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PREFACE

In September, 1955, a group of men experienced in various scientific
and engineering fields embarked on the twelve months of study which cul-
minated in this report. For nine of those months, formal classroom and
student laboratory work occupied their time. At the end of that period,
these seven stﬁdents were presented with a problem in reactor design. They
studied it for ten weeks,. the final period of the school term.

This is a summary report of their effort. It must be realized that,
in so short a time, a study of this scope can not be guaranteéd complete or
free of error. This "thesis" is not offered as a polished engineering
report, but rather as a record of the work done by the group under the lead-
ership of the group leader. It is issued for use by those persons competent
to assess the uncertainties inherent in the results'obtained in terms of -
the preciseness of the technicsal data and ahalytical methods employed in
the study. In the opinion of the students and faculty of ORSORT, the problem
has served the pedagogical purpose for which it was intended. 4

The faculty Jjoins the authors in an expression of appreciatlon for .
the generous assistance which various members of the Osk Ridge National ‘
Laboratory gave. In particular, the guidance of the group cdnsultants9
James A. Lane and-Paul:Rm‘Kasteﬁ, are gratefully acknowledged. )

Lewis Nelson
for
The Faculty of ORSORT
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A preliminary design and feasibility study has been completed for an

*. ABSTRACT

organié éooled, heavy water moderated, natural uranium fuel, heterogeneous
reactor for & central station power plent with an electrical capability |
of 200 MW. This study indicates that such a plant is capable of prbducing
electrical energy in the range of 6 to 7 mills/KWH with burnups of the
order of 3000 MWD/ton.

The use of organic coolants permits high temperature opération at low
pressure and thereby eliminates the necessity for thiék~walled, expensive
reactof‘coﬁpbnents. Compatability of the organic coolant with uranium
dioxide and aluminum together with the low pressure featureé of the system

allows the use of inexpensive fuel elements.
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FOREWORD

In the early days of the nuclear reactor program, the challenge was
demonstrable power from nuclear fuel, with little regard for cost. During
this early period, the basic objectives were that the reactor be critical
and controllsble, and that energy be removed continuously and used for power g
generation. With the maturing of nuclear technology, it is no longer signifi-
cant, from a commercial power viewpoint, to demonstrate merely that reactor
power systems will work. The present challenge is nuclear power at reasonable
cost.

In commercial power reactor design, there has been, in the past, a
tendency to design for an absolute minimum predicted power cost. We feel
that the most important requirement is not this minimum possible predicted
power cost but rather moderate power costs which can be accurately predicted.
A utility company might be more interested in a large scale power experiment
which could be relied upon to operate at a small loss than in a minimum cost
system based on high risk technological extrapolations. Likewise, the foreign
market is best served not by high risk minimum predicted cost systems bukt
rather by reliably predicted moderate cost systems. y

One of the major impacts of the principles outlined above is in choosing
the balance of capital and fuel costs. Prabably the highest risk technological
extrapolation in current use in power reactor design is the high fuel burn-up
requirement. The desire for minimum fuel costs is the prime motivation for
basing designs on high burn-ups. These high burnups have not been achieved to
date and if they are not obtained, power costs can go up dramatically for many
power reactors being built today. There is another difficulty in basing nuclear
power designs on high fuel burn-ups. Often, an attempt is made to construct
complex fuel elements from exotic alloys in order to make the large burn-up
required appear reasonable. Since the fuel elements are exceedingly difficult
to fabricate, they may ultimately cost so much that even if theoretical burn-up
is achieved the reactor is uneconomic. The net result of basing a nuclear
power design on high fuel burn-up may well be a predicted power cost of 6 mills
per KWH and an actual cost of over 10.

We feel that a better measure of the worth of a reactor design is the
overall cost per megawatt hour of heat delivered to the prime movers. It seems

reasonable to believe that the design required for best overall heat cost is

o]l



not likely to be the one that minimizes fuel costs. We have attempted to
strike a balance between reactor capital costs and fuel costs to achieve A
minimum heat costs consistent wifh a high degree of confidence in the cost \‘
estimates.
It is apparent that emphasis on & high degree of confidence in the pre-
dicted economics of the reactor.reinres the most conservative technological
approach possible. As an example suppose one pick a reactor operating at a
moderate pressure and is thus able to use conventional design and fabrication
practices for the vessel; or suppose one picks a reactor opérating'at,aihigh
pressure and obtains the required safety factors by using a high strengfh,
difficult to fabricate alloy of a thickness and diameter beyond conventional
practice. All other things being equal, we wbuld regard the moderaste pressure
approach as "conservative", and the high pressure approach as unconservative.
Recently, there has been a resurgence of interest in this country in
ﬁatural uranium¢ high neutron economy systems for commercial power generation;
England, Canada, and Norway have, of course, been interested in these systems
in a growing realization that economic commercial power from such reactors is-
possible. Further; such systems do not perhaps 1nvolve qulte SO many englneer—

- ing unknowns as do the highly enriched, high thermal performance, low neutron

economy reactors. Many high neutron economy systems have been and are belng
investigated. Examples are the Calder Hall, gas cooled, graphite moderated -
reactors; the Savannsh River heavy water moderated,; heavy water cooled '

reactors; the Chalk River heavy water moderated light watér cooléd'reactdrs;

and the Atomics International graphite moderated; sodium cooled reactors. One type
vwhich has not received much attention to date is the heavy water moderated, - |
organic cooled reactor. This study is concerned with a large power. generating
station of 200 megawatts electrical output using a heavy water moderated,

orgenic cooled reactor, fueled with natural uranium. We feel that our investi-
gation is a timely one because of the renewed~intérest.in high neutron economy
systems and because of the change in economic conditions brought about by the
recently published increase in the AEC guaranteed fair price for plutonlum and

the low cost of heavy water

=-15-



SUMMARY

Economic Summary

Commercial power reéctor design requires full recognition of the economic
import of the special features of the system under consideration. The success«-
ful design must obviocusly make full use of the desirable qualities of the
design elements while minimizing the déleterious effects of any inherent
difficulties. It is of course much easier to recognize these requirements
than to do anything about them. The difficulty arises in attempting to juggle
simultaneously ten or fifteen engineering parameters perﬁinent to the economics
of the system. We do not feel, however, that the difficulty of the task excuses
us from attempting it. -

First, to identify the gross economic effects of our choice of design
elements;.let us see in what way this reactor is likely to be different from
other more or less similar reactoré. Probably the most outstanding feature
is that our "fuel costs" can never be much less than a mill/kwh regardless of
irradistion time. This situation is brought about by our choice of moderator
and coolant both of which occasion moderately high costs, independent of
irradiation. ! '

Generally speaking, for best economics one would desire to ésé‘natural
uranium as the fuel in a high neutron economy system. However, éince our
primary coolant is a moderately bad nuclear poison, we might eXpect‘that our
permissible fuel irradiation with natural uranium would be low. Short irrsdia~ -
tion times can be tolerated only if low fuel element fabrication and proceSSing _
costs can be realized. Fortunately, the newly published fair price for '
reactor grade plutonium of $30/gram might be expected to help keep fuel costs.
in line at the short irradiation times, since plutonium production per unit -
exposure is greatest for short fuel cycles. :

From the above discussion it would appear that this reactor is likely to
have moderately high fuel costs in spite of anything we do. This'distinguishes
it from many reactors which have essentially zero fuel costs at irradiations in
excess of 10 to 15,000 mwd/ton. This being the case, to synthesize an economic
reactor we must hold capital costs down. Happily, proper uée of the special
characteristics of our design elements will permit us to accomplish this “
objective. . ' '

Our primary coolant is an organic which has a low vapor pressure at

=16-



moderately high operating temperatufés, and is essentially non=-corrosive to
ordinary engineering méterials at these temperatures. Choice of process tubes
surrounded by cool modérator maintains pressure and corrosion rate in the
reactor véssel at a low value. These features permit low reactor plant invest-
ment and low fuel element fabrication and processing costs. Purther, our
operating temperature yields a fairly good steam cycle efficiency and hence;
low investment in the electrical portion of the plant.

We have by no means given an exhaustive discussion of the economic factors
involved in this study. Enough has been said tq indicate that we had some
reason to believe that we might achieve our best economics by trying to strike
a balance between operating and capital costs. The economic arguments for the
various design choices are given in considerable more detail in the Economics
section of this report.

Our cepital cost was estimated to be $l95/installed kw. Table lA glves our
overall energy cost in mllls/kwh at fuel irradiations of 3,000 anq 6,000 mwd/ton.
Energy costs are 6.73 mills/kwh at our proposed operating point (3,000) .
mvd/ton) of which 4.45 mills/kwh is the carrying cost, and 2.26 mills/kwh is
the net operating cost. Total operating cost was estimated to be 5. 82 mllls/kwh

‘with a fissionable material credit of 3. 56 mills/kwh. The graph, Flg. 1 shows-fq
overall energy costs in mills/kwh as a function of fuel irradiation in mwd/ton.

- The predicted lifetime is of the order of- 3,000 mwd/ton and lifetimes |
approximately double that might be achieved by arranging fuel elements perlod-‘?.'
ically. The detailed breakdown on costs is given in the Economics Section of

this report.

Technical Summary

In the design of the reactor, the objective, as noted abbve, was to fake
best advantage of those properties of organic coolants which allow substantial
engineering&ggins, namely; low organic vapor pressure, which permits reduction
of pressure vessel design and fabrication problems; and secondly, low cofrosion
rates of organics with ordinary engineering materials. Reductions ih volumes
of structural materials; made possible by low pressure and ;ow corrosion
designs, were franslated into substantial gains in neutron economy. Méchanical'
gains were further enhanced by restricting fluid flow to ®pressure tubes®.
(relatively low:pressure) -~ joining upper and lower coolant plenum chambers.

The pressure tube concept allowed optimum strength characteristics and in

~17-



addition simple and convenient fuel channels and good coolant flow properties.
"Bulk" moderator cooling was employed. The 10% of total power generated in the
moderator is removed by pumping heavy water through heat exchangers and then
back to the moderator tank surrounding the core pressure tubes. Baffling in
this tank serves~both to promote uniform moderator tempgrature in the core

and to provide rigidity to the fuel element channels. Subsequent sections of
theﬁreport substantiate the simplicity of structure of this reactor.

As with general reactor features; fuel element design developed around
inhefent properties of the organic coolant. The basic objective was to obtain
highest possible thermal cycle efficiency consistant with the use of a low
cost fuel element. It was also desirable to minimize the holdup of organic
coolant in the reactor core, in order to increase reactivity and reduce organic
make-up requirements. Since the overall limiting factor in this design was
the maximum allowable wall temperature of the fuel element cladding, as
determined by material considerations, the relatively poor heat transfer pro-
perties of theicooling medium dictated large flow channels and good flow-
mixing characteristics. On the other hand, the compatibility of the organics
with the uranium-oxide fuel materially reducéd the importance of maintaining
‘%ntegrity of fuel cladding. For this reason, exotic cladding material could
Ee avoided in favor of inexpensive and easily fabricated aluminum. It is
fully expected that should cladding feilures occur, continued reactor operétion
will occasion only minor fission product contamination of the coolant. 'Thé,
fuel element consists of nine 24" long 19-rod clusters of 0.3"0.D. aluminum
tubing, wire spaced to provide flow channels, and fitted into BosfdiameterA
18 foot long fuel element tubes. Each end of the element tube is open to
coolant flow. The upper end is fitted with an adjustable-orificing device
- and a simple twist<lock device to hold the fuel element against the upward
thrust of coolant flow. This design produces an element which is inexpensive
to manufacture and easy to handle in and out of the-reacfor core. ‘

The steamueléctric plantAis similar to that found in standard central
power stations. Steam supplied by the generators is at 430 psia and 560°F°
The steam generating plant together with all sforagé, purification and reactor
service equipment is located within fhe 200 foot dismeter containment vessel. ' -
Maximum use is made of natural shielding afforded by locations below grade.
Arrangement is such that concrete foundations provide shielding as well as

support and compartmentation.
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Electric Capacity Gross
Net

TABLE 1A

TOTAL INVESTMENT AND ANNUAL OPERATING COSTS FOR THE ODPR

Cost of Plant

Land
Reactor and Associasted Equipment
Turbogenerator Plant

Working Capital™:

Carrying Costs

Land 11%

Reactor and Associated Equipment at 15.25%

Turbogenerator plant at 14%
Working Capital at 9%

Total

( ) Total

(2)

Total Annusl Costs

Net Annual Output (millions of kum)(3

Irradiation (MWD/Ton) 3,000
‘ : Annual Cost,
Annusl Carrying Charges 6,220,000

Annual Operating Costs

Labor and Maintenance 1,300,000
Fuel Element Fabricat. 1,400,000
Fissionable Material '

Rentel 308,000
Cost of Fissionable

Material Consumed 2,840,000
Shipping and Processing 1,420,000
Water ‘and Misc. Supplies . . 80,000

D0 Rental (120 tons) 269,000
D0 Depletion Allowance . 269,000
OFganic Makeup 280,000

Totel Operating Cost 8,186,000
Credit Fissionable

Materiel Produced . 4,995,000
Total Net Operating -
Cost -, 3,191,000

Totél Energy Cost

\

222,000 KW
200,000 KW

500,000

2k, 038,000
14,360,000

38,898,000
2,390,000

25,000

3,670,000
2,010,000

485,000

6,220,000

1,400
6 000

Mllls/KWH Annual Cost,

k.45

2.28

6.73

Includes the cost of fabricaflng two cores

- Includes Interim Replacement: at 1. 25%

Assumes .8 Plant Factor

319;

6,220,000

1,300,000
710,000

" 308,000

1,420,000
710,000

80,000
269,000
269,000

. 280,000

. 5,346,000

2,940,000

2,406,000

Mills/KWEH

‘u,hs

1.70
6.15
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TABLE 1B

SUMMARY OF TECHNICAL DATA

General Plant

Net Electrical Output at 1.5-in Hg abs, kw
Reactor Thermal Pdwer Level, mw

Plant Net Heat Rate, Btu/kwh

Plant Net Thermal Efficiency, %

Reactor Type '

Neutron Energy

Fuel (UO
Coolant

o)
Moderator

Reactor .

General
Core Size -
Diameter, ft - in
Length, ft ~ in
Number of Fuel Tubes
Number of Fuel Rods per Tube
Fuel Tube Lattice Spacihg, in
Number of Control Rods
Reflector Material
Reflector Thickness, in
Biological Shield Material
Biological Shield Thickness, ft
Pover [ |
Heat Releas@g in Reactor, mw
Heat Flux

Maximum, Btu/hr sq £t
Average, Btu/hr 8q £t

Reactor Heat Transfer Area, sq ft
Specific. Power, mw/t uranium
Power Density,

 kw/liter
mw/t D0 moderator
mw/t ofganic

203,260

800,000

13,433

25.h4
Heterogeneous
Thermal . '
Natural Uranium

"Santowax-R" *

. Heavy Water

16 - 11
16 -0

TS

- 19 .

T

1130
"Heavy Water

6 _
Barytes Concrete

- 8

800 -

22,000
81,300
35,300
8

65
0.7 %%
101

¥ Commercial mixture of terphenyls available through Monsanto Chemical Co.
¥%¥Based on 10% of total heat bYeing generated in moderator
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Reactor (con't)

Temperature Coefficient of Reactivity, Modérator

. 2.55 x 10

Fuel '
Enrichment Natural =
Composition Uba‘ '
Form - Pellet
Cladding Material = - Aluminum
Size of fuel container '
" Outside diameter, in 0.60
Length, in 2k
Thickness, mils 25
Number of fuel containers per element. - 152
Urenium in Reactor, tons 106
Aluminum in Ciadding, tons .6;5
Fuel Tubes and éoolant Channels o
Number A ’ '7&5'
Shape 'Circular
Dimensions L
Outside diameter, in . 3.5 )
Leagth; £t a8
Tube Material ‘
Inner ‘ Aiuﬁinum:‘
Outer Aluminum-
Tube Thickness | _  , ‘
Inner, in | 0.125-, -
Outer, in 0.125
Channel Thickness -  ‘4,',
Gas sjgacg, in ; o 0’5125
Aluminum, tons a1
" Physics A S
Estimated Burnup, MWD/Ton 3050
Initisl Conversion Ratio 0.686
k., (hot,clean) 112
Kepe (hot, clesn) 1.089
Thermal Neutron Flux, neutrons/sq cm sec 3 -

per °C - -1.5 x 107 -




Reactor (con't)

Physics (con't)
Temperature coefficient of Reactivity, Coolant per °c

Orgenic/Uranium ratio
Heavy Water/Uranium ratio

Reactor Systems

Organic Velocities

Entrence, ft/sec

Exit, ft/sec

In Channels, Average,  ft/sec
In Channels, Maximum, ft/sec

Organic Pressures

Entrence, psig
Exit, psig

Organic Temperatures

Entrange,oF
Exit, °F

Total Organic Flow Rate, 1b/hr
Heavy Water Velocities

Entrance, ft/sec
Exit, ft/sec
In. reactor, ft/sec

Heavy Water Pressures

Entrance, psig
Exit, psig

Heavy Water Temperatures
Entrance, °F
Exit,°F
Heavy Water Flow Rate, 1lb/hr
Number of Organic Reclrculatlng Feed Pumps

Capacity of Organic Recirculating Feed Pumps,
(ea), epm

Totel Organic Pumping Power, kw
Number of Heavy Water Recirculating Pumps

Capac1ty of Beavy Water Recirculating Feed Pumps,
(ea)gpm

Number of Heavy Water Exchangers

Surface of Heavy Water Heat Exchangers (ea),sq ft
Heavy Water Velocity in Heat Exchangers, ft/sec
Circulating Cooling Water Elow, gpm

-23=

-1.6 x'llo"5

0.57

7.8

w P
&I

 _518

625 |
41,000,000

3k
34
0.2

110
100

140

190
5,460,000
8 A

10,500 -
12,600
"

3500

6280

15
4200



Steam Generating~System

Number of Reboiler=-Superheater Units 4
Surface Area '

Reboiler; (ea) sq ft , 22,100

Superheater, (ea) sq ft ' . t 5200
Organic Velocities

Entrance Superheater, ft/sec Tk

In Superheater, ft/sec o . 9.8

Entrance Reboiler, ft/sec Tk

In Reboiler, ft/sec ' ' 10

Exit Reboiler, ft/sec A : 9.5
Water Entrance Reboiler Velocity, ft/sec : ©18.7
Steam Velocities : . ,

Entrance Superheater, ft/sec 105

In Superheater, ft/sec ~ 75

Exit Superheater, ft/sec ' 100
Orgenic Pressures '

Entrance Superheater, psig ' . 60

Exit Reboiler, psig . 20
Organic. Temperatures | ‘ . ‘ :

Entrance Superheater, °p ' : 625

Entrance Reboiler, F L 617

Exit Reboiler, F : _ 518-
Total Organic Flow Rate, 1b/hr - ' - 41,000,000 )
Water Entrance Reboiler Pressure, psia . 450
Steam Exit Superheater Pressure, psia . 430
Water Entrance Reboiler Temperature,oF s 354
Steam Entrance Superheater Temperature,°F ' 456
Steam Exit Superheater Temperature,oF ‘560
Total Water Entrance Flow Rate, 1lb/hr ’ 2,590,000
Total Steam Exit Flow Rate, 1lb/hr - 2,566,000
Total Blowdown Flow Rate, 1lb/hr. , . 2L,000
Number of Feedwater Pumps _ 5
Capacity of Feedwater Pumps, (ea)gpm . 1300
Number of Hotwell (Condensate) Pumps 3
Capacity of Hotwell Pumps, (ea) gom ' ‘ 1900 . .
Number of Feedwater Heaters N - . , «
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Turbine - Generator

Turbine Type Compound, Double Flow
Turbine Speed, rpm ‘ 1800 ‘ ‘
Throttle Steam Pressure, psia 400
Throttle Steam Temperature, °r o SSO '
Turbine Throttle Steam Flow at 1 5 in Hg a.bs, lb/hr - 2,563,000
Capability of Turbine at 1.5 in Hg abs, kw - 225,000
Capability of Generator, 30 psig Hydrogen, 0.85 P.F.,
0.6k 8.C.R., kva 260,000
Condenser

Condenser Type - Two Pass, Dlvided Water Box
Condenser -Surface, sq Tt ' ' 202,000 :
Condenser Circulating Water Flow, gpm . 256,400
Circulating Water Pumps ,

Nunmber (including heavy water cooling) -8 .

Capac1ty, (ea)epm 50,000 - -

Station Performa.nc':e. .

Total Steam Flow at 1.5 in Hg Abs, 1b/hr - 222,200
Total Turbine-Generator: Output at 1.5 in Hg abs, ¥kw 222,200
Auxiliary Power, kw | 18,940
Auxiliary Power, % I 8.5

Net Electricel Output at 1.5 in Hg abs, kv ' © 203,260
Net Station Heat Rate at 1.5 in Hg abs, Bfkwh - 13,433

Materié.ls 9£ Construction

Fuel | : : U_Oé , _—
Fuel Cladding A Aluminum Alloy X=2219
Fuel Assembly Tube ‘ Aluminum Alloy.X-2219
Process Tube : : © Aluminum Alloy 618-T6
Tube Sheets . Alfin Cled Carbon Stéel
' . : : o . SA-212B

Pressure Vessel . Carbon Steel SA-212B
Moderator and Reflector Heavy Water
Coolant "Santo-wax R"
}Piping ' |

Main Power Loop , : Seamless Carbon Steel,

SA-106 Gr. A, Sch.80
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Moderstor Loop
Steam and Water

Container Shell
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- Stainless Steel, 30L4,316, or

347

Carbon Steel. SA=106, -
Gr.A, Sch. 80

SA 212 or 312

Aléminum killed
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~ ENGINEERING

Description of Power Plant

General This study is_ conicerned with a- neminal 200 megawatt electric
power generating plant using an 800 megawatt heat output, organic cooled, .
heavy water moderated nuclear reactor. This section of the report deals with
an engineering description of thié'pqwer plant.

Plant Site - The property for this plant is a typieél river site approxi-
metely one mile in length and three-quarters of a mile in depth back from.the
river, encompassing about 480 acres. The reactor building is located near the
center of the property, with the»turbine-generator building, including adminis-
trative offices, being situated next to it; ,Fig.;a and Frontispiece. Just.
beyond the turbine-generator building are the electrical transformers, the
switchyard, and the transmission facilities. The screen house is located on-
the river bank about 2000 feet from the turbine-generator building. Waste
disposal facilities are at the back corner of the property about 2500 feet .
from the reactor building and 3500 feet from the.river.i A:300-foot staeﬁ is
adjacent to the reactor building for venting mildly fadioactive decomposition i
gases. Railroad facilities enter the plant site next to the Waéte dispoSai<f
- area and provide service into the reactor builéing, into the turbinngeneretor
building, and to the electrical transformer and switch yard ares . Deepwells '
on the property provide the water for the steam cycle, shield cooling,
miscellaneous bearing and oil cooling, as well as for the fire protection‘
system and the drinking water and sanitary system.

Reactor Building - This building is- in the form of a 200-foot diameter t'
steel hemisphere above grade, with a 200-foot diameter steel cylindrical section -
extending 50 feet below grade and being closed on the bottom by a spherical .
segment with a 215=foot radius of curvature, thus giving an additional 25 foot
be}qw grade at the center of the building. Below grade this safety shell - 1s
su;reunded on the outside by four feet of concrete plus a considerably thlcker
section of concrete below the center portion of the bottom. A large pressqre.
seal door is on one side of the building to allow rellroad entry into the.
building. A small pressure seal door is provided opposite the railroad entrance

to allow personnel passage to and from the turbine~generator building.
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Fig. 3. Schematic Cross- Section of Reactor
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The reactor itself is in the middle of the building extending some 34
feet above and below grade elevation. Also located in this building are the
reboiler=-superheater units, the organic and héavy water systems and their

separate purification eqﬁipment, the gas system, and the waste disposal
equipment. The reactor and its various components are assembled in an arrange-
ment designed to providé adequate protective shielding and maximum accessibility
of equipment, Figs. 4, 5, and 6. The reactor is surrounded by 8 feet of

Barytes concrete while the associated equipment cells are constructed ofzwallg
2 to 4 feet thick. The simplified flow diagram of the O0.D.P.R. system is

1

shown in Fig. 7.

Turbine=Generator Building -~ This building houses the turbine-generator
and its associated steam cycle and electrical equipment, along with the main

control room, administrative offices, emergency diesel generators; and.
personnel decontamination locker faqilities,\Fig.lh. The bnilding is 200
feet in length, 80 feet in width, and extends 60 feét above grade and 35 feet
below grade. Railroad facilities extend into the building for easy access ‘
by the 100 ton overhead crane. '

Screen House - This building conteins the traveling screens; trash

racks, screen wash pumps and circulating water pumps. It is connected to the
reactor building and to the turbine generator building by circulating water ‘
intake tunnels. An elevated circulating water storage tank with a 250,000
gallon capacity is about 75 feet from the screen house toward the reactor
building. | |

Deep Wells - Four deep wells are located on the properfy, each being about
200 feet back from the river bank and being well set apart from each other.
The deep well pumps supply the water for plant services as well as to the four
200,000 gallon storage tanks located near the main parking area across  from
the turbine generator building.

Reactor

The Fuel Element - A

8. Mechanical Description - The fuel element consiéts of an aluminum
tube 3.5" in diameter and 18 £t long in which are held eight two foot long
bundles of UO, fuel rods. Each bundle contains 19 symetrically spaced fuel

2
rods 0.60 " in diameter made of pressed cylindrical U0, pellets of 92%

2
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theoretical density, and sealed in 0.025" wall thickness aluminum tubes. Each
pellet contains a 1/8" diameter gas expansion void space. The inner circle

of rods is spaced from the center rod and from the outer rod by 0.065" diameter
aluminum wire wrapping. Rods in the outer circle are spaced from each other
and from the inner rods by welded space sleeves made of 2" long tubing sections
spaced six inches longitudinally slong the rod bundle. The entire bundle is
aluminum wire wrapped to space the rod bundle from the element tube. Each
bundle assembly is made by a furnaée welding procedure such as used in manufacture
of MIR elements.

The upper and lower ends of the element tube are ported to allow flow of
the organid heat transfer fluid through the element tube and through the rod
bundles. The upper end is pfovided with an orificing arrangement for adjustment
of individusl element heat removal, and with a "twist-lock" devise for securing
the element assembly in the reactor core. A conceptual design for the element
is shown in Fig. 9.

The element tube fits. within the reactor process tube snd is spaced 1/16"
from the process tube by process tube ribbing. An "O-ring" seal at the upper.
Junction of the element and the process tube together with a labyrinth seal
at the lower junction, form a nitrogen gas insulating barrier space tb'preveht
loss of heat from the hot fuel tube to the relatively cool heavy water moderator.
Nitrogen is distributed to this space by 3/16" tubing arranged in the upper
organic plenum. The gas pressure is sufficient to overcome the pressure in the
lower organic plenum. This pressure differential allows slight gas leskage

and prevents organic from entering the nitrogen space.

b. ‘Selection = As noted previously, an organic cooled reactor requires

‘a large degree of subdivision of the fuel in order to provide the required

heat transfer area. Also, the choice of U0, as the fuel for this study limited
the choice of elements to simple shapes that could be easily fabricated. The

combination of these two requirements led to the use of small diameter cylindrical

rods. In order to obtain the lattice spacing réquire& by physics it was -
necessary to group several of these rods into a cluster. Preliminary calculations
indicated that single and seven rod clusters did not provide sufficient heat
transfer surface. The final design of nineteen rods in a cluster provided
adequate surféce area without increasing the amount of cladding unduly.

The possibility of using extended surfaces to obtain the required hesat
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transfer area was considered briefly. A careful examination of flnned rods
would certainly be Justified in e more detailed study.

c. Characteristics - Fuel elements similar to the one*selecéed for this
study have been proposed for several reactors 1-2 , 1=3, and work has been done
on the determination of thelr hydraulic and heat transfer characteristics.

One problem of interest is that of mixing of the coolant flowing in phe various

channels within the element. Since the neutron flux is depressed in the inner
rods the heat generetion rate here. is less than in the outer ring of rods.
However, the fluid in the inner channels is totally in contact with the fuel
rods while the fluid in the outer channels is partially in contact with the
fuel element tube. As a consequence the coolant in the inner channels tends

to become hotter than the outer channel fluid as it passes through the reactor,
unless mixing between the varlous channels occurs.

Experimental work on a seven rod cluster 1= -3y 1=k has shown that very high
degrees of mixing may be obtained by wrapplng some of the rods w1th splral
spacer wires. Therefore, it was assumed that there was no radisl variation in
coolant temperature within the rod cluster. Similiarly, no account was taken
of the radial variations in the heat generation rate within the cl&ster, since
physics celculations indicated that these variations were not large. The&'
errors incurred by neglecting these two factors tend to cancel each other, since
the heat generation rate is highest at the outer ring where the fluid would
tend to be coolest, due to less than perfect mixing.

The use of spacer wires causes a large increase in the pressure drop ﬁhrough
the element. Measurements made on a seven rod cluster 1=5 indicate that a .
friction factor approximately 2% times that of the Moody friction factor should
be used in computing the pressure loss. The pressure drop of a fluid flowing
axially along the outside of a closely pecked array of small tubes; but without
spacer wifes, has also been determined 1-6 and found to agree closely with the
Pressure drop compﬁfedmgsing the conventional Moody friction factor. Therefore;.

\e‘it appears that the increase in pressure drop is due entirely to the presence

of the spacer wires. Since the 19 rod cluster has proportionally fewer spaeers
than the seven rod cluster; the friction factor used in this study was taken as
twice the Moody frictiom Factor at the Reynolds number of interest° Reference
1-6 indicates that measurements made on a 19 rod cluster do indlcate a smalser
friction factor thanm that for the seven rod cluster.

. =38=



The large value of the frictiog factor fbund in this type of element
should be reflected in an increase in the £ilm coefficient for hest transfer,
h. The Reynoldé aﬁﬁlogy between the transfer of heat and momentum states
that, for a given system, the friction factor is directly proportionasl to the
film coefficient. Experimental data on a similar system is available, and a
correlation of this date was made to detérmine the magnitude of the'increase
in film coefficient. The film coefficient computed by the Sieder-Tate

equation was then corrected by this factor.

d. Stress Anslysis - The fuel elements in this reactor will be subject
to a number of stresses. These stresses will be caused by the flow of the
coolant, the difference in pressure between the lower and upper coolant plenums,
thermal expansion, and the difference in pressure between the coolant on the
outside and the gases on the inside of the cladding material. The last mentioned

cause of stress is considered the most serious as far as limiting the usable
lifetime of the fuel elements is_concerned because 9f the build up of fission
product gases with the burn up of the fuel. In order to analyze this problem &
number of assumptions had to be made. These assumptions were:

(1) " Thet the total porosity in the U0, disks (8% of the volume) is

available as free volume to contain the liberated gases.

(2) That all of the free volume within the element (including the hole

in the center of the disks, the porosity in the U02, and. the gap
between the cladding and the fuel) is imterconnected so that isolated
. pockets of gas cannot form. .
(3) That all of the stable gases produced by fission are not released
© from U02,4but only a fraction of the total is free to cause.pressure.
For the purpose of this analysis, gas releases of 20%, 10% , and 1%
were considered.

On the basis of these assumptions the hoop stress acting on the interior
surface of the fuel element cladding of the hottest fuel element was caleulated
as a function of the time of reactor 6peration at full power, (See Appendix c)
The results_of this calculation are plotted in Fig. 10. It will be noted that
for the first few thousand hours of reactor operation (for 20 & 10% gas release)
the stress is negative. This is because the external hoop stress caused by the
coolant pressure exceeds‘theuinternal stress due to gases. There are no -
'stresses attributable to differential expansion of the alqminum cladding and
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U_02' ‘fuel because there ie & gap between the ’cwo at all’ t:.mes of rea.ctor
operation. As the operating t:Lme increases the mternal stress due to gas
build up increases. It becomes equal to the external. strsss a.nd then contmues
o increase linearly with time. ’ .
A ‘ The date contained in Fig. 10 are independent of the typé of .cladding
used. In oxder to determine how this stress effects the alim:.nwn alloy
(X-22.19) used for the clasdding, 1’0 is necessary to relate the creep, time,
and stress for this alloy, In the Materials Selection section, See Fig. 36
the log of creep rate is plotted against the log of stress at 600°F for this
‘material. Also two extrapolations of the 600°F data to 750°F are shown. 1In
Appendix F the functional relationships obtained from these stma.ght line
Plots are given. These relationships are in the form:

éa klt (__o:_—)n

where € is strain in % elongation, t, is time in lOOO hours, o— is stress in
psi, and kl’ 59 .and n are consta.nts. Prom the ca.lculation of ‘stress d.ue to
fission product gases as a function of time the: following linear relatlonship
was found (See Appendix C)

0“=k3t-k)+

where dv is stress in psi, t 1s ‘time in lOOO hours a,nd. k3 & k,+ are consta.ntso‘
Su'bstitutmg this relationshlp into the one above giveS°
| =kt ks ¥ _ k_ n
which is a functional relationship between ths strain in the cladding and the
time of reactor operation. This velationship is plotted in Fig. 11 (starting
from the point where ¢ = 0, i.e., where internal stress equals external |
stress) for the three different fx*actloms of fn.ssmn product gas release, and
under “the following temperature conditions: '
(1) 600°F .
(2) T750°F ("&v extrapolation)*
(3) 750%F ("i~ extrapolation)*

| - *For an explanation of these extrapolatlons see the Sectlon on Mater:.a.l
| Selection, Fuel and Fuel Element C‘laddlng.
|

A
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" If an al;l.orwa.ble stfain :.s selected, Fig. 11 gives 'the'time that the
regctor can operéte'before .this strain is imposed upon the cladding. Since
for aluminum alloy X-2219 the s’bress required to produce rupture in any given
time is not too much larger than that required to produce 1% elongation, this
latter figure will be »ﬁsed as the allowable strain. With this criterion the
allowable fuel element life times for the various cénditio_ns of temperature
and fission gas release were determined from Fig. 11. Thié information is

sumarized in Table 2. )
TABLE 2

- TIME AND BURN UP TO PRODUCE 1% ELONGATION
IN ALUMINUM ALLOY X-2219

Temp . (°F) % Fission

Gas Release Time (hours). MWD/ T
600 20 10200 3240
600 : 10 : . 17300 . 5500 -
600~ 1 > 100000 > 30000
750 (“é" Extrapolation) 20 7500 2380
750 ("?" Extrapolation) 10 013200 - "~ L4200
750 g"?" Extrapolation; 1 910000 29000
750 "¥" Extrapolation 20 5750 1830
750 ("§P Extrapolation) 10 . 10200 3240
750 ("{" Extrapolation) 1 820000 26000

For the reactor under consideré,tion 3000 megawatt days per ton of
uranium is an acceptable fuel burn up. Table 2 shows that if the fuel cladding
does not exceed 600°F, fission gas release of 20% would not cause sufficient '
strain to limit the useful life of the fuel elements to below an-acceptable
figure. For a fuel element cladding temperature of T50°F, (the design
temperature for the reacﬁor) and using the "3" extrapolation of creep data,

a 20% gas release would limit the lifetime to an unacceptably low value. A
10% gas release under these conditions however, permits an acceptably lorig
life. If the "}" extrapolation is used a 10% gas release is just about the
maximmn that can be tolerated and still allow the reactor to operate for the
desired length of time. |

Two questions now might be legitimately asked: (1) How good. are the
assumptions that were used in meking this analysis? and (2) What is known
abopt the actual fraction of fission gas release from U02? In answer to the
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second question it must be admitted that not encugh is knowm at this time to
say definitely what the exact fraction of fission ga8 escape is. ' The problem
is being studied extensively in connection with the Pressurized Water Reactor
blanket fuel elements. Reﬁorts of many "in pile" experiments involving uée of
U02 disks in ercaloy claddlng are found: in the recent progress reports on
this project. -1 The percentages of fission gas release reported from these
experiments range from 36% down to .05%. In almost every case, however, where
the rercentage of gas\release exceeded a few percent, the temperature at the
center of the element was high enough to melt the UOé For example, the U02
in the center of a sample element similar to the one giving the low value of
°05% gas release was allowed to melt and the value obtained was 23% Atomic |
Energy of Canada has been performing experiments with similar elements at Chalk
R:|.V'er'lm8 and they report a 20% gas release for elements with molten centers.
Since the elements proposed for this reactor are designed to prevent melting
of the UO2 fuel, it is not unreasonable to expect that the gas release. would
be less than 10%. '

What then of the assumption made in this analysis? With regard to the
open porosity'of er, th? question of how it is effected‘by the density is
presently under study by Lustman and others at the Bettis Plant of Westinghouse
- Electric COrporation,l°9 There is some descrepancy in the experimental results,
but it is generally found that not all of the porosity is open. Thus, the
assumption that the total porosity (8%) in the UO2 proposed for this fuel element
(92% of theoretical density) is open, probably overestimates the free volume
available for fission gaé occupancy. However, since the mechanism of gas release
from 002 is bélieved to be one of diffusion 1- 9 and the amount of diffusion is
dependent on the amount of free surface ares, it seems likely that a decresse

in open'porosity would bring about a corresponding decrease in gas release. Thus
the overestimation of free volume should be compensated by a decrease in gas
atoms reaching thls volume

The assumptlon concerning the 1nterconnection between all free volume pockets
seems quate Justlfled if only the open porosity in the U0, is considered. The
assumption concerning the amount of fission product gas released has already been
discussed. The assumed decrease in creep strength from 600°F to 750°F is discussed
under the section on Material Selection. Suffice it to say here that the 3"

extrapolation seems conservative.




