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ABSTRACT

The obJective of this study was to develop a
particular design concept for 3500-Mwt and 8300-Mwt
heavy~-water-moderated power reactors, cooled by
heavy water or an organic liquid, 1n sufflcient
detall to form & Judgment of thelr feasibility.
During the study 1t was established that fthe plants
can be designed and bullt as conceived, that the
power costs wlll be 1n an economically competitive
range, and that the plants can be coperated safely
and with the intended performance.
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LARGE-HEAVY-WATER-MODERATED POWER REACTORS

INTRODUCTION

By requesat of the Atomle Energy Commiséion, a study was
made of the englneering feaslbllity of constructlng large
nuclear power reactors moderated by heavy water and cooled
by heavy water or an organlic liquld. Reactor capaclties of
3500 and 8300 thermal megawatts were speclfied. The Du Pont
Company has been developing the technology of heavy-water-
moderated reactors for electrlc power generation for several
years, and recently has also Investlgated thelr applications
to furnishing heat for water desallnatlon and to breeding
with the thorium-=> uranium cycle. The present study extends
" previous studies of smaller reactor sizes, which indilcated
that heavy-water-moderated reactors should be most economical
in capacltlez of 3500 thermal megawatts and higher.

RESULTS AND CONCLUSIONS

Description of Reactors

A deslgn concept of a vertical pressure-tube reactor
developed 1n previous Du Pont studles has been further developed
and applied to four cases of heavy-water-moderated reactors:

3500-Mwt Heavy-Water-Cooled
3500-Mwt Organic-Cooled
8300-Mwt Heavy-Water-Cooled
8300-Mwt Organic-Cooled

In each casge the moderator, cold and unpressurized, 1s
contalned in a vertical calandrla tank, through whose tubes
pass zlrconlum-alloy tubes contalning the fuel and the hot
pressurlzed coolant. Coolant 18 supplled to and dlacharged
from the reactor through ring headers whilch are located above
and below the calandria, and which are c¢onnected to the pressure
tubes by 1Individual 3-inch pipes. The calandrias are about
25 feet in dlameter for the 3500-Mwt reactora and 38 feet for
the 8300-Mwt reactors.

Approximate equipment sizes and arrangements for the
primary cooling loops were eatablished. 8Slx loops are used
for the 3500-Mwt reactors and ten larger-capaclty loops for
the 8300-Mwt reactors. The pumps are single-stage centrifugals
with face-type mechanical shaft seals; the steam generators
are vertical U~tube unlts with molsture separating equlpment
in enlarged upper sectlons. Extensive use 1s made of carbon=~
steel materlals In contact with the primary coclants.

-1 -




A very preliminary concept for on-power refusling was
developed based on a fuel handling machlne of the type developed
by Atomle Energy of Canada, Ltd., for the Douglas Point Nuclear
Generating Station. Other reactor auxiliary systems were con-
gldered only to a minor degree, slnce they ralse no serlous
feasibility questions. Plant facilitles outside of the reactor
system were not conslidered except that the turbine-generator
glzes were established.

The reactors and thelr primary cocoling systems are housed
in spherical steel contalnment shells which are 250 feet in
diameter for the 3500-Mwt reactors and 350 feet for the
8300-Mwt reactors.

Feasibility

Construction of these plants in the manner described
appears feasible, 1f preceded by an sppropriate development
program. It 1s assumed that one or more smaller prototype
plants would be bullt before the plants considered in this
study. The reactor sftructures present some major problems
because of the large slzes of the calandrias and shields,
and because of the numerous cooclant plpes connecting to the
pressure tubes; but 1t lIs feaslible to design and construct
these structures. The large-capacity pumps and steam generators
are consldered feasible by majJor manufacturers of such equlpment,
and appear to represent reasonable and expectable advances
over units currently belng made. Except for fuel handling,
the remainder of the reactor plant faclliltles involve no
unusual design or construction problems.

The problems of on-power refueling were not analyzed in
any detail in this study. AECL has demonstrated the feasiblliity
of building a machine for thls purpose, but rellabliity and
safety of operation have not been fully established. The
other major feasibllity questions which will require operating
experience of reascnable slze power plants to resolve fully
are heavy-water loss rates and longtime integrity of zirconium-
alloy pressure tubes.

Capacity Limits

The potential capacity of heavy-water-moderated pressure-
tube reactors of the type described in this report is limited
mainly by the sizes of the primary cooling loop equipment and
by the number of such loops that can be accommedated around the
reactor in a practlcal arrangement, rather than by the size of
the reactor itself.
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The maximum capaclity of an Ilndividual cooling lcop 1
Judged to be aboubt 900 Mwt wlthin the foreseeable future, and
the maxlmum number of such loops is about ten or eleven. Thua,
the plant capacity Iimlt 1s about 10,000 Mwt. On-power refuel-
Ing, whlch 18 economically Important to such large plants, may
set roughly the same limit. A refueling machine ls probably
limited by speed of operation to about 5000 Mwt, and the use
of more than two machines does not seem feaslble. The reactor
structure itself, on the other hand, has no capacity limitation
in thls range, although the fabrlicatlon and erectlon problems
of the large calandria and shleld structures and of the numerous
coolant pipe connectlions to the pressure tubes become pro-
gresaively more difflcult as the size increases.

Development Work

The major areas 1n which mechanical development work is
required are fuel hahdling equlpment, pressure-tube assemblies,
and joints and seals, such as those for the pressure-tube
closures. All ¢f these ltems are applicable tc any slze
reactor of the types deseribed, except for on-power fuel
handiing equipment, whiech is economlcally Justiflable only
for large reactors (above about 1500 Mwt).

Costs

No cost evaluations were made in thils study; therefore,
the estimates of capital costs made 1n earlier Du Pont studles
cannot be confirmed. In our Judgment, the particular faclll-
ties examined in this study should be no more costly to con-
struct than the corresponding facilitlies on which the earlier
studies were based. There are indications that unit capital
cost (dollars per kilowatt) wlll decrease only slightly as
plant size is increased over the range covered in thls atudy.

RECOMMENDATIONS

If a heavy-water reactor program leadlng toward the con-
struction of large power plants is to be pursued, the follow-
ing steps should be taken next, with respect to englneering
development:

1. A current appralsal of the plant cost should be
made for one of the four cases described. This
should preferably be the 3500-Mwt heavy-water-
cooled reactor, which l1s the most extenslvely
developed concept. Estimates of plant costs for
the other cases may be made later, 1f desired,
based away from thls estimate.




2. Experimental development work should proceed
on pressure-tube assembllea and Joints and _ .
segls, directed toward specific designs.
Other areas of development should be deferred
untll a more definite obJectlve of designing .
and bullding a plant is in sight.

DISCUSSION

|. BACKGROUND INFORMATION
A. Previous Studies

This study 1s part of a continulng program for develop-
ment of the technology of heavy-water-moderated reactors for
electrlc power generatlion. The Du Pont Company has particl-
pated 1n this program on behalf of the United States Atomle
Energy Commission since 1956. The program 1s administered
by the Savannah Rliver Operations Office of the AEC and is
performed under the prime contract between Du Pont and the
AEC for operation of the Savannah River Plant and Savannah
River Iaboratory. Within Du Pont, the work 1s conducted by
the Atomic Energy Division of the Explosives Department, wlth
assistance from the Engineering Department on appropriate
phases.

The prineipal efforts under the program have been the
development of reactor physlcs data and fuel element technology
for this type reactor. For the latter purpose, a fuel testing
reactor was built at the Savannah River Plant (the Heavy Water
Components Test Reactor, or HWCTR). This reactor went into
operation in 1962. 1In addltion, englneering gtudles and
economic evaluations have heen performed from time to time.

The first serles of engineering studles and economic
evaluations took place from 1956 through 1959 and was concerned
initially with reactor plants of 100-Mwe size; larger slizes
(up to 460-Mwe) were considered as the study progressed.
Preassure-vessel and pressure-tube reactors were consldered,
and several coolanta, inecluding presaurized heavy water,
hoiling heavy water, heavy-water steam, and helium were
Investigated. The results were reported in references*(2)
and (3). These studles dld not lead to selectlon of a pre-
ferred reactor deslign concept; but they provided a basls of
engineering information for the present study.

* Numbers 1n parentheses refer to the references llsted in
the Bibliography on pages 94-98.
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The economlc evaluations performed durlng thaf period
made plaln that heavy-water-moderated reactors ln the 100-
to 460-Mwe size range then under consideration could not gen-
erate power competitively with light-water reactor plants or
conventional steam power plants. However, they suggested a
more favorable relative position at larger sizes, because
the heavy-water plants are characterized by a relatively high
capltal cost and low fuel costs. At larger plant capacilties
the beneflts from low fuel costs would be expected to outwelgh
the charges on the high capital investment.

Sargent and Lundy, Engineers, worked in cooperation with
Du Pont on further studies starting in 1950 and continuing
to the present. The Sargent and Lundy work was performed
under a separate contract with the ARC (8-18).

In 1961 and 1962, the Savannah River Laboratory developed
a computer program tc make economic evaluatlons of heavy-
water-moderated power plants and to facilitate optimization
of baslc design parsmeters for such plants (4%). Informstion
and eguations for the evaluation of capital costs were
supplied by the Engineering Department and Sargent and Lundy.
The program was inltially written for a 300-Mwe plant, and
was based on & pressure-tube reactor concept (cne of the
concepts developed in the earlier engineering studies) and
on pressurized or boiling heavy-water coolants. Later the
program was extended to 500- and 1000-Mwe plants, and to
organic coclants. In making these extensions, it was assumed
that the reacter concepts that had been developed for the
original 300-Mwe plant were feasible for these larger plants.

By use of the computer program, evaluations were made
during 1962 and 1963 of the costs of power from 500- and
1000~Mwe power plants, which tended to confirm the bellef
advanced earlier that these plants would be competitive with
other types of power plants, provided that the assumptions
as to the feasibility of the particular design concepts used
for the program were justified (5). The heavy-water-cooled
and the organlc-cooled reactors gave the most favorable costs,
with the organic-cooled reactor slightly lower than the
heavy-water-ccoled reactor. From a short-term viewpoint,
however, the apparent cost advantage of organic cooling was
outweighed by the more advanced technological status of
heavy~water-cooled reactors.

At abcut this same time, two other developments created
fresh Interest in heavy-water-moderated power reactors., The
first was the Seaborg report to the President on the Civilian
Reactor Program, in November 1962. This emphasized the need
for advanced converter reactors which would make more efficient




utilizatlion of flssionable materials than exlstlng types of
power reactors during the pericd untii breeder reactors would
become self=-sustaining on their own output (49). The second
was the Oak Ridge National Laboratory proposal for usling
very large reactors Iin dusl purpose plants to preocduce elec-
tricity and distill sea water (50). Heavy-water-moderated
reactors are particularly well suited to both of these uses.
They have good neutron economy and can be made to provide g
high conversion ratlic and perhaps to breed (with a core
desgigned eppropriately for this purpose). Thelr adventage
for furnishing heat for desalination lles in thelr low fuel
cost and potentisl capabllity for belng bullt in very large
gizes.

Du Pont has mede prellminary evaluations of thorium-
fueled heavy-water-moderated power reactors for breeding (6),
and ls currently making an engineering study and cost estimate
of a 300-Mwe prototype reactor capable of operating on uranium
or thorium fuel, Du Pont and Sargent and Lundy have also
partlcipated In studles of dual-purpose reactors for elecw
triclty and desalination by contributing information on
3500-Mwt and 8300-Mwt heavy-water-cooled-and-moderated reactors
to the Bechtel Corporation, as part of an over-all study
requested by the 0ffice of Sclence and Technology and con-
ducted by a subcommlttee of representatives from the various
government agencies concerned (7). Sargent and Lundy
independently also made a study of such plants for ORNL (19).

These varlous developments revealed a need for more
detailed engineering examination of the large reactors
considered in the studles referred to.- In 1963 the Atomic
Energy Commisslon requested Du Pont to perform detalled
engineering feasibliity studies of the pressure-tube heavy-
water-moderated reactor concept, in sizes of 3500.and 8300
thermal megawatts, and with heavy-water and organic coolants.
To avoid unnhecessary complicsetions, the study was based on
a plant for electrlcal power generation only, without speclal
conslderation of breeding or desalination, since such consid-
erations would lead to relatively minor design changes
having little bearing on the basic feasibllity questions.

By direction of the AEC, an interim report on this
study was furnished in August 1963, covering principally the
reactor structure only, for heavy-water coclant. The study
has continued into other aspects of the reactor plants that
are significant wilth respect to feasibility and Iinto the
organic-coolant caseg, . It has been completed, and this 1s
the final report.
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B. Objective of Study

The obJjective of thils study was to develop & particular
design concept for 3500-Mwt and 8300-Mwt heavy-water-moderated
power reactors, cocoled by heavy water or asn orgenic llguild,
in sufficient detall to form a judgment of their feasibility.
Feaslbllity means that the plants can be designed and bullt
88 concelived, that the power c¢osts wlll be in an economlcally
competitive range, and that the plants can be operated safely
and with the intended performance.

C. Scope of Study and Course Followed

Only those aspects of the plant which ralsed slgnificant
feaslbility questions were considered in any detall. These
include prineipally the reactor structure, the primary cooling
system, the fuel handling system, reactor contalnment, the
turbine-generators, and a few broad questions relating to
costs and safety, such as heavy-water losses and reactor
controllability. The plant dedgeriptlons are treated from
thilis polnt of view and are not intended toc be comprehensive
descriptions of facllities,

The study was conflned to preliminsary design development
and engineering analysis of the features mentioned. No
experimentgsl development work was performed and no cost
estimates were made.

The background of iInformation developed in the previous
studies described in Section I, A, was utilized in this study,
as was the extensive technology on heavy-water reactors
avallable from the design, construction, and operatlion of the
Savannah River production reactors, Technology developed in
connectlon with other heavy-water reactors in this country
and Canada has alsoc been very helpful. These are the Nuclear
Power Demonstration Resctor (NPD) in Ontario {21}, the
Carolinas-Virginia Tube Reactor (CVTR) in South Carolina (22),
the Plutonium Recycle Test Reactor (PRTR) at Hanford (23),
and the Heavy Water Components Test Reactor (HWCTR) at
Savannah River (21), all of which are in operation; and the
Douglas Point Station reactor {CANDU) in Ontario (20), which
18 in an advanced stage of construction. For a recent broad
gurvey of heavy-walter reaciors, see reference {1).

As Du Pont has no background of experience on organie-
cooled reactors, all Information for these cases 1s based on
the work performed by Atomlcs International Division of North
American Aviation and by AECL, and on work done in connectlon
with the Experimental Organic-Cooled Reactor (EQOCR) at the
National Reactor Testing Station (25) and the Pilgua Organic
Moderated Reactor Plant at Piqua, Ohlo (26).
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On some major equipment items, we consulted with major
manufacturers; these Ilnclude mainly the primary coclant
cireulating pumps and steam generators, and, through Sargent
and Lundy, Engineers, the turbine-generators. However, the
conclusions drawn regarding these egquipment items are our
owr., and, in the cage of the turblne-generators, those of
Sargent and Lundy. '

The baslc design parameters for the plants were estab-
lished initially by the use of the Savannah River Laboratory
Computer Program (4), with modifications as the study
progressed.

1. PLANT DESCRIPTIONS

Reference designs for four reactor plants are described
in thie Sectlon, as follows:

A, 3500-Mwt Dp0-Cooled
B. 3500-Mwt Organic-Cooled
C. 8300-Mwt D,0-Cooled
D. B300-Mwt Organic~Cooled

The descrlptions focus on plant features consldered signilficant
with respect to feaslbllity, Plant faeilities of a convent-
ional nature or which do not raise feasibllity questions are
glven little or no attention. The features described are
11llustrated in the Flgures. The lmportant deslgn parameters

of the plants are summarized in Table 1.

The four plants have the following baslc design similar-
ities,

1) The plants are designed solely for economic
generation of electricity.

2) The plants operate on an indirect closed cycle
In which heat is transported from a reactor to
steam generators by a c¢irculating primary coolant
stream which is hot pressurized heavy water in
Caseg A and C and which 1s a low-vapor-pressure
organic milxture In Cases B end D. The secondary
heat transport system is also on a closed cycle
in which light water steam raised 1n the steam
generators flows to electric turbine-generators,
ig condensed, and is returned to the steam
generators with regenerative feedwater heating,
In the heavy-water-cooled cases, the turbilnes




operate on saturated steam; in the organlc-cooled
cases on superheated steam. Refer to flow dlagrams,
Figureg 1, 17, 26, and 27.

3) The reactor ig moderated with heavy water and fueled
with low-enrichment uranium. The reactor 1s a
vertical pressure~tube type in which the primary
coolant flows through numerous pressure tubes
containing the fuel. The moderator 1s contalned in
8 calandria tank at low temperature and pressure,
and completely segregated from the primary coolant.

4) Reactor refueling may be accomplished without
shutting down the plant, if this is economically
Justifigble,

5) The reactor and its primary cocling system, fuel
handling facilitles, and certaln other reaetor
auxlliary systems are enclosed in a spherical steel
containment shell.

In additlon to these common basle features, the plants

have many similarities of detail which are noted 1In the
descriptions that follow.

A. 3500-Mwt Heavy-Water~Cooled Reactor

1. FUEL AND CORE

The design of the fuel elements and the core for thils
reactor {and the other reactors to be deseribed) wag made
by the Savannah Rlver Laboratory and lles outslde of the
scope of thls study, whlech is concerned with the permanent
components of the plant. However, a brief description of
this design will ald in understanding the other faclllities
to be described.

The fuel elements are tubes of uranium oxide, enriched
to 1.2% 25y, clad in Zircaloy-2. A fuel assembly, shown in
cross-sectlon in Figure 6, consists of three such tubes of
various dlameters nested in a Zircaloy housing tube, with
end fittings attached, the whole contalned in a Zircaloy
pressure tube. The agsemblies are approximately 20 feet
long with a 15-foot active sectlon; the outermost fuel tube
is approximately 3-1/2 inches OD. From a fabrlcation stand-
point, the fuel assemblies may be made as full length units;
however, from the standpoint of handling them in and out of
the reactor, 1t may be desirable to make them 1in two cr
three segments, particularly 1f on-power refueling is used.




A fuel tube 1s febricated 1n the followlng steps:

1) Zircaloy-2 sheath tubes are extruded and drawn to
20-mil wall thickness;

2) Crushed, fused, and out-gassed uranium oxlde is
loaded Into the space between a palr of sheath
tubes, held concentrle wlth temporary end plugs;

3) The tube 1s vibratory compscted to 85% of
theoretical density and swaged to 90-92% of
theoretical density; '

L) The tube is cut to proper length and counterbored;

5) End plugs contalning expansion chambers for fission
product gases are welded to the tube; and

6) Zircaloy-2 spacer ribs are welded to the sheath
tubes.

A set of three tubes 1s nested, and end fittings are sttached
to form a complete fuel assembly. The assembly iz designed
for coolant flow over both surfaces of each fuel tube.

The reactor core conslsts of 516 such fuel assemblies,
each in & Zircaloy-2 pressure tube, arranged in s 10-ineh
square-pitch pattern, es shown in Figure 4. This spacing is
gllightly greater than the optimum spacing from a physics
standpeoint, but 1s the minlmum adequate for installing the
inlet and outlet coolant pipes.

The reactor lattice contalns two zones, a central flat
zone and an annular buckled zone. The flat zone contains
control rods in lattice positlons, as shown in Figure 4,
which meintain a flat radial flux distribution in the =zone,
The outer buckled zone conteins no control rods and has a
positive buckling of the magnitude required to maintain
eritlcality. Surrounding the lattice is a heavy-water
reflector zone which 1s 24-inches-thick above and below the
core, and 20~Inches~-thick radially.

The deslgn of the fuel and the core is based on physlcs
parameters that were experimentally determined by the
Savannah River Laboratory and on varlous hydraulic, thermsl,
and metallurgleal limits on operatling condltions that derlve
from current fuel studies at Savanneh River Laboratory. .The
operating limits that have been specifled for thls study mey
be extended upward as further testing resulis provide a flmm
base for dolng sco. The princlpal limits are on the fuel heat
rating (fkde), cladding surface temperature, safety factor on
heat transfer burnout, and flow velocity.
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The fuel heat rating determines the central uranium oxide
temperature. If excesslve, dimensional changes and distortions
of fuel elements caused by release of flssion product gases
from the U0, particles and plastic deformation of the U0, can
lead to cladding fallures, either directly by overstressing
or indirectly through development of hot spots on the wetted
surfaces. The 1limit selected for design is about 40 watts/em.
Because of burnup of filssionable isotopes, the heat rating of
each fuel agsembly will decrease during its exposure in the
reactor, so that the value for the maximum rated fuel, averaged
over 1ts exposure life, 1s about 35 watts/em. The meximum
fuel temperature is around 1750°C. '

The wetted surface temperature of the Zircaloy cladding
1s currently limited to about 330°C, on the basis of data on
"vreakaway corrosion" and hydriding of Zircaloy.

The design dimensions of the fuel shown in Filgure 6 are
celculated to achieve the following principal objectives,

1) The minimum burnout safety factors on heat flux
from each fuel tube at the maximum fuel heal rating
are equalized, In this design, the maximum heat
flux is 500,000 peu/(nr)(ft®), and the minimum burn-
out safety factor is 1.7, hased on the SRL correlation
for burnout heat flux and a "hot-spot factor" of
0.7, which 1s an estimated wvalue based on SRL
experience with this type of fuel.

2) The coolant temperstures are as high as possible
consistent with the corrosion limit on the tempera-
ture at the wetted surface of the cladding. The
coolant flow rates and temperature rise through the
fuel are adjusted to achieve an economic 'balance
between the costs assoclated with flow and the
costs assocliated with temperature. Also, the
maximum coolant velocity in any fuel subchannel is
held to about 50 ft/sec, which is considered to be
a reasonable extension of present technology.

3) An economic balance is achieved between the costs
assoclated with fuel enrlchment, fuel exposure life,
and the physical size of the reactor. This balance
determines the fuel enrichment, average exposure,
total number of fuel assemblies, and number of flat-
zone assemblies, as llsted in Table 1.
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2. REACTOR STRUCTURE

&. General Arrangement

The reactor proper, shown in Figures 3, 4, and 5,
comprlses & vertical calandrla wlth pressure tubes passing
through the calandria tubes,  The calandria contalns the
heavy-water moderator at essentlally atmospherliec pressure,
and the pressure tubes contain the fuel and heavy-water
coolant at high temperature and pressure. Above and below
the calandria are axial shields, and the calandria is also
surrounded by radial thermal shield tanks., All of the
shields are cooled by llght water. Below the lower axial
shield and above the upper axial shleld are coolant headers
from which coolant 1nlet and outlet pipes run to the ends of
each pressure-tube assembly., This entire reactor complex is
54-1/2 feet high by 34 feet in diameter.

The space enclosed by the shields, outslde of the
calandria, 1s flooded with carbon dioxlde at slightly more
than atmospheric pressure, and 1s referred to as the gas
space. Thls gas also fills the annular space between the
pressure tubes and the calandria and axial shileld tubes.

The space above the reactor, containing the coolant
outlet plping and header, 1s called the Upper Header Room
and contains alr which during reactor operation is near the
primary system temperature, as 1s the piping and header
space lmmediately below the reactor. Both spaces are enclosed
by thermal ingulation. The hot alr in these spaces is
confined and cilrculated to recover heavy water.

The area below the reactor complex 1s occupled by the
refueling machine. Surrounding the reactor radlally is a
massive concrete hiclogical shield from whlch the reactor
structures are supported, Spanning the reactor complex
overhead 1s a concrete shleldlng floor on whlch the control
and safety rod drive mechanlsms are located. 1In the
construction of the reactor complex, 1t wlll be necessary to
install the calandria and shields before this floor and the
upper part of the contalmment bullding are constructed; and
these structures will not be removable.

b. Calandrila

The calandria (Figure 3) is the atmospheric-pressure
vessel whilech contains the heavy-water moderator. It 1s a
closed vertlcal tank 25 feet 3 inches inside diameter by
20 feet 2 Inches high, containing a pattern of tubes that
enclose the reactor components, The shell and end plates are
type 304 stainless steel, and the tubes are Zircaloy-2.
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There are 553 tubes (for 516 fuel positions and 37
control rod positions) arranged on & 10-inch square-pitch
lattice pattern in a 22-foot-dlameter region. The tubes
have a 0,060-inch wall thickness, based on external hydrsulic
pressure, There are also 40 gmaller interstitial tubes for
safety rod positions and several additional interstitial
tubes for in-core instruments. The 20-inch-wide gnnular
region of the calandrls contalns only heavy water and acts
as a neutron reflector.

