955¢4 1"

DP - 520

REACTORS - POWER
(TIC-4500, 15th Ed.)

HEAVY- WATER- MODERATED POWER REACTORS
ENGINEERING AND ECONOMIC EVALUATIONS

Yolume | - Engineering Studies and Technical Data
by

E. I. du Pont de Nemcurs & Co.
Engineering Department - Desigh Division

Dacember 1960

Issued by

E. I. du Pont de Nemours & Co.
Explosives Department - Atomic Energy Division
Technical Division - Wilmington, Delaware

Printed by Savannah River Laboratory for

The United States Atomic Energy Commission
Contract AT(07-2)-1

RECORDS ADMINIST

HllfllllllllllllIlllllllllIWHIIVIIIIIIIMIIII




ABSTRACT

Thils report 1s the second of two volumes that present the results of
prelliminary design and evaluation studles of varlous concepts of a
power reactor that 1s moderated by heavy water and fueled with natural
uranium. Twenty-nine conceptual deslgns were developed for reactors
ranging in capacity from 100 eMW to 460 eMW. Desligns were prepared
for hot- and cold-moderator reactors of the pressure vessel type, with
ligquid D50, bolling Dz0, D0 steam, and hellum as coclants. Also
studied were cold-moderator pressure tube reactors cooled wilith liquid
D20 and boliling DzC. The report includes the results of englneering
studies of the reactor systems, electrical generatlon facilities, and
auxillary equipment. Seventeen of the reactor concepts were included
in the economlc survey reported in Volume I (DP-510).
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HEAVY - WATER-MODERATED POWER REACTORS
ENGINEERING AND ECONOMIC EVALUATIONS

Volume 1l - Engineering Studies and Technical Dato

INTRODUCTION

A study of the technology of heavy-water-moderated power reactors was
undertaken by the du Pont Company in November 1956 at the request of
the Atomic Energy Commission (AEC). This study was a Joint effort of
the Atomic Energy Division (AED) of the Explosives Department and the
Englneering Department. The cver-all study was under the direction of
the Technical Divislon of the AED.

This report 1s the second of two volumes that present the results of
engineering and econcmic studies that were completed in mid-195G.

Volume I (DP-510) summarizes the studies as a whole, presents the
results of the economic evaluatlons, and contains condensed descriptions
ef the plant conceptes for which the evaluations were made. The present
report contains more detailled descriptions of the plant designs,
together with the results of related engineering studles.

SUMMARY

Twenty-nine conceptual deslgns were developed for varlous types of
nuclear power plants 1n which the reactor is moderated by heavy water

and fueled with natural uranium. The design capaclties vary from

100 to 460 eMW. The design concepts include pressure vessel reactors
that are cooled by liguid Dp0, boiling D20, helium, and Dz0 steam;

also, pressure tube reactors that are cooled by liquid D20 and boiling
D»C. Uranium metal was the postulated fuel in all of the design concepts.

Results are also presented for the various englneering studies that
were performed in conjunction with the selection of some of the major
features of the reactor and station concepts. These studies included
the following topics: (1) design stress for Zircaloy pressure tubes,
(2) methods of insulating the moderator from the coolant, {(3) control
and safety rod requirements, (4) reactor instrumentation, (%) turbine
cycle efficiencies, and (6) capital costs of electrical generation
facilities.
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DISCUSSION :
A. OBJECTIVES AND SCOPE OF STUDY

1. COURSE OF STUDY

The initlal objective of the study, as specified by the AEC, was to
establish the technology of a 100-eMW Dz0-moderated power plant that
could be in service by July 1962. Conslderation of the design and
construction schedule required to meet thls target date made it

apparent that little tlme would be available for research and development
and that maximum use must be made of iInformation already avallable.

Attentlion was focused first on liquild-D:0-cooled pressure vessel reactors
in which the moderator would be at a temperature of about 200°C (a "hot"
moderator reactor). A conceptual design was established for a 100-eMW
power plant 1ncorporating a reactor of this type. This concept, Case

1B, was developed more fully than any succeeding concept and was

utilized as a reference deslgn throughout the study. The internal
construction of pressure vessel reactors with hot moderator 1s

relatively simple because the same flow of Dz0 serves in turn as
moderator and fuel cooclant. Because of the experience gained from the
design and operatlon of the Savannah River production reactors, knowledge
of the physlcs and heat transfer characteristies of liquid-ccoled .
lattices was more advanced than that of latfices cecoled wilth gas, steam,
or boiling Dz0. At this time, toc, the fabricatlon requirements and
material limitatlons were much better understood for pressure vessel
reactors than for reactors containing pressure tubes.

As the study progressed, alternative ligquid-DzO-cooled reactors of
100-eMW capacity were investigated as candidates for early construction.
These included pressure vessel reactors with cold moderator and pressure
tube reactors. Because the auxlllary systems for these resactors would
differ 1little from corresponding equipment in Case 1B, study was concen-
trated on thelr structural problems. Concurrently, conceptual designs
were developed for a gas-cooled reactor and for a Dz0-steam-cooled
reactor of 100-eMW capacity.

The 1962 target date for plant completion was relaxed by the AEC in
June 1958, thereby permitting conslderation of reactors having research
and development requirements greater than were permissible under the p
1962 schedule limltations. At this time, study of boiling-D,0-cooled .
reactors was Initiated and the economic survey reported in Volume I

(DP-510) was undertaken.

The first phase of the economlc survey compared the cost of power from
100-eMW generating stations employing various types of DsaO-moderated
reactors. The second phase explored the relationship between power cost
and station capacity for selected reactor types.

- 12 -



2. SCOPE

During the course of the study, conceptual designs were prepared for
twenty-nine individual reactors. Elghteen of these reactors were
incorporated 1n generating statlion concepts, data for which are listed
in Tables I and II. Included are three series of 100- to 460-eMW
concepts, as follows:

B Series, Liguid-Ds0-cooled, hot moderatcr pressure vessel reactors
at capacities of 100, 200, 300, and 300 eMW.

D Series, Liquid-D:0-cooled, cold moderator pressure tube reactors at
capacities of 100, 200, 300, and 460 eMw.

K Beries, Bolling-Dz0-cooled, cold moderator pressure tube reactors at
capacities of 100, 200, 300, and 430 eMw.

Six addltional 100-eMW cases are included:

Case 1A, Liguid-Dz0-cooled, hot moderator, pressure vessel reactor.
In contrast with B series reactors, there are no housing tubes
surrcunding the fuel assembllies; the c¢lad fuel is in direct contact
with the mcderator. Case 1A was not 1Included in the economlc survey.

Case 1C, Liquid-Ds0-cooled, cold moderator pressure vessel reactor.
Case 1J, Boiling-D=0-cooled, hot moderator pressure vessel reactor.

Case 1K, Boiling-Do0-cooled, cold moderator bayonet pressure tube
reactor.

Case 1G, Helium-cocled, cold moderator pressure vessel reactor.

Case PH, Dp0-steam-cooled, cold moderator pressure vessel reactor.

The eleven remalining reactors were developed as alternative mechanical
concepts of the pressure vessel and pressure tube types and are based
on design parameters similar to Cases 1C and 1D, respectively.

In addition to the development of specific reactor concepts, studies
of general appllcability were made of reactor deslgn features,
auxlliary systems, and electrical generating facllities. The results

of these studies are presented in Sections H to M, inclusilve.

Neither thils report nor Volume I contalns detalled information on the
research and development program which is sti1ll in progress. Excluded
1s the work on experimental physlics, heat transfer burnout, fuel
fabrication and testing, and on the Heavy Water Components Test Reactor
(HWCTR), which is being constructed at the Savannah River Plant (SRP).
Progress 1in these areas, as well as summarles of the engineering and
economic evaluations discussed in Volume I and Veolume II, has been
reported in progress reports!*™*7! and other publications(t9727)  1p
March 1960, the status of the development program on DxO-moderated
power reactors was reviewed in DP-480¢ 187,
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7. DESIGN CRITERIA

a. Fuel

For all cases 1t was assumed that the reactor fuel 1s natural uranium
metal alloyed with 2% by weight of zireconium. Metallle uranium, rather
than uranlum oxide, was given primary emphasis in the fuel development
program because of the higher nuclear reactivity of the metal and its
potentlally lower fabrication cost., A secondary program almed at the
development of a low-cost oxide fuel element was also instituted.
Conversion cof these designs to utllize oxide fuel 1is feasible, but would
require a general Increase in core size to compensate for less favorable
physles and heat transfer propertlies. Mechanlcal aspects of reactor
deslign, however, would be similar and the facilitles outside the reactor
could be l1ldentical to those 1in metal-fueled systems.

With the exceptlon of the gas-cooled and steam-cooled reactors, all
utilize tubular fuel elements clad with Zircaloy-2. A fuel assembly
conslsts of 1 to U4 concentric tubes, each having an active length of

15 ft. Thin-walled multiple tubes are required in the higher capacity
reactors to provide suffilcient heat transfer surface and fo avold
excessive fuel temperatures. The gas- and steam-cooled reactor designs
are based on fuel assemblles consisting of bundles of twisted ribbons
of natural uranium metal. In the gas-cooled concept, the ribhons are
clad with Zircaloy; 1In the steam-cooled concept, the cladding material
is stainless steel.

b. Physics

The nuclear parameters of the liguld-Ds0C-cooled reactors and the
bolling Dz0 reactors were calculated by methods developed at the
Savannah River Laboratory‘zl}. These methods are based in part on an
experimental survey of natural uranium lattices in Dz0., The results
of this experimental work have been published in progress reports(J_E)
and elsewhere'22723,27]  The nuclear parameters of the gas- and
steam-cooled reactor concepts are based on experimental measurements
of’ buckling Iin gas-cooled lattices and on the calculatlion methods
described in reference reportsf3’24).

The nuclear parameters and calculated fuel burnups for the 18 station
concepts are summarized in Table II, along with the dimensicnal
information on the fuel assemblies and lattices. These parameters and
dimensions were used in the engineering and cost studles, although the
lattice spacings and fuel assembly designs are not necessarily optimum :
for any particular concept. Further experimental information on-

concentric tubular fuel lattices is required to determine the optimum

core designs. Experimental programs to provide the necessary Information
are under way ({(see Volume I). -

~ 4 -
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¢. Thermal Conditlions

Most of the reactor concepts were designed for operation at relatively
low coolant pressure and temperature. An inlet pressure of 800 psilg
and an inlet temperature of 210°C are typical for the liquid-D;0-cocled
reactors. These conditions, coupled with modest coolant circulating
rates and generous temperature-approach factors 1n the steam generators,
resulted in the production of low pressure steam for the turbines

(150 to 260 psig). The concomitant penalty 1n thermal efficiency and
fuel cost was tolerated in order to obtain the investment savings
afforded by low design pressures, low pumping rates, and small steam
generators. This design approach was also supported by cost data
obtained from turbine manufacturers. These data indicated that the
price of turbines using saturated steam is little affected by throttle
pressure in the range of 150 to 800 psig.

The study did not include 211 the evaluatlions requlred to determine

what thermal conditions represent the optimum balance between capital
costs and fuel costs in liquid-cooled reactors. It is prcbable, however,
that the cost structure of Dz0-moderated, natural-uranlum-fueled power
plants favors pressures that are lower than would be optimum In
pressurlzed Hz0 reactors with enriched fuel.

The bolling D20 reactors of the most favorable type (K series) were
designed for pressures comparable to those of the liquid-cocled reactors.
The direct steam cycle employed in the bolling plants avolded serious
degradation of pressure, ylelding a turbine throttle pressure of 780 psig.
Here agaln, the reactor pressure was selected on the basis of englneering
Judgment and not by "optimization" procedures.

The helium-cooled reactor {Case 1G) operates on an indirect cycle,
producing superheated steam at throttle conditions of 1407 psig and
887°F. The Dz0-steam-cooled reactor (Case EH) operates on a direct
cycle and produces superheated D20 steam at 785 pslg and 729°F.
Temperature limitations of fuel and cladding materlazls, rather than
pressures, were controlling in these concepts.

d. Mechanical Studies

The purpose of the mechanical design studies was the general assessment
of a wide variety of structural concepts rather than the detailed
development of any particular conceot. Reactor designs were developed
only to the extent necessary to {1) define the main englneering problems,
(2) ascertaln that feasible soluticns to these problems exlst, and (3)
identify the areas in which appreciable develcprient work would be a
prerequisite tc detailed design.

A wide variety of mechanical alternatives is illustrated and preliminary
conclusicns are drawn as to thelr relative worth. No attempt has been
made, however, to combine all the best features 1In a single pressure

i
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vessel reactor and a single pressure tube reactor. Few firm conclusions
can be drawn without more detalled analyses and, in many instances,
experimental verification. In particular, the various gaskets and
sealing mechanisms 1llustrated can not be accepted until proven by
rigorous testing.

The results of the mechanical studles are of value primarlly in
providing a number of alternatives for consideration in the development
of a firm design.

B. LIQUID-D,0-COOLED PRESSURE VESSEL REACTORS
1. GENERAL

During the course of the study, eleven designs were investigated for
pressure vessel reactors cooled with liquid D20. Filve of these designs
use a hot moderator; the other six are cold moderator designs. Eight

of the designs were studied at capacities of 100 eMW. One reactor is

a 40C-eMW design with a hot moderator. This design is believed to be
the largest pressure vessel reactor feaslble for construction in
existing shop facllitlies. Smaller versions of the 400-eMW design were
developed for capaclties of 200 and 300 eMW, All of the pressure
vessel reactors are too large for shipment by rail; water transportation
to the plant site is assumed.

All of the reactor deslgns are influenced by the following
considerations:

a. The high cost of heavy water reqguires careful attention
to system volumes.

L. An access nozzle 1s 1ncluded at each fuel position.
¢, The designs permit replacement of the Zircaloy components.

The hcot moderator pressure vessel reactors are not greatly different
from reactor designs which have already been built or considered by
others. They differ mostly in the use of many closely spaced fuel
access nozzles, plus the various head penetratlons to accommodate
control equipment and instrumentation. As a result, it is necessary
to use unusually thick heads on vessels that are designed for
moderate pressures,.

In the cold moderator reactor designs, the presence of cold moderator
and high-temperature fuel coclant in the same pressure vessel introcduces
additional stress problems over those encountered in the hot moderator
design. Internally, a complete separation of the coolant and moderator
is deslred, although difficult to achieve. The current designs assume
that there will be some cross-leakage. The cold moderator designs

must provide for equalization of the coolant and moderator pressures,
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to permit the use of thin-walled fuel housing tubes. Furthermcre,
these housing tubes must be insulated to reduce thermal losses to the
¢old moderator.

As the study progressed, numerous design variatlons were introduced.
Although sometimes applied only to a single reactor design, many
features which do not affect reactor performance are equally appllcable
to other reactor vessels. Some of the major differences in structural
design of the pressure vessel reactors are as follows:

a. Ellipsoldal heads are specified in all but one reactor.
Ellipsoidal heads are preferred to avoid acute entry angles which would
be encountered at the outer fuel nozzles 1f hemispherical heads were
used. TFor the 400-eMW reactor, 1t was necessary to use a hemispherical
head to 1imit the head thickness to approximately 12 in. An ellipsoldal
head would have required a thickness of approximately 18 in., which was
deemed impractical.

b. The 1nltial pressure vessel designs assumed the use of
bottom-actuated control and safety rods. Later designs were based on
the use of control systems actuated from above the reactors.

¢. In several of the designs, the safety rods and instrument
rods are located on positions between the fuel lattice positions. This
was done primarily to minimize the diameter of the active core and, in
turn, the size of the reactor vessel. In concepts where the fuel access
nozzles are large encugh to permit passage of the housing tubes, the
head thickness becomes excesslve when the safety and instrument rods
are interstitial. In these designs, the control, safety, and instrument
rods are all located on lattice positions.

d. For the pressure vessel reactors, a flanged head closure
is desirable to facilltate malntenance access. Three types of flanged
joints are utilized in the different reactors. One type utllizes a
conventicnal bclted flange sealed with two concentric gaskets, with
the outer gasket serving only to contain leakage passing through the
inner gasket. A bleed-off connection is Included between the two
gaskets to collect and measure such leakage. A variation of the
conventional flanged Joint is shown for several reactors; this design
utilizes swing bolts and slotted flanges to reduce the disassembly time.
Another reactor 1s fitted with a qulck-acting flanged Joint based on
the use of Interrupted buttress threads. This design should reduce
the time required teo open a large flanged Joint.

e. Construction of flanged joints in 13- to 19-ft diameters
for internal pressures of 900 to 1000 psig involves numerous problems
requiring an extensive development and testing program. As an
alternative, a welded head closure was utilized in one design.
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f. The reactor deslgns vary considerably in the number and
variety of internal components which can be removed without disturbling
the top head of the reactor. In some designs, only the fuel tubes can
be removed through the top head; some also permlt removal of the safety
and control rods. Cther designs, Including one with a welded top-head
closure, permit removal of the control elements, the fuel, the fuel
housing tubes, and the varicus control rod gulde tubes.

Detailed descripticons of the pressure vessel reactors are included
in the followlng sections.

2. HOT MODERATOR PRESSURE VESSEL REACTCRS

a. Basic 100-eMW Hot Moderator Pressure Vessel Reactor

The basic 100-eMW pressure vessel reactor concept (Case 1B) 1s pictured
on Figure 1. Detalls of the internal components and of the fuel and
housing tube assembllies are shown on Flgures 2, 3, and 4. This reactor
was included in the ecconomic survey reported in Volume I.

The Case 1B reactor vessel has an internal diameter of 13 ft 7 in. and
an over-all length of about 31 ft. The material of construction is
carbon steel (8A-212-B), lined with 1/4 in. of weld-deposited stalnless
steel. The deslgn pressure of 710 psig requlres the followlng shell
and head thicknesses, inclusive c¢f the cladding:

Thickness, in.

Top head 9-7/8
Bottom head 5-1/8
Shell (Nozzle zone) 5-1/8
Shell (8traight section) %-3/8

The estimated weight of the empfy reactor vessel, exclusive of the
internal shielding, 1s 131 tons.

Heavy water enters the reactor through four 16-in. nozzles 1In the vessel
wall immedlately above the bottom shield. In passing upward through

the core, the D20 surrounds the fuel housing tubes and functions as the
moderator. Most of the D20 reverses direction and enters the housing
tubes through slots below the top shileld and flows downward through

the fuel channels to serve as coolant. The coolant 1s dilscharged

below the bottom shield and leaves the reactor through four 16-1in.

nozzles which are offset 45° in a horizontal direction from the inlet
nozzles, :

The coolant entry slots in the housing tubes are sized to provide a
Pressure gradient that causes a small fraction of the D=0 to flow up
through the top shield for shield ecooling. This coolant returns
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through the shleld tubes and rejoins the maln coolant stream. The
bottom shield is cooled by a small orificed flow from the moderator
section. The 10 to 15 psi difference in pressure between the D20
entering and leaving the reactor provides the driving force for the
coolant flowing through the shield.

The average moderator temperature is 207°C. Passage through the fuel
channels raises the temperature of the Dz0 to 233°C. The operating
pressure in the reactor is about 525 pslg. The total coolant flow

is 60,000 gpm. A flow diagram and a heat balance for this reactor

and for its power generation system are discussed in Section K and are
shown on Figures 65 and 66.

The reactor core contains 340 fuel assemblies on a 6.5-in. hexagonal

lattice spacing. The actlve ccore diameter and height are 10.5 and

15 ft, respectively. Each fuel assembly consists of a Zircaloy-ciad

metallic uranium fuel tube, about 2 1n. OD by 1.5 in. ID, surrounded

by a concentric Zircaloy housing tube, 2.96 in. 0D by 2.90 in. ID, as
shown schematically on Figure 4.

A 1-ft-thick radial and axlal heavy water reflector surrounds the core
of the reactor. Internal thermal shielding plus a limited amount of
bilological shilelding are included at top and bottom and outside the
radial reflector. The top and boftem shlields are each approxlimately
2-1/2 ft deep, with a volume compositlon of one-half stalnless steel
and one-half heavy water. Structural rigldity is provided at each fuel
and control position by stalnless steel tubular sleeves which are welded
to the top and bottom plates. The interstices of the shields are
filled with Raschilg rlngs or other particulate forms of stalnless steel.
The top shield serves as the support grid for the fuel assemblies. The
tubes of the bottom shield engage with the lower end of the fuel
housing tubes and conduct coolant 1nto the bottom head of the reactor
vessel.

The top and bottom plates of the axial shlelds are perforated to permit
D20 flow for shield cooling. Both shilelds are supported from brackets
welded to the vessel wall. The annular space around the bottom shield
is wide enough to accommodate vertical thermal shielding inside the
lower part of the reactor wall. An annular ring of stainless steel
plate spans the gap between the shield and the shell of the vessel;
thls prevents gross bypassing of Dz0. Around the top shileld a small
annular clearance provides for radial expanslon. The small flow of
Dz0 through thls annulus cools the vessel wall in that area.

The radial thermal shileld conslsts of three concentric stalnless steel
shells with heavy water flowing around them. The iwo 1nner shield
plates are each 1 in. thick; the outer shield plate is 2 1n. thick,

The material of construction of the innermost plate 1s a boron stalnless
steel; the other two plates are Type 304 stainless steel. These plates
absorb most of the radiation emanating from the reactor core and thereby
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keep the thermal stresses in the pressure vessel wall below the
maximum values permitted by the ASME Pressure Vessel Code. The top
and bottom shlelds serve the same purpose, but in addition they act as
biclogical shields which make the areas above and below the reactor
and also the main vessel closure accessible by personnel after reactor
shutdown.

i

The 30=-in.-thick top shleld 1s supplemented by a l-in.-thick horizontal
boron steel plate, posltioned in the gas space above the liguid D20
level, and by a 1-ft thickness of llquid D20 beneath the top shield.
This D0 layer is in addition to the 1 £t of axial D0 reflecton
required for nuclear purposes. Spiral shield muffs are installed

in the sleeves through the top and bottom shlelds to prevent radlation
leakage. The term, "shield muff", is used in this report to designate
several types of shield plugs designed with passages for coolant flow.

Details of the fuel and housing tube assembly for Case 1B are shown

on Flgures 2 and 3. The thin-walled Zircaloy fuel housing fube extends
between the top and bottom axlal shields. The top end of the housing
tube 1s threaded to a stalnless steel end fitting that extends through
the top shield. This end fitting rests on the sleeve through the top
shield and thus carries the weight of the fuel and housing tube
assembly. At the bottom end, the housing tube carries an enlarged

gectlion which fits inside the sleeve through the bottom shield. Two -
plston rings seal the clearance between the houslng tube and the
bottom sleeve tube. -

An access nozzle 1s provided in the top head at each fuel position, to
permit fuel replacement without disturbing the head Joint. ZEach nozzle
plug 1s a single-plece Bridgman-type closure. Attached to 1t 1s an
extension that carrles the upper shleld muff and has an enlarged sectilon
whilch closes the clearance opening through the boron stalnless steel
poison plate above the top shield. The bottom shield muff 1s permanently
installed inslde the sleeve passing through the bottom shield. An
extension of the bottom sleeve tube engages wlth a monitor pin which
passes through the bettom head of the reactor and is welded in position.
These monitor pins provide means for making flow and temperature
measurements at each fuel position and alsc permit sampling of the
coolant effluent for radiatlon monlitoring.

A blanket of helium gas at a pressure of about 53%5 psig is maintailned |
above the D20 level in the reactor. The use of an internal gas blanket, )
rather than an external pressurizer vessel, simplifies the facilities

required for pressure control and alsc reduces the Dz0 inventory. A -
continuous flow of helium 1s maintained through the gas blanket area

to dilute and remove radicactive gases plus the Dp and Oy arlsing from
radiolytic decomposition of D20. The circulating gas stream passes

through an external recomblner clrcult to recover D0, as shown on

Figure 65,
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The top vessel head 1s jolnted to the shell by a closure which consists
of a slotted flange with swing bolts, to permlt faster removal of the
head. As compared with a conventional flanged Joint, this closure
reduces the over-all length of the vessel and decreases the thermal
stress resulting from the tempzrature gradient in the flange. The
sealing medium between the top head and the vessel shell is a metal-
sheathed asbestos gasket. A softer outer gasket and a bleed-off
connectlon are used to contain and czollect any leakage through the main
Joint.

The lattice pattern and the location of control elements and
instrumentation for the Case 1B reactor are shown on Figure 6. The
control rods, consisting of individual shim rods and clusters of
regulating rods, are located on lattice positions. Guide tubes at
these positlons extend between the top and bottom shields. The contrel
rod actuators are mounted below the reactor. The 19 safety rods are
located interstitially. Although these rods are also bottom-actuated,
they are normally posltloned above the core to permit them to fall by
gravity 1n the event of a reactor scram. Pressure thimbles which project
about & ft above the top head house the upper ends of the safety rods
when they are in a ralsed position. The instrument rods, conslsting of
a neutron source rod, seven thermocouple rods, and four flux monltor
rods, are all located at interstitial posltions and are accessible
through nozzles extending anove the top head. All components of the
reactor core can be removed from above, but the top head of the

reactor must first be removed to provide access to the fuel housing
tubes, the control rods, and the gulde tubes for the control, safety,
and instrument rods.

The arrangement of the reactor vessel within the bullding structure

is pictured on Figure 5. The radial biological shielding consists

of a 9-ft thickness of concrete. Radliation heating requires the
inclusion of cooling colls in the concrete shielding near the reactor.
Abcve the reactor, the external biclogical shield consists of an 18-in.-
thick layer of steel. A 13-It-diameter plvoted shield plug provides
access to the nozzles in the top head of the reactor. This arrangement
permits limited occupancy of the area over the reactor during both
operation and fuel handling.

Bzlow the reactor a bioleglcal shield is provilided, consisting of 2 ¢
11 in. of conecrete and 7 in. of steel. The drives for the safety and
control rods are located below this level and are accessible during
reactor operation.

The reactor 1s supported on structural members that extend inward

from the biologlical shielding at a level near the inlet and ocutlet
coolant nozzles. The shell of the reactor is thermally insulated with
an external layer of stainless steel wcol. The area immediately around



the reactor vessel is sealed to permit the use of an inert gas medium
to exclude alr and thus prevent the formatlon of nitrogen oxides and
radicactive isotopes of oxygen and nitrogen.

.t

The translient effects of Opérating changes on the Case 1B reactor system
have been analyzed; the results of this study have previously been
reported‘z’a). : )

b. Large-Capacity Hot Moderator Pressure Vessel Reactors

Het moderator pressure vessel reactors af capacities of 200, 300, and
400 eMW were included 'ln the economic survey reported in Volume I.

Their designs are exemplified by ‘the 4%00-eMW reactor shown on Flgure 7.
This reactor design lsg an extension and refinement of the 10C-eMW design
shown on Flgure 1 and represents the maximum size of pressuré vessel
reactor that 1s feasible for-fabrication with existing shop facilities.
Figure & shows several detalls of the reactor design. Figure 9 lncludes
cross-sectional details of the core components. Figure 10 shows the
arrangement of the reactor in elevation within the biological shielding.

The characteristics of this reactor and the assocclated plant system

are listed in Tables I and II under Case 1B-400. The power ratlng was
intentionally chosen at an optimistic level to determine the economic

effect of pushing the pressure vessel designs well ‘beyond the power -
output expected from initial Iinstallations.

Liguld D0 at 212°C enters the reactor through elghteen 12-in. nozzles
located above the bottom axlal shield. An inlet plenum provides
means for distrlbutlon of the moderator flow acrcss the reactor core
area. After passing through the inlet plenum, the Do0 flows upward
through the core around the fuel housing tubes and functions as the
moderator. Below the top shield, the D.0 entérs the housing tubes
through perforations and flows downward through the fuel channels

to serve as coolant. The coolant is dlscharged into the bottom head
and leaves the reactor through six 2l4-in. outlets at an average
temperature of 247°C. The inlet pressure to the reactor 1s 705 pslg;
the reactor design pressure is 900 psig. Six parallel cooling loops
carry a total of 180,000 gpm of Di0 coclant to and from the reactor.

The reactor core contains 396 fuel assemblies, each consisting of two
concentric tubes of Zircaloy-clad uranium metal. Details of ths fuel
and houslng tube assemblies are shown on Figure 9. A thin-walled
Zircaloy housing tube surrounds each fuel assembly and extends from the
fop thermal shield to the inlet coclant plenum. The top end of each -
housing tube is threaded to a stalnless-steel end plece which is
fastened 1nside the sleeve passing through the uppér thermal shield.
The hold-down mechanlsm is located at a higher elevation inside the
same sleeve. Por fuel replacement, the hold-down mechanism and the
fuel element assembly are removed as a single unit through the access
nozzle avallable at each fuel pesitlon. The bottom end of each fuel
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nousing tube 1s fastened to a stalnless-steel end plece that extends
through the sleeve penetrating the inlet coolant plenum and the bottom
thermal shield. A shield plug 1s permanently installed inside the
housing tube extension, where it passes through the bottom thermal
shield. Below this shleld, the extenslon plece engages a monitor pin
which extends up through the bottom head of the reactor.

The control, safety, and Instrumsnt rods are shown on Figure $ housed
in perforated Zircaloy gulde tubes that extend from the top head of

the rezctor vessel through the shields and core to engage with monitor
plns above the bottom head. At the elevation of the bettom thermal
shield, each of these housing tubes includes a shield plug that contailns
a 50:50 mixture by velume of stalnless steel shapes and liguid Dz0.
Perforations are lncluded in the top and bhottom closures of each of
these plugs to permlt a bypass flow of D0 for cooling purposes.

Each safety rod and instrument rod combination occuples a single lattice
position., Two concentric housing or gulde tubes are included at each

cf these locatlons. The instrument rods occupy the annular space between
the two tubes; the safety rods extend down through the inner gulde tube.
Detalls of the nozzle closures for these locations are shown on Filgure 8.

A preliminary investigation was made to determine the largest sglze of
pressure vessel reactor feaslible for constructlon in existing shop
facilities. Contacts with several pressure vessel fabricators disclosed
that the reactor vessel diameter would be the principal limlting factor.
At one fabricator's éhop, an outer diameter of 19 ft is the maximum that
willl fi1t into the stressg-relieving furnace. The length and weight of
the vessel and the machining, welding, and testing do not appear
limiting. The welght of the empty vessel, excludling the internal
shielding, was estimated to be 420 tons, which can be handled with the
existing cranes during fabrication and subsequent loading for water
shipment.

The 19-ft diameter 1imit was applied to the shell closure flanges and
resulted in a 16 ft inner diameter for the reactor heads. Below the
closure flanges the shell was enlarged to 17 ft 6 in. 1nside diameter
to accommodate as large a reactor core as possible.

It was consldered necessary that the head installatlon be essentially
permanent because of 1ts size, weight, and the difficulty expected in
sealing the joint between the flanges. Therefore, the access nozzles
were made suffilclently large tc accommodate passage of the core
components. Thls permits removal and replacement of the fuel, control,
gsafety, and lnstrument rods, together with theilr housing tubes, gulde
tubes, shield plugs, and seal plugs. All of these are handled by the
charglng-discharging machine. In addition, each component will fit
any lattice positlon, thus making it possible to alter the core
arrangement at a later date.
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Monitor pins are provided at the outlet of each fuel tube for measuring -
flow, actlvity, and temperature. The monitor plns are fitted through '
sleeves 1n the bottom head and extend btelow the blologlcal shielding
where the pins are seal-welded tc the sleeves. When these seal welds
are cut, it is possible to replace the monitor pins through the access
nezzles 1n the top head.

Degaign of the reactor vessel is based on the use of SA-212-Grade B
carbon steel plate and SA-105-Grade II steel forgings. Plate and
forglings of this analysls were chosen over SA-302-Grade B low-alloy
steel because of the lower preheat temperaturs and less critical
weldlng requlrements. It 1s belleved that the lower fabricatlon cost
for this material will more than offset the cost of the greater wall
thickness. Internal surfaces of the shell and heads are clad with
Type 304 stainless steel, deposited by arc weldlng. Machining of thls
cladding is restricted to bearlng surfaces and to areas such as keyways
where i1t 1s necessary to meet e¢ritlical tolerances. Except for the
Zlrcaloy components 1n the actlve core reglon, the 1nternal parts are
all Type 304 stainless steel.

Three methods of closlng the maln head of the reactor were consldered:
one-plece flanges, two-plece flanges, and welding of the head directly

to the shell. The use of two-plece flanges 1ls deemed most desirable

of the three schemes and the lowest 1n cost. For thls construction, -
the shell flanges could be forged in halves on eguipment that 1s
currently avallable at several vendors. The two halves of each flange
would be temporarlly tack-welded and rough-machined as a single plece.
They would then be cut apart and shipped in halves, with the final
welding and machinlng being done in the vessel fabrlcator's shop. The
uniformity of physical properties across the forged and welded areas 1s
the principal item which would require further investigation.

