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ABSTRACT

Capltal investments and the cost of power were estimated
for 21 heavy-water-moderated, natural-uranium-fueled
power reactor plants, ranging in capacity from 100 to
460 eMW. Comparisons were made of hot and cold moderator
reactors and of the relative merits of pressure tube and
pressure vessel desglgns. Reactors cooled with 1liquid
D0, boiling D0, D0 steam, and hellum were evaluated.
A cold moderator pressure tube reactor cooled wilth
bolling Dy0 shows the most economic promlse of the
Ds0-moderated reactor systems studled to date. Reactors
of this type have sufficlent reactivity to permit
satisfactory fuel exposures, bhut the development of
additlonal technology is a prerequisite for optimum

At capacities of 300 and 400 eMW, the estimated power
costs from the current designs of bolling D0 pressure
tube reactor plants are 11.3 and 9.8 mills/kwh,
respectively. From liquid-Ds0-cocled concepts of
comparable capaclties the indicated power costs are 7
to 20% higher.

With an active development program, a power cost of 8.0
to 8.5 mills/kwh may be attalned in a 300-eMW bolling
Dz0 reactor plant within the next decade.

A supplementary report, DP-520, reccords 1n greater
detall the results of the principal engilneering studies.
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HEAVY -WATER-MODERATED POWER REACTORS
ENGINEERING AND ECONOMIC EVALUATIONS

Volume | - Summary Report
INTRODUCTION

A study of heavy-water-moderated power reactors was undertaken by

du Pont in November 1956, at the request of the Atomic Energy
Commission (AEC). The inherent neutron economy of a heavy water
reactor permlts the use of natural uranium fuel. The need for
increased attention to this type of fuel was related by the AEC not
only to the prospects for achleving economically competitive nuclear
poewer in the United States, but also to our position for helping other
nations under the "Atoms for Peace"” program.

The experience gaired by du Pont in bullding and operating the heavy
water reactors for plutenlum production at the Savannah River Plant
was clted by the AEC as an lmportant factor in assignment of this
study. The study was performed under the existing prime contract
AT(07-2)-1 between the AEC and du Pont and was administered by the
Savannah River Operations Office of the AEC.

Work done on this study was a Joint effort of personnel of the Atomic
Energy Division (AED) of the Explosives Department, the Design—--
Divislon of the Engineering Department, and subcontractors. Assistance
in speclalized flelds was cobtained from other Divisiens of the
Engineerling Department. The over-all study was under the direction

of the Technical Division of the AED.

At the inception of the du Pont study, the AEC suggested that the

work be focused on the technology of reactors using heavy water both

as coolant and moderator. It was further suggested that the heavy
water coolant be pressurized liquid rather than boiling. These
directions were Judged to be fully consistent with the primary objJective
specified by the AEC; i.e., to establish the technology of a 100-eMW
power plant having sufficiently modest research and development
requirements to permit completion of construction by mid-1962.

The 1962 target date and its attendant restriction on research and
development time dominated the course of the investigation until

mid-1958, when the AEC relaxed the target date and requested study of

the technology and costs of large capacity power plants, including
further evaluation of pressure tube reactors. As a result, du Pont
broadened 1ts program teo lnclude both liquid-cocled and bolllng-D,0-cooled
pressure tube concepts and undertock an economle survey of Dy0-moderated
pressure tube and pressure vessel reactor plants at capacities of 100

to 460 net eMW. This survey was completed in mid-1959,




This report summarizes the results of these economic comparisons and

the principal data upon which they were based. A companion report
{DP-520) records study results in greater detall, including the
engineering evaluatlons that preceded the economic survey. Detalled
infermation on the research and development programs still in progress

is not contalned in elther report. Excluded also is the work on
experimental physics, heat transfer burncut, fuel fabricatlon and

testing, and on the Heavy Water Components Test Reactor (HWCTR). The
HWCTR is an irradiation test facility that 1s belng built by du Pont at the
Savannah Rlver Plant. Progress In these areas, as well as summarles

of the engineering and economic evaluations discussed here, has been
reported in quarterly progress reports{1”®) and other publications!2°71%),

Subsequent to the completion of the studies that are discussed In this
report, a further cost evaluation of three of the reactor concepts
described hereln was made by Sargent & Lundy, Engineers. As part of
this evaluation, Sargent & Iundy prepared preliminary designs and cost
estimates for reactor plants that were, in general, compatible wilth
the du Pont reactor designs. The results of the Sargent & Lundy
evaluation are summarized in DP-480(22%), which also reviews the status
of the development program (as of March 1960) on D 0-moderated power
reactors.

SUMMARY

Engineering and economic evaluations were made of varilous concepts of

a full-scale Dy0-mederated power reactor plant that is fueled with
natural uranium metal. On the basis of a preliminary screening of
fourteen concepts at a plant capacity of 10C eMW, three concepts having
favorable scale-up characteristics were further evaluated at capaclties
of 200 eMW, 300 eMW, and 400 eMW. These three concepts were: (1) a
pressure vessel reactor cooled by ligquid D0, (2) a pressure tube
reactor cooled by liquid D,0, and (3) a pressure tube reactor cooled by
boiling D,0. The estimated power costs for these concepts are
summarized below and in the bar chart on page 10; design data are
listed In Table I, and estlmates of investment and power costs are
presented 1n more detail 1In Tables IXI and TIII.

Estimated Power Costs for D,0-Moderated Power Reacters
Construction costs are escalated on the basls of plant
completion 1n 1962; plant load factor of BO¥ assumed

Fower Costs, mills/kwh *~ - g‘dé,b
Flant Pressure Tube Liguid-Cooled Liguld-Cocled
Capaclty, Boiling Pressure Presgure
e Reactor Vessel Tube
100 18.0 13.0 15.1
200 12.8 13.5 1lk.g
300 11.3% 12.1 12.9
500 g.8t2) 11.3 1.7

Ta) AdJusted from estimate at 430 eMd

(v) Adjusted from estimate at 460 eMW
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Although uranium metal was postulated as fuel for all reactors 1n this
study, uranium oxlde is a feasible alternative. Recent comparisons ! 23)
show that the substltution of oxide fuel increases the total power cost
by about one mill/kwh.

Bolling D,0 reactors of the pressure tube type show lower power costs
than do the other concepts that were investigated. However, even at
high statlon capacity (400 eMW) the power costs for the bolling reactor
are about 50% higher than those for a modern coal-fired plant of the
same capaclty. The cost of power for all of the concepts is strongly
dependent upon plant capacity. The cost drops sharply as capaclty is
increased from 100 to 200 eMWw and more gradually for a further 1lncrease
in capacity. The decrease in cost with capaclty reflects the fact that
fixed charges are the dominant factor in the cost of power from all of
the D,0-moderated reactors that were examined. At 14% per year, fixed
charges on the plant investment range from 56% of the total unit cost
of power in the larger capaclty plants to about 68% 1n several of the
1C0-eMW plants. Filxed charges on the D,0 inventory at 12.5% per year
account for an additional 7 to 12% of the total power cost in Dz0-cooled
reactors.

There is little economlc difference between hot and coldéd moderator
reactors. The potential savings in total power cost resulting from
the higher nuclear reactivity in a cold moderator reactor are largely
dissipated by the cost penalties involved in segregating the moderator
and in discarding the heat absorbed therein.

The gas-cooled and D,0-steam-cooled reactor concepts included 1in this
study do not compare favorably wlth the liquid-Dy0-cooled and bolling
reactors. The higher reactor investments for the former systems
outweigh the lower investment in electrical generatlon facilities
reaulting from the improved steam conditicns.

The major results of the engineering studles are summarized below:

a. Pressure vessel reactors appear feaslble in sizes up to a
maximum diameter of about 19 feet with design pressures in the 90C to
1000-psil range. Limiting factors include the size of fabricators'
heat-treating facilities and the avallabllity of large dlameter flange
forgings for vessel closures. The 400-eMW pressure vessel reactor
included in this study is sized in accordance with these limitations.

b. Pressure tube reactors can be fabricated 1n slzes that exceed
the diameter limltatlons of pressure vessel reactors. The feasibllity
of the pressure tube designs that were studied 1s dependent on the
development of a reliable connectlen for Joining iIndividual Zircaloy
pressure tubes to coolant distrlbutors of stainless steel,

- 11 -




¢, Engineering studies demonstrated feasible designs for control
and safety rod drives and for fuel-handling equipment that can be
utilized in D,0-moderated reactors at lattice spacings as small as
6-1/4 inches. '

CONCLUSIONS

1. From an economic standpoint, the most promising D.0-moderated
power reactor using natural uranium fuel 1s a bolling-D 0-cooled
pressure tube reactor that operates on a direct steam cycle. However,
in the 200 to 400-eMW range, the nuclear power costs from current
designs of bolling D,0 reactors are 3 to 5 mills/kwh higher than the
average cost of power from modern coal-fired plants of comparable
capaclty. With further research and development, plus coperating
experlence on prototype units, 1t 1s anticlpated that part of this
cost difference can be eliminated in second- or third-generation
plants.

2. Por a 300-eMW installation, a power cost of 8.0 to 8.5 mills/kwh
may be attalnable wlth a bolling D,0 reactor within the next decade;
this cost 1s some 3 mills/kwh lower than 1s currently estimated for
the same type of reactor. For a 400-eMW plant, the power cost may be
reduced to 7.0 to 7.5 mills/kwh. Attainment of these costs 1s based
on (1) a fuel wlth a %0% lower fabrication cost and capable of an

© "average exposure of at least 6000 MWD/ton, (2) reactor operation at ~ -
50% higher power ratings, with the probable inclusion of nuclear
superheating, and (3) a 20% reduction in investment requirements.

3. The estimated costs of power from the bolling D.0 reactors are
dependent on the success of development programs now under way on
these reactors. These programs are designed to furnish additional
Information on fuel elements, reactor physics, heat transfer burnout,
D2C leakage, hydraulic behavior, reactor stabliity, and systems
analysis.

4. Since none of the 100-eMW D,0-moderated reactors can compete wilth
fossil-fueled plants in the continental USA, their construction can
be justified only as prototype units leading to the development and
refinement of optimum designs for large capaclty plants.

RECOMMENDATIONS

Continued development effort is necessary if the goal of competitive
power from natural uranium in Dy0-moderated reactors 1s to be
realized. The development program should include the following:

1. Proof of the feasibillty of obtaining high exposure with metallic

uranium fuel and improvement of fuel fabrication processes to obtain
fuel assemblles of lower cost.
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2. A parallel development to reduce the cost of uranium oxlide fuel
elements.

%. FPurther study of the nuclear characteristics, heat transfer
burnout, stabllity, and hydrodynamics of boiling D0 reactors. Design
of optimum fuel element and core configuratlons for both metal and
oxlde fuels.

4, Dpevelopment of a reliable Zircaloy-to-stainless-steel joint and
continued work on the fabrication of Zircaloy components.

%. Development of reactor concepts including nuclear superheating
and possibly using oxide fuel in the high temperature superheater
sections.

DEVELOPMENT PROGRAM

Du Pont's program on D,0-moderated power reactors includes work In
most of the recommended areas. The principal actlvities are as

follows:

1. Experimental measurements of the nuclear parameters of natural
uranium and of oxide fuel lattices at D 0 temperatures up to 215°¢,
and their changes wlith exposure.

2. Development of fabrication processes to lower the cost and Ilmprove
the quality of Zircaloy-clad fuel elements that contain uranium as
metal, oxlde, or 1n alloys.

%. Fabrication of zirconlum and Zircaloy components and development
of a bonded Jjolnt between Zircaloy and stainless steel.

4, Trradiation tests to determine the stabllity of metallic, oxide,

and low alloy uranium fuels under reactor conditions available at SRP,
NRU, VBWR, and MTR*. Starting 1n 1961, exposure in HWCTR of 10-foot-long
tegt elements to the same operating conditlons expected in the full-scale
power reactors.

5, Fluid flow and mechanical tests on pressure seals, access hole
closures, pressure tube connections, fuel element assemblles, safety
and control rod mechanisms, charge-discharge machinery, etec.

6. Tests of D0 leakage rates through pump seals, valve stems, statilc
seals, and nozzle closures.

*SRP, Savannah River Plant; NRU, Chalk River, Canada; VBWR, Bolling
water Reactor, Vallecitos, California; MTR, Materials Testling Reactor,
Idaho.
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7. Systems arnalysls of the translent behavlor and responses of the
boiling D;0 reactor concepts to changes in reactlivity, temperature,
ete. 8Study of the hydraulic stability and other characteristics of
these concepts.

8. Continued studles at the Engineering Research Laboratories of
Columbla Unilverslty and at the Savannah River Laboratory on heat
transfer burnout and two-phase fluid flow in forced convectlicn bolling

systems, using conflgurations and operatling condltlions applicable to
power reactors.

-1 -




DISCUSSION

A, CONTENT OF REPORTS

The results of the du Pont design and economic study on Dy0-moderated
power reactors, as conducted from November 1956 to mid-1959 are
summarized in two companion volumes. This report (Volume I) summarizes
the results of the economic studies and includes data and explanatory
information that deal directly wlth the nuclear power plants included
in the economlc survey.

The Volume II report (DP-520) 1ncludes more detailed information on
the varlous reactor concepts and on the results of the engineering
studies of the reactors, reactor systems, electrical generation plants,
and auxiliary facilitiles.

B. STUDY APPROACH

1. Basic Reactor Concepts

The initial portions of the du Pont study dealt primarily with
liquid-Dp0-cooled-and-moderated reactors of the pressure vessel and
pressure tube types, since it was felt that these would requlre the
least development effort to meet the original AEC target date for
operation in 1962. A power level of 100 eMW was assumed for all
concepts, as suggested by the AEC. These reactors were assumed to be
fueled with natural metallic uranium in the form of tubular elements
clad with Zircaloy-2. Uranium metal was selected as the fuel, 1n splte
of the better irradiation stabllity and corroslon reslstance of the
oxlde, because of the generally higher reactivity and the potentially
lower fabrication cost of metallic fuels.

The initial study was limited to liquid-cooled concepts that did not
represent radical departures from current knowledge and whiech could
embody much of the technology that du Pont had already developed 1n
its operation of the Savannah River Plant. These reactor concepts
were as follows:

Case 1A. A Dp0-cooled pressure vessel reactor moderated wilth hot
5;0. There are no housing tubes surrounding the fuel assemblies; the
fuel tubes are in direct contact with the moderator. Saturated steam,
which drives the turbine generator, 1s produced in steam generators
by heat transfer between the Do0 coolant and light water.

case 1B. A Dy0-cooled pressure vessel reactor with hot D0 moderator,
similar to Case 1A, except that a Zircaloy housing tube surrounds
each fuel assembly to provide higher coclant velocitles past the fuel
tubes.
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Case 1C. A Dy0-cooled pressure vessel reactor, similar to Case 1B,
except that the D0 moderator is segregated from the fuel coolant and
malntained at about 80°C ("cold" mederator}.

Case 1D. A Dy0-cooled pressure tube reactor, uslng cold Dg0 as
moderator.

A parzllel preliminary survey‘lE’ of gas-cooled Dy0-moderated power
reactors indicated that a helium-ccoled system merited further
comparison with the liquid-cocled concepts. Thls system 1s 1lncluded
in the current evaluatlons as Case 1G.

Case 2H. Also studied was a Dy0-steam-cooled pressure vessel reactor
moderated with cold Dp0. This reactor would produce superheated D0
steam at 785 psig and 729°F (387°C).

In June 1658, the AE(C relaxed their target date for plant completion
in 1962 and requested study of the technology and costs of large
nuclear power plants. On the basls of the relaxed target date, the
du Pont study was expanded to include the following bolling D0
concepts:

Case 1J. A beolling-Do0-cocled pressure vessel reactor moderated with
hot Ds0. Housing tubes surround each fuel element. Saturated D0
steam from the reactor 1is piped -through a steam separator directly to
the turbine generator.

Case 1lK. A belling-DsC-cocled pressure tube reactor mcderated wlth
celd D;0. Like Case 1J, dry saturated D:0 steam at 225 psig is piped
directly to the turbine generator.

Case 2K. Similar to 1K, but produces saturated steam at 780 psig.

A study of large capacity (200 to 460 eMW) reactor plants of selected
types was also started in mid-1958. These types inecluded: (1)
liquld-Dy0-cooled hot moderator pressure vessels, {2) ligquid-D,0-cooled
pressure tube reactors, and (3) boiling-D-0O-cooled pressure tube
reactors.

A substantlal portion of the econcmic results was reported durlng the
progress of the study‘g).

2. Reactor Physics

The nuclear characteristics of Dy0-moderated, natural-uranium-fueled
reactor lattices were investigated both theoretlcally and experimentally
at temperatures up to 215°C. The results showed that power reactors
fueled with such lattices are feasible from a physics standpoint. The
physics measurements facilitated computation of the minimum size of
reactor required to obtain a given fuel exposure.
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The results of the nuclear physics program have been reported 1n the
quarterly progress reports{1™®) and elsewhere(1271%4,17:18]) and they
are not included in this report.

3., Fuels and Materials

For the liquid-Dy0- and boiling-D,0-cooled reactor concepts, tubular
uranium fuels alloyed with 2 wt % of zirconium were chosen for initlal
development. Uranlum metal and other low alloys c¢f uranium are being
congldered as alternative metal fuels.

The feasibllity of a potentially low cost coextrusion process for
Zircaloy-clad metallic uranium (+ 2 wt % Zr) tubes was demonstrated
under a du Pont subcontract to Nuclear Metals, Inc. Numerous corrosion
tests of the U - 2 wt % Zr fuel in het water, including samples with
intentional c¢ladding defects, demonstrated a somewhat better corroslon
resistance than unalloyed uranium. The stability of these fuel tubes
under long exposures to neutron lrradiation at high temperatures 1s
being tested by irradiations at SRP and VBWR, and this program will be
supplemented by later tests at NRU and in HWCTR.

If metalllic fuel tubes should prove unsultable for power reactor
application, uranium oxide elements would be substituted for them. For
this reason, a parallel program is in progress on the production of
uranium oxlde fuels 1n various forms by potentially low cost methods

of mechanical compaction and cladding of oxide powder. At present, the
preferred technique involves cold swaging of fused uranium oxlde powder
between coaxial sheaths of Zircaloy tubilng.

Extruded zirconlum and Zircaloy housing tubes have been fabricated by
the Harvey Aluminum Co. Work is being done at Nuclear Metzls, Inc.,
on the development of a bonded jolnt between Zircaloy and stalnless
steel.

4, Heat Transfer Experlments

The Englneering Research Laboratories of Columbia University conducted
an experimental study of the heat transfer burncuf 1n water-coocled
tubular assemblies of the type designed for the 1llquid-Dy0-cooled
reactor concepts. The resulfts of the study were correlated and used
to compute the safety factor on heat transfer burncut for the
11quid-D,0-coocled 100-eMW power reactor concepts(®s1®). These safety
factors ranged from 1.5 to 2.2. A vibration phenomenon that was
encountered 1n some of the burnout experiments was also studied, and
the preliminary findings have previously been reported(7’9).

The program at Columbla is currently being extended to include study

of heat transfer burnout for the forced circulation of bolling water
at conditlions applicable to the veolling D0 reactor concepts.
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5. Fluld Flow Experiments and Coolant Chemlstry

The Savannah River Laboratory performed full-scale flow tests on the
fuel element asgemblies for the 100-eMW liquld cooled reactor concepts.
Thelr corrosion, erosion, vibration, and pressure drop characteristics
were studied(®?,

The water quality specified for the power reactor deslgns was dupllcated
in some experiments, to determine the corroslve effects of the cooclant
on fuel element cladding, zirconium conponents, and other structural
materials in the system. The lifetime and effectiveness of the resins
intended for maintainlng the purity of the coolant were also evaluated.

6. Deslgn Studies

The design studles Ilnitlally included & number of 1C0-eMW liguld-cocled
pressure vessel and pressure tube reactor concepts. Later studies
included selected concepts at capacities up to 460 eMW. Preliminary
reactor designs were prepared, and the various components, such as

fuel and housing tube assemblies, contrcl and gafety rods, fuel access
nozzleg, vessel closures, ceoolant plenums, coeclant distributers, ete.,
were studied 1in conslderable detall. Designs were developed which
would aveld or minimize thermal stresses 1n reactor parts. Calculations
were made to define the requirements for internal and external thermal
and blological shielding. Thesée designs and the dssocldted studies -
are described in Volume II (DP-520).