The calandrls contains a thermal shielding plate near
the bottom to protect the bottom plate and the lower axlal
shield against radiation heating. This shlelding plate also
serves to form a heavy-water Inlet plenum at the bottom of
the calandria; holes in the plate are arranged to produce a
uniform distribution of flow through the cross section of
the calandria, A similar arrangement of thermal shielding
plate and outlet plenum ls provided at the top of the
calandria,

c. Axial Shilelds

The upper and lower axial shields (Figure 3) are the
main supporting structures for the reactor complex, and
their design 1s dlctated as much by this function as by
their shielding function. The shields are of shell and tube
sheet constructlon, with tubes in positlons matehlng those
of the calandrla. Materisl of construction is type 304
stalnless steel. The space inside the shilelds contalns
stalnless~-steel plates and light water to reduce the neutron
flux outslde the shleld durlng reactor operatlon to below
"machine tolerance" [10° n/(cm®)(sec)], at which level the
induced radlation from steel shortly after reactor shutdown
is less than 1 mr/hr. The shields also contain water
distributlon plping and baffles. ‘

The shields are 29-1/2 feet dlameter by 30 inches deep,
constructed with l-ineh-thick sheils and end plates, and tubes
of 4,87 inch inside dlameter by 1/2 inch wall thickness.

The tubes extend approximately 6 feet above the top end plate
of the upper shield and an equal dlstance below the bottom
end plate of the lower shield.

The upper shield supports the pressure tube sssemblles
and fuel. The lower shleld supports the calandris and the
radial thermal shields. Weights and loads on the ghlelds
are ag follows:
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Loads, tons
Upper Shield Lower Shield

Dry weight 205 205
Live load 4315 604
Total load 620 809

Fach shileld 1s Independently supported from the radial
biological shleld structure.

d. Radlal Thermal Shield

The radisl thermal shield (Figure 3) consists of an
annular array of sbout gix separate tanks 11 inches thick
by 20 feet high, whieh are set around the outslde of the
calandria. They are constructed of type 304 stalnless steel 2l
and are filled with light water and stainless-~steel plates
in equal parts by volume., Welded staybolts Join the inner
and outer shell plates. The function of thils shield Is to
reduce the radiation energy flux incident on the conerete
blologleal shield to a maximum of about 20 peu/(hr)(ft2)
during reactor operation.

e. Pressure~Tube Assemblies

The pressure-tube assemblles are shown 1ln Flgure 5,
There are H16 of these assemblies, each consisting of a
Zircaloy tube 18 feet long, a stalnless-steel extenslon
about 8 feet long on each end, and transition sectlons and
end fittings, for an over-all size of 40 feet long by 4,08
inches inside diameter., The assemblies are designed for an
internal pressure of 2000 psig at 320°C. } -

The Zirecaloy tubes are gseamless Zircaloy-2 (AST™ B-353, i
Grade RA-1) extrusions cold-drawn sbout 25% to provide a i
minimum ultimate tensile strength of 49,200 psl at 3209C.

It 1s expected that these tubes will be deslgned in accordance
with the rules and criteria of the ASME Nuclear Code, which
will permit (for Zircaloy) an allowable membrane stress of
one-third of the ultimate tensile strength, or 16,400 psi,
requlring a wall thickness of 0.27 inch,

The pressure-tube extenslons are made from seamless
pipe, ASTM A-312 type 316 alloy steel, machined to the same
inside and outslde diameters as the Zircaloy tubes. Between
the extension and the Zlrcaloy tube is a transltion section,
consisting of a tandem-extrusion Zirecaloy to stalnless-steel
joint which 1s welded to the Zircaloy tube and the stalnless-
steel extension.
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At each end of the pressure-tube assembly is & short
stainless~steel end fltting contalning a mechanlecal closure
with a pressure seal. The closure for the lower end fittling
will be designed for operatlon by the refueling machine,

The c¢losure for the upper end fitting will be of a relatlively
simple design for manual operation. Each end fitting includes
a side-entering 3-inch connection to which a cooclant inlet

or outlet pipe is welded. The upper end fitting 1s shouldered
to rest on the upper shield tube extenslon, which supports its
welght. A gesketed seal 1s provlded at this point between

the end fitting and the shield tube extension. The lower

end fitting makes g sllding fit in the lower shleld tube
extension, and ls connected to 1t with a bellows seal to
permit approximately 1-3/4 inches of longitudinal expansion
in the pressure~iube assembly.

The pressure-tube assemblles are semipermanent components
of the reactor; that 1ls, they are designed to be replaceable
wlth the reactor shut down but without any maJor dismantling
of the resctor structure or piping. The sequence of Instal-
lation 1s as follows: a pressure-tube assembly, complete
except for the upper end fitting, is inserted from below the
reactor through the shield and calandria tubes; the upper
end fittlng 1s welded to the stalnless-steel extenslon by a
full-penetration radiographable butt weld made from inside
the tube; the bellows seal 1ls welded to the lower end fitting;
and the coolant pipes are welded to the stubs on the end
fittings. TFor removal of an assembly thls sequence of oper-
ations 1s reversed, and the fleld-welded Jolnts are broken
using automatle cutting equipment.

f, Coolant Headers and Plping

The reactor ls deslgned for upflow cooling, with an
inlet header below the reactor and an outlet header above
it (Figure 3).

From these headers, supply and dlscharge plpes run to
the ends of each pressure-tube assembly, as shown in Figures
3 and 4., Headers and piping are carbon steel.

Each header ls a torus 32 feet in axial diameter by
28 inches outside pipe diameter, with 2~inch wall thickness.
Both headers are supported and gulded so as to permlit radlal
thermal expansion; in addition, the lower header is spring-
supported to permit vertlcal motion in response to the
expansion of the pressure-tube asgemblles,
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The nozzles for the coolant pipe connectlons are arranged
on an approximately 12-inch triangular pitch covering 180
degrees of the plpe circumference.

The cocolant pipes connecting the headers to the pressure-
tube assemblies are 3~inch (3-1/2 inches OD) -carbon steel
pipes with a short stainless-steel end section for welding
to the end fltfting on the pressure-tube assembly. The
maximum velocity of flow through these pipes is 35 ft/sec.
The pipes cross the face of the axial shield in lanes between
the shield tube extenslons with up to thirteen pipes in a
lane, vertically one above asnother, The pipe runs are designed
to provide encugh flexlbility to allow for dlfferential
displacements of the individual plpes and header without
imposing excesgslve stresses on the piping or excessive reaction
forces or movements on the pressure-tube assemblies.

The entire assemblage of supply piping and inlet header
12 insulated from the lower axial shleld above it and the
refueling room below it. The pipes are not individually
insulated. A similar arrangement is employed for the outlet
piping, where the entire space between the upper axial shield
and the concrete floor above it 1ls insulated,

3. PRIMARY COOLING SYSTEM
&, General Arrangement

The primary cocollng system consists of six loops each
contalning one steam generator, one circulating pump, two
block valveg, and connecting piplng, through which hot
pressurized heavy water flows from the reactor outlet header
to the reactor inlet header, The materlal of constructlon
of all of the piping and most of the equipment 1s carbon
steel. The heavy water will be malntalned ln an alkaline
and reducing condition by chemical treatment to minimize
corrosion. The operating conditlons for the loops are shown
in the flow dlagram, Flgure 1.

Each loop cilrculates 58,300 gpm of heavy water at a
reactor inlet header condition of 267°C and 1740 psia and
removes 591 thermal megawatts (1.1 x 10® pcu/hr) of heat.
The system degslgn pressure 1ls 2000 psig,

An arrangement of the loops in the Reactor Bullding is
shown in Figures 12, 14, and 15. This is only one of smeveral
arrangements under consideration as dlscussed In Section ITI,
¢, 7, b, "Desizn Problems.”
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b. Pumps

The pumps are vertlcal overhung single-stage centrifugal
pumps with mechanical face-type shaft seals. Each pump
delivers 58,300 gpm of heavy water at 267°C at a total
dynamic head of 530 feet. Each pump 1s dilrect-driven by an
1800 rpm 10,000 hp motor. A flywheel is mounted on the
shaft between the pump and motor to provide inertia to malntaln
adequate flow during the perlod lmmediately following a failure
of the motor. ‘

The pumps are 24" x 30" x 30", measure about 7-1/2 feet
by 5-1/2 feet over the casing, and are about 9 feet high;
each welghg about 30 tons, The material of construction of
the structural parts, Including the casing, ls carbon steel.
Other materials are used for speclal parts such as the shaft,
impeller, and seal, The motors are 5-1/2 feet diameter by
10-1/2 feet high and welgh about 26 tons each.

The pumps require a minimum net positive suctlion head
(NPSH) of about 110 to 200 feet, depending on the particular
deslgn,

¢, Steam Generators

The steam generators are vertical U-tube natural
reclirculation bollerg with integral molsture separating
equipment., Each boller consists of a single shell, as
shown in Figure 12, in which the bottom head 1s the water
channel, the 12-foot-dlameter cylindrical section is the
boller sectlon containing the U-tubes, and the lb6-foot-
dlameter upper section contalns the molsture separating
equipment. The primary, or DzC silde, 1ls Inside the tubes.
Steam 1s generated on the shell side In the boller section,
flows through the separating section, and leaves the top of
the generator as saturated steam. Reclrculating water and
water collected in the separator sectlon flows down through
the annular space between a shroud surrounding the tube
bundle and the shell, to enter the tube bundle Jjust above
the tube sheet., DBoller feed water is Introduced into the
annular downcomer space to mlx with the reclreulating water.

The generators are carbon steel with either carbon steel
or Inconel tubes. If Inconel tubes are used, the water
channel wlll be c¢lad wlth Inconel by overlay welding. Each
generator contains approximately 12,000 tubes, 1/2 inch 0D
by 45 feet long, providing a heat transfer surface area of
70,600 square feet. The tube sheet 1s about 24 inches thick
and is drilled for tubes on a 3/4-inch triangular pitch,

The units will be desligned under the ASME Nuclear Code for a
degign pressure of 2000 psglg on the primary slde and 7HO psig
on the secondary side. Each generator has a dry welght of 330
tons.
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d. Piping

The piping for the primary cooling system 1s 28 inches
0D x 24 inches ID, and 1s made from carbon steel plate.
The maximum flow velocity 1s 46 ft/sec. Each loop contains
two motor-operated gate valves for isclating the pump and
gteam generator from the resctor inlet and outlet headers.

4, SECONDARY CCOLING SYSTEM

The secondary coollng system conslsts of a single loop
with one turbine-generstor which handles the entire steam
flow of 14,300,000 1b/hr. ' Operating conditions are shown in
Figure 1.

Steam from the steam generators in the Reactor Bullding,
at 665 psig saturated (500°F), is brought out through the
contalnment shell in six separate lines provided with
isolation valves, to a header from which it flows to the
turbine-generator building at a throttle pressure of 635 psig.

The turbine-generator is a single-shaft machlne with a
tandem~compound, six-flow, 44-inch last-stage blade length
turblne driving a nominal 1000-Mwe generator. The generator
is cooled wilth 60-psig hydrogen and generates at 26,000 volts.
The over-all length of the turbine-generator 1s 202 feet.

The heavliest component during erection 1s the generator inner
frame (300 tons) and after erection is the generator rotor
(205 tons).

The steam flows from the turbine to a condenser operating
at 1.5 inches Hg absolute; the condenger requires 1,000,000
gpm of cooling water at 65°F. Condensate is pumped to feed
water heaters and then back to the steam generstors.

5, REACTOR COMPONENTS HANDLING SYSTEM

The reactor components handling system for fuel and
other reactor components is partly inside and partly ocutside
the Reactor Building., The fuel handling facillties within
the Reactor Bullding are shown in Figure 7, 8, and 9 for a
concept of refueling from below the reactor. An alternate
scheme of refueling from above the reactor is shown in
Figures 10 and 11. The facilities shown in these figures
are dimensioned on the assumption that the fuel would be
handled in one-third length segments. The principal facllities
are degcribed below, basged on handling half-length segments.
(See note in Section IIT, E.)
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a. Assembly Area

In this area, ocutside the Reactor Bullding, fuel tubes
and housing tubes are received, stored, unpacked, 1lnspected,
assembled Into nested fuel assemblies, flow tested, and
gtored for delivery to the Reactor Bullding. Operaticns in
this area are performed directly and semimanually. '

b. New Fuel Transfer Area (Figures 8 and 9)

In this area, located in the Reactor Bullding, fuel
assemblies are lcaded intc transfer tubes from which they
may be accepted by the Fuel Handling Machlne. The assemblles
are handled horizontally thrcughout. After i1t 1s lcaded
with fuel, a transfer tube 1s fllled with heavy water, pres-
surized to reactor cperating pressure, and heated to reactor
operating temperature. Several tubes are provided, operating
on staggered cycles of pressurization, heating, cooling, and
depressurlization. Operations in this area are conducted
directly because no radiatlon prcblems are involved.

¢. Fuel Handiing Area

This area is located in the Reactor Building below the
level of the reactor, as shown in Figures 13 and 15, and is
the area in which the Fuel Handling Machine operates.

The Fuel Handling Machine, Filgure T, 18 a pressure vegsel
containing a rotating magazine for storage of fuel and rlxtures
and a ram mechanism, mounted on a carriage 1n such a way that
the axis of the wvegael can be rotated to eilther a vertilcal
or a horizontal posltion. The vegsel may alsc be moved
axially relative to the carriage through a distance of
5 feet. The machine itself is unshielded; 1t operates in a
shielded area; and 1t will be designed for completely remote,
automatically controlled seguentlal-programmed operation.

The pressure vessel of the machine is fillled with heavy water
and is maintained at reactor inlet temperature and pressure

at all times during its operaticn. Auxiliary systems for

the machine, not shown 1n the figures, are required to main-
tain and control temperature, pressure, heavy-water compcsition,
ete,

The operatling cycle of the Fuel Handling Machlne is as
follows:

1) The machine, with the vessel axis horlzontal, ag
shown in Figure 8, moves on a traveling bridge
which positlons 1t 1n line wlth a new fuel transfer
tube which contains a new fuel agsembly in a hot
preassurized condition.
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2)

4)

10)

11)

12)

13)

The vesgsel advances so that 1its snout-engages and
couples to the transfer tube.

The ram advances, delatches the seal plug: at the
end of the vessel snout, withdraws 1t, and deposits
it in the magazine. The ram retracts, the magazine
rotates to a second posltion, and the ram removes
and stores the seal plug of the transfer tube in a
gsimilar fashion.

The magazine rotates to a fuel sterage positlion and
the ram advances, engages a half-length fuel assem-
bly in the transfer ftube, wlthdraws it and deposlts
it 1n the magazine, and retracts. The magazine
rotates to a second fuel storage positlon and the
ram withdraws the second half of the assembly into
the magazine in the same way.

The ram replaces the plugs for the transfer tube
and Fuel Handling Machlne Iin the reversge sequence
to step 3).

The snout disengages from the transfer tube and the
vessel retracts.

The brldge moves the Fuel Handling Machine to the
central positlon. The carriage drives off the
bridge and onto the rotating bridge in the Lower
Header Room.

As shown in Figure 7, the vessel rotates to a
vertical position.

The bridge and carriage locate the machine below s
fuel position.

The vessel advances upward and engages a pressure
tube assembly. '

The ram removes the seal plugs on the snout and
pressure tube as in step 3). It then removes the
muff from the pressure-tube assembly.

A fuel assembly 1s removed into the third and fourth
storage positions in the magazine in a manner similar
to step 4).

The new fuel assembly 18 charged into the pressure
tube in the reverse sequence to step 12).
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14} The muff and plugs are replaced in the reverse
gequence to step 11).

'15) The vessel digengages from the pressure tube assembly
and retracts. The brildge rctates and the carriage
moves to the horizontallzlng position. The vessel
horizontalizes and the machine moves out onto the
traveling bridge.

16) The bridge positions the machine in line with a
spent transfer tube which is in a hot pregsurized
conditlon. The machlne repeats steps 2) and 3).

17) The spent fuel assembly is deposited In the transfer
tube 1n a reverse sequence to step 4).

18) The machine repeats steps 5) and 6). The cycle
then starts over as in step 1}.

The cycle time for the machine is not known, but the
avallable time on the baslies of an average fuel exposure of
15,000 megawatt days per metric ton is 13 hours per assembly,
which 18 Judged to be more than adequate.

d. Spent Fuel Transfer Area

In this area, Figures 8 and 9, spent fuel received from
the Fuel Handling Machine 1s transferred out of the tubes
into a water-rilled canal and thence threugh a lock to the
Spent Fuel Storage Area. The operations are functlionally
similar to those in the New Fuel Transfer Area but are
carried out remotely 1in the shielded area.

e. - Spent Fuel Storage Area

In this area, lccated outside the Reactor Building,
irrgdiated fuel assembllies are transferred to underwater
storage, disassembled, and lcaded into shipping casks for
off-site shipment.

f. Fuel Handling Machine Maintenance Area

This area 1s located in the Reactor Bullding adjacent
to the Fuel Handling Area, as shown in Figures 13 and 15.
It 1s used for inspection, checkout, decontaminaticn, main-
tenance, and removal of the Fuel Handling Machine. Spare
component assemblies will be provided to minimlze cut-of-
service time for the machine.
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g. Shutdown Components Handllng

Reactor components other than fuel, including pressure -
tubes, control and safety rods, and Ilnstruments, are removed %
with auxillary casks and equipment whille the reactor 1s shut i
down. '

h. Alternate Fuel Handling System

An alternate fuel handling system 18 shown 1in Filgures
10 and 11. The princlpal differences are that the Fuel
Handling Machine operates from above the reactor and the
fuel assemblies are handled only 1n the vertical position
within the Reactor Bullding.

New fuel assemblles are brought into the Reactor Bulld-
ing and placed in vertical storage racks, from where they _
are charged to the new fuel transfer tubes by a transfer ﬁ
dolly. The fuel handling machine operates in a shielded
canyon on the elevation +77' floor cover the reactor, and
functions in the manner previously described except that 1t
is neot necessary to horizontalize the pressure vessel.

Spent fuel transfer tubes located below the +77' floor
recelve irradilated fuel from the Fuel Handling Machine. The
fuel 18 removed from these tubes by a transfer dolly and
placed on a carriage which operates 1n a transfer canal and
conveys 1t to the outslide Spent Fuel Storage Area. -

A heavy~duty bridge crane, operatling over the top of
the Fuel Handling Machine Canyon, 18 provided for emergency } -
operations.

6. CONTROL AND SAFETY ROD SYSTEM

The reactor is provided with 37 control positions, which
are lattice positions uniformly distributed through the flat
zone of the core, as shown In Figure 4. Each of these posi~
tions contains a cluster of four rods for power level control
and flux shaping, plus one shim rod. The control-rod com-
plement during reactor operation consists of partial-length :
rods located approximately at the reactor midplane and other .
full-length rods elther fully inserted or dipping in from the
top. The axial power distribution 18 maintained by slight
movements of the partlal-length rods. The radlal dilstri-
butlon is contrelled by the relatlive movement of the control
rods moved elther indlvidually tc trim out local perturbations,
or moved 1n gangs to adjust the flux digtribution over larger
areas.
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The reactor algo contains 40 positiong for single safety
rods, located Interstitially to the fuel pattern, as shown
in Figure 4.

All of the control clusters and safety rods are in
cooling tubes which pass through the calandria tubes and
axial shield tubes, as shown in Filgure 3. In the case of
the bottom refueling scheme, described in Sectlion A, 5, ¢,
the cooling tubes extend above the +95' floor over the
reagctor, where the rod drives are located. The rod drives
are of the rack and plnlon type, the racks belng provided
with extensions which are delatchable from the rods them-
gselvea., The safety-rod drive shafts are provided with
electromagnetic clutches which release on loss of electrical
supply and permit the rods to drep intc the core by gravity.

In the case of the top refueling scheme, described in
Secticn A, 5, h, the rod drives are located below the
reactor, as shown in Figure 11, and a stored energy source
such ag springs or hydraullec pressure would be used to drive
in the safety rods.

7. REACTOR AUXILIARY FLUID SYSTEMS

In addition to the primary cooling system, the reactor
requires a number of auxiliary cooling systems and other
liquid and gas systems to function properly. Some of these
are indicated on the flow dlagrams, Figures 1 and 2.

a. Pressure-Volume Control System (Figure 1)

The primary cooling system ls provided with a gas pres-
surizer to control and limlt normal fluctuations in the
primary coolant pressure and volume, resulting mainly from
temperature changes. The pressurizer vessel 1s connected
to the reactor outlet header, 1is partially filled with heavy
water, and is blanketed with helium. The normal pressure and
volume fluctuwations of the system are controlled by removing
or adding heavy water tc malintaln a constant level in this
vesgel., Helium is added or removed only for pressurization
and depressurization of the system on startup or shutdown,
or to change the operating pressure level, or to adlust fer
slow losses of gas by leakage or accumulation by decomposition
of coclant,

Preotection of the primary cooling system equipment,
against a pressure rise too rapld for the pressurizer to
cope-with, is provided by liquid relief valves whlech dis-
charge to a quench tank. The quench tank may be elther
inside the containment shell or physically outside the shell
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but vented to the interior, so that functionally it 1s part
of the contalnment space. '

The secondary side of the steam generators is provided
wilth standard three-~element control systems for pressure and
volume control, and with steam safety valves which alsgo - -
discharge to a quench tank. ' ' :

.b. Shutdown Cooling System (Figure 1)

4 shutdown cocling system 1n parasllel with the primary
cooling system and having & capacity of 5% of the main cooling
sygtem is provided for removing decay heat from the fuel when
the reactor is shut down.

o

T

¢. Primary Coolant Purification System {Figure 1)

A purification system consisting of fllters and ion=
exchange resin beds is provided to maintain the purity and
chemical compositlon of the primary coolant system and to
remove radiocactive contamination. The purification system
is operated at low temperature (less than 40°) and essen-
tially atmospheric pressure. A purge stream of primary
coolant, cooled and depressurized, provides the feed to the
system. Part of the purified heavy water 1s pumped back to -;
the primary ccolant system pressure and used to c¢cool the "
seals on the main circulating pumps. The remalinder 1s
reheated by heat exchange with the purge stream and pumped .
directly to the primary system. The system 1s slzed to
handle the contents of the primary system in two days.

d. Moderator Cooling System (Figure 2)

The moderator absorbs heat from gamma radliatlion and
neutron thermalization, amounting to about 4% of the fission
power, plus an additional 1% by transfer of sensible heat
from the primary cocolant in the pressure tubes. This heat .
is removed by cilrculating thé moderator through external .
coolers to maintain a maximum temperature of 90°. The heat g
is rejected to cooling water because its low temperature
makes it unprcfitable to utilize.

The calandria 1s vented through a low-pressure geal into
the containment buildling to prevent excessive pressures in
the event of a pressure tube fallure followed by rupture of
a calandrla tube.

The equipment and piping for this system are carbon steel \
except for the calandrla, which 1s stalnless steel and
Zlrcaloy-2.
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e. Moderator Purification System (Figure 2)

Since the moderator cooling system 1s mainly mild steel,
a purification system is provided to maintaln 1ts cleanliness
and to maintain an alkaline pD condition. The system con-
slstes of fillters and lon-exchange resin beds and operates on
a small slde stream from the moderator cooling system. 1%
is sized to handle the contents of the moderator cooling
system in twe days.

f. Isotoplc Purification System (Figure 2)

Both the primary coolant and the mcderator tend to
become degraded with respect to isotoplie purlty by absorp-
tion of Hy0 from various sources. A common isctopic
purification system is provided to maintain the isotopilc
composltion of both systems above 99.75%. The system con-
sists of two wvacuum distillation towers with steam-heated
reboilers. The overhead stream from the last tower, at a
composition of about 20% equivalent HyC, is shipped off-plant
for recovery in a heavy-water manufacturing plant.

g. Control and Safety Rod Cooling System (Figure 2)

The control and safety rod tubes require cooling to
remove the heat of nuclear reaction and, even more so, tc
remove the heat transferred from the upper and lower header
spaces through which the tubes pass. This cooling is done
with heavy water taken as a 8lde stream from the moderator
cooling system. '

Downflow of coolant 1s used so that the coolant flow does
not impede gravity dropping of safety reods. Inlet and ocutlet
ring headers are provided, as shown on Figure 3, and indlvidual
coolant pipes connect the headers to the individual coclant
tubes.

h. Shileld Codling System (Figure 2)

Heat is generated in the reactor radial and axial shields
by absorption cof radlation. In the axlal shields, a much
greater heat load 1s introduced by losses from the primary
coolant system, as shown in the following table.
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Heat Loads, pcu/hr . L;
Upper Axial Lower Axial 2

Shield Shleld : Total ~
Radlation absorption . 370,000 - 370,000 - 740,000
Sensible heat R ' ' - _ T
Through insulation 20, 000 13,000 33,000 ;
Conduction along ‘ g
tube extensions 200,000 170,000 370,000
Across gas gap '
within shilelds 10,000,000 8, 200,000 18, 200,000
Total - Axial Shields 10,590,000 8,753,000 19,343,000
Radial Thermal 3hlelds 110,000
Total - All Shields 19,500,000
(10 Mw)

This heat is removed by a circulating system of deionized
light water.