A preliminary study indicates that these flanges could be made 1n one
piece, although the cost would probably be excessive. Rail shipment of
such a one-plece forging from the forge shop to the vessel fabricator
would pose additional preblems.

Another alternative construction would be to weld the reactor head to

the shell at the site. Local stress relieving of this weld by induction
heating would then follow, wilith the shields being insulated and protected
Inslde the vessel. Thils procedure would result in an unknown amount of -
distortion of fthe shields and head, with a resulting misalignment of the *
vertical elements. The machining operation required to éorrect

misalignment would be difficult and expensive. The use of a welded -
vessel closure would also necesslitate an increase in the shell length

of approximately 4 £t to provide access manholes.

Hemispherical heads were chosen over ellipsoidal heads because of their

lower cost. Calculations indicated that a thilckness of approximately
12 in. would be requlred for a hemispherical head versus 18 in. for
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an ellipsoidal head. At thicknesses above 10 to 12 in., 1% is
inereasingly difficult and costly to obtaln homogeneous plates and
forgings. In & hemlspherical head there 1s greater difficulty in
positioning the outermost fuel nozzles, since their angle of entry is
considerably more acute than in an eliipscidal head. However, the
fabricators consulted believed that the cost advantage of fabrilcating
the thinner hemlspherical head would more than offset difficultles of
this nature. Photo-elastic testing of a model would be required to
establish the required thicknesses for hemispherical or for ellipsoidal
heads, since present methods of stress analysls do not apply for the
acute entry angles encountered at the outer fuel nozzles.

The nozzle construction, which 1s of the "square corner” type used
on other power reactors, is so designed that the weld can be X-rayed.
The coolant lnlets consist of eighteen 12-in.-diameter nozzles
arranged in groups of three. This arrangement was selected rather
than six 24%-in. nozzles, to permlt thelr location in the lower cone
section of the vessel, thereby reducing the length of the reactor

by approximately 3 ft. The coolant ocutlets conslst of six 24h-1in, -
diam=ter nczzles positloned in the lower hemispherlical head of the
vessel. Even though the shell dlameter below the core area was
reduced, the coolant nozzles extend 9 £t 9 ln. from the center line
of the vessel. For this reason, 1t would be necessary to crient the
coolant nozzles to fit into the corners cof the stress-relieving furnace.

The sleeves in the bottom head and the access nozzles in the top head

of the vessel are stalnless steel, welded to the inside face of the
reactor heads. Each 1s provided with a shoulder for blow-out protection.
An end-weld detall is shown on Figure 8 for installatlon of these
nozzles. The usual fillet weld was not consldered feaslible, because

of the acute angle between the outermost nozzles and the heads.

The internal shlelding in the reactor vessel is limlted to that
necessary for thermal protection of the vessel shell and heads. The
radial thermal shlelding which surrounds the active core area consisis
of three plates; a l-in.-thick boron stainless steel plate and two
stainless steel plates, 1 in. and 2 in. thick. These shlelding plates
and the adjacent reactor shell are ccoled by a small flow of Dz0 from
the moderator area. The top and bottom axial shields are each 9§ In.
thick and consist of about 50% by volume of stainless steel Raschig
rings and 50% of Dy0. These shields are cooled in the followlng way:

A small portion of the Ds0 flow in the moderator area passes up through
the tcp axlal shield, returns down through the control rod houslng
tubes, through the bottom axial shield, and then rejcins the maln
coolant stream in the bottom head of the reactor. The top axlal shield
supports the fuel assemblies; the bottom axlal shield aligns the fuel
assemblies and also separates the coolant inlet and outlet streams.

The biological shielding is provided external to the reactor vessel.

As shown on Figure 10, the radial shielding consists of a 9-ff thickness
of concrete. This permits malntenarnce on an idle steam generaftor
during reactor operation.
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The top bilcologlcal shield consists of steel plates with a total
thickness of 30 in. Thls amount of shilelding 1s sufficient to permit
limlted occupancy of the operating floor over the reactor during
operation. Thls shield 1s penetrated by extensions from the wvarilous
nozzle openings in the top head. 8Shileld plugs are included 1in these
extensions where they pass through the top shleld. The bottom
biclogical shield 1s an 18-in. thickness of steel that i1s penetrated
by extensions of the fuel monitor pins. The bottom shielding permits
personnel access to the instrument room below the reactor shortly after
shutdown.

The arrangement of the reactor withln the bilologleal shielding is
shown on Figure 10. The 1lnstallation of shleld coolant plplng near
the i1nner face of the radlal concrete shield is indicated. The
arrangement of typlcal 1inlet and outlet piping for reactor coolant is
also shown. The actuators for the controil and safety rod drives are
located above the top head of the reactor and are mounted in a pilvoted
carrliage of the type shown on Figure 53. Wlth thls arrangement, the
carrlage can be moved out of position teo avoid interference with the
operatlion of the fuel charging-discharging machine.

The hot moderator, pressure vessel reactors at capacitles of 200 and
300 eMW are patterned on the 400-eMW reactor deslgn, though scaled
down for their smaller capacities. The following table llsts some
of the differences between these reactors, as extracted from Table I.

Case 1B-200 1B-300 1B-400
Core dilameter, f't 12 13 14
Shell OD at core, ft 15.3 17.5 18.5
Over-all length, % 2.3 38.5 40.3

Design pressure, psig 1000 1000 900

¢. Hot Moderator 100-eMW Pressure Vessel Reactor Using
No Fuel Housing Tubes

A preliminary englneering evaluation was made for a 100-eMW hot
moderator pressure vessel reactor, based on the iInformation listed

in Tables I and II under Case 1A. The Case 1A reactor is characterized
by the absence of housing tubes around the fuel assemblies. The outer
surface of the fuel 1s cocled by liquid D0 flowing upward at low
veloclty through the moderator area. This flow then passes downward
through the fuel tubes at a higher velccity and cools the ilnner fuel
surface. Figure 11 shows a schematic sectlon of the reactor vessel

and its internal construction. Figure 12 shows details of the core
components.
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The liquld DZ0 enters the reactor through four 16-in. nozzles into an
annular space above the bottom axial shleld. From thls annular space
the liquld flows inward through a perforated baffle plate 1nto a

plenum chamber about 16 in. high, formed by the top of the bofttom shield
and a horizontal plate placed below the active core area. The D0 flows
upward from this plenum through annular openings around the fuel tubes
into the moderator space.

A detalled study of the structural and hydraullc characteristics of this
distributor arrangement showed that 1t 1s necessary to design for a total
pressure drop of approximately 25 psi, 1n order to obtaln a uniform flow
of Dg0 across the dlameter of the reactor core. Over 90% of this
pressure drop 1s taken across the perforated circumferential baffle.

From the moderator space, the D0 enters the tops of the fuel tubes,
flows down through them and into the bottom head, and leaves the reactor
through four 16-in. outlet nozzles. Through the moderator area, the

Do0 flows past the outside of the fuel tubes at an average veloclty

of about 2 ft/sec. 1In contrast, the average velocity of coolant through
the inside of the fuel tubes approaches %0 ft/sec. The high 1nternal
veloclty partially offsets the loss 1n cooling efficlency resulting from
the low velocclty outside of the fuel. At the deslign conditlons
specified for thils reactor, some local beillng is expected at the outer
gurface of the fuel tubes.

4 principal advantage of thls type of reactor 1s 1its structural
simplicity. Also, the omisslon of the housing tubes results in an
investment saving and leads to a small improvement 1n the avallable
excess reactlvity. Several disadvantages counterbalance the advantages
Inherent in thils concept. As compared with the baslec hot moderator
reactor (Case 1B), the higher pressure drop through the Case 1A reactor
requires more power for pumplng the D0 coolant. Activity monltoring
as a means of locating defective fuel tubes would be greatly reduced
in effectiveness should the failures occur 1in the outer sheaths of the
fuel tubes. Although the experimental studies of heat transfer burnout
in such a design Indicate that the burnout safety factor is adequate,
previous reports‘a »732) giscuss the possibility of severe vibration of
the fuel tubes, resulting from local boiling on thelr outer surfaces.

The several disadvantages of this deslgn are of such maghitude that
further studies were not deemed advisable, and Case 14 was, therefore,
omitted from the economlc survey reported in Volume I.

The reactor vessel for Case 1A has an inner diameter of approximately
13 ft and an over-zll length of yo_1/2 ft. The top and bottom heads
are ellipsoldal, and the top head is joined to the reactor shell by a
flanged joint with swing bolts and a slotted flange, simllar to that
described for the Case 1B reactor. The reactor vessel 1s carbon steel

(SA-212-B), clad internally with Type 304 stainler steel deposited — e
by arc welding. The shell of the vessel is 3- 5/8 in. thick , the _top—m—————
2 by
w«/ )
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head is 10-7/8 4in. thick, and the bottom head 18 5-3/8 in. thick. These
thicknesses are excluslve of the 1/4 1n. of internal cladding. The
design pressure of the vessel 1s 830 psig.

The radial thermal shilelding included inside the reactor shell is
similar to that used in Case 1B. The top and bottom axlal shields are
each 40 in. thick, conslsting of equal volumes of stalnless steel
Raschlg rings and liguid Dy0. These shields provide thermal protection
for the reactor heads, plus the blological shielding required to
protect personnel under shutdown condltlons. The internal shilelds are
cooled by small bypass flows of D,0 from the area around the fuel tubes.
The reactor operating pressure of approximately 650 psig 1s malntalned
by pressurized inert gas which blankets the upper portion of the vessel.

Figure 12 shows details of the core compenents for this reactor. A

top extenslon of each fuel element rests on a shoulder inside the sleeve
through the top shield. The D0 flows from the moderator arez to

the 1nside of each fuel tube through openings 1n this tubular extension.
A bottom extension from each fuel element engages with a sieeve lnsert
through the bottom shield. A single plston ring seals the clearance
between the bottom extenslon plece and the sleeve. A removable shield
plug 1s included at each fuel position, above the fuel element extension.
A permanent shleld plug 1s included btelow each fuel extension, installed
inside the bottom shleld sleeve. Below the bottom shleld, the sleeve -
engages with a monitor pin which extends upward through the bottom

head of the reactor and 1s welded in position. Individual fuel access
nozzles are included in the top head of the wvessel.

The control and safety rods and instrument rods are bottom-zctuated.
The shim rods and control clusters operate Inslde of guide tubes
extending from the teop to the bottom shield. Shield plugs are included
inside the top shield sleeves, above each control position.

Each safety rod operates inside a thimble tube which extends upward

from the bottom shleld and terminates in the gas space underneath

the reactor head. A removable shield plug is included in the annular

space between the thimble and the top shield sleeve. During normal

reactor operation, the safety rods are positioned above the reactor

core to permit gravity fall in case of a reactor scram. The safety

rods and control rods can ke replaced from above, but this requires

2 prior removal of the top head of the reactor vessel. -

Z. COLD MODERATOR PRESSURE VESSEL REACTOQRS

a. General

In the cold moderator reactors the D0 moderator is segregated and
insulated from the fuel coolant. The primary advantage of the cold
moderator reactors over the hot moderator reactors is their higher
nuclear reactlvity. The extra reactivity in the cold moderator
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reactors can be used 1n several ways. More neutron leakage can be
accepted, which permits the deslgn of a smaller reactor for the same
heat output. Longer average fuel exposures can be attalned. Higher
coolant temperatures and pressures can be used. As comparsd wilith the
hot moderator designs, the higher coolant temperatures improve the
steam-cycle efficlency.

Despite the higher steam-cycle efficlency of the cold moderator reactors,
the over-all plant efficiency 1s considerably reduced by the loss of
reactor heat to the cold moderator. In a typlcal ccld moderator

reactor of the pressure vessel type, the loss of heat would be
approximately as follows, expressed as a percentage of thermal power:

Nuclear radiation to moderator 8.0%
Coolant leakage to moderator C.5%
Heat transferred through housing

tubes to moderator _2.5%
Total heat loss to moderator 11.0%

The presence of a cold moderator and hot fuel coolant in the same
pressure vessel introduces design problems and mechanical complexitles
that either are not encountered or are less severe In the hot moderator
designs. The principal problems assocliated with the cold moderator
concepts are the followlng:

(1) Additional stress problems are encountersd over those
found in the hot moderator designs, slnce adjacent parts of the reactor
structure are exposed to temperatures which may differ by 200°C.

{2) The temperature differences require provision for the
alignment of reactor internals under conditions of unequal thermal
expansion of different parts of the structure.

{(3) A complete separation of the coolant and moderator is
dasired to minimize thermal losses, but thils 1is difficult to achileve.
The current deslgns assume that there will be some cross-leakage.

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

(5) Insulated fuel housing tubes are essentlal to limit
thermal losses to the cold moderator. A study of this problem indicated
that a double-walled Zircaloy housing tube could be so dimensioned that
the thin annular layer of liguid D0 (or inert gas) held between the
two tube walls would provide adeguate insulation. Detalls of this
study are included in Sectlon H of this report.

- 29 -



The englneering study of the cold moderator, pressure vessel reactors
included six different liquid-ccooled reactor designs. For purposes
of ldentification, these are termed Types SB-1 to SB-6. All aix
designs were studied at a capacity of 100 eMW; the Type SB-3 design is
the Case 1C reactor included ln the economlc survey reported in Volume
I. The design parameters for Case 1C were employed for all of the
Type SB reactors.

From a structural standpoint, the simplest cold moderator pressure
vesgsel reactor 1s one 1n whlch the 1nternal shlielding and core supports
are the only barrlers between the hot coolant and cold moderator. The
vessel shell 1s exposed to both flulds. The Type SB-3 deslgn shown

on Figure 1% 1s the initlal version of this concept. Two later versions
are the Type SB-4 and SB-5 designs shown on Figures 18 and 20, In
these three designs, the presence of hot coolant and cold moderator in
adjacent areas of the reactor vessel, plus the effect of radiation
heating, may result in high thermal stresses in the vessel walls. This
1s one of the major problems that must be consldered in the designh of
any cold moderator reactor. The solutilon of a specific problem in
thermal stress, as encountered in the Type SB~3 reactor, 1s described
in detall in the next sectlon.

Alternative concepts for minimizing thermal stresses in the wall of a
pressure vessel reactor include "canning" of either the moderator or
the coolant. Figure 22 shows a "canned" coolant design, Type 8B-1;
the hot coclant 1is contained in inlet and outlet plenums that are
connected by the fuel housing tubes. The vessel walls are 1n contact
only with cold moderator or gas. Filgure 23 shows the 1nltlal "canned"
moderator design, Type 38B-2, in which the moderator 18 contalned in an
inner can. The vessel walls are 1n contact only with hot coolant or
with gas which 1s in thermal equilibrium with the coolant. A later
version of the canned moderator concept, Type SB-6, is shown on
Flgure 24,

Detaliled descripticns of the six cold moderator pressure vessel reactors
are included in the following sections.

b. Cold Moderator 100-eMW Pressure Vessel Reactors -
Moderator and Coolant in Contact with Shell

(1) Type SB-3 Cold Moderator Pressure Vessel Reactor
(Case 1C)

The Type SB-3 reactor vessel shown on Figure 13 has an inner dlameter
of 13 It 2 in. and an over-all length of 43—1/2 ft. It is constructed
of carbon steel {SA-212-B) lined with a 1/4-in. thickness of stainless
steel cladding deposited by arc welding. The design pressure of the
vessel is 950 psilg. The shell of the vessel is 4-3/8 in. thick. The
top head includes an indlvidual access nozzle at each fuel position,
thus requiring a head thickness of 11-7/8 in. The bottom head includes
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benetrations for instrumentatlion, control rods, and safety rods; the
required thickness is 5-7/8 in. These dimensions include the internal
cladding.

The design of this reactor 1s based upon bottom entry and bottom drive
of the control and safety rods. A sufficient height is provided in the
upper part of the vessel to posltion the safety rods above the core
during normal operatlon, thus permitting them to fall by gravity for
emergency shutdown. The 1individual nczzles in the top head permlt
charging and discharging of fuel without disturbing the maln vessel
closure. Replacement of the fuel housing tubes and the other core
components requires removal of the top head.

Main Vessel Closure - The main vessel clesure shown on
Flgure 13 is one of several designs investigated during this study as
a possible alternative to a conventional bolted, flanged joint.
Although shown on only thls one reactor, 1t could be applied equally
well to other reactor designs. This closure 1s a quick-acting Lype,
gilmilar to a breech-lock mechanism. An interrupted butiress thread is
used, since it requires only a partial retation of the head to reach
the locklng position. The stuffing-box seal is independent of the
mechanlism holding the pressure load, which permits tightening under
pressure.

A worm drive is provided to rotate the head. For an Interrupted thread
of the slize assumed, five threads are required for this particular
deslgn. A preliminary analysis indicates that the stresses in this
type of design can be kept within permissible limits.

A packed stuffing-box seal is preferred for this design over a metal-
Jjacketed gasket, because of the greater resilience of the soft packing
plus 1ts self-sealling tendencles. Gland bolts are included for
tightening the packing to¢ 1nitially seal the jolnt.

Jack bolts are included to raise the head after it 1s in locking
position. This holds the thread surfaces 1n contact to prevent wvertical
movement of the head as the packing is tightened. During head removal,
the jack bolts are used to pull the head and packling free of the shell.

Internal Constructlion - The 310 fuel assemblies are single
tubes of Zircaloy-clad metallic uranium, each surrounded by a double-
walled Zlrcaloy houslng tube, as shown con Flgure 17. The 0.10-in.
annular clearance between the two walls of each housing tube is filled
with lnert gas. Thils stagnant gas layer serves as the thermal
insulation between the coclant and the moderator.

The reactor 1s pressurized with 1lnert gas which blankets the top part
of the wvessel above the coolant level as well as the space between the
top shield and the moderator. Gas flow through the safety rod gulde

tubes connectlng the twe reglons egualizes the pressure in the coclant
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and moderator areas. The 1nsulatlng annull of the fuel housing tubes
communicate with the moderator gas blanket. Although this gas may be
saturated with D0 vapor at the moderator temperature, no condensation
wlll occur in the lnsulating space because of the higher temperature
of the annuli.

The reactor coolant enters through four 18-in. nozzles above the top
shield, flows through an annular perforated distrilbutor, and enters
the fuel houslng tubes. The hot coclant emerges from the hoﬁsing
tubes below the bottom shield and leaves the reactor through four
18-in. nozzles. A small bypass stream of D,0 1s directed from the
coolant inlets through the top shield to provide the necessary cooling.
Perforations in the fuel housing tubes where they enter the bottom
shield permlt a simllar bypass flow for cooling.

The cold moderator enters through four 6-1n. nozzles above the lower
shleld, passes upward through the core around the housing tubes, and
leaves the reactor through nozzles located below the top shield.
Flexible metal seals are provided between the axlal shields and the
reactor wall to separate the ccoolant and moderator areas.

The top and botfom shields provlide thermal protectlon to the heads
of the reactor vessel and serve as bicloglcal shields. Each shield
consists of about a !0-in. thickness of a 50:50 composition by volume
of D0 and stalnless steel Raschlg rings. The radial thermal shields
are vertlical, cylindrical plates cooled by clirculation of cold
moderator between them. As in Case 1B, three shield plates are used:
a l-in.-thick boron stainless steel plate, plus l~in. and 2-in.
stainless steel plates.

Thermal Stresses - For the Type S5B-3 reactor deslign, the
maximum thermal stress under steady-state operating conditions would
be expected in the region of the vessel wall outlined on Figure 13 and
detalled on Figure 14. This reglon extends from above the top shileld
to a point below the moderator level 1n the vessel. The vessel wall
18 exposed 1n adlacent areas to the hot D0 coolant, the relatively
cool blanket gas above the moderator, and the cold moderator.

The vessel wall must wlthstand the longltudinal temperature gradient
that results from the temperature difference of 153°C between the
coolant and the moderator. Superimposed is ancother gradient which
promotes the longltudinal conduction of the heat produced in the vessel
wall by nuclear radiation. Investigation of the resulting thermal
stresses in the vessel wall was performed in two steps; filrst, a
calculation of the longitudlnal temperature profile in the wall for
several thicknesses of steel shielding between the core and the wall,
and second, a determinatlion of the bending stress distribution
resulting from each temperature profile. Since the distribution

of the heat generation 1s not easily expressed as an analytic functicn
of the longlitudinal positicon along the wall, the solutlon was cbtained
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(c) The capaclty of the crane in the reactor buillding must
be adequate for handling the reactor vessel, complete wilth its internal
shielding, plenum, and core supports.

In the Type SB-4 reactor, internal biclogical shilelding 1s not required
above the reactor core. The use of a welded vessel closure eliminates
the personnel access required to remove a flanged head. The use of
internal blological shielding at the bottom of the reactor 1s avolded
by extending the lnstrument connectlons below the external bioclogical
shleld. Figure 52 shows the arrangement of the reactor within this
shilelding. The top and bottom biologlcal shlelds each consist of a
30-in. thickness of steel plates. Shield plugs are included 1nside

the nozzles that penetrate the top shield. Personnel can occupy the
operating level above the reactor during full-power operation. Iilmlted
occupancy of the instrument room below the bottom bilologilcal shleld

is permlssible soon after a reactor shutdown. The radial bicloglcal
shleld 1s a 9-ft thilckness of concrete which permlts malntenance of
idle steam generators during reactor operation.

The Type SB-4% reactor has an inner diameter of 13—1/2 '+ and an over-all
height of 33 ft. The deslgn pressure of 950 psig requires the following
thicknesses: top head, 12-7/8 in., bottom head 5-5/8 in., and straight
shell 5-1/8 in. thick. The top and bottom shell sectlons adjacent to
the heads each contaln four 20-in.-diameter coolant nozzles and require
a metal thickness of 6-3/4 in. All these dimensions include 1/ in.

of internal, weld-deposited stalinless steel cladding. The top head is
SA-302-B steel; the remalnder of the vessel 1s SA-212-B steel.

The cold moderator area around the active core 1s enclosed, top and
bottom, by the core supports. Tubular sleeves penetrate the top and
bottom supports at each lattice position. A bypass flow of the coolant
entering the top head of the vessel passes through the top support
section for heat removal. The maln coolant flow is downward through
the fuel housing tubes and out through the bottom head of the vessel.
The bottom support section is cooled by passage of a small flow of
coolant from the bottom head of the reactor, through the support, and
to a discharge near a coolant outlet nozzle. On the core side ¢f the
top and bottom supports, each is protected by the Inclusion of
horlzontal polson plates consisting of two thicknesses of boron
stainless steel, supplemented by two stainless steel insulating plates.
Two 1/4-in.-thick layers of stagnant D0 held between the insulating
plates serve as the 1lnsulating medium. Four 8-in. -dlameter inlet
nozzles and four simllar outlets provide for the flow of moderator
through the actlve core area.

Unlike the Type SB-3 reactor, there are no gas blanket spaces 1n the
Type SB-4 reactor. Any gas or vapor evolved in the moderator area 1s
continuously bled off through a vapor outlet connection. Because the
vessel is completely filled with DgO, an exfternal vessel, blanketed
with inert gas, is used to pressurize the coolant and moderator.
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The top and bottom core supports rest on circumferential ledges
extending inward from the vessel shell. Packed Joints of braided
stalnless steel wlre and asbestos seal the coolant from the moderdtor
and permit differentlal radial movement of the shell and the support -
sectlons.

As shown on Figure 19, piston rings are provided around each fuel
housing assembly where 1t passes through the top and bottom support
sections. These limit the c¢cross-leakage between moderator and coolant
and still permit easy removal of the houslng tubes and thelr end
fittings. A gas annulus, 0.10 in. thick, between the double walls of
each fuel housing tube serves as the insulating medlum. These Insulating
annuli communicate with a horizontal gas plenum which is integral with
the bottom support section. Inert gas is supplied to this plenum
through four gas lnlets and outlets that penetrate the bottom head of

the reactor.

At each fuel position, a monitor pin penetrates the bottom head and is
welded thereto. The lower end of each housing tube rests on a shoulder
cut on the corresponding monitor pin, and the welght of the fuel assembly
1s thereby transmitted to the bottom head of the reactor.

(3) Type SB-5 Cold Moderator Pressure Vessel Reactor

The Type SB-5 reactor shown on Figure 20 1is basically simllar to the
Types SB-3 and SB-4 reactor designs; the wall of the vessel is in
contact with hot coolant in the top and bottom sections and in contact
with cold moderator in an intermediate section. Extensive changes were
made in the Internal desigh to completely isolate the coolant from the
moderator. This design was origlnally conceived for possible use with
coolants other than D0.

The Type SB-5 reactor has an inner diameter of 13—1/2 Tt and an over-all

height of 40 ft 4 in. The design pressure of the vessel is 950 psig.

The top head is Joined to the shell by a flanged Jjoint, sealed with

two concentric gaskets and having an intermediate bleed-off connection.

After initial installation of the reactor, routine removal of the top

head 1s not required, since the nozzles are sufflclently large to

permit replacement of all core components. This feature was adopted

from the Type SB-4 design. The inclusion of numerous 4-1/2 in. OD

access nozzles requires a top head 1% in. thick. The bottom head is .
penetrated by meonitor pins at each fuel position and is 5-7/8 in. thick. -
The straight shell of the vessel 1s 5-1/8 in. thick. All of these
dimensions include a 1/4—in. thickness of stainless steel cladding,
deposited by arc weldilng. The top head 1s SA-302-B steel; the remainder
of the vessel 1s SA-212-B steel.

The reactor coolant enters the vessel through four 20-in. nozzles

located near the top of the shell. Inside the vessel a perforated,
clrcumferential baffle is included to provide uniform distribution
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of the coolant flow. As shown on Filgure 21, the coolant flows info

the top of each fuel assembly above the top axial shleld, passes the
upper shield muff, and then flows through the coolant channels cf the
fuel element. Leaving the fuel assembly, the coolant passes the bottom
shield muff, discharges into the bottom head of the reactor, and leaves
through four 20-1n. coolant outlets.

The moderator is contained between the top and bottom shlelds, and the
flow through thils area is provided by four 8-in. inlets and four 8-in.
outlets.

Like the Type SB-4 design, there 1s no gas blanket above the coolant.
An external pressurizer vessel 1s required.

The top and bottom axial shlelds are of similar constructlon. Each
shield consists of two sections; a section 12 in. thick adjacent to the
reflector area, and a 4-in. section outslde of a 3-in. deep gas plenum.
Each shield section contains a 50:50 volume mixture of stainless steel
Raschig rings and Dy,0. These shlelds are cooled by separate D30

inlets through the reactor shell. The shield coclant discharges from
the shilelds to the moderator area. The gas plenums between the shield
sectlons connect with the Insulating annulus around each fuel assembly.
A small flow of inert gas 1s admitted to the ftop gas plenum and 1s
wlthdrawn through outlets from the bottom gas plenum.

Like the Case 1B reactor design, the radlal thermal shielding conslsts
of a 1-in. plate of boron stainless steel and 3 In. of stalnless steel
plates, cooled by Dz0 flowing between them.

The top and bottom axlal shields are supplemented on the core slde by
1-in.-thick horizontal polson plates made of boron stainless steel.
On the coolant side of each axlial shield, a 1-in.-thick ceramilc
insulating layer is included, to reduce the heat load on the shield-
cooling system.

The lnternal design includes several sets of double seals to minimize
eross-leakage of the coolant and moderator. At the Jolnts between

the axlal shields and the vessel shell, the double seals have been
provided with intermedlate connections to draln any coolant or moderator
leakage which passes into the space between the seals. These seals
consists of spring-lcaded soft packings of asbestos, held 1n continucus
machined rings of "Inconel" which are approximately 1/16 in. smaller
in dlameter than the mafching internal surface of the reactor shell.
The radial clearance is maintained over the operating temperature range
as a result of the small difference 1n the coefficients of expanslon
between carbon steel and "Inconei”.

Figure 21 shows the debtails of the fuel and housing tube assembly for

the Type SB-5 reactor. An aluminum insulating tube 1s included external
to each Zircaloy housing tube. The 1lnsulating tubes are connected fto
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end pleces which extend through the tubular sleeves of the top and .
bottom shleld sectlons adjacent to the core and reflector area. The

clearances between these end pleces and the sleeve tubes are sealed

by double sets of stalnless steel plston rings and rubber O-rings. i
Rubber can be considered as a material for fthese O-rings, slnce they

are located in a shielded positlon where they are cooled by the shield

coolant flowlng past the sleeve tubes. With these double seals, there

1s 1ittle likelihood that cross-leakage wlll occur. However, 1f leakage

should oc¢cur acreoss a slngle geal, 1t wlll be collected 1n elther the

top or bottom gas plenum and subsequently will be drawn off exterlor to

the reactor vessel.

The Zircaloy housing tube extends from the top gas plenum to the bottom
gas plenum. FEach end of the tube is flared and fitted into a stainless
steel mechanical Joint. At the top, a tubular extenslon from this
mechanical joint passes through the sleeve in the upper porticn of the
top axlal shleld. It 1s connected through an expansion bellows to the
fuel hold-down mechanlsm positloned at the top of the sleeve. This
bellows permits vertical expansion of the fuel houslng tube within the
shield sleeve. The annular clearances through the top sleeve are
gealed by a set of two plston rings and a soft metal gasket.

At the bottom, the stalnless steel extension of the housing tube carries

a soft metal gasket whilich presses against a bearlng surface inside the .
sleeve through the lower portlon of the bottom shield. A set of plston

rings around the extension provides a second sealing medium. Below

the bottom shield, the extension engages a monltor pln whilich is welded

to the bottom head of the reactor. 8Shield muffs are lncluded above

and below the fuel element assembly. The upper shield muff 1s coupled

to the hold-down mechanism and to the fuel element; it 1s removed as

a single assembly, along with the fuel element. The lower shield muff

is removable as a separate unit.

The major advantage of the Type SB-5 reactor over the Type SB-4 design
is the decreased possibility of leakage between the moderator and
coolant. In order to obtain this advantage over the type SB-4 design,
the followlng disadvantages are encountered: (a) the shield-to-shell
gseals are more difficult to fabricate and their cost is greater, (b) a
more complicated shileld construction 1s required to protect the O-rings
from radliation and high temperature and to provide the internal gas

plenums, (c) the length of the reactor shell and the D,0 holdup are -
increased because of the greater shield thickness, and (d) additional .
shell nozzles are requlred for shleld-coolant inlets and for seal

leak-off connections. i

Although further development of this design could eliminate the cross-
leakage of coolant and meoderator, 1t is doubtful whether the addltional
fabrication cost and D0 inventory would be econcmically justified.
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¢, Cold Moderator 100-eMW Pressure Vessel Reactor - Canned
Coolant, Type SB-1

Figure 22 shows a preliminary design of a canned coolant type of
reactor, 1n which the hot coolant 1s contained in inlet and outlet
plenums that are connected by the fuel housing tubes. The walls of the
pressure vessel are in contact only with celd mederator or cold gas.
The Type SB-1 reactor has an inner diameter of 12 ft 8 in. and an over-
all height of 41 ft. The material of construction i1s carbon steel
(SA-212 Grade B), lined with a weld-deposited layer of Type 304 stainless
steel. The minimum shell thickness is % in.; the tep head is 7 1n.
thick and the bottom head 1s 11 in. thick. These dimenslons include
the 1/4-in. thickness of internal cladding. The design pressure of

the vessel is 845 psig.

The top head of the vessel 1is joined to the shell by means of a flanged
joint, utilizing slotted flanges and swing bolts to facilitate assembly
and disassembly. An access nozzle 1s lncluded 1n the top head at each
of the 310 fuel positions. These nozzles are large encugh for fuel
removal but do not permlt passage of the fuel housing tubes. Replacement
of the housing tubes and other core components 1s accomplished by

removal of the top head.

The control and safety rods are actuated from below the reactor. They
enter the vessel through thimbles that terminate below the top head.
During operation, the safety rods are held above the core; they are
released to fall by gravity in case of a reactor scram. A monlfor pln
1s provided at each fuel position, extendlng up through the bottom
shleld to engage the lower end of the fuel houslng tube.

The reactor coolant enters the vessel through four 18-in. nozzles in
the shell whlch connect to a plenum about 20 in. deep. From this inlet
plenum, the coolant flows downward through the coolant channels of the
fuel tubes, discharges into a similar outlet plenum, and leaves the
vessel through four 18-in. outlets.

The heavy water moderator enters near the bottom of the vessel through
four 6-1in. inlet nozzles, passes through an annular chamber around the
bottom shield, changes direction, and flows upward through perforations
in the bottom shield. From the bottom shield, the moderator flows
around the outlet plenum, up through the core area, and leaves through
four 6-1n. moderator outlets located below the inlet plenum.

The top and bottom axial shields each consist of a 3 ft 4 1in. layer of

a 50:50 mixture by volume of stainless steel Raschig rings and heavy
water. As previously stated, the bottom shield is cooled by passage

of the maln moderator flow through perforations in the top and bottom
shield plates. The top shield 1s cooled by a separate flow of D30
brought in through nozzles in the reactor shell. The top shield coolant
overflows into the moderator space. The top and bottom shlelds not only
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provide thermal protection for the reactor heads but also permlt
personnel access to these areas after reactor shutdown. The radial
thermal shlelding conslsts of a 1-1n.-thilck boron stalnless steel
plate, plus 1-1n. and 2-1n. stainless steel plates.

