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A STUDY OF HEAVY WATER CENTRAL STATION
BOILING REACTORS (CSBR)

by
M. Treshow, D. Shaftman, L. Templin,

M. Petrick, B. Hoglund, and L. Link

I. INTRODUCTION: BACKGROUND AND DESIGN OBJECTIVES

The reactors which are described and studied in this report are of
the boiling heavy water type. They are large reactors designed for eco=
nomic operation in stationary central power plants.

From the outset of this study certain objectives presented them-~
selves as being of particular importance if an attractive economy were to
be obtained. If such objectives could all be incorporated in one design,
so much the better. Actually, we are confronted with the usual problem of
balancing between special requirements which vary with policies of different
countries.

The principal objectives referred to above are as follows:

1. use of ceramic (UO,) rather than metallic fuel;

2, use of natural uranium;

3. high conversion ratio;

4. long fuel life;

5. natural convection for heat transfers

6. production of superheated steam;

7. a high power output;

8. a limited size of pressure tank;

9. fuel handling without use of large pressure lid; and
10, moderator control.

Two different types of boiling reactors have been considered. One
is the pressure tank type and the other is the pressure tube type. Both are
feasible and both have their special advantages and their special problems
to be considered. At the time of the present writing, only the pressure tank
reactors have been analyzed in sufficient details to be reported here.

The following is a qualitative discussion of the above listed design
objectives, their interdependence and the conflicts between them,

Item 1, ceramic fuel, is considered a necessary requirement for
any water=-cooled power reactor of the size contemplated. A metal-water



reaction would appear to be too great a risk. It is realized that this .
restriction means a limitation on reactivity and on several of the other
objectives which are stated.

Once the UO, is adopted, the main "conflict™ is between items 2 and
3 (natural uranium and high conversion) on the one side and items 4, 5 and 6
(fuel life, natural convection and superheated steam) on the other. Natural
convection requires large channel spacing in the fuel elements, which in-
creases resonance capture, thereby jeopardizing the use of natural uranium.
Likewise, superheating of steam requires a certain amount of stainless steel
in the reactor core, also jeopardizing the use of natural uranium,

Superimposed on this situation, it is found that items 7 and 8, (that
is, the desire for a large power production within a limited size of reactor)
will influence the combination of the above items. A lower power output
would permit greater lattice spacing which would improve the resonance
escape probability and the reactivity - up to a point - where the "void coeffi-
cient” and the operating stability would be endangered.

The largest pressure tank to be considered was, somewhat arbitrar-
ily, taken to have a 16-ft inside diameter.

The long fuel life (item 4) is, of course, very important in the
economic picture. It is aided by natural uranium with a high conversion
ratio, provided that a sufficient amount of excess reactivity is available.
Otherwise, it can only be bought by the use of more or less enrichment of
the fuel.

Objectives 9 and 10 (fuel handling and moderator) do not conflict with
any of the other.

The objectives which should be given the highest priority are not
likely to be the same in different parts of the world. In some cases, the use
of natural uranium fuel is considered to be the most important quality. Even
so, this demand is sometimes modified to apply only to purchased fuel,
whereas it is recognized that plutonium cycling will later be able to provide
useful enriched material originated in the reactor proper. In Europe, for
instance, it might be visualized that a boiling heavy water reactor could be
built which, for a few years, would operate at reduced power with natural
uranium and a large lattice spacing. Later on, a different reactor core con-
taining re-cycled enriched fuel could be installed for a maximum power
production,

In other places, particularly in U.S.A., the use of natural uranium in
central station power reactors is not in itself important. The ultimate
power cost is the determining factor, .




In view of the above situation, a total of four different types of power
reactors have been presented in this report, one placing particular emphasis
on the use of natural uranium and the other three with more emphasis on
longer fuel life, high thermal efficiency and other items which help bring the
total power cost down. These reactors are, briefly:

1. a natural uranium, boiling heavy water reactor with forced
circulation: "Type 500 FC";

2. a boiling reactor with natural convection and slightly enriched
fuel: "Type 500 NC";

3. and 4. heavy water boiling and superheating reactors using
slightly enriched fuel and natural convection, "Type 800, Aand B."

The proposed loading and unloading arrangement is one which allows
a number of fuel elements to be handled from each of the relatively small
unloading openings in the top of the reactor vessel. The control system
referred to is one which essentially consists of a number of stationary,
although removable, "Control Cylinders™ with heavy water levels regulated
individually or in gangs in accordance with desired changes in reactivity.
This system will do away with moving parts within the reactor vessel.

The following chapter on summarized operating data indicates the
degree of success achieved in meeting the ten above-named objectives.
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II. SUMMARIZED ENGINEERING DATA

A, Operating Data

Table I contains such data which are considered significant for
evaluation and comparison of the four reactor types considered here for
production of saturated or superheated steam.

Table I

SUMMARIZED OPERATING DATA

Reactor Type 500 FC 500 NC 800 A 800 B
Type of fuel (ceramic UO;) Natural Enriched Enriched Enriched
Steam quality Saturated Saturated 340° 300°
Superheat Superheat
Coolant circulation method 40-psi pump  Natural Natural Natural
Circulation Circulation Circulation
Total reactor power, tmw 985 1100 1000 1150
Generated electric power, mw 280 310 325 370
D,0 in reactor, short tons 125 125 125 125
Operating factor 0.80 0.80 0.80 0.80
Average D0 temperature outside
shrouds, °F 155 155 165 165
Exit steam pressure, psia 750 750 725 725
Exit steam temperature, °F 510 510 850 810
Power used on superheating, % of total 0 0 16.8 15.5
Steam cycle efficiency, % 28.2 28.2 32.6 32.2
Maximum exit steam void in shrouds, % 75 75 72 75
Maximum boiling heat flux (unflattened
flux pattern), BTU/ftZ hr 400,000 373,000 242,000 390,000
Maximum surface temperature
(superheater), °F none none 1200 1200
Steam production, lb/hr 2,980,000 3,300,000 2,500,000 2,900,000

Special physics operating data are summarized in Table II for

convenient reference.

Table II

SUMMARIZED PHYSICS DATA FOR INITIAL OPERATION

800 A 800 B
Super-~ Super-~
Reactor Type 500 FC 500 NC heating Boiling Boiling heating
€ 1.025 1.015 1.01 1.018 1,015 1.015
p (control tubes filled 0.860 0.769 0.834 0.731 0.769 0.764
with D,0)
¢ (including equilibrium 1,200 1.398 1.240 1.480 1.398 1.369
xenon)
Assumed 1 U™ 2.06 2.06 2.06 2.06 2.06 2.06
[ 1.058 1,091 1.044 1.101 1.091 1.062
L? {ecm?) 165 95 95 70 95 70
Fermi Age 7 (em?) 170 205 250 220 205 255
Reactor B? (cm™?) 0.000134  0,000134 0.000134 0.000134
Local excess reactivity 1.2 4.6 (flat flux 5.9 4.6 1.7
in fresh zone, %k zone) 3.0
Initial conversion ratie 0.887 0.904 0.528 0.911 0.904 0.723

(excess reactivity
controlled by p)




B. Design Data
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The following tabulation (Table III) contains information regarding
engineering and design of the four types of reactors.

seen in connection with Figs, 1 through 21.

Table III

SUMMARIZED DESIGN DATA

Reactor Type

Reactor power level, tmw

Generated electric power, emw

Coolant circulation method

Pressure vessel ID, {t

Pressure vessel inside height, ft

Average core diameter, ft

Core height (active),it

Hexagonal lattice spacing of fuel
columns, in,

PBoiling Zone

Number of fuel columns

Inside diameter of inner shroud, in.
Thickness (Zr) of inner shroud, in.
Thickness (Zr) of outer shroud, in.
Outside diameter of outer shroud, in.
Number of fuel pins per assembly
Lattice spacing of fuel pins, in.
Outside diameter of fuel pins, in.
UO, fuel pin diameter (net), in,

Zr clad thickness, in,

Number of control cylinders

Control cylinder, ID, in.

Control cylinder Zr wall thickness,in.

Superheating Zone

Location of superheating zone

Number of fuel columns
Inside diameter of inner shroud, in,
Thickness (SS} of inner shroud, in.
Thickness (Zr) of outer shroud, in,
Qutside diameter of outer shroud, in,
Number of fuel pins per assembly
Outside diameter of fuel pin, in.
Lattice spacing of fuel pins, in.
(U0, + MgO) fuel pin diameter

(net), in.
SS clad thickness, in.
Number of control cylinders
Control cylinder ID, in.
Control cylinder Zr wall thickness, in.

The data should be

500 FC 500 NC 800 A 800 B
985 1100 1000 1150
280 310 325 370
Forced Natural Natural Natural
16 16 16 16
40 40 40 40
13.50 13.75 13.75 13,75
14 14 14 14
9.5 8 8 8
228 330 276 270
4.85 (avg.) 6.00 6.20 6.00
0.02 0,02 0.02 0.02
0.04 0.04 0.04 0.04
5.05 (avg.) 6.20 6.40 6.20
85 69 85 69
0.46 avg. (hex) 0.60(square) 0,60 (hex) 0.60(square)
0.344 0.344 0.344 0.344
0.31 0.31 0.31 0.31
0.016 0.016 0,016 0.016
31 55 48 37 + 18 partials
9.75 8.50 8.50 8.50
0.125 0.125 0.125 0.125
none none center of periphery
core of core
- - 54 60
- - 5.15 5.15
- - 0.020 0,020
- - 0,040 0.040
- - 5.35 5.35
85 85
- - 0.344 0.344
- - 0.50 (hex}) 0.50 (hex)
- - 0.322 0.322
- - 0.010 0.010
7 18 partials
- - 8.50 8.50
- - 0.125 0.125




Table IV shows the initial fuel loadingin the boiling and superheating

zones of the reactors.

Table IV

FUEL LOADING

Reactor Type

Boiling Zone

Number of fuel columns
Number of pins per assembly
Uranium content in zone, kg
Uranium per fuel column, kg
Enrichment, U?%/U

(atomic ratio)

U235
U235

content in zone, kg
per fuel column, kg

Superheating Zone

Number of fuel columns
Number of pins per assembly
Uranium volume ratio,

U0,/ (MgO + UO,)
Uranium content in zone, kg
Uranium per fuel column, kg
Enrichment, U235/U
U?*® content in zone, kg
per fuel column, kg

Total Fuel in Reactor

Uranium content, kg
U*® content, kg

500 FC 500 NC 800 A 800 B
228 330 276 270

85 69 85 69
34,530 40,590 41,810 33,210
151.5 123 151.5 123
0.00714 0.0115 0.013 0.0115
(natural)

244 461 537 377
1.07 1.40 1.95 1.40

0 0 54 60

- - 85 85

- - 0.30 1.0

- - 2650 9780

- - 49.0 163

- - 0.030 0.019
- - 78 184

- - 1.44 3.07
34,530 40,590 44,460 42,990
244 461 615 561
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III. PLANT DESCRIPTION

A. Reactor CGomponent

1. Pressure Tank

a. Design and Fabrication

The pressure tanks for the reactors herein described vary
only in regard to the arrangement of nozzles for steam and circulating water.
They are shown in elevation in Figs. 1, 3, 5 and 7, while Figs. 2,4, 6 and 8
show the horizontal cross sections and plan views,

The main tank dimensions are identical in all four cases.
The inside tank diameter is 16 ft and the total inside height is 40 ft. They
are all designed for the same operating pressure, 750 psi, and wall tempera-
ture, 600°F. The reactor power is approximately 1000 thermal mw.

In the types 500 FC and 500 NC reactors the saturated steam
outlets are placed near the top of the reactor tanks. The outlet nozzles for
superheated steam in reactor types 800 are placed in the bottom head. The
forced circulation used for the Type 500 FC reactor involves 6 outlet and
6 intake openings for recirculated D,O coolant.