1. Dry Blanket Gas System

The interconnecting gas space between the calandria
tubes and the pressure tubes, between the shield tubes and
the pressure tubes, between the calandria end plates and the
axial shields, and between the calandria shell and the radlal
thermal shields, is filled with an inert gas (probably carbon
dioxide) to prevent the formation of radiocactive gases and
nitrogen oxides (by radiolytic action) in this space. This |
gas system is operated at a few inches of water gage pressure
to prevent 1n-leakage of air.

The gas is circulated at a low rate, posslbly with some
cooling, through a dryer, and provided with molsture detec-
tion instrumentation and sampling means {for analyzing for
heavy water). The system 1s vented through a low~pressure
seal into the contaimment building proper or to the quench
tank of the primary system pressure-vcolume control system.

J. Wet Blanket Gas System

Low-pregsure heavy-water tanks required for the various
systems described above are blanketed with an inert gas such
28 helium or nitrogen to minimize degradation of heavy water
by molsture in the alr.
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k. Off-Gas System (Figure 2)

The moderator neleases deuterium and oxygen by radiolytile
decomposition of heavy water, so that purging of thls gas 1s
requlred to prevent bulld-up of deuterium gas. The purge
gas 1s passed through a cocoler to remove the bulk of the
heavy-water vapor, then through a deuterium recombiner, then
through molature traps, and flnally vented to the atmosphere
by & 8tack. Gas bled off from the primary coclant presgsurizer
18 also released through this system.

1l. Gas Recovery System‘

The purge stream from the primary coclant system to the
purification system, and other heavy water discharged from
the primary coclant asystem for pressure~volume control,
evolve helium and perhaps deuterium (if 1t 1s added to the
primary system for oxygen suppression). This gas 1s released
in the delcnizer supply tank, compressed, and returned to
the pressurizer.

m. Hot Alr System

The upper and lower reactor header spaces containing
the inlet and outlet cooling pipes (Figure 3) will be
reasonably well-sealed spaces in which the alr will be heated
by the piping. This alr will be clrculated and monltored for
heavy water, and posslibly equipment-will be provided for
recovery of heavy water from this air.

8. REACTOR CONTAINMENT

The reactor enclosure 1is a spherical contalnment shell
250 feet in diameter of 1-1/4-inch-thick A-201 Grade B steel
plate. The shell ls designed for an internal pregsure of
25 psig at 230° and an external live load of 60 pef as a
Class B vessgel, 1n accordance with the ASME Nuclear Code.
The internal deslign pressurée ig based on a postulated 1ncl-
dent 1nvolving release of the entlre contents of the primary
coolant system plus the contents of the secondary slde of
one steam generator to the bullding, with no loss of heat
from the building to the environment, no heat absorptlion by
internal building structures, and no pressure suppression by
sprays or other means.  The shell diameter 1s governed by
the equipment arrangement in the building, partlcularly the
primary coolant loops.

The systems contained include the reactor itself, the
primary coolant system {including the pressurization system
and the shutdown cooling system), the moderator cooling
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gystem, and the fuel handlling system, up to the point where
spent fuel 1s safely under water in the transfer canal.
Pressure relief wvalves on these discharge to the containment
volume. It 1s consildered admissible here to utilize one or
more quench tanks physically outside the bullding, but
vented to the building; provided that these. tanke, and the
lines connecting them to the bullding, have a design pressure
hot less than the bullding ltself and are otherwlse in
accordance with the ASME Code requiremerits for the puilding.
The quench tanks are then in effect an adjunct to the build-
ing. The pressure rellef from the secondary Bide of the
steam generator also vents tc the containment building (in
the same sense as described above for the primary system)
and, to accomplish thils, isolation valves are provided on
the steam lines from the generators where they pass through
the contalnment shell*,

Other systems are located inside the containment shell
only to the extent dlectated by construction costs, operating
convenience, or similar factors. For example, the purifi-
cation systems may be located 1n a bullding outslide the
reactor containment shell for operating convenience, A
breach of the purification system has no effect on the
primary system, and the radlocactivity from such a breach can
be confined by proper deslign of the purification area.

The reactor containment shell has the followlng usual
features: (1) all lines passing through it and opening to
the building or the contained systems in it have isolation
valves; (2) electrical conduits and wires are sealed;

(3) personnel access when the reactor is operating or
pressurlized is only through air locks. The bullding 1s
expected to have a leakage rate of less than 0.1% per day
of the contailned volume at the deslgn pressure. '

Additional contalnment protection is provided by a wafter
spray system and a halogen absorption system. The spray
system consists of a network of plping with low-pressure
gpray nozzles distributed through the bullding, and supplied
with water by gravity from a 200,000-gallon reservoir in the
dome. Sump pumps in the basement of the bullding return this
water through cocolers to the reservoir, permitting operation
of the system at 15,000 gpm for an indefinite periocd. This
system removes reactor decay heat and lowers the bullding
pressure, with attendant reduction in the leakage rate. It
‘also reduces the concentration of radioactive contamination
dispersed in the alr in the bullding.

*It seems loglecal to relieve the secondary side of the genera-~
tors to the containment bullding; for, otherwise, the tubes of
the generator, which are the thinnest part of the primary
system wall, would be the only part of this wall whose breach
would lead outside the containment buillding.
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The halogen absorbers are Integral unite consisting of
a blower, demlster, and activated charcoal filters. Four
units of 12,500~cfm capacity each are at sultable points in
the .building. These units handle an amount of air (and
steam) equivalent to the bullding veclume in two hours and
have an absorptlon capacity equal tc the maximum hsalogen
burden in the fuel. The units draw from and discharge to
the contalnment bullding and conslderably reduce the radlo-
activity in air leaking from the building after the postulated
incident.

The halogen absorbers and the pumps for the spray system
wlll be designed to operate in the atmosphere of steam at
about 110°C, corresponding to the postulated incident.

9. REACTOR BUILDING ARRANGEMENT

The structural arrangement and dispositlon of major
equipment 1n the Reactor Bullding is shown in Figures 12
through 16, some features of which have been touched on in
the previous description. The arrangement shown 1s for on-
power refueling from below the reactor. (Note that the
relative pogitiona of the new and spent fuel transfer areas
is reversed as compared with Pigure 8.) Refueling from above
the reactor lnvolves some rearrangement, as indlecated In
Figure 11.

The Reactor Building steel shell extends 53 feet below
grade level and 197 feet above grade level and 18 set on a
conerete foundation extending 58 feet below grade. External
steel columns support the lower portlon of the shell during }
erection; these may be removed or left in place, as more
detalled design dictates. Inside the building, loads are
carried through concrete columns and walls, Including a
wall abutting the shell up to elevatlion +95 feet, to an
interiocr subgrade foundatlon which transmits the loads
directly to the exterior concrete foundation. Elevations in
the bullding are referred to a Zerc Elevation, which is
approximately at grade level.

The reactor calandria 1s located near the center of the
building, surrounded radially by a 9-1/2-foot-thick concrete
shield (Figure 12). This shield, which permits personnel
access to the adjacent process rooms durlng reactor shut-
down, 1is thicker than needed for this purpose (about 6 feet
is required); the additional thickness 1s dictated by struc-
tural reasons because of the need to cantilever thils shield
to provide space for the reactor inlet header.
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The primary cooclant loops are in two rooms on elther
side cof the reactor shield, and are surrounded by 4-foot
concrete shield walls (Figures 12 and 14) required because
of the high-energy gamma radiation emanating from the water
during reactor operatlon. A 4-foot conerete shielding floor
spans the reactor and primary coolant systems at elevation
+95 feet (Figure 12). The Fuel Handling Area, Spent Fuel
Transfer Area, and Fuel Handling Machine Maintenance Area
are similarly enclosed by shielding walls (Figure 15). This
arrangement makes the floor above elevation +95 feet and the
entire annular space outslde the process roomg from elevation
Zero to elevation +95', (except for the Spent Fuel Transfer
Area) accessible to personnel during reactor operation as
well as ghutdown.

Nonradicactlive equipment for which some survelllance
and maintenance during reactor operation 1s desirable will be
located in the annular space on various elevatlons. Access
to the elevatlion +95' floor will be mainly for survelllance
of the control-rod and safety-rod drives. The only operating
work required in the buillding 1s new fuel handling, which
is performed in an area at elevatlon +11' near the princlpal
pergonnel entrance to the building (Figure 15).

An additional equipment areg 1s provided at elevatlon
-26' (Figure 16). Interior shielding walls in this area
permit part of it to be used for mildly radicactive facllitles
and part for clean facilitles.

The principal personnel access to the bullding is through
an air lock at grade level, elevation Zeroc. An emergency
exlt alr lock at the elevation +95' floor level leads to an
outside staircase to the ground. A 5-ton~capacity frelght
and passenger elevator provides access to all levels from
elevation ~26' to elevation +95'. Two principal staircases
on coppeslte sides of the bullding alsc provide accesg to all
floors from elevation Zero to elevation +95', and other stairs
are provided from elevation Zero to elevatlon ~26' and between
other levels, as requlred.

A 400-ton gantry crane capable of lifting any removable
equipment 1n the bullding operates on the elevation +95'
flocr. The steam generators, welghlng 330 tons each, may
be replaced with thls gantry, as shown in Figures 12 and 15.
One of the 15C-ton steel shield doors to the process area is
raised by the gantry holist, and a welded or bolted panel in
the contalnment shell is removed. A generator is removed
by 1ifting 1t silghtly, removing ites supports at elevation
+67', and lowering and horlzontalizing it onto two trucks on
tracks at elevation Zero. It 1s then pulled out of the
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bullding by winches. A generator may be installed by the
same procedure in reverse.

The reservolr (deluge tank) for the bullding spray system
is supported from the building dome, and a platform 1s pro-
vided at this elevation on which are mcunted gravity head
tanks for pump seal water supply, etc. The platform 1is
accessible from the gantry walkway.

B. 3500-Mwt Organic—Cooled Reactor
1. FUEL AND CCRE

The fuel elements for the organic-cooled reactor are
tubes of uranium monocarbide enriched to 1.2% 225U, clad in
SAP (Sintered Aluminum Product), which 1s a mixture of 4 to
12% by velume of aluminum oxide dispersed in aluminum. A
fuel assembly, shown in cross section iIn Figure 22, consists
of three nesgted tubes, contained in a Zircaloy pressure tube.
The assemblies are approximately 25 feet long, with g 20-foot
active section; the outermost tube 1s 3.3 inches OD.

A fabrication procedure for these tubes has not been
developed, but they might be made by arc-melting and casting
the uranium carbide cores, assembling the cast pleces in SAP
sheath tubes, and attaching end plugs by brazing (5).

The reactor core consists of 604 fue. wssemblies, each
in a Zircaloy pressure tube, arranged in a 9-1/4-inch square-
pitch pattern, as shown in Figure 20. The lattlce contailns
a central flat zone 14 feet in dlameter within which the
contrel rods are located, and an annular buckled zcne 22.1
feet in dlameter, surrounding which is a radial heavy-water
reflector zone 20 inches thick and an axlal reflector 24
inches thick. '

The design of the fuel and core is basged on considerations
similar to those described for the heavy-water-ccoled reactor,
but the heat flux 1s much less because of the relatively poor
heat transfer properties of the organlec coolant. Consequently,
a larger number of longer tubes 1s regquired toc deliver {he
specified heat output. The reactor inlet and outlet tempera-
tures are baged on a maximum surface temperature for the SAP
cladding of 470°C.

2. REACTOR STRUCTURE
The reactor arrangement, shown in Figures 19 and 20, is

simlilar tc that described for the heavy-water-cooled reactor,
with some dimensiocnal differences. The calandria ftank 18
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about the same diameter because the larger number ¢f fuel
pogitions is offset by the smaller lattice pitch. The
length 1s greater because of the Iincreased length of the
fuel. The materials of construction are stainlesswsteel
shell and Zircaloy-2 tubes.

The axlal shields are structurally simllar tc those
previcusly described, and have comparable welght locads and
heat loads.

The pressure-tube assemblles are shown 1n Figure 21.
The material for the in-core part of the pressure tube is
assumed to be Zircaloy-2 or some similar materlal having a
satisfactory resistance to the organic coolant. (See Sec-
tion IIZ, By, 4, d.) The tubes are a smaller diameter than
the pressure tubes for the heavy-water cocled reactor because
the fuel assemblles are smaller in diameter. Based on the
mechanical properties of Zircaloy-2, a wall thicknesas of
only 0.062 inch 1s adequate for beth the internal design
pressure of 350 psig or agalnst external collapse in case
the gas space should become flocded. The Zircaloy tubes are
Joined to stalnless steel end flttings by tandem extruded
Joints. The wall thickness at the transition Joint will
probably be greater than for the in-core part of the tube,
and the ends of the stainless steel extenslons are increased
to 1/4-inch wall thickness to withstand the pipe reactions.
The installation of the assemblies In the reactor is per-
formed in the same way as described in Sectlion ITI, A, 2, e.

The coolant headers are 36-inch-0D carbon steel pipe with
5/8-1inch wall thickness. The coolant pipes from the headers
to the pressure tube assemblies are 3-inch (3-1/2~inch OD)
Schedule 40 carbon steel; the maximum flow velocitiles are
30 £t/sec. Although the flow rates for the organie coolant
are somewhat less than for the heavy-water ccclant, the same
size is requlired for the coolant pipes to the pressure tubes
to avoid excessive pressure drop. However, this plpe slze
permits a smaller lattice pltch in the organic-cooled
reactor, because the pressure tube cutside diameter 1s smaller
and therefore the shleld tubes are smaller in diameter. It
is the clearance between the shleld tube extenslons required
for the inlet and outlet coolant pipe lines that determines
the minimum practical lattice pitch.

3. PRIMARY COOLING SYSTEM
a. Coolant

The primary coolant for the organic-ceooled reactor 1s a
commerclally available mixture of terphenyl lsomers having an
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ortho:meta:para welght ratlio of approximately 1:5:2.8. This
mixture is produced as a byproduct in diphenyl snythesls and
is much less expensive (current price 1s about $0.17/1b) than
the individual 1somers whlch compose 1t. It is made by several
firms, including Mcnsante Chemilcal Company, who market it
under the trade name of "Santowax-R". A great deal of infor-
mation on the physlcal properties of this materlal has been
developed and publlished by Atomics Internaticnal Division of
North American Aviation Company, and extensive information

on 1ts behavior as a reactor coolant has been obtalned by
Atomics International, Atomile Energy of Canada, Ltd., and
others.

Pertinent physical properties of "Santowax-R" at the
degign conditions of thils reactor are llsted in Table 2,
This material undergoes pyrolytic and radiolytic decomposl-
tion under reactor environmental conditions, producing gas
and high molecular welght polymer products. The gas 1is
50 to 75 mol percent hydrogen, the balance belng chiefly
methane and longer-chain hydrocarbons in decreasing propor-
tion. On a weight basig, almost all of the loss of terphenyl
goes Into the polymerlc decomposition products, whilch are
called the High Boiler Resldue (HBR). Both the gas and the
high boiler resldue must be continuously removed from the
coolant to maintaln a stable condition. For design purposes,
the equillbrium HBR content of the ccclant stream 12 assumed
as 30%; actually, 1t should be consgiderably lower than this
in normal coperatlon.

b. General Arrangement

The primary cocling system consilsts of six loops, each
containing one steam generator and one circulating pump. All
equipment and plping are carbon steel. Operating.condltions
are shown in the flow diagram, Figure 17. ‘

Each loop circulates 46,700 gpm of "Santowax-R" at a
reactor inlet header condition of 280°C and 300 psia, and
removes 590 thermal megawatts (1.1 x 1C% peu/hr) of heat
from the reactor. The system design pressure is 350 pslg.

An arrangement of the loops in the Reactor Bullding 1s
shown in Figures 23 and 24.

¢. Pumps

The pumps are horizontal-shaft single-stage c¢entrifugal
pumps with bearings at both ends of the pump shaft and two
mechanical seals. Each pump delivere 46,700 gpm at 280°C,
at a total dynamic head of 687 feet. Thne pumps are direct-
driven by 1200-rpm, 9000-hp motors.
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The pumps require a minimum netf posltive suctlon head
{NPSH) of 50 to 60 feet. Thls is provided by connecting the
pump suction lines to atmospheric-pressure surge tanks 66
feet above the elevation of the pumps.

d. Steam Generators

The steam generator in each loop comprlsges a super-
heater, a boller, and an "economlzer", in separate shells.
The organlc coolant flows through the shell slde of the -
superheater and economizer, with steam and water, respec-
tively, in the tubes. In the boiler, the organic 1s on the
tube side and water 1s beclled on the shell side. The
organic coclant flows countercurrent to the water 1n the
gsecondary system; that 1s, the hot organic liguld from the
reactor flows first thrcugh the superheater, then through
the boiller, and finally through the economizer before return-
ing to the reactor. All three units are fabricated entirely
of carbon steel.

The boiler 1g a vertical U-tube unit similar in design
to the steam generators for the heavy-water-cooled reactor
degerlbed in Section II, A, 3, ¢. The boller section 1s
shorter because cne-fourth cof the heat 1s transferred in the
economizer and superheater. On the other hand, almost the
same quantlty of steam is generated, and at a lower pressure;
consequently, the dlameter of the upper dilsengaglng and
molsture separatlon section is larger. The units are 45 feet
long over the heads, with an 18-foot-0D upper section and an
11-1/2-fcot-0D lower sectlon. Each unit contains 7770 tubes,
5/8 inch OD by 28 feet 1léng, on a 7/8-inch triangular pitch.
Total heat transfer surface area is 35,600 square feet per
unit. The tube sheet 1s about 15 inches thick. The units
willl be deslgned, under the ASME Nuclear Code, for a pressure
of 600 psig on the shell and tube sheets and externally on the
tubes.

The superheater 1s a vertlcal straight-tube heat
exchanger with flxed tube sheets, approximately 35 feet long
over the heads by 5 feet 8 inches 0D. Each unlt contains
4010 tubes 5/8 inch OD by 31 feet long, to provide a heat
transfer surface area of 20,400 square feet. The tubes are
on a l=-inch triangular pitch.

The economizer is a horizontal straight-tube heat
exchanger with fixed tube sheets, 16 feet 4 inches long by
5 feet 8 inches 0D, contalning 3910 tubes 5/8 inch OD by
12 feet long, on l-inch triangular pltch, for a surface area
of TT7CO square feet per unit. Both the economizer and the
superheater will be designed, under the ASME Nuclear Code,
for pressures of 350 psig on the shell and 600 psig on the
tubes, heads, and tube sheets,
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e. Piping

The piping for the primary system i1s 36 inches OD with
5/8~inch wall thickness. Although the flow rate is somewhat
less than it is in the heavy-water coolant loops, the low cost
of the organlc coolant as compared wlth heavy water makes 1t
economical to increase the line size to reduce the gystem
design pressure and the costs asscciated with pumping the

coolant.

As before, twe block valves are provided in each loop.
All piping and equlipment in the lcops are steam-ftraced and
provided with drains at all low points, because the organic
ceoolant ig8 solld at room temperature.

4, SECONDARY COOLING SYSTEM

The secondary coollng system is a closed loop, as shown
on Figure 17. Superheated steam at 503 psig (358%) is
brought from the Reactor Bullding to the turbine-generator
plant at a throttle pressure of 477 psig. At thils pressure,
two turbine-generator units are required for the steam flow
of 13,150,000 1b/hr.

FEach turbine generator is a single-shaft machlne with a
tandem-compound, four~flow, 43-inch last-stage blade length
fturbine driving a nominal 600-Mwe generator. The maximum
capacity of the turbine is about 675 Mwe. The generator is
cooled with 45-psig hydrogen and generates at 24,000 volts.
The over-all length of each machine is 186 feet. The heaviest
component during erection is the generator lnner frame at
260 tons, and after erection ls the generator rotor at 163

tons.

The remainder of the loop 18 conventicnal, as described
for the heavy-water coolant plant. The condensers reguire
1,200,000 gpm of cocling water at 18°C.

5. REACTOR COMPONENTS HANDLING SYSTEM

The facilitles for handling fuel and other reactor
components are similar to those described in Section A, 5
for the heavy-water-cocled reactor. Some modificatlons in
the new and apent fuel transfer areassg will he requlred, asnd
the Fuel Handlling Machine will be longer because of the
greater fuel length. This will introduce some problems of
space for horizontallzing in the case of the refueling from

below the reactor.
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The available cycle time feor removing and replacing one
fuel assembly, on the basils of an average exposure of 16,000
megawatt days per metriec fen, ls about 25 hours, which 1s
longer than for the heavy-water-cocled reactor.

6. CONTROL AND SAFETY ROD SYSTEM

The control and safety rod system 18 the same as that
described in Section II, A, 6, with 37 control-rod clusters
and 40 safety rods. The locatlons of the rods are shown in
Figure 20.

7. REACTOR AUXILIARY FLUID SYSTEMS

The principal reactor auxillary fluld systems are
indicated in the flow diagrams, Flgures 17 and 18.

a. Pressure-Volume Control System (Figure 17)

The pregsure in the primary coollng system is mainly
that developed by the circulating pumps. About 60 feet of
pump suction pressure is required to avoid cavitation, and
this 1s provided by an elevated pump suction tank which also
gserves as a volume surge tank. This tank is blanketed by
an lnert gas, such as helium or nitrogen, at atmespheric
pressure. This tank serves to control the volume of c¢oolant
and 1imlt the pressure fluctuations in the primary system in
exactly The same way as the pressurizer for the heavy-water-
cooled system. described in Section II, A, 7, a.

Pressure relief valves on the primary and secondary
cooling systems are provided, as described in Seection II,
A, 7, a.

b. Shutdown Cooling System (Figure 17)

The primary cocllng system pumps are capable of operat-
ing under reactor shutdown condiltions as well as reactor
operating conditions, because the temperatures are main-
tained by steam tracing and the pressures are the same as
during operation. It is probably necessary to maintaln
elreculation in this system during shutdown to avold freezing
of the ccolant in some spots. An auxlliary cooling system
of low capacity is provided for emergency shutdown ccoling,
or in case it 18 necessary to drain the primary system for
maintenance work.

¢. Primary Coolant Purification System (Figure 17)

The principal function of the organic purification
system 18 fo remcve the gaseous and pclymerilc decomposition
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products formed in the primary cooling system by heat and
radiation. The system alsc serves To decontaminate the
ccolant, because mogt of the radloactlivity will remain in
the high boiler resgidue. The system 18 gized to handle a
feed stream containing at least 30% HBER and for a flow rate
adequate to maintain the normal HBR content of the coolant
below 10%.

Degasgirfication 1s8 carrled ocut in a steam-heated vacuum
tank into which the hot organic liquid 18 sprayed. Hydrogen,
lecw molecular welght hydrocarbons, and any water that may be
present in the organic liquld are separated in this step
and taken through an off-gas system along with some terphenyl
vapor. The condensable vapors are collected in condensers
and freeze traps and the noncondensable gases are dlscarded
through a stack. '

Particulate materials are removed in clay-bed fllters.

High boiler resldues are removed by vacuum distillation.
The rate of formation of HER in the coolant 18 estimated to
be 500 to 1000 1b/hr. The equipment is sized for 1100
1lb/hr. The separated HBR is stored in decay tanks to lower
the activity level and then burned.

d. Moderator, Control and Safety Rod, and Shield
Cooling and Purification Systems (Figure 18)

These systems are the same as the corresponding systems
for the heavy-water-cooled reactor described in Sectiona II,
&, 7, d, e, £, g, and h.

e. QGas Systems

Gas systems are provided similar to those described In
Sections II, A, T, i, Js, k, 1, and m.