The moderator level in the reactor ls malntalned a few inches below the
inlet plenum, and the apace above the moderator ls fillled with
pressurized 1nert gas. This gas space 1s connected through pilplng

to an external gas pressurizer vessel that serves to malntaln the
pressure on the fuel coolant system and to equallze the pressure
between the coolant and moderator systems.

The 1nlet and outlet cooclant plenums are located between the top and
bottom axial shields. The 1nsulating annull on the fuel houslng tubes
connect with the gas space between the top shleld and the inlet plenum.
Wlth this arrangement, the lnsulating annuli willl not bhe flocded by
minor changes 1n moderator level. Condensation or accumulation of D0
in the insulating annuli 1s prevented by the higher temperature in the
annull relative to the temperature of the gas space. The doukle walls
of the fuel housing tubes extend almost to the top ends of the tubes.

In passing through the inlet coolant plenum, slots are provided through
the walls of the housing tubes to permlt coolant to enter the fuel
assemblies. The perimeters of these slots are sealed by welding to

keep ccolant out of the gas annuli. The presence of these seals, which .
Jolin the inner and cuter tubes of each housing assembly, makes it
necessary to provide a thermal expansion jelnt 1n the oufer wall of each
houslng tube. Thils expansion Joint 1In the Zircaloy Jacket, which must
accommodate a differential expansion of about 1/4 in., 1s considered

the weakest polnt in the proposed construction.

In the Type SB-1 reactor deslgn, the hot coolant outlet plenum 1s
submerged in the cold moderator. Preliminary calculatlons indlcated
that the provision of two 1/4-in. stainless steel insulating plates
above and below the plenum would reduce the heat loss to less than 0.5%
of the reactor thermal power. These insulating plates would enclose
thin layers of stagnant D0 to provide the actuzsl insulatling medium,

a type of constructilon which has already been described for the Type
8B-4 reactor. The inlet coolant plenum is surrcunded by gas, and the
heat loss from 1%t is not significant.

Provision for thermal expanslon of the internal parts of the reactor 1s .
a major problem in the Type SB~1 design. For example, the coclant inlet *
and outlet connections to the two plenums must be designed to minimize
cross-leakage and to permit the plenums to expand radially about 1/L4 in.,
relative to the vesgsel shell. The scheme shown on Flgure 22 1s one of
several considered. Each connecting sleeve shown 1s integral wlth the

vessel nozzle but connects to the plenum through a slip jolnt sealed

with plston rings. An lnner sleeve provides an insulating layer of

stagnant Dz0, thereby reducing the thermal gradlent in the nozzle.

Further analysis would be requlred to prove the adequacy of this design.

-
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In the Type SB-1 design, the coolant plenums expand more than the heads
and shields. The fuel housing tubes, whlch pass through only the two
plenums, are not affected by this. The control rod and safety rod
housings also pass through the bottom head and bettom axial shield;
therefore, c¢learances must be provided around these houslngs to prevent
their bowlng.

A similar alignment problem 1n the Type SB-1 deslgn 1s found with the
monitor pins. These pass through the bottom head and bottom shield

and must mate with the fuel housing tubas. Horlzontal movement of the
bottom plenum relatlive to the head would cause the plns to bend, but
these pins, which are 1 in. in dlameter and abcout 5 ft long, are slender
enough to undergo this bending without developlng a high stress.

The various thermal stress problems and the alignment and leakage
problems assoclated with radial expansion of the coolant plenums are of
such magnitude that this canned coolant concept was not studied further.

d. Cold Moderator 100-eMW Pressure Vessel Reactors -
Canned Moderator

(1) Type SB-2 Cold Moderator Pressure Vessel Reactor

The initial design for a canned-moderator pressure vessel reactor is
shown on Figure 2%. The general reactor dimensions, the flanged head
closure, and the arrangement of the control and safety rods and the
monitor pins are identical to those described for the Type SB-1 reactor.

The coclant enters the Type SB-2 reactor vessel through four 18-1in.
nozzles located above the top shileld, passes through an annular
distributor, and flows down through the coolant channels Inside the fuel
housing tubes. The hot coolant discharges into the space between the
intermedlate and bottom axial shields and leaves the vessel through
four 18-in. ocutlet nozzles. The top axial shield is simllar to that
used on Type SB-1, but it is ccoled by a bypass flow of D0 from the
inlet distributor. The lower axlal shield 1is divided 1into two sectlions,
an intermediate shield and a bottom shield. These shileld secticons also
consist of a 50:50 mixture by wvolume of stalnless steel Raschig rings
and D20. The intermediate shleld section receives coclant from the
inlet area above the top shield through cconnecting pipes which pass
through the top shield and the core area. Perforations in the bottom
shield plate psrmit this coolant flow to rejoln the main coolant stream.
The bottom shield section, in which the heat generation is small, is
cooled by convection.

An internal stainless steel "can", resting on the intermediate shield,
encloses the moderator. Inlet and outlet connectlons pass through
nozzles in the pressure vessel. The radial thermal shleld plates
included between the moderator can and the vessel wall are cooled by
a bypass flow of coolant from the inlet distributor, down between the
shield plates.
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The reactor 1s pressurlized by 1lnert gas which f1lls the top ¢l the
vessel. The coolant and moderator pressures are equalized through a
common vessel external to the reactor.

The fuel housing tubes are 1nsulated by two layers of stagnant D0
trapped between twoe concentric liners inserted in each housing tube.
In thils deslgn, the reactor gas blanket could not be employed as an
insulating medlum. The gas blanket 1s saturated with Ds0 at the
coolant temperature. If D0 1s used at the lower temperatures
exlsting 1in the insulating annull, it would condense and displace
the gas.

In the Type SB-2 design, the loss of reactor heat from the hot cooclant
into the moderator 18 minimized by providing stagnant layers of D0
around the moderateor can. Above and below the moderator can, the
stagnant D0 layers are contalned between the axlal shileld plates and
the top and bottom plates of the moderator can. In the radial
dlrectlon, a concentric liner is included inside the moderator can to
enclose a thin layer of the moderator.

Thermal stress and expansion problems in the Type SB-2 design are
analogous to those 1n the Type SB-1 reactor but occcur at the moderator
inlet and outlet nozzles rather than at the coolant nozzles. Whereas
only radial expansion is involved in the Type 8B-1 deslgnh, the
moderator nozzles of the Type 8B-2 reactor must accommodate both radial
and vertical expanslon of the shell relative to the moderator can. In
lieu of expansion joints, which are not considered feasible here,
generous clearances are provided around the inlets and outlets where
they pass through the wall of the moderator can. Serlous cross-leakage
of the coolant and moderator would occur at these locations.

During the development of the Type SB-2 reactor, alternatlive designs
were visuallzed whilch eliminate cross-leakage as a major problem.

These changes were incorporated 1n the Type SB-6 design next described.

(2) Type SB-6 Cold Moderator Pressure Vessel Reactor

The Type SB-6 reactor design shown on Figure 24 utilizes a moderator
can formed by Jjolning the top and bottom axial shields to the outermost
plate of the radlal thermal shield. Sufficlent flexibility is provided
in the internal moderator piping to accommodate the differential
expanslon of the moderator can and the reactor shell. Detalls of this
plping are shown on Flgure 25.

The general dimensions of the Type SB-6 reactor, the type of head
closure, the access nozzle design, and the arrangement of control and
safety rods, are identical to those already described for the Type SB-5
deslgn., The constructlon of the top and bottom axilal shields 1s similar
to that used in the Type SB-5 design. Each shield is divided into two
sectlons separated by a gas plenum.

~ ho

"



fa

The type SB-6 design utilizes the same fuel and housing tube assembly
as the Type SB-5 reactor; the detalls are shown on Figure 21. The same
double seals are included between the housing tubes and the shileld
8leeves as in the Type 83B-5 reactor. Any cross-leakage past the seals
collects in the top or bottom gas plenum and 1s dralned away through
the bottom gas outlet connections. The insulating annuli of the fuel
housing tubes are open to the top and bottom gas plenums, the same

as in the Type SB-5 design.

In the Type SB-2 canned moderator reactor, one of the principal
difficulties involved the moderator connections from the vessel wall

to the moderator can. To provide sufficlent flexlbllity, large
clearances were provided where the connections enter the moderator can.
Serious cross-leakage would occur through these clearances.

In the Type SB-6 design, the required flexibllity is provided in the
moderator plping, thus permltting the use of leak-tight connections.
Eight 4-in. moderator inlets are brought through nozzles in the pressure
vegsel wall, about 30 1n. above the top shleld. Inside the vessel, the
moderator plplng from each nozzle runs horizontally inside the vessel
wall. This piping then fturns downward, passes through the upper section
of the top shleld, and terminates 1in an annular inlet plenum that
encircles the lower sectlon of the top shield. From this plenum, the
moderator flows downward through slots into the l-1n. annular clearance
between the outermost and the middle radlal shileld plates. From this
annulus, the moderator flowa intoc a plenum chamber around the lower
axial shileld and, in turn, flows inward through perforated distributor
plates to both sectlons of the bottom shield.

After coolling the bottom shleld, the P00 flows underneath a polson plate
positloned above the bottom shleld and passes into the moderator area
through annull between thils plate and the shield sleeves. The bulk of
the moderator flows upward around the fuel housing tubes and Into the
top shleld through annull and a perforated plate, simllar to the
arrangement at the bottom shield. A small flow of D0 bypasses the
moderator area through the annulus between the middle and innermost
radlal shleld plates and then rejJoins the maln moderator stream.

After cooling the lower sectlion of the top shleld, the moderator flows
inteo an annular outlet plenum encircling the top shield. Part c¢f the
moderator flow 1s diverted from thls plenum to cool the upper section
of the shleld. Eight 4-in. pipes, having the same confilguration as the
inlet plplng, carry the Dg0 from the ouftlet plenum and from the upper
sectlon of the top shield through nozzles in the wall of the pressure
vessel.

The reactor coolant enters the pressure vessel through four 20-1n.
inlets located abeve the top shleld. The ccocolant passes through an
annular distributor, downward through the fuel houslng tubes, discharges
into the bottom head of the reactor, and leaves through four 20-1in.

- 43 -



coolant outlets. A small flow of the coclant bypasses the fuel fhrough
the annulus between the vessel wall and the outermost radial shield
plate and rejoins the mailn coolant stream below the bottom shield.

With this arrangement, the entire wall of the pressure vessel 1s held
essentially at the coolant temperature. Heat loss from this coolant
annulus to the moderator is minimized by the provision of a stalnless
steel Insulating jacket that encircles the cuter wall of the moderator
can, as shown on Figure 25. A thin layer of stagnant D0 contalned
between this Jjacket and the outermost radial shield plate serves as

the insulating medium.

Like the Type SB-4 and SB-5 designs, the top of the vessel 1s filled
with Do0. An external pressurlizer vessel is required.

The majJor advantage of thies reactor over the Type SB-Z reactor is the
incorperation of features which should eliminate cross-leakage and
which provide the flexibility regquired in the connections to the
moderator can. The principal disadvantage 1s an economlc one; the
moderator plplng arrangement and the complicated double shields with
their internal gas plenums are more costly.

e. Comparison of Cold Moderator Pressure Vessel Reactors

The slx Type SB reactor deslgns described in the previous sections are
based on different methods for solvlng the major design problems
encountered in the cold moderator pressure vessel reactors, such as
cross-leakage of the coolant and moderator, the steady-state thermal
stress In the reactor shell, and the differential thermal expansion
of the reactor parts.

Structurally, the simplest cold moderator pressure vessel reactor

design 1s one 1ln which both the hot coclant and cold moderator contact
the vessel wall in adjacent areas. If some cross-leakage of Do0 1s
permissible, as in 1liquid-Dy0-cooled reactors, a reactor having the
general features of the Type SB-4 design is preferred. The internal
construction is relatively simple, and the steady-state thermal stress
i1n the vessel shell does not appear to be as severe as that encountered
in the Type SB-3 deslgn. The inclusion of large-dlameter access nozzles,
to permit removal of all the core components, is a desirable feature.
However, the substituticn of a flanged head closure for the welded
¢losure now shown might prove advisable wilth further study. The use of
an external pressurlzer vessel versus the inclusion of an Internal

gas blanket must be an economic cholce and 1s nof unique to this design.
If cross-leakage must be eliminated In a cold moderator pressure vessel :
reactor, a more costly internal construction must be consldered, of

the sort designed for the Types SB-5 and SB-6 reactors. The Type S$B-6
canned-moderator deslgn 1s preferred over Type SB-5, since the steady-

state thermal stress in the vessel shell 1s confined to the small

moderator nozzles. Furthermore, the Type SB-6 design does not requlre

the use of circumferential seals. Although the double sets of seals
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now shown for the Type SB-6 deslign may not completely eliminate cross-
leakage, 1t is bellieved that the design principles can be developed

to the degree that cross-leakage would be an 1nslgnificant problem.

In fact, the internal deslgn of the Types 8B-5 and SB-6 reactors was
originally conceived for use with coolants other than ligquid Dg0.

C. LIQUID-D0-COOLED PRESSURE TUBE REACTORS
1. GENERAL

Structural considerations favor cold moderator reactors of the pressure
tube type over pressure vessel reactors for application in large-capaclty
nuclear power plants. The pressure tube reactors are not limited 1n size
and capacity by fabrication and transportation facilities. Liquid,
bolling, or gassous coclants may be used at temperatures which are
limited only by the abllity of the core materials to withstand them.

High operating pressures do not greatly compllicate the designs, although
reactlivity losses to thick-walled pressure tubes may be a limiting
factor. The Inclusion of integral nuclear superheating in a pressure
fube reactor 1s less difficult than in a pressure vessel concept.

A complete separation of the coolant and moderator is inherent 1n a
pressure tube reactor. The radloactive contamlnatlon resulting from a
fuel element fallure would be conflned to the cooclant circults and would
have no opportunity to affect the moderator circuits. Since the
moderator in a pressure tube reactor is contalned 1in a tank or

calandrla at a relatively low pressure and temperature, the amount

of Do0 held under high-pressure conditions 1s less in a pressure tube
reactor than In a pressure vesgel reactor. Therefore, a major

equipment fallure would release less energy inslide the containment
vegsel.

Although partlally offset by the reactlivity advantage of a cold
moderator, the capture of neutrons by the heavy-walled pressure tubes
(and by calandria tubes) 1s a fundamental disadvantage of the pressure
tube reactors. It 1s necessary to base the pressure tube deslgns on
avallable materlals, such as Zircaloy-2, whose tenslle and yleld
strength drop sharply at higher temperatures. There 1s a great need
for alternative materials having low capture cross sectlons and more
favorable high-temperature propertlies. Thelr availablility would permit
uge of thinner-walled pressure tubes, wlth resultant gains in the
reactivity availlable from a glven core design.

The pressure tubes and their connectlons present serious design
problems. The specific designs are now based on Zircaloy-2, which has
a reasonable mechanical strength and good corroslion resistance in Hz0
and D0 service. A greater background of test and operating experience
ig required before this alloy can be consldered fully proven for long-
time service at power reactor conditilons.

- 45 -



Reliable, leak-tight connections between the Zircaloy pressure tubes u
and the coolant distributors are difficult to obtaln because of the

wilde difference in the thermal expansion of Zircaloy and stailnless

steel, and because the two materials cannot be Jjolned by fusion

welding. A varlety of mechanical Joints have been proposed for use in

pressure tube reactors, and some of these joints have performed well

under test. Flanged connections sealed with "Flexitallic" gaskets,

gspeclal adaptations of the Marman "Conoseal" joint, "Grayloe" joints

and rolled tube joints are types which have appeared promising and are

belng incorporated 1n reactors now under construction.

Mechanical Jolnts between Zlrcaloy and stailnless steel ftubing have
larger diameters than the pressure tubes, sufficlently large that 1t
would be difficult or impossible to malntaln optimum lattice spacings.
Furthermore, such Joints must be located outside the reactor shilelds
tc maintaln accesslbility, resulting in the use of much more Zircaloy
tubing than 1s needed to meef nuclear requirements. To restrlict use
of the high-cost Zircaloy to the actlve core reglon, and to provide

an assembly capable of belng welded into the reactor, 1t was decided
to explore the possibllity of produclng a metallurgically bonded

Joint between Zircaloy and stainless steel tublng. Such a jolnt would
have essentially the same diamefer as the tubing which 1t connects.
Development of such a jolnt 1s in progress at Nuclear Metals, Inc.

The initial results appear promising(17). )

Puring the du Pont study, nlne conceptual designs were developed for o
liquid-cocled pressure tube reactors. Two additlional pressure tube

reactors cooled with bolling D0 were studied and are described in

Section D.

To identify the various liquid-cooled pressure tube reactors, they are
termed Types TL-1 to TL-9. Tw2 basic designs were studled, with several
varlations of each. One basic design of a pressure tube reactor
utillzes a calandrla tank to contain the cold moderator and includes
calandrla tubes through which the pressure tubes are lnserted., In the
other baslc design, the calandria 1s omitted and the moderator 1s
directly in contact with insulated pressure tubes.

For designs based on calandrila mcderator tanks, the cholce of materlals
for calandrla construction 1s severely limited by nuclear conslderations.
Either aluminum or Zlrcaloy 1s suitable and should have adequate life

in contact with the cold moderator. Aluminum calandrias were specified
for each of the calandria-type reactors, although 1t is possible that -
a detailed economic study might favor Zircaloy. ?

The Insulating medium in a calandria design is inert gas contalned in
the annular clearance space between each pressure tube and the
surrcunding calandrla tube. With thls arrangement, the pressure tube
walls approach the temperature of the hot D20 coolant (200 to 22500).
At this temperature, the strength of a Zircaloy pressure tubs would be
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substantially lower and 1ts wall thickness necessarilly greater than
if the tube were maintalned at moderator temperature.

Flve reactor designs utllizing calandrias were studled, differing
from cne another primarily in the way in whilch the coolant is
introduced to the reactor and discharged therefrom. The featured
alternatives in these reactor desligns are as follows:

Type TL-1 Reactor - The Type TL-1 reactor utlllizes a top
Inlet coolant plenum and individual coolant piping connectlions at the
bottom of each fuel housing tube. Thls deslgn was given only brilef
conslderation and is not included in this report.

Type TL-3 Reactor - The Type TL-3 reactor utillzes a top
inlet coolant plenum and a bottom outlet coolant plenum, respectively
located ahove and below the axial shielding. Thils reactor was the
one chosen for incluslen in Volume I as Case 1D of the economlc survey.

Type TL-5 Reactor - The Type TL-5 reactor 1s a varlation of
the Type TL-3 reactor; the inlet and outlet coolant plenums are
combined wlth the axial shields 1n integral pressure vessels.

Type TL-6 Reactor - In the Type TL-6 reactor, extensions of
the pressure tubes are connected top and bottom te plpe headers which
carry the 1nlet and outlet coolant flows. These headers cross the
reactor above and below the axlal shields and are connected at elther
end to larger-dlamzter pips manifolds.

Type TL-3 Reactor - The Type TL-8 reactor utilizes individual
coolant piping to and from each fuel positlon. The individual plping
connectlons are brought cut radially to circular headers located at
the top and bottom of the reactor.

The second basic pressure tube reactor deslgn does not use a calandrila
tank. Instead, the cold moderator 1s in direct contact with the outside
surface of the pressure tubes. Insulated pressure ftubes are used, wlth
thin annular layers of stagnant Dg0 serving as the thermal 1nsulating
medium. Four different reactor designs of thls sort were developed.

The featured alternatives in these designs are as follows:

Type TL-2 Reactor - The Type TL-2 reactor Includes a top
inlet ccolant plenum and a bottom cutlet coolant plenum, respectively,
lccated above and below the axlial shielding.

Type TL-4 Reactor - The Type TL-4% reactor ls a variation of
the Type TL-3 deslgn; the bottom plenum 1s located above rather than
below the bottom shield.
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Type TL-9 Reactor - The Type TL-9 reactor includes top 1inlet
and bottem outlet coolant plenums, connected by the pressure tubes.
The axlal thermal shielding 1s included in the moderator tank. The top
and bottom bviological shlelds are located respectively above and below
the coolant plenums and are penetrated by extensions of the pressure
tubes at each fuel and control position.

The Typz TL-G reactor is a 460-eMW deslgn, based on the reactor
parameters and plant cenditiens glven for Case 1D-U60. Smaller versicns
of the same design were based on the conditions listed for Cases 1D-200
and 1D-300. These three reactor Cases were 1ncluded in the economilc
survey reported in Volume I.

Type TL-7 Reactor - The Type TL-7 reactor utillzes bayonet-
type pressure tubes to contaln the fuel assemblies. At the top, the
bayonet tubes are fitted to a combined Inlet and outlet coolant plenum
having an internal horizontal dlaphragm to separate the 1nlet and outlet
streams. The bayonet tubes engage with guldes at the bottom of the
moderator tank and are submerged directly in the cold mocderator. In
each pressure tube, the coclant flows downward past the outside of
the fuel assembly, reverses direction at the bottom, and returns upward
through the inner cooclant channels of the fuel assembly.

With the exception of the Type TL-9 reactor, all the llguld-cooled
pressure tube reactors have capacities of 100-eMW and are based on the
operating condlitions listed for Case 1D and simllar reactor params=ters.
A more detailed description of each pressure tube reactor is 1lncluded
1n the followlng ssctions.

2. LIQUID-D,0-COOLED 100-eMW PRESSURE TUBE REACTORS -
MODERATOR IN CALANDRIA

a. Type TL-3 Pressure Tube Reactor (Case 1D)

The Type TL-3 reactor design, deslignated the Case 1D reactor, was
included in the economic survey reported in Volume I. As shown on
Figure 26, the cold moderator 1s contained 1n a calandrla tank which
provides a complete separatlon from the hot reactor coolant. The
annular gas spaces between the calandria tukes and the pressure tubes
are an efflclent means for thermal Ilnsulation for the fuel assemblies.
From a nuclear standpoint, the use of a calandrla is undeslrable; its
tubes absorb an appreclable fraction of the neutrons. This problem Is
discussed 1in greater detail in Secticn H.

The Type TL-3 reactor Is characterized by top and bottom plenums for
cooclant distribution, by an aluminum calandria, and by packing-gland
geals between the pressure tubes and the plenum sleeves. Lifting of
the top plenum by Iinternal pressure effects 1s prevented by tension in
the pressure tubes, which is developed against shoulders in the plenum
sleeves. Other features of the design are described in the following
sections.
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Plenum Chambers - Each plenum 1s approximately 12 ft 9 in.
in diameter and 18 in. deep, constructed of 2-1/2 in. thick stainless
Steel plate. The pressure tubes housing the fuel assemblies terminate
inside stainless steel tubular sleeves extending through each plenum.
Indlvidual fuel access nozzles with Brldgman-type closures are included
in the top plenum. Each plenum is connected to four 18-in. coolant
pipes. The over-all height of the assemblesd reactor 1s about 30 ft.

Shields - The top and bhottom shilelds are external to the
calandria. These shlelds are of stalnless steel plate and tube
constructlon, filled with stainless steel Raschig rings or other shapes
which occupy approximately 50% of the shield volume; the remainder 1s
f11led with light water. The radial thermal shileld ig external and
conslsts of an annular tank containing cylindrical stainless steel
plates and light water. The water from the top and bottom shields
and the annular tank 1s pumped through external heat exchangers for heat
removal.

Calandria - The aluminum calandria is of closed construction
wlth an inner diameter of 12 £t 10 1n. and is supported by the bottom
shield. Moderator flows at 6700 gpm and an average temperature of 80°C
upward through the calandria and out to a gas-blanketed surge tank where
any dissocclated gases are removed. From the surge tank, the moderator
i1s pumped through a ccoler back to ths calandria.

Gas Enclosure - The spaces between the plenums, shields,
calandria, and in the annulil arcund the pressure tubes are filled with
an inert gas (e.g., helium), which may be monitored to detect moderator
leakage. Escape of the gas to the atmosphere 1s prevented by a steel
sheath which lines the lnside of the concrete biological shielding and
1s attached te the top and bottom plenum chambers by means of flexlble
metal seal strips.

Control and Safety Rods - Contreol rods enter the reactor core
from the bottom through sleeves 1n the bottom plenum and pass through
tubes 1n the calandria. Ccollng of the rods is necessary 1n this
design because of their separation from the reactor fluids. The safety
rods enter through the top plenum and also pass through calandria tubes.
The safety rod actuators are mounted above the reactor and must be
removed during fuel handling operations.

The 225 fuel tubes for Case 1D are ldentical to those used in the basic
pressure vessel reactor (Case 1B). Each fuel tube 1s assembled in a
Zircaloy-2 pressure tube fitted with stalnless steel) ends which extend
through the top and bottom shlelds to attachments in the coolant plenums.
The pressure tubes are not Internally insulated; the gas annull around
them reduce the heat loss to the cold moderator. Filgure 29 shows a fuel
and pressure tube assembly developed for the Type TL-6 reactor which is
typical of those used 1n other calandria-type reactors. The plenums and
pressure tubes are desligned for 1000 pslg internal pressure and are
operated at 800 psig with a coolant temperature of about 250°¢C.
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b. Typs TL-5 Pregsure Tube Reactor -

Flgure 27 shows the Type TL-5 reactor, which 1s a varlation of the
Type TL-3 deslign. Pressure vessels located above and below the
moderator tank combine the functlons of the axial shilelds and of the
inlet and outlet coolant plenums. Each of these combination vessels
is approximately 12 ft 1n inner diameter by 4-1/2 £t deep. The axial
shield 1ncluded 1n each vegsel 1s approximately 3 ft thick and consists
of a 50:50 mixture by volume of stalnless steel shapes and Ds0. The
reactor coolant enters the top plenum through four 18-in. inlets,
passes through s8lots into the fuel housling tubes, flows downward
through the tubes to the bottom plenum, and leaves through four 18-in.
coolant outlets. & bypass flow of the coolant stream removes heat
from the top and bottom axlal shields.

It was origlnally thought that the comblnatlon of the shields and
plenums in single tanks would be a simplification of the Type TL-3
design, but the deslgn pressure of 1000 pslg and the numerous nozzle
penetrations requlre the use of very thick secticns, partlcularly for
the vertical shell. The thickness and weight of metal 1nvolved
greatly lessened the attractlveness of this design concept.

¢. Type TL-56 Pressure Tube Reactor

As an alternative to the use of plenums for the distributlon of

coolant, a study was made of ways to employ varlcus types of pilpe .
headers. It was hoped that a simpler, less costly 1nstallation

would result. Figure 28 shows such a design, the Type TL-6 reactor,

which 1s based on the use of horlzontal plpe headers that cross

above and below the reactor. To provlde adequate pipe diameters wlthin

the space limitations imposed by the lattice spacings, the Type TL-6

design utllizes staggered rows of coolant headers. With this

arrangement, each header 1s able to serve a full rcw of reactor tubes.

Extensions of the pressure tubes penetrate the top headers and termlnate
in fuel access ports. Top header penetratlions are alsc lneluded to
accommodate the control and safety rods. At each fuel position, monitor
plns extend through the bottom headers. From a mechanical standpolnt,
the design of a pressure tube reactor with cross headers of this type
appears feasible, providing that a square lattice spacing of 9 in. or
more 1s used. Thils would be a departure from the 7.8-in. triangular
lattice spaclng specified for Case 1D.

Flgure 29 shows the fuel and pressure tube assembly, as 1t might be 3
employed in the Type TL-6 reactor. A similar construction could also

be used in other pressure tube reactors using calandrias, such as the

Type TL-3 and Type TL-5 designs. Thls assembly shows the fuel tube

fitted 1into a Zircaloy pressure tube that extends through an aluminum
calandria tube. Above and below the calandrla, stainless steel

extenslon pleces are Jjolned to the Zircaloy pressure tube by means
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of bonded joints. The Zircaloy pressure tube with the attached
8talnless steel end pleces 1s welded in place in the reactor assembly.

Shield muffs are shown at elther end of the fuel tube assembly where 1t
passes through the top and bottom shlelds. The upper shileld muff 1s
attached to the hold-down mechanism and 1s removable to provide

access to the fuel assembly. An annular restrlction is i1neluded above
the hold-down mechanism to balance the coolant flow to the varilous

fuel tubes.

The study of the Type TL-6 and other header arrangemsnts showed that
plpe headers constlitute a practlcal alternative to the use of plenum
chambers for coolant distribution. The substitution of pipe headers
would permlt the fabricaticn of pressure tube rezctors in shops having
relatively limited facilities. The fabricatlon of such a pressure tube
reactor In large sizes would posée no more problems than found with
smaller reactors. Since the pipe headers reguire a smaller tonnage of
stainless steel than the ccolant plenums, the material costs would be
reduced. Furthermore, the arrangement of cross headers 1ntroduces a
degree of flexibility for accommodating the thermal expanslon of the
reactor parts.

The dlstributlon of cooclant in a plpe header arrangement 1s expected

to be less efficlent than in a plenum. The provislon of oriflices in
each pressure tube should reduce the magnltude of thls problem, but
sizing of the individual orlfices may be critical. The friction losses
through pipe headers are expacted to be greater than those through a
plenum. These losses can be reduced by enlarglng the headers, but this
would require an addltional 1nvestment in D 0.

d. Type TL-8 Pressure Tube Reactor

Figure 30 shows the Type TL-8 reactor, which 1s an adaptation of the
Type TL-3 desligh. Inatead of plenums, thils design utilizes 1ndividual
coolant inlet and discharge plping. In order to accommodate the
individual piping runs, 1t was found necessary to depart from the
lattice parameters of Case 1D and substltute a square latfice on an
8.25-1n. spacing. It should be noted that the flow of coolant through
the Type TL-8 fuel assemblies 1s upward through the pressure tubes,
the reverge of that used in the other liquid-cooled pressure tube
reactor designs. The coolant flow to the varlous tubes is equalized
by the 1nclusion of an orifice 1In the inlet plping connection to each
pressure tube. Instead of using monitor pins in the bottom end of
each pressure tube, the same functions are provided in the coolant
cutlet plping, prlor to 1ts entry into the circular collection headers.

As shown on Flgure 31, each Zircaloy pressure tube has stalnless steel
ends bonded to 1t. At the top, each end plece 1s welded to the
permanent sleeve passing through the top shield. The discharge plping
sssembly 1s fleld-welded to an extenslon of the top shleld sleeve that
also provides access to the fuel assembly.
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Each fuel accegs nozzle 1s fitted wlith a Bridgman-type closure that
carrles a removable shield muff positioned 1inslde the top shield sleeve.
An extenslon below thils plug engages the top fltting of the fuel element
and holds the element 1n position against 1lts supports. Each fuel
element 1s a single tube, 1ldentlcal to that for Case 1D. A bottom
shield muff 1s welded inslide the lower end plece of the pressure tube.

A packed seal 1s provided around each pressure tube where 1t passes
through the bottom shield sleeve, thus preventing loss of the inert
gas which 1s introduced above the bottom shield. Thls seal also
restricts lateral motlon of the pressure tube to prevent vibration.
Linear expansion of the pressure tube 18 accommodated by thils packed
seal and by the flexibillty of the inlet plping at the bottom of the
reactor.

Although the detalls are not shown on Flgure %0, coolant 1ls supplied
to fhe contrel and safety rod positlions from a separate D0 header.

The majJor advantages of the indlvidual piplng arrangement used 1n the
Type TL-8 design are as follows:

(1) Problems are eliminated that arlse from differential
radlal expansion between a hot plenum and the cold moderator tank.

(2) Upflow of coolant through the pressure tubes, which is
preferred In some cases, can be usgsed without complicating the
instrumentation.

{(3) The use of individual piping in place of a large plenum
makes 1t practlcal to fabrlicate the reactor 1n the field or,
alternatively, to fileld-assemble a shop-fabricated reactor. This
facllitates shipment to the plant site.

The major disadvantages are as follows:

(1) Field assembly is more difficult than for the plenum
types.

(2) The shielding design 1s complicated by the large
circular headers required at top and bottom.

(3) 'The provision of an adequate structural support

for the reactor 1s made more difficult by the presence of the numerous
1ndivldual piping runs.
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5. LIQUID-D,0-COOLED PRESSURE TUBE REACTORS - MODERATOR IN
CONTACT WITH PRESSURE TUBES

&. Type TL-2 100-eMW Pressure Tube Reactor

The Type TL-2 reactor shown on Figure 32 utilizes a top coolant inlet
Plenum and a bottom coolant outlef plenum connected by the fuel
pressure tubes. A top axlal shield, 40 in. thick, and consisting of
a 50:50 mixture by volume of stalnless steel Raschig rings and D0,
is included below the top plenum. A similar bottom axial shield is
Ineluded above the bottom outlet plenum. The hot c¢oolant plenums
are 1nsulated from the axial shielding by inclusion of a gas space
hetween the shields and the plenums. Flexible metal connections
provide enclosures around these gas spaces, which are filled with
inert gas. The radial thermal shleld plates are installed 1n an
annular tank that surrounds the moderator tank. These shleld plates
are cooled by a light water circult.

