strength is 13,660 psi at 300 F for annealed Zircaloy-2 sheet. This
allowable stress for Zircaloy-2 pressure tubes is lower than the ASME
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Code values that are established for nonferrous materials for the yield,

creep and rupture stresses.

The approach of using the lowest yield and tensile strengths reported

for hot rolled and annealed strip is conservative because it does not

take advantage of increased mechanical properties that result from
fabrication and cold working. Hanford Laboratories demonstrated in

hydrostatic destructive testing of Zircaloy pressure tubes that the

tubing at 575 F has higher strength than predicted from tests run on

the strip metal.

During the design of NPD, officials of the Ontario Department of Labor
indicated their acceptance of a design based on a safety factor of 3

for Zircaloy pressure tubes operating at 572 F. These considerations

were based on mechanical properties available in 1957 and on the

simplicity of the pressure tube design. It is the Canadians' conten-
tion that since 1957 they have accumulated much more data defining the

properties of Zircaloy-2 and that the assumed safety factor of 3 is not

unreasonable for the design of the CANDU pressure tubes. They also
emphasize that the quality control in manufacturing Zircaloy-2 is much

greater than that for mild steel. With the minimum tensile strength

obtained from extruded and cold drawn tubes and the assumed safety

factor of 3, the Canadians recommended a design stress of 17,000 psi

for the CANDU pressure tubes.

The aluminum calandriavessel and calandria tubes are designed and

constructed in accordance with Section VIII of the ASME Code for Unfired

Pressure Vessels. The calandria vessels for the PRTR and CVTR plants do

not require a code stamp, but the recommendations of the ASME Code were

followed in the design fabrication of these tanks. Qualification of

welders conform with the ASME Code. However, welding specifications for
aluminum alloys may be dictated by the plant designer.

In general, calandria-pressure tube reactors are best adapted to those
moderated by D20 because of the comparatively wide lattice spacing of
the fuel positions. In the case of H20 or organic moderated reactors,
the fuel spacing is so small that headering problems would be formid-
able if the pressure tube concept were attempted.

Tube closures of various kinds have been designed and tested for appli-
cation in D20 moderated pressure tube reactors. The specific design of
the tube closures varies widely among designers from the seal welded
joint used at CVTR to a simple mechanical locking device used in the

other plants. In each case, however, satisfactory leak rates have been
estimated and operating experience will dictate the best joint.

3.2.7 Fuel Handling Equipment

Special facilities and equipment, as well as certain precautions, are

required for safe handling of radioactive fuel elements. It is neces-

sary to protect the operating personnel from exposure to the penetrating
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radiation when fuel elements are being manipulated into and out of the

reactor core.

The fuel handling machine must be designed and constructed to satisfy
many requirements. The machine must be capable of being accurately
indexed over any fuel channel within the core. In reactors where fuel

loading is performed from the top, this equipment must also be versatile
enough to mechanically reach down into the core, grasp the top of the
fuel element and withdraw it into a shielded container that may be an
integral part of the machine. From this point, the vehicle conveys the
irradiated fuel and deposits it into a storage area. During the trans-
port of the "hot" fuel, provision for removing the heat of the decaying
fuel element may be required.

Each plant's fuel handling equipment is tailor made machinery designed
exclusively for a specific fuel handling procedure. The following
paragraphs discuss the design of the fuel handling equipment for the
NPD-2, HWCTR, CVTR, and PRTR plants.

On-Power Refueling

The NPD-2 and CANDU reactor plants propose to load and unload fuel while
the plant is in operation. The system of refueling employs two remotely
controlled fueling machines which are designed to operate at both ends
of the horizontal configuration of the reactor vessel fuel tubes. This
enables one machine to push a new fuel bundle into one end of a tube,
while the machine at the other end receives the spent fuel bundle that
is displaced.

Refueling is carried out, with the reactor operating at full power, by
means of the remotely-operated fueling machines controlled from a
central board. All motions of the machines and their components are
monitored and complete information regarding the state of the machine
is presented at the control board. An auxiliary control station is
provided to facilitate service checks and adjustments of the machine
and its sequence controls.

In a typical refueling cycle for NPD-2 the magazine of the "loading"
machine is stocked with new fuel in the fueling machine room. For
normal operation two slugs are replaced each day. The room is locked,
the ventilation shut off, and the shielding gates opened. Both machines
are lowered through slots in the floor and homed onto opposite ends of
the same fuel channel. The machines lock on the reactor coolant tube
end fittings to form a high-pressure seal between the machines and the
tube end fittings. The coolant tube end fittings are removed and stored
in the magazines of the machines. The "loading" machine charges a fuel
slug from its magazine into the reactor. This slug pushes the spent
slug at the far end of the fuel tube into a positive grappling mechanism
on the "unloading" machine. The "unloading" machine extracts the spent
slug into its magazine where it is held until ready for discharge. The
machines replace the end plugs and disengages from the coolant tube ends.
This cycle is then repeated until the required number of channels have
been refueled.
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After the refueling operation is complete, the "unloading" machine will
connect onto a fuel discharge chute. Spent fuel slugs are discharged

from the "unloading" machine into the chute and the elements which enter
the chute ultimately come to rest at the bottom of the spent fuel stor-
age pool. The machines are then returned to the fuel machine room and

the shielding gates closed.

The large sections of the refueling machines are cast from 17-4 PH stain-

less steel, while in general the smaller components have been machines

from 410 stainless steel.

The CANDU on-power refueling machines will operate similar to those for
NPD-2. Final design of these machines is currently in progress.

The gas-cooled FWCNG-ECNG reactor plans to refuel while the reactor is
operating. Only one machine, located below the core,will carry out all

operations of removing spent fuel, inserting fresh fuel and relocating
partially spent fuel. The detail design of the refueling machine and
fuel elements is currently in progress and no detail design data are

available yet.

Off-Power Fueling

CVTR:

The system for refueling the CVTR reactor includes all special machinery
and structures necessary to receive fresh fuel at the site, perform the

various refueling operations, remove irradiated U-tubes and control rods

from the reactor for inspection or disposal, and to prepare spent fuel
assemblies and control elements for shipment.

The refueling machine is essentially a lead shielding cask containing
hoisting and cooling equipment that is mounted on a crane type vehicle.
The complete machine is operated from a control station on the crane
trolley.

A 12 in. thick, lead shielded cask is made in four sections and joined
by flanges on the outer shell. Radiation leakage is prevented at the
joints by rough machining the lead faces and then forcing them together
hard enough to cause yielding of high spots on the two surfaces.

The bottom section of the cask contains a closure valve, water sump,
periscope, guide rollers and a shielding ring. This section of the cask
is larger in outside diameter to make up for the shielding lost in the
voids created by the enclosed equipment.

A gate valve closes the inner tube of the cask to contain D20 used for
cooling the fuel. Water drains through a hole in the valve seat ring
to the sump where it is picked up by the pump and recirculated through
the system.
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A periscope extending through the shielding allows the operator to see
down into the header cavity. Alignment of cross hairs in the periscope

with the edge of the pressure tube will position the cask above the
tube within + 1/16 in.

A portion of the lead shielding at the bottom of the cask is shaped in

a ring that can be lowered to close the gap between the rotating shield

and the lead cask during vertical travel of the fuel. Hydraulic

cylinders raise and lower the ring.

The second section of the cask is designed to facilitate construction of

the machine. This section forms the connection between the cask and the
crane trolley.

The third section of the cask shields the rest of the fuel element
length and contains the guide tube rope pulleys. The thickness of lead
is tapered through the fourth section.

Tubing is wound around the inside tube of the cask over the length that
contains the fuel. Water is circulated through the tubing to cool the

lead and inner cask wall.

Contained within the inside tube of the cask is a 5-1/2 in. O.D.
stainless steel guide tube. The purpose of this tube is to contain and
guide the gripper head and fuel element through the header cavity. The
guide tube is raised and lowered by a hoist separate from the hoist used
for the fuel. The fuel element is grasped and lifted by a gripper
mechanism suspended from a second hoist. Both the guide tube hoist and
fuel element hoist are equipped with elevation indicators.

The function of all the various component parts of the refueling machine
are controlled by one operator at the control station on the trolley
deck.

The refueling cycle is composed of a series of steps that start with
preparing the reactor vessel for refueling, unloading the fuel and
finish with reloading fresh fuel into the tubes.

In the preparation sequence, the hold down beam is unbolted and removed
and the plug removed from an access port in the rotating shield above
the reactor. The rotating shield is positioned over the fuel tube and
a seal weld cutter is lowered and secured. The seal weld is cut and
the cap unscrewed.

The discharge procedure positions the refueling machine, the shielding
ring is lowered, the cask valve opened, the guide tube lowered to the
edge of the pressure tube, the gripper head lowered until it contacts
the shield plug, the fuel is engaged and raised until it reaches the
top position, the guide tube is raised, the cask valve closed and the
cooling water flow started. The sliding door in the rotating shield
is now closed, the shielding ring raised, and the machine is driven to
the transfer canal. At the canal, the refueling machine deposits the
spent fuel into the storage pit.
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Reloading the reactor begins by picking up a plug from the plug storage
pit with the machine. The plug is carried to the fresh fuel storage
pit and latched to a fuel assembly. The fuel and plug are then trans-
ported to the reactor and inserted by a procedure similar to the
discharging of fuel element.

HWCTR:

The fuel handling machine for the HWCTR is similar to the CVTR refuel-
ing machine. Both designs have a lead shielded cask mounted on a
trolley vehicle, fuel grasping and lifting equipment is located inside
the shield cask and a shield skirt of lead,.that can be cranked down to
shield the gap between the floor and the base of the cask, surrounds
the lower end of the cask. The machine, however, does not have to
disconnect any fuel tube end fittings because the entire core is exposed
when the head of the reactor vessel is removed.

Drive motors move the cask carriage on rails that straddle the reactor,
the spent fuel basin, and the presentation point, and move the sub-
carriage at right angles to the main direction of motion. Vertical
motion for charging and discharging the fuel element will be accomplished
by means of a motorized rack. A gripper at the lower end of the rack
engages the component that is to be removed from the reactor. All three
drive systems are supplied with emergency power and can be manually
operated.

Emergency cooling of a fuel element in the cask is provided through a
supply of filtered well water. Normal cooling of the spent fuel element
is through recirculated D20.

For transferring a spent fuel element, the transfer machine is positioned
over the opened reactor vessel and the center of the cask indexed over a
specific fuel channel. The shield skirt is then lowered into position.
Once alignment is established between the grappling tool and the fuel
element, the gripper is lowered until it attaches to the top end of the
fuel. It is then withdrawn until the fuel element is entirely in the
shielded transfer cask. The trolley vehicle is then driven over the
fuel element storage pool where the element in the cask is lowered into
the storage racks. The gripper is detached and retracted before the
trolley returns over the reactor vessel.

PRTR:

The fuel transfer machine for the PRTR is similar to the CVTR and HWCTR
fuel handling machine. It has a lead shielded cask mounted on a trolley
vehicle. This machinery as were the other twQ is designed for operation
when the reactor is shut down.

Charging and discharging of the fuel elements is done on an individual
basis through a hole in the reactor hall floor. This hole is normally
closed with a shielding plug. It is placed eccentrically in a disc
which is, in turn, located eccentrically in a larger disc. Rotating
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the two discs enables the port in the floor to be positioned over any
fuel tube.

New unirradiated fuel elements that are stored in a pit are withdrawn
into an unshielded charging tube that is attached to the trolley
vehicle and is adjacent to the shield cask. The element is then
transported to the reactor and inserted into any one of the fuel tubes.
When discharging a spent element from the core, the vehicle and shielded
cask are positioned over the proper process tube and a hook is lowered
into the tube until it is attached to the fuel element. The irradiated
element is then withdrawn into the cask and transported to an underwater
transfer conveyor where the element is released into a carrier. The
carrier's function is to move the element out of the containment build-
ing and into the fuel storage pool.

During transport of the irradiated fuel element between the reactor and
storage pit, the decay heat is removed through a closed air circulation
system. An emergency cooling water system is also provided.
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PLANT "

1. Steam Generators
Construction and
dimensions

Number

Type

HWCTR

2 units

Vert. shell &
'U' tube

PRTR

I unit

Shell & 'U'
tube

Single shell Single shell
or separate
d rum

Method of steam Centrifix type
separation sep. , 12" internal

Total effective 2500 ea. 7000
surface, It

2

Shell

Diameter, in. 48 114

Overall length,
ft. 23.25 19.5
Shal thickness,
in. 1-1/8 1-7/16

Type 'of joints Welded

Material SA-212 Cr. B -

Tubes

Total number 611 - 'U's 1900

O.D. and B.W.C. 3/4" x 12 1/2" x 18

Length, ft. 22.2 26

Material C.S SA-210 304 s.s.

Tube sheet

Arrangement - single

Material SA-105 6.22 -

Tube-to- tube Relied &
sheet joint Rolled & welded welded

Tube pitch, in. 1-1/8 tri. -

Drum

Number None None

Diameter, in. - -

Length, ft. - -

CVTR

1 unit

Shell & 'U' tube

Single shell

Vanes & chevrui
sep.

6245

57-3/4

34.1

1-3/4

Welded

C.S.W/s.s. clad

1086

1/2" x 19

45.7

Incone 1

single

C. S.W/inconel

Rolled & welded

None

TABLE 3.2-1
PRIMARY HEAT TRANSPORT SYSTEM

FWCNG NPD-2

Not applicable

Not applicable

Not applicable

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

Not

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

1 unit

'U' shell & tube

Separate drum

Cyc lone

6393

CANDU HALDEN

8 units 1 unit

'U' shell & Shell & 'U' tube
tube

Separate drum Separate drum

Cyc lone

10,700

38 -

24.4 -

7/8 -

Welded

Carbon steel -

2099 3.750

1/2" x 0.050
wall 1/2" x

- 31

Ni Alloy SB-167 Monel

C.S. Inconel
clad

Welded

3/4 tri.

1
60

23

SULZER EL-4 R-3/ADAM S&L-NDA

2 units - 4 units

- 'U' shell
& tube

Not

Not

Not

applicable

applicable

applicable

- Not applicable.

- Not applicable1430

33-1/2

16.4

s.s.

s.S.

Rolled & welded

8

- - - Not

- - - Not

- - - Not

Not

- - - Not

- - - Not

Not

- - - Not

- - - Not

- - - Not

Not

- - - Not

- - - No

Not

- - - Not

- - - Not

applicable

applicable

applicable

applicable

appl icable

applicable

applicable

applicable

appl icable

applicable

applicable

applicable

applicable

applicable

applicable

applicable

I

r

r

w
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PLANT

STEAM GENERATORS, Cont.

Overall heat trans.
coef.

Preheater sect.,
Btu/hr-ft2- F

Boiler sect.,
Btu/hr-ft

2
.OF

Empty weight, lb.

Operating Data

Heat removal rate,
Btu/hr.

Primary flow, lb/hr.
(total)

Temp. primary inlet

Temp. primary outlet,
of

Tube side design
press., psig

Tube side oper.
press., psig

Shell side design
press., psig

Shell side oper.
press., psig

Steam evaporation
rate, lb/hr

Steam temp. at
outlet, OF
Steam press. at
outlet, psig

Feedwater temp., OF
Moist. content at
outlet, 7,

Velocity through
tubes, fps

HWCTR PRTR

69,800

4,356,000

437

392

1500

1000

600

130-560

96,000

344

110

142

225 x 106

3,720,000

530

478

1250

1072

450

410

214,000

450

410

200

0.5

16

CVTR

816

191.1 x 106

3,300,000

555

505

1715

1500

985

590

201, 500

487

590

290

0.25

17.5

TABLE 3.2-I
PRIMARY HEAT TRANSPORT SYSTEM, Cont.

FWCNG NPD-2

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Not applicable

Not applicable
80 secan

840 service

280.6 x 106

5,400,000

530

485

1200

985

450

410

300,000

450

410

300

15.4

344,000

419

569

340

0.25

33,000

365

250

- - - Not applicable

Not applicable
_ _ _ Not applicable

- 2,100,000 Not applicable

- - 430 Not applicable

- 400 Not applicable

- - Not applicable

- - 495 Not applicable

361

147

- Not applicable

- - Not applicable

- 3950 Not applicable

- 165-250 Not applicable

- 130-160 Not applicable

- Not applicable

_ - Not applicable

- - Not applicable

1

1 +

r



TABLE 3.2-I
PRIMARY HEAT TRANSPORT SYSTEM, Cont.

PLANT

STEAM GENERATORS, Cont.

HWCTR PRTR CVTR FWCNG NPD-2 CANDU HALDEN SULZER EL-4 R-3/A DAM S&L-NDA

Max. press. drop-
tubes, psi

Spec. max. leak
rate, lb/hr

Manufacturer

15 20

M.W. Kellog Co.

2. Primary Circulating
Pumps

Number activep 2 2

Number (stand-by) 0 1
Type Vert. shaft sealed Shaft sealed

Constr. &
dimensions

Number of stages -

Casing material s.s. ASTM A351-
CP 8

Shaft material Wrought 17-4 ph

Shaft sleeve
material 304 s.s.

Impeller matl 17-4 ph casting

Casing wearing

ring material Wrought 17-4 ph

Impeller wear-

ing ring matl None

Shaft diameter,
in. 5to 2

Internal surface,
fin. RS -
Type of shaft seal Mechanical

No. of shaft seals -

Type of back-up Manuf.
seal recommd.

Flywheel provided Yes

Operating data -

Capacity gpm (U.S.) 4800

316 s.s.

s.s.

s.s.

Mechanical

2 in series

45 Not applicable 21.1

zero

Westinghouse

2

0

Vert. canned

316 a.s.

304 s.s.

None

304 s.s.

304 s.s.

304 s.s.

125-250

None

None

Mechanical None

Yes M-G set in series
w/pump

- (one pump only)

1-4200 2-4200/
1400 3800

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

B&W

2

1

Vert. shaft

- Not applicable

Not applicable

_ Not applicable- Steinmuller

8

2

Shaft sealed

Not applicable 11-13% cr.-st. s.s.

Not applicable 11-13% cr.-st. s.s.

Not applicable 11-13% cr.-st.

Not applicable 11-13% cr.-st.

Not applicable

Not applicable

S.8.

Mechanical Throttle Bushing -

Not applicable 1

Labyrinth
Not applicable gland

Not applicable Yes

Mechanical

_ 2

- None

- - Press.
D20
injection

- - 2

" Press. gas
- - injection

Yes

Not applicable 6000 7000

I
1'

s.s.

- - s.s.

8. 8.-

1



PLANT HWCTR

PRIMARY CIRCULATING
PUMPS, Cont.

Net developed
head, ft. 140

Pumping temp.,
OF 545

Pump oper. press,
psig 1000

Pump design press,
psig 1500

Operating speed,
rpm 1800 or 1200

Available NPSH,
ft. -

Spec. max. leak/
seal, lb/hr. -

Motor horse power,
hp 250

Overall efficiency,
7. -

1n
h+

PRTR

290

478

1050

1250

1-1750, 2-
1750/585

50 G.P.Y. (out)

1-350, 2-350/38.5

CVTR

500

505

1785

3600

68 req'd.

None

600

62

TABLE 3.2-I
PRIMARY HEAT TRANSPORT SYSTEM, Cont.

FWCNG NPD-2

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

400

485

1100

1760

400

52

800

CANDU

(200 psi)

480

1280

HALDEN SULZER EL-4 R-3IADAM S&L-NY

- _ 7600

- - 515

_ _ 800

- - 900

1800

1250

Bingham Byron Jackson Westinghouse Not applicable Byron Jackson Byron JacksonManufacturer



TABLE 3.2-11
REACTOR MODERATOR SYSTEM

PLANT

1. Heat Exchanger
Number

Type

Const. & dimen-
sions

Total eff. sur-
face, ft

2

Shell

Material

Diameter, in.

Overall length,
ft.

Tubes

Material

0.D. and B.W.G.

Length

Total number

Tube sheet

Arrangement

Material

Tube-to-tube

sheet Jt.

Tube pitch

Heat trans.
coef., Btu/hr-
ft

2 OF

Empty weight,
lb.

Operating weight,
lb.

I-

HWCTR PRTR CVTR

Not applicable 2 (series) 2 (half size)

Not applicable Shell & tube Shell & 'U' tube

FWCNG

2 (half size)

Shell & tube

NPD-2

Vert. shell &
'U' tube

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

_ I (twin bundle)

_ Horiz. shall
& ' U' tube

Not applicable

Not applicable 534 each

Not applicable

Not applicable 14

Not applicable 18

Not applicable 304 s.s.

Not applicable

Not applicable

Not applicable

1/2"-18 avg.

16'

255 each

Not applicable single

Not applicable s.

Not applicable Seal welded

Not applicable 11/16" tri-
angular

2000

C.S.

24

22.5

304 s.s.

5/8" x 18

21-6"

302

double

304 s.s clad
c. s.
Rolled/
Rolled & welded

s.s. aluminum
syst. syst.

- 2350 2014

s.s. C.S. 35 al.

- 27 -

- 20 .

s.s. Inconel 3S al./
72 S clad

- 1/2"-16 1/2"-14

- 37' U

- 486 -

double

s. S.

Rolled &
welded

Not applicable 424 clean/300 392 clean/247
serv. serv.

Not applicable -

double single

C.S. - S al.
Inconel

Rolled/
Welded welded

11/16"- 5/8"-tri.
tri.

484 clean 625 clean
324 serv. 378 serv.

22,000 4,000

single

- - - Aluminum

Not applicable

C. S.

2S

Aluminum

7000



PIANT HWCTR

HEAT EXCHANGER, Cont.

Operating data

Rated duty,
Btu/hr. Not applicable

Fluid through
tube side Not applicable

Fluid through
shell side Not applicable

Moderator in-
let temp., OF Not applicable

Moderator out-
let temp., OF Not applicable

Coolant inlet

temp., OF Not applicable

Coolant outlet
temp., OF Not applicable

Tube side design
press., psig Not applicable

Tube side oper.
press., psig Not applicable

Shell side
design press.,
psig Not applicable

Shell side
oper. press.,
psig Not applicable

Velocity through
tubes, fps Not applicable

Spec. max. leak
rate, lb/hr. Not applicable

2. MODERATOR CIRCULATING PUMP

Number (active) Not applicable

Number (standby) Not applicable

Type Not applicable

Construction &
dimensions Not applicable

Number of stages Not applicable

Casing material Not applicable

I-.
r

PRTR

14.2 x 106
design

D20

H20

160

137

83

120

150

100

150

100

11

CVTR

17 x 106

D20

Dimin. H20

180

130

104

125

150

80

110

55

3

TABLE 3.2-II
REACTOR MODERATOR SYSTEM, Cont.

FWCNG NPD-2

24.4 x 106 es.

D20

H20

250

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

22.3 x 22.3 x
106 106

D20 D2 0

H20 H20

120 120

94.1 94.1

70 70

84.9 84.9

125 100

85 85

125 75 50

- 35 35

- 9.6 10

Zero

2

1 & 1 emerg.

Shaft sealed
emerg. - canned
rotor

1

Horiz. shaft
sealed

1

5.5. s5...

2

1

Horiz. shaft
sealed

2

Shaft seal

2

1

Vert.

63.3 x 106

D20

H20

130

_ 110

- 87

110

60

_ 15

60

10

Zero

2

None

Horiz., cent.
shaft seal

- 1

- s.s.
- -rS.S

8.8.



PLANT HWCTR

MODERATOR CIRCULATING
PUMP, Cont.

Shaft material Not applicable

Shaft sleeve
material Not applicable

Impeller ma-
terial Not applicable

Casing wearing
ring material Not 'applicable

Impeller wearing
ring material Not applicable

PRTR

S.S.

s.S.

CVTR

202 s.s.

202 s.s.

202 s.s.

304 s.s.

202 s.s.

TABLE 3.2-II
REACTOR MODERATOR SYSTEM, Cont.

FWCNG NPD-2 CAN DU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

s. S.

s. s.

s.s. _ 5.5.

Type of shaft
seal Not applicable

No. of shaft
seals Not applicable

Type of back-
up seal Not applicable

Operating data Not applicable

Pump capacity,
RIP'" Not applicable

Net developed
head, ft. Not applicable

Pumping temper-
ature, OF Not applicable

Pump operating
pressure, psig Not applicable

Pump design
pressure, psig Not applicable

Pump speed, rpm Not applicable

Available NPSI,
ft. Not applicable

Specd. max. leak/
seal, lb/hr. Not applicable

Motor horsepwr, Not applicable
hp

Mechanical Mechanical Mech. W/He inject - Gas seal
leakoff

Packing

3-600
1-100 (emerg.)

231 & 70 (emerg.)

160

100

150

3600

20

25 gpy

60

1250

288

180

790

203

265

82

3560

18

0.25

100

1500 3300 3000

130

15

100

3600

60

Manufacturer Not applicable

%01

s.s.

Bingham Ingersoll Rand



TABLE 3.2-111
REACTOR COOLANT PURIFICATION SYSTEM

PLANT

1. Ion Exchanger

Type

Number

Diameter, in.

HeighLt, ft.

Vessel material

Volume cation, ft
3

Volume anion, ft 3

Flow per ion ex-
changer, gpm

HWCTR PRTR

Mixed bed Mixed bed

2

18

304 s.s.

5.5

5.5

9.6 normal/
15 max.

Flow per unit 5.4 norma
area, gpm/ft

2  
8.5 max.

Design pressure,
psig 150

Operating pressure, psig 50

Temperature at in-
let, OF 86

Effluent quality,
(LiOH excl.) ppm 3

Effluent conductivity,
}MHO 20

Effluent pH (pD) 9-11

Disposable
cartridge type

Prefilter- provided

Yes

Yes

Type of prefilter Magnetite bed

Type of outlet
filter -

Outlet filter
opening, microns -

Type of vessel closure -

Type of piping con-
nections -

30 (bed)

5. S.

11.8

10.4

15.9 normal/
31.8 max.

3.2 normal/
6.9 max.

1/

CVTR

Mixed bed

1

20 0.D.

2.5 str.

304 s.s.

5

(incl. above)

4 normal/10 max.

2 normal/5 max.

- 150

- 50

- 130

- 1.0

- 0.5 @ 25 C

- 9.5-10.5 (LiOH
incl.)

Yes

YesNo

None

Screen Perforated

149 100

- Welded

FWCNG NPD-2

Not applicable Mixed bed

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

2 (full size)

16

4.S

C.S. W/PVC clad.

3

1.5

48

25

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Mixed bed Cation bed
Mixed bed

- - 3 (cation bed)
4 (mixed bed)

- - s.s.

- - 35 (cation bed)

- 0.92 Norm., 60 normal/
1.2 max. 240 max.

- - 7

- 900

565 800

Not applicable 100

Not applicable 80

Not applicable 120

Not applicable 0

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

- 122 110

0.05

10.5

Yes

Yes (external)

Edge

Not applicable Screen

Not applicable

Not applicable

- - - No

- - - Yes

- - - Precoat

Strainer

- 100 mesh

Seal welded

Flange Not applicable Vitrolic CpIg.

I-

0r



PLANT

ION EXCHANGER, Cont.

Overall pressure
drop, psi

Heavy water in-
ventory, lb.

Expected resin life,
months

Manufacturer

2. Regenerative Heat
Exchanger

Number

Type

Constr. &
dimensions

Total surface,
ft

2

Shell

Material

Diameter, in.

Overall length,
ft.

Tubes

Material

O.D. and B.W.G.
Length, ft.

Total number

Tube sheet

Material

Tube pitch

Heat transfer coef.,
Btu/hr-ft

2
.OF

HWCTR PRTR CVTR

TABLE 3.2-I1
REACTOR COOLANT PURIFICATION SYSTEM, Cont.

FWCNG NPD-2 CANDU

2.75 Not applicable

11

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

30

350 Not applicable 180

Not applicable

None

None

None

None

None

None

None
None

None

None

None

None

None

None

None

None

None

None

None

None

None

None
None

None

None

None

None

None

None

None

1

Concentric tube

6

Not applicable General Ionics

Not applicable 1

Not applicable Shell & 'U' tube

- Not applicable

- Not applicable

- Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

24

- - - 1

- - - Shell &
'U' tube

492

C.S.

C.S.

1/2"-16
20

188

S.S.

s.s.

Single

Not applicable C.S.

Not applicable 11/16" tri.

Not applicable 740 clean, 425
service

None None

S.S.

I
N



PLANT

REGENERATIVE HEAT
EXCH., Cont.

Operating weight,
lb.

llevy wate-r in-

ventory, lb.

Operating data

Rated duty,
Btu/hr.

Fluid thru tube
side

Fluid thru shell
side

Tube side inlet
temp., OF
Tube side outlet

temp., OF
Shell side inlet
temp., OF
Shell side outlet
temp., OF
Tube side design
press., psig

Tube side oper.
press., psig

Shell side design

press., psig

Velocity thru
tubes, fps

Flow thru tubes,
lb/hr.

Flow thru shell,
lb/hr.

3. Circulating Pump

Number (active)

Number (standby)

Type

HWCTR PRTR

None None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

CVTR

TABLE 3.2-111
REACTOR COOLANT PURIFICATION SYSTEM, Cont.

FWCNG NPD-2 CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

- Not applicable 3600

.. Not applicable

- Not applicable

0.8 x 106 Not applicable

D20 Not applicable

D20 Not applicable

505 Not applicable

180 Not applicable

160 Not applicable

460 Not applicable

1800 Not applicable

Not applicable

- Not applicable

- Not applicable

.. Not applicable

.. Not applicable

1 Not applicable

- Not applicable

_ Not applicable

8.4 x 106 6.25 x 106

D20

D2 0

485

165

120

440

1200

1200

26300

26300

D20

D20

501

315

110

312

_ -900

800

900

10

34000

3400

None

1

1
h

Canned rotor Leakproof



PUANT

CIRCULATING PUMP, Cont.

Construction and
Dimensions

Number of stages

Casing material

Shaft material

Shaft sleeve
material

Impeller material

Casing wearing
ring material

Impeller wearing
ring material

Shaft diameter, in.

Internal surface
finish, rms

Type of shaft seal

No. of shaft seals

Type of back-up seal
Operating data

Capacity/pump., gpm

Net developed head,
ft.

Pumping temperature,
OF
Pump oper. pressure,
psig

Pump design pressure,
psig

Operating speed, rpm

Available NPSH, ft.

Spec. max. leak/seal,
lb/hr.

Overall efficiency, .

Cooling water req'd.,
gpm

4. Filters

HWCTR PRTR

None

None

None

None

None

None

None

None

None

None

None

None

None
None

None

None

None

None

None

None

None

None

None

None

15

CVTR

TABLE 3.2-Ill
REACTOR COOLANT PURIFICATION SYSTEM, Cont.

FWCNG NPD-2

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable
Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

- - - s.s.

- - - s.s.

Press. gas
leakoff

48

220

501

800

900

None

Location Before demin. After demin.

S.s.

1*
re
N

Before demin. Not applicable Before demin. Before demin.



PLANT I
FILTERS, Cont.

Number

Type 1-bed
comb

Construct ion
& dimensions

Vessel height,
in.

Vessel diameter,
in.

Vessel material

Cladding material

Filtering material

No. of filter
cartridges

Disposable or permanent

Filter opening, microns

Type of vessel
closure

Type of piping con-
nect ion

Operating data

Capacity per filter, gpm

Working pressure, psig

Design pressure, psig

Operating temp., OF
Max. allow. oper.
temp., OF
Clean differential

press., psi

Manufacturer

5. Heat Exchanger
Number

Type Horiz.
& 'U'

WCTR PRTR

2

& 1 honey-
Screen

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

. Not applicable

2

shell
tube Shell & tube

No water box

CVTR

TABLE 3.2-III
REACTOR COOLANT PURIFICATION SYSTEM, Cont.

FWCNG NPD-2

Cylinder Not applicable

- Not applicable

- Not applicable

- Not applicable

s.s. No. applicable

None Not applicable

Porous porcelain Not applicable

- Not applicable

Permanent Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

10 Not applicable

- Not applicable

Concentric tube

Not applicable

Not applicable

Edge

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

- - Precoat

14 3/4"

4-1/2"

C.S.

None

s.s.

Permanent

40

Bolted gasket

Socket weld

48

50

150

120

s. s.

Alpha cel-
lulose

Disposable

2

Welded

Welded

- 60 normal/
240 max.

- 800

- 900

- 110

2.5

Cuno

Shell & 'U' tube Horiz., shell
& 'U' tube

N



PLANT

HEAT EXCHANGER, Cont.

Construction &
dimensions

Total effective
surface, ft

2

Shell

Material

Diameter, in.

Overall length,
ft.

Tubes

Material

O.D. and B.W.G.

Length, ft.

Total number

Tube sheet

Arrangement

Material

Tube-to-tube
sheet joint

Tube pitch, in.

HWCTR PRTR CVTR

TABLE 3.2-Il1
REACTOR COOLANT PURIFICATION SYSTEM, Cont.

FWCNG NPD-2 CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Not applicable

622 -

C.S. -SA285 Gr. C C.S.
or SA106 Gr. B

16 30

SA-210

3/4" - 12

16

96 'U' s

single

SA105 Gr 2

Rolled, welded,
rolled

1-1/8 tri.

Heat transfer coef.
Btu/hr-ft - F -

Empty weight, lb. -

Operating weight, lb. -

Heavy water inventory, lb. -

Operating data -

Rated duty, Btu/hr. 6

Fluid thru tube side

Fluid thru shell side

Primary inlet temp.,
OF 5(

Primary outlet temp.,

OF

16.5

s.s.

1/4" -

18

90

single

s.s.

Welded on inside

Irregular

.4 x 106 9.2 x 106

D20 D20

H20 H20

03.6 530

- Not applicable

- Not applicable

- Not applicable

235

C.S.

Not applicable 12-3/4

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

- Not applicable

Inconel

1/2" - 16

24

75

double

C.S. Inconel clad

- - - s.s.

- - - single

- - - s.s.

Not applicable Seal welded

Not applicable 11/16 tri.

Not applicable 250-206

Not applicable 2130

Not applicable 2,500

5.4 x 106

D 2 0

H2 0

180

Not applicable

Not applicable

Not applicable 6.5 x 106

Not applicable D20

Not applicable H20

Not applicable 296

105 Not applicable 120

1

1

s.s.

6.35 x 106

H2 0

D20

315

86 120 -110



PLANT HWCTR

HEAT EXCHANGER, Cont.

Secondary inlet
temp., OF 72

Secondary outlet
temp., OF 176

Tube side design
press., psig 1850

Tube side oper.
press., psig 1000 to 1320 max.

Shell side design
press., psig 150

Shell side oper.
press., psig 50-75

Velocity thru tubes, fps -

Specified max.
leakage, lb/hr. -

PRTR CVTR

109

133

1250

1050

150

100

TABLE 3.2-111
REACTOR COOLANT PURIFICATION SYSTEM, Cont.

FWJCNGNPD-2

- Not applicable

130 Not applicable

1800 Not applicable

- Not applicable

150 Not applicable

- Not applicable

- Not applicable

- Not applicable

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

70 87

135

75

5

75

70

1.59

110

900

800

900

800

7

Zero

1

N
N



PLANT HWCTR

Note:

Ion Exchanger Reflector &
moderator

Type Same as reactor
coolant purif.

Number Same as reactor
coolant purif.

Diameter, in. Same as reactor
coolant purif.

Height, ft. Same as reactor
coolant purif.

Vessel material Same as reactor
coolant purif.

Volume cation, ft
3 

Same as reactor
coolant purif.

Volume anion, ft
3  

Same as reactor
coolant purif.

Flow per ion
exchanger, gpm Same as reactor

Flow per unit
area, gpm/ft

2

Design pressure,
psig

Operating pres-
sure, psig

Temperature at
inlet, OF
Effluent quality,
ppm

Effluent con-
ductivity, /Amho

Effluent pH (pD)

Disposable cart-
ridge type

Prefilter pro-
vided

Type of prefilter

coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Sene as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

PRTR

Mixed bed

3

18 (bed)

4.5 (bed)

CVTR

Mixed bed

1

20

2.5 str.

304 s.s.

TABLE 3.2-IV
REACTOR MODERATOR PURIFICATION SYSTEM

FWCNG NPD-2 CANDU HALDEN SUiZER EL-4 R-3/ADAM S&L-NDA

Mixed bed Mixed bed

2 (full size)

14

- Cation bed
Mixed bed

2 - I (each)

- r22 (cation bed)16

4.5

s.S. C.S. Neoprene lined

V119 (mixed bed)

s.s.

4. 1

3.8 (incl. above)

10 4/10 max.

5.6 2/5 max.

150

50

130

<1.0

<1.0

7.0

Yes - includes resin
tank & shield cask

No No

%P 1.5

20 48

25

100

10

100

15" 80

120 120

0

10.5

Yes

No

110

0.05

- 5.5 - 6.5

Yes

Yes

Edge

No

Yes

- - - Precoat

1. 1

1

N

V

1



PLANT

ION EXCHANGER, Cont.

Type of outlet
filter

Outlet filter
opening, microns

Type of vessel
closure

Type of piping
connections

Overall pressure
drop, psi

Heavy water inven-
tory, lb.

Expected resin
life, months

2. Heat Exchanger

Number

HWCTR

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

Same as reactor
coolant purif.

PRTR

Screen

CVTR

Perforated Plate

149

TABLE 3.2-IV
REACTOR MODERATOR PURIFICATION SYSTEM, Cont.

FWCNG NPD-2 CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Screen Strainer

100

Welded

Flanged

275

350

5 years

None

Type

Welded 100 mesh

- Vitrolic coupling

30

- 180

6 24

Same as reactor
moderator heat
exchanger

Shell & tube

Operating data Same as reactor
coolant purif.

Rated duty, Same as reactor
Btu/hr coolant purif.

None

None

Same as reactor
moderator heat
exchanger

Same as reactor
moderator heat
exchanger

- Same as reactor
moderator heat
exchanger

- Same as reactor
moderator heat
exchanger

- Same as reactor
moderator heat
exchanger

Same as reactor
- moderator heat

exchanger

None

1.94 x 106 None

1

!-r

N

OD
1



TABLE 3.2-IV
REACTOR MODERATOR PURIFICATION SYSTEM, Cont.

PLANT

HEAT EXCHANGER, Cont.

HWCTR

Fluid thru tube Same as reactor
side coolant purif.

Fluid thru shell Same as reactor
side coolant purif.

Tube side inlet Same as reactor
temp., OF coolant purif.

Tube side outlet Same as reactor
temp., OF coolant purif.

Shell side inlet Same as reactor
temp., OF coolant purif.

Shell side out- Same as reactor
let temp., OF coolant purif.

Tube side design Same as reactor
press., psig coolant purif.

Tube side oper. Same as reactor
press., psig coolant purif.

Shell side-
design press., Same as reactor

psig coolant purif.

Shell side
oper. press., Same as reactor
psig coolant purif.

Flow thru tubes, Same as reactor
lb/hr. coolant purif.

PRTR CVTR

Same as reactor moder-
None ator heat exchanger

Same as reactor moder-
None ator heat exchanger

Same as reactor moder-
None ator heat exchanger

None

None

None

None

None

None

None

Same as reactor moder-
ator heat exchanger

Same as reactor moder-
ator heat exchanger

Same as reactor moder-
ator heat exchanger

Same as reactor moder-
ator heat exchanger

Same as reactor moder-
ator heat exchanger

Same as reactor moder-
ator heat exchanger

Same as reactor moder-
ator heat exchanger

FWCNG

D20

H2O

265

110

90

127

150

NPD-2

None

None

None

None

None

None

None

None

None

None55

Same as reactor moder-
None ator heat exchanger 12,500

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Same as reactor
moderator heat
exchanger

Same as reactor
moderator heat
exchanger

Same as reactor

moderator heat

exchanger

Same as reactor

moderator heat
exchanger

Same as reactor
moderator heat

exchanger

Same as reactor
moderator heat

exchanger

Same as reactor
moderator heat

exchanger
Same as reactor
moderator heat
exchanger

Same as reactor
moderator heat
exchanger

Same as reactor
moderator heat
exchanger

Same as reactor
moderator heat

exchanger
None

1

1'+

N

%0

1



PLANT HWCTR

HEAT EXCHANGER, Cont.

Flow thru shell, Same as reactor
lb/hr. coolant purif.

3. Circulating Pump

Number (active)

Number (standby)

Type

Construction &
dimensions

Number of
stages

Casing ma-
terial

Shaft material

Shaft sleeve
material

Impeller
material

Not applicable

Not applicable

Not applicable

PRTR

None

None

None

None

CVTR

TABLE 3.2-IV
REACTOR MODERATOR PURIFICATION SYSTEM, Cont.

FWCNG NPD-2

Same as reactor moder-
ator heat exchanger 52,500

2 1

- 1

Horiz. canned rotor Horiz. shaft
sealed

Not applicable None

Not applicable None

Not applicable None

Not applicable None

Not applicable None

Not applicable None

Casing wearing
ring material Not applicable

Impeller wearing
ring material Not applicable

Shaft diameter Not applicable

Internal surface
finish, rms Not applicable

Type of shaft
seals Not applicable

No. of shaft
seals Not applicable

Type of back-

up seal Not applicable

Operating data Not applicable

Capacity/pump,
gpm Not applicable

s.s.

S.S.

S.S.

8. 8.

None

None

None

None

None

None

None

None

None

Mech. W/He inject

None

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Same as reactor
- moderator heat

exchanger

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

Centrifugal

. . s.s.

s.s.

. - s.s.

- s.s.

Mechanical

10 20 None 10

1)
N

1

1



PLANT HWCTR

CIRCULATING PUMP, Cont.

Net developed
head, ft. Not applicable

Pumping temp.,
OF Not applicable

Pump oper.
press., psig Not applicable

Pump design
press., psig Not applicable

PRTR

None

None

None

None

CVTR

150

TABLE 3.2-IV
REACTOR MODERATOR PURIFICATION SYSTEM, Cont.

FWCNG NPD-2 CANDU

346

265

150

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

None

None

None

110

15

100

a

r

Motor horse-
power, hp

4. Filters

Location

Number

Type

Construction &
dimensions

Vessel height,
in.

Vessel diameter,
in.

Vessel material

Cladding ma-
terial

Filtering ma-
terial

Not applicable None

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Bottom of demin.

I in ea. demin.

Screen

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

10

Bottom of demin.

1 in ea. demin.

Screen

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Before purif.

2 (full size)

Cartridge

8.8.

None

Before demin.

1

Edge

14-3/4

4-1/2

None

S.s.

~ Before demin.

- 2 (full size)

- Precoat

- s.s.

- Alpha cellulose



PLANT

FILTERS, Cont.

No. of filter
cartridges

Disposable or
permanent

Filter opening,
microns

Type of vessel
closure

Type of piping
connection

HWCTR

Not

Not

Not

Not

Not

applicable

applicable

applicable

applicable

applicable

PRTR

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Operating data Not applicable Same as ion-
exch.

Capacity/filter,
gpm Not applicable Same as ion-

exch.

Working press.,
psig Not applicable Same as ion-

exch.

Design press.,
psig Not applicable Same as ion-

exch.

Operating temp.,OF Not applicable Same as ion-
exch.

CVTR

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Same as ion-
exch.

Same as ion-
exch.

Same as ion-
exch.

Same as ion-
exch.

Same as ion-
exch.

TABLE 3.2-IV
REACTOR MODERATOR PURIFICATION SYSTEM, Cont.

FWCNG NPD-2 CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

- - - flisponableDisposable Permanent

5 40

Bolted gasket

Socket weld

20 48

50

150

120

10

100

110

Clean dif-
ferential press.,
psi Not applicable

Same as ion- Same as ion-
exch. exch.

1~

2.5



3.3 LEAKAGE TESTS

Because of the severe power cost penalty incurred by excessive unrecovered
D20 losses in a power plant using heavy water, a test program has been
conducted in cooperation with the Du Pont - Savannah River Laboratories and
Argonne National Laboratory to gain a realistic appraisal of what the D20
leakage rates would be from turbine shaft seals, pump shaft seals and valve
stems. These leakages are, for the most part, recoverable and do not
represent unrecovered losses from the system.

The turbine shaft seal leak test program was conducted using the Experimental
Boiling Water Reactor (EBWR) turbine at Argonne National Laboratory. This
unit was originally designed for D20 operation and is, therefore, equipped
with special seals of a type similar to those proposed for use in the boiling
D20, pressure tube, direct cycle plants. During the tests, a complete mois-
ture recovery system, designed to collect any leakage, was in operation.

The results of two series of tests, run both with and without the vapor
recovery systems, have shown that the EBWR turbine seals perform better than
originally designed. The total moisture lost from the system was found to be
1.3 pounds per month. If the system had been operating with D20 as a turbine
working fluid instead of H20, the corresponding D20 loss rate would have
amounted to approximately one-half this leakage rate or 0.65 pounds per month.
This may be compared to a previously estimated D20 turbine leakage rate of
2 pounds per day.

During the tests, the seal make-up air desiccator reactivating cycle was
malfunctioning. In spite of this, based on measured flows, the H20 inleakage
rate was calculated to be 5.48 pounds per month. This inleakage rate, how-
ever, would be reduced to an insignificant quantity if the supply air
desiccator were functioning properly.

The pump mechanical shaft seal leakage tests were run at the Du Pont Savannah
River Laboratory. The total program consisted of testing four commercially
available mechanical pump shaft seals, each of a different size, purchased
from each of three manufacturers. The parameters varied in the test were
shaft speed, system pressure and shaft size. The instrumentation employed in
the tests consists of the usual pressure and temperature measuring devices,
plus a graduated container for the collection of liquid leakage. In practice,
this leakage is recoverable and is not lost from the system. An electrolitic
hygrometer was provided for the determination of leakage in the form of vapor.
It was used to measure the moisture content of nitrogen which has been passed
through the seal flange.

Normal test conditions consisted of running each seal for at least 24 hours
at 3600 rpm and with 1000 psig water. The shaft speed was varied down to
575 rpm and the system pressure down to 250 psig.

Leakage rates from the mechanical shaft seals were found to vary widely in
each test and between tests. The maximum averaged leakage rate observed
was 878 pounds per day while the minimum was 0.014 pounds per day. The
majority of the seals tested were observed to have an averaged leakage rate
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of less than two pounds per day. In any case, however, this leakage is nor-
mally recoverable in a closed collection system and the vapor leakage past
the seal flange disaster bushing represents the system loss. Vapor losses
in this test series were observed to range from a maximum of 16 pounds per
year to a minimum of '0.57 pounds per year with an averaged rate of 7-8
pounds per year.

In this test series, no detectable correlation was observed between the
seal leakage rate and rpm or shaft seal diameter. Since all of the seals
purchased were designed for 1000 psig operation, it was found that there
was a tendency for the leakage rate to increase as the system pressure
was decreased. This effect is representative of the influence of pressure
balance at the seal faces and would be expected since the seals were
designed for an 80% balance.

None of the data from this test series can be used to indicate the service
life of mechanical shaft seals.

The valve stem leakage tests were run at the Du Pont Savannah River Labora-
tory. The program consisted of testing a 3/4 inch, 600 pound globe valve,
a 3 inch motor operated gate valve and the bonnet assemblies of a 3 inch
globe and a 6 inch gate valve. The valve assemblies were alternately sub-
jected to deionized light water at 1000 psi and 500 F and atmospheric
pressure and 160 F. The period of each complete cycle was about 3 hours.

During an 80-cycle test, the average combined leakage from the stuffing box
and bonnet gasket of the 3/4 inch valve was 10 pounds of water per year.
The bonnet and stem assembly of the valve, in which the stem was stationary
and backseated, was exposed to deionized water at the conditions specified
above. No damage to the stem or packing was found when the components were
inspected after the test. During a 100-cycle test at similar conditions,
the average water leakages from the stuffing boxes of the 3 inch globe valve
and the 6 inch gate valve were 0.09 and 0.6 pounds per year, respectively.
The valve stems were stationary and backseated. An inspection of the assem-
blies after completion of the tests revealed no damage to the test components.

The average leakage from the stuffing box of the entire 3 inch motor operated
gate valve was 30 pounds per year of water when the valve gate was opened and
closed 1100 times at three-minute intervals. In this test, deionized water
at 500 F and 1000 psig was passed through the valve at a maximum rate of
13 feet per second when the valve gate was in the open position. The average
leakage rate increased from a minimum of 17 pounds per year at the start of
the test to a maximum of 50 pounds per year at the end of the test. As
expected, the maximum leakage in any given test cycle occurred when the gate
was in the open position, and the minimum occurred when the gate was closed.
The difference between the maximum and minimum leakage in each cycle varied
randomly from 5 to 19 pounds per year.

Because of the wide interest in D20 leakage from power plant equipment, the
complete reporting of the work summarized above has been documented separately
in Report SL-1874, "Heavy Water Reactor Plant Leakage". In addition to test
results obtained in the above series, SL-1874 also presents the results of
tests conducted by other U.S. and Canadian investigators. These tests have
been found to be in general agreement with the data obtained by S&L and Du Pont.
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3.4 DESIGN CORRELATION

Several reactor plants, using heavy water as moderator, are in various
stages of design and construction in the United States, Canada and in
Europe. While the majority are used to generate electrical power,
several are test and experimental facilities. However, they are all
designed for use in programs of investigation of the potential of such
reactors for power generation. The design and construction of the plants
requires a solution to engineering problems that are basically similar,
and in many cases identical. The existence of different economical and
technological climates, design philosophies, and the wide variations in
site conditions, have resulted in different solutions to these problems.

The purpose of the studies in the design correlation task was to
investigate the nature of the design problems and the solutions that have
resulted, and where possible to establish the reasons for any differences
that exist.