Studies of Zircaloy-2 housing tubes were made to determine: (1)
allowable deslgn stress versus temperature, (2) ways of providing
thermal insulation, (3) heat leakage to a cold moderator, and (i)
reactivity losses to the tube walls. Detalls are included in Volume II
(DP-520).

The baslc requirements for instrumentation of power reactors were
studied. Egquipment was specified for measuring flow, temperature,
and fission product activity at each fuel position. Methods were
proposed for measuring axlal and radial neutron flux variations and
reactor power levels.

Preliminary mechanical designs were devised for safety rod, shim rod,
and control rod arrangements and thelr drive mechanisms. A fuel
handling scheme was studled to define requirements and feasibllity.
The results of these studies are described in Volume II (DP-520).

The fabrication feaslbility of the pressure tube and pressure vessel
reactor concepts was investigated. This part of the study included
contacts with representative fabricators to elicit comments on the
proposed designs and to determine the feaslbility of fabricating
pressure vessel reactors in the 400-eMW capacity range. Preliminary
Information was also obtained on prices and on the time required for
fabrication.
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Flow diagrams were prepared for typical reactor systems and the
associated electrical generation facilities. Piping diagrams and
arrangements were prepared for the basic pressure vessel reactor plant
(Case 1B). These are shown in Volume II (DP-520).

Vendor ccntacts were made to determine feasibility and to cbtain
price information on the reacter coolant pumps and steam generators
required for the varicus reactor plant concepts.

The turbine generator, turbine condenser, feed water heaters, and
auxiliary electrical generation facilities were defined. 3Size and
Price information was obtained from turbine generator manufacturers
for unlts operating on the proposed steam condltions at capaclties of
100 eMW and =zbove.

An over-zll power plant arrangement was developed for the basic 100-eMW
concept (Case 1B), which included the arrangement of the reactor and
assoclated equipment such as coolant system, steam generators, and

fuel handling system, all housed in a containment vessel. The electrical
generation equipment was shown installed in a conventional structure.

Auxiliary facilities and service bulldings were &ll 1ncluded to
plcture a complete plant (Figures 19 to 23). The required varlations
in the basic reactor system arrangement for the various reactor
concepts were pilctured (Figures 24 to 34) where they differ markedly
from the basic scheme. The containment vessel designs were examined
to determine their suitability for containing an instantaneous release
of the energy in the hot D0 assceiated with each reactor concept.

Descriptions of the various plant arrangements are given in 3Section E.

C. ECONOMIC SURVEY

The econcmic survey cof heavy-water-mcderated, natural-uranium-fueled
power reactors reported here was completed in mid-1959. During the
study the required capital investment and the unit cost of power were
estimated for 21 conceptual designs of nuclear power plants ranglng

in capacity from 100 to 460 net electrical megawatts. The cost flgures
and the Important degign features of 17 of these reactqr plants are
summarlzed 1n Tables I, II, and ITI. Two of the four remainling concepts
are varlants of Cases 1C and 2H and are described in Sections D-1 and
E-11, respectively. The other two concepts were 250-eMW verslions of
Cases 1B and 1C; both have been superseded. The first phase of this
investigation compared varlous reactor concepts for use in 100-eMW power
plants. The second phase of the economlc evaluations dealt with plants
having capacitles greater than 100 eMW, since it was evident from the
earllier results and the work done by others that heavy water reactors
fueled with natural uranium could approach an ecconomically competitive
position only if used as large capaclty base load power plants.



1. Method of fost Estimating

a. Plant Investment

Results on seven of the 17 cases included in this report were shown

in earller quarterly progress reports!728)., After a critlcal review

of the orlginal evaluation estimates, which were made on an "intentionally
congervative basis”(e), the estimated construction costs of these seven
plants were reduced approximately 11.5% from the amounts previously
reported. This reduction reflects the current best Judgment of the

cost of the facllities. Further reductions are believed to be warranted
only if they are accomplished by reductions in the scope of the required.
facilities or by the development of more detalled design data and
specifications. All other estimates included In thils report were made
on this revised basis.

The cost data presented in Tables II and III were derived from several
sources. Much information was collected from the du Pont experlence
in designing, building, and operating the large thermal reactors at
the Savannah Riliver Plant. Additional data were gathered from du Pont's
extensive experience 1n purchasing equipment for its commercial chemical
plants. Much use was made of Information concerning the actual cest of
power reactors (e.g., PWR) iIn the United States. Quotations were
obtained from vendors on the cost of key pleces of equipment for the

--- power-reactor--.concepts-evaluated—in-this-study.--———— ———— —- -

The estimates of plant investment include an allowance for the
development of & 50-acre silte that is located east of the Mississippl
River and within 1500 feet of water, rallrocad, public highways, and a
power transmission system. The cost of site acquilsition is not
included. The estimates are based on a normal work week with the use
of premium time only as dictated by over-all economy. An allowance

is made for anticipated increases in wages and material costs, which
would be applicable to plant completicn in 1962. The estimates do not
include research and development expenses.

The following ground rules affect the plant investments and apply to
2ll the reactor plants:

(1) The ASME Unfired Pressure Vessel Code 1s used as the
design criterion for all pressure vessels as well as pressure tubes,

{(2) Contalnment is provided for the reactor and the
primary coolant loop, but not for the turbine generator,

{3) Each plant is provided with facilities comparable

to those described in Sezction E of thils report and plctured 1n Figures
19 through 23.
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b. Cost of Power

' The following fixed charges were used, as stipulated in a letter dated
March 13, 1959, from the Savannah River Operatlons Office of the AEC:

(1) Annual fixed charges 14% of plant investment,
excluding D0 costs

(2) Annual DpC charges 12.5% of original cost
of $28/1b

(3) Annual uranium use charges 44 of original cost

A plant load factor of 80% was assumed. Replacement costs for D0

are based on losing 4% of the D0 inventory each year by leakage, ventling
losses, etc. Annual costg for operating and maintenance labor, supervision,
technical servlces, supplies, insurance, etc. were varied as a function

of plant capacity.

e. PFuel Costs

The costs of fabricated fuel, as empleoyed in this evaluatlon, were
derived from an earlier estimate of production costs for the coextruded
tubular elements that are being developed under a subcontract by Nuclear
Metals, Inc. These elements, pictured in Figure 9, consist of uranium
metal alloyed with 2 wt % of zirconium. They are clad with 0.015 inch
of Zircaloy-2, have outside and inside diameters of 2.06 and 1.47 inches,
respectively, and an effective length of 15 feet. The cost of producing
this fuel in large quantities, including the natural uranium metal at
$40.50/kg, was estimated to be $51.50/kg of uranium.

For reactor concepts that require greater fuel subdivislon to satlsfy
heat transfer requirements (multiple coaxial fubes or twisted ribbons),
the fabrication costs were scaled upward to reflect the increased
quantity of cladding material and the greater cost per unlt welght of
uranium for blllet preparation, extrusion, heat treatment, inspectlon,
etc. The various tubular fuels range in price from $51.50 to $68/kg
uranium, which includes the uranium cost. The comparable cost for
twisted ribbons of the same composition was estlmated to be $75/kg
(Cage 1G), whlle those clad with stalnless steel were estlmated to
cost $65/kg (Case 2H).

Other factors employed in the computation of net fuel costs are listed

below:
(1) Shipping charges to reactor plant $2/kg uranium
(2) Shipping charges to recovery plant $5/kg uranium
(3) Reprocessing charge $20/kg uranium
(4¥) Conversion of U-nltrate to UFe $5.60/kg uranium
(5) Credit for plutonium isotopes $12/gm Pu
(6) Conversion of Pu-nitrate to Pu metal $1.50/gm Pu
(7) Credit for depleted uranium AEC schedule of prices
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Fuel inventory costs were based on a 4% use charge for uranium and
12% per annum fixed charges on the fabrication cost of the fuel. The
uranium inventory was assumed to include a nine months' supply in
fabrication and storage and a six months' supply In reprocessing. No
fixed charges were applied to the fabrication cost during the

reprocessing pericd.

2. Layout and Scope of Facilities

In order to establish a basis for cost studles, a conceptual
arrangement was made for the buildings and equipment involved in a
100-eMW nuclear power plant, based on a liquid-Ds0-cooled-and-moderated
pressure vessel reactor. A description of these facilities is included
in Section E of this report.

This baslc arrangement 1s 1llustrated in Figures 19 through 2%. The
principal buildings shown include the reactor bullding or containment
sphere, the turbine generator building, and the fuel handling building.
An aerial view of the relative positions of these buildings 1s sketched
in Figure 19. The faclilities for handling the radiloactive wastes are
not pictured.

a. Reactor Building

Included In the containment vessel are the following facilitiles:
(1) The reactor with its controls and protective systems

(2) Reactor coolant pumps and piping, steam generators,
and steam piping

(3) Moderator and shield cooling systems

(4) Reactor pressurizer vessel (when required) and
coolant surge tank

{5) Catalytic recombiner system for Dy0 recovery from
vented gases '

(6) D0 purification system, conslsting of filters,
deionizers, and distillation columns. The columns, thelr drain tanks,
and auxiliary equipment are located outside the containment vessel.

(7) A crane with maintenance and cask-handling trolleys

(8) Fuel transfer cask

(9) Bilological shielding of the reactor and coolant
systems, fuel {ransfer chutes, etc.
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(10) Personnel and equlpment alr lock, emergency alr lock,
freight elevator, stairs, ventilation system, sprinkler system, etc.

b. Fuel Handling Bullding

The fuel handling building includes the followlng:
(1) PFacilities for handllng rail and truck shipments

(2) Parts storage, degreasing and assembly facilitles,
and test and storage areas for new fuel with pertinent equipment

(3) Spent fuel aging basin wlth cranes, monorails, etc.
for transfer to disassembly and to shippling casks

(4) Disassembly eguipment

(5) Spent fuel shipping casks and a shielded area for cask
loading and transfer to rail cars

(6) Biologlcal shlelding as required for personnel
protection

¢. Turbine Generator Bullding

The following equipment 1s included in the turbine generator bullding:
(1) Turbine generator with exciter, condenser, and auxlliaries
(2) Feed water pumps, heaters, and deaeratlon equlpment
(3) Service crane in turblne bay
(%) Electrical plant faclilities in and adjacent to the
building, including the main output transformer. The switchyard is

nof included.

d. Contrecl and Service Bullding

The upper level Includes:

(1) Plant control room with instrument panels and
operating consoles

(2) offices, conference and lunch rooms, and personnel
facilitles
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(%) Health physics facilities, control laboratory, and
instrument shop

(4) Tool decontamination and storage
The lower level includes:
(1) A machine shop

(2) Air conditioning equipment for the control room,
offices and laboratories. Ventilating equipment for the reactor
building, etc.

(3) Air compressors, emergency power equipment, and
electrical substation.

e. Auxlliaries and Miscellaneous

Auxiliary items include:
(1) Cooling water pumps and pump house
(2) Water mains and elevated storage tank
- - {3)  Hellum storage and compressor - o e
(%) Waste handling and storage facilitles and a vent stack
Building services and general facilities include:
{1) Power and lighting distribution
(2) Water treatment and sewage system
(3) Fire protectlon and telephone system
(4) Heating boiler

{5) Decontamination equipment and equipment and furniture
for shops, labeoratories, offices, etc.

f. Arrangements for Qther Concepts

The baslc 100-eMW reacter plant arrangement was found sultable as a
basis for housing all of the liquid-cooled 100-eMW reactor concepts.
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For the other reactor concepts studled, the sizes and types of
containment vessels were varled to fit the desired plant arrangements,
With the provision of a buillding volume adequate to contain any
acclidental energy realease. Descriptions of the various reactor
bulldings are given 1In Section E. Where these differed markedly from
the basic case, new arrangements were developed, as shown in Flgures
24 to 34,

3. Economlic Evaluation of 100-eMW Reactor Plants

Three types of 100-eMW, Dy0-moderated power reactors were studled:
pressure vessel concepts, moderated with hot or cold D;0; and pressure
tube concepts moderated with cold D,0. The reactor coolants included;
pressurized liquid D0, boiling D;0, D;0 steam, and helium gas.
Descriptions of these concepts are glven in Section E.

Appraisals of the 100-eMW reactor concepts led to the following
conclusions:

a. At the estimated total power costs of 18.0 to 20.% mills/kwh,
none of the 100-eMW reactor concepts studied can compete 1n the United
States with fossil-fueled power plants.

For the 100-eMW reactor plants, the over-all Investments, Including
the D0 inventory, are estimated to be $649 to $780/kw (Filgure 1 and

the following table). These investments are triple those estimated in
Sectlon D-3 for modern coal-fired power plants of comparable capacities.

Investments for 100-eMW Power Plants

Coal-Fired
D,0-Cooled Helium-Cocled, Flants,
Cases Case 1G 1962 Constr.
Plant Investment, $/kw 560-671 691 205-218
D50 inventory, $/kw 81-109 52 -
Qver-all investment, $/kw 649-780 T4 205-218

The breakdown of the estimated power costs for the 100-eMW concepts
(Table II and Pigure 2) shows that the fixed charges on the plant
investment at 14% per annum range from 58 toc 69% of the totals, with

the 12.5% fixed charge on the D,0 lnventory accounting for an additional
7 to 11% (gas-cooled Case 1G - 4%),

b. At plant capacltles ¢f 100 eMW, pressure vessel reactors

with cold moderator have no econcmic advantage over reactors wilth hot
moderator (Case 1C versus 1B).
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¢. Increases in the temperature and pressure of the Dy0 coolant
in 100-eMW cold moderator pressure vessel reactors do not improve their

economilc status (See Section D-1).

d. Liquid-D,0-cooled pressure tube reactors have no economic
advantage over liquid-D:0-cooled pressure vessel reactors of 100-eMW
capacity (Case 1D versus 1B). No significant advantage 1s galned by
the pressure tube reactor, even if the price of Zircaloy tubes were
lowered from the estimated price of $50/1b to $30/1b.

e. At the specific conditions evaluated, gas-cooled and
Dp0-steam-cooled reactors are less attractive than the 100-eMw
liquid-cooled reactors (Cases 1G and 2H versus 1B, 1C, and 1D).

. At 100-eMW capacity, the most promising boiling-D,0-cooled
reactor has a small economic advantage over liquld-cooled or gas-cooled
reactors, resulting primarily from a lower plant investment (Case 2K
versus 1B, 1C, 1D, and 1G).

g. The only improvement that can effect a sizable reduction
in the cost of power from these concepts 1s a large increase in plant
capacity. This conclusion is discussed further in the summary of the
second phase of the economle study.

4, Economic Evaluation of Larger Reactor Plants -

a. Scope of Survey

The principal obJectives of the evaluation of D,0-moderated power
reactors 1n plants of greater than 100-eMW output were as follows:

(1) To determine the relationship between the cost of
power and electrical ocutput for the more favorable reactor concepts

(2) To compare the economics of bolling and nonbolling
Dp0-cooled power reactors

The three reactor types belleved most favorable for scale-up to larger
capacitlies are listed in the following table; the plant capacities
evaluated are alsc shown. The design and construction of these reactors
should require only modest advances in the existing technology.
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Scope of Survey of Large Capaclty Power Reactors

Reactor Type of D0 D30
Type Construction Coolant Moderator Capaclty, eMW
Vessel Liquid Hot 100 200 300 400
Tube Liquid Cold 100 200 300 460
Tube Boiling Cold 100 200 300 430

411 of these reactors are fueled with Zircaloy-clad tubes of natural
uranium metal. The hot moderator pressure vessel reactors (Type B) use
the same D,0 as both moderator and coolant; Figure 10 is a cross section
of such a reactor at a capaclty of 400 eMW. This 1g-foot-diameter
vessel exceeds In slze any known vessel of 1tz type and crowds the

upper limits for constructlon with existing shop facllities. The
manufacture of this type of reactor is discussed in Section D-1 of this
report. The specific power rating of this reactor is very high; this

is discussed in the next section of this report.

The pressure tube reactors (Types D and K) provide separation of the
cold moderator from the hot coolant. Figure 14 is a cross sectlon of
an 18.5-foot-diameter large capacity (460 eMW) pressure tube reactor
cooled with pressurized liquid D,0. The coolant 1s distributed to and
discharged from the fuel elements through top and bottom plenum
chambers. Plenums of thlis size and complexity have already been
constructed. Filgure 16 i1s a cross sectlon of a 430-eMW pressure tube
reactor cooled with bolling D.0. This reactor 1s slzed to approximate
the 400-eMW capaclty of the other large reactors. Individual inlet and
discharge piping 1s used instead of cooclant plenum chambers.
Dezscriptions of these two pressure tube concepts are included in
Sections E-6 and E-8 of this report.

Gas-cocled reactors were not included in the second phase of the
econonic survey because their scale-up characteristics (to 400 eMW) do
not compare favorably with those of the Dy;0-cooled reactors. For
example, in the 100-eMW liquid-coocled reactors, the tubular fuel elements
can readily be subdivided to provide additional heat transfer area.

The use of subdivided fuel operatling with a higher temperature rise 1n
the cooclant provides a means for attaining a marked capaclty increase
in the ligquid-cooled reactors with little effect on thelr over-all slze.
By contrast, the fuel elements for the 100-eMW gas-cooled reactors are
already finely subdivided, and a very large temperature rise 1s assumed
in the coolant stream.

b. Characteristics of Large Capacity Reactors

The deslgns of the large capaclity power reactors are preliminary and
not necessarily the optimum ones that might result from more detalled
studies, particularly of fuel configurations, core design, and reactor
coolant flows. The predicted performance characteristics of the larger
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reactors were intentionally made optimistic, to reflect the effect of
technical developments expected in the near future.

The larger reactors are all based on the use of concentric tubular fuel
elements (2 to 4 tubes per assembly) of Zircaloy-clad metalllc uranium,
arranged on 6.25 to 9-inch lattice spacings. To facllitate cost
comparisons, a 15-foot active core height was specified for all cases,
although this dimension may nct be optimum for some of the larger
cores. The moderator-to-uranium volume ratlos for the various concepts
range from about 23:1 to 28:1. Average fuel exposures for 100% hatch
fuel loadings were calculated to be 3200 to 3800 MWD/ton uranium for
the liquid-cooled concepts (B and D series) and 380C to 5000 MWD/ten
for the boiling D0 concepts (K serles). 1In all cases the maximum
internal fusl temperatures were calculated to be less than 5009C. In
these respects, the larger concepts do not differ markedly from the
corresponding 1C0-eMW designs.

The estimated maximum heat fluxes for the larger liquld-cooled concepts
range from 432,000 to 440,000 pcu/(hr){ft®), except for the 490,000
peu/(hr)(ft®) value applying to the 400-eMW pressure vessel concept

(Case 1B-400). With thils exception, the values are similar to those
calculated for the 100-eMW cases. In the boilling D0 concepts {K series),
the maximum heat fluxes are estimated to be 200,000 pcu/{hr)(ft%).

These fluxes are only slightly higher than the maximum of 194,000
pew/(hr)(ft?) already attalned in EBWR and .expected. in the Dresden. _. -
reactor at 125% of rated power.

The larger beilling Do0 reactors are based on the assumption that 30%
by weight of the reactor coolant is vaporized 1n 1ts passage through
the fuel assemblies. At the postulated operating conditlons, the
ligquid-vapor mixture at the exit of the fuel assembllies would have an
average vapor volume of 92%. The quantitative effeects of this high
vapor fraction on the nuclear reactivity, heat transfer burnocut, and
operating stabllity of forced circulation boiling reactors must still
be determined. '

EBarly in thils study, the maximum speclfic power for the uranium metal
fuel elements was tentatively limited to 50 MW/ton uranium, and this
limit was not exceeded for the 100-eMW reactor concepts. Maximum
speclfic powers for the larger bolling reactors (K serles) were
estimated at about 40 Mw/ton, well below the tentative 1limit. The
larger liquid-cooled pressure tube concepts (D serles) show values of
about TO Mw/ton, which may not prove excessive.
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For the liquid-cooled pressure vessel reactors (B serles), the values
range st1ll higher, as sheown in the following table:

Max. Specific Power,

Case MW/ton uranium
1B 36
1B-200 66
1B-300 86
1B-400 104

It can be questioned whether or not these higher power levels are
attainable, even for a second or third generatlon design. If not
attainable, the larger pressure vessel concepts would have to be rated
at lower power levels, thereby lncreasing the total power cost in the
200 to 300-eMW capacity range by perhaps 10% over the present estimates.
The larger bolling reactors would remain first cholce from an economic
standpoint, but the liquid-cooled pressure tube concepts would then
become more attractive than the pressure vessel concepts.