8. REACTOR CONTAINMENT

The reactor enclosure 1s a spherical contalnment shell
250 feet 1in diameter, made of 1-1/ﬂ-inch-thick A-201 Grade
B steel plate. The shell is designed for an internal preasure
of 25 psig at 2309 and an external live load of 60 psf as
a Clags B vessel, under the ASME Nuclear Code. The internal
deglign pressure is basged on a postulated incildent in which
all of the hot organic liquid in the system plus the contents
of the secondary side of one steam generator are released to
the building. It ig further assumed that Just suffleclent
additional water 1s avallable {from shield and moderator
circulation system leaks, for example) to produce saturated
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steam by contact with the organic material, with n¢ addlitional
liguid water left for cooling. The pressure calculation
assumes the fluids reach thermodynamice equillbrium with no
loss of heat to the bullding structure or the environment,

and no cooling by sprays or other means. The pressure does
not include allowance for an organic fire; however, the
bullding will withstand a fire without rupture, as discusged
in Section III, I, 4.

The size of the containment shell is based on the
arrangement of equipment within the bullding, particularly
the primary coolant loops.

The phillosophy regarding the facilities to be enclosed
within the containment shell, as well as the additlonal
containment protection by water sprays and halogen absorbers,
18 the same as that described for the heavy-water-coocled
reactor contaimnment building in Section II, A, 8.

9. REACTOR BUILDING ARRANGEMENT

The structural arrangement and the arrangement of major
equipment in the Reactor Pullding 1s shown in Flgures 23, 24,
and 25. The arrangement 18 baslcally the same as that des-
cribed in Sectlon II, A, 9.

The heavy shield wglls around the primary cooclant loop
equipment may not be necessary durlng normal operatlon
because the radiation level from the organic coolant is much
less than from heavy water; they are probably desirable, how-
ever, because of the possibility of high radiation levels from
fission products released to the coolant by a fuel cladding
rupture. They are algo ugeful for structural support.

The building is provided with fire protection facilities
approprlate to the use of the organic coolant, 1ncluding
high-pressure fog nozzles at sultable locations. Thils system
is distinct from the spray system referred to in Section II,
B, 8.

C. 8300-Mwt Heavy—Water~Cooled Reactor

This plant 1s quite similar but on a larger scale to
the 3500-Mwt heavy-water-cooled reactor plant described in
Section II, A. The principal differences are described below.

1. FUEL AND CORE

The fuel assemblies, shown in croas section in Figure 33,
are identical with those for the 3500-Mwt reactor; however,
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the dimensions of the pressure tube and calandria tube are é;‘
different because of the usge of a higher-strength zirconium ﬁ{
alloy for the pressure tube. %f

The reactor core contalns 1258 fuel assemblies in Zr-2.5%
Nb allcy pressure tubes, arranged on a 10~inch square piltch
lattice. The flat zone, containing the control rods, is 20
feet in diameter. The entire lattlce 1s 34-1/2 feet in
diameter and 15 feet long; and is surrounded by a heavy-
water reflector that 1s 20 inches thick radially and 24
Inches axisally.

The operating conditlions and design limits specifiled for
the fuel and core are the same as those described for the
3500-Mwt reactor; although, no doubt, these conditions will
have been 1mproved by the time a reactcr of this size 1is
deslgned in detall.

2. REACTOR STRUCTURE

The reactor structure conslsts of a calandria, pressure
tube assemblles, inlet and outlet coolant headers and piping,
and radial and axial shields, all arranged as described
previously for the 3500-Mwt reactor.

The calandria 1s 38 feet in dlameter and 21 feet long,
constructed of stalnless steel with Zlrcalcy-2 tubes, as
described in Section II, A, 2, b.

The axlal shlelds are 42 feet in dlameter by 45 inches
deep, constructed as described in Section II, A, 2, c. J
Welights and loads on the shields are as follows:

Loads, tons

Upper Shield Lower Shield
Dry welght ‘ 500 500
Live load 1200 1200
Total welght 1700 1700

The radial thermal shield tanks are as descrihed 1n
Section I1I, A, 2, 4.

The pressure tube assemblies are 4.08 inches ID by
48 feet long and are fabricated in the same manner asg des-
ceribed in Section II, A, 2, e. The materlials of cconstruction
are zirconium-2.5% niobilum alloy for the in-core sgection and
A-376 type 347 alloy steel for the extensions. The Zr-2.5%
Nb alloy is a preciplitation-hardening alloy whilch is heat
treated by solutionizing at 880°C, quenching, and tempering
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at 500°C. The ultimate tensile strength of this material

is taken to be 78,000 psi, which permits s membrane stress
of 26,000 psi, under the methods used in the development of.
the ASME Nuclear Code. The required wall thiclkness for the
tubes 1s 0.17 Inch for a deslgn pressure of 2000 psig. The
stainless steel extenslons have an allowable stress of
18,400 psi at 315°C (the deslgn temperature 1s slightly
lower than for the Zr~2.5% Nb because of the absence of
significant radistion absorption in the extensions) and
therefore require a 0.24~inch wall thickness. The transition
Joint 1s made up to this thilckness and reduced to 0.17 inch
at the zirconlum alloy end for welding to the pressure tube.
In order to avold making the shield tubes larger than neces-
sary (whilch is important because their diameter affects the
lattice spacing of the reactor), the annular clearance
between the pressure tube extensions and the shleld tubes

is reduced to 0.055 inch (as compared with 1/8 inch in the
3500-Mwt reactor), which increases the heat load on the
shields by losa of heat from the primary coolant.

The coolant headers are 30 inches ID with 2-3/8~inch
wall thickness. The individusl pipling between the headers
and the pressure tube assemblies is 3-1/2 inches OD, as
before.

3. PRIMARY COOLING SYSTEM

The primary cooling system conslsts of fen loops, each
containing cne steam generator and one pump, clrculating
83,000 gpm of heavy water and removing 841 thermal megawatts
(1.6 x 10° pcu/hr). The operating conditions for the loops
are shown in Figure 26. The system degign pressure 1s
2000 psig.

Two alternate arrangements of the loops in the Reactor
Bullding are shown in Plgure 28; the left side 1s based on
horizontal pumps and steam generators; the right side on
vertical pumps and ateam generators. The vertical arrange-
ment ls preferred because the required bullding diameter 1s
smaller.

The pumps are vertlcal centrifugal pumps of the type
described in Section II, A, 3, b for the 3500-Mwt system,
designed to operate at 83,000 gpm at 550 feet of head. The
pumps are 30" x 36" x 30" and measure about 8-1/2 feet by
9~1/2 feet over the casing, by 9 feet high. The pumps are
driven by 1800-rpm, 15,000-hp motors. The motors are 5-1/2
feet hiligh and welgh about 31 tons each.
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The steam generators are vertical U-~tube natural recir-
culation bollers with integral separators similar in design
to those deserlbed 1n Section II, A, 3, ¢. The unite are
62 feet long over the heads, with a 15~foot diameter boliler
section and 20-foot dlameter separating section, and welgh
500 tons each, dry.

The piping 1s 30 inches ID with 2-3/8-inch wall thick-
ness. The meximum velocity in the piping 1is 42 ft/sec.

4. SECONDARY COOLING SYSTEM

The secondary cooling system 1s similar to the 3500-Mwt
system described in Section II, A, 4. The operating condi-~
tions are shown in Figure 26. The plant requires three
turbine-generators of the type and size (TC6F-44") deseribed
in Section II, A, 4 to handle a steam flow of 34,000,000 1b/hr.’
Gross electrical generation 1s 2490 Mwe. The turbine con-~
densers require 2,360,000 gpm of cooling water at 18°C.

5. REACTOR COMPONENTS HANDLING SYSTEM

The system 1s functlonally simllar to the system des-
cribed In Section II, A, 5. Two operating Fuel Handling
Machines wlll replace a fuel assembly at the requlred average
rate of one every filve hours, based on an average exposure
of 15,000 megawatt days per metric ton. The machines will
shuttle between the reactor position and the transfer
posltions alternately, with one machine refueling while the
other l1s loading fuel into or out of the tranafer tubes.

6. CONTROL AND SAFETY ROD SYSTEM

The resctor has 89 control cluster positionsfdistributed
in lattice positions throughout the flat zone. In addition,
80 safety rods are provided at interstitial positions. The
rods and drives are as described in Section II, A, 6.

7. REACTOR AUXILIARY FLUID SYSTEMS

The reactor requires the same suxlllary fluld systems as
the 3500-Mwt reactor, descrlbed in Sec¢tion II, A, 7. The
principal systems are indicated in the flow dlagram, Figure 26.

8. REACTOR CONTAINMENT

The reactor enclosure is a 350~foot~-dlameter spherical
shell of.1l-1/2-inch-thick A-201 Grade B steel plate, designed
for an internal presgsure of 19.4 psig at 215°C and an external
live load of 60 psf, under the ASME Nuclear Code for Class B
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veggels, The internal design pressure 1s based on 'the same
hypothetical incident as that described in Section II, A, 8;
however, the shell thickness is based on the external loading
rather than internal pressure.

The contalnment deslgn bases are the game as those
described for the 3500-Mwt reactor in Section II, A, 8,
including the provision of a spray system and halogen
absorbers, appropriately scaled up in capaclty.

9. REACTOR BUILDING ARRANGEMENT
No study has been made of the reactor building arrange-

ment for thlsg size. - It may be assumed that 1t willl be
similar in general to the arrangement described for the

.3500-Mwt heavy~-water-cooled regctor. As noted in the

preceding sectlon, the bullding 1s a 350-foot-dlameter
sphere; as shown in Flgure 28, the dismeter is based on the
space requlrements of the primary coolant loops.

D. 8300—Mwt Organic—-Cooled Reactor

This plant is similar to the 3500-Mwt organic-cocled
reactor plant deseribed 1n Sectlon B. MaJor dlfferences are
noted below.

1. FUEL AND CORE

The fuel sgsemblieg are the same ag for the 3500-Mwt
cage, as shown in cross sectlon 1n Filgure 22. The reactor
core contains 1360 fuel assemblies on a 9-1/4-inch square-
plteh pattern. The core ias 20 feet long, with a flat-zone
diameter of 24 feet and an over-all diameter of 33 feet.

It 18 surrounded radially and axlally by heavy-water reflec-
tors which are 20 inches and 24 inches thick, respectively.
The operating condltions and limite for the fuel and core are
the same as those for the 3500-Mwt reactor, as described 1n
Section II, B, 1. '

2. REACTOR STRUCTURE

The reactor structure conslsts of the same components
in the same arrangement as described for the three previous
reactors. The calandria 1s 26 feet long by 36-1/2 feet in
dlameter. The shields are about the same slze and weight as
those for the 8300-Mwt heavy-water-cooled reactor, Section
II, ¢, 2. The pressure tube agsemblies are the same as those
described for the 3500~-Mwt organlc-cooled reacter in Section
II, B, 2 and shown in Figure 21, except that they are 52
feet long.
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The carbon steel coolant headers are 342 inchem 0D with
5/8=-inch wall thickness. The piping between the headers and
the pressure tube assemblies 1s 3~inch, schedule 40 carbon
gteel, the same as for the 3500-Mwi organic-cooled reactor.
The design pressure 1is 400 psilg for the headers, piping, and
pressure tube assemblles.

3. PRIMARY CCOLING SYSTEM

The primary cocling system consists of ten loops, each
contalning one boller, economizer, superheater, and pump
which eirculates 66,000 gpm of "Santowax-R" and removes 837
megawatts (1.6 x 10® pecu/hr) of heat. All equipment and
piping is carbon steel. Operating conditions for the system
are gshown in Figure 27. The system deslgn pressure 1is 400

peig.

The pumps are horizontal centrifugal pumps of the type
described in Section II, By 3, ¢, designed for operation at
66,000 gpm and 753 feet of head.

The steam~generator units are simllar to those described
in Bection II, B, 3, d for the 3500-Mwt organle- cooled
reactor. The sizes of the units are ag follows.

Superheater Boller Economlzer

Length, ft : 35 50 16
Diameter, £t 7 15/22(8) 7
Heat Transfer Area, sq ft 29,000 51,800 11,000

(a) Boller section/separator section.

The piping 1s 42 inches 0D by 5/8-inch wall thickness,
with a maximum coolant velocity of 17 ft/sec.

4, SECONDARY COOLING SYSTEM

The secondary coollng system operating conditlons are
ghown 1n Figure 27. The temperatures and pressures are the
same as for the 3500-Mwt organic-cooled plant. Total steam
flow is 28,500,000 lb/hr. The plant requires five turbine-
generators of the type and size (TCHF-43") desecribed in
Section II, B, 4 for the 3500-Mwt organlc~cooled plant.
Gross electrical generation 18 2050 megawatts. The turbine
condensers require 2,860,000 gpm of cooling water at 18°C.
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5. REACTCR COMPONENTS HANDLING SYSTEM

Thils system 1s:1dentlcal with the system for the 3500-Mwt
organic-cooled resctor described In Section II, B, 5. The
requlred rate of replacement of fuel assemblles based on an
average expogsure of 16,000 megawatt days per metric ton 1g one
every 10 hours. It 1s Judged that one operating machine will
malintain this rate of operatlon. '

6. CONTROL AND SAFETY ROD SYSTEMS

This system 1s the same as the systems for the other
three reactors described. The flat zone 13 provided with
81 control clusters and 40 safety rods.

7. REACTOR AUXILIARY FLUID SYSTEMS

The auxiliary fluld systems are the same as those deg-
cribed in Sectlon II, B, 7 for the 3500-Mwt organic-cooled
reactor, sultably scaled up 1n capacity. The princlipal
organic systems are shown in the flow dlagram, Flgure 27.

8. REACTOR CONTAINMENT

The reactor enclosure is a 350-foot-diameter spherical
shell of 1-1/2-inch-thick A-201 Grade B steel plate, designed
for an internal pressure of 15.5 psig at 203°C and an external
live load of 60 psf, under the ASME Nuclear Code for Class B
vessels. The internal deslgn pressure 18 calculated 1n the
same way as for the 3500-Mwt organic-cocled reactor in
Section II, B, 8, but in the present case the shell thickness
is determined by the external loading.

The same design bases are used as for the 3500-Mwt
organic-cooled reactor, Secticon II, B, 8, including the
provision of a spray system and halogen absorbers.

9. REACTOR BUILDING ARRANGEMENT

The arrangement of the facilitles wlthin the Reactor
Building will probably be similar to that for the 3500-Mwt
crganlc-cocled reactor; no studies were made of thls. The
bullding silze 1s determined by the space required for the
primary cooling loops, as 1t is for the other plants
desecrihed.

Ill. DISCUSSION OF FEASIBILITY

The feasibllity of large power reactors having the
features described in Section II is discussed in this sec-
tion, by consideration of the followlng types of gquestions:
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l. What are the reasons for the particular deslgn
choices made, and what alternatives are avallable?

2., How essentlal are partlcular features to the
technical feasibllity, and how do they affect
the costs?

3. What major problems of deslgn and construction
will be encountered?

4, What 1s the status of related technology for
the solution of such problems?

5. What type of development work 1s required to
solve such problems and what are the prospects
of successful solutlon?

Since many of the design features and problems to be
considered are common to all four reactors, it 1is convenlent
to discuss all four together rather than in separate sections.

A, Reactor Type and Arrangement
1. PRESSURE TUBE REACTORS

Heavy-water-mederated reactors are characterized by open
lattices of relatively widely spaced massive fuel assemblles,
with resultant large core slzes. Thls pattern, a direct
consequence cof the neutron-moderating properties of D0,
contrasts wlth the compact clomse-spaced cores of light-water
reactors, and suggests the use of a pressure tube reactor
instead of the large pressure vessels used to enclose
pressurized light-water reactors. Both pressure tube and
pressure vessel reactors were conslidered in earlier studles
(2, 3) and advantages were noted for both types; however,
for the large reactors now under consideration, the pressure
tube design is virtually mandatory. For the heavy-water-
cocled reactors at 2000 psig desilgn pressure, particularly,
the core sizes are much larger that can be accommcdated in
a pressure veasgel. The largest vessels now offered by manu-
facturers at thils pressure are about 19 feet in diameter,
and i1t is Improbable that substantlal increases will he made
in the foreseeable future. While 1t 1s possible that suffic-
iently large vessels might be bullt for organic—cooled
reactors at around 200 psig deslign pressure*, the design

*The deslgn pressure required for a pressure vessel reactor
1s less than for a pressure tube reactor because of lower
primary system frictlonal losses.
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problems of segregating the hot organic coolant from the
cold heavy-water moderator rule out the pressure vessel
design from serious consideration 1n this case also.

Certaln advantages and disadvantages inherent to the
pressure tube reactor concept should be noted. Advantageous
featureg are:

o. The mederator 18 cold (around 80°C), which adds
to the reactivity of the core, reduces the
magnitude of reactlvity changes during startups
and shutdowns, reduces the hazard from "cold-
water accldents", reduces the amount of internsl
energy the contalnment building must be designed
to hold, and reduces some corrosion problems.

0 The moderator 18 essentlally unpressurized, which
simplifies insertion of safety and control rods
and the use of in~core flux monltors.

o The coolant 1s completely segregated from the
moderator, which permits flexibllity in the cholce
of coolant and its chemical treatment.

¢ The system lends itself well to moniforing each
fuel assembly coolant stream for flow, tempera-
ture, and/or fission product activity, if desired.

Tne digadvantageous features are:

¢ A fraction (about ¥ to 5% in the calandria design)
of the fission energy 1s degraded to low~temperature
heat in the moderator, thereby reducing the plant
thermal efficlency.

o The large negatlve temperature coefficlent of
reactivity of the moderator is nct coupled to the
main heat removal syStem and therefore plays nc
important part in reactor stahility.

These two features are not necessarily serlous design
drawbacks. The first relates to power cost and the second
to plant safety; they must be Judged in the context of the
over-all plant economics and system stabllity.

2. VERTICAL ARRANGEMENT
A pregsure tube reactor may be arranged wilth the tubes

vertical or horlzontal; the cholce strongly influences the
entire deslgn of the reactor and the reactor bullding. There
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is no clear-cut basis for decision. AECL used a horizontal i
arrangement in the CANDU reactor and the NPD, which is o
probably due in part at least to their fuel-handling scheme,
which involves on-power refuellng of short elements from both

ends of the reactor.

In the present case, refueling of long elements from one
end only appears acceptable, and this can be accomplished
about as well in a vertical as in a horlgontal arrangement.
We favor a vertical arrangement because of our experlence
with the deslign of the vertical heavy-water production
reactors at Savannah River, whlch, although they differ in
many ways from a power reactor, have many structural simi-
laritlea, particularly in the shlelds. The vertical arrange-
ment also is better adapted to the reactor control and
flux-shaplng system we prefer to employ, and 18 probably
better sulted to economlcal arrangement of the reactor
bullding for the large reactors we are ccnsidering.

3. CALANDRIA

A baslc option 1n a pressure tube reactor design 1s the
use of a calandria, the tubes of which separate the pressure
tube assemblies from the moderator, versus a "noncalandria”
moderator tank in which the pressure tubes are immersged in
the moderator. In the latter arrangement, the pressure tubes
must either he U-tubes inserted from above the calandria, or,
1f straight-through.flow tubes are used, they must be sealed
to the bottom of the tank. Also, the pressure tubes must be
thermally 1nsulated to hold heat losses to the moderator to
a practlcal level; the 1nsulation 1s preferable inside the |
pressure tube to take advantage of the higher strength of
Zircaloy at lower temperatures. The insulated pressure tube
deslgn decreases the parasitic absorption of neutions in the
reactor, both by eliminating the calandrla tubes and by
decreasling the wall thilickness of the pressure tube 1tselfl
(partially offset by the absorption in the insulating
materdial). The insulated pressure-tube design therefore has
a strong advantage for a reactor designed as a breeder or
for high converslion ratio.

Where electric power cost is the only eriterion in
deslgn, the copt advantage of the insulated pressure tube
must be welghed against the penaltiles resulting from higher
heat losses and the complicatioris of sealing between the
pressure tubes and the moderator or adopting the U-tube
arrangement. The penalties of the U-tube arrangement 1in
lower fuel'specific power are consldered to rule 1t out. At |
the present time it 1s not possible to choose between the
concept of insulated pressure tubes passing through the
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bottom of the moderator ftank and the calandrila concépt on
the basis of cost; therefcre, we have selected the calandria
concept for 1ts relative simplicity.

4. ARRANGEMENT CF SHIELDS AND COOQLANT CONNECTIONS

A number of arrangements for vertlcal presgsure tube
resctors were developed in earlier studies (2, 3), differing
chlefly in the method of supplylng and discharging ccolant H
and the disposition of the axlal shlelds. The coolant L
connectlons are discussed in Section III, B, 5. The arrange-
ment of the axial shields simpliflies the problems of
supporting the reactor and braclng against the reactions
from the inlet and outlet plping, and 18 Judged to be the
most sultable arrangement for a calandria«~type reactor of
any of those consldered.

B. Reactor Structure
1. CALANDRIA
a. Materlals

Although mild steel is an acceptable material of con-
struction for the primary and moderator coolant systems
(see Section III, ¢, 2), it is judged advisable to make the
parts of the reactor structure that are inaccessible for
replacement or repair ocut of corrosion-resistant materials. .
In the cagse of the calandria, the need to minimize parasitic
absorption of neutrong by the calandrias tubes dictates the
use of alumlnum or Zircaloy tubes. Zircaloy tubes are { -
preferable in this respect because thelr thermal neutron
absorption rate is gbout 65% of that for alumlnum. A less
' expensive material, such as aluminum or stainless steel,
may be used for the shell and end plates.

The materials of construetlon of the calandrla must be
congldered In conJunction with those of the moderator coolant
system, for compatibllity with the moderator chemical compo-
sition, The principal cholces are: (a) an all-aluminum
calandria, with aluminum and/or stainless steel equipment
and plping for the coclant system, and wlth the moderator
malntained in a neutral or slightly acidle conditlon; or
(b) a calandria with Zircaloy tubes and stainless steel for
the remaining parts, a mild-steel coolant system, and the
moderator maintained in an alkallne and reduclng condition
for protection of the mlld steel. Elther of these comblna-
tions 1s feaslble. Considering only the cost of the calandria
and cooling system, case (a) 1s the lower-cost of the two;
but if the additional fuel costs resulting from the uge of
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aluminum tubes are included in the comparison, this cost
difference wlll be greatly reduced, and may be in the
reveras direction. These costs have not been evaluated in

detail.

Aside from cost, the Zircaloy tubes have an advantage
over aluminum of greater strength (the tubes, whether
aluminum or Zircaloy, require about the same wall thickness
because the 1imiting cconsideration ig external hydrauilc
pressure), which makes them less susceptible to damage from
the causeg dlscussed in Section ITII, B, 1, ¢. In the absence
cf any obvious cost disadvantage, therefore, we have selected
the Zircaloy-tube case, (b).

b. Jolning Tubes to End Plates

The principal problem In design and construction of a
calandria with Zlrcaloy tubes and stalnless gteel shell and
end plates 1s the means of Jolning the tubes to the end
plates to secure a reliable leaktight vessel. Several methods
are possible. The method used by AECL feor the CANDU reactor
calandria 1s to roll the tubes into the end plates, with
stainless gteel ferrules for strengthening the Jolints. Thils
work has been completed satlsfactorily for the Douglas Point
calandria, although the rellabllity in service has not yet
been demonstrated. An alternative method 1s to provide
short stainless steel extensions on both ends of the Zircalcy
tubes, by tandem extrusion, and to weld the stalnless exten-
sions to the end plates.

The stresses produced by the differential thermal
expansion hetween the Zircaloy tubes and the stalnless steel
shell are not excesslve for the metal temperatures involved.

¢. Damage and Repalr

The possibilitles of damage to the calandrla require
careful consideration because of its inaccessibility for
repalr. The shell and end plates and the plenums may be
made of heavy plate and strongly constructed sc that the
possibllity of fallure 1s remote in the extreme. The
principal problem 18 with the calandrla tubes, Including
thelr seals at the end plates.