The design and construction of these pressure vessels
amount to another step forward in a development already in progress, al-
though perhaps not as big a step as one might think. Larger pressure tanks,
such as the 60-ft Calder Hall gas-cooled reactor vessel, have been built.
Also, tanks for much greater pressures have been built. The Shippingport
reactor is built not only for a greater pressure, but the pressure multiplied
by the diameter (2000 psi x 9 ft) is also higher than required for the four
reactors presented (750 psi x 16 ft); this means that the hub stress per
lineal inch will be less in case of the CSBR 16 ft tank.

However, the total weight and size of the 16-ft tank will
make it necessary to ship it in sections A comnsiderable part of the welding
will have to be done at the place of erection, as in the Calder Hall tank or
as similar to the construction of a ship or submarine pressure hull. This
is actually no great disadvantage. It is felt that whenever a 1000-mw re-
actor would be built, there would be available a substantial building struc-
ture including as much crane and other construction facilities as found in
any first-class welding shop. Expert welders with expert equipment could
easily be installed in the new power plant building for use while this work
was going on. Any required heating for stress relieving of the tank could
be done by building a temporary fire brick oven around it in the same way
as if thc work were done on the home grounds.
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It is intended that all separate sections of the tank be
shaped and machined as required in the home factory before shipment,
although some reboring of nozzles could be performed locally. Fortunately,
these reactors do not have anyof the usual large diameter, gasketed pres-
sure lids. They have only the 9-in. or 10-in. gasketed fuel-handling thim-
bles. Water and steam connections would, of course, be welded locally
as in some other reactors.

A high grade carbon steel with a tensile strength of
76,000 psi and elongation 31% (in 2 in.) should be used for the tank shell
and heads. This corresponds to the SA-212 Grade B carbon steel used
for the EBWR. On this basis the tank wall would be approximately 5 in.
thick. A low alloy steel with higher strength could be considered.

The carbon steel is clad on the inside surface with stainless
steel Type 304 in accordance with present technique. In cases where noz-
zles are used for water or steam of a temperature different from the pres-
sure shell, thermal sleeves will be used to equalize the expansions or
contraction. This applies particularly to superheated steam outlets and to
feedwater inlet.

b. Tank Support Brackets

Twelve support brackets are welded to the knuckle section
of the lower head, continuing upward along the cylindrical shell surface.

¢. Internal Thermal Shield

The pressure shell is protected against overheating due to
gamma absorption by means of a 2-in. thick steel shell installed inside the
tank. This shield will be fabricated and installed in sections with a clear-
ance of about 1 inch from the tank wall. The flow of coolant is such that a
small amount of water or steam will flow through this clearance, thereby
preventing overheating of the vessel.

d. Core Supporting Structures

The design of the core support depends on whether the re-
actor is to operate with natural convection or forced circulation. The dif-
ference appear in Figs. 1 through 8. In case of natural convection (Types
500-NC and 800), the core must be supported in a manner which offers
little or no restriction to the recirculation of the coolant from the down-
comer area to the space under the core. Such supporting structures are
shown in Figs. 3 through 8.

In the case of forced circulation (Type 500-FC, Figs. 1
and 2), the situation is the opposite. The core must be supported continu-
ously along its outer edge in such a way that only a small fraction of the
recirculated coolant will leak around the fuel core. The supporting ledge,




15

in this case, is integral with the thermal shielding shell which, in turn, is
fastened to the pressure shell. Provisions are made to allow relative
movement due to thermal expansions.

2. Core Design and Structure

a. General Design

The reactor core is composed of 228 or 330 "fuel columns®
placed in a "core structure" designed to secure the fuel columns in their
correct place with the predetermined volume of moderator between them.
The fuel columns will be described in Section A-3. Essentially, they are
tubes or shrouds which contain the fuel elements and provide proper flow
channels for the coolant.

The core structure consists of three main items: a lower
grid, an upper grid, and a downcomer shroud. The fuel columns are guided
in the grid openings. The grids are made of stainless steel and installed at
elevations 18 in. above and below the active fuel core. The lower grid forms
a continuous horizontal platform with machined apertures in which the bot-
tom ends of each fuel column are supported so as to be relatively leak tight.
The individual apertures are exchangeable fixtures. The upper grid is for
lateral support only. It is supported by the thermal shield, allowing for rel-
ative expansions, and it is so designed that the fuel columns can be taken in
and out of position without first being lifted up above this grid (see Sec-
tion A-5).

The grids will be fabricated in sections and assembled in
the tank during erection.

The "downcomer shroud" is a 3/16-in° thick zircaloy sheet
which forms a wall between the reactor core and the downcomer area. The
bottom edge of the shroud is fastened to the outer edge of the bottom grid
plate. The upper edge of the shroud reaches a level 6 in. below the top of
the active core. It is supported against the thermal shield wall in a man-
ner which allows for thermal expansion.

The downcomer shroud, in connection with the lower grid
plate, forms a container for "cold moderator." The moderator is normally
cold because it consists of feed water with a temperature not much above
that of the turbine condensate. This feed water enters the reactor core
inside of the shroud just above the bottom grid (see Figs. 1, 3, 5 and 7).

As the moderator feedwater gradually rises through the
core, its temperature increases by approximately 100°F. At the top level
of the core the water spills over the edge of the downcomer shroud and,
together with recirculated water separated from the steam, will descend




through the downcomer area to the bottom level of the core. There it en-
ters the fuel columns either as a result of natural (gravity) circulation or
through the use of circulating pumps.

The downcomer shroud, therefore, serves two purposes.
It maintains a low moderator temperature within the core, and it provides
a balanced non-turbulent flow of moderator with evenly distributed tempera-
ture throughout any horizontal cross section of the core.

In case of the natural circulation types, reactors 500 NC
and 800 B, a special arrangement (Figs. 3 and 7) makes it possible to oper-
ate with extra subcooling in the central, high-flux zone of the core. This
feature is accomplished by diverting a regulated portion of the feedwater
to two ring pipes shown just below the central section of the core. The
cold water is sprayed upwards and mixed with the hot downcomer water,
resulting in greater subcooling for the central zone.

The present reactor calculations have not taken advantage
of this feature. It is included in the design only to make available an extra
safety margin in regard to permissible exit steam void where natural cir-
culation is depended on.

b. Reactors Designed for Boiling Only

This case is shown in connection with the forced circula-
tion boiling reactor Type 500 FC and the natural circulation reactor, 500 NC.

In the case of reactor 500 FC (Figs. 1 and 2), the lower
grid is supported along its edge in contact with the tank wall and it is built
with strong, girder-like ribs so as to withstand the load on the long free
span. The circulating pump pressure under the grid is about 30 psi above
the steam pressure. The lattice spacing for the 228 fuel columns in this
reactor is 94 in. Orifice rings in grid apertures secure proper flow
distribution.

In the case of Type 500 NC (Figs. 3 and 4) the grid plate is
supported near its center and is free at the edges. It holds 330 fuel columns
spaced 8 in. center to center.

c. Boiling and Superheating

The reactors designated as Types 800 A and B (shown in
Figs. 5 through 8) operate with natural circulation. Both have 330 fuel col-
umns spaced 8 in. center to center. It will be noticed that, also in these
cases, the lower grid is kept clear along the edge, allowing the downcomer
water to freely enter the space under the core.
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The superheating of the steam is done in fuel columns
which are placed together in separate zones of the core. The saturated
steam from the upper steam dome flows down through these columns at
a high velocity.

The difference between Types 800 A and 800 B is
essentially that the former has the superheating zone located in the center
of the core, while the superheating zone in the latter is a narrow annulus
in the outer region of the core. The exit steam manifold in Type A is,
therefore, a cone-shaped funnel, concentric with the core (see Fig. 5).
Fifty~-four superheating fuel columns connect to this manifold, and the exit
steam pipe extends through a thermal sleeve in the center of the bottom
head of the tank. The grid is supported on the central structure.

In case of Type 800 B, the exit steam manifolds consist
of six horizontal cylinders placed under the peripheral superheating zone
(see Figs. 7 and 8). Each manifold takes care of ten fuel columns. The
exits through the tank head consist of six individual 12-in. steam pipes,
joined at some point outside of the shielding.

Manifolds and pipe connections are insulated from the
steam by means of inside stainless steel linings, placed with a gap toward
the actual pipe wall.

The reactor core in this design is supported on the mani-
fold walls which transmit the load to the tank head (see Figs. 7, 8 and 10).
The design provides for individual thermal expansion of all parts, such as
grid plate versus tank head. Self-aligning seal plates placed around the
fuel columns and resting on the grid plate prevent leakage of cold modera-
tor from the reactor core to the space under the grid. (Such leakage would,
in any case, be slight due to the low pressure difference from natural
convection.)

In the central superheater, Type 800 A, the intention is to
use a flat flux distribution across this zone. All the fuel columns work
under the same conditions. In case of Type 800 B, the superheating zone
near the periphery of the core cannot have a uniform flux distribution.

For this reason, the steam flow through individual columns will be adjusted
in proportion to their power output. This adjustment is done by means of
orifice openings placed as restrictions in some of the individual spouts on
the steam manifolds (see Fig. 10). This method leaves the superheating
fuel columns interchangeable and it secures equal temperature conditions
in all of them.

3. Fuel Columns (Shrouds and Fuel Element Structures)

In the present description a "fuel column' is taken to mean
one of the long cylindrical tubes or shrouds loaded with a number of fuel
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elements, which are stacked on top of each other to a height of 14 ft, the
height of the active core. The actual shrouds reach up above the active
core, particularly those for the superheating columns, which are designed
to reach 3 ft above the maximum water level or 64 ft above the core.

In case of the fuel columns in the natural circulation boiling
reactors, the shrouds continue 3 ft above the core height. This is done to
obtain the extra circulating drive pressure from these 3-ft "chimneys"
with high steam voids and very low friction losses. Of course, the forced
circulation reactor, 500 FC, needs no chimney effect. The top ends of the
shrouds are perforated to allow a gradual exit of the steam into the D,O
top reflector. This is done to increase the negative "power coefficient,”
which in this particular case is rather close to zero.

The shrouds have double walls with a narrow stagnant water
or steam gap between. In these reactors all the shrouds are made of
zircaloy-2 except the inner shroud on fuel columns used for superheating,
in which case stainless steel is used. Figs. 9, 10 and 11 show examples
of fuel columns and shrouds used respectively for boiling and for super-
heating. The lower ends of the shrouds are extended into conical seats
which support the units and seal the water or steam flow.

The individual fuel elements are made in heights of 28 in. each.
Six elements are connected over each other into one 14-ft fuel column. All
of the elements are built according to the same general pattern. They con-
sist of either 69 or 85 fuel pins arranged in square or triangular lattice
and connected at the ends by grids designed in a special manner, which will
offer the least possible obstruction to the flow. Details of a fuel pin pattern
and the connecting grid structures are shown in Figs. 12 and 13. The grids
will be made by spotwelding of pressed metal strips and bushings of the
same metal as the pin cladding (zircaloy or stainless steel). Each grid is
spotwelded to an inner-shroud section.

The pin spacing and subsequent shroud diameter varies with
the special application of the element. In case of natural circulation the
pin spacing in the boiling zone must be large, (0.60 in. center to center).
This requires a shroud with an inside diameter of 6 or 6.2 in. In the
case of forced circulation, say Type 500 FC, a narrower fuel element can
be used with shrouds of, for instance, 4.85 in. diameter. The advantage of
this is that the neutron resonance absorption is decreased and natural ura-
nium can be used.

Likewise, in case the fuel column is designed for superheating
of steam, the pin spacing will be comparatively small in order to obtain a
high velocity of the steam and optimum heat transfer conditions. This is
the situation in the superheating zones of Types 800.
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4. Fuel and Fuel Pins

The fuel pins consist of uranium oxide (UQ,) in the form of
ceramic pellets enclosed in 0.344-in. o.d. tubing, which is made of zircaloy
for boiling fuel elements and of stainless steel in case of superheating
elements.