In conclusion it can be said that this analysis has shown that the fuel
element designed for this reactor could give satisfactory service. Whereas
many assumed quantities have been used in this analysis, most of the areas
of doubt are being investigated today and a much better analysis should be
possible in the near future. In the last analysis, howevér, any fuel element
must be accepted or rejected in actual experimental tests. It is felt that
on the basis of the evidence available and presented here this element deserves.

_ such tests.
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- The Core

Introduction ~ The reactor core is similar -in d;es:Lgn to that of various
other hea.vy water modera’ced reactors such as the Can.ad:.a.n Chalk River units,

the chief variation being in the use of an organic as the primary coolant.
Since réactors of this ﬁype have been built and operated successfully for a
number of years there is little reason to doubt the feasibility of the basic
design proposed in this study.

General Arrangement - The reactor core consists of a right circular
cylinder, 16' - 11" in diameter and 16" - O" long, as shown in Figs. 13 and 14.
The core is surround.egl both axially and radially by a 6" D,0 reflector. The
T45 process tubes containing the fuel elements are arranged within the D20
moderator on a T" hexagonal pitch, as determined by Reactor analysis calculations.
The 130 control rods are spaced approximately 15" apart within the process tube
lattice. Détails of the control syétem are given elsewhere :.n the repbr’m

Primary Coolant - The organic coolant enters the reactor core by means

~of a bottom plenum chamber, formed by the pressure vessel and the lower tube
sheet, flows upward through the fuel elements and then into the upper plenum.

chamber. At full load the cooclant will enter the core at 517 F and leave at 625 F

removing 720 MW of heat. The pressure drop of the coolant across the core is
190 psi, with an inlet pressure of 250 psig. Each fuel element is orificed so
that the temperature rise and overall pressure drop through each element is _the '

same .

Moderator and Reflector -~ The temperature of the heavy water moderator will
be malntained below 200 P in order to reduce the pressure in the core and to
increase reactivity. The D20 will be circulated upward, through the core at a
very low velocity in order to remove the 80 MW of heat generated within it by

fast neutrons and gamma rays. Because of the iarge gae space separating the
D20 from the fuel element the heat given up to the moderator by conduction is
negligible.

The D20 enters the core through a bottom Plemum chamber formed by the
lower tube sheet and an orifice plate, and is removed by a collector ring
assembly located below the upper primary coolant plemum. The DEO is also used
to cool the reactor vessel by means of baffles which direct the fluid along the
inper face of the vessel. In addition, heat generated in the .control rods
will be removed by the moderator.

T
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Gas System - During operation the large void space aboveythe upper. plenum will
be filled with Nitrogen gas. Although the saturation pressure of the organic

in the upper plenum is only 9 psig, a 60 psig over Pressure is necessary in

oxrder to maintain a pressure above aﬁmospheric at all points in the system. The .
D20 moderator will be pressurized to 100 psig as a precaution against possible
boiling due to local variations in heat generation and removal . a ' .

Nitrogen gas will also be introduced into the 1/8" gap between the process
tube and the fuel element. The pressure in this space will be balanced against
the pressure of the orgenic in the bottom plenum, eliminating the need for a
positive seal between the fuel element and lower tube sheet.

Mechanical and Structural Arrangement of Core - The loads on the core originate
from three sources: ' ’ :

1. Hydraulic drag forces on fuel elements

2. Hydreulic pressures on tubes, plenums and tube'sheets

3. Thermal stresses from temperature gradients.
Figures 12, 13, and 14 indicate the mechanical configuration'éf thé core. The
lower tube sheet is welded to the reactor vessel. The process tubeAwhich is
the primary strength member for equilibrating drag forces and hydraulic- pressure
is welded to the top and bottom tube sheets with a strength weld. The maximum
stress in this tube is 2600 psi and §ince tﬁe estimated allowable stress at
200°F is 10,000 for 615 aluminum alloy there is ample margin of safety. Since
the tubes are approximately 16' long and 3.5" din diameter, instability was
considered. Operating loads, however, stress this tube in tension and only
the loss of D20 pressure would result in compressive forées. Midway in the
core is a lattice arrangement which affords pin-ended support to columm mid-~
length to reduce the (ég) ratio. The bube may then be considered fixed-
pinned for instability purposes and the critical stress is increased greatly..
To prevent thermal stress resulting from différential thermal expansion of the
core and pressure vessel, the top tube sheet is not welded to the vessel wall
but is arranged to float vertically with lateral cbnstraint. The leakage of
D20 to organic-is prevented by & membrane type seal.fAfﬁﬁl,u“ﬁw:;

Pressure Vessel

The pressure vessel was designed using the criteria established by the
ASME Boiler Code using an allowable stress of 17,000 psi for SA-212B. This
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criteria is based on membrane stress and is conservative enough to allow an
additional increment of stress for thermal effecté. This. extension of the code .
is allowable because of the similarity of thermal stress with bending stress,
thue allowing an additional 1.5 on the allowable.membrane stress.

Calculations were completed for internal heat generation in the vessel -
wall. The vessel wall is only 1-1/2" thick therefore, although the specific
energy deposition is high, the heat flux to be removed on the inner surface
is relatively low and the temperature gradient not severe. The pressure vessel.
thus acts as an effective thermal shield for the concrete biological shielding.

Calculations were not done for thermal stress in -the concrete shielding.
Gradients could be reduced by cooling the shield with circulating water which
would also act as an effective fast neutron barrier. ] '

\

Biological Shielding

The National Committee. For Radlatlon Protectlon has established llmits
for maximum permissible exposure to radiation which . are published in the
National Bureau of Standards Handbook 1 l , o

These limits are based on a conservatively -established radiation dose
rate that is known to produce no measurable physical effect on- humans vhen .
received continuously over a lifetime of exposure. This established or standard
dose rate if 0.3 rem/wh.

For shield optimigation it is necessary to con51der the following opera—
tional and maintenance characteristics of the reactor plant

(l) Some regions will not require continucus access.

(2) The average power level of the reactor over a time interval may be

lower than the rated power.

Careful: consideration of these two factors and possibly averaging dose'rate,over
a quarterly operating period will result in shield optimization. - S
Since this report is essentially a feasibility study, these 1mportant
aspects of shleldlng design ‘were not fully considered and the dose rate of 0.3~

rem/wk or 7.5 mr/hr was established for maximum permissible exposure at rated

power.

The velue of 0.3 rem/wk is the cumulative dose of{both neutrons and gammas.
Since the RBE for neutrons is 10 compared to 1 for gammae the greater attenu- °
ation of neutrons by the blological shield will result in a more effective .
reduction of dose than a similar attenuation of gammas.
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The maximum permissible radiastion fluxes were established as follows:

MPE = 4000 photons
. E 2 -
. cm sec
- =22 ’
MPE = 3.6 x 10 fast neutrons
' g E 2 . .

cm - sec -

The maximum neutron flux can be conservatively estimated at 30 neutrons for fast
‘ 4 : cme-sec
neutrons, and arbitrarily assuming 10 neutrons as the ellowable flux, the

_— 'cm?-sgi :
preliminary design tolerance levels were-esta ished as follows:

Radiation : Flux. , Dose
Neutrons . 10 neutrons . 2.5 mr/hr
cIme-sec
Gammas 3340 5.0 mr/hr
2

«Thé calculations in appendix show that a more effective shielding arrangemeht
is possible by using a barytes concrete 8 ft thick which is more effective

in atténuating gammas and allowing the fast neutron dose rate to go up tb

3.2 mr/hr. No calculations have beew done for thermal»neutrdns-éince4the MPE
for slow neutrons is much greater than for fast neutrons; also, the only

source of thefmal neutrons in the concrete biologicael shield is that associated
" with the slowing down of fast neutrons. ’ .

The calculations indicate that Barytes concrete is so effective in
attenuating gammes that fast neutrons are the most important dose sourée.i Ir
a hydrogeneous material was placed at or near the-exferior of the reactor
vessel, a more effective and less bulky shield would be possible.

The following tabulation indicates the dose rate expected from the non-

negligible sources. -

TABLE 3
. S Dose Rate
Type Radiation MR/HR
Fast neutrons from core 3.200
Capture y's from fast neutrons
k slowed down in concrete RK) -

Capture y's from thermal neutron
capture in reactor vessel .008

== 3.618
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Control and Instrumentation ,

Reactor Protection System - The protection of this reacto; following plant
incidents which are normally termed accidents does not appear to present any
problems not normally encountered with power reactors. The accidents that must
be protected against include:

(a) Startup accident-short periods due to excess feactivity insertions

vhen reactor is below power range. ‘
(b) Loss of coolant flow - decreased coolent flow due to loss of one or
more coolant pumps .

(c) Excessive nuclear level - reactor poﬁer beyond safe levei.

- (4) Excessive reactor temperatufes - temperatures that'endanger the
integrity of the core. . _

(e) Cold coolant or cold moderator accident - reactor transients

following sudden injection of cold coolant or cold moderator.

The power level that the reactor reaches during a start-up accident is an
inverse function of the magnitude of the temperature coefficient if no protéctiﬁe
or control action such as control rod insertion islinitiéted} .Since the tempera-
ture Qoeffiéient of this reactof is small and perhépé stitive;>extra precau%w
tionary measures must be included to.compensate for this weekness. These
measures should include: (1) Limiting rod-withdrawal raﬁészsuch that many .
seconds will be required to add .1 % reactivity, (2) & period cutback protec .
tion system that automatically incréases the reactor périod'by inserting‘
control rods when the period becomes . shorter than somé'arbitrary limit,
probably about 30 seconds, and (3) a period scram that will shut down the
reactor when the period is shorter than some safe value, probably about 20 seconds.

Loss of codlant flow and excessive nuclear level accidents could be - |
protected against 51multaneously since they are related. The protection system
could include a power-flow comparator whiqh‘operates a nbn-lock-ln cutback
at one.pdwer-flow ratio and a scram at ahbther'rétio. The cutback and scram-
levels would be some values above the design level, whlch would require an »
analytical study to determine. The nuclear level Would be determined by the
ionization chambers which measure reactor power, while loss of flow could
probably be determlned quickest by monitoring the power to the coolant pumps.

Excessmve reactor temperatures could be prevented in ‘the same manner as
the other accidents, by first a cutback and then a scram if the cutback does
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alleviate the condition. The protective action should be initiated by either
the reactor coolant outlet temperature as measured in the loopé~o} by the _
coclant temperatures as measured by the thermocouples in the core. ‘ .
Cold coolant or cold moderator accidents are a function of the magnitude
of the negé%ive:temperature coefficient of the fluid that suddenly changes .
temperature. The magnitude of the coolant temperature coefficient is such
that any trénsient due to the startup of a colder loop ‘could probably be limited
by a power-flow scram if a temperature interlock is included to preveﬁt the
starting of a pump unless the temperature of that loop is near the reactor—
tempei‘éture° '
The moderator temperature coefficient is such that the reactivity insertion -
due to a sudden temperature. .change is about the same as that produced by the
same change in coolant temperature. Since there are four moderator loops,
temperature interlocking would have to be used to prevent adding a cold
moderator l1oop to hot loops already operating. Loss of all moderator flow
should initdate & scram. It is not expected that loss of moderator pressure
should §ause reactor shut down unless the flow is low.
In addition to the automatic protection system, the usual features of -
manual or operator-initiated scram and an alarm system would be included.

Reactor Control System Under Normal Operation - An automatic comtrol system

is desirable for a nuclear power plant of this size. In general, central -
station power plants employ automatic systems to regulate steam pressure by
controlling the rate of fuel input. To comply with this practice, an automatic
system for'controlling reactor power and temperature is proposed.
A reactor with negative temperature coefficient is capable of self-
adjusting its power generation to meet the steam Plant demands in a closed loop
system such as this. However, with a temperature coefficient as small as
~1.6 x 10”5/00 s the transient response of the plamt would be poor, i.e.,
the reactor would be sluggish in responding to load fluctuations. Wide reactor
temperature variations may also occur following load changes, which might result
in damagé to the reactor.
Antomatic control of a reactor is also desirable because of the reactivity .
transients due to xenon buildup and decay that follow load changes. If the |
control rods were not moved to compensate for the poiscn variations, the T
temperature of the reactor would change.
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' Thus, it seems justifiable for both the reactor power and the coolant
temperatures to be controlled automatically by moving the control rods.
In general, a centrol system that generates a control signal‘of the
following form'sheaid be adequate:

° + Tc - Tref.

where: '
€ = error or reactivity demand signal

# reactor power level as measured by ion chambers

n, = power demand signal determined from eteam flow or generator
“output -

'Tc s reactor inlet temperature es~measured‘by resistance thermometer

Tref= reference point for controlling reactor inlet temperature..

The n - n, signal is divided by n since the gain of~a.contfol loop of
which the reactor is a part is proportlonal to the power level of the: reactorl-lo
Dividing by ng glves this control loop constant gain. It was decided to control
cold leg temperature instead of average temperature or steam pressure_because.
(1) if the average temperature were controlled at 600°F,'the steam pressﬁre
would vary from LOO psi at full load to approximetely i550 psi. at'no load; ‘
and (2) if the steam pressure were controlled at 400 psi, the average tempera-
ture of the coolant would vary from 600°F at full load to approx1mately tho
at no load. The variation of steam pressure in the first case seems unreasonw'
able since the stesm plant would then be designed for 1550 psi and operate
at 400 psi. The varistion in coolant temperature in‘the'second_ease:may'resﬁlt'~
in a large expansion of the coolant requiring a large ekpansion tenk. However,- ‘
the expansion may be tolerable and the steam pressure could be substltuted ‘
in the error signal equation for cold leg temperature.

The error signel generated would be used to actuate rods-in or rods=-out
‘relays, which would then move a group of rods until the error is corrected.

This control system would operate in conjunction with the rod programmer &as
discussed later in this section.

Time did not permit a detailed stability study of the plant and proposed
control system. Such a study would reveal what design features were required

to insure stable operstion and control.
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Reactor Instrumentetion - Reactor instrumentation is required to provide

an adequate amount of information to the control system, to the protection
system, and ﬁo the operator. This informatidn is presented in the main
control room. A main control console and a main instrument panel are provided
along with auxiliary control panels.

Instruments required include thbse which measure the reactor power from
complete shutdown to the maximum level that causes shutdown. At least two
“types of neutron&detectors will be provided to cover this range which usually
extends some ten to .twelve decades in power reactors. The detectors will
probably ‘be compensated 1onlzat10n chambers and BF3 counters° At least two
énd probebly three of each are necessary to supply accurate and reliable
information. These deteétbrs provide signals for period meters, log-level
meters below the power range, and linesrslevel meters in the power range.
Period and lével signals are sent to the prgtection system while level signals
are sent to the reactor control system. f

A number of thermocouples are provided to measure the. outlet coolant .
temperature of a number of fuel cells. The thermocouﬁles will be located to
give a radial temperature distribution that might be ueed'in flattening the
radial neutron flux. A vertical row of thermocnuples is also provided to d
determine a vertical temperature variation. ‘ E

A system is also provided to locate any ruptured or. failed fuel element.
The system proposed entails comtinuous sampling of the:bulkzeoolant to
determine when a failure occurs sonewhere\in the core. The next step is £0
take a sample from each coolant channel, using the fuel changing index1ng
equipment . ‘The defectlve element is then removed.

The position of each of the control rods will also be determined and
indicated. The method of detection of rod position could involve either
hydraulic or electrical position meesuring e‘ﬁnipment°

In addition to the direct reactor instrumentation, & basic list of
variables which should be monitored is as follows:

(1) Bulk coolant temperature at outlet of reactor for each loop

(2) Bulk coolant temperature at inlet of reactor for each loop

(3) Coolant flow each loop

(%) Coolant pump head

(5) Reactor pressure drop

(6) Heat exchanger pressure drop
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(7) Moderator outlet temperature for each loop
(8) Moderator inlet temperature for each loop
(9) Moderator pressure 4 ‘

(10) Moderator flow for. each loop:.

(11) Moderstor plenum liquid ievel“

(12) Organic plenum liquid level

(13) Steam pressure for each loop - ' /
(14) Steam flow for each loop

(15) Feedwater flow for each loop

(16) Evaporator liquid level

(17) Total Steam flow

(18) Condenser pressure

(19) Feed-ptmp head

(20) ﬁotwell’temperature

- Numerous other instruments and monitors are necessary for plant. operstion
whlch are not listed. These would include such measurements as pump bearing
temperatures, cooling water temperatures, various radlatlon levels, electrlc&l
quantities such as voltages and currents, and the’ various measurements E
| associated with the sampling and auxiliary systems. 3
An annuncistor system in line with conventional power plant praetice -

is provided to warn operators of abnormel situations.

femgerature Coefficients of Reactivity - It is usually advantageous for
“the temperature coefficient of reactivity of a reactor to be negatlve. A .
coefficient of this type is very helpful in regulatlng the reactor and mav be
regarded as an inherent control system. The requirements of a reactor control -
system are thereby reduced and the safety of the reactor is enhanced. |

This reactor may be consideredlto have three separate temperature
coefficients: (1) a metal coefficient, (2) a moderator coefficient, and (3) &
coolant coefficient. Since the coolant and metal are normall& at or near the
same temperature, their coeff1c1ents may be lumped. It is therefore desirable'
to know the magnltude and sign of two temperature coefficients of reactiv1ty.

The coolant and moderator are insulated from each other; and it is '
necessary that each exhibit a'negative reactivity effect with}increasing
temperature. The reactor could'be inherently unstable if either coefficient.

were positive.
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(a) Coolant Temperature Coefficient - The temperature coefficient of the |
coolant was calculated and found to be negative but small in mé.gnitude° The L
equations and calculations are contained in Apfendix D,

The net coolant coefficient is determined by the summation of five

components:

(1) 1 2 € 0
e oI |

(2) L 2N 1 x 107/%
ST, |

(3) 1 >p 2.6 10-5/0
S ST 3.65 x c

) 1 >t o -5/0
5 5 Tc 3.6 x lq c

2
(5) -8, 2 W -1.65 x 10°/%
o Tc.
Net coefficient | .65 x 10-/%

The magnitude of the net coefficient is not as large as may be desired.
It can be seen that the two large components approx1mately cancel each

other. The large positive term %-é? g could be reduced. by decreasing the
amount of coolant per channel since the coolant is a’ p01son. A decrease in

1yn 2 5 W
lattice spacing would increase the magnitudes of the = ST and Bg 59 T

terms because of an increase in neutron temperature. A degrease in lattiGe
spacing would also increase the magnitude of the ; 2§ﬁ£' term.' The net
effect of a decreased lattice spacing would probably b€ an increase in the
magnitude since the negative terms affected are largef. Thus there are itwo _
design variations which would probably lead to an increased negative coolant
temperature coefficient:

(1) decreased coolant/ fuel cell

(2) decreased lattice spacing _

The coolant temperature coefficient calculation was for a clean reactor
at operating temperature with natural uranium as fuel. As U235 burns out
and Pu239 builds up the magnitude of the coefficient may become smaller. This
is a result of the increased resonance 1ntegral for Pu 239 over U 235 which

238 239’ -

leads to a decreased resopance absorptlon integral for U238, since U 7, Pu
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and U235 are all'competing for the resonance energy neutrons. The net effect
of the Pu 239 increase is then a decrease in the magnitude ofrj,' ;Tp and a
decrease in the tempersture coefficient such that it may even becoge positive.
(2). Moderstor Temperature Coefficient - The calculation of the moderator
temperature .coefficient was made using the same equations as those for the

coolant temperature coefficient (Appendix D )

The components ofithe coefficient were found to be:

WL 3s B

B m ' .
()1 o€ -

€ T
(3) L = § 45 x 107/%
() L 2op o

‘P9 T, : ,

2

(5) - B 3 : _ ~5/0
| g 3 T , | '2.35 x 1077 %¢
Net coefficient o -1.6 'x,lo's/oc

The magnitude of the net coefficient is approximately the same as that
of the coolant. However, there is no reason for having a large.negative
moderator coefficient since it is not used to transport heat to the stean. ..
plant. L
‘The calculation was again based on a hot, clean condltlon. The effect of
the reflector was not included and would ‘probably be small .

A decreased lattice spacing together with decreased overall dimens1ons

would increase the net coefficient by increasing the leakage term - Bge <5 M?.
. 9 T

Control Rods = Excess reactivity is controlled by neutron absorblng rods

inserted into the reactor from the bottom. The rods are housed in perforated

aluminum tubes as described on page 46 and. located in the moderator region.
The rods are spaced symmetrlcally in triangular array with a 15 inch pitch
as shown in Fig. 13. Tt is assumed that all rods-are similar and black.
They will probably be constructed of steel containing4about 2% boron. .
The rods must bedcapable of maintaining the reactor subcritical.when-the’
reactor is clean and at its lowest tempersture. The excess reactivity of the
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reactor at operating temperature is approximately 9%. The gain in-reactivity
due to lowering the coolant temperature from 600°F to 0°F and the moderator
temperature from 200°F to OOF would not exceed 1%. It thus appears that at
least 10% of controllable reactivity must be supplied by the coﬁtrol rods .

(1) Rod Effectivemess - The calculations of the effectiwmess of the rods
are contained in the Appendix. The following is a list of the results of
these caléulations.

Group S k/local Sk/rod No. rods S k Group
I 196 | .00k 1 .00k

1T 196 .00378 6 o .0227
III .196 .0030k 12 - .0365

Iv .196 .00222 18 .0400

\J 196 .00118 - 2k .0283

VI . 196 .000k6 30 .0138

VIiI 196 000085 Lo 003k

Total k .1487 e

The total S k of the rods is seen to be 14.8% by this calculation. However,
this must be considered as an spproximation since it is subject to limltatlons.
It was assumed that the flux varied radially according to the Bessel function
Jo’ which applies to unreflected cores only. The ra.dlal flux veriation is.
flatter for a reflected system which increases the worth of the outer rods
and decreases the worth of the imner rods. The above list indicates that the
outer group of rods is negligibie in worth. However, the worth of this group
would be increased in a reflected system.

It was decided to determine the total worth of the rods if the r’adiai
flux were flat instead of varying according to Jo°  In this case ‘the position
factor is 1, and each rod is worth approximately .0011. The worth of 130
rods in this case would be 1k.3%.

. The effect of shadowing was not considered. However, it is felt that
this effect will be small and that there is suffiéient, margin ‘to insure complete

reactor shutdown. ' : - .
(2) Rod Programming - None of the rods has been designeted as a shim or
a safety rod. Since all rods would probably be positioned to flatten the ~
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radial fluxz it seems that no restriction should be applied.

A logical way of programming the rods is to move them in groups, i.e., each
concentric ring of rods could be positioned in unison. A programming mechanieg
is then required to determine the sequence for moving the various groups. This
programmer would be required to keep the groups in the same relative p051tions
as they are moved through the core.

The drive mechanisms for the rods are located beneath the reactor vessel
and push the rods out the top of the core. Either hydraulic or electrical
drives could be used. All rod guides in the moderator and rod'extensions are
perforated aluminum tubes to minimize'poison and permit moderator to fill
as much of the rod guide as possible when the rods are out of the core.

The meximum reactivity of a group of rods isAseen to be approximately
O;Oh. Since the core is sixteen feet high, the average worth of this group
per foot is 0.0025. If e maximum to average worth of 2 is assumed, the
maximum é’k/foot is 0.005. If the rods are then moved at a constent speed
of 2 ft/minute, the maximum rate of reactivity insertion ie approximately
.OlOO/minute.i This rate would prevent an operator from obtalning a prompt
critical start-up condition for at least forty seconds after: passing
criticality in which time safety circuits could easily operate to protect
the reactor.

It is also required that the rods speeds permit the operator or an auto-
“matic control system to follow xenon transients following reactor load changes. ‘
It is estimated that the xenon transients that could be encountered with this
reactor plant should not exceed 10 -5 S k/sec or 60 x 10~ éik/mln and do p
not introduce any control problem with the rod rates chosen..

The time required to pull all rods from the ‘bottom of the core to the
top of the core, or the meximum time to achieve criticality would be of" the
order of 55 minutes. A | 4

It is therefore concluded that a choice of 2 ft/mln is adequate for
all operatlng conditions.

' Fuel Handling - This system consists of a~storage eanal, discharge tube,
fuel racks, hydraulic 1ift, and & remote operated special indexing fuel handling
crane within the reactor head, Fig. 4 and 1k,

The principal requirements of the fuel handling system include:
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a. The provision for removal and replacement of all of the components
of the reactor core. . . et

b. Provision for storage of fresh fuel elements and cooling space for

used fuel elements. '

c. Provision for transferral of fuel elements #o and from railroad

shipping cars

d. Provision for refueling during a weekend shutdown.

A genéral description of the system and facilities may best be accom-
plished by describing the replacement of fuel elements.

The reaétor is shut down and the coolant is kept circulating at a reduced
rate to remove the decay heat. In the storage canal six fresh fuel elements are
loaded into one of the fuel racks, which héve‘provisions for holding seven
elements, and the fuel rack is moved onto the platform of the hydraulic liff
at the end of the canal next to the reactor and immediately below the discharge
tube. The lower gate valve of the discharge tube is opened and the water
level in the canal and discharge tube is raised from the normal level, which
is approximately twenty feet above the fuel elements in storage, up to the .
upper gaté‘vﬁlve in the discharge tube. The hydraulic 1ift, including the

fuel rack and elements, is raised until the 1ift platform seats against-éhe
bottom of the discharge tube. The upper gate valve is then opened.

In the reactor,-the special crane is indexed to the proper element and
the first lifting device is attached to the fuel elemedts extension which
protudes above the spacing tube sheet near the top of the control:rod’ !cens".
Visual observation is accomplished by a television camera lowered through
an access opening in the top of the reactor. The element is given a fraction
of & turn to unlock it from the tube sheet and 1s.-1liftedsby this first
lifting device until the top end of the fuel elemenf itééif; including the
discharge'pbfis, is above the top of the control rod cans-.. Anéther lifting |

_ device, provided with & gas blast tube, is attached to the element at 1ts -
top head and gas is forced through the element for cooling. The extension
is then detached ‘and moved sway by the first 1ift system for future instella-
tion on the new element.

The old fuel element is 1ifted uitil the bottom is clear of the countrol o
rod: cans and is then transferred to the blank space in the fuel rack. The
new element is then lifted from the rack and installation procedure is the ‘ N

reverse of the removal.

=f2e




After the sixth fresh element has been removed from the rack the hydraulic

1ift is lowered and the fuel rack is removed into the storage canal and another

rack is set on the lift platform in order to continue the replacement procedure

if so desired.

When all replacements desired have been made, and the hydraulic 1lift is in
the lowered position, the upper gate valve is closed and the water level in
the sto;aée canal and discharge tube is lowered to the normal level. The lower
gate valve is then closed°

For shipment of spent fuel‘elemehts for reprocessing, the elements are
lcaded into a special shipping cask under water in the storage cenal. The
cask is closed and sealed and is transferred onto the shipping car by the
crane. The cask is lifted up through an opening in the four foot concrete
floor abcve the storage canal provided by removable sections of this concrete.

Primaxry System .

The flow of the organic in this system is from the pumps to the bottom of
the reactor, from the top of the reactor to the superheater, to the reb01ler,
and thence back to the pumps, see Fig. 16. A side stream of organic is taken
off downstream from the reboiler to pess thfough the purificatibn system and
be returned along with the organic feed to the suction of the pumps . - ‘

The four cellular enclosures for the elght 11,600 gpm organic reclrcula-
ting~-feed pumps are arranged along the side of a pipeway which connects to
the piping cell which surrounds the reactor. Each of the four reboiler-
superheater units are separately shielded in compartments along the side éf :
the Teactor bullding next to the turb1ne=generator buildlng s0 as to reduce
the steam cycle piplng in the reactor building to & minimum and prevent '
radloactlve contamination of the secondary system. Organic purification and
storage eguipment are in cells in a quadrant cf the reactor building
adjacent4to the railroad facility and close to the orgenic recirculating-feed
bumps . The organic storage tank is heated by electrical coils placed inside
the tank in severai horizontal banks one above the other in order to maintain
the organic as a liquid regardless of the depth of organic in the tank.
Heating control equipment 1s located in a room adJacent to the storage tank.
This tank also acts as an expansion reservoir for the primary system along
with the space at the top of the reactor.
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The orgasnic enters the reactor through eight 24-inch lines whiéh feed
into the lower chamber of the reactor vessel° The orgenic flows upﬁard
through the -core section around the fuel slugs inside the aluminum fuel tube.
The annular gas space around the outside of the fuel tube is open to the
organic at the bottom tube sheet with leakage of gas into the organic being
minimized by a labyrinth seal and balenced gas pressure. The organic flows
out of the core region into the upper chamber of the reactor, with the level
of the organic in- this chember being maintained at approximately seven feet
above the top tube sheet. Thé organic'leaves the reactor through eight
24-inch lines to go to the superheater. '

The orgenic passes through the shell side of the four superheaters and
exits through eight 2hk-inch lines which combine into four 30-inch lines for
entrance to the four reboilers, Fig. 17. It passes through the tubes of the
reboilers and leaves in four 30-~inch lines which connect to the orgenic
recirculating-feed pumps and to the organic storage-expansidn tank.

Thé shell of the reboiler and éuperheater are made- of boiler“gradé“
carbon-silicon steel to A.S.M.E. specification SA-212, grade AbA.The‘tubes'
of the reboiler and superheater are seamless carbon steel'tubes, A.S.M.E.
specification SA-83; 1/2-inch OD by .065 wall in the reboiler and 5/8-inch‘
OD by .065 wall in the supérheater. All organic piping is seamless carbon
steel pipe, A.S.M.E. specification SA-106, grade A, Sch.80, and is inducfioh«
heated by electrical coils wrapped around the pipe under the 1nsulat10n,

The reboilers have an 8-foot 1nternal diameter at the head end, a l3=
foot 3-inch internal dlameter at the opposite end, and are 19 feet long. '
The superheaters have a 3-foot 9~ inch internal dlameter and are 12 feet in
length.

Secondary System

This system inclﬁdes the turbine-generator and all of its associated
equipment and piping.- The make-up feed water for this system is supplied
by the deep well pumps, which pump directly into the water treating equipment
as well as into the four storage tanks near the main parking lot and into the
eﬁergency water storage tank in the upper region of the turbine-generator
building. The water purification system handles a side stream of water from

the main loop of the secondary system as well as the make up water. The
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water from the treating plant is passed into the surge tank of the main feed-
water system. From the surge tank it is pumped by the mein feedwater pumps
through two high pressure extraction heaters and into the reboiler-superheater
units located in the reactor building. The steam from the superheater coﬁes
back into the turbine-generator building to supply the throttle steam for

the turbihe as well as the jet steam for the steam jet air ejector. Exhaust
steam from the turbine is condensed and pumped by the hotwell pumpé through
the steam jet air ejector, the low pressure feedwater héater, the main
deaerating heater, and into the surge tank. The side stream for clean up

of any contamination in the main loop is taken off the aischarge of the hotwell
pumps . .

Reboiler and Superheater - Steam generation and superheating is éccomplished
as shown in Fig. 17. Each reboiler is equipped with a horizontal, perforated
baffle plate located about six inches asbove the tube bundle and with screen
type steam driers as shown in Fig. 18.- Water enters,the‘reboilerIthrough
two L-inch pipes which extend along the ‘lower side of the tube bundle for
about 90% of its length; the water flowing out of these pipes through slots
along the top of the pipes. The steam,after passing through the driers, is

taken from the reboiler to the superheater by five 8-inch pipes.

Steam passes through the tubes of the superheater and exits through
four 10-inch pipes which then combine into one 20-inch pipe to flow to the.
turbine. All piping in the secondary system is A.S.ME. specificatlon SA-106,
Grade A, seamless carbon steel pipe, Sch 80.

Heat is supplied to each of these units by hot organic flowing directly
from the reactor through two 2&—1nch pipes into the shell of the superheater;
then through two 2h-inch pipes joining the one 30-inch pipe into the reboiler,.
through the tubes of the reboiler and out through one 30-iﬁch pipe to the'
organic recirculeting pumps.

Turbine-Generator - The turbine-generator unit is a compuund, double

flow, 1800 rpm, 225,000 kw turbine consisting of a single flow high pressure
unit, a single flow intermediate pressure unit and a double flow low pressure
unit coupled directly to a 260,000 kva hydrogeh cooled generator.