The moderator Inlet and outlet piplng connections pass through the
radial shield tank, with the inclusion of flexible Jjoints to accommodate
differential thermal expansions. The radial shield tank, the moderator
tank, and the bottom axlal shleld are constructed as an integral unit.
The top shleld 1s a separate unit. The feasibllity of thils deslgn
depends on the development of a sultable flexlible seal between the
pressure tubes and the bottom shield sleeves. At the ocutermost fuel
tubes, the radlal expansion of the coolant plenums causes the pressure
tubes to move laterally about 1/4 in. relative to thé bottom shieid
sleeves.

Figure 33 shows detalls of the pressure tube assembly for the Type TL-2
design. The fuel elements are not shown, but they are identlical to those
for Case 1D. Above the bottom shield, a flexible bellows jolnt 1s shown
attached to the pressure tube assembly. The lower end of this flexible
Joint is sealed to the bottom shield sleeve by uslng a packed jeolnt.

The pressure tube assembly with the flexible joint would be inserted
through the top plenum and shield and into the bottom shleld sleeve.

The packed jolnt would then be tightened from below.

Since the flexible bellows is located Iln the region of the bottom axlal
reflector, Zircaloy construction is assumed. Even 1f a high-quality
Zircaloy bellows were developed, its placement in a eritlecal and
inaccessible location ls a serlous drawback of this design.

The wall of each pressure tube 1s Internally 1Insulated by the 1nclusiocn
of two concentric Zircaloy liner tubes. Dimples are pressed into each
liner to position these tubes and thus provide two narrow, annular
layers of stagnant D0 between the hot coolant and the tube wall. The
liner tubes are held in place by rolling the upper ends 1nto grooves

in the pressure tube wall.
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The top and bottom blologlcal shielding is included within the reactor -
assembly. The arrangement shown on Figure 32 utilizes shlelds consisting

of a 50:50 mixture by volume of stalnless steel Raschig rings and light N
water. The top shield i1s supplemented by two horizontal stalnless

steel plates submerged in the moderator. The radlation level above the

reactor would be prohibitive during reactor operation, but personnel

access would be permissible within a few hours after shutdown.

The bottom axlal shield ls inherently poor as a blologlcal shield. In
order to maintaln a lattice spacing of 7.8 in., as specifled for

Case 1D, the pressure tubes are reduced ln size to about 2.3 1n. ID
where they pass through the bottom shield. The inclusion of shield
muffs at this location would result in a prohibitive pressure drop;
therefore, these muffs were omltted. The use of a packed seal at the
bottom of the Flexible bellows requlires a bottom shield sleeve
approximately 5 1n. in dlameter; this further reduces the effectiveness
of the bottom shleld. The radiation level below the reactor 2.5 hours
after shutdown would amount to about 120 mr/hr. Some improvement could
be obtained by the provislon of additlonal shilielding below the bottom
coolant plenum.

An additional weakness in the Type TL-2 design is the inclusion of
flexible joints around the moderator inlet and cutlet connectlons where
they pass through the radial shield tank. These joints could be
replaced only at excessive cost, since they are located behind the
concrete biological shield. "

Because of ifs various shortcomings, the Type TL-2 reactor was not
considered sultable for constructilon.

b. Type TL-4 100-eMW Pressure Tube Reactor

An examlnation of the Type TL-2 design indicated that the bilclogical
shielding might be improved by reversing the positions of the bottom
axlal shield and bottom coolant plenum. Such a concept, termed the
Type TL-4 reactor, is shown on Figure 3L,

In the Type TL-4 reactor, the pressure tubes termlnate in the bottom

plenum. As compared with the Type TL-2 design, less Zircalocy 1s

required for the pressure tubes, and the bottom bilological shielding

1s improved at the fuel positlions. However, 1n order to provide .
adequate shlelding at the peripheral area of the bottom plenum, it was

found necessary to Include a number of horlzontal shield plates inside -
the moderator tank. The added welght of these plates and the heavier

supports thus requlred are a disadvantage of this design.

The flexible seal around the base of each pressure tube, a major
drawback of the Type TL-2 reactor, 1s also used in the Type TL-4 design.
It was concluded that the Type TL-4 reactor was only a slight Ilmprove-
ment of the Type TL-2 design.
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¢. Large-Capacity Liquid-Do0-Cooled Pressure Tube Reactors

Figures 35 and 36 show a 460-eMW pressure tube reactor, termed Type TL-9.
The Type TL~9 design was used as the reactor for the Case 1D-460 power
plant included in the economic survey reported in Volume I. Smaller
versions of this design were also included 1n the economic survey for
Case 1D-200 and Case 1D-300.

In the Case 1D-460 design, top and bottom coolant plenums are used,
connected by the pressure tubes. Each plenum chamber has an lnner
diameter of approximately 18 ft 9 in., a depth of 18 in., and is
constructed of 2-1/2 in.-thick stalnless steel plate. Six coolant
connections are provided to each plenum; 20-in.~dlameter connections
to the top inlet plenum and 24%-in.-dlameter connections to the botfom
outlet plenum.

Two sets of supports are provided for the reactor assembly. The upper
set of supports carries the welght of the top plenum, and through the
pressure tubes, about 50% of the weight of the bottom plenum. A second
set of supports, located below the bottom plenum, is spring-mounted to
allow for thermal expanslon of the pressure tubes; these supports take
approximately half the welght of the bottom plenum. The welght of the
moderator tank and its contents 1s ¢transmitted to the botfom plenum
through an extension of the plenum sleeve at each fuel and control
position. The top and bottom blologlcal shields and the radial

thermal shield plates are supported lndependently.

The bottom thermal shield conslsts of seven l-1n.-thick, horizontal,
stalnless steel plates spaced 1 in. apart and submerged in the moderator
to provide cooling. The weight of these shield plates is carrled by

the same sleeves that support the bottom of the moderator tank. The

top thermal shileld consists of ten simllar horlzontal plates, also
submerged 1n the moderator. A ring 1s welded around each permanent
sleeve through the top plenum to carry the welght of these shield
plates. A sufficient radlal clearance 1s provided in the openings
through the plates of both shlelds to allow for the differential
expansion of shields and plenums.

The radial thermal shleld 1s externally located 1n a2 separate annular
fank and consists of five concentric, vertical shleld plates of
stalnless steel, having a total thickness of 8 in. These are spaced
1 in. apart and are cocled by light water flowlng between them.

The entering cold moderator flows through six 12-in. connecticns into
an inner open-top tank that surrounds the core and has a diameter

of approximately 18 ft. The moderator overflows from this inner tank
into a concentric outer tank provided wlth six 16-in. moderator outlets.
A sealed enclosure filled with 1lnert gas 1s provided around the reactor
and the external shleld tank.
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As shown on Figure 36, each fuel position consilsts of three coaxial -
Zircaloy-clagd uranium metal tubes assembled in a Zircaloy pressure tube,

which 1s in dilrect contact with the cold moderator. Each pressure tube

has an internal liner of thin-walled Zircaloy tubing. The narrow annular

space between the liner and the pressure tube contains a stagnant layer

of D0, which provides thermal insulatlon teo reduce heat loss to the

moderator.

At each fuel pesition, pressure sleeves extend upward from the top
plenum through the external blologlcal shlelding to the operating
floor level, where they terminate in fuel access nozzles. FEach nozzle
18 closed with a pressure-actuated plug sealed by a soft metal ring
with a trlangular cross section. Each fuel assembly can be removed
through the correspondlng access nozzle wlthout dlsturbing the pressure
tube. When necessary, 1t 1s possible to replace the pressure tube
assemblies through the fuel access nozzles.

Each Zircaloy pressure tube extends between the top and bottom thermal
shilelds. A stainless steel tubular extension is metallurglically bonded
to each end. Metallic O-rings are used to provide a seal between the
ends of the pressure f{ube and the plenum sleeves. Compression of the
O-rings 1s effected by a threaded nut at each end of the pressure tube
assembly. The lock nut used at the top and the arrangement provided

at the bottom maintain the compressive force on the O-ringa as the
pressure tube elongates through thermal expansion.

-

The closure plug at the bottom of each fuel position carries a monitor
pln that extends upward into the coolant exlt stream. This plug is
sealed in the same manner as the top access nozzle.

The fuel hold-down mechanlsm carrles z removable shleld muff to
eliminate radiation streaming through the top thermal shleld. The
lower end of the fuel assembly rests on a bottom shield muff supported
1nside fhe pressure tube extenslon.

To aveld the Zlrcaloy bellows used in the Type TL-2 reactor, the

1D-460 design substitutes two concentric stainless steel tubes at each

lattice position; these extend upward through the bottom thermal shileld

1nto the reflector area of the reactor. The upper ends of these tubes

are Joined by an end weld. The bottom end of each outer tube 1a welded

to the bottom of the moderator tank. In this arrangement, which is

pletured on Figure 36, the tubes are sufficiently long and flexible

to accommodate the dlfferentlal radial expansion of the bottoem plenum

and the moderator tank. ‘

The control and safety rods enter through blind sleeves in the top
plenum and are contalned in perforated housing tubes 1n direct contact
wlth the moderator. The rod actuators are located above the operating
level and are removable t¢ permit fuel-handling operatlons.
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A biological shield, consisting of a 17-1n. thickness of steel plates,
is ineluded above the top plenum to permlt personnel access during
reactor operation. A stalnless steel shield plug 1s provided ln each
of the fuel access and control position nozzles to reduce radiation
leakage through the shielding. The bottom biologlcal shield of 9 in.
of steel plate ig included to permilt access to the instrument room
below the reactor within a few hours after shutdown. The Brldgman-type
closures and the bottom ends of the pressure tube assemblles provilde
enough metal to 1limit radlation leakage through the penetratlions in the
bottom shield.

Two gas-bhlanketed enclosures are included in this reactor system. A
flow of hellum is maintained through an enclosure between the top plenum
and the moderator, to remove Dy and O, resulting from the radiolytic
decomposition of Dz0. The gas enclosure arcund the radial shileld tanks
and the space between the moderator tank and the bottom plenum are
blanketed with COp to exclude air. A gas-tight seal is maintalned at
the circumference of this enclosure with provision for the radial
expanslon of the bottom plenum.

Smaller versions of the U60-eMW reactor were designed for the 200- and
300-eMW cases. For all three cases, the plenums were designed for

1000 psig internal pressure and for an operating pressure of
approximately 800 psig with a coolant temperature of about 250°C. The
average moderator temperature is 80°C for each case. The following
table lists several of the differences among the 200-, 300-, and 460-eMW
reactors.

Case 1D-200 1D-3%00  1D-460
No. of fuel assemblies 166 250 330
Core dlameter, ft 114 1%.8 15.8
Reactor tank 0D, ft 14.1 16.5 18.6
Coolant loops L Y 6
Total coolant flow, gpm 80,000 120,000 180,000
Moderator flow, gpm 22,000 33,500 51,000

The Type TL-9 reactor 1s based on the use of external bloleogical
shielding. This shlelding should be less costly than the axial
shielding employed 1n the other Type TL designs. The radial movement
of the moderator tank relative to the bottom plenum 1s absorbed by
the sleeves through the thermal shield and plenum, thus avolding the
use of bellows Jjoints, which are a major drawback of the Type TL-2
design. Longitudinal expansion of the pressure tubes 1s absorbed 1In
the spring mounting of the bottom plenum. The design of the access
nozzle closures and of the pressure tube assemblles is more highly
developed than the designs shown for the other Type TL reactors.
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4, LIQUID-DZ0-COOLED 100-eMW BAYONET PRESSURE TUBE REACTOR,
-TYPE TL-T7

Figure 37 shows a 1C0-eMW pressure tube reactor, termed Type TL-7.

This design preovides for coolant distribution and collectlon 1n a top-
located double plenum, with single-tube fuel elements installed 1in
bayonet-type pressure tubes. The coeclant flow is from the bottom
portion of the double plenum downward through the annular space between
each pressurec tube and the outer surface of the fuel tube. At the
bottom of each pressure tube, the coolant reverses direction, flows
upward through the fuel tube, and discharges 1ntc the upper portion

of the double plenum.

The bottom ends of the bayonet pressure tubes are positioned by guldes
mounted on the bottom plate of the moderator tank. Horlzontal axlal
shield plates of stalnless steel are 1nstalled in a tank directly
underneath the moderator tank. A radlal shield conslsting of wvertlcal
plates surrounds the moderator tank. Cooling 1s provided by the
circulation of light water between the shleld plates. The bottom
shlelding and the radial shielding are sufficlent for thermal
protectlon of the adJacent concrete bilologlcal shielding.

The top axlal shield 1s positioned between the moderator tank and the
coolant plenum to provide thermal and biological protecticn. Thic
shleld consists of a 50:50 mixture by volume of stalnless steel Raschilg
rings and Hy0, coocled by light water.

Individual fuel access nozzles are included at the top of the double
plenum. Control rcds, safety rods, and instrumentation are all handled
through the top, contained 1n thin-walled thimbles that pass through
blind sleeves 1n the plenum and extend through the top shleld,

Into the moderator tank.

The Type TL-7 arrangement, using bayonet tubes, should be less costly
to construct than the other pressure tube designs. Use of the bayonet
tubes reqguilres only one seal between each pressure tube and the plenum
sleeve. The possibllity of longitudlinal stresses resulting from
fastening pressure tubes between ftwe rigid plenums is elimlnated. In
addition, a bottom blological shield and bottom plenum chamber are not
required in this design.

The principal disadvantage of the Type TL-7 reactor 1s the necesasity
of increasing the dlameter of the bayonet pressure tubes to accommodate
the serles flow through the outer and inner fuel channels, as compared
to the tube diameters used in the designs based on parallel flow. The
larger-dlameter pressure tubes require the use of increased lattlce
spacings and thicker tube walls. The amount of parasitlic materilal in
the core regilon 1s thereby increased over that required for other
designs.
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Preliminary calculations indicated that the excess reactlivity from
this design would be conslderably less than that expected from the
other pressure tube reactors. The average fuel exposure on a 100%
bateh reloading basls would be only about 1800 MWD/ton. This is a
serious economic disadvantage of the Type TL-7 reactor, of such a

magnitude that further study of this concept was discontinued.

5. COMPARISON OF LIQUID-D,0-COOLED PRESSURE TUBE REACTORS

The elght liguld-cocled pressure tube reactor designs described in the
previous sectlons differ from one ancther primarily in (a) the
presence or absence of a calandrla and (b} the use of 1ndividual pilpes,
headers, and plenums as alternatlve methods of distributing coolant

to the pressure tubes. Rather than demonstrating a clear-cut
superiority for either the calandrla or the no-calandrla reactor, the
study indicates that feasible mechanical designs can be developed

for both types.

The reactlvity advantage of a reactor wlthout a calandria appears to be
of greater significance to power plant economlcs than the greater heat
loss from internally insulated pressure tubes. Eliminatlon of the
calandria, on the other hand, Intensifies sealing problems in the
reactor and requires demonstration of the effectiveness of the internal
insulation proposed. Information pertinent to a final selection should
be provlided by operation of prototype and test reactors now under
construction. The Plutonium Recycle Test Reactor {PRTR) at Hanford and
the Canadian NPD-2 prototype are equlpped with calandrias. The
Carolinas Virginia Tube Reactor (CVIR) and isolated loops 1in the HWCTR
utllize 1nternal insulation of the pressure tubes.

From the studles, it is also seen that feasible reactor arrangements
can be devised whether individual pipes, pipe headers, or plenum
chambers are employed for distrlibution of coclant. Advantages and
disadvantages can be clted for each type of distributor, but no
overrliding advantage 1s seen that makes any one type superlor for all
pressure tube rcactors.

Plenum chambers of the type utilized in these studies provide an
over-all compactness and neatness of design unmatched by reactors
equipped with pipe headers or individual plpe connectors. Uniformity
of coolant distribution and low frictlon losses are characteristlcs
of plenums. A major disadvantage of plenums, however, 1s the fact
that they harness all the pressure tubes into one rlgid assembly.
Accommodation of the radlal thermal expanslon of this assembly
complicates shielding design, and sealing in some instances, by
requiring the provision of large clearances where the pressure tubes
pass through shields or other fixed parts of the reactor structure.
Uneven longltudinal expanslon of the pressure tubes, resulting from
flux gradients in the core, results 1in some straln of the plenums and
pressure tubes.
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Individual coolant pipes deslgned with sufficlent flexibility elimilnate
the expansion and stress problems noted above, but entall a congestion
of small) piping of poor accessibility. Monitoring of the flow,
temperature, and activity of coolant from each fuel assembly 1s
simplifled by individuval connections, because the sensing elements

for thils purpose need not be 1nstalled in the reactor.

)

The use of plpe headers for coolant distribution may be regarded as a
compromise Incorporating, to some degree, the advantages and
disadvantages of both plenums and individual connectors. Compromlses
can alsc be effected by using, for example, a plenum at one end of the
reactor and individual connections at the other end.

A rough appraisal of relative fabrication costs for the different
types of distributors indlcated no marked advantage for any type. For
this reason it 1s belleved that the cholce of distributor for any
specific reactor concept should be based almost entirely on analyses
of stresses, sealing problems, operating characteristics, and over-all
arrangement as applicable to that partlcular concept.

Of the four calandrla-type reactors described in the previous sections,

the Types TL-3 and TL-8 are considered most suitable for further

development. The former typlifies the arrangement proposed when plenums

are Incorporated; the latber illustrates the use of individual coolant -
connectione.

Type TL-9 13 regarded as the most promislng of the pressure Tube
reactors without calandrias. If this deslgn were to be developed
further, serlous consideratlon would be glven to the use of individual
coolant connections at the top of the reactor, retalning the plenum
at the bottom. It is believed that thils change would make better
provislion for longitudlnal expansion of the pregsure tubes. In
addition, sensing elements for coolant monltoring could be relocated
to the individual connections, thereby permltting upward flow of
coolant 1n the reactor, as discussed in Section J-2.

Another proposed improvement to the TL-9 deslgn, applicable to many
of the concepts described, is the elimination of the gasketed seals
at each end of the pressure tube in favor of a welded seal as shown
on Figure 31 at the top of the pressure tube assembly. Thls proposal
presupposes successful develeopment of the metallurglcal bond between -
Zlrcaloy and stainless steel dilscussed in Section C-1.

D. BOILING-D,0-COOLED PRESSURE TUBE REACTORS i

1. BOILING-D-0 100-eMW BAYONET PRESSURE TUBE REACTOR

A 100-eMW pressure tube reactor cooled with boiling Dy0 was deslgned,
based on the plant condiftions and nuclear parameters listed as Case 1lK.
The reactor arrangement 1s shown on Figure 3%8; the detalls of the fuel
element and pressure tube assembly are shown on Figure 39.
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This pressure tube reactor utllizes bayonet pressure tubes to house
the fuel assemblles, each of which consists of three concentrlc fuel
tubes. Subcooled Dp0 enters a top inlet plenum through four 16-1in.
nozzles, flows downward through the center fuel channel of each
assembly, reverses direction at the lower end of each pressure tube,
and is partially vaporlzed in passing upward through the three
surrounding annuli. The resulting mixture of Dg0 liquld and vapor 1s
discharged through individual piping connections to circular headers
leading to steam separators. A 9-ln.-square lattice pattern was
selected, rather than a trlangular one, to provide wider lanes for
the individual outlet plping. Instrumentatlon to permit measurement
of flow and activity 1s included in the discharge piping from each
fuel position.

Each pressure tube 18 lined with a Zircaloy sleeve to retaln a thin
annular layer of stagnant Dz0 between the sleeve and the wall of the
pressure tube. This construction lowers the wall temperature enough
to permit the use of aluminum pressure tubes at the 2009C coclant
temperature specified for thls particular concept. The pressure tubes
and coolant i1nlet plenum are designed for 300 psig and operate at about
250 pslg.

The bayonet pressure tubes are submerged in the celd moderator, which

is contained in an open-top tank. The bottom and radlal thermal shields
are contalned in a larger tank that partlally encloses the moderator
tank. These thermal shields conslist of spaced stalnless steel plates,
cooled by light water flowlng between them.

The top shield 1s a shallow tank penetrated by sleeves at the fuel and
control posltions. This shield contains stalnless steel Raschig rings
and 1s cooled with light water. A sealed gas enclosure is provlded
around the reactor and the shileld tanks.

The mixture of D0 liguid and steam flows from the reactor tubes to
four centrifugal steam separators operating in parallel. The 1llquild
D50 from the separators 1s comblned with the Dz0 feedwater and pumped
back to the 1nlet plenum of the reactor.

A fuel access nozzle is included in the top of the 1nlet plenum at each
fuel position. The safety and control rods are top-actuated. The rods
are enclosed in thln-walled thimbles that pass through blind sleeves in
the 1inlet plenum and top shield.

The Case 1K reactor was included in the econcmic survey reported 1n
Vvolume I to determine what savings might result from the substitution
of aluminum pressure tubes and simplification of the reactor and
shlelding structures, as made possible through the s2liminatlon of
bottom penetrations. The total plant investment for Case 1K 1s slightly
less than that for the other 100-eMW bolling D0 reactors (Cases 1J

and 2K), but the increased fuel cycle costs for Case 1K greatly exceed
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the investment saving. The high fuel costs arise from the large
amount of parasltlc core materlal Ilnherent In a bayonet pressure tube
design (Case 1K vs. Case 1J) and from the low steam cycle efficilency
(Case 1K vs. Case 2K).

2. LARGE-CAPACITY BOILING-D 0 PRESSURE TUBE REACTORS

A 430-eMW pressure tube reactor cocled wilth bolling Dz0 is shown on
Figure 40. Detalls of the fuel element and pressure tube assembly are
shown on Figure 41. This reactor was used as the basls for Case 1K-430
which was included in the econcmlc survey reported in Volume I. Smaller
reactors of silmilar construction were evaluated for Cases 2K, 1K-200,
and 1K-300.

Each 1K-430 fuel assembly consilsts of four concentric fuel tubes
enclosed by a Zlircaloy pressure tube which 18 lnternally insulated by
a thin annular layer of stagnant llguld D20 retalned between the
pregsure tube and a thin liner of Zircaloy tublng. The pressure tube
assemblies extend vertlcally through the moderator tank; thelr walls
are in direct contact with the cold moderator. Above and below the
core and reflector area, the Zircalecy pressure tubes are bonded to
stainless steel end pleces that pass through stalnless steel sleeves
in the axlal thermal shielding and moderator plenums.

The bottom sleeve at each fuel position extends downward through the
thermal shleld, the moderator plenum, and the blologlcal shielding.

The coolant inlet 1s connected to this sleeve below the blologlecal
shleld. A simllar stalnless steel sleeve extends through the top
thermal shileld, the top moderator plenum, and terminates about 6 1in.
above the plenum. External to this sleeve and overlapplng it for
several inches 1s a 6-1/8 in. OD tube which carries the coolant outlet
connectlon. This fube extends upward through the top biologlcal shleld;
the top end 1s fitted with a Brldgman-type closure similar to that used
on the Type TL-9 reactor. Thls closure provides access to the fuel
assembly and to the Zircaloy pressure tube and 1ts end fittings. A
shield plug 1s included below this closure to reduce the amount of
radliation streaming through the blological shielding.

The two overlapping sections of the top extension sleeve are jJolned
together above the moderator plenum by means of a stalnless steel
bellows that i1s welded to each section. Thls joint accommodates the
axlial movement of the pressure tube relative to the moderator plenum.
The top and bottom extension sleeves are welded, respectively, to

the top and bottom plates of the moderator tank. Circular collars
welded around each sleeve serve to positicn and carry the lcad of the
horizontal thermal shield plates. Ample radial clearances are
provided around the extenslon sleeveg to accommodate the relatilve
movement of the pressure tube assemblles and the biologlcecal shielding.
Cylindrical shieldling sectlons are welded exterlor to each extenslon
sleeve at top and bottom, to overlap the annular openings through the
blologlcal shielding.
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At top and bottom, the clearances between the pressure tubes and the
sleeves around them are sealed by compression of a metallle O-ring.

The method of sealing the preasure tubes, the hold-down mechanism, and
the ghleld muffs are all patterned on similar features in the Type TL-G
reactor design, as previocusly described in Section C-3.

The coolant flow through this reactor is upward through the fuel
assemblies. Indivldual piping connectlons are provided to each fuel
posltion from clrcular headers at top and bottom. A square, rather
than a triangular, lattice spaclng 1s used to provide wider pipe

lanes for the coolant headers. Flexibllity of the individual piping
connectlions is sufficlent to accommodate the thermal expansion.
Orifices are 1lncluded on each 1nlet connection to provide proper
distribution of coolant to the fuel assemblles. Provisions to measure
flow and activity at each fuel position are included on the outlet

plplng.

The control and safety rods enter through the top of the reactor; the
actuators are located above the top blologlcal shielding. These
actuators can be removed te prevent interference wilth fuel-handling
operationa. The top blological shield, consisting of a 17-in. thickness
of steel plate, 18 sufficlient to permit personnel access to the control
mechanisms durlng reactor coperation. The bottom bilological shleld 1s

a steel plate 9 1In. thick; this permits accegs below the reactor within
a few hours after shutdown.

The moderator tank 1Is closed and l1s of low-pressure design. The
moderator enters near the bottom of the tank through four 12-in.
nozzles which connect to a 12-1n. deep distribution plenum extending
acrosds the reactor. From this distributor, the moderator flows
threugh perforatlions in the bottom thermal shield plates and enters

the core area. The bottom thermal shleld consists of a total of elght
l-in.-thieck, horizontal, stainless steel plates whlech are spaced 1 in.
apart. Above the core and reflector area, the moderator flows through
a similar top thermal shield that conslisfs of eleven horlzontal plates,
rather than eight. Above the top shleld, the moderator discharges to a
24-in. deep plenum area and lesaves through two 24-in. outlets.

The moderator level 1s malntalned about 12 in. above the top thermal
shield plate. 1Inlet and outlet connections provide for a flow of helium
gas across the surface of the moderator, to remove Dy, Op, and other
gases resulting from the effects of radilation.

The welght of the moderator tank and 1ts contents 1s carried by a seriles
of supports extending from the external concrete shielding and
terminating underneath the outer cilrcumference of the top moderator

plenum.

The radial thermal shleld 1s contained‘in an annular tank external to
the moderator tank. Spaced, vertlcal stainless steel plates are used,
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having a total thickness of 8 in. A light water circult provides the -
necessary cooling. Purge connectlons are provided to remove any gases
resulting from radiolytic decompositicon. The radial shileld tank and
the top and bottom external biclogical shlelds are individually
supported, independently of the reactor.

The reactor pressure tubes are designed for a pressure of 900 pslg.
During operation, subcooled D0 enters the bottoms of the pressure

tubes at about 800 pslg. On rising past the fuel assemblles, the liguid
D50 coolant 1s heated from 237 to 27000 and about 30% by welght 1s
vaporlzed. The resulting mixture of liquid and vapor 1s passed through
steam separators to supply dry, saturated steam to the turblne throttle.
The liquld Ds0 from the steam separatcers 1s combined with the Dz0 feed
water and pumped back to the reactor inlets.

As previously mentioned, smaller versions of the Case 1K-430 reactor
deslgn were evaluated for the 100-, 200-, and 300-eMW cases. The same
operatlng conditions were assumed for all the cases. The following
table lists the principal differences among these four reactors.

Case 2K 1K-200 1K-300 1K-430
Fuel tubes per assembly 3 L 4 y
Fuel assemblies 185 257 362 bhrs .
Lattice spacing, in. 8.5 8.5 8.5 .0
Core diameter, ft 10.6 13,1 15.5 19.2 )
Core length, It 15 15 15 15
Reactor tank, 0D, ft 12.6 15.1 17.5 21.6
Coolant flow, gpm 11,000 21,000 29,000 40,000
Moderator flow, gpm 8,800 18,500 28,000 40,000

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

The general features of the Case 1K-430 reactor design are believed

to be a sultable approach fer the firm design of a pressure tube

bolling Dz0 reactor. The construction of such a reactor should be

gimpler than a design utllizing coolant plenums. However, further

study might prove i1t desirable to utilize an inlet coolant plenum,

rather than the individual piping connections, to improve the flow -
distribution to the fuel assemblies. The relatlve costs of individual

piping connections and a coolant plenum have not been ascertalned. -

The method shown for assembling the pressure tubes inslide the shield
sleeves might desirably be replaced by a less costly welded assembly,
similar to the constructlon shown on Flgure 31 at the top end of the
Type TL-8 pressure tube assembly. '
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E. BOILING-D70-COOLED 100-eMW PRESSURE VESSEL REACTOR

The 100-eMW boiling D0 pressure vessel reactor, Case 1J, 18 a hot
moderator concept, shown schematically on Flgure 42,

An operating pressure of 225 pslg, corresponding to & steam temper-
ature of about 200°C, was selected for this reactor, desplite the large
steam volumes resultling from the low pressure. At these operating
conditions, a hot moderator 1s feaslble; 1ts temperature would be
about 190°C. The available excess reactivity would permlt an average
fuel exposure of 3500 MWD/ton for 100% batch relcading.

It was antlcilpated that the economics resulting from the relative
simplicity and low design pressure of the hot mederator reactor might
offset the economlc penalty arising from the low efflciency of the

steam cycle. The Case 1J reactor was evaluated in the economic survey
reported in Volume I, where the unit power cost was found to be somewhat
higher than that obtained from a 100-eMW boliing D0 pressure tube
reactor that generates steam at 780 pslg. (Case 2K)

The Case 1J reacior vessel has an inner diameter of 14 ft 9 in. and
an over-all length of 35 f{, with welded closures for the top and
bottom heads. The fuel access nozzles and the nozzles for control
rods, safety rods, and instrument locations are made sufflclently
large to permit removal of the fuel tubes, the fuel housing tubes, and
the gulde tubes provided at the control and instrument locations. The
vessel 1s constructed from carbon steel plate (SA-212-B), lined with

a 1/4—in. thicknesss of weld-deposlited stalnless steel. The hottom
head and lower portlon of the shell are 1-3/4 in. thick. The upper
portlon of the shell 1s penetrated by four 12-in. inlet nozzles and
four 30-1n. outlet nozzles for coolant flow. The steel plate for this
area and for the top head 1s 4-1/8 in. thick.

Each of the 356 fuel assemblies conslsts of two coaxlal fuel tubes
fitted 1nside a thin-walled Zirecaloy hcusing tube. The 1liquid D30
coolant 1s pumped into the reactor at 187°C and enters through a
distribution plenum lccated above the core area. From this plenum, the
Do0 flows downward between the fuel housing tubes and serves as the hot
moderator. Below the core area, the ligquld flows lnto the bottom head
of the reactor through perforations in the bottom thermal shield plates
and then enters the housing tubes. On flowing upward past the fuel
assemblies, the D,0 serves as cooclant; 1t 1s heated to 203°C and about
10% by welght 1is vaporized. The resulting liquid-vapor mlxture flows
from the reactor to centrifugal steam separators which deliver dry,
gaturated steam to the turbine. The lliquld Dol separated from the
reactor outlet mixture is combined with the D0 feedwater and pumped
back to the reactor.

The bottom thermal shield consists of a series of horizontal stalnless
steel plates, located below the core area to protect the bottom head.
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The upper thermal shield 1s located above the inlet coolant plenum -
and provides protection to the top head. This shield consists of a

50:50 mixture by volume of stalnless steel shapes and D50, cooled by
a bypass flow of Dp0 from the main coolant stream. Tubular sleeves

penetrate this shleld at each fuel and control position and serve

to suppert and gulde the fuel and control tubes.

The radial thermal shield surrounds the core area and gives protecticn
to the reactor shell. This shield consists of a l-in. thick boron
stalnless steel plate and two stainless steel plates (1 in. and 2 in.
thick) placed vertically and spaced apart to permit flow of Dy0 between
them for ccoling. The top and bottom blological shielding are placed
external to the reactor vessel.

F. HELIUM-COOLED 100-eMW PRESSURE VESSEL REACTOR

A schematlc arrangement for a helium-cooled pressure vessel reactor 1s
shown on Figure 43. This reactor is the Case 1G concept which was
included in the economlc survey repcrted in Volume I and in an earlier
preliminary evaluation(Z2¢!,

A cold moderator pressure vessel reactor was chosen for Case 1G, rather
than a pressure tube design. The principal advantages of the pressure
vesgel reactor over a pressure tube reactor for thils service are as
follows: (1) numerous gas seals are eliminated that must operate at
high temperatures and at pressure differentlals which might range up

to 400 psi, (2) the heavy-walled pressure tubes within the reactor

core are replaced by thin-walled Zircaloy tubing, and (3) the pressure
drop in the gas coolant system 1s reduced by the elimination of coolant
plenums or indlvidual coolant plping, as utilized in a pressure tube
reactor.