Reactor type 500 FC utilizes natural uranium. The fuel in the
other types is more or less enriched (see Table IV). The individual fuel
pins are approximately 27% in. long and are closed at each end by a welded
end cap from which a tap is protruding 1/4 inch in the axial direction to be
used for positioning and support of the pin in the fuel element grid bushings.

The fuel material used for superheating differs from that used
in fuel elements for boiling. For example, stainless steel cladding results
in a need for greater enrichment of the fuel. This would increase the heat
flux as well as the heat generated per fuel pin in the superheaters. How-
ever, the dry steam coolant will not permit as high a heat flux as can be
tolerated where the coolant is boiling water and, for this reason, it is
necessary to decrease the heat generation per fuel pin. This is done by
diluting the enriched uranium with a certain portion of an inert material,
for example magnesium oxide.

In case of Type 800 A, where the superheating takes place in
the central high flux zone, a considerable ratio of MgO must be used:
70 volume per cent.

Type 800 B requires no diluent for the superheating fuel, be-
cause this zone is located along the outside of the core where the neutron
flux level is low. In this case, the allowable heat flux in the superheater
will be greater than the heat flux in the adjoining area of the boiling zone.

The relation between heat generation in boiling zones and super-
heating zones can be seen from the two charts in Fig. 27, which show the
variation of power with the distance from the center lines of the reactor.

The principal difference between the two superheat locations
used on Types A and B appears clearly from the chart. The comparison

indicates that Type B utilizes the potential power of the core more fully.

5. Fuel-Handling Arrangement

An important feature of the large tank-type reactors herein
described is the special means for loading and unloading fuel without the
use of large gasketed and bolted pressure lids such as are usually found
in light water reactors. In the CSBR reactors, all the fuel is handled
through a number of fuel exchange thimbles not larger than ten inches
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in diameter. The fuel-handling tool is shown in Fig. 14. It is so designed
that, after it is lowered through one of the fuel exchange thimbles, it can
reach out in six different directions for orientation above any one of six
fuel columns at a distance of one lattice spacing from the center line.
Therefore, a reactor core with 330 fuel columns can be handled from a
total of 55 of these fuel exchange thimbles. The space in the core which
is directly in line under a thimble could, of course, be used for another
fuel column; but in the present reactors nearly all of these spaces are
occupied by control devices in form of moderator control cylinders such
as described in the following chapter. These cylinders are removable and
the one in line with a certain fuel exchange thimble will be removed through
this thimble to make the six adjoining fuel columns accessible for the tool.

For a core lattice spacing of 8 in., the center distance between
each of the 9-in. fuel exchange thimbles will be 21.17 in. A 9%-in. lattice

spacing corresponds to a 25.14-in. center distance between openings.

Operation of the Fuel-Handling Tool

The fuel-handling tool, when ready to use, will be placed inside
the fuel transfer coffin which, in turn, is mounted on a trolley. When the
cover plate and shield plug have been removed, the control cylinder will
first be taken out through the thimble by means of a special tool and placed
in a lead coffin. Thereafter, the fuel-transfer coffin is brought into posi- R
tion over the thimble and the fuel-handling tool is lowered to its operating
level within the tank. The levers on the tool are still in a folded position
along the vertical axis. The tool has two lifting rings by which it is sus-
pended from a dual hoist mounted on the coffin. By shifting the weight of
the tool from one of these rings to the other, the levers will unfold and
place the gripping device exactly over the particular fuel column which is
to be removed. The tool is then lowered to make contact with the column.
The tool with fuel column attached is then raised a distance of 12 to 24 in.
Next the load is shifted back to the first ring, which will cause the levers
to fold back again and place the fuel column in the center line of the thimble
opening, at a level 4 in. below the unfolded position.

For a more detailed description of this system, Fig. 15 (in con-
nection with Fig. 16) shows a cut-out of the reactor top-grid. It is so de-
signed that it will allow any one of the fuel shrouds to be moved radially to
or from the center line of the handling tool provided that the shroud is first
raised 5 in. or more from its normal position in the core.

As shown on the drawings, each shroud is equipped with a short
sleeve or belt of relatively large diameter located at the grid level and is
so dimensioned that it will keep the shroud in position whenever it is all
the way down in the core.




When the shroud is lifted, the sleeve will disengage from the
grid bars and the shroud can then be moved freely in to the center line of
handling tool and fuel exchange thimble.

The tool and the fuel column can thereafter be hoisted straight
up into the coffin through a bottom gate valve. The transport of the coffin
between reactor and storage canal is done by the trolley or a crane.

The unloading arrangement includes pneumatic operation of the
gripper and also connections to provide for cooling of the hot fuel column
while it is being moved. These connections are indicated in Fig. 14. To
secure dependable operation, it is assumed that a periscope or, perhaps,

a television camera will be inserted in the tank through another thimble.

It is obvious that the individual fuel columns must be steadied
in their position in the top grid in a manner which will not allow them to
move or shake; yet, any tight clearance must be avoided to prevent binding.
Figures 15and 16 showthe holding device used for this.purpose. An expand-
able "spider" is installed on the vent pipe of each of the control cylinders.
When the cylinder is in place the six "feet" of the spider will press against
the upper stainless steel ends of the adjoining six fuel columns due to the
weight of the loose sleeve on the vent pipe. The upper end of the sleeve
forms the knob by which the cylinder can be lifted; in case it is lifted to be
removed, the spider feet will automatically withdraw from the fuel columns
which are thereafter only loosely guided in the horse shoe-shaped cut-outs
of the grid.

6. Reactor Control Devices

Neutron-absorbing control rods or plates could be employed in
these reactors. The logical locations of the rods would be in the centers
of each group of six fuel columns or in line with the fuel exchange thimbles
indicated on the drawings. The drive mechanisms would be bolted to each
of the tube flanges. A ball-screw drive system with canned motor is one
of the types that might be used.

A good mechanical system is expensive, not only in regard to
the investment and maintenance, but also due to the absorption of neutrons.
For this reason the following system is recommended in the case of these
reactors where conversion ratio and long time use of the uranium fuel are
given a high priority.

a. D,O Control Cylinders

This system is based on the idea of regulating the reactivity

and flux pattern by adjustment of the moderator level in individual “control
cylinders" in the reactor in a manner similar to the adjustments performed
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with control rods in other large thermal reactors. The advantage in using
the moderator for control instead of poison is that most of the excess
neutrons, far from being lost, are captured in uranium to yield additional
plutonium. Fuel is therefore conserved.

In the case of reactor types with 330 fuel columns and an
8-in. lattice spacing, this system is considered to employ 55 D,O control
cylinders, each with an 8%+-in. inside diameter. If these cylinders are all
emptied, approximately 1/3 of the cold moderator outside of the fuel col-
umns will be removed. In case of the Type 500 FC reactor with its 94 -in.
lattice and 31 control cylinders (9%in. i.d.), the control capacity of the
cylinders is smaller,

The control cylinders are held in place by means of their
lower ends which are threaded and fit in apertures in the lower core grid
(see Fig. 16). The apertures are installed with permanent pipe connections
extending out through the tank wall to be connected to level indicators and to
the control system. Figure 17 indicates the basic principles of the system.

The top ends of the cylinders are vented to the steam dome,
34 ft above maximum water level. The top ends of the level indicators are
also connected to the dome.

Changes in the liquid levels can be accomplished either by
means of small reversible positive displacement pumps or by quickly open-
ing valves in case fast discharging is required. It is also intended to use
pressure safety valves on the water lines; these will open immediately and
discharge liquid moderator in case the reactor pressure should exceed a
predetermined limit.

Finally, connections to a constant pressurizer tank can be
utilized for automatic maintenance of a desired reactor steam pressure.
This is possible because a decrease in reactor pressure would allow addi-
tional moderator to enter from the pressurizer, whereas an increase in
pressure would force moderator out of the control cylinders into the
pressurizer tank.

The natural variations in reactivity which result from the
gradual burnout of fissionable material will be compensated by changes in
moderator level inside the control cylinders. Ordinarily, it will be advan-
tageous to maintain a fairly even distribution of power across the reactor
(flattening). This condition can be approached if the control cylinders are
regulated in such manner that the levels farthest away from the axis of*the
core are maintained as high as possible while the levels in the centrally
located control cylinders are depressed as much as allowed by control of
criticality.

*




Level indicators will at all times show the moderator level
in each cylinder. Some of these levels will be regulated or maintained by
automatic devices, but in most cases the cylinders will be used for shim
control only. Each shim control cylinder will be either full or empty.

The steps between shims will be taken care of by the first-mentioned con-
trol cylinders with continuous regulation of the moderator level.

b. Moderator Level

The regulation which can be effectuated by means of the
moderator control cylinders can be supplemented by control of the general
water level in the reactor. At normal operating level, the D,O is several
feet above the active core. By adjustment of the regulator mechanism
which maintains the water level, the top reflector can be raised or lowered.
In the 500 FC reactor, where forced circulation is used, the water level can
safely be lowered even beyond the core level and an additional reduction in
reactivity can be obtained.

c. Moderator Temperature

The temperature of the "cold" moderator has a significant
influence on the reactivity. A valve arrangement on the feedwater system
makes it possible to bypass more or less of the feedwater directly to the
boiling water or steam dome and thereby regulate the moderator tempera-
ture over a range practically from the condensate temperature {about 100°F)
up to 510 degree saturation temperature.

d. Poison Injection

A final emergency measure for control or runaway condi-
tions is proposed in the form of a boron injection system, which can rapidly
produce a large negative reactivity effect.

7. Shielding

The 2-in. interior thermal shield for protection of the pressure
tank shell was described in Section A-1. Outside the shell are, first, 4 in.
of stainless steel wool for thermal insulation. This is covered with air-
tight sheeting of stainless steel.

The reactor is placed in a concrete pit with 9-ft thick walls as
its main shielding. This pit is, furthermore, lined with a 5-in. thick water-
cooled thermal shield made of steel and lead. Cooling coils are also
placed to a certain depth in the concrete walls and in the bottom of the pit.

The shielding design is not included in the drawings.
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B. Steam System

1. General Description

a. Saturated Steam Cycle

Reactor Types 500 FC and 500 NC (see flow diagram in
Fig. 18) supply saturated steam at 750 psia (511°F) to the combination
steam dryer and shutdown condenser. The dry steam flows to the high-
pressure turbine where it will expand from a throttle pressure of approx-
imately 725 psia, to a pressure of about 55 psia. At this point the steam
will be extracted with a moisture content estimated to be 14 per cent and
passed through an intermediate mechanical steam separator. Steam with
a quality of 99 per cent will leave this separator and enter the low-pressure
turbine, where it will expand to the condenser back pressure, assumed to
be 14 in. Hg. The final exhaust moisture is expected to be approximately
14 per cent.

Condensate from the condenser hotwell, along withdeaerated
makeup water, is pumped by the condensate pump through the steam air
ejector condensers, generator hydrogen coolers, etc., to the reactor feed
pumps. The condensate from the moisture separator between the high and
low pressure turbines is pumped by an additional feed pump directly into
the reactor vessel, where it mixes with the recirculating water. In the
500 FC reactor this condensate is pumped into the suction lines of the six
reactor circulating pumps. This has the advantage of increasing the sub-
cooling of the water and reducing the possibility of cavitation.