Steam is extracted from the turbine at five points to heat the feedwater
and to supply deaeration of the feedwater. One extraction point on the high
pressure turbine and one extraction point on the intermeédiate pressure turbine



Suppiy the steam for the two high preséufe feedwater heaters. Extraction
frqm.tﬁo different stages in the early portion of the low pressure turbine
sﬁpply the proper temperature and pressure steam for the deaerating heater.
Extraction from a later stage in the *low pressure turbine supplies the low
pressure feedwater heater. Several rows of moisture removal blading are
used in the low pressure turbine to assist in the moisture removal. By
employing special turbine blading of this kind the moisture content in the
last stage can be maintained below 15%, without the aid of an external'moiSture
removal system. "
At full load operation steam‘at}hoo psi& pressure and SSOOF is supplied
to the turbine throttle at the first stage of the high pressure turbine section.
Full load operation calls for a steam flow of 2.563 million pounds. per hour
at the turbine throttle. Exhaust pressure conditions will vary between 1.5
eand 3.0 inches of Hg abs. : '
There are. two steam seals on the high pressure turbine, two on the ‘
intermediate pressure turbine and four on the low bressure turbine. Labyrinth
seals that operate in a conventional manner are used. The shaft seals are

rings ahd also supplies sealing steam to prevent leakage of 'air into the turbine.
During start up or at light loads, when a vacuum exists in the turbine shell,

a regulaﬁor admits steam at 2 psig to seal the labyrinth. During full load,
leak~-off steam from the high pressure labyrinth rings is used ﬁo seal the

lower pressure ends and any excess is dumped to the gland seal leak-off system.
The owter chamber of each ring assembly is connected to a steam-seal gland
exhausting system which prevents steam from escaping past the outermost‘rings
into the plant. A slight vacuum (10-in of water) is maintained in the outer
chamber. Steam end air leakage from each labyrinth section isvdischarged to

the gland seal leak-off system and later returned to the main loop.

Steam to the turbine passes through two emergency stop valves in parallel
and then through two sets of control valves which feed separate halves of the
turbine shell. ‘ ‘

The main generator is a 14,400 volt, three phase, 60 cycle, 225,000 kw
hydrogen cooled machine. The name plate rating at 30 psig hydrogen pressure
and a power factor of 0.85 is 260,000 kva. The generator is of the dowble
winding type with a short circuit ratio of 0.64 and a current rating of 5230
amp per winding. _
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The generator is cooled by circulating gas within the sealed generator
casing. Rotor mounted fans circulate the hydrogen. Heat absorbed by the gas
is removed in six coolers mounted at the generator casing. Station cooling
water flows through the cooler at a rate regulated to maintain 90 to 95°F
gas temperatures.

Field excitation for the generator is provided by two high response,
wide range stabilized, motor driven exciters. Each exciter is rated 500 kw
at 375 v. Each exciter set consists of an induction motor, a dc generator,
and a flywheel. The flywheel is designed to provide the specific inertia
constant required to maintain operation equivalent to that of a shaft driven
exciter. This feature is essential during periods of transient disturbances
and faults in the power system. Both exciters are operated remotely from the
control room. Normally, only one is operating. The second exciter is a reserve
machine. Each set is provided with a unit excitation cubicle. This installa-
tion consists of three compartments housing the field circuit breakers, dis-
charge resistor, motor operated field rheostat, and the amplidyne voltage
regulator.

The generator casing is sealed against hydrogen loss at the shaft by oil
seals. Seal oil is pumped from the vacuum tank, through a cooler, and
then to the seal housings. At the seal housing, the oil flows in two direction
along the shaft. The seal oil that flows toward the bearing mixes with the
bearing oil and is drained to an air detrainor. O0il from the generator side
of the shaft seals drains into a hydrogen detrainor. From the two detraining
tanks, oil is returned to the vacuum tank. A 2 hp vacuum pump is required to
maintain a vacuum of 8bout 29.6 in of hg abs.

The lubricating oil system provides high pressure oil to the hydraulic
governor mechanism and low pressure oil to the bearings. The system includes
a 5400 gal storage tank equipped with a motor driven vapor extractor, a main
centrifugal oil pump driven by the main turbine shaft, an auxiliary motor
driven oll pump, an emergency motor driven bearing oil pump, and a motor driven
turning gear oil pump. Two oil coolers are provided, one being sufficient
for normal operation. oFlow of cooling water through the coolers is adjusted
to maintain 110 to 120 F oil outlet temperature.

The supervisory instrumentation and control devices for the turbine-
generator includes not only the conventional instruments,but also some
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special‘and duplicate instrumentation and control. Numerous devicés are
provided to protect the turbine-generator from various types of failures.
Many of these protective devices will automatically initiate a complete shut
down of the unit by tripping closed the stop valves, tripping open the two
generator circuit breskers and the tripping open: ofitheitwo suxiliary power

transformer breakers.

Condenser - The main turbine condenser is a two pass divided water box |
type, equipped with external valving for backwashing each section.- Condensed
steam is collected in a storage type hotwell from which it is pumped by the
hotwell pumps through the various heaters to the surge tank. There are three
1900 gpm hotwell pumps, two being sufficient for normal operation. Approximately
202,000 sq ft of éffective condensing surface is provided. At full load, the
circulating water flow to the condenser is 256,400 gpm and the steam flow is
1,920,000 1b/hr. '

¢ Steam-gondensate-Feedwater - Most of the secondary cycle is of conven-
tionel design, general data of which may be found in. Table 4. An emergency
water storage tank is provided in the upper region of'the~turbine-genérator‘
building. Some special instrumentation is provided beyond_the normal scope
of the conventional system A

Circulating Water System - The 01rculating water system consists essentially

of an intake structure, pump house, chlorinating apparatus, a supply tunnel
and a discharge tunnel. Circulating water is prov1ded mainly for condenser '
cooling and heavy water cooling, but is used for numerous other smsll coolers -
within the plant. There are eight 50,000 gpm circulating water pumps. To |
provide for river elevation fluctuations up to fifty feet, the total‘héight

of the ﬁump house atructure is 60 feet.

Heat Cycle - Much of the full load heat cycle data has been tabulated in
Table 13 . At full load, operating with a condenser pressure of 1.5 in Hg abs '
a gross electrical output of 222,200 kw is obtained. The gross thermal
efficiency is 31.1% , which corresponds to a gross heat rate of 10,982 Btu/kwh
(See Heat Balance, Fig. 19) An approximately 75% full load heat balance,
corresponding to one reboiler-superheater unit being out of servide, gives a
gross electrical output of 163,800 kw. The grdss thermal efficiency is 30.4% and
the gross heat rate is 11,229 Btu/kwh. (See Heat Balsnce, Fig. 20.)
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Electrical System

The electrical system required for the generation and transmission of
electrical energy is shown by the One-line Electrical Diagrams, Figs. 21 and
22. It consists of a single circult generator feeding the high voltage
network through the main pover‘transformer and a high voltage bus in the switch-

<)

yard on which four lines of the high voltage network are terminated.

The auxilisry power system shown in these diagrams‘conéiéts of three
transformers and three high voltage aux1liary power buses from which the various
motor control centers and lighting buses are served. One of the auxiliary
power buses is connected to the generator, another to the high voltage netﬁork
bus, and the third to the sub-transmission system. .

- The net electrical output of the plant will be 203,260 kw. This energy
will be generated at 14.4 kv and stepped up by means of a single three-phase

main power transformer to the trensmission voltage of 138 kv.

Generator - The 1800 rpm conventional hydrogen cooled genératdr is rated
260,000 Kva at 0.85 power factor, 30 psig hydrogen pressure and 1h.L kv. TIts
short circuit ratio is 0.64. This double winding machine is connected to the
lo,OOOvampere self-cooled isolated phase buses which feeds the low voltage
ﬁerminals of the main power tfansfo:mer. The generator neut¥al is grounded
through a resistor loaded distribution transformer. ~Two sets of potential -
transformers supply meterlng, relaying, and control potentlals° ‘Liéhténing
arresters and surge protectlon capa01tors have also been 1ncluded w1th1n the
generator housing. L

Excitation System - Two motor-driven exciters (one to serve as standby) :
are provided for excitation. Each is rated 500 kw at 375 volts and 15 driven
by a 4160-volt induction motor, and is provided with the necesssry eqnipmen%

to connect to the generator's main field breakers. The motor-driven amplidyne-
voltage regulator is cépable of being switched ﬁo either éxciter. All '
associated auxiliary equipment is contained in conventional metal clad
cubicals. '

Main Power Transformer - The two-winding, forced-oil, air-cooled, three-

phase main power transformer is rated at 245,000 Kve with a full load voltage
rating of 14.4 to 138 kv. The high voltage winding is wye connected and the
low delta connected. It is provided with two 2.5% taps above and below the
rated voltage. The high voltage winding's nemtral is sdlidly grounded .
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TABLE 4

TURBINE CYCLE HEAT EXCHANGER DATA

Steam No. 1 No. 2 No. 3 No. & ‘ Make Up and

Jet Feed Feed Water Feed Water Feed Recovery Clean Up

Air Water Heater Heater Water Flash Heat Deaerating

_ Ejector Heater-LP Deaerating High Pres. Heater-HP Condenser Tank Demineralizer Exchanger Heater
Hot side Extract'n Cascade Extract'n Cascade Make Up Clean Up
Flow 107 g/hr 3 189 61 - 393 202 191 191 1920 21;'~ 19 . 2k 18 5
Inlet Pressure psia 390 9 19' 65 68 152 156 1.5"Hg abs 450 35" 35 20 20
Inlet Temperature °F 530 185.6 = 222 298 298 359.5 373 A 91.7 456 60 91.7 228 228
Inlet Enthalpy Btu/# .1265 1030 1067 267.5 1llkh 331.5 1202 928 437 28 60 196 1156
Outlet Pressure psia 17.5 8s 17.5 17.5 65 65 152 1.5"Hg abs 30 30 is 17.5
Outlet Temperature °F 221 185.6 221 221 298 298  359.5 91.7 7.9 T7.9 154 221
Outlet Enthalpy Btu/# 189 154 189 . 189 267.5 267.5 331.5 60 h5:9 4 45.9 122 189
Enthalpy Loss Btu/# 1076 8716 8718 78.5 -876.5 n 870.5 868 ©17.9 1.1 Th 4 967
Heat Released 106Btu/hr 3.2 165.8 53.5 30.9  177.0 12.2. 166.0 1,666.6 (340) (3u0) 1.3 4.8
‘ ' 8l.% 189.2 (10%)

Cold Side
Flow 10° #hr 1899 1899 1899 189 2590 2590 128,200 6 18 43 143 L3
Inlet Pressure psia 35 30 25 25 550 530 -' 25' Hy0 450 150 ' 30 ' és
Inlet Temperature °F 91.7 93.5 180 185.6 221 293 70 456 156 ' 77.9 109
Inlet E.nthalpy Btu/# 60 61.7 148 154 189 262 38 k37 W37 45.9 76.6
Outlet Pressure psia ' 30 25 17.5 17.5 530 510 20" HoO. 20 20 30 25 17.5
Outlet Temperature °F - 93.5 180 221 221 293 354 83 228 228  77.9 109 221
Outlet Enthalpy Btu/# -61.7 148 189 189 262 326 hS 1156 196 5.9 76.6 189
Enthalpy Gain Btu/# 1.7 86.3 41 35 75 © 6k T 13 719 241 30.7 112.4
Heat Absorbed 106Btu/hr‘ 3.2 165.8 77.8 6.6 189.2 166.0 1,666.6 4.3 4.3 ' 1.3 4.8
Surface Area 107 sq £t 0.62 13.4 o {(31{21)‘ 18 17 202 0.10 (2)

equiv. equiv.



High Vgltage Switchyard - High voltage switchyard consists of a main
and transfer bus, four transmission line terminals, two sécfionaliied buses,
one sectionelizing breeker, two transformer connections, and a bus paralleling
breaker.

a. Circuit Breakers and Disconnect Switches - All 138 kv oil circuit
breakers have a continuous rating of 1200 emperes, & momentary rating of
36,000 amperes, and an interupting cap&biLity‘df 5,000,000 Kva. All associated

disconnect switches are rated at 1200 amperes eXcept the one in thé'tap to the
138 kv auxiliary power transformer which is 600 amperes. _
b. Potential Devices - Potential transformers are located on bus section

1 for metering and 'relsjing whereas coupling capacitors and bushing potential

devices are located on bus section 2 for the same purpose.

Auxilisry Power System

Four sources of auxiliary power are available as indicated below:
1. Msin generator
2. 138 kv transmission system
3. 3k.5 kv sub-transmission system
4. Diesel generators :
The last two are provided as backup for the 138 kv transmission system<during .
shutdown coﬁditidns. The three 4160-volt buses are each connected to
indepeﬁdent power sources: Bus 1 to the 138 kv transmission system via
auxiliary pdwer transformer No. 1; bus No. 2 to the generator via auxiliary
power transformer No. 2; and bus No. 3 to the sub-transmission system via
standby transformer No. 3. All 4160-volt bus sections and load centers are
completely separated from one another and their sources to reduce the
probability of a single incident rendering the auxiliary power System
inoperable.
a. Normal Power - Auxiliary power is normelly supplied from the two

mein auxiliary power transformers via the 4160-volt bus sections No. 1 and 2
with either bus tie 1-3 or 3-2 open. Each source is capable of éupplying
the total auxiliary power loed. The three 4160-volt buses supply the loads
indicated: ‘
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Bus 1 " Bus 3 .. Bus 2

Primary feed pump motors 3 2 3
Secondary feed pump motors -
Condensate (hotwell) 1 1 1
Main feed water 2 1 2
Circulating water pump motors 3 2 3
Exciters ' 1 1
Load center transformers 1 2 1

b. Shutdown or Emergency Power - Power is required fof’shutdown.or

emergency conditions to allow station auxiliaries vital to the protection of
the equipment, plant, and personnel to operate. This power is supplied from
either the 138-kv system via the 138-kv auxiliary power transformer, the 34.5
kv sub-transmission system via the unit substation, or the diesel driven

generators.

Station Auxiliary Power Equipment .

a. 144 kv Auxiliary Power Transformers - The auxiliary power transformer

fed from the main generator is a three-phase, three-winding, oilsimmerse&5
air-cooled transformer. This wye-delta-wye connected ﬁransformer delivefs
_power to the plant suxiliary system at 4160 volts, with a duel feed arréngement
to supply buses 1 and 2. It is rated 15,000 KVA self cooled and 20,000 KVA
forced-air cooled. '

b. 138 kv Auxiliary Power Transformers - The auxiliary power transformer
connected to the 138=kv transmission syétem is & conventionsl @il-air cooled,
three-phase unit with a self cooling rating of 15,000 KVA and & forced air

cooled rating of 20,000 KVA. This delta-wye conne¢td®d transformer delivers
ﬁower to the plant auxilisry system through a duel feed arrangement to supply
buses 1 and 2 at 4160 volts.

c. 34.5 kv Unit Sub-stetion - The 34.5 kv unit sub-station congigts of
an oil«aif self cooled 2,500 KVA three-phase transformer packéged with a
1200-ampere 250,000 KVA 4160-volt metal-clad switch gear compartment. This
unit is connected to bus No. 3 of the 4160-volt auxiliary power system.

d. Diesel Generators = The diesel generétors consist of a diesel engine,

a 60-=cycle AC generator, a shalf-driven exciter, and the necessary field control
and regulating equipment. ' ‘
=T6=
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e. L4160-volt Switchgear - Auxiliary power is distributed by means of three
metal-clad switchgear units meking up the three 4160-volt buses. Buses 1 and 2

are connected to their respective main auxiliary power transformers by bus
duct. All incoming and feeder circuit breakers are rated at 1200 amperes and
250,000 KVA. Each bus conteins appropriate metering, relaying instrument
transformers and control devices. . .A

£. UB0-volt Load Centers -~ Two indoor double-ended 480-volt load centers
supply 480-volt suxiliary power r,eq,u.ireﬁ]ents° Each load center transformer is

pyranol filled with a self=-cooled rating of 1000 KVA. Each switchgear section
is completely metal enclosed and contains & low voltage draw-out breaker and -
an instrument compartment. The circuit breakers are co-ordinated for selective
tripping. '

g. U4B0-volt Motor Control Centers - The 480-volt motor control centers

feed all motors up to and including 100 hp., lighting and miscellaneous plant
services. They consist of grouped or packaged metal enclosed control and

switching equipment.

Protective Relaying - Differential protection is provided for all buses

rated 4 kv and higher, major transformers, and the main generator. Overlapping‘
protection zones exist throughout with back-up relsying and ground proﬁeétion |
throughout. Carrier~current directionsl -comparison transmission line relaying
with single-shot reclosing is provided for all 138 kv transmission lines.

The generstor is protected by loss of field relaying, negative sequence
relaying and overcurrent with voltage restraint. The generator neutral is
grounded through a resistance loaded distribution transformer which limits
its fault current and provides for ground relaying. ‘ '

" All incoming lines and feeders connected to the 4160-volt auxiliary power
system have phase and ground overcurrent relays. The. transformer neutrals are
resistance grdunded to 1limit damage due to ground, fault currents and to
provide fast éffeétive ground relaying.

The 480-volt switchgear is designed for selective tripping. Solid ground-
ing of the load center transformers provides for fast breeker tripping. Circuit
breaker controlled loads and contractor controlled loads utilize circuit breaker
overcurrant devices and contractor overload heaters, respectively, for circuit
protection rather than separate protective relays as used in the higher

voltage systems.- -
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Special Electrical Services = The special elegtrical services are
those systems which provide for the control;, instrumentation, and specisal
emergency power. These systems are grouped into an isolated AC system and
the station battery DC system. A

a. A=C Reactor Safety and Instrumentation System = All safety circuits
and equipment are provided in duplicate, fail safe and are supplied from
separate isolated 120=volt, 60=-cycle AC power sources. The sources afe AC_

moctor generator sets equipped with fly wheels to override momentary interrup-.

tions of power. Emergency operation is achieved by switching to the 120-volt
station power system in event of an outage of either of these sources. g
b. Station Battery BC System - Two separate and independent station
batteries -and DC buses provide 125- and 250-volt DC control, instrumentation,
and special emergency power. Certain essentisl loads are comnected to both

batteries through silicon rectifiers. Duel feed and source isolation is thus

maintained.

Motors - All motors larger than 250 h.p. are connected to 4160-volt,
3-phase, 60-cycle AC buses. Most motors larger than.v3/)+.h°p° up to and '
including 250 h.p. are cbnnecte& to 4h0mvolt, 3sphaée, 60=cycle, AC motor
¢ontrol.buseso All motors are either drip proof or splash proof and may
éither be totally enclosed and/dr weather protected; depending upon their

location.
\

Auxiliary Power Requirements - The total auxiliary power requiremeits

is broken down and the major auxiliary power uses exhibited in the following
tabulation: '
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AUXTL.IARY POWER REQUIREMENTS

Total Connected  Normal Load,

Load, kw kw

Organic Recirculating-feed Pumps 12,600 12,600
Circulating Water Pumps 2,840 2,130
Main Feed Water Pumps 1,910 . 1,520
Condensate (hotwell) Pumps 225 150
Heavy Water Circulating-feed Pumps 585 440
Scréen Wash Pumps - 150 5
Exciters . T10 o 355
Miscellaneous Motors and Equipment © 1,200 | 1,150
Lighting Circuits © 520, 520

Total . 20,740 ~18,9ﬁo

This auxiliary power represents 8.5% of gross electrical output and 2. 37%
of total-heat 1nput at reactor.

Heavy Water System -- The essential entitiés of the moderator system are

four D20 recirculating-feed pumps, two D20 coolers, two D20 storage tanks; s
purification system and a start-up heatihg system, see Fig. 23.

The D20 flows from three of the pwips (one being held aS‘epare) iﬂtotthe
lower D20 plenum of the reactor, entering the reactor vessel through eight
h-inch pipes. This lower plenum provides proper distribution of D20,around
the outside of the process tubes of the core, and to the tubes extending
below the reactor vessel for control rod cooling. The DQO flows bulkwise
“upward through the core region serving as both a moderator and a reflector.
It flows into a ring header at the top of the core region, and from this
out of the reactor through-eight hnlnch pipes. It also flows on upward
out of the core reglon through the tubes surrounding the upper portion of
the control rods to provide cooling for these rods. From the tops of these
tubes'(cans),the”Dzo and decomposition gases are sent to the purification
system along with the side stream from the main loop taken off from the
downstream side of the D20 coolers.
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From the reactor the main stream of the D20 flows to one of the coolers
(the second one serving as spare in case of ledkage in the first,) through the
twbes of the cooler, and then to the storage tanks. The D2 4
water from the regular circulating water system. The D20 ooolers are L4-foot
inside diameter by 19-feet long cylindrical heat exchangers with stainless
steel single wall tubes and a carbon steel shell. The storage tanks are
cylindrical; lh-foot inside diameter by 20-feet long, and are stainless steel.
The storage tanks supply the suction for the D20 pumps .

Meke up for the D2
into the storage tanks. In case of a reactor scram the D20 in the reactor is
drained to the storage tanks through a 30-inch pipe.

All plping in the D

0 is cooled by river

O system is fed, along with the purmfied side stream,

2O system is stainless steel.

Heavy Water Purification Cycle

a-. ggggose = To maintain the necessary hlgh purity of the heavy water
in the moderstor system, means are provided to remove such undesirables as
light water, ionic impurities and suspended materials. This action is necessary
to: ! . 4
(1) Minimize parasitic capture of neutrons by foreign materials
(2) Reduce corrosion effects to a minimum

(3) Remove and recombine moderator :radiolytic decomposition products

b. Purification Equipment -~ The system to be used for purification of

the heavy water consists of the following (See Figure 24):°

(1) A degasifier or cyclone separator (to seperate entrained gases
from the liquid)

(2) A-recombiner (to recombine decomposed D0 in the gas ex1t of the
degasifier)

(3) A prefilter (to remove suspended material)

(4) An ion exchange column ( to remove dissolved impurities)

(5) An afterfilter (to prevent any of the resin bed from depositing
small particles in the DEO)

(6) A distillation column (to separate light water €rom the moderator)

(7) A gas dryer and cooler (to keep heavy water losses to a minimum)

¢. Description of Cycle - The purlfication cycle described herein is

similar to that of Savannah River and is of the type recommended by NPGl 2
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For‘moderator‘eooling purposes, heavy water is pumped. éﬁ the'fate of
10,900 gpm through heat exchange equipment. From this main stream,' a side
flow of about 30 gpm is removed and ¢irculated through the purification cycle.
Side stream flow is such that there is complete cieaﬁmup of the D20 system in’
12 hours following any msejor contamination. A small amount of mske=-up is required
to account for losses in the system. | . . \

d. Gae Separation and Removal - Gas separation and removal are accompllshed
by means of a dega31f1er and a recombiner. The 30 gpm side stream of moaerator

is let down to atmospheric pressure and passed through the dega51f1er° The
&egasifier eonsistsiof a.cyclone-type separator connected to a condenser on
the vapor ‘discharge and to the purification feed surge tank on the liquid
d.ischargeo Gas leaving the condenser is passed through the‘reCOMbiﬁer in
order to avoid any loss of d&issociated D209 Gases from the recombiner are sent
through heat exchangers to condense the heavy water, which is returned to
storage, the gas being exhausted to the atmosphere through refrlgerated vents
where all but & trace of D20 is removed. :

Before entering the next step of the purification cycle, the DEO in the
puriflcation ‘Peed surge tank passes through a cooler where the temperature is
lowered below 100°F. This is necessary, as the anion resin bedebecomes o
highly ineffective above 100°F. | | |

e, Ionic and Suspended Msterial Impurity Removal - The system for .
ionic and suspended material impurity removal consists bf three units: each .

having a prefilter;, a deionizer (ion exchange column) and an afterfilter. One
unit is used during normasl operation but all are available for emergency
purification.

Cooled water from the purification feed surge tank enters the prefilter
which prov1des a filtering surface of sbout 15 ftao capable of removing

. particles above 10 microns, thus preventing them from enterimg the deionizer

which follows. The passage of the ngo through the ion exchange colum

(about 27 ft3 of mixture) removes most of the dissolved impurities. On 1eaving

the deionizer, heavy water passes through an afterfilter used primerily to

prevent suspended matter, expelled from the re31n bed, from entering D20 storage .
"Spent" beds will be detected by conduct1v1ty measurements on the exit

stream, and when replacemenw becomes necessary, as much D20 as 1s practical is

removed from the equipment by helium drying. Gas is sent to the gas drying
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2O recovery, while replacement of the bed is performed by remote

operation because of radiocactivity of the "spen

system for D
" resin. The fresh column,
containing a mixture of anion and cation exchange resins, must be deuterized
prior to use. ‘

£. Light Water Removal - After the moderator has passed through the
afterfilter, a stream of about 5 gpm is put thrqugh an isotopic distillation
system wﬁile the remaindér is sent to D20 storage. The distillation equipment

consists of two 90 plate columns operated in series, at reduced pressure, so

as to remove light water from the system as 20 mol percenﬁ H20°
Light water can be picked up by the moderator in the following manner:
(1) Absorption from the atmosphere upon initial loading in the
: reactor.,
(2) Ccontamination of heavy water used in prepariﬁé the resin beds
(3) Any possible H,0 leaks in the D,
Although H20 is produced in the moderator due to a ¥, n reaction; the

O system.

amount thus formed is negligible. ,

The flow of D20 is sent to the reboiler of the first column. The conden-
sate from the first column is sent to the reboiler of the second column, while
the bottoms are returned to the DQO purification feed surge tank_as.product°
The condensate from the second column is returned to a heavy water production
plant after removal of a side stream as second colum reflux, while the
bottoms are returned to the first c¢lum as reflux.

Thexcondensers are vented through vacuum pumps to refrigerated condensers
where all but a trace of D2O is removed and returned to process. '

Distillation also serves as a means of p&@gessing lpakage that collects

at various points in the plant: The leakage D O is evapbrated to remove .

sﬁépended matter and the vapor is sent to an agpropriate elevation on the
distillation column depending upon its concentration; ifAthe concentration
is less than 80 mol percent heavy water, the material is collected and
returned to the D20 production plant.

The distillation column is in an unshielded ares so care is taken to
avoid the introductiog of radioactive D20° This is accomplished by means
of a monitor located on the feed stream originating at the afterfilter
discharge which closes the control valve feeding the distillatdon systém aﬁ&

at the same time sounds an slarm.
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g. Gas Drying and Cooling - The purpose of the gas drying and cooling
system is to provide a meéns of drying and cooling helium that is used in
the following way:

(1) Drying filters
(2) Drying ion exchange beds .
The equipment includes a water cooled condenser, refrigerated cniller,

refrigerated freezer, gas heaters, blower and storage for 5000 standard cubic
feet. During operation, wet or hot gas flowing at 200 to 300 cfm is routed
through the water cooled condenser to storage, where it is ready for reuse.
DQO collected is tested fqp purity and returned to the appropriate point in
the system. ‘

If the helium has become contaminated and mast be exhausted to the stack,
it is sent through the chiller and freezer, after goiﬁg through the condenser.
The freézer femoves all but a trace of D20 before -the helium is exhausted.

Water Feed System - Water for the main steam cycle is supplied from

“the deepwell pumps and water storage tanks on the property site via the -
miscellaneous bearing cooling and oil cooling unlts in the turblne—generator
building. The pumps flow the water through the turbine-generator bullding
cooling service system, the demineralizer, the recovery heat exchanger, .

the make-up deaerating heater and into the surge tank. -The clean-up étream :
from the main steam cycle is mixed with the make-up feed in the demineralizer.
Water may be pumped directly into the meke-up system demineralizer by tﬁé
deepwell pumps when more water is required for meke-up then is supplied fiom:A
the cooling service water system. An, emergency cooling water storage'tanjin;
the upper region of the turbine-generato? building is kept full of treated -
water,4with no normel flow either to or from this tank. This tank- supplies
emergency cooling for the reboiler-superheater cirguit only, with back-up "
cooling for bearings, etc. being supplled by a deepwell pump operating from o

the emergency bus.

Water Service = Water service including fire protection, shield ccoling,

miscellaneous bearing and oil cooling, drinking and sanitary systems, is
provided by deepwell water. Water is supplied to these systems by the deepwell

pumps directly or by the water storage tanks. This wvater service may be divided

into seversl systems. First is the drinking walter and sanitary system; second
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is the fire protection system; third is the shield cooling and reactor
building bearing and,oil cooling system; and last is the miscellaneous bearing
and oil cooling system in the\tufbinewgenerator building.

In the reactor building the water service flows *“hrough the piping
embedded in the first few inches of the concrete bioclogical shield next to
the reactor, and through the various bearing coolers and oil coolers associated
with the coolant and mbderaﬁor systems. This water then flows'through a
mixed bed ion exchanger and to a hold up system before being discharged from
the plant site. The emergency water tank for shell:cooling is kept full of
deepwell water, with no normal flow either to or from this tank.

In the turbine-generator building the water service flows through the

variousAbearing coolers and oil coolers and then into the make-up demineralizer.

If there is more water flow from the turbine-generator-building cooling
service system than is required for makerup, the surplus is dumped to the

river via the discharge tunnel piping.

Organic Purification Cycle

a. Purpose = 1In the'decompoéition of the organic coolant during
irradiation, both tars (higher polymers) and gases are formed. Means must be.
ﬁrovide& to remove the higher polymers from the sysﬁem so as to: . B

(l) Minimize the buildup of fouling on heat transfer surfaces and
-thereby | o o
a) reduce resishancéwxpﬁheat{transfer
b) prevent a decrease in coolant flow area
(2) Maintain good heat transport characteristics in the coolant.
(3) Prevent an increase in the organic viscosity so as to minimize
a) pressure drop and '
b) pumping requirements

b. Equipment - The purification of the organic coolant is aécomplished
by continuous removal of tars by means of a distillation column. For this ’
purpose, a packed golumn is used, operating under reduced pressure to
maintain the column below 700°F and thus keep further pyr@lytic decomposition:
down to a negligible amount. In addition, a make-up tenk and a storage tank
are used, both of which are equipped with heaters so as to prevent solidifi-

catipn of the organic.
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c. Make Up Requirements (See Appendix) - Organic purchased for the
reactor is a byprbduct of bi-phenyl manufacture and contains 20% higher
boilers. The decomposition rate of coolant in the reactor core is 175 lbs/hr
of which 8 1bs/hr are gases. At 20% tar content, the make up requirements.
of Santowax-R are 219 lbs/hr (175 lbs/hr of lower boilers), making the total
amount of tar removed by distillation 211 1bs/hr.

d. Description of Cycle (See Figure 25) - Coolant is circulated through
the core at the rate of 4l x 106 lbs/hr. After passing through heat exchangers,
pért of the flow (106 lbs/hr) is directed through the ;0,000 gal organic storage

“tank before entering the reactor. The storage tank is used to provide feed
for the distillation column, and at the same time picks up the product from
the still plus fresh Santowax-R from the 2000 gal make up tank. In this way
the three streams are blended.

The flow rate to the still is 703 lbs/hr at 30% tar concentration.
Operating at 5 psig pressure, the 2 ft diameter, 12 ft high column removes
211 lbs/hr from the bottom and returns approximastely 492 1bs of terphenyl/hr
to the storage tank.

' The purification system contains 2 packed coiumns so that a change over

can be made in case of any operational difficulties encountered with the
still in use. To start up a fresh column, melted Santoﬁax-R from the make
up tank is sent to the apprdpriate level of the new column. When the proper
equilibrium conditions have been reached, the feed is switched to the fresh still.
The old column continues to operate so as to recover as much terphenyl as is
practical. After shutdown, the remsining organic is removed as waste, and
maintenance can be accomplished. .
e. Waste Disposal = All irradiated organic waste will be disposed
of by burial. The waste produced by the system is 211 lbs/hr or twelve 55
gal drums/day. Therefore, one acre of land will provide sufficient ground ares
to bury 10 years of waste in drums piled 4 high. ' ‘
If at any time a use can be found for this orgﬁnic waste, it can be

easily recovered from burial and conveniently shipped. Care must be taken,
however, to move them only after the residusl readiosctivity has reached a
safe level.
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Gas, Purge and Gas Disposal System

a. Purpose - During reactor operation, some of the products formed due
to the decomposition of the organic coolant, are'combustible gases. Also, due
to possible leakage of fission gases through ruptured fuel elements, the gases
above the orgahic caen be radioactive. Hence a gas purge and disposal system
is necessary to provide: ‘

(1) a gas blanket to supplement the vapor pressure of the organic

(2) an inert atmosphere to insure against any possible‘fires or
explosions.

(3) a means of continually removing decomposition gases

(4) a means of safely disposing of any radiocactive gases

b. Equipment - The equipment to be used for the gas purge end disposal
system consists of ﬁhe following:
' (1) High pressure nitrogen supply and low pressure storage tank
(to supply the organic with an inert nitrogen blanket)
(2) Charcoal beds (to absorb any radioactive fiséion gases that
mey escape through a fuel element)
(3) shielded pressurized storage tanks (to.store sny gases which

are too radioactive to exhaust to atmosphere)

c. Description of Cycle(See Figuve 26) - The gas formation'rate, due to
the decomposition of the organic, is 8 lbs/hr,‘ To provide an inert atmosphere

and to supplement the vapor pressure of the organic in the4reaqtor,}Né‘is.
added to the gases from a high pressure supply tank through a low pressure
storage tank. These gases are continually removed from the system and, after
dilution with air, are exhausted through the stack. ' .

d. Charcoal Beds - Before being expelled, the gases are monitored for
raediocactivity. If the activity is found to be above the allowable limit, the
gases must be "stripped” through a charcoal bed before being vented. Gases
to be stripped first pass through a cooler so as to increase the absorbing
efficiency of the beds. , A

'The radicactivity stripping section comtains three charcoal beds in s?ries

one of which is used during operation. When a bed becomes spent, gas flow is
transferred over to a fresh bed. The spent bed can either be replaced from
the line with a fresh one, or if time permits, be slowly stripped with stean
and the gases discharged to the‘atmbsphere after air dilution. The latter
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alternative can only be accomplished when the reactor exit gas stream does
not contain any "hot" constituents. \
e. Storage Tanks - If, after stripping, the gases cannot be sent %o the

stack due to excessive radioactivity, they are sent to a storage tank via
the compressor. Under these conditions.the reactor must be shut down, and
the source of radiocactivity is determined and eliminated. In all probability
this represents several ruptured fuel elements.

The storage sectiodn containé 2 large shielded, pressurized storage tanks.
The gases to be stored can either be sent directly to a tank after the cooler,
or if more convenient, go through a charcoal bed first. Disposal of the gases
in storage is accomplished by slowly releasing them to the atmosphere after
air dilution. If necessary, the gases can be kept in the tank awhile before

vénting.