A calandria tube may fall for a varlety of reasons; for
example: (a} localized forces and heating resulting from a
bowed pressure tube contacting the calandria tube; (b)
internal pressure and missiles resultlng from fallure of a
pressure tube; (e¢) some combination of thermal stress,
vibrational fatigue, corrosion, or fabrication defect.
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The risk of & fallure from some such cause may be reduced
by various means, but not completely eliminated. The 1/8-inch
gap width between pressure tube and calandria tube was chosen
to minimize the first possibllity; preliminary calculations
indicate that a 10°C temperature difference between opposite
gides of a pressure tube 1s requlred to produce a bowlng of
0.1 inech. If'necessary, ribs or other means of malntaining
the gap may be provided.

The risk of rupturing a cslandrla tube by internal pres-
sure may be minimlized by providing pressure rellef of adequate
capaclty from the gas space. The large annular gap 1is advan~
tageous 1In this respect, and 1t may also prove desirable to
increase the gas space between the calandrla and the upper and
lower axlal shields above that shown on Figureg 3 and 19, in
order to facilitate véenting of steam from the gas space.

AECL has performed lnteresting experimental studles on the
consequences to the calandria tubes of a pressure tube
failure, using a nine-tube mockup of the NPD reactor
calandria (45). Experiments of this type would be valuable
with respect to the present reactors at the appropriate
stage of desdign development.

The third possible cauge of fallure mentioned above also
may be minimized by proper design and quality contrel in
fabricatlon, but can never be completely elimlnated. Testlng
of calandria tubes in a hot loop 1is deslirable to prove the
deaign.

Consequently, damage %o the tubes must be antlcipated
and provislon made for repalr. This may require, for example,
that the shield tubes for the heavy-water-cooled reactors
(Pigure 5) be made slightly larger than the calandrila tubes,
a8 they are for the organic-cooled reactors (Figure 21),
and that the jJoints between the calandria tubes and end
plates be desligned for remote cutting and replacement through
the shield tubes. The art of automatic welding inslde tubes
has advanced toc the point where such a technique appears
feasible. Experimental development to prove the applleabllity
of the technique would of course be required.

2. AXIAL SHIELDS

The upper and lower axlal shields are the heaviest
components 1n the Reactor Building, except the steam
generators. Thelr helght is greater than required by their
gshielding function and 1s designed to keep the deformation
of the shilelds under load and the consequent mlsalignment of
the tube axes within acceptable limits. Thelr weight 1is
minimized by the reactor arrangement employed, which divides
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the lcads about equally bhetween the two shields.

The princlpal problems in design and fabrication of the
shlelds are to predict and control thelr deformation under
leading and nonuniform heating, and te maintain the required
position and alignment accuracy of the tubes after welding.
The requirements on posltioning and alignment of the tubes
depend on the flexlbility of the pressure tube assemblles.
These problems have been analyzed and sclved for ghields of
similar constructicn bullt for the Savannah River Plant. The
Savannah River shlelds are somewhat smaller (about 18 feet
diameter by 40 inches high), but the problems are essentially
the sane.

Figures 29 through 32 show the caleulated deflectlons
and edge slopes (which equal the slope of the angle by which
the outermost %tubes are deflected) for the shields under
loading. These graphs are drawn speclfically for the heavy-
water-cooled reactors, but the results for the organic-
ccoled reactors are not very different.

Calculations of shleld heatlng, most of whleh is due to
heat transfer from the primary coolant, show that by proper
design of the cooling water flow pattern within the shield
1t is practlical to prevent excesslve stresses and deforma-
tions due to unequal heating.

Thus we are sure that the shlelds can be desligned and
fabricated satlsfactorlly. Theilir welght and bulk will
pregent transporation and erection problems, but these are
not insurmountable. The shields (and calandria) must be
installed before the Reactor Bullding 1s structurally
complete, and they are not intended to be removable. Con-
sequently, they are constructed entirely of stalnless steel.

3. . RADTIAL SHIELDS

The radial shlelds do not present any unusual design or
congtruction problems. They are similar to shields that have
been bullt for Savannah River Plant.

4. PRESSURE TUBE ASSEMBLIES
a. General

The pressure tube assemblles are regarded as semlpermanent
components of the reactor, which means that they are to be
replaceable without majJor disassembly of the reactor struc-
ture. The large number of gssemblles involved, the lack
of experience on thelr service life, and the possibility of
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thelr obsolescence within the lifetime of the plant are the

principal reasons for this policy. Although replaceable,

every effort must be made to ensure their integrity in ~
service because the consequences of a fallure include possible

damage to the calandris (see Sectlon III, B, 1, c) and loss

of fuel coolant, which could result in even more severe

damage to the plant. Both of these consequences are poten- i
tially more severe for the heavy-water-cooled reactors than -
for the organic-cooled reactors, because the higher pressure o
makes the risk of damaging the calandria greater, and the :
coolant is more easily replaced in the organic system since £
the surge tank on the pump suction 18 at atmospheric pressure. . i,
However, in the organic-ccooled case, a fallure would alsoc
involve a troublesome problem of removing sollidlifled organic 7
material from the gas space and the calandria.

The pregsure tube assemblles are clapsified as Class A
vessels under the ASME Nuclear Code {1963 Edition, paragraph
N-131(a)). Although the materials used in the pressure tubes
are not covered by the Code, the criteria and procedures
prescribed may be applied to the pressure tube deslgn to
produce a quality conslstent with the Code intent, provided
that the mechanical properties of the materials are known and
can be met In fabricatlion.

Specific details of the assgemblies that are gignifiecant
with respect to feaslbllity are discussed in the following
sections. It wlll be seen that there are many particular .
aspects of the deslign that require developmental testing.
Full-scale hydraullc and thermal testing of complete assem-
blies wlth simulated internal components 1s also required. }
These tests are of particular importance with resgpect to the
problem of fretting corroslon mentioned in Section III, B,
4, b. ‘

b. Zircaloy~2 Pressure Tubes - Heavy Water Coolant

Zirconium low alloys are the only known feasible mate-
rials for the in-core sections of the pressure tubes of the
heavy-water~cooled reactors at the requlred temperature and
pressure, because of the requirements for low neutron absorp-
tion. The most highly developed alloy for thils purpose 1s
Zircaloy-2 { ASTM B-353 Grade RA-1). For maxlmum strength,
it 1is desired to use this material in the "Half-Hard"
condition, which corresponds to approximately 25% reduction
of area by cold worklng.

The fabrication of Zircaloy=-2 tubes to the required '
dimensions, tolerances, and mechanlcal properties appears
to be feasible with no signifilcant development beyond the
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present state of the art. Thils opinlon 1s confirmed by a
maJor manufacturer of Zircaloy tubes. The following tabu-
lation compares the present dimensional requilrements with
the dimensions of Zlrecaloy-2 ftubes 1n use or belng made for
cther reactors.

ID, Wall Thickness,

Length' in, in,
Pregent Study | 181 4 .08 0.27
PRTR 17'-5"  3.25 0.154
CANDU 17'-5" 3.25 0.155
NPD ~15T 3.25 0.163
CVTR 10'~0"* 3.53 0.253
HWCTR 11'-4.1/8" 4,625 0.250

¥Stralght length. Palras of ftubes are Joined mechanically
with Zr-2 U-sectlions at the bottom.

Extensive studies and experiments have been made (and
are continuing) regarding the suitability of Zircaloy-2 in
reactor service, including mechanical properties, corroslon
behavior and the effects of irradiation (27, 28, 29, 30).
The results of these inveatigations are generally favorable,
but in certain areas additicnal test data are needed to pro-
vlde an adegquate degree of confidence. For the most part,
such testing 18 required to prove the acceptabllity of a
specific design rather than the basile feasibility of using
this material.

One such area 18 the creep behavior under stress of
Zircaloy~2 at reactor service temperatures, especlally under
reactor lrradiation conditlons. Although some tests indlcate
a pronounced Increasgse in creep rate under such conditlons,
the results to date are conflicting. '

Corresion behavior is ancother area of continuing concern.
Zircaloy~2 1lg attacked by high-temperature water through the
formaticn of zirconlum hydride, wlth resultant lcss in lmpact
strength and ductility. (See alsc Section III, B, 4, 4.)

Two alternative alloys slmillar to Zircaloy-2 have been 1Inves-
tigated by AECL and others wlth a view toward obtalning
improved corrosion resistance. These are "nickel-free"
Zircaloy-2, which has the same nominal composition as
Zircaleoy-2 except that the nickel content is less than

70 ppm; and Zircaloy-4#, whieh is the same as nickel-free
Zircaloy-2 except for closer control of the 1ron content
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{(0.12 ~ 0.18%) . Zircaloy-4 may prove to be superlor to
Zircaloy-2 as a pressure tube material because of its lower
hydrogen absorption in alkaline water.

Zircaloy~2 1s extremely susceptlble to fretting corrosicn
in high temperature water. Conditlons under which the pro-
tective oxide film on the tube can be contlnually worn away
by rubbing must be avoided in design; and the adequacy of the
deglgn in thils resgpect must be confirmed by thorough testing.¥*

Zircaloy~-2 pressure tubes have been in reactor operation
satisfactorily for two years in the NPD and for three years
in the PRTR.* Zirecaloy-~% tubes have not yet been used in
reactors.

Deslgn streaseg for Zircaloy have been developed on the
basis of our review of all avallable data and applicatlon of
the criteria of the ASME Nuclear Code. Recommended deslgn
stresses (corresponding to the maximum allowable membrane
stress, Sm, in the Nuclear Code) are shown in Figure 34.

The design temperature of 320°C for the heavy-water-cooled
reactors 1s the temperature of the coolant leaving the
hottest fuel assembly, for an average reactor ccolant outlet
temperature of 304°C.

c. Zlrconium-Nicbium Alloy Tubes - Heavy-Water Coolant

An alloy of nominal composition 97.5% Zr-2.5% Nb 1s
under extensive development by AECL and others as a potentlal
pressure tube material. It has a tensile strength at 300°C of
80,000 ~ 90,000 psi as compared with about 52,000 psi for
Zirealoy-2 (31). This material 18 a precipitaticn~-hardening
alloy requliring heat treatment after extruslon and drawlng
of the tubes. The use of this alleoy would permit reducing
the wall thickness of the pressure tube to about 0.17 inch,
as compared with 0.27 inch for Zircaloy-2.

At the present stage of development, much needs to be
done to determine the suitabllity of thils material under
reactor service conditlons. Fabrication of tubes is alsc
st11l in the development stage. There 1ls no operating
experience wlth such tubes.

*Reference (51), recelved after completion of this report,
describes results of measurements on PRTR pressure tubes

over a period of 2-1/2 years in service. Results conflrm

the acceptable performance of the tubes to date and emphaglze
the importance of fretting corrosion.
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AECL regards this material as sufflclently promising
that they have indlcated their intention to use 1t in their
CANDU~type reactor for future plants (subsequent to the
Douglas Point plant)}, and we have no sufficient basils for
exerclsing an independent judgment as to 1ts fesslbility.
However, 1t has not yet reached the level of proved tech-
neclogy which characterizes the other components of the
3500-Mwt reactor; consequently, we have not indicated 1ts
uge in thls reactor. We have indicated 1t%s use 1n the
8300-Mwt reactor, which of course ig several years in the
future.

d. Pressure Tubes for Organlc Coolant

In contact with organic coclant, zirconlum alloys are
subject to the same type of hydrogen corrcslon as in water.
Since the effects are more severe with organic cooclants,
the phenomenon is described in some detall here to bring out
the factors involved. In high~temperature orgenlc or water,
zirconium alloys suffer general surface corrcsion.at a very
low rate, measured in fractions of a mil per year. This
type of corrosion ls not a problem, but the reactions release
hydrogen (or deuterium) at the metal surface and some of the
hydrogen digsolves in the metal. While in solutlon, hydrogen
does not affect the mechanlcal propertles of zlrconlum alloys.
But when the solubllity limit is exceeded, precipitation of
zirconium hydride occurs, whlch has the effect of drastically
decreasing the impact strength of the metal, wlth scme
decrease also in ductility. Tenslle strength is not serlously
affected, but the materisl 1ls susceptible to brittle fracture.

The solubllity 1limit of hydrogen in zirconium alloys
Increases with temperature; typlcal valueg are as follows:

Hydrogen Scolublility Limit, ppm

3009 40090
Zircaloy~2 95 270
Zr-2.5% Nb 175 550

The rate of absorptlon of hydrogen, too, increases with
temperature, and is dependent on other factors such as
impurities In the liquid. In particular, chlorine is belleved
to dncrease the rate. The effect of radlation exposure on
the hydrogen absorption rate is uncertain. Various in-
reactor experiments to date indleate rates ranging from 1 to
10 times the out~of~reactor rates.
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It is Important toc note that the absorption rate 1r pro-
portlonal to metal surface area sexposed to coclant, s¢ that,
for a tube, the rate of increase in the concentration of
dissolved hydrogen in the metal is inversely preportional to
wall thickness. Typleal absorption retes expressed in terms
of hydrogen concentrations, obtained from Reference (35),
are as follows: '

" Hydrogen Abgorptlon Rate,
ppm/(yr) (100 mils)

300°% 4005
Zirealoy-2 5 S0
Zr=2,5% Nb 2 - 4 65 - 130

These rates are for water at 300°C and steam at 400°;
the rates for organic liquid are believed to be not markedly
different. These data are bhased on out-of-regctor tests.

From these rates and the golubllity limits we can cal-
culate the time required for a given thickness of pressure
tube to become saturated with hydrogen; for example:

0.27-in. Zr-2 tube at 300°C - 50 years
0.17-in. Zr-2.5% Nb tube at 300°C - 75-150 years
0.062-1n. Zr-2 tube at 400°C - 1.9 years

These examples are glven merely to 1llustrate the
problem: they show that hydrogen embrittlement iIn organic.-
cooled pressure tubes 18 a potentially greater problem than
in water-cooled tubes because of both the higher temperature
and the thinner wall. They should not be taken literally as
describing the conditicns in the organic-cooled tubes, regard-
ing which 1little information 1s available. '

In consldering the deslgn of pressure tubes for organic-
(and water-) cooled reactors .to determine their sultabllity
with respect to hydrogen embrittlement, we must do more than
compare thelr service 1ife with the time required to reach
gaturation. 1In the first place, when unsaturated tubes are
cooled down, hydride precipltation may occur; this is rever-
slble, that ig, the hydrogen will redissolve when the tubes
are reheated. On the other hand, exceeding the solubllity
limit does not necessarily mean tube fallure; the materilal
becomes progressively embrittled, and consideration must be
glven to the conditions of pressure, impact loading, etec.
that may occur while it 18 in this state.
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The use of =zirconlum alloys for organic-cooled pressure
tubes 18 under sctive study by AECL. In addition to studles
on the known alloys Zr-2, Zr-4, and Zr-2.5% Nb, AECL suggests
that other alloys may possibly be found having lower hydrogen
plckup rates. Ancther approach suggested by AECL is to clad
the tube with a thin hydrogen diffusion barrier film, such
a8 aluminum,

The feagibility of hot c¢rganlc pressure tubes 1s there-
fore very much In guestlon at the present time. If no
satisfactory solution is found, an alternate approach 1s to
adept an Internally insulated pressure tube deslgn, with g
nonecalandria mederator tank. This approach has the advantage
that the pressure tube is both cooler and is protected from
the organiec liquid. Insulated pressure tubes of varlous types
are under study by AECL {36). This type of design has not
been consildered in the present study.

For the pregent, the wall thicknesses for the pressure
tubes have been based on the properties of Zircaloy-2 wilthout
conslderatlion of hydrogen embrittlement or creep.

e. Transition Jeint

Several methods have been considered for Jjoining the
zirconium alloy pressure tubes to the stainless steel exten-
gions. Thege include a rolled joint, a fricticn-welded butt
Joint, and the tandem~extrusion jolnt. Mechanical Jjoints are
ruled cut by gpace limitatlons.

A rolled~joint deslgn was used by AECL for the Douglas
Point reactor. It 18 not degirable Iin our reactor arrange-
ment because of The heavy wall required for the stailnless
steel secticn Into which the Zircaloy tube is rolled. Since
this section filts 1Inslde the shield tube, the latter would
have to¢ be increased in diameter wlth a corresponding increase
in the reactor lattlice pitch. Alsc, one end of the assembly
must pass through the calandria tube, which would also have
to increase 1n dlameter, making the wldth of the annular gas
space intolerably great.

Friction-welded butt Joints and tandem-extrusion Joints
have the advantage that they may be made to the same inalde
and outsgide diameters as the connecting tubing. Alsc, they
are metaliurgically~bonded Joints, so that they have a presumed
advantage for remalning leaktight. Effcrts to develop a
fricticn-welded butt Joint have sc far not heen successful
with respect to attaining the full strength of the tube,
whereas the development ©f the tandem-sxtruded Joints ls
proceeding satisfactorily.
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The tandem-extruded Joint was developed by Nuclear Metals,
Inc. (32). The Joint 1s made by coextruding a Jjacketed com-
poslte billet whilch 1s stalnless steel on the forward end and
Zircalcy on the following end. The two metals are fitted
together on a taper, with the Zircaloy as the male member.
The Joint can be cold worked by tube reducing to at least
40% reduction in area.

Ag-extruded and 20% cold-worked Joints have been tesgted
to failure at Savannah Rilver by pressurization and axial v
loading; in all cases fallure occurred in the adjacent Zircaloy ?ﬂ
tubing rather than In the interface section. Joints were f?
also hydrostatically tested to hoop stresses of more than "
twlce normal design stresses, and subjected to temperature {f
and pressure cycling up to 116 cycles. The Joints were
examined for dimensional stability, dye-penetration, helium
leakage, and metallographic condition; no significant defects
were found. These tegtes were made on seven specimens, wmostly
about 1-1/2-inches ID. All Joints were Zircaloy-2 to type
347 stainless steel, excepl one Joint whleh was type 304L
stainless steel (33).

Six Joints have alsc been tested by irradlation t¢ neutron
exposures corresponding to 20 years of service, while under
axlal stressg, with no measurable loss in strength or serious -
bond deterloration (34%). 8

Preliminary results of stress analysis of the tandem-
extruded Joint design indlcate scme problems in meeting
certain deslgn criteria of the ASME Nuclear Code wlth respect
to thermal stresses, but these problems may be overcome by
fatigue testing of the Joints as permitted by the Code under |
Paragraph I-1080.

The four reactors under consideration have three differ-
ent designs of tandem-extruded Joints, as follows:

3500-Mwt Dz0-Cooled: Zircaloy-2 to type 316 Steel,
4.08" ID x 4.62" OD

8300-Mwt Dg0-Cooled: Zr-2.5% Nb to type 347 Steel,
4.08" ID x 4.42" 0D

3500~ or 8300-Mwt 7r-2 {?) to type 347 Steel,
Organic: 3.55" ID x 3.67" OD

Any of these will require testing under reactor conditicns of ]
temperature and irradiation to establish 1ts suitability. i




. Pressure Tube Extenslons and End Fittings

Because of the conslderable length required for the -
pressure tube assemblies to pass through the axial shilelds
and primary coolant plpe banks, they are made from a less
expensive material than zirconium. Because of the requlre-
ment for tight seallng on the end closures that must be
removed for refueling, they are made from a cerrosicn-
reslstant alloy. Type 316 1s preferred for 1its good
fabrication properties, but type 347 is used when the higher
strength 1s needed to more closely approach that of the
zirconium~niobium alloy. Consideration is also being given
to Inconel because of problems experlenced with chlorlde
stress cracking of augtenltic stainless steels.

There are a number of problems wlth respect to these
parts cf the pressure tube assemblies that must be worked
ocut by mockups and testing. These include:

¢ The design of the end closures to achleve tight,
reliable sealling when they are removed and
replaced repeatedly;

¢ Metheds for making, cutting, and testing the
welds of the end fittings tc the plping, the
internal tube weld of the end fitting to the
pressure tube extension, and the seal weld for
the gas space.

We expect that satlsfactory sclutions tc these problems
can be found through an approprlate development progran.

5. COOLANT HEADERS AND PIPING

The means of supplylng coolant to and discharging it
from the reactor pressure tube assemblles is one of the
major design problems of the reactor complex. The principal
prcohlems arise from the large number of closely spaced ftubes
to be served and from the differential axial and radial
movement of the hot pressurlzed system relative tc the cold
calandria and shield system. The pressure tube assembliles
lengthen by amounts ranging from l—3/ﬂ inches for the 3500-
Mwt heavy-water-ccoled reactor to 3 inches for the 8300-Muwt
organlc-cooled reactor. The maxlmum radizl dlifferential
movement that must be acecommodated is equlvalent to the
thermal expanslon cccurring over the distance from the central
tube to the outermost tube. This movement ranges from 0.7
inch for the 3500-Mwt heavy-water-ccoled reactor to 1.3
Inches for the 8300-Mwt organic-cooled reactor.
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Methods of supplylng and dischargling coolant suggested
from previous studies (2, 3) included various arrangements of
plenums, crogg-headers, and individual plping from a maln
header. In any of the schemes using plenums or cross-headers,
the cufer pressure tubes would have to be allcwed to move
radially, by the distances glven above, wlth reaspect to the
calandria and shield tubes, requlring an excesglvely large
gas gap between the calandria tubes and pressure tubes and
between the shield tubes and pressure tubes. In addition,
the gas seals around the pressure tubes would have to accom-
modate thils amount of radlal expansion plus the axlal expan-
slon. DBecause of these and related design problems, the use
of individual flexible supply and discharge pipling is the
most feaslble scheme for a large reactor.

The 3~inch plpe size selected for the runs between the
headers and the pressure tube assemblles is the most sultable
size, congldering the factors of preasure drop, heavy-water
inventory, pipe flexibility, and space available between the
shield tube extenslcons for pipe runs.

In order to avold the problems of radial motion of the
pressure tube asgemblies relative to the calandria, 1t 1s
necessary to anchor the ends of the 3-inch pipes where they
Joln the pressure tube assemblles. This is accomplished by
having the pressure tube end fittlngs fitted snugly in the
ghield tube extensions, so that the plpe reactilons are trans-
ferred to the very heavy rigid shield structure, which is
kept cold and subJect to only sllght thermal expansions.

Essentially all of the differential thermal expansion
of the pilping and header must now be accommodated by the
flexibility of the piping between the pressure tube and the
header, and the piping must be arranged to provide gufficilent
flexibility to keep stresses and reactions on the pressure
tube assemblies to acceptable levels. The use of carbon
steel rather than stalnless steel pipe simplifies this
prcblem because of its lesser thermal expansion.

The flexibility problems of the supply plpling differ
somewhat from those of the discharge piping because the upper
ends of the pressure tube assemblies are anchored to the
upper axlal shileld, while the lower ends grow downward by the
amcunts mentioned above. Also, 1t i1s desirable tec make the
axis diameter of the lower header as small as practicable
to minimize the overhang of the concrete shield around the
reactor. For these reasons 1t 18 necessary tc mount the
lower header on spring supports so that 1t can move up and
down 1n response to temperature changes.
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The piping must cross the face of the shilelds in banks
of up to 13 pipes hilgh for the 3500-Mwt reactors, and 20
plpes high for the 8300-Mwt reactors, running in lanes between
the shield tubes, in order to keep the ends of the pressure
tube assemblies accessible for installation and replacement
and for refueling. Thils requlrement determines the lattlce
plteh of the resctor. In the 3500-Mwt hea#y-water-cooled
reactor, for example, the minimum practical outsilide diameter
of the shield tube extensicns is 5.87 inches, and the minimum
practical outside diameter of the coclant pipes, from the
standpoint of pressure drop, 1is 3.5 inches. On a 10-inch
lattice pitch, thls leaves only an average clearanhce of about
0.3 1nch to accommedate pipe movement under thermal expansion.
In the 8300-Mwt heavy-water-cooled reactor, the corresponding
clearance is 0.% 1lnch. In the organic-cooled reactor, the
fuel assemblies are smaller in diameter, sc that the shield
tubes may alsc be smaller and a closer lattlce spacing is
possible. Some slight increase in the lattice pitch (not
exceeding 1 inch) 18 likely to be required when these and
related deslgn problems are consldered in greater detail.
This amount of increase 18 estimated not to have a signifi-
cant effect on energy cost.

C. Primary Cooling System
1. COOLANTS

Heavy water and organic coclants were selected for this
study by dilrectlon of the AEC on the basia of economlec studles
which showed these two to be the most favorable of all the
coolants considered for heavy-water-moderated reactors (5).
The technology of heavy water as a reactor coolant 1s well
established and requires no discussion here; the organic
coolants are newer and are less well known, so some informa-
ticn pertinent to thelr feasiblllity 1is appropriaate.