The thermodynamic cycle efficiency for the saturated
steam systems was calculated to be 28.2 per cent. Assuming that normal
steam plant auxiliaries consume 6 per cent of the gross electrical power,
and the reactor circulating pumps on the Type 500 FC reactor consume
0.5 per cent, the over-all plant efficiencies were calculated to be 26.7 per
cent and 26.8 per cent for the 500 FC and 500 NC types, respectively.

b. Superheated Steam Cycle

A schematic diagram of the superheated steam cycles as-
sociated with reactor Types 800 A and 800 B is shown in Fig. 19. Saturated
steam generated in the boiling zone at a pressure of 750 psia (511°F) passes
through the superheating shrouds where it is heated to 850°F in the "800-A"
reactor and to 810°F in the "800 B" reactor. After leaving the superheater
and manifolds the steam pressure will be approximately 725 psia. Allowing
for additional losses in the external piping, the turbine throttle pressure is
assumed to be 700 psia. The steam expands in the turbine to a condenser
pressure of 14in. of mercury with an exit moisture estimated to be 13 per
cent for the "800 A" reactor and a 14 per cent for the "800 B" reactor. The
cycle from the condenser hotwell to the reactor is the same as for the
saturated steam cycle.




The cycle efficiency for the 850°F steam was found to be
32.6 per cent, while that for the 810°F steam was found to be 32.2 per cent.
Assuming once again that the plant auxiliaries consume 6 per cent of the
gross electrical power, the over-all plant efficiency will be 30.8 per cent
for the 800-A reactor and 30.5 per cent for the 800-B reactor.

It may be noted that the proposed heat cycles make no
provisions for feedwater heating. While regeneration will improve the
cycle efficiency, the adverse effects of the warmer feedwater, such as
reduced moderating ability and a reduction in the reactor power output,
may more than offset this gain.

The external systems of both the saturated and superheated
steam cycles will employ conventional power plant equipment modified to
obtain "complete" recovery of the D,O water and vapor leakage. The equip-
ment in the steam and water systems will be constructed of relatively
corrosion-resistant materials.

2. Turbo-Generators

It is expected that in each case the reactor will be connected to
two turbine-generator units ranging in size between 140 and 180 megawatts.
It is assumed that these units will be built as conventional equipment with
the following exceptions: (1) modification of the seals for the shaft, housing
flange, and throttle valve stem to prevent leakage of the D,O (reference is
made to ANL-5607 for details of turbine sealing methods used on EBWR);
(2) plating of the internal turbine parts to prevent corrosion due to oxygen
liberated by radiolytic decomposition; and (3) incorporation of a mechani-
cal steam dryer between the high- and low-pressure turbines for the satu-
rated steam cycle.

The main condensers will be of the deaerating type. No external
deaerating heaters are contemplated because of the desire to maintain the
moderator at the lowest possible temperature. A spray-type desuperheater
will be incorporated to protect the condenser from thermal shock in the
event that a sudden loss of load trips the turbine throttle and bypasses the
steam to the condenser. In addition to this, the various reactor relief
valves will be discharged into the desuperheater to prevent loss of D,O
into the atmosphere.

The possibility of contamination of the D,O condensate in the
main condenser by the condenser circulating water is held to a minimum
by employing double tube sheets and a divided water box. In the event
a failure of a condenser tube, valves in the circulating water lines will
isolate the half of the condenser which contains the faulty tube. The con-
taminated water will be pumped to a storage tank for future reclamation.
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The condenser system includes, in addition to the conventional
type of steam-air ejectors, a mechanical air pump to be used for air and
gas removal upon occasions where the steam pressure would be too low
for the ejectors. The air pump is connected to the D;O recovery system.
In the case of plants operating with superheated steam, the system also
incorporates a 30,000-cfm circulating air blower intended for the final
stage of fuel cooling, as described in connection with shutdown procedure,
Chapter IV-B. The blower is not included in the diagram.

3. D;O Maintenance

a. Leakage Recovery

The main reactor feed pumps will operate at low water
temperatures, approximately 100°F, and will be supplied with a drip re-
covery system to return any D,0 leakage to the storage tank. The feed
pump associated with the turbine moisture separator (in the saturated
steam cycle) will handle water at approximately 270°F. This temperature
will necessitate a dry air seal to recover the D,0 leakage after it flashes
to steam. Recovery of D,O from valve steams, flanges, pump packing
glands, etc., will be accomplished with bellow-type seals and air-tight
housings which drain to the drip recovery system.

The condenser vacuum will be maintained with the usual
two-stage, steam jet air ejectors as indicated in Fig. 20. The gases
vented from the air ejectors will consist largely of deuterium and oxygen
with possibly some radioactive, non-condensable gases. These gases will
be vented through a catalytic D,~-Q; recombiner (see Fig. 20). Leaving the
recombiner, the D,O vapor and noncondensable gases pass into a freon-
cooled condenser and are cooled to 40°F to remove the major portion of
the D,0O. The mixture from the cooler is estimated to contain 20 grains of
D,0 per pound of dry gas, which will be reduced to 0.5 grain per pound of
dry gas by passing through chemical dessicators. If sufficient radioactivity
is detected in the remaining gases, they will be passed through charcoal
absorber beds and allowed to decay before being released into the atmos-
phere. Since air inleakage to the system is expected to be quite low, the
quantity of gases expelled to the atmosphere will be small; hence, the D,0O
loss should be negligible.

The loss of D,0 vapor and the inleakage of air containing
light water vapor at large valves, pump shafts, turbine shafts, etc., oper-
ating at sub-atmospheric pressures is prevented by sealing glands con-
sisting of three annuli. The outer annulus is provided with dry air at a
slight positive gauge pressure, while the inner annulus is supplied with
D,0 steam, also at a slight positive pressure. The central annulus, evac-
uated to a partial vacuum by the D,0O recovery system, collects the escap-
ing D,0 vapor and inleaking dry air.




The D,0 recovery system for the gland-sealing air is shown
schematically in Fig. 21. The air and vapor from the various sealing glands
enters the vent condenser where the vapor is condensed. Saturated air is
drawn from the vent condenser and dried by first passing through a freon
cooler, and then through chemical dessicators. This dry air is supplemented
with dry make-up air before being readmitted to the sealing glands. Light
water vapor is removed from the make-up air by a system identical to that
used to recover the D,O vapor. It is estimated that it should be possible to
limit the inleakage of light water to less than one pound per day and the
loss of D,0 to less than two pounds per day.

b. Purifications

Make-up water to the reactor is filtered and demineralized
in a mixed bed ion exchanger. The water is added to the cycle through the
condenser, where the necessary deaeration takes place. Because inleakage
of light water is practically negligible, the extensive feedwater treatment
facilities associated with conventional steam plants are unnecessary.

The reactor water is maintained at a constant purity by
recirculating a small percentage of it through a clean-up system composed
of appropriate filters and mixed bed ion exchangers. A regenerative heat
exchanger and a secondary cooler, shown in Figs. 18 and 19, will cool the
reactor water to approximately 120°F before it passes through the ion ex-
changer. ILeaving the ion exchanger it will be reheated in the regenerative
heat exchanger to approximately 350°F before being readmitted to the re-
actor. The secondary cooler will also serve as a shutdown cooler and is
sized to dissipate one per cent of full reactor power. For operation in this
capacity, the regenerative heat exchanger is bypassed.

The primary steam dryer used in the saturated steam sys-
tem is designed to serve also as a normal shutdown condenser or an emer-
gency condenser. It is rated to dissipate up to 8 per cent of full reactor
power. Once the reactor decay heat has dropped to less than one per cent,
the reactor cooling duty may be taken over by the secondary cooler in the
water purification system. A similar shutdown condenser, without the
steam drying feature, is incorporated into the superheater steam system.

4. Start-Up Heater

An oil-fired start-up heater, designed to heat the system at a
rate of 15°F per hour, is employed whenever preheating of the water is
desirable. The preheating is essential in the case of the superheating re-
actors to secure the initial cooling steam.
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5. Local Activity and Shielding

Local activity in the steam lines, turbine, condenser, etc., has
been shown by the BORAX reactors and EBWR to be an insignificant prob-
lem under normal operating conditions. Probability of major damage to the
plant in the event of a ruptured fuel element will be considerably reduced
for the CSBR reactors as a result of the use of oxide fuels. Local shielding
problems were, likewise, found to be of small consequence. The ion-
exchange systems appear to be the only component outside of the reactor
where a substantial amount of shielding is required.




IV. PLANT OPERATION

A, Start-up Procedure

1. Start-up with Fresh Fuel Charge

Before the reactor is started with a fresh fuel charge, the water
(D,;0) is preheated to approximately 200°F by means of an auxiliary start-up
heater (see diagrams in Figs. 18 and 19). The moderator control cylinders
described in Section III-A.6 will be kept drained during this period, and the
general bulk moderator in the tank will also be held at a low level. This
level will be raised only gradually as the water temperature increases.

Before criticality is reached a condenser air pump, which pro-
duces a suction in the whole steam system including the reactor tank, will be
started. Removal of air from the system will reduce the subsequent con-
tamination problem. The low pressure will, furthermore, make it possible
for the water to start boiling in the fuel columns at a relatively low tempera-
ture and at a very low power level. This is important, not only for a smooth
start of the boiling, but, even more, for the cooling of the superheating fuel
columns which require a certain steam flow as soon as power is generated.
Any liquid water should be drained from the superheating columns at this
point, allowing the steam flow to pass through the channels,

As the reactor power is gradually raised the steam flow must be
increased, which means that the pressure must not be allowed to rise to the
point of saturation. During this first period of the start-up the steam will
be bypassed directly to the condenser. Flow and temperature recorders will
be used to secure safe conditions,

During initial operations the moderator control cylinders adja-
cent to the superheating zone will be so adjusted as to keep the local flux at
a relatively low level until substantial power and steam flow rates have been
reached. The turbines will then be started and the bypass line closed and
final control adjustments can be made.

2, Start-up with Active Fuel

Starting the superheating reactor with a used fuel charge which
is still highly active may be a problem. Yet, the reactor may have been
cooled off and reduced to atmospheric pressure. For instance, after a total
shutdown time of 20 hours the residual power is still 3/4 of a per cent of
the operating power, or 8.6 mw of heat in case of the reactor Type 800-B,
and the share of this to be credited to the superheater alone is 15.5% or
1.34 mw of decay heat.
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During the shutdown the superheater, like the main section of
the core, may be kept full of cooled water which keeps the temperature low.
Before restarting the reactor the decay heat can be allowed to heat the
reactor water to atmospheric boiling temperature and, when the superheater
is connected to the condenser and drained, the reactor steam will flow
through the superheater channels and maintain a permissible temperature of
the fuel while criticality is being established and the power gradually built

up.

It should be mentioned here that a 30,000=-cfm air blower is
incorporated in the cooling system for superheating reactors. The main
function of this is connected with the final shutdown cooling of the super-
heating fuel before refueling, such as described under Section B.3 of this
chapter. Nevertheless, the same blower would, of course, also be available
to assist with the cooling during the first stages of the start-up procedure
if this should be found a desirable precaution.

B. Shutdown Procedure

1. General Procedure

Whenever the reactor is to be refueled it must be shut down and
cooled to a point safely below atmospheric boiling temperature, The gen-
eral procedure is along the following lines. (See Figs. 18 and 19.)

The reactor will be shut down by dropping the moderator from
all control cylinders. As the steam pressure drops, the turbines will be
shut down and the remaining steam output bypassed to the de-superheaters
and turbine condensers. Adequate time will be allowed for a slow decrease
of pressure and temperature, thereby avoiding danger from thermal
stresses.