The plants with which this study was concerned are as follows:

United States

Heavy Water Components Test Reactor (HWCTR)

Plutonium Recycle Test Reactor (PRTR)

Carolinas-Virginia Tube Reactor (CVTR)

Florida West Coast Nuclear Group - East Coast Nuclear
Group Reactor (FWCNG-ECNG)

Prototype Boiling D20 Pressure Tube Reactor (S&L-NDA
design study)

Canada

Nuclear Power Demonstration Reactor (NPD-2)

Douglas Point Station (CANDU) - Canadian Deuterium

Natural Uranium Reactor

Norway

Halden Boiling Water Reactor Plant

Switzerland

Sulzer Station

France

EL-4 Reactor
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Sweden

R-3/ADAM Power Station

Methods of Analysis

A three-phase program was undertaken to carry out the investigation as
outlined below:

1. Preparation of detailed lists of required information. The
information consisted of technical data, drawings and descrip-
tions of the plants, as well as design, construction and
operating criteria, philosophies, and problems.

2. Obtaining the information, using the sources listed in the
succeeding paragraph.

3. Analysis of the plant objectives, characteristics, systems and
components to determine any differences in solution to similar
problems, and to establish the reasons for such differences.

Sources of Information

The sources of information utilized in the analysis included the following:

1. Available literature, including license applications, progress
reports, design descriptions and hazards evaluations.

2. Equivalent Title I design information.

3. Contact with plant designers to obtain complete information
contained in this section, appears in Section 3.4.3.

A complete list of documents used in compiling the information contained in

this section, appears in Section 3.4.3.

For convenience, the results of the design correlation studies have been
abbreviated in this section. Detailed discussion of these observations is
presented in subsequent sections.

Plant Sites

Of the eleven plants considered, two (PRTR and HWCTR), are test reactors and,
as such, it was found feasible to locate these plants on Atomic Energy Com-
mission Laboratory grounds. The Halden Boiling Heavy Water Reactor is to be
used as a test reactor with the first core, and as a power reactor at a
later date after experimental work is complete. The plant is located on a
site owned by a paper company which will be its customer for steam after the
experimental work has been completed. The other eight plants are all power
reactors and are constructed, or will be constructed, on privately owned
tracts of land. Site acreage information and plant location indicate
exclusion areas (under complete control of the owners of the reactor facility)
which would provide a sufficient safety margin to the surrounding population
in the event of an incident.
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Plant General Arrangements and Buildings

All of the plants considered in this study house the reactor in a building
designed to minimize the consequences of an accident. All of the U.S.
plants have cylindrical reactor buildings having a hemispherical dome and
either a hemiellipsoidal or a flat base. Construction materials for the
reactor buildings vary from all welded carbon steel plate to combinations
of steel and reinforced concrete. In each case, the buildings are designed
to contain all of the products released in the event of a primary system
rupture and are essentially leaktight.

The two Canadian plants each have markedly different reactor building
designs. The NPD-2 reactor and its auxiliaries are housed entirely below
grade in a reinforced concrete structure. The building above grade is a
conventional steel frame and insulated metal panel structure and houses
the turbine and its auxiliaries. At NPD-2, the reactor vault is airtight,
being lined with steel plate, and a relief duct is used to relieve the
initial pressure rise in the event of a primary system rupture. CANDU, on
the other hand, has a reinforced vertical concrete cylinder with a flat
base and a carbon steel hemispherical dome top for the reactor building.

Three of the four European plants have located the reactor in an underground
chamber blasted and excavated out of a rock hillside. The chambers are
either concrete lined or lined with thin steel plate with concrete placed
between the steel and the rock of the hillside.

Seven of the eleven plants have turbine-generators which, together with
their auxiliaries, are housed in conventional buildings located adjacent
to the reactor buildings. Other structures provided at the plants include
office buildings, auxiliary, service or utility buildings, crib houses and
various small buildings to house miscellaneous equipment.

All the plants are located in close proximity to a source of cooling water
such as a lake, river, pond, or stream, providing sufficient quantities
for plant requirements, with the exception of HWCTR. The HWCTR obtains its
cooling water supply from existing deep wells in the plant area. Water for
domestic needs for all plants is either provided from deep wells, existing
supply from other areas near the site, or from treated river or lake water.

Systems

All of the reactors being considered are moderated with D20 and, with the
exceptions of PRTR and HWCTR, are aimed at providing a power generating unit
ultimately capable of natural uranium operation. The reactors are cooled
with either pressurized or boiling D20 or gas. Only one of the plants, the
S&L-NDA prototype, considers the use of a direct cycle; all others provide
intermediate heat exchangers to generate light water steam.

All the reactors, except FWCNG-ECNG and EL-4, are cooled by D20; the Halden
and S&L-NDA units have boiling D20 coolant while the remaining water cooled
reactors employ pressurized liquid. Among the D20 cooled plants, the
maximum primary coolant temperatures range from 428 to 560 F and the primary
system operating pressure ranges from 504 to 1550 psia.
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The number of primary loops used in each of the plants varies depending upon
plant size and detailed loop design. The U.S. and Canadian plants have
either one or two independent coolant circulating loops each having up to
eight steam generators and ten circulating pumps. Considerable variation
occurs in the primary loop materials of construction. Of the D20 cooled
reactors, the HWCTR, NPD-2 and CANDU have carbon steel piping; while PRTR,
CVTR and S&L-NDA use Type 304 stainless steel. The C02 cooled FWCNG-ECNG
has an all low alloy carbon steel primary piping system.

Bypass purification systems are furnished for all the plant primary coolant
systems. A minimum of one mixed bed demineralizer is used for all the
water-cooled plants and the gas-cooled FWCNG-ECNG plant plans on a desiccant
gas drying station.

All of the "cold" moderator reactors are designed with a separate coolant
system to remove moderator heat. These generally consist of a single
external loop containing heat exchange equipment and one or more circulating
pumps.

Those plants having a "cold" separate moderator circuit have all considered
moderator purity essential to proper plant operation, however, no difficulty
is anticipated in maintaining water impurity content below one ppm with a
nominal bypass purification flow. Corrosion and erosion rates at equilibrium
in these systems are expected to be low because of the low operating tempera-
tures.

The component cooling systems in the plants for which information is avail-
able, are either once-through open cycle or closed cycle systems. They are
provided with varying numbers of heat exchangers and pumps and are generally
constructed of carbon steel.

Data for the shield cooling systems indicate that both once-through open
cycles and closed cycles have been used. The systems are generally carbon
steel construction throughout and various combinations of filtration and
ion exchange have been used for purifying the coolant. The specific shield
cooling requirements vary, largely as a function of the provisions for
thermal shielding within the reactor; they are also determined to some
extent by the shield construction materials and the reactor size.

All the plants provide some means for removing decay heat when the reactor
is shut down. The means for removing this heat varies however; in some
cases, the primary system and its equipment is used, in others a separate
system is provided. All plants have a means of providing core cooling in
the event of an incident to prevent fuel meltdown. The systems provided
vary in complexity, but the U.S. plants appear to rely on H20 injection
while data for NPD-2 indicate the use of a combination of D20 and H20.

Special provisions are made in each plant for the handling of D20, but their
complexity varies widely. Leakage D20 is recovered to some extent in all
plants and is either returned directly to the primary or moderator system or,
if degraded with H20, is barreled and sent to an off-site upgrading facility.
The number and size of make-up and transfer pumps to facilitate handling D20
within the plant also varies, depending upon the number of independent D20
systems and their design characteristics, past experience and economics.
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Two plants provide for a D20 reconstitution facility on the plant site,
those being the S&L-NDA prototype and CANDU; however, others such as HWCTR
and NPD-2, have nearby access to existing facilities for this function.

The systems provided at each plant for reactor refueling consist of a
manual or automatic machine, transfer apparatus and a spent fuel storage
pool. The refueling machines are generally tailor made for each applica-
tion and all are designed for off-power operation except for NPD-2, CANDU
and FWCNG-ECNG. The latter three plan to carry on reactor refueling
operation while operating and thereby increase fuel burnup, equalize the
power distribution and minimize down time.

The capacities of the spent fuel storage pools vary from a minimum of one
core loading (HWCTR) to a maximum of 20 years operating storage (CANDU).
The latter plant's fuel cycle does not contemplate fuel reprocessing and
permanently discards the spent fuel on the plant site. The storage pools
are generally equipped with a heat exchanger for cooling the water and
demineralizing equipment is provided for cleanup.

Radioactive waste disposal facilities are provided at eight of the eleven
plants under study. The waste disposal facilities vary in design from the
most complete system, provided on the S&L-NDA design to a simple waste
collection and storage system for off-site disposal, provided at the Halden
and HWCTR platits.

Two principal means for controlling reactor power level have been used:
poison rods are used on the HWCTR, CVTR, FWCNG, Halden, R-3/ADAM and S&L-
NDA plants, while automatic moderator level control is the method utilized
on the PRTR, NPD-2 and CANDU plants.

Moderator level control is not applicable to the pressure vessel type
reactors and is only used in the case of the "cold" moderated units. In
those plants where moderator level control has been used, however, supple-
mental shim or control rods have been included to assist in regulating the
core power distribution and to supply gross reactivity control. In the
case of NPD-2, a booster rod composed of enriched fuel has been supplied
to perform the latter function.

In cases of abnormal or unsafe operating conditions, all of the plants have
a fail-safe method of fast shutdown or reactor scram. Rod insertion is
used in the HWCTR, CVTR, FWCNG, Halden and S&L-NDA plants. Moderator dump
is used in the PRTR, NPD-2 and CANDU plants.

All of the plants cover the basic functions of a nuclear instrumentation
system with varied degrees of flexibility, complexity and reliability.
The basic functions of the nuclear instrumentation are three-fold:

a. To monitor the nuclear reactor flux from source range to usually
150 percent of rated reactor power.

b. To provide the necessary controls and indications for reliable
and efficient operation of the reactor.
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c. To initiate a reactor shutdown in the event that hazardous
conditions exist.

Normal and emergency electrical supplies are furnished for all plants. The
detail design of each of these varies, depending upon local service avail-
able and past practices among each of the designers and operators. In
general, emergency power supplies consist of a gasoline or diesel engine
driven motor generator.

3.4.1 Plant Descriptions and Status of Data

The foregoing analysis was conducted for eleven different heavy water
moderated reactor plants in various stages of design and construction
and located in the United States, Canada and Europe. Of the eleven
plants, nine are designed for power production and two are component
test facilities. Five reactors are of U.S. design, two are of
Canadian design, and the remaining four are of Swedish, Norwegian,
French and Swiss designs, respectively. A brief description of each
of the plants is presented in the succeeding paragraphs, together with
a general statement concerning the status of the information obtained.

Heavy Water Components Test Reactor (HWCTR)

The Heavy Water Components Test Reactor is being constructed at the
USAEC Savannah River Laboratory which is about 25 miles south of Aiken,
South Carolina. E. I. du Pont de Nemours & Company is the designer-
builder and operator of the HWCTR, which will be owned by the U.S.
Atomic Energy Commission. The reactor is a pressure vessel type, and
is moderated and cooled by heavy water. Normal operating power of the
reactor will be 61,000 KWt with an outlet coolant temperature of 555 F.
The heat will be dissipated by boiling light water in a steam generator,
the steam being vented to the atmosphere.

The HWCTR is being designed as a test facility for fuel elements and
other power reactor components in support of the development of power
reactors moderated by heavy water and fueled with natural uranium.
Two in-core test loops are being installed. One will be designed for
light water coolant and the other for a gas coolant. However, a total
of six loops can ultimately be made available.

Fuel test rods for the reactor will be natural uranium, with an outer
driver ring of zirconium-oralloy fuel rods.

The reactor is now in the construction stages with start-up expected
in late 1961 or early 1962.

The required design data for the HWCTR, available in documented form
have been tabulated below. A visit to the Du Pont offices was made
and the data obtained is included in the compilation.
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Plutonium Recycle Test Reactor (PRTR)

The Plutonium Recycle Test Reactor is being designed by General Electric
Company Hanford Laboratories for the U.S. Atomic Energy Commission. Its
purpose is the demonstration of the plutonium recycle concept, including
confirmation of the physics of the process, obtaining experience with
plutonium fuels, and provision of a basis for estimating plutonium
recycle fuel costs. The reactor is located at the Hanford Laboratory
site, approximately 1500 yards from the Columbia River.

Heavy water is used as moderator and coolant in a vertical pressure tube
reactor. The thermal power of the reactor (70 MW) will be dissipated by
boiling light water in a steam generator. The steam will be condensed
in a barometric condenser and discharged to the Columbia River.

Approximately 35 percent of the core will consist of spike-enriched
plutonium elements, and the remainder uses natural U02 fuel. The power
level is regulated by varying the moderator height in the reactor.
Construction of the plant was initiated in February, 1958 and full-power
operation is expected to begin during 1961.

A visit was made to the General Electric offices at Hanford to complete
the compilation of required design data. These data are tabulated
below.

Carolinas-Virginia Tube Reactor (CVTR)

The CVTR will be a prototype power-producing reactor, owned and operated
by the Carolinas-Virginia Nuclear Power Associates. Reactor design,
research and development, and component procurement is being conducted
by Westinghouse Electric Corporation with Stone & Webster performing
the plant design. Astra, Inc. is the nuclear consultant on the project.
The Atomic Energy Commission is supporting the research and development
costs.

The reactor will be used to supply steam to an existing power plant
located at Parr, South Carolina on the Broad River. Heavy water will
serve as moderator and coolant in the reactor, which utilizes vertical
U-tubes to contain the fuel and coolant. The fuel will be slightly
enriched U02. The design thermal power level will be 60.5 MW.
Pressurized D20 coolant will be used to generate H20 steam in a secondary
loop, and the steam superheated in a separate, oil fired superheater
before being fed to the existing conventional plant steam header. The
output of the unit will be 17 MWe net.

Excavation of the CVTR site was started in June, 1960 with the project
scheduled for completion by July, 1962.

A visit was made to the Carolinas-Virginia Nuclear Power Associates, Inc.
offices at Charlotte, North Carolina to complete the compilation of
required design data. These data are tabulated below.
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Florida West Coast Nuclear Group - East Coast Nuclear Group (FWCNG-
ECNG) Reactor Plant

The FWCNG-ECNG plant will be a prototype of a 200 MWe natural uranium
fueled power plant, and will be owned and operated by the Florida West
Coast Nuclear Group, Inc. The East Coast Nuclear Group is supporting
the research and development program. The station will be located in
Polk County, Florida, on a site about 35 miles east of Tampa, Florida.

The reactor will use CO2 coolant in insulated pressure tubes, surrounded
by a D20 moderator tank. Slightly enriched U02 will be used as fuel,
with horizontal control rods providing power regulation. The coolant
heat is transferred to a secondary H20 cooled loop in steam generators,
providing superheated and reheated steam for the turbine. The reactor
thermal power of 153 MW will provide a net electrical output of 50 MWe.

The original target date for completion and critical operation of the
plant was June 30, 1963. However, as a result of a reorientation of
the research and development program to utilize beryllium cladding for
the fuel, construction of the plant has been postponed one to two years.

The required design data for the FWCNG-ECNG plant, available in documented
form, have been tabulated below. A visit to the American Electric Power
Service Company office at New York was made, at which time the data
compilation was completed. These data are included in the tables below.
Much of the detailed design data for this plant has not yet been estab-
lished and, therefore, cannot be included at this time.
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Nuclear Power Demonstration Station (NPD-2)

The NPD-2 station is a prototype power plant, sponsored by Atomic
Energy of Canada, Ltd. and the Hydro-Electric Power Commission of
Ontario. The plant will be operated by the Hydro-Electric Power
Commission of Ontario, and the reactor is being designed by the
Canadian General Electric Company. The overall plant design is a
joint effort by Canadian General Electric and the Hydro-Electric
Power Commission of Ontario. It is located on the Ontario side of the
Ottawa River, about 16 miles upstream from the Chalk River facility.

The reactor will use pressurized D20 as coolant in a closed primary
loop. Reactor thermal power will be transferred to a secondary H20
loop, where steam will be generated and fed to a turbine to develop
20 MWe. The reactor core consists of horizontal pressure tubes,
which contain fuel in the form of short lengths of natural U02 clad
with Zircaloy-2 tubing. On-power refueling will be accomplished from
opposite ends of adjacent fuel channels. Power output control and
emergency shutdown are provided by moderator level adjustment.

The plant is scheduled for start-up in 1961.

The required design data for NPD-2, available in documented form,
have been tabulated below. A visit to Canadian General Electric at
Peterborough, Ontario was made and the data compilation completed.
These data are included in the tables below.

Douglas Point Station (CANDU)

CANDU is a full-scale plant, using a reactor of the same general type
as NPD-2. The site for the plant is located on the east shore of Lake
Huron at Douglas Point approximately 130 miles northeast of Detroit
and 150 miles northwest of Toronto.

The reactor will be built by Atomic Energy of Canada, Ltd., with Ontario
Hydro supplying the site and system connections as well as operating
the reactor. Once the performance of the reactor has been demonstrated,
Ontario Hydro will purchase the plant for its present worth, consider-
ing the cost of alternative energy sources.

The reactor will have a thermal power of 794 MW with a net electrical
output of 200 MW. Slugs of Zircaloy-2 clad, natural uranium oxide will
be used as fuel, and heavy water will serve as moderator and coolant.
Horizontal pressure tubes will be employed and refueling will be
accomplished under power as in NPD-2. Power output of the reactor will
be controlled by level of the moderator. A heavy water reflector will
be used in CANDU in lieu of light water as used in NPD-2.

Completion of the plant is slated for 1964 with operation beginning
early in 1965.

The required design data for CANDU, available in documented form, have
been tabulated below. A visit to the NPPD offices of Ontario Hydro at
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Toronto, Ontario was made and the data compilation completed. Much
of the detailed design information for the CANDU plant systems has
not yet been fixed and therefore cannot be included at this time.

Halden Boiling Heavy Water Reactor

The Halden reactor is a heavy water moderated, pressure vessel type
employing boiling heavy water as coolant. Site location for the plant
is at Halden, in southeast Norway, about 80 miles from Oslo and close
to the Swedish border.

The Halden project is a large scale (20 MWt) experiment constructed
primarily to explore the potential of the boiling heavy water concept,
and not as an industrial power plant; although a heating load exists
for the steam when the experimental work is completed. The project
grew out of the experience gained through various activites at Norway's
Institutt for Atomenergi, and the desire to further this knowledge on a
large scale undertaking which would be of value in Norway's plan for
the utilization of atomic energy.

The first core to be placed in the reactor was purely experimental,
with a thermal power of 5 MW, using natural uranium cylindrical rods
spiked by stainless steel clad uranium oxide rod clusters as fuel.
The second core will be enriched uranium oxide stainless steel clad
fuel, and is expected to develop a thermal output of 10 MW. Output
will be raised to 20 MW thermal at a later date when the experimental
work is completed.

The reactor is contained in a rock cavern excavated from a mountain.

In Norway, this type of containment is considered to be cheaper than a
steel containment building.

The-reactor has been designed by Jener, and built by the Norwegian
Institutt for Atomenergi, Kjeller, in cooperation with industry.

Initial criticality was achieved at Halden in 1959.

Sulzer Station

Sulzer represents a preliminary stage in the line of development
being followed in Switzerland in order that an increasing part of the
future power demands may be satisfied by nuclear power stations. The
rapidly growing power requirements of Switzerland may be satisfied,
with difficulty, and for a very restricted period of time, by full
development of the remaining hydroelectric potential. This, coupled
with the fact that all fossil fuel must be imported, makes the early
development of nuclear power of potentially great importance to the
nation's economy.

The reactor is a unit of 30 MW thermal power which may be utilized
either for the production of electricity or in combination with
existing district heating system associated with the Swiss Federal

Institute of Technology. The plant will be located in the area of
Zurich. -144-



The Sulzer reactor is a heavy water moderated and cooled, pressure

tube reactor. The moderator is contained in a cylindrical aluminum
tank and is surrounded at the sides and below, by a graphite
reflector. Nuclear fuel for the reactor will be in the form of
natural uranium, with a small number of fuel elements consisting of
enriched uranium.

Saturated light water steam will be generated in two steam generators.

The steam will be passed to two condensing turbines with a total

electrical output of 5900 kw, or may be divided between the turbines
and a steam transformer which supplies the district heating system
with saturated steam. The complete nuclear heating and power station
is to be situated in two underground rock chambers.

The Sulzer project is still in the conceptual design stage.

EL-4

The French EL-4 prototype power reactor plant will be designed, owned
and operated by the Commissariat a l'Energie Atomique. It will be
located about 30 miles east of Brest, in the Monts d'Arree.

The plant will use a D20 moderated, gas cooled, natural uranium
fueled reactor to develop an electrical power output of about 100 MWe.
Details of the reactor and the plant design are not available at this
time.

Initial criticality is scheduled for 1964.

R-3/ADAM

The R-3/ADAM plant is the outgrowth of two separate reactor projects,
R-3 and ADAM. Organizations involved in the R-3 and ADAM projects
were combined to build one station instead of two, the reactor of which
is now called R-3/ADAM. Site location of the plant will be in Agesta,
Sweden, which is south of Stockholm. The plant will be located in a
chamber blasted in a natural rock outcrop. The walls of the chamber
will be lined with a gastight steel plate with concrete poured behind
the plate.

The reactor is a heavy water moderated and cooled, pressure vessel
type with a thermal output of 65 MW (which may be approximately
doubled at a later date) and a net electrical output of 12 MW. The

nuclear fuel will be natural uranium oxide. Reactor control will be

effected by movable poison rods. Light water steam generated in four
heat exchangers will drive a back pressure turbine before being
condensed in a heater for district heating circulating water.

Aside from the need to develop reactors for electrical power, one of
the main objectives of the plant is to provide 55 MW of heat in the

form of hot water for district heating to Farsta, a southern suburb of

Stockholm.
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The reactor is sponsored by the Swedish Atomic Energy Company and the
Swedish State Power Board. The reactor will be designed by the Swedish
Atomic Energy Company, with overall plant designs being handled by the
Swedish Atomic Energy Company, Swedish State Power Board, and the
General Board of the City of Stockholm. After completion, the reactor
plant will be operated by the Electricity Generating Board of the City
Stockholm.

The reactor is expected to commence operation in 1963.

The data obtained to date for all the European plants has not generally
been as complete as that for the other plants. Some documented
information was received from SROO on Halden, EL-4 and the R-3/ADAM
plants. These data have bben recorded in the compilation below.

S&L - NDA Heavy Water, Prototype Reactor

The Savannah River Operations Office of the United States Atomic Energy
Commission awarded to Sargent & Lundy in November 1958, a contract to
perform a design study of heavy water moderated power reactor plants.
Objectives of the study were to select and recommend a conceptual
design of a large scale heavy water moderated reactor plant providing
optimum economics with slight fuel enrichment, but capable of operating
with natural uranium fuel; and to prepare a preliminary design and
cost estimate for a prototype power reactor plant of the minimum size
necessary to demonstrate the recommended concept.

On the basis of comparison and evaluation studies of various heavy
water reactors, a boiling heavy water, pressure tube, direct cycle
concept was recommended as the concept offering the greatest promise
of producing the lowest cost power in the near future. Nuclear
Development Corp. of America of White Plains, New York, was subcon-
tractor for the principal nuclear aspects of the design.

The prototype plant is a boiling heavy water, pressure tube, natural
uranium oxide fueled reactor generating heavy water steam which passes
directly to a turbine to produce a net electrical output of 69.1 MW.
Reactor control is effected by shim and regulating rods driven from
below the reactor.

A preliminary plant design was prepared including Prototype Title I
Design Drawings and Specifications, Prototype Design Description,
and a Prototype Preliminary Safety Report. A report of the design
study was issued in March 1959 as SL-1581, Volumes I, II and III.

3.4.2 Plant Design and Operating Data

For convenience in analyzing and presenting detailed design information
for the various plants, the data have been subdivided into functional
groups, and are presented accordingly in this section, as follows:

a) Site Characteristics

b) Plant General Arrangements

c) Systems
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d) Site Characteristics

A tabulation of general site information is presented in Table
3.4-I. With the exception of a few items, the tabulation of site
characteristics is complete for the American and Canadian plants.
Less complete information is included for the Halden plant site,
with virtually no site information included for the remaining three

European plants, namely; Sulzer, EL-4, and R-3/ADAM. Site inform-
ation for the last three foreign plants has not been available.

Of the eleven plants considered, two, (PRTR and HWCTR), are test
reactors and, as such, it was found feasible to locate these

plants on Atomic Energy Commission Laboratory grounds. The
Halden Boiling Heavy Water Reactor is to be used as a test reactor

with the first core, and as a power reactor at a later date after
experimental work is complete. The plant is located on a site

owned by a paper company which will be its customer for steam after

the experimental work has been completed. The other eight plants
are all power reactors and are constructed, or will be constructed,
on privately owned tracts of land. Site acreage information and

plant location indicate exclusion areas (under complete control of
the owners of the reactor facility) which would provide a sufficient
safety margin to the surrounding population in the event of an

incident.

Site selection for the HWCTR was based on the fact that, since the
reactor would be a heavy water components test reactor, it should

be located within the Savannah River Laboratory, which is the center

of heavy water activity in this country. Sufficient land was

available in an area of low population density. The PRTR site
selection was based on economics and the ease of expanding existing
facilities at the Hanford Laboratory grounds. The site for the
Halden Boiling Heavy Water Reactor was selected on the basis of
general safety, availability of water power, and the opportunity to
dispose of steam. The remaining eight power plant sites were chosen
for several different reasons, the most important of which are:
favorable location and site characteristics, power requirements of the
surrounding area, availability of cooling water, and existing utility
facilities in the area.

In general, all plants located within the United States have been
located in earthquake zones experiencing minor to moderate damage,
or no damage at all; the latter is the case for the FWCNG plant.
The maximum recorded earthquake intensity for any one of the U. S.

plant sites is of the order of eight on the modified Mercalli scale,
which indicates only slight damage to specially designed structures.
The Canadian plants (NPD-2 and CANDU) and the Halden plant are
located in areas of minor earthquake activity. Of the U. S. and
Canadian plants, HWCTR and CANDU containment designs have special

considerations for earthquake forces by being designed for lateral

thrusts, in any direction, of 1/10 gravity and 1/30 gravity,
respectively.
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The geology of the site areas indicates favorable geological
conditions for the location of reactor power plants. Of the eleven
plants, three (European) are located in rock hillsides of gneiss
and granite. Use has been made of the rock hillside or cavern in
the three European plants for reactor containment by placing the
entire reactor complex underground. This arrangement, it was felt,
would offer a high degree of safety and containment and would not
be more expensive than that of a comparable containment enclosure
above ground. The Canadian plant, CANDU, is set on dolomite bedrock
located at the surface, which offers excellent foundation conditions.
NPD-2 is built partially into a granitic-gneiss bedrock which is
located an average of 20 feet below grade, Shielding is thus
supplied to some degree by the bedrock. With this arrangement,
considerable internal pressure can be resisted by the outside
building walls.

All plant sites are located in close proximity to a source of cooling
water such as a. lake, river, pond, or stream, providing sufficient
quantities for plant requirements, with the exception of HWCTR.
The HWCTR obtains its cooling water supply from existing deep wells
in the plant area. Water for domestic needs for all plants is
either provided from deep wells, existing supply from other areas
near the site, or from treated river or lake water.

Surface drainage for the U. S. plant sites is generally good, with
the exception of the FWCNG reactor site. Numerous basins and ridges
resulting from early surface mining operations have left the latter
site area with very poorly drained ground. However, small ponds
now existing across the site will be interconnected to provide a
supply of cooling water for the plant. The Canadian NPD-2 plant is
located on a site with gradual sloping ground offering excellent
drainage to the river. All plants are located at grade elevations
high enough so that the plant is adequately protected from flood
water of rivers or streams.

With the exception of the European plants located underground,
the U. S.. and Canadian plants are located on sites where the
terrain is either relatively level, flat to rolling, or rolling low
hills.

Severe weather conditions can occur at several of the plant sites.

The NPD-2 site experiences extreme cold and periods of heavy fog.
The CANDU site, due to its northern location, experiences extremely
heavy snowfalls; a comparatively high snow design load on horizontal
surfaces of 70 lbs/ft2 has therefore resulted. Tropical hurricanes
occasionally pass through the general area of the FWCNG site. These
storms are accompanied by high winds which have led to the
containment vessel being designed to withstand wind velocities of
150 mph. The CVTR, S&L-NDA, and HWCTR plant sites are located in
southeastern United States and, as such, lie in areas where torna-
does occur occasionally and where winds and rains from coastal
hurricanes are found; however, the chance of a tornado occurring at
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the sites is exceedingly small and winds and rains from coastal
hurricanes cause little damage.

Population distribution figures available for the U. S. and
Canadian plant sites indicate that these plants have been placed
in areas of fairly low population density, within a 10 mile
radius of the sites. Several of the European plants are located
in areas of higher population distribution, partly because of the
purpose of the station; i.e., to supply local district heating
steam. However, as in the case of R-3/ADAM, Halden, and Sulzer,
the entire facility is located underground, thereby offering a
high degree of containment and safety to the surrounding area in
the event of an accident.

b) Plant General Arrangements

Reactor Buildings

Information pertaining to the reactor buildings for the plants is
presented in Table 3.4-II. These data are complete for the five
United States plants and the two Canadian plants, with the
exception of one or two items. Nearly complete information has
been obtained for the Halden, Sulzer and R-3/ADAM plants. To date,
there has been no information available for the EL-4, French
reactor. Sketches of the general features of ten of the eleven
plants being analyzed (the EL-4 is omitted) are presented in Fig's
3.1-1 through 3.4-10.

United States Plants:

A feature common to all the U. S. plants is the geometry of the
containment vessel; each building consists of a vertical cylindrical
section, a hemispherical dome and either a hemiellipsoidal or flat
base. The buildings vary in overall height from 121.5 ft. to 166.0
ft. and in diameter from 62 ft. to 108 ft. The cylindrical vessel
geometry has been selected on the basis of economics and the past
experience of others in the design and use of this building shape.
The individual building dimensions depend upon energy release
estimates, equipment arrangements and location.

Significant differences have been observed in the type of
construction of the buildings. The vessels, in general, are
constructed of carbon steel throughout, conforming to the ASME
Specification SA-212, Grade B; however, the Carolinas-Virginia
Tube Reactor and the Heavy Water Components Test Reactor have de-

parted from the more or less conventional reactor building construc-
tion. The CVTR containment vessel is entirely constructed of

reinforced concrete and has been provided with a thin interior steel
plate liner to make the container vaportight. The steel for this
liner will conform to ASTM Specification A-285, Grade B. The dome
will be constructed of a heavy steel liner plate which is designed
to carry the external loads, including the concrete shell, as well as
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the internal load due to a maximum credible accident. The steel
dome will actually be the form for supporting the concrete during
pouring operations. However, the concrete will be self-supporting
after it has set. The HWCTR containment vessel is constructed of
carbon steel above grade and reinforced concrete below grade. The
cylindrical portion below grade is a monolithic shell externally
post-tensioned with steel strand. Economy and reliability in

maintaining vaportight integrity led to the selection of the compos-
ite post-tensioned concrete and steel design. Reduced cost resulted

from the less thick concrete shell which was afforded by using the

post-tensioning cables. Since the concrete is in compression at the

design pressure, there will be improved reliability in maintaining

the vaportightness of the containment by the potential reduction in

the number and size of shrinkage cracks that could develop.

Design pressures of the various reactor buildings vary from 11 to

27 psig, this being dependent on the energy release estimates for
each installation. Energy release estimates were made on the basis

that the total energy of the primary system is released instantane-

ously. All U. S. plants are provided with a vacuum breaker to

relieve external pressure in excess of the design level. None of

the plants are provided with a relief valve for excessive internal
pressure. A relief duct, however, is provided to relieve the

internal pressure in the event of an incident at the NPD-2 plant.

Access provisions appear to be similar for all U. S. plants.
Limited personnel access to the reactor building during operation

is allowed for all U. S. plants with the exception of CVTR. These
plants are equipped with an air-lock arrangement having two sets
of interlocked doors so that only one can be opened at a time. The
CVTR plant is equipped with a personnel access door not of the air-
lock type since personnel access during operation is not permitted.
Other access facilities provided in the U. S. plants include an
emergency or escape hatch and a freight or equipment opening which
is closed at all times while the plant is in operation. The FWCNG
plant has an additional opening for removal of the fuel handling
machine for major maintenance.

A water spray or fog system is provided on three of the U. S.
plants. This system is used to reduce the pressure (after the peak
has been reached) in the containment vessel after a nuclear

incident which results in a release of steam to the containment
volume. The spray water system for the plants is either fed from

a light water storage tank in the containment vessel dome or provided
from an outside source. The CVTR plant uses an air recirculation
system consisting of fans and coolers to reduce the internal

building temperature and thereby minimize thermal gradients in the
concrete wall. This system eliminates the need for an additional
spray system to reduce building pressures. In the case of the
FWCNG reactor, a pressure increasing system will be provided.
FWCNG is a gas (CO2) cooled reactor and, in the event of a system
rupture, it may be necessary to inject CO2 gas from a surge tank
so that the equilibrium pressure of the containment vessel, and
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therefore the CO2 coolant system, will be sufficient to provide

adequate gas density for the removal of core shutdown heat.

Shadow shielding has been provided on the S&L-NDA and the PRTR
plants. The CVTR plant also has shadow shielding provided since
it is inherent in the reinforced concrete construction of the
vessel. The shadow shields provided on the PRTR plant extend

upward to the tangent line of the hemispherical dome. Aside from
the radiation attenuation provided by the shadow shielding in the

event of an incident, it also serves to support the reactor
building 30-ton revolving bridge crane. The S&L-NDA plant is
provided with shadow shielding extending to the top of the hemispher-
ical dome.

Ordinary concrete, varying in thickness from 60 in. to 132 in., has

been provided as biological shielding for four of the U. S. reactors.
In the case of HWCTR the reactor pit is to be filled with concrete

blocks yielding a total of 132 in. of ordinary concrete and blocks
between the reactor and the stairwell, (which will be accessible

during reactor operation). The CVTR plant has the smallest amount

of biological shielding around the reactor (60 in. of ordinary
concrete) and is attributable to the fact that personnel are not

permitted in the building during reactor operation. Also, the 24
in. thick concrete walls and dome of the reactor building combined
with a 30 in. thick cylindrical concrete curtain wall below the
operating floor, will serve as biological shielding. This shielding
will reduce gamma radiation to acceptable levels external to the
building during normal plant operation. In the event of an incident
this shielding will serve as shadow shielding to reduce the external
dose rate to an acceptable level. In the PRTR, high density concrete

was used as biological shielding around the reactor. High density
concrete for the PRTR biological reactor shield was used because ag-
gregate materials were available from previous construction projects,
and rather than purchase ordinary concrete it was decided to make use
of this leftover material.

Gross volumes of the containment vessels for the U. S. plants vary

between 2.76 x 105 ft3 for the smallest plant (CVTR-60 MWt) to
1.28 x 106 ft3 for the largest (S&L-NDA-255 MWt). Similarly the
free volume also varies from 2.34 x 105 ft3 for CVTR to 9.6 x 105 ft3

for the S&L-NDA design. Free volumes of the containment vessels vary
between 75.0 percent and 84.2 percent of the gross volume for four
of the plants. The free volume for FWCNG plant, however, is only
60 percent of the gross volume, including 50 percent of the radio-
active waste tank volume. This apparently low free volume is
attributed to the large equipment necessary for the gas-cooled plant
and the low energy content per pound of the gas coolant.

All the U. S. plants, with the exception of CVTR, have some kind of
external treatment to the building below grade; e.g., a bituminous
coating or a waterproof membrane treatment. Above grade, three of
the plants are provided with insulation, either factory formed foam
glass or other type of foam blanket. The FWCNG reactor plant will be
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covered with a heat reflective paint. The reinforced concrete on
CVTR is untreated above grade. The inside surfaces of the contain-
ment vessels generally specify a protective paint coating. An
exception is CVTR where the inside steel liner plates attached to
the reinforced concrete containment vessel are left untreated.

New fuel storage space has been provided inside all the reactor
buildings. Separate buildings are provided for the storage of
spent fuel in all plants except HWCTR. A spent fuel storage pool
has been provided inside the reactor building of HWCTR. Refueling
equipment for all plants except FWCNG is located above the reactor
and all refueling operations are conducted from this point. The
reactor for the FWCNG plant is located in the upper portion of the
containment vessel, with the fueling machine located at grade level
for easy movement out of the building and into the fuel handling
building for major maintenance and repairs. Where a separate fuel
handling building has been provided, a containment shell penetration

is necessary for transfer of the spent fuel to the storage pool.
This is accomplished on the FWCNG and CVTR plants by a tube
penetrating the shell and leading directly to the storage pool. A
sluice gate opening has been furnished on the PRTR plant and a
carrier and conveyor transfers the spent fuel to the storage pool.
The S&L-NDA design has a vertical tube leading directly to a
transfer canal below the building where the spent fuel is transferred
to the storage pool via a carrier.

Three of the reactors for the U. S. plants have been located below

grade to make use of the surrounding earth as shielding. The S&L-
NDA reactor and the FWCNG reactor are located above grade. The
FWCNG reactor is located well into the upper third of the containment
vessel. This arrangement is to facilitate piping runs and to provide
a workable scheme for refueling from below the reactor. The reactor
cavities for all plants are lined in some way. Three of the U. S.
plants have carbon steel plates lining the cavity. CVTR will have an
application of plastic paint directly on the concrete and HWCTR will
have the reactor cavity filled with concrete blocks to increase the
biological shield thickness.

A crane has been provided in all the reactor buildings, varying in
capacity from 15 to 50 tons. Each individual arrangement, coupled
with economy, has dictated the type of crane necessary. The most
common crane used is the straight bridge or revolving bridge type.
The FWCNG plant is equipped with a monorail having a service machine
because of space limitations and equipment arrangement. CVTR is
provided with a 50 ton stiff leg derrick; the choice was made mainly
on the basis of economics. Elevators are provided only on the FWCNG
and S&L-NDA design. The remaining U. S. plants are not of
sufficient size to justify the installation of an elevator.

.All plants are equipped with a fresh air ventilation supply and
exhaust system, with the exception of CVTR. Heating and cooling coils
are provided as indicated in the data of Table 3.4-II. Air condi-
tioning units are also provided in the reactor buildings as indicated.
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The CVTR plant, with access not permitted during reactor operation,
is provided- with a closed system; i.e., with no outside air supply.
An air recirculation system consisting of fans, coolers and heaters

is provided, however.

Canadian Plants:

The Canadian plants, NPD-2 and CANDU, differ considerably in
reactor building design and construction from both the U. S. and
European reactor buildings. The reactor buildings and containment
principle also differs quite markedly between NPD-2 and CANDU, in
spite of the fact that NPD-2 is a prototype of the full-scale CANDU
plant.

The NPD-2 reactor and auxiliary equipment are entirely housed below
grade in a reinforced concrete structure. The plant is located on
a site where bedrock exists approximately 20 ft. below the surface
and the reactor section of the plant has been located in an excavated
portion extending 85-1/2 ft. below grade. Above grade, the building
is a conventional steel frame, insulated panel sided structure.
Foundations for the entire building are constructed of reinforced
concrete resting directly on bedrock; the administration section of
the building, however, rests on compacted sand.

The entire plant is made up of four attached structures, forming
one large building. These four structures are: the Administrative
Wing, the Control Wing, the Main Section and the Service Wing. The
main section is 60 ft. wide x 180 ft. long with a partial wall
separating the 100 ft. long reactor plant from the 80 ft. long
turbine plant. The reactor section of the plant is the only part
that has any unusual construction features or materials. Above
grade the reactor hall is rectangular in shape with irregular shaped
areas below grade which house the reactor and auxiliary equipment.
Below grade the boiler room is separated from the condenser room by
concrete shielding 4 ft. thick. Above grade the turbine hall is
separated from the reactor hall by a 10 in. concrete block wall, with
an opening at the top for passage of the building crane.

Limited personnel access is allowed to areas below the main floor of
the reactor hall during reactor operation. Access is permitted to
the spent fuel storage and component decontamination areas, and also
the fueling machine room. The inaccessible areas include all those
where equipment requiring shielding is located, including the reactor
vault and boiler room. There are no double door air-locks provided
in this plant, such as are provided for entrance into the U. S.
containment buildings. Access doors are provided for entry to areas
below the main floor. However, all of the compartments in which a
radiation hazard may exist, or could arise, are equipped with fixed
radiation monitors, interlocked with the doors in such a way that
warning will be given to personnel entering or within the
compartment. Equipment may be removed from the reactor areas below
grade through hatches in the floor of the reactor hall in the main
section. A freight door is provided at the end of the building in
the turbine-generator section.
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Biological shielding is provided around the reactor and is
constructed of heavy concrete (for space considerations) 7 ft. thick.
This is the thickness required to protect personnel working in the
areas accessible during reactor operation. When the reactor is shut
down only 4-1/2 ft. of the total shielding provided is required to
limit radiation dosages to acceptable levels outsid the shield.
Shielding, consisting of 7 ft. of concrete, however, is not provided

entirely around the reactor. The boiler room is separated from the
the reactor vault by only 4-1/2 ft. of concrete, which serves as a
shutdown shield when the reactor is not operating. Shielding

below rock level is provided by the mass of rock around the lower
levels of the building.

An interesting feature of this plant, not found in the other plants

under study, is the method for handling a maximum accident.
Containment is divided into two separate areas: the reactor vault,
and the boiler room.

The reactor vault is lined with a double thickness of 1/4 in. steel
plates to prevent contamination of the air from light water inleakage
as well as to minimize contamination of D20 in the event of leakage
from the primary system. The maximum accident in the reactor vault
would be the complete rupture of a 1-1/2 in. feeder pipe. In the
event of a small rupture, a D2 0 spray system is actuated to limit
the amount of pressure rise in the vault. If the pressure continues

to rise, an H20 spray system will be actuated. The vault is designed
for 10 psig, which is the maximum pressure permitted by the structural
design. However, the actual maximum pressure rise has been calculated
to be only 7 psig.

The boiler area, located immediately adjacent to the reactor vault, is
designed for a maximum pressure of 4 psig. This is set principally
by the hatch design. Most of the ceiling of the boiler area is made
up of reinforced concrete hatches which are held down by their dead
weight only. The maximum accident in this area is considered to be
the complete rupture of the largest pipe (16 in.) in the primary
system. An instantaneous release of all the primary system fluid
would far exceed the design pressure of the vault, and two systems
have been developed to limit this pressure rise. These are: a
dousing system and a relief duct. At 0.5 psig an H2Q spray system
will be actuated. At 1.0 psig water will "rain" down from

perforated plates in the bottom of dousing tanks located in the
ceiling.

The relief duct will provide a means of releasing the initial surge
of vapor to the atmosphere. The relief duct is about 50 ft. long
before angling 90 degrees to release the vapor to the atmosphere.
This duct will be normally closed at the boiler room wall by a
1-1/4 in. thick glass diaphragm 9 x 12 ft. in area. This diaphragm
is designed to break at 1.5 psig by 4 ramset guns at the corners.
Ten seconds are allowed for the escape of air and flashed vapor
before a gate in the duct is tripped closed. It is assumed that in
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this 10 seconds the only activity to escape will be tritium,
activated corrosion products, and any fission products which might
be in the coolant. Spray water (H20) will be provided from a
250,000 gallon storage tank located outside the building. This
tank will provide spray water for both the reactor vault and
boiler room area.

The cost of this complete containment system has been estimated
at $280,000. The cost of providing a steel containment shell was

estimated to be $1.3 million, resulting in a substantial saving
by the use of the relief duct system.

On power refueling will be carried out in the NPD-2 reactor with
remotely operated fueling machines. One machine is located at

each end of the reactor, the reactor coolant tubes being in a

horizontal position. The machines are located in a room directly
above the reactor vault and are separated from it by heavy concrete
shielding. Through this shield there are provided two slots, above
the end faces of the reactor, through which the refueling machine
heads may be lowered to reach the coolant tube ends. One machine

will place a new fuel bundle into a coolant tube and a spent fuel
bundle will be pushed into the second fueling machine at the

opposite end of the reactor. On completion of this operation the
fuel will be transferred by gravity fall through a chute to the
spent fuel storage pool which is located adjacent to the reactor
vault. Storage of new fuel will be in the new fuel storage rooms

located adjacent to the fueling machine room.

Due to ground water problems at the NPD-2 site, controlling and

stopping the inleakage of water into the building became a problem.

A series of treatments to the concrete consisting of the following

eventually solved the problem: application of a 6 ply fiberglas
reinforced asphaltic membrane plus a 5/8 in. thickness of asphaltic
concrete followed by pressure grouting. Above grade, the building

is a conventional insulated panel sided structure with no external
treatment to the siding.. The inside surfaces of the concrete below
grade have been provided with some type of protective coating. In
particular, all active floor areas have been coated with 3 coats of

an epoxy paint, while all active wall areas are covered with 5 coats
of vinyl.

With regard to the service equipment in the building, a 25 ton
bridge crane is provided which is free to move between the turbine
hall and the reactor hall of the main section. The partial dividing

wall is just high enough to permit the crane to pass from one area
to the other. An elevator is not provided in the building.

The ventilation system for the plant is designed to handle the

requirements of a conventional plant, together with the special re-
quirements of a nuclear plant, by moving air from areas of lower
contamination to areas of higher contamination. Standard ventilation

supply and exhaust units are provided and consist of intake fans

equipped with filters and heaters. Exhaust fans, equipped with
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filters, are also furnished. The main exhaust system, discharges to
the plant stack. A closed system is provided for the reactor vault.

This system also has a D20 scrubber.

The CANDU plant will have a containment vessel consisting of a
reinforced concrete cylindrical section, a flat base, and a carbon

steel hemispherical dome. The building will be located on a site
where bedrock exists approximately at grade level over the entire
area and, as a result, the containment vessel will be constructed

entirely above grade, with the exception of a 15-20 foot deep

irregularly shaped basement area to house activity monitors, drainage
manholes, moderator circuit equipment, dousing water shafts, and the
dump tank. The building will be provided with a standard double door
personnel air-lock which will lead to the service building, and an

emergency double door air-lock. Unlike the U. S. plants, a freight
opening will be provided, but will be in the form of a breakout
panel. The wall will be removed from an 8 ft. x 8 ft. section in the
event it is necessary to move large pieces of equipment in or out of

the building. A breakout wall below grade will also be provided in
the event it is necessary to remove the calandria and/or dump tank

from the building.

Adequate shielding will be provided within the CANDU reactor building
to lower the radioactivity level so that limited personnel access to

the building will be permitted during reactor operation.

Each face of the reactor will be provided with an end shield

consisting of heavy cast iron tanks filled with light water. Four

and one-half feet of heavy concrete (employed because of space
considerations) constitutes the main biological shielding around the

reactor and dump tank. The space within this shield is known as the

calendria vault. The vault concrete is protected from thermal

neutrons by an air-cooled steel thermal shield placed on the inside
face of the concrete.

Outside the end shields of the reactor will be the fueling machine
vaults. These vaults, together with the calandria vault, make up
the heavy water control area and as such will be lined with an air-
tight steel membrane termed the vault liner. This will prevent the
escape of heavy water out of the vault and inleakage of light water

from the concrete or other sources. Concrete shielding will be
provided around the fueling machine vaults. A pressure wall, located
outside the vault and adjacent to the outside wall of the building,

will also serve as biological shielding. The outside concrete wall

of the building (48 in. thick) will serve as additional shielding to
reduce radioactivity levels outside the building in the event of an
incident, however, the 48 in. thickness was dictated by structural

requirements.

An interesting feature of the CANDU plant is the 480,000 gallon light
water storage tank to be located in the hemispherical dome of the
reactor building. The building will be designed to withstand an
internal pressure of 6 psig, and the building volume will be sufficient,
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with the aid of a water spray or dousing system fed by this tank,
to contain any release from a break in the main coolant system.
However, in the event of an incident, and a failure of the water

spray system, the pressure rise would exceed the building design

pressure.

Below grade, there will not be any external treatment to the

reinforced concrete. However, a pumped drainage system will be
provided around the building below grade. The building foundation
will consist of reinforced concrete poured directly against the
bedrock.

There will not be any storage facilities in the CANDU reactor
building for new or spent fuel. The only fuel handling equipment

in the building will be the on-power fueling machines located in
the fueling vaults on either side of the reactor. New and spent
fuel storage will be provided in a service building, as discussed
under "Fuel Handling Facilities".

A standard ventilation supply unit including intake and exhaust
fans will be provided. There will be heating coils, but no cooling
coils and a separate closed ventilation system will be provided for
the calandria and fueling vault areas. There will be no air
conditioning provided for the reactor building. Other building utili-

ties will include three cranes and a freight elevator. A 10 ton
fueling machine maintenance crane located outside the fuel vault will
be provided; a 20 ton crane, and a 6 ton monorail will be furnished

for use in the boiler room area located directly above the calandria

and fueling vaults.

European Plants:

For the four European heavy water plants included in the study, only

partial information on the reactor buildings has been obtained. Data

are presented for the Halden, Sulzer, and R-3/ADAM plants in Table
3.4-Il. There has been no information available for the EL-4
reactor building.

The reactor buildings for the three above-mentioned plants are quite

different from the conventional cylindrical or spherical vessel in
general use in the United States. Reactor buildings for all three

plants are located in an underground chamber blasted and excavated
out of a rock hillside. Locating power stations underground is not

unusual in Sweden, and in the case of R-3/ADAM, a factor contributing
to this selection was the protection of the surroundings against
radioactivity. In Norway, also, excavation techniques of this type

are well known and the cost is estimated to be less than for a steel
containment building. This is also true for the Swiss plant,

Sulzer.

The chambers for the three plants are either concrete lined, or
lined with thin steel plate with concrete placed between the steel

and the rock of the hillside. In the case of the Sulzer plant,
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a concrete blast shield will be placed inside the steel lining to
protect the lining from possible missiles in case of an accident.