"Santowax-R" or similar mixed terphenyl isomers Judged to
be the most sultable organlce coolants known, and most of the
experimental work on organic cooclants has been devoted to
these materials. [See References (36, 37, 38, 29).] Santo-
wax 1s readily avallable at low cost, has a low vapor pressure
at high temperature, and is reasonably resistant to pyrolytic
and radiolytic decompogition. As z reactor coolant, it is
inferior to heavy water, having lower heat transfer rates
and greater pressure drops (at the same conditions of tempera-
ture and flow rate), mostly because of 1ts higher viscoslty.

The commercilal availability of the materlal 1s of
importance because of the large quantities that would be
required 1if organic-cooled power reactors become a realilty
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on a substantial scale. Although 1t 18 a byproduct of diphenyl

production, there 1s no apparent reason why it cannot be made

In virtually unlimited quantities from benzene at substan- .
tlally the same cost.

Fouling of heat transfer surfaces as a result of decom=- "
position of the organic material and because of its tendency
to pick up iron and other elements 1n the cooler parts of
the loop and deposit them on fuel surfaces has been a major
problem., AECL found fthat chlorine promotes this action.
Fortunately, the vendor (Mensante) 1s able to supply lowe-
chlorine Santowax, which has greatly reduced the fouling
rate. In the Jjudgment of AECL, foullng can now be kept under
control, principally by quality control on the raw Santowax
and by adequate continuousg purification to maintain low HBR
concentration in the c¢oolant.

L g A

Any water in the organic coolant has a strong corrosive
action on steel. However, the degasifier in the purification
system wlll remove any water.

Because Santowax l1ls solld at room temperature, careful
attention will be required in design fto provide adequate heat
tracing and drains, and to avold cool spots and stagnant areas
where crystallization could occur.

2. MATERIALS OF CONSTRUCTION

The use of mild steel as the principal material of
constructlon in a heavy-water coolant system has been tested W
in the HWCTR with excellent results. The heavy water 1s i L §
maintained in an alkaline condition (pD 10.2 to 11.2) with &
lithium hydroxide, and oxygen 1s suppressed by addition of
deuterium or hydrazine. The water is also purifiled, at a
turnover rate of about 10 hours, with ion exchangers and
filters. Over a two-year perloecd of operation the concentra- -
tlon of iron in the water and the turbidity have both been S
negligible. '

In the HWCTR, moat of the piping, and the steam generators,
including the tubes, are carbon steel. Heavy-water velocities
in the pipe are about 22 ft/sec and in the steam generator
tubes are about 12 ft/sec. Some problems were encountered
during constructlon because of rusting and pltting of pilpe
and tubes during storage prior to installation. However,
the surfaces were chemlcally cleaned and protected with a
film of water-displacable 011, which wag removed by flushing
with light water after the system was completed. When the .
gystem was heated, a black adhering magnetic fllm wag formed
on the steel surfaces and protects 1t. There 1s no evidence, S
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from visual examination of steam generator tubes, ‘that any
further corrosion has taken place slnce the system was put

in service. Two fallures of steam generator tubes have
ccecurred, but the cause is not believed tc be due to eorrosion.

On the basis of experlence from the HWCTR, we conclude
that, with proper water chemistiry ccntrol, and proper pre-
cautions during construction, the use of carbon steel for
heavy~wazll pipe and equipment 1s entirely satisfactory.

For steam-generator tubes, there 1s not sufficlent
experlence to advocate carbon-steel tubes unreservedly 1in
hegvy-water service. Consideration should be glven to
corroslon-registant alloys, depending cn the cost differential,
accessibility for repalr, and costs incurred by shutdowns
for repalr. Austenitic stainless steels are not highly
regarded for this purpose, because of the troubles from
cracking due to chloride. stress ceorrosion that have been
experienced at Savannah River Plant, and elsewhere. Inccnel
is consldered to be the best cholce, aside from cost.

For the organic-coocled systems, carbon steel is com~
pletely satisfactory lnsofar as system integrity is concerned.

3. OPERATING AND DESIGN CONDITIONS

Reactor inlet and outlet temperatures, and the corres-
ponding primary cooclant flow rates, were determined wilth the
SRL computer program on the basis of the fuel and core design
congiderations and assoclated costs as described in Sectlons
IT, A, 1 and II, B, 1. The maximum temperature T, of coolant
leaving a fuel assembly was obtained by adding O.4AT to the
reactor average outlet ftemperature, where AT is the differ-
ence between the resctor cutlet and inlet temperatures. The
operating pressure at the reactor outlet was taken to be the
saturation pressure corresponding to Tp. The corresponding
operating pressure at the reactor inlet was found by adding
the pressure drop through the reactor. The system design
pressure was then taken as 15% higher than the reactor inlet
pressure, to allew for normal pressure fluctuations, margins
for relief wvalve settings, etec.

The temperature on the secondary slde of the steam
generators was obtalned by an economic balance of the asso-
clated costs, including the costs of the steam generators
and of the turblne generators. This optimizatlon was also
performed with the SRL computer program on the basis of the
data then avallable. In the case of the heavy-water-cooled
reactors, the resultant conditions gave a very close approach
of the primary coclant temperature to the boiling temperature
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in the steam generators. This, of course, affect
the amount of steam:generator surface area Yequir e
ing the results, 1t 1s-evident that the temperatu N
secondary side of the steam generators should. beu‘eau. d
the extent possible without requiring the addition ‘of ‘another
turbine, Iin order tc economize on the steam generstors, -

¥, PUMPS
a. 8Size Limits

Major American manufacturers of centrifugal mechanical~
seal pumps for nuclear service are confldent that pumps of
the type described in Section II are entlrely feasible up to
at least 90,000 gpm for vertical pumps and up to aboub
60,000 gpm for horizontal pumps. The horizontal pumps are
larger, heavier, and more expensive than vertical pumps of
the same capaclty. Vertical pumps up to 200,000 gpm and
horizontal pumps up to 87,000 gpm have also been suggested
by manufacturers in scme cases, but these represent a much
greater extrapolation of lmown design and a greater capacity

than we conglder necessary or wise to conslder for this study.

The pumps propeosed in this study, on the other hand,
repregsent reasonable sdvances beyond present designs. For
example, the 83,000 gpm vertical pumps for the 8300-Mwt
heavy-water-cooled reactor are compared below with the
vertical mechanlcal-geal pumps now belng bullt for the
Paciflic Gas and Electric Company's Bodega Bay nuclear power
plant in California, which are the largest pumps of this
type bullt to date:

Bodegs Bay 8300-Mwt D0~
Plant Cooled :Plant

Size (dlscharge x suction x
impeller diameter, in.) 26 x 28 x 26 30 x 36 x 30

Capacity, gpm 29,000 83,000
Total dynamlc head, feet 100 550
Suction pressure, psig 1,089 1,570
Suction temperature, °C 282 266
Speed, rpm 880 1,800
Case weight, 1b 18, 000 35,000
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This tabulation showsa that although the capaclty and
head of the largest proposed pumps are much greater than for
the pumps now being bullt, the physilecal slze 1is only slightly
greater; most of . the Increase in capacity and head 1s obtained
by increasing the Speed..u

b. Net Positive Suction Head (NPSﬂ)

- The net positlve suctlon head required to prevent cavi-
tation is normally qulfe high for these large pumps, 120 feet
to 200 feet in most cases. This 1s no particular problem A
with the heavy-water pumps during hot operation, because the e
overpressure that must be applled to prevent bolling 1n the
hottest fuel channels ensures more than adequate NPSH at the
pump suction. This is true even 1f the pump 1s placed up-
stream of the steam generators; the avallable NPSH 1s about
300 feet in this case, and about 800 feet on the downstream
slde of the generators. However, 1t does prevent the pumps
from operating at full speed when the reactor 1s depres-
surized, regardless of where the pumps are located 1ln the
loop relative to the steam generators and regardless of
where the pumps are physlcally located in the bullding o
(within reasonable limita). %

The NPSH situation 1s of greater importance, probably,
for the organic pumps, because In the organlc systems
the NPSH requirement adds dilrectly to the system operating
and design pressure. To minimlze syastem design pressure 1t &
is deslrable to locate the pumps at the lowest physical point g
and highest overpressure point in the loop and to deslgn the A
pumps for as low an NPSH as 1s practical. The manufacturers ]
have advised that it 1s feaslble to deslgn for an NPSH of
50 to 60 feet, and perhaps as low as 45 feet. However, the
size and cost of the pumps increase, because the reduction
in NPSH reguirement is achleved by lowering the speed and
increasing the impeller size. In the example of the 83,000
gpm pumps cited above, the impeller size would 1lncrease from
30 inches to 40 inches, or more.

¢. Fabrication Problems

Fabrication precblems for these large pumps include the
casing castings and the shafts. From a corrosilon standpolnt,
carbon steel 18 gsatisfactory for the casing, as noted in
Section ITI, C, 2; however, for maximum strength with minimum
welght, and for better casting quallty, a low-alloy steel is
recommended. The shafts are made of a high-alloy high-strength
ateel.

- 65 -




d. Shaft Seals

The shaft seal is an important designh problem for the
heavy~water pumps, but the outlook for a successful design:
is very encouraging. Conslderable progress has beeh made in
deslgn of high pressure rotating face seals by pump manufac-
turers in recent years. Experience with such seals on heavy-
water pumps at Savannah River Plant has been very satisfactory
both for the relatively low pressure, high capaclty pumps Ifor
the productlion reactors and the hlgh pressure, relatively
small (1500 psig, 5000 gpm) HWCTR pumps.

The 4.64-inch-diameter shaft seals on the HWCTR pumps
are of a speclal deslgn developed Jjolntly by the manufacturer
and Du Pont to minimize the effect of pressure on deforma~
tion. A larger version of this seal, having a mldface
dlameter of 10-1/4 inches, has been bullt by the same manu-
facturer and 1s currently being tested by him at 1700 psig
and 1200 rpm. This is belleved to be the largest high-
pressure, face~type seal bullt to date.

Shaft seals for the organic pumps are of conventionagl
stuffing-box deslgn because the pump suctlon pressure is
low. It is necessary to steam Jacket or otherwlse heat the
gtuffing box, and some precautlons are necessary to prevent
water from getting into the organic coolant from this source,

5. STEAM GENERATORS
a. Types and Sizes

Manufacturers of steam generating equipment in the
United States have capabllities for bullding generators
wlth capacities to 900 thermal megawatts, and generating up
to 3-1/2 million pounds of steam per hour. Capabllities of
course vary among the manufacturers, depending on thelr
specific designs and shop facllities. Only those shops which
are able to ship by water would be able to handle the size
mentloned above; fabricators who must ship by rail would be
limited to about two~thirds of thils capacity, or less, for
some desligns.

Four types of unlts suggested by the vendors have been
consldered. Three of these are natural-circulation bollers;
the fourth 1s a once-through forced-clrculation beller. The
natural-circulation units include: (1) a horizontal straight-
tube beoller with molsfure~separating equlpment In the upper
part of the boiler drum; (2) a horizontal stralght-tube
boiler with a separate steam drum gbove the boller drum and
connected to i1t by riser and downcomer plpes; {(3) a vertical
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U-tube boller with molsture~separating equipment in an enlarged
upper section of the same shell. ' '

The last-mentioned type was selected for this study,
primarily because it permits a better arrangement of equlp-
ment in the reactor building than any of the others, with
regpect to minimlzing the size of the bullding and the length
of the primary cocolant pipe lines. This vertlcal U-tube type
of' generator is made by several manufacturers, and many have
been made for nuclear power plants.

For this study we sized three units of this type for the
operating conditions of the heavy-water-cooled reactors.
These are listed in the following table; corresponding infor-
mation 1s glven for the largest units of this type bullt to
date - three units now under constructlon for the Southern
California Edison Company's Camp Pendleton plant. ‘ o

Units for

Units Consildered Sc. Calif.

in Current 3tudy Edison Co.
Capaclty, Mwt 450 600 900 ~500
Steam rate, 10° 1b/hr 1.8 2.4 3.6 2
Design press., pslg - Pri. 2,000 2,000 2,000 2,500
- Sec, 750 750 750 675
Surface area, sgq. ft. 53,000 70,000 106, 000 28,000
Tube size, in. 1/2 1/2 1/2 3/4

Tube pitch, in. 3/4 3/4 3/4 1-1/16 |

No. of tubes 9,000 12,000 18,000 3,800
Heignht, ft. 53 56 S 62 45
I.D., ft. Boiler 10.2 11.6 14 10
Separator - 13.5 15.5 19 12
Weight, {tons 250 330 500 215
Tube material Carbon steel or Inconel - Inconel

b. Fabrication Problems

The principal problems in fabrlcation which limit the
capabilities of the various manufacturers are as follows:

Size: Shells larger than 12 to 14 feet in diameter
cannot be handled by rall and would have to be shipped by
water. Thils would apply to all three unilts consldered in
this study except perhaps the smallest. The slzing of the
separator sectlon 1s somewhat uncertaln.
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Welght: Most shops are limited to a handling capacity
of 250 tone, or less.. One manufacturer currently has a capec=-
1ty of at least 500 tons, and a second is enlarging his
faecillties to have thils capaclty. Water shipment 1s probably
required for welghts over 250 tons, and the largest shops
referred to above are located and equipped for barge loading.

Tube Sheet Thickness: One of the advantages of the
U-tube design of boiler 1s that 1t elimlnates probléms of
differentlial thermal expanslon between the tubes and the
shell. The penalty for this, however, 1s that the tube-
sheet thickness 1s some 70% greater than the tube sheets in
a stralght~tube boller. By TEMA standards, the thicknesses
required for the 450, 600, and 900-Mwt units tabulated above
are about 25, 29, and 35 inches, respectively. These are
only approximations, since the units willl actually be desighed
under the ASME Nuclear Code.

The tube sheets for the units being bullt for Southern
Californis Edilson are 24 inches thick, which is probably the
maximum that has ever been built. The fabrlcatlon problems
with tube sheets of thils thickness are the problem of making
the forgings of satisfactory quallty and the problem of
drilling the tube holes accurately enough to meet the
requirements for minimum llgament between holes. Tolerances
of less than 10 mlls per foot on runout must be maintalned.
With the small slze holesg requilred for the units consldered
in this study, meeting these tolerances 1s even more 4diffl-
cult. Nevertheless, fabricators have expressed the opinion
that 1/2-inch drilling in tube sheets up to 27 or 28 4inches
thick is probably feasible.

We judge that the 450 and 600-Mwt units are feasible in
this regard, and very likely the 900-Mwt unit too, making
allowance for the pozslbilities of reducing the thickness
by use of a high strength alloy and careful stress analysls,
and scme advances 1n the art over a perlcd of time.

Tubge Size: The economical tube slze for steam gen-
erators with heavy water in the tubes is smaller than is
custeomary for light-water-heated units, because of the high
cogt of the heavy water. For example, 1n 1/2—1nch 18-gage
tubes, the value of the heavy water 1is $9 per sguare foot of
heat transfer ares, whereas in 3/4-inch tubes it is $16 per
square foot. An addltional penalty for the larger tubes 1s
incurred because of the heavy water held in the channel.

For an ellipsoidal head, thils can amount to as much as $3/sg
ft differential. A total penalty of about $10/8q ft for
heavy water costs 1s therefore incurred by the use of 3/4-inch
tubes, as compared with 1/2-inch tubes. Therefore there is

- 68 -




a considerable Justlflcatlon for paylng for the extra fabri~
cation costs of 1/2—inch tubes. Manufacturers generally
conglder that'l/éuipch tubes are the smallest practilcal slze
for fabrication‘(becauae.of the tube drilling problem men-
ticned above, welding problems, and others); and not all
manufacturers are wllling to make generators with this small
a tube.

¢. Deslgn Probhlems

The following design consideratlions are pertinent to
these generators. '

Natural Clrculatlion Rate: The recirculation rate in
the beller must be sufflclently high to keep all of the tubes
well wetted 1n order for the unit to function properly and
achleve 1ts design heat transfer rate. A recirculation rate
of at least 5 to 10 .pounds of water per pound of steam gene~
rated i3 nermally desirable. Since units as large as those
under conslderation -have not heen operated, we have no basis
from experience to determine their performance. Nelther are
there any relilable procedures for estimating the performance
by extrapolation from smaller units. However, 1t 1g evident
in a qualitative way that the larger the units (in terms of
heat transfer surface} and the more closely spaced the tubes,
the lower will be the reclrculation rate, other things being
equal. Consequently, there 1is reason for concern regarding
the units under conslderation.

By calculation of the frictlional resistance of the tube
bundle, the recirculation rate 1s found to be adequate, but
such calculations are not very rellable as appllied to this
situation. It appears that 1t will be necessary to make a
hydraulic mockup of the boller to obtaln rellable:information
for deslgn purpeoses. If the elrculation rate turns out to
be 1inadequate, 1t can be remedied in the design by increasing
the tube pltch. This of course aggravates some fabrication
problems mentioned above.

Velcclty in Tubes: The generators should be designed
for the maximum practical veloclty of primary coclant in the
tubes, 1n order to minimize the diameter of the boiler. 1In
general, veloclties may be limlted by pressure drop or by
erosion-corroglon. In the present case, the presgsure 4rops
are very low and nect limiting. With respect to erosion-
corrosion, velocities of 10 to 15 ft/sec are frequently
recommended for carbon steel tubes, with higher velocities
permisslble for alloys such as Inconel. The generators
tabulated above for thils study are all based on a veloclty
of 14 ft/sec. The use of Inconel tubes and a higher veloclty
1s probably Justifiable.

- 69 -




Economizer: An economizer is a heat exchanger in
which boller feed water 1s heated tc or near the boiler
temperature by countercurrent heat exchange with the primary -
coolant leaving the bolléer. When the boller is of ‘the U~tube
design, the economlzer -is necessarily a separate shell. We
have not used an economiZer for the heavy-water-cooled cases .
because of the additional piping and heavy-water holdup.
However, an economlzer effects a savings in the total heat
transfer surface area requlred; and, for the particular
operating conditions considered in this study for the heavy-
water-cooled reactors, this saving iz abnormally great because
of the close approach of the heavy-water temperature to the
beller-water temperature. For any of the three units being
consldered, the additlon of an external economilzer would
decrease the total surface area requlred (boiler plus econ-
omizer) by 17% and would decrease the surface area required
in the boiler itself by 27%. If the operating temperatures
are adlusted to provide a greater approach, as suggested in
Section III, €, 3, the savings an economizer will effect
will be less; nevertheless, the question of its economlc
Justification requires design conslderatlion. A drawback
that has been suggested %o the use of an economizer is that
it has the effect of decreasing the natural cilrculation rate
in the boiller, because the feed water entering the boiller
drum (which 1is added in such a way that 1t mixes with the
recirculating water) 18 at s higher temperature. This
effect, however, has been consldered and seems to be of
negligible practical significance. -

Tube Welding: The integrity of the tube to tube-
sheet welds on steam generators having heavy water in the |
tubes 18 a question of great concern. Careful attention
must be given to this question in the stress analysis,
qualificatlion of welders and welding procedures, and inspec-
tion and testing. Despite all such precautlions, only the
operation of a mockup or prototype unlt will satlsfactorlly
resolve this question.

Separating Sectlon: The steam disengagling area and
molsture separating space In vertical U-tube steam generators
is limited as compared with horizontal bollers, and care must
be exercised to provide efficlent molsture separatlon.

d. Organic Coolant

The same types of steam generators may be considered
for the organic-cooled reactors as for the heavy~water-cooled
reactorg. Horizontal units were ruled out for the same :
reasons of bullding space, 8o only the vertical U-tube and
once-through forced-circulation units were consldered in any >
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detail., Although the U-tube type was selected for this study,
the once-through design also appears to be feasible. In this
design, the lower-pressure organic liquild ls on the shell

side and the water and steam on the tube side. The economizer,
boller, and superheater sections are all in the same shell.
Based on a design concept suggested by one manufacturer, two
once~through forced cirvculation units were roughly slzed, as
follows:

600~-Mwt - 9 £t diameter x 70 ft long
900-Mwt - 11 ft diameter x 70 £t long

The units may alsc be shortened somewhat at the expense of
an Increase in ‘dlameter.

In the case of the U~tube boller design, the high cost
of heavy water is not involved and it is economlcal to provide
an economlzer and a superhester in separate shellg. The
econcmlzer and superheater units are of conventional shell
and tube deslgn afid have no unusual deslgn or fabricating
problems. The problems in connectlon with the bollers are
esgentlally the same as those for the steam generators for
heavy-water reactors, but are in general less severe because
of the lower deslgn pressures lnvolved.

6. PIPING

The economleal plpe veloeity for heavy water is high
because of the high value of heavy water. Optimization 1s
difficult because of ramifled effects on system pressure,
pump design, ete., in the velocity range of interest, and
because of the somewhat indefinite limitations imposed by
factors such as vibration, cavitatlon, ercslon-~corrosicn,
etec. A maximum veloclty of 46 ft/sec was selected by
Judgment . '

Information has been recelved from Hanford of flow loop
tests wlth water in carbon-steel pipe at velocilties of 18,
42, and 86 f£t/sec, which showed no effect of velocity on
corrcsion. The tests were made with deleonized and deoxygenated
water at pH 10, at 295°C, and were run for a duration of
1500 hours.

7. HEQUIPMENT ARRANGEMENT
a. Number of Loops
The most lmportant question to be declded with respect

to the arrangement of primary coolant loop equlpment is the
number of loops to be provided. Thls involves questions of
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rellabllifty of coolling, feasible equipment silzes, costs of
the loops, and economlcal use of bullding aspace. For the
3500-Mwt heavy-watér~cocled reactor we congildered three
cases, each involving one pump and steam generator per loop,
asg follows: : ’

Number of locps o 8 6 4

Pump size, gpm 43,700 58,300 87,500
Steam generator size, Mwt 450 600 00

We declded that four loops i1s the minimum number we
would consider safe from a reliability standpoint, for a
plant of thils large size. As 1t turned out, this also
happens to be the minimum from the standpoint of the maximum
feasible sizes of pumps and steam generatcrs, as brought out
in the discussion in Sections III, C, 4 and III, C, 5.

The total costs of the loops, including equlpment,
piplng, and heavy-water Inventory, should not differ very
much for four, six, or elight loops. Very preliminary infor-
mation indicates that costs for pumps and steam generators
will not decrease slgnificantly as thelr size 1ncreases. The
cost of pipe will probably increase somewhat as the number
of loops decreases, and the heavy-water volume will remain
constant or increase slightly. The only offsetting costs
which might decrease as The number of loops decreases are
costs for instrumentation and valves, and plping installa-
tion costs.

The optimum number of loops, four or more, then depends
mainly on arrangement considerations. Studles showed that,
with allowance for space. requilrements for fuel handling,
eight loops become quite crowded unless they are moved
radlally outward, which lnereases the building size and
heavy-water inventory. 8ix loops, on the cther hand, can be
accommodated around the reactor satisfactorily.

The questions and problems assoclated with the large
steam generators required for a four loop system makes thils
system undeslrable 1n the absence of any cost advantage,
especlally since it i1s not reguired from an arrangement
standpcint. In fact, a four loop system 1s less satisfac-
tory than a six loop system, because of plping flexiblllty
problems.

A s8ix loop system 18 therefore the preferred arrangement
ror the 3500-Mwt heavy-water-cooled reactor. For the 8300-Mwb
heavy-water-cooled reactor, arrangement consilderations
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ungquestionably dictate the use of the largest feasible equip-
ment, and at the present time thils leads to a requirement.

for nine or ten loops, each of which 1s about the sameé size

as the loops in the four loop system for the 3500-Mwt reactor.
Any larger number of loops would create gerlous arrangement
pProblems . i e T b '

For the organic-cooled reactors, these considerations
turn .out in about the same way as for the heavy-water-cocled
reactors, and the same number of loops have been specified
in the reference designs.

b. Deslgn Problems

A number of design problems which affect the arrangement
of the loops are menticned here, not that they affect the
feasibility of the system, but to point out some of the
pessgible alternatives. Most of these questlons have not
been pursued to firm conclusions; so the loop arrangements
described for the reference plants are by nc means thought
to be the best possilble. '

The paramount considerations in respect to loop arrange-
ments are: (1) the loops should be as close to the reactor
and as compact as posslble to minimize the size of the
containment shell and, especizally in the case of the heavy-
water coolant, to minimize the inventory; (2) the arrangement
must provide adequate flexibllity of the pilping to keep
gtresses and reactions within acceptable levels; (3) the
arrangemnent should prcvide adequate access for equlpment
maintenance and replacement.