When the pressure is too low for the air ejectors to operate, an
air pump will be used to remove gases and to maintain a slight vacuum in
the condenser,

This first stage of the shutdown operation will be extended over
a period of about six hours, during which time the decay power level will
have dropped to one per cent of the full operating power. By proper regu-~
lation of the steam by-pass valve the dome pressure will have dropped

gradually to zero psig and the water temperature will be approximately
212°F,

2. Saturated Steam Reactors

In the case of a reactor without superheating, the continued
cooling of the water can now be accomplished by means of the recirculating
shutdown cooler, while the steam generated in the reactor is condensed,
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either in the turbine condenser or in the standby shutdown condenser in
connection with the D,0 recovery system. A certain amount of dry air will
be circulated through the reactor steam dome and condenser to improve

the removal of gases and excess moisture. When the steam remains steady
at atmospheric pressure it is safe to begin the refueling operation as de-
scribed in Section A.5 of Chapter III. The fuel element temperature will
only be slightly above the 212° cooling water temperature,

3. Superheating Reactors

The first stage of the shutdown and cooling of these reactors
is the same as described above for saturated boiling reactors. The super-
heating reactors have the same advantage of being able to provide their
own means of cooling (boiling water and steam) inasmuch as a sufficient
flow of steam can be maintained from the boiling zone through the super-
heater as long as desired, even when the steam is gradually reduced to
atmospheric pressure, The temperature of the superheating fuel elements
will drop in spite of the generated decay heat, because the steam flow from
the boiling zone will decrease only at the same rate as the decay heat in
the superheater. In the case of reactor Type 800 B the following data
have been estimated. When the shutdown power has decayed to one per
cent of operating power and atmospheric pressure is reached, approxi-
mately 6 hours after the shutdown, the maximum fuel temperature in the
superheating elements will have dropped to below 800°F, while the average
exit temperature of the steam will be close to 650°F. At this time, the
steam flow will amount to 30,000 1b/hr,

Figure 22 shows the pressure and temperature variations
during this cooling period. The diagram is based, primarily, on the decay
curve for uranium reactor fuel. This is plotted as shutdown power vs
time., The superheating shutdown power is considered a constant ratio
(15.5%) of the total power during the whole shutdown period, Furthermore,
the pressure drop is considered to be regulated by the exit steam valve in
such manner that the temperature of saturated steam in the reactor dome
will drop linearly over a 6-hour period. This will even out the tempera-
ture drop in the pressure vessel shell and minimize thermal stresses.

Reactor power levels as related to temperatures and other
qualities of the steam were used for calculating and plotting the maximum
temperatures of the superheating surface at the different elapsed times,

Although safe shutdown cooling is secured by the steam flow,
the superheating columns cannot be removed from the core before they
have been filled with reactor water; this cannot be done safely unless the
maximum fuel temperatureis first brought down to 300°F or less,

Cooling of the superheating fuel elements from 800°F to a
temperature not higher than 300°F at the hottest point is done by means of
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induced circulation of air in addition to the reactor steam flow, It is esti-
mated that an air blower operating at atmospheric pressure and a flow rate
of 30,000 cu ft/min will provide the necessary mass flow for the transfer of
heat between reactor and condenser,

The steam and air flow coming from the reactor is cooled in
the condenser to about 100°F. When the wet air re-enters the reactor
dome it will be heated by the saturated steam which is still being formed
in the boiling channels. A portion of this steam will thereby be condensed
in form of a "fog" which will pass through the superheater columns together
with the steam and air coolant, While the fog is drying on its way through
the core the flow temperature remains close to 212°F. Thereafter the
coolant temperature will increase until it reaches close to 275° at the exit.
The maximum surface temperature is estimated not to exceed 300°F after
equilibrium has been reached.

In order to extend the time used for cooling of the fuel pins, the
air flow will be kept at a reduced rate to begin with and only gradually in-
creased to 30,000 cfm.

When the minimum air and fuel temperatures have been reached,
the draining of the control cylinders should be checked and the "bulk moder-
ator" level dropped sufficiently to allow the superheating columns to be filled
with ligquid D,O.

The safest method of entering the reactor water into the super=-
heater shrouds is to first reverse the flow of air so that it enters the reactor
through the superheater manifolds and leaves through the steam dome exits.
This will decrease the maximum fuel temperature further and the water can
safely be introduced with the air which can finally be turned off entirely.

The continued cooling of the reactor will now take place in the
same manner as explained for the saturated steam reactors by means of the
shutdown cooler for water and the shutdown condenser for vapor and gas.
The reactor can then be opened and all fuel columns handled as described
under A,5 in Chapter III.
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V. THERMAL-HYDRODYNAMIC ANALYSIS

A basic goal of hydrodynamic and thermal design for boiling water
reactors is to procure the maximum power level while maintaining a per=
missible amount of steam volume in the core, A high steam volume within
the core generally tends to restrict the reactor power level because of its
adverse effect on hydrodynamic stability (especially for a natural circula-
tion system), burnout, and nuclear kinetics,

The optimization of the ratio of power to unit steam void is strongly
dependent upon the recirculation flow rate of the coolant, Circulation of the
coolant can be accomplished by forced flow (pumps) or by natural convec-
tion. In stationary power plant reactors, it is generally desirable to obtain
the core coolant flow by natural circulation because of the large coolant
flow capacity required (see Tables V through VIII). Also, the use of forced
circulation necessitates a substantial initial capital investment for pumps
and associated piping and incurs the additional expense and inconvenience
of pump maintenance. In most instances a reactor can be designed so that
the desired coolant flow can be obtained by natural circulation, particularly
if risers are used. In case of heavy water boiling reactors the use of
risers is greatly limited because of the additional cost of the higher D,0O
inventory. As a result, the recirculation flow rate that can be achieved by
natural circulation is limited and indirectly restricts the reactor power
through its relation to the steam volume fraction. As the coolant flow rate
increases, the steam volume in the core decreases.

In a two-phase fluid, such as a steam-water mixture, the steam
phase possesses a higher velocity than the liquid phase due to the buoyancy
forces resulting from their density difference. The ratio of the steam
velocity to liquid velocity is called the slip ratio, CS/CI, and is related to
mixture quality through the continuity equation as follows:

Cs X l—a;vg

C, 1-X o VvV, '

where X is the mixture quality [1b stearn/lb (steam & water)], o is the
steam volume fraction, and Vg and V; are the specific volumes of steam
and water, respectively,

Table V
REACTOR TYPE 500 ¥C

Thermal Power, mw 985
Electrical Power, mw 280
Maximum Heat Flux, BTU/hr-ft? 400,000
Average Heat Flux, BTU/hr-ft? 137,500
Subcooling (tg,;-t) at core inlet, °F 50
Coolant Flow Rate (by circulating pump), 1b/hr 21,600,000
Steam Produced, 1b/hr 2,980,000

Average Exit Steam Quality, 1b steam/lb mixture 0.138
Ratio of Boiling Channel Length to Total Length 0.615
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Table VI

REACTOR TYPE 500 NC

Thermal Power, mw

Electrical Power, mw

Maximum Heat Flux, BTU/hr--f'c2

Average Heat Flux, B'I‘U/hr—ft2

Subcooling (tga¢-t) at core inlet, °F

Coolant Flow Rate (natural circulation), 1b/hr
Steam Produced, lb/hr

Average Exit Steam Quality

Table VII
REACTOR TYPE 800 A

Thermal Power, mw
Electrical Power, mw

Boiling Zone

Maximum Heat Flux, BTU/hr-ft?

Average Heat Flux, BTU/hr--ﬁ:Z

Subcooling (tgat-t) at core inlet, °F

Coolant Flow Rate (natural circulation), lb/hr
Steam Produced, lb/hr

Average Exit Steam Quality

Superheating Zone

Average Heat Flux, BTU/hr-ftz

Power Produced by Superneater, %

Average Exit Steam Temperature, °F

Average Steam Velocity, ft/sec

Estimated Maximum Temperature of Fuel Surface, °F

Table VIII
REACTOR TYPE 800 B

Thermal Power, mw
Electrical Power, mw

Boiling Zone

Maximum Heat Flux, BTU/hr-ft?

Average Heat Flux, BTU/hr-ft?‘

Subcooling (tg,¢-t) at core inlet, °F

Coolant Flow Rate (natural circulation), lb/hr
Steam Produced, lb/hr

Average Exit Steam Quality

Superheating Zone

Average Heat Flux, BTU/hr-ft2

Power Produced by Superheater, %

Average Exit Steam Temperature, °F

Average Velocity in Maximum Power Shroud, ft/sec
Estimated Maximum Temperature of Fuel Surface, °F

1100

310
373,000
130,000
22.5
39,000,000
3,300,000
0.0853

1000
325

242,000
96,000

21
32,000,000
2,500,000
0.078

99,100
16.8
850
115
1200

1150
370

390,000
141,000

24
33,500,000
2,900,000
0.0865

94,500
15,5
810
130
1200




The steam volume in the core is determined by the slip ratio and
the mixture quality, Therefore, the thermal and hydrodynamic computa-
tions are essentially only as accurate as the values of the slip ratio used
in the analysis, Due to the complexity of two-phase flow, the slip ratio
cannot be calculated, but must be obtained from experimental studies.
However, no empirical correlations for calculating the slip ratio are
known at present that adequately account for all factors that are known to
affect it. Therefore, recourse was made to extrapolation of existing ex-
perimental data obtained from a natural circulation system operating
between 150 psi and 600 psi at ANL. It is felt that the extrapolations are
realistic and that the calculated results, as presented, are not substan-
tially in error due to the slip ratios used,

Another uncertainty encountered in the thermal-hydrodynamic
analysis of a boiling water reactor is the prediction of inception of
reactor instability, Experimental studies have indicated that the inception
of hydrodynamic instability is strongly related to the exit steam volume
fraction, It is felt that in a boiling reactor, nuclear instability, and hence
reactor instability, is intimately related to, and in most instances will be
preceded by, hydrodynamic instability. It is also possible that the stability
problem is less acute in a heavy water boiling reactor when compared to
a light water reactor due to the much smaller void reactivity coefficient,
In the present analysis the maximum reactor power was determined by
arbitrarily setting an upper limit of 0.75 on the exit steam wvolume frac-
tion in the maximum power channel. This value is based on preliminary
data obtained from experimental studies of the inception of hydrodynamic
instability in a natural circulation system.

The prediction of burnout is an equally major uncertainty that
must be evaluated in order to arrive at the permissible reactor power
level. The value of the maximum heat flux within the core was arbitrarily
set at 400,000 BTU/hr-»f’cz andis based on experimental burnout data avail-
able at present. The limits of the experimental burnout data obtained at
ANL at a pressure of 1000 psia show a low value of approximately
700,000 BTU/hr-ft?anda high value of 1,000,000 BTU/hr-£t? for similar
flow conditions. However, data in the Russian literature show the burnout
heat flux to be substantially higher and of the same magnitude as pool
boiling. It is interesting to note that EBWR has operated at a peak flux of
approximately 350,000 without adverse effects, Also, it is generally felt
that the burnout heat flux in a reactor may be substantially higher than
values obtained in the laboratory from electrically heated tubes.

Based on the afore-mentioned limitations a thermal-hydrodynamic
analysis was made for each reactor type at maximum design conditions.
The method of analysis used is basically the same as suggested in "Method
of Analysis of Natural Circulation Boiling Systems" by P, A, Lottes and
W. S. Flinn, Nuclear Science and Engineering, Vol. 1, No. 6, and in
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ANL: 5720, "Performance and Potential of Natural Circulation Boiling Reac-
tors” by W. S. Flinn and M. Petrick. The results shown represent perform-
ance characteristics during initial reactor operation and will necessarily
change with continued reactor operation due to reactivity changes, fuel
burnup, etc.

The properties of light water and an axial linear power input were
two approximations used for all computations. The results differ slightly
from the results that would be obtained by the use of an axial cosine power
input as well as the properties of heavy water. In all reactor types the
feed water acting as moderator enters the reactor at 100°F and is preheated
before overflowing to the downcomer. The temperature of the moderator
was calculated by estimating the heat transfer from the individual assem-
blies to the moderator due to natural convection and by gamma attenuation
and neutron heating. The results of the analysis of the four reactor types
follow,

A. Reactor Type 500 FC (Fig. 1. Natural uranium, forced circulation,
saturated steam)

The core design of this reactor was dictated primarily by physics
requirements concerning lattice spacings and diameters of fuel assemblies
and pins to achieve a natural uranium-fueled reactor. As a result, the
total number of fuel columns that could be used in the given tank size was
228, while 330 fuel columns were used in the other three reactor types.
This, in connection with the above limitation of maximum heat flux to
400,000 restricted the reactor power to 985 mw, which vields 280 mw of
electricity.