The main structural members of these buildings are reinforced

concrete.

As indicated in Table 3.4-Il, the Halden and R-3/ADAM reactor
buildings are rectangular in shape above -the main floor, with

irregular shaped areas below to house the reactor and auxiliary
equipment. The Sulzer reactor building consists of a cylindrical
shell section and a hemispherical dome and base, all located within
the rock cavity. Concrete foundations are provided in all cases

for transferring the building loads directly to bedrock.

The only means of access to the Halden and Sulzer reactor buildings

is via an air-lock arrangement in a connecting tunnel. Access to

the Halden reactor building is not permitted during reactor
operation and closed circuit television will be used for observation

during operation. Limited access to the Sulzer reactor building

will be permitted in certain heavily shielded areas, especially
where new fuel, electrical distribution systems, and other equipment

are located. The R-3/ADAM reactor building is provided with a
double door transport tunnel air-lock, and a double door personnel

air-lock. The exits for all plants are designed to withstand the

pressure build up due to a maximum incident.

Biological shielding concrete 83 in. thick is provided in the R-3/ADAM
plant, with heavy concrete used for space considerations. Ordinary
concrete is used in the Halden and Sulzer plants for shielding the

reactor. Minimum rock coverage over the entire installation is given

in Table 3.4-II for the plants. In the underground plants, the

surrounding rock will in all cases provide ample radiation protection

to the surrounding area.

In the event of an accident resulting in the release of steam to

the containment building, all plants will be provided with a pressure
reducing system. The Halden plant has a water sprinkler system

which accelerates the condensation of escaping steam and minimizes
contamination of the concrete surfaces. R-3/ADAM is also provided

with a water spray cooling system designed to reduce the pressure in

the chamber to atmospheric within an hour following a serious
accident. The water supply for this sprinkler system is taken from

a basin kept permanently at a temperature slightly above freezing.

In the case of the Sulzer plant, water will be stored in a tank

suspended under the roof of the reactor chamber, and in the event
of a serious accident would be used to condense the steam and wash

down the walls of the container.

New fuel storage for all plants will be in the reactor hall. Storage
'of spent fuel will be in a storage pool alsolocated in the reactor

building. All refueling operations will be carried on from above the

reactors using off power refueling machines.
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Bridge cranes are provided in the Halden and R-3/ADAM plant to
service the reactor hall area. Elevators are not provided in the
buildings; however, an elevator will be provided in the Sulzer
plant for transporting personnel and equipment from the surface
down to the machine chamber and connecting tunnel where entrance

is made into the reactor chamber.

Turbine-Generator Building

A turbine-generator building is provided at seven of the eleven
plants, as indicated in Table 3.4-II. A turbine-generator unit is
not provided at the two U. S. test reactor plants, HWCTR and PRTR,
and the European plant Halden. Additional data, although incomplete
have been included for the remaining three European plants, EL-4,
Sulzer, and R-3/ADAM.

The buildings housing the turbine-generator equipment for both the

U. S. and Canadian plants are of conventional design and
construction consisting of a steel frame structure with insulated
or uninsulated panel siding and reinforced concrete foundations. A
new turbine building has not been included for the CVTR plant.
This plant will be located adjacent to an existing turbine building
which houses turbine-generators of the South Carolina Electric &
Gas Company, and steam generated by the CVTR will be supplied to the
existing No. 3 unit only.

The Halden plant does not have a turbine-generator unit; steam
generated will be used by a large paper company adjacent to the
reactor site. The Sulzer plant will house the turbine-generator

in an underground chamber immediately adjacent to the underground

reactor chamber. The R-3/ADAM plant is provided with a turbine house
located above ground. The building contains a temporary wall to
permit the building to be extended, and to facilitate the exchange
of an old back pressure turbine, which will be used during the

initial phases of operation, for a new condensing turbine with a
larger output.

All turbine plants are provided with conventional bridge cranes,
for equipment handling, which vary in capacity from 25 to 185 tons.
The FWCNG and S&L-NDA designs provide for a railroad spur track
leading directly to a service hatch in the turbine building to
facilitate construction and equipment handling in and out of the
building. The other plants are located some distance from railroad
facilities and it was not found economical to run spur tracks to

the individual sites.

Other Plant Buildings

Other structures provided at the plants include office buildings,
auxiliary, service, or utility buildings, crib houses, and various
small buildings to house miscellaneous equipment. As noted in
Table 3.4-II, only limited information is available for the
European plants.
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All plants are provided with an office building, either as a separate
structure or a designated area in another building on the site, such as a
service, or auxiliary building. Where separate office buildings are
provided, the construction is conventional, being either steel frame and

panel siding, or of concrete and masonry, with concrete foundations. In
the case of HWCTR, an existing wood frame building is being remodeled to
provide the necessary space for offices, shops, and laboratories.

The S&L-NDA plant locates the control room within the service building
adjacent to the turbine building. The other plants locate the control
room in the turbine building, service or auxiliary buildings, or as in
the case of HWCTR, in a separate building for control equipment only. The
NPD-2 plant provides for a control room within the main building which

houses the reactor and turbine equipment.

Special shielding provisions for the control room are provided only in the
CVTR plant. The control room for this plant is located within the service
building and a 12 in. reinforced concrete biological shield will be
provided to protect operating personnel in the event of a maximum credible
accident.

The HWCTR plant control room is housed in a separate control building as

previously mentioned. Although no special biological shielding is provided
for the control room, a specially designed floor slab is provided for
hurricane protection of normal and emergency electrical power equipment

located in the control building basement.

Where separate office buildings are provided, the shop areas, storage

areas, and laboratories are usually located within these structures.

Service buildings and auxiliary buildings are provided at several of the
plants. These buildings, in general, house miscellaneous equipment and
systems, and in some cases, offices, laboratories and shop areas. The
buildings are of conventional construction, being either steel frame and
panel siding, or concrete and masonry construction with concrete founda-
tions. Crib houses are provided at all the U. S. and Canadian plants,
with the exception of HWCTR and PRTR. Cooling water supply for the HWCTR
plant will be from deep wells in the area, precluding the necessity of a
crib house. The PRTR plant is designed to include an unenclosed intake
structure with a flat precast concrete slab covering a small pump well.
The crib houses for the remaining plants are either enclosed or unenclosed
structures depending on the geographical location of the plant and are
constructed of reinforced concrete foundations. Above grade, steel frame
and panel siding is used where the crib house is to be enclosed, such as
in the Canadian plants. The CVTR plant will obtain its cooling water
supply from the Broad River, and pumping equipment will be located in an
existing crib house which houses equipment for the existing steam power
plant located adjacent to the reactor site.

Miscellaneous small buildings are provided at several of the plants, such

as warehouses, gate houses, etc., and are conventional buildings in all
respects.
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Fuel Handling Facilities

Information pertaining to the fuel handling facilities is presented in
Tables 3.4-II and 3.4-XI. As indicated, only limited information has
been available concerning the four European plants, Halden, Sulzer,
EL-4, and R-3/ADAM.

A fuel handling area and spent fuel storage pool are provided external
to the reactor building at five of the plants listed. Four of the U.S.
plants have separate fuel handling buildings. These buildings are, in
general, all similar in construction, consisting of a steel frame

superstructure with concrete block or panel siding for walls, with
reinforced concrete foundations and spent fuel storage pool. The CANDU
plant handles spent fuel storage in the service building. The fuel
handling buildings are all one level structures with the storage pool
located below grade. Fuel handling facilities for Halden, HWCTR,
NPD-2, and R-3/ADAM are located within the reactor buildings.

All plants are equipped with a shielded fuel handling or transfer
machine for transferring spent fuel and new fuel in and out of the
reactor. From the fueling vehicle, spent fuel is transferred to a
storage pool either by gravity, conveyor and carrier arrangement, or
by hydraulic pressure (CANDU only).

An interesting feature of the Canadian plants, NPD-2 and CANDU, is the
on-power refueling operation. This will be a remote controlled opera-
tion and the basic method of operation is based on the horizontal
design of the reactor core in which the pressure tubes are accessible
from both ends. There are two fueling machines provided, one on either
side of the reactor. This enables one machine to push a new fuel
bundle into one end of a pressure tube while the machine at the other
end receives the displaced spent fuel bundle. Each machine is capable
of inserting new fuel bundles or receiving spent ones.

The refueling mechanism for the FWCNG will also function while the
reactor operates. The design of this system is now in progress and
no details are available. In the case of the Halden reactor, the
fuel element flask used for refueling the reactor will be handled by
the building crane.

The capacities of the various spent fuel storage pools are given in
Table 3.4-XI. This varies in the U.S. plants from one core loading,
as on the HWCTR design, to slightly over two full core loadings, as
on the PRTR design. Storage capacities of the spent fuel pools are
based mainly on the reloading cycle of the reactor and the ultimate
disposal of the fuel, that is, whether the fuel will be processed,
or discarded completely. As noted on the data tabulation, the CANDU
design calls for a storage pool capable of storing 20 years accumulation
of spent fuel. Since the spent fuel from CANDU will not be reprocessed,
but discarded, it was decided to provide permanent storage facilities
at the site.

All plants are equipped with a heat exchanger for cooling the water in
the spent fuel pool, with the exception of the PRTR plant.
Demineralizing equipment is also provided at all plants for clean-up
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of the pool water, again with the exception of PRTR. A portable
demineralizer unit will be provided at the PRTR plant for clean-up
only if needed.

New fuel is generally stored on racks, in shipping boxes, or in
special pits or drums on the main floor of the reactor building.
Still others provide for storage in the service building, fuel
handling building, or the turbine building, which is generally
proximate to the reactor building for easy transport of fuel to
the reactor building.

All fuel handling buildings are provided with a bridge crane as a
handling device, with the crane capacity determined by the weight
of the spent fuel shipping cask. All buildings are provided with
a service, inspection, or assembly area to facilitate handling of
new and spent fuel. The FWCNG plant and the S&L-NDA design have
a spur railroad track to the fuel handling building to provide for
easy handling and shipment of spent fuel casks. The other plant
sites do not have track facilities to the site, and shipment or
movement of spent fuel will be by truck. In general, the fuel
handling buildings are either adjoining the reactor building or
located immediately adjacent to it, providing a short transport
distance from the reactor building to the storage pool.

Spent fuel storage pool depths vary from 24 - 27 ft. (16 ft. on
NPD-2) with a minimum depth of water covering the fuel of 11 - 15 ft.
These depths vary slightly depending on the length of fuel elements
and means of transferring fuel from the storage position to the ship-
ping cask. All storage pools are provided with a lining of either
stainless steel, a chemical resistant paint or a Fiberglas reinforced
tile covering over the reinforced concrete of the pool.

Waste Disposal Facilities

Waste disposal facilities are provided at eight of the eleven plants
under study. The waste disposal facilities vary in design from the
most complete system, provided on the S&L-NDA design to a simple
waste collection and storage system for off site disposal, provided
at the Halden and HWCTR plants. Information pertaining to the waste
disposal facilities at the Sulzer, EL-4, and R-3/ADAM plants has not
been available.

Only one of the plants for which data are available provides a
separate building exclusively for the radioactive waste disposal
system. This is the S&L-NDA design, where the building is a two
level structure constructed of reinforced concrete below grade and
steel frame and panel siding above grade. Equipment, handling
radioactive wastes, is located below grade in specially shielded
areas of the building. A prefabricated steel building is provided
at the HWCTR plant site, however, this building is only for the
storage of contaminated wastes. The location of waste disposal
equipment at other plant sites is either within the reactor build-
ing itself, or a part of other plant buildings, such as the service
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building or auxiliary building, or located outside underground as a
collection tank, storage tank, or disposal vault. Data character-
izing the plant waste disposal systems and buildings are presented
in Tables 3.4-II and 3.4-XIII.

Information available on waste gas disposal indicates that gaseous
wastes are either filtered and diluted with air and sent directly
to the stack or, as in the case of the S&L-NDA, CVTR, and R-3/ADAM
plants, sent to gas holdup tanks, if above permissible limits, to
permit decay before exhausting to the stack. The CVTR and S&L-NDA
plants also provide for recovery of any D20 present in waste gases
prior to releasing gases to the stack.

Solid radioactive wastes, such as demineralizer resins, filter
material, hardware, clothes, etc., are in general, disposed of off
site at some permanent storage disposal area. Three of the plants
have incorporated in their design, permanent storage of solid wastes
on the plant site in underground disposal vaults.

Low level liquid waste disposal is fairly consistent from plant to
plant. The liquid is collected in a drain or collection tank and
then discharged directly to a river or other body of water if with-
in tolerance limits. If the wastes are above tolerance, they are
batch processed through demineralizers or held up to allow for
radioactive decay until within tolerance limits for disposal. In
the case of HWCTR, all liquid wastes are stored in a collection
tank for shipment for off site disposal.

High level liquid wastes are either processed through a waste con-
centration or demineralizing system, as provided on several plants,
prior to disposal to a river or other body of water. If waste
concentration equipment is not provided, the high level liquid
waste is transferred from the plant site for off site treatment
and disposal.

Heavy water reconstitution equipment will be provided on the CANDU
and S&L-NDA designs. There is no available information to indicate
whether or not a facility of this type is provided for the Sulzer,
EL-4, and R-3/ADAM plants. The remaining plants under study plan
to barrel low purity heavy water for shipment to an upgrading
facility off-site.

Stacks

Stacks are provided at all the U.S. plants, Canadian plants, and at
the Halden and R-3/ADAM plants principally for gaseous waste dis-
charge. At present, there is no information available concerning
the stacks at the EL-4 and Sulzer plants. Aside from the fact that
a stack is provided, no other information is available for CANDU,
Halden and R-3/ADAM.

Reference is made to Table 3.4-II for pertinent stack data. Stacks
are either supported on a building such as at CVTR and FWCNG, or
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they are self-supporting structures. Materials of construction are
either reinforced concrete or steel, this depending on the economics
of the individual design. In general, stacks for nuclear plants are
not provided with a lining of any type since the exhaust gas is
usually low temperature air or other low temperature gas. Stack
heights for the plants under consideration vary from 17.5 ft. to
85.5 ft. for building supported structures and from 80 ft. to 200 ft.
for self-supporting structures. Stack heights for each plant are
dependent mainly on the meteorological conditions at the particular
plant site; i.e., such as wind direction and velocity, inversion
conditions, diffusion patterns, etc. Tall stacks have resulted from
the need to exhaust gases above the inversion layer, provided the
inversion occurs frequently and exists below a reasonable height.
In addition to the stack, absorbers, filters, and scrubbers have
been provided on several plants to reduce the toxicity of the gases
yielding tolerable concentrations for discharge to the atmosphere.

In the case of the Halden plant, which is contained entirely below
grade, the stack is located on the roof of the pretunnel entrance
to the underground chamber. R-3/ADAM is provided with a stack
located on the top of the rock hillside housing the plant. Venti-
lation ducts for this plant carry the waste gases from the under-
ground chamber up through the rock hillside to the stack which is
located above grade at the 'top of the hillside.

c) Systems

Data pertaining to the correlation of the plant systems are presented
in the following tables:

Table 3.4-III Reactor Characteristics

Table 3.4-IV Primary Heat Transport System

Table 3.4-V Primary Coolant Purification System

Table 3.4-VI Moderator Coolant System

Table 3.4-VII Moderator Purification System

Table 3.4-VIII Component Cooling System

Table 3.4-IX Shield Cooling System

Table 3.4-X Decay Heat Removal & Post Incident

Cooling Systems

Table 3.4-XI Fuel Handling & Storage

Table 3.4-XII D20 Handling Systems

Table 3.4-XIII Radioactive Waste Disposal Systems

Table 3.4-XIV Instrumentation & Control

Table 3.4-XV Plant Electrical Systems
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Several items being correlated, represent areas where operating
requirements of all plants are similar, but can be satisfied in two
or more ways; the selection is made by the designer on the basis of
economy, safety and reliability, or operating flexibility. Other
items allow no such alternatives, but are determined by factors
which are fixed in accordance with the function of the plant.

Reactors

All of the reactors being considered are moderated with D20 and,
with the exceptions of PRTR and HWCTR, are aimed at providing a
power generating unit ultimately capable of natural uranium operation.
The reactors are cooled with either pressurized or boiling D20 or
gas. Only one of the plants, the S&L-NDA prototype, considers the
use of a direct cycle; all others provide intermediate heat exchangers
to generate light water steam. The pertinent characteristics of the
reactors are given in Table 3.4-III.

With the exception of the FWCNG plant, all of the reactors employ a
zirconium alloy for their core structure and fuel cladding. The
FWCNG core will use Be clad fuel and pressure tubes, provided
current research and development efforts associated with the project

reach fruition. Of the Zircaloy clad fuel reactors, only CANDU uses
Zr-4, a nickel free alloy, all others employ Zr-2. Because of the
combined requirements of highest coolant temperature and minimum
parasitic thermal neutron capture, the zirconium alloys were an
obvious choice, especially in view of the production and fabrication
experience already attained with Zr-2 in other reactor programs.

Seven of the eight U.S. and Canadian reactors are moderated by "cold
D20" which is contained in a calandria and circulated separately
from the primary coolant system. Only the HWCTR is a pressure
vessel type reactor using hot D20 as a moderator. Selection of the
HWCTR configuration was an outgrowth of the D20 power reactor
studies conducted by Du Pont during 1957 and 1958. At that time
both pressure vessel and pressure tube reactors were considered.
It was recognized that a pressure tube type might offer a degree of
flexibility not possible in a pressure vessel reactor, but in view
of the results of their economic studies, which indicated a liquid
D20 cooled pressure vessel reactor as the type to produce the
cheapest electric power on a large scale, it was decided to con-
struct a reactor of this general type to gain operational experi-
ence. In either case, however, the primary intent of HWCTR is to
furnish a fuel irradiation facility for testing fuels, and other
components, for use in D20 reactors.

CANDU is the only full-scale D20 power reactor being constructed in
the United States or Canada. The EL-4 French reactor is designed
for an electrical output of 100 MWe, but data regarding its detailed
design are limited. Both CANDU and its prototype NPD-2 are designed
for natural uranium operation, however, none of the U.S. D20 reactors,
except the S&L-NDA design, are fueled entirely with natural-U. The
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full-scale versions of the latter reactors are aimed at full utili-
zation of natural uranium fuel; however, for reasons of materials
development limits, or prototype size, slightly enriched U-metal or
U02 is contemplated for the initial plants. An exception to these
considerations is the PRTR, whose purpose was stated earlier to be
the investigation of Pu recycle fuel schemes. Its ultimate fuel
cycle however does envision maximum utilization of natural uranium.

One of the principle goals of the Canadian D20 reactor program is
to perfect on power refueling to permit a continuous refueling
program and thereby maximize burnup. Both NPD-2 and CANDU, there-
fore, have a horizontal core configuration to facilitate access to
the fuel positions at either end of the pressure tubes.

The Halden boiling D20 reactor and the R-3/ADAM pressurized D20
reactor are both pressure vessel types. The other two European
plants, Sulzer and EL-4, contain the fuel and coolant in pressure
tubes. In accordance with the French program to develop gas cooled
natural uranium reactors, the EL-4 is cooled by CO2. All the other
European plants are D20 cooled.

Primary Coolant Systems

Data describing the primary coolant systems of the plants are pre-
sented in Table 3.4-IV. All the reactors, except FWCNG-ECNG and
EL-4, are cooled by D20; the Halden and S&L-NDA reactors employ
boiling of the coolant while the remaining water cooled units are
liquid cooled. Only the S&L-NDA plant is a direct cycle type, all
others employ intermediate heat exchange equipment to transfer the
reactor thermal power to a light water system for ultimate disposi-
tion.

Among the D20 cooled plants, the maximum (outlet) primary bulk
coolant temperatures vary from 428 to 560 F; common limitations
being center line fuel temperature, corrosion of the permanent
Zircaloy parts of the core, or pressure tube stress. The latter
would be imposed in the case of a liquid cooled pressure tube
type reactor, where the addition of tube wall material to resist
the pressure imposed by coolant temperature increase, penalizes
the core neutron economy more than can be justified by improved
plant thermal efficiency.

Of the U.S. and Canadian plants, only the CO2 cooled FWCNG-ECNG
plant will generate superheated steam; the primary coolant outlet
temperature for this plant is 1050 F with Be clad fuel. The
remaining plants generate saturated H20 or D20 steam.

The maximum primary system operating pressures in the liquid D20
cooled plants ranges from 504 psia (R-3/ADAM) to 1550 psia (CVTR);
in these U.S. and Canadian plants the pressures are all above
1000 psia. The boiling D20 cooled plants, Halden and S&L-NDA,
have primary coolant pressures of 584 and 795 psia, respectively.
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The C02 cooled FWCNG-ECNG has a maximum coolant pressure of 556.7 psia.

The temperature drop across the steam generators of the pressurized
D20 plants ranges from a minimum of 28 F (R-3/ADAM) to a maximum of
80 F (CANDU). The primary loop temperature drops for the U.S. plants
lie within these extremes and appear to average about 50 F.

The number of primary loops used in each of the plants varies, depend-
ing upon plant size and detailed loop design. The U.S. and Canadian
plants have either one or two independent coolant circulating loops
each having up to eight steam generators and ten circulating pumps.
It may be noted, however, that the CANDU loop design is unique among
the plants being considered, and the majority have either one or two
steam generators and one, two or three circulating pumps. The CANDU
arrangement results primarily from the unique design of its steam
generators (see Section 3.2) which were designed by the NPPD section
of AECL at Toronto.

All of the primary systems have provision for maintaining coolant
flow in the event of main pump failure. These provisions vary from
appropriate arrangement for natural circulation, to providing extra
full-size or partial capacity pumps. No means of controlling the
primary coolant flow rate, except for cutting pumps in or out of
service, has been provided in the pressurized D20 plants. The
FWCNG-ECNG plant uses inlet vanes on the main coolant blowers for
controlling flow and the S&L-NDA design has hydraulic couplings on
the main recirculating pumps to maintain constant exit steam quality
in the core.

The maximum design fluid flow velocities in the primary piping of
the D20 cooled plants are generally higher than those in conventional
or H20 reactor plant application. Some dependence on construction
materials is observed in that stainless steel piping is more corro-
sion and erosion resistant to high velocity water than is carbon
steel. However, as noted in Table 3.4-IV, this dependence is not as
clearly marked as might be suspected. In each case, consideration
was given to minimizing the system D20 inventory through the use of
maximum velocities, but some of the systems have arrangements which
limit the fluid velocity because of excessive turbulence or pressure
drop.

Considerable variation is observed in the primary loop materials of
construction. Of the D20 cooled reactors, the HWCTR, NPD-2 and
CANDU have carbon steel piping; while PRTR, CVTR and S&L-NDA use
Type 304 stainless steel. The CO2 cooled FWCNG-ECNG has an all low
alloy carbon steel primary piping system.

All of the pressurized D20 cooled reactor primary systems are
equipped with pressurizers. Except for HWCTR, the pressurizers
are separate vessels with either a He cover gas or a D20 steam
space. HWCTR uses the top part of the reactor vessel as a pres-
surizer volume. This space is occupied by helium. In the boiling
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D20 plants, Halden and S&L-NDA, the boiling coolant serves to main-
tain the system pressure and the FWCNG-ECNG plant contemplates
using a CO2 make-up and relief system for pressure maintenance.

Some form of pressure relief is built into each of the systems. For
the most part these are in the form of relief valves or rupture
diaphragms.

Primary Coolant Purification Systems

Bypass purification systems are furnished for all the plant primary
coolant systems. As indicated in Table 3.4-V, a minimum of one
mixed bed demineralizer is used for all the water cooled plants and
the gas cooled FWCNG-ECNG plant plans on a desiccant gas drying
station.

Because of the operating temperature limits of present day demin-
eralizer resins, the primary coolant is first cooled in either a
regenerative or an ordinary heat exchanger before passing through
the resin bed. In order to avoid construction of purification
equipment designed to withstand the full primary system pressure,
the coolant bypass stream is depressurized in the HWCTR, PRTR,
CVTR, and NPD-2 systems. Upon leaving the purification unit the
low-pressure coolant is either piped into the coolant storage tank
or directly back to an injection pump. Coolant channeled to the
storage tank is returned to the system by coolant make-up pumps.

Prefilters are used on the HWCTR, NPD-2 and S&L-NDA designs. The
others, for which data are indicated in Table 3.4-V, contemplate
using only the resin bed. In all cases the demineralizer bed is
followed by a screen type filter to prevent resin from entering
the primary coolant stream.

All of the D20 cooled plants, for which data are available, plan
to dispose of the spent ion-exchanger resins. These are either
disposed as a cartridge by discarding the entire demineralizer
vessel, as in the HWCTR, PRTR, CVTR, and NPD-2, or are sluiced
to a permanent storage container as in the S&L-NDA plant. The
CO2 drying system for the FWCNG-ECNG plant contemplates a closed
cycle regeneration system. All of the plants have provision for
deuterizing and dedeuterizing the ion-exchange resins to minimize
light water contamination and D20 waste.

Three of the D20 cooled plants, HWCTR, NPD-2 and S&L-NDA furnish
separate circulating pumps for the primary coolant purification
systems. The remaining plants depend upon the pressure drop in
"blowing down" the coolant to provide the circulating force.

The purification loop construction materials are generally the same
as the primary loop itself and the exchanger vessels have a stain-
less steel or synthetic liner.
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Moderator Coolant System

All of the "cold" moderator reactors are designed with a separate
coolant system to remove moderator heat. These generally consist
of a single external loop containing heat exchange equipment and
one or more circulating pumps. The data characterizing these
systems are presented in Table 3.4-VI.

In all the "cold" moderator plants, the moderator heat is wasted
through the plant service water cooling system, except for the

FWCNG-ECNG plant. In the latter, the moderator heat is trans-
ferred to condensate in the secondary system. To effect this
heat transfer, the outlet temperature of the moderator for the
FWCNG-ECNG reactor is 265 F and must therefore be pressurized to
65 psia to prevent boiling. The other plant's separate moderator
circuits operate at essentially atmospheric pressure and at a
maximum temperature of from 120 F to 180 F. The moderator system
operating pressure in the PRTR ranges from 18.6 psia to 115 psia
because of the He blanket gas pressure used to vary the moderator
level.

The percent of the total reactor thermal power generated that is
deposited in the separate moderator systems varies from a minimum
of 3 percent in PRTR to a maximum of 9.5 percent in CVTR.

In all the moderator coolant systems except NPD-2, the moderator
heat exchanger consists of two one-half capacity units connected
either in series or parallel. In the S&L-NDA design the two
units, in the form of a split tube bundle, are located in a
single shell. Having two heat exchangers capable of isolation
permits operation of the plant at either one-half load or with
an increased moderator temperature in the event that a leak occurs

in one unit.

For all the moderator systems at least two, and in some cases
(PRTR, FWCNG and CANDU) three, moderator circulating pumps are
furnished. Thus, in the event of a moderator pump failure,
operation of the plant can continue. Moderator flow control,
other than cutting pumps in and out of service, has not generally
been provided. On PRTR and NPD-2, however, flow control has been
furnished because moderator temperature in both of these plants
is considered a critical parameter.

Three of the "cold" moderator plants, PRTR, NPD-2 and S&L-NDA, have
moderator coolant loops constructed of aluminum; the remaining

plants for which data are tabulated employ stainless steel piping.
Because of its susceptibility to excessive corrosion and erosion,
the aluminum systems are flow velocity limited to a greater extent
than are the stainless steel systems.
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Moderator Coolant Purification System

Data describing the purification systems for the moderator coolant
loops are presented in Table 3.4-VII. These systems all consist
of bypass loops containing demineralizers, circulating pumps and,

depending upon the moderator temperature, heat exchange equipment.
These systems are all low-pressure, are constructed of materials
similar to the moderator coolant loop; i.e., aluminum or stainless
steel, and have provisions for regeneration or disposal and deuter-

izing similar to those discussed above for the primary coolant
purification systems.

All of the systems are operated at comparatively low temperature and
thus no regenerative heat exchange equipment is used.

Those plants having a "cold", separate moderator circuit have all
considered moderator purity essential to proper plant operation,

however, no difficulty is anticipated in maintaining water impurity

content below one ppm with a nominal bypass purification flow.

Corrosion and erosion rates at equilibrium in these systems are

expected to be low because of the low operating temperatures.

Four of the plants (PRTR, CVTR, FWCNG, and S&L-NDA) are providing
two or more separate circulating pumps in the moderator purifica-
tion loops; the remaining plants rely on the pressure differential

across the moderator circulating pump to maintain adequate flow.

Component Cooling System

The component cooling systems in the plants for which information
is available, are either once-through open cycle or closed cycle
systems. They are provided with varying numbers of heat exchangers
and pumps and are generally constructed of carbon steel. Table
3.4-VIII presents the pertinent data for each of the plants.
Treated or demineralized H20 is used for component cooling in the
PRTR, CVTR, and FWCNG plants; the HWCTR, NPD-2 and S&L-NDA plants
use "untreated" once-through river or reservoir water. Only the
CVTR and FWCNG plants have intermediate heat exchangers to remove
the service water heat.

The component cooling system capacities vary from 500 to 26,400 gpm,
depending mostly upon the plant size. In all cases, except the
FWCNG plant, natural water sources; i.e., lake or river, are used to
provide component cooling water supply. The FWCNG plant however
employs finned cooling coils located at the base of a cooling tower
to remove the heat from the closed component cooling cycle.

Except for HWCTR, at least two and more often three horizontal,
centrifugal circulating pumps have been furnished because of the
essential nature of most of the component cooling functions. The

HWCTR requires no circulating pumps since service water for cooling

is supplied by gravity from a reservoir.
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All of the component cooling systems, for which data are available,
are constructed of carbon steel throughout.

Shield Cooling System

Data for the shield cooling system appears in Table 3.4-IX. Both
once-through open cycles and closed cycles have been used. The
systems are generally carbon steel construction throughout and
various combinations of filtration and ion-exchange have been used
for purifying the coolant. The specific shield cooling require-
ments vary, largely as a function of the provisions for thermal
shielding within the reactor; they are also determined to some
extent by the shield construction materials and the reactor size.

Of the plants for which information has been tabulated, only HWCTR
does not contemplate using a shield cooling system, although coils
are being installed in the concrete biological shield around the
core in case it is found necessary to cool the concrete.

PRTR has both an open and a closed shield cooling system. The closed
system is used to cool the end shields which are cylindrical tanks
filled with shot. The open system, which employs unfiltered Columbia
River water, surrounds the core in the biological shield concrete.

CVTR, FWCNG, NPD-2 and S&L-NDA all employ closed systems which are
cooled by component cooling water. Two circulating pumps have been
furnished in each plant to maintain coolant flow and either full-
flow filters or a bypass demineralizer is employed to maintain
coolant purity.

The CANDU plant has water cooled end shields for the reactor, how-
ever the radial shield is cooled by air circulated by two blowers
having a capacity of 30,000 cfm each. The air, after transiting
the steel plate shields, gives up its heat in a finned air-to-water
heat exchanger cooled by lake water. A continuous bleed and make-
up air system is used to limit the gas activity buildup. The
bleed stream, containing an estimated maximum of 2.2 curies/hr. of
A-41, is diluted at the ventilation stack and discharged.

In general, all the shield cooling systems are constructed of carbon

steel.

Decay Heat Removal System

All the plants provide some means for removing decay heat when the
reactor is shut down. The means for removing this heat varies
however; in some cases the primary system and its equipment is used,
in others a separate system is provided. All plants have a means of
providing core cooling in the event of an incident to prevent fuel
melt down. The systems provided vary in complexity, but the U.S.
plants appear to rely on H20 injection while data for NPD-2 indicate
the use of a combination of D2 0 and H20. These data appear in Table
3.4-X.
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Both HWCTR and PRTR use the primary coolant system equipment for the
removal of decay heat when shut down. The primary system circulating
pump is used to maintain flow through the core at a reduced rate and
secondary H20 circulated through the steam generator to remove the
heat for ultimate disposition.'

CVTR, NPD-2 and S&L-NDA designs all provide auxiliary pumps and heat
exchange equipment to remove decay shutdown heat. The CVTR and
NPD-2 systems are sized for approximately one percent of full thermal
power and the S&L-NDA system designed for approximately ten percent
of full power. In the first two instances, the pressure and temper-
ature of the primary system are reduced using the primary heat
transport equipment. Upon attaining a predetermined maximum temper-
ature (300 F for CVTR) the auxiliary equipment is brought into
service. Normally the S&L-NDA plant can dump heat through a bypass
system to the main condenser before beginning operation of the shut-

down condenser-cooler, however, if the need arises, the main steam
line can be closed and the shutdown system brought immediately into

operation.

The gas cooled FWCNG plant uses the primary steam generators together
with auxiliary gas blowers to remove decay heat. The system is sized
to remove approximately ten percent of the full plant power.

CANDU uses only the primary system equipment for decay heat removal
and can if necessary operate by natural circulation.

D20 Handling Systems

Special provisions are made in each plant being investigated, for the
handling of D20, but their complexity varies widely. Leakage D20 is
recovered to some extent in all plants and is either returned direct-

ly to the primary or moderator system or, if degraded with H20, is
barreled and sent to an off site upgrading facility. The number and
size of make-up and transfer pumps to facilitate handling D20 within
the plant also varies depending upon the number of independent D20
systems and their design characteristics, past experience and econom-
ics.

Two plants provide for a D20 reconstitution facility on the plant
site, those being the S&L-NDA prototype and CANDU; however others,

such as HWCTR and NPD-2, have nearby access to existing facilities
for this function.

Table 3.4-XII presents the information gathered to date on D20
handling systems in the various plants.

Fresh D20 at 99.8% purity is received at the plant site in 55 gallon
drums. None of the plants have storage facilities except in the
drums; these are emptied directly into the various plant systems'
storage tanks as make-up is required by either hose pumps or helium
displacement.
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The plant operating storage is generally kept in controlled atmos-
phere covered tanks which are part of the systems; e.g., the
moderator dump tanks, etc. Make-up to the operating systems is in
all cases made using pumps having a discharge pressure depending
upon the system characteristics. The high-pressure primary systems
in the liquid D20 cooled plants employ positive displacement pumps
whose discharge pressure may be of the order of 2000 psi.

D20 which has been degraded by H20 is generally stored in separate
tanks or drums and may be classified according to the degree of
contamination. These tanks may also be used to receive leakage D20
from pump shaft seals and valve stems. Most of the plants have a
piped leak collection system, however, HWCTR does not plan to
install such a system on its valves initially. The valves for HWCTR
are being furnished with plugged lantern gland leak off connections
and will be used only if experience indicates its necessity.

All of the plants for which data are available have vapor recovery

systems provided. Some include recombination equipment to prevent
buildup and/or discharge of dissociated D20 through the off gas
systems. Other equipment generally provided consists of vapor
condensers and chemical driers.

Fuel Handling and Waste Disposal

Data describing the fuel handling and waste disposal facilities for
each of the plants are given in Tables 3.4-XI and 3.4-XIII, respec-
tively. These systems are discussed in Section 3.4.2-b above.

Control and Instrumentation

A summary of the plant control and instrumentation data is presented
in Table 3.4-XIV. Several requirements of the control and instru-
mentation systems are common to all the plants and are fixed
according to the function of the plant, its location, the systems to
be controlled during a given operating condition, and equipment *
limitations. Several items in the tabulation represent areas, how-
ever, where the operating requirements of all plants, though similar,
can be satisfied in two or more ways. These areas in the control and
instrumentation system are designated to be:

1. Systems used to control reactor pressure and temperature.
The nonboiling reactors in this study have pressure con-
trols consisting of electrical heaters in a pressurizer,
or a gas pressurizing system. The boiling D20 cooled
reactors use pressure-controlled valves.

2. Number of flux monitoring channels for start-up, power
and safety, and their use in safety circuits. The number
of channels ranges from a minimum of two for each purpose
to a maximum of five.
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3. Actions taken on theoccurrence of abnormal conditions.

Reactor Power Level:

Two principal means for controlling reactor power level have been
used: poison rods are used on the HWCTR, CVTR, FWCNG, Halden,
R-3/ADAM and S&L-NDA plants, while automatic moderator level control
is the method utilized on the PRTR, NPD-2 and CANDU plants.

Moderator level control is not applicable to the pressure vessel type
reactors and is only used in the case of the "cold" moderated units.
In those plants where moderator level control has been used, however,
supplemental shim or control rods have been included to assist in
regulating the core power distribution and to supply gross reactivity
control. In the case of NPD-2, a booster rod composed of enriched
fuel has been supplied to perform the latter function. None of the
liquid D20 cooled reactors have provisions for controlling the
primary coolant flow rate, other than cutting the main pumps in or
out of service, and in the boiling D20 plants steam throttling valves
are used to regulate flow. The FWCNG plant contemplates using inlet
vanes on the main C02 blowers to control flow.

Reactor Pressure:

The reactor pressure in the HWCTR and PRTR plants is controlled by
a helium cover gas; CVTR and R-3/ADAM have a spray and heater system
and NPD-2 and Sulzer use only a heater system, all of which are
located at the pressurizer for the primary system. The HWCTR pres-
surizer is the upper portion of the reactor vessel. FWCNG has a
C02 make-up pressure control system. A system of steam bypass
valves is the method of pressure control used on the CANDU, Halden
and S&L-NDA plants.

Reactor Temperature:

Reactor temperature in the HWCTR is controlled by regulating the
boiler pressure. A bypass steam generator serves the same purpose
in the PRTR plant. CVTR regulates temperature by control rod manip-
ulation and NPD-2 uses moderator level. Halden and S&L-NDA use a
pressure control system to maintain temperature control and CANDU
has a combination moderator level and rod system for its temperature
regulating method. FWCNG utilizes inlet vanes to control primary
coolant flow rate and thereby regulate temperature.

Reactor Coolant Level:

HWCTR, PRTR, FWCNG and CVTR have a conventional differential pres-
sure system for maintenance of reactor coolant level. The NPD-2
plant controls coolant level at the pressurizer and the S&L-NDA
plant performs this function by controlling level at the steam drum.
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Reactor Safety and Control Functions:

In cases of abnormal or unsafe operating conditions, all of the
plants under study have a fail-safe method of fast shutdown or
reactor scram. Whenever possible, it is desirable to limit or
prevent accidents by means other than scramming. Excessive
scramming of a reactor can be detrimental. In order to hold
the frequency of scrams to a minimum, all plants under study have
some system of rod stoppage and/or rundown. At a preset signal
level of one or more of the various plant parameters which is
above the normal operating level, but below scram level, one of
the following actions occur:

a. Alarm - Either audible, visual or both, to alert the
operator that a corrective measure is necessary.

b. Rod Stop - Only the CVTR plant has this automatic feature
of stopping all rods as they are being withdrawn. HWCTR,
PRTR, FWCNG, NPD-2, CANDU, Halden and the S&L-NDA plants
provide this as a manual operation.

c. Rod Reversal - HWCTR and the Halden plants provide this
feature of causing rods to move into the reactor at their
normal rate. HWCTR runs pairs of rods into the reactor
while Halden provides for partial rod insertion. PRTR,
FWCNG, NPD-2, CANDU and the S&L-NDA plants require manual
operation for this function.

d. Rod Rundown - HWCTR, FWCNG, Halden and the S&L-NDA plants
have automatic rod rundown features which allow the rods
to move inward at a rate faster than normal. Depending
on the severity of the signal level, the Halden plant
has the option of full or half-speed drive for its rod
rundown. The PRTR, NPD-2 and CANDU plants provide for this
operation manually.

Two methods of reactor scram are utilized in the heavy water plants
under study. Rod insertion is used in the HWCTR, CVTR, FWCNG, Halden
and S&L-NDA plants. Moderator dump is used in the PRTR, NPD-2 and
CANDU plants.

PRTR, NPD-2 and CANDU are pressure tube reactors using moderator level,
and to a limited extent moderator temperature, as a means of power-
output control. Normally, no moving control rods are required in the
NPD-2 and CANDU reactors, however, PRTR does have shim rods which are
adjusted to offset long term reactivity changes. To keep the moderator
level within acceptable ranges of height in the calandria tank, shim
rod adjustments are made as necessary.

The helium gas pressure differential system is used to control both
moderator level and dump in the PRTR plant, but not in the NPD-2 or

CANDU plants. Dump in the latter two is initiated by quick opening
valves. All three plants use gravity to drain the moderator.
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On the S&L-NDA plant, moderator level control was investigated and
found unsuitable. S&L-NDA design does, however, provide for
moderator dump in emergencies, should the rods fail on scram.

Nuclear Instrumentation:

All of the heavy water reactor plants under study cover the basic
functions of a nuclear instrumentation system with varied degrees
of flexibility, complexity and reliability. The basic functions of
the nuclear instrumentation system are three-fold:

a. To monitor the nuclear reactor flux from source range to
usually 150 percent of rated reactor power.

b. To provide the necessary controls and indications for
reliable and efficient operation of the reactor.

c. To initiate a reactor shutdown in the event that hazardous
conditions exist.

The number of nuclear instrumentation channels for the different
plants varies from six at CANDU and NPD-2 to thirteen at FWCNG,
with eight instrumentation channels being about average for all
the plants.

The plants are evenly distributed in the number of start-up channels.
FWCNG, NPD-2 and CANDU each have three start-up channels. HWCTR,
PRTR, CVTR, Halden and S&L-NDA utilize two channels for start-up
instrumentation.

The type of neutron detector in the start-up channels is also evenly
distributed between movable fission chambers and BF3, proportional
counters. Each type of detector has its own distinct advantages.
BF3 proportional counters are most sensitive, but show less discrim-
ination between gammas and neutrons than fission chambers.

The majority of the plants use three power channels. PRTR uses only
two power channels and FWCNG and Halden use five power channels.
Compensated ion chambers are used on HWCTR while all other plants
favor uncompensated ion chambers. In order to use ionization
chambers in high gamma flux fields, and to increase their useful
range, they must be of the compensated type.

The range of compensated ion chambers, within which some discrimina-
tion against a gamma background is provided, is from 10-8 to 10+1 of
full-power. For operation from 10-2 to full-power, uncompensated
ionization chambers with a linear scale are most commonly used. The
range for a compensated ion- chamber is approximately 100 times greater
in the presence of gamma flux than an uncompensated chamber. Compen-
sation becomes unimportant within the high range of power so that
uncompensated chambers can be used to gain sensitivity.

-186-



All plants use uncompensated ion chambers in their safety or high
level channels, except HWCTR which uses compensated ion chambers.
HWCTR is unique in being the only heavy water plant using compen-
sated ion chambers in both power and safety channels.

The FWCNG reactor design encompasses a complete system of neutron
flux measuring instruments. These instruments furnish continuous
indications and records of neutron fluxes over the entire operating
range of the reactor. The instruments are capable of actuating
alarm circuits which annunciate as well as set back and scram the
reactor, if operating conditions outside the preset limits occur.

In the start-up range, the FWCNG reactor flux level is detected by
three fission counters and is indicated on a log count rate meter
in the control room. In the intermediate range, flux level is
determined by five uncompensated ion chambers. Two of the uncom-
pensated ion chambers are connected to micromicroammeters, and the
other three are connected to log N and period meters. In the power
range, three uncompensated ion chambers, connected to flux ampli-
fiers, serve as safety circuits. The other two uncompensated ion
chambers furnish signals to operate the regulating rods.

The NPD-2 control system is governed by three control computers.
Each control computer receives neutron flux measurements from its
two detectors. The three start-up channels utilize fission chamber
detectors in the range of 10-11 to 10-6 percent of full power.
These detectors feed into log N amplifiers and period amplifiers.
The three combination power and safety channels use uncompensated
ion chamber detectors. These detectors provide the input signals
for the linear amplifiers.

In the NPD-2, triplicated start-up channels and power channels are
connected to their respective coincidence circuits. In this
coincidence system, a fault signal from a single instrument annun-
ciates an alarm only; fault signals from a pair of instruments are
required to scram the reactor.

The HWCTR neutron flux during reactor start-up is measured by one
BF3 proportional counter and one fission chamber. These two
detectors are connected to separate count rate recorders, count rate
meters and scalers. A second BF3 counter is installed temporarily
inside the reactor for measurement of the neutron flux during the
initial charging of the fuel to the reactor and during initial
criticality tests. This BF3 counter is inserted in an instrument

thimble, used only when the reactor is not pressurized, and is
connected to a scaler and count rate recorder. Each of two
compensated ion chambers adjacent to the HWCTR serve a log N
recorder and period recorder. One compensated ion chamber adjacent
to the reactor serves a galvanometer and a differential galvanometer.
The galvanometer circuits are battery powered and are completely
independent of the normal and emergency power systems. Each of
three compensated ion chambers adjacent to the reactor are connected
through magnetic amplifiers to linear flux recorders.
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The PRTR start-up channels consist of two fission chambers with
remotely controlled positioning devices, linear amplifiers, log count
rate meters, recorders and period amplifiers. The period amplifiers
are connected in the reactor shutdown safety circuit and will scram
the reactor on too short a period.. A period signal is also supplied
to the automatic controller. The two logarithmic channels consist of
two compensated ion chambers, log amplifiers, period amplifiers and
recorders. The period amplifiers are connected in the reactor safety
circuit and also furnish signals to the automatic controller. The
three high level channels consist of three uncompensated ion chambers,
linear amplifiers and recorders. The three channels are connected in
the reactor safety circuit. An interconnection circuit with the
logarithmic channels protects against instrument failure by causing a
scram if less than two of the three high level channels indicate on
scale signals and the log channels are upscale past a preset trip
signal.

The PRTR reactor control channel consists of two uncompensated ioa
chambers, which provide a neutron flux level signal to the automatic

controller. Two galvanometers are also provided in this circuit to
indicate flux levels; these are utilized when the reactor is con-
trolled manually. These chambers are used for reactor operation only
and are not included in the safety circuit. Safety backup is provided
by the three high level channels.

Measurement of the CVTR reactor neutron flux is performed in the side
neutron shield tank surrounding the reactor vessel. Detectors in
container assemblies are located at appropriate levels in thimbles or
shrouds that are welded to the shield tank. Eight thimbles are
provided. Two thimbles contain one source range detector each, three
others contain one intermediate and one power range detector each,
and three spare thimbles are provided for future nuclear instrumenta-
tion.

The CVTR neutron detectors feed eight information channels. Channels
No. 1 and No. 2 operate in the source range and receive their input
from BF3, proportional counters. These detectors feed a source level
meter and a period meter. Channels No. 3, 4 and 5 operating in the
intermediate flux range receive input from compensated ion chambers.
Both level and period outputs are provided as in the source range
channels. Channels No. 6, 7 and 8 are provided for power range
service and are fed by uncompensated ion chambers. The power range
channels provide a level signal which indicates from 0 to 150 percent
of full power on a linear scale. A coincidence feature makes it
necessary for two out of three power range channels to initiate high
power level signals in order to cause shutdown.

The Halden nuclear instrumentation consists of eight independent
channels measuring reactor power. These are two logarithmic channels,

two linear level channels, one deviation channel and three safety
channels. The ionization chambers for these instruments are located
outside the reactor vessel. In addition, two independent start-up

channels, using BF3 proportional counters are provided.
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The S&L-NDA plant nuclear instrumentation system consists of two
start-up channels, two log N period channels, three flux level
safety channels and one linear level control channel. Each of the
two start-up fission chambers is withdrawn automatically to a
position of lower sensitivity when the upper limit of the instru-
ment range is reached. The chambers are positioned to have a
decade difference in sensitivity to insure that both chambers are
not withdrawn simultaneously. Instruments in these channels
provide contacts in the safety circuits for period and count rate
alarms, and also for reactor scram on maximum count rate in both
channels.

The two S&L-NDA log N period channels furnish flux level and period
information in both the restart and power ranges. While in the
restart range, a short period signal from either channel will scram
the reactor. This action is bypassed in the power range, where the
flux level safety channels provide adequate protection against
dangerous flux excursions. These log N period channels also pro-
vide contacts in the safety circuits for reactor rundown and scram
on longer period values.

In the S&L-NDA plant, the primary function of the flux level safety
channels is to scram the reactor at dangerously high flux levels.
A coincidence feature makes it necessary for two out of three
channels, to indicate high level before a scram is initiated. If
two out of the three channels fail the reactor will be scrammed as
a protection against loss of high level supervision. Safety ampli-
fiers in these channels effect a reactor scram on short period
signal from the log N period channels. The flux level safety
channels also provide contacts in the safety circuits for alarm,
automatic power reduction and reactor rundown at high flux levels
lower than the level at which scram would be initiated.

The primary function of the linear level control channel is to
furnish a level signal to the reactor flux level control system
while operating in the power range.. It also supplements the log N
period channels, while the reactor is operating in the restart
range and the flux level safety channels while the reactor is
operating in the power range with flux level information.

Plant Activity Levels:

HWCTR and PRTR utilize a sampling and controlled ventilation system
to control activity levels in the plant air. Both plants use Kanne
chamber air sampling equipment. Nine points are monitored in the
HWCTR plant. The samplings are controlled by cycle timers. The
PRTR plant has a similar system but samples only six points. In the
latter plant, a sample is drawn every three minutes. A filtration
and ventilation system is used on CVTR, NPD-2 and CANDU. The CVTR
uses a drying and purging system to supplement its filtration system.
Halden, FWCNG and the S&L-NDA plants use ventilation for controlling
the plant air activity levels.
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The most common method of controlling activity levels of plant efflu-
ents is the holdup and dilution period. The HWCTR, PRTR, CVTR, FWCNG,
NPD-2, CANDU, R-3/ADAM and S&L-NDA use this method. The only devia-
tion was found to be the Halden plant where holdup is used, but batch
shipment of effluent rather than dilution is used.

Electrical Systems

Data describing the plant emergency and normal auxiliary electrical
systems are presented in Table 3.4-XV.