Reactor Emergency Cooling System - The emergency cooling system includes

emergency driven organic pumps, emergency driven feedwater and condensate
pumps, emergency driven circulating water pumps, and elevated cooling water
and river water storage tanks, Fig. 27. '

In an emergency shut down, for example, in the case of totel power
failure, all pumps will stop and the reactor will scram. Immediately upon
any such power failure two 2000 horsepower diesel engines, clutched to the
shaft of two organic pumps, will automatically start up in order to supply
organic coolant flow through the reactor to remove decay heat. At the same
time two 2000 horsepower diesel generators will automatically start up to
supply power to the emergency electrical bus. This emergency bus supplies
power for two organic pumps (other than the diesel driven ones), a feedwater
pump, a ¢ondensate pump, two circulating water pumps and an auxiliary transformer
for lower voltage emergency demand. The feedwater pump, condensate pump and
one circulating water pump start immediately, whereas the two organic pumps
start only if the two diesel driven pumps fail to function, and the second
circulating water pump starts only if the first one fails to operate or if
the return circulating water temperature rises too high. The cooling water
in the secondary system bypasses the turbine unit through the bypass valve,
which opens in the case of power failure, and goes directly to the condenser.

The valve admitting pure water to the system from the 250,000 gallon -
emergency cooling water tank will open if the feedwater and condensate pumps
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fail; and at the same time the cooling water emergency drain valve on the

N

condenser will open to release this water from the system to the floor )
drains. If all of the water from this emergency cooling water tank should S
be used; a deep well pump will .start' and supply raw water for the cooling.
There is enough water in this emergency cooling ‘water-tank to remove the
decay reactor heat from the organic for approximately 24 hours.
The valve on the 250,000 gallon river water storage tank will open to
furnish water to that system if both circulating water pumps fail to operate
or provide suffic1ent cooling water. ‘



REACTOR ANALYSIS

Reactor analysis was done on the Oak Ridge automstic computer (ORACLE)
using a code for large heterogeneous reactors. The co&.eaml is based on a
one-group Fermi age model, which is considered adequate for large, heavy
water moderated thermsl reactors. A complete description of the mathematicsl
basis of the code, the calculations required to obtain code inputs and the
valves of the inputs for this reactor are given in Appendix A.

Core and Nuclear Design Data

The reactor core is & right circular cylinder,.16 feet high and 16.92
feet in diameter, surrounded by a six inch thick heavy water reflector.
Table 5 gives the basic design data for the core. Basic design data for the

fuel element are given in Section I.

TABLE 5

REACTOR CORE DESIGN DATA

Diemeter (unreflected),ft 16.92

Dismeter (reflected), ft ' 17.92

Height (unreflected), £t 16.00 ’
Height (reflected), ft 17.00

Reflector 4 D20

Number of elements 745

Fuel Inventory (U02), tons 119

Cell spacing (hexagonal), inches 7.0

TABLE 6

NUCLEAR DESIGN DATA - HOT, CLEAN REACTOR

L (hot, clean) 1.089
ko (hot, clean) : 1.120
N 1.33
£ ’ o 0.946
p* ‘ 0.865

*¥Resonance escape probability and age from fission to resonance for each
uranium end plutonium isotope are given in Appendix A.
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TABLE 6 (Con't)

-

€ 1.036
Non-fast leakage probability S 0.977
Non-thermal leakage probability . 0:990
12, en” o 67.2
T *thermal ,cme 203 -
B2(reflected), em™2 | 1.139 x 1074
Reactivity lifetime, MWD/ton © 3050
Reactivity lifetime, days (full power)  ho5
Initial Conversion Ratio - 0.686
Power, heat megawatts 800 A
Power density, watts/cm3(unref1ected core) T7.80
Thermal flux, neutrons/cm?wsec ‘ "2.55 % 10%3
Moderator temperature, p ‘ 200
Neutron temperature, °F 260
A x, equilibrium-Xe135 and. Sm;h9,% =3.4

Nuclear design date for the hot, clean reactor are given.in Table 6.
Data for room temperature are not given because the reactor must be kept
at a minimum temperature of 300 F during shutdowm to insure that the
terphenyl coolant does not freeze. Sufficient control with rods alone
exists to keep the reactor sub-critical to moderator temperature of CQC
should external heating fail during shutdown (See Section I). Should -
danger of lower temperature exist, all or part of the moderator may be

drained from the core.

Lattice Spacing

The size of the core and the design of the fuel element were determined

primarily by heat removal copsiderations. The number of elements and their
spac1ng were determined by heat removael, reactor analysis and ecoﬁ@mic
Aconsi&erationso i

" The primary objective of reactor analysis was to determine the lattice
spacing that would give maximum fuel lifetime. The optimm figure given
by smalysis was first reconciled with heat removal reguirements and finally
wiﬁh the overell design objective of minimum power cost. Fig. 28 shows

«96=

N4



results of the initial parameter study msde to establish lattice spacing.
In this study the following parameters are fixed throughout:
(1) Core size - the smallest size consistent with heat remeval'and D20
inventory requirements,
(2) Fuel element composition and configuratioh.
These paremeters vary:
(l) Lattice spacing
(2) Fuel loading (fixed for given spacing)
Fuel loading, initial conversion ratio and fuel lifetime for hexagonal

lattice spacings are:

Lattice spacing Fuel Loading Lifetime Tnitial Converbion
~ (inches) (tons) (MWD/ton) (ratio)
6 168 - 2030 - 0.77
7 | 119 3050 0.68.
8 96 3140 0.6k
9 8 3110 | 0.62

10 - , L 3100 0.61

The eight inch lattice gave maximum fuel lifetime, but lifetime was found
to be relatively independent of spacing for spacing greater than 6.75 inches.
Initial conversion ratio decreased repidly with increased spacing. While
the eight inch lattice gave maximum lifetime, seven inches was selected for
further study because it gave:

(1) nearly meximum lifetime

(2) high conversion ratio, and

(3) a fuel loading that | o

' (a) met all heat transfer requirements . ,
(b) gave low neutron flux and high initial excess reactivity.

The low flux decreases reactivity losg due to equiiibrium xenon and
samarium and, combined with high initial reactiv1ty, minimizes xenon override
problem in case 6f shutdown.

A second parameter study was made to confirm and expand the results of
the first. In this study the following paremeters ﬁere fixed throughout:

(1) Fuel loading (119 tons, from first study)

(2) Fuelielement number, composition end configuration -
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(3) Core length (16 feet
These yparameters varied:
(1) ZLattice spacing
(2) Reactor diameter .
Results are shown in Fig. 29. Core diameter, fuel lifetime and initial

conversion ratio for lattice spacings are:

Lattice Core Diameter Lifetime Initial Converstion
Spacing In§€£al Unreflected (MWD/ton) Ratio
(inches) (feet) _

6 1.058 13.6 1475 0.77

7 1.088 16.9 3050 0.68

8 - 1.110 18.6 3350 0.64

9 1.125 20.4 3500 0.62

10 1.133 - 22.6 3475 0.61

Maximum lifetime occurred with nine inch spacing, but once again lifetime
was relatively independent of spacing for spacing greater than 6.75 inches.
Initial conversion ratio fell off sharply with increased spacing and D 0
inventory requirements rose rapidly with increased diameter. _

A very rapid fall-off in lifetime and keff occurred_for spdcing less
than seven inches. At siX inches keff was so low that after reactivity
loss due to Xenon and samarium (3.4%) was subtracted the remaining reactivity
is only 0.006. The accuracy of the code is not believed such that design
could be based on such & narrow margin even if the economics (through hlgher
conversion ratio) showed such e spacing desirable.

Figure 30 shows Pu 239
lattice spacings. For example, at 3000 MWD/ton and end of life, Pu239

concentrations are:

concentration versus lifetiﬁe for several

Lattice spacing Pu 233 Co7centratlon, Pu Concentration
: . 3000 MWD/ton end of lifetime
(inches) (grams/ton U) (grams/ton U)

6 _— 2680
7 2060 : 2080
8 1600 1650
0 940 980



KEFF (hot, clean)

ORN L-LR~Dwg., =31003
UNCLASS IFIED

(MWD/Vton)

LIFETIME

2N

LIFETIME

REFERENCE

Fig. 29.
and Lifetime vs. Lattice Spacing Fuel Loading = {19

Tons

UO»p.

4 8 10
LATTICE SPACING (inches)
Initial Reactivity, Initial Conversion Ratio

-100-



Pu-239 CONCENTRATION (g/ton U)

ORNL~LK-Dwg .=31004
UNCLASSIF IED

3500

—6 in. ICR= 0.769

3000

2500

2000
8in. ICR=0.647
1500
1000
I
in. ICR =0.607
500
o ! — .
0o 1000 2000 3000 4000 5000
LIFETIME (MWD /ton)
Fig. 30. pu23® Concentration for Various Lattice
Spacings

-101-~



LIFETIME (MWD/ton)

3500

3000

2500

2000

ORNL-LR~Dwg . =31005
UNCLASSIFIED

~

— S M G GV G GESS e G S e

| REFERENCE

I DESIGN
;

70

100

130

FUEL LOADING (tons)

Fig. 31.

Fuel Loading.

-lo2-

160

0.76

0.74

0.72

0.70
0.68

10.66

0.64

Lifetime and Conversion Ratio vs.

33



The figures show the price paid in loss of Plutonium to get slightly longer
lifetime by wider lattice spacing. The economics of the reactor are largely
governed by plutonium credit (see Section VI), so every effort is made to
maximize plutonium credit. ' -
On the basis of these two parameters studies a hexagonal seven inch
lattice spacing was selected. This spacing gives:-
(1) nearly maximum fuel lifetime
(2) High initial conversion ratio and net Plutonium production, without
undue sacrifice @f reactivity and lifetime
(3) high enough initial reactivity to overcome xenon override through
‘out most of lifetime (See H Below) and
(4) a reactor of reasonable size. ,
Tables 5 and 6 give the important data on the reference design core.

Fuel Loading Optimization

' Figure 31 shows the results of a study of the effect of fuel loading'bn
fuel lifetime and initial conversion ratio. - In this study the followingl“,t

parameters were constant:

(1) core size ' (n = 16',4 = 16. 9" )
(2) 1lattice spacing N £ 1nches)
(3) number of fuel elements : (745)

The fuel loading was varied by varying the diameter of the fuel rods.;}.
Important results from this study are: - ’

Fuel loading Pu239 Concentraﬁion . o Pu239 Production
(tons) ' 3000 MWD/ton 3000 MWD/ten
(gms/ton U) . (Kg/year) .
80 - - . —
100 . - ' : -
120 2020 158
140 2200 171
160 2320 181

The effect of the increased plutonium production on net fuel cost was
studied. The lower cost due to the plutondum is partially offset by greater
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fuel inventory end fabrication costs, but a net decrease of about 0.2 mil
per KWH could be realized by using 160 tons of U0, rather than 120 tons. The
decision of fuel loading had to be mede before this study was completed, so
the design fuel ioading is not optimum.

Fuel Enrichment

Figure 32 shows the dependence of lifetime, initial reactivity and initial
conversion ratio of fuel enrichment. Reference design core and fuel element

were used. The results of the study are summariged below:

Enrichment Lifetime Pu Conce7tration . Pu Concen}ration
35 ‘ 3000 MWD/ton 3000 MWD/ton
(% ¥) (MiD/ton) Ty /ton U) (ke/yesr)
0.713 3050 2050 158
0.90 5400 1960 ~ 153
1.20 8750 ' 1750 _ 137

'The effect of enrichment on net power cost is analyzed in Section VI. Natural

uranium gives the lowest cost.

Fuel Density

UO density of 10.0 grams/cm was assumed 1n all previous studies and
in the reference design. Since 002 density can vary greatly with fabrication
thod2 2, a study was made of the effect of density on lifetlme Reference
design was used except for fuel density (and conseqpently fuel loadlng)
Figure 33a shows the results of this study, which are summarized below:

U0, Density Fuel Loading ' Lifetine
(em cm3) ~ (tons) o (MWD/ton) :
9.5 118 : 2810
10.0 e 119 S 3050
10.5 125 3460

‘ , [ -104=
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Isotope Concentrations

Figure 34 shows the concentration of U235

and thg three principal
plutonium isotopes as a function of fuel lifetime. The concentrations at

end of life are:

Isotope ‘ Concentration
- 3050 MWD/ton
: (g/tony)
‘ U235 \ : 3320
Pu239 . 2100
Puaho 375
2

Pu 100

Thermal Neutron Flux
Reactor analysis calculations were based on constant power density.

Since fuel concentrations vary with time, the thermal flux must also vary
to keep power dénsity constant. Figure 33b shows the variation of thermal
flux (mean flux for the core) with lifetime. '

The initial drop in flux shows the increase~in'macrosco§ic fission cross-
section caused by rapid Pu239 buildup (see Figure 34). The later rise in
flux shows the decrease in macroscapic”fissiod cross “section which.occurs.f

239 and Puahl

when incresase in Pu macroscopic fission c¢ross-section no

longer is equal to or greater than loss of U235 macroscopic' fission cross-

section. This is the result of low conversion ratio and the parasitic

239 2ho

absorption of neutrons by Pu to form non-fissionable Pu o

Xenon and Samarium Buildup and Override

Figure 35 shows the variation of keff with fuel lifetime. The upper

135 149

curve is keff without Xe and Sm, the lower curve is ke with Xe and Sm

£t
reactivity loss included. .
The loss due to xenon is given by the formula (modified from 2.3) for

natural uranium reasctors:

f%v//:quel 0312 (o )
— = :  (for natural uranium
1+ gy o PT 1, 6.0x10% |

where y = yield fraction of Xe135 ¢T'
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135

A = radioactive decay constant of Xe

. . 2
¢T‘ = the;mal.neutron flux in neutrons/cm - sec.

mean flux during llfétlme of 2.55 x 10 13 neutrons/cm = sec (see Fig. 33b)
- 2.5%. The fuel element contains a hole in the center Vhere

For
and Ak.
xenon will accumulate . Since ‘thermal flux is least at the center of the rod,
¥enon effect will actually be somewhat less than these figures indicate.

A Aﬁk of -2.2% was therefore used for xenon equilibrium.
Reactivity loss due to Sm*"0 is independent of thermal flux end is about

1.2 % at equilibrium 2auo Total reactivity loss due to équilibrium xenon and

a
'

samarium poisoning is 3.4%.

After instantaneous shutdown the concentrations of xenon and samarium
increase'with time. Changes in reactivity due to increased samarium concentratlon
is sllght about -0.3%, for a flux of 2.55 x 10 13 neuts/cm -sec” . Xenon
concentratlon increases significantly with time after shutdown, reaches a
meximum in about twelve hours and then decreases slowly. At time of meximum
Xenon concentration, an excess reactivity of about 9% would be necessary to.
overcome the xXenon and samarium poisoning and permit star‘t;up° ' ‘

The control system must therefore be designed to minimize unnecessary
shutdown, and required shutdowns should be for short periods (or very long
periods) only. Table 7 shcwsl the maximum allow shutdown time to permit

immediate stexrt up and 2 the waltlng time to startup shoul& the maxlmum

allowable shutdown be exceeded 3
TABLE 7
- MAXTMUM ALLOWABLE SHUTDOWN S Lo :
Fuel lifetime Maximum allowable shutdowm time Waiting time if meximum
: : ~exceeded (hours after
(MWD Hour) | (hours) . shutdown)
500 9 10
' 1000 8 13
1500 6. 18
2000 3 25
2500 1 ! 30
3000 0.1 , ' ho
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Effect of Reflector

The effect of reflector  thickness on initial reactivity and lifetime
are summarized below: ' .
Reflector Thickness Initial Reactivity Lifetime

(inches) _ (MWD /ton)
0 : 1.085 . . 2950
6 ' 1.089 3050
10 (effectivelyoo) _ 1.091 ' ‘ 3140

It can be seen that reflector thlckness has little effect on fuel lifetime.
To minlmize DZO inventory and pressure vessel size, less than effectively

infinite reflector was used.
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MATERIALS S

i Introduction

The criteria for tﬁé selection of the materials for this reactor were
< - to a great exteﬁt established by the nature of the study itself; that is,

* the feasibility of an organic cooled, D20‘mod§rated, natural uranium fueled,
power reactor. Thus the moderator was fixed, the general type of coolant
was fixed, and the area of selection of the actual type of fuel was severely
limited. Furthermore; the use of natural uranium imposed the necessity of
great neutron frugelity, and the aim for a power reactor (as competitive

_ with present power stations as possible) ﬁupbsed festrictions on the cost of
materials and of the cost of material fabrication.

The approach to the problem taken by this group established a further

criterion: it was determined that wherever. possible known technology would

be ufed in the design. This has not been possible in every area, i.e.,
the fuel rod cladding, but it is felt that the material. selected would
require the least amount of development to provide satisfactory service.
Qther criterias were, of course, compatability of materials and, particularly
with regard to the 6rganic selection, to make thé best use of the inherent
’ advantages of the system under study. A
On the basis of these criterias the following reactor material selection
was made:
Fuel - U0, ' S - —
Fuel cladding - Al alloy, X-2219
Fuel assembly tube - Al alloy, X-2219
‘Process tube - Al Alloy, 615-T6
" Tube sheets ~ Alfin Clad carbon steel, SA-212B
Pressure vessel - Carbon Steel, SA-212B
Moderator and Reflector - D0
Coolant - "Santowax-R"#¥

Some of these materials will be discussed in detail below.

AN

* A commercially available mixture of polyphenyl compounds consisting
mainly of the isomeric terphenyls.
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Fuel and Fuel Cladding ‘
The individual fuel rods, the fuel element bundles, and the fuel

element assembly, as well as the heat transfer characteristics of the

o

elements are described under the section on Engineering;#“To some extent
the individual fuel rods are patterned after the blanket elements pr@posed
for the Pressurized Water Reactor3 le That is, natural uranium in the form
of sintered Uo2 disks is contained in a clpsed cylindrical can. The choice
of U02 disks rather than metallic uranium slugs was dictated by the fear of
severe dimensional chenges in uranium slugs effected by relatively short "in

pile" operation. This problem, which has been studied at Hanford and else-

&

‘where for some years, does not appear to be near encugh solution to werrant -
the use of metallic uranium in & reactor of this-design and for this purpose.
Table 8 compares some of the pertlnent properties of uranlum metal and UO

2°
. TABLE 8
COMPARISON OF SOME PROPERTIES OF UO, AND URANTUM METAL
, Fission ' Dimensional )
Density Product Stability . -
Gas Relesse : L
Uranium Metal 18.7 gu/cc No problem . - Poor i
U0, 10.9 gm/cc Can be a serious ‘ '
(theoretical) . Problem - No problem

On the basis of the propertles listed in Tbble 8 it is apparent that

selecting UO over uranium metel, while obviating the problem of dlmen51onal
in stab:lity, introduces two other problems: a substantial reduction in
density from that of uranium metal and a possib;e internal pressure build-up -

caused by fission product gases. The lower density of U0, is compensated byA

increasing the size of the reactor. This increase in Siz§ is not of a .

magnitude to greatly effect the reactor design. The problem of pressuré

buildup from fission product gases is not as easily disposed of; this problem.

is discussed in the section of Fuel Element Stress Analysis. The technology |

of the production and3fab§1gation of U02 specimens has progressed very rap&dly
.9

in the last few years
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It is now possible to prepare sintered disks of a specified fraction of

the theoretical density by control of the partigle size and the conditions’
of pressing and sintering. Further, it is possible to make these disks
within quite restrictive dimensional tolerances so that little machining of
the finished product is necessary. Thus the fabrication of the fuel sections
for this reactor does not appear to'present any serious problems. Some of
the important physical and thermodynamic properties of U'O2 are listed in
Table 9.

TABLE O
PROPERTIES OF URANIUM DIOXIDE3-2

Property A Temperature (°c) : Value
Melting Point 2405 -

Thermal Conductivity .. 200 0.0190
(cal/sec/"c/cm) Loo 0.0138
Extrapolated from 600 0.01055
73% to 100% of 800 0.00885
theoretical density 1000 0.00815
Heat Cap%city 100 ' ' 0.063
(cal/en/"c) 20 0.067

- 4 : , 500 0.07h

1000 " 0.078
1500 . 05082

Heat of Formation : o + '

(cal/mole) 25-1200 . =259,500 = 2,000 :
Free energy of Formation 25 . ) ¥2h6,600

(Cal/mole - lezy =197, 700
Heat of Fusion ' 2405 16,000

(cal/mole)

Heat of Vaporization 137,000

(cal/mole)

Entropy 25 18.6
(cal/mole/"C)

Vapor pressure : 1326 1.65 x lO“8
(m of Hg) ' :
Coefficient of 27-40o0o 9.1 x 102
Linear Expansion 400-800 _ 10.8 x 10¢
(ecm/em/™C) : 800-1260 13.0 x 10
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Theoretical , Ce .
Densitg 26 , 10096§
(em/cm

Young's medulus . | | e
of elasticity 20 .25 %10
(psi)

Modulus of rupture - Lo 1',' :
(psi) 25 10,000 12,090

The cladding material proposed for the PWR blanket fuel elements is
Zircalpy3ml. Other possibilities include stainless steel, aluminum and
magnésium. Table 10. compares, qualitatively, some important properties of

- these tladding materials with reference to this reactor.

TABLE lO

QUALITATIVE COMPARISON OF SOME PROPERTTES OF POSSIBLE.-CLADDING MATERIALS
Thermsl Neutron  Compatibility  Strength at

Absorption with Relatively High A

Cross=section QOrgenic Temperature Cost
Zircaloy Excellent \ Poor ~ Good . High
Stainless A N : _
Steel » Poor Good Excellent ' _ Medium
Aluminum Good. : Good ' Poor - - Low
Megnesium Excellent Fair ‘ Poor .Low

Stalnless steel will be used as the cladding material in’ the. O@ganic M@derate&
Reactor Experiment3 3° The resistence to corrosion of stainless steel in 8
high temperature (600-800 F) organic medium has been demonstrated3 =5 3- so
Stainless steel possesses excellent mechanical properties at the temperature
being considered. Despite these qualities the use of nafural-uranium in |
this resctor precludes the use of stainless steel because of its high
neutrgn absorption. ' A ‘

Zircaloy rates high on two points; dits low neutron sbsorption cross-"
section and its good strength at 700=-800°F° However, Zircaloy is subject to

excessive embrittlement in organic media at these temperatures‘:;nh’sgs° This
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embrittlement is the result of hydride formation, the source of hydrogen
being the radiolytic decomposition of the organic. Thus, unless Zircaloy
could be protected by an impervious cladding, its service life in this

reactor would be severely limited. Application of such a cladding on Zircaloy
may be possible, but it is far frbm being standard practice. Furthermore,

the high cost of zirconium and the high cost of its fabrication argue against
its use in a reactor that purports to provide relatively low cost power.

Magnesium and aluminum fall into the same general category; they are

both low cost metals, their compatibility with organics is acceptable,
They have low neutron absorption cross sections, ‘end the metals and their
alloys have low strength ét 700-8009F. Since the major problem with these
metals is strength, and since magnesium alloys generally-are not\as strong
as aluminum alloys, magnesium was given no further consideration.

Thus, having somewhat arbitrarily .- disposed of stainless steel,
zirconium, and magnesium, it remsins to choose an aluminum alloy that will
withstand the expected loads on the fuel element cladding at temperatures
up to 750°F; This task is made very difficult because of the lack of
experimental .data on the mechani¢al properties of aluminum alloys. at
this temperature. Some date are available on the tensile and yield strengths
of the more common aluminum alloys as a function of temperature up to 700 F.
These data are included in the tables of propertles (Table 11 and 12) of the
alloys 61S and T75S. ‘
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TABLE 11

MECHANICAL PROPERTIES OF ALUMINUM ATLOY.: 61 S-T6
Property Temperature Valué '
Density (am/cc) 70°F 2,70
Liquid 1205°F
Specific Heat (cal/gm) 212 .23
Thermal Expansion (pef OF) 68%F to 212°F .000013
Thermal Conduc ivity - o
(cal/sq cm/cm/ C/sec) TT°F .37
Recrystallization Teﬁperature o
(75% Reduction) 650" F
Modulus of Elasticity (psi) 10 x 10°
Poisson's Ratio - .33
| Compositions Alél.O-Mé - .6 8i=-.25¢Cu - .25Cr
Property Temperature(oF),.
75 300 %0 - | 500 | 600 | 700
Tensile Strength(psi) 45000 31000 19000' 7500 |. 3500 3000 :
Yield Strength (psi ) 40000 29000 15000 1 .5000 2500, ‘2000‘;
% Elongation 15 23 | 29 55| 90| 105
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TABLE 12

MECHANICAL PROPERTIES OF ALUMINUM ALLOY: 755 -T6

Property Temperature Value
Density gm/cc 68°F 2.80
Liquid 1180°F
Thermal Expansion (per °F) 68°F to 572°F .0000145
Specific Heat (cal/gm) 212°F .23
Thermal Condyctivity .
(cal/em™/cm/ C/sec) TT°F .29
Recrystallization Temperature 775°F
(50% reduction)
Modulus of Elasticity (psi) 10.4 x 10°
Poisson's Ratio ) ) .33

Composition : Al = 5.5 Zr - 2.5 Mg - 1.5 Cu = .3 Cr - .2 Ma

Temperature (°F)

Property 5 300 400" 500 600 700
Tensile Strength (psi) 88000 25000 isooo 12000 . | 8500 e 6500
Yield Strength (psi) | 80000 22000 12000 8000 - | 6000 | 5000
% elongation 10 32 55 60 | 68 5

Of more significance than the short time tensile and yield strengths of the

alloys are creep and rupture strengths.

Mr. J. E. Cunningham of the Metallurgy

Division of ORNL has provided some data on the creep strengths of some high -

strength aluminum alloys.* This data is reproduced in Table 13.

*¥ Mr. Cunningham obtained this information from E. T. Wanderer of the

Alcoa Research Laboratory in New Kensington; Pennsylvaniao-
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" TABLE 13

CREEP STRENGTH DATA ON SELECTED HIGH STRENGTH ALUMINUM ALLOYS

Creep Strength in psi of Indicated Alloy

Creep Time Tsmp. 7075 M=257 X-2219 _
Level Hr. F ‘7SS A1203 Pulver Experimgntal ’
Rupture 1 600 7000 14000 15000
Rupture 10 600 5500 13000 12000
Rupture 100 600 4500 11500 9000
. Rupture 1000 600 - 3500 10000 6500
1% Deformation 1 600 6000 14000 13000
" 10 600 k500 12500 10000
"o 100 600 3500 . 11000 - 7500
" 1000 600 _ 3000 10000 6000
.5% deformation 1 600 - 5500 14000 12000 ]
" 10 . 600 4000 12000 ' 9000
" 100 600 3000 10500 7000 -9
" 11000 600 2500 - | 5000
.1% deformation 1 600 - 3500 - 9500 7500 s
" " 10 600 2500 e 5000
© 100 600 2000 — 3500
" 1000 600 1500 I 2000°

It will be .noted that all the data in Table 13 were cobtained at 6009Fo
Unfortunately, data at higher ﬁemperaﬁure were not available and &n order to
predict the behavior of these materials at TSOOF an exfrapolation must be
made. Some limited datae are gvailéble on the creep strength of'M=257 versus
temperature3c6° These date indicate a decrease in creep strenéth £0 causé
0.5% extension in 100 hours from 15,000 psi to about 10,000 psi when the
temperature is raised 200°F (400°F to 600°F). If this behavior is assumed
to be a linear function of the temperature, an increase in temperature from
600°F to 750°F would reduce the creep strength by roughly one third. For
most metals and alloys this is not a linear relationship, in fact at higher .
tempersturés the slope changes in such & way that the decrease in strength ‘ z

-
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3-T Nome the less it will be

assumed here that the slope changes in the opposite way, i.e., that the

Per increase in temperature becomes less.

rate of decrease in strength w1th increasing temperature increases. Two
extrapolationswill be used: one assuming that the strength decreases by a
factor of two for an increase in temperature from 600° F to 750 F, the other
will assume a decresse factor ofcfour. The former extrapolation will be
referred to as the "5" extrapolation and the latter as the "i" extrapolation.
The data from Table 13 as well as the two extrapolations mentioned above

are plotted for the 755 and the X-2219 alloy in Fig. 36. The "log-log"

method (log creep rate vs. log stress) was used in interpreting these data.
This is one of the recommended methods of relating strain, stress and time,3-8
The functional relationship between these variables obtained from the straight
lines for X-2219|in‘Fig. 36 are given in the Appendix. These relgtionships
are used in the analysis of the stresses in the fuel element (see section

on Fuel Element Stress Analysis)

It w1ll be noted from Table 13 that the Pulver Alloy M=257 is the
strongest, with regexrd to creep, of the alloys compared. The experimental
alloy X-2219 (Al - 6.0 Cu - .3 Ma - .1 V- .15 Zr) is the next strongest.

All three are much stronger in this regard than the commercielly available,
weldable alloys such as 525. Unfortunately none of the three strongest

" alloys are recommended at the present time for welded construction. However,

X-2219 has been welded in special cases and probably the least smount of
development would be necessary to fabricate satisfactorily the fuel rod
cladding for this reactor from X-2219. This fact combined with the results
obtained from the stress analysis of the fuel element,‘indicate that the
choice of X-2219 for the fuel rod cladding is the best one under the conditions

of thls reactor.

Fuel.Element-Assembly Tube
The fuel element assembly tube is described in the section on Engineering.

This tube requires no welding im its construction. The operating tempersture

is 600°F. The greatest stress on this tube is the hoop stress caused by the
difference in pressure at the top between the gas on the outside and the organic
~on the inside. This stress is about 2500 psi. Since this is a constant stress
”under operating conditions, it could lead to creep. Hence, a high creep
strength aluminum alloy is required. The alloy 755-T6 was considered for use
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in making this tube because of its high strength and availability. However,
since alloy X-2219 has considérably greater creep.strength (See Table 13) at
600°F than 758, it seemed advisable to use this alloy for the assemble tube
as well as the fuel rod cladding.

The Process Tube
For a description of this tube and the loads it must carry see the

section on Engineering. Since the operating temperatﬁre.for this tube is low
(200°F), there is little difficulty in selecting'én alloy that is acceptable.
The Boiler Code recommends the alloy 61S-T6 for applications such as this.

For thée properties of this alloy see Table 11. The boiler Code Specifies

the allowable stress for this alloy at 200°F as i0,000 psi. BSince the

ectual stress on this tube is much below 10,000 psi, the use of 61S-T6 aluminum
alloy for this application should be completely satisfactory.

Organic Coolant
There are a number of properties of organic liquids that make them

desirable for use as coolants in-nuclear reactors. These properties are:
1. Low vapor pressure. This property; of course, varies with the organic,
but all organics considered for high temperature use have significantly
“lower vapor pressure than water. This property is graphically dis-
played in Fig. 39. :
2. Negligible corrosion of most low cost construction materials.
Such materialélinclude low cerbon steel and aluminum.
3. Low activation. This property allows a lessening (from that of a
" water system, for example) of the shielding around the coolant
piping.
4. No hazardous chemical reactions between fuel or water and the coolant.
This property is of particular significaﬁce'if metallic uranium is
used as the fuei° '
Thefe are, however, certain technical difficulties that are encountered
with the use of organics in a reéctor. These are:
1. Pyrolytic and radiolytic decomposition. This results in the formation
of gases and higher polymers. Since these higher polymers (usually
called "térs") tend to increase the viscosity of the fluid and may
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in certain cases foul the heat transfer surfaces in the reactor,
they must be continuously or periodically removed. '

2. Many organies considered for high temperature use are solids at room
temperature. Thus a heating system is required to prevent solidi-
fication when the reactor is not operating.

3. Flammability. This is important in organic sysfems since the coolant
is above the fire point (temperature 8t which ignition. in air is ‘
possible) under reactor operating conditions. Because of-the
possibility of fire from any leakage,.pfecautions must be taken in
the reactor design to eliminate ignition sources.

Furthermore, in comparison to water, organics Suffer the disadvantages

of having inferior heat transfer characteristics. That is, they have higher

- viscosities and lower specific heats and thermal conductivities than water.

(see Fig. 38 and 40). However, this disadvantage is compensated by the

possible use of organics'ét higher temperatures than cen be used with water

and with a much lower vapor pressure than water exhibits at-even much lowerr ~
temperatures . ‘ i '

Over the past several years much work has been done in screening and
testing organics for possible reactor applications3 3,3-9,3-10,3-11, 3-13,
In general this work has determined the following:

1. Alyphatic Hydrocarbons generally show much higher radiolytic damage
than do the aromatics.

2. Because of the possible»inxroduction of corrosion problems due to
liberation of oxygen during irradiation, orgadic compounds containing
oxygen are not recommended for reactor applieation. ' '

3. Among the aromatics; the condensed ring class (e;gy,‘napthalene)

~ show a high degree of radiation resistance, but have the disadvantage
of forming insoluble cokes during decomposition. 4
‘b, Most organic materials exhibit a temperature threshold for pyrolytic
‘damage . That‘is, below a certain’ temperature the damsge caused by
} irradiation is independent Of the temperature. '

- Most of the organic compounds that have an acceptable combination of
properties (e.g., viscosity, boiling point, melting point, and over-all radiation
stability) %o be considered for reactor coolant use are benzene derivati#es
such as diphenyl, the terphenyls, alkyl Benzenes, and alkyl diphenyls. The
alkylated derivatives;, particularly alkyl diphenyls, have some attractive
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properties, namely, they are liquid at room temperature and (with respect

to their use as a moderator as well as coolant) they have a higher hydrogen
denéity than the polyphenyls. However, they are somewhat less stable to
irradiation than the polyphenyls and their cost is slightly higher. Also in
Dy
more like a poison than a moderator, and an increase in hydrogen density is

0 moderated reactors, such as the one being considered here, hydrogen acts

not an advantage.

At the present time Atomics International; Division of North American
Aviation, Inc. is conducting the Organic Moderated Reactor Experiment (OMBE)
Those materials given the most consideration for the moderator- coolants of
the OMRE are diphenyl and the terphenyls. In the..opinion of those responsible
for the OMRE these materials are the most stable commercially available

hydrocarbons3'l3.

Because these compounds are being-considered for use in
the OMRE, and beceuse more pertinent information was available concerning
these compounds* than for any others, it was determined to limit the choice
for the coolant for this reactor to either diphenyl or a mixture of the

terphenyls .

Diphenyl - Because of its low cost (15¢ per pound) and availability,
diphenyl (also called byphenyl) has undergone more tests as a heat transfer
fluid than perhaps any other hydrocarbon; It has the best heat tranéfer B
characteristics of the polyphenyl compounds. Some of the important properties
of diphenyl, compared to those of "Santowax-R" (see below) and water are '
shown in Figures 37, 38, 39, 40. It will Le noted from these figures that,
compared to water, diphenyl has a higher density and a higher viscésity but
8 lower specific heat and a lower vapor pressure. - Its lower épecific heat
and higher viscosity account for the fact that it has poorer heat transfer
characteristics than water. These same properties as wéll as others are

compared for the same three coolants in Table 14.