¢. Results

In the following discusaion, (1) llguid-cooled reactors of the pressure
tube and pressure vessel variety are compared, {2) boiling reactors
are compared with liquid-cooled reactors, and (3) the plant

investments and the power costs are described as functions of plant
capacity.

(1} Liquid-D,0-Coocled Power Reactors: Pressure Tubes
Versus Pressure Vessels

The following table compares the investment in plant and D,0 and the
cost of power from the two types of liqulid-D.0-cooled reactors. In
Plgure 3, these Investments are plotted as a function of capaclty.

Liquld~-Dy0-Cooled Reactors
Pressure Vessel Reactors vs. Pressure Tube Reactors

Plant Plant D0

Capacity, Investment, Investment, Fower Cost,
eMy Reactor Type $/w $/kw mills/kwh
100 Pressure Tube 650 81 19.1
100 Pressure Vessel 626 93 19.0C
200 Pressure Tube 430 68 14.9
200 Pressure Vessel Lh = 69 13.5
300 Pressure Tube 362 &6 12.9
300 Pressure Vessel 353 68 12.1
%00 Pressure Tube 325(a) sota) 11.7(8)
400 Pressure Vessel 313 65 11.3%
460 Pressure Tube 214 56 11.1

{a)adjusted from B60-eMW estlmate
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The previous table and Flgure 3 show that the pressure tube reactors
are estimated to require about a 4% higher plant investment than the
pressure vessel reactors of comparable capaclty. The over-all
investments, including D,0, are even closer for these two types of
reactor plants., Although the comparable investments are not greatly
different, the previous table and Figure 6 show a distinct power cost
advantage for the larger pressure vessel reactor plants. This results
from the lower fuel cycle costs for the pressure vessel reactors.

The mechanical an¢ technical developments requlred for flrm design cf
these 1iquid-D,0-cooled reactors are discussed iIn Section D-1. The
congtruction of elther type of reactor i1s deemed feasible for the
sizes consldered, although the larger pressure vessels become
increasingly difficult to fabricate.

{2) Liquid-Cooled Versus Bolllng-D.0-Cooled Power Reactors

The following table and comparison of Figures 3 and 4 show that
bolling-D;0-cooled reactor plants of comparable capacities require
lower investments and produce lower cost power than the liquid-D,0-coocled
pressure vessel plants. The estimated advantage in plant lnvestment
for the boiling reactors over the liguid-cooled plants varies from 5%
at 100 eMW to 12% for plants rated at 400 eMW. The lower 1nvestments
for the bolling reactor plants arise primarily from the elimination
of intermediate heat exchangers and from the use of smaller primary
coolant clrcults. These investment differences, coupled wilth the
higher thermal efficlencies of the bolling reactor plants, result 1n
an estimated power cost advantage whilch increases from 5% at 100 eMw
to 13% in plants of 400-eMW capacity.

Boiling-Dz0-Cocled vs. Liquid-Dz0-Cooled Reactors

Pressure Tube Bolling Reactor Liquid-Cooled Pressure Vessel

Plant Plant D0 Power Plant D0 Power
Cap., Investment, Investment, Cost, Investment, Investment, Cost,

e MW $/kew $/kw mills/kwh $/kw $/lew mills/kwh
100 588 92 18.0 626 93 19.0
200 366 67 12.8 bi2 69 13.5
%00 219 63 11.3% 353 68 12.1
1400 o7s(e) 60(2) g.8'2) 313 65 11.3
430 265 60 9.4 - - -

(a)Adjusted from 430-eMW estimate
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The apparent economic advantage of the boiling-Ds0-cooled reactors over
the 1iquid-Ds0-cooled reactors can only be achieved through satisfactory
solution of ¢he developmsnt problems pecullar to the bollling concepts.
It should be noted that the design of very large pressure vessels also
presents several development problems. The problems associated with

the two concepts are discussed in Sectlons C-5 and D-1 of thils report.

It will be shown in a later section (F-2) that the inclusion of nuclear
superheating sections in the bolling reactors would further enhance
their economic advantage. Inclusion of such facilitlies in the boiling
reactor concepts is deemed much simpler than in the liquid-cooled
concepts.

(3) Effect of Plant Capaclity on Investment and Power Cost

The total investment, including Ds0, and the unit cost of power from
liquid-D,0-cooled and bolling-Dz0-cooled reactor plants are plotted as
a function of plant capacity in Figures 5 and 6. Figure 5 shows that
the total investment in $/kw for the three types of plants decreases
rapidly (about 35%) as capacity increases from 100 to 200 eMW, with a
more gradual reduction (about 22%) for a further increase from 200 to
400 eMW.

The curves shown in Flgure 6 for the cost of power versus plant capaclty
for the three reactor types roughly parallel the investment curves.

The power costs drop sharply, about 5 mills/kwh, as the plant capaclty
increases from 100 to 200 eMW; a further increase from 200 to 400 eMW
results in a more gradual reduction of some 2 to 3 mills/kwh.

Although the investments and power costs for a 400-eMW boiling D20
reactor plant are only about one-half of those for a 100-eMW plant,

the reactors are not competitive with fossll-fueled plants. The unlt
investment is nearly twice that estimated for a modern ¥#00-eMW coal-fired
plant, and the power cost is about 50% higher ($375/kw vs. $174/kw and
9.8 vs. 6.7 mills/kwh, per Section D-3).

5., Preferred Reactor Concept

From an economic standpeint, the most promising heavy water, natural
uranium reactor 1s & pressure ftube, boiling D0 reactor operating on
a direct steam cycle.*

Although there appears to be little doubt that boiling D,0 reactors
are workable, their apparent economic advantage 1s dependent on
satisfactory answers to varlous problems, some of which are listed
on the following page.

* The same conclusion was reached independently by 3Sargent & Lundy,
Engineers, and Nuclear Development Corporation of America in thelr
study of Do0-moderated power reactors.
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a. The most important single problem is the development of an
adequate low cost fuel element either of natural uranium or of uranium
oxlde. This problem is common to all Dz0-moderated reactors.

h. An analysis 1s required of the translent response of the
bolling D.0 reactor plants to changes in temperature, reactivity, and
power load.

¢. The development of a rellable Zircaloy-to-stainliess steel
Joint is essential. A metallurgical bond, rather than a mechanical
connection, 1s consldered economically deslrable to permlt restriction
of the high cost Zircaloy to the active core region, while maintaining
the deslred lattice spacings.

d. The work on heat transfer burnout 1n liquid-ccoled fuel
assemblles should be extended to include cocling by bolling D0 at the
temperatures, pressures, and vapor fractions postulated for the full-scale
reactors. The configurations studied shcould duplicate or simulate the
desired fuel and housing tube assemblies.

e. A further study of the hydraullc stablility of the D30
boilers 1s required. Assoclated with this problem is the need for more
Information on the flow of steam-water mixtures 1n the selected designs.
Methods for assurlng a proper flow distributlon to each fuel position
must.be devised and tested.

f. More experimental Infeormation is reguired on the nuclear
preoperties of uranium and uranium oxide lattices cocled by boiling
Ds0 and the change of these properties with exposure, to permit design
of optimum fuel and core confiligurations.

g. Fuill-scale hydraulic tests of the fuel assemblies are
required to study their pressure drop behavior, as well as their
corrosion, erosion, and vibration characteristics.

h. Methods should be explored for chemical treatment of the
primary coolant to permit the maximum use of carbon steel equipment.

i. The effects of irradiatlion on Zircaloy must be further

explored to define the limitations of this material for pressure tubes,
fuel cladding, and other reactor components.

D. MAJOR DESIGN ALTERNATIVES

1. Comparisons of Pressure Vessel and Pressure Tube Reactors

The Dp0-moderated power reactor concepts that are included in this
study can all be grouped under the following three basic design
classifications:

2. Hot moderator pressure vessel reactors
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b. Cold moderator pressure vessel reactors

¢. Cold moderator pressure tube reactors
The prevlious sections have compared the economics of the varlous
reactors. Nuclear and engineering comparisons of the three baslc

reactor designs are included in this sectlon under the following
categorles:

a. Nuclear reactivity and fuel exposure

=2

Power losses to moderator

c. Reactor coolants
d. Slze limitatlons

Operation and control

{T

=

Engineering and mechanical problems

g. Conclusions

a. Nuclear Reactlvlity and Fuel Exposure

Any Do0-moderated reactor fueled with natural uranium must be large in
size to provide adequate nuclear reactivity. For the cases studied,
increased lattice spacings will provide a limited additional amount of
reactivity from a gilven core. Thils reactivity may be used to attain
longer fuel exposures and to flatten the power distribution. Although
the additional reactivity would lead to lower fuel cycle costs, 1ts
attalnment requires larger reactors and increased Dy0 lnventorles, with
attendant hlgher fixed charges. An optimum reactor deslign must therefore
be based on an economic balance of the fuel costs and investment
requirements.

Because of the present uncertainties in reactivity calculations, it
might prove necessary tec increase the size of some of the reactors
included in this study. The pressure tube reactors could readily be
made larger at a modest increase 1In cost. Enlargement of the pressure
vessel reactors would be more costly, particularly for reacteors at

A outputs above 200 eMW.

In the Dy0-meoderated reactors studied, the reactivity lost through
neutron leakage ranges from 3 to 6.5% kerr and variles inversely with
the core size. The positioning of contrcl rods or shim rods to flatten
the power distribution in the reactor cores is equivalent to a
reactivity loss of about 1.5 to 2.5% Kerr. A reserve of 1.0 to 1.5%
kerp must be held in the control rods to override ths xenon transients
that accompany reductlons in power. A further amount of reactivity,
about 3.5% kepr, must be avallable to compeénsate for xenon and samarlum
polsoning.
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Beyond the reactlvity requirements Jjust descrlbed, reactivity 1s lost

to the temperature coefficients of the moderator and to ths parasitic
material in the core. These two reactivity losses vary for the three
basic types of reactors, leaving differing amounts of excess reactivity
avallable for obtalning long fuel exposures. The followling table compares
these reactivity losses, the avallable excess reactivities, and the fuel
exposures expected from the D,0 reactors. The figures shown are
approximations, but the relative values should hold true.

Hot Cold
Moderatcor Mcderator
Pressure Pressure Pressure

Heavy Water Reactors Vessels Vessels Tubes
Reactivity losses
Temp. coefficients, % kerr 6-8 2-3 2-3
Parasitic material in .
core, % Keep 1.5 1.5 2-4
Calandria tubes,
(where used}, % kerf - - 1-2

Ligquid-cocled designs
Excess reactivity

(hot, poisoned), kerp 1-2 5 3-5
Avg. fuel exposure,
— - -- {batch reloading),MWD/ton- ---3500-— - - —-4500- ———- 3500--- - — - —r . —
Bolling cocled designs
Excess reactivity, keff - - 5-8
Avg. fuel exposure,
(batch reloading), MWD/ton - - 4000-5000 !

For the hot moderator concepts, clcse lattice spacings are regulred

for an optimum design, and this geometry cannot be varied appreclably
without having a marked adverse effect on the reactivity. The cold
moderator pressure vessel and pressure tube designs permit a somewhat
greater latitude, but the lattice spacings may alsc be limited; a 9.5-in.
square spaclng 1s the maximum chosen in this study for the liguid- and
bolling-Do0-cocoled concepts. For the pressure tube concepts, the core
designs require careful study to minimize the use of parasitic materilals.

b. Power Losszes to Moderator

In the three types of heavy water reactors studied, the heat developed
in the moderator by nuclear radiation amounts to about 8% of the reactor
thermal power. In the hot moderator concepts, thlis heat is recovered.

In the cold mederator pressure vessel concepts, the losses from heat
transfer through the housing tubes and from nuclear radiation, plus
poesible losses from cross-leakage of coolant and moderator, are expected
to consume about 11% of the reactor thermal power. In the cold moderator
pressure tube conceptz, the losses to the moderator amount to 9 to 13%

of" the reactor thermal power.
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In the present cold moderator designs, all of the heat appearing in the
moderator would be lost by heat exchange to the cooling water. Some

of this heat loss might be economically recovered by pressurizing the
moderator and raising 1ts temperature above 100°C, but this possibllity
nas not been studied. The ccld moderator pressure vessel concepts are
already designed for operation with a pressurized moderator. 1In the
pressure tube concepts the moderator tanks are operated essentlally at
atmospheric pressure; the designs could not readily be modified to
accommcdate higher pressures.

¢. Reactor Coolants

The hot moderator pressure vessel concepts are restricted to using

D20 both as moderator and coolant, but it should be posslble to operate
them with local or bulk beiling in the core. Liguld Dy0, boiling D0,
or inert gas can be used as reactor ccolants in the cold moderator
pressure vessel concepts. In these reactors, it is diffilcult to
eliminate all leakage between the coolant and moderator; thils requires
that the two flulds be identical or compatible. The maximum coolant
conditions In the colid moderator deslgns are dictated either by the
ability of the core materials to withstand higher temperatures or by
the pressure limitations of the vessel desligns.

The economic effect of increasing the design pressure of the cold
moderator pressure vessel reactor, Case 1C, from 950 to 1500 psig was
studied. This variant would produce saturated steam at 35C psig {Case
1¢, 22% psig). Although the detailed findings are not included in
thls report, the total power cost was estimated to be 19.4 mills/kwh,
0.4 mills/kwh higher than that estimated for Case 1C. The 1lncreased
cost resulted from the higher investment 1n the reactor and assoclated
equlpment.

In the pressure tube concepts, complete separation of coolant and
moderator is inherent in the designs. Thils permits a wider selectlon
of reactor coolants, with operation at temperatures limited only by the
available materials. The operating pressures are limited primarily by
the reactivity lost to the thick-walled pressure tubes.

d. 8Size Limitations

No exact upper slze 1lilmit has been established for a pressure tube
reactor. The 460-eMW concept sheown in Figure 14 includes coolant
plenums approximately 18 feet in diameter with numerous penetratilons
for fuel access, etc., and designed for 1000 psig. Plenum chambers of
gimilar size and complexity have already been bullt.

Figure 16 i1llustrates a 430-eMW bolling D,0 pressure tube concept
designed for 1000 psig. Individual coolant piping is utilized rather
than coolant plenums, which in thls case would have to be about 22 feet
in diameter. The moderator tank is 21.5 feet 1n diameter, but thils is
a low pressure tank that could be assembled at the site.
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Fleld-assembled pressure tube reactors should be feasible for

construction in slzes larger than that shown in Figure 16. Transportation
limitations and the slze of fabricators! facllitles are not controlling
factors.

The design pressures of the pressure vessel reactors are limited by
current fabricatlon experience and avallable metal thicknesses to

about 1000 psig for the larger sizes and abcut 1500 psig for the 100-eMW
concepts. In addition, the pressure vessel designs are limited in

size by existing shop facilitles. Shop fabricatlon is assumed, since
lower costs would result, as compared with fabrication at the site.

Figure 10 shows a 400-eMW pressure vessel reactor concept that is
believed to be the largest slze feasible for constructlon in existing
shop facilities. Inquirles to leading fabrilcators disclosed that the
vessel diameter would be limiting. The stress-relieving furnace at
one fabricator's shop can accommodate a vessel with an outer dlameter
of 19 feet. When this 1limit was applied to the diameter of the shell
flanges, the followlng dimensions resulted for a 900-psig design:

Inside diameter of heads, feet 16
Cutside dilameter of shell, feet 18-1/2
Cutside diameter of shell flanges, feet 19
— T 77 T Thictknmess of top” head; inches” " T T T 7 “'1'2?1/2' - T T T T T T T
Thickness of bottom head, inches T-3/4
Thickness of shell wall, inches 6
Height, feet Lo

The welght of the empty vessel, excluding the internal shielding, was
estimated to be 420 tons, which can be handled wilth the existing cranes
during fabrication and subsequent loading for water shipment.

Several vendors can forge the required shell flanges in half rings with
equipment currently in operation. The uniformity of physical properties
across the forgilng and welding areas would require further investigatlon.
Hemispherical heads were chosen over ellipsoidal heads because of their
lower cost. TRough calculations showed that a thickness of approximately
12 inches would be required for a hemispherical head versus 18 inches
for an ellipsoidal one. At thicknesses above 10 to 12 inches, 1t is
increasingly difficult and costly to obtain homogeneous plates or
forgings. Photoelastic testing of a medel would be required to establish
the required thicknesses for hemlspherical or ellipsoidal heads, since
present methods of stress analysis do not apply for the acute entry
angles encountered at the outer fuel nozzles.




e. Operation and Control

Since its moderator temperature is more directly affected by load

changes, a hot mecderator reactor should be easler to contrel than a

¢01d moderator reactor. As a result, the self-regulating effects of a
strong negative temperature coefficlent of reactivity are realized. In

a cold moderator reactor, load changes have little effect on the

mederator temperature. However, the temperature coefficient of reactivity
is slightly negative for a liquid-cooled deslgn.

In the boiling D50 pressure tube reactors using metal fuel, the positive
volid coefficient of the coolant might be large enough to cverbalance

the negative fuel temperature coefficient. If true, these reactors
would not be self-stabilizing. Experimental data will be obtalned at
the Savannah River Laboratory to determine the magnitude of these
coefficients.

Fuel element failures in any of the reactor concepts would contaminate
the coolant flow with radiocactive fission products. In a hot moderator
design, the entire voiume of D0 is subJect to contamlnatlon. Except
fer possible cross-leakage, the contaminatlion in a ccld moderator
design would be confined to the smaller volume of the coolant circuits.
In a direct-cycle reactor system, contaminaticn of the cooclant circults
could readily be transported from the steam separators to the turbines.
For such plantsg, the fuel channel actilvity monitoring must be able to
detect fuel element failures before gross amounts of radicactivity are
released. ‘

f. Englineering and Mechanical Problems

(1) General

The design of all the D.0 reactors 1s influenced by the followlng
considerations:

(a} The high cost of heavy water regquires careful
attention to system volumes.

{b) All the designs are based on the use of an access
nozzle at each fuel position.

(c¢) All the designs include provisions for replacement
of the Zircaloy components.

(2) Pressure Vessel Reactors

For the pressure vegsel reactor concepts, a flanged head closure 1is
desirable to facilitate malintenance access. A conslderable amount of
development and testing would be required prior te the construction of
a 1% to 19-foot-diameter flanged connection for internal pressures of
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900 to 1000 psig. A similar flanged constructlon has recently been
used for a large power reactor, indicating that the associated problems
are not insolvable.

For all the pressure vessel concepts, the nhumerous head penetrations
to accommodate fuel access, contrel egulpment, and 1nstrumentation
requlre the use of unusually thick heads on vessels that are designed
for moderate pressures.

The hot moderator pressure vessel concepts do not devlate greatly from
reactor designs that have azlready been bullt or considered by others.
They differ mostly in the use of many closely spaced fuel access nczzles.

The addltlonal problems assocliated with the cold mederator pressure
vessel concepts include the following:

(a) 'The presence of cold moderator (about 8C°C) and high
temperature fuel coolant (about EOOOC) in the same pressure vessel
introduces additional stress problems over those encountered in the
hot moderator designs. :

Shown in Figure 11 1s a typlecal conceptual arrangement for a 100-eMw
cold moderator reactor, in which the cold moderaftor occupies the
midregion of the vessel and hot coolant occuples the two ends. In an
area_above the moderator_level,_the wvessel_wall.is. in .contact_only with.__.__. _
inert gas. A mathematilcal analysis showed that radiaticn heatling of
the gas-blanketed area would produce high temperature gradlents with
resulting high thermal stresses in the vessel walls. It was found that
the proper placement of a sufficlent thickness of internal thermal
shielding would zlleviate this problem: Details of this study are
glven in Volume II (DP-520).

(b) In a c¢old moderator pressure vessel design, a complete
separation of the coolant and mederator is desired, although difficult
to achleve. 1In the current designs it was assumed that there would be
some ¢ross-leakage.

(c) The cold moderator vessel designs must provide for
equallization of the ccolant and moderator pressures, to permit the use
of thin-walled fuel housing tubes.