Emergency Power System:

Four of the heavy water moderated plants under study have an average
emergency load of 180 kilowatts. R-3/ADAM has the lowest require-
ment of 140 kilowatts, NPD-2 requires 160 kilowatts, HWCTR has a
200 kilowatt emergency load and PRTR uses 220 kilowatts for emergency
operation. The CVTR plant, having four separate sources of power,
namely Unit 3 turbine-generator, the hydro station and two 115 kv
lines, has a highly remote chance of ever using its 115 kv line
emergency power supply. If this condition did occur the emergency
power supply could handle a much greater load than the 3200 kilowatt
emergency load requirement. Therefore, there is no need to cut the
power requirements of this plant during periods of emergency opera-
tion.

The NPD-2 plant' during emergency operation, will use a 175 kilowatt
diesel-generator for its emergency power supply. The largest auxil-
iary which has to be carried by this diesel-generator is a 50 horse-
power motor.

The largest auxiliary in the HWCTR plant that would have to be carried
by its diesel-generators is a 40 horsepower make-up pump. In order to
reduce the inrush current on starting this pump the following current
limiting methods are used:

a. Reduced voltage starter.

b. Load is added to diesel-generator in a definite time
sequence.

c. Magnetic amplifier voltage regulators with field forcing.

The PRTR plant runs its 350 horsepower primary pump motors at 1/3
speed during emergencies. The starting inrush current, even at 1/3
speed will correspond to that of a 350 horsepower motor so capacitors
are used to reduce the reactive power during start-up and operation
from the emergency diesel, which is rated at 375 kva.

Electrical Busing Arrangement:

The HWCTR plant has a 480 volt system consisting of six buses to supply
its auxiliaries. Each bus has two 480 volt supplies plus a diesel-
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generator in reserve. Auto-transfer to a second primary feeder is
effected upon loss of the first supply and the diesel-generators
will start automatically on loss of both primary feeders.

The PRTR plant has one 2400 volt auxiliary bus and two 480 volt
auxiliary buses. The 13.8 kv Bonneville Power system feeds the
2400 volt bus through an auxiliary transformer. The 480 volt buses
have one primary source each and the diesel-generator for emergencies.

The CVTR plant has two 2400 volt and two 480 volt auxiliary buses.
These buses are fed through auxiliary transformers by two 115 kv
transmission lines and the hydro plant. Essential equipment is
distributed equally among all four buses. This differs from HWCTR,
where two of the six buses are utilized for essential equipment, and
PRTR where one 480 volt bus is designated for essential equipment.

The FWCNG plant has two 2400 volt and 480 volt auxiliary buses.
Detailed information on bus arrangement and supplies are not yet
available.

The NPD-2 plant has one 2400 volt and four 600 volt auxiliary buses.
It also has three 129 volt d-c and three 120 volt a-c buses. The
2400 volt bus has two supplies. The 600 volt buses have two primary
supplies and an emergency generator for stand-by service. The 129
volt d-c system is fed from batteries and a rectifier system. The
120 volt a-c system is fed by an inverter.

The Halden plant has three 220 volt, 50 cps buses for feeding its
auxiliaries. Its essential bus has four supplies. The auxiliaries
bus has three supplies and the services bus has two supplies. On
loss of normal power to the services bus the diesel-generator is
automatically started. On loss of power to the auxiliaries bus a
battery driven motor generator is automatically started.

The R-3/ADAM plant has two 3000 volt and two 400 volt auxiliary buses.
Each 3000 volt bus has one supply and each 400 volt bus has two
primary feeders plus two diesel-generators in reserve. One 400 volt
bus is for reactor auxiliaries and the other is for turbine auxiliaries.
The 3000 volt system carries a load of 3460 kilowatts and the 400 volt
load is rated at 1740 kilowatts.

The S&L-NDA plant has two 2400 volt and three 480 volt auxiliary buses.
One of the three 480 volt buses is an emergency bus with diesel-
generator stand-by. Each bus has a normal and reserve supply.

3.4.3 References for Section 3.4

HWCTR

1. DPST-58-409, Preliminary Hazards Evaluation of the HWCTR, E.W.
Honer et al, August 1958.
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2. Nuclear Reactor Plant Data, Volume Two, Research and Test Reactors,
ASME, 1959, HWCTR, Page 58.

3. DP-383, Preliminary Hazards Evaluation of the Heavy Water Components
Test Reactor, by D.S. St. John et al, Savannah River Laboratory,
May 1959.

4. DP-412, Heavy Water Components Test Reactor, Savannah River Plant,
Plans and Estimate, Design Division, Engr. Dept., Wilmington,
Delaware, Cctober 1959.

5. DP-385, Heavy Water Moderated Power Reactors, Quarterly Progress
Report, February, March and April 1959, Technical Division, E.I.
du Pont de Nemours & Company, Wilmington, Delaware, July 1959.

6. Information obtained from personal contact with plant designers.

7. DP-375, Heavy Water Moderated Power Reactors, Quarterly Progress
Report, Nov., Dec., Jan. (1958-59) Technical Division, E.I. du Pont
de Nemours & Company, Wilmington, Delaware, Arpil 1959.

PRTR

1. HW-48800 (Rev.), Plutonium R'ecycle Test Reactor Preliminary
Safeguards Analysis, N.G. Wittenbrock, June 5, 1958.

2. HW-61236, Plutonium Recycle Test Reactor Final Safeguards Analysis,
N.G. Wittenbrock, P.C. Walkup, J.K. Anderson, October 1, 1959.

3. Handbook of PRTR Operating and Construction Data, Compiled by

R.D. Widrig, PRTR Operation, July 1959.

4. Information obtained from personal contact with plant designers.

5. HW-64500 SU, Plutonium Recyle Test Reactor Process Specifications,
Startup Issue, August 1, 1960.

CVTR

1. CVNA-40, Carolinas-Virginia Tube Reactor, Reference Design II,
December 16, 1959.

2. CVNA-27, Preliminary Hazards Summary Report, Volumes I, II and III,
by Carolinas-Virginia Nuclear Power Associates, Inc., July 15, 1959.

3. CVNA-59, R & D Program, Quarterly Progress Report, July-August-
September, 1960, Carolinas-Virginia Nuclear Power Associates.

4. CVNA-65, R & D Program, Quarterly Progress Report, July-August-
September, 1960, Carolinas-Virginia Nuclear Power Associates.
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5. CVNA-72, R & D Program, Quarterly Progress Report, October-
November-December 1960, Carolinas-Virginia Nuclear Power
Associates.

6. Information obtained from personal contact with plant designers.

7. CVNA-52, R & D Program, Quarterly Progress Report, January-
February-March 1960, Carolinas-Virginia Nuclear Power Associates.

FWCNG

1. Preliminary Hazards Summary Report, FWCNG Nuclear Power Plant,
Volumes I, II and III, by American Electric Power Service
Corporation and General Nuclear Engineering Corporation,
December 7, 1959 and Amendment No. 1, February 4, 1960.

2. Progress Report No. 4, Prototype and Full Scale Power Plants,
Gas Cooled Reactor, by American Electric Power Service Corporation,
September 1960.

3. Progress Report No. 3, Prototype and Full Scale Power Plants,
Gas Cooled Reactor, by American Electric Power Service Corporation,
March 1960.

4. GNEC-126, Gas Cooled Reactor Project, Progress Report No. 6,
General Nuclear Engineering Corporation, March 15, 1960.

5. GNEC-141, Gas Cooled Reactor Project, Progress Report No. 7,
General Nuclear Engineering Corporation, September 15, 1960.

6. Information obtained from personal contact with plant designers.

NPD-2

1. NPD-2, Canada'a First Nuclear Power Station, Design Description by
Civilian Atomic Power Department of Canadian General Electric
Company, September 1958.

2. NPD-2, Preliminary Hazards Report, The Civilian Atomic Power
Department of the Canadian General Electric Company, Ltd.,
March 1958.

3. Nuclear Reactor Plant Data, Volume I, Power Reactors, ASME, 1959,
NPD-2, Page 121.

4. A/Conf. 15/P/209, The Canadian NPD-2 Nuclear Power Station, by
I.N. MacKay, Second UN International Conference on Peaceful Uses
of Atomic Energy, 1958.

5. The Metalworking Behind Canada's First Nuclear Power Station, by
James A. Weller, Canadian General Electric Company, Ltd.

6. Information obtained by personal contact with plant designers.
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CANDU

1. Minutes of the First Joint AECL-USAEC Meeting on Heavy Water Power
Reactors, by J. Robertson, September 1959, CANDU Reactor, Page 86.

2. AECL-990, AECL Industrial Symposium, The Douglas Point Project by
D.L.S. Bate, Chalk River, Ontario, April 1960.

3. Information obtained from personal contact with plant designers.

4. TDSI-23, Douglas Point Nuclear Power Project, Interium Design

Report; AECL, NPPD, March 1961.

Halden

1. Nuclear Engineering, March 1959, The World's Reactors, The Halden
BHWR, Volume 4, No. 36, Page 106.

2. A/Conf. 15/P/559, The Halden Heavy Water Reactor, N. Hidle and
0. Dahl, Second UN International Conference on Peaceful Uses of
Atomic Energy, 1958.

3. HPR-1, Safeguard Evaluation of the Halden Boiling Water Reactor,
by The Safeguard Committee of The Institutt for Atomenergi,
December 1958.

4. HPR-2, The Halden Boiling Heavy Water Reactor by Nils Hidle and
Odd Dahl, January 1959.

Sulzer

1. A/Conf. 15/P/246, Sulzer Project for a Prototype Heavy Water Power
Reactor for Location in an Underground Cavern, P. de Haller et al,
Second UN International Conference on The Peaceful Uses of Atomic
Energy, 1958.

EL-4

1. Nucleonics, February 1960, Fossil Fuels Squeeze French Program,
Page 20.

2. Nucleonics, May 1960, World News, France to Build EL-4 in Brittany,
Page 28.

R-3 /ADAM

1. Nuclear Reactor Plant Data, Volume One, Power Reactors, ASME, 1959,
R-3/ADAM, Page 125.

2. R-3/ADAM, Combined Heating and Power Project, Nuclear Engineering,
Volume 5, No. 48, May 1960, Page 202.
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3. A/Conf. 15/P/135, R-3, A Natural Uranium Fuel Heavy Water Moderated
Reactor for Combined Electricity Production and District Heating,
by P.H. Margen et al, June 1958.

4. R-3/ADAM, The First Nuclear Power Plant Built in Sweden.

5. World Power Conference, Nuclear Heat and Power for the City of
Stockholm - The Joint Swedish Project, by E.G. Malmlow et al, June, 1960

S&L-NDA

1. SL-1581, Part 2, Design Study, Heavy Water Moderated Power Reactor
Plants,Volumes I, II and III - Sargent & Lundy and NDA, February 28,
1959.

2. SL-1773, Evaluation and Design, Heavy Water Moderated Power Reactor
Plants - Sargent & Lundy and NDA, April 28, 1960.
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PLANT

1. General Site
Information
a. Site location

b. Acreage of site

HWCTR PRTR

Savannah Hanford
River Laboratory Laboratory
Aiken, S.C. Richland, Wash.

14.4

7. Seismology
a. Earthquake zone 1

b. Max. recorded in-
tensity in site
area (modified
Mercalli scale) 7 to 8

3. Geology
a. Soil types

b. Permissible soil
loading, lb/ft

2

4. Hydrology
a. Water source

Sands, clay
sands, gravel,
clay, limestone,
& granite bed-
rock

16,000

Existing deep
wells

b. Surface drainage High, well
drained ground

c. Water table, ele-
vation, ft. below 90 to 100
surface

4

2

6 to 7

Sands, gravel,
clay, silts,
sands, and
basalt bedrock

6000

CVTR

Parr, S. C.

793

TABLE 3.4-I

PLANT SITE CHARACTERISTICS

FWCNG NPD-2

Polk County, Rolphton, Ontario
Florida

740 558

Canada earthquake
0 probability map -

Zone 3

6 4

Clay, silts, sands,
gravel, granite,
gneiss, & schist
bedrock

Weathered rock-
10,000

Upper soil zones-
5000

Columbia River Broad River

Good

55

Good

70

6.2

Sands, clay, Sand, gravel,
& limestone quartz & granitic-
bedrock gneiss bedrock

Unlimited
loading

Deep wells & Ottawa River
interconnected
ponds

Poor-numerous Excellent
basins & ridges

Close to, or,
at the surface

20

CANDU HALDEN

Douglas Point, Halden, Norway
Ontario

2300 -

Canada earth- Region of rela-

quake proba- tive quiet and
bility map - stability
Zone 1

- 6.4

Small amount Rock hillside
of overburden,of gneiss &
dolomite bed- granite
rock at
surface

20,000

Lake Huron Lake Femsjo

SULZER EL-4 R-3/ADAM

Zurich, Brest, Agesta,
Switzerland France Sweden

S&L-NDA

Hypothetical
site, south-
east U. S.

- - 15

1 or 2

7 to 8

Sands, clay
sands, gravel,
clay, & lime-
stone bedrock

7000

Small
lake 1.5
miles
from
plant
site

Good

Deep wells &
reservoir formed
by damming
existing streams

Good

Lake level 80 to 90

5. Topography
Terrain description Gently sloping Relatively

open field level ground
Rolling to hilly,
equally divided
between wooded &
hilly areas

Flat to rolling Rolling low
hills

Relatively Rugged terrain
level ground cut by glacial

valleys

6. Meteorology
a. Temperature vari-

stions, min/max.,
F -7.6/82.5 - - - 3/106

~0
a'1

Gently rolling
to rough, some
flat land

3/106 -2/107 25/101 -30/90



PLANT IWCTR

b. Prevailing surface Winter - NW
wind direction Summer - S

c. Average vdlOcity,

d. Average annual

precipitation, in. 38

PRTR

Southwest

14

TABLE 3.4-1
PLANT SITE CHARACTERISTICS, Cont.

CVTR FWCNG NPD-2

Fall season - NW East & north- West and north-
Other seasons, SW east west

Less than 8

46

9

50 36

CANDU HALDEN SULZER

No prevailing Winter season NE
direction Summer season SW -

Et.-4 R-3/ADAM S&L-Ni).

Winter - NW
- - Suimer - S

8 Less than 8

37 29 45

7. Population Distribu-
tion, Radial Miles

Fro:n Plant Site, No.
of persons

a. 1 :.ile

h. 5 miles

C. 10 miles

8. Railroad Provisions
On Plant Site

207

7447

58

1:30

785012,527

None provided None provided

0

2684 2.5 mi radius
746

28,259 -

12,000

800 3 mi. radius
20,000

1400 6 mi. radius
22,000

None provided Provided None provided None provided

r

o

Provided



TABLE 3.4-II
PLANT GENERAL ARRANGEMENTS

PLANT HWCTR

1. Reactor Building
a. Gross volume, ft

3
420,000

b. Type of construc-
tion
Superstructure

PRTR

504,500

CVTR

276,100

Carbon steel Carbon steel Reinf. concrete
with interior
steel plate liner

Substructure Pre-stressed
reinforced
concrete

c. Number of levels

d. Height, ft.

e. Dia., ft.

f. Gcomcetry

g. Design pressure,
psig

125

70

Carbon steel Reinf. concrete
with interior
steel plate liner

4

121.5

80

126.25

62

Cyl. shell, hem- Cyl. shell, hem- Cyl. shell, heia-
isph. dome, flat isph. dome, hem- isph. dore, flat
hase iellip. base base

23

h. Material specifi- ASME Spec.
cation SA-212 Cr. B

i. Access provi-
s0ions

Personnel air
lock, emer. air
lock, equipment
exit

15

ASTM Spec.
A-212 Gr. B

Personnel air
lock emer. air
lock equipment
door

20

Steel-ASTM Spec.
A-285 Grade B
Concrete-Bldg.Req.
for reinf. conc.
ACl-318

Personnel access
door, escape hatch,
& equipment hatch

FWCNG NPD-2

694,000 Below main floor
only - 221,200

Carbon steel Reactor hall steel
Frame & insulated
panel siding

Carbon steel Reinforced con-
and foundation crete
of cast-in-
place concrete
ies

6 5

155 Lowest point in
bldg. to top of
reactor hall -
132.5

80 Width - 60
Length- 98

Cyl. shell, Main hall is rect.
hemisph. dome, in shape-irregular
hemiellip. shaped basement
base areas

27 Boiler Room - 4
Reactor Vault-10

ASME Spec.
SA-212 Gr. B

CANDU

1,570,000

HALDEN

Carbon steel Reactor bldg. lo-
dome, & rein-cated in a rock
forced conc. cavity-concrete
cyl. sect. lining, flooring

& foundations, &
main structural
members reinforced
concrete

6 4

160 Lowest point in
bldg. to top of
reactor hall -
85.3

130 Width - 34.5
Length - 98.5

SULZER EL-4 R-3/ADAM S&L-ND.\

518,000 - 847,000 1,281,000

Reactor bldg. - Entire struc- Carbon
located in an ture located steel
underground in underground
rock chamber .e chamber. Re-
he lined with actor hall Carbon
steel plate & lined wiLh steel

space between welded steel
rock & steel plate with
filled with poured con-
colc. grouting. crete between

Conc. bl.st steel plate &
shield provided rock. Main
inside steel framework is

lining. reinforced
concrete.

4 - 5 5

131 - Maximum height 166
of 131

65.5 _Width-54
Length-175

108

Cyl. shell, Main hall is rect. Cyl. shell, Main reactor Cyl. shell,

hemispherical in shape-irregular hemispherical hall is rec- hemisph.

dome, flat shaped basement dome & base tangular in dome, hem-

base areas all below grade shape. baseg. il p- bscgaCshaped base- tl .bs
ment areas

6 Exit. designed to Exits de- 11
withstand 42.7 - - signed to

withstand
36.75 psig

Specification
written by
Ontario lydro
Commission

Personnel air No air locks.
lock, equipment Access doors pro-
air lockre- vided to areas
fueling mach- below reactor
ine removal hall main floor
door

Personnel air Personnel air
lock, emerg. lock
air lock, &
freight break-
out wall.

ASME Spec.
SA-201
Cr B

Air lock be- Personnel Personnel
tween reactor air lock & air lock,
chamber & com- a transport escape lock,
municating tunnel access freight
tunnel. lock

1

00



PLANT HWCTR PRTR CVTR

j. Personnel access Limited access Limited access Not permitted
permitted during
operation

TABLE 3.4-I
PLANT GENERAL ARRANGEMENTS, Cont.

FWCNG NPD-2CANDL HALDEN SULZER EL-4 R-3/AlDM S&L-NDA

Limited access Limited access Limited access Not permitted Limited Limsited
access - - access

k. Shadow shielding None provided
provisions

Thickness, inches -

Provided above
grade on cylin-
drical section
of bldg. only

12

Provided-inherent None provided
in reinforced conc.
design of contain-
ment building

24

1. biological shield- Ordinary conc., High-density Ordinary concrete Ordinary conc.
ing around reactor,& conc. block concrete
ord. or heavy conc.

Thickness, inches 132 71 57 120

m. Ventilation pro-
visions

n. Cooling pro-
visions

o. Elevator pro-

visions

p. Bldg. crane,
type

q. Crane capacity,
tons

Vent. supply Vent. supply
unit & exhaust unit incl. ex-
fan, equipped haust fan,
with cooling cooling & heat-
& dehumidify- ing coils, &
ing coils & filters
hot H20 heat-
ing coils

Air recirc. system Vent. supply
incl. fans, cool- unit incl. in-
ers & heaters. take & exhaust
Closed system-no fans, filters,
air exchange between & cooling
outside air and air coils.
within the contain-
ment building

3-air-cond. Recire. units Recirc. fans &
units circul. equipped with coolers as men
chilled H2 0 refrig. cooling ed above
from existing coils. Also
refrig. machine.cooling coils of
Also cooling supply unit
coils of supply
unit

None provided None provided None provided

Revolving Revolving
bridge bridge

25 30

air
ntion-

None provided-
Reactor complete-
ly below grade &
surrounded by
rock

Provided-inher- None provided- None provided-
ent in reinf. Entire instal- Entire instal-
conc. design of lation con- lation con-
cyl. section of tained in solid tained in solid
containment rock. Min. rock rock. Internal
building. cover 98.5 ft. conc. blast

Max. rock cover shield provided
196.8 ft.

- 48 -

Heavy concrete Heavy concrete Concrete

84 54 98.5

Ordinary conc.

72 -

Vent. supply units Vent. supply Fresh air vent.
incl. intake & unit incl. in- supply unit incl.
exhaust fans, fil- take & exhaust intake & exhaust
ters, & heaters fans, & heating fans, filters &

coils closed heaters, also, a
system in vault recirc. system
area. with same equip.

to clean air
when fresh air
syst. is closed

Vent. supply Air coolers in No cooling
air cooling inaccessible wells units provided
coils also 6 area & reactor
recirc. air vault to condense
cooling units out any D20 in the

air

Provided None provided Provided None provided None provided -

Stiff leg derrick Monorail with
service mach-
ine

50 15

Bridge, serving
both the turbine
hall & reactor
hall

25

Boiler room:
20 ton bridge
crane & network
of 6 ton mono-
rails
Fuel transfer
area: 10 ton
bridge crane

Bridge

None pro-
vided-En-
tire in-
stal lat ion
-ontained
in solid
rock. Min.
lcck cover
of 49 it.

Provided

24

hleavy conc. Ord. conc.

83 90

Vent. supply
unit incl.

- intake & x-

haust fans,
3 air hand-
ling units
for heating,
vent, & air
conditioning

3 air hand-
ling units

- as mentioned
above

- Provided

- - Bridge

- - 15050

Bridge

50

1-.
N.
'.0



TABLE 3.4-II
PLANT GENERAL ARRANGEMENTS, Cont.

PLANT

2. Turbine-Gen. Bldg.
a. Indoor or out-

door turbine

h. Volue, fL 3

tt ruct ion
Su perstructure

Subst ructure-

IWCTR PRTR

None provided - None provided -
test reactor test reactor

CVTR FWCNG NPD-2

Steam supplied to ex- Indoor turbine- Indoor turbine-

isting turbine-gen. gen. facilities gen. facilities
facilities of a con-
ventional steam power
plant on the site

537,300 incl.
heater bay

CANDU

Indoor turbine-
gen. facilities

315,000

Steel frame & Steel frame & Steel frame &
transite siding insulated panel insulated panel

siding siding

d. Number of - -

levels

3. Service Bldg.. Existing bldg. Service bldg.
Aux. Building, to be used for not incl.,
or Office Bldg office & shops fuel storage

pool area

148, 500
a. T. al volume,

ft

h. Ty pes of con-
struct ion
Superstructure

192,200

Remodeled wood Steel frame
frame struct. with insu-

lated metal
siding

Substructure Concrete slab Reinf. conc.

and footings columns, floors
& foundations

Reinforced Reinf. conc.
conc. slab foundations &

struct. steel
supporting
members

2-levels-no 3-levels-incl.
basement basement

Service building

91,250

Control bay,
reinf. -concrete,
other walls of
-oncrete block

Reinf. concrete

Reinforced
concrete
foundations

HALDEN SULZER EL-4 R-3/AI)AM S&l.-NDA

None provided- Underground
experimental re- bldg. pro-

actor with first vided hous-
core. Process ing turbine-
steam provided gen. & aux.
at a later date equip.

- 317,790

- Underground
bldg. rec-
tangular in
plan view
with the

- walls and
floors ce-
mented
against the
rock. Roof
takes the
form of an
arched vault

4

Combined Service, control, Administration
office & ser- & admin. wings wing, & a ser-
vice bldg. vice bldg.

232, 100 527,400

Steel frame Steel frame &
& transite insulated panel
siding siding

Reinf. conc. Reinf. conc.
slab foundations &

structural
steel supporting
members

Admin. wing-
steel frame &
insulated side
panels. Ser-
vice bldg-steel
frame

Reinf. conc.
foundations for
both bldgs.

Service bldg, &
a control & ad-
ministration
bldg.

Both bldgs of
normal concrete
& masonry con-
struction

Indoor tur- Indoor
- bine gen. turhino-

facilities gen. h.-
ciI it is

- - 720, 00

- - Stuel irotr
& insulated
metal siding

Reinforced
- - concrete

loundat ions

3-levels-no
- 3 basement

Office bldg.

160,200

Steel frae
with inul-
aled metal
siding

Reinf. conc.
- foundations

& floor slab

c. Number of 1-level, no 1-level & par- 1-level & partial
levels basement tial basement basement

4-levels-no
basement

3-levels,
'no basement

Admin. wing-l-
level, serve. wing- -
1-level & partial
basement, control
wing-2-levels incl.
basement

Cx300



TABLE 3.4-II
PLANT GENERAL ARRANGEMENTS, Cont.

PLANT

d. Service bldg.
vol's, ft

3

Control Room

Offices

Shops

Storage

Laboratories

e. Locker room
Number of lock-
ers available

4. Fuel Handling
Building

a. Volume, ft3

b. Type of con-
struction
Superstructure

Substructure

c. Number of
levels

5. Waste Disposal
Building

a. Volume, fr3

b. Type of con-
struction
Superstructure

HWCTR PRTR

Control room lo- Control room
cated in separate located in
control bldg. service bldg.

11,300

41,810

27,550

9600

24,800

26,200

2810 None provided

4500

25

None provided

40

CVTR

Control room
located in
control bay of
service bldg.

17,300

24,400

11,650

1,930

6,360

32

None provided- Storage basin bldg.Fuel bldg.,incl.
Fuel handling incl. basin pool
facilities lo-
cated in reactor
bldg.

26,800 108,460

FWCNG NPD-2 CANDU

Control room Control room lo- Control room lo-
located in cated in control cated in turbine
heater bay of wing of the main bldg.
turbine-office bldg.
bldg.

22,500 27,800 -

45,820

56,420

22, 800

15,400

36

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Control room Control room
located in located in
separate con- machine
trol bldg. chamber

60,500

64, 100

37,000

13,900

86

Fuel bldg., Fuel handling fa-
incl. pool cilities located

below reactor
hall

135,810

Steel frame & in- Steel frame & con- Steel frame
sulated metal crete block walls & transite
side panels panel siding

- 32,500

Fuel handling None provided
facilities Fuel handling
incl. storage facilities lo-
pool located cated in re-
in serv. bldg. actor bldg.

Steel frame

Reinforced con- Reinforced con- Reinforced Reinforced concrete Reinforced
crete foundation crete incl. spent concrete slab concrete
& storage basin fuel pool on piles

1-level,& stor- 1-level, pool
age basin below below grade
grade

Contaminated
waste storage
bldg. provided
Other equip. lo-
cated in reactor
bldg.

1152
Prefabricated
steel panels

Ion exchange
disposal vault
provided-other
waste disposal
equip. located
outside.

3,230
None-entirely
below grade.
Concrete cover
slab at grade
el.

Waste disposal
equip. located
in aux. bldg.
vol. of space
allowed is

27,460 ft
3

Concrete block
walls & steel
frame roof

1-level & stor- 2-levels --
age pool below
grade
None provided-
Waste disposal None provided -Waste None pro- None provided-
equip. located disposal equip. lo- vided-waste waste disposal
in reactor cated in reactor disposal equip. locatedeqi.lo-
bldg. bldg. c ed in in reactor

serv. bldg. hall & tunnel
- - entrance

Control room Control
in separate roo:a -
bldg. in cated in
underground office
structure bldg.

- 21,200

- 23,000

- 29,840

- Storage pro-
vided in
shop volume

- 2, 880

- 72

None pro- Fuel bldg.

vided incl. pool

- 159,400

- Steel frame
& insulated
metal panel
siding

- Reinforced
concrete
incl. stor-
age pool

- 1-level &
pool below
grade

- Separate
waste dis-
posal bldg.

provided

- 56,100
Steel r:lme
& rM'tul
pane! siding

1~
0



PLUNTHWCTR

Substructure Reinforced con-
crete footings
& floor slab

c. Number of 1-level, no
levels basecen t

6. Crib House None provided-
a. Enclosed or un- deep wells used

enclosed for all water
supply

b. Type of construc-
t ion
Superstructure -

Substructure -

PRTR

Reinforced con-
crete

CVTR

Reinforced concrete

TABLE 3.4-I
PLANT GENERAL ARRANGEMENTS, Cont

FWCNG NPD-2 CAN DU HALDEN SULZER EL-4 R-3/ADAM

2-levels incl.
basement

Unenclosed in-
take structure
& covered pump
well

Flat, pre-cast
concrete cover
over pump well
at grade

Reinforced con-
crete

Existing structure
serving Parr Shoals
steam plant to be
used

7. Miscel. Plant
Buildings
a. Number of bldgs. 5 2

b. Type of constr. 3-pre-fab steel Insulated cor-

2-conCrete bleck regated metal
paneled bldgs.

8. Stack
a. Self supporting

or building
supported

b. Material of
constr.

c. Inside lining
material

d. Diameter, inches

e. Height, ft

9. D 0 Reconstitution
Equipment

Self supporting Self supporting Building supported

Steel

None
provided

30

80

None
provided

Reinforced
concrete

None provided

48

150

None
provided

Steel

None provided

72

85.5

None
provided

Unenclosed
intake
stricture

Reinforced con-
crete pump
mounting slab
at grade el.

Reinforced
concrete
foundation on
piles

2

Building sup-
ported

Steel

None
provided

120" base
tapering to
a 96" top

37

Enclosed
crib house

Steel frame &
insulated panel
walls

Enclosed

Steel frane &
insulated panel -
walls

Reinforced Reinforced
concrete concrete

12

1-wood frame
1-Am.co steel

Self supporting Self Building sup-
supporting supported

Reinforced
concrete
None
provided
120" base
tapering to
a 48" top

150

None None
provided provided

52.5

S&L-NDA

Reinforced
concrete

2-levels
incl.
basement

Unenclosed

Reinforced
- concrete

mounting
slab

Reinforced
- concrete

1

Concrete, &
- brick

Self Self
supporting supporting

Reinforced
concrete
None

- provided
. 156" base

tapering to
a 72" top

- 200

Provided
Provided

1

N

Q

N

1



PLANT

1. Type
a. Purpose

b. Class

2. Primary Coolant

3. Total Thermal
Power, Mw

a. Power to cool-
ant, Mwt

b. Power to mod-
erator, Mwt

4. Coolant Operating
Conditions
a. Temperature, OF
b. Pressure, psig

c. Total flow rate,
lb/hr

d. Total inventory,
tons

e. Normal purity,
w/o D20

5. Moderator Operating
Conditions
a. Temperature, OF
b. Pressure, psig

c. Total flow rate
lb/hr

d. Total inventory,
tons

e. Normal purity,
w/o D20

6. Reactor Vessel
a. Configuration

HWCTR

Expt'1.

P.V.-Indir.

Pressurized
D20

61

494

1500

4.356 x 106

27.8

99.8

494

1500

4.356 x 106

99.8

PRTR

Expt' 1.

P.T. Indir.

Pressurized
D20

70

66.25

2.2

530

1125

3.72x 106

9.2

99.8

max. 149
min. 137

atmos.

5.9 x 105

11.6

99.8

CVTR

Power

P.T. Indir.

Pressurized
D20

61.9

56.0

5.9

530

1500

3.3 x 106

99.8

155 avg.

-atmos.

6.80 x 105

99.8

TABLE 3.4-111
REACTOR CHARACTERISTICS

FWCNG NPD-2

Power Proto. power

P.T. Indir. P.T. Indir.

Gas.-C02  Pressurized
D20

159.7 88.9

145.3 83.3

14.4 5.6

1050 530

528 1117

3.598 x 106 5.14 x 106

- 16.1

99.8 99.8

265 6 full
load
50

8 x 105

48

99.8

60 - 180

7 psia

7.8 x 105

62.5

99.8

CANDU

Power

P.T. Indir.

Pressurized
D20

693.5

655.1

37.4

560

1295

2.41 x 107

47

99.8

90-130

Atmus.

3.4 x 106

155

99.8

HALDEN SULZER

Proto. power Power

P.V. Indir. P.T. Indir.

Boiling D20 Press'd
D20

5, 10,20 30

27.6

.. 2.4

5MW 10 Mw
302 446

54 400

4.4 x 104

17.6

428

EL-4 R-3/ADAM

Power Power-
process

P.T. P.V.
Indir. Indir.

Gas. Pressur-
ized D20

- 65

- 428

- 465

- 7.55 x 106

57-60

99.8

122 avg.

S&L. - NDA

Pro to-
power

P.T,
Direct

Boiling
D20

255

237

18

515

780

7.54x10
6

56.6

99.75

- 428 Avg. 120

- - ~- atmos.

- - 3.2 x 10
6

Included in
a coolant 120.6

. .. 99.75

Vert. Horiz. Horiz.

0N

Oa

Vert. Vert. Vert. Vert.Vert. Vert.



PLANT HWCTR

b. Design temperature
& pressure,0F/psig 600/1500

c. Overall height, ft. 30

d. Overall aim., ft. 7
e. Inlet coolant

piping arrg't 2 nozzles on
vessel

f. Outlet coolant
piping arrg't 2 nozzles on

vessel
g. Integral thermal

& biological 3 in. thick
shields 55 in. vessel

PRTR

150/min 5

9.875

Pigtails &
ring hdr.

Pigtails &

ring hdr.

None

CVTR

20.416

c.25

Pigtails

Pigtails

TABLE 3.4-111
REACTOR CHARACTERISTICS, Conc.

FWCNG NPD-2

/80

24

Manifold header
system

Manifold header
system

Carbon steel

200/15

15.0

Pigtails &
header

Pigtails &
header

None

CANDU

16.6

19.8Q

HALDEN

-. O

SULZER EL-4 R-3/ADAM S&L-NDA

15.63

Pigtails &
header

Pigtails &
header

None

- 428/566 200/

- - 16.1

4 nozzles @ Pigtails
- bottom of

vessel
4 nozzles @ Headers
bottom of
vessel

- - None

7. Reactor Core
a. Active volume,

ft.
3

b. Power density,
kwt/ ft.

c. Fuel mat'l.

d . Fuel enrichm't,
a/o U-235

e. Cladding material

f. Fuel element
geometry

g. Fuel assembly
length, ft.

h. Core life,
Mwd MTU

i. Core heat flux,
max./ayg.,
Btu/ft

2
-hr.

8. Reactor Control
a. Type

364

168

Uclad with
Zr-2

Nat.

Zr-2

Extruded tubes

10.0

50 a/o
3000

281

250

U02 & Pu-Al

Zr-2

19 rod cluster
& conc. cyl.

14.42

300

206

Oxide

1.8

Zr- 2

19 rod cluster

8.5

12,000 &
24,000

- 330,000/- 343,000/118,000

Rods Mod. level & Rod
rods

1378

116

Oxide

1.171

Be

Rod cluster

1.0 - 1.2

10,000

1420

62.5

Oxide

Nat.

Zr-2

7 rod clusters
19 rod clusters

1.625

7300

1105 12562830

245

Oxide

Nat.

Zr-4

19 rod clusters

1.625

9,750

- 59

- Oxide

- Nat.

- Zr-2

- Rod
cluster

- - 10.1

- - 6300

104,610/
- 44,380190,000/76,600 230,000/ 333,920/132,900

Rod Moderator level Moderator level
& rods

- Rods Rods

I)

O
1

203

Nat.U0
2

Nat.

Zr-2

37 rod
cluster

/112, 700



TABLE 3.4 III
REACTOR CHARACTERISTICS, Cont.

HWCTR

18

PRTR

18 w/ 3 units
ea.

54

On lattices Off lattices

Rack &
pinion

CVTR

16 Black
16 Gray
32 total

FWCNG

18

NPD- 2

None

Off lattices On lattices

Geared elct., Elct. motor, Rack &
motor rack & pinion pinion

None

Off lattices -

Rack & pinion -

Off lattices -

Elct. motor, Rack &

rack & pinion pinion

CANDU HALDEN

2 positions with
4 rods

Cross lattice
top & bottom

Booster rods 4
positions with
2 rods/position

Cross lattice
top & bottom

SULZER EL-4 R-3/ADAM S&L-\N[)A

30 19

On lat-
t i c.S

Induct ion
m to r &

screw

- - 19

- - Off lat-
L ices

- - Pneumatic-

miechanical
latch

9. Reactor Shields

a. Radn. level @ surface
mr/hr.

h. Configuration &
thickness Min

<1 on operations
side

<10 on process
1 side

Cylindrical
. 132 in. 5.916 thick

21' depth

c. Materials of constn. Baryte cone. Iron limonite
& stainless- & magnetite
clad struc- limonite
ture

d. Thermal design
limits

- Set by materials

142.5 @shut
down

3.67' thick C.S.
& light wtr. 5'
thick conc.

Carbon stl.,
water & conc.

Cylindrical Walls 7'
10' conc. conc.

Ordinary conc. Heavy concrete

Max. temp.
gradient
42oF/ft.

- 7.71' conc.

Heavy concrete Concrete

6.89'
conc.

2.5

1.1' steel

- - Concrete Conc. & steel

130
0

F max.

PLANT

b. Control. rods
(incl. shim)
Number

Location

Drive type

c. Safety rods
Number

Location

Drive type

[\)
O

1



PLANT

1. Coolant

2. Primary System Flow
Rate, lb/hr.

3. Recirculation Flow
Rate, lb/hr.

4. Average Reactor
Coolant Outlet
Temperature, 'F

5. Average Reactor
Coolant Inlet
Temperature, 'F

6. Primary System

Operating Pressures

a. Maximum, psia

b. Minimum, psia

7. Number of Primary
Loops

8. Number of Steam
Generators per Loop

9. Steam Generator

a. Number and type

b. Capacity, lb/hr

c. Secondary coolant
inlet conditions

Pressure, psia

Temperature, OF
d. Secondary coolant

outlet conditions

Pressure, psia

Temperature, *F

HWCTR

D2 0

PRTR

D2 0

4,356,000 3,720,000

494

417

1515

615

530

478

1125

1019.7

2

2 1

CVTR

D2 0

3,300,000

555

505

1550

1450

1

TABLE 3.4-IV
PRIMARY HEAT TRANSPORT SYSTEM

FWCNG NPD-2

CO2  D20

3,598,000 5,140,000

1050

550

556.7

515

2

1

2-vertical 1-Fixed tube 1-vertical 2-shell and
U-tube sheet shell shell and tube tube type with

and U-tube type superhtr. evap.
& econ. sect.

~117.,000 ea. 214,000 202,000 230,000 ea.

. atm.

104

130-560

Sat.

425

200

425

450

715

283

605

487 Sat.

1565

390.4

1465

950

530

485

1322

1030

CANDU

D2 0

HALERN

D 2 0

24,115,000

560

480

1481.3

1281.3

446

SULZER EL-4 R-3/ADAM

D2 0 Gas D2 0

S&L-NDA

D 2 0

_ 7,550,000 1,060,000

- 6,480,000

428 516

400 499

584 - - 504 820

1

1

1-shell and U-
tube and steam
drum

300,000

300

415

450

8

Hairpin
80

320,000

2-steam
drums no
steam
generators

- 4-vertical
U-tube with
integral
drum

- 244,000

600

340

583

483

- 320

- 218

- 3 89 Sat.

ro1\



PLANT

e. Primary Design
Pressure, Psia

f. Secondary design
pressure, rsia

10. Number of Circulating
Pumps Per Loop

11. Circulating Pump
Rating

a. Number and type 2

b. Capacity, lb/hr

c. Net Developed
Mead, psi

d. Design pressure,
psi

12. Auxiliary Pump

a. Number and type

b. Capacity, lb/hr

c. Net developed head,
psi

d. Design pressure, psi

13. Mode of Flow Control

14. Coolant Velocity, fps

15. Design Criteria

a. Max. syst. temp.
limit, *F

b. Max. syst. press.
limit, psia

HW1CCR

.515

615

1

PRTR

1264.7

464.7

CVTR

1800

>1250

3

TABLE 3.4-IV
PRIMARY HEAT TRANSPORT SYSTEM, Cont.

FWCNG NPD-2

565

1

2-vertical 3-centrifugal 2-centrifugal 2 half-size
centrifugal dual shaft single stage centrifugal,

seal canned motor single stage
(blowers)

2,62C,000 1,866,000 1,638,000 2,000,000

60.7

1515

:,jne

Ncne

m 20

111

125C

134

1785

1-emergency None

27,000

503

1250

None

24(max)

545 53C

1515 1144.7

None

40

567

44

1214.7

464.7

3
(2 active)

3-vertical
single stage,
centrifugal
with mech. seal

2,640,000

152

550 1200

2-half cap. 3-half cap.
canned direct stand by
conn. vtr. cooled
C02 blowers

170,000 ea. 53,000

550 1200

Inlet vanes -
on blowers
Hot Line - 125.6 -
Cold Line- 49.3

1060 530

CANDU

1600

725

HALDEN SULZER EL-4 R-3/ADAI S&L-NDA

10
(8 active)

10 (8 active)
centrifugal
I loop

2

- 4-Glandless 2-vertic,1l
centrifugal
with D20
inject

seals
- - +,150, 0003,012,000

200 - -50

1600

None

- - 900

- - - 2-shutdown

condensate
with D2 0 in-
ject. seals

- - - 95,500 ea.

- - - 900

None

570

- - hyd. couplings

- - -30 max.

428 -530482

1730 584.7 1131.7 1533

ro
0

5,94 - 504 915



TABIE 3.14-IV

PRIMARY HEAT TRANSPORT SYSTEM, Cont.

PLANT HWCTR

c. Min. syst. operating
temperature limit, *F 437

16. Piping System materials Carbon
steel

PRTR

478

CVTR FWCNG

505

304-stainless 316-stainless Hot-A-358
steel steel Gr.321.

Cold-A-l55-KC-
65 l-1

NPD-2

None

Carbon
steel

ASTM-106

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Carbon steel
A-106-B

30
4
-stainless

steel

17. Mode of System
Pressurization

18. Pressurizer Rating

a. Capacity, (rate
of load change)

High press.
helium &bove
the water
r-evel in the
reactor vessel

Pressurizer
vessel with a
high press.
helium blanket

See D20 Handling 50 gpm
Sys. Vapor (70 MW/min.)
Recovery Eqpt.
for He Supply
Eqpt.

Pressurizer
Vessel, Immersion
heaters, spray
and spray Control

90 ft3

Pressurizer Pump control
None vessel, electric feed and over-

water, spray flow
control

10 ft
3 Rise of 0.6%/sec.

b. Heater, number
and type - - Well type immersion

heaters
- Elct. immersion

heaters

c. Heater capacity

d. Design pressure
psi

160 kw

1500 1250

19. Relief System Type Relief valve and Over pressure
rupture dia- control valve
phragm and two relief

valves

20. Relief System Rating, Relief vhlve
lb/hr 430,000

@ 10% over
pressure

21. Emergency Shutdown
Cooling

a. Special equipment
provided None

b. Operation
capacity, Btu/br P

Heat pink used eat-x

500 scfm
He.

None

1500

Spray and relief
valves

-8300
spray water

None

Primary
heat-x

1307

Spray and relief
valve

3 valves to blow-
down tank bled
into L.P. tank &
heat exch.

1362

Emergency
blowers
Primary
heat-x

None

Primary
heat-x

None

Primary
heat-x

Desuperheater

- Full load
Main cond.

N\
0

Boiling in
reactor
vessel

Pressurizer
vessel,
electrical
heating,

spray
control

Boiling
in
reactor
vessel

None



TABLE 3.4-V
PRIMARY COOLANT PURIFICATION SYSTEM

PLANT

1.. System Type

2. Inlet Medium
Quality, ppm

3. Source Location

4. Outlet Medium
Quality; ppm

5. Return Location

HWCTR PRTR CVTR

Demineralizing Demineralizing Demineralizing
and

degasifying

t.0.1 ppm 02 - -

(D20 hold-up tank Degasser and Main coolant piping
and shaft seal leak- on the discharge

(D20 storage tank age of circ. side of the steam
pumps gen.

- 1 1

D20 storage Primary D20 Inlet pipe for the

tank storage tank main circulating

pumps

6. Ion Exchanger
R ting
a. Number and type 2-mixed bed

b. Resin cap. ft
3  

5 each

c. Resin type & bed 1-Li-0D
depth, ft 1-D-OD

2.5 each

d. Mode of resin None-cartrige
regeneration type removal

e. Deuterizing Exist'g. facil.
facility elsewhere t

f. Normal flow rate, Zero flow through
lb/hr D-OD resin 1960

flow through
Li-OD resin

g. Loading at normal
flow, gpm/ft

2  
2 through
Li-OD resin

h. Emergency flow Max. flow of
rate lb/hr 8200 through

each

1-mixed bed 1-mixed bed

22.2 5

4.5

None

In place in
tank

8600

LION
2.44

Cartridge type
removal

Introducing D20
(0.2 gpm) at the
bottom of the bed

3240

3.2 6 total

17,200 8,200 total

FWCNG

C0 2 gas
cleanup

~10
moisture
Blower
discharge

<1

Blower
inlet

NPD- 2 CANDU HALDEN

Demineralizing De:ineralizing
and

degasifying

- pH 10.5 maintained

Discharge side of by LiOH

primary pumps Primary pump
discharge

"0 -

Make-up tank Storage tank

2-dryers 2-mixed bed cart- -

ridge

Full size ^'7 -

Desicant Polystyrene -
3.5

Closed

cycle

200,000

Cartridge type
removal

Deuterized in
place

SULZER EL-4 R-3/ADAM S&L-NDA

Demineralizing
and filtering

Condensate &
- - - recirc. pumps

discharge

<1

- - - Filtered condensed

inlet to htr. "A"

Demin. D2 0 returned
to recirc. piping

- - - 2-one cation,
one mixed bed

- - - 35 each

- - .. Nuclear grade
cation - 3
Mixed bed - 4

- - - None -- spent resin
sluiced to waste

Separate tank

30,00025,000

~22 - Cation-4.6
Mixed bed-6.3

- 120,000

i. Design pressure,
psig

100 h.p. sect. 1250
l.p. sect. 150

150 to full vacuum 570 G
650 F

0
\O

I

150 900



PLANT

7. RLgaenrative Ikot
E xch1angcrs
a. Number & type

b. Capacity, Btu/hr

HWCTR

None

PRTR

None

c. Primary inlet temp,

d. Pri:;wry outlet
temp. *F - -

e. Secondary inlet
temp., 

0F - -

f. Secondary cutlet
temp., OF - -

g. Design pressure,
psig - -

8. Heat Exchangers Sec Charge and 1-shell &
a. Number & type Volume Control tube

System Item 6

b. Capacity,Btu/hr -_ 9.2 x 106

c. Cooling medium _ Process water
(H20)

d. Cooling medium
inlet tempera- _ 112
ture, F

e. Cooling medium
outlet tempera- _ 131
ture, "F

f. Primary design _ 1250
pres., psig

g. Secondary design 150
pres., psig

9. Circulating pump 1-centrifugal lone
a. Number & type canned rotor

MCTR

1-concentric tube

8.0 x 105

505

180

130

160

1800

1-concentric
tube

5.4 x 104

Component cooling
water

105

130

1800

150

2-cardr
sotor

TABLE 3.4-V
PRiMARY COOLANT PURIFICATION SYSTEM,Cont.

FtCNG NPD-2 CAHDU

1-Full-size

1.9 x 107

550

200

90

440

570

-7.5 x 10"
Normal

None

HALDEN St'LZER E L-4 _g-}/.\1 S&L-N

i-skell &
tWbe

5.75 a 106

530

230

499

315

110

31Z

900

1-shll &
tube

8.3 x 106

Service
water

1-shell & tube 1-shell L t"

5.4 x 106

H2 0

70

125

570

150

None

~3.25x10
6

River water Service water

80

5 operating

60 operating

2-leakproof

900

1-centrifugal
with m ch.
So als

None

H
0



TABLE 3.4-V
PRIMARY COOLANT PURIFICATION SYSTEM, Cont.

PLANT

b. Capacity, gpm

c. TDH, psi

d. Design pressure,
psig

10. Filters
a. Number & type

b. Filter media

c. Sieve size

d. Location

11. Receiving & Storage
Tanks
a. Number & type

b. Capacity, gal.

12. Piping System
Materials

HWCTR

15

43

PRTR CVTR

15

22

FWCNG NPD-2

44 each

SULZER EL-4 R-3/ADAM S&L-NDA

240

20

100

1-prefilter-bed Afterfilter
1-honeycomb

Prefilter-mag- Screen
netite
Honeycomb-nylon
cloth

100 mesh

1-porous

Porous
porcelain

1

After ior- Bot. of ion Before ion-
exch. exchanger exch.

1-atmospheric 1-degasser
press. stainless 1-primary D20 -
steel collecting storage

40 745 storage -

304 ss ss

2-full size 2-edge type

Porous metal- -
347 s.s.

3 microns

In the bypass Inlet to demin-
loop eralizers

One degasifying
- type

Carbon steel ss

CANDU HALDEN

H
H

900

2-precoat
type

Alpha-cellu-
lose

1-100 mesh
strainer

2 micron pre-
filters

Filters: Inlet
to cation bed
Strainers:
Disch. side of
mixed bed

1-D20
1-H20

30" O.D.x
6 ft. high ea.

304-ss



PLANT HWCTR

1. Moderator D2C

2. Moderator System Same as
Type primary syst.

3. Moderator System
Flow Rate, lb/hr -

4. Avg. Moderator
Outlet Temperature,*F -

5. Avg. Moderator
Inlet Temperature, OF -

6. Moderator System
Operating Pressure,
psias-

7. -Thermal Power to
Moderator, Mw -

8. Moderator Heat Sink -

9. Number of Moderator
Cooling Loops -

10. Moderator Cooler Rating

a. Number and type -

b. Capacity, Btu/hr. -

c. Cooling medium -

d. Cooling medium inlet
temperature, OF -

e. Cooling medium outlet
temperature, OF -

f. Primary design
pressure, psig -

g. Secondary design
pressure, psig -

PRTR

D20

Cold,
unpressurized

590,000

149

137

~18.6 minimum
.-. 115 maximum

2.17

Heat exchanger

1

CVTR

D2 0

Cold,
unpressurized

394,000

180

130

Atmos.