The Case 1G reactor vessel has an inner dlameter of 16-1/2 ft and

an cver-all length of 43 ft, The shell and heads of the reactor are
fabricated from carbon steel (SA-212-B) and are not lined with
stalnless steel. This construction is considered feasible for helium
service. At the deslgn pressure of 450 psig, the minimum shell
thickness is about 5 in.

The top head of the vessel must be removed when fuel is replaced.

For this reactor, removal of the top head 1s consldered feasible “
because the fuel cyecles are long, the inlet helium temperatures and ’
pressures are moderate, and the probability of fuel-element failure

is reduced when inert coolant is used. The required thickness for the J
top head 1s about 2.5 1in.

The deslgn of the reactor differs somewhat from that originally
conceived and shown on Flgure 43. A monitor pin is provided at

each fuel lattice position, welded into the bottom head. Control
rods, safety rodsg, and instrument rods enter through the bottom head
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of the reactor on interstitial positilons. The large coolant outlets
shown on Filgure 43 are moved from the bottom head to a lengthened
portion of the reactor shell below the bottom shield. The bottom head
1s ellipsoldal; its thickness is 6.5 1n. Four 42-in.-diameter coolant
inlets and four similar outlets are provided on the shell of the reactor
vessel. Around these nozzles the shell is reinforced to a plate
thickness of about 10 in.

Each of the 174 fuel assemblies consists of 136 thin ribbons of

Zlrcaloy-clad metallic uranium, totaling over 550 pounds of uranium

per assembly. Each ribbon is given one full twlst psr 10 in. of

length. The twisted ribbons are gathered in bundles, criented to prevent
nesting, banded, and supported from a spider at the top of each fuel
assembly. Each fuel assembly 1s lnserted in a thln-walled Zircaloy
housing tube.

Ax1al biologlcal shilelds are included above and below the core and
reflector area. Each of these shlelds l1s separately enclosed lnslde
the reactor vessel and 1s supported from the vessel wall. Each shield
is 36 in. thick and consists of a 50:50 mixture by volume of stainless
steel shapes and llght water, cooled by forced cilrculation through
external heat exchangers. The fuel and houslng .tube assemblies pass
through Zircaloy calandria tubes that extend through the top and
bottom shlelds. A stagnant gas space 0.1 in. thick between each
housing tube and the surrounding calandria tube serves as the thermal
insulating medium, to reduce heat loss to the cold moderator.

The calandria tubes are conceived as replaceable and are sealed

at either end into the top and bottom shields. AL these locations, the
seals would be at a low temperature, protected by 1nsulation of the
fuel housing tubes and by the flow of coolant through the top and
bottom shlelds. Since the seals would also be protected against core
radiation, organic sealing materials, such as rubber O-rings, can be
consldered for thls service.

The heavy water moderator is contalned within the calandria tank,
which 1s bounded top and bottom by the axlal shields. The side wall
of the tank is a vertical cylinder that connects the two shields and
also serves toc transmlt the weight of the top shield to the bottom
shield and its supports. Stalnless steel is used for the construction
of the calandrlia vessel and for the top and bottom shield structures.
The D»0 moderator 1s isclated from the coolant gas wilthin the reactor
but 18 maintalned at the same pressure by equallzatlon 1n an external
pressurlzer vessel; thls eliminates the need for thick-walled fuel
housing tubes.

Thermal shielding of the reactor shell ls provided inside the
calandria by a l-in.-thick boron stalnless steel plate that 1is
concentric with the tank wall and separated from it by a 1-1in. annulus
of Do0. The l-in.-thick wall of the calandrla vessel provides
additlonal thermal shielding.
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Tco 1imit heat losses to the axlal shields, a stagnant layer of helium “
1s malntalned between the inlet and outlet gas coolant regicns and

the adjacent shlelds. The axlal shields and the moderator calandria

tank are separated from the walls of the pressure vessel by annular

clearances whilch are fllled wlth stagnant or low-veloclty helilum.

This provides thermal insulation and alsc permits the cylindrical walls

of the pressure vessel to assume a fairly uniform temperature gradient

between the hot and cold ends of the reactor, thereby minimizing the

thermal stress in the reactor shell.

The helium coolant enters near the top of the reactor vessel, passes
downward through the fuel assemblies, and leaves near the hottom head
The reactcr cperates at a pressure of about 400 psig; the helium enters
at 225%C and is heated to 511°C.

From the reactor the hot coeolant flows 1in parallel through four steam
generators, acrcss banks of finns=d steel tublng arranged in superheater,
evaporator, and economlzer sections. Clrculating gas blowers recycle
the coolant to the reactor. The steam generators produce steam at

1407 peig with 300°F (167°C) of superheat.

Although the production of superheated steam leads to a relatively low
investment 1In electrical generatlion facllitles, ths reactor and coolant
syvstem are more costly than for comparable liguid-and bofling-D.0-coonled -
reactors. The resulting unlt power cost for Case 1G 1s 1 to 2 mills/kwh
higher than that estlimated for the 100-eMW Do0-~cooled reactors.

G. DoO-STEAM-COCLED 100-eMW PRESSURE VESSEL REACTOR

A preliminary study was made of a 100-eMW cold moderater pressure
vessel reactor, cooled wlth Ds0 steam. A schematic arrangement for
this concept i1s shown on Figure 44. This reactor system 1s termed
Case 2H and was included in the econcmic survey reported in Volum= I.
The major advantages of the Case 2H reactor are as follows: (1) the
massive bollers that are usually required in a gas-ccoled reactor
system are eliminated, and (2) superheated steam can be produced in a
direct cycle at a pressure that permits 1ts use in a turbine generator
plant of conventional modern design. The econcmics of the reactor
plant do not compare favorably with the liquid- and boiling-Ds0-cooled
reactors. The reactor plant investment, Ds0 inventory, and total power
cost are all relatively high. -

The reactor vessel has an Internal dlameter of 18 ft and an over-all

length of about 52 ft and 1s designed for a pressure of 900 psig. The 5
material of construction is carbon steel (SA-212-B), with an internal
cladding of & 1/4-1in. thickness of weld-deposited stainless steel.

Individual fuel access nozzles and nozzles to accommodate control reds,

safety rods, and instrument rods are included in the top head of the

reactor. The numerous penetrations requlre a plate thilckness of about

8 in. A monitor pin extends through each access nozzle to the top end
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of the corresponding fuel assembly. The bottom head is 4 1In. thick;
the stralght shell of the reactor is about 5-1/2 in. thick.

The cold moderator 18 contalned in a stainless steel calandria tank,
bounded top and bottom by the core supports; these are jolned together
by a ecylindrical shell concentric with the wall of the pressure vessel.
The type of constructlion 1s similar to that previously described for
the Type SB-4 reactor in Section B-3 and picfured on Figure 18.
Zircaloy calandria tubes extend between the top and bottom core
supports and are fastened thereto. Radial thermal shielding, consisting
of a 1-in.-thick boron stalnless steel plate and two stainless steel
plates (1 in. and 2 in. thick), is included inside the calandria tank.
A portion of the moderator flows between the shield plates to provide
cocling. Horilzontal thermal shleld plates are installed below the

top core support and above the bottom one to protect the supports and
reactor heads from radiation heating. Like the Type SB-4 design,
insulating plates are included in the calandria tank, adjacent to the
core supports. These horlzontal insulating plates are spaced to
retaln stagnant layers of Dz0, thus providing an insulatling medium
between the hot coclant and cold moderator.

Each fuel assembly for the Case 2H reactor consists of 31 stalnless-
steel-clad twisted ribbons of natural uranium metal; each bundle of
ribbons 1s contalned in a Zircaloy housling tube. These housing tubes

are Ilnserted through the calandrla tubes, wilth the inclusion of piston
rings to seal the annular clearances where the housing tubes pass through
the core supports. A gas plenum integral with the bottom core support
connects with the clearance space around each housing tube. Hellum is
supplied through thils gas plenum to prcvide therinal insulation between
the housing and calandria tubes.

The pressure on the moderator and the reactor coolant pressure are
equalized 1n an external pressurlzer vessel. Thls permits the use aof
thin-walled Zircaloy housing and calandrla tubes, thereby reducing the
amount of parasitlc materlal in the reactor core.

Fifteen 1-1in.-thick perforated, stainless steel plates, spaced on 7-1/2
in. centers, are placed in horlzontal positlon below the moderator tank.
These plates provide additional thermal shlelding between the core and
the bottom of the reactor and also serve as a secondary steam-water
contactor.

Heavy-water steam at about 800 pslg cools the reactor fuel. The Dg0
steam entering the bottom of the reactor core 18 saturated at a
temperature of about 270°C. When thils steam rises through the coolant
passages of the fuel assemblles, 1t 1s superheated to about 387°C at
785 psig, equivalent to 117°C (210°F) of superheat.

About 16% by welght of the superheated Dz0 leaving the reactor 1s fed
directly toc the turbine. Centrifugal gas blowers in four parallel loops
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recycle the remalning 84%. The D,0 feedwater is heated to 221°C and
pumped to the bottom of the reactor vessel where 1t serves as a
reservolr of liquid Dz0. The heat capacity of this large holdup of
l1iquld contributes to the stabllity of the system.

The Dz0 steam being recycled to the reactor 1s desuperheated in two
stages before 1t enters the reactor core. Downstream of each gas
blower, the steam passes through a venturl eductor. There, 1t is cooled
to within a few degrees of saturation temperature by contact with
1lquid D0 drawn from the bottom of the reactor vessel and atomized

by the eductor. Within the reactor vessel, liguld D,0 cascades down
through the perforated plates used in the bottom thermal shield and
removes the remalining superheat from the D0 steam as 1t rises through
the shileld.

As indicated on Figure 44, an inert gas 1s introduced to the coolant
loops after a reactor shutdown. Thils provides a circulating medium

for shutdown cooling and for use durlng startup, prior to the generation
of a sufficient volume of Do0 steam.

One disadvantage of the steam-cooled reactor 1s the large size of the
core. Calculations showed that a 100-eMW reactor core with the
specified materlals must be about 15 ft 1n diameter, 1in order to attain
the necessary buckling for operation. Furthermore, the feasibllity of
the specifled reactor fuel is in question. It 18 not known at this
time whether a serious distortion of the uranium fuel ribbons would
occur during extended perlods of irradiation at reactor conditions.

H. FUEL HOUSING TUBE STUDIES

1. MECHANICAL PROPERTIES OF ZIRCALOY-2

In February 1958, a review was made of the avallable informatlon on the
mechanical propertles of Zircaloy-2. Data cn the ultimate tensille
strength, the yleld strength, the creep strength, and the modulus of
elasticity of Zircaloy-2 at metal temperatures up to 500°C were
correlated and analyzed to establish deslgn stress values for Zlrcaloy
fuel housing tubes. The correlated data for annealed material are
plotted on Figure 45 with the minimum yield strength and the minimum
tensile strength belng shown as banded zones. The creep strength curve
represents the stress required tc produce a creep rate of 1% 1n 100,000
hours.

The deslgn stress values used In this study were derived on the basis
set forth by the ASME Unfired Pressure Vessel Code. The resulting
curve for temperatures up to 500°C is shown on Figure 46. Stress
values are governed by the short-time tensile strength up to a
temperature of about 400°C. Above this temperature, the creep strength
is limlting.
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The following table lists deslgn stresses for the Zircaloy pressure
tubes in typical reactors.

Reactor Design Metal

Case Stress, psi Temp., o¢ Remarks
1K-430 11,250 145 Internal insulation
1D-460 12,000 125 Internai 1nsulation

1D 7,750 270 Calandria-type reactor

These design stresses are regarded as conservative, even in relaticn
£to the early data on which they are based. Information subsequently
obtained on the properties of cold-worked Zircaloy makes 1t evident

that significantly higher design stresses can be speclfied 1f cold-worked

material is employed in the pressure tubes.

2. THERMAL INSULATION OF FUEL HOUSING TUBES

Thermal insulatlon of the housing %tubes around the fuel assemblies

is one of the major problems in the design of cold moderator reactors.
Such insulation is required 1n reactors of both the pressure shell and
pressure tube types, to prevent excesslve heat loss from the fuel
coolant to the moderator. Although the housing tube designs are gulte
different Tor the two tyvpes of reactors, the same insulation methods
were considered for both.

Criteria for material suitable as insulation for the housing tubes
ineclude high thermal resistivity, low neutron absorption, good
stabllity under irradlation, and reasonable cost. A number of gaseous,
liguid, and solild insulating materlals were surveyed. Thelir effect

on heat loss and reactivity were calculated for typlcal cold moderator
reactors 1lncluded 1n this study. Three types of insulation appear
feasible: {a) a gas-filled annulus vented %o the gas space in a
reactor, {b) a single or double annulus filled with stagnant D0, and
(¢c) an insulating sleeve made up of lengths of zirconla tubing stacked
end-to-end.

Gas 1s the best of these insulating media. Gas insulation appears
practicable for gas-cooled reactors, but the condlitions under which
1t can be used in Dp0-cooled reactors are quite limited. For thils
reason, a ligquld insulating medium 1s specified for several of the
Do0-cooled cold moderator reactors. The types of 1lnsulation selected
for the various cold moderator reactors are llisted in Tables II and
IITI. A discusslon of the considerations that led to these selectlons
15 included in the folleowling sections.
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a. Gas Insulation

(1) Pressure Vessel Reactors

The design of a housing tube having a gas-filled annulus appears
practical only if the annulus 1s vented to a gas space within the
reactor. If the annulus 1s sealed at ambient pressure, both the inner
and outer tubes bounding the annulus must be designed to withstand a
pressure differential approximately equal to the reactor operating
pressure. Initial pressurization of the annulus can halve this
differential, but 1in either case, the wall thilckness of both tubes
must be substantial, and reactivity suffers.

Vacuum insulation, which 1s somewhat more effectlve than gas, has the
same disadvantages as a sealed gas annulus and is dependent upon the
absolute leak-tightness of a double-walled housing tube.

The use of a vented gas annulus for insulation 1s limited to those
pressure vessel reactor designs in which the blanket gas is relatively
cool and dry. Thils condition 18 met in five of the =1x cold moderator
pressure vessel reactors described in this report. The single exception
i1s the Type 3B-2 reactor shown on Figure 23. If a gas annulus were used
for this deslgn, moisture from the hot and humid gas blanket in contact
With reaclor coolant would condense in the insuiating annulus and
eventually fill it.

Tne principal mechanical problem associated with the design of a gas-
insulated housing tube 1s the need to provide for the difference in
longitudinal expansion between the hot inner tube and the celd outer
tube. There are several possible solutlons, as previously described
for the Type SB reactor designs. (Section B-3).

(2) Pressure Tube Reactors

In a pressure tube reactor it 1s deslrable to place the insulatilon
Inside the pressure tube to avoid the 35% to 40% loss in strength that
Zircaloy suffers 1f exposed to the high coclant temperature, rather
than the lower moderator temperature. This arrangement for gas
insulation is deemed impractical in Dy0-cooled pressure tube reactors;
an interior liner tube would become a pressure-resisting tube, thus
requiring a substantial wall thickness with a conseguent loss in
reactlvity. The use of a thin liner tube having ribs toc transfer the
pressure load to the outside housing tube did not appear promising
because of the excessive amount of ribbing required.

It appears, therefore, that gas insulation of a pressure tube reactor
is practicable only when used outside of the pressure tubes. The
insulating gas may be confined by a thin sheath attached to and
surrounding the pressure tube, as employed in the Type TL-7 design.

A more common use of gas insulatlon In a pressure tube reactor is found
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In the calandria-type designs. In these, the 1nsulatlng gas cccuples
the clearance annulus between each pressure tube and 1ts calandria
tube. Four pressure tube reactors based on the use of calandria
moderatoer tanks have previcusly been described: Types TL-3, TL-5,
TL-6, and TL-8,

b. Water Insulation

The thermal conductivity of D0 [0.39 peu/{ft?)(hr){°C/ft) at a mean
film temperature of 150°C1 is low enough to make 1t fairly attractive
as an insulating medium. The principal problem is to minimize heat
transfer by thermal convecticn. Thils can be accomplished in & Dz0-
cooled reactor by confining stagnant D0 in a narrow annulus between
a thin liner tube and the housing tube or pressure tube.

Dimples pressed into the liner serve to maintain proper clearances.
Because the D20 1n such an annulus need not be completely sealed from
the coolant flowing through the tube, the deslign is relatively simple.
An optimum width of approximately 0.060 i1n. was computed for a single
annulus. A4 further reductlon in the heat transferred may be obtained
by the use of a second liner tube, thereby providing twe Dp0-filled
annuli for which the optimum total width 1s 0.140 in. Results of this
study are discussed further in Sectlon H-3.

Other methods were conslidered for minimlzing convective transfer across
a Do0 annulus, such as filling it with beads or particles of some solild
having a low thermal conductlvity, but none appear more attractive

than the method just described.

¢. Zlrconia Insulation

Of the s8o0lid insulating materials considered, zirconla 1s the most
attractive from the standpoint of physical properties, alfhough its
high cost 1s a major dlsadvantage. It was found that tubes of
zirconia can be made wilth suitable wall thlcknesses 1In lengths up to
18 in. About 4% of calcium oxide 1s incorporated with the zirconia,
thereby increasing the thermal neutron absorption cross section of the
zirconla by some 13%, which 1g& not a serlous factor. The zlrcenla tubes
are repcrted to have a thermal conductivity in alr of 0.33 to C.42
peu/(££2)(hr)(°C/ft) in the temperature range of interest. Permeation
of Ds0 intc the zirconla would be expected to increase the effective
thermal conductivity by some 30%.

The zirconia insulation iz visualized as consisting of 12-in. to 18-in.
lengths of the ceramlc tubing stacked end-to-end inside the housing

or pressure tube. A thin liner of Zircaloy would be provlided to protect
the 1nsulation from erosicn by the high-veloclty coolant.
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d. Other Insulations

In addifion to the Insulating materilals dlscussed above, ccnsideration
was glven to the use of ceramlc coatings and various sollds in the form
of powders or granules. TFor example, powders such as magnesia or
carbon black might be employed, but these can be conslidered effective
only when thelr high voidage content of ailr or gas 1s malntalned. In
a pressure tube reactor, the insulation would be exposed to the
pressure of the coolant, and 1t appears probable that the compression
of such powders would increase thelr effective thermal conductivity to
a considerable degree. The use of a flame-sprayed zlrconila cocatilng
inside a pressure tube might be feasible. However, 1t i1s highly -
questlonable whether such a coating could be applied in the required
thicknesses. Furthermcre, 1ts integrity. under temperature change 1s
an unknown factor.

Many gases and liquids are avallable as insulating media. Some have
edqual or better insulating propertles than the examples cited in this
study. However, the advantage of utilizing flulds that are already
present in a reactor 1s belleved to outweigh many other consideratlons.

3. HEAT ILOSS FROM INSULATED FUEL HOUSING TUBES

Calculations were made %o determine the heat loss to a cold moderator
for various thicknesses of ilnsulation. Tube wall temperatures were
computed, and the design stresses for Zlrcaloy-2 shown on Figure 46
were used to calculate the required wall thicknesses of the housing
tubes. The heat losses through the tube walls were then calculated for
cold moderator reactors of both the pressure vessel and pressure tube
types. B8elected results are listed in Table IIT.

Figure 47 shows more detalled resultis of the study of the preferred
types of insulatlng media, based on the Type SB-3 pressure vessel
reactor. The loss of reactor heat to the moderator ls plotted versus
the thickness of the insulation, for helium gas, zirconia, and for
single and double annular layers of liguid Do0. The curve for helium
includes heat losses from conductlon, convection, and radiation.

The curves for liquld D0 are based on literature correlations for
natural convection heat transfer in vertical annuli. The avallable
correlations have been;developed for alr with helght-to-clearance

ratlos up to 40. However, studies with horlzontal annull and other data
on natural convectlcon lndicate that the correlations should also apply
to ligulds at helght-to-clearance ratios experlenced -in the power
reactor deslgns. The calculations show that the rate of heat transfer
through a Dp0 annulus decreases wilith increasing clearances until the
natural convection currents change from laminar to turbulent flow.

Thils corresponds to a value of 144,000 for the product of the Grashor
number and the Prandtl number. With z single .layer of liquild D0 the
minimum heat loss occcurs when the annular layer 1s approximately 0.06 in.
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thick. With two annular layers of liquid Dy0 1n series, the mlnimum
heat loss occurs at a total thickness of 0.14 in.

As previously stated, the values shown on Figure 47 apply only to the
Type 8B-3 reactor. For the other cold moderator reactors the shapes

of the curves are similar, but the absoclute values for h=at loss are

somewhat different. Pertinent values are listed in Table IIT.

4. REACTIVITY LOSS TO FUEL HOUSING TUBES

Calculations were made to determine the effect of changes in the wall
thickness of housing tubes or pressure tubes on the reactlvity avallable
from several of the cold moderator pressure vessel and pressure tube
reactors lncluded in this study. The calculation methods were based

on the assumptlon that a change in the tube wall thickness would affect
only the migration area, the thermal utilization, and the regeneration
factor. The results of these calculations were used to plot the effect
of housing tube wall thickness on reactivity loss; these plots are

shown on Figure 48 for the following reactors: Type SB-3, Case 1D,

Case 1D-4A0, and Case 1K-430.

The design thickness for the fuel housing tubes used in the four
reactors is 1ndlicated on each plot. The Type SB-3 reactor 1s a cold
moderator pressure vessel deslign which requires relatively thin fuel
housing tubes; the reactivity loss to these tubes 1s 0.7% k. The Case
1D and Case 1D-460 liquid-cooled pressure tube reactors are designed
for a pressure of 1000 psig.

The design thickness for the pressure tubes 1s about 0.2 1n.; the
reactivity loss to these pressure tubes 1s about 3.4% k for Case 1D and
2.5% k for Case 1D-4%60. The Case 1K-430 reactor 1s a pressure tube
deslgn cooled with belling D0 and designed for a pressure of 900 psig.
The deslign thickness of the pressure tubes is about 0.15 1n.; the
reactivity loss 1s about 1.6% k.

It is evident from the plots on Flgure 48 that mincr changes 1in the

wall thickness of the pressure tubes have a marked effect on the
avallable reactivity. None of these plotes include the reactivity loss
to insulating tubes or calandriz tubes. The Case 1D-460 and Case 1K-430
reactors utilize thin-walled insulating liners inside the pressure tubes;
the additional reactivity loss to these liner tubes 1s about 0.5% k.

The pressure tubes of the Case 1D reactor pass through aluminum
calandria tubes; the reactivity leoss to the calandria tubes is about

1.5% k.

The design thicknesses of the pressure tubes for the reactors 1n this
study are based on the design stresses for Zlrcaloy-2 shown on Flgure 46.
If the permissible design stresses were increased by 20%, for example,
thinner pressure tubes could be used, and the reactlvity loss to the
tubes would be reduced by about 0.5% k for Case 1D and Case 1D-460 and
about 0.25% k for Case 1K-430.
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J. REACTOR AND PLANT AUXILIARIES

1. CONTRCL AND SAFETY ROD STUDIES

a. QGeneral Criterla

Basgic criteria for the nuclear control systems were derived largely
from du Pont experlence. Mechanlically driven rods are specified for
all reactors included in this study. The safety rods are separate from
the control rods and are designed to fall by gravity to effect rapld
shutdown. InJection of a poisgon solution 1s provided for emergency use
if, for some unforeseen reason, a slgnificant number of the rods should
fall to function upon receipt of a shutdown signal.

b. Control Reguirements

Detalled study of the physics of control was made for only one reactor,
the Case 1B 100-eMW hot moderator pressure vessel design. As a result
of this study, the following control and safety rods were specified.
Subsequent work has indicated that satisfactory control can be obtalned
wlth fewer control rods.

Control Rods

"Regulating" Rods ~ Seven control clusters near the center
of the core azre uged for fine adjustment of the multiplication factor,
compensation for long-term reactlvity changes, and regulation of axial
and radlal flux distributicns. Each cluster consists of two rcds
extendling the full 15 ft length of the core and two rods of 6-ft active
length. The full-length rods are 1.18 1in. 1n diameter; one contalns
cadmium for complete blackness, and the other 1s stalnless steel. Both
6-ft rods are 0.86 in. 1in dlameter and are constructed of stainless
steel.

"Shim" Rods - Twelve 3.50-in. dlameter rods of cadmium sheathed
in stainless steel are positioned outslde the zone containing the
regulating clusters. These shim rods are wlthdrawn to compensate for the
less in kopp in goding from the cold, clean conditicn to the hot,
poisoned condition. During most of the time at full-power operation,
these rods will be completely removed from the core.

Safety Rods - Nineteen cadmlum-bearing rods of 1.18-4n.
diamster are interspersed through the core. During operation, these
rods are poslticned above the core, to permit gravity fall in case of
a reactor scram.

Control and safety elements of the types described above are provided
in all the reactors studied.
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The number of elements has been adjusted to sult the estimated
requlrements of each reactor. Whether the control and safety elements
are placed at lattice positions or at interstitial locations depends
largely upon the resulting effects on the reactor structure. The
arrangements selected for each reactor are described 1n Sections B to G.
The distributlon of these elements In the Case 1B reactor 1s shown cn
Figure 6.

¢. Operating Characteristics

The following operating characteristics for the reactor control system
were established as a basis for the study of the rod actuators and their
arrangement relative to the reactor. Performance tests of similar
controls dsslgned and fabricated for the HWCTR have demonstrated thelr
feasibility.

(1) The full-lengih rods of the seven control clusters
normally operate as a single gang with cadmium and stalnless steel rods
moving sequentlally (cadmlum rods withdrawn first) through cperation of
a single control. Partlal-length rods are operated as two independent
gangs wlth one rod from each cluster included in each gang. The twelve
shim rods normally are operated as four groups of three equally spaced
rods. All safety rods operate as a single gang.

(2) Provision 1s made at a locatlon away from the control
console for isclation of each individual control or safety rod from its
normal gang, during special condltions of operatlon. Each rod can be
moved up or down whlle isolated from 1ts gang. Use of this feature is
occaslonally necessary for adjustment of 1ndivldual rods to the nominal
gang position or to special positions. Isolatlon of control or safety
rods from their normal gang function does not prevent their automatic
movement 1nto the reactor core durling a shutdown initiated by a safety
clrcult.

(3) For normal operation, positioning of the control rods i1s
accomplished manually. Automatic control is not contemplated, except
for emergency purposes, as outlined below. The control rod actuators
are a posltion-indicating rather than a posltion-demand design. When
driven by normal gang control, the various types of rods move at
approximately the following speeds:

Full-length regulating rods 5 ft/min
Partial-length regulating rods 1 ft/min
Shim rods 5 ft/min
Safety rods 5 ft/min

(%) A device 1s required for limiting the rate of withdrawal
of control rods when the reactor 1s subcritical or at powers less than
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a few kilowatts, because of the limitations of safety clrcult -
instrumentatlon under these conditlons. An adjustable internal regulator
that permits mcvement of rods about three seconds out of each :i5-second
period is included for this purpose.

(5) The reactor operator must be able to move any control
rod or gang of control rods in increments as small as 1/8 in. A
Jogging or 1nching control 1s provided to facilitate these small
movements. The position 1ndication facilitles are sznsitive to movements
as small as 1/8 in. and permit reproducibility in rod positioning
within #1/8 In. Indication of the control rod posltlon need have an
absolute accuracy of oniy 11/2 in. The poslition of each control rod
18 shown in the control room at the same location as the individuzl
rod controls previously described. 1In addition, the position
of cne representative rod (or sequential rod pair) from each gang
1s indlcated at the control console. Safety rod position is indicated
only for 100% insertion 1n the reactor core and for complete removal
therefrom.

(6) Two types of automatic shutdown and one method for
automatilc reduction of power to a safe level are provided, as follows:

Rapid Shutdown ("Scram")} - The safety rods fall or are
driven rapidly into the reactor core. Simultaneously, all full-length -
regulating rods and shlm rods are also driven into the reactor core.

Slow Shutdown - All full-length regulating rods and shim rods
are simultaneously driven Iinto the reactor core. The safety rods are
not inserted.

Rod Reversal - All full-length rsgulating rods are driven
into the reactor core in normal sequence, as long as the reversal
signal lasts.

(7} An automatic shutdown or rod reversal over-rides any
efforts of the conscle operator to control movement of the rods. On
a fast shutdown, the safety rods can be inserted to within 2 ft of
the fully inserted positlon within three seccnds after initiation of
the electrical signal for shutdown; 1.e., opening of the scram relay.
A safety rod scram can be initlated from any position of the safety
rods. This permits a fast shutdown even during the wlthdrawal of -
safety rods. During a scram, the safety rods are snubbed as they near )
the 1imit of their travel, thus preventing damage %o the rods, the rod
actuators, and the reactor. 3

4. Evaluation of Alternative Actuator Systems

The relatively long stroke required of control and safety rod actuators
for the reactors included in this study limits the selectlon of actuator
locations and the type of actuating machinery. 1In all cases, the rods
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are required to traverse a distance equal to the length of the reactor
core plus a 1-ft depth of axial reflector. In most of the reactors,
the effective stroke 1s at least 16 ft. This eliminates drive
mechanisms that are practicable only with a shorter strcke and limits
the extent to which advantage can be taken of actuating systems already
developed for other types of reactors. Orlentation of the rods
relative to the reactor and design of the reactor building are both
influenced by the space reguired for retraction and replacement of rods
having a total length, including extension pleces, considerably greater
than 16 ft.

To assist in a systematic evaluation of alternatives, control and safety
rod actuators were grouped in two primary categorles depending upon:

(1) exposure conditions for the rods and drive components, and

{2) whether the actuators are mounted at the top or at the bottom of the
reactor. In addition to the primary categories, a further classification
was based on the characteristics of individual components in the drive
train. Comparison was made of electric, hydraulic, and pneumatic prime
mevers of the rotary and linear types. Conversion mschanisms for

rotary motion included various screw-and-nut devices and rack-and-pinion
sets. Alternatives were also surveyed for speed reducers, clutches,
brakes, couplings, and for position-tracking equipment. Available seals
of both the rotary and linear types were reviewed for thelr sultabllity,
and Information on performance was obtained where it was avallable.

Classification with respect to exposure conditlons 1s equally applicable
to top-mounted and bottom-mounted actuators and includes the following
three categories:

(1) All drive components and rocds external to the primary
pressure system.

(2) All drive components and rods exposed to reactor
pressure and to reacter flulds.

(3} Some of the drive components and/or the rods exposed
to reactor pressure and to reactor fluids.

The avoldance of exposure to reactor pressure and flulds is an advantage
for the first category, although thls requires the use of sealed thimbles
inside the reactor and the provision of cooling facilities for the
control reds. In a pressure vessel reactor the thimbles must be
relatively thick fteo avold collapse under reactor pressure. Although
constructed of Zircaloy, these thimbles reduce the avallable core
reactivity, necessitating an appreciable increase 1n core size or a
sacrifice in fuel economy. Because of their heavy constructicn, the
thimbles are expenslve and requilre large penetrations In the head of

the reactor vessel. For these reasons, category (1) actuators were not
gpecified for any of the pressure vessel reactors. They were, however,
Judged practical for use in pressure tube reactors, in which the thimbles
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can be thin-walled because of the low pressure of the moderator to ~
which they are exposed. Actuators 1n thils category are more easlly
maintained than actuators in categories (2) or (3) and afford almost
complete freedom In the selectlon of individual components for the
drive train.

The "wet" actuators of category (2) eliminate the problems assoclated
with heavy internal thimbles and can be made completely leak-free.

A high penalty, however, 1s paid for these advantages. Malntenance of
drive components 1is impossible during reactor opsration. Drives of
thils type requlre that many preclsion parts must operate without the
beneflt of lubricants. Indlrect methods for measurling rod posltion
are required. In addition, drives of thls type are generally more
expensive than other types. As a result, category (2) actuators were
not specified for any of the reactors in this study.

Actuators in category (3), with some components inside and some outside
the primary pressure system, can be designed to avold the major
disadvantages of actuators in the other two categories. Internal
pressure thimbles are not requlred, and favorable malntenance
characterlstics can be preserved by placing most of the drlve
components outside the primary pressure system. The necesslty for
dynamic seals in actuators of thls type ls not regarded as a serlous
disadvantage, because experience has shown that proper leak-collection
facllitles can recover practlcally all the filuld passing through a
geal. Actuators in category (3) were selected to drive the control ;
and safety rods in all the pressure vessel reactor designs.

Ld]

Final cholce between category (1) and category (3) actuators for the
pressure tube reactors would require further study. The category (3)
actuators obviate the control rod coollng facilitles by providing direct
contact of the rods with the moderator. However, a low-pressure seal

13 required to prevent loss of blanket gas and Dp0 vapor.