(d) Insulated fuel housing tubes are essentlal to reduce
thermal losses to the cold moderator. A study indicated that a
deuble-wallied Zircalcy housing ftube could be so dimensioned that the
thin annular layer of liquid Dy0 (or 1lnert gas) between the two tubes
would gerve as an insulating medium. Methods for fabrication of these
tubes are not yet developed; the insulating properties of the final
product must be verified.
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{3) Pressure Tube Reactors

Housing tubes with internal insulation are employed 1n most of the
pressure tube reactor concepts; these housing tubes are the pressure
tubes that contaln the reactor coclant.

For some pressure tube reactor concepts, the pressure tubes are not
internally insulated. Thils alternative construction utillzes a
calandria vessel to contain the moderator, wilth the pressure tubes
passing through the calandria tubes. The construction of a reactor
calandria is relatively simple. Adequate clearances can readily be
provided to accommodate differences in the radial movement of the
presaure tubes and the calandria tubes. Inert gas contalned in the
annular clearance spaces provides an excellent means of thermal
insulation. However, the incluslon of a calandria 1s undesirable
from a nuclear standpoint. The walls of the pressure tubes are 1n
direct contact with the hot reactor coolant, and to withstand the
pressure at these temperatures, the tube walls become relatively thick.
The thilck-walled pressure tubes and the calandria tubes both add a
conglderable amount of parasitic material to the core.

In contrast, a comparable reactor design based on Internally insulated
pressure tubes utilizes thinner-walled %tubes; these Introduce less
parasitic materlal. Such tubes would be less difficult to malntain
and replace than would the tubes 1n a calandria.

The pressure tubes and thelr connections present serlous design
problems. The specific designs are now based on Zircaloy-2, whlch has

a reasonable mechanical strength and absorbs a minimum of neutrons.

The allowable deslgn stresses for Zircaloy-2 pressure tubes were assumed
at 25% of the minimum tensile strength for temperatures below 400°C.

A typlcal design stress chosen for an Internally lnsulated pressure

tube was 11,250 psl at a metal temperature of 15000.

It is essential to develop a rellable, leaktlght connectlon between
Zircaloy and stainless steel tubing. The need to malntain the close
lattice spacings and the economlc desirabillity of restricting the use
of high cost Zircaloy to the active core region directed attentlien to
a compact metallurgically bended joint. An experimental study of
bonded joints is under way at Nuclear Metals, Inc.; initial results
appear promising!23®)

Although partially offset by the reactlivity advantage of 'a cold moderator
the capture of neutrons by the heavy-walled pressure tubes (and calandria
tubes) is a fundamental disadvantage of the pressure tube reactors.

At present, 1t 1s necessary to base the pressure tube deslgns on available
materials, such as Zircaloy-2, whose tenslle and yield strengths drop
sharply with Increasing temperatures. There is a great need for alloys
having low capture cross sectlons and mere favorable high temperature
properties. Their avallability would permit use of thinner-walled
pressure tubes, with resulting gains in the reactivity from a given

core design.
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g. Conclusions

From an engineerlng standpoint, the three baslc reactor designs are zll
consldered feaslble. However, they differ 1ln the amount of development
required pricr to desgign and construction. The pressure vessel reactors
have a small economic advantage in total power cost over the pressure
tube concepts, when both are liquld-cooled. The pressure tube concepts
cooled with boiling D,0 show a distinct economic advantage over the
liquid-cooled reactors of both the pressure vessel and pressure tube

types.

Only a moderate additional amount of development time and meney would
be requirsd to permit firm deslign of the hot moderator pressure vessel
reactors at capacities up to about 200 eMW. Further work would be
requlired %o develop final designs and fabrication methods for the

300- to L400-eMW concepts.

Optimistically high speciflic power ratings have been assumed for the
300- and 400-eMW hot moderator pressure vessel concepts. In addition,
the uncertainties in the reactivity calculations at a moderator
temperature of about 210°C are of such magnitude that the present core
designs for the 200- to 400-eMW concepts might requlre meodification to
ensure criticality in the hot, polsoned conditlon. The econcmic effects
of more conservative power ratings and of core modifications for the
pregsure vessel reactors could readlly magnlfy the economic advantage
of the bolling D0 pressure tube reactor plants.

The reactivity advantage ¢f a cold moderator favors its use in a
natural uranium reactor. When a cold moderator replaces a hot moderator
1n a pressure vessel reactor, additicnal problems are encountered. The
internal structure 1is complicated by the need to separate and insulate
the hot coolant from the cold moderator. Provisions to minimize thermal
stresses must be carefully studied. Firm design of the cold moderator
concepts would therefore require a greater engineering and development
effort than the hot moderator concepts.

Of the three types studied, a cold moderator reactor of the pressure
tube type appears to be the mest promising for applicatlon in large
capacity plants. This type 18 not limited in size and capacity by
fabrication and transportation facilities. High temperature liquid,
bolling, or gaseous coolants may be used. From an economic standpoint,
bolling D,0 is the preferred coolant. High operating pressures do not
greatly complicate the design, although the reactivity losses to
thick-walled pressure tubes may prove to be limiting. The inclusion of
nuclear superheating 1s less difficult than in a pressure vessel deslgn.
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The potentialities of pressure tube reactors can only be attalned
through a considerable effort to prove the reliabllity of the pressure
tube and its connections, to develop low cost fuel elements and to
design optimum core configurations. Much of this work 1s elther
programmed or already under way.

2. Electrical Generation Plant Economics

a. General

Although no detailed designs were made for the electrical generatlon
facilities, sufficient studies were made of thelr requirements to
develop reasonable bases from which costs might be estimated. In
order to achleve the best economy in power generation, the following
plant variables were lnvestligated to determine thelr effects on
investment costs: (1) steam pressure in saturated cycles, (2) the
use of superheated steam, (3) direct cycles as opposed to indirect
eycles, and (4) condenslng pressure.

A study was made of the Investment and power costs from conventlionally
fueled power stations. The same basic premlses were employed as those
assumed for the D,O-moderated reactor plants, to permit direct cost
comparisons.

The term “Electrical Generation Plant" used in this report includes:
the turbine generator and its auxiliaries, the condenser and complete
cooling water system, the feedwater plplng, pumps and feedwater heaters
(including extraction piping), main output transformers (but no
switchyard), the bulldings and auxiliaries normally assocliated with
such facilities, and allocated portlons of site development and of
certaln service faecillities. The Investments in steam generators for
the indirect cycle plants and iIn steam separators for the direct cycle
plants are included in the reactor plant account.

b. Steam Pressure 1n Saturated Cycles

The steam pressure avallable at the turbine throttle in saturated
cycles was found to have little effect on the investment cost of the-
electrical generation facllities, at least wlthin the range of 150

to 800 pslg. For comparable electrical outputs, the investment
varliatlion was found to be approxlmately 2%. The estimated investments
were based on prleces for the majJor equlpment items, obtalned from
leading manufacturers.

A comparison of the estimated investments shown 1n Tables II and III
for the K Serles (780 psig) of direct cycle plants with the B and D
series (150 to 260 psig) of indirect cycle plants indicates a somewhat
greater variation in cost. Thils resulted from the inclusion in the
direct cycle plants of extra facilities for handling D,0 steam over
those required for indirect cycle operations using light waten

-4y -




The 1nvestments for saturated steam plants are affected by the number
of turbine generator units required for a particular plant output. For
example, the estimated electrical generation lnvestment for Case 1B-400
using two turbine-generator units 1s $137/kw, whereas the investment
for the three-turbine-generator Case 1D-460 1s $149/kw, about 9% higher.

¢. Superheated Steam Cycles

The use of superheated rather than saturated steam in the turbine cycle
would effect a marked reduction in the electrical generation investment
for a given output. The investment costs for the 100-eMW gas-cooled
(Case 1G) and steam-cooled (Case 2H) reactor concepts reflect this
improvement, even though though the latter case 1s penalized somewhat
for direct c¢ycle requirements. The following table shows the investment
figures and steam conditions for Cases 1G and 2H compared with the
100-eMW cases whilch produce saturated steam.

Electrical Plant Throttle Pressure,

Net OQutput, 100 eMW Investment, §/kw psig
Helium-cooled, 171 1407 (887°F, 475°C)
Case 1¢

D,0-steam-cooled, 180 785 (729°F, 387°C)
Case 2H

Liquid-D,0-cocled, 200 to 202 152 to 262 (satd.)
Cases 1B, 1C¢, 1D

Boiling-D_ 0-cooled, 195 to 209 225 to 780 (satd.)

Cases 1J, 1K, 2K

Only two reactor concepts producing superheated steam were included in |
this study, and these showed no economic advantage in total power cost.
Estimated power costs for Cases 1G and 2H are 20.0 and 20.4 mills/kwh,
compared to the 18 to 19-mill power estimated for the six 100-eMW
saturated steam cases. The high reactor system investments for these
two cases more than offset the lower electrlcal generation investments.

Additional study of reactor concepts including nuclear superheating
appears desirable, to seek a reactor system that can reallze the

advantage of superheat wlthout a seriocus penalty 1n reactor cost.

d. Direct vs. Indirect Cycle

Despite the higher investment required for the power generation
facilities, the direct cycle used with the boiling D0 reactors furnishes
power at lower cost than the indirect cycle used with the liquid-cooled
reactors. The lower power costs result primarily from the lower
investments for the direct cycle reactor systems. A majJor part of the
Investment saving for the boiling reactors (K serles) results from the
¢liminatlon of steam generators and the use of smaller reactor coolant
systems.
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The higher investment for the direct cycle electrical generation plant
includes; (1) modification to the turbines, (such as special shaft seals
to reduce D,0 leakage, and provisions for casing decontamination prior
to maintenance), (2) remote operating controls, (3) double tube sheets
on the condensers, and (4) facilities for demineralizing the D30
condensate stream. The total extra investment in such items is small
when compared with the investment savings 1n the reactor systems.

e. Condensing Pressure

During the course of the economlc studles, the ldea arose that the
total power costs for a particular concept might be reduced by
condensing at pressures higher than normally used in conventional power
plants. It was theorized that the resulting total plant investment
would be sufficiently lower to offset the fuel cost increase caused

by the loss 1n thermal efficlency. This did not prove to be correct.

An analysis of power costs was made for each of the twelve concepts
shown in Table III at varlous condensing pressures, with the temperature
rise of the cooling water as an addlitional variable. With 65°F cooling
water assumed available, minimum power costs were found to exist for
each case when condensing at 1.5 inches of Hg absolute pressure with a
water temperature rise of 17.5°F. Further detalls of thls study are
given in Volume II (DP-520).

For all the plant estimates reported herein, a condensing pressure of
1.5 inches of Hg absolute and a cooling water temperature rise of 10°F
were assumed; this difference from the optimum added about 0.15 to 0.20
mills/kwh to the total power costs.

f. Comparison of Investment with Conventlonal Facllitles

It was diffilcult to reconcile the estimated investments in the electrical
generation facilities for nuclear power plants with those for
fossil-fueled plants having the same electrical output. The higher
apparent cost of the nuclear facilities was believed to result from
factors related to thelr low thermal efficiency, 1l.e., volumetric

turbine exhaust flow, condensing load, and cooling water requirements.
Thls suggested that the power generation lnvestment for the nuclear
stations might better be estimated as a function of thermal lnput to

the turbines, rather than the conventlonal function of electrical

output.

An investigatlon was made of fossil-fueled plant 1nvestments, reported
by the Federal Power Commission (FPCc)‘21),  Appropriate factors were
applied to obtain the electrical generatlon portion of the total
investments, and all investment filgures were escalated to the same date.
These investments were plotted as a functlon of the estimated plant
thermal input. When escalated to a 1962 base, 1t was found that the
1ine of bhest fit agreed qulte well wlth the comparable Investments
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estimated for the 17 different nuclear power plant cases included in
Tables II and III. Further detalls of this study are given in Volume IJ

{DP-520).

%. Power Costs from Coal-Fired Plants

To provide a basls for direct comparison of the cost of power from
modern USA ccal-fired power plants with costs estimated for the
heavy-water-moderated nuclear concepts included 1in this report, use

was made of recent studies by Sargent & Lundy, Engineers,'!®} and by

the General Electric Company(eo) of average costs from coal-fired plants.
Additional Information was extracted from FPC reports(al). All invest-
ment cost data were escalated to a 1962 base, and fixed charges were
calculated at 14% per annum and for an B0% plant load factor, the same
as assumed for the nuclear facilities.

The followlng table summarizes the estimated 1962 1nvestment and power
cost Information derlved from the three sources, for capacities ranging
from 100 to 400 eMW.

USA Coal-Fired Power Plant Costs
(Averages for 1962 Installations)

Net Plant Plant

Capaclty, Investment, Fower Cost,

Source eMW $/kw mills/kwh
Sargent & Lundy 100 211 7.9
{Single unit plants) 200 189 7.1
325 176 6.7
Sargent & Lundy 120 213 8.2
(Dual unit plants) 200 196 7.5
400 181 6.9
General Electric Company 100 205 7.9
(8ingle unlt plants) 200 180 7.0
300 165 6.6
400 160 6.4
FPC Reports 100 218 8.0
{Single and multiple unit 200 194 7.2
plants) 200 182 6.8
Loo 175 6.6

The 1962 fuel cost estimated by General Electric was $0.31/MM Btu, and
this figure was used with their data. A fuel cost of $0.30/MM Btu was
used with the Sargent & Lundy and FPC data. Operating and maintenance
costs were based on those included in the reference reports.
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E. DESCRIPTION OF NUCLEAR PLANT CONCEPTS

1. General

The over-all nuclear power plant arrangements are based on a layout

made for a 100-eMW 11lquid-D,0-cooled pressure vessel reactor plant and
pictured in Flgures 19 to 23. The scope of facilities included 1n this
plant has been listed 1n the earlier section (C-2) on economlcs. A
description of the major items is included in the following sectlon, as
they apply to the 100-eMW hot moderator pressure vessel concept selected
as the base case (1B).

The other nuclear plants lncluded 1n the study are descrlbed in Sections
E3 to El11, which deal primarily with the differences from the basic
plant concept, as dictated by the variations in the plant capacity and
the type of reactor.

2, Basic 100-eMW Hot Moderator Pressure Vessel Reactor Plant

a. Reactor Bullding

A spherical container was selected for the reactor bullding in preference
to either vertlcal or horizontal cylinders. When comparlsons were made,
the proportions of a sphere were found best sulted for the desired
equipment arrangement. The size of the contalner was dlctated more by
the layout than by the volumetric and pressure considerations related

to its containment functilon.

The design of the reactor building shown 1in Flgures 19 to 23 1s based

on a 100-eMW cold moderator reactor in general accordance with Case 1C
but 1little difference would be noted in a design for the 100-eMw hot™
moderator version, Case 1B. However, in cases where the internal
pressure developed by a major accldent is the limiting design criterion,
the greater stored thermal energy 1n & hot moderator reactor system
would reguire about a 30% thicker wall for a sphere of the same diameter.

Preliminary studles showed that the 180-foot-dlameter sphere selected
in this study requires a wall thickness of at least 3/4 inch

(of A-201-B steel) for stability under outside locading. Calculations
indicated that this thickness is adequate to contain the maximum
credible accldent of elther a hot moderator or cold moderator 10C-eMW
reactor system.

The "maximum credible accident" assumes a 100% release of the thermal
energy in the D 0 coolant and moderator with no heat absorption by
shielding or structure. Additlonal energy from chemlcal reactions of
25% of the actlve core plus 25% of the Zircalcy cladding and housing
tubes adjacent thereto mlght result in a short time pressure peak
exceeding the design pressure, but lower than the test pressure. This
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arbitrarily chosen figure of a "25% reaction" 1s belleved to be quite
congervative. No attempt was made to determine peak pressures which
might result from very rapid (explosive) energy releases. The contain-
ment sphere houses (a) the reactor, (b) the coolant circulating system
of four 15,000-gpm pump loops with eight steam generators, totaling
32,700 ft® of heat transfer area, (c¢) the surge tank, (d) the D,0
liquld and gas purification systems, and (e) the service crane. The
Dz0 drain tanks and distillation columns are immedlately adjacent to,
but outside of, the sphere. The lowest polnt of the sphere 1is
approximately 45 feet below grade. The four cooclant loops are segregated
from each other by compartmentation and by shielding. This permits
limited access for maintenance of an 1dle loop whille the other loops
are in operation.

A revolving bridge crane of 120-ton capaclty 1s provided above the
reactor. The crane 1s equipped with a trolley for maintenance work and
a cask trolley for fuel charging and discharging. New and spent fuel
1s handled by means of a manually controlled cask that passes through
the shielded hatches to and from the fuel handling bullding which 1is
located adjacent to the sphere.

Personnel access into the sphere is provided through an alr lock that
1s situated at the principal operating level, 45 feet above grade. The
outer shell of the air lock is cylindrical with the ends closed oy
flat bulkheads. In each of these bulkheads there is a hinged door, 6
feet high by 7 feet wide, that is sealed against a rubber gasket by a
mechanical latching mechanism. Small pleces of equipment, such as
pumps, motors, and valves, can be handled through the personnel alr
lock without interrupting reactor operation. Larger pleces, such as
steam generators, are handled only during shutdown and pass through a
large, bolted and seal-welded access door, also at the 45-foot level.
One or more emergency exit alr iocks are provided, as indicated in
Figure 21. 1In all instances, the doors are interlocked to assure
pressure equalizatlon on elther side of the bulkhead before unlatching.

b. Reactor

The reactor vessel for Case 1B is plectured in Figure 7. It is 13 feet,
7 inches Internal dlameter and about 31 feet long, designed for a
pressure of 710 pslg. The vessel wall is %-3/8 inches thick, and the
thickness of the heads is 9-7/8 inches for the top and 5-1/8 inches

for the bottom head. The material of construction is carbon steel
(5A-212-B), 1lined with a 1/ inch thickness of weld-deposited stalnless
steel cladding. Heavy water enters the reactor through four nozzles in
the vessel wall immediately above the bottom shield. 1In passing upward
through the core, the water surrounds the fuel housing tubes and
functions as the moderator. The D:0 reverses direction and enters the
housing tubes through slots below the top shield and flows downward
through the fuel to serve as coolant. The moderator is hot; 1ts
temperature averages 207°C, and the operating pressure is about 525 psig.
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The reactor core contalns 340 fuel assemblles, each consisting of a
single Zircaloy-clad fuel tube of uranium allcoyed with 2 wt % of
zirconium and surrounded by a Zircaloy housing tube. Thls U-Zr alloy

is assumed for all cases, though frequently termed "metallic uranium'.
Figure 8 pilctures a typlcal fuel and housing tube assembly, and Flgure

9 shows sectional details. The uranlum inventory in the reactor 1s
about 30 tons. The Dy0 inventory in the entlre system 1is about 165 tons.

A 1-foot-thick radial and axial heavy water reflector surrounds the
core of the reactor. Internal thermal shielding plus z limited amount
of biological shielding are included at top and bottom and cutslde the
radlal reflector. The top and bottom shields provide thermal protection
for the vessel heads and, when the reactor 1s shut down, serve as
biological shields for access to the top and bottom heads and to the
equipment mounted on them. ZEach shield 1s approximately 2.5 feet deep,
over-all, and the volume composition 1s one-half stainless steel and
one-half heavy water. Structural rigidity is provided by tubes at

each fuel and control position which are welded to the top and bottom
plates. The interstices are filled with Raschlg rings or other
particulate forms of stainless steel. The top shield serves as the
support grid for the fuel assemblles. The tubes of the bottom shileld
engage with the lower end of the fuel housing ftubes and conduct cooclant
into the plenum between the shleld and the bottom head of the reactor
vessel,

Spiral muffs 1n the tubes of top and bottom shield permit water flow
but prevent radlation leakage.

The shielding outslde the reactor consists of concrete thick enough
to prevent induction of radloactivity in surrounding facilitles, and
to permlt human access to these faclllitles during reactor shutdowns.

Menltoring is provided for the temperature, flow, and actlvity of the
coclant effluent from each fuel assembly. The control system conslsts
of twelve shim rods and seven clusters of small control reods, all
located at lattice positions. In addition, nineteen safety rods are
provided at Interstitial locations.

The reactor 1s arranged for bottom entry of the control reds and safety
rods. The safety rods are normally positioned above the core to permit
them to fall by gravity in the event of a reactor scram. Thimbles,
which project about 6 feet above the top head, house the upper ends of
the safety rodas when the rcds are 1In a ralsed position.