5.9

Heat exchanger

2

TABLE 3.4-VI
MODERATOR COOLANT SYSTl4

FWCNG NPD-2 CANDU

D20 D20 D 2 0

Hot, Cold, Cold,
pressurized urpressurized unpres.

800,000 850,000 '3,600,000

265 120-180 130-145

205 .60 90

65

s

2- in series 2- shell and
tube

7.50 x 106 24.0 x 106
total

Treated H2 0 Component
tooling water

79 90

99 110

150 25

150 110

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

- - - D
2
0

- - - Cold, un-

pressurized

- - - 3,200,000

- - - 130

- - - 110

Atmos. Atmos.

14.4 5.6 37.4

Heat exchangers Heat exchanger Heat exchanger

1

2- shell and
tube half
capacity

48.8 x 106
total

Secondary
Condensate

118

241.6

250

125

3 in
H20

17.85

Heat
exchanger

I

1- shell and
tube

22.2 x 106

River meter

34-72

84.9

100

75

2-shell &
tube

15.36 x 107

Lake water

1-split tube
bundle

6.3 x 107

Service
water

80

-'100

125

125

32-72

20

75

l

N

r

N



PLANT

11. Moderator Circ. Pump

a. Number and type

b. Capacity, gpm

HWCTR PRTR

- 3-half cap.
1-emerg.

- 3-600
1-100 emerg.

CVTR

2- vert.
with
conventional
seals

880

TABLE 3.4-VI
MODERATOR COOLANT SYSTEM, Cont.

FWCNG NPD-2

3-half cap. 3-
centrifugal over- shaft seal
hung impeller type
mech. seals

790 ea.

CANDU

3-1/2 size
vertical
centrifugal

HALDEN SULZER E L R-3/ADAM S&L-NDA

1500 ea. 3302

c. Net developed head,
psi - 100

30-amerg.

d. Design pressure, psi - 150

12. Piping System Material - Aluminum

13. Mode of Flow Control - Control valve

14. Moderator Piping Velocity, -
fps-

(i

82

25

304-stainless
steel

None

88

150

Stainless
steel

None

45

Aluminum 304-stainless
steel

Level control
valves

26

- - - Aluminum

None None

18

2-horisz.
centrifugal

2800 ea.



PLANT

1. System Type

2. Medium Quality, ppm

3. Source Location

HWCTR PRTR CVTR

Same as reactor Demineralizing Demineralizing
coolant purifica-
t ion

- - 1

- Discharge side Discharge side of
of moderator moderator coolers
cooler

TABLE 3.4-VII
MODERATOR PURIFICATION SYSTEM

FWCNG NPD-2 CANDU

Demineralizing Demineralizing 100 gpm based
on CaSo4
removal

- 20.6 CaSo4

Moderator dump Discharge side of
tank moderator circ._

pumps

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Demineralizing

Mod. cooler
discharge

4. Outlet Medium
Quality --

5. Return Location - Moderator stor-
age tank

1 ppm

Moderator dump
tank

Inlet to the

circ. pum ps

Inlet to the mod-
erator circ. pumps

6. Ion Exchanger
Rating
a. Number and type

b. Resin capacity, ft
3

c. Resin type and
bed depth, ft

d. Mode of resin
regeneration

e. Deuterizing facil-
ity

f. Normal flow rate,
lb/hr

g. Loading at normal
flow, gpm/ft

h. Emergency flow rate,
lb/hr

i. Design pressure,
psig

1-mixed bed 1-mixed bed with
external shielding

7.9 5

4.5

None

In place

5465

5.6

2-cartridge 2-cartridge type
mixed bed mixed bed

_ 1-cation bed
1-mixed bed

_ 7 each

2.3 Reactor grade Polystyrene
anion-cation ~_ 3.5

None
Ion-exchanger and
shielding cask are
removed intact

D 2 0 is passed
through the resin
from the bottom
to the top at a
low rate; source:

charge tank

5500

Nuclear grade
Cat ion-3
Mixed bed-4

NoneNone Cartridge removal

Displacement Disp. of H20
of H2 0 in in place
place

10,900 25,000

- Separate tank

5450

4.5 _ Cation-4.3
Mixed bed-5.8

None None

None

150 150

Mod. circ.
pump suction

1

N

150



TABLE 3.4-VII

MODERATOR PURIFICATION SYSTEM, Cont.

PLANT HWCTR

7. Heat Exchangers

a. Number and type

b. Capacity, Btu/hr

c. Cooling medium

d. Cooling medium
inlet temperature,
'F

e. Cooling medium out-
let temperature,
OF

f. Primary design
press., psig

g. Secondary design
press., psig

8. Circulating Pump

a. Number and type

PRTR

2-in series
shell and
tube

14.25 x 106

Process water

(H 2 0)

CVTR

See moderator
coolant syst.
Item 10

FWCNG

1-shell and
tube

1.94 x 106

Component
cooling water

(H20)

NPD-2

None

CANDU

None

SULZER EL-4 R- 3/ADAM S&L-NDA

90

127

150

112

150

150 55

3-circ. mech. 2-hor. centrif. 2-centrif. with None
seal canned rotor overhung im-
l-emerg. peller, mech.

seal

HALDEN

U'

None

2-centrifugal



PLANT

b. Capacity, gpm

c. TDH, psi

u. Designpressure,

psi

9. Filters
a. Number and type

b. Filter media

c. Sieve size

d. Location

io. Receiving and Storage
Tanks
a. Number and type

b. Capacity, gal.

11, Piping System Mater-
ias s

HWCTR PRTR

3-600
1-100 emerg.

3-100

150

1-ion exch.
afterfilter

- Screen

- 100 mesh

- Bottom of ion
exch.

- I1

7900

- Aluminum

CVTR

10 (e ch)

26

150

2-Neva-clog

Screen

100 microns

Covering the
bottom plate in
each mod. demin-
eralizer

1-H2 0 charge tank
1-D20 charge tank

6500

304-stainless
steel

TABLE 3.4-VII

MODERATOR PURIFICATION SYSTEMCont.

FWCNG NPD-2 CANDU

20 (each) - -

150 - -

150

2-cartridge 2-edge type -
type prefilters
2-integral
afterftilters

Porous - 347 s.s.

Cartridge- -
5-microns

Inlet to demin- Islet side of -
eral; internal demieraliser
to deieral.

HALDEN SUER EL-4 R-3/ADAM S&L-NDA

- - - 1t)

- - - 19

- - - 2-procoat
1-strainer

. - - Alpha-cellulose
Strainer-screen

. . - Strainer-100 mesh

. . . Filters: Inlet to

cation bed
Strainer: Disch. of

mixed bed

1-degas. packed 1-cyl.
tower type
counter-current
flow

20 gpa 320 15,000
helium purge

Stainless steel Aluminum Aluminum

1



PIANT HWCTR PRTR CVTR

1. System Type Once through, Open cycle,heat Closed cycle
open cycle,,grav- exchanger in
ity feed from series
reservoir

2. System Capacity, 5000 750 3650
gpm

3. Component Cooling Service water

Medium

4. Secondary Cooling -
Medium

5. Heat Exchanger Rating
a. Number and type Non

b. Capacity, Btu/hr -

c. Cooling medium -

d. Cooling medium in- -
let temperature,op-

e. Cooling medium out- -
let temperature, F

f. Primary design -
pressure, psig

g. Secondary design -
pressure, psig

6. Circulating Pump
a. Number and type Non

b. Capacity, gpm -

c. TDH, psi -

d. Design Pressure, psig -

7. Surge Tank
a. Capacity, gal _

Treated water Demineralized H2 0

None

None

River water

2-shell and tube

15x10
6 

each

River water

90

105

50

TABLE 3.4-VIII
COMPONENT COOLING SYSTEM

FWCNG NPD-2

Closed cycle Once through,river
water supply

500 6,600

Demineral ized
H2 0

Treated water
in a cooling
tower cycle

Coils in the
base of a
cooling tower

%2 Mw

River water

None

CANDU

Once through,
lake water

26,400

Lake water

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Once through,
river water

10,000
normal

River water

None

NoneNone

Air

.. 125

100

ne 3-centri-
fugal

750 each

100

150

2-horiz., cent-
rifugal,mech. seals

3650 each

54

50

2-full size
centrifugal

500

65

1125

3-service water
supply

3300 each

91

15C

3-1/2 size

22,000 ea.

25

3-vertical

service water

type5000 ea.

50

1000 None

ne

t

N

r

v

23,000 None.



PLANT HWCTR

b. Number and type -

8. Piping System Mater- Carbon steel
ials

PRTR CVTR

1-cylindrical 1-c.s., ,horizon- -
tal with dished
heads

Carbon steel Carbon steel

TABLE 3.4-VIII
COMPONENT COOLING SYSTEM, Cont.

FWCNG NPD-2

1 -

Carbon steel Carbon stl.

CANDU HALDEN SULZER EL-4 R-3/ADAiM S&L-NDA

Carbou steel

N

1-



PLANT HWCTR

1. Type Open
Coils furn.

2. Rating, Iit in conc. around

3. Coolant Inlet sector, but

Pressure, psia syst t is

4. Coolant Inlet No other
Temperature, *F eqpt. furn.

5. Coolant Outlet initially.

Pressure, psia -

6. Coolant Outlet
Temperature, OF -

7. Shield Configuration

8. Cooling Coil
Location In conc.

9. Number of Independent
Loops

10. Circulating Pumps
a. Number and type

b. Capacity, lb/hr

c. TOI, psi

d. Design pressure
psig

11. Heat Exchanger
a. Number and type

b. Capacity, Btu/hr

c. Cooling medium

RTR

Open & closed

0.54

Recirc. sys.
69.7

112

Cm

Closed

65

110

150 180

Conc. cyl. Steel plate for
thermal & concrete
for biological

In conc.

2-centrifugal

_ 49,200

Steel thermal
shield

2 full size

Component cooling

51

150

1 shell & tube Component cooling

_ 1.88 x 106_

H20 -

TABLE 3.4-IX
SHIELD COOLING SYSTEM

PING NPD-2

Closed Closed

0.12 0.041

65

90

65

105

Steel
cylinder

None

75

"^30
operating

Cylindrical

CANDU

Closed

air circuit
0.6

HALDEN SULZER _L-4 R-3/ADAM

80

120

(Cst in
-c rte

2

2-full size
centrifugal

*450,000

65

125

1 per loop
3 total

410,000 for
thermal shield only

H20

2-centrifugal 2 blowers

60,00c ef s
+otal

20 -

50 - - 125

1-shell & tube 1-finned air-
to water type

1.4 x 105

River water Lake water

1%
N0

S&L-NDA

Closed

0.9

110

130

Cylindrical

Imbedded in
concrete
biological
shield

2-cent.r ;.ugal
149,000

21.1

1-U-tube type
horiz.

3.08 x 106

H2 0



PLANT

d. Cooling medium
inlet temperature,
oF

e. Cooling medium out-
let temperature,

0
F

f. Primary design
pressure, psig

g. Secondary design
pressure, psig

12. Surge Tank
a. Capacity, tempera-

ture range, OF
b. Number and type

13. Filters
a. Number and type

b. Filter media

c. Sieve size

14. Shield Coolant
Quality Limits

15. Piping System
Materials

N

0

HWCTR PRTR CVTR

68

TABLE 3.4-IX
SHIELD COOLING SYSTEM,Cont.

FWCNG NPD-2

90

73

150

150

250 F.
50 psi.
1000 gal.

Component cooling

Variable

125

125

1 for each
system

CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

70

90

50

87

110

60 @ 120 F

60 @ 130 F70

7 ft
3

1-cylindrical
tank

None

Columbia River
water

Carbon steel Cast steel

Demineralizer
loop

None 2-full-flowAbsolute-
at stack

2.2 c/hr.
A-41

Carbon steel Carbon steel Carbon steel



PLANT

DECAY HEAT REMOVAL SYSTEM

1. Capacity, Mwt

2. Mode of Operation

3. Decay Heat Exchanger
Rating:

a. Number and type

b.

c.

d.

Capacity, Btu/hr.

Cooling medium

Cooling medium
inlet temperature,
F

e. Cooling medium
outlet temperature,
F

f. Primary design
pressure, psig

g. Secondary design
pressure, psig

4. Circulating Pump Rating:

a. Number and type

b. Capacity, gpm

c. TDH, psi

d. Design pressure, psig

5. Piping System Materials

POST INCIDENT COOLING SYSTEM

1. Type

HWCTR

Use primary
sys. and nat.
circ. on
secondary sys.

None-use
primary stm.
generators.

TABLE 3.4-X
DECAY HEAT REMOVAL AND POST INCIDENT COOLING SYSTEMS

CVTR FWCNG NPD-2 CANDUPRTR

- 1.5 x 106

Use primary Oper.-4 hrs. aft.
sys. shut dn and only

at 300 F max.

None-use
primary stm.
generators.

1-shell and U-tube

1.5 x 106

D20 primary side

H20 secondary side
D20 in @ 155

H20 in @ 110

D20 out @ 140
H20 out @ 130

"107. of
full load

Use primary
system with
emerg. blowers

1% of full
load
Use aux.
pump and
heat-x

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

Standby cooler on
secondary side,
natural circulation
on primary system.

None 1 shell and
U-tube

- 2.8 x 10
6

- D20 primary

- H20 secondary

Use emerg.
- shut down

cond.-heat-x

- 5.48 x 106

- H20

- 87

130

60

Use primary Use primary
sys. pump. sys. pump.

- - 200

- -46

- - 300

c.s. s.s. Type 304 - s.s.

Reactor build- Light water Water injection
ing spray and injection to to both sides of
reactor flood- upper & lower the core
ing ring headers

2 horiz.
cent.

c.s.

Continuous
CO2 system

Reactor vault D20 pump back from
dousing mod. system

Recirc. D20,
service water
& containment
blg. spray

I



1ULANT

kOS1 INCIDENT C00LIN; SYSTEM,
Cont.

Z. Cooling Medium

HULTR

H
2 0

PRTR

H2O

TABLE 3.4-X
DECAY HEAT REMOVAL AND POST INCIDENT COOLING SYSTEMS, Cont.

CVTR FNCNG NPD-2 CANDU

Demineralized 002 and H 2 0 D20 and H2O D2 0 and H2 0
water

HALDEN SULlER EL-4 R- 3/'ADAM SSL-NDA

or HO0

3. Cooling Medium
Capacity

4. Cooling Medium
Source

i5,C, gaL '150 gym to
headers

Filtered
water
supply
system

Well

O,0 gal

2-1000 gal
injections accums.
Supplemented witn
the fuel storage
pool

n2v - 50,000 gal H 2 0 - 400,000 gai. -
D2 0

H2O - Storage tank H 2 0 storage __ -

D20 - Mod. syst. D20 :od. ;y_,.

etercont.
bLi-.30, 000

5. Heat Exchangers

i. Number and type

b. Capacity, Btu/hr

c. Cooling medium

d. Cooling medium
inlet temp.

e. Cooling medium
outlet temp.

f. Primary design
pressure

g. Secondary design

pressure

6. Circulating Pump

a. Number and type

b. Capacity, gpm

c. TM, psi

d. Design press., psig

None None None1-shell & tube

9400

River water

90

None 1-diesel driven
well pump

750

100

2-vert. centrif.
safety injection

and
2-vert. centrif.
injection pumps

500 ea.

500 - safety
57 - injection

1
N
N

None

1-centrifugal
pump located in
make-up syst.

400

1-vertical
duplex D.kO
sump pump

1000

100



Purr HWCT

FAT INCIDE!T COOLING SYSTEM,
Cont.

7. Filters

a. Number and type Included in
existing
filtered Water
syst.

TABLE 3.4-X
DECAY HEAT R10VAL AND POST INCIDENT COOLING SYSTES, Cont.

CVTR FWCNG NPD-2 CANDUPRTR

None None

HALDEN SULZER EL- R-3/ADAM S&L-NDA

Lone

b. Filter media

c. Sieve size

8. Piping and System
Materials Carbon steel None

1
N
N
W

Carbon steel



PLANT HWCTR

NEW FUEL HANDLING AND
STORAGE SYSTEM:

1. Storage Capacity l chg. of
Uri ver fuel

2. Handling Devices

3. Method of Transfer Crane and by
to Reactor Building transfer coffin

4. Method of Insertion By transfer
into Reactor coffin

SPENT FUEL HANDLING AND
STORAGE SYSTEM:

1. Method of Removal Discharged into
From Reactor shieldsi coffin

& then trans-
* ferred to spent

fuel basin

2. Type of Refueling Transfer coffin
Machine

3. Capacity of Refuel- 1 fuel assembly
ing Machine

4. Refueling Machine
Characteristics:

a. Remote or local
operation Local

b. Shield configura- Lead cylinder
tion

c. Positioning Indexing
method shield plug &

manual
d. Scanning devices None

used

PRTR

45 elements

On dollies by
means of crane
also hook and
grapple

On dollies

From above via
refueling mach-
ine

From above via
refueling mach-
ine

Self propelled
fueling vehicle
with shielded
cask

1 element

Local

Lead cyLinder

Visual

Optical equip-
ment

CVTR

TABLE 3.4-XI
FUEL HANDLING & STORAGE

FWCNG NPD-2

1 core

Overhead crane Bridge and dolly
manually transport with

grappler

Transfer chute Manual and
transfer mach-
ine

From above via re- From below via
fueling machine refueling mach-

ine

Spent fuel removed
from bldg. by
valved chute.
From above via re-
fueling machine

Shielded cask on
main floor, dry

1 element, lift
30 fpm @ 250 lbs.
max. 4000 lbs.

Control station lo-
cated @ bridge

crane cab.

Local

Lead cylinder

Visual

Periscopes

Discharge into
water filled
chute leading
to storage
pool

Transfer mach-
ine

CANDU

Storage
conveyor

From both sides
of the reactor

Fuel discharge
chute

HALDEN

Crane

Manual
& conveyor

From both
sides of
reactor

Fuel disch.
chute

SULZER EL-4 R-3/ADAM S&L-NDA

88 elements

- - - 3 chain hoist

Fuel handling
machine &
crane

- - - From above via
refueling
machine

Remotely operated Remotely oper.
fueling machine fueling mach.

5 elements

Remote

Lead vessel

Visual

Periscope

12 elements

Automatic & Automatic &
Remote Remote -

Automatic Automatic Visual

. -Mirrors &
perisoopes

From above via
refueling
machine

Remote

Visual

Periscopes

1



FlAir =R FITR CVTR

SPENT FUEL HANDLING AND
STORAGE SYSTEM, Cont.

e. Time required 10-12 :.ir;. 30 - 45 min. 46 hrs. total
to complete for ii.;:.a.rce
single refuel-
ing cycle

5. Type of Spent Fuel Underwater stor- Storage basin in Underwater pit in
Storage Facility age in a 9x13 ft separate build- separate building

concrete walled ing
pit

6. Capacity of Spent 36 fuel assem-
Fuel Storage blies
Facility

7. Spent Fuel Storage
Cooling System 13 ft.
a. Shielding medium H20

b. Shielding Water filled
arrangement basin

c. Cooling medium H2O0

d. eat generation
rate in storage 1.7 x 106
facility, Btu/hr

e. Maximum bulk temp-
erature in cooling
medium, F 104 max.

f. Heat Exchanger
Number and type 1-shell & tube

Capacity, Btu/hr 1.7 x 106

Cooling medium Water

Cooling medium
inlet temperature,
OF 113

Cooling medium
outlet temperature,
OF

Primary design
pressure, psig

187 elements

15 ft
H20

Water filled
basin

H 2 0

2 full cores

12 ft

H2O

Water filled rect.
pool

TABLE 3.4-XI
FUEL HANDLING & STORAGE, Cont.

FWCNG NPD-2

Underwater Steel lined con-
pool crete bay

2 reactor fuel -
loadings

i1 8 t.
H 2 0

Water filled
pool

H20

14.5 ft.
H20

Water filled bay

CANDU

Underwater pool
in separate
bld' g.

2 reactors for
20 years

14 ft.
H20

Water filled pool

HALDEN SULER EL-4 R-3/ADAM S&L-NA

- 31 hrs./load

- Underwater pool
in separat-e
bld'g.

_ 88 fuel

assemblies

H2 0

_ Water filled
peal

H 120H2O

- Max. 8.3 x 10
5  

1.5 x 105 1.5x 10
6

Full load

Ambient

None

90

140

2-shell & U-tube

4.15 x 105 each

H20

Fuel pit H20 140
Cooling H20 110

Fuel pit H20 125
Cooling H20 125

50

w.200 125 max.
70 nominal

1-Shell & tube

1.5 x 105 1.5 x 106

Water River water

100

200

485

operating

70

30

1
N

~120



PLANT HWCTR

Secondary design
pressure, psig -

g. Circulating pump
Number and type 2-cann'd.

rotor
Capacity, lb/hr 7.5 x 104

TDH, psi

54

Design pressure.
psig -

h. Filters
Number and type 1-leaf

Filter media -

Sieve size 3-5

PRTR

None

TABLE 3.4-XI
FUEL HANDLING & STORAGE,Cont.

FCNG NPD-2

110

2-coaxial turbine

65,0Co each

CANDU SULZER EL-4 R-3/AM S&L-NDA

70

1

36,000

56.5 1.5 in.H20

- -50

Nor- 1-cotton cartridge

- cotton

- removes 98% of 10
micron part's.

485

1-centrifugal

37,500

17

30

1 a-cuno micro-klean
throw away filter

i. Extent of disass-
embly on site of
spent fuel

j. Extent of Inspec-
tion of spent
fuel on site

k. Spent fuel trans-
fer cask
Number and type

Capacity

None

Visual
only

1-Pb cyl.

7-elements
after 3 mo
decay

Hanger removed

Full visual
incl.
measurements

None None

External, visual

"egg crate" type
Pb-cylinder made of Al.

4-elements 6 elements/crate

Pb shielded 1-cast iron

egg crate

112 elements -m

None

HALDEN

2 blowers

800 ft
3
/min

- 7in.H
2 0

N

N

o'

1

7 elements



TABLE 3.4-XII
D20 HANDLING SYSTEMS

PLANT

PLANT D20 INVENTORY:

1. Fresh Storage, gal

2. Operating Systems

a. Reactor, gal

b. Primary system, gal

c. Moderator system,
gal

d. Miscellaneous
systems, gal

3. Operating Storage, gal

4. Total Plant Inventory, gal

HANDLING SYSTEMS:

1. Receiving and Fresh
Storage

a. Type

HCTR PRTR

- 2500

4500

1400

CVTR FWCNG NPD-2 SULZER EL-4 R-3/ADAM

6500 gal
(Moderator dump tank)

876

2200 3500

- 2544

500

150

.6150

Drums

Reflector
2580

2500

11,300

530

100

Fresh & degraded
7824 1020-10e0

13,600

Reflector
3780

130

11,960

55 gal. drums 55 gal. drums 55 gal. drums 55 gal. drums

b. Storage tanks

Number and type

Capacity, gal

Atmosphere control

c. Transfer pumps

Number and type

None

55 ea.

He

Hose pumps.

None None

D20 drum

55

Helium

Hose pumps None None-He displ. Hose pump - - 1-oortable D2 0
barrel trans-
fer pump

2. Operating Storage

a. Type He covered tk. He covered tk.

CANDU HALDEN S&L-NDA

12,600

40,700

97,200 10250

- 2180 to

2840
20,500

Reflector
9630

- 22,600

- 2860

17,500 "53,000

Moderator f
coolant storage

1

N

N

V

f



PLANT

HANDLING SYSTEMS, Cont.

b. Storage tanks

HWCTR

Number and type 1-horiz. C.S

Atm. Press.

Capacity, gal. 7200

Atmosphere control D2

c. Transfer pumps

Number and type 1-triplex
plunger makeup
pump

Capacity, gpm 30

TDH, psi

PRTN

None

none

CVTR

Moderator
dump tank

One cylindrical,
vertical with
dished heads

6500

He

See Moderator
System

TABLE 3.4-XII
D20 HANDLING SYSTEMS, Cont.

FWCNG NPD-2 CANDU HALDEN

Moderator dump Moderator dump
- tank tank

- He

See make up &
vol. control

1700

Design pressure, psig 1850

3. Degraded Storage

a. Type Degraded D2 0
for reclamation

b. Storage tanks

Number and type 55 gal. drums

Capacity, gal 55

Atmosphere control

c. Transfer pumps See Coolant
Purif. Sys.

Number and type -

Leakage

4-55 gal. drums

55

He

SULZER EL -R-3/ADAM S&L-NDA

2-Mod., rec-
- - - tangular

2-coolant rec-
tangular

- - - Mod.30,000
ea. coolant

20,000 ea.

He

2-Mod., de-
- - wanting type

2-coolaut e-
. . canting type

Mod. 20 ea.
- - Coolant 50 eas.

Mod. 22
- - Coolant 17

Degraded t Various tanks
for reclamation for different

purity

4 -Degraded D20 drains
1-D20 drumming

Degraded D20
25%-75% for
reclamation

D20 drums 2 drums

55 55 ea.

N2

Hose pumps One primary rain
tank transfer

1-D20 waste trans. -
1-D20 monitoring-trans.
1-Bldg. sump

Capacity, gm
TEI, psi

Design pressure, psig -

N

00

1



TABLE 3.4-XII
D20 HANDLING SYSTEMS, Cont.

PRTR CVTR SULZER EL-4 R-3/ADAM S&L-NDA

LEAKAGE AND LOSS CONTROL

1. Pump Rotating Shaft Seals

Seal D20 injected
to circ. pump seals
& rod drives Mechanical

Canned motor
pumps used

Closed leak
He seal injection collection

- - Seal leakoff
collection

Entrained D20 con- Pump back
densed in seal from storage
cooler drain rep tank
turned to system.

d. Limitations Seal D20 supply
9.6 gpm D20 purity D20 purity

2. Valve Stem Seals

Leak off gland Bellows seal Bellows seal & dia- Pump back
phragm valves (no from
lantern ring) storage

tank

- Long stut&&ng
box with leak-
off connection.

PLANT HWCTR FWCNG

a. Type

NPD-2 CANDU HALDEN

b. Leakage rate

Liquid

VaporN
N

1

c. Recovery
system.

0

Closed leak
collection

Seal leakoff
flow to storage
tank

Leakage piped
to 55 gal.
drum

Mechanical

Vent and drain
system

a. Type

Pump back from
storage tank

Leak off gland.



PLANT

LEAKAGE AND LOSS CONTROL,
Cint.

IWCTR PRTR CVTR

TABLE 3.4-XII
D20 HANDLING SYSTEMS, Cont.

FWCNG IWD-2 CAN DU IALDEN SLLZER EL-4 R-3/ADAM S&L-NDA

b. Leakage rate

Liquid

Vapor

c. Recovery system

3. E 'ng Closures

a. type

1e

N

None Leakage piped Vent & drain
to 55 gal drum system

Welded Welded Welded Welded Seal weld on flange

joints only if
necessary

4. Reactor Seals

a. Type

b. Leakage rate:

Liquid

Vapor

.c. Recovery system

5. Refueling System

a. Leakage rate
Liquid
Vapor

Seal D20 injected Mechanical seals Seal weld
to the rod drive tube closure

seals

Equiv. 10-50
lb/hr

Leakoff from Vapor recovery
seals flows to w/ reactor cavity
D20 storage tank air

None

-

Closed cycle
ventilation air

300 lb/yr

Est. 0.1
1 h/dy/

va1vL

Leakage
piped in
to co llct'n
tk.

Liquid
recovery
system 9071
ef ficie nt
Vapor
recovery
system 99%
el fic ient

We ded



PLANT

LEAKAGE AND LOSS CMTROL
Cont.

b. Recovery system

6. Leakage Detection

a. Type

b. Response charac-
teristics

c. Action taken when
leaks are indicated

HWCTR PRTR CVTR

TABLE 3.4-XII
D 2 0 HANDLING SYSTEMS, Cont.

FWCNG NPD-2 CANDU HALDEN SURER EL-4 R-3/ADAM S&L-NDA

Drain to sump
in dump tank
room

t
Monitors Monitors -iMonitors

Changes in oper-
ating levels' &
radiation levels

Power reduc-
tionror reactor
scram

Shutdown if Shutdown if

serious serious

7. Recovery System

a. Liquid

Type

Receiving tank

Number and type

Capacity, gal

Atmosphere control

Transfer pump

Number and type

Capacity, gpm

TLU, psi

Design pressure

.Primary sys. 55 gal. drum
low point drain collection

i-cs
Atm. Pres.

Valve stem
leak-off

55 gal. drum Primary drains
transfer tank

- 1-cylindrical with
dished heads

50

- He

- Hose pump

1-centrifugal 2-primary drains
canned motor transfer

10 -

17 -

None

2-primary drains
transfer

1

N

Equip.
drains

Equip.
drains

1-miscel-
laneous
drain tank

Leakoff
collection

Misc. D20
Drain tank.

1 cyl.

2-diaphragm

500

2-decanting
type

10 ea.

33



M1WCTRPLANT

LEAKAGE AND LOSS CONTROL,
Cont.

b. Vapor

Type

Capacity, scfm

Outlet des point

temp., OF

Equipment
description

t

Is)

c. Annual loss rate, lb w6000

CHARGE AND VOLUME CONTROL
SYSTEM

1. Type Pos. dis

PRTR CVTR

He purge syst. Closed cycle Moderator sweep
air & He sys- gas & equipment
teams drying air

0. 5

32 normal
40 max.

1200 He sweep - 10
Dry air - 200
Cont. air-500

-20 Dry air - 0
Cont. air (-40 F)

1-4 scfm, 150 2-blowers
psig suct. 2000 1-condenser
psig disch. 2-chem. dryers
He compress. 1-reg. blower
2-He receivers, 1-reg. heater
10 in.dia., 16 1-collection
ft. long tank & sump
1-Vent. condo, pump
I-Spent gas
comp., 8 scfm,
2000 psig

4500

Moderator sweep
2-moderator sweep
circ.

1-mod, sweep
preheater
1-mod. sweep
recombiner
1-mod, sweep
cooler
Equip, drying air
1-D20 recovery
condenser
2-chemical dryers
1-regeneration
blower
1-vacuum pump
1-dry air blower
1-dehydrator
Vapor container
D20 removal
2-D20 removal
blowers
2-chem. dryers
2-condensers

3% design

p. pump Pumped Pumped

2. Capacity, gpm 30 31.8

TABLE 3.4-XII
D20 HANDLING SYSTEMS, Cont.

FWCNG

Closed cycle Closed cycles
He blanket vent. air

275 i2,000-inacces-
sible areas
43,000-reactor
vault cooling

110

CANDU HAL DEN SULZER EL-4 R-3/ADAM SM.-NI.\

Off-gas
condensing
and drying

400

-10075

Inacceaaible
1-preheater, area
elect. 3kv 2-cent. fans,
2-He blowers 12,000 cfm ea.
275 scfa contr. 1-air cooling

50 psig in coil
60 psig out 1-filter Abs.,

2-recombiner, 1200 cif bypass
catalytic 275 Reactor vault
scfm platinum 2-air movers,
or silica-gel 43,000 cf. ea.
1-cooler, shell 1-cooler-washer
& tube 250,000 1-bypass dryer,
Btu/hr 1 cfm
2-dryers - closed
cycle regeneration

1-rcco:mbiner
1-U)20 vapor
cond.
1-exhauster,
reactor

cavity
2-adsorbers,
chem.
1-adsorber
condenser &
re frig. unit
1-radioactive
gas compress.

2-lip gas
storage tnks,
16,000 It ca.

x+4200

Pump feed
system

450

Pump feed
system

15



PLANT

CHARGE AND VOLUME CONTROL
SYSTEM.Cont.

3. Mnkeup Pump

a. Number and type 1

h. Capacity, gpm

c. T DI, psi

d. Design pressure,
psig

4. Supply Tank

a. Number and type

b. Capacity, gal

5. Receiving Tank

a. Number' and type 1

h. Capacity, gal

6. Heat Exchangers

a. Number and type 1

b. Capacity, Btu/hr

c. Cooling medium S

d. Cooling medium
inlet temperature,
F

HWCTR

-triplex plunger

30

PRTR CVTR

2-pos. disp. 2-positive dis-
placement, vari-
able speed

15.9 15 ea.

TABLE 3.4-XII
D2 0 HANDLING SYSTEMS, Cont.

FWCNG NPD-2

2-diaphragm 3-centri fugal

100 lb/hr @
600 psi
2.5 tons/hr
@ 300 psi

1500 1200 1750

1850

1-cs.

7200

1-holdup
s. S.

56

1-purge cooler
shell & tube

7.5 x 106

Service water

1785

See reactor 1-cyl. hori-
coolant purif. zontal with
system dished heads

900

None

None

Drums

55

See reactor
coolant purifi-
cation Item 7

CANDUI IIALDEN SULZER EL-4 R-3/ADAM S&L-NI)A

1-50

2-200

1080

- 1500

. 1-surge tank

. Noi.e

1-Elect. vapor- None
izer for H.P.
steam heater
or L.P.

72

e. Cooling medium
outlet temperature, 176 max.
F 97 normal

f. Primary design
pressure, psig

g. Secondary design
pressure, psig

1850

150

7. Piping System Materials Stainless
steel

Carbon steel Stainless steel

1

N

W

W

1

Stainless steel



TABLE 3.4-XIII
RADIOACTIVE WASTE DISPOSAL SYSTEM

PLANT

LIQUID WASTE DISPOSAL
SYSTEM

1. Location of Facility

2. Generic Means of
Ijis)sai

3. Origin of Wastes

4. Estimated Activity
Level of Waste

5. Estimated Quantities

of Waste

6. Svcem Capacity, gal

7. Receiving and Stor-
age Tanks
a. Drain tanks

Number and type

HWCTR

Elsewhere
on site

Haul away as
required

PRTR CVTR

Elsewhere on -
site
Temporary reten- H20 discharged and
tion discharge diluted in circ.
to river or tank water return on
truck low level

Floor & equip- Floor and equip- Degraded D20 and
ment drains ment drains H20 drains

FWCNG NPD-2 CANDU H XLDEN

No on-site disposal -

Temporary re- Temporary retention Concentrate
mention concen- discharge to pro- - wastes & stored
tration by cess drain or ' on-site, evapor-
evaporation. trucked ators used for
D 20 wastes are concentration.
processed by a Very low level
demineralizer wastes diluted

into lake.
Degraded D20 Drains from floors, -
and H20 drains sinks and water

coolers

SULZER EL-4 R-3/ADAM S&L-NDA

- - Chem. neutral-
iI..iunii, IiLei-

ing.

- - Drains rom

floors, shop
operations, fuel
handling &
storage basins

Sr90 plus Y90 less
than 8 x 17 m/cc

15,000
retention

1-sump

Capacity, gal 350

- 12,000 retention 2-40,000 reten-
tion

1-degraded D20 drain 2-contaminated
1-sump tank control area
1-H20 drain tank drains

4-for D20 1-primary drain 4-downgraded
D2 0 contain-
ers

55 - 12,000

b. Waste collecting
tanks
Number and type 1-cs. 3-waste hold-up 1-D

2
0 drumming

underground tank
1-D20 waste

tank
2-H20 collect-

ing tanks

- D20-5000
H20-12,500 ea.

2-sump . 2-waste hold-up
1-waste collector
Both horizontal

- Hoid up 10,000
Collector 3,000

Capacity, gal 7000 5000 each
60

1
Nu



PLANT

LIQUID WASTE DISPOSAL
SYSTEM, Cont.

c. Waste neutralizing
tanks
Number and type

Capacity, gal

d. Laundry drain tanks
Number and type

Capacity, gal

e. Sampling drain
tanks
Number and type

Capacity, gal

f. Concentrated waste
storage
Number and type

Capacity, gal

1

N

W

U'

1

HWCTR PRTR

None

None

CVTR

None

2-H20 test tanks
4-barrels 2-sample pots

55 each

None

TABLE 3.4-XIII
RADIOACTIVE WASTE DISPOSAL SYSTEM, Cont.

FWCNG NPD-2 CANDU

None -

1-H 2 0 monitor- 1-cylindrical -

ing tank - -

H2 0-5000

1-evaporator
sludge con-
tainer

HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

- 1-vertical

1,000

200

- 1-

45,000

8. Waste Concentrating
Equipt.
a. Ion exchangers

Permanent
Number and type

1-H2 0 evap. bottoms 1-D2 0
None 1-D20 evap. bottoms cartridge 3-mixed bedNone



PLANT

LIT:ID WASTE DISPOSAL
SYSTEM, Cont.

b. Evaporator

Number and type

Capacity, gpm

Heating medium

Heating medium
inlet tempera-
ture, F

Heat ing ied ium
outlet tempera-
ture, *F

Primary design
press., psig

Secondary design
press., psig

Decontamination
factor

c. Waste transfer
pump

Number and type

Capacity, gpm

TDi, ps i

9. Piping System Material

1CTR PRTR

None

CVTR

1-electrode type

l lr

Electricity

TABLE 3.4-XIII
RADIOACTIVE WASTE DISPOSAL SYSTEM, Cont.

FWCNG NPD-2

1-single effect
with feed pre-

heater and con-
denser

""9

Steam

SULZER EL-4 R-3/ADI0 S&L-NRA

None

338

- - 10-20

- - 10-7

- 3-vertical, cen- 1-H20 effluent
trifugal, deep 1-duplex sump
well 1-H20 transfer

1-evap. bottoms

- 2-75 -
1-34

- 1-20 -
1-30

- Carbon steel -

338 -

Atmospheric -

100 -

2-vertical, de- 1-centrifugal
canting

90

- 35

Carbon steel Carbon steel

CANDU HALDEN

N
W)



PLANT _l1ICTR

CASEO'S WASTE DISPOSAL
SYSTEM

I. Loc.tion of Facility At site

PRTR

At site

CVTR

At site

TABLE 3.4-XIII
RADIOACTIVE WASTE DISPOSAL SYSTEM, Cont.

FWCNG NPD-2 CANDIJ

At site At site

HALDEN SULZER EL-4 R-3/AI'AM S&L-NDA

At site

2. Generic Means of Exhau
Disposal luted

stack

3. Origin of Wastes lie ga
ins id

4. Estimated Activity
Level of Wastes, uc/cc

5. Est ina ted Quant it ies
of Wastes, scfm 5

6. System Capacity, scfm

7. Receiving and Storage
Tanks
a. Number and type

h. Capacity, gal

c. Des in Pressure, psig

8. Absorbers
a. Number and type

b. Capacity, scfm

9. Strippers
a. Number and type

h. Capacity, scfm

10. Scrubbers
a. Number and type

b. Capacity, scfm

11. Filters

a. Number and type

st & di- Exhaust and di-
through luted through

stack

s system Containment
re; or building vent

air

10-5 4.5 x 10-8

5000

Dilution @ stack

He sweep gas &
building air.

5000

10,000 max.

Filter & dilute Chemical drying,
with vent air delay retention,

dilution

Leakage from Fission product
containment gas entrained
system. in D

2
0 vapor

100 lb/day 60C of A-41
10C of Xe

None

Dilution with
vent. air. No
hold up

- Condensed air
ejector dis-

chare

- - - 2' Holdup tanks

- - - 12,000 ea.

- - - 340

- 1-chemical

charcoal bed

1-C02 detrain- 1-deaerating
ing tank make-up tank

None

2-high eff.
vent air

1-high eff.
C0 2 vent.

1-high eff.
fuel pool
building

1

17 ft
3

4
0-Absolute

filters in
vent. system

1)



IIWCTRPL:NT

(ASEOI'S WASTE DISPOSAL
SYSTEM, Cint.

h. C&pac it y, tic fil

12. Compressors
a. I: mblr and t ype

I~. Cipai ity, cliim

c. Diichar- pressure,
I)s i &

13. i1owcer,
a. Number nd t yP

I). Capic i ty, c

c. Discharge prissire,
psib

1 1.i. Rcecombin"rs

1%
E. umr Ii tnid type

0D

Ii. Catai yst i

IS. Ildup Ducts

a. Numnbir and type .

I. Capac i ty, f L3 -

Ib. 'ipini Svstcrn Material -

501.11) WASTE DISPOSAL
SYSTEM

. ioc a t ion o t Facility Use ext'g.
facial.

'Generic Mcians of Permanent

Disposal burial

PRTR CVTR

TABLE 3.4-XIII
RADIOACTIVE WASTE DISPOSAL SYSTEM, Cont.

_FCNG ND-_2 CANDU HALDEN SLZER EL-4 R-3ADAM S&L-ND\

300

Provision for
- future installa-

tion

. 1-delay tank

- 30

Carbon steel

Use existing
facilities

Permanent
burial

3. Origin of Wastes

On-site with off
site burial

Shielded in concrete
in 55-gal. drums.
ocean burial

Filter cartridges

- Off site

Off site
after pack-
aging

Filter &
demiq.
cartridges

On site

Transported to the On site in
AECL disposal area pits

Spent resin, filter -
cart., tools, equip.,
clothing

On site at
west end

Packed in
container &
sent to the
solid waste
storage vault.
Ion exchange
resin &
filter fibers



PIANT IIWCTR PRTR CVTR

SOiLI1) WASTE. DISPOSAL
SYSE, Cont.

System Capacity, ft
3

Storage Tanks
-. Number and type

b. Capacity, ft
3

TABLE 3.4-XIII
RADIOACTIVE WASTE DISPOSAL SYSTEM, Cont.

FWCNG NP-2 CANDU HALDEN SULZER EL-4 R-3/ADAM S&L-NDA

1200

None 1-underground

6000

I
p)

'O



PLANT HWCTR PRIR

1. Method of Controlling:

a. Reactor power Poison rods Mod. leve
automatic

b. Reactor pressure Helium cover Helium co
gas gas

c. Reactor temperature Boiler Bypass st
pressure generator

d. Reactor coolant Conventional Conventio
level

2. Method of Varying
Reactor Coolant Flow
Rate None None

3. Regulating Rods

a. Number and material 18 None

b. Type of drive Rack & pinion -

4. Shim Rods

a. Number and material None 54

b. Type of drive Motor lea
screw

5. Safety Rods

a. Number and material 6-Borated None
s5

b. Type of drive Rack & pinion None

c. Type of actuation Gravity

d. Method of braking - -

6. Location of Rod Drives Above Above
Relative to Reactor

7. Method of Controlling Sampling Sampling
Activity Levels in Plant & ventila- ventilate

Air tion

el

ver

eam
ra

onal

CV'IR

Poison rods

Heaters and

Rods

Conventional

None

TABLE 3.4-XIV
INSTRUMENTATION AND CONTROL

FWCNG NPD-2

Poison rods

CO2 makeup

Inlet vane

Pressure
detection

Inlet vane

32 total borated as 2

Rack & pinion Servo, rack &
pinion

as 18

Rack & pinion Motor, rack &
pinion

None -

ad

Below

Filtration,
drying and

p urging

&
ion

Motor, rack &
pinion

Hydraulic

Hydraulic & ring
spring (emerg

Top

Ventilation

Mod. level
automatic

Heaters

Moderator
level

Pressurizer
level

None

None

1 Booster rod

Motor lead screw

None

One side

Filtration
ventilation

CANDU

Mod. level
automatic

Valves

Moderator 1
& rods

None

HALDEN

Cadmium rods

Valves

level Pressure
control

SULZER EL-4 R-3/ADAM S&L-NDA

Heaters

Valve

- Var. sp motor
mag. coupling

Shim-Scram

None 19 Cd-ss

- Motor, magnet.
coupling
2 speed

None

_ Gravity

- Spring - last
10 cm

- Above

Filtration Ventilation
ventilation monitoring

- Poison

rods

- Spray and
heaters

Poison rods

Bypass
V AlVe

Pressure
-control

Steam drum
level

- - Throttle

valves

- 2 2

- Hydraulic Motor & screw

- 27 17

- Hydraulic Motor & screw

- 27 19

_ Hydraulic Motor & screw

Below Below

Ventilation
cooling

1

N

1



PLANT HWCTR PNTR

8. Method of Controlling Hold up and Hold up and
Activity Levels of dilution dilution
Plant Effluents

9. Method of Reducing None
Pressure in Containment sprays
Building

10. Overall Range % of
Reactor Power

11. No. of Channels 8 7

12. Start Up Channels

a. Number 2 2

b. Type Movable fission Movable

c. Location

d. Information
derived

e. Range % of
full power

13. Power Channels

a. Number

b. Type

c. Location A

d. Information
derived

e. Range % of full
power

14. Safety or Hi Level
Chan.

a. Number

b. Type

chamber & BF3
prop. counter

Outside surface
of reactor vessel

Scaler, LCR

3

C.I.C.

dj. to reactor

Log N, galv.
Log N, period

fission
chamber

In reflector

LCR, period

From 10% shut
down

2

C.I.C.

In reflector

Log N, period

CVTR

Hold up and
dilution

Air recirc. and
cooling

Source to 150%

8

2-source

BF3 prop. counter

Side neutron
shield tank

Level, period

2.5 x 10-1 to
2.5 x 104 ny

3

C.I.C.

Side neutron
shield tank

Log N, period

10-4 to ? 2.5 x 102-
2.5 x 1010V

3

C.I.C.

3

Uncomp. I.C.

3

Uncomp. I.C.

TABLE 3.4-XIV
INSTRUMENTATION AND CONTROL, Cont.

FWCNG NPD-2 CANDU

Hold up, Hold up and Hold up and
processing and dilution dilution
dilution

Sprays and Sprays & Sprays
cooling relief duct

Source to 1507. Source to
1507.

13 6 6

3

Fission chamber

LCR

3

Fission chamber

In reactor

LCR

10-11 to 10-6

HALDEN

Hold uP, batch
shipment

Sprays

SULZER EL-4 R-3/ADAM
- - Hold up

and
dilution

Sprays - _

10

3 2

FB3 counters

_ In reactor

- Scaler, period

_ 1.6 x 10-10 to
1.6 x 10-3

S&L-NDA

Hold up,
treatment &
dilution

None

10-12 to 103

8

2

Movable
fission
chamber

In shield
wall

LCR, period

10-12 to
3 x 10-6

3

_ Uncompensated
I.C.

In shield
wall

_ Log N, period,
linear level

10-4 to 103

. 3

. Uncomp. I.C.

5

Ion chamber

In shield

2 log, 2 lin.
1 deviation

0.0008 to 160

3

1N

5 3 (combined with
Item 14)

Uncompensated I.C. Uncompensated I.C. Uncompen-
sated I.C.

In reactor _

Log N, period Linear, Log N, -
period

_ 10-6-150 0-150

5 3 (combined with -
Item 13)

Uncomp. I.C. Uncomp. I.C. -



TABLE 3.4-xIv
INSTRUMENTATION AND CONTROL, Cont.

PLANT HWCTR PRTR

c. Location Adj. to re- In reflector
actor

d. Information drived Linear flux Linear flux

e. Range % of full
power - 10-2 to 150

15. In-Core Instrumentation

a. Number of detectors Several 85 venturis
85 Rtd.'s

b. Quantities measured Temp. neutron Flow & temp.
& flux

c. Purpose Flux pattern Power distn.

16. Method of Determining
Activity Level in

a. Coolant General 7 detection
monitor each tube

b. Plant air a.& Pdetection Lt 
0  

detecti
sampling sampling

c. Plant effluents Sampling & 3 Triplicate
monitoring H.M. chambers

17. Automatic Safety Actions
Employed for Reactor

a. Scram All rods in Moderator

b. Rundown All rods in -

c. Rod reversal Pairs of rods -
in

d. Rod stop - -

CVTR

Side neutron
Shield tank

Linear level

0 to 150

FWCNG NPD-2

- In reactor

Linear level Linear, log N,
period

- 10-6-150

None 208 T.C.'s
208 sample tubes

Temp. & fission
products gas temp,
faulty fuel elem.

,detection

on

Sampling and
monitoring

Sampling and
monitoring

Sampling and
monitoring

dump

Sampling and
monitoring

Monitoring

Sampling and
monitoring

All rods in at Rod insertion
constant rate

- Partial rod
insertion

None

Monitoring

A-air
sampling

p& f
Monitoring

CANDU HALDEN

- In shield

- 0.5 x 10-4
to 160

None 14 TC, 2 BF 3
ctrs.

Fuel temp.
flux

Fuel temp.
power

Monitor Monitor ion

each tube exch. + D20

Monitoring

Monitoring

Moderator dump Moderator

dump

SULZER EL-4 R-/ADAM S&L-NDA

- - - In shield
wall

- - - Linear level

- - - 10'4 to 150

- - - Flow , flux.

temp.

- Flow and flux
pattern

- - . Sampling and
monitoring

- - - Sampling and
monitoring

Sampling and
monitoring

Release rods

Drive rods in
full or 1/2
speed

Partial insertion

All rods in

Insert shim
rods

Short period
on start-up

e. Poison solution
injection

18. Scram Conditions

Yes-boric acid

See notes - See notes
See notes

1~
N~%

i

See notes See notes See notes



PLAS-T HWCTR

19. Ran Down Conditions ,

20. Rod Reversal
Conditions See notes

21. Rod Stop Conditions -

22. Reactor Abnormalities
and Action Taken on:

a. Detection of fuel
failure -

b. Nuc. inst. channel 2 out of 3
failure scram

c. Loss of coolant Scram

d. Reactor low press. Scram

e. Reactor high press. Scram

f. Loss of moderator Run down

g. Loss of moderator flow Scram

h. Hi activity level in
plant air Alarm

23. Plant Abnormalities and
Action Taken on:

a. Loss of load -

b. Loss of normal aux
pwr Scram

c. Loss of sec. feed
water Run down

1~.
N

PNR'R CVTR

TABLE 3.4-XIV
INSTRTUENTATION AND CONTROL, Cont.

FWCNG NPD-2 CANDU HALDEN

See notes
SUEE -E- R-3/ADAM :L-rDA

. . - See notes

0.5-5 Dec/min.