Due to the high power density in the central region of the core,
forced circulation of the coolant is necessary for this reactor. In the hydro-
dynamic analysis, an attempt was made to reduce pump capacity and pump
head requirements by using two fuel assembly designs with different pin
lattice spacing and by orificing the individual inlet apertures.

The fuel assemblies located in the central portion of the reactor
(within a radius of 3.85 ft) have a pin lattice spacing of 0.48 in,, while the
remaining fuel assemblies have a spacing of 0.44 in. The core pressure
drop was determined by conditions in the "hot" fuel assembly. Orificing
of the individual fuel inlets was specified in order to compensate for the
radial power distribution (essentially a Jy distribution) and was designed
to maintain a constant boiling length and constant steam quality in all fuel
assemblies.

Although it is believed that a higher steam volume fraction can be
tolerated in forced flow than in case of natural circulation, the exit steam
volume fraction was set at de = 0,75 to maintain the same upper limit for
all reactors,




The results of the hydrodynamic analysis are presented graphically
in Fig. 23, which shows the radial variation of the water velocity, steam
volume fraction, channel pressure drop and orifice pressure drop require~
ments. The sharp discontinuities shown in the curves are due to the
change to the smaller pin lattice spacing (0.44 inch) at this point. Additional
pertinent data are summarized in Table V.

B. Reactor Type 500 NC (Fig. 3. Natural circulation, saturated steam)

The permissible reactor power level was determined on the basis of
a detailed performance analysis including the radial variations of the steam
volume fraction, boiling length, mixture quality and power density. These
variations occur in a natural circulation system on account of the constant
inlet temperature across the core in connection with the variable radial
power distribution. The results of the analysis are shown in Fig. 24 and in
Table VI.

The thermal power generated in the core is 1100 mw, which yields
310 mw of electricity. Approximately ten per cent of the total power is
transferred to the feedwater while it acts as moderator. The power den-
sity shown in Fig. 24 represents the net power that is transferred to the
coolant flowing through the fuel assembly.

The inlet velocity is fairly constant across the core up to a radius
of 5 ft. It then drops sharply toward the periphery. Such an occurrence is
characteristic of a natural circulation system and is due to the compensat-
ing effect of the steam volume fraction on the "net driving head" and the
two-phase frictional resistance.

In the event that tests should indicate that hydrodynamic instability
is likely to occur due to excessive steam voids in the "hot" channels, a
provision has been incorporated into the design to allow for diversion of a
portion of the cold feedwater from the turbine condenser to a point in the
reactor directly below the "hot" channels (see Fig. 3). This would have
the effect of increasing the subcooling in this region and thus reducing the
steam volume fraction in the fuel assemblies.

C. Reactor Type 800 A (Fig. 5. Natural circulation, central superheater)

The performance characteristics of the 800 A reactor are shown
graphically in Figs. 25, 26 and 27 and are listed in Table VII,

The location of the superheating zone in the center of the reactor
imposes somewhat of a limitation on the total reactor power due to an
incompatibility that exists between the desired power distribution in the
reactor and the nuclear considerations regarding fuel enrichment and
burnup time. The heat flux in the superheating zone must be maintained
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at a lower level than that which could be tolerated in the boiling zone on
account of the poorer heat transfer characteristics. However, the neutron
flux is maximum in the superheating zone and the enrichment of the fuel
is also greater, due to stainless steel cladding. To compensate for this,

a filler of magnesium oxide is used in the superheating zone to reduce the
total mass of U?*® and hence the thermal flux. The use of a filler, in

turn, reduces the fuel lifetime considerably. The final reactor power of
1000 mw represents a compromise value between thermodynamic and
physics considerations. As mentioned previously, the performance char-
acteristics shown represent conditions that exist during initial reactor
operations, Power distribution and reactivity will change during continued
operation.

A detailed heat transfer analysis was made for a portion of the
superheating fuel assembly, which was considered to be a "hot channel”
(see Fig. 26), in order to estimate the highest temperature that could
exist in the fuel pins during continuous operation., The analysis was based
on the following assumptions, which are felt to be very pessimistic:

(1) each of the seven pins in the "hot channel” operates a maximum heat
flux; (2) there is no transverse mixing of the steam across the fuel
assembly. A finite difference-type solution was employed to account for
the varying physical properties of the steam as its temperature increased.
The results of this analysis for a total reactor power level of 1000 mw
are given in Fig. 26, which shows the cladding and centerline fuel pin
temperatures as a function of core height. The maximum temperature of
the fuel cladding (1200°F) is the major factor in determining the power
that can be removed in the superheating zone, since the maximum center-
line temperature in the UO, (1600°F) is considered quite moderate. The
fact that the steam temperature shown in Fig. 26 is much higher than the
average outlet temperature of 850°F is due to the assumptions stated
above, The actual temperatures that could be tolerated during continuous
operation would have to be obtained from experimental studies, but the
temperatures shown in Fig. 26 are not considered excessive.

The natural circulation performance characteristics of the boiling
zone are given in Fig. 25, which shows the radial variation of the
coolant velocity, exit and mean steam volume fraction, steam quality and
net power density. The exit steam volume fraction in the maximum power
channel (boiling zone) is 0.72, which is below the maximum value of 0.75
that occurs in the other reactors. However, the performance character-
istics in the boiling zone of the 800-A reactor is essentially the same as
the identical region in the 500-NC reactor.

A comparison of the radial variation of the thermal power genera-
tion of the two reactors is given in Fig. 27. The power distributions are
practically identical in the boiling zones, but a sharp dip occurs in the
superheating zone of the 800-A reactor. This dip is due to the use of




magnesia filler in the superheating region for the reasons stated previously.
Thus, the difference in thermal power of the two reactors is primarily due
to the reduction of power in the superheating zone of the 800~A reactor.

In spite of the lower thermal power, the superheated steam from the
1000-mw 800-A reactor will produce more electric power than the saturated

steam from the 1100-mw 500-NC reactor (see Tables VI and VII).

D. Reactor Type 800-B (Fig. 7. Natural circulation, peripheral superheater)

The core of the reactor Type 800-B is essentially the same as
Type 500-NC with the exception that 60 of the outermost fuel columns, along
the core periphery, comprise a superheating zone in the 800-B reactor. As
expected, the performance characteristics in the boiling zone of the two
reactors are practically the same., This is shown in Figs. 24 and 28, Fig-
ure 27 shows a comparison of the power distribution within the two reactors.
The slightly higher power generation in the boiling zone of the 800-B reac-
tor is due to the somewhat greater inlet subcooling.

Figure 28 shows the radial variation of the power densities, exit
quality, exit steam volume fraction and inlet water velocity across the
boiling zone. Additional information pertaining to the boiling zone is given
in Table VIII,

As a result of the peripheral location of the superheating zone and
the slope of the flux curve in that area, the maximum heat fluxes compared
with averages are higher in the Type 800-B reactor in contrast to the Type
800-A superheater in which the radial flux distribution is essentially flat.
Thus, the peripheral superheater offers the advantage of longer fuel life,
since the fuel is not diluted, but it has the disadvantage of a somewhathigher
ratio of maximum to average heat flux. For this reason and due to the
greater steam production in the 800-B, an exit steam temperature of 810°F
was decided on as compared with 850°F for the 800-A reactor. In addition
to this, orificing of the fuel exits is used to proportion the steam flow in
accordance with the radial power distribution. Temperature conditions are
thereby equalized for the different columns. A heat transfer analysis on
the superheater "hot channel” similar to the one performed for 800-A
reactor showed the temperatures to be very similar for both reactors. It
should be re-emphasized that these results are considered pessimistic
as a result of the assumptions made,
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VI.

PROPOSED RESEARCH WORK AND EXPERIMENTS

The following is a list of some items which would require thorough
study prior to a final decision for a full-scale power plant:

1.

2.

Reactor tank. Evaluation of materials, fabrication and cost.
Fuel columns. Evaluation of fabrication and cost.
In-pile tests of fuel pins.

Boiling experiments with mock-up fuel to test heat transfer
qualities and stability for boiling in long channels.

Superheating experiments with mock-up fuel assemblies to
to test mechanical stability and cladding erosion at high steam
velocities and temperatures.

Physics. Zero power experiments including reactor constants
at different core patterns and different "steam voids." Worth
of control devices.
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APPENDIX: ECONOMICS OF CSBR DESIGN CONCEPTS

C. F. Bullinger

I. INTRODUCTION

An economic analysis was made of three concepts of Central Station
Heavy Water Boiling Reactors: 500 FC, 500 NC, and 800 B. The analysis
was designed to evaluate the relative capability of each system, in terms
of reactor performance, plant cost, fuel processing and fabrication costs, and
to produce electricity economically competitive with existing conventional
station power plants.

The economics of Design 800 A have been omitted since initial
studies revealed an unfavorable set of cost conditions.

A typical plant arrangement is shown in Figs. 1 and 2.

The results, summarized in Table I, indicate the superheated design
(800 B) reflects a cost advantage which, for the most part, can be attributed
to savings in the steam plant and turbine-generator. In breaking down plant
costs (Table II) it becomes evident that savings of $12,000,000 or more,
in capital costs must be effected to realize a saving of 1 mill/kwhr in annual
capital charges.

Table I

SUMMARY OF PERFORMANCE CHARACTERISTICS AND ECONOMICS
OF CENTRAL STATION D,0 BOILING REACTORS

Reactor Concept: 500 FC 500 NC 800 B
Reactor Thermal Power, mw 985 1100 1150
Gross Electrical Power, mw 280 325 370
Net Electrical Power, mw 262 291 348
Plant Factor 0.8 0.8 0.8
Plant Heat Rate, BTU/kw 11,820 11,900 10.530
Net Power Generated/year, 109 kwhr 1.83 2.04 2.43
Plant Cost, (Table II)

$Million 79,250 80.081 76.572

$/kw 302 277 220
Annual Capital Charge at 15% (Table IX)

$ Million 12.918 13.336 12.795

mills /kwhr 7.0 6.6 5.2
Annual Fuel Costs and Charges (Table IX)

$ Million 10.786 12.117 12.814

mills /kwhr 5.9 6.0 5.3
Annual D,O Cost (Table IX)

$ Million 1.88 1.76 1.76

mills/kwhr 1.02 0.87 0.75
Annual Oper. and Maint. Cost (Table IX)}

$ Million 2.121 2.121 2.121

mills/kwhr 1.15 1.02 0.87

TOTAL POWER COST, mil]s/kwhr 15.1 14.5 12.2
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Keactor Design:

Table II

ESTIMATED CSBR PLANT COSTS

Structures
L.and
Ground Improvements
Turbine-Generator Puilding
Containment Vessel

§ 500,000
2,500,000
4,200,000
3,700, 00€

Circulating Water Structures {(Crit Houses, I'redging,

Intake, Discnarge, etc.)
Miscellaneous Other Buildings
Lighting and Miscellaneous Electrical
Substation Foundations

Total

{ither Reactor Plant Equipment
Steam Separators
Beactor Circulating Puwps*
Water Treating Faquipment
Miscellaneous Pumps®
Yiscellaneous Heat Exchangers
NMiscellaneous Tanks
Piping and Insulation®
Instruments and Control
Service Water Sepply
Feed Water Pumps*
%aste lfasposal Plant
15,0 Refinang Plant
Flower and Puct Work
Filters
Miscellaneous Other Equipment

Total
Turbine Plant Fquipment
No. of T-C Units
T-G Cutput, each kw
Sieam Pressure and Temperature at Threttle
Cenerators
Type
rpm
kva (each)
T-; Tnits, accessories, ete.*
Condensing Fquipment, Water Pumps, etc.?®
Piping and Insulation®
Instrumentation, Controls, Panels, ete.
Chlerination
hiscellaneous Pumps®
Air-Dryving Fquipment

Total

Electric Plant
Main Power Equipment
Auxiliary Power Equipment
Rain Power Transformers
substation
Temporary Power and Light

Total

Miscellaneous Power Plant Equipment
Cranes and Hoiats
Air Compressors
Air Conditioning, Heating and Ventilation,
Fire Protection - (O
Fire Protection - Other
Laboratory Fquipment
Miscellaneous Rilge Pumps
jachine Shop Equipment
Furniture, Lockers, Office Fquipment, etc.
Communication Equipment

Total
Spare Parts
TOTAL
Contingency (15%)
Total Estimated Construction Cost

Top Charges

3,500,600
500, 000
200, 000
125,000

o
e
X

15,225, 000
§ 600, 000
480,000
175,000
60,000
175,000
105,000
6,900,000
an, 006
150, 006
525,000
756,000
1,250,400

55,000
56, 004

$11, 365,000

2
140, 600
725 psis-sat.