A nozzle 1s provided in the top head at each fuel position to permit
fuel replacement without disturbing the head Jjoint. Removal of the
top head 1s necessary only for the replacement of fuel housing tubes
and the gulde thimbles for the control rods and safety rods.



The 4otal thermal power of the reactor i1s 440 MW, which 1s converted,
via an indirect saturated steam cycle, into a net electrical output of
100 MW at an over-all thermal efflciency of about 23%. About 1,600,000
1b/hr of saturated steam are produced at a temperature of 185°C and a
pressure of about 155 psig by heat exchange with the D0 coolant in
steam generators that are located in each cf the four coclant loops.

If all the fuel i1s dlscharged from the reactor at one time, the average
fuel exposure is calculatsd to be about 3250 MWD/ ton.

A flow diagram and heat balance for thls reactor and for its power
generation gystem are shown in Volume II (DP—BEO).

¢. Reactor Coolant System

Heat is removed from the reactor by pumping a total of 60,000 gpm of
ligquid D,0 by four parallel clrcults through the reactor to the tubes
in eight steam generators (two per circuilt). Horilzontal centrifugal
pumps are employed, Citted with shaft seals and provided wlth means for
leak collection. On failure of the primary power supply, flywheels on
each pump shaft assure a gradual slowdown of the pumps during the
interval before the emergency power 1s effective. Emergency power l1s
also available for coollng the reactor during shutdowns.

The steam generators are vertical, cylindrical units with U-~tube heat
exchange surfaces of stainless steel cdnastruction. Internal steam
separators are 1lncluded in the upper part of each vessel. Downcomers
and internal baffling provide for natural liquid circulation on the
steaming side.

d. Reactor Auxliliary Systems

Auxiliary systems include the reactor pressurizing system, the facilities
for accommodating D.0 volume changes in the primary system, and the

D0 purification facilities. Helium gas rather than vapor pressurlzation
was chosen. The need to recombine and recover disscclated D0 gases

was an important factor in thils choice. A gas blanket in the top of

the reactor displaces an expensive volume of D0, an additional advantage
of inert gas pressurizing. Recovery of deuterium gas from the helium
blanket requires a cooler, molsfure separator, preheater, catalytic
reccmbiner, aftercooler, moisture separator, and a refurn pump and
compressor. A purge stream from the recombining cycle is passed through
adsorbers to recover D0 and 1s then vented to a stack. Tritium in

the purge stream 1s diluted to a safe concentration for disposal by
dilscharging the ventilation fans intc the same stack.

Tonlc purlty cf the Do0 is malntained by withdrawing a stream from the
primary cocling circults and passing it through a cooler, a mixed resin
deionizer, and a filter. Most of the purified stream 1s returned
immediately to the reactor system by a catch tank, pump, and preheater.
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A small portion of cool deionized D0 1s pumped to a head tank as source
of sealing fluid for the primary coolant pump seals. The remainder of
the D,0 from the deionizer is fed to a distillation train that removes
Hz0 to keep the D,0 content of the system at 99.75 mol %. Bottoms

from the carbon steel distillation traln are returned to the delonizer
feed line. The overhead product, approximately 80 mol % D0, is
returned to a Ds0 productlon facility for reprocessing.

€. Turbine Generator Bullding and Egquipment

The turbine generator building, shown in plan in Figure 20, 1s a
steel-framed_ "Transite"-enclosed structure, approximately 90 feet wide
by 160 feet long, with a TO-foot-high turbine bay. This bullding houses
the turbilne generator, condenser, feedwater pumps and five stages of
feedwater heaters, water treatment facllities, and other auxiliary
equipment. A crane is provided for servicing thilis equipment.

4 single turblne generator is assumed. The turbine is tentatively
specified as an 1800 rpm, tandem compound, double-flow unlt with 43-inch
final stage blades. Interstage moisture separation is required.

f. Fuel Handling Building

Although the fuel handling bullding 1s not included in Figures 19 ©o

23, a schematic plan view 1s shown in Figure 25. It 1is visuallzed as

a steel-framed, "Transite" building, approximately 250 feet long and

75 feet wide. Access is provided for truck and railroad shlpments,

with suitable loading and unloading facilities. The bullding houses
areas for new fuel storage, cleaning, assembly and testlng, and 1lncludes
a 30-foct-deep storage basin for spent fuel. Thils basin communicates
with the reactor spnere, as Indicated in Plgure 21. Sultable cranes,
monorails, and minimum requirements for spent-fuel transfer casks are
provided in the fuel handling bullding.

g. Control and Service Building

The control and service bullding is shown in Flgures 20 and 22 as a
two-level steel-framed_ "Transite" structure, 72 feet by 160 feet in
plan, located adjacent to the reactor sphere. The lower level houses
a machine shop, air conditioning and ventilating equipment, air
compressors, emergency power equipment, and an electrical substation.

The upper level of the building contains the control room with operating
console, offices, conference room, health physics facilitles, control
laboratory, instrument shop, tool cleaning and steorage, lunch room, and
personnel facilities. An enclosed passageway connects the upper level
to the personnel air lock entrance of the contalnment vessel.
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h. Auxiliarles and Miscellaneous

Various auxillaries are Included, such as pump house and pumps, elevated
water storage tank, helium storage and compressor, waste handling and
storage, a vent stack, and the electrical facilities, including the
main cutput transformer.

Bulilding servlces and general facilities are included, such asg power

and lighting distrilbution, sewage system, fire protection, telephone
system, heating boller, deccntamlnation equlpment; also the shop,
laboratory, and health physilics equlpment and furniture. Site develop-
ment includes grading, landscaping, fenclng, paving, storm sewers, water
mains, and gate house.

3. Large Capaclty Hot Moderator Pressure Vessel Reactor Plants

a. Reactor Building

For the 200- to 400-eMW pressure vessel reactors {(Cases 1B-200 to
1B-400}, 1t was found that the pressure and volume considerations for
containing the energy release from a maximum credible accident outwelghed
equipment arrangement factors in the selection of a sultable containment
vessel,

Figures 24 to 26 show plans and a section of a 240-foot-diameter
spherical containment vessel required for housing the 400-eMW hot
moderator pressure vessel reactor pictured in Figure 10, along with

i1ts six-loop coolant circulating system. This includes six 30,000 gpm
pumps 1n parallel and twelve steam generators, two to a loop. The heat
transfer area of the twelve steam generators totals 104,000 f£t2

{vs. 22,700 ft2 for Case 1B). —
ﬂ—w\/

The other equipment and features of this reactor building are similar
to those described for the basic 100-eMW case.

For Case 1B-300, the reactor system is housed 1in a 220-foot-diameter
sphere, with the arrangement similar to the 400-eMW case. Four, instead
of six, 30,000-gpm primary coolant pumps are required. Eight steam
generators with a total area of 73,000 ft2 are included.

For Case 1B-200, the 400-eMW reactor building is scaled down to a
200-foot-diameter sphere. Four 20,000 gpm primary coolant pumps are
used, plus eight steam generators with a total area of 49,000 ft?2.

b. Reactor

The large capaclity pressure vessel reactors are based on the 400-eMy
concept shown in Flgure 10. This design is an extension and refinement
of the 100-eMW design in Figure 7, and 1s intended to show the maximum
slze of pressure vessel reactor that 1s feasible for fabrication with
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existing shop facllities. Hemlspherical, rather than elllpsoidal, heads
were selected fo reduce the cost and to hold the metal thickness of the
top head to a feaslble maximum of about 12 inches. An inlet plenum is
shown which provides means for distribution of the moderator flow

across the reactor core area.

The reactor is arranged for top entry of control rods, shim rods, and
safety rods. All are located on lattice positions to limit the
required head thickness. An individual nozzle provides access to each
fuel assembly.

The power ratings for the 200- to 400-eMW pressure vessels were

intentionally chosen at optimistic levels_ {particularly so for 1B-400)_

te determine the economic effect of pushing the pressure vessel deslgns
well beyond the power output expected from initial installations. Each
fuel assembly consists of two concentric fuel tubes which provide the
addltional heat transfer area required to prevent burnout. Thinner
fuel sections are used to limit the maximum fuel temperatures.

The 200- and 300-eMW reactor concepts are also patterned on Flgure 10,
though scaled down for thelr smaller capacltles. The following table
lists some of the differences between the larger reactor concepts.

Case 1B-200 1B-300 1B-400
Core dlameter, ft 12 13 14
Shell ID at core, ft 1.4 16.5 17.5
Over-all length, ft 34,3 38.5 4o.3
Design pressure, psig 1000 1000 900

These reactors would operate at an average moderator temperature of
213°C, permltting an average fuel exposure of about 3600 MWD/ton for
100% batch reloading. Saturated steam at 170 psig would be fed to the
turblne throttle, resulting in an over-all thermal efficlency of 23.4%.

¢. Turbine Generator Bullding

For Case 1B-200 the turbine generator is somewhat larger than for Case
1B. In turn, the turblne building is 20 feet wider, or 110 feet wlde
by 160 feet long.

The 300- and 400-eMW cases each require the installation of two turbine
generator units which are housed in turbine buildings 126 feet wide by
200 feet long.

The service crane and the auxllilary equipment are scaled up as required.

- 51 -

WW



d. Other Facllities

In general, most of the other facllitles are simllar or identical to
those for the base Case 1B. The princilpal exceptions are the pump
house and pumps, plus the c¢ooling water mains, whlch are slzed for the

particular capacity.

4, (Cold Moderator 100-eMW Pressure Vessel Reactor Plant

4. Reactor Building

The reactor bullding shown In Figures 19 to 23 and described for the
base case (1B) actually pictured an arrangement for the cold moderator
pressure vessel concept, Case 1C. The primary dlfference between the
two arrangements 1s the inclusion for Case 1C of separate pump circulfs
and heat exchangers for cooling the moderator. '

As in the base case, the egulpment arrangement dictated the size and
selection of the particular containment vessel.

b. Reactor

The 100-eMW liquid-cooled cold moderator pressure vessel reactor chosen
for evaluaticn as Case 1C 1s shown in Figure 11. 1In this particular
concept the vessel walls are exposed 1In adjacent areas to hot coolant,
cold blanket gas, and the cold moderator. A study of the temperature
gradients along the reactor shell disclosed that radiation heating of
the vesgel wall in the gas-klanketed area would give rise to very severe
bending stresses. It was shown that the inclusion of sultably placed
internal thermal shielding would alleviate this problem. Details of
this study are included in Volume II (DP-520).

The reactor vessel 1s 43 feet © inches in over-all helght, and has an
inside diameter of 1% feet 2 inches. It is constructed of carbon steel
(sA-212-B) lined with a 1/4-inch thickness of weld-deposited stainless
steel cladding and weighs approximately 200 tons, exclusive of internal
shields. The minimum wall thickness is about 4-1/2 inches. The top
head is about 12 inches thick; the bottom head is 6 inches thick. Both
heads include numercus penetrations for fuel access nozzles, instrument
pins, control rods, and safety rods.

& total coolant flow of 60,000 gpm enters through four 18-inch nozzles
above the top shield, passes through a perforated distributer, and
enters the fuel housing tubes which are suspended in sleeves that pass
through the top shleld. The ccoolant emerges from the houslng tubes
below the bottom shield and exits through four 18-inch nozzlées.. The
moderator flow totals 8900 gpm and enters through four 6-inch nozzles
Just above the lower shield, passes upward through the core, and leaves
the reactor through nozzles located below the top shield. Flexible
metal seals connect the top and bottom shlelds to the reactor wall to
prevent crossflow between the coolant and the moderator.
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The arrangement shown in Figure 11 1s based upon bottom entry of control
and safety rods, simllar to the base case (1B)., Sufficient height is
provided in the vessel to position the safety rods above the core during
normal cgperation, thus permlitting them to fall by gravity for emergency
shutdown.

The 3iQ fuel tubes are identiczl to those used for the base case, but
the housing tubes include internal insulation to reduce heat losses to
the moderator. A thin-walled Zircaloy liner tube 1s inserted in each
housing tube to provlde a thin annular stagnant gas layer as the actual
insulating medium. Individual nozzles are provided 1n the top head to
permit charging and discharging of fuel. Replacement of the fuel
housing tubes and other parts of the core requlres removal of the top
head.

The head flange is locked to the shell by interrupted buttress threads
that require only a fractlonal turn of the head to open. Sealing 1s
effected by a stuffing box that has soft packlng and accesslble gland
bolts which permit tightening whlle the reactor 1ls pressurized. This
design represents one of several investigated as alternatives to the
conventional bolted flange.

The reactor contains two gas-filled reglons; one 1s above the moderator
and the other above the coolant in the top head. Although both regions
are at essentially the same pressure, the moderator blanket wlll be at
a lowsr temperature and will contaln less vapor than the coolant
blanket. The insulating annull of the fuel housing tubes can therefore
be vented into the moderator gas blanket without incurring condensation
in the annull and the consequent loss of insulating effect.

The cold moderator pressure vessel 1s designed for 950 psig and operates
at 730 psig with a coolant temperature of about 250°C. The average
moderator temperature is 80°C.

The four coolant loops remaove the reactor heat by exchahge to bolllng
light water in the steam generators. These produce 225-psig saturated
steam, as measured at the turbine throttle, versus 152-psig steam for
the baslc hot moderator case (1B). The gross steam cycle efficiency
for Case 1C 1s therefore higher, but thils advantage 1s overbalanced
by the 11% unrecovered loss of reactor power to the cold moderator.
This requires a reactor operating power of 460 thermal MW for Case 1C
versus 440 MW for Case 1B. The resulting over-all thermal efficiency
is about 22% versus 23%% for the base case.

The average fuel exposure ls calculated to be 4500 MWD/ton for Case 1€
(Case 1B = 3250 MWD/ton), which reduces the fuel costs. It was shown

in the ecconemic sectlon (C-3) that the higher investments required for
the cold moderator case offset these lower fuel costs.

- 5% -



¢. Other Facillities

Aside from the equlpment housed in the reactor bullding, the facllitles
for the cold moderater case are nearly 1ldentical with those for the
base case. The pump house includes additlcnal pumping capaclty to
provige water for the moderator coolant circuits.

5. Liquld-Cocled 100-eMW Pressure Tube Reactor Plant

a. Reactor Bulldlng

The reactor bullding and the equipment arrangement would be essentlally
the same as that shown for the cold moderator pressure vessel (Case 1C).

b. Reactor

The 100-eMW liquid-cooled pressure tube reactor concept evaluated as
Case 1D is shown in Figure 13. 1In this concept, the cold moderator is
contained 1n a calandria tank which provides a complete separation from
the hot reactor coolant. The annular gas spaces between the calandria
tubes and the pressure tubes are an efficlent means for thermal
insulation of the fuel assemblies. From a nuclear standpoint, the use
of a calandria is undesirable; its tubes absorb an appreciable fraction
of the slow neutrons and lezk a significant number of fast neutrons by
streaming. The Case-1D reactor 1s characterized by top and bottom
plenums for coolant distribution, by an aluminum calandriz, and by
packing gland seals between the pressure tubes and the plenum tubes.
Lifting of the top plenum by internal pressure effects is prevented by
tension in the pressure tubes, which 1s developed against shoulders in
the plenum tubes. Other features of this concept are described as
follows:

(1) Plenum Chambers

Each plenum is approximately 12 feet 9 inches in diameter and 18 inches
deep, constructed of 2-1/2-inch-thick stainless steel plate. The
pressure tubes housing the fuel assembliles terminate in tubular sleeves
in each plenum. These plenum sleeves are stalnless steel and have a
3/%-inch minimum wall thickness. Individual fuel access nozzles are
included 1n the top plenum. Each plenum is connected to four 18-inch
coolant pipes. The over-all height of the assembled reactor ig about
30 feet.

(2) Shields

The top and bottom shields are external to the calandria. These shields
are of stainless steel plate-and-tube construction, filled with stainless
steel Raschig rings or other shapes which occupy approximately 50% of the
shield volume; the remainder 1s filled with light water. The annular
thermal shleld is external and conslsts of a closed tank that contains
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metal plates and light water. The water from the top and bottom shields
and the annular tank is pumped through external heat exchangers for
neat removal.

(3) Calandria

The 12-foot 10-inch ID aluminum calandria 1s of closed constructicn and
is supported by thz bottom shield. Moderator flows at 6700 gpm and an
average temperature of 80°C upward through the tank and out intc a gas-
blanketed surge tank where any dissoclated gases are removed. From the
surge tank, the moderator 1s pumped through a cooler back %to the
calandria.

{4} Gas Enclosure

The spaces between the plenums, shilelds, calandrla, and 1n the annulil
around the pressure tubes are filled with an inert gas (e.g., helium)
which may be monitored to detect moderator leakage. Escape of the gas
to the atmosphere 1s prevented by a steel sheath which lines the inside
of the concrete shleld and is attached to the top and bottom plenum
chambers by means of flexlble metal seal strips.

(5) Control and Safety Rods

Control rods enter the reactor core from the bottom through sleeves in
the bottom plenum and pass through tubes in the calandria. Cooling of
the rods is necessary in this design because of thelr separation from
the reactor flulds. Safety rods enter through the top plenum and also
pass through calandria tubes. The safety rod actuators are mounted
above the reactor and must be removed periodically for fuel charging

and dischargling operatlons.

The 225 fuel tubes are identlcal to these used 1n the base case (1B).
Each fuel tube is assembled in & Zircaloy-2 pressure tube flitted wilith
stainless steel ends that extend through the top and bottom shlelds to

. attachments in the coolant plenums. As discussed In an earller sectlon

(D-1), the Zircaloy-to-stainless-steel Joints are a major design -
problem for any of the pressure tube concepts. The pressure tubes in

thls concept are not internally insulated; the gas annuli around them

reduce the heat loss to the cold moderator.

The plenums and pressure tubes are designed for 1000-psig internal
pressure and are operated at B0OO pslg and a coolant temperature of
about 250°C. The total coolant flow of 60,000 gpm is pumped through
four loops to steam generators.

Saturated steam produced in the steam generators is dellivered to the
turbine throttle at 262 psig (Case 1B - 152 psig). The calculated
gross steam cycle efficiency 1s about 27% versus 24% for the base case.
About 9% of the reactor power 1s lost to the cold moderator. The
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resulting over-all thermal efflciency of 23% 1s nearly the same as that
calculated for the hot mederator base case.

This pressure tube concept is based on a 7.8-1inch triangular lattice
spacing as compared with the 6.5-inch spacing for the pressure vessel
concepts (Case 1B and 1C). Mechanlcal conslderations and nuclear
requirements both contributed tc the selectlon of this lattlce pattern,

The average fuel exposure for the pressure tube case 1is calculated at
3500 MWD/ton versus 4500 MWD/ton for the cold moderator pressure vessel
(case 1C). This difference arises from the different lattice geometry
and from the parasitic absorption by the housing and calandrla tubes.

¢. Other Facillitles

The facllities cutside the reactor building essentially dupllcate those
for the cold moderator pressure vessel concept, Case 1C.

€. Large Capacity Llquid-Coocled Pressure Tube Reactor Plants

a. Reactor Bullding

The larger pressure tube reactors (Cases 1D-200 to 1D-460) are housed
in flat-bottomed, vertical, cylindrical contalmment vessels having
hemispherical top enclosures. For Cases 1D-200 and 1D-300, each vessel
ig 175 feet in diameter and the cylindrical portion is 150 feet high;
the over-all height is 237-1/2 feet. For Case 1D-460, the diameter is
180 feet and the over-all height 1s 240 feet.

Unlike the larger hot moderator pressure vessel concepts, the energy
release during a maximum credible aceident in the liquld-Dz0-cooled
pressure tube reactor plants was not the governing factor 1n the
selection of the type of contalnment vessel. The desired equipment
arrangement was more readlly accommodated in a vertical cylindrical
vessel than 1n a spherlcal unit.

The volume of hot, pressurized D,0 in these pressure tube reactors is
much less than is encountered with the hot moderator concepts at
comparable outputs. As a result, calculations showed that these
¢ylindrical shapes would provide adequate contailnment of any accldental
energy release. Plate regquirements for the regqulred deslgn pressures
dc not exceed the 1.25-inch thickness permitted by the ASME UPV Code
without stress relief after welding.