Man. shut down

2 out of 3
scram

Scram

Scram

Scram

Man. shut down

Man. shut down

Scram

Alarm

Alarm

Scram

Scram

Scram

Alarm

Alarm

Alarm

Alarm Alarm & locate
auto:oat icaly

2 out of 3
Alarm scram

- Scram

- crao

- None

- Cont. shutdown

Alar

Scram Condenser byass No sfratdown

Scram

Scram, H2 0
injection

Alarm

Scram

Scram

Operstor judg- Alarm

mernt to refuel

- Fast run down

Scrr:n

Zcrau

Trip

Set back on
outlet-trio

Alarm

Set back

3cram

Alarm power

reduct ion

Fast run down

Scram

Fast run down
(drum level)

24. Reactor temp. Detectors

a. Number 36 85

b. Type TC ID

c. Location All fuel outlets All fuel outlets

43 208

Pt ATD TC

All fuel outlets All pressure

tube outlets

264 306 24

RTD RTD TC + RTD

All fuel tube - 14TC on fuel
outlets and inlets 6 TC+RTD on- vess.4 TC+RTD on D20

Alar,

Scram
Scram

Scrm

Run down

Alarm

Hun dOvn

an. control

Transfer

Scr-. ir



PLA T I WCTR

25. Reactor Press. Detectors- -

a. Number-

b. Type

c. Location

26. Reactor Flow
Detectors

a. Number

b. Type

c. Location

PTR

- 2-Triplicate
HT & ID

1-Hi press
Inlet & outlet Pressurizer

85

. Venturi

All fuel tube All fuel tube
outlets inlets

CVTR

Electronic
t ransduc ers

Pressurizer

Venturi

All fuel tube
outlets

TABLE 3.2+-XI
II.:SRUI-ZEATj AiND CONTROL, Cor.t.

FidC NPD-2

Conventional Conventional

Piping

Noz at ea.
fuel tube

Piping

132

Flcw nozzles
straight pipe
All fuel tube
inlets

CANDU HALDEN

Conventional .

Headers

SULZER EL- R- ADA SSL-NDA

- - - 1

. . . corueuti:ui l

- - - 5teu:a drum

306

All fuel tube
inlets

27. Reactor Level Detectors

a. Number

b. Type Dif

c. Location

28. Method of Detecting
Fuel Cladding Mon
Failure gas

29. Type of Fuel
Failure Detecting
System

30. Location of Fuel
Failure Detectors
Relative to Reactor

31. Method of Detecting
Tritium or D20 in
Plant Air

1 2

ff. press. Conventional

- Pressurizer

itor cover
and coolant

Gross coolant
act.

External

Beta
monitors

Overflow vier on Pressure
mod. comp. D/P

cells on pressurizer

Pressurizer -

Gamma activity Gamma activity

Sampling Sampling and
monitoring

External

Beta
monitors

External

Beta
monitors

3 3

Conventional Conventional

Pressurizer Inlet header

Xenon decay Coolant activity Coolant
British system activity

Sampling and Sampling &
monitoring monitoring

External

Beta
monitors

External

Special Beta
monitor for
tritium

. n 1

- Convenctional

.-. u -n dWrum

Loss of He
press. in
fuel can

- Coulant activity

He pressure Sampling

External External

. Moisture
collection

Saspling and
monitoring

External - - External

Beta
monitors

1
No

1



NOTES FOR TABLE 3.4-XIV

PRTR - SCRAM CONDITIONS

A reactor scram is initiated automatically in event
following conditions:

Trip Function

Start-up reactor period

Log reactor period

Log reactor flux

Linear reactor- flux

Low trip

High trip

Pressurizer liquid level

High trip

Low trip

Pressurizer pressure

Very high trip

High trip

Low trip

Process tube flow rate

High trip

Low trip

Reactor core blanket pressure

Upper access space pressure

Lower access space pressure

Steam generator liquid level

Steam generator pressure

Instrument air pressure

Exhaust air activity

No.
Channels

2

2

2

3

3

3

3

1

3

3

85

85

3

3

3

3

3

3

2

of any of the

Trips for
Scram

1

1

1

2

2

2

2

1

2

2

1

1

2

2

2

2

2

2

1

-245-



No. Trips for
Trip Function Channels Scram

Aqueous effluent activity 3 2

Electrical power failure 2 1

Earthquake 3 2

NPD-2 - SCRAM CONDITIONS

When any of the following variables exceeds a set limit, the protective
system rapidly shuts down the reactor by permitting the dump valves to
drain by gravity into the dump tank. The protective system is triplicated
and trip action will occur only on a two out of three coincidence.

1. Reactor period.

2. Reactor power (Log N).

3. Heat transport system pressure, high or low.

4. Coolant temperature rise through reactor.

5. Temperature of coolant at reactor outlet.

6. Total coolant flow.

7. Loss of power to primary coolant pumps.

HWCTR - SCRAM CONDITIONS

Whenever any of the following variables exceeds a set limit, a fast
shutdown of the reactor will occur:

1. Neutron flux.

2. Neutron period.

3. Coolant temperature rise in reactor.

4. Pressure loss across the reactor - low.

5. Pressure loss across the reactor - high.

6. A-C power to D2 0 pumps (failure).

7. Bypass valves for main heat exchangers (tripped).

8. Low reactor pressure.

-246-



9. High reactor pressure.

10. Low D20 level in reactor.

11. High D20 level in reactor.

12. Low H20 flow to heat exchangers.

13. Seismometer.

14. Manual scram.

HWCTR - ROD REVERSAL CONDITIONS

Whenever any of the following variables exceeds a set limit, a preselected

pair of control rods will be driven into the reactor until the signal that
indicates the abnormal condition is corrected:

1. Neutron flux.

2. Neutron period.

3. Coolant temperature rise in fuel assemblies.

4. Temperature of coolant leaving reactor.

5. Rate of increase of effluent coolant temperature.

CVTR - SCRAM CONDITIONS

Shutdown will be initiated in the event any of the following signals
exceed their set points:

1. Neutron flux.

2. Neutron period.

3. Low primary coolant system pressure.

4. Low primary coolant flow.

5. Electrical power failure.

6. Manual scram.

-247-



HALDEN - SCRAM CONDITIONS

Shutdown will take place when any of the following variables become
abnormal with respect to their set limits:

1. Neutron flux.

2. Neutron period.

3. D2 0 pressure.

4. H2 0 pressure.

5. Fuel rod temperature.

6. Emergency push button operated.

7. Reactor hall pressure.

HALDEN - RUNDOWN CONDITIONS

"Fast-in" rundown will take place when any of the following variables

exceed their set limits:

1. Neutron flux.

2. Neutron period.

3. D2 0 pressure.

4. H2 0 pressure.

5. Fuel rod temperature.

6. Cooling circuits off.-

7. Level drum.

8. Doors air lock.

9. Sewage monitor pump.

10. Raw water pressure.

"Slow-in" rundown will occur when any of the following variables become
abnormal in respect to their individual set limits:

1. Neutron flux.

2. Neutron period.
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3. D 2 0 pressure.

4. H2 0 pressure.

5. Fuel rod temperature.

S&L-NDA - SCRAM CONDITIONS

Scramming of the reactor will occur when any of the following conditions

exist:

1. Coincidence failure in 2 out of 3 safety channels.

2. High level short period.

3. Low level short period.

4. Abnormal reactor pressure.

5. High or low reactor level.

6. Loss of both reactor circulating pumps.

7. High fission product activity in coolant.

8. High fission product activity in off-gas.

9. Manual scram.

10. Electrical power failure.

S&L-NDA - RUNDOWN CONDITIONS

Reactor power rundown will take place under the following conditions:

1. Short period.

2. Both regulating rods at lower limit.

3. Low ventilating air flow.

4. Turbine stop valve closed.

5. Low reactor level.

6. Manual rundown.

7. Turbine thrust bearing failure.
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8. Loss of both condensate pumps.

9. Loss of both steam generator feed pumps.

S&L-NDA - POWER REDUCTION TO 10 PERCENT CONDITIONS

Reactor power reduction to 10 percent will take place automatically under
the following conditions:

1. High condenser pressure.

2. High radiation level in reactor exhaust.

3. High radiation level in building.

4. High neutron flux.

5. Manual power reduction.

6. Loss of either steam generator feed pump.

7. Loss of either condensate pump.

8. Loss of either reactor circulating pump.

9. Low turbine demand.

10. High reactor pressure.
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TABLE 3.4-XV
PLANT ELECTRICAL SYSTEMS

PLANT

1. Power Required - kw

2. No. of Power Supply
Sources Available

3. Source of Normal
Power Supply

4. Source of Reserve
Power Supply

5. Capacity of Normal
Power Supply-kva

6. Capacity of Reserve

Power Supply-kva

7. Voltages of Auxiliary
Power Supply

8. General Switching
Arrg.
a. No. of busses at

each voltage

IIWCTR

1250

PRTR

1350

1-2400v 1-13.8kv

Exist power fa- BPA system
cility

None None

1000kva 3750/5000 3000/3450

None

480v

None

l-2400v
2-480v

6
-480v 1-2400v

2-
4
80v

h. No. of supplies 2-480v - diesel 1-480v bus
to each bus gen. res. diesel - gen.

c. Switching arrg. Auto-transfer to -
2nd Pri. Fdr.
diesel-gen.'s
auto-start on
loss of norm.pwr.

d. Division of equip- 
4
-norm. 

4
80v bus 1-normal 480v

ment 2-Em. 480v bus 1-emerg. 480v

e. Load at each
voltage, kw

2-3100kva units

2-2400v
2-480v

2-2400v
2-480v

2-115kv swyd &
2 40 0

v hydro

CVTR FWCNG

7020

NPD-2

3000

2-115kv lines 1-69kv bus 1-115kv swyd
1-gen. 2-69kv lines 1-gen

Exist gen. & bus 69kv bus Generator
& bus

Exist hydro 2-69kv lines Generator
& bus

7530/9375 2750/3666
(3 wdg)

7500/9375 2750/3666
(3 wdg)

2
-
24
00v 1-2400v

2-600v 4-600v

1-2400v -2 Sup. CL IV

4-600v (2 Sup.)CI. IV
(1 M-G)

3-129v DC-3 Sup.CL I
3-120v AC-1 Sup.CL II

CL. IV - No stand by
CL. III - From CL IV &

eng. gen.
CL. II - From inverter
CL. I - Batt. & rect.

CANDU

10,000

2-230kv lines
1-gen.

HALDEN

2

Exist. power
dist. system

Exist. factory
power plant

650

220v-50 cps

3 -
2
20v

4 - Bus A
3 - Bus B
2 - Bus C

- A. Drop Bus C,
start diesel

B. Drop Bus B,
start MG set

- Essentials - A

Auxiliaries - B
Services - C

Essential eqpt.
distributed on
both buses

Tot. connect
2300

Norm demand
1500

SULZER EL-4 R-3/ADAM S&L-NDA

- - 1,000 4,500

1-gen. 1-115kv
- - 1-30kv system system

1-10kv line 1-ge n.

Gen. Generator

30kv system 115kv bus

- 15,000kw 5000/6250

- 10,000 5000/6250

3000v-50 cps 2-2400v
400v-50 cps 2-480v

-
2
-

3 0 0 0
v 2-2400v

2-400v 3-480v

L-3000
2-400
2-diesel

gen. reserve

- 400v reactor
bus

400v turbine
bus

- 3000v-3460
400v-1740

1-Em 480v bus

U,
r-.



TABLE 3.4-XV
PLANT ELECTRICAL SYSTEMS, Cont.

PLANT

9. Emergency Load-kw

IIWCTR
200

PRTR

220

10. Source of Fm:rm. 3-diesel-men. Diesel-men.
Power Supply.

11 Capacity of Emerg. 250 & 100 kw

Power Supply-kw port. gen.

CVTR

3200

FWCNZ

271

110kv incoming line Diesel-gen.

300 200

NPD-2

160

Diesel-gen.

175

CAN DU

500-1100 1.P.

HAL DEN

Diesel-ten.

- 130 kva

SULZER EL-4 R-3/AR\M S 4-NI)A

- - 140 -

- - 1-invreri.r iia.l-cenl.
2-100kw
diesel-gen.

- - 200 200

12. Systems Fed From
Emerg. Bus

13. Time Delay in Ener-
gizing Em.rg. Bus
After Loss of Res.
Aux. Power - sec.

Lub. oil pump,

eimerg. Itg. pan.,
Mnit. tp. valves,
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3.5 DESIGN COMPARISON

The total estimated cost of energy produced by a power reactor plant can be

used as a partial measure of the present status and future potential of a

given plant design. Extensive investigations sponsored by the AEC (1) (2)
(3)* have resulted in establishing a basis for economic comparison, and when

used in conjunction with other plant cost estimates, provide such a measure.

Direct comparison of the total energy costs alone, however, fails to indi-

cate the components of the total which lead to cost differences and thus

cannot be used to direct further effort at improving the economic status of

the design.

When considering power reactors employing D2 0, each component of the total

energy cost must be evaluated in terms of its counterpart (if such exist)

in other reactor plants or conventional power plants because the use of D20

and natural uranium fuel embody accounting procedures and a technology not

found in the other plants. All power plant energy cost estimates may be

broken down into capital and operating costs, however, plants using D2 0

must include the result of purchasing D20 at $28.00/lb. from the AEC and all
of the implications of being able to use natural uranium.

This section presents a detailed comparison of the investment charges and

operating costs for a 300 MWe D2 0 moderated power reactor plant cooled by

boiling D20 and a conventional station of comparable size. As an indica-

tion of the relative status of D2 0 reactors and to illustrate several

effects of accounting methods on reactor plant costs, an economic comparison

of an H20 moderated and cooled reactor plant with the D 0 plant has been
included. The D20 reactor plant utilizes a direct cycli. The H20
plant is a dual cycle type of the Dresden class. The principal emphasis
has been placed upon analyzing differences in the plant's capital
cost since the plant operating costs, comprised of the fuel cycle cost,

operating and maintenance expense and insurance charges, have been
thoroughly analyzed elsewhere (1) (4).

A detailed discussion of the expected fuel cycle cost for several types of
natural uranium fuels is presented in Report DP-570 (4)as well as detailed
discussions relative to the potential cost reductions associated with the

manufacture of heavy water in the United States. In both cases, significant

cost reduction potentials are described which have an important influence on

the energy cost from a heavy water power reactor plant.

As indicated in the aforementioned report, the natural uranium fuel cycle
costs associated with the heavy water plant may be compared with enriched

uranium fuel cycle costs associated with a light water reactor plant. This

fuel cycle cost is expected to be higher than that associated with the

natural uranium fuel cycles of the heavy water plant. Thus for an equiva-

lent energy cost from the two nuclear plant designs, any construction cost

advantage associated with the light water plant must be offset by a fuel
cycle cost advantage believed to be associated with the heavy water plant
design, less the additional operating expenses associated with the

*Refer to References in Section 3.5.4
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handling of heavy water in the D20 plant.

The importance of the factors associated with the treatment of the heavy
water inventory in such a comparison may best be illustrated by an
example.

For the boiling D20 direct cycle plant discussed previously in Report
SL-1773, Evaluation and Design Heavy Water Moderated Power Reactor Plants,
the additional operating expenses of the heavy water plants are related to
the 375 metric ton inventory of D20, the 7.48 metric tons/yr. annual loss
of D20, the $8,000/yr. operating costs of the D20 reconstitution facility
and an estimated $19,000/yr. additional maintenance material and supplies
when compared to a boiling H20 plant design. For other heavy water plant
designs, different values are associated with these factors, however, for
illustrative purposes these may be treated as representative values.

The net fuel cycle cost differential required for equivalent energy costs
from the two types of plant with heavy water evaluated at $28/lb. against
net differences in construction cost is illustrated on Fig. 3.5-1. For
equal construction cost, the natural uranium fuel cycle cost must be

1.6 mills/kwh less than the enriched fuel cycle cost for equivalent
energy costs when the heavy water is treated as a nondepreciating material
with an annual charge rate of 12.5 percent. With the annual charge rate
reduced to a value of 4 percent, similar to the charge rate associated with
enriched uranium fuel, the net difference in fuel cycle costs required for
equivalent energy costs is reduced to 0.6 mills/kwh.

As discussed in Report DP-570, an expected heavy water cost utilizing
industrial financing for the production facility of $17/lb. is predicted.
Similarly, with this value associated with the heavy water, net fuel cycle
cost differentials for equivalent energy costs are illustrated on Fig. 3.5.-2.

3.5.1 Design Descriptions

Boiling D20 Pressure Tube Direct Cycle Nuclear Plant

The performance characteristics of the 300 MWe direct cycle plant are
described in detail in Report SL-1815. The reactor generates D20 steam
at 795 psia and 515 F, which is separated from the coolant in two steam
drums. Steam flows directly to the turbine at the rate of 4,760,000 lbs/hr.
to produce a net output of 300 MWe. A diagram of the plant cycle and its
major auxiliaries is shown on the composite flow diagram, Dwg. NS-821.

A site plan, indicating the relationship of the various buildings on the
site, is shown on Dwg. NS-820.

The reactor consists of a low-pressure aluminum calandria containing cold
D20 moderator. The calandria is pierced by vertical aluminum tubes
arranged in an equilateral triangular array with a pitch of 11.1 in.
Zircaloy-2 pressure tubes pass through the calandria tubes and contain the
boiling D20 coolant and fuel elements.
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A separate moderator cooling system is provided, and an air filled annulus
between each pressure tube and corresponding calandria tube provides
thermal insulation between the coolant and the moderator in the reactor.
Approximately 7 percent of the reactor thermal power is deposited in the
moderator. The moderator cooling system is designed to remove this heat
and maintain an average moderator temperature of 155 F.

Coolant D20 enters a header system below the reactor, passes up through the
pressure tubes, where boiling occurs, and flows through a header system
above the reactor to two steam drums.

Dry and saturated steam from the drums is delivered to the turbine, while
liquid D20, after combining with feed water from the turbine plant, is
pumped from the steam drums to the reactor inlet header.

Reactor control is effected by 18 shim and 7 regulating rods which are
driven from below the reactor. Emergency shutdown is achieved by the
release of 25 safety rods, which are latched above the core and fall by
gravity into the core when released. As a backup for the safety rods,
the moderator D20 may be drained through quick-opening dump valves to
moderator storage tanks.

Refueling is accomplished from above the reactor by a remotely operated
fuel handling machine located in the shielded upper header room. The
machine removes plugs on the pressure tube extensions to gain access to

the fuel elements.

The fuel rods consist of natural U02 pellets sealed inside thin walled
Zircaloy-2 tubes. Each fuel element is made up of a cluster of 37 of
these rods. Two fuel elements in tandem occupy each lattice position
to make up an overall length of 19.1 ft. This arrangement improves the
reactivity limited burnup by making it possible to interchange the rela-
tive vertical position of the two elements after partial burnup has
occurred. A total of 688 fuel elements with 96.7 metric tons of natural
uranium are required for the 344 fuel lattice positions.

Dry and saturated steam generated in the reactor is supplied to the turbine
at a rate of 4,609,000 lbs/hr. Under design conditions, the turbine-
generator gross output is 319.5 MWe at a condenser pressure of 3-1/2 in.
HgA. Four stages of feed water heating are provided to produce a final
feed water temperature of 387 F.

The turbine is an 1800 rpm tandem compound, double flow unit equipped with
moisture removal devices and a cross-over moisture separator. Special
seals are also provided to minimize D20 leakage losses.

The main condenser is a two-unit single pass design with 140,000 sq. ft.
of surface in each condenser. The tubes are made of an aluminum alloy.

The auxiliary systems, consisting of the moderator cooling system, moderator
and coolant purification systems, shield cooling system, service and circu-
lating water system, recombiner and off-gas system, waste disposal system,
D20 distillation system, and fuel handling system, are described in detail
in SL-1815.

-257-



The reactor, steam drums and reactor auxiliaries are housed in a cylin-
drical steel containment building as shown on Dwg. NS-826. The turbine-
generator, condenser, feed water auxiliaries, and electrical auxiliaries
are located in a conventional steel frame building adjacent to the
reactor building. The offices, control room, shops, locker rooms, are
located in the office building which adjoins the turbine building, as
indicated on Dwg. NS-830. Other buildings located on the plant site
include a fuel handling building and waste disposal building.

Conventional Steam Plant

The conventional plant used in the comparison is a preliminary design
prepared for a 325,000 kwe gross conventional power plant(2) which
utilizes a turbine-generator having a name plate rating of 325,000 kwe
at 3-1/2 in. HgA back pressure. The turbine is a 3600 rpm reheat cross
compound double flow unit designed for operation with 2000 psig, 1050 F/
1000 F steam. Extraction points are provided from seven stages of the
turbine for feed water heating to a final temperature of 470 F. The
generator is rated at 416,000 kva 0.85 pf 3600 rpm three-phase 60-cycle
13.8 kv with hydrogen cooling.

The condensing equipment consists of a horizontal two-pass 170,000 sq. ft.
surface condenser having tubes with an effective length of approximately
30 ft. The required condensing surface is accommodated in two separate
shells. The necessary circulating water pumping equipment condensate
pumping equipment and air removal apparatus is included in the design.

The feed water cycle consists of three low-pressure closed feed water
heaters in series, a deaerating feed water heater, and two sets of three
high-pressure closed feed water heaters in series with a final rated out-
let temperature of 470 F.

Three half-size boiler feed pumps are employed in the feed water cycle
with suction taken from a storage tank of the deaerating feed water heater.

The boiler or steam generator for this installation has a rated output of
2,100,000 lbs/hr. of steam at 2100 psig and 1055 F. Pulverized coal is
the primary fuel with light oil utilized for ignition. An appropriate
draft system, including forced draft and induced draft fans, a stack and
interconnecting ductwork are included. The stack extends approximately
380 ft. above grade.

The station coal handling system is designed for single shift operation
and consists of a single conveyor sized to satisfy the requirements of
one unit. With expansion of the plant, a second parallel conveyor system
would be required.

Bottom ash and fly ash is sluiced and disposed of on the plant site.

Plant service water is clarified and the feed water system make-up is
treated by demineralization.
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A 4160 volt auxiliary power system for the major auxiliaries has been used
in the design of this station.

The arrangement of the plant and the general facilities located on the
site, including provisions for a second duplicate unit, are indicated on
Dwg. MS-22. The site includes approximately 100 acres for the Unit 1
installation, with an additional 25 acres required for a Unit 2 installa-
tion. Also included are provisions for a 5-year ash storage basin and a
90-day coal supply for both units of the plant. A general cross-section
of the plant is shown on Dwg. MS-24. The site conditions for this plant
design agree with those used for the nuclear plant.

H20 Cooled and Moderated Dual Cycle Plant

The characteristics of the light water nuclear plant used for the comparison
is similar to the Dresden Nuclear Power Station except for capacity. Com-

plete data describing the plant are presented in Report SL-1674 and has been
summarized here for convenience. The principal features of the plant are
shown in Fig. 3.5-3 and on Dwg. NS-212.

The reactor is a thermal neutron, light water cooled and moderated type
fueled with slightly enriched U0 2 contained in Zr-2 tubes. The core
assembly is contained within a stainless steel clad, carbon steel pressure
vessel having a design pressure of 1500 psig. The reactor is controlled
by bottom entering control rods again similar to the Dresden plant.

Subcooled water enters at the bottom of the core and passes upward past
the fuel elements where it is boiled at 950 psig. A mixture of steam and
water then rises to a steam drum located above the reactor vessel where
primary saturated steam is separated and passed directly to the high-
pressure inlet of the turbine. The separated water is mixed with primary
feed water being returned from the steam cycle and is circulated through
secondary steam generators where secondary saturated steam is generated
at 460 psig. The secondary steam is admitted to the turbine at an inter-
mediate stage and the recirculated water is passed from the secondary
steam generator outlet to the reactor inlet thereby completing the cycle.

The reactor, reactor auxiliary equipment and secondary steam generating
facilities are located in a spherical steel reactor building 190 ft. in
diameter. The general building arrangements are shown on Dwg. NS-212.
Adjacent to the reactor building a fuel handling building equipped to
store, ship and receive both spent and fresh fuel elements has been
provided.

The turbine building is a conventionally constructed insulated metal panel
structure located adjacent to the reactor building. A similarly construct-
ed office building has been appended to the turbine building and contains
the plant control room, general offices, machine shop, maintenance area
switchgear, locker rooms and storage areas.

The turbine-generator is a nominal 300 MWe tandem compound, quadruple flow,
1800 rpm unit. The turbine is designed for dual cycle operation and is
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equipped with special seals and provisions for decontamination. The two
main condensers are constructed of Admiralty tubes and has a carbon steel
shell. Both have double tube sheets to permit isolation of leakage,
either in or out, at the tube sheet.

The condensate and feed water system consists of two one-half capacity
condensate pumps and two one-half capacity feed water pumps which serve
to circulate the feed water through extraction feed water heaters. All
extraction steam is cascaded back to the main condenser for deaeration
and full condensate flow demineralization has been provided to prevent
any impurity carry-over to the reactor.

Circulating water is supplied by vertical circulating water pumps located
in an insulated metal panel crib house. Conventional intake screens and
screen washing equipment are used and the circulating water piping and
discharge flume is of conventional power plant construction.

Conventional auxiliary plant power supply equipment has been provided.
Normal heating, air conditioning, ventilation and plumbing services have
also been provided.

Service water for component cooling is supplied to the plant by dual
half capacity service water pumps located in the crib house. Also
located in the crib house are the normal electric and diesel powered fire
pumps for normal and emergency power, respectively. A diesel powered
motor generator has been provided to supply emergency power in the event
of normal power supply failure. Compressed air is supplied by a normal
station air compressor and a control air compressor connected such that
should instrument air supply fail it can be backed up by station
compressed air.

On site radioactive waste disposal facilities for solid, liquid and
gaseous wastes have been provided. High activity solid and liquid wastes
are permanently disposed in on-site underground storage containers. Low
level liquid wastes are held up as necessary for decay and diluted into
the circulating water discharge stream. Gaseous wastes may be compressed
and held up for decay and then discharged into a waste disposal stack
where they are diluted to tolerable levels by building ventilation or
dilution air discharging out the stack.

3.5.2 Cost Comparisons

Both the boiling D20 cooled plant and the conventional station design were
modified by applying published AEC criteria for site sizes and unit costs
in order that the comparisons may be more uniform. The site conditions
utilized for the D20 plant are those used in connection with earlier heavy
water studies, with the exception that the site size was defined as 1200
acres with a unit cost of $300/acre. Accordingly, the conventional steam
plant design and cost estimate was modified for application to this site
with appropriate reductions in the area requirements.
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In addition, the cost estimate prepared previously for both the D20 plant
and conventional plant were modified to conform generally to the recently
published AEC classification of accounts. This was done since the conven-
tional plant cost estimates were originally prepared according to a
modified Federal Power Commission account system. The F.P.C. system of
accounts and the AEC system of accounts differ in the location of some
equipment items, depending upon their function, and in the indirect
construction costs and the cost of miscellaneous construction facilities.

The latter are computed as separate items of cost in the AEC system,
whereas these costs are distributed throughout in the F.P.C. reporting
system.

Since there are marked similarities in the technology associated with both
boiling H20 and boiling D20 plants, a cost comparison has been made between
the boiling D20 direct cycle plant and a boiling H20 direct cycle plant uti-
lizing cost estimates prepared previously() (3), The latter plant design
is characterized by the technological status of boiling water reactors as
established by the Division of Reactor Development, U.S.'Atomic Energy
Commission, for use in connection with their evaluation in 1959 of the
technical status of the boiling water reactor concept. This technology
describes an external steam separation, forced circulation, dual cycle
concept similar to the design of the Dresden Nuclear Power Station of the
Commonwealth Edison Company of Chicago, Illinois.

D20 Versus Conventional Plant Costs

The capital cost comparison of the boiling D20 direct cycle plant and the
conventional plant is indicated on Table 3.5-I where unit costs are given
in $/kwe. As indicated in the table, the nuclear plant cost, including
the D20 inventory, leads to a unit cost of approximately $333/kwe, or
approximately $257/kwe exclusive of D20 inventory. In comparison, the
300 MWe conventional steam plant has a cost of approximately $186/kwe. A
comparison of the individual components comprising the total cost shown on
Table 3.5-I, indicates the areas of significant cost difference.

Land and Land Rights:

The $1.10/kwe cost difference indicated for land and land rights between
the two plants is a reflection of the 1200 acre exclusion area normally
specified by AEC in Studies of nuclear plants of this unit size. A 100
acre site was used for the conventional plant. Thus, a factor of 12 in

site area requirements for the two plants accounts for the cost differ-
ence in this item.

Structures and Improvements:

As indicated in this account, the nuclear plant is $4.85/kwe more expen-
sive than the conventional plant, An examination of the individual
components of the account, however, indicates that the ground improvements
associated with the conventional plant are somewhat more expensive
($0.24 kwe) than those associated with the nuclear plant. In general, this
is a reflection of the additional improvements required for the site to
accommodate coal storage and ash storage facilities.
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TABLE 3.5-I

COST COMPARISON OF 300 MWe CONVENTIONAL
STEAM PLANT, BOILING D20 PRESSURE TUBE DIRECT
CYCLE PLANT, AND BOILING H20 DUAL CYCLE PLANT

Conventional
Plant D20 Plant H20 Plant

AEC Account $/kwe $/kwe $/kwe

20 Land and Land Rights 0.10 1.20 1.20

Total Account 20 0.10 1.20 1.20

21 Structures and Improvements
211 Ground improvements 2.12 1.88 1.88
212 Structures
212a Turbine plant 4.36 4.45 4.95
212b Waste disposal building 0.90 0.95
212c Fuel handling building 1.25 1.25
212d D20 distillation

building 0.05
Boiler room 10.30
Lighting 0.36
Miscellaneous structures 0.53 0.64 0.64

219 Reactor container
structure 13.35 16.80

Total Account 21 17.67 22.52 26.47

22 Reactor Plant Equipment
221 Reactor equipment 41.20 22.10

Boiler equipment
Boiler and accessories 32.0
Draft system 4.02
Fuel burning system 0.24
Fuel handling system 2.78
Ash handling system 1.85

222 Heat transfer system 7.00 22.75
223 Fuel handling and storage

equipment 6.93 3.28
225 Radioactive waste treat-

ment and disposal system 0.40 0.50
226 Instrumentation and control 1.53 1.95 2.45
227 Feed water supply and treat-

ment systems 5.18 4.88 4.09
228 Steam, condensate, and

feed water piping
228a Recirculation piping 3.06 11.53
228b Main steam, hot and

cold reheat piping 3.76 1.25 5.83
228c Extraction steam piping 1.01 0.74 0.64
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Conventional

Plant D20 Plant H20 Plant
$/kwe $/kwe $/kwe

228d Condensate and heater
drain system piping 0.64 0.68 0.66

228e Feed water piping 1.29 0.72 1.34
228f Station compressed air

piping 0.28 0.25 0.25
228g Service water piping 0.79 1.56 1.40
228h Auxiliary system piping 2.16 5.49 4.35

Sub-Total 9.93 13.72 26.00

Miscellaneous iron and steel 1.01

Total Account 22 58.54 76.11 81.17

23 Turbo-Generator Units
231 Turbo-generator and

accessories 38.80 42.40 45.21
232 Circulating water system 3.66 5.02 4.52
233 Condenser and accessories 4.61 5.90 6.42
235 Turbine plant boards

instruments and controls 0.38 0.37 0.38

237 Auxiliary equipment for
generator

Total Account 23 47.45 53.60 56.53

24 Accessory Electric Equipment
Primary electrical
equipment 2.60 2.26 2.26

Auxiliary electrical
equipment 4.67 4.04 4.34

Instrumentation 0.50 0.57 0.67
Communications 0.10 0.11 0.11
Miscellaneous electrical
equipment 0.19 0.38 0.38

Total Account 24 8.06 7.35 7.76

25 Miscellaneous Power Plant
Equipment

251 Cranes and hoisting
equipment 0.40 0.79 0.79

252 Compressed air and
vacuum systems 0.13 0.12 0.12

253 Other miscellaneous
equipment 0.95 0.93 0.93

Total Account 25 1.48 1.84 1.84

52-53 Main Power Transformer 2.70 2.70 2.70

Total Account 52-53 2.70 2.70 2.70

Total Direct Construction
Cost 136.00 165.25 177.67
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Conventional
Plant
$ /kwe

Indirect Construction
Costs
General and
administrative, 12.5%

Sub-Total

Engineering, design,
and inspection*

Sub-Total

Start-up costs

Sub-Total

Contingencies 3% 10%

Sub-Total

Interest during
construction 5.4% 8.1%

Sub-Total

D20 Inventory

Total Capital Cost

*Breakdown:

Plant Engineering
Field Supervision
Purchasing
Administrative
costs

Temp. constr.
facilities

Taxes and
insurance

Nuclear
7.9%
2.5%
2.0%

C onv.
5.0%
2.0%
2.0%

2.0% 2.0%

0.6% 0.5%

0.5% 0.5%
14.6% 12.0%
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D20 Plant
$/kwe

20.65

185.90

27.14

213.04

1.75

214.79

21.47

236.26

19.14

255.40

76.12

331.52

17.00

153.00

18.30

171.30

0.33

171.63

5.15

176.78

9.55

186.33

186.33

H20 Plant
$ /kwe

22.21

199.88

29.18

229.06

1.75

230.81

23.08

253.89

20.56

274.45

274.45



The turbine plants for both installations are approximately equal in cost,
with a slight cost advantage ($0.09/kwe) accruing to the conventional
plant because of slightly reduced space requirements.

The boiler plant structural costs may be compared with the reactor contain-
ment structure, inasmuch as each of these buildings houses the source o~f
thermal energy for the plant, In this case, a cost difference of approxi-
mately $3.05/kwe is evident. While both of these buildings serve a
similar function, the requirements of retaining radioactive products in
the event of an accident, and the extensive use of concrete as a biological
shielding material, account for the major difference in the cost of these
components. In addition, auxiliary structures consisting of the waste
disposal building, fuel handling building, D20 distillation buildings, and
differences in the miscellaneous structures, when coupled with the ground
improvement differences, yield a total structures and improvements cost
difference of $4.85/kwe between the nuclear plant and the conventional
steam plant installation.

Reactor Plant Equipment:

Included in the reactor plant equipment account are the reactor heat
transfer system, fuel handling and storage system, instrumentation and
control, feed water system, and piping systems. A comparison of these
items indicates that the nuclear plant components are approximately
$17.57/kwe more costly than their counterparts in the conventional steam
plant.

Several of the components may be compared on an individual basis. The
reactor and its relevant auxiliary equipment, for example, may be compared
with the boiler and its accessories, the draft system and the fuel burning
system. In this case, the nuclear plant components have been estimated to
have a direct construction cost of $11.94/kwe more than the comparable
conventional plant equipment. Similarly, the sum of the costs for the
conventional fuel and ash handling equipment, when compared with the nuclear
fuel handling system and the radioactive waste treatment and disposal system
costs, indicates a $2.70/kwe advantage for the conventional steam plant. In
the above cases, a direct comparison of the individual items making up the
system components would be inappropriate since the components are in general
widely dissimilar,, although the systems as a whole serve similar functions
in each plant.

The apparatus associated with the instrumentation and control of the
reactor is approximately $0.42/kwe more expensive than that associated
directly with operation of the boiler. This does not include the nuclear
safety systems located throughout the plant, but indicates only the differ-
ence associated with feed water control, fuel supply and equipment of this
nature.

The feed water supply and treatment system associated with the conventional
steam plant is estimated to be approximately $0.30/kwe more than that
associated with the nuclear plant. This arises from the design of the
feed water system in the conventional plant which utilizes seven extraction
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stages for regenerative feed water heating. The nuclear cycle utilizes
only four such stages. The low-pressure feed water heaters in both cases
are similar, although the equipment associated with the nuclear plant is
slightly more expensive because of leakage problems when using heavy
water as the circulating fluid. The high-pressure equipment associated
with the conventional plant, however, is considerably more expensive than
that associated with the nuclear plant because of the larger number of
units and their higher pressure and temperature design characteristics.

The piping system estimates for both plants indicate that a penalty of
approximately $3,79/kwe accrues to the nuclear plant. A breakdown of
the total piping system estimate indicates that the costs associated
with supplying steam to the high-pressure high temperature conventional
reheat turbine generator unit would be greater than that associated with
supplying steam to the relatively low-pressure saturated steam turbine-
generator unit for the nuclear plant. The $2,51/kwe difference noted,
includes the hot reheat and cold reheat steam piping associated with the
conventional steam plant.

A similar conclusion, though with a much smaller magnitude, ($0.27/kwe)
results, from comparing the extraction steam piping between the two plants.
In this case, the conventional plant costs are higher than those for the
nuclear plant due to the three additional steam extraction stages at the

high-pressure, high temperature end of the turbine. The condensate and
heater drain system for each plant are approximately equal in cost. The
high volume flow rates associated with the nuclear plant are circulated
at a considerably higher velocity than in the case of the conventional
plant, thus the piping sizes for equivalent flows are reduced; although,
a higher grade piping material has been used in some parts of the system.
The feed water piping from the discharge of the boiler feed pump is more
expensive for the conventional plant since a larger quantity of piping
and valves at higher design ratings are required for the conventional
plant, although of a lower grade material,

The station air piping systems for both plants are indicated at approxi-
mately equal costs. The service water system for the nuclear plant,
however, is considerably more expensive than that of the conventional
plant. An investment of approximately $0.77/kwe more is required.

The remaining auxiliary systems associated with the nuclear plant, which
include the moderator cooling system, emergency shutdown cooling system,
reactor water purification systems, radioactive waste handling systems
and other systems associated with the opration of the reactor plant, are
considerably more expensive than the remaining auxiliary systems of the

boiler plant. In this case a penalty of approximately $3.33/kwe accrues
to the nuclear plant. This auxiliary systems cost difference is
increased from the standpoint of construction materials utilized as well

as because of the additional systems themselves. Also indicated for the
nuclear plant, is a penalty of $3.60/kwe for the piping system associated
with the recirculation of the reactor coolant; this piping being external
to the primary biological shield.

-267-



Thus, the component costs making up the reactor plant equipment account
and the boiler equipment account indicate that the nuclear plant would
require a direct construction cost of $17.57/kwe more than the conven-
tional steam plant installation.

Turbine-Generator Units:

The tandem compound turbine-generator unit used in the nuclear plant
requires an investment of approximately $3.60/kwe more than the invest-
ment for the cross compound turbine used in the conventional plant design.

Of this cost difference, approximately $1.50/kwe is associated with
provisions for radioactive fluid decontamination and for special D20
sealing in the nuclear plant turbine. The remaining approximate $2/kwe
difference in the turbine-generator installation cost reflects the
difference in steam conditions between the two units.

Similarly, the $3.30/kwe difference between the nuclear and conventional
circulating water systems and condenser and accessories is associated
with the steam conditions available for the turbine-generator, inasmuch
as the low quality steam in the nuclear plant necessitates high steam

flow rates. Thus the difference in steam conditions, and the fact that
the nuclear plant is handling radioactive D20 steam leads to an overall
cost difference of approximately $6.90/kwe between the two accounts.

Accessory Electric Equipment:

The primary electrical equipment in the nuclear plant is somewhat less
expensive ($0.34/kwe) than that for the conventional plant due to the
fact that a cross compound turbine-generator has been considered for the
conventional installation. Likewise, an increased cost of approximately
$0.63/kwe is associated with the conventional plant accessory electrical
equipment systems. These increased costs are due mainly to the fact that
the accessory power requirements in the form of larger boiler feed pump
drives, forced draft fans, induced draft fans, coal pulverizers and coal
handling equipment are required for the conventional plant. In the case
of the nuclear plant, the components performing these functions are not of
high pressure high temperature design and/or are supplied by smaller
power rating equipment.

The remaining components included in the accessory electric equipment
account varies only slightly between the two installations. Thus in the
accessory electric equipment account, the nuclear plant design is approx-
imately $0.70/kwe :Less than the conventional steam plant design. It is
noted that the same relationship would not necessarily prevail to the
same extent if the cross compound turbine-generator had not been considered
in the design, although the accessory system requirements would still be
greater for the conventional installation.

Miscellaneous Power Equipment:

The principal differences between the miscellaneous power plant equipment
account, which amount to $0.36/kwe in favor of the conventional steam
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plant, are related to the differences in the building crane and hoisting
equipment. In the case of the nuclear plant two large cranes are required,
one for use in the turbine room and one for use in the reactor containment
building. Only a single turbine room crane is required for the conventional
plant. The other differences, i.e., in the compressed air and miscellaneous
equipment accounts, are negligible.

Main Power Transformer:

The main power transformer requirements are identical for both the nuclear
plant and the conventional steam plant, thus no cost difference occurs in

this account.

All of the above accounts comprise the total direct construction cost for
the plants. On this basis, i.e., direct construction cost, unit costs of
$166.00/kwe and $136.00/kwe for the nuclear and conventional steam plant
are indicated, which results in a difference of $30.00/kwe between the two
types of plants.

Indirect Construction Costs:

To the direct construction costs, the indirect construction costs must be
added. These costs include the general and administrative costs, includ-
ing the contractors' overhead and fee, contractors' field expenses,
equipment and tool charges, engineering design and inspection services,
start-up costs, contingencies and interest during construction. The

factors used to establish these costs for the nuclear plant are those
presently being utilized by the AEC in reactor plant cost analysis work.
The corresponding factors used to establish the conventional plant cost
reflect the present day experience in design and construction of conven-
tional power plants.

General and Administrative:

The factor used for the contractors' general and administrative expenses,
12.5 percent of the total direct construction cost, is as specified by
the AEC. It is noted that this value is believed to include a 2 percent
purchasing expense, which is also included in the 14.6 percent engineer-
ing, design and inspection factor. These values, however, have been used
for the nuclear plant cost estimates for consistency with AEC ground rules
and for the conventional plant for overall consistency.

Engineering Design and Inspection:

The 2 percent difference in the factor for plant engineering is a reflec-
tion of the increased complexity, from a design standpoint, of the nuclear
plant plus an increase in the engineering analysis necessary to insure a
safe nuclear plant design.

The increased extent of field supervision required for the nuclear plant
are accounted for by an increase of 0.5 percent in the factor used for
evaluating this cost. Likewise, an increase of 0.1 percent in the factor
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for temporary construction facilities is utilized for the nuclear plant
to reflect the additional requirements in this area.

Start-Up Cost:

Start-up costs for the nuclear plant have been estimated as 4-1/2 months
of the annual operating costs, exclusive of fuel, and amount to $1.75/kwe.
The start-up costs for the conventional plant are considerably less,
$0.33/kwe, and are a reflection of actual experience.

Contingency:

A contingency factor has been included for both the nuclear plant and the
conventional plant. The 10 percent factor for nuclear plants as used by
the AEC is a reflection of the status of nuclear power technology and
lack of design and construction experience. The 3 percent contingency
factor for the conventional plant is a reflection of the status of its
technology and a backlog of design and construction experience.

Interest During Construction:

The estimated construction schedules for the nuclear and conventional
plants are 36 months and 24 months, respectively. The influence of this
difference in the length of the construction schedule is reflected in the
factors of 8.1 percent and 5.4 percent, respectively, for the interest
during construction.

When applied to the appropriate direct construction costs, as indicated
on Table 3.5-I, the total direct plus the total indirect construction
costs for the two plants increase to $256.55/kwe and $186.33/kwe,
respectively. An additional $76.12/kwe must be added to the boiling D20
pressure tube direct cycle plant to account for its heavy water inventory
when evaluated at a cost of $28/lb. Thus a net difference in construc-
tion cost between the two plants of $146.34/kwe is indicated when the
heavy water inventory is included and $70.22/kwe when the heavy water
inventory is excluded. On this latter basis the nuclear plant has a
37.5 percent greater plant construction cost compared to the conventional
plant.

H20 Versus D20 Plant Costs

A summary of the costs for the H20 and D20 plants are presented in Table
3.5-II. It is seen that the boiling H20 dual cycle design construction
cost is somewhat higher than the boiling D20 direct cycle design, exclu-
sive of the heavy water inventory. Inclusion of the heavy water inventory
cost, which is evaluated at $28/lb., however, shifts the total construction
cost advantage to the boiling H20 dual cycle design.
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TABLE 3.5-II

300 MWe PLANT COST COMPARISON

Conventional D20 Plant H20 Plant
Plant

AEC Account $ /kwe $ /kwe $ /kwe

20. Land and Land Rights 0.10 1.20 1.20

21. Structures and Improve-
ments 17.67 22.52 26.47

22. Reactor Plant Equipment 58.54 76.11 81.17

23. Turbo-Generator Unit 47.45 53.60 52.53

24. Accessory Electric

Equipment 8.06 7.35 7.76

25. Miscellaneous Power
Plant Equipment 1,48 1.84 1.84

52-53 Main Power Trans-
former 2.70 2.70 2.70

Total Direct Construction
Cost 136.00 165.25 177.67

Indirect Construction Costs 50.33 90.15 96.78

Sub Total 186.33 255.40 274.45

D20 Inventory -- 76.12 --

Total Construction Cost 186.33 331.52 274.45

More detailed construction cost estimates are indicated in Table 3.5-I
where the principal areas of cost difference associated with the cost
accounts are identified. For convenience, Table 3.5-II includes data
for the conventional plant costs which are discussed below.

Areas of significant cost advantage associated with the boiling heavy

water direct cycle plant are indicated by the $3.45/kwe reduced
containment cost, resulting from the decreased stored thermal energy
of the coolant of the heavy water plant, the $8.47/kwe reduced recir-
culation piping cost associated with the close coupled design of the
heavy water plant recirculation system, the $15.75/kwe reduced heat
transfer system cost associated with the single direct cycle design
of the heavy water plant rather than the dual cycle design of the
light water concept requiring large steam generators, and the $2,81/kwe
reduced turbine-generator cost associated with the single cycle heavy
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water plant design. A significantly increased reactor cost is associated
with the pressure tube design used in the heavy water plant in comparison
with the pressure vessel reactor design of the light water plant. The
estimated cost difference between the direct construction cost of the two

plants is $12.42/kwe which, after the indirect construction costs have
been considered, is increased to $19.05/kwe. This construction cost
advantage in favor of the heavy water plant, however, is reversed upon
incorporation of $76.12/kwe D20 inventory of the heavy water plant when
the heavy water inventory of 375 metric tons is evaluated at a price of
$28/lb.

During the past several years advances have been made in the technology
of boiling water reactors which indicate that a more economic boiling
light water plant design for a 300 MWe plant may result from a design
incorporating internal steam separation, forced recirculation of the

reactor coolant and a single admission direct cycle turbine. Comparable
plant construction cost estimates for such a plant have not been prepared.
However, a qualitative review of the areas in which cost differences
should occur between a plant of this more advanced design and the boiling
D20 direct cycle plant, indicate that some construction cost advantage

should accrue to the boiling H20 arrangement. This cost disadvantage of
the D20 plant design is largely associated with the additional facilities
required for minimizing heavy water losses from the plant and for up-
grading light water contaminated heavy water on the plant site.

As discussed in detail in Report DP-570, 'Economic Potential for D20 Power
Reactors", the cost of energy from a heavy water plant is markedly
affected by the method of financing the heavy water inventory and the
price of heavy water used for evaluating losses. Fig. 3.5-1 illustrates
the effect of these factors for use in evaluating the required fuel cycle
cost difference between the light water and heavy water plants, for
assumed values of the construction cost difference between the heavy
water and light water boiling direct cycle plants. Thus, for a construc-
tion cost advantage of $10/kwe for the boiling light water direct cycle
plant a fuel cycle cost advantage of 1.79 mills/kwh must accrue to the
natural uranium fueled boiling D20 direct cycle plant to result in an
equivalent energy cost when D20 is evaluated at a 12.5 percent annual
charge rate and a $28/lb. purchase price. For an equivalent construction
cost, the D20 plant fuel cycle cost must be 1.60 mills/kwh less than the
H20 plant to account for the D20 inventory and operating losses, with the
same charge rates. The fuel cycle cost advantage required of the heavy
water plant is reduced to 0.60 mills/kwh and 0.40 mills/kwh, respectively, for
an annual D20 charge rate of 4 percent and a $17/lb. purchase price.

As indicated on Fig. 3.5-1 and 3.5-2, the effect of these capital cost
additions are such that the fuel cycle cost associated with the heavy
water plant must be less than that of the light water plant for an
equivalent energy cost. The magnitude of this differential cost is
dependent on the value associated with the heavy water inventory and the
annual charge rates applicable.
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3.5.3 Areas of Potential Cost Reduction

The foregoing analysis of the investment cost estimated for the boiling
D20 and H20 direct cycle plants and a conventional steam plant with a
net power output of 300 MWe indicated those areas in which major cost
differences exist. An examination of the reasons for these cost differ-
ences indicates those areas in which potential cost reductions are
foreseeable in the near term.

The land and land rights cost difference, as previously stated, accrues
to the requirement of an extensive exclusion area for the nuclear plant
for safety. While the difference in this account for an actual instal-
lation may vary from that indicated herein, it is believed to be
representative of a difference likely to be present in similar analyses
for some time to come.

The principal differences in the structures and improvements account are
embodied in the high costs associated with containment buildings and
additional structures required for the nuclear plant. Serious consider-
ation is presently being given to means whereby the costs of containment
structures can be reduced without impairing the safety of the general
public. With the successful demonstration of the effectiveness of these
various containment designs, it is anticipated that containment costs
'will be reduced to the level associated with housing the plant in more
conventional type buildings. With such buildings, the services associ-
ated with the nuclear plant, now housed external to the containment
building in separate structures, could be incorporated in the overall
reactor plant building, thus reducing the overall structure cost
considerably.