T.C.EF.
1,800

160, 000
£14,000,000
4,500,000
700,000
120,000
75,000

a5, 000

§10, 880,000

$ 575,000
1,360,000
740,000
200, 600
106, 000

$ 3,575,000

& 300,000
40,000
300,000
60,000
25,000
30, 000
10,000
75,000
25,000
25,000

$ 890,000

300,000

$51,235, 000

7,685,000

55, 4. 000

Professional Services, Field Supervision, Administrative

Fxpenses, Interest during Comstruction, Taxes, etec. (15%}

TOTAL PLANT COST
Plant Cost, $/kw (net)
Keactor and Associated Equipment
Beactor Pressure Vessel
Fuel Handling Fquipwent
Nuclear Instrumentation
Eq0 leak Detection System
Total
Total Estimated Steam Flant Cost
TOTAL PLANT COST
Annual Capital Charge (15%)
Plant Cost, $/kw (net)

g8, 432,000
$67, 758, 000
3 268

$10,512, 000
460, 000
120,000
__a00,000

11,492,600

67,758, 0060

79,250, 000

§11, 280,000

e 302

*Includes approximately 15% allowance for D0 handling requirements.

500 NC sa0 p
¢ 500,000 & 500,000
2,500,000 2, 504, 600
4,200,000 3,700,000
3,500,000 3,500,000
3,500,000 3,500,000
500, 000 500, 066
200,006 195,600
125,000 125,000

£15,025,000
% 600,000 § &0, 100
175,000 176,000
60,000 A0, 000
175,000 175,000
105,000 105, 606
f, 200, 060 £,570,000
&5, 0G0 85,000
150,066 150, 060
500, 000 500, 000
750,000 750,000
1,250,000 1,250,000
- 100, Ho0
55, 000 55,000
50, 06 50,000
%10, 155,000

2 2

155, 060 185, 000
725 psia-sat.

T.C.I.F. T.C.T.F.
1,860 3,600
102,000 224,000

$11, 800,600
&, 100, 000

14,900,000
4,875,000

$14, 520, 000

18,625, 006

700 psia - 810°F

750,080 T30, 000
120,000 12¢, 900
75,000 75,000
45,000 g5,000
406,000 __A0C,000

$21, 205, 000

§ 535,000 $ 695,000
1, 460,000 1,540, 000
900, 606 1,056,006
506,000 200,000
106,600 100, 060

$ 3,835,000

$ 300, 000 & 76,000
40,000 40,000
300, 000 300, 000
60,000 60, 000
25,000 25,000
30,000 30,000
10, 000 16, 660
75,000 75,000
25,000 25, 600
25,000 25,000

$ 890,000

] 000

$51,410,000°7

_.732,000
£59,122, 000

8,868,000

211,111,000 $11,047,0600

460,000 460,000

126, 600 120,000

400, 600 4(!;(\‘._(199_
$12,001, 000

67,996,000
%80, 081,000
€12,012,008
8 217

§18, 310,000

$ 4,185,000

§ 865,000
300, 000
$48, 805,001

320, 400
BRI

£12,027, 000

176,572,000
£11, 485, 000
$ 220
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II. COSTS ANALYSES

The analyses are based upon plant costs compiled by Sargent and
Lundy Engineers, Chicago, Illinois, and upon nuclear costs prepared jointly
by the author and L. E. Link at ANL.

A. Site

Plant layout and cost estimates are based upon identical site con-
ditions peculiar to the Middle Western States. Each plant would be located
on a 1,000-acre site amply supplied with coolant from a river having a
minimum seasonal variation in level. Hurricanes, floods, and earthquakes
were not considered as dominant features. It was further assumed that
founding conditions would accommodate soil bearings of approximately
5,000 psf.

B. Structures

The reactor and auxiliary equipment are located in a steel contain-
ment sphere (180 ft dia.) designed for internal pressure of approximately
15 psig.

The turbine-generator units, requisite auxiliary equipment, and
personnel facilities are located in an adjacent building. The building is

assumed to be constructed with insulated metal panel siding.

C. Reactor Core and Pressure Vessel

Each core is contained in a pressure vessel of the same basic de-~
sign and size (17 ft OD).

The use of "cold" D,O moderator necessitated employment of
double-wall fuel element construction for insulation purposes. The outer
shroud or wall was considered an integral part of the permanent core struc-
ture. While this approach reflected an increase in capital cost, the resultant
saving in fuel cycle charges served to decrease the ultimate power cost. The
costs of the permanent core structure are summarized in Table III.

The pressure vessel diameter dictates field erection and fitting out.
As a consequence the fabrication and erection costs amount to $9°00/1b0
The costs of the pressure vessel and related structures are summarized in
Table IV.

D. D;O System

The D,0 inventory, including 30% excess for contingencies and re-
serve, is approximately 290 tons for Design 500 FC, 271 tons for Design
500 NC, and 271 tons for Design 800 B. The pressure vessel holdup in each
system is 140 tons.




Reactor Design:

QOuter Shrouds
No. of Shrouds
Material
Diameter, in.
Length, ft
Weight, 1b

Control Cylinders
No. of Cylinders
Material
Diameter, in.
Length, ft
Weight, lb

Total Weight Zircaloy, 1b
Shrouds
Control Cylinders

Total Cost Zircaloy (at $70/1b)

Core Grid Plate Assembly
Top Grid
Bottom Grid

Outer Core Shell

Forced Circulation Manifold

TOTAL COST OF CORE STRUCTURE:

Reactor Design:

Vessel Shell and Connections
Thermal Shield

Vessel Support

Core Structure

Insulation

Tabl

e IIT

PERMANENT CORE STRUCTURES

VESSELL COST:

Engineering and Development (107%)
Contingency and Top Charges (25%)

COST, §/kw

800 B
500 FC 500 NC Boiling Zone Super Heat Zone
228 330 270 o0
Zircaloy Zircaloy Zircaloy Zircaloy
5.05 5.20 6.20 5.35
17 17 17 17
30 37 37 32
31 55 37 18
Zircaloy Zircaloy Zircaloy Zircaloy
9.75 8.50 8.50 8.50
18 18 18 18
196 171 171 171
5,850 12,210 10,000 1,920
6,100 9,400 6,300 3,100
$910,000 $1,540,000 $1,150,000 $350,000
$ 80,000 $ 60,000 ($1,500,000)
130,000 120,000 $ 60,000
120,000
38,000 38,000 38,000
80,000 o
$1,238,000 $1,758,000 $1,718,000
Table IV
PRESSURE VESSEL
500 FC 500 NC 800 B
$4,580,000 $4,500,000 $ 4,500,000
1,870,000 1,870,000 1,870,000
40,000 40,000 40,000
1,238,000 1,758,000 1,718,000
60,000 60,000 60,000
7,788,000 8,228,000 8,188,000
779,000 823,000 819,000
1,945,000 2,060,000 11,047,000
$40 $38 $32
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All D,O piping is fabricated from Type 304 stainless steel. Auto-
matic shut-off valves are installed on interconnecting piping between the
containment vessel and the turbine-generator building.

Conventional shaft-sealed pumps are employed.

An allowance of 15% was made for extra cost of leak detection and
collection equipment on all D,O system components.

E. Fuel Handling

The loading and unloading of fuel is accomplished with a fuel trans-
fer coffin. Submerged fuel transfer was not considered because of the large
D;O inventory posed by this technique.

F. Fuel Cycle

The fuel cycle used to compute use and rental charges is shown in
Fig. 3. It was assumed the cycle reached equilibrium about one year after
initial startup and that a constant charge rate prevailed thereafter. The
fuel cycle for each core is given in Table V.

Table V

FUEL CYCLE

800 B
Reactor Design: 500 FC 500 NC Boiling Zone Superheat Zone
Core Loading,
metric ton (mt) 34.53 40.59 33.21 9.78
Fuel Uuo, U0, Uo, Uo,
Enrichment, %
Initial (U2%) (Natural U)  1.15 1.15 1.9
Final (U2%) 0.33 0.63 0.63 1.26
Final (Pu®%9) 0.25 0.36 0.36 0.36
Burnup, mwd/mt 5,000 6,000 6,000 6,500
Plutonium Production,
kg/mt Uranium
Pu?¥? 2.5 3.6 3.6 3.6
Pu?? 0.6 0.7 0.7 0.6
Py 0.3 0.2 0.2 0.2
Total 3.4 4.5 4.5 4.4

Fabrication and processing costs (Table VI) for the first core are
included in the capital charge assessments. One core is considered anal-
ogous to a conventional power plant coal inventory which is constantly being
replenished. Fuel processing and fabrication weight losses are restricted
to 1%, since larger amounts cannot be tolerated.
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Heactor Desigm

Core Loading, kg

Fuel Processing
Weight Loss Allowance {1%), kg
Total Initial Weight Received, k
Conversion UF, to UO, at $8.80/kg
Conversion UO; to Pellets at $13.20/kg

Fuel Assemblies
Total Assemblies
No. Pins/Asgembly
Ho. Sections/Pin
Total Sections {28 in. long)
Fuel/Section, kg
Zircaloy Tubing Cost/ft
Zircaloy Cost/Tube (28 in. long)
Zircaloy Cost/Core
Zircaloy Tube End Fittings Cost,fSet
Zircaloy Tube End Fittings Cost/Core
Zircaloy Spacer Cost/Core
Agsembly Cost/Section:

Tube, Pellets, and End Fittings

Asgsembly Cost/Core

Fuel Assembly Shrouds (Zircaloy)
Total Weight, 1b
Fabrication Cost/lb
Total Cost/Core
End Fittin}gs and Extension/(:or&
at $240/pair

Labor Cost/Core (at $145/Assembly)

Shipping Cost {at 2/kg)

Total Direct Cost/Core

Contingency and Top Charge
(1 st Core Only}, 30%

TOTAL CAPITALIZATION COST
{lst Core Omly):

Amnnual Capital Charge at 15%:

Table VI

FUEL ELEMENT PROCESSING AND FABRICATION

345
34,875

228

85

6

116,280

0.298
$3.66
$8.40

$0.84

$28.

3,300
$70.

3
$461,000.

$1,006,000.
97,000.
76,000.

43,256,000

$231,000.

55,000.
$33,000.

__$69,000.

$5,284,000.

$6,869,000,
$1,030,000,

*No Conversion Charge for Natural Uranium Dioxide

**$15.20/ kg
t Type 347 Stainless Steel

500 NC_
40,590

406
40,996

330
69
6
136,620
0.298
$3.66
$8.40

$0.84

$28.

5,600
$70.

800 B
Boiling Superheat
_Zone Zore
33,210 9,780
332 98
33,542 9,878
$ 360,000, $ 295,000. $ 87,000.
$541,000. $ 442,000, $150,000 x*
270 60
69 85
6 6
111,780 30,600
0.298 0.323
$3.66 $0.30 +
$8.40 $0.70
$1,260,000. $1,003,000. $21,000.
$0.84 $0.79
$ 114,000, 93,000. 24,000.
89,000. 73,000. 4,000,
$28. $28.
$3,825,000. $3,130,000. $857,000.
4,600 1,100
$70
$392,000. $322,000. $4,000,
79,000, 65,000. 14,000.
$48,000. $39,000. $9,000.
$81,000. ~ $66,000. ~ $20,000.
$6,789,000. 45,528,000, $1,190,000.
$2,036,000 $2,015,000.
$8,825,000, $8,733,000.
$1,324,000. $1,310,000.