The reactor bullding arrangement for Case 1D-460 is shown in Figures

27 to 29. The facilitles included are similar to those described for
the basic arrangement {Case 1B) but increased in size and number of
units, as required for this capacity. The arrangements for Cases 1D-200
and 1D-300 are similar in character with the appropriate size varlations.
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b. Reactor

The larger liquld-cooled pressure tube reactors are based on the 460 -eMW
concept shown in Flgure 14. This deslgn utilizes top and bottom

coclant plenums connected by the pressure tubes. The bottom plenum 1is
hung from the pressure tubes, thus keeping them in tenslon. Each

plenum chamber is approximately 18 feet 9 inches ID by 18 inches deep
and 1s constructed of 2-1/2-inch stainless steel plate. Six coolant
connections are provided to each plenum; 20-inch diameter to the top
inlet plenum and 24%-inch diameter to the bottom outlet plenum. The
pressure tubes terminate in tubular sleeves in each pienum.

The top and bottom shields each consist of ten l-inch-thick horizontal
stainless steel plates, spaced apart and submerged 1n the moderator to
provide cooling. The annular thermal shileld 1s externally located in
a separately supported closed tank, similar to the 100-eMW concept
(Case 1D).

The cold moderator enters through six 12-inch connectlons into an lnner
open top tank which surrounds the core. The moderator overflows from
this tank into a concentric outer tank provided with six 16-inch pipe
outlets. The bottom shield 1s included irn the inner tank; the top
shieid 1s located above the inner tank but below the moderator level.
Like the 100-eMW concept, a sealed gas enclosure ig provided around

the reactor and the external shield tank and between the top and

bottom plenums.

Each fuel assembly conslists of three coaxlal Zircaloy-clad uranium
metal tubes, assembled in a Zircaloy pressure tube. The pressure
tubes are 1n direct contact with the cold moderator and include
internal liners of thin Zircaloy tubling. The narrow annular spaces
between the liners and the pressure tubes contain stagnant layers of
Dp0, which provide thermal insulation to reduce heat lesses to the
moderator.

The c¢ontrol and safety rods enter through the top plenum and are also
contained in pressure tubes in direct contact wlith the moderator. The
rod actuators are located at the top and are removable to permlt

fuel handling operations. Individual fuel access noczzles are included
in the top plenum and extend upward through external biological
shielding to the operating level.

gmaller versions of the #60-eMW concept were evaluated for the 200- and
%00~eMW cases. For all three cases, the plenums are desligned for
1000-psig Internal pressure and operate at approximately 800 psig with
a coolant temperature of about 250°C. The average moderator temperature
is 80°C for each case.
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Each of the three concepts 1s based on a 9.5-1lnch triangular lattilce
spacing, selected from a combinatlon of mechanical and nuclear
considerations. The calculated average fuel exposures for 100% batch
reloading range from %200 to 3800 MWD/ton.

Each coolant system includes steam generators which deliver 170-psig
saturated steam to the turbine throttle. The gross steam cycle
efficlencies are calculated at about 25%, but the loss of 13% of the
reactor power %o the cold moderator reduces the over-all thermal
efficiencies to about 20.5%.

The followlng table lists several of the differences in the 200-, 300-,
and 460-eMW reactor concepts.

Case 1D-200 1D-300 1D-460
Nc. of fuel assemblies 166 250 330
Core dilameter, f& 11.4 1%.8 15.8
Reactor tank OD, ft 14.1 16.5 18.6
Coolant loops L Y 6
Total coolant flcw, gpm 80,000 120,000 180,000
Moderator flow, gpm 22,000 3%,500 51,000

¢. Turbine (Generator Bulilding

For the large capacity pressure tube reactors, the turblne generator
facilities vary as follows:

Case 1D-200 1D-300 1D-460
Neo. of turbine units 1 2 3

Size of turbine ‘
bullding, ft 160 x 110 200 x 126 220 x 126

The scale-up with capacity includes not only the turbine generators but
the condensers, feedwater pumps and heaters, the service crane, and

the auxiliary equipment.

d. Other PFacillities

The principal additional changes with capacity are assoclated with the
pump house and cooling water system. Most of the plant auxiliaries are
similar or identical tc the base case (1B).
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7. Boiling Do0 100-eMW Pressure Tube Reactor Plants

a. Reactor Buillding

The bullding arrangement proposed for the boiling D20 reactors is shown
in Pigures 30 and 31. The reactor and associated equipment are housed
in a 175-foot-diameter vertical, cylindrical containment vessel with a
flat bottom and a hemispherical top. Helght of the straight side 1s

50 feet; over-all height is 137-1/2 feet.

The steam generators required for .the liquid-cooled concepts are
omitted for the direct cycle bolling D0 reactors. In their place,
centrifugal steam separators are included to dry the steam ahead of
the turbine generators.

The presence of fewer equipment items 1n the reactor bullding permitted
an arrangement on three floor levels as compared with the four levels
required for the liquid-cooled concepts. The vertical helght of the
arrangement was lessened by two factors: (1) all control mechanisms

are located on top of the reactor, and (2) the absence of steam
generators and cother large, heavy equlipment assoclated with the reactor
eliminated the need for a permanently installed crane. For fuel transfer
operations, the unloading cask moves on tracks, rather than being carried
by a crane.

The conservative assumption was made that all the condensed D0 that
ig recycled to the reactor would require filtration and demineralizatilon.
Equipment for this purpose is included in a shielded area inslde the
reactor building. An additional catalytic recombiner 1s provided to
recover D,0 from noncondensibles ejected from the turbine condenser.

Coolant pumps provide forced circulation from the steam separators to
the reactor. The purified D0 from the demlinerallizers l1s fed to the

sucticon side of these pumps. A separate moderator cooling system is

included, although not pictured In this arrangement.

The size and type of containment vessel was selected to sult the
deslred equipment arrangement, but the volume and design pressure were
deemed adegquate for ccentainment of the maximum credible accldent.

b. Reactor

Twe 100-eMW pressure tube boiling reactors were evaluated. Case 2K 1s
a smaller verslon of the Case 1K-43%0 concept shown 1n Figure 16; this
ig described in the later zection on the large capacity belling reactors.

The Case 1K concept 1is shown in Filgure 15. Each of the 175 fuel
assemblies consists of three coaxlial fuel tubes fabricated from
Zircaloy-clad metallic uranium fuel. The individual assembliles are
ezch installed in an aluminum pressure tube of the bayonet type. An
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internal Zircaloy liner tube provides a stagnant liquid D0 annulus for
thermal insulatlon. This constructlon lowers the pressure tube wall
temperatures encugh tc permit the use of aluminum for the 200°C coolant
temperature assumed for this particular concept.

Subcooled liquld D0 enters through a top plenum distributor and travels
downward through the center channel of each fuel assembliy. At the

lower end of each pressure tube, the coclant reverses directlion and
about 10% by weight is vaporized in passing upward through the
surrounding fuel channels. The resulting mixture of D0 liquld and
vapor 1s discharged through individual piping connections and flow
restrictors to ring headers leading to the steam separators. A 9-1nch
square lattice pattern was selected, rather than a trlangular one, to
provide maximum~width lanes between fuel positions for the individual
coolant cutlet piping.

The -bayonet pressure tubes are submerged 1ln the cold moderator which
i i1s contalned in an open-top ftank. The use of bayonet-type tubes
| eliminates bottom penetrations in the reactor, leading to a simpler
design of the reactor and 1ts shielding.

The bottom and radial thermal shlelds are contalned 1n a larger tank
that encloses the moderatcor tank. The top shield 1s a horlzontal
plenum-type tank penetrated by sleeves at the fuel and contrcl positions.
The botfom and radlal shlields consist of spaced metal plates; the top
shleld contalns stalnless steel Raschlg rings. Both types are coocled
with light water. A sealed gas enclosure 1s provlided around the reactor
and the shield tanks.

i The pressure tubes and coolant inlet plenum are designed for 300 psig

| and operate at about 250 pslg wilth a coolant temperature of about 200°C,

{ The moderator temperature averages 80°C. The mixture of D,0 liguid and

l steam flows from the reactor tubes to four centrifugal steam separators
operating 1n parallel. These dellver saturated D,0 steam directly to

: the turblne, at a fthrottle pressure of 225 psig.

To provide maximum subccooling and protectlon against pump cavitation,

no feedwater heaters are used for this concept. The resulting gross

steam cycle efficiency of 24%, combined with the loss of 1%% of the
reactor power to the cold moderator, reduces the cver-all thermal
efficiency to 19.6%. The reactor thermal power becomes 510 MW, relatively
high for a 100-eMW concept.

¢c. Turbine Generator Bullding

I? was assumed that the steam separators in the reactor bullding would
reduce the radioactive carryover sufflciently to eliminate the need

; for shielding the steam piping, the turbine, and the associated

' equipment. Therefore, the installation is similar to the basic 100-eMW
case {1B).
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A principal difference is the use of D,0 steam on the steam ejector
and the inclusion of a closed ejector condenser to recover D,0. The
noncondensibles from the ejJector system are plped t¢ a separate
recombiner located in the reactob building.

d. Other Facllitles

The other plant facilities and auxiliaries are mostly identical to the
base case (1B).

8. Large Capacity Boillng D-0 Pressure Tube Reactor Plants

a. Reactor Bullding

For the 200- to 430-eMW bolling pressure tube reactor plants, the
equipment arrangement is the same as described for the 100-eMW boiling
D20 reactor (Figures 30 and 31). For Case 1K-200, the reactor bullding
1s identical 1n size to Case 1K. For Cases 1K-300 and 1K-43C, the
building diameter was Ilncreased from 175 to 180 feet and the over-all
helght from 137-1/2 to 140 feet.

The bullding dimensicns are those required for arrangement purposes,
but they were determined to be adequate for containing the maximum
credible accident.

b. Reactor

The boiling Dy0-cooled pressure tube reactor chosen for Case 1K-430 1is
gshown in Figure 16. Smaller reactors of similar constructlon were
evaluated for Cases 2K, 1lK-200, and 1K-300.

Each fuel assembly consists of three or four coaxial fuel tubes,
constructed of Zircaloy-clad metallic uranium fuel. These assemblies
are each enclosed by a Zircaloy pressure tube, Internally insulated by
means of a thin liner of Zircaloy tubing. The actual insulating
medium is a thin annular layer of stagnant liquid Dz0.

The pressure tubes are assumed to have stalnless steel ends bonded to
the Zilrcaloy. These assemblles extend vertlcally through the moderator
tank; their walls are in direct contact with the cecld moderator,
Tndividual inlet and outlet piping connectlons provide for coolant flow
upward through each pressure tube. A square lattlice spaclng is used,
to provide maximum-wldth pipe lanes from each pressure tube tc the
coolant headers.

The top of each pressure tube extends through biological shlelding,

ending in a2 nozzle closure for fuel access. The contrel and safety

rods are top entry, with removable actuators to prevent Interference
with fuel handling operatlons.
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The moderator tank i1s of low pressure deslgn. The moderator flow enters
near the bottom through four inlets to a flow dlstributlon chamber
inslde the tank and rises through a serles of perforated, spaced,
horizontal stalnless steel plates which constitute the bottom thermal
shleld. Near the top of the moderator tank, a simllar series of
submerged horizontal plates serves as the top thermal shleld. The
heated moderator flows through a top collectlon chamber to the moderator
cooling eircult.

The radial thermal shields are vertlcally arranged, spaced plates set
into an external tank and provided with light water ccoling.

In rising through the pressure tubes, the subcooled reactor coclant

at about 800 psig is heated from 237 to 270°C and about 30% by welght

is vaporized. The resulting mixture of liquid and vapor passes through
the steam separators to produce dry, saturated steam at a turblne
throttle pressure of 780 psig. A single stage of regenerative feedwater
heating 1s used, resulting in a gross steam cycle efficiency of 30%.
This, comblned with a 13% loss of reactor power to the cold moderator,
results in an over-all thermal efficlency of 24.7%.

The description glven in the previous paragraphs may be applied to the
100- to 430-eMw cases. The following table lists information applying
to the partlecular capacities.

Case 2K 1K-200  1K-300 1K-430
Fuel tubes/assembly 3 b | y
Fuel assemblies 185 257 362 475
Lattice spacing, in. 8.5 8.5 8.5 9.0
Core dlameter, ft 10.6 13.1 15.5 19.2
Core length, ft i5 15 15 15
Reactor tank, OD, ft 12.6 15.1 17.5 21.6
Coolant flow, gpm 11,000 21,000 29, 000 40,000
Moderator flow, gpm 8,800 18,500 28, 000 40,000

Avg. fuel exposure,
MWD/ ton 4,200 3,800 4,000 5,000

A plent flow diagram typical of this series of boiling reactors and
based on Case 2K is shown in Volume II (DP-520}.
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¢. Turblne Generator Bulilding

For the large -capacity bolling reactors, the turbine generator facilities
vary as follows:

Case 2K 1K-200 1K-300 1K-430

No. of turbine
units 1 1 2 2

Size of turbine
bullding, ft 160 x 90 160 x 110 200 x 126 200 x 126

The facilitles for Case 2K are similar t¢ those required for the basic
case (1B). For the larger capaclties, the turbine generators and
assoclated equipment plus the buillding and its facilities are all
scaled up as required.

d. Other Paclilitiles

Additlonal capacity is included in the pump house and cooling water
systems for the large capacity plants. Most of the plant auxiliarles
remalin similar or identical to those for the base case.

9, Boiling Do0 100-eMW Pressure Vessel Reactor Plant

a. Reactor Bullding

The reactor bullding 1s the same as that described for the 100-eMW
boiling Dy0 pressure tube plant, Case 1K, except that a separate
moderator-cooling circult is not required.

b. Reactor

The 100-eMW bolling D-0 pressure vessel reactor, Case 1J, 1s a hot
moderator concept, illustrated in Figure 12. The vessel 1is 14 feet

g inches ID by 35 feet over-all length, with welded clocsures for the
top and bottom heads. The deslgn pressure is 300 pslg. The bottom
head and lower pertion of the shell are 1-3/4-inch-thick steel plate
(SA—212-B). The upper portion of the shell 1s penetrated by four 1nlet
and four outlet nozzles for coolant flow. The top head includes
individual fuel access nozzles and control and safety rod penetrations.
Plate thlcknesses in these areas are 4%-1/8 inches. The entire vessel
is lined with a 1/4 inch thickness of weld-deposited stainless steel
cladding.

The total cocolant flow of 28,700 gpm of liquid D,0 is pumped into the
reactor at 187°C and enters through a distribution plenum above the
core and serves first as hot moderator as it flows downward between the
fuel housing tubes. Below the core, the liquid reverses directlon and
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flows from the moderator area through openings into each houslng tube.
On flowing upward past the fuel assemblles, the coolant 1s heated to
203°C and about 10% by welight 1s vaporized. The resulting liquld-vapor
mixture passes from the reactor to centrifugal steam separators which
deliver dry saturated steam to the turbine throttle at 225 psig.

The radlal and thermal shields are internal and conslst of spaced
stalnless steel plates which surround the core and reflector areas.
The top and bottom biological shielding is external to the vessel.

Each of the 356 fuel assemblies consists of two coaxlal fuel tubes
placed in a thin-walled Zircaley-2 housing tube. The fuel 1s metallic
uranium, clad with Zircaloy-2. The average fuel exposure 1s calculated
to be 3500 MWD/ton for 100% batch relcading.

Like Case 1K, no feedwater heaters are employed. The gross steam
cycle efficiency is 24%; the over-all thermal efficlency 1s 22.5%.

¢. Other Facillties

The turbine generator building and the equipment included are identical
with the comparable facllities described for the 100-eMW beiling reactor,
Case 1lK. Plant auxiliaries and other facilitles are ldentical to the
base case {1B).

10. Helium-Cooled 100-eMW Reactor Plant

a. Reactor Bullding

The helium-cooled reactor plant includes four large steam generators,
circulating gas blowers, and large diameter coolant piping. A 200-foot-
dlameter sphere was chosen to house this reactor system, based on the
equlipment size and arrangement. This sphere 1s conslderably larger

than the size needed to contain a maximum credible accildent.

b. Reactor

The helium-cooled reactor concept (Case 1G) and the associated facilities
have previously been described‘lsj. For completeness, portions of
this description are 1lncluded in the followlng paragraphs.

A conceptual arrangement f'or a helium-ccoled pressure vessel reactor 1s
shown in Pilgure 17. Gas-cooled pressure vessel reactors offer some
advantages over the pressure tube types, especially if the reactor 1s
small or of medium size. The more important advantages are: (a) the
elimination of numerous gas seals that must operate at high temperature
and moderate pressure differentials {up to %00 psi), (b) the elimination
of heavy-walled pressure tubes within the reactor core, and (¢) %the
reduction of pressure drop in the system by the elimination of coolant
plenums or individual coolant piping for each fuel element.
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The liquid-cooled cold moderator pressure vessel concepts requlre

careful analysls and deslgn to avold excessive thermal stresses in the
reactor shell, resulting from the wide difference between the temperatures
of the coolant and the moderator. In a gas-cooled concept, the coclant
gas can readily be used as an insulating medium to minimize thermal
gradients and the resulting bending stresses in the vessel wall.

Peatures of the reactor arrangement presented in Figure 17 are as
follows:

(1) fThe moderator is at low temperature and is isolated
from the coolant gas within the reactor. However, the D0 is maintained
at the same pressure as the coolant gas by equalization in an external
pressurizer vessel, to ellminate the need for heavy-walled fuel housing
tubes.

(2) The heavy water moderator is contained within a
calandriz and is further isolated from the walls of the pressure vessel
and all the gas coolant passages by annuli filled with stagnant or
low velocity gas. This insulation minimizes thermal stresses 1in the
reactor shell and reduces heat losses from the hot coolant to the cold
moderator. The outer walls of the calandria are formed by the bottom
shield, the annular thermal shield, and the top shleld; all are
fabricated of stalnless steel. The c¢alandria tubes are Zlrcaloy.

(3) The heavy water that circulates through the annular
shields alsc circulates through the moderator space. Thls ellmlnates
many possible causes of thermal stresses and minimizes the number of
welds that must remain leaktight. The top and bottom axlal shields

are cooled by separate Hpy0 circults.

(4) The top head of the vessel is designed for removal
when fuel replacement ls necessary. This minimizes the number of
openings required in the top head. Removal of the top head 1is
considered feasible because fuel cycles are long, the inlet helium
temperatures and pressures are moderate, and the probabllity of fuel
element failure 1is reduced when usling an inert coolant.

(5) The pressure vessel of the reactor is fabricated from
carbon steel (SA-212-B) without stainless steel cladding. This is
considered feasible for helium service.

The reactor vessel is 16.5-foot ID by 43-foot over-all length, designed
for a pressure of 450 psig. The minimum shell thickness 1s about

5 inches, the top head is 2.5 lnches thick and the bottom head 1is

6.5 inches thick.
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Each of the 174 fuel assemblies consists of 136 twisted ribbons of thin
Zircaloy-clad metallic uranium, totaling over 550 1b of uranium per
assembly. The helium coolant flow of 1,530,000 lb/hr enters the

tops of the fuel housing tubes at about #00 psig and 225°C and leaves
through the bottom head at 511°C.

From the reacter the hot coolant flows through four parallel steam
generatorsg, across banks of finned steel tubling arranged in
superheater, evaporator, and economizer secticns. The prime area, or
tubular heat transfer area,totals 35,000 ft2%. Clrculating gas -7
blowers recycle the coolant to the reactor.

The steam generators produce steam at turblne throttle conditions of
1407 psilg with 300°F (167°C) of superheat. The calculated gross
steam cycle efficiency 1s 37.6%4. When comblned wlth an 11% loss of
reactor power to the cold moderator, the resulting over-all thermal
efficiency is 31.4%.

(15)

A simplified flow diagram of the plant was shown previously and

is repeated in Volume II (DP-520).

¢. Turbine Generator Bullding

The turbine generator bullding is the same size as in the base case (1B).

The turblne, the condenser, and the steam piping are all smaller in
slze, as brought about by the Improved steam conditions.

d. Other Facilities

The amount of ccoling water is less than that requlred for the liquid-
cooled 100-eMW concepts, which reduces the capacity of the water
pumplng and distribution facilitles below that specified for Case 1B.
Auxiliaries and other facilitles are nearly all identical with the base
case,

11. Dp0-Steam-Cooled 100-eMW Reactor Plant

a. Reactor Bullding

Equipment arrangement requirements led to the selectlon of a 200-foot-
diameter sphere to house the reactor system. Contalnment of the
maximum credible accident would not require so_large a vessel.

b. Reactor
A preliminary study was made of a 100-eMW cold moderator pressure
vessel reactor that 1s cocled with superheated D,0 steam. A schematic

arrangement for this concept (Case 2H) is shown in Flgure 18. fThe
ma for advantages of this type of reactor are as follows:
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(1) The massive bollers that are usually required in a
gas-cooled reactor system are eliminated.