The most significant differences in individual accounts between the
nuclear plant and the conventional plant lie in the reactor plant
equipment account. In this account, several components contribute
significantly to the overall cost differences. Notable among these
are the reactor and heat transfer system. While it is expected that
sizable cost reductions in the reactor may result from extended
experience, it is likewise expected that significant cost reductions
in the heat transfer system account may follow from extensive materials
analysis of the components used in the systems covered by this account.
Consideration and detailed analysis of the possibility of combining
separate systems may also permit the elimination of separate systems to
accomplish functions which may be accomplished by a composite system
without compromising plant safety. In a similar fashion, the additional
costs associated with the nuclear plant auxiliary system piping may be
reduced by the use of alternate materials and more compact plant design.
In the D20 case under consideration, no compromise should be made with
the minimization of heavy water inventory unless an economic study
indicates otherwise.

The differences associated with the turbine-generator account could be
markedly changed only by an increase in the steam temperature available
at the turbine throttle valve.
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The remaining direct construction cost accounts indicate few areas in

which the cost differences will be affected by engineering developments.

The total cost difference between the direct construction cost and the
total construction cost for the two plants is more than doubled by the
indirect construction costs. Reductions are conceivable in the area of
engineering design and inspection following the attainment of additional
experience with these types of plants, although it appears unlikely that
these costs will be reduced to the level associated with conventional
plants. Start-up costs could be reduced for nuclear plants, but here
again it would appear unlikely that they can ever be reduced to the level
associated with conventional plants. A significant reduction in the
contingency account could be made in the nuclear plant estimate when

sufficient design and construction experience has been accumulated.
Likewise, this same design and construction experience with nuclear plants
would be expected to lead to a reduced construction period. Thus, in the
future, the cost differences associated with the indirect construction

costs of nuclear plants can be expected to be more nearly comparable with
similar costs for conventional steam plants.

3.5.4 References for Section 3.5

1. SL-1674, "Power Cost Normalization Studies, Civilian Power Reactor
Program, March 1959" dated Sept. 1, 1959.

2. SL-1564, "Nuclear-Conventional Power Plant Cost Study", dated
Dec. 15, 1958.

3. SL-1815, "Evaluation & Design Heavy Water Moderated Power Reactor
Plants", dated June 30, 1960.

4. DP-570, "Economic Potential for D20 Power Reactors", L. Isakoff,
Feb. 1961.
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3.6 INVESTIGATION COORDINATION

Work in this area was deleted from the present scope of work.
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3.7 PRESSURE TUBE SAFETY ANALYSIS

When considering reactor safety, the possibility of a pressure tube
rupturing must be evaluated even though the probability of such a

rupture is small. Failure of a pressure tube in a pressure tube
reactor might endanger the fuel elements in that tube, threaten other

reactor pressure tubes with vapor binding, and possibly damage its
immediately surrounding calandria tube, adjacent calandria tubes, and
the calandria itself. All of these consequences would have an effect
on reactor safety. This study was limited to evaluating: (1) the
mechanical failure of calandria tubes and the nonpressurized calandria
in the event of a ruptured pressure tube and (2) the effectiveness of
the moderator in quenching the energy released from a ruptured pressure
tube within the reactor. The work reported herein is based on the
S&L-NDA 70 MWe boiling D20, direct cycle prototype reactor.

The damaging effects on calandria tubes from a ruptured pressure tube
are dependent on the rupture size. A small rupture in a pressure tube
will discharge flashing coolant to the air-filled annulus between the
pressure tube and calandria tube. Coolant heat losses to the moderator,

coupled with a relatively large annular vent path to operating areas at
near atmospheric pressure, prevent the pressure buildup in the annulus
from becoming large enough to cause failure of the calandria tube. A

large pressure tube opening, however, will discharge flashing coolant

at such a rate that high pressures will be produced in the annulus and

the calandria tube will fail from the resulting high stresses induced
in the tube. These stresses arise not only from the pressure buildup
in the annulus, but also as a result of the "jet force" of the escaping

coolant coupled with concurrent thermal stresses.

The Sargent & Lundy - NDA boiling D20 pressure tube prototype reactor
consists of a low-pressure aluminum calandria containing cold D20
moderator and which is pierced by vertical aluminum calandria tubes
arranged in an equilateral triangular lattice array. Zircaloy-2
pressure tubes passing through the calandria tubes contain boiling D20
coolant and the fuel elements. The coolant and moderator are operated

in completely independent systems. An air-filled annulus between the

pressure tube and calandria tube provides thermal insulation between

the hot coolant and the cold moderator.

Coolant D20 enters the pressure tubes from a header system below the
reactor, passes up through the pressure tubes, where it is heated by
the fuel elements, and passes out through an upper header system to

two steam drums. A simplified sketch of this system is shown in

Fig. 3.7-1.

3.7.1 Work By Others

A literature survey was undertaken to determine what work, related to

tube ruptures, had already been done by others.
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PRTR Pressure Tube Rupture Analysis

The survey revealed an analytical method for determining the minimum
size pressure tube rupture that would cause failure of its surrounding

calandria tube. This method was used for the Plutonium Recycle Test
Reactor pressure tube rupture analysis. (1)* In the PRTR analysis,
the maximum pressure buildup within the calandria-pressure tube
annulus for different size pressure tube ruptures was estimated by
establishing fluid flow curves for the system. A plot was made of the
fluid flow rate from the pressure tube as a function of the pressure

at the break, together with the subsequent flow rate through the
annular vent path, also as a function of pressure at the break. The
intersection of the two curves was the equilibrium point, interpreted

as corresponding to the maximum pressure built up in the annulus for
a given size pressure tube break. From this datum the minimum size

pressure tube break causing failure of the calandria tube was estimated.

Canadian Tube Burst Tests

Applicable tube burst data were obtained from AECL as a result of an

experimental program associated with NPD-2. This program was under-
taken so that a reasonable evaluation of the damage and material

stresses associated with a ruptured pressure tube within the reactor

could be made. The test program was limited to various types of

pressure tube bursts and the associated consequences to the calandria

tube, adjacent tubes and the calandria tank.

Test Model Description:

The Canadian experimental model was made up of a rectangular tank
(calandria) 12 feet long by 4 feet wide and 8-1/2 feet deep containing
a group of nine horizontal aluminum calandria tubes arranged in a

simulated NPD-2 lattice. The tank was deep enough so that six feet of
150 F water (H20) could be placed over the center tube. The center
tube position had sleeves fitted at the ends and these supported a

pressure tube which passed completely through the calandria tube. The
pressure tube was connected, by typical NPD-2 feeder pipes, to a water

heater in such a manner that thermal syphoning occurred and could heat

the whole system.

The test model pressure tubes were mild steel (SAE 1018) which has
strength and elongation characteristics similar to unirradiated

Zircaloy-2. In some tests both the calandria tube and pressure tube

were anchored at one end only. The free end of the calandria tube
was held in a sleeve so that its expansion due to heating could be

measured and estimates made of the thermal stresses which would result

from two fixed ends. In other experiments a load cell was used to

measure directly the stresses in a firmly held calandria tube.

Instruments were provided on the test model for the measurement of

system pressure and temperature and for conditions in the annulus

(1)*Refers to references in Section 3.7.6
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between calandria and pressure tubes. Measurements were made of the

displacement of some parts and photographs taken as suggested by the
particular experiment. No attempt was made to measure the rate of
coolant discharge.

The test model was assembled using a pressure tube which had a weak
section designed to rupture between 1100 psi and 1500 psi when at
500 F. The weak sections on the pressure tube were prepared in two
ways. For small holes, a standard bursting disc was mounted in a
holder in the tube wall and an orifice plate placed over it with
correct clearance between the hole and calandria tube. For larger
failures, a flat longitudinal section was milled on the tube leaving
a thin wall. When these sections were burst, the comparatively thick
walls around the break yielded to give holes with a length to width

ratio varying from 20 for the shorter breaks to 10 for the largest.
The basis for milling a longitudinal section arose from the assumption
that a pressure tube failure would be due to corrosion or abrasion of

the tube and would split longitudinally since this is the direction
of extrusion and abrasion. Also the greatest stresses would be hoop

stresses.

Test Results:

Experiments were performed for pressure tube ruptures varying from a
1/32 in. diameter hole to longitudinal splits up to 13 in. in length.
Some of the significant test results are discussed below.

A 1/32 in. diameter hole in the pressure tube discharged at full
pressure for about twenty minutes. No surface boiling was visible on
the outside of the calandria tube and when the calandria tube was
removed only a slight marking was visible inside.

A 1/8 in. diameter hole in the pressure tube discharged for about three
minutes at full pressure. In this case surface boiling occurred on the

outside of the calandria tube over an area about 3/4 in. in diameter.

The effect of this heat loss and of the relatively large escape passages
was that the coolant in the annulus was almost completely condensed at
close to atmospheric pressure. When the calandria tube was removed, it
showed a mark about 1/4 in. in diameter as if eroded, although less than
0.001 in. of metal was removed.

The next experiment assumed that the jet from the 1/8 in. diameter hole
in the above test, erodes a hole in the calandria tube, or that such a
pair of holes forms for some other reason. A 1/4 in. diameter hole was

drilled in the calandria tube in line with the 1/8 in. pressure tube
hole. The jet of coolant passed through both holes into the 150 F
moderator with the jet's length oscillating quickly between two and
four inches. No steam reached the adjacent calandria tube, although
hot water was "pumped" over it by the jet without causing any
measurable deflection. As the system pressure fell, the character of
the jet varied and sometimes drew air from the annulus and discharged
it into the moderator.
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Next, a series of experiments were performed for various sizes of plastic
bursts in a pressure tube. The smaller bursts were 3 in. and 6 in. in
length (1/3 in.2 and 1 in.2 openings, respectively) and the system cool-
ant discharged at high pressure for two to three seconds. The calandria
tubes showed no damage, apart from marks where the lips of the pressure
tube opening had touched.

When large bursts were made to occur, certain conditions during transients
appeared to repeat fairly consistently. In particular, the pressure built
up in the calandria-pressure tube annulus to between 350 psi and 500 psi
due to the discharging coolant. In all tests the temperature of the
calandria tube increased sufficiently to cause longitudinal expansion.

The large burst tests were grouped into three categories according to the
test conditions. Group (a) experiments used a range of coolant tempera-
tures and the calandria tubes had one end free. Group (b) experiments

used temperatures and pressures that were less than reactor operating
conditions and the calandria tubes were fixed at both ends. Group (c)
experiments used temperatures and pressures at reactor operating
conditions and, also, had the calandria tubes fixed at both ends.

Group (a) Experiments

In this series of tests the calandria tubes were installed with one end

free so that axial expansion could be measured. The length of the split
in the pressure tube varied from 9 in. to 13 in. Two of the four tubes
tested had spray cooling on the calandria tube instead of moderator.
The spray cooling appeared to allow the development of slightly higher
pressures and temperatures in the calandria tube. There was no axial
compression in these tests but the calandria tubes were subjected to a

simple hoop stress of between 12,000 psi and 18,000 psi with the metal
at approximately 210 F. The temperature rise of the calandria tube
when immersed in moderator was estimated, from the free expansion, to
be 70 F. Damage to the calandria tube was caused by the edges of the
burst pressure tube and, on the side opposite the burst, by the spacers
between the calandria tube and the pressure tube. The latter were
impressed into the calandria tube.

Group (b) Experiments

In this series of tests, the calandria tubes were fixed at both ends to
the walls of the tank and were thus subjected to compressive loads when
heated. One end of the calandria tube butted on a load cell which was
used to measure the end thrust. The load cell was affected by tempera-
ture transients and by the flexibility of the tank on which it was
mounted. The average temperatures of the coolant in these tests were

comparatively low, (between 480 F and 490 F). The damage to the
calandria tube was not catastrophic, although some lumps were formed
where the burst occurred and at the spacers between the tubes. An
estimate of the thrust in a typical case was about 6,000 pounds, which
corresponds to a temperature rise of 60 F. This is an average temper-
ature rise and it is to be expected that some portions would be hotter
and therefore weaker.

-287-



The hoop stress in these calandria tubes was comparatively low, about
12,000 psi. The 6,000 pound axial thrust produced a compressive stress
of 9,000 psi. The hoop and compression stresses combined to give a
shear stress of 10,500 psi, which is about 5,000 psi below the ultimate
shear strength. Additional stresses, however, must arise from the

impact of the jet and the bending of the calandria tube, but they were

not large enough to cause failure.

In one experiment, high speed photographs of the outside of the calandria
tube showed that surface boiling was occurring and it appeared to be

pulsating about 50 times per second.

Group (c) Experiments

The final tests were made with an average coolant temperature between

495 F and 510 F. The calandria tube was firmly mounted at both ends

as in Group (b).

Breakage of the calandria tube occurred in five experiments. When the
discharge occurred in these cases, the calandria tube broke very quickly
and no measurement of pressures or thrusts could be obtained. In one

case the calandria tube was subjected to unusual stresses and did not

break immediately. From this case, and from the other less severe cases,
it was estimated that an annulus pressure of about 500 psi had occurred.

The temperature of the calandria tube increased more than in the experi-
ments of Group (b), so that greater end thrusts occurred on weaker
material.

The stresses in the calandria tube exceeded 18,000 psi hoop stress and

9,000 psi axial compression. In addition there were bending stresses
as the jet from the split in the pressure tube impinged on the calandria
tube.

After a calandria tube failed, as the result of a ductile burst of a

pressure tube, the pressure tube failed catastrophically and pressure
waves in the moderator resulted. Of the five Group (c) experiments in

which a calandria tube failed, only the first did not produce any
measurable pressure wave.

The second experiment in the series had a weakened calandria tube section
about one foot from the weak section of the pressure tube. The annulus

relief holes at the ends of the tube were plugged to force the calandria
tube to fail. The pressures measured in the calandria after the calandria

tube failure were quite low, approximately 2 psig. It should be noted
that the discharging steam had to pass through a narrow annulus before
discharging into the moderator.

The next three experiments were with unweakened calandria tubes and
represent actual reactor conditions.

The first of these three experiments was rather unusual because of the
omission of the spacers between the calandria and pressure tubes. Thus,
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the jet force applied to the calandria tube acted on a beam twelve feet

long instead of the normal six feet and resulted in much larger bending
stresses. The axial thrust on this, calandria tube was quite low because

of the method of mounting and its rupture was presumably caused by
combined hoop and bending stresses.

The calandria-pressure tube annulus was carrying 500 psi steam when the
calandria tube broke. There was no dummy fuel in the pressure tube and
the depth of the moderator was 5-1/2 feet. Although no pressure records

were obtained, the damage to the tank provided some information. The
tank walls were quite stiff and were connected by tie bolts. It was
possible to determine the maximum bending of the walls and the equivalent
static pressures. This led to an estimate of a peak pressure of 30 psig
at the tank walls. The adjacent calandria tubes were unsupported by
pressure tubes and collapsed for some distance from the burst. This
collapse was probably started by the bending of the tubes due to the
violent outward motion of the moderator.

In the second of these experiments a trough was used to contain the
moderator and prevent damage to the main tank. This trough was two feet

across and the depth of water over the center of the calandria tube was
one foot. The pressure tube rupture did not completely sever the tube

because the tube bent during the process and was then supported by the
trough. The calandria tube failed immediately following the pressure
tube rupture, but it too did not sever completely. The distortion of

the tube was such that no dummy fuel elements were discharged from the
break. The damage to the containing trough and some frangible dia-
phragms, indicated that a few inches off the line of the initial
discharge, the pressure reached 60 psig while in the jet it exceeded
this figure.

The third experiment was carried out with a tank full of moderator and a
set of supported calandria tubes surrounding the test tubes. The
moderator was 5-1/2 feet deep at the test section and at 110 F. The
temperature of the coolant in the pressure tube varied from 505 F to
485 F and the tube ruptured at 1350 psig. The flat which had been cut
on the pressure tube was 9 inches long and a complete section tore out
of both pressure and calandria tubes. No measurements were obtained of
the stresses to which the calandria tube had been subjected.

The damage which occurred in this experiment was due to mechanical dis-
placement of the pressure tube, to a pressure wave in the moderator and
to the ejection of the dummy fuel elements.

The pressure waves which built up in the moderator were measured during
their positive excursion by frangible diaphragms which had been cali-
brated by static pressure. A pressure of approximately 50 psig occurred
at the calandria tube nearest the ruptured calandria tube. The pressure
dropped almost linearly to about 10 psig at a distance of 35 inches from
the burst calandria tube. The pressure then tapered off gradually to a
few psi at 45 inches. The tank in this instance had been lined with
Styrofoam, a foamed plastic, with a crushing strength of about 30 psi.
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Much of this plastic was damaged, some was. crushed while other pieces
appeared to have been pulled from their mounting bolts by suction forces.
However, the lack of reversal of the distorted frangible diaphragms indi-
cated that the negative pressure wave had not exceeded one-third of the
initial positive pressure. The only damage to adjacent calandria tubes
from the pressure wave, or the impact of the jet, was discovered on the
calandria tube which had been approximately in line with the jet. This
calandria tube had been pressed onto the spacers between it and its
pressure tube, raising a 0.01 in. bump on the outside.

The major damage to the adjacent calandria tubes was caused by the ejec-
tion of the dummy fuel elements. The damage included a hole 12 inches
long by 1-1/2 inches wide in one of the calandria tubes and three
1/2 inch diameter holes in two of the tubes. Another three calandria
tubes received dents from the fuel elements. The pressure tubes, which

were not stressed, showed no signs of damage while the fuel elements
received damage from hitting each other.

Discussion of Results:

For the conditions under which the experiments were conducted, the
following conclusions have been set forth by the Canadians:

A fault in the pressure tube which produces a weak portion less than
six inches long (approximately 1 square inch opening) is unlikely to
lead to failure of the calandria tube. A weak portion longer than
six inches, or one which leads to multiple cracks and fragmentation,

will cause calandria tube failure.

The calandria tube fails due to high hoop and axial compression stresses
combined with the impact of the jet at the point of failure. Heating of
the aluminum tube reduces its strength. The spacers between calandria
and pressure tubes reduce the bending stresses from the jet impact, but
may cause local stress increases.

Failure of the calandria and pressure tubes is unlikely to produce
damage to adjacent tubes by pressure surges, although serious damage to
the calandria tubes may result from missiles, pieces of Zircaloy or fuel
elements.

Comparison of AECL Test Model and Boiling D20 Prototype:

The following table compares various characteristics of the NPD-2 test
model and the boiling D20 prototype reactor.

AECL Test Boiling D20
Model Prototype

Pressure Tube

Position Horizontal Vertical
Inner Diameter 3.25 in. 4.650 in.
Thickness 0.125 in. 0.162 in.
Unsupported Length 12 ft. 32 ft.
Material SAE 1018 Zr-2
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Calandria Tube

Inner Diameter
Thickness
Distance Between End

Supports

Pitch
Material
Unsupported Beam Length

Coolant

Material
Quantity
Maximum Temperature

Minimum Temperature
Pressure at Rupture

Moderator

Material
Average Temperature
Pressure

Quantity in Calandria

Vent Passage From Calandria-
Pressure Tube Annulus

AECL Test
Model

4.000 in.
0.056 in.

12 ft.
10.25 in (Sq.)
57 S 3/4 Hard Al.
6 ft.

Pressurized H20
150 lbs.
530 F
480 F
1100-1500 psi

Light Water
150 F
Atmos.

Varied with test

3.5 in. 2

Boiling D2 0
Prototype

5.755 in.
0.060 in.

16 ft.
11.1 in. (Triang.)
5052-0 Al.
16 ft.

Boiling D20
52,200 lbs.
516 F
499 F
820 psia

Heavy Water
120 F
Atmos.

176,700 lbs.

13.2 in.2

GNEC Quarter-Scale Tube Burst Test Program

A quarter-scale test model of the East Central Nuclear Group and Florida
West Coast Nuclear Group prototype gas cooled heavy water moderated pres-
sure tube reactor has been constructed to be used in evaluating the
effects of a ruptured pressure tube on the adjacent materials in the
reactor.

The reactor tank of the model is made entirely of stainless steel, with
the exception of the simulated pressure tubes. There are 172 of these
tubes which are 1.25 in 0.D. x 0.042 in. wall and made from 90-10
cupronickel alloy. They are permanently fastened to the heads by rolling
and brazing. There are provisions for six test locations extending
directly through the center of the tank which allow tests to be performed
in the peripheral section or at the center of the simulated core.

Prior to initiating the test program, studies are being made on a bench
test rig to evaluate the manner in which a tube will burst when pres-
surized with gas at about 500-550 psi. Tests are presently being
conducted with the tubes in air and additional tests will be conducted
with tubes in water before rupturing tubes in the model.

Although the ECNG-SWCNG reactor differs in many respects from the S&L-NDA
reactor, these tube burst tests should provide valuable information
relating to this study.
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3.7.2 Theoretical Analysis of a Pressure Tube Rupture

In order to effectively evaluate the consequences associated with a

burst pressure tube in the boiling D20 prototype reactor, the minimum

size pressure tube rupture that would cause failure of its surrounding

calandria tube must first be determined. After careful analysis, it
was decided to apply the method used for the Plutonium Recycle Test

Reactor pressure tube rupture analysis, as described above, to

establish coolant discharge rates and the pressure built up in the air-
filled annulus between the pressure tube and calandria tube. From this

information the hoop, bending and thermal stresses induced in the
calandria tube could be evaluated.

Assumptions Used in Calculations

Since an estimate of the maximum stresses produced in the calandria tube

is desired, the pressure tube rupture was assumed to occur at the mid-

point of the reactor, since it is here that the highest bending and

thermal stresses would be induced in a calandria tube. See Fig. 3.7-1

for a diagram of the hypothetical pressure tube rupture.

In accordance with the Canadian tube burst tests and other available

literature, it was assumed that the calandria tube failed from a shear

type fracture as given by the formula (2):

Tmax = 1/2 (o - 0y)

where,
(Tx is the hoop stress resulting from the

annulus pressure.

c3 is the sum of the bending and thermal
stresses acting at right angles to the

hoop stress.

Tax is the maximum shear stress resulting

from the combined stresses cO and op.

The maximum shear stress,Tmax, acts on a plane that bisects the angle
between the planes on which 6x and 6 act.

A pressure tube failure would cause some of the high pressure and high
temperature escaping coolant to flash to steam in expanding to a lower

pressure. Two-phase (water-steam mixture) flow would exist through the

rupture and calandria-pressure tube annulus. In order to calculate the
fluid flow rate through the flow paths, the pressure drop had to be
evaluated. Methods of calculating two-phase pressure drop are not exact
nor clearly defined in the literature. The method which seemed to yield
the best results was that of Martinelli and Nelson (3), (4). Their
method was used in this analysis, assuming steady-state conditions.
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At the pressure tube rupture and the annulus exit, critical flow was

assumed to exist. Critical flow is defined as a condition where the
mass flow rate through a restriction or at the end of a pipe is
independent of the back pressure. (5)

Equivalent resistance coefficients for the flow path from the upper
and lower headers to the pressure tube rupture were assigned as a

function of the break size, according to the relationship (e:

Ka = Kb Aa 2

Ab

where,

"A" is the cross sectional flow area, in.2

Subscripts "a" refer to the resistance coefficients

and flow area corresponding to the tube rupture size.

"K" is the resistance coefficient.

Subscripts "b" refer to the known resistance coeffi-

cients and the flow areas for which the coefficients
have been established. (e)

For the size pressure tube ruptures considered in this analysis, it was

assumed that the upward flow of coolant in the pressure tube reversed

direction above the rupture at the instant of tube failure. Flow

through the pressure tube rupture was assumed to start at the upper and

lower headers since they contain a large coolant inventory.

Coolant flowing from the upper and lower headers was assumed to mix

completely inside the pressure tube rupture and, therefore, the coolant
discharged through the opening in a homogeneous state at a combined

enthalpy and quality.

Since the Martinelli-Nelson method of predicting two-phase pressure drop
is based on the properties of light water, the calculations performed

used the properties of light water with a correction made for the density
difference.

Results

Determination of flow rates through the flow paths was by trial and error

until an assumed flow rate yielded a total pressure drop which, when add-
ed to the critical pressure, yielded the specified pressure at the start
of the flow path; i.e., the pressure at the upper and lower headers for

flow from the pressure tube rupture, and the pressure at the break for

flow through the annulus.

Assuming steady-state conditions and using the Martinelli-Nelson method
of predicting two-phase pressure drop, the coolant flow rates through
the pressure tube rupture and calandria-pressure tube annulus were
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determined for the following conditions:

Upper Header

Pressure 795 psia

Temperature 516 F

Steam Quality 14%

Lower Header

Pressure 826 psia

Temperature 499 F

Calculations were performed for an equivalent two and three square inch
pressure tube rupture. Fig. 3.7-2 is a plot of the coolant flow rates
from the calandria-pressure tube annulus and from the pressure tube
rupture as a function of pressure at the break. The equilibrium point
for the two square inch break is 115 psia at a flow rate of 46.4 lbs/sec.
and that of the three square inch break is 180 psia at a flow rate of
73 lbs/sec. From the curves, it is seen that critical flow from the
pressure tube is attained at a pressure of approximately 550 psia.

This pressure corresponds to the critical pressure, and any further
decrease in back pressure has no effect on the flow rate. Therefore,
the maximum pressure in the annulus is based on the discharge rate
through the annulus and not on the size hole in the pressure tube. (1)

As the escaping coolant passes through the calandria-pressure tube
annulus, heat losses to the relatively cold D20 moderator occur. Since
the system is composed of a heated vertical surface in a pool of essen-
tially still water, heat transfer is limited by free convection with

low film coefficients. Therefore, heat losses to the moderator from the
coolant are small, and are estimated to be in the order of 10-15 Btu/lb.
for the coolant flow rates calculated above.

The shear stresses produced in the calandria tube for the two and three
square inch openings in the pressure tube are approximately 10,550 psi
and 15,100 psi, respectively. Since the ultimate shear strength for
unirradiated aluminum material is 15,000 psi at 250 F, a pressure tube
rupture of three square inches would cause failure of the calandria
tube.

The 15,100 psi shear stress induced in the calandria tube as a result of
a three square inch hole in the pressure tube was calculated from the
shear stress formula:

T max = 1/2 (x -cy

The hoop stress l-x, produced in the calandria tube from the 165 psig
annulus pressure, was 7900 psi as determined using the hoop stress
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formula:

a _PD

X 2t

where,

P is the internal pressure, psig.

D is the internal diameter of the tube, inches.

t is the tube wall thickness, inches.

The bending stress in the calandria tube, due to the deflection of the
tube by the impinging coolant discharging from the pressure tube opening,
is difficult to estimate due to the uncertainty of the jet forces pro-
duced. Because of the short distance between the calandria tube and the
break, the jet would not be likely to expand very much by the time it
struck the calandria tube. Assuming a reasonable density and velocity
of coolant discharge, the jet force has been estimated at approximately
1,000 pounds. A bending stress of 12,800 psi would be produced by this
force acting at the mid-point of the tube.

Thermal stresses are also difficult to estimate due to an uncertainty in
the average temperature rise in the calandria tube. For an average
temperature rise of 70 F, a compressive stress of 9500 psi would be
produced.

The maximum a y is the sum of the compressive thermal stress and the
compressive bending stress. Using a sign convention of negative (-) for
compression and positive (+) for tension, the maximum shear stress,

Tmax, is:

_ 7900 - [(-12,800) + (-9,500)]

Tmax 2

= 15,100 psi

Since many assumptions were made in determing the resulting maximum
shear stress, the above value is at best only an approximation.

3.7.3 Correlation of Prototype and AECL Test Model

Since the boiling D20 prototype reactor and the NPD-2 reactor may be
considered basically similar for the purposes of this analysis, a
correlation has been made between the Canadian experimental results

and the calculations for the prototype reactor system.

For relatively large pressure tube bursts, the Canadian experimental
calandria tube failed from high hoop and axial compression stresses
combined with the bending stresses produced by the impact of the
coolant jet at the point of failure. These combined stresses were also

assumed to cause failure of the prototype calandria tube as described
in Section 3.7.2.
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For the large experimental pressure tube bursts (openings greater than
one square inch) that caused failure of the Canadian calandria tube,
the pressure in the calandria-pressure tube annulus rose to between

350 psi and 500 psi when the calandria tube ruptured. In the prototype
theoretical analysis, this annulus pressure, prior to calandria tube
failure, was estimated to rise to 165 psi for a pressure tube opening
of three square inches thereby producing hoop stresses of about one-

third those encountered in the experiments. The explanation for this
difference in annulus pressure, for approximately the same size pres-
sure tube openings, is that the annulus relief passage in the prototype
is almost four times that in the test model. This tends to verify the
earlier statement that the maximum pressure in the annulus is based on
the discharge rate through the annulus and not by the size hole in the
pressure tube.(') Another explanation is that the coolant pressure,
prior to the pressure tube rupture, is between 300 and 500 psi higher

in the test model than in the prototype.

The bending stresses induced in the calandria tube by the jet force of
discharging coolant would be much larger in the prototype than in the
test model. This is because the prototype has no spacer rings between
the calandria tube and the pressure tube. Thus, the jet force applied
to the calandria tube acts on a beam sixteen feet long, compared to

six feet in the model. It has not been possible to correlate the
magnitude of the jet force and, thereby, the bending stresses,. since
no estimates of these were reported in the Canadian experiments.

The 70 F average temperature rise in the calandria tube, that was assumed
in the prototype analysis, is in agreement with the experimental results.

Although higher temperature rises were encountered in some of the more
drastic tests, it is believed that the temperature rise in the prototype
calandria tube would not exceed 70 F, due to the lower pressures; conse-
quently, lower coolant temperatures developed in the calandria-pressure
tube annulus of the prototype system.

Damage to adjacent calandria tubes could result from pressure waves in
the moderator, missiles from torn tubes, and the ejection of fuel
elements. In only one experiment did the Canadians witness severe
damage to adjacent calandria tubes from a pressure wave. In that experi-
ment the adjacent calandria tubes were unsupported by pressure tubes and
their collapse was caused by bending of the tubes due to the violent
outward motion of the moderator.

Since the prototype calandria tubes are unsupported by pressure tubes
(no spacer rings between the calandria tube and pressure tube) it is very
probable that severe damage to adjacent calandria tubes would result from
pressure waves emitted by a large pressure tube rupture. It is believed,
however, that the damage would be in the form of a collapsed tube rather
than a tube being torn open.

Although adjacent calandria tubes were damaged by the ejection of dummy
fuel elements in the Canadian experiments, the possibility of this
occurring in the prototype reactor appears rather remote.
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In the NPD-2 reactor there are eight individual fuel slugs in each
pressure tube, each slug being 19-1/2 inches in length. Therefore, a
fuel slug can easily be ejected from a catastrophic pressure tube fail-
ure of moderate length. The prototype reactor has, in comparison, only
two fuel slugs, each with an overall length of 5-1/2 feet. Since these
fuel elements are held in place by chamfered pilots positioned in
recessed fittings, a pressure-calandria tube opening of approximately
10 feet, accompanied by large lateral forces, would be needed to eject

a fuel element. A rupture of this magnitude is not likely.

As in the Canadian tests, adjacent calandria tube damage from missiles
could be expected in the prototype reactor. A tear in an adjacent

calandria tube from a piece of ruptured pressure tube or calandria tube

would expose the hot pressure tube to cold moderator with thermal stresses
resulting. An estimate of the maximum possible thermal stresses developed
in a prototype pressure tube was made, using expressions that have been
derived for thermal stresses in a long circular cylinder.(7)' (8) These
thermal stresses when added algebraically to existing stresses in the
pressure tube give the total stress induced. It was found that these
total stresses would be below the ultimate strength of the Zircaloy-2
and, therefore, no catastrophic damage to a pressure tube would result
from a missile that tears only the calandria tube. It is, however,
conceivable that the missile itself could tear both the calandria tube
and the pressure tube, with serious consequences resulting.

Damage to the relatively small containing tank occurred in the Canadian
experiments from pressure waves emitted when a pressure tube failed

catastrophically. Measurements of the equivalent static pressures show
that the pressure emitted decreased in the moderator at a rate of
approximately 1-1/2 psi per inch from the ruptured tubes. Since the
prototype caland:ria is much larger that the test tank, a centrally
located prototype pressure tube that ruptures catastrophically should
produce no serious damage to the calandria from pressure waves, assuming
the same magnitude of pressure (50 to 60 psig) at the rupture as was
witnessed in the experiments.

If a pressure tube ruptured catastrophically at the outer periphery of
the core, the calandria wall would be subjected to high-pressure waves
were it not for the 3/8 inch thick aluminum flow baffle located between
the core and the calandria shell (see Fig. 3.7-1). This flow baffle
would serve as a blast shield and cushion the initial pressure waves
emitted.

3.7.4 Effectiveness of Moderator in Quenching Energy Released

Because of the need for eliminating or simplifying the costly containment

structures of water-cooled reactor plants, much experimental and theoret-

ical work has been performed recently on a pressure suppression concept.
(9), (lo) This concept deals with condensing, in a pool of cold water,
the escaping steam from a primary system rupture to limit the pressure
rise within the containment enclosure.
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Pressure suppression experiments have been performed by Sargent & Lundy
(9) and by Pacific Gas & Electric Company in association with General
Electric.(10) The main objective of the Pacific Gas & Electric Company
condensing tests was to demonstrate, with steady steam flows, that rapid
and effective condensation may be obtained by a straight pipe discharging
both horizontally and vertically below the surface of a pool of water
whose temperatures are between 50 and 150 F. In almost all the tests
performed the 100 psig steam was completely condensed. At high steam-flow
rates, excellent mixing was observed between the steam and water. The
Sargent & Lundy experiments were of a somewhat different nature in that
the escaping steam was discharged above the surface of a pool of water
rather than below the surface. Again, excellent condensation of the steam
was observed.

Analogous to the pressure suppression concept, would be a prototype pres-
sure tube rupturing catastrophically in the moderator contained within
the calandria; the moderator in this case being the pool of water and the
calandria the containment. The total quantity of coolant in the primary
system is about 52,200 pounds, while the moderator in the calandria is
176,700 pounds, with an additional 20,100 pounds in the external moderator
cooling system.

Complete severance of a pressure tube and calandria tube at the mid-
section of the core would release initially about 175 lbs/sec. of flashing
coolant from the upper and lower headers into the moderator. This dis-
charge rate was determined using the methods described in Section 3.7.2.

The reactor would be immediately scrammed after the rupture is detected.
During the first stages of primary system blowdown, large amounts of
energy in the form of heat would be released to the moderator and its
temperature would rise rapidly. This temperature rise would soon begin
to taper off since blowdown of the primary coolant system rapidly
decreases the flow rate of the escaping coolant, and thereby decreases
the amount of heat transferred to the moderator. Shortly after scramming
of the reactor, approximately 80 percent of the moderator cooler cooling
capacity would be available to remove heat released to the moderator from
the primary system, with the remaining 20 percent removing decay heat.
It has been estimated that the maximum bulk temperature of the moderator
would be in the order of 180 F. Since the maximum bulk temperature of
the moderator would remain at about 35 F below the saturation temperature,
excellent condensation of the escaping steam could be expected.(11)

A calandria-pressure tube failure would affect the water level and,
consequently, the pressure in the calandria, which has a design pressure
of only 7.5 psi at the bottom tube sheet. Some water would be lost
through the calandria-pressure tube annulus, the amount being dependent
upon the nature of the calandria tube failure. Initially this loss
would be less than that which would be added from the primary coolant
system. The excess liquid would be dumped to the large moderator
storage tanks located below the reactor by means of the moderator level
control system and possibly the two 16 inch dump lines that are located
at the bottom of the calandria. These large dump lines would be used
only if the overflow line on the level control system could not adequately
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handle the overflow. When the losses through the annulus exceeded that
which would be added from the coolant system, the D20 moderator trans-
fer pumps could add water to the calandria from the moderator storage
tanks until the system was exhausted or cooling of the core by the
moderator is no longer needed.

A pressure buildup in the helium blanket gas over the free surface of
the moderator in the calandria would be relieved through the off-gas
system by pressure relief valves set to open before the calandria
design pressure was exceeded. A pressure buildup in the blanket gas
would result from a temperature rise of the helium gas and from any
uncondensed steam collecting above the free surface of the moderator.
Therefore, the design pressure of the calandria, independent of
pressure waves, should not be exceeded.

3.7.5 Conclusion

The wall thickness of the Zircaloy-2 pressure tubes in the boiling D20
prototype reactor is based on a design stress of 12,000 psi at 600 F.

In the past few years considerable work has been done on Zircaloy-2 in
an effort to more clearly establish its mechanical properties. This

work has shown that the 12,000 psi design stress used for the prototype
is a conservative value. Since the pressure tube would rarely, if ever,
operate above 530 F, the 600 F design temperature adds another safety

factor to the design stress. Because of this conservative design, a
tube with no defects failing at normal operating pressures and tempera-

tures would be improbable. The probability of tube failure would be

further minimized by the rigorous inspection and testing the pressure
tubes receive prior to installation. Each tube would be hydrostatically
tested at an internal pressure of 2700 psi. Thus, a tube failure at
normal operating pressures supposes that the tube material is weakened

by corrosion or abrasion, or that the tube is subjected to unusual
forces.

A pressure tube failure with an opening less than three square inches
would not seriously damage its calandria tube. An opening of this
magnitude would discharge flashing coolant to the calandria-pressure
tube annulus which vents the steam-water mixture to operating areas

above and below the reactor where radiation and moisture monitors would
detect the leak and initiate reactor scram. A pressure tube rupture of
three square inches or greater would discharge flashing coolant at such
a rate that high hoop, bending and thermal stresses would be induced in
the calandria tube with calandria tube failure resulting from the shear
stresses produced. A calandria tube failure would relieve the high

pressure mixture surrounding the pressure tube. The pressure tube would
then completely fail, starting to tear from the high stress points at

the end of its earlier failure. In other words, gross failure of the
calandria tube would preceed complete rupture of the pressure tube.

Damage to adjacent calandria tubes could result from pressure waves in
the moderator and missiles from torn tubes. Pressure waves in the

moderator would probably collapse neighboring calandria tubes until they
became restrained by their respective pressure tubes. Missiles would
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produce the most severe damage to adjacent calandria tubes. No serious
damage would be expected in a pressure tube exposed to cold moderator

by a torn calandria tube. However, it is possible that the missile

itself could tear both the calandria tube and the pressure tube with

serious consequences resulting. Damage to adjacent calandria tubes by
ejection of fuel elements would be very unlikely.

A catastrophic failure of a pressure tube and calandria tube at the mid-
point of the reactor would not seriously damage the calandria tank. This

is attributed to the dampening of the pressure waves by the moderator and

to the flow baffle located between the core and the calandria shell which
would act as a blast shield and cushion the initial pressure waves emitted.

The moderator, serving as a heat sink, would effectively quench the energy

released from a pressure tube failing catastrophically at the mid-point of

the reactor. Gross failure occurring near the surface of the moderator

could, because of reduced condensing efficiency, seriously damage or even

rupture the calandria due to the rapid pressure buildup within the

calandria.

Since many assumptions were used in the theoretical analysis of a burst

pressure tube in the boiling D2 0 prototype reactor, and with the majority
of the calculated results being correlated with experimental data from

only one set of tests, the conclusions reached in this study should be

treated accordingly. For definite conclusions to be made, an experimental

test model of the prototype reactor would have to be set up with tests run

at the desired conditions.
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3.8 COMPUTER PROGRAM FOR ECONOMIC OPTIMIZATION STUDIES

Previous studies have indicated those heavy water moderated power
reactor types which appear to offer the most promise. These include
liquid and boiling heavy water cooled, pressure tube reactors with
fuel elements composed of U02 rods, UO2 tubes or U-metal tubes.
Both direct and indirect cycles have been considered for the boiling
heavy water cooled reactor. U-metal fuel, however, is applicable only
in the case of the liquid cooled reactors.

Additional studies are presently being undertaken by Du Pont to achieve
the optimum design of each of the above concepts for a plant with a

net capacity of approximately 300 MWe. It is the intent of these
studies to:

a) Systematically update the concepts under consideration and to
insure that all designs are on a comparable basis.

b) Attain a measure of the effects on cost of certain parametric
variations in the designs.

c) Obtain a degree of optimization relative to the reactor design
that has not been attained previously. A computer program is
being developed for performing the design and cost calculations
necessary for the optimization of the concepts.

The results of these studies are expected to indicate the energy
costs of each design on a common and current basis, focus attention on

the parameters most strongly affecting energy costs, indicate
directions for research and development programs which may lead to
significant cost reductions, and provide a rapid means for computing
the cost of energy as a result of a plant design change. The effects
of significant changes in the basic technological limits, on the cost
of equipment and fuel, and the affect of cost accounting factors
will be readily evaluated.

In performing this study, the design and cost factors associated with
the reactor, primary coolant piping, primary coolant pumps, steam
generators, reactor control systems, shield cooling system, fuel
handling system, shield materials and cost accounting factors are
being evaluated by Du Pont. The design and cost factors associated
with the turbine-generator plant structures and equipment,
miscellaneous structures, reactor plant structures, and certain reactor
plant auxiliary systems, are being evaluated by Sargent & Lundy. The
computer program is being prepared by Du Pont for use with the
computer located at the Savannah River Laboratory.
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3.8.1 Liquid Cooled Indirect Cycle Plant

In otder that an integrated computer program be developed, consideration

was given to the manner in which those portions of the program
developed by Du Pont could be coupled with those developed by Sargent
& Lundy. The principal area in which this coupling exists is that

between the reactor and primary coolant system and in the power

conversion cycle. Since the light water steam generated in the

secondary system is saturated, the efficiency of the power conversion

cycle can be expressed in terms of the steam pressure (or temperature)

at the turbine throttle valve and the final temperature of the feed
water from the turbine cycle, for a constant turbine exhaust pressure.

To make the program as general as possible, and to provide sufficient

flexibility to insure that a wide range of conditions were
covered upper, lower and throttle steam pressure limits of 1400

psia and 165 psia, respectively, were established. A family of
eight curves, each for a different throttle steam pressure,

representing turbine cycle efficiency as a function of final feed

water temperature were plotted for turbine exhaust pressures of

1.5 in. HgA and 3.5 in. HgA. These curves are presented in Figs.

3.8-1 and 3.8-2. The range of feed water temperatures considered

varies from the condenser temperature to a maximum of 500 F, the
latter being for the 1400 psia throttle steam condition. These

curves are applicable for a 325,000 kw tandem-compound quadruple
flow, 1800 rpm unit having 35 in, exhaust blades. The curves were

developed by calculating the turbine heat rate for a fixed final feed
water temperature, as set by using an optimum number of regenerative

feed-water heaters in the cycle for each turbine throttle pressure.

Feed-water heaters were placed in the cycles so that an approximately

equal feed water temperature rise occurs across each heater. New heat

rates were determined for lower final feed water temperatures by
successively deleting one feed-water heater from the cycle until

a non-extraction heat rate was determined for the throttle steam
pressure under consideration.

Representative arrangements of feed-water heaters in the cycles
are shown in Fig. 3.8-3 through 3.8-9. The diagrams give the
pressure and temperature for the 1400 psia throttle pressure cycles
as the number of feed-water heaters is reduced from seven to one.

Similar feed water cycles were used for all turbine throttle pressures;

i.e., all four heater cycles utilize two closed low-pressure heaters,
one deaerating feed-water heater and one closed high-pressure heater.
Because of the change in optimum final feed-water temperature with
turbine throttle steam pressure, the maximum number of feed-water
heaters used for each throttle steam pressure varied as indicated
in Table 3.8-I,

Major mechanical equipment associated with the turbine cycle has

been sized in accordance with the capacities, pressures and tem-

peratures developed in preparing the turbine cycle efficiency curves.
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Table 3.8-I

FEED-WATER HEATER CYCLES

Turbine Throttle
Pressure, Psia

1400

1200

1000

800

600

400

165

Number of
Heaters

7

6

6

6

5

4

3

Final Feed-Water
Temperature, F

505

486

465

439

406

365

305

-314-



In sizing this equipment, certain assumptions have been made in

order to reflect cost changes representative of those which would be
found in conventional steam power plants.

Illustrative of this type of assumption utilized in equipment

sizing, is the change in condenser tube length for those units

requiring a heat transfer surface in excess of 400,000 sq. ft.

The major turbine plant equipment, in which variations will occur as
a function of the throttle steam pressure and the final feed-water
temperature, are the turbine-generator, condenser, condensate pumps,
feed-water pumps, feed-water heaters, piping system, circulating
water pumps, traveling screens, and auxiliary electrical equipment.
The remaining equipment in the turbine plant will not vary appreciably
when related to the major parameters being considered; i.e., throttle
steam pressure and final feed-water temperature.

The turbine plant structures include the turbine building and the
circulating water system structures. The turbine building houses

the turbine plant equipment and the control room, machine shop,

storeroom, office space and personnel facilities for the plant. The
latter functions of the turbine building will not change with the

throttle steam pressure. The major dimensions of the turbine room

are governed only by the turbine and its auxiliary equipment. Small
variations occur in the length of the turbine for different throttle

steam pressures, however, other governing dimensions lead to only
relatively insignificant changes in the overall turbine building cost.
The circulating water system structures, on the other hand, vary
considerably as the turbine throttle pressure changes in a plant
of fixed size. For example, the circulating water flow increases
by a factor of approximately 1.6 when the throttle steam pressure is
decreased from 1400 psia with a seven heater cycle to 165 psia with
a one heater cycle in 325 MWe size.

Fig. 3.8-10 presents a summary of the estimates for the H20 turbine
plant direct construction cost as related to the final feed
water temperature. The variable cost factors entering into the
development of the total turbine plant costs for the various
cases are indicated in Tables 3.8-II through 3.8-VIII.

The apparent anomaly with respect to the 800 psia throttle steam
pressure cost curve in relation to the 600 psia throttle steam

pressure cost curve is basically the result of a significant increase
in turbine generator cost which occurs at the 601 psig pressure level.

A somewhat similar anomaly occurs between the cost curves for the
1400 psia and the 1200 psia cases. In the latter, however, the
differences are a reflection of the increased system operating pressure

for the 1400 psia unit, with its attendant affect on the boiler feed
pumps and other high pressure equipment. The same steam pressure
rating applies to the turbine generator in both cases; thus this is

not the controlling influence in these cost differences, as it was in

the preceding case.
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TABLE 3.8-II
SUMMARY OF COST DATA

1400 PSIA THROTTLE STEAM PRESSURE
INDIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,530,000 4,123,000 3,781,000 3,505,000 3,255,000 3,057,000 3,180,000

HEATER ARRANGEMENT 7 6 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation

2. Condensers
a. Shellscand accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P htra. in exhaust stacks

3. Circulating Water System
A. - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaserating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Boiler Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains

c. Boiler feed piping
d. Condensate piping

a'. From condensate pumps
throughhL-Pheaters

b'. For D-C heater and

B.F. pump suction
a. Main steam

8. Demineralizing Equipment and
Condensate Storage Tanks

9. Electrical

10. Turbine Room Building

11. Condenser Pit-Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

10,030,000 10,030,000 10,030,000 10,030,000
390,000 390,000 390,000 390,000

Constant
167,000 167,000 167,000 167,000

840,500

472,500
19,250

140,000

20,000

840,500

472,500
19,250

140,000

20,000

854,000

480,000
17,500

142,000

20,000

499,000 500,000 504,0(0

138,000 138,500 140,000

492,000

199,975
150,345
19,130

146,000
460,000
129,000

8,550
9,600

24,500
28,500

180,000
185,100
305,280
27,000
5,250

57,750
31,090
5,900

492,500

200,450
150,520
19,160

145,500
217,000
124,000

6,350
9,100

17,500
27,000

175,500
121,500
274,630
25,200
4,950

57,450
30,820
5,900

496,000

203,300
152,105
19,340

91,000
203,500
118,000

4,350
8,700

14,000
25,500

171,000
121,500
253,465
23,100
4,500

36,300
18,130
5,450

881,000

495,000
17,500

146,000

20,000

10,030,000

390,000

167,000

935,000

525,000
17,500

154,000

10,000

10,030,000
390,000

167,000

1,002,500

562,500
17,500

164,000

10,000

10,030,000
390,000

-167,000

1,080,000

774,000
33,250
167,000
45,000
10,000

514,000 534,500 558,000 543,000

144,000 152,300 162,000 156,000

503,000

209,950
155,625
19,920

91,500
96,500
115,000

2,050
8,400

7,000
24,500

169,500
121,500
233,400

21,900
4,350

36,900
18,400
5,500

517,000

223,500
162,400
20,600

46,000
75,000

112,000

1,100
8,100

7,000
23,500

166,500
96,000
213,330
20,400
4,050

28,200
13,270
5,200

535,000

238,925
170,760
21,590

47,000

108,000

7,900

23,000

165,000
96,000

198,780
19,500
3,900

28,800
13,810
5,400

524,000

224,130
175,160
20,960

90,000

165,000
96,000

186,430
19,800
3,900

243,400 210,600 183,600 151,900 119,400 83,900 49,200

179,300 163,400 113,600 104,700 104,700 59,800 123,500

82,400

20,000

198,500

138,400

82,400

20,000

187,000

131,450

75,500

20,000

177,500

126,600

75,500

20,000

169,500

123,900

Base

1,050 1,050 1,400

16,039,270 15,618,680 15,411,940 15,

16,698,560 16,698,560 16,698,560 16,

-659,290 -1,079,880 -1,286,620 -1,,

+178,000 +132,000 +92,000

-481,290 -947,880 -1,194,620 -1,.