Terphenyls - There are three isometric terphenyls, ortho, metes, and para'
terphenyl. All of the isomers have higher densities; higher viscosities, and
low vepor pressures than has diﬁhenyl. The radietion stability of O-terphenyl
is about the éame as that of diphenyl, vwhereas m-terphenyl is slightly more
stable and p-terphenyl considerably more stable than diphenyl?’-lh° Unfortunately
the cost of any single isomer is quite high, running from $0.90 per pound to

$1.40 per pound3'lh, Mixtures of the terphenyls are commercially available
* Much of this information was supplied by C.A. Trilling, Project Engineer,
and others concerned with the OMRE. ‘
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at much.lower cost. One such mixture available from the Monsanto Chemical
Co. is called "Santo-wax-R". The composition of this mixture is reported
23715 . :
to be :

Diphenyl - 1%
Ortho-phenyl  10%
meta-terphenyl 45%
para-terphenyl 20%
Triphenylene L
para-quaterphenyl 2%

Higher boiling ' -
Compuaunds 18%
The vaﬁor'pressure and radiation stability of this mixture’are about the same
as those of méterphenyl. Reference is again made to Figures 37, 38, 39, k0O
and Table 1l wherein the properties of "Santowax-R" are compared to those of
diphenyl and water. It will be noted that the viscosity is higher and the
specific heat lower than for diphenyl, and thus, the heat transfer characteristics
are not quite as good. The melting point is higher but neither are liquid '
at room temperature. The cost of the tﬁo materials is about the same. Of
gréat significance for this reactor is the low vapbr pressure of “Santowax-R"
compared to that of diphenyl. For a large reactor it is advantageous from
the standpoint of both cost and safety to keep the pressure in the core to
as low a value as possible. To make the best use of the organic coolant with
regard to the reactor under study it seemed advisable to take advaﬁtage of
the low vapor pressure of "Santowax-R". ‘
Another promising mixture of the terphenyls which is available from the
‘Monsanto Chemical Company is called "Santowax-OM'.. This mixture consists
mainly of ortho and meta-terphenyl with a trace of para-berphenyl. This
material'is very similar to"Santowax-R" in its physical proﬁerties and
radiation stability. Its wvapor préssure is slighgl{3higher than that of

Because of this lower
3-13

"SantowaxéR"Sylh, but its metling point is lower.
melting point, "Santowax-OM" is the material being first used in the OMRE
The present cost of "Santowax-OM" is $0.75 per pound, however; if large scale
production is demsnded the cost would drop to about $0.25 per pound3°15,
"Santowax-R" was chosen for use as the coolanﬁ in this reactor for the

following reasons: |

1. Low vapor pressure

2. Low cost

-3. Availability

4. High radiation stability
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It should be pointed out that because of the relatively high melting point
of this coolant means must be provided to melt the materiasl before its
introduction into the reactor. Means must be provided also to prevent
freezing of the coolant in the reactor and piping during prolonged shutdown
. of the reactor.

"Santowax-R" may not be the best organic reactor coolant. The best.
coolant can be determined only after the most promising organics have been
tested under actual reactor conditions. The OMRE is set up to perform
Jjust such tests. With the completion of this experiment much more infor-
mation will be available regarding the pertinent properties of the various
hydrocarbons and their behavior as reactor coolants.

3-21

Thermal Stability of The Terphenyls - Experimental evidence has shown

that the thermsl decomposition is small and practically constant with time

for all the terphenyls at 750°F° This temperature is below the threshold
value (See above) for these compounds. Since the hottest sﬁrface temperature
of the fuel elements is 750°F and the bulk temperature of the coolant is
about 600°F, there is no danger of excessive pyrolytic damage to the organic
coolant in this reactor under normel operation. When hydrocarbons of this
kind are.heated to temperatures around 900°F coking takes place. This

could be a serious problem as far as fouling the heat transfer surfaces is
concerned. Thus, it is important to prevent hot spots in the coolant channels.
A rupture of the fuel element cladding, while not disastrous from the point
of view 6f a chemical reaction, might cause such hot spots. If it were found
that such hot spots did not form? the problem of the fuel element cladding

would not be nearly so great.

Effects of Irradiation on the Terphenyls -~ In reactor applications

most damage to organics is caused by gamma photons and fast neutrons. The
interactions of these particles with organics leads to the formation of gases
and higher polymers. Fortunately in the case of the terphenyls the gas formation
is not excessive and the higher polymers are soluble in the terphenyls. Also,
the higher polymers are more radiation steble than the original terphenyls

(See Fig. 62 in Appendix H). Thus the rate of decomposition decreases.as the
concentration of higher polymers increases. It is not possible to allow the

higher polymer concentration to imcrease without limit, however, because the
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.addition of these materials'change the properties of the fluid° The most
: 3- 13

significant change is an increase in visoosity,. It has been estimated
that a concentration of 30% higher polymers in "Santowax-R" increases the
viscosity by 50%. This has been selected as the limiting concentration for.
steady state operation. i ,
The effects of higher polymer concentration on the properties of &
Santowax-R are shown in Figures U1 and 42 and in Table 15. .It will be noted
that there is a decrease in. final melting point with increasing higher polymer
concentration. Unfortunately this decrease is not great enough to cause the
mixture to be liquid at room temperature. The increase in density shown-in
Figure k42 brings about an increase in hydrogen density. This can be important
from the point of view of reactor physics. ' '
The properties compared ‘in Table 15 are the most s1gnificant for heat
transfer considerations. The values given for 30% higher polymer concentration
have been estimated from the effects of higher polymers on the propertles of .
s1mllar organic materia.ls3 -2 - _ - . )
In order to calculate the rate of decompositioh of o¥ganics in rediation |

fields it 1s necessary to assume that the decomposition rate is a'function. L _

only of the amount of energy absorbed. There are exceptions to this rule.

For example, fiss1on fragments cause more damage for eqpal energy deposition

ol

than do gamme photons or fast neutrons. For this reason it is important to
protect organic coolants from the surface of the fuel in reactors. None'the
less, the rule is generally accepted to hold when comparing , for example,
damage caused by electrons from Van de Graff generators with that caused
by gammes and neutrons. Some date are available relating the deconposition‘
of the terphenyls with the energy absorbed from Van de Graff electrons3“21°
Since the main constituent of Santowex-R is m-terphenyl, the data for the
latter was used in calculating the decomposition rate for santowax-R in

this reactor. The results of this calculation are given in Appendix H.

Aotivntion of Organic Coolants - It has been stated that one of the

advantages of organics over water in reactor application is the low activity
found in organic systems. The activity that is found is due mainly to
impurities in the organic. An estimate of the aotivity expected for common
impurities in orgenics and under the radlatlon conditions of the OMRE has.
been made3 ~22 Table 16. The activity as well as the radiation expected at
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the surface of a 16 inch steel coolant pipe and at a position one and a half

‘feet from the pipe are given in Table 16. The activities given in this table

are for 1 ppm of the impurity in the coolant. The impurity:.content in Santowax-R
is not as great as 1 ppﬁ for some of these impurities. An estimate of the
radiation due to impurities at the pipe surface based on a typical analysis

of Santowax-R is 496 mr/hr. To this value one should add the radiation
contributed by corrosion products in the coolant. The total radiation.level

at the pipe surface including these contributions is estimated to be 759

mr/hr. This emount seems quite high but it must be recalled that all this
radiation is due to impurities and these impurities are continually being

removed in the organic purification system.

TABLE 16

‘RADIATION LEVELS FROM 1 PPM CONCENTRATIONS
OF VARIOUS IMPURITIES IN OMRE COOLANT

Element | Activity Radistion Level Radiation level
(dps/cu cm) - at Surface of 16 1.5 ft from
in. pipe (mr/hr) surface of pipe
(mr/br)-

Ne. (1 ppm) 1.86 x 10l+ 890 | 240

Ma (1 ppm) 2.01 x 10° 3900 1200

Cl (1 ppm) 3.48 x 103 56 18

Hg (1 ppm) 2.13 x 0% 27 9.

Co (1 ppm) - 3.52 x 101‘ 990 ' 340
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TARLE 1k

| COMPARISON OF PROPERTIES OF DIPHENYL, "SANTOWAX-R", AND WATER

Value of Property for Indicated Coolant

Property Water Diphenyl | "Sentowax-R"
, (3-12)*% (3-16)
Melting Point . _
(°r) 32 158 140 to 293
Boiling Point . (3-13 (3-16)
r) - 212 491 700
Vapor gressure (3fl7) (3-16)
at TOO F(psi) 3100 10 15
Dengity at (3-17) (3*18)
T700"F(gm/cc) b2 .72 .83
' SR ‘ (3-14)
Viscosity at T00°F .06 28317 .28
(centipoises)
Specific Heat \3-12) ‘ R
at 700°F BIU 5 .65 .56(at 550°F)
Ib-°F L
Thermal Conductivity ' :
at T00°F é3_12) (3f20)'
(BTU/br-£t-°F) .185 076 076
0 (3-12) - (3-16)
Flash Point ( F) 235 375
o (3-12) ~ (3-16)
Fire .Point.( F) 253 460
AR ‘ ' (3-15)
Cost $/1b- .15 1675

* Number in brackets is reference for value given

#*% Estimated from Specific Heat of tertiary eutectic of diphenyl, Ofterphenyl"

" and M~-terphenyl.

3-12
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TABLE 15

EFFECTS OF HIGHER POLYMER CONCENTRATION ON THE
ENGINEERING PROPERTIES OF SANTOWAX-R

Property - Value at the Indicated Higher
Polymer Concéntration

- 0% 30%
Thermal conductivity at 550°F _
(BTU/sq £t, hr, F/ft 0.076 ‘ 0.072

Specific Heaf at 550°F
(BTU/1b, °F) 0.56 0.56

Density at 600°F
(1bs/cu f£t) B 55 o -oT

Viscosity at 600°F
© (lbs/ft-hr) : 0.9k ol

Viscosity at T00°F
(1bs/ft-hr) ‘ 0.675 1.01
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ECONOMIC EVALUATION

Introduction

It is apparent that within ‘the man-hour limitations of this progect,
we could hardly hope to construct a highly accurate and original forecast
of either the capital or operating costs of our reference design. We have
tried whenever possible to be guided by cost estimates appearing in the
literature representing the best efforts of responsible study groups. When,
either because of lack of design information or an adequate estimating
basis, it was impossible to analyze the cost in-detail, we have tried to
place a cost figure on the equipment or system which ve felt was high.

It was our sincere wish to present cost figures’for the system which .
could be lowered by more careful study but not raised. To realize such an
ambition would have required engineering the reactor complex using only :
those materials and fabrication techniques for which costs could be predicfed
'with confidence. In addition it would have required that the reactor components
with their specified materials and fabrication be known to be able to with- :
stand the reactor operating environment for the required length of time. To
even state these aims may serve to alert the reader to our immaturity in this
field of engineering endeavor.

We have been able to construct our reactor system using materials, -
designs and fabrlcation techniques which fell within the range of conventlonal '”
engineering practice. This means, in terms of economics, that we feel a
'hlgh degree of confidence in the conservatism.of our capital cost estlmate.

Unfortunately, the chosen operating temperatures of our reactor system
have required thet our aluminum cladding on the fuel elements must Operate
in a temperature range sbove the temperatures consituﬁing accepted'engineering
practice. Even though the best information and methods .of analy51s available
indicate that our fuel element cladding is-adequate, we must admit that there
still remasins some doubt that our elements will operate satlsfactOrily for
the required length of time. ‘

‘All in all, we feel that our operating cost estimate is based on &
reasonable engineering extrapolation and that our reference design will be
able to operate at a quite good economic point. However, we did wish to
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point out that the desired degree of economic certainty was not achieved.

Capital Cost Estimates
The basis for our economic evaluation in this report is a preliminary

memorandum entitled "Economic Evaluation" dated December T, 1956 issued by
the Technlcal Appraisal Task Force on Nuclear Power of the Edison Electric
Institute. Thls memorandum represents an attempt by the group to more or
less standardize or establish ground rules for power reactor:system economic
evaluatlons. The purpose was to permit easy comparison of different reactors.
The pertlnent portions of this memorandum are reproduced -in the economics
section of the eppendix to this report.
Our capital cost estimate is presented in Table 17. The detailed

descriptions of the structures, systems, or equipment whose capital costs

are shown are to be found in other sections of the report.

TABLE 17

CAPITAL INVESTMENT IN THOUSANDS OF DOLLARS

Land and Rights : 500
Structure and Improvements . ' , . 8,810
Main Building '
' Shell ' 4,250
Other then shell 2,k00
Service Building . 1,350
Site Preparation . 20
Misc. Site Facilities 720
Reactor Plant Equipment (Installed) . .. . 10,320
Reactor 2,058
- Vessell ' 1,408
Special Shielding 650 |
| Fuel Handling Facilities 2,000
! ' Remote-Handling Equipmerit - 1,000
Conveying Equipment 500
Storage 500
Instrumentation and Control 2,000
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TABLE 17 (Con't)

Primary Coolant System . (Installed)
- Main Heat Exchangers
Purification System
Pumps
Organic Piping
' Instrumentation
Auxiliaries
Heat Up System
Storage and Handling Facilities
0 System (Installed)
Purification System
Pumps
Piping

D,

Heat Exchangers
Storage Tanks
Auxiliaries
Heat Up System
Instrﬁmentation
Gas Handling and Storage

Turbine Generator and Steam Cycle Costs (Installed)
- 4,970 -

Turbine Generator
Special Foundations
Condenser and Auziliaries
Circulating Water System

1,100

Other Turbine Auxiliaries (lab system, etc.)

Feed Water Heaters
Storage Tanks
Deep Wells

Pumps

Sinking and Casing
Water Treating Equipmént
BlowdoWn Equipment'
Main Feed Pumps

30

278

260
60"

180
60

1,500
118
210

56

uy o

66
200

90
118
340

50

85
432

15
138
13
26

1,968,

2,194

100

7,867
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TABLE 17 (Conft)

Instrumentation - 300

Piping ‘ : 1,165

Accessories - Electrical ’ ' ‘ 2,200

Miscellaneous Plant ' : 800

Switch Gear, etc. ' 1,900

Total Direct Costs -§§;§§7——

Contingencies (10%) ’ ' 3,239

Engineering - Special Tests and Management (10%) 3,239
'GRAND TOTAL 38,875

We do not feel that a detailed defense of the capital cost estimate
would add anything to the report. The estimates are for the most part taken from
other studies, the rules established by the Edison Electric Institute

Committee, or computed by more or less standard estimatingvprocedUres.

Operating Costs

As with all other costs in this report, the preliminary momorandum
by the Edison Electric Institute group forms the: basis for the‘estimatg of
operating costs. There are, however, many operating costs -which are pequliar'
to this particular reactor. This section will be devoted to é discﬁssion of
the methods and assumptions used in arriving at these costs.

Fuel element fabrication, including installation in theAreactor core
was assumed to cost $20/kg. of uranium. - Ignoring for the moment the cost of
forming the UOé, the cost of $20/kg. of U represents a charge of $51/1b.
of faebricated aluminum. This appears to be a quite generous allowance for
fuel fabrication, especially compared to quoted costs for Zircaloy;2'
elements as low as $66/kg. of U appearing in the literature.u-l.

Fissionable material rentel is assumed to be 4% per annum based on a
cost of $h0/kg. of natural uranium. In computing burnup costs thé uranium
at $40/kg. is assumed to be completely used when taken from the reactor.
Credit for the unburned U-235 and the plutonium is taken account of separately.

Shipping and processing costs for the aluminum clad UO2 elements was

_assumed to be $20/kg. of U. The allowance for shipping was $6/kg. of U and for

chemical processing $1l/kg. of U. These figures were obtained by comparing
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our fuel element to more or less standard types listed in an AEC press -

release on processing costs. Table 38 in the appendix shows the AEC
estimates of processing costs with the fuel element most similar to ours
underlined. Table 18 shows annual fuel consumption in tons/year, fuel
burnup and associated costs in $/year as a function ef irradiation in
megawatt days/ton. ' ’

D20 rental was assumed to be h% per annum-applied to a base cost of
$28/1b. The allowance for D0 depletion was teken as L% per annum. There
seems to be no standard figure for depletion allowance. Values in the range
of 4 to 5% have been noted in the literature. ' ‘

The cost of replacing the orgenic coolant which is destroyed by
irradiation in the reactor has been estimated for our reactof’at .2 mills
per kwh of electricity produced. The details of the .2.mills/kwh estimate
are presented 'in the appendix.under organic make~-up costs. ’ N

The credit for fissionable material produced is computed using the
figures shown in Table 39 in the Appendix° The price schedule fer plutonium
as a function of higher isotope content was teken from the AEC price schedule
published in the Federal Register, dated June 6 1957. The cfedit for depleted,~
uranium is computed from Table 39 in the appendlx ‘The figures appearlng in
Table 39 were in turn computed using s fornmla developed by Manson Bened.lcth

Annual fissionable material credits as a function of irradiation time in mwd/ton ‘
\

are displayed in Table 19.

Carrying Charges

Carrying charges are computed by the rules‘eutlined in the EdisbnlEieEtfic
Institute paper. The only deviation is that we have carried the fuel fabrlcatlon
cost of two complete cores rather than one as recommended. We have allowed -
for one—half of one core to be kept on hand ready for insertion in the core, -
one core in the reactor, and one-half of one core cooling prior to shipment

to the‘chemical processing plant. Table 20 exhibits the carrying charges.
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Irradlatlon

TABLE 18 ANNUAL FUEL CONSUMPTION AND COSTS AS A FUNCTION OF EXPOSURE

Cycle Time

Annual Fuel

Annual Fuel

Annual Fabrlcatlon

Annual Shipping and

in 103 med/t in Months = Consumption Burnup in $103 Costs, $103 Processing Costs
. " in tons/yr ' $103 -
1 5.53 23k 8,500 - 4,250 4,250
2 11.06 117 L, 260 2,130 2,130
3 16.59 78 2,840 1,420 1,420
4 22.12 58.5 2,125 1,065 1,065
5 27.65 46.8 1,702 852 852
6 33.18 . 39.0 1,420 TI0 710
7 38.71 33.4 1,214 607" 607
8 RN 29.3 1,067 533 533
9 99.77 26.0 96 473 473
10 55.3 23.h 852 - ko6 L6
Aésumptions
(1) Reactor Core Loadlng, 106 tons of U
(2) 25% overall heat to electrical conversion efficiency
(3) 80% prant factor .
(4) Plant capacity 200 net electrlcal MW
(5) Fuel Fsbrication Cost $20/Kg of U
(6) Process1ng Cost $20/KG-bf U,. ($lh Chemlcal Processing and waste disposal, $6/Kg of U

Shipplng COSt
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TAELE 19 - ANNUAL ISOTOPE CREDIT ASSUMING REACTOR GRADE Pu AT $28.50/GRAM

Irradiation Pu Conc. U-235 Conc. Annual Pu Annual Uranium Total Annual
103 MWD/ton gms /ton gnis /ton Credit,$lo3 Credit, $1o3 Credit, $1o3
0 ' 0 - 6450 ' 0 L - 11,250
1 980 - 5150 6,540 : 5,150 . 11,690
2 1600 4200 . 5,330 1,450 6,780
3 2050 3400 4,560 435 4,995
N 2400 2760 - 4,000 11 ‘ 4,111
5 2550 2250 3,400 13.7 3,414
) 2640 1870 2,940 0 2,940
-Assumptiens:

(1) 106 Tons of U
(2) Pu at $28.50/gram
(3) Uranium Credit Calculated as shown in the Appendix




TABLE 20

CARRYING CHARGES FOR THE ODPR

Cost of Plant .
Land ' | $. 500,000
Reactor and Associated Equipment 3 : . 24,038,000
Turbogenerator Plant ’ : ' 14,360,000
Total o . 738,898,000
Working Capital . ' 5,390,000

Annual Carrying Costs

Land at 11% ‘ - . $ . 55,000
Reactor ‘and Associated Equlpment at 15.25% . " 3,670,000
Turbogenerator Plant at lh% ' . o 2,010,000'
Working Capital at 9% S ‘ 485,000
Total | | 8,220,000
Total Cerrying Cherges, Mills/ kwh b5

Total Energy Costs

Total energy costs have alread& been presented'in the'Summary section
of this report. As will become apparent later, we may wish to opéiaié
the reactor at something less than optimum conditions in order to ease the
requirements on the fuel elements. Therefore, we havé included Table 21 which
shows the total energy costs for the reactor at 1,000., 3,000 ., and'6,ooo mwd/ﬁon;

Parametric Studies and General Observgtions ’

Operating Alternatives - We have already admitted elsewhere in the report
that we are making an engineering extrapolation in using alwuminum clad on our

fuel elements in & condition where the surface temperature may rise to 750°F
We feel that there are many ways in which we could reduce the severity of the
operatlng conditions end still retain good economics.
P : For instance, it would be poss1ble to reduce the max1mum fuel element '
cled temperature to TOO °F with a small loss in net power output. And hence,
B with a small effect on direct power costs. ’
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Another alternative would be to vent the elements in the critical tempersa-
ture zones of the reactor. Venting the eiemenfs would‘felease some percentage
of the fission product gases into the primary coolant system and allow for pressure
equalization between the inside of the element and the outside. It is believed
that this amount of fission product release into the coolant stream cduld be
tolerated. Although the fuel element would still be called upén to operate
above the temperaturg range where data on strength and creep.are réadily
available, the load 6r stress would have been reduced to a very small %ralu.e°
This alteration.to the fuel elément design appears to have little or no effect
on economics. »

Still another possibility would be to run the fuel elements for only 1,000
mwd/ton. This would markedly reduce the stresses in the clad and also reduce
the totel creep occuring prior to'removal. The economic penalty for operating
the fuel elements to 1,000 mwd/ton instead of 3,000 mwd/ton would be serious,
being of the order of 3 mills/kwh as shown in Table 21. While the penalty is
large, it would not be disastrous, particularly if it were temporary.

We believe that our fuel elements as specified will operate satisfactorily,
but since our Qperating conditions are fairly severe, we wished to point out

ways of easing requirements without incurring any tremendous economic penalties.

The case for Enriched Uranium Fuel - The effect of- overall reactor econdmics

of using enriched uranium fuel was briefly investigated. The price of enriched
uranium as UF6 is shown in Table L0 in the appendix. The.cost of converting UF6
tol0,, was assumed to be $8/Il.bl'L 3.
in Fig. 43 which shows net fuel costs in mills/kwh as a function of irradiation
in mwd/ton for natural uranium, .978%, and 1.46% enrichment. The significant

The results of the study are presented

factor which makes the cost picture for enriched fuel worse than for natural
uranium is the relatively high cost of the UF6 to UO2 conversion. Thls cost
is of course avoided with naturel uranium fuel since it is produeed in the

desired form by the refineries.

Zircaloy-2 Clad Fuel Elements - As an alternate to the cheap easy to

fabricéte, easy to process, aluminum clad elements we could have choseén to use

Zircaloy-2 cled elements and process tubes. The effect of using Zircaloy-2 clad-
ding and process tubes was investigated. Only the effect on fuel costs was
checked. It was assumed that carrying charges wergrunaffected by the higher

working capital requirements.
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Irradiation (mwd/ton)
Annual Carrying Charges
Annual Operating Costs
Labor and Maintenance
Fuel Element Faebrication
Fiésionable Material Rental
Fissionable Material Consuﬁed..:
' Shipping and Processing -
Water and Miscellaneous Supplies
D20‘Reétal (120 tons) .
"DQO Depletion Allowance
Organic Makeup

Total‘Annngl Cost

Less Fissionable Prod. Credit

Net Annual Cost

Energy Cost in Mills/KWH

TABLE 21 TOTAL . ENERGY coSTS

6,000

| 3,000 °

1,000,
$6,220,000 '-A$6;aeq,ooo $6,220,000
1,300,000 1,300,000 1,300,000
4,250,000 1,400,000 700, 000
308,000 © . 308,000 308,000 .
. 8,500,000 2,840,000 - 1,420,000
+ k4,250,000 1,420,000 710,000
80,000 80,000 .80, 000
269,000 269,000 269,000
269,000 269,000 269,000
280,000 280,000 280,000
25,726,000 14,386,000 - 11,556,000
11,690,000 - 14,995,000 2,940,000
14,036,000 9,391,000 8,616,000
© 10.02 6.70 6.15



The Effect of The New Plutonium Fair Price - The effect of the new

plutonium guersnteed fair price schedule, $28.50/gram minimum, (Assuming $1 .50
per grem for conversion of Pu salt to metal buttons) was studied. The total

energy costs for the ODPR, assuming the~old'migimum plutonium credit of

$12/gram are shown in Table 37 in the appendix. In general, the effect of

the new plutonium price is significant only at irradiations of the ofder of
3,000 mwd/ton or less. It has & quite beneficiel effect on energy costs for
the ODPh since this reactor is designed to take advantage of all of the benefits

attendant to short irradiations.

Fuel Loading - Effect of fuel loading was studied for a given reactor

size and lattice spacing. The effect on plutonium production is shown in the

physics section of the report. We do not believe we are at the optimum point

with-a specified loading of 106 tons of U ; however, our study indicates

that overall energy cost of $3,COO mwd/ton would probably be altered by less
than one-half of one mill/kwh. There is some economic gain to be achieved by

adjusting the fuel loading upward by 20 to 4O tons. The increased fuel

loading will also yield somewhat longer lifetimes. The $mall gain in lifetime,

is of doubtful economic significance. Particularly, since the gain in

plutonium production is more -importent at the lower irrsdiastions. In any.
event, we do not feel that altering the fuel loading can change the economics’

of this reactor materially.

Conclusions - We certainly cannot lay claim to a unique economic position

for the ODFR simply because the predicted overall energy costs lie in the range

6 to 7'mills/kwh. However, we do believe that with this reactor we have

arrived at the usual energy.cbsts predicted for nuclear power stations with .

fewer doubtful engineering extrapolations than most.
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MAINTENANCE

Detalled operational procedures and personnel requirements is not discussed
in thls report The general concept Of how the operation of the reactor and
plant would be influenced by equipment. failures or other adverse operating
conditions is discussed howeverAin the section on Reactor Control and
Instrumentafion. : : ' -

Maintenancé of equipment outside of. the reactor building will be conducted
in é conventional manner sirce none of the equipment or materials to be’
handled will be radiocactive. Special provisions, however, are necessary to
allow maintenance of equipment inside the reactor building. The major pieces
of equipment which will require special techniques are; the organic and_the
heavy water circulating-feed pumps, the reboiler-superheater units, the
heavy water coolers, and the special index1ng unit and crene system within the
reactor vessel itself. .

The eight organic‘recirculafing-feed-pumps are installed in pairs in
four separately shielded compartments, thus requiring the outage of two
pumps in order,to‘repair or replace any mne. This reduces plant‘capability‘
to approximetely T5% of full load rating during such outége. At least one
spare pump is kept on ﬁand for replacement purposes. If a pump requires
mﬁintenance it is shut down, along with the other pump in that.cell, is
velved off from the system outside the cell; and all orgahic in the pumps and
piping within the cell is drained to the organic storage tank. The piping
‘and pumps are remotely flushed with benzene and then water and allowed to -
radioactively cool for a short period of time before entrance irnto the cell
may be accomplished. 'Radiation level within the cell is checked until it is
down to bermiSsible limit as prescribed by health physics, and then the pump
.may be replaced or maintained in place depending upon its activity. If pump
itself is too "hot" to maintain in place it is replaced and moved to a
storage area within the reactor building until its activity is down to a low
enough level to permit direct maintenance. This replacement procedure
minimized outage.time

The four D 0 recirculgting-feed pumps are malntained in & similar manner. .
as the organlc-pumps. The notable exceptions are that they require only a
water flush and that each D20 pump is individually shlglded and the loss of
one pump does not result in a load reduction since three pumps are designed
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to supply normal demands.

The four reboiler-superheater units can each be maintained individually
since they are in four separately shielded areas. An outage of one of these
units results in a loss of capability of the plant of about 25%. These units,
when shut down for maintenance, are sectiomalized from the rest of the system
and drained and flushed similar to the organic pumps.. When activity in the
cells of the unit out of service is down to permissible level, the unit head
is removed and the maintenance performed. A number of leaky tubes in any one
unit may be simply plugged off without any resultant load loss since there
is some surplus surface area built into the system. If the number of tubes
having leaks becomes too great, the tube bundle of that unit may be replaced
by a spare bundle kept in readiness for such occasion, and the removed
bundle can be retubed or otherwise repaired directly in a separate maintenance
area. ' : : , :
Maintenance of the D20 coolers is somewhat similar to that of the reboiler-
superheater units, except that the outage of one of the D20 coolers does not Tl
affect plant capability. One D20 cooler is normally in service with instru-
mentation such that eny leak detected in thg.cooler in service will automati- -
cally put the spare cooler in service and cut out the leaking unit and drain
it. Flushing and subsequent maintenance is then performed manually.

(5]

The maintenance of the special indexing unit and associated equipment
within the reactor must be done outside of the reactor vessel, therefore,
provision is made in the top head of the reactor so that the entire indexing
unit can be removed. The reactor must be out of service in order td '

accomplish this removal.
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HAZARD EVALUATION

This reactor has many attractive features but there are certain

_dangerous characteristics and hazards which must bé analyzed, evaluated,

and the systém designed to minimize the risks to operating personnel; the
public- and equipment.

Nuglear Reactors in geﬁeral will not run away unless s number of _
serious mistakes in design and operation are committed. To minimize this
possibility adequate control must be provided; the reliability and effect

" of mal-function of each piece of equipment and combination thereof must be

analyzed and adequate supervision be planned.

Many other situations will arise which have to do with the protection |
of plant personnel and others at the site, the protection of investment, and
the protection of the general public and proper’ty° These too must be analyzed
and planned for,_ '

Stability = 'The safety of this reactor depends upon its intrinsic
built-in stability, reliability of conventional equipment, designAsuch that.
equipment fajlure will not create hazardous conditions, and the operation
and meintanance procedures planned. For example the reactor has é small but
negative coefficient of reactivity, that is, the reactivity decreases with
increasing coolant temperature, moderator temperature or both.

Problems -and situations which arise during startup and shutdown, manipu-
lation of the controls, loading and unloadlng of fuel and the control of. all
materials made radioactive by the reactor have been analyZed and are
discussed in ‘this report.

The possibility of release of fission products to the atmosphere is
minimi%éd “in this reactor By the compatibility of UOé.fuelf( and‘coolant, the
integrity eof the cladding, the fact that there will be no explosive chemical
reaction between the fuel and coolant even though the cladding fail, the
inherently low pressures encountered in the organic fluid, the leak tightness
of the system and the gas tight spherical container vessel.

The possibility of this reactor becoming supercritical; melting dqwn due
to either loss of coolant during operation or to the delayed heat produced
by radiocactive fission producté; or possible exothermic chemical reasctions
among its components have been analyzed. '
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A puclear ruﬂaway does not represent & serious hazard to the genersl
public since it would not be very violent =-- nothing like an explosion even
of ordinary chemical explosives. A blast shield is provided, however,'around
and above the reactor vessel to protect the container vessel from fragmenté
resulting from explosion and thus confine the radioactive products of
fission within this semi-sphericgl shell..

Chemical explosions can cauée considerable violence and pressure in such
contginment vessels. In our reactor there is no possibility of a uranium
water reaction or aluminum water reaction. The possibility of ignition
of the orgenic requires oxygen. In order for this to occur the hot orgenic
must be exposed to the atmosphere within the container vessel. The pressures
which could occur from such a reaction gre low. The maximum pressure in the
container vessel should all the heavy water in the core somehow evaporate
would also be low aund containable. Thus the containment vessel is thought
to be adequate for. any reasonably donceivable incident° ‘

The large excess ¥eactivity of this reactor during initial operation and
over its life must be eliminated by full insertion of most of the contrél
rods throughout the.coré, with sufficient safeties above set for instantaneous
drop and a sufficient number of shim rods inserted for flux flattening, shaping
xenon oscillation, etec., and one for control.

A boric acid injection system and s moderator dump are incorporated as
additibqal lines of defense to prevent run away. An increase in reactivity
caused by the removal of a contrel rod will result in a power level and
eventual temperature increase. :The negative temperature coefficient will act
to decrease the resultant reactivity insertion and dentually completely:
nulify it for some high power level and thus stabilize it. This coefficient
should be both large and quick acting to stabilize the reactor without
destruction occurring during trasnsients resulting from the malfunction of
equipment or operating errors. The principle change in temperature is due o
the generation of fissien heat in the fuel elements. Thig heating results in
an increased absorption of neutrons as they slow down through the resonance
region by a phenomens known as Doppler broadening of the U238 resonsnces. This
is the primary negative component in our reactor anmd the first to act during
reactivity insertions. The vesultant hesting of the cooclant with its decreszse

in density however, results in a reduction in poisons and an increase in thermal
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utilization. This effect is large and much greater than the Doppler effect.
The subsequent increase in neutron temperature of the composiﬁe moderator
which includes the moderating properties of the organic coolant. result in a
decrease in its moderating properties and result in an asdditional negative
component : :

The overall coeffic1ent was found to be small but negatlve° The results
of this computation will be found in the Engineering section an. Controls. If
some failure of the cooling system occurs, caused by the breakdown of the
pumps, loss of pumping power; or mechanical fallure of cooling piping, a .
serious situtation may evolve if the heat is not disposed of. To provide for
these contingencies; 8 standby and emergency cooling systém is incorporated
in this design consisting of emergency pumps connected to s éeparate power
supply and with special piping. Analysis of this system will be found under
Reactor Emergency Cooling System in the Engineering Section.

The control system has been designed 50 that in the event of too high
- a power level, -a serious reduction in coolant flow, or any major failure of fuel
elements, .the reactor wi;l shut down in a short time interval to minimize
damage. All potentiélly dangerous failures are monitored by instruments and
control channels and signals are initieled with the control equlpment set in
motion to cause a scram, shutdown or cutback in power. ‘ :

These monitors and channels are in duplicete, independent of each other
and of different types. A power failure results in an automatic pickup of all
control equipment by the battery backup.

The gas tight building will confine the fission products during sn extended
cooling period should an incident occur which results in the release of fission
~ products from the reactor vessel.

The -fission products may evenﬁually be exhausted tolthe atmosphere via
scrubbers and the high stack, provided during such time and weather conditions
as to minimize the hazard to the public and/or property.
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APPENDIX A

REACTOR ANALYSIS

Analysis of this reactor was done on the Osk Ridge automatic computer
(ORACLE), using a code for large, heterogeneous thermal resctors which was
developed by the Reactor Experimental Engineering Division, Oak Ridge
National Laboratory (2-1). The code is based on a modified one=group Fermi
age model, which is considered adequate for large heavy watér moderated
reactors. The code analyzes a unit cell of the heterogeneous core and
uses the geometric buckling of the core to give results for the core as &
whole. o ‘

The important outputs of the niachine calculations (all as function of
lifetime) are: , ‘

(1) effective reactivity (no xenon or samarium)

(2) concentration of U235, U238, Pu239, Puzho; Puehl and fission -

products (except xenon and samarium)

(3) thermsl neutron flux

(4) conversion ratio

(5) thermal neutron diffusion length in moderator and the core

(6) resonance escape probsbilities for U235,_U238, Pu239, Pueho, and Pu2h10'

(7) fuel macroscopic fission and acattering cross-sections. ’

These outputs are computed as frequently as desired‘during fuel lifei;im.e°
However, computations should be made at least once every five chronological
days of lifetime (at reference-design power density) because the accuracy
of the iterative process by which the solutions of equationé are obtained has
not been checked for longer intervals.