(2) Superheated steam can be produced in a direct cycle
at a pressure that permits 1its use 1n & turbine generator plant of
conventional modern design. This results 1n an over-all thermal
efficlency higher than that expected in the liquid cooled and boiling
D20 concepts.

Each fuel assembly for Case 2H conslsts of 31 twisted ribbons of natural
uranium metal, each clad with a 0.007-inch thickness of stalnless steel;
each bundle of ribbons is contained in a double-walled Zircaloy housing
tube. The cold moderator is insulated from the hot coolant by helium
contained 1n the annulus between the two walls of each housing tube.

A separate cooling system malntains the moderator at an average
temperature of about 80°c. The nuclear lattice is contalned in a

mild steel (SA-212-B) pressure vessel clad internally with a 1/4-inch
thickness of weld-deposited stalnless steel. The reactor vessel 1s

18 feet in internal diameter and about 52 feet in length and is
designed for a pressure of 900 psig.

Heavy water steam at about 800 psig cools the fuel. The steam enters
the reactor slightly superheated, and it 1s cooled and desuperheated by
contact with cascading liquid D,0 as 1t rises through the perforated
plates used 1n the bottom thermal shield. On passing upward through the
coolant passages of the fuel assemblles, it 1s superheated to about
387°C at 785 psig. This amounts to about 117°C (210°F) of superheat.

About 16% by weight of the hot steam is fed to the turbine. The turbine
condensate 1s reheated to 221°C in five stages of feed water heaters

and is pumped to the bottom of the reactor where it serves as a
reservolr of liquld D,0. The heat capacity of thils large holdup of
liquigd D20 contributes to the stabllity of the system. The remaining
B4% of the superheated steam is recycled to the reactor by gas

blowers. Enroute it passes through venturl sectlons where the steam

is cooled to within a few degrees of saturation temperature by the
injection of liquid D0 drawn from the bottom of the reactor vessel.

The temperature of the effluent steam from the hottest fuel posltion
is about 427°C. The maximum temperature of the uranium metal is about
625°C. For this preliminary design, the fuel inventery is 71 tons and
the Ds0 inventory is 195 tons. The gas blowers consume about 4000
horsepower. The over-all thermal efficlency is 28.6% which includes
logs of 11% of the reactor power to the cold moderator. An average
fuel exposure of 3600 MWD/ton is expected for 1C0% batch reloading.

Although the work on the steam-cooled reactor was preliminary in
nature, some general conclusions can be drawn. With the postulated
reactor materials, the reactor ccre must be about 15 to 16 feet in
loaded diameter, in order to attaln the necessary geometric buckling
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for operation. The majJor problem concerning the feasibillity of this
reactor concept, as in the helium-cooled reactor (Case 1G), involves
the high temperature behavior of uranlum metal. It 1s not yet known
whether a serious distortion of the uranium fuel ribbons will occur
during extended pericds of irradlation at the reaétor conditlons.

For Case 2H it 1s assumed that the turbine will not be seriously
contaminated by radicactive carryover. On thls premlse, the power
generation equipment ls unshlelded and located in a conventional
building outside the containment vessel.

It i1g also assumed that the water chemlistry can be controlled to
permit use of carbon steel 1n both the primary coclant circult and in
the power cycle. As noted previously, the reactor vessel is clad
internally wlth stainless steel.

As indicated in Figure 18, helium or other inert gas 1s introduced to
the coolant loops after reactor shutdewns. Thils provides a
circulating medium for shutdown cocling and for use during startup,
pricr to the generatlcn of a sufflclent volume of D0 steam.

c. Turbine (Generator Building

The turbine generator building ls the same as provided in the base
case (1B). The better steam conditions for Case 2H permit use of a
smaller, less costly turbine generator system.

d. Other Facllities

Less coecling water is required than for Case 1B, but the other
facllities duplicate those for the base case.

e. Alternative Bullding Arrangement

For Case 2H 1t was assumed that the turbine generator and the assoclated
equipment can be housed in a conventional structure, omitting any
radlation shielding. _An alternative_plant arrangement was studled,

cn the basis of the more conservative assumption that the turbine
generator would become sufflciently radicactive to require its location
in the containment vessel in a limited access area.

This plant arrangement, shown in Figures 32 to 34, 1s housed in a
200-foot-dlameter vertical, cylindrical vessel wlth hemlspherical top
and ellipsoldal bottom. The over-all height is 275 feet.  The
equipment arrangement in the containment vessel provides three
principal cperating levels: at grade, at -50 feet, and at -75 feet.

A single crane serves both for fuel handling operations and for
malntenance requirements. Unllike Case 2H, 1t is assumed that stalnless
steel construction 1s required for the primary coolant system.
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The other principal builldings are located adjacent to the containment
vessel in an arrangement differing from the baslc case (1B).

The total plant investment for this alternative 1s estimated to be about
17% higher than for Case 2H; the estimated power cost 1s some 11%
higher, totaling 22.6 mills/kwh.

F. STATUS AND POTENTIAL OF D,0-MODERATED REACTORS

1. Technological Status

From a technological standpoint, the preferred pressure tube bollers
are not developed to the same degree as the liquild-cooled concepts,
especially those based on pressure vessel reactors. As pointed out in
Section C-5, knowledge is incomplete or lacking on a number of design
and operating aspects of the boiling D.0 reactors. Information is
needed on topics such as: (1) nuclear physics, (2) hydraulic behavior,
(3) boiling heat transfer burnout, (4) operating stability and
transient response to operating changes, and (5) effects of irradiation,
temperature, and corrosion on the fuel assemblies. Additional data

on fuel endurance are equally important for the other metal-fueled
reactors.

The development of a dependable Zircaloy-to-stainless-steel jolnt and
the fabrication of insulated Zircaloy houslng tubes are major problems
common to all the pressure tube reactor concepts. A low cost process
for fabrication of the fuel elements is greatly needed, but this can
be said for every concept.

An intensive experimental program should be able to supply sufficient
infermation to permit firm design of the pressure tube boiling reactors
and to predict thelr operating behavior. Du Pont's future program,

as outlined previously, 1s expected to develop much of the required

basic knowledge. Additlional information will become avallable from

the Sargent & Lundy and Nuclear Development Corp. developmental

programs in this field. Related work by others on pressure tube reactors
wlll supply further answers.

2. Future Potential

The economic results presented in this report are hased on the current

xnowledge of nuclear power plants, a field which has been actively

developing cver a periocd of only five to ten years. These results are

being compared with the costs of power from today's fossil-fueled )
plants - costs that have been reduced through technological improvements LGV
over a perlod of perhaps flfty years. Therefore, 1t should not he

surprising that nuclear power, based on 1959 designs, is not

competitive in the USA.
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It 1g impossible to foresee all the varlous improvements to the nuclear
plants that will result from the next five to ten years of development
and operating experience. However, enough Information is available for
a preliminary evaluation of the economic effect of several probable
improvements.

The future potential of a 300-eMW pressure tube beoiling reactor
plant was studlied briefly to determine the varlations in power costs
resulting from: (a) operation at higher power levels, (b) longer
fuel 1ife, (c) lower cost Zircaloy, (&) lower cost fuel fabrication,
and (e) use of nuclear superhsat. The 300-eMW capaclty was selected
for two reasons: (1) recent installations of fossil-fueled base-load
stations in the USA approach this capacity, and {2) 300 eMW 1s about
the maximum capaclty expected avallable in the near future from a
single-shaft turbine generator unit operating on saturated steam

at the postulated throttie conditions.

a, Effect of Higher Power Levels

Case 1K-300 1s based on a maximum specific power cf =8 MW/ton uranium
and a maximum heat flux of 200,000 peu/(hr)(ft2). It is possible that
a 50% increase in the power rating can be realized after experience is
gained from the operation of a prototype unit. It 1s estimated that
this single development would reduce the 300-eMW reactor plant
investment by some 8 to 10% and the D0 inventory by about 15%.

These two factors would reduce the total power cost about C.5 mill/kwh.

b. Effect of Longer Fuel Life

The estimated average fuel exposure for Case 1K-300 is 4000 MWD/ton
for 100% batch relocading. If it is assumed that one-third of the fuel
is recharged per cycle, with sultable repositioning in the reactor,
the average fuel exposure should be increased to about 6000 MWD/ton.
On this basls, the fuel cost for a 300-eMd boiling D0 reactor would
be reduced by about 0.9 mill/kwh, or from 2.5 to 1.6 mills/kwh.

Driggers and St. John(le) have shown the effect on fuel exposure of
using a so-called “"continucus" recharging scheme. This scheme

assumes that slngle fuel assemblies would be recharged at regular time
intervals with no interruption of the reactor operation.

If such a "continuous" recharging scheme were employed, the average
fuel exposure for Case 1K-300 should amount to azbout 7500 MWD/ton.
The estimated fuel cost would then be about 1.25 mills/kwh, approxi-
mately 0.35 mill/kwh less than the fuel cost for the previous scheme
of recharging one-third of the core per cycle. This difference of
0.35 mill is equivalent to the fixed charges on a plant investment
cf £5.25 million. However, the additional investment in the
equipment required for a continuous recharging scheme could amount
to severzl million dollars. The attractiveness of continuocus
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recharging would then be based primarily on the easier attalnment of a
high plant load factor.

An optimum core and fuel element design based on better knowledge of

the reactor physics of the boiling reactors may result 1n a greater
excess reactivity than the 5.3% figure calculated for Case 1K-300.

An increase in the avallable reactivity would permit a higher average
fuel exposure for any recharging scheme. For example, a 1K-300 core
design with 7% excess reactivity is estimated to permit an average fuel
exposure of 4700 MWD/ton for 100% batch reloading, and the corresponding
fuel cost would be about 2.0 mills/kwh (Case 1K-300 = #4000 MWD/ton and
2.5 mills/kwh}.

All these variations have assumed that the proposed metallic uranium
fuels will satisfactorily withstand irradiation exposures of 6000 to
8000 MWD/ton. Thils requires confirmation by test irradiations at
comparable reactor conditions.

c. Effect of Lower Cost Zircaloy

The current estimates have assumed a $50/Ib purchase price for the
Zlrcaloy-2 tubing used for housing and insulating tubes and for fuel
cladding. If this purchase price were reduced to $30/1b, the
equivalent reducticn in the total power cost for Case 1K-3%00, cperated
on 1004 batch reloading, would be about 0.2 mill/kwh (split almost
evenly between the fixed charges on the plant investment and the cost
of fuel).

d. Effect of Lower Cost Fuel PFabrication

If it 1s assumed that the fabricatlieon cost, exclusive cof Zircaloy, of
the 1K-300 tubular fuel elements can be reduced by one-third, thelr
fabrication would then cost about $12/kg uranium. The equivalent
reduction in power cost for Case 1K-300 would amount to another

0.2 mill/kwh for 100% batch reloading.

e. Cumulative Effect on Preferred Concept

For comparative purposes, the total power cost was estimated for a
300-eMW pressure tube boiling D,0 reactor plant producing 780 psig
saturated steam, similar to Case 1K-300, but making use of several

of the probable future Improvements discussed in the previous sections.
For identification, this 1s termed Case X.
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Case X

Baslc Assumptlons

300-eMW boliling D,0 pressure tube reactor
Saturated steam at 780 psig to turbine
Maximum specific power, 60 MW/ton

Average fuel exposure, 6000 MWD/ton
Zircaloy-2 tubing at $30/1b

Fuel fabrication cost, $12/kg uranium
(exclusive of Zircaloy)

nggf’ The fixed charges on plant and Dy0 Iinvestments,

the D;0 losgses, and the other cost factors

were those assumed in Section C-1.

Power Cost mills/kwh
Fixed charges, plant 6.1
D0 (fixed charges plus losses) 1.3

Fuel costs 1.3
Operation and malntenance 0.9
Total power cost 9.6

f. Effect of Nuclear Superheat (Case Y)

To date, the du Pont study has not dealt extensively wlth reactor
concepts which include nuclear superheat. Case 2H i1s a 100-eMW D20
steam-cooled concept to produce superheated steam, but 1t does not
appear attractive from an economlc standpoint. The reactor system
investment 1s relatively high, of a magnitude whilch offsets the lower

Investment for a power generation system operating on superheated
steam.

Information avallable from other reactor plant concepts made 1t
possiblie to obtain an approximation of the investments and fuel costs
for a 300-eMW bolling D,0 pressure tube reactor plant, including
nuclear superheat and operating on a direct cycle. This 1s
ldentified as Case Y.

A number of assumptions were made to define the reactor system. The
reactor core was visualized as having two zones. Zone I would be
loaded with Case 1K-300 fuel assemblies and would vaporize 30% by
weight of the llguid D,0 feed (approximately 30,000 gpm). The
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liquid-vapor mixture would leave Zone I at about 1050 psilg and 550°F
(288°C) and would flow to steam separators. The feedwater (Dg0),
heated to 470°F (243°C), would be mixed with the liguid D20 returned
from the steam separatcrs, thus subcocling the mixture to about 540°F
(282°C). C(Circulating pumps would boost the pressure of the liquld to
1100 pslg for introduction to Zone I.

Zone II would be loaded with twisted ribbon elements of the type used
for Case PH. The saturated Dz0 steam from the steam separators would
pass through Zone II, where it would be superheated to 700°F and
delivered to the turbine throttle at 1000 psig. For these steam
conditions, the gross steam cycle efficiency would be about 35%. Only
one turbine generator unlt would be required.

For Zone I, the maximum speclfic power was assumed toc be 60 MW /ton
uranium (1K-300 = 38 MW/ton). ¥For Zone II, the maximum specific power
was assumed to be 11 MW/ton, the same as for Case 2H. It was

assumed that the Zone II assemblles would cccupy the central area of
the core, on about a 12-inch square lattice spacing. The Zone I
assemblies would surround Zone II, on an 8.5-1inch sguare lattlce
spacing.

The over-all core slze would approximate that for Case 1K-300, and it was
assumed that the dimensions and arrangement for the 1K-300 reactor

would generally apply. An exception would be the provision of separate
inlet and outlet headers for Zones I and II., In addition, the deslgn
pressure of the headers, piping, and pressure tubes would be increased
from 900 to 1300 psig.

For the fuel cost calculatlons, it was assumed that one-third of the
Zone I fuel would be recharged per cycle for an average exposure of

6000 MWD/ton. Zone II fuel would be recharged on a 100% batch basls at
an assumed average exposure of 3600 MWD/ton. Zircaloy tubing was assumed
to cost $30/1b. The fabrication costs of the fuel, excluslve of
Zircaloy, were assumed to be one-thlrd less than those estimated for
Case 1K-300 (Zone I fuel) and for Case 2H (Zone II fuel). The resulting
total plant investment estimated for the >00-eMW boiling reactor with
integral nuclear superheat (Case Y¥) is considerably less than that
estlmated for Case 1K-300, Thils difference results almost entirely

from the effect of the improved steam conditions on the electrical
generation investment.

Tabulated below are the estimated power costs for the three 300-eMW
boiling D0 reactor plants: (1) Case 1K-300, (2) Case X, a bolling
reactor producing saturated steam, but based on the same general
azssumptions as Case Y, and (3) Case ¥, a boiling reactor with nuclear
superheat.




Case X Case Y

300 eMW 300 eMW
Case Satad. Plus Nucl.
1K-300 Steam Superheat

Fixed charges, plant (14%) 6.4 6.1 5.6
D50 (fixed charges plus losses) (16.5%) 1.5 1.3 1.4
Fuel costs 2.5 1.3 1.3
Operation and maintenance 0.9 0.9 0.9
Total power cost, mills/kwh 11.3 9.6 g.2

Comparison of the three cases shows that the use of nuclear superheating
In itself accounts for a reduction of about 0.5 mill/kwh in the fixed
charges on the plant investment. Fuel costs and other charges are
approximately equal for the saturated and superheated steam concepts.

g. Puture Nuclear Power Costs

The plant investments for the 300-eMW cases shown above are all

assumed to require similar containment, auxiliaries, general facilities,
etc. TFuture operatlons of prototype units are expected to uncover
additional savings, mainly in the form of lower plant investments.

It might reasonably be assumed that the plant investments for second or
third generatlon plants would be some 20% below the current estimates.
If thls proved correct, the cost of power from the two "improved"
300-eMW boiling D0 reactor plants (Cases X and Y)} would then be in the
range of 8.0 to 8.5 mills/kwh. The attainment of these lower costs

1s greatly dependent on the availability of lower cost fuel assemblies
that can be exposed for at least 6000 MWD/ton.

Although 8.C to 8.5 mills/kwh power does not compete wilth the estimated
1962 average costs from modern coal-fired plants, it might become
attractive 1in some areas of the USA, for plants installed some 5 to

10 years hence.

It must be emphasized that power costs of 8.0 to 8.5 mills/kwh from
300-eMW boillng D,0 reactors are not believed to be attainable fron
the 1959 plant designs. Areas for improvement have been roughly
evaluated to show the econcmic effect of future developments. The

power cost of 8.0 to 8.5 mills/kwh may prove too optimistic, but at this
writing it does not appear 1mpossible to achleve.
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Notes:

1.
2.
3.
b

ENER,
1. Net Electrical Dutput, M
2. Cooleat

3. Reactor Type

4. Fuel Enrichmant

5. Gore Inventery, tons Uranium
6. D20 Inventory, tona

7, Over-all Thermal Efficiency, %
REACTOR

1. Cross Thermal Power, W

2, Fuel Cenfiguration

3. HNo. of Puel Assembliss

4. Lattice Spacing, 1n.

5. Cora Diamater, ft.

6. Cors Haight, ft.

7. Moderator/Uranium Vol. Ratio
d. Avg. Moderstor Temp., *C

9. Reactor Power to Moderator, %
10. Max. Heat Flux, peu/[hr.)ift2)
1l. Gross Avg./Max. Heat Flux
1Z. Max. Spacific Power, MW/ton U
13. Max. Fuel Temp., “C

14. Hot Excess k

15, Avg. Fuel Exposure, MWD/ton U
16, Vaporization, £ by wt.

17. Inlet Pressure, paig

14. Design Pressura, paig

19, Externsl Diameter, fr.
FUEL ASSEMILY

1. Fuel Matarial

2. ¢€ladding Material

3. Housing & Insulating Tubes

4. Calandris Tubes

5. Celandria Tube OO, in.

6, GCalandris Tube ID, in.

7. Housing Tube QD, in.

4. Housing Tube ID, in.

9. Insulating Tubs OF, in.

10. Insulating Tube ID, in.

11. Cladding Thickness, in.

12z. Fual Tube F1 Clad GO, in.

13. Fuel Tube F1 Clad ID, inm,

14. Fuel Tube #2 Clad OD, inm,

15. Fuel Tuba ¥2 Clad ID, in.

16. Fusal Tube #3 Clad 0D, in.

17. Fusl Tube #3 Clad ID, in.

14, Fual Tube §& Clad OD, in.

19, Fuel Tube f4 Clad ID, in.

PRIMARY COULING SYSTEM
1. Flow to Resctor-liquid, gpm

Gas or Vapor, lb/nr
2. Wo. of Cooling Loops
3. Temp. Enterlng Reactor, *C
4. Temp, Leaving Reactor, *C
5. Over-sll Preasure Drop, pai

6., Ares of Steam Cenerators, ft2

7. Conatruction Material, Cooling Syatem

ELECTRICAL GEMERATIOM PLANT

1. Stoam to Turbine Throttla, lb/hr

2, Turbine Throttle Pressure, psig

3. No. of Turbines

4. Gross Steam Cycle Efficiency, %

5. Grosa Elactricsl Cutput, My

GASE )P

100
Liquid D20

Pressure Vessel
Kot Moderstar

Netursl U
29.2
165
22.7

450
1 Tube

Jue
6.5 Hex.
10.5
15
5.0

418,000
0.4
36
70
0.0104
3as5e
S24
710
1kt

U+ 2wt &2r
Zircaloy-2
2ircaloy-2

32,700
8sT

1.6 x 1P
152 (5ata)
1
2.1
106

TABLE I

PLANT CHAHACTERISTICS OF D20-MODERATED POWER REACTORI

FUELED WITH NATURAL URANTUM

CASE 23200 EADE 18-100 CASE QR-400

200
Liquid 0z0

Presaure Vessel
hot Moderator

Netural U
0.0
7
23.4

a5%

2 Concentrie
Tubas

390
6.25% Hex.
12
15
25.3
213
a
412,000
043
66
< 500
Q.012

15.3

Y+ 2wt % 2Zr
Iircealoy-2
Zirceloy-2

80,000

212
250

49,000
35T

3.2 x 108
170 (Satd)
1
2%.8
212

Each reactor includes 1 ft of radial snd 1 ft of axial reflectof.