68,800

15,000

162,500

120,700

3,500

15,253,050

16,698,560

-1,445,510

+52,000

-1,393,510

68,000

15,000

157,000

119,000

5,250

15,254,815

16,698,560

-1,443,745

+48,000

-1,395,745

15,000

160,500

99,000

10,500

15,358,330

16,698,560

-1,340,230

+42,000

-1,298,230

*Differential Totals - Feed Uater and Main Steam - To and from Steam Generators and Shell
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TABLE 3.8-III
SUMMARY OF COST DATA

1200 PSIA THROTTLE STEAM PRESSURE
INDIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,418,000 4,065,000 3,724,000 3,431,000 3,249,000 3,204,000

HEATER ARRANGEMENT 6 5 4 3 2 1

1. Turbine Generator, and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P htrs. in exhaust stacks

3. Circulating Water System
A. - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume
d. Seal well
e, Discharge flume
f. Outfall

B. Crib House Equipment (rected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C. Circulating Water Piping
D. Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Boiler Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Boiler feed piping
d. Condensate piping

a'. From condensate pumps
through L-P heate::s

b'. For D-C heater and
B.F. pump suction

e. Main steam

8. Demineralizing Equipment and Condensate
Storage Tanks

9. Electrical

10. Turbine Room Building

11. Condenser Pit-Size Increment

TOTAL ITEMS 1 - 11
BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

10,030,000 10,030,000 10,030,000 10,030,000 10,030,000 10,030,000
390,000 390,000 390,000 390,000 390,000 390,000

Constant
167,000 167,000 167,000 167,000 167,000 167,000

881,000

495,000
19,250

146,000

20,000

908,000

510,000
19,250

150,000

20,000

935,000

525,000
17,500

154,000

10,000

1,002,500

562,500
17,500

164,000

10,000

1,068,000

765,400
33,250

165,500
44,500
10,000

867,500

487,500
19,250

144,000

20,000

511,000 513,000 523,600 532,000 555,000 541,000

143,000

501,000

208,050
154,480
19,640

157,500
235,500
127,000

7,100
9,400

17,500
28,000

165,000
121,500
248,830
22,500
5,250

144,000 147,950 151,000 161,000 155,000

502,000

209,000
154,920
19,700

102,500
217,500
122,000

5,100
9,000

14,000
26,500

159,000
96,000

236,705
20,700
4,800

509,600

216,000
158,000
20,150

103,000
104,500
118,000

2,450
8,700

7,000
25,000

156,000
96,000
214,875

19,500
4,500

69,750 38,250 37,200
43,780 22,450 22,450

6,100 5,650 5,700

515,000

221,350
161,345
20,480

50,500
92,000
114,000

2,100
8,400

7,000
24,500

153,000
96,000
197,235

18,300
4,200

28,050
13,540
5,300

532,000

237,025
169,440
21,470

52,500

112,000

8,200

23,500

151,500
96,000
184,890
17,700
4,050

29,550
14,080
5,550

522,000

222,735
174,545
20,870

92,500

150,000
96,000
184,005

17,400
3,900

201,000 178,800 147,000 127,200 81,000 47,900

163,400 163,400 98,200 98,200 59,400 115,100

107,500 75,500 75,500 68,800 68,800 --

19,000 19,000 17,100 17,100

195,500 185,500 176,000 167,500

130,300 124,200 121,000 117,200

17,100

162,000

121,000

17,100

161,000

100,000

Base

1,750 2,100 2,450 3,500 5,250 10,10C

15,745,580
16,698,560

-952,980

+150,000

-802,980

15,519,525
16,698,560
-1,179,035

+100,000

-1,079,035

15,31,675 15,243,30016,698,56 0 16,698,560

-1,366,885 -1,455,260

+72,000 +50,000

-1,294,885 -1,405,260

15,233,505
16,698,560
-1,465,055

+38,000

-1,427,055

15,304,850
16,698,560

-1,393,710

+36,000

-1,357,710

*Differential Totals - Feed Water and Main Steam - To and From Steam Generators and Shell
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TABLE 3.8- IV
SUMMARY OF COST DATA

1000 PSIA THROTTLE STEAM PRESSURE

INDIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR.

HEATER ARRANGEMENT

4,337,000 4,014,000 3,708,000 3,471,000 3,316,000 3,060,000

6 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deseration - hotwell of cond.
g. L.P. htrs. in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A -L-P closed heaters
B -1-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deserating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Boiler Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Boiler feed piping
d. Condensate piping

a'. From condensate pumps thru
L.P. heaters

b'. For D.C. heater and B.F.
pump suction

e. Main steam

8. Demineralizing Equipment and
Condensate Storage Tanks

9. Electrical

10,030,000 10,030,000 10,030,000 10,030,000 10,030,000 10,030,000
390,000 390,000 390,000 390,000 390,000 390,000

Constant
167,000 167,000 167,000 167,000 167,000 167,000

908,000

510, 000
19, 250

150,000

20,000

921, 500

517,500
19, 250

152,000

20, 000

948, 500

532, 500
19, 250

156,000

20,000

975,500

547, 500
17,500

160,000

10,000

1,029,000

577,500
17,500
168,000

10,000

1,116,000

800,800
31,500

171,500
46,500
10,000

524,000 528,000 535,000 547,000 570,500 556,000

148,000 150,000 153,000 157,000 166,800 161,000

510,000

216,125
158, 705
20,150

148,000
216, 000
126,0000

6,600
9,300

17,500
27,500

150,000
96,000
209,365
19,500
5,100

53,250
32, 710
5,500

513,000

218,975
160, 200
20,330

103,500
197,000
122,000

4,800
9,000

14,000
26,500

145,500
96,000

199,440
18,300
4,800

39,000
21,370
5,750

518, 000

223, 725
162, 665
20,630

104,000
91,500

118,000

2, 150
8,700

7,000
25,500

142,500
96, 000

182,460
17,400
4,500

39,300
21,640
5,750

526,000

231,325
166, 360
21,110

51,500
83,000

114,000

1,500
8,400

7,000
24,500

139,500
96,000

169,875
16,500
4, 200

28,800
13,810
5,450

543,500

247, 000
174,200
22,000

53,500

112,000

8,200

23,500

138,000
96,000

160,410
17,400
4,050

30,300
14,350
5,650

533, 000

235, 500
180,000
21,500

87,500

135, 000
96,000
150,930

15,000
3,900

192,700 170,400 138,700 127,200 81,000 43,200
132,100 132,100 83,500 83,500 53,000 98,200

107,500 75,500 75,000 68,800 68,800 -

23,500 22,600 20,700 19,000 19,*00 19,000

193,000 184,000 175,000 168,500 164,000 157,000

123,400 121,700 118,700 114,700 116,400 91,700

10. Turbine Room Building Base

11. Condenser Pit-Size Increment 2,800 3,150 3,850 4,550 5,600 11,500

TOTAL ITEMS 1 - 11 15,668,555 15,524,165 15,358,120 15,296,580 15,246,010 15,359,230

BASE TOTAL 16,698,560 16,698,560 16,698,560 16,698,560 16,698,560 16,698,560

DIFFERENTIAL TOTAL (TURBINE PLANT) -1,030,005 -1,174,395 -1,340,440 -1,401,900 -1,452,550 -1,339,330

12. Piping In Containment Vessel * +58,000 +18,000 -2,000 -6,000 -8,000 -6,000

GRAND TOTAL - (DIFFERENTIAL) -972,005 -1,156,395 -1,342,440 -1,407,980 -1,460,550 -1,345,330

*Differential Totals - Feed Water and Main Steam - To and from Steam Generators and Shell
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TABLE 3.8-V
SUMMARY OF COST DATA

800 PSIA THROTTLE STEAM PRESSURE
INDIRECT CYCLE TURBINE PLANT

ThROTTLE FLOW, /HR. 4,267,000 3,979,000 3,712,000 3,498,000 3,352,000 3,372,000

HEATER ARRA:GEMENT 6 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erec:ion
c. Reserve exciter
d. Turbine foundation

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hotwell of cond.
g. L-P htrs. in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Boiler Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulat ion
a. Extraction steam
b. Heater vents and drains
c. Boiler feed piping
d. Condensate piping

a'. From condensate pumps
through L-P heaters

b'. For D-C heater and
B-F pump suction

e. Main steam

8. Demineralizing Equipment and
Condensate Storage Tanks

9. Electrical

10. Turbine Room Building
a. Building
b. Turbine generator sub-base

11. Condenser Pit-Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TtRB INE PLA:T)

12. Piping in Containment Vessel'

GRAND TOTAL - (DIFFERENTIAL)

11,212,000 11,212,000 11,212,000 11,212,000 11,212,000 11,212,000
419,000 419,000 449,000 419,000 419,000 419,000

Constant

190,000 190,000 190,000 190,000 190,000 190,000

962,000

540,000
17,500
158,000

20,000

975,500

547,500

17,500
160,000

20,000

1,016,000

570,000
17,500

166,000

10,000

1,056,500

592,500
17,500

172,000

10,000

1,140,000

817,000
28,000
174,500
47,500
10,000

948,500

532,500
19,250

156,000

20,000

540,000 544,000 549,000 561,000 577,000 560,000

155,000 156,000 158,000 163,000 169,000 163,000

522,000

227,050
164,160
20,840

152,000
188,500
125,000

6,300
9,200

17,500
27,500

135,000
96,000
169,670
17,100
3,950

61,500
32,710
6,200

524,000

229,425
165,305
20,990

100,000
176,500
121,000

4,600
8,900

14,000
26,000

129,000
96,000

163,060
16,200
4,650

39,750
19,480
5,800

528,000

233,225
167,505
21,230

100,000
84,500

118,000

2,200
8,700

7,000
25,000

126,000
96,000
150,050
15,600
4,350

40,050
19,750
5,850

537,000

240,825
171,200
21,720

47,500
64,000

114,000

1,100

8,400

7,000
24,500

123,000
71,100

141,010
15,000
4,200

29,550
14,080
5,550

548,000

251,275
176,745
22,370

49,000

113,000

8,300

24,000

121,500
71,100
133,730
14,700
4,200

30,900
14,620
5,750

536,000

235,290
181,585
21,680

78,500

120,000
71,100

137,480
14,100
4,050

213,100 186,500 153,700 127,800 104,600 49,300

116,900 116,900 72,000 72,000 49,300 87,500

82,400 75,500 75,500 68,800 68,800 -

23,600 23,000 22,500 21,700 21,500 21,100

191,000

117,900

70,000
11,000

3,850

17,003,780

183,000

119,300

70,000
11,000

4,200

16,868,860

175,500

112,300

70,000
11,000

4,550

16,698,560

169,000

112,300

70,000
11,000

5,600

16,623,435

165,000

113,800

70,000
11,000

6,650

16,615,340

165,500

93,400

70,000
11,000

12,200

16,670,785

16,698,560 16,698,560 16,698,560 16,698,560 16,698,560 16,698,560

+305,200

+ 46,000

+351,200

*Differential Totals - Feed Water and Main Steam - To and

+170,300 Base - 75,125

+ lb,uOO 0 - 8,000

+186,300 Base -83,125
from Steam Generator and Shell

- 83,220

- 8,000

-91,220

- 27,775

- 14,000

- 41,775

-320-
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TABLE 3.8-VI
SUMMARY OF COST DATA

600 PSIA THROTTLE STEAM PRESSURE
INDIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,245,000 3,982,000 3,743,000 3,561,000 3,480,000

HEATER ARRANGEMENT 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
*c. Intake flume
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Boiler Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Boiler feed piping
d. Condensate piping

a'. From condensate pumps through
L-P heaters

b'. For D-C heater and B.F. pump
suction

e. Main steam
8. Demineralizing Equipment and Condensate

Storage Tanks

9. Electrical

10. Turbine Room Building
a. Building
b. Turbine-generator sub-base

11. Condenser Pit Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

10,988,000 10,988,000 10,988,000 10,988,000 10,988,000
419,000 419,000 419,000 419,000 419,000

Constant Factor

190,000 190,000 190,000 190,000 190,000

1,016,000 1,043,000 1,056,000 1,092,000 1,164,000

570,000 585,000 756,800 782,600 834,200
15,750 15,750 14,000 14,000 21,000
166,000 170,000 164,000 168,500 177,500

- - - - 48,500

20,000 20,000 10,000 10,000 10,000

562,000 570,000 534,000 547,000 570,500

164,000 166,000 152,000 157,000 167,000

538,000

241,775
171,905
21,770

112,000
162,500
124,000

4,800
9,200

14,000
27,000

105,000
71,100
135,715
15,000
4,950

42,000
23,530
6,050

161,300

104,400

543,000

246,525
174,105
22,070

113,500
76,000
121,000

2,300
8,900

7,000

26,000

100,500
71,100
124,250
14,400
4,800

42,750
24,070
6,100

132,700

96,800

517,000

218,085
171,640
20,570

57,500
71,000
118,000

1,700
8,700

7,000
25,000

96,00C
71,100

119,620
13,500
4,500

31,500

14,890
5,800

119,000

66,500

527,000

226,920
176,745
21,140

59,000

116,000

8,500

24,500

91,500
71,100

111,680
13,200
4,350

32,550
15,430
6,000

72,300

40,600

543,500

241,800
185,280
22,100

78,000

90,000
71,100
114,110
12,600
4,200

34,500

84,300

75,500 75,500 68,800 68,800 -

28,400 27,600 26,800 26,000 26,000

190,500

114,000

70,000
11,000

5,600

16,701,745

16,698,560

+3,185

+30,000

+33,185

183,000

111,000

70,000
11,000

6,300

16,609,020

16,698,560

-89,540

-4,000

-93,540

176,000

109,300

70,000
11,000

9,800

16,514,105

16,698,560

-184,455

-22,000

-206,455

*Differential Totals - Feed Water and Main Steam - To and from Steam Generators and Shell

171,000

110,400

70,000
11,000

10,700

16,454,515

16,698,560

-244,045

-28,000

-272,045

169,000

90,700

70,000
11,000

12,950

16,450,840

16,698,560

-247,720

-32,000

-279,720

-321-



TABLE 3.3-VII

SLU'MARY OF COST DAIA

40) PSIA THROTTLE STEAM PRESSURE

INDIRECT CYCLE TURBTNE PLANT

ThIROTTLEFLOW, #/l.R. 4,366,000 4,134,000 3,930,000 3,833,000
HEATER ARRANGEMENT 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit 11,357,000 11,357,000 11,357,000 11,357,000
b. Turbine generator erection 422,000 422,000 422,000 422,000
c. Reserve exciter (Constant Factor)
d. Turbine foundation 195,000 195,000 195,000 195,000

2. Condensers
a. Shells and accessories 1,128,000 1,140,000 1,176,000 1,260,000
b. Dry vacuum pumps
c. Tubes 808,400 817,000 842,800 903,000
d. Steam jet air equipment 15,750 14,000 14,000 17,500
e. Erection 173,000 174,500 179,000 190,000
f. Deseration - hotwell of cond. - - - -

g. L.P. htrs. in exhaust stacks 20,000 10,000 10,000 10,000

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging ) 559,000 563,000 574,000 601,000
c. Intake flume
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping ) 162,000 164,000 168,000 179,000
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping 535,000 538,000 546,000 565,000
D - Circulating Water Pumps

a. Pumps 234,360 236,685 243,660 261,330
b. Motors 181,145 182,465 186,425 191,880
c. Erection 21,620 21,770 22,220 23,360

4. Feed Water Heaters
A - L-P closed heaters 128,000 57,500 59,000 -
B - H-P closed heaters. 70,000 76,000 - 67,000
C - Deaerating heater 126,000 123,000 121,000 -
D - Insulation

a. Closed heaters 2,400 2,650 - -
b. Deserating 9,300 9,100 8,800 -

E - Structural Work
a. For closed heaters 7,000 7,000 - -
b. For deaerating heater 28,000 27,000 26,000 -

5. Boiler Feed Pumps
a. Pumps and base plate 75,000 67,500 64,500 60,000
b. Fluid drive 60,000 60,000 60,000 60,000
c. Motors 94,700 96,025 87,205 93,820
d. Erection 13,500 12,000 11,700 10,500
e. Foundations for pumps 5,100 4,800 4,650 4,350

6. Condensate Pumps
a. Pumps 56,700 34,200 35,400 -
b. Motors 30,550 16,780 17,320
c. Erection 6,550 6,200 6,350

7., Piping and Insulation
a. Extraction steam ) 137,100 135,900 82,100 49,200
b. Heater vents and drains
c. Boiler feed piping 70,000 70,000 26,700 58,600
d. Condensate piping

a'. From condensate pumps
thru L.P. heaters ) 79,700 68,800 72,800 -

b. For D.C. heater and B.F.
pump suction

e. Main steam 35,700 34,000 32,700 32,700

8. Demineralizing Equipment and
Condensate Storage Tanks 194,000 187,500 181,500 179,000

9. Electrical 109,700 107,900 107,900 89,300

10. Turbine Room Building
a. Building 83,000 83,000 83,000 83,000
b. Turbine generator sub--base 13,000 13,000 13,000 13,000

11. Condenser Pit-Size Increnent 11,900 12,250 13,300 15,750

TOTAL ITEMS 1 - 11 17,259,175 17,147,525 17,051,030 17,044,790

BASE TOTAL 16,698,560 16,698,560 16,698,560 16,698,560

DIFFERENTIAL TOTAL (TURBINE PLANT) +560,615 +448,965 +352,470 +346,230

12. Piping In Containment Vessel * +39,000 +22,000 +4,000 -5,000
GRAND TOTAL - (DIFFERENTIAL) +599,615 +470,965 +356,470 +341,230

*Differential Totals - Feed Water and Main Steam - To and From Steam Generators and Shell
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THROTTLE FLOW, 8/HR.
HEATER ARRANGEMENT

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P htrs. in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deserating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Boiler Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Boiler feed piping
d. Condensate piping

a'. From condensate pumps
thru L-P heaters

b'. For D-C heater and B F.
pump suction

e. Main steam

8. Demineralizing Equipment and
Condensate Storage Tanks

9. Electrical

10. Turbine Room Building
a. Building
h. Turbine generator sub-base

11. Condenser Pit-Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping In Containment Vessel *

GRAND TOTAL - (DIFFERENTIAL)

*Differential Totals - Feed Water and Main

TABLE 3.8-VIII
SL'MMARY OF COST DATA

165 PSIA THROTTLE STEAN PRESSURE
INDIRECT CYCLE TURBINE PLANT

4,802,000 4,631,000 4,456,000

3 2 1

13,012,000 13,012,000 13,012,000
430,000 430,000 430,000

Constant
200,000 200,000 200,000

1,356,000

971,800
14,000

203,000

10,000

633,000

192,000

589,000

282,255
208,160

24, 710

65,500
59,000

132,000

2,200
9,800

7,000
29,500

75,000
42,900
61,410
12,000
5, 250

51,600
21,530
5,950

128,800

64,800

72,800

53,000

206,000

108,300

96,000
15,000

18,600

19,469,865

16,698,560

+2,771,305

+152,000

+2,923,305

Steam - To and

1,380,000

989,000
14,000

206, 500

10,000

640,000

195,000

593,000

286,440
210,625
24,980

67,000

130,000

9,600

28,500

75,000
42, 900
55,455
10,400
5,100

53,400
22,180
6,100

90,100

39,400

72,800

51,700

201, 500

108,800

96,000
15,000

19, 300

19,391,780

16, 698, 560

+2,693,220

+150,C00

+2,843,220

from Steam Generators and

1,488,000

1,066,400
15, 750

220,000
62,000
10,000

673,000

208,000

617,000

307,830
222,680
26,360

71,000

75,000
60,000
71,550
10,400

5,100

49,200

87,600

50,400

196,500

91,100

96,000
15,000

22,400

19,460,270

16,698,560

+2,761,710

+146,000

+2,907,710

Shell

-323-

)
)

)
)
)
)
)



The reactor and some of the reactor plant auxiliary systems are being
evaluated by Du Pont. These are the primary coolant system, including
the steam generator, primary coolant circulating pumps, primary
piping system, reactor control system, shield cooling system, fuel
handling system, biological shielding and appropriate cost accounting

factors. The remaining reactor plant auxiliary systems and structures
have been evaluated by Sargent & Lundy.

Comprehensive analysis of the reactor plant auxiliary systems has
indicated that the following are closely enough related to the reactor

design parameters, and have a sufficiently high construction cost

variation as a function of the reactor parameters, to warrant consider-
ation as variable factors in the computer cost equations: reactor
containment vessel, containment vessel substructure, containment

vessel superstructure, shadow shielding, moderator cooling system,
shutdown cooling system, reactor coolant purification system,
moderator purification system, coolant storage system, moderator storage
system and reactor building crane.

The design equations developed for the reactor containment vessel
necessitate the use of factors originating in sections of the computer
code being prepared by Du Pont. The subsequent incorporation of
this information into the design equations will yield the minimum
overall containment vessel dimensions. With these dimensions
established, a trial design must be performed in which the total
energy released during a postulated accident is related to the vessel
design pressure. The resulting vessel design pressure is then
incorporated into a wall thickness calculation as prescribed by

Section VIII of the Unfired Pressure Vessel Code of the A.S.M.E. Boiler

and Pressure Vessel Code to establish the vessel wall thickness and
any limitations imposed by the code or economic fabrication
restrictions. Upon obtaining the containment vessel design
characteristics, the cost equation may be utilized to establish the
containment vessel construction cost. Similarly, the containment
vessel design dimensions, or related parameters enter into the
cost equations for the containment vessel substructure, super-

structure, and shadow shielding for the reactor plant.

The moderator cooling system and its attendant equipment including
heat exchangers, pumps, and interconnecting piping.comprise a

substantial investment. Consideration has been given to the
development of suitable design and cost equations, in terms of
appropriate input parameters which will be derived from the reactor
and core design blocks, to permit the use of an internal
optimization block for this system. The development of such an
optimization block presents some difficulty in terms of the input
parameters expected to be available from the reactor design blocks.
An alternative treatment of the moderator cooling system may
necessarily be based on the use of certain fixed temperatures in one
or more parts of the system. With these assumptions, the design of
the moderator cooling system can be readily completed and the associated
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cost equations readily developed.

The reactor coolant purification systems and the moderator purifi-
cation systems vary in design and construction cost as a function of

the liquid volumes and surface areas which are subjected to corrosion
and erosion, Accordingly, design equations for these systems were

prepared for which appropriate cost factors were established.
Similarly, appropriate equations for the coolant and moderator
storage systems have been developed.

Complete checking of the adequacy of the equations developed for the
variable portions of the plant cost awaits the completion of the
coding and operational checkout on the computer.

In addition to the aforementioned systems, for which a cost dependence
on the reactor design is being established, the remaining reactor
plant auxiliary systems have been reviewed to ascertain their cost
relationship to variations in the reactor design. The review of these
systems which include the external fuel handling system, waste disposal
system, heavy water reconstitution system, coolant and moderator make-up
systems, miscellaneous drain and recovery systems, heating and ventilating
systems, miscellaneous instrumentation, access roads and ground improve-
ments and land and land rights, has indicated that, in general, the

construction costs have only a slight dependence on the reactor parame-

ters and accordingly are being treated as constant in this program.

3.8.2 Boiling D20 Indirect Cycle

The turbine cycle efficiency data and the turbine plant cost data
developed for use with the liquid cooled indirect cycle plant designs
are directly applicable to the boiling D20 indirect cycle plant
design.

In general, the basic information developed for the reactor plant and
the reactor auxiliary systems for the liquid cooled indirect cycle
plant are also applicable to this case.

3.8.3 Boiling D2 0 Direct Cycle

As in the case of the indirect cycle plant designs, a family of
curves expressing the turbine cycle efficiency for various throttle
steam pressures a function of final feed water temperature was
prepared. To insure adequate flexibility in the program, saturated
steam pressures of 165, 400, 600, 800, 1000, 1200 and 1400 psia,
with final feed water temperature ranging up to 500 F, were
considered at turbine exhaust pressures of 1.5 in. HgA and 3.5 in.
HgA. These curves, shown in Fig's 3.8-11 and 3.8-12 which indicate
the 1.5 in. HgA and 3.5 in. HgA exhaust conditions respectively,
have been developed by calculating the turbine cycle heat rate
for a fixed final feed water temperature as determined by the use
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of an optimum number of regenerative feed water heaters in the

cycle for each turbine throttle pressure. Feed-water heaters

were placed in the cycle so that an approximately equal feed water

temperature rise occurs across each heater. New heat rates

were determined for lower final feed water temperatures by
successively deleting each feed water heater from the cycle until a

non-extraction heat rate was established for the throttle steam
pressure under consideration.

The principal differences between these curves and those developed
for the indirect cycle plants, result from the use of the thermo-
dynamic properties of heavy water steam and different internal
turbine efficiencies to account for manufacturing tolerances used
in building direct cycle turbines.

The arrangement of the feed-water heaters in the regenerative
feed water heating cycles differs from that utilized in the
indirect cycle plant; the deaerating feed water heater was deleted
from the cycle, because of its heavy water inventory requirement,

and a closed feed water heater put in its place. The boiler feed
booster pump has been located after the third or fourth heater in the
cycle, depending upon throttle steam pressure; except in those cases

utilizing less than three feed water heaters. In the latter, the
boiler feed booster pump is located after the last heater in the
cycle and discharges directly into the reactor feed-water inlet
connection.

The major mechanical equipment associated with each of the turbine
cycles has been sized in accordance with the capacities, pressures
and temperatures used to prepare the turbine cycle efficiency
curves. In sizing this equipment, certain assumptions were made

in order to reflect cost changes representative of those which would

be found in conventional steam power plants.

As in the case of the indirect cycle turbine plant, the major
equipment items for which the construction cost is directly related

to the throttle steam pressure and the final feed water
temperature include: the turbine generator and its accessories; the
condensing equipment, including the air removal equipment, condensate

pumps and circulating water pumps; the circulating water system

including the crib house, circulating water intake and discharge piping
and crib house equipment; the feed-water heaters; the boiler feed

booster pumps; the piping and insulation; the coolant makeup and

storage equipment; the electrical equipment and the turbine building.
the construction cost data similar to those prepared for the indirect

cycle turbine plant is indicated in Fig. 3.8-13. The variable cost
items contribution to these curves are indicated on Table 3.8-IX
through 3.8-XV.

As in the case of the boiling D2 0 indirect cycle reactor plant,
most of the design and cost equations developed for the liquid cooled

indirect cycle reactor plant are applicable to this design, with
appropriate corrections to the system constants and the addition of

those systems not utilized in the other plant designs.

-328-



23.5

23.3

21.6

21.4

21.2

21.0

20.8

20.6

20.4

20.2

20.0

19.8

19.6

19.4

150 200 250 300 350 400
Final Feed-Water Temp., OF

Fig. 3.8-13
D20 Direct Cycle Turbine Plant Cost

-329-

450 500

165 p ia

400 psia
Base Plait

600 pp a

1400 psia

a

1200 isia

1000 psis,

-9

'-I " 
I I



TABLE 3.8-IX
SUMMARY OF COST DATA

1400 PSIG THROTTLE STEAM PRESSURE

DIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,530,000 4,123,000 3,781,000 3,505,000 3,255,000 3,057,000 3,180,000

HEATER ARRANGEMENT 7 6 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation
e. Radioactive - special shaft seals

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume or forebay
d. Seal well
e. Discharge flume
f. Outfall

b - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deserating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Booster Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Feed water piping
d. Condensate piping from condensate

pumps thrcugh L-P heaters to
booster pump suction

e. Main steam

8. Full Flou Cond. Filters Complete
With Manifold Piping

9. Electrical

10. Turbine Room Building

11. Condenser Pit-Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

10,030,000 10,030,000 10,030,000 10,030
390,000 390,000 390,000 390

Constant "
167,000 167,000 167,000 167

Constant

-- - - -- -- -- ---- --- -- ---- --- 10,030,000 --
10,030,000

390,000

167,000

906,000 906,000 906,000 920,000 948,000

184,100 184,100 184,100 187,000 192,700
30,500 30,500 30,500 30,500 30,500

177,000 177,000 177,000 180,000 184,000
50,100 50,100 50,100 50,850 52,400
20,000 20,000 20,000 20,000 20,000

10,030,000
390 ,000

167,000

1,004,000

204,000
30,500

194 ,000
55,500
20,000

10,030,000
390,000

167,000

1,102,000

224,500
30,500

210,000
60,900
10,000

502,700 503,400 505,600 510,600 520,000 538,000 569,000

139,500 139,800 140,700 142,700 146,500 153,700 166,200

494,500 495,000 496,600 500,200 507,000

202,350 202,825 204,250 207,575 213,750
151,770 151,840 152,720 154,300 157,800

19,280 19,310 19,400 19,610 20,000

520,000

225,625
163,540
20,750

542,400

246,050
174,100
22,040

521,000 512,000 474,000 454,000 306,500 234,000 109,000
610,000 360,000 165,000 - - - -

None

11,800 8,500 5,800
None

3,500 1,100 - -

28,000 21,000 14,000 7,000 3,500
None

301,500
185,100
304,000
25,900

5,100

295,500
121,500
276,000
24,000
4,700

291,000
121,500
255,000
22,600
4,400

288,000
121,500
240,000

21,700
4,300

285,500
96,000

229,000
21,000
4,200

127,500 115,500 106,500 100,500 96,000
60,000 55,500 52,000 49,500 47,500
8,000 7,400 6,900 6,600 6,300

364,600 301,200 238,000 157,300 115,600

145,500 135,000 125,000 35,000 34,000

284 ,000
96,000

220,000
20,600
4,100

93,000
46,000

6,200

283,500
96,000

213,000
20,400
4,000

91,500
45,000
6,100

82,300 48,300

34,000 34,000

63,300 57,200 53,000 50,600 50,200 44,700
37,900 37,900 37,900 37,900 28,700 28,700

57,500 51,600 47,500 44,800 42,800 41,500

144,000 135,100 131,100 127,900 127,700 125,200

42,300
28,700

40,700

127,400

Base

1,400 1,400 1,400 1,750 2,500

16,466,900 15,987,875 15,626,570 15,262,185 15,087,750

16,656,125 16,656,125 16,656,125 16,656,125 16,656,125

-189,225 -668,250 -1,029,555 -1,393,940 -1,568,375

-62,000 -34,000 +8,000 -18,000 -36,000

-127,225 -634,250 -1,021,555 -1,411,940 -1,604,375

3,850

15,080,765

16,656,125

-1,575,360

-38 ,000

-1,613,360

6,300

15,130,890

16,656,125

-1,525,235

-36,000

-1,561,235

*Differential Totals - Feed (ater and Main Steam - To and from Reactor and Shell
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TABLE 3.8-X
SUMMBARY OF COST DATA

1200 PSIG THROTTLE STEAM PRESSURE
DIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HfR.
HEATER ARRANGEMENT

4,418,000 4,065,000 3,724,000 3,481,000 3,249,000 3,204,000

6 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation
e. Radioactive and special shaft seals

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume or forebay
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Booster Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Feed water piping
d. Condensate piping from condensate

pumps through L-P heaters to
booster pump suction

e. Main steam

8. Tull Flow Condensate Filters Complete
With Manifold Piping

9. Electrical

10. Turbine Room Building

11. Condenser Pit-Size increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

10,030,000 10,030,000 10,030,000 10,030,000 10,030,000 10,030,000
390,000 390,000 390,000 390,000 390,000 390,000

Constant
167,000 167,000 167,000 167,000 167,000 167,000

Constant

934,000 934,000 948,000 962,000 1,004,000 1,088,000

189,850
30,500
182,000
51,600
20,000

189,850
30,500

182,000
51,600
20,000

192,700
30,500

184,000
52 ,400
20,000

195,600
30,500
186,000
53,150
20,000

204,000
30,500
193,000
55,500
20,000

221,500
30,500

207,000
60,100
10,000

513,500 514,200 517,100 521,400 538,000 566,800

143,900 144,200 145,300 147,100 153,800 165,400

502,300 502,800 504,900 508,000 520,000 540,800

209,475 209,475 211,850 214,700 225,625 244,625
155,200 155,625 156,500 158,000 163,545 173,225
19,730 19,760 19,880 20,060 20,750 21,950

490,500 414,500 401,500 369,500 245,000 126,000
575,000 372,000 179,000 - - -

None

9,750 6,750 3,950 1,650 - -
None

24,500 17,500 10,500 3,500 - -

"- -"_ None

276,000
121,500
261,000
21,300
4,900

271,500
96,000

228,000
20,100
4,600

267,000
96,000

210,000
19,200
4,400

265,000
96,000
204,000
18,400
4,200

263,000
96,000

195,000
18,000
4,100

262,000
96,000

189,000
17,700
4,000

124,000 113,000 105,000 98,000 94,500 91,500
59,000 52,000 51,000 49,000 46,500 45,000
7,800 7,300 6,900 6 500 6,300 6,200

343,900 258,000 188,300 115,400 78,700 47,800

125,000 115,000 34,000 33,000 33,000 33,000

46,500 45,000 43,500 42,000 41,000 39,500
36,800 36,800 34,700 34,700 34,700 34,700

55,800 50,700 47,000 44,000 42,000 40,800

134,200 129,000 124,700 125,000 121,600 123,600

Base

2,100 2,100 2,450 2,800 3,850 5,900

16,258,605 15,780,860 15,399,230

16,656,125 16,656,125 16,656,125

-397,520 -875,265 -1,256,895

+62,000 +-18,000 -14,000

-335,520 -857,265 -1,270,895

15,116,160

16,656,125

-1,539,965

-30,000

-1,569,965

15,038,970 15,079,600

16,656,125 16,656,125

-1,617,155

-42,000

-1,659,155

-1,576,525

-26,000

-1,602,525

*Differential Totals - Feed Water and Main Steam - To and from Reactor and Shell
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TABLE 3.8-XI
SUMMARY OF COST DATA

1000, PSIG THROTTLE STEAM PRESSURE
DIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,337,000 4,014,000 3,708,000 3,471,000 3,316,000 3,060,000

HEATER ARRANGEMENT 6 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation
e. Radioactive and special shaft seals

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deseration - hot well of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume or forebay
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Feed Water Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

10,030,000 10,030,000 10,030,000 10,030,000 10,030,000 10,030,000
390,000 390,000 390,000 390,000 390,000 390,000

Constant
167,000 167,000 167,000 167,000 167,000 167,000

Constant

962,000 976,000 976,000 990,000 1,032,000 1,102,000

195,600
30,500

186,000
53,150
20,000

198 ,500
30,500

188,000
53,900
20,000

198,500
30,500

188,000
53,900
20,000

201,400
30,500

191,000
54,700
20,000

210,000
30,500
198,000
57,000
20,000

224,600
30,500

210,000
60,900
10,000

525,800 526,500 528,600 534,400 545,300 574,000

148,800 149,100 150,000 152,300 156,700 168,300

511,200 511,700 513,200 517,400 525,200 546,000

217,550 218,025 219,450 223,250 230,375 249,375
159,310 159,585 160,640 162,650 166,185 175,865
20,240 20,270 20,360 20,600 21,050 22,250

461,500 389,500 380,500 357,500 249,000 122,000
510,000 349,000 157,000 - - -

None

8,800 6,300 3,650 1,500 - -
None

24,500 17,500 10,500 3,500 - -

None

249,000
96,000
223,500
18,600
4,800

244,500
96,000

201,000
17,700
4 , 600

240,000
96,000

189,000
16,900
4,400

238,000
96,000
177,000
16,500
4,300

237,000
96,000

168,000
16,200
4,200

235,000
96,000

162,000
15,900
4,100

121,500 111,500 103,500 99,000 96,000 93,000
59,500 54,000 51,000 49,000 47,000 46,000
7,700 7,200 6,800 6,500 6,300 6,200

7. Piping and Insulation
a. Extraction steam ) 320,700 266,500 196,800 115,400 77,800 52,100
b. Heater vents and drains

Feed water piping 110,000 100,000 33,000 32,000 32,000 32,000
d. Condensate piping from condensate

pumps through L-P heaters to
booster pump suction ) 46,000 44,000 43,000 41,500 40,500 39,500

e. Main steam 46,800 44,100 39,600 36,800 36,800 36,800

8. Full Flow Condensate Filters Complete
With Manifold Piping 54,700 50,000 46,500 44,200 42,500 41,500

9. Electrical 128,000 126,100 121,900 122,300 118,700 120,500

10. Turbine Room Building Base

11. Condenser Pit-Size Increment 2,800 3,150 3,150 3,500 4,550 6,300

TOTAL ITEMS 1 - 11 16,111,550 15,771,730 15,389,350 15,129,700 15,051,860 15,069,690

BASE TOTAL 16,656,125 16,656,125 16,656,125 16,656,125 16,656,125 16,656,125

- DIFFERENTIAL TOTAL (TURBINE PLANT) -544,575 -884,395 -1,266,775 -1,526,425 -1,604,265 -1,586,435

12. Piping in Containment Vessel* +74,000 +32,000 -4,000 -23,000 -25,000 -14,000

GRAND TOTAL - (DIFFERENTIAL) -470,575 -852,395 -1,270,775 -1,549,425 -1,629,265 -1,600,435

*Differential Totals - Feed Water and Main Steam - To and from Reactor and Shell
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TABLE 3.8-XII
SUMMARY OF COST DATA

800 PSIG THROTTLE STEM PRESSURE
DIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,267,000 3,979,000 3,712,000 3,498,000 3.352,000 3,372,00

HEATER ARRANGEMENT 6 5 4 3 2 l

. Turbine Generator and Accessories
.. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation
e. Radioactive and special shaft seals

2. Condensers
Shells and accessories

b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume or forebay
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Booster Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Feed Water piping
d. Condensate piping from condensate

pumps through L-P heaters to
booster pump suction

e. Main steam

8. Full-Flow Condensate Filters Equipment
Complete With Manifold Piping

9. Electrical

10. Turbine Room Building
a. Building
b. Turbine-generator sub-base

'l. Condenser Pit-Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

11,212,000 11,212,000 11,212,000 11,212,000 11,212,000 11,212,000
419,000 419,000 419,000 419,000 419,000 419,000

Constant -
190,000 190,000 190,000 190,000 190,000 190,000

Constant

1,018,000 1,018,000 1,018,000 1,046,000 1,088,000 1,150,000

207,500
30,500

196,000
56,150
20,000

207,500
30,500
196,000
56,150
20,000

541,600 541,600

207,500
30,500
196,000
56,150
20,000

213,000
30,500

200,000
57,800
20,000

221,500
30,500

207,000
60,100
20,000

265,000
30,500

202,000
64,000
10,000

545,300 552,400 566,800 547,400

155,200 155,200 156,700 159,600 165,400 157,600

522,600 522,600 525,200 530,400 540,800 527,600

228,000 228,000 230,375 235,125 244,625 227,000
164,400 164,900 165,700 168,400 172,800 176,750
20,900 20,900 21,050 21,350 21,950 23,300

530,000 504,000
355,000 164,000

479,000 331,500 254,000 115,000

None

8,300 5,900 3,550 1,100 - -

None

21,000 14,000 7,000 3,500 - -

None

222,000
96,000

183,000
16,500
4,800

217,500
96,000

166,000
15,800
4 , 600

213,000
96,000

154,000
15,300
4 ,400

210,000
71,100
145,000
15,000
4,300

208,500
71,100

138,000
14,700
4,200

207,000
71,000

135,000
14,500
4,100

118,000 110,000 104,000 99,000 97,000 95,000
57,000 54,000 51,000 49,500 46,500 47,000
7,600 7,100 6,800 6,600 6,400 6,300

303,400 232,100 161,900 120,900 86,500 48,300

100,000 90,000 30,000 30,000 30,000 30,000

45,000 43,500 42,000 41,000 40,000 39,000
48,000 45,800 43,700 42,000 40,400 39,800

53,500 49,500 46,500 44,500 43,200 42,200

123,500 120,000 119,300 116,300 116,400 117,200

70,000
11,000

4,200

17,359,650

16,656,125

-703,525

+48,000

+751,525

70,000
11,000

4,200

17,007,350

16,656,125
+351,225

+16,000
+367,225

70,000
11,000

4,200

16,656,125

16,656,125

0

0

0

70,000
11,000

4,900

16,472,775

16,656,125

-183,350

-8,000

-191,350

70,000
11,000

5,950

16,444,325

16,656,125
-211,800

-10,000
-221,800

70,000
11,000

10,700

16,305,250

16,656,125
-350,875

-8,000
-358,875

*Differential Totals - Feed Water and Main Steam - To and from Reactor and Shell
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TABLE 3.8-XIII
SUMMARY OF COST DATA

600 PSIG THROTTLE STEAM PRESSURE
DIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, I/HR 4,245,000 3,982,000 3,743,000 3,561,000 3,480,000
HEATER ARRANGEMENT 5 4 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation
e. Radioactive & special shaft seal

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hotwell of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
c. Intake flume or forebay
d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps
a.Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deserating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Booster Feed Pumps
n. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Feed water piping
d. Condensate piping

from condensate pumps through
L-P heaters to booster pump section)

e. Main steam

8. Full Flow Condensate Filters
Equipment Complete With Manifold
Piping

9. Electrical

10. Turbine Room Building
a. Building
b. Turbine generator sub-base

11. Condenser Pit-Size Increment

TOTAL ITEMS I - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

10,988,000 10,988,000 10,988,000
419,000 419,000 419,000

Constant
190,000 190,000 190,000

10,988,000 10,988,000
419,000 419,000

190,000 190,000
Constant

1,074,000 1,088,000 1,116,000 1,111,000 1,189,000

218,500
25,500

168,000
59 ,300
20,000

221,500
25,500
170,000
60,100
20,000

227,500
25,500
173,000
61,600
20,000

256,000
25,500

177,000
61,900
20,000

563,200 570,400 575,000 536,500

163,900 166,800 169,700 153,200

538,200 543,400 546,500 519,000

242,250 247,000 251,750 258,875
161,985 163,745 165,945 169,465
21,800 22,100 22,400 22,850

436,500 419,500
332,000 156,000

399,500 267,000

274,000
25,500
172,000
66,200
10,000

559,600

161,900

535,600

234,825
171,400

21,650

146,000

None

6,400 3,900 1,700 - -

None

17,500 10,500 3,500 - -

None

172,500
71,100
141,000
14,400
5,000

118,000
57,000
7,500

166,500
71,100

129,000
13,800
4,600

110,000
54,000
7,100

162,000
71,100

120,000
13,300
4,400

105,000
51,000
6,800

254,500 186,800 105,400

78,300

42,500

61,200

28,000

41,000

58,700

27,000

40,000

56,500

159,000
71,100
114,000
13,000
4,300

101,000
50,000
6,600

68,900

26,000

39,000

54,000

53,300 49,500 47,000 45,000

117,900 118,300 114,300 112,000

70,000
11,000

5,600

16,926,835
16,656,125

+270,710
+39,000

+309,710

70,000
11,000

5,900

16,610,745

16,656,125

-45,380

+12,000

-33,380

70,000
11,000

6,650

16,368,045

16,656,125

-288,080

+16,000

-272,080
*Differential Totals - Feed Water and Main Steam - To and from Reactor and Shell

70,000
11,000

9,600

16,129,790

16,656,125

-526,335

-7,000

-533,335

156,000
71,100
108,000

12,800
4,200

98,000
48,500
6,500

34,100

25,000

38,000

53,900

44,000

113,600

70,000
11,000

11,800

16,071,175
16,656,125

-584,950

-4,000

-588,950
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TABLE 3.8-XIV
SUMMARY OF COST DATA

400 PSIG THROTTLE STEAM PRESSURE
DIRECT CYCLE TURBINE PLANT

TIIROTTLE FLOW, r/9R. I:,366,000 4,134,000 3,930,000 3,833,000

HEATER ARRANGEMENT 4 3 2 1

1. Turbin' Generator and Accecsories

a. Turbine generator unit
b. Turbine generator erection
c. Re erve exciter
d. Turb'i'e foundation
e. Rdioactive and special shaft seals

2. Cond :secs
a. Shells and accessories
b. Dry vacuum pumps

Tubes
a. Steam jet air equipment
e. Erection
f. Deseration - hot well of cond.

g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel
d'. Miscellaneous

b. Dredging
Intake flume or forebay

d. Seal well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deserating heater
D - Insulation

a. Closed heaters
b. Deserating

E - Structural Work
a. For closed heaters
b. For deaerating heater

5. Booster Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Feed water piping
d. Condensate piping from condensate

pumps through L-P heaters to
booster pump suction

e. Main steam

8. Full Flow Condensate Filters Complete

With Manifold Piping

9. Electrical

10. Turbine Room Building
a. Building
b. Turbine-generator sub-base

11. Condenser Pit Size Increment

TOTAL ITEMS 1 - 11

BASE TOTAL

DIFFERENTIAL TOTAL (TURBINE PLANT)

12. Piping in Containment Vessel*

GRAND TOTAL - (DIFFERENTIAL)

11,357,000 11,357,000 11,357,000 11,357,000
422,000 422,000 422,000 422,000

Constant
195,000 195,000 195,000 195,000

Constant

1,189,000

274,000
25,500

208,000
66,200
20,000

1,189,000

274,000
25,500
208,000
66,200
20,000

1,215,000

279,500
25,500

212,000
67,600
20,000

1,305,000

300,000
25,500

225,000
72,500
10,000

556,000 559,600 566,800 592,000

161,000 162,500 165,400 175,500

533,000 535,600 540,800 559,000

232,500 234,825 239,475
170,610 171,225 174,305
21,500 21,650 21,915

500,500
165,000

469,500 304,000

255,750
183,280
23,000

148,000

None

4,900 2,650 - -
None

10,500 3,500 - -

None

118,500
60,000

101,000
12,500
5,100

111,000
60,000
94,000
11,700
4,700

105,000
60,000
87,000
11.200
4,500

121,500 115,000 109,000
58,500 55,500 52,500

7,700 7,300 7,000

190,700 120,200 86,800

27,000 26,000 25,000

40,500 39,000 38,000
67,600 65,300 61,000

54,700 51,600 48,600

114,300 112,500 110,700

83,000
13,000

11,800

17,199,610

16,656,125
-543,485

+42,000

+585,485

83,000
13,000

11,800

16,899,350

16,656,125
+243,225

+32,000

+275,225

83,000
13,000

12,600

16,721,195

16,656,125
+65,070

+24,000

+89,070

100,500
60,000
81,000
10,500
4,400

105,000
51,000
6,800

49,300

24,000

35,000
60,600

49,000

112,500

83,000
13,000

15,100

16,709,230

16,656,125
+53,105

+30,000

+83,105

*Differential Totals - Feed hater and Main Steam - To and from Reactor and Shell
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TABLE 3.8-XV
SUMIARY OF COST DATA

165 PSIG THROTTLE STEAM PRESSURE
DIRECT CYCLE TURBINE PLANT

THROTTLE FLOW, #/HR. 4,802,000 4,631,000 4,456,000

HEATER ARRANGEMENT 3 2 1

1. Turbine Generator and Accessories
a. Turbine generator unit
b. Turbine generator erection
c. Reserve exciter
d. Turbine foundation
e. Radioactive and special shaft seals

2. Condensers
a. Shells and accessories
b. Dry vacuum pumps
c. Tubes
d. Steam jet air equipment
e. Erection
f. Deaeration - hot well of cond.
g. L-P heaters in exhaust stacks

3. Circulating Water System
A - Structures

a. Crib house
a'. Substructure
b'. Superstructure
c'. Steel

d'. Miscellaneous
b. Dredging
c. Intake flume or forebay
d. Sea,. well
e. Discharge flume
f. Outfall

B - Crib House Equipment (Erected)
a. Traveling screens
b. Screen wash pumps
c. Screen wash piping
d. Chlorination equipment
e. Chlorine handling

C - Circulating Water Piping
" D - Circulating Water Pumps

a. Pumps
b. Motors
c. Erection

4. Feed-Water Heaters
A - L-P closed heaters
B - H-P closed heaters
C - Deaerating heater
D - Insulation

a. Closed heaters
b. Deaerating

E - Structural work
a. For closed heaters
b. For deaerating heater

5. Booster Feed Pumps
a. Pumps and base plate
b. Fluid drive
c. Motors
d. Erection
e. Foundations for pumps

6. Condensate Pumps
a. Pumps
b. Motors
c. Erection

7. Piping and Insulation
a. Extraction steam
b. Heater vents and drains
c. Fced water piping
d. Condensate piping

from condensate pumps thru L-P
heaters to booster pump suction

e. Main steam

13,012,000 13,012,000 13,012,000
430,000 430,000 430,000

Constant
200,000 200,000 200,000

Constant

)
)

1,434,000

329,000
25,500
244,030

79,600
20,000

559,600

162,500

535,600

281,325
196,745
24,650

1,460,000

335,000
25,500
248,000
81,000
20,000

566,800

165,400

540,800

285,975
198,770
24,950

1,589,000

364,000
25,500
268,000
88,200
10,000

612,800

179,900

566,800

309,225
212,320
26,450

527,000 395,000 169,000

None

2,200 - -
- -- None

3,500 - -
None

124,000
42,900
60,000
11,600
5,200

134,000
62,000

8,500

122,600

26,000

40,000

54,400

120,000
42,900
54,000
10,600
5,100

128,000
61,000

8,000

88,100

24,000

37,000

53,800

8. Full-Flow Condensate Filters Equipment
Complete with Manifold Piping 60,800 58,300

9. Electrical 114,400 1.15,000

10. Turbine Room Building
a. Building 96,000 96,000

b. Turbine-generator sub-base 15,000 15,000

11. Condenser Pit-Size Increment 18,800 19,500

TOTAL ITEMS 1-11 19,063,420 18,925,495

BASE TOTAL 16,656,125 16,656,125

DIFFERENTIAL TOTAL (TURBINE PLANT) +2,407,295 +2,269,370

12. Piping In Containment Vessel* +62,000 +56,000

GRAND TOTAL - (DIFFERENTIAL) +2,469,295 +2,325,370

*Differential Totals - Feed Water and Main Steam - To and From Reactor and Shell.

112,000
42,900
48,000
9,300
4,900

123,000
59,000
7,700

51,600

22,000

33,000

53,000

55,200

116,000

96,000
15,000

23,100

18,934,895

16,656,125

+2,278,770

+52,000

+2,330,770
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