The core direct cost for fuel processing, fabrication, labor, and
material is summarized in Table VII. An allowance of 5% for spare fuel
elements was made for the first core only.

All costs are based upon prices quoted by firms capable of handling
fabrication contracts of the indicated magnitude. It becomes evident that
for the indicated burnup values fabrication would be continuous and that on-
the-site fabrication and processing might be feasible, resulting in decreased

fuel costs.

The unit fuel cost is summarized in Table VIII.

A plutonium credit

of ;,%IZ/gm was used since it is probable that D;O plants will not be operated
in time to take advantage of the $30 quoted value.

The reprocessing charges are based on quoted government rates.
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Table VIL
SUMMARY OF CORE DIRECT COST - ONE COMPLETE CYCLE
x
800 B
Boiling Superheat
Reactor Desi 500 FC 500 NC Zone Zone
Core Loading, kg 34,530 40,590 33,210 9,780
Fabrication
Fuel Processing
Conversion UFg to U0, * 4 360,000 $ 295,000 & 87,000
Conversion UO, to Pellets $ 461,000 541,000 442,000 $150,000
Fuel Assemblies
Fuel Tubes $1,006,000 $1,260,000 $1,003,000 4 21,000
End Fittings 97,000 114,000 93,000 24,000
Spacers 76,000 89,000 73,000 4,000
Loading and Testing $3,256,000 $ 3,825,000 $3,130,000 $857,000
Fuel Assembly Shrouds
End Fittings 4 55,000 $ 79,000 $ 65,000 $ 14,000
Total Shroud Cost $ 231,000 $ 392,000 $ 322,000 $ 4,000
Final Assembly Labor $ 33,000 $ 48,000 $ 39,000 $ 9,000
Shipping Cost {at $2/kg) $ 69,000 $ 81,000 $ 66,000 $ 20,000
Total Direct Fabrication Cost: $5,284,000 $ 6,789,000 $5,530,000 $ 1,190,000
Fabrication Cost/kg
Contained Fuel $ 153 $ 167 $ 167 $ 122
Fuel Reprocessing
Shipping (at $5/kg) $ 173,000 $ 203,000 $ 166,000 $ 49,000
Reprocessing (at $20/kg) 691,000 812,000 644,000 196,000
Conversion UNH to UF ok 227,000 185,000 54,000
Conversion Pu NH to Pu Buttons
(at$1.50/gm) 176,000 273,000 223,000 65,000
Total Direct Reprocessing Cost: $1,040,000 $1,515,000 $1,238,000 $ 364,000
TOTAL DIRECT FABRICATION AND
PROCESSING COST/CORE: $6,324,000 $ 8,304,000 $6,768,000 $ 1,554,000
Total Cost, mills/kwhr 5.7 5.4 4.8 (4.6 avg) 3.5
»
*No conversion charge for natural uranium dioxide,
] *kFurther processing not required because 0.347% depleted uranium has no resale value.
%
\
‘ 2
Table VIII
SUMMARY OF ANNUAL FUEL COSTS
{in mills/kwhr)
800 B
Boiling Superheat
Reactor Design: 500 FC 500 NC Zone Zone
Loading/eore, mt 34.53 40.59 33.21 9.78
Exposure, mwd/mt 5,000 6,000 6,000 6,500
Full Power at 0.8 P.F.
Core days 220 275 250 450
Core years 0.60 0.75 0.68 1.23
Core Process and Fabrication Direct Cost
Cores/year 1.67 1.33 1.46 0.81
Cost/core, & 6,324,000 8,304,000 6,766,000 1,554,000
| Total cost, $ 10,500,000 11,000,000 9,900,000 1,260,000
mills/kwhr 5.7 5.4 48 35
Fuel Charges and Credits
Rental charge (3 cores at 4%), $ 169,000 472,000 386,000 243,000
mills/kwhr 009 0.23 0.19 0 b4
Initial fuel value/core, $ 1,410,000 3,930,000 3,220,000 2,026,000
Pu credit ($12/gm) 1,404,000 2,184,000 1,718,000 516,000
Reprocessed UF credit (None) 1,286,000 1,044,000 1,012,000
Net fuel consumption charge/core, $ 6,000 460,000 388,000 498,000
Annual fuel consumption charge, & 10,000 625,000 566,000 402,000
mills/kwhr _0.01 031 0.27 1.06
Total Core Fabrication Cost,
mills/kwhr at 0.8 P.F. 5.8 5.9 5.26 5.25 avg 5.20
Fuel Operating Capital Fund
(60-day), & 1,786,000 1,997,000 2,116,000
Annual Charge (6%) 107,000 120,000 127,000
Operating capital fund cost,
mills/kwhr 0.05 0.0 0.05

TOTAL FUEL COSTS, mills/kwhr
at 0.8 P.F. 5.9 6.0 5.3




In order to simplify cost computations, a 60-day operating capital

fund was set up to disburse fuel charges.

G. Operating and Capital Charges

The annual operating and capital charges are summarized in Table IX.

The capital charges are assessed at 15% and include: (1) plant costs; (2)
engineering and development costs; and (3) fabrication and material costs

for one core, excluding fuel.

Table IX

ANNUAL CAPITAL AND CPERATING CHARGES

500 FC 500 NC 800 B -
Reactor Design: Dollars  Mills/kwhr  Dollars  Mills/kwhr  Dollars  Mills/kwhr
Capital Costs and Charges (15%)
Plant (Table II) £11,888,000 6.4 $12,012,000 5.9 $11,485,000 4.7
Fuel Fabrication and Processing (Table VI) 1,030,000 0.6 1,524,000 0.7 1,310,000 L 5
TOTAL: $12,918,000 7.0 $13,336,000 6.6 $12,795,000 52
D0 Usage and Rental (Table X)
Rental (47) 4 650,000 .35 3 606,000 G 32 $ 606,000 0.27
Losses 1,061,000 G.58 983,000 G.47 988,060 .41
Distillation Plant Qperation 150,000 0.08 150,600 0.07 150,060 0.06
$ 1,861,000 $ 1,744,000 $ 1,744,600
Charge for 60-day Capital Fund (6%) 19,000 G.01 17,000 _0.01 ~ v17’,U :
TOTAL: § 1,880,000 1.02 $ 1,761,000 .87 $ 1,761,006 9,75
Operation and Maintenance (Table X}
Salaries, Misc. Oper. Expense, Maint. $ 2,100,000 1.14 3 2,100,000 & 2,100,000 .86
60-day Operating Capital Fund (6%) 21,000 0.01 21,000 . 21,000 oor
TOTAL: $ 2,121,000 1.15 & 2,121,000 1. $ 2,121,000 .87
Fuel Costs and Charges (Table VIII)
Process and Fabrication 410,500,000 5.72 $11,000,000 5.4 $11,160,000 4,55
Rental (47) 169,000 0.09 472,000 8.23 29,0400 .25
Consumption 10,000 0.01 625,000 .31 968,000 Q.40
60-day Operating Capital Fund (6%) 107,000 _6.06 120,000 6.06 127,000 0.05
TOTAL: $10,786,000 5.88 $£12,217,000 6.00 $12,884,000 5.3
Total Power Cost, mills/kwhr at 0.8 P, F. 5.1 14.5 2.2

The annual operating costs are given in Table X. Separate 60-day
operating capital funds were established for: (1) D,O rental, loss, and
recovery plant operation; (2) plant operation and maintenance; and (3) fuel

cycle.

The unit costs (mills/kwhr) were calculated to two decimal places

in some cases only to establish their presence in the over-all total.




Table X

SUMMARY OF ANNUAL OPERATING COSTS

Reactor Design 500 FC 500 NC 800 B
D,0 Inventory and Operation
Total plant holdup, tons 233 208 208
Reserve and contingency, (30%) 67 63 63
Total Inventory, tons 290 271 271
Inventory value (at $28/1b), $ 16,240,000 15,180,000 15,180,000
Rental charge (47%), $ 650,000 606,000 606,000
mills/kwhr 0.35 0.32 0.27
Loss at 8.5% of holdup, tons 18.95 17.65 17.65
$ 1,061,000 988,000 988,000
mills /kwhr 0.58 0.47 0.41
Distillation plant operation, $ 150,000 150,000 150,000
mills/kwhr 0.08 0.07 0.06
Operating capital fund (60-day), $ 310,000 290,000 290,000
Capital fund charge (67), $ 19,000 17,000 17,600
mills /kwhr 0.01 0.01 0.01
TOTAL, mills/kwhr 1.02 0.87 0.75

Operation and Maintenance

Salaries (135 men at $10,800), $ 1,500,000 1,500,000 1,500,000
Misc. operating expense, % 300,000 300,000 300,000
Maintenance, $ 300,000 300,000 300,000
TOTAL, $ 2,100,000 2,100,000 2,100,000
mills /kwhr 1.14 1.01 0.86
Operating capital fund (60-day), $ 350,000 350,000 350,000
Capital fund charge (6%), $ 21,000 21,000 21,000
mills/kwhr 0.01 0.01 0.01
TOTAL, mills/kwhr 1.15 1.02 0.87 ’
Operating Capital Fund (60-day)
Operation and maintenance, $ 350,000 350,000 350,000 &
D,O inventory and operation, $ 310,000 310,000 310,000
Fuel processing and fabrication $ 1,750,000 1,816,000 1,850,000
Fuel rental and usage, $ 30,000 181,9()_(1 266,000
TOTAL, § 2,440,000 2,657,000 2,776,000
Annual Charge (6%), $ 146,000 159,000 167,000
mills/kwhr 0.08 0.08 0.07

III. CONCLUSIONS

Plant capital charges command a unit cost with little opportunity
for reduction. For instance, in plants costing 75 to 80 million dollars, it
is necessary to save about 12 million dollars to effect a reduction of 1 mill/
kwhr in electrical cost.

Because of the extreme integrity associated with heavy water sys-
tems, the D,O plants costs are appreciably higher than their H,O counter-
parts. However, in plants of the size discussed, the additional costs are
recovered in the net mill/kwhr column. The saving realized by utilizing
superheated steam indicates the direction which must be taken by reactor
designers. Public utilities and turbine manufacturers are not interested .
in reducing the efficiency of their plants and components.




It is unlikely that operation and maintenance costs and charges can
be reduced significantly.

The allowable fuel burnup of 6000 mwd/metric ton has an important
bearing upon the over-all fuel cycle cost. Fuel processing periods have been
reduced to a minimum. Although it is still necessary to pay rental charge
on an average of three cores at any one time, the fuel rental and use charges
represent 10 to 15% of the total fuel cycle cost. By lengthening the fuel
burnup time, yearly fabrication costs could be reduced proportionately.

The area for cost reduction lies in decreased fabrication charges
and increased core lifetime. Zircaloy is expensive; hence the dollar value
of the core structure and fuel assembly parts is appreciable. The sub-
stitution of stainless steel for Zircaloy in the 500 NC concept would permit
an increase in uranium enrichment from 1.15% to about 3.5% for the same
dollar expenditure. However, the problem of controlling the excess reac-
tivity from "cold" to "hot" operating condition would become acute. The
net benefits with respect to increased fuel lifetime and plutonium produc-
tion have not been determined.

The advent of decreased fabrication and material costs and increased
core lifetime could reflect a reduction of about 50% (~3 mills) in fuel cycle
costs. This is an area of reasonable doubt. In the light of evidence gradually
developing, and in the face of rising construction costs, it is apparent that
10-mill power will not evolve from the present generation of nuclear
reactors.
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