Nuclear Reactions Considered

The following nuclear reactions are considered in develcping equations
for the code: .
U?35 + n ——=> - fission .
4 fission
239 -

+ n
\Puauo,u n —> Pu

U238-+ n——> Pu

24

2
Pu 414_ n —> fission
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The following nuclear reactions were also comsidered but the conéentréfions
of Uggé”énd"Pugég were neglectéh'because of their low macroscopic absorption:

cross-gsections.,

P al s

Pu21+.l+ 0 Pu242

It vas assumed that the loss of U°>7 and Np2>° (in the Pu>>Y production
cycle) through neutron absorption was negligible. The following computations
show the validity of this assumption. '

PA 2 probability of neutron absorption per unit time per nucleus
PB‘E probability of beta decay per unit time per nucleﬁs
Fp = Y fﬁT
Py = A = 0.693
T

2
' 13 2
For a thermal neutron flux of 3 x 10~ N/em“ - sec

6

’ 29 :
(f_@> = %% fr s 3x108x22x10® . 1.35x 10
Py 1239 A 29 4.9 x 107 ; S
| 39 - - . -
(‘i&> = % %1 = 32108 x8 x102* = 6.85 x 107
P . = ‘
: B Np239 29 - 3.5 x 10
Multiplication Constant (k)
The mulfiplication constant, k, is taken as the ratio of the neutron
production rate to the neutron destruction rate. - The wvalue of-k must be equal to or

. greater than one'for the reaétor to be operable.
The multiplication constent determined in this code does not account for
Xenon or samarium poisoning. ~The actuaileffective reactivity of the core is
found by subtracting reactivity loss due to xenon and samerium from the -
computed-multiplication constant. Xenon concentration is a functiom of the
thermal neutron flux. Since the mode of operation of the reactor was taken to correspond
to constant power, the thermal neutron flux, and consequently the
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reactivity loss due to xenon, will very with variation in fissionable isotope

concentration. Since flux variation is small; the equilibrium xenon

reactivity loss was taken as a constant. "Mean value of flux was taken as .
2.55 x 1013 n/cm2 - sec (See figure 33b) and the equivalent equilibrium

xenon and samarium reactivity loss as 3.4% (See Section II)

Neutron Production Rate (NPR)

General Formulation of NPR Edyation = Neutron production rate is defined
as the number of fission neutrons released per unit volume per unit time from -

fissions at all energies. .

- NPR = e {st v 035 P / o 2 # dEJ
g 8 T GE £
L9 49 o) * 49
+NT Y E%‘ 4 b/p g i d%}
A £fT T 6 ET
B ‘ .
b1 41 41 4 aE ' 1
+ N Y o~ ¢ + (//) T ¢ } 3 @) ‘ ,
fr T . 6 E : '

i . i -

In this equation the terms Ny o o ér and N))L/Q7}» ¢'dE give the
number of fission neutrons released per unit volume.per unit time from
fissions-caused by thermal energy neutrons and by greater than thermal - |
energy neutrons respectively. The latter term will be referfrd to,és-the |
resonance fission term, even fhough the limits of integration cover the
whole range of neutron energy greaster than thermal rather than just thé
resonance absorption range. él28, the fast fission factor, is the number of
neutrons releaéed by fission of U238 per neutron released by thermsl and
resonance fission of all fissionable isotopes. 628 for this core was based
on a formuls for fast fission factor for a cluster of cylindrical natural

uranium rods:

€= 1+ } (€_-1)Q +ym) (@)

€s is the fast fission faefor for a single rod and is given by:

es « 1+ 0.0245 4
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n 2 number of rods in cluster & 19
d = diameter of individual rod # 0,556 in.
For this reactor e 28 ; 1.036
Reduction of the general NPR equation - The asympotic eqpation for flux
(A-1) may be substituted for ;5 in the resonance fission terms 0; the general -

NPR eqpation. This eqpation is %

$=_29
fx g

Q, slowing down density,is the product of (1) the NPR, (2) the probability -
of reaching a given energy without beihg absorbed and (3) the probability of
reaching a'givén enérgy without leaking from the system. Before the general
NFR equation can be reduced td tractable form it is nécessary to examine the
formilation of the resonance escape probability and the non-fast leakage‘
probability. ‘ | |

pi(E) = resonance escape probability, i.e., the probability that
a neutron escapes capture in the ith isotope in slowing down from fission

energy—to energyAE. For a homogeneous system:
' i

p, (B) =1 - /E s (®) ¢ (@) a

Using the asymptotic flux approximetion for a single neutron (A-1):

;5 (E') = by (E')
f E:s B

E i 0y
Eo f b s EY

} To modify for a heterogeneous gstem, 5: . mist be reduced by the ratio

of the volume of fuel, Vy, to the volume of Be11, v 4o 8nd the flux must be'

decreased by the resonance flux disadvantage factor,4f '
The resonance flux dlsadvantage factor for & cylindrical unit cell may be

expressed (&-1)
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,SS e KF' Rouel Io (KF' RF)

2 I, (k' Ry

fuel
l-=-08 Z ©

_ Tuel
where KF 2= 3 z }: : Z =

Bars indicate the average va.lues of the macroscopic cross-sectlons over the
resonance energy region.
'The heterogeneous resonance escape probability then becomes

E '
p; (B) = 1 - fs,@ I ® (=") aE' (%)
/ Ve ff Zs (E')

E

Differentiating with respect to energy and rearranging terms

. -y 0 oae --v Y Ve oam
£ 2 [ : []
Pi a Vc ‘ésisE a chfst
Integrating
E
p, (E) = exp - -/ N, F q dE"* : o
i i 7 A

o)

F’

N Vs C’ and § are independent of energy and ¢ eand ZS may be . |
assumed to be, so '

p® Yem- v, & & (@ )
V e ——————
c | §§’zs

A}

° o-Y (E') @&E' (resonance absorption integral)

E .
JSoeT T . | ,

For 11235 5 PuauO s and Puehl the concentrations were assumed small enough

where Ria (E)

to use infinite dilution values 5 and the resonance absorption integrals were )

calculated directly from equatibn 5. For U238, the experimental value of Rla

for UO2 rods was used: E S
. i . 5 ; ﬁ:'.
Ra - / d“‘a QE_ - l.l 05 + 22 ol ls_}r; (A_e) -
(o] i



Vélues for the resonance absorption integrals for this reactor are

‘given in Table 22.

TABLE 22

 VALUES OF RESONANCE ABSORPTION INTEGRALS

Isotope . . | | R Ra;'barnsl
23 : - L e
pu3? - 1880
P20 - , Bk
pu2*t - | 2060

The lower limit of the'resonanbe (nén—thermal) region was an energy
equal to six times the mean'thermal neutron energy. Neutron temperature
was éSOoF, mean thermal energy was 0.03L4 Mev (see Section F below). '

Table 23 glves the resonance escape probability of the prlncipal 1)
and Pu 1sotopes and of the system as a whole for various fuel lifetimes.’
Figure 48a shows p of the.system as a whole over lifetime.

TABLE 23

ISOTOPE RESONANCE ESCAPE PROBABILITIES

%;;S}igz) 228 | p25 éh9 PHO Aphl p'system
0 - .906 »956 1.000 1.000 1.000  .866
525 906, -, .960 .993 1,999  1.000 .865
1181 .906 .965 .985 .995 1.000  .858

1837 ..906 - .969 979 989  1.000 849

2hok .906 973 975 .983 <999 843

3150 907 979 ..970 971 .998 835
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Fast Leakage - The probability of_‘_gonifés't leakage for large reactors -

-

in the ordinary Fermi Age Model is
= 1
PNFL 5

1+ 7

The resonance flux for each isotope must be reduced by this quantity.

It is therefore necessary to find the ége from fission eriergy to resonance
energy for each isotope which contributes to the resonance capture and to
thermal energy.

(1) Mean Resonance Energy - A mean resonance energy for each isotope
had to be selected. The values used in these calculations are shown in
Table 24 (A-1)

TABLE 24

'MEAN RESONANCE ENERGY OF U AND Pu ISOTOPES

IS0T0FE . ENERGY, ev
™3 | 50
Puo? 10

£, 240 N

o 2L 0.3

(2) Fermi Age - Calculation of Fermi age is based on the unit cell.
Contents of the cell are considered homogenized, and Fermi age is given by:‘

T mixture = / E - . . (6)
‘ A 3 (e _
(f ZS)mix’t,u;re I'

| | | (2 e dnixture
where (}‘-‘“fs) mixture = | ZS v, (F2)
= V.
— - 5 1
(Z24p) mixtuze = :L;L Vs (fgti-? 1
V.
1
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The five components of the unit cell, and the area of each component

per cell, are:

'Heavy water | 31.8 in®
"o, 4.6 in®
Organic . 2.65 in®
Aluminum b1 in®
Void 0.66 in°
. 5
|  mixture £ S vy
) ¥=1  im
Ep 3 |
USRS SAL N
1= T E:

If it is assumed that > s and > tr are not highly dependent on energy
and that the average energy of fission neutrons is 2 Mev, age may be
written: A _ > x 106 .

T(E) = 1/31n " E
( f s ) mix (2 tr) mix

f Z_S and Str for ealuminum and U0, are small and Will.therefbre be neglected.

2
Therefore, A .
+ I \z
(fzs‘)mix vQE'.% (fzs)org'f‘ DZO (fZ )DO
total Vtotal .
(=..) m:.x = Vor (£..) ¥5.0
tr —2xe trlorg + 2 (Z..)
Vtotal . T triorg
. total

For ORACLE studies it is convenient to modify the equations by defining

Viotal - Vorg + VDQO

This introduces a slight error in relative concentrations, but it is
convenient because  the Fermi age can be adjusted to account for varying
amounts of fp.el and aluminum in code parameter studies. Fuel and aluminum
are considered to act as” & void in neutron slowing-dewn. Since ?’ v 1
(_P = cell density) ‘ S e
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where , /Zl 2 PFermi age without voids ' -
Fermi age with voids

~
o

density without voids

>

density with voids

>

| 2 R 2
Lo A - area without voids> (8)
Then T, = 7 <JD---:L > - /[i area with voids .
Po :
The velue of the slowing down power (5-'2;3 ) of each cell component is given (¢
py: 2 x10°

fro e T

T (ET) z’cr' '

Date used in Fermi age calculations for this reactor are:

(¢t D,0) 200°F 128 cm® (a-2)

( Torganic) 600°F : 91 em® (A-}4)

(£,,D50) 200°F 0.475 ecm™  (a-2)"

(£, organic) 600°F  0.268 cn™ (A-5) | B |
(F £ D0) 200°F :  0.158 en™ - | o 4
(§ 0,0 T _ organic) 600°F 0.126 cm’

\'s D20 . — 31°8 cm3

yoresnic 2.65 cm>

The calculated age to thermal (0.034 ev) was 127 _cm2 without voids,
203 cn® with voids. _ _ ‘ o
Table 25 gives the computed age to each isotope resonance (ﬁor mean

resonance energies see Table 24).

TARLE 25
 AGE TO ISOTOPE RESONANCES
TISOTOPE T (w0 voms) T (vrm voIps
v 82 ] 131
73 9 146 .
Pu=39 ol 150
py 20 111 178

Puaul 121 194



A (3) Variation of Fermi Age with Temperature -~ Fermi age is. a function
of material density and consequently of material temperature. An analytical

expression of the latter relatlonshlp is derived here.
E

S z- / :  m wm
) | 3 (gz )(Z tx) 3(ES N 3T,

.= = (1,-/7) and 5= Mo P
tr s s —— s
—x 7
AE 2
f
o 1 ; m £
‘ o 2
GE) W, o QB L
N
Ee
= CIn & oar -, is not a function of T
3z
A A KT
- : In E
= C)
A .
. :
‘where U p ¥ Fermi age at temperature A (cm2)

= Fermi age at temperature B ( cm2)»

o
» W

Density at temperature A “

P p = Density at temperature B
T,® Temperature A (“Kelvin)

& Temperature B (%Kelvin)

!_\pplica;tion of p and Fast Leakage to General NPR Equation - The -

‘asymptotic equation for flux for the 1t isotope may now be represented by
. i-1
! ' i NPR TT pj
' 55 i i=1l

- 5
| | CEr R )

i‘ . ' . . - 1 65 - . N



i-1
The term jT' pj is the product of the resonance escape'probabilities

of the isotopes which have a resonance energy greater than that of the'lth

isotope (see Table 2k, ) For example, the resonance flux seen by Pue39 would be
28 2
13 ZSE( lfB o)

The integral part of the term for Pu239 resonance fission in the
general NPR equation could therefore be written: '

7 MY
f .hlide: / ot r o2 D ap
o~ t

6B, f _6ET (3 E(1+B2 + 9
Removing terms that are 1ndependent of the resonance energy
* oy - 28 2 *
/ 1 o T Bg5 v / L
S, B, 0T 7S
and defining ® o
gl oz C//O : - (resonance fission integral)
a ) .
the general NPR equation may be written:
b9 kg o, |
PR I T b
e o~ V25+ S N oy g8
1 - 1 5 25 28 5 49 49 28 25 4o
S i CDSNE N
5 55
1+ B 22 o148 ?;
+ J 5] 28 25 h9 ho R]I;J,J
1v? 7;40 - (20)

Figure 49 shows the variation of NPR with lifetime. Table 26 shows vélues
of R, calculated for this reactor: ‘ o ' '
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TABLE 26

RESONANCE FISSION INTEGRALS FOR U AND PU ISOTOPES

ISOTOPE R R, (varns)
232 502 .
Pu3? 1496 ‘
241

Pu . 1576

Neutron Destruction Rate (NDR).
Neutron destruction rate is defined as the number of neutrons of all

energles which are removed from the system by:

(1) thermal absorption by ye3> s U238, 'Pu239, Pu2uo, Puahl, fission

' products, organic coolant .and aluminum '

(2) fast and thermal leakage

(3) fast sbsorption in U238 ‘ -

(4) resonance absorption in 0235 U238 2'39, Pue,ho‘, and Pu.zh:L : '

Resona.nce and fast neutron absorption by querator, coolant and fission
products are neglected. . ‘

The general equation for NDR is:

WR = B, [1@8 2B 5 25 ko ko o bo o b
aT _

g o~ o-

aT aT . aT aT

20 . org al al 2

+ NfP ND o— + NOFE o~ 4N J ¢T D TB

aT aT . aT

28-1 . '

a.
9V// = o (TFO & L//”hl aE
a

) 25 kg b 4
+ NPR ~p » P P P , (11)

2
1-8% 7,

Using the asymptotic flux approximation in the resonance absorption
terms and defining: ‘ o
NPR' = NPR, MDR' ¥ MR, R = . a~él dE

¢T P 6B, = E
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the general equation mey be written
28

NDR® = S or (1+L252? +4§))2-l (NPR')

28 25 u9 ho hl

+ NPR' B T +
2
1+3 ’zT
. PR’ [st Ra28 N N 1328 R 2D L 9 p28 220 rat9
© 5 - 2 2 2 :
fzs 1+B Yug 1+B }25 1.+B ?'&9
’ , b1 28 4o _ k4
N §0 28 25 k9 ko LM 5 ke o J (12)
1+8° T, BEE S o
= 28 28 2 | b9 . 40 Lo ARk
where ZaT = N N2 2 5 9 O"ag N TaT TN T ar
£P od mod -, org _°F8 A+ a1 - (13)
—r-l\l'.ﬂ)ova,r-f-Nm. o ap +NA o vt o
Figure 49 shows the variation of NDR with lifetime.
Isotope Concentration ‘ ’ ' . ‘8
The general equations for rate of change concentration of significant
isotopes and fissign products are ' '
5 . Ly 25 -5 25 . : . ' .
o9 i oF pp o fa .
28 28 28 8 25 - | &
ggz— = =N O ar ¢ T ”'N? V//iTé 96 dE
ad . o o~—:9 4. =N)+9/d\'a g a5 + 128 vd\é'r +1\128/28 g
at -
hg ¥
Lo Lo Lo _ Lo o 49 L;9 kg 9 T h9
g_g_E__NmTTN/;»ySdEOZ% aT¢T1\T-—-—-E—9adE
- aT
L1 b Ly 4o ho Lo Lo
w_ =N OVaT?T'N o< " pag 'O / ;éaE 1
a’? |

: fp ; e
It “NIPO“aT%T"if ¢ o
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1
Where Eif is defined

- 25 ,
= st opp + o o9 N Nhl o c28

t - PR
zf £T T v all v
L W (-2 4 RORT ¢dE . Nhl/ 41 bar J1s)
-+ b//}jf t U/Qrf 0}
| Po .

The power- density of the reactor has been assumed constant. Therefore,
the fission products are forméd at a constant rate. - A thermal microscopic
cross-section of'SO barﬁs was assumed for each fission product formed. A
higher value would have been more conservative and would perhaps have
accounted better for resonance absorption of the fission products.

Using'the asymptotic flux approximation for the resonance energy region
and the following definitions: ' ' |

. 49 Lo ) .

Vo' oz 0%r QRL@ 2 0¥, R =/%i dE , NPR' “NER

Tar™? : 7" E 2%
the general isotope concéntration equations reduce to:
' 25 25 25 ' , .28 _ 25 ‘
= - N ‘NPR
7 & [o”a'f o+ il ] (25)
T

€z 1+ 38 %)

8 8 28 .28
dgi = - N2 : [OZT NFR Ra

|-

—+

- f5, (TP 2,28’7] . (16)

2 th9 5 - Nu9 [0}9 NFR' 928 p25 Ral.@ :},NEB [ 28 NPR' R 28 . T

Y
e

at el =+ . Tl +
P gzs(l+32 -9 £s,(1 B2 28
| - | (27)
‘ : o)
1 a® . . [ av:g e 228 25 Ph9hRa ]
pp O §5,a+8 )
+ {d 4o ng L R p0 p® a® Ra49
2 _I9 (18)
_ £z (+38 7))
) | |
}1_ at = - ':a\—:é , TR p28 ;25 k9 kol RaulJ
t >0
e £, a+2" 9 (19)

«169-



. 28 25 h9 h
. NuOEP % R ]
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1 deP :-Nﬁp O-‘af,"‘?‘—rzi"

gST - dat

Fuel Lifetime
The fuel lifetime is the product of the power density and time of

reactor operation at the instant k becomes less than one.

Conversion Ratio
Conversion ratio is defined as the ratio of the macroscopic cross-section

for the formation of fissionable materlal to the macroscoplc cross=section
for the destruction of flss1onable materlala based on thermal fluxs

Lo |
8 @ 28 Lo 40

v
Zg+fsV/“%§¢@ﬂ§9+fyu/@@_m+
6E e = |
m _

Figure 48b shows the varistion of conversion ratio with lifetime for the

/

design reactor.

Thermal Cross=sections ‘
The thermal absorption and fission cross-sections of U 35 and.- Pu239 have’
been measured with mono-energetic neutrons to an accuracy of a few percent.

When a distribution of neutron energy exists at thermsl equilibrium, average

thermal cross-sections must be used.

Assuming 1 absorption and maxwellian distribution
v

o = ]O“(’U) ¢('U’)dv :‘/’l%nﬁf)?jidv :/__7_72_
b/”;é (V) av V//Tn () av 2 Y
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3

\ where Vs is the velocity of the 'neutrons in the distribution which have

the most probable energy

Since B = gy (cross section of neutron with velocity vo)
v, ' :
~ = L T
2

If, however, the cross-section is not 1/v, a correction that must be
applied to o~ (a=3). The effective cross sectlon for a Maxwellian neutron
distribution, the most probable neutron energy of which is E o’ is related to
the cross-section for neutrons of the most probable energy in the distribution

by the expression:

&~ () = £(E) o (E)

For a 1/v absorber, £(E)) =1
For a non-1/v absorber, £ (E,) is defined by: .

£(E,) = Jo®) 6 a
/d"(Eo) 19, ¢ (v) av.

v

Consequently for non-1/v absorbers, the average thermal cross=-section is

given by:.

A problem exists in selecting the most probable thermal neutron energy (E 0)
upon which to base thermasl cross-section determinations. To find this energy
the temperatures of the componerits of the reactor were examined to find the
temperature corresponding to that of the neutrons of most probable veloclty '
in the system. The most probable neutron velocity 1s related to this &

temperature by 1 m v 2 = <k T
'é' e O.

In a nbn-capturing medium, neutrons in thermal equilibrium with the
medium have a Maxwellian distribution. In an absorbing medium, however, the
absorption of neutrons of lower energy results in a"hardening" of the energy
spectrum.. Consequently the temperature corresponding to the most prebable
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velocity is somewhat higher. For a mixture of essentially non-absorbing

moderator such as D.O and poison such as terphenyl (which also serves as

‘moderator), the temserature would be somewhat higher than the D20 temperature.
In this case the D0 temperature was,93°C (366°K). A neutron
temperature of hOOOK was assumed. The neutron energy corresponding to this.
temperature is 0.034 ev..
The table on page 176 gives cross-sections used in calculating reference

design reactor,

Method of Calculation
The ORACLE uses the initial fuel concentrations and other inpuﬁ

quantities in the NPR and NDR equations to compute the initial k. vak‘is
greater than one, E%E' is then used to determine the thermal neutpon flux
which will give the proper power density. This flux an§ the time interval

of calculation are then put info the isotope equation (equations 15-19 above),
which are now in finite difference form, and new isotope concentrations

are found. These concentrations are used to find a new value of k. If

this k is greater than one, the operation is repeated until k falls below

: pp» With fuel lifetime for the

reference design reactor. The keff showp is corrected for equilibrium

one. Figure 49 shows the variation of k

xenon and samarium.
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SYMBOLS

atomic mass number of nuclide
cTu9

aT 9

geometric buckling

conversion ratio,

average logarithmic energy decrement per collision
thermal diffusion coefficient (cm)

' energy

thermal energy

fagt fission factor

correction for non-l/v absorpﬁion by certain isotopes
Bessel function of first king (subscript is the order)
multiplication constant, when alone \
radicactive decay constant (time™)

thermel newtron diffusion length (cm)

mean value of the cosine of the scattering angle in the

laboratory coordinste system

number of fuel rods perwcluster. _
neutron destruction rate (neutrons/cm3=sec)
neutren production rate (neutrons/cm3~sec)’

mean number of neutrons produced per fission (superscript
indicates isotope .- sec)

resonance escape probability (subscript de51gnates isotope -
see og—)

probability of non-fast leakage
neutron flux (neutrons/cm?wsec)
thermal neutron flux

neutron slowing down density (neutron/cm3msec)

radius of fuel rod of area equivalent to ares of 8ll rods
in cluster

resonsnce absorphtior integral
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R resonance fission integral (barns)

f
Vz

O~ 2 microscopic cross-section (barns)

density

Subscript indicates reaction and neutron energy
® a = absorption

¢ = radiative capture

f = fission
t = total
T =2 thermal energy neutron
Superscript indicates isotope or materiel (also used in )/ and p)
25 v b - 1=~u'21‘l
28 - U238 | ko - pu=>?
4o - P20 Al - aluminum
% = microscopic cross-section (cm™)
E:; =  see equation 14
T = temperature (© Kelvin)
Ty = half life of nuclide -
’f S Fermi age (cm?)
V = volume
v = velocity
,g = resonance flux disadvantage factor
DATA USED IN ANALYSIS CALCULATIONS .
235 238 P39 2 Pyt P D0 AL

Oqp 514 1960 1000 250 936 7T 8.6x107° -

o 65 - 168 T95 140 - -

G5 10 8.3 9.6 9.6 9,6 - 14 -
Y/ 2.h7 2.60 2.91 - 3.05 - - -
T 16 131 150 178 194 - - y
R, Th2 - 1880 89ko 2060 - - -
Rp 502 - 1496 1576 - - - -
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DENSITIES (gu/em> AT INDICATED TEMPERATURES)

AL 600°F | | 2,67
w0, ' 800%F  10.00
D0 - | 175°F - 1.09
Terphenyl - 600°F B 0.875
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; APPENDIX B

HEAT TRANSFER AND FLUID FLOW

Organic Heat Transfer Properties

The use of an organic fluid as the primary coolant for a. reactor
poses several engineering problems. Most iﬁportant among these are the
relatively poor heat transfer properties of the organics in general.

Comparison With Other Coolants -

l. Film Coefficient - Figure 50 shows_the_relative magnitude

of the film coefficient, h; versus pumping power for an organic coolant

as compared to water and co s based on tﬁe Dittus-Boelter equation:
h=0.023k (w.P)°° (c #)°

For a given pumpting power, the film coefficient for the organic fluid

is approximately 20% of that for water, but somewhat better than 002-

Therefore, for a given film temperature drop, five times as much
heat transfer area is required when using an organic as compared to
-water to transfer the same amount of heat. 1In practicé this factor
requires the use of a much higher film temperature drop, with
resulting higher surface temperature, when using organic coolants.

Even with the use of a high film temperature drop the heat transferred
per unit area still tends to be less for an organic coolant, and this
requires a larger degree of subdivision of the fuel than in water
cooled systems. '

2. Heat €apacity - As another means of comparing these fluids

the product_/ﬁcp, which is a measure of the bulk heat transfer properties
of a fluid, is listed below. '

Fluid | cpr(BTU/F - Ft3)
Water (550°F) 61.7
Diphenyl (650°) 32
002(115 psig) 0.12

Thus for a given temperature rise across the reactor, twice as much

organic as water is required to remove the same amount of heat.
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Comparison of Organics - Among the organics themselves there is

considerable variation in hea£ transfer properties. Figure 51 indicates
the variation in film coefficient among the three possible coolants
considered in this study. At a velocity of 25 ft/sec the film coefficient

" for Santo-wax R is 25% less than that for diphenyl, due primarily to the

higher viscosity of the Santo-wax R.
Figure 52 shows the correlation of experimental data for Santo-wex R

as compared to the Sieder-Tate equation:

0.14

. 70'037_]& Q’,qu) 0.8 C%) 0.33 ‘ (;/:-)

The graph indicates that the above equation may be used to.pfedictsthe
film coefficient withiman-accuracy: .of 10%.,

Radiation Effects - The effect of irradiation upon thé organics is
to reduce their heat transfer properties, primarily by 1ncrea51ng the
viscosity. Figure 53 shows the effect of higher boiling tars, which are
formed upon irradlation, upon the film coefflcient, h. . Since it is

desirable to operate at a high tar concentration in order to reduce'the

- organic make-up, this effect is of considerable importance. At the tar

concentration of 30% used in this study the film coefficient for Santc-wax
R is estimated to be 83% of that for the unirradiated'material- '

Burn-Out Heat Flux - Reference B-l has<cﬁrxelate&’experimental data i_“ff:

for the maximum heat flux in dlphenyl as a function of coolant velocity -
and the degree of subcooling of the fluid, T ub® .For a veloclty of 15 ft/sec
the meximum heat flux is given by the relation

UAcriticar = 2310 Toup + 177,000

If this equation is applicable¥to'8antoewax R the maximm heat flux in

the critical portion of the dore will be approximately L65,000 B/Hr-Sq ft.
Since the ‘calculated maximum heat flux at full losd is 242,000 B/Hr-Sq ft, the
ratio of burnout flux to meximum operating flux will be 1.9.

Design Criteria

The aim of the heat transfer anglysis was to satisfy the following

conditions:
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A maximum allowable surface temperature of 750°F

2. As high a reactor outlet temperature as poesible, consistant

with condition 1.

3. Use of a minimum number of fuel elements.

k. The amount of orgsnic coolant in the core shouid be as small as

possible, in order to reduce make-up and increase'reactivity

5. The energy réquired to pump the organic coolant should not be

excessive. - | "

As in any design, these requirements are in conflict, and the final
design represents a compromise smong them. No attempt was made to optimize
the overall design because of the difficulty of assessing the relative worth’
of each of the requirements listed. However it is believed that the final

design repreeénts a reasonable compromise between these requirements./;

Reactor Core Analysis o .
Method - Equations.were derived for the maximum wall temperature in the

reactor as outlined in references B=2, B~3 and B-k. These derivations are ' L .
given at the end of this appendix. The various parameters inveolved were,':'

then varied to determine the effect of each one on the system. Theée:included‘ e a
the number of fuel elements, coolant velocity, hydraulic dlameter, coolant . 42

outlet temperature and temperature rise through the reactor. Figures 54 and 4

55 indicate the results of some of these stud.‘iee° Figure 54 .shows the e q-x

veriation in maximum wall temperature as a function of coolant temperature ‘ . N

rise for constant reactor outlet temperature and’ constant pcwer output.

The graph-indicates that an increase in coolant temperature rise tends to :'
lower the maximum waell temperature somewhat. A high temperature rise is -

also desirable from the standpoint of reducing the amount.of organic 1n'the
core. Figure 55 shows the effect of the Puel element spacing, which variesig't
with the number of fuel elements for a constant reactor size, upon the maximum._
wall temperature. The pumping power is also plotted but it is of little -
significance in this range since the maximum"surface temperature is the
controlling factor. ) '

Hot Channel Factors - Figure 56 shows the longitudionsl variation in -
bulk coolant and wall temperatures within the reactor for the final design,
both with and without hot channel factors. Hot channel factors of 1.3 were

used for both the bulk coolant temperature rise and theé filﬁ temperature ' .-
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difference in calculating the maximum wall temperature. No scale factor
was used since experimeﬁtal data (reference B-5) indicates that fouling
does not occur. These factors are included to take account of local
variations in tolerances, heat generation, coolant flow, etc., and it is
assumed that all such adverse variations exist at the critical point in
the reactor. While the values used for these factors are somewhat‘low
compared to other reactor designs, it is belieﬁed that they are adequete
for the following reasons: .
1. Since the various coclant channels within a cluster are inter-
: -~ connected ;, local fiim boiling does not result in vapbr binding
of an entire channel, as in the cese of a plate type element.
2. Loss of cladding integrity due to high temperature in a few
elements is not considered a serious accident in this reactor.
3. 'Since the fuel is U0, there is little danger of meltdowa.

Fuel Temgerature - Figure 57 shows the radial temperature profile of

a fuel element in the central region of the reactor, based on a radial
clearance between the fuel and cladding of 0.002 in. at room temperature,

and a gas pressure of one atmosphere. AA more detailed calculation'taking

into account the variation of thermal conductivity of the fuel with
temperature and heat transfer by radiation indicates that the maximum fuel
temperature will be higher than shown in Figure 57, but still below its
melting point of 5200°F. It should be noted that the maximum fuel temperdture
is very sensitive to the clearance between fuel and clad. For example, if

a bond exists between the two the maximum fuel temperature will be under 2000°F. -

Flux Distribution - Since detailed physics calculations were not

available to predict the actual flux distribution within the core, an
assumed distribution was used in the heat transfer analysis. In an unreflected
cylindrical core the ratio of peak to average neutron flux is 2.3l in the
raedial direction and 1.57 in the axial direction. For the purposes of this
study the core was assumed to have the same value of peak to average flux in
. the axial direction but a rafio of 2.0 in the radial direction, because of
the D20 reflector.

Since the reactor power output is directly proportional to the radial ratio
of peak to average flux for a given maximum wall temperature, consideration
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should be given to the possibility of flattening the flux in a more deteiled
study. Control rods tend to flatten the radial distribution at start-up but

are of little value near the end of reactor life.

Pumping Power

The calculated value of the power required to mové thé orgenic coolant

through the core, exclusive of entrance and exit plenum losses, is 8.5 MW.
The ratio of pumping power to thermal reactor output is then 0.01. Reference
B-6 suggests that the nominal design range for this ratio in a pressurized
water cooled reactor should be 0.002 to 0.004. The higher pumpipg powexr in
this reactor is due to the following: '
1. High velocities must be used in fhe core in order to increase the
heat transfer properties of the fluid.
2. The fluid is somewhat more viscous than water.
3. The fuel element chosen has a high friction factor.
The meximum organic velocity used in this study was 30 ft/sec, sihce no
corrosion data was available at higher velocities.
In addition to the higher pumping power the accompanying high pressure
drop through the core presents problems in the mechanical design of the core.
- Since the last of the factors listed above is the only one capable of significant
variation once the decision to use an organic coolant has been made,lconsiderae

tion might be given to elements with a lower friction factor.

Steam Generators and Superheaters

The reference design conditions for the primary heat exchangers are
shown in Figure 58. The logarithmic mean temperature differences and

overall coefficients of heat transfer are given below:

Unit Log Mean Temp. Diff., F U B/Hr-Ft°-F
Pre-heater 112 180
Steam Generator 111 A 240
Superhester 105 A 80

The poor heat transfer properties of the primary fluid are reflected
in the high temperature driving forces required.

Some thought was given to the possibility of reducing the maximum wall
temperature in the reactor by increasing the size of the primary héat

exchangers. Figure 59 shows the effect of varying the reactor outlet
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temperature upon the total heat transfer surface required in the primé.ry
 heat exchangers. The large increase in evaporator size is due to the high .
temperature drop in the organic, which results in a "pinch-point" at the
evaporator -;‘mlet « Doubling the size bof the exchangers ‘would reduce the
reactor outlet temperature , and -hence the maximm wall temperature s by
fifty degrees. ' | '
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DERIVATION OF EQUATIONS USED IN HEAT TRANSFER ANALYSIS

Consider a fuel element located radially within the reactor at the
point of average neutron flux and hence having the average radial heat
generation rate. At'ény point x along the fuel rod the locel heat generation
rate is qplll(x)iy.At steady state all heat generated in the fuel must be
removed by the coolant. Therefore, in a differential length dx about x the
balance eduation is: ‘

Ap ax qull(x) = A VA Cd Tp

This equation may be rewritten:

a Ty { A, } qom(x) ax
Ay A, Cp -

Assuming that none of the terms in the brqcket are a function of x, one
. £

TF(x) - T F | 2( v 2F c } / qom(x) ax (i)

x=0

may write:

A second relation may be written in terms of the heat"trahgfer to the coolant:

qom(x) AFc'an hPdx © (x).

But AfL = -, the total volume of fuel pér‘channel,[and PL = AH; the total
heat traensfer area per chamnel, so that 4 o : " o o
0111 S S SO ‘
olx) = & () N ¢
h AH : ' :
In order to proceed the longitudional heat generation distribution
mist be known. If one assumes a cosine distribution with the origin of
coordinates at the center of the reactor, then the local heat generation

rate at any point along the channel may be written as

0111
a (x)= q cos ( Tx/L)
where q, is the heat generation rate at the center of the reactor. Integrating

Equation 1, <

To(x) - T, = Z( Ap a cos (_/?L_x> ax

PRV C | ,
c P x=-L/2
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= Ar @ (L) |sim (px)+2| O (3)
PA, Y Cy ° (W> [ | <L) } |
Also, Equa.tiog (2) may be written as : ‘
Ce® e ya, o (=) - . | )
b Ay L | .

if it is assumed that the film coefficient is not a function of x. The
surface temperature, T go may be obtained by a.dding equations 3 and 4.