The study of alternatives disclosed nothing that demonstrated a
consistent superlority Iin elther top-mounted or bottom-mounted
actuators for preassure vessel reactors. Both types of mounting present
significant engineering problems; thelr magnitude varles from one
reactor design to another.

A1l of the reactors studled are refueled at the top; the liquid- and

gas-cooled reactors also contain extensive instrumentation at the bottom

for monitoring the coolant temperature, flow, and actlvity. For this -
reason, problems of lnterference arise 1in mountlng control actuators
at elther end of the reactor. 8Slde-entering rods were rejected early
in the study for the following reasons:

(1) the difficulty of providing the desired symmetrilcal
array of control surface within the core;
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(2} the mechanical problems posed by deflection of the rods
or, alternatively, the neutron absorption by the guldes and supports
required to prevent deflectilon;

(3) spatial interference of actuators with primary cooling
system equlpment located in rooms arcund the reactor; and

(4} more severe space limitations within the core for
horizontal control elements than for vertical elements.

A workable arrangement was devised for bottom mounting at some
sacrifice 1n the accessiblilify of instrument leads. The general
arrangemen? of such an actuator system is lindicated on Flgure 5. The
drive components are shown on Flgures 49 through 51 and discussed

in the following section of thils report.

Location of the actuators at the top of the reactor was also Judged
feasible, provided that the actuators are designed for removal prilor to
refueling operations. The necessity for perlodically disconnecting the
external pressure thimbles i1s the principal disadvantage encountered 1n
uslng top-mounted actuators on pressure vessel reactors. 1In pressure
tube reactors, the external thimbles are replaced by thin-walled thimbles
located inside the reactor.

The general arrangement of top-mounted actuators for a pressure vessel
reactor 1s shown on Figures 52 and 53. A simllar scheme, 1ncluding the
plvoted carriage for removlng the actuators before refueling, would be
employed for the pressure tube reactors. The drive components shown

on Figures B4 through 58 apply specifilcally to a pressure vessel reactor
but would not be greatly different for a pressure tube reactor. A
further description of these actuators 1s glven in the next section.

e. Descriptlion of Actuator Systems

(1) Bottom-Mounted Actuators

The actuator system depicted on Figures 5, 49, 50, and 51 was deslgned
for Case 1B, the 100-eMW hot moderator pressure vessel reactor. A
gsimilar arrangement of actuators could be used wlth any of the pressure
vessel reactors included In the study. The seven clusters of regulating
rods and the twelve shim rods specifled for Case 1B are located on
lattice positions; the 19 safety rods occupy Interstitlal positions.
During reactor operatlon, the active portione of the safety rods are
pesitioned above the core to permit gravlity scram. Control rods of
both the regulatlng and shim types are driven upward into the core.

Drilve components for the three types of rods are simllar, but the safety
rod drives differ by the inclusion of a declutching mechanlism to permilt

free fall for rapld shutdown. The specifled components are not excluslve
selections but represent avallable products that appear suitable for this
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e¢ritical service. The construction of prototype drives and thorough
testling would he a prerequisite to flnal acceptance.

It may be noted on Flgure 5 that the external pressure thimbles extend
approximately 34 £t below the reactor vessel, more than twice the actlve
length of the rods. To provide access to the drives durlng reactor
operatlion, when some control rods are completely out of the core, 1t

is necessary to extend the thimbles and interpose biologilcal shielding
between the drives and the lrradiated portion of the control rods.

This shielding also provldes accessibllity to the drives during shutdown.
The safety rods are then In the core, but their highly irradlated
follower sectlons extend into the thimbles below the reactor. The length
of the thimbles, together with the additlonal aspace needed for removal

of the drive assemblles, is one of the factors that determine the 180-ft
diameter of the containment sphere. Even longer thimbles would have been
requlred if bottom removal of the rods was specified. Instead, the rods
are designed for removal from above the reactor, using the sgame general
equipment employed 1n fuel handling. An attachment on the fuel-handling
mast 1s 1nserted through the hollow rod and rod extension tube to

operate a disconnecting latch at the base of each control rod. Since

the safety rods are 17 ft longer than the control rods, two latches are
provided in each safety rod to facllitate its removal and replacement.

Each clustaer of regulating rods. Figure 49, requires four drive

assemblies. These are positioned at $0° intervals around the pressure
thimble, and each connects to a one-plece housing contalning the drive
plnions, rack guldes, and bearings for the drives. A connection for
flltered Dz0 18 provlided at the lower end of every control and safety

rod thimble. The Dz0 passes upward through the thimbles and discharges
into the reactor, thereby coollng the rods and minimlzing the accumulation,
of sediment 1n the thimbles. A small stream of Dp0 from the same

source cools the floating-ring rotary seals. This seal coolant 1s
collected and returned to the reactor system.

(2) Top-Mounted Actuators

The control rod and safety rod actuators shown on Flgures 52 through 58
were designed for the Type SB-4 cold moderator pressure vesgel reactor.
The number of rods of each type and their operating requirements are
assumed tc be the same as specified for the bottom-mounted system
described in the previous sectlion. In this reactor, however, the safety
rods as well as control rods are located on lattice positions. All rods
enter the core from sbove; the safety rods fall by gravity to effect

a rapld shutdown.

Except for positlon and orlentation, the individual components of the
actuators do not differ greatly from their bottom-mounted counterparts.
Speciflcations for motors, brakes, speed reducers, and the rack-and-
plnion sets are virtually unchanged. The most significant differences
in deslgn are those incorporated to permit removal of the actuators
prior to each refueling operation.
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Ag shown on Figure 53, the drives are mounted on an elevating platform
which 1s carried within a rotating carriage. In operation, the external
pPressure thimbles are first dilisconnected after which the rods are
delatched from thelr rack extenslons, uslng a vertical motion of the
elevating platform. The carriage 18 then rotated about a pivot point

to clear the top of the reactor for fuel handllng.

The delatching mechanism for a regulating rod cluster is pilctured on
Filgure 54. Corresponding mechanisms for safety and shim rods, and the
delatching sequence are shown on Figure 56. Thimble couplings for all
rods are of the snap-lock type and are shown sealed with "Teflon". The
two sections of a leak-collection chamber surrounding each coupling are
gealed with rubber O-rings. These sections separate as the drive rack
1s raised. Substantial shielding at the floor level and the additlon
of cool D.0 at the top of each thimble make 1t practleal to use organic
sealants at these locatlons.

Rods, rod guides, and thimble-connecting flanges for the regulating,
shim, and safety rods are shown on Figures 55, 57, and 58, respectively.
The monitor pln, shown below each rod in thils particular concept, would
be used only in the event that the rod were later replaced with a fuel
assembly.

Several of the advantages which result from mountlng the control and
safety rod drives above the reactor are as follows: (a)} improved
accesslbllity for maintenance, (b) potentlial reduction of bullding size
by maklng dual use of the space above the reactor, {c) elimination of
Zircaloy follower sections on safety rods, and (d) elimination of
"sludging" or collectlon of sediment in the drives.

Agalnst these advantages must be balanced the complexlitles of the
delatehing equipment and the potentlal leakage of Dp0 at these points.
The cholce of top- vs. bottom-mounted drives 1s not obvious for
pressure vessel reactors having actuators which make use of external
pressure thimbles. However, for pressure tube reactors and for pressure
vessel reactors in which internal thimbles may be employed wilthout
serlous penalty, the top-mounted actuator drivesg appear more attractlve.

2. REACTOR INSTRUMENTATION

a. DMonitoring of Fuel Coolant

Most of the reactor deslgns included in this study are provided wilth
facilities for measurlng temperature, flow, and actlvity level of the
coolant leaving each fuel assembly. Such Instrumentation 1s considered
necessary 1in a prototype or first generation reactor to safely reallze

the full potential of the reactor core. Some reduction in instrumentation
may be feaslible in subsequent reactors of the same design.
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Long-term rellabllity of the instrumentation requlres that the sensing
elements be invulnerable to damage or capable of replacement. ILocatlon
of these elements In a position where they need not he disturbed durling
fuel removal minimizes the possibillities of damage. In a typlcal
pressure vessel reactor and in many pressure tube reactor designs, this
requires that the sensing elements be located below the fuel assemblies
and requires downward flow of coolant. Most of the reactors ineluded
in this study are so arranged. The principal exceptlons are pressure
tube reactors having individual coolant discharge plping. Sensing
elements placed in this piping do not interfere with fuel handling.
This arrangement 1s advantageous where there 1s a strong preference

for upward flow of coolant, as in the bolling reactors.

A typical sensing element, or "monitor pin", used with downflow of
coolant 1n a pressure vesgel reactor 1s shown cn Figure 59. A monitor
pin 1s welded into the bottom head of the vessel below each fuel assembly.
The top end of each monitor pin engages an extension sleeve projecting
downward from the fuel housing tube. Coolant from each fuel tube passes
through orifices 1n the extenslon sleeve and into the bottom of the
reactor. The upstream pressure at the orifices, indicative of the

flow, 1s conveyed to exterior instrumentation through a small channel

in the monitor pin. Thls channel also provides a coolant sample for
activity monitoring. The temperature of the coolant is measured by a
thermocouple 1installed in the axial hole through the monitor pin.

The thermocouple 1s considered the most vulnerable part on the monitor
pln and 1s therefore designed for removal and replacement from outsilde
the reactor. Mechanical damage to the permanent portion of the pin,
as might be caused by inadvertently dropping a fuel assembly, 1s
highly unlikely because of the protectlon afforded the piln by the
bottom shield muff or fuel tube support. Each monitor pin is
sufficiently flexible to accommodate the misalignment of reactor parts
that results from thermal expansion. At the same time, the pin 1s
riglid enough to prevent vibration that may be induced by the flow of
coolant past the pln in the bottom of the reactor.

Monitor pins which are welded into the bottom head of a pressure vessel
reactor would be difficult to replace. One reactor design, Case 1B-400,
provides monltor plns with extensions below the reactor vessel through
the biological shielding. These extensions are welded to external sleeves
which also extend from the bottom head of the reactor. In this deslign

1t 1 possible to cut each monltor pin away from 1lts exterior sleeve

and to replace the pin through the access nozzle in the top head of the
reactor.

b. Core and Moderator Instrumentation

The proposed type and number of instrument locatlons for the Case 1B
hot moderator pressure vessel reactor are shown on Figure 6. The
instrumentation requirements for the other 100-eMW reactor designs are
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similar. Instrumentation of the larger-capaclty reactors 1s based on
simlilar equipment with the use of a larger number of instrument posltions
as requlred by the larger core diameters. The followlng description

of instrumentation requirements applles to the Case 1B reactor.

Internal flux monitoring 1s consldered necessary for the initial
installation of any of the heavy water reactor deslgns. The purpose
of such monitorlng is to determlne the axlal and radial flux pattern
by measuring the neutron flux level at several elevatlons within the
core at selected radial positions. Infoermation on the flux dlstributlon
permits the reactor operator to evaluate the heat distributlion and to
alter or flatten the flux pattern by adjustment of the control rods.
These flux measurements also permit calculation of fuel element
temperatures under all operating conditions which may be encountered.
After operatlng experience has been galned on an Initlal reactor
installatlion, internal flux monitoring might be considered unnecessary
in succeedlng reactors. :

Four interstitlial positlens are provided for the flux monitor rods; one
position 1s near the center of the reactor and the other three are
equally spaced along a radius as shown on Figure 6. A conceptual design
for these instrument rods is shown on Figure 60. Each instrument rod
thimble 1s a 1l-in.-diameter tube that extends from the top head of the
reactor down through the core and rests in a socket support above the
bottom axial shield. The portion of the tube that penetrates the core
and reflector area is made of Zircaloy-2. This 1s bonded to a stalnless
steel tube that passes through the top head of the reactor and through
a 2-in. nozzle which extends 6 £t above the reactor head and carries

a flanged connectlon to support the lnstrument rod thimble.

Each instrument rod contains three flux-measuring devices, placed at
different elevations in the core. Slots in the Zircaloy portlon of the
thimble provide for convectlve cooling. The 1lnstrument leads pass
through a spiral plug that prevents radlation streaming through the top
shlelding in the reactor. These leads termlnate in fl1ttings above the
flanged connection on the nozzle extension.

Figure 60 is based on the use of minlature gamma lonization chambers 1n
an Instrument rod. Two alternative types of 1nstruments have been
considered for this service: a gamma thermometer for determining heat
generation in a stainless steel block due to gamma flux, and a neutron
thermometer for determining heaf generation from the fisslon of a small
amount of U®®® Ly core neutrons.

Six of the pressure vessel reactors included in this study have the
safety rods and instrument rods located at fuel lattice positions. In
these designs, each instrument rod locatlion also 1ncludes a safety rod.
At these combilned locations, two concentrlc guide tubes extend through
the reactor core. The safety rod operates through the inner gulde tube;
the flux-measuring ilnstruments and the lnstrument leads coccupy the”
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annulus between the two tubes. Both tubes are perfcrated to provide
coolant flow. The safety rod and the instrument leads are brought out
through a flanged nozzle closure above the reactor head. Details of

this arrangement, as 1t applies te the Case 1B-400 hot moderator pressure
vessel reactor, are shown on Figures 8§ and 9. A similar arrangement

is used for the Case 1B-200 and 1B-300 reactors and for three of the cold
moderator pressure vessel reactors, Types SB-4, SB-5, and SB-6&.

The measurement of the mocderator temperature at various locations wlthin
the reactor is consldered necessary for initial installaticns. This
instrumentation measures local variations 1n the moderator temperature,
and in a hot moderator pressure vessel reactor, 1t defines areas where
lccal boiling might ocecur. Figure 6 shows the locatlon of seven
thermocouple rods on inferstitial positions. Each reod includes a
perforated housing thimble similar to that shown on Figure 60 for the
gamma icon chambers. Contalned in the thimble are five thermocouples
sheathed with 1/16-in.-dlameter stainless steel tubing; hot junctions
are spaced at different elevations inside the thimhkle.

A neutron source rod is located at an interstitial position adjacent
to the central control cluster, as indicated on Figure 6. This is
installed In a housing thimble similar to those used for the flux
monitors and the thermocouple rods.

In those reactor designs which require measurement of the liquid level
inside the reactor, three purge tubes are inserted through an access
nozzle at a lattice position on the periphery of the core. Two of

the tubes extend downward almost te the bottom plate of the top shield;
these permit measurement of moderator head and specific gravity. The
third tube terminates below the reactor head, tc obtaln the pressure
of the blanket gas.

In addition to the thermocouples for measuring the moderator temperature,
thermoccuples would be installed at various points within the reactor
vessel and its internal shielding to measure temperatures at the more
critical areas in each reactor design. Since it 1s assumed that these
thermocouples could not be replaced, a number of spares would be
included 1n the I1nitial installatilon.

¢. Reactor Startup and Power Level Instrumentation

Two fission chambers are required for monitcring the neutron flux
during reactor startup. These monitcr the flux from the source value
of about 300 counts/second to an upper limit of approximately 10%
counts/second. Before the upper limit has been reached on the fission
counters, the intermedlate range systems start measuring the absolute
power level and the reactor period. At some point in the intermediate
range, the hligh power level channels pick up the flux level and serve
as the continuous flux monltors during normal reactor operations. The
intermediate and high power level channels are incorporated into the
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reactor automatlc shutdown protection circult. A total of seven
ionization chambers are required around the reactor for neutron
instrumentation during startup and operatlon. O0f thesge chambers, three
are used with lilnear power level instruments, two with log N-period
instruments, one with galvancmeters, and one 1s held as a spare.

Calculations lndicate that a suitably hilgh thermal neutron flux level
will exist immediately outside the reactor te permit satfisfactory power
measurement. As a result, the fission counters and ionization chambers
are located in penetrations through the concrete bloleogical shield

around the reactor. A container fl1lled with D0 ia included between

the reactor and esch fission counter and ionizatlon chamber to thermalize
the neutrons. The fisslon counters can be pulled out of position and
placed behind suffilcient shlelding to protect them from excessive neutron
flux durlng high-level reactor operation. The lonizatlon chambers and
the moderator contalners assoclated with them are located behind water-
cooled lead plugs that provide shielding against gamma activity.

3. FUEL-HANDLING EQUIPMENT

A concept was developed for fuel handling and for replacement of other
core components 1in the Case 1B 100-eMW hot moderator pressaure vessel
reactor. The flowsheets for the mechanlcal operatlons reguired in this
concept are shown on Figures 61 and 62. The general arrangement of the
equlpment for fuel handling and component replacement 1s shown in plan
and section on Filgures 63 and 04.

The mechanical operations and equipment requirements are based on the
following assumptlons:

a. Only one element-handling crane and coffin are requlred.
The crane grippers are fltted wilth alternative chucks to provide for
the different operations.

h. The charge and discharge pits are located on the same
side of the reactor.

¢. The plugs for fuel access nozzles are not Immedlately
reusable and must be replaced from a second set. The set of plugs
removed from the reactor is reconditioned prior to the next refueling
cycle.

d. The shield plugs or muffs positioned above the fuel
elements are attached to the access nozzle plugs to simplify the crane
operations. A second set 1s therefore requlred.

e. The malntenance crane 1s used for remcval and replacement

of all heavy ltems of equipment such as the reactor head, the rotating
floor shleld, and the statlonary floor shleld.
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The design basilis for access to fuel elements and other core components
in the Case 1B reactor alsc dictates the nature of the handling scheme.
Those components requiring perlodic replacement are removed through
access nozzles 1n the top head of the reactor. These consist of fuel
elements, instrument rods, and safety rods. The control rod clusters,
shim rods, and the houslng tubes for the fuel and control positions are
replaceable after removal of the top head.

The handling scheme devlised for the Case 1B reactor requires the
following majJor equlpment items:

a. Coffin-handling c¢rane and coffin with aséociated grippers
b. Rotatable floor shield

¢. Floor plug handling device

d. Fuel supply conveyor

e. BSpent fuel discharge conveyor

f. Maintenance crane

The removal of fuel 12 accomplished by grippers that 1ift the fuel y
tubes through the access nozzles and the rotatable floor shield into

the coffin. The coffin containing the spent fuel elements is moved

by the crane to a chaln conveyor whilch recelves the spent fuel elements
and lowers them through a shaft leading to the storage basln located
outslde the reactor building. The coffin 1s supported by steel framework
which is suspended from an overhead crane. The operator rides on a
platform attached to the framework and 1s in direct control of all phases
of gripper and coffin operation. New fuel elements are carrled by a
second chain conveyor from the storage area outslde the reactor bullding
to the presentatlon point at the maln operating level in the reactor
bullding. The elements are then plcked up by the coffin and inserted

in place in the reactor. The instrument rods and safety rods are
replaced by similar operations of the coffin.

Replacement of the other core components, which requires prior removal

of the reactor head, involves additional operations. The rotatable and
statlionary floor shleld must filrst be removed %o provide access to the .
top head of the reactor. After the reactor head is removed, the floor ’
shield 1s replaced and operations proceed, and the coffin 1s used to

remove the partlicular core compenents. After removal and replacement “
of these components, the floor shield 1s agaln removed to permit

replacement of the reactor head. This replacement iz followed by
re-installation of the floor shield.

Other versions of the pressure vessel reactor, such as the Case 1B-400
and the Types 8B-U4, SB-5, and SB-6 reactors, are based on the use of
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larger access nozzles at the fuel and control positions. The fuel-
handling and component-handling scheme devised for the Case 1B reattor
eould be utilized for the Types SB-4, 8B-5, and SB-6 reactor systems,
but the operations would be simpler; none would require removal of

the reactor head. The Case 1B-400, Case 1D-U460, and the Case 1K-~430
reactors include access nozzle extensions through the biological
shielding at the operating floor level. With this arrangement, the
various handling operations could be performed with coffin equipmesnt
similar to that developed for the Case 1B reactor, but there would be
no need for a rotatable floor shield.

4. RESIN PREPARATION AND DISPOSAL

Suspended and dissolved solids accumulate in the D0 moderator and
coolant, arising primarlily from corrosicn in the reactor and cooling
systems. On occaslion, fisslon products may be present, resulting from
fuel element failures. If the backup safety system should come Iinto
operation, liquld poilsons would be injected into £he reactor. Followilng
extensive maintenance operations, chemlcals might remaln which had been
used for equlpment decontamination. Normally, all of these impuritiles
are kept at very low concentrations by clrculating side streams from the
moderator and cooclant through mixed beds of anlon and cation resins. In
a bolling D0 reactor plant operating on a dlrect steam cycle, additional
resin beds are included to remove contamlnants from the D0 feedwater;
these may originate in the turbine and condensate system.

The construction and operating experience at SRP was used to develop

the equipment requirements, approximate cost, and space requirements
for resin preparation and disposal in the DpO0-moderated power reactor
systems. The nature of these operatlons, as now concelved, 1s described
in the following paragraphs. Further study would be needed to deflne
optimum processing methods.

The preparation of the resin beds takes place In a building cutside the
containment wvessel. The deslred mixture of anion and cation resins 1s
slurried with Ho0 in the resln bed vessel, to provide an intimate mixture
of the two types of reslins. The mlxed resin bed is allowed to settle in
place, and the excess Hp0 1s dralned off the bed. The remalning light
water content of the resin bed is then removed by displacement with Dz0.
The resulting mixture of Dz0 and Hp0 recovered from the resin bed vessel
is transferred to the D0 distlllation equipment for Ds0 recovery. Resin
beds prepared in this manner are installed in series with fillters, all
behind concrete shlelding in the contalnment vessel.

No provision 1s included for regeneration of spent resin. Prler to
disposal of a 3pent resin bed, the bed 1s dried with a circulating
stream of hot alr to recover the Ds0 content of the resin. The
saturated air stream leaving the resin bed 1s cooled %o condense D0
and then ieheated prior to recirculation. The resin bed contalning
the dried spent resin 1s transferred to a convenlent locatlon, where
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the spent resin 1s flushed with Hy0 into an underground storage vault
for permanent storage. The empty reslin vessels are checked for
radlioactivity, decontaminated 1f necessary, and returned to the
preparatlon area for the additlicn of fresh resin.

5. WASTE TREATMENT AND STORAGE

Facilitles are Included in each of the Dg0-moderated power reactor
plants to contaln and dispose of the varlous gaseous, liquid, and solid
wastes. These facllitles were 1nvestigated only to the degree necessary
to determine adequacy and to estimate thelr cost and the space
requirements.

Tritium and any other radioactive gases that accldentally escape from
the reactor system to the containment vessel are diluted by mixture

with the exhaust alr from the vessel, filtered to remove solid particles,
and then dlscharged to a stack about 200 ft high. In case of gross
leakage from a reactor, it might prove necessary to throttle the volume
of exhaust air in order %o limit the rate of tritium discharge to the
atmosphere.

Ligquid wastes are dilsposed of in several different ways, depending on
the amount of radiocactivity involved. Miscellaneous low-level liquid
wastes are held in a retentlon basin until analyzed; these wastes are
then discharged to the river at a controlled rate. Those liquid wastes
which contaln moderate amounts of radicactivity are discharged to a

seepage basin for disposal.

High-level liquld wastes are concentrated and then transferred to
permanent storage. Some of these wastes would result from the circulation
of decontaminating sclutions through equipment assoclated with the
primary Dp0 clrcuits; such wastes might be strongly acidic. The
equlpment to handle the high-level wastes therefore includes stainless
steel hold tanks, fitted with mechanical agitators, and provided with a
source of strong caustic solutlon for neutralizing the wastes. The
neutrallzed wastes are evaporated in a batch system for volume concen-
tratlon. The evaporator bottoms are transferred to an underground waste
storage tank of carbon steel constructlcn, shielded by earth and concrete,
The overhead vapor from the waste evaporator is condensed and pumped to
the retentlon basln. The waste hold tanks and the waste evaporator are
located behind concrete shielding.

Combustible sclld wastes are inclnerated under controlled condiltlons.
The combustlon gases from the incinerator are scrubbed with water to
1imit the release of activity; the scrubbed gases are discharged to the
stack. Other solld wastes such as hadly contaminated tools, equlpment,
ete., are suitably contained and transferred to a burial pit.
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6. LIQUID POISON SYSTEM

A liquid poison system 18 included as a supplementary safety device

for emergency reactor shutdown. Equilpment 1s provided for dissolving

& boron chemlcal compound in D30 and for transferring the resulting
solutlion to an accumulator vessel held at the reactor operating pressure.
When required, the liguld poison would flow by gravlty from the
accumulator tank through release valves fo an internal sparger 1in the
reactor vessel. A high-pressure piston pump is provided to permlt
refiliing the accumulator tank durlng reactor coperatiocn.

K. NUCLEAR POWER PLANT FLOW DIAGRAMS
1. GENERAL

FPlow diagrams for four different types of 100-eMW Ds0-mocderated power
reactor plants are included in thils report. The flow dlagram for the
basic hot moderator pressure vessel reactor plant, Case 1B, 1s shown
on Figure 65. Much of the auxiliary equipmerit shown on this dlagram 1s
dupllicated on the subsequent diagrams. The duplicated equipment 1is
described only once, as 1t applies to the Case 1B reactor plant. The
flow diagram for a Case 1C cold moderator pressure vessel reactor 1s
shown on Figure 67; that for a bolling D.0 reactor of the pressure

tube type, Case 2K, is shown on Figure 68. Filgure 69 shows a simplified
flow dlagram for a hellum-cooled reactor, Case 1G. The heat balance
for the steam eycle on the Case 1B reactor plant 1s shown on Figure 66.

2. REACTOR PLANT FLOW DIAGRAM AND HEAT BALANCE FQR CASE 1B

Reactor flow dlagram for Case 1B 1s based on the use of an internal gas
blanket for pressurizling the reactor and the primary coolant clrcuits,
rather than an external gas or vapor pressurizer. This choice 1s based
on a high-spot evaluation that indicated a slgnificant lnvestment saving.
Part of the saving arlses from elimination of the external pressurlzer
tank, but the principal saving results from the reduced volume of D0
requlred in the reactor vessel. From an operating standpoint, the use
cf gas pressurlzation 1s preferred to vapor pressurizatlon, since a flow
of inert gas 1s required to dilute and remove the D; and 0p resulting
from the radiolytic decomposition of D20 in the reactor.

The llquld level 1in the reactor I1s maintained as indlcated on the diagram,
by the controlled release of D0 from the reactor vessel at high levels;
thls nhot Ds0 passes through a cocler and flows to a storage tank. At

low levels, makeup Do0 is pumped from a surge tank through a feed heater
into a reactor coclant loop.

Four primary coolant loops are provided. Each loop includes a centrifugal
coolant pump having a capacity of 17,500 gpm of Ds0. Two 180-gallon
head tanks, pressurized with helium, are used alternately to supply Ds0

to the shaft seals on the cooclant pumps.
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Equlpment is provlided for the detection and collectlon of D0 leakage
from pump seals, valves, and other llkely scources of leakage., Visual
detection is provided through the use of sight glasses 1n leakage draln
lines to collection points. Liguld level probes are provided in the
collection chambers, as a further means for detecting leaskage. All
leakage so collected 1s returnsd to the Dz0 surge tank.

Two 25,000-gallon Dy0 storage tanks are installed outslide the reactor
contalnment vessel. These tanks would normally ccntaln only the DZ0
required for makeup, but they are sized to contain all the Dz0 in the
reactor and primary coclant system. Any hot Dz0 dralned from the reactor
or primary coclant system 1ls cooled enroute by the storage tank cooler.
This cooler is provided wlth an emergency cocllng water connectlon from
the overhead sterage tank, in addition to the normal cooling water supply.

Figure 65 indicates a cooling circult for about 1500 gpm of deminerallzed
light water used in removing heat from control rods and from an external
thermal shield around the reactor. In later studles this circult was
made obsolete by direct ccoling of the control rods with D0 and by
providing sufflcient thermal shlelding lnside the reactor to permit
external heat to be removed by coils embedded 1n the concrete.

~ 0
About 300 scfm of helium flows through the gas blanket af ths top of

the reactor and then through the gas purification system. After leaving
the reactor, the helium flows through a gas cooler to condense the bulk
of the D0 vapor carrled in the gas stream. Thls condensate 1s returned
to the reactor vessel. Beyond the gas cooler, the pressure of the gas
stream 1s reduced to approximately 5 pslg. The gas then passes in turn
through a liquid-gas separator, a preheater, and a catalytic recomblner
charged with a palladium catalyst.

The Dz and O; contained in the gas stream react in the recombilner to
form gaseous Dzx0. A slight excess of oxygen 1s malntained 1n the
recomblner circult by additlion from gas cylinders. The hot helium
leaving the recombilner vessel 1s cooled to condense D0. The cooled

gas stream passes through a llguld-gas separator and 1s then recompressed
and returned through a surge tank to the reactor. Makeup helium 1s

added to the blanket gas elrcuit from a 700 pslg storage system.

Ahead of the compresscr on the recombilner circult, a provision 1s made
for controlled release of portions of the purification gas stream.

This purge stream limits the buildup of tritium and other radicactive
gases released to the recombiner circuit. The purge stream 1s first
passed through a refrigerated trap and then through either of two
parallel adsorber systems for Ds0 recovery. After these recovery
operatlons, the dry purge gas 1s piped to the exhaust stack. The liquid
D50 recovered from the purge gas and from the coolers and separators 1n
the recombiner circuilt is returned to storage.
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Suspended sollds and lonic impurlties that accumulate in the D0
coclant are removed by flltration and delonlzation. About 50 gpm of
hot D,0 is eontinuously bled off the primary circuit and cooled prior
to deionilzation in a mixed bed of anionilec and cationlc exchange resins.
A filter 13 included downstream of the resln bed to remove suspended
sollids and alsc to catch any resln particles which mlght accldentally
be conveyed from the resin bed vessel. Since radloactlve material
accumulates 1In the resin beds and filters, these vessels are installed
behind shieldlng and are designed for remote handling and replacement.
The filtered and delonized Dyl is collected in a surge tank and is then
pumped back through a feed heater tc one of the reactor coolant loops.

The accumulation of light water 1n the primary coolant system would be
detrimental to reactor performance. It 1s desirable to malntaln the
isotopic purlty of the heavy water at about 99.75 mol % to minimize
the loss in nuclear reactivity to the light water content. This loss
amounts to from 1.5% to 3.0% for each mol % increase in Hp0 content.

Light water 1s separated from the D50 by the contlnuous vacuum
distlillatlon of a 7 gpm side stream of filtered and deionized Dy0 from
the primary clrcuifs. The Ds0 distillation system consists of two
identical distillation towers, each 4 ft in dliameter by about 70 ft
high and deslgned for vacuum service. Each column is fitted with 90
sieve plate %frays on 8-in. plate spacings.

The Ds0 feed to the first column 1s vaporlzed 1n a steam-heated reboller
and fed to the bottom plate. Liguid, at a slightly higher deuterium
concentration than the feed, is returned from fthe base of the first
column to the reactor system. The pressure at the top of the flrst
column 1s about 80 mm of mercury, absolute. The overhead vapor is
condensed, pumped through a second reboller, and the resultlng vapor

is fed into the base of the second column. Idquid 1s pumped from

the base of the second column to supply reflux to the flrst column.

The vapor from the top of the second column, also at a pressure of 80
mm of mercury, 1s condensed and pumped back to the top of the second
column as reflux. A small product stream 1s withdrawn from this
condensate. The entire distillation unlt rejects D0 of about 75 to 80
mol % purity when the feed 1s 99.75 mol % Dy0.

The power generation facllltles for the Case 1B reactor plant are based
on the heat balance of the steam cycle shown on Figure 66. This heat
balance was derived on the basis ¢f followlnhg major assumptions:

a. 160 psia saturated steam at the turbine throttle

b. 106 MW gross electrical ocutput

c. Pive stages of feedwater heatling, including four stages

of closed heaters wlth integral drain coclers and one
deaerating heater
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d. A two-element turbine with the high-pressure unit
exhausting at 16 psia to a moisture separator in the
crossover to the low-pressure unlt

e. A condenser pressure of 1.5 In. of mercury, absolute

f. A temperature rise of 10°F in the condenser cooling water,
which 1s assumed available at 65°F

g. Three turblne-driven boller feed pumps plus one motor-
driven pump

The resulting heat balance for the Case 1B reactor 1is representative
of a low pressure cycle but 18 not necessarlily the optimum cycle.
Selection of the optimum cyecle would require a more detalled analysis
plus knowledge of the quality and temperature of coollng water and the
water pumplng cost at the specific reactor site.

A Turblne bypass through a desuperheater 1ls included for emergency
disposal of the reactor heat. An overhead water tank, having a
capaclty of 225,000 gallons, provides an emergency supply of boiler
feedwater, an alternate scurce of cooling water for the storage tank
cooler, and a supply of water to sprinkler heads 1n the containment
vessel. This sprinkler system would quench any D20 steam released as .
a result of fallure 1n the reactor vessel or from gross leakage 1n
the primary loops.

Ky

2. REACTOR PLANT FLOW DIAGRAM FOR CASE 1C

The reactor plant flow dilagram (Figure 67) for Case 1C is similar to
that previously described for the Case 1B reactor. The principal
difference 1s the Inclusion of separate equlpment for removing heat
from the cold moderator.