These obJectives conflict to some extent, and compromlses
must be made. Other secondary consilderations will alsc be
mentloned.

As previously noted, the first consideration led to the
selection of vertical steam generators. Vertlcal pumps also
are preferred, from a cost and weilght standpeoint, but piping
consideraticns lead to consideration of horizontal pumps in
some cases,

Piping flexibility 1s a difficult problem in all cases,
and the arrangements shown for the reference designs are
only marginally adequate in this respect. The problem can
be alleviated considerably by providing pump and steam gene-
rator supports which permit these components to move; but
this is not readily accomplished because of the weights
Involved. It 1s not practical to support the pumps from
the piping, as is sometimes done in other systems, because
of the weight of the motors.
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Conglderation was gilven t0 making provisicn for mainte-
nance on & loop while the reacftor is operating at partial
power on the other loops. Insofar as providing the necessary
gshielding around each loop 18 concerned, this is practical;
however, it is questionable whether the expense of the
shielding is Jjustified. It i1s not shown in cur reference
degigns. Block valves are provlided which permit a loop to
be taken out of service while the others are operating.

We conslder 1t necessary to be able to remove a steam
generater from the bullding and replace 1it, and provisilons
for doing this were made in reference designs. This i1s also
a question requiring further study, particularly for the
heavy-water-cocled reactors, where a separate shleld docr
and a panel 1n the bullding shell is requlred for each unit.

Following our practice for Savannah River Plant reactors,
we considered makling the pump motors accesgible for inspec~-
tion during plant operation, as shown in the reference
designs. For the vertlcal pumps this makes a problem of
access to the pump for disassembly; and for horlzontal pumps
it necessitates a long shaft between the pump and motor.

At present 1t appears preferable to aveld these problems by
putting the motors in the process rooms wlth the pumps and
performing any necessary surveillance by Instrumentation.

Relccating the steam generators at a higher elevation
relative tc the reactor in order to provide natural circu-
lation of the primary coolant in the event of pump fallure
has advantages and should be consldered.

The location ¢f the pumps physically in the bullding and
relative to the steam generators in the flow circuit 1s
determined mainly by NPSH consideratieons. In the case of
the heavy-water-cooled reactors, it is quite difficult to
provide enough NPSH sc that the pumps can be coperated at
full speed when the reactor 1ls depressurlzed; consequently,
a low-speed drive or separate auxiliary pumps must be pro-
vlded for shutdown cooling. We have chosen to use auxlllary
pumps for thils purpose. Under these condltions, the eleva-
tion of the main pumps is not of great Ilmportance, because
more than sufficient NPSH 1s available during operation.

On the other hand, conslderatlion cught to be given to
making it feasible to operate the pumps at normal speed under
any conditiong of reactor pressure. To do this it is neceg-
sary to use larger low-NPSH pumps, to locate them about 100
feet below the pressurizer, and tc make the pressurizer
connection to the loops in the pump suction lines. The last
requirement means that either the pumps must be relocated
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upstream of the steam generators, or c¢ross-connections must
be made between the suction lines, or separate connections

must be made from the pressurizer to the individual loops.

The last two schemes 1increase the heavy-water inventory.

-+In the case of thé organic-cooled system 1t appears
necessary for several reasons to be able to maintailn full
flow with the main pumps and eliminate any external pres-
surization. To accomplish thils, the pumps are located low
in the bullding on the downstream side of the steam genera-
tors, with atmospheric pressure surge tanks at a higher
elevation connected directly to the pump suction lines.

D. Secondary Cooling System

Within the scope of this study we did not consider it
necesgsary to conslider any problems outside the reactor area
except the avallability of large-slize turbine-generators,
which 18 a matter not only of direct lmportance to the
economics of the plant but which has a strong bearing on the
operating condltions selected for the reactor and primary
cooling system.

The largest unlts currently offered by twc maJor United
States manufacturers of such equipment are a tandem-compound,
four-flow, 43" last-stage blade length turbine (TCYF-43") by
che, and a tandem-compound, six-flow, 44" last-stage blade-
length (ISB) turbine (TCHF-4L4") by the other. For 650-psia
saturated steam (from the heavyw-water-ccoled reactor plants),
the first unit has a maximum capabillity of about 675 Mwe
when the exhaust loading 18 approximately 10,000 1b/(hr)(ft%).
This loading constitutes a present-day limlt for exhaust
steam in the "wet" region. The largest generator silze
availlable from this manufacturer 1s 832 MVA. The machine
offered by the second manufacturer has a nominal rating of
1000 Mwe, driving a 1000-Mwe generator.

Thus, one TCO6F-44" machine suffices for the 3500-Mwt
heavy-water cooled reactor, and three for the 8300-Mwt case.
A slightly higher gress thermal effictency (about 1.5%) could
be cbtained by using two and -ur of the smaller TCU4F-43"
machines for these cases, bhut this gain 1s not likely to
outweigh the higher investment which would accompany the
additional machine.

It 18 estimated that one 1000~-Mwe machine would suffice,
for the 3500-Mwt heavy-water-cooled reactor, for steam pres-
sures down to roughly 600 psia; below this pressure, two
machlnes would be required.

- 75 -




For the organlcwcocled regctors at 492-psla superheated
steam, the TCO6F-44" machines are not reccmmended because of
blade strength limitations due to the high temperature and .
lew pressure of the steam. For these cases the TCUR-43"
machines are used. A possible alternative for the 8300-Mwt
case 1s to use six TC4F~38" units instead of five TCAF-43" -
unilts to obtaln a slightly higher efficlency. Here again,
however, the cost of the additional machine probably does
not Jugtify this cholce.

In all cases, the ratings of the machines ag described
in the reference designs have been adjusted by Sargent &
Lundy, Engineers to it the specific plant conditions.

A machine ildentical to the TC4F-43" machine, except
that only one two-flow low pressure element 1s used, 1s now
being bullt for the Bodega Bay nuclear power plant. The
first machine using 43"-long last stage blades by the first
manufacturer will come Into operation this year in a conven-
tleonal steam plant, and the first nuclear application, le,
saturated steam, using 43" LSB will be in the NPR at Hanford.

The first 44" LSB machines by the second manufacturer
wlll be used in the connecticut Yankee and San Onofre nuclear
power plants. Both the Yankee and the Shippingsport nuclear
power plants use turbines with 40" LSB by this manufacturer,
with no major problems to date.

The manufacturers are working on development of larger i
machines having 50" and 52" last-stage blade lengths, =0 an 5
increase in capabilities within the foreseeable future can | L
be expected.

E. Fuel Hondling

NOTE: The fuel handling concepts descrilbed in thils
report involve handling the fuel 1n two or three segments,
to shorten the fuel hahdling machine. However, 1t is likely
that core nuclear conglderations will require the use of
full-lenzgth fuel asgsemblles. This affects the fuel handling
machine and the head rcom required for 1ts operatilon.

Even the most curscory examinaticn of the problems of
designing and bullding a safe and rellable on~power refueling
machine would take us beyond the scope of this study, and we
have therefore limifted ocurselves to suggesting a conceptual
method for fuel handling baged on an adaptation of the type
of fuel handling machine developed by AECL for the Douglas ,
Polnt nuclear power plant.
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The Douglas Point on-~power fuel handling machine 1s
esgentlally completed and has been undergoing tests. An
earlier on-power refueling machine from which the Douglas
Point machine evolved 1s 1in operaticn cn the NPD. In the
first on-power testing of the NPD machine in December 1962,
a heavy-water splll occurred as a result of a snout seal
failure. Design improvements have since been made to prevent
this type of accident. The first guccessful on-power
refueling at NPD cceurred in November 1963. Since then,
on-power refueling has been performed routinely. As of
March 1964, at least thirty fuel transfers have been accom-
plished without incldent. The only problem has been that it
is judged necessary to replace the "Viton B" O-ring seal on
the snout every two or three cycles, whilch affects the fuel
management program to some degree.

Another version of an on-power refueling machine
designed specifically for the Douglas Point reactor has been
developed by Amerlcan Machine & Foundry Company under the
AEC-AECL Cooperative Program. Out-of-reactor operation of
components of thils machine has been demonstrated at Greenwich,
Connectlcut.

The satisfactory progress in development of on-power
refueling by AECL and AM&F 1s very encouraging with respect
to the feagibility of applylng on-iine refueling to the
reactors under study. The differences involved, such as the
vertical arrangement, the use of long fuel assemblles, and
the consideration of organic-ccoling, do not necessarily
make the feasibility look better or worse. Nevertheless,
the differences are there, and despite whatever advantage
may be taken of the accomplishments of AECL and AM&F, the
development of an on~power refueling machine will be the
majJor develcopment effort required for any of the reactors
considered in this report. |

F. Reactor Controf

Reactlvity control problems of large-slze reactors
differ from those for smaller reactors because of flux
flattening requirements and spatial xenon effects. Satis-
factory methods of control of large heavy-water-moderated
reactors have been worked ocut for the Savannah River
production reactors and are appllcable to the power reactors
under congideration. The method depends on providing an
Instrument system that measures spatial power distribution
and a control system capable of adjusting the relative spatlal
power distribution. This system may be under the central
control of a human operator at a conscle or of a process
control computer which receives and analyzes the data from
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the instrument system and feeds hack the appropriaté signals
to the contrel system. Elther method is practleal; the
process control computer may be ecconomically Justifliable for
plants of the sizes under conslderatilon.

1. CONTROL SYSTEM

The control system of the reactor consilsts of control
clusters placed uniformly throughocut the central region of
the reactor core. HEach cluster contalns four or more Indil-
vidual rcds that are used to control the power level and the
power dlstribution. In addition tc these, there 1s a set of
individual rods for safety and shim contrel. The control
clusters are located on regular lattlice positlons, a distance
gufficiently far from adjacent fuel positions such that the
local flux perturbations in adjacent fuel are not severe.
Thus, with a relatively large number cof control positions
spread uniformly over the flat zone, the control poison can
be distributed uniformly without introducing large local
perturbgtions. - ‘ :

2. POWER LEVEL CONTROL

As in all power reactors, control must be maintalned
over the reactor power on a minute~by-minute basis. Due to
the negative prompt coefficlent associated with heating of
the fuel, the reactor will tend to maintaln a constant power
in the zbsence of contrcol-rod movement. To follow changes
in the turblne load 1t is necessary to mecve control rodas to
match the reactor power to the turblne demand and also to
maintain a constant reactor inlet temperature.

3. CONTROL OF THE POWER DISTRIBUTION

In addition to control of the power level, 1t is
desirable to control the power distributlon 1n the cere. In
this way the average power density of the core can be in-
creaged and the reactor size reduced. To achleve these
savings it is necessary to (1) have instruments that measure
the power distribution and (2) have a control system capable
of adjusting the relative power distributlon.

Thermocouples in the outlet lines of each pressure tube
measgure the radial power distribution. Gamma ray detectors
in instrument thimbles In the reasctor core measure the axisal
power distribution at three or more points along the length
of the reactor core. These axlal power monitors are placed
in three or four interstitial positlons in the flat zone.
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With centrol rods placed uniformly throughout the flat
zone of the reactor core, pdsitive control of the power
distribution can be maintained at all times. The ¢ontrol-
rod complement during reactor operation consists of partial
length rods located approximately at the reactor midplane
and other full-length rods elther fully inserted or dipplng
in from the top. The axial power distribution is maintained
by slight movements of the partlal length rods. The radial
distribution is.controlled by the relative movement of the
control rods moved elther individually to trim out local-
perturbations or moved in gangs to adjust the flux distri-
butlion over larger areas.

4, EFFECT OF XENON ON THE POWER DISTRIBUTION

The power dilstributlon of a reactor can be perturbed by
"wandering" xenon, and.the size of this perturbation increases
(1) a8 the thermal flux increases, (2) as the size (in unilts
of the migration area) of the reactor increases, (3) as the
temperature coefflcient increases (becomes more positive or
less negative), and (4) as the magnitude of the initiating
perturbatlion inereases.  There 1s a threshold of instabllity
that ecan be defined in terms of Items 1, 2, and 3 {see
References 46 and 47). When the reactor flux. is above the
threshold value, the power dilstributlon, if left uncontrolled,
wlll osclllate with diverging amplitude; below the threshold
the amplitudeé i damped. In practice, however, the damped
as well as the undamped osc¢lllaticns must be controlled. All
four of the redctors under conslideration are above the thres-
hold for spatial osclilations and can be controlled through
the use of'the detection system for measuring the power
distribution -and: the control syatem for adjusting the power
distribution. :

Experience at Savannah Rlver has shown that the rela-
tively simple methods deseribed in Reference (46) are
adequate for predicting the threshold and the periocd of
ogclllation for xenon instabilitles and that the reactor
instrument and control systems for measuring and controlling
the power dlstributions are adequate.

Tabulated below are thresheold fluxea for the four
reactors. These calculations are based on the "worst"
conditions, ile, the maximum end-of-life flux and a flat
power dlstribution. All of the reactors are unstable with
regpect to axlal, radial, and azimuthal oscillations.
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Goolant = . . - -DgO D0 Organic Organic

Power, Mwt .. 3500 8300 3500 8300
Operating fluxs..:. - : ,
10*n/(em®) (sea) = - 2:5 2.5 1.1 1.1
Threshold Flux;s - :
10 4n/(em®)beec): - -
Axial’ o fiodnloe 0435 - 0.35 0.17 0.17
- Radial ¢ 0.8 0,13 0.4 0.12
Azimuthal: 0.21 0.07 0.17 .07
Doubling: time e :
Axial o owessd Gau, 230 230 23 23
Radial 1200 30 150 16

Azimuthal - 100 16 2k 8

Xenon oscillatlons are set off by reactor nolse that is
present in thesreactors.at all times. In heavy-water-moderated
reactors this nolse ls:of the order of 1-2% in the spatial
power distributien}nghis nelse will set off xenon cscilla-
tions, whiech,.if.left uncontrolled, will continue to grow.
The rate at which this perturbation in the power distribution
grows is given invthe: table 1n terms of the doubling time for
the perturbation.: These doubling times range all the way
from infinlte, when the reactor is at the threshold, to
values of the: order of-sbout 5~1C minutes. For example,
in the most severe.case, which 1s represented by the 8300~
Mwt organic-cooled D0 reactor, a 2% perturbation in the
power distributlon, if uncorrected, would grow to a 4%
perturbation in 8 minutes. These time periocds are long
compared with the-:response time of the reactor control loop,
Including the human or computer operator. Thus, we conclude
that the control of spatial osclllations due to xencn depends
primarily upon the existence of adequate instrument and con- | )
trol systems rather than upon the proximlty of the operating
fluzx to the threshold flux. L

G. Pressure—Volume Control

The primary cooling system for the heavy-water-cooled
reactors requires a pressure-volume control system o protect
it agalnst pressure changes resulting from changes 1in the
volume of water in the system. The volume of water in the
syatem may change due to addlitlion of water by the makeup
pumps or removal through the letdown valves or leakage.

More importantly, the volume may change due to temperature
changes resulting either from a change in reactor power out-
put or a change in the secondary cocling system which affects
the heat transfer rate in the steam generators.
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Control of pressure-volume fluctuations 1nciaental to
normal operation 1s accomplished with a pressurizer vessel,
which acts in the first instance as a surge tank to accommo-
date the change in volume. Two types of pressurizers are in
use: vaporizers and gas pressurizers. Vaporlzers apply
pressure to the system by means of the vapor-pregsure.of the
coclant, which is heated in the vessel with electrilic heaters
to the saturation temperature corresponding to the desired
pressure. (Gas pressurizers use an inert gas tc apply pressure
to the system.

A vaporizer 1s used not only to apply the system pressure
initially, but also to control it. This 1s accomplished by
means of the electric heaters and cold-water sprays in the
vapor space, which ralse or lower the temperature 1in response
to a pressure signal from the vaporizer.

A gas pressurizer, on the other hand, 1s used to apply
the pressure but it does not control pressure directly.
Instead, it maintalns constant pressure through control of
the liguid velume. This is accomplished by adding or with-
drawing water to or from the system in response to a liquid-
level signal from the pressurilzer.

Ligquld level must alsc be contrelled in a vaporizer to
keep the level within the functional limits of the unilt, but
this is incidental to the principal function of the vessel.
Changes 1n water level within the functiconal limlts do not
affect the pressure. In fact, 1n a system with a vaporizer,
pressure fluctuations can only be caused by the actlon of the
vaporizer ltself and 1ts control loop.

In a gas pressurlzer, the pressure changes as the level
changes, but, since the cause of the disturbance is a change
in sysbtem volume (the pressure change 1s an effect), the
control is only on the liquild level, not on the gas pressure.
The gas pressure 1s only adjusted manually when- it is desired
to change the pressure level of the system or to adJust for
accumulation of gas from decomposition or loss by leakage.

If the pressurizer and its control system are deslgned
correctly, the small pressure fluctuations incidental toc i1ts
operation will be of no consequence.

Either type of pressurizer may be used on a pressurized
water system. The merits and drawbacks of each follow from
the foregoing discussion. The gas pressurizer responds more
directly to the original source of the disturbance, but the
vaporlzer probably functions more smcothly. The vaporizer
requires a spray supply system but the gas pressurlzer requires
a gas supply system and, if the gas is helium, probably a gas
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recovery system. The vaporizer reguires steam safety valves
which are & possible source of logs cof coolant whereas a gas
pregsurizer can be deglgned 80 as not to requlre gas relilef
valves. A vaporizer 1s conslderably hotter than the remainder
of the primary coolant system. A gas pressurlzer tends to !
gaturate the system wilth gas, whilch may form gas pockets In . W
other parts of the system on cocl-down. .

Probably the steam safety valves are the prinecipal
drawback for a vaporizer, and the gas handling system for a
gas pressurizer.

To protect the system against volume~pressure fluctua~
tlons too severe for the pressurizer to handle, pressure
relief devices must be provided. Whichever type of pressurizer
is used, liquid relief valves should be used for this pur-
pose, because: (a) they are more effective than gas safety
valves in counterasctlng the coolant volume increase which
causes the pressure rise; (b) they do not produce a hazardous
bolling conditlon in the primary system, as the opening of
a gas safety valve may; and (c) 1t is simpler to ccol and
collect liquid discharge than steam discharge.

H. Heavy—Water and orgonic losses

1. HEAVY-WATER LOSSES

The magnitude of heavy-water losses is a question of
ccngiderable concern with respect to economic feasibllity of
the plants. TFor example, 1In the 3500-Mwt reactor plants, a
loss rate of 100 1b/day correspcnds to a ¢ost penalty on the o
power produced of about 0.1 mill/kw hr; in the 8300-Mwt plants } -
the same penalty is incurred by a 1loss rate of about 230 0
1b/day*. At these levels, the losses are tolerable, but
losses much in excess of these rates would significantly
penalize the plants; consegquently, 1t 1s necessary to assess
the problems of achleving low loss rates. The problems are
of course more serious for the heavy-water-cooled reactors
than for the crganic-ccooled reactors, in which all of the
heavy water ls at low temperature and pressure.

Iosses ¢f heavy water due to radlolytic decomposition,
carry-out with spent fuel, and isotoplc degradation are
easlly controlled and of negligible concern as ccompared with
losses due to leakage from seals and Jolnts of various types.

Achievement of the loss~rate goals must begin with o
development and tegting of Jcints and seals and must be a -
primary consideration 1n all stages of design, equipment
fabrlcation, plant construction, and operation. The )

*Computed at a plant load factor of 80% and a projected 54
heavy-water cost of $20/1b. . &
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development and testing program should be directed towards
selection of suitable designs and testing them for relia-
bility under cyclic temperature and pressure conditions; in
some instances new designs must be developed for specific
purposes. Means for quantitatlve measurement of very small
rates of leakage are essential for this work. See, for
example, ReferenceSA(4l) and (42).

In design, unusual welght should be given to simplifying
gystems, minimizing Joints; providing for leakage collection
from packing, flanges, etc., using welded connections and
seals as much as posslble, and providing vapor recovery
facilities for certain areas. Provision should alsc be made
in design for accurate methods of inventory control, for
leak detectors, and for measurement of heavy-water concen-
trations in water ‘and air streams. In fabrication and field
construction, stringent requirements must be set for quality
control, inSpection and testing of jolnts and seals,
including the ‘gteam generator tube-sheet welds. Some opera-
tional precauﬁidns,'many of which can be simplified and
improved by advance design planning, are noted in Reference
(44} .

Any assessment of expected plant losses at this time is
very difficult and risky. ILeakage tests on valves, seals,
etc., cannot be extrapolated to over-all plant losses. More
useful information may be obtained from actual cperating
experience of heavy-water reactors. The principal sources
of such informatilqn at the present time are the Nuclear
Power Demonstration Réactor (NPD), the Plutonium Recycle
Test Reactor (PRTR), the Heavy Water Components Test Reactor
(HWCTR), and the Savannah River production reactors.

The NPD c¢ontains 132 pressure tube asgemblles, operates
at 1040 psig, and at 82 Mwt. Heavy-water inventory is
28,000 1b in the primary system and 136,000 1b in low pres-
sure systems. It has been 1n operation since January 1562.
Losses from then to October 1963 averaged 40 1b/day. From
May through August 1863, during which period the reactor
was In operation, monthly average losses ranged from 23 to
53 1b/day. The major losses are from numerous small leaks
into the boller-room alr, which 1s discharged to the stack.

The PRTR 1s a TO-Mwt reactor with 85 pressure tubes,
operating at 1050 psig. During initlal power operation of
the plant in late 1961, unrecovered heavy-water lcss rates
were reduced from 200 1lb/day to about 50 1b/day {43).
During April and May 1962, losses were stlll reportedly
averaging 54 1lb/day (44).
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The HWCTR 1s a pressure vessel reactor, rated at 61 Mwt,
which cperates at about 1000 psig. System inventory, mostly
hot and pressurized, is about 70,000 1b. Unreccvered heavy- .
water losses during the first year of .operation (1962-1963)
averaged 25 1lb/day. In late 1963 a systematilc campalgn of
leakage reducticn was put into operation. Losses are cal- .
culated by very detalled inventory procedures and checked
agalngt losses calculated from stack air and boller water
concentrations. Loss rates for a 23-day period in January
1564, averaged 14 1b/day, which. inecluded 5.5 1lb/day through
leaks at steam generator and purge cooler tube to tube-sheet
joints. The unrecovered and unaccounted for losses were

therefore 8.5 1b/day. . ‘ i

Attempts to repalr the HWCTR steam generator leaks by
peening and tube rolling have had only limited success. The
leaks are apparently distributed over numerous tubes and
shift from place to place. For instance, in March 1964,
scap bubble tests on cne of the two steam generators at
400 peig showed 63 leaking welds, which included 20 which
had not leaked on a previous simlliar examilnatiocn, and 14
which had been repaired at the time of the previous examlnation.

The reductlons achieved in the HWCTR loss rates by the
efforts over the past few months are attributed partilally
to tightening of valves, flanges, and other seals where
leakage was detected, and partlally teo improvised c¢olliection
systems. Leakage 1s now collected from the monitor pin
Jointes, the purge cocler head flange, and the packed-stem
valves (which were provided with lantern rings and leak-off
connections). This collected leakage ig not included iIn the | :
loss rate figures. B

The experience of these plants 1llustrates well the
problems involved; at the same time, they are encouraging
a8 to the improvements that can be achleved by sultable
efforts, particularly In the HWCTR.

Higher losses are to be expected in large plants than
in small plants, but not in proportion to reactor size or
gsystem inventory. In many respects the large power reactors
will be more favorable for low loss rates; for example these
small reactors which are operated for research and testing
purposes are shut down and opened more frequently, and have
relatively more connections, samplling polntas, valves, etc.

On the other hand, in some respects the large-slize reactors
compare less favorably; the operating pressure is 70% higher, :
for example, and the pressure-tube end closures, which must %
ke removed and replaced mechanlically for on.power refueling, ;
are a potential source of leakage. Consequently, nc predic- - i
tions should be made from the experience to date of these
reactors.

R e gt
S KR
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The only reactors at all comparable in slze to the power
reagctors under consideration, and for which loss rates are
availlable, are the heavy-water production reactors at Savan-
nah River Plant. ILoss rates per reactor durlng the past year
are in the range of 60 to 80 1b/day. Although these are low-
pressure reactors, much of the water is near the bolling
point and the reactors are more open to the atmosphere than
a power reactor would be. The production reactors are also
shut -down and opened for refuellng much more frequently than
would be the case for power reactors.