TR e e g [ )]0

" The overall heat balance for the coola,nt cha.nnel 1s :

/OVA Cp AT = g, .-V~

where o ‘ 1/2 : L/2'

Uy = 1 m(x) AF dx = :.“_0_ cos (’M) dx
e L Ag - L ‘\'L
g x=-L/2 . ’ L Y-

Substituting for Quyg 204 sOlving for A T:

Arfa= o V7 LV AccP n
So that equation 5 may be rewritten . o
| _ vU'q 'Sin | |
Tg(x) - T, = o cos (’l_[%‘c_>+ A_g_ l;l, + Sin <]]%) ] (6)

b Ay
Also, since the maximum film temperaturé difference, 'e'ML’ can be seen from
equation 4 to be: o * % U /h Ay, it follows that

‘Ts(x) - Ty, = 8;@ cos <1_L§>+AT/2 | |:1 +$in (T%)] | (7') 

To find the point of maximum surface temperature, Tsm’ this relatien may
be differentiated and set equal to zero. ‘

%z_‘g_’_}r cos.(’g%> - QML“T Sin @E)BO

The equation may be solved by mseking use of ‘the trigomometric relation
_asin ysbeos ¥ = [a® + b° Sin ( ¥+4)

S:I.n/g=

where

e + b
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Solving for x, and requiring the x be positive, since T must lie above
the center of the reactor, ' p / ,'
. =1 T 7y/2L B
xsL = L Sin =
= = AT\ = v
T 0 (3 (I)+e~(\]}

sin~t AP
AT, L4 ©

N

2.
ML

=

To find T m’ substitute this value of x into equation 6, to obtain

Tsm<-Tm= Ap/f2 + % [AT + i 9;]5 (8)

Since h is assumed to be constant along the channel, the.film temperature

difference at any point along the channel is proportional to q,()lll(x)°

QML/ O, ° /2

Therefore

Rewriting equation 8

1
=- L ‘ 2 2 e 2 ) (9)
ITsm-T. Ar/2 + 3 |:AT +7r S J

Hot channel factors, FZXT and FG) , may be included to take account of
- local variations which are assumed to occur s1multaneously at “the critical.
point in the channel. In addition, a factor F'g st be included to take
account of the variation in film temperature with the radial location of
the channel within the reactor. Since the individual channels will be -
orificed to maintain AT constant across each one, F' Am will be unlty.

To find F'Q , let Y be the ratio of peak to average heat generatlon
within the reactor in the radial direction. Then, be definition,

hm Qmal AH ) JpA C AT VM 579)

hA' e AL AH /pA C AT YA

But, from the Sleder-Tate equation,
h’vV

_ So that, 2 o
© MaL - <\EE j; - l.l)0.2 =p
(] AL v '

Equation 9 then becomes:

A

-, = A 2 2 -
Tsm ~ Tin FAg‘T 43 [(FAT«ATHW (Fy,  F, 0,) J ® (10)
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It is desirable to relate the aversge film temperatﬁré &ifférence, e AL’
to other variables in the system. For the fuel element in qpestlon, the
hydraulic diameter is given by
D, = hAFL
R T 2T Ry

Let K be the ratio of total surface area to the heat conducting surface. One

may then write

D, = L AL
The total heat transfer area in the reactor is A =N AH’ where N is the
number of.channels. Similarily, the total coolant flow area is AT N A .
Using these relstions, D may be written as '

D, = uLAT

K A

The total reactor thermal output, Qr’ is glven by_

- s Opr hA AS A o . (ll)
QR 3413 4 .

As indicated previously,

0.8
Byt Y
Writing equation 11 in terms of h and D o’
Q ° O a, I uLAT

ERET)

12y

The film coefficient, h, may be written in terms of the Sieder-Tate

equation: 0.8 . 0.33 0.1k
aroos, [nd" [o” [
e M k 1A

The physical property values are for the unirradiated material andithe ‘
factor Kl is included to account for the change ;n h due to irradiation of
the fluid. The factor K2 is included to account for the increase in h due’
to increased turbulence within the fuel element caused by the spacer wires.
The last term in the equation is close to unity and will be neglected.
The reactor thermal output may also be expressed by .

L R =V A G AT VA, Cp Arp

‘ 3413 -y (3413)
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Meking use of the factor  , which is the ratio of coolant cross-sectional

area to reactor cross-sectional ares,
o= kA
Tol
and solving for Vﬁ
v p(343) b
/ c, AT p Ty

K}
o

Substituting in equation 11, and solving for QAL’ o
5 = L5.2 QRo.a Del.2 AP-8 D0.6 Q’0°8K['(CP/") o.u67J a3
CR G, o

- __l/
Equation 13 can be used to solve for QAIR once the system has been

AL

physically described. Equation 10 may then be used to determine the maximum

wall temperature in the reactor.
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LIST OF SYMBOLS USED IN HEAT TRANSFER

Coolant cross-sectionsl area per channel 'f%e
Fuel cross-sectional area per’éhdnne; ' fﬁ2
Total heat transfer area in reactor : ft?
Heat transfer area per channel ) £t°
Total coolant flow area in reactor , £t2
Specific heat of coolant B/#-F
Reactor Diameter ' l ft
Hydraulic diameter of coolant channel : ft

Hot channel factor for tempefature rise-through

reactor ’

Hot channel factor for film temperature"

dlfference ‘

Ratio of average film temperature difference

in central channel to average film temperature

difference in reactor A N

Film coefficient for heat transfer ' B/Hr~Ft>-F
Thermal conductivity of coolant .  B/Hr-Ft-F
Ratio of total surface area to heat transfer ’

] y /
area : - /

-Ratio of film coefficient of coolant. with tar
concentratlon to that with no tars _
Ratio of film coefficlent with spiral spacers to
that with no spacers

Reactor height ‘ ‘ | -
Number of fuel elements in reactor ' . o
Wetted perimeter of fuel element - : ‘Ft_ .
Volumetric heat generation rate : " B/Hr-Ft3
Reactor thermal output N A
Radius of inner fuel element tube S - . Fb.
Coolant temperature o - F
Reactor inlet coolant temperature . . “F

Fuel -element vall temperature; T_ , maximm
fuel element wall temperatire - '

=199-



Average coolant velocity in reactor; Vo
maximum coolant velocity

Volume of fuel per fuel element

Ratio of coolant cross-sectional ares to
reactor cross-sectional area

Temperature rise of coolant through feactor
Average film temperature difference in reactor
Maximum f£ilm-temperature difference in average
fuel element in reactor '
Average f£ilm temperature difference in
central fuel element

Viscosity of coolant

- Density of coolant
Ratio of peak to average radial heat generstion

rate \
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APPENDIX C

CALCULATION OF STRESS IN FUEL ELEMENTS FROM BUILDUP OF STABLE FISSION PRODUCT GASES

The total thermsl power of the reactor is 800 megewatts. The total

volume of fuel is 1.08 X lO7 cm3. The average power density is then,

8 x 108 watts -

3

= T4 watts/ e
1.08 x 10" cm

There are 3.1 x 10%° fissions/sec/watt thus, the average number of fissiéns/
sec/cm3 is 2.3 x 102, o

The total yield of stable fission product gases (Xe-and Kr) is sbout
25%. Thus, the.average production of stable fission praduct atoms is -~

.25 x 2.3 x 102 « 5.75 x 10Mt atoms/sec/cm3.

Since there are 6.023 x 1023 atoms per mole, the average gas production is
5.75 x 10+ 1
6.023 x 105
From the perfect gas law:

p= MRT ,
v ‘
T is temperature (absolute), V is volume, M\ is the

number of moles, and R is the gas constant. TheAaverage temperature of

~ the hottest fuel elements is about 2000°F or 1373°K. ‘The voluﬁe of eacﬁ
element is 95.h‘cm3. The 1/8" hole in each U'O2 disk provides a free volume
fraction of .05 or 4.77 emd.’ The dénsity of the U0, is 925 of the |
theoretical density. It will be assumed that all the porosity (8%) is free .
volume, thus the free volume,é%ailable for the fission product gases is
lamé,;ﬂmm \ T«s S : ‘, j , o - -

9.55 x 107 moles/sec/ci> x 95.4 cmS x 1.37 x 105 K x

= 9.55 x 10" m.oles/sec/cm3

where p is pressure,

P (atm =
(sec .
-2 o)
8.2 x 10" ° liter atm/ X
1.2 x 1072 1iters
p (etm) = 85x 1078 or P =1.25x 1072 psi/sec

sec
Assume that 1/2 atmhof He occupies the free volume at room temperature. At
1373°K, this corresponds to a pressure of 35 psi, thus the total internal
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Pressure is
P=pt +35 = _[1.25 x 1072 (t) + 35] psi

vhere t is the time in seconds; or
| P=[h5x 1072 () + 35] psi

where t is in hours.
The external pressure on the hottest fuel element  is 125 psi, thus the

net internal pressure is

P=h4.5x1072 (£) + 35 - 125

Pe[h5x10 (t) - 90] psi
The hoop stress caused by the internal pressure is given by

o = AE&& 'wheré r is the radius of.the element and T is the
1 At

wall thickness. Since r = .278 in, and T = .025 in _
- =11.1 P =1l.1 [F.S x 1072 '(t)’-90] psi

This would be the stress if all of the stable fission gases were free to
cause pressure which is not the case. If 20% of the gases are released the
stress would be o ' .

o-=11.1 [5;__5_ x 1072 (%) - 9o]= [..1 (t) - 10001 psi
. 5 .. ’ - , _
If 10% of the gases are released the stress would be

o= Eos (t) - 1ooo] psi .
If l% of the gmses are feieased the stress would be
o= [.oos (t) - 1000] psi

- However, the Pission rate in the hottest fuel elements is-about 3
times that in an average element, thus the stress in the hottest fuel elements
is as follows: ‘

For 20% gas release s O = 3 (t) - 1000] psi
For 10% gas release : o— = [.15 (%) - 1000 psi
For 1% gas release : o— B .015 (t) - lOOé] psi

Where O~is in psi and t is in hours.
The results of this calculation are plotted in Figure 10.
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'APPENDIX D

REACTOR CONTROL

Temperature Coefficient
Coolant Temperature Coefficient - A usual expression for effective

| multiplication factor is:
keff - \1 € Ef 2 =~ . ' (a—l)
1+ Mzag - ' ,
. where ) ’ .

& neutrons produced C ,
' neutronsiabsorbed in fuel

=. fast fission factor

= thermal utilization factor

n

€

P = Tresonance escape probability

f

12+ 77 =  thermsl diffusion ares plus fermi age

Bg. = féactor buckling /
. ,/'

An expression for the change in multipllcatlon factor with coolant

temperature or for coolant temperature coeff1c1ent is givén by-(d -1 D-2)

Sferr, 1 dn, 1 2f£ .1 _a_§.+;_éz-32>w€

= _ g (a-2)
3 Tc n aTc hig QTC € a'l‘c P QTC ' QTC o

where T Coolant temperature

A change zn coolant temperature affects the reactor in two ba81c ways°
1. the neutron temperature is changed which leads to altered
nuclear cross sections, . ' ‘
2. The density of the coolant is changed thereby readjusting
the thermal utilization of neutrons.

One uncertainty in the caluulations of the temperature coefficment is the .
effect of the coolant temperature on the neutron temperature. ‘The ratio of
coolant to moderator columes is of the order of .l§ however, the coolant

contains much hydrogen_and is located in the region where most of the-absbrptions
.take.place. Also, it is calculated that approximstely 25% of theAenergy
deposited by neutrons slowing down is deposited in the coclant. It seems
logical that a neutron temperature gradient would exist in each fuel cell

with the temperature in the center of the cell determined mostly by the

coolant temperature and the temperature st fhe interface between coolant
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a.nd: modergtor determined mostly by the moderator temperature. To get
some approximation as to the relative weights of coolant and moderator
temperatures oncneutron temperature, the following relationship is assumed:

m
I - o
e S +Es___ﬁ_ T L (a3

c m c
2+ S r>
s s s S
Z s 2 macroscopic scattering cross section homogenized over
unit cell, at approximately .1 ev or somewhat above thermal
energy.

This expression reduces to:
2
Tn X .25 Tc + 75 Tm

where s neutron temperature

Tn
Tm w 'moderator temperature
Tc coolant temperature

Variation of "\ with temperature - The expression for ul is:

- 5 25 -
nE ¥ g (a-k)
5 o’a25+ 28 5:8
- V
- 55
5 af? N28 Ca
& 25 ¥ 5,25 f

Using the values listed in BNL-325 this reduces to:

1.18 + .,66)4-
where A neutrons produced/ fission
O__a25 = thermal absorption cross section of U‘235
5a28 & thermal absorption cross section of U238
o525 = thermal fission cross section of Uac

f = non 1/v factor for U235 cross sections.
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It can be shown that ( cai .
g ; A . SF
1 oM = 247 (= = S
N aTn : f2 aTn ' (3-5)

N (218 + 22 )2

This expression is valid for a neutron temperature of L410° K(which is
the approximate value for this reactor). From BNL- =325, E;%— is found to

be approximately .00001 at 410°K. This leads to the result?

1 ; Y\ I O, - =5 /0
= S 10°K) = .37 x 10 7/7¢

If it is estlmated that the change in neutron temperature per degree
charge in coolant temperature is .25, then:

ri_ oh A 1 x107°/%
AT,

Variation of & with Temperature - It is generally assumed that the
variation of € with tempereture is negligible. No attempt was made to
determine such4a variation, and it will be assumed to be zero. .

Variation of £ with Temperature - The variations in thermal utilization

_ with temperature are due to two effects:

l. The density of the coolant changes reSulting‘in-a decrease of peison
for an increase in temperature, N ‘
2. The disadvantage factor decreases with increasing temperature.

Both these effects tend to make the contribution of 1 Df p031tive.
3 ;}T :
The following expres51on for £ used was taken from the Reactor Handbook-D 3

1-1-= N V, +N
=7 F(Koro) [ 1 Ta1r V1tV Y O‘éa]+;t(1c2 rl) Kr, - (a.-6)

£ :
o ¥ a0 Yo

All symfols are defined in the handbook. ,

The thermal utilization factor was calculated at two coolant temperatures
500°F and 600°F, or two neutron temperatures of 387°K and 401°K. It was
assumed that the variation between these two temperatures was llnearc The

velue of 1 _gg was found to be approx;mately 3. 6 x 10 5/OC’°
f BT

Variation of p with Temperature - The variation of resonance escape

\
with temperature is attributed to Doppler broadening of the resonance
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absorption bands. This effect has been discussed repeatedly in the literature

(D"st"'}'I'?D“‘S) .
The expression for p according to the Reactor Handbook is:
p s l/G ~ (a=7)
vwhere: o g
N,V :
G = 2’2 (f =) < £ r. Kr)
s/ 2 F(Koro) + X(K2 ry szr_‘?)

LN6V° A (1 +1.92 s/M)

All symbols are defined in the Reactor Handbook.
The x factor was found to be negligible a.ndldrop'ﬁed. The quantity G may
be written as G = K/A L
where: K= N, V, (E Cs ) o F (ﬁoro)
NoVo (1+1.92 S/M)’
The quantity A varies with temperatire and the following expression is
obteined.:

12P =z - A ¢l oA 2 -.208 (1 94 : -
P 3T, ic'(A T, (Agfrc . ‘ ‘28)

A value of 1/a 34/ > T, is taken from HW~3T766 as 1.7k x 10'1‘. This

variation is a function of metal temperature instead of ‘neutron temperature..
The value arrived at for 1/p Sp/aTc is then -3.62 x lO-S/OC., This is
a Doppler broadening effect alone. There is an additional effect due to. the
increased surface to mass ratio following'an'increase in temperatdre. This '
effect is also negative but small compared to the Doppler b:ro'emi.en-:‘u:ng"’5
and was neglected. ' .
Variation of N12 with Temperature - An approximate expression for Fermi
age is the following: - B |
T = o2 (a-9)

Eztzs ET

avg. log energy decrement/colli’sion

where

neutron temperature

avg. macroscopic transport cross section

|

avg. macroscopic scattering cross section .

8

fission avg. neutron energy

~-# thermal avg. neutron energy

rFoMmMc‘-\,‘be oy W
X "
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It was found timt
2T % .05 en2/%C
oT, ~
The expression used for L2 was teken from the Reactor Ha.n.dbookD°3 . (all
symbols are defined in the handbook) :

2e £ 12 ~ - (a=10)
m- m : .
. W g v,
£ 8 1-f | 14 7L al "1 F(Koro) (a=11)

m . .
. N o0 Vo ‘
L2 wds calculated at the same temperature at which f was calculated

and the variations assumed linear betﬁeen the temperature limits. 2 L2
2/ e g ' | 2 T,
-was found to be approximately .1 cm o

Using a reactor, Bg2 of 1.15 x 10'1*, the value for Bg2 ;MZ is séen.

'to be approximately 1.65 x 410'5/ . - ot
Coolant Temperature Coefficient Sumary -
1 3¢ o o
€ 3T, . :
1 2n | 1x107
‘n QTC )
1 op ~3.62 x 107
P 5T, ,
1 o8 3.6 x 1077
T ST, S
'Bg2 5 ;,‘2 -1.65 x 107
(]

> Fefr . «1.55 x 1077
ST, .

Moderator Temperature Coefficient = The expression used in calculating
a coolant temperature coefficient may also he used in.\caléulat,ing a moderator

temperaﬁﬁre coeffj.cient. -However, two of the five tem\s may be neglected:

\ o 1) 1 2¢ and Y 2) 1 ap
1‘ . £ r)Tm ' P a']_‘m

Variations in € are 100 small to be considered, and variatioms in p are
brought -about. primarily by changing the tempersture of the uranium metal.
which is insulated from the moderator. ' .
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1. 1
T

>f |
oIy !

There is a variation in f with moderator-temperature that
results from a flattening of the flux or decrease. in the disadvantage factor

with increasing neutron temperature. This is a positive contribution to ' : o
the over all moderator coefficient. The magnitude is found in the same '

manner as before, i.e., by calculating a thermal utilization factor at two

tempera.{'.ures and assuming that the variation is» linear with temperature.

Values of f were calculated for moderator temperatures of 100°F and 200°F

or neutron tempera.tures of 376° and 418%. The velue of 1 S f was

found to be . x 10~ £
2. 1 3%
Nt -

- Values for the variation of ‘rl with neutron temperature were
calculated in section A.l.a.(1l) of this appendix. The variation of neutron

temperature with moderator temperature ( S T ) was assumed tb be
(57, *5/% o
approximately. <75+ This results in a va.lue O approximately .3 x 10 C for
1 20 : R
m T
3. B gg S m2
> T,

The change in L2 was calculated in the same manner as when
calculating the coolant temperature coefficient using the same equation .
It was determined that sL is of the order of .088.
gT
The approximate expression for ’]:(equat:.on a=9) was again used, and va.lues
were obtained at the two moderator temperatures (lOO F and 200 F) and the
variafb:.on assumed linear. The approximate value for o7 was d.eterm:l.ned

in this manner to be .12 cma/ °F. . . ST, T '.

The sum of these two effects gives a net effect for
Bg2 SM2 of  -2.37 x 1072/%.

T,
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Moderator Tempei‘a,ture Coefficient

1 e 0

€ . :)Tm

L ogp 0

P ST

1 20 - .3x1207°/%

N oT o v -

Y . -5 0

F S'T; | A x 1077/

"Bg Q—%a- . | © -2.37 x 107/%
S m

SKepr o . -1.67 x 107 /°¢

ST - | |

Control Rod Effectiveness

The a.na.].ys1s of the rods is based. on the work done by Wheeler;
(1) The ba.sn.c equation for the a.nalysis is.a tra.nscendental equa.tion, of

the form

Where:

equation.

D-T7
Yo (brepe) = ¥y .(bR) 3, (br ff) z
EEIRI K:L....(_...y%’ ol
L : - L (xxy : -
Yor T35 I35 Jgs K5 Koo I, 804 T are the Bessel functlons
Topp = effective radius of control rod
R = radius of zone affected by rod
T = fermi age of reactor
<L2 = thermsl diffusion area of reactor
x = J1/r+1/n2 |
b = parameter determined by trial and error solutions of
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This equation is solved by trial end error for the parameter b which
is used for determining a parameter, é.kibcal , defined by Wheeler as:

” 2 2
(2) S K eal ‘b.(L +7T)

The ‘é.klocal is then multiplied by appropriate geometry factors to
determine the worth of each rod. The effective radius of a circular rod
is determined by the following equationszn'l ’

' - 07].1
(3) eff H ro ¢ T
: ) )
r = radius of rod = 1.25"

0
A ® mean free path for neutrons in the moderator

The & k of each rod is determined according to Wheeler by the equation:
crs 2
(4) Sk(rod) = p081tlog factor x TR S K oeal

R
R 8 radius of zone covered by rod
A/
R & radius of reactor

The position factor is defined by:

f‘nz d(vol)
Position factor = zone of rod

ﬁ{hz d (vol)
eactor

(n = neutron density)

The position factor for a bare cyiindrical reactor is 3.T10 J°2 (2.408 r/R).
Equation (1) was solved for b using the following parameters: :

T = 200 cm®

12z 50 em®

R - 19 cm
Reff = 1.96 cm

The value for b was found to be .028. .This value of b in ﬁurn gave

ad X oea1 OF 196,
To get the approximate worth of each rod, it was assumed that they
were arranged in concentric circles according to the following table:
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. A : . 2 . -
Group No. of Rods ' Radius Iy (2.405 r/R)

I 1 | 0 1.0
= S 15" 93

IS S S 12 3" .76
fiv :A: ; 8 .., L5" T <531
Voo Zheg,o0 6 a6
o - 75 ey
VII~1 4 Lo | 90" | : 0213

The &S k of each group was found by multiplying the S k of .a.rod at
that radius as determined by equation (4) by the number of rods in the group. ‘

Growp é_ﬁ_gcal - S k/rod No rods S k/Group
I S W96 . - .00k - 1 .00k
- . 96 G- .00378 - 6 .07
IIT - Ta9%6r vt L0030k . c12 .0365
v 196 . .00222 18 . .0koo

| 196 . ..00118 o2k L0283
VI o 196 - .00046 30 0138
vii .19 - .000085 40 0034

<

Totel | | ka7
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Calculation of Neutron Leakage

Neutron leakage is calculated by a consideration of the leakage

probability for the equivalent bare reactor. This is a reactor having the

same cell constants as the reference reactor. Corrections are then

applied to the bare reactor to account for the effect of the reflector.

Reactor Data

B redial = .870 x 107% o2
L2 = 67 cm
T = 203 cm (cons:.d.ering vo:.ds)
P 0L
‘Radius - s 8.46 ft = 258 cm

Height 2 16 ft = 490 cm

PF = probability of .

2' A
1-eB 8Y2 g2y

L2 Bg2

fast leakage
. 2.2
P, = probability of = L B d
o LB =

‘ . thermal leakage 1+ 1, Bg6 g
5% e 870 x 10™* x 2.03 x 102 = 0177 -
128 = 67 x .870 x 107% = 00583

PF LOLTY

PT .00583

10

Fast newtron production = 800 x 10° (watt) x 3.1 x 10 (ﬁﬁf‘l—m—-)

2.5

= 6.2 x 1019 Fast Neutrons>
F S€eC.

=
]

1

sec=watt

neutron
fJ.ssmn

N. = N, P. P__ 2 6.2x10° x .91 x .9823

& 5.55 x 1070 (The

rmal neutrons

=212-
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Lea.kage(Into Reflector)

Jp = 6.2x 1070 x .0177 -
5 % 258 x 190

- 12 fast neutrons
1.38 x 10. Ay )

3.2 5.55x 100 x .00583 = k.07 x 10%L ( Fhermal neutrons)

T
2 Tx 258 x 490

2
cm -sec

The neutrons leaking into the reflector are attemated é,s follows:

. A . Attenuation v
Energy | To Reflector , e-T/‘FC_ e-’l‘/L J From Reflector
Fest 1.38 x 1072 0.262.. . | 3.62x 10"
Thermal 4.07 x 10T - 0,92 3.72 x 107

'Z“bao' = 130 cm

12 D26 = 25,73 cnP L = 162 cm

Calculation of Fast Neutron Dose
_ The fast neutrons leaving the’ reflector are a.ttenuated. through the
concrete b:.ologlca.l shield. The leakage currect J is. assumed to be

F
- isotropic and is tra.nsfomed. into an equivalent isotropic surface source.

D= 1/2 5, e X  when S 2ok 3.62% 1000

L (For bayrites - - = .
- __l_ = 10.6 cm - concrete Ref. E-1)
assuming an a.llowabJ.e D = 10:. :fast neut
‘ ' cmz-;sec
Z= 8.5 (ft:)

g

" Subsequent calculations indicated that the Gamma attenuation of Beyrites concrete
was sufficient t_d allow & higher neu;bron dose rate if the attenuation of
fast neutrons by inelastic scattering in the reactor vessel was considered.
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ATTENUATION IN REACTOR VESSEL

B

2% 6em N ~1.5" (Thickness of Vessel
Sa =  3.62x 10 x 2 - Wall)
: s -635 ‘
R 4 , = : -1
D = }SaBE (/1) } E (:626) = 4 x 10
D = 1x3.62x10M x2xkx107 =1.048 x 207 (Fasg Neutmn) |
: cm  sec
8! é@yrites
ATTENUATION IN CONCRETE BIOLOGICAL SHIELD -
A = _1 (For Bayrites concrete ,Ref. E-1) = 10.6(cm)
2R ' :
Sa = 2x1.448 x 10™ -—-———-—negts > z =8 (£t)
' cm =-sec _
-Z
D= Sa = . 11 8 x 12 x 2.54
S ex = 1448 x10"x2 e°( 5.2 )
_ 2 L
- ) \
D= 1.M8x107 x107° z1uu8 (fast neutron) .
| cmz-sec: »
D = 3.2 Mr/Hr from Fig. Assuming 10 Mev neuts .
TABLE 27
CALCULATION OF ¥ SPECTRUM IN CORE
ol._Fraction
Material Volume (em”/cmd - cell)
Al .y 1015
D20 3198 : . A 07310
Cpg Hy 3.65 | .0610
uo, L .60 | <1060
43.46

47

2 x 103 ~<neutrons ) (over lifetime)
cm2 - secC
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TABLE 28

NEUTRON CAPTURES BY MATERIALS IN CORE

— NN
cm” - sec

Al 1.36 x 1075 2.72 x 10%°

Dy _2a8x107 4.36 x 20°
0 47 x 1077 9.k x 107
Ci8 1.13 x-lo"'15 ' 2.26 x 108
Hpj 6.45 x 1077 1.29 x 107

R | 6 x 1073 1.2 x 100
e 1.71 x 1073 3.2 x 1070
, (n,.c) | | '
0° 9.45 x 1077 - 1.89 x 107

TABLE 29 =
. CAPTURE GAMMA RELEASE
. Flement Photons/100 Capt.
S 0-3 | 3-5 57 5T
Al 13 7 2L 35
D, 100 (6)
o, Neél'igiblé
c 30 . 100 - o
H | 100. |
' (2.23)
U238 300 - - -
(3)
_ 200(1) -- - -
?® - 100(5) -- -
215-




We will assume that U

238

gives one 3 Mev > &nd 2 1-Mev y's/capture.

(~ 5 Mev binding energy). 1.1235 will be assumed to emit 1-5 Mev/capture.
Note that slthough the binding energy of oxygen is ~I Mev. its concen-
tration is low enough to make it negligible.

TABLE 30

CAPTURE GAMMA SPECTRUM

Element E /100 Capt. ;l_._Og_Ca.gE; - g's
av Cmm™ = sec cm” - sec
1.5 13 2,72 x10° | 3.52 x 107
AL 4.0 7 2.09 x 10°°
6 21 5.70 x 10°
> 71 35 © 9.50 x 107
e 6 100 %.36 x 100 4.36 x 10°
4 6 T
c 1.5 30 2.26 x 10 6.78 x 10
4,0 '100 WV 2.26 x 1o8
H 2.23 100 | 1.29 x 107 1.29 x 10°
y238 1.0 200 1.2 x 107 2.4 x 1070
3.0 300 3.6 x 10
ue32 5.0 100 3.42 x 108 3.42 x 10°-°
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TABLE 31

PROMPT GAMMA SFECTRUM

The Prompt Gamma Distribution Can Be Expressed As Follows:

cm

= SecC

b - b - =R A
N (.E) | = / T5 e a "Ref. E-1
A a a <
a B b e™® e™® =T.5 (e-b7é-c) 5 x Zf 525 o
(Gammas /Fission) (Ga.nmas/cm3-sec)

0 3 1 1 7.3 1.46 x 10

3 5 00667 .05 | 3.25 % 107 6.50 x 10°°

5 T .00091  |. .00667 | %.33 x 107 8.66 x 10°
T o | .00091| 6.83x107 1.37 x 10™°

N, = (w)a St ¥ 2x108x .gi3x107

U

. =el7-

'b’l

"
2 2x10t

<fissions )
em> - sec 4



TABLE 32"

TOTAL, GAMMA SPECTRUM

E Capture x 10™° Prompt x 1070| N(x) x 10710 |y (v)E (v)x 10"
1.0 N T 2l ol
1.5 .358 - 1k4.6 14.96 22.4
2.23 129 .129 - .288
3.0 36 3% 108
4.0 2.11 6.5 8.61 3h.4
5.0 3.h2 3.42 17.1 -
6.0 612 .886 1.478
> T* .950 1.37 2.43
; 90.92 233.67

* Use 8 for E > 7

<E(z<) 7z Zn(s)E(¥) -

. N. (zr) .

233.67

_‘= 2.56 Mev

The average Ga.mma Energy is therefore conservatively estimated to be approx1-
mately 3 Mev/y .

Calculation of Gamma Attenustion in Core

The Mass Absorption Coefficient can be approximated as follows

</> z(ﬂ) Pi
i \'p i - These values are obtained)
(forE (>) of 3 Mev
Pi
TABLE 33
MASS ABSORPTION COEFFICIENTS
X Pal 5
Material Q ﬂ) s £y ,0) . P
Al .0330 2760 0091
D0 .0380 .T960 .0302
Cygth), 0l16 .0535 .00223
U .0l435 .9300 .0L05
0. .0359 0125 000448
> 2.,0680 .0825
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S\ o= 085 & .00
NGO | |
Ay = koo = A Ms ohx2.06 & .0825
< ) 8o |
Q= 1 02 1 - 12aem
3 .0825

The equivalent surface dsotropic source for a slab source from Ref.
is as follows: '

éa (isotropic) '. S~ A 8, = 90.92 x 10™° (.__31_ )

em” - sec

12.1 (for 3 Mev ¥ )

when }L

5, (1sotropic) = 11.0x10% ¥

2
em- - sec

It is more convenient to use Gamma Energy Flux since the gllowable dose
Y

‘rate for 3. Mev Gammas is 3350 =7 1100 ( Mev. )
' 3 em” - sec
° S isotropic = :LlA 0] x 1012 X 3 Mev
.o e ' P . ( ) (= )
'  emf =sec
isotropic B -
- L2
5 - 3.3 x°10 Mev '
& ’ cm2 - sec:

The Dzd »Reﬂect'or attenuates this gamma energy as follows:
G, T,
,0 D20 ' £ H20 3 Mev
Mz 0396 x1.09'= .0431 (cm™)
)= /_‘1_4 z.23.2 cm (reiaagation ieegth)

® ,0396 and since = 1.09 for D0

2

The D0 reflector is only 6 x 2.54 = 15.2 cm. in thickness and therefore
there is negligible gamma buildup. Using a B(R) of unity '

“£19-°




D=3 S Zy Ref. E-2 Z_ )T 655
From Ref. E-2 E (.665) = 512 x 107

D= 8.5x 1012 i Mev
Cll = gec

A similar calculation is done for the reactor vessel wall using B (R) = 1
3Mev

< ?—) = .0359 Fe = 7.85 Grams ]
Fe cm3 /q

1.5 x 2.5k < 2.8

.0359 x 7.85 = .286 cm™t

)~ =_1 2 3.5cm
.286

The Y~ energy leaving the reactor vessel after attenustion

Dss& E 7 Z\ = 2.8
R S A S v A
E, (2.81) = 1.7 x10 Ref. E=2

s, ® 25:8.&5::‘1012(—4-2—3"———)

cm =-sec

2

D = 1.435 x 109 Mev
( cm‘ - Sec )

The gamma energy leaving the reactor vessel is attenuated through the concrete
biological shield. Since the biological shield will be of reasonably large
thickness we can expect Compton scattering to cause apprecisble build-up.

If we assume a linear B(R) = Z

D= cfa .. e
2
when Z is the unknown.
S, 2x1.435x10° _ pev.

2
em” - sec
/4 (For Bay}zg'igesec):oncrete = .1093 D330 - 1100 ( Mgv )
: 3 cm - sec
A= _ 1 - 9.5 (em) and & = 4.22 (ft)

21093
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An important source of XY 's is the radiative capture of & neutron. These
‘capture gammas are usually quite hard and can penetrate long distances in
the shield. For example, the capture ganma in the iron is about 7 Mev,
while that in concrete is about 4 Mev. ,

For this calculation we wiJ_'L assume that the attenuat:.on of thermal
neutrons through the reactor vessel results in a capture gamms volunie source-
in the Iron and that the interface of reactor vessel and the biolog:.ca.l
sh;eld acts as a surface source for these capture genmas. Since the reactor
vessel is only 1% " thick this. is a fairly close conservative estimate. '

The reactor vessel is assumed to be an infinite slab to obviate any
mu.'l.ti-reglon problems. In this case:

)z 33e™
K A,
For iron
' N = 8.7 x 1072 533%5 )
. : cm . ra .
S = 8.7 x10%2 , Atoms x 11 (S ) = .93 (cd"l)
. ® (T ) Atom : ‘
' cm
"Za. = 0'214(0111.1) :
Az 2 2 2 = .O0Ll9
3 3 x56
Atr _= 1 21,09 (cm)
+93(1-.0199) o , S
12 = Atr = 1.09 - 1.73 (cm3) Je L 2'1,31 cm
‘ 3 - 3x .21 L
K = 1 = .764 (en™) Jp % 372 x 1oll<jTherma1”Neux.)
L cm -sec
$(x) = (3) B2x10th) MK g3l omeTOMx
.T64 x 1,09 ‘

To caicula‘be- the capture gammas in the iron.an average thermal flux

in the Iron was calculated, as follows
M) - 1.5 x 2.54

/ A . e-.76)+ X ‘d_x

o]

1.5 x 2.54

=221 -



11

b (x) = 4.36 x 10

‘ 'I\Tet_rbs' )

2
cm -sec

. - — - n - RN . 2
(Neutron capture rate) = > o CP (x) = L.36 x 107 nguts ) % 0.21 ( cm3 )
. ' o on

. cm =secC
(Neutron captufe rate) = 9.15 x 1010( Capt. )
' - A en” ~ gec .