Two moderator cocling loops are shown, having a total flow of 5700 gpm.

The moderator 1s maintained at an average temperature of about 80°C;

the heat developed in the moderator is rejected to cooling water flowing
through the moderator coclers. A 5 gpm bleed of moderator ls combined

wilth the 50 gpm bleed from the reactor coolant circults and passes

through the Dz0 purification equipment. The Ds0 makeup pumps return

filtered and deionlzed Dy0 to the moderator loops and to the coolant -
loops, as required. Instrumentation is included both on the D30 )
coolant and moderator circults to malntain the desired levels 1inside

the reactor vessel. .

4. REACTOR PLANT FLOW DIAGRAM FOR CASE 2K

The reactor plant flow diagram (Figure 68} for Case 2K depicts a
boiling D20 reactor operating on a direct steam cycle. The reactor 1is
a cold moderator pressure tube type 1in which the moderator is maintained
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essentially at atmospheric pressure. The direct cycle requirements and
the use of a pressure tube reactor introduce several differences from
the flow diagrams for Case 1B and Case 1C.

The steam generators required for the ligquid-cooled reactor plants are
replaced by four centrifugal steam separators. As the coolant passes
through the reactor, about 30% by weight is vaporized. The resulting
vapor-ligquid mixture passes through the steam separators to supply dry,
saturated Do0 steam to the turbine throttle at about 800 psia.

The Do0 feedwater, at a temperature of abhout 150°C, 1s added 5o the liquid
D20 separated from the reactor effluent. The resulting mixture 1is
returned to the reactor at 237°C, equlvalent to 349C of subcooling. The
total coolant flow to the Case 2K reactor is about 11,000 gpm, dilvided
egually among four ccolant loops.

The moderator coolant loops coperate at a pressure slightly above
atmospheric. An exfternal moderator surge tank is provided with
instrumentation to control the level in the reactor tank. A booster
pump 1is included to raise the pressure of the 10 gpm bleed from the
moderator cooling circuits before 1t is combined wilith the bleed stream
off the reactor coolant circults. Since smaller volumes of Do0 are
involved than in the liguld-cooled reactor systems, the bleed from the
reactor cecolant clrcuifts to Da0 purdfication is only 7 gpm. A& shutdown
cooler is shown cross-connected between one of the reactor outlet headers
and the suction of a coolant pump. This cooler 1s used to remove the
reactor heat during refueling and maintenance operations.

The steam turbine consists of three elements with moisture separaters
included 1in the crossovers. The D0 turbhine condensate is filtered

and deionized ahead of the feedwater heater. The filters and resin beds
are located in the containment vessel behind shielding. A single-stage
heater ralses the temperature of the D0 feedwater fo about 150°C before
it enters the steam separators.

A two-stage gas ejector, operated with DZ0 steam as the motlve power,
removes noncondensables from the turbine condenser. The vapor from
the ejector 1s cooled and condensed in surface-type condensers.
Noncondensables from the gas ejector are passed through a separate
recombiner circult to recover Dx0. Since the ejector condensate and
the ligquild recovered from the recombiner circuilts willl both contain
Ho0 from air inleakage, the recovered liquid is returned to the No. 1
column run-down tank in the Do,0 distillation system.

5. REACTOR PLANT FLOW DIAGRAM FQOR CASE 1G

A simplified flow diagram for the helium-cooled reactor, Case 1G, has
previously been published(24); 1t 1s repeated as Figure 69. This dlagram
shows the maln coolant flow through the steam generators, which are
divided into superheater, evaporator, and eccnomizer sectlons. Operating
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conditions and flow quantitiles are shown for a steam cycle producing
superheated steam at a throttle pressure of 1422 psia and a temperature
of 475°C. At these steam conditions, the calculated gross steam cycle
efficlency of 37.6% requires the relatively low reactor thermal power
of 318 MW for a net electrical output of 100 MW.

L. REACTOR COOLANT SYSTEMS

1. CCOLANT PUMPS

The primary coolant pumps for the reactors Inecluded in this study are
required to develop a head of 50 to 90 psi at operating pressures in the
order of 800 psig and at temperatures of 200 to 225°C. The 1iquid-Da0-
cooled reactor systems are based on coolant pumps having capacities

of 15,000 to 39,000 gpm. The capacities of the pumps for the boiling
D20 reactors range from about 3,000 to 10,000 gpm. Prelimlnary prices
were obtalned for canned-rotor and centrifugal pumps that meet the

above requirements. At capacitles of 15,000 to 20,000 gpm, the cost of
canned-rotor pumps was nearly four timss the cost of centrifugal pumps
with mechanical shaft seals and separate motor drives.

The operating experience at the Savannah River Plant with D0 pumps of
the centrifugal type, plus a recent test program at SRL{?®727) on the
verformance of mechanical shaft seals at opzratlng pressures of about
800 psig, have demonstrated that centrifugal pumps are feaslble for this
service. On the basis of their feasibillty and economic advantage,
centrifugal pumps were specified for the Ds0 reactor systems in this
study.

2. STEAM GENERATQRS

Each of the primary Ds0 coolant loops on the ligquid-cooled reactor
systems Includes two vertical steam generators operating in parallel.

Irn each steam generator, the hot ligquid Dp0 1s pumped through a vertical,
gtainless steel U-tube bundle. Heat %ransferred through the walls of
the U~tubes generates steam from llght water contained in the shell

of the vessel. Spray and mist eliminators are included in the vapor
space above the bolling liquid.

The steam generator units specified for the liquid-cooled reactor systems
have heat-transfer areas ranging from abcout 4000 to 9000 sq. ft. These
units are deslgned for steaming capacitles of 200,000 to about 600,000
1b/hr at pressures of from 150 to 260 psig.

Each steam generator for the helium-cooled reactor, Case 1G, 1s a
vertical vessel contalning banks of horizontal, extended-surface tubing
arranged 1n a superheater, a boller, and an economizer section. The hot
hellum from the reactor enters the top of the unlt and flows downward
through the three heat-sxchange sections. The boller feedwater is pumped
through the eccnomizer to the boiler section where a portion of the feed
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1s vaporized. The wet steam from the boller sectlon is dried in an
external steam drum. Saturated steam from the steam drum passes through
the superheater section and flows to the turbine throttle. The liquld
from the steam drum is pumped back to the boliler section.

Four steam generators are requlred for the Case 1G reactor system to
produce a total of 1,000,000 1b/hr of steam at turbine throttle
conditions of 1407 psig and 887°F. Each generator contains a prime
heat-transfer surface of about 8000 sq. ft.

5. STEAM SEPARATORS

The bolling D0 reactor systems included in this study utilize
centrifugal steam separators of the cyclone type to remove liquid D0
from the reactor effluent. Conventional steam drums could be used
for this service, but a prelimlinary evaluation indilcated that the
centrifugal separators would be less costly to construct.

4, PRIMARY COOLANT AND STEAM GENERATOR PIPING

Piping arrangement studies were made of the Dp0 coolant and steam
generator piping for the Case 1B reactor system. These studles were
based on the plping diagrams shown on Pigures 70 and 71, which are an
extension of the informatlon shown on the flow diagram (Filgure 65).

Three arrangements were developed for the primary coolant plping. Each
of the schemes was based on the usge of four coolant loops installed 1n
the reactor bullding arrangement shown 1n Volume I. The three schemes
differ as follows 1n the method employed for accommedatlng thermal
expansion of the piping:

Scheme 1 - Minimum-length plping runs were used, and self-
equalizing expansion joints were interposed in the pipe runs connecting
the reactor to the steam generators, the steam generators to the D0
pumps, and the pumps to the reactor.

Scheme 2 - Expansion loops, instead of expansion Jjolnts, were
used 1n the lines connecting the major pleces of equipment.

Scheme 3 - Rigid piping of minimum length was provilded.
Flexibillity was obtalned by mounting the pumps and steam generators
on "floating" supports.

Each of the three schemes appears to be feaslble and 1s compatible with
the reactor bullding arrangement. An evaluation estimate indilcated that
Scheme % 18 the least costly. Schemes 1 and 2 exceed Scheme 3 In cost
by $95,000 and $710,000, respectively. The increased Dz0 1nventory in
the longer lines requlred for Scheme 2 accounts for most of the excess
cost.
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Scheme % was selected as the preferred arrangement because of the lower
cost and the safety advantage of avoiding the use of expansion Joints
in the primary coclant piping. The use of "floating" supports on the
steam generators for Scheme 3 requires a considerable amount of -
flexibility in the steam piplng connected to the generators, but the

provision of the desired flexibilility at these locatlons is less

difficult and less costly than in the primary coolant system. It was

found possible to provide sufficient flexibility in the arrangement

of the main steam piping, but expansion Joints were still found

necessary 1n the lines connecting the relief valves on the steam

generators to the relief header.

The Schem2 3 piplng arrangement is shown on Figures 72 to 75. Each
pair ¢f steam generators 1s located in a separate rcom, shilelded
from the reactor and from the adjacent steam generaftor rooms. Each
coolant pump is located in z shielded area with a shaft extension
through the shielding to the motor drive and flywheel. Two motor-
operated valves and a manually operated gate valve are included in
each plpling loop to isclate it from the reactor. This provision
permlits malntenance on an idle cooclant loop and its equipment, during
reactor coperaticn.

Although evaluation of the three piping arrangements was based on the
Adesign parameters of Case 1B, the general arrangement of Scheme 3 1s -

believed to be applicable for all the 100-eMW 1liguid-D.0-cooled reactors.

5. EMERGENCY AND SHUTDOWN COQLING

Failure of the electrical power supply to the reactor auxlliaries
initiates an immediate shutdown of the reactor. Flywheels on the

shafts of the primary coolant pumps retard the deceleration of the pumps
to maintain a flow of coolant commensurate with the heat productilon

in the reactor during the first 30 seccnds after shutdown. Within this
pericd, a dlesel-driven generator automatically starts, providing

power for operation of one of the coolant pumps at half speed. This
supplles an adequate flow of coclant after the initial 30 seconds.

The turbine condenser normally serves as the heat sink for the system.

If the supply of cooling water to the condenser should fall, the reasctor
would immediately shut down and, in a power plant with an indirect steam
cycle, the excess steam would be exhausted to the atmosphere. If the &
coolling water supply to the entire system were interrupted, release of )
steam to the atmosphere would be continued until the trouble was corrected

or a temporary scurce of water was provided. During this period, the .
overhead storage tank would supply makeup water to the steam generators.

The 225,000-gallon capacity of this tank corresponds to about a ten-day
supply for a 100-eMW reactor plant. In the direct cycle boliling D0

systems, Do0 steam would be released to a shutdown condenser for

recovery. Emergency cooling water for this condenser is supplied by

the overhead storage tank.
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During a planned shutdown for maintenance or refueling of the liquid-
cooled reactors, a reactor makeup pump is operated te circulate coclant
through the reactor, the storage tank cooler, and back to the surge
tank for recycle. The bolling reactor plants are provided with a
gshutdown coocler which is cross-connected between the reactor outlet
header and the inlet to a reactocr coolant pump.

Emergency and shutdown cooling facilities for the gas-cooled reactor
plant, Case 1G, and the DzO0-steam-cooled plant, Case 2H, are functionally
similar to those described above for the liquid-ccoled reactor. In

Case 2H, the Dy0 steam coolant condenses as the reactor temperature is
lowered 1n preparation for refueling. Helium or other inert gas is

added gradually to replace the steam and serves as circulating ccolant
during the refueling operation. This gas ls withdrawn from the

system by ejectors on the turbine condenser as the steam pressure rises
during startup.

M. ELECTRICAL GENERATION FACILITIES

1. CYCLE EFFICIENCIES FOR TURBINES OPERATING ON SATURATED 3STEAM

Calculations were made to show the varilation in gross turbline cycle
efficiency for saturated steam cycles over a range of throttle steam
temperatures and condensing temperatures, with the inclusion of a
varying number of stages of regenerative feedwater heaters. Beldecos
and co-workers'2®) have developed information on gross furbine cycle
efficiencies for saturated and superheated steam cycles at a condensing
preassure of 1.5 in. of mercury, absolute, using zero or five stages

of feedwater heatlng. Some additional information on the influence

of condensing pressure and the number cof stages of feedwater heating
has been reported by Beldecos and Smith{3°’). Calculations were
performed to expand the available informatlon over the range of wvarilables
under consideration. The results of these calculations were placed

in a form to show readily the relationships among the variables.

Non-extraction turbine cycle efficiencies were calculated by conventlonal
methods for various condensing temperatures wilth saturated throttle steam
at several pressures. Extractlon cycle effilciencies were computed by
using the simplifled method proposed by Salisbury(SI). This method was
modified to account for the presence of external moisture separators in
the cycle. The external mcisture separators were assumed necessary
wherever molisture in the turbine expanslon line amounted to as much as

124 to 14%.

In order to simplify the calculations, 1t was also assumed that all
feedwater heaters would be of the open or contact type. The use of
closed heaters would result in somewhat lower turbine cycle efflclencies,
but these approach the efficiency obtainable with open heaters as the
terminal temperature dilfferences approach zerc. Since it is conventional
power-plant practice to design the heaters for low terminal differences,
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the results of this study are deemed to be withln the error introduced

by the simplifylng assumptions of the Salisbury method. Wherever

comparlsons could be made, 1t was found that the results of this study

agreed with the data published by Beldecos and associates!29239), -

The results of fhe turblne cycle efficlency caleculations are plotted
on Figures 76 through 80. Figure 76 is a plot of gross turbilne cycle
efficiency versus condensing temperature for saturated steam at
threttle pressures of 160, 285, and 1000 pslg, with the use of zero,
one, three, and five stages of feedwater heaters, and with inclusion
of the appropriate number of Interstage molsture separators. Flgure 77
shows the turbine cycle effilciency plotted as a function of throttle
temperature and condensing tempsrature for a cycle with no feedwater
heaters. Figures 78, 79, and 89, respectively, show simllar data for
furbine cycles with one, three, and five stages of feedwater heating.

2. ELECTRICAL GENERATION PLANT ECONOMICS

a. Comparison of Investments for Nuclear and Conventlonal
Facllitles

A study was made of investment costs for the electrical generation

facllities Inecluded in conventionally fueled power stations. The term
"alectrical generatlon facllities" used in thils report includes: the .
turbine-generator and its auxiliaries, the condenser and complete
coolling water system, the feedwater pilping and pumps, feedwater heaters
(including extraction piping), mailn output transformers {but nc switch
vard), the buildings and auxiliarles normally associated with such
facilities, and allocated portlcons of slte development and of certain
service facilitles.

Investment costs for conventlional power plants constructed during the
period 1952 through 1§54 were obtained from Federal Power Commlssion
(FPC) reports(2®}, The FPC data for 36 plants were adjusted to include
only those facllitles requlred in a nuclear plant, and were escalated
to 1957 levels in accordance with the Engineering News-Record Cost
Index.

When these data were plotted against the gross electrical output, the
line of best fit, escalated t¢c the same date, Iindlcated consistently
lower Investments than those estimated for the du Pont power reactor -
plants and reported in Volume I.

The apparent higher cost of the electrical generatlon facilities for .
the nuclear plants was believed to result principally from facters

related to their low thermal efficiency, such as the large volume of

the turbine exhaust f{low, the condensing load, and cooling water
requlirements. Thls suggested that the cost of electrical generation
facilitles for a nuclear statlion might be more cleosely related to

thermal capacity than to electrical cutput. Thermal capacity is defined
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as the heat added to the working fluld and 1s equal to the heat
equivalent of the electrical output plus the heat rejected In the
turbine cycle.

A plot of the electrical generation 1nvestment versus thermal capaclty
for the 36 conventional power plants, as derived from the FPC data, 1s
shown on Figure 81. Superimposed on Figure 81 are the 17 du Pont
estimates reported in Volume I and the published Investment costs of
electrical generation facilities 1n seven representative nuclear power
projects in this country. The line of bast fit for the FPC data,

escalated to a 1962 basis for comparative purposes, indicates investments

generally higher than those estimated for the du Pont reactor plants
but in falr agreement. Reasonably good correlation of the published
coat estimabes for the seven nuclear projects 1s afforded by the line
of best fit on a 1957 cost basls.

Figure 82 shows a plot of electrical generatlon investmant versus gross
electrical cutput for the same cases shown on Figure 81. The line of

best it for the FPC data, escalated to 1962, passes below all the points

shown for the du Pont estimates. Correlation of the costs for the
seven representative nuclear projects is inferior to that seen on
Figure 81.

Considerable scatter of the FPC data i1s observed both on Figures 81 and
82. Thils results from differences in design parameters, in construction
conditions and, to some extent, from varlations in cost accounting
procedures. Inaccuracles in the assumptions made to adjust the
published data may alisc account for some of the scatter. It i1s
concluded, however, that the correlation between electrical
generatlon investments and thermal capacity shown on Flgure 81 1is
realistic for a wide range of steam conditicns and plant capacities
and is sufficlently accurate for prelimlnary economic comparlsons of
alternatlive reactor plants. An even better correlation should be
obtalned 1f investment costs were related to a properly welghted
combination of thermal capacity and electrlcal output, but data to
make such an analysis are not readily available.

b. Condensing Pressure and Temperature Rise of Coeling Water

During the course of the economlc studies, the question arose as to
whether the over-all power costs for a nuclear reactor plant might be
reduced by condensing at pressures higher than normally used in
conventional power plants. It was theorized that investment 1n the
electrical generating pilant would be lowered suffilciently to offset
the increase 1n reactor system Investment and fuel cost caused by the
1088 In thermal efflcliency. This did not prove to be correct.

An analysls of power costs was made for each of the 12 reactor plant

concepts of the B serles, D serles, and K series, at various condensing
pressures, with temperature rise of the ceooling water as an additional
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variable. Mlnimum power ccsts were found to exist for each of the -
12 plants when the condensing pressure is 1.5 Iin. of mercury, absolute,
and the temperature rise 1n the condenser coollng water is 17.5°F.
These results, iilustrated by the typlcal plot on Figure 83, are based
on an assumed inlet temperature of 65°F for the coollng water.

In computing the effect of condensing temperature and cooling water
temperature rise on power costs, data from the base estimates reported
in Volume I were used to develop emplrical relationships from which
cost varliations could be determined. To supplement the base estimates,
a series of evaluation estimates was made for cooling water pumping
statlions of varying capacity, and additlonal cost information was
obtalned from manufacturers of furbine-generators, condensers, and
coollng water pumps.

Several values of condensing temperature and cooling water temperature
rise were assumed for each plant concept. These values, together with
the design constants for each concept, were used to compute steam cycle
efflclency, turbine exhaust conditicns, condenser heat load and area,
cooling water quantity and pumping power, gross electrical output,

and reactor thermal cutput.

An eguation was developed relating the cost of turbine-generators to
{1) grcss electrlcal oubpub, (2) exhaust annulus area., {(3) throttle
steam tempzrature, and (4) the number of turbines in the plant.
Additional equations expressed condenser cost as a function of the
surface area and the number of condenser unilts and expressed the cost
of the cooling water pumping station as a functilon of pumping capacity.
The total investment in the electrical generating plant was obtailned
by adding a nonvariable cost item, extracted from the base estimates,
to the combined costs of the turbine-generator, condenser, and water
pumping station.

Reactor plant investments and Dz0 costs were estimated as functions of
reactor thermal output. For thls purpose, empirical equations for each
reactor type were derived from the base estimates.

Power costs were computed as the sum of (1) fixed charges on capital

investment, (2) fuel cycle costs, and (3) operating costs. Fixed

charges on plant investment were based on a plant locad factor of B0%

and a charge rate of 14%/annum. A fixed charge rate of 12.5% and T
losses of 4%/yr were combined to obtain total charges for D.0. Eguations

for fuel cost estimation, expressing cost as a function of reactor

thermal output and net electrical generation, were developed from the -
estimates reported in Volume I. Operating costs were assigned in

accordance with the earlier estimates.

Machine computation was used to minimize the calculation time. It

became evident relatively early in the computation program that the
condensing temperature corresponding to 1.5 in. of mercury, coupled wlth
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a coollng water temperature rise of 17.5%F would result in the minimum
power cost for all cases. Although the costs for the B Series of
reactors (hot-moderator pressure vessel) were calculated throughout
the range of variables to determine minima, only spot checks were made
of the other types to ascertain that the minimum power cost had been
reached. The results plotted on Figure 83 apply specifically to Case
1B-200 but are typical of all cases.

N. RADIATION AND SHIELDING
1. GENERAL

Radiation characteristics of the various reactors are similar because

of the restriction of this study to reactors moderated wlth Dg0 and
fueled with natural uranium. The principal differences 1n shieldilng
facilities for the varilous reactors are the consequences of variatiocns
in structural concept. Shielding components for each reactor are
described briefly in Sectlons B through G. Shielding arrangements for

a typlcal pressure vessel reactor, Case 1B, and a typlcal pressure

tube reactor, Case 1D-460, are discussed in more detail in the following
sections.

2. CASE 185 REACTOR

The radlal thermal shielding for the Case 1B reactor conslsts of a 4-in.
total thickness of stainless steel plate, with the inner 1 in. being
made of a stainless steel containing 1% by weight of boron. To permit
proper cooling, the shield 1s divided iInto three portions; the 1 in.
inner plate of boron stainless steel, a 1-1in. stalnless steel plate,

and a 2-in. stainless steel outer plate. Each plate is separated

by a l-in. layer of Dz0, and the outer plate is spaced 1 in. inside

the pressure vessel shell.

With this arrangement of the thermal shield, the thermal neutron leakage
flux from the reactor core 1s completely absorbed in a very thin layer
of the boron-stainless steel. The capture gamma radlation resulting
from this absorption 1s only 10 to 15% of the gamma radiation which
would result from the use of stainless steel contalning no boron.
Attenuation of this gamma radlatlion by the full thilckness of the thermal
shleld and the pressure vessel wall obviates the need for any external
thermal shield between the pressure vessel and the bilological concrete
shield around the reactor.

Calculations of the blological shlelding requirements around the reactor
vessel showed that a 9-ft thickness of ordinary concrete reduces the
radiation level cutslde this shield to about 1 mr/hr. Thils would allow
personnel access during reactor operation to an idle steam generator.

During reactor operation, the steam generators and assoclated primary
coolant plping require shielding with a 4-ft thickness of concrete to
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reduce the outside radiation level to less than 1 mr/hr. Activation ”
of this equlipment by photoneutrons from the 0-16:N-16 reactlon and by
the decay neutrons from the 0-17:N-17 reactlon results in a radlation
level adjacent to the steam generator and piping of about 0.5 mr/hr
during loop shutdown.

The principal radiation sources during reactor operation in the areas
above and below the reactor are capture gammas from thermal neutrons
captured in the reactor structure cutslide the core, core filsslion. gammas,
and gammas resulting from activation of the D0 coolant and moderator.

Snieldling inside the Case 1B pressure vessel above the core consists
of the following material: 2 It thick D0 reflector above core, 2.5 ft
thick top axial shield containing 50% stainless steel and 50% Dy0, and
a 1 in. thick boron-stainless steel plate mounted horizontally in the
gas space below the reactor head. The following radiation levels

avove the reactor were calculated:

Above top head, during operation 4500 mr/hr
Above top head, 1/2 hr after reactor shutdown 4 mr/nr

Above top head, during operatlion, with 18-in.
steel floor shield over the top of the reactor {1 mr/hr

Above reactor, head and flcor shield removed,
1/2 hr after shutdown 75 mr/hr

Above reactor, head and floor shield removed,
11 hr after shutdown 2 mr/hr

The 18-in. steel floor shield above the reactor head is thicker than
necessary for personnel protection during normal operation. It was
made this thilckness to provide proper protectlon during fuel replacement.

During reactor operation, the radiation level below the Case 1B reactor
vessel is about 8000 mr/hr. This radiation level is about twice that
expected above the top head of the reactor during operation, the
difference arising from omission of the borcn-stalnless steel shielding
plate and the use of a 4-3/4 in. thick bottom head versus the 9-1/2 in.
thick top head of the vessel. The monitor pin room directly below the
reactor 1s not accessible durlng operation, but the radiation level in

this region drops below 1 mr/hr within a few hours after reactor .
shutdown.
As shown on Flgure 5, the safety and control rod drives are located in @

a region below the monitor pin room. A concrete blological shield 42
in. thick is provided below the pin rocm, to permit access to the drive
mechanisms during reactor operation.
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3. CASE 1D-460 REACTOR

The arrangemsnt of the Case 1D-460 reactor and its shielding 1s shown
on Figure 35, The radial thermal shield consists of a total thickness
of 8 in. of stainless steel shield plates separated by 1 in. layers

of 1light water. The two inner shield plates are each 1 in. thick; the
outer three shield plates are each 2 1in. thick. The shield plates are
installed in ar annular tank external to the reactor and are ccoled
by light water flowing between the plates. With this arrangement, tThe
maximum temperature differential in the concrete blological shield
around the reactor 1s about 20°C. The concrete blolecgical shield 1s
10 £t thick, in order to reduce the radiation level outside the shield
to approximately 1 mr/nr during reactor operation.

Between the reactor core and the top plenum, the axial shlelding consists
of a series of ten 1 in. thick, horizontal, stainless-steel plates,
spaced 1 in. apart, and submerged in the D0 moderator. Further
attenuation is preovided by the 2-1/2 in. thick upper and lower plates

of the top plenum, and by the 18 in. thick layer of Dy0 coolant in

the top plenum. A bilological shield, consisting of a 17-in. thickness

of steel plates, 15 included above the top plenum to permit personnel
access above the reactor during full-power operatlion. With the

exception of contributions from activated materials in the control rods,
the radlation level above the top reactor shielding is about 1 mr/hr.

Below the reactor core, the axial shielding 1s simllar to the arrange-~
ment at the top of the reactor, except that seven, instead of ten,
l1-in.-thick plates are installed, submerged in the moderator. Below
the bottom plenum a §-in. thilckness of steel shleld plates 1s Included
to reduce the amount of radiation reaching the monltor pin room
located below the reactor. Access %o this pin rcocom is not permissible
during reactor operation but 1s possible within about 2-1/2 hr after
reactor shutdown.
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GENERAL

1.
2.
3.

Net Electrical Output, M
Coalant

Reactor Type

Core Invantory, tons Ursnijum
D20 Iaventory, tona
Over-all Thermal Efficiency, %

REACTOR

1.
2.
3.
'
5.
6.
7.
8.
9.
10,
11,
lz,
13.
14,
15.
16.
17.
18.
1%.

22,

Grosa Thermal Power, MW
Reactor Powsr to Coolmt, M#
Power Lost to Moderator, MW
External Diameter, ft
Over-all Height, ft

Active Core Diameter, ft
Activa Core Helght, ft

Active Cora Volume, ft3
Deaign Tesprrature, *C
Design Pressure, poig

Inlet Pressurs, p3ig
Vaporizstion, % by wt

Max. Hest Flux, peu/({hz)(fv2)
Grosa Avg./Max. Heat Flux
Safety Factor on Burnout

Mex, Specific Power, MW/ ton U
Avg. Specific Power, MW/ton U

Avg. Power Dansity, kw/l. af Care

Max. Fuel Temp., °C

Heat Tranafer Area in Core, ft2

Fres Flow Area/Fuel Asmembly, inZ

Av%. Cooiant Valocity at Core
nlst, ft/sec

PRIMARY COOLING STSTEM

1.

2.
3.
b
5.
&.
T
8.

Flow to Resctor-Liquid, gpm
Gss or Vapor, lb/hr

Tewmp. Entaring Reactor, *C
Teetp. Leaving Reactor, °C
Cver-all Fressure Drop, pail
Ko. of Ceoling Loops

No. of Stesm Ganerators/Loop
Total Arma of Stesm Genr., £t2

Const. Matl., Cocling System

MODERATOR COOLING SYSTEM

1.
2,
3.
4.

Moderator Flow, gpm

Avg. Moderstor Temp.. *C
Avg. Moderator Press., palg
No. of Coaling Laapa

ELECTRICAL GENERATICH PLANT

1.
2.
3.
[
5.
é.
7.
8.

Ha. of Turbines

Turbine Throttle Preasure, paig
Steam to Turbine Throttle, lb/hr
Heat to Turbine, MW

Grosa Elsctrical Cutput, MW
Grosa Steam Cycle Efficlency, %
Stages of Feed Watsr Heating
Coéung Water Plow, gpm

CASE 18

100
Liquid D20

Pressure Vassel
¥ot Moderator

29.2
165
22.7

418,000
0.4)
1.58

36
15.1
12,0
470
4700
4.97

11.4

60,000

206
23

=

32,700
S5T

152 (Satd)
1.6 x 106
240
106
4.1
5
221,000

NOTES: 1.
2.
3.
b

TABLE I. FLANT CHARACTERISTICS OF D20-MODERATED

POWER REACTORS FUELED WITH NATURAL URANIIM

CAIX 1B=-200 CASE 1B-300
200 00
Liquid D0 Liquid D20

Prenaure Vesnal
Hot Moderator

Pressurs Vessal
Hot Moderator

30.0 35.2
27 362
2. 234
855 1280
855 1280
15.3 17.5
3.3 18.5
12 13
15 15
1695 1990
343 343
1000 1000
763 783
132,000 440,000
0.43 0.43
1.80 1.57
6 86
28,5 36,4
17.8 22,7
<500 <500
8700 12,800
3.45 4,81
19.1 15.8
80,000 120,000
212 212
250 250
80 80
I 4
2 2
19,000 73,100
ss1 ssT
213 23
781 781
[ 0
1 F]
170 (Satd) 170 (Satd)
3.2 x 106 4.8 x 108
855 1280
212 318
24.8 2.8
5 5
438,000 656,000

c B-400 CASE 1D
400 100
Liquid 020 Liguid D0

Pressure Vessel
Hat Moderstor

9.0 15.4
L67 145
2.3 23.0
1720 s
1720 0o
- 10
14.5 12.8
1.3 30
by 10.8
15 15
2310 1375
L3 270
500 1000
705 £00
490,000 180,000
0,43 0,54
1.50 1.56
100 2
k.2 2.4
26.3 1.2
<500 531
15,500 3100
8,21 .97
17.4 17.2
180,000 60,000
22 230
a7 255
20 28
&
2z 2
104,000 29,600
st sst
- &700
213 80
03 Atm.
o 2
2 1
170 {3atd) 262 {Satd)
6.4 x 166 1.5 x 106
1720 395
425 106
24.8 26.8
5 5
884, 000 197,000

The axial and radial reflector in each resctor ia 1igquid D20, 1 ft thick.

One ton = 2000 1b
Turbine bark preasure, 1.5 in.Hg, aba,
Cooling watsr temperature, &5°¢F
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Preasurs Tubm
Cold Moderator

CASE 1D-200

20
Liguid pz0

Preasura Tube
Cold Moderstor

2.0
241
2.4

980
90
125
14.1
J0
11.4
15
1530
125
1000
783

440,000
0,43
1.80
71
30,6
22,6
< S
9000
9.61

16,1

80,000

212
250
a0

49,000
S5T

22,000

Atm.

1
170 (Sstd) -
3.2 x 106 "
£55
212 -
2.8 -
5
438,000



GENERAL

1. Hat Blsetpical Qutput, MWW

2., Coolant

3. Resctor Type

4. Core Inventory, tona Uranium

5. Dz0 Inventory, tohm

6. Over-all Thermsl Effictency, %
REACTOR

1. Gross Thermal Pows, MW

2. TReactor Power to Coolant, MY

3. Power Lost to Moderator, MW

4. Externel Disreter, ft

5. Qver-all Height, It

6. Active Core Dismetar, It

T+ Active Core Height, It

8, Active Core Volume, rt)

9. Design Temperaturs, *C

10, Deslgn Pressure, poig

1k. Inlet Prezaure, paig

12, Vsporizstion, % by wt.

13. Max. Heat Flux, peu/{hr}(ft2)
14, Groas Avg./Max. Heat Flux

15. Safety Factor on Burnout

16, Max. Specific Power, Mifton U
17. Avg. Specific Power, Mi/ton U
16. Avg. Power Density, kw/l. of Core
19, Mex. Fuel Tesp., *C

20, Heat Transfer Ares in fore, ft?
21. Free Flow Ares/Fusl Asmepbly, in?
22. Avg. Coolant Veloelty st Cors

Inlet, ft/sec

PRIMARY COOLING SYSTEM

1.

Flow to Reactor-liquid, gpm
Gas or Vaper, n:?hr

Tenp. Entering Reactor, °C
Temp. Leaving Heactor, °C
Over-all Pressure Drop, psi
No. of Cooling Loopa

No. of Steam Generatocrs/Loop
Total Area of Steam Genr.,ft2

Conat. Matl., Cooling Systes

MODERATCR COOLING SYSTEM

1.
2

3.
by

Moderstor Flow, gpn
Avg, Moderstor Temp., *C
Avg, Moderator Press., psig

No. of Ceoling laops

ELECTRICAL OENERATION PLANT

1.
2,
3.
be
5.
6.
7.
B.