When the Douglas Point plant is in operation, 1t may be
possible to arrive at a reasonable idea of the loss rates
to be expected for large power reactors. A much better .
basis for prediction would be obtained from operation . of a
reasonable-gize prototype of the reactors under congideration.

2. ORGANIC LOSSES

Organic losses in the organic-cooled reactors are almost
entirely due to degradatlon from heat and radlation. Loss
rates are estimated at 500 to 1000 lb/hr in the 3500-th
reactor and proportionately higher in the 8300-Mwt reactor.
At a price of,$0.17/1b, the high~silde flgure adds about 0.2
mill/kw hr to the electric-power cost.* These figures are
only approximate, but data are avallable to determine the
cogts reasonably accurately for a speclfilc design., If the
losges are kept to or below thls level, the cost penalty is
not severe. Also, some study has heen made for Piqua of the
econcmics of reclaiming usable material from the high boller
residue by catalytlic hydrocracking, with encouraging results
(40) . 1In large-size power plants, the economics of recovery
should be more favorable.

I. Reactor Containment
1. DESIGN CRITERIA

The problems of reactor containment depend on the plant
site, whilch is not specilfied for thls study. Therefore, we
can conslder this questlion only 1n a general way. For this .
purpcse we have assumed a maximum allcwable leakage rate
from the Contalnment Building of 0.1% of the contents per
day. ©On thils basis, the following site requirements are
gstimated to meet the standards of Title 10, Code of Federal
Regulations, Part 100, 1962, for normal site conditions:

*1t may be noted that this cost increment equals the cost
assoclated with a heavy-water loss of 200 1b/day.
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Reactor power, Mwt 3500 . 8300 -

Minimum execlusion area radlus,

miles 0.5 0.75
Minimum radius of low popula~ ' : :
tion zone, miles . T.5 211 . .

Minimum distance to nearest
population center, miles - 10 15

These flgures are based on conslderation of the data
from reference (48) with the application of what we consider r
to be a conservative factor, 10, for the reduction In the &
escape of 1lodine from the bullding as a result of the action :
of the gpray system and the filter-absorber units. In the
abgence of any specific site information, such criteria
appear to be reasonable. ' '

A maximum permissible leak rate of 0.1% per day permits
the use of a "standard" steel containment shell design, which
proved to be capable of achileving leak rates less than this;
for example, Yankee Atomic Power Plant (125-foot~diameter
sphere, 34.5-psig design pressure), Indlan Point (160-foot-
dlameter sphere, 25-psig design pressure), and Dresden (190-
foot-diameter sphere, 29.5-psig design pressure) have all
achieved lower rates. In princilple, at least, a given leak
rate expressed as percent per day should be more easily
achlevable the larger the wvessel.

The desglgn pressure and volume of the containment shell
depend on the quantlty of stored energy which 1s assumed to
be released to the building for design purposes. For this }
purpcse, in the case of the heavy-water-cocled reactors, it
is assumed that the entlre contents of the primary cooling
system and the contents of the secondary side of one steam
generator are released tc the bullding wlth steam flashing
to egquilibrium. In the case of the organlc-cocled reactors,
the same event 1s assumed to .take place, and, additionally,
1t 1s assumed that Just enough water is avallable (from
rupture of the shleld or moderator systems, for example) to
produce saturated steam by contact with the hot organile
material, with no liquld water left over.

It 18 assumed that the cause of this accildent may be
& complete break of a main primary cocling pipe. In such
a case, the pressure bullds up s8¢ rapldly that loss of
heat to the bullding structure or to the environment 1is
negligible before the maximum pressure 1s reached; there-
fore, such losses are not consldered In computing the
deslgn pressure. It is also assumed that in this short time .
(less than a minute) the spray system has not been actuated. &
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The inclusion of the contents of the secondary side of a
steam generator in thée incident is based on the supposition
that the primary system fallure may result in rupture of a
steam generator or steam piping by missiles or equipment
dislocation, but that this could not happen tec more than one
unit. Another possible causge leading to the same result is
a fallure of one or more steam generator tubes, causing
excesglive pressure on the secondary elde which is then dis-
charged into the bullding through the safety wvalves.

2. SHELL DESIGN

On these assumptions, the internal design pressure for
contalnment bulldings for heavy-water-cooled reactors is:

. 5.5
P.= T706(V/w) + 1.86

and for organic-cocled reactors is:

_ul! -39 + 0.95 Vg
P = 13V wg) + 0.83

In these formulas, p 1s the bulldlng internal design pressure
in psig; V is the free veolume of the building in cubic feet;
w 1s the mass of hot water in the primary system and the
secondary side of one steam generator, in pounds; u 1s the
welghted initial internal energy of thls water, in pcu/1Db;

ws 1s the mass of hot organic liquid in the system, in
pounds; u' = ug + (Wp/wWo) (up -~ up); Uy 1s the initial
internal energy of the hot organic liquid, in pcu/lb; wp is
the mass of water on the secondary side of one steam generator,
in pounde; up ls its Inltlal energy in peu/ib; and uy 18 the
initial internal energy of the additional water filashed by
the organic material, in pcu/lb. The formulas are valid
from about 10 to 25 psig.

Any combination of building volume and design pressure
corresponding to these formulas will satisfy the assumed
containment requiremente; as the building size is decreased,
the pressure and shell thickness both Inerease. The minimum
practical building size 18 the most economical, except that
if the shell thickness exceeds 1-1/2 inches {for the materials
used fer thils construction), the cost increases because of
ASME Nuclear Code requirements for stress rellef of fileld
welds in such shells. Consequently, the size selected 1s
elther the size dictated by this shell thickness or the
minimum size permitted by the equipment arrangement, which-
ever 1is larger. Since spherical shells of a glven size and
pressure require a lesger shell thickness than cylindrical
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shells, a spherical shell may be smaller and more economical
than a c¢ylindrical shell 1f the equipment arrangement permits.
Generally speaking, as the power rating of a reactor increases,
the economlcal contalnment size (1e, the size for which the
shell thickness 18 1-1/2 inches) increases faster than the
8ize requlred tc house the equipment; for small reactors the
building size is generally dictated by equipment arrangement
and only for very large reactors by the contalnment require-
ments.. ‘

Cylindrical shells, wilth an ellipsclidal base and hemi~
spherical dome, and spherlcal shells were considered for
reactor contalnment. 1In all four cases the size of a
cylindrical shell dictated by the 1-1/2-inch shell thickness
exceeds the glze required to house the equipment satisfac-
torily; consequently, & spherlcal shell is smaller and meore
economical. The spherical shell does not appear to create
serlous arrangement problems. With the present equipment
arrangement, the spherical shell diameters regqulred to house
the equipment (250 ft and 350 ft for 3500 and 8300-Mwt
reactors, respectively) are larger than the eccnomilcal con-
tainment sizes, which are 200 ft for the 3500~Mwt reactors,
and about 310 ft for the 8300-Mwt reactors. Consequently,
more efficient equipment arrangements will in all four cases
permlt economies to be made in the slze and cost of the
containment shells.

External live lcadings as well as Internal pressure muat
be considered in the design of large containment spheres.
For deslgn purpcses we aggsumed maximum wind loads and snow
loads of 30 1b/éq ft each, superimposed. On this basls, the
gshell thickness for the 3500-Mwt reactors 18 controlled by
Internal pressure and for the 8300-Mwt reactors by external
loading, the cross-over point being about 6000 Mwt.: The
external loadling requlres a shell thickness of l-l/@ Inches
ffor a 350-foot diameter sphere; consequently, this l1s about
the largest size (for the assumed design loading) that can be
built with an unstiffened shell, if the l~l/?-inch plate
thickness 1limit is adhered to. However, larger spheres can
be bullt by providing stiffening rings for additicnal
support, and we do not see any practical 1limit to the slze
of sphere that can be bullt or the size of reactor that can
be accommecdated in this type of structure.

No unusual design or constructlon problems are foreseen
with respect to the containment shells.
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3. SPRAY AND HEAT REMOVAL SYSTEM

After the maximum pressure due tc release of coolant to
the bullding has been reached, the pressure will tend to rise
slowly because of release of decay heat from fuel. However,
the flow of heat into the bulldling gtructure will more than
comperigate for thils, sco that actually the pressure will fall
very slowly after the initlal inecident, until an equilibrium
18 reached. The spray and heat removal system, which 1s
slzed for a heat removal capacity equal to the rate of decay
heat 10 mlnutes after reactor shutdown, permlits decreasing
the pressure more rapldly; roughly, 1t will reduce the gage
pressure by half in 20 minutes.

4. ORGANIC FIRES

Crzanle fires are not taken intc account in calculating
the design pressure of the contalnment bullding because it
is not credible that a flre could generate pressure at such
a rate that the spray system could not cope wilth 1t. In the
3500-Mwt case, a fire that consumed all of the oxygen in the
contalnment bullding would burn about 33,000 1lb of the organlc
material, or 2.3% of the hot inventory. The heat from thils
fire added to the sensible heat 1nitially in the crganle
would theoretically generate a total bullding pressure of
59 psig, or 2.4 times design pressure, 1f gll the heat were
applied to flashlng water to steam. Actually, because of
the relatively slow rate at which this heat 1s generafted, the
peak pressure would be less than this, and if the spray
system were operating, the pressure would nct rise above the
design pregsure unless the entire conflagration tocok place |
wilthin 15 minutes, le, a combustion rate in excegs of 2000
1b/min. For example, 1f the entire 33,000 1b of organic
were consumed in 10 minutes, a maximum pressure of 31 psig
(25% over deslgn pressure) would be reached (with the sprays
operating) .

The heat from an organic fire ccould cause a fallure of
the containment shell if gpplied directly toc 1t. However,
the shell 1s lined on the inside with at least 3 ft of
concrete up to 30 £t above the equator (for structural
reagsons). All of the hot process equipment 1s below this
level and covered with a thick concrete ghielding floor.
Therefore, any major organic fire would be confined to the
lower part of the bullding, where the shell 1s protected
from 1t by the concrete. Under these condltions it 18 highly
unlikely that the steel shell would be damaged by the heat
from the fire.
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The containment bulldings for the organic-cooled cases
will be provided wlth a pressurized fog-nozzle system in
appropriate areas for quenching organic fires. Special pre-
cautions willl be required with respect to pilpes and conduits
which penetrate the contalnment building (eg, cooling water
lines and electrical condults) to prevent the possibility
of a contalnment breach resulting from rupture of such a
line by heat from an organic fire.

J. Conclusions

1. CAPACITY LIMITS

It 1s technlcally feaslble to construct heavy-water-
moderated pressure tube reactors up to at least 8300-Mwt
capacity, based on elther heavy-water or organic coolants.

The reactor structure 1ltself has no well-defined size
limitation, although of course the problems of fabricating
and installing huge calandrla and shield structures and
the numerous coolant inlet and outlet pipes become pro-
gresalvely more difflcult as the slze increases. These
problems would eventually impose a practical limlt at some
glze beyond the range considered in this study.

The significant components that have capacity limita-
tions and require multiple units to achleve the plant
capacity are the steam generators and pumps in the primary
cooling loops, the turbine-generators, and the fuecl handliing
equipment. Current technology'probably limits the size of
the primary cooling loops to about 600 to 900 Mwt, and
S00 Mwt appears to be an upper limit for the foreseeable
future. Turbine-generators are currently limited to 1000
Mwe, but increages in capabilltles durlng the next decade
are foreseeable. On~power refueling machlnes are probably
limited by thelr speed of operation to a capacity (very
roughly) of 5000 Mwt per machine.

The principal limitation on the capaclty of a reactor
system 1s the space problem of arranging the ccoling loops
and refueling equipment around a central reactor 1In an
efficient manner. This problem probably sets a practical
limit to the capaclty of heavy-water-coocled reactors on
the order of 10,000 Mwt, based on ten or eleven loops and
two fuel handling machines. Organlic-cooled reactors should
have a somewhat higher 1limilt.
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2. TECHNOLOGICAL STATUS

Nearly all parts of any of the four plants could be built
with only rather modest engineering development efforts to
advance current manufacturing and conatruction capabilities.
The areas requlring the greatest amount of. development work
are the fuel handling machine, the pressure tube assemblles,
and leaktight Jjoints and seals. Of these three items, the
first involves the greatest expendliture of time and money,
but the latter two are no less Important to the success of
the plant. BSeal development 1is somewhat less critical for
organlc~cooled than for heavy-water-cooled reactors because
of the lower cost, lower pressure, and lower vapor pressure
of the organic ccolant and the lcower pressure and tempera-
ture of the heavy water in these plants.

Of the three maJor areas of development work, only the
fuel handling machine is assoclated particularly with large
reactors. Work in the other two areas is required for any
reasonable size of heavy-water power reactor that might be
built, cf the type we have proposed. The first such reactor
to be buillt would presumably be smaller than those considered
in thils study, so that these areas of technology would be
consliderably advanced over the present state before design
and construction of a 3500-Mwt or larger reactor would be
undertaken.

To compare the technologleal status of heavy-water-cooled
and organic-cooled reactors, the former are substantlally
ahead with respect to fuel development, pressure tube develop-
ment, and coolant technology. In all cther important respects, }
however, the technology required to design and bulld an
organic-ccoled reactor plant 1s as far advanced as for a
heavy-water-cooled reactor plant, and In many respects, the
problems are simpler because of the lower design pressure.

Although fuel design is outside the scope of this study,
1t should be noted that one of the most important technical
factors which affect the design and cost of the plant 1a the
maximum allowable surface temperature of the fuel cladding
used for design purpcses. This is true both for the heavy-
water-cooled and the organic-cooled reactors. Any Ilncrease
in this temperature limit permits a more economlical plant
design.

3. SAFETY

The large sizes of the reactors under ccnglderation '
impose no unusual salety problems except 1in respect tc on~-
power fuel handling. There 1s adequate background of
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experience to ensure reactor controllabllity. Standard steel-
shell centainment is feasible for any size reactor that might
be bullt, and additlonal contalnment protectlon could be
provided, if required..

Pressure tube.feactors have thelr specific safety
problemg a8 do other types; a major one in thig case 1s the.
integrity of the pressure- tube assemblles.

The hazards of onganic fires in fhis type of reactor
are nct Jjudged to be partlcularly severe, and can be coped
with by normal. industrisl methods.

4. COSTS .

Although no attempt was made 1n this study to evaluate
costs, certaln preliminary conclusions regarding cost trends
may be drawn. .Insofar as the reactor system ls concerned
{the reasctor and its auxiliary equipment and facilities
including the containment buillding), unit capital costs will
decline only slightly as the plant size increases In the
range we are considering, because, for most of the major
equipment, the cost will be almost directly proportional to
power level. This appears to be true for the reactor
structure, Including the pressure tubes, for the primary
coolant lcops, as noted in Section III, ¢, 7a, and, in a
stepwlse manner, for fuel handling equipment. The costs
of the reactor building shell and intericr structures, and
the heavy-water inventory, alsc seem to Increase in direct
proportlion to the power level.

Therefore, contrlbutions tc decreased unilt capltal cost
as the deslgn power level increases must come malnly from
minor auxlliary facilifles or from whatever consfruction
eccnomles are obtainable by a larger scale of constructlon
activity.

This conclusion 1s not incompatible with reductions in
unit costs which mlght occur because the larger plants are
buillt after the smaller plants and can take advantage of
technological advances.

5. FEASIBILITY QUESTIONS

The major areas of uncertainty with respect to over-all
plant feasibility are the following:

Capital costs

Heavy-water losses

Pressure tube rellabllity and safety
On~-power refueling reliability and safety.

o 0 Q0 O
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As noted, cost evaluatlon was cutslde the sccpe of thils
study. On the other three iltems, firm conclusions will not
be posslble untll experience is obtained from the operation
of prototype plants; however, the limited experience avall-
able to date 1ls encouraging with respect to all three ltems.

In a somewhat different category are questlons which
relate to the plant locatlon, which is not specified. The
mest. important questions are the isolation and containment
reguirements and the ablllty tc transport large components
to the plant site by water. The answer to the latter ques-
tion will very likely be affirmative because of the large
requlrements for condenser water. It should also be noted
that the need for on-power refueling will depend considerably
on the ubtility network into which the plant 1s incorporated.
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TABLE 1. DESIGN PARAMETERS FOR HEAVY-WATER-MCDERATED REACTORS

Primary Coolant . D0 Dz 0 QRGANIC ORGANIC
Thermal Power to Coolant, Mwt 3500 8300 3500 8300
Fuel
Material UCs U0s uc ue
Initial enrichment, % 235U 1.2 1.2 - 1.2 1.2
Fuel density, % of theoretical 92 92
Wt of fuel, 1b/Tt U0, or UC 20 20 27 27
Cladding Zr=2 Zr-2 SAFP SAP
Cladding- thickness, inches 0.020 0.080 0.020 0.020
Geometry (see fig, no.) 6 33 o2 22
Heat rating limit [kdé, watts/cm 40 40
Cladding surface temp limit, 9% 330 330 470 470
Max [kdg, tube 1, watts/em 30 30
Max [kd6, tubes 2 and 3, watts/em 40 40
Mex fuel temp, °C ~1750 ~1750
Max cladding temp, °C 330 330 o 470
Max heat flux, veu/{hr)(ft®) 500,000 500,000 300, 000 300,000
Mex coclant velocity, ft/sec 4g 49 58.8 58
- Minimum burnout sefety factor 1.7 1.7 1.7 1.7
Core Geometry
Number of fuel positions - 516 1258 &0k 1360
Number of eontrol rod pesitions 37 89 37 81
Number of interstitiel safety rod
pogitions ) 40 80 4Q 80
Dia, core and reflector, inches 303 454 305 436
Core diameter, inches 266 n1lh 265 396
Flat zone diameter, inches 150 240 168 286
Core length, feet . 15 15 20 20
Lattice pitch (square), inches 10 10 9.25 g.25
Radial reflector (Dy0), inches 20 20 20 20
Axial reflector (D,0), inches zh 2k 24 24
Core, Thermal and Hydraulie
Power to coolant, Mwt 3500 8300 3500 8300
Power to moderator, Mwt lig 337 143 340
Total filssilon power, Mwt 3642 8637 3643 B640
Fuel inventory, metric tons U 63 151 142 317
Avg specific power, Mwt/metric ton U 54 54 25 27
Avg power of flat zone assembly, Mwt 7.5 7.5
Max assembly power, Mwt 9.5 9.5 T.77 7.66 ‘
Average fusl exposure, MWD/metric
ton U 16,000 15,000 15,800 16,700
Inlet temperature, 2C 267 287 280 280
: Mixed outlet temperature, ¢ 304 304 380 380
Maximum outlet temperature, °C 32¢ 320
Coclant inlet flow, gpm 350, 000 830,000 280,000 £60,000
Average T1oW per assembly, gpm 680 660 462 485
Maximum flow per assembly, gpm 713 713 - 616 607
Primary Coolant System
Coolant D20 D,0 Santowax-Ri®) santowax-a(P’
Design pressure, psig 2,000 2,000 350 $G0
Reactor inlet temperature, °C 267 267 280 280
Reactor outlet temperature, °¢ 304 304 380 380
motal flow, gpm (at reactor ‘inlet) 350, 000 830,000 280,000 660, 000
Number of loops 6 10 & 10
Number of pumps 6 10 6 10 :
Number of steam generators 6 10 6 10 "
Pressure drops, ft ;
Fuel 110 304
Pressure tube extensions and muffs 50 5G
Inlet and outlet pipilng and headers 173 130 <
Main piping 144 5l O
Steam generators 53 29 1
Total 530 550 687 753
Piping material c/stl ¢/8t1 c/8tl c/stl
Main plping, 0D, inches 28 35 36 42 :
Inlet and outlet piping 0D, inches 3-1/2 3-1/2 3-1/2 3-1/2 e
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TABLE T, DESIGN PARAMETFERS FOR HEAVY-WATER-MODERATED REACTORS ;CDn-"tz'.l

Primary Coolant D0 Da0 ORGANIC =~ - ORGANIC

Thermal Power to Coolant, Mwt 3500 8360 3500 .. ... 8300
Primary Coolant Pumps {each) . L Vo @
Flow, gpm 58,300 83,000 46,700 - - 66,000
Total dynamic head, ft 530 550 687 © 783
Brake horsepower 10,000 15,000 9,000 14,000
Pressure Tubes S ER ‘
Material Zr-2 Zr-Kb Zr-2(%) Czy-2(7)
25% C.W. ' ST -
Geometry {see fig. Wo.} ‘ 5, & 5, 33 S 21, 220 o Tpl, 22 ;
Design temperature, °C 320 320 380 . 380 T
Design pressure, psig 2,000 2,000 350 e 400 b
Design stress(3!, pel 16,400 26,000 14,300 © 014,300 T
Steam Generators (each) ) ) ‘
Heat load, 10% pcu/hr superheater - - 0.16 0.22
boiler 1.12 1.59 0,84 1.19
sconomizer - - 0,12 0.18
total l.12 1.59 1.12 - 1.59
Heat transfer surface, sq £t
superheater - - 20,400 29,000
bvoiler 70, 600 100,000 35,600 51,800
economizer - - T,70C 11,000
total 70, 600 100,000 €3,700 91,800
Primary coolant temp, °¢ inlet 304 304 380 - 380
outlet 266 266 279 279
Secondary slde temp, °C inlet 198 198 195 195
boller 260 260 243 243
exit 260 260 359 359
exit condition Sat. Sat. 5.H. 3.H.
Secondary side boller pressure, psig 665 665 503 503
Materizls - primary side Inconel{?} Inconel(?) Steel Steel
secondary slde Steel Steel Steel Steel .
Turbine Generators
Number of units 1 3 2 5 v
Type TCHF-h4 " TCEF-44" TChF-43" TCUF-43" L
Total steam flow, 10% 1b/hr 14,3 34,0 13.1 28.5 ] RS
Throttle pressure, psig 635 635 477 by I
Throttle temperature, °¢ 257 257 358 358 L
. Condenser pressure, 1ln. Hg abs 1.5 1.5 1.5 . 1.5
Gross electrlc generation, Mwe 1084 2490 1240 2950
Containment Vessel
Shape Sphere Sphere Sphere Sphere
Diameter, feet 250 350 250 350 .
Plate thickness, inches 1-1/% 1-1/2 1-1/4 1-1/2
Material A201B AZ01B AZ01B AROIR
Internal design pressure, psig 25.0 194 24.8 15.5
External loading, psf 6C 60 €0 60 a
Design temperature, °C 110 102 110 95
Total volume, 1C% cu ft 8,19 22.5 8.19 22.5 .
Free velume, 10% cu ft 6.1 18 6.1 18
Inventories, Tons :
Heavy water - hot pressurized 412 905 - -
cold 351 765 284 738
total 763 1670 384 738
Organic - - 720 1250

{a iDesign Strese Intensity Sm per ASME Nuclear Ceode,
(b)Trademark of the Monsanto Chemical Company .
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TABLE 2, PROPERTIES OF "SANTOWAX-R"*

(Taken from Atomics International Report NAA-SR-Memo-3223, "The
Properties of Santowax-R (Mixed Terphenyl Isomers) as Organic

Moderator-Coolant” ).

Temperature, °C 28

High boiler residue (HBR) %

Density, g/em®

Viscosity, cp

Heat capacity, peu/(1b)(°C)

Thermal conductivity,
peu/{hr )} (££)(°C)

Vapor pressure, psia

High boiler residue (HBR) %
Melting point - initial, °C
- final, °C
Heat of combustion, peu/lb
Ignition temp of dust eloud, °C
Minimum explosive concentratlon
in air, oz/ft® _
Radiolytic decomposition rates:
Ggas, molecules of gas per
100 ev at 3509
Gp, molecules of HBR formed
per 100 ev in temperature
range of 280 to 380°C
Pyrolytic decomposition rate
in sbsence of air at 380°C,
wt % HBR formed per hr

*Trademark of the Monsantc Chemliceal

0 280
0} 30
0.914 0.934
0.40 0.95
C.h21 0.500
0.0677 0.0677
2 2
0
109
155
9600
€20
0.035
0,011
0.1%4
2 x 10-8
Company.

101 -

380
o
0.819
0.25
0.5k

0.063
15

30
112

136
9600

0.003

0.08

380
30
0.857
0.47
0.516

0.063
16

e
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FIGURE 22
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FIGURE 29 .
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$ = Slope at Edge - inches per foot

FIGURE 30
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FIGURE 31
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FIGURE 32
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" FIGURE 33
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