Ref. E~1 indicates that the average number of ¥''s relea._se;‘d.'pei° neu’dron
capture is 1.7 ¥ . Since the binding energy of the neutron is T7.73 Mev

Capture Y :
the average energy of the capture gamma is 7.73 = 6 Mev.
fabatc) T.7 -
S = Capture g, . 1010, . ‘ .
..r production s 9 15 x 10 ( ____p_____ga ture ) x 1.7 ( '—“—_capi/urev
: cm” - sec ' _
Siez 1.56 x 20 ( X
cm” - sec
Transformation of this volume source fo an equivalent isotropic
surface sourée. ' '
11 o cn =sec
o 625 x10 (6 Mev b"s) ' :
" | 72 B

Using a linear B(R)

Dz Sa e E/x

= a3u0 & 557 (ML \
2 -6 . ( 2 >

Detiowenle —,
. cm =sec -

and 7 26 ft. : A & 9,15 For Bayrites
Concrete 6 Mev ;

R T . .
The dose rate from 8' thick bayr:u.ggsxcigcizée*éeoﬁlL

D= 6.25x 107 e 9.15
D= 6.25x10% . = .880 (___3‘____ )
2 x 3.549 x lOll c:xn2 - sec

o
D= 8x100 x105x .88 = 8x 1073 Mr/ar
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Capture gammas are also released by absorption of neutrons in the E:on‘crete ..

These neutrons enter the concrete as fast neutrons and then are slowed down

by the éoncrefe. Using the rough approximation of age replacement. length

of T/X enables the capture gammas to be transformed to.an equivalent
isotropic surface source at a depth of 7&/}1 in the shield.

From previous

V/: - i.th x2x loll ( fast neuts. )
: - sec

T = 30 cem Ref.’E-z

X

' Using a linear B (R) to account for scattering buildup

-2
Das Sa e X
P

Zs 24 em - 30 cm = 21h‘cm

A ® 9.15 Bayrites concréte for k4 Mev ¥ 's
l]- .

D= 1448 x 2 x 10+ =21k
' 2 € 9.15

D= 8.2, ¥
(—— )
cm -sec.

D = .41 Mc/Hr Fig. 60
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APPENDIX F

MATFRTALS

From the straight line plots in 'Figure 36 in the Materials Selectioﬁ
Section the functional relatlonshlp between stress, stra.:.n, and time for the
aluminum alloy X-2219 was determined as follows~

The slope of the log creep rate Vs, log stress curve (for 600 F)was

determined by:

log 1 - log .1

slope =  TO-ZI50 -log 2100 = 2°06

The equatipn of the straight line is given by:

log ¢ - log .1 -

slope & T o~ Tog 2100

where C is the creep rate in % deformtlon in 1000 hours a.nd
o- is stees in psi.

The equation can be rewritten:
c= .1 ( 2,06

2100 )

‘ . H! (N oL, . M ‘ ) B
Since C ®= €/ where €is the strain in.% deformation and t is time in
thousands of hours s the equation becomes:
2.06
€= Jd ¢t (
2100
In a similer way the equation for the line at 750°F ("1" extrapolation

was found to be:
2.15
- €= At ( o ) 5
. 7000

and that for the ";" extrapolation was:

€= ,lt( o— )2"18
560
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" APPENDIX-G - -

POWER PLANT CALCULATIONS

The power plant calculations for this. system are essentially the :
seme as those for any conventional steam power plant cycle, with the
" heat for generating the steam in this case being supplied by the hot
orgenic fluid. A summary of the miscellaneous heater data is shown in
Table 4, and the steam cycle flow and heat balance is shown in Fig. 19
and 20. A calculation of the overall plant heat balance is shown on &
subsequent page. ‘ - '
’ ‘ A calculation of heat transformed 1nto work in the turbine at full
load is as follows

Throttle to pirst extractlon stage: ' o 16° Btu/hr

(2.563 x 10 )(1277-1203) '  189.662
" First to second extraction stage: o o -

(2.372 x 10°)(1203-1145) - . 137.576

Second to third extraction stagef '

‘ (2170 x 10°)(1145-1068) - © 167.090

Third to fourth extraction stageg' . 4 : .
(2.109 x 10°)(1068-1031) - 78.033

Fourth extraction to condenser inlet: . ‘A R
(1 920 x 10 )(1031-928) ' 197.760

‘Total o " 770.21 x 1° Btu/hr
Equivalent mw S . 225.6° mw

Assuming & generator efficiency of 98.5%, the generator output

would be: ,
+ (225.6)(.985) , ‘ ' 222.2 my
Auxiliary power is: - ’ - : 18.9% mw
Net electrical outpu£ is: ‘ 203.26 - mw

Overall plant efficiency is:

gg%égé x 100 25.4%
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OVERALL PLANT HEAT BALANCE

Heat Input at Reactor )
Heat loss to moderator and shield

Heat Loss Due To Radiation; etc.

Heat Loss to Circulating Water.
Heat Loss to Turbine Auxiliaries
Generator Equivalent Heat Loss

Auxiliary Power Equivalent Heat Loss

=228~

6

10~ Btu/br

2,730,400
273.040 -

2,457.360
9.300

2,448,060

1,666.560

781.500

11.379

T70.121
11.753

758.368 -

6l 642

693.726

100.0

10.0

90.0

0.3
' 89.7
61.1

28.6

0.k

28.2

0.k

27.8

2 04

25.4




APPENDIX H

" ORGANIC MAKE UP_ANALYSIS

Energy Absorption of Organic

Slowing Down of Fast Neutrons -~ The energy absorbed per unit volumev of

the organic due to fast neutron scattering is equal to the product of the
fast neutron scattering reaction rate, the average fractional energy loss
per collision and the average energy of the fast neutrons. A

AR (Mev absorbea\) bp E, [‘(ZS)H (@ + (5), <<'1)c]

e 5 sec

The fast flux ( ¢ ) was assumed to be twice the thermal flux; or 2 x 2 x 1013

neutrons/cma, sec. To be conservative, it was further assumed that the fast
flux remains uniform in the fuel region. The average energy (En) of the

fast neutrons was assumed to be 2.0 Mev.

1%

(ZS)H 0.9 em -, (q)H = 0.632 | fractional 'energy loss
T o per collision
(= s)c = 0.087 cm-l, (@), = 0.147
therefore,
g - 12 7.3
AE = 7.05 x 10 Mev/cm”, sec

Since the density of the organic = 924 gm/cc,
AE =1.22 watts/gram

Gamms, Photon Energy Deposition « The major sources of gamma photons - .

in the core are from direct fission, fission preduct decay, and neutron '
ca.ptures in the organic coolant and aluminum structural material. _ | ,
(1) Prompt Fission and Fission Product Gammas - Each fission
produces 7;5 gamma, photons directly and 5.9 as a result of fission product
deca.yH"a, all -of which are assumed to have an average e'rierg’y of 1 Mev. Hence - .
the gamma production rate due to fission and fission products is equal to the . A
product of the fission tate per unitf volume of fuel, the fuel volume, and

the number of ga.mma photons per fission

* The values for (ZS)H, "(q)H, (Zs)c-’ and. (q)c are from Ref. H-1

e
IS
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g (photons . ) - 2.3 x 1012.’ ' fissions ) x 14500 (fuel

3
el oe )

sec, fuel ‘tube cm3 of fuel, sec

x 13.4 (%) h u7 X 1o17
The power density used is an average value based on a éoﬁa_l_reac_t'qz;' 'pow(er ,
output of 800 MW of heat. -

In order to obtain a simple express:.on for energy a'bsorpt:.on in the
é'rganlc , the photon production rate in each tube was replaced by a line
source of equivalent strength in the center of the tube. | The organic was
placed around the source so ‘that the cylinder thus formed would equsl the.
volume of orgenic in a fuel tube. This transformation gives a corisérvative
estimate (higher than the actual) of the energy picked up by the organic
because no 'allowanée is made for ¥ attenuation by the fuel or structural
material and the assumed path length of »'s through the orgsnic is mich
longexr than the true average path length.

Hence the energy absorbed is: Total
AE‘o’ (Mev absorbed) / //E (cm ) Eb/(

u

Mev - )
photon

sec; tube

X F(ghotons ) av ch??

cm,sec
where: X :
/ETotal - energy absimtion coefficient for the-organic = .
' 0,0265 em™ for 1 Mev photons (Ref. H-3)
E?{ = avéra.ge energy of a gamma photén =1 Mev
v - A4 total
[1 = e “a B
2 Wy
/gTotal = linear absorption coefficient for the organic -
0.0628 cm™L for 1 Mev photons (Ref H=3)
r = effective radius of the organic cylinder = 2.3% cm
av S 2¥rardl
1 = height of cylinder = 488 cm
Therefore, ' r=2.34 to té,l
= o ../44
By =/ /Etota,l E, s/ .2 r ar

. =0
2 2.58x 1010 Mev absorbed/sec, tube 2 0.535 watts/gram
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This accounts for the energy depoé;ited. by fission and fission produc:t ¥'s
released in the same tube through which the organic is flowing. ‘
In order to take into: account the energy deposition of gamma photons
originating in adjacent fuel tubes, a gamme flux reaching a neighboring
tube was estimated. This was done by first homogenizing the fuel and
organic in a tube, and thus obtaining a new effective radius (3.86 cm) for the
cylinder and a new /4 total (O 583 cm ) Then the flux leaving a fuel

tube is:
- - tota.l ‘
[1 = S <or1g:.na.l line) /('/ r - Lx 1012 photons
source e - .
cm ysec
2 Mr

A build up ‘flactor of 2 was assumed since the path length through the
cylinder was ’a.bou‘é equal to two attenusetion lengths . Finally, the flux was
reduced by geometric attenuation and absorption in the D20 moderator.
(45" = 0.07 en™, path length = 9 cm.) Thus the flux which enters -
an adjoining fuel tube is: ’

[z lh2x 10%2

photons/ cm? ,sec

The orgenic in the adjoining tube was assumed téloccupy a:\rectangu,lér
parallelopiped 10 ::c;xr{ wide, 1.7 cm thick, and 488 cm. long (same volume as
the cylinder), in :bhe direct line of above flux. The energy absorbed under
these apparently conservative assumption is:

AEg* = O. 0104 watts/gram, adjoining tube

For each :mel tube there are 6 adjoining tubes, thus the total from
all adjoining tubes is .062 watts/cm. Since this amount is small the con-
tribution from tubes at a greater distance than the adjoining tubes was
neglected. Thus the total energy absorbed from direct fission and delayed
fission product | ¥'s is de+ AE%. = 0.597 watts/cm. N .

(2) Neutron Capture Gammas - The same procedure was followed

to calculate energy absorption in the organic due to neutron cepture gammss .
In oxder to determine a source sbrength of these gammas, the product of the
neutron capture reaction rate and the volume of aluminum and organic"was

used .

5 (cagtures ) 4)'1‘ =V (vo

sec,tube tube
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The final results for the gamma energy deposition in the 6rganic are
tabulated below: ' 4 '

Photons Photon Line Source Energy Absorbed
Per Energy  Strength, Photons ' - by Organic,
Cap. Mev. per cm, per sec, ' watts/gram
' ’ per tube
Prompt and Fission : : 1L
Product Gemmas 13.4 1.0 . 9.16 x 10. 0.597
Organic Capture : ' .
Gemmas 13) . 2.23(3) 3,010 x 1012 0.00k
" Aluminum Capture : oy |
Gammas - 2030 403 g3 %102 0.018
Toﬁal '0.619

The total energy ebsorbed in the organic is 1.22 + 0.62 or 1.8 watts/gnm.
In order to take into account the energy absorbed by the organic above and
below the core and to further insure that this estimate'is conservative,

a 1.5 factor was used. The final answer then becomes 2u76 watts/gram.

]

'Decogpos1tion Rate of Organlc

It was assumed that Santo-wax-R has the same decompos1tion charactedstics
as meta-terphenyl. From a plotH -k of % polymer concentration versus energy
absorbed for meta-terphenyl at 400°C, (See Figure-62) a decomposition rate
for Santo-wax-R was estimated by obtaining the slope at 30% polymer concen-
fration. The velue obtained was

0.47% decomposition/A amp hour per’ gram of mixture

Since the graph was plotted for 1 Mev electfons,"the decomposition value can

also be expressed as

0.47% decomposition/watt hour per gram of mixture
A factor of 1.05 was used to account for gas formatlon in the total decompos1t10n
rate. .
' Therefore, the decomposition rate of the Santo-wax-R in the resrtor is:

tar formation = 0.0047 (g;ans of tar formation‘> 2. 76 (watts
: watt hour per gram

X 5.75 x 106 (grams) = T7.55 x th grams/hr = 167 1lbs/hr

Total decomposition rate = (167)(1.05) = 175 lbs/hr
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Organic Make Up Costs _

Santo-wax-R, as used in the reactor, is a byproduct (the still bottoms)
of biphenyl manufacture consisting of 80% terphenyls and 20% higher boilers.
Since the purifica.tion system will remove these higher boiiers s 125 1lbs
of Sa.ﬁto-ﬁax-R must be édded per 1b. of coolant decomposition in the core.
At $0.1675 per pound, the cost of ‘coolant make up becomes: .

Cost = (175 1bs. of decomg) (125 1bs offSanto-waX-R) ( $0.1675 )
: - hr 1lb of decomp 1b of Santo-wax-R

= $36.6/hr = 0.183 mills/KWH -
Rounded. figure: 0.2 mills/KWH

. 23k
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APPENDIX I.

ECONOMICS AND COST DATA

TABLE 3k -

ANNUAL ISOTOPE CREDIT ASSUMING REACTOR GRADE Pu AT $ 12/ .GRAM .-

Trradiation Pu Conc. U=235 Conc. Annual Pu Annual Urahium Total Annual

103 MiD ton @us/ton  gms/ton Credit, 105 Credit, 103  Credit, 103
1 980 5150 2750 . 5150 - 7900
2. . 1600 . 4200 2240 1450 3690
3 2050 3400 1920 Ck35 2355
4 2400 . 260 1685 . 111 1796
5 2550  .2250 . W30 - 13.7 ko o
6 2640 . 1870 1235 : | 1235
Assumptions:

. (1) .8 Plant Factor

(2) .25 Over-gll Plant Efficiency
(3) Puat 12/gram ‘

(¥) U credit as shown in Appendix

L3

.. IABLE 35 -

~ENERGY COST ESTIMATE ASSUMING THE OLD REACTOR GRADE PU CREDIT

- 3000 MWD/ton 6000 MWD/ton
Annual .3 Charge Annual : Charge
Charge $10° Mills/KWH Charge $103 Mills/KWE
Operating Cost 8,186 0 5,346
Credit Fissiomable )
Material Prod. 2,355 : 1,235
Net Operating ' '
Cost 5,831 4,16 4,111 2.9k
Totel Carrying Charge _ 6,220 4 45 : 6,220 R
Total Cost 12,021 , 8.61 10,331 7.39
- Assumptions:

(1) .8 Plant Factor
(2) .25 Overall Plant Efficiency

(3) Puat $12/grem
(4) U Credit as Shown in Appendix «235 =



TABLE 36

ANNUAL FUEL COST AS A FUNCTION OF EXPOSURE ASSUMING ZIRCALOY-2CLAD

Irrediation  Annual Fuel Annual Fue] Annual Fuel Element Annual Shipp
103 MWD/ton Consumption Burnup $10 Fabrication $103 Proc. Costs 10
' tons/yr
1 - 234 8,500 17,000 6,370
2 117 k4,260 8,520 3,190
3 78 2,840 5,670 2,130
4 58.5 2,125 4,250 1,600
5 46.8 1,702 3,410 1,280
6 39.0 1,420 2,840 1,065
7 33.4 1,214 2,430 910
8 29.3 1,067 2,130 800
9 26.0 ol6 1,890 710
10 23.h 852 1,705 640
Assumptions:
(1) .8 Plant Factor
(2) .25 Overall Plant Efficiency
(3) 200 MW Plant Capacity
(%) Fuel Fabrication Costs of $80/kg
(5)  Processing and Shipping Cost $30
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TABLE 37
TOTAL ENERGY COST FOR ODPR ASéUMING'ZIRCALOY=2 CLADDING AND $12/GRAM FOR REACTOR GRADE Pu

Operating Costs

3,000, MWD/ton

6,000 MWD/ton

12,000 MHD/ton

16,91

Operation Annual Cost  Mills/KWH Annual Cost Mills/KWH  Anmnual Cost Mills/KuH
10 , . 103 103
Lebor and Maintenance 1,300 1,300 1,300
Fuel Element Fabrication 5,670 2,840 - 1,420
Fissionsble Material Rental 308 308 308
Cost of Fissionable Mat. Consumed 2,840 1,420 710
Shipping and Processing 2,130 1,055 532
Water and Miscellaneous Supplies ' 80 80 80
D0 Rental 269 269 269
D0 Depletion Allowance 269 269 269
Organic Make Up 280 . 280 280
Total operating cost’ 713,186 T8 5,168
Credit Fissionsble Material Prod. - 2,385 1,235 . 608
Net Operating Costs 10,761 7.69 6,506 k.7 15560 3.6
' Annual Carrying Charges 6,220 b45 6,220 . L.h5 6,220 . L.
Total Annual Cost S 120k 12,816 9.15 10,780  7.71




TABLE 38
FUEL, PROCESSING COSTS
Nucleonics, May 1957 New Item

AEC Estimated Processing Costs o
Batch Size Proc. Rate Plant Time  Annual Charge Unit Charge

(kg U) Kg U/day days in $1,000 $/Ke U
Fuel Type A 35 28 .3 " 65.8 - 1880
Fuel Type A 190 : 28 13.6 ' 208 1095
Fuel Type B 20 + Ly 3.5 . . 26.8 2680 -
Fuel Type B 60 S bk oo 67.3 - 1120
Fuel Type C 120,000 = --- “-1000 128. . 1hs9 12
Fuel Type D

20,000 - -~ 1000 .28 - o0 428 21

Fuel type A - Plate assémblieé of approximaﬁely:90% enrichment U as an Al
A alloy, Al clad; processing composition is 7. 5% U, 92.5% Al;

assumed. burn=up is 20% of U-235

Fuel,type'B - Plate, assemblies of approximately 90% enrichment Uas a 2r.

3alloy, Zircaloy=2 cled; processing composition is 1.5% U,

98.5% Z1rcaloy-2 assumed burnwup is 25% of the U=235 .

Fuel type C - Slugs and plate assemblles of® normal U, Al clad; processing
composition 95%_U, 5% Al; assgmed irrad;ation is 800 MWD/ton .

Fuel type D - Rod shaped elements of normal?or'depleféd U, 2Zr and SS clad;

processing“coﬁpositions varies but is mdstly U or UO

2
. AEC Radiochémical Processing Charges ,

‘ Batch size  Proc. Rate Plant Time Annual Charge  Unit Charge
Reactor (Kg U) - Keg U/day days in $1,000 $/Ke U
Commgg Health 1), o0 1000 22.5 34l 2
Consumer PPD ° ' ~

Nebraska 24,400 1000 32.4 396 20
Consolidated , o . o
Edison 8,140 Th -1000 Th 16.1 246 . 30 Th
1,980 2li-y o . 1240 U
PRDC e . ) -
Core 5,475 : 150 L5 o681 124
‘Blanket 32,300 . 1000 40.3 617 ) 19
Elk River : .
Core 12 by 3.3 50.5 k200
Blanket 6,850+ . 1000 13.8.  k2.87% 3
Wolverine 20 + | .88 . 3.3. . 0.1 % 2500
Yankee Atomic - ' o
Electric 22,000 1000 30.0 459 2L
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* Annual unless otherwise stated,
" Every fifth year, '

Average for each year

The above charges are for processing delivered fuel elements to decontami-
neted nltrates and are based on AEC estimates of various reactors. In practice
batch sizes will be determined as outlined in AEC statement of March 12 . There
are orders of magnitude estimates of irradiated fuel proeessing charges to
illustrate pricing policy. They do not constitute a commitment on the paft
of the . government.

Fuel characteristics assumed

Comm. Ed. - UO, pellets in Zirealoy=2 tubluar assemblies; U of 1.5% A

~ enrichment; processing composition is 76% UO2 2h% Zirceloy-2;
. assumed burn-up is about 60% of the U-235.

CPPD = Slug assemblies of Uranium of 2.3% enrichment; S.S. clad;

' processing composition is 91% U, 9% SS; NaK bond; Assumed
burn-up is about 16% of the U-235 ’

Con: Ed. = Alternate U and Th plates in assembly; the U is of about

' 90% enrichment as a Zr alloy and is clad with Zircaloy-2 as .
is the Th; processing composition is”53% Zr, 3% U, U4% Th; -
assumed burn-up is 57% of the U=235 and 49% of the U-233.:
PRDC - Core = Pin assemblies of U of 27% enrichment as a Mo alloy;v
. Zr clad; processing composition is 72% U, 8% Mo, 3% Zr, 17%
S.S.; assumed burnup is about 4% of the U-235 ,
'Blanket = Rod assemblies of depleted U, 8.S. clad, processing
composition is 80% U, 20% S.S., Na bond; assumed irradiation
is about 4000 g/t Pu
RCPA = Core - Plate assemblies of U of about 90% enrichment as a
Zr alloy, Zr clad; processing composition is 3% U 97% Zr;
assumed burn-up is 40% of ‘the U-235
Blanket - Plate assemblies of normsl U as a Zr-Nb alloy, Zr
clad; processing composition is 65% U, 34% Zr, 1% Nb; assumed
, irradiation is to about 4000 g/t Pu

Wolverine U050, Solution ; U of about 90% enrichment; assumed burmup
to 48% U-235 : R

Yankee - U02'pellets in.S.S. tubular.assemblies;: U of 25% enrichment;
processing composition is 85% U0,5 15% S.S. ; assumed
irradiation is 6400 MWD/ton.
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TABLE 39

U=235 AND Pu PRICES FOR VARIOUS EXPOSURES

Depleted Uranium Credit computed from the formua

#C(U) ($/Kg of contained U) = 37.48 (2X-1) 1n =% khg (x-.00222)

where X & the weight fraction of U=235 in Uranium. Enrichment as a
function of Exposure as computed by our physics group for the ODPR..

4hox
X )

Exposure % Enrichment $/Kg of U $/em of Contained U-235
0 al 4o 5.63
1000 587 25.1 4,27
2000 k62 13.3 2.88 A
3000 374 6.15 1.64 o
4000 : .30k 2.10 . .69 '
5000 248 : .32 .13

6000 ' .206 ' 0 0

Plutonium Credit as a function of Exposure, assuming an initial conversion _

ratio of .8 - Computed from price schedule published in the June,6, 1957
issue of the Federal Register ' '

Exposure $/em of Conteined Pu
400 38.1
800 ‘ 33.6
1200 ' 29.3
1600 28.50
2000 28,50
4000 28.50

* This formule appeared in the March 1957 issue of Chemical Engineering
Progress in an article by Manson Benedict.
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UNITED STATES ATOMIC ENERGY COMMISSION
WASHINGTON 25, D. C.
November 17, 1956

TAELEJ-I—O

Base Charges for Enriched Uranium, as UF6, f.o.b. Oak Rldge, varying with U=235
enrlchment

Weight Fraction Charge Weight Fraction . Charge

Laarge
(U-235 in Total U) ($/Kg .Contained U) (U-235 in Total U) ($/Kg Contained U)

.0072 40.50 . .00 ) 535 .50
00Tk . ha.75 : " .045 . 616.50
.0076 45.25 -~ .050 ‘ 698.25
.0078 ' 47.50 060 - 862.50
.0080 : 50.00 070 - . 1,028.00
.0082 52.50 .080 1,195.00
.0084 - 55.00 o .090 1,362.00
.0086 57 .50 . W10 1,529.00
.0088 - . 60 .00 .15 ' . 2,374.00
.0090. : : 62.75 .20 3,223.00
.0092 65.25 .25 4,078.00
.009k4 ‘ 67.75 : o .30 4,931.00 .
0096 : 70.50 ' 35 ©5,793.00
.0098 ' 73.00 BT ' : 6,654 .00
.010 75.75 - : 45 7,515.00
011 89.00 .50 - 8,379.00 .
,012 ' , 103.00 55 - 9,245.00
.013 ‘ 117.00 .60 - 10,111.00 -
Lo ~ 131.25 B .65 R 10,979.00 .
.015 145,50 - . W70 .. 11,850.00
.020 220.00 S .75 12,721.00
.025 297.00 B 80 13,596.00
.030 375.50 .85 . - 14,475.00 -
.035 ‘ . 455.00 - S 90 15,361, oo

***************************************»'A'-'.

Guaranteed Falr Prices to be Paid for Plutonium and Uarnium-233 Produced by Licensees,
and Delivered to the AEC During the Period July 1, 1962 to June 30, 1963, . -

A. Plutonlum, as metal buttons, f.0.b. AEC Plent
Base Price : $12/gr Plutonium

'B. Uranium-233, as Uranyl (233) nitrate, £.0.b., Oak Ridge, Tena.
Base Price: $15/gr U-233
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¢ December 7, 1956

EDISON ELECTRIC INSTITUTE

TECHNICAL APPRATSAL
TASK FORCE'ON NUCLEAR POWER

ECONOMIC EVALUATION

In order to provide a common basis for economic evaluation of
various nuclear power plamt concepts; the methods and rates outlined herein
should be used.

Because of varying financial arrangements, differences in local
tax rates, cost of bond interest; etc, no one set of fixed charge rates
will apply to all locations or at all times in the future. However, by
using & uniform set of rates for the various types of nuclear plants and an
explanation of the rates used, adjustments to over-all estimated costs can be

made by any prospective nuclear power plent builder to fit the conditions in
his area.

CAPITAL COSTS

Capitel costs of g nuclear power plent should include all costs '
mormally covered by a production plant in gervice account. They should in-
clude the cost of land and land rights, structures and equipment of a perma-
nent or semi-permenent nature and an item for interest during construection.

Land and Land Rights

Except for a specific location; the cost of land cannot
be estimated. However, for purposes of comparing cost of al-
ternative nuclear power plants, & uniform cost- for land of
$500,000 should be used for each estimated project cost.

Structure and Equipment

Estimated costs of structures and equipment should in-
clude the cost of all permsnent and semi-permenent buildings, the
nuclear steam generator, turbo-gemerator units (including any re=-.
quired for emergency or auxiliary supply), and all accessory
structures and equipment. Not to be included in the capital cost
of the plant are the cost of fertile and fissionable material,
any special moderstor material (such as heavy water) or the cost
of core fabrication.

All estimates should include an allowance for engineer-

ing but not the cost of preliminary magor research and develop=
ment expenses. :
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Interest During Construction ,

The allowance for interest during construction should be
computed at 6% of the cost of the plant, including the cost of
land .

Working Capital

Because of the present basis of accounting for fission-
able material after usage and also deferred payment of taxes,
processing costs, etc, the amount of working capital required will
be limited largely to materials and supplies; including spare
parts and equipment, cost of special moderator materisl such as ‘
heavy water (unless leased), and the cost of fabricating the first
core, including the cost of purchased fertile materlal but not in-
cludlng leased fissionable material.

The allowance for working capltal should be computed or
determined as follows:

L% of plant cost (excluding land), plus
The cost of fabricating the first core, plus

"~ The cost of purchased fertlle material in the
first core, plus

The cost of special moderator material (unless
leased).

PRELIMINARY RESEARCH AND DEVELOPMENT COSTS

Rather than convert the cost of major non-recurring preliminsxy
research and development expenses to an annual basis, the total amount of
such expenses should be separately stated. These expenses would normally
include preliminary research and test costs which might be necessary to
determine the physical and operating characteristics of certain materials
and plant components before a reactor design can be finalized.

FIXED CHARGE RATES

The attached tabulation entitled "Fixed Charge Rates for Nuclear
Power Plant Economic Evaluastion" summarizes the fixed charge rates to be
used - for the various plant components.

Bond Interest and Return on Equity Cépital

: The annual cost of these items is based on an over-all
rate of return of 6% and assumes that 50% of the plant cost will
be financed with bonds having an interest rate of 3-3% and 50%
by capital from other sources - common stock, preferred stock,
surplus.
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While a bond interest rate of 3-3% is substantially
below present interest rates; its use herein is based upon an ap-
proximate average of the lowest and highest interest rates on
Class A or better electric light amd power investor owned public
utility bonds issued during the past two decades.

Local Taxes

The local tax rate of 2% is based upon the average
amount, paid in State and locel taxes by investor owned electric
utilities in percent of plant investment as reported by the
Edison Electric Institute. ‘ '

Income Taxes

The income tax computation is based upon a 52% tax rate
and assumes that amortization accruals will apply equally to bond
and equity capital during the assumed lives, reducing in later
years the interest deductions for Federal income tax purposes.

Amortization

For amortization; a sinking fund rate is used based upon
a 6% retwrn on reinvested amortization accruals. An average life
of 20 years has been assumed for the complete plant. While this
is lower than that ordinarily used for a conventional power plant,
it is probable, at least in the early stages of development, that
the turbine equipment will be at a somewhal .lower pressure and
temperature than modern conventional practice, and progress in re-
actor develcopment is likely to be rapid. Consequently the lower
life upon which the computations are based is intended to cover a
more rapid rate of deprecistion because of technological obso-
lescence rather than a shorter physical life.

Insurance
' Insurance normally carried on a conventional plant and
third party liability insurance should be computed at 0.5% of
plant cost (excluding land). :

TNTERTM REPLACEMENTS

The amortization period used assumed egual life for the reactor

and turbine plant. In some types of plant, this assumption may be real-
istic. However in other types, the life of many of the component parts
of the reactor may be less than 20 years and require periodic replacement
within the 20 year life of the plant as a whole. For example s assume for
e particular plant the nuclear steam generator represents 50% of the
original cost and that 50% of this part of the plant will need to be re=-
placed once during the 20 year periocd. The anmusl charge to cover these
interim replacements would be 1.25%. - No ground rule can be made as to a
specific allowance for this item and it is left to the judgment.of the
individual evaluating & particular type of reactor.
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OPERATING COSTS

From year to year, operating costs in a nuclear power plsunt are
likely to undergo large variations as fuel expenses, processing costs, -
credit for recovered materials, fabricating costs, etc, are not likely to be
at a uniform rate. For purposes outlined herein; evaluations should be
limited to average steady state operating conditions rather than a yesar by
year analysis of operating experses and output.

Labor and Maintenance

In general, operating labor costs will comsist of the
annual costs of the fixed operating force stationed at a nuclear
power plant, including the cost of fringe bemefits, cempany over-
heads; etc. In large plants, the operaticn wilk. probably consist
of a high degree of completeness. On the other haid, small plants
are likely to be self contained units, requiring substant:.ally
less ml_'l. time operating personnel.

It is also likely that in the larger planis, a substan-
tial part of the maintenance will be corducted by full time
personnel assigned to the plant while in the smallexr plents, most
of the maintenance will be conducted by periedic overhaul or as
required as a result of failure of some component part. Mainten-
ance will alse vary with the size, complexity and type of plamt.

Rather than have each reporting group prepare g wsxnning
schedule and mske separate estimates of labor and msintensnce
costs, more uniform results for comparative purposes can be ob-
tained by the use of the simple thumb rule given below. Investi-
gation of estimated operating labor and meintensnce costs of a few
proposed large projects indicate that the results obtained by this
thumb rule cemputation agree closely with the estimstes. The re-
sults so obtained will of course by subject to further ref’inement'
by any prospective nuclear power plant buildero :

Est:.mted Annual Operating
! ' Labor & Maintenance Costs

Over 100,000 Kw electric capacity - $500,000 plus
$4.00 per Kw of electric capecity

50,000 to 100,000 Kw.electric capacity = $200,000 plus
$7.00 per Kw of electric cspacity

Less than 50,000 Kw electric capacity - $100,000 plus
- $9.00 per Kw of electric capacity

?

Fuel Element Fabrication

The estimated cost of fuel fabrication should include
the cost of control rods, cladding material avd converting UF-6,
plutonium metal Uranyl (233) Nitrate, and fertile material to the
forms required. It should glso include the cost of shippingz the
fissionable materials from Osk Ridge to the fabricator and the
cost of shipping fabricated fuel elements to the site.
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Fertile Material

The cost of natural or depleted uranium should be based
on the price currently quoted by the Atomic Energy Commission. A
price of $43.00 per kilogram for thorium metal should be used.

Rental of Fissionable Material

The rental charge for fissionable materisl should be
computed at a rate of 4% per annum and should be based upon the
charges €et forth in the attached United States Atomic Energy
Commission tabulation dated November 17, 1956. Allowance should
be made for rental charges from the date upon which fissionable
material is shipped from the Atomic Energy Commission facility to
the date upon which accounting for such fissionable materlal is
completed.

Cost of Fissionable Materisl Consumed and
Credit for Fissionable Material Produced

The cost of fissionable material consumed and lost
should be based upon the charges for fissionable materials as
given in the attached United States Atomic Energy Commission
tabulation dated November 17, 1956. Credits for fissionable
materials produced should be in accordance with the current
price to be paid for such materials by the Atomic Energy Commis=.
sion.

Shipping
This item should include the cost of shipping spent

fuel elements or fission products to the processing and disposal :

sites.

Processing and Waste Disposal

This item should include the cost of reprocessing spent.

fuel and the cost of disposing of fission products.

TOTAL ANNUAL COST

The over=-all amaual cost .of each project should be reduced to a

unit cost per kilowatt hour at 40%, 60%, and 80% annusl capacity.factors.
The attached tebulation entitled "XYZ Nuclear Power Plant and Estimate of
Power Cost" illustrates the application of the rates given herein to a
hypothetical heterogeneous nuclear power plant and the computation of over-
all costs per kilowatt hour at the various capacity factors.

-
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' December T, 1956

FIXED CHARGE RATES FOR
NUCLEAR POWER PLANT ECONOMIC EVALUATION

Land and Structures Working
- Land Rights and Capital
: " Equipment
Annual Rates - % of Cost
| Bond Interest 175 1.75 CLTS
Return on Equity Capital .25 4.25 | h.2§'
Local Taxes 2.00 2.00 ) -
Tncome Taxes 2.85 - 2.85A i 2,85
Amortizetion o 3 2.70 - -
Insurance - ‘ - 6.50 -

Total Excluding Interim ‘ o
Replacements 10.85 - 14,05 - . 8.85

Rounded to " 1.0 S 1&.0- | 9.0

Interlm Replacements - In addition to an allowance .for amortizatlon, same - allow=

o -

ance in the estlmate of annual flxed costs should be made for interlm replacement
of variocus units of broperty during the 20 year life assumed above. For some
types of reactors, such as pressurized water,,these replacements will be small.
For other types such as a homogeneous reactor, replecements during the 20 year

period msy be substantial because of corrosions, erosion, etc.
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