Fuel exposurans ars based on 100% batch reloading.

Ona ton = 2,000 In.

For nuclmer parsmeters and additionsl detail, see Tablea I und IT, Vol. II

Frime srea ¢f [inned hegt transfer surface.

300
Ligutd D0

Fressurs Vessal
llot Moderator

Naturel ©
35.2
362
3.4

1280

2 Concentric

507
6,25 Hex.
13
15
24.0

213
(]
LLO, 000
.43
86
<500
0.012
J600
783
1000
17.5

Ue2w%Ir
tircaloy-2
Zirceloy-2

120,000

212
250
20
73,100
85T

L8 x 100
170 (Setd)
2
2.8
14
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L00
Liquid D20

Pressure Vesael
Hot Made r

Hetural U
39.0
W87
233

1720

2 Cencantric
Tubes

390
?.25 Hex,
14
15
26.5
21)
8
490,000
O.43
104
<500
c.00d
3500
705
Q00
18.5

U+ 2wt %20
Zircaloy-2
Zircal oy-2

None

3.7
3.6

Nana

0.015
3.14
2.90
2.08
1.80

180,000
]
22
247
80
104,000
88T

6.4 x 100
170 (Ssud}
2
2.8
425

CASE 1D

100
Liquid B0

Prassire Tube
Cold Moderator

Natural U
154
145
23.0

(35
1 Tube

225
7.8 Hax.
10.48
15
34.4
0

460,000
0.5L
L2
51
0.057
3500
800
100C
12.8

U+ 2wt §2r
Zircaloy=2
Zircaloy=2
Aluminum
546
5436
3N
2.90
Hone
0.01%
2.06
1.47

230
2355
1]
29,800
88T

1.5 x 108
262 (Satd)
1
26,8
106

SASE 10-200

00
Liquid D20

Preasure Tube
Celd Modarator

Natural U
32.0
241
.4

980
1 Concentric
Tubas
166
9.5 Hex.
1.4
15
22.9
-]
13
440,000
0.43
71
<500
0.027
3200
73
1000
1.1

U+ 2wt % 2r

Lircaloy-2
Zircaley-2
None

[T,
4.33
4.21
b5
©.015
3.72
3.3%
2,48
2.1z
1.24
Q.88

80,000

212
250
80
49,000
aST

3.2 x 108
170 (Satd)
1
2.8
212

CASE_1D-100

300
Liquid g

Prassurs Tube
Cold Maderator

Natural ¥
La.C
354
20,4

1L70

) Coneentric
Tubes

250
9.5 Hex.
11.8
15
22.9
e
1
140,000
.43

<500
0.038
3500

783
1000
16.5

Us 2w %22

Zircalay-2

Zircaloy-2
None
4.71
533
4.21
415
0.0L15
3.72
3.35
2.4
.12
1.24
0.88

120,000
4
212
250
20
73,100
58T

4.8 % 106
170 (Setd)
2
24.8
318



CASE 10:460 CASE 2% CASE 1R300 EAIE JK-300 ¢ =430 EASE 1C EAYE J¢ CAJE 3K CAJE 10 CASE 2H
460 100 200 100 430 100 100 100 100 100
Liquid D20 Boiling D20 Beiling D0 Boiling D0 Boiting D20 Liquid D20 Boiling D0 Bolllng 00 Felium Gan pz0 Steam
Pressure Tuby Pressure Tube Pressura Tybs Pressurs Tube Prassure Tube Freasure Vessel Fressurs Vessel Prassure Tube Pressurs Vessel Prassure Vassel
Cold Mderator Cold Moderator Cold Modarator Cold Moderator Celd Moderator Cold Moderstor Hot Moderator Cold Moderator Cold Modarator {old Moderator
Hatursl U Natural U Matural U Hatursl 4 Natural U Hatural U Natural U Hatural U Nstural T Natursl U
62.0 30.8 b5.3 6.8 89.0 26.6 28,4 27.2 Le.L n
LS8 164 20 0 60 184 195 158 93 195
20.7 2.7 2uL.7 2.6 24.7 2.7 22.5 19.6 I 28.6
2220 405 810 1220 1740 450 [eX 510 a8 350
3 Concentric 3 Concentrie & Concantric L Concent ric & Concentric 1 Tube 2 Contentric 3 Concentric Twisted Ribbona Twistsd Ribbona
ubes ubes Tubes Tubes Tubes
30 185 257 362 475 e 356 175 174 174
9.5 Hex, 8.5 5q. 8.5 Sg. 8.5 8q, 9.0 5q. 6.5 Hex, 7 Hex, 9 S5q. 12 Hex. 13 Hex.
15.8 10.6 11.1 15.5 19.2 10 1.8 1.8 13.8 15
15 15 5 15 15 15 15 15 13.8 16
22.9 2.7 22.8 22.8 2L.2 25.0 Jo.7 29.4 18.4 18,8
8 80 20 80 80 20 144 £0 ] ]

13 13 1 13 13 11 & 13 I 1
440,006 200,000 220G, 000 200,000 200,000 415,000 180,000 185, 000 35,500 29,300
0.50 0.45 0.45 .50 Q.5¢ 0.50 0.45 0.45 Q.45 045
70 29 Lo 38 39 36 15 L2 15 1
<500 < 400 < 400 <100 < 400 81 <350 <350 ud 625
C.OLL 0.060 0.045 0.053 0.077 9,053 0.024 ©.023 C.022 e.016
3800 4200 3ec 4000 5000 4500 3500 3000 1000 3600
- a0 30 3o hie) - 10 10 - -
823 615 . 815 a15 s M 255 250 L00 kil
1000 KU oo 200 900 950 300 300 L50 900
18.6 12.6 15.1 17.5 21.6 11.9 15.4 13.8 17.3 18.9

U+ 2wt %I Us 2wt %2Zr Us 2wt %2r U+ 2wt %z2r U+ 2w %Ir U+ 2w $ir U+ 2w %2r U+ 2wt §Ir Vs zwt §2r Ve2w¥zr

2ircaloy-2 Zircaloy-2 Zircaloy-2 Zircaloy-2 Zircaloy-2 Zircalor-2 Zircaloy.2 Zircaloy=2 Zircaloy-2 S&T
Zircaloy-2 Zircaloy-2 Zircaloy-2 Zircatoy-2 Zircaloy-2 Zircaley-2 Tircaloy=2 Housg., Ausinum Zircalny-2 Zircaley-2
Hone None None Sone None Eone Kone Tnsuls. Zirc.-2 Zircaloy-2 2ircsaloy-2
- - - - - - - - T.085 6.00
- - - - - - - - 6,985 5,90
ka7l 3-49 3.8 1.6 3.9 3.22 2,96 £.79 6.785 5.70
.33 3.23 356 3.5 3.65 3.16 2.90 k56 6.685 5,50
b2l 3.11 342 342 3.5 2.96 Nons [R¥N None Fona
4.15 3.05 3.36 3.36 3.87 2.90 - L.38 - -
0,015 0.015 0.015 0.015 ¢.015 0.01% 0.015 0.015 o.010 ©.007
1.72 2,83 31 3.n 3.22 2.06 2.60 1.98 - -
3.35 2.43 2.40 2.80 2.50 147 2,30 1.72 - -
2..8 1.99 204 2,44 2.52 - 1.42 3.02 - -
2.12 1.59 2.12 2.12 2.20 - 1.10 2.7% - -
1.2, 1.15 1.76 1.76 1.82 - - 2.06 - N
0.88 0.75 1.4% 1.45 1,5 - - 1.80 - -
- - 1.09 1.09 1.12 €lad Ribbon Width, in. ©.508 0,875
- - 0.77 0.77 o.g80 Clad Ribben Thicknaszse, in, 0.030C 0.264
No. of Aibbons Per Fual Asaembly 136 n
180,000 11,000 21,000 25,000 40,000 £0,000 28,700 30,000 - -
. - - - - - - . 1.5 x 108 6.95 x 166
[ LY L 4 13 i L 4 & 4
212 27 237 237 237 2 167 184 225 2n
252 7 270 270 70 2.8 203 203 511 387
20 50 0 5% 50 60 50 &0 2.7 L]
116,000 None None Sane Bons 30,800 None Kone 33,100 e None
ST Steal Stenl Srasl Stesl SST Steel Stenl 3teel Srpal
2.5 x 16° 1.3 x 108 2.6 x 108 3.9 x 108 5.5 x 106 1.5 x 108 1.5 x 106 1.5 x 108 1.0 x 166 1.1 x 108
170 (Satd) 780 (Satd) 780 {Sard} 780 (Jard) 720 (Satd) 225 (Satd) 225 {Satd} 225 (Sara} 1107 (847°F) 785 (729*F)
3 1 1 2 2 1 1 1 1 1
2.8 30.0 30.0 30,0 30,0 2.0 2.0 2.0 7.6 4.5
480 106 212 318 A5h 106 106 106 106 107
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TABLE 1I
ECONOMIC SURVEY OF 100 «MW D20-MODERATED
POWER REACTORS FUELED WITH NATURAL URANIUM

CASE 1B CASE 1D CASE 2K
GENERAL
1. Net Elsctrical Output, M 100 100 100
2. Coolant Liquid Dz0 Liquid D0 Boiling Dg0
3. Reastor Tyve e B R A
PLANT COST_ESTIMATE, MILLIONS OF DOLLARS
REAGTOR PLANT
1. Site Development 1.1 1.1 1.0
2. Fuel Hendling ‘3.0 3.0 3.0
3. Reactor Bldg. & Contalnment 12.2 12.1 0.4
4. Reactor L.é 6.1 4.8
5. Goolant Systen 6.6 Tl 2.9
6. Moderator System - 0.5 1.0
7. Control & Protective System 6.1 5.9 Seb
8. Purification & Waste Syotems 2.6 2.6 2.7
$. Fuel Charging & Diacharging 2.7 2.7 2.8
10. Control & Service Bullding 2.0 2.0 2.0
11. Building Services 1.2 1.2 141
12, General Facilities 0.4 N Db
REACTOR PLANT TCTAL 42.5 45.0 37.9
ELECTRICAL GENERATION PLANT
13. BSite Development 0.5 0.5 0.5
14. Pump House 3.2 3.2 2.8
15. Turbine Building 1.0 1.0 1.0
16. Generating Equipment 13.4 13.3 1.5
17. Elactrical Facilities 1.5 1.5 1.5
18. Building Services 0.5 0.5 L.
ELECTRICAL GENERATION TOTAL 20.1 20.0 2.9
TGTAL PLANT 62.6 65.0 58.8
D20 INVENTORY, MILLIONS OF DOLLARS 9.3 8.1 9.2
POWER CDST, MILL3/lcwh
1. Fixed Charges, Plant (1L%) 12.5 13.0 11.8
2. Fixed Gharges, D0 {12.5%) 1.7 1. 1.6
3. Fuel Costs 2.5 2.4 2.3
4. D20 Losses (L% Per Year) 0.5 0.5 0.5
5. Operating, Maintenance Labor, Supplies 1.8 .8 1.2
TOTAL POWER COST 19.0 19.1 8.0

Notea: 1. Turbine Plant containment and shielding are assumed not required,
2. Credit is taken for recovery of Pu and U-235 from spent fuel.
3. Cost estimates include eecalation to plent completion in 1962.
ke A plant load factor of 80% 1s assumed.
5. Ressarch and development coats are net included.

6. Por additional aspumptiona, see Discussion, Sectlon C.
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CASE 1C CASE 1J CASE 1K CASE 1G CASE 2H

100 100 100 100 100
Liquid D0 Boiling D20 Boiling D0 Helium Gaa D50 Stean
Pressure Vesgel Pressure Vessel Preasure Tube Prossure Vessel  Pressure Vessel
toled Moderator Hot Moderator Cold Moderator Cold Moderator Cold Moderator
1.1 1.0 1.0 1.1 i.1
3.0 3.0 3.0 3.0 3.0
12,1 10.8 10.8 15.7 15.7
5.8 L.5 3.1 4.1 9.0
7.0 3.2 3. 8.7 3.8
0.7 - 0.8 0.8 0.9
6.2 5.8 5.b b.dy 6.5
2.6 2.6 2,6 1.8 2.6
2.7 2.7 2.7 2.7 2.8
2.0 2.0 2.0 2.0 2.0
1.2 1.1 1.1 1.3 1.3
4o 8 7.1 36.2 52.0 49.1
0.5 0.5 0.5 0.4 0.4
3.3 3.2 3.5 2.5 2.7
1.0 1.0 1.0 1.0 1.0
13.4 12.7 12.7 11.3 11.9
1.5 1.5 1.5 1.5 1.5
L3 0.6 9.6 LAY 2.5
2.2 195 108 1. 16,0
£5.0 55.6 56.0 69.1 67.1
10.3 10.9 8.9 5.2 10.9
13,0 11.3 11.2 13.8 13k
1.8 2.0 1.6 0.9 2.0
1.8 2.8 L.2 3.2 2.6
0.6 a.6 0.5 0.3 0.6
19.0 14.5 19.3 2.0 20.4
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TABLE III
ECONOMIC SIRVEY OF 100 TO 460 aMW D;C-MODERATED
POWER REACTORS FUELED WITHE NATURAL URANIUM

CASE 1B CASE_1B-200 GASE 1B-100 CASE 1B-400 CASE 1D
GENERAL
1. Net Elactrical Qutput, M# 100 200 300 400 100
2. Coolant Liquid D0 Liquid D20 Liquid D0 Liquid D20 Liquid D0
3+ Reactor Type ot Moderator Tt Monerator Mot Tederates | Hor Wedercas.  Govehie Tuve
PLANT COST ESTINATE, MILLICHS OF DOLLARS
REACTOR PLANT
1. 8ite Development 1.1 1.0 1.0 1.1 1.1
2. Fuel Handling 3.0 3.0 3.0 3.0 3.0
3. Reactor Bldg. & Containment 12.2 16,0 17.0 0.7 12.1
4. Rescter 4.6 6.7 7.8 8.9 &.1
5. Coolant System 6.6 10.2 14.0 19.5 Tob
6. Moderatar System - - - - 0.5
7. Control & Protactive System 6.1 6.9 7.7 7.6 5.9
8. Purification & Waste oystemsa 2.6 2.9 3.0 3.2 2.6
9. Fuel Charging % Discharging 2.7 2.7 2.7 2.7 2.7
10. Control & Service Building 2.0 2.0 2.0 2.0 2.0
11, Building Servicas l.2 1.2 1.1 1.2 1.2
12. General Pecilities _0.4 0.4 0.4 0.4 0.4
REACTOR PLANT TOTAL 2.5 53.0 59.7 70.3 45.0
ELECTRICAL GENERATION FLANT
13. Site Development 0.5 0.5 C.7 0.9 0,5
14. Pump Heuse 3.2 L6 6.2 7.3 3.2
15. Turbine Building 1.0 1.2 1.8 1.8 1.0
16. Generating Equipment 13.4 20.3 33.3 60.1 13,3
17. Electrical Facilities 1.5 2.0 3.3 3.9 1.5
18, Building Services _0.5 0.7 _0.9 0.9 _ 0.5
ELECTRICAL GENERATION TOTAL 20.1 29:3 4.2 59 2.0
TOTAL PLANT 2.6 8z2.3 105.9 l25.2 65.0
D20 INVENTORY, MILLICNS OF DOLLARS 9.3 13.8 20,3 26.1 8.1
POWER COST, MILLS/ kwh
1. Fixed Charges, Plant (14%) 12.5 8.2 7.1 6.3 13.0
2. Fixed Charges, D20 (12.5%) 1.7 1.2 1.2 1.2 1.4
3. Fuel Costs 2.5 2.5 2.5 2.6 YA
4. D20 Losmes (4% per year) 0.5 0.4 [ 0.4 0.5
5. Operating, Maintenance Labor, Supplies 1.8 1.2 0.9 0.8 1.8
TOTAL POWER COST 18.0 13.5 ia.) 11.3 19.1

Notes: 1. Turbine Plant containment and shielding sre assumed not required.
2. Credit is taken for recovery of Pu and U-235 from spent fuel.
3. Cost eatimates include escalstion to plant completion in 1962,
4+ A plant load factor of 80% is assumed.
5. Research and development costa are not included.

6, For additional assumptiona, ses Discussion, Section C,
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CASE )1D-200 CASE 1D-300 CASE 1D-460 CASE 2K CASE 1K-200 CASE 1K-30Q CASE )K-430

x0 300 460 100 200 300 430
Liquid D0 Liquid D0 Liquid D0 Boiling P20 Boiliag D0 Boiling D20 Boiling D20
Preasurs Tube Pressure Tube Pressure Tube Pressure Tube Prassurs Tubs Pressura Tube Preasurs Tube

Cold Moderator Cold Moderator Cold Moderator Cold Moderator Cold Moderator Cold Modarater Cold Moderator

! 1.0 1.0 1.1 1.0 0.9 0.8 0.8
3.0 3.0 3.0 3.0 3.0 3.0 3.0
16.5 16.6 19.3 10.8 10,8 11.0 11.0
6.5 8.7 10.5 48 6.7 5.2 12.8
1i.8 4.3 20.5 2.9 1.5 bad 5.1
2.1 2.6 4.1 1.0 1.5 2.0 2.9
5.6 6.8 8.0 5.4 6.7 7.6 B.6
2.9 3.0 3.2 2.7 3.3 3.6 3.9
2.7 2.7 2.7 2.8 2.7 2.7 2.7
2.0 2.0 2.0 2.0 2.0 2.0 2.0
1.2 1.2 1.1 1.1 l.1 1.0 0.5
56.7 62.3 75.9 7.9 42.6 L7.7 5.1
0.5 0.7 1.0 .5 0.6 0.8 0.9
b8 6.3 8.4 2.8 b 5.7 6.7
1.2 1.8 2.1 1.0 i.2 1.4 1.8
20.3 33.3 51.1 14.5 1.5 35.5 5.4
2.0 3.3 A1 k.5 2.0 3.2 L.l
el 463 g8 2.9 20:5 480 2.9
86,1 104.6 Lih.b 58.8 73.2 95.7 114.0
13.5 19.8 25.6 9.2 13.4 19.0 25.7
8.6 7.2 6.3 11.8 7.3 6.4 5.3
1.2 1.2 1.0 1.6 1.2 1.1 1.1
3.5 3.2 2.8 2.3 2.7 2.5 2.0
0.4 0.4 0.3 0.5 Q. 0.4 0.3
1.2 0.9 0.7 1.8 .2 09 -8.2
14,6 12,9 11.1 18.0 12.8 11.3 9.4
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1-B

LIQUID - COOLED REACTORS

1-B: Hot moderator, pressure vessel

1-C: Cold moderator, pressure vessel

1-D: Cold moderator, pressure tube

BOILING - D,O REACTORS

1—J: Hot moderator, pressure vessel

1-K: Cold moderator,
2-K: Cold moderator, pressure tube

GAS - COOLED REACTORS

pressure tube

1-G: Helium - cooled
2-H: 020 steam - cooled

FIGURE 2 - POWER COSTS FOR 100 eMW D,O - MODERATED POWER PLANTS
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FIGURE 3 — PLANT INVESTMENT vs. CAPACITY: LIQUID - D30 - COOLED REACTORS
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FIGURE 4 — PLANT INVESTMENT vs. CAPACITY: BOILING -D,0-COOLED REACTORS
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25

20
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15 |
BOILING
5
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KEY:

Y —————— = pressure tube reactor

O———— —— = pressure vessel reactor

P = boiling D50 reactor

FIGURE 6 - POWER COST vs. PLANT CAPACITY
FOR D,0 MODERATED POWER REACTORS
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