No. of Turbinas

Turbine Throttle Pressurs, paig
Stesm to Turbine Throttle, lb/br
Heat to Turbine, MW

Groas Elsctrical Cutput, Mi
Gross Steam Cycle Efficlencr, %
Stagea of Fead Water Heating

Cooling Water Flow, gpm

EASE 1D~

300
Liquid D0

Pressure Tube
Cold Modwrator

L8.0
354
20.4

1,70
%335
190
16.5
10
11.8
15
220
125
1000
783
440,000
0.4}
1.80

30,6
2.2
< 500
13,500
9.61

16.0

120,000

212
250

170 (Satd)
4.8 x 108
1280
38
2.8
5
656,000

TABLE I

CASE 1D-46D

460
Ligquid D0

Pressures Tube
Cold Moderator

62.0
458
0.7

2220
2020
85
18.5
30
15.8
15
2940
125
1000
az3
440,000
G.50
1.82

35.8
26.7
< 500
17,900
9.61

18.2

18G, 000

212
252
&0

116,000
55T

51,000

A,

3
170 {8ard)
7.5 x 106

1935

4,80

2.8

5
1,030,000

{Continued)

CASE 2X

100
Bolling D20

Fresasure Tube

Cold Moderstor

jc.8
164
2.7

405
370
50
12.6
35
10.6
15
1320
150
900
815
30
200,000
0.L5

13.2
10.8
< L0
7800
3.94

11,000

Steel

8800
2o
Atm.

1
780 [Satd)
1.3 x 106
355
106
30.0
1
166,000

- 107 -

CASE 1K-200

200
Bolling 020

Preasura Tube
Cold Moderator

45.3
240
.7

810
705
103
15.1

35
13.1
15
2030
150
%00
815
10
200,000
0.5

17.9

141
<400
15,700

5.03

5.2

21,000

18,500
80
A,

1
780 (Satd)
2.6 x 100
707
a2
30,0

336,000

CASE 3K-700

300
Balling D20

Preasurs Tube
told Moderator

3.8
340
24.6

1220
1120
158
17.5
35
15.5
15
2825
150

815

30
200,000

Q.50

je
19.1
15.2
< 400
22,100
5.03

29,000

780 {Satd)
3.9 x 106
106)
148
30.0
1
555,000

CASE 1K-§30

[ 1]

Boiling D2V

Pressure Tube
Cold Modersator

89.0
160
2.7

1740
1600
222
21.6
33
1%.2
15
£330
150

815

ao
20C,000

0.50

39
15.6
14.2

< 400
30,000
5.09

5.1

40,000

27
70
50

Nona
None

Steel
40,000

Atm.

2
780 (Satd)
5.5 x 108
1518
454
30.0
1
724,000




GENERAL

1. HNet Blectrical Quiput, MW

Z. Coolant

3. Reactor Type

L. Core Inventory, tons Uranium

5. D20 Inventary, tene

6. Over-all Thermal Efficiancy, %
REACTR

1, Grosa Thermal Power, Md

2. FEeactor Powsr to Coolant, MW
3. Power Loat to Mederator, MW

4. External Dismetsr, ft

5. Over-all Height, ft

&é. Active Core Dimmeter, %

7. Active Core Haight, ft

8. Active Cors Volume, ftd

9. Deaign Temperature, °C

10. Design Presaure, psig

11. Inlet Pressura, psig

12, Vaporization, % by wt

1). Max, Heat Flux, peu/{hr)ift2)
1i. Groea Avg./Max. Heat Flux

15. 9afety Factor on Burnout

156, HMax. Specific Power, Mi/ton U
17. Avg. Specific Power, Mi/ton U
18. Avg. Powsr Density, kw/}. of Cora
19, M2y, Fual Tamn, of

20. Heat Transfer Arsa in Core, ft?
21. Froe Flow Ares/Fuel Assembly, in?
22. Avg. Coolant Velocity at Core

Inlet, ft/mec

PRIMARY COOLING SYSTEM

1.

2.
1,
L
5.
6.
7.
e.

Flow to Reactor=lLiguld, gpm
Gas or Vapor, 1lb/hr

Tewp. Entering Reactor, *C
Temp. Leaving Reactor, *C
Over-all Pressura Drop, psi
#Ho. of Cooling Loops

Ho. of 3team Cenerators/Loop
Total Area of Steam Cenr., ft2

Const. Matl., Cocling System

MODERATOR COOLING SYSTEM

1.
2.
3.
L

Moderater Flow, gpm

Avg. Moderator Temp., *C
Avg. Moderator Press., paig
Ho. of Cooling Loops

ELECTRICAL GENERATIQN PLANT

1.
2,
3.
A
5.
6.
7.
8.

No, of Turbinea

Turbine Threttls Preasura, psig
Steam to Turbine Throttle, 1b/hr
Heat to Turbine, M

Gross Electrical Output, Md
Gross Steam Cycle Efficlency, %
Stages of Fead Water Haating

Cooling Water Flow, gpm

100
Liquid BC

Pressurs Veanel
Cold Moderator

26.6
184
21.7

160
L2z
52
13.9
4.5
10
15
118¢
3463
950
71

415,000
0.50
1.55

36
17.3
13.8

498
4300
.97

12.5

60,000

30,500
85T

8300

730

1
225 {Satd}
1.5 x 105
408
106
26.0
5
205,000

TABLE T (Continued}

£ASE 3J CASE 3K
100 100
Bailing D30 Boiling DZ0

Pressure Vaasal
Hot Moderator

28.4
195
22.5

5
L5
15.4
35
11.8
15
1640
343
300
255
10
180,000
0.45

35
15.7
9.6
<150
10,300
4.45

28,700

187
20

Nane
Kona

Steal

225 [(3atd
1.5 = 108
L5
106
2.0
HNens

229,000

Preasure Tube

27.2
158
19.6

510
463
65
13.8
25.8
1.8
15
1640
125
300
250
10
185,000
0.45
42
18,8
1.0
<350
11,900

Total, 11.52
Inlet, 2.54

21.6

30,000

188
203

Stesl
11,400

Atm.

1
) 225 (Satd)
1.5 x 109
445
106
2.0
None
229,000

* Prime ares of finned heat tranafer surface

- 108 -

Cold Maderstor

CASE )G

100
Helium Cas

Presaurs Vessel
Cold Moderstor

LB.4
9
3.4

318
293
bH
17.3
L3
13.8
12.8
2060
515
450

35,500
Q.45
15
6.6
5.5
biy8
32,600
28.88

85.7

1.53 x 106
225
511
2.7
4
1

33,000
Stael

6000
80

1
1407 (887 °F)
1.0 x 106
283
106
7.6

120,000

CASE 2H

100
D20 Steanm

Pressure Vesael

Cald Moderator

7l
195
28.6

150
Ja
&
18,9
52
15
16
2825
390

™1

99.300
0.45

11
4.9
ek
625
16,400
17.44

45.8

6.95 X 106
272
387
]
4
Kene
Nona

Steel

6200
[+
790

1
785 {729 °F)
1.1 x 106
110
107
345

139,000

bl
CASE L4

100
Liquid D0

Preszure Veassl
Hot Moderator

26.6
157
2.7

440
Q40

13.6
42,5
10
15
1180
1%}
B30
653
476,000
0.43
2.25
39
16.5
13.2
496 -
4300
1.70

36.5

40,000

205

232
90
&

32,720
33T

212
652

1

152 (Satd)

1.6 x 108 -
440
106

24.1 M

224,000



[

GENERAL

1. Het Rlectrical Dutput, MW
2. GCoolant

3. Reactor Trpe

L. Fuel Enrichoant

5. Puel Configurstion

FUEL_ASSEMBLY

1,
2.
3.
'S
5s
6.
e
E.
9.
10,
11.

11,
1L,
15,

17,
18,
19.

20,
21.

Fuel Materis}
Cledding Material
Housing & Irsulating Tubaa
Calandria Tubes

Calandria Tube DD, in
Calandria Tube 1D, in
Houaing Tube 0D, in
Housing Tube ID, in
Insulating Tube QD, in
Inaulat ing Tube ID,

-

n

Cladding Thitkness, in

Fuel Tube #1 Clad 0D, in
Fuel Tuba #1 Clad ID, in
Fuel Tube F2 Clad OD, in
Fuel Tube #2 Clad ID, in
Fuel Tube #) Clad OI, in
Fual Tuba 2 Clad ID, in
Fual Tube fi Clad 0D, in
Fuel Tube #i Clud ID, in

Inmulating Mediom

Cross Sact. Area of U, 1n2

LATTICE PARAMETERS

1,
2.
3.
ke
5o
é.
Ta
8.
9.
10.
1.
12,
13.
1u.
15.

R2.

Lattice Spacing, in

Mo, of Fuel Assembliss

Ho. of Centrol Elementa

No. of Safety Rods
Moderator/Uranium Yol. Ratio
Coolant/Clad Puel Vol. Ratio
p (cold)

&

n (cold}

L {cold)

keg {cold]

12 {rold) em?

© (cold) cm?

p {hot)

5 {kot)

£ (hot)

keg (hot, Zs ¢ Sn)

L2 {bot) ca?

T (hot) em?

B2 (hot, X » 38} ea~2 x 10-6
Bg?. a2 x 1076

Excesn korf (hot, Ie + 3m)

BURNUP DBATA
[100% Batch Reloading)

1.
2.
3.
Lo

Avg. Fuel Expoaure, MWD/ton U
Spent Fuel, wt % U-235
Pu-239, go/ke ¥

Total Pu, gw/'kg U

CASE 1B

100

Liquid Bz0

TABLE II.

Preasurs Vessel
Hat Moderstor

Natural U

1 Tuba

Us 2wt %I

Zircaloy-2

Zircaloy-2

None
1.384

6,5 Hex.
30
19
19

25.0
3.04
0.475
1.025
1.325
0.977
1.151
102
130
D.855
1.305
0.944
1.079
150
175
243

0.010i

3250
0.48
1.98
2,54

NOTES:

FUEL AND NUCLEAR PARAMETER3 OF D20
POWER REACTOR3 PUELED WITH NATURAL URANT

Preasure Vessel
Hst Moderator

T+ 2wt & Ir

CAZE 3B-200 CASE_18-300
200 ice
Liquid D20 Liquid Dz0

Presaurs Vessal
Hot Moderator

Natursl U Hatural U
2 Congentric 2 Conewntric
bed Tuben

Ue 2wt %2r

Zircaley-2 2ircaloy-2
Zircaloy=2 Zircaloy-2
Hone Hone
2,60 2.90
2,54 .84
Nonm Kone
0.C15 0015
214 2.35
1.78 2.05
1.07 1.17
0.71 0.87
None None
1.264 1.143
6.25 Hex. 6.25 Hex.
190 507
22 25
22 25
25.3 28.0
2.1 3.18
0.872 0.87
1.022 1.0017
1.325 1.325
0.978 0,976
1.155 1.145
N 98
128 132
0.8L5 0.4.8
1.316 1.716
0.945 0.942
1.075 1.069
142 151
150 196
219 194
185 156
0.012 ¢.012
3600 J6c0
0.49 0.49
1.9% 1.58
264 264

-MODERATED
N

€ASE 15-400 £A8E 10
400 100
Liquid Da0 Liquid D20

Pressurs Veasal
Hot Moderator

Natural U Ha

2 Concantric 1
Tubes

U+ 2wt $Zr

Zircaloy=2 Zircaloy-2

Zircaley-2 Zircaloy-2
Hons Alupinum

- Lik6
- L.36

3.70 1.1
XY 2.90
Rane None
0.015 0.015
3.8 2.06
2.90 1.47
2.08 -
1.8 -
None Gan
1.620 1.384

7«25 Hex. 7.8 Hex.
356 225
3 19
3] 15
26.5 34.8
3.7% 3.04
0.858 0.909
1.022 1.025
1.325 1.325
0.975 0,945
1.145 1.167
97 160
12% 130
0.841 0.908
1.316 1.321
0.941 ¢.913
1.063 1.122
154 171
192 133
178 403
151 206
0.008 Q.057
3500 2500
0.50 0.L6
1.9 1.87
2.5 244

1. The sxial snd radisl reflsctor in sach resctor 18 Liquid Dzl 1 ft shdck.
2. Ome ten = 2,000 1lb.

- 109 -

Freaaure Tube
Cold Moderator

tural U
Tube

Us+s 2wt %Ir

CASE 1D-200Q

200
Liquid D20

Pressure Tube
Cold Moderator

Natural U

3 Cencentric
Tubes

Pe2w®2r
Zircaloy-2
Zircaloy-2

Nons
471
4-33
4e?l
415
0.015
3.72
3.35
2.58
2.12
1.2h
0.88

Liquid D30
3.098

G5 Hex.
166
22
22

22.9
2,44
0.867
1.025
1.325
0.955
l.124
104
137
0.863
L322
0.922
1.077
114
s
288
185
0.0

3200
Q.48
1.95
2.48



CENERAL

1.
2.
3.

by
5.

3.
2.
13,
14.
15.
16.
17.
18.
15.

20,
2.

Net Elsctrical Output, M
Ceolant

Reactor Typa

Fuel Enrichmant

Fuel Conliguration

EMBL
Fuel Matarial
Cladding Material
Houaing & Insulating Tubes
Calandris Tubas
Calandris Tube OD, in
Calexdria Tube ID, in
Housing Tube OO, in
Houaing Tuba ID, in
Insulating Tubs 00, 1n
Iasulating Tube ID, in
Cladding Thickness, in
Puel Tube §1 Clad OD, in
Fusl Tube #) Clad ID, in
Fuel Tube #2 Cled OB, 1n
Fusl Tube #2 Clad ID, in
Fusl Tube #3 Clad Ob, in
Fusl Tube F3 Clad ID, In
Fuel Tuba #4 ©lad OD, 1n
Fuel Tube #4 Clad 1D, in

Inmulating Medium
Cross Jact, Area of U, 1n?

LATTICE PARAMETERS

1.
2,
3.
L'
5.
6.

11,
12,
13.
14.
15.
16.
17.

19.
20,
21,
22,

Lattice Spacimg, In

No. of Fusl kassmblies

Ho. of Control Elements

Mo, of 3afety Rods
Moderator/Uranium Vol. Ratio
Coolant/Cled Fusl Vol. Ratio
p (eotd)

t

n fceld)

r (eold}

oo (o0ld)

12 (eold) em?

T {eold) cm?

p (hot)

n  (hon)

£ (het)

¥go (Bot, Is + 3m)

L2 (not} em?

T (hot) ea?

B2 {hot, Is + Sm) ca~2 x 1076

Bg?. o2 x 10-6
Exceas kerr (hot, Xe + 35nm)

BURNUF DATA
(1008 Batch Relosding)

1.
2.
3.
b

Avg, Fuel Expomure, MWD/ton U

Spant Fuel, wt % U-235
Pu-239, gafig ¥
Total Pu, gm/kg U

CASE 1D-300

300
Liquid D0

Freasure fTube
Cold Moderwtor

Natural U

3 Concentric
Tubes

U« 2w %2r
Zircaloy-2
Ziresloy-2

Hona
4.71
433
L2
415
0.015
3.72
333
2,44
2.12
1.24
c.88

Liquid Bp0
3,008

9.5 Hex,
250
B}
a3

2.9
231
0.867
1.025
1.32s

0.955

1.124%
104
137

0.861
1.322
0.922
1.077
3 7Y
145
282
143
0.08

3300
Q.47
2.04
2.65

TASLE I1 {Continued)

CASE_1D-460 CASE 2K
450 100
Liquid B0 Boiling D20

Prassurs Tube
Cold Moderator

Hatursl U

2 Concentric

Tuben

U+ 2wt & Ir
Zircal oy-2
Zircaloy-2

None
4.7
4.3
L.21
4.15
0.015
3.7z
335
2,48
2.12
1.2
0.88

Liquid D20

3.098

9.5 Hex.
330
43
L)

22.9
.44
C.867
1.025
1.325
0.955
1.124
104
117
0.863
1.322
o.922
1.077
114
145
zed
120
C. Q4

3800
0.48
2.09
2.77

Prassurs Tube
Cold Moderator

Natural ¥

3 Concentric
Tubes

Vs 2wt $Ir
Zirealoy-2

Zircsloy-2

Liquid D20
2.720

B.5 Sq.
185
13
19

4.7
1.6
0.851
1.028
1.325
0.963
1.170
1z4
132
0.88)
1.322
0.931
1.120
138
148
400
18,
0.080

4200
0.45
2.12
2.89

110 -

5E_JK-

200
Boiling D0

Pressure Tube
Cold Moderstor

Ratural U

& Concentrie
Tubas

U+ 2wt %ir
Zircaloy-2
Zircsloy-2

None
3.84
3.54
.42
336
0.015
3.11
z.80
2obh
2.12
1.76
1.45
1.09
0,77

Liquid D20
2,910

&.5 3q.
257
n
1

22.8
1.32
0.877
1.02%
1.325
0.959
1146
109
1315
0.868
1.322
0.927
1,092
12
153
320
1.8
0.045

Q.46
2.09
2.76

SE 1K=

300
Boiling D0

Praszurs Tube
€old Moderator

Netural U

4 Concentric
Tubes

U+ 2wt®%ir

Zircaloy-2

Zircaloy=2
Nona
3.8
3-54
3.42
3.36
Q015
i.n
2,80
2.44
2.12
1.76
1.45
1.09
0.77

Ligquid D30
2,910

8.5 $q.
362
&3
43

22.5
1.)2

0.877

1.02%

1.32%

0.959

1.146
109
1)5

0,868
1.322
0.9277
1.092
124
153
320
119
0.053

0,46
2.14
2.90

CASE 1K-430

430
Boiling D20

Pressurs Tuba
Cold Moderatnr

Natursal U

4 Concentric

U+ 2w %2
Zircaloy-2
Zircaloy-2

Liquid D20
3.092

9.0 8q.
1%
55
55

2h.2
1.26
0.887
1.028
1.325
0.95%9
1.154
123
51N
0.880
1.322
0.927
1.108
137
15e
£33
95
0.077 -

5000
0.45
2.3
314



-

w GENERAL

1.
2.
3.

be
5.

Net Electricsl Output, MA
Coolant

Reactor Type

Fuel Enrichment
Fuel Configuratien

FUEL ASSEMBLY

1.
2.
3.
'
5.
6.

9.
10.
11.
12,
13.
1be
15.
16.
17.
18,
19.

20,
21.

1.
2.
3.
be
5.
6.
T
8.
9.
16,
11.
12.

13. -

i
15.
16,
17.
14.
- 19.
20,
2.
22,

Fuel Material

Cladding Material
Housing & Insulating Tubes
Calandris Tubes
Calandris Tube QD, in
Calandria Tube ID, in
Housing Tube OD, in
Housing Tube ID, in
Insulating Tube €D, in
Insulating Tube ID, in
Cladding Thicknass, in
Fusl Tuba #1 Clad CD, in
Fuel Tube §1 Clad ID, in
Fuel Tube #2 Clad OD, im
Fuel Tube #2 Clad ID, in
Fuel Tube §1 Clad OO, tn
Puel Tuba #3 Clad ID, in
Fuel Tube §4 Clad €0, in
Fuel Tuba Fi Clad ID, in

Inmulating Medium

Croaa Sect. Area of U, in2

LATTICE PARAMETERS

Lattice Spacing, in

Ho. of Fusl Assembliss

Ke. of Control Elementa

Ng, of Safety Roda
Modsrator/Uranium Vel. Ratle
Coolsnt/Clad Fuel Vol Ratilo
p leold)

3

n {cold}

I (eold)

koo (cold)

LZ [cold) em?

+  {cold) cm?

p (hot)

n ({bot}

£ (hot}

%o (hot, Xe + Sm)

12 {hot) emd

% (ot} ea?

Bm? (hot, Xe + Sm) em 2 x 10-6
Bg?, en-2 x 1070

Excess Kgrpr (hot, Xe + Sm)

RURNUP_DATA
(100% Batch Reloading)

1.
2.
3.
4

Avg. Fuel Expoture, MD/van U
Spant Fuel, Wi % U-235
Pu-239, gn/kg U

Total Pu, Emvkg U

CASE JC

100

Liquid Dz0

Preszure Vospel
Gold Modarstor

Katural U
1 Tube

U+ 2wt %Ir

TABLE I1 {Continued)

CAsg 1J

100
Boiling Py0

Pressurs Vessal
Hot Moderator

Natursl U
2 Coneentric
Tubas

Ue 2wt %Ir

CASE 1%

100
Boiling D,0

Presaurs Tubs
Celd Modararor

Hetural U
3 Concentrie
Tubens

U+ 2wt %2r

Zircaloy=2 Lircaloy-2 Zircaloy=2
Zircaloy-2 Zircaloy-2 Hourg. Aluminum
None Hone Insula. Z2ire.-2
3.22 2.%6 4.79
3.16 2.90 4.56
2.96 Hone bbb
2,90 - 4.38
.05 Q.015 0.01%
2.06 2.60 3.98
1.47 2.30 3.72
- 1.40 3.02
- 1.10 2.76
- - 2.06
- - 1.80
Clad Ribbon Width, in
£1lad Ribbon Thickness, in
No. of Ribbona per Fuel Asasmbly
Gas HNone Liquid D30
1.384 1.3l 2.563
6.5 Hex. 7 Hex. 9 5q-
310 356 175
19 19 19
19 19 19
25.0 30,7 9.4
3.0h 2.79 3.25
0.875 0.886 0.885
1.025 1.022 1.020
1.325 1.325 1.325
0.970 0.974 0.947
1.152 1,164 1.332
102 108 1
130 127 13
0.873 D.860 0.873
1.320 1.916 1.2,
0.937 0.951 0,914
1.108 1.087 1.078
103 164 13
134 201 156
b2 230 254
205 170 180
0,053 &.02, c.on
500 3500 3000
Q.55 0.L9 0.49
2,20 1.93 1.85
3.07 2.5 2.33

- 111 -

100
Heljum Cag

Preasurs Vansel
€old Moderater

Natural U

Twisted Ribbons

U+ 2wt %2r
Zircaloy-2
Zircaloy-2
Zircaloy-2

7.085
6.985
6.785
6.685

0.508
0,090
136

4.38
12 Hex.

23

23
18.4
L:6%
0.855
1.028
1.325
0,970
l.130

110

252
0.847
1.322
0.938
1.080

137

257

10
0.022

1.93
2.43

CASE 2H

100
D20 Steam

Pressure Vassel
Cold Moderator

Katural U

Twisted Ribbons

U+ 2wt $2Ir
83T
Zircaloy=-2
Zircaloy-2
6.00
5.90
5.70
5,60
Fone
0.067

0.875

0.260
n
Gas

6.29

13 Hex.
178
23
23

18.8
2.4,
0.856
1.040
1.325
0.935
1.102
13
172
0.847
1.)2
0.906
1.056
JUAn
1m
173
117
0.016

3600
0.47
2.11
2.76

CASE 14

100
Liquid b20

Pressure Vesasl
Hot Mederator

Natural U
1 Tube

U+ 2wt %Ir
Zircaley-2

0.015
2.06

I.384

6.5 Hex.
310
19
19

25.2
1.04
0.B75
1.025
1.325
0.98]
1.168
102
120
0,854
1.305
Q.950 .
1.084
153
178
254

©0.0096

1200
0.51
1.8
234



II.

I11.

Basis:

O

The insulation is placed inside the housing tubes in the cold moderator pressure vessel reactors.

TABLE IIT
EVALUATION OF INSULATED HOUSING TURES

CCLD MODERATOR PRESSURE VESSEL REDACTORS

Insulating Medium

Helium {used in Types SB-1 and 8B-7 to SB-6 reactors}
Single Yayer of liquid D50

Double layer of liquid D30 {used in Type SB-2 Reactor)
Zirceonia tube

LIQUID ~ N,C_- COOLED PRESSURE TUBE REACTORS

A,

Calandria Type {Aluminum Calandria Tubes)

1. Helium ocutside pressure tube (used in Types TL-3, TL-5, TL-6,

and TL-# reactora)
2. Same as A-1, plus single layer of liquid Dy0 inside preasure tube
3. GSame as A-l, plus zirconia tube inaige pressure tube

Pressure Tubes in Contact with Moderator

Types TL-2 and TL-4 Reactors

1. Helium outside pressure tube

2, Single layer of liquid Dp0 inside pressure tube

3. Double layer of liquid D30 inside pressure tube {used in TL-2
and TL-4}

4. Zirconia tube inside pressure tube

Bayonet Pressure Tube, Typa TL=7 Reactor

1. Helium outside pressure tuhe

Case 1D-460 Reactor

1. Single layer of liquid D50 inside pressure tube

BOTILING - DN»Q_- CCOLED PRESSURE TUBE REACTORS

1. Single layer of liquid Dp0 inside pressure tuhe
Case 1K reactor {aluminum pressure tubes)
Case 1K-430 reactor

Except for Case 1K, all pressure tubes are Zircaloy-2 (reactor-rrade).
following cases, as listed in Tables I and II:

Case 1C: Types 5B-1 to SB-6
Case 1D: Types TL-2 te TL-f and Type TL-8
Type TL-7 parameters are similar to Case 10
Cases 1D=-460,
1K, and

Insulation

Thickness, in.

Heat Lcss
Through
Insulation,
% of Tetal

0.100
0.060
0.140
0.125

0.525

0.060
0.125

0.100
0,060
0.140

0.125

0.100

0.060

0,060
0.060

The zirconia tuhes are made
reactor-grade Zr and contain 4% CaD. The design parameters of the.reactors are hased on the

1K-430: Identical designations for parameters and reactor concepts

- 112 -

= 0.550
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NO FUEL HOUSING TUBES (Case 1A — 100 eMW)

FIGURE 11 - PRESSURE VESSEL REACTOR -
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SHM ROD
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EXTENSION

FCR CONTINUATION

SEE FIGURE 56
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FIGURE 57 - PRESSURE VESSEL REACTOR - SHIM ROD - TOP DRIVE
(Type SB—4 — 100 eMW)
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FOR CONTINUATION
SEE FIGURE 36
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AMPHENCL 2-PIN CONNECTIONS
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==

CRAWFORD FITTINGS

H
:
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i
.-} !
900 LA -2 FLANGE ! | il
E¥
- H e
r ] t-0'
2"0.0. 08— i ii i

SIS

o~ NOTES:

e |- CABLES SPIRAL TMROUGH I20°OVER LENGTH OF PLUG.

s 2- SLOTS PROVIDE FOR CONVECTION COOLING.
Vi 3- NOSE ENGAGES ROD GUIDE 4T TOP PLATE OF BOTTOM SHIELD.

A 4- ROD OVER-ALL LENGTH — 330",

Vb 5- 7O REMOVE FUEL ELEMENT ADJACENT TO ROD, REMOVE RGO
Y/ ASSEMELY AND DISCONNECT LENGTH “A"
|
R Y sst
i i ‘

———SPIRAL PLUG
A 1 2-6" LONG
/ SEF NOTE 3
7-&
PLUG
f’ LENGTH
b
=
A rgl 4 A
T
B 1 B
He § wiDE 5LOT
S 3
"!__,_7 " 2 SEE NoTE 2
—_— R

SECTION A-A SECTION B-B

MINIATURE GAMMA =] _—

KN CHAMBER
2" WELDED UNIDN-/'

1710 | 7e
ZIRCALOY
2" SCHEDULE a0 =]

;.

58
B

Rkl |
1]

—~— SAFETY ROD
THIMBLE

TP 1
- HEAD )

ROD
EXTERNAL
ELEVATION
SEE NOTE 5

MINIATURE GAMMA —(

10N CHAMBER

——~—3-§ % { RIBS, SPACED

! 128" APART

£ WIDE SLOT —=z2
SEE NOTE 2

)* TUBE (0.035
< WALL THICKNE 5 }

SEE NOTE 3

FIGURE 60 - GAMMA ION CHAMBER ROD ASSEMBLY
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!

i
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DISEHGARE MAET
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]

END OF CHELL
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FIGURE
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LF oD
T HOUMNG.

CHARGE
T

i

VAGVE, COF P INTR POBITION
OVER REACTOR

[ LOWER MAST WTO
GHARGE AT

I

CLONE CORRFIN DICA,

[RABE, HayT wmq NUTZLE
PLIG At #TC

f
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RALSE, MAST WITH HEW
UL ELCANT TS OO TN

ENGAGE NOZTZLE FLUE
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ENGARE NEW
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CHARGE P

DS NG AGE
I gt —|

I:mae J— l
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N DABCHARAE, PIT
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$TOP FULY ELEMENT
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61 - PRESSURE VESSEL REACTOR -

ASIC
I-WOZILE PLUGS WILL »n'r IHM&HA‘T[U
4D e !
ABECOND ST BT
BEFGRE "\1!. NllT lﬂlﬂuu:
[3 6\.'.
¥ MOZILE PG UL ELEMENT Wi
FTORED A ﬂ.mqulrrt wnmm heE
FER AT THE ML

SO OHE CRAME AMND CD“!N WL ke Urskb

MAJOR 'TEMS OF ECUIPMENT REGUIRED
1+ 00PN rASOLIME ERANT ,CORFIN , { SRUFPERR,
L ROTATING FLOTA BHITLD
2= FLOOA PG HANDLING DEVICL.
4= NEW LLLMEMNT BUSLY COMYENDE,.
5= SOENT ELEMENT DIBTHARAE COMVEWR..

(Case 1B - 100 eMW)
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REACTOR HEAD
N PLACL

TMDE W, ROTATI G FLOGR,
BrIELD AND REMEVR
FLOGR MUGY AL ARQUALD

BITTOM LECTION

- CLUATER A0D
- IMM mop

REMOVE ROTATING AND
HDM-AOTRTING FLYOR BMITAD

RUSTAL L NON-ROTAT NG A
RITATING FLOOR BHIELD

LOWER MAST AND ENGAGE.
BMELD MUFF
RMSE MABT AMD STORE

MUFT b COFF N

FUEL ELEMENT HOLLING
SAFETY ROD  WOUBING -
INSTRUmENT R0 HOUAING
SHIM ROD HOUKING

GLUBTER ROD HOUBINE

REMOYE RGTATING AHD
MOh- FETRTING, FLOOR, SHELD

TIBCOHINLST AL
BERVICE. COMNTC

IMATALL W \CTOM, HLID.
AND BiRow SHLLD PILATE
WAERE WECESBARY

INSTALL Mow-AoTTIhG ANE
KOTATIHG FLOOR AMELD

RAISE MAST (NTO S FIM

LOWER madiT anD AKLE MK
VERTILAL LLRMirT

RMBE HAKT NTG COFFIN

LOWER MAST NG [HGASE
VERTICAL ELEMENT

RASE MARY WD COFFIN

MOVE COFFIN T REACTOR,

MAISE MABY INTD COFFIN

REPUAGE TiarmBLE Eap
AND MITRY SENT LEADS

LOWES ManT wiTH swke
AND INSTALL

RAISE MADT INTO COFFIN

REMOVE MOTATING MNT
O ROTAT 15 TLOOR, SHIELD

INSTALL FEACTOR, HEAD

INSTALL HOW- RITRCT 1y AND
ROTATING WLOGR BHIWD

NOTES

1-ONLY GNE ELEVENT
&L UBLD. GRUIPPE
CHUCHS FO COVER T

ETHE Ml
mEPLACH

3-TME DIBCHARGE PIT mat
O TRE SAME BIDE OF THE REACTOR,,

MATOR. ITEMS OF EQUIPMENT REQUIRED

BASIC ASSUMPTIONS

HAWDUING CRANE AND COFTIN Wikl
I WiLL BE FITTED WITH ALTERNATE
HE TIFFERENT CPERATIONS,

HTEMANCE CRAMNE WiLL BE
N THE REACTD
SHHIELD ANMD HON-ROTATIMNG FLOOR.

USED FOW REMOVI
L HEAD ,ROTAT IR FLOOR.
BHIELD.

D CHARAE BT WALL BE LOCATED

e

P OOFFIN , HANDLING CRANE (COFFIN  aND ARIMPERS
2- MOTATINE FLOOR. BMILLD.

3= NEW KLILMENT SUBPLY CONVEYDR, .
- BPINT LLEMENT ECHARSL CONVEYOR..
3- FLOOA, FLUG RANDLUIN G DEVIEE.

REMOVL RITATIRA AND
NON-RETRTING FLOGR, SHIELD

COMHEET AL
SERVICL CONNE-TIONY

INSTRLL WON- ROTATHNG NG
HOTATING FLOOR SHIELD

FIGURE 62 - PRESSURE VESSEL REACTOR - FLOW SHEET FOR HANDLING NON-FUEL
COMPONENTS (Cose 1B — 100 eMW)
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FIGURE 68 - FLOW DIAGRAM FOR A BOILING D,O PRESSURE TUBE REACTOR PLANT -
COLD MODERATOR (Case 2K — 100 eMW)
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